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Chapter 1

Introduction

The present thesis is a summary of the scientific work I have done since receiving my PhD
degree in 2003. Three different topics are discussed: Chapter [2|is devoted to the examination
of a harmonically excited dry friction oscillator, Chapter |3| deals with the nonlinear analysis
of chip formation, and finally, the effects of sampling and quantization on the dynamics of
certain controlled mechanical systems are analysed in Chapter [4l These seemingly unrelated
dynamical systems have an interesting feature in common: all of them can exhibit chaotic
vibrations, but the irregular behaviour of the corresponding real systems is often attributed
by scientists and engineers to random noise — i.e., chaos is hidden in some sense.

e In case of the dry friction oscillator (Chapter , chaotic behaviour was detected only
if the static coefficient of friction was significantly larger than the kinetic one. Since
special — periodic, but asymmetric — solutions emerge as the friction coefficients become
different, the analysis of these orbits was the key to find the origin of chaos. Indeed,
chaotic solutions were found to bifurcate from the asymmetric ones. So far rather few
papers reported the existence of asymmetric oscillations, however, the traces of this
kind of motion can be detected even experimentally. My main scientific contributions
in this topic are the formulation of the conditions of having non-sticking symmetric
solutions, the derivation and stability analysis of non-sticking asymmetric solutions,
the extended bifurcation analysis of the system, and the detection of chaotic solutions
that hide in rarely examined parameter domains.

e The formation of chips during cutting (Chapter [3)) is a remarkably complex thermo-
mechanical process. To understand this phenomenon, my colleague, Zoltan Palmai put
forward several models to describe the variation of shear stress and temperature in the
so-called shear zone. During our cooperation, my task was the nonlinear analysis of the
models. I pointed out that chaotic (aperiodic) chips are formed in certain parameter
domains and that chaos is reached via period-doubling cascades, occuring according to
Feigenbaum’s ratio. Technological experts typically focus on stable periodic or equi-
librium solutions. Taking into account the elasticity of the tool or the workpiece,
the analysis showed that a small amplitude chaotic oscillation may be superposed on
equilibrium solutions, i.e, aperiodic unevenness may occur on the profile of continuous
chips. Thus, chaos is hidden in this case, too. The chip formation model was extended
further, to incorporate the effects caused by a gradually increasing and suddenly de-
taching built-up edge. I determined the largest Lyapunov exponent of the system
described by a set of piecewise smooth delay-differential equations, and showed that a
finite-dimensional chaotic attractor hides in the infinite-dimensional phase-space.
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e Micro-chaos (Chapter {4)) is a phenomenon when the so-called digital effects turn the
neighbourhood of the desired state of a controlled mechanical system into one or more
small strange attractors or repellers. The corresponding small amplitude vibrations
are usually considered as noise in the practice, however, as we will see, the source of
these hidden chaotic vibrations is deterministic dynamics. Based on the concept of
micro-chaos, I gave complete proofs of chaos in case of two different two-dimensional
micro-chaos maps. In the presence of dry friction, the chaotic vibrations may disappear
after a finite time interval. I developed a method for the estimation of the mean lifetime
of transient chaos, based on the determination of the fractal dimension of the repeller.
Finally, since the phase-space of micro-chaos maps is naturally partitioned due to the
quantization, my PhD student Gergely Gyebroszki and I developed a new cell mapping
algorithm for the exploration of the global dynamics.

Certainly, the methods applied for the analysis of these systems are also similar, but
not entirely identical. For example, although the largest Lyapunov exponent is determined
in all of the three cases, different methods are applied for this purpose. It is also common
in the analysed problems that — besides exhibiting chaotic behaviour — there are parameter
domains where one encounters transient chaos, i.e., the trajectories escape from the so-called
repeller set and tend to an attractor or another repeller. This feature also contributes to the
hidden nature of chaotic oscillations.

It is important to emphasize that the found strange sets are not ,hidden attractors™
in mathematical terms, an attractor is called a hidden attractor if its basin of attraction
does not intersect with a certain open neighbourhood of equilibrium points. However, in the
considered cases the adjective ,hidden” refers to the relatively small amplitude of the chaotic
vibrations that are difficult to distinguish from external noise.

Due to the differences between the three themes, the literature review of each topic is
provided in the first section of the appropriate chapter. The other parts of the chapters
discuss my own results, except for the last sections in each chapter, that present the joint
work with my former PhD students: Gabor Licskoé and Gergely Gyebroszki.

To separate my achievements from those of others, references to my publications are
printed in boldface (e.g., [27]) and the last chapter (Chapter |5|) of the thesis summarizes my
principal results. In order to improve the readability of the thesis, some technical details are
presented in appendices.

The main text is everywhere written in first person plural without distinction between
my independent work and the joint work with others. Nevertheless, the principal results
have been stated in singular or plural in accordance with the number of contributors.



cser nak. gabor 124 23

Chapter 2

Harmonically Excited Dry Friction
Oscillator

2.1 INTRODUCTION AND LITERATURE REVIEW

The effects of dry friction on the relative motion of contacting bodies are difficult to predict.
On the one hand, the underlying physical mechanisms are very complex. On the other
hand, various mathematical difficulties can appear during the analysis of frictional systems,
that require special tools to solve [7]. Moreover, friction models applied to characterise the
contact of rigid bodies can lead to indeterminate or self-inconsistent solutions [22, [164].

Several friction models have been introduced so far — typically as the generalization of the
Coulomb model [11], 145, 46, [61], 86l 87, 92, 93], 123]. However, even the Coulomb model poses
challanges to the dynamical systems’ researcher. This model is inherently non-smooth, since
the direction of the friction force F'(v) is opposite to the relative velocity v of the examined
body, and sticking may occur at v = 0. The situation is even more complicated if the static
po and kinetic p coefficients of friction are different, as it is illustrated in Fig. 2.1}

F(v)

polN
uN

—poN

Figure 2.1: The Coulomb friction characteristic. N denotes the (positive) normal force
pressing the contacting bodies together.

The nonlinear nature of friction implies that several different types of periodic solutions
can appear in the phase space of these systems. Moreover, certain sophisticated models (e.g.,
[6, [62]) exhibit chaotic behaviour. Naturally arises the question: which is the simplest dry
friction oscillator model where chaotic vibrations can occur and the friction characteristic
is the only source of nonlinearity?” While the ,simplicity” of a model cannot be rigorously
measured, a possible answer will be given to this question in the present chapter.

To understand the dynamics of frictional systems, two typical settings were often studied
in the literature: oscillators on a moving belt [56, 68, 89, 06, 118, 134] and harmonically
forced oscillators [51], 82, 83| 120}, 136], 142]. Den Hartog [51], one of the pioneers in the

3
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4 CHAPTER 2. HARMONICALLY EXCITED DRY FRICTION OSCILLATOR

field of the theory of vibrations, obtained the exact, non-sticking solution of the steady
state motion of a harmonically excited single degree of freedom oscillator (see Fig. ,
assuming that these solutions are symmetric. Hong and Liu [82, 83] and Pratt and Williams

— z(7)
k
Fy cos(woT)
EEE—
m
[ec
|_| Frictjonal surface

Figure 2.2: Harmonically excited frictional oscillator

[136] extended Den Hartog’s work by the numerical examination of solutions which have
multiple sticking segments during a period. Shaw [142] made a further big leap towards the
understanding of frictional systems by considering different static and kinetic coefficients
of friction and complementing the previous studies with a linear stability analysis. Similar
results were published by Natsiavas [119] and Deimling [49] — the latter study is based on
the theory of differential inclusions (set-valued differential equations). As the details of the
so-called Filippov theory [7, [12] 65] had been elaborated and became widely known among
the researchers, several other papers were devoted to the analysis of dry-friction systems,
e.g., [T01], 102]. Note, that the Filippov theory has several other areas of application, too,
e.g., in power electronics and control theory [100] [163].

In the present chapter, special responses of the harmonically excited block-spring system
shown in Fig. 2.2] are analysed. The equation of motion of this system assumes the form

mz" + ¢z’ + kz = Fycos(wot) — pmyg f(2'), (2.1)

where m is the mass of the block, k is the spring stiffness, ¢ is the coefficient of viscous
damping, Fj is the force amplitude, and wy is the angular frequency of excitation. ()" denotes
the derivative d/d7 with respect to time 7. Coordinate z is measured from the untensioned
state of the spring and the friction characteristic is described by the function

1 if 22 >0
f(z")=q [=no/p po/p) ifz'=0, (2.2)
-1 if 2/ <0

where p and pg denote the kinetic and static coefficient of friction, respectively. Mechanically,
Eq. is interpreted as follows: if the velocity is non-zero (i.e., the body slips), the kinetic
friction force always opposes the velocity. Thus, different differential equations describe the
motion at positive and negative velocities. This is why the zero-velocity subset of the phase
space is called switching manifold.

To make the treatise simpler, one can rescale time and displacement as t = 74/k/m,
x = zk/Fy [142] and introduce the parameter ¢, such that time ¢ is measured from one of
the turnaround instants — i.e., when the trajectory crosses the switching manifold [27]:

T+2ai+x=cos(Qt+ty))— S f(x), (2.3)

where () denotes d/dt, a = ¢/(2vVkm), Q = wor/m/k, S = pmg/Fy, and f(&) = f(2'), with
So = pomg/Fy > S. Since ([2.3]) is non-autonomous, its phase space is 3-dimensional with
state variables z, v = & and t.



cser nak. gabor 124 23

2.1. Introduction and Literature Review 5

Function f(&) is meant to take (mathematically) indetermined values at zero — this
corresponds to the sticking phase, when the friction force adjusts itself to make equilibrium
with other external forces acting on the body. The transition from stick to slip is allowed
only if the magnitude of external forces reaches the maximal static friction force oV, while
the slip to stick transition can happen at any value of the friction force in the interval
[—uoN, oN]. The phase space domain where the oscillator sticks to the ground is referred
to as sliding manifold in mathematical terms. In Fig. [2.3] the blue, dotted area shows this
region. One can see in the lower subfigure that the green sticking segments of the numerically
determined trajectory indeed seem to slide on the v = 0 plane. However, engineers prefer
to focus on the physical properties of the motion. Consequently, we drop the mathematical
term of sliding manifold and refer to this region as sticking domain or sticking region.

Using the introduced notations, the condition of sticking can be formulated as follows:

|z — cos(Q2t +1p))| < So and & =0. (2.4)

It can be seen from this inequality, that the width of the sticking region is 25, everywhere
along the t axis, and the largest coordinate x, where sticking may occur equals 1 4+ .Sy. This
property is illustrated in Fig. 2.3

1_

-0.8

Figure 2.3: Numerically obtained solutions (red and green) and the sticking region (blue).
Upper panel: S = Sy = 0.15, Q@ = 0.45. Lower panel: S =5y =0.9, Q =0.5.

Filippov [65] assumed that different vector fields govern the dynamics on opposite sides
of a switching manifold (the v = 0 plane in our case), and the convex combination of
these vector fields describes the behaviour of the oscillator in the sticking domain (sliding
manifold in mathematical terms). Unfortunately, the Filippov theory is difficult to apply in
cases when the static and kinetic coefficients of friction are different. As it was shown in
[109], this friction model cannot be treated as a differential inclusion, because this approach
would lead to the non-uniqueness of solutions. Thus, although the Filippov theory provides
an elegant framework for the analysis of non-smooth systems, we cannot rely on its results
if the friction coefficients are different.
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It was shown in [49] that an additional positive viscous damping would result in a single
globally stable 27 /Q-periodic solution, provided that the two friction coefficients are equal.
As follows, we focus on the case when the viscous damping is negligible, i.e., a = 0.

By exploiting the piecewise linear nature of Eq. , explicit solutions can be found
between the successive stops [27],[142]. If the velocity of the block is negative, the solution
assumes the form

x~(t) = A” cos(t) + B™ sin(t) + L cos(Qt) + K sin(2t) + S, (2.5)
while in case of positive velocity

T (t) = A" cos(t) + BT sin(t) + L cos(Qt) + K sin(Qt) — S. (2.6)
The constants K and L can be expressed as

K- sin(£2¢p) ond L — —

e 2.7
02— 1 02— 1 27)

If the initial conditions are given, A~ and B~, or A" and B* can be determined. For
example, if the initial phase ty is chosen such that ¢ = 0 corresponds to a turnaround
moment — when the initial displacement (and the amplitude) is xg, the velocity is zero and
the acceleration is negative — we obtain

z(0) = A” cos(0) + B~ sin(0) + Lcos(€2 - 0) + K sin(2- 0) + S = o, (2.8)
7 (0) = —A" sin(0) + B~ cos(0) — L2 sin(2 - 0) + KQcos(2 - 0) = 0. (2.9)
Thus,
cos ({2t
A_::EO—S—L:xO—S—I—%, and (2.10)
_ ~ Qsin(Qtp)
B = -KQ=-—o— (2.11)

Piecing together the solutions (2.5) and ({2.6) provides a general solution. Unfortunately,
this matching cannot be done analytically in the general case, since the next turnaround
time ¢t = #, can be determined using the following transcendental equation only:

&7 (6h) = —A " sin(6y) + B~ cos(#y) — L2 sin(20;) + KQ cos(Q20,) = 0. (2.12)

There is still a possibility to find solutions analytically: by searching for specific solutions,
based on pre-defined requirements. In the aforementioned papers [51), 83 [142], the authors
exploited the assumption that the periodic solutions are necessarily symmetric both in time
and displacement. Our first goal is the revision of this symmetry assumption. As it will be
demonstrated in the subsequent sections, it is possible to find asymmetric periodic solutions
analytically.

In Section [2.2] we search for periodic, non-sticking solutions, using as few special assump-
tions about these solutions as possible [28]. The presented calculation leads to the same
results as it was published in [51] and [I42], but the derivation is different since it focuses
on the conditions of symmetry. The validity of solutions is discussed in Section [2.2.2] that
is an extension of the similar results from [142]. The stability analysis of linearly marginally
stable solutions found in [142] is also extended by a third-order calculation, following [29].

Based on the aforementioned results, Section [2.3]is devoted to the formulation and anal-
ysis of asymmetric solutions [29]. Although the found special cycles exist in measure zero
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subsets of the parameter space, it is shown numerically in Section that these special
parameter domains open up if the static coefficient of friction is larger than the kinetic one.

The transitions between the symmetric and asymmetric solutions are examined in Sec-
tions and using a customized continuation algorithm [31]. Certain gaps were
found in the determined one-parameter bifurcation diagrams where no stable periodic solu-
tions were detected. It is pointed out in Section that chaotic solutions occur in the
corresponding parameter regions. Finally, Section summarizes certain further results of
our joint work with Gébor Licsko [110].

2.2 27/Q-PERIODIC, NON-STICKING SYMMETRIC
SOLUTIONS

2.2.1 Analytical formulation of the solutions — non-resonant case

Suppose that the solutions are periodic with period 7' = 27 /€2 and one period of the motion
consists of two non-sticking segments that take the times 6; and 6,, respectively, i.e., T' =
01 + 65. Without loss of generality, we assume that the velocity is negative in the first phase
and positive in the second one. According to these assumptions, £~ (6;) = 0, and so we can
obtain another expression for A~ besides :

sin(Q(to + 61)) — sin(Qo) cos(6h)

Am=0 Sn(6,) (2 — 1)

(2.13)

This expression is divergent if 2 — 1 or sin(#;) — 0. The first case would correspond to the
resonance phenomenon in the frictionless system, but as it was proven by Den Hartog [51], a
sufficiently large friction coefficient S > /4 leads to sticking solutions and finite amplitude
at Q@ = 1. In the latter case (sin(¢,) = 0), an infinity of asymmetric solutions may appear,
as it will be shown in Section Now we restrict ourselves to sin(f;) # 0 and € # 1 — this
case will be referred to as non-resonant case |28].

If we substitute expressions (2.7)), (2.11), and (2.13)) into (2.5) and consider the time

instants ¢t = 0 and ¢ = 61, we can formulate the initial position xy and the displacement x;
at the next turnaround instant:

Q(sin(Q(tg + 61)) — sin(Qtg) cos(0y)) — cos(2tg) sin(6;)
= 2.14
0 Sin(6,) (2 — 1) 5, (2.14)
Qsin(Q(to + 01)) cos(61) — cos(Q(to + 01)) sin(61) — Q2 sin(Qtp)
Ty = :
sin(0;)(22 — 1)
If the solution is symmetric, 1 = —x¢. Thus, comparison of (2.14) and (2.15)) leads to

the following condition of symmetry:

sin(6;) (25(2* — 1) — cos(Q(ty + 01)) — cos(Qty))
+ Q (1 +cos(#y)) (sin(Q(to + 61)) — sin(Qy)) = 0. (2.16)

Since xzt(0;) = x1 and ©1(6;) = 0, the coefficients AT and BT in (2.6) can also be
expressed:

+ 8. (2.15)

sin(Q(to + 61)) — sin(Qtg) cos(6;)
sin(6,)(9Q2 — 1) ’

At =2Scos(0;) + Q (2.17)

BT =2Ssin(6;) — Q %. (2.18)
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According to our assumptions, one cycle of the periodic motion finishes at ¢ = 6 + 6s.
Consequently, (01 4+ 63) = xo and 7 (0; + 6) = 0. Exploiting that 6; + 6, = 27/ and
solving these equations for the friction parameter S, one obtains two expressions that are
necessarily equal. The comparison of these expressions leads to the following equation:

(sin(Q(to + 61)) + sin(Qo)) (sin(6;) + sin(fs) — sin(27/Q)) = 0. (2.19)

Thus, using that 0; + 6y = 27/Q and sin(6,) # 0, we obtain

SiH(Q(to + 61)) = — Sin(Qto), (220)
which implies
0, = g, and consequently #, = g (2.21)

Solving 27 (0, + 6,) = 0 for sin(Qty) leads to

S(Q? — 1) sin(m/Q)
Q(cos(m/Q)+1)

sin(Qg) = (2.22)

Let us return to the examination of the condition of symmetry. Substituting 6; = w/
into (2.16]) and solving the equation for sin(Qty), the result is the same as (2.22]). Thus, the
quite trivial assumption about the period T' = 27 /) implies that the non-sticking solutions

are symmetric, i.e.,
1 = —Xo, (223)

and the two phases of the cycles are of equal length — provided that € # 1 and sin(6;) # 0.
This symmetry of solutions was usually assumed to fulfil in the literature |51} 83, 142] but
has not been proven until our proof was published in [28].

A simple expression can be obtained for xy — the amplitude of the vibration— in the
following way. Using and 2~ (w/Q) = 0, one obtains

cos(Qty) = o(1 — Q). (2.24)

Exploiting that cos?(Qtg) + sin?(Qty) = 1, the amplitude x( of the solution can be ex-

pressed as
B 1 s sin? (7 /Q)
MxQ’S)__VQQQ—-DQ Q2 (cos(m/Q) + 1) e

that agrees with the corresponding formulas of Den Hartog [51] and Shaw [142]. This result,
together with and implies A= = —S.

The diagram described by formula is similar to the frequency response diagrams
of undamped systems — especially at high values of Q —, as illustrated in Fig. 2.4l Here the
amplitude values were calculated by numerical simulation, as well (see Section. However,
as we will see later, interesting dynamic phenomena can be expected at low values of the
dimensionless excitation frequency ) (see Fig. .

2.2.2 Validity of results

We supposed that the periodic motion consists of two non-sticking phases and the sign of
the velocity is constant during each phase. To obtain non-sticking motions,

|zg — cos(Qty)| > So (2.26)
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Figure 2.4: Amplitude-frequency diagram for S = Sy = 0.5. N (orange columns) denotes
the number of sticking segments per period. Diamonds are the results of numerical simu-
lation, while the solid line represents the analytical expression of x.

must be fulfilled. Using (2.24)), a remarkably simple slipping (or non-sticking) condition was
given by Shaw [142]:

20(9, 5) > == (2.27)

To check that the velocity changes sign twice during a period, we expressed the velocity
in the following form:

Ssin(7/2)(cos(§2t) — cos(t))
1 + cos(m /)

T~ (t) = Ssin(t) — xoQ2sin(Qt) + <0, tel0,7/Q]. (2.28)

Thus, the condition of two turnarounds per cycle can be formulated as

sin(t) + sin(7/Q) cos(Qt) + sin(t — 7/Q)

Qsin(Qt) (1 + cos(n/Q)) =SH(t,Q), tel0,7/Q. (2.29)

.130(9,5) > S

Note, that this condition was not examined in [I42]. Although the check of two turnarounds
can be found in Den Hartog’s paper [51], the performed study was restricted to the case of
equal static and dynamic coefficients of friction. It is straightforward to show the following
properties of the function H(t,(2) that is defined by (2.29):

, 1
lim H(t,2) = o, (2.30)
H(t,Q) = —H(/Q — 1,9), (2.31)

o _ . OH(,1/(2n))
lim A1(1,1/(2n)) = lim “—==22222 — 0, and (2.32)
ol (g% Hit, Q)) — 400, n=12.... (2.33)

According to these equations and numerical evidence, we can conclude that
o If Q> 1/2, H takes its maximum at ¢t = 0 (Fig. [2.5/a). Thus,

max H(t, Q) = Huax = 1/Q* if Q>1/2. (2.34)
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e As () is decreased below 1/2, the slope of H increases at t = 0. Since H(7/(2Q2),Q) =0
(see (2.31)), a local maximum appears in ¢ € [0,7/(2Q)] (Fig. 2.5/b). Consequently,

Hpax > 1/Q% if Q< 1/2. (2.35)

o limg_,1/5+ Hpax = 00. The slope of H at ¢ = 0 changes from oo to —oo at 0 = 1/3.
Thus, the point of maximum jumps from [0, 7/(2Q)] to [x/(2Q), 7 /€] (Fig. 2.5/¢).

e The further decrease of {2 implies that the local maximum decreases as well, until €2
reaches 1/4, where a new maximum H,. = 1/Q? appears at t = 0 (Fig. 2.5/d).

As the excitation frequency € is decreased, further local maxima are born. A more detailed
investigation of function H(¢,€2) shows that its temporal global maximum is either at t =0
or at the first local maximum (i.e., where ¢ is the smallest), independently on the value of €.
Thus, a similar scenario describes the behaviour of H(t,(2) between 2 = 1/4 and Q2 = 1/6,
and generally, between 2 = 1/(2n) and Q@ = 1/(2n + 2), (n = 1,2,...), too. Since some
maxima of H(t,€)) are known to be at t = 0, Q = 1/(2n), the other maxima, for Q # 1/(2n)
can be found quite easily using a continuation method. This is how Fig. 2.6 was generated.

H(t,9Q) H(t,Q)
4
20
2 10
0123456t 02468t
-10
-2
-20
-4
(a) Q=0.5 (b) =10.35
H(t,Q) H(t,Q)
30 16
20
8
10
0 0 /\
2 4/ 6 8 \y 2\ 6 8 Y0 12,
-10
-8
-20
-30 -16
(c) Q =0.32 (d) Q=0.25

Figure 2.5: Behaviour of function H(t,<)

It follows from the previous results [28] that

o if O > 1/2, then H(t,Q) takes its temporal maximum H,,, = 1/Q%* at ¢t = 0 (see
Fig. 2.5]/a). Thus, (2:29) — the condition of two turnarounds — implies zg > S/Q2.
Consequently, (2.29) is equivalent to (2.27)) in this domain if Sp = S. Otherwise — if

So > S — the condition of two turnarounds has no importance: the slipping condition
(2.27) fails first in this domain.

e Consider now the parameter domain 2 € [0,0.5]. According to (2.35)), SHpax > S/?

is fulfilled here. Thus, if S = Sy the condition of two turnarounds (2.29)) determines
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whether the examined special solution exists or not. If Sy > S, both conditions must
be checked.

Table summarizes the conditions of non-sticking solutions in different parameter domains.
If one of the conditions was proved to be stronger, the other one is not shown.

Table 2.1: Conditions of non-sticking solutions

2>05 Q<05
S:SO $02% xOZSHmax
S<Sy|wo>88 | w9>88 & 20> SHuax

Besides the cases shown in the table, there is one more relation that is worth to consider.
According to ([2.25)), xo is independent on S at the frequencies Q = 1/(2n), n = 1,2,...,
and assumes the value z) = z(1/(2n),S) = (1 — 1/(4n?))"!. Since at the intermediate
frequencies g is smaller than 1/(1 — Q?), it assumes its maximal value in Q € [0,0.5] at
Q = 0.5, while S5/9? has a minimum in this interval. Consequently, if x¢(Q2,S) < Sy/Q?
at 2 = 0.5, the condition of sliding fails for the whole interval Q € [0,0.5]. Substituting
20(0.5,.5) = 4/3 into the condition of slipping and solving for Sy, one obtains Sy = 1/3.
Thus, sticking occurs in Q € [0,0.5] if Sy > 1/3. Generalizing this result, we obtain the
following necessary condition of having non-sticking symmetric solutions in © € [0,1/(2n)]:

1

y (2.36)

So <

Fig. illustrates the amplitude-frequency diagram (2.25)), the limit curve of slipping
Sp/Q? and the limit curve of two turnarounds per period SHp,, at S = Sy = 0.02 and
S =85y =0.3. As it can be seen, the conditions of validity can be approximated fairly well

[\

[\)
(@)

SH,

/ max

[N}

—_

1+5,

—_

number of sticks/10

Amplitude 1z, conditions of validity
number of sticks/10 !
\
Amplitude 1z, conditions of validity

(@)

01 02 03 04 05 06 05 06
Figure 2.6: Amplitude-frequency diagram at S = Sy = 0.02 (left) and S = Sy = 0.3
(right); x¢ was calculated according to . The orange-coloured columns show the
number of sticking segments per excitation period/10.

by xq > 145 at these values of the friction coefficient. The analytically derived non-sticking
solutions were accurately found by numerical integration of the equation of motion, as well.
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The number of sticking segments per excitation period is also depicted in the figure, showing
the parameter domains where is not valid.

There are several possible methods in the literature that can be used to check the stability
properties of the found periodic solutions. We applied two of them: an elegant, modern
approach is based on the Filippov theory and the introduction of so-called saltation matrices
[12 [65, 109]. (Appendix [A.1]), while the method developed by Shaw [142] (Appendix
is more conventional and requires slightly longer calculations.

Fig. illustrates the response amplitude and the leading eigenvalue max|X;[, i = 1,2
characterising the variational system of the non-sticking symmetric solution at S = 0.05.

2

— Amplitude
------ Stability: max |/,]
—---Stability threshold

—
Ut

Amplitude and stability

1.2

Figure 2.7: Theoretical amplitude xo and stability of the symmetric non-sticking solution
at S = 0.05.

It can be seen in the figure that the periodic motion with amplitude is linearly
asymptotically stable i.e., max |\;| < 1 in broad ranges of the excitation frequency. Moreover,
expression assumes imaginary values close to the frequencies Q = 1/(2n+1), implying
that the symmetric non-sticking solution does not exist in these parameter domains.

The results also show that the solution is only marginally stable (i.e., Ay = 1 and 0 <
Ao < 1) at Q = 1,1/2,1/4,.... Thus, to clarify the stability properties of these special
cycles, we extended Shaw’s results in our paper [29] by a third-order nonlinear stability
analysis, that is described in details in Appendix [A.3] The following normal form map was
obtained, assuming non-sticking solutions:

Yi+1 = Yi (2.37)
Ti+1 = )\27’2‘ + DyZQTZ (238)

This map also indicates marginal stability at 2 = 1/(2n), provided that the perturbation
does not lead to the appearance of sticking solutions.

2.3 ASYMMETRIC SOLUTIONS AT RESONANT
FREQUENCIES

2.3.1 Formulation of solutions

The main results of Section [2.2] - Egs. (2.22)) and ([2.25]) — are valid only for sin(6;) # 0 and
Q2 # 1, because (2.13)) becomes divergent in the opposite case. In the present section, we
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search for the possible 27 /Q-periodic non-sticking solutions in case of sin(¢;) = 0. Although
this condition is fulfilled only in a measure zero subset of the parameter space, we showed in
[29] that the frequency domain of the found special resonant solutions broadens if the static
and kinetic coefficients of friction are different. Just as in Section [2.2 we assume that there
are only two turnarounds per period, and the durations of the two phases of the motion are
0, and 65, respectively. Condition sin(6;) = 0 implies

01 =2nm and cos(fh) =1, where n=1,2..., or (2.39)
0 =02n+1)m and cos(f;)=-1, n=0,1,2,... . (2.40)

The appearance of sin(f;) in the denominator can be avoided if (2.7) and (2.10) are
substituted into (2.12)), and B~ is expressed instead of A~:

- cos(Qtg) sin(fy) — Qsin(Q(ty + 61)) N

— 5)tan(6y). 2.41
cos(01)(22 — 1) (%o ) tan(61) (241)

In the case of sin(6;) = 0, this expression reduces to
B - —Qsin(Q(to + 61)) (2.49)

cos(61)(Q2 —1)
which, clearly must be equal to (2.11)). Comparing the two equations, one faces two cases:
o sin(Qy) = sin(Q(to+61)) if cos(d1) = 1 and consequently ¢, = 2nm, n =1,2,.... This
case can be divided into two sub-cases:

a) 01 = 2w /Q and ty # 0. This case will be disregarded since we assume that the time
period is 6y + 0y = 27 /<.

b) 6, = 7/Q and t, = 0. Since 6, = 2n,
Q=1/(2n). (2.43)

o sin(Qty) = —sin(Q(tp + 61)) if cos(#y) = —1 (and 0; = (2n + 1)7)). The solution of
this equation is 6; = 7 /€. Consequently

Q=1/2n+1), n=0,1,2,.... (2.44)

Thus, we can conclude that sin(6;) = 0 implies Q = 1/m and 6, = mm, m = 1,2, .... Note,
that since the time period is 7' = 27/ = 2mm, the duration of the two segments of the

motion is the same:
92 =T - 61 =mmn = 91. (245)
Substituting (2.7, (2.10), (2.42) and ¢ = 6; into (2.5 gives the displacement at the

turnaround instant:

N cos(Qty) — Qsin(6y) sin(Q(ty + 601)) — cos(6y) cos(Q(ty +601))  x9— S
! cos(01)(22 —1) cos(6;)

+5. (2.46)

Exploiting that «*(0;) = 21 and ©7(6;) = 0, the coefficients AT and B* can be expressed
as

AT =u9— S+ 2Scos(by) + %, (2.47)
Bt — cos(Qtg) sin(fy) — Qsin(Q(to + 61)) N (xg — ) sin(6;) + 98 sin(6y). (2.4)

cos(01)(22 — 1) cos(0;)
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Since one cycle of the periodic motion finishes at t = 0, + 6, =T

27 (T) = z9, and (2.49)
#H(T) = 0. (2.50)

Substituting (2.47) and ([2.48]) into ( and (2.50) and exploiting that ¢; = 6, = mz and
2 = 1/m, we obtain the following equatlons

™ (T) — o =25 ((—1)*" — (-1)™) =0, (2.51)
i (T) (% - m) = sin(ty/m) ((—=1)™ + 1) = 0. (2.52)

Eq. (2.51]) can be satisfied only if m is even: m = 2n, n € Z*. Thus, (2.52) implies that

sin(to/m) = 0. Consequently, there can be two different cases:
to=0 or ty=mm. (2.53)

Coefficients B~, BT, and K disappear in both cases. Using ({2.10), (2.47) and (2.7]), one
obtains

1
A =x9g— S+ —— 2.54
o 21 (254)
1
AT = + —- 2.
1

where the 4+ and — signs correspond to ty = 0 and ¢ty = mm, respectively. As it will be shown
in Section [2.3.2} to = mx leads to invalid solutions. Thus, here we present the displacements
and velocities for the ¢y = 0 case, only:

x_@%:( S+§2{l)0%@)—§pilcwdﬁ)+5, (2.57)
rt(t) = (a:o +S+ 921_ 1) cos(t) — 921_ : cos(Qt) — S, (2.58)
fTﬂ:*-Gb—5+¢p£1)ﬂﬂﬂ+g;zlﬂﬂﬁm and (2.50)
() = Gb+S+K2£1>QMﬂ+(f11$MQﬂ (2.60)

Fig. shows a solution of this kind. It can be checked easily that

z”(0) = o
i (0) = 0
8n?
r(2nm) = 2 (2n7) = 10 yre x1, (2.61)
i~ (2nw) =17 (2nw) = i (4nw) =0, and
T (4nm) = 3¢
where n = 1,2,3,.... Note that these results are parametrized by the amplitude xy, which

means that a continuum of asymmetric solutions arise at these special frequencies.
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2.3.2 Validity of results

According to (2.51]), we found that Q@ = 1/(2n), n = 1,2,... is necessary for the validity of
Egs. (2.57)-(2.60). In addition to that, the condition of two turnarounds per cycle and the
condition of no sticking will also be checked in the present section [29].

The case t; =0

The condition of two turnarounds can be formulated as 2~ (¢) < 0, ¢t € [0, 2n7] and 27 (¢) > 0,
t € [2nm,4n7]. Using (2.59), one obtains that @ (¢) < 0 can be expressed as

(1+ (S —z0)(1 — Q%) sin(t) < Qsin(Q), ¢ € [0,7/9). (2.62)
Taking into account that = 1/(2n), this inequality can be transformed into
2n (14 (S — z0)(1 — 1/(4n?))) < % if sin(t) >0, or (2.63)
sin
2n (14 (S — 2)(1 — 1/(4n2))) > % if sin(t) < 0. (2.64)

Consider inequality first. sin(t) > 0 is fulfilled if ¢ € [0 + 2km, (2k + 1)7], while
t € [0,7/Q] = [0,2nx] implies that sin(f/2n) is non-negative. To obtain a condition for z,
the minimum of sin(¢/2n)/sin(t) must be determined.

To make clear the ideas behind our calculation, we illustrate them via an example at
n = 3. In Fig. 2.8 the graph of sin(¢/6)/sin(t) can be seen, with the graph of sin(¢/6).

1.5 T ! ! A :
1 \/ UV |-
sin(t/6) (5| S
sin(t) A
and 0 - om0+ = 1+ —
sin(t/6) 05 \ : : : o
1 i r/\‘ i i
1 : l l : l
50 T m 8 97 10w 11w 127

Figure 2.8: Illustration for the calculation (n = 3).

