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1. Introduction

Friction-induced vibrations (FIVs) are a significant issue in a
wide range of engineering applications. The velocity-weakening
friction model is one of the well-known sources of FIVs. A 2DoF
mass-on-moving-belt model undergoing FIVs was considered in
this study. A dynamic vibration absorber (DVA) is then attached
to one of the primary system masses (Figure 1). The study aims
at analysing the effectiveness of the DVA for suppressing FIVs.
All mechanical components of the system are assumed linear, as
the only nonlinearity is related to the stick/slip phenomenon be-
tween the belt and the mass moving on it.
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1. Figure The mechanial model of the primary system with
DVA.

2. Applied methods

The equations of motion were defined using Newton's law
of motion and converted to dimensionless equations to simplify
analysing the system. Both eigenvalues method and Routh-Hur-
witz criterion were used to check the linear stability of the system
around its equilibrium after optimizing the DVA parameters for
a specified @ = 0.9 value, where a marks the value of the stiff-
ness of the spring connecting the two masses. The optimization
was done using brute force and bisection method combined to
find the minimum critical velocity that leads to loss of stability,
presented in Figure 2 (left).

The stability analysis illustrated that, for an optimized ab-
sorber, the system loses stability through a Hopf-Hopf bifurca-
tion. To partially unveil the complex dynamics involved, the
Hopf bifurcations occurring in the vicinity of the Hopf-Hopf
bifurcation were analytically investigated with the center man-
ifold reduction technique and near identity transformation. Re-
sults were then validated numerically through the switch
model.
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3. Results

The results of the optimization illustarted that the DVA
with a mass of only 5% of the primary system left mass is able
to reduce the critical velocity from 1.6 to 0.92, with an im-
provement of 57.5 %, as illustrated in Figure 2 (right). The ab-
sorber is robust against uncertainties of its damping, but its nat-
ural frequency should be accurately defined.
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2. Figure (left) DVA parameters optimization (right) stability
chart of the primary system without and with DVA.
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Regarding the nonlinear behaviour of the system, the anal-
ysis revealed that both the primary system alone and the system
with the DVA loses stability through a subcritical Hopf bifur-
cation, which generates a large bistable region, where the triv-
lal solution is stable only locally. Nevertheless, the DVA is able
to significantly reduce the extent of the bistable region and the
amplitude of limit cycle oscillations. Numerical and analytical
results displayed a good agreement in all investigated cases.
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3. Figure The analytical and numerical solutions of the
bifurcation analysis for the primary system without and with
DVA at a = 0.95.

4. Summary

The analysis showed that a properly tuned single-DoF
DVA can effectively mitigate or suppress FIVs in primary sys-
tems with multiple vibration modes. Overall, the DVA was
able to increase the stable region, reduce the bistable region,
and decrease the limit cycle oscillation amplitude. These find-
ings indicate that DVAs can be a viable engineering solution
for many systems experiencing FIVs.
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1. Bevezetés

A modern méréstechnikai eszko6zok térnyerésével egyre
pontosabb mérési eredmények sziiletnek a surldédasi erd vizs-
galata soran, mely segitségével a kutatok addig még nem latott
jelenségeket vizsgalhatnak. Ilyen jelenség példaul a surlodasi
eré nemlokalis memoridja a pre-sliding tartomanyban. A dip-
lomamunka f6 célja az emlitett jelenség, €és a jelenség model-
lezésére megalkotott surlddasi modellek koziil a GMS modell

vizsgalata egyszerli mechanikai példan keresztiil.
X

&

J

Mechanikai modell

Fizikai kép

1. abra. A GMS modellhez rendelheté mechanikai modell.

A GMS modell alapjat a mechanikai modellben bevezetett,
tobb kiilonbozo tulajdonsagokkal rendelkezd sorték adjak.

2. Alkalmazott modszerek

A jelenséghez kotheté nemlokalis memoria igen gazdag
matematikai leirassal rendelkezik, ugyanis nem csak a surlo-
dasi er6 rendelkezik nemlokalis tulajdonsagokkal. A jelenség-
gel példaul magneses anyagok kapcsan is taldlkozhatunk.
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2. abra. A lokalis és nemlokalis memoria bemutatasa.

A vizsgélat soran analikikus szamitdsokat, és numerikus
szimulaciokat is végziink. A lokalis és nemlokalis memoria
matematikai/rendszertechnikai leirasanak megfeleléen a vizs-
galatok tipusa statikus és kvazistatikus. A lokalis memoria
vizsgalatat a Dahl-modellen, a nemlokalis memoria vizsgalatat
a GMS modellen keresztiil végezziik.

A jelenség mélyebb megértése érdekében a vizsgalt rend-
szert annak allapotterében is vizsgaljuk. A GMS modellt alkal-
mazva a rendszer szakaszosan folytonos. Ennek vizsgalatahoz
a Filippov-elméletet hasznaljuk fel.
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3. Eredmények

A fazistér néhany jellegzetes trajektoriat 6sszehasonlitjuk a
surlodasi er6-elmozdulas diagramon 1étrejové megoldasokkal.
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3. dbra. A trajektoriak, és azoknak megfelel6 megoldasok.

A Dahl-modell és a GMS modell felhasznalasaval statikus
vizsgalatokat végziink, és a lokalis és nemlokalis memoria tu-
lajdonsagait vizsgaljuk a ,,siindiszn6” diagramok segitségével.
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4. abra. A Dahl-modell és a GMS modell siindiszno abraja.

A Dahl-modell és a GMS modell felhasznalasaval kvazista-
tikus vizsgalatokat is végziink, majd vizsgaljuk a kialakuld
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5. abra. Néhany Kvazistatikus vizsgalat hiszterézis hurkai.

4. Osszefoglalas

A vizsgalatok soran megallapitottuk, hogy tobb, kiilonb6zd
tulajdonsagu sorte parhuzamos kapcsolasa nemlokalis memo-
riat eredményez. A hiszterézis hurkok zarddasi modjara a sor-
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1. Bevezetés

A dolgozat készitése soran a célom, hogy megvizsgaljak
robotok szabdlyozasara hasznalhaté szabalyozd tipusokat,
modszereket szimuldcidos kornyezetben. A munkdm soran
elkészitem par egyszeriibb tobbtestbdl allo dinamikai rendszer
palyakovetd szabalyozokat. Majd az elkésziiltik utin az
azonos modellekhez meglévoket Osszehasonlitom tobb
szempont szerint.

2. Alkalmazott modszerek

Elso lepéskent elkészitettem egy RR robotnak egy inverz
inganak ¢és egy zart lanct 6tcsuklos mechanizmus szimuldcio-
jat, majd ezekhez készitettem a szabalyozokat.
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1. abra. A vizsgalt rendszerek

A szimuléaciok elkészitéséhez elsd €s masodfaji Lagrange
egyenleteket hasznaltam, ahol lehetet minimalis szamu koordi-

A rendszerek szabalyozasahoz PD szabalyozot, palyakove-
tésnél inverzdinamikai szamitasokkal kiegészitve, és végtelen
horizonta LQR-t hasznaltam. PD szabalyozo6 hasznalatakor ké-
szitettem csuklé térben és operacios térben valo szabalyozot is.
Csukl6 térben torténd szabalyozasnal inverz kinematikai sza-
balyozast kell végezni, amihez Newton-Raphson iteraciot
hasznaltam.

Az RR robothoz PD szabalyozot készitettem. Az inverz in-
csuklos mechanizmus esetében mindkét szabalyozot elkészitet-
tem.

A szabalyozok elkésziilte utdn futtatam szimulacidkat.
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3. Eredmények

A szerkezetek mozgasa par esetben:

o 05 1 5 2 2 15 1 05 o 05
x[m] x[m]

2-3. abra RR robot mozgasa pozicioszabadlyozas esetén
balra csuklo térben, jobbra operdacios térben szabadlyozva

Az operacios térben szabalyozott esetekben a szabalyozott
pont egyenes palyat probalt kovetni, ami nagyobb szabalyozo
nyomatékokat igényelt.

4-5. abra inverz inga mozgdsa balra, étcsuklos
mechanizmus mozgasa palyakovetés estén jobbra

Az operaciés térben valdo szabalyozds esetében a
szabalyozo jobban tartja a palyat. Az LQR lassabban alt be az
eldirt pozicidba, a palyat sem tudta olyan jol kovetni, de a
szabalyozd nyomatékokat jobban eloszlatta az aktuatorok kozt.

4. Osszefoglalas

A dolgozat soran sikeresen elkészitettem az RR robot, az
majd ezekhez LQR-rel vagy PD-vel és inverzdinamikaval mii-
kodo szabalyozot. PD esetén csuklo €és operacios térben szaba-
lyozva is.

Operacios térben torténd szabalyozas esetén bizonyult a
szabalyozo a legpontosabbnak, de nagyobb nyomatékokat is
hasznalt a szabalyozd. LQR esetén lassu volt a beallas, de a
szabalyozd j6l eloszlatta a nyomatékokat az aktudtorok kozott,
ami kedvezo6 lehet a szerkezet élettartamara nézve.
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Investigation of parameters of human running depending on
training
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1. Introduction

The main goal of this thesis is to compare parameters
of professional and amateur runners at different veloci-
ties.

Running analysis can be applied to a wide variety of
cases. Correction in running technique or injury preven-

tion and rehabilitation are among the most frequently
used fields.

Gait analysis is a procedure which provides biome-
chanical information and a method for analysing the
movements and transitions during running.

Running Gait

Figure.1. Running gait cycle

2. Methods

The measurement is carried out on two different control
groups, using OptiTrack camera system. The parame-
ters are calculated with the help of inverse dynamics. Fi-
nally, a statistical method, Wilcoxon test is applied to be
able correctly to conclude.

- Primel3W cameras

(0] Prime13 cameras

last observed
point

point

Figure 2. Measurement setup
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3. Results

Professionals executed the tasks at a higher speed
than amateurs and spent less time on the ground. Knee
angle in case of professional runners is smaller than am-
ateurs, while hip and ankle angles are greater. Profes-
sionals generate more and absorb less work compared to
amateurs. This corresponds to stiffnesses as well. Profes-
sionals have stiffer body structures during running.
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Figure 4. Absorbed and generated ankle joint work

4. Summary

The calculated results corresponded with the charac-
teristics of the literature results. The results indicates that
professional runners have more effective running tech-
nique.
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1 Introduction

The aim of the thesis was to apply control methods on differ-
ent chaotic systems. The methods used were two variants of
the OGY control method. They were applied to one-, two-,
and three-dimensional chaotic systems. The one- and two-
dimensional systems were two versions of the micro-chaos
map and the three-dimensional system was a model of chip
formation. The systems with their respective control meth-
ods were simulated and examined.

Vo

N

Figure 1: The mechanical systems described by the micro-
chaps map.

2 Applied Methods

The OGY control method consists of waiting until the tra-
jectory is in the vicinity of a fixed point of the discrete sys-
tem and slightly altering a parameter of the system so that
the trajectory remains near the fixed point. This can only
be applied to discrete systems of the following form:

Xn4+1 = F(Xm pn)a

where x,, is the state of the system at the n'®, p, is the
parameter chosen to apply perturbation at the n'® step and
F is the function describing the map.

