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Abstract

Technological speech processing lacks behind the mammalian hearing perception with
respect to energy efficiency and processing time. This comes from the fact that conventional
speech processing is based on a feedforward structure, while the hearing perception is done
by a feedback loop between the cochlea and the brain. With this feedback loop, the latter is
able to react adaptively and quickly towards a changing environment in an energy efficient
way. In this work, analysis and design of controllers employed on arrays of bio-inspired
oscillators are showcased to mimic the feedback loop of this biological system and thus
the functionality of the hearing perception. For this, results from theoretical biology are
used that model the physiology of the cochlea by oscillators exhibiting Andronov-Hopf
bifurcations. This comes from the fact that, if the bifurcation parameter of these oscillators
is in the neighborhood of its critical point, the oscillators and the cochlea react frequency-
selective and compressive to external stimuli. For this, a benchmark oscillator model based
on the Hopf-Theorem is introduced to analyze the inherent properties, which have to be
satisfied by a neuromorphic acoustic sensor. Hence, the Normal Form Theorem implies
that any oscillator exhibiting at least an Andronov-Hopf bifurcations can be represented
by this benchmark oscillator model. With these considerations, controllers based on
coupling and a delayed feedback are employed on this oscillator model and their effects
are analyzed. It is demonstrated that the characteristic frequency can be adjusted by
controlling the coupling strengths or the time delay, while preserving the Andronov-
Hopf bifurcations of the system. To verify the results on the benchmark oscillator, an
experimental realization of the bio-inspired oscillator is discussed. This realization is
a thermally actuated cantilevered or clamped-clamped microelectromechanical system
(MEMS), whose deflection can be measured. The MEMS is operated in a feedback loop
to enable the control of its dynamic properties. To analyze the dynamics of the MEMS, a
mathematical model based on two coupled partial differential equations (PDEs) is derived.
This model is approximated by applying the Rayleigh-Ritz method and the Galerkin
method, so that a system of ordinary differential equations (ODEs) of order 3 is derived.
The system is then analyzed in terms of its characteristic frequency and the emerging
Andronov-Hopf bifurcations. In particular, two controllable Andronov-Hopf bifurcations
can be induced by designing the feedback loop accordingly. Hence, the controller design
based on the benchmark oscillator model can be verified by coupling the MEMS and by
introducing a delayed feedback loop. For injective coupling, it is demonstrated that in
comparison to two injectively coupled benchmark oscillators an additional bifurcation
emerges. In contrast to this, the number of critical points induced by diffusive coupling
and a delayed feedback have been predicted correctly by the analysis of the benchmark
oscillator. This comes from the fact that diffusive coupling and the delayed feedback steer
the MEMS to the original critical points with their control parameters implying that the



Abstract

Normal Form Theorem is satisfied. In addition, the frequency tunability of the proposed
controller is verified with this analysis. Finally, the results on the frequency tunability are
exploited to enable in-sensor signal processing. The processing is employed by sampling
the frequency response of a external signal with an array of benchmark oscillator models.
For this, it is shown that the response of a frequency-selective oscillator is unique after
transients have decayed. Thus, the spectrum of the external input can be reconstructed by
an array of oscillators, whose bifurcation parameter is in a neighborhood on their critical
point. With these considerations different algorithms, such as sequential sampling or
machine learning-based approaches, are discussed.
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Zusammenfassung

Die technische Sprachverarbeitung ist dem Horsinn beziiglich der Energieeffizienz und
der Verarbeitunggeschwindigkeit unterlegen. Dies liegt daran, dass die Sprachverarbei-
tung kaskadiert aufgebaut ist, wohingegen beim Horsinn eine Rickkopplungsschleife
zwischen der Horschnecke und den Gehirn vorliegt. Daher kann letztere adaptiv und
schnell auf Verdnderungen in der Umgebung reagieren. In der vorliegenden Arbeit wird
untersucht inwiefern man den Hoérsinn nachahmen kann, indem man einen Regler fiir
biologisch inspirierte Oszillatoren entwirft und deren nichtlineare Dynamik analysiert.
Dafiir werden Ergebnisse aus der theoretischen Biologie verwendet, die die Physiologie
der Horschnecke durch ein System mit steuerbaren Andronov-Hopf-Bifurkation modulie-
ren. Solche Systeme konnen, wie die Horschnecke, kompressiv und frequenzselektiv auf
externe Anregungen reagieren. Fiir den Entwurf der Regler wird zunichst basierend auf
den Hopf-Theorem und den Normalform Theorem ein Benchmark-Oszillatormodell defi-
niert. Mit diesem Modell werden dann die Eigenschaften von verschiedenen Reglern, wie
Kopplung zwischen Oszillatoren oder eine steuerbare Totzeit, analysiert. Neben der steu-
erbaren Andronov-Hopf-Bifurkation, wird bei der Analyse die charakteristische Frequenz
der Systeme analysiert. Es wird dabei gezeigt, dass man die charakteristische Frequenz
steuern kann, indem man die Regler anpasst. Um die Resultate der Reglerentwiirfe mit
Hilfe der Benchmark-Oszillatoren zu verifizieren, wird eine technische Realisierung ei-
nes biologisch inspirierten Oszillators untersucht. Diese Realisierung besteht aus einem
thermisch aktuierten mikro-elektromechanischen System (MEMS), dessen Auslenkung
gemesen werden kann. Die Dynamik des MEMS kann daher gesteuern, indem der MEMS
mit der gemessene Auslenkung aktuiert wird. Um die Dynamik zu analysieren, wird
zunéchst ein mathematisches Modell des MEMS hergeleitet, das aus zwei gekoppelten
partiellen Differentialgleichungen (PDEs) besteht. Diese PDEs werden approximiert, in-
dem man die Rayleigh-Ritz-Methode und die Galerkin-Methode anwendet. Damit kann
man das Modell des MEMS auf ein 3-dimensionales System bestehend aus gewohnlichen
Differentialgleichungen (ODEs) reduzieren. Dieses System aus ODEs wird beziiglich der
charakteristischen Frequenz und der Entstehung von steuerbaren Andronov-Hopf Bifur-
kationen untersucht. Hierbei wird gezeigt, dass die charakteristische Frequenz des MEMS
aufgrund dessen Geometrie steuerbar ist, und dass man zwei steuerbare Andronov-Hopf
Bifurkationen erzeugen kann, wenn man die Riickkopplung richtig auslegt. Daher kann
das MEMS-Modell im Riickkopplungsmodus genutzt werden, um die auf den Benchmark-
Oszillator basierenden Regler zu validieren. Es stellt sich heraus, dass die Anzahl der
Bifurkationen bei diffusiver Kopplung steuerbare Totzeit vorhergesagt werden kénnen.
In Gegensatz dazu, entsteht eine zuséatzliche Bifurkation bei zwei injektiv gekoppelten
MEMS. Dieser Unterschied wird dadurch hervorgerufen, dass der Bifurkationsparamter
des einzelnen MEMS auch durch die diffusive Kopplung und die steuerbare Totzeit in die
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Zusammenfassung

Umgebung seines kritischen Punktes getrieben wird. Des Weiteren kann die charaketeristi-
sche Frequenz durch die drei Regler verstellt werden. Abschlieflend wird basierend auf der
Frequenzverstellbarkeit die in-Sensor-Signalverarbeitung diskutiert. Dabei werden mehre-
re Benchmark-Oszillatoren benutzt, um die Frequenzantwort eines Signals abzutasten. Es
wird gezeigt, dass die Antwort eines Benchmark-Oszillators eindeutig ist, nachdem die
Transienten verschwunden sind, sodass man den Frequenzbereich mit diesen Oszillatoren
rekonstruieren kann. Die Abtastung des Frequenzbereichs wird dann mit verschieden
Algorithmen, wie sequentielles Abtasten und Abtastung basierend auf Reinforcement

Learning, diskutiert.
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1. Introduction

In technology, speech is typically processed using a feedforward architecture consisting of
three steps — measuring the external stimuli, (nonlinear) pre-processing of the measured
signal, and recognizing the patterns of the processed signal by, e.g., a neural network or a
hidden Markov model [55]. These steps are illustrated in Figure 1.1. In recent years, this
approach has become extremely efficient by mimicking pre-processing schemes similar
to biology. For instance, it is shown in [2] that the word success rate can be up to 80%
without additional recognition, if there is a compressive nonlinearity in pre-processing. A
compressive nonlinearity is characterized by its reaction to external stimuli. In particular,
small amplitudes are amplified and large amplitudes are attenuated by this nonlinearity,
so that redundancies are introduced to the spectrum of the measured signal [70]. For
instance, this nonlinearity can be found in the pre-processing of the hearing perception of
mammals [26, 27, 40, 41] and amphibians [92, 103]. Additionally, the pre-processing in the
cochlea is also frequency-selective and active [26, 27, 40, 41, 92, 103]. To compare both
approaches in more detail, the measuring of the signal and the technological pre-processing
are summarized subsequently.

In the first step, the external, mechanical stimuli is transformed into an electrical signal
by a microphone. For instance, a sketch of a MEMS microphone is shown in Figure 1.1a.
In principle, the movable diaphragm of this microphone-type is excited by the external
stimuli and this movement is transduced by a piezo-electric layer into an electric signal.
The frequency response of this mechanism is usually designed to capture the complete
frequency range of the human ear [144], which is in a range from 20 Hz to 20 kHz [50,
121]. After that the signal is discretized in time to be able to process it digitally [90].

In the second step, the digital signal is usually transformed into the frequency domain and
then processed by a nonlinear filter to increase the word success rate [1, 2, 28, 137]. These
steps can be distinguished into fixed signal transformations, such as the linear spectrogram
[2], the wavelet-transform [1], the cochleagram [2, 86, 87], the Mel-frequency cepstral
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Figure 1.1.: Sketches of the three different stages in speech processing.
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coefficient, or learning signal transformations, which are based on machine learning [1].
Furthermore, the cochleagram and the Mel-frequency cepstral coefficient are used in
technology most often [2, 55], since these approaches are motivated by the functionality
of the cochlea [2]. This is summarized in the following to motivate bio-inspired acoustic
sensing and thus an alternative architecture for speech processing.

1.1. Bio-Inspired Methods

As elaborated before, the response of the cochlea can vary between linear response and
compressive and frequency-selective response. For example, it has been observed that the
hearing perception inside the cochlea is an active process, which can be compressive [26,
27, 40, 41]. Thus, the dynamical regime of the cochlea ranges from processing of faint
sounds in almost noiseless environments to the reconstruction and separation of heavily
jammed signals. The latter regime is described by the so-called cocktail party effect [14,
20]. To model these dynamics either filter banks, or coupled critical oscillators can be used.
These approaches are discussed subsequently.

Filter banks are blackbox models, which estimate the input-output behavior of the cochlea.
This is done by fitting suitable models on data based on psychoacoustical experiments [105]
and animal experiments [112, 113, 119]. Subsequently, three methods to implement a filter
bank are briefly discussed. In [63] a filter bank based on the so-called Gammatone filter is
introduced. This filter is based on an inverse correlation of the response of the neurons
to an external stimuli of the cochlea and can be implemented digitally by a linear filter
with either a finite or infinite impulse response, respectively [56, 84, 125]. In particular,
this filter bank consists of filters, whose frequency responses are distributed similarly
to the Gamma distribution [56]. Compression is implemented by adding an additional
branch, which consists of a cascade of Gammatone filters and a compressive nonlinearity
[84]. Alternatively in [86, 87], filter banks consisting of a pole-zero filter cascade with a
sophisticated automatic gain control are proposed. The poles and the zeros of the pole-zero
filter are chosen to mimic the frequency-selectivity of the cochlea, while the automatic
gain control enables the compression. Finally, the filter bank can be implemented by a
cochlear amplifier. For this, the measured signal is processed by neuromorphic hardware
[135, 146], a field programmable gate array (FPGA) [5], or a very-large-scale-integrated
chip [142].

The cochlea can also be modeled by coupled oscillators. In contrast to the filter bank
approach, this model is based on the physiology of the cochlea. For this, the cochlea
is separated into sections and each section is modeled by an oscillator, which exhibits
a controllable Andronov-Hopf bifurcation [8, 18, 31, 34, 43, 60, 61, 64, 69, 103, 131].
This comes from the fact that a system with an Andronov-Hopf bifurcation exhibits two
remarkable properties. First, the response of the system to an external excitation varies
under certain conditions from linear to frequency selective and compressive [8, 18, 31, 34].
Second, the system can start to oscillate under certain conditions [48, 91]. Interestingly,
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the latter property can be also observed in the cochlea. This is called otoacoustic emission
and it is assumed to enhance the dynamical range of the cochlea [16, 67, 68, 83].

To mimic the second cochlea model, two approaches can be employed: On the one hand,
frequency-selectivity is enabled by combing sub-wavelength resonators with metama-
terials [6, 120, 145] or mimicking the geometry of the cochlea [25]. Metamaterials are
synthetic materials, whose properties drastically differ from natural materials [6]. With
these materials, the frequency components of external stimuli are separated. To enable
a controllable Andronov-Hopf bifurcation, these frequency components are locally fed
back [120]. On the other hand, an array consisting of bio-inspired oscillators, which
exhibit at least an Andronov-Hopf bifurcation, can be used to mimic the physiology of the
cochlea [130, 129]. These oscillators can be implemented, e.g., by a thermally actuated,
cantilevered, microelectromechanical system (MEMS), whose deflection can be deduced
by a piezoelectric strain gauge placed at the base of the MEMS [47, 62, 81]. These MEMSs
can exhibit Andronov-Hopf bifurcations by designing an appropriate feedback loop for
operation [80, 82, 81, 136, 147, 149, 150, 153, 155].

1.2. Scope of the Work

The present work is based on the preliminary work of the author in [147, 148, 149, 152,
153, 154, 155, 156]. The main goal is to design nonlinear controllers to tune the response of
bio-inspired oscillators enabling the realization of neuromorphic acoustic sensors. On the
one hand, controllers based on coupling oscillators or controlling a delayed feedback are
analyzed. It is shown that these controllers enable controllable Andronov-Hopf bifurcations
and that the characteristic frequencies can be adapted in the neighborhood of the critical
point. On the other hand, signal processing in neuromorphic acoustic sensors is discussed
by implementing an in-sensor Fourier transform. For this, the design of the sensor is
either based on an array of oscillators, whose characteristic frequencies are constant and
cover the desired frequency domain of the Fourier transform, or a single oscillator with a
tunable characteristic frequency. In particular, the latter approach enables the design of
superordinate controllers, which assign the sampled frequency. These controllers can be,
e.g., based on sequential sampling or reinforcement learning.

To derive methods to design a nonlinear controller for bio-inspired oscillators, Andronov-
Hopf oscillators are considered. These oscillators are based on the super-critical normal
form of the Andronov-Hopf bifurcation. Hence, the Normal Form Theorem implies that
any oscillator exhibiting a super-critical Andronov-Hopf bifurcation converges to a sub-
manifold, which can be transformed by an isomorphism to the Andronov-Hopf oscillator,
if the bifurcation parameter of the oscillator is in a neighborhood of the critical point [49].
Thus, this oscillator model can be seen as a benchmark oscillator model for neuromorphic
acoustic sensing. To enable frequency tunability, networks of injectively coupled oscillators
[154], two diffusively coupled oscillators [156], and an oscillator with a controllable delay
[152] are analyzed. In addition, the in-sensor Fourier transform is implemented for an
array of Andronov-Hopf oscillators [148].
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To validate the results of the controller design, an oscillator model based on a thermally
actuated MEMS introduced and considered in [47, 62, 81] is investigated. For this, the
MEMS is modeled by an approximation of a continuum model consisting of a mechanical
subsystem and a thermodynamic subsystem. This oscillator model is derived by employing
the Rayleigh-Ritz method on the mechanical subsystem and the Galerkin method on the
thermal subsystem and truncating the approximation after the first mode [155]. It is
demonstrated that this oscillator model can exhibit Andronov-Hopf bifurcations, which
are induced by a controllable feedback loop [153, 155]. Hence, this oscillator model can be
used to verify the proposed controllers by analyzing the dynamic properties of the coupled
MEMS [149] and MEMS with a delayed feedback [147].

1.3. Structure of the Work

The work is structured into fours part and seven chapters. A summary of the content is
given subsequently.

The preliminaries for this work are introduced in Chapter 2. For this, the anatomy and
physiology of the cochlea are summarized. This covers how frequency-selectivity and
the compressive nonlinearity are induced by a nonlinear feedback loop. In addition,
the mathematical preliminaries to analyze the local bifurcations of ordinary differential
equations are introduced. The chapter is concluded by summarizing the Normal Form
Theorem and some results of local bifurcations. Particularly, the emergence of Andronov-
Hopf bifurcations and their remarkable properties are discussed in detail.

Part Il: Controller Design for a Benchmark Oscillator Model for
Neuromorphic Acoustic Sensors

In PartIl, the design of controllers for benchmark oscillator models for neuromorphic
acoustic sensors is proposed. For this, methods to control multiple Andronov-Hopf bifur-
cations and to enable frequency tunability, i.e., the characteristic frequency of an oscillator
can be adjusted by a controllable input, are discussed. In addition, a superordinate con-
troller is designed to demonstrate an application of frequency tunability in neuromorphic
acoustic sensing. These results are discussed in two consecutive chapters.

In Chapter 3, the notion of frequency tunability and the Andronov-Hopf oscillator is
introduced. Two controllers to enable frequency tunability for the benchmark oscillator
model are discussed by analyzing the emergence of Andronov-Hopf bifurcations. First, it
is shown that frequency tunability can be induced by coupling oscillators. This is done by
analyzing small networks of injectively coupled oscillators and two diffusively coupled
oscillators. In addition, the maximum and minimum number of controllable Andronov-
Hopf bifurcations in networks of injectively coupled oscillators are analyzed. Second,
the effects of a delayed feedback on the characteristic frequency of an Andronov-Hopf
bifurcation are investigated.



1.3. Structure of the Work

An application for frequency tunability in neuromorphic acoustic sensors is discussed
in Chapter 4. For this, an in-sensor Fourier transform is implemented by sampling the
frequency domain using Andronov-Hopf oscillators. This approach exploits the frequency-
selectivity and it is demonstrated that the frequency domain can be uniquely reconstructed,
if the oscillators are frequency-selective. This implies that an array of oscillators exhibiting
at least one Andronov-Hopf bifurcation can be used to enable the in-sensor Fourier
transform, if their bifurcation parameter is in a neighborhood of the critical point. Finally,
an algorithm based on untunable oscillators and two algorithms based on tunable oscillators
are proposed to enable sampling of the frequency domain. In particular, more sophisticated
methods than sequential sampling can be implemented by using tunable oscillators. For
the scope of this work, an approach based on reinforcement learning is discussed.

Part lll: A Neuromorphic Smart Sensing System

In PartIll, a possible neuromorphic smart sensing system, which is centered around a
MEMS, is introduced. For this, the mathematical model of this MEMS is derived and its
dynamics are analyzed.

In Chapter 5, the MEMS is introduced. The system consists of a clamped-clamped MEMS,
which can be actuated thermally. The continuum model of the MEMS is derived by separat-
ing the system into a mechanical subsystem and a thermodynamic subsystem. After that,
the continuum model is simplified to a system of ordinary differential equations (ODEs)
by applying the Galerkin and the Rayleigh-Ritz method, respectively, on the continuum
model of the MEMS. The considered MEMS model is then derived after truncating the
series expansion after one mode as acoustic signals are band limited. In particular, it is
demonstrated that the mathematical model of the mechanical subsystem is governed by
the Duffing equation.

The properties of the MEMS model are analyzed in Chapter 6. In particular, the analysis
focuses on investigating the emergence of controllable Andronov-Hopf bifurcations and
on verifying the predicted frequency tunability of the controller, which are designed for
the benchmark oscillator model. For this, it is shown that the model of the MEMS has
two Andronov-Hopf bifurcations. In addition, the frequency tunability is demonstrated
by coupling two MEMS and controlling the pre-deflection of the MEMS with a geometric
nonlinearity and a delay in the feedback loop.

Part VI: Conclusions and Outlook

Finally, some remarks conclude this thesis. The results of the thesis are summarized and a
detailed outlook is given based on the results of the work and the ongoing work.
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Subsequently, the essential preliminaries for the control design to adapt the response of a
neuromorphic acoustic sensor are discussed. For this, first the anatomy, physiology and the
properties of the mammalian cochlea are summarized, which inspire the development of
neuromorphic acoustic sensors. Secondly, the mathematical preliminaries for this work are
introduced. Third, bifurcation theory is briefly discussed. This is done by introducing the
Normal Form Theorem and analyzing the properties of the normal form of the Andronov-
Hopf bifurcation. Finally, the subsequent chapters are motivated by introducing the Hopf
Theorem.

2.1. Mammalian Hearing Perception

To process an acoustic signal in the brain,s a feedback loop between the cochlea and
the nervous system is exploited. With this, an acoustic signal can be transduced into an
electric signal by an adaptive and nonlinear response, so that a large operation regime
for signal processing is obtained. Subsequently, the functionality and the setup of this
feedback loop are explained by summarizing the anatomy and physiology of the cochlea.
This description is based on standard literature, e.g., [50, 121].

The cochlea is a snail shell-like structure consisting of three tubes. These tubes are called
scala tympani, scala media and scala vestibuli, which can be visualized by the uncoiled
and laid out straight cochlea (see Figure 2.1). The scala vestibuli and the scala tympani
are connected at the apex of the cochlea the so-called heliocotrema. In addition, the scala
tympani and scala media are separated by the basilar membrane and the scala vestibuli
and the scala media are separated by Reissner’s membrane, respectively. Both membranes
have ion pumps transferring potassium ions K* from the scala tympani and scala vestibuli
to the scala media. The scala tympani and the scala vestibuli are filled with the so-called
perilymph, which has a low potassium concentration so that both tubes have an electric
potential of —40 mV. In contrast to this, the scala media is filled with the potassium rich
endolymph resulting in an electric potential of 80 mV. Moreover, there are hair cells and an
additional membrane, the so-called tectorial membrane, inside of the scala media. These
can be visualized by considering the cross-section of the scala media (see Figure 2.2). The
hair cells are located on the basilar membrane and they have extensions, which are called
stereocilia and are organized in bundles. In addition, the hair cells can be categorized into
two different types: the inner and the outer hair cells. Subsequently, the anatomy of these
two different types of hair cells is briefly explained.
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Figure 2.1.: Sketch of the laid out and uncoiled cochlea. (From Ref. [148], used under Creative Commons
CC-BY license.)

The stereocilia of the inner hair cells have different lengths and the bundles of these
stereocilla are arranged by increasing lengths, respectively. Additionally, the tip of the
stereocilla is free and there is a mechanically gated K™ channel at their tip. The gate of
this channel is connected via the tip link to the larger neighbor of the stereocilia. If the
stereocilla are not bent towards their larger neighbor, this channel is closed (see Figure 2.3a).
The channel is opened by bending towards their larger neighbor. Then potassium ions K*
are diffusing into the stereocilia resulting in a depolarization of the inner hair and thus an
excitation of the cochlea nerve cells (see Figure 2.3b).

In comparison to the stereocilia of the inner hair cells, the bundles of stereocilia of the outer
hair cells are arranged into a V-shape and their tip is connected to the tectorial membrane.
Moreover, motor neurons are inside of these stereocilia enabling the nervous system to
control the response of the cochlea. Hence, the response of the tectorial membrane and the
sensitivity of the hair cells can be modulated, so that external stimuli are either attenuated
or amplified.

The processing and transduction of an acoustic signal follows several steps: An acoustic
signal is transferred by ossicles from the outer ear over the middle ear to the cochlea. As
the flexibility and the width of the basilar membrane increases from the middle ear to the
heliocotrema space, high frequency components of the external stimuli pass the basilar
membrane close to the base of the cochlea, while low frequency components cross the
basilar membrane close to the heliocotrema. This results in a frequency decomposition
over space, which can be interpreted as a Fourier transform. These frequency components
stimulate the hair cells by exciting the basilar membrane. In addition to the frequency
decomposition, the feedback loop from the inner hair cells and tectorial membrane over

Scala Vestibuli
(with Perilymph) Reissner’s Membrane

Scala Media
(with Endolymph)

Tectorial

Inner Membrane

Hair Cells,
Outer

{ Hair Cells
)
CochleaTF 7 Basilar
Nerve Fiber /<~ -

- _ Membrane
Scala Tympany ~ = = —
(with Perylmph)

Figure 2.2.: Sketch of the cross-section of the cochlea. (From Ref. [148], used under Creative Commons
CC-BY license.)
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Mechanically
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(a) Sketch of an unstimulated (b) Sketch of an stimulated bun-
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magnification of a closed K* fication of an open K* gate.
gate.

Figure 2.3.: Sketch of the depolarization mechanism of the inner hair cells-. Herein, the mechanically gated
K* channel of the stereocilla is opened by bending towards their larger neighbor, resulting in a depolarization
of the inner hair cells by the diffusion of potassium ions K*. (From Ref. [148], used under Creative Commons
CC-BY license.)

the neurons to outer hair cells enables high adaptability, so that the response can be tuned
between a linear and nonlinear compressive regime, which can be utilized for two scenarios.
On the one hand, a linear response can be exploited to process faint sound in (nearly)
noiseless environments as the reconstruction of these signals can be directly deduced in
this regime. On the other hand, a nonlinear, compressive response adds redundancy to the
acoustic stimuli. This redundancy simplifies the separation of heavily distorted signals as
multiple solutions support the reconstruction of the sound of one source [70].

2.2. Mathematical Preliminaries

In the following, the used notations and a summary of the local analysis of nonlinear
ordinary differential equations (ODEs), together with an investigation of the normal form
of the Andronov-Hopf bifurcation are provided. In particular, the latter model is the
super-critical normal form of an Andronov-Hopf bifurcation.

2.2.1. Notation

The sets of numbers are given by the set of natural numbers without zero N, the set of
integers Z, the set of rational numbers Q, the set of real numbers R, and the set of complex
numbers C. In addition, let p,q € Z with p < g. Then an closed and open interval is
denoted by [p,q] ={x e R|p < x < g} and (p,q) = {x € R| p < x < g}, respectively.
Restrictions on these sets of numbers are shown by a index. For instance, the set of natural
numbers including zero is given by Ny = N U {0} and the set of real numbers larger than
a € R reads Ry, = [a, o). Furthermore, K" and K™™ for any n, m € N denote the space
of vectors and matrices over the field of real and complex numbers K = R, C. General
variables are represented by lower case letters, e.g., a € K, vectors by boldface letters, e.g.,

11
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x € K", and matrices by capital letters, e.g., A € K™™. Finally, vector-valued functions
and polynomials are given by f, g, h: R" = R™and P: R — R.

2.2.2. Local Analysis of Ordinary Differential Equations

As mentioned before, the local bifurcation can model the remarkable behavior of the
cochlea. Henceforth, the local analysis of ODEs is briefly summarized. This introduction
follows standard textbooks on nonlinear dynamics, e.g., [48, 76, 132].

In general, bifurcations describe a qualitative change of a trajectory of a system given by a
differential equation or a system of coupled differential equations. Bifurcation theory is
usually introduced for coupled, nonlinear ODEs. For this, let n; € N n, € N be the number
of states, inputs and, outputs. Then a nonlinear system is in general given by

x = f(x;p), t>0, x(0) = x, (2.1a)
y = h(x; p), t>0 (2.1b)

with the state vector x(t) € R™, the output vector y(t) € R™, the drift vector field
f(x;u) € R™, the measurement map h(x; u) € R™, and the initial conditions x, € R™.
The parameter p € R takes the role of the so-called bifurcation parameter, whose values
are subsequently used to express the resulting variations of the dynamical behavior of the
nonlinear system. In addition, a solution of the system (2.1) is called the flow x = ¢,(xy).

Theorem 2.1 (Local Existence and Uniqueness [71]) Let f(x) satisfy the Lipschitz con-
dition

If (%) = fFWII <Ll[x =yl (2.2)

forallx,y € U = {x e R™ | ||x — xo||} with a norm || - ||. Then, there exists some § > 0
such that the state equation x = f(x) with x(0) = x( has a unique solution for t € [0, §].

Remark 2.1 By asserting that the drift vector field f(x; ) is locally continuously differen-
tiable, it is satisfied that the solution of (2.1) is locally unique and exists, since local continuous
differentiability is a stronger condition than local Lipschitz continuity given by (2.2). In par-
ticular, this property simplifies the analysis of local existence and uniqueness of (2.1) as it is
easier to show that a vector field is continuously differentiable.

To analyze local bifurcations, the local properties of a nonlinear system have to be analyzed.
This analysis is usually structured in three steps: First, the equilibria of the system are
derived. Second, the nonlinear system is linearized around the equilibria. Third, the
stability of this equilibrium is analyzed. Thus, these notions starting with the notion of an
equilibrium are introduced as follows.

Definition 2.1 (Equilibrium [48]) Denote x.q € R™ as the equilibrium of the state vector.
The nonlinear system (2.1) is said to have an equilibrium x.q, if the rate of change x vanishes
at this point, i.e., Xeq = 0.

12
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As elaborated earlier, after deriving the equilibria the system can be linearized around it.
This can be done by computing the Jacobian of the drift vector field and the measurement
map with respect to the state vector x and the input vector wu.

Theorem 2.2 (Linearization [48]) Let x.q € R™ be an equilibrium of (2.1). Then the
nonlinear system (2.1) can be represented by the linear ODE system

Ax = AAx, (2.3a)
Ay = CAx (2.3b)
in a neighborhood of the equilibrium x.q with the error state vector Ax(t) = x(t) — xeq € R™

and the shifted output vector Ay(t) = y — y., € R™. Herein, the system matrix A and the
output matrix C are given by

7]

A= %(xeq) e RM*Mm, (2.4a)
oh

C= g(xeq) S anxnl (2.4b)

Note that the flow of the linearization (2.3) is given by ¢,(x) = e?'x, if the input matrix
vanishes, i.e., B = 0, and it is usually derived by diagonalizing the system matrix A. This is
done by computing the eigenvalues and (generalized) eigenvectors.

Definition 2.2 (Eigenvalue Problem [48]) Assume n € N and let A € R™" be a matrix,
w € CI'\ {0} a non-negative vector and A; € C a scalar for all i = 1,...,n. Then the
eigenvalue problem is given by

AWl' = /L-wl-. (25)
Herein, w; and A; are called eigenvector and eigenvalue of the matrix A. In addition, the space

& = span{xy,...,x,} is called eigenspace.

In particular, the eigenvalue problem is solved by determining the zeros of the polynomial
Pa(2)

Pa(A) = det(A — AI). (2.6)

In addition, (2.5) implies that a diagonal element is given by multiplying an eigenvector to
the system matrix. Thus, the flow is determined by

¢, = Wewlx,

with the diagonal matrix A = diag(4y,...,4,) = W~1AW, the transformation matrix

W = [w1 .. wn], and the matrix exponential
et 0 - 0
R 27)
0 0 . e

13
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Note that (2.7) implies that the eigenvalues of the systems matrix can be used to determine
the stability of the linear system. Hence, the notion of asymptotic stability of a system
governed by (2.1) is introduced in the following.

Definition 2.3 ([48]) Let x(t) € R" be the solution of (2.1) and denote the euclidean norm
by || - ||. Then the system (2.1) is said to be asymptotically stable, if

lim [lx(2)[| = 0.

With these considerations, the (local) stability of an equilibrium x.q can be characterized
by the eigenvalues of the system matrix A as summarized subsequently.

Theorem 2.3 ([48]) Let x.q € R™ be an equilibrium of (2.1). In addition, denote the lin-
earized system matrix of (2.1) at the equilibrium x.q by A € R™*™. Then the equilibrium xq
is asymptotically stable, if all eigenvalues A; of the system matrix A have a negative real part,
ie,Reld; <0 foralli=1,...,n.

However, as the degree of the system increases, computing the eigenvalues directly
becomes complicated numerically and analytically. For instance, following the Abel-
Ruffini theorem, a general polynomial with a degree larger than 4 can not be solved
analytically [10, 13]. Thus, other methods have to be applied to obtain this information.
For example, the Routh-Hurwitz criterion can be used to obtain the number of eigenvalues
on the left half and right half complex plane.

Theorem 2.4 (Routh-Hurwitz Criterion [85, 118]) Let n € N and consider the polyno-
mial

2

P(x) = anx" + apa X" + apox™ 2+ agx + ag

with the coefficients a; for alli=0,1,..., n. Denote by

Az = Noo — coAr,0, Azq1=No1 — A1, e Ay =0,
A3,0 = AI,O - ClAz,o, A3,1 = A1,1 - 01A2,1, Tt A3,k =0,
Ano =An20 — cn—1Ap-1,0 Ap1 =0, s Ak =0

with AO,i = an-2i, Al,i = dp-2i-1, Cj = Aj,O/Aj+1,O: and k = |_n/2 + 1J fOI"J andj = 0, 1, R () all
i=0,1,...,5]. Then the number of zeros with positive real part are given by the number of
sign changes of the series

(Ai0) g1 = {Doo, Ao, ... Dno}

The floor function | a| determines the greatest integer less than or equal to a € R.
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It remains to be analyzed under which conditions the (local) behavior of (2.1) can be
deduced from the properties its linearization given by (2.3). For this, assume that the
system matrix A has an eigenvalue given by A = 0 and that the remaining eigenvalues of A
have a negative real-part. Then the linearization (2.3) is not asymptotically stable. However,
it turns out that (2.1) can be asymptotically stable, if the nonlinear terms are stabilizing.
Hence, the properties of the linearization cannot be used in general to deduce properties of
the nonlinear system. This example is generalized by the Theorem of Hartman-Grobman.

Theorem 2.5 (Theorem of Hartman-Grobman [48]) If the system matrix A has no
eigenvalues located on the imaginary axis, then there is a homeomorphism h defined on some
neighborhood U of the equilibrium x.q € R™ locally taking orbits of the nonlinear flow
¢,(x) of (2.1), to those of the linear flow e*'x of (2.3). The homeomorphism preserves the
sense of orbits and can also be chosen to preserve parameterization by time.

It follows from the Theorem of Hartman-Grobman (see Theorem 2.5) that the linearization
of a system is only approximating the local dynamics of the nonlinear system if all
eigenvalues have a non-vanishing real part, i.e., Re A; # 0 forall i = 1,. .., n. Hence, the
dynamics of a nonlinear system can be then divided into three different manifolds by using
the results of Theorem 2.5, i.e., the manifolds are separated into a locally stable manifold
W for the eigenvalues with negative real-part, a locally unstable manifold W" for the
eigenvalues with positive real-part and a center manifold ‘W? for the eigenvalues with
zero real-part. This separation is done by using the eigenvectors of the system matrix A as
a state transformation of the nonlinear system (2.1). Then the linearization can be used
to deduce the dynamic properties of the stable and the unstable manifolds. This claim is
summarized by the Center Manifold Theorem as elaborated subsequently.

Theorem 2.6 (Center Manifold Theorem [48]) Consider the system (2.1) with an equi-
librium x.q € R™ and divide the spectrum of A into three parts, os, 0,, oy With

os= {1 €0 |Rel <0},
o,= {A€o|Reld=0},
ou={A€oc|Red>0}.

Let the eigenspaces of o5, 0,, and o, be E°, E* and EY, respectively. Then there exists a stable
and an unstable invariant manifold W* and ‘W" tangent to E° and E" at xeq and a center

manifold ‘W?* tangent to &*. The manifolds W*, W?, and W" are all invariant for the flow
of f. The stable and unstable manifolds are unique, but ‘W?* may not be.

In comparison to the stable manifold “W* and the unstable manifold ‘W", the center
manifold W?* might represent a normal form of a bifurcation. For instance, the necessary
condition of a Andronov-Hopf bifurcation are two complex conjugated eigenvalues with
zeros real part, i.e., Re A = Re 1* = 0 [48]. Thus, it is necessary to analyze the properties
of this manifold. For instance, the stability of a nonlinear system at this critical point has
to be analyzed in the subsequent chapters. This can be done, e.g., by applying Lyapunov’s
direct method.
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Theorem 2.7 (Lyapunov’s Direct Method [71]) Consider the system (2.1) and assume
that the equilibrium of (2.1) is given by x.q = 0. In addition, denote the Lyapunov function
candidate by V(x) € R forx € D c R". Let V(x) be positive definite, i.e., V(x) > 0 for all
x € D\ {0} and V(0) = 0. Then the system is asymptotically stable, if the rate of change of
the Lyapunov function along the solution trajectory x is negative definite, i.e., %—‘t/ < 0 forall
x € D\ {0}.

Note that the condition on the equilibrium, i.e., xeq = 0, is easily satisfied by introducing a
linear coordinate shift, e.g., Ax = x — x.q with the state vector x € R”, the equilibrium
Xeq € R" and the shifted state vector Ax € R".

2.2.3. Introduction into Local Bifurcations

Subsequently, the Andronov-Hopf bifurcation is introduced by analyzing the respective
normal form and its properties. The main idea of bifurcation theory is to analyze simple
nonlinear systems, which are called normal forms, and to determine conditions, so that a
more complicated nonlinear system can be reduced to these normal forms. For this, the
Center Manifold Theorem (see Theorem 2.6) has to be employed first to reduce the order
of the nonlinear system. Then the so-called Normal Form Theorem can be exploited to
transform the sub-manifold of the nonlinear system to the normal form.

Theorem 2.8 (Normal Form Theorem [49, 51]) Assume that an equilibrium of (2.1) is
given by xeq = 0. Then there are polynomials U(x; ) € R™ and g(x; ) € R™ of degree
k with U(0;0) = %(0; 0) = 0 such that by the change of variables x — x + U(x; ), (2.1)
becomes

= Ax+g(xi1) + O (I[1x" ] 1)

with a norm || - ||. In addition, g satisfies g(x; p) = g(e'*x; ) forall x € R™, y € R, and
t>0.

As elaborated previously, the dynamics of the cochlea can be modeled by a system ex-
hibiting an Andronov-Hopf bifurcation, since it is frequency-selective and compressive
in the sub-critical regime. Thus, this bifurcation is briefly discussed. This is done as
follows: First, the formal definition of an Andronov-Hopf bifurcation is provided by in-
troducing its normal form. Then, the steady state of the harmonically excited normal
form of the Andronov-Hopf bifurcation in the sub-critical regime is analyzed. Finally,
the Hopf-Theorem in R" is considered, which gives conditions to prove that a general
nonlinear system exhibits an Andronov-Hopf bifurcation.

To visualize the properties of an Andronov-Hopf bifurcation, consider its (super-critical)
normal form

z=(u+iw)z—|z]*z+u, z(0) = z, t>0 (2.8)
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Sub-Critical Regime  Super-Critical Regime
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Critical Point HH
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Figure 2.4.: Sketch of the bifurcation diagram of the normal form of the Andronov-Hopf bifurcation given by
(2.8). Herein, the amplitude r of the emerging limit cycle is given as a function of the bifurcation parameter p.

with the state z(t) € C, the external input u(t) € C and the initial conditions z, € C.
Additional parameters are given by the damping coefficient ;¢ € R and the (angular)
frequency w > 0. To induce a bifurcation, the damping coefficient y is assumed to be the
bifurcation parameter and the critical point is given by pyy = 0.

For now, assume that u = 0 holds true. Then the system (2.8) has a unique, asymptotically
stable equilibrium zg, if y# < 0. In contrast to this, if 4 > 0, a stable limit cycle emerges.
After transients have decayed, the amplitude of this limit cycle is derived by inserting
z = rel(®™*¢) with the amplitude r > 0 and the phase ¢ € [0,27) of the limit cycle
into (2.8). This implies r = /. To visualize this, bifurcation diagrams can be used.
The bifurcation diagram of the Andronov-Hopf bifurcation is obtained by depicting the
relationship between the amplitude r of the limit cycle and the bifurcation parameter u
(see Figure 2.4).

To show the frequency selective and compressive behavior of the Andronov-Hopf bifur-
cation, the harmonically excited normal form is considered, i.e., the input is given by
u = Foel(@xt*0e) with the amplitude F.y > 0, the phase ¢ € [0, 27), and the frequency
wex. Assuming that the state z is given by z = gel?=! with the envelope ¢(t) € C and
inserting this assumption into (2.8) yields

g = (u+iwn)q — |g|*q + Fexe'?™ (2.9)

with the frequency difference wa = @ — wex. Note that the equilibrium of (2.9) yields the
amplitude of the harmonically excited normal form. After inserting g.q = 0, and separating
absolute value and phase, i.e., geq = reqei“’eq with the amplitude r.q € R and the phase
(Peq € [—1, ), the following conditions arise

0= rgq — Zyrgq + [ + 0} ] rezq1 ~ F2, (2.10a)
12 + @ sin(p)
(peq = arctan + Pex (2.10b)

rey — AJH% + w5 cos(p)

with the phase ¢ = arctan(wa/p). In particular, the two equations of (2.10) are cascaded,
so that amplitude 7.4 can be determined independent from the phase ¢cq. Eq. (2.10a) is
analyzed by substituting x.q = rezq. Then a cubic polynomial arises, which is investigated
using the subsequent proposition.
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Proposition 2.1 ([100]) Consider a cubic polynomial given by P = x> + a;x* + a;x + ao.
Then the number of real-valued zeros of P is determined by

>0, P has1realroot,
Dpyx =0, P has3real roots and 2 roots are equal, (2.11a)
< 0, P has 3 different, real roots.

with the polynomial discriminant

PV (9)°
Dre= (2 + ()" 211h
pe= (£) 4 (2 (2.11b)
and the coefficients
3a; — a?
p= % (2.11c)
9aza; — 27ay — 2a>
g=—0 = i (2.11d)

With this, the parameters for the polynomial discriminant are given by

o = a)i — o = 213 + 18,ua)i — 27F«

3 27
Inserting these expressions into (2.11b), yields
F2 @b+ 78wap® + 21wk p* — 271 Fey — 24305 jiFex
==+ :
4 729

Ditr, = (212)
In particular, (2.12) is positive, i.e., DH,Veq > 0, if the bifurcation parameter p < 0. This
implies that the steady state of (2.8) with harmonic excitation is unique in the sub-critical
regime. To visualize the linear and nonlinear response of (2.8), the amplitude r.q and the
phase ¢.q in terms of the frequency difference Aw are depicted in Figure 2.5, respectively.
Here, the natural frequency and the bifurcation parameter are assumed to be v = 20 %,
u=-=5 é for the linear response, and g = 0 é for the nonlinear response. In particular,
this normal form has a drastic change from a linear response to a frequency-selective,
compressive response.

This nonlinear response can also be interpreted in terms of the shift of the critical point
pr. This is shown by inserting Aq = q — geq into (2.9) and simplifying the absolute value
squared by |x|?> = x - x* with a complex number x € C and its complex conjugate x*. This
results in the shifted system, which is governed by

Ag = (1= 2]geq® + iA0] Ag = 2 AG" = 2¢eq|Aql* = GegAG” — |Ag*Ag. (2.13)

After linearizing (2.13) around geq, the system matrix is given by A = p1 — 2| geq|? + iAw, so
that the critical point reads py = 2|geq|?. This implies that the gain of (2.8) is attenuated
more for a larger excitation amplitude resulting in a compressive response. In addition, if
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Figure 2.5.: Amplitude and phase of (2.8) in terms of the external frequency wey.

the gain of (2.8) for large amplitude has to be increased, the system (2.8) has to be operated
at a sufficiently large p > 0. This results in the emergence of a limit cycle, if the excitation
decreases quickly and the emergence of otoacoustic emissions in the cochlea, i.e., acoustic
stimuli induced by the stereocilla of the outer hair cells [72, 89, 138], can be explained in

principle.
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To conclude this chapter, the Hopf Theorem in R" and the Normal Form Theorem are
summarized. Following this theorem, it can be shown that nonlinear ODE posses an
Andronov-Hopf bifurcation.

Theorem 2.9 (Hopf Theorem in R" [48, 76, 91]) Suppose that the system (2.1) has an
unique equilibrium (xeq, pn) fulfilling

(H1) The system matrix A(uy) has a simple pair of pure imaginary eigenvalues and no other
eigenvalues with zero real part. This implies that there is a smooth curve of equilibria
(Xeq(p), pt) With Xequ = Xeq(pr). The eigenvalues A(p) and A(p)* of A(u) which are
imaginary at yi = py vary smoothly with p.

(H2) If
d

then there is a unique three-dimensional center manifold passing through (xeq(p), 1)
in R™ X R and a smooth system of coordinates (preserving the planes y = const.) for
which the Taylor expansion of degree 3 on the center manifold is given by

% = [dup + a(x* + y*)]x — [ + cup + b(x* + y%)]y, (2.15a)
9= [+ cun + b(x* + Y9 x + [dup + a(x* + y*) ]y (2.15b)

with the characteristic frequency v > 0, the difference yip = p — ppy and the parameters
abceR.

(H3) If a # 0, there is a surface of periodic solutions in the center manifold, which has
quadratic tangency with the eigenspace of A(pr), A(u)™ agreeing to second order with
the paraboloid u = —(a/d)(x* + y?). If a < 0, then these periodic solutions are stable
limit cycles, while if a > 0, the periodic solutions are repelling.

Remark 2.2 The stability criterion (H3) is easily shown by analyzing the stability in the
critical point: If the system at this point is asymptotically stable, the parameter a is negative ,
i.e, a < 0. Otherwise, the parameter a is positive, i.e., a > 0 [91]. For instance, this can be
verified by applying the Center Manifold Theorem (see Theorem 2.6) or Lyapunov’s Direct
Method (see Theorem 2.7).

