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Summary

Analysis and Control of Nonlinear Systems with Stability and
Performance Guarantees

A Linear Parameter-Varying Approach

Across various domains in engineering, e.g., in the mechatronics, the automotive
and the aerospace industry, there is a constant push for higher performance in
terms of speed, accuracy, throughput, and power efficiency. These ever-growing
performance requirements have led to both increasingly complex engineering systems
and increasingly complicated models to describe their behavior with sufficient
accuracy. The resulting dynamic system models have become dominantly nonlinear,
time-varying, or even exhibiting spatial-varying behavior.

While such complexity of the dynamic models has increased rapidly over the past
decades, most tools commonly used in the industry to analyze and control these
systems still rely on results from the Linear Time-Invariant (LTT) framework, which
limits the ability to reach the currently targeted performance requirements. The
main advantages of the current LTI framework are that it provides systematic,
intuitive, computationally efficient, and relatively easy-to-use tools for analysis
and design of controllers to ensure stability and performance guarantees, which
contribute to its popularity. Moreover, it also provides effective methods to shape
the performance of the resulting closed-loop system. Some attempts have been
made to extend the systematic LTI results to nonlinear systems through the use
of so-called surrogate models. Surrogate modeling approaches, e.g., the Linear
Parameter-Varying (LPV) framework, approximate or embed the nonlinear system
dynamics in an easier-to-work-with model structure. This simplifies the analysis
and controller design in exchange for some conservativeness in the representation.
Although many successful applications of surrogate techniques have led to high
industrial interest, naive use of these approaches can lead to improper guarantees
of global stability and performance for the underlying nonlinear systems. On the
other hand, for nonlinear dynamic systems, there also exists a plethora of results
on stability analysis and controller synthesis techniques which directly operate on
the nonlinear model. Nonetheless, for these methods, there is a lack of available
approaches for performance shaping. Furthermore, most of the methods are too
complex, requiring significant expertise and complicated design choices from the
user compared to the easy-to-use methods available for LTI controller design. This



heavily hampers the adoption of nonlinear analysis and synthesis techniques in the
industry.

To this end, a novel framework is proposed for systematic and computationally
efficient analysis and control of nonlinear systems to ensure global stability and
performance guarantees. In addition, the proposed framework provides intuitive
performance shaping just like in the LTI case. To achieve this, crucial questions
that are addressed are: (i) how to systematically and computationally efficiently
analyze stability and performance of nonlinear systems, (ii) how to use surrogate
representations to achieve convex controller synthesis for nonlinear systems under
general performance shaping concepts, (iii) how to reduce the used surrogate model
complexity for control to ensure computational efficiency for large, complex models.

To achieve true systematic analysis of nonlinear systems with global stability and
performance guarantees, we propose the use of stronger, equilibrium independent
notions, in particular, universal shifted and incremental stability and performance.
Using these concepts, stability and performance are analyzed w.r.t. all (forced)
equilibrium points of the system (universal shifted stability) or w.r.t. convergence
to all steady state trajectories of the system (incremental stability). This makes
these notions advantageous to achieve global stability performance analysis, as they
are independent of a particular equilibrium point or trajectory of the system.

One of our main contributions is to provide a systematic and computationally effi-
cient framework for both universal shifted and incremental stability and performance
analysis of Continuous-Time (CT) and Discrete-Time (DT), Multi-Input-Multi-
Output (MIMO) nonlinear systems. This is achieved by developing analysis results
for universal shifted and incremental dissipativity analysis with quadratic supply
functions of nonlinear systems. We show that these analysis conditions can be cast
as classical dissipativity tests of linearization-like system representations. Further-
more, we show that these linearization-like system representations can naturally
be represented through LPV embeddings. This significantly simplifies the analy-
sis problem, and, importantly, allows the problem to be solved computationally
efficiently by using various existing LPV techniques.

Based on these analysis results, we also develop both universal shifted and incre-
mental controller synthesis algorithms with a crucial nonlinear realization step
of the resulting controller for CT and DT, MIMO nonlinear systems. Similar
to the analysis results, we show that through the LPV framework, the proposed
controller design procedures can be cast as a standard LPV synthesis problem.
To this end, an intuitive and easy-to-use software implementation to realize the
proposed framework-based analysis and controller synthesis has been developed in
the LPVcore Toolbox for MATLAB.

Finally, we provide a novel, neural network based, scheduling dimension reduction
method for LPV models. This allows one to reduce the computational burden for
the provided, LPV-based, analysis and controller synthesis results for universal
shifted and incremental dissipativity. This is especially of high importance when
the developed methods are applied to large-scale, complex systems. Together, these
results constitute a systematic and computationally efficient framework for analysis
and control of nonlinear systems with global stability and performance guarantees

vi



while providing intuitive performance shaping.

The theoretical results are demonstrated on a wide range of academic examples,
lab setups, and real-world applications. Through these demonstrations, the benefits
of the proposed approaches are shown in terms of improved closed-loop stability
and performance properties. Moreover, it is shown that the proposed approaches

simultaneously achieve significantly better performance than existing standard LPV
control algorithms.
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Introduction

IN our society, we are constantly improving systems and processes ac
various domains to satisfy increasingly higher performance requirement
for example in terms of speed, accuracy, throughput, and power efficiency.

The engineering solutions to cope with these increasingly higher performance

complicated dynamic models in order to describe thes

accurately. This has resulted in dynamic models with dominantly nonlin
time-varying, or even spatia ing behavior. Nonetheless, methods for
Linear Time-Invariant (LTT) systems are still widely used in industry today,
as they provide systematic and computationally efficient tools in order to
analyze and design controllers which allows to ensure and shape stability
and performance guarantees of LTI systems. Over the last decades, varic
methods have been developed in order to also analyze and control nonlinear
dynamic syste Nonethel

same systematic and computationally efficient framework for analy
controller design as in the LTI case. Therefore, as the main objective
of this thesis, we aim to develop a ¢ matic, ationally efficient
framework for the analysis and cont r Sys

ensure stability and performance gu: ,
we give an overview ols that are available in order to analyze and
design controller stems and highlight the open problems
and challenges. Moreover, we present an outline of the thesis and its main
contributions.
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1.1 Demand for Increased Performance

In engineering, we are constantly improving systems and processes to satisfy the
increasingly demanding performance requirements of society, e.g., in terms of
power efficiency, speed, accuracy, etc. These demands for higher performance
requirements stem from the challenges that we face today, such as reducing our
environmental footprint and increasing energy efficiency, and increasing automation
and throughput of production. In order to cope with these demands for increased
performance for systems and processes, the engineering solutions for them and
the domain(s) in which they operate have become more complex, e.g. in terms of
scale or inclusion of multi-physical dynamic phenomenon. For example, for high
precision mechatronic systems, like wafer scanners and wire bonders, to achieve
the desired production output despite the increasingly smaller scales at which
they operate, not only mechanical effects, but also multi-physical effects, such as
thermal and electromagnetic dynamics, are needed to be taken into account. Also in
aerospace engineering, to extend the operational lifetime and increase the guidance
and navigation control accuracy of spacecraft, control algorithms are required that
take into account aerodynamical effects and account for wind disturbances in order
to safely and reliably land spacecraft back on Earth. (Lamnabhi-Lagarrigue et al.

OTY).

(a) ASML Wafer Scanner. (b) ESA Space Rider.

Figure 1.1: Complex Dynamic Systems.

Therefore, in order to realize the increasing performance demands for engineering
systems, more accurate descriptions of dynamics of these systems are required,
which take into account the corresponding effects. This has led to the behavior
of these systems becoming increasingly dominated by nonlinear, time-varying or
sometimes even spatial-varying dynamics, hence, it becomes inevitable to deal with
these effects.

While the systems and their dynamical models have grown significantly in complexity,
much of the tools used nowadays in industry to analyze and control these systems
based on a dynamical model still rely on the Linear Time-Invariant (LTT) theory
and the corresponding tools that were developed in the 20th century. These tools
are still commonly used because they are systematic, intuitive, computationally
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efficient, and relatively easy-to-use in order to analyze and design controllers to
ensure stability and shape the performance of LTI systems. Moreover, for LTI
systems, analysis and controller design are widely supported by various popular
software packages, such as MATLAB (The MathWorks, Inc. and Python
(Python Control . However, with systems becoming more complex with
increasing performance requirements, the ability of the LTI tools to cope with
these dynamics and achieve the desired stability and performance requirements
is becoming increasingly difficult. While there is a plethora of results available
for analysis and control of nonlinear dynamical systems, there unfortunately does
not exist a comparable systematic framework for both the analysis and controller
design as is available in the LTI case. Many of the tools in the nonlinear domain
are often cumbersome to use, specific to their application domain, computationally
intensive, and/or require expert knowledge. Furthermore, they also heavily focus
on guaranteeing stability of the nonlinear system, much like the early linear tools,
without being concerned about what kind of performance they achieve or how to
shape this performance to the specific users needs. Finally, there is a lack of reliable
software support for analysis and controller synthesis tools for nonlinear systems.
The lack of a systematic framework and software support heavily contributes to the
slow and limited adoption of the plethora of tools available for nonlinear systems.
Hence, with the increase in system complexity, in most if not all domains, there
is an increasing need for systematic, computationally efficient, easy-to-use tools
to analyze and synthesize controllers for nonlinear dynamical systems in order to
ensure stability and shape performance of systems in engineering.

In the next section, we will discuss the various methods that are available to analyze
and control nonlinear systems to ensure stability and performance requirements.

1.2 Analysis and Control of Nonlinear Systems

1.2.1 Nonlinear systems

When considering dynamical systems with nonlinear behavior, they are often
represented by nonlinear state-space models of the form:

() = f(a(0) w(0)); -

2(t) = h(x(t), w(t)). '
For , t € T C R is time, where for Continuous-Time (CT) systems, £ = % and
7 =R (or an interval of R), and for Discrete-Time (DT) systems, £ = ¢, i.e., the
discrete time-shift operator with gx(t) := x(t + 1), and 7 = Z (or an interval of Z).
Furthermore, z(t) € R™ is the vector-valued state variable associated with at
time ¢, w(t) € R™ is the vector-valued input of the system, and z(t) € R"* is the
vector-valued output of the system. Moreover, the functions f : R™ x R"v — R™=x
and h : R™ x R™ — R™ are assumed to be sufficiently smooth such that the
solutions of exists for all t € T.
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1.2.2 Analysis and Synthesis for Nonlinear Systems

Early Works and Frequency Domain Methods

The analysis of dynamical systems represented by nonlinear differential equations,
goes back to the late 19th century with the early works of mathematicians like
Poincaré, in the form of analysis of differential equations (Poincaré @, and
Lyapunov, with stability analysis of dynamical systems (Lyapunov @ . However,
these were not immediately picked up by the engineers at that time, and would

only later be rediscovered and reapplied in the systems and control theory.

Early analysis of nonlinear systems from an engineering perspective focussed on
analyzing the response of nonlinear systems in terms of periodic and frequency
domain behavior, like other LTI methods at that time. For example, Duffing and Van
der Pol, among others, focussed on the analysis of the periodic and frequency domain
behavior of mechanical and electrical oscillators with nonlinear behavior (Duffing
Van der Pol . This analysis from a frequency domain perspective for
nonlinear systems was later formalized in terms of describing functions, which was an
early method to analyze the response of a systems for a single sinusoidal input (Mees
and Bergen . This also led to the development of other approaches to represent
and analyze frequency domain behavior of nonlinear systems, such as nonlinear
Bode diagrams (Pavlov, Van de Wouw, et al. , best linear approximations
(Schoukens et al. and generalized frequency response functions (Schetzen
, see (Rijlaarsdam et al. for an overview. However, these approaches are
only valid for specific systems types, are restricted to single sinusoidal excitations,
and/or are only valid for Single-Input-Single-Output (SISO) systems. While many
of these analysis methods have been developed, their usage for controller design
and synthesis methods has remained limited, as they are not able to capture all
the relevant dynamics, and/or the high complexity of the resulting analysis of the
system.

Modern Control Theory

Around the 1950s, the development on what we now call modern control methods
started. These modern control methods predominantly relied on the state-space
representation of dynamical systems, e.g., , and these methods are still com-
monly used today. Maybe one of the most influential developments during this
era, was the (re)discovery of the work on stability analysis of unforced autonomous
dynamical systems by Lyapunov (Lyapunov in the West, later popularized
by Kalman (Kalman and Bertram [1960). The key insight of Lyapunov was that
stability of these systems could be analyzed without explicit knowledge of their
solutions. By analyzing the rate of change of a function representing the energy of
the system, which we nowadays know as a Lyapunov function, see also Figure [I.2]
stability could be concluded. Even nowadays, the most widely used method for
the analysis of stability of (equilibrium points of) nonlinear systems is through
Lyapunov functions. The Lyapunov concept of stability analysis has been extended
in many directions, including to systems of the form with inputs leading to
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input-to-state stability (Sontag , to controllability of nonlinear systems, and
to control Lyapunov functions (Sontag . This also led to various developments
of control methods, based on ensuring stability through construction of Lyapunov
functions and controllers such that Lyapunov stability is guaranteed. For example,
Lyapunov redesign (Khalil , backstepping (Kokotovié¢ and Sussmann ,
sliding mode control (Young et al. , and many other methods.

However, these methods predominantly focus on guaranteeing stability, where
performance mostly only comes in the form of enforcing a decay rate of the Lyapunov
function. Moreover, expert knowledge is required to apply these methods, as the
design is often done by hand. For example, in terms of constructing a Lyapunov
function or feedback control law to ensure stability of a desired equilibrium point.
This also makes application of these methods to more complex, larger, systems
increasingly difficult or even infeasible.

Lyapunov
function

state-space

Figure 1.2: Depiction of a Lyapunov function (), a trajectory of a system (=),
and evaluation of the Lyapunov function along the trajectory (—).

Luré Systems and Linear Matrix Inequalities

Other early modern control developments, focussed on the analysis of so-called Luré
systems, named after Anatoliy Luré (Luré and Postnikov [1944). These systems can
be modeled as an LTI system G in feeback with a nonlinear, possible time-varying,
static nonlinearity ¢ (Khalil , see also Figure Early developments for
these systems focussed on analyzing stability of the origin of the state-space for
certain classes of nonlinearities 1. This led to the famous Circle criterion and Popov
Criterion (Luré and Postnikov Popov , which, for a SISO G, could
be used to verify stability through analyzing its Nyquist plot. This significantly
simplified the analysis of these types of nonlinear systems, as the well-known LTI
tools could be redeployed for this purpose. The Circle and Popov criterion were later
also reformulated to Linear Matriz Inequality (LMI) conditions using Lyapunov
stability theory by Yakubovich (Yakubovich , and led to the well known
Kalman-Yakubovich-Popov (KYP) Lemma (Rantzer [1996), giving a connection
between time and frequency domain inequalities for LTT systems.

These developments have led to analysis and control design tools for Luré type
systems (Arcak and Kokotovié¢ |2001; Arcak, Larsen, et al. 2003). Furthermore,
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=i =

G o |G
w Z w Z
Figure 1.3: Luré System. Figure 1.4: LFR System.

analysis of Luré systems also lead to extensions to systems represented by Linear
Fractional Representations (LFRs), whereby an LTI system G is connected to a time-
varying and/or nonlinear function/operator A (see Figure7 with analysis through
Integral Quadratic Constraints (IQCs) (Megretski and Rantzer [1997; Veenman et al.
. As the techniques for Luré type systems and LFRs extend LTI methods,
they are attractive for analysis and control of nonlinear systems. However, Luré
type systems and LFRs remain limited in the types of nonlinear systems they can
represent. Moreover, they are also limited by the types of nonlinearities in 1) and A
they can handle to arrive at feasible analysis and synthesis methods.

Input-Output Analysis

The early results on Luré systems also led to notions of input-output stability
of systems (Zames , whereby a system was seen stable if its outputs were
bounded and continuous. In this way, performance, could be further generalized to
express input-output behavior of systems. This also resulted in various concepts to
quantify the performance of systems, such as through passivity and the £5-gain (for
LTT systems connected to positiveness realness and the H., norm of the transfer
function representation), and in the widely used small-gain theorem, connecting to
robustness properties of interconnections of nonlinear systems (Khalil Van
der Schaft . This subsequently led to control design methods based on these
concepts, for example passivity and Lo based control (Ortega and Garcia-Canseco
Van der Schaft . Later on, these performance concepts, such as passivity
and induced Lo-gain analysis, were unified for LTI systems with Lyapunov based
stability analysis through the so-called dissipativity concept by Willems (Willems
1972)). These results were also extended to nonlinear system descriptions and general
input-output maps (Hill and Moylan, but initially without results for controller
design. Besides providing a joined framework for stability and performance analysis,
dissipativity theory has also been used in developing various control strategies for
nonlinear systems (Van der Schaft Brogliato et al. [2020)). Nonetheless, while
these methods allow to provide stability and performance guarantees for nonlinear
systems, direct applications of them is often difficult and requires high expertise
of the user. In addition, only stability of an a priori chosen equilibrium point or
trajectory can be guaranteed, hence, requiring reanalysis and/or redesign of the
controller when multiple reference trajectories or disturbances are considered.
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Equilibrium Free Analysis

Besides the results based on the standard Lyapunov notion of stability for a single
equilibrium point, in the recent decade, increasing attention has been devoted
towards equilibrium free notions of stability. We will also refer to these equilibrium
free stability concepts, and their related performance notions, as global stability
and performance, as they consider stability and performance in a global sense, not
limited to a particular equilibrium point or trajectory. These notions are especially
relevant for nonlinear systems as these can have multiple equilibrium points or even
equilibrium trajectories, but also for stability analysis of networks and interconnec-
tions of systems, as determining equilibria for these systems is difficult. Equilibrium
independent stability /dissipativity is one such notion (Jayawardhana Hines
et al. Simpson-Porco , which we will refer to as universal shifted sta-
bility /dissipativity such that it is not confused with other stability /dissipativity
notions that are also independent of the equilibrium points of the system. Universal
shifted stability/dissipativity considers stability/dissipativity w.r.t. to each (forced)
equilibrium point of the system, instead of w.r.t. one fixed point, e.g., the origin,
as is the case in ‘standard’ stability analysis, see also Figure [[.5} Some results also
exist in ensuring these stability and passivity based performance concepts through

controller design (Jayawardhana [2006; Castanos et al.|2009; Kawano et al. [2021)).

H .’IJ]__/\
e
o
Figure 1.5: Universal shifted stabil- Figure 1.6: Incremental stability —
ity — stability w.r.t. each (forced) stability between each trajectory.

equilibrium point x,.

Another, stronger, equilibrium free concept is that of incremental stability, whereby
stability is analyzed between all trajectories of the system, see also Figure [I.6]
The earliest work considering a similar notion of stability have been developed
independently by Opial (Opial and Demidovich (Demidovich , see also
the historical overview in (Jouffroy 2005). The notion of incremental stability as an
input-output property was first proposed by Zames (Zames as a property on
the continuity and stability of nonlinear systems and later extended to an induced
system gain concept (Romanchuk and James [1996). These notions have later
been modernized to various similar notions, such as a Lyapunov framework for
incremental stability (Angeli 7 convergence theory (Pavlov, Pogromsky, et al.
2004)), and contraction theory (Lohmiller and Slotine [1998). The relations between
these notions have also been studied (Jouffroy and Fossen Riiffer et al.
Tran et al. . Furthermore, these notions of stability have proven to be useful
for other problems, such as synchronization of networked systems and observer
design (Pogromsky et al. Sharma and Kar and some early results exist
for controller design (Pavlov, Van de Wouw, et al. Scorletti, Fromion, et al.
Manchester and Slotine [2018). Extensions of contraction theory towards
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passivity (Forni, Sepulchre, and Van der Schaft 2013} Van der Schaft [2013]) and
dissipativity (Forni and Sepulchre 2013) based formulations have also been made.

While results in this direction are promising, a full framework for analysis and
controller synthesis to guarantee these global stability and performance properties
has not been developed. The current results remain limited to only Ls-gain and
passivity based performance notions and are mainly available only to CT systems.
In addition, shaping the closed-loop behavior of systems such certain desired global
performance specifications are satisfied has also not been well explored. Moreover,
for a large part of the current methods using these notions, the analysis or controller
design needs to be done by hand, which requires high expertise of the user and
becomes infeasible for more complex systems. Computationally efficient tools for
analysis and controller synthesis have also not been well explored.

Geometric Methods and Port-Hamiltonian Systems

Another notable development were the geometric methods in the 1980s (Isidori
Nijmeijer and Van der Schaft . In these methods, techniques from
differential and Riemannian geometry were applied to the analysis of nonlinear
dynamical systems. These techniques largely shaped our current understanding
of properties of nonlinear systems such as controllability and observability. Some
notable methods resulting from these geometric methods are feedback linearization
(Isidori , widely used for the control of robotic systems, and the development
of Port-Hamiltonian methods, including the (energy) shaping of the closed-loop
behavior of Port-Hamiltonian systems (Van der Schaft and Jeltsema [2014)), which
also uses results from passivity and dissipativity theory.

From a mathematical perspective, these methods are elegant. However, this has
also resulted in these approaches requiring high expertise of the user. The expert
knowledge required to apply these methods to systems has severely limited their
applicability in industry.

Online Control Methods

Besides the controller design methods discussed previously for nonlinear systems,
whereby a controller is designed/synthesized a priori, there also exist various online
control methods that compute the control action by solving an online optimization
problem. These methods have the advantage that any constraint, on the state, input,
and output, can directly be taken into account in the optimization problem. One
such method is nonlinear Model Predictive Control (MPC) (Mayne and Michalska
Griine and Pannek 2017)), which builds on top of the previously discussed
stability and performance principles from optimal control. Several nonlinear MPC
algorithms have also been implemented in popular software packages such as
MATLAB (The MathWorks, Inc. [2022).

The downside of applying online control methods, such as nonlinear MPC, to
nonlinear systems is that the resulting optimization problem is almost exclusively
non-convex. The non-convexity of the optimization problem makes it difficult to
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find a global minimum and it is computationally more expensive to solve compared
to convex problems. Moreover, for nonlinear MPC algorithms it is also difficult to
ensure the optimization problem is recursively feasible, making it more difficult to
ensure safe operation. In some cases the problems can be convexified, but at the cost
of increased conservatism in terms of the solution, e.g. through the use of surrogate
models (see also Section , such as based on the Linear Parameter-Varying
(LPV) framework (Hanema et al. [2017)), or through an iterative method which
uses a convex approximation of the original problem as in Sequential Quadratic

Programming (SQP) (Diehl et al. [2009).

Learning based Methods

The final branch of nonlinear methods that we will discuss, which have received
increasing amounts of attention over the last decade are learning based methods. For
learning based methods the controller is adapted or learned through interactions
with, or based on data of, the system to be controlled. Adaptive control methods,
such as Model Reference Adaptive Control (MRAC) and Self-Tuning Control (STC),
were the earliest of such approaches, whereby the controller is adapted to achieve
stabilization or asymptotic tracking under plant uncertainties and/or disturbance
uncertainties (Tao Annaswamy and Fradkov . These adaptive control
methods build on top of general stability results for nonlinear systems. However,
they also carry the downsides of these methods, such as the control designs requiring
to be designed by hand by an expert and the lack of general tools for performance
shaping. This makes them generally difficult to apply to complex systems and
makes it difficult to ensure the desired performance specifications.

Modern learning based methods use recent advances in machine learning, whereby
Gaussian Processes (GPs) or Artifical Neural Networks (ANNs) are used as function
approximators to learn (parts of) the system dynamics and/or to train the controller
based on data. This has resulted in GP and ANN based feedforward methods
(Bolderman et al. Poot et al. , various supervised and unsupervised,
model free and model based reinforcement learning techniques (Sutton and Barto
, such as deep Q-learning (Mnih et al. , Proximal Policy Optimization
(Schulman et al. , and many others (Arulkumaran et al. . However, while
these more recent learning based techniques have achieved incredible results in
many complex tasks (OpenAl et al. Vinyals et al. , they are very costly
to train, and require vasts amounts of data and expertise. More importantly, these
methods generally do not have formal stability and performance guarantees like
the other previously discussed nonlinear control methods. For implementation of
these methods in real worlds systems this is crucial, as stability and performance
guarantees allow for guarantees w.r.t. the behavior and safety of these systems.
Although there have been recent developments which try to establish such results

(Gouk et al. [2021; Pauli et al. [2021; Revay et al. 2021)).
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Discussion

While the various nonlinear methods discussed above have successfully been applied
in numerous applications, analyzing nonlinear systems and synthesizing controllers
for them still remains a non-systematic and difficult to be applied process compared
to LTI framework. Additionally, various software tools exist, such as the Control
Systems and Robust Control Toolbox in MATLAB (The MathWorks, Inc. , in
order to analyze and design controllers for LTI systems, while off-the-shelf software
support for nonlinear systems is lacking.

1.2.3 Surrogate Model Approaches

As mentioned in Section [I.1) most of the tools for direct analysis and controller
design for a nonlinear system might be difficult or cumbersome to use. To circumvent
this, one option is to construct a surrogate model, i.e., a representation of the system
that is easier to work with. For example, by constructing a surrogate model which
has a linear relation between inputs and outputs. However, as a consequence of
this, the model might be a more conservative representation of the dynamics of
the nonlinear system, e.g., by being only valid in a certain operating range or
modeling a larger set of behavior. Through a surrogate model, the analysis and
control of the original nonlinear system is then simplified, however, the analysis and
controller design will also be conservative. Next, we will discuss some commonly
used surrogate models for analysis and controller design for nonlinear systems given
in terms of a state-space representation .

LTI Models

Linearization:

While nowadays most systems exhibit some form of nonlinear dynamics, a large part
of engineering systems can still be (robustly) approximated with sufficient accuracy
using (multiple) LTT models. This allows the analysis and control design for the
system to be done through LTT methods. To construct the LTI model, oftentimes a
linearization of the nonlinear model is taken. Concretely, a certain operating point
(To,wo) € X x W is considered for the linearization. The nonlinear functions f and
h are then linearized at this operating point via a Taylor expansion, whereby the
Oth and 1st order terms are kept and higher order terms are dropped. This results
in the following differential /difference equation

§a(t) = f(xo, wo) + (ggj(%’wo)> (@(t) = z0) + (21{1

(50 00) ) ) = w0
2(t) ~ B0, w,) + <g’;<xo,wo>) (2(t) - 20) + (gZ(xw)> (w(t) - w,).

(1.2)
In case that (z,,w,) corresponds to a linearization point of the system, i.e.,
f(xo,wo) = 0 in CT or f(xo,w,) = z, in DT, then, (L.2) can then written as
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an LTI model in state-space representation of the form

(1.3)

with & 1= 2 — 2, W := w — w,, and Z := z — h(z,,w,), where A := %(xo,wo) €

R7xXNx B = g—i(xo,wo) € Rxmw = (g, w,) € RW*™, D = g—g(xo,wo) €
R™=*"w (Skogestad and Postlethwaite . In case a reliable first principles based
model of the system is missing, linear system identification techniques are commonly
used to identify the dynamics in a neighborhood around the operating point and

obtain an LTT model of the form (1.3) (Ljung 2010).
Classical Methods:

Having obtained an LTT model to represent the nonlinear system allows us
to use the plethora of analysis and controller design methods for LTI systems.
The early methods that were developed are mostly based on frequency domain
analysis, and commonly use a transfer-function representation of the LTI system,
ie., G(s) = C(sI — A)"'B + D for . Nowadays, these methods are often
referred to as classical control methods (Doyle, Francis, et al. [1990)), and are still
commonly used today. For stability and performance analysis this includes the
Bode and Nyquist diagrams (Nyquist Bode , which are relatively easy to
use as qualitative properties of the system can directly be read from the respective
diagrams plotted for the system. One classical controller design method, also still
commonly used in industry, is loop shaping (Doyle, Francis, et al.[1990). Using loop
shaping, the desirable frequency domain behavior of the closed-loop interconnection
of the plant and the controller is shaped directly.

Modern LTI Methods:

The development of most modern control methods for LTI systems, during the
second half of the 20th century, led to analysis and controller synthesis for optimal
control problems. These optimal control problems were first formulated in terms of
the linear quadratic control problems, such as the Linear-Quadratic Regulator (LQR)
and Linear-Quadratic-Gaussian (LQG) controller (Kalman [1960)), which later led to
Hoo and Ho analysis and controller design (Doyle, Glover, et al. @D Importantly,
it was also shown how these problems were linked in the time and frequency domain
through the KYP lemma (Rantzer . As aforementioned, the dissipativity
concept (Willems unified the concepts of (Lyapunov) stability and performance,
such as passivity and H, analysis, providing a general framework through which
both analysis and controller synthesis concepts could be formulated. Through LMIs,
these analysis and controller synthesis problems could then be convexified, providing
a computationally efficient framework for both analysis and controller synthesis
for LTI systems to guarantee stability and performance. Additionally, the shaping
of the desired performance was also unified through the generalized plant concept
(Doyle . The generalized plant concept enables systematic controller design in
terms of different controller structures and performance objectives, e.g., four block
mixed sensitivity design, model matching problem, loop shaping design, controllers
with a two degree of freedom structure, and observer designs (Zhou et al.
Skogestad and Postlethwaite 2001), see also Figure
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The analysis and controller synthesis through this framework has paved the way
to many extensions such as robust analysis and control of uncertain LTI systems,
analysis and control through IQCs and the LPV framework, to name a few.

Z2

Figure 1.7: Example of a generalized plant P, which includes the plant G, and
weighting filters W, connected to the (to-be-designed) controller K.

This systematic and computationally efficient framework for LTI systems for ana-
lysis and controller design, along with the inclusion of these tools into popular
software packages, such as MATLAB (The MathWorks, Inc. and Python
(Python Control , has significantly contributed to their wide spread use in the
engineering domain.

However, while stability and dissipativity properties of/around an equilibrium point
of the nonlinear system can be inferred from the stability and dissipativity properties
of the linearization at that point, these properties are only valid in some (small)
neighborhood are the considered equilibrium point (Hartman Khalil
Van der Schaft [2017). The size of this neighborhood is strongly dependent on
the dynamics of the original nonlinear system, and for control dependent on the
designed controller. In some cases, this can severely limit the applicability of using
LTI models for analysis and controller design for nonlinear systems .
Robust or multi model LTI concepts can extend this range to which LTI methods
can be applied slightly further. Nonetheless, their applicability is still limited as
they do not directly take into account the nonlinear dynamics of the system.

LPV Models

Due to the success and the extensive toolset available for LTT systems, but limitations
for their application to nonlinear systems, there have been various attempts to
extend these results to be used for nonlinear systems. The first attempts that were
made, resulted in the ‘ad-hoc’ methods of gain-scheduling originating form the
1960s for controller design for nonlinear systems (Leith and Leithead [2000). Using
gain-scheduling, a collection of LTT controllers would be synthesized for a collection
of LTI models based on local linearizations of the nonlinear system at different
operating points. This still allowed the existing LTI toolset to be used by doing
analysis and controller design at each individual operating point. By interpolating
between these LTI controllers, performance could be improved when compared
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to the use of a single LTT controller, see also Figure However, later research
showed that using gain-scheduling, formal stability and performance could only be
achieved if the operating condition changes ‘slowly’ (Desoer Shamma and
Athans . Hence, this form of gain-scheduling is limited in applicability.

Scheduling space

Figure 1.8: Gain-scheduling illustration, interpolation of different local LTT models.

Later on, gain-scheduling was further extended into what would become the LPV
framework by Shamma (Shamma Shamma and Athans . In the LPV
framework, information about an external variable, the so-called scheduling-variable,
is used in order to obtain a proxy ‘description’ of the dynamics of the original
nonlinear system, see also Figure [[.9] This corresponding LPV embedding of
the system is formulated in order to infer stability, performance and robustness
requirements of the original nonlinear system. Concretely, for a nonlinear system
, an LPV model of the form

Ex(t) = Ap(1))x(t) + B(p(t))w(?);
z(t) = C(p(t))2(t) + D(p(t))w(t);

is constructed, where p(t) € P C R is the scheduling-variable, with P often taken
to be a convex set. Moreover, A : P — R"=*"x B : P — R=*"w (P — RM=X"x
D :P — R"*™ where A, ..., D are often restricted to a certain function class, such
as affine, polynomial, or rational. Furthermore, for this LPV model, there exists some
function 7 : X x W — P, called the scheduling-map, such that p(t) = n(z(t), w(t)).

(1.4)

Embedding the nonlinear model in an LPV representation was first done using
so-called local methods, whereby linearizations of the system around operating
points, similar to gain-scheduling, or along trajectories are taken, which are then
interpolated to construct the LPV model (T6th . While controller design using
local methods often works in practice, they are no strict guarantees as the LPV
model only matches the dynamics near the considered operating points. Hence,
later extensions to so-called global methods were made, where the LPV model is
constructed such that it is able to exactly represent the nonlinear system, i.e.,
constructing A, ...D and 7 such that f(z,w) = A(n(z,w))x + B(n(z,w))w and
h(z,w) = C(n(z,w))z + D(n(x,w))w for all (z,w) € X x W.

The LPV embedding of a nonlinear system, obtained through either local or global
methods, is non-unique, which has resulted in multiple techniques being developed
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]

— o— B/
w,z{ | G w,zy 1| G
j a
(w,z) € B (w,z) € B
(a) Nonlinear system. (b) LPV embedding. (c) Relation of resulting be-

haviors.

Figure 1.9: LPV embedding of a nonlinear system G and the resulting behaviors:
B: solution set of G; and B’ : solution set of the LPV model for p(t) € P.

to perform this step (Shamma and Cloutier Leith and Leithead Marcos
and Balas Kwiatkowski, Bol, et al. Donida et al. Téth
Hoffmann and Werner Abbas, Téth, Petreczky, Meskin, Mohammadpour
Velni, and Koelewijn . Various works have also investigated how to reduce
the complexity or conservativeness of the LPV model for analysis or synthesis
techniques (Hecker and Varga [2005; Beck 2006; Kwiatkowski and Werner
Hoffmann Theis et al. Sadeghzadeh and Téth . However, these
embedding techniques are far from automated and how the embedding step exactly
influences the obtainable performance for the corresponding controller design is
not straightforward, see e.g. (Kwiatkowski, Bol, et al. . Consequently, the
embedding step is often still performed in an ad-hoc fashion or through local
methods. Despite lack of guarantees for analysis and controller design using a
local LPV embedding of the nonlinear model, this method still sees wide, and
successful, application in industry due to its simplicity (Hoffmann and Werner
. Moreover, it also possible to obtain an LPV model directly using various
data-driven methods, such as system identification techniques (T6th Bachnas

et al. 2014; Cox [2018; Verhoek, Beintema, et al. 2022]).

Using the LPV framework, the synthesis and analysis results from the LTI framework,
such as dissipativity based analysis and synthesis and the generalized plant concept,
were extended to be used with LPV models while retaining the computational
efficiency of the convex tools that were developed for the LTI framework using
LMIs. This allowed for stability and performance guarantees, such as Lo-gain
boundedness or passivity, of nonlinear systems by means of the LPV framework.
The most common approaches for LPV synthesis are based on polytopic LPV
synthesis (Apkarian, Gahinet, and G. Becker Apkarian and Adams ,
Linear Fraction Transformation (LFT) based LPV synthesis using the S-procedure
(Packard Scorletti and El Ghaoui Scherer and gridding-based
LPV synthesis (Wu Wu . In order to make the use of these methods
more accessible, some of them have also been implemented in various toolboxes for
MATLAB, such as LPVTools (Hjartarson et al.[2015), LCToolbox (Verbandt et al.

2018)), IQClab (Veenman [2022)), and the LPVcore Toolbox (Boef et al. [2021]).

Due to the attractive properties of the LPV synthesis methods, these approaches
have successfully been applied in aerospace, automotive, and renewable energy
applications, to name a few (Mohammadpour Velni and Scherer Hoffmann
and Werner [20154). Nonetheless, besides the challenge of (optimally) embedding the
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nonlinear system in an LPV representation, naive application of the LPV approaches
to analyze and design controllers for nonlinear systems can have undesired results.
Namely, the LTT approaches, on which the LPV results are based on, generally
investigate/ensure stability and performance w.r.t. the origin, which due to the
superposition principle, also directly hold w.r.t. other points or trajectories of the
system. It was thought that due to the linear dynamical input-output relations
of LPV systems, the same principle holds. However, it has been shown through
examples that the application of these surrogate model approaches can lead to
undesired results (Scorletti, Fromion, et al. Koelewijn, Sales Mazzoccante,
et al. . The aforementioned global stability and performance notions, discussed
in Section [1.2.2] have been proposed as a direction to ‘fix’ these problems, however,
the notions themselves and also their connection to the LPV framework have not
been well explored.

Other Surrogate Model Approaches

Besides LTI and LPV models, other surrogate modeling methods have been intro-
duced such as Piecewise-Affine (PWA) models (Sontag [1981} Johansson [1999) and
Takagi-Sugeno (TS) (or sometimes referred to as Takagi-Sugeno-Kang (TSK)) fuzzy
models (Babuska and Verbruggen [1996). Both these model classes consider a set of
affine models which are switched between. Concretely, these models are of the form

Sat) = Aw(t) + Biwolt) +bis g ) € Qp and i € 1., N, (1)

Z(t) = Cﬂ?(t) + Diw(t) + bz,i;
where by ; € R™ and b, ; € R are bias terms, N € N is the number of local models
that is considered, and €; C R™ x R™ is a partitioning of the state and input
space which determines when which local model, or weighted combination of local
models for TS fuzzy models, is active.

Similar to LPV methods, PWA and fuzzy models can be obtained through various
conversion and modeling methods (Sontag|1981; Babuska [1998)), or are obtained
through identification procedures (Takagi and Sugeno [1985; Garulli et al. [2012)).

For PWA and fuzzy models, various approaches exist in order to analyze stability
and performance of the model or design controllers in order to ensure stability
and performance requirements (Sontag Guerra et al.[2009). Similar to the
LTI and LPV methods, these methods exploit the linear/affine properties of their
dynamic relationships to reduce the computational complexity of their analysis and
synthesis procedures. However, the price for reduced complexity is paid in terms of
conservativeness of the system representation, in terms of modeling a larger set of
behavior or only being valid in a certain region. This exact trade-off is very complex
and has not been analyzed in literature.

Besides the aforementioned high level similarities between these various surrogate
model approaches, on the level of the model representation, there are also close
connections between PWA, fuzzy models, and the LPV framework. Namely, under
certain considerations, the LPV framework allows for the representation of both
PWA and fuzzy models (Petreczky and Mercere Rotondo et al. 2015)). Due to
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the good support for controller design and relative flexibility on how to obtain the
model (through either global or local approaches) in the LPV framework, it has
become a more popular choice for analysis and controller design compared to PWA
and fuzzy based methods.

1.3 Open Problems and Challenges

In Section [[.2] we have given an overview of the various techniques that have
been developed and are still used to analyze stability and performance of nonlinear
systems and to design controllers to ensure these notions. However, as we have also
discussed, the plethora of techniques that are available all have their own advantages
and disadvantages, resulting in various open problems and challenges when it comes
to analysis and control design for nonlinear systems. Next, we will summarize these
open problems and challenges.

We have seen that on the one hand we have the nonlinear methods, which are
directly applied to and operate on the nonlinear model, giving guarantees on
the nonlinear system based various extensive theoretical results. However, these
nonlinear methods still have issues that are yet to be addressed that prevent their
application and widespread use in industry:

e Application and computational complexity: Most of the nonlinear
methods for analyzing nonlinear models and designing controllers for them
are generally difficult to apply. For example, for backstepping and sliding
mode control, the resulting controller design problem to ensure stability are
non-constructive, e.g., in terms of constructing a Lyapunov function and/or
feedback control law to ensure stability of the origin of the nonlinear system.
This requires expert knowledge and becomes infeasible for large, complex
nonlinear systems. Alternatively an optimization problem can be formulated
for analysis, e.g., in terms of finding a Lyapunov function (Bobiti and Lazar
22014)). However, for nonlinear systems, the resulting optimization problem
is almost exclusively non-convex, for which it is generally more difficult to
find a global minimum and it is computationally more expensive than convex
problems. In some cases the problems can be convexified, but at the cost of
increased conservatism in terms of the solution, e.g. through Sum-of-Squares
(SOS) approaches or via iterative approximation like in SQP. Furthermore,
setting up these optimization problems still requires expert knowledge of the
user.

¢ Performance considerations: Many of the nonlinear analysis and controller
design methods focus solely on stability of the closed-loop interconnection,
with much less attention towards what kind of performance they obtain or how
to shape the closed-loop performance. While stability is a prerequisite when
designing and implementing controllers for real world applications, quantifying
and shaping the performance that these controllers obtain is one of the most
important design aspects for a control engineer. For LTI systems, there exists
a systematic framework for shaping the controller and/or closed-loop behavior
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of the system. Namely, through the generalized plant concept together with
various approaches for designing weighting filters to achieve the desired closed-
loop behavior. In the LTT domain, these shaping techniques also nicely connect
to shaping the frequency domain behavior through the KYP lemma. On the
other hand, for nonlinear systems, there does not exist a systematic approach
for shaping their closed-loop performance. While there are some results for
nonlinear methods regarding passivity, with respect to energy shaping, and
induced Lo-gain, there is no systematic framework on how to achieve the
desired performance. Furthermore, while there are methods for frequency
domain analysis of nonlinear systems (Rijlaarsdam et al. , they are
restrictive and of high complexity, which has limited their applicability for
controller synthesis.

¢ Equilibrium dependent guarantees: Most existing analysis and control
techniques for nonlinear systems check or ensure stability and performance
w.r.t. a single point in the state-space, often the origin of the associated state-
space. The systematic approaches in the LTT framework also focus on showing
stability and performance w.r.t. the origin, however, due to the superposition
principle these properties also hold w.r.t. other enforced equilibria and other
trajectories of the system. For nonlinear systems this is not the case, hence,
one would need to specifically check stability and performance w.r.t. to each
desired (forced) equilibrium or trajectory, meaning for specific reference and
disturbance signals. This makes the analysis or controller synthesis excessively
complex. Equilibrium independent, or global, stability and performance
notions aim to solve this problem by decoupling the stability and performance
analysis from a specific equilibrium point. However, these notions have not
been well-explored in general with most of them focussing on CT systems only.
Additionally, similar to the previous issues pointed out, also for these global
notions the existing results are difficult and/or computationally expensive to
apply and how to shape the performance of the system, for controller design, is
also not well explored. Hence, there is a lack of a systematic overall framework
for the analysis and synthesis of these global stability and performance notions.

On the other hand we also have the various surrogate model approaches, which
construct a ‘simpler’ model, often with linear properties, to simplify the analysis
or controller design problem. These surrogate model approaches seem like an
excellent choice as they build on the systematic framework that already exists for
LTI methods. Moreover, they offer computationally efficient results, in terms of
convex optimization problems, and offer a systematic framework for performance
shaping. Nonetheless, these methods still have issues that are to be addressed:

e« Model conservativeness and complexity: Due to the use of a surrogate
model, the analysis or controller design for a nonlinear system is inherently
conservative. Moreover, construction of the surrogate model is often non-
unique, which raises the question which one is the ‘best’, e.g., in terms of a
trade-off between complexity and conservativeness. Furthermore, not much
research has been performed on quantifying how conservative a particular
surrogate model is. Similarly, when the surrogate model is used to enable
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controller synthesis, the impact of the construction of the surrogate model
on the obtainable closed-loop performance is also generally unknown a priori
and hence it is difficult to compensate for it in advance.

¢ Equilibrium dependent guarantees: Many of the analysis and controller
synthesis results for surrogate models are extensions of those from the LTI
domain. While this has allowed to formulate powerful results in terms of
convex optimization problems, it has been shown that naive application
of these methods can lead to undesired results (Scorletti, Fromion, et al.
Koelewijn, Sales Mazzoccante, et al. . Namely, as previously
mentioned, the current state-of-the-art LPV methods do not ensure global
stability and performance notions. However, the notions themselves and also
their connection to surrogate model approaches have not been well explored.

1.4 Problem Statement

As aforementioned, taking into account the nonlinear behavior of systems is becoming
more important to push for higher performance in engineering. In the previous
sections, we gave an overview of the existing methods and open problems for the
analysis and control of nonlinear systems that can be used to tackle this. On the one
hand, we have nonlinear methods, which directly take into account the nonlinear
behavior to achieve the desired guarantees. Nonetheless, they are cumbersome to
use, are often not computationally efficient, and/or lack of a systematic framework
for performance analysis and shaping. For engineers in industry to be able to
use these methods effectively, systematic and computationally efficient methods
are essential. Moreover, a framework to shape the performance of systems is also
crucial in order to allow engineers to effectively achieve the desired performance.
On the other hand, we have the surrogate model approaches, which construct a
simpler’ model to obtain computationally efficient analysis and controller synthesis
results and build on top of the systematic approaches from the LTI framework,
but lack in guaranteeing stronger global stability and performance notions. These
global stability and performance notions are crucial, as it will ensure that the
guaranteed stability and performance of the nonlinear system is independent of any
specific equilibrium point or trajectory. This allows to investigate stability of all
equilibria at once or convergence of trajectories globally, similar to the stability
guarantees for LTT systems. Therefore, is a need for a systematic framework which
combines the advantages of surrogate model approaches and nonlinear methods,
while addressing their shortcomings, to analyze and shape global stability and
performance of nonlinear systems. This constitutes the formulation of the following
research objective that will be aimed for in this thesis:

‘
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Research Objective

Develop a framework for systematic, computationally efficient, ana-
lysis and control of nonlinear systems to ensure and shape global
stability and performance guarantees.

As previously mentioned, by ‘global’ we mean stability and performance notions
that are independent of a particular reference/equilibrium point, also called ‘equi-
librium independent’. We intend to analyze and ensure these notions through
(global) extensions of dissipativity to guarantee global stability and performance
simultaneously. We will specifically focus on the global notions of universal shifted
and incremental dissipativity. These notions will allow us to guarantee stability
and performance w.r.t. all equilibria and/or all feasible trajectories of the systems
at once, respectively. The ‘performance’ characterization that we will consider
will be in terms of (extensions of) norm based notions, such as the £;-gain. We
will focus on norm based performance characterizations as they can effectively
characterize bounds on the amplification of disturbances, connect to dissipativity,
and are also widely used in the LTI framework. Moreover, this also connects to
the intention of the to-be-developed framework to be able to ‘shape performance’.
Namely, like in the LTI framework, through weighting of the norm based perfor-
mance characterizations, the closed-loop performance can effectively be shaped,
e.g., in terms of disturbance amplification. Furthermore, the intended framework
should be ‘systematic’, meaning the procedures to analyze or perform controller
synthesis should be the same irrespective of the particular dynamics of a nonlinear
system. Moreover, by systematic we also mean that the developed analysis and
control design tools are constructive, such that e.g. Lyapunov/storage functions and
controllers are constructed automatically based on specifications of the user. The
methods in the framework for analysis and controller synthesis should moreover be
‘computationally efficient’, by which we mean that the computations times should be
comparable or a reasonable multiple of the computation time for LTI methods. This
will allow engineers to iterate their analysis and controller designs in a comparable
time frame as in the LTI framework.

While this research objective seems very ambitious, various assumptions will be
taken at different points in the thesis to limit the scope of research. One assumption
in particular that we will take is that the dynamics of the nonlinear systems
that we will consider can be represented by a nonlinear time-invariant state-space
representation, e.g., of the form . This means we do not explicitly consider
nonlinear systems with

e Time-varying or spatial-varying behavior;

o Infinite dimensional state, input or output spaces;

Moreover, we will also assume that the solutions of the considered systems are
well-posed in some sense, e.g., they exists for all time and are unique. More concrete
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assumptions will be taken along the way. However, even with these assumptions,
the considered class of nonlinear models is still wide and covers a large generality
of phenomena in various domains from electrical and mechanical to chemical and
biological systems.

Next, we will formulate various crucial research questions that are to be addressed
to achieve the overall specified research objective. These research questions relate
to analysis of nonlinear systems, controller synthesis for nonlinear systems, and
handling complexity of nonlinear systems for analysis and synthesis.

Remark 1.1. Analyzing or designing a controller for a nonlinear system starts at
obtaining a model describing the system. This modeling step plays an important
role when analyzing or designing controllers, as the complexity of the model can
heavily influence the computational complexity and feasibility of the analysis and
controller synthesis methods. However, the modeling step is also heavily dependent
on the considered nonlinear system and the analysis and controller design objectives
set by the user. As such, we assume that a model of the considered system we want
to analyze or do controller design for is available to us, in order to focus on the
analysis and controller design steps and not on the modeling.

1.4.1 Analysis

The first key objective in developing the intended framework is analysis. Analyzing
the stability and performance of a given nonlinear system is an important aspect in
analyzing their qualitative behavior, analyzing they satisfy the desired performance
requirements, and analyzing their safety. Moreover, analysis methods are the
foundation in a large part of the development of modern control methods, hence,
why it also plays a key role in our framework. We discussed in Section [L.3] the
shortcomings of existing universal shifted and incremental analysis methods for
nonlinear systems. At a high-level, these shortcomings are due to a lack of a
systematic and computationally efficient framework, with existing results only
being present for specific applications, only focussing on stability or one specific
performance notion, or only focussing on CT systems. This leads us to the following
research question:

Research Question 1

How to systematically and computationally efficiently ana-
lyze universal shifted and incremental dissipativity of CT
and DT nonlinear systems?

1.4.2 Synthesis

After answering Research Question [I} the next key part in the development of
the framework is controller synthesis. Like for the analysis results, as discussed in
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Section also for the controller synthesis there is a lack of systematic results
for controller synthesis. Not only is it important for the to-be-designed controller
synthesis methods to ensure universal shifted or incremental stability of the closed-
loop interconnection of plant and controller, they also need to be designed in such
a way that desired corresponding global performance criteria, set by the user, are
satisfied. Furthermore, like for analysis, also for synthesis we want to ensure that the
developed controller synthesis methods are computationally efficient. For controller
synthesis this is even more important, as often times multiple controller designs are
made, which are iterated on till the desired closed-loop behavior is achieved. Hence,
to allow for quick iterations, computational efficiency is also key for controller
synthesis. Finally, another important aspect of controller synthesis is how to shape
the performance in order to ensure user defined desired behavior in terms of the
aforementioned (weighted) norm based bounds, such as (global extensions of) the Lo-
gain. As discussed in Section [[.2.3]for LTT and LPV systems we have the generalized
plant concept, which, combined with weighting filters, allows for systematic and
intuitive shaping of the closed-loop in terms of norm based performance bounds.
For LTI systems, these weighting filters also have a clear connection to the resulting
frequency domain behavior of the closed-loop system through the KYP lemma.
For nonlinear systems these general performance shaping concepts are mostly only
considered in conjunction with surrogate models, like through the LPV framework.
However, for general controller design of nonlinear systems, and more specifically for
controller design ensuring global stability and performance guarantees, performance
shaping through these general performance concepts remains largely unexplored.
This leads us to the following research question:

Research Question 2

How to systematically and computationally efficiently design
and shape controllers for CT and DT nonlinear systems
such that universal shifted and incremental performance
requirements and stability are ensured?

1.4.3 Complexity

As mentioned in Section [I.I} systems have significantly increased in complexity
over the last few decades, both in terms of more dominant nonlinear behavior,
and in terms of increase in size, i.e., the order of the dynamics and number of
Input-Output (1I0) variables. Hence, why it is of importance to make sure the
developed framework can also cope with these increasingly complex systems. While
computational efficiency of the to-be-developed algorithms will play one part in this,
even for the most computationally efficient algorithms the ‘curse of dimensionality’
or specific nonlinearities can result in the algorithms taking a very long time to
compute or becoming infeasible to run. Hence, a way to reduce the complexity for
analysis and synthesis algorithms of resulting from answering Research Questions []
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and [2] will be an important part in dealing with complex systems. This leads us to
our final research question:

Research Question 3

How to reduce the complexity for the to-be-developed ana-
lysis and controller synthesis methods to address complex
systems?

1.5 Contributions and Outline of the Thesis

In the previous section, we formulated the research objective of developing a
systematic, computationally efficient framework for global stability and performance
analysis and controller synthesis of nonlinear systems, along with crucial research
questions to be answered to achieve this objective. As previously mentioned, for
global stability and performance, we will focus on universal shifted and incremental
dissipativity. As we will show in the upcoming chapters, these dissipativity notions
can be analyzed through linearization-like representations of the system. We
will propose the use of LPV systems in order to represent these linearization-like
representations. We will show that this will allow us to use methods from the
LPV framework in order to formulate systematic and computationally efficient
analysis and controller synthesis methods for nonlinear systems that guarantee the
aforementioned global stability and performance notions. These developed methods
will form the framework in order to achieve our intended research objective.

In Chapter 2] we will introduce preliminaries on the LPV framework, specifically
on analysis and synthesis of LPV systems and their current application to nonlinear
systems. Furthermore, we will also introduce preliminaries on general dissipativity
theory of nonlinear systems.

Next, Chapter [3|will demonstrate the pitfalls of the current use of the LPV framework
for analysis of nonlinear systems and controller synthesis for them. This will highlight
the need for a different framework for systematic analysis and controller design for
nonlinear systems. We will furthermore also go deep into why, and in which cases,
the current LPV framework fails to ensure the desired stability and performance
guarantees. This chapter is based on the paper (Koelewijn, Sales Mazzoccante,

et al. [2020)).

In the next chapters, we first focus on analysis and controller synthesis in CT
only. In Chapter [l we introduce the first global dissipativity notion, universal
shifted dissipativity. First, as contribution, we present for CT nonlinear systems
how universal shifted dissipativity can be analyzed through dissipativity analysis
of the time-differentiated dynamics of the system. As a second contribution, we
then show that these time-differentiated dynamics can naturally be represented
by an LPV system. Using convex tools from the LPV framework, this then
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allows us to computationally efficiently analyze universal shifted dissipativity of
nonlinear systems. Finally, as a contribution, we present how the analysis tools can
then be extended to controller synthesis tools, again making use of methods from
LPV framework, in order to ensure universal shifted stability and performance of
nonlinear systems. These contributions then address Research Questions [I] and [2]
w.r.t. universal shifted dissipativity for CT systems. The contents of this chapter
are based on the paper (Koelewijn, T6th, and Weiland [2022a)).

Subsequently, in Chapter [5] results on incremental dissipativity are presented. In
the chapter, as contribution, a computationally efficient approach will be presented
to analyze incremental dissipativity of CT nonlinear systems. We present how the
dynamics of the variation of a system around trajectories can be used to analyze
incremental dissipativity. We then show these variational dynamics can naturally be
represented by an LPV system. Using this, we then show how we computationally
efficiently analyze incremental dissipativity of nonlinear systems through the use
of the methods from LPV framework. This contribution then addresses Research
Question [I] w.r.t. incremental dissipativity for CT systems. The chapter is based
on the paper (Verhoek, Koelewijn, et al. [2020)).

In Chapter [6 we then present how the analysis results of Chapter [f] can be used to
develop a systematic controller synthesis method in order to ensure incremental
dissipativity of nonlinear systems. To achieve this, we will present as contribution
a convex controller synthesis procedure which first synthesizes a controller for
the variational dynamics of the system using the LPV framework. Next, we
develop a realization method for this controller that ensures closed-loop incremental
dissipativity for the original nonlinear system. This contribution then addresses
Research Question [2] w.r.t. incremental dissipativity for CT systems. This chapter
is based on the paper (Koelewijn, Téth, Nijmeijer, et al. [2022)).

With the previous chapters answering Research Questions [I] and 2] for CT systems,
the next two chapters then address these Research Questions for DT nonlinear sys-
tems. In Chapter [7, we first present DT extensions to the incremental dissipativity
based results for analysis and control from Chapters [5] and [f] As contributions,
we show how results similar to the CT results can be obtained for incremental
dissipativity based analysis and controller synthesis of DT systems. These contri-
butions then address Research Questions [I] and [2] w.r.t. incremental dissipativity
for DT systems. This chapter is based on the papers (Koelewijn and Téth
Koelewijn, T6th, and Weiland [2021]).

Next, in Chapter [§, we present the DT extensions of the universal shifted analysis
and controller synthesis results of Chapter @l As contribution, we first present how
convex universal shifted dissipativity analysis of DT system can be achieved using the
time difference dynamics and methods from LPV framework. As second contribution,
we present how the DT incremental controller synthesis results of Chapter [7] can be
used and simplified to synthesize controllers to ensure universal shifted stability and
performance for DT systems. For this reason, the DT universal shifted extensions
are presented after the DT incremental extensions. These contributions then address
Research Questions [I] and [2] w.r.t. universal shifted dissipativity for DT systems.
Combined with the previous chapters, this then fully addresses Research Questions
and [2| The contents of this chapter are based on the paper (Koelewijn, T6th, and
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Weiland [2022b)).

Chapter [J] contains results on scheduling dimension reduction of LPV models.
As contribution, we propose a new ANN based method for scheduling dimension
reduction that achieves a significantly decreased approximation error and has
advantageous properties compared to existing methods. Combined with the results
in Chapters [ to 8] which use LPV models as part of their procedures, it allows to
reduce the complexity of these procedures, thereby addressing Research Question [3]
The content of the chapter is based on (Koelewijn and Téth .

Together, the results of Chapters [3]to[0] present methods in order to systematically
and computationally efficiently analyze and design controllers for (complex) nonlin-
ear systems in order to guarantee universal shifted and incremental dissipativity.
With these results, we address the research questions and which together combine
to an overall framework for analysis and controller synthesis for nonlinear systems,
therefore addressing the overall research objective. In Chapter [I0] we demonstrate
the capabilities of the developed framework on two realistic applications for con-
troller design. Firstly, an application to a Control Momement Gyroscope (CMG) is
presented, for which a universal shifted controller is developed to track and reject
piecewise constant signals, based on the method discussed in Chapter [d] Secondly,
results are presented on the incremental flight control of a Generic Parafoil Return
Vehicle (GPRV), based on the methods discussed in Chapters |§| and@ In both
applications, the performance improvements of the ensured global stability and
performance guarantees are demonstrated. Furthermore, in both applications, the
designed controllers achieve significantly better performance compared to current
LPV methods.

Finally, in Chapter [[1] we give concluding remarks; highlighting the main contri-
butions of the thesis, and providing recommendations for possible future research
directions that are of interest.

In each of the chapters where we present technical results, we will briefly (re)introduce
the system that is considered and we will briefly refresh the reader on the notation.
This is done for the convenience of the reader, as the thesis is of substantial length
and a variety of different results are presented.



Preliminaries

THIS chapter provides an overview of some existing methods for the
analysis and control of Linear Parameter-Varying (LPV) and nonlinear
systems which will serve as the cornerstone for the results presented in the
following chapters. More specifically, we will review the general stability

and performance analysis of nonlinear sys stems together

with how they connect to dissipativity theory. Furthermore, we will d

the implication of the stability and performance of LPV systems on the
7ing nonlines
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2.1 Introduction

In Chapter [I] we discussed the objective of this thesis to develop a systematic
framework for analysis and control of nonlinear systems to ensure global stability
and performance. We briefly mentioned in Section that to achieve this, two
key ingredients will be used, namely global dissipativity notions, which are a
generalization of the dissipativity concept introduced by (Willems , and the
Linear Parameter-Varying (LPV) framework. Hence, in this chapter, we will review
some existing results on the stability and performance of nonlinear systems and
how they connect to dissipativity. Moreover, we will review existing analysis and
controller synthesis results for the LPV framework, which also use the dissipativity
concept. We will also discuss how the LPV framework is currently used for analysis
and control of nonlinear systems.

The chapter is structured as follows. First, in Section 2:2] we give a more in-depth
description on the types of nonlinear systems that we will consider in this thesis.
Next, in Section [2:3] we introduce stability and performance concepts for nonlinear
systems. In Section[2.4] we will introduce dissipativity of nonlinear systems and how
it connects to stability and performance. In Section [2.5] we will give an overview
the analysis and controller synthesis results for LPV systems and briefly discuss how
they can be used to analyze and design controllers for nonlinear systems. Finally,
in Section [2.6] we give a brief summary.

First, some general notation that will be considered in this chapter and throughout
this thesis: R is the set of real numbers, while R and RT stand for the set of
non-negative and positive reals, respectively. N and Ny are the set of natural
numbers excluding and including zero, respectively. Z is the set of integers. The
set {n, n+1, ..., m}, with n,m € Z and n < m, is denoted by I". We denote by
S™ the set of real symmetric matrices of size n x n with n € N. The projection of
D := A x B with elements (a, b) onto A is denoted by 7, D, meaning a € m, D = A.
The set of functions from X to ) is denoted by Y¥. For a function V : R* xR™ — R
for which V'(a,b) € R with a € R" and b € R™, its gradient w.r.t. a is denoted
by V.V (a,b) = [g%/l(a, b) .- %(a, b)], for functions V with one argument the
subscript for V is dropped. For a vector x € R™, its Euclidian norm is denoted
by ||z]] = VaTa. For a matrix A € R"*™, its spectral norm is denoted by
|All = V/Amax(ATA) (where Apax is the largest eigenvalue), corresponding to the
largest singular value of A. We use (%) to denote a symmetric term in a quadratic
expression, e.g., (x) ' Q(a —b) = (a —b)"Q(a — b) for Q € S” and a,b € R". The
notation A > 0 (A > 0) indicates that A € S™ is positive (semi-) definite, while
A <0 (A < 0) denotes a negative (semi-)definite A € S”. The zero-matrix and
the identity matrix of appropriate dimensions are denoted as 0 and I, respectively.
Furthermore, col(zy, ..., z,) denotes the column vector [z] ---z,)]". The (block)
diagonal concatenation of ay,...,a, is denoted by diag(ai,...,ay).
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2.2 Nonlinear Systems

In this thesis, when talking about nonlinear systems, we generally consider nonlinear
time-invariant systems in state-space representation of the form:

a(t) = f(x(t), w(t));
2(t) = h(z(t), w(t));

where ¢t € T is time, x(t) € X C R" is the state variable associated with with
initial condition z(0) = 29 € X, w(t) € W C R™ is the input of the system, and
z(t) € Z C R™ is the output of the system. Moreover, ny, ny,n, € N, i.e., we only
consider finite dimensional systems. For Continuous-Time (CT) systems, £ = %,
such that &x(t) = %x(t) = i(t), and T = R{. For Discrete-Time (DT) systems,
& = g, i.e., the discrete time-shift operator, such that £x(t) = gz (t) = z(t + 1), and
T = Np. We assume that the function f : XxW — R™ (orin DT f: XxW — X) is
continuously differentiable, and we assume that f and the function h: X x W — Z
are such that the solutions of are forward complete, i.e., they exists for
all ¢ € T, and are unique. Furthermore, we define the state-transition map
b T x T x X x WT — X, such that

(2.1)

z(t) = dx(t,0,z(0), w). (2.2)

Finally, we denote the corresponding behavior of (2.1, i.e., the set of all solutions,
by

B = {(:C,w,z) e (X W, 2)T | (z,w, 2) satisfy }, (2.3)

in CT we additionally assume that z € C;.

Moreover, we will also consider the following definitions of controllability and
observability for nonlinear state-space representations of the form (2.1)), adapted
from (Nijmeijer and Van der Schaft 2016):

Definition 2.1 (Controllability). The nonlinear state-space representation is
called controllable, if for any x1,x5 € X, there exists a finite time T and an input
signal w € Ty B such that xo = ¢x(T,0, 21, w).

Definition 2.2 (Observability). The nonlinear state-space representation is
called observable, if for any xo 1,02 € X and for everyw € WT , the two trajectories
21,20 € Z7 with z1(t) = h(¢x(t,0, 20,1, w), w(t)) and z2(t) = h(dx(t, 0, 20,2, w), w(t))
being identical, i.e., z1(t) = z2(t), Vt € T, implies that o1 = zo,2.

2.3 Stability and Performance

2.3.1 Stability

In this section, we will discuss stability analysis of nonlinear systems described by
(2.1). When we talk about stability of nonlinear systems in the conventional sense,
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stability is characterized w.r.t. a particular equilibrium point of the system. The
equilibrium points of (2.1]) can be described as

CT: {O:f(x*’w*); DT: {x*:f(x*’w*); (2.4)

Zie = h(Tw, wi); Zie = h(T, W)
Let us denote the corresponding set of equilibrium points by
E = { (T, Wi, 2) €EX XW X Z | (T4, Wy, 24) satisfy (2.4)}, (2.5)

and define 2" =7, & W =: 7, &, and Z :=m, &. We assume that w.l.o.g.!
(0,0,0) € &. In this thesis, when we talk about stability of a system at
an equilibrium point z, € Z°, we always consider the behavior of the system
for the constant input trajectory corresponding to the equilibrium point z,, i.e.,
w = wy with (2., ws, 2.) € & We use the notation w = w, to denote that
w(t) =w, € #,Vt e T. Let us denote the behavior of for an input trajectory
w e WT, by

By, (0) = {(z,w,2) € B |w=weW}. (2.6)

Furthermore, we define the shorthand notation B := By (w = 0), specifically for
the zero input trajectory behavior.

The following definition is adapted from (Khalil 2002; Van der Schaft 2017)).

Definition 2.3 (Stability). The nonlinear system , at the equilibrium point
T, € 2, and corresponding w, € W, is

o stable, if for each € > 0, there exists a 6(e) > 0 such that
[2(0) — x|l < 6(e) = [l2(t) — =l <, (2.7)
forallt € T and x € Ty By (w = wy.).

o asymptotically stable, if it is stable and attractive, i.e., there exists a 6 > 0
such that for w = w,

l2(0) 2]l <5 = lim [é(t.0,2(0),w) — .| =0.  (28)

o unstable, if it is not stable.

When referring to stability of a system without mentioning the specific equilibrium
point, we always refer to stability of the origin of the state-space, corresponding to
(0,0,0) € &, unless specified otherwise.

A common tool to analyze stability of systems is Lyapunov stability theory. However,
before introducing it, we briefly give the following definition:

1We can always do a coordinate transformation such that this is the case (Nijmeijer and Van

der Schaft .
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Definition 2.4 (C,-space). A function f : RP — R? is in Cy if it is continuous.
For n € N, the function f is in Cy, it is n-times continuously differentiable, i.e.,
its first n derivatives exists and are continuous. The function f is in Co if ils
derivatives of all orders exist and are continuous.

Definition 2.5 (Class K functions). A function a : Ry — R{, with a € Cy, belongs
to the set IC, i.e., it is called a class IC function, if it is strictly increasing and
a(0) = 0.

Definition 2.6 (Definite functions (Scherer and Weiland [2015). Consider a
function V : X - R and z. € X. The function V is:

o positive definite (w.r.t. w,), if there exists a function o € K such that
V(z) > a(||lz — z.|) forallz e X.

o positive semi-definite, if V(x) >0 for all x € X.

o decrescent (w.r.t. x.), if there exists a function o € K such that V(z) <
a(l|lz — x||) for all x € X.

o negative definite (w.r.t. x.) or negative semi-definite, if —V is positive definite
or positive semi-definite respectively.

Definition 2.7 (Class Q functions). A function V : X — R{ belongs to the set
Q,., where x, € X CR™  if there exists functions ay,as € K, such that

ar([lz —a.) < V(z) < az((lz —z.]), (2.9)

for all x € X. Note that this equivalently means that V is positive definite and
decrescent w.r.t. x, (Scherer and Weiland .

Remark 2.1. Note that quadratic functions of the form V(z) = (z — z.) " M(x — z.)
with M € S™ and M > 0 satisfy that V € Q,,. Namely, in that case it holds that

Amin(M) ||z — 2.]* < V(@) < Amax(M) [lz — 2], (2.10)

where Apin (M) and A\pax(M) are the smallest and largest eigenvalues of M, respec-
tively (Scherer and Weiland [2015)).

Next, we give the following theorem on Lyapunov stability, adopted from (Khalil

2002; Haddad and Chellaboina 2008; Lazar et al.|2009):

Theorem 2.1 (Lyapunov stability). The nonlinear system given by is stable
at x, € X with the corresponding w. € W', if there exists a Lyapunov function
V.X— Rsr with V€ Cy and V € Q,, such that

CT: %V(m(t)) <0, (2.11a)
DT: V(x(t+1))—V(z(t)) <0, (2.11b)

forallt € T and x € mx By (w = wy). Moreover, the nonlinear system is asymp-
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totically stable at x. € Z°, if there exists a Lyapunov function V : X — RS‘ with
Vel and V € Q.. and there exists a function o € KC such that

CT: %V(x(t)) < —aflz(t) — 2. ), (2.12a)

DT: V(x(t+1)) = V(z(t) < —a(|lz(t) — z.|), (2.12b)

forallt € T and x € 1y By (w = wy.).

As we consider nonlinear systems given by (2.1) with f € C;, we can also formulate
the following equivalent Lyapunov based conditions for (asymptotic) stability (Khalil

2002; Bof et al. 2018]):

Theorem 2.2 (Lyapunov stability, relaxed form). The nonlinear system given by
is stable at x, € Z with the corresponding w. € W , if there exists a Lyapunov
function V : X — Rg with V€ Cy and V € Q.. such that

T %V(Jc(t))ﬁo, (2.13)
DT: V(a(t+1)) - V(z(t)) <0, (2.13b)

forallt € T and x € mx By (w = wy). Moreover, the nonlinear system is asymp-
totically stable at v, € X, if holds, but with strict inequality except when
ai((it) = ..

The Lyapunov function V can be seen as representing the internal energy in the
system, which for the system to be (asymptotically) stable always has to decrease
over time, till it reaches zero, coinciding with the equilibrium point, see also
Figure As analyzing directly based on the trajectories is generally
infeasible, the check for Lyapunov stability is often rewritten to a test on a value

set (Khalil [2002; Haddad and Chellaboina 2008).

Lemma 2.1 (Lyapunov stability using value set). If there exists a Lyapunov
function V : X — RS‘ with V € Cy and V € Q,, such that

CT: VV(z)f(z,w.) <0, (2.14a)
DT: V(f(zx,w.))—V(x) <0, (2.14b)

for all x € X, then, the system is stable at x. € 2 with corresponding w, € W .
Similarly, if holds, but with strict inequality for all x € X \ {z.}, then the
system is asymptotically stable at . € Z .
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2.3.2 Performance

Input-output properties of systems are important to analyze not only their stability,
but also to quantify their performance. Popular performance metrics can be
described by the gain from (input) signals in £, to (output) signals in L4 for
p,q=1,2,...,00 in CT or from sequences in ¢, to sequences in ¢4 in DT. These
function spaces are defined as follows, adopted from (Van der Schaft :

Definition 2.8 (£, /¢, space). For p € N, the signal space L, or sequence space {,,
is the space of functions f : Ry — R™ or f: Ng — R", respectively, for which

%:LMp—<AwWﬂMWﬁ>p<mn @:<§Juww> <o, (215)
t=0

where ||-|| is the Euclidian (vector) norm?. The signal space Lo, or sequence space

(o is the space of functions f : RS — R™ or f: Ng — R", respectively, for which

Loo: [Ifllo i=esssup|[f(t)[| <00,  Lloo: [Ifllo = sup [If()] <oo. (2.16)
teRY teNg

Definition 2.9 (Truncation). For signals f : Rj — R™ or sequences f : Ng — R",
define fr : R& — R™ with T € R} or fr : Ng — R" with T € Ny, respectively, by

hﬁ%—{g@ P (2.17)

which expresses the truncation of f on [0,T).

Definition 2.10 (Extended £,/¢, space). Forp=1,2,...,00, the extended L, or
¢, space, denoted by Lo or £pe, respectively, is the space of all functions f : Rf — R"
or f : Ng — R" such that fr € L, for all T € Ry or fr € £, for all T € Ny,
respectively. For p € N, the accompanying norms of these truncated signals or
sequences® are denoted by

T P T %
Lpe: 1 fllpr = (/0 MOl dt) v Apes I fllp = (Z ||f(t)p> ;
t=0

(2.18a)
and for Loce and loge by

Loce : [[fllso,r =esssup [[F(O,  loce: [[flloo = sup [[f(B). (2.18b)

te(0, T tell

Having defined these signal spaces, we can then define the notion of £,-L;-gain of

a system (2.1)), adopted from (Van der Schaft 2017)).

20ne can also define these functions spaces for different vector norms. However, the Euclidian
norm is used here as it will be beneficial in deriving analysis and controller synthesis results later
in the thesis.

3Note that these truncated norms are defined on the full signal/sequence f, but can similarly
be taken on the truncated version fr, but these would not change their definition.
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Definition 2.11 (£,-L,-gain). A CT nonlinear system given by is said to
have a finite L,-L4-gain, or in DT a finite £,-Ly-gain, if there is a finite v > 0 and
function ¢ : X — R such that

I2llg.0 < v llwll, 7 + C(20), (2.19)

for allT >0 and (z,w,z) € B with w € L,c in CT or w € £pe in DT. The induced

Ly-Lg-gain/ly-Ly-gain of is the infimum of v such that still holds. If
p = q, we will refer to this as the (induced) L,-gain/ly,-gain.

One of the most well known and widely used performance metrics of this type is
the induced Ls-gain, which can be seen as a bound on mapping input signals with
finite energy to output signal with finite energy. For stable Linear Time-Invariant
(LTT) systems, the induced Lo-gain of the system is equal to the H, norm of its
corresponding transfer function representation. Other popular choices are peak-to-
peak performance, through the induced L,.-gain, and the generalized Ho nominal
performance, through the induced £2-Lo-gain (Scherer and Weiland [2015).

Another popular performance notion, is that of passivity, adopted from (Van der

Schaft 2017)).

Definition 2.12 (Passivity). Assume that, for a nonlinear system given by ,
Nw = Ny, i.e., the number of inputs is equal to the number of outputs. The nonlinear
system is said to be passive, if there exists a function ( : X — R such that

T
CT: / 2(t) Tw(t) dt > ¢(xo), (2.20a)
0
DT:
t=0

for allT >0 and (v, w, z) € B.

2(t) Tw(t) > ((wo), (2.20b)

Passivity is often used for analysis of physical systems, e.g., electrical networks or
mechanical systems, due it close connection to the power flow of the system. For
LTT systems, passivity also corresponds to positive realness of its transfer function
representation (Van der Schaft [2017).

While for LTT systems, the various discussed performance notions can generally be
analyzed by analyzing properties of the transfer function representation, analyzing
these performance notions for nonlinear systems directly based on their definitions
is more difficult if not impossible. For nonlinear systems, performance and stability
is often analyzed through the concept of dissipativity.

2.4 Dissipativity

2.4.1 Dissipativity of nonlinear systems

Dissipativity analysis allows for a joint framework for stability and performance
analysis of systems, as was first formulated by Willems for LTI systems (Willems
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1972)). In this thesis, we use a similar definition of dissipativity, adopted from

(Van der Schaft [2017; Brogliato et al. [2020]).

Definition 2.13 (Classical dissipativity). The nonlinear system given by is
dissipative w.r.t. a supply function s : W x Z — R, if there exists a storage function
V:X = RS withV € Cy and V € Qy, such that

CT: Vi(a(ty)) = V(alto)) < /t Cs(w(t), 2(1)) dt, (2.21a)
DT Via(t: + 1)) Via(to) < 3 s(w(t). =(1), (2.21b)

for all to,t1 € T with t; > tg, and (z,w,z) € B.

The storage function V can be interpreted as a representation of the stored ‘energy’
in the system w.r.t. a single point of neutral storage (energy minimum), where V is
zero. The point of neutral storage can be any point in the state-space, however,
it is often considered to be at the origin, i.e., x = 0, which we will also consider
to be the case. The supply function s can be seen as representing the energy
flowing in and out of the system. To distinguish the notion of dissipativity in
Definition 2:13] from other dissipativty based concepts that will be introduced in
later chapters of this thesis, from here on, we will refer to this form of dissipativity
as classical dissipativity. Similar as for Lyapunov stability, we can also formulate
time differentiated /difference versions of the classical dissipation inequality
and value set based conditions (Willems Brogliato et al. [2020):

Lemma 2.2 (Differentiated /Difference Dissipation Inequality). If, for the nonlinear
system given by and the supply function s : W x Z — R, there exists a storage
function V : X — Rg‘ with YV € C; and V € Qq such that it holds that

CT: %V(x(t)) < s(w(t), z(t)), (2.22a)
DT: V(z(t+1))—V(x(t)) < s(w(t),z(t)), (2.22b)

forallt € T and (z,w, z) € B, then, the nonlinear system is classically dissipative
w.r.t. the supply function s.

Lemma 2.3 (Classical dissipativity condition). If, for the nonlinear system given
by and the supply function s : W X Z — R, there exists a storage function
V:X — RS‘ with V € C1 and V € Qg such that it holds that

CT: VV(2)f(z,w) < s(w, h(z,w)), (2.23a)
DT: V(f(z,w)) —V(z) < s(w, h(z,w)), (2.23b)

for all (x,w) € X x W, then, the nonlinear system is classically dissipative w.r.t.
the supply function s.
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Next, we will discuss how classical dissipativity implies stability and performance
of a system.

2.4.2 Inducing stability

As discussed, the storage function can be seen as representing the internal energy
of the system, similar to a Lyapunov function, and hence plays a crucial role in the
connection between classical dissipativity and stability. The following theorem is
adopted from (Van der Schaft [2017).

Theorem 2.3 (Stability from classical dissipativity). Assume the nonlinear system
given by is dissipative under a storage function V € C; w.r.t. a supply function
s that satisfies

5(0,z2) <0, (2.24)

for all z € Z, then, the nonlinear system is stable. If the supply function
satisfies , but with strict inequality when z # 0, and the system is observable,
then the nonlinear system is asymptotically stable.

Remark 2.2. The observability requirement in Theorem [2.3] for asymptotic sta-
bility, can also be weakened to only require zero state observability or zero state

detectability of ‘ , see e.g. (Moylan 2014} Nijmeijer and Van der Schaft 2016
Van der Schaft 2017, Brogliato et al. [2020) for more details.

2.4.3 Inducing performance

While the storage function connects classical dissipativity to stability, the supply
function connects it to various performance notions, often used in practice for
control design. A popular choice of supply function is the class of quadratic ones of

the form
cwo-[[¢ ) =

where Q € S™, R € S"2, and S € R™*"= which connect to passivity and the norm
based performance notions discussed in Section 2:3.2] Classical dissipativity w.r.t.
a supply function of the form is also often referred to as (classical) (@, S, R)
dissipativity. Moreover, not every choice of supply function (or triplet (@, S, R)) is
interesting, e.g., if s(w, z) > 0 for all w € W, z € Z then every system is classically
dissipative, and if s(w, z) < 0 then no system can be classically dissipative in the
considered sense(Moylan . Moreover, scaling a supply function by a positive
scalar results in the same effective supply function, as we can scale the storage
function by the same amount. Similarly, if we want to make the link to stability for
(@, S, R) supply functions, then, by Theorem we need to ensure that R < 0.

For L£5-gain boundedness and passivity, we have the following connections to classical
(Q, S, R) dissipativity of the system. See (Van der Schaft 2017 for more details.
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Lemma 2.4 (L2-gain from classical dissipativity). If the nonlinear system given
by is classically (Q, S, R) dissipative with* (Q, S, R) = (v*I,0,—1), then the
system has a bounded Ls-gain of .

Lemma 2.5 (Passivity from classical dissipativity). If the nonlinear system given
by is classically (Q, S, R) dissipative with® (Q, S, R) = (0,1,0), then the system

1S passive.

For L., and generalized Hs, i.e. Lo-Lo, performance, the corresponding supply
functions are (@, S, R) = (al,0,0), where « is a slack variable, and (@, S, R) =
(v1,0,0), where v is the corresponding Lo-L+, bound, respectively. However, extra
conditions are required, besides satisfying the classical dissipation inequality, in
order to ensure these performance notions, see (Scherer and Weiland for the
LTT case.

2.5 LPYV Analysis and Control

2.5.1 LPV systems

As mentioned in Chapter [T} the LPV framework has become a popular choice for
analysis and control of nonlinear systems as it builds upon the systematic and
computational efficient analysis and controller synthesis results for LTI systems.
In this thesis, we consider LPV systems described in terms of the state-space
representation:

a(t) = Ap(t))z(t) + B(p(t))w(t);
2(t) = Cp(t))=(t) + D(p(t))w(t);

where z(t) € R™* is the state associated with with initial condition x(0) =
xo € R™, w(t) € R™ and z(t) € R™ are the input and output of the system,
p(t) € P C R™ with n, € N is the scheduling-variable, with P often taken to
be a convex set, and A : P — R™*" B : P — R"=X"w_ ( : P — RWX"x
D : P — R"™*™ are matrix functions. Like for nonlinear systems given by ,
we assume that the solutions of are forward complete and unique. For a
given scheduling trajectory p € P’ , we define the behavior of as

(2.26)

By(p) = {(z.w,2) € AW, 2)T | (w,w,2,p) satisfy @)}, (2.27)

moreover, we define the full behavior of (2.26)), i.e., for all scheduling trajectories, as

By, = (J B (2.28)

pePT

40r equivalently, (Q, S, R)
50r equivalently, (Q, S, R)

(vI,0,—y~1I) for v > 0.
(0,11,0).
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The behavior of (2.26]) for the zero input and a particular scheduling trajectory
p € P7T is denoted by B, ¢(p). We also define the state-transition map ¢, :
T xT xXxWT xPT — X for (2.26), such that

z(t) = ¢px(t,0,2(0), w,p). (2.29)

Besides the state-space representation, there also exist other representations for
LPV systems, such as the Input-Output (I0) and kernel representation (Téth .
However, the majority of the available analysis and controller synthesis methods
assume that the LPV system is given by a state-space representation . Hence,
in this thesis, we will only focus on LPV systems described by the state-space

representation (2.26)).

As aforementioned, the main interest towards the LPV framework originates from
analyzing and controlling nonlinear systems using LTT like tools. The idea of the
LPV framework was strengthened when it was observed that it is possible to fully
embed the solution set of a nonlinear system given by , i.e., the behavior B,
into the solution set %p of an LPV representation. This so-called LPV embedding is
achieved by expressing the scheduling-variable p as a function of the states and/or
inputs of the nonlinear system, through a so-called scheduling-map n (Téth .
Next, we will give a more concrete definition of this idea:

Definition 2.14 (Global LPV embedding). Consider the nonlinear system given by
and an LPV system given by . If there exists a so-called scheduling-map
n:Xx W — P, such that

o w) = Aly(a, w))a + B, w))w, o0

h(z,w) = C(n(z, w))z + C(n(z, w))w, '
for all (z,w) € X x W C X xW and such that n(X, W) C P, then, the LPV system
is a so-called global LPV embedding of the nonlinear system on the region X x W
with the scheduling-variable given by p(t) = n(z(t),w(t)).

Remark 2.3. Note that if (0,0) € X x W, which is often the case, to be able to
perform a global LPV embedding, we require that f(0,0) =0 and ~(0,0) = 0. This
means that the origin is an equilibrium point of the system, see also . While
for nonlinear systems this might not always be the case, we can always perform a
coordinate transformation to ensure this.

It is clear that through the scheduling-map, the LPV embedding describes all the
solutions of the nonlinear system (on the region X x W). However, as for the
behavior of the LPV system, the scheduling-variable is considered independent, we
model a larger set of solutions, which does include the original nonlinear behavior
(Abbas, T6th, Petreczky, Meskin, Mohammadpour Velni, and Koelewijn .
This is formalized in the following lemma:

Lemma 2.6 (LPV behavioral embedding). Consider the nonlinear system given by
and LPV system given by . If the LPV system is a global embedding of
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the nonlinear system on the region X x W = X x W, then, the behavior of nonlinear
system is included in that of the LPV system, i.e., B C B,,.