The control law that realises this is defined as

_ K = xp(p) if K (%0 —xp(p)] <6
Ap”{o if K (xn —xp(p)| =6

where x(p) is the fixed point of the system at the nominal
parameter p, d is the maximal perturbation allowed and K7
is the feedback row vector.

The feedback row vector was calculated using Ackerman’s
method. The old poles of the system were kept if modulus
were smaller than one and changed to zero otherwise. This
way the controlled system was stable around the fixed point.
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3 Results

The OGY method was applied to the two-dimensional
micro-chaos system. The controlled system was simulated
and its phase-space is illustrated in Fig. 3.

y (1

v

Figure 2: A trajectory of the 2D system under control. Blue
uncontrolled, red controlled.

The chip formation model is continuous therefore the
Poincaré map had to be calculated. Similarly to the previ-
ous case the simulations resulted in a stable system around
the fixed point.

T, LT, 01 7, [1]

50
Iteration [1

Figure 3: The trajectory of the system. Continuous lines —
uncontrolled, dashed lines — controlled.

4  Summary

Two variant of the OGY method was applied on mechanical
models related to engineering problems. In the three cases
the control method stabilized the vicinity of the fixed points.
Further examination could be the application of other con-
trol methods.
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Development of torque vectoring for a race car with a
hybrid powertrain
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1 Introduction

In Formula Student a team of university students design,
build, maintain and race a single seater formula type car.
BME Motorsport is the combustion category team of our
university, and from 2023 the team will race with a hybrid
powertrain car. The two electric motors on each wheel gives
the benefit of allocating different amount of driving torque.
Due to this difference a yaw moment is present, which has
a impact of the cars cornering performance. By prescribing
the torque difference this moment can be controlled for the
desired cornering behavior.

Figure 1: The race car of BME Motrosport on the track
with visible body roll

2 Mechanical model

For modelling the vehicle a five and a six degrees of freedom
bicycle model was constructed to model the lateral dynam-
ics. The six degrees of freedom model is capable of cal-
culating with the different normal forces of the tires,. This
difference is coming from the weight transfer when the outer
wheels have a greater mass on them.

Figure 2: The six degrees of freedom model

A combined slip tire model was also constructed for the
mechanical model as one of the key element of a vehicle
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dynamics model is the tire model.

Figure 3: The combined slip tire model

3 Results

For a circle with a radius of 8 meters the different front
torque distributions we investigated with prescribed 40 Nm
rear torque. From the data a surface was interpolated. The
base of comparison is the fact that for given circle for higher
yaw rate a lower lap time is associated with.

Figure 4. The interpolated surface with a maximum

4  Summary

The torque vectoring system is increasing performance and
even has a stabilizing aspect. For zero driving torque at
the front, or without the hybrid system, the yaw rate was
1.116 % and with torque vectoring the maximal values was

1.232 % which is a 10.4% increase. With further improve-
ments the system will be capable of higher performance.
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Geometriai kényszerekkel rendelkez6 mechanikai rendszerek
szimulacigja
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1. Bevezetés

A mindennapi életben koriilvesznek minket a mechanizmu-
sok. Gondoljunk csak az aut6 szélvédd torlGjére, vagy az
ajtot zard négycsukld mechanizmusra. Ezeknek a rendsze-
reknek a tervezéséhez fontos, hogy meg tudjuk hatarozni,
hogy milyen péalyat fognak leirni az egyes elemek. A dolgo-
zatom soran kiilonféle modszereket fogok bemutatni, melyek
segitségével ezek a mozgaspalydk meghatarozhatoak.

2. Alkalmazott médszerek

A mechanizmusok altal lefrt mozgaspalyak szimulaldsahoz
az Euler-Lagrange-féle differencialegyenlet segitségével ju-
tunk:

d ((‘3_£> — 8_/3 =0. (1)

dt \ 0q oq
Ehhez definidlnunk kell a rendszer £ Lagrange fliggvényét,
amely a mechanizmus kinetikus és potenciélis energiainak
kiilonbsége. Minimalis szamu koordinata hasznalata esetén
a mechanizmus mozgasanak szimulaldsa nem jelent gondot.
Megkonnyitheti azonban a felirast ha a rendszert nem mi-
niméalis szamu koordinataval irjuk le, mert igy nem kell t6-
rédniink a koordinatak kozotti fiiggésekkel. Ebben az eset-
ben a koordinatak kozotti osszefliggéseket kényszeregyenle-
tek segitségével kell megadnunk. A Lagrange multiplika-
torok modszerét alkalmazva a mozgasegyenlet a kovetkezé
alakot veszi fel:

Mg+ C+B'A =0. (2)

Hogy az egyenletrendszer megoldhato legyen, fel kell hasz-
nalnunk a kényszeregyenleteket is, mivel a Lagrange multip-
likdtorok kapcsan 1j ismeretleneket vezettiink be. Ahhoz,
hogy a rendszer megfeleléen miikodjon, Baumgarte stabili-
zaciot is alkalmaznunk kell. Ez garantalja, hogy a kényszer-
egyenletek a szimulacio teljes idGtartama alatt teljestiljenek.

Ly F
|
I(xs4;Ysa)

ks (Xs3;Ys3)

1. 4bra. Mechanizmus redundéans koordinatéakkal
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Ha a rendszert redundans kényszerek segitségével irjuk fel,
akkor a szimulaciot a Penalty modszer segitségével végez-
hetjiik el. Itt a kényszerek teljesiilésének érdekében a moz-
gasegyenletet egy ugynevezett penalty taggal egészitjiik ki:

Mg + BT o (d5+29ud)+92¢) +C=0. (3

Mivel azonban ennek a modszernek a stabilitasa érzékeny
a paraméterek megvalsaztasara, érdemesebb lehet az Aug-
mented Lagrangian modszer hasznalata, melynek alapelve
hasonlo, de iterativ eljarason alapszik.

3. Eredmények

A modszerek miikodését egy matematikai kettGsingan ellen-
6riztem. Ehhez felirtam a rendszert minimalis, és redundans
koordinatakkal, valamint minimalis, és redundans geometri-
al kényszerek segitségével is. Ezutan a felirasnak megfelels
modszert valasztva futtattam a szimuléciot. A 2-es abrén
az egyes modszerekbdl szarmazo eredmény egy koordinéaté-
jat abrazoltam. Lathato, hogy a gorbék jol fedik egymast.
A modszerek képesek voltak kezelni a kiilonféle felirasmo-
dokat.

1.5 4
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0.0

@1 [rad]

—0.5 1
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T 1 T T T 1 T
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2. abra. A modszerek szemléltetése

4. Osszefoglalas

A dolgozat soran bemutatom a mechanizmusok nem mini-
malis szamu koordinataval valo felirasanak kezelésére a Lag-
range modszert, és a Baumgarte stabilizaciot. Valamint is-
mertetem a Penalty, és Augmented Lagrangian modszert is,
melyek redundans geometriai kényszerek kezelésére is alkal-
masak.




Balancing of the inverted pendulum in case of complex
values perturbation

GREGOSITS TAMAS
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1 Introduction

In daily life, several motion control task appears. The hu-
man brain can learn to handle several difficult control task
and develop control models and strategies. The understand-
ing of the working of the brain and the development of these
control strategies has important implications. The main
goal of this thesis is the better understanding of the working
of the human brain in case of unknown perturbation. In this
study, an inverted pendulum balancing was investigated and
the pendulum length was described as a complex number.

Figure 1: The virtual environment.

2 Applied methods

In the study, a theoretical stability analysis was done, then
in a virtual environment, a series of measurements were
taken with human subjects.
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Figure 2: Stability chart in case of complex length.
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In the stability analysis, the stick length in the equation
of motion of the balanced inverted pendulum was replaced
with a complex number. The modified stability chart was
calculated and simulations were done to investigate the ef-
fect of the imaginary length to the size of the stable region

in the stability chart.

In the measurement part of the study, human subjects bal-
anced an inverted pendulum in a virtual environment with
different imaginary lengths. The critical reaction time was
used for investigate the effect of the imaginary length for

the balancing.

3 Results

In the theoretical analysis, it was observed that the imag-
inary length does not affect the disappearing of the stable
region, but the increasing imaginary length results decreas-
ing stable region size. The stable region is symmetric for

the same imaginary length with different sign.

During the measurements, it was observed that the chang-
ing of the imaginary length does not significantly affect the
duration of the balancing and with increasing imaginary
length, the pendulum dynamics was slower. However, with
increasing imaginary length, the control movements of the

subjects was less frequent.
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Figure 3: The measurement results of the balancing of the

subjects.

4 Summary

As an overall conclusion, it can be said that the imaginary
length has a small effect on the human balancing time, but
has a larger effect on the control strategy during balancing.
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Identifying the coefficient of friction based on the steering
torque

BENDEGUZ MATE GYOROK
Mechatronical Engineer BSc, Specialisation in Mechanical Engineering Modelling, 2022/2023/1.

Supervisor: Dr. Dénes TAKACS, Associate professor, takacs@mm.bme.hu

1 Introduction

For precise vehicle motion control, accurate information
about the tire-ground relationship is essential. However,
the friction properties are not observable, therefore it re-
quires special methods to estimate the coefficient of friction.
The self-aligning torque induced in the contact patch of a
steered tire is in close connection with the coefficient of fric-
tion. This phenomenon offers a possibility to estimate the
friction properties based on the measured steering torque.

2 Modeling of the investigated me-
chanical system

To investigate the tire-ground contact, we used the so-called
towed wheel model. To model torques and forces result-
ing from the deformation of tires, the brush tire model was
selected from the literature, which is a popular analytical
approach. Based on the mentioned modeling concepts, the
governing equations were derived from the kinematic con-
straint of sticking in the contact region. Then, a numerical
simulation environment was set up, where the deformation
function of the elastic tire’s center-line is examined as well
as the steering-, and self-aligning torque characteristics.

Figure 1: Axonometric (left) and side (right) view of the
caster-wheel system.

3 Estimation of the coefficient of
friction

Three methods were derived for estimating the coefficient of
friction between the tire and the ground. The first method
is based on the analytic brush tire model. The second

Budapest University of Technology and Economics
Faculty of Mechanical Engineering
Department of Applied Mechanics
H-1111 Budapest, Miegyetem rkp. 5. — www.mm.bme.hu

method is based on a neural network machine learning al-
gorithm, therefore the coefficient of friction is estimated by
data-driven modeling. The third algorithm incorporates the
principle of the previous two, this hybrid method is called
Scientific Machine Learning (SciML), which is a relatively
new research area. All three methods provided an accurate
estimation for simulated data, but for the validation of the
methods, experimental measurements were carried out at
the Department of Applied Mechanics.

Figure 2: Experimental rig with the used devices.

4 Summary

3.5 T T
---------- Measured

— — — —10% error
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Figure 3: Results of the estimation methods for one of the
validation measurements.

