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Supervisor’s Foreword

A central issue in applied nonlinear science is the deliberate design and control
of temporal, spatial, and spatio-temporal states with desired properties. The
number of publications in this field has been steadily growing since the first
pionieering papers appeared two decades ago, and has reached almost 1,000 each
year. Nowadays the original notion of chaos control has been extended to a
much wider class of problems involving the stabilization of unstable periodic or
stationary states in complex nonlinear dynamic systems. A particularly simple
and efficient control concept is provided by time-delayed feedback, where the
control signal is constructed from some time-delayed output variable of the
system.

This Thesis deals with delay effects in nonlinear systems which are ubiquitous
in various fields of physics, chemistry, biology, engineering, and even in social and
economic systems. They may arise due to processing and latency times or the finite
propagation speed of information between the constituents of a complex system,
for instance in electronic or optical systems or neural networks. Time delay has
two complementary, counterintuitive and almost contradicting facets. On the one
hand, delay is able to induce instabilities, bifurcations of periodic and more
complicated orbits, multi-stability and chaotic motion. On the other hand, delay
can suppress instabilities, stabilize unstable stationary or periodic states and may
control complex chaotic dynamics. This thesis deals with both aspects, and pre-
sents novel fundamental results on the controllability of nonlinear dynamics by
time-delayed feedback, as well as applications to lasers, hybrid-mechanical sys-
tems, and coupled neural systems.

The theoretical analysis in this thesis uses simple generic models—normal
forms—which are universally applicable, but still allow for an analytic treatment.
Among the most interesting results are the refutation of the alleged odd-number
limitation of time-delayed feedback control, which was erroneously believed for a
long time, and new insights into delay control of stochastic synchronization of
neuronal activity which might lead to novel therapeutic approaches, for instance,
the suppression of pathological states of synchronous firing of neurons,
which occur in Parkinson’s disease or epilepsy. In further work, one might apply

Xi



xii Supervisor’s Foreword

time-delayed feedback control to suppress excitation waves that occur in the brain
during migraine or stroke, or use it to control autonomous robots that adaptively
select different walking patterns and react to changing environment.

Berlin, May 2010 Eckehard Scholl
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Chapter 1
Introduction

Gebraucht der Zeit,
sie geht so schnell von hinnen,
doch Ordnung lehrt Euch Zeit gewinnen.1

(Johann Wolfgang von Goethe, Faust I)

Control of a specific state is an important and challenging task that is present in a
wide range of different systems. To mention two examples that have nothing in
common on the first glance think of the children’s play of stick balancing on a
finger tip and the treatment of symptoms of neurological diseases. Although they
seem to be very different, both of these two examples deal with fundamental
questions which are addressed by control theory.

In the first case, a child tries to keep a stick in its upright position by adequate
repositioning of the arm and finger. Thereby, it acquires motor skills such as
coordination and balance. From the perspective of control theory, the movement of
the child’s arm and finger leads to a change of stability of the unstable fixed point
correspond to the stick in upright position.

The control goal of the second case is opposite nature. In order to treat
symptoms of neurological diseases like Parkinson’s tremor, it is most desirable to
destabilize the stable, but pathological state. This state can be related to unwanted
neural synchrony in the brain.

Although, these examples stem from a completely different background, on can
achieve either control goal by application of an adequate control method, for
instance, time-delayed feedback control [1]. This control method compares the
current state of a system to its time-delayed version. It generates a control force
from this difference which is applied to the system via a feedback loop.

Coming back to the examples above, a robot will be able to automatically
perform the stabilization task of stick balancing if it acts according this this control

! Use time wisely for it runs so fast. But order teaches you to save time.

P. Hovel, Control of Complex Nonlinear Systems with Delay, 1
Springer Theses, DOI: 10.1007/978-3-642-14110-2_1,
© Springer-Verlag Berlin Heidelberg 2010



2 1 Introduction

scheme. Applied to the neurological example, one could aim destroying the
pathological synchrony by the same method. Once the symptoms are treated, the
neurons might even recover and form new connections. Thus, control results
eventually in a therapeutic effect.

Of course, it is still a long way to achieve this ambitious goal. Intermediate
steps, however, are the development of a deeper understanding how and for which
type of systems control meads to the desired outcome.

Over the past decade control of unstable states has evolved into a central issue
in applied nonlinear science. See, for instance, recent reviews [2—6]. This area of
research has various aspects and diverse applications: In the context of stabiliza-
tion of unstable periodic orbits embedded in a strange attractor of deterministic,
chaotic systems, this is generally referred to as chaos control. Control can also
concern the stabilization of unstable steady states or the coherence and timescales
in stochastic systems.

Various methods of control, going well beyond the classical control theory [7-9],
have been developed since the pioneering, seminal work of Ott et al. [10] in which
they demonstrated that small time-dependent changes in the control parameters of a
nonlinear system can turn a previously chaotic trajectory into a stable periodic
motion. As mentioned above, one scheme where the control force is constructed from
the difference of the present state of a system to the time-delayed value [1] has turned
out to be very robust, universal to apply, and easy to implement experimentally. It is
known as time-delayed feedback control, time-delay autosynchronization, or Pyra-
gas control named after its inventor Kestutis Pyragas.

Time-delayed feedback control has been used in a large variety of systems
which will be pointed out in the following overview. In general, applications can
be found in physics, chemistry, biology, medicine, and engineering [4, 11-13], in
purely temporal dynamics as well as in spatially extended systems [3, 14-29].

Next to the easy realization of time-delayed feedback, the control method has
another advantage: It is noninvasive in the sense that the control force vanishes if
the target state under control is reached. This can be achieved by proper tuning of
the control parameter, if, for instance for periodic orbits, the time delay is equal to
the period of the desired orbit. Thus, the control method does not require a ref-
erence system and needs only a minimum of a priori knowledge. This enables
stabilization of ultra-fast systems which are found, e.g., in optics and electronics
[30—48]. Note that time-delayed feedback can also create additional delay-induced
modes [29, 47, 49] which may result in multistability [50].

Another area of research, where time-delayed feedback has been successfully
implemented, concerns nonlinear charge transport in semiconductor nanostruc-
tures [14, 16, 51-55]. These might consist of only a few quantum wells as in the
case of the double-barrier resonant tunneling diode [18, 28, 56-59] or extended
devices like a superlattice [19, 54, 60, 61].

Moreover, time-delayed feedback control has recently been shown to be
applicable also to noise-induced oscillations and patterns [62—65]. This is an
interesting observation in the context of ongoing research on the constructive
influence of noise in nonlinear systems [66—71].
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In order to finish this overview of potential systems, where time-delayed
feedback control is useful, let me mention also the field of neurodynamics or
reaction—diffusion systems of activator-inhibitor type [72—75]. On one hand, time-
delayed effects are present in these excitable systems as part of the underlying
dynamics and occur, for instance, in the interplay between vascular and neural
components in the brain [26, 76, 77] which leads to global and local delays,
respectively [78]. On the other hand, time-delayed feedback can be used for the
therapeutic treatment via an external stimulus in Parkinson’s disease, epilepsy,
migraine, and stroke [26, 79-83].

In this context, the concept of synchronization is fundamental [84, 85] as it
describes how single elements like neurons cooperate in a large network, e.g, the
brain, by adjusting the individual dynamics. Next to synchronization in a network,
the question of functionality is of increasing interest [86] and the influence of
delay in the network dynamics with respect to this issue is a topic of ongoing
research [87, 88].

This summary demonstrates that time-delayed feedback is a powerful tool with
many possible applications. Besides the implementation in an experiment or
numerical simulations, it is also of importance to understand the underlying
control mechanisms. This will be investigated in the present thesis, where time-
delayed feedback is applied to different generic models. These models serve as
normal forms for fixed points, periodic orbits, or excitable dynamics. Next to the
mathematical background of delay-differential equations, I will also consider
possible extensions in connection to experiments such as additional filtering or
control loop latency.

This thesis is organized as follows: Chapter 2 introduces the control scheme. It
contains various extensions of the original controller as well as modifications
important in experimental realizations. In addition, Chap. 2 provides a review of
fundamental techniques such as linear stability analysis and can be seen as the
central element which connects all subsequent discussions. See also Fig. 1.1 for

Chapter 3: Chapter 4:
Odd number

Steady states Lo
limitation theorem

Chapter 2:
Time-delayed
feedback control

/

Chapter 6: Chapter 5:

Neural systems Neutral delay—
differential equations

Fig. 1.1 Schematic structure of the thesis
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Table 1.1 Notation of frequently used variables and parameters

Chapter 2
x(1)
f

g
s(n)
T
F(@)
K

h

K
&
x*
R

A

®

0
s(1)
o
$(o)
Ax
K(x)
ox(1)
u(?)
A

p

q
Id

D(r)
T(w)
Additional variables of Chap. 3

Ao
A
w
w
To

Ttrans

W
Additional variables of Chap. 4

0]
v

u

B

bo

Additional variables of Chap. 5
M, m,l

Zms 25 0

State of the system at time 7, x(r) € R"

Dynamic function f : R" — R", f: x+— f(x)
Coupling function g : R" — R", g: x—s = g(x)
Control signal at time 7: s(¢) = g(x(t)) € R"
Time delay

Control force F: R" — R™, F:s+—s(t) —s(t — 1)
Feedback gain

Transducer function h : R” — R”", h : F— h(KF)
Feedback gain

Periodic orbit {(¢) € R"

Steady state, x* € R"

Memory parameter, R € [—1, 1]

n x n coupling matrix

Feedback phase

Latency time

Filtered version of s(r)

Cutoff frequency

Fourier transform of s(z), §(w) = F[s(#)]

Spatial delay

Integral kernel

Small deviation from x()

Floquet mode, u(f) = u(t — 1)

Floquet exponent or eigenvalue, A € C

Real part of the Floquet exponent, Re(A4) = p
Imaginary part of the Floquet exponent, Im(A4) = ¢
n X n identity matrix

n x n fundamental matrix

Transfer function

Uncontrolled Floquet exponent or eigenvalue, 4y € C

Real part of the uncontrolled eigenvalue, Re(/4y) = A
Imaginary part of the uncontrolled eigenvalue, Im(Ay) = @
Lambert function, W : C — C, W : z— W(z)

Intrinsic period, Ty = 2n/w

Transient time

Control phase

Fundamental matrix of the uncontrolled system
Fundamental matrix of the system with control
Floquet multiplier, 1 = exp(At) € C

Phase of the feedback gain K

Amplitude of the feedback gain K

System parameters
System variables

(continued)
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Table 1.1 (continued)

L Lagrange function

Ty, To Time delays

Additional variables of Chap. 6

u(t) Activator variable

v(t) Inhibitor variable

€ Timescale separation, & < 1

a Threshold parameter

D Noise intensity

C Coupling strength

&(1) Gaussian white noise

Tis1 Interspike interval

(Tis1) Average interspike interval

p(Tis1) Interspike interval distribution

Ts Interspike interval calculated from the summarized
variable us = u; + up

S(w) Power spectrum

Y(s) Autocorrelation function

teor Correlation time

[710) Phase variable

Ap(t) Phase difference

y Phase synchronization index

0 Average length of the phase synchronization intervals

Tk Time delay of the self-coupling

G Adjacency matrix

Most of variables and parameters are introduced in Chap. 2, but will also be used in the sub-
sequent chapters

the structure of this thesis. Chapters 3—-6 are devoted to the application of time-
delayed feedback control to different classes of dynamic systems. Chapter 3
presents the control of steady states subject to time-delayed feedback control in
various modifications and coupling schemes. Chapter 4 deals with the stabilization
of periodic orbits in a subcritical Hopf bifurcation which provides a counterex-
ample to the often invoked odd number limitation theorem. Chapter 5 discusses
time-delayed feedback control applied to neutral delay-differential equations
which have an intrinsic time delay in the highest derivative. The subject of Chap. 6
is the application of the time-delayed feedback scheme to excitable neural systems
where the control method influences the cooperative dynamics of coupled ele-
ments. The resulting synchronization effects are also important in the context of
larger networks. Finally, Chap. 5 concludes with a summary and an outlook. As a
reference for the notation, see Table 1.1 which lists the frequently used variables
and parameters.

Throughout all subsequent chapters, the analysis of the control mechanisms
makes use of different techniques ranging from bifurcation analysis, linear sta-
bility analysis, and Floquet theory to time series analysis, for instance, on the basis
of the power spectrum.
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1 Introduction

To summarize this introduction, I will demonstrate in the following that the

time-delayed feedback scheme provides a powerful tool to control the dynamics of
a given system and can be used especially for the stabilization of unstable states.
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Chapter 2
Time-Delayed Feedback Control

Chaos is found in greatest abundance wherever order is
being sought. Chaos always defeats order because it is
better organized.

Terry Pratchett

In the seminal work by Ott et al. [1], they demonstrated that small time-dependent
changes of a parameter in a deterministic chaotic system can lead to periodic motion.
Their findings are beyond classical control theory [2-5] and opened the field of chaos
control which has become an aspect of increasing interest in nonlinear science [6, 7].

An especially powerful control scheme was introduced by Pyragas [8]. It is called
time-delayed feedback control or time-delay autosynchronization and constructs a
control force from the difference of the present state of a given system to its delayed
value, i.e., s(f) — s(t — 1). For proper choices of the time delay 1, the control force
vanishes if the state to be stabilized is reached. Thus, the method is noninvasive. This
feedback scheme is easy to implement in an experimental setup and numerical
calculation. It is capable of stabilizing fixed points as well as periodic orbits even if
the dynamics are very fast. Furthermore, the Pyragas scheme has no need for a
reference system since it generates the control force from information of the system
itself. Also from a mathematical perspective it is an appealing instrument as the
corresponding equations fall in the class of delay differential equations.

This chapter provides a summary of the time-delayed feedback scheme which is
investigated in the subsequent chapters of this thesis and includes basic concepts
for its analysis. Thus, it can be seen as the central node in this thesis and connects
the other parts, where time-delayed feedback is applied to different classes of
dynamic systems. The chapter is organized as follows: In Sect. 2.1, I will intro-
duce the general concept of time-delayed feedback control starting with the ori-
ginal work by Pyragas [8]. Section 2.2 is devoted to extended time-delayed
feedback invented by Socolar et al. [9]. This is an extension of the Pyragas scheme
which will be used frequently in the subsequent chapters. Sections 2.3 and 2.4

P. Hovel, Control of Complex Nonlinear Systems with Delay, 11
Springer Theses, DOI: 10.1007/978-3-642-14110-2_2,
© Springer-Verlag Berlin Heidelberg 2010



12 2 Time-Delayed Feedback Control

cover special realizations and further extensions of time-delayed feedback control.
These include different coupling schemes, control loop latency, filtering, and
nonlocal feedback. Section 2.5 describes the concept of linear stability analysis in
the presence of time delay. This technique will be used several times in this thesis.
Section 2.6 deals with the formalism of transfer functions and provides an addi-
tional perspective on the control mechanism. Finally, Sect. 2.7 concludes this
chapter with an intermediate summary.

2.1 Control Method

In this section, I will discuss the time-delayed feedback method in its original form

introduced by Pyragas [8]. The focus at this point is not the application of the control

scheme to a specific system, but its introduction and general properties. The appli-

cation to various classes of models will be the subject of the subsequent chapters.
Consider the following, general dynamic system

d
dtx(t) = f(x(1)), (2.1.1)
where x denotes a state vector of the n-dimensional state space, i.e., x € R" and f is
a function f : R" — R" with f : x— f(x). In the following, I will present the above
mentioned control method called time-delayed feedback control in a general
notation. This method is also called time-delay autosynchronization or Pyragas
control [8].

Figure 2.1 depicts a schematic diagram of the time-delayed feedback loop.
The control parameters are given by the time delay 1, the feedback gain K, and in
an extension of the Pyragas method the memory parameter R [9]. The red (dashed)
color shows this extension of the original Pyragas control including multiple
delays which will be discussed in Sect. 2.2. First, let me introduce the Pyragas
control scheme.

h(t) dorp s(t) = g(x(t))

Fig. 2.1 Diagram of the time-delayed feedback control method. x(#) denotes the state of the
system at time ¢, s(f) the control signal, i.e., some component of x(f) measured by g(x(#)), and F(¢)
is the control force. The real constants 7, K, and R denote the time delay, the feedback gain, and
the memory parameter, respectively. The transducer function h(#) describes the coupling of F to
the dynamic system x. The extension of the original time-delayed feedback [8] as introduced by
Socolar et al. (see Ref. [9]) is shown in red (dashed) color and discussed in Sect. 2.2
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From the state vector x € R", one can calculate a control signal s € R™ via a
function g : R" — R™ with g : x+—s = g(x), which measures the state x to create
a control signal in the m-dimensional signal space. This control signal could be, for
instance, a single component of the state vector x. The crucial part of the Pyragas
control is to generate a control force F that consists of the difference between the
current signal s(¢) and a time-delayed counterpart s(t — 1), i.e., F : R” — R"™ with
F : s+ s(t) — s(t — 7). This control force is further multiplied by a control gain
K € R. The application procedure of F to the dynamic system x is then specified
by a transducer function h : R” — R”" with h: F— h(KF).

In a special realization of time-delayed feedback called diagonal control, for
instance, the composition of the functions g and h becomes the identity, i.e.,
hog:R" - R" - R" with hog:x— (hog)(x)=h(g(x)) =x. Thus, for
diagonal control the control force applied to the ith component of the system
consists of the time-delayed difference of the same component. To summarize, the
controlled system can be written as

d

Zx(1) = £(x(1)) — h[KF(s(1))] (2.1.2a)
= £(x(t)) — h[K(s(r) — s(t — 7))] (2.1.2b)
— £(x(1)) — h[K{g(x(r)) — g(x(t — ))}]. (2.1.2¢)

Note that the difference term in the argument of h guarantees the noninvasive
property of the control scheme which will be discussed next.

In order to investigate some properties of the control method, assume that the
system x exhibits an unstable periodic orbit {(r) with period T which is meant to be
stabilized via the Pyragas method. By choosing the time delay as t = T, the feedback
method becomes noninvasive because the control force vanishes if the orbit { is
stabilized: {(f) = {(t — t) = {(t — T). Let me stress the important feature once
more: Only a minimum knowledge of the system x is required. The sole quantity of
the system that needs to be known is the period T of the periodic orbit which
determines the choice of the time delay. Methods to calculate the period of the target
orbit a priori will be mentioned later in this section. Note that the exact knowledge of
the unstable periodic orbit { is not necessary. This has the important consequence that
invariant solutions of the uncontrolled system’s equation persist unperturbed even in
the presence of time-delayed feedback control. Only the neighborhood of the orbit is
altered such that the dynamics converges to the target state.

The noninvasive property also holds if the desired state of the system is not a
periodic orbit but a steady state x* [10]. In the latter case, the control force also
vanishes after reaching the stabilized state: x*(f) = x*(¢ — 7). Optimal choice of
the time delay are not so obvious as in the case of periodic orbits. This will be the
topic of Chap. 3.

Instead of time-delayed feedback, it is tempting to use proportional feedback,
where the control force F is given by the difference of the current state to the target
state, for instance, a periodic orbit {(f)
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F(1) = g(x(1)) — g({(0))- (2.1.3)

In order to apply this method, the orbit must be known a priori, e.g., recon-
structed from experimental data or from a reference system, which eventually
turns out to be a complicated process or is numerically expensive.

As mentioned above, the only quantity that needs to be known from the system
is the period is the target orbit. There are various methods to calculate this period
which then yields a promising choice of the time delay in the control loop.
For instance, the feedback scheme itself can be used as a detection tool [11]. This
might be interesting in an experimental setup, when a mathematical model in
terms of differential equations is not at hand. In order to use the control method as
a detection tool, the time delay needs to be varied. For the detection goal, the
resonance behavior in terms of a vanishing control force F yields the desired
period. Note that the occurrence of this resonance can be very sensitive with
respect to small changes of the time delay [12—15].

One can also determine the period by optimization of a performance function
which enables detection of unstable periodic orbits embedded in a strange attractor
[16—-18]. See also a comment on Ref. [16] and its reply [19, 20]. Alternatively, one
can set up a few coupled equations relating the induced period, the true period, and
the mismatched time delay by repeated application of an analytic approximation
formula [21, 22] or by explicitly computing the unstable periodic orbit using a
damped Newton solver [23].

Time-delayed feedback can also be used to explore a bifurcation diagram.
Imagine a periodic which loses its stability as a bifurcation parameter is varied.
This can happen, for instance, via a period-doubling cascade which subse-
quently leads to chaos. Without the control method, only the stable states
would be visible in the bifurcation diagram. Applying time-delayed feedback
could eventually stabilize a periodic orbit an area of the parameter space in
which it would be unstable otherwise. This way, the periodic orbit can be
tracked beyond the bifurcation point. Note, however, that the control parame-
ters might need to be adjusted to follow the orbit in its previous unstable
regime in the bifurcation parameter varies. This can be done by continuous
change of the control parameters and this adjustment can even be performed
automatically as was shown for periodic orbits in discrete as well as continuous
systems [24, 25]. Let me stress that the target which is subject to the tracking
procedure involving time-delayed feedback can also be a steady state as has
been demonstrated numerically in Ref. [26] and experimental in an electro-
chemical system [27]. In addition, tracking by time-delayed feedback can also
be used in spatio-temporal systems [28, 29].

To summarize, the main advantages of time-delayed feedback are the minimum
knowledge of the investigated system and no need of a reference signal. In fact, the
time-delayed feedback method generates the reference signal from the delayed
time series of the system under control.

Another advantage of the control method is its easy experimental implemen-
tation. The control force can be realized, for instance, in a laser experiment
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all-optically by an external resonator, where the propagation of the electric field in
the cavity results in a time delay [30, 31], or opto-electronically by an additional
electronic delay line [32, 33]. This enables stabilization of systems with fast
dynamics. An additional electronic control loop with delay can be used for the
control of electronic systems such as fast diode resonators [34, 35].

The easy experimental implementation shows that time-delayed feedback is
superior to other control schemes. Consider, for instance, the famous OGY method
named after its inventors Ott, Grebogi, and Yorke, which triggered the field of chaos
control [1]. In their method, they showed how small perturbations of accessible
parameters lead to a stabilization of periodic orbits in a chaotic system and thus turn
previously chaotic motion into a stable periodic behavior. These perturbations are
calculated such that the trajectory is pushed towards the desired orbit once it enters a
neighborhood of this state. However, the difficulty is that one needs to calculate the
unstable directions of the target state which in principle can be done by delay
embedding, but they involve often time-consuming calculations. See Ref. [1]. These
a priori calculations are not necessary for time-delayed feedback control.

Before discussing various extensions and modifications in the following sec-
tions, let me stress again that time-delayed feedback has been successfully
employed in the context of chaos control. For a recent review including both basic
aspects and applications see Ref. [7]. The applications cover various fields of
research ranging from chaos communication, optics, electronic systems, chemical
reactions, biology, and engineering.

2.2 Extended Time-Delayed Feedback

Socolar et al. [9] introduced an extension of the Pyragas method by taking states
into account which are delayed by integer multiples of a basic time delay 7. This
method is known as extended time-delayed feedback control or extended time-
delay autosynchronization. Calculating the difference between two states which
are one time unit 7 apart yields the following control force [9, 36, 37]

F(r) = iR"[s(t —nt) —s(t — (n+ 1)7)] (2.2.1a)
n=0

= |s(r) — (1 —R) iR”*ls(t — n1) (2.2.1b)

=[s(t) — s(t — 7)] + RF(t — 7). (2.2.1¢)

The absolute value of the real constant R is smaller than unity, i.e., |[R| <1, such
that it can be interpreted as a memory parameter that weights information of states
further in the past. Note that the case R = 0 recovers the original Pyragas control
scheme (2.1.2b). The equivalence of the three forms in (2.2.1a)—(2.2.1c) is shown
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in the following. They can be done by reordering of the infinite series. First, 1
consider the derivation from (2.2.1a) to (2.2.1b):

F(1) = ioR"[su — ) = s(t = (n+ 1)0)] (2222)
f; s(1 — kt) f%Rms(t — (m+1)1) (2.2.2b)

i s(t — kt) iR’“ls(t — mt) (2.2.2¢)

=s(1) + ki: s(t — kt) ZR’" 's(t — mr) (2.2.2d)

=s(t) — iR’” 's(t — mt) — (—R) kzo_cl:Rkls(t — k1) (2.2.2¢)
= —R) i;R”_ls(t — nr). (2.2.2f)

A similar derivation yields the third recursive form (2.2.1c) of the extended
time-delayed feedback control force:

F(1) = f%R"[s(r — ) st — (n -+ 1)0) (22.30)
— [5() — slt — ©)] — s(0) sl — 7] (2230)
+ iOR” [s(t —nt) —s(t — (n+ 1)7)] (2.2.3¢)
() — st 1)+ ik" st — ) — slt — (0 + 1)7)] (2234)
— () — st~ 1) ZR"“ (n -+ 1)%) — (1 — (n+2)0)

=[s(t) —s(t—1)] + RZR"[s(t —nt—1)=s(t—(n+1)t—1)] (2.2.3e)
n=0

=F(r—1)
= [s(t) —s(t — 7)] + RF(t — 7).
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Although the first form of the extended time-delayed feedback force
(2.2.1a) can be seen as an analogy of the Pyragas control, this form is not
feasible for numerical implementation because it requires to store information
of all states in the past. However, there is also the equivalent recursive
form given in (2.2.1c) which involves next to the time-delayed control signal
s(t — 1) the delayed version of the control force F(+ — 1) itself. This form
becomes more suitable for an experiment. The extension of the original time-
delayed feedback scheme is depicted schematically in Fig. 2.1, where the red
dashed color displays the additional recursion component according to (2.2.1c).
In an all-optical experimental setup, the feedback scheme in its extended
form can be realized by a Fabry—Perot resonator as will be discussed in
Sect. 3.5.3.

It is worth noting that, similar to time-delayed feedback, the extended version
possesses the noninvasive property. The control force vanishes if the target state,
e.g., periodic orbit or steady state, is stabilized. Thus, the target states are
invariant solutions of the uncontrolled system which persist unperturbed in the
presence of (extended) time-delayed feedback. The delayed feedback can also
induce additional solutions which are not solutions of the uncontrolled system.
For these delay-induced states, the control scheme is invasive and the control
force does not vanish. They are important if the corresponding modes become
dominant and are used in Chap. 4 in an exchange of stability with the orbit to be
stabilized.

So far, nothing was said about the specific choice of the coupling function g
which extracts information of the system to generate a control signal and the
transducer function h which determines the realization of the feedback scheme.
This topic will be discussed in the next section.

2.3 Coupling Schemes

In the framework of, for instance, neural systems of 2-variable activator—inhibitor
type as it will be investigated in Chap. 6, it is of crucial importance to carefully
distinguish between different coupling schemes. First of all, there is a difference
by generating the control signal form the inhibitor or the activator variable.
In addition, the application of the control force to the system leaves again the
choice of coupling to the activator or the inhibitor. Depending on the specific
realization of the coupling, one can expect different responses of the system to the
control scheme [38, 39].

In order to discuss the roles of the coupling function g and the transducer
function h, it is convenient to rewrite (2.1.2b) of the controlled system in vector
form:

Ex(t) = £(x(t)) — h[K(s(r) — s(t — 7))] (2.3.1a)
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h[K(si(#) —s1(t=1))y .« o, K(sim(t) — s (2 — 7))] (2.3.1b)
ha[K(s1(2) —s1(t = 1))y« o, K(sin(t) — s (2 — 7))]
where x,(r) denotes the ith component of the state vector x() = (x;(), ..., x;(1))"

and similar notations hold for f, g, h, and s, where the function g is given by

g1(x1(2), .., xn(2))
g(x(1)) = : (2.3.2)
gn(x1(2), .., x,(1))

with g R" —= R, g;i:x1,...,x,— 5 = gi(x1,...,x,) for each vector element
i =1, ..., m. A similar notation can be applied to Eqs. 2.1.2a and 2.1.2c as well.
For a schematic diagram of the control method see Fig. 2.1. This notation seems
lengthy, but it can be shortened assuming that g and h are linear functions which
can be written as matrices with proper dimensions, i.e., g becomes a n x m matrix
and h turns into a m x n matrix. Then, (2.3.1b) can be rewritten as

x1(1) Silx(e), .. yxu(2)) hiy - hy,
= s x| oo
(1) Fax1 (1), (1)) .
811 e g X1(I) —)Cl(t—f) (2333)
X
8ml o 8mn xn(t) — xn(t — ‘C)

such that the equation for the ith component of the state vector x becomes

dx(;il) =fi(xi(t), .., x (1)) — K iAij[xj(t) —x(t—1)] (2.3.4a)
%x(t) = f(x(r)) — KAx(t) = x(t = 7)), (2.3.4b)

where the elements of the n x n coupling matrix A are given by

Ay =Y higy (2.3.5)
k=1
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This matrix selects which components of x are used for construction of the
control signal and specifies the application of the control force back to the system.

The function g = (g1, .. ., gm)T determines which components of the system x
are measured to generate the difference to the time-delayed signal. In the simplest
case, g; extracts the ith component of x:

gi(xl(t),...,xj(t),...,x,,(t)) :Xi(t)él‘J Vl,]: 1,...,n (236)

If h; = KF; also selects the ith component, then this coupling scheme is called
diagonal.

The control signal s = (si,...,s,)" can also contain global information of the
system. In this case of global control, g yields, for instance, the calculation of the
average of the system components or mean field:

gl (t),...,x,(0) = %ixk(t) Vi=1,...,n. (2.3.7)
=T

This kind of control signal is often used in the context of networks, where a
measurement of a single node is not possible. Global delayed feedback is applied,
for instance, to coupled phase oscillators of Kuramoto type [40, 41], Hindmarsh-
Rose neurons [42], and limit cycle oscillators [43, 44]. It is also of importance for
the class of spatio-temporal systems, when a spatial variable is not accessible, but
an overall current turns out to be a convenient choice for the control signal [15, 28,
45-56]. In these spatio-temporal systems, the coupling function g involves a
spatial average which can be realized by an integral, for instance, in one-dimen-
sional systems:

g(x(x,1)) = / x(x, 1) dx, (2.3.8)
0

where L denotes a constant length which determines the spatial dimension of the
system. Different local and global coupling schemes were systematically com-
pared in Refs. [28, 45].

The function g can also act as a differential operator if the derivative of x is
accessible in an experiment. In Chap. 5, for instance, the second derivative enters
the control signal and thus, g reads:

g,-(xl(t),...7xj(l),...,x,,(t)) :.')éi(t)él’_j Vi,j=1,...,n. (239)

Other choices of g will be discussed later in this section and in the subsequent
chapters for various classes of dynamic systems.

While the function g specifies the generation of the control signal s, the transducer
function h = (hy,....h,)" with & :R" =R, hi:sp,...Smhi(si,. .. m)
(i = 1, ..., m) determines the component of the system to which the control force is
applied. In optical system, some components of the system’s state x describes the
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electric field. In this context, h takes into account changes of the polarization axis.
This will be discussed in detail in Sect. 3.5, where an additional phase parameter
comes into play [30, 57, 58].

In the field of networks, when x;(#) describes the dynamics of the ith node and
can be understood as a vector quantity itself, prominent choices of the function h
include all-to-all coupling and nearest-neighbor coupling. In the first case, all
components of h are identical. In the latter case, h connects only nodes which are
next to each other in the network. In a one-dimensional ring configuration, for
instance, the function h can be written as

WKE(s(0))] = K(s5(0) — s5(0 = 1) (3115 + 3r41,), (2.3.10)

where s,,; and s, are identified with s, and s, by periodic boundary condition,
respectively. In terms of a coupling matrix A as in Eqs. 2.3.4, Equation 2.3.10
corresponds to a matrix with only secondary diagonal entries, i.e., a; ;-1 = 1 for all
i =1, ..., n. The two choices of all-to-all coupling and nearest-neighbor coupling
serve also as paradigmatic case for global and local control.

In the linear case of g and h, the two functions could be merged into a single
control function. If h becomes nonlinear, however, this is not possible anymore
because of the noninvasive property and hence, the main advantage of time-
delayed feedback would be lost.

Before turning towards extensions of time-delayed feedback, let me discuss
further examples of g and h. Next to the already mentioned case, where g; extracts
the ith component of the system, g can also be used to construct the control signal
from a single component only, i.e., g is given for fixed i € 1, ..., n by

gi(x1(t), .., x;(1), ..., x,(t)) = x;(t) and g =0 for k#i. (2.3.11)

As an example of this choice, see Ref. [59], where the chaotic Rossler system
(with real constants a, b, and p) is subject to time-delayed feedback in the fol-
lowing realization

(1) —x2(1) — x3(1)
o) [ =] xa()+ax()
x3(1) b+ x3(1)(x1 (1) — )
1 00 xi1(t) —x 1 (t — 1) (2.3.12)
—K|]0 0 O X (1) — x(t — 1)
0 0O x3(t) —x3(t — 1)
—

One can see the composition h o g yields a 3 x 3 matrix A with only one non-zero
element.

Another special realization that will become important and act as a reference
case in the following chapters is called diagonal control. In this choice, the
control force applied to the ith component of the system consists only of
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information of the same component and thus, the composition of the functions g
and h, i.e., the coupling matrix A, is the identity. Then, the controlled system

can be simplified to

%X(l) = f(x(r)) — KA[x(r) — x(t — 1)] (2.3.13a)
X1 (1) Jilxi(2), ., xa(1))
o =
xn(t) f,,()ﬂ(l), ’xﬂ(t))
1 0 x1(t) —x1(t — 1)
_K (2.3.13b)
0 1 Xa (1) = X, (t = 7)
Silxr (), -, xa()) xi(t) —x(t—1)
= : — K
Fa(x1(2), ..oy x0(2)) Xu(t) — x, (2 — 1)

The example of the Rossler system given above can be seen as a simplification
of diagonal control because only a single diagonal entry of the coupling matrix is

non-zero.

In optical systems as mentioned above, the polarization leads to a phase-
dependent coupling. This can be realized by the introduction of a control phase ¢

and the controlled system is then given by

Xn (1) Fa(x1(2), .. xa(2))
cosep sing 0 ... 0

—sing cosgp 0
-kl o 0 0

Xn (1) — x,(t — 7)

(2.3.14)

where x; and x, correspond to the real and imaginary parts of the electric field,
respectively [30, 57, 58]. This will be investigated in detail in Sect. 3.5. Note that

the choice ¢ = 0 recovers the diagonal control.
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After the discussion of different realizations of the time-delayed feedback
scheme, I will add some remarks on further extensions of this control method in
the next section.

2.4 Extensions

In this section, I will summarize some aspects concerning possible modifications
of the original time-delayed feedback control scheme as introduced in Sect. 2.1
and given by (2.1.2). These extensions include, without claim of completeness
latency time effects, filtering of the control signal, multiple time delays, and
nonlocal coupling.

Previously, I have assumed that the generation of the feedback and its appli-
cation to the system under control happens instantaneously. In an experimental
setup, however, there is always a latency involved. This control loop latency is
associated with finite propagation speed of the control signal, delays in the mea-
surement of the system to generate the control signal, or processing times for the
calculation of the feedback [10, 57, 58, 60, 61]. In optical or opto-electronic
systems, for instance, the length of an optical fiber used to transmit the control
signal can become of crucial importance [35]. The same holds for electronic
systems such as a fast diode resonator, where also a propagation delay act as
limiting factor [34]. In neuronal systems, these propagation delays, e.g., in den-
drites, play also an important role both in models and experiments [62, 63].

All latency times of different origins can be summed up to a new control
parameter 0 which acts as an additional time delay in all arguments of the control
loop. Therefore, the controlled system of (2.1.2) can be rewritten as

d

EX(I) = f(x(r)) — h[KF(s(r — 9))] (2.4.1a)
=f(x(r)) —h[K(s(t — ) —s(t — 6 — 1))] (2.4.1b)
= f(x(r)) — h[K{g(x(t = 9)) — g(x(t = 6 — 7))}]. (2.4.1c)

Note that the problem of latency cannot be solved by the introduction of a
rescaled time delays 7, i.e., T = d 4+ 7, because the quantity ¢ occurs also in the
argument of both s(r — 0) and s(f — & — 7). This issue will be elaborated in
Sect. 3.4 in the context of stabilization of steady states. I will derive an analytical
expression of upper bound for J, i.e., a maximum latency time, such that control is
still possible [10, 57, 58].

Another issue that needs to be taken into account is additional filter in the
control loop. On the one hand, the reason can be a limited bandwidth of the
experimental equipment such that filtering is unavoidable. On the other hand,
filters can be built into the control loop on purpose. In the latter case, the aim is to
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reduce the influence of unwanted high frequencies in the control force which
eventually lead to the stabilization of the wrong timescales. If, for instance, these
high frequencies are present in the system and yield generation of a feedback with
the same fast timescale, a low-pass filter can help to overcome this limitation
[13, 14, 49]. To adjust the time-delayed feedback scheme to this obstacle, the
control signal s in (2.1.2) needs to be replaced by a low-pass filtered version § and
the controlled system reads:

%x(;) — £(x(r)) — h[KF(5(1))] (2.4.2a)
= £(x(r)) — h[K(5() — §(r — 7)), (2.4.2b)

where the low-pass filter can be described in different ways. On one hand, it can be
realized by an additional differential equation as follows:

—5(t) = —os(t) + os(z), (2.4.3)
where o denotes the cutoff frequency of the filter. On the other hand, there exists

an equivalent integral formula for S:

t

S(t) = a / S(¢)e="=") gy (2.4.4)

—00

The equivalence can be seen by straight forward calculation inserting (2.4.4) into
(2.4.3)

1

d d ,
180 = / s(!)e =) a (2.4.5a)
d ’ al| 7
— Lheﬂ]a / s(t’)e“’/dt'Jre’“’aE / s(t')e* df
! , (2.4.5b)
=—ae “a / s(f')e™ di'+ e M as(1)e™
N————
—00 os(t)
(1)
= —os(t) + as(z). (2.4.5¢)

Alternatively, the solution of the linear, inhomogeneous, differential equation
(2.4.3) can be written as
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s(t) = / G(t —1)s(t) df (2.4.6)
with the Green’s function
ae ™, >0
G(t) - { 0, t<07 (247)

which yields the integral formula (2.4.4). This issue will be become important
again in Sect. 2.6, where a transfer function of the low-pass filter will be derived.

Similar to a low-pass filter, one can think of the introduction of a high-pass
filter or a bandpass filter into the control loop [64, 65]. In optical systems, filtering
of the feedback signal was also investigated for laser models of Lang—Kobayashi
type [66, 67]. Furthermore, the introduction of a filtered feedback has also been
proven to be important in the investigation of a Hopf bifurcation [33].

If there are multiple timescales in the system that need to be controlled, the
introduction of additional control loops with different time delays 1;, 75, ... can be
a proper extension. In this case, there will be a complex interplay between the
different timescales [68—71].

A second time delay needs also to be taken into account, if it is already part of
the dynamics of the uncontrolled system:

d
—x
dt
In this case, the delay 7, of the time-delayed feedback scheme can be chosen
independently:

d
th
An example, where the intrinsic time delay occurs in the highest derivative, will
be considered in Chap. 5. See also Refs [72, 73].
It is also of importance to consider the limits of small and large time delays. In
the limit of vanishing 7 and assuming the feedback gain is of the order v, i.e.,
K = 0O(1/7), the time-delayed feedback force becomes

(1) = £(x(1), x(1 — 71)). (2.4.8)

(1) = £(x(1),x(t — 71)) — h[K(s(1) - s(t — ©2))], (2.4.92)

lim KF(s(1)) = lim K[s(1) — s(t — 7) (2.4.10a)

- kl%w (2.4.10b)
_=as(t)

-k=7 (2.4.10¢)

_ gdax() (2.4.10d)

dt
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Thus, the control force is proportional to the derivative of the control signal and
the time-delayed feedback methods is equal to derivative control [74-76].
Derivative control has a disadvantage that it is sensitive to high frequencies. This
becomes clear from the Fourier transform of (2.4.10c):

f{ds_@} _ /“’ as(0) ior (24.11a)

dt dt
—iwt |© d —iwt
=s(n)e™"|”_— / s(t)ae dt (2.4.11b)
=in / s(t)e ™ dt (2.4.11¢)
= ioF]s(1)] (2.4.114d)
= iws(w), (24.11e)

where § denotes the Fourier transform of the control signal s. For instance in the
presence of noise including high frequencies w, this could lead to an arbitrarily
large control force.

The second limit of large time delays, i.e., T — oo, will be discussed in
Sect. 3.6 in the context of stabilization of steady states, when I will investigate the
asymptotic behavior of the eigenvalues in the presence of time-delayed feedback.

I want to mention at last an extension to systems that have also spatial degrees
of freedom. In these spatio-temporal systems, the feedback scheme can still be
used in the previously discussed time-delayed form. However, it is also possible to
use the spatial coordinate and a space delay Ax to generate a nonlocal control
force. Restricting the discussion for notational convenience to systems X(x, f) with
one spatial dimension, the control force F(x, f) can be written in analogy to the
time-delayed case of (2.1.2¢c)

F(x,t) =s(x, 1) —s(x — 4x,1) (2.4.12a)
=g(x(x,1)) — g(x(x — 4x,1)), (2.4.12b)

where Ax denotes the spatial delay, i.e., the distance of the nonlocal coupling. This
method was used for stabilization of unstable periodic pattern in spatio-temporal
chaos in optical systems [77] as well as in neuronal systems [38, 78—80].

Opposed to the purely time-dependent case, where only information of the past
is accessible, one can introduce in spatio-temporal systems a feedback which is
symmetric in space

F(x,t) = —s(x + Ax,1) + 2s(x, 1) — s(x — 4x, 1) (2.4.13a)
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= —g(x(x — Ax,1)) + 2g(x(x,1)) — g(x(x — 4x,1)). (2.4.13b)

Further variations of the space-delayed feedback are possible. In general form,
all different realization can be summarized using an integral kernel x(x’) which
specifies the coupling. Then, the control force can be written in a one-dimensional
system as

/K —s(x+x,1)]ax (2.4.14a)
0
- / k() [g(x(x, 1)) — g(x(x + ¥, £))] . (2.4.14b)
0

As examples, consider the control forces given by (2.4.12a) and (2.4.13a).
In the first case, the kernel is a J-function which is shifted by Ax, ie.,
k(xX) = 0(xX + Ax). In the latter case, the kernel consists similarly of two
o-functions: k(x') = o(x’ + Ax) + o(x' — Ax).

The integral kernel provides information of the structure, e.g., the symmetry, of
the spatial coupling. If, for instance, a rotational symmetry is present in the
coupling of a two-dimensional system, the control force is given by

2n oo
F(x,y,1) // s(x,y,t) —s(x+ rcos @,y + rsin o, )] drdp
21 o
=//K X(x,y,1)) — g(X(x + rcos ¢,y + rsin ¢, 1)) drde,
0 0

(2.4.15)

where r and ¢ denote the polar coordinates and the kernel x(r) depends only on the

radius r = /x* 4+ y2. If the kernel exhibits a minimum at ry > 0, the coupling is
known as Mexican-hat potential which occurs, for instance, in the context of
neural models realized as a two-dimensional reaction-diffusion system [78, 80]. In
this context, the terminology Mexican-hat refers to the shape of the local con-
nectivity network in the cortical tissue.

It is of course possible to combine all above mentioned extensions. For
instance, additional filter in the feedback scheme can result in a non-zero control
loop latency which arise from the time needed to constructs the filtered signal. In
the framework of spatio-temporal dynamics, space delays and time delays can be
mixed since nonlocal signals can be time-delayed [78].

To conclude this section, I will discuss an extension to an adaptive feedback
controller to find a value of the feedback gain which yields successful stabilization
[5]. The basic idea is to regard the feedback gain K as an additional dynamic
variable. Therefore, one more differential equation must be added to the system to
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account for the temporal dynamics of K. In order to derive this additional equation,
one can consider a state-dependent goal or error function Q given by [81]

Q(x(1) (1 — 7)) = 3 [x(s) ~ x(t — )P (2.4.16)

which vanishes if the system is stabilized. Substituting the right-hand side of the
system’s equation with control into the time derivative of Q yields the desired
equation by the following relation

d = '\i d_Q
EK(t)__/aK<dr>’ (2.4.17)

where the parameter y > 0 denotes the adaptation gain. For details see Ref. [81]. It
has been shown that unstable steady states of focus type can be stabilized by this
method which automatically chooses a suitable value for the feedback gain [81].
The adaptive control scheme can also be used to track periodic orbits in chaotic
systems [24, 82].

The proposed adaptive algorithm is also known as gradient method [83-85]. A
similar algorithm was used for adaptive synchronization of chaotic systems [86]
and the control of a steady state in the Lorenz system by proportional control [87].

2.5 Linear Stability Analysis

In this section, I will elaborate the concept of linear stability analysis for systems
subject to time-delayed feedback which will lead to a so-called characteristic
equations. This technique will be used several times in the subsequent chapters.
Consider a small deviation 0x(¢) from a target state x*(¢), e.g., a steady state or a
periodic orbit: dx(¢) = x(#) — x*(¢). A linearization of the system equation including
time-delayed feedback as given in (2.1.2) yields up to linear order in ox(7)

(1) = £(x(1)) ~ WK {g(x(1)) — g(x(z — )] (2.5.1a)
— £(x* (1)) — h[K{g(x (1)) — g(x"( — ))}]
A (x(1))

6x(t) ()= (0 [X(t) —x (t)]
—_———

I e x(f) — x' (2.5.1b)
0Kg(x(1)  ox(1) x<t>:x*(,>[ (1) =x"(1)]

1T

oh[Kg(x(1))] oK (x(1))
oKg(x(1))  ox()
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The first term f(x*(¢)) gives the derivative of the invariant solution x*(z). The
second term vanishes due to the noninvasive property of the control scheme.
The term labelled as I represents the Jacobian matrix of f evaluated at x*(f) and the
matrix /I can be abbreviated as B(f) summarizing the linearized control terms. This
leads to an equivalent expression

%5){0) = A(2)ox(r) — B(t)[0x(r) — ox(r — 1)], (2.5.2)

where A(f) denotes the Jacobian matrix of the uncontrolled system. If the target
state is a fixed point, i.e., x(f) =x*, the matrices A and B are time independent.
Thus, an exponential ansatz for 0x leads to a characteristic equation whose roots
determine the stability.

If the linear stability analysis is performed at a periodic orbit with period 7, i.e.,
x(t) = x*(¢) = x*(r — 1), both matrices are periodic with that same period and
Floquet theory will guarantees that solutions 0x(¢) of (2.5.2) can be decomposed
into Floquet modes

o0

ox(1) = cie™wy(1), (2.5.3)

J=0

where u;(f) and A; denote the jth Floquet mode and corresponding complex
Floquet exponent, respectively [12, 28, 45, 46, 61, 88-91]. Note that the Floquet
modes are periodic with period 7, i.e., w;(t) = u;(r + 7). Inserting this decompo-
sition into (2.5.2) yields

Au(r) + %u(t) =A(Hu(t) — B(t)[u(t) — e "u(t — 1)) (2.5.4a)

=A(Hu(t) — B(t)(1 — e ")u(r), (2.5.4b)

where the subscript j is omitted for notational convenience. Finally, one arrives at
a differential equation for u(r)

%u(t) = [A(t) = B(#)(1 — e ") — Ald]u(z) (2.5.5)

with the n x n identity matrix Id.
Using the fundamental matrix ®(7) determined by the differential equation

Z0(1) = [A(1) ~ B(1)] (1) (2.5.6)

with @(0) = Id, one can write the solutions of (2.5.2) as dx(z) = ®(t)Xiy;; with
some initial condition Xj;;.

The spectrum of the Floquet exponents is given by the roots of the characteristic
equation
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det[A(t) = B(#)(1 — e ") — AId] = 0. (2.5.7)

Note that a similar equation can be derived in the context of steady states x* where
an ansatz for dx(¢) is given by 0x(¢) = e'x;y. Then, (2.5.7) describes a charac-
teristic equation for the eigenvalues A of the controlled system.

The control scheme is successful if the real parts of all Floquet exponents or, in
case of steady states, all eigenvalues are negative. An equivalent statement is that
all multipliers y defined as u = exp(At) are located inside the unit circle in the
complex plane. This Floquet multiplier can be understood as the rate how the
distance from the invariant solution increases in an interval [z, ¢ + 7].

In the case of extended time-delayed feedback as given by (2.2.1), the infinite
series in the control force collapses as a geometric series

Fir) = ioR"[s(r — ne) —s{t— (n-+ 1)) (2.5.89)
f; [ A=)y (1 — ) — A )ey(r — (- 1)1)] (2.5.8b)
=eM(1—e) iﬂR”e_"/”u(t) (2.5.8¢)

= eAfll__TiAArru(t). (2.5.8d)

Therefore, the characteristic equation in the case of extended time-delayed
feedback control reads
1— 67/11:

The following chapters will specify the matrices A and B such that (2.5.7) and
(2.5.9) become a powerful tool for the stability analysis of the target state. In the
case of phase-dependent coupling or additional latency as mentioned in Sect. 2.4,
a characteristic equation can be derived as well. Details of the corresponding
derivations will be discussed in Sects. 3.5 and 3.4.

2.6 Transfer Function

In this section, I will discuss effects of time-delayed feedback control in the
frequency domain and I will show how the different frequencies in the control
signal contribute to the control force. The transform into Fourier space is espe-
cially helpful if additional filters are present in the feedback loop. I will discuss
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both low-pass and bandpass filters and show how these filters influence the control
signal in the formalism of transfer functions.

The transfer function of the extended time-delayed control scheme is derived in
the following [34]. Starting from the definition of the control force F(f) given by
(2.2.1a), the transfer function can be calculated by a Fourier transform

F(1) = ;:R"[su — ) st~ (n -+ 1)0) (26.12)

= F(w) = . 7 dte ™" 21@ [s(t — nt) —s(t — (n+ 1)7)] (2.6.1b)
- 21?1 75 ) — e ()| (2.6.1¢)

- 21&""@1(1 — e )3(w). (2.6.1d)

Using the geometric series

= 1

n( ,—iot\"?_
;R (™)'= T—pomr (2.6.2)

yields the Fourier transform F(w) of the extended time-delayed control force

F(w) = Ti(0)s(w), (2.6.3)
where the transfer function 7,(w) is given by

1— e—iwr

Tl ((U) = 1— Re—iwt'

(2.6.4)

Figure 2.2 depicts the absolute value of this transfer function I7;(w)l for different
values of the memory parameter R = 0, 0.3, 0.6, and 0.9 as black (solid), (dashed),
green (dotted), and blue (dash-dotted) curves, respectively. As discussed in Ref. [34]
in the context of stabilization of periodic orbits, the transfer function drops to zero at
multiples of the basic frequency 7~ '. In the context of stabilization of periodic orbits,
this frequency belongs to the periodic orbit under control to guarantee the nonin-
vasiveness of time-delayed feedback. One can see that the notches at these fre-
quencies become narrower as R increases. Due to the notches, the frequency of the
periodic orbit does not contribute to the control signal, so that the control force
vanishes if stabilization is successful. The steeper notches for larger R indicate that
the extended time-delayed feedback is more sensitive to frequencies different from
the one to be controlled, so that more feedback is produced for these unwanted
frequencies, which makes the control scheme more efficient.
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Fig. 2.2 Absolute value of j T j T j T j
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0.6, and 0.9, respectively
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The maximum value of the transfer function |7 (w)| approaches 1 for R closer
to 1 and the plateaus become flatter. Therefore, intermediate frequencies generate
a smaller response for larger R and thus are less likely to destabilize the system.
The frequency comb shown in Fig. 2.2 can be realized experimentally for the
stabilization of cw emission and intensity pulsations of a semiconductor laser via
an all-optical feedback [30, 31, 92]. The feedback is implemented by a Fabry—
Perrot interferometer attached to the laser.

As mentioned in Sect. 2.4, there is a variety of extensions of the original time-
delayed feedback scheme. For example, it is desirable to include filter in the
control loop in order to avoid unwanted frequencies. This filtered feedback has
been successfully implemented in optical experiments [64, 65, 67, 93-99] as well
as in nonlinear electronic circuits [33, 100], charge transport in semiconductor
devices [13, 14, 49], and for the control of unstable steady states of focus type
[10, 57, 58].

In the following, I will derive the transfer function of a low-pass filter. Then I
will show that a combination of a low-pass filter and time-delayed feedback can be
treated in the Fourier space by product of the respective transfer functions.

Similar to the derivation of (2.6.4), the transfer function of the low-pass filter is
given by the Fourier transform of (2.4.4)

S(t) =« / S(#)e==1) gy (2.6.50)
[ee] t
=5(w) = / ey / s(t)e ") di' dr. (2.6.5b)

The second integral of the right-hand side of (2.6.5b) is a convolution of the
form
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oo

fi@) xfo(1) = / Si(D)fa(t — 1) dx, (2.6.6)

—00

where the functions f(¢) and f>(¢) are given in the present case by

ae ™ >0
Sf1(1) = s(1) and L) = { 0, 1<0" (2.6.7)
With these definitions, (2.6.6) becomes
t
f(0) xfo(t) = a / s(t)e =) ar'. (2.6.8)

—00

Fourier theory yields that the Fourier transform of a convolution of two functions
is the product of the single transformed functions

Flh(0) « (0] = FIH OIF ()] (2.6.9)

Therefore the Fourier transform of the low-pass filter is given by

s(w) = Fls(0)] Flf(1)] (2.6.10a)
=8(w) / H(t)e ™ dt (2.6.10b)
N

00

1‘[6—116—:’1/11 dt

=)

1 ol
= o8(w) {7,6(“”“)[} (2.6.10¢c)
—o — 1w 0
— §(0)— (2.6.10d)
IS Ty o

The last equation can be rewritten introducing the transfer function of the low-pass
filter T>(w)

1

S(w) =—
1+

s(w) = Th(w)s(w). (2.6.11)

Figure 2.3 shows the frequency dependence of the absolute value of the
transfer function |T>(w)| of the low-pass filter for different values of the cutoff
frequency «. The black (solid), red (dashed), green (dotted), and blue (dash-
dotted) curves refer to different values of ot = 0.25, 0.5, 0.75, and 1,
respectively. It can be seen that the absolute value of the transfer function is
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Fig. 2.3 Absolute value of 15 : T :
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strictly monotonic decreasing. Hence, high frequencies are suppressed. For
instance, the amplitude of the frequency at w = o is reduced by a factor of
1/ V2. Therefore « is called a cutoff frequency. One can see that larger values
of o lead to a slower decrease of the transfer function. Thus higher frequencies
can pass the filter to a larger extent.

