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Abstract

This paper delves into the evolving landscape of welding robotics, particularly the integration of adaptive
control strategies for optimising human-robot interaction. Collaborative robotics (cobotics) underscores the
significance of adaptive control for secure effective and safe cooperation between humans and robots in
welding tasks. Past research highlights optimisation techniques such as model-based optimization and genet-
ic algorithms, alongside adaptive control strategies that dynamically adjust parameters based on real-time
feedback. These advancements promise enhanced safety, efficiency, and competitiveness in industrial weld-

ing automation.

Keywords: welding robotics, adaptive control, human-robot interaction, optimization techniques.

1. Introduction

Robotics is a relatively nascent discipline com-
pared to its counterparts in the scientific realm.
At its core, a robot encompasses an amalgamation
of technologies such as motors, sensors, and com-
puting systems. The inception of robotics occurred
when these individual technologies reached a lev-
el of maturity that could be integrated harmoni-
ously. A distinguishing aspect of robotics lies in
its dependence on technological advancements to
conceive and explore novel applications. This in-
herent reliance injects an element of excitement
into the field, as it continually evolves in tandem
with technological progress [1]. ]. Undoubtedly,
robotics has achieved a level of maturity for spe-
cific tasks within various environments, a facet
that the industry extensively leverages to bolster
productivity.

One of the foremost challenges confronting
robotics lies in scenarios where robots interact
physically with humans, a realm ripe with prom-
ise. While robots are commonly employed in in-
dustrial settings, their utilization often involves
isolating them within cells to ensure the safety
of human workers. Nonetheless, numerous tasks
remain ripe for automation, necessitating human

operators who possess the adaptability to navi-
gate complex situations that robots may not fully
address [1]. As a response to this, cobotics, which
facilitates collaboration between humans and ro-
botic counterparts, has emerged. Despite its con-
siderable potential, cobotics is still in its infancy,
with safety concerns surrounding human-robot
interactions at the forefront [2].

Interestingly, the foundational issue inherent in
such human-robot interaction predates the incep-
tion of robotics itself and stems from the realm
of cybernetics. Originating during World War II,
cybernetics sought to devise systems capable of
predicting and accommodating human responses
to robotic actions. Notably, Norbert Wiener pio-
neered this field with the creation of an automat-
ic pilot system named the "predictor,” designed
to anticipate a pilot's evasion trajectory against
anti-aircraft projectiles. Wiener's seminal work,
"Cybernetics or Control and Communication in
Animals and the Machine," laid the groundwork
for this research domain by presenting a theory
of control and communication applicable to both
biological organisms and machines [3]. It is with-
in this framework that research on robotics in in-
teraction with humans finds its roots.
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Overall, Industrial robots are distinguished
from more traditional production and assembly
equipment in particular by their ability to carry
out many different tasks. To carry out these var-
ious tasks, the industrial robot must often make
configuration or tool changes or even make move-
ments while taking into account its current state
and the history of the production parts. This is all
the more true in a dynamic scheduling environ-
ment with the possible need to change a decision
or interrupt current tasks. A realistic and precise
scheduling model should take into account these
state change operations and the specificities of
the different tasks carried out (duration, occupied
capacity, etc.) [4].

Moving to one of the ultimate cobotics fields, the
welding robot has control systems that reflect a
significant evolution toward advanced automa-
tion and precision. Traditional control systems
relied heavily on predefined trajectories and
fixed parameters, limiting their adaptability to
variations in welding conditions and workpiece
geometries. However, recent advancements have
revolutionized this landscape. Modern welding
robot control systems incorporate sophisticated
sensor technologies such as vision systems, la-
ser scanners, and force/torque sensors, enabling
real-time feedback and adaptive control. These
systems utilize advanced algorithms, including
machine learning and artificial intelligence, to
optimize welding parameters and trajectories
dynamically. Furthermore, collaborative robots
(cobots) with advanced safety features have
emerged as a prominent trend, allowing for hu-
man-robot collaboration in welding tasks [5].
Integration with cloud computing and data ana-
Iytics facilitates remote monitoring, predictive
maintenance, and continuous improvement of
welding processes. Overall, the current state-of-
the-art of welding robot control systems empha-
sizes flexibility, efficiency, and quality, paving the
way for increased productivity and competitive-
ness in industries reliant on welding technology
[6].

Traditional control methods in welding robot
systems face several challenges that hinder their
effectiveness in meeting the demands of modern
manufacturing environments [5]. One significant
challenge is their limited adaptability to varia-
tions in welding conditions, such as changes in
material properties, joint geometries, or environ-
mental factors like temperature and humidity.
Traditional controllers often rely on predefined
trajectories and fixed parameters, making them

ill-equipped to handle dynamic situations en-
countered in real-world welding applications.
This rigidity can lead to issues such as poor weld
quality, inconsistent bead profiles, and increased
rework or scrap rates. Moreover, traditional con-
trollers cannot respond in real time to distur-
bances or anomalies during the welding process,
resulting in reduced productivity and efficiency.
Additionally, these control methods may strug-
gle to optimize welding parameters for different
materials or welding techniques, leading to sub-
optimal performance and increased operational
costs. In summary, the challenges faced by tra-
ditional control methods highlight the need for
more adaptive, intelligent, and flexible approach-
es to welding robot control to address the com-
plexities of modern manufacturing requirements
effectively [7].