Proof. See Appendix O

As the LPV representation describes a larger set of valid system trajectories than
the nonlinear system, using an LPV embedding to describe the nonlinear system
is inherently conservative. However, what we gain through the LPV embedding is
that we can use all of the convex tools that are available for analysis and controller
synthesis for LPV systems to analyze and design controllers for them.

As mentioned in Section [[.2.3] constructing a global LPV embedding for a given
nonlinear system is non-unique. While there exist multiple approaches in order to
perform this step (Kwiatkowski, Bol, et al. Toéth Hoffmann and Werner
2015bt Abbas, Téth, Petreczky, Meskin, Mohammadpour Velni, and Koelewijn
2021)), these techniques are still far from being widely applicable or being fully
automated. Hence, in practice, constructing a global LPV embedding is generally
still performed in an ad-hoc fashion. As also discussed in Section [[.2:3] besides global
methods to construct the LPV embedding, one can also construct an LPV embedding
through so-called local methods, usually based on linearizations. However, for local
LPV embeddings, it does not necessarily hold that the behavior of the nonlinear
system B is included in the behavior %p of the resulting LPV representation. On
the contrary, often they can only describe a subset of it. While, analyzing and
designing controllers for nonlinear systems through local LPV embeddings can
work in practice, there are consequently no formal guarantees. Hence, we will
only consider global LPV embeddings when talking about embeddings of nonlinear
systems in an LPV representation.

Next, we will give an overview of analysis of LPV systems.

2.5.2 Analysis
Stability analysis

First, we will discuss stability analysis of LPV systems. Similar as for LTT systems,
also for LPV systems (given by ), the origin of the considered state-space
representation is always an equilibrium point, i.e., (0,0,0) € & for all p € P. For
LTI systems, due to the superposition principle, stability of the origin implies
stability of all forced equilibrium points of the LTI system. Hence, for LTT systems,
only stability of the origin is required to be analyzed. Due to the linearity of LPV
systems, this property is also extends LPV systems under the assumption that
the scheduling-variable is independent of the dynamics. Consequently, for stability
analysis of LPV systems, generally only stability w.r.t. the origin is analyzed. Hence,
when talking about stability of LPV systems, we often refer to stability of the origin,
unless otherwise noted. However, as we will discuss in detail in Chapter [3| naive
application of this concept can actually result in undesirable results when the LPV
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representation is used to analyze or ensure via control design the stability of an
underlying nonlinear system.

We have the following formal definition of stability of an LPV system given by

(2.26)), adopted from (Briat 2015)):
Definition 2.15 (Stability of LPV system). The LPV system 18

o stable, if for each € > 0, there exists a §(e) > 0 such that
[z(0)[ <d(e) = [lz(®)ll <e, (2.31)
forallt € T,z € m By o(p), and p € P7T.

o asymptotically stable, if it is stable and attractive, i.e., there exists a § > 0
such that
()] <& = lim [[épx(t.0.2(0),0.p) | =0, (2:32)

for all p € PT.

o unstable, if it is not stable.

Like for nonlinear systems, also for LPV systems, Lyapunov stability theory is an
important tool for stability analysis. In order to make these analysis problems
tractable, one often considers quadratic functions V}, of the form:

Vo(a,p) = 2" M(p)z, (2.33)

where M : P — S™, M(p) > 0 for all p € P, and M is bounded, in the sense that
there exist an ay, e € R with ag, a0 > 0, 8.t. a1l = M(p) < sl for all p € P. Note
that for each p € P, the function x — V,,(x, p) satisfies the conditions for a Lyapunov
function. Moreover, in CT, we assume that® for all t € T, v(t) = %p(t) € II, while
in DT, we assume that for all ¢t € T, v(t) = p(t + 1) — p(t) € II. Here II C R"r,
which, similar to P, is generally assumed to be convex.

Under these considerations, we can apply the Lyapunov stability theory to LPV
systems to obtain the following results. Let us first denote by p; and v; the i’th
elements of p and v, respectively. Moreover, for a matrix function M : P — S™=
with M € Cy, we define OM : P x II — S™ as OM (p,v) = > .2, a]g;(ip)vi.

Theorem 2.4 (Stability condition for LPV systems). The LPV system given by
is stable at the equilibrium point x, = 0 with w, = 0, if there exists a positive
definite matriz function M : P — S™ with M € Cy such that, in CT, it holds that

A(p) "M (p) + M(p)A(p) + OM (p,v) 20, (2.34a)
for all p € P and v € 11, while, in DT, it holds that
A(p)" M(p +v)A(p) — M(p) %0, (2.34b)

6In case that M is a constant matrix, i.e. M € S™*, the assumptions on the ‘velocity’ of p are
not required.
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forallp € P and v € I1. If holds, but with strict inequality, then the LPV
system is asymptotically stable at x4, = 0.

See (G. S. Becker [1993; Wu (1995} Briat [2015)) for proofs of this result. Note that the
conditions in Theorem [2.4] correspond to the feasibility of an infinite set of Linear
Matriz Inequalities (LMIs), which corresponds to an indefinite convex program. To
turn this infinite-dimensional check into a finite one, several approaches exist such
as polytopic techniques (Apkarian, Gahinet, and G. Becker De Caigny et al.
Cox et al. , grid-based techniques (Wu Apkarian and Adams ,
and multiplier-based techniques (Scorletti and El Ghaoui Scherer [2001), see
also (Hoffmann and Werner for an overview. The resulting set of LMIs,
corresponding to a Semidefinite Program (SDP), can then be solved efficiently using
various SDP solvers, e.g., SDPT3 (Toh et al. or MOSEK (E. D. Andersen and
K. D. Andersen. Various software tools also exist for MATLAB through which
the feasibility problem of a set of LMIs can be turned into a SDP, e.g., YALMIP

(Lofberg 2004) or CVX (Grant and Boyd 2014).

Classical dissipativity analysis

Classical dissipativity is the backbone for the majority of the existing analysis
and controller synthesis results that are available for LPV systems. Like when
talking about stability of LPV systems, we consider an LPV system to be classically
dissipative if the dissipation inequality holds for every scheduling trajectory
in the scheduling set, more formally:

Definition 2.16 (Classical dissipativity of LPV systems). The LPV system given
by is classically dissipative w.r.t. a supply function s : W x Z — R, if
there exists a so-called storage function V, : X x P — R with V,(-,p) € Co and
Vo(-,p) € Qo, Vp € P, such that

CT: Vylaltr),p(tr)) = Vo(alto).p(t0)) < [ stu®). (1) d, (2.350)

DT: Vp(x(ty +1),p(tr + 1)) = Vp(x(to), p(to)) < i: s(w(t), 2(t)),  (2.35b)

t=to

for all to,t; € T with t1 > to, and (z,w,2) € B, (p) for allp € PT.

In the previous section, we have shown how stability analysis of an LPV system
given by can be formulated as a matrix inequality condition. Similarly, we
will next present how dissipativity conditions can be formulated as matrix inequality
conditions. For this purpose, classical (@, S, R) dissipativity is considered (i.e.,
classical dissipativity w.r.t. a supply function of the form ), and the storage
function is also considered to be of a quadratic form:

Vp(l‘,p) = JZTM(p)x, (236)
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analogous to the Lyapunov function (2.33]), with the same assumptions holding on
M. This results in the following condition:

Theorem 2.5 (Classical (@, S, R) dissipativity conditions for LPV systems). The
LPV system given by is classically (@, S, R) dissipative with a storage function
of the form , if there exists a positive definite matriz function M : P — S™=
with M € Cy such that, in CT, for allp € P and v € 11, it holds that

~ [BMip,v) Mé’ﬂ Mm B(gp)]_(*y {g 2} [c?m D(p)} <0, (2:37a)

and such that, in DT, it holds for all p € P and v € 11 that

t! [—J\f(p) M (p0+ v)] [Agp) B(()p)} — 7 [Cj fﬁ] [C(()p) Dfp)] =0
(2.37Db)

Proof. See Appendix O

Similar to the stability result, the condition for classical (@, S, R) dissipativity
of an LPV system in Theorem [2.5] corresponds to an infinite set of LMIs. As
aforementioned, several techniques exists within the LPV framework to turn this
into a finite set of LMIs, such as polytopic techniques (Apkarian, Gahinet, and
G. Becker De Caigny et al. [2012; Cox et al. [2018)), grid-based techniques (Wu
Apkarian and Adams [1998), and multiplier-based techniques (Scorletti and

El Ghaoui [1998; Scherer |2001}).

Based on the result and proof of Theorem [2.5] we can obtain the following conditions
for various performance notions.

Corollary 2.1 (Ly-gain of an LPV system ). The LPV system given by
has a bounded Lo-gain of v, if there exists a v € Ry and a positive definite matriz
function M : P — S™ with M € Cy such that, in CT, for allp € P and v € 11 it
holds that

Alp)"M(p) + (») T +0M(p,v) M(p)B(p) C(p)"
* —~I D(p)T| =0, (2.38a)
* * —vI

while, in DT, it holds for allp € P and v € 11 that

M(p+v) A(p)M(p) B(p) 0
: M(gp) ;)I M(l;;)(g@ = 0. (2.38b)
* * * 71

Corollary 2.2 (Passivity of an LPV system). The LPV system given by is
passive, if there exists a positive definite matrix function M : P — S™ with M € Cy



2.5. LPV Analysis and Control 41

such that, in CT, for allp € P and v € 11, it holds that

Alp)"M(p) + ()" +9M(p,v) M(p)B(p) —C(p)"

[ N i } <0, (2.39a)

while, in DT, it holds for allp € P and v € 11 that
[M (p+v) A(p)M(p) B(p)

* M(p)  M@p)Cp)'
* * D(p)+ (%"

= 0. (2.39h)

Corollary 2.3 (L3-Loo-gain of an LPV system). The LPV system given by”
has a bounded Lo-Loo-gain of v, if there exists a v € Ry and a positive definite
matriz function M : P — S™ with M € Cy such that, in CT, for all p € P and
v € II, it holds that

[A(p)TM(p)Jr(*)TJr@M(p,v) M(p)B(p)] ~0 [M(p) C(p)T] - 0
* —vI -7 * '

while, in DT, it holds for allp € P and v € 11 that

M(p+v) A(p)M(p) B(p)
[ " ﬂ(p)p 0 -0, {M*(p) M(p)ﬁ(pq =0.  (2.40D)
* * ~I

Corollary 2.4 (L.-gain of an LPV system). The LPV system given by has
a bounded L -gain of vy, if there exist o, 3,7 € RS and a positive definite matriz
function M : P — S™ with M € Cy such that, in CT, for allp € P and v € 11, it
holds that

A(p)"M(p)+ (»)" + BM(p) + OM (p,v) M (p)B(p)

<0
* —al -
BM (p) 0 C(p)" (2.41a)
x  (y—a) D(p)T| =0
* * ry[

while, in DT, it holds for allp € P and v € 11 that

[M(p+v) A(p)M(p) B(p)]
* (1-B)M(p) 0 | =0,
* * ol
(BM(p) 0 M(p)Cp)" (2410)

* (y-a) D) |=o0

The full derivations of the LMIs given in Corollaries [2.1] to 2.4] can be found in
Appendix [A72] which are inspired by the derivations for LTI systems given in
(Scherer and Weiland 2015)).

"Under the condition that D(p) = 0 for all p € P.
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Remark 2.4. Note that conditions in Corollaries 2.1l to 2.4l can also be formulated in
terms of strict, instead of non-strict, matrix inequality conditions. In turn, these will
guarantee asymptotic stability of the corresponding LPV system given by (2.26)).

The infinite set of LMIs in Corollaries 2:1]to[2-4] can be turned into a finite one using
the aforementioned approaches, such as polytopic techniques, grid-based techniques,
and multiplier based techniques, see (Hoffmann and Werner for an overview.
For LPV systems given by with an affine scheduling dependency, i.e., when
A(p) = Ao + Si2, Aipi, ete. in , the analysis results in Corollaries to
are implemented in the LPVcore Toolbox (Boef et al. [2021). Also for general
scheduling dependencies, using a grid-based approach, the analysis results are
implemented in LPVcore. Other MATLAB toolboxes for LPV systems, such as
(Hjartarson et al. Verbandt et al. Veenman , generally only include
Lo-gain and sometimes (generalized) Ho based performance analysis algorithms.
However, these also support other scheduling dependencies such as rational and
polynomial ones.

2.5.3 Controller synthesis

Similar as for LTT systems, the analysis LMIs in Section[2.5.2] can be transformed to
synthesis LMIs through a nonlinear transformation of variables. For LPV controller
synthesis, the idea of the generalized plant concept from the LTI framework (Doyle
is also used. The generalized plant concept provides a systematic and generic
approach to consider different control problems, such as a four block mixed sensitivity
design, model matching problems, and many others (Zhou et al. 7 while also
allowing to systematically shape the performance through the inclusion of weighting
filters in the generalized plant.

w z
P

Yk K U
Figure 2.1: Closed-loop interconnection of a generalized plant P and the (to-be-
designed) controller K.

k

More concretely, for the controller synthesis problem, we consider an interconnection
of a generalized plant P and to-be-designed controller K, as depicted in Figure 2.1}
We consider a generalized plant P of the form, omitting dependence on time for
brevity,

§x A(p)  Bw(p) Bulp) | |z
2| = [Cu(p) Duw(p) Dul(p)| |w], (2.42)
Y Cy(p) Dyw(p) Dyu(p)] [u

where w and z now play the role of generalized disturbance (collecting references,
disturbances, etc.) and generalized performance channel (collecting tracking errors,
control efforts, etc.), respectively, and where u(t) € Y C R™ is the control input,
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and y(t) € Y C R™ is the measured output. Moreover, By, : P — R™X"w,
By : P = R™=*"™ (O, : P — R»"™ (Cy : P = RW™ D, P — RW»*"v,
Dy : P —= R»*™ Doy P — R%*™ and Dy, : P — R™*™ are matrix
functions. For most synthesis algorithms, it is assumed for well-posedness that
Dy,(p) =0, Vp € P. In the remainder of this section, this will also be assumed.

The controller K, is considered in the form

] - [ oo ). .

where z1(t) € X, C R™x is the state® associated with , and where uy(t) €
Uy € R™x and yi(t) € Ik € R™x are the input and output of the controller,
respectively. Furthermore, Ay : P — R™xc X P — R™X M Oy @ P —
R™x ™ and Dy : P — R™x*™u are matrix functlons

The closed-loop interconnection of P and K, as depicted in Figure i.e., such
that ux = y and u = yx (meaning also that n,, = ny and n, = ny, ), is denoted by
Fi(P, K). The dynamics of the closed-loop interconnection JFi(P, K) are then given
by

§x ' T

s | = FERHRG] [2 ] )
wher

) A0 BODOIGE) Bp) o 150
e Bi(p)Cy(p) Ap) ] o
Ba(p) := [Bw(p) s f(u() P)Di( ﬁ Dyw(p)] (2.45b)
Ca(p) = [C.(p) + Duu)Di(P)Cy(p) Dunp)Cilp)],  (2450)
Dai(p) = Dow(p) + Dou(p) Dx(p) Dyw (p)- (2.45d)

Note that for P to be considered as a generalized plant, there should exist a
controller K of the form such that J(P, K) is stable. For this to be the case,
the pairs (A, By) and (A4, Cy) should be stabilizable and detectable, respectively,
according to the following definitions:

Definition 2.17 (LPV stabilizability). Consider the matriz functions A : P —
R™*"x gnd B : P — R™*™_ The pair (A, B) is called stabilizable if there exists a
matrix function F : P — R™*™ gych that the LPV state-space representation

x(t) = (A(p) + B(p)F(p)) x(t), (2.46)
is asymptotically stable.

Definition 2.18 (LPV detectability). Consider the matriz functions A : P —
R™*" gqnd C : P — R™*" . The pair (A,C) is called detectable if the pair
(AT, CT) is stabilizable.

8For most state-space based LPV controller synthesis methods nx, = nx.
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Moreover, note that Ji(P, K) corresponds to an LPV system represented by .
For controller synthesis, the objective is to find the controller matrix functions
Ay, By, Cx, Dy such that Fi(P, K) is classically (@, S, R) dissipative (for a given
tuple (@, S, R)). Similar to the analysis problems, also the synthesis problem can
be expressed as a feasibility condition of a matrix inequality (Apkarian and Adams

1998; De Caigny et al. 20125 Scherer and Weiland [2015)):

Theorem 2.6. There exists a controller K given by such that the closed-
loop interconnection of a generalized plant P given by (2.44) and K is classically
(Q, S, R) dissipative, if, in CT, there exist a positive-define matriz My € S"=,
positive-definite matriz function M, : P — S™ with M, € Ci, and (transformed
controller) matriz functions Ay : P — R™X"x B . P — R™X"y G P — RMuX"x
and Dy : P — R™ ™ such that for all (p,v) € P x I1, it holds that

[ﬂcl(p, v) + ()7 %1(]0)] — )T [Q S} { 0 4 ] < 0. (2.47a)

* 0 *x R| |Ca(p) Dalp)
{My*(p) Aﬁ - 0, (2.47b)
where the closed-loop related matrices are
_ [Al@)My(p) + Bu(p)G(p)  A(p) + Bu(p) Dk (p)Cy (p)
alhe) = [ Aw) MeA) + BB } N
[_58]‘%(1””) 8 , (2.48a)

M, By (p) + Bi(p) Dyw (p)
(D) Gc(p)  Cu(p) + Dou(p)Di(p)Cy(p)] ,  (2.48¢)
De1(p) = Dypw(p) + Dyu(p) Dic(p) Dy (p)- (2.484)

The matrices of the LPV state-space representation of the controller K that achieves
dissipativity are given by

[Ak@) gt@;] B

Ci(p) Dilp
-1 -1
[zof foju@)] ({zup)—fg(x(ﬁ)(p)My(p) gtgmcyyp%(p) ?] 7

(2.49)

where U and V are arbitrary solutions to MMy (p) + UV (p)"T =1I.

In DT, there exists a controller K such that Fy(P, K) given by 1s classically
(Q, S, R) dissipative with® R < 0, if there exist a matriz Gy € R™*"x_ positive-
define matrix functions My : P — S™, M, : P — S™, and matriz functions
My : P — R Gy 1 P — R J 0 P R g 0 P R

9Note that R < 0 is also required for Fj(P, K) to be stable, see also Theorem
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B : P —= R, G : P — R™*™, and Dy : P — R™*™, such that for all
(p,v) € P x I, it holds that

M(p +v) A.(p) B (p)
Q Slo o I
© GG M) 0| &2 20 ctn oowm] =0

(2.50a)

M(p) - 0, (2.50b)

where
_ |A()Gx(p) + Bu(p)Gi(p) A(p) + Bu(p) Di(p)Cy (p)
Aa(p) = [ @) GyA®) + B(p)Cy(r) } . (251a)
By (p) + Bu(p)Di(p) Dyw(p)

Ba(p,v) = [ GyPB o +p@k(p)prW(pﬂ : (2.51b)
Ca(p) = [Ca(p)Gx(p) + Dau()Cc(p)  Cu(p) + Dau(p)Di(p)Cy(p)],  (2.51c¢)
De1(p) = Daw(P) + Dpu(p) Dk (p) Dyw (p) (2.51d)

M (p) = [M’;(p) %yg;;] : (2.52)
G(p) = [C}‘(g) G{y] (2.53)

The matrices of the LPV state-space representation of the controller K that achieves
dissipativity are given by

{Ak(p) Bk(p)] _
Cx(p) Dx(p)
B

o Iu(p)]l (=i | P ﬂl’ (259

where U and V' are arbitrary solutions to J(p) = GyG«(p) + U(p)V.

e

The full derivations of these conditions and more details can be found in Ap-
pendix [A73]

Note that the matrix functions in Theorem such as My, Ay, By, etc., are
generally assumed to be in the same function class, e.g., affine, polynomial, or
rational, as the matrices of the LPV state-space representation of the generalized
plant G.

Based on Theorem we can obtain the following synthesis conditions for various

performance notions.

Corollary 2.5 (L2-gain based LPV synthesis). There ezists a controller K given

by such that the closed-loop interconnection of a generalized plant P given by
and K has a bounded Ls-gain of vy, if, in CT, there exist a positive-define



46 Chapter 2. Preliminaries

matriz My € S™, a positive-definite matriz function M, : P — S™ with M, € Cq,
and matriz functions Ay : P — R"™*"=_ B . P — R™*" G : P — R™>X"_ gnd
Dy : P — R™X" guch that for all (p,v) € P x II, it holds that

A (p, vi+ ()" Qid(i)(p_) icl((f)): <0, (2.55a)

along with , where A, ... D are given by , The matrices of the LPV
state-space representation of the controller K are then given by , where U
and V are obtained by finding a solution to MyMy(p) + UV (p)" =1I.

In DT, there exists a controller K such that Fy(P, K) given by has a bounded
ly-gain of vy, if there exist a matriz Gy, € R™>"™ positive-define matriz functions
My :P —S™, M, : P — S"™, and matriz functions My : P — R™>*" Gy : P —
R7xXMx - J P — RMWxXNx g 0 P — R XM By P — Ry G0 P — RMuXnx
and Dy : P — R™*™ guch that for all (p,v) € P x II, it holds that

M(p+v) /qd(p_gv) gcl(pav) 0 T
* * * I

along with , where Ay, ... Do, M, and G are given by , (2:59), and

, respectively. The matrices of the LPV state-space representation of the
controller K are then given by , where U and V are obtained by finding a
solution to J(p) = GyGx(p) + U(p)V.

Corollary 2.6 (Passivity based LPV synthesis). There exists a controller K given
by such that the closed-loop interconnection of a generalized plant P given by
d K is passive, if, in CT, there exist a positive-define matriz My € S™, a
positive-definite matriz function M, : P — S™ with M, € C1, and matriz functions
Ay P — R By o P — R™X" G: P — R gnd Dy : P — R™X"y,
such that for all (p,v) € P x II, it holds that

{ﬂcl(p, vi+ (*)" Qidq(yi)(p_) icl((f)); <0, (2.56a)

along with , where A, ... Dy are given by . The matrices of the LPV
state-space representation of the controller K are then given by , where U

and V are obtained by finding a solution to MyM,(p) + UV (p)" = 1I.
In DT, there exists a controller K such that F1(P, K) given by is passive, if

there exists a matriz Gy, € R"™*"™ positive-define matriz functions My : P — S™x,
M, : P — S™, and matriz functions My : P — R™>*" Gy : P — R™X"x,
J P — R™X" g . P — R™X" B P — R™>*" G : P — R™WX" gnd
Dy : P — R™*" such that for all (p,v) € P x 11, it holds that

M(p+v) /qcl(pav) gcl(pvv)
* Gp)+ )T —Mp)  Calp)’ | =0, (2.56b)
* * Dy + (x) 7
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along with , where A, ... Do, M, and G are given by , (2:59), and

, respectively. The matrices of the LPV state-space representation of the
controller K are then given by , where U and V are obtained by finding a
solution to J(p) = GyGx(p) + U(p)V.

Corollary 2.7 (L2-Ls-gain based LPV synthesis). There exists a controller K
given by such that the closed-loop interconnection of a generalized plant P
given by 1 and K has a bounded Lo-Loo-gain of v, if, in CT, there exists a
positive-define matriz My € S™, a positive-definite matriz function My : P — S™
with My € Cy1, and matriz functions Ay : P — R™>" B P — R™>>*" G : P —
R™*"x - aqnd Dy : P — R™*™  guch that for all (p,v) € P x 11, it holds that

e R R

along with , where A, ... Dy are given by . The matrices of the LPV
state-space representation of the controller K are then given by , where U
and V are obtained by finding a solution to MMy (p) + UV (p)" = 1.

In DT, there exists a controller K such that F1(P, K) given by has a bounded
ly-Loo-gain of v, if there exists a matriz Gy € R™ "=, positive-define matriz
functions My : P — S™, M, : P — S™, and matriz functions My : P — R™*™x,
Gy : P — R&=xn=J P — R™X" g P — R B P — RM™XNy,
G : P — R gnd Dy : P — R™*™  such that for all (p,v) € P x II, it holds
that

M(p+’0) ﬂcl(pa 11) ﬂcl(pJ})
* G(p) + (x) = M(p) 0 =0,
* * I (2.57b)
G+ =Mp) )],
* ~I -

along with , where A, ... Do, M, and G are given by . (2-59), and

, respectively. The matrices of the LPV state-space representation of the
controller K are then given by , where U and V' are obtained by finding a
solution to J(p) = GyGx(p) + U(p)V.

Corollary 2.8 (L.-gain based LPV synthesis). There exists a controller K given
by (2.43) such that the closed-loop interconnection of a generalized plant P given by
d K has a bounded L -gain of v, if, in CT, if there exist scalars o, 5 € RS‘,
a positive-define matriz My € S™, a positive-definite matriz function My : P — S™
with My € Cy1, and matriz functions Ay : P — R™>" B P — R G : P —
R™*"x - gnd Dy : P — R™*™  guch that for all (p,v) € P x 11, it holds that

-
{ﬂd(pvv) AR 301(1}) <0, Mi(p) (v _Oa)l QCDZ((];))T =0,
* —Q — . N ’YI [

(2.58a)

10Under the condition that Dcj(p) = 0, which is the case when D,u(p) = 0 or Dyw(p) = 0, along
with D,w(p) =0, for all p € P.
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along with , where A, ... Dy are given by . The matrices of the LPV
state-space representation of the controller K are then given by , where U

and V are obtained by finding a solution to MMy (p) + UV (p)" = 1.

In DT, there exists a controller K such that F\(P, K) given by has a bounded
lso-gain of vy, there ewist scalar a, € RY, a matriz Gy € R™>™ positive-
define matrix functions My : P — S™, M, : P — S™, and matriz functions
My : P — R Gy : P — R J P — R»*" Z : P — R™X"x,
B : P — R=>*" (G : P — R™*™_ agnd Dy : P — R™*"  such that for all
(p,v) € P x 11, it holds that

M(p + U) ﬂcl(p, ’U) gcl(p7 U)
R R I LT )
B-WTEM) + 0T = HGING) 0 Calp)T (2.58)
* (y—a)I Da(p)"| =0,
* * ~I

along with , where Ay, ... Do, M, and G are given by , (2:59), and

, respectively. The matrices of the LPV state-space representation of the
controller K are then given by , where U and V' are obtained by finding a
solution to J(p) = GyGx(p) + U(p)V.

The full derivations of the LMIs given in Corollaries to [2.8 can be found in
Appendices [A32] to in Appendix [AZ3] Also for the synthesis results in
Corollaries [2.5] to [2.8] strict LMI conditions can be formulated, which will ensure
asymptotic stability of F(P, K) (see also Remark .

Like for the analysis results, the infinite set of LMIs in Corollaries to[2.8] can
be turned into a finite one, using polytopic techniques, grid-based techniques, and
multiplier based techniques, see (Hoffmann and Werner for an overview. Also
the synthesis results have been implemented in the LPVcore Toolbox (Boef et al.
for CT and DT LPV systems ([2.26) with general scheduling dependencies
(using a grid-based approach) and for LPV systems with an affine scheduling
dependency for the Lo-gain, Lo-Loo-gain, Lo-gain, and passivity performance
metrics. Like for the analysis algorithms, the other aforementioned toolboxes
(Hjartarson et al. Verbandt et al. Veenman mostly focus only on
Lo-gain and Ho performance based controller synthesis, but have support for LPV
systems with rational and/or polynomial scheduling dependency.

2.5.4 Application to analysis and control of nonlinear systems

In the previous sections, we have discussed how the analysis and controller synthesis
problems for LPV systems can be turned into a finite set of LMIs which can be
solved efficiently through various SDP solvers. If the LPV system given by is
a global LPV embedding of a nonlinear system given by , these results can be
used to efficiently analyze and synthesize controllers for nonlinear systems. Namely,
through the use of the Lemma [2.6] we have the following result.
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Theorem 2.7 (Dissipativity of nonlinear systems through the LPV framework).
Consider the nonlinear system given by and LPV system given by .
If the LPV system is a global embedding of the monlinear system on the region
X X W =X xXW, and the LPV system is classically dissipative, then, the nonlinear
system is classically dissipative.

Theorem [2.7] trivially follows from using the result of Lemma [2.6] which shows that
the behavior of the nonlinear system is included in its LPV embedding, i.e., 8 C %p.
Hence, if the LPV system is classically dissipative for all considered scheduling
trajectories it also holds that, through the LPV embedding, the nonlinear system
is classically dissipative along all solution trajectories. In practice, one often only
considers an embedding region for which X x W C X x W. In this case, one can
still conclude classical dissipativity of the underlying nonlinear system, but only for
a subset of the behavior for which holds that (z(t),w(t)) € X x W for allt € T.

Note that both the analysis and controller synthesis results for LPV systems, as
shown in Sections [2.5.2] and 2.5.3] are based on classical dissipativity. Consequently,
this implies that through Theorem both stability and performance of nonlinear
systems can be guaranteed by making use of LPV based analysis and controller
synthesis. However, stability and performance w.r.t. the origin of an LPV embedding
is only a sufficient condition for stability and performance w.r.t. the origin of the
underlying nonlinear system and not a necessary condition. This is because a global
LPV embedding of a nonlinear system is non-unique and the corresponding LPV
representation also models a larger set of behavior than the nonlinear system. On
the other hand, one can wonder how generalization of stability and dissipativity
w.r.t. other forced equilibria of the nonlinear system stems from these results. This
is what we will analyze next.

2.6 Summary

In this chapter, we have given an overview of stability and performance analysis of
nonlinear and LPV systems given by a state-space representations. We have shown
how through the concept of (classical) dissipativity, stability and performance could
jointly be analyzed. For LPV systems we have also shown how the dissipativity
concept can be used for controller synthesis and how the corresponding analysis
and controller synthesis problems can be cast as convex optimization problems.
Finally, we have shown how the LPV framework can be used in order to also
analyze and design controllers for nonlinear systems through convex optimization
problems. Nonetheless, in the next chapter, we will present how naive application
of these results in their current form can lead to improper stability and performance
guarantees on the underlying nonlinear system. After that, in the following chapters,
we will develop a systematic framework for analysis and control of nonlinear systems
to ensure global stability and performance by making use of approaches from LPV
framework. The framework that will be developed will also address the shortcomings
of the current LPV methods when applied to the analysis and control of nonlinear
systems.






Pitfalls of LPV Analysis
and Control of Nonlinear
Systems

application of the LPV framework is unable to provide the desired guaran-

s. Namely, LPV controller synthesis applied to accomplish ¢
output tracking and disturbance rejection for a nonlinear

mptotic tracking and rejectio

the scheduling variations remain in the bounded region considered during
design. It has been observed that the controlled system may exhibit an
oscillatory motion around the equilibrium point in the presence of a bounded
constant input disturbance even if integral action is present. In this chapter,
we investigate how and why the baseline Lyapunov stability notion, currently
widely used in the LPV framework, fails to guarantee the desi
behavior. Specifically, it is shown that (asymptotic) stability a
global LPV embedding of a nonlinear em using a quadratic Lyapunov
function is only able to guarantee (asymptotic) stability of the origin of the
nonlinear state-space representation, and there are no stability guarantees
for other (non-zero) forced equilibria. Hence, under reference tracking and

disturbance rejection controller design scenarios, the current LPV framework

insufficient to imply the desired guarantees for the underlying nonlinear
tem. The introduced concepts and the apparent pitfalls are demonstrated
via a simulation example.
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3.1 Introduction

As also highlighted in Chapter [I} the ever-growing industrial performance demands
have resulted in increased system complexity, requiring tools for analysis and
controller synthesis of systems beyond the Linear Time-Invariant (LTT) framework.
This has resulted in various nonlinear analysis and control methods being developed.
However, one of the drawbacks of these nonlinear methods is that they often lack
the systematic controller design procedures and performance shaping approaches
of the LTI framework. As an alternative, varying concepts using linear surrogate
models have appeared and have extended the systematic analysis and synthesis
tools of the LTI framework. Among these, the Linear Parameter-Varying (LPV)
framework has become a popular approach (Téth .

As also described in Sections and LPV models are capable of describing
nonlinear behavior in terms of a linear dynamical relation whose mathematical
description depends on a time-varying parameter which can be measured, the
so-called scheduling-variable p, that resides in an a priori known set P. This allows
for the convex analysis and control synthesis results with stability and performance
guarantees from the LPV framework to be applied to nonlinear systems. These tools
have reduced computational complexity and are more robustness when compared
to other nonlinear methods. Due to these useful properties, many powerful LPV
analysis and control synthesis methods have appeared and have been successfully
applied to a wide range of industrial applications, see (Mohammadpour Velni and
Scherer Hoffmann and Werner and the references therein for more
details.

However, as also highlighted in Section [[.3] it has been shown by counterexamples,
e.g., in (Scorletti, Fromion, et al. , that a controller ensuring asymptotic
stability of the origin and Ls-gain performance is not sufficient to guarantee asymp-
totic output tracking and disturbance rejection for nonlinear systems using LPV
control methods. This will also be demonstrated in this chapter and we will offer
solutions to the problem in the other chapters of this thesis. In the simulation
study in (Scorletti, Fromion, et al. , it has been shown that for a reference
tracking application, the controlled system can exhibit oscillatory motion around
an equilibrium point in the presence of a bounded constant input disturbance. The
closed-loop displays this behavior even though integral action is present in the
control loop. In fact, such a problem may also occur with other linear surrogate
model based frameworks that build on the extension of the LTI framework, such
as Piecewise-Affine (PWA) and Takagi-Sugeno (TS) fuzzy modeling and control
design concepts.

Despite of the remedies that have been proposed in (Scorletti, Fromion, et al.
, no further analysis has been given why using ‘standard’ approaches for LPV
controller design can in some cases fail to guarantee expected stability and perfor-
mance requirements for nonlinear systems, while for LTI systems no such problems
exist. In this chapter, we provide an analysis of this question from a nonlinear
(Lyapunov) stability point of view for Continuous-Time (CT) systems. It is shown
that the conditions for asymptotic stability guarantees for LPV representations
with scheduling signals dependent on the state signals associated with the nonlinear
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system do not ensure the same guarantees for the represented nonlinear system for
equilibrium points other than zero. Thus, naively using the usual standard LPV
control methods to ensure stability and performance for a nonlinear system for
reference tracking and/or disturbance rejection could result in unexpected behavior
of the closed-loop system.

The chapter is structured as follows. In Section we describe the problem of
analyzing or synthesizing controllers for nonlinear systems using the LPV framework
and an example is given to illustrate the issue with the current LPV results when
applied to nonlinear systems. Section [3:3] describes the current stability analysis
of LPV models and gives conditions when the current stability analysis results do
hold and when they fail in their full extent for the underlying nonlinear system.
In Section [3:4] the results of Section [3.3] are demonstrated on an example system.
Finally, in Section [3.5] conclusions on the provided results are given.

3.2 Analysis and Control via the LPV Framework

3.2.1 LPV Embedding of Nonlinear Systems

We consider CT nonlinear dynamical systems, like we considered in Section [2:2]
described by

@(t) = f(x(t), w(t));
(t) = h(z(t), w(t));

where 2(t) € R™ is the state, w(t) € R™ is the input to the system and z(t) € R
the output of the system, and ¢ € R is time. The functions f : R™ x R™v x R™ —
R™ and h : R™ x R™ — R™ are assumed to be Lipschitz continuous.

. (3.1)

This study focuses on the investigating the implied stability guarantees that are
obtained when the (global) LPV embedding of the nonlinear system is analyzed.
As we considered in Section here investigate LPV systems that can be
represented in the form of

(t) = A(p(t))x(t) + B(p(t))w(?);
z(t) = Clp(t))z(t) + D(p(t))w(t);

where p(t) € P C R, with P often taken to be a convex set. Moreover, A :
P — R=x"= B : P — RW=Xw (P — R™=X"_ D P — R"™*"™ are matrix
functions. We assume that this LPV form is a global LPV embedding of the
nonlinear system, see also Section and specifically Definition for more
details. In short, this implies that there exists a scheduling-map 7 : R™ x R™ —
R™  such that p(t) = n(z(t),w(t)) and f(z,w) = A(n(z,w))z + B(n(z,w))w,
h(z,w) = C(n(z,w))z + C(n(z,w))w for all (z,w) € X x W C R™ x R", where
X x W is a user chosen set on which the embedding is performed. See for example
(Kwiatkowski, Bol, et al. Toth Abbas, Téth, Petreczky, Meskin, and
Mohammadpour Velni for several procedures to embed the dynamics of
nonlinear systems in an LPV model.

(3.2)
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Systems of the form (3.1)) includes cases when an LPV controller is designed /analyzed
for a nonlinear system described by

(1) = f(x(t), w(t), u(t));
2(t) = hy((t), w(t), u(t)); (3-3)
y(t) = hy(z(t), w(t));

where u(t) € R™ is the control input, y(t) € R™ is the measured output, and w and
z now play the role of generalized disturbance, consisting of references, disturbances,
etc., and generalized performance, consisting of tracking errors, control effort, etc.,
respectively. In this case, using the LPV framework, stability and performance
guarantees are ensured with respect to the closed-loop behavior w — z in order to
achieve, e.g., asymptotic output tracking and disturbance rejection. In which case
is embedded in an LPV representation of the form

i(t) = A(p(t))z(t) + Bw(p(t))w(t) + Bu(p(t))u(t);
2(t) = Cup(t))2(t) + Do (p())w(t) + Do (p (1)) u(t); (3.4)
y(t) = Cy(p(t))(t) + Dyw (p(t))w(t).

Then, based on the LPV form , which serves as a proxy description of the
nonlinear system , a controller is synthesized such that the interconnection of
controller and the LPV system represented by is asymptotically stable and the
desired performance criteria on the performance channel from w — z are ensured
for all p(t) € P. Powerful methods and performance shaping techniques exist to
synthesize LPV controllers via convex optimization, see Section or (Packard

1993; Apkarian, Gahinet, and G. Becker 19955 Wu [1995; Scherer |2001)). In these

cases, a dynamic output feedback controller of the form

oy (t) = Ax(p(t))zx(t) + Bi(p(t))u(t);
Y (t) = Ci(p(t))zx(t) + Di(p(t))uk(t);

is designed, where z(t) € R™x is the state, uy () € R™ux the input and yy (t) € R™x
the output of the controller, respectively. For n, = ny, and n,, = ny, the closed-

loop LPV system, defined by interconnecting the LPV controller (3.5 with (3.4]),
by taking u = yx and ux = y, will be of the form (3.2]). See also Section for
more details on LPV analysis and controller synthesis.

h
h

(3.5)

For simplicity, we will consider for our analysis two cases: (i) when 7 : R™ — P,
i.e., p(t) = n(x(t)), which we will call the “dependent” scheduling-variable case, and
(ii) when n : R™ — P, i.e., p(t) = n(w(t)), and hence p depends on an external
independent signals, which we will call the “independent” case. For the dependent
case, A, ..., D come from the decomposition of f and A from the nonlinear system
, through the LPV embedding, hence, we have that

(1) = Aln(x(t)x(t) + Bn(e(t)w(t);
Fa(®).w(®)

2(t) = Cln(z(8)z(t) + D(n(z(t))w(t) .
h(a(t)w(®)
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As aforementioned, it has been observed recently in (Scorletti, Fromion, et al.
that, when applying LPV controller synthesis techniques to nonlinear systems to
guarantee reference tracking and disturbance rejection, the resulting closed-loop
system can exhibit oscillations around the state equilibrium point in the presence of
bounded input disturbances, even though asymptotic stability is guaranteed during
synthesis, as p(t) = n(z(t)) resides in the set P, and integral action is also present.

Hence, the question arises why the LPV controller is unable to achieve asymptotic
reference tracking and disturbance rejection when interconnected to the nonlinear
system, or more generally, why the stability and performance guarantees of the LPV
representation are unable to imply the desired stability and performance guarantees
of the nonlinear system.

3.2.2 When the Implied Stability Guarantee Fails

Before analyzing why guarantees on the LPV representation fail to imply the desired
guarantees on the nonlinear system, we will first demonstrate this phenomenon by
means of a simple example.

Example 3.1 (A simple ezample).

Control scenario

Consider the following nonlinear system

dg(t) = —wg(t) — mg(t) + ug(t);
Yg(t) = g(t);

with z4(t), ug(t), ys(t) € R. We aim to design an LPV controller in order to achieve
reference tracking and disturbance rejection for this system. A possible closed-loop
interconnection to achieve this objective is depicted in Figure We define the
generalized disturbance w = col(r,d), where r is the reference and d the input
disturbance, and the generalized performance z = e, where e = r — y, is the tracking
error.

(3.7)

eT ld
T u Y,
i jT— ulg: K :yk:r + 8 e _g‘

Figure 3.1: Closed-loop interconnection of plant G, given by (3.7), and controller
K, given by (3.9).
In order to design an LPV controller for our plant and analyze the corresponding

closed-loop interconnection, the plant (3.7)) is embedded in an LPV model. A
possible LPV embedding for (3.7) is

Tg(t) = —(1+ p(t))zg(t) + ug(t);
Yg(t) = g(t);

(3.8)



56 Chapter 3. Pitfalls of LPV Analysis and Control

where p(t) € P is the scheduling-variable for which we consider P = [0, 9]. The
corresponding scheduling-map 7 is given by p(t) = n(zg(t)) = x2(t) = y2(t).
In order to achieve our control objectives, we consider a PI-like LPV controller,
given by

Tic(t) = ux(t);

Yi(t) = (k11 + k12p(t)) 2 (t) + karui(t);

where k11, k12, k21 € R are parameters of the controller with zy(¢), uik(t), yk(t) € R.
For the (numerical) analysis to follow, the controller parameters are assumed to
have the values: k11 = 5, k12 = 2 and ko; = 1. These controller parameters were
chosen to demonstrate the stability issues.

The interconnection of and , as depicted in Figure results in an LPV
model of the form given by

(3.9)

Tg(t) = —(1 4 ko + p(t))xg(t) + (k11 + k1op(t)) 21 (t) + korr(t) 4 d(2);
& (t) = —xg(t) + r(t); (3.10)
e(t) = —wg(t) +r(t);
where w = col(r, d), z = e, x = col(zg, zx), and p = n(z) = xé. By substituting the

scheduling-map into (3.10)), the corresponding nonlinear closed-loop interconnection
is

g (1)
i (t)
e(t)
which is a model of the form (3.6]).

—(1 4 ka1)zg(t) — 23 (t) + (k11 + k12 () zac(t) + kaar(t) + d(t);
—xg(t) + 7(t); (3.11)
—x4(t) + r(2).

Lo-gain analysis via the LPV concept

The LPV framework allows for the calculation of an upper bound on the £s-gain of
(3-11)), by considering and assuming p € P. Before computing the L£o-gain,
we connect weighting filters to the inputs and output of the interconnection
in order to incorporate the desired performance specification into our test. To r, we
connect the weighting filter W, = 1.5 (expected magnitude of the reference), to d
we connect Wy = 8 (expected magnitude of the disturbance) and to e we connect
We(s) = % (sensitivity shaping for integral action and 20% max overshoot).
Computing the Lo-gain of with the weighting filters connected using the
LPVcore Toolbox (Boef et al. results in an Lo-gain of 0.98. Hence, we can
conclude that is asymptotically stable and has an £5-gain of at most 0.98,
as long as n(z(t)) € P. As the Lo-gain of the closed-loop system with weighting
filters connected is < 1, the closed-loop system should adhere to the performance
specifications defined by the weighting filters. In order to get a sense of the
performance of the closed-loop interconnection, the Bode magnitude plot of the
sensitivity (i.e., from r to e) and process sensitivity (i.e., from d to e) for a number
of frozen! values of the scheduling-variable (in P) is displayed in Figure
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Figure 3.2: Sensitivity (left, —), i.e., » — e, and process sensitivity (right, — ), i.e.,
d — e, Bode magnitude plots for frozen values of the scheduling-variable, including
respective inverse weighting filters (- - ).

In Figure [3.2] it can be seen that both the sensitivity and process sensitivity for
frozen values of the scheduling-variable have magnitudes of zero for a frequency
of zero. Hence, as the LPV representation is an LPV embedding of the nonlinear
system, it would be reasonable to conclude from an LTI analysis point of view that,
for constant reference and disturbance signals (for which still holds that p € P),
the closed-loop system given by has zero steady-state error. However, as will
be shown next, this is not the case.

Nonlinear time-domain analysis

Simulating for a constant reference » = 0.5 and various constant disturbances
d, results in the time responses displayed in Figure |3.3] From Figure |3.3] it is
apparent that, for input disturbances closer to zero, the output converges to the
reference (and we have zero steady-state error). However, applying d(t) = —7 or
d(t) = —8 results in trajectories that converge to orbit-stable limit cycles around the
target reference trajectory. Note that based on the trajectories of y(t) in Figure
the corresponding scheduling trajectory stays within P = [0,9] as y(¢) € [-3, 3].
Hence, while we adhere to the weighting filters and the scheduling-variable p stays
within the set P, we have shown that we do not obtain the expected desired
behavior.

1Constant fixed trajectory of the scheduling-variable, i.e., p = p € P. Under such scheduling
trajectory, (3.2]) corresponds to an LTI system, for which a frequency response can be computed.
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Output (yg) [-]

Time (¢) [s]

Figure 3.3: Time responses y, of the closed-loop interconnection (3.11) along with
the reference r (== ), for constant disturbances d ranging from 0 (—) to -8 (— ).

Thus, by means of this simple example, we have demonstrated that the current
Lo-gain/asymptotic stability and performance analysis through the LPV framework
is unfortunately inadequate to imply the tracking and rejection properties for
nonlinear systems in general. Next, it will be analyzed why this is the case.

3.3 Behind the Scenes of Stability Analysis

3.3.1 Stability analysis for LPV systems

The tools for LPV analysis and controller synthesis, also used for Example [3.1] make
use of (classical) dissipativity theory in order to simultaneously ensure stability and
performance guarantees, see also Section [2:4] and Section [2.5] for more details. In
this section, we will first investigate what the (Lyapunov) stability guarantees that
are ensured on the LPV system imply in the “independent” case, i.e., when the
scheduling is determined fully externally, meaning p(t) = n(w(t)).

We consider the LPV system given by (3.2]) with p(¢) € P. Define (x4, wy, ps) to
be an equilibrium point of (3.2). This means that for a given w, € # C W and
P =n(ws) € P,
Tx
0= [ Ba] 7] (3.12)

W

To simplify the analysis, we assume that, for a given w, and corresponding p,, there
is a unique x, that satisfies (3.12)).

Stability of the origin

It can be seen from (3.12)) that the origin is an equilibrium point of the LPV system
given by (3.2)), by which we mean that (2., w.,p.) = (0,0, p.) is an equilibrium
point for all p, € P. As we have shown in Section using standard Lyapunov
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stability theory, the origin is a stable equilibrium for the LPV system given by (3.2)),
if there exists a quadratic Lyapunov function

V(z)=x" Mz, (3.13)
with M € S™ where M > 0, such that, omitting dependence on time for brevity,
Viz)=a" (A(p) "M + MA(p))z <0, (3.14)

along all trajectories x and p of the unperturbed system, i.e., (3.2) with w(t) = 0.

If (3.14]) is only zero when x = 0, then ([3.14) implies asymptotic stability of ([3.2)).
Equivalently:
A(p)"M + MA(p) <0, VpeP. (3.15)

As P is considered to be a compact convex set, the infinite dimensional LMI
problem can be reduced to a finite dimensional problem. Assuming A(p) is a
convex function, this problem can be solved efficiently using various semidefinite
programming solvers, e.g., (Toh et al. . This form of stability is also guaranteed
when designing various controllers to ensure performance guarantees such as bounded
Lo-gain, passivity, etc.

Stability of non-zero equilibrium points

For quadratic stability of equilibrium points other than the origin, consider the
quadratic Lyapunov function

Ve, (2) = (z — 2,) " M(x — ), (3.16)

with again M € S™ and M > 0. Thus, based on (3.2)) with w(t) = w., we obtain
that

Vo, (@)=2"M(x — ) + (z — z,) T M,
=(A(p)z + B(p)w.)" M(z - 2.) + (z — 2.) " M (A(p)z + B(p)w.),
(x —x.) T MA(p)z + 2(x — x,.) " M B(p)ws,
(x — ) 'MA(p)(z — z,)+2(x — x,) 'MA(p)z,+2(x — x,) 'MB(p)w,,
(& —2.) (Ap) "M + MA(p))(x — z.)+2(x — z.) 'M(A(p)a. + B(p)w.).
Q(p) Z(p)

2
2

(3.17)
As we consider here the independent scheduling case, we have that p(t) = n(w(t)) =
n(ws) = p.. Therefore, we have by (3.12)) that Z(p(t)) = Z(p.) = 0. Consequently,
continuing from (3.17) with Z(p(t)) = 0, we obtain

Vo () = (x —2.) " Q(p)(x — w.). (3.18)
Therefore, if there exists M = 0 such that

Q(p) = Alp) "M + MA(p) <0, VYpeP, (3.19)
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any equilibrium (z., w., p.) is asymptotically stable.

This result is equivalent with (3.15]), hence, for the scheduling independent case,
this means asymptotic convergence to any equilibrium point (z., w., p.) satisfying
(3.12). Due to this property, which similarly holds in the LTI case, LPV stability
analysis and performance analysis is needed to be accomplished with respect to the

origin only (using (3.13) and (3.14) as a Lyapunov condition or (3.13) as a storage

function) as it implies the same guarantees for any other equilibrium point.

3.3.2 Implying stability guarantees under state dependent
scheduling

Stability of the origin

In the previous section, we have seen the stability guarantees for LPV systems in the
scheduling independent case. Next, we will investigate the “dependent” scheduling
case, i.e., when the LPV system describes a nonlinear system and p(t) = n(z(t)),
see . Like for the scheduling independent case, we will first investigate stability
of the origin, followed by stability of non-zero equilibrium points.

In the scheduling dependent case, the equilibrium at the origin of (3.6)) corresponds
to (., wy) = (0,0), that is equivalent with (0,0,7(0)) in terms of (3.12)). Performing
the stability analysis for the origin of (3.6)) using the quadratic Lyapunov function

B13) gives

V(m) = (A(n(a:))TM + MA(r](ac))) T. (3.20)

If the following conditions are satisfied:

o For the LPV embedding (3.2)) of (3.6), there exist an M > 0 such that (3.15])
holds;

o n(X) C P is satisfied, with X including the origin;
then (3.6) is asymptotically stable as these conditions will imply V (z(t)) < 0 for all
x(t) € X\ {0}.

Therefore, asymptotic stability of the origin of the LPV embedding implies asymp-
totic stability of the origin of the corresponding nonlinear system.

Stability of non-zero equilibrium points

Next, we consider non-zero equilibrium points of (3.6)) given by (x.,w.), that is
equivalent to (x.,ws,n(x,)) in terms of (3.12)). Performing the stability analysis for
non-zero equilibrium points of (3.6)) using the quadratic Lyapunov function ((3.16))
gives

V. (@) = (2 — 2) Q) (& — .) + 2(a — 2.) M Z(n(x)). (3.21)
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If we only analyze the LPV representation, one would only ensure that (3.19)) holds,

ie, Q(p) < 0 for all p € P. However, this does not imply negativity of (3.21))

along all trajectories (z(t),n(x(t)). In case tlim p(t) = tlim n(xz(t)) = n(z.), then
— 00 — 00

lim Z(n(z)) = Z(n(x.)) = 0. However, this is not imposed by 3.19| . Continuing

t—o0

the analysis of ([3.21) and taking Az = 2 — ., (3.21) can be written as

Az Q(n(x))Ax + 282 M Z(n(x)), (3.22)

which for any fixed # € X is a quadratic matrix polynomial. This quadratic form
has as its global maximum at

(MZ(n(2)))" (-Q(n(2))) " (M Z(n(x))). (3.23)

As we enforce by that Q(p) < 0, the maximum of will always be non-
negative, hence, there will always be parts of the state-space where the Lyapunov
function increases. Therefore, based on this analysis, no guarantees for (asymptotic)
stability of the equilibrium point can be given in the general case if we rely on the
results of the LPV test constructed Lyapunov function. In other words, based on the
LPV test here, there is no guarantee that the corresponding nonlinear system will
be asymptotically stable for an arbitrary equilibrium point, but only for the origin,
where the asymptotic stability guarantees are ensured for any arbitrary trajectory of
p in P. This means, we have no stability guarantees when the LPV representation
is used to ensure reference tracking and disturbance rejection of a nonlinear system,
as in that case we do want to ensure stability of non-zero equilibrium points. This
is in contrast to the scheduling independent case in Section [3:3.1] for which we
showed that asymptotic stability is guaranteed for any equilibrium point (z., wy, p«),

satisfying (3.12)), if (3.19) holds.

While for the case of state dependent scheduling-variables, there are no general guar-
antees that the system is asymptotically stable when performing reference tracking
and disturbance rejection, it could still be the case that for a subset of equilibrium
points, is strictly negative for a subregion of the state-space. Hence, as long
as the trajectory stays within this subset of the state-space, asymptotic stability can
still be guaranteed for the corresponding set of equilibrium points. This requires
computing where is negative or alternatively finding the roots of (3.21]).
However, even in the case that n(z) is a linear or a polynomial mapping,
becomes a multivariable polynomial, for which it is difficult to find the roots, even
for simple systems. Moreover, despite the loss of asymptotic stability, boundedness,
as can be observed in Section [3.2:2] can still hold. However, this does not coincide
with the expected outcome of the LPV analysis, nor would be a desired objective
in synthesis.

Furthermore, this stability analysis is based on the Lyapunov function constructed
in the LPV analysis step. Of course, for a given nonlinear system this does not
mean that with an alternative method one could not find a Lyapunov function
that actually shows stability. Here, we have only investigated the limitations of
the currently widely used LPV stability concept when applied to analyze nonlinear
systems.
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3.4 Example

Based on the (asymptotic) Lyapunov stability guarantees given in Section we
aim to show for the example system from Examplethat forced equilibrium
points exist for which asymptotic stability cannot be guaranteed while they are
admissible in the considered scheduling range.

Example 3.2 (Non-zero equilibrium analysis). Using the LPVcore Toolbox, we
have computed an upperbound for the £5-gain? of 1.78 for and verified that
it is asymptotically stable for p € P = [0, 9], using a quadratic storage/Lyapunov
function . The obtained matrix M of is given by

[ 0.6240 0.6951}

M (3.24)

~ |—0.6951  3.1187

As described in Section due to the scheduling being dependent on the state,
this result only implies asymptotic stability of the origin of (3.11]). Next, we are
interested for which set of equilibrium points asymptotic stability of the underlying
nonlinear system can be guaranteed using the Lyapunov function (3.16|) where M
is given by . Computing the set of equilibrium points of @%’gults in

& = {(zs,ws) ER™ X R™ | 2, = Q(wy)}, (3.25)
where?
r3 4, —d. T
Qw,) = [r, fipmte] (3.26)

with w, = [T* d*] T. Furthermore, we define the sets # := my,, & and 2" := 7y, &,
denoting the projections of & on w, and x., respectively. Due to the assumption of
P being a convex and compact set, we only consider a part of the state-space for
the analysis. We consider z(t) € X C R™=, with

X = {z = col(zg, zx) € R™ | n(z) € P}. (3.27)

For each element w, € #, the subset of X is computed where Vx*:Q(w*)(It) < 0,
ie.,

Sw, ={z |2 € X, Vou,)(z) <0, w, € #'}. (3.28)

When we consider only a subset of possible reference and disturbance values W C /2
the intersection of the corresponding S,,, sets gives

S:= () Su. (3.29)

w*GWA

Hence, as long as x(t) € S and w, € V/A, the trajectory is guaranteed to converge
towards a corresponding .. By computing the largest invariant set (reachability set)

2Note that no weighting filters are considered in this case.
3ASSHI‘IliIlg that k11, k12 > 0 or k11, k12 < 0.
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R C & over inputs w, with w(t) € #, the nonlinear system is asymptotically stable
under any initial condition zo € R. As commented on before, analytically computing
S would be difficult, even for this example with only two states and a polynomial
scheduling-map. Hence, the computation is performed by gridding # and X. For
this example we consider* # = [—2, 2] x [-8, 8] and = € X = [-3, 3] x [-3, 3].
Furthermore, in order to get an understanding of the range of disturbances w = w,
for which the system is still asymptotically stable, several (gridded) subsets of Va
are considered given by ¥, = a¥ where a € [0, 1]. The set R is approximated by
simulating for a wide range of inputs with w(t) € Y.

a=0.25 a=04
3 3
2 2
1 1
-1 -1
-2 -2
-3 -3
3 -2 -1 0 1 2 3 3 -2 -1 0 1 2 3
Tg Tg
a=0.45 a=1
8 3
2
1
g0
-1
-2
-3 -3
3 -2 -1 0 1 2 3 3 -2 -1 0 1 2 3

Zg Zg

Figure 3.4: The sets § ([1), 2" (O), and R (1), considering #,, for different
values of a.

In Figure the resulting sets S, 2, and R are displayed under #,, for different
values of . In the figure, it can be observed that only for approximately a < 0.4,
R C 8. Hence, based on this analysis, we can only conclude asymptotic stability
of all forced equilibria of the system corresponding to w = w, € #,, with a < 0.4.
Based on the computed R, this would correspond to zg(t) € [—2.2, 2.2]. This is
in contrast to the Lo-gain guarantee of the LPV model , which holds for
all p(t) € [0, 9], corresponding to z4(t) € [—3, 3], and all generalized disturbances

4Note, the specific X taken here is consistent with the considered scheduling set P, as p =
n(z) = mg and p € P =0, 9].
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w(t) € R?, hence, also for all w(t) € #. However, as mentioned in Section
if the scheduling-variable is not independent of the system dynamics, there will
always exist regions for which asymptotic stability cannot be guaranteed, as it can
be observed from Figure for this example. Whether or not these regions will
fall into the reachability set where the system is operated is unpredictable from
the viewpoint of LPV analysis and controller synthesis, and hence may or may not
endanger the closed-loop operation of the system.

3.5 Conclusions

The LPV framework provides attractive convex methods to analyze (asymptotic)
stability and performance of nonlinear systems through embedding them in an
LPV representation. This way of guaranteeing asymptotic stability is also heavily
used in synthesizing controllers for nonlinear systems through the LPV framework.
However, the underlying stability test only ensures asymptotic stability of the origin,
which is then argued in the LPV framework to extend to all equilibrium points due
to the linearity of the system. In this chapter, we have shown that this fails to
hold in case the scheduling-map is a function of the state. Hence, for such LPV
embeddings of nonlinear systems, asymptotic stability cannot be guaranteed for
equilibrium points other than the origin. This means that when applying LPV
control methods for a nonlinear system with state dependent scheduling, there are
no actual rigorous guarantees when the operating condition changes, e.g., when
tracking and rejection is considered.

This highlights the importance of moving towards global, equilibrium free, stability
and performance concepts in order to analyze and synthesize controllers for nonlinear
systems. As these concepts are able to give the rigorous guarantees for multiple
equilibrium points or target trajectories, compared to the single equilibrium point
oriented Lyapunov concept. In the following chapters, we will develop analysis and
controller synthesis methods using two types of equilibrium free concepts, namely,
universal shifted stability and performance in Chapter [f] and incremental stability
and performance in Chapters [f] and [f]
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and computationally efficient analysis and control of nonlinear

s become increasingly important as discussed in Chapter 1. A

key ingredient to achieve this are global stability and performance concepts,

as these will allow us to achieve analysis and controller synthesis that is

independent of particular equilibrium points or tr ies. In this chapter

re focus on universal shifted stability and performance, which is such a

global concept, and which ensures stability and performance w.r.t. each

system. Therefore, this concept is especially

beneficial for control problems that require the tracking and rejection of

constant signals. In this chapter, we show how universal shifted stability

ed through analysis of the time-differentiated

dynamics of a It is also shown how, through the application of

Linear Parameter-Varying (LPV) met this analysis can then be done

computationally efficiently. Moreover,

controller synthesis method is developed, which makes v

framework, in order to ensure universal shifted stability and performance.
The proposed controller design is verified in a simulation and experimental
study. Moreover, we also compare the proposed controller to standard LPV
controller designs, demonstrating the improved stability and performance
guarantees of the proposed approach.
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4.1 Introduction

The analysis and control of nonlinear systems becomes increasingly important
as we discussed in Chapter However, Linear Time-Invariant (LTT) methods
are still widely used, as for LTI systems there is an extensive, systematic, and
computationally efficient framework for analysis and control design that allows to
ensure and shape stability and performance of the closed-loop system. While there
exists a multitude of analysis and controller synthesis methods for nonlinear systems,
so far, a systematic framework for analysis and controller synthesis for nonlinear
systems has not been introduced like is available for LTI systems. Therefore, in this
thesis, we set out to develop a systematic and computationally efficient framework
for nonlinear systems to ensure and shape global stability and performance of the
(closed-loop) system. While approaches such as the Linear Parameter-Varying
(LPV) framework have aimed to achieve this, as we have shown in Chapter (3| they
are unable to do so, as the stability and performance guarantees of the current
state-of-the-art LPV methods are dependent on the choice of equilibrium point.

While standard stability is sufficient if we only want to analyze stability and/or
dissipativity w.r.t. a single (forced) equilibrium point of the system, it becomes
troublesome to use if we want to ensure stability/dissipativity w.r.t. all (forced)
equilibrium points of the system. This is especially relevant in cases when one
wants to track constant references and/or reject constant (unknown) disturbances.
Consequently, global stability and performance concepts are highly important in
order to arrive at a systematic framework for nonlinear analysis and controller
synthesis. In the literature, notions such as so-called shifted stability /dissipativity
(Van der Schaft and equilibrium independent stability /dissipativity (Jayaward-
hana Hines et al. Simpson-Porco have been introduced, whereby
stability /dissipativity w.r.t. a particular (non-zero) (forced) equilibrium point is
ensured, or w.r.t. all forced equilibrium points of the system, respectively. In litera-
ture, equilibrium independent dissipativity has also been referred to as constant
incremental dissipativity (Jayawardhana . In order to not confuse this notion
of stability/dissipativity with other notions we will discuss later in this thesis, we
will refer to this notion as universal shifted stability /dissipativity.

In literature, the analysis of non-zero equilibrium points of Continuous-Time
(CT) nonlinear systems has also been investigated through its time-differentiated
dynamics. In gain-scheduling and the LPV framework, this has it roots in the so-
called velocity-based scheduling technique (Kaminer et al. Leith and Leithead
Leith and Leithead [1999; Té6th 2010). However, these results are based on
the argument that locally around an equilibrium point, the dynamics of velocity
form coincide with the linearization of the nonlinear system at the equilibrium
point (see e.g. (1.2))). Consequently, these results are only able to provide local
guarantees in a neighborhood around the equilibrium points, which severely hampers
their viability. From a nonlinear perspective, the time-differentiated dynamics also
connect to the so-called Krasovskii method for the construction of a Lyapunov
function in order to show stability (Khalil . This has also been explored more
recently in connection to non-zero equilibrium point stability and/or performance
properties, in (Kosaraju et al. Kawano et al. and (Schweidel and Arcak
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. The work in (Kawano et al. uses the time-differentiated properties
to ensure universal shifted stability and universal shifted passivity of the system.
However, they restrict the output map of nonlinear state-space representation to
a particular form and use properties of the passivity supply function in order to
prove their implications. Due to the reliance on properties of passivity for these
results, they have not been extended to other (quadratic) performance notions. The
resulting controller design also requires manual design choices to be made by the
user, requiring expert knowledge. The work in (Schweidel and Arcak strictly
focusses on the analysis of the network interconnection of systems, in which they
show that (unique) equilibrium points of interconnections of velocity dissipative
systems are stable. However, no connection to performance is made in this work or
how these results could be used for controller design.

Consequently, as the main contribution of this chapter, we will show how analysis of
the time-differentiated dynamics can be used in order imply both universal shifted
stability and universal shifted performance of CT nonlinear systems. Moreover, we
will also show how the analysis of the time-differentiated dynamics can be performed
through the LPV framework in order to systematically and computationally effi-
ciently analyze universal shifted stability and performance. Finally, as an additional
contribution, we will present a procedure to systemically and computationally effi-
ciently synthesize controllers in order to ensure universal shifted stability and shape
universal shifted performance. With these contributions, we build up key parts of
our intended framework for systematic and computationally efficient analysis and
controller design for nonlinear systems to ensure global stability and performance
guarantees, which is the objective of this thesis. Later, in Chapter [§] we also extend
the results of this chapter to Discrete-Time (DT) nonlinear systems.

In Section we will introduce the concept of universal shifted stability, perfor-
mance, and dissipativity. Next, in Section [I.3] we introduce velocity based analysis,
i.e., analysis of the time-differentiated dynamics of the system, and show how it can
be used to imply universal shifted stability and performance. In Section [.4] we then
show how velocity based analysis can be performed through the LPV framework.
Section shows how the analysis results in the previous section can then be
used in order to synthesize controllers to ensure universal shifted stability and
performance. The performance and properties of the developed universal shifted
controller synthesis method are demonstrated in Section [f.6] first in a simulation
study and then via experiments on a unbalanced disk system. Finally, in Section [4.7]
conclusions on the developed results and capabilities of the established synthesis
and analysis toolchain are drawn.
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4.2 Universal Shifted Stability and Performance

4.2.1 Nonlinear system

Similar to Section 2.2} we consider CT nonlinear dynamical systems given by

i(t) = f(t), w(b)); (4.1a)
2(t) = h(a(t), w(b)); (4.1b)

where t € R{ is time, x(t) € X C R"= is the state with initial condition z(0) = z¢ €
R™ w(t) € W C R™ is the input of the system, and z(¢) € Z C R"* is the output
of the system. Moreover, the functions f: X x W — R™ and h: X x W — Z are
assumed to be in Cy, i.e., f,h € C;. We define the set of solutions of as

B = {(z,w,2) € (X x W x 2)% |z €C and (z,w,2) satisfy (TI)}, (4.2)
and the behavior of 1) for a specific input trajectory w € WERS , by
By (@) = {(z,w,2) €B | w=we W }. (4.3)

For the nonlinear system given (4.1]), the equilibrium points satisfy

0= faw, wy); (4.4a)
2o = h(Ty, wy); (4.4b)

where z, € X, w, € W and z, € Z. The set of equilibrium points is then defined as
E = {(Tw, Wy, 24) € X X W X Z | (24, Wy, z4) satisfy (4.4)}. (4.5)

Define 2" :=ny, &, W = ny, &, and & := w, &. Throughout this chapter, we
make the following assumption:

Assumption 4.1. For the nonlinear system given by with equilibrium points
(Ts, Wy, 24) € &, we assume that there exists a bijective map K : W — X such that
. = K(wy), for all (z.,ws) € Tx, w, &. This means that for each w, € W there is
a unique corresponding x, € 2", and vice versa, for each x, € Z there is a unique
corresponding w, € W' .

This assumption on the uniqueness of the equilibrium points is taken for convenience,
in order to not overcomplicate the discussion.

4.2.2 Universal shifted stability

As mentioned in Section [{.I] universal shifted stability is stability w.r.t. all forced
equilibrium points of the system. Defined more formally:

Definition 4.1 (Universal shifted stability). The nonlinear system given by
is universally shifted (asymptotically) stable, if it is (asymptotically) stable at each
. € X with corresponding w. € W, i.e., (T, Wi) € Tx, w, &.
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Note that this definition is nothing more than the ‘standard’ stability definition,
i.e., Definition [2.3] required to hold for each equilibrium point of the system. In
literature, the set of all asymptotically stable equilibrium points is sometimes also
referred as the positive limit set or w-limit set (Haddad and Chellaboina
Mei and Bullo . We can extend the standard Lyapunov condition to analyze
stability of an equilibrium point, see Theorem[2.2] to a condition to analyze universal
shifted stability.

Theorem 4.1 (Universal shifted Lyapunov stability). The nonlinear system given
by is universally shifted stable, if there exists a function Vi : X x # — R
with Vi(-,wy) € C1 and Vi(-,wy) € Qg for every (x.,wy) € Tx, w. &, such that for
every (T, wy) € T, w, &, it holds that

%Vs(x(t),w*) <0, (4.6)
for allt € RY and z € 7y By (w = w,). If @ holds, but with strict inequality
except when x(t) = x4, then the system is universally shifted asymptotically stable.

Proof. See Appendix [B2] O

4.2.3 Universal shifted dissipativity

Classical dissipativity as developed in (Willems , also discussed Section [2.4] is
an important concept for stability and performance analysis of nonlinear systems.
The theory has also resulted in various controller design methods in order to ensure
dissipativity of the (closed-loop) system, see e.g. (Van der Schaft Brogliato
et al. . Nonetheless, as also discussed in Chapter (1}, a downside of classical
dissipativity is that it only considers a single point for neutral storage, which is
often the origin. This means that only stability and performance guarantees w.r.t.
the origin of the system can be given, which is limiting in cases where one wants to
ensure stability and performance w.r.t. more or even all equilibrium points of the
system.

Universal shifted dissipativity is a stronger dissipativity notion aimed at overcoming
this shortcoming of classical dissipativity. Namely, universal shifted dissipativity
considers dissipativity w.r.t. to each (forced) equilibrium point of the system. In
literature, this has also been referred to as equilibrium independent dissipativity
(Hines et al. Simpson-Porco or constant incremental dissipativity
(Jayawardhana [2006). This allows for analyzing the (dissipated) energy flow between
trajectories and equilibrium points of the system.

More concretely, we take the following definition for universal shifted dissipativity,
adopted from (Simpson-Porco [2019)):

Definition 4.2 (Universal shifted dissipativity). The nonlinear system given by
is universally shifted dissipative w.r.t. the supply function ss : WX W x Zx &,
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if there exists a storage function Vs : X x # — RE with Vs(-,w,) € Cy and
Vs(+, ws) € Qy, for every (., ws) € T, w, &, such that

Vs(z(t1), ws) — Vs(x(to), ws) < /l1 ss(w(t), wy, 2(t), z.) dt, (4.7

to

for all to,t; € RS with t; > to and (z,w, z) € B.

Based on this definition, we can also formulate the following condition for universal
shifted dissipativity of a system given by (4.1)):

Lemma 4.1 (Condition for universal shifted dissipativity). If there exists a storage
function Vs with Vs(-,wy) € C1 and Vs(-,wy) € Q. for every (z.,w,) € mx, w, &,
such that

Vi Vs(@,wi) f(z,w) < ss(w, ws, h(z, w), z.), (4.8)

for all x € X and w € W, then, the nonlinear system given by is universally
shifted dissipative w.r.t. the supply function ss.

Proof. See Appendix [B:2] O

For classical dissipativity, we can connect to many well-known performance metrics,
such as the Lo-gain and passivity, by considering (@, S, R) supply functions, see
Section [2.4.3] Similarly, also for universal shifted dissipativity, we will mostly focus
our attention on quadratic supply functions sg of the form

Ss(W, Wy, 2, 2, ) = {w _w*r {Cf z} {w _w*} , (4.9)

Z — Zx Z — Zx

where Q € S"™, R € S, and S € R™*"_ If a system given by (4.1)) is uni-
versally shifted dissipative w.r.t. to a supply function of the form (4.9), we will
also refer to it being universally shifted (@, S, R) dissipative. Like how classical
(Q, S, R) dissipativity implies quadratic performance notions of the system (see
Section, such as induced Ls-gain and passivity, we will also show how universal
shifted (Q, S, R) dissipativity implies universal shifted versions of these quadratic
performance notions.

As universal shifted dissipativity is a stronger notion than classical dissipativity, we
can easily show the following result:

Theorem 4.2 (Induced classical dissipativity). If a nonlinear system given by

is universally shifted (Q, S, R) dissipative and (0,0,0) € &, then, the system is also
classically (Q, S, R) dissipative for the same tuple (Q, S, R).

Proof. See Appendix [B:2] O
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4.2.4 Induced universal shifted performance

As aforementioned, classical (@, S, R) dissipativity links back to many popular
performance metrics such as the £5-gain and passivity. Next, we will show how
universal shifted (@, S, R) dissipativity connects to universal shifted versions of
these performance metrics. Before giving this results, we will first give a definition
for the universal shifted extension of the £,-L,-gain (see also Deﬁnition:

Definition 4.3 (Universal shifted £,-L,-gain). A nonlinear system given by (4.1
is said to have a finite universal shifted L,-Lq-gain, if there is a finite v > 0 and
function (s : X x 2 — R such that for every (z.,w.) € Tx, w, & it holds that?

Iz = 2llyr < Vllw = well, 7+ G0, ), (4.10)

for all T > 0 and (x,w,z) € B with? w € Lpe. The induced universal shifted
L,-L4-gain of , denoted as Lqp-Lyg-gain, is the infimum of v such that
still holds. If p = q, we will refer to this as the (induced) universal shifted L,-gain,
denoted as Lg,-gain.

Using this definition, we directly have universal shifted extensions of the well-known
Lo-gain, L-gain, and Lo-L-gain through the Lgo-gain, Lyoo-gain, and Lgo-Lgoo-
gain, respectively. We can then connect universal shifted (@, S, R) dissipativity to
Lso-gain performance through the following lemma:

Lemma 4.2 (Lg-gain based on universal shifted dissipativity). If the nonlinear
system given by is universally shifted (Q, S, R) dissipative with (Q, S, R) =
(v21,0,—1I), then, the Lyo-gain of the system is bounded by .

Proof. See Appendix O

For universal shifted passivity, we have adopted the following definition inspired by
the shifted passivity definition in (Van der Schaft [2017):

Definition 4.4. A nonlinear system given by is said to be universally shifted
passive, if it is universally shifted dissipative w.r.t. to the supply function

(W, Way 2, 20) = (W —w,) (2 — 22) + (2 — 2) | (w — wy). (4.11)

This also corresponds to the system being universally shifted (Q, S, R) dissipative
w.r.t. to the tuple (Q,S,R) = (0,1,0).

Through this definition, we directly link universal shifted passivity to universal
shifted dissipativity. Note that if (0,0,0) € &, then, the universal shifted perfor-
mance notions also imply their standard counterparts in terms of the £,-L,-gain
(see Definition and passivity (see Definition [2.12)).

INote that w and z are signals, while ws and z. are constant values, so (w — ws) and (z — 2«)
are understood as the signals (¢t — (w(t) — wx)) and (¢t — (2(t) — 2+)), respectively.
2Note that this implies (w — w+) € Lpe.
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4.2.5 Induced universal shifted stability

Classical dissipativity of a nonlinear system implies stability (at the origin) of the
system if the supply function satisfies a negativity condition, see Theorem We
will show how a similar condition on the universal shifted supply function sg can
be formulated in order to link universal shifted dissipativity and universal shifted
stability.

Theorem 4.3 (Universal shifted stability from universal shifted dissipativity). If
the nonlinear system given by is universally shifted dissipative under a storage
function Vs with Vs(-,ws) € Cy for all w., € W, w.r.t. a supply function ss that
satisfies for every (xy, w, z.) € & that

Ss (W, Wy, 2, 24 ) < 0, (4.12)

for all z € Z, then, the nonlinear system is universally shifted stable. If the supply
function satisfies , but with strict inequality for all z # z., and the system
is observable (see Definition , then the nonlinear system is universally shifted
asymptotically stable.

Proof. See Appendix [B:2] O

Note that similar to classical (@, S, R) dissipativity, the condition in T heorem
is satisfied for universal shifted (@, S, R) supply functions for which R < 0 (with
R < 0 implying universal shifted asymptotic stability, such as is the case for the
Lgo-gain).

As previously mentioned, in this chapter we are interested in efficiently analyzing
and ensuring universal shifted stability and performance of nonlinear systems. We
have seen in this section and in Section [£:2.4 how universal shifted dissipativity
allows us to simultaneously analyze both universal shifted stability and perfor-
mance. While Definition and Lemma {4.1| give us conditions to analyze universal
shifted dissipativity, these conditions require to hold for all state and input tra-
jectories/values and for every equilibrium point (., wy, z,) € &. Hence, checking
universal shifted dissipativity directly through these conditions can be a difficult if
not an infeasible task, even when assuming a particular class of storage functions
Vs. Next, as one of the main results of this chapter, we will show how analysis of
the time-differentiated dynamics of the system will allow us to simplify universal
shifted stability and performance analysis of nonlinear systems.
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4.3 Velocity based Analysis

4.3.1 The velocity form

Let us first define the following restriction of the solution set of by 3
B :={(zr,w,2) € B |z ey w,z (i}, (4.13)
i.e., the solutions in B that are differentiable. We also define B (w) := By (w)NB.
for a w € WR . Furthermore, define the operator O for these sets such that
OB, = {(&,w,2) € (R™ x R™ x R™)¥ o | i(t) = 4 (),
w(t) = Lw(t),2(t) = L2(t),vt R, (z,w,2) € B.}. (4.14)

For a nonlinear system given by (4.1]), we call the time-differentiated dynamics of
(4.1) to be the velocity form of the system.

Definition 4.5 (Velocity form). For a nonlinear system given by , the velocity
form is

B(t) = Ay (2(t), w(t))2(t) + By(x(t), w(t))w(t); (4.15a)
2(t) = Cy(2(t), w(t))i(t) + Dy (2(t), w(t))w(t); (4.15b)
where A, = ai’ B, = g{;, C, = gz, D, = 8w7 and (z,w, z) € B..
The solution set of (4.15)) is given by B, := 9B, and we define B  (w) := 0B w(w)

for a w € W= .

In this context, the velocity form is nothing more than the dynamics of
the time-differentiated (i.e., velocity) dynamics of our original system given by
. We will refer to the original system given by as the primal form of
the system. As aforementioned, the analysis of the time-differentiated dynamics
has been investigated in connection to gain scheduling (Leith and Leithead
Leith and Leithead [1999), the construction of (local) LPV embeddings (Téth [2010)),
and more recently also in connection with (universal) shifted stability /dissipativity
(Kosaraju et al. Kawano et al. Schweidel and Arcak . However, as
previously mentioned, the existing works on this topic are limited as they are only
able to provide local guarantees, assume severe restrictions to the output dynamics,
and/or only focus on stability. Next, we will show how the velocity form can be
used to provide stability and performance guarantees in the form of universal shifted
stability and performance.

4.3.2 Velocity dissipativity

Before connecting analysis of the velocity form to universal shifted analysis of the
primal form, we will first define the following dissipativity notion based on the
velocity form:

3As solutions are defined on RS‘, we assume they are also continuously differentiable at ¢ = 0.
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Definition 4.6 (Velocity dissipativity). The nonlinear system given by 18
velocity dissipative w.r.t. the supply function s, if there exists a storage function
Vy o R™ — Ry with Vy € C1 and Vy € Qq, such that, for all to,t; € ]R(T with
tq Z t07

V(1)) — Vel (to) g/tlsv(w(t),z'(t))dt, (4.16)

for all (&,1, 2) € By.

Note that in this sense, velocity dissipativity can be seen as ‘classical dissipativity’
(see Definition [2.13]) of the velocity form ({4.15) of the system. In literature, similar
notions have also been introduced, such as Krasovskii passivity (Kosaraju et al.

2019; Kawano et al.|[2021)) and delta dissipativity (Schweidel and Arcak 2022)), which
in these works is also connected to non-zero equilibrium point properties of the

original system.

Similarly to the universal shifted (@, S, R) supply function, also for velocity dissipa-
tivity, we focus on quadratic supply functions of the form

solth, ) = MT {Cf fz} m (4.17)

z z

where again @) € S™v, S € R™*" and R € S"=. If a system is velocity dissipative
w.r.t. a supply function of the form (4.17)), we will refer to it being velocity (Q, S, R)
dissipative.

Similar to the work in (Kawano et al.|2021; Schweidel and Arcak [2022), based on
our definition of velocity dissipativity, we can derive the following condition:

Lemma 4.3 (Condition for velocity dissipativity). If there exists a storage function
V, @ R — ]RS' with Vy € C1 and Vy € Qq, such that, for all values w, € R™
reX, andw e W,

VYV (f (z,w)) (Ay(z,w) f (2, w) + By(z, w)wy,) <
sy(wy, Cy(x,w) f(x,w) + Dy(z, w)wy), (4.18)

then the nonlinear system given by s velocity dissipative w.r.t. the supply
function s, .

Proof. See Appendix O

Using the results of Lemma for a (@, S, R) supply function (4.17) and quadratic
storage function:

V(i) = a ' M, (4.19)

where M € S™ with M > 0, we can derive the following sufficient condition for
velocity dissipativity:
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Theorem 4.4 (Velocity (Q, S, R) dissipativity condition). The system given by
{#-1) is velocity (Q, S, R) dissipative, if there exists an M € S™ with M > 0, such
that, for all (x,w) € X x W,

{ HA (iw)]‘w B f’l [Cv&w) Dvé,w)
(4.20)

Proof. See Appendix [B2] O

Note, what is compelling about the condition given in Theorem [£.4] is that it
corresponds to a feasibility check of an infinite dimensional set of Linear Matriz
Inequalities (LMIs), as for a fixed (z,w) € X x W, becomes an LMI. Later,
in Section [4.4] we will see how we can use tools from the LPV framework to
reduce this infinite dimensional set of LMIs to a finite dimensional set, which can
computationally efficiently be verified. This will then gives us computationally
efficient tools to analyze velocity (@, S, R) dissipativity of a system.

4.3.3 Induced universal shifted stability

Having introduced the velocity form and velocity dissipativity, we will first present
results on how these notions connect to universal shifted stability of the system.

Let us first introduce the set By » = |J By w(w =w,), ie., the behavior of the
w. €W
velocity form for which the input is w(t) = w, € #/, and hence w(t) = 0, for all

teRS.

Theorem 4.5 (Implied universal shifted stability). The nonlinear system given by
, with solutions in B, is universally shifted stable, if there exists a function
V, : R™ — RE with Vi, € C1 and Vy € Qo, such that

— Vi (2(t)) <0, 4.21
SV(a(0) < (421)
for allt € R(J{ and & € i By . If holds, but with strict inequality except
when ©(t) = 0, then the system is universally shifted asymptotically stable.

Proof. See Appendix O

The proof of Theorem [L.] relies on a construction of a universally shifted Lyapunov
function based on V. This construction is based on the so-called Krasovskii method
for ‘standard’ stability (Khalil 7 and construction of the storage/Lyapunov
function in a similar manner is also used for the results in (Kawano et al. and
(Schweidel and Arcak [2022)).
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Note that the condition in Theorem [.5]can be interpreted as the velocity form being
stable (w.r.t. & = 0), similar to how the condition for velocity dissipativity could be
seen as the velocity form being classically dissipative. Note that conceptually this
is also intuitive, as @(¢) = 0 corresponds to an equilibrium point of the system (see
(4.4)). Hence, (in the asymptotic stability case) for t — oo, we have that @(t) — 0,
meaning the state approaches an equilibrium point, i.e., 2(t) = z. € 2.

Through the result of Theorem [L.5] we can also connect velocity dissipativity of a
system to universal shifted stability. Similar to how universal shifted dissipativity is
connected to universal shifted stability through restrictions on the supply function
ss, we can do the same by restricting the velocity supply function sy.

