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Abstract

In this thesis, a system identification approach is developed for discrete-time
state-space nonlinear models with a strong form of stability guarantees. The real world
is complex, essentially nonlinear, and sometimes, modern day science still struggles
with a qualitative understanding of the nonlinearities around us. Technologies that
allow for an accurate explanation of observations are of great help to improve our
understandings of these complex systems. Also, the next-generation high-tech and
mechatronic systems come with extreme functionality and performance requirements,
inducing ever-increasing model accuracy specifications. To keep on fulfilling these high
expectations on system design and model-based control, it has become inevitable to
exploit the nonlinear operation modes of real-world systems, raising the demand to go
beyond linear system representations by modelling in the nonlinear domain.

Current works have shown that discrete-time block-oriented multiple-input multiple-
output (MIMO) nonlinear state-space models are capable of accurately representing a
large variety of real-world nonlinear systems. However, their implementations typically
suffer from computational inefficiency due to the curse of dimensionality. Furthermore,
the identified models cannot be safely used for other inputs than those seen during
identification. Even a slight perturbation of the input signal can lead to a significantly
different (possibly unbounded) model response.

Recent developments in stability analysis enable the assessment of the convergence
property for such models by solving linear matrix inequality (LMI) conditions. This
stability notion guarantees the existence of a unique, globally exponentially stable
model response to periodic perturbations. Using a discrete-time, MIMO equivalent
of the mixed-time-frequency (MTF) algorithm, we show that the steady-state model
response and the gradient of the model response with respect to its parameters can be
computed in an accurate and computationally efficient manner. These developments
allow for the usage of both global and local optimisation methods to solve the
system identification problem. Furthermore, by enforcing the identified model to be
inside the set of convergent models that are characterized by the LMI conditions, we
certify a stability property on the identified model. This property allows for reliable
usage of model predictions, also for excitation signals other than those used during
model training. The effectiveness and the benefits of the approach are validated on
(i) experimental data from the well-known Silverbox nonlinear system identification
benchmark and (ii) a simulation case study.

Keywords: Nonlinear system Identification; Data-driven modelling; Discrete-time; Lur’e-
type models; Convergent systems; Incremental stability; Steady-state; Silverbox;
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Chapter 1

Introduction

This thesis is conducted on the topic of Identification of discrete-time state-space nonlinear systems with
stability guarantees. The project background is discussed in|[Section 1.1 In(Section 1.2 an overview of
the state-of-the-art on this research area is given, where we summarise relevant existing results and open
challenges. addresses the research goal and planned contributions of this project. Finally,
Section 1.4}, summarises the outline for this report and provides preliminaries on our used
notations.

1.1 Background

The focus of this project is on the identification of a certain class of dynamical systems. In this section,
describing the background of this project, the concept of a dynamical system is introduced first. Consecutively,
the motivation for modelling such dynamical systems is given, followed by an introduction of the considered
model class. Finally, it is explained how system identification contributes to dynamic modelling, specifically
in the engineering research domain.

“The totality is not, as it were, a mere heap, but the whole is something besides the parts.”

— Aristotle, Metaphysics, 350 B.C.E [2]

Dynamic systems

The net of science aims to cover the empirical universe by addressing the following two questions [3]: what is
it made of and why does it work this way? A subset of this universe is typically studied as a complex system,
interacting with its respective environment. Dealing with these complex systems has been an important
discussion topic lately. On the one hand, the analysis philosophy tries to gain understanding on complex
phenomena by breaking them down into their constituent parts. This inherently depromotes the relationships
between components and, as was already suggested by Aristotle, a system may be more than the sum of
its parts. On the other hand, the synthesis paradigm tries to describe an entity through the context of its
relations and functioning within the whole. Note that both paradigms go hand in hand as no synthesis can be
done without analysis and no analysis makes sense without verification via synthesis [4]. It goes without
saying that these abstract systems can be related to phenomena in areas such as physics and mechanics, but
also sociology and biology [5], [6].

Process
noise

Measured
disturbance Mgasurement
noise
System
Input Output
—_—

Figure 1.1: Schematic definition of a dynamic system.
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Chapter 1. Introduction

Phenomena originating from either one of these research areas can be described by a mathematical system
object in which variables of different kinds interact, producing observable signals while being subject to
external stimuli, see [7]. Observable signals of interest are referred to as outputs, whereas
manipulable stimuli are called inputs. The remaining external signals are disturbances and can either be
directly measurable or unknown to the observer. With respect to the unknown disturbances, one distinguishes
between measurement- and process-noise, respectively affecting only the outputs and also the system’s
internal signals. Systems commonly show behavioural changes over time according to a fixed rule, making
them dynamic systems.

Dynamic models

When interacting with a system, it is of great use to have some concept, a model, of how its variables
relate based on observed signals [7]. Such a mathematical model allows for (i) causal explanation, such
as the health care industry trying to relate patient complaints to the disease causative agent, (ii) model
output prediction for any input and (iii) description, which provides insights in principles that determine the
system behaviour [8]. Note that a model never perfectly reflects reality, but requires only to be sufficiently
accurate.

Consider[Figure 1.2} in which the necessity to motivate the considered model class in this project becomes
clear, given the large variety of existing model classes. It was mentioned before that the model is required
to describe the future and/or history of a dynamic system, explaining the decisions in Step | and Il. The
systems under study are dynamic in the time domain and do not change their dynamics as function of a
spatial coordinate (as is the case for distributed partial differential equation (PDE) models). As a result,
lumped models are preferred in terms of an ordinary differential equation (ODE) in Step lll. In this project, the
derived model is expected to mimic systems that change their state only at a discrete set of points in time.
Such systems commonly exist in research areas like biology and economics, see [9], [10], or as discretised
versions of continuous-time models arising in physics or mechanics. At the same time, one should note
that system outputs (even if they evolve in continuous-time) can typically only be measured at discrete time
instances, raising the demand for models in terms of difference equations, which motivates the decision in
Step IV. The model parametrisation does not change as function of time and model updates are assumed
to be deterministic in Steps V and VI, implying that stochastic and time-varying difference equations are
excluded.

One should understand why this project considers the class of nonlinear systems over its linear counterpart
in Step VII, as indeed, the Polish-American mathematician Stanislaw Ulam once compared nonlinear science
to studying the bulk of zoology as non-elephant animals [11]. Nevertheless, the vast majority of physically

(%2
ng ‘ True system ‘
v

Mathematical model ‘

VIl — Nonlinear ‘ ‘Linear‘

Vil —

i
" — Dynamic ||| static |
n— Lumped ||| Distributed |
v — Discrete-time || [continuous-time |
v —] Time-invariant || [Time-varying |
Vi — Deterministic || [ stochastic |
]
i

State-space ‘ ‘ Input-output ‘

).

Figure 1.2: Definition of the model structure considered in this project (
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Section 1.1. Background

relevant systems exhibits essential nonlinear dynamic behaviour. On the one hand, all (non-significant)
nonlinear phenomena can be neglected while modelling in a linear framework. On the other hand, one can try
to include nonlinearities in the model, increasing the model accuracy at the cost of model complexity. The
latter is only recommended when a linear approximation fails the requirements, since nonlinear modelling has
proven to be significantly more involved [12]-|14]. Among other things: (i) nonlinear models do not necessarily
preserve stability under extrapolation outside the input domain that was seen during training, (ii) structural
model errors are inevitable as it may be challenging to fit the true system nonlinearities in a certain nonlinear
model class and (iii) process noise transforms nonlinearly such that it is no longer Gaussian, which results in
undesirable statistical properties of identified model parameters [12].

It is not necessarily possible to translate one nonlinear model representation into another, in contrast to
the linear time-invariant (LTI) case, where for example state-space and transfer-function representations
are often interchanged [15]. Several nonlinear model classes are proposed, which can roughly be divided
into state-space and input-output models [16]. The latter does not directly consider the internal behaviour
of the modelled system, which, e.g., complicates the analysis of stability properties. Furthermore, the
state-space model representation is more flexible than the well-known nonlinear autoregressive exogenous
(NARX) input-output models, increasing the likelihood of an accurate data fit [12]. Besides that, most of the
nonlinear control theory is based on state-space representations, which makes these models the intuitively
preferred class and explains the decision in Step VIII [17]. In conclusion, the model class of interest, being
nonlinear discrete-time state-space models is now fully motivated.

System identification

What remains is to find which model inside the set of candidate models defined by the model class fits the
system under study best. To that end, one can take a white-box-, or first-principles modelling approach,
reflecting simplifying assumptions together with well-known physical laws such as, e.g., mass balance,
momentum balance or heat transfer relations. These models are typically time-consuming to derive and
some physically meaningful parameters might still not be available to the user. In that case, additional
system calibration measurements are to be performed such that the unknown parameters are found. Since
experimentation is then required for model development anyway, the other approach would be to derive the
model via an identification experiment, in which a configured input design is applied to the system and its
outputs are measured with an appropriate sampling procedure [18]. The art of turning large input-output
data sets that are obtained experimentally from dynamical systems into compact models described by only a
few parameters is referred to as system identification [13], [14]. The procedure, as shown schematically in
[Figure 1.3} is characterised by four main components, being data, model structure, estimation method and
validation.

The experimentally obtained system input-output data is the fundamental information source. It is important
to make sure that the prediction domain that is relevant to the model is mostly incorporated in the experiment.
If essential system features are not observed in the data, they are most likely not described by the identified
model. The model structure defines the set of candidate models up to a parameter vector and ideally includes
the true system dynamics. The estimation method should ensure that a specific parameter vector is selected
that describes the observed data best, given the model structure. Typically, a cost function being nonlinear

Yes perform a new
experiment? / No, data not
# informative
No

Identification Preprocess
experiment data

Model struct Model Validation Model Yes
> ode’ structure estimation test accepted?
'\%lectlon

Y

No, structure
mismatch

Figure 1.3: System identification [7]. User decisions are in hexagons and algorithms are in rectangles.
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Chapter 1. Introduction

in the parameters has to be minimised in this step. Finally, the validation stage executes once a model is
identified. In this stage, the model is validated by comparing its simulated output to a new data set that was
not used during identification. Besides that, prior knowledge on the modelled system can be verified in this
stage. If the validation test fails, we can alter properties of our model structure, e.g., an LTI model’s state
dimension, and/or the experiment data, before estimating a new model. This process iterates until a model
passes the validation test according to user-defined criteria.

Engineering applications

So far, it has been described why dynamical systems are modelled and how system identification can be of
great use to establish the actual model describing a system under study best. These results connect well to
engineering challenges in dynamics and control, for which some motivating examples are listed below.

1. Control of turbulent fluid systems [19]: Imagine an aircraft wing positioned at a high angle of attack,
causing a stalled, turbulent downstream flow. One may desire to control this dynamical system to
re-laminarize the flow, which increases lift and decreases drag. Hereto, the nonlinear fluid dynamics
are to be modelled, which are described by the well-known Navier-Stokes equation. Even though the
nonlinear equations of motion are known, they are hard to solve and therefore not applicable for control
purposes. It is desired to derive a simpler nonlinear model, for which system identification can be used.

2. Damage analysis of large mechanical structures subjected to dynamic loading |20]: Structural elements
such as beams, cables and columns may be damaged under dynamic seismic, wind, or impact loading.
To prevent structural failure, one tries to identify damage in an early stage via dynamic modelling. Large
and complex real-life structures cannot be modelled accurately by first principles, which raises the
demand for nonlinear system identification techniques.

3. Modelling and control of mechanical ventilation [21]: Respiratory modules assist patients to breathe.
Even though the nonlinear dynamic models (including the patient’s state-of-health) can be derived
via first principles, the parameters describing the system are unknown and require offline calibration,
which is a time-consuming task. One can think of implementing system identification techniques to
online update the model, hereby minimising downtime of the control system and therefore increasing
the treatment efficiency.

Some major challenges in these examples include (i) nonlinear dynamic behaviour, (ii) (possibly) unmod-
elled dynamics, (iii) high-dimensionality of the model parametrisation and (iv) limited measurements and
actuations. Via system identification techniques, dominant patterns in complex systems can be described by
relatively low-order models. As soon as the model is established, nonlinear control theory can be applied to
steer the identified system, or retrieved insights potentially lead to improved system design. This project
thereby contributes to bridging the gap between traditional dynamics and control techniques and recent
developments in data-driven modelling. It does so by studying system identification of discrete-time nonlinear
state-space models.

1.2 State of the art

The topic of system identification for discrete-time nonlinear state-space models has been introduced in
The current section summarises the achievements, limitations and open challenges of identification
strategies proposed in literature.

Many different nonlinear system identification approaches have been proposed in literature, among which
the family of block-oriented nonlinear models has been popular [22]. In these models, nonlinear dynamic
behaviour is separated into LTI dynamics and static nonlinearities. These building blocks can be combined
in different ways, of which some examples are shown in[Figure 1.4} The popular Wiener and Hammerstein
structures, respectively structure I and Il in can be interpreted as a linear plant interacting with a
nonlinear output sensor or a nonlinear actuator input. These model structures showcase the advantages of
block-oriented nonlinear models being relatively simple to understand and easy to use [23].

The Lur’e-type structure in|Figure 1.4b|includes, but is not limited to, the Wiener and Hammerstein structures.
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(@) Wiener (1) and Hammerstein (Il) type structures (b) Lur’e (I11) type structure

Figure 1.4: Block-oriented nonlinear models, interconnecting LTI models X and static nonlinearities ¢ [12].

Many engineering systems can be modelled as LTI with local static nonlinearities such as hardening/softening
springs, backlash and elastic stops [24]. Therefore, this model structure is chosen as the sweet spot between
complexity and representation capability of identified models [25]-[27]. System identification of discrete-
time, Lur’e-type models is an active research area, see [23], [28]-[35]. Lur’e-type systems are also referred to
as nonlinear-feedback and nonlinear linear fractional representation (NL-LFR) systems [22], [31].

The research in [36] studies system identification of discrete-time Lur’e-type models. A general multiple-input
multiple-output (MIMO) static nonlinearity is allowed and the model complexity can be balanced by tuning
the nonlinearity in- and output dimensions as well as the LTI model order. In an example, a single hidden
layer feedforward neural network with a linear output layer is chosen as the memoryless nonlinear function,
since it can be a universal approximator [37]. The identification procedure is split into two steps, starting
with a best linear approximation (BLA) of the nonlinear system, followed by solving a nonlinear non-convex
optimisation problem by a gradient-based routine. The model structure considered in [36] coincides with
the model class considered in this project, since MIMO discrete-time Lur’e-type models include, but are
not limited to, the class of nonlinear discrete-time state-space models. It should be noted that a thorough
theoretical analysis on, e.g., stability of the identified models is lacking. Furthermore, there was no focus
on computational efficiency of the system identification algorithm, which raises questions on the topic of
applicability to problems with a large number of variables [38].

One of the major challenges in system identification is to enforce a form of stability on the identified model,
see [39], [40]. Even though stable responses are observed for the true system, the responses of a model
resulting from an identification routine may not necessarily obey this property. For LTI models, enforcing
exponential stability is well understood [40]-[46]. However, the literature on the nonlinear counterpart with
some guaranteed form of stability is scarce and the consequences are more pronounced and complex [47],
[48]. It is well-known that nonlinear models can exhibit multiple stable solutions being attractive for different
sets of initial conditions [27]. Moreover, depending on the applied excitation signal, the response of nonlinear
models can become unstable. Consequently, even though the model explains the identification data set
perfectly well, the model response to a new bounded excitation (that is only slightly different from those
used during training) might be close to the true system response, but might as well be far off or even grow
unbounded. Such models are not capable of accurately predicting the system response in scenarios other
than the exact identification data set.

Another important challenge is related to the computational efficiency of algorithms used for nonlinear system
identification, since these algorithms are reported as extremely time-consuming, especially for problems
with a large number of decision variables [38], [49]. Most approaches minimise a non-convex cost function
using gradient-based optimisation routines. These algorithms require the computation of model responses to
evaluate the cost function. Moreover, additional model response computations are required for numerical
estimation of the cost function gradient (and Hessian) with respect to the model parameters [13], [14]. Next
to improvements on the hardware side to speed-up computations, one can think of data-parallelism, in which
shorter, but an increased number of model response simulations should be computed, increasing performance
by parallel computing [50]. Nevertheless, it is still an open challenge to minimise the computational load of a
single simulation step during identification.

In [13], [14], [51], system identification of continuous-time Lur’e-type models is discussed, while addressing
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the previously mentioned challenges on stability guarantees and computational efficiency. This model
structure comes with relatively easy-to-check, sufficient circle-criterion-like conditions for global exponential
convergence, which is a strong form of model stability. In particular, this property guarantees the existence
and uniqueness of a globally exponentially stable steady-state solution [52]. Exponentially convergent
systems obey the property that the periodic steady-state model response is of the same period time as
its periodic excitation [52]. This property was exploited in the development of a computationally efficient
algorithm to compute steady-state responses to evaluate the cost function and its gradient with respect to
the model parameters. These steady-state model responses are compared to steady-state measurements to
quantify model performance. Thereby, it is no longer required to estimate the initial system state. Also, one
can benefit computationally from implementing the efficient methods to compute the unique steady-state
model response. In system identification of linear models, itis common practice to process steady-state model
responses in frequency domain methods, which boils down to estimation of a transfer function or a frequency
response function in parametric and non-parametric approaches, respectively [53]. In the nonlinear system
identification field, steady-state model response are also exploited, e.g., when BLA methods are deployed as
a starting point in nonlinear model estimation, as shown in [13], [14], [51]. The system identification problem
is typically solved via a two-step algorithm. An initialisation step is performed, which is not limited to the BLA
(see, e.g., [23]), but can also be performed by deployment of global optimisation routines. In the second step,
a nonlinear non-convex optimisation problem is solved via a gradient-based routine. To that end, a Lur’e-type
parameter sensitivity model approach is presented to calculate the exact objective function gradient with
respect to the model parameters. These works, hence, solve the previously mentioned major challenges in
nonlinear system identification. These works are limited to the continuous-time case, which do not fall into
the discrete-time nonlinear state space model class considered in this project. Furthermore, only single-input
single-output (SISO) nonlinearities are considered, which greatly reduces the representation capabilities of
identified models.

Other nonlinear system identification approaches that address our stability challenges are modelling in a
recurrent neural network (RNN) structure. |54] discusses nonlinear system identification of black-box discrete-
time Lur’e-type models, viewed as RNNs, in which parameters have no physical interpretation. These models
have been shown to exhibit excellent expressive power, but lack stability or robustness guarantees. To that
end, methods that identify stable RNNs via a convex parametrisation are proposed in [55], [56]. Next to global
exponential stability (GES) of all solutions, an upper bound to the Lipschitz constant of the learnt network
is formulated, such that a sensitivity of the model output with respect to a small input perturbation (in the
infinity norm) can be quantified. This allows for robustness analysis of the identified model and a direct
link to robust control theory. Note that the stability conditions in the proposed methods are conservative in
the sense that they are only sufficient. These kind of models can generally not be used in combination with
white-box modelling, which require a physical understanding of the parameters, such as [13], [14].

Open challenges

The presented review of the state-of-the-art on the topic of system identification of nonlinear discrete-time
state-space models identifies a set of open challenges that are to be addressed in this project. In [36], a
flexible Lur’e-type discrete-time model structure has been proposed for the purpose of system identification.
Furthermore, [13], [14] proposes a methodology for a less flexible continuous-time model structure that deals
with major challenges in system identification, being stability guarantees and computational efficiency of
the estimation algorithm. These challenges have not been resolved in literature for the flexible discrete-time
case as of yet. This insight initiates the following open challenges: How to guarantee stability for flexible
discrete-time models with the same structure as [36]? How to compute steady-state solutions of stable
models inside this class computationally efficiently? How can these features be combined into a system
identification algorithm? These open challenges were taken as a starting point for this project’s research goal
formulation.

1.3 Research goals

Based on the state-of-the-art in|Section 1.2|and especially the remaining open challenges, the foremost
objective for this project is to develop a methodology for system identification of the flexible model structure
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for discrete time systems, proposed in [36]. Inspired by the continuous-time contributions in [13], [14], this
project aims to include stability guarantees to the identified model and benefit from computationally efficient
model response calculation methods. In short, the main goal of this research is defined as:

“Develop an experimentally validated, computationally efficient system identification methodology for
flexible discrete-time nonlinear state-space models with stability guarantees.”

From this goal, a number of sub-goals can be identified towards an implementation of the main goal:

e I|dentification of a flexible discrete-time nonlinear state-space model is guaranteed by the Lur'e-type
model structure. This structure is extremely flexible if, e.g., deep feedforward neural networks are
chosen to characterize the nonlinear part of this model class as was shown in [36].

e An equivalent to the steady-state solution computation algorithm that was used in [13], [14] is to be
developed in this project. Once computational advantages of the mixed-time-frequency (MTF) algorithm
for discrete-time systems are numerically investigated and confirmed, a contraction analysis of the
algorithm towards the steady-state model response to periodic excitation should be proven, similar
to [57].

e A method is to be developed to calculate the exact gradient of the objective function (the mismatch
between model and system outputs) with respect to the model parameters efficiently, as was done for
the continuous-time case in [13], [14].

e Stability guarantees of the identified model are required, defined in terms of the global exponential
convergence property for nonlinear models, see [13], [14]. This property is selected because the
identified model is desired to have, for each (periodic) excitation, a unique (independent from the
initial state conditions) and GES steady-state (periodic) model response that is not highly sensitive
to small input perturbations in the infinity norm of the excitation. Additionally, conditions that are
computationally cheap to check are desired, such that the identification algorithm progression is not
limited by frequent, computationally costly stability checks.

e The identification methodology is required to be validated using experimentally obtained benchmark
datasets [58], [59]. The performance of our algorithms can then be compared quantitatively to state-of-
the-art methods in literature. Also, a simulation case study is to be performed for validation purposes.

1.4 Report outline

The outline of the remainder of this report is as follows:

Chapter 2 provides an overview of the Lur’e-type class of discrete-time dynamical systems that are of interest
to this project. It presents important assumptions and properties of these dynamics as preliminaries before
the focus shifts to answering the research questions.

Chapter 3 explains the stability guarantees that are required for the Lur’e-type dynamics to be a candidate
model. First we elaborate on the challenges in stability analysis of nonlinear systems and how/why global ex-
ponential uniform convergence (GEUC) is a desired system property to overcome these challenges. Thereafter,
we propose numerically tractable conditions to verify this property as a stability guarantee for Lur’e-type
systems.

Chapter 4 combines the information of its preceding chapters into a system identification algorithm for
Lur'e-type models with stability guarantees. Here, we formalise our model class and explain how we solve
the system identification problem, which is formulated as a standard constrained optimisation problem. We
focus on a computational efficient implementation by proposing methods to calculate steady-state model
responses fast and accurately in order to evaluate the objective function and its gradient.

Chapter 5 validates the system identification algorithm by presenting system identification results on Bench-
mark datasets, as well as a numeric case-study.

Chapter 6 presents the conclusions of this thesis, together with recommendations for future research.
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1.5 Preliminaries on notation

Definition 1.1 (Signalnorms and normed signal spaces [60), p. 94-97])

e For real vectors x € R"™, one can define:

— the Euclidean norm ||-||, of x by
lz]3 = =" a. (1.1)

- the P-weighted norm ||-|| , of x for0 < P € S™ by

|z]|% = ' Pz. (1.2)

e For scalar valued sequences g : N — R, the Banach space ¢{2(N) of all N -periodic sequences having
a finite {3-norm ||-|| . is defined, such that

lgllz, = Sy 1g(@)|* < 0. (1.3)

e [61, p. 3]: For vector valued sequences g : N — R" (with g; being the i-th sequence in g), the Banach
space (% (N) of all N -periodic sequences having a finite {3 -norm ||-||£§ is defined, such that

2 2
||9||eg =2 ie1 lgilly, < oo (1.4)

e For vector valued complex functions f : C4 — C™ (with f; being the i-th sequence in f), one
can define the Hardy space H?% of functions for which all f; are analytic on, as well as continuous
and square-summable on every circle in up to the unit disc. This function space only appears in

Definition 1.2 (Matrix and system norms [27), p. 648])

e A matrix A € R™*™ defines a bounded linear mapping between vectors © € R™, y € R™, such that
y = Axz. The induced p, g-norm of matrix A reads (forp > 1, and ¢ < oc) as

|- Azl

1Al = sup :
Pz ll,

(1.5)

Some special cases are || A||; = [|All; 1, [|All, = [|All, 5 and [|A]| , = [|A] respectively given by

c0,00?

m n
Al = max Y ass), JAll, = /o (AT 4), Allo = max 3 Ja|
i=1 j=1

e Asystem X defines a bounded linear mapping between sequencesu € U,y € Y, such thaty = ¥ o w.
One can introduce the normed space of linear systems L(U, )) with induced norm

||Z°U||y

1 z@y) == sup (1.6)

weunior  Nlully

A special cases that is exploited in this project is ||| ., = ||EH£(£;1L7 vy which is referred to as the
system’s induced Ly-gain.
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Definition 1.3 (x-transform of vector-valued sequences)

The bilateral % -transform maps a n-dimensional complex vectors valued sequence x : Z — C™ (with x;
being the i-th sequence in x) into a n-dimensional complex vector valued function X € H} (with X; being
the i-th sequence in X). This transform is denoted by the linear operator Z : C" — H% and defined for
each component z; as

Xi(x) = (Zozi(n)(x)= Y m(n)x™ VxzeC. 1.7)

n—=—oo

The inverse % -transform is denoted by the linear operator Z~' : H3 — C™ and reads for stable X;(x), i.e.,
all poles of X;(=) are inside the open unit disc, as

T2

1 (" ; ;
zi(n) = 271 o X;(x) / X; (€¥) " dw VneZ. (1.8)

—T

Definition 1.4 (NN-point (Inverse) discrete Fourier transform of vector-valued sequences)

The N -point Discrete Fourier Transform (DFT) maps from x, a periodic sequence of N complex vectors of
dimension n (with x; € C™ being the i-th vector in x) into X, another sequence of N complex vectors of
dimension n (with X; € C" being the i-th vector in X). This transform is denoted by the linear operator
F : CVXn 5 CN*7 and defined for the component x; as

N
Xi=%Fox;, where Xi(k)=) wzi(n)e ™™ Vke{0,1,...,N-1}. (1.9)

n=0

We recognize the discrete set of so-called normalised DFT frequencies as &;, where &;(k) = 2nk/N. An
inverse percedure, which is referred to as Inverse discrete Fourier transform (IDFT), is denoted by the linear
operatorF—1 : CV>*" — CN*" and defined as

N—-1
~ 1 .
2, =F 'oX;  where x;(k)= ¥ Y Xi(n)ed 8 vk e{0,1,...,N-1}.  (1.10)

n=0

Definition 1.5 (Comparison functions [27), def. 4.2 & 4.3])
e A continuous function o : [0,a) — [0, 00) is said to belong to class K if:
1. itis strictly increasing.
2. a(0) =0.
e A continuous function « : [0,00) — [0, 00) is said to belong to class K, if
1. it belongs to class K.
2. lim, 0 a(r) = 0.
e A continuous function § : [0,a) x [0,00) — [0,00) belongs to class KL if
1. for each fixedr:
(@) the mapping (3(r, s) is decreasing with respect to s.
(b) lims_,, B(r, s) = 0.
2. for each fixed s: the mapping 3(r, s) belongs to class K with respect tor.
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Chapter 2

Lur’e-type models

The purpose of this chapter is to elaborate on important preliminaries for Lur’e-type models. To that end,
the Lur’e-type structure is introduced first, after which the remainder of this chapter is structured as follows.
[Section 2.1]discusses assumptions and instrumental properties of the linear block. The nonlinear block is
treated in[Section 2.2]in a similar fashion. [Section 2.3|discusses the problem of non-unique parametrisation
of the Lur’e-type structure, after which a summary of this chapter follows in[Section 2.4

Let us consider a discrete-time Lur’e-type structure, expressed into the following form:

z(k+1) = Az(k) + Bu(k) + Lw(k), z(0) = o, (2.19)

PO y(k) = Cz(k) + Dw(k), (2.1b)
z(k) = Fa(k) + Gu(k) + Hw(k), (2.10)

e: {4 ulk) =pylk),k) ~ (2.1d)

In this set of equations, one finds (k) € R", z(k) € R™ and y(k) € R™ as the evaluation at time-
instant k& € Z of state =, measured output z and unmeasured nonlinearity input y, respectively. Moreover,
u(k) € R™ and w(k) € R™~ are recognised as the evaluations of the nonlinearity output v and measured
periodic external excitation w at this moment in time. Periodicity of discrete time signals is defined as follows
SISO and SISO.

