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Preface

The tenth International Conference on Vibration Problems (ICOVP 2011) in Prague
represents a continuation of a tradition which started at the A. C. College, Jalpaiguri,
India in 1990. We well remember the further fruitful meetings in Jalpaiguri (1993),
then at the University of North Bengal (1996) and at Jadavpur University in West
Bengal (1999). This successful series continued in Moscow (2001), then at the
Technical University of Liberec, Czech Republic (2003) and in Istanbul (2005).
The last two assemblies of experts in dynamics took place at Bengal Engineering
and Science University, Shibpur (2007) and at the Indian Institute of Technology,
Kharagpur (2009). The ICOVP Conferences have a long tradition, and attract a
large number of highly qualified participants. This, together with the top-quality
papers presented and excellent organization, have established them as a high-
level forum where engineers, researchers, university teachers, students and other
professionals can present recent developments and discuss the scientific, technical
and experimental results and ideas in various areas of rational, experimental and
applied Dynamics.

Dynamics as a scientific discipline draws inspiration from a large variety of
engineering areas, such as Mechanical and Civil Engineering, Aero and Space
Technology, Wind and Earthquake Engineering and Transport and Building Ma-
chinery. Moreover, the basic research in Dynamics nowadays includes many fields
of theoretical physics and various interdisciplinary subject areas. It is encouraging
that the ICOVP Conferences have matured into a reference platform reflecting the
state of the art of Dynamics in the broadest sense of the term. Indeed, the most recent
ICOVP Conference, held in Prague this year, covered all branches of Dynamics and
offered the most up-to-date results of development to participants from 40 countries.

The ICOVP 2011 concentrated numerous papers of a very high scientific and
technical level. It has shown that the ICOVP Conferences have become increasingly
attractive for participants from the global scientific community. The International
Scientific Committee has had an extremely difficult task choosing the best contribu-
tions from the 280 submitted abstracts for oral presentation and for publication in the
Proceedings. Almost 200 papers were tentatively selected and their full text version
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viii Preface

submitted. Afterwards, two or more reviewers carefully assessed these individual
papers and decided on their final acceptance and inclusion in the Conference
Proceedings.

As the second step, the International Scientific Committee was approached to
select the best papers. After very strict evaluation, the respective authors were
invited to prepare revised versions for submission to the special volume Springer
Proceedings in Physics – Vibration Problems ICOVP 2011. Following the next
review process, 110 manuscripts were included in the final set of papers and sorted
into nine chapters. We would like to express our deep gratitude to all authors and
reviewers for their enormous effort and patience related to the preparation of this
volume.

Looking through the volume, highly promising trends are noticeable. Clearly
many challenging topics are being investigated using extremely sophisticated com-
binations of analytic and numeric procedures. Many qualitatively new phenomena
have been identified theoretically and verified experimentally. Non-conventional
methods based on various aspects of topology are being developed and applied
directly in relevant exploration. Research in Dynamics is adopting more and more
discrete models inspired by principles of digital technology itself. Uncertainty
modeling is making good progress, offering various new approaches in the realm
of Dynamics and Vibration Control. The formulation of problems of Stochastic
Dynamics reflects better natural conditions and provides realistic results which
have broad applications. Progress is being made in optimal random filtering, which
provides realistic models of various physical phenomena on the basis of large data
processing or data mining. Non-linear problems of every type related to flow-
induced vibrations are widely discussed, providing applicable results not only in
basic but also in applied research and industry.

Taking these aspects into account, we are firmly convinced that this volume,
published by the highly reputed publishing house Springer ScienceCBusiness Me-
dia, represents a well-balanced overview of theoretical, numerical and experimental
work on fundamental and applied studies performed in Dynamics and related
branches during recent years. It is a great privilege to show recognition to all
the authors for their invaluable contributions and their willingness to share their
knowledge with other readers. Their contribution has become the backbone of the
scientific success of the Conference and ensures the high quality of this special
volume.