Remark 2.3 Note that a system satisfying Theorem 2.9 converges to a sub-manifold, which
is described by (2.8). Therefore, the normal form (2.8) can be used as a benchmark model for
oscillators, which mimic the functionality of the cochlea.

Remark 2.4 Note that the center manifold (2.15) can be transformed into the polar coordi-
nates using the amplitude r* = x* + y* and phase tan(¢) = y/x. The resulting expressions
read

¥ = (du+ ar’)r, (2.16a)
L
¢ =w+cu+brl, (2.16b)
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In particular, the stability criterion (H3) directly follows by analyzing the slope of (2.16a)
at the critical point uy = 0. In addition, the center manifold (2.15) has the form (2.8) such
that the results of the analysis of the normal form also hold locally for any system satisfying
Theorem 2.15. Hence, the functionality of a cochlea can be mimicked by designing a system,
which satisfies Theorem 2.15.

Remark 2.5 In principle, an Andronov-Hopf bifurcation will also emerge in partial differen-
tial equations (PDEs) and delayed differential equations (DDEs), if Theorem 2.9 is satisfied.
However, as these equations are infinite dimensional, there can be additional conditions, so
that a linearization exists and the spectrum of the linearized operator can be used to solve
this equation. For instance, these conditions are elaborated for PDEs in [91] and for DDEs in
[95, 126].
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3. Adapting the Response of Benchmark
Oscillators

Subsequently, controllers are designed to enhance the tunability of the characteristic
frequency of an oscillator, while preserving a controllable Andronov-Hopf bifurcation. For
this, it is assumed that the characteristic frequency of the oscillator is constant and that
the oscillator already exhibits a controllable Andronov-Hopf bifurcation. The tunability
enhancements can be, e.g., utilized for oscillators in a neuromorphic acoustic sensing.
These are used to measure a frequency band of an external stimuli, since the oscillators
act as band pass filters. With this, the frequency response of the external stimuli can be
reconstructed with an array of these oscillators. However, many oscillators are needed for
this reconstruction, if the bandwidth of the oscillators is small. The number of oscillators
in an array can be reduced by asserting that the characteristic frequency of the oscillator
can be adjusted, since the oscillators can sample multiple frequency bands. This approach
is further discussed in Chapter 4. The notion of frequency tunability is introduced in the
following.

Definition 3.1 (Frequency Tunability [149, 152]) An oscillator or a network of oscilla-
tors is called frequency tunable if its characteristic frequency (or synchronization frequency,
i.e., the common frequency in an oscillator network at which the oscillators align, respectively)
can be changed by a controllable input. In addition, the parameter controlling the frequency
tunability of the oscillator or network of oscillators is called (frequency) tunability parameter.

Remark 3.1 In particular, the term frequency glides (or frequency modulation, respectively)
refers to a similar observation in the cochlea [19, 29, 97, 109, 123]. It is defined as frequency
variations in the impulse response of the basilar membrane [29, 109] and the auditory nerve
cells [19]. It should be noted that frequency glides cannot be induced by the nonlinearities
in the cochlea, since the frequency glides are invariant to intensity of the stimuli [19, 29, 97,
109]. Hence other mechanisms, e.g., traveling-wave dispersion [123], might cause this effect.

With these considerations, two different types of parameters can be identified for an
oscillator exhibiting an Andronov-Hopf bifurcation: First, the tunability parameters to
tune the characteristic frequency of an oscillator and secondly the bifurcation parameters
to control either the response and amplification of the oscillator in the sub-critical regime
or the amplitude of the limit cycle in the super-critical regime. To analyze the principle
of frequency tunability, the following assumptions are asserted on the oscillator of the
neuromorphic sensor:
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(A3.1) Let n be the number of oscillators. Then the oscillators are assumed to be Andronov-
Hopf oscillators. The dynamics of the i-th oscillator can be described by either the
complex-valued representation

zi = (i +iw)zi — |zil° 2, zi(0) = zip, t>0 (3.1)

or their real-valued representation

i = [,Ui _0)1] x;—
Wi Hi

(xl2 + xzz)xl,i
(x12 + xzz)XZ,i

] X, x,~(0) = X0, t> 0 (3.2)

with the states z;(t) € C or x;(t) € R? and the initial conditions z;y € C or x;o € R?,
respectively, for all i = 1,.. ., n. The parameters are given by the damping coefficient
1; € R and the natural frequency w; > 0.

(A3.2) The natural frequency w; is constant and, hence, cannot be tuned directly.

In particular, following the Normal Form Theorem (see Theorem 2.8) and the Hopf Theorem
(see Theorem 2.9) Assumption (A3.1) is valid for any system, whose bifurcation parameter
is in the neighborhood of the critical point of its Andronov-Hopf bifurcation. Thus, the
investigation of the frequency tunability can be simplified by analyzing controllers acting
on the Andronov-Hopf oscillator (3.1) or (3.2). To validate the control design, the results
are extended in a Chapter 6 to an oscillator model, which represents a candidate to enable
neuromorphic acoustic sensing. In addition, the system representation of (3.1) and (3.2)
are equivalent as (3.1) can be transformed into (3.2) by using x = [Re z,Im z]*. The inverse
of this transformation is given by z = x; + ix;. However, the analysis of (3.1) and (3.2)
differ, such that the choice of the representation is crucial for the bifurcation and tunability
analysis. In contrast to this, Assumption (A3.2) has to be asserted, since the frequency
tunability of the individual oscillator could not be enhanced otherwise.

The tunability enhancements in this chapter can be divided into two different methods:

1. Multiple oscillators are coupled together. Then the tunability parameter is a function
of the damping coefficient and the bifurcation parameter is a function of the coupling
strengths.

2. A delayed feedback is introduced to the oscillators. With this, the tunability parameter
is a function of the instantaneous damping, delayed damping coefficient, and the
delayed frequency. In contrast, the bifurcation parameter is the time delay.

Finally, the proof of the frequency tunability can be done by determining the eigenvalues
of the system. However, this cannot be done analytically for systems with an order greater
than 4 since the Theorem of Abel-Ruffini is violated [10, 13]. The analysis of the frequency
tunability is subsequently simplified by proving that the investigated system satisfies the
Hopf Theorem (see Theorem 2.9). With this, the tunability is shown by analyzing the
characteristic frequency at the critical point.
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3.1. Coupled Oscillators

The idea to enable frequency tunability by coupling is motivated by the consensus and
synchronization between non-identical oscillators. For instance, two coupled Kuramoto
oscillators with different frequencies synchronize at a common frequency, if the coupling
strength is strong enough. In particular, this common frequency is given as a function of
the frequencies of these oscillators and the asymmetry between the coupling [132]. This
is subsequently elaborated in more detail.

Example 3.1 ([149]) Kuramoto oscillators are coupled phase models of an oscillator with
constant frequency. Subsequently, tunability of two coupled Kuramoto oscillators is induced
by varying the coupling. These two oscillators are governed by

¢.1 = w1+ Y12 Sil’l(gbZ - ¢1), t >0, ¢1 (0) = ¢1,0, (33&)
$2 = w2 + a1 sin(¢1 — o), t >0, $2(0) = ¢ (3.3b)

with the phases ¢1(t), ¢2(t) € R and the initial conditions ¢y, P20 € R [132]. The parameters
are given by the coupling coefficients y12, y21 € R and the frequencies w1, w; > 0. In addition,
assume that the frequencies w; and w, are fixed, while the coupling coefficients y;, and y1 are
assumed to be controllable and hence serve as the tunability parameters. Tunability of (3.3) is
investigated by analyzing the properties of the synchronized system, i.e., gzésync = Vsyne (Y12, Y21)
with the synchronization frequency Vsync(y12, Y21) > 0. In particular, the synchronized system
is determined by computing the steady state of the phase error A1, = ¢1 — ¢2, which results
in

A§1512 = w1 — Wy — (Y12 + Y21) sin(A¢12).

Asserting A(ﬁ‘lz)eq = 0, yields the conditions for synchronization

w1 — W2

sin(Ad12eq) = —.
bz 1 Y12 T Ya1

(3.4)
Eq. (3.4) implies that (3.3) only synchronizes, if |w1 — w2|/|y12 + y21| < 1. Then inserting (3.4)

into (3.3) and comparing the result with the synchronized system results in the dynamics in
the synchronized state, whose synchronization frequency is given by

Yo101 + Y1202 @1 + €20
Vsync(YlZs YZl) = =
Y12 + Y21 1+ &

with the relative coupling strength &5 = y12/y21. Note that the asymmetry of the coupling
enables frequency tunability, since Vsync(y,y) = (@1 + w2)/2 with the symmetric coupling
Y € R. In addition, the synchronization frequency vsyn as a function of the relative coupling
& is simulated numerically. For this, the frequencies of the Kuramoto oscillators are given
by w; = 10 % and w,; = 20 % The result is illustrated in Figure3.1. In particular, the
synchronization frequency vsyn. approaches the frequency w; as &3 — o0, while Vg,
approaches w; as 13 — 0.
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Figure 3.1.: Synchronization frequency vy of the two coupled Kuromoto oscillators of Example 3.1 as a
function of the relative coupling &;5.

From this example, it follows that the synchronization frequency of coupled oscillators
can be adjusted by controlling the asymmetry between the oscillators in the network. In
addition, it is implied that a frequency difference between the oscillators is necessary for
tunability enhancements. Note that these conditions complicate the analysis of coupled
oscillators. In contrast, the analysis can be simplified tremendously by assuming that the
oscillators are identical or that the network is symmetric with respect to a Lie group, i.e.,
the topology and properties of the network are not changed by rearranging the oscillators
with certain operations. Then the desynchronization and symmetry-breaking can be
analyzed by applying the so-called Equivariant Hopf Theorem to these networks [42].
This can be, e.g., exploited to describe animal gaits and central pattern generators [23, 24,
122]. In addition to these simplifications, weak coupling can be asserted. This assumption
allows to describe the oscillator in a lower dimensional state space, which is called phase
model of the oscillator. For instance, the oscillator model in Example 3.1 can be obtained by
assuming weak coupling. The phase model can be employed to analyze chemical reactions
[74, 99] and neuronal networks [59]. More details for this method and its derivation are
given, e.g., in [9, 35, 36, 93].

In contrast to these simplifications, the characteristic frequency and the corresponding
tunability analysis is investigated for oscillators with strong coupling, asymmetric net-
works, and non-identical oscillators. The complete dynamics of this network hence has
to be analyzed. It should be noted that Assumptions (A3.1) and (A3.2) are asserted for
this analysis. For this, two different types of coupling are investigated. On the one hand,
injective coupling is considered and it refers to coupling the oscillator with their outputs.
On the other hand, the effects of diffusive coupling are analyzed. The coupling is said to
be diffusive, if the oscillators are coupled by difference between their outputs. It should
be noted that the qualitative behavior and bifurcations induced by injective and diffu-
sive coupling for two Andronov-Hopf oscillators with identical coupling and damping
coefficient are analyzed in [7]. However, the assumption on the coupling and damping
coefficient restricts the tunability of these two coupled oscillators. Therefore, the scope of
the subsequent analysis is to extent the analysis in [7] to two coupled Andronov-Hopf
oscillators with arbitrary parameters. In addition to this, multi-clustering of injectively
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coupled oscillators is investigated by analyzing the possibility of higher order degradation,
such as Hopf-Hopf bifurcations. A Hopf-Hopf bifurcation occurs, if two complex conju-
gated eigenvalues are located on the imaginary axis [42, 48, 76]. The analysis is separated
into two steps: First, bifurcations induced by injective coupling are analyzed for small and
large networks of Andronov-Hopf oscillators. Secondly, the emergence of Andronov-Hopf
bifurcations by coupling two Andronov-Hopf oscillators diffusively is investigated.

3.1.1. Networks of Injectively Coupled Oscillators

In the following, the emergence of controllable Andronov-Hopf bifurcations and the
tunability of their characteristic frequency is investigated for networks of injectively
coupled Andronov-Hopf oscillators. For this, let the number of Andronov-Hopf oscillators
in the network be n € N and denote a weighted, directed graph by G (V, &) with the
finite set of vertices V = {1,2,..., n} and the set of edges &. An edge is a pair consisting
of two vertices, i.e., (i, j) for all i, j € V. In addition, it is assumed that the interconnection
of the graph G (V, E) represents injective coupling between these oscillators and that in
each vertex there is an Andronov-Hopf oscillator given in the complex-valued coordinates
(3.1). The complex-valued coordinates simplify the bifurcation analysis by reducing the
dimension of the network. The i-th Andronov-Hopf oscillator is governed by

n
zi = (pi+iw)z — |zl z + Z viizi  t>0, zi(0) =z (3.5)
=1
with the state z; () € C and the initial conditions z;o € C for all i = 1,...,n. The
parameters are given by the damping coefficient y; € R, the natural frequency w; € R, the
coupling strength y;; € R, and the initial state z;o € C for all i,j € V and (i, j) € &.

The emergence of controllable Andronov-Hopf bifurcations and the enhancement of
frequency tunability are analyzed as follows: The bifurcations and tunability enhancements
of two small networks consisting of two and three oscillators, respectively, are analyzed
with respect to their network topology by applying the Hopf Theorem (see Theorem 2.9). It
turns out that the network topology and network size influence the number of controllable
Andronov-Hopf bifurcations. These results are then generalized for large networks by
analyzing the necessary condition (H1) of the Hopf Theorem (see Theorem 2.9). Finally,
an approach based on clustering identical oscillators in a group is proposed to determine
the critical points of a network of coupled Andronov-Hopf oscillators.

Two Injectively Coupled Oscillators

Subsequently, the emergence of controllable Andronov-Hopf bifurcation and the tunability
enhancement by coupling two Andronov-Hopf oscillators injectively are discussed. These
two Andronov-Hopf oscillators are governed by

. |G +iw)z = |z Pz + yi2ze

- ] ) > s = .
(2 +iw2) 22 — |22|° 22 + Y121 t>0 z(0) =z (3.6)
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with the state vector z(t) = [z;(t), z2(t)]T € C?, the damping coefficients yy, 1, € R,
the natural frequencies w;, w; € R, the coupling strengths yy2, y21 € R, and the initial
conditions zy = [21,, z20]* € C2. By introducing injective coupling the dynamics of the
Andronov-Hopf oscillators change fundamentally, such that the coupling coefficients y;,
Y21 and the frequencies w;, w, also play a crucial role for the bifurcation in that system as
elaborated subsequently.

Theorem 3.1 ([154]) Let the product v, = y12y21 be the bifurcation parameter. Then the
system (3.6) has Andronov-Hopf bifurcation. Its critical point and the characteristic frequency
at the critical point are given by

U2H = Lzz [(/11 + /12)2 + (w1 — 602)2] , (3.7a)
(k1 + pi2)
wC:w1+w2_,U1—,U2w1—w2 (3.7b)
2 it pz 2

Ifvy < val, p1pt2 < 0 and py + pi2 > 0 or vy > Vo, H1pt2 > 0 and py + p2 < 0, a stable limit
cycle emerges. In contrast to this, if vy < vap, plife < 0 and py + pz < 0 0or vy > Vo p, i1z > 0
and p1y + p1z > 0, the oscillators synchronize.

Proof. The proof follows the outline of Hopf Theorem (see Theorem 2.9), such that it is
divided into the parts (H1)-(H3).

(H1) To show the necessary condition (H1) of Theorem 2.9, the system (3.6) is linearized
around its equilibrium z.q = 0. This yields

H1 +iwq Y12 Az
Y21 Ho + ia)g AZZ

with Az = z — z.q. The characteristic polynomial is given by

Az=AAz =

P(A) = A2+ [ps +iws|A + vg + (p1 + o) (g2 + iw3) (3.8)

and the corresponding eigenvalues read

~ Uy + ia)z + \/(IJA + 1C<)A) 2 4 4)/12)/21

Al,z = 2 (39)
with ps = 1 + fo, Wy = W1 + Wa, PA = H1 — Jl2, OA = W1 — Wa, and V2 = Y12)21. To impose
zero real part of (3.9), the real and imaginary part have to be derived. For this, consider a
complex number x = |x|e'?* € C with the phase ¢, € (-, ]. The square root of x can be

evaluated according to

o (2] 0 )
= \/@ [\/1 +cos (¢y) +1v/1 — cos (<Px)]
—\/E 1+Rex+i 1—Rex
"V o2 |x] |x]
_\/|x|+Rex '\/|x|—Rex
= T+l T
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Thus, by substituting x = (ua +iwa)? + 4y12)21, the real and imaginary part of (3.9) are
divided into

2
\/(402 + yi - a)i) + 4;12@% + 4v, +;12 - a)i

~ IJZ
ReAdip=— =+ ,
) 8
2
. ws \/(402 + ,ui - a)i) + 4,uia)i —4vy — ,ui + coi
Im /11’2 = 7 =+ 3 .

With these considerations, the eigenvalues of coupled oscillators in real-valued represen-
tation are given by

/11:Re/11+ilmil, )LZ:Re)NLl+iIm/iz,
/13:Re/'12+ilm/il, )L4:Re/12+ilm/iz.

By imposing zero real part for the eigenvalues A; and A, (3.7) follows.

(H2)  To prove the crossing condition (2.14) consider the real part of the eigenvalues A,
i =1,2,3,4and assume that the oscillators are not coupled, i.e., y12 = y21 = 0. As elaborated
before, the eigenvalues are given by A; = p; + iw; for all i = 1, 2. The fact that Re A; = j;
can be exploited to locate the eigenvalues and their respective sensitivity with respect to
the bifurcation parameter v; in the coupled case. Thus, the location of the eigenvalues are
determined by the damping coefficient y4 and py, if

w1 — 602)2

~ (3.10)

Uy < ;11;12+(

is satisfied, since one pair of complex conjugated eigenvalues will cross the axis at the
critical point (3.7a). In addition, the sensitivity (2.14) for eigenvalues, which cross the
imaginary axis, must not reduce to zeros to satisfy the crossing condition, i.e.,

d
d= @ (Re A(p)) |p=py # O.

Inserting the characteristic polynomial (3.8) and the critical point (3.7a) into (2.14), results
in

_ Hi+ [
(p1 + p2)? + (01 + w2 + 20¢)?

d
d = d_UZ(Re A) |U2:U2,H =

so that its sign is given by

> 0, if,u1+,uz<0,
sign(d) { =0, ifp+ps =0, (3.11)
<0, if,ll1+,l12>0.

This implies that the bifurcation is a super-critical Andronov-Hopf bifurcation, if 3, < 0
and py + pp < 0 or pypp > 0and py + pp > 0.
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(H3) Finally, it has to be shown that (3.6) is asymptotically stable at the critical point.
For this consider the Lyapunov function candidate V (z) = %z - 2* > 0 with z* the complex
conjugate of z and note that

|221%2,

2
Z:Az—[lzll Zl].

Hence, the rate of change of V (z) along a solution of (3.6) at the critical point reads
V(Z)=§ZT(AT+A )z —|z1]* =1 z|* < Re(Amax)|2l*— (|z1]*+]2|*) < 0

with Re(Amax) = Re(max 0(A)) and o(-) denoting the spectrum for all n € N. If pyp, < 0
and piy + 1o < 0 or itz > 0 and piy + gtz > 0, it follows that AT + A is negative semi-definite,
such that Re A,y = 0. In this case, it can be concluded, that (3.6) is asymptotically stable
at the critical point. m]

Following Theorem 3.1 two injectively coupled Andronov-Hopf oscillators exhibit a con-
trollable Andronov-Hopf bifurcation, whose characteristic frequency wc at the critical
point vy p is tunable in terms of the damping coefficients y; and p,. The tunability enhance-
ment is induced by the asymmetry between the two oscillators. Hence, the characteristic
frequency wc is closer to the natural frequency of the oscillator with the smaller damping.
This implies that the tunable characteristic frequency wc is bounded by the interval be-
tween the natural frequencies @; and @;. In particular, these properties can be shown by
inserting the relative damping ;2 = p11/ 2 into (3.7b), which yields

w1t Wy N2 — 1w — w2

W
¢ 2 Me+1 2

(3.12)
Analyzing the limits lim,,, .o wc and lim,,, . wc implies the boundaries of the character-
istic frequency wc. These are given by

wy, ifp =0Ap <0,
wcC = .
wy, ifp; <OA py=0.

Note that the bifurcation parameter vanishes for y; = p» = 0, i.e., y12y21 = 0. In this
case, both oscillators are decoupled, such that the characteristic frequencies of the system
(3.6) are given by the natural frequencies of the individual oscillators. To conclude the
discussion, the results on the tunability enhancement are verified numerically.

Example 3.2 The characteristic frequency wc at the critical point as a function of the relative
damping coefficient 11, and the characteristic frequency wc in the sub-critical regime as a
function of the bifurcation parameter y15y21 and the damping iy evaluated numerically. The
parameters are assumed to be given by the damping coefficient ji; = —1 % and the natural
frequencies w; = 10 % and wy = 20 % In particular, note that the sub-critical regime of the
system (3.6) for the assumed parameters is bounded by v, < V2.

The results of the numerical study are depicted in Figure 3.2. The characteristic frequency wc
at the critical point is shown in Figure 3.2a. In this example, the characteristic frequency «wc is
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(a) Characteristic frequency wy of two coupled Andronov-Hopf oscillators
at the critical point v, i as a function of the relative damping coefficient 7.

) ; T 20
Sub-Critical Regime
0 18
A
X 16
2
2, 14
g
A 12
Super-Critical Regi
upe{ ritical ?glme 10

10 20 30

Bifurcation Parameter v, [1/s?]

(b) Characteristic frequency wy of two coupled Andronov-Hopf oscilla-
tors in the sub-critical regime as a function of the damping coefficient y4
and the bifurcation parameter v;.

Figure 3.2.: Characteristic frequency of two coupled Andronov-Hopf oscillators at the bifurcation point
and in the sub-critical regime. The numerical values are given for the natural frequencies and the damping
coeflicient of the second oscillator are given by w; = 10 %, wy =20 % and pp = -1 %

tunable inside the interval (w1, wz). Moreover, the characteristic frequency wc in sub-critical
regime is depicted in Figure 3.2b. Herein, a neighborhood around the critical point v, at
n = 1 is magnified as the characteristic frequency wy is only tunable in this neighborhood. In
contrast, if the bifurcation parameter v, is not in the neighborhood of the critical point vy,
the characteristic frequency wc can be localized in a neighborhood of either w; or w,.

Three Injectively Coupled Oscillators

Subsequently, the emergence of controllable Andronov-Hopf bifurcations of three injec-
tively coupled oscillators are investigated. These coupled oscillators are governed by

z=f4(2), t >0, z(0) = 2z (3.13a)
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with

(1 +iw1)z — |z1|%221 + Y1222 + Y1323
f3(2) = | (2 +i02) 2 — |22 22 + Y2121 + y2323 | - (3.13b)
(p3 +1iws3)z3 — |23/ 23 + Y3121 + Y3222

with the state vector z(t) = [z1(t), z2(t), z3(t)]T € C3, the damping coefficients yiy, yiz, i3 €
R, the natural frequencies w;, w3, w3 > 0, the adjacency matrix I' € R**, and the initial
conditions zy = [ 21,0, 22,0, 23,0]T e C3.

To analyze the necessary condition (H1) of the Hopf Theorem (see Theorem 2.9) for
system (3.13), independent bifurcation parameters in terms of the adjacency matrix I3 €
R3% are identified. With this, a cubic polynomial is determined to compute the critical
points of (3.13) in terms of these bifurcation parameters. Then, the number of critical
point are investigated by analyzing the number of real-valued roots of the polynomial and
by investigating the emergence of Hopf-Hopf bifurcations.

Preliminaries The bifurcation analysis of three coupled oscillators is prepared by evalu-
ating the characteristic polynomial of the linearization of (3.13) around its equilibrium
Zeq,i = 0. With the resulting system matrix

H1 + 1 Y12 Y13
As=| ya Ho + 1w Yoz | (3.14)
Y31 Y32 H3 + w3

the characteristic polynomial reads
PA3 (/1) = /13 + (dz + lbg)/lz - ()/12)/21 + Y13Y31 + Y23Ys2 — a1 — Ibl) A+ Ry (315)

with the coefficients

Ry =— [}’12)/23}’31 + Y13Y21Y32 — Y23Y32H1 — Y13Y31H2
—Y12Y2113 — ap — 1 (Ya3Y32001 + Y13Y3102 + Y12Y2103 + bp) |

and
Ao = flifi2H3 — W03 [ — W1W3[ly — W1W2H3, (3.16a)
ay = [y + P13 + [a s — 0102 — 0103 — W03, (3.16b)
Gz = — H1 — M2 — M3, (3.16¢)
by = — w1003 + a3 + 1 302 + [ @3, (3.16d)
by = p (w2 + @3) + pio (@1 + @3) + pi3 (01 + w2), (3.16e)
by = — w1 — wy — ws. (3.16f)

To define suitable bifurcation parameters, three graphs are considered and are visualized
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3.1. Coupled Oscillators

Y21 Y32
Y12 723
(a) Complete graph of 3 vertices. (b) Line graph of 3 vertices. (c) Cycle graph of 3 vertices.

Figure 3.3.: Investigated graphs for the bifurcation analysis of three coupled Andronov-Hopf oscillators. In
particular, the different colors indicate different parameters of the oscillators.

in Figure 3.3: the complete graph, the line graph, and the cycle graph. These graph have
the following characteristic polynomials

det (Tep — AI) = =2 + (1221 + yesysz + yisys1) A + Yizyasys1 + yisyeiyse (3.17a)
det (Ty — AI) = =A% + (yizy21 + ya3y32) A (3.17b)
det (T, — AI) = =A% + y13y21y32, (3.17¢)

with their adjacency matrices

-A y12 13 A y12 0 -A 0 yi3
Tpl = |21 —A ya3|, = |y -4 yasl, Io|lyzs -4 0.
Y31 Yz —A 0 y32 —4 0 y32 —4

Comparing the coefficients with the coefficients of the characteristic polynomial (3.15)
implies that the characteristic polynomial of the cycle graph and the line graph have a
fundamentally different influence on the characteristic polynomial (3.15). The coefficients
Ry and R, of (3.15) can be adjusted by assigning the line graph, while the cycle graph can
only influence the coefficient Ry of (3.15). Hence, two different bifurcation parameters
based on the cycle graph and the line graph are considered

U3 = Y12Y23Y31 + Y13Y21)32, (3-183)
U2(x) = ya3ysaX1 + Y13Y31X2 + Yi2¥21X3 = Eaxq + E3x0 + £1x3. (3.18b)

with the vector x = [xy, x2, x3] T and v,(1) = E1+E+E5(= vy). It follows from the coefficients
R; and Ry of (3.15) that vs is a one-parameter family of (3.13) and v,(-) is a two-parameter
family of (3.13). A one-parameter family (or two-parameter family, respectively) of (3.13)
acts with one parameter (or two parameters, respectively) on the dynamic behavior of
(3.13) [76]. In particular, the indices of the bifurcation parameters vs; and v, are motivated
by length of the products of the determinants (3.17b) and (3.17c¢).

To determine the critical point, impose A = iwy with the characteristic frequency wy > 0
at the critical point, so that the necessary condition (H1) is satisfied. Inserting A = iwy
and sorting terms, results in

0= — a0l — bion — yi2y23y31 — YisYa1Ys2 + Yos¥azfh + Yisysife + Yizyoilis + ao,  (3.19a)
0 = y23y32001 + Y13Y3102 + Y12Y2103 + by

— (Y12y21 + Y13Y31 + Ya3Y32 — G1) WH — b2w12_1 - 6013{- (3.19b)
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3. Adapting the Response of Benchmark Oscillators

Solving (3.19a) for wy, yields

by + \/bf —4dazay — 4ay (v3 — v2(p))

Wi = 3.20
H 2 (3.20)

In particular, (3.20) is real-valued, if the discriminant D, of (3.19a) satisfies
D,y = b — 4azay — 4az (v3 — v2(p)) > 0. (3.21)

Inserting (3.20) into (3.19b) and sorting terms, eq. (B.1) in Appendix B is obtained. This
equation is a cubic polynomial in terms the bifurcation parameters vs and v,. Hence, (B.1)
can be solved analytically, as its degree is less than four [10, 13]. However, the number of
real-valued roots can vary, which can imply the emergence of a Hopf-Hopf bifurcation or
the collision of two critical point. This is subsequently analyzed.

Number of Critical Points The number of critical points of Andronov-Hopf bifurcations
of the coupled oscillators (3.13) is investigated by analyzing the discriminant of (3.15).
Following Proposition 2.1, the discriminant for a cubic polynomial Ps(x) = x> +cox%+c1x+¢p
reads

Dp, x = 4¢3 — c3c? — 18cocacy + 4cocy + 27¢h
and the number of real roots can be determined by evaluating the sign of the discriminant

Dps, i.e.,

> 0, P;has1real root
Dp,x{ =0, P5has 3 real roots and 2 roots are equal .

< 0, P has 3 different, real roots

With this, the number of critical points induced by the bifurcation parameters v, and vs is
investigated.

Theorem 3.2 Assume that vs is the bifurcation parameter. Additionally, denote the function

8o(&1, &2, E3) = 27b5 — 4a] + 4b; [by — (5,01 + E3wz + E103)]
+12a] (& + & + &) — 54by (501 + E0s + E03)
+18by [ay — (&1 + & + &) ] [bo — (L1 + &Gz + E103) ]
+27 (&1 + By + E1w3)° — bh [ay — (£ + & + )]
—12a1 (i + 6+ 8 +4(E+E+E). (3.22)
with é:l = Y12Y21, 52 = Y32Y32, and -_;7:3 = Y13Y31 and denote the real-valued roots Of (Bl) with
respect to & by & ; for all i = 1,2, 3. These roots are sorted by the magnitude of their real part

beginning with the smallest value. Then the number of critical points of (3.13) with respect
to vs can be determined by

- { Loif (e G A & L)V (& € (162 U (Ga00) NG € L)

' (3.23)
3, if(&1¢ (E11,0) A& @ 1)V (& € (E11,E12) U (E13,00) A& € T)
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3.1. Coupled Oscillators

with the interval 1, = [min{&, 21, 522}, max{& 21, &o22}] and the constants

2 3
by — a1w3 + byws + w3 + y13y31 (W3 — W2)

So21 = p— , (3.24a)
1 — W3
§022 _ —9b§0)3 — bg — 276110)3 + 27[?0 + 27)/13)/31 (0)3 - a)z) . (3.24}))
- 27 (w1 — w3)

Remark 3.2 The conditions in Theorem 3.2 are defined in terms of the product & = y12Y21.
Similar conditions in terms of & = ya3y32 and & = yi3y31 can also be derived, since the
bifurcations parameter vy(+) is a weighted sum of &1, & and &;. As the derivation follows the
same route, these conditions are not further elaborated.

Proof. Subsequently, the number of real-valued zeros of (B.1) in Appendix B is investigated
by analyzing the sign of its discriminant. This is done by separating its discriminant into a
positive function and a cubic polynomial. The sign of the discriminant is determined by
the sign of this cubic polynomial, which is done by analyzing the behavior as its variables
approach positive and negative infinity and deriving the number of its zeros.

As eq. (B.1) is a cubic polynomial with respect to the bifurcation parameter vs, its discrimi-
nant reads

Dpyuy = 256a5°f; (£1, &2, &3) 8o (&1, &2, &3) (3.25)

with & = y12y21, &2 = y32¥32, &3 = Y13,

folé1, 6, 8) = a3 [by [er — (& + & + E)] + by — (&1 + E30 + E103) ]
+asby |05 — ar+ (& + & + &) | — 2a2b7b, + b3, (3.26)

and g,(&, &, &) is given by (3.22). Here, the function (3.26) and the constant a, cannot
change the sign of (3.25), so that the number of roots of (B.1) is derived by analyzing the
sign of (3.22).

Subsequently, the sign of (3.22), which is a function of &;, &, or &, is determined in terms
of its (real-valued) zeros and by combing these results with the behavior of (3.22) as &, &,
or & approach positive (or negative infinity, respectively). As the coefficients of the cubic
terms are positive (3.22) satisfies

glgn 8o(&1, &, &) = o0, szl_l,r? Lo(&1, &0, 83) = —00 (3.27)
for all i = 1, 2, 3. Thus, the number of roots of (B.1) in terms of vs is given by

1, if (& € (§1,1,00) A Dy g, > 0)
V (& € (£11, E12) U (£13,00) A Dg, ¢, < 0) (3.28)
3, if (&1 ¢ (£11,00) A Dy g, > 0) |

V(& ¢ (&11,612) U (613,00) A Dy, g, <0)

mv3,§1 =

AN
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3. Adapting the Response of Benchmark Oscillators

with the real-valued zeros &1, &1, and &3 of (3.22), and the discriminant D ¢ of (3.22)
with respect to & reads

Dy

(o]

&= -16 [b() — a1w3 + bza)?z, + C()g — (OJl - 603) qu — ((A)z - 603) gg]
3
X {9b§6()3 + bg + 27 [ala)g — bo + (0)1 - 603) 52 + (6()2 — 6()3) §3]} . (329)
To determine the number of zeros of (3.22), the sign of (3.29) has to be investigated. Here,
eq. (3.29) is a quartic polynomial, which is given by four linear functions in terms of &,
and &;. Three of these linear functions are equivalent. Hence, the product between the

two unique linear functions and —1 determines the sign of the discriminant (3.29). This
product is given by

ho(€2, &) = 27 (w1 = w3)" & + 54 (01 — w3) (w2 — w3) &85
+ (6()1 — 0)3) (9[7%6()3 - 27b20)§ + bg - 27 (Zb() — 2(116()3 + C()g)) §2
+ (a)z — 0)3) (9[73&)3 — 27[720)% + bg — 27 (2[70 — 2611603 + co;?)) 53
- ((9&)3 (3(11 + bg) + bg + 27b0) (603 (0)3 (bz + a)3) - 611) - bo)) (3.30)
The coeflicients of the quadratic term of (3.30) are positive, so that (3.29) diverges to

(positive) infinity for &, & — +o0, i.e., limg 100 ho(&2, §3) = oo for all i = 2, 3. Thus, (3.30)
has to be negative, if

&Hel, = [min{fo,z,l, §0,2,2}’max{§o,2,1a fo,z,z}]

holds true. Combining (3.27) and the sign of (3.30) and denoting an interval starting by
the (real-valued) minimum of (3.24) and ending at the (real-valued) maximum of (3.24),
eq. (3.23) follows. This concludes the proof. O

Theorem 3.3 Assume that £, = y12y21 is the bifurcation parameter. Additionally, introduce
the function

gi(vs, &1, &, &) = dogo+ diooUs + do10E2 + doo1 &3+ dzool)% + dozof% + doozgg +di10v3E2+ d1010383
+ do11&285 + dooV3 + dosols + doosés + do10V3Er + dizgus

+ d201l)§§3 + d102U3§§ + d021§§§3 + d021§2§§ + di11v3érés  (3.31)

with & = ysay32 and & = yi3y31. The coefficients are given by (B.2) in Appendix B. Let

real-valued roots of (B.2) with respect to &; be given by &, forall i = 1, 2,3. Then the number
of critical points of (3.13) is given by

Mg, 0, = b l:f(cw’l A& € B) V (Cuz A G2 € ) : (3.32a)
3, if (<Cpa A& €Tin) V (=Cua A& ¢ I1)
if (3.31) is solved for vs, and
me, e, = 1, lf (C§2,1 Avs ¢ -Zi,z) \% (ng,z AUvs € .Zi,z) ’ (332b)
3, if (~Ce,1 A s & T12) V (=Cp2 A vs € I1)
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3.1. Coupled Oscillators

if (3.31) is solved for &. The conditions
Cpi1 = (1)3 € (U31,00) Ay + pp < 0) \% (v3 € (—oo,u31) A pig + p2 > 0), (3.33a)
Cuy2 = (v3 € (V31,V32) U (v33,00) A g + 15 < 0)
V (v3 € (—00,u31) U (v32,033) A 1 + iz > 0), (3.33b)
[52 € (£21,00) A (p1 — p3) (p1 + piz) > 0]
V (& € (=00, &1) A (1 — p3) (pa + p2) < 0), (3.33¢)
Crz = [& € (£a1,E22) U (E23,00) A (p1 — p13) (g1 + pr2) > 0]
V (& € (=00,&1) U (&2, E23) A (111 — p3) (g1 + p12) < 0), (3.33d)

Ce,1

the intervals

Zi; = (min {§1,2,1, 51,2,2} , max {51,2,1, §L2,2}) , (3.34a)
Tz = (min {ors1, vi32}, max {vrs1,v132}) (3.34b)

and the real-valued zeros vs 1, Us 2, Us3, 21, &322, and &3 of (3.31). Here, the real-valued zeros
are sorted by the magnitude of their real part beginning with the smallest value. In addition,
the constants &151, &12.2, U121, and U2 read

CLys,1,00 T Q,v3,1,01§3

§I,2,2 = , (3.35a)
ClL,vs,1,10
C +
Fiap = ,03,2,00 ,v3,2,01§3’ (3.35b)
CL,v5,2,10
CL&,,1,00 T CLE,,1,0163
U1 = - AL} ; (3.35¢)
CLE,,1,10

CL£,,2,00 T C‘I,§2,2,01§3

(3.35d)

U122
CL&,,2,10

with the coefficients given by (B.3).

Proof. In the following, the number of real-valued zeros of (B.1) in AppendixB is in-
vestigated. For this, its discriminant with respect to &; is analyzed, since (B.1) is a cubic
polynomial in terms of &;. This is done by splitting this discriminant into a positive
function and a cubic polynomial. The sign of the discriminant is determined by the sign of
this cubic polynomial, which is done by analyzing the behavior as its variables approaches
positive and negative infinity and deriving the number of its zeros.

The discriminant of (B.1) in terms of ; is given by
Dpy g, = 256ay° £ (vs, &, £3) g1(vs, &2, &3) (3.36)
with
fi = —@b; [ag — aps + brows — & (1 — p3) — & (pz — p3) + Ms]
- a3 [aows — bops + & (H301 — p1ws) + & (P02 — prw3) + Maws]
+abby [ao — aips + bops + broos + & (1 — p3) — & (p2 + pi3) + Ms]|
+ a3 [bo — a103 + & (w03 — w2) + & (w3 — w1)] + bl ps — 2a2b7baps (3.37)
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3. Adapting the Response of Benchmark Oscillators

and gy introduced in (3.31). Only (3.31) is analyzed as the constant a, and the function
(3.37) are positive for all parameters. Eq. (3.31) is a cubic polynomial with respect to
v3, &, and &. To determine the sign of (3.31), the signs of the coefficients of the cubic
terms have to be derived. After evaluating the behavior of (3.31) as vs, &, and & approach
infinity, the sign of (3.31) can be determined in terms of its zeros. For this, insert (3.16)
into (B.2k)-(B.2m) in Appendix B, so that

daoo = — 4 (p1 + p12), (3.38a)
doso = 4 (p1 — p13) > (uy + p12) , (3.38b)
doos = 4 (2 — p3) > (g1 + pio) (3.38¢)

arise. Hence, the limit of (3.31) as vs, &, or & approaches positive infinity is given by

lim g =

U3—00

{—OO, if‘U1+‘Uz>0 .
lim gy =

oo, if (p1 —p3) (pu+p2) >0
00, ifpup +pp <0 T oo

—0o, if (1 = pts) (1 + 1) <0

and the limit of (3.31) as vs, &, or & approaches negative infinity reads

lim g =

U3——00

{OO, ifﬂ1+ﬂ2>0 .
lim g =

—oo, if (py — p3) (1 +p2) > 0
—oo, ifpy 4y <0 Eo—oo

0o, if (g —p3) (b1 +p2) <0

for all i = 2, 3. With this, the number of roots of (B.1) in terms of v3 and & is given by

gy = { G A D> O Gz A D 0) g 50
3, if (=Cy1 A Dg, > 0) V (=Cyy2 A Dy, < 0)
if (3.31) is solved for vs, or
1, if (C,1AD >0)VI(CsaAND <0
mgl’gz — ? ( §2:1 gl,gz ) ( gz’z gL§2 ) , (3‘39b)
3’ lf (_'sz,l A Dgl,fz > 0) v (—'C§2,2 A Dg1,§z < 0)

if (3.31) is solved for &. The conditions C,, 1, Cy,2, Cs, 1, and Cg,» given by (3.33). In
addition, the discriminants Dg, ,, and Dg, ¢, read

Dy, = 16p3hy, 115, (3.40a)
Dy, = 16p3hg,1 13 (3.40D)

with the linear functions

Py, 1 = CLus,1,00 + CLus,1,1082 + CLug 1,013,
By, 2 = €Ly, 2,00 + CLus2,1062 + CLus 20183,
h1,§2,1 = €L, 1,00 F CLE,1L,10U3 F €L, 10163,
hig, o = crg,200 + CLE2,10U3 + CLE 20163

and the coefficients given by (B.3). The functions hy, 1, hy, 2 are linear in terms of &, and &
and the functions h,; and h;, , are linear in terms of v3 and &;.
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3.1. Coupled Oscillators

To determine the signs of (3.40a) and (3.40b), the zeros of hy, 1, hy,2, hs,1, and hy, , the
limit of the products between hy, 1 hy, 2, and he, 1 he, o, and the sign of p3 have to be analyzed.
First, the interval in which the sign of (3.40a) and (3.40b) stays constant is derived by
determining the zeros of (B.3). Here, the zeros are given by (3.35). Thus, after sorting
the solutions by their magnitude starting by their minimum, (3.34) is obtained. Second,
the sign of the limit of the product h,, 1 h,, 2 as & and & approach (negative or positive)
infinity and the sign of the limit of the product hg, ; hy, » as v3 and &; approach (negative or
positive) infinity are determined by analyzing the sign of the coefficients of the quadratic
term. This can be done since

hy, 1 by, 2 = dv3,20,§2 §§ + dv3,02,§3§§ + 1, (E2, &3)
h§2,1h§2,2 = d§2,20,03U§ + d§2,02,§3§§ + ’”I,_EZ(U3, &3)

are polynomials of even order. Here, the coeflicients read

dy, 206, = — 273 (@1 — w3)® (a2 + p3)°
dy, 02,6, = — 273 (3 — w3)? (az + p13)°,
de, 20,0, = 27113 (p1 — p3)? (w1 — w3)? (az + p3) 2
de, 00,6, = 27p3 (P11 — ﬂ3)2 (az + ,U3)2 (3 (@1 — @2) + p1 (w2 — w3) + piz (w3 — 601))2
and r,, and r¢, denote (arbitrary) linear functions. As the coefficients also depend on ps,

the sign of y3 is canceled, so that the sign of the limits of (3.40a) as & and &; approach
infinity and the sign of the limits of (3.40b) as v; and &; approach infinity reads

sign (&liniqoo Dgl,vg) = -1, sign (gzli)niqoo DgI,U3) = -1,
sign (v3li>n¢loo Dgl,fz) =1, sign (&l_i)rf_}oo ngfz) =1.
Combing this with the zeros, (3.32) is derived. This concludes the proof. O

In comparison to the cycle graph, it is possible to control two critical points induced
by the line graph by assigning the coupling strength in the line graph, since v,(-) is a
two-parameter family of (3.13). This is particularly interesting as a controllable Hopf-Hopf
bifurcation can be induced, so that it is possible to control two Andronov-Hopf bifurcations
by solely assigning the weights of the line graph correctly. In contrast to this, by only
adapting the weights of the cycle graph this is not possible since v; is a one-parameter
family of (3.13). To conclude the analysis of emerging Andronov-Hopf bifurcations in
three coupled Andronov-Hopf oscillators, the number of critical points induced by the
bifurcation parameter v is investigated numerically.

Example 3.3 Subsequently, the emergence of Andronov-Hopf bifurcations in three coupled
Andronov-Hopf oscillators (3.13) is investigated by verifying the results on the number of
critical points vsy. For this, the oscillator parameters are given by the damping coefficients
pp = —1 %, o = —2 %, and i3 = —3% and the natural frequencies w; = —4 %, wy = =5 %,
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Figure 3.4.: Critical points vs i of three coupled Andronov-Hopf oscillator as a function of the parameter ¢;.

and w3 = —6 % To induce the bifurcations, Theorem 3.2 is used and the adjacency matrix is
assumed to be

0 Ji12 713
=1y 0 3
0 5 0

with y21 = 1, which implies that the bifurcation parameter reads v3 = ¥21y32713 and the
number of colliding, critical points can be controlled by adjusting & and &,. For this, the
interval 1, to determine the number of colliding, critical points is given by I, = [7.5,8]. The
critical points are evaluated by determining the real-valued solutions of (B.1) in Appendix B
as a function of & for & € {2.7839,3.9370}. In addition, the roots &, ; of (3.22) are evaluated
to compute the point where two critical points are colliding. The results are visualized in
Figure 3.4. It is showcased that the number of critical points are determined by Theorem 3.2.

Emerging Hopf-Hopf bifurcations Subsequently, the emergence of Hopf-Hopf bifurcations
in the network (3.13) is investigated. By inducing this bifurcation type, it is implied that
two Andronov-Hopf bifurcations with different characteristic frequencies can be controlled
at the same time, so that two characteristic frequencies can be tuned and two clusters
can emerge. To determine the conditions on the emergence of Hopf-Hopf bifurcations,
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the discriminant of (B.1) has to be zero. Then two eigenvalues of (3.15) will lay on
the imaginary axis. However, it has to be additionally imposed that this zero is a local
maximum, since this condition implies that the eigenvalues on the imaginary axis are not
equal, so that they are not colliding and the imaginary part of the two pairs of eigenvalues
are different.