1.1. State of the art

Past studies and research that focus on optimi-
zation and adaptive control within the welding
domain have achieved notable progress in en-
hancing the performance, efficiency, and overall
quality of welding operations. Extensive investi-
gations have been conducted into optimization
methodologies, targeting diverse facets of welding
processes ranging from trajectory planning and
parameter adjustment to resource distribution.
Utilizing mathematical optimization frameworks
such as genetic algorithms, particle swarm opti-
mization, and simulated annealing, researchers
have endeavoured to fine-tune welding param-
eters such as voltage, current, travel speed, and
wire feed rate [8]. The primary objective of these
optimization endeavours is to mitigate common
welding defects including porosity, undercutting,
and spatter, while simultaneously maximizing
productivity and weld integrity [9].

Adaptive control strategies have also been a fo-
cus of research, aiming to dynamically adjust con-
trol parameters based on real-time feedback from
sensors and environmental conditions [8]. Adap-
tive control techniques, such as model predictive
control, fuzzy logic control, and neural networks,
enable welding robots to adapt to changes in
workpiece geometry, material properties, and
welding conditions. By continuously monitoring
key process variables, such as arc voltage, weld-
ing current, and torch orientation, adaptive con-
trol systems can compensate for disturbances, op-
timize weld bead geometry, and improve overall
process stability and robustness [9].
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Furthermore, research efforts have explored
the integration of advanced sensing technologies,
such as vision systems, laser scanners, and ther-
mal imaging cameras, to provide comprehensive
feedback for adaptive control algorithms. These
sensing technologies enable welding robots to ac-
curately detect joint misalignments, seam track-
ing errors, and surface irregularities, facilitating
precise control and correction during the weld-
ing process [5]. Overall, previous research on
optimization and adaptive control in welding has
demonstrated the potential to significantly en-
hance the performance and efficiency of welding
processes, paving the way for the development of
more advanced and intelligent welding robot sys-
tems capable of meeting the demands of modern
manufacturing industries [8].

The focus of this research is on the development
of intelligent control techniques for welding au-
tomation. The research scope encompasses the
investigation of how to control the welding path
and the weld pool geometry in real time. The ob-
jectives of the research are classified into three
categories: problem formulation, optimization,
and adaptive control. First, a physical process
and mathematical model will be investigated and
developed to describe the dynamic behavior of
the welding process. Then a series of optimiza-
tion and adaptive control techniques will be stud-
ied and developed to effectively and efficiently
control the welding process. Once the intelligent
control strategies are developed, an experimental
validation will be conducted to verify the correct-
ness and effectiveness of the proposed control
techniques. It is expected that the outcome of this
research will provide a systematic procedure for
the development of adaptive control and opti-
mization. This could be utilized in a wide range
of welding automation tasks such as developing
intelligent control schemes for welding robots,
developing a real-time monitoring and control
system for the automated welding process, and
providing state-of-the-art training facilities in the
welding field, etc. Moreover, the scientific find-
ings resulting from this research would also en-
hance the basic understanding and technical ca-
pabilities in the areas of control and automation.
More importantly, it would lay the groundwork
for promoting various ongoing and future inter-
disciplinary research activities relating to both
education and industrial consultancies, such as
the in-company training programs for the local
industry on modern welding strategies and auto-
mation, the automation of other welding proce-

dures, e.g. TIG and laser welding, and the devel-
opment of customized research-oriented equip-
ment for related academic and industrial use.

1.2. Background on Optimization Technics
in Welding

1.2.1. Model-based optimization

Model-based optimization in welding involves
using mathematical models to simulate and re-
fine welding processes, incorporating equations
that represent the physical phenomena present
during welding, such as heat transfer, fluid flow,
and metallurgical changes. These computational
models are created to emulate welding behaviour
under different conditions, forecasting results for
various parameter combinations to pinpoint op-
timal configurations for desired weld attributes.
This method fosters a systematic comprehension
of the complex interplay between welding param-
eters and their impact on weld quality, enabling
thorough exploration of different process varia-
bles and scenarios without extensive experimen-
tation. Nonetheless, challenges emerge in crafting
accurate and computationally efficient models,
necessitating a profound understanding of weld-
ing physics and intricate numerical algorithms.
Furthermore, disparities between simulation
outcomes and real-world results may arise due to
the inability to fully encapsulate the intricacies of
actual welding processes [10].

The primary distinction between model-based
and other forms of machine learning lies in the
learning process's reliance on interactions be-
tween the agent and its environment. Conse-
quently, the agent acquires task-specific knowl-
edge directly from the environment without ex-
ternal instruction. However, delineating between
the agent and the environment is not always
straightforward and is contingent on the appli-
cation [11]. For instance, in tasks like bhipedal
walking and UAV control, the environment is pre-
sumed to encompass the robot's motors.

In model-based methods, a model of transition
dynamics is employed to derive rewards and op-
timal actions, with policies optimized within the
model and subsequently applied to the physical
system. Fig. 1 illustrates the model-based rein-
forcement learning pipeline.

