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PREFACE

This is the sixteen time when the conference “Dynamical Systems — Theory and Appli-
cations” gathers a numerous group of outstanding scientists and engineers, who deal with
widely understood problems of theoretical and applied dynamics.

Organization of the conference would not have been possible without a great effort of
the staff of the Department of Automation, Biomechanics and Mechatronics. The patron-
age over the conference has been taken by the "Excellent Science" program of the Polish
Ministry of Education and Science.

It is a great pleasure that our invitation has been accepted by so many people, includ-
ing good colleagues and friends as well as a large group of researchers and scientists, who
decided to participate in the conference for the first time. With proud and satisfaction we
welcome 748 authors from 52 countries all over the world. They decided to share the
results of their research and many years experiences in the discipline of dynamical sys-
tems by submitting many very interesting papers.

This booklet contains a collection of 364 abstracts, which have gained the acceptance
of referees and have been qualified for publication in the conference edited books. In-
cluded abstracts belong to the following topics:

easymptotic methods in nonlinear dynamics,
ebifurcation and chaos in dynamical systems,
econtrol in dynamical systems,

edynamics in life sciences and bioengineering,
eengineering systems and differential equations,
eexperimental/industrial studies,

emathematical approaches to dynamical systems
emechatronics,

enon-smooth systems

eoptimization problems in applied sciences
eoriginal numerical methods of vibration analysis,
estability of dynamical systems,

evibrations of lumped and continuous systems.

Our previous experience shows that an extensive thematic scope comprising dynam-
ical systems stimulates a wide exchange of opinions among researchers dealing with dif-
ferent branches of dynamics. We think that vivid discussions will influence positively the
creativity and will result in effective solutions of many problems of dynamical systems in
mechanics and physics, both in terms of theory and applications.

Every two years we extend scope and recognition of the conference. This time, we
have opened 6 special sessions gathering 86 presentations.



We do hope that DSTA 2021 will contribute to the same extent as all the previous con-
ferences to establishing new and tightening the already existing relations and scientific
and technological co-operation between both Polish and foreign institutions.

On behalf of both Scientific and
Organizing Committees

/ ! s
Chairman
Professor Jan Awrejcewicz
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Abstract: Sandwich structures with stiff face sheets and a soft core have high specific energy
absorbing characteristics that can be used either as standalone or as bumpers to protect valua-
ble assets. Optimization of materials of the fiber-reinforced face sheets and of the core, their
thicknesses, and fiber orientations subject to constraints of given total thickness and areal
mass density results in a lightweight blast-resistant design. Challenging issues include char-
acterization of the blast wave produced by detonating a charge, clamping conditions at the
edges, failure criteria for different materials, measures of energy dissipated, validation of
mathematical models, verification of numerical algorithms, consideration of geometric and
material nonlinearities and of uncertainties in values of various parameters, and damage initia-
tion and progression till ultimate failure. We will present team’s work completed by using an
equivalent single-layer third order shear and normal deformable plate theory, Tsai-Wu failure
criteria, honeybee inspired Nest Site Selection Optimization (NESS) algorithm, and the finite
element method.

Keywords: Doubly-curved sandwich shell, parameter uncertainties, ANOVA, progressive damage

1. Introduction

Sandwich structures have wide-ranging applications in civil, aerospace and automotive industries due
to their high specific stiffness, strength and tailorability of material properties. Designing them opti-
mally against extreme loads is challenging due to complex interactions among a large number of
variables involved. It requires synthesizing results of deformations found using a plate theory, com-
puting stresses from displacemens, constitutive relations, and a stress-recovery scheme, identifying
when and where a failure initiates first, progressively degrading material properties of a failed materi-
al point, and determining when a structure has collapsed. Reviewing the literature on these topics is
beyond the scope of the abstract.

We have optimized transparent armor against low velocity impact using genetic algorithms [1], com-
posite laminates with unidirectional fiber-reinforced plies for the first failure load [2] using the NESS,
and one and two core sandwich structures exposed to blast loads with fiber-reinforced facesheets and
either balsa wood, or honeycomb or foam core [3]. Whereas 3-dimensional (3D) deformations were
anlyzed in [1], a third-order shear and normal deformable (TSNDT) equivalent single layer (ESL)
theory was employed in [2] and [3] with the transverse shear stresses computed using a one-step
stress recovery scheme (SRS). In all cases the failure criteria employed 6 components of the stress
tensor but delamination between adjacent plies was not considered. The transparent armor was mod-
elled as a thermo-elasto-visco-plastic material and its 3-D finite transient deformations were analyzed
using the commercial finite element (FE) software, Lsdyna, with a user defined subroutine for the
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constitutive relation. Infinitesimal deformations of the other three structures were analyzed with the
in-house developed FE software by using the Tsai-Wu

Failure Failure position failure initiation criteria and progressively degrading
load the material elasticities. The FEs in which the materi-
(MPa) al strength had reduced to zero at all of its integration
(1)Design j1 (non-uniform & instantaneous) points were deleted from the analysis domain.
transient 1.773 B,C (bottom surf.) 2. Results and Discussion
static 1.865 B,C (top surf.) 20 16 _
(2)Design k1 (non-uniform & rise time) £ 0 {f — " g
E | e e mm s N 12 8
transient 1.848 B,C (bottom surf.) 2 20 :.’ A 0 §
2 R e T 3
static 1.841 B,C (top surf.) E “0r vf‘ﬁ\ 85
(3)Design 11 (uniform & rise time) - P \ )
I = I
transient | 0.811 B,C (top surf.) o w0 t.': 2 &
1 o
static 0.678 B,C (top surf.) 0 500 00 150 2000
Time (ps)

Referring the reader to [3] for details, results in the Table illustrate the effect of boundary conditions,
inertia forces, and load distribution on the top surface of the plate. The plots in the figure show that at
the collapse load the deflection of the centroid of plate’s back surface rapidly increases in time when
nearly 13% of the material has reached its ultimate stress.

3. Concluding Remarks

We have successfully developed an algorithm to design lightweight one- and two-core sandwich
structures subjected to blast loads, and computed their collapse loads. With an increase in the uncer-
tainty in values of material parameters from 10% to 30%, the median first failure load drops from 6.1
MPa to 5.84 MPa. The validation of the mathematical and numerical models by comparing the com-
puted damage with the experimental one is very challenging because of several failure modes in-
volved that cannot be accurately delineated during tests.

Acknowledgment: The financial support of the work from the Office of Naval Research through
grants N000142012876 and N000141812635 with Dr. Y. D. S. Rajapakse as the Program Manager to
Virginia Polytechnic Institute and State University is gratefully acknowledged.
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Abstract: It is known that an impact oscillator exhibits complex dynamics and chaos close to
the grazing bifurcation. What happens to a similar system in the quantum domain? To explore
this question, we simulate the quantum versions of a hard-impacting system and show that
such systems would exhibit complex non-chaotic behaviour with a countably infinite number
of frequencies.

Keywords: Impact oscillator, quantum mechanics, chaos
1. Introduction

In this work we explore the dynamics of an impact oscillator in the quantum domain. The classical
analogue comprises a mass-spring system that can impact a wall placed at a distance. Such a system is
known to have square root singularity and exhibits chaos [1,2]. In the quantum version, the potential
function is similar to that of a harmonic oscillator, but assumes an infinite value at the position of the
wall (Fig.1(a)).

We solve the Schrodinger equation for these systems numerically to obtain the dynamics of the
wavefunction. To obtain the visual analogue of the phase space dynamics, we use the Wigner func-
tion. The dynamics is finally analysed by obtaining the overlap integral with the initial wavefunction
to obtain a real-valued time series. Analysis of the time series shows aperiodic dynamics but without
any sensitive dependence on the initial condition.

2. Results and Discussion
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Fig. 1. The potential function and the initial wavefunction (a), and the evolution of the Wigner function when the
classical oscillator undergoes grazing: (b) at t=0 and (c) at t=2697 in natural units.
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Fig.1(a) shows the potential function of the system and the initial wavefunction, which is a shifted
Gaussian function—the quantum analogue of the mass being released at a stretched position of the
spring. In Fig.1(b) and (c) we show the Wigner function in the phase space at two different times
under the condition where the classical oscillator would undergo grazing. Note that a quantum sys-
tem’s wavefunction is spread over a range of the phase space and so the existence of the wall influ-
ences the dynamics even when the wall is placed away from the classical impacting condition.
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Fig. 2. The time series obtained by computing the overlap integral for different wall positions.

Fig.2 shows that the system exhibits periodic behaviour when the wall is placed far away from the
oscillator and when it is placed exactly at the unstretched position of the spring. The system exhibits
aperiodic orbits for intermediate positions of the wall. We have analysed these orbits and have found
that the Lyapunov exponent is zero, implying no sensitive dependence on the initial condition. The
Fourier spectrum reveals an infinite number of discrete frequency components.

3. Concluding Remarks

This work reveals that quantum systems may exhibit a new type of dynamics, where the orbit is ape-
riodic but the spectrum is neither spread over all frequencies like a chaotic system, nor does it have a
finite number of frequency components like quasi-periodic dynamics. It has an infinity of discrete
frequency components.
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Abstract: This paper presents novel approaches to investigate the accuracy and computation-
al efficiency of 1D and 2D structural theories. The focus is on free vibration problems in me-
tallic and composite structures. Refined theories are built via the Carrera Unified Formulation
(CUF), and the influence of higher-order generalized variables is analysed via the Axiomat-
ic/Asymptotic Approach (AAM). Best theory diagrams (BTD) are built by considering those
models minimizing the computational cost and maximizing the accuracy. BTD can estimate
the accuracy and efficiency of any structural models, including classical models and refined
theories from literature. The construction of BTD can be a cumbersome task as multiple finite
element (FE) problems are required. Machine learning through neural networks can signifi-
cantly reduce such overhead. In other words, surrogate structural models are built using a lim-
ited number of FE analyses for training and having as input a structural theory and providing
as output the natural frequencies without the need for finite element analyses. Finally, exten-
sions to node-dependent kinematics (NDK) are presented for further optimization of the com-
putational cost.

Keywords: structural dynamics, finite elements, structural theories, neural networks, CUF

1. Introduction

The use of refined structural theories is convenient to extent 1D and 2D theories to problems other-
wise requiring 3D models [1, 2]. CUF has emerged as a powerful method to build any-order theories
and related finite element matrices [3]. CUF exploits a few formal expressions and index notations to
obtain unified governing equations independent of the order of the theory. Via CUF, classical and
refined models can be implemented, and any non-classical effect considered, e.g., shear deformabil-
ity, transverse stretching, and warping. The systematic use of CUF for 1D and 2D models leads to
considerable reductions of computational costs estimable in 10-100 times fewer degrees of freedom
than 3D FE.

The development of a refined structural theory requires the proper choice of higher-order terms.
AAM has been introduced as a tool to select such terms [1]. AAM provides the Best Theory Diagram
composed of those models minimizing the computational cost and maximizing the accuracy. BTD can
estimate the accuracy and efficiency of any structural models, including classical models and refined
theories from literature.

Via CUF, the structural theory can change point-wise, i.e., each node of the FE model can have a
different structural model. Such a capability is referred to as NDK and is helpful to use refined mod-
els only where needed [4]. The combined use of CUF, AAM, NDK, and Neural Networks (NN) is a
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promising approach to build surrogate models that can provide information on the structural theory
and finite element discretization for a given problem [5].

2. Results and Discussion

The typical result provided by AAM is shown in Fig. 10, in which the horizontal axis is the error
in computing the first ten natural frequencies, and the vertical axis reports the number of nodal de-
grees of freedom of various theories. The continuous line is composed of those theories with the
minimum error for given DOF. Theories from literature are reported as well to evaluate their perfor-
mances as compared to the best models. As well-known, third-order terms are very significant for this
class of problems.
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Fig. 1. BTD for first ten mode of a simply-supported shell with 0/90/0 lamination and a/h = 10.

3. Concluding Remarks

This paper has presented an overview of refined structural theories for structural dynamics
problems. The focus is on methodologies to build and evaluate the role of refined terms and
obtain the best theories with superior accuracy and computational efficiency. Furthermore,
using machine learning algorithms is promising to obtain indications on how to build re-
fined models and FE discretizations.
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Abstract: Nonlinear dynamics of different types of multistable systems is presented in the
paper. As an example a multistable shell which exhibits several equilibria in a static configu-
ration and snap-through effect in its dynamic response is investigated. On the basis of the ex-
perimental tests, a one degree of freedom model in a form of quintic oscillator is proposed.
The local and global dynamics of a bistable oscillator is investigated to detect reversible snap-
through effect.

Keywords: nonlinear vibrations, multistable systems, snap-through, control, energy harvesting

1. Multi-Stable Systems

Multi-stability is one of the main futures of nonlinear systems. Duffing’s oscillator may serve as a
classical example where a zone with three different solutions may exist. Moreover, for certain excita-
tion conditions a number of solutions in the Duffing model may increase up to five, as presented in
[1]. However, the Duffing type equation has just one equilibrium position, which can be stable or
unstable, depending on a shape of a potential function. In a classical Duffing equation the equilibrium
is stable and the potential function has just one minimum.

Systems with multi equilibria belong to another group of the multi-stable structures [2]. This
type of multi-stability can be created artificially by adding nonlinear external force, for example
magnetic force produced by two magnets. The introduced nonlinear force enables to design a poten-
tial function which may have two potential wells. Another option is to add axial force to the structure
which often may occur naturally due to increased temperature, for example. Then the system operat-
ing close to a buckling point has two potential wells, corresponding to two equilibria.

The composite technology offers new possibilities in creating multi-stable structures. The bi-
stability, with associated snap-through mechanisms (a rapid jump from one to another equilibrium) is
attractive for a design of efficient energy harvesters [3]. Most of the studies devoted to the dynamics
of bistable laminates are characterized by symmetric stable configurations with free boundaries. A
special design of a laminate shell with asymmetric configuration has been proposed in [4] where a
few equilibria have been detected. The shell designed in [4] is investigated in this paper to detect local
(in-well) and global dynamics with the snap-through effect.

2. Shell Model and Results

The studied shell is presented in Fig.2. A number of layers and the layout is designed to get shell
multi-stability as presented in [4].
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Fig. 2. Multistable shell I-state (a), C-state (b) and function of potential energy with indicated | and C states (c).

In Fig.2 two stable states are presented, I-state (Fig.2a) and C-state (Fig.2b). A corresponding func-
tion of potential energy, with two local minima indicated in Fig.2(c), confirm the bistability of the
system. On the basis of experiment a reduced shell model is derived in a form of a quintic oscillator
which represents dynamics of the shell observed experimentally. The model is used to predict in-well
behaviour and the snap-through effect.
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Fig. 2. Resonance curves of a multistable shell structure around I-state, (a) softening effect for selected amplitude
of excitation, (b) period doubling indicating possible transition to snap-through effect

The numerical solutions of the elaborated model shows softening effect of the resonance curves for
in-well dynamics, as presented in Fig.2(a) for I-state. For large amplitude of excitation the period
doubling is observed (Fig.2b) which may lead to the shap-through with chaotic global dynamics.
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Abstract: Miniature structures and devices have captured the attention of the scientific com-
munity for several decades for their unprecedented attractive features. Along with their dis-

tinct practical advantages, micro and nano devices are considered excellent platform to probe
and reveal fundamental physical and mechanical phenomena in well-controlled environment

[1].

Today, several micro-electro-mechanical systems MEMS devices are being used in our eve-
ryday life, ranging from accelerometers and pressure sensors in automobiles, radio-frequency
(RF) switches and microphones in cell phones, and inertia sensors in video games. Due to the
quest to boost sensitivity, reduce power consumption, and increase integration density, the
past two decades have witnessed the emergence of Nano-electro-mechanical systems NEMS.
With the increasing demand to embed more intelligence into various applications, MEMS and
NEMS continue to play key role on advancing innovation.

Along with their great promise, micro and nano devices have brought new challenges and a
wide spectrum of unexplained and less-understandable mechanical behaviors and phenomena.
Because these devices employ moveable compliant structures and due to the interaction with
short-range forces, many of these challenges are related to their dynamical behavior, which is
mostly nonlinear.

The talk will overview some of the recent revealed intriguing phenomena at the micro and
nano scale including modes veering, jumps, and internal resonances including three-one, two-
one, and one-one [2,3], Figs. 1,2,3. Mode veerings, hybridization of modes, and localization
will be also be discussed along with their potential for practical applications. The softening
and hardening behaviors and the associated jumps will be shown with examples of proposed
devices. The escape-from potential well will also be presented and its potential for realizing
smart switches for gas sensing application will be shown. We will also discuss the static and
dynamic behavior of actively tunable structures; which can be tuned using electrostatic and
or/electrothermal actuation. The talk will end on future directions and perspectives.

Keywords: MEMS, arch, jumps, bifurcations, nonlinearity
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Fig. 1. Experimental data of a clamped-clamped beam actuated by electrostatic forces demonstrating transitions
from softening to hardening behaviour.
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Fig. 2. Mode veering between the first and third modes of a micromachined arch.

2 . : 2 : :
* 1stmode % *  1st mode
2nd mode * £ 2nd mode
E1s xx*x¥F% 1 E1s
= * =
[= [=
E 1 £
8 * 2
o * * o
o o
@ 0.5 egf 205
s B
. AN A S AN — e . -
(s . .
0 02 04 06 08 1 1.2 0 02 04 06 08 1 1.2
VACM VACM

@) ()

Fig. 3. The saturation phenomenon in a micromachined portal frame: (a) Measurements, (b) Simulations.
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Abstract: Some interesting results on the dynamics of continuous systems are reviewed. They
involve: 1) vibration and stability of translating media with time-varying lengths and/or veloc-
ities; 2) nonlinear vibrations of systems with large degrees of freedom and general nonlineari-
ties; 3) new spatial discretization methods for one- and two-dimensional continuous systems;
4) new formulations of flexible multibody dynamics with application to elevator traveling ca-
bles; and 5) elastic wave propagation in nonlinear phononic structures. Two types of dynamic
stability problems are addressed from the energy viewpoint in the first area: dynamic stability
of translating media during extension and retraction, and parametric instabilities in continuous
systems with periodically varying lengths and/or velocities. The incremental harmonic bal-
ance method is used in the second area to handle periodic responses of high-dimensional
models of nonlinear continuous systems and their stability and bifurcations, as well as quasi-
periodic responses. New spatial discretization methods in the third area ensures that all
boundary conditions of continuous systems are satisfied, and hence uniform convergence of
solutions. New nonlinear models of slack cables with bending stiffness and arbitrarily moving
ends are developed for moving elevator traveling cables in the fourth area. A minimal number
of degrees of freedom are needed to achieve the same accuracy as that of the finite element
method. Wave propagation analysis of phononic structures with finite deformations are de-
veloped in the fifth area to study influences of nonlinearities on wave propagation characteris-
tics. Some experimental results are presented to validate theoretical predictions.

Keywords: energy methods for finding dynamic stability of continuous systems with variable lengths
and velocities, parametric excitation for second-order partial differential equations, nonlinear vibra-
tions of systems with large degrees of freedom and general nonlinearities, new spatial discretization
methods for continuous systems, and nonlinear wave propagation.

1. Introduction

All structural systems are continuous systems. While spatial discretization can be used to analyze the
dynamics of continuous systems in some cases, spatially discretized, low-dimensional models can
lead to misleading results. The goal of this research is to develop new methodologies to analyze the
vibration of continuous systems, and to use the new methodologies to solve important industrial
problems such as elevator systems. This work integrates vibrations of continuous systems, nonlinear
vibrations, flexible multibody dynamics, and nonlinear wave propagation. Continuous system vibra-
tions include time-varying translating media with variable lengths and/or velocities [1-5], and spatial
discretization of continuous systems with complicated boundary conditions [6-8]. This deals with
mostly time-varying linear systems with small deformations as well as nonlinear systems with inter-
mediate deformations. Extensive nonlinear vibration research focuses on high-dimensional models of
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continuous systems with strong and complicated nonlinearities [9-13]. A new flexible multibody
dynamics formulation with a minimum number of degrees of freedom is developed for continuous
systems with large deformations with application to elevator traveling cables [14-16]. New methodol-
ogies for analyzing strongly nonlinear elastic wave propagation are also developed [17-19].
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Abstract: The present work brings to the reader’s attention the benefits and facilities of the
Energy Pulse application. The application enwraps a complete solution for real-time monitor-
ing of electrical energy consumption of the Faculty of Electrical Engineering buildings, the
Swimming Complex from the Technical University of Cluj-Napoca, the Faculty of Building
Services Engineering, and from Marasti Student Campus dormitories.

Keywords: electricity consumption, database, software application.

1. Introduction

Given the importance of efficient use of electricity, this paper aims to present a complete IT solu-
tion for home and industrial users in terms of monitoring electricity consumption and reducing the
cost of the related monthly invoice, to create habits of efficient electrical energy consumption.

Starting from the decentralized data sets that the BEMS UTCN application generates, in this re-
search, the authors aim to develop an integrated solution for monitoring electricity consumption.
Following the analysis of consumer data over several years, and the centralization of consumption
data in a database, the authors aim to send personalized notifications to the user according to the
consumption habits he has. Subsequently, the user will be able to choose from a series of percentages
with which he will be able to reduce the cost of his monthly bill, and the Energy Pulse application
will automatically disconnect some non-essential consumers, their number being determined accord-
ing to a control algorithm.

2. Results and Discussion

In order to obtain the best possible results, the authors of this paper aim to develop a new algo-
rithm for forecasting electricity consumption, starting from the results obtained through the algorithm
used in [1]. Using the capabilities of the algorithm mentioned above, the authors will add other rele-
vant parameters for electricity consumption, identified from the experiments, in order to increase the
efficiency of the prediction: the evolution of temperature and the type of activity in the analyzed day.
In this sense, the temperature data provided by the Copernicus program [2] will be used, along with
the definition of four categories of day types. To this end, the authors aim to reduce the training time
required for a neural network and to facilitate access to information relevant to the end-user.

Moreover, considering the way of saving data in decentralized CSV files by BEMS UTCN appli-
cation, in order to reduce the execution time, the authors will develop a database containing the cen-
tralization of all consumption data saved by the previously mentioned application.
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Taking into consideration the reading errors that have been identified in the process [3], [4], the fu-
ture application will use improved methods for detecting outlier data, which following the standard
deviation of the data will update the threshold parameter according to the results obtained previously
from the experiments.

In order to validate the future results, the authors will compare them with those of the usual fore-
casting methods for electricity: MARS, SVR, ARIMA [5].

The final results will be presented to the user both in graphic form and in the form of a notifica-
tion. In graphical form, the current consumption will be compared with the typical one. The text of
the personalized notification will contain information regarding the cost of the monthly invoice and
the savings that the user will achieve if he continues to develop the same consumption habit. If the
user wants to reduce the cost of the monthly bill, to increase his savings, the Energy Pulse application
will allow him to choose a certain percentage of cost reduction. Depending on the user's wishes, the
application will automatically disconnect non-essential consumers to obtain the percentage imposed
by the user. In order to determine the number of non-essential consumers that must be switched off
automatically, a control algorithm will be used, determined after comparison with the performance of
the fractional control. Fractional control is a generalization of classical PID control, keeping the
meaning of each term but offering performances which cannot be achieved with classical control.

In order to fulfil their objectives proposed in this abstract, the authors will use the facilities offered
by the MATLAB development environment, together with those of MATLAB App Designer and
MATLAB Web App Server.

3. Concluding Remarks

As a result of the above, this paper aims to draw attention to the facilities that the Energy Pulse
application will have. Given its competitors, developed by Efergy [6] and Sense [7], the Energy Pulse
application will further integrate the notification of the cost of the monthly bill and can be operated by
any smart meter owner, without the need for installing additional devices.

Acknowledgment: The activities carried out will be funded by the HORIZON 2020 research pro-
gramme, within the project Renewable COGeneration and storage techNologies Integration for ener-
gy autonomous buildings, grant ID 815301.
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Abstract: A novel toolbox for non-experienced users is developed and presented in this paper.
The toolbox produces fractional order (FO) controllers to be implemented on various processes.
To design the controller, the toolbox requires solely a step response data, experimentally ob-
tained on the process. Based on this data, an automatic system identification algorithm is used
that models the process as a second order plus dead-time (SOPDT) transfer function. Then, a
FO controller is designed using the previously estimated model parameters and according to
performance specifications, such as gain crossover frequency, phase margin and maximization
of the gain margin. Several experimental step response data are used and several FO controllers
are designed for different processes. The results validate the toolbox.

Keywords: automatic system identification, automatic design of fractional order controllers, experi-
mental results, vertical take-off and landing

1. Introduction

Most of the times accurate modeling implies an increased complexity of the model.
However, for a large range of processes simple SOPDT models provide sufficient accuracy
and are easily used in the controller design procedure. To determine such a model, the engi-
neer needs knowledge regarding system identification methods. An alternative approach,
based on automatic system identification, has been developed and presented in [1]. The ap-
proach does not require any system identification expertise. The only process information
required from the user is a set of step response data. The current manuscript presents a toolbox
that uses an improved version of the algorithm in [1], along with an additional feature for the
automatic design of a FO controller. The parameters of this controller are determined by
imposing a set of performance specifications and using the model parameters as returned by
the automatic system identification algorithm.

The method presented in this paper uses step response data to estimate SOPDT models:

G(s) = X e~tas (1)

(t15+1)(125+1)
where 7,4 is the process dead-time, K is the proces gain, T, and 7, are the time constants. The
automatic system identification algorithm is based on step response data, possibly corrupted.
Numerical integration and computation of areas in the experimental step response data leads
to an efficient and simple estimation of the model parameters. Once the model has been
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determined an indirect autotuning method is used to design a fractional order PI (FO-PI)
controller:

C(s) = k, (1 + ;‘7) )
where k, and k; are the proportional and integral gains and A € (0,2) is the fractional order.
The analytical equations for computing the &, and k; parameters as a function of 1, 7, 7,, T4
and K are determined such that certain gain crossover frequency w. and phase margin PM are
obtained. The final controller parameters are selected such as the gain margin is maximized.

2. Results and Discussion

To validate the proposed method several experimental step response data are used, includ-
ing that for a challenging Vertical Take-Off and Landing (VTOL) unit. The experimental unit
is described in [2]. A step signal of 6.3V has been supplied to the VTOL unit and the resulting
output signal was used to determine an accurate model as in (1). To tune the controller pa-
rameters, w.=0.4rad/s and PM=75° are imposed. The resulting FO-PI controller was then
implemented on the actual unit and the experimental results are provided in Fig. 1. Disturb-
ance rejection tests, as well as robustness tests will be carried out for the final manuscript.
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Fig. 1. Experimental results obtained on the VTOL unit using the proposed toolbox

3. Concluding Remarks

In this paper, a first toolbox combining automatic system identification and fractional order
controller design is presented. The algorithm behind the SOPDT automatic system identifi-
cation method is described. Then, the automatic design for a fractional order controller is
developed. Several experimental examples, from a wide range of processes are provided to
validate the proposed methods and the utility of the toolbox and its user interface.
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Abstract: This paper presents a proposal of a control hardware architecture for the implemen-
tation of integer-order (10) and fractional-order (FO) controllers. In particular, the design and
experimental validation of the FO controllers implemented in several control technologies are
applied to a temperature laboratory setup in order to demonstrate the effectiveness of the pro-
posed hardware architecture. Some comments relating to industrial practice are offered in this
context.
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1. Introduction

In spite of all the advances in process control over the past several decades, the proportional integral
derivative (PID) controller remains to be certainly the most extensive option that can be found on in-
dustrial control applications and have become an industrial standard for process control, see [1].
While more powerful control techniques are readily available, the transparency and relative simplicity
of the PID control mechanism, the availability of a large number of reliable and cost-effective commer-
cial PID modules, and their widespread acceptance by operators are among the reasons of its success
and popularity, see [2].

Over the last decades, the emergence of fractional calculus (FC) has made possible a great deal of
academic and industrial effort focused on the transition from classical models and controllers to those
described by differential equations of non-integer order. Thus, FO dynamic models and controllers were
introduced [3, 4, 5].

The apparent benefit of FC in the field of modelling has been justified from an industrial point of view.
However, the adoption of FO-PID controllers in the industry is currently low, even though FO-PID
controllers offer clear advantages in comparison with 10-PID controllers. It has been more difficult to
convey the advantages of FC on the controller side because of implementation issues [6].

To fill the gap between theoretical FO-PID controllers and their practical implementation in a control
hardware device, this paper proposes an architecture that facilitates their real implementation in a real-
time target.

In order to test the performance of the proposed hardware architecture, several FO-PID controllers have
been implemented in different control technologies and have been applied to a temperature experi-
mental prototype that has recently been designed and developed at the University of Deusto [7].

2. Results and Discussion

Currently, industrial processes are mainly controlled using various control technologies, the most
widely used being computer, microprocessor-based, or FPGA-based hardware devices [8].
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Fig. 1. Scheme of the proposed hardware architecture used to implement control algorithms in the prototype

These technologies are usually included in some Programmable Automation Controllers (PAC).

In this paper, a National Instruments® (NI) myRI1O-1900 equipment is used as a control hardware de-
vice, although any other microprocessor or control hardware could be easily incorporated.

Figure 1 shows the configuration of the control hardware architecture used for controlling temperature
in the temperature prototype. The flexibility offered by this control hardware and the configuration of
its control architecture allows the following control modes or control technologies:

1. Computer control, using LabVIEW programming language on the Lab PC. In this control mode,
the control device is used as a data acquisition (DAQ) card.

2. Control by the NI myRIO real-time controller, where the control algorithm is implemented using
LabVIEW RT and the access to input and output (I/O) ports is done through the FPGA interface. The
user can interact with the control system from the Local or Host PC.