Theorem 4.6 (Universal shifted stability from velocity dissipativity). Assume
the nonlinear system given by is velocity dissipative under a storage function
Vy € C1 w.r.t. a supply function s, that satisfies

s¢(0,2,) <0, (4.22)

for all z, € R™ then, the nonlinear system is universally shifted stable. If the
supply function satisfies , but with strict inequality when z, # 0, and the
system is observable, then the monlinear system is universally shifted asymptotically
stable.

Proof. See Appendix O

Again, in a similar fashion as for classical (@, S, R) dissipativity and universal
shifted (@, S, R) dissipativity, also for velocity (@, S, R) dissipativity the condition
in Theorem [£.6] corresponds to R < 0.

4.3.4 Induced universal shifted dissipativity

In the previous section, we have seen how velocity (@, S, R) dissipativity implies
universal shifted stability. Next, we are interested if velocity (@, S, R) dissipativity
also implies universal (Q, S, R) dissipativity. Therefore, we formulate the following
proposition:

Proposition 4.1 (Induced (Q, S, R) universal shifted dissipativity). If a nonlinear
system given by is velocity (Q, S, R) dissipative, then, it is also universally
shifted (Q, S, R) dissipative for the same tuple (Q, S, R).

While we have not able been to proof Proposition [4.1] completely, we will next present
results which link velocity (Q, S, R) dissipativity and universal shifted (Q, S, R)
dissipativity under some assumptions.

Instead of considering nonlinear systems of the form (4.1)), we restrict ourselves to
nonlinear systems that can be represented as

@(t) = f(x(t)) + Bw(t); (4.23a)
y(t) = Cux(t). (4.23D)



4.3. Velocity based Analysis s

This restricted class of nonlinear systems is only assumed for the results that follow
in this subsection. Note that at the cost of increasing state dimension, e.g., by
appending the system with appropriate input-output filters (see Appendix [C.2.1)),
we can always transform nonlinear systems given by to the form . Besides
considering systems of the form , we will assume in this subsection that X,
i.e., the state set, is convex and compact.

For the nonlinear system given by (4.23)), the equilibrium points (2., ws, z.) € &
satisfy

0= f(xx) + Bw,; (4.24a)
Y = Cxy; (4.24Db)
and its velocity form is given by
Z(t) = Ay (2(b)x(t) + Buw(t); (4.25a)
2(t) = Ci(t). (4.25b)

Under these considerations, we will next connect velocity (@, S, R) dissipativity for
(@, S, R) tuples for which S =0, @ * 0, and R < 0 to universal shifted performance
notions that can be characterized by a similar universal shifted (@, S, R) supply
function. Before presenting these results, we will first introduce the following
assumptions:

Assumption 4.2. For the nonlinear system given by assume that CB = 0.

Note that systems of the form (4.1)) can be converted to the form 1@.23: , satisfying
Assumption [£:2] by connecting appropriate filters, see Appendix [C.2.1

Assumption 4.3. Given a matriz T € S™ with T < 0, assume that there exists
an o € R™ such that for all z, € 2 and x € X

(x—a.) Az, 2.)  CTTCA(z,2,)(x — ) < Mo —x.)  CTTC(x — x.), (4.26)
where A(z,x,) = fol Ay(ze + Mz — ) dA.
In case Ay is bounded, there will always exists an « such that Assumption [£:3 holds,
as X is considered compact.

Assumption 4.4. For a given (x4, w., z.) € &, assume that w is generated by the
exosystem
w(t) = Aw(w(t) — wy), (4.27)

where Ay, € R™*™ s Hurwitz and || Ay || < B. Define the corresponding behavior
as

0 = {w e Wk | w e Cy, w satisfies (4.27 } . (4.28)

Note that constant and decaying (towards w,) disturbances satisfy the behavior
considered in Assumption [4:4]

Under these assumptions, we can formulate the following result to link velocity
dissipativity to universal shifted performance:
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Theorem 4.7 (Universal shifted performance from velocity dissipativity). If a
nonlinear system given by is velocity (Q, S, R) dissipative for the (Q, S, R)
tuple where S =0, Q > 0, and R < 0, where R satisfies Assumption[[.3, Assump-
tions and hold for every (., wy,z:) € &, and ©(0) = 0, then for every
(T, Wy, 24) € &, it holds that

7
/0 B2X) TQ(w(t) — wy) + a1 (x) T R(2(t) — z.) dt > 0, (4.29)

for all T > 0 and (w, 2) € Ty, B with w € 2.

Proof. See Appendix O

Note that the assumption that 4(0) = 0 in Theorem [4.7] does not mean we stay in
an equilibrium point, as we have an input w € 20 which acts on the system.

Applying the result of Theorem@ to the (@, S, R) tuple (Q, S, R) = (v*I1,0,—1),
corresponding to the (universal shifted) L£o-gain, we obtain the following corollary:

Corollary 4.1 (Bounded Lg-gain from velocity dissipativity). If a nonlinear
system given by is velocity (Q, S, R) dissipative for (Q,S,R) = (v*1,0, 1),
where R = —1I satisfies Assumption[].3, Assumptions [[.9 and[{-4] hold for every
(s, Wy, 24) € &, and ©(0) = 0, then the system has an Lga-gain bound of ¥ =

Vv aB?y2.
Proof. See Appendix O

Due to technicalities, Theorem [£.7] and Corollary are what we can prove in
terms of the connection between velocity (@, S, R) dissipativity and universal shifted
(Q, S, R) dissipativity. Compared to Proposition these results form a direct
upperbound. Moreover, based on some of our other technical results on analyzing
this problem (see Appendix [C.3)) and the results when these concepts are used for
controller synthesis (see Secti7 there are strong indications that Proposition
holds true.

4.4 Convex Universal Shifted Analysis

In Section we have shown how the velocity form in conjunction with the
concept of velocity dissipativity can be used to analyze universal shifted stability
and performance. Moreover, in Theorem [4.4] we have shown how velocity (@, S, R)
dissipativity, considering a quadratic storage function V, of the form , can be
analyzed through a feasibility check of an infinite dimensional set of LMIs. In this
section, we will discuss how we can make the analysis computationally feasible and
efficient through the use of methods from the LPV framework.
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As the state-space matrices of the velocity form vary with (z,w), we obtain an
infinite dimensional set of LMIs for velocity dissipativity analysis. This is similar
to the LPV case, where the (LPV) state-space matrices vary with the scheduling-
variable p, which also results in an infinite dimensional set of LMIs for classical
dissipativity analysis of LPV systems, see also Section 2.5.2] In the LPV framework,
various methods exist in order to turn the infinite dimensional problem into a
finite dimensional one, such as through polytopic, grid-based, and multiplier based
techniques (Hoffmann and Werner 2015a)). Inspired by the connection between the
velocity form and LPV representations, we propose the use of the LPV analysis
results to make the velocity dissipativity analysis problem of nonlinear systems
computationally feasible and efficient.

For that purpose, we introduce the following so-called Velocity Parameter-Varying
(VPV) embedding, which is a embedding of the velocity form (4.15) in an LPV

representation:

Definition 4.7 (VPV embedding). Consider a system given by and its velocity
form . Furthermore, consider the LPV state-space representation

iy (t) = A(p(t)) 2y (t) + B(p(t))wy (1), (4.30a)
w(t) = C(p(t)zy(t) + D(p(t))wy (1), (4.30Db)

where x,(t) € R™ is the state, wy(t) € R™ the input, and z, € R"* the output of
the LPV representation, with p(t) € P C R™ being the scheduling-variable, and
matrix functions A, ..., D being of appropriate size and belonging to a given class of
functions A (e.g., affine or rational). The LPV representation is a so-called
VPV embedding of on the region X x W C X x W, if there exists a function
n:X X W — P, the so-called scheduling-map, with p = n(xz,w), and P 2 n(X, W),
such that:
A(U(»’Caw)) ZAV(.T,U)), B(U(%w)) ZBV(I‘,’LU),

Cn(z,w)) = Cy(z,w),  D(n(z,w)) = Dy(z,w), (4.31)

for all (x,w) € X x W, where A, ..., D belong to a given function class (affine,
polynomial, etc.).

The behavior of a VPV embedding given by |D forape PR g4

By (p) == {(@y, Wy, zy) € (R™ x R™ x R’“LZ)]RU+ |
Xy € Ca, Wy, 2y € C1 and (2, wy, 2y, p) satisfy (4.30)}, (4.32)

with B, == e B,,(p) being the full behavior (i.e., for all scheduling trajecto-
P

ries).

As the VPV embedding is an LPV representation, the various methods available

in the LPV framework to reduce the conservatism of the embedding, for a given
dependency class of A, ..., D (e.g., affine, polynomial, rational, etc.), can also

4Note that we assume for the behavior that wy, 2y € C1. The function class 2 and trajectories
of p that are considered are implicitly restricted such that this is the case.
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be used to reduce the conservatism of the VPV embedding, see e.g., (Téth
Sadeghzadeh and Téth . Later, in Chapter@l, we will also present a data-based
method to reduce the number of scheduling-variables of an LPV representation, to
allow for reduced complexity of LPV analysis and synthesis algorithms.

Through the construction of the VPV embedding, we can then describe the behavior
of the velocity form of a nonlinear system given by . This is similar to how the
behavior of a nonlinear system can also be described by an LPV representation, see
Lemma [2.6] More formally, we have the following lemma:

Lemma 4.4 (VPV behavioral embedding). Consider a nonlinear system given
by with a velocity form given by . If the LPV representation is
a VPV embedding of the mnonlinear system on the region X x W = X x W, then,
the behavior of velocity form is included in that of the LPV representation, i.e.,
By € By

Proof. See Appendix O

Remark 4.1. In the case our VPV embedding only considers part of the state-space,
ie., is a VPV embedding of the nonlinear system given by on the region
X x W C X x W, we can still describe part of the behavior of the velocity form
(4.15). However, one has to consider a smaller set of behavior of the nonlinear
system given by (and correspondingly of the velocity form ) for which
(x(t),w(t)) € X x W for all t € RY.

As aforementioned, velocity dissipativity of a nonlinear system, see Definition [4.6
can be seen as ‘classical dissipativity’ of the velocity form. Moreover, through the
VPV embedding, which is an LPV representation, we can describe the behavior of
the velocity form, by Lemma [£:4] Combining these two results then allows us to
cast the velocity dissipativity analysis problem as a classical dissipativity analysis
problem of an LPV representation. This is also evident when we compare the
condition for velocity (Q, S, R) dissipativity given in Theorem and the condition
for classical (@, S, R) dissipativity of an LPV representation given in Theorem
This then also allows us to formulate the following theorem:

Theorem 4.8 (Velocity dissipativity analysis through the LPV framework). Con-
sider the nonlinear system given by for which the LPV representation
is a VPV embedding of the system on the region X x W = X x W. If the LPV
representation is classically dissipative, then the nonlinear system is velocity
dissipative.

Proof. See Appendix [B2] O

With Theorem we now have a powerful tool to analyze velocity dissipativity of
nonlinear systems, as we can cast it as a classical dissipativity analysis problem of
an LPV representation, for which their exists many results, see also Section [2.5.2] In
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Section we have shown how universal shifted stability and quadratic universal
shifted performance notions can be analyzed through velocity (@, S, R) dissipativity.
Consequently, combining these two results, we are now able to analyze universal
shifted stability and performance of nonlinear systems through the use of the LPV
framework. This then gives us a systematic, and computationally efficient tool to
analyze global stability and performance in the form of universal shifted stability
and performance.

In the next section, we will use these analysis tools to also develop a systematic
controllers synthesis method in order to ensure and shape universal shifted stability
and performance.

4.5 Convex Universal Shifted Controller Synthesis

4.5.1 Controller synthesis problem

For LTT and also for (standard) LPV systems, as discussed in Section the
generalized plant concept (Doyle Apkarian, Gahinet, and G. Becker is
used in order to provide a systematic approach to controller synthesis. Through
the generalized plant concept, various control configurations can be described and
through the inclusion of weighting filters in the generalized plant, the closed-loop
behavior of the plant and controller can be shaped. Due to systematic and intuitive
nature of the generalized plant concept in the LTT and LPV framework, we will
consider a notion similar to it for our controller synthesis problem. This will allow
us to achieve our goal of systematic controller synthesis for nonlinear systems to
ensure and shape universal shifted stability and performance.

Therefore, in this section, we will consider nonlinear systems P of the form

z(t) = fx(t),u(t)) + Byw(t); (4.33a)
2(t) = hy(x(t), u(t)) + Dyww(t); (4.33b)
y(t) = hy(z(t), u(t)) + Dyww(t); (4.33¢)

where again z(t) € X C R" is the state with € C; and initial condition z(0) =
zo € R™ and where now w(t) € W C R™ and z(t) € Z C R™ are called the
generalized disturbance (consisting of references, disturbances, etc.) and generalized
performance (consisting of tracking errors, control efforts, etc.) channels, respectively.
Moreover, we introduce the channels u(t) € 4 C R™ and y(t) € ¥ C R™,
denoting the control input and measured output channel, through which the to-be-
designed controller will interact with the plant. Furthermore, f : X x U — R"x,
h, : X xU — R™ and hy : X = R™ are assumed to be in C; and By, € R™*"v,
Dy, € R™*™ and Dy, € R™*™_ In Figure an example of such a plant P
interconnected with a controller K is given.

The to-be-designed controller K for our plant P is considered to be of the form

i (t) = fil@i(t), uk(?)); (4.34a)
Yk (t) = hi (2 (t), ui(t)); (4.34Db)
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Z2

Figure 4.1: Example of a control configuration in terms of a closed-loop connection
of the controller K with a plant P, consisting of a nonlinear system G and weighting
filters W7 and Wh.

where zy(t) € R™«x is the state, ux(t) € R™x is the input, and yx(t) € R™x
is the output of the controller. Furthermore, fi : R™k x R™x — R™x and
Ay s R™ x R™x — R™vx,

The closed-loop interconnection of P and K for which ux = y and u = yy (hence,
Ny, = ny and ny, = n,) will be denoted by F(P,K). Note that this closed-
loop interconnection will be a system of the form (4.1)), which has as input w
and as output z. Furthermore, the output z € Z®o of F(P,K) for an input
w € WRG and initial condition Zer,0 = col(z(0), zk(0)) € X x R™x, will be denoted
by Fi(P,K)(w, za,0) =z € 2% .

Considering this closed-loop interconnection Fi(P, K), our objective then is to
synthesize the controller K such that F(P, K) is universally shifted stable and
satisfies a (desired) universal shifted performance criteria. To simplify the discussion,
we will consider the Lg4o-gain, see , as our desired performance metric, which
we will aim to minimize. More concretely, we are hence interested in synthesizing
a controller K for our generalized plant P s.t. the Lg-gain v of our closed-loop
interconnection Fj(P, K) from w to z is minimized, i.e., synthesize a K such that
there exists a function (5 : X x 2" — R and a v > 0, for which

AP, K) (w, 2e1,0) = Zelly o < 1w = willg 1+ G5(@e1,0, et o), (4.35)

for all T > 0 and (za,w, z) € Be with w € Lge and for every (zei«, Wy, 24) € &,
where 7 is minimal. In ([:3F), 2 = col(z, z) is the state associated with the
state-space representation of the closed-loop Fi(P, K) and B, and &, are the
behavior and set of equilibrium points associated with (P, K).

To ensure that the above given synthesis problem is feasible with a finite v, we
require P to be a generalized plant in the following sense:

Definition 4.8 (Generalized plant for universal shifted synthesis). P, given by
, s a generalized plant, if there exists a controller K of the form such
that the closed-loop interconnection JFi(P, K) is universally shifted stable.
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Proposition 4.2. P, given by , is a generalized plant in the sense of Defini-
tion if (%(m, u), %(x, u)) is stabilizable and : g—i(x, u), %Zy (z, u)) is detectable

over X x W, see (Pavlov, Van de Wouw, et al. Section 5.3.2).

Note that Proposition can be interpreted as the velocity form of being
stabilizable and detectable w.r.t. the input channel @ and output channel 7,
respectively, along all trajectories of nonlinear system given by . This is
similar to condition that is required for standard LTI and LPV controller synthesis
using the generalized plant concept, see also Section and Definitions [2.17]

and 218

4.5.2 Universal shifted controller synthesis procedure

Overview

As aforementioned, we will achieve our previously discussed control objective through
extension of the analysis tools for universal shifted stability and performance that
were developed in Sections and Namely, we again make use of the velocity
form, velocity dissipativity, and VPV embeddings in order to also simplify our
controller synthesis problem. To simplify the discussion for controller synthesis, we
will consider that Proposition [£:1] is true, meaning we will consider that velocity
(@, S, R) dissipativity of a system implies universal shifted (@, S, R) dissipativity of
that system for the same tuple (Q, S, R).

Based on this, we then propose the following novel procedure in order to synthesize
a controller K for our generalized plant P s.t. the closed-loop interconnection
Fi(P, K) is universally shifted stable and has a bounded Lgso-gain:

1. VPV embedding step: For a nonlinear generalized plant P given by (4.33)),
compute its velocity form P,. Construct a VPV embedding Py, of P based
on P,.

2. Velocity controller synthesis step: For the VPV embedding Py, an LPV
controller K is synthesized, ensuring a minimal closed-loop Lo-gain . For
this, we use standard LPV controller synthesis methods, see also Section [2.5.3

3. Universal shifted controller realization step: The synthesized controller K of
Step 2l which is in the velocity domain, is realized to a nonlinear controller K
in the primal form to be used with the primal form of the generalized
plant P, to ensure the closed-loop Lgo-gain 7.

By considering Proposition to be true, all typical (@, S, R) performance metrics
can also be considered in the velocity controller synthesis in Step [2] to induce various
universal shifted (@, S, R) performance notions of the closed-loop interconnection.

Before detailing the individual steps of the above procedure, we will first show
that the velocity form of the closed-loop interconnection is equal to the closed-loop
interconnection of the velocity form of the plant an velocity form of the controller.
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This simplifies the controller design procedure, as it allows us to independently
‘transform’ the plant and controller between their primal and velocity forms.

Theorem 4.9 (Closed-loop velocity form). The velocity form of the closed-loop
system F(P,K) is equal to the closed-loop interconnection of P, and K, i.e.,
F(Py, K), if the interconnection of P and K is well-posed, i.e., there exists a Cy
function h such that u = hy(zy, hy(z,u)) can be expressed as® u = h(z, xy).

Proof. See Appendix O

VPV embedding step
The first step of our universal shifted controller synthesis procedure consists of

embedding the generalized plant P given by (4.33) in a VPV embedding. From
here on, we will denote the behavior of (4.33) by

B = {(x,u,mz,y) € ()(><Z/{><)/\/><Z><32)]R0+ | z € Cy,

(z,u,w, z,y) satisfies } (4.36)

Moreover, we define the set of all differentiable solutions 98, by

B :={(z,u,w,z,y) € B |z €Cq u,w,z,y €Cy}. (4.37)

First, we compute the velocity form of P given by (4.15)), resulting in P, given by

i(t) = Ay(2(t), u(t))(t) + By (t) + By u(z(t), u(t))u(t); (4.38a)
2(t) = Oy o (2(t), u(t))&(t) + Dawtb(t) + Dy pu((t), u(t))in(t); (4.38b)
5(0) = Cuy (a(0), u(t)}E(0) + Dyt (6) + Dygu(e(0), ul)it);  (4350)
where A, gi,B zgi,c = ahZ,DVZUZ%,CV,y 8h andD,yu:%.

The behavior of (4.38) is then denoted by B, := 0B, see also Sectlonm

We then embed Py, given by (4.38)), in an LPV representation in order to construct
a VPV embedding of P (4.33). Based on Definition %.7 of the VPV embedding,

we then construct a VPV embedding of P given by (4.33)) on the compact region®
X x U C X xU, which we denote by Py, and is given by

dy(t) = A(p(t))ay(t) + Buwy(t) + Bu(p(t))uv (t); (4.39)
2e(t) = Ca(p(t)) 2y (t) + Dawwy(t) + Dau(p(t))uv(t); (4.39b)
w(t) = Cy(p(1))2v (2) + Dywwy(t) + Dyu(p(t))uv (); (4.39¢)

5In the proof, we give conditions for the existence of this function.

SNote that as w enters into linearly, the scheduling-map 7 of the VPV embedding will
not depend on it. Hence, the embedding region w.r.t. w can be taken equal to or as any subset of
W, i.e., the complete value set of w. Therefore, we omit it when talking about the VPV embedding

region of 1)
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with scheduling-variable p(t) € P C R™, where P is assumed to be convex, and
the accompanying scheduling-map 7, s.t. p(t) = n(z(t),u(t)) and P 2 n(X, U). We
will also assume that n € C;. Moreover, z,(t) € R™ w,(t) € R™, u,(t) € R",
ﬂG R™= and y,(t) € R™. The accompanying behavior of the VPV embedding
(4.39

1.39) for a scheduling trajectory p € n® is denoted by

B (p) = {(Ty, ty, Wy, 20, ) € (R™ x R™ x R™ x R™ x R™)FS |
zy € Ca, Uy, Wy, 2y, Yy € C1 and (v, uy, Wy, 2y, Yy, p) satisfy (4.39)}, (4.40)

with ‘%p = U B,(p) being the full behavior of (4.39).

+
peP™o

Moreover, we will denote the restriction of the state and control input solutions of P
to X and U, respectively, by B¢ xu = {(z,u, w, z,y) € B | (z(t),u(t)) € X x U}
and the corresponding solution set for the velocity form P, by By xu := 0B xu.
Through the VPV behavioral embedding principle, given by Lemma we have
By xu € %p. This means that through P, given by , we can describe the
behavior of P, given by for which (z(t),u(t)) € X x U.

Remark 4.2. Note that for the controller synthesis problem to be feasible, one
has to make sure that for the constructed VPV embedding given by , the
pairs (A, By,) and (A, Cy) are stabilizable and detectable”, respectively. This has to
be done in order to preserve the stabilizability and detectability properties of the
underlying velocity form according to Proposition [£.2]

Velocity controller synthesis step

Having constructed a VPV embedding P, for our generalized plant P, we will use
it in order to synthesize a controller K, s.t. Fi(Pypv, Ky) has a minimal £o-gain,
which will ensure that the Lo-gain of (P, K,) is minimized. Note again that
velocity (@, S, R) dissipativity will imply universal shifted (Q, S, R) dissipativity,
and that velocity dissipativity can be seen as ‘classical dissipativity’ of the velocity
form. Therefore, minimizing the Lo-gain of Fj(P, Ky ) will minimize the Lg-gain
of Fi(P, K), where K will be realized in the next subsection s.t. its velocity form
will correspond to K.

As P,y is an LPV representation, we make use of the synthesis algorithms in the
LPV framework in order to synthesize K s.t. Fi(Pypyv, Ky) has a minimal £o-gain.
Note that this is just a standard LPV synthesis problem, hence, we can apply one
of the various available controller synthesis techniques that ensure the closed-loop
interconnection is classically dissipative with a minimal £5-gain bound, see e.g.
(Packard Apkarian, Gahinet, and G. Becker Wu Scherer
and see also Section Concretely, we consider K, which we will refer to as
velocity controller, in the form

Ty k(1)
Yv .k (t)
7See Definitions and

A(p(t)) 2y k(1) + Bic(p(t))uv x (t); (4.41a)
Cu(p(t) vk (t) + Dic(p(t) v 1c(1); (4.41D)




86 Chapter 4. Universal Shifted Analysis and Control

where z, x(t) € R™x is the state, uy k(t) € R™x is the input, and yy k(t) € R™x is
the output of the controller, respectively, and Ay, ..., Dy € 2 are matrix functions
with appropriate dimensions. Note that when we connect K, to P, (to obtain
Fi(Py, Ky)), we have that u,x = y and yy,x = @, and p = n(z,u). Moreover, as
z,u € C; and as n € Cy, we have that p € C;.

Based on this, we can formulate the following theorem:

Theorem 4.10 (Velocity closed-loop Lo-gain). If controller K, of the form
ensures classical dissipativity and a bounded Lo-gain vy of the closed-loop intercon-

9

nection Fi(Pypy, Ky) for all (zy,uy) € mg, u, Bp, then, F(Py, K,) with p = n(x,u)
is classically dissipative and has an La-gain bound < v for all (i,1) € T 0 By xu-

Proof. See Appendix [B2] O

Remark 4.3. By applying shaping filters on P that consequently appear in P,, we
can shape the closed-loop performance of Fi(P, K), see Figure @ If the weighting
filters included in P are LTI, then, as depicted in Figure [£.2] the input-output
behavior of W, and W, is equivalent to that of W, ,, and W, ,. This is because the
transfer function representation of the velocity form of an LTT system is given by the
same transfer function as its primal form. This results in a one to one correspondence
between the performance shaping of the primal form Fi(P, K) (see Figure
and performance shaping of the velocity form F(P,, K) (see Figure. This
significantly simplifies the controller design, as shaping can be directly performed
through the velocity form P, and hence also through the VPV embedding Py .

/7 \ = l
W > - > L zw NI > y 2
—> Wy P w, —> } 'Wv,w P, Wv,z_f_)
U Y ] Y
K K,

(a) Primal form. (b) Velocity form.

Figure 4.2: Shaping the closed-loop behavior of the primal and the velocity form by
the use of weighting filters Wy, and W,.

Universal shifted controller realization step

Finally, we will describe the last step of the proposed synthesis procedure. For
the last step, we realize the controller K to be used with the primal form of the
generalized plant P based on the velocity controller K, of the previous step, such
that closed-loop universal shifted stability and performance is ensured.

To do this, we exploit the properties of the velocity form. As in the velocity form
the inputs and outputs of our system are time differentiated versions of the inputs
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and outputs of the primal form of the system. This allows us to formulate the
following theorem:

Theorem 4.11 (Velocity behavior inclusion). Consider a nonlinear system given

by with behavior B (see ({.13)). The nonlinear system with its inputs (time)
integrated and its outputs (time) differentiated is equal to its velocity form .

Proof. See Appendix O

Next, we exploit the result of Theorem [I.11] for our controller realization. Namely,
we concatenate an integrator to the output of the velocity controller K, and
concatenate a differentiator to its input. We then absorb the differentiator and
integrator into the dynamics of the controller using realization theory. Let us denote
the 7’th element of p by p;.

Theorem 4.12 (Universal shifted controller realization). Consider the velocity
controller K, given by . Furthermore, consider the nonlinear time-invariant
controller K given by

i (t) = Ax(p(t)) i + Bi(p(t), B(t) yux (0); (4.42a)
yi(t) = Cidtxc + Dic(p(t))unc(8); (4.42D)

where T (t) € R™t™x s the state of the controller, and where

g oy |Ak(®) O 5 . _ |Ax(p)Bk(p) — 0Bx(p, D)
A = [ 1] B - G0 2] (4.43)
Ce=[0 1], Di(p) = Dx(p),
with p(t) = n@),u(®), 0Bup@),pt) = Y= 22Oy, and

ODy(p(t),p(t)) = S.i2, %}f’;(“)pi(t). The controller K in (4.49) is the primal
form of K and the velocity form of K is K. Hence, K is called the primal
realization of K.

Proof. See Appendix O

We will refer to the controller K in as the universal shifted controller. For the
realization of this controller, we require the derivative of the scheduling-variable, p.
Note that p exists, as p € C1, and is bounded as the VPV embedding region X x U
is compact. Moreover, also note that the dependency on p in drops out when
By and Dy of the velocity controller are constant matrices. This then has
to be ensured in Step [2] of the controller synthesis procedure. However, this might
limit the achievable closed-loop performance that can be obtained, corresponding to
a complexity trade-off. Due to the definition of the state of the controller through
the proposed realization, there are no restrictions on the initial condition of the
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state of the controller. Nonetheless, we generally assume the initial condition to be
zero. An interpretation of this controller realization procedure is also depicted in

Figure 1.3

Py L
wo w z Tz
N N > 4 >
I, f > P > dt !
R U Y \
L R S I
Yy
K,
w z
> P
U, Y
K 1
[ e K e
: @ Y :

_______________________________

Figure 4.3: Universal shifted controller realization.

Remark 4.4. Similar control structures as have been proposed in literature,
see e.g (Kaminer et al. Mehendale and Grigoriadis . Compared to
these works, we connect the proposed controller design to universal shifted stability
and performance, which, to the author’s knowledge, has not been made so far in
literature.

4.5.3 Closed-loop universal shifted stability and performance

Based on the proposed universal shifted controller realization of Section we
can show that the closed-loop interconnection Fj(P, K) is universally shifted stable
and has a bounded Lg-gain. Before showing this result, we first introduce the
following definition:

Definition 4.9 (Invariance). For a system~8 given by with behavior B, we
call X C X to be invariant under a given W C W, if x(t) = ¢« (t,to, zo,w) € X

8Note that JF(P, K) is of this form.
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for allt € Rg, o € X and w € WES . The corresponding behavior is denoted by
By =BN{(z,w,2) €B| (z(t),w(t) € X x W, Vt e R{}.

Theorem 4.13 (Closed-loop universal shifted stability and performance). Let K,
given in , be an LPV controller, synthesized for the velocity form P, in
of a monlinear system given by with behavior B., which ensures classical
dissipativity and a bounded Lo-gain of v of the closed-loop Fi(Py, Ky) on X x U.
Consider the set W C W, such that there is an open and bounded X C R™x
for which Xo = X x Xy is invariant in the sense of Definition [{.9 Then, the
controller K, given by , ensures universal shifted (asymptotic) stability and
a bounded Lgo-gain of < v of the closed-loop Fi(P, K) for all w € WRS 0 Loe and
any wy € # N W.

Proof. See Appendix [B:2] O

Note that considering w € WRs N Loe in Theorem ensures that the trajectories
stay in the VPV embedding region considered during synthesis of the controller.
However, computing W is a difficult problem, which is related to reachability

analysis or invariant set computation. Nonetheless, there are numerical tools that
can be employed for this purpose, see e.g. (Althoff 2013 Maidens and Arcak [2015]).

4.5.4 Reference tracking and disturbance rejection

The previously presented universal shifted controller design makes use of the velocity
form and velocity dissipativity to ensure universal shifted stability and performance
of the closed-loop. This has as advantage that explicit knowledge of the (closed-loop)
equilibrium points is not required, making the design procedure feasible. However,
for reference tracking purposes and disturbance rejection purposes it is important
that the controller is designed in such a way that the equilibrium points of the
closed-loop system correspond to the to-be-followed (constant) reference trajectories.

In order to achieve this for the universal shifted controller design described in this
chapter, we propose the following solution. For reference tracking and disturbance
rejection purposes, frequently a generalized plant is considered where the generalized
disturbance is assumed to be in the form w = col(wy, w2), where w; contains the
reference signals and wy contains external disturbances. Moreover, corresponding to
this, the measured output of the plant is then assumed of the form y = col(y1,y2),
where y; contains signals to be tracked (such that w; and y; have the same dimen-
sion) and ys contains other to be controlled variables. Similar to controller design for
LTT systems, in order to track the to-be-followed constant reference, an integrator
is required to be included in the dynamics of the controller K corresponding to
the y; channel. A simple way to achieve explicit integral action is by including a
bi-proper filter with integrator(s) in the loop, or approximate integral action can be
achieved by appropriate choice of weighting filters, see (Zhou et al. Section
17.4). Including an explicit integral filter results in the interconnection depicted in
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Y1
M % U
— >
Y2

Figure 4.4: Controller interconnection for reference and disturbance rejection, with
controller K and integral filter M.

Figure 4.5: Example closed-loop control configuration, similar to Figure 4.1} with
explicit integral filter M in the loop.

Figure [£.4] See also Figure where a generalized plant P is depicted with an
explicit integral filter in the loop (where yo is empty, i.e., y1 = y).

The inclusion of explicit integrators in the loop also allows for state reduction of the
interconnection of integrator (filters) and primal controller, as the differentiators
used for realization of the controller (see Section [1.5.2)) and the integrator (filters)
in the loop will partially cancel out. This gives us the following corollary:

Corollary 4.2 (Universal shifted realization with integral action). Consider a
generalized plant which includes an explicit integrator filter of the form M (s) = ”‘Ta
(where s is the Laplace variable and oo > 0) in the loop, such that the (to-be-designed)
controller K and M are connected as depicted in Figure [[.] where yo is empty, i.e.,
y1 =y (see also see Figure . For K, given by , the interconnection of the
primal realization of the controller K and M can be expressed as where flk,
Cx, and Dy are given as in , and By is given by

5 o | Ax(p(t))Bx(p(t)) + Bx(p)al — 0By (p(t), p(t))
Bi(t) = {ck (0(1) Be(p(t)) + Dy(pal - aDk<p<t>,p<t>>} S

Proof. See Appendix O

4.6 Examples

In this section, we will demonstrate through examples that the universal shifted
controller design guarantees closed-loop universal shifted stability and Lgo-gain
performance. The results will be demonstrated through a simulation study and also



4.6. Examples 91

on an experimental setup. Moreover, we compare the universal shifted controller
design to a standard LPV controller design, which is only able to guarantee stability
w.r.t. the origin (as discussed in Chapter [3|) and standard Ls-gain performance,
showing the benefits of the universal shifted design.

Example 4.1 (Duffing oscillator). First, constant reference tracking and distur-
bance rejection for a Duffing oscillator is investigated. The system is described by
the following differential equations:

q(t) = v(t);
d

8(0) = = a(t) = 22 @(0)° = So(t) + - F(0)

(4.45)

where, ¢ [m] is the position, v [m -s~!] the velocity and F [N] is the (input) force
acting on the mass. Furthermore, m =1 [kg], ky = 0.5 [N-m™1], ky = 5 [N - m 3]
and d = 0.2 [N -s- m™!]. We assume that only the position ¢ can be measured and
hence it is considered to be the only output of the plant.

The generalized plant P that is considered for synthesis is depicted in Figure [£.6]
where G is the system given by , K is the controller, w = col (1, d;) is the
generalized disturbance, with r the reference and d; being an input disturbance.
The performance channel consists of z; (tracking error) and zs (control effort).
The considered LTT weighting filters {W;}?_, are chosen as the transfer functions
Wi(s) = %(28:3), Wa(s) = 1so_~(_85fr1%3) and W5 = 1.5. Furthermore, integral action is
enforced by the filter M (s) = 2% The resulting sensitivity weight W1(s)M(s) has
guaranteed 20 dB/dec roll-off at low frequencies in order to ensure good tracking
performance, while W5(s) has high-pass characteristics in order to ensure proper
roll-off at high frequencies.

21 d;

W1—> W3<—
s iy |

Figure 4.6: Generalized plant considered for Duffing oscillator.

As the Duffing Oscillator is the only nonlinear system in the generalized plant, we
only require the computation of the velocity form of for the VPV embedding,
as all the LTI filters will have the same dynamics in their velocity forms. The
following VPV embedding for is constructed?, where dependence on time is

9Note that variables with subscript v correspond to the time-derivatives, i.e., ¢, corresponds to
G etc. See also Definition @
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omitted for brevity:

1 4.46
@V: <_kl_3k2p> QV_E'UV"'*Fv; ( )
m m

where the scheduling p(t) = ¢(t) and P = [0, 2] is chosen to allow for a relatively
large operating range. Consequently the resulting VPV embedding region is
X =[-v2, V2] xR.

As the VPV embedding (and hence, the resulting generalized plant) has affine
scheduling dependency, polytopic Ls-gain synthesis based on (Apkarian, Gahinet,
and G. Becker Apkarian and Adams is used in the velocity controller
synthesis (i.e., second) step of the universal shifted controller design procedure
Section [£:5.2] This synthesis algorithm has been implemented in the LPVcore
Toolbox (Boef et al. 7 which has been used to synthesize the controller. For the
velocity controller synthesis step, Bi and Dy are assumed to be constant'?, which
gives us an Lgo-gain of v = 1.2. Based on this structural restriction, the resulting
universal shifted controller has affine dependence on p(t) without dependence on
p(t), see . Moreover, as an integration filter M is included in the loop, we
make use of the result of Corollary for the primal realization to obtain the
universal shifted controller. Based on this, the closed-loop is universally shifted
stable has an Lg-gain of v < 1.2 (under the consideration that Proposition is
true) for (q(t),v(t)) € [-V2, V2] x R.

For comparison, also a standard LPV controller design is done to ensure Lo-gain
performance and closed-loop stability (of the origin). For the design of the standard
LPV controller, the primal form of the system given by is embedded in an
LPV representation:

k k d 1 4.47
O:(—1—2p5>q—v+F; ( )
m m

where py(t) = ¢?(t) is the scheduling-variable. Here we will denote with subscript ‘s’
this ‘standard’ concept of LPV embedding and control design. Note that py is the
same as p, i.e., we are able to create an LPV embedding with the same scheduling-
map. Consequently for comparison, we also consider ps(t) € Ps = [0, 2]. The same
generalized plant structure as for the universal shifted design is considered, see
Figure and we also use the polytopic controller synthesis method implemented
in the LPVcore toolbox in order to synthesize the standard LPV controller. This
then results in an Lo-gain for the standard LPV controller design of v = 0.94.

10This might reduce the achievable performance as the parameter dependency of the controller
is partly fixed, which results in less freedom during synthesis.
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Figure 4.7: Position of the Duffing oscillator (top) in closed-loop with the standard
LPV (—) and the universal shifted (— ) controllers under reference (- - ) and
no input disturbance, together with the generated control inputs (bottom) by the
controllers.
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Figure 4.8: Position of the Duffing oscillator (top) in closed-loop with the standard
LPV (—) and the incremental (— ) controllers under reference (- - ) and input
disturbance, together with the generated control inputs (bottom) by the controllers.

In simulation, the resulting outputs of the system using the standard LPV controller
and the universal shifted controller in closed-loop are depicted without and with
input disturbance in Figures [£.7] and [£.8] respectively. In both cases, a step signal
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is taken as a reference trajectory which changes from zero to 0.5 at ¢ = 5 seconds.
For the simulation results in Figure , a constant input disturbance d; = —10%
(corresponding to —10% W3 = —16 [N]) is applied. Note that this reference signal is
not continuously differentiable, due to the change in value at 5 seconds. Nonetheless,
as can be seen, the proposed universal shifted controller works for non-differentiable
references as well.

Comparing the results of the standard LPV controller and the universal shifted
controller in Figure [£.7 shows that both controllers have similar performance when
no input disturbance is present. The universal shifted controller has slightly more
overshoot, but a lower settling time for this example. However, under constant
input disturbance, it can be seen in Figure [{.8] that the standard LPV controller
has a significant performance loss with oscillatory behavior, whereas the universal
shifted controller preserves its constant reference tracking property. Note, that in

both cases, the scheduling-variable p never leaves the set for which the controllers
have been designed, i.e., ¢(t) € [-v/2, V2].

In the next example, we demonstrate the universal shifted controller design on an
experimental setup. Like for the duffing oscillator example, we consider a constant
reference tracking disturbance rejection problem and also compare the achieved
performance to a standard LPV controller design.

Example 4.2 (Unbalanced disk system).

Figure 4.9: Unbalanced disk setup.

By neglecting the fast electrical dynamics of the motor, the motion of the unbalanced
disk can be described as

0(t) = w(t); (4.482)
w(t) = 2 sin(0(t)) — Lw(t) + E=v(t); (4.48b)

where 0 [rad] is the angle of the disk, w [rad - s71] its angular velocity, V' [V] is the
input voltage to the motor, g is the gravitational acceleration, [ the length of the
pendulum, J the inertia of the disk, and K,, and 7 are the motor constant and
time constant respectively. The angle of the disk 6 is considered to be the output
of the plant. The physical parameters, estimated based on measurement data, are

given in Table 1]
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Table 4.1: Physical parameters of the unbalanced disk.

Parameter Value Unit
g 9.8 m-s?2
J 2.4-107* kgm?
K, 1.1- 10" rad-s—1.v—!
l 4.1-1072 m
M 7.6-1072 kg
T 40-1071 s
:Tf W, ! Wai L&
P e
> 1 + U 0
1 K ! + G
2o
d—°>Wd0 5 W >

Figure 4.10: Generalized plant considered for the unbalanced disk.

A generalized plant structure is used as depicted in Figure where G is the
system given by (4.48)), K is the to-be-designed controller, w = col (r, d;, d) is the
generalized disturbance, with r the reference, d; being an input disturbance, and d,
an output disturbance. In this case, the controller K has a two-degree of freedom
structure, meaning the tracking error and reference trajectory are separate inputs
to the controller. The weighting filters are chosen as

0.5012s + 2.005 s+40
Wi(s) = ——— T 222 (s) = ——

(8) = =5 0.02005 (%) = S5 2000 (4.49)
Wi = 0.5, Wiao = 0.1.

Note that the integral action is approximate in this case, due to the choice of Wy, as
Wj includes a real pole close the origin. While this means that we are not able to
use Corollary for the realization step of the universal shifted controller design,
we will see that this choice will still result in good tracking and rejection behavior
of the closed-loop.

As G corresponding to the unbalanced disk is the only nonlinear system in
the generalized plant, like in Example only a VPV embedding of has to
be constructed. We use the following VPV embedding for :

4.50
int) = (22p(1))) 60 (1) — oo (t) + Em Vi (1) 0

where p(t) = n(6(t)) = cos(6(t)) is the scheduling-variable which is assumed to be
in P = [—1, 1]. This corresponds to the VPV embedding region of (4.48)) being
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X =R x R. Note that p(t) = —sin(0(¢))w(t) for which no bounds are explicitly
assumed.

Like for the previous example, we again have an affine dependency on the scheduling-
variable for the VPV embedding, hence, we again use L3-gain polytopic LPV
controller synthesis to synthesize the velocity controller, resulting in an Lo-gain of
v = 0.56 for the velocity form of the closed-loop. The resulting realized universal
shifted controller then ensures that the closed-loop is universally shifted stable and
has an Lg-gain of v < 0.56 (under the consideration that Proposition is true).
Also for the unbalanced disk, a standard LPV controller is designed for comparison.
For this, the primal form of the nonlinear system embedded in an LPV
representation, which results in

4.51
ot) = (Mebpa (1)) 0(2) — 2(t) + K= () (50

where ps(t) = ns(0(t)) = Sin;(et()t)) = sinc(6(t)). Ps is chosen!! as [-0.22, 1]. The
same generalized plant structure as for the universal shifted design is considered,
see Figure and we also use the polytopic controller synthesis method in order
to synthesize the standard LPV controller. This then results in £s-gain for the
standard LPV controller design of v = 0.56.

Figure 4.11: Measured angle of the unbalanced disk system (top) in closed-loop
with the standard LPV (— ) and the universal shifted ( — ) controllers under
reference (- - ) and no input disturbance, together with inputs to the plant (bottom)
generated by the controllers.

HNote that 1s(0) = 1 as limg_,0 sinc(z) = 1.
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Figure 4.12: Measured angle of the unbalanced disk system (top) in closed-loop
with the standard LPV ( — ) and the universal shifted ( — ) controller under
reference (- - ) and input disturbance, together with corresponding inputs to the
plant (bottom) generated by the controllers.

Both the universal shifted controller and LPV controller are then implemented
on the experimental setup, whereby, for safety, the input voltage to the system
was saturated between + 10 V. In Figure [L.1] the trajectory of the angle on the
experimental setup is depicted along with the input to the plant (i.e. u) for a
piece-wise constant reference signal. Note that on the experimental setup, the disk
starts in the downward position, which is why the initial angle is at 7 radians. In
Figure {12} the same reference trajectory is used, but a constant input disturbance
of di = 60V is introduced (which is implemented by adding 60 V to the control input
that is sent to the plant before saturation). For this input disturbance, the standard
LPV controller performs much worse, compared to universal shifted controller design,
which has similar performance to the case when no input disturbance is applied.
Both the LPV controller universal shifted controller are able to compensate the 60
V input disturbance, as visible in the control input that is sent to the plant (i.e. u
in Figure , see bottom graph in Figure However, while the control input
that is sent to the plant is nearly identical for the universal shifted controller in both
cases, see Figures and this is clearly not the case for the LPV controller,
as oscillations in the signal are present when the input disturbance is applied which
causes unwanted oscillation of the disk angle. While an input disturbance of 60 V
is extraordinarily high for this system, and will likely never occur on the real setup,
it still shows that there are inherent issues when using standard LPV controller for
reference tracking and disturbance rejection.
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4.7 Conclusions

As objective of our thesis, as we have discussed in Chapter [T} we intend to develop
a systematic and computationally efficient framework for analysis and control of
nonlinear systems to guarantee global stability and performance. In this chapter, we
have build a key part of this intended framework, by developing a novel systematic
and computationally efficient framework for analysis and control of nonlinear systems
to guarantee universal shifted stability and performance. We have first shown how
the concepts of the velocity form of a system and the corresponding notion of
velocity dissipativity can be used in order to analyze universal shifted stability and
performance. Namely, we have shown that velocity (Q, S, R) dissipativity implies
universal shifted stability and, under assumptions, implies quadratic universal
shifted performance. Through the so-called VPV embedding, we have also shown
how the velocity (Q, S, R) dissipativity problem can be cast as a standard LPV
analysis problem. This then allows us to analyze universal shifted stability and
performance using the LPV framework. These analysis results have also been used
in order to develop a novel controller synthesis method which is able to guarantee
and shape universal shifted stability and performance, again making use of the
LPV analysis and synthesis approaches. We have shown the controller synthesis
procedure considering a universal shifted £5-gain performance objective, but we
can apply the same procedure to also consider other universal shifted quadratic
performance concepts. The benefits of the universal shifted controller design for
reference tracking and disturbance rejection have also been demonstrated through
a simulation and experimental study.



Incremental Dissipativity
based Analysis

EFFICIENTLY computable (global) stability and performance analysis of
nonlinear systems becomes increasingly more important in practical
ions discussed in Chapter 1. Global stability and performance
concepts allow to analyze properti t em independent of its partic-
ular equilibrium points. In Chapter 4, we have seen how universal shifted
stability and performance can be used to provide such stronger guarantees
and ensure them through synthesis. In this chapter, we focus on the
stronger gjlobdl Con(ept of incremental stability and performance anal

pdtl\ ity of thc 'dudtlons along trajec
tenl We also p10v1de how these concepts link to other dissipativit

concepts such as universal shifted and classical dissipativity. Moreover, we
show how, through the Linear Parameter-Varying (LPV) framework, we can
formulate tests for incremental diss i i
conditior .
show h hese results lead t > 1 mental exte ns of the Lo-gain,
the generalized Ho-norm, the £.-gain, and y of nonlinear
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5.1 Introduction

As discussed in Chapter 1} the Linear Time-Invariant (LTT) framework has been
a systematic and easy-to-use approach for modeling, identification and control
of physical systems for many years. However, growing performance demands in
terms of accuracy, response speed and energy efficiency, together with increasing
complexity of systems to accommodate such expectations, are pushing beyond the
modeling and control capabilities of the LTI framework. Therefore, stability and
performance analysis of nonlinear systems becomes increasingly more important.

While there are many existing tools available for analysis of nonlinear systems,
see Section [I.2.2] they often require cumbersome computations and restrictive
assumptions, and unlike the LTI case, they have not lead to systematic performance
analysis and shaping methods. While dissipativity theory in principle allows for
analysis of nonlinear systems, current results are not computationally attractive.
Furthermore, they only provide local stability and performance guarantees, i.e., only
w.r.t. a single point of natural storage (usually the origin), which is undesirable
for disturbance rejection and reference tracking. Hence, there is need for a com-
putationally efficient analysis tool for global stability and performance properties
of nonlinear systems. Such analysis tools will also be key for developing synthesis
results in order to achieve the goal of this thesis, see Section [I.4] of developing a
systematic, computationally efficient, framework for nonlinear analysis and control
with global stability and performance guarantees.

In Chapter [l we have already seen the how one such global stability concept,
universal shifted stability and performance, can be used to provide guarantees w.r.t.
all equilibrium points of the system, instead of w.r.t. only a single equilibrium
point. Moreover, we have also seen how, through the velocity form and the Linear
Parameter-Varying (LPV) framework, we could convexify the resulting analysis
problem. The results on universal shifted stability and performance have proved to
be especially useful in analysis and control problems where tracking and rejection of
constant signals is required. However, in many applications we do not only want to
ensure stability and performance w.r.t. constant trajectories, i.e., equilibrium points,
of the system, but also w.r.t. other trajectories of the system (i.e., w.r.t. time-
varying signals). As already briefly discussed in Section incremental stability
(and performance) is one such global concept which allows to analyze this. Namely,
incremental stability (Angeli analyzes stability of a system w.r.t. arbitrary
trajectories of the system. Similar stability notions have also been developed, such
as contraction (Lohmiller and Slotine Manchester and Slotine and
convergence theory (Pavlov, Pogromsky, et al. with strong connections to
incremental stability theory (Riiffer et al. 2013)). Similar notions for performance
have also been introduced such as incremental Lo-gain (Fromion, Monaco, et al.
and passivity (Jayawardhana Pavlov and Marconi 2008). With further
extensions also towards global dissipativity analysis through differential dissipativity
(Forni and Sepulchre Forni, Sepulchre, and Van der Schaft Van der
Schaft and incremental dissipativity (Pavlov and Marconi . However,
they do not provide computationally efficient methods to verify these dissipativity
notions. Current works discussing differential and incremental dissipativity only
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focus on passivity based performance. How the various dissipativity notions are
linked to universal shifted dissipativity or classical dissipativity is generally not
discussed.

To address these shortcomings, the main contributions in this chapter are (i) con-
ditions on general quadratic performance analysis using incremental dissipativity
for Continuous-Time (CT) nonlinear systems, (ii) establishing the missing link
between the various dissipativity concepts for CT nonlinear systems, and (iii) com-
putationally efficient convex tools to analyze incremental stability and performance
of CT nonlinear systems. This is achieved by developing a general incremental
dissipativity framework that connects differential, incremental, universal shifted,
and classical dissipativity. Through these results, incremental notions of the L,-gain,
the generalized Ho-norm, the £, -gain and passivity are systematically introduced,
also recovering some of the existing results on these concepts. Finally, convex
analysis tools to compute the resulting conditions for differential and incremental
dissipativity are derived using the LPV framework. Later, in Chapter [7] we also
extend the results of this chapter to Discrete-Time (DT) nonlinear systems.

In Section [5.2] some preliminaries are introduced and a formal problem statement is
given. Section [5.3] gives the main results on differential and incremental dissipativity
and their connection to universal shifted dissipativity and classical dissipativity. In
Section the incremental extensions of well-known performance measures are
derived and the use of the LPV framework is discussed to obtain convex computation
methods to analyze these performance measures. The introduced concepts and
methods are demonstrated on two academic examples in Section [5.5] Finally, in
Section [5.6] conclusions are drawn from the presented results.

5.2 Incremental and Differential Dissipativity

Similar to Section [2.2] in this chapter, we consider nonlinear, time-invariant, CT
systems given by

o(t) = f(z(t), w(t)); (5.1a)
2(t) = h(z(t), w(t)); (5.1Db)

where t € R{ is time, z(t) € X C R™* is the state, w(t) € W C R™ is the input,
and z(t) € Z C R™ is the output of the system. We consider the sets X', W and Z
to be open sets containing the origin, with X', ¥V being convex, and the mappings
f:XXW—=R™and h: X x W — Z to be in C;. The state-transition map is
again ¢y : R x R x X' X WES 5 X , describing the evolution of the state such that

x(t) = ¢X(t,0,x0,w), (52)

with g = 2(0). The behavior of the system, i.e., the set of all possible solutions, is
denoted by

B = {(r,w,z) € (X xW X Z)R‘T | © € Cpand (z,w,2)satisfies (5.1)}. (5.3)
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Note that B C BR0+, where B =X x W x Z is called the signal value set.

Like in the previous chapter, the form presented in will be referred to as the
primal form of the nonlinear system. As we have discussed in Section for the
primal form, an extensive dissipativity theory has been developed over the years,
with its roots in (Willems. From the classical dissipativity notion many system
properties can be derived, such as performance characteristics and stability, as well
as a link with the physical interpretation of the system. Therefore, dissipativity is
an important fundament in nonlinear system theory. However, a shortcoming of
classical dissipativity theory that it is always considers the energy w.r.t. a single
point of neutral storage, often being the origin of the state-space representation.
If the system is nonlinear, this analysis is different for each considered neutral
storage point and unlike in the LTI case, this difference cannot be eliminated by
a coordinate transformation. This means that performance and stability analysis
through classical dissipativity is equilibrium point dependent.

An extension to this concept is incremental dissipativity, i.e., analysis of the (dissi-
pated) energy flow between any two system trajectories. We give an extension of
the definition of incremental passivity in (Van der Schaft Def. 4.7.1). Let us
first give the following definition:

Definition 5.1 (Q;-space). A function Vi : X x X — R{ is in Q;, with X C R if
Vi(, @) € Qz for all & € X and Vi(z,-) € Q, for all z € X. See also Definition [2.7

Definition 5.2 (Incremental Dissipativity). The system is called incremen-
tally dissipative w.r.t. the supply function s; : W X W x Z x Z — R, if there exists
a storage function V; : X x X — Rar with V; € Cy and V; € Qi, such that for any
two trajectories (x,w, z), (%, w, 2) € B,

Vi(z(t1), 2(t1)) — Vi(z(to), Z(to)) < / 1 si(w(t), w(t), z(t), 2(t)) dt, (5.4)

to

for all to,t; € RY with tg < ty.

Besides analyzing the difference between two trajectories, it is also possible to
analyze infinitesimal variations of trajectories. First, define the set of paths

To(p, @) :={p e @ | pec, ¢0) =, 3(1) = ¢}, (5.5)

corresponding to all smooth paths along A € [0, 1], between the points ¢ € & C R
and @ € & C R". Consider any two trajectories of : (x,w,z2),(Z,w,2) € B. As
X, W are considered to be convex, any trajectory between these can be parametrized
with zg € F)((xmi'o) and ’lI}(t) € Fw(w(t),lf}(t)), e.g., Lf()()\) =I9+ )\(LL'() — i‘o) S
X and w(t,\) = w(t) + Mw(t) — @©(t)) € W, resulting in the state transition
map Z(t,A) = ¢x(t, to, To(N),w(N)) € X. Note that this parametrization covers
transitions between all possible solutions in 8. Given a A, it holds that

z(t,\) = f(Z(t,\), 0(t,\)); (5.6a)
Z(t, A) = h(z(t, N), w(t, N)), (5.6b)
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with A € [0,1] and the resulting collection of trajectories (Z(A),w(\), Z2(N)) € B,
also depicted in Figure [5.1] Note that A here is a constant that parametrizes a
collection of solution trajectories that represent a transition from one particular
solution trajectory (z,w, z) to another trajectory (&, w, 2).

ey L ! _wHL));

Figure 5.1: Collection of trajectories (Z(X),w(\),z(\)) € B parametrized in A €
[0,1] between two arbitrary state and input trajectories, where w(t, \) = @(t) +
Aw(t) —w(t)) and To(N) = To + A(xo — To) with the variation of Z along A given
by xs.

As f,h € Cy, taking the derivative of w.r.t. A, the infinitesimal variation of
the original trajectories, can be analyzed. A similar concept has been introduced
in (Crouch and Van der Schaft Forni, Sepulchre, and Van der Schaft
Reyes-Béez as variational dynamics'. Differentiation of w.r.t. A\ yields
the variational system

a5(t, N) = As(Z(t, N), w(t, N)xs(t, N) + Bs(Z(t, N), w(t, N))ws(t, \); 5.7a)
z5(t, A) = Cs(Z(t, N), w(t, N)xs(t, ) + Ds(Z(t, N), w(t, \))ws(t, N); 5.7b
with 25(t, ) = 92 (t,A) € R™, ws(t,\) = 22(¢,A) € R™, 25(t,\) = 92 (¢, \) € R,
and
_of _of _oh _oh
A(S_aix) B5_8w7 C(s_axa D(s_awa (58)

where (Z(A\), w(N)) € mxw DB for all A € [0, 1]. Note that for a trajectory in B, A
is fixed for all time. For a trajectory z()), corresponding to a given A € [0, 1], its
variations are captured in xs5(\). In the sequel, we will generally omit A for brevity,
e.g., x5(t) = x5(t, A) (which holds for any A € [0, 1]). In this chapter, we will refer
to as the differential form of the nonlinear system . Let us denote the
behavior of for a particular (Z,w) € 7y w B by (omitting dependency on \)

B (T, w) = {(1‘5,105,25) € (R™ x R"™ x an)Rg | z5 € Cq,
(x5, ws, z5) satisfies (5.7) along (55,117)}, (5.9)

and the full behavior by Bs = U Bs(z,w).
(%,0)Emx,w B

n fact, we can obtain a variational system for any smooth (z,w) parametrization (see
(Reyes-Béez [2019) for an alternative approach).
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With the differential form of a system defined, we can define the notion of differential
dissipativity, interpreted as the ‘energy’ dissipation of variations of the system
trajectory that are not forced by the input. If the energy of these variations in
the system trajectories decreases over time, the trajectory will eventually only be
determined by the input of the system. Hence, the primal form of the system will
converge to a steady-state solution, which is not necessary a forced equilibrium
point, e.g., it can be a periodic orbit. We use the definition adopted from (Forni

and Sepulchre 2013)).

Definition 5.3 (Differential dissipativity). Consider a system and its differ-
ential form , The system is differentially dissipative w.r.t. a supply function
s5 1 R™ x R™ — R, if there ewists a storage function Vs : X x R™ — R with
Vs € Co and Vs(Z,-) € Qo, VT € X, such that

Vs((th), 2s(t1)) — Vs (& (to), 25 (to)) < /tl ss(ws(t), (1)) dt, (5.10)

to

for all (z,%) € 7xw B and for all to,t; € RY, with to < t;.

Differential passivity definitions can be found in (Forni, Sepulchre, and Van der
Schaft Van der Schaft . The condition for differential dissipativity
can be interpreted as the differential form of the system being classically
dissipative (along all solutions of the system ), see also Deﬁnitionm

Remark 5.1. Note that when the incremental and differential storage functions V;
and Vs are differentiable, we can also define equivalent conditions in terms of the
(time) differentiated forms of (5.4) and (5.10). Similar as for classical dissipativity

in (222

Despite the interest in classical dissipativity, universal shifted dissipativity, incremen-
tal dissipativity, and differential dissipativity, the underlying connection between
these notions have not been explored in the literature yet. We will establish this
connection in case of quadratic supply functions in the next section based on which
performance analysis of nonlinear systems is achieved. Furthermore, we will discuss
implications of these dissipativity notions on stability as well.

5.3 Global Stability and Performance Analysis

5.3.1 Differential (Q, S, R) dissipativity

In this section, we present results on how differential dissipativity can be used in
order to analyze global stability and performance of systems. We will first examine
differential dissipativity with quadratic supply functions.

Consider the differential form (5.7)) of a nonlinear system, which describes the
variation of the system over a trajectory (&, w, z) € 8. Note that this system always
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exists if the mappings f and h are in C;. To formulate our results for differential
dissipativity, we consider a quadratic storage function of the form

Vs(Z,x5) = x4 M(Z)xs. (5.11)

For Vs of the form (5.11) to be a differential storage function (see Definition [5.3),
we have the following Condition:

Condition 5.1. The matriz function M : X — S™ with M € Cy is real, symmetric,
bounded and positive definite, i.e., Jaq, s € RT, such that for all z € X, a1 =
M(f) j OéQI.

This storage function represents a measure of the energy of the variation along the
state trajectory . We consider the following quadratic supply function,

ss(ws, 25) = [wé]T [g }S%] [wé- (5.12)

2 z5

with matrices Q € S"™v, S € R™*" and R € S"2. We will refer to differentially
dissipativity w.r.t. the quadratic supply function @ as differential (@, S, R)
dissipativity. For the system in primal form given by @, let us also consider
the set D for which holds that %z (t) = i(t) € D for all t € R}. Based on these
considerations, we can formulate the following theorem.

Theorem 5.1 (Differential (@, S, R) dissipativity condition). The system in primal
form is differentially (Q, S, R) dissipative, under a quadratic storage function
, if there exits a matriz function M : X — S™ satisfying Condz'tion such
that for all (z,w) € X x W and &, € D it holds that

T 8M(f,fv) M(g:‘c)} {Aéé’w) - ,w)} N

(97 {i) Jﬂ {cé(g,w) Ds(z,w)| 3 313)

where OM (Z,7y) = Y=y 61{‘%@ Zv,i (Ti and Ty, denote the i’th element of & and

Zy, respectively) and As, ..., Ds are given as in

Proof. See Appendix [B23] O

5.3.2 Inducing incremental dissipativity

First, we show that the property of differential dissipativity under supply function
(5.12) and storage function (5.11)) implies the property of incremental dissipativity
with supply function

si(w, 0, 2, 2) = [w _?]T [Q }Z] [w_fb] : (5.14)
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We will refer to incremental dissipativity w.r.t. the supply function as
incremental (Q, S, R) dissipativity. Secondly, we give a computable condition to
analyze incremental dissipativity. The following result is the core of our contribution
of this chapter.

Theorem 5.2 (Induced incremental dissipativity). When the system in primal form
is differentially (Q, S, R) dissipative for a tuple (Q,S, R) for which R < 0,
under a storage function Vs of the form , then, there exists a storage function
V; such that the system is incrementally (Q, S, R) dissipative for the same tuple

(Q,S,R).

Proof. See Appendix [B23] O

Remark 5.2 (Restricted R). The restriction R < 0 is a technical necessity in the
proof of Theorem[5.2] In case of R > 0 or R being indefinite, validity of Theorem [5.2]
is an open question. However, for supply functions of the form , R <0 is also
required to infer incremental stability from incremental dissipativity, see Remark [5.3]
Hence, this assumption is not restrictive.

Comparing Theorem [5.2] to existing results in this context, we want to highlight that
(Waitman et al. Waitman et al. also give some results on incremental
dissipativity. However, these works only focus on a specific and restrictive form of
the supply function. Moreover, the technical result of (Waitman et al. refers
to a proof in a paper that has never appeared to the author’s knowledge.

From Theorem [5.2] we have the following (trivial) result:

Corollary 5.1 (Incremental (@, S, R) dissipativity condition). The system in primal

form is incrementally (@, S, R) dissipative with R <0, if holds for all
(z,w) € X x W and z, € D with M satisfying Condition .

Corollary gives a sufficient condition to verify incremental (@, S, R) dissipativity
of a general nonlinear system. Note that by this result, if the matrix inequality
holds for all (z,w) € X x W and z, € D, then we know that there exist
a valid storage function V; (of the form , see the proof of Theorem in
Appendix such that is satisfied. However, calculating this function in
an explicit form might be difficult (see Section . If no positive definite M
can be found to satisfy , then it does not necessarily mean that the system is
not differentially or incrementally dissipative. Inequality might hold for a
non-quadratic Vs, or a more complex M.

5.3.3 Explicit incremental storage function
Even if deriving an explicit form of V; is challenging in general, we can take an
extra assumption for the quadratic form (5.11) to give an explicit construction:

Assumption 5.1. M(Z) can be decomposed as M(Z) = N(Z) PN(z), P € S"=
with P = 0 and N(Z) € R™*™ s.t. Jp: R™ — R™ s.t. 20 — N (7).
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While this decomposition of M (Z) is always possible if it satisfies Condition

see Appendix existence of 1 such that 6’5—? = N(z) is not guaranteed for any
M (z). This illustrates well the challenges for obtaining an explicit construction of
V;. For the sake of simplicity, we assume in the remainder of this subsection that
X =R,

Lemma 5.1 (Induced incremental storage function). If the system in primal form
is differentially dissipative with a storage function

Vs(z,x5) = ZII(;TM(i‘)J)(;,

where M satisfies Condition [5.1] and Assumption[5.1} then, the incremental storage
function V; in Theorem[5.9 is given by

Vi(e, &) = (u(2) — u(@))" P(u(e) — u(@)). (5.15)

Additionally, if M(x) = M € S™ for all T € X with M > 0, then, the incremental
storage function simplifies to

Vi(z, %) = (x — )" M(z — Z). (5.16)

Proof. See Appendix [B23] O

In case X is a bounded convex set, Lemma [5.] can be also shown to hold true,
if either beyond Assumption it holds that p(X) is also convex, or if M is a
constant matrix.

5.3.4 Relation to other dissipativity notions

We now show that incremental dissipativity implies also the previously discussed
dissipativity notions in this thesis. Namely, we will show incremental dissipativity
implies universal shifted dissipativity, see Definition and also classical dissipa-
tivity, Definition [2.13] assuming the origin is an equilibrium point of the system,
with corresponding zero input and output.

Theorem 5.3 (Induced dissipativity). Consider a nonlinear system in its primal
form . If the system is incrementally (Q,S, R) dissipative and satisfies?
Assumption then it is universally shifted (Q, S, R) dissipative, see Definition .
If3 (0,0,0) € &, the system is also classically (Q, S, R) dissipative.

Proof. See Appendix [B3] O

2In case the system is also incrementally asymptotically stable (see Deﬁnition and Theo-
rem [5.5)), this assumption can be dropped.
3Meaning the origin is an equilibrium point of the system, corresponding to zero input and

output, see also (2.5)).
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By this last result, we have obtained a chain of implications, which connect the
various dissipativity notions. Moreover, we have given a condition (matrix inequality
(5.13])) that then allows to examine differential, incremental, universal shifted, and
classical dissipativity and thus examine global stability and performance of a
nonlinear system. This chain of implications is summarized in Figure (2] A
result similar to Theorem is given in (Liu et al. for single-input-single-
output networked nonlinear systems and only considering the connection between
incremental and classical dissipativity. However, note that Theorem is more
general, as it holds for general nonlinear multi-input-multi-output systems of the
form and also highlights the connection to universal shifted dissipativity.

Differential Incremental s Um?/ersa.l s Classical
dissipativity dissipativity L dissipativity
e dissipativity

Figure 5.2: Chain of implications with the dissipativity notions for supply functions

of the form (5.12)).

For LTI systems , it is also trivial to see how these different dissipativity
concepts are equivalent to each other. Namely, as for the differential form of
an LTT state-space system we have that As(z,w) = A, ..., Ds(Z,w) = D.
Consequently, the condition for differential dissipativity in Definition [5.3]is in that
case equivalent to the classical dissipativity condition in Definition This also
further highlights why global stability and performance concepts do not have to
be considered for analysis and control of LTI systems, as the standard/classical
stability and performance concepts already guarantee them in that case.

5.3.5 Relation to stability notions

For classical dissipativity, it is well known how it connects to stability of the system
(at the origin of the state-space representation), see also Section Similarly,
we will show how incremental dissipativity connects to an incremental notion of
stability.

Before providing these results, we will first introduce some (existing) results on
incremental stability. While definitions of incremental stability are often being
given in terms of comparison functions, see e.g. (Angeli Tran et al. ,
we will here use a definition more along the lines of ‘standard’ stability given in

Definition which is also consistent with the definitions in literature.

Definition 5.4 (Incremental stability). The nonlinear system 18

e incrementally stable, if for each € > 0, there exists a §(¢) > 0 such that
12(0) = 2(0)[| < 6(e) = [lz(t) = Z(D)]| <& (5.17)

forallt e R, x,& € By (w), and measurable and bounded functions w € WES
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o incrementally asymptotically stable, if it is stable and attractive, i.e., there
exists a § > 0 such that

a(0) = #O) <8 = Jim [[6(t.0,2(0),w) — 6(¢.0,7(0). w)] =0
(5.18)
for all x,% € By (w) and measurable and bounded functions w € WRG .

By taking one trajectory equal to an equilibrium point of the system (for the
corresponding constant input), one can easily see that by this definition incremental
stability also implies universal shifted stability, see Definition [41]

Similar to standard stability, see Section we can use (incremental) Lyapunov
functions to analyze (incremental) stability of the system. The following is adapted

from (Angeli [2002):

Theorem 5.4 (Incremental Lyapunov stability). The nonlinear system given by
is incrementally stable, if there exists a positive definite, so-called incremental
Lyapunov function V; : X x X — Rg with Vi € C1 and Vi € Q;, such that

2 Vi(z(?),2(t)) <0, (5.19)
for allt € RY and x,% € 7y By (w) under all measurable and bounded functions
w e W Moreover, the nonlinear system is incrementally asymptotically stable,

if holds, but with strict inequality except when x(t) = Z(t).

Having introduced these results on incremental stability, we will next show how it
connects to incremental dissipativity.

Theorem 5.5 (Incremental stability implied by incremental dissipativity). Assume
the monlinear system given by s incrementally dissipative under a storage
function V; € C1 w.r.t. a supply function s that satisfies

si(w,w, z,2) <0, (5.20)

for allw € W and all z,Z € Z, then, the nonlinear system is incrementally stable.
If the supply function satisfies @ , but with strict inequality when z # Z, and the
system is observable (see Definition @, then the nonlinear system is incrementally
asymptotically stable.

Proof. See Appendix O

Remark 5.3. For quadratic supply functions of the form the conditions for
incremental stability of Theorem correspond to R < 0 (or to R < 0 in order
to imply incremental asymptotic stability). Note, that this condition on R is also
required for Theorem See also Remark
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Similar to analyzing incremental dissipativity through the differential form, results
have also been derived in literature to analyze incremental stability using the
differential form (Lohmiller and Slotine [1998; Pavlov, Pogromsky, et al.
Jouffroy and Fossen Riiffer et al. [2013; Forni and Sepulchre 2014)):

Theorem 5.6 (Induced incremental stability). The system given by , with
differential form , 1s incrementally stable, if there exists a quadratic positive
definite function Vs : X x R — R of the form , such that
d
%V(g(a_t(t),xtg(t)) <0, (5.21)

for all* € 7, By (w) under all measurable and bounded w € WES and for all

teRY. If holds, but with strict inequality except when® z(t) = Z(t), then
the system is incrementally asymptotically stable.

The condition given in (5.21) can be interpreted as the differential form being
(asymptotically) stable (along all trajectories of the system).

The result of Theorem [5.6] can then also be used to derive a matrix inequality
condition for incremental stability, as has been reported in (Lohmiller and Slotine
Pavlov, Pogromsky, et al. Jouffroy and Fossen Riiffer et al. .
For the system in primal form ([5.1)), we consider again the set D for which holds
that 4a(t) = i(t) € D for all t € R].

Lemma 5.2 (Incremental stability condition). The system given by 18 incre-
mentally stable, if

As(z,w)" M(Z) + M (Z)As(Z,w) + OM(Z,Z,) < 0, (5.22)

for all (z,w) € X xW, &, € D and M satisfying Condition . If holds,
but with strict inequality, then, the system is incrementally asymptotically stable.

Note that the above results also gives us a similar chain of implications as discussed
in Section [5.3.5, where now we have that the condition in Lemma [5.2] implies
‘stability of the differential form’, implying incremental stability, which in turn
implies universal shifted stability, which finally implies standard stability (under the
condition that the origin is an equilibrium point). Therefore, like for dissipativity,
we have one condition (the matrix inequality in Lemma that allows us to
examine incremental, universal shifted, and standard stability.

5.3.6 Relation to velocity dissipativity

In Chapter [d] we have also discussed how universal shifted stability and performance
can be analyzed through the velocity form and corresponding notion of velocity

4Note that this corresponds to w()\) = w € mw B, VA € [0, 1], hence, ws = 0.
5Corresponding to z;5(t) = 0.
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dissipativity, specifically see Section

For a nonlinear system given by (5.1)) its velocity form, see Definition is given
by

() =

where A, = g—i, v = gT{;’ C, = %, D, = g—g, and (z,w,z) € B, (see )
Moreover, the solution set of ([5.23)) is given by

By = {(#,1, ) € (R™ x R™ x R™)®3 | i(t) = La(t),

w(t) = Lw(t),2(t) = L2(t),Vt R}, (z,w,2) € B}, (5.24)

see also . When we compare the velocity form with the differential form
, note that A, = As,..., D, = Ds. Moreover, due the definition of the solution
set of the velocity form, 9B, it is clear that any solution of the velocity form is
also a solution of the differential form, i.e., for a (&,w, 2) € B, with corresponding
(z,w) € Tyw B, it also holds that (i, 2) € Bs(z,w) (see ((.9)). However, not
any solution of the differential form is also a solution of the velocity form, as solution
for the velocity form are directly connected to the solutions of the primal form
through time-differentiation. Consequently, we have that the solution set of the
velocity form is included in that of the differential form, i.e., B, C Bs.

Furthermore, remember that velocity dissipativity, see Definition [£.6] can be seen as
classical dissipativity of the velocity form, similar how differential dissipativity can
be seen as classical dissipativity of the differential form. Combined with the previous
observation that the solution set of the velocity form is included in that of the
differential form, i.e., 2B, C Bs, we therefore have that differential dissipativity also
implies velocity dissipativity. This connection has also been reported in (Kosaraju
et al. Kawano et al. , however, only in case of a passivity based supply
function.

That differential dissipativity implies velocity dissipativity also becomes clear when
we compare the matrix inequality condition for velocity (@, S, R) dissipativity given
in Theorem with the condition for differential (@, S, R) dissipativity given in
Theorem omparing the two conditions, it is evident that in case M in
is a constant matrix, that condition is equivalent with condition (£.20). This
means that with condition for velocity (@, S, R) dissipativity in Theorem [4.4]
we actually imply the stronger notion of differential (@, S, R) dissipativity. However,
note that the velocity form and velocity dissipativity are still useful, as we can exploit
their properties for controller synthesis in order to ensure closed-loop universal
shifted stability and performance, as we have shown in Section
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5.4 Convex Incremental Performance Analysis

5.4.1 Incremental performance

We now use the dissipativity results of Section [5.3|to recover incremental notions of
well-known performance indicators (Lo-gain, £..-gain, passivity and the generalized
‘Ho-norm) and propose a method, through the LPV framework, that allows for
global, convex performance analysis of nonlinear systems. This will also serve as a
stepping stone for the formulation of incremental controller synthesis in Chapter [0}

In Section [2:3.2] we have introduced the performance metric given by the gain from
input signals in £,. to output signals in L, see Deﬁnitioan_Hl This has given rise
to the popular performance notion of L£o-gain, and to performance notions such as
generalized Ho nominal performance, through the £o-£,.-gain, and peak-to-peak
performance, through the L, ,-gain. All these performance notions, along with
stability of the system, can be characterized through classical dissipativity of the
system, for a particular choice of supply function, see Section 2.4.3]

In the incremental case, most work in the literature has focussed on the incremental
L5-gain (Fromion, Scorletti, and Ferreres Van der Schaft [2017)), with some
extensions to a general incremental £,-gain notion (Romanchuk and James .
Next we will give generalization of these results to an incremental version of £,-L,-
gain for CT systems.

Definition 5.5 (Incremental £,-L,-gain). A (CT) nonlinear system given by
is said to have a finite incremental L,,-L4-gain, if there is a finite v > 0 and function
G X x X = R such that

12 = Zllgr < vllw =@, 7 + G20, o), (5.25)

for allT >0 and (z,w, 2), (Z,W, 2) € B with® w, @ € Lye. The induced incremental
L,-Ly-gain of , denoted as Li,-Lig-gain, is the infimum of v such that
still holds. If p = q, we will refer to this as the (induced) incremental L,-gain,
denoted as Li,-gain.

Next, we will present conditions for the incremental performance notions considering
storage functions of the form of (5.16|). It is trivial to extend these results to the
case when a matrix function M (%) is considered.

Incremental £,-gain

As aforementioned, the Lo-gain is one of the more popular performance notions
for analysis and controller synthesis. Next, we give a results for its incremental
extension, the Lis-gain. Using Definition to define the Li>-gain and together
with Corollary [5.1] lead to the following result:

6Which also implies that (w — @) € Lpe.
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Corollary 5.2 (Lis-gain bound). Consider the system given by with differential
form given by , and let v € RT. If there exists an M € S™ with M = 0, s.t.
for all (z,w) € X x W,

As(z,w) "M + (x) MBs(z,w) Cs(z,w)"
* —~I Ds(z,w)" | <0, (5.26)
* * —~I

then, has an Lis-gain bound of ~y.

Proof. See Appendix O

In (Fromion and Scorletti [2003), it is shown that the primal form has an
incremental £o-gain of v if and only if the differential form has a bounded Lo-
gain of . It is an interesting (open) question how necessity can also be established
via Theorem in this case. Additionally, note that is linear, i.e., convex, in
M and 7y, but it is an infinite semi-definite problem. We will discuss in Section [5.4.2
how to turn the condition in Corollary into a finite number of Linear Matriz
Inequality (LMI)-based convex optimization problem.

Incremental £, -gain

The well-known L£;-norm is defined for stable LTT systems that map inputs with
bounded amplitude to outputs with bounded amplitude. For LTI systems, the
L1-norm is equivalent with the induced L,.-norm, i.e., the peak-to-peak gain of a
system. Similar to results for the Lis-gain, we extend this to the incremental setting
using Definition [5.5] to define the £i.-gain, which, together with Corollary [5.1] as
extension of (Scherer [2000, Sec. 10.3) and (Scherer and Weiland Sec. 3.3.5),

gives us the following result:

Corollary 5.3 (Li-gain bound). Consider the system given by , with differ-
ential form , and let v € RT. If there exists an M € S™ with M = 0, a > 0,
and B> 0, s.t. for all (z,w) € X x W,

As(z,w)" M + (%) + BM M Bs(Z,w)

N P <o, (5.27a)
BM 0 Cs(z,w)
x (y—a) Ds(z,w)"| =0, (5.27b)
* * v
then, has a Lis-gain bound of v for all (x,w, z), (Z,w,Z) € B.
Proof. See Appendix [B3] O

Despite of the fact that (5.27a]) is not convex in 8 and M due to their multiplicative
relation, by fixing 8 and performing a line-search over it, (5.27af) again corresponds
to an infinite semi-definite program.
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Incremental passivity

Passivity is a widely studied system property and it has been extended towards
the incremental setting (Pavlov and Marconi Van der Schaft and the
differential setting (Forni and Sepulchre Forni, Sepulchre, and Van der Schaft
Van der Schaft . In (Kawano et al. , the connection between
differential and incremental passivity has been established for a storage function
with constant M. That work might serve as a parallel proof for Theorem |5.2]
when focusing only on passivity.

A system is said to be passive, if it is dissipative w.r.t. to the supply rate s(w, z) =
w' z+ z"w. Based on (Van der Schaft|2017), the definition of incremental passivity
is as follows:

Definition 5.6 (Incremental passivity). A system of the form for which
Nw = Ny 18 incrementally passive, if it is incrementally dissipative w.r.t. the supply

si(w, 0, 2,2) = (w—w) " (2 = 2) + (2 — 2) " (w — ). (5.28)

Based on Corollary [5.1] the following result holds:

Corollary 5.4 (Incremental passivity condition). The system given by with
Nw = Ny 1S incrementally passive, if there exists an M € S™ with M > 0, such that

for all (z,w) € X x W

As(Z,w) "M + (x) MBs(7,w) —
<

N " Ds(@, @) + (x =<0. (5.29)

The proof simply follows by direct application of Corollary with @ = R =0 and

S =1

Comparing Corollary to (Kawano et al.|[2021)) and (Van der Schaft 2013)), these
papers give results on differential passivity for a combined primal and differential

system formulation (a prolonged system (Crouch and Van der Schaft ) using a
specific form of storage function. The result depends on equality constrains, which
serve as a decoupling condition between the differential storage and the primal
storage, while in this chapter the differential storage and the primal storage have
the same structure (quadratic form with the same M), not requiring such equality
constraints.

Incremental generalized H- performance

There are several extensions of the Hy-norm for nonlinear systems embedded as
LPV systems (De Souza et al. Xie Bouali et al. . In this chapter,
we extend the notion of generalized Hy performance, corresponding to the Lo-
Lo gain, to the incremental setting through the Li>-Li-gain, consistent with
Definition [5.5] Note for the £i2-Lis-gain to be bounded, the assumption is required
that 9% (z,w) = D;(Z,w) = 0 for all (Z,w) € X x W. As an extension of (Scherer
and Weiland Sec. 3.3.4), the following result characterizes an upper bound =y
on the Lio-Lio-gain.
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Corollary 5.5 (Li2-Liso-gain bound). Consider the system given by with

differential form given by for which g—g(i,u_)) = Ds(z,w) =0 for all (z,w) €
X X W, and let v € RY. If there exists an M € S™, s.t. for all (T,w) € X x W,

[A(ﬁ);%)‘f‘r]]\\j“l(ﬁ) A{BW(?)] <0, (5.30a)
M C@m)T
[C(ﬁ) yI ]EO’ 15:300)

then, has an Lis-Lix-gain bound of v for all (z,w,z), (Z,w, 2) € B.

Proof. See Appendix [B23] O

Remark 5.4. Note that the performance measures discussed in this section have a
specific (Q, S, R)-triplet associated with them. Specifically, (Q, S, R) = (v21,0,—1)
for Lis-gain, (Q, S, R) = (al,0,0) for Li-gain, (Q, S, R) = (0,1,0) for incremental
passivity and (@, S, R) = (vI,0,0) for the Lio-L;ix-gain.

Remark 5.5. Note that the results in Corollaries [5.2) to [5.5] are given in terms of non-
strict (matrix) inequalities, while in literature their non-incremental counterparts
are often given in terms of strict inequalities. The strict versions of these results can
easily be retrieved by changing the dissipation inequality for differential dissipativity
in Definition [5.3| to a strict inequality, from which the rest will follow.

5.4.2 Convex computation through the LPV framework

So far, the obtained results have yielded matrix inequalities that correspond to
infinite dimensional semidefinite programs (SDPs). This problem is similar to what
is encountered when analyzing LPV systems. This section presents an approach
to recast these problems as standard LPV analysis problems by embedding of the
differential form of the system in an LPV representation, which we will refer to as
a Differential Parameter-Varying (DPV) embedding. As discussed in Chapters
and [2] there exists various approaches for LPV framework to cast the infinite
dimensional LMIs to a finite dimensional problem. Inspired by (Té6th R.
Wang, To6th, et al. , we define the DPV embedding of as follows.

Definition 5.7 (DPV embedding). Consider a system and its differential
form . The LPV state-space representation
E5(t) = A(p(t))s(t) + Bp(t))ws (1), (5.31a)
25(t) = C(p()) () + D(p(t))ws (t), (5.31D)
with p(t) € P C R™ being the scheduling-variable, is a so-called DPV embedding
of on the region X x W C X x W, if there exists a function n: X x W — P,
the so-called scheduling-map, with p = n(z,w), and P 2 n(X, W), such that for all
(Z,w) € X x W:
C(n(z,w)) = Cs(z,w),  D(n(z,w)) = Ds(z,w),

where A, ..., D belong to a given function class (affine, polynomial, etc.).
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The convex set P is usually a superset of the n-projected values of possible state
and input trajectories (even if X, W are convex), hence, the DPV embedding of
a nonlinear system introduces conservatism. However, similar to standard LPV
analysis of nonlinear systems, this is considered to be the trade-off for efficiently
computable stability and performance analysis of nonlinear systems. In case that
X x W is unbounded, the DPV embedding is often realized on a convex subset
X x W C X x W, such that there exists a compact and convex P 2D n(X x W).
In this case, one either requires to add an extra condition of invariance of the
system on X x W or assume it, which may introduce conservatism in the analysis,
as not the full behavior of the original primal system is considered. Note that
%};istg?ceaof aacompact and convex P, in case of unbounded X x W, follows when
h  Oh

350 50 920 5w are bounded matrix functions, e.g., if % = sin(x), with € R, we

can take p = n(x) = sin(x) € [-1, 1].