Theorem 3.4 Assume that vs and &; are bifurcation parameters. Then two critical points
of the Andronov-Hopf bifurcation of (3.13) determined by Theorem 3.2 are equivalent and
their value define a critical point of a Hopf-Hopf bifurcation, if the bifurcation parameter &
is equal to the critical value

1

ag (bg + 0)3) - agbl

&1 HHo = [a§b1 (b§ —aptyxsyt )’13}’31)

+a; (b (c1 — ya3y32 — Y13¥31) + bo — w1y2sysa — wayisysi) + b3 — Zazb%bz] (3.41)
and the condition
{[(601 > w3 A& < §2,HH,0) 4 (601 <w3 A& > §2,HH,0)]
A [(601 > w3 Ay > ,Ul,HH,o) 4 (601 <w3Ap < ,ul,HH,O)]}

\4 {[(601 > w3 A& > §2,HH,0) \4 (601 <w3 A& < f2,HH,o)]
A (@1 > w3 A < pimme) V (01 < @3 A pn > pimmoe) |} (3.42)

is satisfied. Here, the interval limits are denoted by

§2,HH,o =———{4a; [bo —ajws + §3 (603 - 0)2)]
4a§ (w1 — w3) { 2
—4a§b1b20)3 - azb? (bz - 3603) + bzl)’} s (3.43&)
Wy —
HiHHo = — wj — a)z 2 (3.43b)

Proof. To determine that the discriminant (3.25) has a local maximum, which is also a
root of (3.25), its structure is exploited, as the discriminant (3.25) is composed of a product
between the function (3.22) and (3.26), where (3.26) is squared. Hence, if the (squared)
function (3.26) vanishes, (3.25) has a local extremum, which is a root. In addition, the sign
of (3.22) at the extremum determines, if the extremum is a minimum or a maximum. If its
sign is positive, the extremum is a minimum otherwise a maximum.

First, the roots of (3.26) in terms of &; are determined. As (3.26) is a linear function in &,
& and &, the critical point of the Hopf-Hopf bifurcation is unique and the critical point
(3.41) is obtained by solving (3.26) for &;.

Second, the sign of the discriminant (3.25) is investigated by analyzing (3.22) at the critical
point (3.41) of the Hopf-Hopf bifurcation. Inserting (3.41) into (3.25), results in

foz,HH(fz, §3)go,HH(§2, §3)

hoxu

go(gl,HH,o) = (3-44)
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with
form = a3 (bhws + b) — aj03 +do + & (w3 — w1) + &3 (w03 — w2))
— 4a3biby (by + w3) + azb? (5b; + 3w3) — 2b3, (3.45a)
SoHH = b? - 4a§b1b2w3 - agbf (by — 3w3)
+4a [by — a3 + &5 (w3 — wg) + & (w3 — w1)], (3.45b)
honn = a5 [az (b + w3) — by]°. (3.45¢)

Here, (3.45a) cannot influence the sign of (3.44), since this function is squared. Hence, the
sign of (3.44) is determined by

1, if (go,HH >0A ho,HH > 0) \% (go,HH <O0A ho,HH < 0)
-1, if (go,HH >0A ho,HH < 0) \Y (go,HH <O0A ho,HH > 0) '

sign (go(é1mm0)) = {

On the one hand, the sign of eq. (3.45b) is determined in terms of &, and (3.45b) is a linear
function in &, and &;. Thus, solving it for &, results in (3.43a). As the slope of (3.45b) is
given by w3 — wy, its sign reads

< 0, if w1 > w3 N\ §2 < §2)HH’ w1 < w3 A tfz > §2,HH)
SoHH { ( o) { o) (3.46)

> 0, if (601 > w3 A §2 > gZ,HH,o) (0)1 < w3 A 52 < §2,HH,0) '

On the other hand, the sign of (3.45¢) is evaluated in terms of y;. For this, (3.16) is inserted
into (3.45c¢), which yields

horitr = p1 (w1 — w3) + iz (w3 — w3) . (3.47)

Hence, (3.47) is a linear function in p; and py. Solving (3.47) for py, results in (3.43b).
Taking the slope of (3.45¢) into account, the sign of (3.45c) is determined by

b { <0, if (01> w3 Ap1 < pramoe) V (01 < @3 A gy > piam) ‘ (3.48)
’ >0, if (a)1 > w3 A [y > ,Ul,HH,o) \Y; (a)l < w3 A< lll,HH,o)
The condition (3.42) is thus obtained by combing (3.46) and (3.48) and asserting
sign(go(&1um0)) = —1,
which concludes the proof. ]

Theorem 3.5 Assume that & and &, are bifurcation parameters and let
1

& HH =
4a; (p3 (wy — w1) + piz (01 — w3) + i1 (w3 — W3))
X (4a5b1by (pws — p3o1) + azb? (ws (az — 3p1) — w1 (az — 3p3)
+by (11 — pi3)) +4a (a1 (frws — p31) + (01 — w3) (ag + Ms)
+bo (3 — 1)) + b3 (s — 1)) (3.49a)
p2 (p3 (w1 + w2 — 203) + piz (01 — w3))
__ , 3.49b
HLARI 2‘U3 (0)1 - 0)3) + [ (20)1 - Wy — 6()3) ( )
2 —
H2HHI = — M (3.49¢)

20)1—0)2—603‘
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Then two critical points of the Andronov-Hopf bifurcation of (3.13) determined by Theorem 3.3
are equivalent and they define a critical point of a Hopf-Hopf bifurcation, if the bifurcation
parameter &, is equal to the critical point

a%bl [}13 (bg —C1+ §3) + bla)g +ag — y2§3 + Mg]

S = a; [w1 (az + pi3) — ws (az + p1) + by (g3 — p1)] + a3by (g — pis)
3 aibz [brws + p3 (&3 — ay) + ag — paés + Ms]
ay [y (ag + p3) — w3 (az + p1) + by (p3 = p11)] + a3by (g — p13)
_ ayws (ao — paks + Ms) + i3 (bo — E3002)
a; [wy (ag + p3) — w3 (ag + p1) + by (p3 — p1) ] + a5by (i — ps)
N b?m - Zazbsz,uz + a; [w3 (& — a1) + by — &3] (3.50)
a3 [w1 (az + p3) — w3 (az + p1) + b (p3 — p1)] + @by (1 — p3)
and

[(& > &pmp A Cuun) V (& < Epmg A ~Cran)
A > pummn A o < pomnn) V (1 < pumm A g2 > papm) |
V [(& < &pmi A Cun) V (& > &g A ~Cuan)
A > piaHT A pl2 > poam) V(i < piaag A 2 < ,Uz,HH,I)] (3.51)

is satisfied with the condition
Cian = [ € (min{pypys, prmre b max{pr s, prnre}) A @2 > 3)
V(g ¢ (min{ppp, puomre ) max{p s puagz}) A w2 > ws] . (3.52)

Here, ~Cyyn denotes the negation of the condition Ciun, while the interval limits p; 1111 and
pia12 of (3.52) are given by

p3 (w2 — w1) + 2 (w1 — @3)
HiHIL1 = — H2 — H3, HiHI2 = .
W2 — W3

Proof. The proof follows the route of the proof of Theorem 3.4. For this, the bifurcation
parameters are assumed to be &; and &,.

First, the roots of (3.37) in terms of &, are derived. As (3.37) is linear function in &, and &,
it has a unique root, which is given by (3.50).

Second, the sign of (3.31) at the extremum values is investigated. Inserting (3.50) into

(3.31) and sorting terms, yields

fLZHH(U3, &) gram(vs, &3)

3.53
hiaH (3.53)

gi(&mn) =
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with the linear function

finn = ai (01 — w3) (az + p3) 203 + a; (az + p3) 2 (13 (w01 — w2) + p1 (w2 — w3)

+iz (03 — @1)) & — @ (03 (ag — w1 (by — 2bapi3) — aypny) + @3 (b (1 — 33) + by

—p3w1) + w1 (arps — ag) +bo (i1 — p3) + p1@3) + agps (ws (b5 (2p1 — 3p3)

—2byp3q + 2a11 — 2ag) + w1 (yg (bg - 2a1) + 2a0) + 2b2,ula)§ +2b1 (w3 — w1)

X (by — 2ws3) +2bo (43 — 1)) + ayps (p3 (b§ (P31 — p1ws) + b (ps — p1)

+w1 (a0 — aipz) + ws (arp — ag) + bo (p3 — 1)) + by (b5 (p1 — p13)

—2b; (3 (31 — 4w3) + pws) + 33 (301 — p1@3)) + 2b% (w1 — w3))

+asbips (by (262 (43 — p1) + 53 (01 — w3)) +4baps (by (1 — p3) — p3or

+Hws)) + apbips (ps (5by (s — 1) + 3ps1 — 3pnws) + by (g — p3))

+ a5 (w1 = w3) w5 +2b] (pn — is) 153, (3.54a)
8LHH = 403 (p3 (01 — w2) + p1 (w2 — w3) + pia (03 — w1)) &3 + 403 (w1 — w3) v3

+ 4a§b1b2 (prws — pswr) + bf (ps — ) + agbf (w3 (az —3p1) — w1 (a2 — 3us3)

+by (1 — p13)) + 4a; (w1 (a0 — arps) + w3 (@i — ao) +bo (p3 — 1)), (3.54b)
ham = a5 (az (az (01 — @3) + by (43 — ) + 31 — prws) + by (1 — p3))> . (3.54c)

In particular, only (3.54b) and (3.54c) influence the sign of (3.53), since (3.54a) is squared.
Hence, the sign of (3.53) is given by

1, if (gI,HH >0A hI,HH > 0) \Y (gI,HH <O0A hI,HH < 0)
-1, if (gI,HH >0A hI,HH < 0) \Y (gI,HH <0A hI,HH > 0) .

sign (gi(&2mm)) = {

On the one hand, the sign of (3.54b) is determined in terms of &. Eq. (3.54b) is a linear
function in vs and &. Thus, solving it for &, results in (3.49a). In addition, its slope in
terms of &; is given by

dgiun
dé;
As (1 + pz + p13)? does not influence the sign of (3.55), it can be viewed as a quadratic
polynomial in terms of i, yiz, or ps. Then the sign of (3.55) in terms of y; is determined
by

= —4(p1 + 2+ 113)° (p3 (01 — w2) + 1 (w2 — w3) + piz (w3 — 1)) (3.55)

sign (ng,HH) _J>0 if Cran
dés <0, if-Ciun

with the condition Cyyy given by (3.52) and —=Cyyy denoting the negation of Cypy, since
it is a quadratic term of (3.55) in terms y; reads —4(w, — w3). Hence, the sign of (3.53) is
given by

1, if (& > &uag A Cuan) V (63 < Eanp A —Cian)

. . (3.56)
~1, if (& < &uni A Can) V (6 > &aun A ~Cian)

sign (gi(&mn)) = {
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3.1. Coupled Oscillators

On the other hand, the sign of (3.45c) is evaluated in terms of y;. For this, (3.16) is inserted
into (3.45c), which yields

hipn = p2 (s (w1 + 02 — 203) + 2 (01 — ©3))
+ 1 (2p3 (w1 — @3) + 2 (201 — w2 — w3)) . (3.57)

Hence, eq. (3.57) is a linear function in p and p3 and a quadratic function in p,. After
determining the root of (3.57) and its slope in terms of y;, it follows that

1,  if (g1 > paHAI A g2 > HoHHI)
. V(g1 < pimaI A pz2 < f2HH])
sign (hi(&un)) = . fr = He = He
-1, if (g1 > pimmr A e < p2umn)
V(g1 < piHEI A H2 > H2HH])

(3.58)

with py g and po g given by (3.49b) and (3.49b). The condition (3.51) is thus obtained
by combing (3.56) and (3.58) and asserting sign(gi(&;umn1)) = —1, which concludes the
proof. O

To conclude the bifurcation analysis of three coupled Andronov-Hopf oscillators, the
number of critical points and the tunability enhancement are visualized.

Example 3.4 The emergence of the Hopf-Hopf bifurcation and the frequency tunability as
a function of the damping coefficient y, in a neighborhood of its critical point is computed

. . . . . _ 1
numerically. The oscillator parameters are given by the damping coefficients p; = -1+,
Uy € [—5,0] %, and p3 = —3 and the natural frequencies w1 = 3 %, wy = 4 %, and w3 =5 %
The network topology is assumed to be described by the adjacency matrix

0 P12 Vi3
=121 0 P
0 )732 0

with the coupling coefficients 13 = —12 %, Vo1 =1 %, and y3; =1 % The remaining coupling
coefficients follow Theorem 3.5 implying
. &imm . &mn

Y12 = s Y23 =
Y21 Y32

The results are depicted in Figure 3.5. It is demonstrated that the characteristic frequencies at
the critical points can be tuned by adjusting p,. In contrast to two coupled Andronov-Hopf
oscillators, these characteristic frequencies are not constrained by the natural frequencies of
the oscillator.

Influence of the network topology on higher order degradation
Subsequently, the influence of the network topology on the emergence of higher-order

degradation and thus the controllability of multiple Andronov-Hopf bifurcations is an-
alyzed in networks of injectively coupled Andronov-Hopf oscillators. In particular, the
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— WC1
— WC,2
2 (A)C,3 | | | | | | | |
-5 -45 -4 -35 -3 -25 -2 -15 -1 -05 0
Damping p, [1/s]

Char. Frequency wc [1/s]
S

(a) Characteristic frequencies wc; at the critical point of the Andronov-
Hopf bifurcation, wc 2 and wc 3 at the critical point of the Hopf-Hopf
bifurcation.

(8]

|
3]

| | | | | | | | |
-45 -4 -35 -3 -25 -2 -15 -1 -05 O

Damping p [1/s]

Critical Point &y [1/5%]
S

|
&

(b) Critical points &y of the Andronov-Hopf bifurcation and &gy of the
Hopf-Hopf bifurcation.

Figure 3.5.: Characteristic frequencies wc at the critical point of the Andronov-Hopf bifurcation, wc;
and wc s at the critical point of the Hopf-Hopf bifurcation and critical points &y of the Andronov-Hopf
bifurcation and &y of the Hopf-Hopf bifurcation as a function of the damping coefficient p,.

number of Andronov-Hopf bifurcations can be exploited to control multiple characteristic
frequencies and the dynamics of the network (3.5). The i-th oscillator in the network is
governed by

n
= (i +iw)zi — |z 2 + Z Yizis >0, zi(0) = zp.
=

Motivated by the bifurcation analysis of three coupled Andronov-Hopf oscillators, network
graphs are identified, which are independent and induce N-parameter family of the
network (3.5) with the size N € N, i.e,, N parameters act on the dynamic behavior of
the network (3.5) [76]. This is done by determining the number of coefficients of the
characteristic polynomial of the system matrix of (3.5), which can be adjusted by the
coupling strengths of the graphs. This number is equivalent to the size N of the N-
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3.1. Coupled Oscillators

parameter family of the network (3.5). To obtain the system matrix, (3.5) is linearized
around z;eq = 0, which yields

11 +ior 12 Y5 Yin
Y1 Ho + 1y Y23 e Yon
A, = | v Y2 M3tiws .- Yan | (3.59)
Ynl Yn2 YnS ctr Hn + iwn_

The analysis is subsequently done by first analyzing the maximum size of the N-parameter
family of (3.5) that can be induced by a graph. Second, the size N of certain network
graphs is derived.

Lemma 3.1 Consider the network (3.5) of n € N coupled oscillators and assume that the
coupling coefficients y;; for all (i, j) € & are the bifurcation parameters. Then the maximum
size Nmax of the N-parameter family of the network (3.5) induced by the coupling y;; is given
by Npax = n— 1.

Proof. To verify the claim, it is shown that the characteristic polynomial of (3.5) does
not satisfy the condition that there exists a parameter configuration of the bifurcation
parameters y;; for all i,j € V, so that n complex conjugated eigenvalues have zero real
part. This implies that at maximum n — 1 complex conjugated eigenvalues with zero real
part can be induced by the bifurcation parameters y;;.

The system matrix of (3.5) is given by (3.59), so that its characteristic polynomial reads

n

Pa, () =) aid!

i=0

with the coeflicients q; € Cfor all i = 0,1,..., n. However, its coeflicients q; are rather
difficult to compute in general. Only the n — 1-th coefficient is easily determined. This
coefficient is given by

S~ (df(z)
" dz

i=1

It follows that (3.60) cannot be adjusted by the coupling y;; for all (i, j) € &. Thus, amending
that the characteristic polynomial of (3.59) has n complex eigenvalues on the imaginary
axis, implies that Re(a,-1) = 0 has to be satisfied. However, this cannot be satisfied by
assigning the bifurcation parameters y;; for all (i, j) € &, so that the claim follows. O

Zeq=0

The results of Lemma 3.1 and their implications are further investigated by analyzing the
N-parameter family of n-cycle graph and the tree graph. Examples for these graphs are
sketched in Figure 3.6.
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3. Adapting the Response of Benchmark Oscillators

(a) Eight oscillators coupled in a 8-cycle graph.

(b) Eight oscillators coupled in a tree graph.

Figure 3.6.: Exemplary sketches of the investigated graphs.

Proposition 3.1 Consider the network (3.5) of n € N coupled oscillators and assume that
the oscillators are coupled in a n-cycle graph. In addition, let the bifurcation parameter be
the coupling y;; for all (i,j) € E. Then the size N, of the N-parameter family induced by the

coupling y;j is given by N, = 1.

Proof. To verify the claim, the characteristic polynomial of the linearization of (3.5) is
analyzed. The system matrix of Andronov-Hopf oscillators coupled in a n-cycle graph

reads
-,Ul + 1w 0
Y21 Ha + 1w
Ay = 0 Y32
0 0

0
0
U3 + iws3

0

0 Yin
0 0
0 0

Y(n-1)n Hnt i(A)n_

(3.61)

Subsequently, the characteristic polynomial is determined by employing the Laplace
expansion, see, e.g., [75], on the determinant of A — AI,, with the identity matrix I,, € R™",

This results in

det (A, — Aly) = (py +iwy — A) det(Ag 11 — AL—1) — yo1 det(Agaq — Alpq)

with the determinants

det(Ao,n — /1],1_1) = det

/12+ia)2—/1 0
Y32 ,u3+ia)3—/1 0
Up + 1w, — A

= ﬁ(ﬂi+iwi_/1),
i=2

det(Ao,21 — /lIn_l) = det
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0

Y32 U3 + ia)3 -2

0

0

0

n

= (—1)n_1}’1n 1_[ (Yi(i—l)) .

i=3

Yln
0

Up +iw, — A
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Combining the results, yields

n

det (Ao = Al) = | | Gui+iwi = )+ (=1)"yin | | (vicion) - (3.62)

i=1 =2

Hence, only one coefficient of the characteristic polynomial of (3.61) can be controlled by
assigning the coupling strength y;; for all (i, j) € &, if the Andronov-Hopf oscillators are
coupled in a n-cycle graph. This concludes the proof. O

Proposition 3.2 Consider the network (3.5) of n € N coupled oscillators and assume that
the network graph is coupled in a tree graph with | < n leafs. In addition, let the bifurcation
parameter be the coupling y;; for all (i,j) € &. Then the size of the N-parameter family
induced by the coupling y;; is given by Ny = n— 1.

Proof. The claim is shown by analyzing the characteristic polynomial of a tree graph by
employing the Laplace expansion, see, e.g., [75]. This is done by defining the network
topology and then investigating the characteristic polynomial.

The characteristic polynomial of oscillators coupled in a tree graph with [ > 1 leafs is
investigated. The number of oscillators in this network are sorted in terms of the leafs, For
this, denote the number of oscillators of the i-th leaf by m; forall i =1,2..., [, so that the
sum of the number of oscillators of each leaf reads Zjl:l = n — 1. The oscillator in the root
vertex is assumed to be "oscillator 1" and the m; oscillators of the first leaf are the next m;
oscillators. This is repeated with the next leafs until every oscillator has been assigned.
Sorting the oscillators in this way, results in

[ 11 Y12 Y13 0 e 0]
Ya1 12 0 o Y2(m+) 0
Y31 0 13 e 0 e 0
AT,I = 0 Y(mi+1)2 0 e Nmi+1 oo 0 (3.63)
0 0 Y(m+me+1)2  *° NMmp+mp+r =+ 0
| 0 0 0 e 0 ce T

with n; = p1; + iw;. The characteristic polynomial of (3.63) is determined by employing the
Laplace expansion, which yields

my

det (AT’[ - /1[,1) = (7’]1 - /1) det(AT)[’ll - /1[”_1) - Z [(—1)])/]1 det(AT)l,jl - /1]”_1)] (364)

=2
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with the sub-matrices

P 0 e Yz(m1+1) e 0-
Y(my+1)2 0 o MmO
At = At = 1 : . . ) s (3.65a)
0 Y(m1+m2+1)2 R 0 . 0
0 0 0 M)
[ vz Y3 ViG-y Y ViGie) 0
N2 — A 0 e 0 0 0 0
0 -4 -+ 0 0 0 - 0
At =| : ' ' i : ' ) (3.65b)
bl 0 0 M —A 0 0 0
0 0 - 0 0 Msr—A - 0
0 0 - 0 0 0 o mu—Al

forall j; = 2,3,..., m;. Investigating the coefficients of (3.64) implies that
(m — A) det(Ar 11 — A1)

results in a polynomial in A of a degree of n, while the degree of y;; det(At;j; — Al,—1) in A
is given by n — 1. Hence, the products between the coupling of the leafs can only appear
in the Oth to n — 2th coefficients of the characteristic polynomial, so that the bifurcation
parameters y;; in oscillators coupled in a tree graph span an (n — 1)-parameter-family. This
concludes the proof. ]

It is implied by Proposition 3.1 and Proposition 3.2 that the number of coupled oscillators
determine the size of controllable Andronov-Hopf bifurcation. Following Proposition 3.2,
the maximum number of controllable Andronov-Hopf bifurcations in a network is induced
by a tree network. In contrast, the minimal number of controllable Andronov-Hopf
bifurcations is induced by an n-cycle graph.

Groups of oscillators

As discussed, the bifurcation analysis of oscillator networks becomes increasingly difficult
for larger numbers of oscillators. To circumvent this issue, the notion groups of oscillators
is introduced.

Definition 3.2 (Groups of oscillators [149]) A group of oscillators is a network of iden-
tical oscillators. The coupling inside the group is called self-coupling, while the coupling

52



3.1. Coupled Oscillators

between groups is referred as cross-coupling. The adjacency matrix of two coupled groups can
be written by block matrix, e.g., for two groups the adjacency matrixT is given by

I I
r= 3.66
|:r21 22 (3.66)

with the self-coupling matrices I1, I52 and cross-coupling matrices Iz, Iy;.

To showecase the relevance of the notion on the bifurcation analysis of oscillator networks,
two coupled groups of Andronov-Hopf oscillators are analyzed.

Theorem 3.6 Consider the network (3.5) consisting of Andronov-Hopf oscillators and assume
that this network can be sorted of two groups of oscillators. In addition, denote the adjacency
matrix of this network by T introduced in (3.66) and let

Cox = [ +i(w1 — on) T2 + [p2 + (w2 — @H)]rl(llz) + Fzzrl(llz) — Dl (3.67a)
Coz = [ + (w1 — on) Loz + [p2 + 1wz — COH)]rl(lzl) + Fl(lzl)rzz — Il (3.67b)
Cos = [ +i(w; — )]F( 2y + [p2 +i(wy — wp) T + rz(zlz)ru — Il (3.67¢)
Cou = (i1 + (w1 — o) [T + [z + i@z — w) Ty + T T2 — Tyl (3.67d)

with the transformed self-coupling matrices

I‘(lz) F121F11F12, (3683)
Fl(lz ) = F21F11F2_1 5 (368b)
TU? = T,TTy, (3.68¢)
I =15y Ty (3.68d)

If the number of oscillators of each group is equal, i.e., n; = ny = n, then the critical points
and the characteristic frequency wy at the critical point are determined by solving

0 = &i(wn) + [ +i(01 — wp) | [z + (w2 — wn)] (3.69)
with the eigenvalues

4

&i(wn) € U o (Coi(wn)) - (3.70)

i=1

Before the claim is proven, a lemma to determine the determinant of block matrices is
summarized. This lemma is subsequently exploited to simplify the necessary condition
(H1) from the Hopf Theorem (see Theorem 2.9).

Lemma 3.2 ([124]) LetA € R"*™ B e R™*™ C € R"*™ D e R™*™ A and D invertible
and ny, n, € N. Then the determinant of the block matrix consisting of A, B, C and D is given

by

det [A = det(A) det (D — CA™'B) = det(D) det (A - BD™'C) .

B
C D
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With this, Theorem 3.6 can be proven.

Proof. The proof focuses on the derivation of the critical point of an Andronov-Hopf
bifurcation by showing that the system matrix of the two coupled groups of oscillators
has an eigenvalue on the imaginary axis. For this, the determinant of the system matrix of
coupled Andronov-Hopf oscillators is analyzed by exploiting its block structure. First, the
system matrix (3.59), i.e.,

-/J1 +iwq Y12 Y13 Yin

Y21 Ha + 1wy Y23 Yon

A, = Y31 Y32 U3 + iws Y3n
}/nl }/n2 Yn3 ;Un + iwn_

is rewritten in terms of the blocks. Second, Lemma 3.2 is applied to determine the char-
acteristic polynomial and the terms are sorted. Third, it is shown that the result is a
lower order system of nonlinear equations in terms of the eigenvalues, so that the claim
follows.

First, the system matrix (3.59) is rewritten into a block matrix by sorting the oscillators
into groups. Following (3.66), the adjacency matrix I' consists of the self-coupling matrices
I'; and I, and the cross-coupling matrices I, and I3;. With these consideration, the
system is given by

_ (ﬂ1 +i(,<)1)In 0 ] ll“ll Flz]

0 (2 +iwa)ln| * [To1 Tpz|
with the identity matrix I, € R™". To derive the critical point, the characteristic polynomial
of system matrix (3.71) is computed, which polynomial reads

Aga (3.71)

Pug, = det(Azn — ALy) = det ([?211 1;22]) (3.72)
with Z; = yiIl, + [j;and y; = p; — A +iw; forall i = 1, 2.
Second, as (3.72) has a block structure, Lemma 3.2 is employed, which yields
0 = det (£;) det (E; — T E] 'Th2) . (3.73a)
or
0 = det (E) det (E; — T128; 'Tu1) . (3.73b)

In particular, (3.73) is only satisfied, if and only if det(Z;) # 0 or det(Z;) # 0. Subsequently,
only (3.73a) is investigated as the approach for (3.73b) is similar. Asserting that the number
of oscillators in the two groups are equivalent, i.e., n; = ny, (3.73a) can be modified as
follows

0 = det (El) det(Ez - F2151_1F12)
= det (51) det (F21 (Fz_llEgFl_zl - El_l) rlz)

= det (£;) det (Iy;) det (I3,) det (I, EoI, — E71) (3.74)
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3.1. Coupled Oscillators

Depending on multiplying =; to left or right side, two different solutions are obtained. If
=1 is multiplied to the right side, (3.74) results in

0 = det (Ty;) det (Ty2) det (T3, Eol55 Ey — I,) = det (Ezrfz‘”arlz - r21r12) ,
while by multiplying =, to the left side
0 =det (rgl) det (Flg) det (Elrz_llEzFl_zl - In) = det (FglEle(l_l)Eg - F21I‘12)

is obtained. Inserting =; = y;I, + [}; with y; = g; — A; + iw; for all i = 1, 2 and sorting terms
results in

0 = det ()(1)(21,, + CZ,I) s (3753.)
0 = det (y1x2In + C22) (3.75b)

with the auxiliary matrices

Co1 = xaloz + )(zrl(llz) + rzzrl(llz) — Il
_ (21) (21)
Cop = yala + oIy 7 + 1) "Too — Doglpz

Here, the transformed self-coupling matrices Fl(ll 2 and Fl(lz Y are given by (3.68a) and
(3.68D).

Third, (3.75) is rewritten as a system of nonlinear equations. This is done by employing
the Jordan decompositions, see, e.g., [75],

-1
C2,1 = WCZ,IACZ,I WCZ,I )

-1
G = Wcz,zAcz,z WCZ,Z

with the Jordan normal forms A¢,, € R™*™ and Ac,, € R™*™ and the transformation
matrices W¢,, € R™*™ and W,, € R™*™, which implies

0= det (VVCZ’1 (XIXZIH + ACZ,I) W5211) ’

0 = det (WCZ,Z (XIXZII’I +AC2,2) WEzlz) .

It turns out that y; y, influences the eigenvalues of matrices C,; and C ;. Hence, (3.75) is
satisfied, if

0= EA) + (1 +iw1 — ) (i + @05 — ) (3.76)

with the eigenvalues £(1) € o(Cy1) U 0(Cy) holds true. In particular, by imposing
A = iwy with the characteristic frequency wy > 0 and solving (3.76) for the characteristic
frequency and bifurcation parameter £(A1), the system matrix (3.71) has an eigenvalue on
the imaginary axis. This results in (3.69) and concludes the proof. O
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3. Adapting the Response of Benchmark Oscillators

Eq. (3.68) demonstrates the influence of the cross-coupling matrices I';; and I;; on the
self-coupling matrices I'i; and I',. As the cross-coupling matrices (and their inverses) are
multiplied to the self-coupling matrices, (3.68) can be viewed as a change of coordinates
of self-coupling matrix of one group to the other group in terms of the cross-coupling. In
addition, similar results can also be determined for three coupled groups under certain
conditions.

Proposition 3.3 Consider the network (3.5) consisting of Andronov-Hopf oscillators and
assert that this network can be sorted into three groups of oscillators with the adjacency
matrix of this network given by

h Tz Ins
I = F21 r22 I‘23 . (377)
r31 r32 r33

In addition denote the auxiliary matrix
Cs(wn) = [ +i(w1 — om)] [ +i(wz = 0) [T + [ +i(wz — o)) 3 +i(ws — wp) Ty
+ [ + i1 — o) [ + (w3 — 0p) ITH? + [ +i(w; — op) T TSV

+ [p2 +i(w2 — wn)] (Fnrg,(;l) = I3051) + [p2 + (w2 — @n)] (Fz(zlz)rn — I21)
+ 1“2(212)1“111"3(331) + Io00305; — FZ(ZIZ)F13F31 - F121“21T3(331). (378)

If the number of oscillators of each group is equal, i.e., ny = ny = n3 = n, and I, = 0, then
the critical points and the characteristic frequency wy at the critical point are determined by
solving

0 = &i(wn) + [ + (w1 — wn)] [z + (@2 — wn) ] [p3 + (w3 — wn)] (3.79)
with the eigenvalues
£i(wn) € o (Cs(wn)) (3.80)
and the transformed self-coupling matrices
Fz(zlz) = rlgrgzrl_zl, (38121)

1—‘3(331) = F3_11F33F31. (381b)

Proof. The proof follows the same route as the proof of Theorem 3.6.

First, the system matrix (3.59) for three groups is rewritten as the block matrix

(g1 + i), 0 0 Iy Ty Ins
Asp = 0 (2 +iw2) 1, 0 + (To1 Iy Iz (3.82)
0 0 (s +iws)I, I3y I3y I
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3.1. Coupled Oscillators

with the identity matrix I, € R™". To determine the critical point, the characteristic
polynomial of (3.82) has to be computed, which reads

By Iz Iis
Pag, = det(As, — Aly) = det| |I1 Ez Ins (3.83)
I3 I3z Es

with Z; = yil, + Ijjand y; = y; — A; +iw; forall i = 1,2, 3.

Second, as (3.83) has a block structure, Lemma 3.2 is employed twice and terms are sorted
in similar manner as in the proof of Theorem 3.6. This results in

Pag, = det(El)_1 det(éz) det(I;) det(Iy,) det(I3;) det(Ty3)

x det [2105, B3T3 81 — By — (B105, Ty, — DES (L' Ts T3 Er = )] (3.84)

with the matrix =, = [, 'E.I," — E7'. Asserting I3, = 0 in (3.84) and sorting terms,
yields

Pag, = det [x1 0205 + Gl (3.85)
where the auxiliary matrix reads
G = X1){2r3(331) + xo 3l + )(1)(3F2(212) + xlfz(zlz)ﬂgl) + XZ(Fllrg(sl) —I3031)

+ )(3(F2(212)F11 — IpTo1) + r2(212)r111~3(331) + I120%305; — Fz(zlz)rlsrm - r121ﬂ211“3(331),

while the transformed self-coupling matrices Fz(zl 2 and F,J,(s D are given by (3.81).

Third, (3.85) is rewritten as a system of nonlinear equations. This is done by employing
the Jordan decomposition, see, e.g., [75], on C3(A),

Cs =We,Ac, W

with the Jordan normal form A¢, € R™*™ and the transformation matrix W¢, € R™*™,
which implies

0 = det (Wc3 (xexshh + Ac,) WE:) :

It turns out that y; y2 3 influences the eigenvalues of matrices Cs. Hence, (3.85) is satisfied,
if

0=28(A) + (u +iwg = A) (g2 +iwz — ) (p3 +iw3 — 1) (3.86)
with the eigenvalues £(1) € o(Cs(A)). In particular, by imposing A = iwy with the
characteristic frequency wy > 0 and solving (3.86) for the characteristic frequency and a

bifurcation parameter, the system matrix (3.82) has an eigenvalue on the imaginary axis.
This results in (3.79) and concludes the proof. O
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3. Adapting the Response of Benchmark Oscillators

Finally, some results motivated by Proposition 3.1 are presented, which reduces a network
of m € N groups of Andronov-Hopf oscillators to a network consisting of m Andronov-
Hopf oscillators. For this, it is assumed that there is no self-coupling, so that I}; = 0 for all
i = 1,2, m, and that the groups are assumed to be coupled in a cycle graph. To prepare
the proof of this, the characteristic polynomial of groups of oscillators coupled in a cycle
graph is determined.

Lemma 3.3 Consider the block matrix consisting of m € N blocks

(il i 0 0 0
0 xoln, Ins 0 0
0 0 i 0 0
Am = o e ™, (3.87)
0 0 0 )(m—lInm,l 1—‘m—l,m
| 0 0 0 Xmln,,

with the cross-coupling matrices I;; € R™*", the generalized damping coefficient y; € C,
the size n of the k-th block, and the size n = 3,]", n; of the block matrix for all (i, j) €
{(1,2),(2,3),...,(m—1,m),(m 1)} and k =1,2,..., m. Then the determinant of (3.87) is
given by

m—1

m—1
det(Acm) = [ | 4" det | b, = (=)™ T | | 47 "Tagien) | -
i=1

i=1

(3.88)

Proof. To prove the claim, the determinant of (3.87) is determined by induction. For the
induction start, the determinant for m = 2 is derived. Then it is shown in the inductive
step that the determinant for m can be reduced to the determinant for m — 1.

Induction Start: Consider two coupled groups without self-coupling, i.e., I = I5; = 0, so
that the system matrix is given by

Aoy = [(,ul — A +iwy) Iy, 1P ]
’ F21 (,Uz -1+ ia)z)Inz )

The determinant can be determined by computing

_ Xiln,  Ti2
det(Agy) = det ([ I, lenz]) (3.89)

with y; € C and the size n; of the i-th group of oscillators for all i = 1, 2. After employing
Lemma 3.2, (3.89) is simplified to

det(Agz) = x;' det(xoIn, — X ToiTh2). (3.90)
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3.1. Coupled Oscillators

Inductive Step: Second, consider (3.87) for m > 2. Its determinant reads

b, T 0 0 0
0 yoly, Ins 0 0
0 0 I 0 0
det(Ag,m) = det . . )(3. " (3.91)
0 0 0 Xm-1ln,_; Tm-1m
| 0 0 0 Xmln,,
After employing Lemma 3.2, (3.91) is simplified to
Xo1In, I3 0 0
0 xaln, - 0 0
det(Agm) = ;" det : P :
0 0 Xm—1In,_. Tm-1m
= Twaliz 0 o 0 Ywly, |

With this, it follows that the determinant for m can be reduced to the determinant for
m — 1. Thus, after employing this step m — 1 times, the determinant (3.91) can be reduced
to (3.89) and hence the claim follows directly. O

Remark 3.3 Following Lemma 3.2, it can be shown by varying the initial block in the
inductive step that the determinant is symmetric to the cyclic group Z,, e.g.,

det(AG,m)

m [ m—1
1_[ xidet | xml, — (=1) Ty 1_[ ()(i_lri,(i+1))]
i=1 i i=1
m [ m—1
1_[ xidet | yiln, — (=1)™Tz 1_[ (X7 'Ti(i1) Xom Tt
i=2 i

i=2

Hence, it is implied that the upper limit of the magnitude of the spectrum o(Ag,m) without
zero is given by the size of the smallest group, i.e.,

lo(Ag.m) \ {0} < min{ny, ny, ..., np}.

With this preparation, the following theorem can be stated.

Theorem 3.7 Consider the network (3.5) and assume that there are m € N groups of
oscillators, that are coupled in a m-cycle graph, i.e., the adjacency matrix is given by

[0 T, 0 --- 0 0
0 Ly -+ 0 0
0 0 0 -~ 0 0
I = e R™",
0 0 0 0 Tpeim
Tn: O O 0 o0
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3. Adapting the Response of Benchmark Oscillators

with the cross-coupling matrices I;; € R™*", the size ny of the k-th group, and the size n =
2. i of the network for all (i,j) € {(1,2),(2,3),...,(m=1,m),(m 1)} andk=1,2,..., m.
In addition, assume that the bifurcation parameter is given by A, € o(Tpyy [177" L (i+1))-
Then the critical points of the coupled groups of oscillators are equal to the critical points of
oscillators coupled in a cycle graph.

Remark 3.4 The bifurcation parameters A, describe the amplification of the cross-coupling
matrices after the output of an oscillator is traveled across the m-cycle graph. In addition,
following Remark 3.3, there are min{ny, ny, .. ., ny} bifurcations parameters.

Proof. The following proof is based on simplifying the characteristic polynomial of the m
groups of oscillators coupled in a cycle graph by employing Lemma 3.3.

The characteristic polynomial of the system matrix Ag », of the coupled groups can be ob-
tained by computing the determinant of (3.87), where the generalized damping coefficient
is given by y; = p; — A + iw;. Thus, following Lemma 3.3, the characteristic polynomial of
Ag,m reads

m—1 m—1
PAG,m(A) = 1—[ Xini det (Xmlnm + (_l)m m,1 1_[ Xi_lri,(i+1)) .

i=1 i=1
After factoring out the coefficients y; forall i = 1,2,..., m—1, the characteristic polynomial
simplifies to

m—1 m m—1
PAG,m(/l) = 1—[ Xl-ni_nm det (l_[ Xiln,, — =n" m1 n ri,(z‘+1)) .
i=1 i=1 i=1

Solving Py, (4) = 0, reduces to

m m—1
0= det (l—[ Xl‘[nm - (—1)'”1‘,,,,1 rl ri,(i+1)) (392)
i=1 i=1

Eq. (3.92) can be simplified by employing the Jordan decomposition, see, e.g., [75],

-1
Tt | | Tigin) = WoAo W

1

3

Il
—

with the Jordan normal form A, € R™" and transformation matrix W, € R™" which
simplifies to

0= det| W,

m
[ xitn, = (—0)"0 | Wy 1). (3.93)
i=1

It turns out that [][%; y; influences the eigenvalues of matrices Iy, Hfﬁ]l I (i+1)- Hence,
(3.93) is satisfied, if

0= [(ui=A+iw) = (-1)"A
i=1
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Figure 3.7.: Network topology of the two coupled groups indicated by the different colors of the vertices
indicate different groups.

with the eigenvalues A, € o (I :ZII T (i+1))- It follows that the characteristic polynomial
of m groups of oscillators coupled in a cycle graph is the same as the characteristic
polynomial of m oscillators coupled in a cycle graph, so that the critical points are equal,
if the bifurcation parameter is assumed to be the eigenvalue A,. This concludes the proof.
O

To conclude the bifurcation analysis of injectively coupled Andronov-Hopf oscillators, the
critical point of two coupled groups of oscillators is evaluated numerically.

Example 3.5 The results of the bifurcation analysis from Theorem 3.6 are verified numeri-
cally. For this, consider the network topology is depicted in Figure 3.7, so that the self-coupling
and cross-coupling matrices are given by

0 y v --- 0 0]
yOY...OO
0 --- 0 0
rii:)./}./._ . .| RPN
00 0 0y
00 0 y 0
0y 0 0 0
0 0 0
0y 0 -~ 0 0
Li=|{. . . . . .|eR™
000 -0y
000 - y 0

with the coupling strength y € [—5,5] and the number n € {10, 20,50} of oscillators in a
group for all i, j = 1, 2. In addition, the parameters of the Andronov-Hopf oscillators are given
by the damping coefficients j; = =3 % and i, = —4% and the natural frequencies w; = 3 %
and w, = 4 % To evaluate the results of Theorem 3.6, the minimal absolute value of the
real-part of the eigenvalues of the system matrix Ag of two coupled groups of oscillators and
the roots of (3.69) are computed in terms of the coupling strength y. For this, denote

n2(wyg) = min |Re {0 [Cg’l + (1 +iw1 —ioy) (g +iws — iwy) Izn]} |
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T T ]
2 — min [Re ( 0(Ag2)) |
g P (on)
=
E'S
=
o0
&3
0
—4 -2 0 2 4
Coupling y [1/s]
(a) Each group has n = 10 oscillators.
ol 1 ‘ ‘ ‘
@ — min [Re ( 0(Ag2)) |
Té . 10 | — 12 (wn)
=
ElE
=5 °
=
0
—4 -2 0 2 4
Coupling y [1/s]
(b) Each group has n = 20 oscillators.
|l 1 ‘ ‘ ‘
& — min [Re ( 0(Ag2)) |
Ep 10 | — nz(wn) |
=
3
=5 °
=
0

-4 -2 0 2 4
Coupling y [1/s]

(c) Each group has n = 50 oscillators.

Figure 3.8.: Comparison between 1, (wy) and the minimal real-part of the eigenvalues of the system matrix
Ag, for different number n of oscillators. The characteristic frequency wy is determined by taking the
imaginary part determined of the eigenvalue of the system matrix Agz with the minimal real-part.

Here, the characteristic frequency wy is determined by taking the imaginary part of the
eigenvalue of the system matrix Agz with the smallest absolute value of the real-part.

The results are visualized in Figure 3.8. It is showcased that n(wy) vanishes, if the system
matrix Ag has an eigenvalue located on the imaginary axis. Hence, the critical points of two
coupled groups can also be determined by solving (3.69). This implies that only n eigenvalues
(in comparison to 2n states) are inducing bifurcations in the two coupled groups, so that the
number of computations can be reduced by applying Theorem 3.6. In particular, this decreases
the computation time substantially as the QR algorithm has, e.g., a complexity of O(1)* with
the size | € N of a square matrix [38].
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3.1. Coupled Oscillators

3.1.2. Two Diffusively Coupled Oscillators

In contrast to injective coupling, where the amplitudes of the outputs are coupled, diffusive
coupling is characterized by coupling the difference of the amplitudes of the output. This
coupling will complicate the analytic investigation, so that only the number of critical
points is subsequently determined for two diffusively coupled Andronov-Hopf oscillators.
For this, the real-valued coordinates of the Andronov-Hopf oscillators are used to ensure
that a real-valued polynomial emerges, so that the number of zeros can be easier analyzed.
Two diffusively coupled Andronov-Hopf oscillators in real-valued coordinates are governed

by
d x| _ B
T [y] =f(x,y), t >0, x(0) = xo, y(0) =y, (3.94a)

with

p1x1 — 1%z — (32 + x5)x1 — E12
p1x + w131 — (33 + x2) x5 — E12 s
f2y1 — w2y2 = (¥ + Yo)y1 + |
p2ys + w21 = (Y + ¥5) y2 + Enlhg

f(x,y) = (3.94b)

Herein, the vectors are given by the state vectors x(t), y(t) € R?, the difference vectors
A(t) = x(t) — y(t) € R?, and the initial conditions xo, y, € R?. Additional parameters are
given by the damping coeflicients p4, gz € R, the natural frequencies w;, w; > 0, and the
coupling coefficients &;5, &; € R. In particular, it directly follows from (3.94b) that diffusive
coupling also influences the damping coefficient of the oscillator. Thus, the bifurcation
analysis is going to be more complicated, so that conditions on the critical point for an
Andronov-Hopf bifurcation are investigated first.