Definition 2.1 (Discrete periodic signals [62], p. 121])
A discrete-time signal x : Z — R™is periodic if there exists a non-zero integerp € Z such that

z(n+p) = z(n), VneZ. 2.2)

The Lur'e-type structure can be split into (i) a LTI block X having a representation according to[Equa]
tions (2.1a)|to[(2.1c)and (ii) a nonlinear block ¢ following|Equation (4.17d), These dynamics can then be
interpreted as the feedback interconnection that is shown in Throughout this work, a discrete-time

Lur’e-type system can be referred to via either|Equation (2.1)[or the tuple (X, ¢).

'

Figure 2.1: Lur’e-type system interconnection.
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2.1 Linear block

One recognizes the state-space representation of a finite-dimensional MIMO LTI causal discrete-time dy-
namical system ¥ in|Equations (2.1a)|to|(2.1c)} The state equation is parametrised by state matrix
A € Rm=*n"=_together with input matrices B € R"=*"« and L € R"=*"w_ The output equations
and are characterised by output matrices C € R™"v*"= and F' € R"=*"=, as well as feedthrough
matrices D € R™*"w (G € R™"=*" and H € R"=*"w_ Given an initial condition xy € R"=, this state-space
representation can be used to fully describe the behaviour of ¥ under the time-varying excitation w and
nonlinear feedback u. This section starts by discussing assumptions on linear block X in the Lur’e-type
structure.

Assumption 2.1 (Linear block)
Throughout this thesis, the LTI block 3 respects certain properties, which can be listed as follows:

1. System X is represented via a state-space form to which one can refer to as (As,, By, Cx;, Dyx). This
representation is defined in terms of the parametrisation of|[Equation (2.1)|via

As = A, Bs=[B I,
c 0,, D
ol el 3

2. (Asx, By, Cs, Dy) is a minimal realization of 3, such that the system is described by the minimum
number of state variables.

(2.3)

3. The nonlinearity inputy and nonlinearity output u are of equal dimension, i.e., n, =n,,.

The feedback interconnection in[Figure 2.1]reveals a clear nonlinear algebraic loop in the Lur'e-type structure.
This direct feedthrough from nonlinearity output « into nonlinearity input y is excluded from the considered
Lur’e-type structure. An alternative method to deal with this challenge is mentioned in [23] and assumes a
unit sample delay in either the forward or the backward path. Finally, note that the second item in the list of
assumptions on the linear block can be guaranteed via the controllability and observability properties verified
by the well-known Kalman test [63], Th. 8.9].

All important assumptions on X are now explained, so in the next paragraph the focus lies on key properties
of these LTI dynamics. In particular, we aim to analyse solutions in the frequency domain. Let us once more
consider the state-space representation of LTI system X in|Equations (2.1a)|to[(2.1c) It is well known that the
system output responses of these dynamics can be written as

k k
y(k) = CA*zo + Y CAF=1Bu(i) + > CA*""'Lw(i) + Dw(k) : (2.4a)
I 1=1 z’:l“
k k
2(k) = FAFzg+ Y " FAM""'Bu(i) + Y FA*""'Lw(i) + Gu(k) + Huw(k). (2.4b)
=1 i=1
1l [\

In these equalities, terms | and Il are recognised as the so-called free response contributions to y and z,
respectively. Furthermore, terms Il and IV denote the forced response contributions to the respective system
outputs. For Schur stable LTI systems, i.e., A(4) C Cg, itis known that free responses decay asymptotically
to zero. Because the solutions ‘forget‘ their initial conditions, only the forced solution in
remains forward in time. Each solution then converges to this so-called steady-state solution, which is unique
and exists on the entire time axis k € Z without growing unbounded, as is formalised in
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Property 2.1 Consider a LTI dynamical system 3. according to|Equations (2.1a)|to[(2.1c)| having a state-
space representation (As,, By, Cyx, Dy). The dynamics are subjected to T-periodic bounded inputs w, u.
If the state matrix As, is Schur stable, then there exists a unique T-periodic globally exponentially stable
steady-state solution (z € (5*, § € (5", z € (57).

Note that the macron diacritic was chosen to denote steady-state signals. So-called time-domain steady-state
operators are defined to evaluate the T-periodic steady-state outputs of X in time-domain while being
subjected to T-periodic inputs for allm € {1,...,T} according to

= Fyoow,  where ( o O w) (m) = "™ CA™==1Lu(i) + Dw(m), 2.5a)
7" = Fyuou, where ( yu O u) (m)=>Y"_ _ CA™ 1 Bu(i), (2.5b)
7 = F,pow,  where ( 2w © w) (m)=3"__ FA™ "1Lw(i) + Hw(m), (2.50)
s — F, ou,  where ( 0 O u) (m) = S FA™i=1Bu(i) + Gu(m). (2.5d)
Also, due to the superposition principle of LTI dynamics [63} p. 57], it holds
g=y"+y", (2.6) z=2z"+2z" (2.7)
These definitions are used in where a contraction mapping property is proven that is used

in According to [64), Ch. 9], it is generally preferred to avoid calculating the convolution sums
in because (i) the operation is mathematically difficult to deal with, e.g., suppose we are
given an output sequence and system description, how can we then easily reconstruct the inputs sequence?
and (ii) evaluating this operation requires many algebraic actions, which is computationally unattractive. To
overcome these issues, fundamental results in linear systems theory often make use of analysis techniques
in the frequency domain, where the convolution sum operation reduces to a single multiplication. There also
exist computationally cheap methods to transform signals forth and back between the time- and frequency-
domain and, therefore, it is computationally attractive to compute model responses in the frequency domain.
In the following, one first introduces X’s transfer function representation for which an upper-bound to its
Ho-norm is derived. Thereafter, X’s frequency response function is treated, from which linear steady-state
operators that map periodic system inputs to periodic steady-state system outputs can be derived.

Transfer function representation

Next to the state-space formulation, there exist numerous representations of X, such as the difference equa-
tion, impulse-response representation and transfer function representation. This last form is characterised
by the transfer matrix Gs(x) for the complex variable x € C, which exactly relates the x-transform (as per
of periodic system inputs to the x-transform of steady-state system outputs. To distinguish
between the respective input- and output channels of ¥, the transfer matrix can be written as

( Y(x) ) - ( G5y (%) | G5, () > < Wix) ) 2.8)
Z(x) ]\ Ge..(x) ' Gs.,(x) Ux) )’ '

Gx(2)
in which % -transforms of signals are denoted by capital letters and x arguments. This expression allows for a
characterization of the transfer matrix in terms of the parametrisation of X via

Gs,.(x) =C(xl,, — AL+ D, (2.9a)
Gz, (x) = C(x1y, — A)7'B, (2.9b)
Gs.,(x) = F(xI,, — A)"'L + H, (2.90)
Gs,.(x) = F(xI,, — A)'B+G. (2.9d)

Note that Gx (%) is unique, whereas X may have infinitely many state-space realizations. Also, Gx(x) is
known to be proper and rational, since it would not have a state-space representation otherwise.
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Frequency response function

The frequency response function of system X is defined as the evaluation of the transfer matrix Gy (%)
on a uniformly sampled subset of C. This operator is denoted by Gx,(¢’“) for so-called normalised DFT
frequencies @, where @&(k) = 2nk/N forall k € {0,1,..., N — 1}. If a periodic signal with measurement
interval NV is analysed, whose length is an integer multiple of the excitation period, then it is well known that
the N-point DFT (as per[Definition 1.4) of steady-state LTI system outputs and the N-point DFT of harmonic
inputs are exactly related via the frequency response function Gs(e/%) [65].

Because of this exact relation, one can introduce so-called frequency-domain steady-state operators for the
LTI system X, which map from periodic excitations to periodic steady-state outputs. These operators involve

element-wise multiplication with the frequency response function and are defined forallm € {1,..., N} as
— FywoW,  where (ﬁyw o W) (m) = Gs,, (M=) W (m), (2.10a)

YU = Fypol,  where (ﬁYU o U) (m) = G, (@) U(m) (2.10b)

— FywoW,  where (ﬁZW ° W) (m) = Gs.... (7*M=DY W (m), (2.100)

Z% = FyyoU, where (ﬁZU o U) (m) = Gs., (D) U(m). (2.10d)

Here, e.g., Y € CN*™v is recognised as the N-point DFT of steady-state output 3 driven by w. This
concludes the discussion on LTI system properties and analysis techniques. All important assumptions on
the linear block are listed, whereafter it is shown that steady-state solutions of linear systems can be solved
efficiently in the frequency domain. Finally, it is shown that the induced £5-gain on the linear block can be
found by solving a linear matrix inequality (LMI) optimisation problem, which is used in[Chapters 3|and[4] An
instrumental property of the transfer matrix representation reads as follows.

Property 2.2 ([66], [67, Th. 11.3]) Consider a stable discrete-time LTI system ¥, subject to
input v and generating output y*. Suppose that the system can be represented via the transfer matrix

Gs,. (%) : €5 — (5" Then, by|Definition 1.2, it holds

1740 = Gl e < IR, 10T = [, )V g @1

In this property, one recognise the equivalence between a LTl system’s induced £,-gain and the #,-norm of
its transfer matrix [67), Th. 11.3]. Crucially, via this equivalence, it is possible to express a system property
into a signal norm that can be evaluated by solving an LMI optimisation problem for which efficient solution
methods exist. The well-known discrete-time Bounded-Real lemma is formalised below.

Lemma 2.1 (Discrete-time Bounded-Real Lemma [[68], Lem. 5.1])

Consider a discrete-time LTl system ¥ whose transfer matrix Gs(x) admits a state-space representa-
tion (A, B, C, D), where A € R"*", B € R"=*" (' € R™w*"= D ¢ R™*"_ Then, the inequality
G5 (%)|l3.. <~ holds if and only if there exist0 < P € S"» and~y € R, such that

ATPA-P ATPB c7
* B'PB—~I, DT | <0. (2.12)
* * -1,

The Hoo norm of G, (%) is the minimum value of v € R+ that satisfies the above condition. If (A, B, C, D)
is a minimal realization, then the matrix inequalities can be non-strict.

Proof. See [68, Lem. 5.1]. O

The LMI optimisation problem in is applied multiple times throughout this project. On the one
hand, in we show that once a Lur’e-type structure satisfies a certain stability notion, then this
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implies an upper-bound to the #,-norm of its transfer matrix. On the other hand, this upper-bound is applied

together with [Property 2.2]in the contraction analysis of an iterative algorithm in[Chapter 4]

2.2 Nonlinear block

This section treats the most important assumptions that were made on the nonlinear block . These assump-
tions partly define the model class and impose important properties on the nonlinear block as explained in the
remainder of this section. The notions of (incremental) sector conditions are introduced first in
and[2.3] respectively. Consecutively, the assumptions on ¢ are listed in

Definition 2.2 (Sector condition [[27), Def. 6.2])
A memoryless function ¢ : R™ x Ry — R™ js said to be sector bounded within sector bounds [K;, K],
for real symmetric Ky, Ko € S™ with Ko — K1 > 0, if this function satisfies:

[o(y,t) — Kiy] " [p(y.t) — Kay] <0, (2.13)

forally € R™v andt € Ryg.

Definition 2.3 (Incremental sector condition [[69], Def. 4])
A memoryless function ¢ : R™ x Ryg — R"v is said to be incrementally sector bounded within sector
bounds [S1, S2], for real symmetric S, So € S™ with Sy — Sy > 0, if this function satisfies

[ t) — (P t) = Si(w* — )] [™t) — p(yPst) — Sa(y® — y*)] <O, .14)

forall y®,y® € R™ andt € R-q.

Assumption 2.2 (Nonlinear block assumptions)

1. Nonlinear block ¢ is memoryless, which ensures that the nonlinearity output at any instant of time
is determined uniquely by its input at that time instant. Hence, it does not depend on the input
history [27, p. 19]. This property is also referred to as zero-memory or static.

2. Nonlinear block ¢ is decentralized in the sense that for any time instant k, its i output ; (y;(k), k)
depends solely on its respective ih input y; (k) [27, p. 228]. Therefore, one can write

o(y(k), k) = [or(mi (), k) @a(we(k), &) ... wp(yp(k), B)] ', (2.15)

which clearly shows the decoupled input-output behaviour of the nonlinearity.

3. The nonlinearity ¢ is sector bounded as per|Definition 2.2\within known sector bounds [0,,,, ?]. This
assumption is verified if

sa(R,y) = oy, k) R(p(y, k) — Q) <0 VyeR™, keZ, (2.16)

for any diagonal 0 < R € S™v. The diagonal matrix0 < Q € S" withdiag ({Q,...,Q,,}) =Q
andQ; >0, Vi € {1,...,p,} fully characterizes this condition.

4. The nonlinearity ¢ is incrementally sector bounded as per|Definition 2.3|within known incremental
sector bounds [0,,,, Q2]. This assumption is verified if

sq(R,y%, 40 == (z* — zb)T R (2% - 22— Q(y* — yb)) <0 Vy¢, " eR™, keZ, (2.17)

for any diagonal 0 < R € S"v and where 2* = p(y', k). The diagonal matrix 0 < Q € S™ with
diag ({Q,...,Qp, }) =QandQ; >0, Vi € {1,...,n,} fully characterizes this condition.
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Chapter 2. Lur’e-type models

The third and fourth item in the list of assumptions are from now on referred to as the cone bounded sector
constraints on nonlinearity ¢. In the general MIMO case (p, > 1), it is hard to find and interpret the cone
bounded sector constraints on a certain nonlinearity . However, if we recall that ¢ is decentralized in the
scope of this project, then we can think of these constraints as a set of SISO cone bounded constraints on
the individual nonlinearity outputs ¢;(y; x, k). Fortunately, it is relatively easy to find tight bounds on the
(incremental) sector of a SISO nonlinear function, which can be understood for an example nonlinearity via
the visual interpretations in

()01 Q’Lyl /// 87/7 y Ql
Yi Yi
(a) Sector bounded within [0, €2;]. (b) Incrementally sector bounded within [0, Q;].

Figure 2.2: Cone bounded sector constraints on ¢;(y;, k).

The nonlinearity output ¢; is clearly constrained by a sector condition to the grey area in[Figure 2.2a, whose
boundary is characterized by Q; > 0. The sector clearly imposes y; and ; to be of equal sign, which is
also referred to as ¢;(y;) lying in the first and third quadrant. Note that this sector condition imposes each
nonlinearity output ¢, to pass through the origin, such that

vi(0,k) =0 Vie{l,...,n,}, k€L (2.18)
Besides that, the nonlinearity slope g“; is clearly constrained by a incremental sector condition to the grey

areain whose boundary is characterized by ;. Here we can see that the incremental sector
condition defines ; as monotonic since it is non-decreasing on its entire domain. Finally, observe that multi-
plying a SISO (incremental) sector condition by a nonnegative constant can never make the function violate
its constraint. This fact allowed for the inclusion of weight matrix R in[Equations (2.16)|and|(2.17)}

2.3 Non-unique model parametrisation

A well-known issue of block-oriented nonlinear models, including the model class (2.1), is related to the
uniqueness of the model parametrization [23]. Many different models inside this model class result in the
same input-output behaviour even though they are parametrised differently. This phenomenon is undesired in
the scope of system identification, as is illustrated later on in In the following section, loop scaling,
loop transformation and similarity transformations are identified as sources of non-unique parametrisations
inside the model class. Also, a normalised, symmetric Lur’e-type model form is presented, which is used in

[Chapters 3]and|[4]for stability analysis and system identification purposes, respectively.
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Section 2.3. Non-unique model parametrisation

Loop scaling

Loop scaling can be thought of as a linear scaling of the nonlinearity output and input channels, respectively,
u and y. To this end, we can introduce the diagonal matrix ¥; € S™« to scale the nonlinearity output channel
according to u = Wy 4. Furthermore, the diagonal matrix ¥, € S™v scales the nonlinearity input channel via
y = U5 4. Loop scaling is shown schematically as the block diagram in

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 2.3: Loop scaling interconnection.

One can see that loop scaling gives rise to an updated Lur’e-type parametrisation (3, ¢), which is different
from the original model (X, ), but still inside the model class and producing an equivalent input-output
behaviour. This Lur’e-type model satisfies the properties that are explained in

Lemma 2.2 (Loop scaling)

Consider a Lur'e-type system (3, ) according to|Equation (2.1)| LetX and o verify|Assumptions 2.1 and

respectively. If we introduce the diagonal and invertible nonlinearity input- and output scaling matrices
v, € 8" and ¥, € S™, such thatu = ¥ uandy = \Ilglg, then we find an updated Lur’e-type model
(X, @), for which:

e The linear block X verifies|Assumption 2.1|for the state-space form (Ag, Bg, Cs, Ds), where

Ag = A, Bs = [BY, I],
o [\1/20] o {on %D] | (2.19)
2 F |’ 2 GV, H
e The nonlinear block ¢ is defined as
B(7) =Ty (T3 '5) (2.20)

and verifies with updated bounds on (i) the sector condition: [0,,, ¥ Q¥;"]
and (ii) the incremental sector condition: [0,,,, U1 'Q¥;"].

Proof. See[Appendix A.1] O
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Chapter 2. Lur’e-type models

Loop transformation

Via a loop transformation, one can add or subtract a purely linear term to the nonlinear block of the Lur’e-
type model structure, while compensating for this in the linear block parametrisation [27 p. 255]. This
transformation is established if the nonlinearity output « is replaced by &« = v — ¥y given a diagonal
loop-transformation matrix U5 € S™«. The loop transformation is shown schematically in[Figure 2.4]

w

"%
AN

Figure 2.4: Loop transformation interconnection.

One can see that loop transformation gives rise to an updated Lur’e-type parametrisation (3, ¢), which is
different from the original model (X, ¢), but still inside the model class and producing an equivalent input

output behaviour. The properties of (3, ¢) follow the results in

Lemma 2.3 (Loop transformation)

Consider a Lur'e-type system (3, ¢) according to|Equation (2.1)| LetX and o verify|Assumptions 2.1 and

respectively. If one introduces the diagonal loop-transformation matrix W3 € S"™ such thatu = i + W3y,
then, an updated Lur’e-type model (3, @) is retrieved, for which:

e The linear block 3. verifies|/Assumption 2.1|for an updated state-space form (As,, By, Cs, Ds;), where

As = A+ BU3C, By =[B (L+B¥3D)],
o [ o ] . 0, 5 | (2.21)
ST F+GUs0|’ = G H+ BVY3D
e The nonlinear block ¢ is defined as
Py, k) == ¢(y) — Yay (2.22)

and verifies|Assumption 2.2 with updated bounds on (i) the sector condition: [— V5, Q—W3] and (ii) the

incremental sector condition: [—Ws5, Q) — WU3].

Proof. See[Appendix A.2] O
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Section 2.3. Non-unique model parametrisation

A normalised, symmetric Lur’e-type system

The loop scaling and loop transformation methods in and respectively, can be used to
cast any Lur’e-type model into a form with an equivalent input-output behaviour, whose nonlinearity is
incrementally sector bounded within known incremental sector bounds [—17,, , 21, ]. The loop scaling and

loop transformation operations on (3, ) are shown schematically as the block diagram in[Figure 2.5

<

"%
©
{Qlw

Figure 2.5: Transformation towards a normalised, symmetric Lur’e-type model.

The properties of this transformation, as formalised in[Lemma 2.4} are applied multiple times in this project;
e.g. [Section 3.5|and [Theorem 4.2| extensively use the normalised, symmetric form of a Lur’e-type sys-
tem.

Lemma 2.4 (Normalized symmetric Lur’e-type structures)

Consider a Lur’e-type system (3, ) according to[Equation (2.1)} Let X and ¢ verify|Assumptions 2.1and[2.2,

respectively. Let us perform a loop scaling as per|Lemma 2.2with ¥, = I,, and ¥, = (, followed by a loop
transformation as per of W3 = 11, . One then finds an updated Lur’e-type model (%, @) for
which:

e The linear block 3. verifies|Assumption 2.1|and admits a state-space form (As, Bs, Cs, Ds,), where

1. - _
As =A+§BQC, Bs = [B L—l—%BQD] ,
_ _ (2.23)
Co — Qc De — On, QD
¥ F+3690)’ T |G H+3iBOD|’
e The nonlinear block ¢ is defined as
- 1
P k) = (719, k) = Sy (2.24)

and verifies|Assumption 2.2\with updated bounds on (i) the sector condition: (-1, ,Q~'Q — 11, ]
and (ii) the normalised symmetric incremental sector condition: [—%Iny, % )
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Chapter 2. Lur’e-type models

Linear block similarity transformation

The final source of non-unique Lur’e-type model parametrisation that is discussed in this work addresses
similarity transformations of the linear block X. It is well known from linear system theory, that any one-
to-one linear transformation of state variables does not alter the input-output behavior of a LTl system and,
hence, induces non-unique parametrisations of X [70, p. 658]. This result is formalised in

Lemma 2.5 (Similarity transformation)

Consider a LTl system X that admits the state-space representation (As, By, Cs, Dsx). Let P € R"=*"=
be non-singular and consider a so-called similarity transformation z;, = Px;. Then ¥ admits another
state-space form (Ax, By, Cs, Dyx), where

As, = PAgP L, By = PBsy,,
(2.25)
Cs = Cs P71, Dy, = Ds.

This representation is said to be (algebraically) equivalent to the original state-space description of ¥ and
therefore results in the same input-output behaviour.

Proof. See[Appendix A.3] O
2.4 Summary

In this chapter, the class of discrete-time Lur’e-type systems that is considered in this project for the pur-
pose of system identification is exploited. The linear block X is assumed to admit a minimal state-space
representation having a square nonlinearity input- output channel. Furthermore, it is explained how and why
steady-state responses of X can be computed in the frequency domain and a method to compute the induced
Lo-gain of X. Moreover, it is assumed that the nonlinear block ¢ is static, decentralized and satisfying
certain cone bounded sector constraints. The parametrisation of Lur’e-type systems is non-unique given the
possibility of loop-scaling, loop-transformation and similarity transformation, which also allows to cast any
Lur'e-type model into a normalised, symmetric form. For system identification purposes, Lur’e-type models
are only accepted when they satisfy certain stability guarantees. This model class restriction is central to the
upcoming chapter.
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Chapter 3

Convergent Lur’e-type models

In the previous chapter, Lur’e-type models are introduced as the model class together with the most important
assumptions and properties. A major challenge in nonlinear system identification, which has not been
addressed so far, is to enforce a form of stability on the identified model. In[Section 3.1|this challenge
is explained and illustrated by a simple example. One can aim to constrain the model class further by
guaranteeing a certain stability property for our identified Lur’e-type model. In this work, the global uniform
exponential convergence property is enforced, which is discussed for generic nonlinear systems in
first. After that, numerically tractable conditions are provided to assess the global uniform exponential
convergence property for models in our model class in[Section 3.3] Finally, it is shown that satisfaction of
the conditions for GEUC guarantees an upper bound to the gain of the linear block, which is used to develop
efficient numerical methods for identification in|Chapter 4

3.1 Stability challenges for generic nonlinear systems

Let us consider a generic discrete-time nonlinear system

2(k+1) = f(z(k),w(k), k), VkeZ, (3.1)

where z(k) € R" and w(k) € R™ are the system’s state and input, respectively. Assume that the nonlinear
function f : R™ x R™ x Z>, — R™ is continuous with respect to the two first arguments for any third one.
One denotes the initial condition z (ko) as z, for kg € Z. Moreover, for ease of notation, let us introduce the
solution of dynamics as ¢v : Zsp, X Z x R™ — R verifying

¢w(k + 1, kg,fﬂo) = f((bw(k,ko,l’o),w(k),k') A (k, ]{30, 1‘0) € ZZko x Z x R™. (32)

It is well-known that nonlinear systems can exhibit multiple stable solutions being attractive for different sets
of initial conditions [27]. Moreover, depending on the applied excitation signal, the response of nonlinear
models can become unstable. Consequently, even though the model explains a certain identification data set
perfectly well, the model response to a new bounded excitation might be close to the true system response,
but might as well be far off or even become unbounded. To interpret this behaviour even better,
illustrates the stability challenges for nonlinear systems.
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Chapter 3. Convergent Lur’e-type models

Example 3.1 (Stability challenges)

Let us consider a scalar, nonlinear dynamical system subject to a constant input w, where

1
F(a(k),w) = Tsa(kyw (2(k) + 1) ((:c(k)w)2 — a2(k)w — 1) + z(k). (3.3)
Our intention is to simulate these dynamics in multiple scenarios. To that end, one can first select a set of
initial conditions {z§, x}, «§, =i}, where

zy = —0.8, zh = —0.2, z& = 0.8, z3=-12.

o,

Also, a set of constant inputs {w”, w"} is selected, where
w® = —1.4, w’ =2.1.

A simulation of the dynamics for the various initial conditions and inputs is shown in|Figure 3.1
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(@) Input: w*. (b) Input: w".

Figure 3.1: Simulation of dynamics for various initial conditions and inputs.

Taking a closer look at these simulation results, one can clearly identify the stability challenges for generic
nonlinear systems that were introduced in this section. To start off, observe that the stability of solutions
can indeed highly depend on the selected initial state. Looking at[Figure 3.1a, it can be seen that a bounded
response for x, x§, x§, whereas the solution starting from z is unbounded. Undoubtedly, a bounded
steady-state solution is not necessarily unique, since the solution for x§ does not converge in steady-state to
the ones starting from z2, z§. Furthermore, taking also into account, one notices that stability of
solutions is not necessarily preserved under input variations. The x¢ solution stabilizes switching from w®
to w®, whereas the x§ solution shows the exact opposite behaviour. Despite the z{ solution being bounded,
it approaches a different steady-state than x = —1, namely x = 0, making the solutions less predictable.
This in contrast to the = solution, which is not sensitive to this input variation and still converges toz = —1
in steady state. One could argue that such a predictable steady-state behaviour can be a desired model
property and adds to the robustness of the model to initial conditions and to variations of the input, in
particular, if such property is to be expected (or observed) for the system to be modelled.
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3.2 Stability notions for nonlinear systems

This section elaborates upon stability notions for nonlinear systems to deal with the challenges that were
explained in A nonlinear system that exhibits global asymptotic stability (GAS) solutions in
absence of perturbations, can respond according to the four scenarios that are shown in in presence
of bounded perturbations.

Figure 3.2: Stability notions on nonlinear systems in presence of perturbations.