As the DPV embedding is an LPV representation, we can make use of various
approaches from the LPV framework to reduce the conservatism of the DPV
embedding for a given preferred dependency class of A, B,C, D (e.g. affine,
polynomial, rational). For example there exists methods whereby we can optimize
n (with minimal n,) such that co (n(X, W)) \ n(X, W) has minimal volume, see e.g.
(Téth Sadeghzadeh and T6th [2020). In Chapter [0} we will also discuss a data
based method to reduce scheduling dimension in order to improve the computational
efficiency for more complex systems, requiring a large number of scheduling-variables
for their LPV or DPV embedding.

Note that the DPV embedding serves as an important tool to convezify the variation
of the matrix inequalities in the analysis. Through the DPV embedding, we can
capture all the behavior of the differential form (5.7)). Let us define the behavior

of ll for a particular p € PRy by 9B, (p) and the full behavior by (i.e., for all

p € PRo) by B, see also (2.27) and (2.28).

Lemma 5.3 (DPV behavioral embedding). Consider the nonlinear system given by
and the LPV system given by . If the LPV system is a DPV embedding
of the nonlinear system on the region X x ‘W = X x W, then, the behavior of
differential form is included in that of the LPV system, i.e., By C %p.

Proof. See Appendix [B3] O

Remark 5.6. If the DPV embedding is considered on the region X x W C X x W,
i.e., only part of the state-space is considered, then we can still describe (part of)
the behavior of the differential form using the DPV embedding. In this case one
requires the assumption that the states and inputs stay in the embedding region,
ie., (z(t),w(t)) € X x W for all t € R}.

Note again that differential dissipativity can be seen as classical dissipativity of the
differential form, which we have shown allows us to imply incremental dissipativity.
Therefore, as we can represent the differential form by the DPV embedding, we can
analyze classical dissipativity of the DPV embedding in order to analyze incremental
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dissipativity. As the DPV embedding is an LPV representation, we hence can cast
the incremental analysis problem as a standard LPV analysis problem. This is
formalized in the following theorem:

Theorem 5.7 (Incremental dissipativity through the LPV framework). Consider
the nonlinear system given by , for which the LPV representation given by
5.31|) is a DPV embedding of the system on the region X x W = X x W. If the
LPYV representation given by is classically (Q, S, R) dissipative with R < 0,
then, the nonlinear system is incrementally (Q, S, R) dissipative.

Proof. See Appendix [B3] O

Note that it is also evident that we can analyze incremental dissipativity through
the LPV framework, if we compare the conditions for the various incremental
performance notions in Section to the conditions in Section Namely, the
conditions given in Section [5.4.1] become then equal to the LPV analysis conditions
discussed in Section 2:5.2] when the LPV representation is given by the DPV

embedding (/5.31)).

Similarly, the DPV embedding can also be used for incremental stability analysis,
using the result of Lemma[5.2] which then becomes a standard LPV stability analysis
problem, again, see also Section [2:5.2} In turn, this allows the proposed incremental
stability and performance analysis to make use of all the computationally efficient
methods constructed to analyze LPV representations (Hoffmann and Werner .

Note that these results also connect again to the velocity based results to analyze
universal shifted stability and performance in Chapter [4 as we have also discussed
in Section Specifically, in Section [£:4] we have also proposed the use the
LPV framework in order to efficiently analyze velocity dissipativity, by embedding
the velocity form in an LPV representation, which we refer to as the Velocity
Parameter-Varying (VPV) embedding. This is similar to how we use the DPV
embedding to efficiently analyze differential dissipativity, and hence, incremental
dissipativity. In Section we have already shown the similarities between the
differential and velocity forms. Due to these similarities, also the DPV embedding
and VPV embedding of a system are closely related. In fact, an LPV representation
can simultaneously be both a DPV embedding and VPV embedding of a system.
This is especially evident when we compare the conditions that the LPV matrices
A,...,D of an LPV representation (along with the scheduling-map 7) need to
satisfy in order to be a DPV embedding, see (5.32), and in order to be a VPV
embedding, see (4.31). However, as aforementioned, despite these similarities, we
can still exploit the different properties of the differential form and the velocity
form through the DPV and VPV embedding, respectively, for controller synthesis.
Like we have shown in Section [L.5] w.r.t. the VPV embedding, and which we will
show w.r.t. the DPV embedding in Chapter [6]
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5.5 Examples

This section demonstrates the developed notions of incremental dissipativity theory
and the analysis tools on two example systems.

Example 5.1 (Incremental dissipativity analysis of a Duffing oscillator). Consider
a second-order Duffing oscillator given in a state-space form by
Z1(t) = xa(t);
ia(t) = —aza(t) — (b4 cxi(t)) z1(t) + w(t); (5.33)
z(t) = z1(t),
where a and b represent the linear damping and stiffness, respectively, and c

represents the nonlinear stiffness component. The differential form of (5.33)) is given
by

0 1 0
—b—3ca2(t) —a} zs(t) + H w(b); (5.34)
z5(t) = [1 0] xs(t).
Moreover, we assume for this system that (x1(t),z2(t)) € X for all t € R, where

X =[-V2, V2] x R, and
w € {R® | (5:33) holds and (z1(t),z2(t)) € X, Vt € RT}. (5.35)

By choosing a = 3.3, b=17.9, c = 1, yields a system with finite Lio-gain. In
this example, we determine the Lis-gain of the system, using Corollary Note
that the nonlinearity x2(t) in can be captured by using a DPV inclusion
p(t) = n(x1(t)) = 23(t) € [0, 2]. The resulting DPV embedding is then given by

Ts (t) =

. 0 1 0
ts(t) = —b—3cp(t) —a} z5(t) + [1] ws(t); (5.36)

Zg(t) = [1 0] x(;(t),

where p(t) = n(z1(t)) = 22(t) € [0, 2], which has an affine scheduling depen-
dency. Computing an L3-gain upperbound for , corresponding to the Lio-
gain upperbound for ([5.33)), using the LPVcore Toolbox (Boef et al. 2021)), yields
M = 00.6589926 88222 > 0 and v = 0.155. Hence, within less than a second, we
know that the nonlinear system is differentially, incrementally, universally shifted,
and classically dissipative” on X for which w satisfies , w.r.t. the supply
function with Q = 0.1552, R = —1 and S = 0, corresponding to an Lj>-gain
upperbound of 0.155. Next, the system is simulated with two different input signals

wy (t) = 3¢~ %% cos (nt) , (5.37a)
wa(t) = —2e " sin (0.6mt + T ), (5.37b)

"Note that (5.33) satisfies (0,0,0) € & as per Theorem
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for which holds that w;,ws satisfy and wy,ws € Lo. The inputs and the
state trajectories are shown in Figure which shows that the states stay within
the defined state-space X.

To visualize differential dissipativity of the system, the signals of are substi-
tuted in the dissipation inequality for the differential form . The left- and
right-hand side of the dissipation inequality E[) are plotted in Figure corre-
sponding to the system trajectories of Figure[5.3] As can be seen in Figure[5.4a] the
stored energy in the system is always less than the supplied energy plus the initial
stored energy, hence the system is differentially dissipative w.r.t. the considered

Lo-gain supply.

Figure 5.3: The applied inputs, w; (—) and ws (=), (left) and the resulting state
trajectories (right). Both trajectories start at (x1(0),z2(0)) = (1,1).
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(a) Differential dissipativity of the system trajectories, [Vs(Z(t),zs(t))] ( — ) and
[fttol ss(ws(7), zs(7)) dT +V5(§J(O),$5(O))} (=), with wi(t) as input (left) and wa(¢)
as input (right).
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(b) Incremental dissipativity based on the system trajectories, [Vi(x(¢), Z(t))] (— ) and
[ (), 0(7), 2(7), 2(r)) dr + Vi(@(0), 5(0))] (—), with w(t) = wa(®) and w(t) =

wo(t) as input.
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(¢) Classical dissipativity of the system trajectories, [V(z(t))] ( = ) and
t1 g g o

[fto s(w(t),z(7)) dT+Vi(QZ(0)):| (=), with wi(¢) as input (left) and wa(¢) as input

(right).

Figure 5.4: Simulation results for the different notions of dissipativity for a Duffing
oscillator w.r.t. a (Q, S, R) supply function with @ = 721, S = 0, and R = —1I,
corresponding to the Lis-gain.

Since the system is differentially dissipative it is also incrementally dissipative.
Figure shows the incremental dissipation inequality, i.e., the stored energy and
the supplied energy between the two trajectories in Figure As can be observed
in Figure the stored energy between two trajectories is always less than the
supplied energy between two trajectories. Hence, considering these trajectories, the
system is incrementally dissipative. Therefore, we can state (based on these two
trajectories) that these results correspond to the developed theory. Furthermore,
because the supply function is parametrized such that it represents the Li>-gain of
a system, v = 0.155 is an upper bound for the L;js>-gain of the system .

Moreover, by Theorem [5.3} incremental dissipativity implies universal shifted dissi-
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pativity and classical dissipativity of the original system . Figure gives the
storage and supply function evolution over time for the two considered trajectories,
showing that the original system is dissipative, since the stored energy is always
less than the supplied energy.

The next example shows that incremental dissipativity is a stronger notion than
classical dissipativity, if the same type of storage function is considered.

Example 5.2 (Comparison between incremental and classical dissipativity on the
Duffing oscillator). This example again uses a Duffing oscillator, now with the
output equation given by z(t) = x5 (t). With this small modification compared to
, the Duffing oscillator can be written as a port-Hamiltonian system. Based
on (Molero et al. , we take the Hamiltonian function as

H(z) = 323 + Lba? + Leal (5.38)
The resulting port-Hamiltonian form of this system is

s =% -5 9 [E]+ [}] e
-~

812

——
(J(z)—R(z)) VH(z) B(z)
2(t) = B(z)"VH(z).

Since a port-Hamiltonian system is always dissipative w.r.t. the supply function
s(w,z) = 2w" 2, we know that the dissipation inequality holds for all trajectories.

(a) Classical dissipativity of the system trajectories, [V(z(¢))] ( — ) and
[fttol s(w(T),z(7)) dT+Vi(.’L'(0)):| (=), with w;(¢) as input (left) and wa(¢) as input

(right), here the y-axis is normalized unitarily.
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(b) Incremental dissipativity based on the system trajectories, [Vi(x(t), Z(t))] (=) and
[f:ol si(w(r),w(r), 2(1), (7)) dr + Vi(2(0), f(O))} (=), with w1 (t) and ws(t) as input.

Figure 5.5: Simulation results for a Duffing oscillator which is passive, but not incre-
mentally passive, when the same storage function (i.e., the Hamiltonian function)
is used: H(z) for general passivity and H(z — Z) for incremental passivity.

Moreover, this supply function indicates passivity, hence the port-Hamiltonian
system is passive. By choosing a = 1.3, b = 7.9, ¢ = 3, the storage function based
on the Hamiltonian allows us to show the system is passive, however, we cannot
conclude if the system is incrementally passive based on a storage function which
uses the same Hamiltonian. The two plots in Figure show the (normalized)
classical dissipation inequality for two arbitrary inputs, and indeed the energy in the
system, based on the Hamiltonian as measure, is less than the supplied energy to
the system. Hence, the system is passive. However, when incremental dissipativity
is examined by subtracting both trajectories, the plot in Figure [5.5b]is obtained.
For some time-interval, the energy in the system is more than the energy supplied
to the system, hence the system is not incrementally passive w.r.t. the supply
function s;(w, W, z, 2) = 2(w — @) " (2 — 2) and storage function H(x — #). This
shows that incremental dissipativity is a stronger notion than classical dissipativity,
when the storage function has the same complexity. Note that the system might be
incrementally dissipative for some different storage function.

5.6 Conclusions

In this chapter, we have established the link between various dissipativity notions,
namely, we have shown that differential dissipativity implies incremental dissipativity,
universal shifted dissipativity, as discussed in Chapter[4] and classical dissipativity of
nonlinear systems. Moreover, we have given results on general quadratic incremental
performance notions and how, through the introduced concept of DPV embeddings,
we can use the LPV framework to analyze the different notions of dissipativity
computationally efficiently. The links we have established give us a generic framework
to analyze global stability and performance notions of nonlinear systems, irrespective
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of a particular equilibrium point or trajectory. Finally, the computation tools we
have presented allow to efficiently analyze global stability and performance of a
rather general class of nonlinear systems. In the next chapter, Chapter [ we
will show how these results open up the possibility to establish computationally
efficient controller synthesis based on the DPV embedding, such that we can
synthesize (nonlinear) controllers for nonlinear systems with incremental stability
and performance guarantees of the closed-loop behavior.






Incremental Dissipativity
based Control

THE constant push for higher performance requirements in practical s
tems has resulted in that nonlinear behavior is becoming increasingly
more dominant in applications, as we have discussed in Chapter 1. This
has resulted in computationally efficient and systematic control of nonlin-
tems growing more and more important for practical applications.
iile the Linear Parameter-Varying (LPV) framework aimed to provide
tematic and computationally efficient tools for nonlinear ems, we

providing the desired guarantees in terms of stability and performance for
nonlinear systems. Namely, they can only provide guarantees w.r.t. a single
equilibrium point of the nonlinear n. Consequently, to achieve the
goal of systematic control of nonlinear syste we require the use of global
stability and performance concepts, which are independent of a particular
point or trajectory. In Chapter 5, we have shown how the global concept
of incremental stability and performance through incremental dissipativity
analysis could computationally efficiently be analyzed through the use of
the LPV framework. In this chapter, for controller synthesis, we build on
top of these results to develop a novel, computationally efficient, systematic
controller design method which is able to ensure incremental dissipativity.
The proposed control method is verified through simulation studies and
on an experimental setup. Moreover, it is also compared to standard LPV
controller designs, showing significant performance improvements.
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6.1 Introduction

The control of nonlinear systems has been an intense, ongoing field of research since
the early 1970’s, and it is still to this date, as we also discussed in Chapter [I} So
far, no systematic way has been found to perform controller synthesis for general
nonlinear systems with performance shaping, compared to the class of Linear Time-
Invariant (LTT) systems where several systematic approaches exist to design or
synthesize controllers.

Hence, in this thesis, we set out to develop a computationally efficient, systematic
framework for analysis and control of nonlinear systems to guarantee and shape
global stability and performance requirements. In Chapter[3| we have first shown how
and why the existing results for the Linear Parameter-Varying (LPV) framework,
which promises to provide a systematic framework for nonlinear analysis and control,
can fail to provide the desired guarantees. Namely, the standard results for the
LPV framework can only ensure stability and performance w.r.t. a single point,
and not the global, equilibrium point independent, notions that are required for
proper systematic nonlinear analysis and control. In Chapter [4] we have already
seen how we can use the LPV framework to analyze and design controllers to ensure
the global notion of universal shifted stability and performance. However, this
notion is limited to ensuring stability and performance w.r.t. constant trajectories
only, i.e., equilibrium points, and not w.r.t. varying trajectories. In Chapter
we have seen how through the stronger global notion of incremental stability and
performance we can analyze stability and performance w.r.t. arbitrary trajectories
of the system. Moreover, we have also shown how incremental dissipativity can be
efficiently analyzed through the use of the LPV framework.

A first attempt to use the concept of incremental stability and performance to
perform controller synthesis in conjunction with the LPV framework was first
made in (Scorletti, Fromion, et al. . Using the results from (De Hillerin et al.
, this work has provided a control synthesis method where the controller itself
is restricted to be Linear Time-Invariant (LTI), with an extra input being the
scheduling-variable. However, the lack of a multiplicative relationship between
the state and the scheduling-variable in the control structure is a heavy limitation
compared to standard LPV control. Despite this restriction, the general benefits of
the alternative design have been clearly visible from the results.

Besides the incremental stability concept, similar stability concepts such as contrac-
tion (Lohmiller and Slotine and convergence (Pavlov, Van de Wouw, et al.
have also been employed to design controllers to ensure a global form of
stability. However, these results often rely on complex procedures for controller
design, and often have no explicit guarantees on performance. More recently, a
convex synthesis framework has been introduced for state feedback design to achieve
contraction (Manchester and Slotine R. Wang, Téth, et al. .

In this chapter, our contribution is the development of a systematic output feedback
controller synthesis framework to ensure incremental stability and dissipativity based
performance for nonlinear systems on the basis of the results of Chapter [5| This
is achieved through three key sub-contributions: (i) proposing a methodology and
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a performance shaping framework to synthesize an output feedback controller
for the differential form of the system by exploiting computationally efficient
LPV methods, (ii) introducing a realization method for the controller designed
for the differential form of the system to get a nonlinear controller that can be
implemented for regulating the (original) target system, (iii) rigorous proofs that
the obtained controller ensures closed-loop incremental stability and dissipativity
based performance specs with the system.

Compared to previous work, we extend the results in (Manchester and Slotine
2018) which use state feedback to ensure Lo-gain performance to output feedback
design under general quadratic performance specifications. Moreover, we present
how the LPV framework can be used effectively to synthesize the output feedback
controller in a computationally efficient manner. Compared to (Scorletti, Fromion,
et al. , in which the resulting controller is limited to an LTI structure, our
proposed controller has full multiplicative relationship between the controller state
and scheduling-variable, similar to a standard LPV controller, hence, potentially
allowing to achieve better performance. The overall capabilities of the design
approach are demonstrated on simulation examples and via experimental studies.

The chapter is structured as follows. In Section [6.2] a formal definition of the
incremental controller synthesis problem is given. Section [6.3] describes the proposed
framework used to synthesize nonlinear controllers ensuring incremental stability and
dissipativity based performance via convex optimization. In Section [6.5] examples
are given on the application of the developed control method. Finally, in Section [6.6]
conclusions on the presented results are drawn.

6.2 Incremental Controller Synthesis Problem

Similar as we considered for universal shifted controller synthesis in Section
in this chapter, we consider the problem of control synthesis for a rather wide
class of nonlinear control configurations, described by so-called generalized plants P
(Apkarian, Gahinet, and G. Becker . The objective is to solve the synthesis
problem by a novel LPV approach that, via exploiting differential dissipativity,
can ensure global stability and performance guarantees for tracking and rejection.
As described in Section see also Chapter |3] current LPV synthesis methods
cannot provide such guarantees in general. A wide range of control structures from
feedback and feedforward control to observer design for nonlinear systems can be
expressed in the form of the plant P, given by

@(t) = f (x(t),u(t)) + Byw(t); (6.1a)
2(t) = hy(z(t), u(t)) + Dopww(t); (6.1b)
y(t) = hy(x(t),u(t)) + Dyww(t); (6.1c)

where t € Ry is time, z(t) € X C R™ is the state, with 2 € C; and initial condition
2(0) = x9 € R™, w € WERS with W C R correspond to references, external
disturbances, etc., collectively called as generalized disturbances, while elements
of z € 2R with Z C R™ characterize the generalized performance (e.g. tracking
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error, control effort, etc.). Furthermore, the channels v and y where u € U
with & C R™ is the control input and y € yRcT with Y C R™ is the measured
output. These represent the channels on which the controller K interacts with P.
Additionally, f: X xU — R™, h, : X xU — R"™ and hy : X xU — R™ are
assumed to be in Cy, while By, € R™*™ D, € R™*™ and Dyy, € R™ X",

The controller K for a given plant (i.e., control configuration) P is considered in
the form

i (t) = filw(t), ux(t)); (6.2a)
Yi(t) = P (), wie(t)); (6.2b)

where i (t) € R™x is the state, uk(t) € R™x is the input, and y(t) € R™x
is the output of the controller. Furthermore, fi : R™uk x R™x — R™x and
hi : R™x x R™x — R™x. The closed-loop interconnection of P and K through
ux =y and u = yx (hence, n,, = ny and ny, = n,) will be denoted by F(P, K),
which has as input w and as output z. The output z € 2ZR{ of F(P,K) for an
input w € WF and initial condition Zero = col(z(0), 2k (0)) € X x R™x«, is also
denoted by Fi(P, K)(w,xc0) = 2 € 2R

Our objective in this chapter is to synthesize K for a given plant P, such that
the closed-loop interconnection Fj(P, K) is incrementally dissipative in terms of
Definition under a given (incremental) (@, S, R) supply function s;, i.e., of
the form ([5.14)), for which R < 0, implying closed-loop incremental stability (see
Remark [5.3)). However, for the sake of compactness of the discussion, we will
exemplify the theoretical toolchain only via the incremental Lo-gain, although the
overall machinery can be easily extended to the other incremental performance
concepts discussed in Chapter [5] This leads to the following problem statement:

Problem Statement 1. For a given plant P, synthesize K such that the Lis-gain vy
fromw to z of the closed-loop interconnection JF\(P, K) is minimized, i.c., synthesize
a K such that there exists a function (i : X X X — R and a v > 0, for which

H‘/_-.I(P’ K)(’Uj, xcl,O) - ‘/—'.I(Pa K)(ﬁ)a jcl,O)HQ’T § 0 HU/ - wHQ,T + Ci(xCI,Oa 501,0)7 (63)

for all T >0, zc,0,Tc10 € X € R™™x and w,w € WRo with w,w € Lo, where
v is minimal. In (6.3), za(t) = col(x(t), xi(t)) € X is the state associated with
the state-space representation of the closed-loop Fi(P, K).

Similar as for universal shifted synthesis in Section to ensure that the above
given synthesis problem is feasible with a finite ~y, we require P to be a generalized
plant in the following sense

Definition 6.1 (Generalized plant for incremental synthesis). P, given by , 18
a generalized plant, if there exists a controller K of the form such that the
closed-loop interconnection Fi(P, K) is incrementally stable.

Proposition 6.1. P, given by , is a generalized plant in the sense of Defini-

tionﬂ if (%(z, u), %(x, u)) is stabilizable and %(x, u), %};y (, u)) is detectable
over X X W, see (Pavlov, Van de Wouw, et al. Section 5.3.2).
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Note that the condition in Proposition [£:2]for universal shifted synthesis is equivalent
to the ones in Proposition[6.1] This is because both the differential form and velocity
form have a similar structure, as we discussed in Section[5.3.6] Therefore, analogous
to Proposition [I.2] Proposition [6.1] can be interpreted as the differential form of
being stabilizable and detectable w.r.t. the (differential versions of the) control
input channel u and measured output channel y, respectively, along all trajectories
of nonlinear system given by .

To further simplify our discussion, we will assume that (6.1]) can be transformed to
the form

(t) = f(z(t)) + Byw(t) + Buu(t); (6.4a)
2(t) = hy(2(t)) + Dyww(t) + Dyuu(t); (6.4b)
y(t) = Cyx(t) + Dyww(t); (6.4c)

where now f: X — R" and h, : X — R"= with f, h, € Cy, and where B, € R"=*"u
and D,, € R"=*™_ While may seem restrictive, can be always expressed
as at cost of increasing the state dimension and requiring the input u to
be (piecewise) differentiable, see e.g. (Nijmeijer and Van der Schaft or the
procedure discussed in Appendix We will see that P in the form of is
advantageous to provide a realization of K after synthesis.

6.3 Convex Incremental Controller Synthesis

6.3.1 Main concept

To solve Problem Statement we propose a novel procedure to synthesize a
nonlinear controller K that ensures Lio-gain stability and performance of F(P, K).
The main steps of the method are summarized as follows:

1. Differential embedding step: Given a generalized plant P, its differential form
Ps is computed. Based on the differential form, a Differential Parameter-
Varying (DPV) embedding! Py, is then constructed to represent the resulting
Ps.

2. Differential controller synthesis step: For the DPV embedding Pypy, an LPV
controller K is synthesized, ensuring a minimal closed-loop Lo-gain . This
synthesis is accomplished using standard methods of the LPV framework, as
discussed in Section 2531

3. Incremental controller realization step: The synthesized controller K is
realized as a primal nonlinear controller K in the form of (6.2) to be used
with the original nonlinear system P to ensure the closed-loop Lio-gain ~.

ISee also Definition
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Our key contributions in the above proposed controller synthesis scheme is the
controller realization procedure (Theorem and proving that the resulting K
solves Problem Statement [1} i.e., performance and stability guarantees obtained
in the differential controller synthesis step do hold in the incremental sense on

Fi(P, K) (see Theorems to[6.4).

Note that the same procedure can be applied in order to ensure different performance
specifications by changing the used performance notion in the differential controller
synthesis step, e.g., in order to ensure incremental passivity one would synthesize an
LPV controller for the differential form of the generalized plant such that closed-loop
passivity is ensured.

Remark 6.1. Note that the steps proposed above for incremental controller synthesis
are similar to the steps for universal shifted controller synthesis as we have presented
in Section For the first step, instead of a Velocity Parameter-Varying (VPV)
embedding, we use the for the incremental procedure a DPV embedding, which
as discussed (see the end of Section can in fact be given by the same LPV
representation. Moreover, in the second step of both the universal shifted and
incremental controller synthesis procedures, the LPV framework is used to synthesize
a controller for the VPV embedding or DPV embedding of the generalized plant,
respectively. In the third and final step of both the universal shifted and incremental
controller procedure, we realize the controller to be used with the original nonlinear
system. However, the realization procedure in the third step is where the universal
shifted and incremental controller design greatly differ. For the universal shifted
controller design, we exploit properties of the velocity form, while, as we will show,
for the incremental controller design, we will exploit properties of the differential
form. While the velocity form and differential form share similarities, they are
different distinct representations, as we have discussed in Section In the
end, this results in the primal forms of the universal shifted controller design
and incremental controller design having vastly different structures. We will also
compare the controller designs in more detail in Section [6.4}

6.3.2 Separability in the differential domain

The procedure relies on the results of Chapter [5] specifically Theorem [5.2] which
shows that ‘classical (@, S, R) dissipativity’ of the differential form (i.e., differential
(@, S, R) dissipativity) implies incremental (Q,S, R) dissipativity of the primal
form (for the same tuple (@, S, R)). Hence, to solve Problem Statement |1} we
can equivalently minimize the £o-gain of the differential form of (P, K). Before
discussing the steps of the proposed procedure, we will first show that the differential
form of A (P, K) is equal to Fi(Ps, Ks). This significantly simplifies the synthesis
procedure, as it allows for independently ‘transforming” P and K between the
primal and differential domains. This is similar to the result we provide for the
velocity form in Theorem [1.9]

Theorem 6.1 (Closed-loop differential form). The differential form of the closed-
loop system Fi(P, K) is equal to the closed-loop interconnection of Py and K, i.e.,
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F(Ps, Ks), if the interconnection of P and K is well-posed, i.e., there exists a Cy
function h such that uw = hy(zx, hy(z,u)) can be expressed as u = h(z, xy).

Proof. See Appendix [B:4] O

6.3.3 Differential embedding
In the first step of the synthesis procedure, the differential form of the generalized

plant P is computed, and the result is embedded in an LPV representation, resulting
in a DPV embedding.

Let us introduce the solution set of (6.4, defined as follows

B = {(x,u,w,z,y) E(X XUXW X Z X y)RrT | x € Cy,
(x,u,w, z,y) satisfies } (6.5)

Then, computing the differential form of P given in , results in Pj, given by?

j?g(t) = Ag(i(t)).’];g (t) + Byws (t) + Buus (t); (6.6&)
25(t) = Cs5,,(Z(t))xs(t) + Dywws(t) + Donus(t); (6.6b)
ys(t) = Cyzs(t) + Dywws(t); (6.6¢)

where A5 = % and C;, = % with z € 7B, 5 € C; and z5(t) € R™ with

x5(0) = 250 € R™, us(t) € R™, ws(t) € R™, z5(t) € R™ and ys(t) € R™. Along
a & € Tx B solution of (6.4)), the set of solutions of is

%5(j) = {(‘rtsvuévwﬁvzﬁvy(s) € (Rnx X R™ x R™ x R™ x Rny)RSr | xs € Cl?
(s, us, ws, zs,Ys ) satisfies along :f} (6.7)

Then Bs = |J Bs(Z) gives the complete solution set of .

TETL B
Next, we embed in an LPV representation, i.e., we construct a DPV embedding

of :

Definition 6.2 (Generalized plant DPV embedding). Consider a nonlinear sys-
tem with primal form and differential form (6.6]). The LPV state-space
representation

Z5(t) = A(p(t))xs(t) + Bwws(t) + Buus(t); (6.8a)
z5(t) = Cu(p(t))zs(t) + Dywws(t) + Dayyus(t); (6.8b)
ys(t) = Cyxs(t) + Dywws(t); (6.8¢)

2Similar to the notation in Chapter we drop the dependency on A for brevity.
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with A, C,, belonging to a given class of functions 2 (e.g., affine or rational functions)
and p(t) € P being the scheduling-variable with a compact and convex P C R™,
is called a DPV embedding of on the region X C X, if there is a function
n: X — P, called the scheduling-map, with n € C; and n(X) C P, such that
Aon=As (ie., A(n(z)) = As(x)) and C,on = Cs, for all z € X.

While Definition [6.2] is consistent with the general DPV embedding definition given
in Definition [5.7] it is given for clarity of the procedure.

Remark 6.2. For tractable controller synthesis, later in Section [6.3.4] the function 7
is must be chosen such that the resulting dependence of A and C, on p, i.e., the class
2, is either affine, polynomial or rational and n, is minimal. Furthermore, P needs
to be chosen such that for the LPV representation , (A, By) is stabilizable and
(A, Cy) is detectable®. This will ensure that the properties of the generalized plant
in Proposition [6.1] are preserved when constructing the DPV embedding. Moreover,
‘P is also chosen such that it is the smallest convex set in a given complexity class
(n-vertex polytope, hyper-ellipsoid, etc.) such that n(X) C P, in order to minimize
the conservativeness of the LPV representation in describing the differential form.
See (Kwiatkowski and Werner Hoffmann Sadeghzadeh, Sharif, et al.
for approaches to fulfill these properties.

In accordance with Definition [6.2] we assume that a DPV embedding, denoted
by Papy, of is constructed in terms of on the region X C X, where X
is compact. This means that i.e., we assume we embed part of the state-space.
For this DPV embedding, let us denote for a given p € PR the solution set by
B, (p) and the full behavior by (i.e., for all p € PRJ) by %p, see also @ and
. Moreover, denote the restriction of state solutions of P to X by
By = {(z,u,w,z,y) € B |x(t) € X} and the corresponding set for the differential
form Pjs by ‘35))( = U@zer, 80 Bs(z). Through Lemma we then have that
‘35,)( - %p, i.e., through the DPV embedding we can describe the behavior of
the differential form under Z(t) € X. Through this DPV embedding Py, we
can use the LPV framework in order to synthesize a controller for Ps, which will be
the next step in the procedure.

6.3.4 Differential synthesis

As aforementioned, we want to synthesize a controller K in order to minimize the
Lio-gain of F(P, K). This is done by first synthesizing a differential controller K
such that the Lo-gain of F(Ps, Ky) is minimized. Then, later in Section a
primal form K of the controller K5 is realized that preserves the achieved closed-
loop properties of Fi(Ps, K5). In order to perform controller synthesis for the
differential form Pj, the LPV framework is used. More concretely, we synthesize
a controller for the LPV embedding of the differential form Py, given in ,
which has been constructed in the differential embedding step in the previous
subsection. To achieve this, we can apply our standard Ls-gain LPV synthesis
techniques on such as polytopic or LF'T-based LPV synthesis methods, e.g.

3See Definitions and
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(Packard 1993; Apkarian, Gahinet, and G. Becker [1995; Wu [1995; Scherer [2001]),

see also Section [2.5.3] to synthesize a controller K5 and ensure Lo-gain stability?
of the closed-loop interconnection Fi(Papy, Ks), for all p € PRo. This synthesized
controller K5 is considered to be of the following form

Tsx(t) = Ax(p(t))2sx(t) + Bi(p(t))usk(t); (6.9a)
Ysx(t) = Ci(p(t))zsx(t) + Di(p(t))usx(t); (6.9b)

~—

which we will refer to as the differential controller, where x;5x(t) € R™« is the
state, usx(t) € R™x is the input, and ys k() € R™x is the output of the controller,
respectively and Ay, ..., Dk € 2 are matrix functions with appropriate dimensions.

Theorem 6.2 (Differential closed-loop Lo-gain). If controller Ky of the form
ensures bounded Lo-gain vy of the closed-loop interconnection Fi(Papy, Ks) for all
p € PR, then F(Ps, Ks) with p = n(z) is also La-gain stable with an Lo-gain < v
for all x € T Bx.

Proof. See Appendix O

Assumption 6.1. We assume that the controller synthesis has been solved such that
Fi(Ps, Ky) is dissipative with a quadratic storage function, i.e., the corresponding
(differential) storage function is assumed to be of the form Vs(xc1, s5.c1) = xéT,Clng,d,
where M = 0, i.e., a quadratic Vs which is independent of x. . This is required for
the proposed controller realization procedure in Section

Remark 6.3. Note that similar as for the universal shifted controller design, see
Remark [£.3] if the weighting filters included in P are LTI, then, as depicted in
Figure the input-output behaviors of W, and W, are equivalent to that of
Wsw and W;s,. This is the case because the dynamics of the differential form of
an LTT system are equivalent to the dynamics of its primal form. Therefore, there
in a one to one correspondence between the performance shaping of the primal
form F(P, K) (see Figure [6.1a)) and performance shaping of the differential form
Fi(Ps, K5) (see Figure his significantly simplifies the controller design, as
shaping can be directly performed through the differential form Ps and hence also
through the DPV embedding Pypy.

6.3.5 Controller realization

We will now describe how to realize the primal form K of the controller for the
nonlinear system such that the differential form of K is given by K in and
incremental dissipativity of the closed-loop is ensured. Similar to the approach
in (Manchester and Slotine , we take a path integral based realization. In
Chapter [p] we have seen that to obtain the differential form we differentiate over
the variation of trajectories, in terms of A, hence, to go back to the primal form we

4By which we mean the system is classically dissipative with a supply function corresponding
to a bounded L2-gain, also implying stability of the system.
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P 1
w3 P W, =
_________ ) R S
K
(a) Primal form.

P
w"_i_>W5w Ps W5z—§—>25

Ks

(b) Differential form.

Figure 6.1: Shaping the closed-loop behavior of the primal and the differential form
by the use of weighting filters Wy, and W,.

integrate over the variation \. This lets us converge from the current trajectory
towards a known desired (feasible) steady-state trajectory. Namely, to guarantee
incremental stability and performance, we consider ¥ £ (z*, u*, w*, 2*,y*) € By
of P to be a known trajectory, towards which we want to converge. Let us
denote by xs.c1(t) € R™a the state associated with Fi(Ps, Ks), analogous to the
state x¢ of the primal form of the closed-loop interconnection Fi(P, K).

Theorem 6.3 (Incremental controller realization). Consider a differential controller
Ks in the form of (6.9) that ensures closed-loop Lo-gain stability of Fi(Ps, Ks)
satisfying Assumpti. Let (z*,u*,y*) = Txuy ¥ € Txuy Bx be the (desired)
steady-state trajectory of P and consider the nonlinear controller K, omitting
dependence on time for brevity, given by

Eax = A(@, z)za x + Bi(®, 2%)ua i (6.10a)
Yk = Y + ék(xa ) rax + Dk(l‘, ) uA k; (6.10b)

with (yﬁvul}i) = (U*ﬂ y*)7 xA,k(t) € R, UAk = Uk — ult; and

Ay (z,x) :/OlAk(n(ac* + Az — x*))) d\, By(z,z*) :/OlBk(n(x* + ANz — x*))) d,

1 1
Cr(z, z*) :/ Ck(n(x* Mz — x*))) d\, Di(z, ") :/ Dk<n(m* Az — x*))) X,
0 0
(6.11)
The controller K in is the primal form of Ky and the differential form
of K is Ks. Hence, K is called the primal realization of Ks.

Proof. See Appendix [B:4] O
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We will refer to the proposed controller K as the incremental controller. Even if Ky
is an LPV controller, realization by Theorem results in a nonlinear controller
through the resubstitution and integration over the scheduling-map 7.

Remark 6.4. Note that the dependency on x and x* of the incremental controller K
given by is only through the scheduling-map 7. This means that depending
on differential form of the generalized plant, Pjs, it could be that the scheduling-map
71 only depends on some of the states when constructing a DPV embedding Py in
first step of the controller design procedure (Section . Therefore, in that case,
K also does not depend on the full x and x*.

Note that the resulting controller consists of both a direct feedforward action
Y = u*, corresponding to the desired steady-state trajectory ¢, and a feedback
action on the measured deviation from the desired steady-state output *. Therefore,

the controller has a structure as depicted in Figure where K (based on (6.10))
is given by

Eax(t) = A ((t), * (1) xa ) (t) + Bi(x(t), 2" (1)) ua x(t); (6.12a)
Yax(t) = C(z(t), 2" (1)) zax(t) + Dk (z(t), 2*(t) )ua x(t); (6.12b)

with Ay, ..., Dy given by . Note that this structure is similar to gain-scheduling
or LPV controller design with trimming (through v} and y;) in order to ensure
guarantees w.r.t. a desired operating point. However, gain-scheduling and LPV
controllers which use such a trimming approach, generally do not have stability and
performance guarantees w.r.t. to any arbitrary trimming point. This is in contrast
to the incremental controller design, which does ensure stability and performance
w.r.t. any ‘trimming point’ For the incremental controller, the ‘trimming point’
corresponds to steady state-trajectory ¢, which can be any (feasible, varying or
constant) trajectory of the system. Due to the closed-loop incremental stability
performance guarantees of the incremental controller, we therefore ensure stability
and performance w.r.t. any trajectory.

Uk

Figure 6.2: Structure of the realized incremental controller K, where K is given
by <|6.12 . Note that K does not necessarily depend on the full z and x*, see

Remark @

Note that this means that for implementation we require knowledge of ¥. This
also implies we require knowledge of w*, which is part of ¥, either through direct
measurement or estimation. This will be discussed in more detail in Section [6.3.7

For implementation of the incremental controller, we also require computation of
the integrals for Ay, ..., Dy in (6.11). Analytically computing these integrals might
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be difficult in some cases, however, they can reliably calculated (online) through
numerical computation (Atkinson [1989)). Moreover, if the scheduling-dependency of
Ky is affine, (6.11]) can be further simplified:

Corollary 6.1. Assume that Ay, ..., Dy in , characterizing Ks, are affine in
p, i.e., Ax(p) = Ao + Y12, Awipi. Then, the matriz functions in are given
as

1
Ay(z,2*) = / Ay (n(w* + ANz — :1:*))) d\,
R (6.13)
= Ak + Z Ax,i pi = Ax(p),
i=1
where p = fol n(z* + ANz — 2%)) d, and similarly By(z,2*) = Bx(p), Cx(z,z*) =
Cx(p) and Dy(z,z*) = Dx(p).

Therefore, in case of an affine scheduling dependency, we only require integration
of the scheduling-map, instead of requiring integration of the matrix function
Ak, ..., Dy, which simplifies implementation.

6.3.6 Closed-loop incremental stability and performance

Next, we will show that the proposed controller K ensures closed-loop Lis-gain
stability of F(P, K).

Theorem 6.4 (Closed-loop Liz-gain stability). Let Kj, given in (6.9), be an LPV
controller, synthesized for Ps given in of a nonlinear system , which
ensures Lo-gain stability of the closed-loop Fi(Ps, Ks) with a bounded Lo-gain of
v on X under Assumption , Consider the set W C W, such that there is an
open and bounded Xy, C R™x for which X, = X x Xy is invariant, in the sense of
Deﬁnition Then, the controller K, given by , ensures Lis-gain stability of
the closed-loop Fi(P, K) with a bounded Lis-gain of v in the following sense: there
exists a function (@ Xg X X — R s.t.

AP, K) (w, Ze10) = Fi(P, K) (@, Ze1,0)lly 0 < v [[w = @llg p+Gi(@e1,0, Ee o), (6.14)

- O R
for all T >0, 1,0, Tc1,0 € X1 and any w,w € WRe with w — w* € Los.

Proof. See Appendix [B4] O

Remark 6.5. The value set of the generalized disturbance signals W, considered
in Theorem i.e., w(t) € W, ensures that only generalized disturbances are
considered such that x(¢) € X, which corresponds to the set for which Lo-gain sta-
bility was verified of the closed-loop differential form, see Section [6.3.4] Computing
this set is a difficult problem which is related to reachability analysis or invariant
set computation, however there are numerical tools that can be employed for this

purpose, see e.g. (Althoff 2013; Maidens and Arcak [2015)).
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6.3.7 Steady-state solution

Estimating the steady-state solution

The realized controller K in terms of consists of a feedforward and a feedback
part, see also Figure The feedforward part u* = y;. corresponds to the steady-
state trajectory o = (a*,u*,w*, z*,y*) € Bx. This trajectory is chosen a-priori
by the user, based on the desired reference the system needs to follow, similar
to trajectory planning in robotics. Computation of ¥ can be accomplished by
using trajectory planning algorithms (Gasparetto et al. or in some cases by
computation of the analytic solution of the system equations.

Note that the generalized disturbances w also influence the steady-state trajectory.
The generalized disturbance consists of disturbances wy, that are known or can
be measured, such as references, and consists of disturbances w, that are not
known and/or cannot be measured, such as measurement noise and load variation,
composing w = col(wpy, w, ). Hence, to guarantee convergence towards the designed
desired steady-state trajectory, we also require knowledge of the asymptotic behavior
of the unknown part w, of w*. We only need knowledge on the asymptotic behavior
of w, as only that influences the steady-state trajectory ¢, e.g. a zero mean
measurement noise does not need to be estimated as it does not influence the
steady-state trajectory, while estimation of a constant load is required as it directly
influences it. Next, we will present a solution using a disturbance observer in order
to estimate the unknown elements w;; of the steady-state generalized disturbance

w*.

Disturbance observers have been widely used to estimate and compensate for the
effect of unknown disturbances (Chen et al. [2016). Often they work on the basis of
the internal model principle, whereby the (assumed) dynamics of the disturbance
are included in the design (Chen [2004). In our case, we assume w, can be modeled

in terms of a disturbance model:

Assumption 6.2 (Disturbance model). Given the generalized plant , assume
that the unknown disturbances wy, can be modeled by the disturbance generator

v (t) = fwl@w(t)); (6.15a)
wy (1) = Cyuy (t); (6.15b)

with T (t) € Xy.

Given Assumption the state dynamics of the combined generalized plant (6.1])
and disturbance model are given by
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where 2,(t) € X x Xy = X, C R™e, and the measured output is given by

y = Cya(t) + Dyw {cqf;v(f()t)} ’

= Coo(t) + Dywom(t)),

(6.16b)

where Ce = [Cy  DyyCy].

Remark 6.6. Note that the disturbance model in Assumption [6.2] has a different
purpose than the disturbance model that is included in the generalized plant P
given by , which is modeled in terms of weighted norm relation. Namely, the
former is used to model disturbances that are acting on the system and influence
the asymptotic behavior of the steady-state trajectory (and hence influence w*),
while the latter can be seen as modeling the difference/increment between the
steady-state disturbance and other possible disturbances (i.e. w —w*) which do not
influence the asymptotic behavior of the steady-state trajectory, e.g., measurement
noise.

Assumption 6.3. In order for the construction of the disturbance observer on the
basis of to be feasible, we assume that ( fe,C'e) is detectable over xo € X,
(Pavlov, Van de Wouw, et al.|2006], Section 5.3. 2;

Theorem 6.5 (Nonlinear observer). Under Assumption[6.3, the state observer for

, given by

Ze(t) = fe(@e(t), u(t), wm(®)) + L(y(t) — §(t)); (6.17a)
§(t) = Cee(t) + Dywttnn(t)); (6.17D)

with & € R™e and §(t) € R™ ensures that for t — 00, Te(t) — o(t), if there exists
an P € S with P = 0, and an F € R™*" gsuch that

Aso(Te, U, W) TP — FCo + (%) T <0, (6.18)

for all (Te,u, W) € Xe X U X Ty, W, where Ase = —L, and L = PF~1.

Proof. See Appendix [B4] O

Remark 6.7. Similar to controller design, also for observer design the LPV frame-
work can be used by embedding the differential form of the system in an LPV
representation. This allows to use convex optimization for the computation of the
observer gain L in Theorem [6.5]

Applying the nonlinear observer gives us a disturbance observer for the
combined generalized plant and disturbance model , which then allows us
to estimate the unknown disturbances on the system by taking w(t) = Cyiyw(t),
where 2, is the estimated state of the disturbance model. This can then be
used to compute the steady-state control input trajectory u* = y;, used by the
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realized controller K (6.10)), corresponding to the steady-state output trajectory
y*. Note that co-design of the controller and the observer under (6.17)) can also be
accomplished.

Unknown steady-state solution

In case w* cannot be measured or estimated, we cannot guarantee that w*(t) — w(t)
as t — oo. Consequently, we cannot ensure convergence towards our desired steady-
state solution . However, in this case, the controller still ensures an L£o-gain bound?®
of v from w — w* to z — z*, i.e., the steady state trajectory will remain close in
an Lo sense to the desired reference and the controller will still ensure stability of
the closed-loop system. This weaker performance guarantee is also referred to as
universal £o-gain performance, see also (Manchester and Slotine .

6.4 Comparison to Universal Shifted and LPV
Controllers

6.4.1 Universal shifted controller design

Both the universal shifted controller design, proposed in Chapter [} and the incre-
mental controller design proposed in this chapter are able to ensure global stability
and performance guarantees. In this section we briefly compare the two controller
designs.

In Section[5.3.4} specifically Theorem [5.3] we discussed how incremental dissipativity
also guarantees universal shifted dissipativity, considering (@, S, R) supply functions.
This means that using the proposed incremental controller in this chapter, we can
also guarantee universal shifted stability and performance of the closed-loop system
Fi(P, K), similar how the universal shifted controller design of Section was able
to ensure this. In case the incremental controller design is applied in order to ensure
universal shifted dissipativity, the desired trajectory 1 becomes a constant trajectory,
equal to an equilibrium point of P (6.4). More concretely, the equilibrium points of

(6.4) satisfy that

0 = f(z4) + Byws + Buus; (6.19a)
Ze = hy(24) + Dywws + Dty (6.19Db)
Y = Cyxy + Dyywy; (6.19¢)

with corresponding set

éa::{(w*,u*,w*,z*,y*) EXXUXW X Z XY | (T4, Ui, Wy, 24, Ys ) satisfy }
(6.20)

5Assuming that w — w* € Lae.
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For universal shifted dissipativity we then have

VRS {(m,u,w,z,y) € By | (z(t),u(t),w(t), z(t),y(t)) =
(T, U, Way 24, Yu) € &, VT € R(J{}. (6.21)

As for the proposed incremental design we require knowledge of the desired trajectory
1, we hence require explicit knowledge of the equilibrium points to ensure universal
shifted dissipativity. Compared to the universal shifted controller design we propose
in Chapter [4] this is disadvantageous, as for the universal shifted design, no explicit
knowledge of the equilibrium points is required (and hence also not of any (constant)
unmeasured disturbances). However, as the knowledge of the equilibrium point is
also incorporated in the incremental controller as feedforward action, the incremental
controller will likely converge faster to the desired equilibrium point compared to
the universal shifted controller (for the same closed-loop performance metric). This
can be seen as an advantage of the incremental controller design compared to the
universal shifted controller design, although a feedforward action or controller can
also be added or designed for the universal shifted controller.

Another disadvantage of using the incremental controller design to ensure universal
shifted stability and performance compared to using the universal shifted controller
design is the (computational) complexity of the controller implementation. Namely,
for the incremental controller design, one must compute integrals of the differential
controller matrices, see . As aforementioned, analytically computing these
integrals might be difficult, in which case they need to computed (online) using
numerical integration procedures. While there exists fast numerical integration,
procedures, they can be costly on when the controller is implemented on an embedded
platform. On the other hand, the universal shifted controller implementation only
requires evaluation of the matrices of the velocity(/differential) controller, see
(4.43). Therefore, the computational cost for the universal shifted controller is
lower. However, a disadvantage of the universal shifted controller is that it does
depend on the derivative of the considered scheduling-variable. Therefore, for
implementation of the universal shifted controller, one would need to be able to
measure the derivative of the scheduling-variable or obtain the derivative it through
filtering. Although when obtaining the derivative through filtering, one needs to be
careful as this might amplify high frequent measurement noise, which can lead to an
endangerment of the closed-loop stability and performance guarantees. Nonetheless,
as discussed in Section [.5.2] one can avoid the dependency on the derivative
of the scheduling-variable by ensuring that B and D matrix of the synthesized
velocity controller are constant. Although this might limit the achievable closed-loop
performance that can be obtained, which is then a trade-off.

6.4.2 Standard LPV controller design

As incremental dissipativity also implies classical dissipativity (assuming that the
origin is an equilibrium point of the system), we can similarly also ensure classical
dissipativity using the incremental controller design, similar how a standard LPV
controller ensure this.



6.4. Comparison to Universal Shifted and LPV Controllers 141

Applying the incremental controller to ensure classical dissipativity, we need that
(0,0,0,0,0) € &. In this case,

0=t (0,0,0,0,0). (6.22)

For classical dissipativity this then means that the ‘feedforward terms’ in the
controller, i.e., u; and y;, and the dependency on z*, drop out, as they are equal
to zero, i.e., ui(t) =0, yi(t) = 0, and z* = 0. The resulting incremental controller
then becomes a ‘standard’ LPV controller. This becomes especially clear in case
the differential controller Ky given by has an affine scheduling dependency. In
that case, through the result of Corollary we then have that becomes

inc(t) = A(p(O)21(t) + Bulp(t) us(); (6.232)
Yi(t) = Cx(p(t))zic(t) + Dic(p(t))ux(t); (6.23b)
where xx = zax and p(t fo ))dA. In fact, the LPV controller

corresponds to spe(nﬁc standard (afﬁne) LPV embeddlng of the generalized plant P
given by (6.4]). Namely, we have that for the DPV embedding of P, given by ,

it holds that
A(n(z)) = As(2), (6.24)

for all z € X. Assuming that X is convex, we therefore have by Lemma [C.1.1] as
£(0,0) = 0, that

1= [ Zowar (6.250)
= / As(Ax)dX, (by definition of Ay), (6.25Db)

0
= [ amoanar, oy @) (6.250)

1
=A </ n(Ax) d)\> , (as A has affine scheduling dependency), (6.25d)
0

= Alp), (6.25¢)

for all x € X where again p = fo (Az) dA\. We can derive a similar result to obtain

that h,(x) = C,(p) with p = fo (Ax) dX for all z € X. Therefore, by Definition |2 ,
the LPV representation:

i(t) = A(p(t)) + Byw(t) + Buu(t); (6.26a)
z(t) = C,(p(t)) + Dyww(t) + Dyyu(t); (6.26b)
y(t) = Cya(t) + Dyww(t); (6.26¢)

with p = fo (A\z) d)\ is a (standard) global LPV embeddmg of the generalized
plant P given by on the region X. The LPV controller ) than ensures
classical dissipativity of and consequently of on the region X. We discuss
this specific global LPV embedding of a nonlinear system also in more detail in
Appendix [C.6 and also discuss further applications of this type of embedding.
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6.5 Examples

In this section, the proposed incremental controller will be demonstrated through
examples. Moreover, it will also be compared to standard LPV controller designs.
We will also demonstrate using simulation and experimental results that standard
LPV control can fail to result in the desired behavior, while the proposed LPV
synthesis resulting in an incremental controller can reliably achieve it.

Example 6.1 (Duffing oscillator). First, we apply the incremental controller
design to the Duffing oscillator that was also considered for universal shifted control
in Example The Duffing oscillator is described by the following differential

equations:
i) = v(t);
6.27
8(0) =~ 2q(6) ~ 22 (g($)° ~ So(e) + - F(0) 020

where, ¢ [m] is the position, v [m - s~!] the velocity and F [N] is the (input) force
acting on the mass. Furthermore, we consider the same parameters for the Duffing
oscillator as in Example [l.1] i.e., m =1 [kg], k1 = 0.5 [N -m™!], ky =5 [N- m ™3]
and d = 0.2 [N-s-m™!]. We again assume that the position ¢ is measured, and
hence it is considered to be the only output of the plant.

For the incremental synthesis, the differential form of is calculated and a
DPV embedding is constructed, resulting in

k k d 1 6.28
s = (13217) 9 — —vs + —F; (6.28)
m m m m

where the scheduling p(t) = ¢?(t) € P where we consider P = [0, 2]. Note that this
is the same region that has been considered in Example [£1] for the universal shifted
controller design.

We also consider the same generalized plant that has been considered in the
universal shifted example. This generalized plant P is also depicted in Figure [6.3]
where G is the system given by , K is the controller, w = col (r,d;) is the
generalized disturbance, with 7 the reference and d; being an input disturbance. The
performance channel consists of z; (tracking error) and z3 (control effort). We also

consider the same LTI weighting filters as in Example ie, Wi(s) = %(;:3),

Wa(s) = 15%55%2), W3 = 1.5, and M(s) = *t2T where s corresponds to the
complex frequency. The resulting sensitivity weight Wi (s)M (s) has guaranteed 20
dB/dec roll-off at low frequencies in order to ensure good tracking performance,
while W5(s) has high-pass characteristics in order to ensure proper roll-off at high
frequencies. Because the system and the corresponding generalized plant have
affine dependency on the scheduling-variable, polytopic £3-gain synthesis based
on (Apkarian, Gahinet, and G. Becker Apkarian and Adams has been
used in the design the incremental controller to ensure closed-loop Lio-gain stability
and performance. This synthesis algorithm has been implemented in the LPVcore
Toolbox (Boef et al. [2021]), which has been used to synthesize the controllers.
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Figure 6.3: Generalized plant used in the examples.

Using the given weighting filters, synthesizing the LPV controller for the differential
plant results in an Lis-gain of v &~ 1.2. As the synthesis provides the controller
with affine parameter dependence, we can use the result of Corollary [6.1]in order
to compute p(t) = fol n(Z(t, X)) d\ = ¢*(t) + q(t)g* (t) + (¢*(t))? and realize the
incremental controller K. As we assume the presence of an (unknown) input
disturbance d;, a disturbance observer is constructed for the incremental controller
as described in Section It is assumed the input disturbance will be constant,
hence, the following disturbance model is used for the disturbance observer design

Tq (t) = 0;

di(t) = zq(t).
The LPV controller which we will use for comparison is the same one that is used for
comparison in Example[{:I] This standard LPV controller uses the same generalized

plant with weighting filters as the incremental design and achieves an L5-gain of
v~ 0.94.

(6.29)

Figure 6.4: Position of the Duffing oscillator (top) in closed-loop with the standard
LPV (=), the incremental ( — ), and universal shifted (- -) controller under
reference (- - ) and no input disturbance, together with the generated control inputs
(bottom) by the controllers.
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Figure 6.5: Position of the Duffing oscillator (top) in closed-loop with the standard
LPV (—), the incremental ( — ), and universal shifted (- -) controller under
reference (== ) and input disturbance, together with the generated control inputs
(bottom) by the controllers.

In simulation, the resulting outputs of the system using the standard LPV controller
and the incremental controller in closed-loop are depicted without and with input
disturbance in Figures and respectively. Moreover, also the results of the
universal shifted controller design of Example [{.1] are depicted in Figures[6.4]and [6.5]
specifically the results that are also in Figures [£.7] and The universal shifted
controller of Example uses the same generalized plant structure and weighting
filters. For all controllers, a step signal is taken as a reference trajectory which
changes from zero to 0.5 at ¢ = 5 seconds. For the incremental controller, the
reference r corresponds to ¢* with u*(t) = kiq*(t) + ka(q*(t))® — Wad; (t) (as the
trajectory of ¢* is piecewise constant), where ¢* is known, and df is estimated
using a disturbance observer. For the simulation results in Figure a constant
input disturbance d; = =102 (corresponding to —102 - W3 = —16 [N]) is applied.
Comparing the results of the standard and the incremental controllers in Figure [6.4]
shows that both controllers have similar performance when no input disturbance is
present. The incremental controller has slightly more overshoot, but a lower settling
time for this example. However, under constant input disturbance, it can be seen
in Figure [6.5 that the standard LPV controller has a significant performance loss
with oscillatory behavior, whereas the incremental controller preserves its smooth
reference tracking property. Note, that in both cases, the scheduling-variable p
never leaves the set for which the controllers have been designed, i.e., ¢%(t) € [0, 2].
Compared to the universal shifted controller design, the incremental controller
design has similar performance for the same constant reference trajectory and con-
stant disturbance. Both the universal shifted controller and incremental controller
have smooth reference tracking and disturbance rejection properties as they both
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guarantee closed-loop global stability and performance.

Figure 6.6: Position of the Duffing oscillator (top) in closed-loop with the standard
LPV (—) and the incremental (— ) controllers under varying reference (- - ) and
constant input disturbance, together with the generated control inputs (bottom) by
the controllers.

Next, the system in closed-loop with the incremental controller and standard LPV
controller is simulated with a varying reference r(t) = ¢*(t) = 0.5 sin(xt) + 0.5, and
again the constant input disturbance d; = —16, see Figure[6.6] For the incremental
controller the corresponding u* is computed based on the dynamics of the plant
, which is not given due to its complexity. As shown in Figure the
incremental controller also in this case converges toward the desired reference
trajectory, while the standard LPV controller fails to do so, also leaving the
scheduling set it was designed for in the process.

For the next example, the proposed incremental control method is experimentally
verified on an unbalanced disk setup for a reference tracking and disturbance
rejection control problem that was also considered in Example Like for the
previous example it is also compared to a standard LPV controller.
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Example 6.2 (Unbalanced disk).

Figure 6.7: Unbalanced disk setup.

We consider again the model for the unbalanced disk as given in Example [£.2] which
is given by

0(t) = w(t); (6.30a)
w(t) = L& sin(0(t)) — Lw(t) + K=V (2); (6.30b)

where again 6 [rad] is the angle of the disk, w [rad - s7!] its angular velocity, V [V]
is the input voltage to the motor, g is the gravitational acceleration, [ the length of
the pendulum, J the inertia of the disk, and K, and 7 are the motor constant and
time constant respectively. The angle of the disk 6 is considered to be the output
of the plant. The values of the physical parameters are given in Table [{1]

We construct a DPV embedding of , which is given by

(6.31)

as(t) = (Mp(t)) ) 03(t) — Lus(t) + EaVi(t);

where p(t) = n(0(t)) =
in P =[-1, 1].

As in the previous example, the primal form of the nonlinear system is also
embedded in an LPV representation to construct a standard LPV controller for the
sake of comparison. This results in

Q
—

0s(0(t)) is the scheduling-variable which is assumed to be

0(t) = w(t);

lt) = (1)) 00)  ao(t) + KnV (1) (032
where ps(t) = n5(0(t)) = % = sinc(6(t)) € Ps, where Pg is chosen® as [—0.22, 1].
The used generalized plant structure is depicted in Figure Note that this is
different from the structure we considered in Example for the unbalanced disk.
The weighting filters are chosen as Wi (s) = %(;H), M(s) = =2 Wy(s) =
Si"iggo and W3 = 0.5. Synthesizing the controllers, using the same approach as
for the duffing oscillator in Example results in an Lo-gain of v ~ 1.1 and

6Note that 1s(0) = 1 as limg_o sinc(z) = 1.
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Lio-gain of 7 &~ 1.2. As the LPV controller resulting for the DPV embedding has an

affine dependency, we can use Corollary to compute” p(t) = fol n(z(t, \) d\ =
sin(0(t))—sin(0*(t))
0(t)—6~ ()

is also designed to estimate the (unknown) disturbances d;. As d; is assumed to be
constant, therefore (6.29)) is consider for the design.

Both the standard LPV controller and incremental controller are implemented on
the experimental setup. On the experimental setup, for safety, the input voltage
to the system is saturated between + 10 [V]. The results of the experiments are

depicted in Figures [6.8] to [6.10]

. For the resulting incremental controller, a disturbance observer

Figure 6.8: Measured angle of the unbalanced disk system (top) in closed-loop with
the standard LPV (—) and the incremental (— ) controllers under reference (- - )
and no input disturbance, together with inputs to the plant (bottom) generated by
the controllers.

"Note that limg_, g« % = cos(f) = cos(6*).
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Figure 6.9: Measured angle of the unbalanced disk system (top) in closed-loop with
the standard LPV (—) and the incremental (— ) controller under reference (- - )
and input disturbance, together with corresponding inputs to the plant (bottom)
generated by the controllers.
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Figure 6.10: Measured angle of the unbalanced disk system (top) in closed-loop with
the standard LPV (—) and the incremental (— ) controller under reference (- - )
and input disturbance, together with corresponding inputs to the plant (bottom)
generated by the controllers.

In Figure the measured angular response of the disk during the experiments
is depicted along with the input to the setup (i.e., V). The reference trajectory r
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switches between 0 and +7 rad/s. For the incremental controller, r corresponds to
0* with u*(t) = _1}4?5;: sin(0*(t)) — Wsdi (t) (as the trajectory is piecewise constant).
In Figure[6.9] the same reference trajectory is used, but a constant input disturbance
of d; = 100, corresponding to 100- W3 = 50 [V], is introduced (which is implemented
by adding 50 V to the control input that is sent to the plant before saturation).
Note that the reference only starts at 10s to give the controllers time to compensate
for the input disturbance. The standard LPV controller performs much worse when
a constant input disturbance is present, compared to the incremental controller,
which has similar performance to the case when no input disturbance is applied.
Both the standard LPV and the incremental controllers are able to compensate
the 50 [V] input disturbance, as visible in the total received input by the plant
(i-e., V.= u + Wsd;), see bottom graph in Figure However, while the input
that is sent to the plant is nearly identical for the incremental controller in both
cases, see Figures and this is clearly not the case for the standard LPV
controller. For the latter, oscillations in the input signal are present when the input
disturbance is applied which causes unwanted oscillation of the disk angle. While
an input disturbance of 50 [V] is extraordinarily high for this system, and will likely
never occur on the real setup, it still shows that there are inherent issues when
using standard LPV controllers.

Finally, in Figure experimental results are shown under a sinusoidal reference
and a constant input disturbance. For this experiment, the reference r is taken
to be r(t) = §sin(57t) and again an input disturbance d; = 100 is used. For
the incremental controller r again corresponds to #*, and for this reference the
corresponding u* is equal to u*(t) = KT—mH*(t) - %?Z sin(6*(t)) + K—iﬂ@*(t) — Wsds (t).
Again, the reference only starts at 10s, to give the controllers time to compensate
for the input disturbance, and we stop the reference at 25s. Moreover, for this
experiment u* is also used as a feedforward trajectory for the LPV controller, i.e.,
the total input sent to the system is u* + u (not considering disturbances), where
u is generated by the standard LPV controller. From Figure [6.10] it is evident
that also for this sinusoidal reference and under the disturbance, the incremental
controller is able to smoothly track the reference. On the other hand, the standard
LPV controller is not able to track the reference and again oscillates it, even with
the feedforward action added.

Finally, we compare the results of our method with the results from (Scorletti,

Fromion, et al. |2015)).

Example 6.3 (Scorletti et al. example). The example system in (Scorletti,
Fromion, et al. |2015)) is described by the following state-space representation

dg1(t) = —100p(zg,1(t)) — T02g,2(t) + 300ug(t); (6.33a)
.’i,'g’g(t) = 70.’L'g,2(t) — 14{Eg’2(t); (633b)
Yg(t) = w51 (0); (6.33¢)



150 Chapter 6. Incremental Dissipativity based Control

where
0.92% — 2|z|z + 1.2z, for |z| < 2
o(z) = < 2z — 2.72, for z > 2; (6.34)
2 + 2.72, forz < —3.

Next, we construct a DPV embedding of (6.33)), which is given by (and is also
2015)):

considered in (Scorletti, Fromion, et al. |2

56,1(t) = (=100p(t)) 541 — 70256 2(t) + 300us g(t); (6.35a)

5.g.2(t) = 705,61 (t) — 14w5,62(t); (6.35h)

Ysg(t) = 25,61 (8); (6.35¢)

where p(t) = ps(zg,1(t)), is the scheduling-variable, which is assumed to be in

P € [-0.3, 2], where

2.72° —4r + 1.2, for 0 <z < §;

ps(x) =4 2.72° + 4z + 1.2, for — 3 <z < 0; (6.36)

5 5

2, fOI‘.TZg/\xS—g
A generalized plant structure is taken as in Figure where Wi(s) = sigﬂ,
Wa(s) = 150131'5(1)8), W3 =0.1 and M(s) = €+2“ . Which is similar to the generalized

plant and weighting filters taken in (Scorlettl Fromion, et al. [2015). On the basis
of this, an incremental controller for is synthesized, using @ Like for
previous examples, LPVcore is used to synthesize an affine LPV controller. This
results in the incremental controller achieving an Lis-gain of v ~ 1.0, similar
to the incremental gain obtained in (Scorletti, Fromion, et al. , where an
Lis-gain of v ~ 1 is reported. As the LPV controller resulting for the DPV
embedding of the generalized plant has affine dependency we can, like was done
for the prev10us examples, use the result of Corollary in order to compute®
f (£, ) dA = P(zg1(t)— w(wgl()).
oP zg,1(t)— @y 1 (@)
examples, a disturbance observer is used for the incremental controller for which the
disturbance model is also used. In order to compute the feasible steady-state
trajectory used by the incremental controller, the reference r is filtered by the
lowpass filter F'(s) = sﬂ%%o which then corresponds to zj ;, this trajectory is then
used to compute the corresponding control input w*(¢) (which due to its complexity

is not given).

Furthermore, like for the previous

o(wg,1)—p(zg 1)
8Note that llmJulﬂL1 fglfﬂfvl = ps(xg,1) = gp(;(:cgl).
’ g,
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Figure 6.11: Output of the nonlinear system (top) in closed-loop with the
proposed incremental controller (— ), as well as the results from (Scorletti, Fromion,
et al. Fig. 7) (+-- ) under the reference trajectory (- - ), together with the
input to the plant (bottom).

Figure shows the output of the nonlinear system from (Scorletti, Fromion,
et al. in closed-loop with the proposed incremental controller alongside the
results from (Scorletti, Fromion, et al. Fig. 7), as well as the input to the
plant, i.e. wug, for the proposed incremental controller. It can be observed that
our proposed incremental control design performs better in this example than the
one proposed in (Scorletti, Fromion, et al. , using the same performance and
stability requirements set by the weighting filters. This is likely due to the fact
that (i) our proposed controller has a more flexible dependency structure for the
scheduling-variable, compared to the linear structure of the controller proposed
in (Scorletti, Fromion, et al. ; (ii) our proposed controller contains besides
a feedback part also a feedforward component, corresponding to the steady-state
trajectory, which the method in (Scorletti, Fromion, et al. does not have.

6.6 Conclusions

In this chapter, we proposed a novel systematic dynamic output feedback controller
synthesis method for nonlinear systems under general controller parameterization
which provides incremental stability and performance guarantees of the achieved
closed-loop behavior. The proposed incremental controller synthesis method is
based on two key ingredients: (i) LPV controller synthesis on the differential form
of the nonlinear plant to be controlled and (ii) realization of the resulting LPV
controller as an implementable incremental nonlinear controller with closed-loop
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stability and performance guarantees. A key advantage of the method is that it
facilitates systematic controller design for nonlinear plants by convex synthesis
and enables the use of powerful performance shaping concepts available for linear
controller design. Although a large variety of incremental (@, S, R) dissipativity
notions can be ensured by the proposed methodology, we chose to exemplify the
approach with incremental £o-gain and performance. As it is demonstrated through
simulation and experimental studies, the proposed approach successfully achieves
desired closed-loop stability and performance requirements for tracking and rejection
problems and overcomes issues of standard LPV controller synthesis methods.



Discrete-Time Extension
of the Incremental
Theory

IN this chapter, we discus the extension of the Continuous-Time (CT)
results on incremental analysis and controller s; which we have
presented in Chapters 5 and 6, respectively, 'e-Time (DT) nonlinear
systems. Similar to the CT results, we show that we can use differential
(@, S, R) dissipativity in order to analyze incremental (@, S, R) dissipativity.
Furthermore, analogous to the CT results, we show that also in DT, the
differential (@, S, R) dissip problem an be cast as a classical

(Q, S, R) dissipativity of an Linear m g (LPV) representation.
Based on these analysis res we show that f01 DT incremental controller
synthesis, an equivalent ‘edure as in CT can be used, with the resulting
DT incremental controller having the same structure as the CT incremental
controller. Both the capabilities of the DT incremental analysis and controller
synthesis frameworks are investigated and analyzed through simulation
studies, which show the achieved global stability and performance guarantees.
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7.1 Introduction

In Chapters [5] and [6] we have presented our results on incremental dissipativity
based analysis and control of Continuous-Time (CT) systems. For analysis, we have
seen that by analyzing stability and dissipativity properties of the differential form
of the system, representing variations along trajectories, we can infer incremental
stability and dissipativity properties of the primal form of the system, i.e., the
original nonlinear dynamics. Moreover, we have shown that by embedding the
differential form in a Linear Parameter-Varying (LPV) representation, which we
refer to as a so-called Differential Parameter-Varying (DPV) embedding of the
system, we can then use the analysis tools of the LPV framework to efficiently
analyze incremental properties of CT nonlinear systems. Based on these analysis
results, we have shown in Chapter [f] how the DPV embedding and properties of
the differential form could be exploited for computationally efficient and systematic
incremental controller synthesis.

For controller synthesis, CT methods have as advantage that shaping the closed-
loop behavior is intuitive due to the frequency domain interpretation of Linear
Time-Invariant (LTT) weighting filters. Nonetheless, the designed controller needs
to be implemented digitally in order to be used. This requires discretization of the
CT controller which can lead to deteriorated performance or even loss of closed-
loop stability and performance guarantees. Therefore, the analysis and control
of Discrete-Time (DT) systems is also of high importance. Moreover, the recent
resurgence in data and learning based methods for analysis and control of nonlinear
systems also rely on DT systems analysis.

While there have been some results on incremental and contraction based stability
of DT systems, see e.g. (Tran et al. Tran et al. , similar extensions
to incremental dissipativity have not yet been made to the author’s knowledge.
Hence, in this chapter we will propose an extension of the CT incremental dissi-
pativity results of Chapter [5] to the DT systems. We will show that in DT, we
obtain analogous results to the CT case, namely, that we can analyze incremental
dissipativity of the primal form by analyzing differential dissipativity . Moreover,
we show that we can again use DPV embeddings to analyze differential dissipativity
in a computationally efficient manner, making use of the LPV framework.

With respect to controller synthesis to ensure incremental properties, there are even
less results in existing literature, with only a few works that ensure incremental
stability (like properties) through state-feedback (Wei et al. [2021)) and through
Nonlinear Model Predictive Control (NMPC) (Kéhler et al. [2020). Comprehen-
sive results for DT output-feedback synthesis to ensure closed-loop incremental
dissipativity remains an open problem. Hence, in this chapter, we also develop an
incremental dissipativity based convex output-feedback controller synthesis method
for DT nonlinear systems, based on an extension of the CT results in Chapter [6}

This chapter is structured as follows, in Section [7.2] we present the results for
incremental stability and performance analysis for DT nonlinear systems. Next, in
Section[7-3] we show how the incremental analysis conditions presented in Section [7.2]
can efficiently be verified through the LPV framework. These analysis results are
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then also demonstrated through an example in Section In Section we
present the results for incremental controller synthesis of DT systems. Finally, in
Section [7.7] conclusions are drawn.

7.2 Incremental Stability and Performance Analy-
sis

7.2.1 Incremental dissipativity

Like we considered in Section 2.2 we consider DT nonlinear systems given by

z(t+1) = f(z(t),w(t)); (7.1a)
2(t) = h(z(t), w(t)); (7.1b)

where z(t) € X C R™ is the state with initial condition zg € X, w(t) € W C R™
is the input, z(t) € Z C R™ is the output, and ¢ € Ny is the discrete-time instant.
The sets X, YW and Z are open and convex, containing the origin. The functions
f:AXW = X and h: X x W — Z are assumed to be Cy, i.e., f,h € C;. We
define the set of solutions of as

B = {(x,w,z) € (X x W x 2)No | (z,w, 2) satisfies } (7.2)

Furthermore, we define the state transition map ¢y : Ng x Ng x X x WNo — x|
such that

x(t) = ¢x(t,0,2(0),w), (7.3)

which is the state z(t) € X at discrete-time instant ¢ € Ny, when the system is
driven from x(0) € X by input signal w € W"o,

In Section [2.4] we have already seen how classical dissipativity can be used to
simultaneously analyze stability and performance of nonlinear systems. However,
as mentioned in Chapter [f] the classical dissipativity framework only analyzes the
internal energy of the system with respect to a single point of neutral storage, often
taken as the origin of the state-space associated with the nonlinear representation.
However, it is often of interesest to analyze a set of equilibrium points/trajectories,
e.g., in the case of reference tracking or disturbance rejection, which is cumbersome
to be performed with the classical dissipativity results. Hence, there is a need for
global dissipativity notions such as incremental dissipativity, as they allow to handle
these cases efficiently. Incremental dissipativity is an extension of the classical
dissipativity results which takes into account multiple trajectories of a system and
can be thought of as analyzing the energy flow between trajectories.

Similar to the incremental dissipativity definition for CT systems in Definition [5.2]
we define incremental dissipativity of DT nonlinear systems as follows:

Definition 7.1 (DT incremental dissipativity). The system given by is called
incrementally dissipative w.r.t. the supply function s; : W x W x Z x Z — R, if
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there exists a storage function V; : X X X — R(J{ with V; € Cy and V; € Q;, such
that, for any two trajectories (xz,w,z),(Z,w,2) € B,

ty

Vi(@(ty + 1), 2(t1 + 1)) = Vi(z(to), E(to)) < Z si(w(t), w(t), z(t),2(t)), (7.4)

t=to

fO?” all to,t1 € Ny with to < tq.

Again, we will focus on quadratic supply functions of the form

si(w, i, 2, %) = [w - w] : [Q fz] [w B w] : (7.5)

z—Z * z—2Z

where Q € S™, R € S" and S € R™*"2, We focus on this particular family,
often referred to as (incremental) (@, S, R) supply functions, as they allow formula-
tion of many useful performance notions, such as incremental versions of ¢s-gain
performance and passivity.

7.2.2 Differential Dissipativity

Analogous to the CT results, we are interested in analyzing incremental dissipativity
by analyzing the dynamics of the variations along the trajectories, captured through
the differential form of the system.

Like it has been done in Section we consider two arbitrary trajectories of the
system : (z,w,2), (Z,w,2) € B. Where we parameterize any two trajectories
between them by zo € I'x (20, Zo) and w(t) € T'w(w(t), w(t)), resulting in the state
transition map z(t, \) = ¢« (1,10, Zo(A), w(N)) € X, where I 4(a1,a2) denotes the
set of paths between a1, as € A, see for the exact definition. This results in
that for any A € [0, 1] and all (z, w, 2), (Z,w, ) € B, it holds that

B(t+1,0) = f(@(t,N), @(t, \)); (7.6a)
2(t,N) = h(E(t, \), @, \); (7.6b)

where (Z(\),w(A), Z2(\)) € B. Differentiating the parameterized dynamics w.r.t. A
results in the differential form of (7.1)), given by

2ot +1,0) = As(F(t, ), 0t A))ws(t, ) + Ba(2(t, N), 0(t, N)ws (b, N); (7.7a)
z5(t, A) = Cs(Z(t, N), w(t, \)zs(t, \) + Ds(Z(t, N), w(t, \)ws(t, A);  (7.7b)

with l‘(s(t,)\) = %(t’)‘) € R, w5(t7)‘) = %(ta)‘) € R™, Z6(ta/\) = %(tv/\> € R,
and

of of Ooh Oh

"7 oz 0T ow’ Cs ox’ °7 w’

where (Z(A),W(N)) € 7xw B for all A € [0, 1]. Note that this analogous to the

CT case, with the differential form given by (5.7)). We also similarly omit the

dependence on A if it holds for any A € [0, 1]. This then allows us to state a DT

definition for differential dissipativity:

(7.8)
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Definition 7.2 (DT differential dissipativity). Consider the system given by
and its differential form . The system is differentially dissipative w.r.t. a supply
function ss : R™ x R™ — R, if there exists a storage function Vs : X x R™ — RS‘
with Vs € Cy and Vs(z,-) € Qp, VI € X, such that

ty

Vs (Z(t1 + 1), 25(t1 + 1)) — Vs (2(to), z5(t0)) < Z ss(ws(t), zs(t)), (7.9)

t=to

for all (Z,w) € my,wB and for all to,t1 € Ny, with ty < ;.

In correspondence with the incremental quadratic, (@, S, R), supply function, we
will also focus on quadratic supply functions for differential dissipativity. Namely,
we will consider supply functions of the form

s5(ws, ) = MT [Cf i] M . (7.10)

z5 2

Note that like for CT systems, checking differential (@, S, R) dissipativity of the (pri-
mal form of the) system (7.1]) can be seen as checking ‘classical (Q, S, R) dissipativity’
of the differential form of the system (|7.7)).

In CT, we have the result of Theorem [5.1] which shows how we can analyze differen-
tial (@, S, R) dissipativity through a feasibility check of a (infinite dimensional) set
of Linear Matriz Inequalities (LMIs). Under the same considerations, we will also
show that likewise for DT systems we can formulate a matrix inequality condition
to analyze differential dissipativity, which also corresponds to a feasibility check of
a(n) (infinite dimensional) set of LMIs. To obtain the results, we consider, like in
CT, storage functions of a quadratic form given by

Vg((f,x(s) = :E:;FM(CZ'){E& (7.11)

with M satisfying Condition Moreover, for the system in primal form (7.1)), let
us also consider the set D for which holds that (z(t +1) — x(¢)) € D for all t € Ny.
This allows us to obtain the following result to analyze differential dissipativity in
DT:

Theorem 7.1 (DT differential (@, S, R) dissipativity condition). A nonlinear
system given by is differentially (Q, S, R) dissipative, if there exists a storage
function with M satisfying Condition [5.1] such that for all (z,w) € X x W
and xy, € D

)" _]%(i) M(:EOJraEV)H :é

Proof. See Appendix O
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With this theorem, we now have analogous conditions in CT and DT in order to
analyze differential dissipativity of nonlinear systems through a feasibility check
of an infinite dimensional set of LMIs. Later, in Section [7.3] we will discuss how
we can make use of the results in LPV framework in order to make the check
computationally feasible, similar to the CT results in Section [5.4.2}

7.2.3 Induced incremental dissipativity

Next, we will present how we can use differential (@, S, R) dissipativity in or-
der to analyze incremental (Q, S, R) dissipativity of DT nonlinear systems. In
Chapter |5, we have shown for CT systems how differential (@, S, R) dissipativity
implies incremental (Q, S, R) dissipativity, for (Q, .S, R) supplies for which R < 0,
see Theorem Combined with the matrix inequality condition resulting from
Theorem [5.1] this gave us a very powerful tool to check incremental dissipativity of
CT nonlinear systems. Next, we will similarly show, how also in DT differential
(@, S, R) dissipativity of a DT nonlinear system implies incremental (@, S, R)
dissipativity.

Theorem 7.2 (Induced DT incremental dissipativity). If the nonlinear system
gwen by (-) is differentially (Q, S, R) dissipative, i.e., w.r.t. the supply function
, with R = 0, under a storage function Vs of the form (m then the system
is mcrementally (Q, S, R) dissipative for the same tuple (Q, S, R).

Proof. See Appendix [B.5] O

This shows, similar to the CT results in Theorem [5.2] that also in DT, differential
(@, S, R) dissipativity implies incremental (@, S, R) dissipativity under a quadratic
storage function of the form ([7.11)) and with R < 0.

We can then combine the results of Theorems [7.1] and [7.2] to arrive at the following
corollary:

Corollary 7.1 (Incremental dissipativity condition). The nonlinear system given
by is incrementally (Q, S, R) dissipative with R < 0, if holds for all
(Z,w) € X x W and x, € D with M satisfying Condition [5.1]

Remark 7.1. Note that the results of Lemma [5.1] and Theorem (.3 also hold in the
DT case, as they can trivially be extended through the use Theorem [7.2}

With these results, we have a powerful tool, through the matrix inequality condition
in Theorem|[7.1] to check incremental (Q, S, R) dissipativity of DT systems. Similarly,
with these results, we have in DT the same chain of implications which connects
differential, incremental, universal shifted, and classical dissipativity of the system.
This gives us a systematic way to analyze global dissipativity concepts of both CT
and DT nonlinear systems.

Next, we will discuss how these results connect to incremental performance notions
for DT systems.
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7.2.4 Induced incremental performance

Using classical (@, S, R) dissipativity, many useful performance notions can be
retrieved such as £5-gain performance and passivity. In Section we have shown
how also in the incremental case in CT, we can retrieve incremental versions of these
performance notions, such as the incremental £o-gain and incremental passivity.
Next, we will use the previously derived results to also connect DT incremental
dissipativity to incremental performance notions.

Before deriving these results, we will first give definition of incremental the £,-£,-gain
of a DT system, analogous to the CT version in Definition [5.5]

Definition 7.3 (Incremental ¢,-(,-gain). A DT nonlinear system given by 18
said to have a finite incremental £,,-£4-gain, if there is a finite v > 0 and function
G: X x X = R such that

Iz = Zll 7 < v llw =@, 7 + Gi(w0, Zo), (7.13)
for all T > 0 and (z,w,2),(&,Ww,2) € B with w,w € lpe in CT. The induced
incremental £,-0y-gain of , denoted as Cip-Ciq-gain, is the infimum of v such

that still holds. If p = q, we will refer to this as the (induced) incremental
Ly-gain, denoted as liy-gain.

Using this definition, we will now show how the /j2-gain of a nonlinear system (|7.1)
can be analyzed using the results of Corollary [7.1]

Corollary 7.2 ({i2-gain analysis). A nonlinear system given by has a finite
lia-gain of v if there exists a matriz M € S™ with M » 0 such that for all z € X
and w e W

M  As(z,w)M Bs(z,w) 0
* M 0 MCs(z,w)"
>~ 0. .
* * ~I Ds(z,w)" | = 0 (7.14)
* * * v
Proof. See Appendix [B:f] O

Next, we will look into DT incremental passivity. Similar to Definition [5.6] we
define DT incremental passivity as follows:

Definition 7.4 (Incremental passivity). A nonlinear system given by for
which ny = n, is incrementally passive, if it is incrementally dissipative w.r.t. the
supply

si(w,,2,2) = (w—w)" (2= 2) + (2 = 2) " (w — ). (7.15)

Using this definition, we can then use Corollary to obtain the following result:

Corollary 7.3 (DT incremental passivity analysis). A nonlinear system given by
is incrementally passive, if there exists a matrix M € S™ with M = 0, such
that for all T € X and w € W

M As(z,w)M Bs(z,w)
* M MCs(z,w)" | = 0. (7.16)
* * Ds(z,w) + (%)
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Proof. See Appendix O

Remark 7.2. Note that the obtained conditions for /;5-gain and incremental passivity
analysis result in checking positive semi-definiteness of a matrix, while in literature
these, or similar conditions, are often found as positive definiteness checks. The
positive definite versions of the conditions can simply retrieved by making the
incremental dissipativity check strict, i.e., changing < to < in and 7 which
then imply the strict versions of the conditions found in this section.

Remark 7.3. In Chapter |5} conditions for CT systems for L., performance and
incremental generalized Ho performance, corresponding to the Lio-Lioo-gain, are also
given besides the Lio-gain and passivity conditions. For DT systems, similar results
can also be derived along the same lines as the CT proofs given in Appendix [B.3]in
order to obtain £, and fio-fioo-gain conditions.