We divided the domain of definition into twelve intervals. The function sin(t) takes
positive and negative values in these intervals, alternately — it is shown by + or — signs. As
it can be seen in the figure, the function sin(¢/6)/ sin(t) assumes positive values if sin(t) > 0
and t € [0, 2n7], and its minimum is at t = 0. According to L’Hospital’s rule,

i 1
im 511'1(25/6) =_. (2.65)
t—0 sin(t) 6
Similarly, sin(¢/(2n))/ sin(t) takes its positive minimum also at ¢t = 0, and
i 2 1
sin(t/(2n)) 1 (2.66)

t50 sin(t)  2n
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Thus, Eq. (2.63)) is valid if

2n (14 (S — zo)(1 — 1/(4n?))) < (2.67)

1
2n’
which implies

xg>1+ 6. (2.68)

Note, that zyp = 2(0) = 1 + S is exactly on the boundary of the sticking region if S = S
and ty = 0 (see Fig. [2.3]).

The analysis of formula is similar, but now the maximum of sin(¢/6)/ sin(t) must
be found. As it can be seen in Fig. [2.8] sin(¢) < 0 implies that sin(¢/6)/ sin(t) is negative,
and its maximum is at ¢ = 67, where the function takes the value —1/6. In the general case
it leads to

1
2n (14 (S — 20)(1 — 1/(4n?))) > —5 (2.69)
which implies
4n* 41
Using (12.60)), the condition &+ > 0 assumes the following form:
(1= (w0 + S)(1 — Q%)) sin(t) > Qsin(Qt), ¢ € [7/Q,21/Q). (2.71)
Taking into account that € = 1/(2n), this inequality can be transformed into
in(t/2
2n (1 — (zo + 5)(1 — 1/(4n?%))) > M if sin(t) > 0, (2.72)
sin(t)
or (572
2n (1 — (zo + S)(1 — 1/(4n?%))) < % if sin(t) <0, (2.73)

where t € [2nm, 4nn]. Here sin(t/2n) < 0, thus, sin(t) > 0 implies that sin(¢/2n)/sin(t) is
non-positive. In case of (2.72)), the maximum of sin(¢/2n)/sin(¢) must be found. As it is
illustrated in Fig. [2.8] this extremum value is —1/(2n). Thus, (2.72)) implies

4n? + 1
x —
0= yp2_1

(2.74)

Similarly, inequality (2.73]) leads to the search for the positive minimum of sin(t/2n)/sin(¢)
in [2nm, 4nm|. This minimum value is 1/(2n), thus

Comparing (2.68]), (2.70)), (2.74)), and (2.75]), we obtain

4n? + 1
1 <z < - 2.
+S_flfo_4n2_1 (2.76)
According to (2.61)), z; = zo — 8n?/(4n* — 1). Consequently,
8n? 8n? 1+ 4n?
min r; = minzy — 4712—71_1 =14+5- 4n2n_ i 11_422 + S = —max o, (2.77)
8n? B 4n? +1 8n?

max r; = max oy — =—1—5=—minux,. (2.78)

4n2 —1 4n2—-1 " 4n2-—1
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The condition of symmetric solutions is the following:

8n? N 4n? 1
To = = .
4n2 — 1 O 21 12

(2.79)
Of course, the same amplitude can be obtained using (2.25)). Thus, the symmetric solution
known from the literature (e.g., [51, 142]) is among the uncountable asymmetric solutions

257, E59).
Finally, let us determine the validity of ([2.76)):

4n? + 1 1
n+—S:S<

1+5< )
+ — 4n? —1 —4n? —1

(2.80)

The condition of sticking was not examined yet. If S = Sy and ¢ty = 0, the extremal value
of 2y (zg = 1+ 5) is at the stick-slip boundary (see Fig. [2.3)), thus, the condition of slipping
and the condition of having two turnarounds per period are equivalent. If Sy > S,

1
Sy <

< T (2.81)

must be fulfilled that agrees with that was derived for the symmetric solutions. The
possible values of x, are
4n? +1
4n? — 1
Note, that only the lower bound changes with respect to , since this is influenced by
the slipping condition.

Thus, we can conclude that a one-parameter family of solutions exists if £y = 0 with the
range given by Eq. , provided that condition is satisfied.

For example, Sy < 1/3 must be fulfilled to have non-sticking (symmetric or asymmetric)
solutions at 2 = 1/2, and Sy must be less than 1/15 to find such solutions at Q = 1/4.

1+5 <zp <

~ 8. (2.82)

The case to = mm

It is straightforward to show that tg = mm (where m > 0 is an even integer number) implies
that the less-than and greater-than signs flip in Egs. (2.63)), (2.64), (2.72)) and (2.73]). Thus,
neither inequalities can be fulfilled in this case. Consequently, the resonant solutions (2.57))-

(2.60)) exist only at to = 0.

2.3.3 Stability properties

The stability analysis discussed in Section can be applied in the case of asymmetric
solutions, too. As we have shown in [29] and in Appendix , the two equations of the
obtained normal form maps assume the form

Yi+1 = Yi (2.83)
and
Ti+1 = )\27}' + Cyﬂ'l or T;41 = Cyz’/'l + E”]'Z-3 or Tjy1 = Cyz’/'l + (E — AC)’TZ-B, (284)

depending on the type of solutions (see (A.60)-(A.63)). These results indicate marginal
stability up to the third order terms if the perturbations are restricted to cases when no
sticking solutions appear. Small perturbations can lead to sticking solutions in the extremal
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Figure 2.9: An asymmetric solution with the sticking domain at S = 0.3 and 2 = 0.5.
The small sticking segments are encircled.

case (g = 1 + 5) only. However, during the numerical simulations, the trajectories always
converged to the extremal asymmetric solution, with a single short sticking segment per
period. Fig. 2.9 shows such an asymmetric solution at £ = 0.5.

To gain information about the effect of perturbations that push the extremal solution into
the sticking domain, we consider the case when the initial displacement is £p = 1+ .5 — ¢,
as shown in Fig.[2.10, The new perturbed solution (dashed lines in the figure) begins with
a sticking segment and leaves the sticking domain with zero velocity at 7y and ¢ = t,. Since

—
8|y &

NN
t|—2ﬂ/Q ts t 0.1
v //
' 0.08 7
%Wf//

€11 0.06 e

[LY //
{0 0.04 w
//
\ , , / 0.02f 7
-10 -5

0.5 0.02 0.04 0.06 0.08 0.1

&

-1.0¢

-1.5¢
Figure 2.10: An extremal asymmetric solution at S = 0.1, €} = 0.5, a possible perturba-

tion, and the graph of the map describing the evolution of the perturbation.

to = 0 in the case of the non-perturbed asymmetric solutions, the boundary of the sticking

region can be given approximately as

Q22
2

xp(t) =S +cos(QU) =145 — (2.85)
Exploiting that zy(ts) = Zo, the time instant ¢, can be expressed by 9. Now that the initial
conditions are known, one can determine the solution of the equation of motion (2.3)) for
negative velocities, obtaining the expressions of = (¢) and 2~ (¢). By expanding £~ (¢) into
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Taylor series about t = 7/, one can approximately determine the turnaround time ¢; and
turnaround displacement #, corresponding to 2~ (t;) = 0. The solution of the equation of
motion for positive velocities leads to the expressions of #*(¢) and 2% (t). Just as before,
the Taylor expansion of Z*(t) about t = 27/Q makes the determination of the next sticking
instant ¢; and displacement 7, possibleE]. The difference between 1 4+ S and z; defines the
value of £; as shown in Fig. [2.10] where the end of the obtained solution curve is depicted
such that it is shifted back in time by 27/Q. Using the described procedure, a discrete map
P :¢e; = ¢;41 can be defined. We used a second order approximation, i.e., the cubic and
higher order terms of ¢; and ¢ had been discarded in each step. The graph of the resulting
map is also shown in Fig. The results show that the map assumes the following form,
independently on the value of the friction parameter: P : ;. = &; — 2¢?. Thus, we can
conclude that the examined solution — that just touches the sticking region — is stable against
the considered perturbation type, in accordance with the aforementioned numerical results.

2.4 NUMERICS AND STICKING SOLUTIONS

Although non-sticking solutions can be found and analysed analytically, this does not seem
to be possible in case of sticking solutions, because of the appearance of transcendental
equations. Thus, to explore the possible solutions, we implemented an algorithm in C++,
which solves Eq. numerically. The necessary duration of simulation can be estimated
using the stability eigenvalues (characteristic multipliers) A\; o (see Section of the sym-
metric non-sticking solutions. As it is shown in Fig. 2.1} the decay of the relative error of
the amplitude is not uniform, but the graph has an envelope curve, whose slope equals the
logarithm of the modulus of the leading characteristic multiplier A\,.x. The characteristic

O -
log(‘)‘maxD . f/T .......
=
S 4l
—
[<b)
=
Na)
EX
12 S
0 200 400 600 200

No. of periods

Figure 2.11: Convergence to the symmetric solution at S = 0.1 and €2 = 0.98

multipliers are complex numbers in broad parameter domains. It means that — besides the
primary angular frequency ) — a secondary frequency appears in the transients that is re-
lated to the argument ¢ of the characteristic multipliers: Qy = Im(log(\))/T = ¢/T, where
T = 27/Q is the excitation period. The observed secondary period Ty of the transients is

2 B 472

Ty=2" =2,
T, Qo

(2.86)

13, is not to be confused with z; in (2.61). The latter is the maximal displacement of the periodic cycle
in the negative direction, while z;, ¢ = 1,2,... denotes the subsequent positive displacements during the
transients of the perturbed solution.
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Note that — due to this phenomenon — the appropriate simulation time cannot be deter-
mined by measuring the difference between successive amplitudes.

In Fig. [2.12] the numerically determined frequency-amplitude curves and the number N
of sticking segments per period can be seen at four different values of the friction parameter
S = Sp. At low values of S, sticking solutions appear only in the domain Q € [0, 1), and

w
o

30

N and Amplitude
N and Amplitude

N and Amplitude
N and Amplitude

1.5 . 1 1.5
Q Q

Figure 2.12: Frequency-response curves at some values of the friction parameter. (a)

S =03, (b)S=05,(c)S=0.7 (d) S=0.9. & Numerically determined amplitude,

analytical result (Eq. 1 ), i number of sticking segments per period (divided

by 10 in case (d)).

the N () diagram is not monotone decreasing at very low values of the friction parameter
(see Fig. [2.12)/a). As S is increased, the local maxima of the N(Q) diagram disappear (Fig.
b). The further increase of S leads to the appearance of another sticking domain in
Q € (1,00) (Fig. 2.12)/c). Finally, these two domains of sticking solutions merge and the
amplitude assumes finite values at all values of Q (Fig. 2.12)/d).

The critical friction coefficient, where sticking solutions appear in 2 € (1,00), can be
estimated as follows [28]. At large values of €2, we approximate sin(7w/€2) by 7/Q and

cos(m /) by 1 in (2.25). Thus, (2.27)) assumes the form

1 S22 S
Qli_rgoxo(Q) = Qh—l;lc}o \/(92 e 452 < Q—g, that implies (2.87)
S o\ —1/2
S > (go + %) . (2.88)

This result agrees with the calculations of Kowalczyk and Piiroinen [I01] that were performed
by a continuation method for the case Sy = S.

To check the validity of (2.25)), (2.27)), and (2.29)), we examined the frequency-amplitude
diagram at low values of the friction parameter. In Fig.[2.13] the amplitude of the symmetric
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solution ([2.25)), the stick-slip boundary (2.27)), and the numerically estimated S H .. curves
are shown at S = Sy = 0.02, together with the numerically determined amplitude and the
number of sticking segments per excitation period.

2.5

SH,

max

[\
T

number of sticks/10

Amplitude z,, conditions of validity

X
19 :
A A [
[k
S,/ A_
O i ! | !
0.1 0.2 0.3 0.4 0.5 0.6

Figure 2.13: Amplitude-frequency diagram at S = Sy = 0.02; —e— numerically deter-

mined amplitude; analytically determined amplitude (Eq. ) The number of
sticking segments is shown by orange columns.

As it can be seen in the figure, the numerically and analytically determined amplitude
curves exactly coincide in case of slipping motion, and the separation of these curves occurs
according to and . The significance of is clearly seen close to the values
Q2 =1/3, Q = 1/5, etc., where the analytically calculated amplitude curves tend to zero,
while S H ., tends to infinity.

Note that there are two points that apparently do not fit into the series of the results at
Q = 0.5 and Q = 0.25. Only one sticking segment occurs at these parameters per period,
which means that the steady-state solutions are asymmetric, as it was predicted in Section
As Fig. shows, the parameter domain of asymmetric solutions opens up if Sy > S.
This result indicates the possibility that asymmetric solutions can occur in real mechanical
systems of this kind. Indeed, the experimental investigation of a corresponding oscillator
(Marino and Cicirello, [I12]) demonstrated the existence of asymmetric periodic cycles.

2.5 BIFURCATIONS AND CHAOS

2.5.1 Reformulation of the problem for the continuation method

In order to reveal the bifurcations leading to the emergence of asymmetric solutions among
the symmetric ones, the continuation method [2] was applied. The continuation method is
capable of the quick, reliable calculation of bifurcation diagrams. One of the most widely
used continuation software is AUTO [53]. Unfortunately, AUTO is not able to deal with non-
smooth systems. However, a recently implemented Matlab toolbox COCO (COntinuation
COre, [48]) provides the possibility for the analysis of these kinds of systems; too.

To be able to analyse a piecewise smooth system with COCO, one must have an initial
guess about the solution’s structure. It means that the temporal order of the subsequent
smooth segments in the periodic solution must be known, together with the switching con-
ditions — formulated as zeros of smooth functions. Physically, the oscillator can be in one
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Figure 2.14: Amplitude-frequency diagram at S = 0.2 and Sy = 0.24; —e— numerically

determined amplitude; analytically determined amplitude (Eq. ) The number
of sticking segments is shown by orange columns.

of the following three states: sliding with positive speed, sliding with negative speed, or
sticking, as it is formulated by Egs. and ([2.3).

As we saw in Section [2.1], the switching conditions between the sticking and sliding cases
are given by an equation and a non-smooth inequality:

t=v=0 and |z — cos(Q)| < So. (2.89)

Note that here we dropped parameter ¢, since although it had been useful for the analytical
calculations, it is irrelevant if the solutions are sought numerically (cf. Eq. (2.4)). The
reformulation of these conditions as zeros of smooth functions is not a trivial task.

To solve this problem, we partitioned the three-dimensional (z,v,t) phase space into
domains in such a way that the sign change of a smooth event function (indicating that a
solution segment crosses a boundary) uniquely determines the type of the solution in the
next segment [31]. Taking this requirement into account the phase space was divided into
7 domains — 6 different sliding states and a sticking state — according to the values of v and
x. The corresponding domains are given in Table and illustrated in Fig. The

Table 2.2: The introduced phase space domains

Notation Condition 1 Condition 2
rhot x > cos(Qt) + So
oot cos(Qt) — Sy < & < cos(t) + So v>0
x-ot x < cos(Q2t) — Sy
xto~ x > cos(Qt) + So
2%~ cos(Qt) — Sy < x < cos(Q) + So v <0
xTuo x < cos(§2t) — S
%0 cos(Qt) — So < = < cos(Qt) + Sy v=>0
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6/ +F sticking at v =0

1.(),U()

Figure 2.15: Illustration of 6 sliding states and the sticking state, according to the values

of x, v and t (cf. Fig. .

domains are separated by three switching surfaces that are also depicted in Fig. [2.15 Two
of them separate the states with respect to the displacement x — these are the boundaries
F+ and F— of the sticking region, respectively. The third switching surface is the v = 0
plane. Thus, the corresponding event functions can be formulated as

o F+: cos(QU)+ Sy —x =0,
o F'—: cos()— Sy —x=0,
e v=0.

If the actual state of the system is known, the triggering of an event function unam-
bigously indicates the next state that the system enters. For example, if the oscillator’s
state is xtv™ (see Table [2.2), two possible events are possible:

o 'y = 200,

e v=0= ztv".

There are three possible switches from the state 2% 7:
o '+ — ztot,

o v=0= 2% (sticking),

o [[— — x0T,

The remaining four sliding cases (z~v", x7v™, 2% ™, 27v™) can be analysed similarly. If

the oscillator is in the sticking state 2°0°, the collision with the boundary F'— means that
the resultant of forces acting on the block becomes positive. Thus, the next state will be
x~vT. Similarly, crossing F+ leads to z7v™:

o F't — ztu,

o F— — x v,
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These two switches can happen only if the static coefficient of friction Sy is greater than the
kinetic one. In the opposite case, sliding in the opposite direction occurs. This possibility
will be excluded from the analysis due to its non-physical nature.

Once the states and event functions are properly defined, the bifurcations of the oscil-
lator can be explored by COCO. However, this process is not straightforward, since be-
sides the conventional bifurcations (e.g., period-doubling), several discontinuity-induced or
non-smooth bifurcations (e.g., grazing-sliding, crossing-sliding, switching-sliding or adding-
sliding) can occur. These bifurcations are accompanied by the change of the type and order
of segments — the so-called signature of the solution — during a period. Thus, one has to
make an educated guess about the possible order of states after each non-smooth bifurca-
tion. Besides the bifurcations, other events can also take place that are related to the order
of switches among the possible states shown in Table but do not correspond to phys-
ically meaningful changes in the periodic solutions. For example, segments can appear or
disappear when a sliding solution curve touches one of the stick-slip boundary surfaces F'+
or F'—. This event is denoted by 7" in Fig. [2.17 The disappearance of segments could be
predicted by monitoring the durations of solution segments. To detect the appearance of
new segments inside an existing one, the validity of solutions had to be checked during each
run. Our experiences show that bifurcations often lead to a completely different solution
signature. While the local qualitative change of the trajectory can be known in these cases
as well, the signature of the whole periodic orbit is required for the continuation, that is
often difficult or practically impossible to predict.

For the initiation of the calculation, the analysis by COCO was accompanied by the
solution of the initial value problem, i.e., numerical simulation. Clearly, only stable solutions
can be found with this approach, but once a solution type is found by COCO, it can be
continued even after the loss of stability. Besides the calculation of the numerical solution,
several files must be initialized for COCO - these are also done automatically by the Matlab
codeE] In addition to the initialization, we also implemented utility functions for the proper
continuation from a previously obtained solution point, with the possibility to change the
signature of the solution.

As it will be shown, four different periodic solution types can be detected in large domains
of the examined parameter space. Each of these typical periods consists of 6 segments, thus,
the number of segments will be denoted only if it is different from 6. The four typical
solutions will be denoted by 2s, 0s, 2a and la, where 2, 1 or 0 shows the number of sticking
segments in a period, while s’ or ’a’ tells whether the solution is symmetric or asymmetric.

The bifurcation points or curves will be denoted accordingly. For instance, SNj, and
PD, denote the saddle-node and period-doubling bifurcation of a 1-stick asymmetric solu-
tion, respectively. Sliding bifurcations lead to the change of the number of sticking segments.
In these cases only the symmetry property will be shown as C'Ss, SS, or AS,.

Since the symmetry plays an important role in the classification of solutions, the measure
of asymmetry was introduced as follows:

max e + minx

. (2.90)

maxzx — mingx

\p:‘

This quantity was also monitored during each continuation run.

2The first version of the initialization code was written by Gabor Licsko, whose help is acknowledged.
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2.5.2 One-parameter bifurcation analysis

Bifurcation parameter: S

It was shown by Kunze [103] that the examined system does not exhibit chaotic solutions
if the static and kinetic coefficients of friction are equal. Thus, to explore the possible
chaotic solutions, the dimensionless kinetic coefficient of friction S was chosen to be the
bifurcation parameter at a fixed static coefficient Sy. Since the symmetric non-sticking
solutions are stable at the non-resonant excitation frequencies, it seemed to be reasonable
to search for chaotic solutions at the sub-harmonic resonant frequencies of the asymmetric
solutions (Section . Thus, the excitation frequency was chosen to be 2 = 0.5, while the
static coefficient of friction was fixed at Sy = 0.4, just as we did in [110]. An initial solution
guess was generated by numerical simulation at these parameters in Matlab — see Fig.

9.
1 stick/slip boundary F+
T 0
| stick/slip boundary F-
2 2 4 6 8 10 12 14
t
1 -
0.5t /
v 0r
-0.5
_1 I I I I I I |
0 2 4 6 8 10 12 14
t

Figure 2.16: The initial solution (thick line) generated numerically at S = Sy = 0.4 and
Q = 0.5. Subsequent segments are printed in different colours.

The following solution types were detected [31]:

e The initial guess is symmetric and has the following structure at S = 0.4:
200t — 2000 (stick) — ztv™ — 2%~ — 2%° (stick) — 270"

This solution (denoted by 2s in Fig. [2.17)) loses stability via a saddle-node (S Nyg)
bifurcation at S ~ 0.33358.

e Below this parameter, the initialization process found only a pair of stable solutions
(denoted by 1a). These solutions are asymmetric with one sticking segment per period.
One of them has the following structure:

ot — aTvm = 2% — 2%° (stick) — 270" — 2%

Certainly, the mirror image of this solution also exists at the same parameters. Both
solutions lose stability via a period doubling (PD;y,) bifurcation at S ~ 0.068.

e The emerging pair of double-periodic asymmetric solutions (denoted by 2a,14seg) con-
sist of 14 segments. One of these cycles has the following structure (the other is its
mirror image):
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Figure 2.17: Bifurcation diagrams I. Q = 0.5, Sy = 0.4. Maximal displacement (top
left), positions of stops (top right) and asymmetry U (bottom) versus parameter S. Green
symbols denote stable, red symbols denote unstable solution branches.

ot = 2t = 2% = a7 = % — %0 (stick) — 7ot — 2% —
ot — aTvm — 2% — %0 (stick) — 7ot — 20T,
The solution’s structure breaks down at S =~ 0.05578, where the 11** solution segment
(z%7) just touches the stick-slip boundary F~. This event — denoted by 7T in the
figures — is related to the change of the order and number of segments.

No stable periodic solution was found in the range S = [0.043479,0.055787]. The nu-
merical initial problem solver detected a seemingly periodic solution, but it turned out
to be unstable according to COCO. This experience indicates that the found solution is
only slightly unstable, such that the stabilizing effect of the numerical algorithm could
overcome its instability. Since no attracting periodic solution was found, the existence
of multi-periodic solutions or chaos is expected in this parameter domain.

e In the range S = [0.035620, 0.043479], an asymmetric solution (1a,9seg) with one stick
per period was detected. This solution emerges at .S = 0.043479 via a switching sliding
(SS.) bifurcation. It can be divided into 9 segments:

ot = 2t = 2% = T = et = 2% — 2%0 (stick) = 27T —
0+
o7,

This solution could not be continued past the value S = 0.035620 due to the divergence
of the numerical method (point N in Fig. [2.17). No stable periodic solution was found
at even smaller values of S, where the occurrence of a chaotic domain is expected.
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Bifurcation parameter:

As the previous calculation showed, asymmetric solutions (denoted by la in the figures)
appeared at S ~ 0.33358 at the discontinuity of the bifurcation diagrams. In the present
section, we search for the origin of these asymmetric solutions. For this purpose, continuation
was initiated in the vicinity of their appearance, at S = 0.32 and Sy = 0.4, varying the

excitation frequency €2 near 0.5. The results are depicted in Fig. 2.18]
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Figure 2.18: Bifurcation diagrams II. S = 0.32, Sy = 0.4. Maximal displacement (top
left), positions of stops (top right) and asymmetry of solutions (bottom).

e The continuation is initiated at €2 = 0.5 with the numerically detected solution type

0

vt — 2Tt — 2t — 2% — 2%° (stick) — 2T

This asymmetric solution (la) is stable in the range Q € [0.49182,0.54191]. At the
lower end, a new solution (2a) with two sticking segments appears via a degenerate
crossing-sliding (C'S,) bifurcation, when the second segment (xtv™) disappears as the
trajectory touches the v = 0 plane and the F'+ boundary simultaneously. This bifur-
cation is asymmetric since no such event occurs at F'—.

The stability of solution 1a is lost via a saddle-node (SNy,) bifurcation at 2 = 0.54191.
Finally, another crossing-sliding bifurcation (C'Ss) takes place at = 0.53529, where
the solution becomes symmetric and both sticking segments touch the v = 0 plane and

the F'+ or F'— boundary simultaneously.

e The signature of solution 2a, that is born at 2 = 0.49182 via crossing-sliding, is



cser nak. gabor 124 23

28 CHAPTER 2. HARMONICALLY EXCITED DRY FRICTION OSCILLATOR

20T — 2000 (stick) — zto™ — 2%~ — 2% (stick) — z7v™.

This solution branch undergoes a saddle-node (S Nog) bifurcation at € = 0.48874. Here
the solution is just symmetric, thus, this bifurcation is the crossing point between two
coexisting asymmetric solutions that are each other’s mirror images.

e A symmetric solution (2s) also appears at the frequency Q) = 0.48874 with the same
segment structure as the asymmetric solution 2a. Solution 2s is stable below Q =
0.48874, but unstable in the domain 2 € [0.48874,0.53529].

e At Q = 0.53529, both sticking segments become sliding ones via crossing-sliding (C'Sy)
and the symmetric, non-sticking stable solution Os appears with the signature

20t = sttt 5> 2t =5 2% s v = o

This is the same parameter where the the asymmetric solution la branches out.

According to these results, the abrupt appearance of asymmetric solutions is related to
the fold bifurcation (SNi,) of solution la that emerges from the symmetric solution via a
crossing-sliding bifurcation C'Sg. At the critical parameter, where the symmetric non-sticking
solution disappears, the trajectory just touches the stick-slip boundaries on both the positive
and the negative side. However, the appearing symmetric sticking solution is unstable, while
a pair of asymmetric sticking solutions appears.

The bifurcation structure depicted in Fig. [2.1§ remains qualitatively unchanged at larger
values of the kinetic friction parameter S, but the domain of asymmetric solutions shrinks
and disappears at S ~ 0.38. However, significant changes occur if S is decreased: the
connection between the solutions la and 2a breaks, giving rise to multi-periodic and chaotic
solutions (see Fig. [2.19)).

0.25¢ 0.15;
0.2} la
PD,, la 0.1}
0.15}
\I/ 2a \ \I/
0.1f
2a;
0.05}
CSA SNla
0.05¢
oL 2s S'NgS CS/ 0s 0 2s ‘SNQS cS, 0Os
0.3 0.4 QO 0.5 0.6 0.35 0.4 0.45 Q0 0.5 0.55 0.6

Figure 2.19: Asymmetry of solutions versus parameter () at S = 0.22. Left: Sy = 0.4.
Multi-periodic and chaotic solutions exist between CS, and PDs,. Right: So = 0.3. The
domains of asymmetry are separated.

Similar bifurcation structures can be observed at higher values (Sy = 0.5,...,0.9) of
the static coefficient of friction as well, but the frequency domain of asymmetric solutions
extends towards higher values of €2. However, the reduction of parameter Sy leads to the
separation of the domains of the asymmetric solutions la and 2a, as it is shown in Fig. [2.19
If S becomes larger, the two loops shrink and disappear at S = Sy = 0.3. If the static
coefficient of friction is reduced further (Sy = 0.2) , the loop in the diagram corresponding
to solution la persists at {2 = 0.5, but solution 2a disappears. Still, multi-periodic or chaotic
responses can be detected in the interval 2 € (0.18,0.38).
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2.5.3 Two-parameter bifurcation analysis and search for chaos

As it was mentioned earlier, the occurrence of multi-periodic or chaotic solutions is expected
in certain parameter domains. To localize these domains, two-parameter bifurcation analysis

was performed on the S — (2 plane at various values of the static friction parameter Sy. The
obtained diagrams are shown in Figs. -
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St 1 So02 )
0.004
0.1r .
| Multi di d EA7 0.1
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0 e | 0 chaotlc solutlons Ay w/N 'l& .
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Figure 2.20: Two-parameter bifurcation diagrams at So = 0.3 (left) and Sy = 0.4 (right)
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Figure 2.21: Two-parameter bifurcation diagrams at So = 0.5 (left) and Sy = 0.8 (right)

Perhaps the most important result of this analysis is that the switch from solution type Os
to la via bifurcation SNy, happens during the reduction of the kinetic coefficient of friction
(see Fig. [2.20). Thus — quite counterintuitively — a smaller friction coefficient leads to the
appearance of sticking solutions in these cases.

Note, that we examined the same mechanical model with non-harmonic but periodic
excitation signals, too. The bifurcation structure remained qualitatively similar [31].

In addition to the bifurcation analysis with COCO, we wanted to check whether there
are chaotic solutions. An important feature of chaotic systems is the sensitivity to initial
conditions. It means that nearby trajectories of a chaotic system diverge at an exponential
rate as time passes, until the separation attains the characteristic size of the attractor.

To characterise the rate of separation, we estimated the largest Lyapunov exponent (LLE)
of solutions on grids of size 100 x 100 or 150 x 150 on the depicted €2 — S parameter planes.
During each run, the evolution of two nearby orbits was traced and the variation of their
phase space distance d; — d;;1 was monitored in time steps At. In the simplest case, the
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LLE can be estimated as N

1 1 |disal
A — —1 2.91

where N denotes the number of steps. Note, that it may happen that one or the other
solution is just in a sticking phase at ¢t = (i + 1)At¢ for some index 7. In this case, a later
time instant ¢t = (i + j)At was chosen such that both solutions slide, and the distance d,;
was taken into account considering jﬁ log(|di+;|/|d;]) in the sum. This approach provides
adequate results, as it was pointed out in [8]. Moreover, a similar procedure was already
tested on the same system in [110] (see Section and the results agreed well with the
Lyapunov exponents calculated by the robust method of Stefanski and Kapitaniak [147].

The initial conditions (zg,vq,to) for the two solutions were (1 4+ 0.95p,0,0) and (1 +
0.955 + 10712,0,0), respectively. The value of LLE was estimated at each parameter set at
most until 600 exitation periods. The simulation finished earlier if the distance d reduced
below 1078 or the relative error between subsequently calculated estimates dropped below
1073, Since we are interested in chaotic responses, only parameter domains with positive
Lyapunov exponents are coloured in Figs. -2:27]

The results show that chaotic solutions are typically enclosed by the bifurcation curves
SNy (where the 2-stick symmetric solution loses stability) and C'Ss (where the solution
curve just touches the border of the sticking domain on both sides, giving rise to asymmetric
solutions). Thus, the chaotic responses are bifurcating from asymmetric solutions, as we
expected earlier [II10]. Since asymmetric solutions had been detected at € = 0.5 for the
case S = Sy, this frequency was chosen in [I110] to search for chaotic solutions. However,
our results clearly show that the choice {2 = 0.5 was rather unlucky and more pronounced
chaotic regimes can be found at lower values of the frequency ().

According to the results, quite simple connections can be found between the friction
coefficients and the location of the chaotic domain:

e Irrespectively of the exact value of the static coefficient (provided Sy > S), the fre-
quency domain of asymmetric solutions stemming from 2 = 0.5 — and the enclosed
domain of possible chaotic solutions — expands if the kinetic coefficient of friction S is

decreased. The same trend was observed near © = 0.25 at Sy < 1/15 (see Eq. (2.82)).

e The increase of the rescaled static coefficient of friction in the interval Sy € [0.3,0.8]
implies that the domain of multi-periodic or chaotic solutions is extended towards
larger frequencies.

It can also be seen in the figures that S < 0.2 is needed for chaotic responses at almost all
values of the static friction parameter Sy. However, a narrow parameter regime was found
at Sy = 0.3 where the Lyapunov exponent is positive even at S ~ 0.265. The corresponding
ratio Sp/S =~ 1.13 is quite realistic, thus, the occurrence of chaotic responses cannot be
excluded in similar models of real mechanical systems. Note, that the case Sp = 0.3 seems to
be an exception, since the further reduction of Sy does not lead to the increase of the chaotic
domain: only small islands of positive Lyapunov exponents were detected at Sy = 0.2.

According to our experiences, the introduction of a non-zero viscous damping leads to
the reduction of the LLE in the order of magnitude of the damping ratio. Thus, although
the considered Coulomb friction model is rather simple, certain theoretically derived solution
types could be observed even experimentally by Marino and Cicirello [I12]. Since quite simple
qualitative rules could be established between the frequency domain of irregular solutions
and the coefficients of friction, these rules may be applicable to real mechanical systems,
too.



cser nak. gabor 124 23

2.6. Further Numerical Results 31

2.6 FURTHER NUMERICAL RESULTS

In the present section, some results of the joint work with Gabor Licské [110] are summa-
rized.

2.6.1 Monte Carlo bifurcation diagram

The continuation method-based bifurcation analysis presented in Section was preceded
by the construction of the Monte Carlo bifurcation diagram, shown in Fig. [2.22]

The points on the diagram were determined by long numerical simulations. The sim-
ulation code was built up of functions written in MATLAB. No ODE solvers were needed
since the analytical solution between two consecutive stops of the oscillating block of mass is
known, according to Eqs. and (2.6). Numerical approximation therefore is only needed
at points where the block’s velocity changes sign (turning points) or when the stuck block
starts moving again due to the excitation force (starting point). Between these points, the
solution can be calculated exactly. The switching point was determined by a relative toler-
ance of e = 1071°. In order to find all the co-existing stable solutions, 10 simulations were
started with random initial conditions (from the ranges of x (0) € [-1,1], (0) € [-1,1],
to € [—2m/Q, 27w /Q]) for each value of parameter S.

During simulation several quantities were recorded, for example, crossings of the Poincaré
surface defined by ¢t = 2k7/Q,k = 1,2, ..., and the last ten displacements where the block
stuck. Also vectors containing all time instants of sticking and turning were stored. On top
of Fig.[2.22] the recorded sticking displacements are shown versus the bifurcation parameter
S. The lower panel of the figure shows a corresponding diagram that was obtained by the
continuation method — a properly scaled part of Fig. is depicted here. Comparing
this diagram with the Monte-Carlo diagram in the upper subfigure, one can see that the
non-sticking stops of the asymmetric solutions are not shown there.

To characterise the asymmetry of solutions, its measure W was redefined since definition

(2.90) assumes that the stationary periodic solution is already known. For the evaluation of
numerical simulations, another formula is needed:

U=>"> a(ly),
=1 (i)

where t}ﬂ. is the 5 time instant during the i*" excitation period when the velocity becomes
zero, i.e. a'c(fij) = 0 for fi]. € (TO + (i — 1)25“,T0 + Z%T], i =1,...n. Here Ty is chosen to be
beyond the initial transients. Summing up all these displacements in n subsequent periods
would result zero in case of symmetric solutions.

To characterise the chaotic solutions, two different numerical methods were applied to
obtain the maximal Lyapunov exponent. One of them is based on the divergence of nearby
trajectories — a similar method was used in Section [2.5.3] This direct method was easy to
apply, however, we used a more refined procedure, too, in order to validate the results.