Lemma 3.4 ([156]) Let either py, ps, &12, or &1 be the bifurcation parameter and assume
&1 + &1 # 1 + po. Then the critical point for an Andronov-Hopf bifurcation of system (3.94)
is determined by solving g1(pi1, pia, €12, €21) = 0 with

81 = —Hadly — (p+2412) Elp b — (2t +i2) En2y — pn &5+ (g +2p1) pa €+ (241 +3p2) in &5
+ 208 + 3pape + 13) + (1 — @2)°] Enaar — [ (1 + p2) (s + pi2) + (w1 — w2)?| paa
— [ + p2) (1 + 3p12) + (w1 — 02)?] paar + ppz [ (1 + p2)* + (w01 — w2)?] . (3.95)

In addition, the characteristic frequency at the critical point is given by

c +c —-cC - C
o = \/ B (3.96)

i+ pp — &2 — &

; 22 22 _ 2 2
with ¢y = g+ o + 8+ &ij&ji and ¢y 5 = HS + 2pt + @

Proof. To prove the claim, condition (H1) of Theorem 2.9 is analyzed. Note that this is done
by assuming that the parameters yy, p2, &2, and & are the bifurcations parameters.
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3. Adapting the Response of Benchmark Oscillators

The equilibrium of (3.94) is given by z.q = 0, since f(0) = 0. With this, the system matrix
of the linearized system reads

Hirg, —wWi1 §12 0

/A B R LY S (3.97)
0z - & 0 g —w2
0 & w2 g

with g, = pi — €. The eigenvalues of the matrix A can be determined by solving the
characteristic polynomial

Pa(d) = 2* + a3 + A% + a1 A + ag (3.98)
with the coefficients

ay = Pz + 0j0; + (&) + 0F = 2pbn) pi + (8, + of = 2néi) g+ (Enor + Ep02)°
-2 (,11151260% — pp2éiaéor + ,U2§2160f) (3.99a)
ap =2 {Z,Lll,uz (E12+ &) + (,Ul + 601) & + (,Uz + 602 12 — [,Uz + 5 + (E12+ Ea1) 521] M1
— 1 + 0F + (E12 + &) Ei2| g2}, (3.99D)
(1 + ) + (G12 + 1) + 0 + 0]
=2 [papz = (Era +2801) 1 — (2812 + &21) p2], (3.99¢)
=2 (1 +pp — &2 — &01) (3.99d)

az

as

Here, the necessary condition (H1) of the Hopf Theorem (see Theorem 2.9) is shown by
comparing the coefficients of (3.98) with the coefficients of a quartic polynomial that has
two arbitrary eigenvalues and a pair of complex conjugated eigenvalues on the imaginary
axis located at iwc with wc € R. The latter polynomial reads

Py(A) = ()Lz +s51A+ so) ()Lz + a)é) =53 + (31 + wé) A2+ soa)él + sla)é
with the coefficients s;, 59 € R. Comparing the coefficients results in
as = So, a = s + wh, a1 = spw, ap = $j02.
Solving this system of equations, yields

81 (,111, H2, §12, 521)g2 (,Ul, H2, §12, 521)

0= , 3.100a
g3(ll1, H2, 512, 521) ( )
s1= = 2(pu +p2 — &2 — &), (3.100b)
1 2

= + - + - — (3¢, +4
So g — By — {(,111 ,Uz) (&2 521) 5120)1 §2lwz (3&12 +4&21 — p2) 11y

— (4&12+ 38 — lll) 1 — 8 (&12+ E1) pupie + [(E12 + Ea1) (312 + 4E21) + 0% | 1y
+ [(E12 + E21) (4812 + 3En1) + w3 | p12} . (3.100¢)
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and (3.96). Herein, the functions g, and g3 read

g = (g +p— &z — E1) 2 + (w01 + wp) %, (3.101)
&=+ p2 — &2 — &, (3.102)

while the function g is given by (3.95). Eq. (3.102) implies &2 + &1 # g + 2 and that all
roots of (3.101) are complex-valued, since g, = 0 results in

b+ &=+ ti(w+ws).

This equations cannot be solved, since the parameters are real-valued. As a consequence,
the critical points are only obtained by capturing the roots of (3.95), i.e., g1 (i1, pt2, €12, E21) =
0. O

Remark 3.5 The stability and uniqueness of the limit cycle of the system (3.94) is easily
shown by denoting the Lyapunov function candidate by V = xTx € R with y = [x", y']T,
which is positive definite for all y € R*. In addition, its rate of change along a solution
trajectory reads

V=x"(A+ADx - lIxll; < =Clxllz - llxlls- (3.103)

Herein, the upper bound is denoted by { € R and the system matrix A given by (3.97).
If { > 0 holds true, —{|| x||> becomes negative definite, so that Theorem 2.7 is satisfied
and it follows that (3.94) is asymptotically stable. Hence, a stable and unique limit cycle
emerges, if all eigenvalues are located on the left half complex plane and one pair of complex
conjugated eigenvalues crosses the imaginary axis by varying the bifurcation parameter,
since the dominant eigenvalues at this critical point are then purely imaginary. Moreover,
the system (3.94) will desynchronize, if an additional pair of complex-conjugated eigenvalues
travels from the left half to the right half complex plane by varying the bifurcation parameter,
since the bifurcation parameter is not influencing the nonlinearity, i.e., the cubic nonlinearity
is independent of 11, 2, £12, and &;1. With this, an asymptotically stable sub-manifold can be
found, so that after surpassing the critical point an additional limit cycle emerges and the
system desynchronizes.

For the remainder of this section, the solutions of (3.95) are discussed by asserting that
either coupling or damping coefficient are the bifurcation parameters. For this, different
scenarios are discussed: symmetric damping coefficient and symmetric coupling, asym-
metric damping coefficient and symmetric coupling, and symmetric damping coefficient
and asymmetric coupling.

Coupling as Bifurcation Parameter

Subsequently, the bifurcations induced by varying the symmetric coupling & are analyzed.
In this case (3.95) reduced to a cubic polynomial, which is given by

g1 =4 (p + p2) & = [4 (1] +3paopn + 113) + (01 — 02)*| &
+ (i + pi2) [ + 6papiy + 415 + (01 — 02)?] €= [(u1 + p2)® + (01 — 02)*] puprz. (3.104)
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3. Adapting the Response of Benchmark Oscillators

In particular, it is only necessary to investigate the number of real-valued zeros of (3.104),
since the bifurcation parameter & is real-valued. This is done by applying Proposition 2.1
to analyze the cubic polynomial (3.104). With this, the discriminant of (3.104) reads

(- ) P00}
887 27648 (g + p1z) *

h(p1, p2) (3.105)
with

h(p) = 815 +3 (503 + 8113) iy
+6 (0p = 13085 +4423) 1} = (0 - 815) (0} +3)°. (3.106)

Thus, the number of real-valued zeros of (3.104) varies for two different scenarios: First,
there are three real-valued zeros, where two are equivalent, if the damping coeflicient is
symmetric, i.e., yiy = pp = . Then the necessary condition is satisfied in two cases. This
has been analyzed in [7] for p = 1. Second, if y; # ps, there are either one or three critical

N2 2
Ui —pia) ) > 0 holds true.

points. In this case, the sign of (3.106) has to be analyzed, since T648 )T

These two scenarios are analyzed in detail subsequently.

Symmetric Damping and Symmetric Coupling Let the damping coeflicient be symmetric,
i.e., y1 = pp = p. Inserting this into the polynomial (3.104) to determine the critical point,
the characteristic frequency (3.96) together with the coefficients (3.100) of the remaining
polynomial Pz = A% + 511 + 59, yield

g1(8) = = (1= O [4p(u - 28) + (01 — w2)?], (3.107a)
_ 2 2

we = \/2,1(,1 25); ©i T “2 (3.107b)

s1= —4(p-9), (3.107¢)

So = % (1042 — 20u& + 88 + 0} + w3) . (3.107d)

In particular, the critical points can be derived directly from (3.107a) to obtain

4 + (01 — w3)?
Earit = -2 ” : (3.108a)

&Eocrit = M- (3.108b)
Inserting (3.108) into (3.107b) yields the characteristic frequencies

w1+ w
wey = — . 2 (3.109a)
w1 + Wy

2

wep = — p2. (3.109b)

It is reported in [7] that there is only one critical point, if y = 1 is asserted. Thus, the
sufficient condition (H2) of Theorem 2.9 has to be analyzed. The results are summarized
in the following proposition.
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3.1. Coupled Oscillators

Proposition 3.4 Let u = py = pp and & = &1 = &. Additionally, assume that the coupling
strength ¢ is the bifurcation parameter and denote

+ \/46020)1 — (@1 = w2)? £ V(w1 — 303) (w3 — 301) (w1 + 602)2'

£ — 3.110
Ho 8 ( )

Then the critical points of the system (3.94) and their respective characteristic frequencies are
given by (3.108) and (3.109).
In addition, the critical point (3.108a) is an Andronov-Hopf bifurcation, which induces

1. a limit cycle, if

|1 — w2 1
‘U<0/\T< |/l|/\ Wy & 50)1,36()1

\

1
wy € (ga)l,Ba)l) Ap g (,ug,pg)}} (3.111a)

2. amplitude death, if

|w1 = wyl 1
'U>OAT> |/l|/\ Wy & 5601,3601

Vv

1
wy € (ga)l,?’&h) Aug (,ua,uar)]} (3.111b)

3. synchronization, if

|1 — w2 1
‘u>0/\T< |/l|/\ wy & 5601,3601

Vv

1
wy € (§w1,3w1) Apg (,ug,,ug]}] (3.111¢)

4. desynchronization, if

|1 — s 1
ﬂ<0/\T> |/J|/\ Wy & 50)1,3601

Vv

1
Wy € (36()1,3601) Ap g (,ug,,ug)]} (3.111d)

Proof. In the following, the crossing condition (H2) of Theorem 2.9 is investigated for
two diffusively coupled Andronov-Hopf oscillators with identical damping coefficient
and symmetric coupling. The crossing condition (H2) for the potential critical points is
investigated individually as follows: The location of the remaining eigenvalues of (3.94) is
analyzed. These can be determined by solving the quadratic polynomial Pr = A% + 5,1 + s
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3. Adapting the Response of Benchmark Oscillators

with the parameters s; and s, given by (3.100b) and (3.100a). For this analysis, the real-part
of the remaining eigenvalues is investigated by applying the Routh-Hurwitz Criterion on
Pr = A2 + 511 + 5 (see Theorem 2.4). Then the sensitivity (2.14) is analyzed, so that the
qualitative behavior of (3.94) can be deduced.

First, the crossing condition (H2) for the critical point (3.108a) is analyzed. Inserting
(3.108a) into (3.107¢c) and (3.107d), yields

~ )2 —
s1(&rerit) = (01 = @) = 4y , (3.112a)
2p
164" — 4[ (01 — w2)? — 4102 ] 1% + (01 — w2)*
so(&erit) = [ T ] : (3.112b)

Then the sign of s; is determined by solving (3.112a) for p. In contrast, the sign of (3.112b)
is obtained by analyzing the zeros of the numerator with respect to the damping coefficient
U, since its denominator is positive for all 4 € R. The numerator of (3.112b) is a biquadratic
polynomial that approaches to (positive) infinity, i.e., lim,,.+c0 So(€1,crit) = ©o. In addition,
(3.112b) has zeros for all 4 € R, if w; ¢ (w,,w;) with 0y = (3 + V8)w;, since the
coefficients of (3.112b) have alternating signs in this case. Moreover, (3.112b) is real-valued,
if (w1 — 3w2) (w2 — 3w1) > 0. This implies w; € (%a)l, 3w,). In particular, 3 — V8 < 1/3
and 3 + V8 > 1/3 holds true, such that (3.112b) has real-valued positive zeros for all
wy € (%wl, 3w1). With these considerations, the signs of the coefficients s; (&) crit) and
s0(&1crit) are given by

> 0, 1f,u>0/\|w1 w2|>|,u|

> 0, 1f,u<0/\|“)1 ol < |y
s1(&rerit) = wi—ws| wzl ’

<0, ifpu<OA > |y

<0, 1f,u>0/\|w1 w2|<|,u|

> 0, ifa)z ¢ (%wl, 30)1)

>0, ifwye (%w1,3a)1) Ap ¢ (g, 1)

So(&1crit) = —0 ifw, € (l 3 -

<0, ifw; € (3w1,301) Ap € (1 p7)

with pg given by (3.110). Thus, the zeros of the quadratic polynomial are located on the
left complex half plane, if

(,u>0/\@>|y|)v(y<0/\@<|y|)]

1 ., 1
Wy € §w1,3w1 Ap g (g, pg) | Vo ¢ 601,3601

A
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3.1. Coupled Oscillators

and on the right complex half plane, if

(u>0/\|(‘“;2”2|<|y|)v(,1<m@>|y|)]

1 - . 1
w9 € §w1,3a>1 Apeé(yo,yo) V wy ¢ §w1,3601 .

A

Following the Hopf Theorem (see Theorem 2.9), the sensitivity d is computed by (2.14),
ie.,

d

=%

(Re A(8)) le=¢er-

Assuming that py = pp = p1, & = & = £ hold true, inserting the characteristic polynomial
(3.98) into (2.14) and considering the numerator of the result, yields

num(d) = — (24° + w? + a)g)z,uz +2 (207 + 0§ + @) (542 + 0F + 0 + wiws) P
- [32y4 +2 (705 + 610z + T0?) p? + (0F — @3) (wf + a)g)] &

+4 |44 + (w1 + w2)?| p& - [12ﬂ4 + (o] + ‘05)2] ¢

(2047 — i — W5 — 6w1ws) pEDE + 6 [(a)l + wy) — 8;12] Eol + 168wl

+2
+4 (—3/12 + 0+ a)g) a)é + 20,u§a)é — 16§2wé - 4@8.
Inserting the critical point &; .;it and the characteristic frequency wc results in

>0

—_—
(w1 + wy)*
s - (o

X (16p* + 4[ (01 + w2)* + dwywa) i + (01 — w)*) . (3.113)

num ( dcrit, 1 ) = -

>0

By considering the conditions on (3.112a), the sign of (3.113) is given by

>0, if el sy,
<o, ifleced oy

num ( dcrit, 1 ) = {

so that (3.111) follows.

Second, the crossing condition (H2) for the critical point (3.108b) is analyzed. In this case,
the coefficients (3.107¢c) and (3.107d) are given by
a)f + a)g - 2y2

31(§2,Crit) =0, SO(&Z,Crit) = 2

This implies that the zeros of the quadratic polynomial are on the imaginary axis if

lul < \Jwi+wi/2. Otherwise, the quadratic polynomial has one positive real-valued
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3. Adapting the Response of Benchmark Oscillators

zero and one negative real-valued zero. In addition, the characteristic frequency (3.108a)
becomes imaginary in this case, such that two eigenvalues are on the left half complex
plane and two eigenvalues are on the right half complex plane. From this, it follows that
(3.108b) cannot induce an Andronov-Hopf bifurcation, since the sufficient condition is
violated. O

Remark 3.6 If the sufficient condition (H2) of Theorem 2.9 is violated, the emerging bifur-
cation is not an Andronov-Hopf bifurcation. For (3.94) with yu; = pip = pand & = & = ¢,
this condition is violated, if |it| = |w1 + w2|/2 holds true. In this case, both critical points
(3.108a) and (3.108b) become equivalent and all eigenvalues are purely imaginary, so that
the necessary condition of a Hopf-Hopf bifurcation is satisfied [48]. This bifurcation induces
the qualitative change of bifurcation described in Proposition 3.4.

Asymmetric Damping and Symmetric Coupling Subsequently, the number of critical
points of (3.94) for asymmetric damping coefficients, i.e., yiy # pa, is determined by
analyzing the sign of (3.106), which reads

h(r) = 845 +3 (50} + 8153) i} + 6 (0f — 130} +4p13) g — (@} - 83) (] +15)”
The results are summarized in the following proposition.

Proposition 3.5 ([156]) Let &1, = &1 = & and assume that the coupling strength & is the
bifurcation parameter. Additionally, denote the frequency difference and the intervals by
WA = W1 — W and

1 1
T = (rf.0). L= (o,—), - (%, n;)

with the constants

1 /17 1 673
nt = —\/—+3\/Ecos (§ cos™! ( )) (3.114)

2\ 4 20813

Moreover, denote the positive roots of h from (3.106) by p; for all i = 1,2,3 and assume that
the zeros 11 ; are sorted by the magnitude of their real part beginning with the largest value.
Then system (3.94) has

1. one critical point, if

|fTZ|€17>U13U(%,°°), (3.1152)

Elefinlml ¢ (0.pm1). (3.115b)
1

|5l 20 (05 5) Al € (s ) - (3.115¢)
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3.1. Coupled Oscillators

2. three critical points, if
|22 € LAl € (0, ) (3.116a)
£1e L0 (0,3) Alml € (m pa) - (3.116b)

Before the claim is proven, Descartes’ rule of signs is summarized because it is needed for
the proof.

Theorem 3.8 (Descartes’ Rule of Signs, [139]) Let

P(x) = aoxb0 + alxb1 +...+ anxb"
denote a polynomial with nonzero real coefficients a;, where the b; are integers satisfying
0<by<b <by<...<Dby, Then the number of positive real zeros of P(x) (counted with
multiplicities) is either equal to the number of variations in sign in the sequence {ay, a1, . . ., an}
of the coefficients or less than that by an even integer. The number of negative zeros of P(x)
(counted with multiplicities) is either equal to the number of variations in sign in the sequence
of the coefficients of P(—x) or less than that by an even integer.

Proof. As elaborated, the number of real-valued solutions of (3.95) is determined by the
sign of its discriminant D, which is given by (3.105). This will be analyzed by investigating
the domain of (3.106) with respect to y; and p,. The proof is structured as follows: First,
the limit at infinity of (3.106) in terms 4 is derived. With this, the sign of (3.106) can be
determined, if j4 is large enough. Second, the number and the sign of the real-valued zeros
of (3.106) are derived. The latter is done by reducing (3.106) to a cubic polynomial using
the substitution z; = p%, so that the sign of (3.106) is determined by its limit at infinity for
all y, provided that (3.106) is a Hurwitz polynomial with respect to z;.

First, note that (3.106) approaches positive infinity for y; — +oo. From this it follows that
the polynomial (3.104), which determines the critical points of the system (3.94), has only
one real-valued zero, if y is large enough.

Second, the number of real-valued zeros of (3.106) is obtained by computing its discriminant
with respect to z;, which reads

4,2 (, 2 2\3
_ 729wy (w0 = 415)
1024

Dh,Zl -

(3.117)

Hence, if |pz| < %lwA| holds true, (3.106) has three real-valued solutions with respect to

z;. Following the Routh-Hurwitz Criterion (see Theorem 2.4), the number of zeros of
(3.106) with positive real parts is determined by the number of sign changes of the series

(Do, A1,0, Az, Az ) with Az =8 and
Nop = — (w3 — 813) (w0} + ,ug)2 , (3.118a)

Arp =6 (Aw* — 13Aw® k5 + 4y13) , (3.118b)

49Aw® — 537Aw* s — 816 Aw? p; + 25645
3 (Aw* — 13Aw?pi5 + 4y13) '

Agp = (3.118c¢)
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3. Adapting the Response of Benchmark Oscillators

Subsequently, the domains, in which (3.118) are positive, are derived with respect to ;.
For this, denote 1 = pip/wa:

Note that (3.118a) is increasing in terms of i, but it is negative all for || < 1/V/3.

The zeros of (3.118b) are given by |n;| = 312/1_7, which implies that (3.118b) approaches
positive infinity for y, — +oo. Thus, (3.118b) is negative for all || € (|, |, [75]).

The sign of (3.118c) is investigated by analyzing the numerator and denominator indi-
vidually. Note that the sign changes of the denominator are given by the sign changes
of (3.118b). Additionally, the zeros of the numerator are given by the square root of the
real-valued zeros of a cubic polynomial, since by substituting z, = y> the numerator
becomes a cubic polynomial, whose discriminant reads

79827687 1,

D = — w
Bs0.22 67108864 A

Note that there are two complex-valued zeros of (3.118¢c) with respect to p», since it has
one negative zero with respect to z,. This is a consequence of Theorem 3.8, which implies
that (3.118c) has zero or two positive, real-valued zeros and one negative, real-valued
zZero.

The results on the signs of (Ag, A1,0, Az, Asp) are summarized in Table 3.1. With these
considerations, the signs of (3.118) are given by

Aoy >0, if 2] ¢ (o,% :
<0, if[£2] e (0,4

e if | 22| ¢ (ny,n3)
1,0 . Ha —
<0, if |2£| € (ny.13).
>0, if [£2] ¢ (n3,¢7) U (nf. c*),
AVY) | o - - + o+
<0,1fa|€(nzsc)u(’72’c)

Table 3.1.: Illustration of the signs of the series (Ag, A1, A, Asp) and the number of sign changes my;qy, in
terms of the corresponding intervals of the absolute value of the normalized damping coefficient |py/wa.
Note that the positive and negative signs are abbreviated by P and N, respectively.

Interval | Ago Ao Azp Asp | Msign
©n7,) | N P P P | 1

( 17% , 1711_) N N N P 1

(1711 , %) N N P P 1
(L) P N P P | 2
(ny.m7) | P P N P 2
(nj,0) | P P P p 0
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3.1. Coupled Oscillators

Herein, n{ is determined by (3.114), while n| reads

1 ]17 T 1
= 2= —3V13sin | = — = cos! (82—
M= 2\/4 3 1351n(6 3 598 (208@))'

Then the number of zeros with positive real part is given by

0, if 2| € Zy = (nf, o),
L if|&| e 1, = (o,i),

Msign =

V8
2 if 2] € B = ().

In particular, note that a detailed description of the sign changes is given in Table 3.1.

With these considerations, it is possible to compare the number of positive zeros with the
number of real-valued zeros, which implies the conditions on the number of critical points
formulated in (3.115) and (3.116). O

Remark 3.7 The discriminant of g with respect to the damping coefficients y1; and i, has
the same structure. Hence, conditions for j1; are similar to the conditions (3.115) and (3.116).

To analyze the frequency tunability of diffusively coupled oscillators with respect to
symmetric coupling, the results of Proposition 3.5 are investigated numerically. Its critical
points can be computed in terms of three trigonometric solutions [100] or one hyperbolic
solution [57]. The analytic investigation of the frequency tunability is thus difficult, so
that a numerical path is followed.

Example 3.6 Subsequently, the results of Proposition 3.5 and its implication on the bifur-
cations of two diffusively coupled Andronov-Hopf oscillators are verified numerically. This
is done by analyzing the critical points &y ;, their characteristic frequencies w;c and the
corresponding crossing condition for all i = 1, 2, 3. In particular, the crossing condition (H2)
from the Hopf Theorem (see Theorem 2.9) is evaluated by determining the sensitivity d ;
at the respective critical point &y ; for all i = 1,2,3 by evaluating (3.104) for & = &5 = &y.
Hence, the sensitivity is determined by

d

=%

(Re A(&)) ly=gss-

Additionally, the tunability of the characteristic frequencies w;c are investigated by controlling
the asymmetry between the oscillators. This is done by fixing the damping coefficient 11 and
varying the damping coefficient y,.

To investigate the different bifurcation behaviors, which are predicted in Proposition 3.5, the
number of bifurcations of (3.94) and the corresponding changes are evaluated as a function
of u1 and p; numerically. Here, the numerical values of the natural frequencies are assumed
to be given by v, = 1 % and w; = 2 % The resulting bifurcation diagram is depicted in
Figure 3.9. In particular, it is possible to identify three different bifurcation behaviors for the
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T T

| — ,,t
@ 0.6 S - Hi4
— (ll) llll — /Jt
— z 1.2
v — || =
W ~~Re 'utl,l/z
£ : — iz = A
g 02) ® ([T =g
<
A

O | | | | |

|
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Damping |p2| [1/s]

Figure 3.9.: Bifurcation diagram of two diffusively coupled Andronov-Hopf oscillators with symmetric
coupling. The number of critical points are marked as follows: Three different critical points are obtained in
(i). One unique critical point is marked by (ii). Three critical points with two identical critical points are
given by the solid lines.

example. These behaviors can be distinguished by the change of the number of critical points.
In particular, the change of the number of critical points is given by (i) the change from three
critical point to one critical point, (ii) the change from one critical point over three critical
points to one critical point, and (iii) only one critical point. Hence, the critical point &y, the
characteristic frequency wc and the sensitivity dyy are evaluated for three different damping

coefficient y; € {—1/v10,-3/v20,-1/v2} %

The results for y; = —1/Y10 %, p1 = —+/3/20 %, and p; = —1/\/5% are shown in Figures 3.10,
3.11, and 3.12. In particular, the number of critical points and their corresponding changes
agree with the analytical results. In addition, the sensitivity dy is not vanishing for every
case so that the crossing condition (H2) of Theorem 2.9 is satisfied. Combining the sign of
the sensitivity dy with the sign of the critical point &y, implies that the first and second pair
of complex conjugated eigenvalues, which cross the imaginary axis, are traveling from the
left half complex plane to the right half complex plane, if i1, s < 0. While the third pair
of complex conjugated eigenvalues, which cross the imaginary axis, are traveling from the
right half complex plane to the left half complex plane, if ji1, g2 < 0. Hence, the oscillators are
always synchronized, if the coupling & is strong enough.

Moreover, the simulations imply that the characteristic frequency wc of (3.94) can be con-
trolled in the tunable interval constraint by the natural frequencies w, and w, by changing
the damping coefficient 1y and y,. Similar to injective coupling, the characteristic frequency
wc is closer to the natural frequency of the oscillator that has the larger absolute value of
the damping. In addition, note that the system (3.94) should have a unique critical point for
sensor applications. This comes from the fact that the complete tunable interval becomes
exploitable, since the sub-critical regime is constrained by the first pair of complex conjugated
pair of eigenvalues, which travel from the left half to the right half complex plane.

Damping as Bifurcation Parameter

For the following analysis, it is assumed that one of the damping coefficients p; or ps,
respectively, is the bifurcation parameter. With this, the polynomial (3.95) to determine the
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(a) Critical coupling strength & ; as a function of the damping coefficient
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(b) Characteristic frequency wc; as a function of the damping coefficient
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-1 -09 -08 -0.7 -0.6 -0.5 -04 -03 -0.2 -0.1 O
Damping p [1/s]

Sensivity d [s]

(c) Sensitivity dyy; of the eigenvalues on the imaginary axis as a function
of the damping coefficient y, forall i = 1,2, 3.

Figure 3.10.: Critical coupling strength & ;, characteristic frequency wc ;, and sensitivity dy; with p; =
-1/vV10 % in terms of the damping coefficient y, for all i = 1,2, 3.

critical points is also a cubic polynomial. However, instead of analyzing its discriminant,
the analysis is first of all simplified by asserting that the damping coefficient is symmetric,
i.e., g3 = pp = p. Then the polynomial (3.95) to determine the critical points reduces to

gi(p) = 4" — 855y + [55% + wi] - [f% + wi] Esp+ flzlewi (3.119)

with & = &5 + &1 and wp = w1 — w;. In this case, the zeros of (3.119) can be easily derived
with the transformation p = z + % This results in

(2) = 42" — (& - & 2 Hoi
81(2) = 4z & —wp) 2 4
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(c) Sensitivity dy; of the eigenvalues on the imaginary axis as a function

of the damping coefficient y, for all i = 1,2, 3.

Figure 3.11.: Critical coupling strength &y ;, characteristic frequency wc;, and sensitivity dy; with p; =

—3/\/% % in terms of the damping coefficient y, for all i = 1,2, 3.

with &y = &1 — &;. Hence, the zeros of (3.119) are determined as

2
SRR A AR
Mg = + \ S , (3.120a)
2 2 2 212 2 22
. & &5 —wy — \/[52 -]+ 403 &
Hia =2\ - . (3.120b)
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(a) Critical coupling strength & as a function of the damping coefficient p5.
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(c) Sensitivity d of the eigenvalues on the imaginary axis as a function of

the damping coefficient ;.

Figure 3.12.: Critical coupling strength &, characteristic frequency wc, and sensitivity di with gy = —1/v2 %
in terms of the damping coefficient p,.

Eq. (3.120b) yields are complex values as

2
& - wf < \/[gg —w]” + 40?82, (3.121)

so that the critical point (3.120b) becomes invalid. In addition, the crossing condition (H2)
of the Hopf Theorem (see Theorem 2.9) can be investigated analytically with the analytic
solution (3.120a) of the critical point.

Proposition 3.6 ([156]) Let iy = pp = p, &12 # &1, and assume that the damping coefficient
 is the bifurcation parameter. Then system (3.94) has two Andronov-Hopf bifurcations. The
corresponding critical points are given by (3.120a).
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Proof. Subsequently, the crossing condition (H2) of Hopf Theorem (see Theorem 2.9) is
analyzed. This is done by evaluating the sensitivity d given by

d
d= d_,u (Re A(p)) |/J=/1H'

The sensitivity d is derived by inserting yy = p; = p into (3.98). After simplifying and
substituting A — u = 5, the characteristic polynomial reads

Py = (Ey01 + Epwz)® + iy — 2 (Enwf + Epwl)
- [(512 +&1) 2+t + a)g] n+2(E+E)n +nt (3.122)

Taking the derivative of (3.122) with respect to the bifurcation parameter y and setting
the resulting equation to zero, yields

dPy
0= (1 - %) a(;1, Q). (3.123)

As the derivative %(u, A) € R is independent of %, eq. (3.123) implies % = 1. Therefore,
the crossing condition is satisfied for all critical points since the sensitivity reads

d=1. (3.124)

In addition, the sign of (3.124) implies that the eigenvalues are always traveling from
the left complex half plane to the right complex half plane as the damping coeficient is
increased. m]

Combining Remark 3.5 and Proposition 3.6, the qualitative behavior of the solutions of
(3.94) can evaluated.

Lemma 3.5 ([156]) Let iy = piz = p1, &12 # &1 and i be given by (3.120a). Then (3.94)
1. is asymptotically stable, if p € (—oo, p],
2. has a unique limit cycle, if u € (g, pfl,

3. has two limit cycles, if i € (i}, ).

Proof. The claim is shown by analyzing the location of the remaining eigenvalues at
the critical point. This is done in two steps: First, it is shown, that all eigenvalues of
the system matrix (3.97) are complex-valued. Second, it is determined, if the remaining
two eigenvalues at the critical points (3.120a) are located on the right half or the left half
complex plane.

Note that g_)t = 1 holds true for all u € R. Hence, if there is one , for which all eigenvalues
are complex-valued, it follows for all € R that all eigenvalues are complex-valued. Thus,
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3.1. Coupled Oscillators

assume that y = 0 is a critical point, which is satisfied, if g;(0) = 0 with g; given by (3.119)
holds true. Thus,

81(0) = &12&r100
implies
§12 =0V §21 =0Vw-= w1 = W3. (3125)

In addition, the coefficients (3.99) of the characteristic polynomial P4 = A* + a3A® + a,A? +
a1 A + ag reduce to

ay = (&0 + Epwy)® + 60360‘{12, ap =2 (5210)f + §12w§) ,
ay = (&2 + &1)° + 0? + 0}, a3 =2 (&2 + &)

and the eigenvalues hence read

AE = oy W (3.126a)
2 2
AE = tioy | W (3.126b)
2 2
with
w= (i 81 — (@ — 2)? +2 (0 — ) (E12 — En) (3.127)
(3.128)

Inserting (3.125) into (3.127), results in

&1 —i(w1 —wz), if&=0
w= 1 ép+i(wr—wy), ifé&=0

12 + &a1, ifw=0w;=0w;
so that the eigenvalues of the system matrix (3.97) at the critical point are given by

_§zl¢§21—;(wziwA) if £, =0
2% = _§12¢§12—i2(w2iwA) if &1 =0

5

_ fz ?fz —i2w
2

_EaFoit(iwsFoa) if £, =0

ifw=w; = w;

2
AE = _ LuFépti(esFoa) if §21 =0

2
_ §2 ?é"z +i2w
2

ifow=w; =w;

Obviously, all eigenvalues at the critical point are complex-valued for 4, if @ > 0, which is
always satisfied.

Second, the sign of the real part of the pair of eigenvalues with non-zero real part is
analyzed. This is done by investigating the location of the remaining eigenvalues, which
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3. Adapting the Response of Benchmark Oscillators

are determined by Pr = A% + 5,1 + 5o with the coefficients s; and sy given by (3.100b) and
(3.100¢), i.e.,

s1= —2(p +p— &2 — &),

= I _15512 i {(/ll +112)° = (E12 + &)’ - §12wf - §21w§ — (3&12 + 481 — 112) ,Uf
— (4&12 +3E1 — 1) 115 — 8 (Era + &) pupt + [(Erz + E21) (BE12 +4E31) + F | 1y

+[(E12 + &) (412 +3E01) + 05| pa}

So

Inserting (3.120a) into (3.100b) results in

B §2—w2+ [§2—w2]2+4w2§2
sll,lz,lgu=+\/Z A (3.129)

In addition, sy > 0, since (3.99) has two pairs of complex conjugated eigenvalues. From
(3.129), it follows that sign(sl|y:‘uﬁyl) =latp =, and sign(sl|pzyﬁ’l) =—-laty= ”ITIJ'
Combined with (3.124), the first pair of eigenvalues crosses the imaginary axis after
surpassing fip; |, since the remaining two zeros of (3.98) have a negative real part at y = ILESE
Moreover, a second pair of eigenvalues crosses the axis imaginary after surpassing pIJle,
since the remaining zeros of (3.98) have a positive real part at u = ,u;le. O

The characteristic frequency is analyzed with these results. This can be done by inserting
the critical points (3.120a) into

3

o = (criz + cr2)p — 212812 — ¢2218m
C —_
2p— &2 — &

which results in

. \/4&2: — & (&= 2g0) of — (& ¥ 20) ©) (3.130)

W~ =
C1 4 gc

given

2
8-l +[8 - 0d] +40282

gc('flz, 521) = 3

The limits of (3.130) are determined by inserting &, = 0 or &2 = 0. This yields

. Jo, iféz=0 + _ Jor, ifé& =0
W =

. _ 3 C()C,l —_ . _ .
w2, lf 521 =0 w2, lf 512 =0

Example 3.7 To conclude this section, the tunability in the sub-critical regime with negative
coupling is analyzed by simulating the characteristic frequency «w at the critical point yi;.
The parameters of (3.94) are given by w; = 10 % and w, = 20 % The result is shown in Figure
3.13. As expected, the characteristic frequency w. is tunable inside the interval (w1, w2) by
controlling the coupling &1, and &;.
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Coupling &; [1/s]
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Coupling &, [1/s]

Figure 3.13.: Frequency tunability induced by asymmetric coupling. In particular, the characteristic frequency
wg at the critical damping coefficient p; is given as a function the coupling &, and &;.

3.2. Delayed Feedback

By introducing a delayed feedback, the dynamics of oscillators can change fundamentally.
For instance, it is observed in [106, 107] that two diffusively coupled Andronov-Hopf
oscillators become frequency tunable by introducing time delay. Similarly, it is shown
numerically in [43] that the frequency of injectively coupled Andronov-Hopf oscillators
with delayed coupling is tunable. Yet, it is not clear from [43, 106, 107], if the characteristic
frequency becomes tunable by coupling via delayed signals or a controllable time delay.

The tunability enhancement by introducing a controllable delay is subsequently inves-
tigated by analyzing the bifurcation of the complex-valued representation (3.1) with
additional delayed feedback. In addition, denote z;(t) = z(t — ) with a positive delay
7 > 0, so that the Andronov-Hopf oscillator with additional delayed feedback is governed
by

z2=f(z z), t >0, z(0) = zy(0), 0 € [-1,0] (3.131a)
with
f(z,z;) = (u+iw)z+ (n+iv)z, — |2|%2, (3.131b)

the state z(t) € C and initial condition zy(6) € C. Herein, the parameters are given by
natural frequencies w, v > 0 and the damping coefficient y, n € R. The results of the
bifurcation analysis are summarized subsequently.

Theorem 3.9 ([152]) Let the delayt be the bifurcation parameter and assume that+/n? + v? >
||. Then the critical points and characteristic frequencies of system (3.131) are given by

27k + arccos (—M) +

T, = Vi
T —sign(n) i+ vE— 42
we = o — sign(n)Vn? + v — 1, (3.132b)

(3.132a)
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3. Adapting the Response of Benchmark Oscillators

and

_ sign(n)ﬂ) "

) 2k — arccos ( Weore:
Tie = (3.133a)

w + sign(n)y/n? + v2 — p? ’
wc = o +sign(n)yVn? +v? — p? (3.133b)

for all k € Ny. Herein, the phase reads

arctan (%), ifn >0

(3.134)
7 — arctan (%) , ifp<o.

Moreover, these bifurcations are Andronov-Hopf bifurcations if ;, < 7, forall k € Ny
holds true, and the system (3.131) is asymptotically stable for r € M, N Rxo with

Mo { [0, 7530) U Ui [ Ty 17> 0 (3.135)

UZZO[T;LIC’ TITI,k]’ lff] < 0.

Proof. This proof is based on the Hopf Theorem (see Theorem 2.9). For this, the bifurcation
parameter is assumed to be the delay 7.

(H1)  The linearization of (3.131) is obtained by substituting the equilibrium z.4 of
(3.131) into the Jacobian of f(z, z;), i.e., ay = 9,1 (2, 2r)| 2=z, and a1 = 9;=z,f (2, 2z~ The
equilibrium z.q is determined by solving f(zeq, zeq) = 0, which yields z.q = 0. Hence, the
linearized system is given by

Az = agAz + a1 Az, (3.136)

with the parameters @y = p+iw € C and a; = n +iv € C. It should be noted that the
stability of (3.136) has been discussed in detail in [141]. Following [114] and [95], the
characteristic function of (3.136) is given by

Jer(A) =4 - (u + ne'“) -1 (w + ve'“) : (3.137)

In particular, (3.137) has to have a pair of eigenvalues with zero real part. These are
determined by inserting the ansatz A = iwc with the characteristic frequency wc € R and
Euler’s formula e7“c” = cos(wc7) — isin(wct) into (3.137). Splitting real and imaginary
part yields

0 = p+ 5 cos(wct) + vsin(wcr), (3.138a)
0 = wc — w + nsin(wct) — veos(weT). (3.138Db)

After inserting the relationships

vsin(wcrt) + 1 cos(wcr) = Vn? +v? cos (wet — @),
nsin(wct) — veos(wer) = Vn? +v2 sin (wet — @),
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3.2. Delayed Feedback

with ¢ given by (3.134), equations (3.138) can be solved for the delay 7 and the characteristic
frequency wc. This results in (3.132) and (3.133). In particular, the delay 7 is real-valued, if
\Vn? +v? > ||, since (3.138a) can be rewritten as

1

cos(wet — ) = —

with ¢ given by (3.134).

(H2) Second, by varying the bifurcation parameter 7, the complex conjugated eigenvalues
move in the complex plane. In particular, the location and its sensitivity is important to
deduce the properties of the bifurcation. To determine the location of the eigenvalues of
(3.131) before surpassing the first critical point, assume that the delay 7 approaches 0, so
that the eigenvalues of (3.131) have to approach

A=(u+n) +i(w+v). (3.139)

Hence, the location before surpassing the first critical point is determined by analyzing
the real part of (3.139). If u + < 0, the eigenvalues of (3.136) are negative. In this case,
the system (3.131) is asymptotically stable. In contrast to this, if u + n > 0, at least one
eigenvalue of (3.136) is positive. In particular, the uniqueness of the eigenvalue (3.139)
implies that only one eigenvalue of (3.136) has a positive real-part, so that a limit cycle
has to emerges. To determine the change induced by the bifurcation, the sensitivity of the
eigenvalues on the imaginary axis has to be investigated. With this, the asymptotically
stable and oscillating regimes of (3.131) can be characterized. The sensitivity is derived
by setting (3.137) to zero, i.e., fcr(4) = 0, and taking the derivative of this equation with
respect to the delay 7. Solving the result for g—’l and inserting the ansatz A = iwc, yields

dA
Ag}ll) :E :0:—? a)c—a)—i(’[l’]2+TV2—ﬂ)] (3140)

A=iwc
with the constant

a1 =1-2ur+ (n* +v%) 7%

The real part of (3.140) is given by

p =Re AL = M (3.141)
1
In particular, the constant ¢; is positive, since
¢ >1—2u7 + P78 = (1 = pr)? > 0.
Hence, (3.141) satisfies
] W
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3. Adapting the Response of Benchmark Oscillators

Combining the location of the eigenvalues before the first critical point is surpassed
with eqns. (3.132) and (3.142), implies that the set of asymptotic stable regimes reads
MO = MO N Ry, with

MO = [0, 7570) U Uilo (T po Tagp)» - 161 >0,
’ Useo (T o i) ifn <o.

Note that compared to (3.135) the set MO consists of open intervals, since the stability
of (3.131) at the critical point cannot be deduced from the eigenvalues. In addition, it can

happen that the interval (7, 77, ,,) is empty, i.e., when 7, > ifn >o0.

H TH k+1

(H3)  Third, the stability of the system (3.131) at the critical point 7}, is analyzed by

using the comparison approach, e.g., see [114]. For this, (3.131) is transformed into a
real-valued system with x; = Re z and x; = Im z, which yields

X =

H —o /Y 2
o ] X+ [v . ] Xt = [l x||5% (3.143)

with the euclidean norm || - ||,. In particular, the previous analysis of the eigenvalues still
holds true for (3.143). Thus, the linearized, delayed system (3.136) is bounded by a finite
dimensional, linear system, so that the trajectory of (3.143) can be overestimated by

x(t) < eomply (3.144)
with the identity matrix I € R¥*? and the real part of the maximum eigenvalue
Acomp = Re{max [o(A)]}.

with the system operator from (3.143). Herein, the spectrum of A denote by o(A).
This overestimation is valid, since asymptotic and exponential stability are equivalent
for delayed and undelayed linear ODEs [95]. With these considerations, a Lyapunov-
Razumikhin candidate function can be defined by V = xTPx with a positive definite matrix
P € R**2. This candidate satisfies min[c(P)]||x||3 < V < max[o(P)]||x||5 and its rate of
change along a solution trajectory of (3.143) is given by

T T
v=[xT|F T LS T TV | P
w U Hk |V
+xTP([Z _:) x+ z _’YV] x,;k)—||x||2xTPx

< (zacomp - ”x”z)xTPx-
Hence, the system (3.131) at the critical point 7, is asymptotically stable if
Re{max [o (A)]} = 0.

In particular, this is satisfied on the boundaries of MSO , which yields (3.135). This concludes
the proof. O
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3.2. Delayed Feedback

As expected Theorem 3.9 suggests that a delay can destabilize or stabilize the system
(3.131). For an oscillator this can be viewed as an interference between the oscillations
and the delayed feedback. In addition, the characteristic frequency wc of the system
(3.131) becomes tunable by assigning the delay 7, the damping coefficient 7, and the
frequency v accordingly. This can be explained by interpreting a single oscillator with
delayed feedback as two coupled oscillators, where amplitude and phase of the coupled
signals can be controlled. By assigning the amplitude and phase of the coupled signal, the
characteristic frequency wc can be decreased or increased. To conclude the chapter, the
results are numerically verified:

Example 3.8 Subsequently, the characteristic frequency of (3.131) is investigated numeri-
cally. In particular, the analysis focuses on the numerical validation of the asymptotically
stable regimes of (3.131). The parameters are given by @ = 100 %, u=-10 %, v=20 %, and
n € [-10,-50] % It has to be stressed that (3.131) is asymptotically stable, if T = 0, since the
real-part of the eigenvalue is given by u+n € [—-20, —60] %

The results are shown in Figure 3.14 and 3.15. Herein, the characteristic frequencies v and
w¢ are illustrated in Figure 3.14. For the numerical parameters, the characteristic frequency
wg decreases by increasing the damping coefficient . While, the frequency w(. increases by
increasing the damping coefficient n. In the sub-critical regime, the characteristic frequency
w& is unlimited, since Tk < Thger S satisfied for all n, and the frequency w: has a lower
limit. This limit reads t;, > 7g,,,- In addition, the different regimes are depicted in Figure
3.15 and examples of the different regimes are illustrated in Figure 3.16. The parameters of
these regimes are depicted by the different makers in Figure 3.15.

Example 3.9 In the following, the first eigenvalue, which crosses the imaginary axis as the
delay t is increased, is evaluated. For this, the parameters are given by w = 20 %, p=-5 %,
v=20 % andn € [-5,-15] % The results are illustrated in Figure 3.17. Herein, the real part
Uy = Re A and the critical points TITLO, Ty, and T{fm are shown in Figure 3.17a. As the delay
T is increased, the real part yi) of the first eigenvalue becomes zero for the critical points
T;LO and 1y . If the delay t is further increased, ) remains non-zero, so that a different
eigenvalue has to induce the Andronov-Hopf bifurcation. From this, it follows that, if the
delay satisfies T = the system has two eigenvalues on the imaginary axis and

+ _ -
Tk = "Hke1

Char. Frequency wc [1/s]

- -14 -13 -12 -11 -10 -9 -8 -7 -6 =5
Damping 1 [1/s]

Figure 3.14.: Characteristic frequencies . and o at the critical point 77}, and 7;;, as a function of the
damping coefficient 7 for all k € N.
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= —=

Z 0.8 — T

z 0.6 Sub-Critical
8 0.4 Super-Critical
g 0.2 o o S Parameters
= 0 I \ \ \ !

-14 -12 -10 -8 -6
Damping 1 [1/s]

Figure 3.15.: Critical delay 7y and the different regimes in terms of the damping coefficient 5. In addition,
the parameters of the results in Figure 3.16 simulation are marked by a circle, a cross, a star, a square, a
triangle, and a pentagon.

thus two different characteristic frequencies, because a Hopf-Hopf bifurcation emerges. For a
single oscillator, the neighborhood of the critical point of the Hopf-Hopf bifurcation has to
be avoided, since the frequency of the external stimuli cannot be reconstructed in this case.
Moreover, the imaginary part w) = Im A of the first eigenvalue is shown in Figure 3.17b. In
comparison to the natural frequency o, the frequency w, is decreased around the critical
point 7, and increased around the critical point Tio- Thus, the tunability of this system is
also achieved in both the sub-critical and super-critical regime.

