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1. Introduction

The paper was written with the purpose of continuing my
research started in my BSc thesis then followed by the Stu-
dents’ Scientific Conference. My main goal at the time was to
form an overall summary of the dynamics of squash balls
which now will be completed by the investigation of the ball-
racket impact phenomenon. My aim was to perform high-speed
camera recordings and to develop a finite element model then
compare the results of the numerical simulation to the meas-
urements. [
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1. Ball-Racket impact

2. Applied methods

| used a self-built air-cannon which allowed me to adjust
the ball’s initial velocity through the air pressure. | recorded the
impacts with a high-speed camera and evaluated the videos in
Matlab. I performed compression tests on the balls and tensile
tests in case of the strings to build up their material models. I
used the Arruda-Boyce hyperelastic material model with mate-
rial damping (Rayleigh) to describe the ball’s mechanical be-
havior. During the comparison of the simulations and the re-
sults of the measurements, | searched explanations for the dif-
ferences that may occur.

2. Self-built air-cannon and the racket
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3. Results

| compared the results based on two important impact
parameters which were the rebound velocity and the
deformation of the ball.
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3. Figure Comparison of the undamped and damped finite
element solution with the measurement result

4. Figure Comparison of the deformations (FEA-
Measurement)

4. Summary

To sumup, | think my research proved to be useful in a subject,
where such a comprehensive summary have not been made
before. This thesis could give a larger insight into the dynamics
of squash, which can be useful to an engineer or to an athlete
as well.
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Mechanical modelling and simulation
of ping-pong ball hitting
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1. Introduction

This paper was written with the purpose of investigating
the collision of a ping-pong ball and a rigid surface. My main
goal was to establish measurements according to this topic,
then carry out finite element simulations. At last | compared
the measurements’ results to the simulations’.

1. Figure The built frame (left), the result of the video
analysing method (right)

2. Applied methods

First, | had to establish measurements focusing on the ma-
terial behaviour of the balls and the collision details such as the
buckling diameter or the coefficient of restitution. In order to
make this happen | have also built a frame which enabled me
to record the buckling phenomenon of the balls from the other
side of the plate with a high speed camera. | have developed a
code which could analyse those frames and determine the
buckling diameter. In terms of the velocities | have analysed
the collisions’ records from another sight, and based on those |
could determine the COR values. | have also done material
measurements using a tensile machine.

2. Figure The measurements
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Regarding the simulations | added material (Rayleigh)
damping to the system which was not widely used prior this
study. I used a fluid cavity model so the inner gas was included
in the behaviour. | have also investigated different material
models using parameter fitting in order to find the most similar
to the measurements’ results.

3. Results

| analysed the effect of the inner pressure in my study, and
also investigated the differences using an analytically rigid and
a solid plate. The research focused on three main parameters
which were the COR, the buckling diameter and the contact
time of the ball and the surface.

3. Figure The two types of the simulations collision (left),
compression (right)
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4. Figure The COR in the function of the initial velocity

4. Summary

To sum up, | think my study proved to be useful and may
provide a good insight for further studies. Moreover, damped
simulations are hard to find in this topic so this paper had some
interesting results in this field as well. | can also state that the
MatLab code which | have developed can be used for further
studies as well, alongside the frame to record collision phenom-
enas in the future.
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Swing-up of the Furuta pendulum
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1. Introduction

The rotary inverted pendulum also known as Furuta pendulum is
developed in 1992. It consists of a base frame fixed to the environment, a
rigid driven arm that is rotated around the vertical axis of the base, and
a rigid pendulum rod attached to the end of the arm that rotates freely
in vertical plane. A DC motor can be found built into the base; the single
control input is the motor input voltage to control the motion of the arm.
The pendulum can freely rotate around its joint making the system un-
deractuated. In total, the device has two mechanical degrees of freedom
denoted by ¢ and 1. A schematic representation of the device can be
found in Figure 1.

Figure 1. The structure of the Furuta pendulum

2. Dynamic model

The dynamic model of the system is constructed by the Lagrangian
equations of the second kind, the DC motor is modelled considering the
back EMF effect, the resulting 2 DoF system is described by (1) and (2).

4 4 .
(Jl + mp7“2 + §mpl2 sin? 19) o+b,o+ §mpl2 sin 249 v

+ mylrsing 9?2 —mlrcos 99 = NU,, — K

4 i} .9
gmpl%‘ + b0 — gmpp sin 20 ¢* —mylrcos¥ ¢ —myglsind =0 (2)
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3. Swing-up strategies

The swing-up is the nonlinear control problem that’s purpose is to
achieve the pendulum rod to swing up from rest to the inverted upright
position. Energy-based methods are widespread in research literature, but
other intuitive strategies such the exponentiation of the pendulum posi-
tion are working approaches. The most efficient method that could be
simulated with MATLAB Simulink environment is the trajectory plan-
ning. The results show in Figure 2 that the pendulum can be easily swung-
up within relatively short time.
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Figure 2. Simulated pendulum angle and control input