Consider now the combination of the extended time-delayed control scheme
and the low-pass filter. In this case the feedback of (2.2.1a) is given by

F(r) = iR”E(t —nt) =8t — (n+ 1)7)], (2.6.12)
n=0

where §(7) denotes again the low-pass filtered version of the control signal s(¢)
according to (2.4.4). A Fourier transform of (2.6.12) yields similar to the deri-
vation of (2.6.3)

ﬁ(w) = ZRne—inwr(l _ e—iun)g(w) (2.6.13)
n=0
1— e*i(or ~
= T " Re-ior S(@)- (2.6.13b)

Using the notation of transfer functions, the last equation can be rewritten using
(2.6.11)

F(w) = Ty (0)s(w) (2.6.14a)
=T (0)Tr(w)$(w) (2.6.14b)

=T(w)s(w), (2.6.14c)
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Fig. 2.4 Absolute value of 1
the transfer function of the
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low-pass filtering according
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IT(w)!

ot/ (2m)

where the combined transfer function 7(w) is given by

- ]

1 —Re-ior | i

T(w) (2.6.15)

Note that the combined transfer function 7(w) is the product of the single
functions for the extended time-delayed feedback 7;(w) and the low-pass filter
TQ(CU)

The absolute value of IT(w)l is displayed in Fig. 2.4 for different memory
parameters R and fixed cutoff frequency ot = 1, where the black (solid), red
(dashed), green (dotted), and blue (dash-dotted) curves refer to R = 0, 0.3, 0.6, and
0.9, respectively. As in Fig. 2.2, there are notches at multiples of the basic fre-
quency 7' because the roots of |T(w)| persist. The amplitudes of frequencies
larger than the cutoff frequency « are reduced and thus are only minor contribu-
tions to the feedback response. This is important to notice in order to understand
how the low-pass filter improves the controllability of the system as will be
discussed in the following.

In the context of time-delayed feedback applied to the nonlinear electron
transport in semiconductor devices like a superlattice [29, 101, 102], additional
low-pass filtering has been successfully used to suppress chaotic current oscil-
lations and to stabilize a periodic orbit [13, 48, 49]. This is not possible without
the filter, because the unfiltered feedback scheme includes unwanted high fre-
quencies which arise from well-to-well hopping of the electrons. As a conse-
quence, the control scheme can stabilize the unwanted frequencies instead of the
frequency of the target orbit. A low-pass filter given by (2.4.4) and (2.6.11) with
an appropriate cutoff frequency eliminates these frequency components in the
control signal.

Similar to a low-pass filter it is also possible to suppress low frequencies, which
can be realized ba a high-pass filter, or include only an intermediate range of
frequencies to enter the control force. The latter can be implemented by a bandpass
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Fig. 2.5 Absolute value of
the transfer function of the
bandpass filter according to
(2.6.16). The black (solid),
red (dashed), green (dotted),
and blue (dash-dotted) curves
correspond to different values
of at = 0.25, 0.5, 0.75, and
1, respectively. The fre-
quency shift is fixed at

WoT =T

filter. The transfer function T3(w) is this device is given by a frequency shift mq
added to the low-pass filter 75(w). This yields

1

and the bandpass filter signal becomes
s(w) = T3(w)8(w). (2.6.17)

Note that vanishing wg recovers the low-pass filter. The equivalent differential
equation reads

%@:—@m+um+mﬂg (2.6.18)

Compare with the equation for the low-pass filter given by (2.4.3).

Figure 2.5 depicts the absolute value of the transfer function of the bandpass
filter | T5(w)| for different values of ot = 0.25, 0.5, 0.75, and 1 as black (solid), red
(dashed), green (dotted), and blue (dash-dotted) curves, respectively. The fre-
quency shift is fixed at wot = n. In analogy to the combination of low-pass
filtering and time-delayed feedback, one could include a bandpass filter in the
delay line. In Fourier space, this leads again the product of the respective transfer
functions.

The extension of bandpass filtering in the control loop has been used to
investigate a Hopf bifurcation in an experiment with a nonlinear electronic circuit
including band-limited feedback [33, 100]. A bandpass filter has also a large
relevance in optical systems. Filtered optical feedback has been used for both
experimental and theoretical investigation of cw emission, frequency and relaxa-
tion oscillations in semiconductor lasers [64, 65, 67, 94, 97, 98]. These devices
provide an interest experimental system since they exhibit a rich bifurcation
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scenario [93, 96, 103—106]. In this context, the complex electric field can be
chosen as control signal s which is altered by the filter [58].

2.7 Intermediate Conclusion

In this chapter, I have introduced time-delayed feedback control. This feedback
scheme generates a control signal from the difference s(f) — s(t — 1) between the
present and an earlier value of an appropriate system variable s. It is noninvasive
since the control forces vanish if the target state which could be, for instance, a
periodic orbit or a steady state is reached. Due to this property, the unstable states
themselves of the original system are not changed by the control, but only their
neighborhood is adjusted such that neighboring trajectories converge to it, i.e., the
control forces act only if the system deviates from the state to be stabilized.
Involving no numerically expensive computations and applicable in experimental
setups, time-delayed feedback control is capable of controlling systems with very
fast dynamics still in real-time mode [30, 32, 35]. Moreover, detailed knowledge
of the target state is not required.

In addition, I have discussed various modifications of the original control
scheme such as multiple time-delayed feedback, control loop latency, filtering of
the control signal, or nonlocal coupling with spatial delays. Furthermore, I have
considered different realizations in terms of coupling functions which measure the
system’s variables for construction of the control signal and which specify the
application of the control force back to the system. Towards the end of this
chapter, I applied the concept of transfer functions to the control scheme which
added an additional perspective and opened connections with experimental
realizations.

This chapter will serve as central node connecting all subsequent chapters
where I will apply the time-delayed feedback method to a variety of different
dynamic systems. The next chapter will be devoted to the control of steady states. I
will also consider next to the original Pyragas scheme many of the above-men-
tioned modifications which are experimentally relevant. In Chaps. 4-6, I will then
discuss other classes of dynamic systems such as periodic states, neutral delay-
differential equations, and excitable systems.
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Chapter 3
Control of Steady States

Was ist Chaos?

Es ist jene Ordnung, die man bei der Erschaffung der Welt
zerstort hat.”

Stanistaw Jerzy Lec, Sdmtliche unfrisierte Gedanken

Next to periodic orbits, steady states or equilibria® play an important role in a
large variety of optical, electronic, chemical, biological, and other nonlinear
systems [1-6]. Although the effects of time-delayed feedback schemes on the
stability of periodic orbits are understood to large extend [7—11], much less is
known in the case of a fixed point. There are some results discussing the appli-
cation of the extend time-delayed feedback method [12] and numerical simulations
of Chua’s circuit [5]. For the stabilization of periodic orbits, the period of the
desired orbit gives a good hint for the best choice of the time delay. For steady
states, such an intrinsic timescale is not obvious. A detailed theoretical investi-
gation was presented recently [13—16]. Even though I will consider only steady
states in this chapter, I will occasionally point out some analogies and connections
to the control of unstable periodic orbits.

The structure of this chapter is the following: In the next Sect. 3.1, I will start with a
description of the model that will be under investigation throughout this chapter.
Sections 3.2 and 3.3 will be devoted to the stabilization by Pyragas control and
extended time-delayed feedback, respectively. The proceeding Sects. 3.4 and 3.5 will
deal with the discussion of both control schemes involving experimentally important
modifications of control loop latency and phase-dependent coupling, respectively.

! What is chaos? It is the order which was destroyed at the creation of the world.

% In the mathematical literature equilibria denote fixed points or steady states of a dynamics
system, not to be confused with equilibrium in the physical literature. All systems considered here
are far from thermodynamic equilibrium.

P. Hovel, Control of Complex Nonlinear Systems with Delay, 43
Springer Theses, DOI: 10.1007/978-3-642-14110-2_3,
© Springer-Verlag Berlin Heidelberg 2010
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Asymptotic properties of time-delayed feedback control will be the topic of Sect. 3.6.
Finally, I will summarize this chapter in an intermediate conclusion in Sect. 3.7.

3.1 Model Equations

In this section, I will introduce the model that will be used throughout the whole
chapter. It consists of a special two-dimensional linear system which has a fixed
point of focus type. Before discussing this model in detail, however, let me briefly
review all possible scenarios of two-dimensional linear systems [17, 18]. These

can be written as follows
I CRATED (3.1.1a)
ai | =\ e a) o) b

dx(1)
— = Ax(¢ 3.1.1b
" — Ax(1) (3.1.15)
with real constants a, b, ¢, and d and the state vector x(¢) = (x(¢), y(¢)). The
eigenvalues /A, of the matrix A allow for a characterization of possible scenarios of
the linear system. They are given by the roots of the characteristic equation

0 = det (A — Aold) (3.1.2a)

o a — /1() b
—det< . d_AO> (3.1.2b)
= A} — (a+d)Ay+ad — be (3.1.2¢)
= A2 —tr(A) A4y + det A, (3.1.2d)

where Id denotes the 2 x 2 identity matrix. Therefore, the solution of this
equation can be written in dependence on the trace tr(A) and the determinant det A

)= v [tr(zA)] “ddeA a1

Figure 3.1 depicts schematically the possible scenarios of the two-dimensional
system (3.1.1a, 3.1.1b). Depending on the value of the trace and determinant of the
matrix A, the system exhibits a saddle point, a stable or unstable node, and a stable or
unstable focus. A saddle exists for a negative determinant. For positive determinant,

the sign of the argument of the square root in Eq. 3.1.3, i.e., [tr(A)]* — 4 det A,

determines whether a node or a focus occurs. For [tr(A)]2 —4 det A<O, the
eigenvalue A, becomes complex and a focus exists. For positive values, a node is
present in the system. The stability of node or focus depends on the sign of the trace
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Fig. 3.1 Schematic diagram
of possible scenarios in two-
dimensional linear systems
given by Egs. 3.1.1a and
3.1.1b. The different scenar-
ios are given in dependence
on the trace and determinant
of the matrix A. The shaded =4 0
red region refers to the case

of an unstable focus

[tr(A)- 4 det(A) = 0

unstable node

stable focus

saddle-point

stable node

det(A)

such that unstable, diverging dynamics occur for positive traces and attractors for
negative traces.

In the following, I will consider a fixed point of focus type as indicated by the
shaded red region in Fig. 3.1. Without loss of generality, I choose coordinates x(f)
and y(#) as center manifold coordinates for which the system has the following
form

B0 _ o) + opte) (3.1.42)
d{T(;) — —ox(t) + Ay(0), (3.1.4b)

where A and o are real constants. Note that the sign of » determines the direction
of rotation in the (x, y) plane. For w > 0, the trajectory revolves clockwise around
the origin and it rotates counter-clockwise for negative w. The eigenvalues of this
system are Ao = A %+ iw. Introducing complex notation, i.e., z(t) = x(f) +
iy(t) = r(e’”®, yields equivalently to Eqs. 3.1.4a and 3.1.4b

dz(1)

or written in amplitude r(¢) and phases 0(f)

dr(t)
yral Ar(1) (3.1.6a)
do(t)

One can see from the last system of equations that A acts as a damping rate
whereas o influences the phase. For @ # 0 and positive /, the system describes an
unstable focus. Note that the non-zero imaginary part of the eigenvalue, i.e.,
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Fig. 3.2 Lower part

Schematic diagram of the

supercritical Hopf bifurca-

tion, i.e., dependence of the [ ]
amplitude » on the bifurcation

parameter A. At the critical
value /. a bifurcation occurs
which is in the present case at
Ae = 0. The upper part
depicts schematically the
periodic orbit and steady
states of the system. Solid
lines and filled dots denote
stability, dashed lines and :
empty dots show instability. : > A\
The lines with arrow heads A

show example trajectories ¢

Im(Ap) = +w introduces a characteristic intrinsic timescale Ty = 27/lwl which
corresponds to the time it takes for the trajectory to revolve once around the fixed
point. This timescale 7 will serve as a natural reference value for the choice of
time delays in the next sections. The case of vanishing o decouples the system of
Egs. 3.1.4a and 3.1.4b and leads to an unstable node. I will briefly consider the
impossibility of stabilizing a node or a saddle by time-delayed feedback in the
following section.

The system under investigation can also be understood as a linearized version
of the supercritical Hopf bifurcation

dr(t)
— = ar(t) = r(t)? (3.1.7a)
P ot bty (3.1.7b)

with a real constant b, where the linearization is performed at the fixed point
located at the origin (x*, y*) = (0, 0), i.e., z¥ = 0. In complex notation using
2(H) = x(1) + iy(t) = (e Eq. 3.1.7a can be rewritten as:
diT(tt) = (2 —iw)z(t) + (1 + ib)|z(1)[2(2). (3.1.8)
Omitting the cubic terms recovers the fixed point located at the origin and results in
Egs. 3.1.4a and 3.1.4b. Thus, the steady state of focus type can be seen as lineari-
zation of a Hopf bifurcation performed for the invariant solution at the origin.
Figure 3.2 displays a schematic diagram of the supercritical Hopf bifurcation
where 4 is used as a bifurcation parameter. The upper part shows possible periodic
orbits and fixed points where the stability and instability is indicated by solid lines
and filled dots or dashed lines and empty dots, respectively. The lines with arrow
heads depict example trajectories. The lower part displays the characteristic square
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root dependence of the amplitude r on the bifurcation parameter 4. The case of a
subcritical Hopf bifurcation can be seen in Fig. 4.2. For parameters below the
critical value /., e.g., A = 0 in the present case, there exists only a stable fixed
point. At the bifurcation at 4., the fixed point becomes unstable and a stable
periodic orbit is born. Since the parameter 4 is chosen positive, the system (3.1.4a,
3.1.4b) is a linearized supercritical Hopf normal form above the bifurcation.

After the introduction of the system under investigation, I will apply time-
delayed feedback of various forms in the following sections. I will start with one of
the simplest realizations of this control scheme and elaborate extensions and
modifications in later sections.

3.2 Time-Delayed Feedback

In the previous Chap. 2, I have introduced time-delayed feedback in general form
and especially in Sect. 2.3, I have shown the there is a large variety of coupling
schemes to realize this feedback methods. In the following, I will apply time-
delayed feedback control to two linear system. First, I will elaborate that unstable
steady states of focus type can be stabilized by this control scheme in Sect. 3.2.1. If
the feedback method is applied to linear systems without torsion, e.g., a repeller or
a saddle point, stabilization fails as will be discussed in Sect. 3.2.2. The analysis
and derivations of this section are mainly based on Ref. [13].

3.2.1 Unstable Focus

At this point, I will start with one of the simplest realizations where the function g
which generates the control signal extracts single components of the system, and
where the transducer function h applies the control force to the same components.
Hence, the composition h o g is the identity, i.e., (h o g)(x) = x. Equivalently, the
coupling matrix A introduced in Sect. 2.3 becomes the identity matrix. This specific
configuration is called diagonal coupling and the system’s equations (3.1.4a and
3.1.4b) of an unstable focus subject to time-delayed feedback become [13, 19]

(£)-( 00 x(ozecn) e

or equivalently

diz(rt) = Ax(r) + wy(t) — Klx() — x(r - 7)] (3.2.2a)
DU _ (e 1 yle) — Ky(o) — y(t — 7)), (3.2.2b)


http://dx.doi.org/10.1007/978-3-642-14110-2_4#Fig2
http://dx.doi.org/10.1007/978-3-642-14110-2_2
http://dx.doi.org/10.1007/978-3-642-14110-2_2#Sec3
http://dx.doi.org/10.1007/978-3-642-14110-2_2#Sec3
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Fig. 3.3 Control of an

unstable focus with 1 = 0.5 0.05
and @ = 7 in the configura-

tion space for different values % 0
of the feedback gain K. Pan-

els a, b, ¢, and d correspond -0.05f,
to KTy = 0, 0.4, 0.5, and 0.6,
respectively. The time delay t I
of the time-delayed feedback 0.05
control scheme of Pyragas = [
type is chosen as 1, corre- = 0
sponding to t = To/2 = n/w

-0.05

where the feedback gain K and time delay 7 are real control parameters. In a complex
notation with z(f) = x(¢) + iy(¢) the variables x and y correspond to the real and
imaginary part, respectively. Thus, Eqs. 3.2.2a and 3.2.2b can be rewritten as

dz(t .

% = (A —iw)z(t) — K[z(t) — z(t — 7)]. (3.2.3)
Equivalently, one can separate the complex variable z in an amplitude r(r) and a
phase variable 0(¢), i.e., z(f) = r(t)e’e(”. In this notation, the time-delayed system
becomes

dr(t) .do(r)
a

r(t) = (4 — i)r(t) — K[r(z) — (= 1)el0=0-0) ] (32.4)

which leads to two differential equations for the real and imaginary part,
respectively

d;(tt) = Ar(t) — K[r(t) — r(t — ) cos(0(t — 7) — 0(¢))] (3.2.5a)
do(t) r(t—r1) .
= ® +K 0 sin(0(r — 1) — 0()). (3.2.5b)

Figure 3.3 depicts the dynamics of the controlled unstable focus with the parameters
A =0.5and » = m in the (x, y) plane for different values of the feedback gain K.
This value of w yields an intrinsic timescale of Ty = 2n/c» = 2 which is the time
needed for the trajectory to rotate around fixed point in the absence of control. Panels
(a)—~(d) correspond to increasing K, i.e., KTy, = 0, 0.4, 0.5, and 0.6, respectively.
The time delay of the Pyragas control scheme is chosen in all panels as 7 = 1 which
corresponds to half the intrinsic timescale: 7 = T/2. Panel (a) displays the case of
the absence of control, i.e., K = 0, and shows that the system is an unstable focus
exhibiting undamped oscillations on a timescale T. It can be seen from panel (b) that
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increasing K reduces the instability. The system diverges more slowly to infinity
indicated by the tighter spiral. Further increase of K stops the unstable behavior
completely and produces periodic motion, i.e., a center as depicted in panel (c).
The amplitude of the orbit depends on the initial conditions which are chosen as
x = 0.01 and y = 0.01. For even larger feedback gains, the trajectory becomes an
inward spiral and thus approaches the fixed point, i.e., the focus. Hence the time-
delayed control scheme is successful.

In order to change the stability of the fixed point, the goal of the control force is
to influence the sign of the real part of the eigenvalues. If all eigenvalues A of the
controlled system (3.2.2a, 3.2.2b) have negative real part, the system will be
stable. An exponential ansatz for x(#) and y(f) in Egs. 3.2.2a and 3.2.2b, i.e.,
x(f) ~exp(Ar) and y(f) ~exp(Af), reveals how the control force modifies the
eigenvalues of the system. The characteristic equation becomes

- A—-4 o l—e 0
0 = det [( o 2—/1) —K( 0 l—e/“)] (3.2.6a)

—[A+K(1—e™) =i +? (3.2.6b)

so that the complex eigenvalues /A are given in the presence of a control force by
the implicit equation

Atio=A+K(l—e ™). (3.2.7)

This formula will serve as a reference case when I will discuss effects on the
characteristic equation due to modifications and generalizations of the control
scheme in later sections. The factorization of Eq. 3.2.6b is possible because to
control scheme is realized in diagonal form with the identity matrix as coupling
matrix. Otherwise, the characteristic equation would involve, for instance, mixed
terms of A and the exponential e~ In the present case, however, the charac-
teristic equation can be solved analytically using the Lambert function which is
defined as the inverse function of f(z) = z¢® for complex variable z [20-25].
The eigenvalues A are given by

At = W(Kze—“ﬂ“’)”’“) + (A +im)t — Kx. (3.2.8)

Let me stress that there are infinitely many solutions in terms of A € C of this
characteristic equation. This reflects the infinite dimensions of delay differential
equations and can be seen in the characteristic equation by the multivalued
property of the complex exponential.

The Lambert function is also known as product logarithm and has infinitely
many branches. I will need to consider only the branches with positive real part
because the corresponding modes determine the stability of the system. For details
about the Lambert function see Appendix A of Refs. [25] and [26].

Panel (a) of Fig. 3.4 shows the dependence of the largest real part of the
complex eigenvalues A upon the time delay 7 according to Egs. 3.2.7 and 3.2.8 for
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Fig. 3.4 Panel a Largest real part of the complex eigenvalues A versus 7 for 1 = 0.5 and
w =m, i.e., Tp = 2, for different feedback gains K7, = 0.4, 0.5, and 0.6 as dotted, dashed
black, and red (solid) curves, respectively. Some lower eigenvalues are also displayed for
KTy = 0.6 as green (dash-dotted) curves. Panel b Time series of the x component of the
unstable focus: The black (solid) curve corresponds to x(f), the red (dashed) curve to the
delayed x component x(r — 7) with © = 1. The parameters of the unstable focus and the control
scheme are as in panel d of Fig. 3.3

A =0.5 and w = n, which yields an intrinsic timescale T, = 2. The dotted,
dashed black, and red (solid) curves correspond to a feedback gain of
KTy, = 0.4, 0.5, and 0.6, respectively. All curves start at Re(A) = Re(Ay) = 4 for
7 = 0, i.e., when no control is applied to system. For increasing time delay, the
real part Re(A) decreases. It can be seen in the case of KT, = 0.6 that there exist
values of the time delay for which Re(A) becomes negative. Thus, the control is
successful. The curve for KT, = 0.5 shows the threshold case where Re(A)
becomes zero for T = 1 = T/2, but does not change sign.

As mentioned above, the time-delayed control scheme generates an infinite
number of additional eigenmodes and the corresponding eigenvalues are the
solutions of the transcendental Eq. 3.2.7 [27, 28]. The real parts of the eigen-
values all originate from —oo for t = 0 [29, 30]. Some of these lower eigen-
values are displayed for KTy, = 0.6 in Fig. 3.4a as green (dash-dotted) curves.
The different branches of the eigenvalue spectrum originate from the multiple-
leaf structure of the complex Lambert function. The real part of each eigenvalue
branch exhibits a typical nonmonotonic dependence upon T which leads to
crossover of different branches resulting in an oscillatory modulation of the
largest real part as a function of t. Such behavior of the eigenvalue spectrum
appears to be quite general, and has been found for various delayed
feedback coupling schemes, including the Floquet spectrum of unstable periodic
orbits [31, 32] and applications to noise-induced motion where the fixed point is
stable [33].

The notch at /T, = 1 corresponds to the time delay used in Fig. 3.3, so that at
this value of 7 the red, solid back, and dashed curves correspond to panels (d), (c),
and (b) of Fig. 3.3, respectively. The notches at larger T become less pronounced
leading to less effective realization of the time-delayed control scheme, i.e., a
smaller or no 7-interval with negative Re(A).
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Fig. 3.5 Panels a and b depict the real and imaginary part of the complex eigenvalues A in
dependence on the feedback gain K for fixed time delay © = Tp/2 = 1. The parameters of the
unstable focus and the control scheme are as in panel d of Fig. 3.3

In the case of an unstable periodic orbit the optimal time delay is equal to the
period T of the orbit to be stabilized. This yields the noninvasive property of
time-delayed feedback control which is discussed in detail in Chap. 2. Note that
in the case of an unstable steady state, however, the time delay is not so
obviously related to a parameter of the system. I will investigate later which
combinations of the feedback gain K and the time delay 7 lead to successful
control.

Panel (b) of Fig. 3.4 displays the time series of x(f) and its time delayed
counterpart x(t — 7) as black (solid) and red (dashed) curves, respectively.
The control parameters are fixed at K7 = 0.6 and T = Ty/2 = 1 which leads to
successful control as in panel (d) of Fig. 3.3. The x component of the control force
can be calculated from the difference of the two curves and subsequent multi-
plication by K. Since x(¢) tends to zero in the limit of large ¢ as the system reaches
the focus located at the origin, the control force vanishes if the system is stabilized.
Thus the control scheme is noninvasive. Note that the current signal in back and its
delayed counterpart in red color are in anti-phase. This observation will become
important in Sect. 3.4.

Figure 3.5 shows the real and imaginary part of the eigenvalues A in panels (a)
and (b), respectively. In this plot, the feedback gain K is varied and the time delay
is fixed at half the intrinsic timescale, i.e., T = To/2 = 1. The largest real part
starts at the real part of the system’s eigenvalue A for K = 0. As the feedback gain
increases, the largest real part becomes smaller and eventually changes sign at the
flip threshold Ky, = 4/2. The real part of all eigenvalues are negative at this point
and the system is stabilized. Panel (a) shows next to the red (solid) branch starting
at Re(A) = 4 four control-induced branches which rise from negative infinity.
One can see in panel (b) that the largest delay-induced eigenvalue shown in green
(dashed) color collides with the eigenvalue originating from the uncontrolled
system and forms a complex pair. The other control-induced branches shown as
black (dash-dotted) curves in panel (a) have larger imaginary parts. For larger
feedback gain K, the fixed point can lose its stability again in a Hopf bifurcation.
A derivation of the corresponding maximum feedback gain can be found in
Ref. [26].
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After having demonstrated successful stabilization of an unstable steady state, I
will investigate details of the shape of the domain of control in the following. In
order to discuss the domain of control in the (K, 7) plane, it is helpful to consider
the real and imaginary part of the characteristic equation (3.2.7) separately.
Introducing p and g as real and imaginary parts of the eigenvalue A, i.e.,
A = p + ig, this equation becomes

. =p+ K[l —e " cos(qr)] (3.2.9a)

o = g+ Ke 7" sin(q7). (3.2.9b)

If one is interested in analytical results about the domain of control, the calculation
can be done for special points and conditions. For instance, the condition of
vanishing real part, i.e., Re(1) = p = 0, corresponds to the boundary of the
domain of control. It is the threshold case between stability and instability as show
in Fig. 3.3c. At the threshold of control the sign of the real part p of the eigenvalue
A changes. Therefore setting p to zero in the real and imaginary parts of
Eqgs. 3.2.9a and 3.2.9b, respectively, yields

/.= K[l — cos(qr)] (3.2.10a)

o = q + K sin(gr). (3.2.10b)

A first analytical result can be inferred from the range of the cosine function. Since
it is bounded between —1 and 1, a lower bound for the feedback gain in case of
successful stabilization follows from Eq. 3.2.10a of the real part, i.e.,

SIS

<K. (3.2.11)

Thus, a minimum feedback gain K ;, is given by K;, = A/2. It should be noted
that a similar characteristic equation as Eq. 3.2.7 holds for the Floquet exponents
of an unstable periodic orbit, where the lower bound, K,;, = A/2, of the feedback
gain has been shown to correspond to the flip threshold of control [7, 8].

The conditions on the cosine function in Eq. 3.2.10a lead to a vanishing sine
term in Eq. 3.2.10b of the imaginary part. This yields gt = (2n + 1)n with
n=0,1,2,....

In order to express the values of the time delay t that correspond to the
minimum K in terms of the parameters of the uncontrolled system, it is useful to
consider even and odd multiples of = for gz, i.e., g7 = 2nm and gt = 2n + )@
for n =0,1,2,.... In both cases, the imaginary part of Egs. 3.2.10a and 3.2.10b
leads to ¢ = w. Hence, in the latter case, the time delay 7 for K.;, = A/2
becomes
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T

t=—02n+1). (3.2.12)
w

The last expression can be rewritten using the uncontrolled eigenperiod Ty = 2n/w

(3.2.13)

This discussion has shown that the combination K = A/2 and © = Ty (2n + 1)/2
with n =0,1,2,... correspond to points of successful control in the (K, 7) plane
with minimum feedback gain. See, for instance, the solid black curve in Fig. 3.4a
as well as Fig. 3.5.

For even multiples, i.e., gt =2nn for n=0,1,2,..., it follows from
Eq. 3.2.10a that control is impossible for finite values of K, since
K-
X = c08(q7)| yr—20r (3.2.14a)
& 1 . 1 (3.2.14b)
= 2.

which cannot be satisfied for 4 # 0 and finite K. Furthermore, Eq. 3.2.10b yields
that for time delays which are integer multiples of the eigenperiod, i.e.,
T =Ton =2nn/ow withn =0,1,2,..., the control scheme fails for any feedback
gain. These time delays correspond to the local extrema in Fig. 3.4a.

Another result that can be derived from Eq. 3.2.7 is a shift of g for increasing K.
For this, taking the square of the real and imaginary part of Eq. 3.2.7 and using
trigonometrical identities leads to

K—2\? — q\2
( K ) +(w K q) = cos’(qt) + sin’(gt) (3.2.15a)
N K—4 2+<w—q)2_1 (52.15)
K K - 2.
The last equation can be solved for the imaginary part Im(A) = ¢
K-\’
©-q==K 1‘( KA> (3.2.16a)

& g=0F V02K - )AL (3.2.16b)

Inserting Eq. 3.2.16a into the real part of Eq. 3.2.7 leads to an explicit expression
for the dependence of time delay t on the feedback gain K at the threshold of
stability, i.e., the boundary of the control domain p = 0

K— 2

= cos(q7) (3.2.17a)
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Fig. 3.6 Boundary of the domain of control in the (K, 7) plane according to Egs. 3.2.18a,
3.2.18b and 3.2.18c. The black (solid) and red (dashed) curves correspond to the formula 7,(K, n)
and 71,(K, n), respectively. The first three branches are plotted, i.e., n =0, 1, 2. System’s
parameter: 2 = 0.1 and v = @

K-
o oK)= arccos (X2)

=— K/ (3.2.17b)
o F /(2K — )4

Keeping in mind the multivalued behavior of the arccos function and the different
choices of the sign, there are three families of branches of solutions, where the
non-negative integer n takes care of the different leaves of the involved multi-
valued functions:

2nm + arccosk=2 ) w? + 12
u(Kon)=—— K Z<kc 3.2.18a
o) = ok = a7 2 2 ( )

2(n+ 1)m — K2
(K, ) = 2 Dm —arecos et 4 (3.2.18b)

o+ /(2K = 1) 2
2(n+1)m — K ot + 2
ty(Kym) = 2 D —arecos i or kA (3.2.18¢)

—w+ /(2K — )2 24

with non-negative integer n. The corresponding eigenvalues A = ig are given by

g3 = +(0 - VK= 7)) (3.2.19a)

g = o+ /(2K = 7). (3.2.19b)

For the boundaries of the stability islands only the branches 7, and 7, are relevant.

Figure 3.6 depicts the boundary of the domain of control as it is analytically
derived in Eqs. 3.2.18a, 3.2.18b and 3.2.18c. The solid and red (dashed) curves
display the formula 7,(K, n) and 1,(K, n), respectively, and only the first three
branches are plotted, i.e., n = 0, 1, and 2. Note that the control parameters are
given in units of the intrinsic timescale 7y. The domain of control lies above the
black (solid) curves and below the red (dashed) one.
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The analytical expressions (3.2.18a, 3.2.18b, 3.2.18c) of the domain of control
will be discussed in Sect. 3.6 in the context of large time delays. Note that at the
points of minimum feedback gain and corresponding time delays

A 2n+ 1)=n
Kmin = E’ T= ‘Cmin(n) = %
the branch 7,(K, n) ends, but is continued by 7,(K, n).

An example of the combination of minimum feedback gain K,;, = 4/2 and
corresponding time delay © = To(2n+ 1)/2,n =0,1,2,... is shown in panel (c)
of Fig. 3.3, where K = /2 = 0.25 and 7 = Ty/2 = 1. It describes the threshold
case between stable and unstable fixed point.

Reconsidering the characteristic equations (3.2.9a) and (3.2.9b), another ana-
lytical result can be derived. This concerns a maximum divergence rate of a system
such that time-delayed feedback control is still able to render it stable. The
divergence rate is given by the real part of the uncontrolled eigenvalues 1. The
imaginary part of the characteristic equation evaluated at the threshold of control
as given by Eq. 3.2.9b leads to an expression for the feedback gain K

(3.2.20)

w—q
K= 2.21
sin(g7) (3 )

which can be inserted into the real part (3.2.9a) and thus yields

5 = (@—q)[l —cos(qr)]

3.2.22
sin(gt) ( )
Choosing the time delay as t = T/2 = n/w leads to
1+ cos((w — g)7)
)= (w— 3223
(@ —q) sn((@ —)7) ( a)
(@ —4q)
=———". (3.2.23b)
tan (%4 1)

The maximum value of A is given for @ — ¢ = 0. This condition is clear from
Fig. 3.5 where the largest real part in panel (a) is smallest at the collision of the red
and green curves and the corresponding identity of the imaginary parts can be
inferred from Fig. 3.5b. At this point, a complex pair of eigenvalues is born and
their imaginary parts start a = which is the imaginary part w of the uncontrolled
eigenvalue. Thus, one obtains the following restriction on

w—q
A= 9 3.2.24
tan(“547) gt ( 2)
Ty (0 — q)
. O R (3.2.24b)
d(w—q) tan( 2 T) w—q=0
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- (3.2.24c¢)

[NSRRC]

s it=2. (3.2.24d)

If the collision of the red and green branches in Fig. 3.5 happens in the non-
negative range of Re(A), the system cannot be stabilized by time-delayed feed-
back. Thus, the rate of divergence of the fixed point, i.e., 4, is restricted to 1 7 < 2.

In order to visualize the shape of the domain of control I will show how small
deviations € > 0 from K, i.e, K = 1/2+¢, influence the corresponding values of
the time delay 7. This will yield a formula for the shape of the domain of control in
the (k, ) plane. For this, let n >0 be small and 7 =7 (2n+1)+n a small

deviation from 7 at K;,. Inserting the expression for K and 7 into Eq. 3.2.10a
yields after some Taylor’s expansions

2
71+%e:71+%[wn¢g(2n+l)m\/€} (3.2.25a)

2V2  V2n :

A detailed derivation can be found in Chap. 2 of Ref. [26]. This equation describes
the shape of the domain of control at the threshold of stabilization, i.e., p = 0, near
the minimum feedback gain K at 1 = Ty (2n + 1)/2 in the (K, 7) control plane.
Small deviations from K., are connected to small deviations from 7 = T,
(2n + 1)/2 via a square root dependence.

Figure 3.7 displays the largest real part of the eigenvalues A in dependence on
both the feedback gain K and the time delay 7 for ® = 7 and two different values
of 4, i.e., A = 0.5 and 0.1 in panels (a) and (b), respectively. A discussion of the
domain of control in the (4, w) plane can be found in Ref. [19].

Figure 3.7 summarizes the results of this section. The values of A are calculated
using the analytic solution (3.2.8) of the characteristic equation (3.2.7). The two-
dimensional projections at the bottom of each plot extract combinations of K and t
with negative Re(A), i.e., successful control of the system. Thus, the shaded areas
indicate the domain of control whose boundary is given by the analytical
expression (3.2.18a, 3.2.18b, 3.2.18c) and displayed in Fig. 3.6.

In the absence of a control force, i.e., K = 0, the real part of A starts at A.
Increasing the feedback gain decreases Re(A). For K = K,,;, = 4/2, the real part
of the eigenvalue reaches O for certain time delays, i.e., T = Ty (2n + 1)/2 with
n=20,1,2,..., and then changes sign. Thus, the system is stabilized. For values
of the feedback gain slightly above the minimum value K, the domain of
control shows a square root shape as predicted by Eq. 3.2.25b. It can be seen
that for time delays of 7 = Tyn the largest real part of the eigenvalues remains
positive for any feedback gain. For a smaller value of A as in Fig. 3.7b, i.e.,
closer to the stability threshold of the fixed point, the domains of control become
larger.
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Fig. 3.7 Domain of control
in the (K, 7) plane and largest
real part of the complex
eigenvalues A as a function
of K and t according to

Eq. 3.2.8. The two-dimen-
sional projection at the bot-
tom shows combinations of ©
and K, for which Re(A) is
negative and thus the control
successful. Panel a: 4 = 0.5
and w = (T = 2),

panel b 2 = 0.1 and
w=n(Ty =2)

oo s

KTy

The real part of the complex eigenvalue A corresponds to a damping rate. For
Re(A) it is a rate of convergence with which the trajectory approaches the fixed
point. Therefore, one can define a transient time T, as the time needed to enter a
disc of radius e around the fixed point starting from an initial distance ry.
An analytical formula can be derived in the absence of control from the amplitude
equation of the system (3.1.6a). Separation of variables leads to

€

1
Ttrans(r07€) = Ed" (3226&)
ro
1 €
— - log(r) (3.2.26b)
ro

= Ilog (r0>’ (3.2.26¢)

which relates the real part of the uncontrolled eigenvalue Ay = A £ iw to the
transient time T,,.. In the presence of control, the control force changes the
eigenvalues of the system. Thus, one can substitute 4 in the formula (3.2.26¢) by
the largest real part Re(A) calculated from the characteristic equation (3.2.7) if the
different branches are well separated. Then, the transient time can be rewritten as
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Fig. 3.8 Largest real part of the eigenvalue A in dependence on the feedback gain K and time
delay © = 1. Panel a shows the value of Re(A) according to Eq. 3.2.27 and Panel b displays
Re(A) as calculated from the characteristic equation (3.2.7). The color code shows only negative
values of Re(A). Parameters A = 0.1 and w = #n(Ty = 2)

Toans (A3 70, €) = @log (%) (3.2.27)
A similar relation can be found for systems with periodic orbits where the real part
of the leading Floquet exponent determines the stability. See Ref. [34] for details
concerning various classes of models including chaotic dynamics.
Figure 3.8 depicts the largest of the complex eigenvalue A for 4 = 0.1 and
o = n(Ty = 2). Panel (b) shows the value of Re(A) as calculated from the char-
acteristic equation (3.2.7) and is identical to the bottom projection of Fig. 3.7b.
Panel (a) depicts Re(A) calculated from simulations of the system’s dynamics
(3.2.1) according to Eq. 3.2.7. The color code shows only negative values of Re(A).
The radius which determines the size of the neighborhood around the fixed
point is chosen as e = 0.01 and the trajectory is calculated for 10’ timesteps with a
time step of At = 0.001, i.e., f;.x = 10,000. The simulation starts at (xg,yo) =
(0.1,0.1) without control. The control is switched on at t = 10. This yields an

initial distance for the approach of the fixed point of ro = 1/x3 + y3 exp(104). One
can see that panels (a) and (b) coincide very well. Thus, the real part of the
eigenvalue can be interpreted as a damping rate with which the trajectory
approaches the fixed point or moves away from it. Small discrepancies at the
boundaries, for instance, for large time delays are due to a very slow convergence/
divergence of the system and a maximum transient time corresponding to the
simulation time, i.e., Tians < fmax. 10 the limit #,,x— oo and vanishing e, the
domains of control from the two panels should coincide.

3.2.2 Saddle Point

Before discussing an extension of the Pyragas control in the next section, let me
discuss effects of time-delayed feedback of Pyragas type on fixed points with one
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unstable dimension, but without torsion, i.e., saddle points. At first, I will consider
a one dimensional model and show that this system cannot be stabilized by time-
delayed feedback. In addition, I will also investigate a two dimensional model
which has one stable and one unstable manifold.

In one dimension, an unstable fixed point is a repeller which can be written
including time-delayed feedback control as

dx (1)
dt

= oux(t) — K[x(1) — x(t — 7)), (3.2.28)

where o is a positive constant denoting the divergence rate. As in the previous
discussion, the control force is determined by the feedback gain K and the time
delay 7 and using an exponential ansatz, i.e., x(f) ~ e’“, yields a characteristic
equation

A=a—K(l—e ™) (3.2.29)

which can be solved in terms of the Lambert function W such that the root of
Eq. 3.2.29 are given by

At = W(Kte " %) + (a — K)1. (3.2.30)

In the following, I will show analytically that time-delayed feedback cannot sta-
bilize the repeller. Consider the characteristic equation (3.2.29), which can be
separated in real and imaginary parts using A = 4 + i®

A=o—K[1- e cos(wrt)] (3.2.31a)
o = —Ke ** sin(wr). (3.2.31b)

If the saddle point became stable, there would be a combination of K and t such
that the real part of the complex eigenvalue A became zero, i.e., 4 = 0. Then,
Egs. 3.2.31a and 3.2.31b become

o = K[1 — cos(wt)] (3.2.32a)
o = —K sin(wr). (3.2.32b)

The latter equation has always the solution @ = 0 which reflects that the eigen-
value of the one-dimensional saddle point is real. This solution, however, violates
Eq. 3.2.32b for the real part since the value of « is a positive.
Equation 3.2.31b provides the following expression for the feedback gain K at
the threshold of control
w

o (3.2.33)

which yields together with the Eq. 3.2.31a for the real part
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Fig. 3.9 Functional depen- 20
dence of the parameter & on @ [
according to Eq. 3.2.34¢ H
10 r I
s 0f
-10 } _
_2Q2n —‘n 6 T‘E 2n
ot
o= K[l — cos(wr)] (3.2.34a)
1 — cos(w
N kG (3.2.34b)
sin(wt)
1 —cos(w
T el ) (3.2.34¢)
1 + cos(wr)

The last equation is a functional dependence which must be satisfied in case of
stabilization. This dependence is depicted in Fig. 3.9 which show a divergence for
ot = £

Since the eigenvalue of the uncontrolled system A, = « is real and a solution of
Egs. 3.2.32a and 3.2.32b with @ = 0 has been ruled out, a mode generated by the
control method can collide with the unstable mode of the system for wt = =+£m,
i.e., the corresponding eigenvalue must be real. As depicted by Fig. 3.9, the cor-
responding value of « would be infinity according to Eq. 3.2.34c.

Therefore it is clear that time-delayed feedback control fails for a one-dimen-
sional repeller. Solving the characteristic equation numerically supports this result
as will be discussed in the following.

Figure 3.10 displays solutions of Eq. 3.2.29 according to Eq. 3.2.30. Note that
the Lambert function is multivalued. Thus, Fig. 3.10 depicts only six branches
with largest real part. The system’s parameter is chosen as o = 0.1 and the time
delay 7 is fixed at 7 = 1. It can be seen that the largest curve shown in black
(solid) starting at 41 = o remains positive for all values of the feedback gain K.
Thus, the one-dimensional system (3.2.28) cannot be stabilized by time-delayed
feedback. All other modes starting from —oo remain negative. See red (dashed)
curves.

A similar results hold for a two-dimensional saddle point which can be written
in the presence of a diagonal time-delayed feedback scheme as follows
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Fig. 3.10 Real part of the

eigenvalue A in dependence N —
on the feedback gain K for I T B
fixed time delay 7 = 1 0.5 e ST N
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o0 | = ( 0 —az) <y<r> R B A

where «; and o, are real, positive constants. Without loss of generality, one can
consider the case «; = 1 by rescaling the time. Since the eigenvalues of the
systems are given by 4; = a; > 0 and A, = — o, < 0, the system has one stable
and one unstable manifold. Figure 3.11 displays the vector field of a saddle point
and a landscape of a corresponding potential U(x, y) = — o;x*/2 + oy*/2 in the
absence of a control scheme.

It was demonstrated above that the one-dimensional repeller cannot be stabi-
lized by a diagonal control scheme. Since the systems of a saddle point decouples
into two independent one-dimensional systems, time-delayed feedback control
fails for the two-dimensional saddle, as well. It is tempting to introduce some

(a)

2

A
1¢ /ffu xéé
EA A AN
= oI
S
Sl
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Fig. 3.11 Panel a: Vector field of a saddle point. The arrows show example trajectories.
Panel b: Corresponding potential U(x, y) = —ox*/2 + a,y*/2 corresponding to Eq. 3.2.35 for
parameters oy = o, = 1. The figure at the bottom shows a projection which gives the value of the
potential in color code
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torsion by nondiagonal coupling of the control force. I will show in Sect. 3.5.2 that
this does not yield a stabilization of the saddle point.

To summarize this section, I have demonstrated that unstable steady states of
focus type can be stabilized by time-delayed feedback of Pyragas type where
the control force included states of the system that are delayed by a time unit .
The control scheme fails for saddle points.

In the next section, I will consider an extension of this control scheme which
takes more information of the system’s history into account. To be precise, the
control will include all states which are delayed by an integer multiple of a basic
time delay.

3.3 Extended Time-Delayed Feedback

Shortly after the rise of the idea of time-delayed feedback by Pyragas [9], Socolar
et al. extended the original feedback scheme such that the control force did not
only include the difference of the current state of the system to its delayed version,
but also differences between states which were delayed by an integer multiple of a
basic time delay [35]. I discussed the general form of this extended time-delayed
feedback already in Sect. 2.2. Following Ref. [15], the system of an unstable focus
as given by Egs. 3.1.4a and 3.1.4b becomes in the presence of this control scheme

d);(tt) = (1) + oy(r) - Kﬁ;R"[x(t —nt) —x(t—(n+1)7)]  (3.3.1a)
d);d—(tt) = —ox(t) + 2y(1) — KgR"LY(f —nt)—y(t—(n+ 1)),  (3.3.1b)

where I consider the special case of diagonal coupling of the control force realized
by an identity matrix as coupling matrix. Since I prepare the uncontrolled system
as an unstable focus, I choose positive and non-zero values for the parameters /4
and o, respectively. The additional real control parameter R whose absolute value
is smaller than 1 acts as a weight of information that are further in the past. Thus, it
is called the memory parameter. Note that vanishing R recovers the time-delayed
feedback method of Pyragas type discussed in the previous section. See, for
instance, Eqs. 3.2.2a and 3.2.2b.

While the stability of the fixed point in the absence of control is given by the
eigenvalues of matrix A as in Eq. 3.1.1b, i.e., 4o = /4 £ iw, one has to solve the
following characteristic equation in the case of an extended time-delayed control
force:

1 — —At
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Fig. 3.12 Largest real part of ‘ ‘ ‘
the complex eigenvalues A as N
a function of t for different
values of R. The blue (dash-
dotted), black (solid), red
(dashed), and green (dotted)
curves correspond to

R = -0.35,0, 0.35, and 0.7,
respectively. The parameters
of the unstable focus are
chosenas A=0.landw =7
which yields an intrinsic
timescale Ty = 2n/w = 2.
The feedback gain K is fixed
at KT, = 0.6

Due to the exponential, this characteristic equation becomes transcendental and
possesses an infinite but countable set of complex solutions A [27, 28]. Note that
vanishing memory parameter, i.e., R = 0, leads to the characteristic equation of
Pyragas control as given in Eq. 3.2.7 in the previous Sect. 3.2. In this case of
simple time-delayed feedback, the characteristic equation can be solved analyti-
cally in terms of the Lambert function [13, 20, 23, 25] as shown in Eq. 3.2.8. Let
me stress that for non-zero memory parameter R, however, such a compact ana-
lytic expression is not possible. Thus, one has to solve Eq. 3.3.2 numerically.

Figure 3.12 depicts the dependence of the largest real parts of the eigenvalue A
upon the time delay t according to Eq. 3.3.2 for different memory parameters R
and fixed feedback gain KT, = 0.6. The blue (dash-dotted), black (solid), red
(dashed), and green (dotted) curves of Re(A) correspond to R = —0.35, 0, 0.35,
and 0.7, respectively. The parameters of the unstable focus are chosen as 4 = 0.1
and o = 7. Note that the time delay 7 is given in units of the intrinsic timescale
To = 2n/ow. When no control is applied to the system, i.e., T = 0, all curves start
at A which corresponds to the real part of the uncontrolled eigenvalue. For
increasing time delay, the real part of A decreases and eventually changes sign.
Thus, the fixed point becomes stable. Note that there is a minimum of Re(A)
indicating strongest stability if the time delay 7 is equal to half the intrinsic period.
For larger values of 7, the real part increases and becomes positive again. Hence,
the system loses its stability. Above t = Ty, the cycle is repeated but the minimum
of Re(A) is not so deep. The control method is less effective because the system
has already evolved further away from the fixed point. For Pyragas control, i.e.,
R =0, as discussed in Sect. 3.2, the minimum is deepest, however, the control
interval, i.e., values of t with negative real parts of A, increases for larger R.
Therefore, the extended time-delayed control method is superior in comparison to
the Pyragas scheme.

The control parameter space is three-dimensional and spanned by the time
delay 7, the feedback gain K, and the memory parameter R. Thus, I will discuss in
the following several one-dimensional projections as depicted, for instance, in
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Fig. 3.13 Domain of control in the (K, 7) plane for different values of R = 0, 0.35, 0.7,
and —0.35 in panels a, b, ¢, and d, respectively. The color code shows only negative values of the
largest real part of the complex eigenvalues A according to Eq. 3.3.2. The parameters of the
system are as in Fig. 3.12

Fig. 3.12 as well as two-dimensional projections where the third control parameter
remains fixed.

Figure 3.13 shows the domain of control in the plane parameterized by the
feedback gain K and time delay t for different values of R =0, 0.35, 0.7,
and —0.35 in panels (a), (b), (c), and (d), respectively. The color code indicates
only negative values of the largest real parts of the complex eigenvalue A.
Therefore, Fig. 3.12 can be understood as a vertical cut through Fig. 3.13 for a
fixed value of KT, = 0.6. Each panel displays several islands of stability which
shrink for larger time delays t. Note that no stabilization is possible if 7 is equal to
an integer multiple of the intrinsic period T,. The domains of control become
larger if the memory parameter R is closer to 1.

In order to obtain some analytic information of the domain of control, it is
helpful to separate the characteristic equation (3.3.2) into real and imaginary parts.
This yields using 4 = p + ig

K(1 —e " cosqt) =A—p—Re P"[(A—p)cosqr + (w —q)singt] (3.3.3a)
Ke™P'singt = +(w — q) + Re ”*[(A — p) singt &+ (w0 — g) cosgt].  (3.3.3b)

The boundary of the domain of controls is determined by a vanishing real part of
A, ie., Re(A) = p = 0. With this constraint, Eqgs. 3.3.3a and 3.3.3b can be
rewritten as
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K(1 —cosqt) = 4 — R[Acosqt £ (w — g) sing7] (3.3.4a)

K singt = +(w — q) + R[Asingt &+ (®w — q) cos g1]. (3.3.4b)

At the threshold of control determined by a purely imaginary eigenvalue A = iw,
there is—as in the case of Pyragas control in Sect. 3.2—a certain value of the time
delay which will serve as a reference in the following given by

T=— =

(0]

(2n+1)7r_( !

n—f—l)To, (3.3.5)

where n is any non-negative integer. For this special choice of the time delay, the
range of possible feedback gains K in the domain of control becomes largest as can
be seen in Fig. 3.13. Hence, this 7 value will be referred to as optimal time delay in
the following.

The value of a minimum feedback gain in dependence on the memory
parameter R can be derived from Eq. 3.3.4a considering the extremal value of the
trigonometrical function. Replacing cos gt by its smallest values —1 yields

2Kpin = 4+ RA (3.3.62)
A1+R
S Ku(R) = ; ) (3.3.6b)

A detailed derivation of the maximum feedback gain at which the system loses its
stability again via a Hopf bifurcation can be found in Ref. [7, 26, 36].

Extracting an expression for sin(gt) from Eq. 3.3.4a and inserting it into the
equation for the imaginary part (3.3.4a) leads after some algebraic manipulation to
a general dependence of K on the imaginary part g of A

2 N2
K(q):(HR)[)”J(w a1 (3.3.7)

Taking into account the multivalued properties of the arcsine function, Egs. 3.3.4a
and 3.3.4b yield an analytical expressions of the time delay in dependence on g

; 2(1-R*)(w—q) )
arcsm(a2 . 5 s | + 2nm
1(g) = 2 (1-R?) +((;—q) (14+R) 7 (3.3.82)

: 2)(1-R?*)(w—q) )
—arcsm( . 5 5 ]+ (2n+ )z
72(q) = AU-RY +((07;) (1+R) , (3.3.8b)
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Fig. 3.14 Domain of control
in the (K, R) plane for
different values of A. The
blue, green, red, and yellow
(black, medium gray, dark
gray, and light gray)
domains correspond

to A Ty = 0.2, 1, 5, and 10,
respectively, as indicated.
The time delay is chosen as
t=Ty2and w =7

0o 2 4 6 8 10 12 14 16 18 20
KT

where n is a non-negative integer. Together with Eq. 3.3.7, these formulas describe
the boundary of the domain of control in Fig. 3.13. Note that two expressions 1
and 1, are necessary to capture the complete boundary. The case of simple time-
delayed control is included as special choice of R = 0 and will be analyzed for
large delays in Sect. 3.6.