All three estimation methods were able to estimate the
coefficient of friction reliably using simulation data set. On
measured data, the numerical errors of the analytic calcu-
lation method caused large oscillations, therefore the accu-
racy of the method declined. The neural network-based es-
timation proved to be moderately accurate on measurement
data, but far less time was needed for the calculations. And
finally, the SciML implementation was the most accurate,
but the time cost of the estimation was the largest for this
algorithm.
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Writing Abaqus subroutines for advanced hyperelastic
models

KRISTOF HAVASI
Mechanical Engineering Modelling MSc, Major in Solid Mechanics, 2022/2023/1.
Superuvisor: Attila KOSSA, PhD, associate professor, kossa@mm.bme.hu

1 Introduction

My thesis also deals with hyperelastic material modeling.
First, [ summarize the continuum mechanics background of
hyperelastic material modeling. Then, I introduce a new
hyperelastic model and obtain the corresponding stress so-
lutions for the following loading cases: uniaxial extension,
equibiaxial extension and constrained uniaxial extension. I
designed uniaxial and biaxial tensile test specimens on sili-
con specimens and performed mechanical tests on the ma-
terial. Then, I determined the material parameters of the
developed hyperelastic model by performing the correspond-
ing parameter-fitting procedure. Furthermore, I created the
UHYPER and VUMAT Fortran subroutines of the newly
proposed hyperelastic model for the Abaqus finite element
software. The performance of the user-written subroutines
was verified by finite element simulations.

2 Tasks

The incompressible version of the strain energy density func-
tion of the new hyperelastic model (named as H-K model)
is given by

wh-K = ¢ (602<h3> - 1) +CN(I —3)+ Cyln (%) (1)

where C'...CYy are the material parameters. I; and I denote
the first and second principal scalar invariants of the left (or
right) Cauchy-Green deformation tensor.

oN|™ =
= el I =

QUIBIAXIAL TENSION m

I A .
L NNy =5
Vunacrormed

Figure 1: Uniaxial and equibiaxial tensile tests.
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Figure 1 illustrates the uniaxial and equibiaxial tensile
tests I performed on silicon test specimens. The incom-
pressible UHYPER Fortran code written for the new H-K
hyperelastic model is shown in Figure 2 for illustration.

SUBROUTINE UHYPER(BI1,BI2,AJ,U,UI1,UI2,UI3,TEMP,NOEL,CMNAME,
1 INCMPFLAG ,NUMSTATEV,STATEV,NUMFIELDV,
2 FIELDV,FIELDVINC,NUMPROPS,PROPS)

INCLUDE ’ABA_PARAM.INC’

CHARACTER*80 CMNAME
DIMENSION UI1(3),UI2(6),UI3(6),STATEV (*),FIELDV (%),
1 FIELDVINC (*) , PROPS ()

PARAMETER (ZER0=0.0D0,0NE=1.0D0, TW0=2.0D0O, THREE=3.0DO0)

C1=PROPS (1)
C2=PROPS (2)
C3=PROPS (3)
C4=PROPS (4)

U=C1*(EXP (C2%(BI1-THREE))-ONE)+C3*(BI1-THREE)+C4*L0G(BI2/THREE)
UI1(1)=C1%C2*EXP(C2%(BI1-THREE))+C3
UI1(2)=C4/BI2

UI1(3)=ZERO

UI2(1)=C1xC2*C2*EXP (C2*(BI1-THREE))
UI2(2)=-C4/BI2/BI2

UI2(3)=ZERO

UI2(4)=ZERO

UI2(5)=ZERO

UI2(6)=ZERO

UI3 (1)=ZERO

UI3(2)=ZERO

UI3(3)=ZERO

UI3(4)=ZERO

UI3 (5)=ZERO

UI3(6)=ZERO

RETURN

END

Figure 2: Incompressible UHYPER code for the new model.

3 Results

The material parameters of the new hyperelastic material
model were obtained using a parameter-fitting procedure in
Wolfram Mathematica. The accuracy and performance of
the new model are demonstrated by comparing the new re-
sults with results obtained using existing hyperelastic mod-
els available in Abaqus. The Fortran subroutines I wrote
were used for finite element simulations of non-homogeneous
deformation in order to analyze the applicability of my codes
in complex cases. One example is shown in in Figure 3.

Figure 3: Logarithmic strain distribution for the equibiaxial
loading case using the UHYPER subroutine shown above.




Biharmonikus differencialegyenlet megoldasa félvégtelen le-
mezszalag esetén

HEGEDUS MATYAS ARPAD
Gépészmérnoki MSc, Alkalmazott Mechanika Specializacio, 2022/2023/1.
Témavezetd: Dr. Szabd Laszlo, egyetemi tandr, szabo@mm.bme.hu

1. Bevezetés

A biharmonikus egyenlet 0sszefoglalja a rugalmassagtan
alapegyenleteit sikfeladatok esetén, a megoldasaval kapott bi-
harmonikus fliiggvénnyel pedig leirhat6 a fesziiltség- és elmoz-
dulasmezd. A dolgozat {6 célja a biharmonikus egyenlet meg-
oldasa analitikusan, feélvegtelen, egyik végeén befogott, huzas-
sal terhelt lemezszalagok esetére. A megoldast ezutan ellen-
drizni kell végeselemes szamitassal, esetleg a szakirodalomban
talalt tovabbi analitikus megoldassal. Az analitikus megolda-
sok megalkotasan, illetve felkutatasan til tovabbi cél hozzajuk
tartoz6 szamitasi algoritmusok kidolgozasa.

2. Alkalmazott modszerek

A feladat megoldasat két kiilonb6zé peremértékfeladat
megoldasanak szuperpoziciojaként allitottam eld. Az elsd fel-
adat (I.) egyenletes htizassal terhelt végtelen szalag (sav). En-
nek megolddsa mar ismert a szakirodalombol.

A masodik feladat (II.) esetén az x = 0 helyen olyan meg-
0szl6 csusztatd fesziiltséget alkalmazunk y mentén, melynek
hatasara az y iranyu elmozdulas az 1. megoldasanak (-1)-sze-
rese. Ezutan a két megoldast 6sszegezve, az x=0 helyen a ke-
resztiranyu elmozdulas nullara adodik, a hossziranyu elmozdu-
1as pedig a terhelés szimmetrija miatt nulla. Ez megfelel a be-
fogasnak, ami az eredeti problémaban szerepel.
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1. abra. A megoldas eléallitasa szuperpozicioval.
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A 11. feladat megoldasat olyan fliggvények soraként irhat-
juk fel, melyek hossziranyban exponencialisak, keresztirany-
ban pedig a félvégtelen lemez geometriara jellemzo trigono-
metrikus Papkovich-Fadle-féle sajatfiiggvények jellemzik.

A feladatot megoldottam mas modszerrel, G. D. Gupta mii-
vei alapjan, valamint végeselem modszerrel is.

3. Eredmeények

A befogott, huzassal terhelt lemezszalag problémajara si-
keriilt analitikus megoldast taldlni fliggvénysorok formajaban,
valamint egy algoritmust kidolgozni a fiiggvénysorok ismeret-
len egyiitthatéinak szamitasara. Szintén késziilt egy eljaras a
Gupta-féle megoldasi modszerhez, amellyel pontonként sza-
mithatok a fesziiltségek a befogas keresztmetszetében. A ket
megoldassal kapott eredmények kozel megegyeztek egymassal
¢s a végeselemes megoldassal.

e

1.0

Ox (X.¥) 4
Po (1
2

0.0
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X
X [1] o 10

2. dbra A a,.(x, y) normalfesziiltség eloszlasa a befogds
kozelében

4. Osszefoglalas

A dolgozatban bemutatott modszerek jol hasznalhatok be-
fogott, huzassal terhelt félvégtelen lemezszalagok megolda-
sara. A megoldasok figyelembe veszik a szingularitasokat a sa-
rokpontokban. Ezen megoldasok egyik lehetséges iranya a to-
vabbfejlesztésre a véges hosszisagu lemezekre valo vizsgélat.
Ennek a feladatnak a megoldasa numerikusan rutinszertien el-
végezhetd, azonban analitikusan igen bonyolult. A szakiroda-
lomban is csak néhany vizsgalat talalhato erre a problémara.




Parameéteresen gerjesztett rugalmas szerkezetek
modellezése a Chebyshev — féle polinomokkal

HORVATH GABOR
Gépészmérnoki MSe Alkalmazott Mechanika Specializacio, 2022/2023/1.
Témavezetd: Dr. Szekrényes Andras, egyetemi docens, szekiQmm.bme.hu

1. Bevezetés

A mérndki hivatas gyakorlasa sordn meglep&en gyakran ta-
lalkozhatunk olyan gerjesztéssel, amikor a rendszer egy pa-
ramétere gerjesztddik valamilyen formaban. Jelen esetben
egy rugalmas szerkezet geometriai merevségi matrixa valto-
zik az id¢ fliggvényében periodikus lefutassal. A probléma
az, hogy az ilyen rendszereknél analitikusan legtébb esetben
nem allithato elé a ®(27) fématrix, aminek multiplikatora-
inak vizsgalataval meghatarozhato lenne a rendszer stabili-
tasa, ezért sziikség van egy optimalis numerikus moédszerre,
melyre a Chebyshev polinomok alkalmazasat valasztottam.

1. abra. Eltolt elséfaji Chebyshev polinomok.

2. Alkalmazott modszerek

A rendszer vizsgalatahoz természetesen nem elegendd csak
egy jo numerikus matematikai modszer, a mechanika olda-
larol sziikséges egy térbeli diszkretizacid is. A végeselem
modellhez 2. abra szerinti elemtipust valasztottam, amivel
létrehoztam a mozgasegyenlethez sziikséges matrixokat.

Ve N\

3 BEAM1D

vi(§) = ZO ;& = co+ 1€ + 28?4 c38®
iz

Lokalis hatarfeltételek:
01(0) = U;, ’U;(O) = ’l9i,
vi(1) = viy1, vi(1) = ipa.

i=1,2,3,...,N.

csomépont
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2. abra. Végeselem diszkretizacio BEAMI1D elemmel.
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3. Eredmények

/////

kihasznaljuk a polinomok rekurziv tulajdonségait, igy a kii-
16nb6z6 operatormatrixokkal a differencidlegyenlet — rend-
szert egy algebrai egyenletrendszerre vezeti. A modszer al-
tal meghatarozott eredmények ellenérzésének legegyszertibb
modja, ha numerikusan validaljuk azt, igy felépitettem egy
szimulaciot is, melynek eredményei 4. dbran lathatok.
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4. abra. c¢), d) paraméterparhoz tartozé szimulacio.

4. Osszefoglalas

Elmondhato, hogy a modszer azon feliil, hogy maximaélis
megbizhatosaggal prediktélja a stabil zonakat, nagysagrend-
del kisebb szamitasi id6t emészt fel mas eljarasokhoz képest.
Ezen tulajdonsaga okan, jovébeli célom, hogy a Chebyshev
polinomok alkalmazasanak modszerét atiiltessem idGkéslel-
tetett dinamikai rendszerek stabilitasvizsgalataba.
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Continuation routine development for periodic orbits of piece-
wise-smooth dynamic systems

ROLAND HORVATH

Mechatronic Engineer BSc, Specialization in Mechanical Engineering Modelling, 2022/2023/1.
Supervisor: Zsolt Iklodi, PhD student, zsolt.iklodi@mm.bme.hu

1. Introduction

The role, of piecewise smooth systems, is crucial in the
modern engineering modelling. If during the modeling process
of a piecewise smooth system, we also take account of impulse-
like effects (e.g. impacts), we get a so-called hybrid dynamical
system With the help of such systems we can simulate for ex-
ample the bipedal locomotion of a robot, a DC-DC Buck con-
verter, the movement of a bell and its clapper or even vertical
hopping too. Thus creating an algorithm as general as possible,
which allows us to define arbitrary number of discontinuity
manifolds, and on each of these manifolds both an impact-like
projection as well as a vector field change, can be very useful
to map periodic orbits of hybrid dynamical systems, and to fol-
low hybrid system specific bifurcations such as grazing and
sliding.