1.2.2. Genetic Algorithms (GAs)

GAs represent an optimization technique in-
spired by natural selection and evolution, where
a population of potential solutions evolves
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Fig. 1. Model-based reinforcement learning pipeline.

through successive generations via processes like
selection, crossover, and mutation, with the fittest
individuals selected for further reproduction. In
welding, GAs are employed to optimize welding
parameters by encoding them as chromosomes
within a population. Through iterative genera-
tions, the algorithm evaluates the fitness of each
solution, based on predefined objective func-
tions such as weld quality metrics, selecting the
best-performing individuals for subsequent gen-
erations. GAs offer a robust approach capable of
handling complex, nonlinear optimization prob-
lems with multiple objectives and constraints,
efficiently exploring large solution spaces and
identifying near-optimal solutions in relatively
short timeframes. However, effective utilization
of GAs demands careful parameter tuning and se-
lection of appropriate genetic operators to ensure
convergence to meaningful solutions, while com-
putational complexity may become prohibitive
for highly dimensional optimization problems or
computationally intensive welding models [12].

1.2.3. Particle Swarm Optimization (PSO)

The concept of PSO is derived from the collec-
tive behaviour observed in organisms like birds
flocking or fish schooling, serving as a popula-
tion-based stochastic optimization technique. In
PSO, a group of potential solutions, depicted as
particles, continually adjust their positions within
the search space based on both individual experi-
ences and shared knowledge within the swarm.
Each particle embodies a potential solution en-
compassing a set of welding parameters, and its
movement is guided by its personal best-known

position as well as the collective best-known po-
sition uncovered by the swarm. Through this iter-
ative process, the swarm progressively converg-
es towards promising areas within the solution
space, rendering PSO particularly advantageous
for tasks characterized by continuous solution
spaces and smooth objective functions. Despite
its relative ease of implementation and computa-
tional efficiency, PSO's effectiveness may be influ-
enced by the careful selection of control parame-
ters, and it may encounter difficulties escaping lo-
cal optima in intricate, multimodal optimization
scenarios [13].

1.3. Adaptive control in Welding

Adaptive control strategies in welding repre-
sent a dynamic approach to optimizing welding
processes by continuously adjusting control pa-
rameters in response to real-time feedback from
sensors and environmental conditions. These
strategies are designed to enable welding robots
to adapt swiftly to changes in workpiece geom-
etry, material properties, and other factors af-
fecting the welding process, thereby enhancing
overall process stability and robustness. Through
the constant monitoring of critical process vari-
ables such as arc voltage, welding current, and
torch orientation, adaptive control systems can
effectively compensate for disturbances and var-
iations encountered during welding operations
[9]. This adaptability ensures that the welding pa-
rameters remain optimized for the specific condi-
tions at hand, leading to improved weld quality
and productivity. Furthermore, the integration of
machine learning methods and advanced sensing
technologies like vision systems and thermal im-
aging cameras further enhances the adaptability
and precision of adaptive control systems by pro-
viding comprehensive feedback on the welding
environment. Overall, adaptive control strate-
gies represent a crucial advancement in weld-
ing technology, offering the potential to achieve
consistently high-quality welds while maximizing
efficiency and minimizing defects in diverse oper-
ating conditions [8].

Moreover, it is pivotal in optimizing the inter-
action between humans and welding robots, par-
ticularly in collaborative robotics or cobotics sce-
narios. In such setups, where humans and robots
work together in shared spaces, adaptive control
strategies are essential for ensuring safe and ef-
ficient collaboration. These strategies involve dy-
namically adjusting the robot's behaviour based
on real-time feedback from sensors monitoring
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the human operator's movements, intentions,
and safety. For instance, adaptive control systems
can modulate the robot's speed, trajectory, and
force exertion to prevent collisions or accidents,
thus ensuring the safety of the human operator.
Moreover, adaptive control allows the robot to
adapt its behaviour to accommodate variations
in the human operator's actions, preferences, and
capabilities, enhancing the overall collaboration
experience [8]. By continuously monitoring and
analyzing the interaction between the human and
welding robot, adaptive control systems can opti-
mize task execution, minimize errors, and maxi-
mize productivity. Additionally, adaptive control
enables seamless switching between autonomous
robot operation and collaborative modes, pro-
viding flexibility and versatility in various weld-
ing applications [9]. Overall, the use of adaptive
control in optimizing human-robot interaction in
welding environments not only enhances safety
and efficiency but also fosters a more intuitive
and harmonious working relationship between
humans and robots. Fig. 2 illustrates the steps of
controlling the welding robot to ensure not only
human safety but also the quality of the produc-
tion.

2. Conclusions

The current state of welding technology lacks
extensive integration of advanced algorithms for
optimizing parameters and identifying defects,
which is evident from limited accessible informa-
tion. However, recent advancements have shown
promising progress in utilizing neural networks
to automate these processes, albeit in their early
stages [5].

The application of machine learning in welding
shows significant potential for progress, though
further research and development are needed
before implementation in industrial settings. In-

tegrating machine learning into welding systems
presents a valuable opportunity for advance-
ment, offering improved parameter optimization
and defect detection with greater precision and
efficiency through the use of neural networks
and other sophisticated algorithms. This automa-
tion potential could enhance productivity, and
weld quality, and reduce reliance on manual ad-
justments and human inspection. Nevertheless,
incorporating advanced algorithms into indus-
trial welding will require considerable time and
resources, with challenges such as data availabil-
ity, algorithm robustness, and computational re-
quirements needing to be addressed for reliable
implementation.