Again note that the results of Corollaries [7.2] and [7-3] are analogous to their CT
counterparts in Corollaries [5.2] and [5.4] respectively. With these results, we have
now shown that both in CT and DT differential dissipativity analysis can be done
through a feasibility check of a matrix inequality, which can then be used in order
to achieve systematic incremental performance analysis of nonlinear systems. Next,
we will discuss how in DT, like in CT, these results link to incremental stability
analysis of nonlinear systems.

7.2.5 Relation to incremental stability

In Section [5.3.5] we extensively discussed for the CT case how incremental dissipa-
tivity connects to incremental stability of nonlinear systems. A key result to show
this connection is the incremental extension to Lyapunov functions in CT from
(Angeli , see Theorem Similarly, in DT, incremental to Lyapunov stability
theory have also been made in (Tran et al. Tran et al. :

Theorem 7.3 (DT Incremental Lyapunov stability). The nonlinear system given
by is incrementally stable, if there exists an incremental Lyapunov function
Vi:é’(xé\,’—ﬂRiar with Vi € C1 and V; € Q;, such that

Vi(e(t + 1), 3(t + 1)) — Vi(z(t), 3(t)) < 0, (7.17)

for all t € RSF and x,T € Ty By (w) under all measurable and bounded functions

w e WRs Moreover, the nonlinear system is asymptotically stable, if holds,
but with strict inequality except when x(t) = Z(t).

This also allows Theorem [5.5] to be trivially extended to DT and is therefore not
given. Moreover, using the differential form, results analogous to Lemma have
also been derived in literature in order to arrive at a matrix inequality condition

for incremental stability (Tran et al. [2016; Tran et al. 2018):



7.3. Convex Incremental Analysis 161

Lemma 7.1 (DT incremental stability condition). The nonlinear system given by

is incrementally stable, if
As(Z,w) M(Z + ) As(Z,w) — M(Z) <0 (7.18)

for all (z,w) € X x W, &, € D and M satisfying Condition . If holds
with strict inequality, then, the system is incrementally asymptotically stable.

7.3 Convex Incremental Analysis

In the previous section, we have shown how incremental stability and performance
in DT, similar as in CT, can be analyzed in terms of feasibility check of an infinite
dimensional set of LMIs, see Corollary The question then arises how we can
computationally efficiently verify this infinite dimensional set of LMIs. Like we
discussed in Section [5.4.2]in the CT case, this problem is similar to the analysis
problem of LPV systems, where due to the scheduling-variable we obtain an infinite
dimensional set of LMIs. Hence, in a similar manner as has been done in the CT
case, we make once again use of the LPV framework to make the proposed check
for DT incremental dissipativity computationally feasible.

As we have shown in Section [7.2] the resulting incremental dissipativity conditions
for a system given by are related to standard dissipativity of its differential
form . Hence, we embed the differential form of the nonlinear system in an
LPV representation, which we call a DPV embedding of the nonlinear system .

Definition 7.5 (DT DPV embedding). Assume we have a nonlinear system given
by with differential form given by . The LPYV representation given by

xzs(t+1) = A(p(t))xs(t) + B(p(t))ws(t), (7.19a)
z5(t) = C(p(t))zs(t) + D(p(t))ws(t), (7.19b)

where p(t) € P C R™ is the scheduling-variable, is a DPV embedding of
on the compact convex region X x W C X x W if there exists a function, called
the scheduling-map, 1 : X X W — P such that under a given choice of function
class for A, ..., D, e.g. affine, polynomial, etc., A(n(z,w)) = As(z,w), ...,
D(n(z,w)) = Ds(z,w) for all (z,w) € X x W and n(X, W) C P.

Through the DPV embedding of a system, like in the CT case in Section [5.4.2
we can embed the behavior of the differential form of the system. Hence, also in
DT we can use the results of Lemma and Theorem [E71 This then allows us
to make use of the LPV analysis results for DT systems, see also Section 2.5] in
order to computationally efficiently check the condition in Theorem [7.1] In fact,
like in the CT case, the resulting analysis problems are standard LPV analysis
problems, i.e., incremental (@, .S, R) dissipativity of the primal form can be
checked through checking ‘classical (@, S, R) dissipativity’ of the differential form
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, which we then check through checking classical (@, .S, R) dissipativity of the
DPV embedding . As the proposed analysis results can be cast as classical
(@, S, R) dissipativity analysis problem of an LPV representation, all the techniques
to reduce the evaluation of an infinite set of LMIs to only checking a finite set of
LMIs from the LPV framework can be used. Often for this, A, ..., D are needed
to be restricted to an affine function in the embedding . The most common
techniques are polytopic, multiplier or gridding-based approaches, see (Hoffmann and
Werner for an overview. Although the same tools from the LPV framework
can be used for checking incremental dissipativity and classical dissipativity of
nonlinear systems, we would like to remind again that the underlying dissipativity
and stability concepts are very different. Namely, using the incremental dissipativity
tools developed in this thesis, global stability and performance guarantees, i.e.,
irrespective of a particular equilibrium point or trajectory, can be given for the
nonlinear system, while standard dissipativity tools can only provide performance
and stability analysis with respect to single equilibrium point, often the origin of
the state-space representation of the nonlinear system.

7.4 Analysis Example

In this section, we apply the results of the previous sections in order to analyze
incremental dissipativity of a controlled unbalanced disk.

Example 7.1 (Analysis of a controlled unbalanced disk).

Figure 7.1: Unbalanced disk setup.

We consider the (CT) model for an unbalanced disk, as also used in Examples
and which is given by

0(t) = w(t); (7.20a)
(t) = ML sin(9(t)) — Lw(t) + Ea v (t); (7.20D)

where 6 [rad] is the angle of the disk, w [rad - s7!] its angular velocity, V [V] is the
input voltage to the motor, g is the gravitational acceleration, [ the length of the
pendulum, J, the inertia of the disk and K,, and 7 are the motor constant and
time constant respectively. The values of the physical parameters of the system are
given in Table 1]
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We discretize equation using a fourth order Runge-Kutta (RK4) method,
where the control input is assumed to be constant over the sampling period. More
specifically, assuming the CT dynamics are &4(t) = fc(xg(t), us(t)), we have the
RK4 discretized dynamics given by

+ L (01 (t) + 200(0) + 205(1) + @at)),  (7.21)

zy(t+1) = 2g(6) +

where Ty is the sample time, ¢t € Ny is now the (discrete) time-instant, and

p1(t) = fe(mg(t), ug(t)), (7.22a)
pa(t) = fe (24(t) + F1 (1), ug(t)) (7.22b)
p3(t) = fo (zg(t) + Fo2(t), ug(t)), (7.22¢)

pa(t) = fo (zg(t) + Tops(t), ug(t)) - (7.22d)

Applying this method to the CT dynamics of the unbalanced disk given by (7.20]),
with a sample time Ty = % second, results in a DT nonlinear state-space represen-
tation of the form

gt +1) = f(ag(t), ug(t)), (7.23)
where 2, = col(f,w) and ug = V. For the discretized version of the unbalanced

disk given by (7.23), a (robust) DT LTT controller is heuristically designed in order
to achieve reference tracking. This controller is given by

x(t + 1) = 2 (t) + Biux(t); (7.24a)
Yk (t) = Cra(t) + Dyux(t); (7.24b)

where i is the state, uy is the input and yy is the output of the controller. For
the LTI controller, By, = [1 0], Cx = —0.5 and Dy, = [—10 —1] are chosen,
corresponding to a PID controller. The closed-loop interconnection of plant and
controller is given in Figure where K is the DT LTI controller given by ,
G is the discretized unbalanced disk dynamics given by , w is the input
disturbance, and z is the generalized performance channel. The controller K in this
configuration can be thought of as a PID controller for regulation of the disk angle at
zero and rejection of constant input disturbances. The closed-loop interconnection
results in a system of the form .

Uk'KwaGe -
k
N

Figure 7.2: Closed-loop interconnection of DT controller K and discretized dynamics
of the unbalanced disk G.

Using Definition [7.5] the differential form of the closed-loop dynamics of the DT
LTT controller and discretized unbalanced disk dynamics is computed and a DPV
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embedding is constructed on the compact region 6(t) € [—m, 7], w(t) € [-10, 10]
and V(t) € [—10, 10], with scheduling-variable p = col(p1, p2, p3) = col(,w, V).
Next, an upper-bound for the induced /¢;2-gain of the closed-loop interconnection
on the compact region is computed using the results of Corollary [7.2 Due to
the complexity of the DPV embedding (as we use the discretized plant), we use a
gridding-based LPV analysis method, which has been implemented in the LPVcore
Toolbox (Boef et al. . For the grid-based method, we consider equidistant set of
grid points on the embedding region with 11 grid-points in each dimension, resulting
in a total of 1331 grid-points. Computing the L£o-gain of the DPV embedding, results
in an f5-gain of v = 0.220. Consequently, the upper-bound for the induced ¢;2-gain
of the closed-loop interconnection on the compact region is given by v = 0.220.
In order to compute the closed-loop ¢5-gain of the closed-loop interconnection,
the DT primal form in the plant is embedded in a grid-based LPV model
using the technique described Appendix [C.6]on the aforementioned equidistant grid.
The closed-loop interconnection of the LTI controller and primal form of the plant
obtains an upper-bound for the f5-gain® of 7, = 0.219.

For comparison, an LPV version of the controller is also heuristically designed,
where B is taken the same as for the LTI controller , but Cyx and Dy
are made parameter-varying by taking Cx(p) = —0.5 — 55 sin(p1) and Dx(p) =
[—10 —2cos(p1) —1] (hence, they only depend on p; = ). For the closed-loop
interconnection of the LPV controller and the primal form of the plant, an upper-
bound for the /5-gain is computed using a standard grid-based LPV method. This
results in vy, = 0.179, which is better than the closed-loop interconnection with
the LTI controller. However, unlike for the closed-loop with the LTI controller, we
cannot compute an upperbound for the #j5-gain for the closed-loop with the LPV
controller using the results of Corollary [7.2] While this does not immediately mean
that the closed-loop does not have a bounded /¢;j»-gain, as Corollary is only a
sufficient condition, we will see by means of simulation that the closed-loop using
the LPV controller is indeed not incrementally stable.

In Figure [7-3] simulation results of trajectory of the angle of the disk for both the
interconnection of the discrete-time plant with the LTI controller and with the
LPV controller for different input disturbances w are shown?. When w(t) = 0,
the closed-loop with the LPV controller has a faster response and less overshoot
compared to the closed-loop with LTI controller. This is also to be expected, as
the closed-loop ¢3-gain with LPV controller (yy, = 0.179) is lower than that of
the closed-loop system with the LTI controller (v, = 0.219). However, when
w(t) = — min(¢, 70), it can be seen that while the LTI controller is still able to reject
the disturbance when it becomes constant (at ¢ = 70), the closed-loop with the LPV
controller ends up in a limit cycle and is not able to reject the disturbance, which
is a results of the system not being incrementally stable/dissipative. This behavior
is similar to what we have seen in the CT case. These observations highlight the
importance of analyzing stability and performance of nonlinear systems using global
dissipativity notions instead of using only classical dissipativity based notions.

INote that the l2-gain is smaller than the ¢j2-gain, as the {j2-gain is a stronger notion.
?Note that during simulation all the scheduling-variables stayed within the compact-set.
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Figure 7.3: Angle of the disk in closed-loop with the LTI controller (—) and LPV
controller (-:-) for different input disturbances w.

7.5 Convex Incremental Synthesis

7.5.1 Incremental synthesis problem

In this section Section [7.5} we will present how we can formulate DT incremental
controller synthesis results in a similar manner as the CT controller synthesis results
of Chapter [6]

We consider a similar setup as is considered in the CT case that is discussed in
Chapter [6] Namely, we consider a DT nonlinear system, being the generalized plant
(see also Definition [6.1]), of the form

z(t+1) = f(z(t)) + Byw(t) + Buu(t); (7.25a)
2(t) = hy(2(t)) + Dyww(t) + Dyyu(t); (7.25b)
y(t) = ny(t) + Dyww(t)§ (7.250)

where ¢ € Ny is time, 2(t) € X C R™, w(t) € W C R" and z(t) € £ C R" are
the state, generalized disturbance and generalized performance signals of the plant,
respectively, and where u(t) € U C R™ is the control input and y(t) € Y C R™ is
the measured output. The sets X', W, U, Z and ) are open and convex, containing
the origin. The solutions of satisfy in the ordinary sense and are
restricted to ¢t € Ny. The functions f: X — X and h, : X — Z are assumed to be
in Cy, i.e. f,h, € C;. Furthermore, By, € R™*"v B, € R™*™_ D, € R"X"w,
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D,, € R"™*™ and Dy, € R™*™ are matrices. The solution set of (7.25|) is
defined as

B = {(m,w,u,z,y) €E(XXWxUxZxY)No|
(z,w,u, z,y) satisfies 7.25}. (7.26)

Remark 7.4. Note that while ([7.25)) might seem restrictive, a larger class of nonlinear
generalized plants of the form

z(t+1)= f(x(t),u(t)) + Byw(t); (7.27a)
2(t) = hy(x(t),u(t)) + Dyww(t); (7.27b)
y(t) = hy(x(t)) + Dyww(t); (7.27¢)

where f: X xU = X, h, : X xU — Z and hy : X = YV with f,h,, hy € Cq, can

be written in the form (7.25)) by interconnecting appropriate filters to u and y of
(7.27). See Appendix for an example of such a procedure in CT.

The to-be-designed controller for the generalized plant given by (7.25) is considered
in the form

mk(t + 1) = fk(a:k(t), uk(t)); (7.28&)
yk(t) = hk(xk(t), uk(t)); (7.28b)

where xy(t) € R™x is the state of the controller, uy(t) € R™ its input, and yi(t) €
R™x its output. Moreover, fi : R™x x R™% — R™x and hy : R™%x X R™% — R™xk.
The closed-loop interconnection of a generalized plant P given by and a
controller K given by with u, =y and u = yy is denoted by Fi(P, K), which
is assumed to be well-posed and hence in the form . In this section we propose
a DT convex controller synthesis method such that the closed-loop interconnection
Fi(P, K) is incrementally (@, S, R) dissipative. Consequently, we assume that
is a generalized plant in the sense that there exists a controller K such that the
closed-loop interconnection JFi(P, K) is incrementally stable, see also Definition
and Proposition [6.1

Like for the CT results in Chapter [6 the procedure will be exemplified by ensuring
lio-gain stability® with minimal #;-gain of the closed-loop interconnection F(P, K).
However, the results also hold for the other aforementioned incremental (@, S, R)
performance notions.

7.5.2 Controller synthesis method

Overview

In this section, the proposed controller synthesis method is discussed. The proposed
procedure follows along the same lines as the CT version discussed in Chapter [6]

3By which we mean the system is incrementally dissipative w.r.t. the £j3-gain supply function,
implying incremental stability.
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This is possible because like in the CT case, it also holds for DT systems that
‘classical (@, S, R) dissipativity’ of the differential form (i.e., differential (Q, S, R)
dissipativity) implies incremental (@, S, R) dissipativity of the primal form (for the
same tuple (Q, S, R)), see Theorem Consequently, to ensure a minimal f;o-gain
of Fi(P, K), we can equivalently ensure a minimal ¢5-gain of the differential form of
F(P,K).

In order to obtain a DT controller ensuring closed-loop #j2-gain stability and
performance the following procedure is proposed:

1. For the generalized plant given by ([7.25)), its differential form is computed,
which is then used to construct a DPV embedding (see Definition for
(I7.25)).

2. For the DPV embedding of the generalized plant, an LPV controller is synthe-
sized such that the closed-loop interconnection is f5-gain stable with minimal
l5-gain . This controller will be referred to as the differential (LPV) controller.

3. The differential controller designed in Step [2 is realized into a primal form.
The resulting closed-loop interconnection of the primal form of the generalized
plant and realized primal form of the controller then is f;5-gain stable with an
lio-gain bounded by ~.

Similar to the CT case, also in DT we can make use of the separability of system
interconnections when transforming to and from the differential domain, see Theo-
rem [6.1l Note that in DT Theorem [6.1] also holds as the interconnection structure
is the same as in CT, hence, the proof for DT trivially follows. Consequently, this
also allows us in DT for independently ‘transforming’ the generalized plant and
controller between the primal and differential domains.

Next, we will discuss each step in more detail.

DPV embedding of the generalized plant

Similar as in CT in Section [6.3.3] as a first step in our proposed controller synthesis
procedure, the differential form of the generalized plant is computed and embedded
in an LPV representation. The differential form of (7.25) is given by

x5(t +1) = As(Z(t))xs(t) + Bwzs(t) + Buus(t); (7.29a)
zs(t) = Co,2(2(t))25(t) + Daw2s(t) + Dauus(t); (7.29b)
Ys (t) C, $§( ) + Dywzé( ) (729C)

where A5 = %’ Cs, = %};Z with & € 7B, x5(t) € R™, us(t) € R™, ws(t) € R™,
z5(t) E R" and ys(t) € R™. Analogous as for (6.6), we denote the set of solutions
of [7.29) along a € 7« B solution of (7.25)) by Bs(z) (see also (6.7)) and we denote

the complete solution set by Bs = (J Bs(z).
TETK B
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The differential form of the generalized plant is then embedded in an LPV
representation, such that we obtain a DPV embedding of , see Definition
and also Definition[6.2} We assume that this DPV embedding of is constructed
on the region X C X', where X is compact, and is given by

zs(t+1) = A(p(t))s(t) + Bwzs(t) + Buus(t); (7.30a)
z5(t) = Co(p(t))x5(t) + Dowzs(t) + Dynus(t); (7.30b)
Ys (t) = Cyl'g (t) + DyWZ5 (t); (7.300)

where p(t) € P C R™ is the scheduling-variable with corresponding scheduling-map
n:X — P,s.t. p(t) =n(x(t)), and A, C, are assumed to be a given function class 2
(e.g., affine, polynomial, rational, etc.). Similar as in CT, for the controller synthesis
problem to be feasible, we assume that for the LPV representation given by (7.30)

that (A, By) is stabilizable and (A, Cy) is detectable, see Definitions and i2.18l

We denote the behavior of the DPV embedding for a scheduling trajectory
p € PYo by B, (p) and the full behavior (i.e., for all p € PNo) by B, similar as
for LPV systems, see and . As the DPV embedding is considered on
X C X, we denote the restriction of the state trajectories of the generalized plant
representation to X by By = {(z,u,w,z,y) € B | z(t) € X}. The corre-
sponding restriction of the solution set of the differential form is denoted b

%5,)( := U(zer, 8,)Bs(7). Using these behaviors, we then have, through Lemma

that %5,)( C Eva, i.e., the behavior of the differential form of the plant |D is
included in the behavior of the DPV embedding (|7.30)).

Next, we use the DPV embedding ([7.30)) in order to be able to use convex controller
synthesis through the LPV framework.

Differential controller synthesis

In second step of our procedure, a controller for the differential form of the general-
ized plant is synthesized such that the closed-loop interconnection is £s-gain
stable with minimal /5-gain. To convexify this problem, the LPV framework is
used to perform this step. Hence, we synthesize an LPV controller for the DPV
embedding of the generalized plant , obtained in the previous step. The LPV
controller is considered to be of the form

wsx(t +1) = Ax(p(t))wsx(t) + Bi(p(t))usk(t); (7.31a)
Ysx(t) = Ci(p(t)) s (t) + Di(p(t))usx(t); (7.31Db)

where zy(t) € R™x is the state, ux(t) € R" is the input and y(¢) € R™ is
the output of the controller and Ay,..., Dy € A. We will refer to as the
differential controller. As aforementioned, various methods exist to obtain an LPV
controller , i.e., to synthesize a DT LPV controller minimizing the ¢5-gain of
the closed-loop system, see e.g. (Apkarian and Gahinet M. Ali and Werner

2011; De Caigny et al. |2012)) or Sectionm

More formally, we can formulate the following theorem:
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Theorem 7.4 (Differential closed-loop ¢5-gain). The closed-loop interconnection of
the differential form of the generalized plant Ps given by and the controller K
given by , denoted by Fi(Ps, Ks), is la-gain stable and has an ls-gain bounded
by v for all x € 7By, if the closed-loop interconnection of the DPV embedding
of the generalized plant Pyyy given by and K5, denoted by Fi(Papv, Ks), is
la-gain stable and with a bounded {5-gain of v for all p € PNo.

Proof. See Appendix [Bf] O

Like in CT case, we assume Assumption [6.1] holds. This means we assume that the
controller synthesis has been solved such that JFi(Pj, Ky) is classicaly dissipative with
a quadratic (differential) storage function of the form Vs(zq,xs.0) = x:;':dM Zs.cls
where M > 0. Here, z = col(x, zx) and x50 = col(zs, Zsx)-

Note that we can also consider other (@, S, R) performance notions in this step,
similar as in CT, which will ensure different closed-loop incremental (Q,S, R)
performance notions. For example, if the differential controller is synthesized such
that its closed-loop interconnection with the differential form of the generalized
plant is passive, then, after realization of the controller, incremental passivity of
the primal form of the closed-loop interconnection is ensured.

Next, it is shown how to realize the primal form of the controller based on synthesized
differential controller ([7.31]) such that the closed-loop interconnection of the primal
form of the controller and primal form of the generalized plant ([7.25)) is fi2-gain
stable.

Primal controller realization

Inspired by realization procedure for CT systems in Section [6.3.5] we make use of
a path integral based realization to obtain the primal form of the controller that
enforces convergence of the plant response from our current trajectory towards a
desired steady-state response ¥ = (a*, w*, u*, z*,y*) € Bx.

Theorem 7.5 (Primal controller realization). Consider a differential controller Ks

given by synthesized for Ps given by such that Fi(Ps, Ks) is {a-gain
stable under Assumption[6.1 Moreover, let (x*,u*,y*) = Txuy ¥ € Txuy Bx be
the (desired) steady-state trajectory of P and consider the nonlinear controller K,
omitting dependence on time for brevity, given by,

qTak = Ak(w, z*)zA Kk + Bk(x, T ua k; (7.32a)
Yk = Y + C_'k(ac, ¥ )zA Kk + Dk(m, T ua k; (7.32b)

where q is the discrete time-shift operator, (yi,uy) = (u*,y*), zax(t) € R™x,



170 Chapter 7. DT Extension of the Incremental Theory

UA k= Uk — Uy, and

_ 1 B 1

Ak(x,x*):/ Ak(n(x* + Mz — :c*)))d)\, Bk(x,x*):/ Bk(n(ﬂc* + Az — x*)))dk,
0 0

C’k(x,x*)/olc’k(n(x* + Az — z*)))dk, Dk(x,x*)/ole( (z* + ANz — 2* ))
(7.33)

The controller K in is the primal form of Ks and the differential form
of K is Ks. Hence, K is called the primal realization of Ks.

Note that the structure of the controller is equivalent to the CT version .
Therefore, it will also have a structure as is depicted in Figure [6.2] Accordingly, the
proof for Theorem also follows along the same line as the proof of Theorem
and is therefore not repeated here. Also here, in DT, we will refer to as the
incremental controller. As also discussed in Chapter [} the incremental controller
consists of a feedback part, to converge towards the steady-state trajectory, and a
feedforward part, corresponding to the steady-state trajectory. Using the controller
K given by we can then formulate the following theorem:

Theorem 7.6 (Closed-loop liz-gain). The closed-loop interconnection Fi(P, K) of a
generalized plant P given by and controller K given by s lio-gain stable
and its lia-gain is bounded by ~yfor all x,% € By, if the closed-loop Fi(Papy, Ks) of
the DPV embedding Papy (7.30) and the LPV controller Ks is lo-gain stable
and has a bounded {2-gain of v for all p € PN with a storage function satisfying
Assumption 6. 1]

Proof. See Appendix [B.5] O

Remark 7.5. Theorem [7.6] holds for z,Z € Bx. Similar to Theorem [6.4 we
can consider a set W C W s.t. for w, € WNo we have that z,7 € By. See
Definition [.9] and Theorem [6.4] for more details.

Remark 7.6. Note that as in the CT case, also in DT, the proposed incremental con-
troller explicitly depends on (u*, y*) € 7y y B x corresponding to (z*, w*, u*, 2%, y*) €
By, hence, explicit knowledge of w* is required. As w™* in the generalized plant
framework can contain besides known disturbances, e.g., references, also unknown
disturbances, a disturbance observer is required in order to estimate the unknown
entries of w*. For this, we can employ similar design considerations as in CT,
including observer design, see the discussion in Section [6.3.7] for more details.

Remark 7.7. Analogous to the CT incremental controller, also for the DT incremental
controller presented in this section, we can ensure universal shifted and classical
dissipativity of the closed-loop system, see also Section [6.4] The corresponding
results are not repeated here.

With the results we have now presented in this chapter, we have the same tools in
DT as we have in CT for incremental dissipativity based analysis and control of



7.6. Controller Synthesis Example 171

nonlinear systems. Moreover, to obtain these results, we have shown that we can
take the same considerations in DT as in CT.

7.6 Controller Synthesis Example

In this section we demonstrate the proposed incremental controller synthesis method
on a simulation example. For comparison, a standard LPV controller, ensuring
{5-gain stability, will also be designed.

Example 7.2 (DT incremental control). Consider the following DT nonlinear
system

Zg1(t+ 1) = 0.1zg 1 (2) — 2 2(2); (7.34a)
Zg2(t+1) =0.9sin(zg,1) + Tg,2 + ug(t); (7.34b)
Yg(t) = w51 (). (7.34c¢)

For this plant, we want to design a controller which achieves reference tracking.

______

T | ;
= M Uk | K:yk Ug G Yg

______

We =, W, =

z2

Figure 7.4: Generalized plant.

The generalized plant structure that is considered in order to achieve this objective
is depicted in Figure where G is the system given by , K is the to-be-
synthesized controller, 7 is the reference, We(q) = (uflq%, M(q) = ‘é%{‘, and
Wa = 0.2, where a = %

For the synthesis of the incremental controller using the procedure described in
Section [7.5.2] we require a DPV embedding of the generalized plant. As the system
given by is the only nonlinear system in the generalized plant (the weighting
filters are linear), we only require computation of the differential form of
(as the dynamics of differential form of an LTI system are equivalent to its primal
form). The following DPV embedding on the region X of is taken:

Tsg1(t+1) =0.12561(t) — Tsg,2(8); (7.35a)

56,1t + 1) = 0.9p(t)x5,6,1(t) + T5,,2(t) + us g(t); (7.35b)

Ysg(t) = 25,6,1(1); (7.35¢)

where p(t) = cos(zg,1(t)) € P = [—1, 1] such that n(z) = cos(xg,1) with z4(t) €

X = R?. Note that (7.35) has an affine scheduling dependency. Under these
consideration, we synthesize an incremental controller for (7.34) using the synthesis
procedure described in Section [7.5.2] For the synthesis of the differential controller
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in Step [ of the synthesis method, see Section [7.5.2] we use a polytopic Lo-gain
LPV controller synthesis method implemented in the LPVcore Toolbox (Boef et al.
. This synthesis procedure results in a closed-loop #j5-gain bound of 1.1.

For comparison, a standard LPV controller is also synthesized in order to achieve
a bounded closed-loop #5-gain. For the synthesis of the standard LPV controller,
the same generalized plant structure as depicted in Figure [7.4]is considered. To
perform standard LPV synthesis, the primal form of the system given by is
embedded in an LPV representation on the region X, given by

$g71(t aF 1) = O.1$g71(t) — I'g72(t); (736&)
Zg2(t+ 1) = 0.9ps(t) + g 2 + ug(t); (7.36D)
Ye(t) = zg1(t). (7.36¢)

where p, = sinc(zg 1 (t)) € [—0.22, 1] such that ny(z,) = sinc(g1) with z4(t) € X =
R2. For synthesis of the standard LPV controller, the LPVcore Toolbox is also used
(however, applied to ), which results in a closed-loop #2-gain bound of 0.80.
The closed-loop systems with incremental controller and standard LPV controller
are both simulated for a reference r = 1 and » = 2. For the incremental
controller, this corresponds to the steady-state trajectory zj ,(t) = r(t) with
ug(t) = yi(t) = 0.9sin(ay ;(t)). The trajectories of the closed-loop systems for both
of these controllers can be found in the top two graphs in Figure [7.5} From the
figure, it can be seen that for both references, the incremental controller achieves
similar tracking behavior and it asymptotically converges towards the references.
However, with the standard LPV controller, the output of the plant ends up in a
limit cycle around the reference when r = 2. The closed-loop system with standard
LPV controller displays similar issues as have been observed in CT.

The incremental controller also allows to track and guarantee convergence towards
more complex reference trajectories. In the bottom graph in Figure[7.5] the reference
r(t) = sin(§t) 4+ 2.5 is used. For this reference, the corresponding feedforward
trajectory y;: (which is not given due to its complexity) is also added to the output
of the standard LPV controller. However, it can again be seen that also for this
reference, the standard LPV controller is not able to guarantee convergence, even
using feedforward.
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Figure 7.5: Output response of the closed-loop of the plant with standard
LPV controller ( — ) and the incremental controller ( — ) for the reference
trajectory (- - ).

7.7 Conclusions

In this chapter, extensions of the CT incremental dissipativity based analysis and
controller synthesis results to DT nonlinear systems have been proposed. The
obtained DT analysis results, similar to the CT results, use the LPV framework
for efficient computation of the various incremental performance notions. More-
over, also analogous to the CT results, we show that DT incremental (Q, S, R)
dissipativity of nonlinear systems can be analyzed by analyzing ‘classical (Q, S, R)
dissipativity’ of their differential form. Through the DPV embedding and by making
use of the LPV framework, this analysis problem can then be casted as a classical
(Q, S, R) dissipativity check of an LPV representation. This allows for the many
computational techniques of the LPV framework to be used to efficiently solve in-
cremental stability performance analysis problems using convex optimization. This
then gives us a systematic and computationally efficient tool to analyze incremental
stability and performance of both CT and DT nonlinear systems. Moreover, we have
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also proposed a systematic, computationally efficient output-feedback controller
synthesis method to ensure incremental dissipativity of DT nonlinear systems. This
is achieved through combining the results we have presented on incremental dissipa-
tivity analysis of DT nonlinear systems using the LPV framework and extending
the CT incremental controller synthesis results from Chapter [ff We show that
an equivalent controller synthesis procedure as in CT can be used, and that the
resulting incremental controller has the same structure as the CT incremental
controller. Taken together, these results give us a systematic and computationally
efficient framework to ensure and shape closed-loop incremental dissipativity of
both CT and DT nonlinear systems, with the CT case and DT case having the
same considerations.



Discrete-Time Extension
of the Universal Shifted
Theory

the extension of the Continuous-Time (CT) univer-

ults what we have presented in Chapter 4 to Discrete-Time

row that analogous to the CT results, we can use a
representation of the em in order to analyze universal shifted
d performance. In DT, this velocity representation corresponds to

ast as a standard Linear Parameter-Varying (LPV) analysis problem. We
also show how these results can be used in order to construct a systematic
controller synthesis method, which achieves closed-loop universal shifted sta-
bility and performance. Finally, we investigate and analyze the capabilities
of the controller synthesis method through a simulation study, which shows
stronger and stability and performance guarantees that we achieve, which
are also advantageous compared to a standard LPV controller design.
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8.1 Introduction

In Chapter [7} we have already presented how we can extend our Continuous-Time
(CT) incremental results of Chapters [5] and [6] to Discrete-Time (DT) systems. In
this chapter, we will show how we can also extend the CT universal shifted results
of Chapter [f] to DT. In CT, we have shown how we can use the velocity form and
analysis and synthesis results of the Linear Parameter-Varying (LPV) framework to
arrive at systematic and computationally efficient methods for analysis and controller
synthesis in order to guarantee universal shifted stability and performance.

While the notion of universal shifted dissipativity for DT system is shortly discussed
in (Simpson-Porco in order to analyze stability and performance w.r.t. all
equilibrium points of the system, there are to the author’s knowledge no results
available in literature which also try to ensure this notion through control. As afore-
mentioned, in CT, we have seen how the velocity form, i.e., the time-differentiated
dynamics, imply stability and performance properties w.r.t. (non-zero) equilibrium
points, which also has been investigated in several other works (Leith and Leithead
Kosaraju et al. Schweidel and Arcak In DT, the time-difference
dynamics, analogous to the time-differentiated dynamics in CT, have primarily
received attention in the context (nonlinear) Model Predictive Control (MPC) meth-
ods. In the context of MPC, the time-difference dynamics have been used in order
to penalize or constraint the differences between consecutive samples and have also
been use in the context of offset free tracking (Ferramosca et al. Cisneros
et al. . However, to the author’s knowledge, there have not been results in
literature which connect the time-difference dynamics to stability and performance
guarantees w.r.t. equilibrium points in the nonlinear context.

Therefore, as a contribution of this chapter, we will present how the time-difference
dynamics can be used in order to analyze universal shifted stability and performance
of the system, analogous to the CT results in Chapter [l Moreover, we will also
show how the analysis of time-difference dynamics can be performed through the
LPV framework and how we can formulate controller synthesis results on the basis
of it to ensure closed-loop universal shifted stability and performance.

First, in Section B:2] we will discuss universal shifted stability and performance
in the context of DT systems. Next, in Section [8.3] we will present how the DT
velocity based analysis, i.e., analysis based on the time-difference dynamics, can be
connected to universal shifted stability and performance properties of the system.
In Section [8:4] we show how velocity based analysis can in DT also be performed
through the LPV framework. In Section [B:5] we present a systematic controller
synthesis method to guarantee universal shifted stability and performance on the
basis of the time-difference dynamics and the LPV framework. Next, in Section [3.6]
we demonstrate the proposed controller synthesis method through a simulation
study. Finally, in Section [8.7] conclusions are drawn on the presented results.
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8.2 Universal Shifted Stability and Performance

Like we have considered in Section [2:2] we consider DT nonlinear dynamical systems
given by

w(t+1) = f(x(t), w(t)); (8.1a)

2(t) = h(x(t), w(t)); (8.1b)

where ¢ € Ny is the discrete-time instant, x(t) € X C R™ the state with initial
condition z(0) = z¢g € R™ w(t) € W C R™ is the input of the system, and
z(t) € Z CR™ is the output of the system. The sets X and W are assumed to be

open and convex, containing the origin. Moreover, the functions f: X x W — X
and h: X x W — Z are considered to be in Cy, i.e., f,h € C;. We define the set of

solutions of (8.1]) as
B = {(z,w,2) € (X x W x 2)N | (z,w, 2) satisfy ([8.1)}, (8.2)
and the behavior of (8.1)) for a specific input trajectory w € WY, by

By (0) := {(z,w,2) €B | w=we W0} (8.3)

For the nonlinear system given by (8.1)), the equilibrium points satisfy

T = f(24, ws); (8.4a)
Ze = h(@y, wy); (8.4b)

where x, € X, w, € W and z, € Z. The set of equilibrium points is then defined as
E = (s, Wy, 24) €EX X W X Z | (@4, Wy, 2) satisfy (8.4)}. (8.5)

Define 27 = 7y, &, W = 7wy, &, and & := m,, &. Similar as we did for CT
systems, we assume Assumption [I.1] is satisfied.

In DT, we consider the same definition for universal shifted stability as has been
considered in CT, i.e., a system given by is universally shifted stable if it is
stable w.r.t. to all its forced equilibrium points, see again Definition [{.1] This then
allows for a trivial extension of the results of Theorem to discrete time systems:

Theorem 8.1 (Universal shifted Lyapunov stability in DT). The nonlinear system
given by is universally shifted stable, if there exists a function Vi : X x W — RS
with Vs(-, ws) € C1 and Vi(-,wy) € Q. for every (z.,w,) € mx, w, &, such that, for
every (T, wy) € Tk, w, &, it holds that

Va(z(t + 1), ws) — Vs(z(t), ws) <0, (8.6)

for allt € Ny and x € 71y Byw(w = w,). If holds, but with strict inequality
except when x(t) = x., then the system is universally shifted asymptotically stable.
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Proof. The proofs follows similarly as the proof of the CT version (i.e., Theorem [4.1))
in Appendix [B:2 and therefore it is not repeated. O

For universal shifted dissipativity, we can also formulate the extension of Defini-
tionto DT, similar to the DT version of classical dissipativity (see Definition ,
which gives us the following definition:

Definition 8.1 (Universal shifted dissipativity of DT systems). The nonlinear
system given by is universally shifted dissipative w.r.t. the supply function
ss : WX W x Z x Z, if there exists a storage function Vs : X x W — RY with
Vs(-, ws) € Co and Vs(-,w.) € Qg for every (x4, ws) € Ty, w, &, such that

ty

Vs(x(tl + l)aw*) - VS(.’E(to),’LU*) < Z Ss(w(t)aw*72(t)a Z*)a (87)

t=to

for all to,t; € RY with t; >ty and (z,w, z) € B.

As the universal shifted stability and dissipativity conditions in DT are similar to
those in CT, we can trivially extend a few of the CT results in Section 2] to DT
systems. Namely, we can trivially extend Theorem [£.2] to DT, which shows that
universal shifted (@, S, R) dissipativity implies classical (@, S, R) dissipativity of
the system (considering (0,0,0) € &). Furthermore, Theorem can trivially be
extended to DT, which shows how universal shifted dissipativity implies universal
shifted stability under restrictions of the supply function. As both these results are
trivially extended to DT, they are not repeated.

The CT universal shifted performance notions and results we have discussed in
Section [£:2.4] can also easily be extended to DT. Namely, for the universal shifted
extension to the £,-f,-gain (see also Definition [2.11]), we consider the following
definition:

Definition 8.2 (Universal shifted £,-L,-gain). A nonlinear system given by
is said to have a finite universal shifted £,-C,-gain, if there is a finite v > 0 and
function (s : X x 2~ — R such that for every (x.,wy) € Tx, w, & it holds that

2= 2ellyz < 7w = wll, g + oo, 22), (58)

for allT >0 and (xz,w,z) € B with w € lpe. The induced universal shifted £,-lq-
gain of , denoted as lsp-lsq-gain, is the infimum of v such that still holds.
If p = q, we will refer to this as the (induced) universal shifted £,-gain, denoted as
Lyp-gain.

Using this definition, the result of Lemma [£.2] can easily be extended to DT to show
that universal shifted (@, S, R) dissipativity of a DT nonlinear system given by ({8.1))
with (Q, S, R) = (72,0, —I) implies that the system has a fsx-gain bound of .

The CT version of the definition of universal shifted passivity given in Definition [1.4]
can also directly be applied to DT systems. This means that the system given by
is universally shifted passive is it is universally shifted (@, .S, R) dissipative
with (@, S, R) = (0,1,0).
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8.3 Discrete-Time Velocity based Analysis

8.3.1 The DT velocity form and velocity dissipativity

For CT systems in Section [4.3] we have shown how the universal shifted stability and
performance properties of nonlinear systems could be analyzed through the time-
differentiated dynamics, i.e., velocity form of the system. In DT, the counterpart to
time-differentiation is taking difference of the dynamics in time. By doing this, we
get a new representation which we will show can be used to imply universal shifted
stability and performance properties in DT.

Let us introduce za (t) := z(t+1) —x(t) € R™, wa(t) := w(t+1)—w(t) € R™, and
za(t) := z(t+1)—z(t) € R™. Based on these variables, we have that time-difference
dynamics of (8.1]) can be expressed as

zat+1) = flz(t+1),w(t+1)) — (8.9a)
za(t) = h(z(t + 1), w(t + 1)) — h(z(t), w(t)). (8.9b)

~
8
=
~—
g
—~
~

By Lemma [C.1.1] we can then equivalently write the time-difference dynamics
in an alternative form, which we will refer to as the (DT) velocity form:

Definition 8.3 (Discrete-time velocity form). For a nonlinear system given by

, the velocity form is

alt+1) = Ay (c(t+1),5(t))zal(t) + By (s(t +1),5(t))wa(t); (8.10a)
za(t) = Cy(c(t+1),5(t))za(t) + Dy (s(t + 1), c(t))wa(t); (8.10b)

where (x,w, z) € B, ¢ = col(x,w), and
- Yof o
Av(zy,wy, z,w) = —(z(N\),w(N)) dA,
0 81:

_ Lar
Bv(:r+,w+,x,w) —/(; %(

z(A), w(A)) dA,
Lo (8.11)
Cfv(x+7w+>$7w): o %(j(A),@()\))d)H
1
Dy(zy,wy,z,w) = ; S—Z(i()\),@()\))d)\,

with T(\) =z + AMag — ), w(A) = w4+ AMwy — w).
Let us define the operator A for the behavior 8 of (8.1)), given by (8.2)), such that

AB = {(Z‘A,UJA,ZA) S (Rnx x R™ x an)Rg |
aa(t) =zt +1) —x(t), walt) =w(t+1) —w(t),
zalt) == 2(t+1) — 2(t), Vt € Ny, (z,w,z) € B}. (8.12)
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The solution set of (8.10) is then given by B, := A%, and we can also define
By w(w) := AB (w) for a w € Wo,

The DT velocity form represents the dynamics of the change between consecutive
time-instances of the original dynamics. This is analogous to the CT velocity form,
whereby the velocity form represents the dynamics of the instantaneous change in
time (i.e., time derivative) of the original dynamics. Similar to the CT results, we
will show that the DT velocity form also connects to universal shifted stability and
performance. Before presenting this connection, we will first present our analysis
results based on the DT velocity form.

Based on the DT velocity form, we formulate the following definition for DT velocity
dissipativity, analogous to the CT definition in Definition

Definition 8.4 (DT velocity dissipativity). The nonlinear system given by 18
velocity dissipative w.r.t. the supply function s, if there exists a storage function
Vy @ R™ — Ry with Vy € C1 and Vy € Qq, such that, for all to,t; € RY with

tl 2 t07
t1

Ve(zalt +1)) = Vo(zalt) < S sy(walt), za(t)), (8.13)

t=to

for all (xa,wa,za) € By.

Similar to the CT case, the DT version of velocity dissipativity can be seen as
‘classical dissipativity’ (see Definition of the velocity form of the system.
Moreover, analogous to the CT condition in Lemma [I.3] we can also derive a
condition for DT velocity dissipativity.

Lemma 8.1 (Condition for DT velocity dissipativity). If there exists a storage
function Vs, : R™ — Ra' with Vy € Ci and V,, € Qq, such that, for all values
wy,w €W and x € X,

Vy (Av(x+axaw+aw)(x+ - .T) + Bv(x+,wi+’w)(w+ - w)) - Vv(x—i- - 217) <
sy(wy —w, Oy (2, 2, wp, w) (x4 — 2) + Dy(24, 2, wp, 0)(Wy —w)), (8.14)

where x4 = f(x,w), then the nonlinear system given by is velocity dissipative
w.r.t. the supply function s.

Proof. See Appendix O

In CT, we could formulate an (infinite dimensional) Linear Matriz Inequality (LMI)
feasibility condition for velocity dissipativity by considering a quadratic storage
function and a quadratic (@, S, R) supply function, see Theorem [4.4, We will
show that in DT, we can formulate a similar condition. For this, we will consider
quadratic (@, S, R) supply functions for velocity dissipativity of the form

sy(wa, za) = {wA}T [Q }6{1 [wﬂ ; (8.15)

ZA * ZA
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where again @ € S"v, S € R"*" and R € S"#. Moreover, we also consider the
storage function V, to be quadratic:

Vy(za) = xAMza (8.16)

where M € S™ with M > 0. Under these considerations, we can derive the following
theorem:

Theorem 8.2 (DT velocity (@, S, R) dissipativity condition). The system given by

is velocity (Q, S, R) dissipative where R <0, if there exists an M € S™ with
M = 0, such that for all (x,w) € X x W, it holds that

)7 ﬁw J\OA {Av(i,w) Bv(?c,w)](*)T [Cf zﬂ {Cv(g,w) Dv(i,w) =

L, ) (8.17)
_ Oh _

where A, = f , B, 81{),0 Se» Dy = 6w

Proof. See Appendix [B.6] O

From the proof of Theorem it follows that the condition for velocity (@, S, R)
dissipativity in DT, can be expressed in terms of the matrix functions AV, ..., Dy
instead of the matrix functions Ay, ..., D, of the DT velocity form® . This
results in a similar condition for Velomty (Q, S, R) dissipativity as in CT in Theo-
rem which also uses Ay, ..., D,. Expressing the condition for velocity (@, S, R)
dissipativity in DT in terms of A,,..., D, instead of A,,...,D, simplifies the
condition. Namely, A, ..., D, only depend on two arguments, which results in
the condition needing to be verified at all (z,w) € X x W. On the other hand, a
condition using A, ..., Dy, which take four arguments, would need to be verified
at all (z,w) € X x W and all (z4,wy) € X x W.

Analogous to the CT condition in Theorem [4.4] we have that the condition in
Theorem corresponds to a feasibility check of an infinite dimensional set of LMIs,
as for a fixed (z,w) € X x W becomes an LMI. Later, in Section [8.4] we
will see how we can use tools from LPV analysis to reduce this infinite dimensional
set of LMIs to a finite dimensional set, which can computationally efficiently be
verified. This will then gives us computationally efficient tools to analyze velocity
(@, S, R) dissipativity of a system, like the ones we have developed for CT systems
in Section [£.4

8.3.2 Induced universal shifted stability

In Section [£:3:3] we have shown how the velocity form in CT can be used to
formulate a condition to imply universal shifted stability of a system. Likewise, we
will show that also in DT, we can formulate a condition for universal shifted stability
of a system using the DT velocity form. Before doing so, let us first introduce the

Do note that Ay, ..., Dy are integrated versions (over the time difference) of Ay, ..., Dy.
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behavior By » = J,, ¢y Bv.w(w = w.), i.e., the behavior of the velocity form for
which the input w(t) = w, € #/, and hence wa (t) = 0, for all ¢ € Ny.

Theorem 8.3 (Implied universal shifted stability). The nonlinear system given
by is universally shifted stable, if there exists a function V, : R™ — ]RS' with
Vi, € Cq and V, € Qq, such that

Ve(zalt+1)) = Vi(za(t)) <0, (8.18)

for allt € Ny and xa € mx, By . If holds, but with strict inequality except
when xA(t) = 0, then the system is universally shifted asymptotically stable.

Proof. See Appendix [B.6] O

Like the proof for Theorem also the proof for Theorem relies on the
construction of the universally shifted Lyapunov function based on V;,. While in
CT, a similar construction is often referred to as the Krasovskii method (Khalil
Kawano et al. , to the author’s knowledge, an equivalent result in DT
like we have presented here is not available in literature. Moreover, to the author’s
knowledge, this is also the first time that properties of the time-difference dynamics
have been connected to universal shifted stability.

Analogous to the CT condition, we can also interpret the DT condition (8.18]) as
the velocity form being (asymptotically) stable.

In CT, we have shown in Theorem [£.6] how velocity dissipativity implies universal
shifted stability, under restriction of s,. Similarly, we can trivially extend the results
of Theorem to DT systems for which the same condition on the supply function
holds (see )7 therefore it is not repeated.

With these results, we have shown so far that DT versions of the velocity form and
velocity dissipativity can also be used in order to imply universal shifted stability
of nonlinear systems, analogous to our CT results in Section [1.3.3]

8.3.3 Induced universal shifted dissipativity

Next, we are interested if velocity (@, S, R) dissipativity also implies universal
shifted (@, S, R) dissipativity. In CT, in Section we have not been able
to proof completely that velocity (Q, S, R) dissipativity implies universal shifted
(@, S, R) dissipativity, i.e., Proposition Nevertheless, we have shown results in
Section that link these dissipativity concepts under some assumptions. While
also in DT, we are not able to completely proof Proposition [{.1} we will present
results that link the two, which are analogous to the CT results in Section [£.3.4]

Like we considered in CT, instead of considering nonlinear system given by (8.1)),
we will also restrict ourselves here to nonlinear systems that can be represented as

z(t+1) = f(z(t)) + Bw(t); (8.19a)
y(t) = Cux(t). (8.19D)
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Also for the DT system given by , we can always transform to the form
at the cost of increasing state dimension, e.g., by appending appropriate
filters (see the CT result in Appendix [C.2.1)). For (8.19)), we will also assume in
this section that X, besides being convex, is compact.

For a nonlinear system given by (8.19)), the equilibrium points (z,ws, 2z.) € &
satisfy

e = f(xy) + Bw,; (8.20a)
Y = Cay; (8.20b)

and the velocity form of (8.19)) is given by

za(t) = Ay(z(t +1),2(t)za(t) + Bwa(t); (8.21a)
z2a(t) = Cxa(t); (8.21b)

for which now A, (z,z) = 01 %(x + AMzy —x))d

Analogous to the CT results, we will next connect velocity (@, S, R) dissipativity for
(@, S, R) tuples for which S =0, @ = 0, and R < 0 to universal shifted performance
notions that can be characterized by a similar (Q, S, R) universal shifted supply
function. Like in CT, we assume that Assumption holds for , i.e., for
, we assume C'B = 0. Moreover, we take the following assumptions, analogous
to Assumptions [£.3] and [£.4] in CT:

Assumption 8.1. Given a matriz T € S™ with T < 0, assume that there exists
an a € Rt such that for allz, € 2 and v € X

) TTC (Av(z,20) = I) (x —2,) < a1 (%) T TO(x — 2). (8.22)

Assumption 8.2. For a given (x.,wy, zs) € &, assume that w is generated by the
exosystem
w(t+1) = Aw(w(t) — wi) + wi, (8.23)

where Ay, € R™ ™ 4g Schur and || Aw — I|| < . Define the corresponding behavior

as
W= {w e WY | w satisfies } . (8.24)

Under these assumptions, we can show the following result, similar to Theorem (.7}

Theorem 8.4 (Universal shifted performance from velocity dissipativity). If a
nonlinear system given by is velocity (Q, S, R) dissipative for the (Q, S, R)
tuple where S = 0, Q = 0, and R < 0, , where R satisfies Assumption [8.1],
Assumptions and hold for every (z,wy,zy) € &, and xA(0) = 0, then for
every (Ty, Wy, z4) € &, it holds that

T
Z B2 TQ(2(t) — wy) + a™ (x) T R(2(t) — 24) > 0, (8.25)
=0

for all T > 0 and (w, z) € Ty, B with w € 2.
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Proof. See Appendix O

Similarly, applying the result of Theorem to the (@, S, R) tuple (Q,S,R) =
(41,0, 1), corresponding the (universal shifted) L£o-gain, we obtain the following
corollary:

Corollary 8.1 (Bounded Lg-gain from velocity dissipativity). If a nonlinear
system given by is velocity (Q, S, R) dissipative for (Q,S, R) = (v*1,0,—1I),
where R = —I satisfies Assumption [8.1], Assumptions [[.9 and[8-9 hold for every
(Tay Wi, 24) € &, and za(0) = 0, then the system has an Lsa-gain bound of 7 =

Vv aB2y2.

Proof. The proof follows in a similar manner as the proof of Corollary in
Appendix [B2] ]

Like in CT, due to technicalities, Theorem [84] and Corollary 1] are what we
can prove in terms of the connection between velocity (@, S, R) dissipativity and
universal shifted (Q, .S, R) dissipativity. Nonetheless, based on the results that we
obtain for controller synthesis (see Section, there are also strong indications for
DT nonlinear systems that Proposition [{.1] holds true.

8.4 Convex Universal Shifted Analysis

In the previous section, we have shown how the DT velocity form can be used
to formulate the concept of velocity dissipativity which can then be used in order
to imply universal shifted stability and performance properties of the primal form
of the system. This is similar to what we have shown for CT systems in Chapter [
Furthermore, we have shown in Theorem how velocity (@, S, R) dissipativity in
DT could be analyzed through a feasibility check of an infinite dimensional set of
LMIs. Next, we will discuss how we can make the analysis computationally feasible
through the use of methods from the LPV framework.

In Section [I:4] we have shown in the CT case that the CT velocity form could
be embedded in an LPV representation, obtaining a so-called Velocity Parameter-
Varying (VPV) embedding. Through the VPV embedding, we can cast the velocity
(Q, S, R) dissipativity analysis problem as a classical (@, S, R) dissipativity problem
of the VPV embedding. This is also directly connected to the matrix inequality
condition in Theorem Namely, through the VPV embedding, the matrix
inequality condition becomes equivalent to the LPV based matrix inequality

condition ([2.37)).

In the DT case, the matrix inequality condition for velocity (Q, S, R) dissipativ-
ity given in Theorem [8:2] uses the matrix functions A, ..., Dy instead of matrix
functions Ay, ..., D, corresponding to the (DT) velocity form (which are inte-
grated versions of A, ..., D). While, as aforementioned, a similar condition could
be formulated that uses Ay, ..., Dy, it would significantly increase the complexity of
the condition, as the resulting condition would need to hold for all (z,w) € X x W
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and all (x4, w,) € X x W (corresponding to all the arguments of A,,..., D). The
current condition only needs to hold at all (z,w) € X x W. While we could
also construct an LPV embedding of the DT velocity form (8.10), this would result
in a more complex embedding procedure due the increased complexity of A, ..., D,
(compared to Ay,...,Dy).

Nonetheless, despite this difference between the matrix inequality condition and the
velocity form in DT, we can still use the LPV framework to arrive at an LPV based
analysis condition. Namely, instead of embedding the DT velocity form in an LPV
representation, we just ‘embed’ the matrix functions Ay, ..., D, (used in ) in
LPV matrix functions A, ..., D. More concretely, for a region X x W C X x W,
we construct the LPV matrix functions A, B, C, D, belonging to a given class of
functions A (e.g., affine or rational), and function n : X X W — P with p = n(x, w)
and P D n(X, W), such that, V (z,w) € X x W:

A(n(x’w)) ZAV(JJ,U)), B(n(x’w)) :Bv(wi)a

Cn(z,w)) = Cy(z,w),  D(n(z,w)) = Dy(z,w). (8.26)

If X x W =X x W, then condition (8.17)) can equivalently be verified by ensuring

e {_iw -7\04} {Agp) B(()p)} — {? Jﬂ {C(()p) Dép)} 20, (821)

for all p € P, which is equivalent to the condition for classical (@, S, R) dissipativity
of an LPV state-space representation in (2.37)) (considering M in (2.37) is a constant
matrix).

Therefore, also in DT, we can still check velocity (Q, S, R) dissipativity through
the LPV framework. Combined with the results of Section [8:3] we can also analyze
universal shifted stability and performance through the LPV framework. This also
give us in DT a systematic and computationally efficient tool for universal shifted
stability and performance analysis of nonlinear systems, similar to what we have
shown for CT systems.

While we have shown in Chapter [7] that the analysis results for incremental stability
and performance in CT and DT are equivalent, with the results presented in this
chapter, we have now seen that for universal shifted stability and performance there
are some differences between the CT and DT results for analysis. Namely, while
in both CT and DT we can formulate a velocity form to analyze universal shifted
properties, the velocity forms represent the time-differentiated dynamics in CT, while
it represents the time-difference dynamics in DT. Due to these differences, slightly
different assumptions have to be considered for the results presented in Section [8:3.3]
Similarly, in this section, we have also shown how we do not directly use a VPV
embedding in DT to make the velocity based analysis results computationally
feasible. Nevertheless, in the end, we can still come to analogous results in CT and
DT for universal shifted stability and performance analysis based on the velocity
form.

In the next section, we will show how we can also develop a systematic controller
synthesis method in order to ensure and shape universal shifted stability and
performance through the use of the DT velocity form.
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8.5 Convex Universal Shifted Synthesis

8.5.1 Controller synthesis problem

Like we considered for the universal shifted (and incremental) controller synthesis
problem in CT, we again make use of the generalized plant concept in order
systematically and intuitively ensure and shape universal shifted stability and
performance requirements. In this case, we consider a DT nonlinear generalized
plant of the form

z(t+1) = f(z(t)) + Bew(t) + Buu(t); (8.28a)
2(t) = hy(x(t)) + Daww(t) + Dyuu(t); (8.28b)
(1) = Cya(t) + Dywan(): (5.280)

where z(t) € X CR™, w(t) € W C R™ and z(t) € Z C R are the state, gener-
alized disturbance and generalized performance signals of the plant, respectively,
and where u(t) € Y C R™ is the control input and y(t) € Y C R™ is the measured
output. The sets X', W, U, Z and ) are open and convex, containing the origin.
The functions f: X — X and h, : X — Z are assumed to be in Cy, i.e. f,h, € C;.
Furthermore, B,, € R™*™" B, € R™*"_ D, € R"=*"_ [, € R"*™ and
Dy, € R"™>"™_ The solution set of will from here on be denoted by B and
given by

B = {(‘T?w7u7zay) € (XXWXMXZXJ})NU |

(x,w,u, z,y) satisfies 8.28}. (8.29)

Remark 8.1. Note that while (8.28) might seem restrictive, a larger class of nonlinear
generalized plants of the form

z(t+1) = f(z(t),u(t)) + Byw(t); (8.30a)
z(t) = hy(x(t),u(t)) + Dyww(t); (8.30Db)
y(t) = hy(a(t)) + Dyac(): (5.300)

where f: X xU = X, h, : X xU — Z and hy : X = Y with f, h,, hy € Cq, can
be written in the form (8.28)) by interconnecting appropriate filters to u and y of
(8-30]). See Appendix for an example of such a procedure in CT.

The to-be-designed controller K for the generalized plant P (8.28)) is considered to
be of the form

ot +1) = fi(zw(t), u(t)); (8.31a)

Y(t) = (e (£), unc(2)); (8.31b)

where xy(t) € R™x is the state of the controller, uy(t) € R is its input, and y (t) €
R™x is its output. Moreover, fi : R™x x R™ — R™% and hy : R™x x R™% — R™.
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The closed-loop interconnection of P given by and K given by for
which ux = y and u = yy is denoted by Fi(P, K). Note that this closed-loop
interconnection will be a system of the form with input w and output z.
Moreover, we assume that is a generalized plant in the sense that there exists
a controller K such that the closed-loop interconnection Fi(P, K) is universally
shifted stable, see also Definition [£.8] and Proposition [£.2}

Our objective for controller synthesis is then to synthesize a controller K such
that (P, K) is universally shifted stable and satisfies a (desired) universal shifted
performance criteria. Like for the CT results in Chapter [d] the procedure will be
exemplified by considering the {4-gain and universal shifted performance criteria,
which we will aim to minimize. However, the procedure can also be used when
other (@, S, R) performance notions are considered.

8.5.2 Universal shifted controller synthesis procedure

Overview

In this section, we will discuss the proposed controller synthesis method to achieve
universal shifted stability and performance in DT. As aforementioned, for this
we will exploit of the DT velocity form, similar to the CT case. Like in CT, to
simplify the discussion, we will also assume Proposition [I.1] to be true for DT
system, meaning we will consider that velocity (@, S, R) dissipativity of a system
implies universal shifted (@, S, R) dissipativity of that system for the same tuple
(@, S, R).

In CT, we have shown how we can embed the velocity form in an LPV representation
to obtain a VPV embedding. This has been used to accommodate the controller
synthesis procedure, see Section[1.5.2] However, as has been discussed in Section [3:4]
doing the same in DT leads to a more complex embedding procedure. Next, we
will show that we can actually use the differential form and DT incremental
controller synthesis results that have been presented in Section [7.5] to ensure
universal shifted stability and performance. While incremental (@, S, R) dissipativity
implies universal shifted (Q, S, R) dissipativity, see Theorems and we
will show that under some restrictions the DT incremental controller design can
be simplified. Under these restrictions, we cannot ensure incremental (Q, S, R)
dissipativity anymore, however, they will imply DT velocity (Q, S, R) dissipativity.
Through the presented velocity (@, .S, R) dissipativity results (Section 7 we will
then ensure universal shifted stability and performance of the closed-loop.

Next, we will give an overview of the proposed procedure, after which more details
are given on the specifics of the procedure and how the aforementioned implications
will follow. While the procedure will use the DT incremental controller synthesis
results that have been presented in Section we will present for clarity all the
keys steps and results that are required for the proposed DT universal shifted
controller design.

Similar to the CT universal shifted and incremental controller synthesis methods,
we propose a three step procedure in order to obtain a DT controller which ensures
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universal shifted stability and a bounded {s-gain of the closed-loop system:

1. For the generalized plant given by (8.28)), its differential form is computed,
which is then used to construct a Differential Parameter-Varying (DPV)

embedding of (8.28)).

2. For the DPV embedding of the generalized plant, an LPV controller is syn-
thesized to ensure a minimal closed-loop Ls-gain ~.

3. The previously synthesized LPV controller is realized into a primal form
such that the resulting closed-loop interconnection of the primal form of the
generalized plant and realized primal form of the controller is universally
shifted stable and its f5o-gain is bounded by ~.

The first two steps of this proposed approach are equivalent to the first two steps of
the proposed DT incremental controller design approach in Section However,
in the third and final step, we make restrictions to the realization procedure. As
aforementioned, the restrictions will then be used to simplify the resulting realization
procedure. Under these simplification, we will still be able to imply DT velocity
(@, S, R) dissipativity and consequently universal shifted stability and performance
of the closed-loop.

DPV embedding of the generalized plant

For the first step in the procedure, the differential form of (8.28]) is computed and
embedded in an LPV representation, resulting in a DPV embedding of (8.28]). The
differential form of (8.28]) is given by

z5(t+1) = As(2(t))a5(t) + Bwzs(t) + Buus(t); (8.32a)
( ) 05 Z(g_j( )) ( ) + DZWZ(S(t) + Dzuué(t); (832b)
ys(t) = Cyas(t) + Dywzs(t); (8.32¢)

where As = %, Csz = a—; with & € 7 B, x5(t) € R™, us(t) € R”“, w(;( ) € R,
z5(t) € R™ and ys(t) 6 R™. We denote the set of solutlons of (8.32) along a
z € Ty B solution of (8.28) by Bs(z) (see also Wlth the complete solutlon set
denoted by Bs = U %5( ), see also 1 ) and 1
TETL B

The differential form, given by (8.32), is then embedded in an LPV representation
such that we obtain a DPV embedding of , see also Definitions and
We assume that the DPV embedding is constructed on the region X C X, where X
is compact, and is given by

st +1) = A(p(t))zs(t) + Bwzs(t) + Buus(t); (8.33a)
z5(t) = C,(p(t))x5(t) + Dow2s(t) + Douus(t); (8.33b)
ys(t) = Cyws(t) + Dywzs(t); (8.33c)

where p(t) € P C R™ is the scheduling-variable with corresponding scheduling-map
n:X — P,s.t. p(t) =n(x(t)). Moreover, the matrix functions A, C, are assumed
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to be of a user chosen function class 2, such as affine, polynomial, rational, etc.
Furthermore, for the controller synthesis problem to be feasible, we assume that
for (8.33), (A, B,) is stabilizable and (A, Cy) is detectable, see Definitions
and .18

The behavior of the DPV embedding for a given scheduling trajectory p € PNo
is denoted by B, (p) and the full behavior of the DPV embedding is denoted by
(i.e., for all p € PNo) %p, similar as for LPV systems, see and . As the
DPV embedding is considered on X C X', we will denote the restriction of the state
solutions of the generalized plant to X by By := {(z,u,w, z,y) € B | x(t) €
X}. The corresponding restriction of the solution set of the differential form
is denoted by ‘35’)( = Ugzenr, 8, Bs(7). Using these behaviors, we have through
Lemma (which also holds in DT, see Section that %5, x C %p. This means
that the behavior of the differential form of the plant is included in the
behavior of the DPV embedding .

Next, we use the DPV embedding (8.33)) in order to be able to use the convex
controller synthesis results of the LPV framework.

Controller synthesis for the DPV embedding

In the second step of the procedure, we use the DPV embedding to be able
to use the convex synthesis results of the LPV framework to synthesize a controller.
More concretely, we synthesize an LPV controller for in order to ensure the
closed-loop has a bounded (and minimal) ¢s-gain. The synthesized LPV controller
is considered to be of the form:

25kt +1) = Ax(p(t))zs,x(t) + Bi(p(t))us i (t); (8.34a)
Ysx(t) = C(p(t))w5x(t) + Dic(p(t))us i (t); (8.34b)

~—

where xy(t) € R™« is the state, ux(t) € R™ is the input and yx(t) € R™ is the
output of the controller and Ay, ..., Dy € 2. As also mentioned in Section [7.5.2]
various methods exist to synthesize a controller such that the closed-loop
ly-gain is minimized, see e.g. (Apkarian and Gahinet M. Ali and Werner
De Caigny et al. and also Sectionm The synthesized controller then
gives us the following result (also given in Theorem :

Theorem 8.5 (Differential closed-loop ¢>-gain). The closed-loop interconnection of
the differential form of the generalized plant Ps given by and the controller
K5 given by , denoted by Fi(Ps, Ks), is classically dissipative and has an
la-gain bounded by ~ for all * € mz By, if the closed-loop interconnection of the
DPV embedding of the generalized plant Py, given by and Ks, denoted by
Fi(Papy, Ks), is classically dissipative with a bounded ls-gain of v for all p € PMNo.

Proof. See the proof of Theorem [7.4] in Appendix O
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Similar to the CT and DT incremental controller synthesis procedures, we assume
that Assumption holds in order to facilitate the realization procedure in the
next step. Consequently, we assume that the synthesis problem has been solved
such that F(Ps, K5) is classically dissipative with a quadratic (differential) storage
function of the form Vs(ze, z5.a) = x}jclMx(;,d, where M = 0, z¢ = col(z, zy), and
x5,e1 = col(Ts, Tsx)-

DT universal shifted controller realization

In the final step of the procedure, we use the synthesized LPV controller (8.34)) of
the previous step in order to realize our universal shifted controller that ensures
closed-loop universal shifted stability and performance.

This is achieved using the following idea. For the incremental controller realization
in CT in Section [6.3.5|and similarly in DT in Section[7.5.2} a path integral realization
is used to converge towards a desired steady-state response ¥ = (z*, w*, u*, z*,y*) €
Bx. As 9 is any trajectory in By in the incremental realization, we obtain our
incremental stability and incremental performance guarantees. For the DT universal
shifted controller realization instead of considering any ¢ € By, we restrict ourselves
to a single specific trajectory. Namely, we consider ¥ to be the current trajectory
shifted one time instance back. Based on this restriction, we will show that we
can simplify the incremental controller realization (which is equivalent to
the CT version ) Moreover, as ¢ is now restricted to the current trajectory
shifted one time instance back, we have stability and performance guarantees w.r.t.
this time shifted trajectory. This can then be connected to the DT velocity form,
which expresses the time-difference dynamics, and therefore we can connect it to
DT velocity dissipativity. Through velocity dissipativity, we can then establish the
connection to universal shifted stability and performance through the results in
Sections and This idea is formalized in the following theorem:

Theorem 8.6 (DT universal shifted controller realization). Consider the controller
Ky, given by , synthesized for Ps, given by , such that the closed-loop is
classically dissipative and has a bounded ly-gain of v on X, satisfying Assumption|6. 1.
Moreover, consider the nonlinear controller K, omiltting dependence on time for
brevity, given by

q ¥ = Az, z_)Fx + Bi(z, 2_ )uy; (8.35a)
Y = Cie (@, _)dy + Di(z, 2_ Yuy; (8.35b)
where q is the discrete time-shift operator, x_ = x(t — 1), &) (t) € R™u Tty s

the state of the controller, and where

y 0 0 0 ) 1

Ax(z,z_) = | —Bx(w,z-) Ax(z,z-) 0], By(w,x_) = | Bx(w,2-) |,
_Dk(xax—) Ok(l',l'_) I Dk(l',l'_)

Cu(z,z_) = [-Dy(z,2-) Ci(z,z_) I], Dy(z,x_) = Dy(x,z_),

(8.36)
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with

(8.37)

( )
Bi(n(z— + Az — z-)))dA,
(e -2 )

1
Dy(z,7_) = Dk< (z— + Az — 2 ))d)\.

The controller K given by ensures for the generalized plant P given by
that the closed-loop interconnection Ji(P, K) is velocity (Q,S, R) dissipative for
(Q,S,R) = (v1,0,—1) on X.

Proof. See Appendix O

Through Theorem we have that the controller given by ensures closed-
loop (Q, S, R) velocity dissipativity with (Q,S, R) = (v21,0,—1I). From the results
presented in Sections and this implies universal shifted stability and
quadratic universal shifted performance of the closed-loop. Therefore, we will refer
to the controller given by as the (DT) universal shifted controller. Moreover,
under Proposition we can imply universal shifted (@, S, R) dissipativity of the
closed-loop system with (Q, S, R) = (v21,0,—1I). This then implies a closed-loop
Lo-gain bound of . As aforementioned, for the controller in Theorem [8.6] other
(@, S, R) performance metrics can also be considered. For the universal shifted
controller, we require knowledge of the state? at the previous time instant (z_
in ) At initialization, the previous time instant of the state is not known.
Therefore, for implementation of the controller, the previous time instant of the
state is taken equal to its current value.

Note that similar as for CT universal shifted and incremental results, see Sec-
tions and |6 one can consider a set W such that for w € WNo N £y, the
state x(t) stays in the region X for all ¢ € Ny, i.e., X is invariant. Meaning that
we stay in the set on which the controller was designed (specifically the set that is
considered during the second step, where an LPV controller for the DPV embedding
is synthesized). However, as aforementioned, computing the set W is challenging.

The realization of the universal shifted controller K given by based on the LPV
controller K given by can also be interpreted as connecting a time-difference
operator and time-summation operator to the input and output of K, respectively.
This is similar to the interpretation of the CT universal shifted realization whereby
time differentiation and time integration operators are connected, see Figure

As mentioned in Section [84] for universal shifted analysis using the velocity form,
there are a few differences between the CT and DT case due to the differences

20nly the part of the state that the scheduling-map 7 depends on is required to be measured.
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_______________________________

Figure 8.1: Universal shifted controller realization K in DT through time difference
and time summation operations A and X, respectively.

between the CT and DT velocity forms. Similarly, as we have seen in this section,
the different velocity forms in CT and DT also result in a different structure for the
resulting universal shifted controller (see Theorem and Theorem . While
for the incremental dissipativity based controller synthesis results, the CT and DT
incremental controller have the same structure, this is not the case for the CT and
DT universal shifted controller. Nonetheless, we still have analogous results and
similar steps for the universal shifted controller design procedures in CT and DT.

8.5.3 Reference tracking and disturbance rejection

The presented DT universal shifted controller design, analogous to the CT design,
makes use of the velocity form and velocity dissipativity to ensure universal shifted
stability and performance of the closed-loop. Like in CT, this has as an advantage
that explicit knowledge of the (closed-loop) equilibrium points is not required.
However, it is still important that the controller is designed in such a way that we
converge toward the desired point, especially in reference tracking applications.

In Section [1.5.4] we have proposed the use of explicit integral action in the controller,
which has also resulted in a simplified realization procedure. Here, in DT, we
propose a similar solution. Like mentioned in Section [£.5.4] for reference tracking
and disturbance rejection purposes, we assume the measured output of the plant
to be of the form y = col(y1,y2), where y; contains signals to be tracked and ys
contains other to-be-controlled variables. In order to achieve (constant) reference
tracking for y;, we can include a DT (integral) filter in the loop (of the generalized)
plant, like we have depicted in Figure [£.4]

In DT, an integration filter corresponds to summation over time. Therefore, we can
simplify the realization of the controller in Theorem as it can be interpreted as
appending time summation and time difference operators to the synthesized LPV
controller K3, see Figure[8:] Similar to the CT result in Corollary [f.2] we can then
formulate the following corollary:

Corollary 8.2 (Universal shifted realization with integral action). Consider a
generalized plant which includes an explicit DT integrator filter of the form M(q) =
ZJ%? (where q is the discrete time-shift operator and —1 < o < 1) in the loop, such
that the (to-be-designed) controller K and M connect such as depicted in Figure

where yo is empty, i.e., y1 =y, see also Figure . For Ks given by , the
interconnection of the primal realization of the controller K and M can be expressed
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as where Ek and ﬁk are given as in , and flk and C‘k are given by

-0 0 0
Ax(z,2-) = |aBx(z,z-) Ax(z,z-) 0],
aDy(x,x_) Cylz,z_) T (8.38)
Cilz,z_) = [aDy(z,z_) Cy(z,z_) 1],
where again flk, Bk, C_'k, and Dy are given as in .
Proof. See Appendix [B-6] O

8.6 Example

In this section, we will demonstrate the proposed DT universal shifted controller
design through a simulation study. Moreover, the resulting controller will also be
compared to a standard LPV controller design.

Example 8.1 (DT universal shifted control). We consider the DT nonlinear system
that has also been considered in Example This DT nonlinear system is given
by

xg1(t+1) = 0.1z 1(t) — 24 2(t); (8.39a)
Tgo(t+1) = 0.9sin(xg,1) + Tg,2 + ug(t); (8.39b)
Ye(t) = @1 (1). (8.39¢)

For this plant we want to design a controller which achieves constant reference
tracking.

L K G

______

We >, Wy _>22

Figure 8.2: Generalized plant.

We consider the same generalized plant structure and weightings filters that have
been considered in Example [7.2] for this system. This generalized plant structure
is depicted in Figure where G is the system given by (8.39)), K is the to-be-

0.2(¢—0.5 M(q) _ gtao and

synthesized controller, r is the reference, We(q) = o Fa

Wa = 0.2, where a = %

For universal shifted controller synthesis procedure described in Section [8.5] we
require a DPV embedding of the generalized plant. As the plant is the only
nonlinear system in the generalized plant (the weighting filters are linear), we only
require computation of the differential form of (as the dynamics of differential
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form of an LTI system are equivalent to its primal form). The following DPV
embedding on the region X of (8.39)) is taken:

Toe1(t+1) = 0.12551(t) — T5,4,2(2); (8.40a)
Tsg1(t+ 1) = 0.9p() 5,61 () + T5g,2(8) + usg(t); (8.40D)
Ysg(t) = Ts,g,1(2); (8.40¢)

where p(t) = cos(zg,1(t)) € [—1, 1] such that n(xgs) = cos(zg,1) with z4(t) € X = R2.
Note that this is the same DPV embedding that is considered in Example
For the synthesis of the L£5-gain optimal LPV controller in the second step of the
procedure, the polytopic LPV synthesis method in the LPVcore Toolbox (Boef
et al. is used. The resulting closed-loop of the DPV embedding of the
generalized plant and LPV controller achieves an Lo-gain of 1.1. This means, under
Proposition that the primal closed-loop achieves an Lgo-gain of 1.1. As the
generalized plant contains the integral weighting filter M, we also use the result
of Corollary [8:2] to simplify the interconnection of the realized universal shifted
controller and the filter M.

For comparison, we will also consider the standard LPV controller and incremental
controller that are designed in Example for the same system. These controllers
consider the same generalized plant structure and weighting filters as the universal
shifted controller design. The standard LPV controller achieves a closed-loop ¢3-gain
bound of 0.80, while the incremental controller achieves a closed-loop Lis-gain of
1.1.

The closed-loop systems with universal shifted controller, standard LPV controller,
and incremental controller are simulated for a reference » = 1 and r = 2. The
trajectories of the closed-loop systems for these controllers can be found in Figure R:3]
From the figure, it can be seen that while the universal shifted controller has slower
settling time than the LPV controller, for both references the universal shifted
controller achieves similar tracking behavior and it asymptotically converges towards
the reference. On the other hand, the output of the plant under the LPV controller
ends up in a limit cycle for r = 2.

Compared to the incremental controller design, the universal shifted controller
displays quite different behavior, as can be seen in Figure B3] Namely, for the
same constant reference, the incremental controller overshoots the to-be-followed
reference, while the universal shifted controller does not have any overshoot. The
universal shifted controller also has slightly higher settling time than the incremental
controller. This difference is partly due to the feedforward action that is inherent
to the incremental controller design, which is not present in the universal shifted
controller design. Despite these differences, both the incremental controller and the
universal shifted controller achieve there desired global stability and performance
guarantees.
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Figure 8.3: Output response of the closed-loop of the plant with standard
LPV controller ( — ), the universal shifted controller ( — ), and incremental
controller () for the reference trajectory (== ).

8.7 Conclusions

In this chapter, we have presented extensions of the CT universal shifted analysis
and controller synthesis methods to DT systems. We have seen that similar to the
CT results, we could analyze universal shifted stability and performance through
analysis of the velocity form of the system, which in DT represents the time-difference
dynamics. Analogous to the CT case, we have shown that also in DT velocity
(Q, S, R) dissipativity implies universal shifted stability and under assumptions
also quadratic universal shifted performance. Moreover, we have also shown how
the analysis of velocity (Q,S, R) dissipativity can be cast as an LPV analysis
problem, similar to what we have shown in CT. Based on the DT velocity form
and using the DT incremental controller synthesis results, we have also shown that
we could then obtain a systematic and computationally efficient universal shifted
controller synthesis procedure for DT nonlinear systems, also making use of LPV
methods. Combined with the CT results of Chapter [4] this gives us a systematic
and computationally efficient framework to ensure and shape closed-loop universal
shifted stability and performance of both CT and DT nonlinear systems.
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9.1 Introduction

In the previous chapters, we have developed an extensive framework to analyze and
synthesize controllers for nonlinear systems in order to guarantee global stability
and performance requirements, making use of the tools of the Linear Parameter-
Varying (LPV) framework. While the powerful tools for analysis and synthesis of
LPYV representations have matured, the embedding of nonlinear systems in LPV
representations is still underdeveloped and depends on the expertise of the user.
Some automated procedures exists for direct embedding of the nonlinear system, see
e.g. (Shamma and Cloutier Kwiatkowski, Bol, et al. Casella et al.
Téth, but it is generally true that these procedures and heuristic methods can
easily lead to an LPV model with a large amount of scheduling-variables. For the
methods discussed in the previous chapters, the velocity and differential form of the
system are used, which are embedded in LPV representations. These embeddings are
called the Velocity Parameter-Varying (VPV) and Differential Parameter-Varying
(DPV) embedding of a nonlinear system, respectively. Constructing a VPV or
DPV embedding is easier compared to embedding the primal form in an LPV
representation. This is because the velocity and the differential form are already
in a factorized form. Nonetheless, the construction of a VPV or DPV embedding
under a given scheduling dependency is still done heuristically. Therefore, this can
still be challenging and lead to a large amount of scheduling-variables.

A large amount of scheduling-variables is an issue when the embedding is used
for analysis or controller synthesis because the complexity of these procedures
is proportional to the number of scheduling-variables. Limiting the number of
scheduling-variables in the embedding is therefore highly important for tractable
LPV analysis and controller synthesis. Moreover, during the embedding procedure,
control objectives are not taken into account, hence the LPV embedding can be
conservative for the required control objectives. Hence, the objective of Scheduling
Dimension Reduction (SDR) is to reduce this conservativeness, which can be achieved
by taking into account a set of scheduling-variable trajectories associated with the
expected (closed-loop) behavior of the system. In the literature, based on this
concept, several data-based methods have been proposed to reduce the scheduling
dimension of LPV models. These methods only focus on the reduction of the number
of scheduling-variables and not on the reduction of the amount of states (referred
to as model reduction), for which also several methods exist, see e.g. (Wood et al.
Toth et al. Theis et al. . Methods for reducing the amount of
scheduling-variables based on data include methods based on Principal Component
Analysis (PCA) (Kwiatkowski and Werner Sadeghzadeh, Sharif, et al. ,
Kernel Principal Component Analysis (KPCA) (Rizvi, Mohammadpour Velni, et al.
and Autoencoders (AEs) (Rizvi, Abbasi, et al. [2018)). Other methods for
dimensionality reduction for LPV models, not relying on data, exist, where the
LPV model is represented by a Linear Fractional Representation (LFR), see e.g.
(Varga et al. Hecker and Varga [2005; Beck [2006). These methods were not
considered in this work as they aim only to the reduction of the extracted A-block
using a controllability /observability argument, not the reduction of the number of
scheduling-variables.
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While KPCA and the AE method use nonlinear mappings to construct the new
scheduling-variable, significantly improving the PCA method, they require an extra
optimization step in order to synthesize an inverse transformation that enables the
realization of the reduced LPV state-space model with affine dependency. However,
due to this extra optimization step, one can quickly lose advantage over the PCA
method, for which this is not required. Hence, the PCA method remains the
most reliable approach in practice. Therefore, in this chapter, a novel method is
developed, which like the AE method, proposed in (Rizvi, Abbasi, et al. [2018), uses
an Artifical Neural Network (ANN) in order to perform SDR, but from which the
matrices of the reduced LPV state-space model can directly be extracted. This
avoids the use of a second optimization step, hence, leads to better results. Moreover,
the addition of hidden layers in the encoding layer is proposed to handle more
complex scheduling mappings. The chapter is structured as follows, in Section [9.2]
a mathematical problem definition of the SDR problem will be given. Section [0.3]
gives an overview of the existing SDR methods. In Section [0.4] the developed Deep
(Artifical) Neural Network (DNN) approach is explained. An application of SDR
methods to the automated affine LPV embedding of a nonlinear system in primal
form and velocity /differential form is discussed in Section A comparison of
the DNN and existing methods is given in Section [0.6 on a two-link planar robot
manipulator example. On this example, we compare the modeling error as a result
of the different SDR methods and the achieved performance of the controller that
is synthesized based on the reduced model. Finally, in Section [9.7] conclusions on
the given results are drawn.

9.2 Scheduling Dimension Reduction Problem

Consider a nonlinear dynamical system with a state-space representation given by

a(t) = f(x(t), u(®));
y(t) = hz(t), u(t));

where z(t) € R™ is the state variable associated with the considered state-space
representation of the system, u(t) € R™ is the input, y(t) € R™ is the output of
the system, and ¢ € T is time. In the Continuous-Time (CT) case, { = 4 and
T =R{, and in the Discrete-Time (DT) case, £ = ¢ (i.e., the forward time shift
operator) and 7 = Ny. The functions f and h are defined as f : R™ x R™ — R"™x
and h : R™ x R™ — R™ and assumed to be Lipschitz continuous. As considered in
the LPV literature and as described in Section 2.5.1] the embedding of the nonlinear
system in an LPV representation, corresponds to constructing

§a(t) = A(p(t)z(t) + B(p(t))u(t);
y(t) = C(p(t)z(t) + D(p(t))u(t);
where p(t) € R™ is the scheduling-variable and there existing a function 7 :

R™ x R™ — R", called the scheduling-map, such that n(x(t),u(t)) = p(t). This
proxy representation of (9.1)) is used during control synthesis by confining p(t¢) into

(9.1)

(9.2)
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a compact convex set P C R” and synthesizing a controller that ensures stability
and performance of under all possible variations of p(t) € P. Therefore the
embedding is constructed on the compact sets X, U, where z € X and u € U, such
that P O n(X, U), often taken as the convex hull of n(X, U). Moreover, unless
specified otherwise, it is assumed that the embedding of is performed such
that the resulting LPV representation has an affine scheduling dependency, meaning
that

np

_|Alp) B(p)| _ |40 Bo A B
He) = {C(p) D(p)| ~ |Co Dy +Z c. D,| P (9.3)
—_——— z:l%’_/
Lo L.
where p = col(pi, ..., pn,) and L; € R™*", Vi € [}” with m = nc+ny, n = ne+n,.