4. Summary

Measurement was prepared for one of the presented swing-up strate-
gies, in Figure 3 the measurement layout can be found. Even though the
swing-up strategy did not prove to be successful in the implementation
the measurement results provided us useful information about the behav-
ior of the system.
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Figure 3. Measurement layout
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Interactive Finite Element Simulation
of Deformable Objects

MARTON SOLTI
Mechanical Engineering Modelling MSc, Major in Solid Mechanics, 2020/2021 /11.
Supervisor: Dr. Attila Kossa, associate professor, kossa@mm.bme.hu

1 Introduction

The Finite Element Method (FEM) isn’t just the core tech-
nology behind automotive innovation: it’s foundation of
many deformable object simulation techniques we see in Hol-
lywood movies and AAA games. In this thesis, I reviewed
the use of FEM for volumetric deformable object simula-
tions, but in the discipline of computer graphics.

2 A Nonlinear FEM Simulator

Let’s walk through the core algorithm of a typical FEM
simulator from the entertainment industry. First we need
to choose which strain energy density function (V) to use.
There are many options, one of the more popular ones is the

As-Rigid-As-Possible (ARAP) energy
Warap = gHF - R, (1)

which was developed for surface modelling, but it’s gaining
popularity in deformable simulators as well.

At each timestep, you first discretize kinematics by com-
puting the deformation gradient F. Then the internal forces
f;,: and tangent stiffness matrix K calculated from W as

o ov| OF
fmt = _vﬁ_x = 0 8_F . 8_x’ (2)
of A OFT| 920 | OF
K= ™ e ™ Vax ek O

respectively; by using the chain rule. Thanks to the F com-
putation technique, ‘g—]’; only depends on the rest state of the
finite element mesh, so we only need to compute the boxed
energy Jacobian g—% and Hessian %. In the end we plug

f;,+ and K into our chosen integration scheme.

3 Jacobians and Hessians

If we consider exclusively isotropic materials, the go-to
method is to use the so-called Cauchy-Green invariants for
computing energy Jacobians and Hessians; however, they
fail to capture the behaviour of the rotation tensor R (e.g.
in case of ARAP). Smith et al. proposed a new set of in-
variants, based on right stretch tensor S instead of C:

L =tr(S) L=tr(S*) I3=detS (4)
They also managed to derive the rotation gradient 221?[21 — g%

from the eigendecomposition g—% = QAQT as both eigen-

values A and eigenmatrices Q are available in closed form.
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4 Projection to Definiteness

In order to achieve interactive rates in a FEM simulator,
we need to allow the use of large timesteps. However,
this could produce a substantial divergence from the steady
state, leading to a %Q—F‘? — and hence, K — that is often in-
definite. This is a big problem as the fast, iterative linear
system solver methods require a positive-definite system to
converge. This problem is addressed by computing the full

Hessian as %2_15\? = QAQT, while not allowing the eigenvalues

A to be less than 0; thus keeping %2—]:? positive-definite. For
some energy density functions — e.g. ARAP — the full eigen-
decomposition is available in closed form. This ’projection’
technique makes the simulation so robust that it recovers to
the rest state even if it’s crushed to a plane. (See Fig. 2.)

5 Results

With all the knowledge I gained during my thesis project
work, I successfully implemented a sample simulator; the re-
sults are presented on Fig. 1 and 2. The full source code and
some videos are available at marcisolti.github.io/ifem.

Figure 1: Works as a FEM simulator like a charm!
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Figure 2: Crushing the mesh to a plane? No problem.
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Application of operational space control for hopping
locomotors

MONIKA SIVADO
Mechanical Engineering Modelling MSc, Major in Solid Mechanics, 2020/2021 /11.
Supervisor: Ambrus ZELEI, Research associate, zelei@mm.bme.hu

1. Introduction

In my thesis, operational space control for hopping loco-
motors was investigated. The basic idea, which is borro-
wed from the literature, is to render the motion of a simple
template model onto a more complex model or physical pro-
totype of legged locomotor. The template model is the 2DoF
spring-loaded inverted pendulum (SLIP), which describes
the CoG motion of a runner quite precisely. Our model, on
which the SLIP motion is rendered, is a feasible 5DoF mul-
tibody model, which involves the modelling of ground-foot
collision and actuator forces, too, and of which the CoG as
a point of the operational space was controlled.

2. Joint and operational space

Motion can be described either in the joint or the operational
space. Operational space results in more precise evaluation
in case of uncertain motion and more complex systems, so
it is useful to apply in many cases. However, commands are
generally given to actuators in the joint space, so interopera-
bility between the spaces is indispensible. It is demonstrated
that the same form of equation of motion can be obtained
for both spaces with the following relationships.

M(q)q+C(q,q) =T, (1)

describes the motion in the joint space, where q is the vec-
tor of joint variables, M(q), C(q,q) and 7 are the mass
matrix, the vector of inertial forces and the vector of joint
forces and torques, respectively, while in operational space

M*(q)q + C*(q,q) = 77, (2)

where * and " refer to the operational space, which are cal-
culated as follows:

M*(q) = pqy M(a)pg'
C*(§,a) = py C(q,q) — M*(q)pgpy' P

T = pg M(Q)py'p — pg M(Q)py' Bepy' P+ Py Cla,q)
where p, designates the Jacobian of the end-effector.