This latter method was developed by Stefanski and Kapitaniak specifically for piecewise-

smooth problems [147|. Tt is based on the synchronisation of two chaotic systems, by imple-
menting a uni-directional coupling between the original system of equations and a secondary
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Figure 2.22: Monte Carlo bifurcation diagram at parameters Sy = 0.4 and = 0.5,
depicting the sticking displacement (top) and asymmetry of solutions (middle). The bottom
panel (generated by continuation method) shows all the displacements where stops occured.

system. For our problem, the resulting set of first order equations is the following:

T = T,

To = —x1 +cos (Q(t+ 1)) — Sf(241),

T3 =24 + q (21 — 3),

Ty = —x3+cos(Q(t+1ty)) — Sf(43) +q(xe — z4),

where ¢ is the coupling coefficient. The minimal value of ¢ for which we obtain full synchro-
nisation is an upper estimate of the largest Lyapunov exponent. To determine its value, we
had to carry out a brute-force bifurcation calculation taking ¢ as a bifurcation parameter.
We had to watch when x; — x3 vanished and recorded the corresponding value of ¢ that
provided an estimate of the LLE. Fig. [2.23| presents a sample run with parameters Sp = 0.4,
S = 0.05 and © = 0.5 for which the system behaves chaotically. Above ¢ = 0.0073 the two
coupled systems are fully synchronised and thus the estimated maximal Lyapunov exponent
is A = 0.0073. The application of this procedure is rather time-consuming because one has
to construct a second bifurcation diagram with respect to g. For this reason, we used the
synchronisation method only at certain points. We also have to note that the minimum
value for the coupling coefficient ¢ cannot be less than zero. This is why we obtained A = 0
for periodic solutions using this method.
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Ty —T3

0 0.005 0.01
q

Figure 2.23: Monte Carlo diagram for the coupling parameter q as bifurcation parameter.
Synchronisation occurs at ¢ = 0.0073, thus A ~ 0.0073. (Sp = 0.4, S =0.05, 2 =0.5)

In Fig. [2.24] we plotted the left part of the bifurcation diagram of Fig. [2.22] together with
the Lyapunov exponents. It is clearly visible that between S = 0.0436 and S = 0.0556, and
below S = 0.0356 the estimated maximal Lyapunov exponents are positive. The results of
the two methods correlate, however, there is a small deviation between the calculated values
since parameter ¢ must be larger than the actual LLE for the synchronization of the two
subsystems.

0.08 0.1
0.01 T [U] T T T T T T T
o o ol
L ‘ i
Op"— — - - - — = — - — - —-o— - —\-o0-=--6-=-©- - -G — —
A
I \
I I
—0.015 1 1 1 1 1 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1

S

Figure 2.24: Bifurcation diagram and largest Lyapunov exponents for parameters Sy =
0.4 and Q = 0.5. (Solid lines — direct numerical simulation of nearby trajectories, red circles
— method of Stefanski and Kapitaniak [147], blue circle — estimate based on a 1D map.)

2.6.2 Transient chaos

We can observe in Fig. [2.24] that there is a negative spike at S & 0.0465 in the Lyapunov
exponent plot and the chaotic band clears up here in the bifurcation diagram, opening a
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very narrow gap of periodic motion. Numerical simulation showed that the chaotic transient
at the beginning of the simulation suddenly turns into a period-three orbit (see Fig. [2.25]).

1.5

2010 ;2090 5010

Figure 2.25: Chaotic behaviour (left), that turns into a period-three motion (right).
(S = 0.0465, So = 0.4, Q = 0.5)

To analyse this transient chaotic solution, we started simulations from several initial
states and detected every third sticking. We obtained a one-dimensional map (Fig. [2.26))
with three stable and an unstable fixed point. The chaotic trajectories can escape from the
repeller at the stable points, where the graph of the map has three very small segments.
One of these segments is shown in Fig. b. We approximated the map by seven straight
line segments and used it to estimate the finite time Lyapunov exponent that is valid in the
transient phase. The trajectory of the piecewise-linear map started near the unstable fixed

1.1
M 08452 /
L=
K K R K
0.85| € 0.8445] .~ 0.85( .
11 08144, 0805 035 - 1
n n

(b) ()

Figure 2.26: Cobweb diagram for S = 0.0465 with three fixed points ((a), red dots) and
the neighbourhood of the marked one (b). Piecewise-linear approximation of the map (c).

point (at z = 0.945). We calculated the probability that the solution hits the i*" line segment
in an iteration step using the formula P(i) = n(i) /Ny, where n(i) is the hit count of the ‘"
line segment and N, is the total number of iterations until escape. Having a constant slope
along each segment we could approximate the LLE, that is Ap,q, = 2321 P;1n|a;| = 0.2167
in this case, where q; is the slope of the i*® line segment. After scaling we obtained A flow =
Amap/T = 0.005748, where 7 is the mean time between two steps of the iteration. This value
fits in the series of calculated exponents — see the blue circle in Fig. [2.24] It is worth to note
that the experimental detection of irregular vibrations of a similar oscillator was reported
by Marino and Cicirello in [I12]. Among the possible explanations, the authors mention the
occurrence of transient chaotic motions, too.
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Chapter 3

Nonlinear Analysis of Chip Formation

3.1

INTRODUCTION AND LITERATURE REVIEW

3.1.1 Sources of self-excited oscillations during cutting

The oscillations of the cutting machine-tool-workpiece system engages the attention of the
theoreticians and technological experts for more than 80 years [54]. The topic of self-excited
oscillations is especially important in the research efforts related to cutting technologies
[5, 158, 159]. These oscillations can be traced back to three primary sources:

a)

During chip segmentation, the surface of the chip becomes rugged, as shown in Fig.

The chip’s pattern indicates that the cutting force and other characteristics of

the material formation oscillate. The phenomenon was described first by Piispanen

Figure 3.1: A lamellar (periodic) chip.

[132, 133]. Landberg [107] examined the phenomenon experimentally, but the detailed
analysis is due to Albrecht [I]. A limiting case of chip segmentation is the aperiodic
chip formation that was analysed in details by Field and Merchant [64]. In these cases,
the dynamics of chip formation is influenced by various thermo-mechanical effects that
can be coupled with the oscillations of the tool or the workpiece.

Built-up-edge (BUE) is the accumulation of the cut material on the rake face of the
tool, near its tip. BUE was first examined in details by Ernst and Martellotti [59], who
pointed out that the BUE continuously builds up and tears off, generating periodic
variations in the cutting force.

In the case of regenerative chatter, the thickness of the chip cut at time ¢ is influenced by
the chip thickness during the previous cut, i.e., at ¢ — 1", where T' is the characteristic
period of the machining process. Since the tool and the workpiece are not ideally

35
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rigid, this effect may lead to the loss of stability of the stationary cutting. This model
can be traced back to the important contributions of Tlusty [I58] and Tobias [I59]. A
comprehensive review of the modeling of nonlinear regenerative effects in metal cutting
was given by Stépan in [149]. Kalméar-Nagy and Moon [90] incorporated in their model
the displacements of the tool holder and the torsion of the tool, as well.

The analysis of machine tool vibrations has a vast literature: from experimental papers
and books to contributions proposing refined mathematical models. However, as it can be
seen from the literature review in [129], thermal effects are typically not taken into account
in the cutting models, although these effects have a great influence on the characteristics of
the material of the workpiece, and consequently, on the cutting process itself. An exception
in this respect is the continuum mechanical cutting model, introduced by Burns and Davies
[20]. Their calculations were verified both experimentally and numerically by the finite
element method, but the induced vibrations were not examined.

Following Burns and Davies, new, thermo-mechanical models of chip formation were put
forward by Zoltan Palmai (see e.g., [127]). The present chapter deals with the analysis of
Palmai’s three different models. Section [3.1.2|introduces Palmai’s 4D chip formation model.
An extended model — see Section |3.1.3|— was also proposed by Palmai that takes into account
the effect of the cutting speed variation induced by the vibrating tool or workpiece. Section
[3.1.4) describes Palmai’s third model that deals with the influence of a periodically varying
built-up edge on the dynamics of chip formation.

Our contributions are detailed in the subsequent sections of this chapter. The bifurcation
analysis of the 4D model is presented in Section based on [32]. The results show that
the occurrence of chaotic behaviour is expected at the chosen parameter set. The analysis of
the case when the cutting speed can vary was published in [129] and is presented in Section
[3.3] while Section [3.4] deals with the characterisation of the chaotic vibrations that occur as a
consequence of BUE [131]. Finally, a new model, incorporating both the thermo-mechanical
processes and the regenerative effect [74] is briefly described in Section [3.5]

3.1.2 PAalmai’s 4D chip formation model

The properties of the cutting phenomenon can be characterised by the chips formed during
the process. For the sake of simplicity, only three types of chips will be distinguished here:
continuous (Fig. [3.2)/a), aperiodic (Fig. [3.2/b), and periodic (segmented or lamellar) chips

(Fig. 3-2)/¢).

Figure 3.2: Austenitic (stainless) steel chips formed at different cutting speeds. a) Contin-
uous chip, v = 0.3 m/s; b) Aperiodic (chaotic) chip, v = 0.58 m/s; c¢) Periodic (segmented
or lamellar) chip, v = 3.6 m/s. The experiments were conducted by Zoltan Palmai.

Xie, Bayoumi and Zbib [I68] found that the occurence of segmented (periodic) chips is
related to the phenomenon of thermoplastic instability, while Szalai, Stépan and Hogan [151]
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examined the process as a dynamical system of the tool and the workpiece. They explored
various types of bifurcations and demonstrated the existence of chaotic motion. Palmai’s
model deals with the phenomena that can be derived from the characteristics of the material
of the workpiece.

The first version of the model consisted of five non-linear differential equations and a
constitutive equation [127], but later it was exchanged by a 4D model [32]. It is based
on Piispanen’s [I33] result: in case of technologies that cause fast plastic deformation, the
deformation is concentrated into one or a few nearly adiabatic shear zones. According to the
observation of Luttervelt [I11], two deformation bands can be identified in the shear zone.
The developed model of chip formation adopts this idea, as it is shown in Fig. The
details of the derivation of the governing equations can be found in Appendix

w A

workpiece

Figure 3.3: The model of chip formation.

The shear process is examined in two dimensions, assuming a so-called free cutting state,
which occurs in the so-called primary strain zone or shear zone. Two deformation bands of
thickness ¢ are introduced that are denoted by 1 and 2 in Fig. [3.3] Besides the bands 1 and
2, a "quasi” layer (denoted by 0) is also introduced, where no plastic deformation occurs, but
this layer plays an important role in the thermal processes. The length of the shear zone is
hy — this size characterises the bands, too.

The material of the workpiece first enters layer 0, where no plastic deformation occurs
yet, however, layer 1 is deformed and heated up, as a result of which heat flows from layer 1
to layer 0. A similar process occurs between layers 1 and 2, too. For the sake of simplicity, it
is assumed that the temperatures Ty, 77 and T5 in layers 0, 1 and 2 are identical everywhere
within layers at a given moment, but — naturally — they are not necessarily equal, and all
vary in time. It is also assumed that the inclination angle ® of the shear zone and rake angle
a of the tool are equal and constant. The material properties are taken into account by the
following constitutive equation [128]:

E iaﬂ = . - )
DR s e TPy

(i =1,2). (3.1)

Here #;(t) denotes the deformation velocity in the i*" shear zone at time ¢, é¢ is the mean
deformation velocity in the case of continuous chips, while 7; denotes the plastic shear stresses
in the layers i = 1,2. a and b are constant terms characteristic of the material, and T denotes
the temperature of the shear zone during the formation of continuous chips.

It is assumed that the plastic shear stress 7; (¢ = 1,2) occurring in the shear zone of
size hy is in mechanical balance with the normal stress ¢ acting along the chip on length
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L, causing an elastic deformation Au (see Fig. [3.3)), i.e., the inertial forces are neglected.
Palmai introduced the characteristic time
h2
K = X 7;I> )
ELv sin*(®) cos(P)

(3.2)

with which a dimensionless time could be introduced. Here h is the thickness of the cut
layer, E is Young’s modulus and v is the cutting speed, while 74 denotes the mean shear
stress [I32] in the shear zone during the formation of continuous chips. According to the
generally accepted approximation of the cutting theory, 7o can be considered as a material
constant. Exploiting the mechanical balance, the shear stresses along the deformation bands
can be expressed in the following dimensionless forms:

n=p( - (F1+F)), (3-3)
T =1—(F1 + F), (3.4)
where
p=1+ @ sin(P). (3.5)
Eqgs. and imply 71 = p7s, thus
T, = pTe + S, (3.6)

where parameter s depends on the initial conditions.

The variation of the material’s heat content (cpT, where ¢ means heat capacity and p is
density) during chip formation is composed of three elements: mechanical power, thermal
conduction and heat transfered by the moving material. Taking into account these effects (see
[127]), the energy balance equations for the three layers assume the following dimensionless
forms:

fo = ((Th —2To) — &To, (3.7)
Tl = 77T1F1(T17T1) —C(2T1 —TQ—T0> _f(Tl —T(]),
T = nnby(n,T) — (E+ O - 1),

with the system parameters

_ rKT1gvcos(®P)

_ Kusin(®) 4K\
= cpdT,

&= 5 , (= p3? (3.10)
where A\ denotes the thermal conductivity, T, is the absolute temperature of the workpiece,
and r is the energy ratio (r ~ 0.95).

Thus, the mathematical model of chip formation consists of the autonomous differential
equations and —, together with and the constitutive equations .

Equilibrium solutions of the governing equations correspond to the formation of contin-
uous chips, the emergence of periodic solutions means that segmented or lamellar chips are
formed, while chaotic solutions characterise the formation of aperiodic chips.

The parameters given by Egs. , and can be interpreted as follows. The
characteristic time scale K is related to both the elastic and plastic material characteris-
tics and the technological parameters, and is inversely proportional to the most important
technological parameter, the cutting speed. Parameter £ is the dimensionless velocity of
the chip, i.e., the reciprocal of the dimensionless time ¢ during which the material of the
workpiece passes through the shear zone. Thus, £ = 1/ 8t and it does not depend on the
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cutting speed due to the scaling of the time by K. Parameter n — which can be rewritten
as 1 = &(r1e/cpT,) cotan ® — describes the amount of energy input. This parameter is
related to the mechanical and thermal properties of the material and it is also independent
of the cutting speed. Only parameter ¢ depends on the cutting speed, while parameter p is
determined by technological characteristics.

The dynamical system defined by Eqs. — can be characterised by 6 independent
parameters: a, b, Ty, & n and (. Practically speaking, this six-dimensional parameter-space
cannot be fully explored. However, there are three parameters that are especially important
from the technological point of view: &, n, and (. To illustrate the rich dynamics of the
examined system, Palmai focused on the case a = 0.3, b = 0.012, Tp = 1 (see [I11]), £ = 4.8
and 1 = 4.4 since these parameter values correspond to the chips of austenitic steel shown
in Fig. 3.2l The system parameter ¢ assumes the values a) ¢ = 40, b) ¢ = 21 and c)
¢ = 3.4 in the cases of the depicted continuous, aperiodic, and lamellar chips, respectively.
The dimensionless system parameters were determined according to the following physical
parameters of the austenitic steel: p = 7900 kg/m?, ¢ = 500 J/(kg K), A = 16 N/(msK)
The thickness of the cut layer is h = 0.35 mm, while the inclination angle of the shear zone
is & = 30°. Based on the results in [14], 06 = 12.5 um is a realistic approximation of the
thickness of the deformation bands, that implies p = 1.03, according to . The value of
K that corresponds to the formation of the periodic chips in Fig. is K =1.64-10""*s.

Considering the formation of continuous chips as the initial condition, 7 2(0) = 1 and
T;(0) = 0, ( =0, 1 and 2) was chosen, which leads to s = 1 — p, i.e., s = —0.03 and
T =pr2a+1—p.

3.1.3 Extension of the model to the case of a vibrating workpiece

In the basic model, described in Section [3.1.2] it is assumed that the cutting speed v is
constant. However, the cutting speed may vary during machining. The most obvious example
for such processes is the flat turning, but the taper-turning, the so-called back turning and the
special polygon-turning also lead to the variation of the cutting speed. Moreover, according
to the cutting examples described in [I, 98|, the vibrations of the elastic machining system
have a considerable influence on the cutting speed and on the whole process. To take the
vibrations of the tool and/or the workpiece into account, Palmai extended the 4D model of
chip formation to the case when the workpiece vibrates parallel with the cutting velocity.
The displacement of the workpiece is characterised by the dimensionless coordinate z that
is measured with respect to the reference distance

L="2KZ (3.11)

my

Z is the velocity of the vibration of the workpiece such that z > 0 leads to the reduction
of the effective cutting speed (see Fig. [B.1). According to the derivation in Appendices
and the following set of dimensionless equations was obtained:

@:f(1_é%)u—ua+5», (3.12)
To = ((Ty — 2Ty) — f <1 — %f) T, (3.13)

T = f (1 - V—f) (nrp+ 1= PR 1) = €(T = Th) ) = (@I~ T = Tp),  (3.14)
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Ty =nf (1 - %f) o Fy (13, Tp) — (f (1 — %f) £+ g) (T, — T1), (3.15)

=1y — Az (3.16)

Parameter f denotes the ratio of the cutting speed v to a reference speed vy = 3.6 m/s —
the latter is used to define the reference time scale as Ky = K (v = v), while A = kKZ/m,
is the dimensionless stiffness of the elastic workpiece having stiffness k£ and equivalent mass
m,.. The dimensionless velocity V; is defined as

. Kovg My
L 27eKo

Vo (3.17)

If the deformation of the tool was modeled instead of the deformation of the workpiece,
the same equations could be used, with the z axis reversed.

3.1.4 Effects of built-up edge induced oscillations

The models, analysed in the previous subsections, considered a constant cutting depth, but
this latter condition is not fulfilled if some parts of the cut material stick to the tool, forming
the so-called built-up edge (BUE). Built-up edge is typically formed during processes with

Figure 3.4: Scanning electron microscope picture of BUE and BUL (built-up layer) on a
high speed steel tool.

small cutting speeds, like drilling or turning [66]. BUE can be encountered even on the most
up-to-date tool materials (see Fig. . In principle, there is no BUE on tools with PVD or
CVD coating, but if the coating abrases, BUE can develop. This is why this phenomenon is
still subject to intensive research. The occurrence of BUE was first mentioned by Haussner in
1882 [79]. Later, Rosenhain and Sturney [140] realised that the built-up edge is often integral
with the chip. Rapatz [138] showed that not the cutting speed but the temperature on the
surface of the tool plays the primary role in the process. The formation of BUE was first
examined in details by Ernst and Martellotti [59]. They pointed out that the built-up edge
periodically increases and tears off, leading to harmful fluctuations of the cutting force and
thickness of cut layer, which provide an excitation for the workpiece-machine-tool system.
The frequency of this oscillation is 77-200 Hz, according to the measurements performed by
Shteinberg [143]. A detailed literature review about the built-up-edge is found in [131].
Pélmai put forward a time-delayed chip formation model (see Appendix that is able
to describe the cutting process in the case of varying thickness of the cut layer. This new
model can be used for the study of the effects of the formation of BUE on the type of the
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produced chips. As it will be shown in Section [3.4] the occurrence of BUE turns fixed point
solutions — that correspond to the formation of continuous chips — to chaotic vibrations,
leading to the deterioration of the surface quality.

The differences between the original 4D model and the new model can be summarized as
follows. In the previous model Palmai neglected friction and assumed that the inclination
angle ® of the shear zone and rake angle « of the tool were equal. In the new model, these
simplifying assumptions are disregarded: the shear stress is expressed such that it depends
both on the coeffcient of friction p and the difference ® — « . Instead of two defor-
mation layers, only a single shear band (active layer) is introduced that is characterised by
temperature 7', shear stress 7 and shear strain . There is also an inactive layer (charac-
terised by temperature Tp), that plays a role in the thermal processes, only (see Fig. [B.2]).
The temperature, shear stress, deformation angle and time are transformed to dimensionless
form: T = (T —T,)/Tw, 7 = 7/Te,¥ = 7/€s, t = t/ K, where T, denotes the temperature of
the workpiece, and the time-scale is

(N + 1)hire cos(® — «) 1

k= ELvsin®(®)cos(a) 1 — ptan(® —a)’ (3.18)

Here )\ characterises the stress distribution along the surface of the tool (see (B.39)).
As it was shown in [129], the energy balance equation of the inactive layer assumes the
following dimensionless form:

dTy(t)
di
During the motion of the material, heat flows from the inactive layer to the active layer.
In the new model [130)] it is taken into account that time is necessary to cover the distance

0, which corresponds to the thickness of the layer. Consequently, a delayed value of the
temperature Tp(t — §t) must be used in the calculations. Therefore,

= C(7(0) — 2T3(0)) — =Tl (3.19)

dT(t) o ey L
= =07 () F () — ((T(t) — To(1)) 5

where the following dimensionless system parameters are introduced:

AKX 1 Kuosin(®) r K Tpv cos(P)
¢ = , —m=——7—, and 7= .
cpd?’ 5t ) cpdTy, cos(P — )

(T(f) — Ty(t — o1)), (3.20)

(3.21)

F (f) denotes the deformation speed expressed with the help of the constitutive equation,
characteristic of the material of the workpiece [126]:

. A 14eZAm -
T +1 Tt +a(T - Ty)

= — ex - , 3.22
Tp +1 P b(T +1) ( )

7
€d
where a, b, and n are constant values, characteristic of the thermal softening, the sensitivity to
velocity of deformation, and the strain-hardening, respectively. The deformation is described
by the following equation [126]:
dA(t) . NP |
—= = |F(t) = F(t—9dt)| —. 3.23
18— () - P - 0] (3:23)
As the BUE periodically develops and tears off, the thickness of the cut layer varies
approximately according to a saw-tooth profile (see Section [B.4.2), in the form

h(t) = ho[l + H f1(1)], (3.24)
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where H = Ah/hg, and — by introducing parameter € that characterises the frequency of
BUE formation —
fi(d) (i mod LY (3.25)
1 mo 0 = o m- .

:27r

Thus, the equation of mechanical balance (cf. (3.4))) turns into the following non-dimensional
formula: . N

dT 1—F(t H>

U ) L M (3.26)
di 1+ H2E,] 1+ HZ,

In summary, the new mathematical model of chip formation comprises the autonomous
differential equations (3.19)), (3.20)), (3.23) and (3.26)), along with the expression of the de-

formation speed ([3.22)).

3.2 ANALYSIS OF PALMATI’S 4D MODEL

The governing equations of the chip formation model of Section [3.1.2 can be summarized as
follows:

T = 1—(F1+F), (3.27)
Ty = ((Th —2Tp) — €T, (3.28)
Ty = npra+1—p)Fi(r,T1) — ¢(2T1 — T — Tp) — £(Th — Tp), (3.29)
Ty, = nmFy(n,Ty) — (§+ (T —T1), (3.30)
where
”yl(t) _ Tl + 1 exp P2 — P —|— CL(Tl — Tq,)
de Tp+l TS
’)/Q(t> - T2+1ex T2—1+G(T2—Tq>>
de Totl T b(Th+1)

Fi(19,T7)

F2(72,T2)

(3.31)

To find the possible solutions, we used the continuation and bifurcation software AUTO
[53]. For the application of this software, a stable equilibrium-type solution must be found
first by numerical simulation. The variation of the location of equilibrium states can be
followed by AUTO as one of the parameters is varied. Moreover, the bifurcation points are
also detected during this process, making the search for periodic solutions also possible. To
explore the bifurcations that lead to the switches among the three chip types of austenitic
steel (Fig. , parameter ¢ would be the most practical bifurcation parameter, since this
parameter depends on the cutting speed. Unfortunately, the software AUTO was unable
to find the fine details of the corresponding bifurcation diagram, thus, we chose another
approach. We determined bifurcation diagrams with respect to the bifurcation parameter
¢, and then performed a two-parameter (£-¢) analysis. A typical bifurcation diagram is
shown in Fig. at ( = 21. As it can be seen in the figure, the stable equilibrium loses
stability via a supercritical Hopf bifurcation at & = 4.42808, and becomes stable again at £ =
11.8039. These Hopf bifurcation points are denoted by H in the figure. The unstable periodic
solutions emerging at these points undergo fold bifurcations (denoted by F) at £ = —1.85529
and ¢ = 13.5244 and become stable. Note, that negative values of parameter £ are physically
unfeasible, but we had to extend our studies to this domain during the continuation process.

Stability changes again at & = 3.11285 and £ = 10.6639, where double periodic solutions
appear (see Fig. [3.5/a). At these points cascades of period doubling bifurcations (denoted
by PD1 and PD2 in Fig. begin, leading to chaotic behaviour. In Table , the detected
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Figure 3.5: Bifurcation diagram at ( = 21. Solid lines and full circles denote stable equi-
libria and periodic solutions, respectively. Dashed lines and open circles denote unstable
solutions. (a) double periodic solution at & = 3.5, (b) chaotic solution at { = 4.8, corre-
sponding to the case shown in Fig. b, (c) periodic solution at & = 11.

period doubling bifurcation points are listed, together with the ratio of the differences be-
tween the successive bifurcation parameter values. The results indicate that the bifurcation
points tend to follow each other according to the so-called Feigenbaum ratio [63]

§p = lim G—&ia 4.6692.

11— 00 €’L+1 — i

(3.32)

To check this possibility, we determined several points of the trajectory of the solution shown
in Fig. b. Since map-like data can be analysed more precisely than flow-like data, we
performed a Poincaré-transformation: the values of 7, were detected at the intersection
points of the trajectory and the Ty = 0.1 plane. The average time period between two
crossings was At =~ 0.558. The successive values of 7, define a one-dimensional Poincaré

Table 3.1: Detected period doubling bifurcations

Bifurcations at PD1 Bifurcations at PD2
1 3.11285 - 1 10.6639 -
2 4.03007  3.84514 | 2 9.52126  3.57611
3 4.26861 4.21225 3 9.20174  4.34485
4 4.32524  4.57062 | 4 9.1282 4.58193
5 4.33763 - 5 9.11215 -
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map, as depicted in Fig. 3.6l The numerically obtained points clearly trace out an unimodal
map, thus, the corresponding period doubling sequence indeed must obey Feigenbaum’s law.

1.16

1 1.04 1.08 1.12 1.16
mQ)

2

Figure 3.6: One-dimensional Poincaré-map.

Consequently, the parameters corresponding to the onset of chaos — the limits of the
Feigenbaum sequences — can be estimated quite easily:

¢~ eV Z &' — 4.34074 (3.33)

gives the critical parameter belonging to the period-doubling cascade PD1, while the upper
boundary of the chaotic regime is expected to be near PD2, at

¢ ~ Z 55 = 9.10808. (3.34)

In this way we found that chaotic solutions may occur in the parameter domain & €
(4.341,9.108). This result implies that chaotic and stable equilibrium solutions coexist be-
tween £ = 4.341 and & = 4.42808 (where the Hopf bifurcation occurs).

Note that the results provided by AUTO only indicate that chaotic solutions may ex-
ist. To characterise the numerically obtained solutions, we ap hed the TISEAN nonlinear
time series analysis software package [80] on the time series 7, ) of the Poincaré map, and
determined the largest Lyapunov exponent A. The algorithm, implemented in TISEAN,
reproduces the topology of the whole phase-space using only a single scalar time series, then
measures how the distance of selected pairs of points changes over time [91]. By plotting
the logarithm of the distance S versus the number of iteration steps An for five different
initial distances, we obtained the graph shown in Fig. Since the curves have quite long
linear sections, we can state that the divergence of trajectories is exponential, indeed. Con-
sequently, the analysed solution — corresponding to the chip shown in Fig. [3.2)/b — is chaotic.
The slope of the curves at the linear part is a good approximation of the Lyapunov exponent:
ALyapmap ~ 0.361. This value characterises the Poincaré map. To find the maximal Lyapunov
exponent of the flow, we must take into account the dimensionless average time period At
of the crossings of the Poincaré surface. Using this value, Aryap fiow = ALyap.map/At ~ 0.647.
Dividing this number by the value of the characteristic time, one obtains the Lyapunov ex-
ponent expressed with respect to the real, physical time as A = 0.647/K = 3945 1/s. This
result indicates that the chaotic dynamics of thermo-mechanical processes is typically much
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faster than other typical dynamical mechanisms during cutting, e.g., the vibrations related
to the regenerative effect.
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Figure 3.7: Estimation of the Lyapunov exponent using TISEAN.

The bifurcation software AUTO is capable of the continuation of bifurcation points in
two parameters, as well. The bifurcations detected during the one-parameter bifurcation
calculations — like the ones shown in Fig. [3.5]— provide starting points for this two-parameter
analysis. The resulting bifurcation curves separate the domains of qualitatively different
solutions. In Fig. 3.8 the £ — ¢ parameter plane is shown.
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Figure 3.8: Possible solutions in the £ — ( parameter plane. The parameter values at
points a), b) and ¢) correspond to Figs. a—c.
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As it can be seen, there are domains where different types of solutions coexist, and strips
of double periodic orbits separate the found chaotic regimes. The boundaries of these latter
domains were approximated by the period doubling bifurcation curves where four-periodic
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solutions are born. It is worth mentioning that although the solutions have no physical
meaning at negative values of the parameters, the structure of the parameter plane can be
looked over more easily by extending the figure to include hypothetical parameter domains.
Point a) in the equilibrium domain, point b) in the chaotic domain and point c) in the
periodic domain correspond to the continuous, aperiodic, and lamellar chips shown in Figs.
a, b and C, respectively.

As the bifurcation diagram shows, there are parameter domains where a small change
of a parameter or initial condition may lead to an abrupt change in the dynamics of chip
formation, influencing the cutting process. This fact can be the explanation of certain
unexpected phenomena, which are well-known by technology experts, when the type of chip
formation suddenly changes, apparently without any external influence.

3.3 EFFECTS OF THE VIBRATIONS OF THE WORK-
PIECE

In the present section, the model described in Section will be analysed, i.e., we consider
the case of turning and take into account that the workpiece is elastic. As a consequence, it
can perform vibrations that influence the cutting process according to Eqs. —.

Three realistic technological examples are considered that correspond to the cases exam-
ined in Section [3.2] The system parameters of the model are a = 0.3, b = 0.012, Tp = 1,

= 1.03. The cutting speed is v; = v9 = 3.6 m/s (f; = 1), leading to periodic solutions
by the 4D model, and £ = 4.8, n = 4.4, and ¢ = 3.4. The time scale is K, = 1.64 - 1074
s. We examined the system at two additional cutting speeds, too. At ve = 0.58 m/s
(f2 = 0.58/3.6 = 0.16), we obtained chaotic, while at v3 = 0.3 m/s (fs = 0.3/3.6 ~ 0.083)
fixed point solutions.

Let the turned workpiece be a steel beam of size @40 x 200 mm, with 7 = 900 MPa. The
equivalent mass of this beam is approximately m, ~ 0,662 kg, with stiffness k ~ 9.42 - 10°
N/m, and eigenfrequency v ~ 600 Hz. Using these values, the reference length is L =
0.0732 mm according to (3.11]), while the dimensionless stiffness A and velocity V; in Eq.
(3.16) are A = 0.383, and Vj = 8.07 (see and (3.17)). The initial conditions were
chosen to be 75(0) = 1, Ty(0) = T1(0) = T5(0) = 0, 2(0) = 2(0) = 0, like in the case of the
4D model.

3.3.1 Change of the stable periodic solution of the 4D model

The solution of the oscillator model, described in Section [3.1.3] can be seen in Figs. [3.9 and
at the cutting speed v; = 3.6 m/s. The so-called principal cutting force — which is
parallel with the cutting speed — can be obtained using ED F, = 27 = 1800 N. The
static deflection of the beam is izstat = Fk~19-10"m = 0.19 mm under this force.
As it can be seen in Fig. a, the initial amplitude of the evolving oscillations is z ~ 2.2,
corresponding to Lz ~ 0.16 mm. This value is a bit less than the static deflection. As
it is clearly visible, the amplitude increases initially, but the dynamics becomes stationary
at about ¢ = 2000 (Figs. 3.9)/b and [3.10)/a).  According to Fig. [3.10}/a, the amplitude is
approximately z =~ 18.25 in this state, that corresponds to very large deflections of 1.36
mm. Thus, the originally periodic process of chip formation may lead to harmful oscillations
in the case of certain workpieces with critical geometry. This fact is well known in the
engineering practice, so this result provides an evidence for the applicability of our model.
The eigenfrequency v = 600 Hz of the workpiece and its harmonics are clearly visible in the
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Figure 3.9: Simulation results at v; = 3.6 m/s: (a) Increasing amplitudes, (b) Stationary
oscillation of
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Figure 3.10: Quasiperiodic oscillations (a) and the power spectrum (b) at vi = 3.6 m/s

power spectrum of the oscillations (Fig. b), together with other large peaks at about
12000 Hz. Thus, we conclude that the motion became quasiperiodic as the oscillations of the
workpiece and the chip forming process superimposed. Note that the spectra of the other
variables are similar, but the spectrum of 7 provided the most pronounced peaks. Although
the horizontal axis was transformed to show the frequency in Hz, the vertical axis was kept
dimensionless.