2. Applied methods

After setting up the boundary value problem of hybrid pe-
riodic orbits, the solution can be obtained with the help of the
shooting method. After a periodic solution has been found, the
continuation of that orbit can be carried in one parameter, using
the pseudo- arc length method. As a result of the continuation
runs, hybrid system specific bifurcations, such as grazing, and
sliding can be found by solving the non-linear system of equa-
tions containing the boundary value problem and the condition
of the bifurcation. Eventually the periodic orbit containing slid-
ing or grazing bifurcation can be continued in two parameters
by combining the three methods above. Furthermore, the sta-
bility of the periodic orbits can also be easily determined. The
numerical methods were implemented in MATLAB environ-
ment and the numerical simulations were aided by built in
event detection routines. With help of such routines an approx-
Imate method was applied in the case of the determination of
the critical grazing parameter.

3. Demonstration of the algorithm

The developed algorithm is presented through an impact
oscillator, where grazing can occur and a linear oscillator sub-
ject to dry friction , where sliding can be detected.

N N

e A B

1. Figure The model of the impact and linear oscillator
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Periodic orbit A period of the periodic orbit

2. Figure A periodic orbit with grazing bifurcation and
a periodic orbit on the boundary of the sliding
bifurcation

Continuation of the grazing bifurcation

; Continuation of the limit of the sliding bifurcation
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3. Figure Continuation of the grazing and the sliding
bifurcation

4. Summary

The developed continuation routine is capable of finding
critical periodic orbits containing grazing and sliding bifurca-
tions and continuing them in 2 parameters. Employing these
algorithms, a complete mapping of both the impact oscillator
and linear oscillator subject to dry friction dynamics can be
achieved. Moreover, it can also find and continue these bifur-
cations in 2 parameters in any generalized piecewise-smooth
system, because the code was written completely independent
of the system and the generalization is preserved throughout
the structure of the algorithm.




Haromtengelyes modalis kalapacs kalibracidja

KALMAN JOZSEF LEVENTE
Gépészmérnoki BSe, Gépészeti FejlesztS Specializacio, 2022/2023 /1.
Témavezetd: Dr. Bachrathy Daniel, egyetemi docens, bachrathy@mm.bme.hu

1. Bevezetés

Az altalam vizsgalt feladatban egy olyan modélis kalapécs
elkészitése és validalasa a cél, ami mindharom tengelye men-
tén képes az er6t mérni. Ennek fontossaga az emberi pon-
tatlansaggal bevitt hiba kontrolaldsa. Fratér Zoltan hallga-
totarsam diplomamunkajanak folytatasa ez a szakdolgozat.

Egyszerd geometriaju méréseknél is figyelni kellett, hogy
a feliileti normalisra parhuzamosan torténjen a gerjesztés.
Nagyon fontos ismerni a gerjesztés irdnyat a valasz fliggvény
meghatarozasa érdekében. Ha rossz (ferde) volt az iités, ak-
kor olyan irdnyokat is rezgésbe hozunk, amikrél nem tudunk.
Nagyon kis eltérés is nagyban befolyasolja a mérési eredmé-
nyeket.

1. abra. Elkésziilt kalapacs 0sszeszerelt allapotban

2. Alkalmazott modszerek

Az id6tartoménybol a frekvencia tartoméanyba vald vizsgélat
soran Fast Fourier transformaciot hasznaltuk.
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2. dbra. Frekvencia tartoményban a vizsgalt alkatrész elsé
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nyok szerint
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Abban az esetben ha az iités és a gyosulas mérés azonos
tengelyen torténik egy frekvencia csics adodik, mivel a ke-
reszt irdnyu tagot nem gerjesztjik meg. Ha a mérés és az
ités tegelye merdGleges egymasra, akkor az abran is lathato,
hogy megjelenhet a méasodik csiics. Fontos tovabba a di-
agrammon megfigyelni az amplitido skalat, mivel a vegyes
mérések esetén egy nagységrenddel kisebb az érték. Ezen
két mérés esetén nem lenne szabad latnunk semmilyen més
sajatfrekvenciat.

3. Eredmények

A koherencia szamitasanal a frekvencia spektrumot vizsgél-
juk. Az a célunk, hogy minél inkdbb egy y = 1 egyenest
kapjunk és a lehetd legkevesebb legyen benne az egytdl valo
eltérés. A kiillonbozd mérések sordna az iités és a gyorsulés-
méré felszerelésének iranya valtozott ([iités irdnya, gyorsu-
las mérés iranyal, [x,x|, [x,y], [v,x], [v,¥]). A keresztirdnyu
tagokat ki tudtuk mérni és a haromtengelyes kalapacsnak
koszonhetGen a mérési hibdkat ki tudtuk valogatni.
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3. abra. Koherencia vizsgalata kiilonbozé gerjesztési és mé-
rési iranyok szerint

4. Osszefoglalas

A héaromtengelyes kalapacs legjobb hasznélata érdekében
egy kisebbb tomegi fej legyartdsa mindenképpen sziikséges.
Tovabba éremes lenne egy olcso és egyszerid megoldést ta-
szonylag egyszerd kameras megoldés, de ebben az esetben
a feldolgozand6 adatok mérete, jelentGsen megns. Masik
opcid a mobiltelefonokban hasznélt giroscope feszerelésével
egy kiindulési pozi- cibhoz valo elmozdulés nyomonkovetése.




Lagy polimer habok benyomddasvizsgalatanak kisérleti és nu-
merikus vizsgalata

KOVACS GERGELY
Gépészmérnoki MSc, Alkalmazott Mechanika Specializacio, 2022/2023/1.
Témavezeto: Dr. Berezvai Szabolcs, adjunktus, berezvai@mm.bme.hu

1. Bevezetés

Polimer habokat elterjedten alkalmaznak szamos iparagban
a kedvezo tulajdonsagaik miatt. A széleskori elterjedéssel azok
modellezése iranti igény is megndtt. Az 6sszenyomhatd, hipe-
relasztikus habok modellezésére minddssze egy elfogadott €s a
kereskedelmi végeselem szoftverekbe is beépitett anyagmodell
létezik, ez az Ogden-Hill habmodell. Ezen konstitutiv modell
paramétereinek illesztése egyaltalan nem egyértelmili, még
egyszerl esetekben, homogén deformaciok esetén sem. A be-
nyomodasteszt a komplex fesziiltségallapota miatt egy széles-
korben alkalmazott vizsgalat az anyagmodell validalasara. A
diplomamunka célja a benyomddasteszt kisérleti és numerikus
vizsgalata, tovabba a benyomodasteszt paraméterillesztés so-
ran torténd hasznalhatésaganak felderitése.

2. Alkalmazott modszerek

A numerikus vizsgélatok elvégzéséhez egy automatizalt
végeselemes eljaras keriilt kifejlesztésre. Az eljaras alkalmas a
felhasznalé altal definidlt paraméterkombinaciokkal torténd
vizsgalatokra. Az eljards az adott paraméterekre elvégzi a vé-
geselem modell felépitését és a szimuldciok futtatasat
ABAQUS-ban, majd a csomodponti koordinatdkat tartalmazo
eredmény fajlokbol MATLAB segitségével torténik a kimeneti
paraméterek meghatarozasa ¢s rendszerezése tovabbi vizsgala-
tokhoz. Egy meghatarozott paramétertartomanyon paramé-
terérzékenységi vizsgalat tortént.

1. abra: A benyomodastesztet deformaciojat jellemzo
kimeneti geometriai paraméterek

Az elméleti szamitasok utan két kiilonb6zo tipusa habon
fizikai mérések kovetkeztek. Egy alkalmas kisérleti elrendezés
¢s a képfeldolgozason alapuld kiértékelés lehetdvé tette a de-
formalt alak vizsgélatat.

Egy- és kéttengelyli nyomas tesztek eredményeinek segit-
ségével az anyagmodell paramétereinek illesztése is megtortént
harom kiilonb6z6 megkdzelitésben.
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2. abra: A kisérleti elrendezés és a képfeldolgozas fobb lépései

3. Eredmények

A fizikai teszt eredményeket €s a numerikus vizsgalatok
eredményeit 0sszehasonlitva a vizsgalt habok anyagmodell pa-
ramétereire kvalitativ kovetkeztetéseket lehetett tenni.

A harom paraméterillesztési eljaras eredményeit csak egy
esetben igazoltak a korabban tett kvalitativ megallapitasok, de
fesziiltségek tekintetében az illesztés még homogén deforma-
ciok esetében 1s pontatlan.

Az illesztett anyagmodell paraméterekkel futtatott 01 szi-
mulaciok eredményei nagy pontossaggal egyeztek a mérések-
kel.
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3. dbra: A paraméterillesztés eredményei (balra) és a
benyomodasteszt soran bekovetkezo térfogati deformacio

(jobbra)

4. Osszefoglalas

Fizikai benyomddas tesztek alapjan az anyagmodell para-
métereire vonatkozoan kvalitativ becslések tehetok, de a pon-
tos értékiik nem meghatarozhato. Az illesztett paraméterekkel
végzett szimulaciok komplex fesziiltségallapotban is jol illesz-
kednek a mérési eredményekre a deformaciok tekintetében,
mig a fesziiltségek tekintetében még homogén deformaciok
esetén sem.




Numerical material constitutive model calibration workflow for

continuous fibre reinforced plastics

ZOLTAN LADO
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1. Introduction

Nowadays, the application of continuous fibre reinforced
plastic (CFRP) materials become widely used due to their fa-
vourable mechanical properties. These advanced materials can
offer better solutions than conventional materials in many en-
gineering applications, such as aerospace and automotive in-
dustries. Even though they have excellent material properties,
the accuracy of material behaviour prediction is still problem-
atic due to inhomogeneity and anisotropy. As virtual approxi-
mations gain more importance in industrial practice, there is a
demand to improve finite element analysis (FEA) of such ma-
terials. A new, industry-oriented approach has been identified,
which has the aim to calculate material model parameters of
orthotropic composite layers including nonlinearities as well as
multiaxial failure behaviours of CFRPs. Within this project 1
developed an algorithm that automatically prepares virtual
FEA simulations of standard test with the available test data for
numerical material parameter optimisation purposes.