3. Control by FPGA, where the control algorithms are implemented and LabVIEW FPGA is used
for accessing the 1/0 ports through the FPGA interface. The real-time controller manages the commu-
nication between the FPGA and the Local or Host PC.

This paper includes details about the practical implementation of FO-PID controllers with each one of
the considered control technologies. In this way, the theoretical methods and developments can be val-
idated experimentally.

3. Concluding Remarks

In this paper, a proposal of control hardware architecture for the implementation of FO-controllers is
presented and applied to a laboratory setup in order to validate its performance.

The main advantage that this architecture presents from a control point of view is the flexibility in the
control technologies offered to the final user that can be used. Another advantage from the implemen-
tation of control algorithms point of view of is that, regardless of the control technology used, the pro-
gramming language is always the same: LabVIEW.

The way to implement FO-PID algorithms on different real-time targets is described in detail.

It is the opinion of the authors that this type of control hardware prepares engineers in the use of control
technologies and low-cost FO controller-embedded system realization that will encourage industrial
use of FO controllers.
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Abstract: Accurate process modelling is occasionally difficult. In such situations, autotuning
methods enable the design of controllers. Fractional order PIDs have recently emerged as
generalization of the standard PIDs, but autotuning methods for these controllers are scarce.
In this paper, a new approach is described, based on an extension of the widely-used Ziegler-
Nichols method. Comparative tests with two other autotuning methods are performed on a
highly non-linear process. The experimental results validate the proposed method.

Keywords: auto-tuning; fractional order; experimental validation; vertical take-off and landing

1. Introduction

The fractional order PID (FO-PID) controller was first introduced by Podlubny [1]. It allows
for improved closed loop response and robustness, due to the two supplementary tuning parameters
involved, @ < A, u <1, the fractional orders of integration and differentiation. The transfer function
of the FO-PID controller is described as:

|CF0—P1D(S) =ky (1 + T_ls,1 + Tds‘u) 1)

where £, is the proportional gain, while Ti and Tq are the integral and derivative time constants. In this
manuscript, we assume ﬁ = pand Ti=4'Tq [2]. In a large area of applications, including aeronautics,
accurate process models are difficult to be obtained. Autotuning methods are preferred in this case, as
the popular Ziegler-Nichols approach [2]. The method produces acceptable results in terms of dis-
turbance rejection, but poor results regarding setpoint tracking. Autotuning designs for FO-PID con-
trollers are however scarce. Three autotuning methods for FO-PIDs are compared in this manuscript.
One of these is a novel extension of [2]. To obtain the necessary process information, a relay test is
used. The process critical frequency and critical gain are obtained in this way.

The proposed method is based on shaping the “direction” of the loop frequency response in a
fixed point in the Nyquist plot, corresponding to the critical frequency. It is determined that for a
given fractional order of the FO-PID controller, tuning rules similar to the Ziegler-Nichols method
can be obtained. The parameters of the FO-PID controller can thus be easily computed, without any
complex optimization procedure. For a given fractional order ﬁ the parameters kp, Ti and Tq of the
Ziegler-Nichols FO method can be computed as indicated in Table 1> Notice that for Pl =1, the
standard parameters of the Ziegler-Nichols method are obtained.
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Table 1. FO-PID parameters according to the modified Ziegler-Nichols method

ke T Ty
0.4 0.16k. 2.27r.°%" 0.57T;
0.6 0.29K, 1.127.°¢ 0.44T;
0.8 0.42k; 0.717.°¢ 0.33T;
1 0.6k, p.5T. 0.25T;

2. Results and Discussion

The proposed autotuning method is tested on a Vertical Take-Off and Landing (VTOL) system as
described in [3]. The designed fractional order controller is implemented on the VTOL unit. The
experimental results are given in Fig. 1. For comparative purpose two other FO-PI controllers are
implemented. These are designed according to the auto-tuning methods presented in [4] and [5].
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o N+ 3 ®
T T
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— _

T
— T
~
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-
=
T

o o
4
L‘w
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Fig. 1. Experimental closed-loop system response of the VTOL platform with the FO-PID controllers
3. Concluding Remarks

A new auto-tuning method extending the popular ZN approach to fractional order controllers is de-
scribed in this paper. To validate the method, comparisons with other autotuning methods are per-
formed on a VTOL unit. The experimental results clearly demonstrate that these autotuning methods
can be successfully used to control highly nonlinear and poorly damped systems.

Acknowledgment: This work was supported by a grant of the Ministry of Research, Innovation and Digitiza-
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Abstract: The twin-rotor aerodynamical system (TRAS) is a highly nonlinear system with a
cross-coupling effect. Although several controllers are published in the literature, all solutions
are with great complexity. The novelty of this work consists in the design of fractional order
controllers using two innovative methods. Two controllers are designed for adjusting the
rotational speed of the azimuth motor, respectively two controllers for the rotational speed of
the pitch motor. The two sets of controllers are implemented and tested on the physical TRAS
equipment in the laboratory, yielding results comparable with any complex solution already
acknowledged.
Keywords: fractional-order controller; frequency design method; optimum magnitude

1. Introduction

Fractional order controllers (PI*D") are a generalization of the classical PID controllers with integral
and derivative parts replaced by a fractional integral of order A and a fractional order derivative of order
M. Fractional order controllers perform better for nonlinear systems or for systems with variables that
change over time. The fractional order controller uses more degrees of freedom compared to the
conventional PID controller and has better robustness and fault rejection properties.

2. Results and Discussion

Two Rotor Aero-dynamical System (TRAS) is an equipment created by INTECO [1]. It is a multi-
variable system with two inputs and four outputs. The inputs of the system are the voltages applied on
the two DC-motors, while the outputs are the rotational speed of the rotors and the position. The transfer
matrix (1) represents the linearized TRAS model identified between the rotational speed of the main,
pitch and tail, azimuth motor and the input voltage signals applied on these DC-motors.

8393 —28.66
®h\ _ [ 022s+1 0.17s+1 )
w,) T | -3033 5965

0.75s+1  0.83s+1

The TRAS being a cross-coupled system, decoupling technique is used to control the individual outputs.
For the decopuled model, fractional order controllers are designed, based on two generalizations of
Kessler's optimum magnitude method [2, 3]. The form of the used fractional order controller is:

Hp = KP*% (2)

Given the advantages of the IMC scheme as well as FOPID controllers and taking into account the
inevitable presence of delays in a real-life control system, a control scheme is used as in [4], which
combines both fractional order controllers and the IMC scheme for phase delay systems. As design
performances, the crossover frequency wge and the phase margin y, of the closed loop system are
imposed. The final form of the resulted controllers are presented in equation (3).
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Qp = g + 5+ T s ®
In this way the final control structure is a cascade between a fractional filter and a fractional PID
controller. For the implemntation of both type of fractional order controllers, the NRTF approximation

approach is used, having the advantage of low order [5]. The results are presented in Table 1.

Table 1.Comparison between the two types of designed fractional order controllers

Steady state Overshoot Se_ttlmg Control effort
The controller error o time
£ysp [1aC] o %] t I3 v
Azimuth controller with [3]: c =2387
~1.083 #1075 €ssp =0.0044 o =0 t; = 0.95 et
Hp = 0-008"'75_0_0454 ssp s Cmin=0.00353
Azimuth controller with [4]:
Qfp11 = _ _ Cmax = 0.0616
1 0111(0.232 +1 + Essp = 0 o =288 ts = 0.2 ¢0,=0.00358
8390%0.0774*s°- N
0.00263s)
Pitch controller with [3]: o = 1247
—3.546+107* &ssp =0.0012 o =0 ts =0.00935 max "
HR722 = 0042+W SP s Cmin_0'00501
Pitch controller with [4]:
Q22 =
1 B 1 _ _ _ Cmax = 0.5146
593000975 oot (0-837 + 0 €ssp =0 o=4 £ =0262 Cmin=0.005055

0.0099s)

3. Conclusion

Fractional order controllers designed by innovative methods are suitable even for cross-coupled
nonlinear MIMO systems, because the system becomes much more robust, the performance of the
transient mode is realistic. The experimental results proves that these controllers are comparable with
complex elements like
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Abstract: In this work, we will investigate the fractional differential equations associated to different
vibration phenomena. More specifically, we will discuss Bagley-Torvik equation, composite
fractional relaxation differential equation and the motion of a linear oscillator using fractional
derivative operator in the sense of Atangana-Baleanu. In order to be consistent with the physical
systems the value of the fractional parameter that characterizes the existence of fractional structures in
the system, lies within unit interval. The solutions of the non-integer order differential equation are
obtained and expressed in terms of generalized functions depending upon the fractional parameter.
The classical cases could be recovered by making the limit of fractional parameter approaches to
unity. Moreover, we will analyze and compare the control of the fractional order parameter on the
dynamics of the models and useful conclusions are recorded.

Keywords: fractional derivative operator, vibrating systems, linear oscillators

1. Introduction

From the last few decades fractional calculus has been motivating and attracting in a great deal of
consideration of researchers, physicists and mathematicians. It is seen that different interdisciplinary
problems can likewise be solved with good accuracy by the aid of non integer order derivatives. In
viscoelasticy, the introductory implementation of fractional calculus is seem to be done by Bagley
and Torvik [1], while Makris et al. [2] approximated the applicable value of non integer order
parameter that has good compliance with the experimental and material properties anticipated by non
integer order derivative model. In addition, fractional order generalizations of one dimensional
viscoelastic models have been found to be of great utility in displaying the response linear regime
and they are in agreement with the second law of thermodynamics. So, list of the application of
fractional calculus is too long to be included here.

Many physical phenomenon have inherent fractional order characterization, hence, fractional calculus
is necessary to explain them. Non integer order derivative provide an excellent instrument for the
explanation of memory and hereditary characteristics of various materials and processes. This is the
main advantage of fractional calculus in comparison with the classical integer order models, in which
such properties are in fact ignored and clearly inadequate to certify suitable correlation with
experimental data.

Different investigations are made for the study of fractional oscillator equations, for example Ryabov
and Puzenko [3] respectively Naber [4] investigated the fractional oscillator equation in the setting of
Riemann-Liouville type and Caputo type fractional derivative operator. Stanislavsky [5] interpreted
the fractional oscillator equation as the ensemble of ordinary harmonic oscillators governed by
stochastic time arrow. Gaul in [6] discussed the damping description by employing fractional
operators and investigated the influence of damping in waves and vibrations. It is important to note
that, in the mostly published papers researchers have used Riemann-Liouville or Caputo differential
operators with singular kernel. More recently, Atangana and Baleanu [7] have proposed non-singular
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kernel based modern definitions of fractional derivative. It possess all advantages of Caputo and
Riemann-Liouville operators but have smooth kernels.

With these motivations in mind, our aim is to study the fractional differential equations associated to
different vibration phenomena. More specifically, we will discuss Bagley-Torvik equation, composite
fractional relaxation differential equation and the motion of a linear oscillator using fractional deriva-
tive operator in the sense of Atangana and Baleanu. A thorough investigation is made for different
driving force functions and different values of fractional order parameter and useful conclusions will
be recorded.

2. Concluding Remarks

From the solutions of the fractional Bagley-Torvik equation, it is noticed that the motion of the plate
is the increasing function of the fractional parameters and influence is sensitive to the applied force to
the plate. Our results could be used as the exact solutions for the comparison of the new numerical
methods for the solution of the Bargley-Torvik equation. From the analysis of the solutions of
fractional relaxation oscillator it is observed that for increasing values of fractional order parameter
velocity increases. The velocity attains the constant value after its initiation and time to reach this

constant value is smaller for large value of & From the analysis of the solutions of fractional
Py

damped harmonic oscillator it is observed that the equation of oscillator in the setting of fractional
derivative operators without damping term still shows damping features depending upon the
fractional order parameter. Fractional oscillators with periodic forcing represents the periodic
solutions and time for transients to disappear is proportional to the fractional order parameter. By
quasi periodic excitations, the behaviour of the oscillator is quasi periodic but periodicity could be
achieved by customizing the fractional derivative operator and its order. For the explanation of
memory and hereditary characteristics of oscillator fractional derivative approach is more useful.
ABC operators have non-singular kernel, so these operators are more preferable to adopt in the
fractional order vibration phenomena.

Acknowledgment: This work has been supported by the Polish National Science Centre under the
grant OPUS 14 No. 2017/27/B/ST8/01330.
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Abstract: The present analysis focuses on the dynamics of a pendulum vertically vibrated by
a DC motor. The pendulum moved on the support by vertical harmonic displacement is exten-
sively studied in the literature because of different types of motion including chaos. When the
pendulum is vibrated by a DC motor the system is considered non-ideal and it is common a
synchronization in frequency between the pendulum and the motor, where the pendulum ex-
hibits either oscillation or rotation. The analysis in the present text varied the value of the in-
ductance from zero to 1 million times the value of a real motor, but the basins of attraction
with rotation and oscillation nearly maintained its features. The influence of the inductance
has a major effect while the motor accelerates, which could cause an uncertain during the cap-
ture by a coexisting attractor. However, the results demonstrated the influence of inductance
in this configuration is minimum.

Keywords: inductance, DC motor, pendulum, non-ideal

1. Introduction

The parametrically excited pendulum is vastly analysed in literature. In this situation, the pendu-
lum may have chaotic motion, rotation, oscillation, periodic mixture of rotation and oscillation and
the fixed point, where the pendulum is at rest. Basins of attraction for parametricaly excited pendulum
with crank-slider mechanism were performed and published in [1]. Recently, non-ideal analyses have
been gaining space in literature. The system is called non-ideal when the masses involved interfere on
the dynamics of the source of energy. The case simulated for the present paper is a pendulum vertical-
ly excited by a DC motor with 250 W using a crank-slider mechanism. The motivation of the present
analysis is the conclusion in [2] where the authors consider of high relevance the inductance for the
results where a cart is moved by a DC motor. On the other hand, a pendulum horizontally moved by a
DC motor with a pendulum had its dynamics studied in [3] neglecting the DC motor inductance.

2. Results and Discussion
The results pointed we do not have changes in the types of motion when the inductance is varied.
The types of motion found are oscillations in 2-period represented in green colour in Figs. 1 (a,b,c,d).
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In black and red, there are two different rotative 1-period attractors where the red has a positive speed
and black a negative speed. The Figle represents the mechanism with the pendulum, DC motor and
crank-slider. The Eq.(1) represent the electric equation of the motor and the Eq.(2) represent the
torque supplied by this DC motor. The Fig.1a demonstrate the basin of attraction when the inductance
is neglected in the electric equation. The Figl(b) presents the basin of attraction with the real value of
inductance found in the manufacturer catalogue. This value for inductance is 0.161x10- Henry from a
motor with 250 Watts. In Fig.1c the value for the inductance is 1000 times the value from catalogue
and in Fig.1 d, the value is one million times the value from the catalogue.

V=L§+RE+KEEJ 1)

anmr' = K‘F - (2)

¢ d

Fig. 1. Basins of attraction. a) No inductance b) Real inductance ¢)1000 times the inductance d) One million times
the inductance e) The figure of the mechanism

3. Concluding Remarks

The results led to conclude that the inductance was not relevant in these mechanism working under
the parameters set. The actual idea concerning the inductance is that it is not relevant when the speed
of motor does not vary considerable.
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Abstract: The main goal of this paper is to analyse the influence of the inductance in elec-
tromechanical systems. Specifically, a DC motor coupled to a mass horizontally moved by a
yoke scotch mechanism. Recent articles claim that the inductance could not be neglected
based in electric constant and mechanical constant of the motor. Although many parameters
are involved, this analysis intend to demonstrate that the main reason for the relevance of the
inductance is the presence of high external load varying in time. The results of torque, electric
current and speed of the motor indicates the relevance of the inductance when the mass is
high, and the motor has its speed diminished. In conclusion, the inductance will have a greater
influence when the motor operates in lower speeds with variable loads. The reason for that is
the speed has a minor relevance in the electric equation when the motor is slow, therefore the
importance of inductance increases.

Keywords: DC motor, inductance, electromechanical systems, nonideal systems

1. Introduction

The system analysed is a DC motor represented in blue in Fig.1a, coupled to a mass horizontally
moved through a scotch yoke. The mass is moved without friction in the wheels or in the pin linked to
the DC motor. Note that in [1,2] neglecting the inductance in DC motor causes high differences in
the results of the torque and speed, it was studied a problem with varying parameters like the voltage
set on DC motor and the distance of the pin to the centre of the motor, while the present paper focus
on the mass vibrated because we consider it is the more relevant for the results. Therefore, the present
analysis is an expansion in data and in comprehension of the previous study considering the same
mechanism with the same parameters. In reference [3] there was a pendulum horizontally excited by a
DC motor. In this last, to neglect the inductance was not a problem for the accuracy of results. The
reason for that is the size of mass is relatively smaller. All this discussion brings back the idea of the

nonideal excitation well discussed in [4].

71


https://orcid.org/0000-0001-5052-8389
https://hal.archives-ouvertes.fr/search/index/q/*/structId_i/4627/

2. Numerical Results and Discussion

The governing equations of motion are:

lé+ret+kd=v (€D)]
.nfrr.ﬁ + bﬂid - k?': =-T (2)

The term | stand for the inductance, r the resistance, c the electric current, k, the electric constant, ¢
the motor speed, v the voltage set, j,,, the moment of inertia of the motor, b, the damping coefficient,
T is the torque over the motor caused by the mass. The results were found integrating with the Runge-
Kutta 4™ order and timestep 10 second, using total time for integration equal to 10 seconds, but only
last 10% pointed were plotted. The results in Fig.1b and Fig.1c are the torque of the mass caused on
the motor versus the motor speed. The graphics in red represent the model considering the electric
inductance on the mechanism. The graphics in blue represent the model which neglects the electric
inductance. Comparing the Fig.1(b) and Fig.1(c), it is possible to state that the different models di-
verge when the masses are high, and the models converge when the mass is small.
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Fig. 1 a) The scotch yoke mechanism with the DC motor and the mass. ( Elaborated by the authors) . Results of
Torque versus angular speed for b) m=5kg ¢) m=0.05kg

3. Concluding Remarks

The current results led to conclude that the inductance may be neglected in some conditions. These
conditions include mainly to observe how the angular speed in DC motor evolve during time. When
the speed approaches to zero or when it has a high fluctuation, you are probably facing a situation
where the inductance cannot be ignored. On the other hand, always to consider the inductance may
result in more problems for compute the equations. A stiff equation may require a timestep smaller
than the computer offers or just more time consume to complete the calculus. Therefore, ignore the
inductance may be useful in some conditions, but in others may change considerably the results.
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Abstract: According to past research, the flexoelectricity effect is dependent on the strain
gradient noticeable in micro/nanoscales. It can be concluded that flexoelectricity has a consid-
erable effect on the electromechanical behavior of structures in small scale. For the first time,
the first-order shear deformation theory (FSDT) and the reformulated flexoelectric theory is
used to study nonlinear free vibration of three-layered cylindrical microshell made of a func-
tionally graded piezoelectric (FGP) core and two layers of flexoelectric material. Equations of
motion and corresponding boundary conditions are derived from variational Hamilton's prin-
ciple. Change a volume element due to the elastic deformation is taken into account, so it cre-
ates a source of nonlinearity in the derived equations of motion. The nonlinear partial differ-
ential equations are numerically solved by perturbation method. Effects of crucial geometric,
material and scale parameters on the dynamic response of the flexoelectric structure are com-
prehensively investigated and discussed.

Keywords: first-order shear deformation theory, reformulated flexoelectric theory, FGM, microshell,
nonlinear dynamics

1. Background

Optimized performance of intelligent small structures such as microbeams, microshells, micro-
plates in such cases as measurement equipment, medical equipment, electronic equipment is a funda-
mental issue in micro- and nanoelectromechanical systems (MEMS/NEMS) [1,2]. Due to the appli-
cation of MEMS and NEMS in the mechanical, chemistry, and aerospace industries and because of
their high performance and high accuracy in adverse environmental conditions, researchers have paid
special attention to these systems and tried to determine their electromechanical responses in different
environmental conditions. Due to electromechanical properties, mechanical energy (tensile, pressure,
bending, and twisting) and electrical energy (voltage, electric field, and electrical polarization) can be
converted to each other, and used in the construction of transducers, sensors, actuators, resonators at
diverse scales.

Considering the fact that the properties of the functionally graded materials are common in struc-
tures at micro scale, therefore, the functionally graded flexoelectric cylindrical microshell is the object
of our investigation. By deep investigation of the previous studies, it can be found that modified
flexoelectric theory has not been used to study the nonlinear vibration of the flexoelectric cylindrical
microshell under electrical loadings [4,5]. Additionally, the effect of functionally graded material on
the electromechanical behavior of the flexoelectric microshell under electric forces based on the
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modified flexoelectric theory has not been investigated in previous studies. The present study on the
behavior of this type of microstructure fills the gaps in the existing literature.

2. FGP microshell

In this study, we consider a three-layer flexoelectric microshell with a total thickness of : = & +
2hy, where he, h and Ay are the total thickness, core thickness and thickness flexoelectric layers of the
structure, respectively. The microshell has a radius equal to R, a length equal to L and a thickness
equal to ht. The upper and bottom layer are assumed to be made of two different flexoelectric materi-
als, and the core is made of functionally graded of two piezoelectric materials. The properties of the
microshell core are quite different in the direction of thickness. The schematic of microshell model is
presented in Figure 1.

z, Wi

Fig. 1. The geometry and coordinate system of the microshell.
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Abstract: This paper is concerned with the attitude and position control of a fully-actuated non-
planar hexa-rotor aerial vehicle equipped with reversible fixed rotors. A six-degrees-of-freedom
force-torque control law is designed using a unit-vector multi-input global sliding mode control.
The method is evaluated and demonstrated in a software-in-the-loop simulator, which shows
its effectiveness.

Keywords: multirotor aerial vehicle, hexa-rotor, global sliding mode control, dynamics.
1. Introduction

Applications of multirotor aerial vehicles (MAVs) for aerial manipulation, delivery and air taxi are
expected in the near future. These tasks require the vehicle to safely manoeuvre in position inde-
pendently of the attitude, while subject to unknown environmental disturbances (e.g, wind) [1]. There-
fore, these applications are quite suitable for fully-actuated MAVs, such as the non-planar hexa-rotor
aerial vehicle considered in this paper.

To allow a safe flight in the presence of bounded disturbances, we design a sliding mode controller
(SMC) suitable for fully-actuated MAVs. The controller provides a six-dimensional command for the
resultant force and torque, thus it can control both the vehicle's translational and rotational dynamics.
The conventional SMC design consists of two phases: reaching a specified sliding manifold and sliding
along this manifold [2]. However, during the reaching phase, robustness is not guaranteed. Therefore,
we use the global sliding mode control (GSMC) scheme, which provides robustness from the initial
condition until the desired reference [2,3]. This abstract briefly shows the control methodology, which
includes the MAV dynamic modelling, the adopted sliding surface, and the proposed GSMC law. Ad-
ditionally, we present the simulation results of the proposed control compared to a proportional -deriv-
ative (PD) feedback linearization control law, considering a non-planar hexa-rotor aerial vehicle.

2. Controller Design and Results

Assume that x 2 (x;,x,) € R*? is the vector of state errors, where x, € R® denotes the errors of position
and attitude, which is expressed as a Gibbs vector, and x, € R® represents the errors of linear and an-
gular velocities. Moreover, consider the control torque vector u € R® as a command to the force and
torque produced by the MAV, while d € R? is an unknown force-torque disturbance such that ||d|| < p,
with known p € R,.. Therefore, the complete nonlinear dynamics of the MAV can be modelled as fol-
lows

% =00, @
X, =f,(x) + B®u+d), @

where f;: R'2 - RS, f,: R'? - R, B: R'? -» R°*¢ are given functions. Furthermore, f, and B are such that
||(8f,/ 0x,)B|| # 0, ¥x € R*2. Now, we can define the following time-varying sliding function

s(t,x) 2 o(t) — P(t)a(0), 3)
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where a(t) 2 Cx; +f; € R® with C € R being given a diagonal matrix, and P: R, — R®*¢ is a function
which satisfies, among other design conditions, P(0) = I, [3]. Based on (3), consider the set s 2 x €
R'%:s(t,x) = 0,vt > 0 as the eventual sliding set. Therefore, to ensure a global sliding mode of system
(2)-(2) in s, we can design the control law [3]

af, N1 of, of, : s
u=- (a—sz) ((c +a—x1)f1+ o f2 HP(D0(0) + Kﬁ) @

where k > ||(0f,/9x,)B||p i a design parameter.

Figure 1 shows the controlled position and attitude, as well as the respective commands. The reference
trajectory is a step of (1,1.5,2)T for position, combined with a conic motion with frequency of 1/15 Hz
and amplitude of 30° fir attitude. The disturbances are considered as sinusoidal signals with frequency
of 0.1 Hz and amplitudes of 0.02 N and 0.003 Nm for force and torque, respectively. The parameters
used for the GSCM are k=05 C = I, and P(t) = exp(-t)l;. For the PD control, K, =
diag(2,2,2,3,3,3) is the proportional gain and K, = 5I; is the derivative gain. For the position states, we
can note that the GSMC does not present overshoot neither oscillation around the commanded value.
Furthermore, for the attitude states, the GSMC reaches the reference faster and follows it precisely.

20
40

o
Torques (Nm)

Time (s) Time (s) Time (s)
(a) Attitude (b) Position (c) Control efforts

Fig. 1. Numerical results for attitude and position control of a fully-actuated non-planar hexa-rotor aerial vehicle,
where for attitude and position - - - PD control, - GSMC, and - the command trajectory. For the GSMC -
T,,- T,, - T; the control torques and - F,, - F,, - F5 the control forces. For the PD control, - - -T;, T,, ---T;
the control torques and - - - F, F,, F the control forces.

3. Concluding Remarks

This paper has presented the design of a global sliding mode control law for a fully-actuated non-planar
hexa-rotor and has compared the results with a proportional-derivative feedback linearization control
law. We can observe that the GSMC outperforms the PD control, while ensuring robustness against
bounded disturbances during all the flight.
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Abstract: The conveyor belt is an important equipment of the preparation system in sugar
and alcohol plants. It is responsible for providing the mills with constant feeding of sugar
cane mass, avoiding overloads due to excessive feeding. This work aims to develop a small-
scale experimental setup of the conveyor belt, which can reproduce its behavior, and thus be
able to implement modifications to validate theoretical studies.

Keywords: non-ideal machinery, conveyor belt dynamics, Sommerfeld effect, nonlinear dynamics

1. Introduction

The sugar cane grinding depends on equipment specially designed to receive and prepare the raw
material in order to obtain maximum production efficiency. As the last segment of a long equipment’s
line the conveyor belt depicted in Fig.1(a) is the most important element to keep the feeding constant
for the grinding process.

g B

Fig. 1. 3D Model of Conveyor Belt and Apparatus Developed (a: [3]; b, c: Elaborated by the authors).

The experimental setup consists of the lower base connected to the upper base by two pairs of
springs of different lengths, as described in Fig.1(b) and Fig.1(c), in order to have the inclination
shown in the real equipment. A 9V DC motor was connected on the upper base and its speed control
was done by Arduino. The motor speed was measured using an LM393 (optical photosensitive light
sensor module) and the Arduino was also responsible data acquisition. Additionally, to acquire the
vibration data, the accelerometer of the iPhone 6 cell phone was used, as depicted in Fig.2. Because
of the dynamic interaction and energy transfer between the vibration modes of the apparatus when
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excited by an unbalanced motor, its torque does not remain constant, which characterizes the motor as
non-ideal [1, 2].

Cellphone

DC Motor .
Arduino

.
Frequency/v =

Counter

Fig. 2. Equipment’s Used in Experience and Accelerometer Coordinates (a: Elaborated by the authors; b: [4]).

2. Results and Discussion

The experimental results showed movements of pitch, roll and bounce, as represented in Fig.3, for
which it was observed the Sommerfeld effect [1]. This phenomenon occurs in unbalanced rotating
machines supported by flexible structures where power is converted into mechanical vibration instead

of increasing the machine rotation speed.
i il
| MMMW

oz
00 80 %00 o 100 20 00 400 50 60 7100 80 %00

Cc

3
0 10 200 0 400 50 600 700 80 90 0 10 0 00 400 500 60
Time (5] Time 5]

Fig. 3. Time Histories in Physical Coordinates for Conveyor (a) Roll (b) Pitch and (c) Bounce.