3.3.2 Change of the aperiodic (chaotic) solution of the 4D model

As it was shown in Section [3.2] the solution of the original 4D model is chaotic at the cutting
speed vy = 0.58 m/s. We experienced chaotic behaviour during the initial part of the numeri-
cal simulation in the extended system, too, at f, = 0.16 (Fig. a). There is still a peak in
the spectrum at v =~ 600 Hz, but this is not dominant, and there are much more frequencies
in the vibration than in the previous case (Fig. b). To analyse the chaotic behaviour, we
generated time series by numerical simulation and used the TISEAN software package [S0, O1]
to characterise the divergence of nearby trajectories. In the examined case, the phase-space
is 6-dimensional with the variables 1, Ty, 17, T3, z, and 2. However, according to Takens’
embedding theorem [152] if the delayed values of a single variable of a time series are consid-
ered — for example, the subsequent maxima of 7, — we can reconstruct the chaotic attractor
in the phase-space of delayed coordinates so that it will be topologically similar to its original
image in the real 6D phase space. To illustrate the phase-space reconstruction, we plotted a
2D projection of the reconstructed chaotic attractor in Fig. a. The appropriate number
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Figure 3.11: Chaotic oscillations at vo = 0.58 m/s: (a) Time series, (b) Power spectrum

of delayed coordinates — i.e., the embedding dimension m of the reconstructed phase-space
— can be estimated by the so-called false nearest neighbours method [91]. In the considered
case, we obtained m =~ 10...12. These embedding dimensions were used to reconstruct the
phase-space from the time series of 75, and to determine the maximal Lyapunov exponent.
Plotting the logarithm of the average distance (separation, S) for several initial distances and
embedding dimensions m = 10,11, 12 against the number of iteration steps, the Lyapunov
exponent can be estimated as the slope of the linear parts of the curves (Fig. b). Since
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Figure 3.12: Time series analysis of the chaotic part of the signal at vy = 0.58 m/s: (a)
A projection of the attractor, (b) Estimation of the Lyapunov exponent

the distance of two trajectories cannot be larger than the size of the attractor, this is why a
saturation can be observed in the figure. Averaging the estimated slopes of the linear parts of
the curves, we obtained 0.22. The time step was 0.0005 during the simulation, there were on
average 930 steps between two maxima of 73, and the time scale was K,/ fo = 1.025- 1073 s.
Thus, the Lyapunov exponent is A ~ 0.22/(0.0005 - 930 - K,/ f2) = 462 1/s. Since both the
linear parts of the curves and the saturation are clearly visible in Fig. b, we can claim
that the examined solution is chaotic during the first part of the simulation. However, later
this chaotic state comes to an end as Fig. a shows. The eigenfrequency v ~ 600 Hz
becomes dominant after ¢ ~ 1000 in the spectum (see Fig. [3.13/b), and there is another
high peak, too. Consequently, the chaotic motion switches to quasiperiodic vibration, i.e.,
we found transient chaotic behaviour. Note that since the stiffness parameter A usually in-
creases during the cutting process, we examined the behaviour of the system at larger values
of A, too. According to our experiences, the mean lifetime of transient chaos decreases as
parameter A is increased. Moreover, at sufficiently large stiffnesses the final solution becomes
an equilibrium, instead of a quasiperiodic vibration.

~
~
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Figure 3.13: Quasiperiodic vibrations after the chaotic part of the motion, at vo = 0.58
m/s: (a) Time series of 9 and z, (b) Power spectrum

3.3.3 Change of the equilibrium solution of the 4D model

At the cutting speed vz = 0.3 m/s, the steady-state solution of the 4D model was an
equilibrium. However, we observed aperiodic vibrations in the extended model with f3 =
0.083. The deflection-time diagram can be seen in Fig. [3.14] showing that the real vibration

amplitudes Lz are in the order of microns. To characterise these vibrations, we applied
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Figure 3.14: Deflection-time diagram at v = 0.3 m/s

nonlinear time series analysis. We determined the minima of 75 and plotted its subsequent
values in Fig. a. The embedding dimension is m ~ 8...9, according to the false
nearest neighbours method. The divergence of trajectories is shown in Fig. b. The
slope of the linear part of the curves is approximately 0.17. The time step was 0.0005
during the simulation and the average number of steps between two minima was 507.4 at
the time scale Ky/f;3 = 1.97 - 1073 s. Thus, the real value of the Lyapunov exponent is
A~ 0.17/(0.0005 - 507 - Ko/ f3) = 340 1/s. It means that a chaotic, but small amplitude
unevenness occurs on the profile of continuous chips, as it often found in the practice.

Note that it may also happen that the effective cutting speed veg = fvg — 2 drops to zero
or — hypothetically — to negative values due to the high frequency vibration of the workpiece.
In these cases the cutting process becomes interrupted and the tool leaves the workpiece.
This process may lead to impacts and other undesired effects that are not discussed here.

We found that the detachments of the tool and the workpiece are typically short, but lead
to very large variations in the stresses. Fig. depicts the pattern on the (A, f) parameter
plane where the aforementioned phenomenon was detected by numerical simulation within
6000 dimensionless time steps. In the cases analysed in this section, the effective cutting
speed was always positive.
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Figure 3.15: Time series analysis of the chaotic part of the signal at vs3 = 0.3 m/s: (a) A
projection of the attractor, (b) Estimation of the Lyapunov exponent.
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Figure 3.16: The effective velocity was always positive in the green parameter domains,
while interrupted cutting was detected in the red regions.

3.4 ANALYSIS OF THE EFFECT OF BUE ON CHIP
FORMATION

This section is devoted to the analysis of the delayed chip formation model — described in
Section —, that takes the effect of the periodic formation and breaking of the built-up
edge into account during turning.

3.4.1 Numerical simulation

We performed numerical simulation of the model defined by Egs. (3.19)), (3.20)), (3.23)), (3.26])
and . These equations were applied as follows: only the shear stress could change in
the initial interval £ = 0... 4%, according to , with initial condition 7(0) = 0. This
part of the solution corresponds to the formation of the deformation band. The other three
variables remain zero in this period: Ty(f) = 0, T'(f) = 0, 4(f) = 0. For times { > 6, the
solution previously obtained for the shear stress provides the time history for the delayed
differential equations.

The used parameters correspond to Palmai’s experiments, described in Appendix [B.4.2]
The experimental material was soft steel — its chemical composition is given in Table
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The physical and mechanical properties of the chips can be characterised by the following set
of dimensionless parameters: a = 0.3; b = 0.012; n = 0.2; Tp = 1.2; ¢ = 2.44. The cutting
speed, feed rate, rake angle, approach angle, shear angle and speed of the chip assumed the
values v = 0.5 m/s, freea = 0.3 mm/rev, o = 6°, k, = 0°, ¢ = 25.7° and vepip = 0.23 m/s,
respectively. Consequently, the dimensionless technological parameters are 6t = 0.4, n = 4,
and ¢ = 30. The parameters describing the formation of BUE were chosen to be H = 0.1
and €2 = 0.18. We found that the solution of the set of differential equations quickly tends to
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Figure 3.17: Solution curves without (a) and with (b) built-up edge.

an equilibrium point (Fig. [3.17)/a) if the formation of BUE is not taken into account, i.e., if
H = 0. However, the response becomes chaotic in the opposite case. Fig. b shows the
first few periods of the formation of the BUE, where h(f)/ho = [1+ H f1(t)] (see (3.24)).

As depicted in Fig. b, the effect of the excitation with period 27/ ~ 34.9 is clearly
visible on the solution curves. There is an irregular oscillation with increasing amplitude at
the beginning of each period that finally leads to extremely large deformations. According
to numerical evidence, the duration of the extremal deformations is just equal to the delay
time 6f — this is the time period that is spent by the material of the workpiece in the shear
zone. The variables return near to their equilibrium value at the end of each cycle.

3.4.2 Nonlinear analysis of the solutions

To show that the solutions are indeed chaotic, we applied two different numerical procedures
for the determination of the largest Lyapunov exponent. The main difficulties with delay-
differential equations (DDE) are originated from the fact that the phase-space of these equa-
tions is infinite dimensional. We used a special procedure that was developed by Farmer [60]
in order to determine a finite dimensional approximation of the Lyapunov spectrum. For the
application of the method, we rewrote the set of differential equations to a high-dimensional
map, according to the Euler integration scheme. The time step was chosen to be At = 65/]\7
(where St is the delay), and the state of the system was approximated by N samples from
the interval [, — dt]:

X = (@1, %2, ..., Tan41)| =[T
), To(t — AD), ..., Ty(t — NAD), (3.35)
(1), T(f — Ab),..., T(t — NAD),
A(),4(t — Af), ..., 4(t — NA)).

To partially determine the Lyapunov spectrum, the evolution of the so-called orthogonal
initial separation vectors Ax;, i = 1,...,4(IN + 1) was also followed by the algorithm,
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according to the variational equation

d%Axi = JAx;, i=1.,4N+1), (3.36)

where J denotes the Jacobian matrix of the discretized differential equations. By rewriting
Eq. according to the Euler scheme, one obtains another high-dimensional map. To
apply the method, the 4(N + 1)-dimensional map describing the evolution of the system and
the 42(N + 1)?-dimensional map describing the evolution of the elements of the separation
vectors are iterated simultaneously. These latter vectors must be renormalized after a couple
of iteration steps using the Gram-Schmidt orthogonalization procedure. The individual
Lyapunov exponents can be determined as the rate of stretching of the separation vectors.

The practical application of the method is rather difficult since the time step is At =
5t /N; thus, the shorter the stepsize, the larger the dimension of the problem. Moreover,
Egs. (3.19), (3:20), (3.23) and form a stiff and piecewise smooth set of differential
equations. We implemented the algorithm in Matlab and divided the time intervals of length
At into even smaller intervals using a 3" order variable stepsize Runge-Kutta integration
scheme for the evaluation of the system’s state. Several different values of parameter N
were applied. The Gram-Schmidt procedure was performed after GS = 10...60 iteration
steps. We found that this latter parameter did not have significant influence on the results.
Since the algorithm provided an approximation of the Lyapunov spectrum J;, the so-called
Kaplan-Yorke dimension could also be determined [60]:

J
Dicy = j + &= (337)
[ Aj+1]
where j is the largest integer for which A\; 4+ ... A; > 0, if the exponents are arranged in a
decreasing order.

The results of the calculations are listed in Table 3.2} As Fig. shows, the value of
the largest Lyapunov exponent tends to A\; ~ 2.8 if N = 120. Moreover, the system is hyper-
chaotic, since even the second Lyapunov exponent is positive: Ay &~ 0.9. The examination of
the case N = 120 required the simultaneous solution of 484 differential equations for each of
the 484 separation vectors. Consequently, the computation took weeks. Since our goal was
merely to show that the system was chaotic, we did not run further simulations for the more
exact determination of the maximal Lyapunov exponent.

N | GS| \ A2 | Dgy | time
10 | 11 | 4.76 | 1.93 | 3.65 | 1000
20 | 10 | 449 | 1.60 | 3.64 | 1000
40 | 20 | 3.72 | 1.48 | 3.60 | 690
60 | 30 | 3.43 | 1.32 | 3.51 | 315
100 | 40 | 2.96 | 1.04 | 9.03* | 555
120 | 60 | 2.81 | 0.9 | 5.15% | 132

Table 3.2: The two largest Lyapunov exponents, the Kaplan-Yorke dimension and the
duration of simulation in dimensionless time. (*: Slow convergence, unreliable result.)

The calculation of the Kaplan-Yorke dimension provided less precise results due to the
rather slow convergence of the smaller Lyapunov exponents. The convergence was especially
slow in the case N = 100. We partially overcame this problem by tuning the initial stepsize
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Figure 3.18: The convergence of the two largest Lyapunov exponents. (a) N = 100, (b)
N =120.

of the Runge-Kutta integration in the case N = 120. In summary, we can claim that the
dimension of the attractor is finite, since Dgy < 6.

Although Farmer’s method seemed to be applicable for the examined set of stiff, piecewise
smooth differential equations, we checked our results with another procedure, too. Stefan-
ski, Kapitaniak and Dabrowski [147, [148] developed an algorithm that is capable of the
determination of the largest Lyapunov exponent of piecewise smooth delayed systems. This
method is based on the synchronization of the identical systems x = f(x(¢),x(t — 7)) and
y =f(y(t),x(t — 7)), by a feedback mechanism:

x = f(x(t),x(t — 7)) + Qy(t) — x(1)), (3.38)
v = f(y(t), x(t — 7). (3.39)

where Q = diaglg,q,...,q] € R¥ and x € R¥, y € R¥ if the set of equations comprises
k equations. The synchronization occurs when ¢ is greater than the greatest Lyapunov
exponent. In order to apply the method, we numerically integrated the set of Egs. ,
, and , coupled to an identical system and varied the value of ¢ according to
the bisection method. If the systems synchronized (i.e., the difference between the variables
became negligible) in the interval 0 < ¢ < 300, the value of ¢ was reduced. Otherwise, it
was increased. The threshold value of the coupling coefficient provided an estimate for the
largest Lyapunov exponent: \; ~ 2.78. The obtained value is quite close to the Lyapunov
exponent calculated by Farmer’s method.

3.5 CHIP FORMATION WITH SURFACE REGENER-
ATION EFFECT

Palmai’s 4D chip formation model (Egs. (3-19), (3-20), (3.23), (3.26), and (3-22)) was com-
bined with the traditional linear orthogonal turning model in the framework of a joint work
[74]. This latter model takes the surface regeneration effect into account: besides the feed
per revolution hg, the actual chip thickness h(t) depends also on the difference of the actual
and one period earlier position of the tool: h(t) = hg — z(t) + x(t — 7). Here 7 denotes the
time delay, i.e., the period of spindle rotation.

Expressing the cutting coefficient by the shear stress 75 at the root of the chip, one obtains
the following delay-differential equation in dimensionless form, with the time scaled by the
angular natural frequency w, of the tool:

Z(t) + 2k2(t) + x(t) = 1o(t)(ho — x(t) + x(t — 7)), (3.40)
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where k is the damping ratio. According to , the timescale K used in the chip formation
model depends on the actual chip thickness h(t), providing a coupling between the two mod-
els. To match the temporal scaling of these models, the right-hand side of each differential
equation in Palmai’s model was divided by K (h(t))wy.

As Fig. a shows, the shear stress is constant at low feed rates, corresponding to
the formation of continuous chips without meaningful dynamical phenomena. However,
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Figure 3.19: (a) Minimum, maximum and average values of 7o (b) Domains of stability

segmented chips are formed at higher feed rates. In this case, the oscillation of the shear
stress is several orders of magnitudes faster than the motion of the tool. Thus, it was
sufficient to use the average value of 7 to reveal the effects of the periodic chip formation
dynamics on the stability of the turning process.

The results of the stability calculation are depicted in Fig. b on the parameter
plane of feed hg and dimensionless chip width H,,. The red domain of stability corresponds
to T(h) = const, i.e., when the chip formation dynamics is neglected. The blue domain was
obtained using the coupled system of equations, but the term d1y(h)/0hy was neglected in
the characteristic equation of . The consideration of this term led to a further increase
of the domain of stability, shown in green colour. It is important that these results are valid
only if the shear stress is positive — see the red boundary line in the figure.

In summary, it was found that in case of chip segmentation the increase in chip thickness
may lead to the reduction of both the average shear stress in the shear layer and the cutting
force. Moreover, the segmentation radically improves the stability properties of the turning
process according to this simple model.
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Chapter 4

Micro-Chaos in Digitally Controlled
Systems

4.1 INTRODUCTION AND LITERATURE REVIEW

Parallel with the fast development of computer technology, more and more commercial prod-
ucts are operated using digital control loops. For the design of these devices, engineers must
take into account that the stability properties of digital and analog control systems are differ-
ent due to the so-called digital effects (see e.g., [81]). The main digital effects are sampling,
processing delay and quantization. Sampling means that the control system receives data
about the measured state variables periodically, according to a certain sampling period. Since
some time is necessary to compute the control feedback, the processing delay between signal
measurement and control effort output is unavoidable. The signals measured by sensors are
often represented in a finite amount of bits, just like the numbers in digital processors. The
corresponding limited precision leads to rounding (or quantization) in calculations.

The consideration of sampling and delay during the design of control systems is a routine
tasks among electrical engineers. Still, digital control systems often exhibit strange, irregular
behaviour [24], [50} [104]. The occuring small amplitude vibrations are usually considered as
stochastic noise in practice [166], however, as we will see, their source may be deterministic
chaotic dynamics, due to the quantization.

The stochastic approach to quantization can be traced back to the seminal work of
Widrow [165], who described the phenomenon in the frequency domain. Bertram [13] focused
on the upper bound — the so-called Bertram bound — of the quantization error. It is calculated
as the sum of the responses to unit impulses at the inputs of the system, multiplied by
the maximum error in one quantizing operation. Bertram’s calculation was improved later
by several researchers, e.g., [4, 144, [146]. The chaotic nature of the quantization-induced
vibrations was unclear to the researchers until the end of the 1980s, when Ushio and Hsu
[162] showed that output quantization may lead to chaos.

In the present chapter, we will supplement the literature results in three areas:

1. analysis of transient chaotic solutions of digitally controlled systems,
2. exploration of their phase-space structure, and
3. development of advanced numerical methods for the analysis of the global dynamics.

On the following pages, simple models of digitally controlled mechanical systems will
be analysed, where both the mechanical model and the control scheme are linear, and the
desired state of the uncontrolled system is unstable. We consider full-state feedback systems

95
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with sampling period 7. It is assumed that the control force u is kept constant between
two successive sampling instants ¢; = j7 and t;4; = (j + 1)7, according to the so-called
zero-order hold scheme (Fig. [4.1)).
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Figure 4.1: Sample and hold (or zero-order hold) control scheme with negligible processing
delay and quantized, scalar-valued control force u.

The control effort may depend also on earlier values of the state variables. For example,
the speed is often expressed by the actual and delayed values of the displacement, using a
difference scheme. The corresponding processing delay is an integer multiple of the sampling
period in the general formulas of Section but the multiplier will be 0 (neglected processing
delay) or 1 in the examples discussed in this chapter.

The notion of micro-chaos was introduced by George Haller and Gabor Stépan [78]. They
found that digital control leads to small amplitude chaotic vibrations during the sliding
motion of a block if the contact is characterised by Stribeck friction. The velocity x; of the
block was described by a one-dimensional map — a so-called micro-chaos map:

xjy1 = ax; — blnt(z;), j=12..., (4.1)

where the Int() function rounds towards the origin, representing the effect of quantization.
The fixed points z),, = x; = x;_1 of the map can be determined by the following formula:

b
= ml’ if 0<m<z, <m+1 or 0>m>x, >m-—1, (4.2)
a—

7,
where m stands for the integer part of 7. f 0 <m <z} <m+lor0>m>z;, >m—1
do not fulfil, the corresponding point zj, is a wvirtual fixed point, i.e., its calculated value
does not correspond to a valid equilibrium position.

Fig. [4.2] illustrates the graph of the map with the cobweb diagram of a trajectory. The
graph consists of an infinity of small line sections in the intervals defined by the integer
numbers. If @ > 1, the fixed points are unstable. However, on large scales, we see that the
trajectories tend to the neighbourhood of the origin, provided that |a — b| < 1. This locally
unstable, but globally stable behaviour is the source of chaos. The concepts behind this
simple model can be extended to other areas of science, too. For example, similar models
were introduced in population dynamics [I14] and neurology [21].

It follows from the proof in [78] that the 1D micro-chaos map is chaotic in Devaney’s
sense [52]: there exists an attracting set that is topologically transitive under the application



cser nak. gabor 124 23

4.1. Introduction and Literature Review 57
T — T T T T T T *leo 140 T T T T T T
10F ... 1 ] == T = L
o az;—bInt(z;) 7 120y —(a-b)z; ".'
8t — W
— Trajectory 100F — Trajectory R
= i R
6l- - 80F
L1 5L Tji1 e
60F
4+ |
3k - 40
2+ _
20
1H i
‘ L L L L 1 L L L L L | |
Oo 1T 2 3 4 5 6 7 & 9 10 V\G(y

| |
60 80 100 120 140

Figure 4.2: Graph of the micro-chaos map at a = 3.5 and b = 2.8. All the regular
fixed points are shown for positive x values. z§ = 8.96 (regular fixed point), but z§ =
10.08 > 10 (virtual fixed point).

of the map, there exists an infinity of periodic orbits that are dense in the set, and the
system’s behaviour sensitively depends on the initial conditions.

As it will be shown in Section [4.2] it is straightforward to prove in the general, finite-
dimensional case that there exists a finite size absorbing sphere — global attractor — in the
phase-space of the micro-chaos maps. Moreover, if an unstable equilibrium is to be stabilized
by the control, the largest Lyapunov exponent is positive, corresponding to the sensitive
dependence on initial conditions. However, the proof of topological transitivity and the
existence of an infinity of unstable periodic orbits is usually rather difficult. There are a few
examples for proof of chaos in similar, higher dimensional systems [9} [70, 116}, 16T, 17T, 172],
but these proofs were typically performed by computers, using interval-arithmetic.

Stépan’s PhD student, Enikov attempted to give an analytical proof of chaos in the case
of a 3D micro-chaos map [58|]. Although the proof is incomplete, the introduced formalism
and certain results proved to be useful during the further analysis of micro-chaos maps.

Certain micro-chaos maps exhibit transient chaos: an escaping route opens on the chaotic
attractor that turns to a repeller set. The chaotic oscillations disappear suddenly [44],
when the trajectory leaves the repeller, provided that it does not tend to another strange set.
The probability that a trajectory has not yet escaped from the repeller decays exponentially
in time, and the exponent x is called escape rate. The mean number of iteration steps
before the trajectories escape from the repeller — the escape number N, . that characterises
the settling time of the control system — is approximately the reciprocal of the escape rate:
N = 1 /k. However, it was shown in [35] that the accurate relation can be formulated as

oo —Kn
N... = anl ne™_ 1 (4.3)
S Toe

We developed a recursive method for the exact calculation of N, in the case of a 1D
piecewise linear micro-chaos map [34], and this lifetime estimation method was extended to
a 2D case, too [36]. Although these methods provide exact results, their application is very

complicated and requires the detailed analysis of the dynamical system.
To facilitate the discussion of the micro-chaos phenomenon, two general forms of the
micro-chaos maps are introduced in Section .2 and certain general properties of these
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maps are pointed out. After that, specific micro-chaos maps are analysed.

Section deals with a 1D transient chaotic micro-chaos map. A lifetime estimation
method is introduced that is based on the fractal dimension of the repeller [33], B35]. If one
takes into account a processing delay that is just equal to the sampling period, the micro-
chaos map becomes two-dimensional, but the attractors can be covered by one-dimensional
sets. The proof of chaos is presented for this map in Section , following [38]. Note, that
a similar 2D map was introduced in [69] as a model of hysteresis. In Section [4.5] a detailed
proof of chaos is given for another 2D micro-chaos map — a model of a PD controlled linear
oscillator [42]. The examined map is a multi-baker map, i.e., its phase-space structure is
composed of neighbouring baker’s maps. As a consequence of this property, several small
disconnected strange attractors may coexist far from the desired state of the system, showing
that the digital effects can have a significant influence on the control error [43].

The discovery of disconnected attractors revealed that the thorough exploration of the
phase-space requires a numerical method which is capable of extending its domain of exam-
ination. This is why we developed the so-called Clustered Simple Cell Mapping method in
the framework of a joint work with Gergely Gyebroszki [72] — see Section .

Finally, certain further results related to the micro-chaos phenomenon are summarized
in Section [£.7] based also on the cooperation with Gergely Gyebroszki [75), [76], [77].

4.2 PROPERTIES OF MICRO-CHAOS MAPS

4.2.1 Generalization of the micro-chaos concept

The behaviour of periodically sampled systems can be described by discrete maps. If there is
no quantization and no delay, and both the model of the mechanical system and the control
scheme are linear, the general form of these maps is

Xj+1 X; + bu; } = X = (A + BK) X; = SXj, (44)

Uj = KXJ

where x; € R™ denotes the state vector at the jth sampling instant, A € R"*" and B € R™*!
are the coefficient matrices, u € R is the vector of control signals and K € R™™" is the matrix
of feedback gains. We consider systems whose y = 0 state is unstable without control, thus,
at least one of the eigenvalues of matrix A is outside the unit circle on the complex plane. If
the delayed values of the state are also used by the control system, we distinguish between
the physical state vector x; of coordinates and velocities, and the extended state vector y;
that is built up of the actual and earlier values of x;. As it is shown in Appendix [C.I} the
map assumes the same form in this case, too:

Yi+1 = Syj, (4.5)

where we kept the same notation for the coefficient matrix S, to highlight that it assures the
stabilization of the state y = 0, i.e., the moduli of its eigenvalues are less than one.

Linear systems cannot exhibit complicated behaviour, so we examine cases where the
quantization is the source of nonlinearity. There are basically two analog-digital transfor-
mations during the operation of a control system: on the one hand, the state of the system
is measured — this will be considered as the input of the control system — and the measured
values are quantized. On the other hand, the calculated control signal — the output — can
assume also only a finite number of values. While certain results about the input quantiza-
tion and the so-called twofold quantization are discussed in Sections [4.3] and Appendix
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[C.2] this thesis focuses on the effects of output quantization. Thus, the rounding during the
measurement of state variables is neglected compared to the rounding of the control effort
signal. For example, this assumption is valid in case of an Arduino Mega microcontroller
that has 8-bit Pulse Width Modulation (PWM) resolution, while 12-bit analog-to-digital
resolution is achievable by oversampling.

The elements of the calculated control vector u; = [u1; us; ... 1w’ can be quan-
tized with different resolution values. In this case, the diagonal matrix

Ro = diag[ro1 ro2 ... 7ol (4.6)

contains the values of the resolutions for the [ control effort signals. Each signal must be an
integer multiple of the corresponding resolution value. It is shown in Appendix that if
d delayed values of the state are taken into account in the control effort as

u; = K()Xj + K1Xj_1 + -+ Kde_d, (47)
the evolution of the extended state vector y; = [xj x;_1 ... Xj_q|7 can be formulated as
Yi+1=A"y; +bJ. (4.8)

However, this formula can be rewritten as

mj1
1 d myj2
Xj+1 = AXj + BRoInt (RO Z Kz'Xj—z‘) = AXj + BRO . = AX]' + bj, (49)
=0 :
Mjn

where the function Int: R! — 7! is an element-wise integer part function, rounding the
elements of the output towards zero. This function corresponds to the so-called mid-tread
quantizer with double deadzones. Thus, the behaviour of the analysed systems can be
described by piecewise affine maps that will be referred to as micro-chaos maps.

If there is only one control signal, i.e., vector u; is one-dimensional with resolution ro, a
single integer number m; characterises the quantization at each sampling instant:

d
X1 = Ax; + Brolnt <r51 Z K,‘Xj_i> = Ax; + bm;, (4.10)

1=0

where b = Brg. According to Eq. , if the elements of the state vector are small (e.g.,
each element of Ry’ E?:o K;x;_; is less than one), the quantization can radically reduce the
value of the intended control effort, while vector b; becomes small compared to Ax;. Thus,
the dynamics will be dominated by matrix A, reflecting that the origin is locally unstable.

On the other hand, if the system’s state is far from the origin, the effect of quantization
is negligible. In these cases one may consider the quantization as a small perturbation to
the non-quantized system. Thus, instead of adding the integer parts of the control terms to
the state-space model of the uncontrolled system, it is possible to consider the controlled,
non-quantized system and subtract the fractional parts of the control effort:

d
xj+1 = (A+BKo)x; +B) (Kix;;) - BRo F;, (4.11)

=1
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where the vector of fractional parts F; € R! can be expressed as

F; =R, ) (Kix;_;) — Int (Rgl > (Kixji)> : (4.12)

=0 i=0

These fractional parts do not influence considerably the behaviour of the system if the
arguments of the Int function (i.e., the elements of x,_;) are large. Thus, the trajectories
tend towards the origin in these cases. Reformulating the micro-chaos map as

Xj—(d—1) 0 1 0 N 0 Xi—d 0
: 0 o I .. 0 : 0
x;.1 | =] : S : X2 | — : (4.13)
L Xj+1 | i BKd BKd,1 ce BKl A + BKO 1L X5 L BROF] |
D 3 7 T

we see that the neighbourhood of the locally unstable origin behaves like an attractor on
large scales, since the ,stable” matrix S (cf. and (4.5))) governs its large-scale behaviour.
Certainly, if the control vector u; is only one-dimensional, i.e., [ = 1, vector F; is reduced
to a scalar value x;. Consequently, there is only one non-zero value in vector c;, and the
micro-chaos map can be expressed as

yj+1 = Sy] — CXj' (414)

Note that since the eigenvalues of matrix S are inside the unit circle, map (4.13)) is a con-
traction. Consequently, it defines an iterated function system, like Barnsley’s tree [10].

It is shown in Appendix[C.2)that the micro-chaos maps assume the forms ([£.9) and (4.13))
in case of input quantization and twofold quantization, as well.

4.2.2 Fixed points

Since unstable fixed points and periodic orbits form the skeletons of strange attractors, their
location influences the phase-space structure. Moreover, as it was illustrated in Fig. the
regular fixed points are often accompanied by virtual fixed points. In the examined low-
dimensional cases the virtual fixed points’ unstable manifolds often form the natural borders
of the attractor, leading the trajectories back towards the origin.

The fixed points’ positions of the map with scalar control effort can be expressed

as follows. Let us denote the fixed point corresponding to m = Int (7‘51 Zf:o Kixj_i) by

xf, . Substituting x;41 = x; = -+ = x;_; = X, into (4.10]) one obtains
d
x,, = Ax,, + Brolnt (7’01 Z lefn> = Ax,, + bm, (4.15)
i=0

where 3¢ | K;x*, = Kx*,. Thus,
x* = (I—A) 'bm. (4.16)
For the validity of this expression, it is required that

m <o Kxh, <m+ 1 it m>0,
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—1<r5'Kxi, < 1 if m=0, (4.17)
m—1<rg'Kx, <m it m<0.

The maximal index m with which a regular fixed point can be found is

Mifix,max = 10t ( = L - ) = Int < = ! ) . (4.18)
KI—-A)"lbr, —1 KI-A)"'B-1

The neighbouring virtual fixed point is at the index Mgy max + 1. Regular p-periodic orbits
can be found in a similar manner:

X, = Xmy = (I— AP)™" (moAP™' + my AP + - 4+ m,,_1A°) b, (4.19)

where X,,,, 7 = 0,1,...,p— 1 must be in the band characterised by m;, as in (4.17).

4.2.3 Sensitive dependence on initial conditions

The linear term of the micro-chaos maps (4.9) or (4.10) is of the form Ax, everywhere in
the domain of definition. Thus, A is the Jacobian matrix of the system, consequently, the
Lyapunov exponents are the logarithms of the singular values of A:

Ai =logoi(A), i=1,2,...,n. (4.20)

We assumed that at least one of the eigenvalues of A is larger than one in modulus. This
is true for the delayed micro-chaos map (see and ), as well, since the eigenvalues
of A appear among the eigenvalues of the extended matrix AT, according to the Leibniz
formula for determinants. Since A is not a normal matrix in general, its eigenvalues and
singular values are not equal. However, the greatest singular value is not less than the
spectral radius, i.e., Omax > |Amax|- Thus, the micro-chaos maps have at least one Lyapunov
exponent that is greater than zero, indicating sensitive dependence on initial conditions.

4.2.4 Existence and size of an absorbing sphere

From the practical point of view, the most important characteristics of micro-chaotic be-
haviour are the expected amplitude of the oscillations (size of the attractor) and the maxi-
mal possible control error. The quantization-related vibration amplitude is typically small,
hence the name micro-chaos. However, it was found [38], 40] (see Section , that several
disconnected strange attractors may coexist in certain cases, even rather far from the origin.
Nevertheless, all the attractors can be found inside a finite domain, in a so-called absorbing
sphere. To estimate the size of this sphere, we rewrite the map y;.; = Sy; — c; as

7j—1
Yir1=Syo— Y _Sc. (4.21)
k=0

The maximal possible norm |y.| of the vectors y; in the limit j — oo provides an estimate
for the size of the attracting domain at the origin [58].

Unfortunately, matrix S is typically not a normal matrix, i.e., its norm (the greatest
singular value) can be larger than 1. Still — since S is chosen such that its largest eigenvalue
fmaz 18 less than one in modulus —, lim;_,o, [|S?|] = im0 g, = 0 is fulfilled [38]. Thus,

io: Skck

k=0

|¥oo| = max : (4.22)
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|Yoo| is necessarily finite, since |fyq,| is less than one. Thus, there exists a finite attracting
domain for each version of the micro-chaos map in the neighbourhood of the origin. Its size
can be approximated by the methods from the literature |4, [13], or by the approaches that
we developed in [43]. We found only slight differences between the results.

A positive Lyapunov exponent and the existence of an attractor are only necessary con-
ditions of chaotic behaviour: it is also required that the micro-chaos map must be topologi-
cally transitive and the periodic points must be dense on the attractor. Still, the two proven
properties of the micro-chaos maps are quite strong indicators of chaos. In the subsequent
sections, simple versions of the micro-chaos map will be analysed.

4.3 ESCAPE RATE OF THE 1D TRANSIENT MICRO-
CHAOS MAP

4.3.1 Mechanical model

The mechanical model of a polishing machine can be seen in Fig. It consists of a revolving
cylinder sliding on the surface of a fixed block. The velocity v of the shaft (feed) can be
controlled, while the circumferential velocity of the polishing tool vy = Rwy is constant.
Besides the dry friction force C acting on the shaft, a mixed dry-viscous friction force
Nu(vee) also acts on the polishing tool of mass M, where N denotes the normal force
between the revolving tool and the workpiece. This Stribeck-like friction force depends on
the relative velocity v = vg+v. At low relative speeds, the effective friction coefficient i is

I
zand v =2z 14(Vrel)
e (Ru) ==
0 RWO Urel
L e
u *R(.UO 0 v
5
0 x

DC motor

—_—
ball-screw ?

workpiece

Figure 4.3: The mechanical model of the computer-controlled polishing machine

locally decreasing as the relative velocity vy + v increases (see Fig. . As a consequence,
the state with zero feed (v = 0) becomes unstable. As it was derived in the PhD thesis [30],
applying digital control with differential gain D, sampling period 7, and a finite resolution h
in the velocity measurement, the dynamics of this system can be expressed by the following
piecewise linear map:

ar; — b Int(z;) —c if c/a < xj,
Tip1 = f(xy) = 0 if —c/a<z;<c/a, and (4.23)
ar; —bInt(z;) + ¢ if x; < —c/a,
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where x; = v(j)/h, v(j) denotes the velocity at the j™ sampling instant, and

T D T
a=e > 1, b= N (eglj\\; - 1) > 0, (4.24)
gNT C du(vrel)
_ _ 1) >0 — | (vg)| = — el 0. 4.25
e= (5 1) 5 >0 9=l (w)| = - === > (4.25)

vo

Map is a transient chaotic version of the micro-chaos map : while the error is not
detected at small velocities, the Coulomb friction stops the shaft before the next sampling
instant. Comparing this map with the general formulas of Section [4.2] one obtains that
A =a,b = —band K = 1. Note that there is practically no difference between input and
output quantization in the 1D case because the state variable (input) is proportional with
the control force (output). The fixed points of the map can be determined similarly to (4.2)):

b
= m+1c7 if 0<m<z, <m+1, or
a_
bm —
x,, = n 16, if 0>m>a;, >m-—1 (4.26)
a_

The assumption a > 1 implies that all the fixed points are unstable. However, since the
points on the interval [—c/a, c¢/a] are mapped to the zero value, the occurrence of transient
chaos is expected. Fig. [4.4] illustrates the graph of the map, together with the cobweb
diagram of a transient chaotic trajectory that escapes from the repeller set.

2 T T T T

Figure 4.4: A long trajectory at a = 1.5, b= 1.2, and ¢ = 0.133 (|Iy| = 0.1).