"
o
o
Tt
"
o
o

-----
'

ot

art

Steel Other
B Carbon laminate 10% 5%
Carbon sandwich o

B Fiberglass Titanium
M Aluminum 15%

O Aluminum/steel/titanium pylons

Composites
50%
Aluminum

20%

Figure 1 Material content by weight of Boeing 787
Dreamliner

2. Applied methods

The algorithm is basically an automated pre- and postpro-
cessor of virtual test specimens. During its operation it uses
several different files, which contain the settings and configu-
rations, while the inputted parameters are specified by the user.
After the user gives the inputs (standard type, settings, material
model and parameters), the algorithm creates the FE model rep-
resenting the experiment in question. When the solution is
done, it extracts the results according to the standard prescrip-
tions. Reaction force / moment, strains and displacement were
examined. Currently, nineteen different specimen configura-
tions and three material models are available for simulations.
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Model files:
* Node definitions
» Element definitions
» Fixation node set
* Load node set
* Local coordinate systems
* Special elements

Create MASTER
file subroutines
) Standard test Evaluation
specimen database files |

Model specific | | | FE model
input files (MASTER)

—-{ Postprocessing %# OUTPUT ‘

Template files ‘
Data given by the user:

* Solver settings le j
* Material model and ‘

parameters _— Configuration files
» Composite layup and ‘ (INPUT)

Write in data Postprocessing
subroutines subroutines

fibre orientation
* Load
+ Standard type

Read in data
subroutines

Figure 2 Workflow of the algorithm

3. Results

The FE results of the algorithm were validated by conven-
tional FE calculations in which each test was prepared with the
same mesh quality and settings. During the validation all test
specimens were checked with the available material models.
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Figure 3 Comparison of the results for ASTM-D5379 test
specimen

4. Summary

The developed algorithm and the database of test speci-
mens can be used perfectly for the current cases. Further task
is to complement the test specimen database with the missing
ones, and to implement more constitutive material models in
the algorithm. Furthermore, the most important step is to im-
plement this script to the parameter optimizing algorithm.
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Analysis of the improved car-following model based on
measured data

KRISTOF MARTINOVICH
Mechanical Engineering Modelling MSc, Major in Solid Mechanics, 2022/2023/1.
Supervisor: Adam Kiss, research assistant, kiss a@mm.bme.hu

1 Introduction

The goal of the thesis is to validate our preliminary assump-
tion of the varying nature of human driver reaction time (as
opposed to the widely used constant delay), by comparing
the extended car-following model, the constant time delay
model and the measurement data. We use open-access US
highway traffic measurements of various situations and the
car-following model-specific road measurements.

2 Applied methods

The large quantity of highway trajectory data is evaluated
using a semi-automatic driver delay estimation algorithm.
The results in Fig. 1 clearly show an increasing trend in
the relation between human reaction time and the head-
way, which can be modelled mathematically by headway-
dependent time delay.

8

7 =0.0499h+0.794, Ré dj:0.46
| = = =7=1.926 (s)
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Time delay 7 (s)
[\V) =~

Headway h (m)

Figure 1: Delay estimation by highway trajectory data, il-
lustrating the relation of time delays vs. headways.

We extend the commonly used car-following model utilizing
a nonlinear state-dependent delay system. The measure-
ment layout and the corresponding theoretical model are
illustrated in Fig. 2. It is first examined via linear stabil-
ity analysis, resulting in stability diagrams. Then nonlinear
analysis is carried out to determine the steady-state periodic
orbits using numerical continuation technique and numerical

simulation.
™Sy

Figure 2: Measurement layout and mechanical model of hu-
man drivers (blue, red) and one automated vehicle (green).
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3 Results

The results of the improved model perfectly fit the measured
data for all points in both measurement configurations pre-
sented in Fig. 3, while the constant delay model, widely used
in the literature, cannot even qualitatively describe the be-
haviour of the system. The parameters are consistent with
the literature and the used state-dependent delay complies
with the scatter data shown in Fig. 1.

(a) 1. configuration (b) 2. configuration
unstable ‘ ‘ ‘ ‘ funstable/ ‘ ‘
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Figure 3: Linear stability diagrams of the measurement and
the state-dependent delay model.

The nonlinear analysis shows qualitatively good results for
a significant part of the measurements, but it does not re-
produce the seemingly large bistable area shown in Fig. 4.
However, further numerical simulations and parameter tun-
ing provide explanations for the difference between the the-
oretical model and the collected data.

(a) 1.config., Kk = 0.8 (b) l.config., k =1
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Figure 4: Bifurcation diagrams comparing the measure-
ments and the results of state-dependent delay model.

4 Summary

Based on the highway measurement data, the human reac-
tion time with respect to headway can be more accurately
modelled with state-dependent time delay. Applying the
model to the road measurements results in a perfect fit for
the linear stability analysis and a qualitatively good descrip-
tion of the nonlinear behaviour of the system. On this basis,
we can conclude that the improved car-following model can
provide a qualitative leap in modelling traffic in the future.
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Development of synchronous motor control algorithm for FPGA
board of rapid prototyping unit

MATE DANIEL MOLNAR

Mechatronic Engineer BSc, Specialisation in Mechanical Engineering Modelling, 2022/2023/1.
Supervisor: Dr. Zsolt Szabo, associate professor, zsolt.szabo@mm.bme.hu

1. Introduction

Permanent magnet synchronous motors (PMSMs) are very
popular for servo drive applications due to their reliability and
high power density. For the efficient and safe operation of these
motors, a well-designed control algorithm is needed.

Rapid prototype development or rapid prototyping is a
widely used development method in the automotive industry.
The thesis is focused on rapid control prototyping. This makes
the development of control algorithms very time- and cost-ef-
fective. Instead of manufacturing a new ECU (Electronic con-
trol unit, a printed circuit board with a microcontroller for ex-
ample) every time an update occurs in the control algorithm,
with the use of a rapid prototyping system the algorithm can be
simulated real-time and tested on the real motor.

The rapid prototyping unit used in this thesis contains not
just the real-time CPU, but also an additional FPGA board.
FPGAs (Field-programmable gate array) can be used for rapid
prototyping due to their flexibility and speed. The aim of this
thesis is to develop a motor control algorithm for PMSM mo-
tors that can run on the FPGA board of the rapid prototyping
unit.

1. Figure The equivalent circuit and structure of PMSM.

2. Applied methods

The control scheme of electrical drive systems is usually a
cascade feedback control. The inner-loop is a current controller
and the current reference values are calculated by another
outer-loop controller, that realizes the primary objective, in this
case speed control.

The current control is realized using field-oriented control
method. This is based on the analogy of PMSM motors to DC
motors. In the rotating reference frame one of the current com-
ponents is responsible for the flux generation in the air-gap and
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the other one is for the development of torque. These can be
controlled separately with PI controllers.

The power supply of the motor is given by a two-level
three-phase voltage source inverter using space vector PWM.

The control algorithm was developed in Matlab/Simulink
environment with the use of specialised blocksets that can be
translated into HDL (Hardware description language) code.
The control parameters were calculated using pole-placement
method. Simulations in Matlab/Simulink were carried out to
verify the proper functioning of the control. It is important to
note that the control can behave slightly differently on the real
hardware due to the real-time task handling and the parallel
computation of the FPGA but it is very useful. For this the in-
verter and PMSM were also simulated.

After the simulations all the necessary files were created,
the program was compiled and uploaded to the real-time sys-
tem. Tests were conducted on the real PMSM motor.

3. Results

It can be seen on figure 2. that the speed control algorithm
works, the speed follows the reference signal well both in the
case of simulations and the hardware test. However, in the
hardware test the performance of the control is not as ideal as
in the simulation results and there is a noise proportional to the
speed. This in part can be attributed to the noise of the speed
calculations that use angle measurements.

T 150
7 150

2. Figure The simulation (left) and hardware test (right)
results for the mechanical speed

4. Summary

A speed control algorithm for PMSM motors was devel-
oped for the FPGA board of a rapid prototyping unit. Both sim-
ulation tests and hardware tests were conducted. Overall, the
control works appropriately, however the performance on the
real hardware is not as optimal as in the simulations. This can
be improved upon in future works.
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Demonstration of the bicycle dynamics
by simulation and measurement

ABEL MIHALY NAGY
Mechanical Engineering Modelling MSc, Major in Solid Mechanics, 2022/2023/1.
Superuvisor: Dr. Giuseppe HABIB, associate professor, habib@mm.bme.hu

Advisor: Dr. Ambrus ZELEI, assistant professor, zelei@mm.bme.hu
Adwvisor: Dr. Paul FISETTE, full professor, paul fisetteQuclouvain.be

1 Introduction

Bicycles often exhibit a self-stable lateral dynamic behaviour
at a certain speed range. The goals of this Thesis were to
demonstrate this phenomenon through different mechanical
models; and to develop a method to capture the joint coor-
dinates based on video recordings of an experimental setup.

2 Applied methods

I modelled the bicycle as a multibody system consisting of
4 rigid parts: the rear body with a rigid rider, the steering
assembly and the 2 wheels. The 9 generalized coordinates
are the position of the rear body center of mass (zg, ys, 2B),
the rotation of the rear body (v, ¢,0), the steering angle o
and the rotation of the wheels (6g, 0r) (see Figure 1).

Figure 1: The Whipple-Carvallo bicycle model.

[ investigated two wheel-ground contact models: a non-
holonomic model with rigid wheels and no-slip, and a holo-
nomic model with compliant wheels and slip. The latter
involved different tire models, which provided the longitu-
dinal and lateral forces and the yaw torque. I implemented
the models in Robotran environment and simulated their
motion in the time domain. Additionally, modal analysis
was performed based on the linearized equations.

Regarding the experimental setup, I attached markers
on a bicycle to capture its motion with a camera. After the
post-processing, the joint coordinates were reconstructed
from the recordings via nonlinear optimization.
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3 Results

The eigenvalues of the linearized holonomic model can be
seen in Figure 2. For approximately v € [2.8]3.9] [m/s] the
stable velocity range, where all the real parts are negative, is
identified. The measured steering angle is visible in Figure
3, for which the weave mode is fitted.

10

Re

-10
v [m/s]

Figure 2: The eigenvalues for different forward speeds.

measured
fitted

Figure 3: The steering angle obtained from motion capture.

4 Summary

Despite some mismatch between the holonomic and non-
holonomic models, the developed simulation tools proved to
be useful for predicting the bicycle dynamics. The motion
capture method allowed to reasonably track the bicycle con-
figuration; however, a more sophisticated hardware would
improve precision of measurements.
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Effect of the surface quality on the kinematic and dynamic pro-
perties of human running

BENDEGUZ NAGY
Mechanical Engineering Modelling MSc, Major in Solid Mechanics, 2021/2022/11.
Supervisor: Dr. Ambrus Zelei, associate professor, zelei@mm.bme.hu

1. Introduction

Running is one of the most popular sports worldwide.
Most people run to stay healthy, stay in shape, have fun or re-
lieve stress. However there are some running-related injuries.
Running analysis and understanding of movement can help to
avoid these injuries and maximize the efficiency of running.
Nowadays there are a large variety of methods to analyze the
motion: kinematic- and kinetic analysis, including marker-
based methods, foot pressure measurements. Several parame-
ters, such as kinematic of the joints, ground reaction forces,
work of the muscles, can be well determined by these meth-
ods and tools. These parameters facilitate the comparison of
different running forms.

Our goal is to experimentally find the difference in the
running form when someone runs on stiff or elastic surface. In
parallel to the experiments, we would like to gain information
by means of a model that includes ground stiffness. We would
aim to find the factors and kinematic properties of the running
form that help to reduce the risk of injuries and pain.