3. Concluding Remarks

Experience has shown that on the x-axis, rotation around the longitudinal, the frequency has stag-
nated although during the experiment the angular velocity continued to increase. There is an increase
in the amplitude of vibration in the frequency range of capture near the resonance frequency and then
a jump to a higher frequency with lower vibrations. Future results include the exploration of vibration
modes and numerical results of mathematical modeling [1, 2].
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Abstract: In this work, we revisited and investigated the nonlinear parametric resonance of free
surface oscillations of fluid inside a tank excited by a non-ideal power source with limited power
supply. Numerical analysis of nonlinear dynamics is presented as phase portrait diagrams, power
spectrum and maximum Lyapunov exponents to determine the regions in which the resonant slosh-
ing vibrations have a chaotic or periodic behavior. we also present an Optimal Linear Feedback
Control (OLFC) and a State Dependent Riccatti Equation (SDRE) Control design that can both
reduce to the chaotic movement to a stable condition. The (OLFC) technique is based on Lyapunov
stability theory and optimal quadratic linear control (LQR) and has the characteristic of separating
nonlinearity from the system and applying feedforward control feedback control. The (SDRE) con-
trol method (SDRE) has as main characteristic for calculating the LQR gain the variable state ma-
trix

Keywords: Non-ideal power sources. Parametric resonance. Nonlinear dynamics. Control Design’s

1. Introduction

Sloshing inside a tank excited by a non-ideal power source has diverse applications in engineering
sciences as in aerospace and nuclear fields. The excitation of the system analyzed by this work is limited
by the characteristics of the energy source and its dependency on the vibrating system. We present a
model based on [1, 2], composed by a tank of radius R, partially filled with a Newtonian fluid, para-
metrically excited by an electric motor (Fig. 1(a)). The nonlinear dynamics of system can be represented
by equations below:

@

d d;
{ﬁ = —ap, — (B+AE ~2)q, + BMpy; 2 = —ap, — (B + AE — 2)q, + BMp,

d d B
‘= —aq; + (B +AE + 2)p; + BMqy; 2= —aqy + (B+AE +2p, + BMqy; 5= N, = Nip — u(pas +pzqz)}

ar ar ar

where, t: slow time; Py 4y Py 4y dominant modes amplitudes; a:liquid coefficient of additional vis-

cous damping forces of liquid; B: tuning parameter related to motor frequencies. A and B: constant
coefficients dependent on tank diameter and depth of the filled liquid; E and M: energy and angular
momentum of fluid vibrations in the fundamental modes. N1: constant of linear static performance curve
of the motor; N2.: natural frequency of the fundamental free surface oscillations; : natural frequency

and physical characteristics of the moto and £ = £, + E,, E, = 12(pf1 + qi) and M = p,q; + p,q:.
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2. Results and Discussion

The computational numerical method for solution used was the fourth order Runge-Kutta implicit with
integration step of h=0.001 and time of t=10° and transient time of 40% of total time. We assume the
parameters are « = 0.8,4 = 1.112,B = —1.531,N2,= —0.25, = 4.5 and initial conditions to be equal to p1(0) =

q1(0) = 1.0,p2(0) = ¢2(0) = 1.0, 8(0) = 0, adapted from [1].
:; .' V

(@) (0) ©

Fig. 1. (a) Schematic diagram of the system composed by a partially filled tank, excited by a motor.
(b)Lyapunov exponent A in range », e [00s,15] x v, e [~2020] (c) Energy total in range v, e [00s15] x v, ¢ [-2020]

Fig. 1(b) shows the behavior of maximum Lyapunov exponent (A) with N; € [0.05,1.5] x N, € [-2.0,2.0].
For negative values of X the system is periodic, for positive values of A the system is chaotic. Fig. 1(c) illus-
trates the results for the dimensionless total power[2]. For high values of N1 and N2 the rate of change of the
total energy is zero. Inside the regions where N1 and N2 have intermediate values the total power oscillates
around zero but there is no constant period. OLFC and SDRE techniques based on [3] were applied to an
orbit was defined with a Fourier Series as u(i)(t) = a, + a;cos(wt) + bysin(wt) and they have excellent
agreement according to Fig 2(a) and (b).

(b)

(@
Fig2 Resultsusing a) OLFC ,b) SRDE

3. Conclusion

This work shows that the OLFC and SDRE strategy applied to the presented mathematical model reduced the
chaotic movement of the system to a periodic one. The Fig. 2 illustrates the effectiveness of the control strat-
egy to this interaction fluid-electric motor problem. Future works include sensibility analysis.
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Abstract: In this paper, we describe the various types of deformation schemes
inspired by Heine and Tsallis in reference of q-deformed physical system related to
the quantum group structures and the statistical mechanics. We discuss the dynamics
of deformed unimodal maps in particular g-Logistic map and g-Gaussian map.
Further we show that numerically, there exists a set of the parameter values with
positive measure, for which these deformed maps admits absolutely continuous
invariant probability measure with respect to the Lebesgue measure.
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Abstract: In this paper we show that the g-deformed Logistic map proposed by
Banerjee and Parthasarathy [1] is actually topologically conjugate to the canonical
Logistic map and therefore there is no dynamical changes by this g-deformation. We
propose a correction on this g-deformed scheme applied on Logistic map and
describe the dynamical changes. We illustrate the Parrondo's paradox by assuming
chaotic region as the gain. Further, we compute the topological entropy in the
parameter plane and show the existence of Li-Yorke chaos. Finally we show that in
the neighbourhood of particular parameter value, g-Logistic map has stochastically
stable chaos.

Keywords: g-Deformed Logistic map, Heine deformation on nonlinear map,
Topological entropy, Stochastically stable chaos.
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Abstract: The idea of using feedback mechanisms to adaptively amplify signals beyond the
linear range is inspired by the human cochlea. The considered active composite MEMS (micro-
electromechanical systems) oscillator amplifies input signals distinctively using its passive, ac-
tive nonlinear, and Hopf dynamics. The amplification level is solely determined by the mechan-
ical properties of the device and the input stimulus strength, making use of the system’s com-
plex dynamics. One of the key outcomes of our work is that we can demonstrate amplitude-
dependant amplification, which can be likened to the compressive nonlinearity seen in the coch-
lea. Our comprehensive dynamic and stability analyses are accompanied by experimental vali-
dations of new findings, including an evaluation of technological feasibility.

Keywords: active MEMS sensor, signal-to-noise ratio, nonlinear compressive amplification

1. Introduction

The human cochlea is an impressive example of a biological sensor. The cochlea’s remarkable
dynamic range, highly tuneable sensitivity and nonlinear compressive amplification properties are
attributed to its underlying active nature [1, 2]. Theoretical and experimental attempts to create an
artifical device include active oscillators with different feedback mechanisms [1], diverse nonlinear
systems [1, 3] and operation near bifurcation points such as a Hopf [4]. This novel work explores the
dynamics of a self-sensing and self-actuating MEMS oscillator [5] subject to external stimuli and
feedback mechanisms (see Fig. 1). Our investigations focus on the amplification properties of the
MEMS oscillator operated at selected parameter tuples. Furthermore, selected theoretical findings are
validated experimentally and technological feasibility of parameter ranges is discussed.

2. Model

We consider a single MEMS cantilever (Fig. 1) with inte-
grated sensing and actuation capabilities [5]. Based on our pre-
vious work [6], the analysis is carried out with a simplified
modal representation of the first vibration mode

Gw + 8w + quw = aqg + Kext, @
4o +Bag = vi?, (2

where q,, and g4 are the non-dimensionalised mechanical and
thermal variables of the system. Parameters «, 8, y, § are inte-
gration constants originating from a modified Ritz discretiza-
tion [6] and k., being the external stimulus.
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Fig. 1. SEM picture of MEMS sensor.
(Taken with JEOL JSTM-IT300)



A feedback mechanism is introduced by means of the thermal actuator as i = tanh(ip¢ + aq,,), where
ipc is an offset current, which controls control equilibrium states and a is the feedback strength.

3. Results and Discussion

Figure 2 depicts relevant equilibrium states of the system and associated gain properties for a range
of feedback values and input strengths. In this brief discussion we highlight the different dynamics of
three system configurations. The passive system (black) exhibits a constant gain of 38.42 dB at reso-
nance for any input amplitude and feedback parameter. In contrast, the gain of the active, nonlinear
system (blue) is dependent on input amplitude. As a result, the system is capable of demonstrating
amplitude-dependant amplification, which can be likened to the compressive nonlinearity seen in the
cochlea [2-3]. Certain equilibrium states also feature a Hopf bifurcation (purple), exhibiting another
range of gain properties available with this system. Input amplitudes encompassing a parameter range
of 1077 to 1073 yield a maximum gain of 76 dB near the Hopf-point ata = 2.7 for even a non-
optimised system.

b2y 0013 - ‘ : 1 b
= ~ = 2 vt Hopt
: i e '| r == nonlinear, active
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= = ‘;L
E ®
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L p p 0 a 5

Fig. 2. Simulated behaviour of the MEMS system for different feedback strengths and varying stimuli; a) equilib-
rium states, b) associated gain properties; insert: initial experimental investigations showing gain at Hopf point.

4. Concluding Remarks

A novel adaptable MEMS sensor with self-sensing/-actuation capabilities has been presented whose
complex nonlinear dynamics gives rise to much improved amplification properties. Initial theoretical
gain characteristics, which have also been qualitatively validated experimentally (see insert of Fig. 2b),
suggest very promising amplification and signal detection properties, even in noisy environments (not
directly shown here but observable in Fig. 2b)). A more detailed and satisfying discussion of our new
findings in addition to a discussion on the technological feasibility is included in the full paper.
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Abstract: The coupling of drive units of electric and hybrid vehicles with flywheel-based ki-
netic energy recovery systems is one of the best suitable options to reduce fuel energy usage.
And, in consequence, it is also a convenient method to reduce greenhouse gas emissions. The
essence of the work will be to design a hybrid traction system cooperating with a flywheel
that collects kinetic energy during vehicle braking.

Keywords: electric and hybrid vehicles, flywheel energy storage system, continuously variable
transmission

1. Introduction

Electric cars are well known already over one hundred years, but despite this, they are only now
beginning to appear on the streets of cities in a noticeable number. Despite the view of many people,
an electric car is not a modern idea at all. It cannot be unambiguous to attribute the invention of the
electric vehicle to only one originator. In 1828, a Hungarian engineer, physicist, and Benedictine
priest, Anyos Istvan Jedlik, created a tiny model of some vehicle powered by the world’s first electric
motor invented by him. Robert Anderson, the Scottish inventor, created the first-ever prototype of
such a vehicle (exactly an electric crude carriage) between 1832 and 1839 (the exact year is uncer-
tain). Non-rechargeable primary power cells powered his electric carriage. However, in 1835 Sibradus
Stratingh (Dutch professor of chemistry, as well as an inventor), with Christopher Becker, his assis-
tant, constructed a small-scale cart called the forerunner of the electric car. Their cart used the voltaic
pile. Other great inventors built themself their vehicles powered by electricity. One of them was
Thomas Alva Edison. Inventors of electric cars were facing to find as possible both extremely capa-
cious- and durable batteries at those times. By the way, it applies especially to current times as well.
Rechargeable batteries of modern electric cars provide them approximate ranges from 100 to over 500
km, depending on their capacities. The maximal car driving range above about 500 km often requires
an application of rechargeable batteries with a total capacity of over 100 kWh. For small cars, ranges
of 250 km are possible owing to rechargeable batteries of a capacity of 30 kWh at least.

However, the common problem in the electric vehicle implementation on a large scale is that they
require a long time to full charge (repeatedly longer than refuelling at a gas station). Compared to
internal combustion-powered cars, the most popular electric vehicles are not yet providing such long
ranges.

In many electric vehicles, additional cooling and/or heating systems provide advantageous condi-
tions for rechargeable battery packs that guarantee their high efficiency. Such systems also occur in
advanced hybrid cars with expanded battery packs. At present, engineers and scientists have coped
with many initial technological barriers limiting the application of electric vehicles from 100 years
ago. Increasing the driving range of electric cars in a built-up area of cities with frequent start-stops
can be performed utilizing kinetic energy recovery systems. However, such systems have a less mean-
ingful effect on fuel efficiency during highway driving. For electric and hybrid vehicles recovering
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kinetic energy through regenerative braking seems to be very promising (see [1] & [2]). A flywheel
energy storage system is often used. However, the advantage of such energy storage technology in
mechanical form is partly lost when this system has electrical or hydraulic type transmission. Such
systems with flywheel require the application of low-cost, high-efficiency, continuously variable
transmissions. Up to now, no completely satisfactory solution has been found.

2. Results and Discussion

The work aim is to build a modified hybrid kinetic energy recovery system with the flywheel. This
system uses an innovative, continuously variable transmission of mechanical energy. An additional
benefit resulting from the application of this system will be the improvement of a vehicle’s stability
by reducing loss of traction (skidding) during braking and acceleration. The torque, M, generated by
the flywheel due to the angular momentum change over time will protect against squat, dive, and lift
of the vehicle body, as shown in Fig. 1. In other words, this system alters and controls the amount of
compression of suspension springs due to acceleration, deceleration, or braking conditions. In Fig. 1,
Fin is the inertial force (also called a fictitious force), which appears to act on a vehicle body whose
motion is described using a non-inertial frame of reference, such as a deaccelerating reference frame,
in the considering case.

Verification calculations were carried out using the SCILAB development environment to verify
the correctness of the design of the vehicle's traction control system.

y

0.5F, mg .y 0.5F

Fig. 1. Forces acting on the vehicle during braking

3. Concluding Remark

This concept of the drive of electric and hybrid vehicles belongs to energy-saving methods.
Thus, this method makes the reduction of greenhouse gas emissions possible.
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Abstract: The paper presents its contribution to tracking control of systems in failure work
conditions. The example we examine is a three degrees-of-freedom planar manipulator with
rigid and flexible links, for which one of actuators fails during its work. The work task for the
manipulator is defined by the programmed constraints. The CoPCoD method is used to derive
the reference motion dynamics and the tracking control after one of manipulator failure.

Keywords: manipulator, reference motion dynamics, underactuated systems, tracking control

1. Introduction

Modern mechanical and mechatronic systems like robots, aircraft, satellites and space platforms,
underwater vehicles and human servicing systems are designed for delivering work, services, for
exploration and military purposes, to mention some of the applications only. Efforts of engineers and
researchers aim excellent functionality, durability and reliability of these systems. Also, there are
domains where failure is not an option, like space exploration and service delivery or health related
devices. The growing demands for reliability lead to the active research in dynamics, nonlinear con-
trol theory and optimal control, and others. At the same time, failures are constantly associated with
engineering activities. Failures can be costly in work time, equipment or the whole mission, e.g. a
space mission, lost. The question thus arises, in all engineering branches, of how to minimize failure
costs. From the dynamics and control theory side, an active research dedicated to underactuated sys-
tems continues. A fully actuated system, i.e. the one enjoying the number of control inputs equal to
the number of degrees of freedom, does its mission as long as the actuators work properly. In case of
failure, questions arise of how to minimize risks and danger of damages to the workplace and contin-
ue a predefined task up to bringing the system to some rest position, if possible. A system which is
not fully actuated refers to as underactuated. An interest in design and control of underactuated sys-
tems is driven by two main questions, i.e. can we control underactuated system models (USM) using
our current control techniques and whether there are any new control techniques for USM that can
solve reliability problems in practice. These questions motivate a lot of current research in USM.

The literature on USM is quite vast, see e.g. [1]. Most of these papers tackle work conditions where
there are no other motion limitations and demands, i.e. constraints. The constrained USM dynamics
and control are presented in [2,3] for rigid models of underactuated systems. In [4] a dynamics ap-
proach to modeling, i.e. the automated computational procedure for constrained dynamics (CoPCoD)
is presented. It works for rigid and flexible multibody systems which are fully actuated. Tracking
control of USM is still a challenge topic, see e.g. [5-7].
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2. Mathematical model of a rigid-flexible link manipulator

A model of three link, three degrees-of-
freedom planar manipulator is presented in
Fig.1. It is assumed that link 2 can be treated
as rigid or flexible. The flexible link is dis-
cretised using the Rigid Finite Element
Method (RFEM). The motion of the manipu-
lator is forced by means of three driving
torques. The aim of the paper is to propose
an algorithm for control the manipulator
when certain drives stop working due to
failure. The algorithm is implemented in

three main steps:

(2,0)

(2,0)

+ot,,

Calculation of reference time courses of
joint coordinates for the assumed pro-
grammed constraints, in this case the
following DAE system is solved:

), se)
t, +ot,

Fig. 1. Model of a rigid-flexible link manipulator
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K r

where all symbols are explained in detail in [4].

Application of the reference time courses to flexible drives to realize trajectory tracking.
Compensation of the tracking errors due to the drive failure using the appropriate controller. As a
result the analyzed manipulator is transformed from fully actuated to underactuated which is as-
sociated with additional numerical challenges.
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Abstract: Tall structures often sway with large amplitude and low frequency due to reso-
nance conditions induced by wind loads and long-period seismic excitations. These sources of
excitation affect the performance of vertical transportation systems (VTS) deployed in these
structures. The fundamental natural frequencies of tall buildings fall within the frequency
range of the wind and seismic excitations and the sway motions form the excitation mecha-
nism which acts upon the VTS. Particularly affected are long moving slender structural com-
ponents such as the suspension ropes, compensating cables and travelling cables. Complex
nonlinear resonance interactions arise in the system when the frequency of the excitation is
tuned to the natural frequencies of those elements. The methods to mitigate the effects of dy-
namic interactions in a high-rise VTS involve the application of passive and active control
devices attached at the compensation sheave assembly. In this paper a numerical simulation
model is presented to predict and analyse the resonance behaviour of the system equipped
with a nonlinear damper-actuator system. The performance and characteristics of this device
can then be optimized and adjusted to minimize the effects of adverse dynamic responses of
the system.

Keywords: tall structure, slender continua, nonlinear vibration, control

1. Multibody dynamics model

Fig. 1 shows a dynamic model of a high-rise VTS system deployed within a vertical cantilever host
structure subject to ground motions sx?), r=1,2 in the in-plane and out-of-plane directions,
respectively [1]. The structure undergoes bending elastic deformations with the in-plane and out-of-
plane displacements at the top end (z = zo) denoted as wy(?), where » =1,2, respectively. The equa-
tions of motion of the system are formed a system of nonlinear partial differential equations. The
dynamic response of the system is defined in terms of lateral displacements of the slender continua
elements denoted as v;(x;,¢),w;(x;,¢), i = 1,2..., 4, the longitudinal displacements of the dicrete

massess represented by gmi, gm2 and gms, with the corresponding rotations 63 .

2. Results and Conclusions

The results presented in the paper demonstrate the resonance behaviour of the system [2,3]. The
resonance frequencies of the slender continua can be shifted / changed by the use of different masses
of the compensating sheave assembly. The frequencies of the suspension ropes depend on the mass/
weight of the car (and the corresponding mass of the counterweight) as well as on the car loading
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conditions. The characteristics of the damping -actuator device can be optimised and adjusted to
minimize the effects of adverse dynamic responses of the system.
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Fig. 1. Dynamic model
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Abstract: The paper presents a new approach to guidance and control systems design for a
free-flying space manipulator. It takes advantage of a dynamically equivalent manipulator
(DEM) model, which is a fixed manipulator representation of a free-floating or a free-flying
one and it can be successfully used to handle the guidance problem that is very complex for a
non-fixed space manipulator. Also, the free-flying manipulator model includes constraints re-
sulting from linear and angular momentum conservation and its attitude is a function of an ac-
tual state and of a path. Since the position of the end effector, joints and base angles are the
same in the DEM and in the space manipulator, the fixed representation of a space robot al-
lows for simpler joint and work space transformations and results in simpler path planning
and guidance systems design. The novelty is also in the attitude presented in the quaternion
description that prevents singularities during computation. The presented design of the guid-
ance and control system allows for effective space manipulators mission design and execu-
tion.

Keywords: free-flying manipulator, dynamically equivalent manipulator, quaternion dynamics, con-
trol, guidance

1. Introduction

An effective guidance and control design of a space manipulator is challenging and its control can be
performed in free-floating or free- flying approaches [1]. The first design allows for control of only
the manipulator joints while in the latter the base of the spacecraft is also actuated. A free-floating
regime is more power efficient and in case of spacecraft’s base actuated with reaction wheels, there is
no saturation problem. However, the free-flying approach facilitates use of guidance and control
methods developed for a ground-based robotic arms. Stabilized manipulator’s base attenuates influ-
ence of the arm dynamic coupling on the space robot’s attitude but the impact on manipulator’s base
position still must be considered. Translation of the spacecraft’s base could be stabilized by a reaction
control system, but it implies some difficulties, e.g. the spacecraft must take additional propellant.
Also, a fault of propulsion system can cause a collision. For these reasons, a free-flying control ap-
proach is chosen as a baseline for the design. The paper focuses on applying a concept of dynamically
equivalent manipulator (DEM) to design an efficient guidance and control system for a free-flying
space manipulator. The concept of mapping a free-floating space manipulator into equivalent fixed
base manipulator is introduced in [2]. DEM preserves both kinematic and dynamic properties of a
space manipulator and allows modeling using classical methods. It is also more suitable for experi-
mental validation of guidance and control algorithms. To map a free-floating space manipulator into a
fixed-base robotic one, the base is reproduced by a spherical joint. It can be passive or active respond-
ing to free-floating or free-flying space manipulator, respectively. In [3] the quaternion representation
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to the DEM approach is introduced. Since DEM maintains the position of manipulator’s end-effector
the model can be applied to facilitate the guidance and control design.

TN

Fig. 1. The space manipulator and its corresponding DEM — end effector’s position is maintained

Mapping the free-flying manipulator to a fixed one allows to efficiently apply guidance and control
algorithms developed for ground-based manipulators and mitigate complex dynamic coupling be-
tween motion of the robotic arm and translation of the base.

2. Results and Discussion

The use of DEM dynamics in the design allowed for a stable and effective guidance and control sys-
tem. From the DEM dynamics model of the form

7 ol G- 0

where: M — mass matrix, B — matrix of position constraints, x = [q §]T — state vector, A — vector of
Lagrange multipliers, f - vector of forces and torques, p — term from the extended constraint equa-
tions, we can compute the base’s reaction torques which can be further used as a feed forward part of
the controller to better stabilize the manipulator’s attitude. The overall guidance and control system
structure is presented in fig. 2.
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Fig. 2. The overall guidance and control system structure

3. Concluding Remarks

Applying DEM to inverse kinematics as well as to dynamics to calculate the feed-forward controller
part allowed to handle efficiently guidance and control designs for free-flying manipulator.
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Abstract: The work addresses the problem of propagation of periodic waves in a beam rest-
ing on a bilinear substrate, having different soil stiffness in “compression” and “tension”. The
closed form solution is obtained, and some aspects of the complex behaviour are illustrated.
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1. Introduction

The problem of a beam resting on a bilinear elastic foundation, i.e. a Winkler soil with different
stiffnesses in “compression” and in “tension”, has been scarcely studied in the past, despite its practi-
cal relevance and despite the fact that it is one of the few nonlinear problems for which an exact
mathematical solution can be obtained.

In the static case it has been addressed in [1] and, recently, in [2]. In the more interesting dynam-
ical case, it has been initially studied in [3] where an analytical solution is obtained by means of a
perturbation approach. The case of a load moving at a constant velocity have been considered in [4]
and [5] by means of a numerical approach. Much more investigated has been the case of a unilateral
soil, which is a particular case of a bilinear foundation when one stiffness is set to zero, see [5,6] for
an interesting literature survey.

In previous works the problem of a free wave propagation has not been considered, and this consti-
tutes the goal of this work, where periodic waves are studied. This allows us to obtain an analytical
solution, and to highlight the complex nature of the response due to its (piecewise) nonlinearity.

2. The problem and main results

The governing equation for the undamped unforced Eulr-Bernoulli beam resting on a bilinear
Winkler foundation is

pAii + EJUV + f(u)yu=0, (1)
where u is the transversal displacement, p4 the mass per unit length, EJ the bending stiffness, and
f(u) = A1 if u < 0; A2 elsewhere. )

Equation (2) underlines the bilinearity of the Winkler foundation, which is the unique source of
nonlinearity. The solution is sought after in the travelling wave form u(x,t)=U(s), s = X — ¢¢, where ¢ is
the phase velocity, to be determined. Defining the dimensionless parameters (L is the wavelength)

c=¢L (pAIEDY, hz2=hi12LYE], &=s/L, 3)
we obtain that U(s) satisfies

UV+c2U"+fU)U=0. 4)
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Looking for a periodic wave we introduced the following boundary conditions guaranteeing the
continuity of the displacements, rotations, bending moments and shear forces:

U(0) = U(a) = AU(0) = AU(a) = AU'(0) = AU'() = AU'(0) = AU () = AUM(0) = AU" () = 0. (5)

In (5) a€[0,1] is the parameter that divides the “compression” (U<0, £€[0, a]) and “tension” (U>0,
&ela, 1]) parts of the domain.

Equations (4) and (5) constitutes a nonlinear eigenvalue problem, where the unknowns are c(hs,hz)
and a(h,hz), together with the modal displacement U(&). Note that in the linear case hi = h2 = h the
solution is given by a=1/2 and Ciinear() = 2 (1 + h/(2m)*)Y2. For the bilinear case h1 # h2 the solution
is reported in Fig. 1.

linear
|

10002

\ \
10 ¢ o i \

107° 0 8
10 5 Y

10° 4
10 5
h, 10°

Fig. 1. The solution c(ha,hz).

3. Concluding remarks

The propagation of a periodic wave in a bilinear elastic foundation has been considered. The exact
close form solution has been obtained thanks to the piecewise linearity of the problem.
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Abstract: Resonance behavior of the system with a limited power-supply (or non-ideal sys-
tem) which contains a pendulum as absorber is studied. The system dynamics is described us-
ing the multiple scales method. Resonance steady state and frequency responses are con-
structed. Stability of this stationary regime is studied by the analysis of the state neighbor-
hood. Besides, transient is studied for initial times of the system dynamics.

Keywords: non-ideal system, resonance dynamics, transient

1. Introduction. The principal model

The systems with limited power supply are characterized by interaction of source of energy and elas-
tic sub-system which is under action of the source. Such systems are named also as non-ideal systems.
For the non-ideal systems the external applied excitation is a function of coordinates of excited elastic
sub-system. The most interesting effect appearing in non-ideal systems is the Sommerfeld effect [1],
when in the elastic sub-system it is appeared the stable resonance regime with large amplitudes, and
the big part of the vibration energy passes from the energy source to these resonance vibrations. Res-
onance dynamics of the non-ideal systems was first described by V.Kononenko [2]. Then investiga-
tions on the subject were continued in numerous papers. Different aspects of the NIS dynamics are
discussed in few books and overviews, in particular, in [3-5].

It is known that nonlinear vibration absorbers permit to reduce essentially amplitudes of reso-
nance elastic vibrations. Here the non-ideal system having the pendulum as absorber (Fig.1) is con-
sidered. Such absorber permits to evaluate a decrease of amplitude of resonance vibrations of the
elastic sub-system, and to select such parameters of the system when the large amplitude resonance
regime is not appearing.

Fig. 1. The model under consideration
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2. Results and Discussion

The multiple scales method is used to describe dynamics of the system under consideration with
respect to variables x, ¢ and 6 described by the following system:

M +m)%+(c,+¢,)x=crsing—ml(fcosd—6sin0);
0 Cl 1 (1)

I=c(a—bg+cr(x—rsing)cose);
mi(16 + gsing + cos ) =0,

where | is the inertia moment of the rotating masses, L =a —hg describes the driving moment of the

energy source, and the moment of the forces of resistance to the rotation.

. Analysis of modulation equations permits to construct the steady state near the region of the res-
onance between frequencies of the motor and the elastic sub-system. Choice of the system parameters
gives a possibility to decrease essentially amplitudes of the elastic vibrations. Besides, the analysis of
the modulation vibrations permits to study a behavior of the system near the resonance regime, and
the state stability can be determined. Besides, we can study dynamics of the system at initial times of
the dynamical process to analyze an evolution of the system to the steady state.

3. Concluding Remarks

It is shown that the multiple scales method permits to describe the resonance steady state of the
system having the pendulum as absorber. A use of the absorber permits to reduce large amplitudes of
the system resonance vibrations.
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Abstract: Tall buildings are susceptible to significant lateral sway in the events of earthquake.
Seismic ground motions generally contain low-frequency waves which resonate with the funda-
mental mode of the buildings. This affects vertical transportation systems, such as lifts, installed
in the buildings. Resonance interactions between the building structure and modular vertical trans-
portation installations such as lifts arise then. This can induce the lateral motions of the car/coun-
terweight system, and consequently lead to severe damage in the lift installations. This paper aims
to present a detailed Finite Element (FE) model that can predict the dynamic responses of the car/
counterweight system installed in tall building structures under seismic excitations. An analytical
model is also developed based on the structural dynamics theories, and the results are then com-
pared with those obtained from the FE models. The results of this study can be used to develop
design strategies to mitigate the effects of earthquakes on vertical transportation systems.

Keywords: Dynamic responses, seismic ground motions, lift, Finite Element (FE) analysis, tall buildings

1. Introduction

In this paper, a detailed nonlinear FE model using Open System for Earthquake Engineering Simulation
(OpenSees) [1] is developed to obtain the dynamic behaviour of a lift car/ counterweight system under earth-
quake. The El Cenro earthquake data are used in the model [2]. An analytical model is also presented to
predict the dynamic responses of a cable-mass system which represents a lift suspension rope-car/ counter-
weight system under seismic conditions. Finally, the seismic responses generated from the analytical model
are compared with those obtained from the FE simulations.

2. Results and Discussion

2D models of high-rise buildings made of steel moment-resisting frames are built in OpeenSees FE software.
The primary members of the steel frame (i.e. beams and columns) are modelled using elastic beam-column
elements connected by zeroLength elements which serve as rotational springs to represent the structure’s
nonlinear behaviour, as shown in Fig.1 (a). The springs follow a bilinear hysteretic response based on the
Modified Ibarra Krawinkler Deterioration Model [3]. The reinforcement concrete core is modelled in the
mid-spam of the frame to take into account the effect of the lift shaft. The mass M is connected to the shaft a
spring-viscous damping element of effective coefficient of stiffness k the coefficient of damping c (see Fig.1
(b)). The analytical model is developed using a cable-mass system mounted within a vertical cantilever host
structure subject to ground motion so(t), as shown in Fig.1 (c) [4]. The mass M is suspended on the cable of
length L and is constrained horizontally within the host structure by a spring-viscous damping element.
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Fig. 1. Modelling of a high-rise buiiding with Iift

The maximum seismic responses of the lift car/ counterweight, including lateral displacement (dwma) and
acceleration (ammax), Obtained from FE and analytical models are listed in Table 1 for 12, 20 and 50 storeys
buildings. To investigate the effect of the lift location along with the height of the building, each structure is
analysed twice when the mass (M) is located at the bottom and top storeys.