Looking ahead, the future of intelligent welding
systems depends on the continued exploration
and advancement of machine-learning approach-
es. With further research, more tailored algo-
rithms specifically designed for welding process-
es can be developed, enabling not only automated
parameter optimization and defect detection but
also real-time decision-making, adaptive control,
and seamless integration into existing welding in-
frastructure.
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Abstract

This study investigates the cost-effective and reliable determination of total ascorbic acid (AA) content, as
well as antioxidant activity, from a range of 32 alcoholic and non-alcoholic beverages. 5 cold-pressed oil sam-
ples and 2 types of honey were also considered. Among the iodometric methods, the back-titration of unre-
acted iodine with thiosulfate yielded the best results for AA content. The method proved simple, fast, reliable,
and accurate, with a recovery rate of ascorbic acid exceeding 99% in 2 standardized commercial pharma-
ceutical products. Total antioxidant activity determination was based on the reaction of antioxidant species
with ABTS, followed by a photometric assessment of the reaction’s extent. Results, expressed in terms of AA
content, were good and reliable, yet in some cases less precise and accurate. Most beverages exhibited higher
antioxidant activity than their respective AA content, likely influenced by other antioxidant compounds such
as flavonoids and anthocyanins present in fruit-based drinks. Both methods proved useful in demonstrating

the nutritional value of various easy to consume beverages, oils and honey.

Keywords: total ascorbic acid content, antioxidant activity, food samples, iodometry, photometry.

1. Introduction

1.1. The importance of vitamin C for the
human body

Vitamin C (L-ascorbic acid) is an essential nu-
trient for the human body. Its importance was
first recognized by the Hungarian scientist Albert
Szent-Gyorgyi. Widely known under the generic
name of ascorbic acid (AA), it has been the subject
of continuous research due to its key role for the
healthy physiological functioning of the human
body [1, 21.

Vitamin C is crucial for the immune system (in-
nate or adaptive), preventing and treating many
respiratory and systemic infections [3]. It helps
maintain blood pressure levels and has been
linked to the prevention of cancer and cardiovas-
cular diseases [1, 4]. It also has a positive effect

on diabetes, common cold, stroke and anaemia
recovery [5]. Recent research has revealed its
role in the regulation of gene transcription and
cell signalling pathways [3].

The human body is not able to produce the min-
imum necessary daily amounts of 110 mg for men
and 78 mg vitamin C for women [1]. Thus, its in-
take must be ensured by means of external sourc-
es, such as suitable food or dietary supplements.
Otherwise, its lack can lead to scurvy or other
serious, even fatal diseases [3]. Vitamin C defi-
ciency is a common problem in certain areas of
the world, especially in low- and middle-income
countries, but it is not uncommon among high-in-
come regions either [6]. Since the absorption of
vitamin C in the digestive system is of about 80%
from a daily intake of 100 mg, a vitamin C rich
diet is of utmost importance, even though the
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human body cannot absorb/store more than 2.5g
(due to its partial oxidation to two metabolites:
the active dehydroascorbic acid and the inactive
oxalic acid) [4, 7].

The main natural sources of vitamin C are fruits
(such as berries, papaya, kiwi, citrus fruits, peach-
es, apples or pears), vegetables (such as Brussels
sprouts, cauliflower, cabbage or sweet pepper),
some herbs (such as parsley or sorrel), and their
respective juices. All can be incorporated into a
rapid paced lifestyle [1, 4].

Some environmental factors, such as exposure
to air, light or heat, improper storage conditions
or various food processing procedures, may re-
duce the AA content of these products [5, 8].
Therefore, the market nowadays offers numerous
vitamin C enriched fruit drinks and/or supple-
ments [9, 10]. Ascorbic acid is identified in food
chemistry as additive E300, being also often used
either as a preservative and/or an antioxidant.

Hence, correct information about the nutri-
ent and bioactive content of these ascorbic acid
sources is essential in understanding their health
benefits. As a result, there is abundant scientific
literature providing detailed information about
the methods to detect and assess the total AA
content of both natural and synthetic Vitamin C
sources.

1.2. Methods of ascorbic acid determination

The structural chemical formula of Vitamin C -
the biologicaly active L-enantiomer of ascorbic
acid - is presented in Figure 1. Its content in vari-
ous samples is usually expressed as total ascorbic
acid concentration. The latter corresponds to the
racemic mixture of L and D enantiomers.

Numerous methods have been put forward
for the quantitative determination of total AA
content. A classical and inexpensive approach
is based on titration with oxidizing solutions.
Other techniques involve color reactions (for
example with 2,6-dichlorophenol-indophenol),
UV-VIS spectrophotometry, high performance
liquid chromatography, capillary electrophore-
sis, chemiluminescence, fluorimetry, amperome-
try and various enzymatic methods, all of which
present their respective advantages and disad-
vantages [1, 11, 12, 13].

Titrimetric methods are advantageous when
analyzing a large number of samples, due to their
simplicity, cost-effectiveness and speed. However,
in the case of colored samples, end-point detec-
tion may be difficult. High-performance liquid
chromatography is the most accurate method for

the quantification of ascorbic acid, but it requires
highly qualified laboratory expertise and expen-
sive equipment. Electrophoresis and chemilumi-
nescence are relatively cheaper alternatives, but
their sensitivity is lower. Fluorimetry and voltam-
metry provide fast results, yet require special in-
strumentation and precise calibration [1, 14].