Concluding the introductory remarks, our warmest gratitude should be expressed
primarily to the founders of the excellent ICOVP tradition, namely Professor
M. M. Banerjee and Professor P. Biswas. At the same time, we cannot complete
the preface to this special volume without expressing our sincerest thanks to a
number of individuals whose invaluable help made possible the organization of the
ICOVP 2011 Conference in Prague. These are the members of the International
Scientific Committee and the highly efficient Local Organizing Committee under
the chairmanship of Professor B. Marvalová. Her far-sighted management and
enormous effort were essential for the success of the Conference. Our genuine
thanks should be addressed to our other colleagues at the Technical University of
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Liberec, who supported us during the entire period of the Conference and during
the preparation of this volume.

The edition of the Proceedings was supported by the International Federation for
the Promotion of Mechanism and Machine Science IFToMM.

Jiřı́ Náprstek
On behalf of the editors
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Z. Šika, Michael Valášek, T. Vampola, U. Füllekrug,
and T. Klimmek

Part V Computational Methods and Mathematical Modeling
in Vibration Problems

Vibration of the Package of Rods Linked by Spacer Grids . . . . . . . . . . . . . . . . . 227
V. Zeman and Z. Hlaváč
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Stress and Dynamic Analysis of Rotating Composite Disc . . . . . . . . . . . . . . . . . . 573
Rahul Dev, K. Gupta, and S.P. Singh

Identification of Missing Dynamics in Rotor Systems Using
Robust Control Theory Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 581
Jerzy T. Sawicki and Ryan Madden

An Analysis on the Supporting Structure Representative
Model in Rotating Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 589
Felipe Wenzel da Silva Tuckmantel, Kátia Lucchesi Cavalca,
Hélio Fiori de Castro, Patrick Felscher, and Richard Markert

Part VIII Experimental Techniques, Signal Processing and
Analysis

Adaptable Vibration Monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 599
Vitalijus Volkovas

Design of an Optical-Fiber Accelerometer Based on
Polarization Variation Due to Crushing of the Fiber. . . . . . . . . . . . . . . . . . . . . . . . . 607
Pierre Tihon, Nicolas Linze, Olivier Verlinden, and Marc Wuilpart

Experimental Research on Brake Squeal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 615
Daniel Wallner and Stefan Bernsteiner

Experimental Investigation of Vibratory Peg-in-Hole Insertion
for Robotic Assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 621
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Bifurcation and Chaos of Multi-body Dynamical
Systems

Jan Awrejcewicz and G. Kudra

Abstract Triple physical pendulum in a form of three connected rods with the
first link subjected to an action of constant torque and with a horizontal barrier
is used as an example of plane mechanical system with rigid limiters of motion.
Special transition rules for solutions of linearized equations at impact instances
(Aizerman-Gantmakher theory) are used in order to apply classical tools for
Lyapunov exponents computation as well as for stability analysis of periodic orbits
(used in seeking for stable and unstable periodic orbits and bifurcations of periodic
solutions analysis). Few examples of extremely rich bifurcational dynamics of triple
pendulum are presented.

Keywords Pendulum • Impact • Bifurcation • Periodic orbit • Quasi-periodic
orbit • Chaotic attractor • Lyapunov exponents • Non-smooth dynamics

1 Introduction

A single or a multiple pendulum (in their different forms) are very often studied
theoretically or experimentally [1–3]. A single pendulum plays an important role in
mechanics since many interesting non-linear dynamical behavior can be illustrated
and analyzed using this simple system. But a single degree-of-freedom models are
only the first step to understand a real behavior of either natural or engineering
systems. Many physical objects are modeled by a few degrees of freedom and an
attempt to investigate coupled pendulums is recently observed.

J. Awrejcewicz (�)
LOEWE-Zentrum AdRIA, TU Darmstadt, Bartningstr. 53, 64289 Darmstadt, Germany

J. Awrejcewicz • G. Kudra
Department of Automation and Biomechanics, Technical University of Lodz, Lodz, Poland
e-mail: jan.awrejcewicz@p.lodz.pl; grzegorz.kudra@p.lodz.pl
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On the other hand, it is well known that impact and friction accompanies almost
all real behavior, leading to non-smooth dynamics. The example of modeling of the
piston – connecting rod – crankshaft system by the use of triple physical pendulum
with rigid limiters of motion is presented in the work [4].