Table 1. Comparison between maximum seismic responses of the lift in the buildings with various number of sto-
reys obtained from FE and analytical models

. . Natural Ammax (M) ammax (M/s?)
Number of storeys Vertlfcz;lq Iolggtlon frequency FE Analytical FE Analytical
orthe i (Hz) model model model model
12 1% storey 1.42 0.009 0.008 1.921 1.988
12" storey ’ 0.115 0.105 3.128 3.250
20 1% storey 1.96 0.014 0.012 3.059 3.288
20" storey i 0.188 0.162 4517 4.874
50 1% storey 278 0.032 0.025 8.816 10.570
50™ storey ) 0.276 0.204 12.335 15.036
Average error (%) 15% 11%

3. Concluding Remarks

The following main conclusions can be drawn: (I): The location of the lift along the height of the building
can significantly affect the seismic response. The responses at the top floors are 13 times the response at the
bottom floors. (1) A good agreement can be achieved between the results of FE and analytical models for the
lower storey buildings (e.g. 12 storey) when the frame response either remains in the elastic stage or shows
slight plasticity into their beam and column elements. However, a 40% error is observed for the results of
higher storey buildings (e.g. 50 storey) when significant plasticity is developed in the main structural ele-
ments. This is attributed to the fact that the developed analytical model is unable to take into account the
plastic behaviour of the building into calculations.
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Abstract: Torsional vibration is present in most drilling operations and arises from the non-
linear bit-rock and string-wall interactions. The stick-slip phenomenon is the most severe
stage of torsional oscillations. It results in excessive bit wear and reduces drilling efficiency.
Therefore, proper modelling and control of the system dynamics are necessary to optimize
drilling procedures. This work aims to identify the physical parameters of an electromechani-
cal system and the model of the friction observed experimentally. The electromechanical sys-
tem is an experimental setup designed to offer similar dynamic properties as a drill string with
a braking device to introduce dry friction in the system, disturbing the rotating motion. For
friction identification, this study tests and compares some well-known friction force models
considering different friction phenomena. This study intends to be a source for further com-
prehension of torsional dynamics in slender structures.

Keywords: stick-slip, friction model, system identification

1. Introduction

The stick-slip phenomenon is the most severe stage of the torsional oscillations present in most
drilling routines. This type of vibration results in excessive bit wear and reduces drilling efficiency.
For these reasons, the comprehension and reduction of stick-slip are of great concern.

Modelling plays an essential role in the simulation, estimation, control, and monitoring of a dy-
namic process. Practical limitations of first principles motivate the application of system identifica-
tion, which comprises a set of techniques for building mathematical models on the basis of input and
output measurements [1]. In the context of system identification, dynamical systems with friction, and
dynamical systems with hysteresis, contributions have been published [2, 3, 4, and 5]. This work aims
to identify the physical parameters of a test rig, including the electrical parameters of the DC motor
and the mechanical parameters of the rig, and to identify the model of the friction present in the ex-
periments.

2. Experimental Setup

The rig consists of a horizontal apparatus composed of a DC motor, a planetary gearbox with a
reduction ratio of 8:1 coupled to the DC motor, two solid discs, and a low-stiffness shaft, that trans-
mits the rotation from the DC-motor to the discs. Figure 1 (right) shows a schematic of the test rig.
The discs are free to rotate, and bearings constrain their lateral motion. There are braking devices
placed on the discs to induce friction torque in the system. It consists of a pin that passes through the
bearing support and meets the disc. The pin and disc dry contact cause friction torque. The friction
torque leads the system to experience torsional vibrations and, eventually, stick-slip.
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Fig. 1. (right) The schematic of the experimental setup. (left) Comparison between measured and estimated angu-
lar velocities of the disc subjected to friction.

3. System Identification

The experimental rig used in this work has a braking device placed on one of the discs to in-
duce friction torque in the system. For friction modelling, this study intends to employ both grey and
black-box approaches considering well-known friction models. The graph on the left of Fig. 1 pre-
sents some preliminary results of this work. It plots the direct comparison between measured and
estimated angular velocities of the disc subjected to friction. In Fig. 1(left), w is the measured velocity
and w, is the estimated velocity simulated with the model proposed in [6]. We used the error between
the measurements and the simulation to build an ensemble model. The error is identified adopting a
Nonlinear Autoregressive Exogenous (NARX) model. And the estimated velocity simulated with an
ensemble model, w,, is plotted in Fig. 1(left).

Experimental results showed the existence of a hysteresis phenomenon in friction [6], which
has been already observed in other tribological experiments [7]. As a continuation of [6], this study
intends to identify the system friction model that better reproduces the dynamics of the experimental
setup. Therefore, it tests and compares some well-known friction force models, identifying their
parameters, accounting for the hysteretic aspect of the friction torque. The work also includes the
analysis of ensembles of grey and black-box models.
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Abstract. In this work we analyze the dynamic behavior of an offshore platform system using piezoelectric
material in its structure for a possible energy harvesting. We analyzed the behavior of the average power produced,
together with the Maximum Lyapunov Exponent and Bifurcation diagram. Another analysis performed was for a
given set of parameters the basins of attraction in which we detected the presence of two attractors for the initial
conditions in range of [-5.5], we also analyzed the behavior of the amplitude dynamics (A) of the sea wave applied
to the system with parameter (p) related to the damping coefficient of the structure and thus we determine the
regions in which the system is chaotic or periodic. With this we calculate the average power for p in [0,5] and for
values of p — 5 there is an increase in the average power of the system with a value of A =2.5.

Keywords: offshore platform, nonlinear dynamics, piezoceramic

1. Introduction

In the last decades, the demand for energy consumption has been growing and several ways to obtain a clean
and sustainable energy have been researched. Some examples for obtaining clean and sustainable energy are wind
energy, solar energy, etc [1]. However, an energy that is being exploited is obtained by the waves of the sea waves
[2]. Thus, we analyzed the behavior of a mathematical model of an oil platform under the action of an external
force of the type  F,,, (t) = Asin(e, t) + Bsin(ew, t) , where A and B is amplitude of wave sea and o, and o, are
the frequencies of wave and applying piezoceramic patches to its structure for possible power generation. The
analyzed model is proposed by [2] and described by:

1§+ up+c(p+0)—psin(p+0) =c, + F,, (t) + Xv
V+AV+xp=0 1)

where 0 is an initial imperfection (for a perfect model 6o = 0); ¢, ¢ and ¢ represent the perturbed displacement,
velocity and acceleration, respectively, | is the generalized inertia, p is the damping coefficient p is the load para-
meter and g is the acceleration of gravity. , y is the coupling term of the piezoelectric, « is the reciprocal temporal
constant in electrical circuit, A = 1/RC is the reciprocal of the dimensionless time constant of electrical circuit, R is
load resistance, C capacitance and v is the dimensionless voltage in load resistor [2, 3]. Figure (1) represents a
scheme of platform structure with a piezoelectric material for energy harvesting.
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Fig. 1: Scheme of offshore platform structure, adapted to [2].

2. Numerical Results and Discussion

For the numerical analysis of the simplified model, we used the following parameters u=0.1, c=0.5, 6=0.95,
00=0.009485, %=0.5, w1=2xf; w,-2xf+0.2 f;=0.2 k=0.05, B=2.5 and y=0.01. Figure 2. (a) show the basin of attrac-
tion for the initial conditions between and with p = 0.5, 2 (b) represents the parameter space of the Lyapunov
Maximum Exponent for px A in [0.2.5] x [0, 5] and initial condiction [0, 0, 0], 2 (c) show Maximum Lyapunov
exponent for A = 2.5 and p in [0.5] and initial condiction [0, 0, 0] , 2 (d) the bifurcation diagram for A = 2.5 and p

in [0.5] and initial condiction [0, O, O]and 2 (e) the average power of the systems P, f%fvz(t)dt same initial
T©
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Fig. 2: (a) Basins of attraction of egs. (1), (b) Maximum Lyapunov Exponent p x A in [0, 2.5]x[0,5], (c) Maximum

Lyapunov Exponent for A=2.5 and p in [0,5] ,(d) Diagram Bifurcation for A=2.5 and p in [0,5] and (e) Average
Power for A=2.5 and p in [0,5]

(0

3. Concluding Remarks

We analyzed basins of attraction for p = 0.5, which revealed the emergence of two attractors. In this way, we
establish the initial condition [0,0,0] and analyze the Maximum Lyapunov exponent for parameters A (amplitude
of the sea wave) and p (the damping coefficient of the structure) and determine the chaotic and periodic regions.
with this we calculate the average power for p at [0.5] and for values of p — 5 there is an increase in the average
power of the system with a value of A = 2.5. Future works will be related to erosion of the basis of attractions.
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Abstract: In this work, we explored numerically the fractional dynamics of model with the Riemann-Liouville
operator fractional derivative applied to Bouc-Wen's Damping where this damping is related to the hysteresis that
constitutes the beam that is coupled to the piezoceramic materials patches. This beam is subject to two magnetic
field of the poles in the base and under the action of the external force of a non-ideal motor (RNIS), the external
force has two parameters ao and by, for a,=0 it is sinusoidal kind force. In this way, we analyzed the behavior of
the output power for the fractional system considering parameters of the external force of the non-ideal motor
(RNIS)and the parameter of the fractional derivative operator of Riemann-Liouville. Therefore establishing the
range in which fractional dynamics is chaotic and periodic and also the behavior of parameter space aox g,and byx
q4 establishing the behavior of the system's output power.

Keywords: Fractional Calculus, Bouc-Wen Damping, Energy Harvesting, Non-ideal; Machinery

1. Introduction

In the Design of structures, it is necessary to investigate the relevant dynamics to predict the structural response
due to the excitations. But in reality, the excitation sources are non-ideal, they have always limited power, limited
inertia and their frequencies varies according to the instantaneous state of oscillating system. Here, we extended
earlier works, which constitutes a bar coupled to an electrical system with piezoceramic material inserts when
deformed generating electric current. In this paper considering the force applied to the system usable in this work
is a non-ideal motor (RNIS) [2], considering the mutual interactions between them. This Mathematical Modeling
is considered the Bouc-Wen damping that represents the hysteresis of bar where the piezoceramic material patches
are applied. Fig (1) represents the system considered (RNIS) where F(t) = f,cos(wt+ a,sin(b, wt) , fp is amplitude

force, ® is natural frequency, ay and by is force parameters. If ay and b, equal to zero we will obtain (the Ideal
Excitation) [2], that is no mutual interaction, as considered in [1], using Jacobi-Anger expansion.

Magnets
Fig 1: (A) Energy Harvesting model with non-ideal excitation and magnetic poles and (B) is the piezoceramic
patches material on beam. Elaborated by the authors.
Therefore, the Riemann-Lioville fractional derivative operator (RL) defined by [2] is used in this paper. Thus,
we will obtain the fractional differential equation:
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DU f(t)=x,
D* f(t)=-2nx, + %1(1 -x7) - xx,—akx,— (1—a)Dk,x,— f,cos(wt+a,sin(b, ot)) (1)

D* f(t)=-Ax, —Kkx,

D" f(O)=dx, = Bl || — x|

where x is the displacement, v is the dimensionless voltage in load resistor, # is damping coeficient, y is the
coupling term of the piezoelectric, x is the reciprocal temporal constant in electrical circuit, A =~ 1/RC is the
reciprocal of the dimensionless time constant of electrical circuit, R is load resistance, C capacitance.

2. Numerical Results and Discussion

We analyzed the behavior of the nonlinear dynamics of the model described by equations (1). In fig. (2) (a) is
a, €[0,1]x g, [0.85,1] and fig. (2) (b) is b, [0,1]x g, €[0.85,1] showed the behavior of power output, in fig.(2) (c) is
the Bifurcation Diagram, taken the initial condition xo = [0.1, 0, 0, 0], and the parameters n = 0.01, k&, = 0.25, a =
1.1, n=4,a=0.25,1=0.01,x=0.5,4=1.0, =0.55,y=0.45, f;=0.2 and x=0.01 and fig.(2) (d) is 0-1 Test
(K1) Test 0-1 is observed that values close to 0 the system is periodic and for values close to 1 it has chaotic
behalvior [3]- @ O
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Fig. 2. (a) Average Power (P,, = /1<v2> ) with b, =0.5 ,(B) Power Average output (P, = /1<v2> ) with a,=0.2, (c)
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Bifurcation Diagram with a,=0.2, 5, =0.5 and g, €[0.85,1] (d) 0-1 Test (K;) with a,=0.2 ,5,=0.5and ¢, €[0.85,1].

3. Concluding Remarks

It was possible to analyze the behavior of the average output power with RL and the non-ideal motor force param-
eters, we establish within the range of values of g, close to 0.85 the system has minimum power, because the
system has a periodic behavior, for values close to g, — 1 the system was chaotic. The Bifurcation diagram and
Test 0-1 [3] determined the ranges for periodic behavior for g,. So, these analyzes corroborate to understand the
behavior of damping with memory effect. Future works, including multiscale entropy analysis.

Acknowledgment: The authors acknowledge the support from the Brazilian agency CNPq and the DIALOG
0019/DLG/2019/10, Poland.

References

[1] J. L. P. Felix, R. P. Bianchin, A. Almeida, J. M. Balthazar, R. T. Rocha, R. M. Brasil, On energy transfer
between vibration modes under frequency-varying excitations for energy harvesting, in: Applied Mechanics and
Materials 849 (2016) 65-75. DOI:10.4028/www.scientific.net/ AMM.849.65

[2] M. A. Ribeiro, J. M. Balthazar, W B. Lenz, R. T. Rocha, A M. Tusset, Numerical Exploratory Analysis of
Dynamics and Control of an Atomic Force Microscopy in Tapping Mode with Fractional Order, Shock and
Vibration 18 (2020). ID 4048307. https://doi.org/10.1155/2020/4048307

[3] Bernardini, D., Litak, G. An overview of 0-1 test for chaos.J Braz. Soc. Mech. Sci. Eng. 38, 1433—1450
(2016) https://doi.org/10.1007/s40430-015-0453-y

104



102021 16" INTERNATIONAL CONFERENCE
DS)TA Dynamical Systems — Theory and Applications

dys-ta.com December 6-9, 2021, On-line

Super-Twisting Sliding Mode Control for a
Formation of Fully-Actuated Multirotor Aerial Vehicles

JORGE A. RICARDO JR.T", DAVI A. SANTOS?

1. Aeronautics Institute of Technology [0000-0001-5323-2970]
2. Aeronautics Institute of Technology [0000-0001-5995-3103]
* Presenting Author

Abstract: This work is concerned with the robust attitude and position control of a rigid for-
mation of fully-actuated multirotor aerial vehicles with fixed rotors. A six-degrees-of-freedom
force-torque control law is designed for each vehicle using a super-twisting sliding mode con-
troller. The formation position and attitude commands are generated by a S-curve trajectory
planner. The method is evaluated for a formation of non-planar fully-actuated hexacopter with
fixed rotors and demonstrated using numerical simulations, which shows its effectiveness.

Keywords: multirotor aerial vehicle, super-twisting sliding mode control, nonlinear dynamics.

1. Introduction

Many of the applications for multirotor aerial vehicles (MAVs) seem to benefit from the use of
fully-actuated vehicles since they are capable of independently maneuver in position and attitude and
perform fast disturbance rejection [1]. On the other hand, the MAV mission area and effectiveness are
general limited by its reduced payload capacity and flight autonomy. To overcome or mitigate these
problems, it is often more effective to deploy a formation of these vehicles.

In disturbed formation flights, an accurate robust tracking performance of each vehicle is crucial
to maintain a desired formation. In this sense, we design a sliding mode control (SMC) strategy for the
MAVs. The conventional SMC has two phases: 1) the reaching phase, which is disturbance sensitive
and 2) the sliding phase, which is disturbance insensitive. During the sliding phase, chattering appears
in real systems due to time discretization and unmodeled dynamics, degrading the designed perfor-
mance [2]. To diminish chattering, a super-twisting SMC is proposed for each vehicle to reject Lipschitz
disturbances. The formation position and attitude reference commands are generated, using a S-curve
trajectory planner. In this sense, for limited disturbances, the tracking error of each MAV is bounded
in the reaching phase and the formation robustly converges to its desired pose in the sliding phase. This
abstract briefly shows the MAVs dynamic modelling, the proposed controller, and the numerical results
to demonstrate the effectiveness of the method.

2. Results and Discussion

Consider a formation of n fully-actuated MAVs with fixed rotors. Let x* = (x},x5) € R'? be

the ith MAV vector of state errors, where x; € R® denotes the position and attitude errors and x5 € R®
represents the linear and angular velocities errors. Therefore, the ith MAV nonlinear dynamics is

#w=fil), oo )
i = fo(x') + B(x))(ul + db), )

105



where f1: R™2 - R®, f,: R'? - R®, B:R'? — R®*¢ are known functions, u’ € R® is a force-torque
control command of the ith MAV, and di € R® is an unknown but limited force-torque disturbance
with Lipchitz derivative. Moreover f; and B are such that (0f,/ d x,)B is non-singular. Now, let us
define the ith MAV sliding variable st 2 f, (x%) + Cix} € R®, where C' € R®* is a design diagonal
matrix. Therefore, the following control law guarantees the sliding mode existence (s* = 0):

u'=-(LB) (C’f + Lfi+ 20, + KiDisign(s' )) +w, @)
wi = —Kisign(s?), (5)
where I'" £ diag ((sl) 6) )and Ki € R®*¢ and K, € R®*6 are diagonal matrices.

The simulation is performed for a delta formation of three non-planar fully-actuated hexacopters
with fixed rotors. The formation mission is to displace (2, 10, 4) m from its initial position in 8 s. Figure
1(a) shows the formation path, the MAV size, and the formation shape at specific time instants. Each
MAV is subjected to different cosine disturbances with frequency of 0.08 Hz and amplitudes of 1 N for
force and 0.2 Nm for torque. Figure 1(b) shows the norm of the relative position between MAV 1 and
MAVs 2 and 3, denoted, respectively, by #1/2 and #1/3. Figure 1(c) shows the position tracking per-
formance of MAV 1.

ion ¥ (m
-
position (m)
-
I

(a) (b) ()

Fig. 1: (a) Formation path, MAYV size, and formation shape at time instants 2 s, 4 s, and 6 s. (b) relative dis-
tance between MAV 1 and MAVs 2 and 3. (c) position tracking performance of MAV 1.

3. Concluding Remarks

This paper has presented the design of a super-twisting SMC for a formation of fully-actuated
MAVs with fixed rotors. A simulation example showed that the proposed super-twisting SMC gener-
ates negligible chattering and robustly attains the desired formation pose after a finite time.
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Abstract: The dynamics and control of pendulums attract attention of researchers for a long
time. Their mathematical models can approximate many real-world applications besides being
very helpful for pedagogical reasons. This paper studies the attitude control of a 3D pendulum
using a torque control law based on an unit-vector multi-input global sliding mode control.
Numerical simulations are carried out to evaluate the proposed controller and the results are
compared to a proportional-derivative feedback linearization control law.

Keywords: nonlinear dynamics, 3D pendulum, global sliding mode control.
1. Introduction

Inverted pendulum-like systems have been deeply studied and until today provide a rich source of non-
linear dynamical systems. The 3D pendulum is a rigid body fixed to a pivot, allows three rotational
degrees of freedom, and is fully actuated by three control torques [1]. This dynamical system has been
used as a benchmark in the past decades for investigating new control techniques, but there are still
some open points with respect to robust control. Sliding mode control (SMC) techniques can deal with
multi-variable dynamics, nonlinearities, and actuator constraints [2]. It has attractive properties such as
insensitivity to bounded uncertainties, disturbances, as well as parasitic dynamics [2]. The present work
is concerned with the design of a global sliding mode control (GSMC) law for the 3D pendulum. The
GSMC can also be referred to as integral sliding mode control. In this case, the technique designs a
sliding manifold that guarantees robustness to bounded uncertainties from the initial condition and there
is no reaching phase in such design. Thus, this paper briefly presents the mathematical model of the 3D
pendulum, the adopted sliding surface as well as the proposed control law. Numerical results demon-
strate the effectiveness of the method.

2. Methodology and Results

The modified Rodrigues parameters (MRPs) are used to describe the attitude of the 3D pendulum to
avoid singularities. The MRP p € R? is defined as p = tan%é, where ¢ € (—2m,2m) is the principal
angle rotation, & is the principal axis unit vector referring to Euler's principal rotation theorem. The
kinematic differential equation of the MRPs is:

5 1

p=3iP)w, @)
Where Z(p) € R3*3 given by Z(p) = (1 — p"p)15 + 2[p x] + 2pp” and w is the body angular velocity.
Based on the angular momentum of the 3D pendulum, it is possible to obtain the following equation
of motion:

Jo=-wXJo+t; +u+d, 2
where J € R3*? is the inertia matrix of the 3D pendulum, & € R? is the body angular acceleration, u €
R? the control torque vector, and d € R® represents the unknown disturbances, where ||d|| < p, with
knownp € R,.t, = mgr,, x D, provides the external torque caused by gravity, where m is the mass,
... € R3 the center of mass vector, D the attitude matrix, and 75 the direction that gravity acts. The
complete model of the 3D pendulum can be rewritten in terms of the attitude and dynamics errors
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%, =11 (%), (3
x, =f,(x) + B(u+d), @)

wherex 2 (x,,x,) € R® is the state errors vector, x, € R? denotes the attitude error in terms of the MRP
vector, and x, € R3is the angular velocity error. f,(x),f,(x),and B are continuous vector and matrix
fields such that f,;: R® - R3, f,: R® -» R3, B: R® - R3*3, and ||(df,/ dx,)B|| # 0, vx € R®. The control ob-
jective is to design a control law u which makes x = 0 a global exponential stable equilibrium point of
(3) and (4). To do so, the following time-varying sliding function can be defined s(¢t,x) £ o(t) —
P(t)6(0), where 6(t) £ Cx, + f; € R® with C € R**3 being given a diagonal matrix, and P: R, — R3*3 is
a function which satisfies, among other design conditions, P(0) =I5 [3]. Considering the set s 2 x €
R®: s(t,x) = 0,vt > 0 the eventual sliding set and to ensure a global sliding mode of (3) and (4) in s, the
following control law is designed [3]

— _(%p)" of, I s
u=-(5:B) ((c +I )+ S 6+ P(D(0) + K”s”>, ®)
where k > ||(9f,/9x,)B]||p is a design parameter. Figure 1 shows the numerical results for the attitude
control of the 3D pendulum presenting the attitude and angular velocity errors as well as the control
torques. The goal is to drive the 3D pendulum to the upright (inverted) position and stabilise it there.
We can observe that the errors for the GSMC law go to zero faster than the PD control law.

01 04

' 6 8 10 ) 2 ' G 5 0 o 2 s 6 s 10

(a) Anﬁ’f:&; error (b) Angulz:: ‘\:c‘ilocily error ©) Con‘l‘r”();l‘{(‘yl‘qucs
Fig. 1. Results for the control of the 3D pendulum in the upright position, where - - PD control and — GSMC law.
3. Concluding Remarks
This work has presented the design of a global sliding mode control law for the 3D pendulum and

compared the results to a PD control law. The GSCM exhibited a better performance taking the 3D
pendulum to the upright position faster and presenting no overshoot.
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Abstract: In the past decades, there has been an accelerated growth in the development of
electronic devices. Generally, these devices are low-power consumptions, consequently easy
to be powered. Hence, the demand to obtain the needed energy to power up these devices has
increased. In this work, the energy harvesting from a simple portal structure accounting for a
shape memory alloy (SMA) in its composition material is presented. The portal frame is sub-
jected to an excitation from a non-ideal DC motor with limited supply. The energy harvesting
is obtained through a nonlinear piezoelectric material coupled to the structure. The dynamic
response of the system is investigated through the variation of the temperature and geometric
parameters of the SMA, which are determined by the length and diameter of the alloy. Nu-
merical simulations show the influence of the introduction of the SMA on the dynamics of the
system, leading to undesired chaotic behavior to a periodic one. In addition, the energy avail-
able for harvesting is computed.

Keywords: Energy harvesting, Nonlinear Dynamics, Shape Memory Alloy, Piezoelectric devices.

1. Introduction

Figure 1 shows an equivalent physical model to represent a portal frame structure with the a piezoe-
lectric material coupled to a column of the structure supporting a DC motor with limited power sup-
ply, and unbalanced rotating mass [1].

piezoelectric layer

electrical load

Fig. 1. Schematic of the non-ideal portal frame energy harvester with SMA material

The equations of motion for Fig. 1 can be written as follows:
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' 1 —0 %, — Ko (AATX, —bX] +0%7 )+ 0(1+ O |x,|) X
2= 1-8,0,8IN(%)* | =B, — Byx° + 5, SIN(X,) (=25 X, + 2, ) + 5, COS(X ) X2
X, = X, @)
, 1 2, SIN(X)(—a X, — Ko (aATxl —bx? + cxf)—,lel
< 1-8,,85IN(X)* | —B,%° + O(1+O|x,|) X + 5, COS(X,)XF) + p, — psX,
X = OA+O[x )X X5
P P

The average power is obtained by: P,

17 . "
:?‘([P(r)dr,WIth P=pv©.

2. Results and Discussion

Figure 1 shows the numerical results considering the parameters: a= 0.00156987, b = 114.367348, c=
723249136, ¢, =0.1, B =-1, p, =02, p =005, p,=100, p, =200, S =8.373,

6=0.20, ®=0.60, p =1.0, along with the initial conditions: x, (O) =0, where i=1:5 [1-3].

6 8 10

PP Y

80 100 120 140 80 100 120

(@ i (b) AT ©
Fig. 1. (a) Average power for (ksma=[0:10] and AT =[70:150]), (b, c) Phase diagram and 0-1 test for aw (ksma=1
and AT =[70:150]).

3. Concluding Remarks

The results presented show that the temperature variation of the SMA (AT) has little influence on the
energy uptake (Fig. 1a), however it has a significant influence on the dynamics of the system (Fig. 1b
and 1c). It is also possible to observe that the parameter that represents the dimensions of the SMA
(ksma), has a significant influence both in the capture of energy and in the dynamics of the system.
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Abstract: This paper, the horizontal nonlinear response of a 4 degree-of-freedom vertical
transport model excited by rail-guide deformations, and with a nonlinear dynamic vibration
absolver (DVA) is numerically investigated. To analyse the vibration levels and comfort of
passengers, and the efficiency of using a DVA to reduce cabin vibrations, numerical simula-
tions are performed considering lateral displacement of the cabin, an external disturbance that
represents the deformations and misalignment of the rails-guide and the increase in the speed
of the elevator, associating the levels of lateral accelerations of the elevator with the levels of
comfort felt by passengers in accordance with ISO 2631 and BS 6841. The results of numeri-
cal simulations shown that the configuration of the appropriate parameters of the DVA is es-
sential to ensure a better level of comfort to passengers, and that the increase in speed associ-
ated with the use of DVA can improve the level of comfort reducing accelerations in the cab-
in.

Keywords: vertical transport, nonlinear dynamics, dynamic vibration absolver.

1. Introduction

Figure 1 shows an equivalent physical model to represent the horizontal motions of an elevator sys-
tem, including a nonlinear dynamic vibration absolver (DVA) in cabin.

3_[ m h—i—{?
RN b] 2
FW— M
o kOO & 090 & Of N

right

Niegt Xeabin
Fig. 1. Motion equivalent model for the horizontal of the elevator

The equations of motion can be obtained considering formula Lagrange and described with differen-
tial equations system as follows:
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MXjeft + 01 Xief + (Ky +Ka) Xiett = Ko Xeavin = K1 Yiett
s . 3
(M + mDVA )Xcabin + b2Xcalbin + 2|(ZC)(cabin + I(3)(cabin - I(ZXIeft - I(ZXright +
. . 3
+bpva (Xeabin = Xpva) +Kova (Xeapin —Xpva)™ =0 Q)

. . 3
MpvaXpva —Pova (Xeavin = Xpva) — Kpva (Xeabin = Xpva)™ =0
mxright + blxright + (kl + kz)xright - kZxcabin = k1Yright

2. Results and Discussion

Figure 1 shows the compensated acceleration (aw), and estimated vibration dose value (eVDV), con-
sidering the parameters: M=1120(kg), m=17.5(kg); Mow=20 (kg), ki=250000(N/m); ko=19027(N/m);
ks=6.(10%%) (N/m), b1=668.21(N.s/m); b2=2058.2(N.s/m); Kov»=10000 (N/m), bova=kKow/2(N.s/m),
©=31.419 (rad/s) and yright= Yierr=0.1sin(wt) [1-2].
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3. Final Considerations

The results shown that the absorber mass (mow) is the most relevant variable in the control, and with
its use passenger comfort can be improved in design of the elevator vibration control.
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Abstract: The Aeroelastic typical section, also known as three degrees of freedom Aeroelas-
tic model, is a great way to study nonlinearities in Aeroelastic systems in an isolated way.
There is a lack of research using cubic spring commanding the aileron deflection and consid-
ering Peters’ unsteady loading acting on the model. The model presented here have two linear
springs (one commanding the vertical displacement and the other commanding the pitch an-
gle) and one cubic spring for aileron deflection. With the numerical simulated time series, the
0-1 test is performed as well as the Takens’ reconstruction and the Lyapunov exponent deter-
mination. The 0-1 test result is compared to the Lyapunov exponent, as part of their validation
for aeroelastic systems subjected to structural nonlinearities.

Keywords: Aeroelastic system, structural nonlinearity, unsteady aerodynamics

1. Introduction

The typical section with three degrees of freedom, is largely used for various cases in
Aeroelasticity, like isolate a specific phenomenon or deal with less and known degrees of freedom.
This model, shown in Figure 1, is subjected to unsteady aerodynamic loads, calculated considering
Peters’ unsteady aerodynamic model [1]. Also, a cubic nonlinear spring is considered in the aileron
actuation, which adds the known structural nonlinearity.

4,

Fig. 1. Three degrees of freedom aeroelastic mathematical model, adapted from [2] by the autors.

The mathematical model in Figure 1 and the unsteady aerodynamic loads are defined in state-
space. The unsteady loads consider the inflow as added states, which means that the three degrees of
freedom are only the structural states.