For a better understanding of effects due to the memory parameter R, it is
instructive to consider the domain of control in the plane parameterized by R and
the feedback gain K. The results can be seen in Fig. 3.14, where the blue, green,
red, and yellow areas correspond to the domain of control for A Ty = 0.2, 1, 5, and
10, respectively. The other system parameter is chosen as @ = 7. I keep the time
delay constant at T = T/2. Note that the K interval for successful control increases
for larger values of R. In fact, while the original Pyragas scheme, i.e., R = 0, fails
for 1 Ty = 10, the extended time-delayed feedback method is still able to stabilize
the fixed point. The upper left boundary corresponds to Eq. 3.3.6b. The lower right
boundary can be described by a parametric representation which can be derived
from the characteristic equation (3.3.2)

At —9tan (9/2)

~ Ut + 0tan (9)2) (3.3.9a)
W + (A1)

where the abbreviation ¥ = (¢ — w)7 is used for notational convenience. For a
detailed derivation of theses formulas see Ref. [37]. The range of ¥ is given by
¥ € [0,7m). A linear approximation leads to an analytic dependence of R and the
feedback gain K given by a function R(K) instead of the parametric equations
(3.3.9a, 3.3.9b). A Taylor expansion around ¥ = = yields the following maximum
feedback gain [37]

24 m?
Kmax(R) - 2

(R+1)+2(R—1). (3.3.10)
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Fig. 3.15 Domain of control
in the (K, A) plane for
different memory parameters
R. The yellow, red, green,
and blue (light gray, dark
gray, medium gray, and
black) areas correspond to
R = —0.35, 0 (Pyragas
control), 0.35, and 0.7,
respectively. The time delay
is fixed at T = To/2

Another representation of the superior control ability of extended time-delayed
feedback is depicted in Fig. 3.15. The domain of control is given in the (K, )
plane for different values of R. The yellow, red, green, and blue areas refer to
R = —0.35, 0 (Pyragas control), 0.35, and 0.7, respectively. The time delay is
chosen as T = Ty/2. One can see that for increasing R, the extended time-delayed
feedback method can stabilize systems in a larger 4 range [15, 26]. However, the
corresponding K interval for successful control can become small. See, for
instance, the blue area for R = 0.7 and large 1. A similar behavior was found in
the case of stabilization of an unstable periodic orbit by extended time-delayed
feedback control [8]. Let me stress that, as in the case of periodic orbits, the
boundaries of the shaded areas can be calculated analytically from the following
expression

— 2
- E;n(ﬁlj);)g G J_rﬁ) +tanz(79/2)] (3.3.11a)
v 1+R

where ¥ = (¢ — w)t with ¢ € [0,7) is used as in Egs. 3.3.9a and 3.3.9b. The
maximum value for A, which can be stabilized, is given by the special case ¢ = 0
as

AmaxT = 2——. (3.3.12)

Note that the limit of vanishing memory parameter recovers the formula for the
maximum divergence rate in the case of Pyragas control as derived in Eq. 3.2.24d.

Until now I have considered only a diagonal, instantaneous coupling of the
control force. In the following sections, I will take latency effects as well as phase-
dependent coupling into account. Both extensions are relevant in an experimental
realization of time-delayed feedback control.
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3.4 Latency Effects

In this section, I will consider a modifications of time-delayed feedback both in the
case of the Pyragas scheme (Sect. 3.4.1) and the case of extended time-delayed
feedback (Sect. 3.4.2) that involves non-zero latency times. These can be asso-
ciated with the generation and injection of the feedback signal [38]. In optical
realizations of the feedback scheme, for instance, the control loop latency enters
due to the finite propagation time of the light between the laser and the Fabry—
Perot control device [39]. It has been shown experimentally in a diode resonator
circuit [40] for the case of an unstable periodic orbit that latency can have
important effects on the controllability of the system and might limit the success of
the time-delayed feedback method. Let me stress that in the case of unstable
periodic orbits, Just has shown that longer latency times reduce the control abilities
of the time-delayed feedback of Pyragas type [8, 41]. Similar results were found
for extended time-delayed feedback [42]. Here I will discuss how latency times
change the domain of control in the case of an unstable steady state. The dis-
cussions of this section follow the lines of reasoning of Refs. [13] and [15].

3.4.1 Time-Delayed Feedback

The latency time acts as an additional delay in all arguments of the Pyragas control
force given by Eqs. 3.2.2a and 3.2.2b. Following Ref. [13], the system of an
unstable focus subject to time-delayed feedback control including a latency ¢ can
be written as

d’iT(t’) — (1) + wy(t) — K[x(t — 8) — x(t — 6 — 7)] (3.4.1a)
DO aoxte) + 2300~ Klyla — ) —y(e 0~ ), (3.4.1b)

where the control force is coupled to the system by an identity matrix, i.e.,
diagonal coupling. As in the case of vanishing latency times, the roots of a
characteristic equation provide information about the stability of the system. This
equation is given by

JEio=A+KeP(1—e"). (34.2)

Note that in contrast to the case of instantaneous feedback as in Eq. 3.2.7 the
latency time ¢ enters as an additional exponential. This has the consequence that
solving Eq. 3.4.2 analytically by the Lambert function is no longer possible for
non-zero latency times.

Figure 3.16 displays the dependence of the largest real part of the complex
eigenvalues A on the time delay 7 according to Eq. 3.4.2 for A = 0.5 and o = =,
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Fig. 3.16 Largest real part of 1.2
the eigenvalues A versus 7 for
2=05 0=mn(T,=2),
and fixed feedback gain

KTy = 0.6 as given by

Eq. 3.4.2. The black (solid),
red (dashed), green (dotted),
and blue (dash-dotted) curves
correspond to a latency time
of 6 =0, 0.05T, 0.17,, and
0.157), respectively

and different values of the latency time J. The eigenvalues are calculated by
solving Eq. 3.4.2 numerically. The black (solid), red (dashed), green (dotted), and
blue (dash-dotted) curves correspond to 6 = 0, 0.057,, 0.17,, and 0.15T,
respectively. The feedback gain is fixed at part of the eigenvalues A versus t for
A =05, w =7 (Ty = 2), and fixed feedback gain KT, = 0.6. The case of zero
latency time is also displayed; it corresponds to the solid curve in Fig. 3.4a.

In order to understand the effects of control loop latency on the success of time-
delayed feedback, it is helpful to separate the characteristic equation (3.4.2) into
real and imaginary parts

p+K [e*”‘s cos(gd) — e P cos(g(t + 5))} =1 (3.4.3a)
g—-kK {e"’é sin(gd) — e P+ sin(g(t + 5))] = w, (3.4.3b)

where p and g denote again the real and imaginary part of A, respectively. Setting
the real part to zero at threshold of control, i.e., Re(A) = p = 0, results in a
minimum feedback gain K, if Im(A)t =gt =n(2n+1) for n =0,1,2,... as
derived on Sect. 3.2. This value of the imaginary part yields

T
B 2cos[mn(2n+1)2] —2°

Kumin(0) (3.4.4)

Note that case of instantaneous coupling gives a lower bound in the minimum
feedback gain. For non-zero latency times, the value of the feedback gain is larger.
Compare also the case of vanishing ¢ that recovers Eq. 3.2.20.

The effects of the cosine function in Eq. 3.4.4 can be understood by considering
Fig. 3.4b which depicts the time series of x(¢) and x(+ — t) and Fig. 3.17 which
shows the dependence of the minimum feedback gain K ,,;, on the latency time for
A = 0.5. Increasing latency time increases the value of K. If 4 becomes larger
than half the time delay 7, K,,;, changes sign and control is possible only for
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Fig. 3.17 Minimum feed-
back gain K,,;, versus relative
latency o/t for A = 0.5 and
w = m according to

Eq. 3.4.4. The shaded areas
show the domain of control
for suitably chosen t

0 0.5 1 1.5 2 2.5
o/t

negative K with K < K,;;, and suitably chosen 7. Note that in Fig. 3.4b the
difference x(f) — x(t — t) has to be positive for successful control. For
0.5 1 < 0 < 1.57 both x(t — §) and x(r — 6 — 1) becomes closer to zero. There-
fore in order to achieve control, the feedback gain becomes larger. In the limit d/t
—1/2 the difference x(t — 0) — x(t — © — 0) vanishes and thus the minimum
feedback gain diverges. For even larger values of J the above-mentioned differ-
ence changes its sign forcing K, to do the same. Otherwise the control scheme
would generate a force that pulls the system away from the target fixed point.

Figure 3.18 depicts the domain of control for system parameters 4 = 0.5 and
0.1 in panels (a), (b) and (c), (d), respectively. The latency times are fixed at
0 = 0.05T in panels (a) and (c) and 6 = 0.157; in panels (b) and (d). The largest
real part of the complex eigenvalues A is shown by color code in the (K, 1) plane,
where only negative values corresponding to stability are plotted. It can be seen
that increasing latency times reduce the domain of control. For instance, the small
range at a time delay of t = 1.57, in panel (a), where control is possible for
0 = 0.05T,, vanishes for 6 = 0.157} in (b). Note that non-zero latency times lead
to a loss of the symmetry around 7 = (2n + 1)Ty/2 for n = 1,2, ... of the domain
of control. See also the case of zero latency as displayed in Fig. 3.7.

3.4.2 Extended Time-Delayed Feedback

As discussed in Ref. [15] in the case of extended time-delayed feedback, the
control force including a latency time is given for diagonal coupling by

S Rx(t — 6 — n7) — x(t — 6 — (n+ 1)7)]
F(1)=K| " (3.4.5a)

iR"[y(t—&—n‘c) (=6~ (n+ 1)7)]
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Fig. 3.18 Domain of control in the (K, t) plane for different latency times: panels a and ¢ show
the result for 6 = 0.057; panels b and d for 6 = 0.157,. The shaded areas indicate combinations
of 7 and K, for which the largest real part of the complex eigenvalues /A is negative and thus
control is successful. The value of Re(A) is indicated by the color code. The parameters of the
unstable focus are chosen as w = n(Ty = 2) in all panels and 4 = 0.5 in panels (a, b) and
A2 =20.11n (¢, d)

x(t—90)— (1 —R) io: R x(t — 6 — nr)
—K ] (3.4.5b)

Wi—8)—(1—R) éR’Hy(t —5—m1)

= [x(t —0) —x(t — 0 — )] + RF(t — 7). (3.4.5¢)

Similar to the case of Pyragas control discussed in the previous Sect. 3.4.1, the
characteristic equation (3.3.2) needs to be modified by an additional exponential as
follows

Aiiw—AJrKe*Mﬂ (3.4.6)
B 1 — Re= 4t o

Figure 3.19 depicts the dependence of the largest real part of the eigenvalues A
on the time delay 7 for fixed values of R = 0.7 and KT, = 0.6 but different latency
times. Note that T,y denotes again an intrinsic timescale given by Ty = 2w/ = 2
as discussed in previous sections. The black (solid), red (dashed), green (dotted),
and blue (dash-dotted) curves correspond to 6 = 0, 0.057,, 0.157,, and 0.25T7,,
respectively. It can be seen that the control scheme is less successful for longer
latency times. The 7 interval with negative real parts of A becomes smaller. In the
case of & = 0.25T), for instance, control can only be achieved in a narrow range of
small 7 and the second minimum does not reach down to negative Re() anymore.
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Fig. 3.19 Largest real part of
the eigenvalues A as a func-
tion of 7 for different latency
times 0. The black (solid), red
(dashed), green (dotted), and
blue (dash-dotted) curves
correspond to 0 = 0, 0.057,
0.15T,, and 0.257, respec-
tively. The other control
parameters are fixed as

R = 0.7 and KT, = 0.6.
Parameters of the system
A=0.1and v = n(Ty = 2)

In addition, the minima of the real parts are distorted and shifted towards smaller
time delays.

Taking also a varying feedback gain K into account, the domain of control can
be seen in Fig. 3.20 in a projection on the (K, 7) plane. The remaining control
parameter is fixed R = 0.7. Figures 3.20a—d correspond to values of 6 = 0,
0.05T, 0.1Tp, and 0.15T,, respectively. As in Fig. 3.13 of the Sect. 3.3, the color
code corresponds to the largest real part of the complex eigenvalues which are

T 1 0

[ I I
(b) 5=0.05T, |
‘ -0.2
r 1B -04
k B BB
[ T 0
I (d)5=015T, |
‘ 02
B 1B -04
| N Il ED
,. | B4 08
. -1
0 2 4 6 8
KTy

Fig. 3.20 Domain of control in the (K, t) plane for different values of the latency time § and
fixed memory parameter R = 0.7. Panels a, b, ¢, and d correspond to values of 6 = 0, 0.05T,
0.17,, and 0.15T,, respectively. The color code shows the largest real part of the complex
eigenvalues /A as given by Eq. 3.4.6. Only negative values are displayed. The parameters of the
system are as in Fig. 3.19
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Fig. 3.21 Minimum feed-
back gain in dependence on
the latency time ¢ according
to Eq. 3.4.7 for different
memory parameters R. The
black (solid), red (dashed),
and green (dotted) curves
refer to values of R = 0, 0.35,
and 0.7, respectively. The
parameters of the system are
as in Fig. 3.19

calculated from Eq. 3.4.6. Note that only negative values are depicted. For
increasing latency time, the domains of control shrink. Similar to the discussion in
the one-dimensional projection of Fig. 3.19, the islands are distorted towards
smaller time delays.

Separating the characteristic equation (3.4.6) into real and imaginary part, one
can derive, in analogy to Sect. 3.3, an expression for the minimum feedback gain

A(14R)

Knin(0) = 10 7 Dm0/

(3.4.7)

which is consistent with the case of Pyragas case discussed the previous Sect.
3.4.1. A detailed derivation can be found in Refs. [26, 37]. Figure 3.21 shows the
minimum feedback gain K,;,(d) for different memory parameters R which are
fixed at R = 0, 0.35, and 0.7 in the black (solid), red (dashed), and green (dotted)
curves, respectively. Note that K;, is smallest for the Pyragas case R = 0.

As another two-dimensional projection of the parameter space, Fig. 3.22 dis-
plays the domain of control in the (K, R) plane for different values of the latency
time J. The blue, green, red, and yellow areas refer to values of 6 = 0, 0.05T,
0.179, and 0.15T, respectively. Panel (a) shows the case of optimal choice of the
time delay T = T/2 and panel (b) refers to 1 = T/8. In the first case, the domain
of control shrinks considerably for increasing 0, whereas in the latter case, this
change is less pronounced.

Similar to the previous sections, it is possible to derive a parametric expression
for the boundary of the domain of control in terms of functions R(1J) and K (¥)

_ —dcos [(wt+9)2] +dcos [(wT+V) (H—%)] +/x(sin[(wr+3)2] —sin[(wT+V) (l—l—g)} )
Jcos [(w‘c—&—ﬁ)g] —4Jcos [(wr+19) (1 —g)] —Jx(sin [(wr—i—ﬁ)g] +sin [(a)f—i—ﬁ) (1 —%)} ) ’
(3.4.8)

B [192 + (M)Z] cos [ (ot + )]
~ Jtcos (=) (wr+ )] +Isin [2—1)(wr+ )]

T

Kt

(3.4.9)
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Fig. 3.22 Domain of control
in the (K, R) plane for dif-
ferent values of the latency
time J. The blue, green, red,
and yellow (black, medium
gray, dark gray, and light
gray) areas refer to values of
0 =0, 0.057T,, 0.1, and
0.15T,, respectively.

Panel a corresponds to an
optimal time delay © = T¢/2,
panel b to nonoptimal

o

T = To/8. The parameters of 0 2 4 6 8 10 12 14 16 18 20

the system are as in Fig. 3.19

0.5

0 2 4 6 8 10 12 14 16 18 20
K To

The derivation of this parametric representation is lengthy and can be found in
detail in Sect. 4.4 of Ref. [37]. Until this point, I have only considered time-
delayed feedback with diagonal coupling. In the next section, I will extend the
discussion to non-diagonal coupling matrices where an additional control
parameter will introduced.

3.5 Phase-dependent Coupling

In the previous section, I have restricted the investigation to cases where the
feedback is applied in diagonal form, i.e., the coupling matrix A which describes
the coupling of the control force to the system is the identity matrix. See Sect. 2.3
for details concerning the notation. In this section, I will consider also nondiagonal
coupling of time-delayed feedback. This will lead to an additional control
parameter which can be interpreted as a feedback phase. Especially in optical
systems, this modification of time-delayed feedback becomes important and can be
related to the phase of the complex electric field, for instance, of a semiconductor
laser [39, 43]. A schematic diagram of an all-optical realization of time-delayed
feedback can be found in Fig. 3.27.


http://dx.doi.org/10.1007/978-3-642-14110-2_4#Sec4
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Following Ref. [39], I will investigate at first the effects of this new parameter
in the context of simple time-delayed feedback applied to an unstable focus as well
as to a saddle point in Sects. 3.5.1 and 3.5.2, respectively. Extended time-delayed
feedback and phase-dependent coupling will then be the subject of Sect. 3.5.3 [15].
Section 3.5.4 concludes the discussion of phase-dependent coupling when a second
phase parameter is introduced which affects only the delayed parts of the control
force.

3.5.1 Unstable Focus

The generic model of an unstable steady state of focus type in the presence of
phase-dependent coupling is given by the following equation in matrix form

(£)- (2 o)) -w(e ) ()

A

(3.5.1)

As in the previous sections, I choose positive parameter 4 and non-zero @ which
corresponds to an unstable fixed point of focus type in the absence of control. Note
that the coupling matrix A becomes a rotational matrix in this realization of time-
delayed feedback control. The new parameter ¢ acts as a feedback phase whose
effects will be investigated in this section. The special choice of vanishing phase,
i.e., @ = 0, recovers the diagonal feedback of Eq. 3.2.1 when the coupling matrix
A becomes the identity matrix. In complex notation, i.e., z(¥) = x(¢) + iy(¢) the
system can be rewritten as

diT(z[) = (A £io)z(t) = Ke[z(1) = 2(t = 7)) (3.5.2)

From this notation, it is clear that the new control parameter ¢ is indeed the phase
of the complex feedback gain Ke'?. The control phase will be crucial in Chap. 4
where a similar phase factor will be used to overcome a topological limitation of
time-delayed feedback control known as odd number limitation theorem which
refers to the case of an unstable periodic orbit with an odd number of real Floquet
multipliers larger than unity [44—48].

Similar to Sect. 3.2, one can derive a characteristic equation whose roots
determine the stability of the system. The characteristic equation can be derived by
the following determinant

-4 o cosp —sing\ [ 1—e 4t 0 B
det[( —o )»—A>_K(sin<p cos<p)< 0 e )| =0
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which leads to
A+ Ke* (1 —e ) = i tio. (3.5.3)

Note that, as in the case of diagonal control shown as Eqgs. 3.2.1 in Sect. 3.2.1, the
roots in terms of the eigenvalue A can be written by Lambert function

At = W(Kwii(p*(liiw)rﬂ(reﬁ‘”) + (AL i)t — Kreti?. (3.5.4)

For details about the Lambert function see Refs. [20-25].
In order to obtain some analytical result, it is helpful to separate the charac-
teristic equation (3.5.3) into real and imaginary parts with 4 = p + ig

p=A—Kcos(p)[l —e P cos(qr)] — K sin(¢p)e 7" sin(gr) (3.5.5a)
g = o+ Ksin(@)[1 — e "* cos(gt)] — K cos(¢)e P sin(gr). (3.5.5Db)

At the threshold of stability, the real part p vanishes. This simplification and
trigonometrical identities lead to

A = K][cos(p) — cos(¢ + g1)] (3.5.6a)
o = g + K[sin(¢ + g7) — sin(@)]. (3.5.6b)

The real part (3.5.6a) gives an expression for the minimum feedback gain in
dependence on the control phase

"

A

Kin(@) =

~ cos(¢p) —cos( +gqr)’ (33.7)

Note that the case of vanishing ¢ leads to the smallest value of K,;,(0) = 4/2
which was already derived as Eq. 3.2.11 in Sect. 3.2.

Figure 3.23 shows the domain of control, i.e., Re(4) < 0, in dependence on the
parameters @, K, and 7, where the feedback gain K and time delay 7 are given in
units of the intrinsic period Ty, = 2n/w, i.e., Ty = 2 for the present choice of
w = 7. The parameter 4 is chosen as AT, = 0.2 in all plots. Panels (a) and (b)
represent the (¢, K) plane for fixed values of the time delay /T, = 0.5 and 0.9,
respectively. Note that © = T(y/2 yields a symmetric domain of control with respect
to @ = 0, which is the case of diagonal coupling as discussed in Sect. 3.2. For
values other than this optimal time delay, the domain of control is distorted and
shrinks. In the situation shown in Fig. 3.23b, control can no longer be achieved for
¢ = 0, but only for positive phase ¢ > 0. Panels (c) and (d) show the domain of
control in the (¢, ) plane for fixed feedback gain KTy = 1 and 2, respectively. It
consists of isolated islands with a horizontal extension that becomes maximum and
symmetric with respect to ¢ = 0 at delays of T = (n + 1/2)Ty withn =0,1,2,....
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Fig. 3.23 Domain of control in dependence on ¢,K, and t in units of Ty = 2n/w = 2. The
largest real part of the complex eigenvalues A is shown in color code. Panels a, b: domain of
control in the (¢, K) plane for fixed delay © = To/2 and 0.97, respectively. ¢, d: domain of
control in the (¢,7) plane for fixed feedback gain KT, = 1 and 2, respectively. System’s
parameters JTo =02 and ® = =n

Note that control is impossible for integer 1/T,. For a range of t-values in between,
stabilization can be achieved by appropriately chosen ¢. When crossing the islands
at fixed ¢, resonance-type behavior of the damping rate —Re(A) occurs. With
increasing n, the size of the islands decreases so that they eventually disappear at
some critical value determined by the feedback strength K. After this first dis-
cussion of phase-dependent coupling, I will explore the domain of control in more
detail in the following.

Including the feedback phase ¢, there are now three control parameters where
the other two are given by the feedback gain K and the time delay t. For a complete
picture, I will consider two-dimensional projections of this three.dimensional
control parameter space in the following. These are projections in the (¢, 7), (¢, K),
ad (K, t) planes where the respective third parameter is fixed. The system’s
parameter will remain fixed as in Fig. 3.23 at 4 = 0.1 and w = 7. The latter yields
an intrinsic timescale of 7y = 2.

Figure 3.24 displays the domain of stability in the (¢, t) plane. The color code
shows the largest real part of the complex eigenvalue A according to Eq. 3.5.3
where it is negative. The feedback gain is fixed at KT, = 0.2, 0.4, 0.6, 0.8, 1, and
1.2 in panels (a)—(f), respectively. Note that panel (e) showing KT, = 1 is identical
to Fig. 3.23c. In all panels the regions of stability are given by separated islands
centered around (¢,7) = (0,(n+ 1/2)Ty) with n =0,1,2,.... These distinct
islands become smaller as the time delay increases. While the areas of stability are
elongated for small K as in panel (a), they gain size in the range of small t and
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Fig. 3.24 Domain of control in dependence on ¢ and 7 in units of Ty = 2n/w = 2. The largest
real part of the complex eigenvalues A is shown in color code. Panels a—f correspond to a
feedback gain K7, = 0.2, 0.4, 0.6, 0.8, 1, and 1.2, respectively. System’s parameters as in
Fig. 3.23

their shape becomes distorted. Note that at the same time the islands for large
delays shrink.

Figure 3.25 shows the domain of control in the projection spanned by the
feedback phase ¢ and the feedback gain K while the time delay 7 is fixed at

0
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Fig. 3.25 Domain of control in dependence on ¢ and K in units of Ty = 2n/w = 2. The largest
real part of the complex eigenvalues A is shown in color code. Panels a—d correspond to a time-
delay © = 0.37,, 0.5T¢, 0.7T¢, and 0.9T, respectively. System’s parameters as in Fig. 3.23
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Fig. 3.26 Domain of control in dependence on K and 7 for different feedback phases ¢ with
normalization in units of 7y = 2n/w = 2. Panels a-h correspond to a value of ¢ = 0, n/4, n/2,
3n/4, 5n/4, 3n/2, Tn/4, and 27, respectively. The largest real part of the complex eigenvalues A is
shown in color code. Only negative values are displayed. System’s parameters as in Fig. 3.23

Tt = 0.3Ty, 0.5Ty, 0.7T, and 0.97 in panels (a)—(d), respectively. The color code
indicates combinations of ¢ and K which yield stability and corresponds to
Re(A) < 0in Eq. 3.5.3. The domain of control is symmetric with respect to ¢ = 0
in panel (b) corresponding for optimal delay of t = Ty/2 as already discussed in
Fig. 3.23. For smaller values of 7 the domain is distorted towards negative phases
as shown in panel (a). For t > T/2 the domain tends to positive values of ¢ until
the diagonal case of ¢ = 0 can no longer yield stabilization with any feedback
gain K as presented in panel (d).

Figure 3.26 depicts the domain of control for different control phases ¢ in the
(K, 7) plane. Panels (a)—(h) correspond to a value of ¢ = 0, n/4, n/2, 3n/4, Sn/4, 37/
2, Tr/4, and 27, respectively. The color code refers to the largest real part of the
complex eigenvalues A and only negative values are shown. Panel (a) displays
the case of vanishing control phase and is identical to Fig. 3.7b of Sect. 3.2.
The domain of control is shifted towards larger time delays for ¢ = 1. Note that
control is impossible for control phases around ¢ = 7. See, for instance, panel (c)
which shows only a very small domain of control or panel (d) corresponding to
¢ = 3n/4 when no control is possible for any combinations of K and t. For ¢ values
well beyond 7 and in panels (e)—(h), the domain reappears for slightly above integer
multiples of Tj. Finally, the domain of control in panel (h) shown in the case of
¢ = 2n is identical to panel (a) due to the 27 periodicity of the coupling matrix A.

3.5.2 Saddle Point

For further discussion of phase-dependent coupling of the Pyragas control method,
let me consider steady states with real eigenvalues and one unstable dimension,
i.e., saddle points. This type of steady states was already under investigation in
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Sect. 3.2. There it was shown that control is impossible via diagonal coupling of
the Pyragas feedback. See Eqgs. 3.2.28-3.2.35. The reason was that the two
equations remain decoupled for the diagonal coupling scheme. Thus, it is tempting
to apply time-delayed feedback via phase-dependent coupling as introduced in
Sect. 3.5.1. Then, the system’s equation reads

dxd—(tt) (o O x(1) +K cosep —sing\ [ x(t—1) — x(r)
a0 f N0 o )\ () sing  cosg ) \y(t—1)—y(1) )
(3.5.8)
Without loss of generality, one can consider the case ¢, = 1 by rescaling the time.
As a reminder on the saddle point consider Fig. 3.11. In order to obtain infor-
mation about the stability of the delayed system, one has to calculate the complex
roots A of the characteristic equation, which is given by
a; — A+ Kcos(p) (e 17— 1) —Ksin(¢)(e 1" —1)
Ksin(p)(e 1" —1) —1—A+Kcos(p)(e 1" —1)
= (g — A)(—1—A) —24Kcos(¢) (e " 1)

(3.5.9)

+Kcos(p)(a—1) (e — 1)+ K*(e " — 1)2.

At the threshold of control, the eigenvalue A becomes purely imaginary, i.e.,
A = iq. Thus, Eq. 3.5.9 can be rewritten as

0=—o —q" —ig(a—1)
— 2gK cos(¢) sin(gt) — i2gK cos(¢)[cos(gt) — 1]
+ K cos(¢) (o — 1)[cos(gt) — 1] — iK cos(¢p)(x — 1) sin(g7)
4 2K? cos(qr)[cos(gt) — 1] — i2K? sin(gt)[cos(gT) — 1].

(3.5.10)

In the following, I will split Eq. 3.5.10 into real and imaginary part

Re: 0= —o — ¢* — 2gK cos(¢) sin(qt) + K cos(¢p) (2 — 1)[cos(gt) — 1]
+ 2K? cos(gqr)[cos(gt) — 1]
(3.5.11a)
Im: 0= —q(o; — 1) — 2gK cos(@)[cos(gt) — 1] — K cos(¢)(o; — 1) sin(gr)
— 2K?sin(gt)[cos(gt) — 1]
(3.5.11b)

and show by analytic means that, assuming a change of stability, i.e., Re(A4) = 0,
is possible, I will arrive at a contradiction.
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Since the unstable eigenvalue of the uncontrolled system, i.e., Ay = o, is real,

A has to be real for vanishing feedback gain, too. This leaves for the imaginary

part two possibilities, i.e., Im(A4) = ¢ = 0 and Im(A) = g = n/7. Considering the
real part of the characteristic equation yields in the first case

0= —u. (3.5.12)

This is a contradiction because the parameter o; was initially assumed to be
positive. In the second case, i.e., Im(A) = g = n/7, the characteristic equation
(3.5.11a, 3.5.11b) becomes

2
Re: 0= —o; — G) —2K cos() (o — 1) + 4K? (3.5.13a)
T T
Im: 0=——(0; — 1) +4—Kcos(o). (3.5.13b)
T T

The imaginary part leads to an expression for K:

oy — o — 1
= _=2K = . 3.5.14
4 cos(¢) cos(¢) 2 ( )
From the real part (3.5.13a), one obtains the following relation:
™\ 2 )
(;) = —oy — 2K cos(¢) (o — 1) + 4K> > 0. (3.5.15)

Inserting the formula for the feedback gain K of Eq. 3.5.14 into Eq. 3.5.15 yield

—oy — 2K cos(@) (o — 1) +4K* >0 (3.5.16a)
o — >
—oy =2 —1)+4K*>0 3.5.16b
R vy cos(p) (o1 — 1) +4K* > ( )
&~ —1+8K*>0 (3.5.16¢)
& 8K*P—1>dl (3.5.16d)

The last relation yields a contradiction in the uncontrolled case, i.e., K = 0,
—1> o, (3.5.17)

because o is a real parameter. Thus, saddle points cannot be stabilized by time-
delayed feedback of the form (3.5.8).

After the discussion of Pyragas control applied via phase-dependent coupling,
I will investigate the effects of an additional memory parameter on this specific
choice of nondiagonal coupling which leads to extended time-delayed feedback in
the next section.
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3.5.3 Extended Time-Delayed Feedback

In this section, I will investigate the effects of phase-dependent coupling on the
extended time-delayed feedback scheme [15, 49]. As in the Sect. 3.5.1, the control
force is applied to an unstable focus by a rotational matrix

% _( A w><x> B <cosgo —sinq)>
“%’) —o ) \y sing  cos¢
i R'[x(t — nt) — x(t — (n+ 1)7)] (3.5.18)
n=0
X

i R [y(t — nt) — y(t — (n + 1)7)]

In this case, the control-parameter space is four dimensional and consists of the
time delay t, the feedback gain K, the memory parameter R, and the feedback
phase ¢. In optical systems like semiconductor lasers with external optical feed-
back [39, 50], this feedback phase can be seen as the phase of the electric field.
Experimentally, this phase of the feedback can be varied by tuning the distance
between the laser and an external Fabry—Perot resonator. Figure 3.27 depicts
schematically the experimental configuration of an all-optical time-delayed feed-
back controller. The memory parameter R accounts for multiple reflections in the
resonator.

It has also been demonstrated that a feedback phase plays an important role in
the suppression of collective synchrony in a globally coupled oscillator network
[51].

Solving the characteristic equation which reads

A+ kevio L2 —e it (3.5.19)

I —Re=4t  © o
provides again useful information about the stability of the system (3.5.18). Note
that, as in the case of simple time-delayed feedback considered in Sect. 3.5.1, the
feedback phase ¢ enters the characteristic equation as an additional exponential.
Compare also to the case of vanishing phase given by Eq. 3.3.2. In order to derive
a minimum feedback gain Ki;n(¢), one can follow a similar strategy as in the case

Fig. 3.27 Schematic Resonator
diagram of a laser with
a Fabry—Perot resonator ‘KR R
L2 ‘
Laser - | [C ~
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of ¢ = 0 as elaborated in Sect. 3.3. This involves a separation of the characteristic
equation (3.5.19) into real and imaginary parts and considering the threshold case
Re(A) = 0. This will lead to a formula similar to Eq. 3.3.6b, i.e.,

2(14R)
Koin () = cosgp

(3.5.20)
The behavior of K () for different memory parameters resembles the minimum
feedback gain K,;,(0) in the presence of a latency time. For this, compare
Eq. 3.4.7 and Fig. 3.21. Note that the time delay that corresponds to this value of
Kmin 1s no longer given by Eq. 3.2.12 and is not the optimal time delay in the
general case of non-zero phase. Nevertheless, Eq. 3.5.20 can be used as a coarse
estimate of the minimum feedback gain for the regime of small values of ¢, if the
time delay is chosen as Eq. 3.2.12.

Figure 3.28 depicts the dependence of the largest real part of the eigenvalues A
on the time delay 1 for fixed values of R = 0.7 and KT, = 0.6, but different values
of the phase. The black (solid), red (dashed), green (dotted), and blue (dash-dotted)
curves correspond to feedback phases ¢ = 0, /4, n/2, and 3n/4, respectively.
It can be observed that the control is overall less effective for larger ¢, as the
curves are shifted up towards positive reals parts for increasing the phase. The
range of possible values for the time delay shrinks. The optimal time delay is
shifted towards smaller values for larger ¢, which can be seen for the case of
¢@ = n/2, where the optimal time delay is in the range of t = 0.17} instead of
0.5T,, which was the optimal time delay for ¢ = 0 according to Eq. 3.2.12.

Since the space of control parameters is now spanned by four parameters, i.e.,
time delay t, the feedback gain K, the memory parameter R, and the feedback
phase ¢, I will discuss in the following different two-dimensional projections onto
planes of two of these parameters while the remaining two are fixed.

At first, I will consider the domain of control in the plane parameterized by
K and ¢. Hence, one keeps the other remaining control parameters R and ¢ fixed.
Figures 3.29 and 3.30 show the domain of control for a time delay of T/2 and
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Fig. 3.29 Domain of control in the (¢, K) plane for optimal time delay t = Ty/2. Panels a, b, ¢,
and d correspond to a memory parameter R of 0, 0.35, 0.7, and —0.35, respectively. The color
code shows the largest real part of the complex eigenvalues A as given by Eq. 3.5.19. Only
negative values are displayed. The parameters of the system are as in Fig. 3.28

0.17, respectively. In each figure, the memory parameter R is chosen as R = 0,
0.35, 0.7, and —0.35 in panels (a), (b), (c), and (d), respectively. The color code
corresponds to the largest real part of the complex eigenvalues as calculated from
Eq. 3.5.19. Only negative values are depicted, i.e., those combinations of K and ¢
for which the control scheme is successful. Note that the case R = 0 corresponds
to the simple time-delayed feedback control method discussed in the previous
section. An increase of the memory parameter R leads to a larger domain of
control. Even though the system can be stabilized for a larger range of K and ¢, the
system becomes over all less stable, since the real part of A is closer to zero. See
the less pronounced yellow area in Figs. 3.29 and 3.30 for increasing R. For
negative values of R, the domain of control shrinks. Note that also in the case of
non-optimal time delay as in Fig. 3.30 the range of choice for possible feedback
gain and phase is enlarged.

For a better understanding of the effects of the feedback phase, Fig. 3.31
depicts the domain of control in the (K, R) plane. The blue, green, red, and yellow
areas correspond to successful control for ¢ = 0, n/8, n/4, and 37/8, respectively.
Panel (a) shows the case of optimal time delay, i.e., T = T¢/2; panel (b) displays
the case of t = 0.17,. Note that an increase of ¢ leads to a smaller domain of
control in the case of t = Ty/2. This effect, however, is reversed for non-optimal
choices of 7, where the phase ¢ compensates for the bad choice of the time delay.
Thus, control is possible again, for instance, in the Pyragas case of vanishing
memory parameter R = 0. Following the strategy introduced in Sect. 3.3, one can
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25
-3.0

Fig. 3.30 Domain of control in the (¢, K) plane for time delay © = 0.17,. Panels a, b, ¢, and d
correspond to a memory parameter R of 0, 0.35, 0.7, and —0.35, respectively. The color code
shows the largest real part of the complex eigenvalues A as given by Eq. 3.5.19. Only negative
values are depicted. The parameters of the system are as in Fig. 3.28

Fig. 3.31 Domain of control
in the (K, R) plane for
different values of the
feedback phase ¢. The blue,
green, red, and yellow (black,
medium gray, dark gray, and
light gray) areas correspond
to ¢ =0, /8, n/4, and 37/8,
respectively. Panel a displays
the domain of control for
optimal © = T/2; panel b for
T = 0.17}. The parameters of
the system are as in Fig. 3.28 o 2 4 6 8 10 12 14 16 18 20

0 2 4 6 8 10 12 14 16 18 20
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derive also in the case ¢ # 0 parametric formulas for the boundary of the domain
of control:

R Vlcos (wt + 9 + @) — cos @] + Axsinp — sin (wT +J + )] (3.5.21a)
~ Ufcos ¢ — cos (w1 + 0 + )] — At[sin @ + sin (0T + I + 9)] a

(9% + /1212) cos [§ (wt + )]

K= Jrcos [ (wt +9) — @] — Isin [ (ot +9) — o]

(3.5.21b)

Let me stress that it is possible to derive expression of K(g) and t(g) similar to
Egs. 3.3.7 and 3.3.8a and 3.3.8b also in the case of ¢ # 0. These calculations are
lengthy and do not produce more insight and thus are omitted here.

To summarize this section, I have investigated an experimentally relevant
coupling scheme of time-delayed feedback which introduces a control phase ¢.
Depending on this additional control parameter, I have calculated the domains of
control in various two-dimensional projections of the control parameter space.

3.5.4 Two Feedback Phases

As another extension of phase-dependent coupling of the Pyragas scheme, I will
insert a second phase in the control force which acts only on the delayed parts.
This extension is motivated from an all-optical experimental setup [39, 43, 52, 53]
where the feedback is realized via an external resonator. Then, the two phases
occur naturally as the delayed part of the electric field can be shifted by a phase
with respect to the instantaneous part. This phase shift is independent of a common
phase ¢ of both components. The phase { can be modified by fine tuning of the
mirror position in the external cavity, i.e., the length of the external cavity,
whereas the common phase ¢ is accessible by the distance between the laser and
the resonator. Figure 3.32 visualizes this configuration by a schematic diagram.
The time delay occurs due to the propagation time of the electric field in the
external resonator.

The model under investigation is again a fixed point of focus type which is
subject to time-delayed feedback of Pyragas type [54] including two phase
parameters. In complex notation, this system reads

Fig. 3.32 Schematic dia- Resonator
gram of a laser with external T 1
resonator ! K ‘ !
o &
Laser -~ -
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d%(;) = (At iw)z(t) — Ke[z(1) — eVz(t — 1)], (3.5.22)
where t and K denote the time delay and the feedback gain, respectively. As
mentioned above there are two phase parameters: ¢, which corresponds to a
common phase shift in both the delayed and current signal, and v, which occurs in
the delayed term only. Separated in real and imaginary parts z(¢f) = x(f) + iy(%),
one can rewrite the equations as follows

(2)-C 00
B K<COS(p - sinq)) (x(t) — cos Yx(t — r)) (3.5.23)

sing  cos@ y(t) — cos yry(t — 1)
K( sin ¢ COS([)) (sinx/m(t—r))
—cos¢@ sing sinyy(t—t )
Note that the case yy = O recovers the system already investigated in Sect. 3.5.1

[39].
The characteristic equation of the system above reads

A=l %io—Ke(1—eV "), (3.5.24)

where the second phase enters in the last exponential function as a phase shift.
Compare with the characteristic equation (3.5.3) of Sect. 3.5.1. Let me stress that
Eq. 3.5.24 can be solved using the Lambert function W(z) as discussed in
Sects. 3.2.1 and 3.5.1

At = W[Krexp(i(y + ¢) — (A £ iw)t + K1e'?) |

. ; (3.5.25)

+ A+io — Kte'?.
As can be seen from the system equation with phase-dependent time-delayed
feedback, i.e., Eq. 3.5.23, and from the corresponding characteristic equation
(3.5.24), there are four control parameters: time delay 7, feedback gain K, and the
feedback phases ¢ and . This leads to a four-dimensional parameter space which
will be investigated by two-dimensional projections onto planes parameterized by
only two control parameters while the other two parameters are fixed. Next to the
projection onto the (K, 7) plane for different phases i, I will focus on the pro-
jections where  is one of the two varying parameters.

The calculations are performed with the following set of system’s parameters
unless stated otherwise: 4/ = 0.1 and w = 7, which yields an initially unstable
focus with intrinsic period Ty = 2n/w = 2. The color code in all figures of this
section displays the domains of stability, i.e., the largest real part of the complex
eigenvalue A according to Eq. 3.5.24 where it is negative. The parameters K and t
are normalized in units of the intrinsic timescale T, = 2.
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Fig. 3.33 Domain of control in dependence on K and t units of 7y = 2n/w = 2 for different
control phases = 0, 0.257%, 0.5%, 0.75%, =, 1.257, 1.57, and 1.757% in panels (a)—(h), respec-
tively. The largest real part of the complex eigenvalues A is shown in color code. The feedback
phase ¢ is fixed at ¢ = 0. System’s parameters ATo = 0.2 and w = 7

Figure 3.33 depicts the domain of control in the (K, 7) plane for different
control phases y, but fixed feedback phase ¢ = 0. Panels (a)—(h) correspond to
Y =0, 0.257, 0.57, 0.75%, =, 1.25%, 1.57, and 1.757, respectively. Panel (a) for
Y = 0 was already shown in Sect. 3.5.1. For comparison see Fig. 3.26a.

The domains of control are given by separate islands of stability which shrink
in size as the time delay 7 increases. For increasing ¥ in the range [0, 7], the
domains are shifted towards smaller time delays and a reverse shift towards
the original position can be seen as Y approaches 27. This is in contrast to the
dependence on the feedback phase ¢ discussed in Fig. 3.26. There, the domains of
stability became smaller for increasing ¢ and eventually vanished completely
around ¢ ~ 7. In the case of two phases, an adjustment of the time delay can
compensate for nonzero control phases .

After the discussion of the stability domains in the plane parameterized by the
feedback gain K and time delay 7, I will consider in the following projections of
the control parameter space which involve y as one of the two varying control
parameters. Thus Figs. 3.34, 3.36, and 3.35 display the domains of control in the
(¥, K), (Y, 1), and (@, ) planes, respectively. In Figs. 3.34 and 3.36 the feedback
phase o is set to zero, and accordingly, the feedback gain K is fixed at KT, = 1 in
Fig. 3.35.

Panels (a)—(d) of Fig. 3.34 correspond to different time delays of t = 0.37,
0.5Ty, 0.7T), and 0.97,, respectively. One can see that the shape of the stability
regions is similar in all panels keeping in mind the 2n-periodicity of the controlled
system with respect to . Note that there is a shift of the domain depending on 7.
The domain is centered around y = 0 if the time delay is one half of the intrinsic
period Ty as in panel (b). If the time delay is smaller than T/2, the region of
smallest real part is found for negative control phases {y depicted in panel (a) or
equivalently, i between © and 27m. The largest real part of the eigenvalues is
smallest for small time delays as shown by the large yellow area in panel (a).
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Fig. 3.34 Domain of control in dependence on { and K in units of T, = 2 for different time
delays © = 0.37, 0.5T¢, 0.7T), and 0.97) in panels (a)—(d), respectively. The largest real part of
the complex eigenvalues A is shown in color code. The feedback phase is fixed at ¢ = 0. Other

parameter as in Fig. 3.33
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Fig. 3.35 Domain of control in dependence on y and t in units of 7y = 2 for different feedback
gains KTo = 0.2, 0.6, 1, and 1.4 in panels (a)-(d), respectively. The largest real part of the
complex eigenvalues A is shown in color code. The feedback phase is fixed at ¢ = 0. Other
parameter as in Fig. 3.33
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Fig. 3.36 Domain of control in dependence on ¢ and  for different time delays t = 0.37y,
0.5T, 0.7Ty, and 0.9T; in panels (a)—(d), respectively. The largest real part of the complex
eigenvalues A is shown in color code. The feedback gain is fixed at KT, = 1. Other parameter as
in Fig. 3.33

For © > Ty/2, the domain of control is shifted towards positive values of iy as shown
in panels (c) and (d). Recall that the dependence of the islands of stability on the
feedback phase ¢ led to a distortion which was shown in Fig. 3.25.

Figure 3.35 depicts the stability regions in the (i, ) plane where the feedback
gains varies as KT, = 0.2, 0.6, 1, and 1.4 in panels (a)-(d), respectively.
In general, the location of the maximum of the control domain is shifted by one
intrinsic period as y increases from —n to 7, where the 27-periodicity of the
controlled system with respect to Y/ can be seen again. The maximum of the
domain of stability becomes more pronounced as the feedback gain increases, but
the range of possible time delays for stabilization is smaller. See, for instance,
panel (d), where the domain ends for 7 =~ 37j.

As a last projection which involves a -axis, Fig. 3.36 shows the (¢, /) plane
for different time delays t = 0.37,, 0.57), 0.7Ty, and 0.9 in panels (a)—(d),
respectively. As in Fig. 3.34, a change of 1 yields a shift of the domain of control,
whereas the shape is only slightly influenced. For small time delays, the system has
the eigenvalue with the smallest real part indicated by the large yellow area in
panel (a) and for t approaching T, displayed in panel (d), the island of stability is
more pointed at its ends.

To conclude this discussion of a second phase in the control scheme, the control
phase s adds another degree of freedom which can compensate for a non-optimal
choices of the other control parameters in order to stabilize the fixed point.
The topic of the following section will still be the stabilization of a steady state
where the focus is on the asymptotic behavior for large time delays.
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3.6 Asymptotic Properties for Large Delays

The last section of this chapter is devoted to a deeper analytical insight into the
time-delayed feedback control of steady states for large delays. Long delay times
have been found of importance for frequency discretization in coupled chaotic
oscillators [55]. In optical systems with feedback, large delays arise from the fast
dynamics of the laser [39, 43]. In these devices the photon lifetime is much shorter
than the round-trip time in an external cavity. Properties of stationary states in
laser dynamics are investigated in Refs. [56-58] in the framework of the Lang-
Kobayashi equation [59].

Following the chain of reasoning in Ref. [14], I will relate asymptotic properties
of the eigenvalue spectrum with exact solutions and discuss the shape of the
domain of control in the space spanned by the control parameters, i.e., feedback
gain K and time delay t.

Throughout this section, I will consider again the generic model of an unstable
fixed point of focus type which is subject to diagonal Pyragas feedback as already
introduced on Eq. 3.2.1 in Sect. 3.2. The system’s equation is reproduced for
convenience

d)id—(tt): Ax(r) + oy(1) = Kfx(r) = x(1 - 7)] (3.6.1a)
d{T(tt) = —ox(r) + 2y(1) = K[y(1) = y(t = 7], (3.6.1b)

where I assume again positive parameter 4 and non-zero o yielding an unstable
focus. Opposed to the previous Sects. 3.5.1-3.5.4, the feedback is applied to the
system by diagonal coupling where the coupling matrix is the 2 x 2 identity
matrix.

Note that three different timescales are of importance in the present control
problem: (i) the inverse divergence rate of trajectories around the unstable fixed
point 1/4, (ii) the period of undamped oscillations around the fixed point Ty = 27/,
where o is the oscillation frequency, and (iii) the delay time 7 used in the feedback
control loop. Here, I consider the case 7 >1/4.

As discussed in the beginning of this chapter in Sect. 3.2, the stability of the
fixed point is determined by the roots A of the characteristic equation

itio=A+K(1—e ™) (3.6.2)
which can be solved analytically by the Lambert function
At = W(K‘ce’ui"“’)”“) + (A tiw)t — Kz, (3.6.3)

For details see the derivations and references in Sect. 3.2.
Figure 3.37 shows the real parts of the critical eigenvalues A as a function of ©
for different values of K7p = 0.5, 1, 1.5, and 2 in panels (a), (b), (c), and (d),
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Fig. 3.37 Real parts of the complex eigenvalues A as a function of 7 calculated from the
characteristic Eq. 3.6.2 for 10 modes with the largest real parts. The feedback gain K is chosen as
KTy = 0.5, 1, 1.5, and 2 in panels a, b, ¢, and d, respectively. The inset shows eigenmodes A in
the complex plane for T € [0, 20] in units of the intrinsic timescale Ty = 2n/w = 2 where the red
(dashed) curves indicate the eigenvalue originating from the uncontrolled system and the black
(solid) curves refer to eigenmodes created by the delay control. Parameters /. =1 and
o =nTy=2)

respectively. See also Fig. 3.4a. The panels show the 10 modes with the largest
real part. The insets show the same eigenvalues as curves in the complex plane,
parameterized by t. Note that the eigenvalue originating from the uncontrolled
system displayed in red (dashed) color is the most unstable one for sufficiently
small K and does not couple to the eigenvalues generated by the delay as can be
seen in Figs. 3.37a and b. The countable set of eigenvalues generated by the delay
originates from Re(A) = —oo for 1 — 0, and shows the typical nonmonotonic
behavior that leads to stability islands for appropriate T and K. For larger feedback
gain K, the eigenvalue originating from the uncontrolled system is no longer
separated from those which are generated by the delay as shown in Figs. 3.37c and
d. Moreover, one can observe a scaling behavior of the real parts of the eigen-
values for large 7: in Figs. 3.37a—c, there is a single eigenvalue retaining a positive
real part, whereas all the other real parts tend to zero for large t. The insets show
that the eigenvalues in fact accumulate along the imaginary axis. This observation
will be studied in detail in the following.
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The scaling behavior of eigenvalues of general linear delay-differential
equations for large delay 7 has been analyzed in Ref. [60]. In particular, it turns out
that one can distinguish the strongly unstable eigenvalues and a pseudocontinuous
spectrum. Note that a pseudocontinuous spectrum was also found in the context of
delay-coupled oscillators which exhibit destabilization via a competition-cooper-
ation mechanism [61]. This is similar to the dynamics in an Eckhaus instability.
See, for instance, Ref. [62], where the correspondence between Stuart—Landau
oscillators with delay and the amplitude equation of the complex Ginzburg—
Landau model was demonstrated.

The strongly unstable eigenvalues /A, have positive real parts that do not tend to
zero with increasing 7, i.e., A; — const. and Re(A) > ¢ for some finite quantity
0 > 0 as 7 tends to infinity.

The pseudocontinuous spectrum has eigenvalues A, with real parts that scale as
/7, ie., Ay =1y +i(Q+1¢) + O(%) with some y, Q, and ¢. A spectrum with
this scaling behavior and positive real part leads to so-called weak instabilities.
For more details, see Refs. [60, 63].

In order to obtain the strongly unstable eigenvalues, one can insert A; = const.
into Eq. 3.6.2 and assume © — o0. Since Re(A;) > J, the exponential term van-
ishes and one arrives at the expression for Ay

Ay =7 —K+iw (3.6.4)

which holds for A — K > 0. Thus the following statement holds:
For K < 4, there exist two eigenvalues of the controlled stationary state, A
and its complex conjugate A, such that
lim Ay =1 — K+ io. (3.6.5)
T—00
The real parts of these eigenvalues are positive and, hence, the stationary state is
strongly unstable as depicted in Figs. 3.37a—c.
In order to obtain the asymptotic expression for the remaining pseudocontin-
uous part of the spectrum, one has to insert the scaling 4, = %"/ + i(Q + %(p) into

the characteristic equation (3.6.2). Up to the leading order one obtains the equation
iQ+K(1—e7e'?) =i +tio, (3.6.6)

and the additional condition Q= Q" = 2am/t, m = £1,42, 43, ...
Equation 3.6.6 can be solved with respect to y(Q)

1 ASNCETON

Q) =-—-h|(1-2 =) .
CE(CORES

The fact that Re(A,) ~ y(2)/7 and Im(A,) ~ Q up to the leading order means that

the eigenvalues A, accumulate in the complex plane along curves (y(Q), Q),
provided that the real axis is scaled as Re(A)t. The actual positions of the

(3.6.7)
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eigenvalues on the curves can be obtained by evaluating Q at points Q" = 27 m/1.
With increasing 7, the eigenvalues cover the curves densely [60]. Hence, a second
statement holds:

The fixed point of system (3.6.1a, 3.6.1b) has a set of eigenvalues which behave

asymptotically as 4,(Q%)) = %y(Q(k)) + i(Q(k) +%(p(Q(k))> with p(Q) given by

Eq. 3.6.7. There exists weak instability if the maximum of y(Q) is positive, i.e.,

A
Vmax = MAX y(Q) = —In|l — E‘ >0 (3.6.8)

which is the case for K > /2.

Figure 3.38 illustrates the spectrum of the fixed point of system (3.6.1a,
3.6.1b) for 7 = 20. One can clearly distinguish the two types of eigenvalues.
For K < 2/2 as in Fig. 3.38a, the fixed point has a pair of strongly unstable
eigenvalues, whereas the pseudocontinuous spectrum is stable. Note that the red
symbols show the spectrum computed numerically from the full eigenvalue
equation, whereas the dashed lines are the curves (y(2), Q) from the asymptotic
approximation where the pseudocontinuous spectrum accumulates for large t.
At K= /2 as depicted in Fig. 3.38b, the pseudocontinuous spectrum
touches the imaginary axis resulting in the appearance of a weak instability
for K > A/2. This leads to the coexistence of strong and weak instabilities for
M2 < K </ as shown in Fig. 3.38c with K = 0.75. At K = 4, the strongly
unstable eigenvalues disappear, being absorbed by the pseudocontinuous spec-
trum, which develops a singularity at this moment as in Fig. 3.38d. Finally, for
K > 7 in Fig. 3.38e, there occurs only a weak instability induced by the
pseudocontinuous spectrum.

After inspecting all possibilities given in Fig. 3.38, one can conclude that
stabilization by the feedback control scheme (3.6.1a, 3.6.1b) always has an upper
limit 7. such that for T > 7. it fails. Additionally, note that for K < / and large
delay, the stationary state is strongly unstable with the complex conjugate
eigenvalues A, = 1 — K + iw, and for K > 4 weakly unstable with a large
number of unstable eigenvalues given by Eq. 3.6.6, the real parts of which scale as
/7.

For the fixed point which is close to the Hopf bifurcation, let us assume K > /,
and, hence it has an unstable pseudocontinuous spectrum, as shown in Fig. 3.38e.
As 2 stays fixed, with increasing 7 the curve of the pseudocontinuous spectrum will
be densely filled with the eigenvalues (Q” = 2mm/t). The only possibility for the
fixed point to become stable is to assume that A is also scaled with increasing 7.
Particularly, I will show that in order to achieve control it have to be scaled as
J. = Jo&* with fixed Ay where small parameter ¢ = 1/7 is introduced for notational
convenience.