In scenario I, solutions grow unbounded, despite the stability property of the unperturbed system. This kind of
behaviour was observed in[Example 3.1 before. In scenario Il, the system exhibits the input-to-state stability
(1SS) property, such that responses remain in some region around an equilibrium, but do not converge to each
other and are, therefore, not predictable [71]. Obviously, in scenario Il, one would be interested in quantifying
how fast the response converges to the bounded region, together with the size of this convergence region. In
scenario lll, all responses converge to a unique, but possibly unbounded, steady-state response independent
from the initial condition. This behaviour is referred to as incremental stability. Finally, in scenario IV, systems
with the convergence property show bounded responses that converge to a unique steady-state solution
independent from the initial condition. Due to the predictability and boundedness of the solution, scenario IV
is enforced on the identified model by the identification algorithm in[Chapter 4] The uniform convergence
property is formally defined as follows.

Definition 3.1 (Uniform convergence [72}, Def. 1])
A discrete-time nonlinear system is said to be uniformly convergent in a set X C R" for an input
class W, if, for every inputw € W:

o There exists a unique steady-state solution 2 (k) € X, that is defined and bounded for all k. € Z.

e v js uniformly asymptotically stable in X, i.e., there exists a KL-function 3 such that

16 (K, ko, m0) = 2¥(K)[| < B(llxo —2*(O)[l, k — ko), Vao € X. (.4)

In the case where (3 is exponential in the second argument of (3.1), the convergence is called exponential.
The set X is referred to as the convergence region. If X = R", then the convergence is global.

Notice that z exists, and is bounded, on the entire time axis, so both in forward and backward time. An
instrumental property of uniformly convergent systems addresses steady-state solution periodicity.

Property 3.1 ([73}, Pr. 3.1]) Suppose system with a given input w is uniformly convergent. If the
input w is constant, the corresponding steady-state solution % is also constant; if w is periodic with period
T, then the corresponding steady-state solution z* is also periodic with the same period T'.
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This property turns out useful for system identification, where the steady-state dynamics of the nonlinear
candidate models are calculated explicitly. The definition of uniform convergence does not provide us with
a check to verify whether a particular system is uniformly convergent, as it is not obvious to find
the convergence region and j3-function that prove this property according to It is desired
to characterize the uniform convergence property such that it can be checked more easily. To that end,
the notions of (compact) positively invariant sets and uniform asymptotic incremental stability are to be
introduced first. In words, once a trajectory of the system enters a positively invariant set at a certain
time instant, then forward in time it never leaves it again. Such a set is called compact if it is closed and

bounded. This notion is introduced formally in below.

Definition 3.2 (Positively invariant set [[74], p. 4])

AsetS. C R"™ is said to be positively invariant with respect to (i) the system dynamics and (ii) inputs
from a certain class W , if forallw € W, z¢ € S, and k, ko € Z such that k > kg, it holds ¢* (k, ko, xo) €
S..

What is left is to formulate a method for checking the existence of such a compact, positively invariant set.
This can be done via a Lyapunov characterization, as explained in

Lemma 3.1 (Compact, positively invariant set [75], Ass. 1])
Let us consider the K-function ~(-), which characterizes the input class

W, ={weR™, ||lu|| <y '(1)}. (3.5

Suppose there exists a continuous function V : R™ — R, together with K. -functions o (-), as(-) and a
nonnegative scalar c € R, such that the following conditions are satisfied for all z € R”, w € R™ and
ke Z:

ar([lz]) < V(z) < az((l]]), (3.63)
V(f(z,w, k) <c, ifV(z) <candy(||lw|) < 1. (3.6b)

Then, there exists a compact, positively invariant set

S.={zx eR", V(z)<c}, 3B.7)

according to|Definition 3.2} with respect to (i) the system dynamics and (ii) inputs from the class WV,.

This characterisation is a modified version of the autonomous case in [74, pr. Th. 13]. A crucial property of
these compact, positively invariant sets is explained by a discrete-time version of Yakubovich’s lemma [76,
Lem. 2].

Lemma 3.2 ([77], Lem. 2])
A compact positively invariant set S, with respect to (i) the system dynamics and (ii) inputs from a

certain class YV, contains at least one solution % that is defined on Z and satisfies z* € S,. for allw € W
andk € Z.

The next step is to formalise|Definition 3.3} in which the uniform asymptotic incremental stability property
is addressed. In words, this property guarantees that any two solutions of a nonlinear system having their
initial conditions inside a certain set, asymptotically converge to each other regardless of their exact initial
conditions.
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Definition 3.3 (Uniform asymptotic incremental stability [75), Def. 2])

A discrete-time nonlinear system is said to be uniformly asymptotically incrementally stable in a
positively invariant set S C R" for a class of inputs W, if for any input w € W there exists a KL-function
B(-,+), such that

0¥ (k, ko, 2§) — ¢ (k, ko, z})|| < B(||z§ — 2|, k — ko). (3.8)

In case 3 is exponential in the second argument, the incremental stability is called exponential. Finally,
when S = R", then the incremental stability is global.

Note that this definition is a slight modification of the definition for autonomous systems in [78, Def. 1].
Given the generic nonlinear dynamics and inputs from a certain class w € W, a method for check-
ing the uniform asymptotic incremental stability property is proposed via a Lyapunov characterization in

Lemma 3.3 (Uniform asymptotic incremental stability [[75], Ass. 2])

Consider a positively invariant set S C R™ with respect to (i) the dynamics and (ii) inputs from a certain
class W, according to[Definition 3.2, Suppose there exists a continuous function V : Z x S x § = R,
referred to as an incremental Lyapunov function, together with K., -functions as(-), a4(-) and K-function
as(+) such that for all ¢, 2° € S, w € W and k € Z, the following conditions are satisfied:

az(||lz® — 2°||) < V(k,2%,2%) < oy (||l=* - z*|)), (3.93)
sV (k+1, f(z% w, k), f(mb,w,k:)) —V(k, 2%, z%) < —as(Hxa — bu), (3.9b)

Then the system is uniformly asymptotically incrementally stable in S C R™ according to The
incremental stability is global when S = R™. Moreover, when a3, a4 and as are quadratic functions, then
system is exponentially incrementally stable.

Again, this lemma is an extension of the autonomous dynamics case in [74} Th. 9]. Uniform convergence can
be guaranteed by the existence of a compact positively invariant set together with the uniform asymptotic

incremental stability property. [Figure 3.3|helps to illustrate this behaviour via a two-dimensional state-space
example.
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Figure 3.3: Uniform convergence via incremental stability and positively invariant sets.

Suppose there exists a compact, positively invariant set S.. By[Lemma 3.2}, it can be concluded that there
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exists at least one bounded steady-state solution z% € S.. Moreover, suppose there exists another (not
necessarily compact) positively invariant set S O S,, which is called the convergence region in which
solutions are asymptotically incrementally stable according to[Definition 3.3} In that case, any two solutions
of dynamics starting inside S must converge to each other. Given the existence of one solution that
resides inside S, for all time instances, namely the steady-state solution z, all solutions having their initial
conditions inside S, converge for sure to this bounded solution. As an example, this behaviour is shown
for solutions z® and " in[Figure 3.3} that converge to the steady-state solution z*. One observes that the
two properties combined indeed imply the asymptotic stability and uniqueness of steady-state solution z*.
Thereby, it guarantees uniform convergence in S. Note that a compact, positively invariant set is required to
exclude systems exhibiting incrementally stable solutions that grow unbounded from the class of uniformly
convergent systems.

These insights are formalized in below, which formulates a characterisation of uniform con-
vergence via two adequate Lyapunov-like functions. On the one hand, a compact, positively invariant set is
introduced as the level set of Lyapunov function V3. On the other hand, incremental stability is characterized
by the time-independent incremental Lyapunov function V5.

Theorem 3.4 (Lyapunov characterisation of uniform convergence [75}, Th. 5])
Consider a generic nonlinear discrete-time system (3.1). Suppose that there exists:

e A function Vi : R™ — Ry, verifying the conditions in Then, there exists a compact,
positively invariant set

S.={zeR", Vi(z) < ¢}, (3.10)

with respect to the system dynamics and inputs from a certain class w € W,,, which satisfies the

properties in|Definition 3.2

e A not-necessarily compact set S C R"™, which is also positively invariant with respect to the system
dynamics and inputs from the class W,. Also, this set is a superset of S.. in the large sense,
such thatS O S..

e An incremental Lyapunov function V3 : Z x S x 8 — R, verifying the conditions in[Lemma 3.3]
Then, the system is (exponentially) uniformly asymptotically incrementally stable on the set S.

Then, the system is (exponentially) uniformly convergent on the set S for the class of inputs W,
according to[Definition 3.1| As a result, the system has a unique steady-state solution z* for every w € W,
that verifies

Vi(z¥) <ec (3.11)
Note that the system is said to be globally convergent when S = R".

Proof. See [75, Th. 5]. O

This characterisation allows to search for two Lyapunov functions to conclude upon uniform convergence of
system and is, therefore, instrumental in the derivation of verifiable conditions to assess the uniform
convergence property of nonlinear dynamical systems. In many existing results, the functions V; and 1,
are taken the same (and often of quadratic form). [Theorem 3.4] shows that it is not necessary to choose
them equally, which potentially reduces the conservatism of stability conditions. Nevertheless, it should
be noted that finding the Lyapunov functions V;, V5 for generic nonlinear systems is still not an easy task.
However, this project considers the class of Lur’e-type systems for which numerically tractable conditions can
be derived for finding the Lyapunov functions that are required in[Theorem 3.4] This topic is discussed in the
next upcoming section.
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3.3 Sufficient conditions for Lur’e-type systems

For the class of Lur'e-type systems, it has been shown that the assumptions of [Theorem 3.4]can be verified
by quadratic Lyapunov functions that can be found by solving a set of bilinear matrix inequality (BMI)
conditions [75]. Note that all BMI conditions considered in this project reduce to LMI conditions once their
respective scalar hyper-parameters are fixed. These LMI conditions can be cast into convex optimisation
problems, for which there exist computationally efficient solution methods [79]. This methodology allows for
structured approaches in analysing the stability of nonlinear systems, rather than searching for adequate
Lyapunov functions. In this project, we restrict ourselves to the identification of discrete-time Lur’e-type
systems (2.1), and, therefore, these BMI type of conditions are of interest to check numerically for the GEUC
property.

Let us consider the class of Lyapunov functions that are quadratic in the system state:
V(x(k)) = [l2(k)]3,, (3.12)

where 0,, < P, € S™. In |75], sufficient conditions for the GEUC property of discrete-time Lur’e-type systems
(with the additional assumption D = 0,,,) are proposed via Lyapunov functions that are quadratic in the
system state. This result is formalized in

Theorem 3.5 (Global, exponential uniform convergence: | [75], Th. 7])

Consider a Lur’e-type system (¥, ¢) according to|Equation (2.1)and assume D = 0,,,. Let ¥ and  verify
and[2.2respectively. Furthermore, consider symmetric matrices P, P, € S™v and diagonal
positive definite matrices S, S € S™v. In addition, consider positive scalars T, T2, o and c such that the

following inequalities hold true:

AT AT]T [nP —CTQS, O, xn.,
BT P .B—r — * 251 Onanw =< O”m+7lu+nw’ (3.133)
LT LT * * oI,

—c(1—71)+ 10 <0, (3.13b)

T —
][] - [ -os 5139

BT| "2 |BT x 28 } < Ongtn-
Then, the assumptions of[Theorem 3.4| are verified by considering the (incremental) Lyapunov functions
Vi(z) = ||z||% and Va(a®, zb) = ||z* — xb||;2. According to|Theorem 3.4, the Lur’e-type system is GEUC

for the class of inputs W, = {w(k) € R™, |w(k)|| < /o}. Finally, the steady-state solution z* belongs to
the sellipsoid £( Py, c).

Proof. An extended version of [75, pr. Th. 7] can be found in[Appendix A.4] O

These conditions were taken as a starting point in formulating stability guarantees for Lur’e-type systems
in the scope of system identification. Obviously, due to a possible non-zero D matrix, our model class
includes, but is not limited by, the dynamical systems considered in[Theorem 3.5] Therefore, first and most
importantly, it is shown that the assumption D = 0,,, can be dropped without any additional conservatism
such that the feasibility of the conditions in[Theorem 3.5[implies the convergence property for our model

class (2.1), also for a non-zero feedthrough matrix D. Note that an additional system output (Equation (2.1¢))
does not alter stability properties and is, therefore, not considered for stability analysis.

Lemma 3.4 The feasibility of the conditions in implies the global, exponential uniform
convergence property as per|Definition 3.1}, for the class of arbitrary bounded inputs, of the dynamics (%, )
according to (2.1), where X and ¢ verify|Assumptions 2.1 and|2.2, respectively.

Proof. See[Appendix A.5| O
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Chapter 3. Convergent Lur’e-type models

As an alternative approach, one could alter the conditions in[Theorem 3.5|to make the D matrix appear
explicitly in the BMI constraints. One could then follow a proof similar to that of[Theorem 3.5]to show that
these updated constraints imply the convergence property for models inside our model class (2.1). This
approach is presented as|Theorem B.1|in|Appendix B.1}

However, it can be shown that the conditions in can be simplified by eliminating hyper parame-
ters, which reduces the computational cost of stability checks in a system identification context. Therefore,
this solution route is pursued and we first present the following argument:

Lemma 3.5 ([[75]) The feasibility of the conditions in is irrespective of .

Proof. See[SppendiAs) .

We can benefit from this argument by proposing an improved set of stability conditions in below,
from which the hyper-parameter 75 has been eliminated. This makes these new conditions preferred over the
onesin as we have reduced the number of optimisation variables.

Theorem 3.6 (Global, exponential uniform convergence: Il [75])

Consider a Lur’e-type system (3, ) according to[Equation (2.1)} Let ¥ and ¢ verify[Assumptions 2.1]
and respectively. Furthermore, consider symmetric matrices P,, P, € S"* and diagonal positive
definite matrices Sy, So € S™v. In addition, consider the positive scalar0 < 7 < 1, such that

AT ATl [P, —CT S0
[BT}Pl {BT] —[* -~ ]<o, (3.14a)
AT ATTT [P, —CT8,0
{BT] P, [BT} —[* 5 ]<0. (3.14b)

Then, via and[3.5, the assumptions in are satisfied, such that the Lur’e system
is GEUC as per|Definition 3.1|for the class of arbitrary bounded inputs by considering the (incremental)

Lyapunov functions Vi (z) = ||| p, and Va(z?, 2°) = [|z* — 2P|, .

Proof. See[SppendiA] .

Minimising 7 (while ensuring feasible stability conditions) imposes a tighter bound on steady-state solution
z*. A bisection method can be applied to find such a ‘small’ 7 value as explained in[Algorithm 1] Depending
on the feasibility of the LMI conditions in a certain iteration m, one either increases the bisection lower-limit,
or decreases the bisection upper-limit until the bisection interval becomes sufficiently tight.

Algorithm 1: Bisection method.

Initialise bisection interval {Tjj}m il = {0, 1}, stopping tolerance * > 0 and index m = 1.

Verify that the lower/upper limit indeed yield infeasible/feasible conditions in[Theorem 3.6
while (rimk — 77%) /riek > n* do

min

N =

w

4 | Choose 7"+l = mean (L, T[m])

min

5 | if the conditions in are feasible for 7™+ then
6 | Decrease upper-limit: {rl ), w1y = {77 rbmt1l}
7 else
8 ‘ Increase lower-limit: {T,[I’f;:”, Tr[nn;fl]} = {rim+1] il
9 end
10 m=m-++1
11 end
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Section 3.3. Sufficient conditions for Lur’e-type systems

For illustration purposes of the presented stability conditions together with the bisection method solution
strategy, a simple instant of model class is worked out, to which the conditions in[Theorem 3.5|are
applied to verify the GEUC property.

Example 3.2 (Adynamical system that satisfies the conditions in[Theorem 3.6)

Let us consider a model (S, ) according to[Equation (2.1), where . and ¢ verify|Assumptions 2.1)and[2.2]
respectively. The system’s linear block 3> does not include a separate output equation and is parametrised

by

A_[0.5 0.1]’ B_{—o.z’) 0.6}7 L_[O'ﬂ, C_{Oﬁ —0’5], D—Bﬂ-

0.3 —-04 0.6 —0.3 0.4 0.6 0.2

Besides that, the nonlinearity is defined as ¢ = [ o1 (y1) @2(y2)] ", where

©i(ys) = Q sign (y;) max (0, |y;| — 9). (3.15)

The parameters Q;, = 0.8 and §; = 0.1 fori € {1,...,2} are selected. One refers to|Equation (3.15)|as

a deadzone-type nonlinearity, in which 6; denotes the deadzone length and Q; defines the nonlinearity
slope outside of the deadzone region. The cone bounded sector constraints on ¢ are then characterized by
Q = Q = diag {Q1, 1 }. Finally, the system is subject to the external excitation w(k) = sin (z(k — 1)/5).

Our intention is to verify the GEUC property for the example system via the conditions in[Theorem 3.6, A
bisection search on T has been performed, starting on the interval [0, 1] for the stopping criteriumn* = 0.01.
The iteration history of this search can be seen in[Figure 3.4 and resulted in T = 0.66 being the smallest
scalar for which a feasible solution of[Theorem 3.6| exists. The solution of the corresponding LMI then reads

141 0.14 117 0.08 0.74 0 084 0
h= [0.14 0.67]’ hy= [0.08 0.89]’ 1= [ 0 1.24] ’ 52 = [ 0 0.92] '

Let us iterate the dynamics (X, ) starting from z& = [~1.5 — 3] orab = [1.5 3]". We observe in
Figure 3.4b|convergence of solutions to a unique and bounded steady-state z*, which is periodic with the
same period as our external excitation w. Even starting from an extreme initial condition x§ = [—50 50]T
yields similar conclusions, whereby the guaranteed stability property indeed makes a global impression.

1 ! o Feasible - O a°
X Not feasible 1 N oel e e gb
C—IBisection limits L A &) z°
- Qa, @@6(‘_‘3 @O‘
30 SE ® @,
0z i - @ éé@@@@ Seea® S5
- 1) o8
0.6 = R
0°2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
bs X
0.4 .
2". 1]
‘.@.’\Q,’\
0.2 RO At -
g o0 b‘.@Q@@)(.;@@@@OOOOOoOO
0 e
b
1 2 3 1 5 6 7 ) 9 © 3 1 6 5 10 12 14 16 18 20 22 24 26 28 30
m k
(a) Bisection search on hyper-parameter 7. (b) State trajectories.

Figure 3.4: Bisection search and state trajectories.
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Chapter 3. Convergent Lur’e-type models

Given our state trajectories, we can also evaluate the trajectories of Lyapunov functions V; and Vo and show
them in[Figure 3.5a We can see the magnitudes decreasing in forward time, but the presence of excitation w
prevents the Lyapunov functions from reaching zero. We can define a level set S, := {x € R"= | Vi (z) < ¢}
for c = 1.06. This level was found by choosing A\ = 0.1 and using|Equations (A.26) and|(A.27)|with a ten
percent margin with respect to the critical values of c and o as was shown in the proof of[Theorem 3.6|in

We can clearly see in[Figure 3.5a|that once V; becomes smaller than c, it never exceeds this

value again, which makes S.. positively invariant with respect to the dynamics (2, v) and arbitrary bounded
inputs.

102
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k 1
(@) Lyapunov functions trajectories. (b) Positively invariant set.

Figure 3.5: Lyapunov functions and positively invariant sets.

The Lyapunov function level set S.. is shown in|Figure 3.5b|as the sellipsoid £( Py, c) in state-space (z1, z2)
for all bisection method iterations that yield feasible stability conditions. It can be seen that S.. includes z* .
Also, a smaller value of T provides a tighter bound on z*.

3.4 Efficient implementation of stability conditions for identification

The stability conditions in allow for insights in a model’s behaviour, e.g., an explicit characteriza-
tion of S, as was shown in[Example 3.2] However, in this project we are only interested in verifying the GEUC
property for a model inside our model class. We do not aim to find a bound on the steady-state solution while
assessing stability properties, since we calculate the steady-state solution explicitly for system identification
purposes; see[Chapter 4} We can therefore propose one additional simplification of the stability conditions
for the purpose of computational efficiency.

Theorem 3.7 (Global, exponential uniform convergence: Ill)
Consider a Lur’e-type system (X, ) according to|Equation (2.1)l Let > and o verify|Assumptions 2.1 and
respectively. Furthermore, consider a symmetric matrix P € S™= and diagonal positive definite matrix
S € S™. In addition, the scalar T* = 0.99 is selected, which obviously satisfies 0 < 7* < 1, such that the
following inequalities hold true:

AT J[AT]T [P —CTSQ

P i 619
Then, the assumptions of{Theorem 3.4 are verified by considering the (incremental) Lyapunov functions
Vi(z) = ||zl and Va(2¢, a*) = [z — 2®|| .. According tdTheorem 3.4, the Lur’e-type system is
GEUC for the class of arbitrary bounded inputs as per|Definition 3.1]

Proof. See[Appendix A.8| O
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Section 3.5. Bounded LTI block gain for convergent Lur’e-type systems

This theorem allows us to just search for a solution to Condition (3.16), which is an LMI, to characterise the
Lyapunov functions V; and V5. Because of this, it is no longer required to execute the bisection search and
one can just solve a convex optimisation problem to verify the stability properties of a candidate model
during system identification. This step imposes huge computational benefits and is, therefore, implemented
for system identification. Notice that 7* = 0.99 is selected to show that our steady-state solution z* lives
in a relatively large, but finite positively invariant set. Via other stability conditions, e.g.
positively invariant sets that enclose the steady-state solution within a tighter margin can likely be selected.
However, for the purpose of system identification, one is not necessarily interested in such a tight bound.
This concludes our discussion on sufficient conditions for the GEUC property of Lur’e-type systems.

3.5 Bounded LTI block gain for convergent Lur’e-type systems

The main objective of this section is to show that the feasibility of the conditions in[Theorem 3.6|implies the
feasibility of the discrete-time Bounded-Real-Lemma condition applied to the LTI dynamics from @ to ¢ of the
symmetric, normalised Lur’e-type model form (i, @) fory = 2inlLemma 2.1|. This, in turn, guarantees an
upper-bound on the 7, norm of these LTI dynamics, as is formalised in[Lemma 3.6|

Lemma 3.6 (H. norm of ¥;, implied by the convergence property)

Consider a Lur’e-type system (X, ) according to|Equation (2.1)l Let > and o verify|Assumptions 2.1 and
respectively. Suppose that (3, ) satisfies the conditions in[Theorem 3.6land is, therefore, GEUC as per
Definition 3.1 Furthermore, suppose that the system has been transformed into its symmetric, normalised

form (X, ¢) as perlLemma 2.4[ Then, by applying the discrete-time Bounded-Real-Lemma to
Ya(x), one can conclude that the following inequality holds true:

|9z, )|, <2 (3.17)

Proof. See[Appendix A.9] O

This result is used extensively in a contraction analysis performed in|Section 4.4

3.6 Summary

This chapter started by explaining the challenges of stability analysis for nonlinear dynamical systems. By
means of an example, it is motivated that, depending on system perturbations, these dynamics can exhibit
multiple equilibria that are attractive for different sets of initial conditions. Steady-state solutions of nonlinear
systems can either be bounded or unbounded and unique or non-unique. The stability notion of interest to
this project is referred to as GEUC and guarantees the existence of a both bounded and unique steady-state
solution that is globally exponentially stable. A Lyapunov characterisation of this stability notion is presented,
which defines a system as convergent, if there exists a compact, positively invariant set in state-space, which
is a subset of the domain on which the system exhibits the uniform incremental stability property. Sufficient
conditions for GEUC of discrete-time Lur’e-type models in terms of LMI conditions are presented and
extended towards an efficient implementation of the stability checks as part of a system identification
algorithm, which is to be discussed in the next chapter. Finally, it is shown that the feasibility of the sufficient
conditions for GEUC imposes an upper-bound to the #,-norm on the linear block of the Lur’e-type system
in its symmetric, normalised form. This property turns out instrumental for the implementation of a system
identification algorithm as well, whose working principles and properties are discussed in the upcoming
chapter.

Page 31 of 100



Chapter 3. Convergent Lur’e-type models

Page 32 of 100



Chapter 4

Identification of Lur’e-type systems

Via system identification techniques, we aim to find a descriptive model to a sequence of collected inputs and
outputs from a certain dynamical system under study. This is usually done by solving a certain optimisation
problem. Therefore, let us consider the standard form of a constrained optimisation problem, which reads

ménér%ze J(0). 4.1)
In this description, one recognizes the decision variables 6 that are constrained in a certain set © C R". It is
desired to find the decision variables that minimise the objective function J : © — R. In system identification
problems, the decision variables parametrise a candidate model. Furthermore, © characterises a certain
model class, containing all possible candidate models. More details on the specific optimisation problem at
hand in the scope of system identification (explaining the definition of 6, © and .J) can be found in[Section 4.1}
Once the system identification task has been formulated as an optimisation problem, we still do not know
how to find the decision variables that solves the problem. [Section 4.2|explains that we use a gradient-based
method to solve the problem at hand starting from a well-chosen initial point. This solution method requires
us to calculate the objective function gradient with respect to the decision variables, for which a parameter
sensitivity model approach is presented in[Section 4.3 An implementation of this solution method requires
us to calculate many steady-state solutions for the candidate models and their respective (discrete-time
variant of) parameter sensitivity models. We motivate the computationally efficient implementation of the
system identification algorithm in|Section 4.4, where the so-called MTF algorithm plays a central role.

4.1 Formulation of the system identification problem

Candidate models

In the scope of system identification, the ngy decision variables in 6 fully parametrise a globally exponentially
uniformly convergent Lur’e-type candidate model (X(6), ¢(0)). Such a candidate model is defined as

w(k+1,0) = A(0)x(k,0) + BO)w(k,0) + L(O)w(k), x(0,0) = wo, (4.2a)
2(6) : y(k,0) = C(0)a(k,0) + D(O)w(k), (4.2b)

% (k,0) = F(0)x(k,0) + G(0)w(k,0) + H(0)w(k), (4.20)
e(0): {  w(k,0) =¢(yu(k,0),0). (4.2d)

Note that the signals associated with the candidate model are written by calligraphic font. The relation
between ¢ and the building blocks of[Equation (4.2)]depends on the specific problem at hand. One can adopt
a black-box modelling approach, in which all entries of the linear block matrices and all nonlinear block
parameters represent a decision variable. Contrarily, a white-box modelling routine can impose additional
model structure as a result of first-principles modelling. The decision variable space © C R™ is given by

0= {9 eR™ |3(0=<PeS™,0=< S €8S"™): Condition (3.16) in[Theorem 3.7|holds true}. (4.3)

By © we thus denote the set of all candidate models that are globally exponentially uniformly convergent by

verifying the conditions in Because of[Property 3.1} one can denote the steady-state solution of
the candidate model under excitation by w € ¢4 (T) as (& € (5 (T), w € (5 (T), 4 € £3°(T), % € (5*(T)).
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True system under study

In this project, we assume the true system to be inside model class (4.2), as is formalised in[Assumption 4.1
below.