2. Results and Discussion

The Aeroelastic system presented in Figure 1 is numerically simulated for various conditions. The
time series presented here is only an example of a result and considers an initial vertical displacement
of 0 mm, and initial pitch angle (also known as angle of attack) of 2° and an initial aileron deflection
of 1°. The airflow speed is also varied, but only one (215m/s) will be shown here for brevity:
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Fig. 2. Time serie and FFT.

Figure 2 shows a cubic nonlinearity in FFT and the time series looks a limit-cycle oscillation.
The 0-1 test of the time series presented in Figure 2 is:

O [

Fig. 3. Shows the 0-1 test result and reconstructed attractor.

The 0-1 test shows a bounded figure, which represents a quasi-periodic system behaviour, since
there is mode coupling when dealing with aeroelastic system. The reconstructed attractor also charac-
terizes a limit-cycle. This comparison is also available for a different aeroelastic system in [3].

The Lyapunov exponent compared to 0-1 test also resulted in quasi-periodic system behaviour:

Table 1. Lyapunov exponent x 0-1 test

Lyapunov Exponent  0-1 Test
-8.5884 -0.0216

3. Concluding Remarks

For both 0-1 test and Lyapunov exponent, the Aeroelastic typical section has quasi-periodic behav-
iour. It is extremely important to highlight that the state-space model also considered three additional
states related to the inflow, and their derivatives, totalizing nine states. This system was simulated for
three angles of attack, three aileron deflections, eight velocities and two cubic spring parameters and
the result presented here is only a representative result. Below 175m/s the aileron deflection ampli-
tude reaches the same value and, by increasing the velocity, the movement amplitude also increases.
Lower values of cubic spring parameter resulted in higher amplitudes.
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Abstract: This paper describes work focused on the development of a new conceptual design
of a directly controlled manipulator placed in the working section of a wind tunnel, with the
goal of expanding and diversifying the type of dynamic experiments performed in the tunnel.
In this research, our main objective is to develop a model and controllers to simulate a manip-
ulator with an aircraft test model attached to its end. The final model will be fully geometrically
qualified to operate in confined spaces and to rigorously evaluate the nonlinear simulation for
the determination of stability derivatives with high precision that relates to the longitudinal
flight and control characteristics of the aircraft. Various simulation tests help to understand how
close the calculated values are to reality, which can improve the determination of aircraft con-
trol in the pitch plane.

Keywords: wind tunnel tests, aircraft flight model, aircraft feedback control

1. Introduction — wind tunnel test challenges

Wind tunnel testing is long established experimental approach for aircraft design and analysis as well
as fundamental flight physics and aerodynamics. Most wind tunnel studies involve static models, but
dynamic wind tunnel studies are important for both the investigation of non-steady aerodynamics and
for flight dynamics, particularly for non-linear flight regimes involving high angles of attack, unsteady
aerodynamics, spin and upset recovery. Dynamic wind tunnel testing thus plays an important role in
the determination of aerodynamic and flight dynamic parameter identification.

One longstanding ambition of wind tunnel testing has been to ‘fly’ an aircraft inside the wind tunnel
[1]. This is clearly an expensive thing to do and is fraught with difficulties which has limited the expe-
rience to a few very large facilities and to specific flight regimes such as spin test. However, recent
advances in measurement technologies have extended the possibilities and 3 degrees of rotational free-
dom ‘flight’ is now fairly common [2, for example], with 4 and 5 degrees of freedom (dof) having
success in relatively small and low-cost facilities [3, 4]. An extensive review of dynamic wind tunnel
testing can be found in [5].

The control of the aircraft in [3] was enacted by the classical elevator, rudder, aileron moving surfaces.
However, energy is injected into the dynamic system through the propulsion system, and this affects
the dynamics, particularly the longitudinal motion. Whilst the 4-dof rig used in [3] includes the heave
motion, the surge motion is constrained, thus limiting the “flight’. Mechatronics technologies have also
advanced enormously in recent years, so possibilities of mounting the aircraft on a manipulated sting
now exist [1, for example]. In this work, the possibilities for full 6-dof flight in a wind tunnel with the
‘propulsion’ enacted by a robotic manipulator are investigated. In order to simplify the problem, 3-dof
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longitudinal flight only will be initially considered. Decoupling of longitudinal and lateral motion is a
standard assumption in flight dynamics analysis and is valid for many flight regimes. A schematic of
the proposed configuration is shown in Figure 1.
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Fig. 1. Schematic diagram of a manipulator with an aircraft test model attached at the end intended for wind tunnel
testing. The aircraft can freely rotate or manoeuvre in the x-z plane along the y-axis at joint 3. The pitch of the
aircraft can be controlled by the elevator of the test aircraft model, which is assumed to be actuated. The manipulator
arm joints, joint 1 and joint 2, are driven by servomotors (the best choice for systems requiring high accuracy)
provide control of the aircraft thrust, denoted by T.

2. Results and discussion

The full paper will include the analysis of the system dynamics, including the aerodynamic forces. The
2-R manipulator consists of stiff links connected by mechanical joints and control torques that move
the links so that the aircraft model at the end can make its longitudinal flight. The majority of this
research is concerned with the design of the feedback loops of the position controllers applied to the
joints, which should be properly synchronized to characterize the dynamics of the model being tested
in its planar motion. Introducing a reduction in the required power by analyzing different ways to min-
imize support interference and deflection error correction, which can also lead to a reduction in the
reaction transmitted to the tunnel structure.

The research presented here includes modeling the dynamics of a coupled manipulator and aircraft
model and controller designs, and various simulations in MATLAB to design the control dynamics with
a robust feedback loop.
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Abstract: Rotors of rotating machines are often supported by hydrodynamic bearings. The
unbalance, ground vibration, assembling inaccuracies, and eccentric position of the rotor
journal in the bearing hole may arrive at collisions of the discs with the machine casing. This
can be avoided by changing position of the rotor journal in the bearing hole by increasing
stiffness of the oil film. This is offered by application of magnetically sensitive fluids. The
control of stiffness of the rotor support elements by a magnetic field was examined by compu-
tational simulations. The results show that application of a magnetic field makes it possible to
prevent impacts and maintain quite running of rotating machines in a certain velocity interval.

Keywords: hydrodynamic bearings, magnetically sensitive lubricant, oil film stiffness control

1. Introduction

Rotors are often supported by hydrodynamic bearings. The design of a number of rotating ma-
chines requires very narrow gaps between the discs and the inner wall of the stationary part (e.g.
propellers of pumps or fans to minimize leakage of media from the working space). The assembling
inaccuracies, imbalance of rotating parts, and eccentric position of the rotor journal in the bearing
hole may arrive at collisions between the discs and the rotor casing. Then the hydrodynamic bearings
and impacts become the source of highly nonlinear vibration of the rotor and of increase of forces
transmitted between the rotating and stationary parts. The change of the rotor journal position in the
hydrodynamic bearings gives the possibility how to avoid these undesirable working conditions. This
manipulation requires to change the bearing stiffness.

A new approach to control stiffness of hydrodynamic bearings consists in using magnetically
sensitive oils. Application of magnetorheological fluids is reported by Wang et al. [1]. The simulation
results show that the magnetorheological fluids are applicable for suppressing vibration of rotor sys-
tems and for altering their critical speed. The proposal of the bearing and investigation of its response
on the change of the current powering the electric coil that is the source of the magnetic flux is
reported in [2]. This paper focuses on changing position of the rotor journal in the bearing gap by
changing stiffness of the oil film utilizing action of a magnetic field on magnetically sensitive oil with
the aim to prevent collisions between the rotor and its casing.

2. Effect of the magnetically controllable bearing on collisions suppression

The investigated rotor consists of a shaft and of one disc. At both its ends it is supported by
magnetically controlled hydrodynamic bearings. The rotor rotates at constant angular speed, is loaded
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by its weight and is excited by the disc imbalance. The disc is placed in the hole between two parallel
vertical walls.

In the computational model the hydrodynamic bearings are represented by force couplings. The
pressure distribution in the oil layer is governed by the Reynolds equation, which has been signifi-
cantly modified to be applicable for lubricants exhibiting the yielding shear stress. The integration of
the pressure profile gives components of the hydraulic forces. The Kirchhoff and Hopkinson laws
were used to determine distribution of the magnetic field intensity in the bearing gap. The details are
reported in [2].

Fig. 1 shows the orbits of the disc centre for two angular speeds of the rotor rotation. If the oil is
not affected by a magnetic field, the collisions between the disc and the stationary part take place.
Application of the magnetic field shifts the orbits toward the bearing centre, which avoids the im-
pacts. The shape and size of the orbits depend on angular speed of the rotor rotation, application of
the magnetic field, and on interaction between the disc and the stationary part.
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Fig. 1. The disc centre orbit (non-activated and activated bearing)

3. Conclusions

The results of the computational simulations show that (i) if the disc motion is not limited then the
vibration bifurcates after exceeding the critical speed and a subharmonic component of large ampli-
tude occurs, (ii) if the disc motion is limited then after exceeding a critical speed the impacts start to
take place but increasing angular speed of the rotor rotation does not lead to inducing the subharmon-
ic vibration, and (iii) application of the magnetic field prevents impacts in a certain velocity interval.
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Abstract: A satellite with electrodynamic attitude control system is considered. The satellite
possesses an electrostatic charge and an intrinsic magnetic moment. The natural electrody-
namic coordinate system associated with the directions of geomagnetic induction vector and
Lorentz force vector isintroduced and considered as a rotating base coordinate system for sat-
ellite attitude stabilization. T he problem of the angular stabilization of the satellite in the natu-
ral electrodynamic coordinate system isstudied. Based on the method of Lyapunov functions,
sufficient conditions for the asymptotic stability of the direct equilibrium position of the satel-
lite in the base coordinate system are obtained in the presence of the disturbing effect of the
gravitational torque. T hese conditions make it possible to ensure a rational choice of the par-
ametric control coefficients depending on the parameters of the satellite andits orbit.

Keywords: satellite, electrodynamic attitude control, natural electromagnetic coordinate system,
Lyapunov function, asymptotic stability

1. Introduction

An artificial Earth satellite with an electrostatic charge Q andan eigen magnetic moment is consid-

ered. In the process of moving through the geomagnetic field with the relative velocity V , such a

satellite experiencesthe influence of the Lorentz and magnetic torques [1]. These torques are in the
basis of electrodynamic attitude control system [2]. T ostabilize the angular position of the satellite,
the orbital [3] and Ko6nig [4] coordinate systemsare usually used, which are convenient for practical
applications, but not related to the specifics of the forcesand torques actingon a charged satellite in
the Earth’s magnetic field. In this paper, we introduce into consideration a new - natural electrody-
namic coordinate system (NECS) associated with the directions typical for a charged satellite: geo-

magnetic induction B and vector T =V x B associatedwith the Lorentz force IfL =QT .The unit
vectorsalongthe axesof NECS are introduced as follows:
1 6 =

W: y f:

@

Such a choice of the basic coordinate system implies that the magnetic control torque is always in

plane orthogonal to vector b andthe Lorentz control torque isin plane orthogonal to vector t . T his
results in simplification of attitude control design.
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2. Results andDiscussion

It is shown that the NECS is convenient for the implementation of certain modes of scanning the
Earth’s surface. T he purpose of the paper is a rigorous analytical proof of the asymptotic stability of
the direct equilibrium position of the satellite in the NECS based on the analysis of nonlinear differen-
tial equations of motion [1,5]. The disturbing effect of the gravitational torque actingupon the satel-
lite is taken into account. T he corresponding compensatingterm isinvolvedin control torque along-
side with restoring and dissipative terms. The dissipative term is linear with respect to the relative
angular velocity of the satellite [6,7]. With the use of the direct Lyapunov method [8] andthe devel-
opment of methods for constructing Lyapunov functions proposed by the authors, sufficient condi-
tions for the asymptotic stability of the satellite program motion are derived. T hese conditions make it
possible to ensure a rational choice of variable coefficients of parametric control depending on the
parameters of the satellite and its orbit. Moreover, the possibility of realizing a completely passive
version of electrodynamic stabilization in the NECS for an isoinertial satellite has been proved. The
results obtained in the paper, are confirmed by computer modelling.
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Abstract: The problem of triaxial attitude stabilization of a satellite in the orbital frame is
considered. The problem is raised about the possibility of implementing such a system of
electrodynamic attitude control by the type of aPID controller, in which the integralcompo-
nent of the control torque containsadistributed delay. A theorem on the asymptotic stability
of the stabilized angular position of the satellite isproved. T he theorem substantiates the pos-
sibility of constructingthe indicated control system. T he effectiveness of the designed attitude
control with adistributed delay is confirmedby computer modelling.

Keywords: satellite, electrodynamic attitude control, PID controller, distributed delay, asymptotic
stability

1. Introduction

A satellite with an arbitrary triaxial ellipsoid of inertia in a circular equatorial orbit is considered. The
mode of direct equilibrium position in the orbital coordinate system is considered as the programmed
mode of the satellite attitude motion. T o stabilize the satellite in the programmed motion mode, an
electrodynamic attitude control system is used, which generates the Lorentz and magnetic control
torques [1]. These two control torques implement the restoring and damping components and also
provide compensation [2] of the disturbing gravitational torque [3], thatallowstabilizing the satellite
in the programmed motion mode.

Thenovelty of the approach tosolving the problem liesin the development of the concept of electr o-
dynamic attitude control by using the restoringtorque with a distributed delay [4]. T he effectiveness
of such type ofaPID controller (see [5] and papers cited therein) isinvestigated.

2. Results andDiscussion

A simple and easily verified sufficient conditions for the asymptotic stability of the programmed
motion of the satellite has been obtained in a nonlinear formulation with the use of the approach
developed in [4, 6] to constructing Lyapunov functions [7]. The obtained conditions impose re-
strictionson the coefficientsat the restoring [1] and dissipative [1, 8] componentsofcontrol torque
and the value of delay. The suggested approach to electrodynamic attitude control design is compared
with those considered in the previous publications. It was revealed that the distributed delay (integral
term)

1) significantly improvesthe quality of control processand makes it smoother;

2) reduces the time of convergence to the program motion.
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The first observation implies that the suggested modification of electrodynamic attitude control can
be used to avoidundesirable satellite vibrations generated by attitude control system. For thisreason,
it is suitable for stabilization large-scale space structures. Especially in the cases where dangerous
resonance oscillations may occur due to nonlinearity of structure [9]. T he second observation implies
that the introduction of distributed delay (integral term) makes the electrodynamic attitude control
system much more effective comparedwith earlier known variants.

Thus, the development of the theory of electrodynamic attitude control is given for solvingthe pract i-
cally important problem of triaxial attitude stabilization of a satellite in the orbital frame. Numerical
modelling confirmsthe conclusion provedin the theorem.
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Abstract: Chest modelling approach to patients with pectus carinatum is presented. A me-
chanical model of flat rib under load is developed and a method for its parameters identifica-
tion is proposed.
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1. Introduction

Keeled chest or pectus carinatum is one of the most widespread chest malformations. There is a way

to correct this deformity with a special orthosis. To adjust the orthosis, it is necessary to conduct an
experiment, in which the patient is subjected to pressure on the chest in order to find out the pressure
of correction (POC), that is, the pressure at which the chest is deformed to normal. However, this
experiment can be problematic and undesirable for many reasons. Mathematical modeling of chest
deformation under the influence of various loads is a very urgent task. This problem can be solved by
finite element methods (FEM) [1, 2], or, for example, by constructing phenomenological models that
allow describing the dynamics of the chest and assessing important characteristics of its state. In this
paper, a finite-dimensional model of a rib based on processing of CT images is proposed, as well as a
3D FEM model is built for calculation in the Ansys. Bone material is considered to be isotropic and
linearly elastic. The coefficient of elasticity of the material is taken from the literature [3]. A tech-
nique for identifying the parameters of a finite-dimensional model is proposed.

2. Materials and methods

Due to the structural complexity of the rib cage, we limited ourselves to considering one rib
under load. CT scans of a patient with pectus carinatum have been acquired and imported into various
medical software. Then a 3D model of the 5th rib segmentation was created. Typical 3D file formats
provided by medical software are STL, OBJ, PLY. However, Ansys does not work directly with
faceted models such as the STL. We used the commercial medical software DICOM to PRINT (3D
Systems, Inc.) to convert the facet model to the smoothed model. This approach allows us to save
segmented regions in the IGES file format that can be utilized by Ansys.

To build mechanical model of a rib we made an assumption that the rib is flat, i.e. there is a
plane that contains the whole rib. Our mechanical model of the rib consists of five rigid rods connect-
ed by linear spiral springs (Fig.1b). Compliance in costovertebral joint is modeled by two linear cy-
lindrical springs that connects the head of the rib with fixed perpendicular planes (we assume that
corresponding vertebra is fixed) so that at every moment elastic forces from these springs are directed
along corresponding coordinate axes. There is also a linear spiral spring in the head of the rib that
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hinder the motion of the rib in costovertebral joint around axis, normal to the plane containing the rib.
In initial state all springs in the system are undeformed and Az end of first rod coincide with origin O.
Displacements x,y of the point A1 and angles ¢,i=1,..,5between corresponding rods and Ox axis
were chosen as generalized coordinates. The force F with components Fx, Fy is applied to As end of
the last rod in the system.

AX

Fig. 1. Undeformed state of the mechanical system. Segmented rib (a), finite-dimensional mechanical model (b)

Lengths of the rods and initial angles between them were measured in open-source 3D Slicer soft-
ware. The equations of equilibrium for described system were obtained. Numerical solution of these
equations, however, depends on values of coefficients of springs’ stiffness kx,ky,ci,i =1..,5. The

identification of the coefficients was made with assumption of equality of small displacements of
corresponding rods and displacements of non-fixed end of curved beam, which were obtained by
Maxwell-Mohr method.

3. Results

Numerical modeling of rib deformation was carried out using the finite-dimensional model and the
FEM model built in the Ansys software. The difference in the amount of movement of the end point
and several reference points of the rib at a given load does not exceed 10%.
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with limited angular acceleration.
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Abstract: When developing a robot for moving on the surface of small planets, in addition to
low gravity, it is necessary to take into account the influence of an aggressive environment.
The design of a vibrating robot, which is an isolated capsule, and moves due to the movement
of internal masses and friction of various natures against the planet's surface, is considered.
The robot is equipped with one unbalance and one flywheel. The unbalance angular accelera-
tion control algorithm is built on the assumption that the robot can lift off the surface and per-
form a translational motion. It is shown that if the limitation on the maximum value of the un-
balance acceleration is not considered for the selected algorithm, then the average speed of the
body can also grow indefinitely. In this case, the standing time of the robot body is reduced,
and its horizontal "flight" speed increases. An algorithm for controlling the robot is construct-
ed, taking into account the limits on the angular acceleration of the unbalance and the fly-
wheel.

Keywords: vibration robot; dry friction; mathematical model; control algorithm.

1. Introduction

A vibrating robot (an inertioid) is considered [1]. The robot consists of the body 1, the balanced
flywheel 2, and the unbalance (eccentric) 3 (Fig. 1). The plane-parallel motion of the body on a rough
surface is considered. The flywheel is driven by the motor around point A. The unbalance is rotated
by another motor around point B. The center of mass of the unbalance is located at point C.

Y Bod<
Flywheel 2 34
S Eccentric
weight 3
m;g
myg
O Fy Z Fro P X

Fig. 1. Vibration robot with the balanced flywheel and the unbalance.
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The relative position of the centers of the robot body, flywheel and unbalance is arbitrary. We as-
sume that the robot body is equipped with an accelerometer that measures the acceleration of its
certain point, and the unbalance motor rotor is equipped with sensors for its angle of rotation and
angular velocity, and the flywheel rotor is equipped with an angular velocity sensor. The angular
accelerations of rotating structural links are used as control functions.

2. Estimation of the value of the unbalance speed when implementing the control algo-
rithm

An algorithm for controlling the motion of the robot body in the desired direction is proposed.
When the algorithm is implemented, with each new revolution of the eccentric, the time of the stages
during which the body moves increases. The maximum body speed at each such subsequent stage also
increases.

The proposed algorithm provides for sequential relay switching of the unbalance control angular
acceleration ¢" . In this case, on the phase plane, the representative point passes from the curve corre-
sponding to the phase of acceleration of the rotating parts and the rest of the robot body (dashed green
curve) to another, corresponding to the phase of "flight" and displacement of the robot body (solid red
curve) and back. Let us consider the sequence ¢, of angle ¢ of unbalance rotation, at which the k-th
odd switching of the angular acceleration occurs. It is shown that if we do not consider the limitation
on the maximum value of acceleration, then the speed of rotation of the unbalance at k — oo grows to
infinity.
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Fig. 2. Switching points on the phase plane.

3. Implementation of the new algorithm

An algorithm for controlling the robot is constructed taking into account the limits on the angular
accelerations of the unbalance and flywheel. The impact of these accelerations on the average speed
of the robot body is estimated.
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Sliding of tabouret with elastic legs on a rough surface under the action
of a small lateral force

MARAT DOSAEV™, VITALY SAMSONOV

Institute of Mechanics, Lomonosov Moscow State University, Moscow, Russia

Abstract: The features of the behavior of a dynamically asymmetric body with two elastic
supports on a plane with dry friction are discussed. A constant lateral force is applied to the
body. The equations of motion are the dynamical system of variable structure. In a position of
seemingly obvious vertical equilibrium, the equilibrium conditions are not met. A motion is
described, during which one or both supports slide depending on the value of the coefficient
of friction. The presence of elasticity in the supports leads to permanent sliding of the body
even in the case of a relatively small lateral force.

Keywords: elastic force, dry friction, dynamical system of variable structure.

1. Introduction

When modelling the braking of a vibrating robot on two supports on a rough plane, problems were
found with the description of the friction force [1]. Similar problems were encountered in modelling
other problems of mechanics [2, 3]. To regularize the description of the interaction of the body with
the support, the compliance of the supports is introduced into the model.

2. Description of the mechanical system behavior

Let a heavy body ABCD ( AB=2a, AD =2b) of mass m (Fig. 1) perform plane-parallel motion,
resting on a horizontal rough plane with two elastic supports AA: and BB1. When the supports are not
stressed, their length AA = BB, =1,. The centre of mass G: of the body is displaced from its centre G

by a distance d along the straight line DC. The springs of the supports act on the body by forces
F,, =—k(l,—1,)=hl,,F,, =—k(l, —1,) —hl,, where k is the stiffness coefficient, h is the damping

coefficient of the springs.
The following external forces act on the system: gravity P = mg (g is the acceleration of gravity),
normal N,,N, and tangential F,,,F,, reactions of the supports, which, in the case of sliding of the

supporting legs, are related to each other by the Coulomb law: Fm=—ysignum(\/x}u)\N1

Firz :_ﬂSignum(VxBl)‘Nz
both legs slide if #=0.
As generalized coordinates, we choose the coordinates X ,Y, of the center of mass Gi1 and the

, as well as the lateral force F, applied at the center of mass Gi. Note that

angle ¢ between the vertical and the direction of the elastic supports. We study the possible types of
system behavior. The dynamical system under consideration is the system of variable structure. In
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general, when both legs slide, the mechanical system has 3 degrees of freedom. The equations of
motion in the case of sliding of both legs can be represented as follows:
mXG1 = Ffrl + Ffr2+ Fe

mys =-mg+ N, +N,

J@=N,((l, +b)sing +(a+d)cosg) — N, (—(I, + b)sing + (a—d)cosp) — (Fy, + Fy, )lp +0 +yg )

Y

o—al C
0| |b ‘

[l J G 2
I,+b  (Fan G'_d—‘]l’F‘ ’FHZ

P

P B

N; i N 2 b

4 Fr B, Ef

Fig. 1. The body on a rough plane.

During periods of time when one of the supports does not slide, the system has two degrees of

freedom. This is equivalent to constraining x, =const or X, =const . In this case, the dynamical

system consists of two equations, for example, for generalized coordinates y; ,¢ . In this case, the
second support stops only at those moments of time when the angular velocity turns to zero.

A numerical study of the obtained dynamical system of variable structure for various values of the
friction coefficient was carried out.

3. Conclusion

It is shown that even the simplest transient motion of the body from a certain state of rest to an equi-
librium position is accompanied by slipping of one or both supports, depending on the value of the
friction coefficient. With friction equal to the applied lateral force, at which the body on rigid sup-
ports would not budge, the centre of mass of the system gains a nonzero velocity.
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Wind powered plantigrade machine moving against a flow

MIKHAIL GARBUZ, LIUBOV KLIMINA™, VITALY SAMSONOV
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Abstract: Dynamics of the Chebyshev plantigrade machine on a rough horizontal plane is
studied. The machine has four legs each of which is represented by a so-called A-mechanism.
A wind turbine is installed on the machine. The turbine transmits energy of the upcoming
wind flow into the energy of walking motion of the mechanism. The shaft of the wind turbine
is connected with the crank of A-mechanisms by a reduction gear. The system has no any oth-
er drive unit except the wind turbine. The machine aims to move against the wind flow using
only the energy of the wind. Aerodynamics of the wind turbine is described using a quasi-
steady approach. The mathematical model of the mechanism is constructed in the form of
second order dynamical system. Attracting periodic solutions of this system are described
which correspond to regimes of self-sustained up-wind motion of the machine. Thus, the pos-
sibility of the wind powered walking motion in the up-wind direction is shown.

Keywords: Chebyshev plantigrade machine, wind turbine, self-sustained motion, stability.

1. Introduction

The Chebyshev machine with four A-mechanism-legs became the first plantigrade machine in the
world. Now this machine and its modifications are widely used in design of walking robots [1, 2].

Theo Jansen invented a wind powered walking mechanism based on another kinematic scheme. It
is also important for robotic applications [3, 4]. Jansen’s wind powered machine is intended for the
down-wind motion; some modifications can move in the direction orthogonal to the wind.

Here, we introduce a wind powered walking mechanism designed for the up-wind motion. It is the
Chebyshev plantigrade machine supplemented with a wind turbine. Such modification is inspired by
Jansen’s creations and by wind powered wheeled cars performing the up-wind motion, e.g. [5-7].

2. Description of the mechanical system and the main result

A modification of the Chebyshev plantigrade machine is suggested. Its scheme is represented in
Fig. 1. The device is located on a rough horizontal plane and is equipped with a wind turbine. The
shaft of the turbine is connected with the crank of the machine by a reduction gear. The machine is
located in a steady wind flow and can move along the wind. The up-wind motion is the desired one.

It is supposed that all four shins of the mechanism always keep vertical orientation. Under this as-
sumption, the mechanical system has one degree of freedom. The angle ¢ of rotation of the crank of

A-mechanisms is chosen as a generalized coordinate. Positive angular speed @ of the crank corre-
sponds to up-wind motion of the machine. Vertical displacements of the body are neglected. Kinetic
and potential energy of the system are described by the functions K(p,®) and P(p) (which are too

cumbersome to present here). Equations of motion of the system are derived using the Lagrange
formalism:
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d(oK(pw)) K(pw) oP
E( gz)“’)j— é‘;‘”)+ ago):nT((p,a))—f(go)(D(go,a))+c(f(go)a)+V)),

T(p,0) =0.5pSr (f(p)o+V )’ C;(2), D(p,0) =05pS(f(p)o+V ) Co(z), z=(f(p)o+V) nro.
Here f(gp)w isthe linear speed of the body of the machine, z is the tip speed ratio of the wind turbi-

ne, V is the wind speed, o is the air density, S and r are the characteristic area and radius of the

turbine, n is the gear ratio, c is the coefficient of the drag force acting upon the body of the machine,
C;(z) and C,(z) are coefficient of aerodynamic torque and drag force acting upon the turbine (they

are approximated using experimental data [8], see Fig. 1).

wind

0.24

0 s z
| \
. . A —
dlrectu‘m 0 B 4
of motion

Fig. 1. The scheme of the mechanism. Aerodynamic coefficients.

It was shown numerically that for a wide range of parameters system has an attracting periodic so-
lution with positive @ (reduction coefficient should be larger than a certain limit). Thus, the regime
of up-wind walking exists. Parametrical analysis was performed to maximize the speed of the motion.
The average speed of the up-wind motion can reach 20% of the wind speed. It is lower than that for a
wind powered wheeled cars, but walking motion has advantages in certain areas in applications.

3. Conclusion

The wind powered walking mechanism is suggested that can move up-wind using only the energy of
the wind. The average speed of the up-wind motion can be about 20% of the wind speed.
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Underwater capsubot controlled by motion of a single internal flywheel

SERGEY GOLOVANOV, LIUBOV KLIMINA®, MARAT DOSAEV, YURY SELYUTSKIY

Institute of Mechanics, Lomonosov Moscow State University, Moscow, Russia

Abstract: An underwater capsubot with a single internal flywheel is studied. The robot per-
forms plane-parallel motion. Thus, the system has four degrees of freedom and one control
input. The mathematical model is constructed in the form of 5-order dynamical system. For
this purpose, quasi-steady model of interaction with the fluid is applied. This model allows
not only effective parametrical analysis, but also revealing features of motion associated with
presence of lateral component of hydrodynamic force. Control strategy is constructed; param-
eters of the control law are adjusted. It is shown that the lateral force provides possibility of
irreversible motion of the centre of mass in the desired direction. So, it is promising to design
underwater capsule robots and control algorithms for them basing on exploitation of lateral
force. Results of modelling are verified by experiments with a prototype of the capsubot.
Qualitative agreement between model and experiments is confirmed.

Keywords: underwater robot, internal mass motion, quasi-steady model, underactuated system.

1. Introduction

Investigation of capsule water robots is one of the topical problems of the modern science. The de-
tailed review can be found in [1]. Among classical results in this field, there are such works as [2-4].
Among the most recent results, there are e.g. [1, 5-8]. The corresponding mathematical models in-
volve Kirchhoff equations, Navier-Stokes equations, added masses, vortexes and CFD simulation.
However, there are only few examples where lateral force is intended for the propulsion e.g. [7, 8].