Figure 3.39 illustrates the part of the curve y(£2) which may induce an insta-
bility in the system. More precisely, the interval of unstable frequencies is
Q; < Q < Q,, where Q; and Q, are given by the zeros of y(Q):
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Fig. 3.38 Numerically computed spectrum of eigenvalues for 7 = 20 (red asterisks). The
dashed lines depict the asymptotic pseudocontinuous spectrum. Panel a shows strong instability
for K = 0.25 (K < A/2). Panel b refers to the critical case of K = 0.5 = 1/2 at which the weak
instability occurs in addition to the strong one. ¢ displays strong and weak instability for
K = 0.75 which is in the range of /2 < K < A). In panel d, a strong instability disappears via the
singularity of the pseudocontinuous spectrum for K = 1.0 = 4 and panel e depict the case of
weak instability for K = 1.25 (K > A). System’s parameters as in Fig. 3.37

(3.6.9)

For a derivation of this equation see Eq. 3.2.16a. For small 4 one can approximate
this as

Qr=w+V2K. (3.6.10)

Thus, the length of the interval AQ of unstable frequencies is given by
AQ =y — Q) =2V2K.
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Fig. 3.39 Curve of the
pseudocontinuous spectrum.
The actual position of the
complex eigenvalues
A=1y+iQ+0G")] on
the curve corresponds to

0. R

(m+1)

(mg+1)  W,Kc---------

QU = 2mme, m =
+1,4£2,43,...,e=1/1

Q)

Note that the actual position of the eigenvalues on the curve corresponds to the

m)

values of Q" = 27me with any integer m and ¢ = t~!. It is easy to see that the

distance between the frequencies of neighboring eigenvalues QU+ — QU = 27¢
scales as ¢. Therefore, the control can be successful if 1 = Ape2. In this case the
length of the unstable interval is 4Q = 2&v/2/9K and scales also as ¢. The control
can be achieved if the length is smaller than the distance between neighboring
eigenvalues, i.e., 4Q = 2¢v/2/0K <2ms, leading to

7'62

K< —. 3.6.11

7 ( )
Equation 3.6.11 gives a necessary condition for successful control. The fixed point
is stable if the imaginary parts of the eigenvalues are outside of the interval

Q, <Q<Q, Such a case with Q") <Q, <Q,<Q*) is illustrated in

Fig. 3.39, in which the leading eigenvalues A™) and A"+ have negative real
parts.

The relative phase of the delay plays an additional important role. Depending
on this phase, control occurs periodically with 7. In order to quantify this effect, let
us introduce w, = 27/t to be the frequency associated with the delay. Then the
ratio of the internal frequency w and w, is given by w/w, =y, mod 1. Here
0 < y; < 1 measures the detuning from the resonance between the internal fre-
quency and the delay-induced one. Using this notation and Eq. 3.6.10, one can
rewrite

Q1,2 = myw, + y,0; £ ¢ 240K = Q(mo) + 8(27‘5”/17 + Z;L,OK) (3612)

with some integer number my,.
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Fig. 3.40 Shaded region: 10
domain of control in the
(1, K) plane for the fixed
point close to the Hopf
bifurcation, given by the
asymptotic formula 6
Eq. 3.6.14 for 1 = Ay/t>
Parameters

=1L 0=1nT,=2) 4

The necessary and sufficient condition for the stability is Qm) <0, <
Q, < Q"+ a5 shown in Fig. 3.39. This leads to

V24K <2nmin{y,, 1 — 7.} (3.6.13)

or equivalently

2m% , 2m? . T T 2
K< i—o(mln{yr, 1—y.})= T (mln{ [%L, 1— [ﬂL}) , (3.6.14)

where [w1/(27)], is the fractional part of wt/(2m). Figure 3.40 displays the domain
of control according to this formula for 1 = Ay/7°.

In order to return to unscaled parameters, one has to substitute 1y = 1/ &2 = 2.
Figure 3.41a shows the obtained domain of control for fixed small 2 = 0.01. The
maximum allowed values of K decrease as 1/t>. More precisely, the maximum
feedback gain K. is given by

TEZ

Kmax(f) = W . (3615)
The application of the asymptotic analysis allows to reveal many essential
features and mechanisms of the stabilization control scheme (3.6.1a, 3.6.1b) for
large delay 7. On the other hand, the obtained approximations are valid as soon as
K is much larger than /. Figure 3.41 shows a comparison of the boundaries of the
stability domain, which are given by the asymptotic methods and exact analytical
formulas already derived in Eqgs. 3.2.18a, 3.2.18b, 3.2.18c of Sect. 3.2. Very close
to the Hopf bifurcation, e.g., 4 = 0.01, the agreement is excellent even at small
values of 7 as in Fig. 3.41a, while for larger 4 shown in Fig. 3.41b the deviations
become more visible. In addition, the approximate solution does not give the lower
boundary of the control domain for small K which only shows up in Fig. 3.42.
As it is shown in Ref. [13], the pairs of curves derived as Eqs. 3.2.18a and
3.2.18b in Sect. 3.2 form the boundaries of the control domains in the (z, K)
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Fig. 3.41 Domain of control (a) 30 e T R 0
in the (7, K) plane, and larg-
est negative real part of the i : = -0.2
complex eigenvalues A(K, 1) o0 b B 0.4
(in color code) calculated °
from the characteristic equa- = - 0.6
tion using the Lambert func- x -0.8
tion [Eq. 3.6.3]. Dashed blue 0=
lines asymptotic approxima- : -1
tion Eq. 3.6.14 of stability ] 1.2
boundary; dotted blue line 0
gpprommate maxima 'aCCf)I'd- (b) 12 T 0
ing to Eq. 3.6.15. Solid lines :
exact stability boundaries, cf. : -0.2
Eqgs. 3.2.18a and 3.2.18b. 8 0.4
Parameters ° :
2 =001, o = n(Ty = 2) in - b ] -0.6
panel (a) and X Kmax=1t2/(2?\.12) -0.8
2=0.1, 0=mnT,=2)in 4 o / 1
panel (b) ’LJ 6 « | -1
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parameter plane, as depicted by solid lines in Figs. 3.41 and 3.42. These islands
become smaller for increasing n and the corresponding values for K are confined
by

Kinin < K < Knax (1), (3.6.16)

where the maximum feedback gain K,,x(#) is given by an intersection point of the
two branches 7,(K, n) and t,(K, n). These intersection points correspond to
double-Hopf points of codimension two. They are given by solutions of the
transcendental equation

arccos . ;{K = @nt L V(2K — 2)4. (3.6.17)

w

The corresponding values of 7 are given by

2n+ 1)n
1f'max(n) = Tmin(n) = % (3.6.18)
Note that the condition (3.6.17) is satisfied also for K = K;,. The stability domain
vanishes if K, and K,,x coincide. Forming the derivative of Eq. 3.6.17 with
respect to K yields
1 (2n+1)n

— =T 6.1
< - (3.6.19)
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Fig. 3.42 Enlargement of (a) 2 0
Fig. 3.41: Deviation of the
asymptotic results (dashed) i 02
from the exact stability 0.4
boundary (solid) for small K o
or large A. Parameters as in ; 1= -0.6
Fig. 3.41 -0.8
-1
-1.2
0
(b) 2 0
-0.2
-0.4
iy 1 -0.6
X
-0.8
-1
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0
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Inserting the value of the minimum feedback gain K = K,;, = A/2 finally gives
the relation

o=t nt (3.6.20)
2
If this relation is satisfied, there is a resonant double-Hopf point of codimension
three. Since n has to be an integer, this happens only for particular choices of 1 and
o. Otherwise, the integer part of the value n obtained from this relation gives the
number of nondegenerate stability islands.
Using Eq. 3.6.18, the maximum delay time 7. which allows for stabilization is
obtained as

2
c==. 3.6.21
=2 (3621)

Note that this boundary is sharp only if 7 is an odd integer multiple of n/w. For

~18

<=, (3.6.22)

(SRR |

even the first stability island vanishes and stabilization is not possible. This ana-
lytical approach also allows to identify the peaks of the control domains, which
oceur at Tmax = (2n+ 1)n/w,n =0,1,2,..., as double-Hopf bifurcation points.
The critical time delay, above which control fails, is given by 7. = 2//.
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An inspection of the islands of stabilization in Figs. 3.41 and 3.42 reveals that
the absolute value of the real part of the critical eigenvalue, i.e. the eigenvalue
which has the largest real part, but remains negative within those islands, decreases
with increasing time delay. Hence the fixed point becomes less stable, and it is
expected that the system becomes more sensitive to noise, and it will be more
difficult to realize stabilization experimentally, if the delay time is chosen several
times the system’s characteristic time 7.

3.7 Intermediate Conclusion

Let me finish this chapter with an intermediate summary. I have shown that time-
delayed feedback control can be used to stabilize unstable steady states of focus
type. This has been demonstrated for Pyragas control involving only a single time
delay 7 as well as for extended time-delayed feedback with integer multiples of 7. I
calculated numerically the domain of control in various one- and two-dimensional
projections of the space spanned by the control parameters. In addition, I derived
analytical results, for instance, on the shape of this domain, the value of the
minimum feedback gain, and solutions of the characteristic equation using the
multivalued Lambert function.

Furthermore, I have discussed effects of non-zero latency times and nondiag-
onal phase-dependent coupling which are both relevant in an experimental reali-
zation of time-delayed feedback control. I found that a proper adjustment of the
time delay is able to compensate for reduced effectiveness of the control method,
for instance, due to latency or feedback phase. In addition, I have demonstrated
that time-delayed feedback control fails to stabilize saddle points in the realization
both in the diagonal and phase-dependent coupling.

Finally, I have elaborated various analytical conditions for successful control of
a fixed point of focus type. By asymptotic expansion methods for large delay, and
a detailed comparison with exact solutions I have established the parameter ranges
for successful control. Thereby I have not only obtained the precise shape of the
islands of control in the parameter plane spanned by time delay and feedback gain,
but have also gained insight into the mechanism of control by analyzing the
eigenvalue spectrum of the fixed point of the delay-differential equation which
consists of a pseudocontinuous spectrum and up to two strongly unstable complex
eigenvalues. Although our analysis has shown that the standard control scheme
generally fails for large delay, I have found that if the uncontrolled system is
sufficiently close to its instability threshold, i.e., a Hopf bifurcation, control does
work even for relatively large delay times, compared to an intrinsic oscillation
period.

After the control of unstable steady states, I will consider time-delayed feed-
back applied to unstable periodic orbits in the next chapter. Specifically, I will
show that a topological limitation of time-delayed feedback control known as odd
number limitation theorem does not hold in general. This limitation refers to the
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case of an unstable periodic orbit with an odd number of real Floquet multipliers
larger than unity [44, 45] and states that this class of periodic orbits cannot be
stabilized by time-delayed feedback. I will refute this theorem following Refs.
[46-48, 64, 65].
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Chapter 4
Refuting the Odd Number Limitation
Theorem

2 is the oddest prime.

(unknown humorous mathematician)

In the previous chapter, I have discussed the control of an unstable steady state by
time-delayed feedback. This method, however, was originally developed by
K. Pyragas to stabilize periodic orbits where the period of the target orbit deter-
mined the choice of the time delay [1]. Therefore, this chapter deals with the
stabilization of a special class of periodic orbits which have an odd number of real
Floquet multipliers greater than unity. It has been contended that periodic orbits
with this property cannot be stabilized by time-delayed feedback control of
Pyragas type. This severe limitation is known as odd number limitation theorem
which was stated by H. Nakajima for both simple and extended time-delayed
feedback [2, 3]. In this chapter, I will refute this often invoked theorem by a
counterexample which consists of a normal form of a subcritical Hopf bifurcation.
Thus, the general limitation for orbits with an odd number of real unstable Floquet
multipliers greater than unity does not hold, but stabilization may be possible for
suitable choices of the control parameters given by the time delay and a complex
feedback gain [4-8].

The structure of this chapter is the following: At first, I will briefly review the
odd number limitation theorem by Nakajima. For this, I will sketch the main steps
of the proof and present also modifications of time-delayed feedback control that
were employed to overcome this theorem. In Sect. 4.2, I will introduce the model
equations of the counterexample including Pyragas control. The structure of the
domain of control and the mechanism of stabilizing an odd number orbit will be
topic of Sect. 4.3. In addition, I will extend the theoretical analysis to systems
which are described rotating waves which can occur, for instance, in a fold
bifurcation in Sects. 4.4 and 4.5. I will concluded this chapter with an intermediate
summary in Sect. 4.6.

P. Hovel, Control of Complex Nonlinear Systems with Delay, 105
Springer Theses, DOI: 10.1007/978-3-642-14110-2_4,
© Springer-Verlag Berlin Heidelberg 2010
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4.1 Review of the Odd Number Limitation Theorem

Before the discussion of the counterexample, I will briefly review the main find-
ings of the odd number limitation theorem and sketch its proof according to Ref.
[2] where I will use the notation of the previous chapters. At the end of this
section, I will summarize some modifications of the original Pyragas controller
which were proposed to overcome this severe limitation.

The systems under investigation is given in general form including time-
delayed feedback by the following equation

%x(t) = f(x(1)) + K[x(t — 7) — x(1)], (4.1.1)

where x(r) € R" is a n-dimensional vector and the control parameters are
denoted by the time delay 7 and feedback gain K. In general, the feedback gain
KeR"™ is a n x n matrix. For details concerning the coupling of the
feedback term see Sect. 2.3. The system without control is assumed to have an
unstable periodic solution X (f) with an odd number of real Floquet multipliers
greater than unity. The time delay coincides with the period of this target
solution x'(r) which guarantees the noninvasive property of time-delayed feed-
back control.
The odd number limitation theorem states:

Theorem 4.1.1 If the linear variational equation around X (f) of the uncontrolled
system which is given by Eq. 4.1.1 for K = 0 has an odd number of real Floquet
multipliers greater than unity, the unstable periodic orbit X (t) can never be sta-
bilized by time-delayed feedback of the form (4.1.1) with any value of the feedback
gain K [2].

After a linearization of system (4.1.1) around the target orbit x*(t), Floquet
theory is employed and using the fundamental matrix leads to a characteristic
equation. The location of the roots of this equation is discussed with the restriction
of an odd number of real Floquet multipliers greater than unity in the absence of a
control force. By this assumption, it is concluded that the system (4.1.1)

has at least one unstable solution, i.e., there does not exist any gain matrix K with which
the unstable periodic orbit x (f) is stabilized [2].

Later on in Ref. [2], Theorem 3 considers the special case of a diagonal
feedback gain matrix K.

In the following, I will sketch the main steps of the proof on the basis of Ref. [2],
but in the notation of this thesis:

Let ® be the fundamental matrix of the uncontrolled, linearized system

d
Eéx(r) = A(#)ox(r) (4.1.2)

and V¥ the respective fundamental matrix of the controlled, linearized systems
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%5;((:) = [A(t) + (e — 1)K]ox(¢), (4.1.3)

where 0x(¢) denotes the deviation from the periodic orbit X (1) with period 7, A is
the Floquet exponent, and A(f) describes the Jacobian matrix of the uncontrolled
system. With these definitions, the following equations for ® and ¥ hold

d
S0() = A() () (4.1.4a)
%‘F(r) = [AG) + (e — DK] () (4.1.4b)

with the normalizations ®(0) = Id and ¥(0) = Id, i.e., ® and ¥ are equal to the
n x n identity matrix for # = 0. Furthermore, ® and ¥ are related by the following
equations

¥(r) = ®(1)] (0) + / ®(—s)[(e"" = 1)K]¥(s)ds 3, (4.1.5)

which can be seen by inserting this expression into Eq. 4.1.4b. Starting at the
left-hand side of Eq. 4.1.4b yields substituting Eq. 4.1.4a for the time derivative
of @

Ly = <dq>(;>) (0) + / (—s)[(e " — 1)K] ¥(s)ds
0

dt dr (4.1.6a)
+ o) {D(—1)[(e" — K] P(1)}

= —s) (e — s)ds

— A(D)®(1){ B(0) + 0/ &(=s) (e~ — 1)K] ¥(s)d .
+ [(e" = DK]¥(r)
= [A() + (= K] ¥ (). (4160
For t = 7, Eq. 4.1.5 becomes

P(r) = &(r){ P(0) + / ®(—s)[(e" = 1)K] P(s)ds ». (4.1.7)

The Floquet exponent A is a root of the characteristic equation

F(u) =det(uld — ¥(7)) =0 (4.1.8a)
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Fig. 4.1 Schematic diagram F( 1 )
of the characteristic function A
F(w). The black (filled) dot
and solid curve are given by
Eqgs. 4.1.10 and 4.1.11,
respectively. The red (open) .
dot marks a root p"of F(u) : S

n

F(u) = (1~ ) (4.1.8b)

i=1

which is written in terms of the Floquet multipliers y; = exp(A;7) with
i=1,2,...,n F(w) is called the characteristic function. The discussion of Eq. 11,
especially the structure of F(u), is key point of the proof.

Inserting i = 1 leads to the following expression using Eq. 4.1.7

F(1) = det(Id — ¥(1)) (4.1.9a)

=det|{Id — (1) ®(0) + (' — 1) \Fl / &(—s)K¥(s)ds (4.1.9b)
0

= det(Id — &(1)) (4.1.9¢)

which recovers the characteristic equations of the uncontrolled, linearized system
given by Eq. 4.1.2. The initial assumption that the uncontrolled system has an odd
number of real Floquet multipliers yields

F(w),, <0. (4.1.10)

Since the Jacobian matrix in the controlled case of Eq. 4.1.3 is bounded, the
integral in the characteristic function F(u) inherits this boundedness. See Eqgs.
4.1.8a and 4.1.9 and one obtains for large u
lim F(u) = 0. (4.1.11)
H—00
The results concerning the structure of the characteristic function F(u) until this
point are summarized in Fig. 4.1 as black (filled) dot and solid curve.
Since F(u) is continuous there exists a Floquet multiplier p with F(u') = 0
which is real and greater than unity. This multiplier is shown as red (open) dot in
Fig. 4.1 and corresponds to a real positive Floquet exponent. Thus, Nakajima
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concludes that the system given by Eq. 4.1.8a remains unstable. A similar proof
was given for the control by extended time-delayed feedback [9] in Ref. [3].

The error of the proof is the inequality (4.1.10). In systems which have, for
instance, a rotational symmetry, there exists a Floquet multiplier at 4 = 1 corre-
sponding to a Floquet exponent A = 0. This multipliers arise from the fact that
solutions of the system’s equation are invariant with respect to a phase shift of the
orbit. This will demonstrated in the next section. See, for instance, Eqs. 4.2.6a and
4.2.6b. In fact, the proof fails for any autonomous system.

The mode corresponding to the Floquet multiplier at u = 1 is sometimes called
Goldstone mode. If the time delay is equal to the period of a periodic orbit in
autonomous systems, this mode persists also by construction of the feedback term
in the case when a Pyragas control force is applied. Thus, one can have a root of
the characteristic equation pinned at u = 1 and hence, the inequality (4.1.10) and
its consequences do not hold anymore. Note that a similar proof as for the Pyragas
case is given in Ref. [3] for the extended version of time-delayed feedback. The
proof remains valid for orbits without a Floquet multiplier at u =1, i.e.,
non-autonomous systems.

The paper [2] which states the odd number limitation theorem had a large
impact on the nonlinear dynamics community. It was cited more than 130 times
according the web of science (http://www.apps.isiknowledge.com) until March
2009. There is a number of subsequent papers which introduce modifications of the
original Pyragas control scheme in order to stabilize odd number orbits [10-14].
One of these works is done by K. Pyragas himself. In Ref. [10], he introduced the
concept of an unstable controller. The crucial point of this extension is to add one
unstable dimension to the system under control such that the odd number limi-
tation theorem cannot be applied [11]. This is done by an addition differential
equation yielding the following control system

d
“x(1) = £(x(1)) — KF(0) (4.112)

where the time-delayed control force F(7) is given by

F(t) = F(t) + w(?) (4.1.13a)

d ~
EW(I) = aw(t) + bF (1) (4.1.13b)

with positive constant a > 0, negative constant b < 0, and the usual Pyragas
feedback force F(r) = g(x(1)) — g(x(r — 7)). The function g(x(s)) determines
which components of the system enter the control force. For details see Chap. 2.
Since the constant a is positive, the variable w(¢) adds one unstable dimension to
the system.

The discussion of the success of this method can be found in Refs. [1, 15]
where it is applied to the Lorenz system and an electrochemical oscillator. The
mechanism is the following: As the feedback gain K increases, the Floquet
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exponent corresponding to the additional equation (4.1.13b) collides with the
positive exponent of Eq. 4.1.12. They form a complex conjugate pair which
crosses the imaginary axis and enters the half-plane of negative real part. Thus,
the troublesome mode of the odd number orbit is stabilized. Note that this
extension has been realized in an electronic experiment by an additional unstable
control loop [14].

Schuster and Stemmler suggested a periodic modulation of the feedback gain K
as an extension of the original Pyragas controller to overcome the odd number
limitation [16]. Then, the feedback gain changes periodically with period 2t
between zero and a constant value as follows

K=0 for nt<t<(n+1)t (4.1.14a)
and
K#0 for (n+1)1<t<(n+2)t. (4.1.14b)

This method was successfully applied to the Kuramoto—Sivashinksy equation [17]
which describes irregular flow of a liquid film down a vertical plane and exhibits
spatio-temporal chaos. Starting from initial conditions, the homogeneous state was
stabilized via this oscillating feedback.

Furthermore, in dynamical systems with symmetry, half-period feedback con-
trol can be used to stabilize hyperbolic periodic orbits [18]. The controlled system
becomes

d
SX(0) = £(x(1)) — h[K{g(x(r)) + g(x(r = T/2))}], (4.1.15)
where T denotes the period of the target orbit. The success of this control method
was demonstrated for the Duffing oscillator and the Lorenz system [19] in Ref.
[18]. In the first case, the non-autonomous dynamical systems including half-
period feedback is given by

%x(t) = () = K[x(t — T/2) + x(2)] (4.1.16a)

%y(t) = —0y(t) — ox(t) — x(1)® + Beos(t) — K[y(t — T/2) + y(t)]  (4.1.16b)
with constants 0, o, and B [18]. The uncontrolled system shows the following
symmetry: If (x(¢), y(¢)) is a solution, then (—x(t — 772), —y(t — T/2)) is also a
solution of the uncontrolled equation where the period T is T = 27 for the present
scaling of time. If the half-period feedback is applied to the Lorenz system, the
dynamical equation become

—x(1) = —o[x(t) — y(¢)] — K[x(t — T/2) + x(¢)] (4.1.17a)
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%y(t) = rx(t) — y(1) = x(1)z(1) = K[y(r = T/2) + y(1)] (4.1.17b)
%Z(t) = x(t)y(t) — bz(t) — K[z(r) — z(t — T/2)] (4.1.17¢)

which shows chaotic dynamics in the uncontrolled case for ¢ = 10, r = 28,
and b = 8/3. Note that the uncontrolled Lorenz system has the symmetry that a
solution (x(#), y(¢), z(t)) leads to another solution (—x(t), —y(¢#), z(¢)). Thus, the
condition  (x(?), y(7), z(¢)) = (—x(t — T/2), —y(t — T/2), z(t — T/2)) yields a
T-periodic solution. In both case, a periodic solution with period T was sta-
bilized using half-period feedback [18]. Due to the special symmetry of the
models, the control remains noninvasive, i.e., the feedback vanishes if the orbit
is stabilized.

Other suggestions to overcome the topological limitation involve adaptive
control involving low-pass filtering [12]. In Ref. [13], a two-step algorithm was
proposed to enhance the performance of the controller. This algorithm was then
realized in an experiment with an electronic circuit. Recently, a similar scheme to
overcome the odd-number limitation in the case of steady states was proposed and
successfully applied to the Lorenz system [20]. Stabilization was achieved by
variable time-delayed feedback control, where the time delay t became time-
dependent. This time dependence was implemented by a sawtooth function
7(t) = 19 + ¢[2(ar mod 1) — 1], a random distribution (f) = 7o + &&(¢) where &()
denotes a random numbers in the interval [—1, 1], and a periodic modulation
7(t) = 19 + ¢sin(ar) [20].

After this summary of the odd number limitation theorem, I will introduce the
equations of the counterexample in the next section.

4.2 Model Equations of the Counterexample

In this section, I will introduce the equations of the counterexample to refute the
odd number limitation theorem [2, 3] following Refs. [4, 5, 6]. This counterex-
ample consists of the normal form of a subcritical Hopf bifurcation subject to time-
delayed feedback control. At first, I will investigate the system’s dynamics and
then, I will discuss the strategy to stabilize the subcritical orbits.

The system’s equation are given in complex notation by the following equation

dz(t , .

# =|A+i+(1+ l}))|Z(l)|2}Z(I) +b[z(t — 1) — 2(1)] (4.2.1)
with complex variable z(7) and real parameters /4 and y. The control parameters are
denoted by the time delay t and the complex feedback gain b = boe'f =
Re(b) + ilm(b). In the absence of a control force, Eq. 4.2.1 becomes in amplitude
and phase notation, i.e., z(r) = r(1)e""?,
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Fig. 4.2 Lower part: Sche-
matic bifurcation diagram of
the subcritical Hopf bifurca-
tion, i.e., dependence of the
amplitude » on the bifurcation
parameter A. At the critical
value /. a bifurcation occurs.
The upper part depicts sche- ~ <
matically the periodic orbit ~
and steady states of the sys- N
tem. Solid lines and filled A
dots denote stability, dashed v
lines and empty dots show {
instability. The thick arrows b e e

are example trajectories : > )\

dr(t) _ [z + r(t)z} (1) (4.2.22)
dt
o) _ +yr(r)*. (4.2.2b)
dt
Figure 4.2 shows a schematic bifurcation diagram of the subcritical Hopf bifur-
cation in the absence of time-delayed feedback as given by Eqs. 4.2.2a and 4.2.2b.
The upper part of the figure depicts schematically the periodic orbit and steady
states of the system. Solid lines and filled dots denote stability, dashed lines and
empty dots indicate instability. The thick arrows show example trajectories.
The lower part displays the characteristic square root dependence of the amplitude
r on the bifurcation parameter 4. This dependence can be derived from Eq. 4.2.2a
whose time-independent solutions are

r()=0 and r(t)=vV-4 (4.2.3)

The first solution corresponds to the fixed point at the origin. The latter solution
refers to the periodic orbit shown as red dashed curve in Fig. 4.2. In the present
case, the critical value of the bifurcation parameter is 4. = 0.

The period of the subcritical orbit can be derived from the equation of the phase

(4.2.2b). Inserting r = v/ —1 yields for 0(¢)

do(t) )
—=1- v (4.2.4a)
S 0 =(1—y)t+6 (4.2.4b)

with some initial phase 6, which is set to zero for convenience. Thus, the period T
of one oscillation is given by
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2n
T= .
1—v2

(4.2.5)

Note that this subcritical periodic orbit belongs to the class of odd number orbits
and thus, should not be feasible for stabilization by time-delayed feedback of
Pyragas type. The Floquet multiplier can be derived by linearization of the
uncontrolled Eqs. 4.2.2a and 4.2.2b around the orbit ry = /—2 with a corre-
sponding frequency @ = 1 — y4 which will be elaborated in the following.
Consider small deviations or(f) and 060(f) from the periodic orbit, i.e.,
r(t) = ro + or(t) and 0(t) = w t + 60(¢). Linearizing Eqgs. 4.2.2a and 4.2.2b yields

dor
&d,m _ A=3r 0 or(1) (4.2.60)
do0(1) o 0| \s0() "
dt r=ro
o =22 0\ [ or(r)
= (2”/\/—_1 O)(é@(r))' (4.2.6b)
The Floquet exponents are given by the roots of the characteristic equation
—2i—4 0
0 —-det< 2?\/::I 4_/1> @L2.7a)
0=A4021+ A). (4.2.7b)

Thus, one Floquet exponent is unity, i.e., A = 0, which reflects the rotational
symmetry of the rotating wave solution. The other Floquet exponent is given as
A = —2. For 4 < 0 in the range, where the subcritical orbit exists, the leads to a
positive, real Floquet exponent or equivalently to a real Floquet multi-
plier u = exp(At) greater than unity. Therefore, the subcritical periodic orbit
belongs to the class of odd number orbits.

The period is the subcritical orbit given by Eq. 4.2.2a and 4.2.5 determines the
value of the time delay 7 in Eq. 4.2.1 which is chosen as an integer multiple of 7,
ie.,, t = nT withn =1,2,.... Therefore, Eq. 4.2.5 fixes curves in the (4, 7) plane
which correspond to the period of the target orbit. I will call these curves Pyragas
curves Tp

2nn

Tp(l)

=T n=12,... (4.2.8)
There is another set of curves which will become important in the following. These
Hopf curves indicate the change of stability of the fixed point located at the origin.
They are characterized by purely imaginary solutions of the characteristic equation
which results from the linearization of Eq. 4.2.1 at the steady state z(r) = z = 0.
This characteristic equation is given by

n=2A+i+ble™—1), (4.2.9)
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where 1 denotes the eigenvalue of the fixed point. Note that this equation can be
solved using the multi-valued Lambert function W which is the inverse function of
f(z) = ze® for complex z. Thus, the solution can be written as

nt = W(bre’u”)f’bf) + (A+i)T—br. (4.2.10)

For details on the Lambert function see Sect. 3.2, e.g., Eq. 3.2.8. In order to derive a
dependence of the time delay 7 on the system’s parameter A as for the Pyragas curves
(4.2.8), itis helpful to consider real and imaginary party of Eq. 4.2.9 separately at the
point where the stability of the fixed point changes and the eigenvalue becomes
purely imaginary, i.e., # = iw. Then, the characteristic equation reads

0= A+ bolcos(ff — wt) — cos ff] (4.2.11a)
o — 1 = by[sin(f — wr) — sin ff], (4.2.11b)

where by and f§ denote the amplitude and phase of the complex feedback gain b.
The Hopf curves are calculated as follows. Equation 4.2.11a leads to an expression
for the quantity wt

bocos ff — A

wT = + arccos
bo

> + B+ 2mn (4.2.12)

with an integer number n that indicates the multi-valued character of the arccos
function. As a next step, one can derive a formula for the imaginary part w of the
eigenvalue 7. This is done by isolating the trigonometric functions in Egs. 4.2.11a
and 4.2.11b and exploiting the identity cos?(-) + sin’(-) = 1

<b0 cosff — A

27 COS — T 2 a
% )_ (B — wr) (4.2.13a)

(w—l—i—bosin[?

2— sin(f — wr)?
by ) = sin(f ) (4.2.13b)

which yields the following polynomial equation in terms of @

b3 = (bocos  — A)*+(w — 1 + by sin f)° (4.2.14a)
& 0=0"+20(bysinf— 1
(bo [>’2 ) (4.2.14b)
— 2bgAcos f+ A7 —2bysin f + 1.
The solution of this equation are given by
= —(bysinf— 1) £/ (bosin f — 1)* +2byAsin ff — 2>+ 2bgsin f — 1
(bosinf—1) \/(0 p-1) oAsinff osinf3 (42.15)

=—(bgsinff—1)=+ \/&(Zbocosﬁ—i) + b sin? B.


http://dx.doi.org/10.1007/978-3-642-14110-2_3#Sec2
http://dx.doi.org/10.1007/978-3-642-14110-2_3

4.2 Model Equations of the Counterexample 115

10 —
\ —
8 —
—
6 4 r—
° \
= —
=
4+ N
= L
2+ —
— @)
0 | —— T 1 1 0 Il n T - i
0.1 -008 -006 -0.04 -0.02 0 008 -006 -004 -002 0 002
(a) A (b) A

Fig. 4.3 Pyragas (red dashed) and Hopf (black solid) curves in the (/, 1) plane according to Egs.
4.2.8 and 4.2.16: Panel (a) shows the first 10 Hopf bifurcation curves. Panel (b) is an enlargement
in the range of small time delays 7. The yellow (shaded) area marks the domain where the steady
state at the origin is unstable, and the numbers in parentheses indicate the dimension of the
unstable manifold at z = 0. The time delay 7 is given in units of the intrinsic timescale T, of the
trivial fixed point, i.e., Ty = 27. The red dots mark special values of the time delay on the 1 axis.
Parameters: y = —10, by = 0.3 and f§ = n/4

Inserting this value of w into Eq. 4.2.12 leads to an explicit expression for the
Hopf curves t4(4)

+ arccos (%) + f+2mn

ty(A) = (4.2.16)
1 —bysinfF \/A(Zbocosﬁ— ) + b sin® B
Note that t5(4) is not defined in case of § = 0 and 4 < 0. Thus complex b is

a necessary condition for the existence of the Hopf curve in the subcritical

regime / < 0. Figure 4.3 displays the family of Hopf and Pyragas curves in the

(4, 1) plane according to Egs. 4.2.16 and 4.2.8, respectively. Panel (a) shows the

first 10 Hopf bifurcation curves, i.e., n =1,2,...,10 in Eq. 4.2.16, and panel

(b) is an enlargement in the range of small time delays t. The yellow shading

marks the domain where the steady state at the origin is unstable, and the

numbers in parentheses indicate the dimension of the unstable manifold of

z = 0. Note that the time delay 7 is given in units of the intrinsic timescale T of

the trivial fixed point, i.e., To = 2n. This reflects the imaginary part of the

eigenvalue in the absence of control as can be derived from the characteristic

equation (4.2.9) for b = 0.

By construction of time-delayed feedback control, the time delay t is equal to
the period of the target orbit on the Pyragas curve because the control force
vanishes for this choice of 7 if the orbit is stabilized. Therefore, the strategy to
control the subcritical orbit is clear. At least for small values of I4l, one can
stabilize the orbit of the corresponding point if the Pyragas curve lies inside the
area where the fixed point is unstable. Then, the orbits inherits the stability of the
steady state which in turn becomes unstable. Note that an unstable steady state at
z = 0 is not a sufficient condition for stabilization of the subcritical orbit since
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Fig. 4.4 Region of unstable steady state in the (4, 7) plane in dependence on the amplitude by of
the feedback gain where the time delay is given in units of the intrinsic timescale T, = 2x. Panels
(a), (b), and (c) correspond to by = 0.04, 0.025, and 0.01, respectively. Solid and dashed curves
refer to the Hopf and Pyragas curves according to Eqs. 4.2.16 and 4.2.8, respectively. Other
parameters as in Fig. 4.3

other, e.g., global, bifurcations must be considered as well. These bifurcations will
be discussed later in Sect. 4.3.

Figure 4.4 shows how the regime of unstable fixed point at z = 0 changes if the
feedback amplitude by varies. Panels (a), (b), and (c) correspond to a value of
by = 0.04, 0.025, and 0.01, respectively. As in Fig. 4.3, the dashed and solid
curves correspond to the Pyragas and Hopf curves given by Eqgs. 4.2.8 and 4.2.16,
respectively. While panel (a) is similar to Fig. 4.3b because the Pyragas curves lies
partly inside the unstable domain of the trivial fixed point, panel (b) shows the
threshold case of a tangential Pyragas curve on this domain. For smaller feedback
amplitudes as displayed in panel (c), no stabilization is expected because the
Pyragas and Hopf curves do not cross.

Next, I will analyze the conditions under which stabilization of the subcritical
periodic orbit is possible. From Figs. 4.3b and 4.4 it is evident that the Pyragas
curve must lie inside the yellow region, i.e., the Pyragas and Hopf curves ema-
nating from the point (4, t) = (0, 2m) must locally satisfy the inequality
t(A) < 1p(4) for 1 < 0. More generally, let me investigate the eigenvalue
crossings of the Hopf eigenvalues # = iw along the t-axis of Fig. 4.3. In particular
I will derive conditions for the unstable dimensions of the trivial steady state near
the Hopf bifurcation point 4 = 0 in our model equation (4.2.1). On the t-axis
(2 = 0), the characteristic equation (4.2.9) for n = iw is reduced to

n=i+ble —1) (4.2.17a)
& iw =i+ by(eF) — P (4.2.17b)

This leads to two series of Hopf points given by
0<t =2mn (4.2.18a)

20 + 2nn
O<tf=—"""""_ 4.2.18b
=T 1 —2bgysinf ( )
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with n=0,1,2,.... The corresponding Hopf frequencies are " =1 and
B =1 — 2by sin f, respectively.

A derivation of the expressions for 75 and 72 is presented in the following. Note
that series A consists of all Pyragas points, since

2nn
1—9a

_ 2nn

o O

™ =nT = (4.2.19)

In the series B the integers n have to be chosen such that the delay rf > 0. The
case bgsinff = 1/2, only, corresponds to »® = 0 and does not occur for finite
delays 7. The series is given by Eq. 4.2.16 for vanishing 4

arccos (%soﬁﬂ) + B+ 27n

()| = (4.2.20a)
1 —bysinff — \/)v(Zbo cos f — 1) + b} sin® B
=0
2B + 2nn
i (Alico =T 25 sin B 5 (4.2.20b)

which gives the equation for 2 of Eq. 4.2.18b.

Next, I will evaluate the crossing directions of the critical Hopf eigenvalues
along the positive t-axis and for both series in Figs. 4.3 and 4.4. The crossing
direction is given by sign(Re(dn/0t)). Thus, a loss of stability corresponds to
negative derivative of the eigenvalue with respect to 7 in Figs. 4.3 and 4.4 and a
recovery of stability to a positive value of this quantity. For purely, imaginary
eigenvalues n = i as given at the threshold of stability, the characteristic
equation (4.2.17a) can be rewritten as

i(w—1) = by <el‘</”*“"> - eﬁ) (4.2.21a)
= bp{cos(f — wt) — cos f + i[sin(ff — wt) — sin f]}. (4.2.21b)
Implicit differentiation of Eq. 4.2.21b with respect to T at n = iw implies
. on . . .
sign [Re )| = —sign(w)sign(sin(wt — f)). (4.2.22)
One is interested specifically in the Pyragas—Hopf points of series A as marked by

red dots in Fig. 4.3 which satisfy t = 7 = 27n and @ = o” = 1. Inserting these
values into Eq. 4.2.22 yields

sign {Re (%)] = —sign(w")sign(sin(w*7, — B)) (4.2.23a)

= —sign(sin(2zn — f)) (4.2.23Db)

= sign(f). (4.2.23¢)
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Indeed sign(Re(0n/01)) = sign(sin ) > 0 holds, under the assumption 0 <
p < m, i.e., for positive imaginary part of the feedback gain Im(b) > 0. This
condition alone, however, is not sufficient to guarantee stability of the steady state
for T < 27n. One also has to consider the crossing direction sign(Re(0#/07)) along
series B because the fixed point at the origin can gain unstable dimensions at the
Pyragas—Hopf points of series B. Inserting the expressions for w” and % as given
by Eq. 4.2.18b

o® =1 —2bysin (4.2.24a)
28 + 27n 2B + 2nn
B _ —
RO e 2by sin (4.2.24b)
into Eq. 4.2.22 leads to
sign {Re <%)] = —sign (coB)sign( sin(a)Brf - B))
(4.2.25a)
2 2
= —sign(1 — 2by sin ff)sign {sin <w3% - ﬂ)]
= —sign(1 — 2by sin f)sign(sin(—p)) (4.2.25b)
= sign[(2bg sin f — 1) sin f3]. (4.2.25¢)

To compensate for the destabilization of z = 0 upon each crossing of any point
74 = 27n, one must require stabilization corresponding to the condition

s ()] <o w22

at each point 75 of series B. This requires with the constraint 0 < f < 7

s (1
0< f < arcsin (ﬁ) or m— arcsin (E) <f<n (4.2.27)

0 0

as can be derived from Eq. 4.2.25¢. The distance between two successive points 75
and 75, is 2n/w® > 2n. Therefore, there is at most one 12 between any two
successive Hopf points of series A. Stabilization requires exactly one such 75,
specifically: 14 <18, < 1¢ forall k=1,2,...,n.
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Fig. 4.5 Time series of sys- 0.04 w

tem (4.2.1): Panel (a) shows I (a) ’
. . 0.02 —=

the time evolution of the real ~ m i

part of z in the absence of E o i

control. Panel (b) depicts the -0.02 I!l i

time series with control for e

two different initial condi- -0.04

tions. The control parameters
are chosen as by = 0.3 and
p = n/4. System’s
parameters: A = —0.005

and y = —10

At the end of this section, Fig. 4.5 displays the time series of the real part
Re(z) according to the counterexample given by Eq. 4.2.1. While panel (a)
shows the time evolution in the absence of a control force, panel (b) depicts the
case of two different initial conditions with control. The control parameters are
chosen as by = 0.3 and ff = n/4. One can see that the system approaches the
fixed point at the origin if no control force is applied. With time-delayed
feedback, however, the trivial fixed point is unstable and the system evolves to
the periodic orbit at v/— 2.

After the discussion of the general strategy to stabilize the periodic odd-number
orbit, I will investigate the domain of control in the next section. There, I will also
explain the mechanism which causes the stabilization.

4.3 Domains of Control

In the previous section, I have demonstrated that the odd number limitation the-
orem does not hold in general. By example, I have shown that time-delayed
feedback can eventually be used to stabilize periodic orbits which have an odd
number of real Floquet multipliers greater than unity. I will investigate in this
section the underlying mechanism and calculate the domain of control in depen-
dence on the complex feedback gain.

The stability of the subcritical odd number orbit and the trivial steady state is
determined by the Floquet exponents A and the eigenvalues 7, respectively.
The latter can be calculated by solving the characteristic equation (4.2.9).
In analogy, the Floquet exponents A are solutions of the characteristic equation of
the periodic orbit on the Pyragas curve since the time delay is fixed at
T = 1p = 27/(1 — ). I will derive this characteristic equation in the following.

The Floquet exponents A of the Pyragas orbit can be calculated explicitly by
rewriting Eq. 4.2.1 in polar coordinates z(f) = r(t)eio(’)
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d’;T(tt) =70 (4.3.1a)
+ bo[cos(f+ 0(t — 1) — 6(1))r(t — t) — r(t) cos f]
d0() =1+ (1)
i (4.3.1b)

r(t—1)
r(1)

and linearizing around the periodic orbit according to r(f) = ry + or(f) and
0(t) = w t + 30(r), with rp=+v—2 and 0 = 1 — y/ as given by Egs. 4.2.3 and
4.2.4b. Note that this solution z(f) = rpexp(iwf) has the form of a rotating wave
which will be discussed in more detail in Sect. 4.4. Inserting the expressions for
r(#) and 0(¢) yields for the deviations dr(¢) and 60(¢)

d‘i;(” B [ —2A—bgcosff  byrysinf ] < or(r) >
o0t | | 2yrg — bosin fryt —bycos f] \ 80(7)

+ by |sin(f + 0(r — 1) — 0(2)) —sinf

dr (4.3.2)
bocosff —borosinf] [ or(t — 1)
* {bosinﬁro1 by cos B }(500—1))'
With the ansatz
((%8 ) — u exp(A1), (4.3.3)

where u is a two-dimensional vector, one obtains the autonomous linear equation

—22+bgcos f(e M —1)— A —borosin e~ — 1)

2yry + boro’1 sinfle 1" —1)  bocosf(e ™ —1)— A u=0. (4.3.4)

The condition of vanishing determinant then gives the transcendental characteristic
equation

0= [~24+bycos B(e " — 1) — A] [b cos fle™"" — 1) — A]

4.3.5a
+ boro sin f(e~ " — 1)[2yrg + bory ' sin fle™ " — 1)] ( )

=A% —2[rg* + bycos f(e” " —1)]4

. ' e g 2 (4.3.5b)
+2r (cosﬂ—i—ysmﬁ)bo(e 1) —|—bo(e 1)

for the Floquet exponents A which can be solved numerically. Note that the
parameter / is substituted by the amplitude ry via ro = v — 4.
This is shown in Fig. 4.6 which depicts solutions A of the characteristic

equation (4.3.5a) of the periodic solution on the Pyragas curve. Panel (a) (top)
shows the dependence of the real part of the critical Floquet exponent A on the
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Fig. 4.6 Real part of Floquet exponents A of the periodic orbit and real part of the eigenvalue n
of the steady state in dependence on the feedback amplitude by. The time delay is fixed at t = 27/
(1 — y A). Panel (b) is an enlargement for small by. The abbreviations TC and subH refer to a
transcritical and subcritical Hopf bifurcation, respectively. Parameters: 4 = —0.005, y = —10,
and f§ = n/4

amplitude of the feedback gain b,. The largest real part is positive for by = 0. Thus
the periodic orbit is unstable. The abbreviations TC and subH refer to a trans-
critical and a subcritical Hopf bifurcation, respectively, and will be discussed later.
As the amplitude of the feedback gain increases, the largest real part of the
exponent becomes smaller and eventually changes sign. Hence the periodic orbit is
stabilized. Note that an infinite number of Floquet exponents are created by the
control scheme; their real parts tend to negative infinity in the limit of vanishing
by, and some of them may cross over to positive real parts for larger b as indicated
by the blue curve, terminating the stability of the periodic orbit. The largest real
part of the eigenvalue n of the fixed point at the origin shows the opposite
behavior. It starts with a negative value because the steady state is stable in the
absence of control. As the feedback amplitude b, increases, if becomes positive
which corresponds to a loss of stability.

Panel (b) is an enlargement in the range of small by. The vertical dotted lines
indicate values of the feedback amplitude for which the periodic orbit and the
steady state change their stability. Note that these changes of stability occur at
different values of the feedback amplitude. At first, the periodic orbit becomes
stable. Then, the trivial steady state loses its stability. This distinct behavior will
become important for the understanding of the underlying mechanism which will
be analyzed in the following.

Figure 4.7 depicts the dependence of the real part of the Floquet exponents on
the feedback amplitude by. Panels (a) and (b) correspond to a value of A = —0.064
and —0.068, respectively. The time delay 7 is chosen on the Pyragas curve
according to Eq. 4.2.8. The black curve originates at the Floquet exponent of the
uncontrolled case. The red dashed curves show the branches which perform an
exchange of stability with the system’s branch. Additionally, four other modes are
depicted as blue (dotted) curves. The two choices of system parameter A show the
cases where the periodic orbit is just stabilized and where the stabilization fails.
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Fig. 4.7 Floquet spectrum, i.e., real part of the exponents, in dependence on the control
amplitude by and two different values of A = —0.064 and —0.068 in panels (a) and (b),
respectively. The time delay is chosen on the Pyragas curve, i.e., T = 27/(1 — y4). Other
parameters as in Fig. 4.6

This is indicated by the largest Floquet exponent which becomes slightly negative
in the first case and remains positive in the latter case.

In order to understand the mechanism of stabilization of the subcritical odd-
number orbit, it is helpful to calculate all periodic orbits of the system in the
presence of time-delayed feedback as given by Eqgs. 4.2.1 or in polar coordinates
(4.3.1a, 4.3.1b). Due to the feedback term, there exist next to the subcritical Hopf
orbit of Egs. 4.2.3 and 4.2.5 some delay-induced orbits with periods different from
the subcritical orbit. Clearly, these orbits are influenced by the control force as
well because their periods are different from the time delay. One can calculate
these orbits which still have the form of rotating waves by the ansatz z(¢f) = roei(”’
with constant radius ry and frequency w. A linearization around these orbits fol-
lows the derivation of the characteristic equation of the odd-number orbit given in
Eq. 4.3.2. To calculate possible orbits of the delayed system, however, one needs
to take the nonlinear terms into account. Inserting the ansatz into Egs. 4.3.1a and
4.3.1b yields

0 = [/ + r3]ro + boro[cos(f — wt) — cos B (4.3.6a)
o = 1+ yr} + bo[sin(B — wt) — sin . (4.3.6b)

Eliminating r§ in Eq. 4.3.6a and inserting the resulting expression into the phase
equation (4.3.6b) leads to a transcendental equation for the phase o which can be
written as

15 = —J.— by[cos(B — wt) — cos fi] (4.3.7a)

=w=1—ypA+by[—ycos(f — wt) + ycos i +sin(f — wt) —sin ] (4.3.7b)

=w=1—-y14+2by [fy sin(%) sin([} —%) —|—cos<%> sin(ﬁ —%ﬂ

(4.3.7¢)
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Fig. 4.8 Periods and radii of orbits in dependence on the feedback amplitude b in panels (a) and
(b), respectively. The black curves refer to the subcritical periodic orbit and trivial fixed point.
The green curves correspond to delay-induced orbits. The solid curves denotes stability and the
dashed curve indicates instability. The abbreviations TC, subH, and SN refer to a transcritical,
subcritical Hopf, and saddle-node bifurcations, respectively. Other parameters as in Fig. 4.6

To obtain all possible periodic orbits of the system with time-delayed feedback
control, one has to solve Eq. 4.3.7b numerically. Then, Eq. 4.3.7a gives the
corresponding radii of the periodic orbit. For some frequencies w obtained from
Eq. 4.3.7b the right-hand side of Eq. 4.3.7a may become negative. These spurious
solutions can be omitted.

Figure 4.8 shows which states are present in the delayed system (4.2.1) as the
feedback amplitude b, varies. The time delay 7 is chosen on the Pyragas curve, i.e.,
T = 1p = 27/(1 — y4), and the feedback phase is fixed at f = /4. The black
curves correspond to the steady states and rotating waves already present in the
uncontrolled system. The red curves refer to delay-induced orbits. Panel (a) depicts
the corresponding radii as well as the trivial steady state at » = 0 and panel (b)
shows the period T of the periodic orbits. Solid and dashed curves denote stability
and instability, respectively.

For small feedback amplitudes by, there exists only the subcritical orbit which is
still unstable and the stable trivial steady state. As b, increases, a saddle-node
bifurcation occurs indicated by SN and a pair of an unstable and a stable periodic
orbit is born. Note that the periods of these delay-induced orbits are different from
the target orbit. For further increase of by, the stable orbit approaches the sub-
critical orbit, eventually collides with it, and they exchange their stability in a
transcritical bifurcation labeled by TC. If the feedback amplitude increases
even more, the now unstable orbit meets the fixed point at the origin in a sub-
critical Hopf bifurcation indicated by subH and ceases to exist. Above this
subcritical Hopf bifurcation, the fixed point is unstable. The result is a stabilized
subcritical odd number orbit and a destabilized trivial steady state.

The stabilization of the odd number orbit is also displayed in Fig. 4.9 in terms
of the Floquet multipliers it = exp(At). This figure shows the behavior of the
Floquet multipliers p in the complex plane with the increasing amplitude of the
feedback gain b, in the directions of propagation marked by arrows. Note that
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Fig. 4.9 Floquet multipli-

ers i = exp(At) for increas- 1t
ing feedback amplitude

by € [0, 0.3] in the complex i~
plane. The arrows indicate = 0r

the propagation direction.
Other parameters as in
Fig. 4.6 1t

there is an isolated real multiplier crossing the unit circle at 4 = 1, in contrast to
the result stated in [2].

The mechanism of stabilization of the Pyragas orbit by a transcritical bifur-
cation relies upon the possible existence of such delay-induced periodic orbits with
T # t, which was overlooked, e.g., in Ref. [2]. Technically, the proof of the odd
number limitation theorem in Ref. [2] fails because the trivial Floquet multi-
plier u = 1 corresponding to the Goldstone mode of the system was neglected
there; F(1) in Eq. 14 in Ref. [2] is thus zero and not less than zero, as assumed.
See also the detailed discussion in Sect. 4.1. At the transcritical bifurcation TC,
where a second Floquet multiplier crosses the unit circle, this results in a Floquet
multiplier u = 1 of algebraic multiplicity two.

At the end of the Sect. 4.2, I derived conditions for stabilization in terms of an
odering of the Pyragas—Hopf points. These conditions are satisfied if, and only if,
the feedback phase f§ obey the following inequality

0<pB<p,, (4.3.8)

where 0 < f3, < 7 is the unique solution of the transcendental equation

1

—p; + 2nbg sin ff; = 1. (4.3.9)

n
This holds because the condition r‘,;‘_l <1, < rf) first fails when 2, = t‘,;‘ This
condition can be used to derive Eq. 4.3.9. Evaluating the expressions for 7; and 5
as given by Egs. 4.2.18a and 4.2.18b the condition 75, = 7/, becomes

28" +2nn —2
ptom-im_, ., (4.3.10a)
1 —2bysin ff
& 2B+ 2m —2n = (1 - 2bysin f)2nn (4.3.10b)
By N
& L4 2nbgsinf, = 1. (4.3.10c)
Y

Equation (4.3.8) represents a necessary but not sufficient condition that the
Pyragas choice tp = nT for the delay time will stabilize the periodic orbit.
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Fig. 4.10 Domain of control in the (Re(b), Im(b)) and (f, by) planes in panels (a) and (b),
respectively. The solid lines depict the reference boundary of the domain of control for the limit
A — 0 according to Egs. 4.3.13 and 4.3.14. The color code shows the largest real part of the
Floquet exponent A where only negative values are displayed. Other parameters as in Fig. 4.6

To evaluate the second condition, 15 < 7p near (4, ) = (0, 2n), an expansion
of the exponential in the characteristic equation (4.2.9) for wt ~ 2nn is useful to
obtain the approximate Hopf curve for small |Al:

() ~ 2nn — @[ZRnRe(b) + DA (4.3.11)

Recalling Eq. 4.2.8, the Pyragas stabilization condition t5(1) < 7p(4) is therefore
satisfied for small values of |4l with 4 < 0 if, and only if,

@(Re(k) +ﬁ> < -y (43.12)

Equation 4.3.12 defines a domain in the plane of the complex feedback gain
b = Re(b) + ilm(b) = bye”” bounded from below for y <0 <Im(b) by the
straight line

1 1
Im(b) = —| Re(b) +—]. 4.3.13
m(b) = (Re(6) + 5. (43.13)
Equation 4.3.9 represents a curve bo(f), i.e.,
1 p
b = 1—— 4.3.14
o() 2n sin ﬁ( n) ( )

which forms the upper boundary of a domain given by the inequality (4.3.8). Thus,
Egs. 4.3.13 and 4.3.14 describe the boundaries of the domain of control in the
complex plane of the feedback gain b in the limit of small A.