Running motion acts as a piecewise smooth system, whe-
re discrete events occur between flight and ground phases,
and in ground phase constraints arise. In case there are
holonomic constraints in the system, the reactions can be
calculated applying the Lagrange multiplier method. The

Lagrange multiplier in the operational space can be calcu-
lated according to:

A= (@M '0]) 7 (Dgd + &y + @M (r - O)), (3)

where ®4 is the Jacobian of the vector of constraints.

Budapest University of Technology and Economics
Faculty of Mechanical Engineering

Department of Applied Mechanics

1111 Budapest, Miegyetem rkp. 5.

www.mm.bme.hu

Y

3. Models

SLIP model (fig. 1, left) was applied as a template mo-
del for controlling the actual telescopic robotic leg (see fig.
1, right). The SLIP model was described by two, and the
actual telescopic robotic leg by five coordinates.

]
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1. abra. SLIP model (left) and the model of the actual te-
lescopic robotic leg (right)

4. Results

When establishing control strategy, two approaches can be
applied. In case of offline feedback control, the desired value
of the acceleration is the pre-calculated value of the SLIP
model, while in online control the motion of the correspond-
ing SLIP model is determined based on the actual state of
the actual telescopic robotic leg. Figure 2 shows the uncont-
rolled and offline controlled motion of the actual telescopic
robotic leg. One can see that without any control no peri-
odic motion is achieved, while a periodic orbit is obtained
when applying feedback control.

8 8
\‘\‘ -1k
offline controlled

2. abra. Uncontrolled (left) and offline controlled (right)
motion

uncontrolled

5. Summary

Operational space control proves to be an efficient method
in accurate description of motions, which, combined with
the SLIP as template model, can result in very good appro-
ximation of hopping motion.
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Hopping Locomotion Control Via Reinforcement Learning

HASEEB ALI
Mechanical Engineering Modelling MSc, Major in Solid Mechanics
Supervisor: Dr. Habib Giuseppe, assistant professor, habib@mm.bme.hu

1. Introduction

The stability of the legged locomotion is of great im-
portance in biomechanics and robotics. Hopping motion is
more challenging than walking or running because it requires
large forces for short periods and presents different equilibrium
issues in each phase. This phenomenon reflects kids’ learning
path. They learn to walk in about one year, requiring double
time to learn to perform a stable jump. In this study, a 3-link
planar mechanical model of a simplified single-legged robot
(Fig. 1) is developed through the MATLAB SimScape soft-
ware. An agent enabling the robot to perform stable hopping
locomotion is developed through an unsupervised reinforce-
ment learning (RL) scheme, as detailed below.

Figure 1: 3-link Mechanical Model (MATLAB
Multibody Parts)

2. Methodology

Reinforcement learning deep deterministic policy gradient
(DDPG) agent is developed based on an actor-critic network to
achieve stabilisation of hopping locomotion. Both actor and
critic network are developed by deep neural network policies
by using different hidden layers.

RL agent uses the observation parameters from the envi-
ronment (mechanical model) and analyses them based on a pre-
defined reward function, which evaluates the agent’s perfor-
mance in each simulation (called episode). After processing

—>» Environment

action Reward State
a, Rg St
Agent “

Figure 2: Reinforcement Learning Layout
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them through the actor-critic network, the agent generates a set
of actions for the environment, which depend on the actual state
of the system. Results obtained on other systems with the same
degree of complexity as the one under study suggest that at
least one million episodes are required for enabling the RL
agent to stabilise hopping locomotion.

3. Results

The available computational power and RAM were insuf-
ficient to fulfil the task. The adopted computer was unable to
perform more than a few thousand episodes before getting
stuck. However, even after such a small number of episodes,
the LR agent could significantly improve its balance, suggest-
ing that the procedure works.

The validity of the implemented methodology was verified
on a simpler hopping mechanical system subject to the same
policies. This system requires much shorter training because it
has only one actuator. After only 1800 episodes, the LR agent
provided stable hopping motion. Illustrating that the imple-
mented methodology works for a simpler model does not guar-
antee that it will also work for a more complex but similar
model. However, it suggests that if sufficient computational
power is available, meaningful results can be obtained.

Lot e 4o N o S n e ol P D

Figure 3: RL Agent Training Data

4. Summary

During this study, a strategy for defining an RL agent able
to control the hopping motion of a legged robot was developed.
Results illustrate that, although the strategy seems compelling,
it is computationally very costly. The correct definition of the
reward function is a critical parameter for providing quick
learning. Another advantage of RL, over other control strate-
gies, is that it can cope with any disturbances or changes in the
environment quite easily, thanks to its self-learning ability. All
these aspects should be considered while applying a similar
strategy for control purposes.
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Fatigue Analysis of Heat-Exchanger Tubes of a Steam Generator
by Numerical Simulation

KoOPPA ARON BENEDEK
Mechanical Engineering Modelling MSc, Major in Solid Mechanics, 2020/2021/11.
Supervisor: Dr. Kovacs Adam, associate professor, adamo@mm.bme.hu

1. Introduction

In widely used VVER-440 type power plants, due of sev-
eral flow phenomena during operation the heat exchangers
comes into vibration. This can lead to fatigue of the heat ex-
changer tubes, what should be avoided. Aim of the study is to
perform numerical simulation to predict excitation frequencies
and loads acting on tubes, and thereby predict fatigue limit.