Plane-parallel motion is, in most cases, organized using two control inputs. Rear examples of
plane-parallel motion with a single control input are given in [7, 8]. In [7], the robot has a shape of an
airfoil and is controlled via an internal flywheel. Here, we study the scheme of the robot similar to
[7], but the mathematical model is totally different, and the control law is essentially modified.

2. Description of the mechanical system and the control law

A rigid capsule with an inner flywheel can perform plane-parallel motion. The capsule has a shape of
an airfoil (Fig. 1). A control torque is applied to a flywheel to organize a tacking-kind propulsion of
the capsule. Hydrodynamic forces and torque acting on the capsule are described with a quasi-steady
model using experimental data for NACAO0015 airfoil. Added masses are taken into account. Equation

of motion are derived in the form of dynamical system with the following variables: v, , v, —com-

ponents of velocity of the centre of mass of the robot, ¢, @ — angle and angular speed of the cap-
sule, w — relative angular speed of the flywheel.
In the desired motion, v, should be always positive periodic function, v, , ¢, @ and w should

be periodic functions with zero mean.
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Two strategies of control were tested: 1) “mixed” control including parametric excitation and
feedback: U =asin(bt) + ke +cw , 2) purely feedback control: U =—asignum(w) + kg + cw . Here U

is value of the control torque applied to the flywheel, a, k, ¢ are positive parameters. The second
approach to the control is inspired by problems of pumping of oscillations [9].

3. Main results

Numerical integration of the system with varied parameters and initial conditions was performed. It
was shown that the both control strategies bring the system to the desired regime. The second strategy
(pure feedback) provides faster increasing of the speed v, and seems to be more energy effective.

Different stages of the desired periodic motion are qualitatively shown in Fig. 1: the velocity V of
the centre of mass and lateral force L are shown qualitatively (drag force and torque are not depicted).

Fig. 1. The role of lateral force in robot propulsion (qualitative scheme; drag force and torque are not shown)

Ve

The essential conclusion obtained my means of a quasi-steady model is that the lateral force sup-
ports propulsion of the robot along the x axis. Moreover, the model allows parametrical analysis of
the system. Parameters were adjusted numerically; and prototype of the capsubot was constructed and
tested. Its motions qualitatively agree with the modelling.

4, Conclusion

The mathematical model of the capsule underwater robot with a single control input is developed in
the form of dynamical system. Control laws were constructed that ensure transition of the system to
the program motion. In this motion, robot performs irreversible propulsion in the desired direction.
The crucial role in supporting of this motion belongs to the lateral hydrodynamic force.
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Study on the Property of Microcellular Injection Molded HDPE/Wheat
Straw Composites
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Abstract: This study investigated the effect of wheat straw loading and wheat straw sizes on
the property of the microcellular injection molded HDPE/wheat straw composites. Experi-
mental results showed that the tensile strength of foamed materials will be improved with the
increase of wheat straw percentage and the decrease of wheat straw size.

Keywords: Wheat straw, HDPE, composites, microcellular injection

1. Introduction

In order to reduce the waste by human being, recycled materials are considered to save energy.
Hence, wood plastic composites (WPC) reinforced polymer with natural fiber such as wood, wheat
straw and sunflower stalk have become popular due to not only their environmentally friendly and
renewable [1], but also there are superior to neat plastics in terms of material costs [2]. In this study,
effects of wheat straw loading and wheat straw size on the properties of microcellular injection mold-
ed composites are studied. The experimental setup is as shown in Figure 1. Wheat straw loading is
from 0, 5, and 10 wt% and wheat straw sizes is from 40-60, 60-80, and >80 mesh.

Controlling the pressure I

Pelletizing Foaming

HDPE/wheat straw

Drying

Mixing }-’[ Extruding }-OI Pelletizing l—'l Drying H Mixing l-b ?;;::’i:;::::;‘ Parts

Fig. 1. The flow chart of microcellular injection molding process.

2. Results and Discussion

Figure 2a and 2b show the tensile strength comparisons of different wheat straw loading and straw
sizes respectively. The increase of wheat straw content and the decrease of wheat straw size increases
the tensile strength. The tensile strength of foamed parts with 0, 5, and 10 wt% wheat straw is 13.86,
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14.99, and 15.85 MPa, respectively. The tensile strength of foamed parts for the size of wheat straw
40-60, 60-80, and >80 mesh is 13.86, 14.99, and 15.85 MPa, respectively. The tensile strength of
foamed composites with 10 wt% wheat straw increases by 14.36% compared to that of neat PP. The
tensile strength of foamed composites with >80 mesh wheat straw increases by 7.40% compared to
that with 40-60 mesh wheat straw. As a wood fiber, wheat straw has high strength and rigidity, and

the low content of wheat straw can be evenly dispersed in the matrix material grafted with maleic
anhydride.

20 20+
- = 16.10
£ 14.99 e g 14,99 15.12 5
=150 13.86 / S 15t p /
N’ -
517 / oy o
=) o0
g10p S 10}
2 2
% 5t E 5t
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0 / 0

0 5 10 40-60 60-80 >80
Wheat straw content (wt%) Wheat straw size (mesh)

Figure 2 Tensile strength of (a) different wheat straw contents and (b) different wheat straw sizes.

3. Concluding Remarks

In this study, foamed HDPE/wheat straw composites samples were prepared by foaming
injection molding and the effects of wheat straw content and wheat straw size on the me-
chanical properties of the foamed HDPE/wheat straw composites were investigated. it was
observed that the increase of wheat straw content and the decrease of wheat straw size re-
sults in an increase in tensile strength of foamed HDPE/wheat straw composites.
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Dynamics of a low-inertia ball located between two rotating planes with
viscous friction
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Abstract: The problem of the motion of a low-inertia ball between two horizontal uniformly
rotating planes with linear viscous friction is considered. The center of mass of the ball coin-
cides with its geometric center, the central inertia tensor of the ball is spherical. Two cases of
low inertia of the ball are investigated: in the first case the mass of the ball is constant and
concentrated near its center, in the second case the mass of the ball is small. The dynamics of
the ball on an arbitrary finite time interval in the limit as the central moment of inertia of the
ball tends to zero is studied. In both cases the equations of motion of the ball have the form of
the Tikhonov’s type equations with a small parameter in the left-hand side. In the first case it
is shown that in the limit the center of mass of the ball moves as a material point located be-
tween horizontal rotating planes with linear viscous friction. In the second case the dynamics
of the ball in the limit coincides with the dynamics of a homogeneous ball moving between
two absolutely rough rotating planes.

Keywords: low-inertia ball, viscous friction, small parameter, Tikhonov’s theorem.

1. Introduction

Non-ideality of hinges can significantly affects on dynamics of mechanical systems containing hing-
es. One of the reasons for the violation of the ideality of the hinge is the presence of small alien bod-
ies between the working surfaces of the hinge. The problem of the migration of such alien bodies with
relative movements of the working surfaces of the hinge is interesting. In the simplest case the dy-
namics of a ball constrained by two parallel rotating planes with linear viscous friction is re-searched.
The dynamics of a ball along a rotating plane with linear viscous friction was studied in [1].

2. Description of the mechanical system and main result

Suppose a ball of mass m and radius a moves between two horizontal planes. Each plane rotates with
the constant angular velocity of value Q; around some fixed vertical axis. The force of linear viscous

friction K =—cju; acts on the point of contact of the ball with the plane, where ci is the coefficient of
viscous friction, u; is the velocity of the contact point relative to the rotating plane (i=1,2). The

distance between the axes of rotation of the planes is equal to 2I. The center of mass of the ball coin-
cides with its geometric center, the central inertia tensor of the ball is spherical, the principal central
moment of inertia of the ball is equal to I. Let us research the motion of the ball as I tends to zero.

Let us introduce a fixed coordinate system Oxyz so that Oxy is the plane of motion of the ball cen-
ter, Oz axis is vertical, Oy axis crosses the rotation axes of the planes and the point O is equidistant
from these axes. The equations of motion of the ball have the form
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Here r, v are the radius vector and the velocity of the center of mass of the ball, o= o)+ 0,€, is the

d“iz =0. (1)

angular velocity of the ball, 1=ley, a=c; +¢;, B=C1—Cp, v=01 +C2, 3=01 —CpQ2.
Let the mass of the ball be constant and concentrated near its center. Then | =mr?, where

r=+ea (0<e<<1) is the radius of inertia of the ball relative to an arbitrary axis passing through

the center of mass of the ball. In this case the third group of equations (1) has small parameter ¢ in
the left side. Using Tikhonov’s theorem [2] the statement is proved.
Statement 1. Let r(t,g), v(t,€), o(t,e) be the solution of equations (1) with initial conditions

r(0) =ry, v(0) = vg, ®(0) =@, on some finite time interval t<[0,T] for any €e(0,¢9]. Then as
€ —0 the functions r(t,¢), v(t,e) converge on the interval t<[0,T] to the solution r*(t), v*(t) of
oy, md_ 26
dt dt ¢ +cy
with the initial conditions r*(0) =ry, v*(0) =V and the function w(t,e) converges on the interval
te(0,T] to the function

— 2V +[e,, (9 + Qp)r +(Q -Qp)1]) @)

1
o*(t) :m((cl —Cg)eg, V* (O)] + (€101 — C202)r* (1) + (€12 +C20)) 1)+ (0,8, e -

Equations (2) have the form of equations of motion of a material point located between two hori-
zontal uniformly rotating planes with linear viscous friction.

Let the mass of the ball be small. Then | =mr?, where m=gM (O0<e<<1), Mis the charac-
teristic mass. The second and third groups of equations (1) have small parameter ¢ in the left side.

Statement 2. Let r(t,g), v(t,g), o(t,e) be the solution of equations (1) with initial conditions
r(0) =ry, v(0) = vy, ®(0) =, on some finite time interval t<[0,T] for any ee(0,g5]. Then as
€—0 the function r(t,e) converges on the interval t<[0,T] to the solution r*(t) of the equation
dr 1

EZE[ez’(Ql"’QZ)r“‘(Ql_QZ)l] with the initial conditions r*(0)=ry and the functions

v(t,g), o(t,g) converge on the interval t e (0,T] to the functions
1 1
vE(t) = E[EZv(Ql +)r() +(Q -], o*(t)= z((Ql — Q) (1) +(Q +Q)1)+ (0, €, )e, -

In this case the motion of the ball in the limit coincides with the motion of a homogeneous ball lo-
cated between two absolutely rough rotating planes.

3. Conclusion

The dynamics of a ball moving between two rotating planes with linear viscous friction on some finite
time interval in the limit as the central moment of inertia of the ball tends to zero has been researched.
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Periodic motions in systems with viscous friction

EUGENE KUGUSHEV, MARGARITA SELEZNEVA, TATIANA SHAHOVA™

Faculty of Mechanics and Mathematics, Lomonosov Moscow State University, Moscow, Russia

Abstract: An autonomous dissipative system with one degree of freedom in the presence of a
small parameter is considered. It is proved that for sufficiently small values of the parameter
in such a system there is a unique limit cycle, it is stable, its period smoothly depends on the
small parameter. We apply this theory to several certain systems. The problem of motion of a
rigid body (tripod or monopod) freely rotating around a fixed vertical axis and leaning on a
horizontal plane with isotropic or anisotropic linear viscous friction uniformly rotating around
a fixed vertical axis is considered. If the distance between the axes of rotation of the support-
ing plane and the rigid body is small enough, then the rigid body asymptotically goes into the
unique periodic mode of motion. For both models of friction the dependence of the period of
the limit cycle on the small distance between the axes of rotation of the plane and the rigid
body is explored analytically. An approximate formula connecting this period and the coeffi-
cients of friction in the isotropic and anisotropic cases is found. Numerical simulation of the
researched systems is carried out and it is shown that the analytically found dependence for
the period can be used to determine the parameters of the viscous friction models.

Keywords: dissipative system, small parameter, stable limit cycle, viscous friction.

1. Introduction

An important problem in the research of systems with friction is to develop methods for determining
the parameters of the friction model. The analysis of the special modes of motion of systems with
friction can give information about the parameters of the friction model. Such an approach in combi-
nation with experimental methods is considered in [1]. We also note the paper [2], in this one the
coefficients of dry and viscous friction in the pendulum joint are determined by its oscillation ampli-
tude. In this paper systems with viscous friction in which stable limit cycles occur are considered. The
period of the limit cycle depends on the parameters of the system, in particular on the coefficients of
viscous friction. Such systems are generalized to a wider class of autonomous systems with one de-
gree of freedom and a small parameter, where the function that defines the right-hand side of the
equation has some restrictions.

2. Description of the mechanical system and main result
Let us consider a mechanical system with one degree of freedom, the equation of motion of which has

the form

G=F(0.pe) Flo.00)=0, & <0. @)

¢ p=w,e=0
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Here F(¢,¢,€) is a smooth (minimum class C*) function, periodic in the variable ¢, ¢ is small
parameter, o>0. Using the Taylor series expansion of the function F(¢,, &) with respect to the
variables ¢ and ¢ at the point ¢ =®, €=0, we write equation (1) in the form of the system

¢=2, z=-h(,2)(z-w)+ef (p,z,€). )

Due to the periodicity in ¢ the phase space of this system is a cylinder. The function f(g,z,¢) is
bounded in a certain band [0,2%]x[w—8,w+8] (8>0) on the phase cylinder and for small ¢, and
h(p,z) >c>0 in this band. In mechanical systems the term of the form —h(gp,z)z occurs in the
presence of viscous friction. Using the Brauer's theorem [3] and the Dulac criterion [4, 5], the follow-
ing statement is proved.

Statement. For sufficiently small ¢ in the band [0,21] x[w—8,®+ 8] on the phase cylinder, where

0<3d<w, system (2) has the unique limit cycle, moreover, it is stable and covers the cylinder. The
period of this limit cycle is a smooth function of ¢ .

An example of a mechanical system whose equation of motion has the form (2) is a rigid body
(tripod or monopod) that rotates freely around a fixed vertical axis and leans on a uniformly rotating
around a fixed vertical axis horizontal plane with isotropic or anisotropic linear viscous friction. In the
case of isotropic viscous friction the force F=—cv acts on each support point of a rigid body, where
c is the coefficient of viscous friction, v is the speed of the support point relative to the rotating

plane. In the case of anisotropic viscous friction the force F=—c;v®e® —c,v(?e® acts on each

support point, where c¢q,c, are the coefficients of viscous friction, e(l), e®@ are the unit orthogonal
vectors that are fixed relative to the rigid body (the support point of the Chaplygin’s skate type) or
relative to the rotating plane (there are “furrows” on the plane), v® :(v,e(1)>, v =<v,e(2)> . For

sufficiently small distance (small parameter) between the axes of rotation of the supporting plane and
the rigid body the system has the unique limit cycle, and this cycle is stable. The dependence of the
period of this limit cycle on the distance between the axes of rotation of the plane and the rigid body
is sought in the form of a series with respect to small parameter. An approximate formula connecting
this period and the coefficients of friction in the isotropic and anisotropic cases is found. Numerical
simulation of the researched systems is carried out. It is shown that the analytically found dependence
for the period can be used to determine the parameters of the viscous friction models.

3. Conclusion

The existence of the stable limit cycle for the systems with energy inflow and dissipation and small
parameter has been proved. The possibility of determining the parameters of the viscous friction
model on the dependence of period of the limit cycle on small parameter has been shown.
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Abstract: Two-dimensional CFD models with paired counter-rotating Savonius rotors are
applied to investigated how the power coefficient to be promoted. Results show that such con-
figuration can improve the power efficiency up to about 50% in average as the rotor spacing
ratio is about 0.6.

Keywords: Paired Savonius rotors, Computation Fluid Dynamics (CFD), Output power curve, spac-
ing of rotors

1. Introduction

Many of large size horizontal axis wind turbines (HAWTS) can obtain the power coefficient up
to 0.5. But such kind of HAWTSs are not able to be applied to community, factory, hospital, or remote
residence. The other type wind turbines, vertical axis wind turbines (VAWTS), may be more suitable
for the above regions since they have some advantages such as lower noise, lower maintenance cost.

Some studies [1~4] had adopted methods with counter-rotating arrangement to promote the power
coefficient of Darrieus wind turbines, one of VAWTS. In this study, a similar arrangement was ap-
plied to Savonius turbines, also one of VAWTs. We construct two-dimensional models of paired
counter-rotating Savonius rotors with different spacing lengths. Each rotor is constructed with two
semi-circle blades with height 200cm, diameter 50cm and blades overlap 7.5cm.The output power
curve of paired rotors with different rotating speed are simulated using computational fluid dynamics
(CFD) method for wind speeds with 15m/s, 11m/s and 7m/s.

2. Results and Discussion

Fig. 1 is the power coefficient (Cp) variation with tip speed ratio (TSR) for paired counter-
rotating Savonius rotors with wind speed 15m/s. The lowest line is the output of two stand-alone
Sarvonius rotors for comparing. It shows that the TSP of maximum Cp increase to about 1.08 form
0.95 and maximum Cp reaches to 0.31 form 0.21. To check how much enhancement of Cp under
different wind speed, we compared the ratio of maximum power of paired rotors with two stand-alone
rotors with different spacing length under different wind speeds. The result, shown as Fig. 2, indicates
the enhancement effect almost independents on the wind speeds. All three curves also show the en-
hancement approach to a saturation value about 1.5.

Cases for paired rotors with spacing ratio less than 0.5 may cause two-dimensional model results
not inaccurate since the flow may turn to move along two top sides not be enforced to pass through
the narrow channel. Further three-dimensional simulations or wind tunnel experiments are needed for
such extreme cases study.
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Fig. 1. The power coefficient (Cp) variation with tip speed ratio (TSR) for paired rotors with wind speed 15m/s.
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Fig. 2. The ratio of maximum power of paired rotors cpmpared with two stand-alone rotors with different spacing
length under different wind speeds.

3. Concluding Remarks

Simulation results show that the smaller spacing of paired rotors and the more output
power. It confirmed that the configuration of paired counter-rotating Savonius rotors can
improve the power efficiency up to about 50% in average. It also shows that the optimized
rotor spacing ratio (a ratio of the spacing to the rotor diameter) is about 0.6.
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Abstract: The work focuses on the analysis of the suspension system control based on back-
stepping control method. The backstepping is type non-linear control method based on error
control understood as the displacement of the body from the equilibrium position and stabil-
ity, according to the Lyapunov method especially the second law of Lyapunow theories.
Model presents a half of the car's suspension with nonlinear spring and a damper with magne-
torheological fluid, by which modify the damping of the suspension - designed in Matlab -
Simulink. The main problem is the consideration of the influence of the front axle of the vehi-
cle on the rear axle and the stabilization of the body displacement along with the rotation an-
gle in relation to the CG. In the context of these issues, backstepping control in the MIMO
(Many Inputs Many Outputs) strict feedback form is used. Model was tested in various situa-
tions which should good describe effectiveness of this solution.

Keywords: Backstepping, Many inputs many outputs, feedback control, Lyapunov's second

method for stability
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Abstract: Galloping oscillations of bluff bodies are considered as a prospective source of en-
ergy for small wind power generating devices. We consider an electromechanical system
composed of a rectangular cylinder elastically connected with a magnet that can move in a
linear electric generator. The cylinder performs galloping in flow, and the resulting motion of
the magnet gives rise to electric current in the circuit. Periodic regimes arising in the system
are studied depending on parameters.

Keywords: oscillations, stability, galloping, wind power

1. Introduction

The imperative necessity to reduce the carbon emissions, in order to ensure sustainable development
of the society requires active study of different ways of green energy generation. One of such ways,
which seems quite applicable for small installations, is extraction of energy from flow induced oscil-
lations, such as fluttering, galloping, etc. Some analysis of dynamics and performance of a galloping-
based energy harvester is given in [1].

Energy of oscillations can be converted into electric energy by means of different systems: piezo-
elements (which are widely studied in the context of aeroelastic systems, e.g., [2]) or linear generators
(e.g., [3]). Here we discuss a 2 degrees of freedom galloping-based system coupled with a linear
generator.

2. Results and Discussion

We consider an electromechanical system that comprises a magnet M, a rectangular prism M,,
and a linear generator G connected to electrical circuit (Fig. 1). The cylinder and the magnet are
connected with a spring and can move translationally along a fixed horizontal axis. The system is
placed in a steady horizontal airflow. We only take into account the aerodynamic forces acting upon
the cylinder and use the quasi-steady approach to describe them.

Fig. 1. Scheme of the system
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In [4] it was shown that the elastically mounted cylinder (both circular and rectangular) elastically
connected with a heavy mass (but without coupling to an electric circuit) performs galloping oscilla-
tions under certain conditions. In such situation, the magnet starts moving inside the generator, which
induces electric current in the generator coil.

Equations of motion of the system can be represented in the following form:

m, ¥ +k1y1 +hly1 +k2(Y1 - y2)+h2(Y1 - yz) = Fm
mzYz+k2(y2_y1)+h2(y2_y1):Lcosa_Dsma (1)
LI =-RI+E

Here L, D are lift and drag forces, k; ; and h; , are stiffness and damping coefficients of springs, E
is the EMF (which is proportional to Y, ), Fy is the force acting upon the magnet from the coil

assembly, Ly is the generator inductance, and R is the resistance in the generator circuit.

Evidently, the system has a trivial equilibrium. Analysis of its stability shows that it is unstable if
certain conditions on parameters are met. A systematic parametrical analysis of periodic oscillations
arising in the system in such case is performed. Characteristics of periodic regimes existing in the
system (including the generated power) under different conditions are analysed. Some conclusions
about performance of the harvester are drawn.

3. Concluding Remarks

Dynamics of an electromechanical system with two degrees of freedom is considered. Self-sustained
oscillations arising in this system due to the galloping effect are studied. The performed simulation
shows that this system has a potential for use as a wind power harvester.
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Abstract: The wave problem of propagation and deceleration of shock torsion perturbation in
semi-infinite round elastic rod interacting with the medium is investigated using the model of
viscoplastic friction with decreasing relation between shear stress and jump of velocity on the
lateral surface. After linearization, an exact solution of the initial-boundary problem describ-
ing the effect of “negative viscosity” is obtained using the Laplace transforms. A wave pattern
of perturbation including the prefront zone of rest, the area of motion and the domain of sta-
tionary residual stresses has been built. The three-dimensional diagrams for nonstationary
fields of velocity and stresses have been constructed too.
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Abstract: A deformation model of buried pipeline under complicated geotechnical conditions
of soil slit fracture is developed. The classical theory of rods on an elastic foundation and the
membrane theory of shells are used. The influence of the contingency of cyclic discontinuities
of transversal displacement in damaged foundation on the stressed state and limit equilibrium
of pressurized pipe has been studied in quasi-static and dynamic statement with analytical
methods. It is assumed that the frequency of kinematic perturbation does not exceed the cutoff
frequency of the system.
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Abstract: The motion of a point mass in a vertical plane under the action of gravity forces,
viscous friction, support reaction of the curve and the thrust is considered. The slope angle
and the thrust are treated as control variables. The amount of the propellant is given. The aim
is to maximize the horizontal coordinate of the particle. Time of the process is given. The in-
terrelated Brachistochrone problem is also considered. For the case of frictionless motion, it is
shown that optimal thrust control is bang-bang-type, and trajectory consists of two arcs, start-
ing with maximum thrust, and ending with zero thrust. Optimal synthesis in the three dimen-
sional space “mass-velocity-slope angle” is designed. For the case of linear viscous friction
the arc with singular thrust includes in the extremal trajectory. It is shown that optimal thrust
program consists of either two arcs, maximum thrust at the beginning and zero thrust at the
end, or three arcs: maximum thrust at the beginning, then intermediate (singular) thrust and
zero thrust at the end. The control logic of the thrust is similar to the Goddard problem. The
results of numerical simulation for the case of linear viscous friction illustrating the theoreti-
cal conclusions are presented.

Keywords: singular arc, thrust control, brachistochrone problem, viscous friction

1. Introduction

The motion of a material point in a vertical plane in a homogeneous field of gravity and in a ho-
mogeneous, resisting medium is considered. The trajectory angle and thrust are considered as control
variables. The goal of the control is to maximize the horizontal range for a given time. The amount of
fuel is given. Along with the range maximization problem, we can consider a modified brachisto-
chrone problem formulated as follows: find a curve connecting two points in the vertical plane along
which a material point in the field of gravity and nonconservative force moves from the initial to the
final point in the shortest time.

The classical theory of the calculus of variations and, later, the theory of optimal control were ap-
plied to the problem of maximizing the vertical altitude of a rocket with a given amount of fuel. Two
special cases, namely, one with a linear dependence of the resistance on the velocity, and the other
with a quadratic dependence on the velocity, were considered in [1]. In [2], the optimal flight in the
vertical plane for an "intermediate” model of an aircraft was studied. The slope angle was taken as
control variable. This model is suitable for studying the optimal motion of special types of aircraft, for
which it is possible to change the lifting force without changing the drag force. For various modifica-
tions of the brachistochrone problem with viscous friction, the normal component of the reaction
force of the curve also allows changing the angle of inclination of the trajectory without changing the
resistance force [3]. The Results of numerical simulation for the case of an accelerating force propor-
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tional to the velocity were presented in [3]. The Brachistochrone problem in the presence of a con-
stant thrust force and a linear viscous friction force was studied in [4]. In [5], the problem of maxim-
izing the horizontal range with a penalty on fuel consumption was considered, while it was assumed
that the change in the amount of fuel does not affect the dynamics of the point movement.

In this paper, the problem of maximizing the range is considered taking into account the influence
of the amount of fuel on the dynamics of the point mass.

2. Problem Formulation

Equations of motion are as follows:

X=VC0SH,
y=vsiné, )
v _kvteu gsiné,

m=-u;

where X,y are horizontal and vertical coordinates of the particle correspondingly, Vv is the ve-
locity modulus, m is mass of the particle, k is a coefficient of the viscous friction, Cis exhaust
velocity of the gas flow, g is gravitational acceleration, @ is the slope angle, U is mass change rate,
@ and u are considered as control variables. Boundary conditions for the system (1) have the form:

X(0) = Xo, Y(0) = Yyo,v(0) = Vvo,m(0) = mo,m(T) = mr. (2
T is given process time. The goal function is

J =—X(T)—>rgin (3

u [0,U], U is a positive constant. The problem (1) - (3) is Mayer optimal control problem.

References

[1] TsieN, H. S., EVANS, R. C: Optimum Thrust Programming for a Sounding Rocket, Journal of American
Rocket Society Journal 1951, 21,(5):99-107.

[2] MENON, P.K.A., KELLEY, H.J., AND CLIFF, E.M: Optimal Symmetric Flight with an Intermediate \Vehicle
Model, J. Guidance 1985, 8,(3):312-319.

[3] VRATANAR, B., SAJE, M: On the Analytical Solution of the Brachistochrone Problem in a Non-conservative
Field, Int. J. Non-Linear Mechanics 1998, 33(3):489-505.

[4] DrummOND, J.E., DOWNES, G.L: The Brachistochrone with Acceleration: A Running Track, Journal of
Optimization Theory and Applications 1971, 7(6): 444-449.

[5] CHERkAsov, O., ZARODNYUK, A., SMIRNOVA N: Optimal Thrust Programming along the Brachistochronic
Trajectory with Non-Linear Drag, International Journal of Nonlinear Sciences and Numerical Simulation,
Freund Publishing House Ltd.(Israel),2019, 20(1):1-6.

149


https://istina.msu.ru/workers/7585497/
https://istina.msu.ru/workers/10344492/
https://istina.msu.ru/journals/68854/
https://istina.msu.ru/publishers/59275/

102021 16" INTERNATIONAL CONFERENCE
DSTA Dynamical Systems — Theory and Applications

dys-ta.com December 6-9, 2021, On-line

Zermelo Navigation Problem with State Constraints

SMIRNOVA NINA %, MALYKH EGOR 2, CHERKASOV OLEG®"

1. Lomonosov Moscow State University, Moscow, Russia [0000-0002-6532-8037]
2. Lomonosov Moscow State University, Moscow, Russia [0000-0002-5081-0584]
3. Lomonosov Moscow State University, Moscow, Russia [0000-0003-1435-1541]
* Presenting Author

Abstract: The article uses the example of the Zermelo navigation problem to illustrate a sim-
ple way to address state constraints of a certain type. The problem of planning time-minimum
trajectory of an autonomous aircraft operating in a steady, homogeneous flow field is consid-
ered. The simple particle model of the aircraft is considered. The particle moves in a horizon-
tal plane with a constant modulus velocity relative to the flow of the medium. The angular ve-
locity of rotation of the particle velocity vector is considered as the control variable. The an-
gle between the velocity vector and the horizontal axis is subjected to a phase constraint. The
structure of the dynamic system allows to reduce the optimal problem to the problem of a
smaller dimension. In reduced problem the state constraints transform to the constraints on the
control variables. For the reduced problem, the optimal synthesis is designed. Next, for the
original problem, the sequence and the number of the arcs with motion along state constraints
are determined. The control law in the initial problem is established.

Keywords: Zermelo navigation problem, state constraints, optimal synthesis

1. Introduction

Solving optimal control problems in the presence of phase constraints is a complex task. The fact
that no constructive methods have been developed to solve such problems makes each problem solved
valuable. Significant progress can be made if the structure of the optimal trajectory, the number of
arcs moving along the constraints, and their sequence are known. In this article, using Zermelo navi-
gation problem [1] as an example, we demonstrate an approach that allows us to construct an optimal
synthesis for problems with phase constraints of a certain type. A fairly complete review of the solu-
tions of the Zermelo problem for various types of flows and the rigorous construction of optimal
synthesis can be found, for example, in [2]. Of particular interest is the specified problem in the pre-
sence of state constraints on the coordinates. In this case, as a rule, the solution could be found using
numerical simulation based on the method of penalty functions [3]. The problem is greatly simplified
if the structure and sequence of extreme arcs are known. The path-planning problem therefore reduces
to identifying the switching points at which straight and trochoidal path segments join to form a feasi-
ble path and choosing the true minimum-time solution from the resulting set of candidate extremals
[4]. Zermelo problem with state constraints, imposed to the coordinates of the point, considered in
[5].