2. Applied methods

The SLIP models were created in MATLAB environment.
The equations of motion of the system are second order ordi-
nary differential equations. The built-in MATLAB function
ode45 can solve nonstiff differential equations using medium
order method.

During our measurement the OptiTrack camera system and
Moticon OpenGo Sensore Insoles were used. The data stored
by the Moticon OpenGo insoles were uploaded to the computer
software via the mobile application, from where the data could
be saved in .txt format. Data processing was performed using
MATLAB. The measurement data recorded by the OptiTrack
camera system were processed with the Motive software
(OptiTrack's own software). The range of usable data were
saved in .csv format, which were later processed using
MATLAB.

In addition to the visual comparison, Wilcoxon rank-sum
(unpaired) and signed-rank (paired) statistical tests were used
to compare the measures for the different surfaces.

3. Results

The MATLAB script compared the different surfaces for
one subject and the measurements of all subjects on the same
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surface. The comparison of the measurement results was fol-
lowed by a comparison of the measurement and the model.
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1. Figure: SLIP models

1. Figure: Stroboscopic view of the SLIP model with foot
elasticity and damping

Concrete

‘ Measures ‘ Rubber sheet ‘ hsigm’ﬂ‘ rank hr.rmk SUm

Fremax [[] | 0.40680.0632 | 0.3727-£0.0642 1 0
Fremax -] | 0.881540.0407 | 0.9177+0.0337 1 0
sa [INm/rad] | 2563+101 2339498 1 1
s, [Nm/rad] | 35924148 33074130 1 1
M,ic [Nm] | 459241451 | 329.0+206.0 1 1
Myc [Nm] | 372241314 | 267.5+181.1 1 1
Sleg [N/m] 1334461 1348461 0 0
svert IN/m] 1387467 1406+66 0 0
PTS [g] 1.560+0.068 | 1.65240.081 1 1
Agride Im] | 1.39240.083 | 1.457£0.066 0 1
Vavg [m/s] | 4.023+0.280 | 4.164+0.227 0 0
SWiabs [K]] | -350.3+409 | -381.1466.8 1 1

1. Table: Comparison of measures for different surfaces
(h=1: there is a significant discrepancy between the

measures of the different surfaces)

4. Summary

The measurement for different surfaces returned the con-
clusions of the literature. When comparing the measurement
and the model, the measures differed in order of magnitude, but
the tendencies were similar, therefore the model can be consid-
ered successful. By measuring more subjects, the result can be
refined.




Turbinalapatok rezgéstani elemzése

NEMETH OLIVER
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1. Bevezetés

Napjaink egyik {6 villamos energiaforrasa az erémiivekben
lizemel§ gézturbinakbol szérmazik, melyeknek egyik legkri-
tikusabb alkatrésze a turbinalapat. A gézturbinalapatoknak
két gyakori tonkremeneteli oka van. A leggyakoribb ok egy
kialakult repedés miatt megvaltozott sajatfrekvenciak okoz-
ta rezonancia mely nagyciklusa kifaradashoz vezet. A masik
jellemz6 tonkremeneteli ok a képlékeny alakvaltozas jelenlé-
te mellett végbemend kisciklusi kifaradéds. Munkam soran
a szazhalombattai erémiiben iizemeld torést szenvedett gbz-
turbinalapét rezgéstani és szilardsagi vizsgalatat végeztem
el végeselemes modszerrel.

2. Rezgésanalizis

A CAD geometria létrehozésat kovetGen a modalis véges-
elemes modell peremfeltételit dllapitottam meg, mely soran
a numerikus eredményeknek a rendelkezésemre allo kimért
sajatfrekvencidkra torténd legjobb illeszkedése volt a cél. A
validalt numerikus modellel megvizsgéltam a forgas (mere-
vits és giroszkopikus hatas), a szomszédos lapéatok, illetve a
lapatténél kialakulo repedés befolyasat a lapat sajatfrekven-
cidira. Eredményeim alapjan kijelenthets, hogy a forgas, a
szomszédos lapatok hatéasa, valamint egy tetszdleges mére-
tld repedés létrejotte a szilardségi szempontbol kritikusnak
mondhato6 lapatténél nem idézhettek el6 rezonanciat.
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1. abra. Campbell diagram.

3. Szilardsagi analizis

A szilardsagi vizsgalat soran a gézturbinalapét statikus, kis-
¢és nagyciklusi kifaradasra torténd kiértékelését végeztem el.
A lapat terhelése huzés és hajlitas volt, mely a forgasbol és
a géznyomasbol szarmazott. A fesziiltségértékek meghaté-
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rozasahoz egy olyan végeselemes modellt hasznéaltam mely-
ben nemlinearis surlodasos kontaktokon keresztiil érintke-
zett egymassal a lapat és a jarokerék szelet. A peremfelté-
telek meghatarozasat kovetGen submodellezési technikéval
hoztam létre a megfelel6 strtségt halot, mellyel megallapit-
hato volt a lapatts lekerekitésénél ébredd fesziiltségmezs.

2. 4bra. Alkamazott submodell.

A lineédris anyagmodellt alkalmaz6 numerikus modellel
meghatarozott fesziiltségeket sziikséges volt atszdmolni va-
l6s fesziiltségértékekre a kisciklustu kifaradas soran létrejo-
v6 plasztikus nyulas vizsgalatdhoz. Ehhez a nemlinearis
Ramberg-Osgood anyagtorvényt és a Neuber-formulat al-
kalmaztam.

664,38 Max

18,732 Min

3. abra. Von Mises egyeneértéki csics fesziiltség [MPal.

4. Osszefoglalas

Eredményeim alapjan elmondhato, hogy a turbinalapat to-
résének oka nem lehetett rezonancia, a nyomasingadozés ha-
tasadra bekovetkez6 nagyciklusi kifaradas sem kovetkezhe-
tett be, illetve tilterhelés miatt keletkezd képlékeny defor-
méacié sem okozhatott statikus és kisciklusa tonkremenetelt.
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Analysis of Zeno behaviour in low degree of freedom dynamic
systems with impacts

Timea Pal
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1 Introduction

With the so called Zeno effect can be faced in several fields
of engineering life. However even nowadays, it means diffi-
culties to properly dinvestigate these systems.

In this thesis the Zeno effect is presented through the model
of an impact damper, it can be observed at he infinite num-
ber of collisions of the damper mass and the housing in
finite time period.

m(t)

@

N2

i

Figure 1: Mechanical model of a simple impact damper

2 Mathematical model

The system of differential equations, characterising the
model, after the nondimensionalisation have the following
form:

(i (t) =-1, (1)
o (t) + 2CY2(t) + ya(t) =0 . (2)
The collisions of the bodies are taken into consideration
with the law of impact.
It is possible, that the damping mass is sticked to the
housing of the damper, which yields a new system with a
single (my + my) vibrating mass:
~2

3 (:}n:v Wy mq
t 20—1qy(t —y(t
y(t) + Cwny( Hwﬁy( ) +

— =0 3
mi + mg 3)

The objects move together until the condition of separation
is not fulfilled:

g
mig—k (%2 — 77575) =0, (4)

3 Numerical Investigation

The system was solved numerically, furthermore parameter
sweep simulation was carried out. According to the results
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the number of collisions of the bodies is proportional to
the coeflicient of restitution r, and inversely to the mass
ratio p of them. Moreover the number of sequences of
collisions and the total energy of the system depend on p
and r inversely.

71,0 = 1.2 [m/s],
2,0 = —1.97 [m/s]

11,0 = 1.2 [m/s],
Y20 = —2.42 [m/s]

In(j) [1] E(t)]j=1 [J]

0.9

0.6

0.3

Figure 2: The number of occurring sequences of collisions
and the total energy at the end of the first sequence

4 Analytical approximation

As in the small domain before the damping mass sticks to
the damper the numerical solver fails, analytical approxim-
ations were determined based on the closed form solution
of the system.

y1(t) —e—e— Mapping+h.o.t.
y2(t) —=—— Mapping (linear)

y1,2(t) [1]

258 250 260
t[1]
Figure 3: Accurate numerical solution with the analytical
approximations

5 Summary

The behaviour and the dependencies on the parameters
of the presented system is shown by the numerical results.
Furthermore an acceptably accurate numerical mapping
was determined to be able handle the collisions between

the bodies in the range, where the numerical solver is not
able.




Numerical modelling and stability-analysis of snap-through
in soft rubber shells

BARNABAS PIRI
Mechanical Engineer BSc, Specialisation in Mechanical Engineering Development, 2022/2023/1.
Supervisor: Dr. Szabolcs Berezvai, Assistant Professor, berezvai@mm.bme.hu

1 Introduction

One of the limiting factors of current soft actuators-which
are used in soft robotics-is their limited speed. The soft
actuators typically made of silicone, which has nonlinear
stress-strain characteristics. This behaviour can be de-
scribed using hyperelastic material models. By exploiting
instabilities, the actuators are capable of sudden movement.
The goal of my thesis is to trigger the hyperelastic insta-
bility and optimize the released energy from the system by
varying the actuator’s geometric and material parameters.

b <1073

Snap-through 7]
g 34
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Figure 1: The concept of the snap-through instability

2 Applied Methods

The aim of the work is to create an automatic simulation
environment, where the released energy can be evaluated in
terms of the input parameters, using finite element simu-
lations made with ABAQUS. In my work, I used first- and
second - order Ogden hyperelastic models to capture the ma-
terial’s response.

Enclosed volume

Inner shell

—
xz

Figure 2: The geometry and its control points

The inflation is modeled using an ideal gas model and a pre-
defined interaction in ABAQUS called 'Fluid Cavity’. The
numerical modelling was performed using the RIKS method,
which is a powerful method for solving nonlinear systems.
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3 Results

The released energy can be obtained from the resultant pres-
sure-volume curves of the simulated actuators, using nu-
merical integration, which was the 3/8 rule of Simpson’s
method in my case. After setting up the range of every ge-
metric parameter, the results indicated that there are several
geometric configurations with the same released energy.

Shell thickness, t; = 3.5 mm

1.50

1.25

1.00

0.75

Opening angle, 6; (°)

0.25

Dimensionless energy, AFE (1)

80 1 v

15 16 17 18 19 20 21 22 23 24

0.00

Semi — axis of ellipse, B; (mm)

Figure 3: The released energy in terms of the parameters

In order to optimize the material properties, I have chosen a
few determinant geometries on which to perform the tests.

20000 7.0 x10°
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15000
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Initial shear modulus, u (Pa)
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x10~5

Volume (m?)

Figure 4: Resulting p—V curves for different materials

4 Summary

In general, regarding the simulations, the optimization was
succesful: using different geometries and materials, the re-
leased energy can be tuned, and the shape of the actuator
can be chosen depending on the application. According to
these simulations, comparing my results to scientific litera-
ture, my optimized actuator is capable of a slight (~ 20%)
energy gain.
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Feasibility Study of an Aeroelastic Pseudo-Satellite

AK0S RADVANYI
Mechanical Engineering Modelling MSc, Major in Solid Mechanics, 2022/2023/1.
Supervisor: Dr. Zoltan Dombovari, associate professor, dombovari@mm.bme.hu

1 Introduction

High Altitude Platforms, or Pseudo-Satellites (HAPS) are
unmanned vehicles operating in the stratosphere and pro-
viding services like Earth observation, telecommunication or
navigation. However, the low driving power extracted from
solar energy requires a specific design of these satellites in-
cluding a lightweight structure and long, flexible wings (see
Figure 1). These features make them particularly prone for
harmful mechanical vibrations.