Figure 4.10 depicts the domain of control in dependence on the complex
feedback gain b. Panels (a) and (b) display this domain in the (Re(b), Im(b)) and
(bo, P) plane, respectively. The solid lines depict as a reference the boundary of the
domain of control in the limit of vanishing 4, i.e., A - 0, according to Eqgs. 4.3.13
and 4.3.14. The color code shows the largest real part of the Floquet exponent A of
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Fig. 4.11 Asymptotic con- 0.5
trol domain in the

(Re(b), Im(b)) plane for dif-
ferent values of y. The shaded
areas above the dashed blue,
green, and red curves corre- 03k
spond to y = —10, —4,
and —1, respectively.
The black curve refers to 0.2
the upper boundary of

the domain according to
Eq. 4.3.14 and the lower y
dependent boundary are
given by Eq. 4.3.13. Other 0
parameters as in Fig. 4.6

0.4

Im(b)

the subcritical periodic orbit. Only negative values are displayed. Outside the color
shaded areas the subcritical orbit is not stabilized.

The effects of the system parameter y can be seen in Fig. 4.11 which depicts the
domain of control in the asymptotic case of vanishing 4 according to according to
Egs. 4.3.13 and 4.3.14. The shaded areas above the dashed blue, green, and red
curves correspond to y = —10, —4, and —1, respectively. The domains are
bounded from above by the black curve which is given by Eq. 4.3.14. Note that the
domains become smaller as y approaches zero.

Figure 4.12 displays an enlargement of the domain of control in the
(Re(b), Im(b)) plane in the range of small feedback amplitude. As in Fig. 4.10,
the solid lines depict as a reference the boundary of the domain of control in the
limit of vanishing 4 according to Eqs. 4.3.13 and 4.3.14. The red dots refer to three
values of the feedback amplitude by = 0.04, 0.25, and 0.01 with constant feedback
phase i = 7/4 and correspond to the Pyragas and Hopf curves of Fig. 4.4a, b and
¢, respectively. Note that the red dot at point (b) in Fig. 4.12 lies on the boundary

0.06 ;
004}
Q !

E *

0.02 1 )

o (@)

-0.2 -0.1 0 0.1 0.2

Re(b)

Fig. 4.12 Enlargement of the domain of control in the (Re(b), Im(b)) plane with three values of
the feedback b = 0.04exp(in/4), 0.025exp(in/4), and 0.01lexp(in/4) which corresponds to panels
(a), (b), and (c) of Fig. 4.4, respectively. The solid lines depict as a reference the boundary of the
domain of control in the limit of vanishing 4, i.e., 4 — 0, according to Eqgs. 4.3.13 and 4.3.14.
Other parameters as in Fig. 4.6
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of the domain of control and thus, corresponds to the threshold case of Fig. 4.4b
where to Pyragas curve becomes tangent to the Hopf curve.

Note that for real feedback gain b, i.e., f = 0, no stabilization occurs at all.
Therefore, stabilization fails if the feedback term is coupled via a multiple of the
identity matrix. The value of the feedback gain at the threshold of control as
approximately given in point (b) of Fig. 4.12 can also be derived analytically.
For fixed feedback phase f, it is determined by the intersection of the lower bound
of the domain of control given by Eq. 4.3.13 and the linear curve

Im(b) = Re(b) tan f3 (4.3.15)

which parameterizes the dashed line in Fig. 4.12. This leads to the following
condition for the critical feedback amplitude b

1 1
Re(bei) tan f = <Re(bcm) + 27m> (4.3.16a)

—1

1

Re(berit) = .
< e(beri) 2nn(ytan f + 1)

(4.3.16b)

Equivalently, the corresponding feedback amplitude by ., is given by

boest = \/Re(ber)® + Im(be)? (4.3.17a)

= y/tan? f + 1|Re(bgir) | (4.3.17Db)
Vitan? g+ 1

= B E F T (4.3.17¢)

This results for a feedback phase of § = n/4 as in Fig. 4.12 in a value of
by~ 0.025 as chosen for point (b).

If the parameter 4 becomes more negative, i.e., for increasing |/l, the domain of
control shrinks which is shown in Fig. 4.13. This figure depicts the domain of
control for values of A = —0.005, —0.01, and —0.015. The black lines indicate the
analytical boundary of the domain as reference case with the limit A — 0. As in
Fig. 4.10, the color code indicates the value of the largest real part of the Floquet
exponents A. Note that the deviation from the linear approximation given in Eq.
4.3.11 becomes larger as |4l increases, i.e., further away from the bifurcation point.

At the end of this section, I will discuss the dynamics of the subcritical Hopf
bifurcation system (4.2.1) for large feedback amplitudes b,. It can be seen already
in Fig. 4.6a that delay-induced mode can alter the stability of the system. See, for
instance, the additional branch displayed as blue dashed curve in Fig. 4.6a for
large by. I will show in the following that the stabilized Pyragas orbit becomes
unstable in a torus bifurcation which is also known as Neimark—Sacker bifurcation.

The dashed blue curve in Fig. 4.6a indicates how the real part Re(A) of a delay
induced Floquet exponent of the Pyragas orbit z(¢) crosses zero when the control



128 4 Refuting the Odd Number Limitation Theorem

Im(b)
0.4
(a) 02
0.0

04 F

(b)o2p {

0.0

0.4F
C) o2l
( 0.0 I A= —0.005
= ¢ 2 3 1 Re(b)

Fig. 4.13 Domain of control in the (Re(b), Im(b)) plane for different values of 1. Panels (a), (b),
and (c) correspond to 4 = —0.005, —0.01, and 0.015, respectively. The solid lines depict the
reference boundary of the domain of control for the limit 2 — 0 according to Eqgs. 4.3.13 and
4.3.14. The color code shows the largest real part of the Floquet exponent A where only negative
values are displayed. Other parameters as in Fig. 4.6

A= —0.015

AR

A= —0.010

Fig. 4.14 Minimum and ‘
maximum radius as solid 0.08 -
black curve obtained from
simulations and radius of the |
Pyragas orbit r = V=7 as 0.06 -
dashed red curve in depen- |
dence on the control ampli- —
tude b,. Parameters as in 0.04 -
Fig. 4.6 L
0.02 -
0 1 1 1 1 1 L
0.44 0.45 0.46 0.47 0.48 0.49

b,

amplitude b, is increased. Figures 4.14 and 4.15 show the resulting dynamic
consequences for a particular choice of parameters.

Both figures depict the minimum and maximum radius calculated from simu-
lations. The reference radius of the subcritical orbit is given in red color. Note that
Fig. 4.14 shows the radius in dependence on the feedback amplitude b, while
Fig. 4.15 displays the dependence on the system parameter A for fixed by = 0.3.
The inset in Fig. 4.15 shows an enlargement at the bifurcation point. As the
feedback amplitude increases in Fig. 4.14 or as the parameter A decreases, the
radius does not remain a constant value at r = \/Z, but oscillations occur.

These observed amplitude oscillations can be explained by a supercritical
Neimark—Sacker torus bifurcation scenario. Indeed the nontrivial purely imaginary
Floquet exponent A causes the associated nonreal Floquet multiplier u = M to
cross the complex unit circle and destabilize the periodic Pyragas orbit in spite of
an increasing control amplitude as shown in Fig. 4.14. The resulting bifurcation is



4.3 Domains of Control 129

Fig. 4.15 Minimum and 0.3
maximum radius as solid F
black curve obtained from 0.25
simulations and radius of the i
Pyragas orbit r = v/—1 as 0.2

dotted red curve in depen-
dence on the bifurcation
parameter A. The inset shows
an enlargement at the bifur-
cation point. The feedback
amplitude is fixed at

bo = 0.3. Other parameters as 0.05
in Fig. 4.6

=015

0.1

supercritical in our example as indicated in Fig. 4.15. The bifurcating 2-torus
inherits stability, taking it away from the Pyragas orbit by exchange of stability.

Equivariance under rotations causes a slight improvement over standard torus
bifurcation. The rotation number along the bifurcating torus branch, which would
behave in a devil’s staircase manner in the general case, in fact becomes a smooth
function of the amplitude of the resulting oscillations of #(¢) = lz(?)!.

In the case of Pyragas control one can conclude that stabilization and desta-
bilization of Pyragas orbits occurs, either by transcritical bifurcations of
non-Pyragas periodic orbits, or else by Neimark—Sacker torus bifurcation with
nonresonant, smooth dependence of the rotation number.

To conclude this section on the stabilization of the periodic orbit generated by a
subcritical Hopf bifurcation, Fig. 4.16 depicts the phase portrait of the variable z in
the complex plane for large feedback amplitudes. The feedback phase is fixed at
f = m/4. Panels (a) and (b) corresponds to values of by = 0.46 and 0.47,
respectively. The figure shows variable z for ¢ € [4500, 5000] such that the tran-
sient is omitted. Note that Fig. 4.16a shows the case where the system is still

below the torus bifurcation and thus, the periodic orbit at |z| = v/ —/ is stabilized.

Fig. 4.16 Phase portrait of 01— : : —
system (4.2.1) in the complex | (a)

plane for large feedback

amplitudes: Panel (a) shows 0.05 |-

the trajectory for by = 0.46.
Panel (b) depicts the time
series for by = 0.47. The
arrow in panel (a) indicates
the direction of rotation. The
time series z(¢) is shown for a -0.05 -
time interval

t € [4500, 5000]. Other

parameters as in Fig. 4.14 01— : : : : : :
-0.1 -0.05 0 0.05 -0.05 0 0.05 0.1

Re(z) Re(2)

Im(z)
o
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In contrast, the torus can be seen in Fig. 4.16b. Compare also to Fig. 4.14 which
depicts the amplitude Izl in dependence on by.

After the discussion of a counterexample to refute the odd number limitation
theorem, I will investigate in the next section some aspects of rotating wave
solutions and symmetry arguments.

4.4 Rotating Waves and Symmetry

In this section, I will conceptually summarize—from a mathematical perspective—
the above calculations on stabilization of the subcritical Hopf model given in
Eq. 4.2.1 by Pyragas control following Refs. [6, 7]. Specifically, I will address
S l—equivariance and co-rotating coordinates z(¢f) = & (), rotating waves and their
bifurcations, the role of center manifolds, and bifurcation to non-rotating waves.
For any fixed real w, the transformation z(f) = ¢'”'{(f) to co-rotating complex
coordinates ((¢) transforms Eq. 4.2.1 into the equivalent delay equation

A _ 0k (= )i + (1 + )R

dt (44.1)
+ boe'? [e™L(t—1) = {(1)].

The co-rotating equation (4.4.1) is autonomous since ez(t) solves Eq. 4.2.1 for
any fixed real 1), whenever z(f) does. Steady states d((¢)/dt = O of Eq. 4.4.1 are
precisely the rotating waves of Eq. 4.2.1, i.e., solutions of the form z(r) = €'“'(,
with nonzero rotation frequency @ and nonzero (, € C. The minimal period of
such solutions z(#) is of course given by T = 27/lwl. Note that the Pyragas curves
are determined by t = mT = 2nm/lwl for positive integers m = 1,2,3,.... The
derivation of a characteristic equation is given in Sect. 4.3. The roots of this
equation are the Floquet exponents of the rotating wave solution. See, for instance,
Eq. 4.3.5a and Fig. 4.6 for details.

Rotating waves are nontrivial steady states {(#) = {, of Eq. 4.4.1, i.e., solutions
of

0=A+ (1 — )i+ (1+iyp)|l + boe (77 —1). (4.4.2)

The bifurcation analysis of Sects. 4.2 and 4.3 was concerned with solutions
(w, 15o/%) of Eq. 4.4.2 only. One can solve this equation for real parts

Gol* = =2 — bolcos(B — wr) — cos(B)] (4.4.3)

under the constraint of a positive right hand side. Substituting into the imaginary
part of Eq. 4.4.2 yields the real equation
1 — o+ by[sin(f — wt) — sin(f)] — y{A + bo[cos(f — wt) — cos(f)]} = 0.
(4.4.4)
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One can seek solutions @, depending on the five real parameters 4, 7y, by, f5, 7.
This is elaborated in Eqgs. 4.3.7a, 4.3.7b and 4.3.7c. Inserting the solution for @
into the equation of the real part (4.4.3) yields possible rotating wave solutions of
the system (4.2.1). See also Fig. 4.8 of Sect. 4.3. The degenerate case w = 0
which corresponds to a circle of equilibria, alias a frozen wave of vanishing
angular velocity w, arises only for y4 = 1 [21].

Note how the fold description, in two parameters (4, t), of the transcritical
bifurcation along the Pyragas curve 1 = 27/lwl follows from Eq. 4.4.4 considering
o (or 1{ol?) as a function of (/, 1), for fixed suitable 7, bo, f. Indeed, all this follows
if one explicitly solves Eq. 4.4.4 for /, as a function of 7y, by, f§, T, ®, and then
project the resulting graph onto whatever parameter plane seems desirable.

At the Hopf bifurcation there exists a simple pair of purely imaginary eigen-
values, and no other imaginary eigenvalues. Therefore, the center manifold is two
dimensional at the Hopf bifurcation [22]. Dimension two also holds at the trans-
critical bifurcation of rotating waves. Moreover, the center manifold can be chosen
to be invariant with respect to the S Laction z— €'z [23]. In polar coordinates the
dynamics in any two-dimensional center manifold is therefore given by a system
of the general form

d’;l(;) = g(r(t), r(r) (4.4.52)
o) _
— = h(r(t), ). (4.4.5b)

In the counterexample of the previous section, the functions g and 4 are given in
the absence of time-delayed feedback control by the real and imaginary parts of
the dynamic function

F&(0) = 24 i+ (1 + ) 20|20 (4.4.6)

and the system’s parameters are u = (1, 7). Here, at the Hopf bifurcation, one
seeks a system of ordinary differential equations of the form (4.4.5a, 4.4.5b) whose
dynamics match with the delayed system. Thus, in the case of the counterexample
in the previous sections, one has to extend the parameter set as u = (4,7, bo, f, 7).

Note that 6 does not enter the equation for d r(¢)/dt or dO(r)/dt. Indeed, (r, 0 + @)
must be a solution for any fixed ¢, by S'-equivariance, whenever (r, 0) is. Also
note that Eqs. 4.4.5a and 4.4.5b is a system of differential equations which does
not involve time delayed arguments. Rather, the original time delay t enters as one
parameter among others.

To determine g one can observe that g(r(r)?, ) = 0 defines rotating (or frozen)
waves with I{ol = r, and thus must be equivalent to Eq. 4.4.2 with h(r?, p) = o.
The solution set (r?,w, u) is therefore given by Eqs. 4.4.3 and 4.4.4, and defines
the zero set of g. Again, g(r?, 1) = 0if, and only if, (w, u) solve Eq. 4.4.4 and r* is
given by Egs. 4.4.5a and 4.4.5b. -
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To determine the stability of the rotating waves within the center manifold it
remains to determine the sign of g outside the zero set. That sign is known at the
trivial equilibrium r = 0, by standard exchange of stability at nondegenerate Hopf
bifurcations. Normally hyperbolic rotating waves correspond to simple zeros of g
in the r-direction, i.e., 9f /Or # 0. This allows to determine the sign of g in all
bifurcation diagrams. The (in-)stability properties of all rotating waves within the
two-dimensional center manifold follows. By spectral analysis at the Hopf bifur-
cation or, equivalently, at the transcritical bifurcation of rotating waves, stability or
instability in the full delay system (4.2.1) follows from the center manifold
analysis without ever computing the manifold itself.

Rotating waves z(f) = "¢y are periodic solutions of Eq. 4.2.1. But not all
periodic solutions need to be rotating waves. Any bifurcation from rotating waves,
however, must be visible in co-rotating coordinates {(r) = e "’ z(f) as well. Since
rotating waves of Eq. 4.2.1 are equilibria of Eq. 4.4.1 any such bifurcation must be
accompanied by purely imaginary eigenvalues A of the characteristic equation
associated to (.

It may be useful to insert A = iw here and check for the resulting curve for b
and f. Such a curve would discover torus bifurcations from rotating waves or,
equivalently, Hopf bifurcations from (circles of) nontrivial equilibria {, of
Eq. 4.4.1. Due to S'-equivariance such tori would exhibit neither phase-locking
nor devil’s staircases, but smooth dependence of rotation numbers on parameters.

At the rotating wave equilibrium ry = {, >0 of the co-rotating system
Eq. 4.4.1, the characteristic equation for Floquet multipliers u = ¢ becomes

0=A>—2[ro" + bocos f(e™"" —1)]4

2 (4.4.7)
+ 219> (cos B+ ysin B)bo (e " — 1) + bg(e " —1)".

See Eq. 4.3.5a and its derivation for details.

In particular, the usual phase locking or resonance phenomena at rational
rotation numbers on invariant tori do not occur. This can be seen, for example, by
an analysis in suitable Palais coordinates along the relative equilibrium to the S'-
action which is given by the destabilized Pyragas orbit. Palais introduced helpful
coordinates near group orbits of group actions. Examples of the construction of
these coordinates can be found in Refs. [24, 25]. Eliminating the S'-action, the
Neimark—Sacker bifurcation then becomes a nondegenerate relative Hopf bifur-
cation from the relative equilibrium {, = ry. The Hopf eigenvalues are provided
by the purely imaginary Floquet exponent A. See Ref. [26] and the survey [27] for
details of such a setting. A similar phenomenon occurs, albeit in a reaction-
diffusion setting, when rigidly rotating spiral waves in excitable media destabilize
to meandering motions [27, 28]. For the likewise related destabilization of wavy
vortices to modulated wavy vortices in Taylor—Couette fluid flow between rotating
concentric cylinders see Ref. [29] and the references there. Intensity pulsations in
laser systems provide yet another experimental source of the same phenomenon of
smooth parameter dependence of rotation numbers [30, 31]. Unlike the present
case, though, these phenomena do not involve delayed feedback control.
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4.5 Fold Bifurcation

In the previous sections, I demonstrated along the lines of an example consisting of a
subcritical Hopf bifurcation that the odd number limitation theorem does not hold in
general. In fact, the subcritical periodic orbit can be stabilized by a delay-induced
saddle-node bifurcation in combination with a transcritical bifurcation yielding an
exchange of stability. The subcritical Hopf bifurcation, however, is not the only type
of systems with an odd number of real Floquet multipliers greater that unity that can
be stabilized by time-delayed feedback. In this section, I will stabilization of peri-
odic orbits which occur due to a fold bifurcation following Ref. [8].

This bifurcation is sometimes called saddle-node bifurcation of limit cycles
because the periodic orbit generated at the bifurcation point is repulsive for points
outside the limit cycle and attracting for points from the inside. Therefore, it is a
saddle-node bifurcation of fixed points in the Poincaré section. Above the bifur-
cation point, it splits into an unstable and a stable orbit. This can be seen in
Fig. 4.17 which show a schematic bifurcation diagram of the fold bifurcation.
Dashed lines and empty dots correspond to instability and solid lines indicate
stability. The bifurcation is set to 4 = 0.

Let me stress that the periodic orbits generated in a fold bifurcation are par-
ticularly important for applications to optical systems. One such system, a three-
section semiconductor laser, was discussed recently in Ref. [8]. In this work,
numerical bifurcation analysis confirmed that an all-optical delayed feedback
control can successfully stabilize rotating waves close to a fold bifurcation in this
system. All-optical control exploits the advantage of delayed feedback control, as
well as simplicity and inherent high-speed operation. Note that all-optical control
of unstable steady states close to a supercritical Hopf bifurcation of the same
system has been reported in Refs. [32, 33, 34]. In optical systems, time-delayed
feedback can also be exploited to suppress relaxation oscillations excited by noise
due to spontaneous emission.

At first, I will introduce the model equation and investigate the dynamics in the
absence of a control force. In the next step, I will discuss a delay-induced bifurcation

Im(z) Im(z) Im(z)

Re(z)

A<0 A=0 A>0

Fig. 4.17 Schematic bifurcation diagram of the fold bifurcation. Solid lines indicate stability.
Dashed lines and empty dots refer to instability. The arrows show example trajectories
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of the trivial fixed point and finally show how the periodic orbit becomes stable.
Throughout this section, I will consider only periodic orbits which have the special
form of a rotating wave. This is particularly important for applications to optical
systems and, in addition, allows detailed analytical treatment.

A fold bifurcation of rotating waves can be described by the following complex
equation

E0 _ 0P (45.1a)
= [e=0)) + ()P <00, (45.10)

where z(f) denotes a complex variable and g and 4 are the real and imaginary parts
of the function f, respectively. Since f depends on the absolute value of z, no
phase-dependence is present such that the system exhibits S'-equivariance. In fact,
¢"z(t) is a solution whenever z(t) is for any fixed ¢/’ in the unit circle. Equations
4.5.1a and 4.5.1b can be rewritten in polar coordinates using z(f) = r(t)em(’) which

leads to

dr(t)

= g(r(®))r(t) (4.5.2a)
%(tt) = h(r(1)%). (4.5.2b)

The S'-invariance becomes again clear from the last equations because the
phase does not enter the right-hand side. Thus, a phase shift 0+ 0 + 1 leaves the
equation unchanged. Solutions of Eqgs. 4.5.2a and 4.5.2b are rotating waves which
can be written as

(1) = roe'™ (4.5.3)

with nonzero real constants ry and . Inserting this solution into Eqs. 4.5.2a and
4.5.2b leads to the following requirements

0=g(r;) and o =h(rg). (4.5.4)

Throughout this section, I will consider the following nonlinear functions
2 2 2
g(r(0)’) = [0y = 1] =2 (4.5.50)

h(r(t)’) =y {r(t)2 - 1} + o (4.5.5b)

with positive constants y and wg. The parameter 4 will serve as a bifurcation
parameter. The form of g and 4 is chosen such that a nondegenerate fold bifur-
cation occurs at r(f)>=1 for vanishing A.
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Fig. 4.18 Bifurcation 15—
diagram of rotating waves: 1o om0

The solid and dashed curves 0.9 ’

correspond to stability and N

instability, respectively, 0.6

of the orbits and fixed points 0.3

of Egs. 4.5.2a, 4.5.2b, 4.5.5a 0

and 4.5.5b 0 03 06 09 12 15

A

Figure 4.18 depicts a bifurcation diagram of Egs. 4.5.2a, 4.5.2b, 4.5.5a and
4.5.5b depending on the system’s parameter 4. At A = 0, a pair of an unstable
and stable periodic orbit is generated. The radius of the stable orbit becomes
smaller for increasing 4 and eventually collides with the fixed point at the origin in
a reverse supercritical Hopf bifurcation. The analytical formula for the radius r(f)
can be inferred from Eqs. 4.5.4 and 4.5.5a

5 2
s 0= [r(t) - 1} — (4.5.6b)
s =1V (4.5.6¢)
Similarly, the corresponding frequency is given by Egs. 4.5.4 and 4.5.5b
o = h(ry) (4.5.7a)
s w=y [r(t)2 - 1} + o (4.5.7b)
& o=yt (4.5.7¢)

Note that the plus and minus signs belong to the unstable and stable orbit in
Fig. 4.18, respectively. The goal of control is to stabilize the unstable orbit.
Applying time-delayed feedback to system (4.5.1a, 4.5.1b) leads to

dz(t)

da

where the complex feedback gain is already written as amplitude b, and phase f5.

In order to satisfy the noninvasive property of time-delayed feedback, the time

delay 7 is chosen as an integer multiple of the target orbit’s period 7. This

minimum period is given by T = 2n/w for the rotating wave z(f) = re’ which
leads to the following formula for the time delay 7 using Eq. 4.5.7¢

S0z + boe[z(t — ) — 2(1)], (4.5.8)

2nn
t=1())=—"" 45.9)
wo + V7 (

with n =1,2,... where only the unstable orbit, i.e., plus sign in Eq. 4.5.6c, is
taken into account. As in the Sect. 4.2, this leads to a set of Pyragas curves in the
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Fig. 4.19 Pyragas curves
7(4), corresponding to the
unstable branch in Fig. 4.18,

in the parameter plane (4, 7) I:o 1
according to Eq. 4.5.10. The ©
time delay is given in units of 0.5

timescale T of the fixed point
at the origin, i.e., Ty = 27. 0 5 10 15 20 25 30
Parameters: y = wy = 1 2

=
SNWAUIONOO

1]
-

(4, ) plane. The dependence of A on the time delay 7 can be extracted from
Eq. 4.5.9 which yields

2 — 2

M) (45.10)
VT

azi(f):<

withn=1,2,....

Figure 4.19 displays the first 10 Pyragas curves in the (4, 7) plane for which the
control scheme is noninvasive. Note that the time delay is given in units of
timescale T of the fixed point at the origin, i.e., To = 27. Vanishing parameter 4
corresponds to a time delay T = 27n/wo which recovers for n = 1 the period of the
uncontrolled orbits. Due to the relation between 4 and 7 by Egs. 4.5.9 and 4.5.10,
I will consider t as bifurcation parameter in the following.

Before exploring the domain of control for stabilization of the periodic orbit, let
me discuss the case of by first. Inserting the formula A(z) of Eq. 4.5.10 yields for the
radius and frequency of the rotating wave solution given by Eqgs. 4.5.6c and 4.5.7c

2nn — woT

P=14+ (4.5.11a)

yT
2nn — wor>

wwO:I:<
T

(4.5.11b)

The two resulting branches form a transcritical bifurcation at © = 2nn/w, or
equivalently A = 0 as discussed in Fig. 4.18. This transcriticality looks like an
artefact caused by the change of bifurcation parameter from A to 7 on the Pyragas
curve. Note, however, that the two orbits in Egs. 4.5.11a and 4.5.11b have different
periods away from the transcritical point. In fact, only one of the two crossing
branches features minimum period 7 such that the Pyragas condition © = nT holds.
This happens along the branch

21n — myT
VT

=1+ (4.5.12)
with the frequency w = 2nn/t. I will call this branch which corresponds to the plus
sign in Eqgs. 4.5.11a and 4.5.11b the Pyragas branch. The other branch has mini-
mum period T with
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Fig. 4.20 Bifurcation Y
diagram of rotating waves %
of Eq. 4.5.8 at vanishing R
control amplitude by = 0.

Parameters: T = 27, 0.8
wy=1,79=10

mn

nT T# T, (4.5.13)

C woT —7n
except at the crossing point wyt = 27n. The minus branch therefore violates the
Pyragas condition for noninvasive control, even though it has admittedly been
generated from the same fold bifurcation.

Figure 4.20 shows a bifurcation diagram of the rotating wave solutions of
Eq. 4.5.8 at vanishing control amplitude by in dependence on the time delay t
which is given in units of the timescale of the trivial fixed point 7, = 2x. The solid
and dashed curves indicate stability and instability, respectively.

The strategy for Pyragas control of the unstable part of the Pyragas branch is
now simple. For a nonzero control amplitude by, the Pyragas branch persists
without change, due to the noninvasive property T = nT along the Pyragas curve
A = M) given by Eq. 4.5.10. The minus branch in Egs. 4.5.11a and 4.5.11b,
however, will be perturbed slightly for small b, # 0. If the resulting perturbed
transcritical bifurcation 7 = 7, moves to the left, i.e., below 27n/w,, then the
stability region of the Pyragas branch has invaded the unstable region of the fold
bifurcation. This again refutes the odd number limitation theorem.

Let 7 = 1. denote the transcritical bifurcation point on the Pyragas curve
/.= J(t) according to Eq. 4.5.10. Let z(t) = r.e’' denote the corresponding
rotating wave. I will derive in the following conditions for the transcritical
bifurcation in Eq. 4.5.8.

In order to derive these conditions, one could proceed by brute force. This
means a linearization of the control system (4.5.8) along the Pyragas branch, in
polar coordinates, a derivation of the characteristic equation in a co-rotating
coordinate frame, and an elimination of the trivial zero characteristic root to
determine critical values 7 = 1., r = r,, and by = b, such that a nontrivial zero
characteristic root remains. Instead, I will proceed locally in a two-dimensional
center manifold of the fold, following the arguments in Just et al. [7]. Any
periodic solution in the center manifold of Eq. 4.5.8 is a rotating wave
2(f) = re’. Hence, one can compute the rotating waves of the system with
time-delayed feedback control (4.5.8), globally. Substituting z(r) = re' into
Eq. 4.5.8 and decomposing into real and imaginary parts yields similar to
Eq. 454

0 = g(r*) + bor[cos(B — wt) — cos fi (4.5.14a)
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=(r - 1)2r + 2bor sin%sin ([3 - %) (4.5.14b)
o = h(r*) + bo[sin(B — wt) — sin f] (4.5.14c¢)
= (r* = 1) — 2by sin%cos(ﬁ - %) (4.5.14d)

Note that the equations above can also be derived by transformation of the
system with time-delayed feedback as given in Eq. 4.5.8 to co-rotating coordinates
as shown in the following. In polar coordinates Eq. 4.5.8 becomes

diff) = g(r*(1)r(r) + bolcos(B + 0(t — 1) — 0(1))r(t — 1) — r(r) cos f
(4.5.15a)
do(r) r(t—1)

dt

= h(r*(t)) + bo |sin(B + 0(r — 1) — 0(1)) —sinf|,  (4.5.15b)

(1)

where r and 0 denote the amplitude and phase z, respectively. Equations 4.5.14a
and 4.5.14c are then recovered by passing to co-rotating coordinates
Y (t) = 0(t) — wt and searching for equilibria of the resulting equations

P g(P0)r0) + boleos(B+ Yt~ ©) — (o) — we)r(e —7) — (1) cos ]
(4.5.16a)

=) = o+ sin(p4 90— ) = () 0T sing].
(4.5.16b)

The equilibria are given for r = const. and Y = 0, i.e., 0(f) = wt and have the
form of the rotating waves z(f) = re’”’ considered above.

With the abbreviation & = > — 1 which is introduced for notational conve-
nience and the special choices for the functions g and & given in Egs. 4.5.5a and
4.5.5b, the Eqgs. 4.5.14a and 4.5.14c become

0= ¢ — A1) + 2by sin%sin (ﬁ - %) (4.5.17a)
o = e+ wy — 2bg sin%cos(ﬁ—%). (4.5.17b)

For small enough by, one can solve Eq. 4.5.17b for w = w(¢) and insert into
Eq. 4.5.17a which leads to

0 = G(1,¢). (4.5.18)
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Here G(t,¢) abbreviates the right hand side of Eq. 4.5.17a with v = w(e)
substituted for «. The condition for a transcritical bifurcation in the system with
control then reads

d
0=2G(1.2) (4.5.19)

in addition to Eq. 4.5.18. It simplifies matters significantly that this calculation has
to be performed along the Pyragas branch only, where wt = 2nt/T = 2nn.
Therefore, Eq. 4.5.19 becomes

0= %G(T, &) (4.5.20a)
= ai[‘gz — () + 2by sin#sin (ﬁ - “)(Z‘S)Tﬂ (4.5.20b)
= 2¢+ 2bo E aaéis) cos(nm) sin(f — nr)
| oole) (4.5.20¢)
- sm(nn)i % cos(f — nn)]
— 24 borécgig) cos(nm) sin(f — nn) (4.5.20d)
— 2+ 52 gin . (4.5.20¢)

O
To obtain the derivative of w with respect to &, one has to differentiate
Eq. 4.5.17b implicitly, at wt = 2n=
dw(e)
Oe

dw(e)
O¢

=7y —byt cos f. (4.5.21)

Solving for values of this derivative, for small by, yields

dw(z) y y
= = 4.5.22
e 1 +botcosff 1+ bowﬁ'ﬁ,s cos ff’ ( )

where wt = 2kn and @ = wy + y¢ is employed. Plugging Eq. 4.5.22 into
Eq. 4.5.20e, the control amplitude b, enters linearly which leads to

2
0 = ¢(wo + ye) (1 + by T cos ﬂ) + bonmy sin f8 (4.5.23a)
o + Ve
= ¢(wo + ye + bo2nm cos f) + bonmy sin f3. (4.5.23b)

Solving for by, one finally arrives at a relation between the control amplitude b,.
at which the transcritical bifurcation occurs and ¢ given by
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wo + ¢

be(e) = _Cnn(y sin 8 + 2ecos f§)’

(4.5.24)

Equivalently, one can derive a dependence of b, on the time delay t by substitution

of ¢ = —v/4 = r2 — 1 and the function A(t) according to Egs. 4.5.11a and 4.5.11b.
This yields

2mn — w7,
T, [%yZTC sin f + (2nn — wot,) cos ﬁ]

b.(1) = (4.5.25)

As follows from Eqs. 4.5.24 and 4.5.25, for small ¢, alias for 7. near 2nn/w,, the
optimal control angle is f = —n/2 in the limit ¢ — 0, i.e., r — 1, and for fixed
n, Wy, ¥, € this control phase f allows for stabilization with the smallest amplitude
lbl. For § = —n/2 the relations Eqs. 4.5.24 and 4.5.25 simplify to

be(e) = n‘; <°‘;° + a) (4.5.26a)
b.(1) = 2 5(2nm — wot.), (4.5.26b)
(vte)

respectively. For small by > 0 there is also the expansions

e=— <nn"/ sin /3) bo+ - (4.5.272)
o

2 1 [2nmy\?
TC:E+ _< nm/) sin f§
wo 2w0 \ wo

for the location of the transcritical bifurcation. In particular, one can see that odd
number delay stabilization can be achieved by arbitrary small control amplitudes
by near the fold, for y > 0 and sin f<0. Note that the stability region of the
Pyragas curve increases if ¢ = 7> — 1 > 0. For vanishing phase of the control,
f = 0, in contrast, delay stabilization cannot be achieved by arbitrarily small
control amplitudes by, near the fold in our system (4.5.8).

Even far from the fold at A = 0, T = 2nn/wy the above formulas (4.5.24)
and (4.5.26b) hold and indicate a transcritical bifurcation from the (global)
Pyragas branch of rotating waves of Eq. 4.5.8, along the Pyragas curve
A = A(t). This follows by analytic continuation. Delay stabilization, however,
may fail long before 7t = 7. is reached. In fact, nonzero purely imaginary
Floquet exponents may arise, which destabilize the Pyragas branch long before
T = 1, is reached.

A more global picture of the orbits involved in the transcritical bifurcation may
be obtained by numerical analysis. Rewriting the system’s equation (4.5.8) in polar
coordinates z = re" yields

bo+--- (4.5.27b)
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dr(t) 2
e {{r([)z _ 1} —/l}r(t) (4.5.28)
+ bo[cos(B+ 0(r — 1) — 0(2))r(t — 7) — r(¢) cos f]

%(tt):y[r(tf—l] + wyg ( |
4.5.28b
r(t—1)

r(1)
To find all rotating wave solutions one can follow the strategy of Eq. 4.3.6a of

Sect. 4.3 and use the ansatz r(t) = ro = const and d0/dt = @ = const. This leads
to

—sin f|.

+ b {sin(/} +0(t— 1) — 0(r))

0= (g~ 1)2r0 — A+ borglcos(f — wt) — cos fi] (4.5.29a)

@ =7y(r5 = 1) + wo + bo[sin(B — wr) — sin f]. (4.5.29b)

Eliminating r and inserting this expression into Eq. 4.5.29b yields a transcen-
dental equation for w which reads

0=—1+ yZbo[cos(é — 1) — cos ﬂ] 2 (4.5.30)
+ (@ — wo — bo[sin(f — wt) — sin f])".

One can now solve this equation numerically for « and insert the result into
Eq. 4.5.29b, i.e.,

ro = \/w—ywo_b;)[sin(ﬁ_an) —sinﬂ]+ 1 (4531)

to obtain the allowed radii where imaginary radii are discarded.

The orbit which stabilizes the Pyragas branch in the transcritical bifurcation
may be the minus-branch of Eqgs. 4.5.11a and 4.5.11b or another delay-induced
orbit which is born in a fold bifurcation, depending on the parameters. Figure 4.21
displays the different scenarios and the crossover in dependence on the control
amplitude by where the dashed and solid lines indicate unstable and stable bran-
ches, respectively. The value of y is chosen as y = 9, 10.5, 10.6, and 13 in panels
(a), (b), (c), and (d), respectively. The red curves refer to delay-induced solutions.
It can be seen that the Pyragas orbit is stabilized by a transcritical bifurcation T;.
As the value of y increases, a pair of a stable and an unstable orbit generated by a
fold bifurcation F; approaches the minus-branch as displayed in Fig. 4.21a. On
this branch, fold bifurcations labeled by F, and F5 occur as shown in Fig. 4.21b.
Aty = 10.6, the fold points of F; and F, touch in a transcritical bifurcation 7, and
annihilate. See Fig. 4.21c and d. Thus, for further increase of y, one is left with the
stable minus-branch and the unstable orbit, which was generated at the fold
bifurcation F;. In all panels the radius of the Pyragas orbit is not changed by the
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1.04 y=90 1.04 7=10.5
voz2| T o2y ..
T, Pyragas branch T,
T 1.00 T 1.00 Fa
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0.96 0.96
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Fig. 4.21 Radii of stable and unstable rotating wave solutions in dependence on the feedback
amplitude b, for different y as solid and dashed curves, respectively. The green curves refer to
delay-induced solutions. Panels (a), (b), (¢), and (d) correspond to a value of y = 9.0, 10.5, 10.6, and
13.0, respectively. Other parameters: wy = 1, 4 = 0.001, f = —n/2, and 7 according to Eq. 4.5.9

control. The radius of the minus-branch, however, is altered because the delay time
does not match orbit period as discussed in Eq. 4.5.13.

One can see from Fig. 4.21 that the mechanism for stabilization can be twofold.
In panels (a) and (b) the stable orbit of the saddle-node bifurcation at A = 0, i.e.,
minus-branch, exchanges its stability with the odd-number orbit. Alternatively,
a delay-induced saddle-node bifurcation can occur between the minus- and
plus-branches as in panels (c) and (d) of Fig. 4.21. In this case, the stable orbit
born in this bifurcation becomes larger and eventually exchanges its stability with
the odd-number orbit, i.e., the plus-branch, in a transcritical bifurcation.

These two scenarios are schematically depicted in Fig. 4.22 in the complex
plane of the variable (z). Panels (a) and (b) correspond to Fig. 4.21a,b and c,d,
respectively. Note that solid and dashed curves refer to stability and instability,
respectively, and that black color corresponds to orbits and fixed points already
present in the uncontrolled system while red color shows delay-induced orbit.

Figure 4.23 depicts the region in the (f8, by) plane where the Pyragas orbit is
stable, for a set of parameters. The color code shows only negative values of the
largest real part of the Floquet exponents. One can see that the orbit is most stable
for feedback phases f ~ —mn/2 which agrees with the previous analytical results
for small 1. Figure 4.23 is obtained by linear stability analysis of Eqgs. 4.5.28a and
4.5.28b and numerical solution of the transcendental eigenvalue problem for the
Floquet exponents. The derivation of the characteristic equation will be elaborated
in the following to conclude this section.
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Fig. 4.22 Schematic diagram of the stabilization mechanism in the complex plane. Panels (a)
and (b) correspond to Fig. 4.21a,b and c,d, respectively. The dashed curves indicate instability.
The solid curves refer to stability. Black color corresponds to orbits and fixed points already

present in the uncontrolled system and green color refers to a delay-induced orbit

Fig. 4.23 Domain of stabil-
ity of the Pyragas orbit in
the (f8, by) plane. The color
code shows only negative
values of the largest real
part of the Floquet
exponents according to

the characteristic equation
(4.5.33). Parameters: wg = 1,
A =0.0001, y = 0.1
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Linearizing Eqgs. 4.5.28a and 4.5.28b around the Pyragas orbit according to
z2(t) = (r + dr)exp(io t + i60) yields

dr\ 50(1)

d(or(t)\ 0,gr +g —bocos f
( ) B <8rh — by sin(f — wt)r!
( by cos(ff — wr)

bosin(f — wt)r~!  bgcos(f — wr)

—rbg sin(fi — w1)

rbo sin(f — w1)
—bg cos(ff — w1)

)

(¢
(¢
or(t—1
o0(t—r

)
)

)
)
(4.5.32)
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Fig. 4.24 Transcritical and 2.0
Hopf bifurcation curves as — Hopf
dashed and solid curves and - - Transcr.

the domain of stability as
shaded region in the (f3, by)
plane. Parameters as in
Fig. 4.23

The delay time t matches the period of the Pyragas orbit which yields
wt = 27n. Using the exponential ansatz or(f) ~exp(A f) and 66(r) ~ exp(A 1) gives
a transcendental equation for the Floquet exponents A

det 407 =12+ (= 1) =2 = A= bycos p(1 —e47)  rbysinp(1—e17)
2yr — (bo/r)sin (1 —e=17) —A—bycos f(1—e17)
=0.

(4.5.33)

This equation was numerically solved to obtain Fig. 4.23.

Note that one can find the Hopf bifurcation of the Pyragas orbit in a semi-
analytical way by inserting A = iQ into Eq. 4.5.33 and separating the equation
into real and imaginary parts

0 = — Q% — 2Qb cos fsin(Qt) — bo(crsin f + acos p)

. (4.5.34a)
[1 — cos(R21)] — b52[1 — cos(Q1)] cos(Qr1)

0 =—aQ +2Qbycos f[1 — cos(Q1)] — by(crsin ff + acos f§) sin(Q7)

+ b22[1 — cos(Q1)] sin(Q1). (4.5.34b)

One can now use Q as a parameter and solve the two equations for 5 and b at
each Q. The resulting Hopf curve and the transcritical bifurcation curve (4.5.24)
then form the boundary of the control domain which is shown as Fig. 4.24.

4.6 Intermediate Conclusion

It was long contended that a certain class of periodic orbits, namely those with an
odd number of real Floquet multipliers greater than unity cannot be stabilized by
time-delayed feedback control. In this chapter, I have shown that this odd number
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limitation theorem [2, 3] does not hold in general. Along the lines of the normal
form of a subcritical Hopf bifurcation which is paradigmatic for a variety of
dynamic systems, I have demonstrated that stabilization is possible close to the
bifurcation point. For this autonomous system, I have presented analytical con-
ditions for successful control in terms of the complex feedback gain or, equiva-
lently, the feedback amplitude and phase. Non-vanishing feedback phase played a
crucial role for this finding.

By solving the characteristic equation, I have calculated the domain of control
and discussed the underlying mechanism by analytical and numerical means
considering a series of Hopf and Pyragas curves. The former characterize bifur-
cations of the steady state at the origin. The latter preserved the odd number orbit
due to the noninvasiveness of the control force. By exchange of stability with a
delay-induced periodic orbit generated in a saddle-node bifurcation, the subcritical
orbit transferred its instability to the trivial fixed point via transcritical and a
reverse supercritical Hopf bifurcation. The stability of the subcritical odd number
orbit was determined from its eigenvalue spectra.

In addition, I have elaborated that also periodic orbits already present in the
uncontrolled system can be employed for this exchange of stability. This was
realized for a generic model of a fold bifurcation. Similar to the case of a sub-
critical Hopf bifurcation, I have investigated the domains of control as well as
periods and radii of rotating wave solutions in the systems with time-delayed
feedback.

From the perspective of applications, these findings are encouraging to realize,
e.g., in optical systems. In these systems, the feedback phase is readily accessible
and can be adjusted, for instance, in laser systems, where subcritical Hopf bifur-
cation scenarios are abundant and Pyragas control can be realized via coupling to
an external Fabry-Perot resonator in order to stabilize a continuous-wave output
[32] or periodic oscillations of the intensity in the GHz frequency range [34]. The
feedback phase becomes also important for the stabilization of steady states in the
context of neural systems [35], for stabilization of periodic orbits by a time-
delayed feedback control scheme using spatio-temporal filtering [36], and for
tracking of unstable orbits and bifurcation analysis using time-delayed feedback
control [37]. These examples open up fundamental questions as well as a wide
range of applications.

References

1. Pyragas K (1992) Continuous control of chaos by self-controlling feedback. Phys Lett A
170:421

2. Nakajima H (1997) On analytical properties of delayed feedback control of chaos. Phys Lett
A 232:207

3. Nakajima H, Ueda Y (1998) Limitation of generalized delayed feedback control. Physica D
111:143



146 4 Refuting the Odd Number Limitation Theorem

4. Fiedler B, Flunkert V, Georgi M, Hovel P, Scholl E (2007) Refuting the odd number
limitation of time-delayed feedback control. Phys Rev Lett 98:114101

5. Fiedler B, Flunkert V, Georgi M, Hovel P, Scholl E (2008) Beyond the odd number
limitation of time-delayed feedback control. In: Schéll E, Schuster HG (eds) Handbook of
chaos control. Wiley-VCH, Weinheim, pp 73-84 (second completely revised and enlarged
edition)

6. Fiedler B, Flunkert V, Georgi M, Hovel P, Scholl E (2008) Delay stabilization of rotating
waves without odd number limitation. In: Schuster HG (ed) Reviews of nonlinear dynamics
and complexity, vol 1. Wiley-VCH, Weinheim, pp 53-68

7. Just W, Fiedler B, Flunkert V, Georgi M, Hovel P, Scholl E (2007) Beyond odd
number limitation: a bifurcation analysis of time-delayed feedback control. Phys Rev E
76:026210

8. Fiedler B, Yanchuk S, Flunkert V, Hovel P, Wiinsche HJ, Scholl E (2008) Delay stabilization
of rotating waves near fold bifurcation and application to all-optical control of a
semiconductor laser. Phys Rev E 77:066207

9. Socolar JES, Sukow DW, Gauthier DJ (1994) Stabilizing unstable periodic orbits in fast
dynamical systems. Phys Rev E 50:3245

10. Pyragas K (2001) Control of chaos via an unstable delayed feedback controller. Phys Rev
Lett 86:2265

11. Pyragas K (2003) Time-delayed feedback control method and unstable controllers. In:
Physics and control, 2003. Proceedings 2003 international conference, vol 2, p 456

12. Pyragas K, Pyragas V, Kiss IZ, Hudson JL (2004) Adaptive control of unknown unstable
steady states of dynamical systems. Phys Rev E 70:026215

13. TamaSevicius A, Mykolaitis G, Pyragas V, Pyragas K (2007) Delayed feedback control of
periodic orbits without torsion in nonautonomous chaotic systems: theory and experiment.
Phys Rev E 76:26203

14. Hohne K, Shirahama H, Choe C-U, Benner H, Pyragas K, Just W (2007) Global properties in
an experimental realization of time-delayed feedback control with an unstable control loop.
Phys Rev Lett 98:214102

15. Pyragas K, TamaSevicius A (1993) Experimental control of chaos by delayed self-controlling
feedback. Phys Lett A 180:99

16. Schuster HG, Stemmler MB (1997) Control of chaos by oscillating feedback. Phys Rev E
56:6410

17. Sivashinsky GI, Michelson DM (1980) On irregular wavy flow of a liquid film down a
vertical plane. Prog Theor Phys 63:2112

18. Nakajima H, Ueda Y (1998) Half-period delayed feedback control for dynamical systems
with symmetries. Phys Rev E 58:1757

19. Lorenz EN (1963) Deterministic nonperiodic flow. J Atmos Sci 20:130

20. Gjurchinovski A, Urumov V (2008) Stabilization of unstable steady states by variable delay
feedback control. Europhys Lett 84:40013

21. Fiedler B (1988) Global bifurcation of periodic solutions with symmetry. Springer,
Heidelberg

22. Diekmann O, van Gils SA, Verduyn Lunel SM, Walther HO (1995) Delay equations.
Springer, New York

23. Vanderbauwhede A (1989) Centre manifolds, normal forms and elementary bifurcations.
Dyn Rep 2:89

24. Fiedler B, Turaev D (1998) Normal forms, resonances, and meandering tip motions near
relative equilibria of Euclidean group actions. Arch Ration Mech Anal 145:129

25. Fiedler B, Georgi M, Jangle N (2007) Spiral wave dynamics: reacion and diffusion versus
kinematics. In: Schimansky-Geier L, Fiedler B, Kurths J, Scholl E (eds) Analysis and control
of complex nonlinear processes in physics, chemistry and biology. World Scientific,
Singapore, pp 69-114

26. Fiedler B, Sandstede B, Scheel A, Wulf C (1996) Bifurcation from relative equilibria of
noncompact group actions: skew products, meanders, and drifts. Documenta Math 1:479



References 147

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Fiedler B, Scheel A (2002) Dynamics of reaction—diffusion patterns. In: Kirkilionis M,
Rannacher R, Tomi F (eds) Trends in nonlinear analysis, Festschrift dedicated to Willi Jager
for his 60th birthday. Springer, Heidelberg

Fiedler B, Georgi M, Jangle N (2007) Spiral wave dynamics: reaction and diffusion versus
kinematics. In: Analysis and control of complex nonlinear processes in physics, chemistry
and biology. World Scientific, Singapore

Golubitsky M, Stewart I (1988) Singularities and groups in bifurcation theory, vol 2. Applied
mathematical sciences, vol 69. Springer, New York

Bauer S, Brox O, Kreissl J, Sartorius B, Radziunas M, Sieber J, Wiinsche HJ, Henneberger F
(2004) Nonlinear dynamics of semiconductor lasers with active optical feedback. Phys Rev E
69:016206

Wieczorek S, Krauskopf B, Lenstra D (1999) Unifying view of bifurcations in a
semiconductor laser subject to optical injection. Opt Commun 172:279

Schikora S, Hovel P, Wiinsche HJ, Scholl E, Henneberger F (2006) All-optical noninvasive
control of unstable steady states in a semiconductor laser. Phys Rev Lett 97:213902
Wiinsche HJ, Schikora S, Henneberger F (2008) Noninvasive control of semiconductor lasers
by delayed optical feedback. In: Scholl E, Schuster HG (eds) Handbook of chaos control.
Wiley-VCH, Weinheim (second completely revised and enlarged edition)

Schikora S, Wiinsche HJ, Henneberger F (2008) All-optical noninvasive chaos control of a
semiconductor laser. Phys Rev E 78:025202

Rosenblum MG, Pikovsky AS (2004) Delayed feedback control of collective synchrony: an
approach to suppression of pathological brain rhythms. Phys Rev E 70:041904

Baba N, Amann A, Scholl E, Just W (2002) Giant improvement of time-delayed feedback
control by spatio-temporal filtering. Phys Rev Lett 89:074101

Sieber J (2006) Dynamics of delayed relay systems. Nonlinearity 19:2489






Chapter 5
Control of Neutral Delay-Differential
Equations

Qu’est-ce que le passé, sinon du présent qui est en retard.'

(Pierre Cas)

The topic of this chapter is the control of steady states which arise in neutral
systems by means of time-delayed feedback. The crucial difference from systems
of ordinary differential equations as considered in the previous chapters is that the
uncontrolled system itself contains already delayed variables. Thus, the phase
space is infinite dimensional even in the absence of time-delayed feedback and the
initial conditions need to be specified over a time interval [ty — T, #y], where T
denotes the time delay. To complicate things even further, neutral systems contain
the delayed variable in the highest derivative. The numerical treatment and
bifurcation analysis of such equations are much more involved than those of
regular delay differential equations. For instance, the existing packages for
bifurcation analysis of delay differential equations, such as DDE-BIFTOOL [1]
and PDDE-CONT [2] currently are unable to perform computations for neutral
systems.

This type of systems arise in a variety of physical contexts. Balanov et al. [3],
for instance, derived a neutral delay differential equation as a model for torsional
waves on a driven drill-string. Another example studied by Blakely and Corron [4]
is a model of a chaotic transmission line oscillator, in which a neutral delay
differential equations was used to correctly reproduce experimental observations
of fast chaotic dynamics. They are also considered in the area of population
dynamics [5-7].

Neutral delay-differential equations arise naturally in the context of substruc-
turing and hybrid testing, when part of the dynamics of an experiment is replaced
by numerical model [8, 9]. These simulations calculate supplemental forces which

' What is past, if it is not the present which is late.

P. Hovel, Control of Complex Nonlinear Systems with Delay, 149
Springer Theses, DOI: 10.1007/978-3-642-14110-2_5,
© Springer-Verlag Berlin Heidelberg 2010
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are applied to the experimental. In this context, time delays enter the dynamic
equations due to latency effects in the interaction between the experimental and
numerical part of the system. A mechanical example will be presented in Sect. 5.1.

This chapter is based on Refs. [10, 11] and is organized as follows: In the next
Sect. 5.1, I will give an example of substructuring, where neutral delay-differential
equations can be found. Section 5.2 is devoted to the introduction of the model
which will be used throughout this chapter. I will discuss the domain of stability of
the steady state depending on the system’s parameters which include already a
time delay. Section 5.3 deals with asymptotic properties in the case of large time
delays. Time-delayed feedback control will be applied to the system in Sect. 5.4.
The center of investigations is the interplay of the different time delays, i.e., the
system’s delay and the control delay. The chapter concludes with an intermediate
summary.

5.1 Substructuring or Hybrid Testing

Neutral delay differential equations are also important in the field of real-time
dynamic substructuring or hybrid testing [8, 9]. See, for instance, the example
based on Ref. [12] presented in Eqs. 5.1.1a and b and schematically depicted in
Fig. 5.1. In this technique, part of a complex structure is transferred to numerical
computations whose results are applied back to the remaining complex structure,
e.g., by a number of attenuators. This is a helpful procedure if the structure
under investigation is large as often considered in civil and aerospace engineering.