We consider the special case when the map has only one fixed point in the domain z > 0.
In such cases, the chaotic repeller of the map is confined in the interval I,., = [zj,a — ¢),
where xj is the fixed point: z§ = ¢/(a — 1), while a —c = lim f(x;) (see Fig. 4.4).
i—1~

Tj

It can be seen in Fig. [4.4] that there is a sub-interval I, just left of the fixed point which
is directly reachable from the right by a trajectory. If a solution arrives at Iy, the transient
chaotic behaviour is over. The size of Iy can be given as

um:aafl—ma—m. (4.27)

We introduce |Iy| to be a new parameter instead of ¢, because it characterises the system
better than the rescaled friction parameter ¢, and it is uniquely related to that.
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In the thesis [30], we determined the mean lifetime of chaotic transients in limited pa-
rameter domains. Later, the developed procedure was reformulated and generalized as a
recursive method in [34]. In the present work, we use another approach published in [35]
that is based on the approximation of the fractal dimension of the repeller. To find a good
approximation, the structure of the repeller must be explored.

4.3.2 Structure of the repeller

Fig. presents the structure of a part of the domain of definition of map (4.23). The
number of steps needed to escape — i.e., to reach the interval I — is naturally known in case
of the pre-images of I. Some of these numbers are shown in the figure. Certain pre-images
of the fixed point zj, are also depicted, to guide the eye. These points divide the depicted
part of the domain of definition into the intervals A, B and C. Points in interval C are
mapped into A or B in one step, so we focus on the interval A U B.

A B C

2 —
[7'(ep //'/
1.5 F I, F, I, | fF)| -t
11
8 P
0.5 i
- /Lo Jlll el 31 2 1WHH£43 2 [l Hsi {41
0 * 1 - * a-c - * 2 - *
To Jg](wo) S(wg) le(xo)
T

Figure 4.5: The structure of the domain of definition at a = 1.5, b = 1.3, and |Iy| = 0.25.
The numbers show how many steps are needed to reach Ij.

Iy has one first pre-image in A, which is denoted by I; in Fig. [4.5] I; has two pre-images
in AU B, one in the interval A — it is denoted by I — and another one in the interval B. As
it is shown in the figure, two steps are needed to escape from these intervals. Similarly, /o
has a pre-image in A and another one in B. Each interval A, B, and C' contain an infinity of
sub-intervals of size |Iy|/a’, from where j steps are necessary to escape. These intervals and
numbers will be referred to as fundamental escape intervals and escape numbers, respectively.
The intervals between the fundamental escape intervals are denoted by shaded coloumns in
the figure and will be referred to as fundamental fractal intervals F; because a part of interval
C' is mapped on them, leading to self-similar structures. Intervals F}; are the jth pre-images
of interval F', that is found between I; and I5. The size of F' = Fj is

a |[Lep| — b

9
CL2

|F| = (4.28)
while the size of the jth pre-images of F' can be given as |Fj| = |F|/a’.

The right border of the repeller practically never coincides with the right border of a
fractal interval: usually a truncated sub-interval appears at the right border of the repeller
— see Fig. , where the border of the repeller (red line) cuts a fractal interval in two parts.
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Since f(F), the image of F', appears at the right border of the repeller, a truncated
sub-interval can be found at the right border of F', too. Thus, the fractal intervals are not
exactly self-similar. There are two possibilities to achieve exact self-similarity: the truncated
sub-interval can be completed or deleted — see Fig. [£.6] As a consequence, the structure of
the new interval becomes similar to that of A or A\ 1.

F F
~ A
/ NA\Il
/
~A\TL ~ A

(a) (b)

Figure 4.6: Completion or deletion of the truncated intervals. a) truncated fractal interval,
b) truncated escape interval at the right border of F'.

The fractal dimension of the repeller can be estimated as follows. Set A, set F, and an
infinity of smaller copies of F' has a similar structure. The scaling factor of F' is between

|| b || allo| +b
Ch=—"1 14— and Ch=—" =1 0T 4.29
T TRy T b 429
while the scaling factors of the other intervals are between
rj1 = Cl a_j and Tjo = 02 CL_j. (430)

Thus, the repeller is a multi-scale fractal, with an infinity of scaling factors r; = Ca™7. The
fractal dimension Dy of multi-scale fractals can be calculated by solving the equation

N
> =1, (4.31)
j=1

where N denotes the number of different scales and the r;’s are the scaling factors [154]. In
the present case, Eq. (4.31]) can be rewritten as

oa=cr =12 (4.32)

J=0

Solutions of Egs. (4.32)) provide lower and upper limits for the fractal dimension Dy.

4.3.3 Escape rate and mean escape number

For the calculation of the escape rate, Pesin’s identity [I55] can be applied:
Kk =(1— DA, (4.33)
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where A is the Lyapunov exponent and D; denotes the information dimension of the repeller.

Using , the Lyapunov exponent can be calculated as the logarithm of the slope of
the map: A = log(a). Since it is constant, dimension D; is equal to the fractal dimension
Dy [154, 155]. Thus, after solving Egs. (£.32) numerically, upper and lower limits can be
calculated for the escape rate, using @

The mean escape number N,,. can be obtained by Eq. (4.3)). The results of thls calculation
Nes(a) are shown in Fig. at b = 1.3 and |Iy| = 0. 25 Accordlng to , the fractal

intervals shrink to discrete pomts and the fractal dimension tends to zero at

b
eriy = —— =~ 1.238. (4.34)
| Lrep|
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Figure 4.7: Estimation of the mean escape number at b = 1.3 and |Iy| = 0.25.

To check the fractal dimension-based results, we measured the escape rate using the so-
called ensemble method [155], and determined the mean escape number by our recursive
method [34], too (Fig. [4.7). This latter procedure provides the exact value of the mean
number of steps necessary to escape, by exploiting the self-similarity of the repeller.

As it can be seen in Fig. the results of the recursive method differ from the other
results, and this difference decreases as parameter a is increased. The reason of this phe-
nomenon is that the rate of escape is not exactly exponential at low values of parameter
a, since many trajectories visit only fundamental escape intervals. It means that relation
does not provide exact result for the mean escape number in such cases, not even if the
escape rate is precisely estimated. However, we do not need to assume exponential escape
for the application of the recursive method to obtain the value of the mean escape number.

We found that the fractal dimension increases with parameter a and decreases with
parameter |Iy| in the considered parameter range, this is why the difference between the
results of the lifetime estimation methods disappears as a is increased or |Iy| is decreased.

Our considerations can be extended to the so-called border state of transient chaos [155],
too, i.e., when the fundamental fractal intervals shrink to discrete points [33]. In this case,
fit(xy) > a—c (cf. Fig. , thus, f(F) also shrinks to zero size. Consequently, interval I,
will be at the right border of the non-strange "repeller” with size |I;| = a — ¢ — 1. The mean
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escape number can be obtained by calculating the corresponding weighted sum:

(4.35)

thus, the result does not depend on |Iy| or b. Note, that the fractal dimension is zero in this
case, leading to k = (1 — Dy)log(a) = log(a). Substituting this expression into (4.3)), one
obtains N, = a/(a — 1) that agrees with the previous result.

Interestingly, the quickest escape is obtained at the critical parameter a..;, i.e., when the
fractal intervals shrink to discrete points.

4.4 2D MICRO-CHAOS MAP WITH DELAY

In the present section, we neglect the dry friction in the physical model of the 1D micro-chaos
map (4.23)), but take a processing delay (equal with the sampling period) into consideration.
It means that not the actual state x;, but a one step earlier state z,;_; of the system is used
for the calculation of the control effort [38]:

Tjy1 = a4 Ty — b Int(:cj,l). (436)

The underlying physical system can be the same machine that is depicted in Fig. [4.3]

4.4.1 Fundamental properties of the 2D delayed micro-chaos map

Eq. (4.36)) can be formally rewritten as a 2D map f: R? — R? by introducing the state vector
Yi = lwj-1 )"

0 1 Tj—1

0 a x;

where m denotes Int(z;_;). This map can be rewritten to the form of with the
coefficients ro =1, B=b = —-b, A =a, Ky =0, and K; = 1. Our goal is to prove that this
version of the micro-chaos map is chaotic in large (non-zero measure) sets of the parameters.

For this purpose, we determine the parameter domain where the origin can be stabilized
if the quantization is disregarded. The corresponding map assumes the following scalar form:

+ Int(z;_1) = Aty; + bTm. (4.37)

Lj+1

Vi1 = [ E ] = f(y,) =

Tjipn=ax; —bxj_q. (4.38)

In this case the origin is the single fixed point, which — according to Jury’s criterion [104],
i.e., the Moebius-transformed Routh-Hurwitz criterion — is stable if

(a,b)eG:{(a,5)€R2]a>1,5<1,ﬂ>a—1}, (4.39)

where we exploited that a > 1, according to (4.25).

During the analysis of (4.37), we will restrict ourselves to the domain of stability G (see
Fig. [1.8), and will focus on cases when the variables are positive (z;_1 > 0, z; > 0).

Now we return to the analysis of the quantized map , that is equivalent to a multi-
valued version of the 1D micro-chaos map — see Fig. 1.9 The successive iteration steps can
be followed on a modified cobweb diagram: starting from an initial point, the next point
is found by projecting the point "horizontally” to the diagonal, then "vertically” to the line
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Figure 4.8: The stable parameter domain G if the quantization is neglected.

section of the attractor. In the multi-valued domains the appropriate branch is selected
according to the previous value of the coordinate x;_;.

To examine the properties of , we divided the plane (z;_1,z;) into parallel bands,
according to the integer part of z;_;, as shown in Fig. 1.9 The fixed points can be given as
yi = [z, 3 ]7, where the index m is the integer number m = Int(z?,). According to (4.16]),

L (4.40)

mooa—1

y;, is a regular fixed point if 0 <m < af <m+1orm—1<z;, <m <0. Otherwise, the
fixed point is virtual. Since b > a — 1 in the domain of stability, virtual fixed points appear
farther from the origin than the band their belong to.

There can be at most one regular fixed point in each band and all of them are hyperbolic
according to the eigenvalues of A*: A\; = 0 and A\ = a > 1. The unstable manifold of
the fixed point y; can be formulated as U,,: z; = ax;_; — bm. A direct consequence of
the definition of map is that any point y; = [z;_1 z;]7 in band m = Int(z;_1) is
mapped to y;+1 = [z; ax; —bm]T, ie., to the manifold U, of the fixed point y?,. Since the
trajectories immediately reach these manifolds, a possible strange attractor must consist of
segments of certain unstable manifolds, as shown in Fig.

The intersection point of the manifold U,, and the line z;_; =n (n > 0) is denoted by

P, = [x" [ ! ] 7 (4.41)
an — bm

Yn'
where the upper index refers to the serial number of the unstable manifold, while the lower
index shows the first coordinate of the point. Since points in the mth band are mapped onto
the unstable manifold of y; , the leftmost point that can be reached from U, is

f(p) = pp = [xﬂgf] - [ (a=b)m ] (4.42)

yme (a*> — ab —b)m

(see p2 and p?; in Fig. . Moreover, since p],; belongs to the band where Int(z;_;) =

m + 1, its "upper” image
Zm (a—bm+a
f m m sup —
(Pm+1) Psup [ygﬁp] [(a2 —ab—b)m+ a?

(4.43)
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Figure 4.9: Attractor of the 2D micro-chaos map, a = 1.5, b = 0.6. Black solid line
segments are the basic branches of the unstable manifolds U,, of the fixed points y;,,
m = 1,2,3,4. Their thick parts belong to the attractor.

is the rightmost accumulation point of the points that can be reached from U, (see pi and
p;up in Fig. . The points pg, fit to a line LT, while points p!”; are on another line L°
that passes through the origin. According to these results, the basic branch [156] of the fixed
point y;,, i.e., the continuous piece of its unstable manifold is the line section between pi;
and pg,,. We found that there are finite domains in the parameter plane (a,b), where parts

of the basic branches of certain fixed points form the attractor of the system.

4.4.2 Proof of chaos

In this section we will prove that map (4.37) has chaotic solutions in finite parameter do-
mains. Since the sensitive dependence on initial conditions and the existence of an attracting
set have already been shown in Section [4.2] now we examine the topological transitivity.

Topological transitivity

We focus on the parameter domains shown in Fig. where the structure of the attractor
is particularly simple. We require that (a,b) € G, variable x; cannot assume negative values,
and points of the mth basic branch cannot be mapped on the unstable manifolds U,,,; and
U,,—1 outside the interval bounded by the lines L* and L°. We also require that there are
no finite sections inside the basic branches that are unreachable, and maximum two basic
branches can overlap. It is shown in Appendix [C.3.1] that there exist integer numbers My,
and mpya in this case, such that the attractor consists of M. — Mmin + 3 parallel line
segments and its rightmost accumulation point is

, (4.44)

f(pop™) = [l’] B [(“(a = b) = b)Mimax + @’

Yy ax, — b(Mmyax + 1)
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Figure 4.10: Considered parameter domains and their boundary curves (. Appendix .

while the leftmost point of the attractor can be obtained as

f(pi) = H - [W - ”>mmi“] , (4.4

Yy ax; — b(Mupin — 1)

where

b(a® —1
Mmin = Int 2 and Mmax = Int (a )
a

(b+1—a) a?(b+1—a)
"Full” basic branches exist on U, (from pi; to pgy,) that belong to the attractor if
Mmin < M < Mpyax. The images of the extremal endpoints of these basic branches (f(p;. ™)
and f(pZin=x)) form the borders of the attracting set A, like in Figure 4.9, where mpi, = 2
and Mpax = 3.
It can also happen that mpyy, = Mpax + 1 (see Figure . In this case the attractor
consists of two truncated basic branches that are shorter than the segment from pij; to pg,,.
In both cases, the attractor consists of segments of the lines z; = azx,;_y — bk, where

(4.46)

xj_1 € (2, :Eg’fflg‘i“_l), k= mupin — 1 (4.47)
Tjq € (wipp™™, xlmn), k= Mo (4.48)
Ty € (e, x;’flg‘“), k = Mpax (4.49
Tj_1 € (xﬁf;“a"“, ), k= mMpax + 1.

We restrict ourselves to the case when there are only two basic branches, on the manifolds
Up and U;. The corresponding parameter domain is denoted by 01" in Figs. [£.10] and [C.3]
Our goal is to show that there are certain subdomains in ’01” where the attractor A can
be partitioned in such a way that the partition is irreducible and primitive [139]. In such a
partition, every region can be reached from any other region and there is at least one region
whose image fully covers at least two other regions. As an example, consider the attractor
of map at parameters ¢ = 1.3 and b = 0.66 (see Fig. [4.11]).

The partition of the attractor is constructed as follows: the open intervals on the basic
branches between the line z;_; = 1 and the lines LY or LT are the basic regions, denoted
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Figure 4.11: Partition of the attractor (a = 1.3, b = 0.66)

by B* = I, and BY = I, on the lower and upper branches, respectively, in Fig. [4.11 The
subscripts 4 and 9 are the serial numbers of these regions. The outermost endpoints of the
regions coincide with the endpoints of the corresponding basic branches, according to our
requirements. Thus, these basic regions are well defined. The pre-images of these segments
form the remaining regions. The inverse of f is not unique, thus, we define the inverse
function f;! such that it maps to the mth basic branch (here m = 0 or 1):

z2+bm bm
f*l 21 — a? + a
m p zo+bm
2 a

As it can be seen in Fig. , the fourth pre-image of region B* on the lower branch
would stretch over (z,,v,), this is why the rightmost region — region I; — consists of region
f 3(B*) and the remaining part of the branch. This construction ensures that the closure
of the image of region I; fully covers region f; *(B"), whose image also fully covers region
f1(B"), etc. It is also important that the image of region BY fully covers region I; — this
is not a consequence of the introduced construction, thus, must be checked.

(4.51)

The upper branch — Branch 0 — can be partitioned in a similar way: certain pre-images of
section BU are marked in the figure: £, '(BY), £;%(BY), and f;*(BY). As it can be observed,
the image of region BY, i.e., f(BY), fully covers region f,*(BY) and the remaining part of
the upper basic branch. The condition of this situation must also be checked. To construct
a primitive partition, it is enough to form only a single additional region I5 on the left hand
side of Branch 0. According to this partitioning, every region can be reached from any other
region and the image of region I fully covers two other regions. The conditions for the
construction of similar irreducible and primitive partitions are derived in Appendix
It is shown there that there is a finite parameter domain (see Fig. , where the necessary
conditions are fulfilled.

Denoting the ith region in the partition by I;, 2 = 1,...,r, we can introduce the transition
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matrix P € R™" of the partition as
1 if £(L) D I;
py=q LS L (4.52)
0 otherwise

In the example shown in Fig. [4.11] there are r = 9 regions, and the transition matrix can be
written as

(4.53)

Y

I
_ o O O O O o o o
S O O O O O O
oS O O O o O o+~ O
S O O O O = O O
o O O O = O O O
O O O R Rk O O O
S O = O O O O O
S = O O O O O O
_ o O O O O o O

0 000O0O0O0

In the examined parameter domain, the structure of the partition and the transition
matrix is similar to the example, i.e., there is one non-zero element in every row and column,
not in the main diagonal, and there is an additional non-zero element P;:

Rj(i—i—l):la izl,...,r—l
Py=1, (4.54)
Py =1, wherek #j, k+1#j.

These matrices are irreducible and primitive, as well, i.e., there exists an integer number
N > 0, such that every element of PV is positive. This property can be proved as follows:
in the case shown above, P(Qk_l)j > 0 (i.e., the (k —1,7) element of P? is positive) if k > 1,
or P2 >0if k=1, and P,f(jﬂ) >0if j <r,or P4 > 0if j =r. Thus, the existence of the
additional non-zero element Fj; implies the appearance of two additional non-zero elements.
Moreover, Pf(Hz) >0ifi<r—1,0or P2 >0ifi=r—1,0r P3 > 0if i = r. Thus, the
diagonal non-zero elements are simply shifted to the right. It can be proved by induction,
that the number of non-zero elements increases at least by one during the multiplication
by P. Thus, PV contains only positive elements, where N < 72 — r. In the example,
N =065<9?—-9="T2.

The time evolution can be given by semi-infinite symbol sequences that describe which
regions of the attractor are visited. It is obvious, that to every such symbol sequence corre-
sponds at least one point on the attractor. However, there may exist points (e.g., those that
are mapped from I to I7), whose itinerary cannot be described by the symbolic dynamics
on the introduced partition. Let us introduce the subset £ of the attractor that correspond
to a symbol sequence. The proved property of the transition matrix P implies that the
micro-chaos map is topologically transitive on £ and there exists a countable infinity of
periodic orbits, an uncountable infinity of nonperiodic orbits and a dense orbit (see [7§]).
Thus, according to e.g. [139, [167], the 2D micro-chaos map is chaotic on the set L.

4.5 2D MICRO-CHAOS MAP WITHOUT DELAY

Since micro-chaos phenomenon can occur if an unstable state is stabilized by a digital control
system, the present section is devoted to the analysis of the simplest 1DoF mechanical system
with unstable equilibrium: the linearized inverted pendulum.
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4.5.1 Mathematical model

Consider an oscillator with negative stiffness, whose equation of motion is linearized about
the unstable equilibrium. Taking into account a control force u(Z, &), the equation of motion
assumes the following form:

Mz(t) + di(t) — ki(t) = u(z, 2), (4.55)

where T is the general coordinate, M denotes (generalized) mass, d > 0 is the damping
coefficient, and k£ > 0 characterises the (generalized) stiffness. Digital PD control is applied
in order to stabilize the position z = 0, z = 0.

Effect of sampling

If quantization is not considered, the equation of motion of the digitally controlled system
becomes piecewise linear on the intervals t € [j7, (j + 1)7) between the sampling instants:

d - k Pz; + Dz,
t) = — (4.56)
where #; = Z(j7), j € N, while P and D denote the proportional and differential gains,
respectively. Thus, the control force can be given as u; = —(P#; + D;), t € [j7, (j + 1)7).
Let us introduce a dimensionless displacement coordinate x = &/ h, where h is a reference
distance — to be defined later —, and a non-dimensional time 7" = t/7, where 7 is the sampling
period and ¢ is the physical time. With this new time variable, 0= %D = %%D = %D’,
thus, denoting the differentiation with respect to T by prime, one obtains the equation of
motion for T € [j,(j + 1)):

%Mmm+%%mm—%ﬂﬂ:—Pmﬁ;Dm? (4.57)
After rearranging terms, the equation assumes the following dimensionless form:
2" +2p2' — o’z = — (Px; + Daf) | (4.58)
where ~ ~
5:;—]\;, azr\/%, P:%TQ, D:%. (4.59)

As it can be seen, the reference distance h does not influence the form of the equation
of motion and the dimensionless variables. It is worth noting that parameter « is the ratio
of the sampling period and the characteristic time constant of the oscillator. Its value is
usually kept very small in practical applications (in the order of 1072...107°) by increasing
the sampling frequency. Introducing the notation v = y/a? + 32, the general solution of Eq.
assumes the following form in 7' € [4, (j + 1)):

N Pz + Dm;‘

z(T) = Ole(w—B)T + 026(—w—ﬂ)T -
«

(4.60)
Using the matching conditions x(j) = x; and 2'(j) = 2, the coefficients — and con-
sequently, x;;, and x; — can be expressed by z; and 2. Thus, one can construct the

map
Xit1 = SXj7 (461)
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where
| [ @=P)Bstra+Per  a?s-(Bstrc-enD
S=— o? o? , (4.62)
ey (> - P)s ve— (B4 D)s

while x; = [z; 2}]", s = sinh(7), ¢ = cosh(v), and e = exp(f).

According to our assumption, the eigenvalues of S are less than one in modulus, i.e.,
the origin of the sampled system is asymptotically stable if the round-off is not taken into
account. It is shown in Appendix[C.4.1]and in [42] that the borders of the domain of stability
are P = o2, D = Dy, and D = Dy, where the expressions of Dy and Dy, are given by Eq.
(C.47). The maximal value of P in the domain of stability (see Fig. can be determined
as the intersection point of these boundary curves:

a? (1 — 2ce — 3e?)

Pmax:
1 — 2ce + €2

(4.63)

It can also be shown that the equilibrium can be asymptotically stabilized at every positive
value of the sampling time 7 with properly chosen gains P and D.

D A
Dy,

0

2
D(Pr)[ 7"

7 S S e

s

Figure 4.12: The domain of asymptotic stability of the desired state x = 0 without
processing delay and quantization at a = 0.8 and 5 = 0.3.

Quantization — round-off at the output

If the output of the control system is quantized, the rounded control force must be an integer
multiple of a certain resolution ro = AF (cf. Fig. 4.1)):

d . k AF Pi: + Di -
a m(u

T(t) + —a(t) — —i(t) = s NG ) ,te[ir, (G + 1)7). (4.64)

The odd function Int() rounds towards the origin. Introducing the new dimensionless
variables T' = t /7 and © = Mz /(AF7?) (i.e., the appropriate choice of the reference distance
is h=AF7%/M, cf. Eq. (4.57))), one arrives at the equation

«"(T) +2p2'(T) — o*x(T) = —Int (Px; + Da}) , (4.65)

where T' € [7,(j + 1)), and the parameters are the same as in (4.59)). The dynamics of the
quantized system can be described by the following mapping:

f(xj) = %11 = Ax; + b Int (Pz; + Day) = Ax; + bm, (4.66)
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where m = Int (Px; 4+ Dx}), x; = [x; 2],
1 e;;: - 582
A= 70-12—@9 s ] b= [ ea ey ] and K =[P D], (4.67)
ey oS ye — fBs e

according to the notations of Section [4.2] Since the resolution became unity due to the
scaling of the variables, B = b is fulfilled, thus, S = A + bK.

The local stability properties of the mapping are determined by the matrix A with
eigenvalues 1o = exp(—f £ ). Since v > f, the origin is locally unstable and all the
existing fixed points are saddle points. The eigenvectors — showing the directions of the
stable and unstable manifolds of fixed points, respectively — are

1 1
e = and e, = . (4.68)
-y =5 v—=B
The evolution of the state of the system can be described by another map, as well:
Yi+1 = Sy; — by, (4.69)

where S is given by (4.62)) and —1 < x; < 1 is the fractional part of the control force. Thus,
the fractional part of the control force is subtracted in this case, instead of the addition of
its integer part.

4.5.2 Bands, fixed points and strange sets
The domain of definition of (4.66)) can be divided into discrete bands, according to the value

of the number m. The computer sends out the same output signal within such a band, due
to the round-off. The bands are separated by the lines
,  m— Pz

SWin: T =5 lm|=1,2,3,..., (4.70)

thus, these switching lines cross the line 2” = 0 at + = m/P. The direction field of the
mapping, the switching lines, fixed points and example trajectories are shown in Fig. [4.13]
The fixed points of map (4.66)) can be given according to (4.16):

xt =I—A) " 'bm = [% O]T. (4.71)

If the fixed point x, crosses the switching line SW,, .1, i.e.,

1
—a2|m|+

P = , (4.72)

m
a border collision bifurcation occurs (see Fig.[4.14]) and the fixed point becomes virtual. The
maximal index where a regular fixed point can exist can be determined using (4.18)). Since
the phase-space is symmetric to the origin and the origin is always a regular fixed point, the
number of regular fixed points is

042
Niixea = 2 Int 1. 4.
fixed H(P—a2>+ ( 73)

The notions of regular and virtual fixed points are also illustrated in Fig. [4.13] where the
outmost regular fixed point x3 is in band m = 2 and the virtual fixed point xj is in band
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Figure 4.13: The direction field of the mapping with switching lines (SWy ...SWs)
and fixed points (x{ ...x3) with stable and unstable manifolds (dashed lines) at a = 0.8,
g =0.3, P=0.9, and D = 0.4. Three regular fixed points and one virtual fixed point (x3%)
are depicted. Two trajectories are also shown, leading to the same attractor. The points
of the trajectories are connected with continuous line segments for better visualization.

m = 4. Even two communicating chaotic repellers are depicted that together form a chaotic
attractor. As it will be shown, the distribution of disconnected attractors and repellers is
closely related to the structure of fixed points [43]. This is why the parameter dependence
of the number of regular fixed points is important to understand the dynamics of the system.

According to , the number of fixed points tends to infinity as P — o2, while the
origin is the single regular fixed point if P > 2a2. Even "supervirtual” fixed points can born
by further border collisions of the virtual fixed point at values P = na?, n = 2,3,....

The minimal possible number of fixed points at a given «, 3 pair — if P is chosen from
the domain of stability — can be found by substituting P = P (see ) into (4.73)).
The results are depicted in Fig. In practical applications, the damping parameter
is usually small. Thus, at relatively large values of o (o 2 2), the phase-space structure
becomes rather complicated with several fixed points. On the other hand, if « is sufficiently
small, e.g., 3a® < P, the supervirtual fixed points — situated several bands away from the
regular fixed points — can influence the dynamics in the neighbourhood of the origin.

The control force is in equilibrium with other forces at the fixed points. Thus, if a phase-
space point is farther away from the origin than the fixed point (i.e., larger control force
would be necessary), but in the same band (i.e., the control force is the same), the dynamics
will push the trajectory even farther, to the next band. Since the control force is one unit
larger there, the dynamics will lead back to the band that is closer to the origin. Because
switches occur at the sampling instants, trajectories can cross the switching lines and the
actual switching may happen well inside the bands, resulting in the mixing of trajectories.

According to the reasoning above, the appearance of strange sets is expected between
the neighbouring fixed points x}, _; and x},, at the crossings of the switching lines and

the 2’ = 0 line (see Fig. [4.13)), i.e., at

(4.74)

Tm =

SE



cser nak. gabor 124 23

4.5. 2D Micro-chaos Map without Delay 77
D 5F
9
T ——
>11||| 1 1 '1 4r
2_ LI I B | : 3 1
: o A
1 B /
of 7
>7!
3« 4 5 6 2« 7 Pnax 8 p 0 1 2()/3 4 5

Figure 4.14: Left: the number of fixed points at &« = 1.8 and § = 0.3 and the border
collision bifurcation curves (vertical dashed lines). Right: the minimal number of fixed
points if the gains P and D are chosen from the domain of stability. The maximal possible
number of fixed points is unbounded.

Thus, the strange sets can be indexed by the corresponding integer indices m of switching
lines. Since there is a possible attractor or repeller between the "last” regular fixed point
with

2
M = Miix max = 10t (Pi oﬂ) (4.75)

(see (4.18) and (4.73))) and the "first” virtual fixed point at m = Mgy max + 1, the index Mpayx
of the strange structure that is farthest from the origin is

o? P—a? P
Mmax :mﬁx,max+1 = Int (P—OZQ) + P — a2 = Int (P—a2> : (476)

Depending on the parameters, the evolving structures may be chaotic attractors or repellers
with transient chaotic dynamics.

4.5.3 Smale horseshoes

The sensitive dependence on initial conditions and the existence of an attractor follows
from the general proofs in Sections [4.2.3| and [4.2.4, To complement the proof of chaos, we
searched for Smale horseshoe structures. As initial domains, we chose the parallelograms
Q. = LUR, r € N\ {0} defined by the stable and unstable manifolds W7, WY, W5 and
WE of neighbouring fixed points x; and x* (see Fig. |4.15)).

Here r denotes the index of the switching line SW, between the two fixed points. [ and
r are the integer numbers corresponding to the integer part of the control force in the bands
next to the switching line SW,.. Each parallelogram is divided into two trapezoids (denoted
by R on the right and L on the left, see the crosshatched regions in Fig. by a switching
line. The vertices of the trapezoid L are the fixed point x}, the intersection point PEULS
of the manifolds WY and W7, the intersection point PEVSW of WL and the switching line,
and the crossing point PEVSW of manifold WY and the switching line, as shown in Fig. [4.15
The vertices of the right trapezoid are PEVSW = PRUSW x* “and PLURS The coordinates of
the aforementioned points can be obtained by straightforward analytical calculation:

pRULS  _ B+ Cm—1)y 1
2027y 2y )7
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Figure 4.15: Schematic picture of the horseshoe-structure in the parallelogram Q, = LUR.
The figure was generated at r =4, a = 0.8, 8 = 0.3, P = 0.7 and D = 0.6. The switching
lines and stable manifolds are parallel in this case. This property is not exploited in the
derivations, but helps the visualization of the Smale horseshoe structure.
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The images of trapezoids L and R can be calculated by restricting the dynamics to
the corresponding band, i.e., to the case m = [ or m = r. Thus, we can introduce the
restricted versions of the micro-chaos map : fi = flm=1 and f,. = f|m=r. The images of
the quadrangles f.(R) and f;(L) are stretched along the unstable manifolds, while the pre-
images f,1(R), f;'(L), f;'(R) and f!(L) are stretched along the stable manifolds. One
must be careful during the determination of pre-images, since e.g. f'(L) = f-'(L) N R,
where

L) ={x|x=A"(x-br),xeL}. (4.77)

T

Thus, it may happen that some parts of the calculated pre-image set fr_ I(L) are cut away
by the switching line SW,.

The crossing images and pre-images of the sets R and L in Fig. [£.15]indicate the existence
of a Smale horseshoe structure. Moreover, since f;(L) \ @, # 0, i.e., fi(L) is stretched out
from the initial parallelogram, the correspondig set is a transient chaotic repeller. Several
different attractors and repellers may coexist at certain parameters. For instance, Fig. [4.16
shows four strange objects next to each other. Two of them (at SWy and SW7) are repellers,
while the images of the parallelograms do not stretch out from the initial domain at m = 5, 6,
thus, two separated attractors exist here. Thus, the phase-space structure of the map can
be described as a series of baker’s maps that reside between fixed points.

To get a better insight into the complexity of the examined system, we determined the
topological entropy hg at various values of parameter P by the algorithm given in [23]. The
initial regions were chosen to be the parallelograms @),,, defined previously, at several values
of the index m. If the invariant set (or conditionally invariant set in case of transient chaos)
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Figure 4.16: Horseshoe-structures at the switching lines SWys67 at o = 0.8, B = 0.3,
P =0.7, D =0.6. Two trajectories are also shown, leading to disconnected attractors. The
points of the trajectories are connected by lines to guide the eye.

is larger than @,,, the results provide a lower estimate for the topological entropy. Fig.
shows the results obtained in the neighbourhood of the switching line SWj.
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Figure 4.17: Topological entropy (hgy) versus parameter P at m = 3, o = 0.77, 5 = 0.02
and D = 0.83.

The images and pre-images of the parallelogram @), can be calculated analytically. We
determined the second pre-images and the third images of the trapezoids on either side of
SWs at the parameters given in the caption of Fig. Parameter P was chosen at three
different plateaus of the topological entropy curve. The results are depicted in Fig. [£.1§

In Fig. 4.1§|(c) the images and pre-images fully intersect, forming a Smale horseshoe
structure. The numerically obtained topological entropy is very close to hy = log(2) at this
parameter. Indeed, a binary symbolic dynamics can be introduced with symbols denoting
the bands on the left and on the right of the switching line. Thus, the examined dynamical
system is conjugate to a full binary shift [139]. This property implies that the trajectories are
sensitive to initial conditions, the map is topologically transitive and there exists a countable
infinity of periodic orbits, an uncountable infinity of nonperiodic orbits and a dense orbit.
Thus, map is indeed chaotic in a finite parameter domain.

To have a subsystem in the neighbourhood of a certain switching line that is conjugate
to a binary shift, the images of the trapezoids L and R (see Fig. |4.15) must stretch out from
the initial parallelogram. That is, f;(PXVSW) and f,(PRVS") must be to the right of the
manifold W5 (see Fig. 4.15), while f.(PLVSW) and f.(PRVSW) must be to the left of the
manifold W7. The fulfilment of these four escape conditions also ensures that the calculated
pre-images are in the appropriate bands, i.e., f'(R)N R =0 and f-(L)N L = (cf. Eq.
(4.77)). The parameter domains where the aforementioned conditions fulfil, are shown in
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Figure 4.18: Second pre-images and third images of the trapezoids left (red) and right
(blue) of the switching line SWs3. o« = 0.77, § = 0.02 and D = 0.83. (a) P = 0.655, (b)
P =0.67, (c) P =0.71, corresponding to Fig. .

Fig. according to Egs. (C.48)-(C.51)).
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Figure 4.19: Parameter domains where the dynamics can be described by a full binary
shift at parameters a = 0.77 and 8 = 0.02 at the switching lines SWs 3 45. Lines with the
same colour correspond to the four escape conditions evaluated at the same value of m.