Example 3.10 Finally, the amplitude response of the harmonically excited, delayed Andronov-
Hopf oscillator is numerically investigated. This oscillator is governed by

= (p+iw)z+ (n+1iv)z: — | 2|22 + Fayel(@ex? (3.145)

with the state z € C, the delay t > 0, the damping coefficient i, n € R, the natural frequencies
w,v > 0, the external frequency wex > 0, and the complex-valued amplitude Fex € C. Note
that the amplitude response is computed by evaluating the steady state of (3.145). This can
be done, e.g., by asserting a 1:1 phase lock, such that the trajectory of (3.145) reads

z = pel@ex! (3.146)
with the complex-valued amplitude p(t) € C. Inserting (3.146) into (3.145) and simplifying

the expression, results in

—1Wex T

p=[p+i(w— we) +1ne +ive 9T p — p3 4 Fuy. (3.147)

By asserting p the amplitude response of (3.147) can be computed. In particular, subtracting
Fex and taking the absolute value squared, simplifies the steady state equations to

0= p|° — 2 [t + 1 cos(wext) + vsin(wex?)] [pl* + [(1 + 1 cos(wexT) + v sin(wexT))?
+ (C‘) — Wex — 1] Sin(wexf) + VCOS(a)eXT))Z] |P|2 - |FeX|2- (3-148)

Note that this equation might have multiple real-valued solutions. For the purpose of this
example, the number of solutions of (3.148) at the critical point is analyzed. This is done by
inserting (3.138) into (3.148), which yields

0=pl° + (wc — wex)? |pI* = |Fexl*. (3.149)
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-1 | |
-1 0 1

Re(z)

(a) Phase plane for the param-
eters ny = —6% and 7 =0.1s.
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(c) Phase plane for the param-
etersn = —6 % and 7 =0.5s.
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(b) Phase plane for the param-
eters n = —6 % and 7 =0.3s.

Re(z)

(d) Phase plane for the param-
eters n = —12 % and 7 =0.2s.

|
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Re(z) Re(z)
(e) Phase plane for the pa- (f) Phase plane for the param-
rameters n = —14% and 7 = eters B = —14% and 7 =
0.35s. 0.55s.

Figure 3.16.: Phase plot of an Andronov-Hopf oscillator with damping coefficient 1 given by system (3.131)
in different operation regimes. The parameters of the delay 7 and the damping coeflicient 7 of the operation
regimes are marked in Figure 3.15, respectively.

Employing Theorem 3.8 on (3.149) implies that the equilibrium of (3.147) is unique and
real-valued. To illustrate this, (3.149) is evaluated numerically as a function of the external
frequency wex. The numerical parameters are given by the frequencies w = 20 %, v=20 %, the
damping coefficient p = =5 %, n € {-5-5.6,-7.1} % and the amplitude Fey = 1071, From this,
it follows that the characteristic frequencies read wc € {15,17.5,20,22.5,25} % The result
is depicted in Figure 3.18. It is demonstrated that (3.149) will have its global maximum, if
Wex = wc holds. However, there will be multiple maxima, if the (3.131) is to close a Hopf-Hopf
bifurcation.
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Delay 7 [s]

-14 -12 -10 -8 -6
Damping n [1/s]

(a) Real part p; of the eigenvalue that induces the first Andronov-Hopf
bifurcation as a function of the delay 7 and the damping coefficient 7.

0.3 40
— 3
- 02 30
z 0.1
a 20

-14 -12 -10 -8 -6
Damping n [1/s]

(b) Imaginary part w, of the eigenvalue that induces the first Andronov-
Hopf bifurcation as a function of the delay 7 and the damping coefficient

1.
Figure 3.17.: Colormaps of the real part z3 = Re A and imaginary part w), = Im A of the eigenvalue that

induces the first Andronov-Hopf bifurcation as a function of the delay z and the damping coefficient 5. In
addition, the critical delays 7}, 777 ;, and 7 | are depicted by the black solid line.

10° s 1 1
- — 1 =0.16 ;,7]:-5 s
B o 1 _ 1
- : 7 =0.12 5? n =-5.6 S
< r=0.211p=-561
g o107t | L 1, _ 1
= B 7 =0.09 $? n =-7.1 s
5 B —1=0261n=711
2 B
<
1072

10 15 20 25 30 35 40
External Frequency wey [1/s]

Figure 3.18.: Amplitude response of (3.131) as a function of the external frequency wey for various parameter

sets.
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4. Sensing with an Andronov-Hopf
Bifurcation

The present is based on the preliminary work of the author in [148]. A superordinate
controller is designed for a neuromorphic acoustic sensor to enable in-sensor signal
processing. This acoustic sensor is assumed to consist of an array of oscillators, which
exhibit at least a controllable Andronov-Hopf bifurcation (see Figure 4.1). By controlling
the bifurcation parameter, the compression can be modified to add redundant information
of the measurement to its spectrum, which simplifies the recognition of noisy signals
[70]. In addition, the frequency-selectivity of oscillators can be adjusted. With this each
oscillator satisfies the sampling property of the Dirac impulse on the frequency domain [66],
so that the oscillators only react in a (small) frequency band and they can be associated to
(different) frequencies (see Figure 4.2b). Thus, the neuromorphic acoustic sensor transforms
the stimuli into the frequency domain over time, which is subsequently called in-sensor
Fourier transform. By introducing frequency tunability in this array of oscillators, sampling
in the frequency domain is enabled, since each oscillator can sample multiple frequencies.
In comparison to this neuromorphic acoustic sensor, the pre-processing of the hearing
perception is done in the cochlea, where the response of the Basilar membrane can be
interpreted as a Fourier transform over space (see Figure 4.2a). This comes from the fact
that its cross-section changes its geometry and stiffness over space resulting in a varying
characteristic frequencies [50, 121]. In contrast to these approaches, the processing in
classical automatic speech recognition is performed in a feedforward structure, where a
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Figure 4.1.: Sketch of a neuromorphic acoustic sensor consisting of n oscillators with a frequency-selective
response. The output of the i-th oscillator for i = 1,2,..., n is associated to a frequency component, the
bifurcation parameter and the tunability parameter of the i-th oscillator tunes its response, and each oscillator
is excited by the external stimuli.

89



4. Sensing with an Andronov-Hopf Bifurcation

(a) Frequency Decomposition| | (b) Frequency Selectivity of (c) Frequency Response of
of the Cochlea Andronov-Hopf Bifurcations a Mircophone
r G G
Frequencies from | | |
a 20 to 1500 Hz, | I |- Small Amplitude /\|k — Small Amplitude
Frequencies from ) ) — )
Ke ~ 1500 to 7000 Hz — Large Amplitude — Large Amplitude
_ Frequencies from| —l—l—)
7000 to 20000 Hz f1 fz f fl fz f

Figure 4.2.: Comparison between the signal measurement of the cochlea, the bio-inspired approach, and the
technological speech processing. (a) In the cochlea, the external stimuli is decomposed over space in into
its Fourier coefficients. (b) In the bio-inspired approach, an Andronov-Hopf bifurcation is used to mimic
the functionality of the cochlea. With this, the frequency-selectivity can be used to sample the Fourier
coefficients over the time. (c) In the technological speech processing, the external stimuli is measured by a
microphone, which has a linear transfer function. After this, the signal is transformed into the frequency
domain. (Figures 4.2(a) and 4.2(b) are from Ref. [148], used under Creative Commons CC-BY license.)

microphone with a linear transfer function transduces the external stimuli (see Figure 4.2c).
This signal is then transformed into the frequency domain [2].

To implement sampling in the frequency domain, two major problems have to be resolved.
First, it has to be shown that the response of an Andronov-Hopf oscillator to an unknown
input is unique after transients have decayed. This implies that the frequency response to
an unknown input can be reconstructed by the response of an array of oscillators, which
exhibit at least one Andronov-Hopf bifurcation. This, however, might be impaired by the
compressive nonlinearity of the Andronov-Hopf oscillator, since it can induce multiple
(attractive) steady states. In contrast to the Andronov-Hopf oscillator, the uniqueness of
the response of the linear oscillators directly from its linearity, since a linear system has a
unique response to an input. Second, the convergence time of neuromorphic microphone
might be too slow in practice. This comes from the fact that the vowel time can be as fast
as 10 ms [12, 39] and automatic speech recognition usually processes acoustic signals in a
time frame of 20 ms to 30 ms [102]. In particular, this convergence speed might not be
feasible, if the bifurcation parameter of the oscillator is too close to the critical point.

In this chapter, these two problems are addressed. This is done by analyzing the steady
state of the Andronov-Hopf oscillator evoked by an external stimuli. In addition, the
convergence time of two different designs of neuromorphic acoustic sensors is analyzed as
the in-sensor Fourier transform can be implemented by either a large number of oscillators
each with constant frequency or a frequency tunable oscillator according to Definition 3.1.
In particular, a tunable characteristic enables a degree of freedom in designing sampling
algorithms, since it has to be asserted that the external stimuli is stationary (for the
oscillator), so that the sequence of sampled frequencies can be assigned arbitrary. Thus,
it is both possible to define a benchmark for sampling the frequency domain and to
investigate other algorithms. For instance, the premise of reinforcement learning can be
applied for this application.
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4.1. Response of an Andronov-Hopf Oscillator to Harmonic Stimuli

4.1. Response of an Andronov-Hopf Oscillator to Harmonic
Stimuli

In the following, the response of an Andronov-Hopf oscillator to harmonic stimuli is
investigated and it is shown that the oscillator (4.1) has an unique frequency response
after transients have decayed, if it is excited by an unknown external stimuli. For this,
consider the Andronov-Hopf oscillator

z=(p+iw)z—nlzl*z+u, z(0) = z, t>0 (4.1)

with the state z(t) € C, the external input u(t) € C and the initial conditions z, € C.
The parameters are given by the linear damping coefficient y € R, the cubic damping
coefficient 7 > 0 and the angular frequency w > 0.

The response of (4.1) is analyzed by rewriting the state z and the external stimuli u by the
truncated Fourier series

n
z= Z grelFrat, (4.2a)
k=0
n
u= Z Fre'kvat (4.2b)
k=0

with the Fourier coefficients gx(t) € C, Fi(t) € C, the fundamental frequency vp > 0 and
the number of Fourier coefficients n € N for all k =0, 1,...,n [17, 32, 33]. The temporal
evolution of the Fourier series of z is derived by inserting (4.2) into (4.1), solving the result
for g, and comparing the frequency components e, This yields

q=Aq-f(q) +F (4.3)

with the vector of the Fourier coefficients q = [qo, g1, - - -, qn]T e C™" F=[F,F,....F,]T €
C™!, and the vector-valued nonlinearity f(q) € C™l forall k =0,1...,n Herein, the
system matrix reads

H+iw 0 T 0
e 0 p+i(w—vp) - 0 e R(n+DX(n+1) (4.4)
0 0 oo ll+1(6()_nVA)

The system (4.4) is subsequently called envelope model of (4.1). To analyze the response
of the system (4.1) or (4.3) respectively, to an external input u, the nonlinearity f has to be
determined. This can be done by comparing the frequency components e'*"A* of

n n n
Z|Z|2 — (Z qkeikvAt) (Z qkeikvAt) (Z qze—ikmt) (4‘5)
k=0 k=0 k=0
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4. Sensing with an Andronov-Hopf Bifurcation

with the complex conjugate g; of the Fourier coefficients gx for all k = 0,1..., n. If (4.1) is
frequency-selective, the coupling between the Fourier coefficients will (approximately)
vanish, so that the nonlinearity (4.5) results in

n
2Pz ~ ) el qee™.
k=0

With this, it follows that the Fourier coefficients gx can be analyzed individually. Indeed,
any oscillator exhibiting an Andronov-Hopf bifurcation is frequency-selective, if its bifur-
cation parameter is in a neighborhood of the critical point [26, 27, 40, 41, 92, 103]. In this
case, (4.4) can be approximated by the uncoupled envelope model

Gk = [p+i(w — kva)l gk — |qel® gk + Fr (4.6)

with k = 0,1,..., n. Subsequently, the uniqueness of the steady states of the envelope
model (4.4) is investigated by analyzing the uncoupled case (4.6). Asserting gi = 0, results
in

0= [:u + i(w - kVA)] Geq.k — |qeq,k|2qeq,k + Feq,k (4-7)

with Foqx € Cforall k =0,1,..., n. Hence, there are three possible zeros, which are sub-
sequently analyzed by inserting polar coordinates geqx = req,kei‘/’eq:k and Feqk = peq, gelfeak
with amplitudes 7eq , peqk = 0 and phases @eq i, Peqk € [0, 27) in (4.7). This results in

0= ([,u +i(w — kvp)] - rezq’k) req,kei"’eq’k + peq,kei‘ﬁeq’k. (4.8)

The phases ¢y are determined by computing the phase of (4.8) and the amplitudes 7.q«
are derived by sorting terms and taking the absolute value squared of (4.8). This yields

JEE+ a)z’k sin(¢@)

Peq k = arctan + ¢eq, o (4.9a)
réq = M2 + @5  cos(p)
_ 6 4 2 2 7,2 2
0 - req,k - zl’lreq’k + [)u + wA’k] req’k - pex’k (49b)

with the phase ¢ = arctan(wa/u) of the complex-valued coefficient i + iwp x and the
difference frequency wp x = @ — kva. Thus, the number of solutions of (4.7) is given by the
number of positive, real-valued solutions of (4.9b). Indeed, (4.9b) has only one positive,
real-valued solution. This is proven, e.g., by substituting x = rezq) . and applying Descartes’
Rule of Signs (see Theorem 3.8). In particular, there is only one change of signs, if 4 < 0
and wa k, pex.k € R is satisfied. This implies that (4.7) has a unique, positive, real-valued
zero. Hence, the response of an oscillator exhibiting an Andronov-Hopf bifurcation to a
harmonic excitation is unique, if the respective bifurcation parameter is a neighborhood
of the critical point.
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(c) Amplitude response rs. of the original envelope model (4.3) for large

amplitudes.
{Q T T T T
< oL = || 10°
El y\/ | —pi=107"
g - 1| —p=107?
-1 | | | |
10 0 10 20 30 40

Natural Frequency w [1/s]
(d) Amplitude response rs of the uncoupled envelope model (4.6) for large
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Figure 4.3.: Comparison between the amplitude responses rs = r; + r; of (4.3) and (4.6) as a function of the
characteristic frequency w and external amplitudes p; and p; at the critical point.

Example 4.1 The results are verified numerically by comparing the steady state of the
original envelope model (4.3) and the uncoupled envelope model (4.6) for different natural
frequency w. For this, the external stimuli is assumed to be a two-tone signal

u=prel’sl 4 pyel?at (4.10)
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4. Sensing with an Andronov-Hopf Bifurcation

with the amplitudes p1, p, > 0 and the fundamental frequency va > 0, so that the original
envelope model (4.3) reads

0=[u+i(@—-va)lq - |lql*q = 2lg1*q1 + p1, (4.11)
0=[u+i(w+2va)]q - 2lql*q - |g1*q: + p2. (4.12)

The numerical parameters are given by the fundamental frequency vy = 10 and the amplitudes
p1 € {10°1071,1072} and p; € {10° 1071}, The results of the computation are depicted
in Figure 4.3. It is demonstrated in Figures 4.3a and 4.3b that the uncoupled envelope model
(4.6) approximates the original envelope model (4.3), if the excitation amplitudes are small
enough. In contrast, the approximation is not valid, if the excitation amplitudes are too large,
as visualized in Figures 4.3c and 4.3d. This comes from the fact that large amplitudes are
changing the critical point of the system, so that the frequency-selectivity of oscillator (4.1) is
impaired and thus the assumption on the frequency-selectivity is violated.

4.2. Implementing the In-Sensor Fourier Transform

Subsequently, the implementation of the in-sensor Fourier transform for an array of
oscillators or a frequency tunable oscillator is discussed. To access the Fourier coefficients
q, amplitude demodulation is employed, since the important information of the external
input can be accessed with this demodulation. This comes from the fact that relevant
features of the acoustic signal, i.e., the energy, the spectral detail, and the periodicity, are
determined by using amplitude demodulation [102]. Thus, the sampled spectrum can be
directly used for automatic speech recognition. By exploiting the frequency-selectivity of
oscillator (4.1), the amplitude demodulation is approximated by

n n n .
. . lgkl?,  if @ ~ kva
|Z|2 — qkelkVAt qie ikvpat ~ |C]k|2 ~ ) (413)

The Fourier coefficients q are determined by the envelope of (4.1), if an integer multiple
of the fundamental frequency v, is equal to the natural frequency w of (4.1). This implies
that the output of a neuromorphic acoustic sensor consisting of an array of frequency-
selective oscillators can reconstruct the frequency domain ¥ and thus the spectrum of
the external stimuli. However, the spectrum of the external stimuli and the output of a
neuromorphic acoustic sensor are functions in terms of time t and the frequency o, so
that the neuromorphic acoustic sensor can only be implemented after discretizing the
spectrum of the external stimuli over time t and frequency w.

On the one hand, the spectrum of the external stimuli has to be discretized over w, since the
spectrum is a map from R to C, so that infinitely many samples or oscillators are needed
to determine the spectrum completely. Thus, it has to be assumed that the spectrum of the
external stimuli is constrained on a frequency domain ¥ = [@min, @max| With the minimal
frequency and the maximum frequency 0 < wmin < @Wmayx and that it is discretized in n,, + 1
subintervals defined by [wg, wi+1] forall k =0, 1, ..., n,. Subsequently, the subintervals
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are assumed to be equidistant (in the frequency domain) so that wx = wmin + kws with
ws = “me=zmin On the other hand, following the results of Section 4.1 the amplitude of
the Fourier coefficient F of the external stimuli is deduced from an approximation of the
steady state z.q(w) of the oscillator (4.1), since the convergence time of (4.1) is not finite.
For this, it has to be assumed that the time scales of the oscillator (4.1) and the external
stimuli can be separated, i.e., (4.1) changes much faster that the external stimuli. With this,
the external stimuli can be discretized in time t, i.e., t = [T, for all [ € N. The conditions
to sample the frequency domain with a neuromorphic acoustic sensor are subsequently

summarized:

Assumption 4.1 To sample the frequency domain with a neuromorphic acoustic sensor
consisting of an array of oscillators. The following assumptions have to be fulfilled:

(S1) The oscillators have to be frequency-selective.

(S2) The time scales of the oscillators and the external stimuli can be separated.

With these considerations, the output of a neuromorphic acoustic sensor can be denoted
as follows

h[l, k] = [5—1(60 — Wmin — ka)A) - 5—1(60 — Wmin — (k + 1)60A)]Clk[l]

with the Heavyside function

1, ifwo>0
5-1(w) = {

0, else

and the Fourier coefficients gi[!] forall k =0,1,..., n, and I € N. In contrast, the output
of a neuromorphic acoustic sensor, which is continuous in o, is denoted by heq[!](w).
Subsequently, different algorithms to implement the in-sensor Fourier transform in a
neuromorphic acoustic sensor are discussed. This is done by analyzing the convergence
time of the in-sensor Fourier transform implemented by an array of untunable oscillators
or a frequency tunable oscillator. To this end, sequential sampling and a sampling ap-
proach based on reinforcement learning are introduced for neuromorphic acoustic sensor
consisting of a frequency tunable oscillator.

Algorithm 1: Array of Untunable Oscillators

Subsequently, the convergence time of a neuromorphic acoustic sensor consisting of many
oscillators with constant and different characteristic frequencies is investigated. After
applying amplitude demodulation (4.13), the convergence time of the in-sensor Fourier
transform can be determined by computing the distance between (4.6) and its steady state.
For this, denote the relative distance from (4.6) and its steady state by p, = qi/qeq k- The
solution of (4.6) is approximated by the real part p < 0 of its dominant eigenvalue and the
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4. Sensing with an Andronov-Hopf Bifurcation

sampling time T; > 0. Assuming that the initial conditions are given by g = 0, the upper
boundary of (4.6) is given by [4]

Ts
qk <qeq,k (1 —et ) s
so that the relative distance reads
pe=1-¢b. (4.14)

Hence, the relative distance p, can be viewed as the accuracy of the measured Fourier
coefficient. For instance, relevant values of p, read [4]

95,0%, if p|T, =3
p.=1981%, if|uTy=4. (4.15)
99,3%, if |u|Ts =5

To estimate the convergence time, (4.14) is solved for the sampling time

_In(1-p,)
—,Ll i

Ts

In addition, it is useful to denote the convergence number meony = |p|Ts > 0 to characterize
the convergence independently of ; and T;. Combined with (4.15), a simple relationship
between sampling time T; and accuracy emerges, which is given by

Mconv
T, =

. (4.16)
|

Hence, the real part p of the dominant eigenvalue can be used to tune the convergence
time of the in-sensor Fourier transform.

Additionally, the real part p of the dominant eigenvalue changes the bandwidth of an
oscillator. To demonstrate this, the 3-dB bandwidth f;gg > 0 is determined by setting
the Q-factor Qy, of a damped oscillator and the experimentally determined Q-factor Qeyp
equal, i.e., Oth = Qexp- The Q-factor of a damped oscillator is given by [52]

Hc

Om = (4.17)

with the imaginary part wc € R of the dominant eigenvalue. While the experimentally
determined Q-factor reads [45]

fe
faB
with the 27-normalized characteristic frequency fc = wc/(27). Asserting Ot = Qexp and
sorting terms results in

Qexp = (4.18)

el
fuan = 2= (4.19)
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4.2. Implementing the In-Sensor Fourier Transform

Finally, (4.19) is inserted into (4.16), which results in

mconv

T Z”ﬁ’:dB'

Hence, the 3-dB bandwidth f34p and the convergence time T are anti-proportional, so that
the sampling of the frequency domain is either fast or accurate.

(4.20)

Algorithm 2: Sequential Sampling

To implement Algorithm 2, the neuromorphic acoustic sensor has to consist of a frequency
tunable oscillator. Then the discretized frequency domain ¥ is sampled by decreasing or
increasing the natural frequency w, since the frequency response can be demodulated by
(4.13). The procedure of Algorithm 2, is summarized as follows. First, the lower (or upper,
respectively) limit of the frequency domain ¥ is chosen and it is sampled for a sampling
time T; > 0. Second, the natural frequency is increased (or decreased, respectively) by w;
and this frequency is sampled. This is repeated until every frequency in the frequency
domain ¥ is sampled. Afterwards the characteristic frequency of the oscillator is set back
to its initial value. In particular, the sampling T satisfies (4.14), so that the convergence
time of one iteration reads

Tseq = (ny, + DT

with the convergence time of the system T; > 0. Note that T; can be approximated with
(4.16). As the convergence time of Algorithm 2, can be easily determined and it is closely
related to the sampling of the time domain, it can be subsequently considered to be the
benchmark for an in-sensor Fourier transform with tunable oscillators.

Algorithm 3: Sampling based on Reinforcement Learning

Because the convergence time T > 0 of an oscillator close to its critical point is rather
slow, important information of the external stimuli can be missed by a neuromorphic
acoustic sensor consisting of a frequency tunable oscillator. For instance, the vowels can
be as fast as 10 ms [12, 39], so that the frequency domain has to be sampled in a restricted
time interval. This issue can be resolved by noting that main measures of information
of acoustic signals are its fundamental frequency and its harmonics [102]. For instance,
vowels in speech can be characterized with these measures [102, 117]. Hence, only the
most dominant Fourier coefficients have to be determined, which implies that the output
of the neuromorphic acoustic sensor has to be maximized and the spectrum of an acoustic
can be reconstructed by solving

max h[[](w) = max h[[ k]. (4.21)

weF €{0,1,...,n, }

To solve (4.21), gradient-based methods are not suitable as the spectrum of the vowel is
only supported on its fundamental frequency and its harmonics. Hence, the gradient is
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4. Sensing with an Andronov-Hopf Bifurcation

large, if the sampled frequency is in a neighborhood of the fundamental frequency or its
harmonics. Otherwise the gradient will vanish.

To avoid gradient-based methods, the optimization problem is reformulated based on the
discretized output h[[ k] of the neuromorphic acoustic sensor. With this, (4.21) is similar
to the multi-armed bandit, see, e.g., [73, 88, 115], where the Fourier coefficients can be
interpreted as the probabilities for winning. In particular, this model is suitable, if the
equilibrium value of the Fourier coefficient is only approximated. Hence, the optimization
(4.21) can be, e.g., solved by using reinforcement learning [88].

For this, a variation of the epsilon-greedy strategy is applied to determine ny,x > 0
maxima of (4.21). With this approach, either the frequency domain ¥ is explored or
(4.21) is optimized based on a value function Q, which represents the knowledge of the
explored frequency domain. In particular, the optimization phase can be used to determine
the correct amplitude. The choice of these actions is based on a policy 7 and the set of
possible actions is given by A = {0, 1, ..., n, }. For this approach, the action is the sampled
frequency, so that the policy can be interpreted as a strategy to choose the characteristic
frequency. In addition, the value function is given by

O[l+1,k] = aQ[L k] + bp[1], 1 >0, 0[0, k] = Qo[ K] (4.22)

with the initial condition Qy[[ k] € R for the time instances [ € N and the discretized
frequency k € {0, 1,..., n,}. The parameters are given by the forgetting rate a € [0, 1) and
the constant b > 0 for all [ € N and k € A. In particular, the forgetting rate a represents
the speed in which the learned information is forgotten. In addition, the reward p[/] is
assumed to be the measured Fourier coefficient g, which can be determined by amplitude
demodulation (4.13), so that the reward reads p[l] = |z(IT;)|. Finally, the policy of the
epsilon-greedy strategy is asserted to be

random action from A, if(i—1)mg <1< imey

exploiting ny,, maxima of Q[L k], if imex < I < imy

m[Q[L K] 2{

with the number of explorations mey; € N, the number of samples mg € N for the time
instances [ € N. Particularly, the policy chooses the Fourier coefficient, which is measured
in the next time step. Thus, the optimizer is purely greedy, if mex = 0, and purely
exploratory, if mex = ms. To implement this algorithm, the policy is separated into a
exploration phase and a exploitation phase, so that a larger sampling time is used to
improve the accuracy of the discovered maxima in the exploitation phase. With this,
the sampling time T; can be decreased drastically, while increasing the accuracy of the
sampled maxima. The policy 7 is constructed as follows: A permutation  (A) of the set
of action A constructed. Then the actions are draw sequentially from P (A). After the set
of permutation  (\A) is empty, a new permutation is constructed based on A. With this
policy, it is possible to randomize the sequence of sampled frequencies, so that it might be
possible to decrease the number of explorations mey.
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To choose the parameters a and b of (4.22) properly, the analytic solution of (4.22) is
analyzed, which reads

b
QlL K] = a'Q[0, K] + —pII].
a

From this, it follows that (4.22) converges, if a € [0,1) and b = 1 — a. Moreover, the
distance between (4.22) and its steady state is given by

po=1- d.
Thus, it is subsequently assumed that the forgetting rate a has to be small, i.e., a < 1,
since (4.22) is then converge after sampling all frequencies at least ones. To compare the
performance between Algorithm 2 and Algorithm 3, the time until one iteration of the
reinforcement learning algorithm terminates, has to be evaluated. This is given by

Trr = mgT;

with the numbers of samples m, € N in one iteration. Because the algorithm is motivated
by the multi-armed bandit problem, the sampling time can be decreased substantially in
comparison to the convergence time of the system, i.e., Ty < T;. However, more samples
have to be done, which implies mg > m,, + 1.

4.3. Numerical Evaluation

Subsequently, Algorithm 2 and Algorithm 3 are compared. For this, the parameters of the
oscillator (4.1) and the algorithma are given in Table A.1 in Appendix A. In particular, the
interval length wp and the limits of the frequency domain # imply that 10 frequencies are
measured, i.e., n, = 9. On the one hand, Algorithm 2 has a convergence number mzf,?w,
which yields a time frame of Tieq = 50 ms for each iteration. In addition, the convergence
number mgoy, implies that each frequency is converged to 98.1%. On the other hand,
Algorithm 3 is simulated 1000 times and the average and confidence interval given by
three times the standard deviation is analyzed, since this algorithm is based on a probability
distribution. This implies that 99.8% of all solutions are element of the confidence interval.
In addition, it is assumed that Algorithm 3 also samples the complete Frequency domain
¥ in the exploration phase and then maximizes the discovered maxima in the exploitation

phase. For this, the time Tgr is assumed to be at maximum Tieq.

To compare the performance of the algorithms the accuracy of the sampled frequency
domain ¥ is analyzed with respect to the convergence number mF, a given convergence
time Tgr, and the number of maxima ny,x. This is done by exciting (4.1) with three different,
external stimuli — a time-varying signal, a two-tone signal, and a harmonic input with a
harmonic distortion. These stimuli are given by

ey = p(£)ellORHO]
ut—t — pl t—tei(wl’ttt-'-(pl’tt) + pz ttei(wz,ttt"'(pltt)’

Und = pr hdei(w1,hdt+¢1,hd) + ps hdei(wz,hdf+<ﬂz,hd)
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Table 4.1.: Comparison between the convergence time per iteration of the algorithms for the three different

scenarios.

Convergence Time Scenario 1 Scenario 2 Scenario 3
T 5ms 5ms 5ms
Tseq 50 ms 50 ms 50 ms
T 50 ms 50ms 50ms
K1 100% - Tyeq  100% - Tseq  100% - Tieq
T 43.75ms 50ms 50ms
RE2 87.5% - Teeq 100% - Tueq 100% - Tieq
37.5ms 50ms 50ms
Trp3
75% + Tseq  100% - Tseq 100% - Teq
T 25ms 37.5ms 37.5ms
Ko 50% - Tseq  75% Tseq  75% - Treq
with
pitvs 1t <ty i, <ty Priv, i E <ty
p(t) = . , V()= , . () = . :
Parv, ift >ty Wy, ift>ty oy, it >ty

The parameters are given by the threshold #;, > 0, the amplitudes pjt, pitt, pind > 0,
the frequencies wity, i, @ind > 0, and the phases @;t, @i, ind € [0,27). In addition,
these scenarios are evaluated for four different parameter sets of the Algorithm 3. The
numerical values are given by Table A.2 in Appendix A, and the threshold t, is assumed
to be equivalent to the convergence time of Algorithm 2 and Algorithm 3, respectively.
In particular, the convergence of Algorithm 3 is verified for the first parameter set by
assigning Algorithm 3 to be purely exploratory and a convergence number equivalent
to Algorithm 2 and a comparison between the convergence time of Algorithm2 and
Algorithm 3 is depicted in Table 4.1.

Example 4.2 (Scenario 1: Time Varying Signal) The results of Scenario 1 are illustrated
in Figure 4.4. It turns out that by choosing the convergence number m]jfnv 1> the results of both
algorithms are identical. This is depicted in Figure 4.4a. In contrast to this, the convergence

RF RF RF seq -
numbers Meonv.2s M, and m are smaller than the convergence numbers Moy With

this, it is possible tc(;)r;':i:rease ticl(;n‘r]iimber of samples in Algorithm 3, so that the spectrum
is first estimated and then the maxima of the estimation are investigated for a longer time
period. Thereby, it becomes possible to sample the maxima in a shorter time, while preserving
the accuracy of Algorithm 2. This is illustrated in Figures 4.4b, 4.4c, and 4.4d. In particular,

the convergence time can be decreased by down to 50% in this scenario.

Example 4.3 (Scenario 2: Two-Tone Signal) The results of Scenario 2 are shown in Fig-
ure 4.5. In particular, it can be observed that both algorithms can reconstruct the frequency

response of two-tone signal. By decreasing the convergence number m<.

conv and thus increasing
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Figure 4.4.: Comparison between the sampled frequency responses hyeq[/, k] and hgp[l, k] of Algorithm
2 and Algorithm 3 and the (continuous) frequency response heq[!](®) of oscillator (4.1) exited by a time
varying signal after two iterations. The sampling time of Algorithm 3 is given by Trr1 = Tieq (for (a)),
Trpz = 0.875 - Teq (for (b)), Trp3 = 0.75 « Tyeq (for (c)), and Trpq = 0.5 - Tseq (for (d)).

the time of exploitation of the maxima, the convergence time can be decreased. For instance,
the maxima are robustly identified by decreasing the convergence number as depicted in
Figures 4.5b and 4.5c. Additionally, the convergence time T3, can be decreased resulting in

Figure 4.5d.

Example 4.4 (Scenario 3: Harmonic Disturbance) The results of Scenario 3 are shown
in Figure 4.6. It is demonstrated that by choosing the parameters accordingly the accuracy
and the convergence time can be improved by using Algorithm 3. This is depicted in 4.6b, 4.6¢

and, 4.6d.
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Figure 4.5.: Comparison between the sampled frequency responses hgeq[1, k] and hgg[1, k] of Algorithm 2

and Algorithm 3 and the (continuous) frequency response heq[1](w) of oscillator (4.1) exited by a two tone
signal after one iterations. The sampling time of Algorithm 3 is given by Trr;1 = Trr2 = Trr3 = Tieq (for (a),

(b),(c)) and Trgq = 0.75 - Toeq (for (d).
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Figure 4.6.: Comparison between the sampled frequency responses hgeq[1, k] and hgg[1, k] of Algorithm 2
and Algorithm 3 and the (continuous) frequency response heq[1](w) of oscillator (4.1) exited by a two tone
signal after one iterations. The sampling time of Algorithm 3 is given by Trr; = Trr2 = Trr3 = Tseq (for (a),

(b),(c)) and Trpg = 0.75 - Tyeq (for (d)).
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5. Modeling of the MEMS

Subsequently, a microelectromechanical systems (MEMS) is investigated that serves as
sensor. Its geometry is given by either a cantilever or two coupled beams. The MEMS
converts the sound pressure into an electrical signal with an piezoelectric strain gauge and
it can be thermally actuated by an aluminum wire. By assigning the actuation accordingly,
controllable Andronov-Hopf bifurcations and frequency tunability can be induced in this
system. Thus, the scope of this part is to employ the controller design of Chapter 3. In
the subsequent chapter, a mathematical model of the MEMS unifying the two designs
is derived to prepare the investigations. This is done by modeling the MEMS with two
coupled partial differential equations (PDE). To simplify the analysis in Chapter 6, the PDE
is approximated by employing the Rayleigh-Ritz method and the Galerkin method.

5.1. Bio-Inspired Setup and Experimental Results

The considered MEMS is a silicon (Si) structure, which has a length from 750 pm to 1350
pm. It is fabricated on a 4 inch Si-wafer [108], where a layer of silicon-oxid (SiO,) is
deposited using plasma enhanced chemical vapor deposition (PECVD). This SiO;-layer
acts as an electric insulator. On top of the SiO;-layer, the thermal actuator is implemented
by depositing Al-wires using magnetron sputtering. To realize the piezoelectric strain
gauge in the MEMS, high doped p++ boron implantation is used, and a Wheatstone bridge
is utilized to measure the voltage of the piezoelectric strain gauge. From this measurement,
the deflection of the MEMS can be deduced. The thickness of the MEMS is tuned by
etching out the Si-layer with potassium hydroxide (KOH). For further details regarding
the fabrication process the reader is referred to [62, 108].

By changing the geometry of the MEMS, certain properties can be modified. A selection
of designs is sketched in Figure 5.1. On the one hand, a cantilevered MEMS is shown
in Figures 5.1a. It has a constant natural frequency, which is assigned in the fabrication
process by choosing the length, the width, and the height of the MEMS. On the other hand,
a clamped-clamped design is visualized in Figure 5.1b. This design consists of a cantilever
for sensing and a clamped beam for tuning. These beams are coupled by fixing the tip of
the cantilever to a side of the clamped beam. By doing this, a geometric nonlinearity can
be induced even for small displacements [47, 155], so that the characteristic frequency of
this design can be adjusted by a small pre-deflection.

Experimental results imply that this MEMS can be used to implement neuromorphic
acoustic sensor, when the MEMS is operated in a feedback loop (see Figure 5.2). Here, the
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=%
=—=1
7

(a) Sketch of a can- (b) Sketch of a clamped-
tilevered MEMS [81]. clamped MEMS [47].

NN\

SO\

Figure 5.1.: Examples of different designs for the considered, thermally actuated MEMS. Here, the carrier,
the thermal actuator, and the piezoelectric strain gauge are sketched in blue, red, and green.

MEMS tranduces an external input into an electric signal, which can be measured in the
Wheatstone bridge. Then the output of the MEMS is filtered by a high pass to remove
noise and the high pass filtered signal is forwarded to a field programmable gate array
(FPGA), where the feedback signal is generated. The processing of the high pass filtered
signal can, e.g., involve amplification and adding an additional DC-voltage. With this,
Andronov-Hopf bifurcations emerge, which can be controlled by adjusting the DC-voltage
and the amplification of the high pass filtered signal [80, 82, 81, 136, 153, 155]. To evaluate
the experimental results, a mathematical model of the MEMS is derived in this chapter.

5.2. Continuum Model of the MEMS

To analyze the emergence of controllable bifurcations in the sensory scheme involving the
MEMS from Figure 5.2, a mathematical model of the MEMS has to be derived. For this, the
mechanical and thermodynamic subsystems are modeled separately and are then coupled
by the Duhamel-Neumann law.

External
Stimuli

MEMS Sensor

| N
= L
4
A

777L7

h

X

Actuation
Voltage

Voltage of Highpass

Offset .|Field Programmable
Gate Array (FPGA)

=

Figure 5.2.: Bio-inspired setup of the a single MEMS sensor.
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(a) Sketch of the MEMS in the Z;z,- (b) Sketch of the MEMS in the 2z;z3-plane.
plane.+

Figure 5.3.: Sketch of the mechanical subsystem of the clamped-clamped MEMS.

5.2.1. Mechanical Subsystem

In the following, the mechanical subsystem of the cantilevered MEMS and clamped-
clamped MEMS are modeled. This is done as follows: First, some mechanical preliminaries
are summarized. Second, the clamped-clamped beam is modeled by a cantilevered Bernoulli
beam, where an additional force acts on tip of the cantilever. Third, the dynamics of the
mechanical subsystem are derived by employing the extended Hamiltonian principle on
the cantilever.

Preliminaries

Subsequently, geometrical and mechanical preliminaries are discussed by defining a coor-
dinate system for the clamped-clamped MEMS and introducing the extended Hamiltonian
principle.

Let the coordinate system be a right-handed coordinate system with the coordinates
Z = (21, 2y, 23] T € R? and assume that the clamped-clamped MEMS consists a cantilever
and a clamped beam. Both beams are composed of a Si-layer and a SiO,-layer and Al-
wires deposited only on the cantilever. Sketches of the z;z,-plane and z; z3-plane of the
clamped-clamped MEMS are provided in Figure 5.3. The length, the height, and the width
are denoted by [; > 0, h; > 0, and d; > 0 for all i = 1,2 with 1 and 2 labeling the
cantilever and the clamped beam, respectively, and the distances from the middle of the
tip of the cantilever to both ends of the clamped beam are denoted by a > 0 and b > 0. In
addition, the material for the material layer and the Al-wires is assumed to be isotropic
and homogeneous.

To model a deformable body, the extended Hamiltonian principle can be employed. This
principle is based on making a line integral involving the stored kinetic and potential
energy extremal. In particular, applying calculus of variations implies

1)
0= / S Whpot (1) — 6 Wiin (1) + 6 Wi (1) dt, (5.1a)
b
0=0w(z1), ze S8, Vte|h, b (5.1b)
0=0w(z t)) = dw(z tp), zeV(z) (5.1c)
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5. Modeling of the MEMS

with the displacement w(z, t) = [wy(Z, t), wa(z, 1), w3(2, t)]T € R® of the point [z1,0,0]T €
R?, the time instances t; < t,, the potential energy W,ot(t) € R, the kinetic energy
Wiin(t) € R, the virtual work Wyc(t) € R of the non-conservative forces, the volume
YV (z) C R® of the mechanical system, and the set S C R? of the boundary conditions for
all i = 1,2,3 [44, 94, 110]. Note that J is called the variational operator [44, 110]. To solve
(5.1), the potential energy, the kinetic energy and virtual work of the non-conservative
forces have to be determined and the fundamental lemma of the calculus of variations can
be employed. This lemma is subsequently summarized.

Lemma 5.1 (Fundamental Lemma of the Calculus of Variations [110]) Let g(x) €
R be an arbitrary function and assume that f (x) € R be integrable. If

b
/ F()g(x)dx =0

is satisfied, it follows that f (x) = 0 for all x € (a,b) C R.

In addition, by assuming that the material is homogeneous and isotropic, the potential
energy, the kinetic energy and virtual work of the non-conservative forces are given by
[110]

3

3
1
Wpot = 5 [V Z Z Oij€ijj dV, (523)

=1 j=1
1
Wiin = = / p (Vi + 45 +45) dv, (5.2b)
2 Jy
Wae = / FoiwdV+[F- ] lges (5.20)
%

with the velocity v(z, t) = [3;w1(Z, t), 9w (2, 1), 9;ws(z, 1)]T € R3, body force f(z, t) € R3,
the force F(t) € R? acting on S, the mechanical stress 0;;(Z, t) > 0, the infinitesimal strain
eij(z,t) > 0, and the density p > 0 forall i,j = 1,2,3.

To describe the deformation in thermoelastic medium, the Duhamel-Neumann law is
considered. This law extends Hooke’s law to thermoelasticity. Assuming that the material
isotropic, the stress of a thermoelastic medium is given by [53, 101, 110]

0;i(2 t) = Eej(2, 1) — Eai0(2, t)5p [i — J] (5.3)

with the ambient temperature é(%, t) € R, the Young’s modulus E > 0, the linear heat
expansion coefficient a; > 0, and the discrete Dirac impulse [101]

1, ifi=j,
Mz‘—j]z{ J

0, else.
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5.2. Continuum Model of the MEMS

Finally, the mechanical strain is described by the deformation of the material in terms
of the time. The deformation of a material is determined by the change of the distances
between two arbitrary points of this material, such that the strain reads [110]

1
€ij = 5 (aijpi +0zpj + aijpaiip)
with the deflections p(z,t) = [p1(Z. t), p2(2, 1), p3(2, t)]T € R3 to a point [z, 2y, 23] T € R3
along the z;-, z,-, and z3-coordinates. By considering the infinitesimal strain ey, i.e., the
strain between two points infinitely close to each other, the quadratic derivative vanishes
providing

e,j:

(82,01 + 2:) (5.4)

DN =

With these preliminaries, the potential and the kinetic energy can be determined in
thermoelastic homogeneous and isotropic media.

Interaction between the Cantilever and the Clamped Beam

To model the interaction between the cantilever and the clamped beam, it is assumed that
a point force is acting on the tip of the cantilever, which can be modeled as a spring (see
Figure 5.4a). The spring constant can be determined by asserting the Bernoulli assumption
on the clamped beam, since this beam is long, slender and consists of an isotropic and
homogeneous material.

Assumption 5.1 (Bernoulli Assumptions [44]) A long and slender beam satisfies the
following assumptions:

(B1) The material is homogeneous and isotropic.

(B2) If a plane section within the beam was plain before bending, the section will remain
plane after bending.

(B3) The deformation of a beam is not changing the length of the neutral plane of a beam,
i.e., the torsion of this plane is negligible.

(B4) The stresses with respect to z, and zs are negligible, i.e., 032 = 033 = 033 = 032 = 0.

With these assumptions, the mechanical stress in the beam in the z;- and z3-direction
vanishes (see Figure 5.3a). Hence, the rotation of these axis can be neglected and the
resulting force of the rotation around these axis can be omitted, so that the spring force
is given by the deflection of the clamped beam in the z;,-direction. The absolute value of
the force is determined by the displacement of the clamped beam at the interconnection
between the cantilever and the clamped beam [46], which reads
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5. Modeling of the MEMS

with the pre-deflection p; € R at the tip of the cantilever and the effective parameter
EyI;, = Epl;,1 + Epls, 5. Additional parameter for the clamped beam are given by the
Young’s modulus E;; > 0 and the second moment of inertia

d W\ K d | » B\
Ly = ?2 [(hm + EZ) + f] , Iy = ?2 [gz - (h21 - 71)

with the heights hy; > 0 for all i = 1, 2 labeling the Si-layer and SiO,-layer, respectively.
With this, the spring constant is determined by

3l
Sp = 2p2

EuL,.

Following Assumption (B4), the interaction between the clamped beam and the cantilever
are derived by determining the direction of their movements. On the one hand, the
clamped beam can only move in z;- und z3-direction. Hence, the resulting force acts in
these directions. On the other hand, the directions of movement of the cantilever follow z;-
und z3-axis. Hence, the direction of the spring force cannot be parallel to the movement
direction of the cantilever, so that it has to be separated into a parallel and orthogonal
component of the movement direction of the tip of the cantilever (see Figure 5.4b). This
implies that the spring forces acting on the tip of the cantilever reads

Cs
F, = Fspcos(¢) = cspps + 2—;p§’, (5.5a)
1
. Cs
F| = Fsp sin(g) ~ ——ppg (5.5b)

h

with the angle ¢ € [0, 27), the length of the cantilever [; > 0, the truncated Taylor series
of a cosine and sine cos(p) ~ 1+ ¢?/2, sin(¢) ~ ¢, and the approximation of the angle
@ ~ p3/1;. In particular, the forces F, and Fj only act on the tip of the cantilever, so that
these forces are subsequently embedded into the boundary conditions of the PDE of the
cantilever. With this, the PDE of the clamped-clamped MEMS can be reduced to the PDE
of the cantilevered MEMS by asserting that csp = 0.