By restricting the scheduling dependency to being affine, the scheduling-map 7
can contain many nonlinear functions that are dependent on the same elements
of x and uw. Hence, the variation of scheduling-variables are not independent
from each other, which contributes to the conservativeness of the LPV model
(Shamma and Athans . This can have dramatic effects on the capability of
the LPV synthesis to find a stabilizing controller for via with acceptable
performance. Therefore, reducing conservativeness through SDR can help with
attaining performance requirements. Given an LPV embedding of and a
set of nominal scheduling-variable trajectories of , denoted by © that correspond
to typical expected behavior of through 7, find an LPV embedding given by

. - . (9.4)
Clp(t)a(t) + Dip(t)ut);

y(t)

which approximates under all trajectories of p € ©, where ¢(t) € & C R™» is
the (reduced) scheduling-variable with ne < np and has an affine parameter
dependency, i.e., a structure like , with ¢ = col(p1, - -+, ¢n,), where ® is
compact and convex. Here, approximation is considered in the sense that ¢ = pon,
with p: R™ — R" where pu(p(t)) = ¢(t) is chosen such that for all p € ©

é(sa) g(s@)] ~ L(p). 9.5)

We also aim to find the inverse mapping p =1, for which p=1(¢(t)) = p(t), where p(t)
is an approximation of the original scheduling-variable p(t), such that f/(go) = L(p).
The SDR problem is solved if is a satisfactory approximation of . A
satisfactory approximation is achieved, e.g., when, for a given a user defined &,

~

|L(p) — L(p(p))|lr < € for all p € ©, where ||-||p is corresponds to the Frobenius
norm, i.e., for a matrix A € R"*™, ||A|p = y/trace(AAT).
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9.3 Overview of SDR Techniques

9.3.1 Preliminaries

In this section, we briefly explain the procedures of the existing data-based SDR
methods in the literature. Before giving an overview of these methods, we discuss
some preliminaries that all the methods use.

Assume a nonlinear system given by is embedded in an LPV representation
given by . Furthermore, assume that we have generated a set of nominal
trajectories of the scheduling-variable p(t) = n(x(t), u(t)), based on the trajectories
of the nonlinear system. For CT systems, these trajectories are sampled at time
instances t = kTs, k=0, ..., N — 1, with sample-time 7§, resulting in

P=[p(0) - p((N - DT, (9.6)

with I' € R»*N and © = {p(kTs)}_,. Moreover we introduce the shorthand
notation p;y := p((i — 1)Ty) =Ty, for i € IV, where I, ; denotes the 7’th column
of I'. Similarly, in the DT case, we get

P=[(O) - V-1, (9.7
D = {p(k)}1_o, and p() :=p(i —1) =T, ; for i € I},

The trajectories in I' are then normalized by an affine function A, e.g., such that
each row of the data matrix varies in [—1, 1], which results in a normalized data
matrix I';, = NM(T'). For all the discussed algorithms (also for the DNN method
in Section , it is assumed! that the data matrix, and therefore also D(iys 18
normalized, meaning that I' = I';,. Next, the algorithms of the considered SDR
methods will be discussed.

9.3.2 Principal component analysis

One of the earliest works to perform SDR based on trajectory data makes use of
PCA (Kwiatkowski and Werner 2008). The core idea of the PCA method is to
extract the most significant directions, principal components, of the scheduling data
I'. For the PCA method, a Singular Value Decomposition (SVD) is performed on I’
in order to obtain the principal components, such that

I=[U U ﬁl gz 8] [g] (9.8)

where U; € R™*"¢ 1, € RV>X"¢ are unitary and S; € R™¢ X"+ is positive diagonal,
containing the highest n, singular values of I'. The complexity of the reduced
model is governed by the user chosen n,. The corresponding approximation of

While not explicitly written down for the discussed methods, the normalization transformiition
does have to be taken into account for the mapping p (and p~1) and during construction of L(¢p).
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the data matrix, denoted by f‘, is given by [ = U;81V," ~T. The new reduced
scheduling-variable ¢ is then given by

p(t) = p(p(t)) = U p(t), (9.9)
and an approximation of the old scheduling-variable p is obtained via
Bt) = n™ (p(t) = Urp(t). (9.10)

The matrices of the (scheduling dimension) reduced LPV model can then be
constructed by using the relation L(¢) = L(p) and (9.10). For a more in-depth
overview of the PCA method for SDR, see (Kwiatkowski and Werner [2008)).

9.3.3 Kernel PCA

The next method discussed is the KPCA method (Rizvi, Mohammadpour Velni, et al.
. A disadvantage of the PCA method is that it only seeks a linear mapping for
1. The KPCA method extends the PCA method by allowing a nonlinear mapping.
In the KPCA method, the data is nonlinearly mapped to a higher dimensional,
so called, feature space on which normal PCA is applied. This mapping into the
feature space is denoted by ©. The covariance matrix is then given by

N
Ci= % >0 ()07 (p) - (9-11)

The principal components are then computed such that \;v; = Cv; holds, where )\
is the I’th eigenvalue and v; is the ['th eigenvector. By this method, we seek for
a mapping to an appropriate feature space where PCA will result in the smallest
number of components. The mapping © is a priori not known. In KPCA, the idea
is to characterize the inner product of ® with an a priori chosen kernel function,
resulting in the kernel matrix

Kij = (0(pw) "O(p))) = kb, i) (9.12)

where K € RV*N and k(-,-) is a nonlinear kernel function. Examples of the
kernel function include, the sigmoid kernel k(p(;),p(;)) = tanh(n(p&)p(j)) + 1),
the radial basis function k(pg),p(;)) = exp(— ||p(i) — p(j))Hz /k?%), and polynomial
kernel k(pg, pj)) = (p&)p(j) + )", where k and ¢ are hyperparameters chosen such
that PCA can be accomplished with the lowest number of components given the

structure of k. The data in the feature space is assumed to be centered, which is
not always the case, therefore the centered kernel matrix is constructed as follows

K.=K—-1yK — Klx + InK1y, (913)

where 1y € RV*Y denotes the matrix with each element being % The princi-
pal components of K. are then computed instead of C'. Resulting, for non-zero
eigenvalues, in

o = Keag, (9.14)
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where oy = col(ay1 ... oy ), with v, = vazl a1,i9(p(;)) and with oy (for [ € V)
normalized by 1/4/);. The new scheduling-variable ¢ is then

N
oi(t) = Zal,ik(p(i),p(t)) for [ € I}%. (9.15)
i=1

For KPCA, the inverse mapping ;¢ ~' cannot analytically be constructed in general

and hence a further optimization step is required. We refer the reader to (Rizvi,
Mohammadpour Velni, et al. for the details. Due to the difficulty of con-
structing the inverse mapping and due to this mapping being nonlinear, the affine
scheduling-variable dependent matrices fl, ..., D are constructed by solving the
following optimization problem

N

. 1 7
min Z HL (P(z')) —L (‘P(i)) H

i=1 i=1

2

. (9.16)

where ;) := ¢((i — 1)T3) in CT or ;) := ¢(i — 1) for i € IV in DT, computed
through (9.15)). The reduced scheduling-variable ¢ is not directly constructed in
order to minimize , therefore it is difficult to attach any guarantees to the
overall outcome of the method. See (Rizvi, Mohammadpour Velni, et al. for
a more in-depth overview of the KPCA method for SDR.

9.3.4 Autoencoder

The final method that will be discussed is the AE method (Rizvi, Abbasi, et al.
. The AE method like KPCA uses nonlinear functions for the mapping . This
method makes use of an AE ANN, which is trained on the data set to construct
the mappings p and p~'. Therefore it has as an advantage over KPCA that p~! is
co-synthesized with p. Again, assume we have an LPV model given by , and
a data matrix given by . The data matrix is fed into a two-layer? AE ANN,
which consist of a single encoding layer (from p to ¢) and a decoding layer (from ¢

to p). On the first layer (the encoding layer), we have the following relation
Py = oll] (me(i) + b[l]) fori € Hjlv, (9.17)

where ¢ is called the activation function, with the weight matrix W € R >0
and bias vector b} € R™¢. Examples of activation functions include the logistic
sigmoid (logsig) function, hyperbolic function (tanh), and Rectified Linear Unit
(ReLU).

On the second layer, on the decoding side, we have the following relation

by = o (WPl +81)  fori eIy, (9.18)

2In general, the AE can have more than two layers, but as in (Rizvi, Abbasi, et al.|2018), this
is not considered here.
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where W2 € R*»*" and b2l € R". To train the AE, an optimization procedure
is used to minimize the error between p(;) and p(; for i € IV. This is done by
solving the following optimization problem

1Y N2
. N iy =1 ) . 1
W[m,%%:m N Z Z ( J J (9.19)

i=1 j=1

Additional terms can be incorporated into the cost function in order to reduce
overfitting such as weight and/or sparsity regularization, see (Rizvi, Abbasi, et al.
for more details. After optimization of the new scheduling-variable can
be expressed as

e(t) = u(p(t)) = ot (Wilp(e) + 511} | (9.20)

with the inverse mapping
B(t) = 1~ (1) = o (Wp(t) + 5 (9.21)

However, due to the nonlinear inverse mapping (9.21)), a separate optimization
procedure is required to obtain the affine scheduling-variable dependent state-space
matrices A, ..., D of the reduced model. This is similar to the KPCA method,
see Section specifically (9.16). See (Rizvi, Abbasi, et al. for a detailed
explanation of the AE method for SDR.

9.4 A Deep Neural Network Approach

While the AE and KPCA approaches have the benefit of using nonlinear mappings
for the reduction, they still require an extra optimization step in order to obtain the
matrices of the reduced LPV state-space model. However, the impact of this second
optimization step, characterizing the model approximation error, is not taken into
account in the synthesis of ¢(t). Hence, as the contribution of this chapter, a new
method is developed which, like the AE method, uses an ANN in order to construct
the mapping ¢ = u(p). However, unlike the AE method, (multiple) hidden layers
are used in the encoding layer of the network, which allows to capture more complex
mappings. Furthermore, a vectorized form of ﬁ(@) is used as output of the network
in order to directly construct the state-space matrices of the reduced LPV model.
In this way, the synthesis of p(t) and the state-space matrices associated with it are
co-determined under optimal approximation of L(p) on D. The idea of using the
state-space matrix data instead of the scheduling data for SDR has been recently
also adopted in (Sadeghzadeh, Sharif, et al. , whereby instead of a DNN,
PCA was used to perform the scheduling reduction. However, the use of PCA
in (Sadeghzadeh, Sharif, et al. has two downsides, namely, (i) the reduced
scheduling-map is dependent on the original LPV state-space matrix functions, i.e.,
A, ..., D, which might be complex, and (ii) PCA searches for a linear mapping for
the reduction, while the DNN method allows for a nonlinear mapping, which allows
us to achieve a reduced model approximation error.
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Assume we have an LPV model given by (9.2) and a data matrix given by ,
which we will call the input data matrix. Moreover, assume we have another data
matrix, the output data matrix, given by

A=[Li(pa)) - Lv(pavy)] s (9:22)

where A € RV*N | with v = m - n, and where

Np

Ly(p) = vec (Z Li(p)> = Zvec (L:) pi, (9.23)

with vec(:) denoting the column stacked vectorized form of a matrix, i.e., for the
matrix L € R™*" vec(L) € R™™) | 50 a vector with m - n elements. Note that we
assume that the output data matrix does not contain (a vectorized form of) the
parameter independent term Lg of our affine LPV model, see (9.3)), as it does not
play a role in the SDR problem. Also note that in this way, we are not limited
to reducing LPV models with only affine scheduling dependency. Namely,
any dependency can be considered as long as we can evaluate the state-space
matrices of the LPV model at scheduling points p(;), similar to what is presented in

(Sadeghzadeh, Sharif, et al. |2020)).

The input data matrix is fed into the input layer of the ANN, for which it holds
that
1 = ot (Whlpgy +o1) - for i e Y, (9.24)

where [} € R™1 is the ‘output’ of the first hidden layer, with the weight matrix
W e R™1%m and bias vector b} € R™1. For the second hidden layer till the
(nn — 1)’th hidden layer (where ny, denotes the number of hidden layers), we have
the relation

o = ol (W[ﬂzg)‘” + b[ﬂ) for j € ™, and i e IV, (9.25)
where /] € R™. is the ‘output’ of the j’th hidden layer, with the weight matrix
WUl e Rm.i%m5-1 and bias vector b/l € R™.3. For the ny’th hidden layer, i.e., the
final hidden layer, we have

ey = ot (W ) fori e I (9-26)

with weight matrix W[l € R™¢X™.ew-1 and bias vector bl"™! € R . Together,
equations ((9.24))-(9.26|) make up the encoding layer of the ANN and hence make up
the mapping p : R™ — R™ | i.e.,

u(p) = ol (W[m ( ol (me n bm) ) + b[m) . (9.27)

While many different activation functions (as in the AE case) can be used in the
encoding layer, we propose to use ReLU activation functions, given by o(z) =
max (0, z). DNNs using ReLU functions have been proven to be universal function
approximators (Hanin with favorable benefits during training (stable non-
vanishing gradient propagation). Moreover, ReLU functions have computational
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benefits, as their expression can be evaluated quickly and because they introduce
sparsity in the network (as some neurons in a particular layer can be zero).

Finally, we have the matrix mapping layer, which is the final layer in the network.
Before giving the relation of the final layer, we first define the vector

Ly(p) = vec <§ I:l(cp)> = g:vec (IA/1> Vi (9.28)

where L (¢) = col (fjv71(<p), Lya(e), ..., ZA;V,V(QD)) € R”. The final layer is then
given by

N

Lo(pgy) = W ttpgy + bt for e TV, (9.29)

where W+l ¢ R¥*"¢ with bias vector bl™+1 ¢ R”. Note that the matrix
mapping layer does not use any activation functions, this is done such that the
required affine relation between the reduced scheduling-variables and the (vectorized)
reduced LPV model matrices is obtained. The encoding layer, —, together
with the matrix mapping layer, , make up the full ANN. The full ANN structure
for the DNN approach is depicted in Figure [9.1

matrix mapping

hidden layers

encoding layer

Figure 9.1: DNN architecture.

To reconstruct the state-space matrices of the reduced LPV model, we can use

(19.28) and (9.29) to obtain the relations

vec Ly = vec (Lo) + plrnt1].
[Vec (il) <--vec (ﬁ%)] — e+l (9.30)
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The weights and biases of the layers of the DNN are trained by solving the following
optimization problem

. 2
WUlbo) gt 41 N Z HL P)) (P(z)))” (9.31)

with u given by . This optimization problem can then be solved by means of a
backpropagation algorithm (Goodfellow et al. in combination with a gradient
decent algorithm, such as Stochastic Gradient Decent (SGD), Adam (Kingma and

a[2014), or AdaBound (Luo et al. [2019). Like for the AE method, in order to
reduce overfitting, regularization techniques can be used such as L; or Lo weight
regularization (Goodfellow et al. . Moreover, if multiple hidden layers are used
in the encoding layer, regularization techniques such as dropout (Srivastava et al.
can be used to also reduce overfitting.

9.5 Application to Automated Affine LPV Embed-
ding

9.5.1 Embedding of nonlinear systems

As highlighted in Chapter one challenge of the existing LPV framework is
embedding a given (primal form of the) nonlinear system of the form in an
LPV representation with a certain scheduling dependency, such as affine or
rational. Next, we will discuss how the DNN SDR method can be used to obtain
an (approximate) affine LPV embedding of a nonlinear system using a given data
set of state and input trajectories.

We assume we have a nonlinear system given by , for which both f and h are
continuously differentiable, i.e., f,h € C1, and such that f(0,0) =0 and h(0,0) = 0.
Moreover, we assume we have a data set Dy, of IV state x € X and input v € U
samples, corresponding to nominal trajectories or operating range on which we
which we want to perform the embedding. More concretely,

Dyu 1= {(x(i),u(i)) EXxUi=1,...N}, (9.32)

where ;) and u;) denote the 7’th sample of the state and input in Dy, respectively.

Based on this data set, we can use Theorem (see Appendix |C.6]) to construct
a grid-based LPV model. In short, we can embed the nonlinear system (9.1 in an
LPV representation given by (9.2]) where

A(p) = A(z,u),  B(p) = B(z,u),

_ Bi (9.33)
C(p) :C(Ivu)v D(p) :D(I’u)7
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with p = col(z, u), meaning that 7 is the identity map, and,

1 1
Az, u) = g—f()\:z:, Au) dA, B(z,u) = g—f()\:r, Au) dA,
0 % o U (9.34)

1 1

_ oh _ oh

C(z,u) = /0 a()\x, Au) dA, D(z,u) = /0 a—u()\x, Au) dA.
Note that, as mentioned in Appendix [C.6] analytical computation of the integrals
of the Jacobian is not required, as Automatic Differentiation (AD) and numerical
integration techniques can be used to compute the values of A(z,u), ..., D(z,u)
at points (z,u) € Dy,. Note that as p = col(x, u), we have for SDR that © = Dy,
and

L(p) = L(w,u) = [gizz)) ggz Zﬂ : (9.35)

Note that as the scheduling-map 7 is the identity map, our scheduling-map for
the reduced LPV model will become equal to pu, i.e., o(t) = u(n(z(t),u(t))) =
u(x(t), u(t)). Hence, based on just a data set Dy, and the expressions of f and h, we
can automatically construct the matrices I and A for the DNN method,
which can then be used to construct an (approximate) affine LPV embedding of
the of the nonlinear system.

9.5.2 Embedding of differential and velocity forms

For the proposed universal shifted and incremental based analysis and synthesis
approaches discussed in Chapters [4] to 8] the LPV framework is also used. Namely,
the LPV framework is used in order to embed the velocity or differential form of a
nonlinear system in an LPV representation, giving us a VPV or DPV embedding
of the system, respectively. As the velocity and differential forms of a nonlinear
system are already in a factorized form, the embedding procedure is partially sim-
plified. However, embedding them in an LPV representation for a given scheduling
dependency is still done heuristically and can therefore still be challenging. Next,
we will discuss how we can also use the DNN SDR method in order to obtain an
(approximate) affine VPV or DPV embedding of a nonlinear system based a given
data set of state and input trajectories. As the VPV and DPV embedding have
identical structures (see also the discussion at the end of Section, we will only
present the procedure for construction of an affine DPV embedding.

For a nonlinear system given by (9.1, its differential form (see Chapter [5| for more
details) is given by
Exs(t) = As(z,u)xs(t) + Bs(z,u)us(t);

ys(t) = Cs(x, u)zs(t) + Ds(x, u)us(t); (9.36)

where As = %7 Bs = %7 Cs = %, and Ds = %. As the differential form is
already in a factorized form, we can take as LPV embedding (9.2]), where

A(p) = As(x,u),  B(p) = Bs(x,u), (9.37)
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p = col(z,u), meaning that 7 is the identity map. Similar as in Section we
only need to know the values of As(x,u),..., Ds(x,u) at points (z,u) € Dy,. Hence,
we can use AD techniques in order to compute and evaluate the Jacobians, for
which implementations exists in various software tools such as in Python (Maclaurin
et al. and Julia (Revels et al. [2016). As p = col(z, u), we have for SDR that
D = Dy, and

As(xz,u) Bs(x,u)
Cs(x,u) Dgs(z,u)
Similarly as in Section note that the scheduling-map 7 is the identity map,
hence, our scheduling-map for the reduced LPV model will become equal to p, i.e.,
p(t) = un(z(t),u(t))) = p(x(t),u(t)). Therefore, based the DNN SDR, approach,
we can automatically construct an (approximate) affine LPV embedding of the
differential form, i.e., a DPV embedding of the nonlinear system.

L(p) = L(z,u) = (9.38)

In Section [10.3] we will also demonstrate the application this approach in order to
construct an affine DPV embedding of a Generic Parafoil Return Vehicle (GPRV),
which is then used for the design of an incremental controller for this system.

9.6 Example

In this section the methods discussed from Section [9.3]and Section [9.4] are compared
on the LPV modeling and control design problem of a two-link planar robot
manipulator (Kwiatkowski and Werner [2005)), see also Figure

Example 9.1 (Two-link robot manipulator).

Figure 9.2: Diagram of the two-link planar robot manipulator.

Nonlinear Model

The robot manipulator can be described by the following equation of motion

M(q(t))q(t) + Clq(t),4(t)) + g(q(t)) = n7(b), (9.39)

where ¢(t) = col(qi(t), g2(t)) are the angles, 7(t) = col(71(t), 72(¢)) the motor
torques and

M(q) = [bcos(q? ) bcos(q{ qz))} . glg) = [_(ZZE EZ;H :

L bsin(q1 — ¢2)¢5 + fdu
Clg.4) = [bsin(ch —q2)di + f (42 — 41)} .
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The values of the (physical) parameters of the robot manipulator are given in
Table The equations of motion 9.39: can be rewritten to a CT nonlinear
state-space representation, of the form (9.1), given by

o z2(t) _
() = [M(ml(t))l(”“(t) — C(w1(t), 22()) - g(x1<t>))1 " (940)
y(t) = [L 0] z(t);

where x = col(x1, x2) = col(q, ¢), and u = col(7y, 72).

Table 9.1: Physical parameters of the robot manipulator.

Parameter Value

5.6794
1.473
1.7985
4.1071
4.1071
2

1

S0 Q0 o9

LPV model

For the (manual) LPV embedding of the nonlinear model of the robot manipulator
in an affine LPV representation, we take the approach given in (Kwiatkowski and

Werner 2005), which gives

#(t) = A(p(1)z(t) + B(p(t))u(t);

9.41
y(t) = Co(t) + Du(t); 34
where
0 0 1 0
0 0 0 1
Alp) = cdps  —bepy ps bpg|’ c=[k 0],
| —bdp7  aeps  p9 P10 (0.42)
" o 0 :
0 0
B0)= | cnp;  —bnpy | D =0.
| —bnps  anp;
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The corresponding scheduling-map (only depending on the states) 1 : R* — R is
given by

h

cos(z1 — z2)h

sinc(zq)h

cos(x1 — x2) sinc(za)h

(=b? sin(z1 — 22) cos(z1 — z2)w3 — (¢ + beos(zy — x2)) f)h

) = (—csin(zy — z2)z4 + cos(zy — z2) f)h (048
cos(z1 — x2) sinc(zq)h
sinc(za)h
(absin(z1 — x9)xs + f(a+ beos(zy — x2)))h
| (b?sin(zq — x2) cos(xy — x2)zs — af)h |
where h = L

ac—b? cos(z1—x2)2 "

Scheduling dimension reduction

In order to perform SDR on , a data set ® is required containing a set of
typical trajectories of the scheduling-variables. As the reduced LPV models will be
used for controller synthesis and as the objective of the controller will be reference
tracking, the to be followed reference trajectory is used as a data set, see ‘Reference 1’
in Figure 9.5 To obtain the trajectories of the scheduling-variables, the scheduling-
map 7 (9.43)) is used. Note, that while it is not displayed in Figure the angular
joint velocities corresponding to the reference trajectory are also required and used
to obtain the data set.

Regarding the hyperparameters of the SDR methods, for the KPCA method, a
sigmoid kernel is chosen with hyperparameters x = 0.1 and « = 0.1. For the AE
method, logsig activation functions are used for both the decoding and encoding layer.
Furthermore, L, weight regularization is added with a coefficient of 1-107°. The
implementation and training of the AE based method is done using the Autoencoder
class from the MATLAB Deep Learning Toolbox. For the DNN approach, the
training of the ANN was done in Python using Keras (Chollet et al. . As an
optimization method, in terms of gradient descent, AdaBound (Luo et al. is
used with the default learning rates. For the encoding layer of the DNN approach,
one hidden layer is used with 5 neurons, and, as mentioned, ReLLU functions are
used as activation functions in the encoding layer. Moreover, for the DNN method,
L weight regularization is added with a coefficient of 1-10~%. The hyperparameters
for each method were chosen such that their respective cost function were minimal.

Modeling error

The approximation error, in terms of average squared Frobenius norm (see ((9.16])),
of the reduced LPV models is compared for various reductions to a scheduling size
n,. These results are given in Figure @ From the results, it can be concluded
that the new developed DNN method results overall in the best performance for
all the considered scheduling sizes. A lower cost can be achieved using the DNN
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methods because it directly optimizes the average squared Frobenius cost instead
of needing an extra optimization step like for the KPCA or AE method. Moreover,
the scaling to larger scheduling dimensions is also better with the developed DNN
method compared to the other methods.

Figure 9.3: Average squared Frobenius norm cost model error for different scheduling
sizes (n,) using PCA (—), KPCA (—), AE (— ), DNN (—).

LPV controller design

For the controller design with the obtained models, a generalized plant is constructed,
equivalent with the one used in (Rizvi, Mohammadpour Velni, et al. 7 in order
to achieve reference tracking of 27 and x5 (i.e., the two angles, ¢; and ¢3). The
generalized plant is shown in Figure [0.4] where 7 is the reference signal, d the
input disturbance, z; and z, are performance channels, K is the to-be designed
controller, G is the robot manipulator model, and W, are weighting filters. The
weighting filter 1/, is chosen to include low-pass characteristics on both channels in
order to ensure good tracking performance at low frequencies, while W5 is chosen
as a constant gain for both channels in order to limit the motor torques. The
weighting filter W, is chosen as a true low-pass filter on both channels®. The
exact transfer functions applied in Figure are given in* Table Based on
this (weighted) generalized plant, an affine (L2-gain optimal) LPV controller is
synthesized, using the LPVcore Toolbox (Boef et al. , which minimizes the
Lo-gain from disturbance to performance channel. This synthesis procedure is
performed using the scheduling reduced plants (G in Figure resulting from the
various SDR techniques. The resulting Lo-gains can be found in Table [0-3]

3Why is included because the synthesis procedure requires the relation from the control input to
the state of the generalized plant to be independent of the scheduling-variable.
4All the weighting filters are block diagonal with the same transfer function for both channels.
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Figure 9.4: Generalized plant for controller synthesis.

Table 9.2: Weighting filters of the generalized plant where s is the complex frequency.

Weighting filter Transfer function

5-1071)s+5
Wi(s) St
Wi (s) 3-1073
1-10°
Wa(s) s+(11~103)

Table 9.3: Closed-loop Ls-gains obtained using the models resulting from the SDR
methods for n, = 1.

SDR method Ls-gain

PCA 1.25
KPCA 1.26
AE 1.25
DNN 1.24

LPYV controller performance

The controllers resulting from the synthesis on the reduced LPV models (with
n, = 1) are interconnected with the nonlinear model of the robot arm. The tracking
performance of the various resulting controllers is evaluated for three reference
trajectories. The first reference trajectory (reference 1) is the reference trajectory
also used to construct the data set. The second reference trajectory (reference 2) is
constructed to have similar ‘behavior’ as reference 1, while still being different from
the first reference. Reference 2 is used to analyze if the methods overfit. Finally,
the third reference trajectory (reference 3) consists of a square wave trajectory for
q1 while gs is kept at zero. Reference trajectory 3 has different ‘behavior’ compared
to reference 1 and 2 (hence not present in the data used for SDR) and is used to
analyze the robustness of the methods.
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Figure 9.5: Tracking performance of LPV controllers w.r.t. reference ¢; (—) and
g2 (==) using the SDR techniques with n, = 1, using PCA (—), KPCA (—), AE
(—), DNN (—).

Shown in Figure[9.5|are the simulation results for the considered reference trajectories
using the resulting controllers (i.e., using the various SDR techniques). It is apparent
from these figures that for this example the methods all result in trajectories that are
close together. Therefore, the closed-loop Ls-gains 7 using the different controllers
is also computed/approximated based on the simulation data, i.e.,

VIO S )P T
VIS lw@I? dt S llo(kT) P T2

where z = col(z1, 22), w = col(r, d) (see Figure and T is the end-time of the
simulation. The Ls-gains based on the simulation data, computed using 7
for each of the different reference trajectories are given in Table From the
computed Lo-gains it is clear that the DNN method provides overall the best
controller performance. An additional benefit of the proposed DNN method is that
due to the use of ReLU activation functions, the mapping p from p to ¢ can be
computed faster compared to the AE method proposed in (Rizvi, Abbasi, et al.

(9.44)
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2018)) and the KPCA methods, which use more complex nonlinear functions. This
makes the DNN method also better suited for realtime implementation.

Table 9.4: Ls-gain performance of LPV controllers in simulation based on the
different SDR techniques with n, = 1.

Reference SDR method

PCA KPCA AE DNN
1 0.9466 1.008 0.9532 0.9062
2 0.9564 0.9109 0.9088 0.8834

2.044 1.333 1511 1.500

9.7 Conclusions

In this chapter, a novel SDR method that uses a DNN in order to perform the
scheduling reduction has been introduced. In this way, the number of scheduling-
variables is reduced which allows for reduced computational complexity of the LPV
analysis and controller synthesis methods. Moreover, through the SDR method,
conservatism of the resulting LPV model w.r.t. a certain set of trajectories is
also reduced. The DNN method has as a benefit that it directly optimizes the
approximation error (squared Frobenius norm in this case) and directly gives the
state-space matrices of the reduced LPV representation, whereas for the KPCA and
AE method, an additional optimization step is required. Furthermore, as suggested
in this chapter, using a deep encoding layer with ReLLU functions in the DNN
method allows for better approximation of more complex scheduling-maps while
still being able to compute the output of the encoding layer rapidly and efficiently.
Moreover, we show how the DNN or other SDR methods can be used in order to
automatically construct an affine LPV, VPV, or DPV embedding of the nonlinear
system based on a given data set.

Based on the results of the two-link robotic manipulator example, it can also be
concluded that the developed DNN method results in a improved representation (of
the matrix variations) of the original model (in terms of average Frobenius norm
squared) compared to the current SDR methods. Moreover, the DNN method also
gives improved tracking performance when the (reduced) LPV model is used for
synthesis compared to the other methods.

The DNN SDR method, together with the analysis and synthesis results of previous
chapters, allows for the computational efficient analysis and controller synthe-
sis for nonlinear systems in order to guarantee global stability and performance
requirements, even as the complexity of these systems increases.






Applications

IN this chapter, we demonstrate the capabilities of the developed frame-
work that has been presented in the previous chapters on two realistic
plications for controller design in order to ensure global stability and per-
formance guarantees. Namely, we consider a Control Momement Gyroscope
(CMG) lab setup, to which our universal shifted controller design, presented
in Chapter 4, is applied in an experimental study for tracking piece-wise
constant reference signals. Next to that, a simulation study is presented,
whereby our incremental controller design, presented in pter 6, is used to
achieve reference tracking for a Generic Parafoil Return Vehicle (GPRV). For
both applications, the benefits of the proposed controller design approaches
are demonstrated in terms of a systematic controller design process and
their ability to guarantee the d d stability performance properties for
the underlying nonlinear systems. Moreover, the obtained controllers are
compared to standard Linear Parameter-Varying (LPV) controller designs,
, similar design complexity. Compared to these controller de-
the universal shifted and incremental controllers achieve significantly
ed closed-loop performance, as they are able to guarantee global
stability and performance requirements.
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10.1 Introduction

In the previous chapters, we have presented a framework for analysis and control of
nonlinear systems in order to ensure and shape global stability and performance
guarantees. So far, we have demonstrated the developed tools on various (academic)
examples and small scale experimental studies in the individual chapters. In this
chapter, we will apply our developed universal shifted controller design (of ChapterE[)
and incremental controller design (of Chapter @, to more complex and realistic
problems. More concretely, we will show experimental results of the application of
our universal shifted controller design to a Control Momement Gyroscope (CMG)
lab setup, and we will present a simulation study of our incremental controller
design applied to a Generic Parafoil Return Vehicle (GPRV).

This chapter is structured as follows. First, in Section [T0.2] we present a universal
shifted control design and its implementation for a CMG. Next, in Section [I0.3}
we present an incremental flight controller design for the final descent phase of a
GPRV. Finally, in Section[I0.4] conclusions are drawn based on the obtained results
that have been achieved on the presented applications.

10.2 Universal Shifted Control of a Control Mo-
ment Gyroscope

10.2.1 Introduction

In this section, we discuss the application of the proposed universal shifted controller
design from Chapter [4] in order to achieve constant reference tracking control for a
CMG. CMGs are used in various applications such as attitude control of satellites
and stabilization of ships (Townsend and Shenoi . Moreover, they are regularly
used as a test bed for nonlinear control applications due to the challenging coupled
rotational nonlinear dynamics (Reyhanoglu and Van de Loo . This has also
made them a popular choice to demonstrate the efficacy of various standard Linear
Parameter-Varying (LPV) control based methods (Abbas, A. Ali, et al.
Hoffmann and Werner Koelewijn, Cisneros, et al. [2018).

Next, we will first give an overview of the dynamics and the considered model of the
CMG in Section [10.2.2] Secondly, we will describe in Section [10.2.3] the considered
universal shifted controller design along with a standard LPV controller approach
for comparison purposes. In Section we show experimental results of the
control designs applied to the CMG setup and we analyze them to evaluate the
obtained closed-loop performance.

10.2.2 Dynamical model of the CMG

We consider a four Degree of Freedom (DOF) CMG as displayed in Figure [10.1] with
a schematic overview depicted in Figure[I0.2] The three gimbals and disk of the
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Figure 10.1: Photo of the CMG setup. Figure 10.2: Schematic overview of the
CMG.

CMG are modeled as four bodies, denoted by A, B, C, D, respectively. The angular
rotations of D, C, B, and A are denoted by ¢1, ¢2, g3, ¢4 (in radian), respectively.
Whereas, the current of the motors actuating D, C, B, and A are denoted by iy, io,
i3, i4 (in Ampere), respectively. Through Euler-Lagrange equations, the dynamical
model of the CMG can be derived, see (Bloemers and T6th for more details,
resulting in

M(a())i(t) + (Cla(t), d(1) + Fo) () = Komi(t) (10.1)

q = col(q1,q2,q3,q4) (where q(t) € RY), i = col(iy,ia,43,i4) (where i(t) € RY), M
is the inertia matrix, C' the Coriolis matrix, F, viscous friction matrix, and K,
the motor constant matrix. The inertia matrix is given by M(q) = Ma + Mg(q) +
Mc(q) + Mp(q) with

00 0 O
00 0 O
My = 000 ol (10.2&)
0 0 0 Ka
(0 0 0 0
0 0 O 0
0 0 0 Zps}+Kpd}
[0 0 0 0
o 0 IC 0 —Ich
Mc(q) = 0 0 Jcoc3 + Kes3 182023 ’ (10.2¢)
0 —Zcss (1 52CaC3 Zes3 + (Jesh + Kedl) &
[ Ib 0 Ibc Jpsacs
. 0 b 0 —Ipss
Mp(q) = VY 0 Ips3 + JInch (282CaCs » (10.2d)
| Ipsacs  —Ipss Q252C2C3 Ips3 + (Ich =+ jDS%) A3
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with s; and ¢; being shorthand for sin(g;) and cos(g;), respectively. The Coriolis
matrix is given by

qr 0T 0 07 [Ti(g)
. 0 ¢ 0 0 I'2(q)
C(q,q) = . , 10.3
0 0 0 ¢ [Tule)
with
[0 0 0 0
_1ix 0 —Ipsz  JIpcacs
@=51 o 0 “Zsss (10.4a)
[*x * * 0
[0 0 Jpso —Jpcacs
1% 0 0 0
T2(q) = 92 |* * —2038000 a3 (C%Cg — 3503) —aycs |’ (104b)
KRS * 203020352
(0 —Tpsa 0 Jps253
1 2 2
Ia(q) =5 | 0 2a3§202 s s (8332 ) | (10.4c)
| * * * -2 (a5 + agsg) C383
[0 Ipeacs —Jps25s3 0
1 x 0 Qs (0355 - 0303) — auycs —20a3¢9¢3 59
Pig) = 2 % * 200398953 2 (045 + agsg) C353 (10-4d)
| * * * 0

The friction matrix is given by F, = diag(fv 1, fv.2, fv.3, fv,4) and motor constant
matrix is given by Ky, = diag(km,1, km 2, km,3, km,4). Moreover,

alsz_ICC7 CVZZJD_IDu

(10.5)
a3 =1Ip — Jc— Jp +Kc, oy =1Ip+1c—Kp — Kc,

and the physical parameters of the system are given in Tables and

Table 10.1: Moments of inertia of the gimbals of the CMG.

Gimbal Moments of inertia [kg-m?]

) 7z Ji i

A 9.02-1072 5.34-1072 3.74-1072
B 3.88-107% 1.62-1072 2.00-1073
C 9.21-107* 1.62-1072 2.55-1073
D 3.01-1073% 5.50-107% 3.01-1073

The model (10.1)) can be written in the form

E(we(t))de(t) = A(we(t))we(t) + Bgus(t), (10.6)
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Table 10.2: Other physical parameters of the CMG.

fv; IN'm-s] Ky [Nom- A7

7.11-107° 6.80 - 102
1.24-107° 1.01-1071
1.41-1072 1.05-107!
3.72-102 6.06 - 102

=W N | .

where zy = col(q, ¢), us = i, and

() = {é M‘zq)}, Alzg) = {8 C’(q,sz)Fv]’ B, = [Ifm} (10.7)

As control objective, we consider a special operating mode of the disk, where only
inputs 71 and is are available for control and gimbal B is locked at g3 = 0, meaning
that ¢g3 = 0. In this operating mode our objective will be the control of the outer
(silver) gimbal and the disk speed, i.e., g4 and ¢, respectively. This can be seen as
simple form of pointing control for satellites. Taking into account these restrictions,
we can obtain the resulting dynamical model from by removing the 3th and
7th row and column form £ and 4, corresponding to g3 and ¢s, and the 3th and
4th column of By, corresponding to i3 and i4. Moreover, also the 1st and 2nd rows
and columns of E and 4 are removed, corresponding to ¢; and g2, as these will not
considered in our control objectives (see also Section. Note that this can
be done as the bottom left (block) entry of £ and 4 is zero, meaning the angular
velocities have no linear dependency on ¢; and ¢o in our model. The resulting model
will be of the form

Tr(ga(1))dg(t) = Ar(2g(1), 2(1)) 25 (1) + Brug(t), (10.8)

where g = col(q4, ¢1, G2, ds) and ug = col(iq, i2), and where E,, 4, and B, are the
E, A4, and B, matrices/matrix functions from with the discussed rows and
columns removed, respectively. Note that the model is still dependent on ¢o, due to
its dependency in the E, and 4, matrix. However, it is not a free parameter, due
to its relation to ¢o. We assume that g4, ¢1, and ¢4 can be measured, and these are
therefore considered to be the outputs of the system, i.e., y; = col(qga, ¢1, ¢a)-

Finally, (10.8) can be written in a nonlinear state-space form

xg(t) = fg(xg(t)7 ug(t)7 qQ(t)), (109&)
Yg(t) = Ceag(t), (10.9D)
with z4(t) € R?, ug(t) € R?, yo(t) € R?, and
fa(@g, ug, @2) = Tu(go) ™ A(wg, go) g + Er(g2) ™' Brug, (10.10)
100 0
Cy=10 1 0 of. (10.11)
000 1

Note that f, is well-posed as . is invertible (due to invertibility of the inertia
matrix M).
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10.2.3 Controller design

Universal shifted controller

Figure 10.3: Generalized plant considered for the control design for the CMG.

For the universal shifted controller design, in order to achieve constant reference
tracking for g4 and ¢;, we consider a generalized plant structure as is depicted
in Figure [10.3] In Figure [10.3] 7 is the reference signal, z; are the generalized
performance channels, G is the CMG given by where y, 1 = col(gu, ¢1) and
Yg,2 = G4 (such that y, = col(yg1,%g2)), K is our to-be-designed controller, and
the weighting filters are Linear Time-Invariant (LTI), given as (in transfer function
representation):

s+ 0 207 0
ME(S) - |: a s+7r:| ’ MH(S) - |:S+207r 207 :l )
0 s 0 s+207 10.12
We(s) = 0t "
)= 0 10(~38) s44

The combinations of the weighting filters W, (s)M(s) ensures good tracking perfor-
mance for (piece-wise) constant reference signals. Moreover, W), is used to low pass
filter the signals entering the plant G. Additionally, y, 2 = ¢4 is fed back to the
controller and added as generalized performance channel in order to penalize high
velocities of g4 to ensure smooth tracking behavior of g;. Moreover, the plant G
given by is pre-scaled, such that signals of unit magnitude correspond to the
maximum values of the signals. More concretely, instead of considering G directly
in the generalized plant, we consider

5 a1

G =5, GSy, (10.13)
where Sy = diag(7,10,3) and S, = diag(3,5). Later, when the controller K is
implemented on the setup, this scaling is also taken into account.

Based on this generalized plant, we then perform the three-step-procedure, as
discussed in Section [4.5.2] to design the universal shifted controller.

In the first step, we require the construction of a Velocity Parameter-Varying (VPV)
embedding of our generalized plant. In the generalized plant, the CMG, G, given by
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(110.9) is the only nonlinear system as the weightings filters are LTI. Consequently,
we only require construction of a VPV embedding of (10.9)).

For construction of the VPV embedding of (10.9]), we first compute its velocity
form, which results in (omitting dependence on time for brevity):

. . 0 .
Tg = Av(xgu Q2)$g + Bv(QQ)ug + Tﬁ(xy Ug, QQ)q2> (10.14&)
Vg = Coly, (10.14b)

where A, a—fi and By af 5.5. Note that A, only depends on z; and ¢z and B,

only on g2 due to the structure of f,, see m As the nonlinear system

also depends on g2 (not part of x,4), we also get the extra term gi(mg,ug,qg)qg
in the velocity form. We will omit this term as part of the con51dered velocity
form, and consider it to be a disturbance/unmodeled dynamics, which through the
controller will be compensated. Hence, we will consider the following velocity form

for (10.9):

Eg = Av(xg, ug, q2)Tg + By(q2)lg, (10.15a)
g = Cyig. (10.15b)

Based on the velocity form (10.15]), we construct a VPV embedding of (10.9) (see
also Definition , which is given by

= A(p)zy + B(p)uv, (10.16a)
Yv = Cguv7 (1016b)

where x,(t) € R*, u,(t) € R?, y,(t) € R?, with scheduling-variable p(t) € P and
scheduling-map 7 such that p(t) = n(xg(t), g2(t)) where n(zg, q2) = [q2 ¢1 d2 Ga] " =
[p1 p2 p3 pa]', note that the scheduling-map also depends on go. As the scheduling
set, we consider (the hypercube) P = [—0.8, 0.8] x [30, 50] x [—4, 4] x [-3, 3],
corresponding to the (VPV) embedding region X = R x [30, 50] x [—4, 4] x [-3, 3]
of . The VPV embedding of , given by , together with the LTI
weighting filters (for which the dynamics of their velocity forms are equivalent to
their primal form dynamics) M., M,, and W, as interconnected in Figure [10.3]
then give us a VPV embedding of the generalized plant.

For the second step in the universal shifted controller synthesis procedure, we
synthesize an Lo-gain optimal LPV controller (of the form ([4.41])) for our VPV
embedding of the generalized plant. Due to the complex scheduling-dependency,
we use a grid-based LPV controller synthesis approach (Wu 7 which has been
implemented in the LPVcore Toolbox (Boef et al. . For the grid-based synthesis,
we consider the grid points p; € {—0.8,0,0.8}, p2 € {30,40,50}, p3 € {—4,0,40},
ps € {—3,0,3}, i.e., three grid points for each scheduling-variable, for a total of 81
grid points. For the synthesis, a parameter independent quadratic storage function
is considered (i.e., of the form (2.3€]), where M is a constant positive definite matrix).
We also restrict the B and D matrix of the state-space controller (i.e., By and
Dy in ) to be parameter independent, s.t. later on the resulting universal
shifted controller does not depend on p. Moreover, a Linear Matriz Inequality (LMI)
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region constraint is added (also implemented in the LPVcore Toolbox), s.t. the
closed-loop eigenvalues of the generalized plant and controller at each grid point
have a real part larger than -500. Under these consideration, the resulting LPV
controller, i.e., the velocity controller, obtains a closed-loop Lo-gain of 1.14 for the
VPV embedding of the generalized plant. The Bode magnitude plot of the velocity
form of the closed-loop system is given in Figure at the considered grid points.

Finally, based on the synthesized velocity controller, we realize the universal shifted
controller as the last step of the universal shifted controller synthesis procedure. As
our generalized plant includes integral filters, we make use of the realization result in
Corollary 2] see also Section [I.5.4and Theorem [£.12} Note, as aforementioned, the
velocity controller has been synthesized such that its B and D matrices are constant,
hence, our universal shifted controller does not depend on p. The resulting universal
shifted controller (of the form (4.42)) achieves universal shifted (asymptotic) stability
and quadratic universal shifted performance of the closed-loop (under Proposition
this is with an Lg-gain of 1.14).

Before we show the results of this universal shifted controller design applied to the
experimental CMG setup, we first shortly discuss the design of a standard LPV
controller, which will be used for comparison.

Standard LPV controller

For the standard LPV controller design, we use the same generalized plant structure’
as for our universal shifted controller design, depicted in Figure [[0.3] and we use
the same weighting filters (see (10.12))). Consequently, we only require construction
of a global LPV embedding of (10.9), as it is the only nonlinear system in the
interconnection that makes up the generalized plant. The LPV embedding of
we construct is given by

&y = As(ps)xg + Bs(ps)ug, (10.17a)
Yg = Cyg, (10.17b)

(where subscript ‘s’ is used to denote the standard LPV embedding variables),
where ps € Py is the scheduling-variable and for the scheduling-map 75 we consider
ps = 0s(Tg, 2) st Ns(Tg,q2) = (02 @1 4o q4]T = [ps1 Ps2 Ps3 ps,4]T~ As fg can
be written in a factorized form, see , the LPV matrix functions Ag and By
are chosen as

AS(nS(mg7QZ)) - 'Zr(qQ)_l-qr(xgan)7 Bs(ns(mg7QZ)) = 'Z:r(qQ)_lBr' (1018)

Note that the scheduling-map of our global LPV embedding is equal to the
scheduling-map of the VPV embedding for the universal shifted controller de-
. . .. T

sign, i.e., ns(g,q2) = (74, q2) = [@2 @1 2 da] , consequently p(t) = py(t).
Hence, for a fair comparison between the universal shifted and standard LPV

controller designs, we consider the same scheduling set, meaning, Py = [—0.8, 0.8] x
[30, 50] x [—4, 4] x [-3, 3].

1With also the same pre-scaling applied as in (10.13)).
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Similarly, we also synthesize an Ls-gain LPV controller for the generalized plant
consisting of using a grid-based synthesis approach. We take the same
considerations for the standard LPV (grid-based) controller synthesis as were taken
for the (grid-based) velocity controller synthesis, i.e., same grid points, same form of
quadratic parameter independent storage function, restricting the B and D matrices
to be parameter independent in the controller, and the same LMI region constraint.
This results in an LPV controller that achieves an Ls-gain bound of 1.07 for its
closed-loop interconnection with the nonlinear generalized plant.

Next, we compare both the universal shifted controller design and the standard
LPYV controller design on the experimental CMG setup.

10.2.4 Experimental results

For the experimental study, both the standard LPV controller and universal shifted
controller designs are implemented on the CMG setup. On the experimental setup,
the control inputs, corresponding to the currents sent to the motors, are saturated
between + 3 [A] for iy and £ 5 [A] for 5. For the experiment, the disk is first sped
up to a velocity of 40 rad/s before switching on either the standard LPV controller
or the universal shifted controller. As reference signals, a piecewise-constant signal
is chosen which makes steps of 7 rad every 5 seconds for g4, while the reference for
¢1 is taken to be constant and equal to 40 rad/s. Under this reference, the resulting
closed-loop behavior of the setup with the standard LPV controller design and with
the universal shifted controller is depicted in Figures to

In Figure the angle ¢4 and angular velocity ¢; are depicted, along with their
to-be-followed reference signals. It can be seen that as soon as the reference for
q4 switches for the first time at ¢ = 5 seconds, the standard LPV controller starts
oscillating around the reference. This is likely due to (unmodeled) Coulomb friction
which affects the experimental setup, which acts as a disturbance. This once again
shows, as we have also demonstrated in the other chapters, that the standard LPV
controller is not able to ensure the desired stability and performance guarantees
for reference tracking and disturbance rejection. On the other hand, the universal
shifted controller is able to smoothly track the piece-wise constant reference signal
for q4 and ¢, without any oscillations, as it ensures the stronger stability and
performance guarantees in the form of universal shifted stability and performance.
The differences in performance between the two controllers are also clearly visible
in Figures and where the motor currents (generated by the controller)
and scheduling trajectories (corresponding to ¢ and angular velocities of the CMG)
are depicted. The induced oscillations due of the LPV controller even result in the
motor currents becoming saturated, while again, the universal controller stays well
within the saturation limits and varies smoothly. Note that the scheduling-variables
also stay within the assumed set P = Py (only p; for the LPV controller briefly
leaves the scheduling set), see Figure [10.7]
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Figure 10.4: Bode magnitude plot of velocity form of closed-loop system at the
considered grid points (=), along with the corresponding inverse weighting filters
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Figure 10.5: Angle g4 (top) and angular velocity ¢; (bottom) of the CMG in closed-
loop with the standard LPV (=) and the universal shifted (— ) controllers under
reference (==).
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Figure 10.6: Motor currents ¢; (top) and i (bottom) sent to the CMG in closed-loop
with the standard LPV (—) and the universal shifted (—) controllers.
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Figure 10.7: Scheduling trajectories corresponding to the CMG in closed-loop with
the standard LPV (—) and the universal shifted (— ) controllers, along with the
considered scheduling limits (== ).
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10.3 Incremental Control of a Generic Parafoil
Return Vehicle

10.3.1 Introduction

In this section, we present the application of the incremental controller design we
have proposed in Chapter [6] to a GPRV for reference tracking purposes during
atmospheric flight. GPRVs are used as reusable space transportation systems, in
order to perform missions in low earth orbit. In the past, they have been explored
to be used as crew return vehicles, such as the NASA X-38 (Shin et al. 2001,
see Figure [I0.8 More recently, the European Space Agency has been developing
a GPRV, the Space Rider, see Figure [I0.9] Its primary intended use will be to
perform research in microgravity and as demonstration platform for robotic and

surveillance applications (Cacciatore et al.[2019; De Lange [2021)).

In this application example, we will specifically focus on GPRVs during their so-
called terminal guidance phase. During this phase, the craft has entered the Earth’s
atmosphere and needs to be steered in order to land at a designated location on
the surface.

The rest of the section is structured as follows. In Section [10.3.2] we give a
description of the dynamical model of the GPRV that will be considered. Next, in
Section [10-3-3] we discuss the incremental controller design that is developed for
the GPRV. Finally, in Section [10.3:4] we show results of a simulation study that
is performed in order to evaluate the performance of the incremental controller
design. Moreover, in the simulation study the incremental controller design is also
compared to a (local) LPV controller design.

Figure 10.8: Photo (sequence) of NASA  Figure 10.9: Artist’s impression of ESA
X-38 CRV prototype. Space Rider.

10.3.2 Dynamical model of the GPRV

The dynamics of a GPRV in atmospheric flight are complex due to aerodynamical
effects, governed by fluid dynamics, and the interactions between spacecraft body
and the parafoil (De Lange [2021). This makes navigation of the vehicle also
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challenging from a control perspective, especially as there is no active propulsion
and the system can only be actuated through steering the parafoil. Here, we consider
a simplified dynamical model describing a GPRV. Namely, we consider a 3 DOF
model, whereby the combination of the spacecraft body and the parafoil is modeled
as a point mass which moves in 3D space affected by aerodynamical effects such as
lift and drag.

More concretely, we consider the model of the GPRV, adopted from (De Lange
2022)), given by the following set of differential equations

7 (t) = V() cos(a(t)) cos(¢(t)); (10.19a)
Ty (t) = V(t) cos(a(t)) sin(y(t)); (10.19b)
7,(t) = V(t) sin(a(t)); (10.19c¢)
V(t) = —LD(V(t),€(t)) — gsin(a(t)); (10.19d)
s - BUV).0) cc;((z;(t)) - geos(a(t). oo
é(t) = M; (10.19g)
5(t) = M; (10.19h)

where ¢ [s] is time, 7y [m], ry [m] and 7, [m] is the position of the GPRV in z (north),
y (east), z (up), direction (in a left-handed coordinate system) in the Earth frame,
respectively, V' [m-s~1] is its absolute velocity, a [rad] is the flight path angle, and
[rad] is the heading angle. ds and 4, are the (normalized) symmetric and asymmetric
deflections (and hence are dimensionless), respectively, which are the inputs of the
system. Furthermore, ¢ and o represent delayed versions of the symmetric and
asymmetric deflection, respectively. The mass of the system is given by m [kg], the
gravitational acceleration is g [m-s™2] (and is considered to be constant along the
atmospheric flight), and 7. and 7, are time constants. The aerodynamic drag D
and aerodynamic lift L are given by

D(V(1), (1)) = 5oV (1 SCo(e(1)), (10.208)
LOV(#), e(t)) = %pV(t)QSCL(e(t)), (10.20b)

where p is the air-density [kg-m~3] (assumed to be constant), S is the aerodynamic
surface area [m?], Cp and Cf, are aerodynamic drag and lift coefficients, respectively,
given as lookup tables. The considered physical parameters are given in Table
A schematic representation of the GPRV based on this model is given in Figure[I0.10}

As aforementioned, we consider control of the GPRV during the terminal guidance
phase. During the terminal guidance phase, the vehicle needs to follow a pre-
determined path which is expressed in terms of a heading profile that needs to be
followed. Therefore, for this model of the GPRV, we are interested in regulating the
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Table 10.3: Physical parameters of the GPRV model.

Parameter Value Unit
g 9.81 m-s~2
m 2.35-10° kg
p 1.23 kg-m—3
S 2.79-102 m?
Te 2.1072 -
To 2.1072 -
7-a_ -‘\____

Figure 10.10: Schematic representation of the GPRV based on ([10.19)).

flight-path angle o and tracking a desired heading angle 1, consequently we consider
them to be outputs of the system which can be measured. Based on this, we can
rewrite the dynamics of the GPRV, given by , in the following nonlinear
state-space representation

ig(t) = fo(wg(t)) + Bgug(t)),
Yg(t) = Cyag(t),

where z4(t) = col(V(t),a(t),(t),e(t),o(t)) € RS, ug(t) = col(ds(t),da(t)) €

(10.21a)
(10.21b)

[-1, 1] x [-1, 1], and where

—D(V,€) — gsin(a) 00

L L(V,e) cos(o)—g cos(a) 0 0
\4

_ L(V,e) sin(o) o - 01 0 0 0
fg(xg) - mvioes(a) ) Bg — (1) 8 B Cg == |:O O 1 0 O .

=5 0 1
’ (10.22)

Note that we have omitted the positional dynamics, given by (10.19a))—(10.19¢c), as
the dynamics of x; do not depend on it.

10.3.3 Controller design

Generalized plant

In order to achieve our control objective of regulating the flight-path angle o and
tracking a desired heading angle v, we consider a generalized plant structure as
depicted in Figure In Figure 7 is the to-be-followed reference and d is
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Figure 10.11: Generalized plant considered for the flight control design of the GPRV.

the disturbance, which collectively are the generalized disturbance channel w (i.e.,
w = col(r,d)), z1 and zy together are the generalized performance channel, G is
system given by (10.21), K is the to-be-designed controller, My, Wy, Wy, and Wy
are (LTT) weighting filters given (in transfer function representation by):

1 0 1 0
My(s) = {0 1.12(s2+0.71s+o.18)] ) Wy(S) = [O ().45(s+(].63)2‘| )
s2 s24+0.715+0.18 (1023)
032 0 0.1 0
Wa = [ 0 0.32]  Was= {0 0.1} '

The combinations of the weighting filters Wy (s)M,(s) ensures regulation of «
and good tracking performance of 1, especially for constant and ramp references
due the -40 dB/dec slope of the filter. The constant weight W,, ensures that too
large control inputs are penalized. The constant Wy is used to ensure robustness
against disturbances. Like for the universal shifted controller design for the CMG
in Section we pre-scale G using (10.13). In this case, for the GPRV, the
pre-scale weights are given by S, = I and S, = diag(0.5, 7).

Considering this generalized plant, we then use the three-step-design procedure to
perform an incremental controller design as has been presented in Section [6.3] Note
that G given by has linear dependence w.r.t. u, and has a linear output
map, hence, we have that the generalized plant is of the form .

DPV embedding

For the first step in the procedure, we need to compute the differential form of the
generalized plant and construct a Differential Parameter-Varying (DPV) embedding
based on it. The system given by is the only nonlinear system in the
generalized plant, hence, we only require construction of a DPV embedding of
(10.21). As the dynamics of depend on the aerodynamic drag and lift
coefficients, Cp and Cf1,, which are given by lookup tables, we cannot analytically
compute the differential form of . Therefore, we use the Deep (Artifical)
Neural Network (DNN) based Scheduling Dimension Reduction (SDR) method of
Chapter [9] in order to construct an (approximate version of the) DPV embedding of
based on a data set, see also Section More concretely, the differential
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form of (10.21)) is given by

Tsg(t) = Asg(@g(t)) + Byusg(t)), (10.24a)
Ysg(t) = Cas g(t), (10.24b)
where A5 o = ga{ ’z . While we cannot analytically compute A5 o, we can use Automatic

Differentiation (AD) methods in order to evaluate it at different points z, in a
data set ®, corresponding to the considered embedding region X. For the DPV
embedding region, we consider? X = [10, 21] x [-0.35, —0.21] x R x [—1, 1] x [-1, 1].
As data set ©, we consider an equidistant grid on X with 9 grid points in each
dimension (for a total of data 6561 points). For the DNN SDR method, the output
data matrix A of the DNN, see also , is given by

A = [vec (Asg(zg,1))) - -.vec (Asg(g 6561)))] (10.25)

where z, (;) is the i’th element in ©. Instead of considering xg directly as an input
to the DNN, we create the extended vector @ that is considered to be the input

0 = col(V,sin(w), sin(o), cos(a), cos(o), €). (10.26)

This extended vector is chosen as it will wrap the angle variation in the interval
[—1, 1] in order to help training of the DNN. The input data matrix I" of the DNN;,

see also , is then given by
L=[00) ... Oese)l, (10.27)

where 6;) is the value of 6 corresponding to z, (). The normalized version of the
data matrices I" and A are then used as the input data and output data, respectively,
to train the DNN.

For the considered architecture of the DNN, see also Figure [0.1] the size of the
(reduced) scheduling-variable ¢ is taken equal to 3, i.e., n, = 3. This was chosen as
it gave a good trade-off between modeling error and scheduling size. Moreover, for
the encoding layer, two hidden layers with 32 neurons each using Rectified Linear
Unit (ReLU) activation functions were used. A higher number of hidden layers
and/or neurons did not significantly improve the modeling error for considered
scheduling size.

For training of the DNN, the gradient descent algorithm Adam (Kingma and Ba
is used with a learning rate of 1-10~%. Moreover, Ly weight regularization is
considered with a coefficient of 1-1073. The DNN is then trained for a 1000 epochs,
resulting in a final squared Frobenius norm cost (see also ) of ~ 6-10%. Based
on the DNN network we can then construct the LPV representation

255(t) = A(p(t) + Bgusg(t)), (10.28a)
Ys,g(t) = Casg(1), (10.28b)

2Note that fg, given in (10.22)), does not depend on v, consequently, A5, does not depend on
it as well. This means that we can consider R as the embedding region of .
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where p(t) € P C R is the scheduling-variable, with scheduling-map
n(xg) = p(V,sin(a), sin(o), cos(a), cos(o), €), (10.29)

where p is the encoding layer of the DNN (with normalization taken into account),
and A is constructed based on the matrix mapping layer of the DNN. Due to the
DNN method, has an affine scheduling dependency. The scheduling set P
is then constructed by evaluating n(zg) for z, € ©, and computing the minimal
volume bounding box of the resulting data, see also (Sadeghzadeh, Sharif, et al.
Section 4.1)). The vertices of the resulting minimal volume bounding box
are then used to define the convex set P. The LPV representation is then
used as a DPV embedding of on the region X. The DPV embedding
interconnected with the weighting filters, as displayed in Figure then gives
us a DPV embedding of the generalized plant.

Differential controller synthesis

The DPV embedding of the generalized plant is then used in the second step of
the incremental controller synthesis procedure. For the DPV embedding, an Lo-
gain optimal LPV (of the form ) is synthesized, which will be the differential
controller. After realization of the controller, this will imply an Li>-gain performance
bound of the primal form of the closed-loop. As the DPV embedding has
affine scheduling dependency, we make use of polytopic Ls-gain optimal LPV
controller synthesis (Apkarian, Gahinet, and G. Becker , implemented in
the LPVcore Toolbox (Boef et al. [2021). Moreover, in order to enforce roll-off
at high frequencies of the controller, we set the D-matrix of the controller (i.e.,
Dy of ([£41))) to zero and add an LMI region constraint s.t. for constant values
of the scheduling-variable, the closed-loop eigenvalues of the interconnection have
a real part larger than -60. Synthesizing the differential controller under these
considerations, achieves a closed-loop Lo-gain of 1.96. The Bode magnitude plot of
the differential form of the closed-loop system is given in Figure [10.12].

Incremental control realization

For the final step of the incremental controller design procedure, we use the result of
Theorem [6.3] This results in an incremental controller of the form (6.10). Moreover,
as the differential controller has affine scheduling dependency, we make use of
Corollary This means that we only require integration of the scheduling-map
7, instead of integration of the matrix functions of the differential controller, for
realization of the incremental controller. In this case, the scheduling-map 7 consists
of a DNN. Due to the DNN in the scheduling-map, computing the analytical
solution of the integral is difficult. Therefore, the integration of the scheduling-map
is numerically computed in MATLAB. For fast execution, C-code of the resulting
MATLAB function is generated, using MATLAB code generation. On a modern
Intel Core i5 processor with a (boost) frequency of 3.8GHz, the resulting function
is able to execute in ~ 0.43 ms, making it feasible for real-time deployment.
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Figure 10.12: Bode magnitude plot of differential form of closed-loop system at
frozen values of z; € X (—), along with the corresponding inverse weighting filters

(—).

Standard LPV controller design

In industry, the linearization of a nonlinear system is often used for standard (local)
LPV controller design. While it is known that these type of controllers do not have
explicit guarantees (Shamma and Athans , they are still regularly used in
industry as they are able to provide satisfactory performance. The differential form
of a system can be interpreted as the linearization of the system along a certain
trajectory. Therefore, the synthesized differential controller, obtained in the second
step of the incremental controller design procedure, can also be seen as a local
LPV controller design for the system if we do not compute the realization step.
Therefore, we will compare this local LPV controller to our proposed incremental
controller design.

Next, we will present simulations results when the incremental controller and the
local LPV controller are applied to the GPRV model (10.19)).
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10.3.4 Simulation results

For our simulation study, we will compare the tracking performance of the designed
incremental controller and local LPV controller. As reference trajectory we consider
a (simulated) open loop trajectory of the GPRV model, which consist of constant
heading and constant heading rate sections, see Figure and also the reference

in Figure

Figure 10.13: Position of the considered reference trajectory (=) and its projection
onryand ry ().

For the incremental controller, this trajectory is also used as the desired steady-
state trajectory, i.e., it is used for (y;,uf) = (u*,y*) in . Moreover, as the
symmetric and asymmetric deflection are physically restricted to be between 41,
the control actions generated by the controllers are saturated between +1. The
resulting simulation results under these considerations is displayed in Figures
to

In Figure [10.14] the flight path angle @ and heading angle ¢ are depicted for the
system in closed-loop with the local LPV and incremental controller, along with their
to-be-followed reference signals. It can be seen that using the incremental controller,
both the flight path and heading angle converge quickly to their corresponding
reference trajectories. While the local LPV controller is able to track the heading
angle fairly well, the behavior of the flight path angle is more erratic. This can also
been seen from Figure [T0.15] where the corresponding tracking errors are displayed.
From Figure[I0.15] it is evident that the incremental controller achieves much better
tracking performance for the heading angle ¢. Finally, in Figure the control
inputs of both controllers are depicted in terms of the symmetric deflection ds and
asymmetric deflection §,. From the behavior of the control inputs, it can also
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be seen that the incremental controller generates much smoother control signals
compared to the local LPV controller. In fact, due to the design of the incremental
controller, the control signals converge to the ones of the steady-state trajectory
(also used as reference). While the local LPV controller is able to achieve relatively
good performance, it has, as aforementioned, no strict stability and performance
guarantees. On the other hand, our incremental controller design achieves better
tracking performance compared to the local LPV controller, while at the same time
it also has guarantees in terms of incremental stability and performance.

Figure 10.14: Flight path angle o (top) and heading angle ¢ (bottom) of the GPRV
in closed-loop with the local LPV (—) and the incremental (—) controllers under
reference (- - ).
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Figure 10.15: Tracking errors of the flight path angle o (top) and heading angle 1
(bottom) using the local LPV (—) and the incremental (— ) controllers.
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Figure 10.16: Symmetric deflection ds (top) and asymmetric deflection 0, (bottom)
sent to the GPRV in closed-loop with the local LPV (—) and the incremental
(=) controllers.
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10.4 Conclusions

In this chapter, we applied the developed universal shifted controller design and the
incremental controller design to reference tracking control problems for a CMG and
GPRV, respectively. For both these realistic applications, the results show that both
controller designs are able to successfully achieve their desired control objectives
and guarantee global stability and performance properties of the closed-loop system.
Moreover, they achieve improved performance compared to standard LPV controller
designs, while having a comparable design complexity. These results once again
highlight that we can achieve systematic and computationally efficient control of
nonlinear systems in order to ensure and shape global stability and performance
guarantees through developed framework in this thesis.






Conclusions

IN this chapter, we reflect on the objective of this thesis to develop a
stematic framework for the analysis and control of nonlinear s
the main results of the thesis are summarized and it is discussed to

which extend the research questions have been addressed in order to achieve
the set out research objective. Secondly, we highlight the main contributions
of each chapter. Finally, we give some recommendations for future research
directions.
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11.1 Overview and Summary

To cope with the increasing complexity and higher performance requirements of
systems nowadays, there is a growing need to move beyond the Linear Time-
Invariant (LTI) framework in order to analyze and design controllers for these
systems. As discussed in Chapter [I] specifically Section [1.3] while there is a vast
array nonlinear methods to handle analysis and control of systems, they are often
cumbersome to use due to a lack of a systematic and computationally efficient
framework for analysis and controller synthesis, like in the case of LTI systems.
While approaches such as the Linear Parameter-Varying (LPV) framework, which
build on top of the LTT results, have systematic and computationally efficient results,
they lack results for guaranteeing global stability and performance of nonlinear
systems. This can result in undesirable behavior when the current LPV methods
are used to analyze or design controllers for nonlinear systems, as we have shown in
Chapter[3] Global stability and performance guarantees are crucial for systematically
analyzing and designing controllers for nonlinear systems, as they are able to provide
guarantees independent of a particular equilibrium point or trajectory of the system,
similar to the stability and performance guarantees for LTI systems. Therefore, in
this thesis, we set out to achieve the research objective of developing a framework
for systematic, computationally efficient analysis and control of nonlinear systems
to ensure and shape global stability and performance guarantees.

To achieve this objective, we have specifically focussed on the global notions of
universal shifted and incremental dissipativity. As we have shown in the thesis,
these notions allow us to guarantee stability and performance w.r.t. all equilibria
and/or all feasible trajectories of the systems at once, respectively. Under these
considerations, we formulated three crucial Research Questions to be answered in
Section [I.4] Next, we discuss in detail our findings in answering the three Research
Questions.

Research Question 1 — Analysis

For Research Question [I) we have investigated “How to systematically and com-
putationally efficiently analyze universal shifted and incremental dissipativity of
Continuous-Time (CT) and Discrete-Time (DT) nonlinear systems?”

First, in Chapter [4] we have focused on universal shifted stability and performance,
which considers stability and performance w.r.t. all (forced) equilibrium points
of the system. We have shown how classical dissipativity of the so-called velocity
form, i.e., the time-differentiated dynamics in CT and time-difference dynamics in
DT, is able to imply universal shifted stability and performance for CT systems.
We furthermore have shown how the velocity form can naturally be represented
by an LPV representation, which we refer to as a Velocity Parameter-Varying
(VPV) embedding of the nonlinear system. This crucially allows us to cast the
universal shifted stability and performance analysis problem of a nonlinear system
as a standard stability and performance analysis problem of an LPV representation.
This allows for all the computationally efficient analysis methods that are available to
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LPV systems to be applied to analyzing universal shifted stability and performance
of nonlinear systems. Which gives us a systematic and computationally efficient
framework for global stability and performance analysis, in terms of universal shifted
stability and performance.

In Chapter [5} we have focused on incremental dissipativity analysis of nonlinear
systems. Incremental dissipativity is a stronger notion than universal shifted
dissipativity as it considers dissipativity w.r.t. any arbitrary trajectory of the
system, instead of w.r.t. only the equilibrium points. In Chapter 5] we have
shown how for CT systems, incremental dissipativity can be implied through
ensuring classical dissipativity of the so-called differential form, which represents
the dynamics of the variations along trajectories of the system. We show that
also the differential form, like the velocity form for universal shifted dissipativity
analysis, can naturally be embedded in an LPV representation, which we refer to as
a Differential Parameter-Varying (DPV) embedding. Through the DPV embedding,
we can also cast the incremental dissipativity analysis problem of a nonlinear system
as a classical dissipativity analysis problem of an LPV representation. Therefore,
similar to the universal shifted analysis results, we can use the efficient tools
available for LPV systems, in order analyze incremental dissipativity. This also
gives us a systematic and computationally efficient framework for global stability and
performance analysis, but now in terms of incremental stability and performance.

In fact, due to the similarities between the velocity form and the differential form
of a system and the corresponding VPV and DPV embeddings, a single LPV
representation can represent both the velocity and differential form of a system.
Through classical dissipativity analysis of the LPV representation, both incremental,
universal shifted, and also classical dissipativity can then be concluded.

Moreover, in Chapters [7] and [8] we have similarly shown how these results for
universal shifted and incremental stability and performance analysis of CT systems
can be extended to DT systems. This gives us also in DT a systematic and
computationally efficient framework for global stability and performance analysis.

Taken all together, we have the following procedure in order to systematically and
computationally efficiently analyze global stability and performance of nonlinear
systems:

1. For the to-be-analyzed nonlinear system compute its velocity form or differen-
tial form;

2. Embed the velocity or differential form in an LPV representation, resulting in
a VPV or DPV embedding, respectively;

3. Analyze classical dissipativity of the VPV or DPV embedding, for which
standard LPV analysis methods can be used.

4. If the VPV or DPV embedding is classically dissipative, universal shifted or
incremental stability and performance of the nonlinear system is guaranteed,
respectively.
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Again, these results give us an overarching systematic procedure for global stability
and performance analysis of nonlinear systems. Importantly, we show that this
check can be done computationally efficiently, as it can be cast as a standard LPV
analysis problem, for which a wide variety of existing tools can be used. With this
framework for analysis, we address Research Question [I] of this thesis.

Research Question 2 — Synthesis

Next, for Research Question [2] we have investigated “How to systematically and
computationally efficiently design and shape controllers for CT and DT nonlinear
systems such that universal shifted and incremental performance requirements and
stability are ensured?”. To answer this research question, we have again tackled the
considered global dissipativity notions separately. First, in Chapter [d] Section [£.5]
we have addressed the question of synthesizing a controller to ensure universal shifted
stability and performance of CT systems. In this chapter, we have developed a
novel convex controller synthesis method in order to guarantee closed-loop universal
shifted stability and performance, by exploiting properties of the velocity form and
using through the use VPV embeddings. Similarly, in Chapter [6], we have shown
how to address the controller synthesis problem to ensure incremental stability and
performance of CT systems. In this chapter, we have proposed a novel convex
controller synthesis method, by exploiting properties of the differential form and
using DPV embeddings, in order to ensure the desired incremental stability and
performance guarantees.

Moreover, in Chapter [7, we have shown how also in DT, we can construct a convex
controller synthesis procedure to guarantee closed-loop incremental stability and
performance. We show that this resulting procedure is equivalent to the procedure
in CT. In Chapter [8, we have proposed a procedure for DT controller synthesis in
order to ensure closed-loop universal shifted stability and performance. To achieve
this, we have shown, we can use part of the DT incremental controller synthesis
results due to specific structure of the DT velocity form. Due to the properties of the
DT velocity form, the controller structure can be simplified. While the DT and CT
universal shifted controllers do not have the same structure, they are analogous to
each other. Namely, they both are able to guarantee universal shifted stability and
performance by exploiting properties of the velocity form. Together, these results
give us a systematic and computationally efficient framework for controller synthesis
in order to ensure and shape global stability and performance requirements.

Taken all together, we can formulate the following procedure in order to systemati-
cally and computationally efficiently synthesize controllers for nonlinear systems in
order to ensure and shape global stability and performance of nonlinear systems:

1. Formulate a (weighted) nonlinear generalized plant, based on the desired
closed-loop performance requirements;

2. Embed the nonlinear generalized plant in a VPV or DPV embedding;

3. Synthesize a standard LPV output-feedback controller for the VPV or DPV
embedding of the generalized plant.
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4. Based on the synthesized LPV controller for the VPV or DPV embedding,
realize the controller using the proposed universal shifted controller or incre-
mental controller realization procedure, respectively. Consequently, we obtain
a universal shifted or incremental controller, respectively.

5. The universal shifted controller and incremental controller in closed-loop
with the nonlinear generalized plant ensure universal shifted and incremental
stability and performance, respectively.

An important result we discuss w.r.t. shaping is that when LTI weighting filters are
used to construct the generalized plant, the shaping can also be done directly on
the VPV or DPV embedding using the same weights, which significantly simplifies
the shaping procedure.

A key takeaway here is that we can use existing synthesis methods from the
LPV framework in the third step of the above procedure, giving us a convex
controller synthesis procedure in order to guarantee closed-loop global stability and
performance. With this framework for synthesis, we adress the second research
question of this thesis.

Research Question 3 — Complexity

Finally, for Research Question 3] we have investigated “How to reduce the complexity
for the to-be-developed analysis and controller synthesis methods to address complex
systems?”. A key part of the analysis and synthesis framework we have developed
has been the use of LPV methods combined with the proposed VPV and DPV
embeddings of systems. For increasingly complex systems, more state and input
dependent terms enter the velocity or differential form, which makes it increasingly
difficult to embed them in LPV representations. In order to cope with this increasing
complexity, we have proposed in Chapter [J] a data-based method to obtain an
affine LPV embedding of the velocity or differential form with a user defined
number of scheduling-variables. This was achieved by the development of a Deep
(Artifical) Neural Network (DNN) based Scheduling Dimension Reduction (SDR)
method, whereby the scheduling-map and state-space matrices of the LPV model
are parametrized through an DNN. Compared to existing methods, the proposed
method achieves lower modeling error and improved performance when used for
controller synthesis. The proposed DNN method allows us to reduce the number
of scheduling-variables of a given VPV or DPV embedding. In this way, we can
handle more complex systems. Moreover, we have also shown that DNN method
allows us to automatically construct a VPV or DPV embedding based on a given
data set of typical trajectories or operating points of the system. To achieve this,
when combined with Automatic Differentiation (AD) techniques to evaluate the
velocity or differential form, one would only need the primal form of the system
and a given data set to construct a VPV or DPV embedding. This VPV or DPV
embedding can then be used for either the proposed global analysis or controller
synthesis procedures. This approach has been demonstrated for an incremental
flight controller design for a Generic Parafoil Return Vehicle (GPRV) in Chapter
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In conclusion, the proposed DNN SDR method gives us a tool to reduce the
complexity for the developed analysis and controller synthesis methods to also deal
with complex systems. This addresses the final, and third research question in this
thesis.

The Complete Framework

The combined results of answering Research Questions [IH3] gives us the systematic,
computationally efficient framework for analysis and control of nonlinear systems
to ensure and shape stability and performance. In Figure [11.1] an overview of the
proposed framework is summarized and displayed in terms of a flow chart. In the
figure, ‘Analysis’ refers to the approaches we have developed for addressing Research
Question [T} ‘Synthesis’ refers to the approaches we have developed for addressing
Research Question [2] and ‘Complexity’ to the approach we have developed for
addressing Research Question

In Chapter [I0} we have demonstrated the capabilities of the proposed framework
through an experimental study of an universal shifted controller design for a
Control Momement Gyroscope (CMG) lab setup and through a simulation study
of an incremental flight controller design for a GPRV. For both applications, the
benefits of the proposed controller design approaches are demonstrated in terms of a
systematic controller design process and their ability to guarantee the desired global
stability performance properties for the underlying nonlinear systems. Moreover,
the proposed controllers achieve significantly improved performance compared to
standard LPV controller design for these systems.

11.2 Main Contributions

Next, we highlight the main contributions of each chapter individually.

o In Chapter[3] we show that the current use of the LPV framework is insufficient
to properly analyze stability and performance of nonlinear systems. Namely,
we show that using the LPV framework in its current form, we can only
give guarantees for stability and performance for the underlying nonlinear
system w.r.t. the origin of the particular state-space representation. This
means that the current state-of-the-art LPV analysis and controller synthesis
results are insufficient when they are applied to nonlinear systems in order to
ensure stability and performance w.r.t. multiple non-zero equilibrium points
or trajectories. This demonstrates the need to move to global notions for
stability and performance analysis of nonlinear systems.

o In Chapter [ we show how that the time-differentiated dynamics can be
used in order imply both universal shifted stability and universal shifted
performance of nonlinear systems. Moreover, we show how the analysis of the
time-differentiated dynamics can be performed by using LPV analysis methods.
Together, these results show how to systematically and computationally
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Figure 11.1: Overview of the steps in the framework for analysis, related to Research
Question [1} synthesis, related to Research Question [2} and complexity, related to
Research Question

efficiently analyze universal shifted stability and performance of nonlinear
systems. Moreover, as additional contribution, we show how these analysis
results can be used in order to systemically and computationally efficiently
synthesize controllers to ensure closed-loop universal shifted stability and
shape universal shifted performance.

In Chapter [p] we show how the differential dissipativity of a nonlinear system
implies incremental, universal shifted, and classical dissipativity. Moreover, we
show how differential dissipativity can computationally efficiently be analyzed
by using analysis methods from the LPV framework.

In Chapter [6} we propose a novel convex output feedback controller synthesis
method in order to ensure and shape closed-loop incremental dissipativity.
This is achieved by synthesizing an LPV controller for the differential form
of the plant and developping a novel realization procedure which uses the
synthesized LPV controller to realize an implementable incremental controller.

In Chapter [7, we extend the CT results for incremental dissipativity based
analysis and controller synthesis of Chapters [f]and [6] to DT nonlinear systems.
We show that the same results in terms of analysis and controller synthesis
procedure can be obtained as in CT.

In Chapter |8 we extend the CT results for universal shifted based analysis
and controller design of Chapter [4] to DT nonlinear systems. We show that
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time-difference dynamics, analogous to the time-differentiated dynamics in CT,
can be used to imply universal shifted stability and performance properties.
Moreover, we propose a novel convex output feedback controller synthesis
method in order to ensure and shape closed-loop universal shifted stability and
performance, which uses the DT incremental controller results of Chapter [7}

In Chapter [9) we present an DNN based SDR method for LPV systems. The
proposed method uses a single Artifical Neural Network (ANN) to model both
the (reduced) scheduling-map and LPV state-space matrices. The proposed
method achieves improved model representation and results in improved closed-
loop performance when the reduced model is used for controller synthesis
compared to existing SDR methods. Moreover, we show how the DNN
method can be used for the automated construction of LPV, VPV, and DPV
embeddings.

In Chapter we demonstrate the capabilities of the proposed analysis and
controller synthesis framework on a lab setup and on a real-life example. We
demonstrate that the proposed methods allow us to systematically design
controllers to ensure and shape the desired global stability and performance
requirements. Moreover, the improvements of the proposed methods compared
to standard LPV controller designs are shown in terms of improved stability
and performance properties.

11.3 Recommendations

While the results for the developed framework are fairly general, there are still
open problems and challenges to be solved, e.g., as a results of assumptions taken
along the way or interesting directions to extend the framework into. Next, we will
discuss some of these open problems and challenges.

e For both the analysis and synthesis results, assumptions are taken on the

class of nonlinear systems that is considered. Namely, for both analysis and
synthesis, the velocity and differential forms require the state transition map
f and output map h of the nonlinear system to be in C;. However, common
nonlinearities such as saturations, dead-zones, etc. do not satisfy this. Hence,
it is worth investigating if the extensions can be made to nonlinearities that are
differentiable almost everywhere, Cy, or even discontinues, while still allowing
them to be used for universal shifted and incremental dissipativity analysis.
There exist extensions of the Jacobian to non-smooth (but locally Lipschitz)
functions, such as in the form of the Clarke’s generalized Jacobian (Clarke
1983)). However, it is still an open question if a velocity or differential form
formulated using these will still be able to imply incremental or universal
shifted stability and performance.

Furthermore, for both synthesis procedures, i.e., universal shifted and incre-
mental controller designs, various restrictions on the class of nonlinear systems
are considered. While we show how through concatenation of simple filters
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more general classes of nonlinear systems can also be addressed, it is still of
interest to investigate extensions to larger system classes.

e In Chapters |4] and |8 we have shown how velocity (@, S, R) dissipativity
implies universal shifted stability of nonlinear systems. However, we have not
been able to completely proof that velocity (Q, S, R) dissipativity also implies
universal shifted (@, S, R) dissipativity. While we have presented results that
strongly indicate that this is the case, it is still an open problem to formally
proof this.

e The velocity form and differential form, while similar, are distinct objects
describing different system representations. While for controllers synthesis,
explicit properties of the velocity form are exploited to ensure universal shifted
stability and performance, for analysis this is not the case. In fact, as we
have discussed in Sections and analysis of the VPV embedding
can be seen as analysis of an DPV embedding, which actually analyzes the
stronger notion of incremental stability and performance. Hence, analysis
of universal shifted stability and performance through the velocity form is
inherently conservative in the developed framework. Therefore, the question
arises if this conservatism in the analysis can be reduced by exploiting other
properties of the velocity form specifically for universal shifted stability and
performance analysis.

o For the proposed incremental controller design, knowledge of the steady state
trajectory to which we want to converge is required for realization of the
controller. While some results exist which do not require knowledge of this
steady state trajectory in order to realize the controller and ensure the desire
incremental stability and performance guarantees, they only consider an LTI
controller (Scorletti, Fromion, et al. . Therefore, this is still an open
problem in the case a nonlinear controller is considered.

e We have shown that the velocity and differential form can naturally be
represented by an LPV representation. However, for a given scheduling
dependency, the corresponding construction of the VPV or DPV embedding
has to be performed manually and is generally non-unique. Hence, the
question arises how to perform this embedding automatically and what the
most ‘optimal’ VPV or DPV embedding is for a given scheduling class, e.g.
in terms of best controller performance. We have shown we can use the
developed DNN SDR method to automatically obtain an affine VPV or DPV
embedding based on data. However, this requires gathering of data and
the resulting LPV representation is only an approximation of the underlying
velocity or differential form due to the scheduling reduction. Some results exist
in the literature related to automated and/or optimal embedding construction.
However, these results are only w.r.t. embedding the primal form of the
nonlinear systems in an LPV representation (Kwiatkowski, Bol, et al.
T6th 20105 Abbas, Téth, Petreczky, Meskin, Mohammadpour Velni, and
Koelewijn 2021)). Therefore, it is still an open question how to perform the
VPV or DPV embedding of a nonlinear system ‘optimally’” and automatically.
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o With respect to controller synthesis, we have shown how we can intuitively

shape the velocity/differential form to shape shifted/incremental properties of
the closed-loop system through the use of LTI weighting filters. However, for
LTT systems there is also a strong connection of the weighting filters to the
frequency domain behavior of the expected closed-loop dynamics. While for
notions related to incremental dissipativity there are some results to frequency
domain behavior of the nonlinear system (Pavlov, Van de Wouw, et al. ,
it is still an open question how these results connect to properties of the
differential form, and if and how these results can be used effectively to shape
the frequency domain behavior of the nonlinear system.