Among all the listed procedures, the simplest
and most cost-effective is titration. It is also both
precise and accurate, since it generates results
which are comparable to the more sophisticated
spectrophotometric and chromatographic meth-
ods. If it is carried out automatically, and/or on
fresh samples, air induced oxidation of the ascor-
bic acid in the samples can be avoided or at least
minimized [10].

The AA content is often correlated with the an-
tioxidant capacity of a certain food sample. Since
AA is a reducing agent, it can interact with all
kinds of oxidizing species or free radicals [15].
In the food industry 2,2'-azino-bis(3-ethylbenzo-
thiazoline-6-sulfonic acid (ABTS) is mostly used
to assess the total antioxidant capacity of various
products.

One purpose of this work was to determine the
total ascorbic acid content of various beverages
present in the Romanian market. These belonged
to the following categories: cold-pressed and sug-
ar preserved syrups, freshly squeezed fruit juic-
es, carbonated soft drinks, pasteurized juices, and
alcoholic beverages. Some honey and oil samples
were also considered.

Another goal was to express the total antioxi-
dant content of these products as well as correlate
it with their AA concentration.

2. Experiment description

2.1. Reagents, equipment, and samples

Analytical grade purity reagents were used from
commercial sources (Merck KgaA, Darmstadt,
Germany). Deionized water (HydroPure 300, Mul-
tiLab, Bucharest, Romania) was used to prepare

o

HO

HO OH

Fig. 1. The structural formula of vitamin C.
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the following working solutions: 103 mol/L ABTS,
1072 mol/L Na,S,0,, 1072 mol/L KI, 1.05x1072 mol/L
KIO,, 0.5 mol/L HCI, 4.73x107% mol/L L/KI, and 2%
starch, respectively. Ascorbic acid working solu-
tions of various concentrations, as well as the so-
dium thiosulfate solutions were freshly prepared
before each set of experiments.

Standard laboratory glassware and ustensils
(Labbox, Labware, Bucharest, Romania) were
used during the experiments: beakers, flasks,
Schelbach line burettes, and adjustable volume
micropipettes, respectively. A KERN laboratory
scale (SC. Driatheli Group SRL, official partner
of Kern, Gy6r6d, Romania) and a VIS V-1100 sin-
gle-channel spectrophotometer (DLAB, AMEX-
lab, Bucharest, Romania) were also employed.
The latter was operated by means of a dedicat-
ed software (M.Wave Professional). Photometric
measurements were carried out in a glass cuvette
with an optical path length of 1 cm. Statistical pro-
cessing of obtained data was carried out with the
dedicated tools of Microsoft Office Excel.

A total of 41 food samples were examined. These
can be classified into 5 categories, as illustrated
in Figure 2. The samples were collected from the
Romanian market, from both commercial and
individual producers, as follows: 9 cold-pressed
fruit syrups (with added sugar for preservation),
6 pasteurized vegetable or fruit juices, 3 car-
bonated soft drinks, 3 freshly squeezed fruit juic-
es, 11 alcoholic beverages, 5 cold-pressed oils, and
2 types of honey, respectively.

Two commercially available pharmaceuti-
cal products with standardized and declared
ascorbic acid content were used to validate the
employed methods: Aspirin Plus C (240 mg AA

Fig. 2. Categories of tested food samples.

content) and Redoxon (1000 mg AA content) ef-
fervescent tablets (both manufactured by Bayer
Bitterfeld GmbH, Greppin, Germany).

2.2. Experimental methods

Determination of total ascorbic acid content was
carried out by means of titrimetric methods. These
are based on the oxidation of ascorbic acid to de-
hydroascorbic acid by iodine - see reaction (1).
The latter (I,) can be added to the sample directly
for ,Iodometry 1”7, or can be generated in situ by
means of the iodide/iodate (I'/I0,") redox couple in
acidic media - see reaction (3), for ,Jodometry 2”.

Determination of total antioxidant capacity is
based on the ability of the antioxidants in the
sample to react with/ discolour the greenish-blue
ABTS. The extent of this process is monitored pho-
tometrically at 735 nm.

2.2.1. Titrimetric determination of total ascor-
bic acid content

H

wo
wo

H

+1; Ho
—_—
- 2HI

% 0
HO 0
0 0 (1)

: 0 0
HO OH

$,05% +1, — @ 21+S5,04% )

Iodometry 1: The procedure starts with ad-
dition of excess iodine to the liquid sample. Be-
cause of the excess I,, the sample will preserve/
exhibit the characteristic brown/ brownish color
of iodine. The ascorbic acid present in the sample
reduces iodine to iodide. The remaining iodine is
further (back-)titrated with sodium thiosulfate in
the presence of starch - see reaction (2) [14, 15].
During titration the sample will turn pale yellow,
then blue-indigo when a few drops of starch are
added. The end-point is reached when the sample
regains its initial color, or turns colorless (in case
of synthetic AA colorless solutions). The advan-
tage of this method lies in managing to oxidize
the entire ascorbic acid amount of the sample in
the desired way (by iodine), not in other reaction
paths (such as by the oxygen dissolved from air
into the liquid sample). In addition, the method is
extremely simple and cost-effective.