2. Applied methods

I modelled a heat exchanger tube section as a simple sup-
ported cantilever beam, as seen on /. Figure. First couple of
natural frequencies were calculated analytically and with FEM
simulation method implemented in ANSYS also.

y
LA
/]
A
t

1. Figure. Used simple model of one tube section

All necessary simplifications and parameters were deter-
mined for proper fluid-flow numerical simulations The anal-
yses were setup in ANSY'S 2021 R1 program.

In the next step a coupled FSI analysis was performed on
half model of a single tube section and surrounding water. The
simulation was a transient one with k- SST turbulent solver
method. Fluid and solid simulations were coupled at their con-
necting surface.

Finally a longer term transient CFD analysis was imple-
mented on a 3x3 tube bundle surface model to determine vortex
excitation frequencies.

3. Results

First natural frequencies of the tube section are at 87.5 Hz.

As we can see on 2. Figure and 3. Figure, Mises-stresses
and deformation of the tubes are almost negligible. The imple-
mented FSI simulation proved, that cross-flow over a tube
causes almost no mechanical effects on the tube.
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A: Transient Structural
Stress Intensity
Type: Stress Intensity
Unit: MPa

Time: 0,6

2021. 05, 26. 10:01

0,28459 Max
0,25301

022143

0,18985

0,15827

01267

0,005118

0,06354

0,031962
0,00038396 Min

0,00 50,00 100,00 (mrn)

1. Figure. Equivalent Mohr stress distribution along the
tube length

A: Transient Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 0,6

2021, 05. 26. 10:29

0,0062118 Max
0,0055216
0,0048314
0,0041412
0,003451
0,0027608
0,0020706
0,0013604
0,0006902

0 Min

3. Figure. Total deformation of the tube

The long term transient CFD analysis revealed, that after a
short initial chaotic state, the flow begin periodically fluctuat-
ing with frequency of about 3 Hz. This simulation proved, that
turbulence exciting flow phenomenon over a tube bundle are
not dangerous to the structure.

[m sA-1]

4. Figure. Velocity distribution and vortices

4. Summary

Calculation of fatigue limit is not necessary, the examined
cross-flow over a tube bundle does not lead to significant
stresses or bending in the tubes. It does not lead to fatigue of
the austenitic stainless-steel tube material.
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1. Introduction

Friction-induced vibrations are a concern in several engi-
neering applications; the most commonly known is probably
brake squealing. As discussed in the literature, the two leading
causes for these vibrations are Stribeck and mode coupling in-
stabilities. This thesis work considers a mechanical system un-
dergoing both the instabilities, with an attached dynamic vibra-
tion absorber (DVA), which aims to suppress those instabili-
ties. The primary system consists of a two-degree-of-freedom
(DOF) variant of the mass-on-moving-belt. The friction coef-
ficient between the mass and the belt reads g(v) =

_|vrel|

<.ud + (us — Hade 7o >Sgn(vrel); where v, =7 — %y

(Fig. 1). Figure (2) shows the stability diagram of the system
without DVA in the space of the relative velocity and of the
natural frequency ratio. Referring to the number indicated in
the figure, region 1 suffers from mode-coupling, region 2 from
both instabilities regions 3 and 4 suffer from Stribeck instabil-

ity.
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Figure (1) 2DOF primary system with a DVA
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Figure (2) Stability in v,.; — y» plane and the four investigated regions

2. Methods used

Equations of motion of both systems (with and without the
DVA) were obtained through the Lagrange equation of the sec-
ond kind. We then studied the system’s stability by computing
the eigenvalues of the Jacobian matrix, computed around its
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equilibrium point. A numerical optimization code was devel-
oped in MATLAB to find the absorber’s tuning, such that the
system is stabilized in each region of Fig. 2. Later, results were
validated through numerical simulations of the system, per-
formed through a MATLAB ode solver. This enabled us to
study the effect of the DV A better and identify limit cycles.