Assumption 4.1 There exists a decision variable set ©q C © describing the true system, i.e., the true
system can be described by parametrising a model inside the class of globally exponentially uniformly
convergent Lur’e-type models that verify Condition (3.16) in[Theorem 3.7

Note that due to the non-uniqueness of the model parametrisation (see[Section 2.3) O is a subset of the
decision variable space © rather than a single point in the ny-dimensional decision variable space. Because
of this assumption, we can write the dynamics of the true system under study for some 6y € O as

370(]{? + 1,90) = A(eo)xo(k‘,eo) + B(@O)uo(k:, 90) + L(Go)w(k:), .’110(07 90) = Iy, (443)

2(0()) : y()(k,e(]) = C(@())(E()(k, 0()) + D(Q())U}(k), (44b)
Zo(k, 90) = F(Qo)xo(k, 90) + G(OQ)UO(]{I, 00) + H(Go)w(k’), (44(:)

@(00) : {  wo(k,00) =¢(yo(k,00),00). (4.4d)

Note that the signals associated with the true system under study are written using a zero subscript. Obviously,
the decision variables 6, are unknown at this point. Because of[Property 3.1} we can denote the steady-state
solution of the true system as (w € 5 (T), Zo € (5= (T), uo € £5*(T), Yo € l5"(T), zo € £57(T)) while
being subject to excitation by a T-periodic input w. We assume that the true system is subject to additive
output noise, such that we can define the measured true system output as follows from[Assumption 4.2]

Assumption 4.2 The measured steady-state output is denoted by z§ and assumed to be a summation of
the output of (3(6y), ¢(6y)) and and additive output noise, .i.e,

28(/43,00) = 50(/%‘,00) +€(/€) (45)

Here, e(k) is (i) zero-mean Gaussian white noise with finite variance o2 and (ii) independent from w(k).

Objective function

The next step is to define the objective function for the system identification problem. Here, one should
carefully consider which model is a ‘good’ model given a set of observed system inputs and outputs. In
literature, we can see two main branches of optimisation criteria, which are referred to as (i) one-step ahead
prediction error and (ii) simulation error [12]. In the former methodology, we provide the candidate model
with all previous system observations z5(k — 1, 6y), z5(k — 2, 6p), etc. and the current input w(k) in order to
make the candidate model predict the steady-state output % (k, 6) at the current time instant, which we can
then compare to the system observations z§(k, 6y). This process of one-step-ahead prediction can be repeated
along the entire measurement interval to allow for a quantification of the model performance. The latter
methodology uses the measured input data only to predict system outputs along the entire measurement
interval. This method allows the model to predict the system behaviour for new unseen input sequences at
the cost of an increased algorithmic complexity. The nonlinear dynamics propagate along the measurement
interval predictions, which might even cause unstable simulation results. This already indicates that having a
stability guarantee on the candidate models turns out helpful. Furthermore, one should also take into account
that computation of the objective function gradient with respect to the decision variables is more involved,
since past outputs also depend (typically nonlinearly) on 6. In general, models learnt by the simulation error
criteria perform better on long-term predictions than models that are learnt by the one-step ahead prediction
error criteria [12]. Therefore, in this project, we select the simulation error to quantify the cost associated
with a certain candidate model. The aforementioned challenges on model instability and objective function

gradient computation are dealt with in[Sections 4.3|and [4.4]
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Let us define the steady-state model output errors with respect to:

1. System observations Zz§:

ek, 0) = %(k,0) — 2(k,00), Vke{l,...,N}. (4.6)

2. Noiseless true system outputs zy:

&(k,0) = %(k,0) — %(k,00), Vke{l,...,N}. 4.7)

The steady-state output errors are illustrated for the j-th component of the outputs in|Figure 4.1|and the error
with respect to the system observations forms the basis to the objective function, which is commonly referred
to as a least-squares criterium and is defined according to

n, N
Tn(0) = 3 DS (k0% “.8)
j=1k=1

Note that the candidate model pays a penalty for any mismatch between its outputs and their respective
system observations along the measurement interval. Let us define another mismatch measure, related to
the noiseless true system outputs, as

n, N
Vi (0) = % S &k, 0)2, 4.9)
j k=1

Jj=

—

on which we impose the following assumption.

Assumption 4.3 The unique global minimiser of Viy is 6y € ©g.

Note that the true parameter vector 6 is an element of a set ©(, which originates from the non-unique
parametrisation of Lur’e-type models as discussed in|Section 2.3} Then, we have discussed all building blocks
to define the system identification estimator 6 as

oy = a;gemgin In(6). (4.10)

The statistical properties of the estimator in[Equation (4.10)] together with [Assumptions 4.1]to [4.3] have

already been researched in the field of system identification [14]. It was concluded that the estimator is
consistent, which means that § converges in probability to 8y for long measurement intervals. Also, the
estimator is asymptotically efficient, implying that its variance with respect to 6, is minimised up to the
Cramer-Rao lower-bound, which describes the best possible unbiased estimator [80].

— Zo,5(k, 00)
% (k,0)
28,] (kl 90)

Figure 4.1: Steady-state output error definitions.
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The system identification problem at hand is now fully defined as the constrained optimization problem (4.10).
Nevertheless, up to this point, it is still unknown what kind of approaches can be taken to find 6 inside
the model class. To that end, the solution strategy for the system identification problem is discussed next.

4.2 Solution to the system identification problem

The problem of nonlinear system identification has been translated into the standard-form constrained
optimisation problem in[Equation (4.10) There is an entire research area dedicated to solving these stan-
dardised problems, which we can benefit from in this project. In the system identification community, it
is common practice to solve these problems via a two-step approach: (i) Decision variable initialisation
and (ii) Gradient-based optimisation [13], [14], [48].

Step I: Decision variable initialisation

In the decision variable initialisation step, we aim to find a well-chosen initial parameter vector 6;,;; from which
we can start the gradient-based search in the second step. The objective for 0;,;; is to be close to the set of true
system parameters ©, while being inside the feasible decision variable space © of globally exponentially
uniformly convergent Lur’e-type models that verify the conditions in[Theorem 3.7] In this project, we consider
two methods for the purpose of decision variable initialisation, being the BLA and global optimisation, which
are treated one after the other in the upcoming paragraphs.

Best Linear Approximation

This method relies on estimating the so-called BLA of the nonlinear system [81]. Here, we approximate the
mapping from excitation w to system output z§ by the LTI model ¥ 4 that admits a state-space represen-
tation (Apra, Bera, Csra, Dpra). The system matrices in this state-space from can be found via the
MATLAB routines N4SID or TFEST, and crucially, these routines can guarantee GAS of ¥ g 4, i.e., Agraisa
Schur matrix such that A(Agra) C .

Based on this LTl approximation of the nonlinear dynamics, one can initialise a Lur’e-type candidate model,
which is denoted by (X(6init), ¢(0init)). The linear block 3(6;,;t) allows for the state-space representation
(As(0m)» Bs0m)» C(0m)s Dx(omy))- Obviously, the convergence property is guaranteed for the initial Lur’e-
type model if (i) Gs;(g,)... () = Gx,.4 (%) and (i) nonlinearity output w = 0 or Gs4,.,),. () = 0. Recall
that the transfer matrices for the linear block of a Lur’e-type model are defined in

Three possible initial candidate model parametrisations are identified that guarantee these two properties.
Let us recall that matrices having their elements sampled from a uniform distribution on the [—1, 1] interval
are denoted by ;. ; € R**J. Then, the three methods can be listed as follows:

1. [Zero output matrices method]: The nonlinearity is parametrised by random variables and the state-
space representation of X(6;n;¢) is defined as

As () = ABLA, Bs(0m) = [Un,xn. Bsral,
O, xm O, Opyxn (4.11)
OE(Qinit) = [CBLA ] ) Dz(einit) = unz%nu DlBLA ’

such that there is zero nonlinearity input, which implies zero nonlinearity output due to the sector
condition on the nonlinearity of the initial candidate model (see|Definition 2.2).

2. [Zero input matrices method]: The nonlinearity is parametrised by random variables and the state-space
representation of 3(6;,;t) is defined as

Az(einit) = ABLA? BE(Oinit) = [Onxxn“ BBLA} ’
C’Z(&mx) = |: C;LAJ‘:| ? Dz(emit) On ><yn DyBLAw

such that a possibly non-zero nonlinearity output does not propagate through X(6;n;¢) into the output.
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3. [Zero nonlinearity output method]: A special nonlinearity parametrisation that realizes zero nonlinearity
output is chosen and the state-space representation of 3(6;,;) is defined as

AZ(9init) = Apra, Bz(eini!) = [u”a:x”u BBLA] ’
o Uy, D [ 0w, Unyxn, (4.13)
SOni) = | Cppa | =00 = Uy wn, Dpra |’

Note that a nonlinearity parametrisation might not be trivially tunable towards zero nonlinearity output.
Consequently, this option is not applicable to every system identification problem.

Crucially, the nonlinear Lur'e-type model (X(6init), ©(finit)) is identical to the linear model X1, 4 in terms of
an equivalent input-output behaviour. The BLA framework is able to estimate initial model parameters fast
and, additionally, it provides an analysis on nonlinear distortions and an estimate for the state dimension [81].
Also, this method was applied successfully as an initial point for nonlinear system identification in prior
research, see [23] and references therein.

Global Optimisation

One can think of initialising decision variables via global optimisation routines in an attempt to identify an ini-
tial point that is sufficiently close to the global minimum of the objective function. The search can be stopped
prematurely to save computational costs since a gradient-based method, starting from this initial point, can
thereafter be used to effectively find the closest minimum of the cost function. Such global optimisation
methods were researched extensively in literature and typically encompass (sophisticated) random walks
through the decision variable space. These efforts resulted, among others, in Monte-Carlo, genetic-type and
swarm intelligent algorithms [82]. Typically, these routines are considered computationally expensive as they
tend to explore a significant share of the unfavourable regions in decision variable space |83]. Therefore,
a computationally cheap method to evaluate the objective function value, such as the one proposed in
Section 4.4} can be an enabler for the application of global optimisation routines. A controlled random search
(CRS) method, as described in [84], [85], was successfully applied as an initialisation method for nonlinear
system identification of continuous-time models [14], [86], [87]. The CRS version as implemented in this

project is detailed in[Algorithm 2]

Algorithm 2: Controlled random search algorithm [85} Alg. 1].

1 Setk =0,n, =0andn, = 0.

2 Initialise a population R of n,, agents that are uniformly distributed on ©.

3 Evaluate the cost associated with all agents in the population

4 while (J™» > J* and (Jmax — Jwmin)/jmax > n* and k < k*) ork = 0 do
5 Denote the worst agent in R by J™2* = J(r™?*) = max,,cr J(r;)

Select a random subset of n,,, + 1 agents in R such that Ry = {ry, ... , 7, 41}
Compute the centroid G of the first n,, pointsin R, viaG = -1 31"

6

7 n
8 Compute the primary point P; according to P; = 2G — 7,41
9

Setn;, =n; +1
10 if P, € © and J(P,) < J™* then
11 Replace ™% by P; in R // Replace the worst agent by the primary point
12 Setn, =ng+1
13 else if ZT < o then
14 Compute the secondary point: P, = (G + ry,,,41)
15 if J(P,) < J™ then
16 Replace r™** by P, in R // Replace the worst agent by the secondary point
17 Setnys =n,+1
18 Setn; =n; +1

19 Best agent in the population: J™i" = J(y™i) = min,.cg J(r;)
20 Setk=k+1

21 end

22 return Gy = r™i»
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Chapter 4. Identification of Lur’e-type systems

The algorithm starts by population initialisation in line 2, in which n,, agents are selected that are uniformly
distributed over the decision variable space ©. Based on their objective function value, the agents can be
ranked from worst to best in line 3. Consecutively, the population R is iteratively updated until stopping
conditions are verified. A single iteration (lines 4-21) of the CRS algorithm can be explained via[Figure 4.2|for
a two-dimensional example, in which agents and trial points are denoted by dots and squares, respectively.

Figure 4.2: Primary and secondary point selection in a CRS iteration (for n,, = 2 and n,, = 12).

One firstly selects a random subset R, of n,, + 1 agents from the population. Consecutively, the centroid
G of the first n,, agents in the subset is computed. Thereafter, a so-called primary point P; can be defined
by mirroring r,, 1 over the centroid G. If the primary point lies inside © and yields an improvement, it
replaces the worst agent in the population and the number of successful trials n; is increased. Otherwise, if
the success rate with respect to the number of trials n; is insufficient, one also tries to update the population
via a so-called secondary point P, in the middle between Tn,,+1 and G. These steps iterate until (i) an agent
is found with a sufficiently small corresponding objective function value, (ii) the objective function value of all
agents has converged or (iii) a maximum number of iterations is performed. Finally, the CRS algorithm returns
the best agent in the population as a solution to the decision variable initialisation problem.

Step ll: Gradient-based optimisation

The intention is not to improve upon existing nonlinear optimisation techniques, but to use an off-the-shelf
available solution method that fits the system identification problem well. Typically, the problems are high-
dimensional, nonlinear in the parameters and non-convex. Therefore, finding the decision variables that
minimise objective (4.8), even when starting close to the true system parameters, is not a trivial task. We
limit ourselves to algorithms that are readily available in the MATLAB Optimisation toolbox to fit within our
research context [88]. This toolbox provides us with two algorithms that can be used to solve the system
identification problem, being (i) LSQNONLIN and (ii) FMINCON. The latter one has our preference since it
allows for definition of additional (in)equality constraint functions next to the simple decision variable box
constraints allowed by LSQNONLIN. Such (in)equality constraint functions can among other things be used
in an attempt to eliminate non-unique model parametrisations as is explained in[Chapter 5] The FMINCON
algorithm applies an interior-point method approach, see [89], to solve the optimisation problem.
describes the family of gradient-based optimization routines [90]. The differences between specific routines
existin, e.g., the computed search direction and step size in lines 5 and 6, respectively. These algorithms
typically stop iterating upon either being close to a (local) minimum, indicated by small gradient magnitudes,
or having converged to a fixed point of the iterative algorithm by taking small step sizes t.

Algorithm 3: Gradient-based optimisation with stopping criterium ;[90, p. 466].

Given a starting point 6;,;y € ©
Initialise iteration counter i = 0 and current iteration variables 6o = &init
Initialise current stopping criterium 7, = co and stopping criterium tolerance 7. > 0
while ;) > n* do
Compute search direction: A6
Compute step size: t};
Update current iteration variables: ;1) = 0 + t[; A0
Update iteration counter: i =i + 1.
end

return éN =0

O 0N O R W N R

[y
(=}
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Section 4.3. Parameter sensitivity model

Any gradient-based method requires the computation of the objective function gradient with respect to the
decision variables to define its search direction in line 5. To that end, the gradient-based solver allows us to
use finite difference approximations of the gradient. This method provides us with a non-exact representation
of the gradient, whereby we take the steps in (slightly) incorrect directions, which could lead to an increased
number of iterations upon completion of the optimisation algorithm, which is undesired from a computational
point of view. Therefore, the approach is to calculate the exact objective function gradient, which can be

derived as follows starting from|Equation (4.8

B 2 22 X )
55780 =+ ;;ej(k,a) 556 (k:0)- (4.14)
Term | Term Il

We can calculate term | by evaluating the steady-state output of the candidate model. Term Il, however, is
unknown up to this point. The gradient-based method iterates its decision variable until the stopping criterium
is met. Finally, the final decision variable selection forms the output of the system identification solution
method. Note that there exist no guarantees upon the global optimality for the outputs of these gradient-
based optimisation approaches. These methods use only local information (functions and their gradients at a
point) in their search process, so they converge only to a local objective function minimum.

In this section, we have presented the solution method to the system identification problem, which is split
between an initialisation and a gradient-based optimisation step. The BLA and global optimisation methods
were suggested for the first step, whereas an off-the-shelf gradient-based optimisation algorithm that uses an
interior-point method is suggested for the second step. To calculate the exact objective function gradient for
the gradient-based optimisation method, a parameter sensitivity model approach is presented next.

4.3 Parameter sensitivity model

The motivation for deriving so-called parameter sensitivity models originates from rewriting the unknown
Term Il in[Equation (4.14) by using[Equation (4.6)|according to

0 cetk,0) = 2 z(h0)— 2

) 9 _.
905 = (k. 6o) %5 (k. 0). (4.15)

~ g0k 00) = 5

=0

Hence, the unknown term is equivalent to the sensitivity of the steady-state model output with respect to the
decision variables. By definition of dynamics (4.2), these steady-state dynamics can be written as

Z(k) = Fa(k) + Ga(k) + Hu(k). (4.16)

In order to evaluate the sensitivity of this equality with respect to an scalar element 6; from the decision
variables 6, one quickly admits that the sensitivity of the entire steady-state solution (w, @, &, 4, %) with
respect to this decision variable is required.

Throughout this section, the following partial derivatives notation is adopted to improve readability. Firstly,
all explicit dependencies on # are dropped in the notations. Secondly, where no ambiguity occurs, the 6;
and y subscripts denote a partial derivative with respect to the i-th decision variable and the nonlinearity
input, respectively. Therefore, one can write ¢y, (y) := a%iap(y, ) and ¢, (y) := (%go(y, 0) for the nonlinearity,
as well as, e.g., Ay, := %A(G) for a linear block system matrix. Finally, a 6; superscript implies that the
variable is associated with the i-th parameter sensitivity model. The following assumption holds true for

partial derivatives of Lur’e-type candidate model components.

Assumption 4.4
e ¢, (y) exists and is continuous for ally € R™ and @ € ©.

e vy, (y), Ao, By, Ly, Cy, Dy, Fy, Gy, Hy exist and are continuous forally € R™ and 6 € ©.
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Chapter 4. Identification of Lur’e-type systems

Using this assumption, together with the observations in [Equations (4.15)| and [(4.16)} the notion of a
parameter sensitivity model together with its instrumental properties are formalised in These
results are inspired by the continuous-time results in [66].

Theorem 4.1 (Lur’e-type parameter sensitivity model)

Consider a Lur’e-type candidate model (3, ¢) according to[Equation (4.2)} Suppose that¥ and ¢ verify
and|2.2, respectively, and let the candidate model be globally, exponentially uniformly con-
vergent by verifying the conditions in[Theorem 3.7} Then, one can define a Lur’e-type, so-called parameter
sensitivity model (X%, %) that complies to the following dynamics

wo, (k + 1) = Ay, (k) + Bl (k) + L% (k),  x4,(0) = xp, 0, (4.17a)

B 2 yo, (k) = Cxo, (k) + D% (k), (4.17b)
%, (k) = Feeg, (k) + Ga% (k) + Hw' (k), (4.170)

e { ali(k) = % (g, (k), U (K)). (4.17d)

In these dynamics, one recognises the following components:

e The external excitation w depends on 6 and the steady-state solution of (¥, ¢) via

w’ (k) = {wi”‘(k)T w0k wlk) ! , (4.18)
where
W' (k) = Ap, @ (k) + B, (k) + Lo, w(k) + Beo, (4 (k)), (4.19a)
w9 (k) = Co,& (k) + Do, w(k), (4.19b)
W' (k) = Fo,@ (k) + Go, (k) + Ho,w(k) + Go, (4 (k))- (4.190)

e The linear block %% can be written as function of the candidate model parametrisation via

,A = A, B = B7 L= [In, Onzxnu OnT Xnu,] ’
C= C, D= [Onyxnm Iny Onyxn“,] ’ (420)
JF= F, Q = G, H= [Onzxnx Onzxnu Inz] o

e The nonlinearity ¢ is (incrementally) sector bounded within the same bounds as v and respects
©% (yo, (k), ¥ (k) = ¥(k)ys, (k), (4.21)
in which one recognises the external, time-varying input term
U(k) = @y (4 (k). (4.22)
The parameter sensitivity model respects the following instrumental properties:

e |tis globally, exponentially uniformly convergent by verifying the conditions in

e The unique T-periodic steady-state model output %y, is equivalent to %Ee.

Proof. See[ppendixA.10 -
The steady-state solution of a single parameter sensitivity model provides us with information on all output
channels j = {1,...,n,} forasingle parameteri € {1,...,ny} in the definition of the objective function gra-

dient (4.14). Therefore, ny steady-state solutions of parameter sensitivity models are to be computed.
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4.4 Computationally efficient objective function (gradient) computation

In the scope of system identification, we are required to calculate the steady-state output of the candidate
model and its respective parameter sensitivity models in order to evaluate the system identification problem’s
objective function and its gradient with respect to the decision variables. This task is required throughout
each iteration of the gradient-based solver. Therefore, it is desired to assess this steady-state output both
accurately and computationally efficient.

Steady-state solution computation

One way of computing the steady-state solution for convergent nonlinear dynamical systems is simply to
forward iterate the dynamics starting from an arbitrary initial condition for a sufficiently long time. The
steady-state solution is globally exponentially stable, so the simulation always converges in forward time to
the steady-state solution with any desired accuracy. The characterisation of the GEUC property did not provide
us with an upper bound to the transient response time, so we have to find out while simulating whether we
are sufficiently close to the steady state response already. Simulating a discrete time dynamical systems
traces back to performing a sequence of algebraic operations, which is less computationally demanding
than, e.g., solving the differential equations for its continuous-time counterpart. Nevertheless, we require to
perform many simulations on typically large datasets and, hence, the steady-state model output calculation
step is still expected to dominate the computation budget. Alternatively, the MTF algorithm is presented
as a computationally efficient method to calculate steady-state model responses of globally exponentially
uniformly convergent continuous-time Lur’e-type systems with scalar signals up to user-defined accuracy [57],
[66]. This project extends this approach to multivariable discrete-time Lur’e-type systems (X, ) according to
(2.1). The MTF algorithm can be used to accurately calculate steady-state solutions for normalised, symmetric
Lur’e-type models and its main working principles are formalised in[Theorem 4.2] Recall that steady-state
operators for the linear block are defined in

Theorem 4.2

Consider a Lur’e-type model that verifies the convergence conditions in[Theorem 3.7/and is cast into
its normalised, symmetric form (3, () as per Suppose that the system is subject to a periodic
excitation w € 5 (N). Then, the sequence (gm)ieNo with §jo) being arbitrary inside (;* (N), has a unique
limit, denoted by §j, which results from iteratively applying the mappings

Ufir1) = Fag © Ypa)s (46.23a)
Uli+1] = Fga © Uliy1) + Fgw © W, (4.23b)

because the composed operator F5 o Fyy is a contraction mapping. Furthermore, this unique limit 5
coincides with the steady-state model output g of system (X, ¢).

Proof. See[SppendicATT} .

Note that we have only shown the existence of a contraction mapping for Lur’e-type systems that were cast into
their symmetric, normalised form. This theorem can be used to accurately compute the steady-state solution of
a convergent Lur’e-type model candidate (X(6), ¢(6)) and its parameter sensitivity systems (3% (6), ¢% (9)),
which we require for the cost-function (gradient) evaluation. To improve upon the computational efficiency
of the implementation of the MTF algorithm, we opt to evaluate the LTI dynamics via the frequency domain
steady-state operators that are defined in[Equation (2.10)} while transforming the intermediate signals forth
and back between the time- and frequency-domain using the DFT and IDFT (see Definition 1.4). The approach
to calculate a steady-state solution for an arbitrary Lur’e-type model that verifies the convergence conditions

in[Theorem 3.7|is summarised in|Algorithm 4
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Algorithm 4: Efficient steady-state solution computation for Lur’e-type systems (%, ).

1 Apply the transformation of[Lemma 2.4{on (2, ) to obtain (X, 3).
2 Set iteration counter i = 0, stopping criterium 75 = oo and stopping tolerance * > 0.
3 Compute W from w using DFT

4 Evaluate LTI dynamics in frequency domain (assume ﬁ[()] = Onxn,): ff[o] = ]:},W oW.
5 Compute gjg from 1:/[0] using IDFT.

6 while i > n* do R ~

7 Evaluate the nonlinearity in time domain: ;1) = Fag o Jji)-
8 Compute ﬁ[iﬂ} from @;4.1) using DFT.

l

9 Evaluate LTI dynamics in frequency domain: 3:/[z‘+1] = AYU o Uliz1) + Y[O].

10 | Compute §j;11) from Y}; ;) using IDFT.

11 seti =14+ 1.

12 end

13 Define Y and U as Y}; and U,).

14 Apply the inverse transformation of onY and U to define Y and U.

15 Evaluate additional elements of ’s steady-state solution in the frequency domain:
Z:]A:ZUOU+.7A:ZWOVV7 X:ﬁXUOU+ﬁXWOW

16 Compute 4, 9, z, Z from U, Y, Z, X using IDFT

17 return steady-state solution of (3, ¢): (u,w, %, 7, 2) .

In line 1 of [Algorithm 4} we transform (X, ¢) into its normalised symmetric form (3, ). Thereafter, in
lines 2 to 13, we recognise a computationally efficient implementation of the discrete-time multivariable

MTF algorithm, which can be better understood by taking a closer look at|[Figure 4.3} In this figure, we

can see that first the contribution of excitation w into steady-state output Y is computed in the frequency
domain. Consequently, we evaluate the i-th iteration’s approximation of steady-state nonlinearity output

U in the time-domain before calculating its contribution to the i’th iteration’s approximation of Y in the
frequency domain again. We then check whether the (normalised) ‘distance’ between the current and previous

approximation of steady-state output ¥ meets the stopping threshold via the stopping criterium

e 5 i

N = 2 (4.24)

Hvect (}:/[Z])

.

in which vect (-) is an operator that reshapes all elements of a matrix into a single column vector with a
column-major layout. In case the stopping tolerance is met by the criterium, we output the 7’th iteration’s

approximations as Y and U. Otherwise, we apply the mappings once more by a new loop iteration.

T — 7
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Figure 4.3: Discrete-time multivariable MTF algorithm, where F is the N-point DFT operator.
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We now shift the focus back to[Algorithm 4] Upon completion of the MTF algorithm, in line 14, we inversely
transform the nonlinear steady-state in- and outputs of (3, ) into their (X, ¢) equivalents. We then use
frequency domain steady-state operators to calculate the missing elements of the steady-state solution in
line 15 and transform everything back to the time-domain in line 16, which concludes the algorithm.

To illustrate the behaviour of the MTF algorithm and its computational benefits, we apply this method to
calculate steady-state solutions for the Lur’e-type system in

Example 4.1 (MTF algorithm example)

Let us once more consider the Lur'e-type model (3, ) of[Example 3.2 and, additionally, select a sampling
frequency f, = 1/2048 Hz. The system is excited by the harmonic w, such that w(k) = & 2?21 sin (2mik)
on a measurement interval k € {1,..., N} of length N = 2048 samples. Therefore, the measurement
regards exactly one period of the harmonic excitation w. Previously, in[Example 3.2} it was shown that

this system is globally exponentially uniformly convergent by verifying the conditions in Theorem 3.6, We

can transform (X, ) into its normalised, symmetric form (2, ¢) as per|lLemma 2.4{in order to apply the
MTF algorithm to calculate the steady-state solution of (3, ¢). For this example system, the MTF algorithm
results are shown in where the color darkness of lines increases along the iteration history. In
this figure, we also find the actual steady-state output § of (X, ), which was found by forward iterating the
dynamics for an excessively long time.

10°

m o
mm— 7]*
1071 L .
_ 1072} =
L‘:
2.
1 1073 Lt e e
0
1L 10-4 | [
20 0.2 0.4 0.6 0.8 1 123 456 7 8 9 10111213 14 15 16
t[s] i[-]
(a) gy;) along the iteration history. (b) 7p;) along the iteration history.

Figure 4.4: MTF algorithm accuracy along its iteration history.

In we can see that, within the deadzone region, ?j[i] already coincides with 4 fori = 1. Outside
of the deadzone region, the approximate steady-state output already takes a reasonable shape, but we
still observe a clear difference with respect to the true steady-state solution . Throughout the iteration
history, §j;; resembles i better and better. Furthermore, the stopping criterium decreases in[Figure 4.4
until it passes the threshold n*, which means that the approximate steady-state outputs have converged
sufficiently to the unique fixed point of the contraction mapping after nine MTF algorithm iterations.