If fi(PEUSWY or fi(PEUSW) cross the stable manifold W5 of x*, a boundary crisis bi-
furcation occurs and trajectories escape from the quadrangle L U R away from the origin.
This situation is shown in Fig. [4.15, However, if f,(PXVSW) or f,.(PEUSW) cross the stable
manifold W7 of x}, trajectories escape towards the origin. Consequently, the attracting and
repelling properties of the phase-space objects between the fixed points can be determined
by evaluating the positions of the aforementioned image points. Note, however, that as
parameters are changed, points PXVES and PRVLS can be shifted to a neighbouring band,
distorting the results. This phenomenon is also a special bifurcation whose conditions can
be checked easily — typically, the corner points tend to be in a “wrong” band if parameter P
is large.

Fig. shows how the attracting/repelling properties of structures at the switching lines
vary as the proportional gain is changed. The continuous curves show the attractor /repeller
positions at several values of index m, according to (4.74)). Possible attractors disappear via
border collision bifurcations at P = ma?/(m — 1), this is why curves with higher index m
are shorter. Arrows above the curves indicate the attracting or repelling property of the
corresponding structure in the direction away from the origin, while arrows below the curves
show these properties in the direction towards the origin. Based on these properties, various
types of attractors can be defined. A single attractor that is confined to the neighbourhood
of the switching line SW,, —i.e., no escape is possible in either direction — is denoted by S,,.
If two or more adjacent repellers merge, e.g., that reside in the neighbourhoods of switching
lines m — 1, m and m + 1, the corresponding large attractor is denoted by M,,_1 mm+1-
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Figure 4.20: The attracting/repelling properties of phase-space structures at o = 0.8,
8 =0.3 and D = 0.6, by the crisis-based prediction. Shading indicates various attractors.

The aforementioned attractors are designated by shaded areas in Fig. [£.20] Note, that a
special attractor exists at P ~ 1.3, denoted by MV_5_; 5. At these parameters, the first
virtual fixed point is x}, thus, no strange set is expected in the position indexed by m = 2.
Although there is a repeller at the switching line SW;, numerical results indicate that the
global dynamics leads back towards the origin, resulting in a larger attractor.

It can be shown that if the parameters are chosen from the domain of stability, the
increase of parameter P increases the attractivity of the origin. This trivial result implies
that as P is increased, the arrows can flip downwards, only (cf. Fig. . Consequently,
there are only two different scenarios possible at a certain value of m: both arrows are
directed upwards at small P. As P is increased, either the lower or the upper arrow flips
downward. If the upper arrow flips first, a single attractor is born. However, if the lower
arrow flips, the structure will repel in both directions. Finally, at even larger values of the
proportional gain, the other arrow flips, too, giving rise to a repeller directing the trajectories
towards the origin. We could also show analytically that no escape away from the origin is
possible close to the border collision bifurcation points, i.e., at the right endpoints of the
lines the upper arrows always point downwards.

It must be emphasized that the classification of the strange sets based on their attracting
or repelling properties is not always accurate, especially near the borders of the domain of
stability. As we pointed out in [43], there are two major sources of the inaccuracies: either
not all the parts of the theoretically predicted attractor are visited by the trajectories, or
the trajectories "jump over” whole bands instead of arriving in a neighbouring band. It can
be shown that the damping strongly influences this kind of behaviour: the length of jumps
is approximately proportional to e¥%.

In a real control system the sampling period is significantly shorter than the shortest
characteristic time of the mechanical system. Consequently, the realistic values of «, 3, P
and D — and the sizes of the attractors — are rather small and the effect of one iteration step
of map on the trapezoids L and R is hard to visualize. However, the topology of the
phase-space is similar to the one shown in Fig. The results of a simple cell mapping
technique [85], [42] are depicted in Fig. at parameters of a real experimental device 58]
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— an inverted pendulum with mass moment of inertia M = 0.042 kg m? and length [ = 0.5m.
The parameters of digital control are 7 = 0.001s and AF = 0.024 Nm. The maximal control
error is about 0.08rad ~ 4°. The colours in the figure characterise the number of steps
necessary to reach an attractor. The triangular red regions in the upper right and lower left
corners correspond to points that leave the computational domain in a couple of steps.
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Figure 4.21: Cell mapping results showing the domains of attraction (coloured domains)
of 12 tiny disconnected attractors (covered by the black points) at parameters o« = 6.8511 -
1073, 3 =0, P =5.4997 - 1075, and D = 2.5665 - 10~3. The switching lines (solid, white)
and the stable and unstable manifolds (dashed, white) are also shown.

As this figure illustrates, there are parameter domains where several disconnected chaotic
attractors coexist in the phase space. Although the diameter of these sets is usually negligibly
small in practice, they can reside very far from the origin, leading to remarkable deviance
from the desired state. This is why the size of the absorbing sphere can be important for
applications: it provides an upper limit of the control error.

It is worth to mention that a secondary digital effect occured at small values of o (a <
0.01): during the simulation of the micro-chaos map certain trajectories could escape from
attractors far from the origin. This phenomenon is clearly related to the finite number of
digits used during the simulation [55].

4.5.4 Control error estimation

The simplest estimation of the size of the absorbing sphere is based on the topological
considerations, described in Section [1.5.2] According to the results presented there, the
attractor that is farthest from the origin can be located at the mp.xth switching line (see
(4.76)), at position x5 :

max"*

P — a2

max:It
(). e

) o pSW - Mhmax (4.78)

These results are valid if the diameters of the attractors are small compared to the distance
of switching lines, i.e., no jumps or other escaping mechanisms occur. In this case

1
W R (4.79)
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provides a conservative estimate for the maximal control error. Note, that we developed an
estimation method in [43] that leads to a similar result

_| 7=
Xmax [ 0 , (4.80)
provided that the leading eigenvalue of S is positive. In case of complex eigenvalues, only
rather crude error estimates can be obtained analytically. Typically truncated series are
evaluated to obtain an upper bound [4], [43]. The micro-chaos map was also derived in
the case of an inverted double pendulum [75]. The results support the applicability of the
general formulae of Section [4.2]

4.6 CLUSTERED CELL MAPPING METHOD

4.6.1 Introduction

Cell Mapping methods (or shortly CM methods) were introduced by C.S. Hsu [84] 85|, to
make the quick and thorough global analysis of nonlinear mechanical systems possible. He
applied the mathematical background of cell mapping even in case of digitally controlled
systems [162].

Cell mapping methods discretize a region of the state space, thus creating the so called
cell state space. For each cell one or more image cells are assigned (to where the dynamics
lead from that cell), and by analysing the resulting graph or Markov-chain, periodic orbits,
fixed points and their domains of attraction can be found. Consequently, as we demonstrated
in Section [4.5.3, CM methods can provide valuable information about the global dynamics
of systems with complicated phase-space structure.

The simplest CM method is the Simple Cell Mapping (SCM) and in the simplest case
the cell state space is an n-dimensional grid of cells of the same size. The basic idea of the
SCM method is that each cell has a single image, which is usually determined using the
Centre Point Method [85], namely, a single trajectory from the centre of the cell domain is
examined. In other words, all states within a cell are mapped to a single cell. Due to this
property, the method is able to classify cells either as periodic cells (belonging to a periodic
group) or transient cells (leading to a periodic group). The successful classification of all
cells forms the solution of the SCM.

There are many variations of the CM methods, usually a relatively fast CM method (for
example SCM) is applied to the initial state space region, then further analysis is carried out
at certain locations, using more advanced methods (Generalized Cell Mapping, for instance),
typically with a refined cell state space [169], [I73]. These methods are excellent if the
interesting region of the state space is known, but if that is not the case, a method capable
of automatically extending the analysed state space region could be more suitable. As a
result of a joint work with Gergely Gyebroszki, we extended the Simple Cell Mapping with
such capability in [72].

To emphasize the relevance of adaptive state space extension, one can recall the following
situations:

e The dynamical system has an expectedly complex state space and the enclosing region
of state space objects is not known.

e The dynamical system has more than one attractors, and not all of them are found in
the initial state space region. Escaping trajectories indicate the possible direction of
other attracting structures.
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e A lower dimensional state space object, e.g., a basin boundary is being followed.

e Examination of global bifurcations or crises in dynamical systems in cases when the
structure and/or the size of state space objects change abruptly during the variation
of certain parameters.

e Analysing diffusion-like processes, for example intermittent maps [97].

Our approach to solve the problem of state space extension is to find an adjacent region
to the initial state space, to where most of the trajectories escape. Afterwards, a separate
CM solution is calculated on that region and the two solutions are joined. Upon the joining
procedure, new state space objects residing on the boundary of the two cell state spaces are
also discovered. The developed method of joining separate SCM solutions to a cluster of
SCM solutions is referred to as Clustered SCM method [72].

As an example of application, we show the analysis of the 2D micro-chaos map without
delay that was introduced in Section [4.5] The behaviour of this piecewise smooth system
fits into most of the aforementioned situations, as it exhibits a pattern of chaotic attractors
and crisis phenomena with the appearance or disappearance of chaotic attractors/repellers.

Definitions and abbreviations

This section describes the basics terms, definitions and properties related to the Simple Cell
Mapping (see Figure 4.22)).

e (ell state space (CSS): the bounded and discretized state space region, which is con-
tinuously covered by arbitrary cell domains. In the simplest case n-dimensional rectan-
gular cuboids of the same size can be used to discretize an n-dimensional state space.

e (Cell domain: bounded domain of the state space, part of the cell state space. In the
simplest case it can be represented by a centre point in the state space and lengths
along each dimension.

e (lell: object having its unique index referencing to a cell domain and various properties
(e.g. image, pre-image).

e Cell index (or shortly indez): cell property; a unique identifier.

e [mage: property of a cell, one or more references to other cells. The dynamics from
the cell domain corresponding to the cell lead to the cell domain(s) indexed by the

image(s).

e Pre-image: property of a cell, one or more references to other cells. The dynamics from
the cell domain(s) indexed by the pre-image(s) lead to the cell domain corresponding
to the cell.

e Sink cell (SC): a special cell indexing the unbounded region of the state space outside
the CSS. Once a trajectory enters the sink, its evolution is no longer followed. To
express this property, the image of the sink is itself by definition.

e State-to-index (or shortly indez()) function: is a surjective function returning the index
corresponding to the cell domain covering the given point in the state space.

e Index-to-domain (or shortly domain()) function: is a bijective function returning the
cell domain representation for the given index.
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o (ell sequence: A set of cells formed by tracking the image of cells subsequently.

(See cells {7,2,4,11,18,24,16} in Figure [1.22])

1 2503 B 5 |6 cell 2:
/'/‘ﬂ\\
index: 2
[ 8 |9 |10 [11 M12 image: 4

pre-image: 7

13 [14 |15 16( 17 |18 '\

\ type: transient
19 21 2 v group number: 1
— step number: 2
e
sink cell periodic group (PG), No: 1

transient cell sequence, leading to a PG

. transient cell sequence, leading to the sink

Figure 4.22: Explanation of the definitions

Periodic group (PG): A part of a cell sequence, that might constitute a periodic motion.
A periodic cycle of n cells forms a periodic group, with periodicity n (or shortly an
n-P group). Each cell within the PG is a periodic cell with period n, or shortly n-P
cell [85]. (For example, the sink cell is a 1-P cell and forms a 1-P group.)

Transient cell: Cell sequences leading to an n-P cell contain an n-P group at the end
of the sequence. All other cells within the sequence are transient cells leading to that
periodic group, forming a transient cell sequence.

Transient cell sequence: cell sequences with their destination n-P cells removed form
a transient cell sequence, see Figure [4.22]

Group number (g): For each periodic group a unique group number is assigned. All
periodic cells within a PG and all transient cells leading to that PG have the same
specific group number assigned.

Step number (s): property of a cell, the number of steps required to reach a PG.
Periodic cells’ step number is s = 0, while transient cells’ step number is s > 0.

Domain of Attraction (DoA): the DoA of a PG with group number ¢ is the set of
(transient) cells with the same group number g and step number s > 0. The Domain
of Attraction is a discretization of the Basin of Attraction [122].

SCM solution: After the successful execution of the SCM method, besides the initial
cell properties, the group number and step number properties are assigned to each cell.
At this stage all periodic groups and their domains of attraction are found, and we call
the cell state space and its properties the SCM solution.

4.6.2 Joining two SCM solutions

This section describes the procedure of joining two SCM solutions with non-overlapping cell
state spaces. No other restrictions apply to the cell state spaces, even non-adjacent regions
can be joined. First, the possible relationships between cells of the SCMs are examined, then
the algorithm of joining is explained. We adopt the following conventions to aid the joining

procedure:
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e Group number g = 0 is assigned to the sink cell. Also the sink cell’s index is 0.

e A new property, called cell mapping index (shortly: cmid) is assigned to each cell as
an extension to its group number indicating which SCM contains the group referenced
by the group number. Initially all SCM solutions have a unique cmid, and all cells
within an SCM solution have the same cmid.

e Cells have an auxiliary state property, which can take any of the following three values:
UNTOUCHED, UNDER__ PROCESSING, PROCESSED. This property is used to keep track
of the solution procedure.

Relationship of two SCM solutions

Upon joining two SCM solutions, transient cell sequences leading to the sink cell are exam-
ined, because these cell sequences might enter the other SCM’s cell state space and lead to
an object within the united cell state space — the union of the two cell state spaces. The
state space region outside the united cell state space is called reduced sink. While examining
an SCM solution’s transient cell sequences that lead to its original sink, the following cases
can occur (Figure [1.23)):

1. The transient cell sequence leads to a known destination:

(a) the reduced sink or

(b) a periodic or transient cell with group number g > 0 of the other SCM.

2. The transient cell sequence leads to a cell of the other SCM, which belongs to the
domain of attraction of its original sink (so the cell’s group number is g = 0). This
means that the final destination of the sequence is not known yet.

Considering the above cases, only Case 2 requires further analysis. Otherwise, transient
cell sequences can be updated with a new group and step number (along with a new cell
mapping id), corresponding to their new destination.

The procedure of joining two SCM solutions is therefore divided into two stages. Stage
1 enumerates all transient cell sequences and also updates those corresponding to Case 1.
Stage 2 analyses the remaining sequences of Case 2.

Cell tree mapping

It is clear, that cell sequences leading to the other SCM’s sink cell’s domain of attraction
(Case 2) will arrive eventually at one of the already existing periodic groups (including the
reduced sink), or they might form a new periodic group — possibly with some extra transient
cells leading to that PG.

This calls for the idea of mapping these remaining transient cell sequences onto each
other (or onto some already determined cell). Transient cell sequences form trees called cell
trees that lead to a single cell (which belongs to the other SCM), therefore these trees can be
handled just like cells in SCM. The image of a cell tree is either a cell which was updated in
the first stage of the joining procedure (Case 1), or a member cell of another cell tree of the
other SCM. Tracking the images of cell trees creates tree sequences. A tree sequence either
leads to an already existing periodic group or forms a new periodic group and some transient
cells leading to that group. Figure illustrates the procedure of cell trees mapping.

Shortly, the SCM method can be applied to the cell trees. If a tree sequence leads to a
previously processed cell, all of its member cells can be tagged with the appropriate cmid,
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SCM1 SCM2

\

reduced sink

Ly

previously classified transient cells —> cell seq. leading to a known destination
B previously classified periodic cells —> cell seq. leading to SCM2 from SCM1
[ cells updated in the 1st stage —> cell seq. leading to SCM1 from SCM2

[ cells updated in the 2nd stage

Figure 4.23: Joining of previously calculated SCM solutions. Cell sequences leading to
a known destination can be updated in Stage 1 (green cells), while sequences leading to
another unclassified sequence or transient cell need further analysis in Stage 2 (orange cells).
As a result, new periodic groups can be found near the boundary of SCM1 and SCM2.

group and step numbers. Otherwise the trees form a graph containing a single cycle — the
new periodic group — and branches which are transient cells belonging to that group, hence
the e¢mid, group and step numbers can be updated. (The new periodic groups obtained this
way must be added to one of the SCM solutions to have a valid cell mapping index.)

SCM1 SCM2

.f

e

¥ cell tree 1 H
B cell tree 2

7 cells of a new periodic group

Figure 4.24: Illustration of the notion of cell tree mapping. Cell trees 1 and 2 are mapped
to each other. The graph formed by them contains a cycle (new periodic group), and all
other branches are transient cells leading to that group.

The algorithm of joining

The algorithm of joining two SCM solutions consists of three steps: preprocessing, and two
stages of classifying cell sequences which previously led to the sink cell. The details of these
steps are described in Appendix [C.4.4 with pseudo codes.
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During preprocessing, the cells corresponding to the domain of attraction of the sink cell
for both SCM solutions are identified. This can be done by selecting cells with group number

0. Checking the step number is not necessary, since all cells with group number 0 must be
transient cells. For the pseudo code of the preprocessing see Algorithms and [C.4]

Once the domain of attraction of the sink cell is identified for each SCM solution, the
first stage of joining examines transient cell sequences and updates cells that belong to Case
1, according to Algorithm [C.5]

In the second stage, cell sequences belonging to Case 2 are analysed and a cell tree

mapping is carried out (Algorithm |C.6). In the end of Stage 2, all cell trees are processed
and new periodic groups (if any) with their domain of attraction (transient cells) are found.

The complete procedure of joining is summarized in Algorithm [C.7}

Complexity of joining

The complexity of calculating an SCM solution is O(n) where n is the number of cells in
its cell state space. This comes from the fact that every cell needs constant amount of
operations for initialization, and their state changes twice: first to UNDER_PROCESSING

then to PROCESSED (Algorithm [C.8§)).
The complexity of preprocessing (Algorithm |C.3)) is also linear, since a constant amount
of operations must be performed for each cell. For SCM solutions with n and m cells, the

complexity of preprocessing is O(n + m).
During the first and second stages of the joining procedure (Algorithms and [C.5)),

every cell is tagged with a new state maximum twice. Thus, these are also linear in terms
of the number of cells to be processed. The linear nature of the joining procedure can also

be seen in the computation times presented in Table [4.1]

4.6.3 Application and Results

The Clustered SCM method was applied to the micro-chaos map (4.66|) at « = 0.078, 5 = 0,
P =0.007, D = 0.02. The phase-space (or state-space) of the map is illustrated in Figure
[4.25 showing two regions that are joined by the developed method. The resulting cluster
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Figure 4.25: The state space of micro chaos map. Dashed blue lines: stable and unstable
manifolds of saddle points. Three example trajectories leading to chaotic attractors are
shown; their subsequent points are connected with line sections for better visibility. The
green and blue rectangles show the initial and the adaptively chosen state space regions,

respectively (see Figure .

of two SCM solutions is illustrated by coloured images in Figures {.26f4.28] Red colour
indicates transient cells leading to the sink, other coloured regions illustrate the domain of
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attraction of other periodic groups. The periodic groups residing at the intersections of the
x-axis and the switching lines are denoted by black dots. These PGs correspond to very
small chaotic attractors of the micro-chaos map. White lines indicate the switching lines
and dashed white lines denote the stable and unstable manifolds of the saddle points of the
map. The initial state space region is placed on the left and the new subregion is on the
right side, since the right adjacent state space region contains the most escaping trajectories.

20| 20

-20 x -20

200 400 600 700 900 1100 *

Figure 4.26: Initial SCM solutions before the joining procedure. The image on the left
shows the initial state space region, the one on the right is the adaptively selected region.
Both regions contain 3 chaotic attractors, denoted by black points.

20 20

-20 T -20

700 900 1100 7

200 400 600

Figure 4.27: SCM solutions after Stage 1 of the joining procedure. Cell sequences leading
to a PG of the other SCM are updated (recoloured with the colour of the corresponding
periodic group). The initial region contains some transient cell sequences which are stored
for further processing in Stage 2. (See red bands at the top of the left image.)

Comparison of real computational efforts

To support the statements in Section computation times for Example are provided
using the Clustered SCM and an SCM solution over the full region is calculated for com-
parison (see Table and Figure [4.29). Since the calculation of scM1 and SCM2 can be
done in parallel, the total processing time is calculated as tiota1 = max(tsemi, tsemz) + tioining-
(Computations were carried out using 2 cores of an Intel Core™ i7-4700MQ CPU.) The
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20 20

-20 x -20

700 900 1100 7

200 400 600

Figure 4.28: SCM solutions after Stage 2 of the joining procedure. Examined cell trees
are mapped to already processed cells (corresponding to the PGs with green and orange
domain of attraction).

joining time only depends on the number of cells and the state space topology, while the
computation time of SCM solutions also depends on the effort needed to calculate the image
cells. For systems, where greater effort is necessary for the calculation of images (e.g. flows),
the computation time of joining is relatively smaller compared to the complete procedure.

Number of cells CPU time [ms| )
tsomi  tscm2  lioining  trotal | SCM on full region
500000 395 386 89 484 844
1000000 780 791 190 981 1573
2000000 1550 1551 418 1969 3316
4000000 3234 3225 897 4131 6752
8000000 6638 6720 1935 8655 13389

Table 4.1: Computation times in the example. (See Figures )

4.6.4 Advantages of the proposed method

Clustering has the following remarkable advantages.

e The method allows the adaptive extension of the SCM solution towards new state
space regions. Solving an SCM for a new region and incorporating it into the cluster
is cheaper than solving an SCM over the whole extended state space (see Table [4.1)).

e Parallelization is trivial as separate SCM solutions can be generated independently
before the joining procedure. Also Stage 1 of the joining procedure (for each previously
calculated SCM solution) can be done in parallel.

e The method is useful in real-time situations, where the region of interest is changing
as a parameter is varied. Clustered cell mapping handles screen panning well, as a
separate SCM solution at the (narrow) state space region entering into the computer’s
screen can be calculated quickly and joined to the already existing cluster.
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CPU time [ms]

14000¢
12000+
— tioining
10000+
8000t tsoni
6000 ttotal
4000t =
2000t
‘_(_,F/r//x Number

2x10%  4x10°  6x10°  8x10° of cells
Figure 4.29: Comparison of computation times listed in Table .

e The proposed approach helps to overcome memory limitations by dividing large prob-
lems into smaller ones. During the generation of a clustered SCM solution, if all
adjacent regions of a cluster are already examined, the SCM solution corresponding to
the inner (fully surrounded) cluster can be written to disk and freed from memory.

4.7 EXTENSIONS AND EXPERIMENTAL RESULTS

This section discusses further results related to the micro-chaos phenomenon, which we
obtained in the framework of our joint work with Gergely Gyebroszki [72, (75, (76, [77].

4.7.1 The effect of dry friction

Real-world systems are all subject to various types of dissipating mechanisms. While viscous
damping was taken into account in Section [4.5] it is natural to ask whether does micro-chaos
persist if dry friction is present?

In order to answer this question, the equation of motion of the inverted pendulum (4.65|)
was supplemented by a dry friction term. After algebraic transformations, we obtained that
if the sign of the dry friction term does not change between the jth and j + 1st sampling
instants, the following map describes the dynamics [77]:

Xji1 = Ax;+b | Int(Pz; + Dx;) +sgn(z)) o | - (4.81)
~ ~ A
m; K

Here m; is the control effort, p; is the friction force and Int(-) denotes the integer part
function representing the quantization of the control effort. This quantization is a map-like
switching in the system: the controller updates the control effort at sampling instants, only.
At i = 0 (i.e., no friction), there is no other discontinuity in the system, so fully
describes the evolution of the solutions. However, the signum function corresponding to
friction is a flow-like switching, because the sign of the friction force changes at every time
instant when the velocity changes sign — regardless of the sampling. The combined effects
of these two kinds of switching phenomena were also analysed by Budai et. al. [16] 17, 18],
focusing on the stability and special (but non-chaotic) vibrations of mechatronic systems.
To handle the case when the velocity changes sign within the j* sampling interval, the
micro-chaos map was divided into three steps: 1) time evolution until the velocity becomes
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zero at time instant Tp; (to be determined), 2) change of the sign of friction force (or
sticking), and 3) time evolution until the next sampling interval. As a result, we obtained
the so-called hybrid micro-chaos map [77]. The phase-space structure of this map was
analysed by the Clustered Simple Cell Mapping (C-SCM) [72] introduced in Section
The results depicted in Fig. show that certain chaotic attractors may persist if dry
friction is present, while others are absorbed by sticking zones.

-50000 0 50000

Figure 4.30: C-SCM results for o = 6.53 x 1073, 3 =0, P =5.5x107°, D = 2.5 x 1073,
Top: i = 0, Bottom: i = 0.095. Chaotic attractors are indicated by black dots, their
basins of attraction are coloured regions. The fixed points’ manifolds are shown as white
dashed lines. The basins of attraction of sticking zones are grey; the bottom subfigure
shows the case, when the outermost chaotic attractors are absorbed by sticking zones.

4.7.2 Twofold quantization

In the micro-chaos models analysed in the previous sections, only the quantization of the
control effort was considered. However, in real systems, both the input (e.g., measured
displacement and velocity) and the output are quantized. Fig. illustrates the case when
the input — coordinate = — is measured with resolution 7y, while the output — the control
effort u — is sent out according to the resolution rg, and the sampling period is 7.

It was shown in [75] for the case of an inverted pendulum that the effects of input
quantization are similar to those that can be experienced if the output is quantized. However,
chaotic vibrations are typically superimposed on a larger-scale periodic solution (see Fig.
4.32). The effects of twofold quantization were analysed in [76] via the extension of the
model . Introducing the dimensionless time 7" = ¢/7, the equation of motion can be
given as

P T D T

"(T) + 283 (T) — o*%(T) = —ro 7% Int (ilnt (&> + 2 mt (—])) ,Telj,j+1),
To T TTro T1

(4.82)
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Figure 4.31: Illustration of the quantization at the input (coordinate ) and output
(control signal u) of the control system, and the zero-order-hold scheme.

where the quantization is applied to both the input and the output.

In real applications, the velocity is usually calculated from measured displacement values,
by a finite difference scheme. There are several possible choices, but all of these schemes use
the earlier values of the displacement, too. To avoid the corresponding delay in the equation
(that would result in the increase of the dimensionality of the problem), we assume that the
velocity 7’ is also measured, and its resolution is rj/7. Thus, according to the definition of
the dimensionless time T, one can write

dvr ¥ (4.83)
dt T1 1
This results in the same dimension in displacement and velocity with the same quantization
resolution 7 at the input.

x! x
2
I 3
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Figure 4.32: Attractors obtained by inner quantization (left) at P = D = 0.25, a = 0.45
and double quantization (right) at P = 0.007, D = 0.02, a = 0.074 and p; = 2
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In some cases, one of the quantizations is dominant over the other, and therefore the
quantization with higher resolution can be neglected, and one of the single quantization
models can be used (where either the input, or the output is quantized) [38]. In order to
reduce the number of resolution parameters, we rescale the space coordinate with a properly
chosen characteristic displacement.

Using the scaling x = 7/Xo, where Xo = ro 72, the equation of motion assumes the
following form:

P j 2 D 2iroT?
2"(T) + 262 (T) — 04233(T) = —Int ( TIInt (% "oT ) + rIInt < i’O )) '

o T1 TTro 1

Introducing pr = r1/(ro 72) = r1/Xo one can write:

/
2" (T) + 262" (T) — o*x(T) = —Int (P 7% pr Int (ﬁ) + D7 prInt (ﬁ)) '
Pr p1

For the sake of simplicity, we introduce the parameters P =Pr2and D = Dr. By the abuse
of notation, the hat symbols can be discarded, leading to
7 / 2 Lj ZE;
2(T)+2p2(T) — ax(T) = —Int (P p1 Int (E) + D pr Int (a)) . (4.84)

Note, that another possible scaling is # = #/X7, where X; = 7. In Eq. a single
quantization ratio (pr) characterises the ratio of input and output quantization resolutions.
For large pr, the input quantization dominates, and the outer quantization can be practically
neglected. Similarly, for small p; values, the output quantization is more significant.

Solving the equation of motion between the subsequent sampling instants, one obtains
the following micro-chaos map:

yj+1 =Ay;+bu;, where w; =Int(p(PInt(z;/p1)+ DInt(x)/p1))) if X = X;. (4.85)

Here u; is the control effort between the dimensionless sampling instants 7' = j and 7' = j+1.
It is clear, that the quantization causes the control effort u; to be a piecewise constant
function over the state space, which consists of domains, each corresponding to a specific
uj value. When the output-quantization is dominant, u; = Int (P x; + Dx;) Thus, the
aforementioned domains are parallel bands separated by parallel switching lines

, m—Px

xr = T,

as we saw in Section [{.5] For the input-quantization case, however, these domains are

rectangular areas since u; = P Int(z;) + D Int(z}). Consequently, the quantization results
in a grid of horizontal and vertical switching lines (see Fig. .

To illustrate the phase-space structure if both quantizations are present, the switching
lines corresponding to relatively small values of p; are shown in Fig. [£.34] If the input
quantization is less significant compared to the output quantization, the switching lines
become jagged, and the evolving stairs-like lines more or less follow the straight lines of the
output-only quantization case.

However, as parameter p; is increased, the input quantization will be more pronounced,
and the size of the steps on the switching lines increase. At a certain value of pr, two switching
lines touch each other. This new bifurcation is referred to as switching line collision (SLC).

The collision of neighbouring switching lines is the first order SLC, while the collision of
SW,, and SW,,.,, is referred to as nth order SLC.

m € Z, (4.86)
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Figure 4.33: Left: Switching lines and control effort bands in case of output quantization.
Right: Switching line grid and control effort tiles in case of input quantization.
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Figure 4.34: Switching lines at P = 2/5, D = 2/9 and p; = 1.0 (left), p1 = 1.65 (right).
The latter value is slightly above pf’z = 1/(P + D) ~ 1.61. Black lines indicate the
switching lines for the output quantization case, orange gridlines indicate the pr-spaced
grid corresponding to the input quantization. Red point highlights switching line collision.
Green region indicates control effort band uw = 2 which becomes disconnected due to SLC.

It can be showed, that there is a lowest quantization ratio for a first order switching line
collision to appear at a value x = ip; in the state space:

pr' =1/(P + D), (4.87)

When p; > pf " first order SLCs are present in the state space and by increasing p1, they
become more and more frequent (Fig. [4.35)). Moreover, there is a critical quantization ratio:

pi’ =1/P. (4.88)

When p; = ,011 *every switching line collides with its neighbour at = = i py, for all i. Note,
that it does not imply that collision occurs for every 2’ = k py, too (see Fig. left).

Similarly, one can introduce the highest quantization ratio corresponding to the disap-
pearance of first order switching line collisions:

pi" =1/(P-D) when 0<D<P. (4.89)
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Figure 4.35: Switching lines at P = 2/5, D = 2/9 and critical quantization ratios
pr = pll’Z = 1/P (left), p1 = p?” = 2/P (right). Trajectories going through intersection
points may bypass certain control effort bands. Orange points: 2"4 order SLC's.

When p; > pfq " first order switching line collisions no longer present, because higher order
collisions take their place.

Another critical quantization ratio can be derived if one wants a collision for every 2’ =
kpr (but not necessarily for every « =i py):

pi* =1/D. (4.90)
Combining Eqgs. (4.88) and (4.90]), one can express a combined critical quantization ratio:
pr = max(p;”’, pi™*) = max(1/P,1/D). (4.91)

If p1 > pi, switching line collisions occur for all i and k. Expressing higher order switching line
collisions in a similar fashion, one can arrive at the formulae of nth order critical quantization
ratios for the collision of SW,,, and SW,,+, at Vi € Z and V k € Z, respectively:

o =n/P, % =n/D. (4.92)

It is important to note, that due to the double deadzone of the mid-tread quantizer, switching
line collisions of SW_; and SW,, are 2°! order ones.

Another effect of twofold quantization — the so-called deadzone crisis — was also revealed
in [76]. Deadzone crisis is an event, when a chaotic attractor turns to a transient chaotic
repeller due to the change of the corresponding switching line’s shape. The term deadzone
crisis is originated from the observation, that this event is strongly related to the variation
of input-deadzones in case of the 2D micro-chaos map. It was shown that this crisis event
can strongly influence the maximal possible control error in the system, as it is illustrated
in Fig. At pr = 1.3, the outermost chaotic attractors, while at p; &~ 2.4, the innermost
attractors disappear due to deadzone crisis (denoted by X). At p; &~ 4.7 the chaotic attractors
merge (denoted by arrows) on both sides and lastly at p; ~ 12 they merge again resulting
in a single recurring orbit with superimposed chaotic vibrations. The colour code shows the
attractor sizes along the x direction. The results show that even the increase of a resolution
parameter r; or rp can lead to smaller control error in certain cases.

4.7.3 Experimental detection of micro-chaos

Based on the generalizations discussed in the present section, a controlled inverted pendulum
was built (see Fig.[4.37)), utilizing an ST Nucleo 1.476 microcontroller unit (80 MHz processor
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Figure 4.36: Transition from output quantization to twofold quantization.

frequency, 12-bit DAC), an ST VNH5019 motor driver (operating voltage: 5.5-24V, contin-
uous 12A current), CUI Devices AMT102 rotary encoder (with 2048 pulse-per-revolution)
and a lightweight aluminium tube directly attached to a brushed DC-motor.

100
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-50

-100

Figure 4.37: Experimental device and the detected micro-chaotic behaviour

The resolution of the encoder is r; = 27/8096 = 7.76 x 10~*rad, while the control effort
resolution is ro ~ 1.5 x 107 Nm. In order to emphasize the digital effects, these resolutions
were artificially lowered with a factor up to 200; reffective = N g peflective  — prpq
N, M € Z. The control time step was 7 = 20 ms.

The angular velocity was determined by using the original, more accurate positions (ry)
with a first order numerical differentiation scheme and then artificially rounding the angular
velocity to match the theoretical resolution of rgfective /7.

Fig. 4.37| shows a chaotic attractor surrounding a saddle point at z = —310 (in di-
mensionless position units), whose structure is familiar from numerical simulations (cf. Fig.

1.32).
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Chapter 5

Principal Results

Principal result 1.

[ analysed the asymmetric solutions of the harmonically forced oscillator with Coulomb
friction damping and linear spring characteristic.

(a)

I revised the assumption often exploited in the literature that the non-sticking
trajectories of the frictional oscillator are symmetric, and found a family of non-
sticking asymmetric solutions at the frequency ratios 1/(2n), n = 1,2,..., where
the symmetry conditions fail.

I derived that the aforementioned non-sticking asymmetric solutions exist if

_ 1
0= yp2_1’

where the rescaled static coefficient of friction Sy is the ratio of the maximal
static friction force and the forcing amplitude. I pointed out that almost all of
the asymmetric solutions are marginally stable according to a third order normal
form approximation. I proved that the special asymmetric solutions that just
touch the boundary of the sticking region are stable with respect to perturbations
towards the sticking zone. I demonstrated by numerical simulation that the zero-
measure parameter domains of asymmetric solutions turn to finite parameter sets
if the static coefficient of friction is greater than the kinetic one.