Dynamics of Mechanical Subsystem

In the following, the dynamics of the cantilevered MEMS are derived by employing
the extended Hamiltonian principle. It follows from the Bernoulli assumptions that the

I

il
¢
CSp% Fsp Fl
(a) Sketch of the MEMS in equi- (b) Sketch of the forces on the

librium. tip of the MEMS.

Figure 5.4.: Sketch of the preliminary assumptions of the clamped-clamped MEMS.
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5.2. Continuum Model of the MEMS

Figure 5.5.: Sketch of the coordinate system of the cantilevered MEMS.

deflection of the cantilever is described in the (initial) right-handed coordinate system of
the MEMS (see Figure 5.5), by

p1(z, 1) = wi(Z1, 1) — 230z, w3(Z1, 1), (5.6a)
p2(2,t) =0, (5.6b)
p3(z 1) = ws(z1, 1), (5.6¢)

The volume of the cantilevered MEMS is sketched in Figure 5.6 and it is defined by
V=NUV,UYVs

with the volumes of the Si-layer, SiOs-layer, and the aluminum wires

. . d . d hy . h
Vi=12eR|0<z < hA-——<BH<—A-——<Z < hy——1,
2 2 2 2
. . d . d h . h
(sz Z€R3 0SZlSll/\——lSZZS—l/\h11——lSZ3S—l—h13 s
2 2 2 2
nAl
d d h h
. 3 N Al _ o~ Al 1 - 1
= < < —— < - < — AN — — < < —
(Vg U{ZER 0_Z1_ll/\ 5 < 2y 22 np11 S 5 /\2 h13_23_ },

the height h;3 of the Si-layer, the height h;s > 0 of the Al-wires, the width da; > 0 of
the Al-wires, the position z,,,,; € [—%, %] of the Al-wires and the number ny € N
of Al-wires for all i = 1,2,..., na. In addition, it is assumed that the cantilever only

undergoes bending [110, Example 4.3]
wi(z,t) =0, Vz eV, Vt €[t ta]. (5.7)

With these assumptions, the potential energy (5.2a) and kinetic energy (5.2b) for the
cantilever in the MEMS can be determined.

8Si 85i0; sAl

Figure 5.6.: Sketch of the volume of the cantilevered MEMS.
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5. Modeling of the MEMS

By inserting (5.6) and (5.7) into (5.4), the mechanical strain e;; of the cantilever results in

~230% w3(21, 1), ifi=j=1
NETER St e R 538)
0, else
The mechanical stress o;; follows by substituting (5.8) in (5.3), which yields
. Eicer (2 t) — Enean(zy, 1), ifi=j=1
oi(% 1) :{ ke (z, t) wakd(z, 1), ifi=j (5.9)
0, else

with the Young’s modulus E;; > 0 and the thermal expansion constant a;; > 0 for all
k =1, 2,3 labeling the Si-layer, SiO;-layer and the Al-wires, respectively. Herein, it can be
assumed that the temperature difference 6 only depends on time ¢ and coordinate z;, as
the MEMS is very slim with h; < [, so that the dependency on the coordinates z, and
z3 can be neglected. After inserting (5.8) and (5.9) into (5.2a), the potential energy can be
evaluated to

Wpot =/ ore;; dV
%
1 l; By -2 2 - \2 ., o
_5/0 dl [% E; (821 W3) zZ3 + E1a198§l W3 Z3 d23 le
1 rh Mohs , \2 L, L
+ 5/0 dl/h " E, (82114)3) zZ3 +E20(29821W3 73 dzz dz;
1n—

h
1 [t z 2~ \2 .2 Aol o = % g
+ 2 dana " Es (8%1 W3) Z5 + E30539<9El ws z3 dzz dz;
0 7—]’!13

e P

B L 2 TGS -

_ / %(a;%) . 121 40,62 iy 2y (5.10)
0

with the effective Young’s modulus szl = Ei1l;,1 + Ei2lz, 2 + Ei3l;, 3 and the effective
thermal expansion constant E;a;S;, = E112115:,1 + E1201253, 2 + E13013S3, 3. Herein, the
first moment of inertia S; ; and the second moment of inertia I; ; > 0 forall i =1,2,3 are
given by

d [ h\2 R d i R\ K
Sz1.1 :?1 (hn——l) ——1], Ly :gl (h11+—1) +—1,

4 2 8

d | (h 2 hy\? d
S22 =?1 (?1 - h13) - (hu - 71) ] , L2 =1

hy 3 B\

2 opa =k =2
: (2 ) ( 2)

danas [ (M) (h 2 danaii [(m)® (h ’]
oot o] ot ay (o]

2 2 2 3
The kinetic energy is derived by substituting (5.6) and (5.7) in (5.2b), which results in
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5.2. Continuum Model of the MEMS

Wiin = [v pr(z) [(9tP1)2 +(aip2)® + (3tP3)2] dv

2
- [vﬁl(;?’) [(atw3)2+(z3ataglw3)2] dv

hp A L
:/ plzzl (atw3)2+plzzl (9,05, 73)° 1. (5.11)
0

with the effective densities PlA.%l = ,DllAle,l + plegl’z + p13A21’3, 101[21 = P11121,1 + ,012[721,2 +
p13lz, 3, the cross-sections Az = hidy, Az ;i = hyidy, Az i = h3inaida), and the densities

o~ h h
p11, ifz3 €=, by — 71)

~ ey h h
p1= 14 pr2 ifz3 €|l _71,71_1112],

o~ h h
p13, if 23 € |5 — hy, 71]

p1i > 0 for all i = 1,2, 3. To simplify (5.11), the effective density p;I;, is neglected, since
p1lz, < p1A;z holds true. Finally, the virtual work of the non-conservative forces of the
MEMS is determined by

L
Wae = / A fyivy 31 + Fying(1y)
0

The body force f; and f, and the forces F; and F, are neglected, because the MEMS is
modeled as a purely bending Bernoulli beam. In addition, the force F is given by (5.5a), so
that the virtual work of the non-conservative forces results in

h

WNC = — fé\j\lg d%l +FJ_‘/~V3(II) (512)
0

Using the variational operator § on the potential energy® (5.10), the kinetic energy (5.11),
and the virtual work (5.12) of the non-conservative forces, applying integration by parts,
and inserting the conditions (5.1b) and (5.1c), yields

1}
Jpot = / 5Wpot dt

51
ty N L
- / [(E1a15219+E1[513§1\7\13)585117\13] dt
0

31

ty S . 1
— / [(ElaISElaEIH + Ell;zla; \7\/3) 5\7\/3] 1 dt
¢ 0

1
17} L N
+ / (E1 0550 0+ Ei, 0!, wg) S Az, dt, (5.13a)
0

151

1To obtain § Whot» the approach of [101, Section 5.3] is followed.
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5. Modeling of the MEMS

12} ll
Jkin = / 5ka dt = / / PlAzlatW35atW3 dz; dt

I
/ / —plAzla W35W3 dZ1 dt (513b)

]Nc—/ oW dt

31

23 t2 ll
= / F35\7V3(ll) dt — / / Azlf35\7v3 d%l dt. (513C)
tl tl 0

The conditions of the boundaries at the tip and the fixed end of the cantilevered MEMS
are constraint by [116]

517&13(0) = 0, 5321\7\13(0) = 0, 517&13(11) * 0, 532117\13(11) # 0.

Hence, substituting (5.13) into (5.1), asserting that the body force is given by f3 = uo;ws —
Fex(t), and employing the fundamental lemma of calculus of variations (see Lemma 5.1)
results in

0= Ellglagl 17\)3 + plAgla?ﬁlg + E1a18518§19 + //lat\jlig, - Aleex- (514)

with the boundary conditions

= [ws] |z,=0, (5.15a)
= [821W3]Z -0’ (5.15b)
- [Elalsgle + BT, 0 ] . (5.15¢)
z1=h
~ C
[ElIzlaZ W3 + Elalszla;le +2 (Cspﬁ\)g + %\7\1;)] (515(1)
1 z1=h

Finally, the piezoelectric strain gauge layer is modeled. This is done by assuming a
point measurement at the position zj meas € (0, 1) of the piezoelectric gauge and a linear
relationship between strain €;; and the derivative 9;, ws of the deflection with respect to
Z;. This can be written as

Y(t) = K0z W3 (21, 1) |2,=2, pneas

with the transfer factor € > 0.

5.2.2. Thermodynamic Subsystem

Subsequently, the thermodynamic subsystem for the MEMS model is derived. This is done
by using the generalized equation for heat conduction in a thermoelastic, homogeneous,
and isotropic medium. Following [53, 101], heat conduction in a thermoelastic medium is
connected to the entropy, since the transportation of heat from areas of high temperature
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5.2. Continuum Model of the MEMS

to areas of low temperature is spontaneous and irreversible. Hence, heat conduction can
be determined by considering the flow of entropy. In addition, it is assumed that the heat
is a functions in terms of the direction z; and the time t as the mechanical subsystem
is also dependent of them. To describe the change of the entropy, the local form of the
second law of thermodynamics is used. This yields

ds_ 1

p
o1 (ailq_ _) (5.16)

14
with the entropy s(z, t) € R, the heat flow g(z;, t) € R, the generated heat P(z;,t) > 0,
and the volume V > 0 [101]. In a thermoelastic system, the entropy can be described by

Cepé

s=Eae;; + —

T (5.17)

with the specific heat at constant strain c, > 0, ambient temperature Ty > 0, temperature
difference 6(zy, t) = T(El, t) — Ty € R, and the absolute temperature T(le, t) € R of the
medium [101]. In addition, the heat flow can be simplified by considering Fourier’s law of
heat conduction

q=—X030 (5.18)

with the thermal conductivity A > 0 [53, 101]. Inserting (5.17) and (5.18) into (5.16), results
in the nonlinear equation

- ~ EaT, 0 P
2 0 —
/18%10 — cepate - 1 Vat€11 (1 + ?0) = - ‘—/ (519)
with the Poisson ratio v € R. By inserting the strain (5.8) and by assuming 0/Ty < 1,
(5.19) is simplified providing the linear equation for heat conduction in a thermoelastic
homogeneous Bernoulli beam

A2 0 — cepard + Sk o = — . (5.20)

1-v2 #

To derive the mathematical model of the thermodynamic subsystem of the MEMS, (5.20) is
adjusted as follows: On the one hand, the volume is asserted to be given by V = A; ; and
the generated heat P is assumed to be generated by the thermal actuator, so that it is is
equal to the electric power P, which is transduced by the Al-wires. On the other hand, the
heat conduction of the Si-layer and the SiO,-layer has to be taken into account. Following
[116], this is done by considering the effective parameters of the MEMS, which are derived
by computing the integral over the cross-section of the cantilever of the MEMS. With this,
the effective parameters read

AAz = MAz 1+ AAz 0 + A3A3 3,
CeP1Az, = Ce1P11A%,1 + Ce2P12A%, 2 + Ce3P12A3, 3

EionS;  a1Ei15; N a2E125z, N a3E135;z, 3

1-v 1—1 1—vy 1—v;
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5. Modeling of the MEMS

with the thermal conductivity A; > 0, the specific heat at constant strain c,; > 0 and the
Poisson ratio v; for all i = 1,2, 3 labeling the Si-layer, the SiO,-layer, and the Al-wires,
respectively. The thermodynamic subsystem of the MEMS is thus governed by

Fra15; . P
L Tyol Qs = — — (5.21)
% ll

/IAQI 3§1é — Cep1Az, 8té +

To determine the boundary conditions of the heat conduction, the thermodynamic proper-
ties of the MEMS model have to be characterized. For this, the mechanical subsystem of
the MEMS is modeled by a cantilever, where a spring is attached to its free end, so that
the energy transfer at the tip of the cantilever has to be adiabatic, since the cross-sectional
area Az, is small [116]. Hence, the heat flow vanishes at the tip of the cantilever [11], i.e.,

Qi t) = — 2A50(ly, 1) ~ 0

with the thermal conductivity between the cantilever and the surrounding air A;, > 0. The
clamped end of the cantilever is assumed to be isothermalsystem is called isothermal, if
the temperature is constant , since it is fixed on a large silicon wafer [116]. This implies
that the temperature at this point is equal to the reference temperature, i.e., 6(0, t) = 0.
With these assumptions, the boundary conditions are given by

0 = 0]3,-0, (5.22a)
0= 3,6l (5.22b)

In addition, (5.15b) and (5.15¢) can be simplified by inserting these assumptions. This
yields

lZ

R N N Csp
0= [Ellgla; w3 + 2 (cspw3 + —pwg)]
1

21211
To model the generated heat, the electric power emitting from heater reads
Py =iu (5.23)

with the electric current i(¢) € R of the heater and the electric voltages u(t) € R applied
on the MEMS. The current i(¢) is obtained by employing Ohm’s law, which yields

u
| = — 5.24
i=2 (529
with the resistance of the heater given by
OAl
R= napl
hisda

and the specific resistance oa; > 0 of the Al-wires. Inserting (5.24) into (5.23), yields

1 2
PE,i :Eu .
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5.2. Continuum Model of the MEMS

5.2.3. Coupled System

In the following, the mathematical model of the MEMS in normalized coordinates is
summarized. For this, let

Z wy 0

l_la

zZ1 =

and introduce the change of coordinates
wi(z1(z1), 1) = hhwi(z1, ), 0(21(21), 1) = Tob(z1, t)

which provide

. To
8;’1 w1 = 3 W1, (9;10 = —8” 0.

ln 21 ln 21
With this, the model of the MEMS is governed by

Ellll h‘l 4

,DlAEl h18?w3 = - l4 8 hlA}l,UatW?,
1
EinSs, T,
- %"10 RO+ A, Fe, (21,1) € (0,1) xRY, (5.25a)
- Az T, Eia;1S;, Toh 2
cep1An Too0 = 2052 04 = 032 o+ (z,8) € (0,1) X RY, (5.25b)
lZ 1—-v 12 “ llR
_hy
y = KTaZl W3|lezl,meas (525C)
with the mixed boundary conditions
0=[ws] |z=0, (5.25d)
0= [d,w]], _, (5.25€)
S EL h
0= @S To0 + ———9% w ] , (5.25f)
1 lel
| ELL h?
0= 21 33 w3 + 2¢sp (w3 + l—zlwg)] , (5.25g)
| : 1 2=1
0 = 0|,,=0, (5.25h)
0 = ;0|21 (5.254)
and the initial conditions
ws(z1,0) = ws10(z1) €R, z1 €(0,1), (5.25j)
atW3(Zl, 0) = W3,2,0(Zl) eR, Z1 E(O, 1), (5251()
0(21, 0) = 90(21) eR 4l E(O, 1) (5251)
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5. Modeling of the MEMS

Table 5.1.: Relevant material constants of silicon (Si), silicon-oxide (SiO,), and Aluminum (Al) for the
continuum model of the MEMS sensor.

Value
Parameter Silicon (Si)  Silicon-oxide (SiO;)  Aluminum (Al)
Young’s Modulus E [GPa] 170 58.1 —95.6 70
Poisson’s Ratio v 0.22 0.17 0.33
Density p 2] 2,336 2,196 — 2,660 2,700
Length I [um] 750 — 1350 750 — 1350 750 — 1350
Width d [um)] 150 — 700 150 — 700 1
Height h [pm] 1-9 0.25-1 1
Lin. Heat Expansion Coefficient o [%] 2,57 -3,6 0.56 23— 24
Specific Heat at Constant Strain ¢, [1(57] 691 — 825 742 — 1,243 837 — 984
Heat Conductivity A 2] 170 1.3-15 236
Specific Resistivity o [pQ - m] / / 265

Example 5.1 The parameter ranges of the effective parameter in terms of the material
constants of the cantilevered MEMS are discussed. The relevant material constants of Si,
SiO,, and Al are summarized in Table 5.1. The values for silicon follow [58, 96, 128, 140], the
values for silicon-oxide are taken from [65, 104], and the values for aluminum follow [21, 54,
128]. In addition, it is assumed that the geometry of the cantilevered MEMS is given by the
length | = 900 um, the width d = 400 um, and the height h € [0, 4] um and that the ambient
temperature is equal to the room temperature, i.e., Ty = 300 K. To determine the parameter
range, the effective parameters are computed as a function of the height of the Si-layer and
the minimum and maximum value of the material constants.

The results are visualized in Figure 5.7. It turns out that the effective parameter of coupling
from the thermodynamic subsystem to mechanical subsystem and the effective parameter of
the self-coupling of the mechanical subsystem are in a similar order of magnitude. In contrast,
this does not hold true for the effective parameter of the coupling from the mechanical
subsystem to the thermodynamic subsystem and the self-coupling if the thermodynamic
subsystem. Hence, the coupled PDEs can be sufficiently approximated by neglecting the
coupling from the mechanical subsystem to the thermodynamic subsystem.

5.3. Approximation of the MEMS Model

To prepare the bifurcation analysis of the mathematical model of the MEMS, the coupled
PDEs of the MEMS are simplified to a system of ODEs and the experimental parameter
identification of the setup is discussed. This is done by approximating the coupled PDEs
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5.3. Approximation of the MEMS Model
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Figure 5.7.: Minimum and maximum of the effective parameters of (5.25) as a function of the height of the
Si-layer. (a),(c),(e),(g) Parameter range of the mechanical subsystem. (b),(d),(f),(h) Parameter range of the

thermodynamic subsystem.

with the Rayleigh-Ritz method and the Galerkin method. In particular, acoustic stimuli
can only excite a few modes of the MEMS, so that these modes are mainly responsible
for the observed dynamics of the MEMS. The so-called dominant mode model is derived
by employing the Rayleigh-Ritz method to the mechanical subsystem and the Galerkin
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5. Modeling of the MEMS

method to the thermodynamic subsystem. To employ these methods, consider the ansatz

m
w3 = Y0+ Z x1,i,is (5.26a)
i=1
n
0 =0+ Z x2,i2.i (5.26b)
i=1

with the test functions lﬁj i(z1) € R, the coefficients X;;(#) € R, and the number of elements
nj € Nforalli=1,...,nand j = 1,2. The boundary condition (5.25d) and (5.25h), i.e.,

w3 (0, t) = é(O, t) = 0, implies that gﬁj,o(zl) = 0 is satisfied.

5.3.1. Rayleigh-Ritz Method

The approximation of the mechanical subsystem of the clamped-clamped MEMS is derived
by employing the Rayleigh-Ritz method. As this method approximates a PDE by consider-
ing the energy, the subsequent analysis is done by simplifying the extended Hamiltonian
principle with the ansatz (5.26). Inserting (5.26) into the potential energy (5.10), the kinetic
energy (5.11), and the virtual work (5.12) of the non-conservative forces results in

L E]I n N dz‘;l' ny d wl
Wpot:‘/O 221 le,i dzl’l +E10(1 7 Zx21¢21 lel : le,

i=1

- 2
A, [h dx
Wiin = ,012 /0 [Z - l% 1] dzy,

=1
kL
Wne = / ALfs

m 4
Z X1 z¢1 z] dz; + csp Z X1 11,01 z(ll) Z 551,1'1;1,1'(11)] :
i=1

Then the dominate mode mode is derived by taking the variation of the integral of the
energies over the time with respect to w;; forall i = 1,..., n. This results in

/ll dzl//“d ¢1]
0 le le

dzll X1,j

2
+E10.’1 Z [/ ¢2] wll dlll 5(2,]') 55(1,idt, (5273)

dz
17}
]kln = 5Wkin dt
t
n n s ll N N d25€1,j )
- _ZZ / p1az Yy dar | —= | 6% dt, (5.27b)
i=1 j=1 “h 0
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5.3. Approximation of the MEMS Model

~ fy
INe = / dWne dt
3]

= 1(Z/ zl[ llf3‘//11dz1

dt + 2csp [l//I 1(11)¢1J(ll)] X1,

i=1

3
+Z M [Z %;(ll)xljl 0% (5.27¢)

with the body force is given by f3 = pd; w3 — Fex(t). Inserting (5.27) into

1)
0= [ 5Wpan(t) - SWian (1) + 5Wic(0)
i

0= Sw(3 1), 7 e S(3), Vit € [t ],
0= 8wz t) = Sw(z, 1), zeV(3)

and employing the fundamental lemma of calculus of variations (see Lemma 5.1), the
approximation of the mechanical subsystem is obtained as

3R,1§Cl = (7R,2 + 7R,3) X1+ 7R,45€1 + Frsxz + f(x1) + FreFexs (5.28a)
Y= JRyX1. (5.28b)

with the state vectors

~ o~ ~ T n ~ ~ o~ ~ T n
:[x11:x12:---:x1n1] € R™, X3 :[XZI:XZZ:---:XZnZ] € R™.

The matrices and the nonlinearity read

L
JrR1 = p1az [ Y1, dzl] , (5.29a)
0 ij=1,..,n
h dzl}l i dzlﬁlj
Jr2= —Eil, / ’ = dz; , (5.29b)
0 le d21 )
Lj=1,...,m
Jr3 =2csp [1}1,1'(11)1}1,]'(11)] om (5.29¢)
Jra= —Ayp [ lﬁl zlﬁlj dzl] , (5.29d)
Lj=1,....m
- _ c h b 2301 i
Jrs = E11 Sy, / Va2, iz dz , (5.29)
g i=1,..,n1,j= ny
Lo
Tre = Az [ Yi dzl] ; (5.29f)
0 i=1,....,m
di
Ty =& [ i : (5.29g)
dz; |5 .
1 1,meas | i=1,..., n
ZCSp ~ LI . ’
fwy) = - T Y1,i(h) Z%,j(h)xu . (5.29h)
| =1 ij=1,....m
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5. Modeling of the MEMS

The potential test functions 1}1, i have to satisfy the specified essential boundary conditions
[110], which implies

, (5.30a)

(5.30b)

foralli=1,...,m

5.3.2. Galerkin Method

In contrast to the Rayleigh-Ritz method, the Galerkin method approximates a PDE by
considering the weak form. For this, (5.21) is multiplied with the test function ¢,; and
integrated over z; € [0, I], which yields

h L 2
7 A2 A~ El 1251 Szl T 1~
0=- AAgl (]52]'(9219(121 - 1 T0¢2]8~ orws + Cep1Azl¢2]at R¢2jd21.
0 0

Performing integration by parts, inserting (5.22) and (5.26) into the result, and sorting
terms, results in

ny d d ;
0= )LAZI§ ¢2](o)d9(0) )LAzl le / Ay df 24,
; 0

le le
EiiS;, dxy . d? %z 12 d5c2,i Lo
B l—vz1 TOZ / $oj—-— dz, dz; — ceprAz 1F/0 P2j1fo,idz1
2
l ¢2]d21.
1R

Evalutation of this expression for each j = 1,2,. .., n, yields the reduced order system

2 2 ~ 3G,4 2
Joi1x2 = JooXx1 + Joax2 + Tu )

with the matrices

L
Jo1 = cep1As, [ Paih2j dzl] , (5.31a)
i,j:1,...,n2
Ei0:S; d2
1—v . .
1 i=1,...,n2,j=1,...,n1
1 d id .
Jos = A4z [/ ¢22 iz] dll] , (5.31¢)
o dzy dz ij=1,.m;
1 [h
Jea= [—/ Pai dll] (5.31d)
llR 0 i:1,...,n2
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5.3. Approximation of the MEMS Model

and the boundary condition

$21(0) =0 (5.32)

forallj=1,2,...,n,.

5.3.3. Eigenfunctions as Test Functions

Subsequently, the test functions qgl,i and qu,i are assumed to the eigenfunctions of the
Bernoulli beam for qgl,i, see, e.g., [37, Appendix C], and the eigenfunctions of the heat
conduction for ¢, ;, see, e.g., [98, Section 5.3], as these functions satisfy the boundary
conditions (5.30) and (5.32) and the resulting matrices can be easily interpreted physically.
These test functions are read

¢1i(z1) =cm § [cosh Aiﬂ — cos Aiﬁ
L L
cos(A;) + cosh(A;) | . z1 . Z1
Ai— | —sinh {A;— ||}, (5.33
Tsin(A) +sinh(Ay) |\ M T AT (5.33a)
2j— )7z
$2j(21) =cr sin (M) (5.33b)
20
with the coefficients ¢y, cr € R and the parameter A; > 0 for all i = 1,2,...,n; and
j=1,2,..., ny. The parameter A, is obtained by solving
cos(A;) cosh(4;) +1=0.
Inserting (5.33) into (5.29) and (5.31) and evaluating the integrals, results in
I Tz . .
PrRE fff:smil oo 144 [sin () + sinh (4)]*
Fori = —6 cosh (A;) [2sin (4;) + sin (2A;) cosh (4;)] (5.34a)
+6 cos (4;) [2sinh (4;) + cos (A;) sinh (24;)]}, ifi=
0, ifi#j
2 )SELT . . .
_4ll3[sinc(N)Iti)l+;inh(Ai)]2 {sm (24;) + 44; (sin (A;) + sinh (/"L,-))2
Tz = 4 —2 cos (A;) [2 sinh (A;) + cos (4;) sinh (24;)] ’ (5.34b)
+4 sin (A;) cosh (A;) + sin (24;) cosh (24;)}, ifi=j
0, ifi+j

cos(A;) + cosh(4;)
sin(4;) + sinh(4;)

(4) h(d) | . ,
X {[cosh (1)) = cos ()Lj)] + Cs?ri(/lj) ::h(/lj) [sm (4j) — sinh ()Lj)] }, (5.34c)

Tr3ij = 2c§405p {[cosh (Aj)) —cos (A)] + [sin (A;) — sinh ()ll)]}
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5. Modeling of the MEMS

LAz p . . 2
_4)Li(sin[)t,-)+silnh()ti)]2 {4/11- [sin (A;) + sinh (4;)]

—6 cosh (A;) [2sin (A;) + sin (24;) cosh (4;)]

JRaij = , (5.34d)
+6 cos (A;) [2sinh (A;) + cos (A;) sinh (2A;)]}, ifi=j
0, ifi# ]
4CM01‘AJZE16K1521
Ts.ij = (5.34¢)
A [71’4(1 —20)% - 16/1;.‘] [sin () + sinh ()lj)]
x {x*(2i = 1)° [sin (A;) + sinh ()] + 8(—1)'A] sin (4;) sinh ()}, (5.34f)
8liemA,, sin? (%) sinh? [%]
Trei = (5.34g)

Ai (sin (A;) +sinh (1;))

TRyi = Ak {[sinh (Aiﬁ) + sin (Aiﬁ)]
ll ll ll

+cos(/11-) + cosh(4;) [cos (Aié) — cosh (Al%)] }, (5.34h)

Sil’l(/ll') + Sil’lh(/li) L 1
CTllceplAil . .
—Z A ifi= :
Jeri = 2 o ]., (5.34i)
0, ifi#]j
4CMCTA]2 TO E1a1521
jG,Z,ij = -

L [7[4(1 - 2i)% - 16/1]‘.*] [sin (1) +sinh (4;)] 17V
X {71'3(21' -1)° [sin (4j) + sinh (/1]-)] + 8(—1)’)1; sin (4;) sinh (/1]-)}, (5.34j)

oy = j
Jos.ij = 02’1 ’ g (5.34k)
X if i#j
2CT
L c— 5.341
jG,4,l (21. — 1)7TR ( )

5.3.4. State Space Representation

The approximation governing the clamped-clamped thermoelastic MEMS is given by

X1 = X, t >0, x1(0) =xy0, (5.35a)
Feiko = (Trz + Jrs) %1+ f(x1) + Teaxz + Jrsxs + FooFexs £ >0,  x2(0) = x30, (5.35b)
Joa%s = Joox2 + Jo3%s + Joatloer t >0, x3(0) = x30, (5.35¢)

Y = JRyX1, t>0 (5.35d)

with the deflection vector x; = Xxi, velocity vector x, = X1, the temperature vector
x3(t) = X, the output y(¢) € R, the actuation voltage u,(t) € R, the external input
Fox(t) € R, and the initial conditions xig, x50 € R™ and x39 € R™.
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5.3. Approximation of the MEMS Model

5.3.5. Parameter Identification

Following [47, 81], the approximation can be truncated after the first mode. This can
be done since the bandwidth of acoustic stimuli is limited to a bandwidth from 20 Hz to
20kHz, so that only the first mode of the mechanical subsystem of the MEMS is excited.
With this, the parameters of the MEMS can be easily determined experimentally. Inserting
n = 1in (5.35), neglecting 7, and sorting terms, results in

X2
x=|—-cx — 03x1 Ux + axs + Fex t >0, x(0) = x, (5.36a)
_ﬁx3 + évuact
Y =KX, t >0 (5.36b)

with the deflection x;(f) € R, the velocity x,(t) € R, and the temperature x;(t) € R.
Additional parameters are given by the linear spring constant ¢; > 0, the cubic spring
constant ¢; > 0, the damping p > 0, the mass m > 0, the transfer factors a, { > 0, the time
constant f > 0, and the calibration factor ¥ > 0. From (5.36) it follows that the geometric
nonlinearity can be approximated by a Duffing oscillator.

In particular, the parameters of (5.36) can be easily determined experimentally [47, 81]. For
this, the signal acquisition and signal generation is done by the laser Doppler vibrometer
PSV-500 from Polytec GmbH and the vibrometer is set up to measure the deflection at the
tip of the MEMS. With this, the parameters are determined as follows: First, the spring
constants ¢; and ¢; and the damping p are determined by exciting the MEMS acoustically
using frequency chirps for multiple DC-voltages upc = uyt. After determining the
characteristic frequency by maximizing the frequency responses of the MEMS and the
steady state of the deflection x; ¢, the spring constants are obtained by fitting the measured

data with
wc = L[c1 + Sszlzeq.

The damping y is determined by computing the Q-factor Q, from the 3-dB bandwidth of
the frequency responses and fitting y = “éc Second, the calibration factor x is determined
by exciting the MEMS acoustically with a single tone stimuli, where the frequency of
the generated signal is given by the characteristic frequency of the MEMS. With this,
the calibration factor k is obtained by dividing the steady state of the deflection x; with
the steady state of the output y. Third, the resistance R of the Al-wires is measured
from PCB using a multimeter. Fourth, the time constant § and the product between the
transfer factors @ and y are determined by evaluating the response of the MEMS to thermal
actuation. For this, the actuation voltage is chosen to be a square wave with an amplitude
500 mV and a frequency 1 Hz. Then the time constant f is the inverse of the rise time,
which is obtained by measuring the time until the deflection reached 63% of its maximum.
In contrast, the transfer factors a and y is determined by using

4B(mwR)?
=T 2 Xeq
C

with the measured steady state x;.q € R of the deflection.
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5. Modeling of the MEMS

Example 5.2 The MEMS model (5.36) with the identified parameters and the approximated
MEMS model (5.35) are compared by determining the parameters of the first mode and
simulating the evolution of their deflection. For this, a (cantilevered) MEMS from [81, Table
1] is considered. The parameters of (5.36) are summarized in Table 5.2 and geometry of
the MEMS is given by I meas = 350 um, dyeas = 150 um, and hpeas € [1.25,1.45] um. To
determine the matrices (5.34), it is assumed that the measurement error of the length and
the width of this MEMS is in several micrometers, while the error of the height is upto 1
micrometer. Hence, the geometry of the theoretical MEMS is asserted to be given by the
length I, = 350 um, the width dy, = 150 um, the number np; = 6 of the Al-wires, the
width da) = 2 um of the Al-wires, and the height hy, = 1.45 um of the MEMS consisting
of him = 0.55um, hyy, = 0.4um, and hs g, = 0.5 um with i = 1,2,3 labeling the Si-layer,
SiOs-layer and the Al-wires, respectively. In addition, the material constants follow Table 5.1,
while the constants of the test functions (5.33) read cyy = 1 and cr = 1.

The evolution of the deflection is visualized in Figure 5.8. For this, the modes of the mechanical
and thermodynamic subsystem are given by ny, n, = 1,3 and it is assumed that the deflection
of the MEMS is measured at tip. It is showcased that it is sufficient to approximate the
equilibrium of mechanical subsystem by truncating the approximation (5.26a) after the first

(a) — Min. - - Max. - - Exp. (b) — Min. - - Max. - - Exp.
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Figure 5.8.: Comparison between of the evolution of the deflection x; of the MEMS model (5.36) with
the estimated parameters and the approximated MEMS model (5.35) for different modes n; = 1,3 of the
mechanical subsystem and n, = 1, 3 of the thermodynamic subsystem. (a) The modes of the subsystems are
given by n; = 1 and n; = 1. (b) The modes of the subsystems read n; = 1 and n; = 3. (c) The modes of the
subsystems are given by n; = 3 and ny = 1. (d) The modes of the subsystems read n; = 3 and n; = 3.
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5.3. Approximation of the MEMS Model

mode. In contrast, the influence of the thermodynamic subsystem can only be reproduced by
considering multiple elements of the approximation (5.26b).

Based on these results, the parameters of the approximation (5.35) are analyzed for ny = 1
and ny = 3. For this, the parameters (5.34) are evaluated by considering the deflections x;,
the velocities x,, and the temperatures xs at the tip of the cantilevered MEMS. This is done by
transforming the states with

i = ¢1i(h)x1; X2,i = ¢i(h)x2i X3, = ¢2,i(h)x3,5
so that the MEMS at the tip is governed by

X1 = X2, t >0, x1(0) = X1,
Xy = (7}22 + Jr3) X1 + JraXo + Fs¥3 + JreFex t >0, x3(0) = Xy,
X3 = JooX2 + Jo3X3 + Joatlen t >0, x3(0) = X3,
y= ‘7R,y-7_cl’ t >0.
Here, the matrices are given by
Frzii = R iTr2i Trsii = (R 1)iTr3.ii
- - = a(h)
Traii = (Jry)iiTraii TRs.ij = p J(l )(]Rl)zﬂRS ij»
1,i
jR,6,i = ¢1 l(l ) Z(]R 1)1]}R6]3 ‘?R,y,l. = ¢1,l(ll)jR,y,l7
i) _ ]
Joz, ij= b J(l )(jcl)zﬂGz ij> 7G,3,ij = (jG,ll)iijﬁ,ij,

Joai= m j:zl(j’é,ll)iﬂGA,j,

where (]R )ij and (]G 1),] denote the i-th column and the j-th row ofj‘Rl and ]G 1> respectively.
The comparison between the parameters are shown in Table 5.2. It turns out that the time

Table 5.2.: Comparison between the identified and the computed parameters of the first mode of the MEMS
model.

Experiment Theory
Parameter Mode 1 Mode 1 Mode 2 Mode 3
Frziiler & 7.9604 x 10°  7.42 % 107 — 8.159 x 10° / /
70,2,1,-//3 % 1006.6 803.774 — 1239.565 7,233 — 11,156 20,094 — 30,989
_?R,fg’ij/a ﬁ 749.37 824.64 — 1083.24 1222.24 — 1605.54  678.74 — 891.59
7G,4,U/§ % 68,141 33,980 — 52,447 11,327 — 17,482 6,796 — 10, 489
Frs.iJoai/af 3 51.06 28.02 — 56.81 13.84 — 28.07 4.6127 — 9.3519
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5. Modeling of the MEMS

constants c; and f are in between the minimum and maximum value of Jg 2 and Jo.2.5i. In
contrast to this, the transfer factors o and { are not predicted by the theoretical parameters
Jrs.ii and Jg ;. Moreover, the product a{ has to be larger than the product of the theoretical
parameters as the equilibrium cannot be reproduced by the approximation (5.35) with n; =
ny = 1. This comes form the fact that the experimental model (5.36) is obtained by truncating
the approximation (5.35) after the first mode and fitting the measurements onto the parameters.
Hence, the contribution of the higher modes have to be compensated by the transfer factors a
and (.
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6. Bifurcation and Tunability Analysis of
the MEMS

In this chapter, the dynamics of a bio-inspired oscillator model consisting of the MEMS
model and a high pass filter is investigated by analyzing the bifurcations in the oscillator
from Chapter 5. The controller design proposed in Chapter 3 is employed on this oscillator
model. With this, the results of the controller design for the Andronov-Hopf oscillator can
be compared with a more complicated model. The chapter is structured as follows: First,
preliminaries are introduced. Second, the bifurcations induced by proportional feedback
are analyzed. It is demonstrated that two controllable Andronov-Hopf bifurcations are
induced by assigning the feedback strength accordingly. Third, as the oscillator exhibits
Andronov-Hopf bifurcations, the controller of the MEMS is extended to a network of injec-
tively coupled MEMS, two diffusively coupled MEMS, and a (single) MEMS with delayed
feedback to verify the results of Chapter 3. In particular, the tunability enhancement of
the characteristic frequency of these controllers are compared to the enhancements for
the Andronov-Hopf oscillator.

6.1. Preliminaries

Subsequently, the bio-inspired oscillator model consisting of the MEMS model and a high
pass filter is introduced and it is linearized around its equilibrium.

6.1.1. Mathematical Model of the Bio-Inspired Oscillator

The considered oscillator model is based on the MEMS model (5.36) and an additional high
pass filter to remove the offset of the output of the MEMS. The high pass filter given by
gup(s) = Ts/(1+ Ts) with the time constant T > 0. The output of the high pass is then

X1 —~— Xg : k
’ >
AN
Uact , Vv
A7y

Figure 6.1.: Sketch of the setup represented by the bio-inspired oscillator.
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6. Bifurcation and Tunability Analysis of the MEMS

forwarded into the FPGA, where it can be amplified by the feedback strength k € R and it
can be added with additional signals v(t) € R. The resulting signal u,et = kx4 + v is the
fed into the thermal actuator. A sketch of this setup is depicted in Figure 6.1. With these
considerations,the bio-inspired oscillator model is governed by

x = f(x,v), t >0, x(0) = xo, (6.1a)
y=h(x) = x, t >0 (6.1b)
with
X2
3
—C1X — C3X; — jiXp + QX3
, V) = 6.1
fxv) —Bxs + { (kxy + v)? (6.10)
—%X}l + KXy

the state vector x(t) = [x1(t), x2(t), x3(t), x4()]T € R?, the output y(t) € R. The state
vector composed of the deflection x;(t) € R, the velocity x;(t) € R, the temperatures
x3(t) € R and the voltage of the high pass x4(¢) € R. Additional parameters are given
by the spring constants ¢; = w; > 0, ¢; > 0, the damping y = wy/Qp > 0, the natural
frequency wy > 0, the Q-factor Qy > 0, the transfer factors « > 0, { = y/R* > 0, x > 0,
Y > 0, the resistance R > 0, the time constants f > 0, and initial conditions x, € R4,

6.1.2. Linearization of the Oscillator Model

To simplify the bifurcation analysis, the mathematical model (6.1) is linearized around an
steady state.

Lemma 6.1 ([155]) Let v(t) = upc € R. Then the oscillator (6.1) has a unique steady state
given by

RSN

T
Ul o] (6.2)

Xeq = [\/g sinh (%arsinh (‘2—]3/%)) 0

with the coefficients p = ¢, q = —g—iulz)c.

Proof. To prove the claim, the steady state (x.q, upc) of (6.1) is analyzed by following
Definition 2.1. Considering f(x.q, v)) = 0, the steady states are determined by solving

0 = Xpeqs (6.3a)
0= —CiXpeq — 03xieq — UXzeq + AX3eq, (6.3b)
0= — Prseq + {(kxXgeq + unc)?, (6.3c)
0= — %x4,eq + KX,eq- (6.3d)
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From (6.3a), (6.3c) and (6.3d), the values xy¢q, X3.eq and x4 ¢q follow immediately. After
inserting these solutions into (6.3b), the cubic polynomial

Peq(xl,eq) = xieq + PX1eq — 4 (6.4)

is obtained with the coefficients p = z—; and q = Z—iu%c. Note that a cubic polynomial has
in general 3 different roots. However, only the real-valued roots are of interest here. Using
Proposition 2.1 and inserting p and q into the polynomial discriminant (2.11b) yields

3 242
1 4
Deq= =+ =24l . >0
q= 73 > 2 UDC
g P

Comparing this with (2.11a) shows that (6.4) has only one unique, real-valued solution,
which implies that (6.1) has only one unique equilibrium. The value x; ¢q can be determined
by the sinh-solution of a cubic equation following [57] since p > 0. This yields

4 1 3
Xieq = 4/ ?p sinh (garsinh (g{/;))

and concludes the proof. m|

Following Theorem 2.2, the system matrix, the input matrix, and the output matrix of the
linearization of (6.1) around the steady state (6.2) reads

0 1 0 0
p) -Q? — 0
A=Y (e ) = god , (6.52)
ox 0 0 —-B 2lupck
0 x 0 -z
T ofT
br=—- (Xeq teq) = [0 0 2¢ 0], (6.5b)
oh
=—=1[0 0 0 1 6.5
c P [ ] (6.5¢)

with the natural frequency Q = (c¢; + 3c3x? eq)l/ 2,

To conclude the preliminaries, the characteristic polynomial and the transfer matrix of
the linearization of the oscillator (6.1) around (6.2) are derived. Note that the transfer
function of the open loop system is given by g(s)|x=o = ¢(sI — A|s=¢) 'b. The characteristic
polynomial and the transfer function read

P(A) = /14 + a3/13 + 612/12 + (a1 - bl k)/l + ap, (66&)
bIS
st+ a3 + ays’ + (a1 — bik)s+a’

g(s) = (6.6b)
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with the coefficients

QZ
dy = ﬁT, (673)
QZ
a; = Q% + ﬁTﬂ = (6.7b)
ay = é + B+ % + Q% (6.7¢)
1
as = ﬁ + U+ ?, (67d)
by = 2axlupc. (6.7€)

6.2. Bifurcation and Tunability Analysis of the Bio-Inspired
Oscillator

Subsequently, the bifurcations and frequency tunability of the bio-inspired oscillator model
(6.1) under different controllers are analyzed.

6.2.1. Frequency Tunability induced by DC-Voltage

In the following, the influence of the DC-voltage upc on the natural frequency of the
bio-inspired oscillator (6.1) is analyzed. Following Lemma 6.2, it is implied that the natural
Q can be increased by assigning the DC-voltage upc accordingly. This is visualized
by evaluating the (normalized) frequency f = Q/(2x) from (6.5a) as a function of the
DC-voltage upc. The parameters used for the numerical simulation are summarized in
Table A.3, respectively.

The frequency tunability of (6.1) is illustrated in Figure 6.2 and it can be explained by
considering the geometry of the clamped-clamped MEMS, which can be separated into
a sensing part and a tuning part (see Figure 6.3). With this, a geometric nonlinearity is
induced, so that the frequency becomes tunable [47]. Other designs to induce geometric
nonlinearities in a MEMS are discussed, e.g., in [3, 30, 77, 78, 79, 133, 134, 143].

]

o
=
S
S

5,000

4,000

Char. Freq. f [Hz

0 50 100 150 200 250 300 350 400 450 500
DC-Voltage upc [mV]

Figure 6.2.: Natural frequency Q in terms of the DC-voltage upc.
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Z/ Sensing Part
| /

/

Tuning__ | ; /

777

Figure 6.3.: Geometry of the clamped-clamped MEMS.
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6.2.2. Emergence of Controllable Andronov-Hopf Bifurcations

To employ the controllers designed in Chapter 3, it has to be shown that the oscillator
(6.1) exhibits a controllable Andronov-Hopf bifurcation. This is shown in the subsequent
theorem.

Theorem 6.1 ([153]) The system (6.1) undergoes two Andronov-Hopf bifurcations depend-
ing on the feedback gain k with the critical points and the characteristic frequencies given by

2a1 — azas + (131/(13 —4aqy

kItI = 2[,1 s (683)
ag £ /az —4ay
wg = 22 . (6.8b)

Proof. The proof follows the necessary condition (H1) and the crossing condition (H2) of
the Hopf Theorem (see Theorem 2.9).

(H1)  The critical feedback strength kj; and kj; and the characteristic frequencies v’ and
ware derived by comparing the characteristic polynomial (6.6a) with a quartic polynomial
with a pair of complex conjugated, purely imaginary zeros. This quartic polynomial is
given by

Pra(2) = (A + 08) (A* + puA + qn)

with the coefficients py, g € R and the characteristic frequency wc > 0. Comparing the
coeflicients between both polynomials yields

a = quwd, (6.92)
a1 + bikg = pré, (6.9b)
a, =qu+ a)é, (6.9c)
as = py. (6.9d)
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6. Bifurcation and Tunability Analysis of the MEMS

After solving the nonlinear system of equation (6.9), the coefficients py;, g1, the character-
istic frequency wc, and the critical feedback strength ki are obtained as

ay + (/a5 — 4ag

— £ _
pH - a3’ qH - 2 3
2a1—a2a3ia3,/a§—4ao agi,/ag—élao
ki = 5 wi = *
H 2b, ¢ 2

(H2) To characterize the limit cycle the location of the eigenvalues and the crossing
condition are investigated. The location of the eigenvalues is analyzed by showing that the
quadratic polynomial p, (1) = A% + pyA + qy satisfies the necessary and sufficient condition
for a Hurwitz polynomial, i.e., pry > 0 and gy > 0. Aspy € R, qg € R, a; > 0, and ay > 0
has to be satisfied, it is implied that that ag > 4ay holds true. Hence, it follows that pyy > 0
and gy > 0 is satisfied, so that p,(4) is a Hurwitz polynomial.