3. Outcomes

The results of the analysis illustrate that the DVA can sup-
press instabilities in most cases. Figs. 3a and 3b depict the sta-
bility chart with the DV A tuned for suppressing Stribeck insta-
bilities in regions 3 and 4, respectively. Optimization was done
for fixed y, values. Fig. 3c shows the stability chart when the
DVA is tuned to completely eliminate the coupling instability
at high velocity. Referring to region 2, where both coupling and
Stribeck type instability occur, the absorber was unable to sta-
bilize the system. An analysis of the eigenvalues (not illustrated
here) shed some light on the reason for the DVA’s failure. Fi-
nally, Fig. 3d depicts the time series of the primary system hor-
izontal displacement in region 4 after stabilizing the DVA.
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Figure 3 Stability with
different DVA (a) eliminates Stribeck instability at small y, (b) mitigates Stribeck instability at
high v, (c) mitigates mode-coupling at high relative velocity (d) effect of the DVA on the ampli-
tude (region four)

4. Summary

A two-DOF model experiencing friction-induced vibrations
generated by mode-coupling and Stribeck instability was stud-
ied. By attaching a DVA to the system, we were able to either
eliminate or mitigate the Stribeck instability while the mode
coupling instability was suppressed at high belt velocity. Con-
versely, the DVA was unable to suppress Stribeck and coupling
instabilities at the same time.
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Okos céltabla: titk6zés helyének megallapitasa lemez lengéské-
peinek ismeretében

BANOCZKI TIMEA GABRIELLA
Gépészmérnoki BSc, Gépeszeti Fejlesztod Specializacio, 2020/2021/1.
Témavezeto: Dr. Bachrathy Daniel Sandor, egyetemi docens, bachrathy@mm.bme.hu

1. Bevezetés

Egy meglétt ,,céltdbla” — jelen kutatasban lemezszerkezet —
esetén a sajatfrekvencidkhoz tartozo lengésképamplitadoé vek-
torok ismeretében meghatarozhaté az impulzus helye. Ehhez
sziikséges egy modalis kalapaccsal, illetve a lemez hatuljara
rogzitett gyorsulds-szenzorokkal egy iitést kdvetden generalt
jelek ismerete, melybdl a frekvenciadtviteli fliggvény kiszami-
tasaval meghatarozhatdak a sajatfrekvencidk, illetve a hozza-
juk tartozo lengésképamplitido vektorok. Egy kalibracios mé-
rést elvégezve ezek az adatok a lemez teljes feliiletére ismertté
valnak, igy a kapott lengésképamplitido vektorok aranyait ké-
pezve minden vizsgalt pontra megmondhato, hogy egy vélet-
lenszer(i iités esetén a kapott aranyszam melyik eddig ismert
értékhez van a legkozelebb, ezéltal ismertté valik az iités helye.

1. dbra. Vizsgalt lemez, valamint a hatuljara ragasztott
gyorsulasérzékelok

2. Alkalmazott modszerek

A feladat megoldasahoz sziikséges a mért jelek Fourier-
atviteli figgvény meghatarozasa. A keresett pont megtalalasa-
hoz sziikséges az ismert mért pontokbol 1étrehozni egy hdrom-
sz0g alapu halozést, melynek segitségével a baricentrikus ko-
ordinatdk ismeretében meghatarozhat6 az a haromszog (kor-
nyezet), melyben a megiitott pont megtalalhatd. Az igy kapott
pont ezen teriileten beliili pontositasahoz a Matlab beépitett op-
timalizacios fliggvényeinek hasznalata célszeri, igy igen nagy
pontossaggal meg lehet talalni az impulzus helyét. A megtala-
lasi pontossag vizsgalatdhoz pedig sziikséges a lemez feliiletére
egy szOrasi értek kiszamitasa, mellyel megallapithato, hogy a
lemez mely pontjan, milyen pontosaggal lesz megtaldlva az im-
pulzus helye. A mért eredmények pontossagat aldtdmasztandod
célszerii egy végeselem szimulacioval is megvizsgalni a hasz-
nalt lemez sajatfrekvenciait, illetve lengésképeit.
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3. Eredmények

A kutatds sordn kapott mért, illetve szimulacioval megha-
tarozott eredmények igen jol megfeleltethetdek egymasnak. A
lengésképek jellege nagyon hasonld, azonban némi eltérést
okoz a sajatfrekvencidkban, illetve bizonyos lengésképeknél is
a valosagban ¢és a szimulacidban alkalmazott kényszerek kii-
16nbsége.

l o merés I

(_szimul4cid ) Uszimuldcio — — )

2. abra. Mert és szimulacioval kapott lengésképek
osszehasonlitasa

A pontossagvizsgalat soran a hibaval terhelt mérések, vizsgalt
lengésképek kombindcidja, alkalmazott frekvenciaatviteli
fuggvények, illetve a felhasznalt gyorsulasszenzorok altal mért
jel vizsgélata sordn meghatarozott szoras értékekbdl lathatova
valt, miként befolyasoljak ezek a parameéterek az impulzus
helyének megtalalasat.

Sz6ras atlaga inertancia esetén: 0.0089503 [mm]

23g3% engeshis sorszis

3. abra. Szoras értéke (szinskalaval jelolt) a
lengkesképkombindciok fiiggvényében, illetve inertancia
eseten a lemez teljes feliiletére nézve

4. Osszefoglalas

A mérési eredményekbdl azt a konkluziét lehet levonni,
hogy a vizsgalat sordn €s a szamitasok elvégzéséhez célszerli
az alacsonyabb frekvencidhoz tartoz6 lengésképamplitido
vektorokat haszndlni. Illetve, hogy a legpontosabb eredmény
akkor kaphato, ha a frekvenciaatviteli fliggvény szdmitasahoz
a mért gyorsulas jel keriil felhasznalasra, vagyis inertanciaval
torténnek a szamitdsok. A jelenlegi ismereteket alkalmazva,
valamint a hasznalt konstrukcio6 esetén a keresett impulzus he-
lye 1 [cm/hiba] pontosaggal megtalalhatdé, ami a 250x350
[mMm]-es lemez esetén igen jo eredménynek szamit.