This article describes a simple way to construct an optimal path in the presence of phase constra-
ints of a certain type.
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2. Results and Discussion

Equations of motion have a form:

X=vcosd+w(y),
y =vsinég, @)

0 =u.

where X,y are horizontal and vertical coordinates of the particle, respectively, Vv is the velocity of

the particle relative to the medium, @ is the heading angle, subjected to state constraints
O(t) €[61,02], 61,02 are constants, w(y) is the drift in the horizontal direction, depending on y,

u is a control variable, unbounded piecewise continuous function.
Boundary conditions have a form:

X(0) = xo, y(0) = yo,0(0) is free, y(T) = yr @

Final time T of the process is given.
The goal function is:

J =—x(T) — min @)
u
The problem (1) - (4) is Mayer optimal control problem.
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Abstract: The tiny aerobic equipment is a well-known exercise device. There are some pa-
rameters, such as the cycle count, calories consumption, biking distance, et al., displaying on
the built-in LCD screen. In general, the rate of equipment utilization is low due to the tedious
experience. This study induced a maze exergame in the exercise to enhance the motivation.
The exergame was performed in the Android operation system and the maze rotation corre-
sponded to the motion of the tiny aerobic equipment. A Bluetooth module was integrated to
transmit the exercise data, such as the rotation speed and the calories consumption. This study
used three Hall sensors to detect the rotation direction and speed of the tiny aerobic equip-
ment. And the calories consumption would be estimated using an experimental model of
power loss and it is proportional to the rotation speed and the covered area of magnet resistor.
The gamification means were applied to this study not only to activate the motivation but also
reveal the serious exercise state in entertainment.

Keywords: Aerobic equipment, Bluetooth, Calories consumption, Magnet, Gamification.

1. Introduction

The tiny aerobic equipment looks like a small bike (Fig. 1). It is common in every long-term care
center. Most users are the elderly. This kind of exercise device can work on the table and ground
which is used to train the upper and lower limb respectively. But the exercise device is tedious so the
rate of equipment utilization is usually low.

The gamification applied the game logics and means to our serious activity [1]. To improve the te-
dious situation when using the tiny aerobic equipment this study developed a maze exergame which is
performed in Android operation system. Through the Bluetooth module, Hall sensors, and an embed-
ded system we made an loT-based equipment. All the exercise data, such as the rotation speed, is
transmitted to the platform using Android operation system. Thus the maze rotation can correspond to
the motion of the tiny aerobic equipment.

The calories consumption is related to the power output of the equipment. The power is the func-
tion of the material characteristics (C), magnet field density (B), rotation speed (@), and affected
conductor area (A). According to Waloyo et al. [2] the torque of the tiny aerobic equipment can be
represented as equation (1).

T =f(B,C)-R*Aw ]

where R is the distance from the center of cycling plate to the affected conductor area. The torque
T would be determined by the rotation speed after the calibration. And furtherly referring to Hill et al.
[3], the calories consumption is four times of the power loss.

2. Results and Discussion
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This study set up the said sensors and modules in a commercial product (Fig. 1). Ant the exercise
data was transmitted to the TV screen, pad, or smartphone by Bluetooth. The maze rotated with the
information of the equipment motion. The serious activity was revealed in entertainment.

LCD screen

i . Cycling plate
Rotation sensor

Magnet resister Android OF

Resistor adjuster
Bluetooth module

Fig. 1. The tiny aerobic equipment combined the rotation sensor and an embedded module which transmitted the

exercise data to a platform using Android operation system, such as the pad or smart phone.
M Backward Forward QT
Exit

Maze

Fig. 2. The mage rotation corresponded to the motion of the tiny aerobic equipment, and the exercise state re-
vealed after playing.

3. Concluding Remarks

This study developed an loT-based tiny aerobic equipment and associated exergame to improve
the tedious experience.
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Abstract: There are several applications of thin-walled spherical elastomeric membranes in
civil and aerospace engineering, bioengineering and biology. Both geometrical and material
nonlinearities play an important role in their static and dynamic behavior. Due to their high
nonlinearity they present under pressure load multiplicity of stable solutions, which affect
their dynamic integrity due to the competing basins of attraction. Also their response depends
on the chosen constitutive law. Here the Ogden model is adopted, due to its generality, and
the nonlinear equations of motion are obtained for a preloaded membrane. This work investi-
gates the dynamic integrity of a pressure loaded spherical membrane considering global
(GIM) and local (LIM) integrity measures and the integrity factor (IF). For this, initial condi-
tions are sampled in the phase space based on the Monte Carlo method. The numerical results
demonstrate the influence of competing solutions on the global dynamic behavior and safety
of the structure.

Keywords: spherical membrane, Ogden constitutive model, integrity measures, Monte Carlo method

1. Introduction

Thin-walled spherical elastomeric membranes can undergo large elastic deformations. However,
the nonlinear behaviour under high static pressure or large amplitude vibrations depends on the hy-
perelastic material modelling [1]. Furthermore, multiple solutions can coexist, resulting in competing
basins of attraction with varying topologies [1], which can be quantified by different integrity
measures [2]. In this work, the numerical procedures proposed in [2] are used to estimate the global
(GIM) and local (LIM) integrity measures and the integrity factor (IF) of a pressure loaded spherical
membrane.

2. Results and Discussion

A closed homogeneous, isotropic, incompressible and hyperelastic spherical membrane with
thickness assumed much smaller than the initial radius is considered. The deformed sphere can be
described by the theory of membranes under finite deformations. Only the first vibration mode, con-
sisting of the membrane inflation and deflation (breathing mode), is addressed, allowing a complete
static and dynamic description in terms of the radial stretch & [1]. The equation of motion is ex-
tremely dependent on the constitutive model. Considering an Ogden material, due to its generality, it
takes the nondimensional form

157



8, + (20, +v62 )8, + Zn:ﬁ[(m&d ) (5 +5, )’2“"1] = Q. (1+ BeosQt)(5+5,). (1)
i=1 'ul

where dots represent derivatives with respect to the nondimensional time 7=t (421 /ya®)Y?, o is the
natural frequency, Qsta is the static preload, £ and Q are the forcing magnitude and frequency of the
radial harmonic excitation, {'and v are the linear and nonlinear damping coefficients. In addition,
and ¢ are the material parameters of Ogden model with number of terms n. For details regarding the
model formulation, refer to Silva et al. [1].

Rich dynamics can be displayed by eq. (1), depending on the parameters’ values, as pointed out in
[1]. The pressure loaded membrane displays two potential wells. A typical bifurcation diagram as a
function of the forcing magnitude g is shown in Fig. 1(a), displaying a stable branch that loses stabil-
ity through a saddle-node bifurcation, where a dynamic jump to a large amplitude solution can occur.
Another saddle-node bifurcation gives rise to a competing solution branch. The integrity measures are
reported in Figs. 1(b)-(d), estimated through Monte Carlo algorithms [2] with a total of 10000 initial
conditions sampled uniformly. Three solutions are identified, corresponding to the low amplitude
oscillations (blue) and large amplitude oscillations (red and orange). The same trait is observed for all
measures, with the blue and red basins being progressively eroded. The orange solution only appears
after the blue is completely eroded. The error bars of the algorithm are also reported.
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Fig. 1. Integrity analysis of the hyperelastic spherical membrane. Bifurcation diagram (a), GIM (b), LIM (c), IF(d).
(n =3, Ogden OSS2 model in [1], Qsta = 0.15, QO = 2.1514, @y = 2.1514 and = v=0.01)

3. Concluding Remarks

In this work the dynamic integrity of a hyperelastic spherical membrane is evaluated via a Monte
Carlo approach. This methodology can evaluate with precision the dynamic integrity measures GIM,
LIM and IF without the actual basin calculation. The integrity analysis shows that the occurrence of
coexisting stable pre- and post-buckling solutions leads to competing basins of attraction. Clarifying
their erosion process through the integrity measures enables the engineer to evaluate the system safety
in a dynamic environment.
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Abstract: Data-driven model reduction methods are widespread for linear dynamical systems,
while available approaches for nonlinear systems tend to be sensitive to parameter changes
and offer limited prediction potential outside the range of data used in their construction. With
this contribution, we present an approach that extracts explicit nonlinear models from data
capitalizing on the theory of spectral submanifolds. Without specific assumptions on the type
of observables or the kind of measurements, our method identifies nonlinear models that un-
covers geometric nonlinearities and nonlinear damping in the observed dynamics. Our re-
duced-order models, which are trained on unforced trajectory data, also show great accuracy
in predicting forced-responses of the nonlinear dynamical system. We validate our algorithm
in several examples that feature synthetic or experimental data from structural vibrations or
fluid dynamics.

Keywords: nonlinear oscillations, normal forms, invariant manifolds, machine learning

1. Introduction

Date-driven modeling is often coupled with dimensionality reduction for generating computation-
ally efficient and possibly interpretable dynamical models. The most common approaches in the
literature are Principal Orthogonal Decompositions (POD) followed by Galerkin projections [1] or
Dynamic Mode Decomposition (DMD) [2]. While the former requires the knowledge of the full
vector field generating the dynamics, the latter is purely data-driven. Yet DMD is only efficient when
one uses advantageous observables and the system has a single steady state near which a linear ap-
proximation to the dynamics is feasible [3]. Machine learning approaches based on POD are also
available [4] but tend to be sensitive and have limited potential for extrapolation and prediction.

We present here an approach based on the theory on spectral submanifolds (or SSMs, for short)
which are the unique, smoothest invariant manifolds that act as nonlinear continuations of the modal
subspaces of the linearized system [5]. Reducing the dynamics to these SSMs enables us to extract
reduced-order models from generic observables, addressing most of the issues we have mentioned for
available methods. We illustrate this approach with a numerical example coming from structural
dynamics, which shows how our model trained on transient data is capable of extracting information
on the system and of predicting forced responses.

2. Results and Discussion

We consider a straight, clamped-clamped Von Kérman beam [6], shown in Fig. 1(a), made of alu-
minum and has length 1 [m] and thickness 1 [mm]. For the numerical simulations, we use a finite
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element model with 16 elements (45 degrees of freedom). We observe trajectories of the beam mid-
point that are initialized on the static deflection occurring from loading the midpoint, cf. Fig. 1(a,b).
The spectral gap among the linearized system eigenvalue is such that these trajectories rapidly con-
verge on the slowest two-dimensional SSM, on which they decay toward the equilibrium. We feed
our algorithm with these scalar signals and seek learn this two-dimensional SSM. After embedding
the trajectory in a suitable space, a manifold parametrization is identified, as well as the normal form
model for the dynamics. This latter is set to be of O(7) and it has the form

p=—c(p)p
0=w(p)

where cdescribes the nonlinear damping, while w is instantaneous frequency of decaying oscillations.
The variations of these amplitude-dependent properties are shown in Fig. 1(c,d). We have used one
trajectory for training which our reduced-order model can reconstruct with less than 2% relative room
mean squared error. Figure 1(e) shows that our model is also able to predict forced responses for
several forcing values, when compared to the analytical results obtained from SSMtool [7] and to
direct numerical integrations. The external forcing is applied on the FEM model at the midpoint,
while the forcing amplitude for the reduced-order model is calibrated on the sweep having the lowest
amplitude.
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Fig. 1. Plot (a) depicts the Von Karman beam model, while (b) shows the trajectories of the midpoint. Damping
and frequency as function of the amplitude are illustrated in plots (c,d), while plot (¢) compares the forced re-
sponse curves (FRCs) for different forcing levels obtained with the data-driven model, analytical computations and
numerical integration.
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Abstract: A new algorithm for estimating the robustness of a dynamical system’s equilibrium
is presented. Unlike standard approaches, the algorithm does not aim to identify the entire ba-
sin of attraction of the solution. Instead, it iteratively estimates the so-called local integrity
measure, i.e., the radius of the largest hypersphere entirely included in the basin of attraction
of a solution and centred in the solution. The procedure completely overlooks intermingled
and fractal regions of the basin of attraction, enabling it to provide a meaningful engineering
quantity quickly. The algorithm is tested on various mechanical systems. Despite some limita-
tions, it proved to be a viable alternative to more complex and computationally demanding
methods, making it a potentially appealing tool for industrial applications.

Keywords: basin of attraction, global stability, local integrity measure, system integrity

1. Introduction

Local stability is one of the most critical properties of a dynamical state. Engineers heavily exploit
this concept. Nevertheless, scientists dealing with dynamical systems are aware that, despite its local
stability, a system might diverge from its state if subject to a perturbation sufficient to make it cross
the boundary of its basin of attraction (BOA). However, the computation of a system’s BOAs is
computationally very demanding. A few methods for the identification of BOAs of dynamical sys-
tems exist [1]. Analytical methods are generally based on Lyapunov functions. However, they are not
a feasible option for the majority of real applications. The cell mapping method is probably the most
efficient numerical technique for BOA estimation [2]. Experimental methods are almost inexistent,
except for a few exceptions [3].

The objective of this study is to develop an algorithm for the robustness assessment of equilibri-
um points. The procedure reduces the computational cost for global stability analysis by identifying
the local integrity measure (LIM) [1] only, overlooking fractal and intermingled portions of the BOA,
which are hard to identify and practically less relevant.

2. Methodology

The algorithm is based on a simple framework. Considering a predefined region of the phase
space, initially, the maximal value of the LIM is calculated, being equal to the minimal distance be-
tween the equilibrium point of interest and the boundary of the region of the phase space considered.
Then, a trajectory of the system in the phase space is computed. If the trajectory does not converge to
the desired solution, the LIM is estimated as the minimal distance between the equilibrium point of
interest and any point of the non-convergent trajectory. The new estimated value of the LIM (an
overestimate of the real LIM value) defines a hypersphere in the phase space denominated hy-
persphere of convergence, limiting the region of interest. If a simulation converges to the desired
solution, then the LIM is not reduced in that iteration. Initial conditions of each simulation are chosen
as the farthest point from any other already tracked point within the hypersphere of convergence.
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In order to automatically classify the computed trajectories, the phase space is divided into cells. A
trajectory is classified as converging or non-converging to the desired solution by analyzing cells in
which points of the trajectory lie. To reduce computational time, if a trajectory reaches a cell already
tracked by a previous trajectory, the simulation is interrupted; all cells containing points of the trajec-
tory are classified according to the already tracked cell.

3. Results and conclusions

We implemented the algorithm on systems of various dimensions (up to dimension 8); this illus-
trated that the algorithm could rapidly and efficiently estimate the LIM value in all cases studied. In
particular, the first few iterations already provided a relatively accurate estimate of the real LIM
value. The majority of the subsequent simulations converged to the equilibrium of interest, except few
ones, which improved the initial estimate of the LIM. Figure 1a represents the trend of the LIM esti-
mate for the case of a Duffing-van der Pol oscillator with an attached tuned mass damper. The black
line in Fig. la follows the described path. Light blue lines represent the LIM trend for other repeti-
tions of the algorithm. All curves have a similar tendency. The system under study presents a stable
equilibrium point (red cross in Fig. 1b) coexisting with a stable periodic solution (black line in Fig.
1b) for the considered parameter values. We remark that, in Fig. 1b, tracked points are projected on a
section of the phase space, which makes it appear that red dots are within the hypersphere of conver-
gence (green dashed line) while they are not.
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Fig. 1. (a) LIM estimated value; (b) projection of the points tracked during the computation; blue and red points:
converging and non-converging points, respectively, dashed green line: section of the hypersphere of convergence.

The obtained results suggest that the proposed algorithm is a viable option for the robustness as-
sessment of an equilibrium point. Future research developments should aim to make the algorithm
utilizable for the robustness estimation of other kinds of solutions, such as periodic motions.
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Abstract: The generalized cell mapping (GCM) method is an excellent numerical technique to
reveal global structures hidden in dynamical responses of system, and the method has shown the
powerful performance of global analysis in various model-based system which may be determin-
istic, stochastic or fuzzy. However, unaffordable memory requirement becomes a bottleneck for
the cell mapping method when global analysis is carried out in a chosen domain of the state space
with a specific computer in order to depict complex invariant sets with high resolution, and/or in
high dimensions. In the work, a subdomain synthesis method with parallel computing based on
clustered GPUs Architecture is thus developed to conquer the traditional ticklish problem encoun-
tered in global analysis. Several examples from low to high dimensions are illustrated to show the
power of the proposed method.

Keywords: global dynamics, cell mapping method, subdomain synthesis, clustered GPUs computing

1. Introduction

Recall that the idea of space discretization has been introduced to GCM method developed originally
by Hsu in the 1980s to investigate the global structures of nonlinear dynamical systems such as attractors,
boundaries of basin as well as manifolds [1]. The discretization divides a continuous state space RY into a
set of small and countable hypercubes called cells. The probabilities of the system residing in the cells are
described by a Markov chain in the cell space as

P-p(n)=p(n+1) (1
where p(n) denotes the probabilistic vector describing the probability of each cell at nth step. p(n)
indicates the probability vector of the response at n-step mappings. P is a constant matrix with tradi-
tional N, x NV, size that represents the one-step transition probability of the system.

It is known that the majority of executing time of the GCM is spent on the construction of the P
matrix, which depends predominantly on the number of cells used to discretize on each dimension of
the chosen domain in the state space and also on the dimensions of the dynamical system. For a high-
dimensional system, therefore, the computational and the storage burden is a great challenge to GCM.
In the work, a subdomain synthesis method for cell mapping is proposed [2]. By this way, the chosen
domain in the state space is divided into smaller subdomains with affordable memory requirements.
Then, the cell mapping analysis can be independently carried out on each subdomain, taking advanta-
ge of GPUs architecture. The global structure of the system in the complete chosen domain can be
finally identified and recovered from the dynamical information revealed in the subdomains.

2. Results and Discussion
One key technique in the proposed subdomain synthesis method is to solve the problem that the

loss of invariant sets may occur when the traditional GCM is followed, if the invariant sets are split
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into piece due to the domain partition in the state space. Here, the cells in each subdomain is classi-
fied as the follows: An input cell denotes the cell whose preimage cells are outside the processed
subdomain. An output cell is the cell whose image cells are outside the processed subdomain. An
intersection cell is the cell both of whose pre-image and image cells are outside the processed subdo-
main, as shown in Fig. 1.

In a processed subdomain D;, suppose that the mapping paths across the partition boundaries from
an output cell will surely return back to the processed subdomain through each input cell in finite
maps. Then if the output cell is reachable also from the input cell inside the processed subdomain,
these reachable cells can be regarded as a self-cycling set, for instance, cells {2,5} for the processed
subdomain D in Fig. 1. In this paper, the synthesis of these cells, namely {2,3,4,5}, is called as a
virtual invariant set in the complete chosen domain. Obviously, the cell set may not be a real strongly
connected component of the dynamical system, but contain all possible invariant sets split by the
partition boundaries on the chosen domain in the state space. So it is a covering set of the real invari-
ant sets split by the state space partition. Thus, the global structure in the complete chosen domain can
be identified and recovered from the virtual invariant sets after all dynamical information revealed in
the subdomains are synthesized.

partition boundary

D1 subdomain Dy subdomain

Fig. 1. Schematic representation of subdomain synthesis method

Three examples of application are presented in order to demonstrate the performances of the pro-
posed method. The first example with 2-dimensions is used to validate the basic idea of subdomain
synthesis method, and the second one presents 3-dimensional system, devoting to illustrating ability
of the method. In the third example, the subdomain synthesis method is applied to a challenging
example that is a 12-dimensional rotor system.

“a 05 0 05 1 2
Y X r

Fig. 2. Global analyses for three examples by the proposed subdomain synthesis method
3. Concluding Remarks

By the proposed method, the memory requirement is usually quite acceptable and much smaller
than that of traditional way. The recovery of the global structure from the information of the subdo-
mains takes a relatively little computation. In this way, the proposed method makes it possible to
investigate global properties of the high-dimensional and complex systems.
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Abstract: The spring-loaded inverted pendulum (SLIP) is a widely used model of legged lo-
comotion. However, a complete map of the dimensionless parameter regions of stable peri-
odic solutions and the basin of attraction cannot be found in the literature. In this work, the
minimum set of independent physical parameters was found using the Buckingham 7 theo-
rem. The three-dimensional space of two dimensionless physical parameters and the dimen-
sionless total mechanical energy of the conservative system was discovered by means of nu-
merical continuation. The fundament of the stability analysis of the piecewise-smooth system
was provided by the numerical calculation of the fundamental solution matrices and the
monodromy matrix. The energy conserving and non-energy conserving perturbations were
addressed in the stability analysis. An effective iteration procedure based on the Nelder-Mead
method is presented which tunes the model parameters in order to imitate the motion charac-
teristics of specific animals and locomotion types such as running, trotting and galloping. The
results will be available online in the form of an interactive platform.

Keywords: legged locomotion, spring-loaded inverted pendulum, dimensional analysis, numerical
continuation, piecewise-smooth dynamical systems

1. Introduction

The SLIP model [1-4], which combines the flight (F) and the ground (G) phases, interprets the CoM
trajectory of a real pedal system. The model consists of a mass m at dimensionless position & rand a
spring k with natural length r,. The physical parameters are the dimensionless stiffness y= k ry/(mg)
and the pre-touchdown leg angle f. The mechanical energy is the third independent parameter. We
aim to create a database of pre-computed isosurfaces of eigenvalues and basin of attraction.

2. Results, Discussion and Conclusion

Figure 1. shows the behaviour of the SLIP model, which is already intricate for a particular physi-
cal parameter set. It is even more challenging to obtain a global picture, such as the assessment of the
stable region in Fig 2. Here, the curves represent |g/=1 for the non-spurious eigenvalue. Isosurfaces
defined by |g=c are also generated. Based on the continuation results, we develop an interactive
online platform which helps researchers, teachers and students to understand the SLIP model and to
choose parameters. The platform provides informative plots regarding the parameter zones, where the
stable/unstable solutions exist. Surface interpolation techniques make the real-time rendering and
therefore the travelling to different segments of the parameter space possible.
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Fig. 1. Stable/unstable periodic solutions on different mechanical energy levels, event- and isoenergy surfaces in
the relevant subspace of the state variables (left panel). Stable and unstable periodic solutions shown by blue solid
and red dashed curves, respectively; basin of attraction and the gap region, where the Poincaré-return map is not
defined, indicated by light blue and pale yellow shading, respectively (right panel).

i

0.2 0.4 0.6 0.8 1 1.2 14 1.6

Fig. 2. Enveloping curves of the stable region in the three-dimensional parameter space (left panel). Boundary
curves of the stable region for a variety of numerical values of y (right panel).
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Abstract: Thermoelastic analysis of a shear deformable reduced model of laminated plates with
von Karmén nonlinearities and cubic temperature along the thickness is presented. Parametric
investigation of the response is accomplished by means of bifurcation diagrams, phase portraits
and planar cross sections of the four-dimensional basins of attraction, in order to describe the
local and global dynamical behavior of the model. Due to the thermomechanical coupling, the
slow transient thermal dynamics is proved to be crucial in determining the steady mechanical
response, which can be grasped only by proper developing an accurate global dynamics analysis
in the multidimensional state space.

Keywords: Composite plates, Reduced order models, Thermomechanical coupling, Local and global
dynamics

1. Introduction

Thermomechanical coupling of materials and structures in a nonlinear dynamics environment repre-
sents a topic of great interest in fields like aerospace engineering, civil, and mechanical engineering,
and in micro-electro-mechanics. To understand the basic, yet involved, effects of coupling on the finite
amplitude vibrations of geometrically nonlinear structures, low-order models able to preserve the main
features of the underlying continuum formulations turn out to be very important, as they get rid of the
complicatedness generally occurring in the analysis and interpretation of nonlinear phenomena when
using richer models [1,2]. Moreover, in the context of a global dynamics investigation, low-order mod-
els are crucial to perform the nonlinear analyses in a reduced state space, still with the possibility to
obtain fundamental insight into thermal-structural interactions [3,4].

2. Results and Discussion

The thermomechanical plate model here used is derived within a unified modelling framework inte-
grating mechanical and thermal aspects which, starting from the three-dimensional physics problem,
moves to the two-dimensional and zero-dimensional formulations, as presented in [1]. Assumptions of
third-order shear deformability and consistent cubic temperature variation along the thickness are im-
posed, and, in the absence of internal resonance between the plate transverse modes, a single-mode
Galerkin approximation is adopted for the transverse displacement and the two independent bending
and membrane temperatures. The choice of a dome-shaped prescribed temperature on the upper and
lower surfaces allows to obtain the following three coupled nonlinear ODEs in terms of the deflection
of the plate centre W, the membrane temperature Tro, and the bending temperature Tr1 (Tup and Tdown
are the central values of the dome-shape temperature prescribed on the upper and lower external sur-
faces, respectively):
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Local and global nonlinear dynamics have been investigated through parametric analysis of the re-
sponse by means of bifurcation diagrams, phase portraits and planar cross sections of the four-dimen-
sional basins of attraction. The results highlight the non-trivial influence of the slow transient thermal
dynamics on the steady outcome of the faster mechanical response, which can be unveiled only via a
refined global analysis accomplished in the system actual multidimensional phase space. Indeed, local
dynamics intrinsically neglects thermal transient, as continuation analyses are focused on the evolution
of stationary responses. Conversely, global dynamics of the coupled system naturally considers both
mechanical and thermal transient dynamics, thus representing the most suitable tool to comprehensively
describe the response of the thermomechanical plate. When the thermal initial conditions are set to the
relevant regime values, the basins of attraction of the coupled model display the same multistable re-
sponse of the local dynamics analysis, which thus represents only a partial scenario (i.e. a particular
section) of the overall four-dimensional plate behaviour.

(@) (b)
Fig. 1. At Tgown = 100 K: (a) Local dynamics: bifurcation diagram and phase portraits of plate multistable periodic

solutions; (b) Global dynamics: 2D sections of basins of attraction for null and steady state thermal initial condi-
tions (T, = 300 K).

3. Concluding Remarks

As a major result, the analyses have proved the ability of the coupled model to capture the actual be-
haviour of the physical system by correctly catching coupling effects, which turns out to be crucially
important for all multiphysics systems, characterized by field variables evolving on different time
scales. From a methodological viewpoint, this can be grasped only by complementing the local dynam-
ics analysis with a deep investigation of the global features of the multidimensional response.
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Abstract:

As demand is increasing on high speed railway lines, proficient and cost-effective design of
these vital transportation infrastructures is well expected with ever augmenting traffic speed.
The dynamic response of bridges with ballasted track is known to be very dependent on sev-
eral factors. These may influence largely the response of such composite structures under cir-
culating loads. The interaction occurring in the system is function of the bare bridge track
modal properties. But, it is also influenced by the track superstructure including rails, sleepers
and ballast. For simply supported (SS) bridges or viaducts which are generally susceptible of
experiencing high vibration levels, one of the most demanding requirements for their design is
the vertical accelerations and it constitutes one of the Serviceability Limit States for traffic
safety prescribed by Eurocode (EC) [1]. Track-bridge interaction influences the dynamic be-
havior of the structures mentioned above, valuable research has been achieved in this field as
indicated from recent literature [2-5]. One of the most successful approaches rendering the es-
sential of ballast-bridge interaction is based on modeling the bridge and the track as two-layer
beams connected between them through springs and dampers representing the nonlinear fric-
tion behavior occurring at their interface. Experimental evidence has enabled the merit of this
approach.

The aim of the work is to analyze the effect of the nonlinear behavior of the ballasted track on
the train-bridge resonance of a simply supported single track railway bridge. The studied
bridge traversed by moving trains is modeled by two layers beams connected between them
through a nonlinear Kelvin-Voight viscoelastic foundation. This approach enabled to account in
an efficient way of the ballast effect on the global bridge dynamics under all the high speed load models
(HSLM). The obtained results have shown that the dynamics of the system is governed essentially by a
Duffing like oscillator where a decreasing in the bridge frequency is observed.

Keywords: Railway bridges, resonance, ballasted track, vertical acceleration.
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Abstract: In this study the nonlinear vibrations of a fluid-filled circular cylindrical shell under
seismic excitation is investigated. A PET thin shell with an aluminum top mass is harmonically
excited from the base through an electrodynamic shaker in the neighborhood of the natural frequency
of the first axisymmetric mode. The dilatant fluid is composed of a cornstarch-water mixture with
60% cornstarch and 40% water of total weight. The preliminary results show a strong non-linear
response due to the coupling between the fluid and structure and the shaker-structure interaction that
leads to a very interesting dynamic response of the system. The specimen is a polymeric circular
cylindrical shell: an aluminum cylindrical mass is glued on the shell top edge; conversely, the bottom
edge of the shell is clamped to a shaking table. The following sensors have been adopted: three
triaxial accelerometers placed on the top mass at 120°, a monoaxial accelerometer at the base of the
shell, a laser vibrometer to measure the lateral velocity on the mid-height of the shell. The test article
has been excited in the axial direction through a harmonic load, with a step-sweep controlled output,
the voltage signal sent to the shaker amplifier is closed-loop controlled; to avoid interaction between
the control system and the specimen under study, no controls have been used for controlling the
shaker base motion. The harmonic forcing load consists of a stepped-sine sweep of frequency band
100-500 Hz with a step of 2.5 Hz. All the tests have been performed with the shell full filled with
quiescent fluid. The dynamic scenario is analyzed by means of time histories, spectra, phase portraits
and Poincaré maps. The experiments show the onset of complex dynamics: subharmonic and
quasiperiodic responses, Chaos.