The non-smooth dynamical systems can be modeled as the so-called piece-wise
smooth systems (PWS) and they are also interesting from a point of view of their
bifurcational behavior, since they can exhibit certain non-classical phenomena of
non-linear dynamics [5, 6]. One of the important tools of non-linear dynamics is the
linear stability theory, useful among others in the analysis of bifurcations of periodic
solutions and in the identification of attractors through Lyapunov exponents. These
tools are well-developed and known in the case of smooth systems. However the
same tools with small modifications [6, 7] can be also used for the PWS systems.
The modifications consist in the suitable transformation of the perturbation in
the point of discontinuity, accordingly to the so called Aizerman-Gantmakher
theory [8, 9].

In the present paper some examples of identification of attractors in the system
of triple physical pendulum with the horizontal barrier are given. The system used
is a special case of the more general model of triple pendulum investigated in earlier
works of the authors.

2 Event Driven Model of Mechanical System with Limiters
of Motion

Let us assume firstly more general case of mechanical system of n-degrees-
of-freedom with vector of generalized coordinates q.t/ D Œq1.t/; : : : ; qn.t/�

T ,
symmetric n�nmass matrix M .q; t / and n�1 force vector f .q; Pq; t/. The system is
subjected to m rigid unilateral constraints h .q; t / D Œh1 .q; t / ; : : : ; hm .q; t /�

T � 0.
We define a set I D f1; 2; : : : ; mg of indices of all defined unilateral constraints
hi and the set Iact D fi1; i2; : : : ; isg of indices of s constraints permanently active
on a certain time interval Œti ; tiC1�. Physically it means that the system slides along
obstacles with indices from the set Iact .

In the case of frictionless constraints, the system on time interval Œti ; tiC1� is
governed by the following set of differential and algebraic equations (DAEs)

M .q; t / Rq D fq .q; Pq; t/C
�
@hact .q; t /
@qT

�T
œact ;

0 D hact .q; t/; 0 D Phact .q; t / D @hact .q; t/
@qT

Pq C @hact .q; t /
@t

(1)

with the following event functions determining the time instances tiC1

œact D Œœi1 ; œi2 ; : : : ; œis �
T > 0;
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:actIimpact execution

iiii t,,: qqgq

i:=i+1

integration on [ ti,ti+1]
with event location at ti+1

with initial time step

0,1 ii th q

0, ''1 ii th q

01 it

0, ''1 ii th q

impact execution

iiii t,,: )0( qqgq

1:actI

initial cond.

0tq 0tq actI

one stepof integrationon [ ti,ti+

ii qq ,

'' , ii qq

Fig. 1 Scheme for the numerical simulation of the system

hinact .q; t / D �
hj1 .q; t/ ; hj2 .q; t/ ; : : : ; hjm�s .q; t/

�T
> 0; (2)

where hact .q; t/ D Œhi1 .q; t / ; hi2 .q; t/ ; : : : ; his .q; t /�
T is the vector of s con-

straints permanently active on Œti ; tiC1�, œact is the vector of non-negative Lagrange
multipliers and hinact is the vector ofm�s inactive constraints, i.e. constraints which
indices belong to the set InIact D fj1; j2; : : : ; jm�sg. The event tiC1 is determined
by the use detection of zero-crossing of any component of œact or hinact. At time
instance tiC1 the suitable changes in initial conditions (due to the impact) and in
the set Iact take place and the next piece of solution ŒtiC1; tiC2� is governed by the
new DAEs. In this way the system has been modeled as a piece-wise smooth (PWS)
DAEs.
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The algorithm for the execution of changes in the system state and changes in
the set Iact at each event time tj , used in our numerical simulation, is presented
in Fig. 1. Because of the limited space, we restrict this scheme to the simplified
case, where only one constraint h1 .q; t / is defined (I D f 1g). In the Fig. 1 the
following notations are used: qj D q

�
tj
�
, Pqj D Pq �tj �, tj 0 D tj C �t0 and the

function g .q; Pq; t / represents the impact law with the restitution coefficient e while
the function g.0/ .q; Pq; t/ represents impact with the restitution coefficient equal to
zero independently from the system parameters.