Second, the crossing condition is investigated by analyzing the sensitivity of the complex
conjugated eigenvalues located on the imaginary axis. The sensitivity reads

(az — wé) bm%

deRe—

= (6.10)

A=iwc (0360% — kb — az)? + (a)é - az)za)é'

Note that the sign of (6.10) is determined by its numerator since the denominator is always
positive. Thus, the sign of (6.10) is always positive, if

ay F (/a5 — 4ag

aZ—a)(Zj: 5 > 0.

This is satisfied, since a2 > 4ay holds true. ]

6.3. Frequency Tunability Enhancing Controller Design

As the oscillator (6.1) exhibits two controllable Andronov-Hopf bifurcations, the controller
developed in Chapter 3 can be employed to enhance the frequency tunability of the
oscillator, if the bifurcation parameter k is in the neighborhood of the critical point k.
Subsequently, the tunability enhancement of the two coupled oscillators of the form (6.1)
and an oscillator with a controllable delay is analyzed.
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6.3.1. Controller based on Injectively Coupling

In the following, the frequency tunability enhancements by coupling oscillators of the form
(6.1) injectively is analyzed. A sketch of two injectively coupled oscillator is illustrated in
Figure 6.4 and the i-th Andronov-Hopf oscillator is governed by

xi=fi(x) t >0, xi(0) = x;p,
Y= Xy >0
with
X2,i
—C1,iX1,i — CS,ixii — HiXoit+ X3
fi()() = " 2
—Pixsi+ (UDC + 2 kijx4j)
—%.sz,i + KiXp,i
the state vector y = [x?, xg, ..., xI]" of the network, the feedback matrix K = [kijlij=1,..n>
and the number n € N of oscillator for all i = 1,2,...,n. To analyze the tunability

enhancements, the necessary conditions (H1) of the Hopf Theorem (see Theorem 2.9)
is investigated. The analysis is structured as follows: First, conditions are derived to
determine the critical points of two coupled groups of (arbitrary) oscillators. To achieve
this, it is asserted that both groups of oscillator, see, e.g., Definition 3.2, exhibit at least one
Andronov-Hopf bifurcation, if the oscillators are uncoupled. Second, the emergence of
Andronov-Hopf bifurcations of two coupled groups consisting of the bio-inspired oscillator
(6.1a) are investigated. It turns out that the necessary conditions for the emergence of an
Andronov-Hopf bifurcation are satisfied in three cases. Third, it is analyzed whether these
three bifurcation points induce a Hopf-Hopf bifurcation, see, e.g., [48, 76].

Theoretical Results

The critical points of two coupled groups are determined by exploiting the structure of
the linearization of (6.1). In particular, the exploited structure is induced in the following
way:

Ig - o =
T >

~ k k
Uact,1 - L
uDC>]\f\/ V]
DT \NZA)
s o
upc2"Y
Uact,2
~ k22 kZl

N /-\_/
X2 | < | X2

Figure 6.4.: Sketch of two injectively coupled, bio-inspired oscillators (6.1).
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6. Bifurcation and Tunability Analysis of the MEMS

Assumption 6.1 ([149]) For a network composed of oscillators the following assumptions
are imposed:

(A1) The equilibria of the decoupled oscillators are invariant to coupling, i.e., they remain
the sole equilibria of the coupled nonlinear system, and the system matrix is influenced
by the adjacency matrix.

(A2) For each uncoupled oscillator there exists a critical value ky;; of the self-feedback
strength so that it undergoes at least one Andronov-Hopf bifurcation.

Assumption (A1) implies that the transfer matrix of the coupled system is obtained by
coupling the transfer functions of the uncoupled oscillators. A consequence of (A2) is
that the linearized system matrix A;; has a pair of complex conjugated eigenvalues on the
imaginary axis for the feedback strength k;; = kg ;;. With this, the necessary condition (H1)
of the Hopf Theorem (see Theorem 2.9) for two coupled groups of oscillators is summarized
as follows.

Theorem 6.2 ([149]) Consider two groups composed of n; € N and n, € N oscillators,
respectively, so that the dimension of the coupled network is n = ny + ny. Let the transfer
function of an individual (linearized) oscillator (with respect to its controllable input), the self-
coupling matrices, and the cross-coupling matrices be given by gi(s) € C, K;; = kI € R"*™
with ki € R, and Kij € R" " forall i,j = 1,2 and i # j. Assume that the eigenvalues
A € R, k = 1,..., ny of the matrix K»1 K12 € R"™*™ are real-valued and the bifurcation
parameters. Then the bifurcation points Ay of the Andronov-Hopf bifurcations of the two
groups of oscillators are determined by

M= g4+ 4l — Gy — G (6.11)

with the constants qi1, q12, @21, 22 € R computed from

0 = g1(iwc) — g2(iwc) + [ki1 — ka2 + 2(q21 — ig12)] g1 (iwc) g2 (iwc), (6.12a)
0=1-[ki1 4+ qu1+ q21 —i(q12 + q22)] g1(iwc), (6.12b)
0=q11922 — 921912 (6.12¢)

with wc € R the characteristic frequency at the critical point.

Remark 6.1 Egn. (6.11) must be interpreted in the sense that at least one eigenvalue Ay of
the matrix Ky1 K1, must take the value Ayy. Note that this also enables us to deduce information
about the topology.

Proof. To prove the claim, it has to be shown that the transfer matrix of the network has
a complex conjugated pair of eigenvalues on the imaginary axis. This is done in 3 steps:
First, the transfer matrix from output to input of the network is derived depending on the
coupling in terms of the adjacency matrix K. Second, the adjacency matrix K is shifted
by a diagonal matrix Q € C™" so that K = K + Q becomes singular. Third, this shift
introduces a linear pseudo-feedback into each transfer function. This is then used to show
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6.3. Frequency Tunability Enhancing Controller Design

that the transfer function of the network has a complex conjugated pair of eigenvalues on
the imaginary axis in terms of the eigenvalues Ay of the matrix K;,Kj>;.

Denote the self-coupling matrix and cross-coupling matrix of the two groups by K;; = kq11,
Kz = kg, Ki2 and Kj;. Then the transfer matrix of the coupled groups from output
y=1[y1, . .,yn]T to input Av = [Avy, Aw,, .. ., Av,]T reads

1—k11g1(3)
o In 0 0 Ki
H(S) = gl(z ' l—kzzgz(S)I ] - |:K21 0 .
&(s) M
~————
=Knp

By choosing this rather uncommon transfer matrix the effects of the cross-coupling Knp
can be investigated directly, since the zeros of H(s) are the poles and thus at least a subset
of the eigenvalues of the network. Hence, the aim is to show that H(s) has two complex
conjugated zeros on the imaginary axis. To express this behavior, assume that there exists
an asymmetric shift given by

_ |+ @), 0

K=K
ND 0 (ql - qZ)Inz

(6.13)

=Q

with the constants q; = ¢11 +igqi2 € C, ¢ = @21 +1iq22 € C. Herein, z* denotes the
complex conjugate of a complex number z € C. To satisfy the necessary condition of an
Andronov-Hopf bifurcation, it has to be imposed that K is singular, such that a rank drop
argument can be used for the transfer matrix H(s). Following Lemma 3.2 the determinant
of K can be simplified to

detK = % det [(q} + @) (q1 — q2) In, — K21K12] .
2

Assuming that at least one eigenvalue of H(s) is not influenced by the cross-coupling
matrices implies det K = 0. This is achieved by setting (g} + ¢;) (g1 — g2) to the eigenvalues
Ak € 0(K31Kq3) of Ky1Ky, forall k = 1,, ..., ny, which yields

A =G+ 45y — 51 — G +12(q12G21 — q11G22)

where the imaginary part must vanish since the eigenvalues are assumed to be real-valued.
Hence, q11q22 = q12921 must be satisfied implying (6.11).

Now, it has to be shown that the transfer matrix H(s) is locally singular for s € {#iwc ).
For this, the Jordan decomposition of K = W*AW is used with the Jordan matrix A € R™"

!Without loss of generality, it can be assumed that s = iwc, since the transfer matrix of the network
H(s) is composed of rational functions g (s) and g, (s) with real-valued coefficients, so that complex-valued
zeros and poles can only occur in complex conjugated pairs. Particularly, this fact is not changed by adding
or subtracting the complex-valued matrix Q, since H(s) is not changed by these manipulations.
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and a transformation matrix W € R™" [75]. For the output-to-input transfer function of
the network, this implies

[ 1—k11g1(3)I 0
Ho= | a0 ™ o &
0 1-kpa82(s)
| g(s) 2]
[ 1-k1181(s) ; 0 ]
1 *
= gl(g l—kzzgz(s) — Q — W AW

g2(s) n |

By imposing

[ 1—k11g1(s)
nl) Im 0 _0
0 1-kp282(s)
| g(s) ™
[ 1-(ki1+q;+q;)81(s) I

0 ! .
= gl(g " 1—(k22+‘h—q2).§2(3)1— ] = h(S)In, Vs € {ile}’
&(s) "2

the transfer matrix is simplified to
H(s) = W* (h(s)I - A) W,

respectively. If h(s) vanishes for s € {+iwc}, then H(s) is singular, because A is singular
for all s € C. This analysis implies the following conditions

0= 1- [kll +q + qS] g1 (iwc) 1= [k22 + q1 — q2] g2(iwc)
g1 (iwc) g2 (iwc)
0=1-[ky2 + q11 — g21 +i(qr2 — q22)]g2(iwc),

5

which can be rearranged into (6.12a) and (6.12b) thus concluding the proof. O

The condition imposed on the real-valued eigenvalues of the product of the cross-coupling
matrices Kj2K>; and the self-coupling matrices K;, and Kj; is fulfilled for a rather large
classes of networks, e.g., if

« the network is undirected so that the adjacency matrix becomes symmetric, i.e.,
K = KT,

« the size of one group is 1.
Moreover, with similar arguments as in Theorem 6.2, the bifurcation point of identical

oscillators in symmetric networks can be generalized, e.g., see [127, Proposition 1]. This is
elaborated subsequently.

Proposition 6.1 ([149]) Consider a single group consisting of n € N oscillators and denote
the self-coupling matrix by K € R™". In addition, assume that the Assumptions (A1) and (A2)
are satisfied and that the eigenvalues of the self-coupling matrix A; € o(K) are real-valued
foralli=1,...,n. Then the critical points of each oscillator are given by ky; = k + A;.
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Proof. The proof follows the line of the proof of Theorem 6.2. However, in the case of one
group the auxiliary matrix Q € C™" simplifies to a weighted identity matrix, i.e., Q = gl
with the weight g € R. Then by following the arguments of the proof of Theorem 6.2, the
conditions

K = det[gl, - K], (6.14)
G(s) = W* (g(s)I - A W (6.15)

arise. Herein, the parameters are given by the Jordan decomposition K = W*AW and the
transfer function g(1) € C of the oscillator. Thus, (6.14) and (6.15) have a rank drop, if
q=Aiand kyy; = k+ A; for all i = 1,..., n. The critical point and the feedback strength of
the oscillators are then given by ki € R and k € R. This concludes the proof. O

Remark 6.2 The results of Proposition 6.1 can be strengthened by assuming that the uncou-
pled oscillators are passive, i.e., the unforced oscillator possesses a stable limit cycle and the
feedback system satisfies the dissipation inequality

S < (k= ka)y* — yh(y) + yAv

with a nonlinearity h(y) € R. Then the critical point of the network becomes unique, i.e.,
only the minimal eigenvalue changes the critical point, and the network admits a stable limit
cycle. For more details, see [127].

Andronov-Hopf Bifurcation

After substituting (6.6b) into (6.12), taking the numerator and splitting it into real and
imaginary part, the resulting equations read

0 = [b11bo1 (ki1 — ko2 +2qo1) — az1 byy + allb21]wé + (ag3by; — 013521)60é, (6.16a)
0= (b1 - b21)602 + (a12bo1 — azzbu)wé +2b1q b21Q1260é + (agob11 — aroba1)we,  (6.16b)
0= 6113602; + [b11(ki1 + g1 + g21) — ai1]wc, (6.16¢)
0 = w¢ — o — bii(qi2 + gz2)wc + a, (6.16d)
0 = q11922 — G21912- (6.16€)

In the following, two different scenarios are analyzed: First, the emergence of bifurcations
of two identical groups with different self-feedback and second the general case, i.e.,
the network consists of two non-identical groups of oscillators of the form (6.1), are
investigated.
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Identical Oscillators In the case of identical groups, (6.16) is simplified significantly. In
addition, it is asserted that the feedback strengths k;; and k;; are non-identical, so that
two groups can be identified and Theorem 6.2 can be employed. This results in

0 = b5 (ki1 — ko + 2qa1) w0, (6.17a)
0 = 2551208, (6.17b)
0= 0360?: + (boki1 + b2qu1 + b2ga1 — ar)wc, (6.17¢)
0 = ¢ — a0 — by(qu2 + gzz) e + ap, (6.17d)
0= q11922 — g21912- (6.17¢)

Solving (6.17a)-(6.17d) for q11, q12, @21, and g2, yields

9 ~ ~
GO — dy 4 k11 + k22
b, 2
= ~ 4 2
k11 - k22 We — 0o + ag
- Ta Q22 =

with the shifted self-feedback strengths l~c,~,~ = ki + Ajand A;; € o(Ky) forall i = 1,2.
Substituting this into (6.17¢) and taking the numerator, provides

qn , 12 =0,

q21 broc

0= [2a3wé —a + bl(l~<11 + 1}22)] [wé - alwé + ao].

It hence follows that there are three different parameter configurations satisfying the
necessary condition of the Andronov-Hopf bifurcation, i.e.,

2 - - 2
4 2
(wc’l - aga)c,l + Cl()) (kll - kzz)

A(l) — _
H 2, 2 ’
biowg 4 (6.182)
o 2ay— by(kiy + k)
wC,l - 2 >
as
)L(Z) B agcoéz —a + b1k11 agwéz —a + bl kzz
H b b ’
1 1
(6.18b)
az + /s — 4ay
We, = ,
C,2 9
)L(3) B a3a)(2:,3 —a + b1k11 agwé3 —a + bl kzz
"o b b ’
1 1
(6.18c)
as — 1/ag —4aqy
w2, = .
C3 2

The critical points given by (6.18b) and (6.18c) are closely related to the critical points of
a single oscillator as predicted from Proposition 6.1. This can be illustrated by imposing
ki1 = ko3 = k. Then the critical point will be given by Ay = (kg — k)? with kg given by
(6.8a). However, an additional bifurcation given by (6.18a) emerges. The critical point is
given by (6.18a) and it is created by coupling the oscillators of the form (6.1).
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Non-ldentical Oscillators In the case of two non-identical groups of oscillators of the
form (6.1), (6.16a)-(6.16d) are solved for q11, q12, g22, and wc. After substituting the results
into (6.16€), a polynomial of 3rd degree arises, so that the two coupled groups of oscillator
(6.1) have either one or three critical points. In particular, the emergence of three critical
points is considered subsequently. This assumption can be explained in two ways. First,
by interpreting one oscillator as two Andronov-Hopf oscillators. This can be done since
Theorem 6.1 implies that (6.1) can converge to two different sub-manifold described by
the Andronov-Hopf oscillator. Thus, it is reasonable to consider the simpler bifurcation
behavior of n injectively coupled Andronov-Hopf oscillators. Then Lemma 3.1 suggests
that n — 1 different Andronov-Hopf bifurcation can be controlled with the eigenvalues of
the adjacency matrix. Second, the results on two coupled groups of identical oscillators
can be considered.

With these analogies, it is implied that a network of two coupled groups of oscillators of the
form (6.1) has three critical points. Hence, the cubic polynomial is solved by the method
proposed in [100]. The resulting equations for g1, q12, 21, 22 and wc are summarized in
Appendix B.2.

Example 6.1 Subsequently, the results of Theorem 6.2 are verified for a network of two groups
of oscillators of the form (6.1). The topology is visualized in Figure 6.5 and the numerical
parameters are depicted in Table A.4 in Appendix A. Each group is visualized by a different
color of the vertex, so that the one group consists of n;y = 2 and the other group consists of
ny = 4, respectively. In addition, Figure 6.5 implies that the self-coupling and cross-coupling
matrices are given by

K2 =0

k k k k

koo ol
’ k kK k k

k000
Ky =0, Klzz[ ],

Kle[

with the coupling strengths k € [-8,3] and k = |k|. It has to be stressed that this network is
not symmetric and that the product between the cross-coupling matrices is given by

klk| klk
K71 Kz = [ ]|<2| 4|k2|]

with the spectrum

k (|k| + 4k + [16k? — 4K|K| + |k|2)
o(Kz1Ki2) =

(6.19)

Figure 6.5.: Sketch of the network topology. Oscillators are colored in terms of the group they belong to.
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Minimal Eigenvalue
log,, (| min(c(A))| + 1)

Feedback Strength k

(a) Real part of the minimal eigenvalue of the system matrix A in terms of
the coupling strengths k.
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(b) Eigenvalues of the matrix K3;Kj; in terms of the coupling strengths

k. Herein, the bifurcation points AI(_;), i = 1,...,7 are defined by the
intersections of the blue and red curves with the critical points depicted

black.

Figure 6.6.: Comparison between the real part of the minimal eigenvalue of the system matrix A and
eigenvalues of matrix K31 Kj; in terms of the coupling strengths k.

Starting from K31 Kj, the characteristic polynomial is reduced to a quadratic polynomial.
Thus, it is possible to determine the critical point analytically. In particular, there are 1
negative eigenvalue and 3 positive eigenvalues. While there are 2 positive and 1 negative
critical points, so that the two groups have in 7 different critical points. This observation is
shown in Figure 6.6. The resulting real part of the minimal eigenvalue of the system matrix
in terms of the coupling strength is illustrated in Figure 6.6a, while the eigenvalues given by
(6.19) in terms of the parameter k are depicted in Figure 6.6b. The numerical simulation align

with the results of Theorem 6.2.

Frequency Tunability

In addition to the emergence of the three Andronov-Hopf bifurcations, the three respective
characteristic frequencies become tunable by controlling the asymmetry between the
damping of the bifurcation. This is achieved by changing the self-feedback strengths ki,
and ky; as the sensitivity in the physical setup is assigned by these parameter. For instance,
the lower limit and upper limit of the characteristic frequencies is derived by applying first
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6.3. Frequency Tunability Enhancing Controller Design

Proposition 6.1 and then Theorem 6.2. In detail, Proposition 6.1 implies that the critical
points and characteristic frequencies of one group will be given by the critical points and
characteristic frequencies of the individual oscillators if the two groups are not coupled.
Then by assuming that one group is in bifurcation, Theorem 6.2 implies that there is at
least one critical point equal to zero. In this case, the characteristic frequency of the two
groups is given by the characteristic frequencies (6.8b). In particular, these are the limits,
since by increasing the cross-coupling and decreasing the self-coupling the characteristic
frequency of the system will be shifted towards the characteristic frequency of the other

group.

Hopf-Hopf Bifurcation

Due to the fact that there are three critical points the existence of a Hopf-Hopf bifurcation
has to be analyzed. Subsequently, the Hopf-Hopf bifurcation is investigated in terms of
the feedback strengths ky; and k»; and the natural frequencies w; and w; by imposing

) _ 10)
PIEPX (6.20)

with the critical points /11({0, Ag) of the two coupled groups of oscillators of the form (6.1)
forall i,j = 1,2,3 and i # j. In addition two different scenarios are discussed: First, two
coupled groups of identical oscillators of the form (6.1) are analyzed. In this case, the
feedback strengths kj; and k;; are discussed. Second, it is argued that it is not possible to
derive an analytic equation with (6.20) for the two coupled non-identical MEMS sensors in
terms of the feedback strengths kj; and ky; or the natural frequencies w; and w,. Thus, the
critical point of a Hopf-Hopf bifurcation is determined by exploiting a simple numerical

algorithm.

Identical Oscillators  After inserting (6.18a) and (6.18b) or (6.18a) and (6.18c) into (6.20),
the equation results in the quartic polynomial

0 = dp + dy (ka1 + kurnoz) + do(kppnan + kimze)®
— ds(kuan + kimze)® + da(kpran + kimze)® (6.21)
with the coefficients

_ 2 2 2 2 2 2 3 3 2
dy= — 16 (a11 — algwc’i) {a13a11wc,i (a13 —2a12 + a)C’i) — ajp a3 + aj,0¢

+2a10a11a%3wéi + afe.all“)éi [wé,i — (afy + 2a12)wé,i + a?z]}
di = —8b1; {a%a)éi - a?3 [af3 + 2a12] a)g’i + a% [afz +2a50 + 4a11a13] a)é,i
—ay [4af1 +3ay3 (af; — 2a12) ar1 +2 (a2, + 2ay0) af:,,] wéi + afoa%}
dy = — 4b% 0 ; [a?3 (—2af3wéi +a, + 2a10) +6a, + (3a, — 6aza3) a11]

3 3 2
ds = 2 (aj3 — 2arpa13 + 4a1) by ¢ ;
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6. Bifurcation and Tunability Analysis of the MEMS

for all i = 2,3. The equation (6.21) can be solved for k11 + kup22 analytically [10, 13].
Similar results are obtained by inserting the critical points (6.18a) and (6.18c) into (6.20).
However, a detailed discussion is omitted, since it follows by replacing wc 2 with wc 3.

Consider now the Hopf-Hopf bifurcation, which emerges from (6.18b) and (6.18c). This

results in

2a; — asas
by ’

In addition, it follows from (6.21) and (6.22) that three purely imaginary pairs of complex

conjugated eigenvalues cannot be obtained by assigning the feedback strengths kg 1; and

kg 22- This comes from the fact that (6.21) and (6.22) are linearly dependent.

kapi1 + kunez = (6.22)

Example 6.2 Subsequently, the Hopf-Hopf bifurcations of two coupled identical groups of
oscillators of the form (6.1) are analyzed numerical. The parameters of these oscillators
are given by oscillator 1 from Table A.4 in Appendix A. In particular, this system has in
total 9 possible Hopf-Hopf bifurcations since there are one polynomial of degree 1 and two
polynomials of degree 4. The numerical solution of these polynomials is given by

(L2) _ (L2) _ (L2) _ (1,2) _ . .
. kHH’1 =-2.19, kHH,2 =-2.119, kHH,3 = 0.53, and kHH)4 = 0.53 between the bifurcation

1 and bifurcation 2,

e kY = 211+ 4.47x 1078, kP = —2.11 — 4.47 x 10784, k¥ = 0.521 + 0.1651, and

HH,1 — » FHH2 = > *HH3
kggl = 0.521 — 0.165i between the bifurcation 1 and bifurcation 3,

. kgg) = —0.792 between the bifurcation 2 and bifurcation 3.

For comparison, note that the critical feedback strengths of this oscillator are given by ki1 =
0.526 and kyy 2 = —2.11. Hence, only the Hopf-Hopf bifurcation kg}’?) is valid in the sub-critical

regime, since ki 1z < kl({zg) < kg111, so that the critical coupling strength Ag) can be omitted
for the analysis. The results are illustrated in Figure 6.7. This is done by determining the
critical point of/'lg) and )Ll(j) in terms of the feedback k. In particularly, the location of the
critical coupling strengths is changed by assigning a feedback k. For example, the coupling
strength /‘lg) becomes dominant, i.e., /11({2) is smaller than /11({3), if k > kppi. From this it
follows that it is possible to assign a dominant bifurcation by choosing the feedback strength
k, accordingly.

Non-ldentical Oscillators To derive an equation for the Hopf-Hopf bifurcation (6.20)
has to be solved for a design parameter, e.g., the feedback strengths k; or the natural
frequency w; for all i = 1, 2. However, the emerging equation is transcendental, so that it
is not possible to determine an analytic solution. This comes from the fact that the second
bifurcation parameter is an argument and a coefficient of the cosine. Hence, the critical
points are determined numerically by applying

Kiin+1 = Kiin + 1k (Ag) - /11({]{)) > (6.23a)
wi,n+1 = Win — ’7w (}LI(-I]) - }LI(_Ik)) (6.23b)
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Figure 6.7.: Critical coupling strength of two coupled, identical, oscillators of the form (6.1) in terms of a
symmetric feedback strength k(= ki1 = ks»).

with the step size 5, 1, > 0 and the iterationn € Nforall i=1,2,j,k=1,2,3 and j # k.
This algorithm is aborted, if the absolute values of the error e = Ag ) _ Al(j ) are smaller
than the threshold with respect to the natural frequency e, > 0 and the threshold with

respect to the self-feedback e, > 0.

Example 6.3 Subsequently, the characteristic frequencies wc 1, wc2, and wc 3 are analyzed
numerically in terms of the feedback strengths ki1 € [ku12, kip11] and kay € [kiioz, kigoi].
The parameters of these oscillators are given by oscillator 1 from Table A.4 in Appendix A. In
addition, the Hopf-Hopf bifurcation between the first and third Andronov-Hopf bifurcation
is computed numerically with (6.23a) as Example 6.2 suggests. The results are illustrated in
Figure 6.8. Similar to the two coupled Andronov-Hopf oscillators, by adjusting the feedback
strengths ki1 and kj, the characteristic frequency can be tuned. Moreover, the Hopf-Hopf
bifurcation is shown in Figures 6.8a and 6.8c by a red line. Particularly, the regime above
the line is of interest since the bifurcation corresponding to the characteristic frequency wc
is then dominant in this regime, so that this bifurcation is called tunable from now on. In
addition, as expected from Example 6.2 it follows that the feedback strengths ki1 and k;
influence, which bifurcation becomes dominant.

Example 6.4 Subsequently, the maximal difference between the natural frequencies w;
and w; of two oscillators of the form (6.1) is evaluated numerically for different Q-factors,
i.e,Q; = 40,80 foralli € {1,2}. The remaining parameters of these oscillators are given by
oscillator 1 from Table A.4 in Appendix A. For this, let f = w/2m. The analysis is done in two
steps:

First, the frequency interval [f, f] with respect to the feedback strengths ki1 and ky; is ana-
lyzed. For this, the results obtained in Example 6.2 are exploited, i.e., the relationship between
the critical coupling strengths k1 and k2. This is done by determining the intersection of
the critical points ki and ky, numerically. Second, with (6.23b) the frequency difference
Af = |fi — f2| is computed for the quantified regions. For this, the investigated interval is
assumed to be the hearing range of humans, i.e., the interval C = [20,20000] Hz [121].

For the two different values of the Q-factor, the critical feedback strengths of a single oscillator
kiz1 and ki are illustrated in Figure 6.9. The solid lines depict the critical feedback strengths
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(a) Characteristic frequency fc ; in terms of the feedback strengths k;; and

ky>. Herein, the Hopf-Hopf bifurcation between the first and third bifurcation
is marked by the red line.
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(c) Characteristic frequency fc 3 in terms of the feedback strengths k;; and
ky>. Herein, the Hopf-Hopf bifurcation between the first and third bifurcation
is marked by the red line.

Figure 6.8.: Characteristic frequency fc of the three bifurcations in terms of the feedback strengths k;; and
kgg.

kiz1 and ke 2 of an oscillator shifted feedback. In contrast, the dashed lines depict the critical
feedback strengths k1 and kua of an oscillator, where the feedback strength k is shifted
towards kg1, i.e., k = 0.8 X k1. For the oscillator without feedback, it turns out that kg, is
smaller than ki 2 in an interval from approximately 63.8 Hz to 7295 Hz for Q; = 40 and from
approximately 62.1 Hz to 14555.6 Hz for Q; = 80, respectively. These intervals are marked by
the gray region in Figure 6.9. In particular, the critical point with the characteristic frequency
wc,1 has a smaller magnitude in these intervals. Hence, it is also the dominant bifurcation
when coupling two identical oscillators, since the critical point of the two coupled identical
oscillators is given by the square of the critical feedback strength of a oscillator. In contrast to
the oscillator without feedback, the interval is enlarged by shifting the feedback k moving
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(b) Critical feedback strength ki with Q1 = Q, = 80.

Figure 6.9.: Comparison of between the maximal frequency difference and magnitude of the critical points
for different Q-factors. The parameters are given by the feedback strengths ki1 (w) € {0, 0.8 X ki 1(w)}
and ky; = 0 and the Q-factors Q; = Q, = 40 for the top and Q; = Q, = 80 for the bottom. In addition, the
solid lines depict the case without feedback and dashed lines depict the case with feedback and the natural
frequency is given by w = 2xf.

closer to the critical point ki 1. Thus, the tunable bifurcation becomes dominant for the whole
interval C.

With this, the maximum frequency difference Af can be evaluated. This is done by comparing
the system without feedback, i.e., ki1 = kyp = 0, and a system with a feedback moved close to
the critical point of the first oscillator, i.e., k11(w) = 0.8 X kp1(w) and kyz = 0. The results
are illustrated in Figure 6.10. It turns out that the numerical method (6.23) converge, if the
tunable bifurcation is dominant. From this, it can be concluded that the interval in which
the tunable bifurcation is dominant, is increased by increasing the Q-factor Q or moving the
feedback k closer to the critical feedback strength ki ;.
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(b) Maximal frequency difference Af = |f; — f2| in terms of the natural
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Figure 6.10.: Comparison of between the maximal frequency difference and magnitude of the critical points
for different Q-factors. The parameters are given by the feedback strengths ki1 (w) € {0, 0.8 X kiy1(w)}
and ky; = 0 and the Q-factors Q; = Q, = 40 for the top and Q; = Q, = 80 for the bottom. In addition, the
solid lines depict the case without feedback and dashed lines depict the case with feedback and the natural
frequency is given by w = 2xf.

6.3.2. Controller based on Diffusive Coupling

Subsequently, tunability enhancements based on two diffusive coupled oscillators of the
form (6.1) are analyzed. A sketch of the setup is illustrated in Figure 6.11. For this, the
subsequent results are compared to the number of critical points of symmetrically coupled
Andronov-Hopf oscillators from Proposition 3.5 and the frequency tunability at their
critical point. Following Figure 6.11, the i-th oscillator is governed by

xi=f;(x), t >0, xi(0) = xio, (6.24a)
Vi = Xy, t >0 (6.24b)
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with

X1,i
3
—C1iX1,i — 033X ; — HiXe,i T XiX3,

2
—Bixsi+ (i ((€ = kig) xa; + Exaj + upci)
—%x4,i T KXz,

filx) = , (6.24c)

the state vector y = [x], x.]" of the two coupled oscillators, and the coupling strength &

for all i,j = 1,2 and i # j. The analysis is structured as follows: First, analytical results
are discussed by showing that the necessary condition (H1) of the Hopf Theorem (see
Theorem 2.9) is satisfied by solving a polynomial of 6th order. Second, the number of real-
valued solutions, the crossing condition (H2), and the frequency tunability are analyzed
numerically.

Analytic Results

Necessary Condition of the Hopf Theorem To analyze the necessary condition (H1) of
the Hopf Theorem (see Theorem 2.9) the critical point in terms of the coupling strength &
is investigated. For this, the two diffusively coupled oscillators are linearized around the
equilibrium (6.2) and the characteristic polynomial is determined as

Pcp(A) = A% + [agz + ag + ai3azs] A7 + [ag3 + ags] A°

+ C5A,5 + C4A4 + C?,/13 + CzAz + Clﬂ. + ajpaao (625)

with the parameters given by (6.7), i.e.,

BiQ? B QF Bi , 1
i iHi i Hi
d0i = — -, ali:,BiQ?"' T +Tl, azi = ?+ﬁiﬂi+_+Q?, a3i:ﬁi+ﬂi+f,
i i i i T; i
X1 |~ X4,1
7 /X/
uact.l kll
uDC,l\f\/ <
LANVA) ANVAY
AVaAY] Yanyi
upc Y N
Uact,2 %
~ 22

~—
> X4,2

2
o
+

Figure 6.11.: Sketch of two diffusively coupled, bio-inspired oscillators (6.1).
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and
€5 = a1 + a1 + ai3agz + arpdgs + by (&€ —kiq) + oy (&€= ko), (6.26a)
cs = ags [a11 + by (& — k1)) + a1z [ag1 + bay (€ = ka2)] + ar0 + azo + arzaz, (6.26b)
c3 = ag [a1 + biy (& — k1)) + a1z [az1 + bay (€ = ka2)] + assazo + aroass, (6.26¢)

¢z = bii {az1 (& = k11) = boy [k &+ (& = k1) ka2 }
+ayq [ag1 + bay (& = kg2)] + arzaz + aroaz, (6.26d)

C1 = dyg [a11 + bll (§ — kll)] + dqo [a21 + b21 (é: — kzz)] . (6266)
Based on this, conditions to satisfy the necessary condition (H1) are derived by inserting
A =iwc with wc > 0, separating the real and imaginary part and substituting wé = z. This
results in

0=z — [a13 + ax] 2° + csz® — c2z + criwc + a10az0, (6.27a)
0= — [(a12 + aso + 61136123) 23 - C5Z2 + 3z — Cl] wC. (627b)

To solve the system of equations (6.27), the coefficients (6.26) are inserted into (6.27a) and
the result is solved for £ to obtain the critical point

1
oz (b21 (a13z — a1 + b1y (ki1 + ka2)) + agsbi1z — azibyq)

¢n

[24 — (az + a2 + as3a) 2°

2
- (6123[711k11 + barkgaais — azaiy — az — aisaz — ands — alo) z

- (b21k22 (b11k11 - 011) — ag1bi1kiy + axoasz + ajag — 61106122) z+ 61106120] .

Employing the critical point on (6.27b), yields

P,. =do+diz+ doz? +d3z° +dyzt + dsz° + dg2° (6.28)
with
do = — ayoazo (azbi1 + aiob21), (6.29a)
di = — aybn ((021 — baikyy) 2 261206122) — agbai (a1 — bi1k1y) 24 a22a§0b21
+ a12a0 (azob11 + 2a10b21), (6.29b)
dy = —ay (a§2b11 — 2a3b11 (a1 — baikaz) + 2a12a22b21 + 2az (b1 + b21))
— ay (0%2521 — 2a13by1 (a1 — biknn) + 2azxanbi) + a%1a22b21
+ b1y (a12 (aa1 — barkaz) 2+ agbaikiy (bukn - 2a11)) — ajobar — asobin, (6.29¢)
ds = 2a11b11ba1k11 + 2a13a02b11b21k 11 + 2a21b11021k22

+apz (b (61%2 — 2az3 (az1 — barkza)) + 2a10ba1 + 2az0 (b11 + b21))
- a§1b21 — 2a13a22a11b21 — a%lbn - aloa§3b11 + 2aj0a2b11
+ 2a50az2b11 — a§3a20b21 + aizazzbm + 2aipazzba; — bflbmkfl - b11b§1k§2, (6.29d)
dy =byy (a53a12 — a3y + 2 (a21a23 — a22012)) + b2y (alsa22 — afy + 2 (an1a13 — az2a12))
— 2 (ai3ki1 + agskaz) biibar — az (2b11 + byy) — aio (b1y + 2b31), (6.29)
ds = (—ajs + a1y + 2a) by + (—afs + 2a13 + az) by (6.29f)
ds =—b11 — b (6.29g)
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In particular, (6.28) is a polynomial of 6th order, so that its roots and thus the critical points
cannot be solved analytically [10, 15].

Crossing Condition of the Hopf Theorem To analyze the crossing condition (H2), the
sensitivity of the eigenvalues crossing the imaginary is evaluated by determining the
real-part of the derivative of the eigenvalue at the critical point, i.e., dy = Re(‘j—’gl A=iog)-

Taking the derivative of the characteristic polynomial and solving it for ‘3—2, yields

da dPcr\ !
agz—a(iﬁ?) (esh* + 31> + €312 + el + ) (6.30)
with the coeflicients

eq =b1y + b1, Tes = Taysbiy + aisbyy,

ez =ay1bi1 + aabyr, Teg = azobiy + arobo,

e; = [az1b11 + a11b1 — bi1bay (ki1 + ka2)] -

Inserting A = iwc, taking the real-part, and sorting terms, results in

dy = wé[8e4wé0 + (7c7e3 — 6cgeq — 8e2)a)g + (6ceey — 7c7€1 — 5Cs5e3 + 4cqeq + 8eo)a)g
+ (5cs5e1 — 6cgeg — 4cgen + 3c3e3 — 2C2€4)a)é + (4cqeq — 3c3€1 + 2C0€0 — cleg)wé
+ (C1€1 - 2C2€0)]. (631)

After substituting a)é = zin (6.31), a polynomial of 5th order in terms of z emerges. This
implies that its roots (and thus &) cannot be computed analytically [10, 15].

Numeric Results

As the degree of (6.28) is 6, the number of positive zeros is subsequently computed
numerically by employing Sturm’s Theorem.

Theorem 6.3 (Sturm’s Theorem [15]) Let P(x) = x"+a,_1x" '+...+ay be a real-valued
polynomial of degree n € N, whose zeros are unique. In addition, denote the Sturm sequence
by s(x) = (P, g—f,Pl,Pz, ..., Py) withm € N,

—rem(P,j—f:), ifi=1
Pi= 4 —rem (%,Pl) , ifi=2 , (6.32)

—rem(P,-_z,P,-_l), ifi:3,...,m

P, € R, and the remainder rem(Py, P,) of the polynomial division of P; by P,. Then the
number of real-valued zeros in an interval [a,b] C R is given by

n=a-, (6.33)

where a and f§ denote the number of sign changes in the Sturm sequences s(«) and s(f).

For the numerical analysis, the parameters are given in the Table A.5 in Appendix A.
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Figure 6.12.: Number of critical points (CPs) of two diffusively coupled oscillators of the form (6.1) in terms
of the feedback ky; and kz,. For comparison, the critical points (kj; kﬁ,z) of the uncoupled oscillators of the

.1
form (6.1) are given by the cross and circle.

Number of Critical Points The number of positive roots of P,,. is determined by applying
Sturm’s Theorem on (6.28) for the interval [0, c0). The result is depicted in Figure 6.12. It is
demonstrated that the two diffusively oscillators of the form (6.1) have at least two critical
points. Additionally, two regions with four critical points emerge around a neighborhood
of the critical points (6.8a) from Theorem 6.1, i.e., the centers are given by (kﬁ,v kf—{"z). In
particular, Proposition 3.5 implies that two diffusively coupled Andronov-Hopf oscillator
have three critical points depending on the symmetric coupling strength, if their damping
is close to zero. If the feedback strengths are in the neighborhood of the pairs (kI‘le, kﬁ,z)’
(6.24) will also satisfy this condition as the oscillators (6.1) will converge to a sub-manifold,
which can be transformed by an isomorphism into the Andronov-Hopf oscillator. Hence,
the bifurcations are subsequently divided into two groups by the bifurcations they are
induced by. The first three critical points emerge around the pair (kjj,, kf;,) and the latter
three critical points bifurcate from the pair (kg ,, ki ,)-

1

W dn
W 2d:
3du,3

2/

x

Sensitivity d

~ )
& ;
2 , ' W 3due
N ! . -
2 2 /0 2
N 1 0 > 0 1

2 . _ _

0 _9 —9 2 _9 1
Feedback ki Feedback koo Feedback ki1 Feedback koo

(a) Re-weighted sensitivities dyy 1, 2dm 2, and 3dps  (b) Re-weighted sensitivities di4, 2ds,
of the critical points emerging from the pair and 3dy, of the critical points emerging
(kf_’Ll, kI’_“Lz). from the pair (kg ,, k).

Figure 6.13.: Re-weighted sensitivity of the eigenvalues on the imaginary axis.
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Figure 6.14.: Characteristic frequencies as a function of the feedback strengths k;; and k;; and the gain as a
function of the external frequency foy and feedback strengths k;; and ky,. Here, the normalized frequency is

given by f = w/(27).

Crossing Condition The crossing condition (H2) is evaluated by computing (6.31) numer-
ically. The results of the (weighted) sensitivity are depicted in Figure 6.13. It is shown that
the sensitivities dy at all critical points are not vanishing. Thus, the crossing condition
(H2) is satisfied for the critical points.

Frequency Tunability Close to the Critical Point Finally, the tunability enhancements im-
posed by diffusive coupling are investigated. For this, the characteristic frequency wc at the
critical point in terms of the feedback strengths k;; and ky; is illustrated in Figures 6.14. Sim-
ilar to two diffusively coupled Andronov-Hopf oscillators, the characteristic frequency wp ;
can be tuned by varying the feedback strengths kj; and kj, and the frequency tunability is
inhibited in the regions, where four critical points emerge.

6.3.3. Controller based on Delayed Feedback

Finally, the frequency tunability enhancements by introducing a controllable delayed
feedback are investigated for the oscillator of the form (6.1). For this, let x,(t) = x(t — 7)
with a positive (and controllable) delay 7 > 0. Then the system is governed by

x =f(x,x;), t>0, (6.34a)

x(1) =x¢(7), T € [-6,0], (6.34b)

y =4 t>0 (6:34¢)

with
1
3
—C1,iX1,i — C3,iX] ; — HiXo,i T XiX3;
X, X;) = ; , 6.34d
F e x:) —Px3 + { (kyx4 + koxgr + upc)® ( )
—%X4 + KXo
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Figure 6.15.: Setup of the bio-inspired oscillator (6.1) with delayed feedback.

In addition, a sketch of the setup is illustrated in Figure 6.15. Subsequently, the frequency
tunability is shown by analyzing the emergence of Andronov-Hopf bifurcations in (6.34).
For this, analytical results are derived. It turns out that a quartic polynomial has to be
solved to determine the critical points. Hence, the number of possible critical points (and
thus the remaining bifurcation analysis) is evaluated numerically.

Analytical Results

To investigate the frequency tunability, the bifurcations of (6.34) are analyzed by employing
the Hopf Theorem (see Theorem 2.9). For this, the linearization of the system is briefly
summarized. Then analytical results for the necessary condition (H1) and the crossing
condition (H2) are derived. Finally, the steepest change of the characteristic frequency at
the critical point is determined to enhance the frequency tunability and to compare the
emerging Andronov-Hopf bifurcations to the results of the Andronov-Hopf oscillator with
delayed feedback.

Linearization As the equilibrium of the oscillator (6.1) is invariant to the delayed feedback
of x4, (6.34) can be linearized around the equilibrium (6.2), i.e.,

T
Xeq = [ % sinh (%arsinh (gf/%)) 0 %u%c 0]
Hence, the linearization of the oscillator (6.34) is given by
Ax =A)Ax + A1 Ax; (6.35a)

with Ax = x — x¢q and the system matrices

0 1 0 0
2 Wo
-5 —= A 0
Ay =0.f = 0 Q , 6.36a
0 xf 0 0 _ﬂ zchgkl ( )
o x 0 -z
000 0
000 0
A = = .
1 =0, 0 0 0 2upclks (6.36)
0 00 0
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The local conditions (H1) and (H2) of the Andronov-Hopf bifurcations are investigated by
analyzing the characteristic function

ger(A) = det(Ag + Aje™™ — L) (6.37)

with the identity matrix I, € R*** [95, 126, 114]. Inserting (6.36a) and (6.36b) in (6.37)
yields

ger() = At + a3 + ap2? + [al — by (k1 + kze_”l)] A+ a (6.38)

with the parameters given by (6.7), i.e.,

e’ 2, Bu Q@
=—, =+ —+ —,
“=TT @ =P T

1
a2:§+ﬁy+%+§22, a3=/3+,u+?,

by = 2aklupc.

Necessary Condition of the Hopf Theorem Subsequently, the necessary condition (H1) of
the Hopf Theorem is analyzed for the oscillator (6.34) in terms of the time delay 7. This is
done by inserting 7 = 7y and A = iwc into (6.38) with the characteristic frequency wc > 0
and the critical delay 7y > 0, which results in

0= a)é — iaga)é - agwé +1 [al - b1 (kl + kze_iTHmc)] wc + qgp. (639)
Dividing (6.39) into real and imaginary part yields

0 :wé - azwé — ko by sin(rgwe) we + ag, (6.40a)
0=- aga)é + [a; — by (k1 + ky cos(tgwc))] wc. (6.40b)

Solving (6.40a) for sin(zywc) results in

4 2
W — Q06 + ap

sin(tgwe) = (6.41)

kybiowc

4 2
WE—az0¢+ag

Here, (6.41) is only real-valued for the critical delay zc, if | Tobroos | < 1. In addition, by

inserting (6.41) into (6.40b) and employing sin®(rgwc) + cos?(rgwe) = 1, the equation

0 = (a1 - kyby) oc — a0 — sign (koby) [ K2B02 + (08 - @ + @)’ (6.42)

arises. Eq. (6.42) is simplified by adding the square root term, taking the square of the
result and sorting the terms, which results in

0= a(z) — [Zaoaz - (al - blkl)2 + b%kg] a)é

+ [a5 + 2ap — 2a3 (a1 — bik1) | w& + (a5 — 2a2) @& + wh. (6.43)
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In particular, the zeros of (6.43) and (6.40) are identical, if
[kzbl >0 A (al — klbl) — agwé > 0] \% [kzbl <0 A (al - klbl) - 6130)?: < 0] y (644)

as (6.44) implies that the square root term in (6.42) is positive. Substituting w2 = x, a
quartic polynomial with respect to x arises

0= a(?; - [2a0a2 - (a1 - blkl)z + b%kg] b
+ [a5 + 2ap — 2a5 (a1 — biky)| x* + (a5 — 2a5) x* + x*. (6.45)

Hence (6.43) can be solved analytically in principle. Subsequently, the number of real-
valued zeros of (6.43) is investigated numerically.