Figure 1: Structure of pseudo-satellites (Airbus Zephyr)

The main objective of my work is to develop a workflow
suitable for estimating pseudo-satellite wing shapes and sup-
pressing harmful vibrations, thereby improving the quality
of onboard optical sensing techniques. My thesis was writ-
ten in the framework of a project of SZTAKI.

2 Applied methods

The mechanical model of the simplified wing is shown in
Figure 2.

y
1* camera 2" camera
* CAN-servo / Direct drive
\ m
® /
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L, my
|
Ly R
L, .
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Figure 2: The mechanical model

Analytical as well as finite element calculations were
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carried out to select dimensions and material for the wing
model. After transforming the finite element model of the
wing to modal space, the corresponding state space model
of the structure is obtained. Two different active vibration
control strategies are tested: LQG and H,, control method.

3 Results

As a result of the calculations, it was found that an
AlMgSi0.5 alloy 5 m long beam model with 40 x 40 mm
hollow square cross-section and 3 mm thickness is suitable
to fulfill the design requirements. The LQG control showed
a significant attenuation, however, only the H,, control was
capable of handling time delays coming from the character-
istics of the actuator motor.

Bode diagram

Magnitude {dB)

100 L ! )
10" 10! 10° 107
Frequency (rad/s)

Figure 3: Performance of the designed control strategies

4  Summary

Commertial exploitation of high altitude platforms is still
prevented by some technological barriers originated from
harmful mechanical vibrations of the flexible structure due
to atmospheric excitations. In my thesis, I designed a simpli-
fied wing model suitable for imitating the flexible dynamics
of pseudo-satellites. This model is installed in a laboratory
of SZTAKI which provides a great opportunity to study the
vibrations of such a satellite wing without expensive flight
tests. Various active vibration control strategies were tested.
In the future, the most promising strategy will be imple-
mented on an embedded computer to test its performance
on the physical model, too.
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Nonlinear dynamics of balancing on rolling balance board

DANIEL ROZSA
Mechanical Engineering Modelling MSc, Major in Solid Mechanics, 2022/2023/1.
Supervisor: Tamés Insperger, PhD, professor, insperger@mm.bme.hu

1 Introduction

Studying simple models of human balancing could help us
better understand the functioning of our central nervous sys-
tem and then develop simple balancing tasks or even com-
plex therapies that could help elderly people in balancing.

y ¥

Figure 1: The 2-DoF model of balancing on a balance board.

The main goal of my thesis was to build and analyse
nonlinear dynamics related to a two-degrees-of-freedom me-
chanical model of human balancing on a rolling balance
board in the sagittal plane (see Figure 1). In case of hu-
mans, active control is necessary to maintain balance. This
control torque was modelled as a delayed PD controller at
the ankle. A combined visual /vestibular time delay (7) was
used to model the human reaction time. Having derived the
equation of motion of the system and examining linear sta-
bility, the amplitude of a limit cycle that arises from a Hopf
bifurcation was approximated analytically. The analytical
results were then compared to measured data and results of
numerical simulations.

2 Methods

A direct method, called Walton-Marshall method, was used
to determine the critical time delays of the system. It can de-
termine the time delay intervals that lead to a stable system
in case of a fixed control parameter combination. Further-
more, optimal control parameters were calculated with the
help of theorems related to multiplicity induced dominancy.
The analytical approximation of the amplitude of a limit
cycle is obtained by applying Center Manifold Reduction
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and the Poincaré-~Andronov-Hopf theorem. The analytical
calculations were carried out using the Wolfram Language,
while MATLAB scripts were used to perform numerical sim-
ulations. The calculations were run for nine different combi-
nations of R and h mechanical parameters. Measurements
were also conducted using a digital motion capture system
that consists of 18 cameras.

3 Results

The Hopf bifurcation induced limit cycle amplitudes were
approximated both analytically and numerically. A brief
summary of the effect of different R and h parameters on
the amplitude of stable limit cycles is shown in Figure 2.
This figure also shows compares the analytical and numeri-
cal results.
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Figure 2: The effect of different R and h parameters on the
amplitude of stable limit cycles.

4  Summary

Experimental results differ from the model based ones in
many aspects but an alternative measurement setup or the
choice of different control parameters in the model might be
able to capture the oscillations that result from a Hopf bi-
furcation. The knowledge of the exact human reaction time
that is needed for balancing on a balance board could also
help confirm the validity of the results obtained from the
mechanical model.
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Human balancing on rolling balance board with adjustable ge-
ometry in the frontal plane

SARDI FERENC ZSOLT
Faculty of Mechanical Engineering, Mechanical Engineering Modelling, 2022/2023/1.
Supervisor: Molnar Csenge Andrea, lecturer, csenge.molnar@mm.bme.hu

1. Introduction

In my thesis I built a model which can represent the human
balancing on a rolling balance board. The first main part of the
applied model is the balance board which can be seen on Fig-
ure 1.

Figure 1 — Balance board

The second main part of the model is the representation of the
human body. The structure of the model is basically a four-bar
mechanism. The two legs, the hip, and the trunk is represented
in this model. We can observe the combined, two-dimensional
model of the human body and the balance board in the coronal
plane on Figure 2.

Figure 2 — Model of human balancing on balance board

The determined model has two degrees of freedom. One gen-
eral coordinate measures the motion of the balance board by
the angle of the standing board compared to the horizontal po-
sition, while the other general coordinate measures the motion
of the humanoid model by the angle of its left leg compared to
the horizontal position.
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2. Applied methods

| determined the equations of the motion for the model by the
Lagrange method. At first, | determined the position coordi-
nates and the velocity coordinates at the centre of gravity of
each body of the model. As the next step | calculated the po-
tential energy and the kinetic energy of the system. Now the
nonlinear and the linearized equations of the motion can be
written. For the control law | used a PD controller with time
delay applied in the hip joints of the model (point B and point
C). By this controller we can model the sensory system of the
body and the delay int intervention originates from the reaction
time of the body. We can determine a critical time delay of the
system where the system cannot be stabilized anymore. For this
purpose, | used the MID method. The method could be used
after we write the characteristic equation of the system. The
characteristic equation contains a polynomial originated from
the system dynamics, a polynomial originated from the control
law and term which contains the time delay. The point of the
MID method is that we can express the critical time delay by
the coefficients of the open loop characteristic polynomial if
the roots of this polynomial are strictly real and has a positive
average.

3. Results

The resulted critical time delay values can be observed on Fig-
ure 3 for different balance board parameters. We can conclude
that the critical time delay is the smallest if the wheel radius is
increased and the standing board level is decreased, while it is
the largest when the radius and board level is also increased.
We can also observe the measured data where the radius of the
marker corresponds to the number of the subjects who success-
fully completed the balancing task with the defined specimen.

0.25

w = 0.35 [m]
n=0.12[1]

005 010 015 020 0.25
R [em]

[ - T 7, [s]

0.175 0.200 0.225 0.250 0.275 0.300

Figure 3 — Critical time delay with different parameters




Investigation of traffic dynamics on a ring in the presence
of an automated vehicle

BALAZS DARIUS SZAKTER
Mechatronical Engineer BSc, Specialisation in Mechanical Engineering Modelling, 2022/2023 /1.

Supervisor: Bence Maté Szaksz, PhD student, szakszQmm.bme.hu

1 Introduction

The term automated vehicle is by definition a vehicle tech-
nology that is capable of performing all aspects of dynamic
driving tasks without an intervention by a human being via
an equipped automated-driving-system. Traffic congestion
is the main factor of increased travel length, extensive dis-
ruption in dynamic traffic flow causing unnecessary air pol-
luting driving behaviour. This problem can be resolved by
utilizing connected /automated vehicles to mitigate traffic
flow with continuous feedback of position and speed of other
vehicles participating in the traffic. The model investigated
is Adaptive Traffic Control where the automated vehicle’s

motion is based on the velocity of the vehicles both in front
and back.

CHV HV HV HV CAV HV
#—N #—1 #0 #1

Figure 1: Adaptive Traffic Control

2 Dynamics

The investigation of the dynamics of three vehicles were car-
ried out, out of which two were human vehicles and one was
an automated vehicle. The vehicles were connected with a
ring configuration where the last vehicle is capable of im-
pacting the first vehicle’s dynamics.

Figure 2: Three vehicles on a ring configuration

Stability analysis was conducted for three cases to deter-
mine the stable regions of the control gains. Firstly, the au-
tomated vehicle had only forwards control. Secondly, back-
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wards control was applied to the automated vehicle. Lastly,
time delay was introduced to the human vehicles.
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Figure 3: Stability chart for B, Bav control gains as a func-
tion of the minimal eigenvalue

Simulations were conducted for the above mention cases
to analyse the efficiency of the chosen control gains in a
perturbed equilibrium state.
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Figure 4: Simulation of the delayed model in case of stable
control gains chosen

3  Summary

Real-time simulations proved the capability of describing
real traffic with high accuracy. The effect of backwards con-
trol resulted in expanding stable regions and more efficient
dynamics which can have vital impact on traffic flow, effi-
ciency and carbon-dioxide emission.
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Atviteli fliggvény szamitasa mérési adatok alapjan

SZILASI MARTON
Gépészmérnoki BSe, Gépészeti FejlesztS Specializacio, 2022/2023 /1.
Témavezets: Dr. Hajdu David, adjunktus, hajdu@mm.bme.hu

1. Bevezetés

A frekvencia-atviteli fiiggvények méréssel torténé meghaté-
rozasa soran a mért jeleket terheld zaj hatasa zavarhatja az
atviteli fliggvény mérhetdségét. A szakdolgozatom sorén az
ezen zaj hatasat csokkents Hy, Hy és H, szamitasi eljarasok
Osszehasonlitasat végeztem el [1].

A dolgozat masodik felében a vizsgélt becslési modsze-
rek koziil legjobbnak itéltet egy rezgd rendszer mérésének
elvégzésére hasznaltam.

2. Becslomodszerek osszehasonlitasa

A feladat soran a szimulélt jeleket diszkrét idépillanatok-
ra bontva allitottam el6 egy MATLAB programban. Az
impulzusgerjesztés kozelitéséhez a rezgést elGallito erét ro-
vid, konstans nagysagu jellel kozelitettem. Az igy kapott
diszkrét jelekhez minden pillanatban normaél eloszlas szerin-
ti véletlen értéket adtam, szimulalva a terhel6 zajt.

Mivel az algoritmusok hasznalatahoz tobbszoros mérés
sziikséges, a véletlenszeri zaj sokszoros tjrageneraléssal to-
vabbi szimulalt méréseket allitottam els, amelyek alapjan
atlagoltam a kapott frekvencia-atviteli fliggvényeket.