To test the computational efficiency of the proposed method, we execute the MTF algorithm for various
measurement interval lengths N € {21,212 .. 222} such that the measurement interval consists of an
integer multiple of excitation periods. Each test case was executed ten times to assess the computational
consistency of the algorithm and reject outliers. We define the return state of the MTF algorithm as the tuple
(i,71:)) upon algorithm completion. This return state is shown for all instances of all testcases in[Figure 4.5|
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Figure 4.5: MTF algorithm return state for many executions as function of measurement interval length V.

The most important conclusion from|[Figure 4.5a|is that the number of MTF algorithm iterations appears
independent from the measurement interval length N. Also, it can be seen that the computation time is
roughly proportional to the measurement interval length. In all cases, the MTF algorithm has contracted
sufficiently to the fixed point of the iterative mapping as can be seen in[Figure 4.5b, Lastly, no large
variations in computation time are observed along repetition of the MTF algorithm for constant measurement

interval length.

The final contribution of this example is to quantify the computational incentive of using the MTF algorithm
to compute steady-state solutions rather than forward iterating the nonlinear dynamics. The results of this

analysis are shown in|Figure 4.6
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Figure 4.6: Computation time comparison.
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Section 4.4. Computationally efficient objective function (gradient) computation

The forward iteration method is implemented as follows: (i) Forward iterate the dynamics for two excitation
periods starting from arbitrary initial state, (ii) Verify whether the last period is in steady-state, by comparing
its contents to the previous period using a stopping criterium similar to[Equation (4.24)|and (iii) if necessary,
forward iterate the dynamics for another excxitation period and repeat step (ii) until the steady-state is
calculated sufficiently accurate. This solution method is used to calculate the steady-state solution of
(S, @) on the previously mentioned grid of measurement interval lengths. The average computation time
for each test case of both methods is shown in[Figure 4.6|together with its standard deviation along the
ten repetitions. From this figure, one can conclude that the MTF algorithm manages to compute steady-
state model responses roughly three times faster than the forward iteration method. Given the large
computational budget for steady-state model response computation, this induces the expectation of a

significant reduction for the total system identification algorithm runtime by roughly 66 %.

Efficient objective function (gradient) computation

In the previous paragraph, we have explained how to compute the unique steady-state solution of convergent
Lur’e-type models computationally efficiently via[Algorithm 4] However, up to this point, it is still an open
question how this method connects to the solution for the system identification problem. We have imple-
mented a four-stage strategy to evaluate the objective function and its gradient with respect to the decision
variables. A schematic representation of this algorithm is shown in[Figure 4.7
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Figure 4.7: Efficient objective function (gradient) computation.
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The computationally efficient objective function (gradient) computation strategy kicks off in Stage I, which is
referred to as the steady-state solution stage, where we first interpret the decision variable 6 as a Lur’e-type
candidate model (2(0), ¢(0)). Next, we check whether there exist stability guarantees for (3(6), ¢(6)) in
terms of the GEUC property by verifying the feasibility of the condition in[Theorem 3.7] When there are no
stability guarantees available, we instantly reject the proposed set of decision variables as a solution to
the problem. Otherwise, we apply[Algorithm 4]to this Lur’e-type model in order to calculate its steady-state
solution (w,w,x, y,%). In Stage Il, which is referred to as the parameter sensitivity inputs stage, we take the
(w,x,w,y) elements of the steady-state solution of (X(6), ¢(6)) and translate them via the static mappings
inlEquations (4.19)|and|(4.22)|into (p,, -, Wy, ) and ¥ as a preprocessing step before the third stage of
the algorithm commences. Tn Stage lll, the sensitivity steady-state output stage, we start by defining the set
of Lur'e-type parameter sensitivity models associated with (3(6), o (6)) as per[Theorem 4.1} Note that in this
stage, we require to define ny parameter sensitivity models to evaluate the sensitivity with respect to each
element in 6. The next step is to calculate the steady-state output of all these globally, exponentially uniformly
convergent parameter sensitivity models, for which we can again apply[Algorithm 4] In this stage, we can
improve upon the computational performance of the algorithm even further by realising that the computations
on all sensitivity systems are independent. Therefore, we can benefit from parallel computing possibilities in
MATLAB [91]. We can assign a task, i.e., computing the steady-state output of a parameter sensitivity model
by executing[Algorithm 4], to each core of the computer’s multicore processor in order to run simulations
in parallel and reduce the overall runtime of the system identification. Stage IV, the objective function
(gradient) stage starts once the steady-state outputs of all parameter sensitivity models are calculated. In
this stage, we first calculate the steady-state model output errors by comparing observations to the simulated
steady-state model outputs in[Equation (4.6)} which provides all information to evaluate the objective function
via[Equation (4.8)] The gradient of the steady-state output error with respect to the decision variables can be
found by combining the results of Stage Ill with[Equation (4.15)| Then finally, we can calculate the objective
function gradient itself by evaluating|Equation (4.14), which concludes the computations within one iteration
of the gradient-based nonlinear optimisation routine.

4.5 Summary

This chapter covers the definition of and solution to the nonlinear system identification problem considered
in this project. In particular, the system identification problem is translated into a standard-form constrained
optimisation problem, whose decision variables # parametrise a candidate model (4.2). The decision variables
can be selected from the set of globally, exponentially convergent discrete-time Lur’e-type models. The
simulation error is desired to be minimised, which defines the objective function to the optimisation problem
as the least-squares criterium in and closes the system identification problem formulation. To solve such
a problem, we adopt a two-step approach: ‘Decision variable initialisation’ and ‘gradient-based optimisation®.
The first step can be performed via a BLA of the nonlinear dynamics, or a global optimisation approach.
The second step can be completed via an interior-point method that is readily available in the MATLAB
optimisation toolbox. This method requires to evaluate the objective function, as well as its gradient with
respect to the decision variables in each iteration. The prior term can be calculated via the steady-state output
of the candidate model, whereas the latter term is found exactly by computing the steady-state output of
a set of Lur’e-type parameter sensitivity models. Obviously, the computational performance of the system
identification algorithm would benefit greatly from fast and accurate computation of all these steady-state
solutions. To that end, the MTF algorithm is implemented, which is shown to contract iteratively to the unique
steady-state solution of convergent Lur’e-type models. The computational performance of having such an
MTF algorithm is illustrated by an example and this chapter ends by an explanation of the efficient objective
function (gradient) computation algorithm that is validated on experimental and simulation case studies in
the next chapter.
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Chapter 5

Identification results

In this chapter, the proposed system identification algorithm is validated on benchmark experimental data in
The selected dataset is well-known in the nonlinear system identification field and can, therefore,
be used to compare the estimated model performance quantitatively to existing solutions. The discussion
of system identification results continues by a simulation case study for a first-order dynamical system in
Non-unique parametrisation issues and suggested solutions are illustrated. New insights in the
behaviour of our methods can be gained in simulation studies, as the ‘true’ system is known.

5.1 Experimental study: Silverbox benchmark

The Silverbox system has been reported as an electronic implementation of the Duffing oscillator and its
input-output behaviour is proposed as a benchmark dataset for the research field of nonlinear system
identification [58], [59], [92]. Its behaviour can be modelled as the mechanical system that is shown
schematically in In this figure, we recognise a mass m, moving purely in the horizontal #;
direction over a frictionless surface. Its position is measured as a function of time and denoted by x4 (),
relative to its initial position z1(0) = 7. The model dynamics are induced by a scalar harmonic force
perturbation w(t), a nonlinear spring characterised by coefficient k3 and a linear spring-damper combination
parametrised by k; and d;. Newton’s second law can be applied to this nonlinear system to derive the
following second-order differential equation as the equation of motion for this mechanical system:

mydy + dyig (t) + kg () + ksad (1) = w(t). (5.1)

These nonlinear dynamics can be written into a continuous-time Lur’e-type form:

. dolt) = [_% _H zo(t) + m wo(t), (5.2a)
2o(t)=[1 0] zo(t), (5.2b)
uo(t) = w(t) —olz0(t)), (5.20)

as shown schematically in the block-diagram in|Figure 5.1b
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(@) Mass-spring-damper model. (b) Lur’e-type model.

Figure 5.1: Interpreting the Silverbox as a mass-spring-damper- and a Lur’e-type model.
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In this Lur’e-type model, we have selected the state zo(t) = [z1(t) a'cl(t)]T, together with the scalar
measured output zy(t) = z1(¢) and a cubic nonlinear function

polz0(t)) = 7%20@3. (5.3)

The input force u(t) consists of contributions by the external force perturbation and the nonlinear spring.

Let us assume that z (¢) is measured at uniformly spaced time instants with sampling interval 7. Also, a
zero-order hold assumption is imposed to the external force excitation w(t), such that

w(t) =wkT,), VT, <t<(k+1)T,, k€ No. (5.4)

Because of these assumptions, well-known discretization techniques for LTI models can be applied to
Equations (5.2a)|and[(5.2b)} which together with the static relation in[Equation (5.2¢)|results in a discrete-time
Lur’e-type model describing the dynamics of the silverbox system p. 119]. There has been extensive
research on Duffing oscillators and, depending on the choice of constants my, ki, di and ks, it is known that
solutions to can either be GES or chaotic with a high sensitivity to initial conditions [93].

In the remainder of this section, the system identification algorithm proposed in is applied to
data retrieved from the silverbox system, since prior knowledge confirms that these dynamics fit the model
class (4.2). Additionally, one can guarantee that the identified model describes a duffing oscillator that
operates in a convergent regime by enforcing feasibility of the condition in[Theorem 3.7} which can be
exploited, e.g., for controller design. The identification experiment is explained, followed by numerous
system identification results. Thereafter, model performances are compared quantitatively to state-of-the-art
benchmark results.

5.1.1 Identification experiment

The identification experiment that covers the Silverbox benchmark dataset is presented in[Figure 5.2} In this
figure, the scalar excitation w and output z§ are shown as function of time measured at a sampling frequency
of 610.35 Hz, both having a distinctive arrow-shape. The dataset can be divided into parts | and Il, by which
the arrow’s ‘head’ and ‘tail’ are denoted, respectively. Part |, governing samples 1-40585, is a band-limited
Gaussian white noise sequence between 0 Hz and 200 Hz with a linear increase in amplitude forward in time.
Part Il consists of ten realisations of a random-phase odd multisine sequence that are mutually interconnected
by zero inputs. After part Il, a sine-sweep sequence starts, but this part of the data is excluded from our
analysis, which is in line with other approaches reported in literature [59].

w [V]

0 50 100 150 200

26 V]

0 50 100 150 200
Time [s]

Figure 5.2: The arrow-shaped Silverbox dataset (—), consisting of a so-called ‘head’ and ‘tail’, respectively
denoted by I and Il. The ‘tail’ contains ten odd multisine realisations, one of which is denoted by (—).
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Section 5.1. Experimental study: Silverbox benchmark

Let us isolate the multisine realisation that was highlighted in[Figure 5.2} and analyse its properties in time-
and frequency-domain in[Figure 5.3] The top plot of[Figure 5.3]illustrates the division of the arrow’s tail in ten
sections that are separated by a sequence of zeros. One of these sections is shown in this figure and the
previously mentioned multisine realisation is a subset of this section of length V = 8192, as shown in red. A
frequency domain representation of the multisine realisation is included in the bottom plot of[Figure 5.3|to
verify whether the correct subsets of the arrow tail are selected as estimation data. It can be verified that all
1342 odd harmonics on a bandwidth between 0 Hz and 200 Hz are evenly excited, which indeed complies to
the experiment design motivation in [58]. There is no information in the data of harmonics having a frequency
above the passband until the Nyquist frequency fy.

0.2 leading/trailing excitation | |
multisine realisation
E
3
-0.2 ¢
96 98 100 102 104 106 108
Time [s]
-50 - ,
even
= | odd
= -100 ; : I il 1
é . . .
-150 | R R

0 50 100 150 200 250 300
Frequency [H 2]

Figure 5.3: Random-phase odd-multisine excitation realisation in time- and frequency-domain.

As a final preprocessing step, the mean and first-order polynomial trends were removed from part | and
the first nine multisines in part Il. Then, the observations can be presented as the model estimation and
validation datasets in[Figure 5.4} The last multisine is omitted to train the model on comparable data with
respect to existing solutions [92]. Also, note that the excitation amplitude of the validation dataset exceeds
the amplitudes seen during training. This allows for testing extrapolation properties of identified models.

0.2
= o L
s
0.2]
0 50 100 150 200

0.2
Z 9
i
0.2]
0 50 100 150 200
Time [s]

Figure 5.4: Silverbox identification experiment, split between the nine estimation (—), (—) and a single
validation dataset (—).

Page 49 of 100



Chapter 5. Identification results

5.1.2 Model structure selection

The main purpose of the model structure selection step is to define the relation between the decision variables
6 and a Lur’e-type candidate model (X(6), »(9)) for the specific system identification problem at hand. By
selection of structure, we mean, e.g., definition of (i) the model order of ¥(6), (ii) the nonlinearity ©(6) itself
and (iii) whether or not convergence is enforced. Not enforcing convergence is selected for the sake of
benchmarking with reported results in the literature. Numerous model structure selections are proposed in

each of which is denoted by (2(6;), ¢;(0;)) fori € {I,..., VIlI}.

Table 5.1: Model structure selections for Silverbox system identification.

. x(0:) vi(0:) Stability |
Ny Ny %=y w—ey)=u Name Definition Details | guarantees? 0

| 2 1 v v zero (5.8) v 5
Il 2 1 v v polynomial (5.9a) X 8
m |2 1 v v/ spline X 7
v | 2 1 v v spline (5.10a) v/ 7
Vv 2 1 v v NN 5.11a Np =3 X 14
vi |2 1 v v NN n, = 10 X 35
vl | 2 1 v v NN Np =3 v 14
Vil | 2 1 v v NN (5.11a) n, = 10 v 35

The variety of model structures induces different candidate model parametrisations. The decision variables
complying to a candidate model of a certain structure are characterised by

0, — {gﬂ Vie {l,... Vi, (5.5)
Pi

in which 05, and 6, denote the parameters of the linear and nonlinear block for Lur’e-type candidate model

(2(6:), i (6;)) of class (4.2), respectively. The characterisation of these blocks is discussed next.

Linear block structure

All of the selected model structures use the same parametrisation for the linear block 3(6;). Given the
prior knowledge on the Silverbox dynamics (5.2), it was decided to adopt a discrete-time second-order LTI
state-space model that is interconnected via feedback by a SISO nonlinearity, such that n, = 2and n, = 1.
Furthermore, it is assumed that the measured output channel x also serves as nonlinearity input channel y.
Finally, the nonlinearity output w and the external excitation w are assumed to be summable towards a scalar
input of ¥(6;) as illustrated in All constraints on the linear block have been explained, so the
next step is to introduce a candidate model’s linear block parametrisation as

92 = [(Ll a9 bo bl bQ}T (56)
whose entries characterise the unique SISO transfer function of X(6;) as
box? +bix + b
Os(on (%) = —5g—— 2 (5.7)

%2+G1Z+CL2 ’

A transfer function coefficients parametrisation reduces the number of model parameters compared to a
full parametrisation of all matrix elements in a state-space model. Nevertheless, the system identification
algorithm requires a characterization of the linear block in terms of a state-space form in which we distinguish
between external and nonlinear inputs. Therefore, a state-space representation in controllability canonical
form (see |63, p. 252]) can be derived from Gy y,)(x) in and characterises X(6;) into a state-space form
that fits the model class with

A(0) = { 0 1 } B(6) = — m L) = m c(0) = {2‘;‘:3?22T D(6) = be.
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Section 5.1. Experimental study: Silverbox benchmark

Note that the state space matrices associated with the output equation are, respectively constrained by
F(0)=C(),G(6) =0,, and H(#) = D(0), due to the x = y assumption. Also, note that B = — L since the
input of - as defined inis split between an external and a nonlinear input in the model class.
Because the linear block is constrained to this canonical form, the possibility of non-unique parametrisation
due to similarity transformations is eliminated from the system identification problem.

Nonlinear block structures

The different candidate model parametrisations are induced by the various nonlinearity structures ¢;(6;) and
are now treated one after the other. Instances of all nonlinearity structures are shown infFigure 5.9} which
helps to understand the different characterisations. The first considered nonlinearity is actually not a ‘real’
nonlinear function, but simply ensures a zero output via

ei(y(k)) =0. (5.8)

Obviously, this nonlinearity adds no additional model parameters. In an attempt to improve representation
capabilities beyond those of a linear model, a cubic polynomial is selected as the nonlinearity of structure II.
This nonlinear function fits the prior knowledge on the Silverbox system well and its definition can be written
together with its parametrisation according to

3

ey (k) = kiy(k)', (5.9a)
i=1

Opy = [k1 ko k3] €R®. (5.9b)

A downside of the polynomial nonlinearity is that structure Il does not allow for stability guarantees, since its
nonlinear function can obviously not be (incrementally) sector bounded within finite bounds.

To address this problem, the third and fourth model structures implement a so-called ‘spline’ nonlinearity,
which behaves as a pure cubic polynomial on a certain domain including the origin and is linear outside. One
can define this nonlinearity and its parametrisation as

iy (k)® for [y (k)| < y.
ay(k)+p for  y(k)> y. (5.10a)
ay(k)—p for y

-
H‘PIII,IV = [kl y*] € R;Ov (5.10b)
where a = 3k1y? and 8 = —2k;%2. This nonlinear function verifies|Assumption 2.2|and its cone-bounded

sector constraints are characterised by Q2 = Q = 3k;y? for nonnegative constants k; and ..

omv(y (k)

Both previously mentioned nonlinearity definitions are heavily dependent on prior knowledge of the Silverbox
system dynamics. Consequently, the previous model structures are not expected to be applicable to data
obtained from systems other than the Silverbox. This motivates the introduction of a feed-forward neural
network as the nonlinearity of structures V-VIII, as the universal approximation theorem states that such a
network can approximate any continuous function for inputs in a specific range (see [37], [94]).

A schematic view on these feed-forward neural networks with a single hidden layer can be found in[Figure 5.5}
In this figure, it can be seen that the neural network input y (k) splits inside the hidden layer into n,, branches,
each of which is scaled linearly with its associated input weight. Consecutively, in each branch the input bias
is added, whereafter the nonlinear activation function is applied. In the output layer, each branch is scaled by
an output weight, whereafter all branches are summed together with the output bias to define the neural
network output w (k). In summary, the neural network nonlinearity and its parametrisation can be defined as

.
v (w (k) = W o (Wltly (k) 4 010) b2, (5.11a)

Opu = (W 01 W' € 0, C R, (5.11b)
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Hidden layer Output layer

1
Wl

bl

Figure 5.5: Schematic representation of a feed-forward neural network with a single hidden layer.
Subscripts denote vector element indices.

in which o(+) is the nonlinear activation function for which a hyperbolic tangent was selected in this project.
The hidden layer consists of n,, neurons and, hence, we recognise the input- and output-weight matrices
Wil w2 e R%: together with input-bias matrix bl € R™» in the neural network parametrisation. Thereby,
the decision variable space associated with the neural network parametrisation is defined as

Opum = {0 € R | WH(9), W) € RZ ). (5.12)

Let us recall that the sector condition in|Definition 2.2|requires ¢(0) = 0, which can be satisfied by constrain-
ing the output bias to

b2 = — w27 tann (o). (5.13)

As a final step, the existence of cone bounded sector constraints on y.yy is investigated. Let us define the
partial derivative with respect to its input y as

aigov.vm(y(k)) — w2 i, (5.14)
Yy
in which

M = diag ((Ilny — tanh? (WHy (k) + b[l]))T)_ (5.15)

The diagonal elements of M are bounded on [0, 1], which allows us to upper-bound the nonlinearity slope
by vy = w2 W, This bound is tight for zero input bias and conservative otherwise. In conclusion, vy

verifies and its cone-bounded sector constraints are characterised by Q) = Q = ~.

All model structure selections are now explained together with their respective parametrisations. The first
model structure is linear and hence has limited representation capabilities. Model structure Il improves upon
this by allowing for a cubic nonlinearity, but GEUC cannot be guaranteed. The structures Ill and IV with a
spline nonlinearity allow for a trade-off, being in a finite (incremental) sector, as well as cubic on a domain
near the origin to reflect reality. The expected representation capabilities are even further improved by
considering neural network nonlinearities in structures V-VIII. Note that an improved representation capability
usually goes hand in hand with an increased number of model parameters, which complicates the system
identification procedure. This trade-off between model complexity and representation capability is illustrated
in the following, where model estimation results are presented for all model structure selections.
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5.1.3 Model estimation

The problem of system identification of discrete-time Lur’e-type models for the Silverbox benchmark is solved
for the model structures that were introduced before. Model structure I is linear and can thus be identified via
linear system identification techniques. The BLA method that was introduced in[Section 4.2]is implemented,
but provides us with a non-structured SISO LTI state-space model (Agr 4, Brra, Cara, Dpra). Previously,
it was explained that the linear block’s state-space representation is expected in controllability canonical form.
Under the condition that the pair (Ag. 4, Bpra) is controllable, one can always apply a special similarity
transformation as per[Lemma 2.5|to the BLA, which renders the LTI model into the desired form [63} p. 252].
The required transformation matrix is given by

.
P:[QT (¢Apra)’ ... (QA%_L;)T} ; (5.16)

where ¢ denotes the bottom row of Cz1, 4. Consequently, we retrieve an equivalent state-space representation
(Agra, Bera, Cira, Dgra), which is in controllability canonical form and allows to define the initial
values for 6, via the zero nonlinearity output method explained in Via this technique, one
initialises a GEUC Lur’e-type model, whose input-output behaviour is equivalent to the BLA. The selected
initial nonlinearity parametrisations that guarantee zero nonlinearity output are summarised in

Table 5.2: Initialisation of nonlinearity parametrisation for different model structures.

ID | ] LIV V-Vl
T T T
initialisation of 6., H 031 [o |um|} [|uw1| ur ognxl}

Note that the spline width g, in structures Ill, IV, as well as the elements of the input weights and bias
matrices in structures V-VIIl are initialised as (nonnegative) random variables from a uniform distribution,
which is denoted by Uf;« ;. This approach ensures a non-zero initial objective function gradient with respect to
the nonlinearity parameters. What remains in the model estimation stage is to solve the system identification
problem via the gradient-based method from[Section 4.2] To that end, [Algorithm 4]is implemented to calculate
steady-state model responses of GEUC Lur’e-type candidate models and their respective parameter sensitivity
models. In case no stability guarantees are enforced, i.e., for model structures Il, lll, V and VI, we rely on
forward iterating the nonlinear dynamics as demonstrated in[Example 4.1}, until the solution has converged to
the steady-state solution. For unstable models, the cost associated with the their ‘steady-state’ solution is
assumed to be excessively large, whereby such decision variable selections are rejected by the gradient-based
solution method. [Figure 5.6|shows a typical progression of the gradient-based method.
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Figure 5.6: Iteration history of the estimation method for model structure Il.
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In this figure, it can be validated that the objective function value of the initial parametrisation complies to the
cost associated with the BLA. Starting from this initial point, the gradient-based optimisation method quickly
reduces the objective function value by several orders of magnitude. Also, the first-order-optimality measure,
[VJn| ., decreases drastically, indicating that the estimation method converges towards a (local) minimum.
Simultaneously, the maximum step size ||Ad|| _ shrinks untilit passes the minimum step size threshold 6 in
the 17'" iteration as can be seen in the bottom plot of[Figure 5.6} concluding the model estimation step for
structure Il. To interpret the results of this model estimation step, the steady-state model output error € of
model structures | and Il are shown in[Figure 5.7]for the third multisine realisation.
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(@) Time domain. (b) Frequency domain.

Figure 5.7: Estimated model performance on estimation data 3.
The plots include z§ (—), €© for (BLA) structure | (—) and &° for (cubic) structure Il (—).

Note that this figure displays steady-state information instead of a simple simulation of the model subject to
the multisine excitation sequence. It can be seen that structure | captures the system dynamics relatively
well, but is clearly outperformed by structure Il. In order to quantitatively compare the performance between
different estimated models, a performance measure is defined in terms of Root Mean Squared Error (RMSE),
which (depending on a steady-state assumption for the considered measurements) reads as

N

N
EN G () GAD e =y v O G 2(R) (5.18)

ERMSE = N

k=1 k=1
Numerous system identification approaches for this benchmark dataset adopt this performance measure
(see, e.g.,[Table 5.3). In case|Equation (5.17)|is used, the model response is computed via forward iteration

of the model dynamics throughout one excitation signal period. Contrarily, [Equation (5.18)[requires the
steady-state model response to be computed via, e.g., the MTF algorithm. Both performance measures are

presented for model structures I-VIl in[Figure 5.8|and estimation datasets 1-9. In this figure, it can clearly be
seen that the performance for the different model structures can be ranked from best to worst in the order
II-1I-V-VI-IV-VII-l. Note that the model estimation step for structure VIl was unsuccessful and, therefore, no
results are presented. The cubic structure Il is the clear winner, which is in line with expectations due to our
prior knowledge on the Silverbox system. It can be seen that performance of models with stability guarantees
(IV and VII) deteriorates significantly with respect to their unconstrained equivalents (Il and V). Also, the
performance measure shows much more consistency throughout different estimation datasets for egmse in

Figure 5.8b}, compared to egmse in [Figure 5.8al which suffers from an unmodelled initial condition to the
internal state. The model structure color coding is preserved throughout the remainder of this section.
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Figure 5.8: Estimation data performance of I (—), Il (—), Il (

To interpret the characteristics of the estimated models even further, the nonlinearity graph and the Bode
magnitude diagram of the involved LTI block’s transfer function are compared in|Figures 5.9/ and |5.10}
respectively. Note that the estimates, even though being structurally different, show many similarities.

Let us start by discussing the nonlinearities in[Figure 5.9al Structure | has a trivial zero nonlinearity and
needs no further clarification. For structure Il, one clearly recognises the cubic polynomial shape that is
expected to perform well on this dataset by the prior knowledge on the Silverbox system. Furthermore, it is
well received that spline nonlinearities Ill, IV behave exactly like the cubic polynomial of Il inside their spline
widths. Outside of this domain, the spline structures in Ill and IV behave linear to allow for a finite bound
on their (incremental) sector. The spline width of Il is slightly larger than that of IV, which can be explained
by the additional stability constraints on IV. Continuing to[Figure 5.9b} it can be seen that also the neural
networks without stability guarantees (V and VI) have fitted the shape of the cubic polynomial within the
input region of interest. Because there is no prior knowledge on the nonlinearity design of the Silverbox
system included in these model structures, this is an outstanding performance by the identification algorithm.
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Figure 5.9: Estimated nonlinearity graph for various model structures.
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Figure 5.10: Estimated linear block transfer function for various model structures.

It can be concluded from [Figure 5.10|that the characteristics of the estimated linear blocks are similar to
those of the BLA initialisation. The figure shows Bode magnitude diagrams of the estimated models in close
proximity to the one of structure I. This marks the end of the discussion on the estimated models, which are
subjected to a validation test next.

5.1.4 Model validation

Does the estimated model actually solve our system identification problem and/or is it in conflict with either
the validation data or prior knowledge? These questions are answered in the model validation step [12]. The
validation test is defined as forward iterating the estimated model dynamics throughout one period of the
preprocessed arrow-‘head’ excitation as was introduced in[Figure 5.4/and comparing the simulation results to
observed data. The estimated model performances can then be compared to state-of-the-art results on this
benchmark dataset, for which an overview is given in[Table 5.3] In this table, (i) indicates the simulation RMSE,
defined as egmse in (5.17), on the validation set (1-40585). Furthermore, (ii) and (iii) denote the validation
test on set (1-40000) and a special validation set (jii) that is mentioned in the table, respectively. The results
presented in this work are written in blue and empty cells indicate unavailability of the information.