Fig. 5.1 Schematic diagram
of the mass-spring-damper- M
pendulum system described
by Egs. 5.1.1a and b

:
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Delay effects need to be taken into account due to the non-instantaneous transfer
system. The delays can be related to a variety of sources such as measurement
of the remaining complex structure, transmission to the computational unit,
numerical calculations, or application of the numerical results back to the struc-
ture. All these sources lead to a total delay [8, 9, 12].

For an example consider the system depicted in Fig. 5.1, which is described by
the following equations [12]

() don(t) d*zu (1)
Fow = M— 7=+ O+ Kau(t) +m— (5.1.1a)
a20(1) . do(n)\? e
+ml 2z Sin 0(r) — <7 cos 0(1)
2 2
0 = ml* ddd;gt) +ml dzd(tt) di(tt) cos 0(t) + mglsin 0(z) + mld 2[;42([) sin 0(¢).
(5.1.1b)

This system consists of a pendulum with mass m and length / which is attached to
second mass M. The coordinate z,,(f) denotes the vertical position of the mass M
and the angle 0 is the angular deflection of the pendulum from the downward
position. The mass M is in turn mounted on a spring with a stiffness coefficient K
and can only move up and down. In addition, the mass M is subject to viscous
damping with damping coefficient C. F,, denotes an external excitation force
which could be, for instance, given by a periodic function.

The system’s equations 5.1.1a and 5.1.1b are not obvious from the experi-
mental setup. Therefore, I will present a detailed derivation in the following.

The Lagrange function £ of the system is given by

M,
,C:?ijw‘f'

m

. K
2 (Zi + xrzn) - _ZIZ\/I — Mg, (512)

2

where z,, and z,,,, x,,, denote the positions of the masses M and m, respectively. For
notational convenience, the time derivatives are written as, e.g., z. Using gen-
eralized coordinates

Zm =2y —lcos and x, =Isin0 (5.1.3)
yields
M K
L=—z+ @(Zz +10) — =2y — M8 (5.1.4a)
2 2vm oo 2
M : : K
= T3+ (3 + PO + 2z 0sin 0) = 523 + melcos 0. (5.1.4b)

The equations of motion (5.1.1a and 5.1.1b) for zj, and 6 are given by the
respective Lagrange’s equation
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Fig. 5.2 Schematic diagram
of the hybrid system descri- M *
bed by Eqgs. 5.1.8a and b I | Fuctuator
0
——y T o
transfe m
K =
.
simulation experiment
d (oL oL
=—|==)———-Ri (5.1.5)
dt aq, aq,
with g; € {zy, 0} and additional friction terms R;, which acts only on the mass M
as Ry = —C cotzy,. This leads to the following equation of motion for the mass M
d (oL oL
=—|z=—)———-R 5.1.6
dt (aZM) azM M ( a)
= MZy + mZy + mi0sin 0 + ml0? cos 0 + Kzyy + Ciy. (5.1.6b)

Equivalently, the equations for the angle 6(r) are given by

d(oL\ oL
0=—(=)-= 5.1.7
dt(a()> o0 ( 2)
= ml?0 + mlzy; sin 0 4 mizy0 cos 0 + mgl sin 0. (5.1.7b)

An additional external force F,, acting on the mass M in the z-direction yields
Egs. 5.1.1a and b.

As a next step, part of the system depicted is replaced by a numerical model as
depicted in Fig. 5.2. For instance, the motion of the mass M can be transferred to
computation while the pendulum remains in a physical experiment. For this
substructuring, suspension point of the pendulum is time-dependent and its
position shifted vertically by an actuator by a force F,cyawor according to the result
of the numerics calculating the motion of M. In this numerical simulation, infor-
mation of the position of the pendulum is measured and transferred to the com-
puter which results in an unavoidable delay in the respective coordinates.
Therefore, Egs. 5.1.1a and b need to be adjusted such that the delay is taken into
account:
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d*zu (1) n CdZM(t) d*zy(t — 1)

dr? dt dr? (
d20(t—1) do(t —1)\?
+ ml —z sin 0(t—1) — <T> cos0(t — 1)

Fext = M

+ Kzy (1) + m
5.1.8a)

d*0(t — 1) dz(t — 1) do(t — 1)

2 J. —

i + ml 7 s 0(t—r1)
2 _

+ mglsin0(t — 1) + ml%

0=ml

(5.1.8b)
sin 0(¢ — 7).

Finally, the goal of hybrid testing is to reproduce by the combination of numerical
and reduced experimental system the dynamics of the complete experiment as
closely as possible. A key question is, for instance, the stability of the model which
will be addressed in this chapter.

For simplification, I will consider in the following the case of small angles 6.
Then, the Egs. 5.1.8a, b decouple and Eq. 5.1.8a becomes in the absence of
external forcing [12]

d*zu (1) dzy (1)
dr? +c dt

d2ZM (l — ‘L')

0=M
dr?

+ Kzy (1) +m . (5.1.9)

The investigation of this equations will be the subject of the subsequent Sections of
this chapter.

5.2 Model Equations

As a paradigm for the class of neutral delay differential equations, I consider the
following model [10]

d*z(t)

dz(1)
dr?

dt

d*z(t — 1)

2
+2¢ i

+z(1) + =0. (5.2.1)
This model was derived in Sect. 5.1 and results from Eq. 5.1.9 by rescaling of

parameters which yields non-dimensional variables according to

R K m C
t=wt,T=wt,0=\/—p=—_= . 5.2.2
TR YW v (5:2.2)
This can be seen by inserting into Eq. 5.1.9
dZZM (Z) dZM(t) dzzM (l - ‘C)
0=M C Kz (t 5.2.3
dr? + dt + K (1) +m dr? ( 2)
d*zy (1) dzy (1) . d*zy (1 — 1)
_ 26 <M Gim 207 M
& 0=Mw i + Cw 7 + Kz (1) + mw e (5.2.3b)
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Ma? d*zy (1) Codzy(f) o ma? dPzy (i — 1)
0= - S —_" 5.2.
& AT + X 4 +zu (1) + X 2 (5.2.3c)
d’z(t) . dz(i) . d*z(i—1%)
0=— 2(— t ————=0 5.2.3d
a " ‘ di T2 +p dr? ( )

which is identical to Eq. 5.2.1. The parameter { denotes a rescaled damping rate.
The delayed acceleration term pd°z(t — t)/dr* can be interpreted as a delayed force
acting on the system. The model above was first introduced by Kyrychko et al.
[12] in the context of hybrid testing. There it proved to be a good physical model
for mass-spring-damper-systems taking into account actuator delays. In this con-
text the parameter p denotes the mass ration between the pendulum and the spring.
See also Sect. 5.1 for a detailed analysis.

This nonlinear system consists of a pendulum connected to a mechanical
oscillator. When the hybrid testing method is applied, the oscillator dynamics is
realized by numerical calculations and information of the pendulums position is
transferred by an actuator.

One could also imagine to include a time delay in the first derivative. This
would lead to delayed damping or a delayed velocity term which will be con-
sidered later in this chapter.

Note that there exists an equivalent form of Eq. 5.2.1 which is derived in the
following. Introducing v(¢) = z(¢) and u(r) = v(r) + pv(t — 1), this equation can be
rewritten as a system of differential equations with a shift:

diT(tt) =u(t) —pv(t —1) (5.2.4a)
dl;(tﬁ = ddztgt) + 2 Z(dttz_ i (5.2.4b)
d d*z(t—1 dz(t—1
— _2g§ —2(r) - Zgﬂ )i p Zgﬂ ) (5.2.4¢)
= —2{[u(t) — pv(t — 7)] — z(2) (5.2.4d)
v(t) = u(t) — pv(t — 1). (5.2.4¢)

With initial data (z(0),u(0)) = (z0,u0) € R x R and v(s) = ¢(s) € C[—1, 0], this
system can be first solved on 0 < ¢t < 7 interval, then on 7 < ¢t < 27 and so on,
provided the following sewing condition is satisfied: ¢(0) = uy — p¢p(—71). This
condition ensures that there are no discontinuities in the solutions at t = k1,k € Z.
For arbitrary initial conditions the sewing condition does not hold, and leads to
jumps in the derivative of the solution [13].

At this point, I will investigate the stability of the steady state z = 0 of
Eq. 5.2.1. As mentioned in the previous chapters, the stability of a fixed point is
determined by the largest real part of the eigenvalues 4 € C. These eigenvalues are
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given by the complex roots of the characteristic equation. Using an exponential
ansatz z(f) ~exp(/4 1) yields the following equation

P20+ 1+ pite ™ =0, (5.2.5)

The solutions of this transcendental equation in terms of A cannot be derived
analytically, for instance, by the Lambert function due to the mixed occurrence of
exponential and polynomial terms [14, 15]. Therefore Eq. 5.2.5 must be solved
numerically.

Figure 5.3 depicts the eigenvalue spectrum in the complex plane for different
time delays t. Panels (a), (b), (c), and (d) correspond to t = 2.5, 3.32, 5, and 7,
respectively. It can be observed that for small time delays as in Fig. 5.3a the steady
state is stable, as all the eigenvalues are in the left half-plane. As time delay
increases, a pair of complex conjugate eigenvalues crosses the imaginary axis, as
demonstrated in Fig. 5.3b, leading to an instability shown in Fig. 5.3c. For further
increase of the time delay, the unstable eigenvalues return to the left half-plane,
thus restoring the stability. Note that all eigenvalues lie on a set of two curves. The
formula for this curve will be derived later as asymptotic pseudocontinuous
spectrum.

At this point, let me discuss the domain of stability in the (t, p) plane.
Asymptotic properties for large delays will be investigated in Sect. 5.3.

To find an exact analytical expression for the stability boundary, one has to
consider a vanishing real part of the eigenvalue 1 and thus substitute 1 = iw into
the characteristic equation (5.2.5). After separating real and imaginary parts, this
gives

? — pw?* cos(wt) =0 (5.2.6a)

1—w
2w + po? sin(wt) = 0. (5.2.6b)

Squaring and adding these equations gives
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(1- w2)2+4C2w2 =p’o! (5.2.7a)
& (1-po*+ @l -2)0* +1=0. (5.2.7b)

The last equation can be solved as

202 —

0=w"+2
@+ 1—p? 1—p?

(5.2.8a)

2 _
= Wi, =

1
T [1 —2C2i\/(1 —20%) 1+ 2. (5.2.8b)

In fact, Eq. 5.2.7b provides an expression for stability boundary value of p as
parameterized by the Hopf frequency w:

0=(1-pHo*+ @47 -2)0* +1 (5.2.9a)

& plw)= é\/w“ +202 (20 — 1) + L. (5.2.9b)

The corresponding value of the time delay at the stability boundary can be derived
from Eqs. 5.2.6a and b

1 — w® = pa*cos(wr), 2{w = pw?sin(wr) (5.2.10a)
2w
o tan(wt) (5.2.10b)
2
= 1(w) = —|arctan— + k|, (5.2.10¢)

where k =0, 1, 2, ...

To summarize previous derivations, Eqgs. 5.2.9b and 5.2.10c are parametric
formulas for the boundary of stability in dependence on the Hopf frequency .
Figure 5.4 illustrates this dependence of critical mass ratio p on the time delay t
which ensures the stability of the steady state below the curves in the yellow
shaded area. It is noteworthy that if Ipl > 1, the steady state is unstable for any
positive time delay 7; on the other hand, if Ipl < 1 and { > 1/ \/E7 then the steady

state is asymptotically stable for any positive time delay . For { <1/v/2, there is a

lower bound on the value of ppi, = 2{\/1 — (%, so that an asymptotic stability is
guaranteed for all T > 0 provided p < pnin [12]. This lower bound will be derived
in Sect. 5.3.

If one includes also a delayed viscous damping term to the hybrid system
depicted in Fig. 5.2 of Sect. 5.1, one can study the influence of velocity feedback
on the stability of neutral delay differential equations. The modified system’s
equations read
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Fig. 5.4 Exact stability
boundary of the characteristic
equation (5.2.5) in the (1, p)
parameter plane for { = 0.1.
The steady state is stable

in the yellow (shaded) area.
The curves correspond to the
parametric formulas of

Egs. 5.2.9b and 5.2.10c for
p(w) and 1(w), respectively

d*z(1)
dr?

12080 ) 4

d*z(t — 1)
dr?

+ ZCde(tdt_ 2 (5.2.11)

where {; and {, denote the damping rates of the undelayed and delayed velocities,
respectively. This equation was introduced in Ref. [12], where it was shown that
depending on the difference between two damping parameters {; and (5, the
stability domain may shrink and even split into separate stability regions in the
parameter plane which are called death islands since the oscillations decay.

The stability of the steady state z° = 0 of the extended system (5.2.11) can be
inferred by the solution of the characteristic equation which reads

420041+ pile ™™ 4200 = 0. (5.2.12)

Figure 5.5 depicts the computed eigenvalue spectrum according to Eq. 5.2.12 for a
time delay of t = 2, 2.725, 3.5, and 5 in panels (a), (b), (c), and (d), respectively.
The parameters are chosen as {; = 0.25, {, = 0.24, and p = 0.3. From this figure
it follows that similar to the situation without velocity feedback as shown in
Fig. 5.3, the system undergoes successive stability switches as the time delay is
varied. For small 7 the fixed point at the origin is stable. See Fig. 5.5a where all
eigenvalues have negative real part. As the time delay increases, the fixed point
looses eventually its stability as can be seen in Fig. 5.5b and c. For even larger
values of t the steady state can regain its stability as all the eigenvalues lie again in
the left half-plane, i.e., Re(1) < 0 as indicated in Fig. 5.5d. Compare also the case
without velocity feedback of Fig. 5.3. Similar to this case, on can calculate the
domain of stability analytically from the characteristic equation (5.2.12).

At the points, where the stability changes, the eigenvalues are purely imaginary,
i.e., A = iw, and the real and imaginary part of the characteristic equation can
written as

1 — w* — pw?* cos w1 + 2{,wsin wt = 0 (5.2.13a)
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2w(, 4+ pw? sinwt + 2w, cos wt = 0. (5.2.13b)
Squaring these two equations gives
(1- w2)2: (pe?® cos wt — 2L, sin wr)2 (5.2.14a)
(2,0)*= (—pw2 sinwt — 20w cos wr)2. (5.2.14b)

Adding the squared equations of the real and imaginary parts yields

(1 — ?)*+480? = pPo* + 450° (5.2.15a)

& (1-p)o*+ @8 -43-2)0* +1=0 (5.2.15b)
20 -282 -1 1

& w4+2( G —26 )wz + =0 (5.2.15¢)

1-p? 1—p2

such that the following parameterization of p the Hopf frequency in dependence on
o holds:

)

1
iy = 1—p? {1 -2 +205+ \/(1 — 20 +208)" 14 7). (5.2.16)

Similar to the previous case, one can derive parametric expressions for p(w) and
() from Egs. 5.2.13a, b:

0= (1-pYo*+ 445 -2)0* + 1 (5.2.17a)
= o+ o' —20"+1+4(F - §)o? (5.2.17b)
= plo)= é (w? — 1)2+4(C% - ). (5.2.17¢)
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Fig. 5.6 Exact stability boundary of the characteristic equation (5.2.12) in the (t, p) parameter
plane. The steady state is stable in the yellow (shaded) area. Parameter values are: a {; = 0.25
and {, = 0.24, b {; = 0.23 and {, = 0.25

The corresponding value of the time delay at the stability boundary can be derived
similar to Eq. 5.2.10c. Starting from the real part of the characteristic equa-
tion (5.2.13a) leads to the following expression

sinwt =

2C2w(w2 — 1+ pe’® cos o) (5.2.18)

which can be inserted into the imaginary part of the characteristic equation given
by Eq. 5.2.13b

20, + po (w® — 1 + pw*cos wt) +2{, coswt =0 (5.2.19a)
ZCQ(U

& 400G +p(w* — 1+ pow’coswr) + 4 coswt =0 (5.2.19b)

& 4G+ p(a? — 1) +cos wt(48 + p*w?) = 0. (5.2.19¢)

Solving for 7 yields the value of the time delay at the stability boundary:

1 1—w?) -4
() = —|2nn — arccosp( w’) 46

0] pro? + 44

. on=1203,... (5.2.20)

Figure 5.6 depicts the parametric dependence of the critical mass ration p and the
time delay t on the Hopf frequency w according to Eqgs. 5.2.17¢ and 5.2.20 for two
different combinations of {; and {,. The steady state is stable below the curves in
the yellow shaded areas. Note how the stability boundary which is given as yellow
area is affected by the relation between {; and {,. In particular, it can be stated that
when {; = {, the stability boundary touches the t axis (p = 0), and for {;, > (|,
the stability area consists of non-overlapping death islands, inside which the
oscillations are damped, and the steady state is stable.
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To understand the dynamics of the system in the neighborhood of these stability
changes, one can use the framework of pseudocontinuous spectrum proposed by
Yanchuk et al. [16] for the analysis of scaling behavior of eigenvalues for large
time delays in ordinary differential subject to time-delayed feedback control. This
will be elaborated in the next section.

5.3 Asymptotic Properties for Large Delays

Following the approach of Sect. 3.6 and Ref. [16] for the case of ordinary dif-
ferential equations with time-delayed feedback, one can express the asymptotic
approximation of the eigenvalues for large t as

i%y+i<9+%¢> +O(Tiz), (5.3.1)

where 7, Q, and ¢ are real-valued quantities, which are associated with the real and
imaginary part of the eigenvalue /A, respectively. Substituting this representation
into the characteristic equation (5.2.5), yields

0=7>+200+1+pite ™ (5.3.2a)

= Ey+i(Q+%¢>T+2(E~/+i(Q+%¢>] +1

ST 1 1 (5.3.2b)
1
+p[v+ i<Q+¢>>] exp{y—i— i(Q—F(]ﬁ)} +(’)<2).
T T T T T
This gives to the leading order in O(1/7)
1 — Q4 2iQ — pQPe e ™ =0 (5.3.3)

with an additional constraint Q = Q") = 2nn/t,n = +£1, £2, £3,... To derive
an expression for the real part y of the eigenvalue as a function of the Hopf
frequency Q it is helpful to separate Eq. 5.3.3 into real and imaginary part

0=1-0Q*—pw’e’cosd (5.3.4a)
0 = 2(Q + pQe " sin ¢. (5.3.4b)
Squaring and adding these equations yields
(1 — Q) = pPwte ¥ cos® ¢ (5.3.5a)
402Q% = p* Qe ¥ sin? ¢ (5.3.5b)

= (1-Q)+40°Q = p*Qte™, (5.3.5¢)


http://dx.doi.org/10.1007/978-3-642-14110-2_3#Sec14
http://dx.doi.org/10.1007/978-3-642-14110-2_3#Sec14
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Solving this equation for real part y of the eigenvalue leads to a formula y(Q) in
dependence on the Hopf frequency Q

022 202
s = (1= 9 400
2 pZQ

11 42 -2 1

(5.3.6a)

(5.3.6b)

A steady state can lose its stability via a Hopf bifurcation, at which point the tip of
curve y(Q) will cross the imaginary axis. This instability can be prevented, pro-
vided the interval of unstable frequencies Q; < Q < €, lies inside the interval
[Q””,Q”UH] for some ny. Here, Q;, are two positive roots of the equation
7(Q) = 0, which can be found from Eq. 5.3.6a as

1 422 -2 1
= POt =0+ (42 -2)Q*+1 (5.3.7b)
200 -1 1
— o Q? 3.
< 0 +21_p2Q +1—p2 (5.3.7¢)
e o= 1—2521\/(1—252)2—1+p2 : (5.3.7d)
1,2 1_p2

For further analytical progress, one can expand this expression for small values of
{, which gives

1 1 cz( 1 1 )
AQ=01 —Q, = - - . 53.8
: ? vi-p J14+p p \/1+p+\/17p ( )

Since the actual values of the frequencies are Q" = 27 n/t for any integer n, the
distance between any two successive frequencies is 27/7, and hence the necessary
condition for stability AQ < 27/t can be written as

1 1 ¢ 1 1
A ) < 639)
or equivalently
&\ 1 &\ 1

In the limit of T—0, p approaches unity. Thus the first term of Eq. 5.3.9 dominates
and one obtains
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1

~ 21/t (5.3.11a)
Vi-p
= p~1-—1*/4n’ (5.3.11b)

which is an approximation for the critical mass ratio.

For large enough time delay t, p asymptotically approaches a lower bound of
stability which corresponds to AQ = 0. It can be obtained from Eq. 5.3.7a by
using

0=(Q —W)(Q +D%) =07 - O (5.3.12a)
_ 2 1 =202 —1+4p2 5.3.12b
—l_pz(— ) —1+p (5.3.12b)
which yields
p=20\/1-0=~2L. (5.3.13)

Alternatively, this result can be derived from Eq. 5.2.9b by calculation of the
minima in Fig. 5.4

dp(w) _ d 1 4 5 2
dw_dw<w2\/w +202(20 — 1) + 1 (5.3.14a)
2 2
__ 4@ -D+4 (5.3.14b)
203\ ot + 202202 ~ 1) + 1
1
= ol -7 (5.3.14c)

The corresponding value p recovers the result of Eq. 5.3.13

1

p(wmin)zﬂ\/ b + 202, (20 1) +1 (5.3.15a)
200-1 1

=\ 42—t (5.3.15b)

_\/1 2(1 - 282+ (1 280’ (5.3.15¢)

=20/1 - (5.3.15d)

Figure 5.7 shows the plot of the approximate stability boundary according to
(5.3.9) as a function of time delay t for a given small value of the damping (.
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The color code in this figure indicates the value of the largest real part of the
eigenvalues in the spectrum of the characteristic equation (5.2.5) for each value of
p and 7. As it follows from Fig. 5.7, the analytically derived formula (5.3.9) for the
maxima on the stability boundary provides a good approximation for large time
delay 7. While it deviates from the exact stability peaks, which correspond to
codimension-two Hopf bifurcation, for small delays, it still correctly approaches
the asymptotic value of p = 1 as t1—0.

As in the previous Section, one can include effects of delayed velocity feedback
also in the treatment of the asymptotic properties. Assuming in Eq. 5.2.12 the
same asymptotic behavior (5.3.1) of the eigenvalues for large time delay, i.e., the
real part of the eigenvalue scales as 1/t, gives to the leading order

1 — Q%+ 2i,Q — pQPe Ve ™ 4+ 2i,Qe e = 0 (5.3.16)

with the constraint Q = Q" =27 n/t, n= £ 1, £2, £ 3,... Similar to the
derivation of Eq. 5.3.7a, separating Eq. 5.3.16 into real and imaginary parts yields

—(1-Q%) = —pQ*e 7 cos ¢ + 2,Qe 7 sin ¢ (5.3.17a)

—20,Q = pQ*e 7 sin ¢ + 2(,Qe 7 cos . (5.3.17b)

Squaring and adding these equations leads to the following expression after some
algebraic manipulations such as cos?(-) + sin?(-) = 1

(1 - Q) +400% = (p°Q* +4530%) 2. (5.3.18)

Solving this equation for y gives in dependence on the Hopf frequency Q at the
Hopf bifurcation

2
1 (1-9Q%) "+
Q)= —In : 5.3.19
Q) =~ PO+ 00 ( )
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Note that vanishing {, recovers Eq. 5.3.6a without delayed velocity feedback.
Transition to instability occurs when y(Q) = 0, which gives the expression for
instability frequencies

1 2
0}, = 1—p2{1 +20 203+ \/(1 +20 - 20) =1+ p2|. (5.3.20)

In a manner similar to the analysis of the delayed force feedback, one can make
further analytical progress by assuming that both damping coefficients are small:
Il < 1, 1l <« 1. The necessary stability condition AQ = Q; — Q, < 27/t
gives the following asymptotic approximation for the maxima of the stability
boundary:

1 _z%c%( 1 1 )
= Jitr » m—km <2m/t. (5.3.21)

The expression (5.3.21) can be further simplified for small time delay 7 to give
p~1 — °/4n* which is identical to the limit of p for small 7 in the case without
delayed velocity feedback. For large time delay the asymptotic behavior can be
obtained in a manner similar to Eq. 5.3.13. Setting the difference Q% — Q% to
zero yields

0=0 - (5.3.22a)
20/ (14282 —202)°—1 + p?
_ V(2520 14 (5.3.22b)
1—p?
o pP=(1+28-20) -1 (5.3.22¢)
e =208 -20)+ (3 -28) (5.3.22d)

which gives the asymptotic value

p= 2\/@% QU -G+08) =2/ -8 (5.3.23)

It is noteworthy that the inequality (5.3.21) provides a good approximation for the
stability boundary even when actual values of damping coefficients {; and {, are

large, as long as the difference (C% — C%) is small by the absolute value. Figure 5.8
shows an excellent agreement between the asymptotic approximation (5.3.21) and
the exact stability boundary.

After the discussion of asymptotic behavior for large time delays, the next
Section is devoted to the application of time-delayed feedback to the system
without velocity feedback. The goal is to enlarge the parameter range for which the
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steady state is stable. It will be shown that the relation between the system’s delay
and the control delay becomes crucial.

5.4 Control by Time-Delayed Feedback

The previous Sections introduced a model system of a neutral delay differential
equation and discussed its asymptotic behavior for large time delays. It was shown
that there are regions in the parameter space for which the steady state at the origin
7 = 0 is unstable. The purpose is this Section is to influence the stability of this
steady state by means of time-delayed feedback control and thus increase the
parameter range with stable steady state. To this end, the original system (5.2.1) is
replaced by its modified version [11]

&) +202(t) + 2(1) + pelt — 1) = K[z(1) — 2(t = )], (5.4.1)

where K > 0 is the strength of the control force, and 7, > 0 is the time delay of the
control. This modified system has the same steady state as the original system for
any time delay 1, i.e., z = 0, but now the stability of this equilibrium is deter-
mined by the roots of the modified characteristic equation:

P20+ 1+ ple =K(1—e ™). (5.4.2)

Note the additional exponential on the right-hand side compared to Eq. 5.2.5.
Vanishing feedback strength K = 0 or control delay 17, = 0 recovers the original
uncontrolled model with an unstable steady state of Sect. 5.2. The goal is now to find
a relation between K and 7, in terms of the original system parameters p, {, and 7,
such that in the absence of control there is a pair of unstable complex conjugate
eigenvalues, while in the presence of control all the eigenvalues are stable.

The strategy is the following: At first, I will investigate the case where the
control delay 7, matches the system’s delay t,. Afterwards I will also take dif-
ferent time delays 7, # 7, into account.
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Consider the case when the time delay of the control coincides with the time
delay of the original system 7, = t; = t. The stability boundary is determined by
vanishing real part of A in the characteristic equation (5.4.2), i.e., Re(1) = 0.
Looking for solutions of Eq. 5.4.2 in the form A = iw and separating real and
imaginary parts yields

—w’ +1-K = (po* - K) cos ot (5.4.3a)
2w = —(pw’* — K) sinwr. (5.4.3b)

Compare also Eqs. 5.2.6a, b in the absence of time-delayed feedback. Squaring
and adding the two equations in the last system gives

(~0? + 1 - K)*+420? = (po® — K)". (5.4.4)

The last equation can be solved for p as follows:

1
p() = Z(J (—or +1— KP4l + K) (5.45)
W
which is a parametric expression of p in dependence on the Hopf frequency w.
Also, dividing the equation of the imaginary part (5.4.3b) by the corresponding
equation of the real part (5.4.3a), the critical time delay can be expressed as

1 2
o) = Larctan—22 | k=012, .. (5.4.6)
1) w?—1+K

Now, for each fixed value of the control strength K and the damping {, the stability
boundary can be parameterized in the (z, p) plane according to Egs. 5.4.5 and
5.4.6. Figure 5.9a shows that it is possible to raise the stability boundary by
increasing the control strength K. Compare the solid, dashed, and dotted curves
which correspond to a value of K = 0 (no control), 0.1, and 0.2, respectively. This
improve overall stability of the system. This also means that those points which
were unstable in the uncontrolled system, are now stable as they are moved by the
control action to the area below the new stability boundary. It is worth mentioning
that if K < 0, this actually lowers the stability boundary, and hence reduces the
stability.

So far, the control strength K was fixed and the stability boundary was studied
as a curve in the (z, p) plane. At the same time, one can consider p and 7 fixed.
This corresponds to a single unstable fixed point of the uncontrolled system and
the system (5.4.3a, b) can be solved for a tuple (K, w). This would give a full
picture of controllability of the system by providing the value of the minimum
control strength K required to stabilize the steady state for the given values of p
and 1. The results of this computation are shown in Fig. 5.9b, where the steady
state is stable above the surface. This plot suggests that the more unstable is a
steady state, i.e., the higher it is above its stability boundary in (z, p) plane, the
higher should be the control strength K for stabilization of this steady state.
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(@, (b)

Fig. 5.9 a Stability boundary of the controlled system for 7; = 7, = 7, { = 0.1 and different
control strengths: K = 0 (solid), K = 0.1 (dashed) and K = 0.2 (dotted). The steady state is
stable below the curves. b Minimum stabilizing control strength K as a function of p and
T =T =71

It is noteworthy that time-delayed feedback control scheme fails to achieve
controllability of the steady state if [pl > 1 independently on the intrinsic time
delay and control parameters. This highlights a major difference between stabi-
lizing unstable steady states in neutral and non-neutral time-delayed systems.

When 1, # 7, the characteristic equation (5.4.2) has two time delays simul-
taneously present, which significantly complicates a stability analysis. Several
approaches have been recently put forward to study stability of equations with
multiple time delays [17, 18]. Beretta and Kuang have developed geometric sta-
bility switch criteria for equations with delay-dependent parameters, and this
method can also be used to analyze systems with two time delays [19]. Sipahi and
Olgac have suggested in Ref. [20] a systematic procedure of finding eigenvalues of
characteristic equations for systems with multiple time delays by means of a
substitution, which replaces an original transcendental characteristic equation with
a polynomial. In the present case, it is convenient to use a parameterization of the
stability boundary in the parameter plane of two time delays, as outlined in Ref.
[21]. The idea is to rewrite the characteristic equation (5.4.2) in an equivalent form

14 ai(A)e ™™ 4 aye ™ =0 (5.4.7)
with the following abbreviations
2 K
= P N Al dz(i) = 12"
1 —K+20A+4 1 —K+20+ 2

a(A) (5.4.8)
The stability border can now be parameterized by a Hopf frequency o € Q, where

Q= U;;l Q; consists of a finite number of intervals of finite length. The critical
time delays at the stability boundary in the (t;, 75) plane are then given by
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Fig. 5.10 Stability boundaries of the characteristic equation (5.4.2) for p = 0.4 and { = 0.1.
a K = 0.1, b K = 0.3. The steady state is stable inside the shaded area

arg[a; (iw)] + (2u — 1) £ 0,

= 5.4.9
T - (5.4.9a)
u:uat,ua[—&—l,u(f—&—Z,... (5.4.9b)
= arglay (iw)] + 2v — )z £ 0, (5.4.90)
)
v:vﬁ,v§+1,v§+2,..., (5.4.9d)

where 0, 0, € [0, ] are calculated as

1+ Jai (i) — |a (i)
0, = arccos 5.4.10a
! ( 2Ja) (io)] ( )
0, = arccos Lt Jay(io)]” — Jay (o))" (5.4.10b)
o 2aio)] -

and uF and v are determined as the smallest positive integers such that the

corresponding rT‘T, T, 123, ¥ are all non-negative.

Figure 5.10 shows the stability boundaries of the controlled system in the
parameter space of the time delays 7; and 1,, as given by the formulas (5.4.9a, b)
for different values of K = 0.1 and 0.3 in panels (a) and (b), respectively. Note that
when K = 0.1, the stability boundaries are represented by zig-zag curves with
vertical axes. For larger values of the control strength K, the stability boundaries
become closed curves. The steady state is stable inside the shaded areas.
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Fig. 5.11 Real part of the leading eigenvalue of the characteristic equation (5.4.2) versus delay
times t; and 7, for p = 0.4 and { = 0.1. (a) K = 0.1. (b) K = 0.3. The color code denotes the
value of Re(/); only those parts are shown where it is negative. The colored areas in both plots
correspond to the regions where the steady state is stable

To deepen the understanding of the stability changes depending on the relation
between the two time delays, one can compute the maximum of the real part of the
characteristic eigenvalues, which is shown in Fig. 5.11 wherever it is negative. To
calculate the real part of the leading eigenvalue of the characteristic equation
(5.4.2) pseudospectral differentiation methods can be used. For details see Refs.
[22-24]. Note some of the very small stable domains with Re(4) very close to zero
shown in Fig. 5.10 are not fully resolved numerically in Fig. 5.11.

The control strength K appears as a parameter in a; and a,, and thus determines
the values of 7; and 1, at the stability threshold. At the same time, in order to
determine the controllability of the system it is more convenient to fix particular
values of the parameters 7, p, and { of the original system, and then study the
stability border in the (75, K) space. Figure 5.12a shows how the real part of the
leading characteristic eigenvalue depends on K and 7,, and in Fig. 5.12b for
illustrative purposes I present three possible regimes for different values of the
control strength K. One can observe that while for small K the steady state is
unstable, it becomes stable starting with some K, and the larger K is, the more
negative the real part of the leading eigenvalue becomes. It is clear from Fig. 5.12a
that the stability islands in (7,, K) parameter plane are finite, and hence if the
control strength is very large, the steady state will be unstable again.

If the parameters are taken closer to the stability boundary of the uncontrolled
system, i.e., for smaller values of p, a much smaller control strength K is required
to stabilize an unstable equilibrium. In this case all stability boundaries are closed
curves shown in Fig. 5.13 for fixed K = 0.1 and K = 0.3, and the steady state is
stable in the shaded area outside those curves. Note that the parameter p is fixed
and p = 0.25, i.e., smaller than in Figs. 5.10-5.12. The corresponding plot of the
real part of the leading eigenvalue, shown in Fig. 5.14, reveals the existence of
several regions of values of 7, for which the steady state can be stabilized for the
same value of the control strength K and the original time delay 7;. If I fix 7, and
consider the plane of control parameters K and 7,, the dependence of the leading
eigenvalue of the characteristic equation on these parameters is qualitatively the
same as the one for p = 0.4, whereas the stability regions are more pronounced,
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Fig. 5.12 a Real part

of the leading eigenvalue

of the characteristic
equation (5.4.2) for p = 0.4,
{=0.1, and 7, = 5.

b Dependence of the real part
of the leading eigenvalue on
the control time delay t, for
K = 0.15 (solid), K = 0.28
(dashed), and K = 0.36
(dotted) with fixed T = 5
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Fig. 5.13 Stability boundaries of the characteristic equation (5.4.2) for p = 0.25 and { = 0.1.
The feedback strength K is chosen as K = 0.1 and K = 0.3 in a and b, respectively. The shaded
areas correspond to a stable steady state
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Fig. 5.14 Real part of the leading eigenvalue of the characteristic equation (5.4.2) versus delay
times 7; and 7, for p = 0.25 and { = 0.1. The feedback strength K is chosen as K = 0.1 and
K = 0.3 in a and b, respectively. The color code denotes the value of Re(4); only those parts are
shown where it is negative. The colored areas in both plots correspond to the regions where the
steady state is stable

Fig. 5.15 a Real part of the (a)

leading eigenvalue of the Re(M\)

characteristic equation (5.4.2)

for p = 0.25, { = 0.1, and 0.3 0.3
71 = 5. b Dependence of the 0.15 02
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time delay 7, for K = 0.15
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and K = 0.36 (dotted) 0.8 01
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see Fig. 5.15. In comparison to the case of p = 0.4, there is more than one interval
of time delay 1,, for which stabilization of the steady state is achieved for a fixed
value of the control strength K. Note that similar behavior as in Figs. 5.13 and 5.14
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was found for an electronic oscillator where two time delays were added in the
form of two Pyragas-type time-delayed feedback control terms [18].

5.5 Intermediate Conclusion

In this chapter, I have discussed systems where the occurrence of a time delay is
due to the intrinsic structure of the model. This intrinsic delay arises from various
sources such as propagation delays, calculation times for numerical computation
etc. I have investigated the dynamics of two models which belong to the class of
neutral delay differential equations since the delayed variable enters in the highest
derivative. The analysis of steady state solutions has shown that the systems
exhibit stability switches, where stability is lost and regained depending on the
time delay.

In the case when delayed velocity feedback is present, the interplay between the
time delay and the two damping coefficients produced different stability regimes
in the parameter plane. For some parameter values the stability area collapsed into
separate islands. On the basis of a characteristic equations, I found an analytical
parameterization of the boundary of stability.

In addition, I have derived an asymptotic approximation of the stability peaks
for large time delays where I used universal scaling arguments. I have compared
this approximation with the exact stability boundary. The results agree quite well
even when the time delay is not too large, and give excellent agreement for large
delays. The results were obtained by numerical simulations of the characteristic
spectrum.

Next to systems with intrinsic time delays, there are those where the time delay
is introduced externally in order to stabilize unstable periodic orbits and steady
states. To this end, time-delayed feedback control as introduced in Chap. 2 has
been demonstrated to be an efficient tool for stabilization of these states. Since the
intrinsic delay eventually destabilized the steady state of the neutral differential
delay equation, the application of time-delayed feedback led to a larger parameter
range for which this fixed point was stable. The interplay between the intrinsic
time delay of the original system and the time delay of the control force was
crucial.

For a given value of the control strength, it was possible to find an analytical
parameterization of stability boundaries in terms of the system’s delay and the
control delay. I found the following result: The more unstable was a steady state,
as determined by the real part of the leading eigenvalue of the corresponding
characteristic equation, the higher should be the control strength required to sta-
bilize it for a fixed value of the control time delay. At the same time, if the steady
state is close to a Hopf bifurcation, it was easier to control it. In the latter case
there was a larger number of islands in a parameter space where stabilization was
successfully achieved. This results held even in the case where the two time delays
did not match.
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Until this point I have only considered single systems subject to time-delayed
feedback. These were steady states in systems with and without intrinsic time
delays as well as periodic orbits. In the following chapter, I will also apply this
control method to coupled systems. These systems will be realized as excitable
units which rest in a fixed point unless they are kicked above a certain threshold.
This excitation can be caused by random fluctuations as well as delayed input from
the coupled systems. The goal will be to investigate the underlying dynamics and
to characterize the relevant timescales.
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Chapter 6
Neural Systems

Delay is preferable to error.

(Thomas Jefferson: Letter to George Washington)

Synchronization of neurons or neural populations can have multiple biological
reasons. Groups of neurons can operate in a synchronized manner to enhance
data transmission for processing of biological information [1-3]. In the latter case,
synchronization in the brain is discussed in terms of binding-by-synchrony which
addresses the question how information processing in distant regions of the brain is
executed in parallel and how the relatedness of the results is encoded for a coherent
perception. The temporal synchrony is realized with biologically fast precision on
the millisecond scale. For a review on this matter see Ref. [4]. In this context,
synchronized behavior can be a desirable, advantageous pattern. Synchronization of
neural spiking can also cause regular action potentials which are associated with
pathological rhythmic brain activity and symptoms in Parkinson’s disease, essential
tremor as well as epilepsy [5-8]. Modern concepts of time-delayed feedback
control have recently been applied to suppress this undesired synchrony [9-15].

Since the network of neurons in the brain exhibits a subtle balance of dynamic
chaos and selforganized order, understanding the spontaneous emergence of neural
synchrony is of crucial importance for clinical applications. The goal is to gain insight
into the underlying mechanisms which then can lead to the development of new
techniques in order to manipulate and influence the neural dynamics [12, 16—-18].

This chapter is devoted to the application of time-delayed feedback control to
excitable neural systems. I will mainly focus on the effects concerning a single
neuron or two coupled neural elements. In the context of larger networks, this can
be seen as a first step towards network motifs which build up the network and
consist of only a few neural oscillators.

The chapter is organized as follows: in Sect. 6.1, I will introduce the model
which will be used throughout this chapter. The model consists of a FitzHugh—
Nagumo system [19, 20] which is a two-dimensional simplification of the
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Hogkin—Huxley model [21]. After the discussion of the system’s equations, I will
present tools for the characterization of the dynamics. Two coupled FitzHugh-
Nagumo systems will be the subject of Sect. 6.2 where I will develop measures for
the detection of synchronization. Sections 6.3-6.5 will deal with the effects of
time-delayed feedback control. In Sect. 6.3, the control scheme will be applied to a
single excitable neural oscillator. The subject of Sect. 6.4 will be the influence of
time-delayed feedback in its extended version by Socolar [22] on the cooperative
dynamics of two coupled neural elements where special emphasis lies on the role
of the memory parameter. In Sect. 6.5, I will discuss effects of different coupling
schemes to the compound system of two FitzHugh—Nagumo models. The different
coupling possibilities arise from the construction and application of the delayed
feedback. Section 6.6 will focus on potential applications and analysis of time-
delayed feedback in the context of networks, where I will discuss a technique
called master stability function and present some preliminary results. Finally,
Sect. 6.7 concludes this chapter in an intermediate summary.

6.1 Single FitzHugh—Nagumo System

Before investigating the effects of time-delayed feedback control in Sects. 6.3-6.6,
I will first discuss the dynamics of the uncontrolled system. This section is devoted
to the analysis of a single neural system and Sect. 6.2 deals with the interaction of
two coupled systems.

As a paradigmatic model for neural systems, I consider the FitzHugh—
Nagumo system throughout this chapter [19, 20]. This two-dimensional system is a
simplification of the four-dimensional Hodgkin—Huxley model [21] and can be
written as

du(t) u(t)’
bt = u(r) _va(t) (6.1.1a)
d‘;—(tt):u(t)—‘ra—l—Dﬁ(l). (6.1.1b)

The variable u is related to the transmembrane voltage and v corresponds to
various quantities connected to the electrical conductance of the relevant ion
currents. The neuron is driven by Gaussian white noise &(¢) with zero mean and
unity variance. The noise intensity is denoted by D. The parameter ¢ is the
timescale ratio between the activator u and the inhibitor v.

Figure 6.1 depicts the vector field of the system (6.1.1a, b) in the (u, v) phase
space. Panels (a) and (b) correspond to two different timescale ratios ¢ = 0.1 and
0.005, respectively. The parameter a is fixed at a = 1.05. The red (dotted) and
blue (dashed) curves show the nullclines of Egs. 6.1.1a and 6.1.1b, respectively.
These curves are determined by du/dt = 0 and dv/dt = 0 which yields
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and u(t) = —a. (6.1.2)

The fixed point (u*,v*) of the neural system is given by the intersection of the
u- and v-nullclines

a3

(", v") = (a, —a+ 3> . (6.1.3)

Since the time derivative of u and v vanishes on the respective nullcline, the vector
field is horizontal and vertical at these coordinates, respectively. The difference of
the timescale ratio ¢ results in a faster motion in the u-direction for smaller values
of ¢.

A linearization of Eqgs. 6.1.1 around the fixed point (u*,v*) yields for D = 0

(%) :@@8) (6.1.4)

The eigenvalues 4 of the Jacobian matrix J determine the stability of the fixed
point. They are given as roots of the characteristic equations

0=det( "4 6.15
= et( 1 —/1) (6.1.5a)
=72 —tr(J)A + det(J) (6.1.5b)
1—a®. 1
S L (6.1.5¢)
& &

R VA a?)’—4¢

= A= e . (6.1.5d)

According to the characterization of two-dimensional systems elaborated in
Sect. 3.1, one can conclude the following: Since ¢ is a positive constant, the
determinant of J is also positive, i.e., det(J) > 0. Thus, the system falls into the
right half-plane of Fig. 6.1. The trace of the Jacobian matrix tr(J) = (1 — a?)/e is
positive if the absolute value of the parameter a is smaller than unity and negative
for |a] > 1. Therefore, the fixed point is stable for |a| > 1, whereas for |a| <1 the
intersection of the nullclines occurs in the range of positive slope of the u-null-
cline. Then the fixed point is unstable. In the nonlinear system, this change of
stability happens by a Hopf bifurcation above which periodic oscillations exist.



http://dx.doi.org/10.1007/978-3-642-14110-2_3#Sec1
http://dx.doi.org/10.1007/978-3-642-14110-2_3#Sec1

178 6 Neural Systems

Ficce<ceeeew v r~r e P <<
et i R Tl
PHDIID IS I P € €ee—e—ere—c— <X <Y
< SIS AR ] 7
RICSTTTTET i A0 BiSS T s s isssy
Pllectcrtes Ty 1 1 1A T Pri<eseeecc €t 12> 5> vee—
PAiecceccsscr e Ny [ <€ < <5 > >0 > <ol
[Blhcccececrasgrarars Prlcccccce e <f>>>5>> <
*54:6&‘?('7:::;;;;@( —’))\((««»6**<v7>’*>7)<€—
> OERitsssIviA 33325y et i3 3333y
RSV 13525 A 1< <ic < < $> > 2255555 <
;)‘(_(,w‘ (MR EEEEELELN [59 €< << < < > > > 255 s
> R PR e s 55> << < < x> > >>>>33>> <«
f‘,;)u <<r1y ~>rr7/v/r/v)r/ R > << s> > 77m7
FSma w1347 5 729072777 oo <> >55 2 e
s 57355555 gk 5>>> > > 5> > > > > > > > >>>xd
;.;,,»»a/ya/wp/r/v; 555505 5> 5 5 55555
A o332 35 332555 Sss>> > > » » > > > e
-2 1 0 1 2 -2 -1 0 1 2
u u
(a) (b)

Fig. 6.1 Vector field of the FitzZHugh—-Nagumo system with u- and v-nullclines as blue (dashed)
and red (dotted) curves, respectively. The timescale ratio ¢ is fixed at ¢ = 0.1 and ¢ = 0.005 in
panels (a) and (b), respectively. Other parameters: a = 1.05 (excitable regime) and D = 0
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In the case of a stable fixed point, the system reaches the rest state (u*, v*) after an
initial transient.

In order to create an excursion in phase space, it is necessary to overcome an
excitability threshold. This can be done by application of an external force. In the
case of Egs. 6.1.1, the excitation is triggered by random fluctuations DE(7). Since
this noise term is realized as Gaussian white noise, the system will eventually
overcome the threshold of excitation.

Figure 6.2 provides an exemplary realization of statistics of the random number
generator used in this chapter. The red curve show the distribution of 10° random
numbers. The black dashed curve refers to the analytic Gaussian distribution with
zero mean and unity variance given by

p(x) = V%exp(—é) (6.1.6)

and is added as a references.

Figure 6.3 displays the temporal dynamics of system (6.1.1) for a noise
intensity of D = 0.02. Panel (a) shows the trajectory in the (u, v) phase space,
where the nullclines are added for better orientation. Panel (b) depicts the time
series of the activator and inhibitor as red (solid) and green (dashed) curves,
respectively. An excitation cycle exhibits the following stages: starting at the fixed
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Fig. 6.3 Panel (a): phase
portrait with nullclines of the
single FitzHugh—Nagumo
system (1). The activator
u-nullcline is shown as blue
(dashed) curve and the red
(dotted) line depicts the
inhibitor v-nullcline. The
arrows indicate the propaga-
tion direction of the trajec-
tory. Panel (b) Time series of
the activator u and inhibitor v | ‘ | |
as red (solid) and green \TISI,1 TISI,2 \TISI,B\

(dashed) curves, respectively. [PSEN SN S

The vertical dashed lines % N A ——

mark the times of the first S 0 wU\/J‘/J\I/
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point, the system performs subthreshold oscillations and is eventually lifted above
the threshold, where the activation time is determined by the stochastic input. Then
the trajectory jumps horizontally to the distant branch of the u-nullcline. This rapid
change of the activator variable u is due to the small timescale ratio ¢. Next, the
trajectory slowly follows the nullcline to its local maximum from which it returns
to the left branch of the u-nullcline. There the system undergoes a refractory period
in which it relaxes to the fixed point and is susceptible for another excitation. Note
that the excursion time is given by the deterministic dynamics of the system. After
the discussion of the time series, I will introduce some tools for the analysis of this
temporal dynamics in the following.

The vertical dashed lines in panel (b) mark the times of the first four spikes
calculated from the activator variable u. The interspike intervals are labeled by
Tisi,; with j = 1, 2, 3. Since the temporal dynamics is noise-induced, the inters-
pike intervals are not identical. In fact, the activation time depends on the sto-
chastic input DE(1).

Note that one could also simplify Eqs. 6.1.1a, b by replacing the cubic
dynamical function f(u,v) = u — u?/3 — v by a piecewise linear function

—u—v, u<-—1
fluv)=< u—v, —1<u<l. (6.1.7)
—u—v, 1<u

Then, the dynamics is analytically solvable in each interval, where the function f'is
linear, and the complete solution can be derived via proper matching conditions at
u==+1[23].

There are various measures to characterize the dynamics and its underlying
timescales in order to investigate the spiking behavior. One of these measures
that will be used repeatedly in this chapter is the average interspike interval



180 6 Neural Systems

10 10¢ ' ]
F —¢=0.005] ]
—_ =-=¢=0.01
8t o e=0.1
%) a=1.05
ol
~ 6 |
7]
S e
4 =
g
2L i =
0 R S T S S RS S 0.1 " ! " ! " I
0 0.1 0.2 0.3 0.6 0.1 0.14
@) D (b) log(D)

Fig. 6.4 Average interspike interval for ¢ = 0.005, 0.01, and 0.1 in dependence on the noise
intensity D. The parameter a is fixed at a = 1.05. The intersections of the dotted lines in panel (a)
indicate the values for the average value (Tis1) of the respective interspike interval distribution in
Fig. 6.5. Panel (b) displays the same data as panel (a) in double-logarithmic scale, where (Tisr),
refers to the mean value at D = 0.3 shown in panel (a)

(Tis1). Another measure is the correlation time which will be addressed at the
end of this section. In the case of coupled systems, an additional phase shift
between the time series of the subsystems needs to be taken into account.
Different measures to quantify this phase synchronization will be introduced in
Sect. 6.2. In the following, I will analyze the average average interspike interval
(Tisi)-

Figure 6.4 depicts this average duration between two consecutive spikes which
is calculated from the activator variable u, in dependence on the noise intensity
D. The green, red, and black curves correspond to different timescale ratios
¢ =0.1,0.01, and 0.005, respectively. One can see that the mean interspike
interval decreases for larger D. Since the system is prepared in the excitable
regime, excitations are due to the stochastic input of the random fluctuations
DE&(r). Thus, the activation time until a spike is emitted corresponds to the sto-
chastic part of (Tig1). In fact, for small noise intensities D the time between two
spikes becomes very long. Note that there is a lower bound of (Tig1) in panel (a)
which depends on the choice of ¢. This value of (Tig;) corresponds to the
excursion time which is dominated by the deterministic dynamics of the system
[24]. During an excursion the system is not receptive to external input in order to
emit a next spike. The black and green dotted lines mark noise intensities D; and
the respective average interspike intervals of the the distributions shown in
Fig. 6.5. Panel (b) displays the same data as panel (a) in double-logarithmic scale,
where the offset (7is1), which refers to the mean value at D = 0.3 shown in panel
(a) is subtracted. For small noise intensities, there is a curves show a straight line
which corresponds to a power-law dependence between D and (Tis1) [25].

Detailed information of the timescales present in the neural system can be
inferred by the interspike interval distribution, whereas in Sect. 6.2, the average
interspike interval is a valuable tool to check, for instance, for frequency
synchronization.
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Fig. 6.5 Interspike interval . T T
distribution for [ : D=0.09, £=0.1
¢ = 0.005, D = 0.25 (black) 01 =—=D=0.25, e=0.005|
and ¢ = 0.1, D = 0.09 r 1
(green dashed). The parame-
ter a is fixed at a = 1.05. The
dotted lines denote the aver-
age interspike interval given
in Fig. 6.4

TISI distribution

0.05 -

Figure 6.5 shows this distribution for two specific combinations of ¢ and D in
the range of Tig € [0,12]. The black and green curves correspond to
e =0.005,D =0.25 and ¢ = 0.1, D = 0.09, respectively. These combinations are
given as dotted lines in Fig. 6.4. The dotted lines in Fig. 6.5 indicates the value the
mean interspike interval, i.e., (Tis;) = 8.1 for&e = 0.1, D = 0.09 and (Tis1) = 3.25
for ¢ = 0.005, D = 0.25 [26] which is calculated according to the definition of the
mean value of Tisy given by

(Trs) = /P(TISI)TISIdTISI (6.1.8)
0

with the interspike interval distribution p(7is;). Note that the maximum peak in the
distributions does not match with the respective mean value. Especially when the
distribution is asymmetric it exhibits a long tail shown, for instance, in the green
curve the sole information of the mean value can be misleading for the discussion
of the system’s timescale.

Figure 6.6 depicts the interspike interval distribution as color code in dependence
on the noise intensity D for different timescale ratios ¢ = 0.005, 0.01, and 0.1 in
panels (a), (b), and (c), respectively. Thus, the curves in Fig. 6.5 are horizontal cuts
through the respective panel of Fig. 6.6. One can see that the peak in the distribution
becomes sharper with a less pronounced tail as the value of ¢ decreases.

Similar information about the timescales in the system can be extracted from
the power spectrum S of a time series x(#) which is defined as

S(w) = |F(w) (6.1.9)

Flo) = F(x) = - / x(t)e—"dr. (6.1.10)
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Fig. 6.6 Interspike interval

distribution in dependence on

the noise intensity D for

¢ = 0.005, 0.01, and 0.1 in )
panels (a), (b), and (c),
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Fig. 6.7 Power spectrum S for ¢ = 0.005, D = 0.25 (black) and ¢ = 0.1, D = 0.09 (green
dashed). Panels (a) and (b) show the power spectrum in dependence on the frequency f and the
period T = 1/f, respectively. The parameter a is fixed at a = 1.05

Figure 6.7 displays the power spectrum for the same combinations of ¢ and D
as in Fig. 6.5, i.e., ¢ = 0.005, D = 0.25 and ¢ = 0.1, D = 0.09 for the black and
green curves. Panels (a) and (b) show the same power spectra in dependence on
the frequency f and the period T = 1/f, respectively. Note that the period of the
mean peak in panel (b) coincides with the peak in the interspike interval
distribution.