Keywords: FSI Fluid Structure Interaction, Nonlinear Dynamics, Shells, Chaos, Experimental

1. Introduction

The present paper is the first outcome of the Project InterFlu focused on Non-Newtonian fluids and
interactions with vibrating structures. Here the goal is to analyze the dynamic scenario of a circular
cylindrical shell in presence of interactions with fluids, the study is fully experimental. Our attention
was focused on large amplitude of oscillations generated by an highly energetic seismic excitation,
having a single tone spectral content, such excitations induces nonlinear vibrations on a fluid-filled
cylindrical shell carrying a top mass (upper rigid closer cap), preliminary results of the bifurcation
analysis are presented.
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2. Results and Discussion

In this section, a short overview of the preliminary results, obtained from the postprocessing of the
experimental data, is shown. In addition to the main instability region around the first axisymmetric
mode between 235Hz and 300Hz, the bifurcation diagram of the lateral velocity, figure 3a and 3c,
shows a second interesting region between 366Hz and 442Hz, where a subharmonic response is pre-
dominant, see the spectrum of the lateral velocity in the upward 0.34V case at 400Hz in figure 3i, the
branches of the diagram separate and rejoin several times, showing a strong dynamic instability with a
period doubling behaviour. This remark is confirmed by the Poincaré maps of the vertical accelera-
tion of the top mass and the radial velocity of the shell: a 4T subharmonic (Figure 3a) move to chaotic
states at 250Hz(Figure 3b) confirmed by the time history of the velocity (figure 3c) , and in the case
of upwards at 0.34 Volt a period-doubling with amplitude modulation at 292.5 Hz: Poincaré maps
(figure 3d) and spectrum of lateral velocity normalized respect to the forcing frequency at 292.5Hz
(figure 3e) and 400Hz (figure 3f)has been observed in the experimental analysis.
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Fig. 1. 4T subharmonic response (a) and chaotic motion: Poincaré maps(b) and time history (c), period-doubling
with amplitude modulation: Poincaré maps (d) and spectrum of lateral velocity at 292.5Hz (e),400Hz (f)
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Abstract: Significant growth in the adoption of electric cars and non-conventional energy
sources in the electrical grid has led to an increase in the use of power electronic converters, in
particular, the power inverter system which is responsible for regulating electrical energy to the
user. However, in some cases its performance has been affected by a phenomenon known as
bubbling, which consists on a significant distortion of the output waveforms by phase restricted
high frequency oscillations. As a consequence, in this paper we propose to vary the frequency
of the SPWM to control the bubbling phenomenon reported in the buck-inverter systems [1]-
[4]. Our proposed strategy was successfully applied to these inverters with a very relevant ad-
vantage, it does not require any physical or structural change to the system configuration, only
an appropriate tuning of the ramp frequency signal. This process was performed by using a
bifurcation perspective and detecting the frequency values for which the bubbling phenomenon
and other nonlinear dynamics of the systems are suppressed.

Keywords: power inverter, bipolar SPWM, bubbling phenomenon.

1. Introduction

Power inverters (DC/AC converter) controlled by different bipolar sinusoidal pulse width modulation
(SPWM) strategies have shown high frequency and low amplitude oscillations embedded in the output
sinusoidal signals, either in one part or in several parts of these waveforms, and also coexisting with
different nonlinear dynamics [1]. This problem has been called bubbling phenomenon, and it increases
the total harmonic distortion (TDH) in the output signals (output voltage V,,.(t):=V, and output current
1,.(t):= current flowing through the load resistance) causing not only a significant distortion to their
waveforms, but also a low quality electrical service to the user. Hence, in this paper we present a mod-
ification in the control scheme of the system, which consists on changing the switching frequency. This
technique was proved in several full-bridge single phase buck-inverter systems with bipolar SPWM
[1]-[4]; however, for the sake of brevity, here we only show the results applied to a particular buck-
inverter system, which was broadly analyzed in [1].

Fig. 1(a) shows a schematic diagram of the circuit used in this paper. L=0,1 H and ¢=1 uF compose the
LC filter, R, =100 Q and R=10,6 Q are the load and parasitic resistances, respectively. E,=8,6 V, f=1is
the sensor gain, V,..;(t)=5 cos(200xt) is the reference signal and a=16,59 is the gain of the proportional
control. The bipolar ramp is given by V., ()=10(t/Tramp — [t/ Tramp| — 1/2), With T,,,, being the pe-
riod of the ramp, and | ¢/T,,, | defines the floor function. S/H is a zero order hold and it is synchronized
With V., (£). Switches Si1, Sz, S3 and Sa are controlled by channels E and D. The dynamical system is

175



defined by the ordinary differential equations x=Ax + Bu, where x=[V;; I;]” and u=1. A and B are given
in Eq. (1). v, is the voltage across the capacitor and 1, is the current flowing through the inductor. All
parameter values as in [1].

=[50 2l m= Ll ®

2. Results and Discussion

Previous analysis confirmed that the bubbling phenomenon is influenced by the switching frequency
of the system; therefore, our proposed strategy to suppress the undesired bubbling phenomenon consists
on changing the frequency of the ramp signal £, 4. The results obtained by varying f,4m, in the system
are shown in Figs. 1(b) and 1(c). From 10 kHz onwards the bubbling phenomenon ceases, and 1T-
periodic orbits are obtained (black dots). For f;,,,,<10 kHz, the bubbling phenomenon continues ap-
pearing and the TDH increases. Considering the f,,,,, values for which the bubbling does not appear, a
frequency f,.n,=20 kHz is selected and the behavior of the output temporal signals is shown in Fig.
1(c).
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Fig. 1. (a) Single-phase full-bridge buck-inverter with bipolar SPWM. (b) Bifurcation diagram varying the frequency
framp€[5,20] kHz. (c) Temporal output signals with f,.;,,,,,=20 kHz.

3. Concluding Remark

Our proposed strategy is able to efficiently and effectively find a frequency where nonlinear dynamics
and bubbling phenomenon are eliminated for any power inverter system. Here, a very high frequency
is not selected (f;..my =20 kHz, Fig. 1(c)), and with this, it is possible to obtain a stable, very well formed
and without distortion output signals. Even more, for this particular case for f,,,,,,>10 kHz, the bubbling
phenomenon is avoided. On the other hand, our results let us confirm that the bubbling phenomenon is
influenced by the switching frequency of the inverter systems.
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Abstract: Transfer resources from a community with abundant resources to one with high con-
sumption but with a clear and strict policy of responsibility in terms of exploitation has been
modelled to understand if the dynamics can lead to sustainable development. A system will be
said to be sustainable if well-being is a non-negative conservation law. A Filippov system is
used to model the interaction between the communities, considering exploitation limits across
two switching regions from the high-consumption community, so that the policy from only one
of the communities leads to the protection of the resources in both communities. Interpreting
well-being as resource tenure in the presence of the population, invariant sets were identified
that demonstrate that this policy of responsibility can lead to sustainable development. Finally,
if the resilience of the socioecological system is studied through a non-smooth bifurcation ana-
lysis, break a sustainability condition does not necessarily mean losing the sustainability.

Keywords: renewable resources transfer, sustainability, Filippov system, non-smooth bifurcations

1. Introduction

The creation of wealth through the division of labour led the territories to specialized production that
triggered the need for exchange, giving rise to the supply of the products obtained and the demand for
those that the territory lacked. Within the framework of sustainable development, the exchange of re-
sources is of great interest because, for example, a unidirectional exploitation relationship puts the eco-
nomic situation of the nation supplying raw materials at risk, while the nation that demands them is
enriched by granting them added value using science and technology, generating an asymmetry in de-
velopment that can translate into social instability for the two nations in the relationship. A landscape
or territory is said to be sustainable if its definition of well-being is a non-negative conservation law
(time symmetry) of the variables that define it [1], which is derived from an interpretation of sustainable
development proposed in Our Common Future [2]. In this sense, the emergence of invariant sets in the
dynamics of the behaviour of a socio-ecological system such as landscapes and territories show us that
sustainability can have different geometries. The purpose of this article is to present the results obtained
after modelling the unidirectional exchange between two communities that act under a policy of res-
ponsibility, which consists of a clear identification of decision limits regarding the exploitation of their
resources through Filippov Systems. The differential system used is a model of the Brander & Taylor
type [3], such as the one presented in Equation 1, where there is a conservation policy.
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where L; y S; are the population and the resources stock of the i-th community, ¢;, €;, o;, p;, T; and K;
are system parameters, C; is a cooperation parameter from community 1 to community 2 and S;_,,is
the amount of protected resource. The decision limits are expressed through switching surfaces in the
community that uses the resources of the other. For this work, two were used: the emergency region for
the protection of own resources and the responsibility region for the protection of the resources of the
contributing community.

2. Results and Discussion

Different paths of sustainable development were found, expressed through invariant sets with sliding,
as shown in Figure 1, which indicates that responsible exploitation policies from one of the communi-
ties can lead to sustainable dynamics between the communities involved. Also is shown that, if the
resilience of the socioecological system is studied through a non-smooth bifurcation analysis, break a
sustainability condition does not necessarily mean losing the sustainability, but the system can express
another sustainability geometry.

@) (b)

Fig. 1. Different paths of development involving two switching regions. (a) periodic orbit with double sliding, (b)
convergence to a pseudo-equilibrium

3. Concluding Remarks

The effect of transferring resources from a community with abundant resources to one with high con-
sumption but with a clear and strict policy of responsibility concerning exploitation can lead to a sus-
tainable dynamic. The result is added to those obtained to affirm that the role of the consumer is pre-
ponderant for the generation of well-being, even over those communities with foreign policies but sub-
ject to the exchange policy.
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Abstract: Human migration is a worldwide phenomenon. One of the multiple ways of tem-
poral or periodic migration is tourism. Even though tourism is a relatively new concept in
human history, its consequences are noticeable, both on a local and global scale. In general,
the introduction of tourism in one country, or community, has not been planned appropriately,
or simply not planned at all. Overexploitation of natural resources and inadequate behaviors
leads to a conflict between tourists and locals that makes the tourist economy not sustainable.
The fall of tourism in 2019-2020 due to a pandemic episode has shown how dependent the
economy could be on the tourism industry. In the new start, politicians, social actors, and
stakeholders in general, need a tool that gives them the opportunity to plan actions and poli-
cies. The modeling of tourist flows could be the tool to face the issue, looking for the balance
between natural and socioeconomic resources, the interests and rights of tourists and locals.
This paper proposes and analyses a mathematical model of nonlinear differential equations,
which allows studying the dynamic interaction between tourists and residents. We use analyt-
ical and numerical methods to solve the proposed Filippov piecewise-smooth system. Invari-
ance, equilibrium points, bifurcations, and switching surface have been studied.

Keywords: tourism, migration, bifurcation, PWS systems, non-linearity.

1. Introduction

The Filippov system, which relates tourists (T) to residents (R) in a city, is given by the following
piecewise smooth system.

o
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where a1 and o3 are natural growth factors, 2 and a4 are factors related to tourist actions and poli-
cies, k’s are asymptotic population limits, and h is the Heaviside function [1,2].
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Fig. 1. State space for the Filippov system

Dynamics are defined by different systems of differential equations in regions S1 and S2, being X the
switching surface (Fig.1). On this surface, the set of crossing points are represented by a dashed
curve. In the dashed curve, the projection of the dynamics in the normal surface direction of the two
sub-systems are non-zero and have the same sign. The orbits of the Filippov system cross the surface,
i.e. the orbit reaching a point x on the surface from Si, concatenates with the orbit entering Sj (j # 1)
from x. The solid curve corresponds to sliding points. The projections of the dynamics on the solid
part of the switching surface are non-zero and have different sign. In this case this set is a stable
segment. Orbits reaching one of these points, from either region, slide on the surface.

2. Results and Discussion

2.1 Invariance.

Invariance in the state space (R,T) has been analyzed. R and T axes are invariant, and the other lines
which determine the rectangle are not crossed by the orbits. This allows us to ensure that for 02 > 0
and a4 > 0 an orbit that begins at an interior point, remains in the rectangle determined by the coordi-
nated axes and the lines R =k - k1 and T =k1.

2.2 Equilibrium points.

In S1 we have found 3 unstable equilibrium points (named E1, E2 and E3) on the R axis. There are
saddle and sources, but none of them corresponds to attractors, which would mean the extinction of
the tourists or tourist and resident populations. In S2 we have found an equilibrium point E4 located
on the T axis and the equilibrium points resulting from the possible intersection of two curves. The
existence from one to five equilibrium points in S2 depends on the T, value. The stability of the equi-
librium points has been analysed using MatLab. E4 is a stable point. This case would correspond to
the disappearance of the residents and the total occupation of the city by the tourists. On the switching
surface, sliding points and pseudo-equilibrium points [3] deserves special attention.

3. Concluding Remarks

The relationship between tourist and resident populations has been modeled using a piecewise smooth
Filippov system. The equations, for a determined set of parameters, have been solved analytically and
numerically (using MatLab). Invariance, equilibrium points, bifurcations, and switching surface have
been studied. The obtained results can be associated with situations of stability decrease, increase, or
disappearance of tourist and resident populations.

Acknowledgment: Authors acknowledge Department of Applied Maths for their support.
MatLab is running under UPC academic license 1113606.
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Abstract: We explain the mechanisms leading to the bubbling phenomenon, i.e., high-
frequency oscillations disrupting the waveform of slowly oscillating signals in a restricted
phase interval.

Keywords: Bubbling, Simmering, Power Converters, Inverters

1. Introduction

The term bubbling refers to a phenomenon manifesting itself as high-frequency oscillations that
disrupt the waveform of a slowly oscillating signal in a restricted phase interval. Although this phe-
nomenon has been known for more than 20 years and observed (both numerically and experimentally)
in all kinds of power electronic converters, no convincing explanation of the mechanism behind its
occurrence has been found. It has been reported in many publications it occurs after a smooth bifurca-
tion, such as a pitchfork or Neimark-Sacker, and therefore, it has been widely assumed that bubbling
is caused by these bifurcations, although the specific mechanism leading to the onset of bubbling
remained unknown. Recently, the onset of bubbling has been observed (both experimentally and nu-
merically, see Fig 1(a) and (b), respectively) in a power electronic inverter that does not exhibit any
smooth bifurcations in the relevant parameter domain.

The specific model considered in the presented work describes the behavior of the inverter system
mentioned above and is given by a 1D non-autonomous piecewise smooth map (1) xk+1=f(xx,k) pre-
sented in [1]. The signals of the considered inverter correspond to m-cycles of map (1), where the
ratio m=200 is the ratio between the fast switching frequency and the low reference frequency.
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Fig. 1. Bubbling-affected orbits observed (a) experimentally, (b) numerically in discrete time.
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2. Results

The first significant result we obtained has been reported in [1]. We have shown that in both cases,
(i.e., the onset of bubbling associated with smooth bifurcation, as previously reported, and without as
recently discovered) the mechanism leading to bubbling is of a geometric rather than a topologic
nature. In fact, we identified regions in the state space such that an orbit passing through these re-
gions (non-bubbling intervals) at all phases is not bubbling-affected. If at some phase the point x«
leaves the non-bubbling interval, it exhibits bubbling at this phase.

Furthermore, we discovered a novel phenomenon, called simmering, which represents a weaker
form of phase-dependent distortion of the signal and manifests itself as bubbling of the first order
forward differences (derivative with respect to discrete time). For this phenomenon, similar regions
(non-simmering intervals) can be defined. Moreover, the procedure can be generalized for higher-
order derivatives, which leads to a sequence of the rank-i non-bubbling intervals in the state space
associated with non-bubbling of the i-th derivative. Typically, at each phase, these intervals are nested
into each other so that the onset of bubbling of the i-th derivative precedes — in the state space as well
as in the parameter space — the onset of bubbling of the (i-1)-th derivative. This demonstrates that the
onset of bubbling is a gradual process. For example, the onset of simmering precedes the onset of
bubbling and can be used, from a practical point of view, as a kind of an early warning system.

The presented geometric approach to bubbling does not explain the reason why an orbit may leave
the non-bubbling intervals in a well-defined and clearly restricted phase interval. To understand the
reason, note that the behavior of the function f(x,k) can be described by a set of m autonomous func-
tions fk(x) which — depending on the phase k — may be contractive or expanding. A general property of
models for various power converters is that they may have a long phase interval associated with ex-
panding functions only, followed by a phase interval in which all functions are contractive. A small
deviation at the beginning of the expanding phase interval gets amplified by expanding functions,
causing the orbit to leave non-bubbling intervals of decreasing ranks.

We have identified several reasons that cause this initial deviation. In the case that bubbling occurs
after a smooth bifurcation, e.g. a pitchfork, the normal form of this bifurcation forces the “new” orbits
appearing at the bifurcation to move quickly apart from the “old” orbit which existed before. As a
consequence, the “old” (unstable) orbit remains not bubbling-affected, while the “new” solutions
successively leave the non-bubbling intervals of decreasing ranks and start to exhibit bubbling. There-
fore, the onset of bubbling does not occur immediately at the bifurcation point, as previously as-
sumed, but very soon after. A similar effect may be caused by a persistence border collision, which
does not change the stability or the periodicity of the cycles, but may lead to bubbling.

The most unexpected phenomenon we discovered is noise-induced bubbling. In this case, the cy-
cles of map (1) are not bubbling-affected, while the signals observed in experiments exhibit well-
developed bubbling. Here, the deviation is caused by noise which is omnipresent in physical experi-
ments and gets strongly amplified by expanding functions. Moreover, in numerical simulations, this
kind of bubbling occurs as well. Here, the deviation is caused by numerical noise, i.e. the limited
precision of floating-point numbers. So, as a curious feature, both physical experiments and numerical
simulations might exhibit bubbling while the ideal solution is not bubbling-affected. In this way, map
(1) can be used to predict whether bubbling occurs and at which part of the phase domain, but cannot
predict at which parameter values unless a suitable noise model is added.

Acknowledgment: The work of V. Avrutin and F. Bastian was supported by the German Research
Foundation within the scope of the project “Generic bifurcation structures in piecewise-smooth maps
with extremely high number of borders in theory and applications for power converter systems”.
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Abstract: In 1D piecewise-smooth maps with multiple borders, chaotic attractors may under-
go border collision bifurcations, leading to a sudden change in their structure. We describe
two types of such border collision bifurcations and explain the mechanisms causing the
changes in the geometrical structure of the attractors, in particular in the number of their
bands (connected components).

Keywords: piecewise smooth systems, 1D maps, chaotic attractors, border collision bifurcations

1. Introduction

Border collision bifurcations are well-known and represent the main distinguishing feature of
piecewise smooth systems [1]. A border collision bifurcation occurs as, under parameter variation an
invariant set collides with a border (switching manifold), causing the topological structure of the state
space to change. A natural question is, which invariant sets can undergo a border collision bifurca-
tion? For historical reasons, most investigated are border collision bifurcations of fixed points and
cycles. As for chaotic attractors, the possibility that they also may undergo a border collision bifurca-
tion has been overlooked for a long time. Indeed, in the most widely investigated class of piecewise
smooth 1D maps, namely, in piecewise monotone maps with a single border, a chaotic attractor can-
not collide with the border, since if a map belonging to this class has a chaotic attractor, the point of
discontinuity is necessarily located inside the attractor [2].

In 1D maps with multiple (at least two) borders, collisions of a chaotic attractor with the borders
are possible and may lead to quite interesting bifurcation phenomena, as illustrated in Fig. 1. As one
can see, the chaotic attractors are robust in the complete considered parameter range (in the sense of
[3], i.e., not interrupted by periodic windows and not affected by coexistence). However, at certain
parameter values the geometric structure of the attractor change, additional gaps or bands of the at-
tractors appear. The bifurcation of chaotic attractors known for maps with a single discontinuity (such
as merging and expansion bifurcations) are not sufficient to explain the observed structure.

2. Results

In the present work, we investigate bifurcations of chaotic attractors in the piecewise linear map with
two discontinuities, defined by

felrn) = acen + pic if < —1,
Tl = f(n) =< fulon) = apan +pm if —1<z <1, 1)
.f‘R(ﬂjn) = QrTn + IR if > 1.

with a.=am=ar=a>1. Note that the linearity of the branches of map (1) simplifies the calculations but
does not restrict the generality of the analysis, so that the obtained results are applicable to any piece-
wise monotonous everywhere expanding map with two discontinuities.
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Fig. 1. Bifurcation scenario in map (1) showing exterior (u1, 14) and interior (u2, 13, us) border collision bifurca-
tions of chaoric attractors. Parameters: a=1.25, u=4.0, um=4.0,

So far, we have detected two novel types of bifurcations:

e Exterior border collision bifurcation of a chaotic attractor: The bifurcation occurs as a chaotic
attractor containing one discontinuity point collides with another discontinuity point. As a result of
this bifurcation, a number of additional bands of the attractor appear. A distinguishing feature of
this bifurcation is that the size of the additional bands shrinks to zero as the varied parameter ap-
proaches the bifurcation value.

o Interior border collision bifurcation of a chaotic attractor: The bifurcation occurs as a critical
point (an image of a discontinuity) located inside a chaotic attractor and possessing exactly two
preimages inside the absorbing interval collides with another critical point and one of its preimag-
es disappears. As a result of this bifurcation, a number of additional gaps in the attractor appear.
Here, the size of the additional gaps shrinks to zero as the varied parameter approaches the bifurca-
tion value.

It is worth emphasizing that none of these bifurcations of chaotic attractors are associated with homo-

clinic bifurcations of repelling cycles. This is a striking difference between these bifurcations and

other transformations of chaotic attractors, such as merging, expansion and final bifurcations previ-

ously reported [2].
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Abstract: We show how a complex bifurcation structure in a 2D parameter space of a piece-
wise linear discontinuous 2D map modeling the dynamics of a binary choice game using
quantum logic can be explained by a few codimension-2 bifurcation points of a type not yet
reported in the literature.
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1. Introduction

Since the influential work of Schelling [1], binary choice games with externalities have become cen-
tral within social dilemma literature. Previous literature has developed models with agents' behavior
mainly based on classical probability. However, recent theoretical and empirical findings have shown
how the recurrent contextual effects observed in the psychological literature are better predicted by
quantum probability theory [2]. The dynamical population model proposed in [3] introduces quantum
cognition in the Schelling model of binary choices (for instance, left and right) in a minority game.
For the sake of simplicity, we assume the population is unitary and variable x is the proportion of
population who choose right. In order to describe the effect of past choices, the revision protocol of
the agents’ internal state is given by the context effect rule provided by quantum cognition theory.
The phase space U = [0,1]? is partitioned in four regions:

UL = {(Xe1,Xt) € U Xe1> Yo, x> Y5} Ur = {(Xe1,%) € Uz Xe1> Y, X< Y5}
U= {(Xe1,%) € Ui Xe1 < Yo, X > Y4} Ur= {(Xt1,Xt) € Ui Xe1 < Yo, Xt < Y2}
2. Results
According to the quantum model, the population dynamics F : U — [0,1] considers both time periods:
fo(z_q, @) = (l — sin” & cos? 3] o if (zy_q,m) €U

i folmy,ze) = (1- sin? o sin? B) ¢ + sin® avsin? 8 it (z_1,24) € U,
Flri_y, o) =

Jilwi_q, ) = (1 cos? asin? :'}) Ty if (z_1,m) €Uy

Tr(ziy,m) = (l —cos’acos® B) oy +eosacos’ B if (zpq.2y) € Un
where: a€[0,n/2] defines the unit vector representing the initial decision makers’ beliefs about the
two choices; B€[0,m/2] the vector representing the revised decision makers’ beliefs induced by the
previous choice. In the following, values a,=0 and a,B=n/2 are referred to as edges of the parameter
space (although they represent rather symmetry axes than borders). As state variable xt1 appears on
the right hand side in the conditions associated with the functions fi, fr, f., fr only, the map can also be
considered as a piecewise linear bi-valued map with a single border point x = 1/2. Functions fi, fr, fL,

fr are contractive and increasing w.r.t. xt, by construction.

The bifurcation structure in the (a,B) parameter space is illustrated in Fig. 1. It is symmetric w.r.t
a=n/4 and affected by bistability for p<mn/4. In the middle of the structure there is a large region asso-
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ciated with a 2-cycle Orr and bounded by curves &ir and &n where this cycle undergoes border collision
bifurcations (BCBs). The intersection points P1 and P2 of these curves with edge f=n/2 represent two
organizing centers (two codimension-2 bifurcation points) where two complete period adding struc-
tures originate from.

A theory for codimension-2 BCBs in single-valued 1D maps was developed in [4]. In particular, it
was shown that at a codimension-2 BCB point —where two different stable cycles collide with the
discontinuity from opposite sides— the composite function (defined by the branches of the iterate
functions for which the colliding cycles are fixed points) is continuous. Then, it was shown that if
both involved functions are contractive and locally increasing, then a complete period adding struc-
ture issues from the corresponding codimension-2 BCB point. This theory cannot be directly applied
to the points P1 and P2, as the edge B=n/2 does not correspond to a BCB. At f=rn/2 however, the map
has infinitely many fixed points OL and Or as fi, fr are identity functions. The case is similar to a
degenerate+1 bifurcation, although not identical as the fixed points exist neither before nor after
B=n/2. Nevertheless, some significant assumptions of the theorem mentioned above are satisfied: at
P1 the composed function defined by branches fr and frofi is continuous; both branches are increasing;
at least branch frofi is contractive. This suggests that, under the present setting, a theorem similar to
the one in [4] can be proven: point P1 must be the origin of a period adding structure with, for exam-
ple, the regions of complexity level one being associated with cycles Orarx and Oraqr), in agreement
with the numerical results.

The same reasoning can be applied to explain the complex bifurcation structure in the lower part
of the parameter space. Several regions issuing from P1 reach the left edge of the parameter space
(0=0). Then, the codimension-2 points defined by the intersections of one of their boundaries with this
edge (at which functions fi and fr are identity functions) are the origins of a further complete period
adding structure. The regions issuing from these points overlap both pairwise and with the regions
issuing from P4, leading to bistability (see Fig. 1(b)).

/4

047

a) "o b)
Fig. 1. a) Bifurcation structure in the (a,p) parameter plane. The rectangle in a) is shown magnified in b) where
some regions of bistability are highlighted.
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Abstract: This communication extends the concept of zip bifurcation introduced by Miklos
Farkas in 1984 in a smooth dynamical system, describing the competition de two predator
species for a single regenerating prey species, to a set of PieceWise-Smooth Continuous
(PWSC) dynamical systems, that have a continuous set of equilibria, with a discontinuous
Jacobian. It also shows a strategy for dynamics classification based on the eigenvalues, for the
case which the local two-dimensional invariant manifolds of the system exist. Analysis on the
dynamic and asymptotic behavior is obtained through the real and imaginary components of
the eigenvalues, associated to the system linearity along its equilibria set. We choose a criterion
of geometric classification of bifurcation that preserves information about the stability,
topology of the invariant set and the geometry of node and focus on a neighborhood of the
isolated hyperbolic equilibrium points. Based on the results obtained in the analysis we show
that the zip bifurcation discovered by Farkas is part of a more complex phenomenon. It includes
the combination of two geometrical bifurcations caused by simultaneous action of the real and
imaginary components of the eigenvalues associated to the system linearity along its equilibria
set. The complete bifurcation scenario includes 142 geometric zip bifurcations for the class of
PWSC systems studied.

Keywords: Hopf Bifurcation, Zip Bifurcation, k- and r-strategists, PWSC systems.

1. Introduction

In ecology, in studying population dynamics, it is important to know under which ecosystem conditions
the coexistence of closely related species is possible or under what circumstances the principle of
competitive exclusion acts (as Harden called it in 1940). The previous principle is also known as
Gause's principle, in honor of the Russian biologist who observed it in 1932 in the separation of species
in experimental crops. Hutchinson and Deevey state that the Gause hypothesis or principle of
competitive exclusion is one of the most significant advances in theoretical ecology and one of the
foundations of modern ecology. The principle of competitive exclusion is considered as one of the
primary mechanisms for the process of natural selection and, therefore, the origin and evolution of
species through both intraspecific and interspecific competition.

Specifically, in this work, it is shown that the occurrence of Hopf and zip bifurcations can be extended
to a class of Continuous PWS nonlinear systems, which have a continuous set of equilibria. Along the
length of the continuous set, the Jacobian matrix of the system is discontinuous and satisfies the Butler-
Farkas conditions [1]. We present a strategy for the demonstration of the existence and classification of
the so-called PWSC-Zip bifurcation. We base our approach on studying the dynamics of the
eigenvalues of the linearization of both vector fields along the set of equilibria. The previous procedure
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is done for the case in which the PWSC system preserves each subsystem's local two-dimensional
invariant manifolds that cross-intersect the equilibrium segment. When the commutations destroy the
local two-dimensional invariant manifolds, it is shown that even the phenomenon of loss of
attractiveness is preserved for the equilibrium segment. In this case, the stability of the interior points
of the equilibrium segment cannot be determined by linearization.

2. Results and Discussion

Four numerical examples of PWSC models are built up using Mathematica software. The models
preserve the two-dimensional local invariant manifolds. Four more examples of PWSC models that
maintain only the attractiveness of the equilibrium segment are also created. They represent natural and
artificial models of algebraic exponential type and generalize the Gilpin logistic growth model for the
prey reproduction rate and the Holling 111 and Rosenzweig type models for the functional response of
the predator. The models were found to satisfy the necessary conditions proposed by Butler and Farkas
in each of the subsystems of the PWSC system and the compatibility conditions. As a consequence of
the above, the Hsu et al. model is generalized to PWSC systems in the case studied by Wilken [2] and
Farkas [3], that is, for the three-dimensional case.
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Abstract: The analysis of planar systems with a pseudo-equilibrium point of focus type with-
in its discontinuity line can be more easily done if the classical theory of normal forms is ex-