Bokanyomaték vizsgalata egy helyben allaskor

HORVATH GERGELY ZOLTAN
Gépészmérnoki BSc, Gépészeti Fejleszts Specializacio, 2020/2021/11.
Témavezetd: Molnar Csenge Andrea, doktorandusz, csenge. molnar@mm.bme.hu

1. Bevezetés

A szakdolgozatomban az ember egy helyben torténé egyen-
silyozasat vizsgaltam sajat mérésekkel tobbfajta egyensu-
lyozasi feladaton keresztiil az Gn. inverz inga mechanikai
modellel. Meghatéroztam a stabilitas fenntartasahoz a bo-
ka koriili izomzatban ébredé nyomatékokat, a modellhez
tobbféle modon elGéllitott mozgasegyenletekkel. A kdzponti
idegrendszer miikodését késleltetett PD visszacsatolasként
modelleztem és megallapitottam azokat az optimalis szaba-
lyoz6 paramétereket és idékéséseket a kiilonb6z6 egyensiilyo-
zasi feladatokhoz, amelyek mellett a szabéalyozott nyomaté-
kok jol illeszkednek a mért bokanyomatékokhoz.

1. abra. Az egy helyben &4ll6 ember és az inverz inga modell

2. Mérések és szamitasi modszerek

A méréseket a Wii Balance Board segitségével végeztem
el. Az egy helyben &llas soran az alanyok a Balance Boar-
don egyensilyoztak 40 mésodperces idGtartamokon keresz-
tiil kiilonboz6 labaikat hasznélva nyitott és csukott szem-
mel. A mérések kiértékelésére az un. stabilometriai para-
métereket hasznaltam, amelyeket a mért nyoméskoézéppont
(COP) adatok alapjan szamitottam ki a vizsgélati alanyok
méréseire. Az egyensulyozésok sordn ébredd bokanyoma-
tékokat mozgasegyenletekkel is kiszamitottam. A kozponti
idegrendszer modellezéséhez meghataroztam a rendszer sta-
bilitasi térképét, illetve kiszamitottam a bokanyomatékokat
a szabalyozas mozgasegyenletével is.

Budapesti Mitiszaki és Gazdasagtudomanyi Egyetem
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3. Eredmények

A bokanyomatékok alakuldsa egy két labon nyitott szem-
mel valo allas kozben végzett mérés sordn a 2. abran lat-
hato, alabb pedig a 3. &brdn PD szabalyozas stabililtasi
tartoméanyai lathatoak eltérd idckésésekkel és az optimélis
szabélyoz6 paraméterpontokkal.
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2. dbra. Az egyenstlyozéskor fellépé bokanyomaték alaku-
lasa egy két labon nyitott szemmel valo allas kozben

15

3. dbra. A PD szabélyozas stabilitasi tartomanyai egy vizs-
gélati alanynél

4. Osszefoglalas

A stabilimetriai mérgszamok alapjan feltartam az egyensu-
lyozasi feladatok jellege és nehézsége kozotti kiilonbségeket
és az esetleges befolyasolo tényezk hatasat. Az egy labas,
illetve a csukott szemmel val6 egyensulyozasi feladatok bi-
zonyultak a legnehezebbnek, a két labbal és nyitott szem-
mel végzett feladatok pedig a legegyszertibbnek, valamint el-
mondhaté, hogy a vizuélis visszacsatolasnak fontos szerepe
van az egyensilyozasban. A PD szabalyozas behangolasat
elvégezve megtaldltam azokat az idGkéséseket és paraméte-
reket amelyek mellett a szabalyozott nyomatékok megfelel6-
en illeszkednek a mért bokanyomatékokhoz. Ezek optimélis
idékésések jellemzden 0,15 és 0,25 mésodperc kozé estek, a
szabalyoz6 paraméterek pedig a stabilitdsi tartomany bal-
also szegletében helyezkedtek el minden mérés esetén.
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Emberi egyensilyozas elméleti és kisérleti vizsgalata

NGUYEN DucC THO
Gépészmérnoki BSc, Gépészeti Fejleszts Specializacio, 2020,/2021/11.
Témavezetd: Molnar Csenge Andrea, doktorandusz, csenge.molnar@mm.bme.hu

1. Bevezetés

Az egyensulyozas mindennapi tevékenységiink része, min-
taddig magatol értetédének vessziik, mignem baleset, beteg-
ségek vagy idGskorral jaro valtozasok kovetkeztében romlik e
képességilink. Ekkor szamos nehézséghbe iitkoziink, alaposan
megneheziti mindennapi életiinket és akar stilyos balesete-
ket is okozhat. Emiatt ergsen kutatott téma manapsag. A
szakdolgozatom célja, hogy megvizsgaljam az emberi egyen-
stlyozas folyamatéra hato tényezéket, mint az érzékels rend-
szerek, a kozponti idegrendszer, az érzékelési holtsav és a re-
akcio idGkésés hatasat. A csukott szemmel torténd egyhely-
ben allast mint egyensulyozasi feladaton keresztiil fogom ezt
megtenni. A vizsgilatokat egy megfelelGen felépitett modell
segitségével kivanom elvégezni és ezen modell ismeretlen pa-
ramétereit meghatarozni korabban elvégzett mérési eredmé-
nyek segitségével.