Similar to Fig. 6.6, Fig. 6.8 shows the power spectrum as color code in
dependence on the noise intensity D for ¢ = 0.005, 0.01, and 0.1 in panels (a), (b),
and (c), respectively. One can observe as in Fig. 6.6 that the peak becomes sharper



6.1 Single FitzHugh-Nagumo System 183

Fig. 6.8 Power spectrum in 0.04
dependence on the noise
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for decreasing ¢. Note that higher harmonics are also visible in the power spectra,
but not in the interspike interval distribution of Fig. 6.6.

Figure 6.9 reproduces the power spectrum for ¢ = 0.005 in dependence on both
the frequency f in panels (a) and (b) and on the period T in panels (c) and (d) as
two- and three-dimensional plots. Let me stress again the correspondence to the
respective panel of interspike interval distribution given in Fig. 6.6. Compare in
particular the power spectrum versus T =f~' in Fig. 6.9d with Fig. 6.6a.
Therefore, the analysis of the power spectrum provides a helpful method to
analyze the dynamics due to coupling effects and time-delayed feedback in the
subsequent sections.

Before discussing two coupled neural systems in the next section, I will
consider another quantity which is frequently used in the analysis of systems with
stochastic input, namely the correlation time #cor.

Starting from the definition of the autocorrelation function ¥(s) for a time
series x(7) [27-29]

(Be(r) = @)]x(t = s) = @),
(x(t) = (),

the power spectrum is related to W(s) via the Wiener—Khinchin theorem by a
Fourier transform as follows:

P(s) =

: (6.1.11)

:1|~

/‘I’ cos(ws)ds (6.1.12a)
0
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Fig. 6.9 Power spectrum S calculated from the u-variable in dependence on the noise intensity.
Panels (a) and (b): S in dependence on the frequency f. Panels (c¢) and (d): S in dependence on the
period T = f~'. The parameters are chosen as a = 1.05 and ¢ = 0.005

Y(s) :/S(w) cos(ws)dw (6.1.12b)
0

which results from the following expression by symmetry arguments concerning
F(s)

S(w):% / W(s)e " ds (6.1.13a)
Y(s) = / S(w)e ™ dow. (6.1.13b)

For linear stochastic systems the power spectrum has Lorentzian shape

o
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Fig. 6.10 Correlation time 25T T T
calf:ulated from 'the tlme' | ; 0005
series of the activator win | baia e ==e=0.01 |.....
Eq. 6.1.1 for ¢ = 0.005, 0.01, 25 : e=0.1 N

and 0.1 in dependence on the
noise intensity D as black
(dots), red (squares), and
green (diamonds) curves,
respectively. The parameter a
is fixed at a = 1.05

where the height of the peak is given by 1/o and wy denotes the center frequency.
The half-width o relates the power spectrum of Eq. 6.1.14 to the autocorrelation
function as follows:

Y(s) = exp(—os) cos(wps). (6.1.15)

Thus the autocorrelation function consists of an oscillating function whose
amplitude decays exponentially. Furthermore, this exponential decay is related to
the correlation time by [30, 31]

2
foor = —. (6.1.16)
o
If the stochastic process is not linear, this relation does not hold anymore, but the
correlation time can be calculated via the integral of the absolute value of the
normalized autocorrelation function

b :% / W (s)ds. (6.1.17)
0

For linear stochastic processes with wo < 1/fcor, Egs. 6.1.16 and 6.1.17
coincide.

Figure 6.10 depicts the correlation time in dependence on the noise intensity D
and shows the phenomenon of coherence resonance [32, 33] for ¢ = 0.01 and
0.005, i.e., the correlation is maximum at some finite noise intensity.

An exemplary power spectrum of the single FitzHugh—Nagumo system (6.1.1)
for a noise intensity D = 0.05. is shown in Fig. 6.11a. One can see that the shape
of the power spectrum is not Lorentzian, but has more structures such as secondary
peaks. Accordingly, the autocorrelation function depicted in Fig. 6.11b differs
from the formula (6.1.15). This can be seen from the exponential function included
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Fig. 6.11 Panel (a): power spectrum S of noise-induced oscillations in the FitzHugh—-Nagumo
system (6.1.1). Panel (b): autocorrelation function ¥(s) calculated from the u-variable. The
exponent of the decay shown as red curve is taken from the dotted lines in Fig. 6.10. The
parameters are chosen as a = 1.05, ¢ = 0.005, and D = 0.05

as red curve which shows the exponential decay in Eq. 6.1.15 for a correlation time
of t.or = 2.04. This value is calculated according to Eq. 6.1.17. See also the dotted
lines in Fig. 6.10 which display the correlation time for different timescale ratios
¢ = 0.005,0.01, and 0.1 as black, red, and green curves in dependence on the noise
intensity D. The plateau for small D in the green curve, i.e., for ¢ = 0.1, is due to
subthreshold oscillations. In this regime, the random fluctuations are not large
enough to tripper spikes. I will show in Sect. 6.4 that the interpretation of the
correlation time can be intriguing and difficult in the presence of time-delayed
feedback. See also Refs. [30, 31, 34].

After the introduction of the FitzHugh—Nagumo system and the investigation of
a single unit, the following section deals with two instantaneously coupled neural
systems of this type.

6.2 Two Coupled FitzHugh—-Nagumo Systems

The topic of this section is the investigation of two instantaneously coupled neural
systems [26]. As in the Sect. 6.1, I consider activator—inhibitor equations of
FitzHugh—Nagumo type which are prepared in the excitable regime and are subject
to random fluctuations realized as Gaussian white noise. For details on the noise
source see Fig. 6.2 in Sect. 6.1. Including diffusive coupling between the two
subsystems, the model can be written as

u w3
sld ;t(t) =u(t) - % —v1(f) + Clua(t) — uy ()]
(6.2.1a)
dvl(t)

7 ui(t) +a+ D& (1)
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Fig. 6.12 Schematic

diagram of two coupled
FitzHugh—Nagumo systems
of Egs. 6.2.1 C

azz%t(t) =u(t) — @ — (1) + Clur (t) — u2(2)] G2.15)
%t(t) = (1) + a+ Dy&y(1),

where the parameter C denotes the coupling strength. Figure 6.12 depicts a
schematic diagram of this configuration. For reason of comparison with results
when time-delayed feedback is applied, I will consider in this section the case
where no control is applied to the system. The effects of time-delayed feedback
will then be discussed in subsequent sections.

One could also consider a time delay in the coupling which accounts for
propagation delays in the interneural connections. The effects of this delay will be
discussed in detail in Sect. 6.3 [35-38]. It is also possible to analyze periodic
solutions in the presence of delayed coupling in the context of a leading-order
problem [39].

Note that the timescale ratios & between the activator u; and the inhibitor v;
(i =1, 2) can be chosen independently. This will lead to substantially different
intrinsic timescales of each subsystem in the uncoupled case. See also Sect. 6.1,
e.g., Fig. 6.5. In addition, the two subsystems are subject to independent noise
sources D;&;(¢) whose noise intensities D; (i = 1, 2) can also be varied indepen-
dently. Without this external input, the two neural oscillators relax to their stable
fixed points since they are prepared in the excitable regime. Random fluctuations
lead to spiking [40]. The threshold parameter a is fixed at a = 1.05 throughout this
section. Although a is called threshold parameter, the threshold for excitation
differs in the two subsystems due to different timescales ¢; and &,. This can be seen
from the vector field depicted in Fig. 6.13 which is an enlargement of Fig. 6.1 in
the region of the fixed point. For smaller ¢ and in panel (b), the arrows are almost
horizontal which leads to a rapid change in the u-direction and a smaller threshold.

In order to investigate the dynamics of a large number of coupled neurons in a
large network, one can group several neurons into a single effective element which
shows excitable dynamics and which is coupled to other elements [9, 11].
The simplest network motif is given by two coupled elements. Thus, Egs. 6.2.1 can
be interpreted as two coupled neural oscillators or neural populations. The goal is
to investigate the cooperative dynamics of this simple motif. This basic study has
important consequences and applications in biology and medicine as mentioned in
the introduction of this chapter [2, 6, 7].

Figure 6.14 displays the time series of two coupled FitzHugh—Nagumo systems
as given by Eqgs. 6.2.1 for different noise intensities D; = 0, 0.05, and 1. The noise
intensity D, is fixed a small value D, = 0.09 such that even for a vanishing noise
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Fig. 6.13 Enlargement of the vector field of a single FitzZHugh—-Nagumo system around the fixed
point with u;- and v;-nullclines with i = 1, 2 as blue (dashed) and red (dotted) curves, respec-
tively. The second subsystems is shown in panel (a) for a timescale ratio ¢ = 0.1 and the first
subsystems is displayed in panel (b) for ¢ = 0.005. Other parameters: a = 1.05, C = 0, and
Dl = D2 =0
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Fig. 6.14 Time series of two
coupled FitzHugh—Nagumo
systems: the blue, red, and
black curves correspond to
Uy, Us, and their sum

us = u; + up, respectively.
The noise intensities are
chosen as D; = 0, 0.05, and
1 in the respective panels. : : w :

Other parameters: MMMHWJ\W -
& = 0.005, & = 0.1, L
a = 1.05, C = 0.07, and
D, = 0.09
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amplitude in the first subsystem spikes occur occasionally. The blue, red, and black
curves refer to the time series of the activator variable of the first subsystem, i.e., u,
of the second system u,, and the summarized signal us = u; + u,, respectively.
The timescale ratios are chosen as &; = 0.005 and &, = 0.1 throughout this section.
The two neural oscillators are only weakly coupled since the coupling strength C is
small, i.e., C = 0.07. For proper choices of the noise intensities and coupling
strength, the two subsystems exhibit cooperative dynamics.

For D; = 0 the two subsystems are prefect synchrony since system 1 exhibits
no independent dynamics, but it is forced by subsystem 2 via the coupling. Every
emission of a spike in u, triggers a spike in the first system and thus, the variables
uy and u, show excellent synchrony. Note that the notion of synchronization
cannot be applied for vanishing noise intensity D; since there are no oscillations in
the first subsystems in the uncoupled case. If the noise intensity D; increases,
however, there are also noise-induced spikes in the first subsystem which are
transmitted to system 2. This is not the case for all spiking events since there are
also occasions in which only subsystem 1 spikes. In general the number of spikes
increases since the excitations occur more frequently.
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Fig. 6.15 Average interspike intervals calculated from the activator variable of each subsystem
((T) as black solid curve and (T,) as red dashed curve) and their ratio ((T,)/(T) as green dotted
curve) in dependence on the noise intensity D, the coupling strength C in panels (a) for fixed
C = 0.07 and (b) for D; = 0.25, respectively. Other parameters as in Fig. 6.14

For a large value of D; = 1, the time series of u; is noise-dominated, but as the
coupling strength is small, the second neural oscillator is not excited by every
spike and its frequency of spikes is similar to the previous case of D; = 0.05.

In order to quantify the cooperative dynamics of the coupled neural oscillators,
it is helpful to consider the mean interspike interval of each subsystem. The ratio
of these average values provides information about the synchronization of the
systems in Eqs. 6.2.1. To be precise, the ratio of the average interspike intervals is
a measure to investigate frequency synchronization. If the ratio has the value 1,
both systems show on average the same spiking frequency. Note that this quantity
is only one measure of synchronization [41]. One has to check also for phase
synchronization which will be quantified by a phase synchronization index and
average phase synchronization intervals towards the end of this section.

Figure 6.15 shows the mean interspike intervals (T) and (7, ) calculated from the
activator variable of the respective subsystem as black and red curves, respectively,
as well as their ratio (T})/(T3). Panel (a) displays the dependence on the noise
intensity D, for fixed coupling strength C = 0.07 and panel (b) shows the depen-
dence on C while D is constant at D; = (0.25. The noise intensity D, is small as in
Fig. 6.14,1.e., D, = 0.09. As the noise intensity D, increases in Fig. 6.15a the ratio
(T1)/(T») becomes smaller and thus, the two subsystems are less synchronized.
Figure 6.15b shows the opposite tendency: as the coupling strength C becomes
larger the two neurons are better synchronized because the value (T})/(T5) tends to
1. The two neural oscillators are in 1:1 synchronization. Note that C = 0 recovers
the mean interspike interval of the uncoupled configuration of Sect. 6.1 since
Egs. 6.2.1 decouple. See also the respective dotted lines of Fig. 6.5.

Figure 6.15a and b is one-dimensional projections of the parameter space.
Figure 6.16 depicts a two-dimensional cut through this parameter space in
dependence on both the coupling strength C and the noise intensity D;.



190 6 Neural Systems

0.6

0.4
®)

0.2

0
0 02 04 06 08 1

D4

Fig. 6.16 Ratio of interspike intervals (77)/(T) of the two subsystems as color code in
dependence on the coupling strength C and noise intensity D;. No control is applied to the
system. The dots mark the parameter choice for different synchronization regimes used in the
following. Other parameters as in Fig. 6.14

Calculating the ratio of the average interspike interval of the two neurons (T})
and (1), i.e., (T})/(T>) which is given by the color code, one can see in Fig. 6.16
how the frequency synchronization changes in dependence on these two param-
eters. For a small value of D; and large coupling strength, the two subsystems
display synchronized behavior, (T;)/(T>) ~ 1. The timescales in the interacting
systems are adjusted to 1:1 synchronization. On average, they show the same
number of spikes indicated by yellow color. The two subsystems are less
synchronized in the blue region. The black dots define three different cases:
moderately, weakly, and strongly synchronized systems which are realized by the
specific choices of the coupling strength C and noise intensity D; in the first
subsystem. Strong synchronization can be found for small noise intensity D; and
large C, e.g., D; = 0.15 and C = 0.2. Moderate synchronization is given for a
choice of D; = 0.6 and C = 0.2, and weak synchronization can be realized by
Dy = 0.6 and C = 0.1 [40].

These different cases will be used as configurations in the following and in
Sects. 6.3-6.5, when time-delayed feedback will be applied to these moderately,
weakly, and strongly synchronized systems.

In terms of the time series, the three configurations of moderate, weak, and
strong synchronization are displayed in Fig. 6.17 as panels (a), (b), and (c),
respectively. In all panels, the black, red, and blue curves refer to the global
us-variable, the u,-, and u,-variable, respectively, where uy is given by us =
uy + up [40].

Moderately synchronized systems perform mostly synchronized spiking as
depicted in Fig. 6.17a. However, there are certain events where only one system
oscillates. In the case of weak synchronization, the spikes of the two subsystems
coincide less as can be seen from the time series of the summarized signal us in
panel (b) of Fig. 6.17. For strongly synchronized subsystems (see Fig. 6.17c), the
time series of the u;- and u,-variable exhibit spiking at the same time [40].

Before discussing the results with respect to phase synchronization at the end of
this section, I will consider timescales present in the coupled system (6.2.1) by
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Fig. 6.17 Time series of two coupled FitzHugh—Nagumo systems (2). Panels (a), (b), and (c)
correspond to moderately (C = 0.2, Dy = 0.6), weakly (C = 0.1, D; = 0.6), and strongly
(C = 0.2, D; = 0.15) synchronized systems, respectively. In all panels, the black, red, and blue
curves refer to the summarized variable us = u; + up, the u,-, and the u,-variable, respectively.
Other parameters as in Fig. 6.14

analysis of the power spectrum S in the following. For a definition of S see Eqgs.
6.1.9 and 6.1.10 in Sect. 6.1. The power spectrum provides information which
timescales are predominant in the coupled subsystems.

Figure 6.18 depicts the power spectrum of the two coupled FitzHugh—Nagumo
systems (6.2.1). The red and blue curves correspond to the power spectrum, of the
u;- and u,-variable, respectively. Panels (a), (b), and (c) refer to the case of
moderate, weak, and strong synchronization, respectively. This change of fre-
quency synchronization is reached by choosing different coupling strengths C and
noise intensities Dy. In the case of moderate synchronization (C = 0.2, D, = 0.6)
the peaks of the power spectrum partly overlap. Weak synchronization (C = 0.1,
D, = 0.6) shows a smaller overlap, whereas for strong synchronization (C = 0.2,
D, = 0.15) the spectra almost coincide [40].

0.03 D,=0.6, C=0.2 D,=0.6, C=0.1 D4=0.15, C=0.2

0.02

S(f)

0.01
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Fig. 6.18 Power spectrum of the activator variables u; and u, of the two coupled subsystems
(6.2.1) as red solid and blue dashed curves, respectively. Panels (a), (b), and (c) correspond to the
case of moderate, weak, and strong synchronization, respectively. Other parameters as in Fig. 6.14
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Fig. 6.19 Interspike interval distribution of the activator variables u; and u, of the two coupled
subsystems (6.2.1) as red solid and blue dashed curves, respectively. Panels (a), (b), and (c)
correspond to the case of moderate, weak, and strong synchronization, respectively. Other
parameters as in Fig. 6.14

Tisi

Similar information can be obtained from the interspike interval distribution of
the three different combinations of D; and C. Figure 6.19 shows this distribution
with the same color coding as in Fig. 6.18. Panels (a), (b), and (c) corresponds to
moderate, weak, and strong synchronization. For moderate synchronization, one can
see that the peaks of u#; and u, are separated, but they overlap to a large extent.
This overlap is reduced since centers of the distribution are further apart. For strong
synchronization, the interspike interval distributions of the individual subsystem
match. Note that the interspike interval corresponding to the center of the peaks
relates to the frequency of the respective panel in Fig. 6.18 by its inverse value.

In order to gather more information about the combined system of two neural
oscillators, one can discuss the frequencies present in the time series of the
summarized activator signal us = u; + up. Figure 6.20 depicts the power spec-
trum of the summarized variable as well as the power spectrum of the individual
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Fig. 6.20 Power spectrum S of noise-induced oscillations in color code for the summarized
variable uy = u; + up and the individual activator variables u; and u, of the coupled FitzHugh—
Nagumo systems (6.2.1) in dependence on the noise intensity D, for a fixed coupling strength
C = 0.2. Other parameters as in Fig. 6.14
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Fig. 6.21 Power spectrum S of noise-induced oscillations for the summarizes variable
us = uy + up and the individual activator variables u; and u, of the coupled FitzHugh—-Nagumo
systems (6.2.1) in dependence on the coupling strength C. The noise intensity D; is set to
Dy = 0.25 and 0.5 in panels (a) and (b), respectively. Other parameters as in Fig. 6.14

oscillators in dependence on the noise intensity D, for fixed coupling strength
C = 0.2 as color code. Note that there is a distinct maximum in the power
spectrum indicated by yellow color. For increasing D, this main peak is slightly
shifted towards larger frequencies.

Figure 6.21 displays the power spectrum of uy and the individual activator
variables u; and u, for varying coupling strength C. The noise intensity D; is fixed at
D; = 0.2 and 0.5 in panels (a) and (b), respectively. For small C one can distinguish
in the power spectrum of the summarized signal two peaks which arise from the
main frequencies of the uncoupled individual subsystems. Compare with Fig. 6.7 in
Sect. 6.1 when the case of a single FitzHugh—Nagumo system is discussed.

There are at least two ways which lead to synchronization: frequency locking and
the suppression natural dynamics. This observation holds for periodic systems as
well as for noise-induced and chaotic oscillations [42]. Depending on the specific
choice of the system’s parameters such as the timescale separation ¢, both scenarios
can be realized for neural oscillators [26] and are displayed in Fig. 6.21a and b.
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The mechanism of frequency locking can be seen in Fig. 6.21a where the peaks
of the individual activator variables u; and u, are clearly distinguishable and
change smoothly as the coupling strength C increases. They meet in a single peak
for large values of C. Thus, the mutually coupled subsystems operate on the same
timescale. Figure 6.21b shows the case when the natural dynamics of the first
system is suppressed. This can be inferred from the observation that in the power
spectrum of u; the peak originating from the uncoupled configuration, i.e., C = 0,
vanishes as C becomes larger. At the same time, a second spectral peak emerges at
the frequency of u, indicated by the yellow color.

The measures for cooperative dynamics considered so far, i.e., the ratio of
average interspike intervals and the power spectrum, are insensitive to phase
relations. They are a valuable tool the detection of frequency synchronization, but
a phase shift between the subsystems cannot be detected. A measure of phase
synchronization can be obtained by introducing phase variables for each subsys-
tems, and monitoring their difference [40].

For definition of such a phase variable, one can generate a phase from the time
series of spikes as follows

t—t—
(1) =2 1

+2n(i — 1), (6.2.2)
i —ti

where #; denotes the time of the ith spike. With this definition the phase increases
by a value of 27 for each spike [26, 41, 43, 44]. The phase difference Ap between
two subsystems can be defined for general n:m synchronization as follows

A1) = |01(1) = Z (1) (6:23)

where ¢(f) and @,(f) denote the phases of the respective subunits according to
Egs. 6.1.1. In the following, I will restrict the discussion to 1:1-synchronization
and skip the indices of A¢ () [40].

Figure 6.22 displays the time series of the phase difference Ag. The black,
red, and green curves correspond to the case of moderate (C = 0.2, D; = 0.6),
weak (C = 0.1, D; = 0.6), and strong (C = 0.2, D; = 0.15) synchronization,
respectively. The inset depicts an enlargement for moderate synchronization.
One can see that for better synchronization, the slope of Ap becomes flatter as in
the green curve which corresponds to strongly synchronized neural oscillators.
Note that in principle the curves do not need to be monotonicly increasing if the
second subsystem performs a spike while the first one remains subthreshold.
For the chosen parameters, in particular the different timescale ratios ¢; = 0.005
and & = 0.1 and small noise intensity D, = 0.09, the first subsystem is more
excitable and exhibits a larger number of spikes. Thus, the phase ¢, increases
faster than ¢,.

In Refs. [26, 45], a measure for the phase synchronization is derived from the
definition of the phase difference (6.2.2) which is called phase synchronization
index y. This quantity is defined using the phase difference A¢ as follows
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Fig. 6.22 Phase difference [ |
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A¢ [27]

y =/ cos Ap(1))? + (sin Ap(r)). (6.2.4)

It varies between 0 which corresponds to no synchronization and 1 associated
with perfect synchronization [26, 40].

Figure 6.23 depicts the synchronization index 7y in dependence on the coupling
strength C and noise intensity D;. As shown in Ref. [26], the dependence of the 7
resembles the dependence of the ratio (T)/(T>) used for the detection of
frequency synchronization. This can be seen by compare of Fig. 6.23 to Fig. 6.16.
Therefore, phase and frequency synchronization occur simultaneously in the
coupled FitzHugh—Nagumo systems without time-delayed feedback. Note that
the definition of y involves time averages and the range of y is bounded between
0 and 1. Thus, one cannot infer from this scalar a timescale during which the two
subsystems are in phase synchrony. This can be done using a different quantity
namely the average phase synchronization interval 6. This quantity will be
introduced in the following.

If the two subsystems are, for instance, already strongly synchronized, it is
helpful to consider the time intervals during which the phase difference stays in a

0
0 02 04 06 08 1
D1

Fig. 6.23 Phase synchronization index y as color code in dependence on the coupling strength C
and noise intensity D;. No control is applied to the system. The dots mark the parameter choice
for different synchronization regimes used in the following. Other parameters as in Fig. 6.14
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2n-phase range [46—48]. In these synchronization intervals, the subsystems exhibit
the same number of spikes. From the inset of Fig. 6.22, one can clearly see the
plateaus in between phase jumps of 2n. At these jumps, only one subsystem shows
a spike whereas the other one remains subthreshold. In the case of strong
synchronization, for instance, Ap shows only a few phase jumps and remains in a
27-range for large time intervals. The quantity  measures the average lengths of
these intervals [40].

Figure 6.24 shows the dependence of the average phase synchronization
interval ¢ on the noise intensity D for fixed coupling strength C = 0.07. One can
see that 0 decreases monotone as D; becomes larger. Note that for small noise
intensities the average phase synchronization interval can be arbitrarily large as the
length of the phase synchronization interval is only determined by the length of the
time series. Compare also to the time series for D; = 0 shown in Fig. 6.14.

Figure 6.25 depicts the dependence of é on the coupling strength C while the
noise intensity D, is fixed at D; = 0.25 and 0.5 in the black and red curves,

Fig. 6.25 Average phase 40 T T T T T T T
synchronization interval in
dependence on the coupling
strength C for fixed

D; = 0.25 (black dots) and
0.5 (red squares). Other
parameters as in Fig. 6.14
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respectively. One can see that the two subsystems exhibit stronger phase syn-
chronization for larger coupling strengths.

In summary, this section demonstrated that two instantaneously coupled neural
oscillators can exhibit cooperative dynamics depending on the coupling parameter
and the individual noise intensities. Various tools for the characterization of both
frequency synchronization and phase synchronization were introduced: interspike
interval distribution, ratio of the average interspike intervals, power spectrum,
phase synchronization index, and average phase synchronization interval. These
measures will be used in the following sections when time-delayed feedback is
added in different configurations in order to influence the neural dynamics. In the
next Sect. 6.3, time-delayed feedback control will be applied to a single excitable
neuron modeled as FitzHugh—Nagumo systems. I will discuss a single as well as
two feedback terms in the equations. The latter case be be compared to two delay-
coupled neurons with additional time-delayed feedback. Section 6.4 is devoted to a
detailed discussion of the influence of the control scheme on the dynamics of two
coupled neural elements. Especially, I will consider effects due to an additional
control parameter, namely the memory parameter of extended time-delayed
feedback control [22].

6.3 Single FitzHugh—Nagumo System and Time-Delayed
Feedback

The previous sections introduced the FitzZHugh—Nagumo system as a paradigmatic
model for excitable neural dynamics and presented various measures to charac-
terize the cooperative dynamics of coupled neural elements. The focus of this
section is the effects of time-delayed feedback control on neural systems, where
I will restrict the investigation at this point to the case of a single, isolated
neural element. Effects concerning the synchronization of two coupled FitzHugh—
Nagumo systems will be elaborated in Sect. 6.4.

A single FitzHugh—Nagumo system with activator u and activator v is given by
the following equation including time-delayed feedback

du(t) u(t)3
g~ ) == =) (6.3.1a)
d\;(tl) = u(t) +a+ DE) + K[v(t — 1) — v(1)]. (6.3.1b)

As in the previous Sects. 6.1 and 6.2, the system is prepared in the excitable
regime with a = 1.05 and the activator u operates on a faster timescale than the
inhibitor variable v which is taken into account by the small timescale ratio
¢ = 0.005 unless stated otherwise. By this choice, the timescale of Egs. 6.3.1
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)
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Fig. 6.26 Schematic diagram of a single FitzHugh—-Nagumo system including time-delayed
feedback according to Egs. 6.3.1

corresponds to the natural timescale of the inhibitor variable v. This variable is
the dominating contribution to the interspike interval because it determines the
duration of the refractory period.

The system is subject to a noise term with noise intensity D and time-delayed
feedback. Since the focus of this section is the control scheme, D is fixed at
D = 0.09. The control method of Pyragas type is determined by the feedback gain
K and time delay t [49]. For details on this control scheme see Chap. 2.

Figure 6.26 depicts a schematic diagram of the configuration given in Eq. 6.3.1.
In order to investigate the effects of time-delayed feedback control, I will discuss
the interspike interval distribution and the power spectrum. Measures for syn-
chronization as introduced in Sect. 6.2 are obsolete for a single system, but will
come into play again in Sect. 6.4.

At first, I will consider histograms of the interspike interval distribution 7igy in
dependence on the time delay 7, where the feedback gain K is fixed at K = 0.2.
Figures 6.27 and 6.28 depict these histograms in linear and half-logarithmic scale,
respectively. In both figures, panels (a)-(1) correspond to a value of
t=0,1,2,..., 11 and the black curve shows the case without feedback, i.e.,
7 = 0 which is added for better comparison as reference case.

In the absence of control shown in panel (a), the histogram exhibits a single
peak at Tis1 = 4 which is due to noise-induced oscillations. For small time delays
as in panels (b) to (c), the peak is shifted towards larger interspike intervals. If the
time delay is in the range of the uncontrolled interspike intervals as displayed
in panels (d)-(h) for 1 = 3, 4,5, 6, and 7, one can see a reduced number of
intervals in the histogram at Tis; = 7 + 1. This is due to a suppression of time-
scales which match with the time delay in the controller. For even larger delays as
in panels (i)—(1), the main peak returns to its initial position, but the total number of
spikes is reduced. The half-logarithmic plot shows the same effects, of course.
In addition, one can see that the dependence of the number above the peak in
panels (a)-(c) for T = 0, 1, and 2 and beyond the minimum in all other panels is
linear in half-logarithmic scale, i.e., there is an exponential distribution of
interspike intervals on top of a fixed excursion time as excepted from theory [24].

After these first results on the dynamics of a single FitzZHugh—Nagumo system
with time-delayed feedback control, Fig. 6.29 depicts the interspike interval dis-
tribution as color code in dependence on the time delay 7 for a fixed feedback gain
K = 0.2 and 0.5 in panels (a) and (b), respectively. The yellow lines are guides to
the eye for Tis; = nt with n = 1, 2, 3. A detailed analysis of the characteristic
timescales in the FitzHugh—Nagumo system subject to constant and time-delayed
feedback can be found in Ref. [24].
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Fig. 6.27 Histogram of the
interspike intervals Tisy of a
single FitzZHugh-Nagumo
system including time-
delayed feedback for differ-
ent time delays 7. Panels
(a)—(h) correspond to
t=0,1,2,..., 11, respec-
tively. The black curve refers
to the case when no control
force is applied. The feed-
back is applied in the inhibi-
tor variable v according to
Egs. 6.3.1 with a feedback
gain K = 0.2. Other parame-
ters: a = 1.05, ¢ = 0.005,
and D = 0.09

#of IS1/10*

#ofIS1/10*

Similar to the findings in the histograms, one can see a shift on the maximum of
the distribution in the range of small time delays t. Furthermore, the distribution is
reduced for Tigy slightly above t as indicated by the black diagonal stripe to the
right of the line Tis; = 7. For K = 0.5 in panel (b), one an see a second valley in
the distribution slightly above Tis; = 27. At the same time, the peak for large 7 is
less pronounced in panel (b).

After the investigation of the interspike interval distribution, I will discuss the
power spectrum for the same parameters in the following. Figure 6.30 displays the
power spectrum as color code for varying 7 and fixed feedback gain K = 0.2 and
0.5 in panels (a), (b) and (c), (d), respectively. The corresponding interspike
interval distribution is given in Fig. 6.29a and b. Note that both columns depict the
same data, but the power spectra are presented in dependence on the frequency fin
panels (a), (¢) and on the period T = f~ Uin panels (b), (d).

One can see that time-delayed feedback control leads to a modulation of the
power spectrum. Recall that the uncontrolled power spectrum has only a single
peak. Compare Fig. 6.9 of Sect. 6.1. Higher harmonics can clearly be observed in
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Fig. 6.28 Histogram of the
interspike intervals Tisy of a
single FitzHugh—Nagumo
system including time-
delayed feedback for differ-
ent time delays 7 as Fig. 6.27
in half-logarithmic scale.
Parameters as in Fig. 6.27
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Fig. 6.29 Interspike interval distribution of a single FitzHugh—Nagumo system including time-
delayed feedback according to Egs. 6.3.1 as color code in dependence on the time delays 7. The
feedback gain is fixed at K = 0.2 and 0.5 in panels (a) and (b), respectively. The yellow lines
correspond to T = nt with n = 1, 2, 3 and are added as guide to the eye. Other parameters as

in Fig. 6.27

all panels. In the power spectrum corresponding to a larger feedback of K = 0.5 in
panels (c), (d), the peaks are sharper as their widths is decreased compared to the
case of K = (0.2 shown in panels (a), (b).
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Fig. 6.30 Power spectrum § 0.018
of a single FitzHugh—
Nagumo system with time-
delayed feedback as color
code in dependence on the
time delays 7. Panels (a), (b)
and (c), (d) correspond to a
fixed feedback gain K = 0.2
and 0.5, respectively, and
show the power spectrum vs
the frequency f and period

T = f~'. Parameters as in
Fig. 6.27
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Before considering extensions to the present case shown schematically in
Fig. 6.26, 1 will briefly discuss the influence of time-delayed feedback on the
correlation time.

At the end of Sect. 6.1, the correlation time f.,, was defined as the integral of
the absolute value of the autocorrelation function. See Eq. 6.1.17. Figure 6.31
depicts f., in dependence on the time delay t where the green (dashed) and red
(solid) curve refer to the two above chosen feedback gains K = 0.2 and 0.5,
respectively. Similar to the power spectrum, one can see a modulation of the
correlation time as 7 increases. Note that the larger value of K yields a larger
correlation time. As presented in Fig. 6.10 of Sect. 6.1, the correlation time is
proportional to the exponent of envelope of the autocorrelation function for linear
stochastic systems. A similar linear connection can be derived relating ?.,, to the
width of the peak in the power spectrum. See Eqgs. 6.1.14-6.1.16. In the case of
time-delayed feedback these findings do not hold anymore. This can be seen, for
instance, in Fig. 6.30, where the application to time-delayed feedback control
leads to multiple peaks in the power spectrum.

Fig. 6.31 Correlation time 3
of a single FitzHugh—Na-
gumo system with time-
delayed feedback vs the time
delays t. The green (dashed)
and red (solid) curves corre-
spond to a fixed feedback
gain of K = 0.2 and 0.5,
respectively. Parameters as in
Fig. 6.27
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Fig. 6.32 Autocorrelation function ¥ of a single FitzHugh—Nagumo system including time-
delayed feedback as color code in dependence on the time delays 7. The feedback gain is fixed at
K = 0.2. Parameters as in Fig. 6.27

Figures 6.30 and 6.31 are in agreement with Refs. [50, 51]. In these works, a
single FitzHugh—-Nagumo system was investigated with the following parameters
e =0.01 and a = 1.1. As in Egs. 6.3.1, the neural model was subject to time-
delayed feedback control of Pyragas type applied to the equation of inhibitor v.
Analytical approximations were developed in Refs. [24, 52]. In addition, Refs.
[50, 51] present a similar investigation of the Van-der-Pol system which is
equivalent to the FitzHugh—Nagumo system for a = 0 as will be shown in the
following: Starting from the activator equation (6.3.1a), a time derivative leads to:

Pu(t)  dulr) du(t) dv()

2
= — . 3.2
ar? dr u(t) dr dt (63.2)
Replacing the last term by the inhibitor equation (6.3.1b) yields
d*u(t)  du(r) 2du(t)
= —u(t) —— — ult DE(1). 3.
e o u(t) o u(t) + a + DE(r) (6.3.3)

For ¢ = 1, i.e., similar timescales of u(r) and v = du(r)/dt, this equation is
equivalent to a Van-der-Pol equation with constant input a and Gaussian white
noise. In Refs. [50, 51], time-delayed feedback is applied to the Van-der-Pol
system in the activator variable. This is a coupling scheme different from the
present case of Eq. 6.3.1a. I will investigate the effects of different coupling
schemes in Sect. 6.5. Time-delayed feedback was also considered for the Van-der-
Pol system in Refs. [30, 31] and in Ref. [34] the extended form of the control
method [22] was applied.

Figure 6.32 shows the autocorrelation function W(s) as color code for a feed-
back gain K = 0.2 in dependence on the time delay as color code. Note that
especially for small, fixed values of 7 the autocorrelation function decreases rap-
idly in the beginning indicated by the small dark stripe for small s. This rapid
decay is then followed by an additional slow decay for large time shifts s.

Next, I will briefly consider an extension of the original Pyragas scheme which
involves integer multiples of a basic time delay t [22]. This extended time-delayed
feedback control was introduced in Sect. 2.2 and will be investigated in detail in
the context of two coupled FitzHugh—Nagumo systems in Sect. 6.4.
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Fig. 6.33 Interspike interval distribution of a single FitzHugh—-Nagumo system including
extended time-delayed feedback according to Eqs. 6.3.4 in dependence on the time delay .
Panels (a) and (b) correspond to a memory parameter R = 0 and 0.5, respectively. The feedback
gain is fixed at K = 0.2. Parameters as in Fig. 6.27

Including extended time-delayed feedback, the feedback term in the Eqs. 6.3.1
needs to be modified such that the equations become

du(t) . u([)3
ey = ulD) === () (6.3.4a)
d\;l(tf) =u(t)+a+DE(r) + K?%R”[v(t —(n+1)1) —y(t —nt)], (6.3.4b)

where R denotes the additional control parameter called memory parameter. The
absolute value of R is smaller than unity and it serves as a weight of information
further in the past. Note that Egs. 6.3.1 is recovered for vanishing R.

In the following, Figs. 6.33 and 6.34 depict the interspike interval distribution
and the power spectrum in dependence on the time delay 7 for fixed feedback gain
K = 0.2, but different memory parameters R.

In Fig. 6.33, the yellow lines are added as guides to the eye for Tis; = nt with
n =1, 2, 3 as in Fig. 6.29. Panels (a) and (b) refer to a memory parameter R = 0
and 0.5, respectively. It can be seen that non-zero R leads to a reduced distribution
for multiples of the time delay 7 indicated by the dark stripe slightly to the right of
the line at Tis; = 2t. Thus, R > 0 has a similar effect as increasing feedback gain
K. Compare Fig. 6.33b and Fig. 6.29b. Note that opposed to the increase of K,
non-zero R has only a minor effect on the distribution for large .

Comparing the power spectra depicted in Fig. 6.34 for different values of
R = 0 and 0.5 in panels (a) and (b), respectively one can see that the peaks become
sharper, but at the same time, the background of the power spectrum broadens.

As another modification of the a single FitzHugh—-Nagumo system subject to
time-delayed feedback as given by Egs. 6.3.1 or 6.3.4, I will return to the
original Pyragas control, i.e., R = 0, but add a second control loop whose time
delay and feedback gain can be varied independently. Using the notation of
Refs. [37, 53], the system is given for this configuration by the following
equations
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Fig. 6.34 Power spectrum of a single FitzHugh—-Nagumo system including extended time-
delayed feedback as given by Egs. 6.3.4 in dependence on the time delay 7. Panels (a), (b) and
(c), (d) correspond to a memory parameter R = 0 and 0.5, respectively. The feedback gain is
fixed at K = 0.2. Panel (a)/(c) displays the same data as (b)/(d), but the power spectrum is shown
in dependence on the frequency f instead of the period T = f~'. Parameters as in Fig. 6.27

3
8% = u(r) — @ = v(1) + Clu(r = ) — u(r)] + Ku(r — %) — u(1)]
(6.3.52)
dv(t) _
0 _ 4 a (6.3.5b)

and Fig. 6.35 depicts a schematic diagram. Note that opposed to Egs. 6.3.1 the
control force is applied to the equation of the activator u and consists of the current
and delayed version of the same component. This is done for better comparison
with Refs. [37, 53] and the Master’s thesis [35]. This comparison can be found at
the end of this section. A detailed investigation of different coupling schemes will
be the subject of Sect. 6.5. For the same reason of comparison, the threshold
parameter a is chosen as a = 1.3 and the timescale ratio is fixed at ¢ = 0.01.
The control parameters in one of the control loops remain constant at C = 0.5 and
7 = 6. Note that there is no noise term in Eqs. 6.3.5. A first spike is triggered by
the initial conditions. These are implemented as follows: the system is located at
the fixed (u, v) = (—a, —a + a3/3) for t < 0. At t = 0, a rectangular pulse is
applied for a period ¢t = 0.05. This is enough to start a first pulse in the system
which triggers for appropriate time delays and feedback gains the spiking
behavior.

Figure 6.36 depicts the timeseries for six different scenarios. The control
parameters K and tx are given in Table 6.1. The different scenarios are described
in the following: panel (a) shows oscillations with a period of 1 = 6. Between two
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D

Fig. 6.35 Schematic diagram of a single FitzHugh—Nagumo system including time-delayed
feedback with two control loops according to Egs. 6.3.5

consecutive spikes, there are small, subthreshold oscillations after a time 14 = 3
induced by the (tg, K)-control loop. Due to the small value of the feedback gain
K = 0.05 the respective feedback is not amplified by an amount which could cause
the next excitation. If the value of K is larger as in panels (b)—(d), periodic spiking
occurs with a period of T = tx. Note that the ratio of T and 7 in these panels is
equal to 3:1, 2:1, and 4:1, respectively. Then, the feedback by the (z, C)-control
loop coincides with multiple runs of the (tg, K)-loop. For other ratios, oscillators
death occurs as in panel (e) for 7x = 0.9 and K = 0.9. The reason is that the
feedback is applied to the system while it is still in the refractory phase. For
1x = 3.2 and K = 0.5, bursting behavior is found as displayed in panel (f).

Similar scenarios arise in the system schematically depicted by Fig. 6.37. The
corresponding equations are given by

Sduclz—t(l) = i) ‘%)3 —1(1) + Clua(t = ) = (6)] + Kl (1 = &) — 1 (1)
dvcll—t(l) =u(t)+a
(6.3.6a)
(2l _ up(t) — ult) va(t) + Cluy (1 — 1) — up(1)]
dvit(t) : (6.3.6b)
- uy (1) + a.

These equations describe two delay-coupled FitzHugh—Nagumo systems where the
first subsystem is subject to self-feedback in the activator variables u;.

One can see that the second element u,, v, in Egs. 6.3.7 acts as an active relay
identical to the first subsystem, whereas the case depicted in Fig. 6.35 and
described by Egs. 6.3.5 corresponds to a passive relay realized by the second
control loop. The discussion of active and passive relays has recently drawn much
attention in the context of chaos synchronization and optical communication
[54-59], where low-frequency fluctuations and bubbling corresponding to a
blow-out bifurcation was investigated [60—63].

Figure 6.38 shows the timeseries of two delay-coupled FitzHugh—Nagumo
systems given in Egs. 6.3.6 for the same set of parameters as Fig. 6.36. Note that
the coupling delay is set to 7 = 3 instead of 7 = 6 as used in Fig. 6.36 which
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Fig. 6.36 Time series of activator u and inhibitor v of Egs. 6.3.5 as red (solid) and green
(dashed) curves, respectively. The values of K and tx are given in Table 6.1, Other parameters:
a=13,6=001,C=05andt=6

Table 6.1 Parameters in
Figs. 6.36, 6.38, and 6.40

Panel a b c d e f

K 005 05 05 05 09 05
% 3 2 3 15 09 32 (325in
Fig. 6.38)

account the propagation time to the other system and back again. In addition the
time delay 7 is slightly larger than in Fig. 6.36 to compensate for the processing
in the active relay u,, v,. See also Table 6.1 for the choices of the self-delay 75 and

Fig. 6.37 Schematic dia-

K
gram of two delay-coupled Ti
FitzHugh—-Nagumo systems
including time-delayed 7,C
self-feedback according to — >
Egs. 6.3.6 ~—
T,C
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Fig. 6.38 Time series of two delay-coupled FitzHugh—Nagumo systems with time-delayed
self-feedback of only one subsystem according to Eqs. 6.3.6. The red (solid) and green (dashed)
curves correspond to the activator variables u; and inhibitor variables v; (i = 1, 2), respectively.
The parameters tx and K are given in Table 6.1. Other parameters as in Fig. 6.36

corresponding feedback gain K. A comparison between Figs. 6.38 and 6.36 yields
the same dynamic scenarios described above.

Similar scenarios arise in another configuration schematically depicted by
Fig. 6.39 [35, 37, 38, 53]. The corresponding equations are given by

Edudl—t(t)zul (t) —

dv, (t)_
T—Ltl(t)—l-a

”l(t)3

—v1(6)+Clua(t—7) —uy (1) + K[y (t— 15 ) —u1 (1)]
(6.3.7a)
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Fig. 6.39 Schematic dia- K K
gram of two delay-coupled Tk T
FitzHugh—Nagumo systems .C
including time-delayed self- —’>
feedback according to Eqs.
6.3.7 O

duy(t up(t 3

# = uz(l) — % — VQ(I) + C[ul(t — ‘L') — uz(l)] + K[Mz(l — ‘L'K) — uz(l)]

de(l)

— = t .

o~ eta

(6.3.7b)

These equations describe two delay-coupled FitzHugh—Nagumo systems where
each subsystem is subject to its own self-feedback in the activator variables u; and
u,, respectively. For a detailed analysis of Eqs. 6.3.7 see Ref. [37] and the Mas-
ter’s thesis [35].

Figure 6.40 shows the timeseries of two delay-coupled FitzHugh—Nagumo
systems given in Eqs. 6.3.7 for the same set of parameters as Fig. 6.36 [37].
Note that the coupling delay is set to t = 3 instead of t = 6 as used in Fig. 6.36
which accounts for the propagation time to the other system and back again. See
also Table 6.1 for the choices of the self-delay tx and corresponding feedback gain
K. Thus, a spike which is emitted by the first subsystem returns via the second
subsystem which acts as an active relay. As a consequence, an excitation is
delayed twice during its return trip to the first subsystem via the relay. The initial
conditions are chosen as follows: the second subsystem is at the rest state and the
first subsystem is excited by a rectangular pulse in the time interval [—0.3, 0]
such that the activator and inhibitor is set to u; = 1.8 and v; = 0, respectively.
A comparison between Fig. 6.40 and Figs. 6.38 as well as Fig. 6.36 yields the
same dynamic scenarios described above.

To conclude this section, let me stress that an active and passive relay cause
similar effects on the neural dynamics.

6.4 Two Coupled FitzHugh—-Nagumo Systems and (Extended)
Time-Delayed Feedback

This section is devoted to the effects of extended time-delayed feedback control on
the dynamics of excitable FitzHugh—-Nagumo systems and is mainly based on
Refs. [40, 64]. This extension of the original Pyragas control scheme [49] takes
informations of the system into account which are integer multiples of a basic time
delay t in the past [22]. In analogy to the Pyragas scheme, the control force is
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Fig. 6.40 Time series of two delay-coupled FitzHugh—Nagumo systems with time-delayed self-
feedback of both subsystems according to Eqs. 6.3.7. The red (solid) and green (dashed) curves
correspond to the activator variables u; and inhibitor variables v; (i = 1, 2), respectively. The
parameters Tx and K are given in Table 6.1. Other parameters as in Fig. 6.36

constructed from the difference of s(r — (n+ 1)t) — s(t — nt) and a new control
parameter R with IRl < 1 is introduced as a memory parameter which acts as a
weight of states further in the past. For details concerning this extended con-
trol scheme see Sect. 2.4. This control method is known for successful stabiliza-
tion at a larger range of parameters compared to the Pyragas method [65—68].
In case of noise-induced oscillations, extended feedback has been demonstrated
to result in drastically improved coherence and arbitrarily long correlation
times [34, 69, 70].

Including extended time-delayed feedback, the system of two instantaneously
coupled FitzHugh—-Nagumo systems can be rewritten as


http://dx.doi.org/10.1007/978-3-642-14110-2_2#Sec4
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Fig. 6.41 Schematic dia- K
gram of two coupled Fitz- T
Hugh—-Nagumo systems with R C
extended time-delayed feed-
back of one subsystem
according to Eqs. 6.4.1 B —
C
duy (t w(t
o0 )~ ) 4 Clin(t) — 1)
dt 3
dvy(t =
% =u(t) +a+ Di& (1) ‘f‘KZRn[Vl([ — (n+1)1) =i (t = n7)]
n=0
(6.4.1a)
duy(t w(t
& 220 ) =20 s (0) 4 Clan () — (o)
! (6.4.1b)
dVQ([)

7 = ug(t) +a -+ D2€2(t)7
where the control signal is generated from the inhibitor variable v; of the first
subsystem and applied to the same component. Figure 6.41 depicts a schematic
diagram of the configuration described by Egs. 6.4.1.
Note that there exists an equivalent recursive form of the feedback F(¢)

o0

F(t) =K > R'[(t— (n+1)1) — vy (t — n1)] (6.4.2a)
n=0
=Kvi(t—1) —wi(t)] + RF(t — 7). (6.4.2b)

The equivalence was shown in Sect. 2.2. See Egs. 2.2.2 and 2.2.3 for details.
The recursive form is more amenable to experimental realization and for practical
applications because the delayed feedback force F(r — 1) replaces the infinite
series. This can be realized in an experiment by an additional control loop
with delay and reduces the data storage in numerical simulations. See also
Sect. 2.4 for further details. Note that the case of Pyragas control was investigated
in Ref. [26] and the Master’s thesis [44] and is included in Eqs. 6.4.1 as the limit of
vanishing memory parameter R.

Before analyzing the effect of the additional control parameter R, Fig. 6.42
depicts different time series for moderate synchronization with a coupling strength
C = 0.2 and a noise intensity D; = 0.6 in the absence of control in panel (a)
compared to the cases when time-delayed is applied to the system in panels (b) and
(c) for memory parameters of R = 0 and R = 0.9, respectively. The system’s
parameters are chosen as a = 1.05, ¢ = 0.005, & = 0.1, C=0.07 and
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Fig. 6.42 Time series of the coupled FitzZHugh-Nagumo system for moderate synchronization
(Dy = 0.6, C = 0.2). Panel (a) corresponds to no control. In panels (b) and (c), time-delayed
feedback is applied to the system with different memory parameters R = 0 and R = 0.9,
respectively. Other control parameters are fixed at t = 1 and K = 1.5. In all panels, the black,
red, and blue curves refer to the summarized variable us = u; + u,, the u,-, and the u;-variable,
respectively. Other parameters: a = 1.05, & = 0.005, &, = 0.1, C = 0.07, and D, = 0.09

D, = 0.09 throughout this section unless stated otherwise. This setup was already
used in Sect. 6.2 for the discussion of cooperative dynamics without time-delayed
feedback. The time delay and feedback gain are chosen as 7 = 1 and K = 1.5.
In all panels, the black, red, and blue curves correspond to the summarized global
signal uy = u; + uy, the u,-, and the u,-variable, respectively. One can see that the
time-delayed feedback enhances the synchronization, i.e., events at which only one
system oscillates are less frequent. In this sense the choice of R = 0 is more
efficient compared to larger memory parameters.

After this first result on extended time-delayed feedback. I will analyze the
influence of the memory parameter on the cooperative dynamics in the following
by means of average interspike intervals, power spectra, and interspike interval
distributions. As in Sect. 6.2, the system will be prepared in three different
configurations of moderately, weakly, and strongly synchronized systems in the
absence of control which is realized by combinations of the coupling strength C
and noise intensity D; as (C,D;) = (0.2,0.6), (0.1, 0.6), and (0.2, 0.15), respec-
tively. These three configurations are marked by black dots in Fig. 6.16 in the
absence of control. At first, I will discuss the effects of the memory parameter on
the ratio of average interspike intervals.

For fixed feedback gain K = 1.5 and two different values of the memory
parameter R = 0 and R = 0.9, Fig. 6.43 depicts the average interspike intervals of
the subsystems in dependence on the time delay t. The black, red, and dotted green
curves correspond to (7}) and (T»), and their ratio (T})/(T,), respectively. Panels
(a), (b), and (c) refer to the case of moderately, weakly, and strongly synchronized
systems with combinations of C and D; mentioned above, respectively, and the
memory parameter R is chosen as R = 0 and 0.9 in top and bottom panels of each
subfigure.
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Fig. 6.43 Interspike intervals in dependence on the time delay t. The green dots correspond to
the ratio of the interspike intervals (T})/(T») of the two subsystems which are also depicted by
solid (black) and dashed (red) curves for (7)) and (T), respectively. Panels (a), (b), and (c)
correspond to the case of moderate, weak, and strong synchronization, respectively. The control
parameters are chosen as K = 1.5 and the memory parameter corresponds to R = 0 and 0.9 in the
top and bottom panels, respectively. Other parameters as in Fig. 6.42

In all cases, tuning of the time delay leads to enhanced or deteriorated
synchronization for R = 0 depending on the value of the time delay 7. This modified
synchronized behavior is given by the maxima and minima of the green curves.
If more information of past states (R # 0) is included, however, the variation of
the ratio (71)/(T>) is less sensitive to the specific choice of 7. The bottom panels
of Fig. 6.43 do not show large deviations for the ratio of average interspike intervals.
Therefore, a larger memory parameter renders the control method more robust
because it is not sensitive to the specific choice of the time delay 7.

After the one-dimensional projection of the control parameter space spanned by
K, 7, and R, one can also consider two-dimensional projections where the third
parameter remains fixed. Parameterized by the feedback gain and time delay,
Fig. 6.44 displays the ratio of (7}) and (7,) for moderate, weak, strong
synchronization in panels (a), (b), and (c), respectively. The four panels in each
subfigure correspond to a memory parameter of R = 0, 0.35, 0.7, and 0.9. Note
that Fig. 6.43 can be understood as horizontal cuts for K = 1.5 in the respective
diagram of Fig. 6.44.

In all three cases, one can see that an increase of the memory parameter R yields
a more uniform behavior over a large range of control parameters in comparison to
the case of R = 0. For instance, the minima at t = 2 are less pronounced as the
value of R increases. The extended time-delayed feedback method is less likely to
desynchronize the two subsystems. Therefore, this control method can be
considered more robust in terms of a variation of the feedback gain K and time
delay 7. However, not only the cases of strong desynchronization are weakened,
but the realizations of enhanced cooperative dynamics loose some synchronization
as well. This can be seen, for instance, in panel (c) of Fig. 6.44, where the bright
regions become darker for larger R.