Table 5.3: Model performance in terms of validation RMSE, compared to the state of the art [59].

Author

Ljung et al. (2004)
Hjalmarsson (2004)
Verdult (2004)
Sragner et al. (2004)
Espinoza et al. (2004)
Espinoza Tapia (2006)
Paduart et al. (2010)
Marconato et al. (2012)
Mulders et al. (2013)
Mattos et al. (2017)
Santos et al. (2018)
Maroli (2019)

Maroli (2019)

This work (2021)

This work (2021)

This work (2021)

This work (2021)

This work (2021)

This work (2021)

This work (2021)

Method

Neural network + cubic regr.
Physical block-oriented
Weighted local linear SS
Special MLP

FS-PLS

PL-LSSVM

PNLSS

Nonlinear state-space
Poly-LFR

RVFL-NLMM

FS-LSSVR

TCN (fair)

TCN

I: BLA

1I: Cubic

Ill: Spline

IV: Stable spline

V: NN (3 neurons, no stab.)
VI: NN (10 neurons, no stab.)
VII: NN (3 neurons, stab.)

ng

> 700
5

16
100
500

@

2.18

13.7
0.55
2.78
4.87
1.14
1.15
11.5

(i)
0.96

7.8
0.318
0.271

0.34

10
0.76

1.74
13.5
0.54
2.79
4.85
1.12
1.13
11.3

(iii)
0.3

1.3

0.26

0.35

Validation (iii)
1- 40495

1-40495

1-40700

Head

Estima

40586 -
40001 -
40585 -
40001 -
40001 -
40001 -

40701
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Section 5.1. Experimental study: Silverbox benchmark

It is only possible to compare our estimated models to results in literature quantitatively when there is
consensus on the performance measure, as well as the considered validation dataset. Our intention in this
work is to follow the guidelines for fair benchmarking on the Silverbox dataset in [59] and validate on the
data in set (i), which allows to quantify the model extrapolation performance. Unfortunately, [59] is the
only work that is known to the author that validates on the exact same set. The model performances in
[59] are easily outperformed by structures 11,V and VI, despite them being parametrised by an excessive
number of 4753 parameters. In order to compare our results to more works in literature, the validation test
results on set (ii) are added. Clearly, the BLA in structure | can no longer catch up with the state-of-the-art
nonlinear models. Also, the model structures IV and VIl cannot compete with the the best results in literature
in terms of extrapolation performance, but these models come with stability guarantees on the identified
model. Arguably, these benefits render them (especially IV) in the sweet spot of being relatively accurate
and applicable to reliably predict on input sequences that were not seen during model training. Our high
performance structures Il, V and VI are in close proximity to the best performing models that are reported in
literature, non of which come with some guaranteed form of stability. Note that our models typically require
significantly less parameters compared to their competition.

Next to these quantitative results for the model validation step of our system identification outcomes, a
qualitative understanding of the model behaviours in the validation test is desired. To that end, the simulation
results of structures I-1V are compared in|Figures 5.11jand|5.12|in time and frequency domain, respectively.
The time-domain results shown some initial error due to an unmodelled initial condition for the internal state.
Furthermore, it can be seen that the cubic structure Il is a good representation of the observations. Even in the
extrapolation regime, which starts roughly after 50 seconds, only a slight increase in model error is observed.
The behaviour of the spline models Ill, IV in the model validation test is perfectly in line with expectations.
For small excitation magnitudes, their nonlinearities behave in the cubic regime and the models match the
performance of structure I. For larger excitation magnitudes, the nonlinearity acts in its linear regime, whereby
it differs from the prior knowledge on the Silverbox system, inducing model performance loss. This effect is
greater for structure 1V, since a smaller spline width is selected for this model to verify its stability constraint.
Finally, it can be seen in[Figure 5.12|that the nonlinear model errors are concentrated around the resonance
frequency and close to DC.

The qualitative analysis on the model validation step continues in[Figures 5.13|and|5.14] in which validation
data simulation results of the neural network structures V-VII are shown in time and frequency domain,
respectively. The BLA results for structure | are repeated to calibrate our observations with respect to
[Figures 5.11|and|[5.12| The results for structures V and VI show much similarity despite their difference in
hidden layer dimension. Note that these simulation results do not suffer significantly from the extrapolation
effects that were seen for the cubic and spline nonlinearity structures. Finally, the stable neural network
structure VIl appears barely as an improvement with respect to a linear model. It can be seen that the
stability constraint deteriorated the model performance significantly, which can partly be explained by the
conservative upper-bound on the nonlinearity slope that is used to characterise the cone-bounded sector
constraints. A tighter upper-bound enlarges the feasible region in decision variable space, whereby a better
(local) minimum may become available.

Hereby, the extensive Silverbox case study comes to an end. Prior knowledge on the true system dynamics
and the identification experiment is explained. Consecutively, multiple model structures are proposed in
an attempt to model the Silverbox system in the class of discrete-time GEUC Lur’e-type models. It was
decided to investigate a cubic nonlinearity structure, which fits the prior knowledge well. In order to allow
for stability guarantees, a spline nonlinearity structure is proposed, followed by a variety of single hidden
layer feedforward neural networks. The identification methodology of[Chapter 4]is applied and estimation,
as well as extrapolation results are motivated both quantitatively and qualitatively. Also, the estimated
models are compared to state-of-the-art models in literature. In conclusion, neural networks and cubic
nonlinearities without stability guarantees accurately model the Silverbox system dynamics having their
performance measures close to the best results in literature while using significantly less model parameters.
Finally, the GEUC spline nonlinearity structure is shown to be a significant improvement with respect to the
(linear) models in literature with stability guarantees.
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Figure 5.11: Validation test results ¢ in time domain for structures I: (—), Il: (—), lll: (—) IV: (—).
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Figure 5.12: Validation test results ¢ in frequency domain for structures I: (—), Il: (—), lll: (—) IV: (—).
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Section 5.1. Experimental study: Silverbox benchmark
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Figure 5.13: Validation test results ¢ in time domain for structures I: (—), V: (—), VI: (—) VII: (—).
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Figure 5.14: Validation test results ¢ in frequency domain for structures I: (—), V: (—), VI: (—) VII: (—).
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Chapter 5. Identification results

5.2 Simulation study: First order dynamics

In this simulation case study, a system identification problem is solved for the purpose of estimating a
first-order Lur'e-type model, which experiences feedback from a smooth deadzone-type nonlinearity. The
true system is known to the user, such that steady-state measurements of excitation w and the true model
response can be computed. This simulated ‘observed data’ serves as an input to the proposed system
identification approach with the intent to identify the parameters describing the true system.

First, the selected first-order model structure is presented. Thereafter, the true system design is motivated
together with the simulated identification experiment. Then, the system identification problem is solved in
the model estimation step. The identified model leads to new insights in the parametrisation of the selected
model structure, resulting into model structure improvements.

First-order model structure selection

In this simulation case study, candidate models (%?, ¢©?) according to with dimensions n, = n, =
n, = n, = N, = 1 are considered. A black-box modeling approach is adopted, such that each matrix element
of the LTI state-space form represents a model parameter. Also, a smooth-deadzone type nonlinearity was
selected, which can describe real-world phenomena such as worn steering wheel linkages in cars, or coulomb
frictions in DC motors. This nonlinearity defines ¢ according to

& (k) = (k) — 5(6) tanh (5y(k)). (5.19)

which is parametrised by the scalar deadzone length §(6). All parameters in the selected model structure are
collected in

6=1[A(B) B(O) L(B) C©O) DO F@O) GO) H©O) §06)] €O0rCR, (5.20)

in which decision variable selections are constrained to the set
Op = {e € R%| (A(6), [B(6) L(8)]) controllable, (A(8), [C(6)T F(8)T]") observable, 5(¢) > o}. (5.21)
Controllability and observability of the pairs (A(6), [B(#) L(#)]) and (A(9), [C(8)" F(6)T]"), respectively,
implies the minimality of %’s state-space representation and, hence, is verified. Furthermore,
nonlinearities with nonnegative deadzone lengths are considered, such that (©? is static, decentralised and
respects the cone bounded (incremental) sector constraints that are characterised by QO = Q = 1. These

properties together imply the satisfaction of|Assumption 2.2| Given that the assumptions on the linear and
nonlinear block are verified, the decision variable space © can now be defined as

0= {9 € Op |3 (P €Rsg, S € Ryg) : Condition (3.16) in[Theorem 3.7]holds true}, (5.22)

guaranteeing the GEUC property for models inside this model class, i.e., 8 € ©. This concludes the discussion
on the selected model structure in this simulation case study. The identification experiment design is
explained next.

Identification experiment

In simulation case studies, the true system dynamics are known to the user. In this example, it was decided
to design the true system dynamics inside of the proposed first-order model structure selection. More
specifically, a parametrisation 8, € © was chosen, defining the true system dynamics (3¢, ¢o) as
with

A(6y) = 0.5, B(6y) = 0.78, L(6o) = 0.3,

C(6y) = 0.35, D() = 0.93,

F(6y) = 1, G(60) = 0.62, H(0)) = 2
5(6p) = 1.
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Section 5.2. Simulation study: First order dynamics

The true-system parametrisation 6, indeed represents a GEUC model, since the positive scalars P = 9.42 and
S = 9.11 yield feasibility of the condition (3.16) in|Theorem 3.7,

The next step is to design an excitation signal that covers the system operation domain of interest and
brings out all essential system features of interest [12]. Important characteristics of the true system are
displayed in[Figure 5.16] It is common practice to apply multisine excitation signals for the purpose of system
identification. Particularly, a random-phase quasi-logarithmic multisine excitation design with constant
amplitude distribution is generated via the Frequency Domain System ldentification Toolbox (FDIDENT)
toolbox (see, e.g., [95]) with the following settings.

Table 5.4: Quasi-logarithmic multisine excitation settings.

Ty N Nper

w 0.01[s] 2048

Range

Trials Nf fmin fmax

4 [-10, 10]

50 10 0.004[Hz] 50 [Hz]

The excitation signal design retrieved from the toolbox is analysed in time- and frequency domain in
The observed characteristics comply to the settings in[Table 5.4} since ten harmonic contributions
can be recognised that appear equidistant on a quasi-logarithmic grid between 0.004 Hz and 50 Hz with an
even amplitude distribution. Also, the excitation amplitude varies in time-domain between —10 and 10 as was
intended. In conclusion, the excitation signal design is deemed successful and[Algorithm 4]can be applied
to compute the steady-state model response for the dynamics (2, ¢q). The results are shown in time- and
frequency-domain in[Figure 5.15b] This completes the identification experiment discussion and the next step
is to estimate a model based on the identification experiment and the proposed model class.

10

0 20 40 60
Time [s]

80

0.10 0.44 0.93 2.00 435 9.38
Frequency [Hz]

(a) Excitation.

20.26 43.80

1Z| [

50
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Time [s]

0.05 0.10 2.00 4.35 9.38 20.26 43.80

Frequency [Hz]

(b) Steady-state output.

Figure 5.15: Identification experiment design for the first-order simulation case study.

Model estimation

The model estimation step is performed for the simulation case study via a CRS global optimisation approach
in the decision variable initialisation step, followed by a gradient-based optimisation routine. The main
working principles of the CRS are treated in[Section 4.2]and the algorithm was executed with the following

settings that are based on [85].

Table 5.5: CRS settings.

Nm @

9 05

J*
0.1

77* k*
0.1 1000
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Chapter 5. Identification results

The progresssion of the CRS algorithm is explained in The plot in shows the initial

population of hundred agents. The agents were randomly selected from © and, only under feasibility of the
LMI stability condition, it is passed as an agent to the population, so typically a large objective function value
is associated with these initial agents. The CRS algorithm was performed for & = 855 iterations until the final
population is found as shown in[Figure 5.16b} It can be seen that the difference in objective function value
between the agents was greatly reduced and the best agent in the population even crossed the J* tolerance,
which made the algorithm come to a stop and concluded the decision variable initialisation.

106 — ‘ ‘ ‘ 10°
S P Br0] 9 D 0 b D
101 3°°%ﬁ%@&£?fﬂ“ﬁ@a%o%ﬁﬁ 10
ETk (Koo P i i
5 ’90 f o f villlihr= asq illllis i
102 | 102]
o
z 100 109
S
1072 1072 i
10~4 1074
1076 1076 |
0 20 40 60 80 100 20 0 . 60
Agent index Agent index
() Initial population. (b) Final population after k = 855 iterations.

Figure 5.16: The initial and final population of the CRS decision variable initialisation step. The objective
function value is shown for each agent in the population. Also, the stopping conditions * (—) and J* (- - -)
are shown, which are activated if all agents are above, or when one agent is below, respectively.

The next step is to use the parameters corresponding to the best CRS agent as the initial point for the gradient-
based optimisation routine that is explained in The iteration history of the gradient-based
method is shown in|Figure 5.17|below.
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Figure 5.17: Gradient-based optimisation.
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Section 5.2. Simulation study: First order dynamics

A first observation is that the optimisation can be deemed successful, since the gradient-based method
managed to decrease the objective function value up to numerical precision. Also, it can be seen that
the largest element of the objective function gradient becomes small in magnitude, indicating that the
iterative algorithm converged to a (local) minimum in decision variable space. It should be remarked that the
estimation required more than 400 iterations of the gradient-based solution method, which is unfavourable
computationally. Also, notice that in most of these iterations (see, e.g, iteration 300-400) barely any progress
was made. Hence, there is still room for improvements here.

To analyse the properties of the identified model Oy, itis compared to 6;,;: and 6, in terms of Bode magnitude
diagrams of the linear block and the nonlinearity graph in[Figure 5.18] The results in this figure are surprising,
since the estimated model d,y does not coincide with the characteristics of the true dynamics 6, despite
explaining the training data perfectly well. Apparently, the model parametrisation contains non-uniqueness
other than those induced by similarity transformations (that do not appear in Bode magnitude diagrams).
The estimated deadzone length is clearly off and despite correctly identifying the Bode magnitude diagrams
for Gs_,(x) and Gy, (%), the transfer functions Gs,  (x) and Gs_, (x) are off by a constant gain. These
observation are, possibly, due to parameter non-uniqueness via loop scaling (see[Section 2.3).

Indeed, it can be shown that the parametrisation is non-unique due to gain-exchanges between the linear
and the nonlinear block. Let us apply a loop-scaling transformation as perlLemma 2.2|to the dynamics (%, ¢)
for U5 = Uy = ~. The resulting Lur’e-type model (3, @) can then be written as

Thp1 = Az(k) + By ta(k) + Lw(k), (5.23a)
g =7~ Ca(k) + v~ Dw(k), (5.23b)
2p = Fa(k) + Gy Yy + Hw(k), (5.23¢)
ay, = §(k) — o tanh (6~ 1yg(k)). (5.23d)

Remarkably, the blue terms in|Equation (5.23)|represent a new deadzone length § = v~14 and, hence, one

can select any invertible loop scaling by v while still generating the same input-output behaviour. It is quite
likely that the estimation method exploited many of these equivalent points in decision variable space, which
reduced its convergence rate drastically. The result of loop-scaling 6™ towards the deadzone length of 6, is

shown as Oy inand indeed also ensures a bode magnitude diagram match with 6,. As a solution,
the redundant degree of freedom can be eliminated by fixing the deadzone length in our model class, without
inducing any additional conservatism on the model’s representation capabilities. This proposal marks the
end of the first order system simulation case study.
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Figure 5.18: Lur’e-type model characteristics for 6;,,;; (—), On (—), 6o (—) and 51\; (---).
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Chapter 5. Identification results

5.3 Summary

The proposed system identification methodology validation in this chapter is twofold. First, an experimental
validation was performed on the Silverbox benchmark dataset that is well-known in the research domain of
nonlinear system identification. Model structures inside our model class including cubic, spline and feedfor-
ward neural networks with or without stability guarantees are proposed. After that, the system identification
methodology is deployed and results are explained both quantitatively and qualitatively on estimation and
validation datasets. A comparison between our model performances and state-of-the-art Silverbox models in
literature is presented. In conclusion, our methodology enables to identify models having cubic or neural
network nonlinearities without stability guarantees that approximately match the performance of the best
models in literature, albeit being parametrised by fewer parameters. Also, a significant improvement on
modeling with stability guarantees is presented in terms of the GEUC spline structure, which easily outper-
forms stable BLA models. The second system identification method validation involves a simulation case
study of first-order dynamical systems with SISO deadzone nonlinearities. A quasi-logarithmic excitation was
designed in order to simulate an identification experiment. The system identification is initialised via a CRS
global optimisation routine. The proposed system identification methodology manages to successfully ex-
plain all details of the identification experiment data. However, it is shown that this model structure contains
unexpected non-unique parametrisations in terms of gain exchanges between the deadzone length and the
linear block matrices. This non-uniqueness can be eliminated by fixing the deadzone length before starting
the model estimation. In conclusion, the system identification methodology is successfully implemented on
both experimental data and a simulation case study. It is a logical next research objective to validate the
methodologies on identification of MIMO Lur’e-type models with stability guarantees on the identified model.
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Chapter 6

Conclusions and recommendations

In this thesis, a method for system identification of discrete-time state-space nonlinear models with stability
guarantees is developed. Existing methods in this research field suffer typically from the computational
complexity of solving high-dimensional nonlinear optimisation problems. Also, these approaches generally
do not enforce some form of stability on the identified model. This work contributes to the open challenges in
the field of nonlinear system identification by aiming to achieve the following main research goal:

“Develop an experimentally validated, computationally efficient system identification methodology for
flexible discrete-time nonlinear state-space models with stability guarantees.”

These main research objectives have mostly been achieved and the outcomes of the work presented in this
thesis are split into conclusions and recommendations for future research.

6.1 Conclusions

This work considers the class of discrete-time multiple-input multiple-output (MIMO) Lur’e-type models. Such
models consist of an linear time-invariant (LTI) block having a minimal state-space representation that is
placed in feedback with a static, decentralised nonlinearity that verifies cone bounded sector constraints. The
model class has extensive representation capabilities, as it includes, but is not limited by many well-known
block-oriented model classes such as (parallel) Wiener- and Hammerstein-structures.

Contributions to developments in stability analysis of discrete-time MIMO Lur’e-type models are presented
in this thesis. It first extends existing sufficient conditions for the global exponential uniform convergence
(GEUC) property to a sufficient condition that is computationally cheap to check. Thereafter, it shows that
satisfaction of the sufficient conditions for GEUC also guarantees an upper-bound to the #..-norm of the LTI
block’s transfer function related to the input-output channels of the MIMO nonlinearity.

Another main contribution of this work involves the development of a mixed-time-frequency (MTF) algorithm
for discrete-time MIMO Lur’e-type models in order to compute steady-state responses in a computationally
efficient manner. This method is inspired by existing works on continuous-time single-input single-output
(SIS0) Lure-type models. It is shown that under the sufficient condition for GEUC, the discrete-time MIMO MTF
algorithm globally contracts towards the steady-state model response. Furthermore, it is shown in a numerical
case study that a 66 % computation time reduction can be achieved by implementing the MTF algorithm
rather than forward iterating the nonlinear dynamics to calculate steady-state model responses.

A system identification methodology is developed to estimate models inside the model class. This task is
tackled as a constrained optimisation problem with the objective to minimise the simulation error between ob-
servations and steady-state model outputs along a measurement interval. Candidate models are constrained
to the class of discrete-time MIMO Lur’e-type models that are GEUC by verifying the proposed condition.
System identification is performed via a two-stage algorithm. First, a good initial point in decision variable
space is selected by existing methods such as best linear approximation (BLA) and controlled random search
(CRS) global optimisation. Starting from this initial point, a gradient-based optimisation method is used to
solve the system identification problem. This work aims to improve the computational efficiency of such
methods. It does so by computing steady-state candidate model responses via the MTF algorithm in order to
evaluate the objective function. Also, it is shown that the exact objective function gradient with respect to the
decision variables can be evaluated by calculation of steady-state responses via the MTF algorithm for a set of
GEUC parameter sensitivity models associated with the candidate model.
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The final contributions of this work concern validation of the proposed system identification methodology.
First, an experimental validation was performed on the Silverbox benchmark dataset that is well-known
in the research domain of nonlinear system identification. Estimated models with cubic or neural network
nonlinearities and without stability guarantees are presented that approximately match the performance
of the best Silverbox models in literature. Also, significant improvements on stable Also, a significant
improvement on modeling with stability guarantees is presented in terms of the GEUC spline structure, which
easily outperforms stable BLA models. The second validation involves a simulation case study of first-order
dynamical systems with SISO deadzone nonlinearities. The identification data can be explained perfectly by
our estimated models and unexpected parameter non-uniqueness is shown for the model class in terms of
gain exchanges that can easily be eliminated by fixing the deadzone length of the nonlinearity.

6.2 Recommendations

Some good progress was made in this work on nonlinear system identification. However, throughout this
project, several possible further improvements were identified as recommendations for future work that are
listed below without a specific order.

e System identification methodology validation:

As a short-term extension of the current system identification methodology validation, a tighter upper-
bound on the slope of a single hidden layer feedforward neural network is desired. It is expected that
such an advancement leads to improved Silverbox models with stability guarantees as the current
incremental sector bounds appear to limit the model structure’s representation capabilities. An obvious
second extension of this thesis involves the validation of our system identification methodology beyond
models having SISO nonlinearities. One can think of the challenging F-16 aircraft ground vibration
benchmark for nonlinear system identification as a starting point, since prior knowledge on the true
system dynamics indicates the existence of multiple saturation-type nonlinearities [96]. Such a system
fits our model class well and the benchmark allows for comparison with state-of-the-art modelling
results in literature. Also, the simulation study that is presented in this work could be extended to the
MIMO nonlinearity case, for example by simulation of mass-spring-damper systems with nonlinear
springs and dampers. Such a step would strengthen the confidence of our system identification
methodology being able to express complex real-world systems into accurate mathematical models.

e Model class generalisation:

In this thesis, the model class is limited to discrete-time Lur’e-type models consisting of a linear block
with a minimal state-space representation that is interconnected via feedback by a static, decentralised
MIMO nonlinearity with cone-bounded sector constraints. In case of multiple nonlinearities, the
similarity transformation towards a controllability canonical form as used in the Silverbox case study no
longer holds. Therefore, a different approach on eliminating similarity transformations of the linear
block is to be developed. Also, the assumption of having decentralised nonlinearities limits the model
class by excluding, e.g., nonlinearities that involve cross-products of system states. An extension of the
model class to nonlinearities with coupled inputs allows us to implement (deep) neural networks in the
feedback loop. The Lur’e-type model structure can still be of use in stability analysis, where innovations
in the field of artificial intelligence, such as improvements on tight estimation of Lipschitz constants to
deep neural networks, can be combined with, e.g., small-gain arguments originating from the field of
(robust) control theory. This bridges the gap between two rapidly growing research areas allowing for
many more new research steps.

e Stability condition conservatism reduction:

The sufficient conditions for GEUC that are used in this work are conservative in the sense that there
exist GEUC systems for which our conditions cannot guarantee the property. Our stability conditions
prove the convergence property via two (incremental) Lyapunov functions that are quadratic in the
internal system state. As a future research step, it could be investigated whether the conservatism
can be reduced by considering an extended Lyapunov function class. Also, it could be investigated
whether local stability analysis reduces conservatism on the stability conditions. Many systems only
act in specific operating regimes. Therefore, it is sufficient to prove stability for these operation modes
and omit the possibility of instabilities at unachievable system states.
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Appendix A

Proofs

A.1 Proof ofLemma 2.2

Proof.

Let us substitute the equalities ux = ¥y, and y, = \Ilglgk into our model class such that the updated

nonlinearity output- and input, respectively @ and g, appear explicitly in the model equations

41 = Az(k) + BUa(k) + Lw(k),

\112 Uk = Cm(k) + Dw(k),

Fz(k) + GUqay + Hw(k),

\Ifluk = <p(\112 g(k), k).

We can rewrite[Equations (A.1b)|and|(A.1d)} such that we find the system

(V2R

{

+1) = Ax(k) + BV a(k) + Lw(k),

§(k) = V2Cx(k) + WaDw(k),

u

(k) = Fa(k) + GO a(k) + Huw(k),

a(k) =0T (U3 G(k), k).

z(0) = zo,

(A.1a)
(A.1b)
(A.10)
(A.1d)

(A.2a)
(A.2b)
(A.20)

(A.2d)

Indeed, this system can be interpreted as a new Lur’e-type structure (3, ) with 3 having a state-space repre-

sentation (4y, By, Cs, Dy ) according to|Equation (2.19)|and a nonlinearity ( according to[Equation (2.20

satisfying the (incremental) sector bounds mentioned in|Lemma 2.2|

O
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A.2 Proof ofLemma 2.3

Proof. (See [97, p. 51]).
Let us substitute the equality uy = @ + ¥3y, into our model class such that the updated nonlinearity
output z appears explicitly in the model equations

Tpr1 = Ax(k) + B(a(k) + W3y(k)) + Lw(k), (A.3a)

yr = Ca(k) + Dw(k), (A.3b)

zi = Fa(k) + G(ug + $ay(k)) + Hw(k), (A.30)

(a(k) + Wsy(k)) = o(y(k), k) (A.3d)

We can substitute[Equation (A.3b)|into [Equations (A.3a)|and|(A.3c), which reads after rearranging terms as

w(k+1) = (A+ BU3O)z(k) + Bi(k) + (L + BUsD)w(k), x(0) = o, (A.43)

DE y(k) = Cx(k) + Dw(k), (A.4b)
z(k) = (F 4+ GU¥3C)x(k) + Gu(k) + (H + G¥3D)w(k), (A.40)

¢ { ak) =¢(ylk), k) — Usy(k). (A.4d)

Note that the assumption of having no direct feedthrough from u into y simplified the equalities in

m tion (A.4)l Indeed, this system can be interpreted as a new Lur’e-type structure gZ @) inside our model class

with ¥ having a state-space representation (As, Bs, Cs, Dy) according to[Equation (2.21)|and a nonlinearity

¢ according to[Equation (2.22)|satisfying the (incremental) sector bounds mentioned in|Lemma 2.3| O

A.3 Proof ofLemma 2.5

Proof. (See |70, p. 658]).
The transfer matrix of a discrete-time LTl system ¥ is denoted by Gs;(x) and can as function of its state-space
formulation (Ay, By, Cyx, Dy) via

gz(%) = Cg(%]nz — Az)_lBZ + Ds. (AS)

Moreover, the transfer function associated with the updated state-space representation (Ay, By, Cx, Dy),
denoted by Gsx:(x ), can be expressed as

G(x)= Ds + Cs (e, — As) ' Bs eplace
As, Bs,Cs, D
= Dy + (Cs P~ Y)(xI,, — PAsP~') " (PBy) (A4, Bz, On, =)
— Dy, + Cs [P (x1,, — PAxP~")P] ™' By
UseP™'P = I,,

>(AB)1 =B'A™!

= Ds + Cx(xIp, — AZ)_lBE
= Gx(x), (A.6)

which indeed shows that both state-space representations describe the same transfer function and hence
have an identical input-output behaviour. O
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A.4 Proof of Theorem 3.5

Proof.

This proof verifies the validity of the assumptions of the sufficient part of[Theorem 3.4]and is split in two parts.
Part 1 addresses the existence of a compact, positively invariant set for the class of inputs WV,,. Consecutively,
the global incremental stability property is discussed in part 2.