Iodometry 2: Another indirect titrimetric meth-
od involves in situ iodine generation. Potassium
iodide (KI), hydrochloric acid (HCl) and starch
are added to the liquid sample. Further, it is ti-
trated with potassium iodate (KIO,). This will gen-
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erate iodine (I,) according to reaction (3), which
instantly reacts with the AA in the sample - see
reaction (1). As long as AA is still present, the sam-
ple’s color remains unchanged. The end-point is
reached when all AA is consumed and I, starts
accumulating, hence changing the color of the
sample (for example from colorless to dark blue).
Because iodine is generated during the advance
of titration, reaction (1) may be competition with
the dissolved oxygen oxidation of AA. This may
affect the results [7, 14].

103-+I-+6H+_> IZ +3H20 (3)

Liquid food (including oil) samples were an-
alysed as such, by using aliquotes of 5 to 50 mL
volume. For honey, 2g were dissolved in 10 mL
of water, and the resulting aqueous solution was
subjected to analysis. The pharmaceutical tablets
were dissolved in water in 250 mL volumetric
flasks, and the resulting solution was titrated. All
titrations were performed in triplicate.

Calculus of results considered the sample and
titrant volumes, as well as the concentrations
of working solutions. Results were expressed in
mg/L of ascorbic acid, except for honey, where
they were given as mg/100g product.

2.2.2. Photometric determination of total anti-
oxidant capacity

The 2,2'-azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid (ABTS) is a highly water soluble com-
pound [16]. It exhibits a greenish-blue color, with
an absorbance maximum at 735 nm (see also Fig-
ure 8). When added to a sample, some of it will
react with reducing species present in the latter
([17, 18]), hence the absorbance value (color in-
tensity) will drop. The difference in the absorb-
ances is correlated with the total antioxidant ac-
tivity via a calibration line. In the presented case,
this was obtained by means of reacting the same
amount of ABTS with various amounts of AA, ac-
cording to the reaction scheme presented in Fig-
ure 3.

The method required freshly prepared/ diluted
ascorbic acid solutions, as well as multiple and up
to 5000 fold dilution of the employed liquid food
samples.

Calibration as well sample measurements
were caried out in triplicate. Calculus of results
considered the sample volumes, their dilution
coefficients, and a calibration line of 735 nm ab-
sorbance difference versus ascorbic acid concen-
tration. Results were given in mg/L equivalent of
ascorbic acid.

3. Results and discussion

3.1. End-point detection in titrimetric meth-
ods

In both employed iodometric methods, end-
point detection is based on color changes. If a
colorless sample or a synthetic AA solution are
used, a switch from indigo-blue to colorless is
observed for ,lodometry 1”. Figure 4 illustrates
the sequence of color changes during the classical
titration of an aqueous iodine solution (A) with
thiosulfate. First it turns yellow (B); after adding
a few drops of starch, the color changes to deep
blue (C); then further turns colorless (D) when ti-
tration is complete.

On the other hand, analysis of colored liquid
food samples (such as fruit juices) requires for
correct end-point detection a color comparison
with the initial color of the sample. Figure 5.
presents a similar to Figure 4 sequence, but for
a red beetroot juice (B). When mixed with iodine
(A) and starch it generates intense dark colors as
in flasks (C) and (D). The end-point (E) of titration
is reached when the initial juice’s color (B) is ob-

tained.
A
,HS green

Csz

Q*

Fig. 3. The reaction scheme between the ABTS radi-
cal and ascorbic acid. [19]

+ascorbic acid
- K,S03

: e

CEHﬁ colourless

Fig. 4. End-point detection. Color change sequence
for the titration of iodine with thiosulfate - ,,Io-
dometry 1”.
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For ,Iodometry 2”, a synthetic AA solution will
turn from colorless to deep blue when the end-
point of KIO, titration is reached. The method
works well for colorless or light colored samples.
Yet in the case of red, blue or intensely colored
food samples, end-point detection proves to be
difficult, due to almost no, or just slight, color
changes.

Figure 6 illustrates the trials for the titration of
a homemade red wine. It is obvious that the sam-
ple itself (left) has almost the same color as the
one which was considered at titration end-point
(right). Another disadvantage of this method is
the fact that although these titrations are carried
out in acidic media, the corresponding chemical
reactions are fairly slow, and hence, color devel-
opment at room temperature takes sometimes up
to 8 minutes.

As a result, ,Jodometry 1” has given more relia-
ble and reproductible results. However, both ap-
proaches were tested against 2 commercial phar-
maceutical products with known AA contents.
The results are summarized in Table 1.

The small values of deviations prove that both
titrimetric methods generate precise data, yet not
necessarely accurate in the case of ,Jodometry 2”
and the Redoxon tablet (probably because of its
intense orange color, thus incorrect end-point
detection). The Aspirin Plus C tablet generates a
colorless aqueous solution, hence end-point de-
tection is not hindered.

On the other hand, recoveries were very good
for both analysed products in case of ,Jodometry
1”7. Hence, the latter proves to be precise, accurate
and thus was chosen for the total ascorbic content
determination in all considered samples.

3.2. Total ascorbic acid content of analysed
samples

Total ascorbic acid content was determined for
all 41 food samples presented in Section 2.1, by
means of ,Jodometry 1” described in Section 2.2.1
Figure 7 illustrates the results expressed as C, , in
mg/L. Each color corresponds to a certain class of
samples.

The freshly squeezed juices (IV) have the highest
ascorbic acid content, of around 500 mg/L. This is
in line with literature data reporting that orange
juice retains its bioactive compounds during stor-
age. The vitamin C content of fresh orange juice
is comparable with that of commercial ones, be-
cause of adequate modern industrial processing
techniques [8].