For standard LPV controller design, besides using LTI weighting filters, it is
also common to use parameter-dependent weighting filters in order to shape
the closed-loop performance differently for different operating/scheduling
points. For the proposed universal shifted and incremental controller designs,
we assume that LTI weighting filters are used, as this ensures that shaping the
velocity /differential form is equivalent to shaping universal shifted /incremental
properties of the primal form. While, parameter-varying weights could in
theory be used to shape the, LPV embedded, velocity/differential form,
this breaks the interpretation of how these weights will shape universal
shifted /incremental performance of the primal form. Alternatively, one could
also interconnect nonlinear weighting filters in the primal form to shape
universal shifted/incremental properties. However, this will result in the
velocity /differential form also depending on the nonlinearities coming from
these weighting filters, which will make effective shaping more difficult. Hence,
it is of interest to investigate how parameter-dependent or nonlinear weighting
filters can efficiently and intuitively be incorporated in the shaping procedure
for the universal shifted and incremental controller designs.

Using the developed incremental controller synthesis technique, we have
stability and performance guarantees w.r.t. any trajectory of the system. In
most cases, we only require these guarantees w.r.t. a subset of the behavior of
the system. This can then be exploited by making use of a so-called virtual
systems, which can be seen a general nonlinear embedding of the nonlinear
system. By enforcing differential dissipativity of the virtual systems rather
than that of the original nonlinear system, stability and performance w.r.t. the
trajectories that are in the behavior of both the virtual system and nonlinear
system can be guaranteed. On this front, there have already been some
developments for CT systems using state-feedback controllers (R. Wang, T6th,
et al. R. Wang, Koelewijn, et al. . However, extensions to the
output-feedback case and DT systems is still an open problem.

As discussed in Chapter [T} one of the more popular and successful nonlinear
control methods is Nonlinear Model Predictive Control (NMPC). While there
are some results on using incremental properties for NMPC (Kohler et al. ,
these methods still require expensive, non-convex, optimization problems to
be solved at each sampling instant. On the other hand, there also exist LPV
based methods (Cisneros et al. Hanema et al. which are solved by



11.3. Recommendations 251

(a series of) linear or quadratic programs making them more efficient than
nonlinear methods, however, these generally lack convergence guarantees in
reference tracking applications when applied to nonlinear systems. Hence,
extending the results of the proposed framework in this thesis to NMPC based
methods would be of great interest.

o The developed framework relies on the fact that a (state-space) model of the
nonlinear system is available. The increasing complexity of systems over the
last decades has lead to a great research interest in learning based methods for
analysis and control design. Some methods have already been developed for
system identification of nonlinear systems with built-in incremental stability
and performance guarantees (Revay et al. . However, the various learning
based analysis (Boffi et al. 7 control (Tsukamoto et al. , and control
synthesis techniques (Junnarkar et al. , rely on just ensuring incremental
stability and do not focus on performance.

Moreover, in the last few years, increasing attention has been devoted towards
analysis and synthesis of systems directly based on data with stability and
performance guarantees. However, the data-based results with explicit stability
and performance guarantees are still limited to LTT (Van Waarde et al.
and LPV (Verhoek, T6th, et al. systems.

Hence, extensions of these various data and learning based methods to analyze
and ensure universal shifted or incremental performance and/or dissipativity
guarantees is still an open problem. However, the systematic framework we
have developed in this thesis can help pave the way for this.

o To use the results of the developed systematic framework for analysis and
control, there are still a few gaps in the software tooling that need to be
overcome. An important part of the proposed framework is the use of the
LPV analysis and synthesis methods, for which tools are readily available,
such as the LPVcore Toolbox (Boef et al. for MATLAB. However,
computation of the velocity or differential form and their embedding in an
LPV representation still needs to be done by hand or by using different
toolboxes and/or software packages. Hence, while individual components
exist, a complete end-to-end toolbox for the proposed analysis and synthesis
framework is still required to be developed.






Derivations of LPV
Analysis and Synthesis
Results

A.1 Introduction

In this appendix, we will present derivations for the analysis and controllers synthesis
conditions for Linear Parameter-Varying (LPV) systems in state-space represen-
tation that are given in Sections and Some of the results that we will
present on analysis and controller synthesis for LPV systems are already available in
literature, specifically those for Lo-gain performance, see e.g. (Apkarian, Gahinet,
and G. Becker Apkarian and Adams M. Ali and Werner De Caigny
et al. . Nonetheless, results for other the performance notions we discuss in
this thesis, such as passivity, Lo-Lo-gain, and Lo.-gain, are not widely available or
do not exist in literature to the author’s knowledge. Therefore, in this appendix,
we will present derivations for the various conditions, in terms of Linear Matriz
Inequalities (LMIs), in order to analyze LPV systems or synthesize LPV controllers
for them.

The derivations in this appendix are inspired by the derivations and results in
(Scherer and Weiland [2015) in Continuous-Time (CT) and by (De Caigny et al.

2012)) in Discrete-Time (DT).

First, in Section [A2] we will present derivations for the £s-gain, passivity, Lo-Loo-
gain, and L,.-gain based analysis conditions for both CT and DT LPV systems.
In Section [A-3] we will present derivations for Lo-gain, passivity, Lo-Loo-gain, and
Lso-gain based LPV controller synthesis conditions for both CT and DT LPV
systems.
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A.2 Derivations of Analysis Results

A.2.1 Eg-gain
Continuous-time

We first proof that a CT LPV system given by (2.26]) has a bounded Ls-gain of
7, if it is classically (@, S, R) dissipative with (Q,S, R) = (v21,0,—1I) (see also
Lemma. Consequently, it then holds that there exists a storage function V,
such that

%@@&Mhﬁ—%@@ﬂﬂ%ﬁSllfGWMﬂ—HWdﬂ% (A1)

for all to,t; € Ry with t1 > tg and (x,w,2) € B, (p) for all p € PRS Hence, it also
holds that

T
0 <Vy(2(T),p(T)) < /0 Y2 (0) Tw(t) = ()" 2(t) dt + Vo (2(0),p(0),  (A2)

for all T'> 0 and (z,w, z) € B,(p) for all p € PR . This implies that, using the
(extended) Lo-norm definition in Definition that

Y lwllsz = 21157 + Vo (2(0), p(0)) > 0, (A-3)

for all (z,w,z) € Bp(p) and p € PRI with w € Loe. Therefore!,

I2lloz < 72 0l 1+ Vo(@(0),p(0)) < 7 wllyp + /Ve(@(0).p(0)),  (A)

for all (z,w,z) € B,(p) and p € PRS with w € Lae, which is the Lo-gain definition
(see Definition [2.11)), where ((z) = v/Vp (0, p(0)).

Note that similarly, classical (Q, S, R) dissipativity with (Q, S, R) = (yI,0, —y~11)
(for v > 0) also ensures a bounded Lo-gain. This follows from multiplying (A.1) by
~~1 > 0 and following the same steps above.

Next, we show the derivation to obtain the LMI condition given in . Based
on the result of Theorem [2.5 for classical (@, S, R) dissipativity, we have that a
CT LPV system given by %l} is classically (Q, S, R) dissipative with (@, S, R) =
(7,0, —y~11), if for all p € P and v € II, it holds that

i A R QRO AT

which can be rewritten as

[A(p)TM (p) + ()" +0M(p,v) M(p)B(p)
* —~I

1Using that va + b < v/a + v/b for a,b > 0.
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Through a Schur complement, this is equivalent to

Alp)"M(p)+ (x)T +0M(p,v) M(p)B(p) C(p)T
* —~I D(p)T| =0, (A7)
* * —~1

which is equivalent to the condition in (2.38al).

Discrete-time

Similar as for the CT result, we can also show in DT that an LPV system given
by has a bounded ¢2-gain of v, if it is classically (Q, S, R) dissipative with
(Q,S,R) = (2,0,—1) (or (Q,S,R) = (yI,0,—y1I)). This proof will not be
repeated as it follows in a similar manner as in CT, see 7, but by using
the DT dissipation inequality .

Next, we show the derivation to obtain the LMI condition given in . Based
on the result of Theorem [2.5 for classical (Q, S, R) dissipativity, we have that a
DT LPYV system given by %l} is classically (@, S, R) dissipative with (@, S, R) =
(v1,0,—y~11), if for all p € P and v € II, it holds that

7 [_Ai@) M (p0+ v)} [Afp) B(()p)] —7 P*I —70‘11} {C(()p) Dfp)] (Z :)

which can be rewritten as

[(*)TM(p +v)A(p) — M(p)  A(p)"M(p+v)B(p) } 3
* (*)TM(p—i— v

{—M(p) 0]+(*)T [M(p—kv)l 0 HM(p+v)A(p) M(p+0)B)| _

x =y * v C(p) D(p) -
(A.10)
and hence,
[M(p) 0} — w7 [M(erv)1 0 } [M(vav)A(p) M(p+v)B)]
oy * ! C(p) D(p) -
(A.11)
Through a Schur complement, this is equivalent to
M(p) 0 Alp) M(p+v) Cp)?
* v Blp) M(p+v) D(p)
x % M(p+wv) 0 = 0. (A.12)
* * * ~
Using a congruence transformation, this is equivalent to
M(p) 0 A(p)'M(p+v) C(p)! 0 M(p)~t 0 0
WT| * 7 B® Mptv) D)t 0 0 I 0f
x M(p+v) 0 M(p+wv)~! 0 0 0| ="
* * * 5 0 0 0 I

(A.13)
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resulting in

M(p +v) A(p)J(\Z)(p) B(p) i )0( .
* M(p 0 M(pCp
N . iy D) =0, (A.14)
* * * ~vI

where M (p) := M(p)~! = 0 and M(p+v) := M(p+v)~! > 0, which is equivalent

to the condition in ([2.38b).

A.2.2 Passivity
Continuous-time

We first proof that a CT LPV system given by (2.26)) is passive, if it is classically
(Q, S, R) dissipative with (@, S, R) = (0,1,0) (see also Lemma . Consequently,
it then holds that there exists a storage function V), such that

Vo(2(t1),p(t1)) — Vp(z(t0), p(to)) < /1t 1 2(t) Tw(t) + w(t) " 2(t) dt, (A.15)

for all tg,t; € RY with t; > tg and (z,w, z) € B, (p) for all p € PR . Hence, it also
holds that

T
0 <Vp(z(T),p(T)) < /0 2(t) Tw(t) +w(t) T 2(t) dt + Vy(z(t),p(0)),  (A.16)

for all T'> 0 and (z,w, z) € Bp(p) for all p € PRS . This implies that

T
| 2w @t = v, o). 200)) (A17)

| =0Tt = =5y, 0).p0), (A18)

for all T > 0 and (z,w, z) € B, (p) for all p € PR which is the passivity definition
(see Definition [2.12)), where ((z9) = =4V, (20, p(0)).

Next, we show the derivation to obtain the LMI condition given in . Based on
the result of Theorem for classical (@, S, R) dissipativity, we have that a CT LPV
system given by classically (@, S, R) dissipative with (@, S, R) = (0,1,0),
if for all p € P and v € II, it holds that

(7 [aM(*p,v) Mép)} [A(Ip) B(()p)] - [2 é} {C(()p) Dfp)] 0, (A.19)

which can be rewritten as
[A(P)TM(ZJ) + ()T +OM(p,v) M(p)B(p)] o )T )T} <0, (A20)

* 0 *x D(p) + (*
A(p)TM(p) + (*) T +0M(p,v) M(p)B(p)—C(p)"
{ * e )T ] <0, (A.21)

which is equivalent to the condition in (2.39a]).
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Discrete-time

Similar as for the CT result, we can also show in DT that an LPV system given
by is passive, if it is classically (Q, S, R) dissipative with (@, S, R) = (0,1,0).
This proof will not be repeated as it follows in a similar manner as in CT, see
7, but by using the DT dissipation inequality .

Next, we show the derivation to obtain the LMI condition given in . Based on
the result of Theorem for classical (Q, S, R) dissipativity, we have that a DT LPV
system given by @ is classically (@, S, R) dissipative with (@, S, R) = (0, I,0) if
for all p € P and v € II it holds that

e [_Ai(p) M (p0+ v)] [A(Ip) B(()p)](*)T [2 é} {C(()p) Dfp)] =0, (A.22)

which can be rewritten as

[(*)TM(p +v)A(p) — M(p) A(p)"M(p+ v)B(p)} _ [0 ce" 12,
* (%) T M(p +v)B(p) * Dp)+ ()]~
(A.23)
_ _ T
N0 oo T i 0aw) M+ 0BG <0
(A.24)
Through multiplication with —1 and through a Schur complement, this can be
written as
M)  C)"  Alp) M(p+v)
x D)+ (xT Bp) Mp+ov)| =o0. (A.25)
* * M(p+v)

Using a congruence transformation, this is equivalent to

M@p)  C"  Alp)"M(p+o) 0 M(p)~t 0
)T D(p)+ (x)" B "M(p+v) 0 0 1| =0,
) ) Mp+v) | [Jp+o) 0 0
A.26)
resulting in - -
M(p+v) A(p)M(p) _ B(p)
* M(p)  M(p)C(p)' | =o0. (A.27)
* * D(p) + (%) "

where M (p) := M(p)~' = 0 and M(p+v) := M(p+v)~! = 0, which is equivalent
to the condition in ([2.39b)).

A.2.3 [Lo-L,-gain
Continuous-time

We first proof that a CT LPV system given by (2.26)) has a bounded L3-L-
gain of ~, if it is classically (Q, S, R) dissipative for a storage function V, with
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(Q,S,R) = (v,0,0) and it holds that
2(t) " 2(t) < AVp(x(t), p(t)), (A.28)

for all t > 0 and (z,2) € 7, Bp(p) for all p € PRI
Consequently, it then holds that

Vialt).02) = Vplolto) i) < [ oG wli)ar, (a29)
0
for all ¢, t; € R with t; > to and (z,w, 2) € B, (p) for all p € PR . Hence, it also
holds that
0V el0) < [ AT I V@O0, (A0
for all t > 0 and (z,w, z) € B,(p) for all p € PRs . This implies that

Vp(z(t), p(t)) < 7/0 lw(m)|* dr + V; (2(0), p(0)), (A.31)

for all (z,w, z) € By(p) and p € PRS with w € Lo.. Combining this with |D
we obtain that,

l=()* < 72/0 l(r)|* dr + AV ((0), p(0)), (A.32)

for all ¢ > 0 and (z,w,z) € B,(p) for all p € PR Taking the supremum over
t € [0, T] gives that for all T > 0

12012 7 < 7 w3 7 + Ve ((0), p(0)), (A.33)

for all (z,w,z) € B,(p) and p € PRS with w € Loe. Therefore,

2l oo < V1wl 7 4 1/ 7V (2(0), p(0)), (A.34)

for all (z,w,z) € By(p) and p € PR with w € Ly, which is the L£o-Lo-gain
definition (see Definition , where ((20) = \/7Vp (20, p(0)).

Next, we show the derivation to obtain the LMI conditions given in . Based on
the result of Theorem [2.5|for classical (@, S, R) dissipativity, we have that a CT LPV
system given by classically (Q, S, R) dissipative with (@, S, R) = (v,0,0),
if for all p € P and v € I, it holds that

()" [aM(*p ) Mép )} [ Afp) B(()p)] — )7 D 8} [CO ! ]50, (A.35)

which can be rewritten as

[A<p>TM<p>+<*>T+aM<p,v> M(pg)B@)}_[O 0]50, (A.36)
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A(p)"M(p)+ (x)T +0M(p,v) M (p)B(p)

=<0, (A.37)
* -
which is equivalent to the first LMI in (2.40a)). Next, from (A.28)), we have that?
() " (Clp(t)x(t)) < ya(t)" M(p(t))z(t), (A.38)
for all t > 0 and @ € my B, (p) for all p € PRI . This holds if
() "C(p)x <ya' M(p)z, (A.39)
for all x € X C R™ and p € P, which holds if
M(p) = (x)" (v HC(p) = 0, (A.40)
for all p € P. Through a Schur complement, this is equivalent to
T
[M(p) C(p) ] =0, (A.41)
* I

which is equivalent to the second LMI in (2.40al).

Discrete-time

Similar as for the CT result, we can also show in DT that an LPV system given by
has a bounded #5-f-gain of v, if it is classically (Q, S, R) dissipative with
(@,S,R) = (v,0,0) and holds for all ¢ > 0 and (x,z) € mx, B, (p) for all
p € PYo. This proof will not be repeated as it follows in a similar manner as in CT,
see 7, but by using the DT dissipation inequality .

Next, we show the derivation to obtain the LMI condition given in . Based on
the result of Theorem [2.5|for classical (@, S, R) dissipativity, we have that a DT LPV
system given by classically (Q, S, R) dissipative with (@, S, R) = (v,0,0),
if for all p € P and v € I, it holds that

S ! | i) S g i | A A BT
(A.42)
which can be rewritten as

() TM(p+v)A(p) — M(p) A(p)TM(p+v)B(p)] [0 0
[ * (*)TM(p+U)B(p):| [* 7] =<0, (A.43)

-M 0 -
O O] M0 G+ 0AG) M+ 0BE) 20, (A
Through multiplication with —1 and through a Schur complement, this is equivalent
to
M(p) 0 A(p) M(p+v)
* v Bp)"M({p+v)| = 0. (A.45)
* M(p+v)

2Note that for the L£2-Loo-gain, D(p) = 0 for all p € P is considered.
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Using a congruence transformation, it then holds that

M(p) 0 A(p)"M(p+wv) 0 M(p)~" 0
"]« v B Mp+o) 0 0 Il =0, (A.46)
* ok M(p+v) M(p+wv)~! 0 0

resulting in

* M(p) 0 | o, (A.A7)

where M(p) := M(p)~" = 0 and M(p +v) := M(p+v)~! = 0, which is equivalent
to the first LMI in (2.40Db)).

Next, from (A.28)), we obtain through the steps in (A.38)—(A.41)),

[M*(p) C(WPI)T] =0, (A.48)

Using a congruence transformation, this is equivalent to

w7 [M*(p) 07(?)] [M (g)‘1 ?] 0. (A.49)
resulting in
[M(p) M(mg(mT] = 0, (A.50)
* v

where again M (p) = M (p)~! = 0, which is equivalent to the second LMI in (2.40b)).

A.24 [, -gain
Continuous-time

We first proof that a CT LPV system given by (2.26]) has a bounded £..-gain of v,
if there exists a storage function V, and «, 8 € R{ such that?

d

7 Y(a(0),p(1) < =BV (2(t), p(2)) + a(x) "w(t), (A.51)

and

7)) T2 (t) < BV ((t), p(1) + (v — @)w(t) Tw(?), (A.52)
for all t > 0 and (z,w, z) € B,(p) for all p € PRI
By Gronwall’s Lemma (Khalil 2002, Lemma A.1), we have that (A.51) implies that

Vo((1), p(t)) < ™71V (2(0), p(0)) + a/o ™2 |lw(7)||* dr, (A.53)

3Note that this can be seen as strict classical (Q, S, R) dissipativity with (Q, S, R) = (oI, 0,0),
where the 8V, term ensures strictness of the dissipation inequality.
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for all t > 0 and (z,w) € Ty w Bp(p) for all p € PE
Moreover, it holds that

oo,t !

+ t
o [ ) ar <alull, [ e 0dr < Sl (a5
0 0

for all t > 0 and w € my, B, (p) for all p € PR; Furthermore, it holds that
e PV (2(0), p(0)) < Vp(2(0), p(0)), (A.55)

for all ¢ > 0.
Therefore, combining (A.54) and (A.55) with (A.53)), it holds that

Vo (), p(t)) < Vo(a(0), p(0)) + g o), . (A.56)
and
BVo(@(t), p(t)) < BVp(x(0),p(0)) + o wlf>, , , (A.57)
for all t > 0 and (z,w) € my Bp(p) for all p € PFo .
Next, by , we have that it holds that
Y @ < BVp(a(t), p(t) + (v — @) [w(®)||?, (A.58)

for all ¢ > 0 and (z,w, z) € B,(p) for all p € PR} Using 1) it therefore also
holds that

Y @I < BV ((0),p(0) + aflwll, + (v = ) [lw(®)], (A.59)

for all t > 0 and (z,w, z) € By(p) for all p € PR . By multiplication with v and
taking the supremum over ¢ € [0, T, this gives that for all ' > 0

12012 7 < 78Vp(x(0), p(0)) + 7 w2, 1 . (A.60)

for all (z,w,z) € B,(p) and p € PRS with w € Loce. Therefore,

12l r < A 1wl + 1/ 7BV (2(0), p(0)), (A.61)

forall T > 0, (x,w,z) € #B,(p), and p € PRS with w € Loce, which is the L oo-gain
definition (see Definition [2.11)), where ¢(z0) = 1/78V, (20, p(0)).

Next, we show the derivation to obtain the LMI conditions given in (2.41a)). For a
storage function of the form (2.36)), (A.51)) becomes

2a(t) T M (p()) (A(p(t))z(t) + B(p(t)w(t)) + (x) TOM (p(t), p(t))z(t) <
= BT M (p(t)x(t) + a(x) "w(t), (A.62)
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which holds if
20" M(p)(A(p)z + B(p)w) + (x) TOM (p,v)x < —B(x) "M (p)z + a(*) "w, (A.63)

[A(p)"M(p) + (x)T + BM (p) + OM (p,v) M<p>§@>' H <0, (A64)

forallz € X CR™, we W CR", peP,and v € II. This is implied if

[A(p)"M(p) + (%) + BM(p) + 0M(p,v) M(p)B(p)] _

N Lar | 20 (A.65)

holds for all p € P, and v € II, which is equivalent to the first LMI in (2.41al).
Next, from (A.52), we have that

1) (O p(0)x(t) + D(p()w(t)) < Ba(t) M(p(t))a(t) + (v — a)w(t) "w(?),
for all ¢ > 0 and (x,w) € mx,w Bp(p) for all p € PR3 . This holds if
7 ) N (Cp)a + D(p)w) < Ba(t) M(p)z + (v — a)w " w, (A.67)

or rewritten

@ (M9 eTenlew pw)) 5] 20 @

* (v —
forall z € X CR™, we W CR"™, and p € P, which holds if
BM (p) 0 ] T -1
— (% I |C D =0, A.69
e 0 et icw pe) = (.69
for all p € P. Through a Schur complement, this is equivalent to
[BM »m 0 CHT

*  (y—a)l D(p)'
* * ~yI

=0, (A.70)

which is equivalent to the second LMI in (2.41a)).

Discrete-time

We first proof that a DT LPV system given by (2.26]) has a bounded ¢.-gain of ~,
if there exists an o € R, 3 € [0, 1], and storage function V, such that

Vo(a(t+1),p(t + 1)) = Vy(a(t), p(t)) < =BV (x(t), p(t)) + a(x) Tw(t), (A.71)
and holds for all ¢ > 0 and (x,w, 2) € B,(p) for all p € Po.
We can rewrite to
Vol(a(t+1),p(t +1)) < (1= B)Vy(a(t), p(t)) + alx) "w(t), (A.72)
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by the DT version of Gronwall’s Lemma, this implies that
t—1
Vo (@(t), p(t) < (1= B)Vy(@(0),p(0)) + Y (1= B)" 7 lw(r)|*,  (A.73)
7=0

for all t > 0 and (z,w) € Txw Bp(p) for all p € PYo.
Moreover, it holds that

t—1 t—1
a3 (=BT I < e, S0 -6 < Gl (AT
7=0 =0

for all t > 0 and w € 7y, B, (p) for all p € PYo. Furthermore, it holds that

(1= B)"Vo((0),p(0)) < Vp(2(0), p(0)), (A.75)
forall t > 0 and 8 € [0, 1].
Therefore, combining (A.74) and (A.75) with (A.73), it holds that

Vo (@(t), p(t)) < Vo((0), p(0)) + % %, (A.76)
and
BYp((t), p(t)) < BVp((0),p(0)) + a w2, (A.77)

for all t > 0 and (z,w) € 7y Bp(p) for all p € PNo.
Next, by (A.52), we have that it holds that
YOI < BV (), (1) + (v = a) w(®)]]?, (A.78)

for all t > 0 and (z,w, z) € B, (p) for all p € PNo. Using (A.77), it therefore also
holds that

Y I < BV ((0), p(0)) + allwl, + (v = @) Jw(@)])*, (A.79)

for all t > 0 and (z,w, z) € B,(p) for all p € PNo. By multiplication with v and
taking the supremum over ¢ € [0, T, this gives that for all ' > 0

21120 7 < ¥BVo(@(0), p(0)) + 77 w2 7 (A.80)

for all (z,w,z) € 7B,(p) and p € PN with w € L. Therefore,

HZHOO,T <7 HwHoo,T +1/78Vp((0),p(0)), (A.81)

for all T > 0, (z,w,2) € B,(p), and p € PN with w € Looe, which is the £.,-gain
definition (see Definition [2.11)), where ¢(20) = 1/78V, (20, p(0)).

Next, we show the derivation to obtain the LMI conditions given in (2.41b)). For a
storage function of the form (2.36)), (A.71)) becomes

()T M (p(t) + v(#)) (Ap(1)(t) + B(p(t))w(t)) — (%) "M (p(t))a(t
= BT M (p(t)x(t) + a(x) "w(t), (A.82)

IN
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which holds if
(*) " M(p+v)(A(p)z + B(p)w) — () "M (p)x < — B(x) " M(p)z + a(x) Tw, (A.83)

(*)TG—(l—ﬂ)M(p) 0 ] .

* —al

()T M(p+v)7" [M(p+v)A(p) M(p+v)B(p)] ) Lﬂ <0, (A84)
forallz € X CR™, we W CR™, pe P, and v € II, which is implied if

{(1 — B)M(p) 0] — ()" M(p+v)"" [M(p+v)Alp) M(p+v)B(p)] =0,

* ol
(A.85)
holds for all p € P, and v € II. Using a Schur complement, this is equivalent to

(1-p)M(p) 0 Alp)"M(p+v)

* al B(p)TM(p+v)| =0. (A.86)
* * M(p+v)
Using a congruence transformation, this is equivalent to
(L-B)M(p) 0 Alp) Mp+o) 0 M(p)~t 0
()" * al B(p)"M(p+wv) 0 0 I| =0,
* * M(p+v) M(p+v)~t 0 0
(A.87)
resulting, in ~ ~
M(p+v) Al)M(p) Blp)
* (1—B)M(p) 0 | =0, (A.88)
* * al

where M (p) := M(p)~' = 0 and M(p+v) := M(p+v)~! = 0, which is equivalent
to the first condition in (2.41b|).
Next, from (|A.52)), we obtain through the steps in (A.66)—(A.70)),

BM@) 0 C(p)T
* (y—a)l D(p)T| =o. (A.89)
* * I

Using a congruence transformation, this is equivalent to

FM(p) 0 C'] M@ o 0]
(*)" * (y—a)l D(p)T 0 I 0| =0, (A.90)
* * vl 0 0 I

resulting in

[BM (p) 0 M(p)C(p)"
*  (yv-a) D' |=0, (A.91)
*

* I

where again M (p) = M(p)~! = 0, which is equivalent to the second condition in
[2.411).
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Remark A.1. Note that the L./l analysis conditions are not LMIs due to the
multiplication of § and M, which are both unknown variables. In practice, this is
often solved by performing a line search over . For each fixed g in the line search,

(A65), (A.70), (A88), and (A.91]) are LMIs.

Remark A.2. As mentioned in Section 2.5.2] in the LPVcore Toolbox (Boef et al.
@ , the analysis algorithms have been implemented for LPV systems given by
@ with affine scheduling dependency. In that case, the matrix function M is also
parameterized as an affine matrix function, i.e., of the form M (p) = Mo+>_:2, M;p;,

where M; € S"= for i = 0,...,n,. In that case, M (p,v) = > i°, a]gi(ip)vi =

Yoy Mg, and M (p +v) = Mo + Y272 Mi(pi +vi) = M(p) + Y1 Myv;.

A.3 Derivations of Synthesis Results

A.3.1 (Q,S,R) performance
Continuous-time

By Theorem the closed-loop LPV system given by (2.44) is classically (@, S, R)
dissipative, if there exists a positive definite matrix function M : P — ST

such that, in CT, for all p € P and v € II it holds that

T [OM(p,v) M(p) I 0 T|IQ S 0 I
SO - 0 ] [Acmp) Bu (pﬂ - &) {ST R} {ccmp) Da (pﬂ =0
A.92)
As both M and the controller matrices, part of A, ..., Do (see (2.45)), are unknown,
A.92)) is not an LMI. Next, we will derive an LMI condition which is equivalent to
A.92). Let us take ny, = ny and we partition M as follows

M(p) = {Mx(P) U(p)] ’ (A.93)

* *

where My : P — S™ and U : P — R"™*"x_here x indicates that this entry is not
relevant for our derivation. Moreover, the inverse of M is partitioned as

M(p)~™" = {MY(p) V(p)} : (A.94)

* *

where My : P — S§™ and V : P — R™>*"_ As by definition M (p)M(p)~' = I,
we have from (A.93) and (A.94) that M (p)My(p) +U(p)V(p)" = I. Next, we
introduce the matrix

N(p) == {‘Af(y;)@ é} ; (A.95)

and
(A.96)
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Based on these matrices, we apply the following congruence transformation to
(1A.92)

[N%,)T ﬂ <(*)T [8M§(p,v) Mém] [Adf(p) Bf@)} B

@7 | 2 lesty Df<p)]> R EUE

resulting in

[N%N ﬂ <{8M<p,v>+M@Ad<p>+<*>T M(p)é%(p)]_

)7 [ Q i} [cf@) Dcﬂp)]) [Ném ﬂ <0, (A95)

{(*)T(aM (p,v))N(p) + (*) TM(p)Aa(P)N(p) + (x)T Np)™M O(p)Bcl (p)} _

T1Q S 0 I } -
0. (A.99
) { R} {ccmp)zv(p) Da(p)] =0 (A9
We have that A, ..., Dq in (2.45) can be written as

{0 q, (A.100a)

i R Pl v v | B

B I [ A MO
Calp) = [Colp) 0] 4 [0 Dyu(p)] [Z‘{Eﬁ; gigﬂ [cyo(p) é] (A.1000)
Dalp)i= D)+ 10 D] |20 DB 0L oo

Next, we use these relations and (A.93)—(A.96)), to rewrite the terms in (A.99)).
First, we focus on the term (x) " (9M (p,v))N(p) = N(p) " (OM (p,v))N(p). We have

by (A.96)), dropping dependency on p and v for brevity, that

OP = (ON)'M + NT(0M), (A.101)
therefore

NT(OM) =8P — (ON)" M, (A.102)

and NT(OM)N = (OP)N — (ON)" MN,

= (OP)N — (dN)"PT. (4.103)
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Filling in (A.93))—(A.96)), we obtain that

(*>T<8M>N:[ X 0] [My f}_[aMy c’W} {I MX]’

oM, oU| VT o0 0 o01]o UT
(A.104)
_ —0M, —(OMy) My — oOVYUT
~ [(OM )My + (oU)V'T OM, :

Note that this matrix is symmetric (as OM is symmetric), which means that
(OM )My + U)WV = —(0My) M, — (OV)U .

Next, we take a look at (x) T (OM)N + (x) TMA4N + (x) T, which using (A.96) can
be written as

NT(OM)N + PA4N + (). (A.105)

Filling in (A-95), (A.96), (A.100)), and (A.104), results in

_oM, —(OM,) M, — (VU
[<6Mx>My +@U)vT DM, ] +

L (B e B DR e w

This can be written as follows

—0M, —(OMy )M, — (0V)UT N AM, Al
(OMy )My, + (OU)V T oM, My AM, M. A

0 By Ay By vT 0 .
|:U MxBu:| |:Ck Dk:| |:CyMy Oy:| ) +(*) 5 (A107)

AM, + ()T — OM, A N
* M A+ (%) T + 0M,

0 *
{MXAMY + (OM )M, + (U)V T 0] *

(1 511 8 A1 Sl &) er o

AM, + (x) — OM, A .
* My A + (%) + OM

0 B ([U McB.][Ac B[V 0],
I 0 0 I ||Cc Di||CyM, I

[MXAMy+(6M6)My+(6U)VT gD [é coy] )T, (A109)



268 Appendix A. Derivations of LPV Analysis and Synthesis Results

Let us define

Ac Be| _

G Dy

U MB,| [Ax B[ VT o0 N M AM, + (OM, )M, + (QU)VT 0

0 I C. Dy |CyM, T 0 0’
(A.110)

where 4y : P X II — R™*"= B : P xII - R™*" ( : P xII - R™*™_ and
Dy : P xII — RMuxny,

This allows us to write (A.109)), and hence, (%) " (OM)N + (x) T MAqN + (%), as

Ay L= oty A L0 Ba| A B [I 0 (*) "
(AMy + BuGo) + () = OMy A+ 4] + BuDCy (A.112)
* (MyA+ BCy) + ()T +0M, ] :
We then define
L AMy + B.CGc — %aMy A+ Bu@kcy
e |: Ay M A+ B.Cy + %aMx ) (A.113)

such that (A.112]) can be expressed as 4. + ﬂCTl.

Let us now take a look at the term N M B, = PB in (A.99). Filling in (A.96)
and (A.100) result in

I 0 By, 0 Bu| |Ax DBx 0
e o ([5]+F Slle Blle))
which can be rewritten as follows
By, 0 B, Ax By 0
sl b e pllen) e
By, 0 Byl |U MB,| |Ax By vl o0 0
8 R P | i N S P ECST

By +0 B, U M.B,] [A. Bl [ VT 0+
My By, I 0 0 I Cx Dx| |CyM, 1

{MXAMY+(8M8)MY+(8U)VT 8}) {D(iw], (A117)

Using (A.110)), we can write this, and hence, N M By, as

SRS i A R
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which can be rewritten to

By + BuDxDyw | _.
[MXBW + BkDyw} e (A.119)

Next, we take a look at the term CqN in (A.99). Filling in (A.95) and (A.100)

results in
([CZ 0]+ [0 D] [é{ ﬁﬂ [Cﬁ’y éD W% é} (A.120)

which can be rewritten as follows

[C,My C,]+ [0 DZU]{

U MB,] [Ac B[ VT 0][I o0
[CZMY CZ] + [O DZU} |:0 I } |:Ck Dk:| [CyMy I:| |:O Cy:|’ (A122)

A, BT VT 0
Cx Dy| |CyM, Cy|°

U MB,) [A BJ[VT 0
[C,M, C,]+[0 DZH}GO )i Hck Dk] [CyMy I}Jr

[MXAMer(aMS)Mer(aU)VT 8]) [é C‘}y] (A.123)

Similarly as for the other terms, using (A.110[), we can then write this, and hence,
CaN, as

[C,My C,] +[0 D, [é‘: g‘j B gy}, (A.124)

which can be rewritten to

[C,My + DG C, + Dy DiCy| = Ca. (A.125)
Finally, we focus on D in (A.99)). Using (A.100)), we have that

Ay B 0
Dcl = DZW + [O Dzu] [Cl; Di:| |:Dyw:| = Dzw + DzuDkDyW. (A126)

By (A.110f), we have that Dy = Dy, hence,
Dyg=D,,+ Dqu)kDyw =: D. (A127)

Combining the results (A.113)), (A.119)), (A.125)), and (A.127), we can rewrite (A.99)
as

Aa(p, vi+ ()7 BCB(P)] RS {Cf ﬂ {Cdo(p) %I(p)} <0,  (A.128)

to hold for all (p,v) € P x II. Note that (A.128) is not an LMI, as it is quadratic
in Ca(p) and D1 (p). However, for specific choices of (Q, S, R) we can rewrite this

to an LMI, see e.g. Appendices [A-3.2] to [A.3.5]
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Finally, to ensure M is a positive definite matrix function, it needs to hold for all
p € P that
M(p) = 0. (A.129)

Using a congruence transformation, this holds if
N(p)" M(p)N(p) = 0, (A.130)

which results, using the definitions of NV and P in (A.95)) and , respectively,

m

P(p)N(p) - 0, (A.131)
I 0 My(p) I

My (p) I
|:Mx(p)My(p) +UPVp)" Mx(p)} =0, (A.133)
and using that Mx(p) My (p) + U(p)V(p)" = I, this becomes
Mp) = [Myf(p) MXI(p):| = 0. (A.134)

Once a solution has been found for and (A.134), i.e., matrix functions
Ay, ... D, My, M, have been found such that (A.128) and 1|A.13Z_L|) hold for all
(p,v) € P x II, we can reconstruct Ay, ... Dy, i.e., the state-space matrices of the
LPV controller. Namely, by , we have, omitting dependence on p and v for
brevity, that

Ax By -

Ce Di| ~

U MB,] ([ — M AM, — (0M)M, — (0U)VT & \[ VT 0]

0o I Ge )| Cyn, 1|
(A.135)

where U and V are arbitrary solutions to Mx(p)M,(p) + Up)V(p)" =1.

Remark A.3. Note that M, and U appear in , which depend on p and
v. Therefore, the state-space matrices of the controller, Ay, ..., Dy, also depend
on both p and v. This means that the synthesized controller will depend on the
scheduling-variable and its derivative, i.e., p and p. However, this can be avoided
by taking M, and ensuring U to be parameter independent during the synthesis
procedure, i.e., M, € S™ and U € R™*"=, In that case, M, = 0 and 0U = 0,
which results in the dependency on v to drop out of . This is also described
in (Apkarian and Adams . However, due to the restriction of M, and U, this
comes at the cost of increased conservatism of the solution to the synthesis problem.

Remark A.4. In order to obtain a controller with affine scheduling dependency, we
require Ay, ..., Dy to have an affine dependency. To ensure this, we also require
the generalized plant to have affine scheduling dependency and we require B,, and
Cy to be parameter independent. Moreover, for synthesis, one needs to take M
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and M, as parameter independent matrices (therefore U and V are also parameter
independent). Under these considerations, constructing the matrices Ay, ..., Dy
through (A.135)) results in Ay, ..., Dy to have affine scheduling dependency.

Under the considerations in Remark [A-3] (A.128), (A.134), and (A-I3F) become
(2.47a)), (2.47b)), and (2.49)), respectively.

Furthermore, note that in case the variation of v = p is unbounded, one must
take M and My (and therefore U and V') as parameter independent matrices,
as otherwise the terms My etc., that dependent on v, also become unbounded,
making the synthesis conditions infeasible. In this case, that means that one should
take My, My, € S™ and U,V € R™*™=. This is equivalent to taking M to
be a constant positive-definite matrix.

Discrete-time

By Theorem the closed-loop LPV system given by (2.44) is classically (@, S, R)
dissipative, if there exists a positive definite matrix function M : P — S™Fmx
such that, in DT, for all p € P and v € II, it holds that

w7 [—M(p) Mp+ v)] [ I 0 } e {Q s} { o1,

* 0 Aa(p)  Balp) ST R| |Ca(p) Dalp)
(A.136)
Like in CT, as both M and the controller matrices, part of Ay, ..., Dq (see ),
are unknown, (A.136|) is not an LMI. Next, we will derive an LMI condition which is
equivalent to (A.136)). Let us first rewrite as follows, omitting dependence
on p and v for brevity:

PN

—M — (%) TRCq —ClS — CLRD, .
* —Q — (SDCl + (*)T) — (*)TRDcl

(*) "My [Aa Ba] 20, (A.137)

where M denotes M (p + v). Let us rewrite this further as follows

M + (%) TRCy ClS+CJRDg B
* Q+ (SDg+ (%)") + (x) "RDg
(x) "M [MyAq MyBg] =0, (A.138)

which using a Schur complement is equivalent to

M + (*)TROd CCTIS + C;I;RDCI A;rlM+
* Q+ (SDg + (*)T) + (*)TRDd B£M+ = 0. (A.139)
* * M.

Using a congruence transformation, this is equivalent to
M+ (*)TRCcl CclTS + CclTRDcl ACITMJr 0 M1

0
(x) " * Q+(SDa+(*)T)+*)TRDy Ba'M.|| 0 0 I|=o,

* * M, ||[Mi" 0 0

(
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resulting in

M,  AaM B Ba
* M+ (x)TRCaM MCLS + MCJRD =0, (A.141)
* * Q+ (SDa+ (x)T) + (%) TRD

where M = M~ and M, = M_:l. Inspired by (De Caigny et al. [2012)), this condi-
tion is equivalent to, considering R < 0: there exists a G : P — R F7xa) X (b )
such that

M+ 4C1G Bcl
x G+GT =M+ (*)TRC.G GCJ S+ GCIRD, = 0.
* * Q+ (SDe+ (x)7) + (%) T RDq

A.142)
It is clear that (A.141)) implies (A.142) by taking G = M for (A.142). By (A.142),

we have that
G+G" — M+ () "RC4G =0, (A.143)

which under the assumption that R < 0 implies that
G+G' = M0, (A.144)

therefore, G is non-singular (for all p € P). Moreover, as M is positive definite, it
holds that

(M—-G)"M (M -@G) »0, (A.145)
G'M'G»G+G-M. (A.146)
Combining this and (A.142)), it therefore holds that

M+ B Ach BCI
x  (})TM71G+ (x)TRCuG G'ClS+GTCJRD, = 0. (A.147)
* * Q+ (SDa+ (x)") + () TRDq

Through a congruence transformation, this is equivalent to

M+ ACIG Bcl
)T x+ )TM G+ () TRC.G G'C)S+GTClRD,
* * Q-+ (SDa+ (%)) + () TRDy
I 0 0
0 G'M 0| =0, (A.148)
0 0 1

which gives us (A.141)), hence, (A.142)) implies (A.141)). Therefore, (A.141]) and (A.142)
are equivalent. We can then rewrite (A.142) as

MJr Ach BCI

A Q@ slfo o I
- G+G*—M 8 + (%) [* R] [O CaG Dyl 20 (A119)
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Next, let us take ny, = ny and we partition G as follows

_|Gx(p) Gi(p)
G(p) = [U(p) G;(p)] : (A.150)

where Gy 1 P — R™Xx Gy : P — RI=Xns Gy : P — RUXms [ ;P — R,
Moreover, the inverse of GG is partitioned as

-1 _ Gs(p)
Gp)~ = |:V(p)'l' Ga(p)| (A.151)
where Gy : P — R™ ™ Gz : P — R™ "™ Gy : P = R™>*"™ V : P —

R™<*"x . As by definition G(p)G(p)~* = I, we have from (A.150) and (A.151)) that
Gx(p)Gy(p)T + G1(p)V(p)" = I and U(p)Gy(p)" + G2(p)V(p)T = 0. Next, we

introduce the matrix .
N(p) == [I () ] (A.152)

0 Vip)'

_ _ [Gx(p) Gx(p)Gy(p)" +Gl(p)V(p)T] _ {Gx(p) I}
Po) =) = |G GO L | = (06 o)
(A.153)
Based on these matrices, we apply a congruence transformation to , again
omitting dependence on p and v for brevity,

M, AaG Ba Ny 0 0
@'« ¢6+GT-M 0 +(*)T{i2 ;}{8 COG DI} 0 N 0| =0,
* * 0 l Ao o 1

(A.154)

where N, denotes N(p + v) resulting in
(x)TMyNy NTAGGN N]Bg
* T 0 [+ {Q SHO 0 ! ] =0, (A.155)

. N 0 * R||0 CqGN Dg

where T = (x) TGN + ()T — (x) TMN. Next, similar to the CT case, we use
(A.150)(A.153) and (A.100) to rewrite the terms in (A.155)). First, we focus on
the term (x)' M'N and (x)' My N, the former which we parameterize as follows

N(p)" M(p)N(p) = {M"*(p) %ygjﬂ =: M (p), (A.156)

where My : P — S™, M, : P — R™>*™ and M, : P — S™, such that

_ B M. M
NIM+N+ZN(p'i'U)TM(p-I-v)N(p—i—v):[ + +y

. M+J = M(p+v). (A.157)

where My , My, and M, ,, denote My(p + v), My(p + v), and M,(p + v),
respectively. Next, we focus on the term (x) "GN, which using (A.153) is equivalent
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to N TP, filling in (A.152) and (A.153), we get, again omitting dependence on p
and v for brevity,

I 0]|Gx Il |Gy I| _
NP [Gy V} {U o} - [J GJ =G, (A.158)

where J := GyGx + UV with J : P — R™*"x,

Next, we take a look at the term N AqGN = N[ AP in (A.155). Filling in
(A.100)), (A.152)), and (A.153) results in

I 0 A 0 0 Bu| |Ax Bx| |0 I Gy I
ot Al (a7 o]l Blle ) [T o
where G, and V4 denote Gy(p + v) and V4 (p + v), respectively. We can then

rewrite (|A.159)) as follows

{ AG, A %[o B, HAk BkH U 0], (A.160)

G yAGy G Al 7|V, G yBu||Cc D |CyGx Cy

5 oot

0 GyyAl T |GiyAG, 0
0 B, [Vi GiyBJ[Ae BJ[ U 0] 0
[I o} {o 1 |l bdloe 1)lo cf 16D
AG, A
[ 0 G+,y,4]+
0 B ([Vi GeyB] [ B[ U 0], [GiyAGe O]\[T 0
I ool\[0o T ||la DJleGy I o 0)lo ol

(A.162)

Let us define

A B] Vi GiyBu][A B[ U 0] [GiyAGy 0
[ck @k] ‘_[o 1 |la pdloe 1]t o o) A163)

where 2 : P x II — R™*" B : P x II — R™*"_ ( : P xII — R™*" and
Dy : P x IT = R™>"v_ This allows us to write (A.162)), and hence, N AqGN, as

AGy A 0 Byl |4 B I O

[ 0 G+,yA} - [I 0} [Ck Q)k] [0 Cy]7 (A-164)
AGy+ ByGc A+ BDCy |
[ Ex Gy At %C’y] = A4,. (A.165)

Next, we consider the term NIBd in (A.155)). Filling in (A.100) and (A.152),

results in,
I 0 B, 0 Bu| |Ac Byx|| O
o, w1 BlE Blle))
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which we can rewrite as follows

Bw 0 Bu Ak Bk 0
|:G+,YBW:| + [V+ G+)yBJ {Ck Dk] |:DyW:| ) (A.167)

BW 0 Bu V+ G+,yBu Ak Bk U 0 0
{GJr,yBW] + [I 0} {O I Cv Dy |CyGy I||Dyy|’ (A.168)

By n
G+,wa
0 B, Vi GJr’yBu Ax By U 0 i GJr’yAGx 0 0
I 0 0 I Cx Dy |CyGx 1 0 0 Dyy |
(A.169)
Using (A.163)), we can write this, and hence, J\/J—r'—Bcl7 as
By 0 Byl |4 Bk 0
[G-ﬁ-,yBW} N L 0 ] [Ck @J [DyW] ’ (4.170)

which can be written as

By, + ByDx Dy
= B. ATl
|:G+,wa + kaDyw:| el ( 7 )

Next, we take a look at the term CyGN = CyP in (A.155). Filling in (A.100))
and (A.153)) results in

(i o+l pal[2 B[S NG o] wm

which can be rewritten as follows

Ay By U 0
[C.Gx G + [0 D [Ck DJ [CyGX Cy], (A.173)

Ve GyyBi[A BJ[ U 0][T o0
[OzGX CZ]+[0 DZU] |:O T Ok Dk Cny Il 10 Cy 7(A174)

[C.G ]+
0 b ([ GeyB] [A BJ[ U 0] [GeydGe O]\[I 0
“u 0 1 Cy Dy Cny I 0 0 0 Cy ’
(A.175)

Again, using (A.163]), we can write this, and hence, C,;GN, as

(GG CJ+ [0 Dl [?}k‘ gﬂ [é gy] (A.176)
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which we can rewrite as

[CZGX + DG C,+ Dzu{DkCy] = Cal- (A177)

Finally, we take a look at D, in (A.155]). Using (A.100]), we have that

Ay Bk] [ 0

Da =Dy + [0 Dan [Ck Dl | Dy

} = Dy + Dy DDy, (A.178)

By (A.163]), we have that D, = Dy, hence,
Dg=D,,+ DzukaDyw =:D. (A179)

Combining the results (A.156)—(A.158), (A.165), (A.171), (A.177), and (A.179)), we
can rewrite (A.155) as

M(p + U) /{Zlcl(pa U) 3Cl(p7 U)
Q S0 0 I
© GO ) 0 R A A S P

(A.180)
Note that (A.180) is not an LMI, as it is quadratic in C.(p) and De(p). However, for
specific choices of (@, S, R) we can rewrite this to an LMI, see e.g. Appendices
to [AL3.D

Finally to ensure M is a positive definite matrix function we use (A.156)), resulting

in the condition:
M(p) = {MX*(Z’) ]‘Aﬁym -0, (A.181)

for all p € P.

Once a solution has been found for and , i.e., matrix functions
A, ... D, My, My, M,, Gy, Gy, and J have been found such that
and hold for all (p,v) € P x II, we can reconstruct Ay,...Dy, i.e., the
state-space matrices of the LPV controller. Namely, by 7 we have, omitting
dependence on p and v for brevity, that

Ac B [V GiyBJ] T[4 GiyAGe B[ U 0] (A.182)
Cx D |0 I G Di| |CyGx If 7 .

where U and V are arbitrary solutions to J = GyGx + UV

Remark A.5. Note that as G4 y and V. appear in , which depend on p and
v, the controller matrices Ay, ..., Dy depend on both p(t) and v(t) = p(t+ 1) — p(t).
This means that the synthesized controller depends on the scheduling-variable at
the current time and the scheduling one step in the future, i.e., p(t) and p(t + 1),
respectively. However, this can be avoided by taking G, and ensuring V' to be
parameter independent matrices during the synthesis procedure, i.e., Gy € R™*"x
and V € R™>™ In that case, Gy = G4y and V = V,, which results in the
dependency on p(t + 1) to drop out of . However, due to the restriction of
Gy and V, this comes at the cost of increased conservatism of the solution to the
synthesis problem, similar as we had in CT, see Remark [A-3]
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Remark A.6. In order to obtain a controller with affine scheduling dependency, we
require Ay, ..., Dk to have an affine dependency. To ensure this, we also require the
generalized plant to have affine scheduling dependency and we require B, and Cy
to be parameter independent. Moreover, for synthesis, one needs to take G, Gy,
and J as parameter independent matrices (therefore U and V are also parameter
independent). Under these considerations, constructing the matrices Ay, ..., Dy
through results in Ay, ..., Dk to have affine scheduling dependency. Note
that unlike in the CT case (see Remark [A.4), we do not require the matrices of the
storage function, i.e., My, My, M, to be parameter independent. This is a result of
the introduction of the variable G in the synthesis conditions, which allows us to
decouple the controller matrices from the storage matrices.

Under the considerations in Remark (A.180)—(A.182) become (2.50al), (2.50b)),
and (2.54)), respectively.

Moreover, similar as in CT, note that in case the variation of v(t) = p(t+1) — p(t) is
unbounded, one must take My, My, M,, Gy, Gy, and J as parameter independent
matrices, as otherwise the terms Gy etc., that dependent on v, also become
unbounded, making the synthesis conditions infeasible. In this case, that means
that one should take My, M, € S™ and My, G, Gy, J € R™*™=_ This is equivalent
to taking M and G to be constant matrices.

A.3.2 [y-gain
Continuous-time

In Appendix [A.2.1} we have shown that an LPV system given by (2.26)) has a
bounded Ly-gain of ~, if it is classically (Q, S, R) dissipative for the tuple (@, S, R) =
(vI,0,—y~1I). Combining this with the results for CT LPV controller synthesis

for (Q, S, R) performance in Appendix [A.3.1] we get that (A.128) becomes

[ﬂcl(p, vi+ (7" Bcg(p)} T {7*1 7011] [Cdo(p) Q)d[(p)} <0. (A.183)

This can be rewritten as follows

[ﬂcl(n v1+ ()" B_déz;)} — )T (=) [Calp) Dalp)] <0,  (A.184)

which through a Schur complement is equivalent to

/qcl(pv ’U) + (*)T 8cl(p) Ccl(p)T
* —~I  Da(p)T| =0. (A.185)
* * —I

This gives us the LMI in (2.55a]).
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Discrete-time

Like in CT, also in DT, classically (@, S, R) dissipativity for the tuple (Q, S, R) =
(vI,0, =y~ 1) corresponds to an f-gain of 7. Combining this with the results for
DT LPV controller synthesis for (Q, S, R) performance in Appendix we get

that (A.180]) becomes

M(p + U) -’Qlcl (p7 U) BCl(pa 'U)
* G(p)+(x)" = M(p) 0 |+
* * 0
~I 0 0 0 I
(*)T [* 71[} [O Colp) Dal) = 0. (A.186)

This can be rewritten as follows

M(p+v) Aa(p,v) Bei(p, v)
* G(p)+ ()" —M(p) 0 |-
* * ~I

@ ([0 Calp) Dalp)] =0, (A.187)

which through a Schur complement is equivalent to

M(p +v) A (pT, v) Ba(p,v) 0 .
* * * I

This gives us the LMI in (2.55b|).

A.3.3 Passivity
Continuous-time

In Appendix[A.2.2] we have shown that an LPV system given by is passive,
if it is classically (@, S, R) dissipative for the tuple (@, .S, R) = (0,1,0). Combining
this with the results for CT LPV controller synthesis for (Q, S, R) performance in
Appendix we get that becomes

{ﬂcl(p, vi + ()" Bcb(p)] )T [2 ﬂ {Cdo(p) @le (p)] <0. (A.189)

This can be rewritten as follows

Aa(p,v) + ()" Ba(p) — Calp)"
[ ) R (*)T} 0. (A.190)

This gives us the LMI in (2.56a]).
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Discrete-time

Like in CT, also in DT, classically (@, S, R) dissipativity for the tuple (Q, S, R) =
(0,1,0) corresponds to passivity. Combining this with the results for DT LPV
controller synthesis for (Q,S, R) performance in Appendix [A.3.1] we get that

(A.180]) becomes

M(p+ U) -’Qlcl(p7v) BCl(pa U)
* G(p) + (x) — M(p) 0 +
* * 0
0 I|10 0 I
)7 [* 0} {0 oty Daip)| =0 (A19D
This can be rewritten as follows
M<p+v) ﬂcl(}%”) gcl(pfl})
* Gp)+ )" =M@p)  Calp)" | =0 (A.192)
* * De1 + (*)T

This gives us the LMI in (|2.56b|).

A.3.4 Lo-L -gain
Continuous-time

In Appendix we have shown that an LPV system given by has a
bounded Ls-Lo-gain of ~, if it is classically (@, S, R) dissipative for the tuple
(Q,S,R) = (vI,0,0) and holds for all p € P. Combining this with the results
for CT LPV controller synthesis for (Q, S, R) performance in Appendix we

get that (A.128]) becomes

ﬂcl(p,vi + )7 Bcb(p)]_(*)T [v*f 8} {Cdo(p) Q)f(p)]j(), (A.193)

This can be rewritten as follows

{ﬂcl(p, v)+ ()" Bal(p)

. T (A.194)

}«o

This gives us the first LMI in (2.57al).
For controller synthesis, the considered LPV system is the closed-loop system ((2.44]),
hence, (A.41)) becomes
T
* I
where C¢ is given in (A.100). Using a congruence transformation, this is equivalent

’ ()7 [M *(p) Cclé?)T] [N ép) ?] - 0, (A.196)
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where N is given in (A.95)), which then results in

- |:(*)TM£p)N(p) N(p)TWCI‘d(p)T] = 0. (A.197)

Using the results of (A.120)—(A.125)) and (A.130)—(A.134)), this can be expressed as

This gives us the second LMI in (2.574)).

Discrete-time

Like in CT, also in DT, classically (@, S, R) dissipativity for the tuple (Q, S, R) =
(v1,0,0) together with (A.50]) corresponds to an f3-f-gain of v. Combining this
with the results for DT LPV controller synthesis for (Q,S, R) performance in

Appendix we get that (A.180) becomes

M(p+v) ﬂcl(pvv) chl(pu U)
* G(p) + (x) — M(p) 0 +
* * 0
T+ |y 0] 10 0 I
*) L 0} {O ol o] Z 0 @)
This can be rewritten as follows
M(p+1)) ﬂcl(}% /U) gcl(pvv)
* G(p) + (x) — M(p) 0 = 0. (A.200)
* * ~I

This gives us the first LMI in (2.57bj).
For controller synthesis, the considered LPV system is the closed-loop system ([2.44)),

hence, (A.50) becomes

[Mip) M (p)%l(p)T:| 0, (A.201)

where M ( ) M(p)~" and C is given in (A.100)). Similar to how we have shown
that and (A.142)) are equivalent, we can show that ( and there

ex1st1ng a matrlx function G such that

{G(p) + ()" = M(p) G(p)Ccl(P)T} =0 (A.202)
* ~I - '

are equivalent. Namely, (A.201] 1mphes (A 202 20 D by takmg G M, and (A.202
implies (A.201)) by substltutlng G(p p) for (x)' M(p)~ 1G( ) in (A.202

(by (A.146)). Performing a congruence transformatlon on the resulting matrix

inequality with diag(G(p)~1M(p),I) results in (A.201)).
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Using a congruence transformation, (A.202)) is equivalent to

T [G(p) n (*)*T — M(p) G(p)(i;l(p)q {N (()p) ﬂ =0, (A.203)

where N is given in (A.152)), which then results in

[(*)TG(]))N(]?)-F(*)T — (%) "M (p)N(p) N(p)TG(I})Ccl(p)T =0, (A.204)
* vy o

Using the results of (A.172)—(A.177) and (A.156)) and (A.158]), this can be expressed

G-+ ()7 = 910) cclgf] - 0. (A.205)

This gives us the second LMI in (2.57b|).

A.3.5 L -gain
Continuous-time

In Appendix [A.2.3] we have shown that an LPV system given by (2.26)) has a
bounded £..-gain of ~, if it satisfies (A.65)) and (A.70) for all p € P. For controller
synthesis, the considered LPV system is the closed-loop system ([2.44)), hence, (A.65))
becomes

[Aq(p)TM(p) +(x) "+ BM(p) +0M(p,v) M(p)Bfl(p)} <0,  (A.206)

where A and B are given in (A.100). Using a congruence transformation, this is

equivalent to

)7 [Ad(p)TM (p) + ()T + BM(p) + OM(p,v) M (p)Bcl(p)] [N ) 0] 5y

(A.207)
where N is given in (A.95]), which then results in, omitting dependence on p and v
for brevity,

[(*)TASMN +(*) T+ Bx)TMN + (x)TOMN NTMB
*

0
* —al 0 I

Y }50. (A.208)

Using the results of (A.101)—(A.112)), (A.114)—(A.119)), and (A.130)—(A.134)), this is

equivalent to
{ﬂd(p?v) + (37 + B (p) f’fcl(p)} <. (A.209)

* —al
This gives us the first LMI in (2.58al).
Next, we focus on ({A.70]), which for controller synthesis becomes
BM(p) 0 Calp)!

*  (y—a)[ Da(p)"| =0, (A.210)
* * I
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where C¢ and D) are given in ({A.100)). Using a congruence transformation, this is
equivalent to

BM (p) 0 Ca(p)"] [N 0 0
T (y—=a)l Dalp)’ 0 I 0|0, (A.211)
* * ~vI 0 0 I
resulting in
B(x)TM(p)N (p) 0 N(p ) Calp)"
* (y—a)l Da(p) " = 0. (A.212)

Using the results of (A.120)—(A.125)), (A.126)—(A.127), and (A.130)—(A.134), this
can be expressed as

/BM(p) 0 Ccl(p)T
*  (y=a)l Dalp)"| =0 (A.213)
* * 1

This gives us the second LMI in (2.58a)).

Discrete-time

Like in CT, also in DT, we have shown in Appendix that an LPV system
given by (2.26)) has a bounded f..-gain of =, if it satisfies (A.88)) and (A.91] for
all p € P. For controller synthesis, the considered LPV system is the closed-loop

system ([2.44)), hence, (A.88) becomes

M(p+v) Aalp)M(p) Balp)
* (1-8)M(p) 0 >0, (A.214)
* * al

where M(p) = M(p)~" and Ay and By are given in (A.100). Again, similar to how
we have shown that (A.141)) and (A.142) are equivalent, we can show that (A.214])
and there existing a matrix function G such that

M(p +v) Aa(p)G(p) Ba(p)
* 1=B)(Gp) +x)"=M@p) 0 | =0 (A.215)
* * ol
are equivalent. Namely, (A.214 1mphes (A.215 21 i by takmg G M, and (A.215
implies (A.214) by substltutlng G(p p) for (x) ' M(p)~ 1G( ) in (A.215

(by (A.146)). Performing a congruence transformatlon on the resulting matrix
inequality with diag(I, G(p)~1M(p),I) results in (A.214).
Using a congruence transformation, (A.215)) is equivalent to

M(p+v) Aa(p)G(p ) Ba(p)|[|[N(p+v) 0 0
(*)" * (1-8)(G ( )+ ()T=M(p) 0 8 Nép) ? =0,
* * ol
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resulting in

WM (p+o)Np+v) Np+0)TAa@E@NP) Np+v)T Balp)
* T(p,v) 0 =0,
* * ol
A.217)
where T(p,v) = (1—B)(*) " (G(p) + ()" =M (p))N(p). Using the results of f
(A-165), (A.166)-(A.I71), and (A.156)—(A.I58), this can be expressed as,

M(p+v) A (p,v) Ba(p,v)
* (1=8)(Gp) +x)T — M(p) 0 =0 (A.218)
* * al
This gives us the first LMI in (2.58b|).
Next, we focus on (|A.91)), which for controller synthesis becomes
BM (p) 0 M(p)Ca(p)"
x  (y=a)l  Da(p" | =0, (A.219)
* * I

where again M(p) = M(p)~ !, and C¢ and D, are given in (A.100). Similar as
before, we can show that (A.219)) and there existing a matrix function G such that

B(G(p) + (x)T = M(p)) 0 G(p)Calp)’
* (v—a)l Da(p) " =0, (A.220)
* * ~vI
are equivalent. Namely, (A.219 1mphes (A.220 22 D by takmg G M, and (A.220
implies (A.219) by substltutlng G(p p) for (x) " M(p)~ 1G( ) in (A.220

(by (A.146)). Performing a congruence transformatlon on the resulting matrix
inequality with diag(G(p)~1M(p), I, I) results in (A.219).
Using a congruence transformation, (A.220)) is equivalent to

B(G(p) + (x)" — M(p)) 0 G(p)Ca(p)'] [N(») 0 0
(*)T * (v—a)l Da(p)" 0 I 0| =0,
* * ~I 0 0 I
(A.221)

resulting in

B-(x)T(Gp)+(x)T = M(p)N(p) 0 N(p)"G(p)Ca(p)"
* (y =)l Da(p)" = 0.
* * ~I
(A.222)
Using the results of (A.172)-(A177), (A.179), (A.156) and (A.158), this can be
expressed as,

B-(x)T(G(p) + ()T = M(p))N(p) 0 Cap)”
* (v—a)l {Dcl( )T =o. (A.223)

* *

This gives us the second LMI in ([2.58b).
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Remark A.7. Note that similar to the L./l based analysis conditions (see
Remark , also the above L/l controller synthesis conditions are not LMIs
due to the multiplication of 8 with M and G. In practice, this is often solved by
performing a line search over 3 for which the conditions do become LMIs.



Mathematical Proofs

B.1 Proofs of Chapter 2

Proof of Lemma [2.6| (LPV behavioral embedding))

As the Linear Parameter-Varying (LPV) system is a global LPV embedding of the
nonlinear system on the region X x W = X x W for any trajectory (z,w,z) € B,
we also have that (z,w,z) € By(n(x,w)). Moreover, as X x W = X x W and
n(X, W) C P, we get the following relation

= |J SBw@w)c |J  Bpmw) < | Bup) =B,
(z,w)ETx,w B (z,w)e(X W)T pePT
(B.1)

Proof of Theorem 2.5| (Classical (Q, S, R) dissipativity condi{
ftions for LPV systems))

Left and right multiplication of the inequalities in (2.37)) by col(z,w) " and col(z, w),
respectively, we obtain that

(x) T+ M(p) (A(p)z + B(p)w) + OM (p,v) <
) "Quw + 2w’ S (C(p)x + D(p)w) + (x) " R(C(p)x + D(p)w), (B.2a)

and

(x) " M(p+v) (A(p)z + B(p)w) — M(p) <
() "Qu +2w' S (C(p)x + D(p)w) + (*) " R(C(p)x + D(p)w), (B.2b)
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for all p € P, v €I, and (z,w) € (R™ x R™). This implies

) (
(%) " Qu(t) +2w(t) " S (C(p(t))a(t) + D(p(t))w(t)) +
(%) R(C(p()z(t) + D(p(t)w(t)), (B.3b)

for all t € T and (z,w, z) € B, (p) for all p € P7. Through integration/summation

from ¢y to t1, this implies condition ([2.35), where V), is given by ([2.36) and s, by
(2.25)), meaning the LPV system is classically (Q, S, R) dissipative.
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B.2 Proofs of Chapter 4

Proof of Theorem (4.1| (Universal shifted Lyapunov stability])

For every (xy, ws) € Ty, w, &, the function V' : x — V,(z, w,) satisfies the conditions
for a Lyapunov function for the equilibrium point z,, as V = (x +— Vi(x,wy)) € Q..
for every (z.,w.) € 7x, w. &, see Theorem Consequently, by , it then
holds for every (z,,w.) € mx, w, & that

0

atV(aL‘(t)) <0, (B.4)
forall t € Rar and x € my By, (w = w,). Hence, by Theorem the system is stable
at each equilibrium point (z., ws, z+) € &, meaning, by definition, it is universally
shifted stable. Similarly, when (4.6)) holds, but with a strict inequality except when
2(t) = x., this implies that olds, but with a strict inequality except when
2(t) = x.. Therefore, by Theorem asymptotic stability of the nonlinear system
follows at each equilibrium point (2, wy, z.) € &.

Proof of Lemma [4.1| (Condition for universal shifted dissipaf
fivity

If the nonlinear system given by is universally shifted dissipative for every
(T4, Wy, 24) € &, condition holds for all ¢y, t; € Ry with t; > to and (v, w,2) €
B. If Vi(-,w,) € Cy for every w, € #, this is equivalent to requiring that the
following relation holds for every (2., wy, z.) € &:

0

avs(x(t),w*) < ss(w(t), wy, 2(t), z4) dt, (B.5)

for all t € R} and (z,w,2) € B. This is equivalent to the following relation
requiring to hold for every (z.,ws,z) € &

VoVl (t), w) f@(t), w(t)) < su(w(t), wa, he(t), w(t),z.),  (B.6)

for all t € R{ and (z,w) € myw B, which holds if, for every (z.,w., z.) € &, (4.8)
holds for all x € X and w € W.

Proof of Theorem |4.2| (]Induced classical dissipativity[)

If (4.1) is universally shifted (Q, S, R) dissipative, there exists a storage function
Vi : X x # — RE with Vs(-,w,) € Co and Vs(-,w.) € Q,, for every (z.,w.) €
Tx, w, 6, such that it holds that

Vet ~Vitetioun < [ 070 T M

o L7 2 Z— Zx
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for all tg,t; € Ry with t; > to and (7, w,2) € B. As we assume that (0,0,0) € &,
it also holds that

V(@ (t1),0) — V(a(to), 0) < /tt MT [ff g] m dt, (B.8)

for all to,t; € Ry with ¢; >ty and (x,w, 2) € B. Defining V(z) = Vs(x,0), which
satisfies that V € Qg, we have that

V(a(t) — Va(a(to) < /tt [‘Z”T {Cf ﬂ m dt, (B.9)

for all tg,t; € R with t; >t and (z,w, z) € B, which is the condition for classical
(Q, S, R) dissipativity, see also Definition [2.13]

Proof of Lemma [4.2| (£,,-gain based on universal shifted dissi{
pativity)

If the system is universally shifted (Q, S, R) dissipative with (Q, S, R) = (21,0, —1)
it holds that there exists a Vs such that for every (., ws,z,) € &

Vy(e(tr), w,) — Val(a(to) w.) < / 20T (w(t) — w.) — (%) (2(t) — 2.) dt, (B.10)

to

for all tg,t; € Ry with t; >ty and (x,w,z) € B. Consequently, it also holds for
every (Ty, W, z) € & that

0 < Vs(z(t), ws) < /0 P w(t) —wil = [[2(t) = 2| dt + Ve(zo, wy),  (B.11)

for all T > 0 and (x,w, z) € B. Using the Ly, signal norm definition, see Defini-
tion and using that w, = k(z.), this is equivalent to

2 2
Iz = willpr <% w = 2l 7 + Vi(o, 6(2.)), (B.12)

holding for all T' > 0 and (z,w,z) € B with w € Lg,. Next, we take the square
root on both sides of (B.12)), which gives us

2 = Hlar < /92 o = @1 1+ Vi(a0,3(0)) < 7 o — @l 1 + v/ VaCao, (2],
(B.13)
which is equivalent to (4.10) with (s(zo,x.) = /Vs(wo, £(x,)).

Proof of Theorem [4.3| (Universal shifted stability from univer{
isal shifted dissipativity))

If, the system given by (4.1) is universally shifted dissipative w.r.t. a supply function
g, for which for every (x.,ws, z.) € &, (4.12) holds for all z € Z, then it holds for
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every (Zy, Wy, zx) € & that

ty
Va(@(t), ws) — Vi(alto), w.) g/ 5a(wa, s, 2(8), 2.) dt < 0, (B.14)
to
for all tg,t; € Ra' with tg < t; and (x,2) € Ty, By (w = ws). As Vs(-, w,) € C; for
all w, € #, this means that for every (x.,ws, z.) € & it holds that
a4
dt
for all t € R and z € 7, By (w = w.). The storage function V; satisfies the
conditions for the universal shifted Lyapunov function V; in Theorem [£.1] Hence,

(B.15) implies (4.6)), which by Theorem implies universal shifted stability.

In case of universal shifted asymptotic stability, the supply function satisfies ,
but with strict inequality for all z # z,. Moreover, as the system is assumed to be
observable, this means that z € 7, By (w = w,) for which z(t) = z, € 7,, & for all
t € R}, implies that x(t) = . € Ty, &, with (., 2.) € T, ,. &. Consequently, we
have that holds, but with strict inequality except when x(t) = x., which by
Theorem [L.T] implies universal shifted asymptotic stability.

Vs(z(t), wy) <0, (B.15)

Proof of Lemma {4.3| (Condition for velocity dissipativityj)

We have that the system given by (4.1)) is velocity dissipative if there exists a storage
function Vy s.t. (4.16]) holds, which, for V, € Cy, is equivalent to

7 (@) < su(w(), 2(1)), (B.16)
holding for all t € Ry and (i, w, 2) € B,. Using the dynamics of the velocity form

given by (4.15)) and expression for & given by , (B.16]) equivalently holds if

Ve (f(2(t), w(t))) (Av(2(t), w(t) f(z(t), w(t) + By (z(t), w(t))i(t)) <
sy (w(t), Cv(a(t), w(t) f(z(t), w(t) + Dy(x(t), w(t))w(t), (B.17)
for all t € R}, W € 7y, By, and corresponding (x,w) € my  B.. Consequently, if
holds for all values w, € R™, z € X, and w € W, then, holds for all

t € RY, w € my By. This means that the system is velocity dissipative w.r.t. the
supply function s,.

Proof of Theorem 4.4 (Velocity (Q, S, R) dissipativity condition])

If (4.20) holds for all (x,w) € X x W, we have by pre- and post multiplication of
({4.20) with col(f(z,w),wy)" and col(f(x,w),w,), respectively, that
2(f($7 w)TM(f(xv ’LU)) (Av(.'L‘, w)f(x, w) + Bv(l‘, w)wv) -
wy Quy — 2wy §(Cy(x,w) f (2, w) + Dy(z, w)wy) -
(x) T R(Cy(z,w) f(z,w) + Dy (z,w)w,) <0, (B.18)
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all wy, € R™ and (x,w) € X x W. This corresponds to the condition in Lemma
with the storage function given by (4.19) and a (Q, S, R) supply function (4.17)
Hence, by Lemma the system given by ([4.1]) is velocity (@, S, R) dissipative.

Proof of Theorem {.5| (Implied universal shifted stability))

For each equilibrium point (4, ws, z.) € & consider
Va(@(t), wy) = Vo (f(x(t), ws)) = Vo (i(1)). (B.19)

For each (2, ws, z.) € &, this choice implies that Vs(-, w.) € Q,, and Vs(-, ws) € Cy
as Vy € Qp and V, € C; (and f € C;). Note that this requires uniqueness of the
equilibrium points (see Assumption , as otherwise there exists multiple z, for
which Vi(z.,w.) = 0. By this choice of V;, we have that for each (z.,w.,z2.) € &

%Vs(x(t),w*) = Ly aw) <o, (B.20)

forallt € Rar and & € mx By (w = w,) and correspondingly for all x € my B (w =
wy). This implies that holds for all z € my B w(w = w..) and for all equilibrium
points (., ws) € T, w. &. Hence, by Theorem the system is universally shifted
stable. The asymptotic stability version follows similarly by changing to a
strict inequality.

Proof of Theorem (4.6 (Universal shifted stability from velocity|
dissipativity)

If the system given by (4.1)) is velocity dissipative w.r.t. a supply function s, which
satisfies (4.22)) for all z, € R™, then it holds that

Vo(i(t1)) — Vy(i(to)) < /tl s0(0,2(t)) dt < 0, (B.21)

to

for all tg,t; € RS‘ with t1 > tg and (&, 2) € mx; By w. As V, € Cy, this means that

—WVo(&(t)) <0, (B.22)
dt

for all ¢t € ]R(J{ and & € 7 ‘B, », which implies through Theorem universal

shifted stability, where V, = V..

For universal shifted asymptotic stability, s, satisfies , but with a strict
inequality when z, # 0. As it is also assumed that the system is observable, this
means that (t) = 0 for all t € R{, corresponding to z € 7, B¢ w(w = w,) for
which z(t) = 2z, € m,, & for all t € R, implies that x(t) = z, € 7, &, with
(T4, 2+) € Tx, . & corresponding to #(t) = 0 for all t € Rf. Consequently, we have
that where the inequality is strict except when #(¢) = 0 is satisfied. This
implies by Theorem universal shifted asymptotic stability of the system.
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Proof of Theorem (4.7 (Universal shifted performance from|
velocity dissipativity))

If the nonlinear system is velocity dissipative w.r.t. the supply function s, (w,2) =
W Qu+ 2T Rz, there exists a storage function Vy, such that for all to,t; € R(J{ with
ty > 1o

Vo(i(t1)) — Vo (2(to)) < / 1 w(t) T Qu(t) + 2(t) T RE(t) dt, (B.23)

to

for all (#,w,2) € B, corresponding to (z,w,z) € B.. Hence, as V,(2(0)) =
Ve (0) =0 and Vy(xy) > 0, Va, € R™\{0} this implies that
T
0 </ w(t) T Qu(t) + 2(t) T Ri(t) dt, (B.24)
0

for all T > 0 and (&, 0, ) € B,. Defining Q := mor@ and R:= o B it also holds
that

T
0< / ()T Qui(t) + 2(t) T Ri(t) dt, (B.25)
0

Next, using 7, we have that, omitting dependence on time for brevity,
:"R:=i"CTRC, (B.26a)

= (%) "RC(f(x) + Bw), (B.26b)

= () TRC(f(2) + Bw—(f(x.) + Bu), (B.26¢)

=0
= () RC(f(x) = f(z:) + B(w — w,)). (B.26d)

Through, Lemma [C.1.1] we have that

@) -1 = ([ M=) ) (- o)

1
= (/ Av(zi + Mo — xy)) d)\) (x — x4). (B-27)
0
A(z,x.)
Combining this with Assumption [£.2} we can write (B.26d) as
sTR: = (x) "RCA(x,x.)(x — 2.). (B.28)

Next, by satisfying Assumption for T = R < 0, we have that for every z, € 2’
#TRs = (%) "RCA(z,z.)(x — ) < a (%) "RC(z — x.) = a (%) ' R(2 — 2.).
(B.29)
Moreover, by Assumption we have that, for a given (x,, w., z,) € &,

W' Qu = (x)T QAw(w — wy) < B2(x) T Q(w — w,), (B.30)
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where w € 20 and 0 < Q < I. Combining (B.25)), (B.29)), and (B.30), we obtain

that, for every (., wy, 24) € &,

T
/ B2 TQ(w(t) — wy) + (%) T R(2(t) — z,) dt > 0, (B.31)
0
for all T'> 0 and (w, 2) € Ty, B with w € W. Hence, also
T
/ B2 TQ(w(t) — wy) + a (%) T R(2(t) — z,) dt > 0, (B.32)
0

for all T'> 0 and (w, 2) € Ty, B, with w € .

Proof of Corollary 4.1 (Bounded L,-gain from velocity dissi{

pativity)

From Theoremwith (Q,S,R) = (v21,0,—1I), we have that there exists a function
(s : X x & — R, such that, for every (z4,wy, z4) € &,

/0 V2820 T (w(t) — wa) — a (1) T (2() — ) dt + Co(wo, ) > 0, (B.33)

for all T'> 0 and (w, 2) € Ty, B, with w € W. This is equivalent to
T 5 T 5
a—l/ 12(t) — 2% dt < 7232/ () — w,|? dt + Co(wo ), (B.34)
0 0

e = 2l < @982 lw — walp + a(ao, 22, (B.35)
for all T'> 0 and (w, z) € Ty, B with w € W. Hence, this implies that for every
($*7'LU*,Z*) E é()

[z = zellor < llw = willy 7 + als(@o, ), (B.36)

for all T > 0 and (w, 2) € Ty, B with w € W where 7 = ay? 32, corresponding to
the Lso-gain definition (see Definition [4.3)).

Proof of Lemma {4.4] (VPV behavioral embedding))

The LPV representation (4.30)) is a Velocity Parameter-Varying (VPV) embedding
of the system given by the region X x W = X x W. Consequently, for any
trajectory (&,w, 2) € By, we also have that (&, w, 2) € By(n(x,w)). Moreover, as
X xW=2XxW and n(X, W) C P, we get the following relation

B.= |J B@w)c J  Bpl@w)C | Bp) =B,

+ +
(z,w)Emyx w B (w,w)E(X,W)RO pEPRO

(B.37)
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Proof of Theorem (4.8 (Velocity dissipativity analysis through|
fthe LPV framework])

As the LPV representation is a VPV embedding of the nonlinear system
given by (4.1)) on the region X x W = X x W, we have by Lemma |4.4] that the
LPV representatlon describes the full behavior of the veloc1ty form 1_' ie.,
B, C EB Consequently, if the LPV representation ({4 is classically dlss1pat1ve
for all trajectories in %p, we have that the velocity forrn is classically dissipative
for all trajectories in B, which corresponds to the nonlinear system being velocity
dissipative, see Definition [£.0]

Proof of Theorem (4.9 (Closed-loop velocity form])

W.lo.g., we can omit w and z and assume P is given by (dependence on ¢ is omitted
for brevity):
&= f(x,u); (B.38a)
y = hy(z,u); (B.38b)
and K is given by . P and K are interconnected such that u, = vy and v = yy.

We assume that the interconnection is well-posed, i.e., there exists a C; function ;L,
such that v = hi (2, hy(z,u)) can be expressed as u = h(z, zx). The closed-loop is
then given by

i = f(z, h(z,2y)); (B.39a)
i = filaw, hy (@, bz, 11))). (B.39D)
The velocity form of is
_of of oh . Oh )
= 5 (z,u)x + 9 (z,u) (837 (z,zx)E + s (x,xk)a:k> ; (B.40a)
O o, (Ohy L on
= B S (T, wi ) e + D (ks k)( O (z,u)d + o (2, u) (B.40Db)
oh _ Oh .
<ax(£7 xk)$ + axk(x’xk)xk> )1
where uy = hy(z, fz(x, xx)). The velocity form of P, Py, is given by
o af, . af
&= (z,u)d + 9 (x, u)i; (B.41a)
. Ohy . Ohy .
i=5, (z,u)d + 9 (z, u)i; (B.41b)
and the velocity form of K, K, is given by
0
Ty = Ok (T, we) e + Ji (@, Uk ) Uk; (B.42a)

8xk

Ohy Ohy
Jie = k. B.42
Yx 8:1:k ($k7uk)$€k + — D (2, wk ) ( b)

8'U,k
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Interconnecting these in a similar manner as P and K, i.e., 4 = y and @ = g,

results for (B.42b)) in

U= O (T, uk )Tk + D (2, uk) ( o (z,u)x + B (x,u)i ) . (B.43)

By the well-posedness assumption, we know that u = hy(zx, hy(z,u)) can be
expressed as u = E(x, Tx), hence in the velocity form, (B.43|) can equivalently be
expressed as u = %(m, )T+ Mk h (2,21 )2). Combining this with (B.41) and (I&Lbzl)
allows us to express the interconnection of P, and K, as @ ote that

writing (B.43]) as

dh

g—’;(m,zk) Dy (I,Ik)
oh oh oh
= hy(x, mk)a—ui(mk, uk)a—xy(x7 u) & + hy(z, ack)a—a:;(gck7 Uy ) T, (B.44)
—1
where! hy(z, 7)) = ( g’;‘; (2k, uk) 5 (7, u)) , we get conditions on the existence

of h. Namely, if hy(x, 2) exists for some point (z,zyx) € X x R™x, then, by the
implicit function theorem, there exists a neighborhood around this point for which
h(x,xy) exists (in that neighborhood) and is in C.

Proof of Theorem (4.10| (Velocity closed-loop £,-gain])

As P,y is a VPV embedding on the region X x U C & x U, we have through
Lemma that By xu C %p. Consequently, through Theorem we have that
F(Py, Ky) with p = n(x,u) for K, is classically dissipative and has an Ls-gain
bound < « for all (#,%) € mx,4 By xu-

Proof of Theorem [4.11| (Velocity behavior inclusion))

We introduce the operators £ = dt and ¢ 1w(t fo 7)dr. In order to mtegrate
the inputs and differentiate the outputs of the nonhnear system given by (4 ,
we introduce the new input and output @ and Z, respectively, with the following
relations:

w(t) =€), A1) = &x(t), (B.45)

which exist, as the solutions (x,w, z) € B.. Obviously, multiplication with £ or £¢~*
is not commutative. We can then write as

Ex(t) = f(a(t), £ a(t)); (B.46a)
- e (t)); (B.46b)

INote again that uy = hy(x, h(x, zy)) and u = h(z, z)).
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which, by multiplication with £ in order to obtain the new output 2, results in

2 (t) = £f (x(t), € w(1)); (B.47a)
2(t) = Eh(a(t), €10 (t); (B.47b)

8

gafr) = ODET0 ¢y | HEDELD ¢ (1) (Basa)
5(t) 8h(x(t)£_lw(t))£x(t) n 8h($(t)éi_ ID(t))5 (e 1)) : (B.48D)
§2$(t) _ 5f($(;)x7w(t))f (t) + %ﬁ;w(t»@(t); (B.4Qa)

5(t) = 5‘h(:ﬂ(;)x,w(t))€ (t) + W@(ﬂ (B.49b)

By using the definitions in (B.45)), we can express (B.49) as

i(t) = 21 (x(;)x’w(t))i(t) LU (x((;z;w(t))u}(t); (B.50a)

() = 8h(x(;)x’w(t))¢(t) + ah(x(;i;w(t))w(t). (B.50b)

From this, it is clear that we obtain the velocity form of (4.1]) given by (4.15]).