Part 1: Existence of a compact positively invariant set

The existence of a compact, positively invariant set is guaranteed if the assumptions in are verified.
Therefore, this part of the proof aims at showing that solutions to[Theorem 3.5|imply satisfaction of the
conditions|(3.6)|for adequate choices of functions ~(-), a1 (-), a2 (-) and scalar c.

e Firstly, we consider condition (3.6a) in[Lemma 3.1] Recall that V; is positive definite by definition. Then,
we can apply Rayleigh’s inequality as in[Lemma B.4} such that

Amin (Po)||2]* < Vi(2) < Amax(P1) |21, (A.7)

where A\pin(+) and Ayax(+) refer to a matrix’s smallest and largest eigenvalue respectively. Obviously,
this expression indeed satisfies condition |(3.6a)|for the quadratic K., -functions a1 (s) = a;s? and
as(s) = ans?, with positive coefficients a3 = Apin(P1), @2 = Amax(P1) and argument s = ||z|| € Rsq.

e Consecutively, we consider condition (3.6b) in|Lemma 3.1} To that end, one can define

X
n:=|u (A.8)
w
Pre- and post-multiplication of condition by n" and 7, respectively, yields for all 7 # 0:
AT AT [mP —CTQS; 0
BT P, BT — * 251 0 =<0,
LT LT % " I, pre- and post-
T multiply with
AT AT 7'1P1 —OTQSl 0 T]T andn
— n" |BT| P |BT| n—n"| « 25, 0 [n<0,
LT LT * * ol > Use Vi and
= Vi r,w)) — 1 Vi(z) — T wl* — 2s S1,Cx) <0
1 (f(z,w)) — 1 Va(z) ;H [ (S, Cx) ) add GI38)
= Vi) e nlVile) =)~ nllul’ ~o) - n(sh, Gy <0 YT L
— Vi (f(z,w) —c—n(Vi(z) —e) <0 L5 SOlvltse
— Vi (f(z,w)) < cif Vi(z) < cand [[w]® < 0. (A.9)

This expression indeed verifies condition (3.6b) for the quadratic K-function (s) = %52 given the
positive coefficient o and argument s = ||w]|| € Rxo.

From this analysis, we can conclude that condition (3.6)in holds true and hence, there exists a
compactset S, = {x € R" | V1 (z) < c}, which is positively invariant according to[Definition 3.2|with respect
to (i) the system dynamics (2?) and (ii) inputs from class W = {w € R™ | |jw|* < o}.

Part 2: Global exponential uniform asymptotic incremental stability

The global exponential uniform asymptotic incremental stability property is guaranteed if the assump-
tions in|Lemma 3.3|are verified for S = R™=. This part of the proof shows that the conditions in
[rem 3.5]imply the satisfaction of the conditions for the time-independent incremental Lyapunov function
Va(z?, a%) = ||a® — a:b||f32 and adequate choices of functions a3(-), a4(-) and as(-).
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e Firstly, we consider|(3.9a)|in[Lemma 3.3] Recall that V5 is positive definite by definition. Then, we can
apply Rayleigh’s inequality as in[Lemma B.4} such that

2

)\min(Pg)Hxa — bu2 < Va(z, xb) < )\maX(Pg)Hx“ — [L‘bH . (A.10)

Obviously, this expression indeed satisfies condition|(3.9a)|for the quadratic K.-functions as(s) =
azs? and ay(s) = ays?, with strictly positive coefficients a3 = Apmin(P2), @ = Amax(P2) and argument
§ = Hx“ — gch € Ryp.

e Consecutively, we consider condition (3.9b) in[Lemma 3.3| One can define

x® — b

Note that . has a similar role as 7 in with the difference that  depends on the input w, whereas
w is independent of w. One can pre- and post-multiply linear matrix inequality (LMI) by " and
u respectively, such that for all u # 0:

AT L [AT]T [P —CTas, Z0
BT|*?|BT * 25, n+p+m pre-and post-
. T - multiply with
A A P —-C'QS T and
MT[BT:|P2|:BT:| uuTLQ 25, ? }u<0 poanan

D use Vs, and
\)SQ S 0
b|| Q strict inequality

Va(f(2®, w), f(a®, w)) = Va(z®, 2°) = 255(S1,4,4") <0
Va (f(z%, w), f(z?, w)) — Va(z?, %) <0
Va (f (2%, w), f(z?, w)) — Va(z?, %) < d5||:ca —x

Ll

This inequality indeed verifies condition (3.9b) for the quadratic K..-function a5(s) = ass?, with
some positive coefficient @5 and argument s = ||z — 2°|| € Rx,.

Now all assumptions of[Lemma 3.3|have been checked for solutions of[Theorem 3.5|and hence the system is

globally exponentially uniformly asymptotically incrementally stable with respect to dynamics (??).

In conclusion, this proof has shown the existence of a compact, positively invariant set, as well as the global
exponential uniform asymptotic incremental stability property. As a result,[Theorem 3.4]can be used to show
that the system is globally exponentially uniformly convergent with respect to dynamics (2?) for the class of
inputs W, O
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A.5 Proof ofLemma 3.4

Proof.

This proof shows that the GEUC property of the dynamics for the class of arbitrary bounded inputs is
implied by the feasibility of the conditions in It does so by admitting that the incremental
Lyapunov function is invariant under absence or presence of feedthrough matrix D and the following steps
are taken.

e Consider a Lur’e-type model

x(k+1) = Az(k) + Bu(k) + Lw(k) (A.12a)
y(k) = Ca(k), (A.12b)
u(k) = »(y(k)), (A.120)

and let this model be convergent under the conditions of[Theorem 3.5|for the class of bounded inputs
with a given bound.

e Under this convergence condition, there exists an incremental Lyapunov function V = ||z; — :v2||2p for
some 0 < P € S"=, such that
AV < —€V, Vi, ze € R, (A.13)

in which e € R is a strictly positive scalar.

e Forobvious reasons, the incremental stability property is invariant under transformations from dynamics
(A.12) into dynamics of type (A.12). Therefore, V can also be used as an incremental Lyapunov function
for the dynamics (A.12).

e Let us introduce the Lyapunov function candidate 5 = ||m|\§,, which can be interpret as a special case
of V for z; = x and x5 = 0. Then, the incremental Lyapunov function loses its incremental appearance
and reduces to V' = ||z|| . The Lyapunov function increment can be written as

AV = ||f(xz, w5 - [|=]}
= |[f(x, u) = £(0, w) + f(0,u)|[7 — [|lz — O]%
<|If (@, u) = FO)F + 1£0, wlp—ll - 0f7
< —eV + 110, w5

(A.14)

e The red term in the previous inequality is bounded for arbitrary bounded inputs, because of the
incremental sector condition on the nonlinearity. This can be seen as follows:

f(a(k), u(k)) = =(k+1)

= Ax(k) + Bu(k) + Lw(k), (A.15)

and hence

(0, u(k))

Bu(k) + Lw(k)
o(y(k) + Dw(k)) + Lw(k) (A.16)
o(Dw(k)) + Lw(k).

This equality is indeed bounded for bounded excitations w(k) and an incrementally sector bounded
nonlinearity .

[
W W

e Then, V; is a Lyapunov function that guarantees the existence of a positively invariant set. Together
with the global exponential incremental stability property, this in turn implies the GEUC property for the
dynamics and arbitrary bounded inputs, which closes the proof.

O
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A.6 Proof ofLemma 3.5

Proof.

This proof starts by assuming that there exists a set of variables {P,, P>, S1, 52,71, 72} such that the con-
ditions in hold true. To show that the feasibility of these conditions is irrespective from
hyper-parameter r,, we first split the conditions into two independent sets:

e Setlis affected by { Py, S, 71, 2}) and consists of Inequalities (3.13a) and (3.13b) (.
e Set Il is affected by { P, S} and consists of Inequality (3.13¢).

Consecutively, we analyse the redundancy of r, for feasibility purposes in these two sets of conditions one
after the other.

e Next, we show that the feasibility of set | is independent from 7.

- Let us multiply by a positive scalar e > 0, such that

AT A1 [r(eP) —CTQ(S))  On,xn,
BT| (eP) |BT| — * 2 (eS1) Onyxnn | < Onytny - (A.17)
FT FT * * (e72) I,

From this inequality, we can conclude that is feasible for any variable set: {eP;, €Sy, 71, em}.
This makes the feasibility of irrespective of hyper-parameter 7.

— Let us analyse Inequality (3.13b) for arbitrary 0 < 7, < 1 and m» > 0. Admit that one can always
select positive scalar variables ¢ and o, such that Inequality (3.13b) is feasible. Indeed, this
observation makes the feasibility of[Theorem B.1|independent from hyper-parameter 7

e The feasibility of set Il is trivially irrespective from 75, because these conditions are not parametrised by
this hyper-parameter.

We have shown that the feasibility of sets 1 and Il does not depend on 7. Thereby, the feasbility ofm
is irrespective from 7.
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A.7 Proof of Theorem 3.6

Proof.

This proof verifies the validity of the assumptions of the sufficient part of[Theorem 3.4]and is split in two
parts. Part 1 addresses the existence of a compact, positively invariant set for the class of bounded inputs.
Consecutively, the global exponential incremental stability property is discussed in part 2. Note that there
exists a strong parallel between this proof and the proof of[Theorem 3.5} For readability purposes, the exact
parallels are not repeated.

Part 1: Existence of a compact positively invariant set

The existence of a compact, positively invariant set is guaranteed if the assumptions in are verified.
Therefore, this part of the proof aims at showing that solutions to[Theorem 3.6|imply satisfaction of the
conditions|(3.6)|for adequate choices of functions +(-), a1 (-), a2 (-) and scalar 7.

e Firstly, we consider condition (3.6a) in[Lemma 3.1} This condition can be verified as presented in the

proof of [Theorem 3.5| There exist functions a;(s) = @;s? and ay(s) = a»s? with positive scalars
a1 := Amin(P1)s G2 := Amax(P1) and argument s = ||z||. Trivially, these quadratic K..-functions verify

condition (3.6a).

Consecutively, we consider condition (3.6b) in|Lemma 3.1| To that end, we introduce a nonzero scalar ),
such that we can apply|Lemma B.1| This lemma guarantees M — x*N < 0, which for x* = \~! and
choosing the left-hand-side of as M, together with a possibly indefinite choice for matrix N

reads
AT o [AT]T [rP —CTSi0] (1N [ATAL][ATAL]T (A18)
BT| ' |BT * 25, ) |B"PL| |BTPL ' '
M K* N
We can rewrite this expression into the form
AT [AT]T [rP —CT50] [ATPL] [ 1 ATPL)"
R W S o 7 o T B
—— ————
A B D-1 c

From this expression, we observe that D < 0 by definition. Therefore, we can apply asa
necessary and sufficient condition for

< 0. (A.20)

Ql N
o oo

After rearranging terms and substituting the original variables, this inequality is equivalent to

AT AT1T [rP, —CT 8.0 Onscm
BT| P |BT| —| % 25, Opxm =< 0. (A.21)
LT LT * * M,, +L"PL

Subsequently, one can define

N = [x—r ul wT]T, (A.22)
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such that pre- and post-multiplication of Inequality by n" and ), respectively, yields for all y # 0:

AT AT [P —CT S0 Onscm
BT| P |BT| —| % 25, Opxcm <0
LT LT * * A, +LTPL pre-and
. post-
AT AT P, —CT8.Q Onsxcm multiply
— n" |BT| P |BT| n—n'| % 25, Opxm n<0 Use W,
LT LT * * A, +LTP L D and
e Vi (f(z,w)) = 7Vi(e) = 2sa(Sh, Ca) = Mjull; ~ | Lwlf, <o ¢ 18
so <
= Vi (f (@, w)) = mVi(2) = Allwll; — | Zw]3, < 0. (A.23)
The next step is to assume that there always exist positive scalars o, ¢ € R+, such that
—c(1-7)4+0<0, (A.24)
A summation of Inequalities (A.23) and can then be written as
Vi (f(@,w) = e =7 (V@) = o) + (o = L]}, = Alwl]3) <o. (A.25)
X
One can always guarantee X > 0 by choosing
o> 0" = Mw| + [|Lw|/%. (A.26)
Note that this decision induces the following requirement, which originates from (A.24):
c>cf = 7 (A.27)
1—7
Given that X > 0, this term can be excluded from Inequality (A.25), such that the remaining terms
imply
Vi (f(z,w)) <cl| {Vi(z) <c}, (A.28)
for the input class
= R™ 2e 9 L A.2
w,={we R ul} <~ ) a29)

These expressions indeed verify condition (3.6b) for the quadratic K-function v(s) = 752 with argument

o(LT Py
o

s = |lw||, and coefficient ¥ = L)*2 Given the positive scalars o, ), it holds 5 € Rx.

From this analysis, we can conclude that condition in holds true and hence, there exists a
compact, positively invariant set S, = {z € R™ | Vi(z) < ¢, [|w|l, <~77'(1)}.

Part 2: Global exponential uniform asymptotic incremental stability

The global exponential uniform asymptotic incremental stability property is guaranteed if the assumptions
in[Lemma 3.3|are verified for S = R™. This part of the proof shows that solutions to imply
conditions for the time-independent incremental Lyapunov function Va(z¢, 2°) = ||z* — 2®||}, and
adequate choices of functions as(-), a4(-) and as(-). Notice that the LMI is equivalent to
in[Theorem 3.5| Therefore, part 2 of that theorem’s proof can be followed to guarantee that there exists a

quadratic K..-function a5 = @ss? with some positive scalar a; satisfying condition in This
makes the dynamics globally exponentially uniformly asymptotically incrementally stable.

In conclusion, this proof has shown the existence of a compact, positively invariant set, as well as the global
exponential uniform asymptotic incremental stability property. As a result, defines the system
as globally exponentially uniformly convergent with respect to dynamics for the class of inputs W,,. O
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A.8 Proof of Theorem 3.7

Proof.
In this proof, we show that the feasibility of condition (3.16) in[Theorem 3.7|implies the inequality (3.14).

We write all three conditions on a scalar level and then show that Condition is more strict than the
conditions (3.14).

e Assume that there exist variables P = 0, S >~ 0 such that inequality (3.16) holds true. Let us now
introduce the variable

= [azT uT]T. (A.30)

Pre- and post-multiplication of Condition by s/ and p1, respectively, yields forall iy # 0, ., :

AT p[AT] _ [P —cTas 0

BT BT| | « 25 = Unatny pre- and
AT] (AT [P —CTQS :

- u1T<|:BT:|P|:BT:| - |: * 25 :| ,U/l<0

= 2'ATPAz+22"TATPBu+u' (BTPB - 25’) u—72" Pr+22"CTSQu< 0

multiply

=

= a—12"Pr+2:TCTSQu< 0 (A.31)

e Let us propose the same variables as a solution to Condition (3.14b) such that we can substitute P, = P
and S, = S. Furthermore, let us also pre-and post-multiply this inequality by 1/ and x4, respectively.

Then we find for all u; # Oy

T T = Onx+n
b B * 255 ’ Substitute

solution

Frlnls] [ 58]
X _
AT p[AT]" [P —cTas] 7
BT BT * 28 Nty >pre-and

. - post-
([AT] AT P —CTQS ?
— mo T | PiBT| T« 2s |)m<0

multiply
_ 2
= 2'A"PAr+22"ATPBu+u' (B'"PB—-2S)u—a"Px+2z"CTSQu< 0

(e

— ?
= a—x Pr+22CTSOu<0 (A.32)

e The same reasoning can be applied to Condition (3.14b) such that we find for all 1 # (US—

[AT] , {AT} T {TPI —CTQ&] %0
T 1 T - Nz +ny
B B * 251 Substitute
AT AT T P —CTQS] 2 solution
T P T - < Onptn
B B * 25 =Ty Pre- and
+(TAT] _[AT]" [P —CTQS ? fnouslz'ply
= My BT P BT - * 29 w1 < 0
_ 7
= 2'ATPAzr+22"ATPBu+u' (BTPB—-2S)u—7a' Pz +22"CTSQu <0
?
= a—712' Pr+22"CTS0u <0 (A.33)
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e let us denote the left-hand-side of an inequality by LHS(-). To arrive at the desired result, we verify

?
(A.32)) < (A.
LHS( ) < D Substitute
o, _ iabl
= a—2"Pr+22'C'Su< a—712 Pr+22"CTSQu <0 o
D Rearrange
?
= (= = 1)l < 0 e (A38)
which indeed holds true because (i) 7* < 1 and (ii) P > 0. Furthermore, let us verify
?
A. < (A.
LHS((A.33)) < > Substitute
, _ jabl
= a—71r Pr+2:"CTSQu< a— 71"z Pr+227CTSQu <0 ranan e

> Rearrange

_ ?
= (r* = 7) 2|3 +2u"S (- Q) Cz < 0 terms
- (7 =) llall + 20T S (2= Q) y< 0 (A.35)
P

which indeed holds true, because (i) P - 0, (ii) there always exists a 7 such that 7* < 7 < 1 and,
hence, 7* — 7 < 0, (iii)) P < 0since 2 = Q and (iv) u; and y; always have equal signs. The third and
fourth item in this list follow from the sector condition on ¢ as explained in

e As a result, we have shown that the feasibility of condition (3.16) in[Theorem 3.7|implies the feasibility
of the inequalities (3.14) in[Theorem 3.6|for the Lur’e-type dynamics with the additional D = 0,,,

assumption made in[Equation (A.35), As a final step, by|Lemma 3.4{we conclude upon global exponential
uniform convergence for any class of bounded inputs with a possibly non-zero feedthrough matrix D.

O
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A.9 Proof ofLemma 3.6

Proof.

This proof verifies the validity of the assumptions of the sufficient part of[Lemma 3.6]and is split in three
parts. In part 1, we manipulate the convergence conditions and the Bounded-Real-Lemma condition towards
a scalar form. Thereafter, in part 2 we show that the feasibility of the Bounded-Real-Lemma condition for igﬁ
is implied for v > 2 to conclude upon an upper-bound to the ., norm on the dynamics of interest.

Part 1: Convergence conditions manipulation

Assume that there exist variables P = 0, S = 0 such that Inequality (3.16) in[Theorem 3.7|holds true. In
the proof of[Theorem 3.7|(see |Appendix A.8) we have seen that this assumption implies the feasibility of
Condition (3.14b) in[Theorem 3.6|for P, = P and S, = S. Let us first define the variable

Hy = [m—r uT]T. (A.36)
Pre- and post-multiplication of Condition (3.14b) by 1. and y.;, respectively, yields for all p11 # 0, ,:

AT p[AT TP —CcTQS
BT BTl |« 29 < Ontp >pre- and

T B post-
+(TAT AT P —CTQS
g 1251 BT P BT - * 29 p < 0

multiply
= 2" (ATPA-P)z+22"A"PBu+u'B"PBu—2u'Su+22'CTSQu<0

=«

= 2u" Su—22TCTSOu > (A.37)

Part 2: Bounded real Lemma manipulation

Recall that our Lur'e-type system is cast into its normalised, symmetric form (%, ) as per|lLemma 2.4] Our
focus lies on the LTI dynamics from nonlinearity output @ to nonlinearity input g, denoted by 34,,.

e We have seen before that this system respects the transfer function representation

Saul A+%BQC‘ B .38)
ag (%) = - , .
““"’ ac o,
such that a state-space formulation of these dynamics reads
1
Tpr1 = (A+ §BQC) xr + B, (A.39a)
~————
A
Uk = F’ T, (A.39b)
c
Also, recall that the nonlinearity output @ of 3 is related to the signals in X via
. 1=
U=1u— §Qy (A.40)
e Let us first introduce the variable
T 5T 5T17T
po =[xt at gl (A.41)
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which allows us via pre- and post-multiplication by 1 and p» to write the Bounded real Lemma LMI

(2.12) for minimal state-space realisations on a scalar level according to

ATPA—P ATPB cT

?
* B'PB—~7I,, 0O, |=0
* * —In,
ATPA-P ATPB c’ .
= [ty * BTPB—~7I,, On, |[p2<0
* * —In,

_ _ _ _ ?
= 2! (ATPA-P)a+22"A"PBu+2j' Cx—~j' §+a' (B'PB—~l,,)a< 0.

Term 1 Term 2 Term 3 Term 4

pre- and
post-
multiply

(A.42)

For readability of the sequel, this inequality was split into four terms, which will all be manipulated
(if necessary) according to the following two steps: Step I: Substitution of the normalised, symmetric
transformation to express the inequality into the parametrisation of (X, ¢). Step Il: Substitution of the

nonlinearity input equation|[Equation (A.39b)]

Term 1:
xTi(filezi—f‘Fﬂ T
1 - N\T 1 > !
= z! <<A+ 2390) P(A+2BQC> —P> T
_ 1 _ _
= " (ATPA—P)z+2"ATPBQCx + Z;L-Tc*Tsu%TPBQC;L» >
1
= 2" (ATPA—P)z+2"ATPBQy + inQBTPBQy
Term 2:
2" AT PBa
1 - N\ 1. > !
= 22T <A + 2390) PB (u — 2(23/)
_ _ 1 _ _
= 20" ATPBu— 2" ATPBQy +2"C"QB" PBu — 5a:TCTQBTPBQy
1l
R
= 22" ATPBu—x"ATPBQy +y QBT PBu — §yTQBTPBQy
Term 3:
25" Ce —~§' g )i
= 2y QQCT — vy " QQy Q
. i 1
= (2-7)y'QQy
Term 4:

IR

1 T 1
e T -~ e
(u 2(2y> (B PB ’yIny) (u 2(2y>

1 a- _ 1 _
v B"PBu— nyyTQQy —y QBT PBu+~yu' Qy + ZyTQBTPBQy —~yu'u

I

@' (B'PB —~l,,)u >
I

(A.43)

(A.44)

(A.45)

(A.46)
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Notice that all underlined terms in[Equations (A.43)|to[(A.46)|cancel with respect to the other terms with
a matching color. Incorporating all these changes, we can write Inequality (A.42) as

__ _ ?
2" (ATPA-P)a+22"ATPBu+u'B"PBu+ (2 - iy) y Oy +yu Qu—yuTu < 0 (A47)

=«

e In this expression, we recognize the a-term that we saw before in the convergence conditions manipu-
lation step. We found an upper-bound to « in Inequality (A.37), which we can apply here and hence

_ _ _ ?
2u' Su—22"CTSQu + (2 - i’y) Yy QQy +yu' Qy —yu'u < 0. (A.48)

We can once more substitute[Equation (A.39b)} such that

_ __ _ ?
2u’ Su— 2y QSu + (2 - i’y) y QO +vu Qy —yuu < 0. (A.49)

Furthermore, by the cone bounded sector constraints on ¢, we know that u " u < y " Qu < y ' QQy. We
can upper-bound the blue term in Inequality (A.49) by this relation to arrive at

_ _ 5 __ _ ?
2y QSu — 2y QSu + <2 — 4'y> y Oy +vu" Qy —yuu < 0. (A.50)
The first two terms cancel out and what remains is
5 __ _ ?
(2 - 4fy> y QY +yu' Qy —yu'u < 0. (A.51)

Observe that due to the diagonality of Q2 we can interpret this inequality as

?
yT y+uT y—uT u < 0, (A.52)

which can be rewritten into
Ny

5 = = ?
Z (2 - Z’Y)szy? + QY — ’W? < 0. (A.53)
i=1

A sufficient condition for Inequality (A.53) to hold, reads

5 = - )
(2 - Z’y)nyf + YQuy; — 'yu? <0, Vie{l,...,ny}, (A.54)

which admits the quadratic form

T 10 ?
U - 597;7 U; . .
I P ET R "5
P(Q:,7)

This inequality holds true whenever P is negative semi-definite. To assess this property, we analyse

the eigenvalues of P as function of Q; and ~ in[Figure A.1]
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AM(P)<0

L

N

S 0.5 05

&

0 0.5 1 15 2 2.5 3
A2(P) A2(P) < 0

0.5

0 0.5 1 15 2 2.5 3
bt
(a) Eigenvalues. (b) Nonpositive?

Figure A.1: Eigenvalues of P on the (v, Q) grid.

It can clearly be seen that P(€;, 7) is negative semi-definite for all ©2;, v € R~ as long as v > 2. On
the boundary, P is still negative semi-definite, as can be concluded from its non-positive eigenvalues

A (P(824,2)) =0, X (P(:,2)) = =2 - 97,

In conclusion, the feasibility of the non-strict discrete-time bounded-real lemma conditions on Gs. . (%)
fory > 2 is implied by the feasibility of the convergence conditions. Therefore, it holds

ngﬂi(%)”ﬂm <2 (A.56)

which closes this proof.

Page 84 of 100



Appendix section A.10. Proof of[Theorem 4.1
A.10 Proof of[Theorem 4.1

Proof.

Part 1: Derivation of the parameter sensitivity model

The product- and chain rule for differentiation with indirect dependencies are applied to the entire steady-state
dynamics of (4.2), such that

%o, (k + 1) = Ag & (k) + Ao, (k) + By, (k) + Bitg, (k) + Lo,w(k) + Luwe, (k), (A.57a)
Go, (k) = Cy,&(k) + Cg, (k) + Do, w(k) + Duwg, (k), (A.57b)
%o, (k) = Fo, @ (k) + Fg, (k) + Go,w(k) + Gig, (k) + Ho,w(k) + Huwp, (k), (A.57¢)
o, (k) = o, (4 (k) + @y (4(k)) o, (k) (A.57d)

Obviously, wy = 0, thanks to the external excitation being independent from the decision variables. Conse-

quently, the blue terms in can be omitted. Let us now substitute[Equation (A.57d)into[Equations (A.57a)|
and|(A.57¢c)} such that after rearranging terms one finds

%o, (k + 1) = Az, (k) + By, (1(k)) 4o, (k) + Ao, & (k) + Lo,w(k) + By, u(k) + By, (4(k)), (A.58a)

Yo, (k) = Ca?gi (k) + C@Ii(k) + Dgiw(k’), (A.58b)

%0; (k) = Fo, (k) + Gy (4(k)) g, (k) + Fp,x(k) + Ho,w(k) + Go, (k) + Gpp, (4 (k)), (A.58¢c)

Note that the red terms in this expression can be interpret as a nonlinear steady-state input (k) =
0% (4q,, ¥ (k)) associated with the nonlinearity ©% (o, (k), ¥(k)) = W(k)yy, (k) that is subject to a
time-varying external input ¥ (k) = ¢, (4 (k)). By the incremental sector condition on ¢, it is known that
(k) € [0,9]. Therefore, the nonlinearity ¢ is also incrementally sector bounded within [0, Q]. The blue
terms depend on the stead -state solution of (3, ) and can, therefore, be interpret as exogenous inputs
wf , wg , w3 (see to these steady-state dynamics. Consequently,can be

rewritten into

(k+ 1) = Ay, (k) + Ba + o% (k, 0), (A.59a)
4o, (k) = O, (k) + w5 (k, 0), (A.59b)
%0, (k) = Fag, (k) + G + 0§ (k, 0), (A.59¢)

wi(k) = ¢" (go, (k), ¥(k)), (A.59d)

Note that the|Equations (A.57)|to[(A.59)|only hold true in steady-state. Moreover, notice that[Equation (A.59
describes the steady-state solution of the model

wg, (k + 1) = Awg, (k) + B (k) + w5 (k), (A.60a)

30 yo, (k) = Cxg, (k) + 0y (k), (A.60b)
%0, (k) = Fag, (k) + Gu® (k) + w5 (k), (A.60¢)

e {0 ati(k) = " (g, (k), U (k)), (A.60d)

which is equivalent to the parameter sensitivity system[Equation (4.17)[up to a renaming of variables via
[Equations (4.18)|and|(4.20)]

Part 2: Argumentation for the properties of parameter sensitivity models

The sensitivity of steady-state model outputs x with respect to a decision variable 6, can thus be described
by the steady-state solution of the parameter sensitivity model (A.60). Via[Equations (4.14)]and|[(4.15)} this
sensitivity is directly related to the objective function gradient with respect to the decision variables. Finally,
recall that (X, ¢) is convergent by verifying the condition in[Theorem 3.7} This condition is dependent on
the variables { A, B, C, Q}, and because all these variables are shared between (3, ) and (2%, (%), the
parameter sensitivity model is convergent as well. O
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A.11 Proof of

Proof.