Fig. 5. End-point detection. Color change sequence
for the back-titration of iodine with thiosulfate
in a red color beetroot juice - ,Jodometry 1”.

Fig. 6. End-point detection. Illustration of the similar
colors of home made red wine sample (left)
and its titrated correspondent (right) - ,Jodom-
etry 2”.

Table 1. Values returned during validation of emp-
loyed experimental methods.

Redoxon ‘ Aspirin Plus C
Method
Recovered (%)
Todometry 1 99.99 + 0.73 99.43 +3.53
Iodometry 2 74.71 + 0.33 99.00 + 0.00
Photometry 113.97 + 32.56 96.69 + 14.11

Fig. 7. Total ascorbic acid content for: I. Cold-pressed
sugar preserved syrups; II. Pasteurized juices;
II1. Carbonated soft drinks; IV. Freshly
squeezed fruit juices; V. Alcoholic beverages.
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Among the cold-pressed sugar preserved syrups
(class I), raspberry contains the most AA. It is fol-
lowed by pine buds, blackcurrant and sea buck-
thorn, respectively. Within the pasteurized juice
category (I), beetroot and apple juice prove best.
In contrast, grape and cabbage juice show less AA
content, yet still comparable with that of sample
category L.

The AA present in carbonated soft drinks (III) is
usually added during the manufacturing process.
For example the label of the elder-lemon flavored
»,Biborteni” beverage indicates 200 mg/L AA. Yet,
recoveries are of approximately 65%.

Some alcoholic beverages (V) prove to be rich-
er in AA than juices of class I (for example a few
wines, especially the Rosé). One of the cherry
brandies also has elevated AA content, probably
because it was prepared by cold maceration of
very ripe fruits. In contrast, preparation of the
plum brandy requires distillation; hence, the
ascorbic acid in the fruits breaks down when ex-
posed to elevated temperatures.

It ought to be emphasized that data in Figure 7
characterize this particular set of samples. Hence,
fluctuations of C,, values, as well as reversed
orders are also possible, depending on the spe-
cies, season and place of harvest of the fruits and
vegetables. However, the data prove that besides
freshly squeezed juices, pasteurized products and
cold-pressed syrups are also a valuable source of
vitamin C for the modern human diet.

Among the liquid food samples subjected to AA
content determination, were 5 oils obtained by
cold-pressing. For these, the ,Jodometry 1” meth-
od was employed as usual. Therefore, the results
should be interpreted differently. The oils do not
mix with the aqueous reagent solutions. Yet, be-
cause ascorbic acid is water soluble, it is extract-
ed to some extent from the oily into the aqueous
phase (mixtures were ultrasonicated for 10 min-
utes). Hence, results in Table 2 represent only
partial values of each oil sample’s AA content, yet
still prove these to be good dietary sources of vita-

Table2. Partial ascorbic acid content of cold-pressed

oils.
Sample C,, (mg/L)
Walnut oil 535.6
Poppy seed oil 667.7
Grape seed oil 858.5
Sesame oil 271.5
Pumpkin seed oil 584.2

min C (values are comparable or higher than the
best ones in Figure 7).

Table 3 shows the results for two types of hon-
ey: one already crystallized because of prolonged
storage, the other fresh and liquid. Their aqueous
solutions were subjected to ,Jodometry 1” and the
obtained values of C,, showed no significant dif-
ference. Hence, even during a year long storage,
honey still retains its vitamin C content intact.

Table 3. Ascorbic acid content of honey samples

C
Sample £
P (mg/100g)
Honey 1
(solid, crystallized during long storage 42.9118.0
Honey 2
(fresh, in liquid form) 65.3£11.8

Data above are in agreement with other findings
for the local maket: AA in acacia honey from Ro-
mania ranges between 77-99 mg/100g [20], and
the mixed flower honey from Transylvania con-
tains about 61 mg/100g AA [21]. Another study
[22] mentions that honey usually has an ascorbic
acid content between 0.34+0.00 and 75.840.41
mg/100g. Thus, results presented in Table 3 are
realistic, consistent with other reported data, and
prove once more that the selected method is ef-
fective in ascorbic acid content determination
of various food samples, as long as they can be
brought in a liquid aqueous form.

3.3. Total antioxidant activity of analysed
samples

Figure 8 illustrates the molecular absorption
spectrum of ABTS in aqueous solution — see
curve 1. It exhibits a maximum at 735 nm. At
this wavelegnth its molar absortivity coefficient,
of 7484+753 L/mol.cm, was determined from
the slope of an experimentally obtained Lam-
bert-Beer line (triplicate measurements of 5 ABTS
concentrations; correlation coefficient of 0.9945).

AA, = (1.57+£1.48)-1072 + (29642+2754.18) - [AA]
@
Curve 1 was registered for a 5x1075 mol/L. ABTS
concentration, whereas curve 2 corresponds
to the same, but also contains 3x10% mol/L AA.
Because of the reaction presented in Figure 3 a
stoechiometric amount of ABTS is consumed, and
the absorbance of the mixture drops. Hence, by
using various AA contents (up to 7.5x10 mol/L),
calibration line (4) was obtained from differenc-
es such as that between curves 1 and 2. This ex-
presses antioxidant activity in terms of ascorbic
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acid concentrations, and as such, these ought to
have higher values than the corresponding total
AA contents of the respective samples.