A feladat soran tobb eltérd esetet vizsgaltam meg, attol
fiiggGen, hogy melyik jelre helyeztem zajt, illetve, hogy mek-
kora mértékd volt a zaj. Minden esetben az egyes becsls-
modszerekkel meghatérozott frekvencia-atviteli fliggvénye-
ket a tiszta jelbdl generdlt fliggvénnyel Gsszehasonlitva ha-
taroztam meg a modszerek koziil a legjobbat.

Frekvencia-atviteli fliggvény becslések
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1. abra. 1000 méréshdl atlagolt frekvencia-atviteli fliggvény
becslések, zajjal terhelt gerjeszts- és valaszjel esetén
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A szimulaciok alapjan a modszerek koziil H; modszert
talaltam a legjobbnak a legtobb esetben. A modszer simabb
eredményt adott kis mérésszamok esetén, mint az egyes mé-
résekbdl szamolt frekvencia-atviteli fliggvények egyszeri at-
lagolasa, és kdovette a valos fiiggvény alakjat kis alabecslés-
sel. A Hy és H, modszerek hasznalata impulzusgerjesztés
mellet kevésbé hasznosnak bizonyult, mivel azok alakja a
valaszjelen talalhato zaj hatasara jelentGsen torzult.

3. Dinamikail rendszer mérése

A masodik feladatban a H; mobdszer alkalmazasanak be-
mutatasara egy CNC gép frekvencia-atviteli fiiggvényét ha-
taroztam meg. A modszer segitségével megéllapitottam a
szerkezet sajatfrekvencidit és a hozza tartozo csillapitasokat,
tovabba tobb pontban méréssel a szerkezeten felvett modalis
haloval lengésképeket is abrazoltam. A kimért frekvencia-
atviteli fiiggvényeket egy fiiggvényillesztési modszerrel is
osszehasonlitottam.

Eredeti szerkezet lllesztés
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2. abra. Kimért lengésképek 103, 332 és 643 Hz-es frekven-
cidkon

4. Osszefoglalas

A szakdolgozaton eredményeképpen igazolhaté a H; mod-
szer hasznossaga zajos mérések esetén, amely konnyeben ér-
telmezhetévé teszi az atviteli fiiggvényt az egyszert atla-
golasnal. A modszer alkalmazéasat tovabba egy dinamikai
szerkezet mérésével is igazoltam. A dolgozat ezen feliil meg-
mutatja a Hy és H, modszerek kevésbé altalanos alkalmazési
helyzeteit.

A kutatas a témaban tovabb folytathatd egyéb gerjesz-
tési modszerekkel és egyéb atlagolasi, ablakozasi modszerek
vizsgalataval.

Hivatkozasok

[1] Ewins, D. J. [2009], Modal testing: theory, practice and
application, John Wiley & Sons.




Hopping locomotion optimization through machine learning

ADAM WEINHARDT-KOVACS
Mechatronical Engineer BSc, Specialisation in Mechanical Engineering Modelling, 2022/2023/1.
Supervisor: Dr. Giuseppe Habib, Associate professor, habib@mm.bme.hu

1 Introduction

Hopping is a very peculiar type of locomotion. With respect
to other kinds of legged locomotion, such as walking, run-
ning, skipping or galloping, it presents very specific issues
related to energy consumption, control and dynamical phe-
nomena involved. The control strategies are mainly based
on the metabolic cost.

2 Hopping model

The mechanical model is a human-like, 6 DoF', planar, hop-
ping leg structure. Where the mass and length of the foot,
the shank and the thigh are given by human-like data. The
control torques are acting in the ankle, in the knee and the
hip. The jumping locomotion has different characteristics
regarding the state of the jumping. During the flight phase
the goal is to maintain or achieve stability, while during the
ground or stance phase explosive torque values give momen-
tum and height to the model. The original control of the
system is based on periodical path finding with a PD based
control. The jumping locomotion is very complex, thus,
more advanced control strategies are investigated.

reaction wheel

Figure 1: Mechanical model

3 Applied methods

3.1 Genetic algorithm

In this approach the original, control parameters of the PD
control are varied with a genetic algorithm. A fitness is as-
signed to the individuals, based on the metabolic cost of the
jumping locomotion, which determines how well the jump-
ing locomotion is performed, and on the locomotion speed.
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Then, the next generation is created with selection, cross-
over and mutation.

3.2 Reinforcement learning

The disadvantage of the genetic algorithm is the finite num-
ber of variations of the control parameters, which is limiting
the exploration of the model. Thus, in reinforcement learn-
ing control torques are given in every time step by the agent.
We used a DDPG agent, which is a neural network based
actor-critic method, that maximizes the long term reward.
To help the training of the agent we performed pre-training,
obtained by regression for the neural network of the actor.

Environment

Action
, Reward
N
Algorithm State

Figure 2: Reinforcement learning of the system

4 Conclusion

The genetic algorithm optimization performed in various en-
vironments and with different weights of the fitness function
was able to partially explain certain real-life motions, such
as efficient hopping locomotion in reduced gravity environ-
ments. While reinforcement learning pre-training was effec-
tive in reducing computational cost, the method was still
computationally expensive for the available hardware and
did not yield any meaningful results. Overall, these findings
suggest potential for further optimization and improvements
in these methods.
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Figure 3: Simulated jumping locomotion obtained by the
pre-training of the agent
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AFM mikroaktuator érzékenység vizsgalata nagy
elmozdulas és kovetberd esetén

ZELLER ANDRAS MARCELL
Gépészmérnoki BSce, Gépészeti FejlesztS Specializacio, 2022/2023 /1.
Témavezetd: Dr. Kovacs Adam, egyetemi docens, adamo@mm.bme.hu

1. Bevezetés

A feladatom az Atomerd-mikroszkop (Atomic Force Mic-
roscope, AFM) mikroaktuétor érzékenységének vizsgalata.
A dolgozat célja egy pontos mechanikai modell felallitasa,
amely figyelembe veszi a nagy elmozduléast és a terheld eré
kovets jellegét. Feladatom tovabba: végeselemes modell
készitése valamint numerikus szimulaciok futtatasa, ezek
kiértékelése és Osszehasonlitdsa az eszkoz érzékenységének
meghatarozasa érdekében. A felvazolt probléma megoldasa
rendkiviil koriilményes, ugyanis a nagy elmozdulasok, vala-
mint a terheld erg irdnyanak valtozasa a deformacio fliggvé-
nyében csak nemlineéris differencidlegyenlet rendszerrel ir-
hato le, amelyekre nincs zart alakt megoldas. Ebbdl kifo-
lyolag analitikusan csak kozelitések segitségével, numerikus
szimuléacio soran pedig csak iteraciok alkalmazasa esetén jut-
hatunk megoldasra.

Shaker Piezo

tip

Substrate

1. Abra. Az Atomerd-mikroszkop felépitése

2. Alkalmazott modszerek

Az AFM mikroaktuatora egy rugalmas konzol, amelyet egy
befogott tartoként modelleztem. A rad szabad végén a sily-
pontvonallal a szoget bezaro kovetGerst alkalmaztam a mik-
roszkop szondajat érd valos terhelés alapjan.
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2. abra. A pontos mechanikai modell sematikus abraja
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1111 Budapest, Miiegyetem rkp. 5.
www.mm.bme.hu

A pontos mechanikai modell leirdsara harom analitikus
modszert hasznaltam: ezek a homotop perturbacios meto-
dus (HPM), HPM a nemlinearitasok szétosztasanak modsze-
rével kombinalva (NDHPM), végiil az Euler-Bernoulli geren-
daelmélet kiterjeszése (EBGK). Az EBGK modszer volt az
egyetlen, amelyet kiilonbozé « szogek esetén is alkalmazni
tudtam a tarto szogelfordulasanak és elmozdulasanak meg-
hatarozasara. Az analitikus szamitasokat Wolfram Mathe-
matica 13.0 szoftverrel végeztem. Végiil végeselemes anali-
zis segitségével vizsgaltam a konzol deforméciojat, azonban
a szoftver hibajabol adodoan a koévetSerd nem mikodott,
igy ehelyett globalisan allando6 iranyu erét alkalmaztam.

3. Eredmények

A dolgozatban Osszehasonlitasra kertiltek az egyes modsze-
rekkel kapott végponti elmozdulésok, a sulypontvonal defor-
malt alakjai, valamint a maximalis hizofesziiltség - értékek.
Tapasztalatom szerint az analitikus kozelitések eredménye jo
kozelitéssel azonos, azonban a végeselemes szimulécié nagy
eltéréseket mutat, amelynek oka a rosszul mikods kovetd
terhelés, valamint az iterativ megoldd szoftver. Végiil ezen
eredmények felhasznalasaval meghataroztam az eszkoz érzé-
kenységét a terhelés o szogére, erGegységre fajlagositva.

a S5 (EBGK) S; (VEM)

90° 0 0

72°  0.05274 0.3034
54° 0.1974 0.5384
36° 0.4183 0.5681
18° 0.6947 0.7724

1. tablazat. Maximalis érzékenység értékek

4. Konklazio

A kapott eredmények alapjan kijelenthets, hogy a konzol
érzékenyen reagal o értékének csokkenésére, tovabba meg-
allapithato, hogy a terhel6 eré nagysaga és a konzol szog-
elfordulédsa kozott linearis a kapcsolat. Fontos tapasztalat
tovabba, hogy kis a szoghen hato terhelés esetén a végesele-
mes modell leegyszertsithetd globalisan allando iranyu erd
alkalmazasaval.




	Almukhtar_Zahraa_Ali_Jawad_NAXQXL_poszter
	Bekesi_Balazs_Janos_EFVBIM_Poster
	BLAU_SANDOR_AY871G_Poster
	Czipo_Marcell_ADKN3S_poster
	FAUCHER_BONIFAC_ESOYM3_Poster
	GalPeter_XT6OL8_Poster
	GERGACZ_BENDEGUZ_MQWGJ0_Poster
	Gregosits_Tamás_XQRYWK_Poster
	GyorokBendeguz_PW5XQR_Poster
	Havasi_Kristof_EV5HXS_Pont_Poster
	Hegedüs Mátyásr_Poszter
	Horvath_Gabor_IJ9FT0_poszter
	HorvathRoland_WD3YN5_Poster
	KALMAN_JOZSEF_LEVENTE_O0SRF2_Poster
	KOVACS_GERGELY_SXMM6G_POSZTER
	LADO_ZOLTAN_GRWWGR_POSZTER
	Martinovich_Kristof_KHZVHP_Poster
	MolnarMateDaniel_JLSQ2K_poster
	Nagy_Abel_Mihaly_KGFZGJ_poster
	Nagy_Bendeguz_GV7SX6_Poszter
	Nemeth_Oliver_poszter
	Pál_Tímea_OY6QED_Poster
	PIRI_BARNABAS_HH7AOB_POSZTER
	RADVANYI_Akos_BQV0YC_Poster
	Richlik_Robet_BOK6YJ_Poster
	RozsaDaniel_TXW2NG_Poster
	Sárdi_Ferenc_QGGGFC_Poster
	Szakter
	SZILASI_MARTON_R28JP2_Poster
	Weinhardt-Kovacs_Adam_DSEVU5_poster
	Zeller_Andras_Marcell_poszter