Theorem 4.2

Let us consider two arbitrary steady-state nonlinearity input signals gjﬁ], ﬁﬁ] € £ (N) to Lur'e-type model
(%, @), defined at arbitrary iteration i of the MTF algorithm. Our approach is to execute one iteration of the
MTF algorithm and then compare the ‘distance’ between 7 and §° measured in ¢, -norm before and after
this iteration to show the contraction mapping property for (]:"ga o A@).

e To that end, let us apply|Equation (4.23)[on f/ﬁ.] and ﬁf’i] such that for p € {a, b}, we write

zjf;Jrl] = (‘Fyu Ofuy) o y +~wa w, (A61)

in which we recognise the linear steady-state operators ./T"ga and ]—"ﬁ, as defined for LTI dynamics in
Equation (2.5)} Furthermore, we recognise a nonlinear steady-state operator fﬁg, defined as

ﬂ:ﬁ~goga

where (]:'ﬂg o gj) (m) = @(g(m)). (A.62)

Consequently, the ‘distance’ between gjﬁ and yjf"ﬂ] can be expressed as

Tigr) — Uiy

(A.63)

= o) oity- (o)t

e Let us now present the following two instrumental inequalities:
1. By[Definition 2.3|we know that the following inequality holds true for any iy, ay € £5*(N):

Since ¢ is incrementally sector bounded within [ ir

a1 — ﬁzﬂég,u = Hﬁuy o g — Fago ﬁz”enu < Kgl|g — ﬁz”egzw (A.64)

ny» 31In, ], itis known that K = 1.

2. Also, we can use [Property 2.2|to derive the following inequality for any @, @z € ¢5*(N):

|91 — 52

n
y
£ 2

< Kslis — i

Ag]ﬁ oty — .7:"1711 o &2’ e (A.65)

Ty,
£2

By the result of we know that Ky, = |[£5z(x)|,, < 2.

e Let us combine Inequalities[Equations (A.64){and|(A.65)|such that for any 7, G € £5Y(N):

H (ﬁga ° ﬁa@) og1 — (ﬁga o Fuy) o 72

< KpKsllgn — g2l o (A.66)

n
y
e2

in which we can substitute §;, = 37&] and g, = gjf’i] to identify the RHS of|[Equation (A.63)|such that we

conclude

=b
Y

(A.67)

[ Z;”y :

=a <1

This inequality verifies the contraction mapping theorem condition (B.17) in[Theorem B.3|for o < 1.
Indeed, 75 o Fy is a contraction mapping having a unique fixed point 7. Finally, verifying that the
true steady-state solution ¢ of (X, @) is a fixed point of the iterative procedure in (4.23), i.e.,

12 = (f:gg o ﬁﬂg) o g -+ ﬁgw ow, (A68)

we conclude that 4 = ¢. Hence, the limit 3 of the iterative procedure (4.23) equals the true steady-state
solution g of (3, ®).

O
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A.12 Proof of Theorem B.1

Proof.

This proof verifies the validity of the assumptions of the sufficient part of[Theorem 3.4]and is split in two parts.
Part 1 addresses the existence of a compact, positively invariant set for the class of inputs WV,,. Consecutively,
the global exponential incremental stability property is discussed in part 2. Note that there exists a strong
parallel between this proof and the proof of[Theorem 3.5] For readability purposes, the exact parallels are not
repeated here.

Part 1: Existence of a compact positively invariant set

The existence of a compact, positively invariant set is guaranteed if the assumptions in are verified.
Therefore, this part of the proof aims at showing that the conditions in imply satisfaction of the
conditions|(3.6)|for adequate choices of functions (), a1 (-), a2(+) and scalars c, 71, 7> and o.

e Firstly, we consider condition (3.6a) in[Lemma 3.1] This condition can be verified as presented in the

proof of [Theorem 3.5l There exist functions a;(s) = a;s% and as(s) = ags? with positive scalars
a1 = Amin(P1), G2 := Amax(P1) and argument s = ||z||,. In conclusion, these quadratic .. -functions

verify condition (3.6a).
e Consecutively, we consider condition (3.6b) in[Lemma 3.1| To that end, one can define
ni=[z" wu’ wT]T. (A.69)
Pre- and post-multiplication of LMI by n" and 7, respectively, yields for all ) # 0:
AT AT [nP —CTQS,  Opem
BT P1 BT — * 251 —SlgD < On+p+m
T T “ % 1, pre-and
. post-
AT AT P, —CTQST  Onxm multiply
— n" |BT| P |B"| n—n"| x 25, —S109D| <0
jall FT * * ol > UseV; and
= Vi (f(x,w)) — 1 Vi(z) — |l — 2s0(S1, Cz + Dw) < 0. (A.70)

This expression is of the same type as in the proof of [Theorem 3.5 Therefore, that

proof can be followed from this point onwards to verify condition via the quadratic IC-function
v(s) = 7s* with argument s = [Jw||, and coefficient 3 = 1. Given the positive scalar o, it holds
¥ € Rso.
From this analysis, we can conclude that condition in holds true and hence, there ex-
ists a compact, positively invariant set S, = {z € R"= | Vi(x) < ¢} given input from the class W, =

{werm ||wl} <o}

Part 2: Global exponential uniform asymptotic incremental stability

The global exponential uniform asymptotic incremental stability property is guaranteed if the assumptions
in[Lemma 3.3|are verified for S = R"=. This part of the proof shows that solutions to imply
conditions forthe time-independent incremental Lyapunov function V; and adequate choices of functions

as(+), as(-) and as(-). Notice that the LMI is equivalent to (3.13d) in[Theorem 3.5| Therefore, part 2
of that theorem’s proof can be followed to guarantee that here exists a quadratic K.-function a5 = d5s?

with some positive scalar &5 satisfying condition in This makes the dynamics globally
exponentially uniformly asymptotically incrementally stable.

In conclusion, this proof has shown the existence of a compact, positively invariant set, as well as the global
exponential uniform asymptotic incremental stability property. As a result, shows that the
system is globally exponentially uniformly convergent with respect to dynamics for the class of inputs
W,. O
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A.13 Proof of Theorem B.2

Proof.

This proof verifies the validity of the assumptions of the sufficient part of[Theorem 3.4|and is split in two parts.
Part 1 addresses the existence of a compact, positively invariant set for the class of inputs W.,. Consecutively,
the global exponential incremental stability property is discussed in part 2. For readibility purposes we
denote the evaluation of a function at time instant &k by a subscript k.

Part 1: Existence of a compact positively invariant set

The existence of a compact positively invariant set is guaranteed if the assumptions in are verified.
Therefore, this part of the proof aims at showing that solutions to imply satisfaction of the

conditions

conditions|

(3.6)|for adequate choices of functions (-), a1 (+), az(-) and scalar c. To that end, compliance to
3.6a)land|[(3.6b)|is guaranteed one after the other.

e Firstly, we consider condition (3.6a) in[Lemma 3.1] A suitable lower bound to V; can be thought of
as the quadratic K.-function a;(r) = @&, 72 for some &; > 0. This lower-bound exists as can be

seen

]l

by pre- and post-multiplying inequalityby &(z) T and &(x), respectively, which yields for all
# 0:
P, + GQ(SO) - Onz-‘rny
@), + 1@ 13,5 >
Vi(x) + 25q(Sy, Cx) >
Vi(x) + 2sa(So, Cx) > OleCC”z
Vi(z) > aa(r)

> Pre- and post-multiply by £(z) " and £(x)
Q5ubstitute

Q Strict inequality

) sa(S,9) <0

Indeed, this expression satisfies the lower bound in for some positive scalar &; and argument
r= |zl

As an intermediate step, observe that the cone bounded sector constraint (2.16) guarantees p(y) < Qy
and can be used as follows:

le@)3 = ¢¥) Te(y)
<y 0y
=z CTQOCx
< p(CTQQC) |all3,

Q Use p(y) < Qy
Q Usey =Cx

Q Rayleigh’s inequality A7)

A suitable upper bound to V; can be thought of as the quadratic K..-function ax(r) = @, r? for some
as > 0. This upper-bound exists as can be seen by applying Rayleigh’s inequality, see[Lemma B.4] to
the quadratic form V;(z). We have

Vi(z) = £(x) T Pié()
< p(P)llE(@)]3

= o(Py) (lell3 + (w1

QRaerigh’s inequality
) @2 = ll213 + lle ()13

) use &70
< p(P1) (Jle; + p(CTROO)|]3)

= a3

= ax(r)

which indeed satisfies the upper bound in for the positive scalar @ := p(P;)(1 + p(CTQQ0O)
and argument r = ||z||,.
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e Consecutively, we consider condition (3.6b) in|Lemma 3.1} One can define

&k
&1 | = Mang, (A.72)
Wy
where
&k
= | @(CAxy, + Bo(Cay) + Fuwyg) |, (A.73)
Wy

If we now pre- and post-multiply inequality by 7, and 7, respectively, then we find for all =, # 0:

-1 P — GQ(Sl) 0nm+”y O(nz—&-ny)xnw

nTMlT Oanrny Pl - GQ(S2> O(nz+ny)><nw M177< 0
Onwx(nz—i-ny) Onwx(nz-‘rny) 77_2[nw
. use
fk 77—1P1 - GQ(Sl) Onm-&-ny O(nm-‘,-ny)xnw gk
= | & On 1, Py —Ga(S2) Opmy4n,)xne | | Ses1 | <O
Wy Onwx(nx-ﬁ—ny) Onwx(nz-&-ny) _TZInw Wy
= & (=P — Ga(S1)) & + &1 (Pr— Ga(S2)) &1 — Taw), wy< 0
) use
= &1 Pi&uy1 — mi& Pi&y, — mowy wi, — 250(S1, Cxy) — 250(S2, Capp1)< 0,
which after rearranging terms results in
Vi(f(zk, wg)) — 1 Vi(ag) — 7'2||wk||2 —250/(51,Cxg) — 250(S2, Cxpyq) < 0. (A.74)
One can now add Inequality such that we find the form
W(xk:a wk?) - S(Z‘k, ’LUk;) +g4($k, wk) < 07 (A-75)
where
W(zg, wg) = Vi(f(ag, we)) — ¢ (A.76a)

2
S(wp,wy) = ZTiGi(Ikawk)7 Gi(zr, w) = Vi(zr) — ¢, Golzr,wi) =wl wy — o (A.76b)
1=1

9a(2k, w) = —28q(S1, Cay) — 25q(Ss, Cf(xk, wy)) (A.760)

Thanks to sector condition (2.16), we conclude g4(x;+1) > 0. Thus, W(f(zx, wy)) — S(xg, wg) < 0is
necessary to satisfy (A.75). Therefore, we can apply the S-procedure as to conclude that

W(zg, wy) < 0] {G1(x) <0, Ga(z) < 0}

U
Vi(f(zr, wr)) < c {Vl(xk) <e |lwl]® < U}, 2 *

This expression indeed verifies condition for the quadratic K-function y(s) = 1s* given the
positive coefficient o and argument s = |jwy|| € Ro.

From this analysis, we can conclude that condition (3.6)in holds true and hence, there exists a
compact, positively invariant set S, = {x e R | Vi(z) <, \|w||§ <~¢.
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Part 2: Global exponential uniform asymptotic incremental stability

The global exponential uniform asymptotic incremental stability property is guaranteed if the assumptions in
lLemma 3.1|are verified for S = R™. This part of the proof shows that solutions to[Theorem 3.5|imply conditions

for the time-independent incremental Lyapunov function V3(¢(z%), £(2?)) = [|¢(= Hi,z and

adequate choices of functions as(+), a4(+) and a;(+). To that end, conditions and (3.9b) are checked
one after the other.

e Firstly, we consider condition (3.9a) in[Lemma 3.3| A suitable lower bound to V> can be thought of as
the quadratic K. -function as(r) = @&z r? for some as > 0. This lower-bound exists as can be seen by
pre- and post-multiplying the LMI by (&(z) — f(xb))T and (£(z*) — &(?)), which yields for all
oo ¥ 2 0:

P2 + GQ(Sg > OnTJrn,l/

) 2 Pre- and post-multiply

(&™) = &%) " (P2 + Ga(Ss) (€() — €(") > QSUbstitute (B-6D)
le() — ¢ IHP+%<&Ah%cf> o
Je) — €I, + 25085, Cat, Ca) o Sttty

( 2 > S:ZSO
€)= &(= )HPZ > agl|z" 2|
%(xa7zb) Z 043(T)a

> a3||x —x

s

which indeed satisfies the lower bound in for some positive scalar @3 and argument r =
|l — a®].

A suitable upper bound to V5 can be thought of as the quadratic K.-function ay(r) = @, r? for some
ay > 0. This upper-bound exists as can be seen by applying the Rayleigh inequality, see[Lemma B.4] to
the quadratic form V(&(z%), £(2%)). We have

Va((2), €(a)) = (%) aM»T&@u%—aﬂ»

Q Rayleigh’s inequality

gp<P2 le(z®) - e?)]f2
) : e ) el = all2 + e (o)1
= p(P2) ([la* = 2"[[; + (™) = ")) .
. A o 9 DSubst:tute (A.71)
< p(Py) (|la ~ 2"[; + p(CTH00) ||x I2)

= d4Hx“ - wbHQ

= au(r)

which indeed satisfies the upper bound in for a positive scalar &y := p(P2)(1 4+ p(CTQQC) and
the argument r = ||z — 2°||,,.

e Consecutively, we consider condition (3.9b) in[Lemma 3.3| One can define

(g(s(mz) = &(p) > ~ Mo, (A.77)

x%ﬂ) - f(xkﬂ)

where
o= (oS0~ Sl
' @(C%ZH) - ‘P(szﬂ)

note that u;, has a similar role as 7, in (A.73) with the difference that 1, depends on the input w,
whereas i is independent of w.

) . (A.78)
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One can now pre- and post-multiply LMI by i) and py respectively, such that

Py~ Go(S)) Oy,
TMT |: 2 QP4 Nz +Ny :| M <0
Hi 0 Onz—&-ny P2 _ GQ(S5) OMk >

Use
(f@@—ﬂ%>)T[%GM&> O (B8 Y <o o
@) —6@in)) | Onm, 2= GalS3)] \Elati) — €(oh) >Uw
(B.6b)

a 2 a 2 a a
Hg(karl) - §($2+1)”p2 - ’|§(xk) - f(mﬁ)sz - 23(2(547 Cx 7055})) - 25(2(557 Cx 7C$b) <0
Due to the strict inequality and cone bounded sector condition (2.17), we can write this inequality as

T 2
Va(fyy, @3q1) = Valah, @3) < —aslag — o (A.79)
This inequality indeed verifies condition (3.9b) for the quadratic K..-function a5(s) = ass?, with
some positive coefficient d; and argument s = ||2% — 2°|| € Rx,.

Now all assumptions of[Lemma 3.3|have been checked for solutions of [Theorem B.2|and hence the system is

globally exponentially uniformly asymptotically incrementally stable with respect to dynamics (2?).

In conclusion, this proof has shown the existence of a compact, positively invariant set, as well as the global
exponential uniform asymptotic incremental stability property. As a result, defines the system
as GEUC with respect to the considered dynamics for the class of inputs W, O

Page 91 of 100



Appendix A. Proofs

A.14 Proof of|Lemma B.1

Proof.

By definition of M - 0, the condition is trivially satisfied for N = 0. The case p(N) > 0 can be considered as

follows:

e Because of the strict inequality M = 0, there exists a scalar x; > 0, such that

M — kI = 0.

e Select K1

)
such that for all k € [—k*, k*], by definition of the spectral radius, it holds

—p(kN)I < kN < p(kN)I.
By adding 41 to these inequalities, we find:
—p(KN)I 4+ k1l < KN + 511 < p(kN)I + k11,

in which
p(kN) = |K|p(N) < K*p(N) = .

From[Equations (A.83)|and|(A.84), we conclude —p(xN) + 11 > 0. This in turn implies

HN+I£1]E 0.

e Finally, we observe that
M+ &N = (M — k1 I)+ (kN + k1I) = 0,

which concludes this proof.

A.15 Proof of|Lemma B.2

Proof.

e For a positive definite matrix X > 0, it holds

X2 >0, Vz # 0.

e Define a new variable y, such that
z="Ty.

Furthermore, notice that since T is invertible, suchthat 2 =0 <— y =0.

e Substitute|Equation (A.88)|in the positive definite form (A.87), such that
2T Xz > 0, Vz#0
= (Ty)"X(Ty)=0, Vy#0
= y (TTXT)y >0, Yy #£0
— TTXT > 0.

(A.80)

(A.81)

(A.82)

(A.83)

(A.84)

(A.85)

(A.86)

(A.87)

(A.88)
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A.16 Proof of|Lemma B.3

Proof.

e Choose the following block-structured matrices:

[ 1, o0 [, -A"'B
n=[ e f] ee n=[r 7.

q

(A.90)

e Observe that T} and 75 are block upper- and lower-triangular matrices with identities on their block
diagonal. As a result, all eigenvalues of 77 and 75 equal one and therefore both matrices are invertible
by definition.

e Notice that

T _[M/D 0 A 0
TlMTl_[o D]’ 0 M/A|
e From[Lemma B.3|and the structures of[Equations (A.91)|and[(A.92) we can now conclude that indeed

Equation (B.13)[holds true.

(A.91) Ty MTy = [ (A.92)

O

A.17 Proof of|Lemma B.4

Proof. (See [98])

Since A is real and symmetric, it is orthogonally diagonalizable. Specifically, define the n orthonormal eigen-
vectors of A as [vy, va, ..., v,] € R™, andlet [A1, A2, ..., A\,] € R be their corresponding eigenvalues.
Let P be the matrix whose it" column is v; and let D be a diagonal matrix whose ™" diagonal entry is ;. Then

A= PDPT, and P'P=1.
Choose v := PTu, such that
viv= (PTU)T (PTu) =u! (PPT) u=u'u.
Furthermore, notice that
n
u"Au=u" (PDP")u= (PTu) D(P'u)=v"Dv= Z vz
=1

Without loss of generality, assume )\, < --- < A; < --- < Ay, such that

i A2 < z": \v? < z": Av?
i=1 i=1 i=1

n

== )\anv < Z/\iv? < /\1’UTU
i=1

— )\nuTu <u' Au g)\luTu

which was the intended result. Finally, notice that the provided bounds are tight, because of

T T T T
v, Avp, = Apv, Un A vy Avy = Avq vy,
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Additional stability conditions

In this appendix we discuss additional stability conditions that are researched as part of this project, but
were not pursued into a main contribution to the system identification algorithm. First we show a set of
conditions with an explicit dependency on feedthrough matrix D that guarantee global, exponential uniform
convergence via Lyapunov functions that are quadratic in the system state. Thereafter, we discuss conditions
that characterise stability via Lyapunov functions that are quadratic in an extended state in an attempt to
reduce the conservatism of our stability analysis. The final section of this appendix addresses some auxiliary
lemmas that were used to proof of at least one set of stability conditions.

B.1 Explicit feedthrough matrix dependency

Theorem B.1 (Sufficient conditions for global, exponential convergence)

Consider a Lur’e-type system (3, ) according to|Equation (2.1), Let ¥ and ¢ verify|Assumptions 2.1 and

respectively. Furthermore, consider symmetric matrices P,, P, € S"= and positive scalars r,, 72, o and c
such that the following inequalities hold true:

AT AT1T [nP —CTQS; O, xn.,
BT P BT = * 251 510D | < Onx+7ly+"w7 (B.la)
FT FT | * * TQInw |
—c(l1=71) 4+ 120 <0, (B.1b)
ATl _[AT]T [P, —CTQS,
|:BT:| P2 _BT:| - |:* 282 = Onw+ny‘ (B.].C)

|z — buiQ. According to|Theorem 3.4, the Lur’e system is globally exponentially uniformly convergent

with respect to the dynamics for the class of inputs W, = {wy, € R™, ||wg|| < \/o}. Furthermore,
the steady-state solution ;! belongs to the sellipsoid £( Py, c).

Then, the assumptions of |Theorem 3.4 are verified by considering V1 (z) = ||a:H?31 and Vy(z?, x%) =

Proof. See[AppendixA12} o
As an alternative to the conditions, we can verify the conditions in[Theorem 3.5|together with

B.2 Quadratic Lyapunov functions in the extended state

The next conditions can be used as a starting point to reduce the conservatism in our stability conditions.
Here, we once more assume no direct feedthrough from w into y, hence D = 0,,, . We can extend our scope of

Lyapunov function candidates by going beyond quadratic functions in the system state. To that end, let us
define an extended state &, : R®» — R"T" as

(B.2)
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such that the class of generalized Lyapunov functions can be introduced as
7 2 = pa pb
e =lals  P=| 3. 63

where 0,, < P, € S"=. Furthermore, P, € R"=*"v and P, € R"»*" are indefinite. The commonly used Lure
type Lyapunov functions are inside this class for P, = C'T RQ and P, = 0, given some diagonal R ~ 0. For
clarification and readability of the sequel, the following notation is adopted:

e Matrices Gq(S) and G (S) are introduced as

0,, —CTSQ]

GQ(S)L ¥ (8.4) sz(S)[O" ‘CTSQ]. ©.5)

* 25

As a result, the cone bounded sector constraints|(2.16)|and|(2.17)|can be written into the following
negative semidefinite quadratic forms for any diagonal matrix 0 < S € S"v:

250(S, C) = [|€(2) |15 s) < O, (B.6a)
258, Ca®, Ca®) = ||¢(2®) — g(xb)HZQ(S) <0, (B.6b)

e Matrices My, M, depend solely on a priori known system matrices of dynamics (2?) and are defined as

Inz OanTLy OTLL Xy O(nr"l‘”y)xnw
MO = Ony XNy Iny Onz X Ty MO F
A B OTLT XMy ’ Ml = 0
it k Ny XNy
Ony XNy Ony Iny 0 I
N X (Ng+1y) N

We can now formally introduce the conditions in[Theorem B.2|that are sufficient for the global exponential
uniform convergence property via Lyapunov-like functions that are quadratic in the extended state.

Theorem B.2 (Quadratic Lyapunov functions in the extended state [[75], Th. 6])

Consider a Lur’e-type system (%, ) according to[Equation (2.1)|and assume D = 0,,,. Let > and o verify
|Assumptions 2.1|and respectively. Furthermore, consider symmetric matrices P,, P, € S"=*"v and
diagonal positive definite matrices Sgy, S1, S2, S3, S4, S5 € S™v. In addition, consider positive scalars
71, T2, o and c such that the following inequalities hold true:

pl + GQ(S()) - Onz+ny (B7a)
- 7T1p1 - GQ(Sl) 5 Onm"l_ny O(n,+ny)><nw
M, Onm-i-ny P — GQ(SQ) 0(n+p)><nw M; < 0n1+2ny+nw (B.7b)
Omx(n+p) Omx(n+p) 77-2]7“”
—c(1=71)+ 720 <0 (B.7¢)
P, + GQ(S;),) - Onz+ny (B7d)
T _P2 - GQ(S4) On +n
x _< .
Mo [ Ongtn, P, — GQ€S5) Mo = On+2n, )

Then, the assumptions of[Theorem 3.4| are verified by considering the (incremental) Lyapunov functions
Vi(z) = |lz|3, and Va(a?, 2b) = |z - xb||f)2. By|Theorem 3.4, the considered Lur’e-type system is
globally exponentially uniformly convergent for the class of inputs W., = {w(k) € R™, |lw(k)|| < \/o}.

Proof. See[EppendixA.13 -
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Appendix section B.3. Auxiliary lemmas

B.3 Auxiliary lemmas

This section features a selection of theorems and lemmas that are required to understand the reasoning in
the main text of this report.

Schur complements are often of interest in the analysis of positive definite matrices. The results in
to[B.3|were used in the proof of[Theorem 3.6

Lemma B.1
For a symmetric, positive definite matrix M - 0, and a (possibly indefinite) matrix N of the same dimension,
there exists a sufficiently small scalar x*, such that for any x € [—x™*, k|, it holds:

M + kN = 0. (B.8)

Proof. See[Appendix A.14] -

Lemma B.2 (Sylvester Law of Inertia [99], Th. 8.1.17])
Consider an invertible matrix T'. Then:

X0 < T'XT = 0. (B.9)

Proof. See[Sppendi A1y .

LemmaB.3 (Schurcomplement and positive definite matrices [100), Prop. 16.1])
Suppose p, q are nonnegative integers such that A € R"v*"™v B € R?*% and M is a symmetric block-
structured matrix

(B.10)

[t 3]

Note that C = BT due to the symmetric property of M. Schur complements of M can then be defined as
follows:

e If D is invertible, then the Schur complement of the block D in M is defined by

M/D:=A—-BD™'C (B.11)

e If Aisinvertible, then the Schur complement of the block A in M is defined by

M/A:=D—-CA™'B (B.12)

For these Schur complements, the following properties hold true:

M>0 < A>-0 AN M/A>0 (B.13a)
M>=0 < D>=0 A M/D=0 (B.13b)
Proof. See[fppendixA.1¢ o

Rayleigh’s inequality is applied multiple times in the proofs of that can be found in [Ap]
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Appendix B. Additional stability conditions

Lemma B.4 (Rayleigh’sinequality [101], p. 34])
Let A be an x n real symmetric matrix. Furthermore, let \,,,;,, and \,,.. be the minimum and maximum
eigenvalues of A, with v,,;,, and v,,.,. being their corresponding eigenvectors. Then

Amint ' U < u' Au < Apaxt | U Yu € R™. (B.14)

Proof. See[AppendixA17} =
The well-known S-procedure is applied in the proof of[Theorem B.2] which can be found in[AppendixA.13]

LemmaB.5 (S-procedure [[102], p. 103])
Let us consider the statement
W(z) <0]{G1i(z) <0, Go(z) <0, ... ,Gr(z) <0, z #0}. (B.15)

Suppose that we define a weighted sum of G;’s with weighting factors )\; according to
k
S(@) =3 NGi(z), X>0,¥ie{l, ... kb
=1

Furthermore, suppose that there exist nonnegative \;’s such that the following statement holds true
W(z) — S(z) <0]{z #0}. (B.16)
Then statement implies (B.15).
Finally, the well-known contraction mapping theorem is applied in the proof of[Theorem 4.2} which can be
found in Eppendix A11]
Theorem B.3 (Contraction Mapping Theorem [103], Th. A.3.1])
Let X be a Banach space, T a mapping from X to X, m € N, and « < 1. Suppose that T satisfies
[T™(z1) = T™(@2)[| < allwy —z2f]  Vay,22 € X, (B.17)

Then:
1. There exists a unique fixed point of T: x* € X, such that T(z*) = z*.

2. Foranyz, € X, the sequence {x,,n > 1} defined by z,, := T"(xo) converges to x* asn — co.

Proof. See reference in [103}, Th. A.3.1] O
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