Proof of Theorem |4.12| (]Universal shifted controller realization[)

First, the primal form of the controller is realized. To realize the primal form we
differentiate the input to the velocity controller u, x and integrate the output v, i
of the velocity controller K given by . Therefore, the following relations hold
(omitting time dependency for brevity)

Sy = Yvky Uk = Uy, (B.51)
h e d Sy - . .
where again & = § and £ 'w(t) = [j w(7) dr. By simply rewriting 1' we get
§xyv ) = Ak(p) vk + Bi(p)&un; (B.52a)
§yi = Ck(p)zy x + Di(p)&un; (B.52b)

Through (B.52a)), we have the following equalities

§xv x = Ax(p)2v x + Bi(p)&uk + (§Bi(p))ux — (§Bk(p))ux, (B.53)
§rvx = Ax(p)2v x + & (Bi(p)uk) — (§Bi(p))uk, (B.54)
€ (vyx — Bi(p)ux) = Ax(p)zv x — (§Bx(p))ux, (B.55)

we then define Tk = @y x — Byx(p)uy, resulting in

§2y = Ax(p) Ty + Ax(p) B (p)ux — (§Bi(p))ux, (B.56)
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which can be rewritten to

e = Ax(p) % + (Ax(p) Bi(p) — 9Bx(p, p)) ux, (B.57)
where OBy (p,p) = Y., agl;ip)ﬁi.
A similar procedure can be used to rewrite (B.52D]), resulting in

i1 = C(p)@x + (Cx(p) B(p) — dDx(p, p)) ui, (B.58)

where &) = yi — Dy (p)uy, and dDy(p,p) = > 12, %pgl’)pi. Due to the definition of

2k, we then have that yx = &x + Dx(p)ux. Combining these results gives us the
primal realization K:

T Ax(p) 0 Ax(p)Bk(p) — 0Bx(p,p) Ty
e | = | Cxlp) 0 Cu(p)Bx(p) = 0Dk(p,p) | | & |- (B.59)
Yk I Dy (p) Uy

From which can be constructed by introducing &) = col(Zy, ) ) and using
(4.43). Note that the realization of the controller is not necessarily state
minimal. However, in the literature techniques exists which can be applied in order
to construct a minimal state-space realization of an LPV system, see e.g. (Petreczky,

Téth, et al. 2017).

As Uy x, Yv.x, P € C1, we have by Theorem that the controller given by
with its inputs integrated and outputs differentiated is equal to its velocity from
(4.41). Note, that to be conform with the initial form of K given in the
scheduling-variable is also considered an input to the controller. Substituting the
relations of in the first row of and rewriting it results in

Eie = Ar(p)ix + Ax(p) Bu(p)& Mty i — (€Bi(p)) € v i, (B.60)
for which we can write

%1 =Ax(p)Tx + Ax(p) Bi(p)€ 'y —
(EBx(p) € M uvc — Bi(p)uw i +Bi(p)uv k, (B.61)

¢(Bi(p)etuy i)
§(Zx + Be(p)é " uv i) = Ax(p) (&x + Br(p)€ "uyx) + Bi(p)uyk, (B.62)

then, defining z, . = y + Bi(p)& tuy k, results in

vk = Ak(p)Tv,x + Bi(p)tv k- (B.63)
Similarly, based on the second row of (B.59)), we can find that
£ (@ + Di(p)E M uvk) = Cilp) (Zi + Bi(p)€ uvi) + Di(p)uvie. (B.64)

Now, we can use that Zx + Dy (p)& tuy x = Zx + Di(p)u = yx based on the third
row of (B.59) and using zyx = Zx + Bx(p)€ tuy x to rewrite (B.64)) to

Eyx = Cx(p)y x + Dx(p)uy k- (B.65)
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Finally, by combining (B.63) and (B.65), we arrive at the velocity form of the
controller

&y x = Ak(p)2v,x + Bk(p)uvk; (B.66a)
Yvk = Ci(P)2v,i + Dic(p)uy ks (B.66b)

which is equivalent with (4.41)).

Proof of Theorem [4.13| (Closed-loop universal shifted stability|
|and performance[)

For our generalized plant P given by (4.33)) with behavior 9B, and velocity form P,
given by , we have by Theorem that K, given in ensures classical
dissipativity and a bounded L»-gain of v of the closed-loop Fi (P, Ky) on X x U.
Moreover, we consider the set WW C W, for which X, = X x X is invariant, meaning
that for any w € W&o | the resulting (z(t),u(t)) € X x U, Vt € R}. Hence, we will
remain in the design set on which classical dissipativity and a bounded La-gain of
the velocity form is ensured.

By Theorem we have that the velocity form of K (4.42)) is given by K.
Consequently, by Theorem the velocity form of F(P, K) is given Fi (P, K).
Hence, F(P, K) is velocity (Q, S, R) dissipative with (Q, S, R) = (v21,0,—1) for
(x,u) € B xu, which by Proposition implies that F1(P, K) is universally shifted
(@, S, R) dissipative for (Q,S, R) = (y21,0,—1I) for all w € WES N L and any
wy € #NW. Hence, by Lemma the (primal form of the) closed-loop system has a
bounded Lgs-gain of v and, by Theorem it is universally shifted (asymptotically)
stable for all w € W& N Loe and any w, € # N W.

Proof of Corollary [4.2| (Universal shifted realization with inte{

ral action)

For the realization of the controller in Theorem [£.12] the input to the velocity
controller is time differentiated, which can be seen as appending a differentiator to
the input of the velocity controller, see also Figure The integration filter M,
given by M(s) = =2 is also connected to the input of the controller as depicted
in Figure [{:4] As differentiation in time can be expressed in the Laplace domain as
s, we have that the interconnection of weighting filter and differentiator is given
by s- M(s) = S“‘TO‘ = s+ «. Hence, as y = uy, in the proof of Theorem
s ug = &uk = uyx in (B.51) becomes (s + a)ux = ux + aux = uy k. Consequently,

(IB.52a)) becomes

Exyx = Ax(p)zy x + Br(p)(§ux + auy), (B.67)
and we can write, similarly as (B.55)), that
§(wyx — Br(p)ux) = Ax(p)zvx — (EBx(p))ux + (Bi(p)or)uy. (B.68)

Defining again that &y = xy x — Bk(p)ux, we obtain

i = A(p)Zxk + (Ax(p) Bi(p) + Bx(p)al — 9Bx(p, p)) ux, (B.69)
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Similarly, becomes
i1 = C(p)Fx + (Ci(p) Bi(p) + Di(p)ad — dDi(p, p)) .- (B.70)

Then, along the same lines as in the proof of Theorem | we obtain Ay, C, and
Dy as given in (D and By given by 1}
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B.3 Proofs of Chapter 5

Proof of Theorem [5.1| (Differential (Q, S, R) dissipativity con{

dition)

By Deﬁnition the primal form is differentially dissipative, if the differential
form is classically dissipative. Hence, it suffices to show that if (5.13]) holds,
the differential form is classically dissipative with storage function and
supply function (5.12]). Note that is differentiable. Therefore, we start
with substituting (5.11]) and into the differentiated differential dissipation
inequality, i.e., (5.10]) differentiated w.r.t. ¢, resulting in requiring

o memmo) < [20] [2 S [=0) @

dt z5(t) * z5(t)

to hold for all (Z,w) € myw®B and t € R{. By (Willems [1972), is satis-
fied for all possible trajectories of if and only if (B.71) holds for all values
(z5(t), ws(t), z5(t)) € R™ x R™ x R" and Z(t) € X. Which, writing out (B.71)),
using the differential dynamics (5.7, and through the assumption that &(t) € D,
(hence, also Z(t) € D) for all t € Ry, yields in requiring for all (x5, ws) € R™ x R™
(z,w) € X x W, and z, € D, that

224 M(z)(As(Z,w)zs + Bs (T, w)ws) + x5 OM (%, 2y)xs <
wy Qus + 2wg S(Cs(z,w)zs + Ds(T,w)ws)
+ (%) " R(Cs(z,w)zs + Ds(z,w)ws), (B.72)

where OM (Z,z,) = > .=, 81(\9435(::) Zy; and As, ..., Ds as in 1} Here Z, corre-
sponds to the values taken by Z(t) € D. It is trivial to see that (B.72) is equivalent
to the pre- and post multiplication of (5.13) with col(zs,ws)' and col(zs,ws),
respectively. Consequently, requiring (B.72) to hold for all (zs5,ws) € R™ x R™,
(z,w) € X x W, and Z, € D, is equivalent to require the condition in to hold
for all (z,w) € X x W and Z, € D, which proves the statement.

Proof of Theorem [5.2| (Induced incremental dissipativity])

By writing out the A-dependence in ([5.10) for differential dissipativity, allows to
integrate it over A\:

/0 [Vg(:f(tl,)\),m(;(th)\)) — Vs (Z(to, N), w5 (to, A)) —

/ 1 ss(ws(T,N), z5(7, A)) dT} d\<0. (B.73)

to
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We compute the integral of the storage terms first. We define the following minimum
energy path between x and Z by

1 ~
X(z,3)(A) == arginf / Vs (i;()\), &g()\)\)) dA. (B.74)
zelx(z,2) JO

As V5(Z,xs5) = x§ M(Z)x5, the path x(, 7 can be seen as the geodesic connecting
2 and Z corresponding to the Riemannian metric M (Z), see also (Manchester and
Slotine Reyes-Béez . By the Hopf-Rinow theorem, this implies for
any x,T € X, X(2,7) is a unique, smooth function (Manchester and Slotine
Manchester and Slotine . Next, we define

! X (w5 (A
Vi(z,7) = /O Vs (x@,@(A),’“é';()) dA, (B.75)

which will be our incremental storage function. Note that Vs(z,-) € Qq, VZ € X.
Therefore, Vi(z,r) = 0 for all z € X' as x(;,2)(A) = z, hence, 8)“7/”\)()‘) =0
and by definition Vs(-,0) = 0. Moreover, for all z,& € X for which z # &, we
have that Vi(z,Z) > 0, as in that case there exists a set of A € [0, 1] for which

Bx%,ii)()\) € R\{0} (as it can only be zero for all X if + = &) and by definition
Vs(Z,zs5) > 0, Vas € R™\{0}. Consequently, we have that V; € O;.

Using this incremental storage function, we have that

1
Vi(z(t1), Z(t1)) §/0 Vs (Z(t1, A), z5(t1, ) dA, (B.76)
for any (A — Z(t1,A\)) € Ta(z(ty),2(t1)) with z(t1), #(t1) € X, t; € R, and

(t — z(t,\)) € m B for any A € [0, 1]. Furthermore, we take as parametrization
for our initial condition Z(tg, A) = Zo(\) = X (20,3,)(A). Hence, we have that

“Wi(alto), #(ty)) = — /O Vs (#(to, A), 2s(t0, \)) dA. (B.77)
Combining (B.76) and (B.77) gives that
Vi(l'(tl),i'(tl)) — Vl(iC(to),.’z(to)) S

/01 Vs (Z(t1, A), ws(t1, ) — Vs (Z(to, A), zs(to, A)) dA.  (B.78)

This together with (B.73)) implies

Vila(t), #(t1)) — Vi(a(t // s(ws(r,\), 25(r, \)) dr dA. (B.79)

We now consider the right-hand side of the inequality (B.79)). Substituting (@, S, R)
supply function (5.12]) and hanging the order of integration gives

/: /ol(*)T [g fz} Bj((:;))] dxdr. (B.80)
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We now solve the individual terms in the inner integral,

/01(*>T 2 A ] = /01<*>T@wa<n A) dAt

1 1
2 [ ws(r, )" Szs(T,A) dA + / ()" Rzs(7, ) dX\. (B.81)
0 0

Taking w(t, \) = w(t) + AM(w(t) —w(t)) as a parametrlzatlon we obtain ws(t) =
% = w(t)—w(t). Hence, the first term in resolves to (x) T Q(w(7)—w(7)),

while the second term gives

L oz(r
2(w(r) — w(r))TS/O % d\ = 2(w(r) — (1)) " S (2(r,1) — 2(7,0)),
=2(w(r) = @(7)) " S (2(7) = 2(7)).

For the third term in (B.81)) where R < 0, i.e., —R > 0, we use Lemma in
Appendix [C4] to obtain an upper bound:

! zZ(T L oz(r
/0 (*)TRL 59)1)\) dA< (*)'R (/0 97, ) E%’A) dA) =
(*) "R (Z(1,1) — 2(1,0)) = (*) "R (2(1) — 2(7)). (B.83)

Combining these results, yields

/to() [‘f IS%H Eg—?f:ﬂ ar, (B.84)

as an upper bound for (B.80). Thus, if (5.10) holds, we know that (B.73]) holds,

which in turn implies, considering a supply function (5.12)) with R < 0, that

(B.82)

Via(tr), &(t1)) — Vi(a(to), &(to)) g/tl(*)T [g ;] [“;8:2”((:))} dr, (B.85)

to

via the upper bound (B.84)) and using (B.75) together with (B.78). Hence, if the
system is differentially (@, S, R) dissipative w.r.t. the supply function (5.12]) with

R < 0, then the system is incrementally (Q, S, R) dissipative w.r.t. the equally
parametrized supply function ([5.14]).

Proof of Lemma [5.1 (Induced incremental storage function))

Based on the proof for Theorem [5.2 starting with (B.73)), we need to compute the
terms

/ V(; tl, ],‘5 (tl, /\)) d/\, (B86&)

and

/ V§ to, LE5 (to, /\)) dA. (B86b)
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Based on Assumption [5.1} we can decompose M (Z) into
M(z) = N(z)" PN (z), (B.87)

where P € S™ with P = 0 and, because of Condition N(Z(t,\)) € Rmxm= js
invertible on X, i.e., det N(Z) # 0, VZ € X. Furthermore, by Assumption [5.1] there
exists a diffeomorphism g : R™ — R™ such that Z—g(ix) = N(z), V& € X. Next,
define v(t, ) := u(z(t, \)), resulting in

0

This allows to rewrite as
Vs(Z,25) = x4 M(Z)xs = 2§ N (2)PN(Z)xs = v§ Pvs. (B.89)

Using this relation, the first term (B.86a]) can be written as
1
/ vs(t1, N) T Pus(ty, \) dA. (B.90)
0
Applying Lemma see Appendix to (B.90)) results in

(/01 vs(ti, ) dA)T

Hence,

1 1
P(/ z/g(tl,)\)d)\> g/ vs(t1, N) T Pus(ty, \) dA.
0 0

(1) TP (p(x(tr)) — p(@(t1))) = () T P(0(t1,1) = (t1,0)) <

1
/ l/(s(tl,/\)TPV(;(tl,/\) d\ =
0

/O st )T M (b0, N))za (. A) dA. (B.91)

Before looking at the second term, i.e., , let us recall some definitions. As
aforementioned, the parametrized initial condition Z(to, A) = Zo(A) can be taken as
any smooth parametrization zg € I'x(xo,Zo). Recall that p is a diffeomorphism,
implying that p~! : R™ — R"™x exists and p, p~! € C;. Hence, w.lo.g. we take

Bo(A) =~ ((to, N), (B.92)
where v(to, \) = u(Zo) + A(p(zo) — p(Zo)). Note that this choice of zo(\) satisfies

the aforementioned conditions. Consequently, we have that

vilto, ) = 2 p(1o, N) = p(zo) — (o). (B.93)

Using this result and (B.89)), the second term (B.86b|) gives

/0 (o) = u(F0)) T P(pa(o) — p(Fo)) dA = (u(o) = pu(E0)) " Ppa(xo) — pl&0))-
(B.94)
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Combining the results of (B.91]) and (B.94), it holds that

()T Pu((t1)) — u(@(t1) = (6) T Pu(z(to)) — p(i(to))) <

/v(; (11, 0), 25 (b1, ) — Vs (2(to, A). 25 (fo, A)) dA,  (B.95)

where Vs is given by (5.11). Combining this result with (B.84) gives

et a(t) - itataateo) < [ 7 (9 5] [90 T E - w

where V; is according to ([5.15). Hence, ((5.15)) qualifies as an incremental storage
function for (5.1)).
In case M(z) = M € S™ for all x € X with M > 0, the decomposition in

simplifies to N = I and P = M, hence, p(z ) = z and we obtain (5.16).
Note that the same result is obtained when solving (B.74)) and - dlrectly for
Vs(Z,25) =z Mxs, as in that case X(z.7) = & + A(z — x) and hence V; is given by
(.10).

Proof of Theorem 5.3 (Induced dissipativity)

If the system is incrementally (@, S, R) dissipative w.r.t. the supply function (5.14))
under the storage function V;, then it holds that

Vi(x(h),j?(tl))—Vi(x(to),i“(to))g/ )T {C*? JS%H 8 ;D((t))]

to

for all t9,t; € R{ with to < t;. Let the trajectory (,w,2) € B be equa
the equilibrium point (z,,ws,z.) € & for all t € R, ie., (2(t),w(t), 2(t )
(T4, ws, 24), VE € RY. Hence, for all tg,t; € R} with o < t;

Via(ty), 2.) — Vi(e(to), 2) </t1(*)T {Cf ;} {f‘;%:f] dt.  (B.OT)

to

CP

By Assumption we have that for each w, € # = my, & there is a unique
T, € X =7y, &, ie., there exists a bijective map k : # — 2 s.t. x. = k(wy).
Defining

Vs(z,wy) = Vi(x, k(wy)), (B.98)

which satisfies that Vs(-,w.) € Q, for every (z.,w.) € Ty, w, &, as Vi € Q;.

Substituting (B.98)) in results in holding for every (x,,ws, z.) € & that for
all to,t; € Ry with 1 > to,

et ) et < [0 [¢ 5] [0 7w e

to

for all (z,w,z) € B, meaning that the system is universally shifted (Q,S, R)
dissipative, see Definition f:2] Note that Assumption [I.1]is satisfied if the system is
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incrementally asymptotically stable, see Definition as each trajectory has to
converge towards one another as ¢ — oo (for the same input). Hence, there cannot
exist & Ty 1,Tw2 € My, & 8.b. (Tuq, We), (Tu2, Ws) € Ty, ., &, a8 T4 1 and x, 2 do
not converge towards one another (as they are by definition equilibrium points).

By Theorem we have that universal shifted (Q,S, R) dissipativity implies
(Q, S, R) classical dissipativity, assuming that (0,0,0) € &, thereby completing the
proof.

Proof of Theorem |5.5| (]Incremental stability implied by incre-}
imental dissipativity)

If the system given by (5.1]) is incrementally dissipative w.r.t. a supply function s;
for which (5.20) holds for all w € W and all z,Z € Z, then, it holds that

ty

Vi(z(th), 2(t1)) — Vi(z(to), Z(to)) < / si(w(t), w(t), 2(t),2(t)) dt <0, (B.100)
to

for all tg,t; € Ry with to < t; and (x, 2), (%, 2) € 7x, By(w) for all measurable

and bounded w € W= . As V; € C;, this also means that

d

dt
for all t € Ry and (z,2),(%,2) € mx,Byw(w) for all measurable and bounded
w € WR . Moreover V; also satisfies the conditions for Vi in Theorem we
consequently have that is satisfied. For incremental asymptotic stability,
we have that the supply function also satisfies , but with strict inequality
when z # 2. As we assume that the system is observable, see Definition
this means that z,z € m, By (w) with w € VVRJ7 for which z = Z, implies that
x =T € mx By (w). Hence, we have that with the inequality sign being
strict holds for all t € Rf and 2,7 € 7, By, (w) for which z # 7.

Vi(=(t),2(t)) <0, (B.101)

Proof of Corollary [5.2| (£,-gain bound])

First, we show that if for all (z,w) € X x W, (5.26) holds with M > 0, the system
given by (5.1) is incrementally dissipative w.r.t. the supply function

si(w, 0, 2,2) = yw'w— 2" 2, (B.102)
and storage function
Vi(x,#) = (x — &) Mz — %), M=0. (B.103)
Applying the Schur-complement on , we obtain

O {2 ]\(ﬂ {Aé(é,w) Ba(g@)} -

<0, (B.104)
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and by multiplying by v,

O L? ]\(ﬂ {A(;(i,w) Ba(g,ﬂ)) -

(*)T ’)/21 0 0 1
0 —I||Cs(z,w) Ds(z,w
where M = yM > 0. Therefore, we have the (Q, S, R)-triple (v2I,0, —I), for which
R = —1I <0, see Theorem Hence, from Corollary [5.1] we have that the system

given by (|5.1) is incrementally dissipative w.r.t. the storage function (B.103f), and
supply function

)} <0, (B.105)

51(w, B, 2,5) = rg - ;U} | [Wif _01} B - ﬂ 7 (B.106)

which is equivalent to the supply function . Therefore, if holds with
M > 0, the system given by is incrementally dissipative w.r.t. supply function
. Among the lines of (Van der Schaft Prop. 3.1.7), we now show that
this implies a bounded L;2-gain of ~ for .

Note that if the system is incrementally dissipative w.r.t. (B.102)), meaning there
exists a V; such that for all t > 0 and (z,w, 2), (&,@,2) € B it holds that

= Vi(2(0),2(0)) < Vi(x(t), 2(t)) — Vi((0), 2(0)) <
/0 V2 lw(r) —@(0)|]° = ||2(7) = Z(7)||* dr. (B.107)

which is equivalent to

[ 1) = 2001 dr <92 [ futr) = a(0)|? dr 4 Vi@(0), 30), (B.108)
0 0

holding for all ¢ > 0 and (z,w, 2), (Z,w, Z) € *B. Using the Lo signal norm definition,
see Definition this is equivalent to

Iz = 213 7 < 7% lw = BI[5 7 + Vi(2(0), 2(0)), (B.109)

holding for all T > 0 and (z,w, 2), (Z,1, Z) € B with w,® € Lge. Taking the square
root on both sides, we obtain

|z = Zllpr < \/72 lw = |[3 7 + Vi(2(0), #(0)) < 7 [lw — @], + v Vi(2(0), 2(0)),
(B.110)
which is equivalent to 1} with (i (zo, Zo) = v/ Vi(wo, To)-

Proof of Corollary [5.3| (£i--gain bound))

The concept of this proof is based on (Scherer [2000, Section 10.3) and (Scherer and
Weiland 2015 Section 3.3.5). Pre- and post-multiplying (5.27a]) with col(xs,ws) "
and col(zs, ws), respectively, yields that, omitting dependence on ¢, A for brevity,

dsx | Mxs + .I;;er'(; + ﬁx(STMx(; — aw;w(; <0, (B.111)
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For a storage function Vs of the form (5.11)) (and by abusing notation by omitting
the z argument), (B.111]) is equivalent to

%(vg(xé(t, )\))) + BVs(s(t, ) — allws(t, N)||? < 0. (B.112)

Next, we have that (B.112), by Grénwall’s Lemma (Khalil 2002, Lemma A.1),
implies that

t
Vs(xs(t,\)) < e PV5(25(0,\) + « / e P |lws (7, N)|)? dr. (B.113)
0

Moreover, we can define an upper bound for the integral in (B.113)) as follows,

+ t
«
o / e s (7, V[P dr < aflws (12, / e dr < S lws Wl

0
(B.114)
Furthermore, it holds that,

e_ﬁtV(;(J:(;(O, A)) < Vs(x5(0,0)), (B.115)

forallt > 0and A € [0, 1]. Therefore, by combining the result of (B.114)) and (B.115)),
it holds that for all ¢ > 0 and A € [0, 1]

BVs(s(t, X)) < BVs(xs(0, ) + o ws (V12 , - (B.116)
As we have that
To(A
z5(0,) = &r(;)(\ ) = %(i’o + Mo — Zo)) = w0 — To, (B.117)

and as Vs is of the form ([5.11)), we have that

Vs(25(0,A) = 25(0,X) " M5(0,A) = (w0 — Fo) ' M (0 — Fo) = Vi(wo, &o). (B.118)

Moreover, as Vs(zs(t, \)) > 0, it then follows from (B.116]) that the following is
true,

1 1
/ BVs(ws(t,\) d\ = 5/ z5(t,\) T Mas(t,\)d\ <
0 0
1
/ BVs(5(0, 1) + a [ws(N) |12, dX = BVi(wo, o) + o w — b2, , . (B.119)
0

The latter equality comes from (B.118) and the fact that ws(A) = % =w—w. We
will use the bound in (B.119)) later in the proof.

Consider now the second inequality ([5.27bf), which can be rewritten using the Schur

complement as

1 _ _ BM 0
v (*)T [C’a(z,w) D(gc,w)] = [ 0 (*ya)[} .
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Pre- and post-multiplying the latter with col(xs,ws) " and col(zs, w;s), respectively,
gives that,

v st ) T2s (8, A) < Bas(t, \) T Mas(t, \) + (v — a)ws(t, \) Tws (£, \) 7. (B.120)

As (B.120]) only consists of positive terms, we know the following is true as well,
1
| vt s N dr <
0
1
/ B as(t,\) T Mas(t,\) + (v — @)ws(t, \) "ws(t, \) dX\.  (B.121)
0

Using Lemma |C.4.1} we know that the left-hand side of the inequality in (B.121)), is
bounded from below by

! (/01 2ot 2) d/\>

Again due to the selection of the path parametrization of w(\) = w + Aw — ), we

have that the last term in (|B 121)) is not dependent on A, as w;(t,\) = w(t) — w(t).

Hence, we have that (B.121)) can be rewritten to

T

</o () C“) = TG - 2W). (B2

Y1) = O < 8 [ N Mt 3 G ) - GO (8.123)

By substituting the inequality (B.119)) in the inequality (B.123)), we obtain the

following relationship,
_ N - 112 T
(@) = 20N < BVilo, To) + allw — DI, , + (v — @) [[w(t) — @)
By taking the supremum over all ¢ € [0, T for T > 0, we infer
Iz = 215 7 < 7° llw = @))%, 7 + VBV (w0, &o).
Therefore, for all T > 0 and (z,w, 2), (&, W, ) € B with w,w € Lo

12 = 2o 7 <70 = @l 7 + VBVi(@0, To)-

Which glves us the deﬁnltlon of the incremental L,.-gain, see Definition [5.5] with

Ci(wo, Zo) = /vBVi(x0, To), proving the claim.

Proof of Corollary [5.5| (Li:-Li-gain bound)

The concept of this proof is based on (Scherer and Weiland 2015, Section 3.3.4).
We have that the first matrix inequality (5.30a)) is equivalent to the condition for
differential dissipativity of a system with the supply function

ss(ws(t,N), 25 (£, N) = 7 lws (£, N)||* = (B.124)

)

dw(t,\)|?
B))
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as a result from Theorem Therefore, it holds from (5.10]) for all ¢ > 0 that

x5(t, \) T Maxs(t, \) — 25(0,\) T Mas(0, ) < 7/0 w(r) —@(r)||* dr,  (B.125)

=Vs(zs(t,\)) =Vs(25(0,X))

using the fact that au(t A) = Z(w(t) + Mw(t) — (1)) = w(t) —w(t). Moreover, as

here also |B 117!% holds we have that (B.118]) holds. Furthermore, as Vs(zs(t, \)) > 0,

we have from (B.125) that the following holds true as well

[ vststnars [ (v5<x5<o,x>>+w [ o) - am? dr)dA
that is, using ,

/01 Va(5(t, A) dA < Vi(zo, o) +v/0t leo(r) — a(r)|? dr. (B.126)
Consider now the second matrix inequality , which can be rewritten using
the Schur complement, such that for v > 0 it holds that

M —~y71Cs(z,w) " C5(z,w) > 0. (B.127)

The matrix inequality can be rewritten to
Cs(z,w)" Cs(Z,w) < yM. (B.128)
Pre- and post-multiplication of with zs(t,\)T and zs(t, \), respectively,

gives
2s5(t, \) T 25(t, N) < AVs(2s5(t, N), (B.129)

as Ds(z,w) =0 for all (z,w) € X x W. Clearly, if (B.129)) holds, we know that

/1 25t A) T 25(6 \) dA < 7/1 Vs(as(t, ) dA, (B.130)
0 0

holds. As in the proof for the Li.-gain, we use Lemma to obtain a lower
bound for the left-hand side of (B.130)). The lower bound is

( /0 N d>\>

and gives that (B.130|) implies that for all ¢ > 0

T

</0 z5(t M) dA) = (2(t) = 2(8)) T (2(1) = 2(1)) = ||=(t) — 2(0)]”.

12() — 20|12 < 7/ Vi(as(t, \)) dA. (B.131)

Combining the result of (B.126]) and (B.131)) gives that for all ¢ > 0

12(t) — Z@) || < yWilxo, Eo) + 72/0 w(r) — @(7)||* dr. (B.132)
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Taking the supremum over t € [0, T gives that for all "> 0

e = 2% o < W0, 0) + 2 flw — 6l (B.133)
Therefore, from , it also follows that

12 = 2l < Vllw = @l 7 + VVi(20, Zo),
forall T > 0 and (z,w, 2), (Z,w, 2) € B with w,w € Lo, giving us the definition

of Lio-Lino-gain where (i(z9,Z0) = /YVi(xo,Zo), corresponding to incremental
generalized Ho performance, proving the statement.

Proof of Lemma [5.3| (DPV behavioral embedding)

As the LPV representation is a Differential Parameter-Varying (DPV) em-
bedding of the system given by on the region X x W = X x W, for any
trajectory (zs,ws,2z5) € Bs(Z,w) and any (T,w) € Ty w B, we also have that
(x5, w5, 25) € Bp(n(z,w)). Moreover, as X x W = X x W and n(X, W) C P, we
get the following relation

%5 = U Bs(z,w) C U B, (n(z,w)) C U Bp(p) = %p-
(Z,0)Emx,w B (z,0)e(X W)k pePR
(B.134)

Proof of Theorem [5.7| (Incremental dissipativity through the|
[LPV framework)

Through the DPV embedding on the region X x W = X x W and by
Lemma [5.3] we have that we describe the full behavior of the differential form of
(5.1f), given by . Hence, if the LPV representation is classically dissipative,
i.e. for all p € P, then the differential form is classically dissipative, i.e.,
for all (z,w) € myw B, corresponding to system given by being differential
(@, S, R) dissipative. As R = 0 this then implies by Theorem incremental
(Q, S, R) dissipativity of (.1)).
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B.4 Proofs of Chapter 6

Proof of Theorem [6.1| (Closed-loop differential form)

The proof follows in the same manner as the proof of Theorem [£.9] regarding the
velocity form, where &, @y, 1, i, ¥, and gk then become x5, x5k, us, Usk, Ys, and
Ys.x, respectively, and P, and K, become Ps and Ks. Therefore, the proof is not
repeated.

Proof of Theorem [6.2| (Differential closed-loop L,-gainl)

By synthesis, we obtain a controller Ky such that the closed-loop intercon-
nection Fi(Pqpy, Ks) has a bounded Lo-gain of ~ for all p € PR. Moreover, as Papy
is a DPV_embedding on the region X C X we have through Lemma (see also
Remark that %5, x C %p. Consequently, these two results imply that J(Py, Ks)
with p = n(z) for K; is L£o-gain stable with a L£o-gain < for all z € 7w, By.

Proof of Theorem |6.3| (]Incremental controller realization[)

Based on the definition of the differential variables? we have that x5k (t) = & Zx(t, ),
usi(t, A) = Ztine(t, \), ysx(t, N) = Zi(t, A). The family of parameterized trajecto-
ries is defined as (Z(A), uk (), i (A)) with A € [0, 1] such that (Zx (1), ux(1), 5 (1)) =
(zx, uk, yx) is the current trajectory and (zx(0),ux(0), yx(0)) = (zf, uf, y5) is the
steady-state trajectory. Consequently,

1
)
) =y + [ ot A) dA, (B.135a)
0
1
= ye(t) + / Yot A) dA. (B.135b)
0

Based on Ky, in terms of 7 we get
1
yk(t) =y (1) +/ Ci(n(@(t, X)) w5 (t, A) + Dic(n(z(t, A))us(t, A) dA. (B.136)
0

The closed-loop differential storage function is V(zc1, Ts.c) = ac(;TdM Z5,c1 with
M > 0, corresponding to a constant Riemannian metric. Hence, the homotopy path
connecting . (t) and ) (t) can be considered a straight line, i.e., by

Falt, ) = a3 (1) + Alza(t) — 25 (), (B.137)

]
@
@
—
=

anchester and Slotine [2018) and Lemma [5.1] Therefore, Z(t,\) = z*(t) +
Az (t) —x*(t)) and Zk(t, N) = x5 (t) + Mk (t) — i (t)). This implies that x5k (t, \) =
Lo (t,N) = & (2 (t) + Max(t) — 25(t)) = 2 (t) — 21(t) = za k() and similarly

2See Chapter [5| for more details.
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x5(t, \) = x(t) — 2*(t). Furthermore, define the parameterlzed trajectory w(t, ) =
w*(t) + )\( t) — w*(t)), such that ws(t,\) == Zw(t,\) = w(t) — w*(t). Hence,
as usk(t,\) = ys(t,\) = Cyxs(t,\) + Dywws(t,A) is linear in x5 and ws, and
as ws(t,\) = w(t) —w*(t) and z5(t,\) = x(t) — 2*(t), we obtain usy(t,\) =

uk(t) — uf(t) = ua x(t). Using these relations for the differential state equation of

K in (6.9a)), filling these relations in (B.136), and using that p(t, ) = n(z(t, A)),

result in

iax(t) = (/1Ak(p(t,)\))d)\> 2a(t) + (/01 Bk(p(t,A))dA> uax(t); (B.138a)
1 Ci(p(t, \) d)\> zan(t) + < /O 1 Di(p(t, \)) dA) unx(t);
(B.138b)

giving us K (6.10]). Next, it is shown that the differential form of K ( is K5
(6.9). Based on (B.138|) define:

. A A
T (t, ) = @ (t) + (/0 Ax(p(t, )\))d/\> A K(t) + </0 By (p(t, M) d)\> ua x(t);

(B.139a)
y(t, A) = y(t) (/ Ck(p tA))dA)mAk (/ Dy (p(t, \)) )UAk()
(B.139b)
Differentiating w.r.t. A, we obtain
%ék(tw\) = Aw(P(t, A))5 1 (t) + Bi(p(t, A)Jus i (1); (B.140a)
%yk(t,)\) = Cx(p(t, N)zsx(t) + Di(p(t, A))us k(). (B.140b)

Then, using that usk(t) = usk(t, A), Tsx(t) = sk (t, A), x5k (¢, N) = ai k(t, A) and
Ysx(t, \) = %yk(t, A), we get

8i(t) = Ai(p(D)wsx(t) + Bi(p())us(t); (B.141a)
5y(t) = Cilp(t)s.(t) + Di(p(t) s (b); (B.141D)

which is Kj , completing the proof.

Proof of Theorem [6.4] (Closed-loop L;>-gain stability))

By Theorem|[6.2] it holds that K5 ensures Lo-gain stability with a bounded Lo-gain y
for F1(Ps, Ks) for all ¥ € my By. Furthermore, by Theorem. 6.3 the differential form

of K given by (6.10) is equal to K given by (6.9). Consequently, by Theorem [6.1]
the differential form of F(P, K) is given by Fi(Ps, Ks5). Moreover, we consider the

set W C W, for which X, = X x Xy is invariant, meaning that for any w, w* € WR0+,
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the resulting x(t), 2*(t) € X, Vt € R}. Hence, we will remain in the design set on
which Ls-gain stability of the differential form is ensured. Based on Theorem
this then implies that F(P, K) is incrementally dissipative w.r.t. the Liz-gain
supply function, hence, there exists a function (; : X X X — R s.t.

H}—I(P7 K)(w’ xCl,O) - ‘/—-i(P’ K)(w*7 x:170)H27T <7 HU} - w*||2,T + Ci(xCLO’ x:l,O)v
(B.142)
for all T' > 0, xc1,0,%c1,0 € X and any w,w* € WRS with w — w* € Lo, which
implies ([6.14]).
As F (P, K) is incrementally dissipative (for the Lis-gain supply function), it is
also incrementally stable based on Theorem The differential storage function
is given by Vs(ze1, T5.0) = x(;ClM %5,c1, which implies that the incremental storage
function is given by Vi(za,z}) = (o — x:I)TM(xd —z})), see Lemma The
latter also qualifies as an incremental Lyapunov function, see Theorem
Moreover, the (desired) steady-state trajectory ¢ € By is a valid solution of P with
corresponding (z¥, w*, 2*) € (X x W x Z)R due to the well-posedness of (P, K).
Consequently, this nnphes by (Riiffer et al. Theorem 11) that all solutions
converge towards (z}, w*, z*). Meaning, for all w € WEG | when w(t) = w*(t) as
t = 00, (zalt), w(t), z(t)) = (x}(t), w*(t),z*(t)) as t — oc.

Proof of Theorem (6.5 (Nonlinear observerl)

Define  Fo(xe,Zo,uywm) = fo(@e,uywm) + LCo(x.(t) — Zo(t)) and
He(Te, e, wm) = CeZe(t) + Dywwm(t). As Fe(ze, Te, u, wm) = fo(®e,u,wy) and
Ho(Te, To, W) = Coe(t) + Dywwin(t)), we have that is a virtual system
of -, see also (W. Wang and Slotine [2005 m Jouffroy and Fossen . The
virtual system given by (|6 is virtually contractive, meaning that &.(t) — x.(t)
for t — oo, see (W. Wang and Slotine Reyes—Béez , if

T5.0(t) = (gﬂ{: (Ze (t),u(t),wm(t))> Zs.e(t) — LCo5.6(1), (B.143)

is asymptotically stable. The differential form of the virtual system given by (|B.143])
can be written as

éé,e(t) = (A(;,e(ie(t),u(t), wm( )) LC )xé e( ) (B144)

The system given by (B.144) is asymptotically stable with (differential) Lyapunov
function Vs(&s5e) = T5,Plse if 1) holds for all (2, u, W) € Xo X U X Ty, W.
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B.5 Proofs of Chapter 7

Proof of Theorem (7.1] (DT differential (Q, S, R) dissipativity|

condition))

The proof follows similarly as the Continuous-Time (CT) variant of Theorem
Namely, the system given by is differentially dissipative w.r.t. a supply function
ss and for a storage function Vj, if holds for all (Z,w) € 7B and for all
to,t1 € Ng with tg < t1. This condition is equivalent with

Vs(Z(t+1),m5(t + 1)) — Vs(2(t), z5(2)) < ss(ws(t), 25(t)), (B.145)

holding for all (Z,w) € 7y B and for all t € Ny. Substituting the differential
dynamics (|7.7]), the considered supply function ([7.10|), and storage function ([7.11))
in (B.145) results in

(6)T M (z(t + 1)) (As(2(1), 0 (t))ws(t) + B
z5(t) T M (2(1))ws(t) < ws(t) " Qus(t )+2w5( ( Cs(@(t), w(t))as(t)+
Ds(z(t), w(t))ws(t)) + (x) " R(Cs(z(t), w(t))s(t) + Ds(z(t), w(t))ws(t)), (B.146)

holding for all (Z,w) € 7y B and for all ¢ € Ny. If it holds for all (z,w) € X x W,
zy € D, x5 € R™, and ws € R™ that

5(2( ws(t))

(x) "M (z + 2,) (As(Z, ) x5 + Bs(Z, W)ws) —
x(;TM(i)x(; < w(;TQw(; + 2w5 ( s(Z,w)xs+
D5(J_3,U_J)w§) (% )TR(C(;(j w)xs + Ds(z, w)wg) (B.147)
then, (B.146) holds Fmally, is equivalent to (B.147) by pre- and post

multiplication of (7.12)) with Col(x(;, ws) " and col(zs, ws), respectively.

Proof of Theorem 7.2 (Induced DT incremental dissipativity])

Similar to the CT proof for Theorem [5.2] in Appendix [B.3] we start with the differ-
ential dissipativity condition, which writing out the A-dependence and integrating
over A results in

/O [Vgs (Z(t1 + L, A),z5(t1 + 1, 0)) — Vs (Z(to, A), ws(to, X)) —

ty

3 s (ws(t, A), 251, A))} AN < 0. (B.148)

t=to

holding for all (Z,w) € mxu B, A € [0, 1], and for all tg,¢; € Ny with ¢9 < ¢;. We
use the CT results, specifically (B.74)—(B.77)), to bound the storage function part,
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Vi (.’L‘(tl + 1),@‘@1 + 1)) -V (x(to),.i’(to)) <
1
/0 Vs (Ij(tl + 13 A)axzs(tl + 17 A)) V&( (t07 ) ‘rﬁ(t()a A)) dA. (B149)

where V; is given by (B.75). Next, we consider the supply function part of (B.148)),
which, by changing summation and integration operations, is given by

Z / [ } B;((tt ;))] dn. (B.150)

t=to

Again, using the CT results, specifically (B.81)—(B.83)), results in

tz;o/ [ ] [ } X < Z { } { 8 ?é;] (B.151)

t=to

Combining (B.149)) and (B.151)) with (B.148)) results in
ty

Vi(z(ts + 1), 2(t1 + 1)) — Vi(z(to), Z(t0)) < Z si(w(t), w(t), z(t), 2(t)), (B.152)

t=to

for all to,t7 € Ny with tg < t; and any two trajectories (z,w, z), (Z,w,2) € B
with V; is given by (B.75|), which is the condition for incremental dissipativity in
Definition [Z11

Proof of Corollary [7.2| ((;>-gain analysis))

Using a Schur complement and a congruence transformation we have that ((7.14]) is

equivalent to
()7 [_éw 0][A5(i ) Bé(ng)}
ON [731 —01] [05(2,11)) Ds(

1
=<

@) S 0, (B.153)

where M = yM~"'. This corresponds to (7.1)) being differentially (Q, S, R) d1$Slpa—

tive with Q = 'y2I S=0and R=-1 and storage function Vs(Z,zs) = v Mas.

By Theorem [7.2] this hence implies existence of a storage function V; s.t. that for

all T' € Ny, (av,w,z)7 (Z,w,2) € B

V1($(T + 1),@(T + 1)) — Vi(ZEQ,ZfJo) <

T
S 20T (w(t) - @(1) — ()T (=(0) - 5(1)). (B.154)
t=0

I
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This implies that
Vo llw = @l — ||z = 250 + Vi(zo, ) = Vila(T +1),#(T +1)) 2 0, (B.155)

for all T € Ny, (z,w, 2),(Z,w, Z) € B with (w — @) € fi2. Consequently, we have
that
Iz = 2l 7 < 72w — @5 7 + Vi(o, %), (B.156)

which by taking the square root on both sides® results in holding for all T € N,
(x,w,2),(Z,w, %) € B with (w—0) € bio

|2 = Zlly.r < v llw =@y 1 + vV Vi(2o, To), (B.157)
which is equivalent to 1D for p = q = 2, with (;(zo,Zo) = /Vi(zo, Zo).-

Proof of Corollary (7.3 (DT incremental passivity analysis)

According to Definition a system of the form is incrementally passive if it
is incrementally dissipative with respect to the supply function s; given by .
This supply function can also be written in (Q, S, R) form, see , by taking
Q =0, S =1Tand R =0. By using the results of Corollary [7.1} and filling in @ = 0,
S =1 and R =0 in condition ([7.12), where the matrix function M is constant, it
can simply be rewritten into y taking a Schur complement and congruence
transformation.

Proof of Theorem [7.4] (Differential closed-loop (,-gain))

Through the DPV embedding Py, given by and Lemma we have that
%@X - %p. Consequently, if Fi(Papy, K5) is f2-gain stable and has an ¢5-gain of
for all p € PN, then JF(Ps, Ks) is f2-gain stable and its £»-gain is bounded by ~y
for all £ € XNo_ hence, this also holds for all z € By.

Proof of Theorem |7.6| (]Closed—loop Kig—gain[)

This proof follows similarly as the proof of Theorem [6.4] Theorem [7.4] shows that
the closed-loop interconnection Fi(Pj, Ks) of differential form of the generalized
plant Pjs given by and LPV controller K5 given by is £o-gain stable
and its /o-gain is bounded by ~ for all & € w5 By if the closed-loop interconnection
Fi(Papv, K5) of the DPV embedding Pypy given by and the LPV controller
K35 is £5-gain stable and has a bounded f-gain of ~ for all p € PNo. Theorem
shows, assuming Assumption that for the controller its differential form
is given by . Therefore, based on Theorem this implies that /1 (P, K) is

3Also using that for a,b > 0, Va + b < \/a + /b.
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incrementally dissipative w.r.t. the ¢j3-gain supply function, hence, there exists a
function ¢ : Xy X X — R s.t.

H]:.l(P, K)(w7 xCLO) - -E(P7 K)(w*v x:I,O)H27T <7 Hw - w*HZ,T + Ci(xcl,07 x:l,o)v

(B.158)
for all T > 0, zq,0,Zc,0 € Xo and any w,w* € WRS with w — w* € Lo, for
which z,# € By. Here Fi(P, K)(w, T o) denotes the output z € 2N of F(P, K)
for an input w € WMo and initial condition w1 o = col(z(0),zx(0)) € Xa. We
have that implies that Fi(P, K) has an {-gain bound of v, see (7.13).
Furthermore, as the closed-loop is incrementally (Q, S, R) dissipative for a supply
function corresponding to the fjp-gain, it is incrementally asymptotically stable,
see Theorem This means that all trajectories converge towards each other,
and as the steady-state trajectory ¢ = (z*,w*,u*,z*,y*) € Bx is by design of
the controller a feasible trajectory, all trajectories (z,w,u,z,y) € By will
converge towards (z*,w*,u*, z*,y*) € By, i.e. (z,w,u,z,y) — (5w, u*, 2" y*)
as t — oo, for w(t) — w*(t) as t — oc.
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B.6 Proofs of Chapter 8

Proof of Lemma [8.1| (Condition for DT velocity dissipativity])

If the system given by ([8.1) is velocity dissipative, it holds that

Ve(za(t+1)) = Vo(za(t)) < syv(wa(t), za(t)), (B.159)
for all t € Ny and (xa,wa,za) € By. Using the dynamics of the velocity form

and using that za(t) = z(t + 1) — 2(t), condition equivalently holds if
Vy (Av (z(t+1),2(t),w(t + 1), wt)) (z(t + 1) — z(t))+
By(z(t+1),z(t),w(t+1),w(t)) (wt+1) — w(t))) —Ve(z(t+1)—=(t)) <
Sy (w(t +1) —w(t),Cv (2t + 1), 2(t), w(t + 1), w(t)) (z(t + 1) — z(t))+

Dy (x(t + 1), 2(£), w(t + 1), w(t)) (w(t + 1) — w(t))), (B.160)

for all t € Ny and (z,w,z) € B. Consequently, if (8.14) holds for all values
wy,w €W and x € X, then (B.160)) holds for all for all t € Ny and (z,w, z) € B,
which means the system is velocity dissipative w.r.t. the supply function s,.

Proof of Theorem [8.2] (DT velocity (Q, S, R) dissipativity con{
Fition)

If (8.17) holds for all (x,w) € X x W, we have by pre- and post multiplication of
(8.17) with col(za,wa)" and col(xa,wa), respectively, that

(*)TM(AV(,T, w)xa + By(z, w)wa) — .’L‘ZMLEA—
lewA — 2w£S(Cv(x,w)xA + Dv(x,w)wA)—
(*)TR(CV(.T, w)za + Dy(z,w)wa) <0, (B.161)

all zao € R™ wa € R™ and (z,w) € X x W. Consequently, it also holds for any
A€ 0,1] and x4,z € X and wy,w € W that

() T M (A (Z(N), ©(A)za + By(2(A), ®(N)wa) — zAMza—
wAQua — QwAS( (@A), w(A))za + Dy(Z(N), 0(A)wa)—

(*) TR(Cy(Z(N), w(N))za + Dy(Z(N), w(N)wa) <0, (B.162)
where Z(\) = 2 + Moy — ) and w(\) = w + AMw4 — w). Hence, we also have by
integration over A that

/0 (1) " M(A (Z(N), W(A)za + By(Z(A), 0(A\)wa) — 2AMza—

wAQwa — 2wAS(Cy(Z(N), W(N))za + Dy (Z(N), W(A))wa)—
(*) TR(Cy(2(A), w(N))xa + Dy(E(N), w(A))wa) dA <0, (B.163)
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for any z;,2 € X, wy,w € W, 2o € R™ and wa € R™. By Lemma [C.4]] as
M > 0, we have that

/O ()T M (A (Z(N), B(A)za + By(Z(\), B(N)wa) dA, (B.164)

and similarly, as R < 0, we have that

(/ Cy(z(X), w(N)za + Dy(Z(N), w(N))wa d,\> <
/ ()T (=R) (Co (3N, BN))ra + Dy (BN, B(A))wa) dA.  (B.165)

0

Note that A, af , By = 9 0, =2 p, = ah . Hence, using the definition of

T ow? — Ox>
Ay,...,Dy in 1-D we have that

/A @), BO))za + Be(3(V), B(A))wa dA =

Ay(zy, z,wy, w)za + By(ry, z,wy, w)wa, (B.166)

[ G0 + Dyl s i =
Co(zy,z,wy, w)za + Dy(zy, z,wy, w)wa. (B.167)

Combining (B.164)(B.167) with (B.163)), we obtain that

()" M (Av(zy, 2, Wi, w)za + By(zg, 2, wp, w)wa) — s AMaza—

wZQwA - ZWXS(CV($+, T, W, UJ)J?A + Dv(x-‘rv T, Wy, U))U)A)—
(*)TR(C'V(m+,x,w+,w)xA + Dy(z4, 2,0y, w)wp) <0, (B.168)

forany x4,z € X, wy,w € W, xa € R™ and wa € R™. Substituting za = x4 —x,
wa = wy —w, and x4 = f(x,w) in (B.168), we obtain the inequality where
Vy is given by and sy is given. By Lemma this then implies
velocity (@, S, R) dissipativity.

Proof of Theorem (8.3 (Implied universal shifted stabilityj)

The proofs follows in a similar manner as the proof of Theorem [I.5] Namely, for
each equilibrium point (., wy, z,) € &, consider

Va(z(t), ws) := Vo (f (2(t), we) — x(t)) = Ve(za(t)). (B.169)
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For each (2., w.,z.) € &, this choice implies that Vs(-,ws) € Q.,, as Vy € Q.
Note that this requires uniqueness of the equilibrium points (see Assumption ,
as otherwise there exists multiple z. for which Vi(z,,w,) = 0. By this choice of Vj,
we have that for each (z,,ws,24) € &,

Va((t + 1), w.) = Va(z(t), ws) = Vo(zal(t +1)) = Vi(za(t)) <0, (B.170)

for all t € Ny and za € 7, By w(w = w,) and correspondingly all © € my By, (w =
w,). This implies that holds for all x € 7y B, (w = w,) and for all equilibrium
points (z.,w.) € 7x, w, &. Hence, by Theorem is universally shifted
stable. The asymptotic stability version follows similarly by changing (B.170) to a
strict inequality.

Proof of Theorem (8.4 (Universal shifted performance from|
velocity dissipativity)

The proofs follows in a similar manner to the proof of Theorem [£.7] If the nonlinear
system given by is velocity dissipative w.r.t. the supply function s,(wa, za) =
wZQwA + z—'A—RzA, there exists a storage function V,, such that for all ¢y, t; € Rg
with t1 Z t()

Vo(zalty +1)) = Vo(za(to)) ZMA TQua(t) + za(t) " Rza(t), (B.171)

t=to

for all (xa,wa, za) € By, corresponding to (z,w, z) € B. Hence, as V,(za(0)) =
Vy(0) =0 and Vy(zy) > 0, Va, € R™\{0}, this implies that

T

0<> walt) Qua(t) + za(t) T Rza(t), (B.172)

t=0

for all T'> 0 and (za,wa, 2a) € By. Defining Q) := @Q and R := mR, it also

holds that
T

0<> walt) Qualt) + za(t) " Rza(t), (B.173)

t=0

Next, using (8.19)—(8.21)) and as xa(t) = x(t + 1) — (t), we have that, omitting
dependence on time for brevity,

2ARzpn = 2JCTRCxp, (B.174a)
= (*)"RC(f(z) + Bw — ), (B.174b)
= (%) "RC(f(x) + Bw — x + x. — (f(x.) + Bw,)), (B.174c¢)

=0

= %) "RC(f(x) — f(xs) — (x — x4) + B(w — w,)). (B.174d)
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Through Lemma we have that

Lof
f(@) = fz.) = ( 5y (T T Az —2.)) d>\> (z — ),
0 Oz
- (/1 Av(x*+>\(x—x*))d)\)(x—x*), (B.175)
0
Ay (z,24)
hence, B
f(@) = f(z) = (z — 20) = (Ay(z, 20) — I)(x — x2). (B.176)
Combining this with Assumption [£.2} we can write (B.174d)) as
2ARza = (%) TRC(Ay(z,2,) — I)(z — ). (B.177)

Next, by satisfying Assumption for T'= R < 0, we have that, for every z, € 2,

2ARzn = (%) "RO(Ay(z,2.)—I)(z—2,) < a (%) "RC(z—x.,) = a1 (*) " R(z—2.).

(B.178)
Moreover, by Assumption 8.2 and using that wa (t) = w(t+ 1) —w(t), we have that,
for a given (x4, wy, zy) € &,

(B.179)

and hence,

wa(t)TQua(t) = (%) T Q(Aw — I)(w(t) — w.) < 2(%) "Q(w(t) — w.), (B.180)
where w € 20 and 0 < Q < I. Combining , , and (B.180]), we obtain

that, for every (z.,wy, z4) € &,

T
> B2 Qw(t) —w.) + a7 (#) TR(2(t) — 2.) > 0, (B.181)
t=0

for all T'> 0 and (w, 2) € Ty, B with w € . Hence, also

T

D B2 T Qw(t) —w.) + a7 () TR(2(t) — 2.) > 0, (B.182)

t=0

for all T'> 0 and (w, 2) € Ty, B with w € 2.

Proof of Theorem |8.6| (]DT universal shifted controller realiza-}

For the proof, we first use part of the results of the proof Theorem in Ap-
pendix For simplicity, we assume in the proof that solutions are defined on
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Z. First, based on Theorem the differential form of the incremental controller

O
realization (7.32)) is given by (7.31]), equivalent to (8.34]). Consequently (see also
7.2

Theorem [7.6)), based on Theorem [7.2] this implies that F(P, K) is incrementally
dissipative w.r.t. the fj>-gain supply function. Under Assumption this (and
through Lemma means there exists an M > 0 such that

(%) " M(za(ts) = z4(tr) = (5) T M(za(to) — 25 (to)) <

D7) () —w' (1) = ()T (2(t) — (1)), (B.183)

t=to

for all tg,t1 € Z, t1 > to, and (xe, w, 2), (25, w*, 2*) € By x (where B x is the
behavior associated with closed-loop F1(P, K) for which € By). Note that this
corresponds to the incremental storage function Vi(z,#) = ()" M (z — ).

Now, consider the restriction of the trajectory 9 to

9(t) = (2" (1), w (1), w" (1), 2" (1), 5" (1)),

= (2t — 1), w(t — 1), u(t — 1), 2(t — 1),y(t — 1)), (B.184)

i.e., the (current) trajectory delayed by one time instance. For this restriction, the
incremental controller realization ([7.32]) becomes

ax(t+1) = Ax(z(t), z(t — 1))za x(t)+
Bic(w(t), x(t — 1)) (u () — we(t — 1)); (B.185a)
yic(t) = yic(t — 1) + Cic(x(t), x(t — 1)zak(t)+
Di(a(t), x(t — 1)) (uic(t) — we(t — 1)); (B.185b)

with 2 k() € R™x and Ay, ..., Dy as given (8.37). By defining &y (t) = wy(t — 1)
and 2y (t) = yx(t — 1), we get that

Fr(t+1) = w(t), (B.186)

then, (B.185al) becomes
-TA,k(t + 1) = Ak(x(t),x(t — 1))1'A,k(t)+
Bia(t), a(t — 1)) (welt) — 3t - 1)), (B.187)
and from (B.185b)) we get that

Ye(t) = 2x(t) + Cic(z(t), x(t — 1))z Ak (t)+
Dy (z(t), x(t — 1)) (u(t) — Eic(t)), (B.188)

and

i’k(t + 1) = i‘k(t) + C’k(I(t),l‘(t — 1))$A,k(t)+
Dic((t), &t — 1)) (uic(t) — Fx(t)) (B.189)
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Combining (B.186)—(B.189)), and defining & = col(Fy, za, k, #x), we can express the
dynamics of (B.185|) as (8.35)) with matrices given by (8.36) and ( -

Moreover, through the restriction of ¢ given by 4' we have from (B.183)) that

()T M(zalts) - zalt - 1)) — (0T M(zalto) - zalty — 1)) <
S 20T (wlt) - wit — 1)) — (1) (=(t) = 2(t — 1)). (B.190)

for all tg,t; € Z, t1 > tg, and (ze,w, 2), (z
Hence, we also have that

w*, 2*) € B for which x € By.

:lv
() "M (za(ts +1) = za(t)) — (x) T M(za(to + 1) — za(te)) <
Z V2x) T(w(t+1) —w(t) — (%) T (2(t+ 1) — z(t)). (B.191)

t=to

By using that za(t) = z(t + 1) — z(t) and wa(t) :== w(t + 1) — w(t), and defining
Tael(t) = za(ts + 1) — za(t1), we get that

(%) "Mz aalts) — ()" Mzaalto) ZV — ()" 2a(t),  (B.192)

t=to

for all ¢g,t1 € Z, t1 > to, and (za e, wa,2a) € ABg x. This is the condition
for velocity (@, S, R) d1551pat1v1ty with (Q, S, R) = (v*1,0,—1I) and Vy(za a) =
'TA7C1MJ:A,017 see Deﬁn1t10n

Proof of Corollary [8.2| (Universal shifted realization with inte{

ral action)

For the realization of the controller in the proof of Theorem 8.6 we have that the
time-difference wuy(t) — ux(t — 1) is taken, see (B.185a)). This operation can also
be expressed as filtering of uy by the filter q%l, where ¢ is the discrete time-shift

operator. The integration filter M that is considered is given by M (q) = ‘”a , which
is also connected to the input controller the controller as depicted in Flgure @
Consequently, the interconnection of the integration filter M and the filter %,

representing the time difference, can be simplified as <=1 - ‘é%‘ = qJFTa. Hence,

as y = uy, in the proof of Theorem. q%qluk(t) = uk(t) —uk(t — 1) in 1|B.1855|i
becomes quT"uk(t) = uy(t) + cuy(t — 1). Consequently, 1|B.18Z|)71|B.189|) become
:L‘A,k(t + 1) = Ak(x(t),x(t — 1))1‘A,k(t)+
By (z(t), z(t — 1)) (u (t) + aidi(t)), (B.193)

Ye(t) = Zxc(t) + Cic(z(t), o(t — 1))z Ak (t)+

Dic(z(t), 2(t — 1)) (ui(t) + ad (1)), (B.194)
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and

Zi’k(t + 1) = @k(t) + C’k(l'(t),it(t — 1))1'A,k(t)+
Dic((t), a(t — 1)) (ux(t) + azi(t)), (B.195)

respectively. Then, along the same lines as in the proof of Theorem we obtain
By and Dy as given in (8.36)) and Ay and Cy given by (3.38)).







Other Technical Results

C.1 Function Factorization

This appendix is based on a result given in (Koelewijn and Téth [2021a)).
We provide the following useful lemma:

Lemma C.1.1 (Function factorization). For a function g : R™ — R™ with g € Cy,
it holds for all ¢, € R™ that

9= 90 = ([ L+ xs-a) i) -9, ©)

where %g denotes the Jacobian of g and the integral of the Jacobian is taken element-
wise.

Proof. Denote g(c) = [g1(s) -+ gm(<)], where gi(c) : R* = Rfori=1,..., m
and ¢ € R". For ¢, € R", define the functions g;(A\) = ¢;(¢ + A(s — <)) for
t=1,...,m, with g; : [0,1] — R. Using the second fundamental theorem of
calculus, it holds that

gi(1) — g;(0) = /0 ng: (A)d\, fori=1,...m, (C.2)
which results in
~ ! dgi . 5 - Y
9 -0 = [ (Lic+ 36 -4)) (-9 aa (©3)
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for i = 1,... m. Consequently, we have that
[ g1(s) — 91(S)
9(s) —9(S) = : : (C.5)
_gm(g) —9m (G)
[ ldgy~, Y - N ~
(o 226+ A6 =) D) (=9
= : , (C.6)
_( 01 Y (& 4+ X —9)) dX) (c—23)
td
9., 3 N\ 93 -
— (/ d(g+)\(g—g))d>\) (¢ —9), (C.7)
o as

where Z—f denotes the Jacobian of g and the integral of the Jacobian is taken

element-wise.

O
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C.2 Coarser System Structure through Filtering

C.2.1 Conversion of System to Coarser Structure
Consider the nonlinear system

(1) = f(a(t), w(t)); (C.8a)
2(t) = h(z(t), w(t)); (C.8b)

where t € R{ is time, z(t) € R™* the state, w(t) € R™ is the input of the system,
and z(t) € R™ is the output of the system.

Consider the following (low-pass) filters, denoted by F;

yF,i(t) = LI}FJ(t); (Cgb)
for i = 1,2 and where ; = diag(w1,i,...,wnp,) With w;; > 0 for j = 1,... np;

and zp;(t) € R™ .
Connecting Fy and Fy as given by (C.9) to (C.§)), such that w = yp 1 and up 2 = z,

results in

ip1(t) = —Qizpa(t) + o (l); (C.10a)
tpp = —Qoxp 2(t) + Qah(z(t), zr1(1)); (C.10Db)
(t) = ( (), w1 (1)); (C.10c)
2(t) = wp2(1). (C.10d)

The system (C.10) with input @, output 2, and state col(zp 1, F 2, ) is of the form
z(t) = f(x(t)) + Bw(t); (C.11a)
y(t) = Cx(t). (C.11b)

For l} we have that B = [Q;r 0 O}T and C' = [0 1 0], and consequently
CB =0.

C.2.2 Conversion of Generalized Plant to Coarser Structure

This section is based on (Koelewijn, Téth, Nijmeijer, et al.[2022] Appendix V).

Consider a nonlinear dynamical system, describing a generalized plant, of the form

z(t) = f (x(t),u(t)) + Byw(t); (C.12a)
z(t) = hy(x(t),u(t)) + Dyww(t); (C.12b)
y(t) = hy(z(t), u(t)) + Dyww(t); (C.12¢)
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where t € R is time, z(t) € R™ is the state, w(t) € R™ is the generalized
disturbance, z(t) € R™ the generalized performance, u(t) € R™ the control input,
and y(t) € R™ the measured output.

Moreover, consider a more restrictive class of (C.12)), given by

(t) = f(z(t)) + Byw(t) + Buu(t); (C.13a)
2(t) = hy(x(t)) + Dyww(t) + Dyyu(t); (C.13b)
y(t) = Cyx(t) + Dyyw(t). (C.13c¢)

While (C.13]) may seem restrictive, the general class of nonlinear plants (C.12) can
be expressed as l-) by the use of appropriate filters. Connecting F; and Fj
given by (C.9) to (C.12), such that u = yp1 and up 2 = y, results in

@(t) = f (2(t), vp 1 (1) + Buww(t); (C.14a)
Tp1(t) = —Qepa(t) + Qua(t); (C.14b)
tp2(t) = Qo hy(x(t), xr,1(t)) — Q2 xr 2(t) + Qo Dyyww(t); (C.14c)

z(t) = ( (), 27,1(t) + Doww(); (C.14d)
§=ara(t); (C.14e)

where 4 = up,; is the new ‘v’-input and § = yr 2 is the new ‘y’-output. Note that
the system is of the form (C.13). Moreover, if w;; is taken large enough
(e.g., 5x the intended bandwidth) then the desired closed-loop performance is not
affected by the conversion.
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C.3 Results on Connecting Velocity and Universal
Shifted Dissipativity

In this appendix, we highlight some additional results that were obtained during the
research into connection of velocity dissipativity and universal shifted dissipativity,
as also discussed in Chapter [

In this appendix, we consider nonlinear systems of the form

i(t) = f(z(t), w(t)); (C.15a)
2(t) = h(z(t)). (C.15b)

Similarly to what is considered in Chapter [ we will denote its behavior by B, set
of equilibrium points by &, etc.
For a nonlinear system ((C.15)), its equilibrium points (x,, ws, z.) € & satisfy

0= f(zy,ws); (C.16a)
2 = h(wy); (C.16Db)

and the velocity form of (C.15]) is given by

i(t) = Av(z(t), w(t)E(t) + Be(z(t), w(t))w(t); (C.17a)
A(t) = Cu(a(t))i(t), (C.17b)

where A, = %, B, = %, and C, = %.

Before discussing some of our results, we consider the following assumption, similar
to Assumption 1.3}

Assumption C.3.1. Given a symmetric matric R < 0, there exists an o > 0, such
that for every (z.,w.) € Tx, w, &, it holds that

() TRC(2)A(x, o, wy) (x — 2) < a (X)) TRC (2, 2.) (x — x4), (C.18)

for all z € X, where Az, z.,w.) = fol AN, we)dN, C(x,24) = fol Cy(z(N))dA
with T(\) = . + Mz — z4).

Consider the nonlinear system (C.15)) for which the condition (4.18)) in Lemma
holds' w.r.t. a (Q,S,R) supply function (4.17) for which @ = 0 and R < 0.
Moreover, we assume that, for this considered R, Assumption [C.3.] holds.

For a nonlinear system ((C.15)), the condition in (4.18)) for the considered supply
function becomes

VYV (f (z,w)) (Ay(z,w) f(z,w) + By(z, w)w,) <
w;rQwv + (*)TR Cy(x)f(z,w), (C.19)

IWhich implies velocity dissipativity by Lemma
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which holds for all w, € R™, z € X, and w € W. As (C.19) holds for all w, € R"v,
r € X, and w € W, it also holds for every w = w, € # and wy, = 0, which results
in

VW (f (2, we)) Ay (2, we) f (2, w.) < (x) T RO(2) f (2, w.), (C.20)
for all z € X. By Lemma [C.1.] we have that
flx,w,) = flz,ws) —f(ze, ws) = Az, T4, wy) (x — ), (C.21)
=0

where A(z, 2., w.) = [; Av(Z()), w.)d\ with Z()\) = 2, + A(z — z,). Hence, the
righthand side of (C.20]) can be expressed as

() TRCO(z)f(z,w,) = (x) TRC(2) Az, Tv, ws) (T — 2). (C.22)

Similarly, by Lemma we have that
2 — 2o = h(z) — h(z.) = Oz, 2.)(x — ), (C.23)
where C(z, x.,) fo ))dA. Combining this with Assumption we hence

have that 3a > 0 such that

) TRC(2)A(x, xy,wy)(x—2.) < a1 (%) TRC(z,2) (z— ) = o (%) TR (2—2,).

(C.24)
Hence, together with (C.20)), (C.22)) and (C.23)), this gives that for any (x., ws, 2+) €
&

VY (f (2, w,)) Ay (2, w,) f (2, w.) < o' (0) TR(z = 22), (C.25)
for all x € X. This also implies that for any (x,,ws, 2z.) € &

VYV (f (2, wa ) Ay (2, ws) f(z,ws) < a7t (%) T Q(w — wy) +a~ 1 (%) T R(2 — z.),

>0
(C.26)
for all (z,w) € X x W. Let us define:
Val, w,) = aVu(f(, w.)), (C.27)
which gives us that
Ve Vs(z,ws) = aVV(f (2, wy)) Ay (2, ws). (C.28)
Substituting this in (C.26)), we get that for any (z.,ws, z.) € &
VaVs(@,w.) fz,w.) < (60T Qw —w.) + (%) ' R(z — z.), (C.29)

for all (z,w) € X x W. This condition is close, but not equal, to the condition for
universal shifted (Q, S, R) dissipativity given in Lemma Namely, for Vs given
by (C.27), and a (@, .S, R) supply function for which S = 0, (4.8) in Lemma

becomes

Vo Vs(z,w,) f(z,w) < (%) TQ(w — wy) + (*) " R(z — z,), (C.30)
where the difference is highlighted in orange, i.e., instead of f being evaluated at w
in (C.30), it is evaluated at w, in (C.29).
In conclusion, while these results again highlight there is a close connection between
velocity dissipativity and universal shifted dissipativity, they are not able to show if
velocity dissipativity implies universal shifted dissipativity.
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C.4 Norm Integral Inequality

This appendix is based on the appendix in (Koelewijn and Téth [2021b)).

We give the following useful lemma:

Lemma C.4.1 (Norm Integral Inequality). Given a positive definite M € S™, i.e.,
M = 0, and a continuous function ¢ : [0,1] — R"™, then

(/01 #() dt>TM ( /01 4(t) dt) </ ()T M) di (C.31)

Proof. As M is positive definite, we can define the Euclidean vector space with
norm: ||v]| := Vo Mv, where v € R". By the Cauchy-Schwarz inequality, for a
continuous function ¢ : [0,1] — R"

H / o(1) dtH </ ol -

see (Rudin [1976). Furthermore, it also holds that for a function ¢ : [0,1] — R

1¢(t)dt2§ 11dt 1\w(t)|2dt = 1|¢(t)|2dt. (C.33)
[ vwa] = ([ ra) ([ wora) = ([ wora)

Hence, using (C.32) and (C.33)), with «(t) = ||&(¢)||, we get

‘/01 o(t) dt 2 < (/01 lo(®)] dt)2 < /01 ()% dt. (C.34)

Using the norm definition, this results in (C.31]). O
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C.5 Decomposition of a Positive Definite Matrix
Function that is Continuously Differentiable

C.5.1 Introduction

When studying nonlinear problems in a quadratic form, it can be of interest to
decompose a continuously differentiable, positive definite matrix function A, which
maps from X C R” to R™*"™ into a constant matrix that is pre- and post multiplied
with another matrix function that maps from X' C R™ to R™*", i.e., for all z € X we
have A(z) = B(z)"QB(z). In this appendix, we show that this can be accomplished
under certain assumptions.

This appendix is based on the work in (Verhoek, Koelewijn, et al. [2022)).

C.5.2 Problem definition

Consider the matrix function A : X — R™*" where X C R", n € N, and assume
that A admits the following properties

o Vx € X, we have that A(x) is real, symmetric and bounded.

o A(x)is a C; function, i.e., A(x) and a,g;x) are continuous functions.

o There exist two constants 0 < ¢; < ¢o such that Vo € X, ¢11 < A(x) < ¢col.

Note that the last property ensures that A(z) is positive definite for all x € X. The
problem is to show that A(x) can always be decomposed as

A(z) = B(z) 'QB(x),

where the matrix @ is positive definite, i.e., 0 < @ € R™ ", and the matrix
function B : X — R™*" is a C; function which is non-singular for all x € X, i.e.,

Vo € X, det(B(x)) # 0.

C.5.3 Result

We now show that this decomposition is possible under the assumptions in Ap-
pendix First, denote the set of all real, symmetric matrices by S and the set

of all positive definite matrices by P. Note that IP is open in the wfdimensional

real vector space S. The positive definite square-root function g(A) = Az is well-
defined on P (Koeber and Schéfer . In fact, given A, its positive definite
square-root is uniquely determined by the Lagrange interpolation polynomial that
maps each distinct eigenvalue A of A to v/A.

1
Now, let Ay be any positive definite matrix and let By = A;j. Note that By is
positive definite. Define f(B) = B2 on S. Then f is C; and its Fréchet derivative
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Df: X — BX + XB is non-singular at By. Note that X is the argument of D f
here, and serves as a dummy variable. As the Fréchet derivative of f is non-singular
at By, by the inverse function theorem, f has a C; local inverse defined on some
neighbourhood W containing Ay. Since P is open, we may assume that W C P.
As this local inverse of f gives a positive definite square-root function on W, it
must agree with g. Hence, g is C; on W. It follows that g is C; on P because Ay is
arbitrary.

Finally, when A is a C; function of z, its square root A(x)2 = g(A(x)) is also Ci,
by the chain rule. Therefore, the matrix function A(z) can always be decomposed
as A(z) = B(z)TQB(z) by taking B(z) := A(z)? and Q = 1.

Acknowledgement

We gracefully thank a user, who wishes to remain anonymous, from themath.SE. com-
forum that really helped us out with the proof of this problem.


math.stackexchange.com

334 Appendix C. Other Technical Results

C.6 Automatic Grid-based LPV Embedding of
Nonlinear Systems

C.6.1 Introduction

The Linear Parameter-Varying (LPV) framework offers systematic tools for the
analysis and control of LPV models. By embedding nonlinear systems in an LPV
representation, the tools from the LPV framework can be applied to nonlinear
systems for convex analysis and controller synthesis. However, this embedding
step is often ignored but nonetheless very important. While a few automatic
embedding procedures exist, see (Téth Abbas, T6th, Petreczky, Meskin, and
Mohammadpour Velni and references therein, these methods still require
expert knowledge from the user in order to be applied. In this appendix, we propose
an automated grid-based LPV embedding procedure for nonlinear systems which
only uses the nonlinear model as input and a set of grid-points.

This appendix is based on the work in (Koelewijn and Téth 2021al).

C.6.2 Problem

Assume we have a nonlinear dynamical system of the form

(C.35)

where £ is the differential operator in the continuous time case, i.e. £ = % and
Ex(t) = %x(t), and where £ is the shift operator in discrete time case, i.e. £ = ¢
and x(t) = z(t+1). The functions f : R™ x R™ — R™ and h : R™ x R™ — R
are assumed to be continuously differentiable once, i.e, f, h € C1, and are assumed
such that f(0,0) = 0 and h(0,0) = 0. We want to embed this nonlinear system in

an LPV representation of the form

I
]
—~
o~
~—
I

A(0)a(t) + Bp(t)ult): )

y(t) = Clp(t)z(t) + D(p(t))u(t);
where p(t) = n(z(t),u(t)) is the scheduling-variable and 7 : R™ x R™ — R" is
the scheduling-map. Based on Definition [2.14] the LPV model is an global
LPV embedding of the nonlinear system on the region X x U, if there exists
a scheduling-map n such that f(z,u) = A(n(x,u))x + B(n(z,u))u and h(z,u) =
C(n(xz,u))z + D(n(z,u))u for all z € X C R™ and v € U C R™. We say a grid-
based LPV model is an embedding of the nonlinear system on the region X x U,
if there exists a scheduling-map 7 such that f(z,u) = A(n(z,u))x + B(n(z,u))u
and h(z,u) = C(n(xz,u))z + D(n(z,u))u for all x € X and u € U, where X and U
are finite sets with X x U C X x U and such that X x U sufficiently covers X x U.
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C.6.3 Main results

To perform the embedding, we use Lemma [C.1.1] see Appendix [C:I} which allows
us to state the following theorem:

Theorem C.6.1 (Factorized LPV embedding). The LPV system with

A(p) = Alz,u),  B(p) = B(z,u), €37
C(p) :C(x,u), D(p) :D(as,u),
where p = n(z,u) and,
A(z,u) / or (Az, Au) dA, B(z,u) = /1 %(Am,)\u) d,
(C.38)

C(z,u) = /0 gh(/\x Au) dA, D(z,u) :/O gh(/\x Au) dA,

is an LPV embedding of the nonlinear system on any region X X U C
R™ x R™u,

Proof. Applying Lemma to f and h of the nonlinear system (C.35)), we obtain

that
o) ~1(0.0) (/ o x Au)x—i—(/ 2 Au) (C.39)
h(, ) \ﬁ,_, ( / o xa Au)) + ( /0 gZ(Ax,)\u)> w (C.39D)

for all (z,u) € R™ x R™. Taking the scheduling-map as? n(x,u) = [xT uT]T,
using the definitions for A,...,D in , and using , we obtain our result.
Moreover, as holds for all 2 € R™ and u € R™, the embedding can be taken
on any region X x U C R™ x R™u, ]

If we can analytically compute the integrals in , the above approach can even
be used to obtain LPV embeddings with a specific scheduling dependency, such
as an affine or rational dependency. We briefly demonstrate the approach in the
following example:

2Based on the dependency of the Jacobians on z and u, only certain elements of = and u might
be required in the scheduling-map.
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Example C.1 (LPV embedding of an unbalanced disk system). Consider the
dynamics of an unbalanced disk system?® given by

£1(t) = z1(t); (C.40a)
o (t) = 22 sin(zy () — Lza(t) + Emu(t); (C.40b)
y(t) = 21(D); (C.40¢)

where x1 represents the angle of the disk, x5 represent its angular velocity, u the
input voltage to the motor, y is the output of the system, and M, g, [, J, 7, and

K,, are physical parameters of the system. Applying Theorem to (C.40), we
obtain

A(z,u) B(z,u)
0 1 0
B(t) = # fol cos(Az1 (£)) dA _J + [;(Tm] u(t); (C.41a)
y(t)=[1 0] z(t); (C.41b)
—

C(z,u)

where z = col(z1,x2). As f01 cos(Az1(t)) d\ = Sinx(f(lt()t)) = sinc(x1(¢)), we can obtain

the following affine LPV representation:

0 1 0 .
i(t) = |:]\/{]glp(t) _i] I [Krm] u(t); (C.42a)
y(t) =[1 0] z(t); (C.42b)

where p(t) = sinc(z1(¢)), which is an LPV embedding of (C.40)) .

C.6.4 Grid-Based LPV Models

While the Jacobians of f and h can often easily be automatically computed using
various symbolic computation packages such as found in MATLAB (The MathWorks,
Inc. and Mathematica (Wolfram Research, Inc. , computation of the
integrals of the Jacobians of f and h is often more difficult (although in some cases
it can still be performed, e.g., as in Example . However, for grid-based LPV
models, it is not necessary to have an analytical expression of the LPV state-space
matrices, as we only require the values of the matrices at the chosen grid-points. In
that case, we can use numerical integration techniques to compute the value of the
matrices in at different points x and u. In fact, an analytical expression for
the Jacobian is also not necessary, as Automatic Differentiation (AD) techniques
can be used to evaluate the Jacobians of f and h at different point required for
numerical integration. Numerical integration techniques and AD techniques have
been implemented in various software tools, such as in Python (Maclaurin et al.

3See Example for more details.



C.6. Automatic Grid-based LPV Embedding of Nonlinear Systems337

2019) and Julia (Revels et al. [2016). Hence, we can rely on numerical methods
for computation of the grid-based LPV state-space matrices using the embedding
method described above.

More formally, assume that we want to obtain a grid-based LPV model of the
nonlinear system at the grid-points x € X C X and v € U C U, with
X={z1,...,on} and U = {uy,...,upm}, where N, M € N. We can then evaluate
using numerical integration (and if necessary using AD), for all z € X and u € U,
the matrices in . As the scheduling-variable is p = col(x, u), we obtain set of
N - M grid-points for p. This results in a grid-based LPV model on the compact
region X x U (at the points z € X and u € U) of the form for (C.35).
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Publiekssamenvatting

Analyse en Regeling van Niet-Lineaire Systemen met
Stabiliteits- en Prestatiegaranties

Een Lineaire Parameter-Variérende Benadering

Bij technische systemen, zoals die in de lucht- en ruimtevaart of de mechatronica-
industrie, wordt voortdurend gestreefd naar betere prestaties. Bijvoorbeeld de ver-
betering van de manoeuvreerbaarheid en betrouwbaarheid van lucht- en ruimtevaar-
tuigen of de verbetering van de nauwkeurigheid en toepasbaarheid van robots. Dit
heeft geleid tot complexere systeemontwerpen, die gericht zijn op betere prestaties,
wat ook leidt tot complexer dynamisch gedrag van deze systemen.

In de afgelopen decennia is een groot aantal methodes ontwikkeld voor het ana-
lyseren en ontwerpen van regelalgoritmen voor dynamische systemen, zelfs voor
zeer complexe systemen. Desondanks, gebruiken ingenieurs in de industrie meestal
methodes die ervan uitgaan dat het onderliggende systeem lineair en tijdinvariant is.
Voor lineaire dynamische systemen bestaat namelijk een uitgebreid, systematisch
regeltechnisch-raamwerk dat relatief gemakkelijk te gebruiken is en waarmee inge-
nieurs de prestaties van systemen gemakkelijk kunnen afstellen. Bovendien wordt
het ook uitgebreid ondersteund door krachtige computerprogramma’s. Naarmate we
echter hogere prestaties nastreven, wordt het gedrag van de systemen gedomineerd
door niet-lineairiteiten en zijn deze methodes niet meer toereikend.

Hoewel voor niet-lineaire dynamische systemen er ook veel theorie bestaat voor
prestatieanalyse en regelaarontwerp, zijn de daarmee gepaard gaande methodes
vaak te complex voor gebruik in de techniek, zijn ze rekenkrachtig te duur, of
missen ze de mogelijkheid om de prestatie af te stellen. Om dit probleem aan te
pakken, hebben we in dit proefschrift een raamwerk ontwikkeld voor systematische
en rekenkundig efficiénte prestatieanalyse en regeling van niet-lineaire dynamische
systemen in de techniek. Bovendien kunnen met het ontwikkelde raamwerk de
prestaties van systemen eenvoudig worden afgesteld.

Om deze doorbraak te bereiken hebben wij eerst systematische en rekenkundig
efficiénte wiskundige analysemethodes ontwikkeld voor niet-lineaire dynamische
systemen. Met de ontwikkelde methodes kunnen wij een vrij algemene analyse
maken van de veiligheid en de prestaties van de operatie van het systeem, ongeacht
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de referentiepunten waar het systeem moet opereren of het gewenste referentiege-
drag dat het moet volgen. Dit is bijvoorbeeld nuttig om te analyseren of een
ruimtevaartuig veilig werkt en voldoet aan de gewenste prestatie-eisen gedurende
verschillende vliegroutes.

Vervolgens hebben wij systematische en rekenkundig efficiénte regelalgoritmen
ontwikkeld die deze veiligheids- en prestatieconcepten ook kunnen garanderen voor
niet-lineaire dynamische systemen. Belangrijk is dat het afstellen van de prestaties
van de ontwikkelde regelalgoritmen vergelijkbaar is met dat van bestaande lineaire
methoden. Dit maakt het afstemmen van de regelalgoritmen voor complexe niet-
lineaire systemen om de gewenste prestaties te bereiken eenvoudig voor de gebruiker.
Bovendien maakt de rekenkundige efficiéntie van de ontwikkelde regeltechnieken het
mogelijk om snel te prototypen, wat leidt tot een snellere ontwikkeling van nieuwe
en betere producten.

Tenslotte hebben wij een methode ontwikkeld om de complexiteit van dynamische
systeemmodellen te verminderen. In combinatie met de ontwikkelde analyse- en
regelalgoritmen stelt dit ons in staat zeer complexe systemen aan te pakken.

Concluderend, met het ontwikkelde raamwerk kunnen we systematisch en efficiént
het opereren van complexe systemen analyseren en er regelaars voor ontwerpen.
Deze gereedschappen zullen ingenieurs in staat stellen hun systemen naar hogere
prestatieniveaus te tillen en tegelijkertijd een veilige en robuuste werking van deze
systemen te garanderen.
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