Related publications: |28, 29]. Related sections of the thesis:

Principal result 2.

I examined the bifurcations and chaotic solutions of the oscillator described in Principal
result 1, with different static and kinetic coefficients of friction.

(a)

(b)

I formulated new switching conditions for the examination of the dry friction
oscillator by the continuation method. I pointed out that symmetric periodic
solutions turn to asymmetric ones via crossing-sliding or saddle-node bifurcations.

I localised the parameter domains where the occurrence of chaotic solutions can
be expected, estimated the value of the largest Lyapunov exponent in broad pa-
rameter domains and pointed out that

e irrespectively of the exact value of the static coefficient (provided it is larger
than the static one), the frequency domain of asymmetric solutions stemming
from €2 = 0.5 — and the enclosed domain of possible chaotic solutions —
expands if the kinetic coefficient of friction is decreased.

98
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(c)

e The increase of the rescaled static coefficient of friction in the interval S, €
[0.3,0.8] implies that the domain of multi-periodic or chaotic solutions is
extended towards larger excitation frequencies.

(Joint work with Gabor Licsko.) We performed a brute-force bifurcation analysis
to identify the parameter domains where the solutions are chaotic. We used two
independent methods for the determination of the largest Lyapunov exponent in
these domains. Based on these results, we found a narrow parameter regime where
the solutions exhibit transient chaos and estimated the value of the largest finite-
time Lyapunov exponent using a third method, approximating the dynamics by
a piecewise linear 1D map.

My contribution was decisive in the selection and implementation of the calcu-
lation methods of the Lyapunov exponent, and also in the construction of the
piecewise linear approximation function.

Related publications: |31}, 110]. Related sections of the thesis: [2.5] [2.6]

Principal result 3.

[ analysed Zoltan Palmai’s thermo-mechanical models of chip formation using the tools
of nonlinear dynamics.

(a)

I showed by the analysis of a four-dimensional model of chip formation that a
period-doubling cascade leads to chaotic solutions at parameters corresponding
to the cutting of austenitic steel. I also demonstrated that the period-doubling bi-
furcation points follow each other according to the Feigenbaum ratio. I localised
the parameter domain of the dimensionless velocity of the chip where chaotic
solutions exist and showed that the maximal Lyapunov exponent is positive at
the parameters corresponding to the formation of aperiodic chips. I compiled
a bifurcation diagram on the plane of two dimensionless technological parame-
ters and identified several bistable domains where the dynamics is sensitive to
perturbations. These domains should be avoided in practice.

I examined the chip formation model of point (a) that takes the oscillation of
a turned workpiece into account besides the thermo-mechanical effects. 1 could
conclude that

e the originally periodic cutting process becomes quasiperiodic,

e the originally chaotic solution becomes transient chaotic leading to quasiperi-
odic vibrations, and

e the original equilibrium solution turns to small amplitude chaotic vibrations
at the examined parameters, and

e the oscillations of the workpiece can lead to interrupted cutting in several
elongated regions on the cutting speed-stiffness parameter plane.

I determined the so-called Kaplan-Yorke dimension characterising the chaotic
attractor of a time-delayed and piecewise smooth system that models the effects
of the periodically forming and tearing built-up edge on chip formation during
turning of soft steel. The results show that the solutions are chaotic and the
dimension of the strange attractor of this infinite-dimensional system is finite.

Related publications: [32, 129, 131]. Related sections of the thesis: [3.2] 3.3 3.4
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CHAPTER 5. PRINCIPAL RESULTS

Principal result 4.

I determined dynamical characteristics of digitally controlled, full-state feedback sys-
tems, assuming that the open-loop system is linear with an unstable equilibrium, the
sampling period is constant, zero order hold scheme is applied, and the elements of the
measured state or the exerted control effort are quantized by constant resolutions.

(a) I showed that the dynamics of the considered systems can be described by piece-
wise affine maps, so-called micro-chaos maps. I provided general formulas for the
determination of the regular fixed points and periodic orbits of the micro-chaos
maps.

(b) I developed a specific method for the estimation of the mean lifetime of transient
chaos in a one-dimensional (1D) micro-chaos map, that is based on the determi-
nation of the fractal dimension of the repeller.

(c) I showed that the consideration of processing delay (that is equal to the sampling
period) turns the 1D micro-chaos map into a two-dimensional (2D) map and
proved that the resulting map is chaotic in finite parameter domains.

(d) I proved that the 2D micro-chaos map describing the behaviour of a digitally PD-
controlled linear oscillator with output quantization is chaotic in finite parameter
domains. I showed that the structure of its phase-space is like phase portraits of
several local baker’s maps next to each other, and strange attractors or repellers
are formed between each neighbouring pair of fixed points. I set up an algorithm
for the determination of the attractor/repeller property of the strange sets, based
on the consideration of boundary crisis bifurcations.

(e) (Joint work with Gergely Gyebroszki.) We developed a new Simple Cell Mapping
(SCM) algorithm, the so-called Clustered Simple Cell Mapping, that is able to join
separate SCM solutions and makes the adaptive extension of the analysed state
space region possible, in any dimension. We showed that the joining procedure
is linear in terms of the number of cells, and its main steps can be calculated in
parallel.

My contribution was decisive during the selection of the method suitable for the
investigation of systems with separated attractors — the cell mapping method —,
the setting up of the requirements related to the operation of the algorithm, and
the formulation of the definitions enabling the formal description of the procedure.

Related publications: [35, 38, 42, 43| [72]. Related sections of the thesis: [1.24.3]
[.5]f4.6]
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Appendix A

Stability Analysis of the Dry Friction
Oscillator

A.1 FILIPPOV THEORY AND SALTATION MATRI-
CES

One of the most contemporary stability calculation methods is based on Filippov theory
and the application of so-called saltation matrices [12], 65, 109]. To apply this approach, we
rewrite the equation of motion (2.3)) into first order form:

% = x _ F (x,v,t) %fv>0, (A1)
0 F_(z,v,t) ifv<0,

where
)

Fy(z,0,t) = .
+(7,0,1) cos(Qt +1tp)) —xzF S

(A.2)

The switching surface is defined by h(z,v) = v = 0, thus, its normal vector on the [z v] plane
is n = [0 1]7. Let us consider a perturbation Y that is superposed on a known periodic
solution Xp. The evolution of the perturbation can be characterized by the variational
equation

Y =J(t,Xp)Y, (A.3)

where the Jacobian matrix of the periodic solution is independent on the direction of the
velocity:

Ja;xp>::[fz é]. (A1)

The fundamental set of solutions of the variational equation can be obtained by introducing
linearly independent initial conditions: Y1(0) = [1 0]7 and Y5(0) = [0 1]7. The so-called
fundamental solution matrix consists of the corresponding solutions in its columns:

(1) = [ cos(t) sin(t)] . (A5)

—sin(t) cos(t)

This matrix is valid only between two crossings of the switching surface, because the funda-
mental solution matrix exhibits discontinuities when the sign of the velocity changes from
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negative to positive (— — +) or vice versa. These jumps can be described be the so-called
saltation matrices [12]:

F.—F_)nT

Sy = T+ (e (4.6)
F_—-F, )nT

Sty =1+ %a (A7)

where I is a unit matrix. The stability of the 27 /Q-periodic symmetric solution derived in
Section can be characterized by the matrix

C =S4 ) B(n/Q)S () B (/). (A8)

where the motion in both directions and the two crossings of the switching surface are taken
into account. The periodic solution is stable if the Floquet multipliers — the eigenvalues
A2 of C — are inside the unit circle on the complex plane. The results are illustrated in
Fig. at S = 0.05. Apparently, the symmetric solutions are only marginally stable at the
frequencies 2 = 1/(2n), n = 1,2,.... Thus, the analysis of these special solutions requires
a nonlinear stability calculation.

A.2 SHAW’S METHOD

Shaw [142] performed a more conventional stability analysis. His method provides the same
Floquet multipliers as the Filippov theory, but this approach can be extended much easier
with a nonlinear calculation. Shaw introduced the following Poincaré map P:

() () "

where z; and t; denote the coordinate and the time at the ' stop. According to our
notations, t; = tg + 61 and ty = tg + 01 + 6 = t; + 0. Consequently, 6; = t; — t;_1. The
map P is not known explicitly, since the turning point times are roots of transcendental
equations like . However, an approximating map can be constructed using implicit
differentiation. We are interested in the propagation of errors as the initial coordinate and
time are changed. Thus, we need the derivatives of ¢; and z; with respect to ¢y and zq [142].

For the calculation of 9t;/dt, we use the expressions 27 (61) = 21 (see (2.5), and
(2.11)) and @~ (1) = 0 (2.12). These equations can be expressed by the new variables t; as
follows:

_ cos(Qty) Qsin(Qty) . Q cos(Qty)
Xz (91) = ((Eo -8 + W) COS(tl — to) — Wsnl(tl — t0> — W + S = x.
(A.10)
__ cos(Qtp) \ . Qsin(Qty) Qsin(Qy)
7 (0)) = (S — 9 — m) sin(ty —to) — 1 cos(t; — to) + 1 = 0.
(A.11)

Differentiation of with respect to ¢y leads to an equation that can be used to determine
Oty /0ty. The expression of 0t1/dxy can be obtained similarly, by differentiation of
with respect to xy. The next step is the differentiation of with respect to ty. Taking
into account that ¢; also depends on ty, one obtains dx1/0ty and Ox1/dxo. The derivatives
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of t and w9 with respect to ¢t; and x; can be calculated similarly: only the indices must be

increased by one in (A.10)) and (A.11)).

Let us denote the turning point times and coordinates of the known periodic solution
by t; and z;, while ¢; and x; will denote the corresponding quantities in case of a perturbed
motion. This way, an error vector can be defined:

& N T — T
(£)-(5) o

The propagation of errors during a half cycle can be approximated as follows:

. - t: _ g - 8751‘-»:1 atit_L b t~ = Ri+1 4 . (A13)
Ni+1 i+l i+1 Al e i ; n;

The derivatives are considered at the corresponding times t; and coordinates Z; of a chosen
solution. The stability of a periodic solution can be determined by constructing the error
matrix R = Ry - Ry. The condition of stability is that the eigenvalues A; » of matrix R must
be inside the unit circle.

A.3 EXTENSION OF SHAW’S METHOD

To determine the asymptotic behaviour of linearly marginally stable solutions at 2 = 1/(2n),
a non-linear stability analysis was performed. For this purpose, we extended Shaw’s calcu-
lations and approximated the elements of the error vector by Taylor polynomials.
Taking into account second and third order terms, we obtain

- 1 81 / ; 833'1 8.73'1
§1=$1—$1%ZZ 577] 8—%50‘1'8—%770

l 1l
1 ik ox 8753
1 821'1 2 6 T 1 8233'1 9
S Ao A.14
+ 2 ax% g(] + 8 08t0£0770 2 atQ 770 ( )
183.7713 1 8$1 1 8:61 18331 3
t 5t 2000t 20t G o
and ,
- 1 0ty .
m=t—hx) Y = (A.15)
=1 it ik A0ty
Similarly,
3 L
1 8Z+]£B2 P
§o =1y — Ty — &m0 (A.16)
and
3
~ 1 0"ty »
N =1y — 1o = T -5077{]. (A.17)
;H—]Z:k ily! 8x18t]1

Taking into account that t; —tg =ty — t; = 7/ and 2 = 1/(2n), the derivatives can be

obtained — see Equations (A.18))-(A.35)
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oty (S—xm+1)(1—9?)
Oty (S —mo)(1— )+ (1+Q2) (A.18)
0t ot Pt Pt Pt
O~ Dny "~ Dy~ 0xf  0wodlf Y (A.19)
o’ _ 2(92° — oH((@* )Q(xo — 8)° + (wo — S)(3Q" — 40% — 3) + 60° + 2) (A.20)
oty ((S = xo)(1 —22) + (2 + 1))* P
Pty 202(02 — 1)
- A21
dxodty  ((S —xo)(1 — 92) F(Q2+ 1)) (A.21)
Pty —40%(02% —1)?
0230ty ((S — wo)(1 — Q2) + (Q2 + 1))’ (A.22)
g_f:; =1 (A.23)
ory  Pry  Pry Pz Pry  Prp
Do~ OB 022 Omodty  0x3 _ 0x20t (A.24)
Pwy 202(zg — 5 — 1)
02 (wo— S)(1—Q2) — (1+Q2) (A.25)
P —40*
dx00t2 ~ (o — S)(1— Q%) — (1 + Q2))2 (A.26)
oty (1 +S+1)(1—-0%)
ot (w1 +9)(1— )+ (1+02) (A.27)
Oty Oty Pty Pty Pty
92~ 0x1 022 013 0m0f 0, (A.28)
Pty —2(00 — QH((Q2 — 1)2(z; + 8)® + (21 + ) (30" — 402 — 3) — 602 — 2) A0
ot (S+a)(@—1)— (2+1) » (A
0%t 202(02 — 1)
- A.
Oz10t;  ((S+a1)(1— 92) + (2 41))2 (A.30)
Pty —40%(0% - 1)?
- A31
0riot; (S +wo)(1—Q2) + (2 +1))% (A.31)
g—if =1 (A.32)
3902 83x2 82I2 821;2 831-2 a3x2
- - = = = - A.
oty ot3 Oz? O110t, 93 9220t 0, (A.33)
Pay  —20%(x1+ S+ 1)
08 (1 +9)(1—02)+(1+Q?) (A.34)
3 _AO4
o= = . (A.35)

0x10F  ((z1 4+ 9)(1 - Q2) + (1 + 22))?

Substituting these expressions into Equations (A.14)-(A.17), and substituting & and m;
into (A.16)) and (A.17)), one obtains a high-order polynomial. Neglecting fourth and higher

order terms, & and 7, can be expressed in the following form:

& = M&o + AnS + B§07737 (A.36)
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N2 = Aano + Céomo + DEmo + Eng, (A.37)

where A, B, C', D, and E are lengthy algebraic expressions.
Thus, an iterative map can be defined by redefining the subscript as the serial number
of the consequtive cycles of the periodic motion:

Eiv1 = M& + Anf + BEn?, (A.38)
Nit1 = Ao + C&T + ng"ﬁ + ET]?- (A.39)

To transform these equations into normal form [I21], the resonant conditions must be
examined:

AP = )\ (A.40)
AT AL = )y, (A.41)

where 2 < ¢; + ¢ < 3. The integer numbers ¢; and ¢ are the exponents of the new,
transformed variables y; and 7; in the normal form.

A.3.1 Symmetric solutions

In case of symmetric solutions, A\; = 1 and 0 < Ay < 1. Thus, the possible solutions of
(A.40) are
¢2=0 and ¢ =23 (A.42)

¢2 = 0 means that the second variable (7;) can be eliminated from the first equation, while
¢ = 2,3 implies that the square and the cube of the first variable (y;) will appear in the
transformed equation. ([A.41) is fulfilled if

2=1 and ¢ =1,2, (A.43)
that can be interpreted similarly. Consequently, the normal form of (A.38)-(A.39) is

Yir1 = yi + oyl + Bys, and (A.44)
Tit1 = AoT; + VYT + 5%27'1- (A.45)

In the next step, the coefficients «, 3, 7, and 0 are to be determined. Assume that the
variables &; and n; can be written in the following form:

&=y + ayyyi2 + Ay YT+ aTTTf + ayyyyf’ + ayﬂym2 + anyyfTi + aTTTTi3 (A.46)
n =T + byyyi2 + by yiTi + bTTTZ-2 + byyyyf’ + by”yﬂi2 + byyfyizﬂ- + bTTTTf. (A.47)

Similar equations can be written for &1 and 7,1, as well. Using (A.44)) and (A.45)), the left

hand sides of ({A.38]) and ([A.39)) can also be expressed by y; and 7;.
Substituting (A.46)) and (A.47)) into the right hand sides of (A.38)) and (A.39), &1 and

n;+1 can be expressed by the new variables y; and 7;, again.
After neglecting fourth and higher order terms and taking into account that C' = 0 in

(A.39) in the symmetric case, (A.38) and (A.39)) lead to the following equations for the
unknown parameters of the transformation (A.46)), (A.47):

_043/1'2 + ayT(l — A)yiTi + (A4 ar-(1 — )‘3))7}'2 —(B+ Qayyoz)y?—i—
(Ayyr (1 — Aa) — ayr (7 + ada) + 2Abyy)yi2n + (ay(1 — )\2)+ (A.48)
Qyrr + B+ 24y )yit? + (@rrr (1= A3) + 24b,,)77 = 0,
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byy()\Z - 1)%‘2 — VYiTi + )\Zbyy(l - )‘2>Ti2 + (byyy()@ —1) - Qbyya)y?""
(D -0 — byT(CY)\Q + 7))@/371 + (byﬂ—)\g(l — )\2) — QbTT/\w)yin#— (A49)
(B + b Ao(1 = N2))7 = 0.

Since these equations must be valid for any pair of y; and 7;, every coefficient must be
zero. Consequently, a = =~v=0,0 = D, and

Yit+1 = Yi, (A-5O>
Ti+1 = )\27’2‘ + DyZQTZ (A51)

The normal form (A.50) shows, that the periodic symmetric solutions are marginally stable
in this third order approximation.

A.3.2 Asymmetric solutions

A similar calculation can be performed in case of the asymmetric solutions, too. A\ = 1
and 0 < Ay < 1 fulfils for almost every asymmetric solution. C' # 0 in these cases, and the
normal form reads:

Yi+1 = Yi, (A-52)
Tiv1 = AT + CyiT;. (A.53)

Thus, for (4n® +1)/(4n* —1) = S < 29 < 1 + 5, we found a continuum of solutions that are
marginally stable in this third order calculation. Higher order terms might have a stabilizing
effect, but we expect that the whole family of these solutions is marginally stable to all
orders due to the fact that these asymmetric periodic solutions are dense in a subsurface of
the phase space.

Finally, consider the extremal asymmetric cases, zo = 1 + S and zg = (4n® + 1)/(4n* —
1) — S. Since the eigenvalues are A\; = 1 and Ay = 0 in these cases, the resonance condition

(AA0) fulfils if

=0, and ¢ =2,3, (A.54)
and (A.41)) is valid if

¢ =0, and ¢ =2,3, (A.55)

=1, and ¢ =12 (A.56)

¢1 =2, and ¢ =1 (A.57)

Thus, the normal form can be written as
Yirr = yi + oy} + By, (A.58)
Tirl = VYiTi + 0YTi + €77 + KyiT} + pTy - (A.59)

The coefficients «a, 3, v, 9, €, k, and p can be determined similarly as in the case of Egs.
(A.44), (A.45). Taking into account that A = 0 and B = —1/2 in case of zp = 1 + 5, we

obtain

Yi+1 = Yi, (A-GO)
Titl = Cyﬂ'z + ETZ-B, (A61>

while in case of zy = (4n® + 1)/(4n* — 1) — S, we arrive at

Yir1 = Yis (A.62)
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Titl = Cyﬂ'l + (E — AC)TZB (A63>

Note, that in the extremal asymmetric cases the solution touches the stick-slip boundary.
This result means that Eqs. (A.60)-(A.63) are valid only for perturbations that push the
solution away from the boundary and towards non-sticking responses. In the opposite case,
i.e., when the solution is pushed into the sticking region, another approach must be used,
that is described in Section 2.3.3

Since Egs. — are valid for arbitrary small perturbations, this third order
calculation leads us to the conjecture that families of equally marginally stable solutions
exist at frequencies 2 = 1/(2n).
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Appendix B

Palmai’s Chip Formation Models

B.1 DERIVATION OF THE 5D MODEL

The derivation of the equations — can be summarized as follows: the plastic shear
stress 7; (i = 1,2) occurring in the shear zone of size hy is in mechanical balance with the
normal stress o acting on length L (see Fig. , i.e., the inertial forces and the elastic
deformation are neglected. Thus,

h
oL =1mh = _TQ

R (B.1)

The normal stress o causes an elastic normal strain Au/h; in the chip, parallel with the
direction of the deformation layers. Thus, 0 = EAu/hy, i.e, 6 = Esin(®) @/h, that implies

. EL sin2(<I>)

Ty = 72 7:1,7 (BZ)

where E denotes the Young modulus and # is the deformation velocity parallel to the defor-
mation layers. w4 is not equal to the corresponding component

veos(P) = 6ég (B.3)

of the cutting speed v, due to the plastic deformation of the material. The velocity of the
plastic deformation is 49, thus, @ = dé¢ — 0. The consideration of two deformation layers

implies
i = 0éq (1—57—1—57—) (B.4)
[ [}

Thus, substituting to (B.2),

. ELv
To — h2

m%ﬁm@)c—i—l) (B.5)
€» €9
To simplify the equations, a nondimensional time = ¢/K and a nondimensional shear stress

7= (B.6)

To

were introduced, where 74 is the mean shear stress [I32] in the shear zone during the forma-
tion of continuous chips. According to the generally accepted approximation of the cutting

109
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theory, 7¢ can be considered as a material constant. The nondimensional time was chosen
to be

K — 7'<1>h2 (B 7)
~ ELv sin?(®) cos(®)’ '
Using the new time scale and the notation
F, = ﬁ, (B.8)
€p

the equation of mechanical balance on the boundary of layers 0 and 1 turns to the differential
equation
=1—(F1+F,), (B.9)

where the hat symbol showing the dimensionless nature of the variable 7 is discarded and
dot means differentiation with respect to the dimensionless time.

On the boundary of the two deformed layers, the plastic stress oy in layer 2 must also
be taken into account. Consequently, the mechanical equilibrium leads to

T1hy = oL 4 op0.

Palmai assumed that o}, =~ \/§Tp1 in the plastic state, where 7,,; = 7. Thus, the differen-
tial equation of the nondimensional shear stress in layer 1 assumes the form

f=p(l—(F+F)), (B.10)
where
p=1+ @ sin(P). (B.11)

The determination of the parameter p is necessary for the application of the mathemat-
ical model. Unfortunately, the standard deviation of the data, found in the literature and
measured in Pélmai’s experiments about the thickness of the shear zone, is rather large.
Most of the measurements published in the literature [94, 125] provide information about
the state of the shear zone just after the interruption of the cutting process. The circum-
stances during the process were examined by Black [14] by electronmicroscope. Taking into
account these results, one can choose ¢ = 12.5 um as a realistic approximation. Exploiting
the definitions of ¢ and (, one obtains the following expression:

CE4n 1
" ¢ cp vsin(®)

. (B.12)

In the considered case, § = 1.278-107° m, which well agrees with the measured value. Thus,
p = 1.03, according to . The time scale K can be determined in two different ways, which
makes the validation of the model possible. Measuring the mean width A, of the lamellas of
the periodic chip (Fig. [3.2)), the real time period ¢. can be determined as t. = A./(vsin(®)).
In the mathematical model, K = t./ fc, where t. is the dimensionless time period. According
to the measurements, A, = 0.28 mm, while using the mathematical model (3.4)-(3.9) in the
case (= 3.4 (Fig. 3.2)/c.), one obtains , = 0.95. Thus, K = 1.64-10~*s.

Parameter K can also be determined using the definition of parameter 7, exploiting
that 7o = 0.9 GPa for the chip material of austenitic steel [I74]. Taking into account that
T, = 300 K and r = 0.95, one obtains K = 1.52-107* s, which satisfactorily agrees with the
previous value.
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B.2 VARIATION OF THE CUTTING SPEED

To extend the 4D model to the case of varying cutting speed, one must take into account that
the time scale K depends on the cutting speed v. Using this parameter for the expression
of dimensionless equations is inappropriate if v can vary during the cutting process. Thus,
a reference velocity vy is introduced to express the time scale:

. Tq;hQ 1
~ ELsin®(®) cos(®) vy’

Ko (B.13)

with which the dimensionless time can be obtained as ¢ = ¢/ Kj,.
The actual cutting speed can be expressed as the multiple of the reference value: v =
vof(t). Substituting v = vy f into (B.5)), one obtains

dis L.
= (B B). (B.14)

Since the expressions of the system parameters n and £ contain the velocity v, these param-
eters are also reformulated to depend on vy, the reference speed. If the cutting speed differs
from vy, these parameters must be multiplied by f. Thus, the energy balance equations

(3-28)-(3.29) turn to the forms

To = ((Th = 2Ty) — f<Th,
Ty = fonFi(n,T) - 2T — Ty — Ty) — fE(Th — To), (B.15)
T, = fnrbnT) — (f&+ O —Th).

Thus, in the case of varying cutting speed, the mathematical model of chip formation
— derived by Palmai [129] — consists of the constitutive equations (3.31)), together with the
differential equations (B.14) and (B.15). The constants, the system parameters and the

initial conditions remain unchanged.

B.3 OSCILLATION OF THE WORKPIECE OR THE
TOOL

The machine-tool-workpiece system performs elastic vibrations as the cutting force varies.
For the sake of simplicity, Palmai neglected the elasticity of the machine and assumed that
one end of the beam-shaped workpiece is fixed in the chuck of the turning machine. The
velocity of the motion related to the oscillation of the workpiece and/or the tool is added to
the cutting velocity.

Introduce the coordinate z that is measured parallel with the cutting speed, according
to Fig. B.1] If the workpiece moves with velocity Z, the effective cutting speed will be
Ve = (fug — 2). Clearly, if the tool oscillates, one obtains vegr = (fvg + 2). Substituting

v = Ve into (B.3]) and (B.4]) leads to

2y = 1902 Cgs@) (1 - i) (B.16)

and

u:fmma@(1_i;)0_iL_ﬁ). (B.17)
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4 z Vw
Vu

workpiece
tool

Figure B.1: Relations among the velocity components in the elastic workpiece-tool system.

Thus, 75 can be expressed as

FL : . .

#y = = sin?(®) fuy cos(®) (1 - i) <1 EE. 2) . (B.18)
Using the time scale K and stress scale 7¢, one obtains (prime denotes differentiation w.r.t.
dimensionless time):

/
. z
= 1— 1—F —F). B.19
=1 < K, fvo) ( 1 — ) (B.19)

To determine the motion law of the workpiece z(f), the workpiece is modeled as a beam
with one fixed end, and the principal cutting force is applied at the other end of the beam.
The oscillation of this 1DoF system can be described by the differential equation

m.3 + kz = F,, (B.20)

where m,. denotes the equivalent mass of the workpiece (or the tool if the tool’s elasticity is
considered), reduced at the point of action of the force, and & (N/m) is the spring stiffness.
The principal cutting force F), can be approximated as

F, =~ cp-7, where (B.21)
cr ~ (cotan(®) + cotan(ps)) - g

Here 7 denotes the shear stress in the shear zone in plastic state, while ¢ denotes the area
of the cross section of the cut layer. pg is the angle of "internal friction”, which can be
defined in the shear zone, and can be expressed by the angle of friction p between the
workpiece and the tool. Usually ps = 7/2 — (& — o + p), while in our case pp = 7/2 — p,
i.e., cotan(pe) = tan(p) = p, where p denotes the usual Coulomb coefficient of friction.
In the examples discussed in Section [3.3] the area of the cross section of the cut layer is
g = 0.73 mm? and the corresponding angles are ® = 30° and pg = 45°, thus, cp ~ 2.

It is characteristic of turning processes that the point of action of the force usually
approaches (or rarely, moves away from) the fixed end of the workpiece. Consequently, the
spring stiffness £k increases, and may assume a rather large value during the final part of the
process. However, this variation is slow, and we suppose in our model that k=const. To
rewrite the equations to dimensionless form, we introduce the notation

z=1L-3 (B.22)
where the appropriate choice of L is

27’@

L="2K2 B.23
m, o (B.23)
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Discarding the special symbols showing the dimensionless nature of the quantities, we obtain

P4+ A z=T, (B.24)

where LR
A="20 (B.25)

m’f

According to what we have mentioned above, the final value of A may be several times larger
than its initial value. The equivalent mass m, of the beam is approximately m, =~ m/3 for
the workpiece fixed at one end.

The period of the free oscillations of the beam can be obtained as

2 vm, - k

Tper = —= =27

VA Ko

, (B.26)

while the natural angular frequency is

VA
=%

Palmai estimated the order of magnitude of A based on a cutting experiment, performed at
the Faculty of Technology of the Kecskemét College. The angular frequency was w = 27-1800
rad/s, which corresponds to Ty, = 1/1800 s = 5.56 - 107 s.

Consequently, VA = 1800 - 2Ky = 1.1304 - 10*K,. For example, at Ky = 1.769 - 107 s
we obtain A = 4. The velocity of the workpiece, related to the oscillation is denoted by Z.
According to Fig. this velocity must be subtracted from the circumferential velocity v
— i.e., from the nominal cutting speed — to obtain the effective cutting speed veg. In the
extremal case, when 2 is equal to the circumferential velocity, no chip is produced.

Using the length scale z = L2, Equation turns to

w

(B.27)

o AL L
=1 (1 Kofvo) (1-F—F). (B.28)

Introducing the notation
B Kovg . my

V= 2= = B.29
0 L 27’@, KO ’ ( )
the differential equation of the shear stress can be rewritten to
2!
v fl1- =) 1-F - F). B.30
s=r(1-77)0-R-R) (B.30)

The energy equations, describing the variation of the temperatures, are also modified: pa-
rameters £ and 7 must be multiplied by f <1 — %) that takes the variation of velocity into
account.

The described transformations lead to the set of differential equations (3.12) - (3.16) if
one discards the special symbols that denote the dimensionless nature of the variables.

B.4 PALMATI'S TIME-DELAYED MODEL OF CHIP FOR-
MATION

B.4.1 Variation of the thickness of the cut layer

The most important phase of the formation of chips is the development of an active deforma-
tion zone between the workpiece and the chip (Fig. [B.2)), where the plastic shear deformation
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Figure B.2: The model of chip formation (from [131)).

is dominant. This process is responsible for 80% of the total energy consumption of the tech-
nology [141]. The remaining 20% is mostly devoted to the friction between the tool and the
chip. In the previous models [127],[129] Palmai neglected friction and assumed that the
inclination angle ¢ of the shear zone and rake angle « of the tool were equal. In the new
model, these simplifying assumptions are disregarded. It was assumed in the technological
model [127], that the workpiece and the tool are rigid, the chip is elastic and the active shear
zone of thickness 0 is in plastic state. An inactive layer of thickness & was also considered
between the shear zone and the workpiece, which plays a role in thermal transfer processes
only. It is expedient to rewrite the temperature, shear stress, deformation angle and time
in dimensionless form: T' = (T — T,,) /T, 7 = 7/T6,y = 7/cs, t = t/K, where T, denotes
the temperature of the workpiece and K is the time-scale. The appropriate choice of K is
given in Eq. . During the formation of the so-called continuous chips with uniform
thickness, the temperature of the shear zone is Ty, the shear stress is 74, and the strain is

e sin(@)czz(sc(g —a)’ (B.31)

while the strain rate [141] is,
v cos(a)

€
As we have already shown [129], the energy balance equation of the inactive layer assumes
the following dimensionless form:

dTo(f) e oy Lo
i = (T() = 2D(t)) — = To (D), (B.33)
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where Ty and 7' denote the temperature in the inactive and active layers, respectively.

During the motion of the material, heat flows from the inactive layer to the active layer.
In the new model [130)] it is taken into account that time is necessary to cover the distance
0, which corresponds to the thickness of the layer. Consequently, a delayed value of the
temperature To(f — 6t) must be used in the calculations. Therefore,

—S#T@y4n@—5ay (B.34)

where the following dimensionless system parameters were introduced:

rK1ev cos(P)
cpdTy, cos(P — a)

C_4K)\ 1 Kusin(®)
Coepd? 6t o ’

and 7= (B.35)

where ¢ denotes the heat capacity, p is the density, A is the thermal conductivity and r is
the energy ratio (r =~ 0.95). F'(t) denotes the deformation speed expressed with the help of
the constitutive equation, characteristic of the material of the workpiece [126]:

A L l4ensyn -
& T4l T tal-Ty)
F(t):—: = exXp =

o Tp+1 b(T + 1)

: (B.36)

where a, b, and n are constant values, characteristic of the thermal softening, the sensitivity to
velocity of deformation, and the strain-hardening, respectively. The deformation is described
by the following equation [126]:

= = [F(t) — F(t — 6t)] é (B.37)

It is also necessary to describe the mechanical equilibrium with another equation that
takes the variation of the depth of cut into account as the built-up edge develops.

The so-called card model is used for setting up the equation of mechanical balance [133].
According to Fig. , pressure p(z,t) acts on the surface of the tool, which can be described
by the empirical formula p ~ po(1—2/L)" along the surface of the tool [174], where ' = 2+-3.
As a consequence, normal stress o = p cos(® — ) develops in the neighborhood of the shear
zone. This normal stress is in equilibrium with the shear stress 7 occurring in the shear zone
during the plastic deformation:

wh
sin(®)’

[cos(® — o) — psin(P — )] w/o p(x)de =71 (B.38)

where 1 denotes the friction coefficient, h is the depth of cut, while w is the chip width.
After integration, Eq. can be rewritten as

sin(®)2. (B.39)

7 =[1—ptan(® — a)] h

1+ N

According to [19], the projection of the cutting velocity to the shear plane

cos(a
Vp = V————— B.40
¢ cos(P — ) ( )
can be decomposed into two parts: ve = g+ Jer. As depicted in Fig. [B.2] v, is the displace-
ment in the shear zone, related to the plastic deformation, i.e., the 4 plastic deformation
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angle: Ay, = 07, while y.; denotes the elastic deformation in the chip parallel with the
shear zone:

ho

where E denotes Young’s modulus. Using (B.32)), we obtain
€p

Ye = Vo — 0Y = Vo ll - %1} = Vg [1 — l} = vg(1 — F(t)), (B.42)

where F(t) = 4/ , according to the constitutive equation (B.36|). The differentiation of

(B.41)) leads to

ho + hé
Jel = ————~ B.43
Vi =g sin(P) ( )
which — together with (B.42)) — makes the formulation of ¢ possible:
Bvgsin(®)[1 — F '

h h

As the BUE periodically develops and tears off, the thickness of the cut layer can be
given in the form

h(t) = ho[l + f(t)]. (B.45)
Using (B.39) and - we obtain

T 1~ ptan(@ — o)) RS @) osl@) gy oTdR (B.46)

dt (N + 1)h2cos(P — «) h dt
It is expedient to rewrite the equation to dimensionless form:
dr ELvsin?(®) cos(a) 1-— F(f) 7 dh
- =1 — ptan(P — K ——. B.47
dt [1 = ptan( )] (N + 1)h§re cos(® —a)  [1+ f(1)]? h dt ( )

By the appropriate choice of the time-scale K, the equation of mechanical balance turns
to the following non-dimensional formula in the case of varying depth of cut h(t):

i _ 1=Fl) _,7dh (B.48)
G4 fOPR  hdi
where
K (N + 1)hi7e cos(P — ) 1 . (B.49)

ELvsin*(®)cos(a) 1— ptan(® — «)

In summary, the new mathematical model of chip formation comprises the autonomous
differential equations (B.33)), (B.34), (B.37) and (B.48), along with the expression of the
deformation speed (B.36]). These equations should be applied as follows: only the shear
stress changes in the initial interval ¢ = 0...dt, according to (B.48)), with initial condition
7(0) = 0.. This part of the solution corresponds to the formation of the deformation band.
The other three variables remain zero in this period: Ty(f) = 0, T'(f) = 0, 4({) = 0. For
times ¢ > 6t, the solution previously obtained for the shear stress provides the time history
for the delayed differential equations.
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Figure B.3: Formation of built-up-edge and its influence on the cut chip. (+— 1 mm):
(a) free-cutting steel and (b) free-cutting steel+Pb-+Te.