1. Abra. Egy helyben &ll6 személy mechanikai modellje

2. Alkalmazott moédszerek

A modellezéshez egy szabadsagi fokd inverz inga modellt
alkalmazok (1. abra). Feltételeztem, hogy az emberi agy
mozgaskozpontja egyszerd PD (aranyos-differenciald) sza-
balyozot alkalmaz az egyensulyunk fenntartasdhoz. Az id6-
késés figyelembevételével felirt mozgasegyenlet egy masod-
rendi késleltetett differencialegyenlet

O0p(t) —mglsinp(t) + kip(t) = —Dp(t —7) — Pp(t — (T)>
1

A dolgozat megirasdhoz rendelkezésemre allt egy korab-
ban elkészitett mérés, mely soran csukott szemmel egy hely-
ben &ll6 emberek mozgésat vizsgaltak. A mozgasegyenlet
és a mérési eredmények segitségével a bokanal ébredd re-

ferencia nyomaték és a szabalyozobol szamitott nyomaték
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Osszevetésével megbecsiiltem az egyes személyekre jellemzé
erGsitési tényezéket és idskésést (P, D, 7). A mozgasegyen-
let numerikus megoldasaként kapott és a mért jel stabilo-
metriai paramétereinek Gsszehasonlitasaval (2. abra) pedig
meghataroztam az érzékelési holtsavokat (6, 0y).
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szogsebességre vonatkozd érzékelési kiiszéberték [deg/s]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
szdgre vonatkozd érzékelési kiiszébérték [deqg]

2. abra. Erzékelési holtsavok meghatarozésa

3. Eredmények

Minden egyes személyre elvégeztem a szamolasokat és meg-
becsiiltem az ket jellemz& 6t darab paramétert. A 1.
tablazatban Osszefoglaltam a paraméterek atlagos értéke-
it. Az irodalomban fellelhets atlagosnal nagyobb id6késés
T = 0,571 [s] valoszintileg azzal magyarazhato, hogy a sze-
mélyek vizualis rendszerét kikapcsoltuk és tapasztalatbol is
érezziik, hogy becsukott szemmel nehezebb az egyensilyo-
74s.

i) | D[]

78,806 | 141,941

7 [s] | 6, |deg]
0,571 0,217

0[]
0,325

Atlagos értékek

1. tablazat. Becsiilt paraméterek

4. Osszefoglalas

A szakdolgozatomban tehat sikeriilt egy egyszerd modellt
felallitanom, mellyel vizsgalni tudom az egyensilyozéasra ha-
t0 tényezdket, korabban laboratériumban elvégzett mérések
feldolgozasaval, pedig a modell ismeretlen paramétereit tud-
tam meghatarozni. A jévGben bonyolultabb mechanikai és
szabalyozo modellek segitségével szeretném vizsgalni a fo-
lyamatot.
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Rajok kovetési modelljeinek dinamikai vizsgalata

BAUER BALAZS LASZ10
Gépészmérnoki BSe, Gépészeti FejlesztS Specializacio, 2020,/2021/11.
Témavezetd: Dr. Stépan Gabor, egyetemi tanar, stepan@mm.bme.hu

1. Bevezetés

A szakdolgozatban kétféle csoportos mozgasokat leir6 mo-
dell ismertetése, fejlesztése és stabilitasvizsgalata talalhato.
Az els6 a jarmiikovetési modell (angolul: car-following mo-
del), ami Bando nevéhez fizédik. Ez a modell a mogot-
tes forgalom vezetére vald hatasdnak bevezetésével novel-
te a stabil tartomanyokat és az egyensulyi sebességet. A
reakcio-idGkésés destabilizald hatasanak ellensulyozasara a
hatrafigyelés hatvanykitevéjének novelésével nagy idealis ta-
volsagok esetén csokkenthetd az instabil tartomany.

A maésodik egy forméacioban repiil6 madarraj (angolul:
flock of birds) viselkedését leir6 modell, melybdl egy csilla-
pitas nélkiili és egy csillapitott valtozat is vizsgalatra kertilt.
Ezen modellek a nulla egyenstilyi sebességti dinamikus rend-
szerek halmazéaba tartoznak, ahol csillapitas nélkiil konzer-
vativ rendszer is létrejohet, jelen esetben impulzusmegma-
radasi tulajdonsaggal.