The applied impact model is the generalized Newton’s (restitution coefficient)
impact law based on the reference [5], and has the following final form for the
impact with the obstacle defined by hi .q; t/ D 0:

g .q; Pq; t/ D

2
6664

�rqhi .q; t /
�T

2
4 tT1
: : :

tTn�1

3
5 � M .q; t /

3
7775

�1

�

0
BBB@

2
6664

�e �rqhi .q; t/
�T

2
4 tT1
: : :

tTn�1

3
5 � M .q; t /

3
7775 Pq

C

8̂̂
ˆ̂<
ˆ̂̂̂
:

� .e C 1/
@hi .q; t /
@t

0

: : :

0

9>>>>=
>>>>;

1
CCCCA ; (3)

where tj are the base vectors of the subspace of the configuration space q, tangent
to the impact surface hi .q; t / at the impact point. For more details on the impact
model see works [3, 4, 7].

3 Linear Stability Model

For the dynamical system in the form

Px D f .x; t/; (4)

where x D ŒqT ; PqT �T , the small perturbation of the solution is governed by the
following linear equations

• Px D @f .x; t/
@xT

•x.t/; (5)

where we have assumed •t D 0 since the perturbation in time is independent from
the perturbation •x (•Pt D 0). The Eq. 5 are useful among others in the stability
and bifurcation analysis of periodic solutions, as well as in the Lyapunov exponents
calculation.
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In the case of non-smooth dynamical system we cannot apply directly the linear
stability theory since the Jacobian in (5) is not determined. But in the case of
the PWS system the function f .x/ D fi .x/ is sufficiently smooth on each time
interval Œti ; tiC1� between two successive discontinuity points and the linear stability
can applied using variational Eq. 5 on intervals Œti ; tiC1�, and applying at each
discontinuity point ti special transformation rules accordingly to the Aizerman-
Gantmakher theory (for •t D 0):

•xC
i D@gi

�
x�
i ; ti

�
@xT

•x�
i C

"
@gi

�
x�
i ; ti

�
@xT

fi
�
x�
i ; ti

�C @gi
�
x�
i ; ti

�
@t

� fiC1
�
xC
i ; ti

�#
•te

(6)
where

•te D �
@eventi

�
x�
i ; ti

�
@xT

•x�
i

@eventi
�
x�
i ; ti

�
@xT

fi
�
x�
i ; ti

�C @eventi
�
x�
i ; ti

�
@t

;

and where x�
i D limt!ti� x.t/, xC

i D lim
t!t

C

i
x.t/, •xC

i D limt!tiC
•x.t/, •x�

i D
limt!ti�•x.t/, gi .x/ is the function representing jump in the system state xC

i D
gi
�
x�
i

�
in the discontinuity point and eventi .x; t/ is the scalar function used for

detection of the discontinuity instance at ti (eventi
�
x�
i ; ti

� D 0).
The linearized differential-algebraic equations of the system (1) are

M .q; t / • Rq D @f .q; Pq; t /
@qT

•q C @f .q; Pq; t /
@ PqT • Pq C @

@qT

 �
@hact .q/
@qT

�T
œact

!
•q

C
�
@hact .q/
@qT

�T
•œact �

�
@M .q; t/
@qT

•q

�
Rq; 0 D @hact .q; t /

@qT
•q

0 D PqT @
2hact .q; t /
@q@qT

•q C @hact .q; t/
@qT

• Pq; (7)

where

Rq D M.q; t/�1
 

f .q; Pq; t/C
�
@hact .q; t /
@qT

�T
œact

!

and where we have also assumed •t D 0.
We have applied Eq. 7 together with the transformation rules (6) in the Lyapunov

exponents calculation for the mechanical system presented in the Sect. 2. Note that
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Eq. 6 with the impact law gi .x; t/ D g.0/
i
.x; t/ with the restitution coefficient

equal to zero applied in the case where the sliding motions starts (see Fig. 1),
gives the perturbation .•q; • Pq/ consistent with the algebraic equations in (7) and
the perturbation vector •xC lies in the (2n-2)-dimensional subspace (in the case of
only one constraint permanently active).