Crossing Condition of the Hopf Theorem The crossing condition (H2) of the Hopf Theorem
(see Theorem 2.9) is evaluated by determining (2.14). For (6.34), the crossing condition
(H2) can be expressed by

d
d =num (Re—/l
T

#0 (6.46)
A:iwc

with the operator num(n(x)/d(x)) = n(x), which takes the numerator of a irreducible
rational function n(x)/d(x). By taking the derivative of (6.38) with respect to 7 and solving
the result for %, the sensitivity reads

di _ bikA? (dger| ™!
e ( = - (6.47)
with
d
% = [1 (3asA + 2a + 42%) + @y — byky | + byky(12 - 1).
T

Inserting (6.47) into (6.46) and sorting terms, results in

d= —blkza)é [(blkl —a + 3a3wé) cos (tgwe)
+ (2a2coc - 4@%) sin (tgwc) + by kz] . (6.48)

Eq. (6.48) can be transformed into a quartic polynomial by asserting d = 0, applying
sin?(rgwc) +cos®(tywc) = 1, inserting (6.41) into (6.48), and sorting terms. As the number
and value of the roots of this quartic polynomial has to be investigated to analyze the
crossing condition (H2), further analytic analysis of (6.48) is rather involved. Hence, the
crossing condition (H2) is evaluated by determining (6.48) numerically.
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Steepest Change of the Characteristic Frequency By controlling the Andronov-Hopf
bifurcation with a time delay, the characteristic frequency becomes a nonlinear function of
the feedback strengths k; and k», so that wc = wc(ky, kz) holds true. To demonstrate the
effects of the controllable time delay on the characteristic frequency, the steepest change
of the characteristic frequency is considered. This is done by exploiting the normalized
gradient, so that the optimal feedback k, = [ky, k2] T is determined by

1 €Voc(ko[j])
Ve (ko TDII

with the gradient Vwc(ko[j]) € R, the step size € > 0, and the initial conditions ky € R
for all I = 1, 2. Here, the index [ is utilized to assign the direction of the steepest change. If
I =1 holds true, the feedback k, follows the steepest decent. In contrast, the direction of
the feedback k, follows the steepest ascend, if / = 2. In addition, the gradient reads

kolj+1] =ko[j] + (1) ko [0] = ko

bioc 212 .2 4 2 2
e \/blkzwc — (0¢ = a0f + a)

2 2
—sign(b; k) 4 kéwc

Va)c =

with

C=2(az - 20%) (0p — a8 + ag) wc + bikiwc

+ [b1k1 + 3a3a)(2: - al] \/bfkga)é - (a)é - aga)é + ao)z.

The conditions (6.44) and |k; + k| < |kf;| can be imposed to keep the oscillator (6.34) in
the sub-critical regime.

Numerical Results

Subsequently, the remainder of the bifurcation analysis is done numerically since the
number of real-valued zeros of a quartic polynomial is difficult to evaluate analytically. For
this, the parameters from Table A.6 in Appendix A are used and the critical points in the
delay-free case read kj; = 1.0525 and k;; = —2.1101. The analysis is done as follows: First,
the zeros of (6.43) are localized by evaluating its discriminant and its auxiliary variables.
The approach is summarized in the following theorem.

Theorem 6.4 ([111]) Denote the quartic polynomial P = x* + a3x> + a;x* + a;x + ay with
the coefficients a; € R for all i =1,2,3,4 and let
D= —2761‘11 - 4a§a? + 18a2a3a? - 4a3a% + a%a%a% - 6a0a§a§
+ 144a0a2af + 18a0a2a§a1 - 192aga3a1 — 80a0a§a3a1 + 16a0a3

- 27a§a§ + 256a8 - 128a(2)a§ - 4a0aga§ + 144a(2)a2a§

Then the zeros of P can be characterized as follows:
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« If D < 0, the zeros of P are distinct and there are two real-valued and a pair of
complex-conjugated zeros.

« If D > 0, the zeros of P are distinct and there are either real-valued or complex valued.
In addition,

2
. a
- ifaz <0andag > 7} oras > 0, all zeros of P are complex-valued,

2
. a
- ifas <0 anday < 3}, all zeros of P are real-valued.

Second, the emergence of Andronov-Hopf bifurcations is investigated by computing the
necessary condition (H1) and the crossing condition (H2) numerically in terms of the
feedback strengths k; and k;. Finally, the results of the bifurcation analysis are refined by
determining the steepest change of the characteristic frequency wy.

Number of Critical Points The discriminant of (6.43) and its corresponding auxiliary
variables are evaluated to determine the number of the real-valued zeros. Combing the
real-valued zeros with (6.44) the positive zeros can be deduced. The results are shown in
Figure 6.16. Here, it can be deduced by comparing Figure 6.16b and 6.16c that the real-
valued zeros of (6.44) can be positive and negative. Hence, the constraint (6.44) is needed
to determine the critical points. Thus, the number of critical points varies between 2 and
4.

Bifurcation Analysis To investigate the necessary condition (H1) and to show frequency
tunability, (6.43) is solved for the characteristic frequency wc , numerically and the critical
delay is obtained by computing

tumll] = (6.49)

k2 bl WH,m

4 2
) a)H,m ang,m + ag
arcsin + 27l
WC,m

for I € Z and m = 1, 2, 3, 4. Subsequently, only the critical points for [ = 0 are considered.
The results are depicted in Figure 6.17, so that the visualization is simplified. This can
be done since the characteristic frequencies fc ,, remain constant and the critical delays
ti.m[!] are increased by the constant 27l/fc . Here, the dynamic regimes of (6.34) are
divided into the sub-critical regime (see Figure 6.17b, 6.17d, and 6.17f) and the complete
dynamics (see Figure 6.17a, 6.17c, and 6.17e). In particular, the sub-critical regime can
be determined by imposing |k; + k| < | k| with the critical feedback strength ki from
Theorem 6.1.

It is can be deduced from Figures 6.17a-6.17d that the bifurcations emerging from the
controllable delay 7 are related to the bifurcations emerging from the feedback strength
ki + ky as 7111 = 112 = 0 (or T3 = T4 =, respectively), if ky + ky = k;_’I (or ki + k2 = kg
respectively) holds true. In addition, frequency tunability is demonstrated in Figures
6.17e and 6.17f. In comparison to the other methods, the characteristic frequency can be

increased and decreased.
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Figure 6.16.: Color map of the discriminant, the number of real zeros, and the number of positive zeros of
the polynomial (6.45).

Moreover, the crossing condition (H2) is evaluated by computing the sign of (6.48) in terms
of the feedback strengths k; and k;. The results are illustrated in Figure 6.18. Here, it is
demonstrated that the sign of (6.48) remains constant for all feedback strengths k; and k.
The direction in which a pair of complex conjugated eigenvalues travel is given as follows:
A pair of eigenvalues travels from the complex right half-plane to the left half-plane, if
the critical delays 7312 and 73, are surpassed. In contrast, if the critical delays 731; and g,
are surpassed, a pair of eigenvalues travels from the complex left half-plane to the right
half-plane. Hence, if

(7> a2 [1] Azl < maz[1D) V (7 > a0 A taall] < m3[l]).

holds true for all I € Z, the characteristic frequency can be decreased.
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Figure 6.17.: Critical delays 7y ,[0], critical feedback strengths k, and characteristic frequencies fi », at the
critical point for all m = 1, 2, 3, 4 as a function of the feedback strengths k; and k,. The critical delay and

characteristic frequency in terms of the steepest change k, are visualized by the solid and dashed line.

Steepest Change To visualize the frequency tunability further, the characteristic fre-
quencies wy; and wy, and positive critical delays 731; and 7352 as a function of k; for
the steepest change are computed numerically. For this, the numerical parameters are
assumed to be he initial conditions ki = 1.001 X kf; and ki = —0.001 X kf; and the
weight € = 3.45 x 1072, On the one hand, the steepest change of the time delays 713
and 752 and characteristic frequencies fi11 fi2 in the sub-critical regime is depicted by
the solid lines and dashed lines in Figures 6.17b and 6.17f depict. Here, it showcased that
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Figure 6.18.: Sign of the sensitivities d;, dz, d3, and dy at their respective critical points.

the steepest change in the sub-critical regime either follows the conditions (6.44) or it is
constrained by |k; + kz| < |kfj|. On the other hand, the characteristic frequencies wg;
and wp 2 and positive critical delays 7317 and 75, of the steepest change are illustrated
Figure 6.19. By following the steepest change, the visualization is significantly simplified
and the tunability is easier to analyze as the number of tunability parameters is reduced.
With this reduction, it is demonstrated that the emerging Andronov-Hopf bifurcations are
similar to the numerical results of Example 3.9. Hence, the characteristic frequency has a
lower limit in the sub-critical regime, since a Hopf-Hopf bifurcation is induced. Finally,
the eigenvalue, which is closest to the imaginary axis, is depicted in Figure 6.20. It is
showcased that the characteristic frequency is also tunable in the sub-critical regime by
assigning the feedback k; and k.

Sup-Critical + Super-Critical
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(a) Critical delays 7311 and 712 following the steep-  (b) Steepest change of the characteristic frequency
est change of the characteristic frequency wc; and  wc 1 and wcs.

wc,z.

Figure 6.19.: Dynamics of system (6.34) for the steepest change of the characteristic frequency. The normal-
ized frequency given by fiy = wy/(27).

163



6. Bifurcation and Tunability Analysis of the MEMS

0.6
o' o'
£ £
= = 04
) k)
A A 02
0
5 10 5 10 15
Feedback k; Feedback k;
(a) Real part of the eigenvalue, which are closest (b) Imaginary part of the eigenvalue, which are
to the imaginary axis. closest to the imaginary axis.

Figure 6.20.: Eigenvalue, which are closest to the imaginary axis, as a function of the delay 7 and the feedback
strength k. The normalized frequency given by fii = wy/(27).

6.3.4. Consequences for the Controller Design based on Andronov-Hopf
Oscillators

The controllers, which have been designed based on the Andronov-Hopf oscillator, have
successfully enabled frequency tunability and controllable Andronov-Hopf bifurcations
for the oscillator model (6.1). Hence, nonlinear controllers designed based on normal
forms can be exploited to predict the local dynamics of (general) nonlinear systems. In
addition, all emerging Andronov-Hopf bifurcations, which have been induced by diffusive
coupling or a controllable delay, can be explained by the dynamics of the Andronov-Hopf
oscillators with the same controller since the controllers operate the MEMS in a neigh-
borhood of the critical points of the MEMS with proportional feedback. In contrast to
diffusive coupling and a controllable delay, the emerging bifurcations induced by injective
coupling cannot be completely predicted by the normal form based controller. This comes
from the fact that non-local interactions between the oscillators emerged. These induce an
additional Andronov-Hopf bifurcation, which inhibits the performance of the controller.
In comparison to MEMS with geometric nonlinearities, these proposed controllers are
a promising approach to enable frequency tunability since they are implementable on a
FPGA. Hence, frequency tunability can even be induced in MEMS with simple geometry.
In addition, it has been observed in [79, 155] that the external stimuli can tune the charac-
teristic frequency in a MEMS with a geometric nonlinearity. This results in a frequency
modulation of the external stimuli, so that the external signal cannot be recovered as the
carrier frequency of the modulation is unknown. This effect cannot be observed in the
oscillators with the controllers based on the normal form.
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7. Conclusions

In the following, a short summary of the presented results and an outlook to future research
activities is provided.

7.1. Summary

In this work, the controller design to enable and exploit frequency tunability while main-
taining a controllable Andronov-Hopf bifurcation is proposed for neuromorphic acoustic
sensors. Here, it is assumed that neuromorphic acoustic sensors are based on oscillators,
which exhibit at least one controllable Andronov-Hopf bifurcation. This comes from the
fact that the response of these oscillators to an external stimuli is similar to the response
of the cochlea, i.e., both systems have a frequency-selective and compressive response in
the sub-critical regime when they are excited.

To enable frequency tunability in a nonlinear system, different controllers have been de-
signed for the Andronov-Hopf oscillator. This oscillator model is given by the super-critical
normal form of the Andronov-Hopf bifurcation and it can be viewed as a benchmark oscilla-
tor model for neuromorphic acoustic sensors. It is demonstrated that the controllers, which
are based on coupling and a controllable time delay, can be utilized to enhance frequency
tunability, while preserving the controllable Andronov-Hopf bifurcations in the oscillator.
For injectively coupled oscillators, an optimal network topology has been proposed to
control the maximum number of Andronov-Hopf bifurcations, which have a tunable char-
acteristic frequency at their critical point. It is showcased that the characteristic frequency
can be tuned in an interval, which is not directly restricted by the natural frequency of the
individual oscillators. In contrast to this, the dynamics of diffusively coupled oscillators
become more complicated, so that two diffusively coupled Andronov-Hopf oscillators have
been investigated analytically. Frequency tunability has been demonstrated and depending
on the bifurcation parameter, the number of critical points varies. For a controller based
on a controllable time delay, the emerging Andronov-Hopf bifurcations can be separated
into two classes, which are characterized by their characteristic frequency. This comes
form the fact that the characteristic frequency at the critical point can be either increased
or decreased.

To verify the controller design based on the benchmark oscillator,a MEMS is considered.
This system is modeled by two coupled PDEs given by the mechanical and the thermody-
namic subsystem of the MEMS. On the one hand, the mechanical subsystem is derived by
applying the extended Hamiltonian principle on an Euler-Bernoulli beam. On the other
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hand, the thermodynamic subsystem is the generalized heat conduction for thermoelastic
systems. Moreover, both subsystems are coupled by the Duhamel-Neumann law. To
simplify the bifurcation analysis of the MEMS model, the mechanical subsystem is approx-
imated by the Rayleigh-Ritz method and the thermodynamic subsystem is approximated
by the Galerkin method. With this, an a nonlinear finite-dimensional ODE representation
is obtained that is used to show that the MEMS exhibits controllable Andronov-Hopf
bifurcations by properly feeding back the measured deflection of the MEMS. Therefore,
this oscillator model can be used to verify the performance of the controller, which is
designed based on the benchmark oscillator model. It is demonstrated that the predicted
frequency tunability is enabled by coupling the oscillators or delaying the feedback.

Moreover, superordinate controllers are proposed to enable an in-sensor Fourier transform
by mimicking the frequency decomposition of the basilar membrane. It is shown that the
in-sensor Fourier transform can achieved using an array of frequency-selective oscillators.
This approach is investigated for Andronov-Hopf oscillators. If the characteristic frequency
is untunable, the frequency spectrum can be sampled by exploiting many oscillators. By
additionally asserting that the oscillators are frequency tunable, the number of oscillators
can be decreased by different algorithms, such as sequential sampling, to sample the
frequency domain. In particular, sequential sampling, which is motivated by sampling of a
time series, is compared to a machine-learning based approach. It turns out that the latter
approach is able to outperform sequential sampling in various examples.

7.2. Outlook

Finally, an outlook to future research activities is provided.

7.2.1. Emergence of Andronov-Hopf Bifurcations

The emergence of Andronov-Hopf bifurcations has to be analyzed further, since only the
first order dominant mode model of the MEMS has been considered. Even though this
model is validated in experiments as shown in [81, 136, 150], the influence of the higher
modes should be investigated. For this, either the bifurcation of a higher order dominant
mode model or the bifurcation of the PDE model of the MEMS should be analyzed. However,
even the ODE of the second order dominant mode model has at least a dimension! of 6. For
this 6th order ODE, it can be shown that the necessary condition is satisfied by solving the
zeros of a quartic polynomial in terms of the feedback strength. Yet, the characterization
of the locations of the zeros is rather involving, since the discriminant of this quartic
polynomial and its auxiliary parameters are a highly nonlinear system of equations in

To derive this model, the mechanical subsystem is approximated by the second order dominant mode
model, while the thermodynamic subsystem is described by a first order model. This can be done since the
higher modes of the thermodynamic subsystem are more difficult to be excited by acoustic stimuli, which is
band limited from 20 Hz and 20 kHz [50, 121].
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terms of the system parameter of the MEMS. Hence, numerical methods have to be applied
to analyze the critical points of these bifurcations even for the second order dominant
mode model.

7.2.2. Further Investigation of the Benchmark Oscillator Model and
Tunability

The benchmark oscillator model and its results towards the tunability enhancement have to
be investigated further in two way: First, the tunability of other properties of an oscillator,
which exhibits a controllable Andronov-Hopf bifurcation, has to be characterized. For
instance, the desired (linear) gain and the amplitude, where compression begins, can be
tuned by adjusting the bifurcation parameter and the nonlinearity of the system. With
this, the response of the oscillator can be optimally chosen for different environments. In
particular, the compression can, e.g., be used to introduce redundancy in the measured
signal, so that two different signals can be separated [70]. Second, the relationship between
the dominant model of the MEMS and the normal form of the Andronov-Hopf bifurcation
has to be established. For this different methods, e.g., the perturbation method, can be
used to approximate this relationship [49, 51].

7.2.3. Alternative Sensor Designs and Actuations

The sensor design and actuation can be changed to improve the performance of the
neuromorphic acoustic sensor. For instance, an additional layer of shape memory alloy
might introduce additional nonlinearities, such the characteristic frequency can be tuned
in a larger interval. In addition, the actuation can also be done with a piezo-electric layer
or the MEMS could be actuated by impulses. For instance, the impulsive actuation can be
investigated by assuming fixed and periodic impulses so that the Floquet Theory can be
applied to investigate the so-called Floquet spectrum, which can be used to analyze the
bifurcations of an impulsive ODE [22].
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A. Parameters of the Numerical
Evaluations

A.1. Parametersin Chapter 4

Subsequently, the numerical parameters in Section 4.3 are given in Table A.1 and Table
A2

Table A.1.: Numerical parameters of the Sampler of the Frequency Domain.

Parameters Value
Damping U [%] —800
Minimal Frequency Orin [%] 27 - 2000
Maximal Frequency @min [%] 27 - 3800
Spacing WA [%] 27 - 200
Number of Explorations  mey / 9
Forgetting Rate a / 0.01
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Table A.2.: Numerical parameters for the three different scenarios.

Parameters Scenario 1 Scenario 2 Scenario 3
5-107* 2-1074 2-1074
Amplitude P1 /
P2 / 1-107* 21074 2-107*
w1 [l] 27 - 2600 211 - 2600 271 - 2600
Frequency s
Wy [%] 27 - 3400 21T - 3400 27T - 4400
0 0 0
Phase ¢ /
$2 / 5 z Z
RF
mconv,l / 4 4 4
RF
3 3 3
Convergence number Meonve
RF
mconv,3 / 2 2 2
RF
mconv,4 / L5 2 2
TRF,l [S] 1 * Tseq 1 : TSCq 1 . Tseq
Convergence Time Trr.2 [s] 0.875- Tseq 1+ Tseq 1 Tseq
TRrE3 [s] 0.75- Tseq 1- Tseq 1- Tseq
TRr4 [s] 05-Teq 075 Toeq 0.75 Tieq
Nmax,1 / 1 2 1
1 2 1
Number of Maxima Mmax.2 /
Nmax,3 / 1 2 2
Nmax 4 / 1 2 1
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A.2. Clamped-Clamped MEMS

Subsequently, the numerical parameters of the clamped-clamped MEMS sensors are de-
picted in Table A.3.

Table A.3.: Parameters of the clamped-clamped MEMS sensor.

Parameter MEMS Sensor
Natural Frequency fo [Hz] 3630
Spring Constant ¢ [——] 36.38 - 107
Q-Factor Q / 80
Calibration factor  «x [Z] 17.12 - 10°
Resistance R [Q] 12.5

a  [E] 19.2
Transfer factor ;

ay (oS5l 6453-10°

B [2] 147.5
Time constant 3

T [s] 1-10
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A.3. Injectively Coupled MEMS

Subsequently, the numerical parameters of the injectively MEMS are given in Table A 4.

Table A.4.: Parameters of the injectively coupled MEMS.

MEMS Sensor
Parameter
1 2
Natural Frequency fj [Hz] 3630 3790
Spring Constant c3 [@] 0
Q-Factor Q / 40, 80
Calibration factor k [%] 17.12 - 10°
Resistance R [Q] 12.5
a (23] 19.2
Transfer factor o
ay  logs]  64.53-10°
B [1] 147.5
Time constant 3
[s] 1-10
DC-Voltage upc [mV] 200
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A.4. Two Diffusively Coupled MEMS

A.4. Two Diffusively Coupled MEMS

Subsequently, the numerical parameters of the two diffusively coupled MEMS are given in
Table A.5.

Table A.5.: Parameters of the diffusively coupled MEMS.

MEMS Sensor

Parameter
1 2

Natural Frequency fj [Hz] 3630 3790
Spring Constant  ¢3 [==] 0
Q-Factor Q / 40
Calibration factor  « [X] 17.12-10°
Resistance R [Q] 12.5

a (2] 19.2

Transfer factor ;
ay  [RE_]  64.53 - 10°

ATKE§3
B [1] 1475 250
Time constant 3
T [s] 1-10
DC-Voltage Upc [mV] 200
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A. Parameters of the Numerical Evaluations

A.5.

MEMS with Controllable Delay

Subsequently, the numerical parameters of the MEMS with a controllable delay are given

in Table A.6.

Table A.6.: Parameters of the MEMS with controllable delay.

Parameter Value
Natural Frequency f; [Hz] 3630
Spring Constant 3 [ﬁ] 0
Q-Factor Q / 40
Calibration factor  « [%] 17.12 - 10°
Resistance R [Q] 12.5

a ] 19.2
Transfer factor ;

ay  [oE=] 64.53-10°

B [1] 147.5
Time constant 3

T [s] 1-10
DC-Voltage UpC [mV] 200
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B. Auxiliary Equations

Auxiliary equations for the bifurcation analysis of three coupled Andronov-Hopf oscillators
and for the critical point of two coupled MEMS are subsequently summarized.

B.1. Three Coupled Andronov-Hopf Oscillators

The equations for the cubic polynomial to determine the critical point of three coupled
Andronov-Hopf oscillators, and coeflicients for polynomials to prove the emerging of
Andronov-Hopf bifurcations are summarized.

B.1.1. Cubic Polynomial to Determine the Critical Points

Py = [abao (aF — 2babo) + b2 (azbabo — agcr) + by (baag (azar — ag) + azby (aza; + 3aq))
+azay (b5 + 2a1) + ayb — bibo + a3 | + [ao (b1 (azbs — by) + 2a1a5) + a5boby
+2a2ag] v2(1) + [Zagbo + a% (a1by — 2agbs) + asby (3ag + b1by) — bﬂ vo ()
+ [Zao (by (azby — by) + 2a1az) + azbg (3b1 — 2asby) + a1by (azbs — by) + 3a§
+ajas| va(p) — [2a0 (bz (azbs — by) + 2a1az) + azbo (3b1 — 2a2b3) + arby (azby — by)
+3a§ + afag] U3 — agvg(w) + ay (2a3by — 3b1) v2(w)v2 () — agblvz(l)vz(a})
— [b2 (azb; — by) + 3ag + 2a1az] v5(p) — [b1 (azbz — by) + 2a1a5 + 4aeaz | va(1)va (p)
— aoajvy(1) + [az (3by — 2asb,)] vsvz () + [2 (by (azbz — by) + 3ag + 2a1a2)] v3v2(p)
+ [b1 (asby — by) + 2a1a§ + 4a0a2] U3U2(1) — [by (azbs — by) + 3ag + 2a1az] U% + vg(y)
+ 20205(1)02(!’) + aévz(l)vg(u) - 3U3U§(ﬂ) — 4azv302(1)v2(p) — a§v3v§(1)
+ 3030, () + 2az0502(1) — v3. (B.1)
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B. Auxiliary Equations

B.1.2. Coefficients of the Function Determining the Number of

Andronov-Hopf Bifurcations Induced by the Line Graph

dooo :a(z) (bl (2&)3 (4612 + 3}13) — 2])2/13) + 20612[?2,[13&)3 + 36612,[130)?% - 12(11}13 (az + ,U3)

+8a505 + 18bapiws — byl — b% + 27p5w35) + 2ag (3a1b1 w3 — 9arbaps s

—2a503 (w3 (w3 (3baps — 2by) — 5a1p3) + bops) + az (arpzws (43 (9ws — 11by)
+b1) + 6a515 — 9bops (3 (by + 5w3) + by) + 02 (byuz (by + 9ws) + 6b5p5 + b2))
+ay b3 + 2a1b1bopis + a1bips + 6a3 1 + 2a3w5 — 9b1byps s — 3b3u3s — bl ws
—Zb;pgwg - 27b0,u§'a)3 - 5b1b§y§a)3 - 4b%b2y3w3 - 9b0b2,u§ - 9b0b1,u§)

— (a1pts + biws) 2 (2by (w3 (ag + 213) + bapis) + (baps — azaws) 2 + daypis (az + pi3)
+b%) + 2bopis (bapis — azs + by) (b1 (w3 (5az + 9p3) + 4baps) + 2 (bops — azaws) °
+9ay i3 (az + p3) + be) +27b3 1% (ag + p3) * + 4a (ap + 13) (B.2a)

digo =2 (3611b1/l§603 — 9a1by3 w3 — 2a5w3 (3 (w3 (3baps — 2b1) — 5aips) + 9bopis)

+ag (b1 (203 (4az + 3p13) — 2bapis) + 20asba i35 + 36az305 — 12a1 13 (az + p3)
+8a§a)§ + 18b2,u§a)3 - bgyg - bf + 27,u§a)§) + ay (a1 p3ws (ps (9ws — 11by) + by)
+6a% 15 — 9bops (p3 (b + 5w3) + by) + w5 (bips (by + 9ws) + 6b5p5 + b3)) — 3b3 sl
+a1 b3 + 2a1b1bopt + aybPps + 6425 + 662 (ag + j13) + 2a303 — 9b1baypiEw? — bl ws

—2[7:25[12603 - 271)0[1%&)3 - 5[)1[)3}1?2’603 - 4[7?[?2,[13&)3 - 9b0b2,u§’ - 9b0b1,ll§) , (B2b)

d010 =2 (6&?[/[;1 + albgpg - 9b0b2/l§ - 2b§a)1,u§ — 27b00)1[1§ - 9a1b2w1p§ - 9b0b1/lg
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+2a1b1b2y§ - 6aiu1,u§ - albéylyg + 9b0b2y1/1§ - 6b1b§a)1y§ - 9a1bla)1y§
+b1b§a)3pg + 12a1b1w3/1§ + Zbg,ulwgyg + 27b0y1w3y§ + 9a1b2,u1w3/1§
—9b1b2a)1w3y§ + albf,u% + 6bfa)§p§ + 9b1b2,ula)§/1§ + 9b0b1,u1,u§ - 2a1b1b2y1,u§
—6b2byw1 2 + 262 byt + Sbibi st — 3abi s — 9biw s + 302 i
—a bl ps — 2bwps + biwsps + 4bTbapiwsps — 6ay (pn — p3) (az + ps) + b s
+2a§a)§ (p3w1 — p1ws) + ag (9192(/)1,11;5 - b%lug + 9b2w3p§ + 27a)1w3y§ — 9aza)§,u§
—27,ula)§,u§ + b;,ulyg + 9a2b2w1,u§ + 11a2b2w3,u§ - 18b2,ula)3y§ + 45a2w1w3p§
—10a§a)§y3 - 36a2,u1w§;13 +12ay (p1 — ps) (az + ps) ps — 20axbopy w3 pis — 8a§,u1a)§
+18a5w1wsps + bY (p1 — p3) + by (2ba (p1 — p13) i3 + 3 (3 (301 — w3) — 2p103) 3
+az (3 (901 — w3) — 8u1w3))) + a5 (9bops (213 + i3 (w3 — 3w1)) + w3 (arps (3
X (w1 + w3) — 10p10w3) + w3 (6bas (w3 — p3wr) + by (3 (3w; + w3)
~41103)))) + az (647 (13 — pr) 5 + 9bo (by (s — p3) + i3 (b (g1 — i) + 53
+p3 (@3 — 60w1))) pi3 — a1 (b1 (g3 (901 — 10w3) + pyws) + ps (w3 (pws — p3w1)
+by (113 (901 + 203) — 11p103))) p3 — w3 ((p3 (Bw1 — 4w3) + prws) bY + psby (9ws
X (p1w3 — p3w1) + by (p1ws + 3 (2ws — 301))) + 6b3p5 (pnws — psw1)))), (B.2c)



B.1. Three Coupled Andronov-Hopf Oscillators

doo1 =2 (6a3; — Obobapis — 2b3waps — 27bgwapts — 9arbawapis — 9boby s + 2a1by oy
+a1b§,u§ - 6af,u2,u§ - albgpg,ug + 9b0b2/12/1§’ - 6b1b§a)2,ug - 9a1b1a)2u§ + alb%,ug
+b1bgw3pg + 12a1b1c<)3,u§ + ZbSyZa)g,ug + 27b0,u2a>3y§ + 9a1b2,uza)3y§ - 9b1b2w2w3y§
+6b2 3112 + 9b1bopizs 2 + bob piapis — 2a1bybopi s — 6b*bywapis + 2b2 by
+5b1bgy2w3y§ - 3a1b1;12a)3;1§ - 9bfa)2co3p§ + Sbfyzwg,ug - albfyz,ug - bewzyg,
+biwspis + 4bTbappwsps — 6ag (jz — p13) (az + ji3) + by 03 + 20503 (p32 — p1rw3)
+ag (+9bawaps — bp3 + 9baws s + 2Twaws s — 9arwi i — 27 w515 + bapiaps
+9a2b2w2,u§ + 11a2b2w3y§ - 18b2y2w3,u?2, + 45aza)2w3y§ — 1Oa§w§,u3 - 36a2,uzw§;13
+12ay (p1p — p13) (ap + p13) i3 — 20a5b 12003413 + 18a50,w3 413 — 8a3j1p5 + (113 — f13)
Xbi + by (2by (2 — p13) i3 + 3 (13 (30, — w3) — 2p12003) 3 + az (113 (90, — w3)
—81123))) + a5 (9bops (22003 + 3 (w3 — 302)) + w3 (arps (g3 (903 + @3)
—101pw3) + w3 (6baps (aws — psws) (3 (3w + w3) — 4paw3)))) + by + ay (6af,u?2,
X (3 — pi2) + 9bopis (by (2 — pi3) + p3 (ba (p2 — pi3) + Sp203 + p3 (@03 — 603)))
—ay (b1 (u3 (w2 — 10w3) + pows) + ps (9ws (Haws — p3ws2) + by (u3 (9w2 + 2w3)
~11pp03))) g3 — @3 ((p3 (Bwz — 4ws) + paw3) b3 + pi3 (903 (pr2w3 — p302)
+by (w3 + 13 (203 — 3w2))) by + 6b545 (w3 — p302)))) (B.2d)
daoo =b1 (8azws — 2baps + 613003) + 20a2by 303 + 36a2,ugco§ - 12a1/1§ — 12a1a2p3
+12aq (az + 13) + 8a503 + 18bypiiws — bips — b* + 271203, (B.2e)
do20 :18a2b2,u§a)1 + 2a2b2y§a)3 - 18a2b2;11,u§a)1 - 22a2b2/11,u§a)3 + 20a2b2,uf,u3w3 —2by
X (1 = p3) (az (p3 (901 — 5w3) — 4piws) + by (p — p3) p3 + 3p3 (43 (301 — 203)

—11103)) + 54ax 0% — 18as130 03 + 27451505 — a5pEws + 18ayu piws — by

- 18a§y§wla)3 - 90a2,ul;1§a)1a)3 + 36a2/1f;13w§ + 20a§,u1;13a)§ - 36a§,u1;13a)1w3

+ 8a§,ufa)§ - 12(11,11‘31 - 12a1azy§ + 24a1y1p§ - 12a1,ufy§ + 24a1a2,u1y§ - 12a1a2yfy3

+12ag (p1 — pi3) 2 (ag + Us) + 18b2yg‘a)1 - 18b2y1p§'w1 - 18b2,u1p:;a>3 + 18b2,ufy32‘a)3

+2b5 5 = b = by (g — p3) 2 + 27p307 = Sepnpierws + 27wl (B.2f)
doo2 :18a2b2,u§’a)2 + 2a2b2,u§a)3 - 18a2b2,u2,u§a)2 - 22a2b2,u2,u§a)3 + 20a2b2,u§,u30)3 - 2b;

X (p2 = p3) (a2 (p3 (w2 — 5w3) — 4paws) + by (p2 — p3) p3 + 3p3 (43 (302 — 203)

—lp3)) + 54ax L 0% — 18as13 w203 + 2751505 — a5pEw5 + 18asua i’ — by

- 18a§/1§a)2w3 - 90a2;12/1§a)2c<)3 + 36a2/1§p3a)§ + 20a§,u2/13a)§ - 36a§,u2/13a)2w3

+ 8a§,u§a)§ - 12611,11‘31 — 12a1a2y§ + 24a1y2p§ - 12a1y§y§ + 24a1a2,u2y§ + 18b2,u§co2

- 12a1a2p§p3 + 12aq (o — pi3) % (ay + 13) — 18b2,u2;1§'a)2 - 18b2,u2,u§a)3 + 18b2,u§y§w3

+ 2b5 a5 — bl — b (2 — pi3) 2 + 27413005 — Sapppiwss + 273505, (B.2g)

181



B. Auxiliary Equations

dllO =

lel =

— 2 (20azbap1 pi3 03 — 9asbapiiwr + by (az (8u1ws + ps (w3 — 91)) + 2bapis (p3 — 1)
+3u3 (2pws + p3 (w3 — 3w1))) — 11a2b2y§w3 + 9a2,u§a)§ - 45a2,u§a)1a)3 + 12a1p§
+1Oa§y3w§ + 36a2,ul,u3a>§ — 18a§,u3a)1w3 + 8a§y1w§ + 12a1a2y§ — 12a a1 13
—12a1p1,u§ +12ag (g1 — p3) (az + ps3) — 9b2,u§a)1 - 9b2,u§a>3 + 18b2/11y32.a)3

+b5p5 — bl + b3 (i3 — ) = 27p530103 + 2715005 (B.2h)
-2 (20a2b2y2y3w3 - 9a2b2y§(u2 + b1 (az (uaws + p3 (w3 — Yw2)) + 2bypus (pis — p2)
+3u3 (2upw3 + p3 (w3 — 3w2))) — 11a2b2u32.a)3 + 9a2,u§a)§ - 45a2,u§a)2a)3 + 12a1,ug
+10a§,u3w§ + 36a2;12,u3a)§ — 18a§y3w2w3 + 8a§,u2w?2, + 12a1a2y§ — 12a1,uz,u§
—12ayazpiopi3 + 12ag (pz — p3) (@ + pi3) — 9bapzwy — bapzws + 18bapiz o w3

+bjp3 — bipaps + b5 (13 — pi2) — 27302005 + 27 pi2p15005) (B.2i)

do11 =2 (9b2w1p;‘ - bgp;‘ - 12611/1;1 + 9b2a)2p§ + 27wla)2y§ - 12a1a2p§ + bgpl,ug + 12a1p1p§

+b§y2y§’ + 12a1y2,u3?3 + 9a2b2w1ug - 9b2,uza)1y§’ + 9a2b2w2y§ — 9b2;11a)2;1§ - a%wgpg

+54a2w1w2y§ + 2a2b2a)3y§’ - 9b2y1w3,u§ - 9b2,uzw3y§ - 9a2a)1a)3y§ - 27/12@1@3/1;
—9a2a)2(u3,u§ — 27/11602603/133» + 9a2,u1a)§/132. + 9a2,uga)§y§ + 27;11;120)%;1% + 12a1a2y1y§
+12a1a2,u2;1§ — bgyl,ug,ug - 12a1,u1,u2,u§ - 9a2b2yza)1y§ - 9a2b2yla)2p§ + 27a§w1w2y§
—11a2b2,ula)3,u§ - 11a2b2,u2c<)3/1§ + 18b2/11,uza)3/1§ - 9a§a)1a)3y§ - 45a2,uza)1a)3u§
—9a§wza)3,u§ - 45a2,ula)2co3,u§ + lOa%yla)gy_e, + 10a§,uga)§,u3 + 36a2,u1y2a)§/13
—12ayaz 1 piapis + 20ab, iy procos iz — 1861%/120)1&)3/13 - 18a§,u1a>2w3;13 + 8a§y1p2w§
+12ag (1 — pi3) (g2 — p3) (az + p3) + b3 (g1 — ps) (ps — p2) + baps (2 (1 — p3)

X (3 — pi2) + az (p2 (Bp1ws + pi3 (w3 — 9w1)) + pi3 (3 (901 + 92 — 10w3) + piy

X (w3 = 9@2))) + 33 (2 (2p103 + p3 (w3 — 3w1)) + p3 (3 (301 + 3wz — 4w3)

+u1 (w03 — 3@2))))) (B.2j)
dzo0 =4 (az + pi3) (B.2k)
doso =— 4 (g1 — p3) > (az + pi3) (B.21)
doos = — 4 (2 — p13)° (a2 + p13) (B.2m)
daro = =12 (g1 — p3) (az + p3), (B.2n)
dao1 = — 12 (2 — p13) (az + p3), (B.20)
doa1 =12 (11 — p13) * (s — i) (@2 + ps) (B.2p)
dora = — 12 (1 — pis) (piz = i3) > (az + p1s), (B-29)
dioo =12 (1 — pi3) * (a2 + pi3) » (B.2r)
droz =12 (p2 — p13) * (az + p13) , (B.2s)
dinn =24 (p1 — p3) (p2 — p3) (az + pi3) - (B.2t)
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B.2. Critical Point of Two Injectively Coupled Groups of MEMS Sensors

B.1.3. Coefficients of the Linear Functions of the Proof of Theorem 3.3

CLus, 1,00 =03 (w3 (by + w3) — a1) + by, (B.3a)
ClLus,1,10 =W3 — (1, (B.3b)
ClLus,1,01 =0W3 — W2, (B.3¢)
CLys,2,00 =3bf (2ayw3 + pi3 (by + 3w3)) + 3b1 (2azw3 + p3 (by + 3403))2 + /12, (9a)3 (Sal + bg)

+bg - 27b0) + 3a§y3 (9a1a>3 - 5b2a>§ —9by + 30);) + Sagwg + bf

+6as15 (w3 (9a; — 3baws + b3) — 9by) , (B.3d)
CLus2.10 =273 (w1 — @3) (az + p3)°, (B.3e)
CLus 201 =273 (02 — @3) (az + i3)%, (B.3f)

cg,1,00 = (301 — p1ws) (w1 (az + p3) — @3 (az + p1) + by (p3 — 1))
—ay (p1 — p3)* = by (1 — p3) (3001 — p1@3) (w1 — ws3))

+ao (g1 — p3)? (w1 — w3) = by (p1 — pi3)°, (B.3g)
g0 = (1 = p13)? (01 — w3), (B.3h)
g0 = (p1 — #3)2 (13 (w01 — w2) + py (w2 — w3) + 2 (w3 — 1)), (B.3i)

CLE,,2,00 =3b7 (p3 (b (1 — p13) — 301 (az + pi3)) + w3 (az (2p1 + pi3) + 3p1p3)) + 3by (p3ws
X (2by (az (2p1 + p3) + 3ppi3) — 31 (az + p3) (az + 33)) + w3 (ai (4p1 — p3)
+12axp1 3 + 9#1#3%) - bzllg (6c1 (az + pi3) + by (p3 — 1)) — 302,113(05% (b2 (az
X (51 + p13) + 611 13) + 3az001 (az + p3)) + ps ((ps — p) (54azbopss + 27a3by
+(27bo — bg) ,ug) — 9w; (az + p3) (,ug (3a1 (az + p3) + b%/lg,) —3ag (a; + ﬂ3)))
+ 3303 (bapis (b (2azp + p3 (az + 3p1)) + 6ax01 (az + p3)) — 9ag (az + p3) 2

+9ayp (ay + p13) ?) + ajw3 (az (8pu + pis) + ppus) + b3 (p1 — pis) (B.3))
Ci210 =27p3 (@1 — w3) (az + 13) 2, (B.3k)
€201 =27p3 (p3 (01 = @2) + pi1 (w2 — @3) + pio (w3 — w1)) (az + 13) 2 (B.3])

B.2. Critical Point of Two Injectively Coupled Groups of MEMS
Sensors

The equations for the matrix Q and the characteristic frequency are summarized. For this,
let i = 1,2, 3. Then the bifurcation point of a network consisting of two different groups of
MEMS sensors is given by

bor — a1 biy — byiboy (kiy — kag + 2
wé:all 21 — A21 ;1 . 11_21(b11 22 6121)’ (B.4a)
13021 — A23011

q _ais[az + b2 (qa1 — kea)] — aps[ain — bui (ki + g21)]
n=

, B.4b
aizbz1 — ax by ( )
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B. Auxiliary Equations

1
2by11 by (ai3by1 — 023511)3/2\/61111721 — by1[ag1 + ba1 (ki1 — kaz + 2g21)]
X [a21b11(b21(2a11(b11 — b21) + a12(a13ba1 — azzbir) — 2b11(kin — kaz + 2¢21))
X (b11 = ba1) + azzbi1(az3biy — a13b21)) + ba1(ar1(b21(ar2(azsbin — arzbar)
+2b11(b11 — ba1) (ki1 — kao +2q21)) + azz2b11(@13b21 — az3bi1)) + (kip — koo +2qo1)
X b11(ba1(a12(ai3bar — azzbin) — bii(bin — ba) (kii — kaz + 2q21)) + azbi

X (a23b11 - 6113[?21)) + 61?11721([721 - 1711) + 6110(6123[711 - 61131721)2)

qi12 =

+ (b — bi1)as, by, — azobi1(azsbiy — ai3bay)?], (B.4c)
c 2 omi 1 03 9c10a03 — 2¢2 — 27¢oC
@21 -4 __Z ¢2 + c103 COS | — + — arccos = 2 5 |, (B.4d)
3¢; 3l 3 3 |3 2|c2 + crc3)2
1
g2 =

2b11b21 (a13b21 — 023511)3/2\/0111721 = by1[ag1 + ba1 (k11 — ka2 + 2¢21)]
X [a21b11(b21(a12(a13bz1 — ag3bi1) — 2a11( b1y + ba1) + 2b11 (b1 + b2y)
X (ki1 — koo +2g21)) + az2b11(a13b21 — az3bi1)) + (kin — ko2 + 2¢21))
X ba1(ai1(ba1(arz(azsbin — a1zbar) — 2b11 (b1 + ba1) + (az3biy — ar3bz1))
X Gg2b11 + biy(kiy — ko2 + 2q21) (a1 (a12(a13b21 — azsbir) + (biy + bay)
X bi1 (ki1 — ka2 +2q21)) + azz2br1(a13by — az3bn)) + a%1b21(b11 + b21)

+ ayo(ags by — a3ba1)?) + aly (biy + ba1) b3, + azobyi(azsbiy — aizbsr)?], (B.4e)

with the auxiliary constants

co =[—az1b11(b21(2a11(b11 + ba1) + ar2(azs by — arzbar) — 2b11(b11 + ba1) (kiy — kzo))
+ azbii(azbiy — ar3bz1)) + bar(ar1 (b1 (ar2(azs by — aizbzr) — 2b11(byg + bay)
X (ki1 — ka2)) + az2b11(az3bir — arzbar)) + bra(kin — kaz) (ba1 (a12(ar3bar — az3bin)
+ b11 (b1 + b21) (kiy — ka2)) + azabii(aizbar — azsbin)) + af1b21(b11 + b21) + aro(azsby
- 013b21)2) + agl(bn + b21)b%1 + azob11(azbir — a13b21)2] [a23(b11kin — ai1)
+ aiz(az1 — barkea)],
5] :2b11b21(a§3b21(b21(a22b11(k11 - 2k22) — ai2barkyy — apag; + 010023) — 2aaz3 b1
+ a1 (2ag2b11 + a12b21)) + ar3(—2a91 (ba1 ((2b11 + bay) (ar1 — birkir) + agzazsb?,
+ b11ko(3b11 + 2b21))) + ba1(b21(a11 — biikin) (a1 — 2ai2a23 — byikyp) — 2aloa§3bu
+ 2kpz (b21(2b11 + ba1) (a1 — birkir) + azza23by) + bi1ba1 (3b11 + 2by1) k3)
+ a5 b1 (3by1 + 2b21) + azoass b)) + azs(ay by1 (2ba1 (arzaz3 — (2b11 + 3b21) ki
+ (11 + 2ba1) kaz) + azaap3biy — 2az1(b1y + 2b21)) + b5y (ap1(2( b1 + 2ba1) kit — ar2az3
— 2ba1kzz) + k11 (b21ki1(2b11 + 3b21) — a3 (azabin + 2a12021)) + barkaz(arzazs
— 2(byy +2b21)k11) + a3y + ar0ahs + b5, k2,) + a5, bo1 (2b11 + 3b21)) + azoais b)),
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B.2. Critical Point of Two Injectively Coupled Groups of MEMS Sensors

== 41??11?31(013([721(2&11 — a12a23 — 2by1kin + (3b11 + bay) ko) + azzazs by
— a21(3b11 + b21)) + axs(by1(arza93 — 2az1 — (byy + 3b21) ki1 + 2021 ky2)
+ a1 (b1 +3b21)) — a2261:{1z3b21);

3 13
C3 :8(6113 + azg)bll b21.
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