Bl rhL

Xp

1. abra. A jarmiikovetési modell vazlata és a madarak pozi-
cionalo fliggvénye kiilonbozé h, |m| tavolsagokra x, dimen-
ziotlan zavarasi tavolsdg esetén

2. Alkalmazott mo6dszerek

A stabilitasvizsgalatok sordn minden nemlinearis viselkedést
leiro fiiggvényt egy egyenstlyi hely koriili linearizalt alakkal
lehetett kozeliteni. Adott modell esetén a modellre jellemzd
idealis tavolsag és a relaxacios id6 alkotta a stabilitasi sikot.
A linearizalt egyenletek Cauchy éatirasa utan a paraméterek
hatasat Routh-Hurwitz, vagy a sajatértékek realis részének
vizsgalataval térképeztem fel. A hatrafigyeléssel kibgvitett
jarmiikovetési modellben az id6késés hatéasara is létrejottek
Hopf bifurkacios pontok.

A szamitasok igazolasara véges differencia modszerrel
készitett numerikus szimulaciok és ezek alapjan numerikus
stabilitastérképek szolgaltak, melyek R programozési nyelv-
ben késziiltek.
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3. Eredmények

A kib&vitett jarmtkovetési modell el6nyei az egyensilyi se-
besség megndvelése kis tavolsagok esetén és az id6késés ha-
tasanak kompenzacidja a mogottes forgalom figyelembevé-
telével, melyek a 2. és 3. dbrakon lathatok. A szamitasokat
maradéktalanul igazoltdk a numerikus stabilitasvizsgalatok.
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2. abra. Az egyensilyi sebesség %-os novekedése két jarmii
esetén a h dimenziotlan atlagos tavolsag szerint kiilonbozd
q héatrafigyelési kitevkre
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3. abra. Stabilitasi hatarok a T [s| relaxacios id6 és hig
dimenziotlan atlagos els és hatsod tavolsag esetén g hatrafi-
gyelési kitevs és 7 id6késés paraméterek szerint

4. Osszefoglalas

Osszességében a szakdolgozat az egyéni viselkedés és a cso-
port vagy raj tulajdonsagait kapcsolja 6ssze, ami a lokalis és
globalis stabilitas kiilonbségét mutatta be. Ez a csillapitott
madéarraj modellnél szemléletes, ahol a raj minden esetben
tulesillapitott, mig az egyes madarak alul csillapitott jelleg-
gel is rendelkezhetnek.

A kibgvitett jarmukovetési modell az autondém jarmi-
vek hatékonyabb és biztonsagosabb miikédésében segithet
az 1d6késés kompenzalasakeént.
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Simulation of Copper Welding by Laser

LAszLO VOROS
Mechanical Engineering BSc, Development in Mechanical Engineering, 2020/2021/1L.
Consultant: Zoltin HERNADI, research engineer, Furukawa Electric Institute of Technology

Supervisor: Dr. Zsolt SZABO, associate professor, szazs@mm.bme.hu

1. Introduction

Laser welding is a modern, young processing technology.
In order to tap the full potential of the process, the optimal
parameters are still under investigation. According to Figure 1,
the main physical phenomena of the process belong to the
fields of optic (e.g. laser beam, absorption) and thermodynamic
(e.g. heat release, phases). The goal of the thesis was to perform
validation against experiments from the literature. Therefore, a
parameter study was performed and the effects of some process
parameters (power, welding speed) were also investigated.

o Metal vapor

Keyhole

Figure 1: The laser welding process

2. Applied methods

Simulations of the laser welding process were performed in
OpenFOAM, which is a software to solve fluid dynamical
problems. OpenFOAM’s icoReactingMultiphaselnterFoam
solver provides modelling of multiphase flows with heat
transfer and phase change models. Additionally, it contains a
laser radiation model, which facilitates the implementation of
the laser beam.

In order to define the laser-copper interaction, the physical
and optical properties of copper were collected. Then, a
parameter study was performed, where 6 parameters were
investigated: intensity distribution, optical discretization,
mesh, time step, absorption and incident angle. At selecting the
optimal setup, the essential factors were the shape of the phase
fractions, weld depth and calculation time.

For validation, an experiment from literature was chosen.
In the experiment, the laser welding process was examined at
focal diameter 158 um, power 1000 W and welding speed 20
m/min. The weld depth in the published paper was 305 um.

Budapest University of Technology and Economics
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3. Results

At the end of the parameter study, 18 um absolute and 5.9%
relative difference could be observed in weld depth between
the experiment and the simulation with optimal setup.
Considering the accuracy of measurement, the simulation
showed a promising result. The final simulation took 5.1 days.

The results of the literature experiment were illustrated in
cross sectional view. It enabled not only the comparison of
weld depth, but weld width as well. Figure 2 shows that the
shape of the welding seam in the simulation is similar to the
one published in the literature.

Figure 2: Welding seam cross section for experiment (left)
and simulation (right)

4. Summary

Performing a simulation for the laser welding of copper is
possible in OpenFOAM. The laser-copper interaction
including multiple reflections in the keyhole was reproduced
successfully. The simulation with the optimal setup could be
performed during the parameters study. The validation resulted
in identical weld depth and weld width. Then, effects of
different power and welding speed values were investigated.
These examinations demonstrated the tendencies of modified
process parameters.
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