In the well-known algorithm of Lyapunov exponents computation the Gram-
Schmidt reorthonormalization procedure is applied after some time of integration
of variational equations. After use of this procedure to the vector of perturbations
•x fulfilling 2s algebraic equations in (7) (in the case of s constraints permanently
active), we obtain the new set of perturbation vectors, from which 2n-2s satisfy the
algebraic equations and 2s of them do not. Then in our procedure we simply set
that 2s vectors to zero vectors, obtaining the new “degenerated” set of orthonormal
vectors, satisfying algebraic equations.

4 Triple Pendulum Model

Three joined stiff links coupled with viscous damping and moving on the plane are
presented in Fig. 2. The system position is defined by three angles  i (i D 1,2,3),
and each of the first body is under action of constant torque q1. The set of possible

Fig. 2 Mechanical system
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configurations of the system is bounded by the horizontally situated rigid and
frictionless barrier.A vector of generalized coordinates is the vector of three angles
q D § D Œ§1; §2; §3�

T . The mass matrix, force vector and the set of algebraic
equations defining rigid obstacle are as follows

M .q; t / D M .§/ D
2
4 1 �12 cos .§1 � §2/ �13 cos .§1 � §3/
�12 cos .§1 � §2/ “2 �23 cos .§2 � §3/
�13 cos .§1 � §3/ �23 cos .§2 � §3/ “3

3
5;

f .q; Pq; t/ D f
�
§; P§; t� D �N .§/ P§2 � C P§ � p .§/C fe

�
§; P§ ; t� ; (8)

h1 .§/ D ˜ � l1 cos§1; h2 .§/ D ˜ �
2X
iD1

li cos§i ; h3 .§/ D ˜ �
3X
iD1

li cos§i

where

N .§/ D
2
4 0 �12 sin . 1 �  2/ �13 sin . 1 �  3/

��12 sin . 1 �  2/ 0 �23 sin . 2 �  3/
��13 sin . 1 �  3/ ��23 sin . 2 �  3/ 0

3
5

C D
2
4 c1 C c2 �c2 0

�c2 c2 C c3 �c3
0 �c3 c3

3
5 ; p .§/ D

8<
:

sin 1
�2 sin 2
�3 sin 3

9=
; ; fe D

8<
:
q1
0

0

9=
; ;

and where P§2 D � P 21 ; P 22 ; P 23
�T
; where li is non-dimensional length of i-th link, ci

is non-dimensional damping coefficient in the i-th joint while � ij and �i are other
non-dimensional parameters of the system.

The system response is obtained numerically by the use of the Runge-Kutta
integration method of the differential equations between each two successive
discontinuity points (where the activity of the obstacles changes: the impact takes
place or the time interval of sliding begins or ends). These points are detected by
halving integration step until obtaining assumed precision. After the simulation
of the system, the next step was the stability analysis of the solution in the
investigated model, which in fact is piece-wise smooth (PWS) one. The classical
methods and algorithms basing on the linear perturbation equations are used with
the modifications taking into account the perturbations jump in the discontinuity
points [9]. The numerical software for Lyapunov exponents calculation and periodic
orbit stability analysis (seeking for periodic orbits and their bifurcations analysis)
was developed.

For more details on modeling, relations between real and non-dimensional
parameters, numerical algorithms, etc., see works [3, 4, 7].
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Fig. 3 Bifurcational diagrams

Fig. 4 Projections of periodic (a, q1 D 1.063; b, q1 D 1.59), quasi-periodic (c, q1 D 1.63) and
chaotic (d, q1 D 2) attractors

5 Numerical Examples

The examples of extremely rich bifurcational dynamics of the modeled system
is presented for the following non-dimensional parameters: l1 D O1 O2 D 0.05,
l2 D O2 O3 D 0.02, l3 D O3 O4 D 1, �D 1.2 and c1 D c2 D c3 D 0.8. The restitution
coefficient is e D 0.8 and contact between links and obstacles is assumed to be
frictionless. The externally applied torque q1 is used as bifurcational parameter.

In Fig. 3 one can find two bifurcational diagrams where the parameter q1 is
increasing quasi-statically. In Fig. 3a the relative change of the torque is very small
(about 2%) but the richness and number of bifurcational phenomena observed is