Similar to the one-dimensional projections displayed in Fig. 6.43, an increase
of the memory parameter R at fixed K yields smaller changes of the ratio
(T1)/(T>). Independently on the feedback gain K, the desynchronized darker
regions in Fig. 6.44 at a time delay t &~ 3 are much less pronounced. For R = 0.9,



6.4 Two Coupled FitzHugh—-Nagumo Systems and (Extended) Time-Delayed Feedback 213

(@) 2

1.5

X 1

0.75

0.65

0.55

0.75

0.65

0.55

o
n
N
(]
(o)
-
o
o
N
N
(]
(o)
-
o

0.85
1.0

0.95

0.85

Fig. 6.44 Ratio of interspike intervals (T;)/(7>) in dependence on the feedback gain K and the
time delay t for moderate (C = 0.2, D; = 0.6), weak (C = 0.1, D; = 0.6), and strong (C = 0.2,
D, = 0.15) synchronization in panels (a), (b), and (c), respectively. The memory parameter are
fixed at R = 0, 0.35, 0.7, and 0.9 in the four subfigures of all three panels. Other parameters as in
Fig. 6.42
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Fig. 6.45 Power spectrum of the summarized signal us, = u; + u, for moderate synchronization
(C =0.2, D; = 0.6) in dependence on the time delay 7. Panels (a), (b), and (c¢) correspond to a
memory parameter of R = 0, R = 0.5, and R = 0.9, respectively. The feedback strength is fixed
at K = 1.5. Other parameters as in Fig. 6.42

the ratio of average interspike intervals is constant in a wide range of the whole
control domain which reflects the robustness of this extended feedback method.
As for the investigation of the average interspike intervals and their ratio, I will
consider the power spectra in the following for the same system’s configurations.
This will add to the information of the timescales present in the system (6.4.1).
Figures 6.45, 6.46, and 6.47 show the power spectrum of the summarized signal
us = uj + up for the three above mentioned cases of synchronization in depen-
dence on the time delay 7. In all figures, panels (a), (b), and (c) correspond to a
memory parameter of R = 0, R = 0.5, and R = 0.9, respectively. The feedback
gain is fixed at K = 1.5 as in Fig. 6.43. The corresponding power spectra in the
absence of control were already discussed in Sect. 6.2. See Figs. 6.18-6.21. They
can also be inferred from the horizontal cut for T = 0 in Figs. 6.45, 6.46, and 6.47.
It can be seen that, depending on the choice of 7, the main frequency component
is shifted which results in elongate red regions indicating large values of the power
spectrum. Thus, the control scheme is able to support different timescales. Note
that, for instance in the case of moderate synchronization (Fig. 6.45), the control
force enhances the frequency corresponding to the dynamics of the u;- or
up-variable. Compare the yellow areas in Fig. 6.45 to the panel (b) of the
uncontrolled case in Fig. 6.18. A time delay of t &~ 3 favors a frequency of
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Fig. 6.46 Power spectrum of the summarized signal us = u; + u, for weak synchronization
(C = 0.1, D; = 0.6) in dependence on the time delay 7. Panels (a), (b), and (¢) correspond to a
memory parameter of R = 0, R = 0.5, and R = 0.9, respectively. The feedback strength is fixed
at K = 1.5. Other parameters as in Fig. 6.42
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Fig. 6.47 Power spectrum of the summarized signal us = u; 4+ u, for strong synchronization
(C = 0.2, D, = 0.15) in dependence on the time delay t. Panels (a), (b), and (c¢) correspond to a
memory parameter of R = 0, R = 0.5, and R = 0.9, respectively. The feedback strength is fixed
at K = 1.5. Other parameters as in Fig. 6.42

f = 04, ie., the main frequency of u;, and T & 5 enhances components of
f =~ 0.2 which corresponds to the dynamics of u,. One can also observe that the
main peaks in the power spectra occur periodically as the time delay 7 increases.
For larger memory parameters R, the effect of a frequency shift is less pronounced.
The power spectra of panel (c) in Figs. 6.45, 6.46, and 6.47 display reduced
sensitivity on the specific choice of the time delay. The main peak of the spectrum
is stronger localized at the frequency of the second subsystem, but the value of the
power spectrum at this main frequency is much lower.

Figure 6.48 shows the power spectrum of the global summarized signal uy for
the three different case of synchronization and fixed time delay 7 = 5. In all
panels, the black, red, and and green curves correspond to a memory parameter of
R =0, 0.5, and 0.9, respectively. The feedback gain is fixed at K = 1.5. Panels
(a), (b), and (c) of Fig. 6.48 can be seen as horizontal cuts (at T = 5) of Figs. 6.45,
6.46, and 6.47, respectively.

Opposed to the uncontrolled case presented in Fig. 6.18, the power spectra
exhibit a series of distinct peaks that are located at the harmonics of the main
frequency f ~ 0.2. They are due to the control force which enhances not only the
main frequency, but also frequency components of the higher harmonics. See
also Sect. 2.6 in Chap. 2 where the mechanism of time-delayed feedback was
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Fig. 6.48 Power spectrum of the summarized signal us = u; + u, for a fixed time delay of
Tt = 5. Panels (a), (b), and (c) correspond the case of moderate (C = 0.2, D; = 0.6), weak
(C=0.1, D; =0.6), and strong (C = 0.2, D; = 0.15) synchronization. The black (solid),
red (dashed), and green (dotted) curves refer to a memory parameter of R = 0, 0.5, and 0.9,
respectively. Other parameters as in Fig. 6.42
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Fig. 6.49 Power spectrum S of noise-induced oscillations for the summarizes variable
us = u; + u, of the coupled FitzHugh—Nagumo systems as colorcode in dependence on the noise
intensity D, for a time delay T = 2.7. Panel (a), (b), and (c) correspond to a memory parameter of
R =0,0.5,and R = 0.9, respectively. The feedback gain is fixed at K = 0.2. Other parameters as
in Fig. 6.42

discussed in Fourier space using the formalism of transfer functions. It was shown
that the transfer function of the Pyragas scheme and its extension to multiple
delays yields a frequency comb with minima at multiples of a basic frequency 7~

For increasing memory parameter R, the background becomes broader. Let me
stress that a similar effect was found in the context of extended time-delayed
feedback applied to the noise-induced oscillations in the Van-der-Pol system [34]
and in a reaction—diffusion system [70], where, in addition, the peaks become
sharper.

Before discussing the interspike interval distributions, let me consider the
power spectra also in dependence on the coupling strength C and noise intensity
D, for different memory parameters R. The reference cases in the absence of
control can be found in Sect. 6.2 as Figs. 6.20 and 6.21.

Figures 6.49 and 6.50 depict the power spectrum of the summarized variable uy
as color code in dependence on the noise intensity D, of the first subsystem for
different time delays © = 2.7 and 4.7. The feedback gain is fixed at K = 0.2 and
the memory parameter is set to R = 0, 0.5, and 0.9 in panels (a), (b), and (c) of
each figure, respectively.
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Fig. 6.50 Power spectrum S of noise-induced oscillations for the summarizes variable uy =
uy + uy of the coupled FitzHugh-Nagumo systems as colorcode in dependence on the noise
intensity D; for a time delay © = 4.7. Panel (a), (b), and (¢) correspond to a memory parameter of

R =0,0.5,and R = 0.9, respectively. The feedback gain is fixed at K = 0.2. Other parameters as
in Fig. 6.42
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Fig. 6.51 Correlation time of noise-induced oscillations for the summarizes variable uy =
u; + uy of the coupled FitzHugh—-Nagumo systems in dependence on the noise intensity D, for
R =0, 0.5, and 0.9 in panels (a), (b), and (c), respectively. The time delay is chosen as t = 2.7
and 4.7 in the blue (dotted) and red (dashed) curves, respectively, and the black (solid) curves
refers to the case without control. The feedback gain is fixed at K = 0.2. Other parameters as in
Fig. 6.42

Before further investigation of the power spectra, let me consider the choices of
the time delay by a brief discussion of the correlation time 7., This quantity will
be addressed in details at the end of this section. At this point, it is sufficient to
note that the time delays are chosen such that the correlation time #., Which is
calculated from the autocorrelation function by Eq. 6.1.17 is larger for t = 2.7 and
smaller for T = 4.7 in the range of large noise intensities D; > 0.2 compared to the
uncontrolled case. This can be seen in Fig. 6.51 where the blue (dotted) and red
(dashed) curves corresponds to the correlation time for 7 = 2.7 and 4.7,
respectively, and the black (solid) curves refers to the reference case without
control. Note that this effect is reversed in the range of small noise intensities.
Panels (a), (b), and (c) correspond to a memory parameter R = 0, 0.5, and 0.9,
respective. The effect of varying on the noise intensity persists for non-zero
memory parameters.

Comparing Figs. 6.49 and 6.50, one can see maxima in all panels which cor-
respond to the timescales of the single subsystems. Since the coupling strength is
chose at a low value, i.e., C = 0.07, the two subsystems are only weakly coupled
and they operate at different timescales.

In both figures, an increase of the memory parameter leads to a damped relief in
the power spectrum and the maxima are less pronounced. For a time delay of
t = 2.7 as in Fig. 6.49, the maxima persist in the whole range of displayed noise
intensities D;. In the case of 7 = 4.7 shown in Fig. 6.50, however, there is a
distinct maximum at small D;. For larger noise intensity, the maximum is barely
visible and vanishes altogether for increases R as can be seen in panels (b) and (c).
Thus, one can say that t = 2.7 is a better choice than t = 4.7 in the sense of
supporting timescales already present in the uncontrolled system.

Figures 6.52 and 6.53 display the dependence of the power spectrum on the
coupling strength C. As in Figs. 6.49 and 6.50, the two sets of panels correspond to
time delays of T = 2.7 and 4.7, respectively. The noise intensity D is fixed at
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Fig. 6.52 Power spectrum S of noise-induced oscillations for the summarizes variable uy =
uy + up of the coupled FitzHugh—Nagumo systems as colorcode in dependence on the coupling
strength C for a time delay t = 2.7 for R = 0, 0.5, and 0.9 in panels (a), (b), and (c), respectively.
The noise intensity D, is chosen as D; = 0.25 and the feedback gain is fixed at K = 0.2. Other
parameters as in Fig. 6.42
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Fig. 6.53 Power spectrum S of noise-induced oscillations for the summarizes variable uy =
uy + up of the coupled FitzHugh—Nagumo systems as colorcode in dependence on the coupling
strength C for a time delay © = 4.7 for R = 0, 0.5, and 0.9 in panels (a), (b), and (c), respectively.
The noise intensity Dy is chosen as D; = 0.25 and the feedback gain is fixed at K = 0.2. Other
parameters as in Fig. 6.42

D, = 0.25 and the other parameters remain unchanged. As in the previous figures,
panels (a), (b), and (c) refer to a memory parameter of R = 0, 0.5, and 0.9,
respectively.

One can observe in all panels that the two subsystems operate at a common
frequency as the coupling strength increases indicate the merging of the two peaks.
See, for instance, the red region in Fig. 6.52. For larger memory parameters the
peak in the power spectrum becomes stronger for a time delay of © = 2.7 whereas
it is reduced for © = 4.7 as in Fig. 6.53. This can be seen by a brighter peak in
Fig. 6.52 and the reduced brightness of the main peak in Fig. 6.53 for larger R.
As more information from integer multiples of a basic time delay is included for
larger R, the feedback scheme acts against the system’s dynamics in the case of
T = 4.7 as in Fig. 6.53.

After this extensive discussion of the power spectrum in dependence on various
system’s and control parameters, the following figures present the interspike
interval distributions. The provide further information concerning the question
which timescales are enhanced or suppressed by time-delayed feedback control.
Special emphasis is on the effects of the memory parameter R.
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Fig. 6.54 Interspike interval (7x) distribution of the summarized signal us = u; + up for
moderate synchronization (C = 0.2, D; = 0.6) in dependence on the time delay 7. The color
coding denotes the probability of finding a certain interspike interval Ts. Panels (a), (b), and (c)
correspond to a memory parameter of R = 0, R = 0.5, and R = 0.9, respectively. The feedback
gain is fixed at K = 1.5. The whire and grey dotted lines in panel (a) at t = Ts and 7 = Ty /2,
respectively, are guides to the eye. Other parameters as in Fig. 6.42
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Fig. 6.55 Interspike interval (Tx) distribution of the summarized signal us = u; + u, for weak
synchronization (C = 0.1, D; = 0.6) in dependence on the time delay t. The color coding
denotes the probability of finding a certain interspike interval 7. Panels (a), (b), and (c) cor-
respond to a memory parameter of R = 0, R = 0.5, and R = 0.9, respectively. The feedback gain
is fixed at K = 1.5. Other parameters as in Fig. 6.42

Figures 6.54, 6.55, and 6.56 depict the dependence of the distributions of the
interspike interval Tx for moderately (C = 0.2, D; = 0.6), weakly (C = 0.1,
D; = 0.6), and strongly synchronized (C = 0.2, D; = 0.15) subsystems on the
time delay, respectively. These are the three cases marked in Fig. 6.16 of Sect. 6.2.
The corresponding power spectra are shown in Figs. 6.45, 6.46, and 6.47. Panels
(a), (b), and (c) in each figure refer to a memory parameter of R = 0, 0.5, and 0.9,
respectively. Note that all three figures 6.54, 6.55, and 6.56 display the same color
code.

For increasing memory parameter R, the distribution exhibits a weaker
dependence on the time delay 7. This can be seen, for instance, in panels (c) of
Figs. 6.54 and 6.55. This is in agreement with the findings in the power spectra and
the ratio of the average interspike intervals presented above.

For smaller R values, another effect becomes apparent. There are a minima in
the distribution for interspike intervals slightly larger than 7, indicated by black
stripes in the (7, 7) plane. These minima are located below the line T = 1. See,
for instance, the white line in Fig. 6.54a which is added as a guide to the eye.
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Fig. 6.56 Interspike interval (Tx) distribution of the summarized signal us = u; + u, for strong
synchronization (C = 0.2, D; = 0.15) in dependence on the time delay t. The color coding
denotes the probability of finding a certain interspike interval Ts. Panels (a), (b), and (c¢) cor-
respond to a memory parameter of R = 0, R = 0.5, and R = 0.9, respectively. The feedback gain
is fixed at K = 1.5. Other parameters as in Fig. 6.42

A similar, but less pronounced effect can be observed if the interspike intervals
match integer multiples of the time delay as shown by the grey line for 7s = 2t in
the same panel. Let me stress that for strongly synchronized subsystems this
structuring of the interspike interval distribution becomes more visible as dis-
played in Fig. 6.56. The probability distribution becomes multimodal with peaks
centered near Tx =nt,n =1,2,.... Thus, it is possible to eliminate certain
timescales in the coupled system (6.4.1) by appropriate tuning of the time delay in
the controller.

To summarize the results on the interspike interval distribution in the presence
of extended time-delayed feedback, the introduction of a large memory parameter
renders the control method more robust against the specific choice of the time
delay. This is depicted in Fig. 6.57 for a memory parameter of R = 0.99. Panels
(a), (b), and (c) correspond to moderately, weakly, and strongly synchronized
subsystems, respectively. For this large value of R, there is no structuring of the
interspike interval distribution. Only panel (c) of already strongly synchronized
subsystems shows some weakly pronounced modulation. For small memory

(a) moderate (b) weak (c) strong
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. 6 0.06

4 0.03
2
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Ts Ts Ts

Fig. 6.57 Interspike interval (Ty) distribution of the summarized signal uy = u; 4+ up in
dependence on the time delay t for a memory parameter R = 0.99 for moderate (C = 0.2,
D, = 0.6), weak (C = 0.1, D; = 0.6), and strong (C = 0.2, D, = 0.15) synchronization in
panels (a), (b), and (c), respectively. The color coding denotes the probability of finding a certain
interspike interval Ts. The feedback gain is fixed at K = 1.5. Other parameters as in Fig. 6.42
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parameters, there is a competing effect which structures the distribution in the
sense that interspike intervals slightly larger than the time delay of the feedback
are suppressed.

The measures of cooperative dynamics in this section are so far all related to
frequency synchronization, but they are insensitive to phase synchronization.
As introduced in Sect. 6.2, one can derive phase variables ¢, and ¢, from the time
series of the respective subsystem. The corresponding formula is given by
Eq. 6.2.2 which is reproduced here for convenience

nl I on(i— 1), (6.4.3)

o) Li—lia

with j = 1, 2. The times t; denotes the events of the i-th spike. The difference
lp; — ol leads to a phase difference A from which a phase synchronization
index can be calculated according to Eq. 6.2.4

y= \/<COS A@(1))* + (sin Ag(1))*. (6.4.4)

An example for the time series of A is depicted in Fig. 6.22 of Sect. 6.2. There, it
was shown the phase difference A¢g is constant during time intervals of phase
synchronization. The average length of these intervals denotes another measure of
phase synchronization.

Figure 6.58 compares the sensitivity of the phase synchronization index y and
the average length of phase synchronization intervals J. The values of 7y are shown
in red and the black curve corresponds to ¢ in dependence on the time delay t.
The other control parameters are fixed at R = 0 and K = 1.5 and the scale is
chosen such that the points for 7 = 0 and T = 10 coincide.

Note that the average phase synchronization interval ¢ shows a stronger
increase than the synchronization index 7. Therefore, the ¢ is more sensitive for the
detection of phase synchronization as the control parameters K, 7, and R are varied
than the synchronization index ). Hence, I will restrict the investigations of phase
synchronization to the discussion of § in the following.
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Fig. 6.59 Average phase synchronization interval ¢ in dependence on the time delay 7. The black
(solid), red (dashed), and green (dotted) curves correspond to a memory parameter of R = 0,
R = 0.5,and R = 0.9, respectively. The panels (a), (b), and (c) refer to the case of moderate, weak,
and strong synchronization, respectively. The insets in panels (a) and (b) show an enlargement for
small 7. The inset in panel (c¢) displays large J. Other parameters as in Fig. 6.42

Figure 6.59 shows effects of extended time-delayed feedback in the average
phase synchronization interval ¢ for varying time delay 7. The feedback gain K is
fixed at K = 1.5. Panels (a), (b), and (c) display the case of moderately, weakly,
and strongly synchronized subsystems, respectively. In all panels, the black, red,
and green curves refer to a memory parameter of R = 0, R = 0.5, and R = 0.9,
respectively. The insets in panels (a) and (b) are enlargements for small time
delays and the inset in panel (c) display large values of ¢.

In general, time-delayed feedback enlarges the average phase synchronization
interval 6. Especially for small time delays, e.g., t = 0.7 for R = 0, § becomes
substantially larger. For R = 0, a modulation of J can be seen for small delays, see
insets in all panels of Fig. 6.59. These deviations are less pronounced for
increasing R. Only panel (c) which refers to strong synchronization, shows larger
values of § with increasing memory parameter.

The sensitivity of o, as discussed in Fig. 6.58, can also be seen in the case of
strong synchronization. See panel (c) in Fig. 6.59. Since the already strong
synchronization is further enhanced by the control force, the average phase syn-
chronization interval rises by several orders of magnitude as shown in the inset.
For perfect synchronization and simultaneous spiking, o would be arbitrarily large
and merely reflect the integration time.

Figure 6.60 depicts the correlation time, calculated from Eq. 6.1.17, for fixed
coupling strength C = 0.2 in dependence on the noise intensity D;, when no
control is applied to the system. The blue (dotted), red (dashed), and black (solid)
curves refer to the wu;-, the u,-variable, and summarized global signal
us = uy + U, respectively. Starting in the case where only small noise level in the
second subsystem is present, i.e., D; = 0, the correlation time becomes larger for
an increase of the noise intensity D;. All three curves show coherence resonance
with a maximum correlation time for D; ~ 0.1. For larger values of D, the
correlation time decreases, since the dynamics is more noise-dominated. In the
presence of control, care has to be taken in the definition of the correlation time
because Eqgs. 6.1.16 and 6.1.17 do not generally give the same result. As shown
by Pomplun et al. [34] for the Van-der-Pol system with noise and extended
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Fig. 6.60 Correlation time in 24
dependence on the noise

intensity D, for fixed cou-

pling strength C = 0.2 in the
absence of control. The blue
(dotted), red (dashed), and

black (solid) curves corre-

spond to the u,-, the u,-vari- -
able, and summarized signal

us = u; + up, respectively.

No control is applied to the
system. Other parameters as

in Fig. 6.42

0.8 ! ‘ ! ‘ ! ‘ ! ‘ !

0 0.05 0.1 0.15 0.2 0.25

D,

time-delayed feedback, two different timescales occur in the autocorrelation
function W(s). The sharp peaks in the power spectrum correspond to long-term
correlations and the broad background spectrum leads to an abrupt decrease of the
autocorrelation function W(s) for small s. The long-term correlations are measured
by the exponential slow decay of the autocorrelation function for larger s, and thus
the correlation time can be determined by a fit of the envelope to an exponential
function P(s) o exp(—s/t.) with 7, == as in Eq. 6.1.16, but with a different
normalization constant. See Sect. 6.2 for details on the analytic derivations con-
cerning the correlation time.

For two coupled FitzZHugh—-Nagumo systems given by Egs. 6.4.1, the normal-
ized autocorrelation function ¥(s)/'P'(0) for uy = u; + u, is depicted in Fig. 6.61
for the case of strongly synchronized subsystems with C = 0.1 and D; = 0.15.
Panel (a) shows the uncontrolled system and the dashed curve is a fit of an
exponential function of the local maxima through Y(0), giving ¢, = 3.44 and
teor = % =2.19, in approximate agreement with Fig. 6.60. Panels (b) and (c)
display ¥(s)/¥(0) in the presence of extended time-delayed feedback for memory
parameters R = 0 and R = 0.9, respectively, and fixed time delay 7 = 2 and
feedback gain K = 1.5. The dashed curves in panels (b) and (c) are fits of the
envelope of W(s) by an exponential function in the range s > 10. One can see that
for increasing memory parameter, the autocorrelation function decays more
slowly. The corresponding exponential correlation times are f, = 9.03 for van-
ishing memory parameter and ¢, = 26.5 for R = 0.9, corresponding to .o, = 5.75
and 7. = 16.9, respectively. Thus, extended time-delayed feedback yields sub-
stantially longer correlations.

6.5 Coupling Effects of Time-Delayed Feedback

In the previous Sects. 6.3 and 6.4, time-delayed feedback was applied to a single and
two coupled FitzHugh—Nagumo systems, where the feedback was generated most of
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Fig. 6.61 Normalized autocorrelation function ¥(s) for us = u; + u, in dependence on R in the
case of strong synchronization. No control is applied in panel (a), where the dashed curve is a fit
to an exponential of the envelope through ¥(0) = 1. Panels (b) and (c¢) show the autocorrelation
function in the presence of multiple delayed feedback for memory parameters R = 0 and
R = 0.9, respectively, where the dashed curve is an exponential fit to the envelope in the range
s > 10. The other control parameters are fixed at 1 = 2 and K = 1.5. Other parameters as in
Fig. 6.60 with D, = 0.15

the time from the inhibitor variable and applied to the same component. This section
is concerned with other types of coupling and is mainly based in Ref. [71].

Before discussing the coupling effects, let me briefly review some aspects of
neural systems and the cooperative dynamics of coupled elements. Neurons are
excitable units which can emit spikes or bursts of electrical signals, i.e., the system
rests in a stable steady state, but after it is excited beyond a threshold, it emits a
pulse which is depicted in the beginning of this chapter in Fig. 6.3. In the fol-
lowing, I will consider electrically coupled neurons modelled by the FitzHugh—
Nagumo system in the excitable regime similar to Sect. 6.4

) — (631 (0) + Clint) — 1 (0) (65.1a)
D — gl (1), 1 (0) + D110 (6:5.10)
220 _ Flun(e) a(0)) + Clan (1)~ a(0)] (6:5.20)
D20 _ un(t),va(6)) + Do) (6:5:2b)

dt
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with f(u;, vi) = u; — u?/3 —v; and g(u;,v;) = u; +a (i = 1, 2). The fast activator
variables u; (i = 1, 2) refer to the transmembrane voltage, and the slow inhibitor
variables v; are related to the electrical conductance of the relevant ion currents.
The parameter a is the excitability parameter which is fixed at 1.05, such that there
are no autonomous oscillations (excitable regime). C is the diffusive coupling
strength between u; and u,. To introduce different timescales for both systems, ¢; is
set to 0.005 and &, is set to 0.1 as in the previous sections of this chapter. Both
systems, when uncoupled, are driven entirely by independent noise sources which in
the above equations are represented by &; (i = 1, 2) and realized by Gaussian white
noise with zero mean and unity variance. See Fig. 6.2. D; with i = 1, 2 is the noise
intensity, and for the purposes of this paper, D, will be held fixed at 0.09 [26, 40].

It was discussed in Sect. 6.2 that the two subsystems exhibit cooperative
dynamics for proper choice of the noise intensities and coupling strength. Sections
6.3 and 6.4 demonstrated that time-delayed feedback can influence this dynamics.
So far, the control force was always implemented by inhibitor—inhibitor coupling
in the first subsystem, i.e., the feedback signal was generated from the variable v,
and applied to the same component.

Time-delayed feedback control force applied only to the first of the neural
populations is schematically depicted in Fig. 6.41. As discussed in the previous
sections and in detail in Chap. 2, the control method constructs a feedback F' from
the difference between the current value of a control signal s and the value for that
quantity at time ¢ — 7. The difference is then multiplied by the feedback gain K

F(t) = K[s(t — 1) — 5(1)], (6.5.3)

where s determines which components of the system enter the feedback as will be
discussed in the following.

In this section, the variable w in the control force can be either the activator i
or the inhibitor v;. Also, the control force can either be applied to the activator or
the inhibitor differential equation. These possibilities lead to two self-coupling
schemes (uu and vv) where either the activator is coupled to the activator equation
or the inhibitor is coupled to the inhibitor equation, and two cross-coupling
schemes (uv and vu). Thus, Eqgs. 6.5.1 of the first subsystem can be rewritten
including time-delayed feedback as

aGt\ _ (f(m(t)m(t)) + Clia(1) m(r)])
(1) gluy(2),vi(t)) + D& ()
Auu Auv r— - t
)
Avu Avv Vi (t - T) —Vi (t)
where the coupling matrix elements A; with i,j € {u;,v} define the specific
coupling scheme. The equations of the second subsystem (6.5.2a) remain
unchanged. After the introduction of the model with general coupling of time-

delayed feedback, I will discuss cooperative dynamics resulting in frequency
synchronization and phase synchronization in the following.

dt

(6.5.4)
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A measure of frequency synchronization is the ratio of the average interspike
intervals of the two neural populations [26, 40]. The respective average interspike
interval of each neural population is denoted by (T}) and (7). This measure was
already used in previous sections of this chapter with and without feedback.
See Sects. 6.2 and 6.4, respectively. The ratio (T})/(T>) compares the average
timescales of both systems, where unity ratio describes two systems spiking at the
same average frequency. It is for this reason that the interspike-interval ratio is
often considered as a measure of frequency synchronization. Note that it does not
contain information about the phase of synchronization, and a given interspike—
interval ratio can also result from different interspike—interval distributions.

As a second type of synchronization, I discussed phase synchronization in the
previous sections [45, 72]. Section 6.2 introduced a phase synchronization index )
to quantify this synchronization. It is derived from the time series of, e.g., the
activator variables u; and u, which yields a phase according to Eq. 6.2.2

I—1i

@;(t) =2m +2n(i — 1), (6.5.5)

i — lic1
where ¢; with j = 1, 2 corresponds to the phase of the subsystem j and #; denotes
the time of the ith spike in the respective subsystem. With this definition the phase

increases by a value of 2n for each spike [26, 41, 43, 44]. The phase difference
Ap = |, (t) — ¢,(t)| leads to the desired measure y by the following formula

y = \/<COS Ap(1))* + (sin Ag(1))>. (6.5.6)

The quantity y varies between zero and unity corresponding to no phase
synchronization and perfect phase synchronization, respectively.

After the introduction of the system, the coupling schemes, and measures of
synchronization, I will present results on frequency and phase synchronization in
the following. For this purpose, I will consider 16 different combinations of the
noise intensity D; and the coupling strength C which are marked as green dots in
Fig. 6.62. This figure is a reproduction of Figs. 6.16 and 6.23 added for
convenience.

As discussed in Sect. 6.2, this figure displays both measures for stochastic
synchronization described above in dependence on the coupling strength C and the
noise intensity D, in the absence of of control. Panel (a) refers to the frequency
synchronization characterized by the ratio of the average interspike intervals
(T1)/(T>) and panel (b) shows the phase synchronization index 7. The yellow color
indicates configurations which are strongly synchronized, and dark blue and black
regions refer to the case of weak synchronization. Thus, for a small value of D,
and large coupling strength, the two subsystems display well synchronized
behavior, (T;)/(T>) =~ 1 and y ~ 1. The timescales in the interacting systems
adjust themselves to 1:1 synchronization. On average, they show the same number
of spikes and the two subsystems are in-phase which is indicated by yellow color.
Since both panels in Fig. 6.62 share the same color code, one can see that fre-
quency and phase synchronization coincide very well.
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Fig. 6.62 Panels (a) and (b) show the ratio of interspike intervals (7})/(7,) and the phase
synchronization index y of the two subsystems as color code in dependence on the coupling
strength C and noise intensity D, respectively. No control is applied to the system. The dots mark
the parameter choice for different synchronization regimes used in the following. Other
parameters: ¢, = 0.005, &; = 0.1, a = 1.05, and D, = 0.09

In the following, I will show the ratio of the average interspike interval
(T1)/(T>) and the phase synchronization index y which are color coded in the
(1, K) plane for fixed combinations of D; and C. For each coupling scheme of
time-delayed feedback control, i.e., cross-coupling schemes uv and vu and self-
coupling schemes uu and vv, I will present a selection of (D, C) values. In all
cases, only one element of the coupling matrix A is equal to unity and all other
elements are zero.

The ordering of panels in Figs. 6.63—-6.66 and 6.69—-6.72 is the following: the
rows correspond to fixed coupling strength chosen as C = 0.01, 0.21, 0.41, and
0.61 from bottom to top. The columns in each figure are calculated for constant
noise intensity D; = 0.01, 0.34, 0.67, and 1.0 from left to right. The combinations
(D4, C) are summarized in Table 6.2.

Figures 6.63-6.66 show frequency synchronization measured by the ratio of
average interspike intervals (T)/(T,) which is calculated from the summarized
activator variable uy = u; + u, as color code in dependence on the feedback gain
K and the time delay 7. The system’s parameters are fixed in each panel as
described in Table 6.2. Figures 6.63 and 6.66 correspond to self-coupling (uu- and
vv-coupling) and Figs. 6.64 and 6.65 depict the cross-coupling schemes (uv- and
vu-coupling).

In terms of the coupling matrix A, these four coupling schemes correspond to
the following four matrices

Al — <(1) 8)7 A — (8 (1)> (6.5.7&)

A(W):G 8), A(vv):<8 ‘1)) (6.5.7b)
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Fig. 6.63 uu-coupling: Ratio of average interspike intervals (7,)/(T) as color code. Rows and
columns correspond to constant coupling strength C and noise intensity D;, respectively. The
parameter values of C and D; can be found in Table 6.2. Other parameters as in Fig. 6.62

Table 6.2 Combinations
(C, Dy) used in Figs. 6.63
to 6.66 and Figs. 6.69 to 6.72 1 2 3 4

0.61,0.01) (0.61,034) (0.61,0.67) (0.61, 1)
(0.41,0.01)  (0.41,034)  (0.41,0.67) (041, 1)
(021, 0.01)  (0.21,0.34) (0.21,0.67) (0.21, 1)
0.01,0.01)  (0.01,034) (0.01,0.67) (0.01, 1)

Row Column

AW N =

The dynamics in the white regions is outside the excitable regime and does not
show noise-induced spiking, but rather the system exhibits large-amplitude self-
sustained oscillations. This is shown for the coupling strength C = 0.01 and noise
intensity Dy = 0.01 for uv-coupling in Fig. 6.67 which depicts the time series of
the inhibitor variable v; and the trajectory of the first subsystem in the phase space,
where in addition the u- and v-nullclines are plotted for better orientation as blue
(dashed) and red (dotted) curves, respectively. Panels (a)/(b), (c)/(d), and (e)/f)
correspond to a feedback gain K = —0.25, — 1, and —1.5, respectively, and the
time delay is fixed at T = 5. These combinations K and 7 are also marked as green
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Fig. 6.64 uv-coupling: Ratio of average interspike intervals (7;)/(T>) as color code. Rows and
columns correspond to constant coupling strength C and noise intensity D, respectively. The
parameter values of C and D; can be found in Table 6.2. The green dots for C = 0.01 and
D; = 0.01 mark the choice of K and 7 used in Fig. 6.67. Other parameters as in Fig. 6.62

dots in Fig. 6.64 of uv-coupling. While panels (a)/(b) are still in the yellow/orange
range and show regular spiking, but no refractory phase, panels (c)/(d) depict the
onset of large amplitude oscillations which can be clearly seen in panels (e)/(f) for
K = —1.5. Note the different range of the inhibitor variable v, and activator
variable u;.

One can see that appropriate tuning of the control parameters leads to enhanced
or deteriorated synchronization displayed by yellow and blue areas, respectively.
In each figure, all panels show qualitatively similar features like a modulation of
the ratio (Ty)/(T») as the time delay increases, where range between maximum
and minimum depends on D; and C. Comparing the rows, the systems are less
(stronger) synchronized for small (large) values of C indicated by blue (yellow)
color. As the noise intensity D; increases, the dynamics of the coupled subsystems
is more and more noise-dominated and the dependence on the time-delay t
becomes less pronounced.

Note the symmetry in the cross-coupling schemes shown as Figs. 6.64 and 6.65
between K and its negative value —K in the other cross-coupling. This symmetry
is more visible in Fig. 6.68 which extracts the cross-coupling schemes (uv- and
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Fig. 6.65 vu-coupling: Ratio of average interspike intervals (T)/(T) as color code. Rows and
columns correspond to constant coupling strength C and noise intensity D;, respectively. The
parameter values of C and D; can be found in Table 6.2. Other parameters as in Fig. 6.62

vu-coupling) for a coupling strength C = 0.21 and noise intensity D; = 0.01 as in
Figs. 6.64 and 6.65, respectively. Panels (a) and (c) show the ratio of average
interspike intervals and panels (b) and (d) refer to the respective phase synchro-
nization index. The reason for the symmetry is that enhancing the activator yields a
similar effects on the dynamics as diminishing the inhibitor variable.

As for the discussion of ratio of average interspike intervals as a measure of
frequency synchronization, I will present the phase synchronization index 7y
defined by Eq. 6.5.6 in the following for the same set of four coupling schemes as
in Figs. 6.63-6.66. The respective coupling matrices are given by Egs. 6.5.7.

Accordingly, Figs. 6.69, 6.70, 6.71, 6.72 depict the phase synchronization index
7 as color code depending on the control parameters K and t for uu-, uv-, vu-, and
vv-coupling, respectively. The noise intensity D; and coupling strength C are fixed
for each panel as described in Table 6.2.

Comparing Figs. 6.69-6.72 with the respective plot for frequency synchroni-
zation, i.e., Figs. 6.63—6.66, one can see that both types of synchronization
coincide, but the phase synchronization index is more sensitive to the modulation
features. Similar to the case of frequency synchronization, time delay feedback can
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Fig. 6.66 vv-coupling: Ratio of average interspike intervals (T)/(T>) as color code. Rows and
columns correspond to constant coupling strength C and noise intensity D;, respectively. The
parameter values of C and D; can be found in Table 6.2. Other parameters as in Fig. 6.62

lead to either support or suppression of phase synchronization depending on the
specific choice of the feedback gain K and time delay t indicated by yellow and
blue regions. In general, these effects become less sensitive on the time delay as
D, increases. For larger values of C, the two subsystems show enhanced phase
synchronization.

To summarize this section, I have shown that stochastic synchronization in
two coupled neural populations can be tuned by local time-delayed feedback
control of one population. Synchronization can be either enhanced or suppressed,
depending upon the specific values of the delay time and the coupling strength.
The control depends crucially upon the coupling scheme of the control force. For
inhibitor self-coupling (vv) synchronization is most strongly enhanced, whereas
for activator self-coupling (uu) there exist distinct values of 7 where the
synchronization is strongly suppressed even in the strong synchronization
regime. For cross-coupling (u#v, vu) there is mixed behavior, and both schemes
exhibit a strong symmetry with respect to inverting the sign of K. These
observations might be important in the context of the deliberate application of
control with the aim of suppressing synchronization, e.g., as therapeutic
measures for Parkinson’s disease.
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Fig. 6.67 Time series in the uv-coupling. Panels (a)/(b), (¢)/(d), and (e)/(f) correspond to a
feedback gain K = —0.25, —1, and —1.5, respectively. The time delay is fixed at t = 5. These
values are marked by green dots in Fig. 6.64. The parameter values of C and D, are C = 0.01 and
D, = 0.01. Other parameters as in Fig. 6.62

6.6 Towards Networks

In the previous sections of this chapter, I considered a single and two coupled
FitzHugh—-Nagumo systems with and without time-delayed feedback in various
forms and coupling schemes. From the perspective of neurodynamics, this
corresponds to the investigation of one and two neurons. Although the analysis of
isolated neurons and their dynamics under the influence of feedback is important to
understand underlying mechanisms, brain activity involves larger numbers of
neurons and additional effects due to the network structure are expected. There-
fore, I will discuss in this section the combination of three FitzZHugh—Nagumo
systems as a next step towards larger networks. At the end of the section, I will
give an outlook for the development of a systematic way of grouping entities of a
few neurons which serve as network motifs in order to construct a larger network.
Then, the dynamics of a large number of neural oscillators can be analyzed on the
basis of these notifs [73].

At first, I will consider the case of three FitzZHugh—Nagumo systems which are
diffusively coupled. As introduced in Sect. 6.1, this paradigmatic system provides
a generic model of a two-dimensional activator—inhibitor type for neural activity.
Similar to the case of two coupled neurons discussed Sect. 6.2, a combination of
three elements can be written as follows
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eldu;zt(t) =u(t) — @ —vi(t) + C[=2u1(1) + wa (1) + u3(7))]

o (6.6.1a)
# =u () +a

ezdu;'t(l) =uy(t) — @3([) = v2(1) + Clur (1) — 2ux (1) 4 u3(1)]
- (6.6.1b)

; =u(1) +a

83du;ft(t) = us(t) — @3@ = v3(1) + Clun (1) + ua (1) — 2u3(1)]
o (6.6.1c)
% =u3(t) +a,

where the variables u; and v; with i = 1, 2, 3 correspond to the activator and
inhibitor whose timescale separation is given by the small parameter e¢;.
The parameter a denotes the threshold parameter which is connected to the
excitability of the subsystems. For |a| <1, the subsystems are oscillatory and an
absolute value greater than unity yields an excitable regime.
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Fig. 6.69 uu-coupling: phase synchronization index y. Noise intensity D; and coupling strength
C chosen as described in Table 6.2. Other parameters as in Fig. 6.62

The three FitzHugh—Nagumo systems are diffusively coupled with a coupling
strength C, where the notion of diffusion refers to a discrete version of the Laplace
operator or the second space derivative of a function u

d*u(x) d . u(x+h)—u(x)

o2 eh h (6.6.22)
u(x+2h);:u(x+h) . u(erh/)lfu(x)
= }E% A (6.6.2b)
2h) —2
_ }llirr(l)u(x + 2h) Zz(x +h)+ u(x), (6.6.2¢)

where the space is discretized in three positions u(x + 2h) = uy, u(x + h) = uy,
and u(x) = uz with periodic boundary conditions.

From the perspective of coupled systems, Eqs. 6.6.1a, b describe a specific
realization of the coupling which corresponds to the following coupling matrix
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Fig. 6.70 uv-coupling: phase synchronization index y. Noise intensity D; and coupling strength
C chosen as described in Table 6.2. Other parameters as in Fig. 6.62

G=[(1 —2 1] (6.6.3)

Thus, the equations for the activator variables u; are given in matrixform by

dul(t)

G [ (), v1(2)) -2 1 1 uy (1)
Rl | = | fn@)wm®) | +C| 1 =2 1 || w() (6.6.4)
gy f(us(2),v3(1)) 11 =2/ \us(r)

with the abbreviation f(u;,v;) = u; —u; /3 —v; (i = 1, 2, 3).

The eigenvalues of this matrix are ; = 0, 1, = A3 = —3, where the eigenvalue
at zero reflects the zero-row sum of G. This corresponds to a conservation of the
net flow between the elements, i.e., there is no capacitance in the connections and
the coupling vanishes if all systems have identical temporal behavior, i.e., for
complete synchronization. Figure 6.73 shows a schematic diagram of this
configuration.
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Fig. 6.71 vu-coupling: phase synchronization index y. Noise intensity D; and coupling strength
C chosen as described in Table 6.2. Other parameters as in Fig. 6.62

Figure 6.74 depicts exemplary time series of both the activator and inhibitor
variables as well as the trajectory in the respective phase space according the
Egs. 6.6.1 for different coupling strengths C = 0.0001, 0.01, and 0.1 in the sets of
panels (a), (b), and (c). The system’s parameters are chosen as &y = & = &3 = 0.01
and a = 0.95. Thus, each subsystem is prepared in the oscillatory regime. Thus,
there is no need for stochastic input to excite spikes as in the previous sections of
this chapter. This can also be seen from the nullclines which are added in the
(ui, vi)-plane as dashed curves. The blue and red curves refer to the u- and v-
nullclines, respectively, which intersect in the unstable part, i.e., where the cubic
nullcline has positive slope. The initial conditions are chosen differently in each
subsystem as follows: (u1(0),v;(0)) = (2,0), (u#2(0),v,(0)) = (-2,0), and
(u3(0),V3(0)) = (-2, _2)'

For a small coupling strength of C = 0.0001 as in panel (a), the subsystems are
only weakly coupled and they oscillate independently. As the coupling becomes
larger, two subsystems synchronize as shown in panel (b) for C = 0.01. This is the
case of partial synchronization. Further increase of the coupling strength leads to
complete synchronization depicted in panel (c) for C = 0.1.
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Fig. 6.72 vv-coupling: phase synchronization index 7. Noise intensity D; and coupling strength
C chosen as described in Table 6.2. Other parameters as in Fig. 6.62

Fig. 6.73 Schematic
diagram of three coupled
FitzHugh—-Nagumo systems
including system’s parame-
ters according to Eqgs. 6.6.1

U3, v3 L ( Uz, V2

%

The robustness of the synchronization can be investigated by the following
protocol: prepare all compound system in the synchronous state as initial condi-
tion. Then, apply a random perturbation for some finite time interval, e.g.,
t € [20,30]. This random perturbations are chosen as independent Gaussian white
noise &(¢), & (1), and & (¢) with zero mean and unity variance which is added to
the inhibitor variable v; of all subsystems (6.6.1) with a fixed noise intensity D.
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Fig. 6.74 Time series of three coupled FitzHugh—-Nagumo systems according to Egs. 6.6.1.
Panels (a), (b), and (¢) correspond to coupling strength of C = 0.0001, 0.01, and 0.1. Parameters:
g =& =¢&=0.01,a=095

Since a complete synchronization results a vanishing coupling term, the averaged
contribution of the coupling, for instance, in the u;-variables gives a measures for
the robustness

Fy = (| = 2x(1) + x,(0) + () (6.6.5)

with (i, j, k) = (1, 2, 3) or cyclic permutation. If all quantities F, F,, and F5 are
below a threshold, e.g., F; < 0.01, the subsystems are regarded as completely
synchronized. For multiple iterations, the ratio of synchronous states to the total
number of realizations gives a quantitative measure for the robustness of the
synchronization against noise. By a similar argument, the system shows partial
synchronization if only two of the quantities are below the threshold.

Figure 6.75 display the ratio of completely synchronized cases to the total
number of realizations for 100 iterations as color code in dependence on the
coupling strength C and noise intensity D of the perturbation. As can be seen in
panel (a) and the enlargement in the range of small C depicted in panel (b), the
synchronization becomes even more robust for large C.

(a)os T— 1 (b) 0.1
0.8 0.08

o 0.4 06 ., 0.0
02 0.4 0.04
0.2 0.02

0 0
0 02 04 06 08 1 0 02 04 06 08 1
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Fig. 6.75 Ratio of synchronous states to the number of iterations in dependence on the coupling
strength C and noise intensity D. Each data point involves 100 iterations. Panel (b) shows an
enlargement in the range of small C. Other parameters as in Fig. 6.74
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Fig. 6.76 Schematic diagram of network motifs with two, three, and four elements

Already for three coupled subsystems, one can see that the notion of synchroni-
zation needs to be revised. As a new scenario of the neural dynamics, only two
of the three subsystems can exhibit the same temporal behavior while the third
element is not synchronized. Thus, in addition to complete synchronization, there
exists also partial synchronization. For a group of four coupled elements, there are
even more scenarios possible as all four, only three, two, or no subsystem can
synchronize. In the case, where only two subsystems synchronize, one needs to
consider that the remaining two elements can also synchronize with each other.
To make a long story short, as the number of coupled elements increases, the number
of possible synchronization scenarios increases even stronger. On top of this, the
number of choices for the coupling matrix G becomes unmanageable as its size
increases quadratically. Thus, it is difficult, if not impossible, to keep track of all
possible dynamics in a large network and one must think of a different approach for
the analysis of network dynamics. For recent reviews concerning networks see
Refs. [74-77].

One approach that has been successful in the context of complete synchronization
of identical elements is called master stability function [78—80]. By this technique,
the dynamics of the individual subsystems is separated from the topology of
the network which enters only by the eigenvalues of the coupling matrix. For further
details see the outlook at the end of Chap. 7. Let me mention that this formalism
has been applied already in the context of neural dynamics [81-83].

Another approach to analyze the dynamics of large numbers of coupled
elements is to break the network in smaller entities which consists of a few
subsystems. These substructures might appear frequently in different parts of the
network such that an understanding the dynamics of these network motifs can
contribute to a systematic way of a bottom-up analysis of large collections of
oscillators. Figure 6.76 depicts an example of network motifs containing two,
three, and four elements in the case of all-to-all coupling.

6.7 Intermediate Conclusion

In this chapter, I investigated the influence of time-delayed feedback on the
dynamics of two-variable, excitable systems of activator-inhibitor type
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representing neural dynamics. In all cases, the systems were prepared in the
excitable regime such that stochastic external input created spiking behavior.
I considered both single and coupled systems consisting of a few elements. In the
beginning of the chapter, I introduced different measures to quantify the dynamics.
These measures were based on the interspike interval characterized which I dis-
cussed be means of the average interspike intervals as well as the interspike
interval distribution.

For coupled systems proper choice of the noise intensities and coupling strength
led to cooperative dynamics like synchronization. This synchronization was
investigated on the basis of the ratio of the average interspike intervals for fre-
quency synchronization and based on the phase synchronization index and interval
to check for phase synchronization. In general, both types of synchronization
occurred simultaneously.

The application of time-delayed feedback control had various impacts on the
dynamics of the neural systems: depending on the specific choices of the control
parameters given by the feedback gain and time delay, the control method was able
to enhance or deteriorate the synchronized behavior. As multiple time delays were
incorporated in the feedback, the effect of the control was less sensitive on the
time delay. In the single system as well as for coupled elements, time-delayed
feedback control resulted in a suppression of timescales slightly larger than the
time delay in the control.

In addition, I have investigated different coupling schemes of time-delayed
feedback control, where I found a modulation of the synchronization in depen-
dence on the time delay. For the cross-coupling schemes, where the activator
couples via the control force to the inhibitor equation and vice versa, I observed a
symmetry between the feedback gain and its negative value.

Finally, I have presented the case of three coupled FitzHugh—Nagumo systems
without time-delayed feedback. The subsystems were bidirectionally coupled.
Depending upon the coupling strength, the compound system exhibits no syn-
chronization as well as partial and complete synchronization.
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Chapter 7
Summary and Outlook

You have to allow a certain amount of time in which you are doing
nothing in order to have things occur to you, to let your mind think.

(Mortimer J. Adler)

In this thesis, I have investigated effects of time-delayed feedback on different
classes of dynamical systems. Originally, this control method was invented for the
stabilization of periodic orbits that are embedded in strange attractors of deter-
ministic, chaotic systems. Stabilization is achieved by a control force constructed
from the difference between the time-delayed and current control signal which is
generated from the system’s variables. Thus, there is no need for a reference
system. It was previously shown that the period of the target orbit provides an
optimal choice for the delay in the controller. This choice renders the control
method noninvasive in the event of successful stabilization because the control
force vanishes.

In my work, I have extended the application of time-delayed feedback control
to the stabilization of steady states. I have demonstrated that fixed points of focus
type can be stabilized while the method fails for the stabilization of saddle points.
In the case of an unstable focus, the intrinsic period given by the rotation around
the fixed point yields a timescale that can be employed for the choice of the time
delay. It turns out that the domain of control becomes largest if the time delay is
chosen as one half of this intrinsic period. In fact, I have analytically derived that
the time-delayed feedback control fails if the time delay is equal to integer mul-
tiples of this period.

Furthermore, I have discussed several modifications of the original control
scheme which are experimentally relevant. Among these are additional filters,
multiple delays, and latency times in the control loop. I have explored the domains
of control, i.e., the areas of stability in the control parameter space, on the basis of
transcendental characteristic equations for the eigenvalues of the system with
control.

Besides linear systems with steady states, I have demonstrated that time-
delayed feedback control can be used to stabilize periodic orbits generated in a
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subcritical Hopf bifurcation. Previously, it was a common belief that these orbits
cannot be stabilized because they have an odd number of real Floquet multipliers
greater than unity. Thus, the odd number limitation theorem should apply. I have
shown that this theorem does not hold for autonomous systems. The control
mechanism is the following: The feedback scheme generates a pair of additional,
delay-induced periodic orbits in a saddle-node bifurcation. Beyond this bifurcation
point, the stable orbit exchanges its stability with the subcritical orbit in a trans-
critical bifurcation and subsequently disappears in another subcritical Hopf
bifurcation with the fixed point at the origin. In addition to this counterexample of
the odd number limitation theorem, I have presented similar results in the context
of periodic orbits generated in a fold bifurcation.

As another class of dynamical systems, I have considered neutral delay-dif-
ferential equations which have an intrinsic time delay in the highest derivative.
These systems occur, for instance, in the substructuring technique, where part of
an experiment is transferred to numerical simulations. These calculations lead to
supplemental forces which are applied to the system via actuators in real time.
An intrinsic time delay occurs in this configuration due to the latency between the
remaining parts of the experiment and the computer.

I have analyzed the eigenvalue spectrum of this delayed compound system and
investigated the asymptotics for large time delays. I have found that there is an
upper bound of the coupling strength of the delayed signal beyond which the
considered system becomes unstable. Furthermore, I have demonstrated that
time-delayed feedback control shifts this maximum coupling strength to large
values. In addition, I have discussed the interplay of the intrinsic and controller
time delay and derived analytical expressions for the parameterization of the
stability boundaries.

The last type of dynamical systems that I have considered exhibits excitable
dynamics, where the excitations are due to stochastic input of random fluctuations.
Excitable systems can be found, for instance, on neurodynamics and accordingly,
I have chosen the FitzZHugh—Nagumo system for my investigations. The FitzHugh—
Nagumo system is a two-dimensional activator—inhibitor model and is paradig-
matic for neural dynamics.

After the discussion of a single element, where I found coherence resonance,
I have considered two symmetrically coupled FitzZHugh—Nagumo systems. I have
shown that the two subsystems exhibit cooperative dynamics depending upon the
coupling strength and noise intensities. Beyond this previously established results,
I have applied time-delayed feedback control in its original form as well as in the
extension involving multiple time delays.

In general, time-delayed feedback is able to suppress and enhance the syn-
chronization of the two subsystems depending on the specific choices of the
feedback gain and time delay. In the case of multiple time delays, I have found that
the controller is less sensitive to the choice of control parameters as more and more
information from the past is included.

I have also analyzed different coupling schemes of the control method. These
involve construction of the control force from the activator or inhibitor variable
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and application to either component. For different coupling strengths and noise
intensities, I have investigated frequency and phase synchronization in dependence
on the control parameters. I have found a modulation depending on the time delay
in all coupling schemes and a symmetry between the value of the feedback gain
and its negative value for the cross-coupling schemes, where the control force
constructed from the activator is coupled to the inhibitor equation and vice versa.

To conclude this summary, I have elaborated in detail that time-delayed
feedback control provides a powerful tool for the stabilization of unstable states in
a large variety of different dynamical systems. I will finish this thesis with an
outlook towards future work.

An open problem which has recently become of increasing interest is the topic
of synchronization of individual elements in networks, especially, in the presence
of unavoidable delays. In networks, time delays arise naturally due to the propa-
gation of signals between distant nodes. For this, the topology described, for
instance, by the adjacency or coupling matrix plays a crucial role for the
establishment of synchronization in the network. Prominent topologies include
scale-free, all-to-all, and regular networks. The simulation of networks is often
computationally expensive and involves a large number of parameters which can
be independently varied. Thus, a systematic analysis is not obvious.

For the investigation of complete synchronization, a powerful technique called
master stability function has been recently developed. Complete synchronization
refers to a scenario, where all elements of the network show identical temporal
dynamics without a phase shift. The main steps of this techniques are briefly
summarized in the following: Starting from a given network of identical elements,
the individual dynamics of each node is decoupled from the network structure. For
this, a linearization of the coupled subsystems at the synchronous state is
performed. This is followed by diagonalization of the matrix that determines
the coupling of the elements. Under the assumption of constant row sum of the
coupling matrix, the linearized equations of each node are not affected by this
diagonalization. The constant row sum reflects that each element of the network is
subject to the same coupling signal in the case of complete synchrony. Finally, one
arrives at a single set of equations for each eigenvalue of the coupling matrix and it
is sufficient to calculate the Lyapunov exponent of this reduced system to check
for linear stability. This is an elegant way to determine the stability of the com-
pletely synchronous state for a given network topology.

Another procedure to analyze delay effects in networks could be a bottom-up
approach involving network motifs. By this strategy, identical parts of the network
containing a few elements are investigated separately before their mutual inter-
action is studied. From this perspective, the analysis of two or three coupled
subsystems presented, for instance, in Chap. 6 is a first step towards larger network
structures.
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