Quality | Charge # |[C% | Mn % |Si% | P% | S% | Pb% | Te % | Al %
AS1 89694 0.08 | 0.91 | 0.05 | 0.098 | 0.208 - - 0.02
AS1 Pb Te 89746 0.08 1.1 0.05 | 0.103 | 0.218 | 0.15 | 0.04 | 0.04

Table B.1: Chemical composition of the experimental materials.

B.4.2 Refinement of the model based on experimental results

To validate and refine the model, Palmai used a material that can be cut both with and
without the formation of BUE during the application of the same technology: the free-cutting
steel. A Hungarian metallurgical company produced a new steel type by alloying free-cutting
steel with Pb and Te. These components behave as lubricants during cutting, preventing
the formation of BUE. The chemical composition of these two steel types is quite similar, as
it is shown in Table [B.I] These steel materials were turned in rolled state with high-speed
steel tools. After the abrupt interruption of the process, the chips depicted in Fig. were
obtained. Picture a shows the occurrence of BUE in the case of free-cutting steel, while
continuous chips were produced without BUE as a consequence of the Pb and Te content,
according to picture b.

The periodic formation and breaking off of the BUE can be observed well in Fig. a,
where a previously torn off part of the BUE can be seen together with the actually forming
BUE at the root of the chip. According to Fig. that shows a blow-up of Fig. a,
the BUE formed at the tool tip tears off only partially, and a large portion of the material
accumulates on the tool permanently, increasing its size. The periodic formation and tearing
off of the BUE leads to the periodic variation of the depth of cut by Ah — see Fig.
The depth of cut h gradually — approximately linearly — increases during the formation of
the BUE. Then, the BUE tears off at a certain Ah value, and the thickness of the cut layer
becomes hg, again. Thus, the actual depth of cut h(t) varies according to a saw-tooth profile.
The frequency of the phenomenon can be determined by the examination of produced chips.

Thus, Eq. (B.45) can be rewritten as
h() = ho[l + H f1()), (B.50)
where H = Ah/hg, and the saw-tooth profile is given by the function

fi(t) = 7 (tm0d5> = %fm- (B.51)
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Figure B.4: Variation Ah of the depth of cut.

Here ) = Kw, and w is the angular frequency of the development of the BUE. Thus, the

final form of Equation (B.48]) is
d7 1—F(t H
_T — ( ) — 924 27

A~

df_p+H%%f 1+ HiH,,

(B.52)
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Appendix C

Micro-chaos Map

C.1 STATE-SPACE MODEL OF FULL-STATE FEED-
BACK

We consider systems described by first order linear differential equations, i.e.,

% =Ax + Bu, (C.1)

u =Kx,

where x € R” denotes the state vector, A € R™" and B € R™™ are the coefficient matrices,

u € R™ is the vector of m control signals and K € R™*" is the matrix of feedback gains.
In the case of sampling with sampling period 7, zero-order-hold control scheme and

neglected processing delay, the solution of the differential equations can be given in the form

s K } = x;11 = (A +BK)x; = Sx;. (C.2)

u; = Kx;

where the coefficient matrices of the discrete system can be calculated as A = exp(A7) and
B = | exp(Az)dz B, where A € R™" and B € R™™.

In real control systems, the derivatives (speed, angular velocity, etc.) are typically deter-
mined using a difference scheme. In the simplest case, when the feedback delay is neglected
in a 1DoF system, the speed v at time instant ¢ = j7 can be expressed by the actual and
one step earlier value of the displacement x as

vy = 24— L1 (C.3)
T
As a consequence, the delayed values of the displacement appear in the governing equation
of the system. If the control effort u depends on delayed values of the state, the state-space
model can be given as

Xji+1 = AXj + BUj, (C4)
KQXj + K1Xj,1 —+ 4 Kde,d.

U,
To facilitate the stability analysis of the system, we complement the actual state vector

x; by its earlier values, resulting in a new state vector y; = [xI_, ... x7]7, e, y; € R+
if the largest delay is d7. Using this extended state vector, the governing equation can be

119
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rewritten as

Xj—(d—1)

Vi1 = Xji-1

Xj+1

0 I
0 0
0 0
| BK, BK,_

BK;

I

A + BK, |

= Sy;. (C.5)

The size of each unit matrix is I € R™*™. If there is no quantization, the general form of the
map — with or without delay — is

ijrl = Syj (CG)

C.2 POSSIBLE TYPES OF QUANTIZATION

C.2.1 Quantization at the output

In this case, we assume that there is no round-off at the input, but the elements of the
calculated control vector u; = [uy; ug; Up;i]T are sent out with different resolution
values. The diagonal matrix

(C.7)

Ro = diag[ror 102 rol
contains the values of the resolutions for the [ control effort signals. Each signal must be an

integer multiple of the corresponding resolution value. In this case,

xj+1 = Ax; + BRoInt (Rg'u;) , (C.8)
where

u; = K()Xj + K1Xj_1 + -+ Kde_d, (Cg>

and the function Int: R' — Z' calculates the integer parts of the elements of the output,
rounding towards zero. Thus, the following map describes the evolution of the state instead

of Equation (C.5)):

[ Xj—(d—l) ] [ 0 1 0 ... 0 1T Xjfd ] 0
: 00 I 0 : 0
Yi+1 = Xji-1 = . Xj—2 +
X; 00 0 ... 1I Xj 1 0
Xji+1 i i 0 0 ... 0 A 1L X5 BRoll’lt <R61 Z;l:() Kin—i>
This expression can easily be reduced to
d
xj11 = Ax; + BRolInt <R51 > Kixj_,) = Ax; + b, (C.11)
i=0

where A denotes the coefficient matrix of the uncontrolled system, with at least one eigen-
value outside the unit circle. If there is only one control signal, i.e., vector u; is one-
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dimensional with resolution rp, integer numbers m; describe the quantization at each sam-
pling instant, leading to
d
yii1 =A%y, +b"m;, and x;;; = Ax; + Brolnt (7"51 Z Kl-xji) = Ax; + bm;.
i=0

(C.12)

C.2.2 Quantization at the input

If the measured inputs x; are quantized instead of the output u;, the values of the resolution
for the n state variables can be given by the n-dimensional diagonal matrix

R[ = diag[rn Tr2 Ce T[n]. (013)

Only integer multiples of the resolutions 77, £k = 1,...,n are used by the control system for
the calculation of the exerted control effort. Using matrix R;, micro-chaos maps similar to

(4.8) and (C.10) or to (4.13) can be formulated.

If one wants to emphasize the local unstable behaviour, the coefficient matrix of (C.10)
can be used, and the map can be formulated similarly as (4.9):
d
Xj+1 = AXj —+ B Z KZR]Int (RI_IX]‘_Z‘) = AXj —+ bj, (C14)
i=0
where the element-wise integer-part function Int maps from R” to Z". The alternative form
of the map that emphasizes the global attractive property of the origin assumes the form
yj+1 = Sy; + ¢; that is similar to Eq. (4.13) with the same coefficient matrix S, and the
shift vector

0

0

cj = : : (C.15)
0

| BY L KR/F, |

The fractional part vectors’ elements are between -1 and 1, since

Fj—z’ = R;lXj_Z' — Int (R;lxj_i) . <C16>

C.2.3 Twofold quantization at the input and output

It is straightforward to combine the input and output quantization cases to obtain the
corresponding micro-chaos maps:

d

xj11 = Ax; + BRpInt <R01 Z K,R;Int (R11Xj¢)> = Ax; +b;. (C.17)
i=0

Using the other approach, i.e., substracting the fractional parts, the coefficient matrix S

is the same as in (4.13), and the shift vector will be also similar:

0
0

| BRoF; |
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Note, however, that the definition of vector F; is different from (4.12):

d d
F; =R," ) (KR/Int (R;'x;_;)) — Int <R51 > (KiR/Int (R;lxji))> . (C19)

1=0 i=0

Thus, we found that independently on the type of round-off, the discrete map describing
the evolution of the system can be given as y;;1 = Ay; + b, or y,;11 = Sy; — ¢;.

C.3 2D MICRO-CHAOS MAP WITH DELAY

C.3.1 Restrictions about the basic branches

(A) If y2t, > @y, and m > 0, the trajectory can jump from the mth basic branch to that
part of the next (m + 1st) basic branch that is on the other side of the fixed point y7, ;.
Consequently, the solution may reach the (m + 2nd) basic branch, as well. This situation
may occur if

a*(a—1)(m+ 1).

b<nl' = C.20
nsup,—f— maQ + 1 ( )
For example, nguan ~ 0.614 > b in the case a = 1.5, b = 0.6, shown in Figure Thus,

pgup is "over” the fixed point yj. Consequently, the solutions can reach band M, as they
move away from yj, and finally, they reach the unstable line of y}. Since ng’up7 4+ ~0.58 <D,
the solutions cannot go further, to the unstable line of y} .

Similarly, if condition yi; < ), _, is fulfilled at m > 0, which means that

a*(a —1)m

ma? — 1

b>niye . = , (C.21)
the solutions can jump from the mth basic branch over the fixed point of the (m — 1)st basic
branch. Thus, the (m—2)nd branch can be reached by them. At a = 1.5 and b = 0.6 (Figure
, nf’nf’ . ~ 0.587 < b, and pj}; is under the fixed point yj. Consequently, the solutions
can reach band M; as they move away from y3, and finally, they reach the basic branch of
y;. Note that if !, < zf, the positive solutions may jump to the negative domain. This
situation occurs if b > nf, = a?/(a+1).

The corresponding formulae if negative coordinates are considered:

—ifylly <y, and m <0,

2(q — —
b<nm =2 1>(ml Y hile (C.22)

—
s ma? —

~ Yanp > Tryy and m < 0 implies

2 _
po g = Cla—lm (C.23)

SUP,— ma? + 1

(B) If yln, > ymi% and ymi% > m+ 2, the rightmost accumulation point on the branch of

Up1 is not f(ppity) = plitt, but £(pf,). The condition of the occurrence of this situation

1S

2(1 — 2
b<gaps+ = a1t Tan)n _al(m +2) if m>0, and (C.24)

b>ghp = 2a—a® ifm=0. (C.25)
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3~5 T T T
—— Basic branches
3L T T = X1

2.5

m=1 m—=2

1.5 2 25 3
Tj-1

Figure C.1: "Overstretching” of a basic branch at a = 1.55 and b = 0.8.

For example, if a = 1.55 and b = 0.8 (see Figure , ggup = 0.6975 < b, thus, the rightmost
accumulation point on the branch of U; is not pg,,, the basic branch "stretches over” this
point.

The same problem occurs if ™ < y™~} and m > 1. In this case,

a’*m + a(l —m)

b> Ginpt = .26
glnf,+ am + 1 N ( )
and the lower endpoint of the (m — 1)st branch is not f(p”~}), but f(p;).
The corresponding formulae for negative solutions:
~ Yoy > Y1 and m < —1:
2
1
ps g = omtallzm) (C.27)
' am
= Y < y,’ﬁi% and m < 0:
20m — 1) — _9
b< g =" (m=1) - a(m = 2) (C.28)

am + 1

(C) The basic branch on U, (m > 0) falls into smaller pieces (becomes dashed) if

(a*> —ab —b)(m — 1) + a?

f(pli,') = C.29
(Pl ) a(a® —ab—b)(m —1) +a® —mb (C29)
is such that its second coordinate is less than y”~!. This is the case if
2
-1
psan=_— e~ (C.30)

(m—1)(a®>+a)+1

The basic branch on Uy becomes dashed if f(pi) is above pi, which leads to the following
condition:
a(a® —1)

b<d = .
a?+a—1

(C.31)
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T T T T T T T T 0 T .
191 — Basic branches psup’ ]
o= v,
1+ |
i ’/'/ f (p(s)up)'
0.8F ‘ .
Lj
06} ]
04} / -
LT m=0 m=1
0.2 2 1 1 1 1 1 1 1 1 1
0.2 04 0.6 0.8 1 1.2
Lj—1

Figure C.2: Dashed basic branch at a = 1.1 and b = 0.5.

For example, see Figure [C.2) where d' = 0.231 < b = 0.5, and f(pJ,,) is below p{. As a
consequence, a gap appears on the basic branch belonging to Uj.
(D) Note, that there are cases when more than two basic branches overlap. The condition

of k-fold overlap of branches is y;,, ; > yf’nlf,jj, which leads to

a(k — 2)

b>1F=—— 2 C.32

P (C.32)
If conditions ((C.20))-(C.23) are not fulfilled, the basic branches of y;, ., or y;,_; become

mangled, since the solution cannot jump to the other side of the corresponding fixed point.
Thus, the maximal and minimal numbers m, with which whole basic branches occur are

b
min:It s C.33
" na2(b+1—a) ( )
a*(a—1)—b
max = Int ~ 1. .34
" na2(b+1—a)+ (C-34)

The rightmost accumulation point of the attractor can be obtained as f(pZym=):

[xT] _ [a(a —b) — D)Mypax + a*

C.35
y’r axry, — b(mmax + 1) ( )

The leftmost point of the attractor is f(p; ™):

H _ [a(a—b) - b)mmin] . (C.36)

7 ax; — b(Mupin — 1)

The introduced points are shown in Figure , together with the auxiliary lines L° :
T; = “tf’;—bxj,l and LT : x; = %aﬁj,l + a“—_bb, passing through the endpoints of the
basic branches.

For the sake of simplicity, we restrict ourselves to the cases when (a,b) € G, the basic

branches are not dashed, solutions cannot assume negative values, and the endpoints of
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the basic branches are p{j; and py,,, respectively. Certain parameter domains, where these
conditions are fulfilled, are shown in Figure

The greatest domain, denoted by "01”, corresponds to the parameter values where the
basic branches lie on the unstable lines of the fixed points yj; and yj. The boundary curves
of this domain are nd, . = a*(a — 1), niy; . = giy, = a*(a —1)/(a® — 1), d" = a(a® - 1),
and d° = a(a® —1)/(a* +a—1).

Similarly, if the parameters are found in the domain "012”, the attractor consists of
three branches; the third branch is on the unstable line U;. The boundary curves are
@ = afa? — 1)/(a® +a— 1), & = 20(a® — 1)/(a? +a+ 1), nby,, = 2%(a— 1)/(a? + 1),
Gouwp = 20 — @?, and g7y . = (2a° —a)/(2a + 1).

C.3.2 Conditions of the construction of irreducible and primitive
partitions

In order to find the parameter domain where irreducible and primitive partitions can be
constructed, introduce the following notation: fy(pl) =[a—b a(a—b)]T denotes the right-
most accumulation point of fo(BL) — this is the image of the point pi. Point fo(p}) is in a
pre-image of B{j. fo(B") fully covers at least two pre-images of B if f;°(fo(pi)) is still on
the upper branch. This condition can be formulated as follows:

a—2>b

a?

>y =a(a®* —ab—b), thus (C.37)

a(a* —1)
b>cp = —F———.
=m = g1
For example, at a = 1.3, b > ¢!, = 0.5953.
f1(pY) = [a@ a®>—b]T denotes the leftmost accumulation point of f; (BY) — this is the image
of the point py. Point f;(p}) is in a pre-image of Bg . f1(BY) fully covers one pre-image of
B if £7(f1(pY)) is still on the lower branch. This condition means that

(C.38)

a+b

<y.=a*—b, thus (C.39)
a

b =0 (C.40)

_cs_a+1. )

For example, at a = 1.3, b < ¢, = 0.6766. If b > ¢, the image fo(B*) covers at least two
regions on the upper branch. Moreover, if b < ¢!, the image f;(BY) covers at least one region
on the lower branch. Thus, the partition is irreducible and primitive.

The conditions, implying that the image of the basic region B covers at least one region
on the upper branch and the image of the basic region BY covers more than one region on
the lower branch, can be obtained in a similar way:

. a‘—a
a(a* —1)
b<cd = — 2 C.42
= Cm 1+a+ a? ( )

The parameter domains, where conditions (C.38)) and (C.40) or (C.41)) and (C.42) are
fulfilled, are shown in Figure
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P
Domain '01' ct
08¢ Wb < ¢land b > cp
77b > ctandb < cf, d'
0.6
b 04}
0.2}
0 : : : : : )
1.0 1.1 1.2 1.3 14 1.5 1.6

a

Figure C.3: Parameter domains, where primitive partitions can be constructed.

C.4 2D MAP WITHOUT DELAY

C.4.1 Domain of stability

The origin x = 0 is asymptotically stable with respect to the map (4.61)) if the roots of the
characteristic equation

(sD — 2yc)a? — P(y(e — ¢) — f3s) ya? — Desa? — P(ef3s — eye + )

1+ 1+ =0

eya? e2ya?

reside inside the unit circle on the complex plane.

To check this condition using the Routh-Hurwicz criterions, we applied a Mobius trans-
formation, i.e., introduced a new variable n as p = (n+1)/(n — 1). After substitution, we
obtained another characteristic equation (Re(n) < 0 <= || < 1) in the form

192772 + blT] + bO = O, <C43>
where

by = (P—a*)y(2ce—1—¢?),
by = —a*(—2sDe+2v(1 —€?)) —2P(ecy — esfB — ), (C.44)
by = o?(y(e* + 1+ 2ce) — 2sDe) — P(2esh + (1 — €%)).

The origin is stable if these coefficients are greater than zero. At by = 0 one of the charac-
teristic multipliers becomes 1 (saddle node bifurcation in the nonlinear system). At by = 0
one of them becomes -1 (period doubling), while at b; = 0 the characteristic roots become
complex with unit modulus (Neimark-Sacker bifurcation).
The differential gain along the curves by = 0 and b; = 0 can be expressed as
D - a?(1+2ce +€?)y+ P ((=1+ €?) vy — 28es)
o 2a%es ’
Z(y—e? P((—1 -
Dbl — o (7 € 7) + (( + C€>,y /868) . <C45>

a’es
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These two lines cross each other at the rightmost corner of the stability domain, at

a? (1 — 2ce — 3¢?)
1 — 2ce + €2

Proax = , (C.46)

(=3e+2c%e+e3+c(=1+e?)y  (1—2ce—3e?)p

D(Prax) =
( ) (2ce — €2 —1)s (2ce — e —1)

(C.47)

Note, that since exp(3) > 0 and v > 0, 2ce — 1 — €? > 0 is fulfilled. It means that the
condition by > 0 corresponds to P > «?, independently of the damping. Thus, the minimal
admissible proportional gain is P, = o?.

If the stable domain disappears during the continuous variation of parameters, the three
border lines must have a common intersection point. This situation would arise only at
b — —oo. According to the formulae, the domain of stability would disappear at o = 0,
too. However, solution and the stability calculation are not valid if « = 0. For the
treatment of this case, see [38] and [40]. Thus, if parameter « is strictly positive and [ is
finite, the equilibrium can be asymptotically stabilized at every positive value of the sampling
time 7 — with properly chosen gains P and D. It is worth noting here that the equation of
motion of a real inverted pendulum is nonlinear. Thus, if one wants to keep the pendulum
in the vicinity of the upright position in order to apply the linearized equations, parameter
a — and consequently, the sampling period 7 — must be rather small.

C.4.2 Conditions of boundary crisis bifurcations

The crossing of fi(PLVSW) and f;(PEVSW) with W5 will be denoted by Out+ and Out—,
while the crossing of f,.(PEUSW) and f,(PFVSW) with W7 will be denoted by In+ and In—,
respectively. These four families of crisis bifurcation curves at various values of index m form
straight lines on the PD parameter plane, as illustrated in Figure [£.19} The corresponding
formulae can be derived in a straightforward way.

Out,:
D:_Be+7(e+2(§;€—|—s)(m—1))P+27m(€c+s). (C.48)
In,:
p. B+ 7)6;262 exp(y)y ,  2ym eexp(v)_ (C.49)
Out_:
_ W(e=e)(B+7) —2cym) + (® + B(B +7) — 27°m)s
R (| P ey Pvpeyey) R
N 2ma?(c + s)y?
(8 =7)(a?s + (B +7)(cy — ey + Bs))
In_:

_ s+ g@m—1) —’e+ By(c—e+5s)
D= s G —er 4 B)) | (G:31)

2ma’(c + s)y?
(B =(e?s+ (B+7)(cy — ey + Bs))
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C.4.3 Eigenvalues of matrix S

If the eigenvalues of S are real, the number of sign changes in the characteristic equation
(C.43)) is equal to the number of positive eigenvalues, according to Descartes’s sign rule. The
coefficient of i changes sign if the gain D assumes the value

_ 2ev0® + (ey — ey — Bs)P

D, pop , (C.52)

while the constant term changes sign at

2

o P
Dy — yat + (66’72 v — Bes) ' (C.53)
a’es
The eigenvalues ji; o are complex if the differential gain is between these two values:

DE = v (P—-2a*)(e—c)— PBs i27\/(o¢2 - P) (—2€C+1+€2). (C.50)

a?s as

We are interested in cases when the eigenvalues are inside the unit circle. It means that —
since D} |p—o2 = D |p—q2 is fulfilled — D, does not intersect the domain of stability. It can
be shown after some algebra that

pio € C if Dy, <D< DI,
fi1a >0 if DY < D < Dy,

w1 >0 and ps <0 if Dy < D < Dy,, (C.55)
fi2 <0 if DI <D < Dy,

,Uq,UQ<0&IldD<D1 = U1 > |,LL2|

The domains of various pairs of eigenvalues in the domain of stability are shown in Figure
[C.4 Topologically, the arrangement of these domains is invariant to the changes in the
parameters: curve DT is tangent to Dy, and Dy, at the rightmost and lower left apexes
of the triangular domain, respectively. Dy is tangent to D}, and D; passes through this
tangent point and the upper left corner of the domain.

It is worth to mention that both eigenvalues are zero at the intersection point of Dy and
D, — this point corresponds to the quickest convergence towards the equilibrium position, if
there is no quantization. The proportional gain assumes the value

a?(1 — 2ce)

1 — 2ce + e2 (C.56)

Pquick =

at this special point.
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Figure C.4: The domain of asymptotic stability (|p1,2| < 1) of the desired state x = 0
without considering processing delay and quantization at a = 0.8 and § = 0.3. The sub-
domains of various pairs of eigenvalues are also shown.

C.4.4 The algorithm of joining in the C-SCM method

This subsection describes the algorithm of joining adjacent SCM solutions. The algorithm is
divided into preprocessing and two stages of classifying cell sequences which previously led
to the sink cell.

For the sake of simplicity, object oriented notation is used, with simple classes for de-
scribing the cell and SCM solution including the cell state space. See Algorithms and
for these classes. In the pseudo codes the . (dot) operator is used to access data or
function members of these objects. For instance scm.cells[i].index accesses the index of
the i-th cell of the scm object. Furthermore, > indicates clarifying comments.

Algorithm C.1 Class for cell

class CELL

index C N

tmage C N

domain

group C N

step C N

type C { UNKNOWN, TRANSIENT, PERIODIC }

state C { UNTOUCHED, UNDER_ PROCESSING, PROCESSED }
end class

Algorithm C.2 Class for simple cell mapping

class SCM
cell array of CELL objects
cellCount C N > the number of cells in the cell state space
periodicGroupCount C N > the number of periodic groups in the SCM solution
index(...)
domain(...)

end class
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During preprocessing the cells corresponding to the domain of attraction of the sink
cell for both SCM solutions are identified. This can be done by selecting cells with group
number 0, which belong to the 1-P group of the sink cell. Checking the step number is not
necessary, since all cells with 0 group number must be transient cells. For the pseudo code

of preprocessing see Algorithms and [C.4]

Algorithm C.3 Identification of sink cell’s domain of attraction

Input: scm object representing an SCM solution

Output: array of indices of sink cell'’s domain of attraction
GetSinkDomainOfAttractionsem

sinkDoA + () i « 1, sem.cellCount scm.celli].group = 0

sinkDoA < sinkDoA U1

sem.celli].state <— UNTOUCHED b invalidate previously processed cell

sinkDoA

Algorithm C.4 Preprocessing of two SCM solutions

Input: objects representing SCM solutions

Output: array of indices for both sink’s domain of attraction Preprocesssem1, sem?2
1: sinkDoAl < GETSINKDOMAINOFATTRACTION(scml)
2: sinkDoA2 < GETSINKDOMAINOFATTRACTION(scm?2)
3: {sinkDoAl, sinkDoAl}

Once the domain of attraction of the sink cell is identified for each SCM solution, the
first stage of joining examines transient cell sequences and updates cells in Case 1 of Section

see Algorithm
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Algorithm C.5 Stage 1 of the joining procedure

Input: Examined SCM solution and its DoA of sink, other SCM solution
Output: Updated SCM solution object scm, cell trees which require further processing
Stagelscm, sinkDoA, otherScm
cellTrees < () i < 0, sinkDoA.size
seq «
z < sinkDoA[i| sem.cell|z].state = UNTOUCHED
> Create new cell sequence
seq < seq U z
left < false left = false
imz <— scm.cell|z].image imz # 0
cmimz < scm.celllimz].emid cmimz = emid  sem.celllimz].state = UN-
DER__PROCESSING
9: > This sequence touches another sequence under processing
10: left < true
11: ct < scm.cell[imz].cellTreelndex
12: Tag cells in seq as UNDER__ PROCESSING, assign ct as cellTreelndex
13: > The current sequence is prepended to cell sequence/tree with index ct
14: cellTrees|ct] < seq U cellTrees|ct] scm.cell[imz].state = PROCESSED
15: > This sequence touches an already processed cell (Case 1.b)
16: left < true
17: g < sem.cell[imz].group
18: ¢m < seme.celllimz].cmid
19: Tag cells in seq as PROCESSED and assign new group number g and cmid cm
20: > Append cell to sequence and continue
21: seq < seq U imz
22: z 4= 1mz
23: > This sequence touches another sequence transiting to the other SCM (Case 1)
24: left < true
25: g < scm.celllimz].group
26: cm < scem.cell|imz].cmid
27: Tag cells in seq as PROCESSED and assign new group number g and cmid c¢m
28: > This sequence leaves the cell state space (imz = 0)
29: left < true
30: > Get image using the other SCM’s cell state space
31: imz < otherScm.index(step(scm.cell[z].center)) imz # 0
32: > This sequence enters other SCM solutions cell state space
33: g < otherSem.celllimz].group g # 0
34: > This sequence touches a periodic group with g > 0 (Case 1.b)
35: cm <— otherScm.cell[imz].cmid

The for loop in line [1] starts a new cell sequence by taking the next UNTOUCHED cell
from the domain of attraction of the sink cell. The while loop in line [6] builds the cell
sequence and updates all cells accordingly. If the condition in line [7] is true, then the cell
sequence is still within the original cell state space. In this case the emid is checked in line
If the currently examined cell has the same c¢mid, the current cell sequence either touches
another cell sequence (line @ and prepended to that cell sequence (thus forming a cell tree),
or touches an already processed cell (line in which case the cell sequence can be updated
accordingly, or touches an UNTOUCHED cell (line which results in continuing the current
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36: Tag cells in seq as PROCESSED and assign new group number g and cmid c¢m
37: > This sequence touches a transient cell of the other SCM’s sink,

38: > save this sequence for further analysis (Case 2)

39: Tag cells in seq as UNDER _PROCESSING and assign new group g and cmid cm
40: cellTrees < cellTrees U seq

41: > This sequence leads to the reduced sink (Case 1.a)

42: Tag cells in seq as PROCESSED

43: > skip cell

44: cellTrees

sequence by examining that cell’s image.

If the condition in line |8 (emid check) yields false, the cell sequence touches another cell
sequence transiting to the other SCM'’s state space, therefore the current sequence can be
updated accordingly. In cases, when imz = 0 is fulfilled (line , the cell sequence leaves
the cell state space. Line [31] checks whether the current cell sequence enters the cell state
space of the other SCM. In this case the sequence either touches a cell with g # 0 (line
when the current sequence is updated, or touches a cell with g = 0 (line when the current
cell sequence (seq) is stored in the array of cell trees (cellTrees) for further analysis. Lastly,
if both cell state spaces have 0 (sink) index for the cell (see line [40), the current sequence
leads to the reduced sink.

In the second stage, for Case 2 in Section a cell tree mapping is carried out (Algo-
rithm |C.6)). The for loop in line [1{starts examining an UNTOUCHED cell tree and the while
loop in line @ builds a sequence of cell trees (see variable: treeSequence). While examining
the image tree (ctImage) of the current cell tree (cellTrees]i]), the following cases can occur:

e The image of the current cell tree is a cell which was updated in Stage 1 of the procedure
(line @ All cells in the sequence of trees can be updated.

e The image tree of the current cell tree is PROCESSED (line , the sequence of trees
touches a known destination, and all cells in the sequence of trees can be updated.

e The image tree of the current cell tree is UNDER__PROCESSING (line , and a new
periodic group and transient cells are found. All cells within the sequence of trees are
examined and tagged as periodic (cycle in the sequence of trees) or transient (branches).

See Figure [£.24]

e The image tree of the current cell tree is UNTOUCHED (line , the image tree is ap-
pended to the sequence of trees, and the examination of the tree sequence is continued.

In the end of Stage 2, all cell trees are processed and new periodic groups (if any) with
their domain of attraction (transient cells) are found. The complete procedure of joining is
summarized in Algorithm [C.7] The two SCM solutions joined this way form a cluster of cell
mapping solutions, which can be extended further similarly.
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Algorithm C.6 Stage 2 of the joining procedure

Input: Cell Sequences Tree arrays and SCM objects
Output: Updated SCM solutions Stage2cellTreesl, cellTrees2, scm1, scm?2
1: cellTrees < cellTreesl U cellTrees2 i < 0,cellTrees.size cellTrees[i|.state = UN-
TOUCHED
> Start examining sequence of cell trees
cellTreesli].state <~ UNDER _PROCESSING
treeSequence < QU1
processing <— True
ctImage < cellTrees[i].imageTree processing ctImage = null
> There is no sequence image, image cell must be already PROCESSED in Stage 1
imageCell < cellTreesli].cell0].image
Update all cells in each cell tree of the current treeSequence
Tag all cell tree in treeSequence as PROCESSED
: > Cell tree mapping cellTrees|[ctImage].state == PROCESSED
: > The sequence of trees leads to a known destination
: Update all cells in each cell tree of the current treeSequence
: Tag all cell tree in treeSequence as PROCESSED
. processing < False cellState[ctImage].state = UNDER__ PROCESSING
: > New periodic group and transient cells are found
. g < nextGroupNumber()
: Update all cells in each cell tree of the current treeSequence
: Tag all cell tree in treeSequence as PROCESSED
: processing < False
: > cellTrees|ctImage|.state == UNTOUCHED
: > Tag this cell tree as UNDER__ PROCESSING,
: > append to treeSequence and continue
. treeSequence < treeSequence U ctImage
. cellTrees[ctImage].state < UNDER__PROCESSING
: > Get next image sequence
. ctImage = cellTrees|[ctImage].imageSeq cellTrees|i].state = PROCESSED
: > Skip already processed cell tree
: {seml, sem?2}

NN N RN NN RN N N = e e e e e
© 0 TS TR BN RS © 0T AW O

Algorithm C.7 Procedure of joining two SCM solutions

Input: SCM objects representing SCM solutions

Output: updated SCM objects Joinsem1, scm2

{sinkDoA1, sinkDoA2} < PREPROCESS(scml1, sem2) > See Algorithm
cellTreesl <— STAGEL(scml, sinkDoAl, sem2) > See Algorithm

cellTrees2 < STAGEL(scm2, sinkDoA2, scml)

{seml1, sem2} <— STAGE2(cellTreesl, cellTrees2, seml, sem2) > See Algorithm |C.6
{sem1, sem2}

C.4.5 Complexity of Simple Cell Mapping

The number of times of execution and cost for some lines are denoted at line endings in
Algorithm [C.8] The for loop is executed n + 1 times, let ¢, be the number of times the
while loop is executed for that value of z. Let s, be the length of the sequence accumulated
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Algorithm C.8 Simple Cell Mapping
Input: Cell State space

Output: SCM solution Number of execution, cost
1L g« 0z+0,n n+ 1,1 state[z] = UNTOUCHED
2: processing < True
3: sequence < DU z
4: im < z processing S0 t.,1 state[im] = PROCESSED
5: Tag cells in sequence as processed and transient ZZ;S 1, s,
6: processing <— False state[im] = UNDER_ PROCESSING
7: > New periodic group and possibily some transients found Z:;é 1,s,
8: Examine sequence, starting with m and tag cells as periodic, assign group ¢ and step 0
9: Tag remaining cells as transient, assign group <— g and calculate step numbers

10: g<—g—+1

11: processing < False

12: > state[im] = UNTOUCHED, continue along the image track St 1
13: state[im] <— UNDER__ PROCESSING

14: sequence <— sequence U im

15: im < image[im]

16: > Skip this cell

starting with cell z. By examining the algorithm, one can see, that s, = t., since no branches
of the if-else structure append new cell to the sequence or terminates the while loop at the
same time. New cells are only appended to the sequence in line [14] while the processing of
a sequence is either terminated at line [6] (reaching an already determined destination) or at
line [11] (finding a new PG and transient cells). Therefore the cost of the algorithm is

n—1 n—1
CSCM =nc +Z(25z +tZCQ) = (2+01)n+2t202 = O(Tl),
2=0 z=0

where the sum of the length of sequences Z:;é s, = n, ¢ is the total cost of constant-cost
operations in the for loop outside the while loop, and ¢; is the total cost of constant-cost
operations within the while loop.
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