Calibration line (4) has a correlation coefficient
0f 0.9834, and is based on triplicates of 7 measure-
ment series, each at a different AA molar concen-
tration, yet constant 5x10% mol/L ABTS.

In the case of a liquid food sample, the same
amount of ABTS is added, and the 735 nm absorb-
ance value is compared to that of curve 1. The
samples have to be diluted so that their spectra
lies under that of curve 1. Figure 8 shows an ex-
ample in curve 3, for a 500 fold diluted blackcur-
rant syrup. The antioxidant capacity is then ex-
pressed from the absorbance differences (AA,;;)
between curves 1 and 3, by means of equation (4).
The same dilution of blackcurrant syrup is prov-
en to have negligable absorbance values - see
curve 4. Hence curve 3 is due, similarly to curve
2, only to the remanent ABTS content.

This method was applied to the aqueous solu-
tions of Redoxon and Aspirin Plus C tablets. Re-
sults are presented in the last row of Table 1. The
good recovery value of AA for Aspirin Plus Cis in
agreement with the fact that its only antioxidant
species is ascorbic acid. On the other hand, in the
case of the Redoxon tablet, recoveries exceeded
100%. This finding is in line with literature data
[23], and probably due to the presence of other
antioxidant species in the formulation.

Figure 9 illustrates in greenish-blue the results
of such determinations, expressed as mg/L AA,
for 11 randomly chosen beverages from among
the considered samples described in Section 2.1.

It can be observed that, as expected, the total an-
tioxidant activity is usually higher than the ascor-
bic acid content illustrated by the orange color.
Thus, it is not simply due to it, further proving
that such beverages might be valuable sources of
nutrients. The fruits and vegetables from which
they are prepared also contain various flavonoids
and anthocyanins with desired antioxidant pro-
prieties.

Results in Figure 9 are presented with their
respective error bars. It is obvious that the em-
ployed titrimetric method is precise, accurate and
reproducible, since relative standard deviation
(RSD) values based on three distinct measure-
ments range from 0.66% to 9.89%. On the other
hand, the antioxidant activity values show poorer
RSD values, within 10.51% and 37.88%. This lower
precision might be due either to error propaga-
tion during the several consecutive but necessary
dilution steps, or to the color (meaning non-zero
735 nm absorbance) of some samples.

4. Conclusions

In the context of rapid paced modern life, easy
and sufficient Vitamin C uptake is of high impor-
tance for the human diet. Hence, its fast, reliable,
and cost-effective determination from all kinds of
food samples is an ongoing challenge.

Thus, a total of 41 food samples, mainly easy to
consume beverages, were subjected to total ascor-
bic acid content determination. Two simple and
cost-effective titrimetric methods were employed,
both relying on the oxidation of AA by iodine. Yet
only the one using back-titration of excess I, from

Absorbance
= = = =
(] (o] e wn

=
[y

450 330 6350 7350
Wavelength (nm)

Fig. 8. Molar absorbance spectra recorded for: 1. a
5x1075 mol/L ABTS aqueous solution; 2. solu-
tion 1 containing 3x10° mol/L AA; 3. a 500
fold diluted blackcurrant syrup containing
5x1075 mol/L ABTS; 4. a 500 fold diluted black-
currant syrup.

Fig. 9. Comparison between total ascorbic acid con-
tent and antioxidant activity. Both are ex-
pressed in mg/L AA.
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the sample has proved to enable reliable and re-
producible end-point detection. Results agreed
with other reports, for example those referring
to freshly squeezed orange juice, or to honey.
For various cold-pressed oils only partial results
could be obtained, but even so the high nutrition-
al value of these has been proven.

For some of the beverages, total antioxidant ac-
tivity expressed as ascorbic acid content, has been
determined by means of a simple photometric
method. Even if not as precise as the above-men-
tioned titrimetric technique, the procedure
showed good results and proved once more the
nutritional value of some analyzed products.

Both experimental techniques were validated
by good recoveries from 2 commercially availa-
ble pharmaceutic products with known ascorbic
acid concentrations.
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Abstract

Both in the economy and in research and development, there is worldwide growing demand for a competent
workforce in the field of artificial intelligence and robotics applications. The educational system is develop-
ing answers to this need, this development, and the collection and evaluation of the experiences of the ap-
plications is a lively field of research. The target groups of the developed educational programs and methods

range from kindergarten to university.

This paper presents the opportunities offered by the Hungarian competitions qualifying for the robotics
competitions of the international RoboCup Community for primary and secondary school students, and how
this is realized at the University of Nyiregyhdza. The leagues of the competition and the experiences gained

so far are demonstrated.

Keywords: talent management, robotics, RoboCup Junior, STEMIE, A-STEM.

1. Introduction

In the society and economy of the 21st century,
there is an ever-increasing demand for a talented
workforce with competencies related to the use of
artificial intelligence. At the same time, computer
programming and the use of artificial intelligence
applications are often associated with robotics.
This is also increasingly common in education.

This paper reports on the robotics competitions
that have been held at University of Nyiregyhaza
for 17 years now, which offer participants the op-
portunity to participate in competitions and exhi-
bitions of the international RoboCup community.
Teams of primary and secondary school children
can join the RoboCup Junior program.

2. Robotics and education

In a previous work [1] the author gave an over-
view of the two types of connection between ro-
botics and education. One way to connect is if ro-
botics is the subject or topic of education, i.e. the
students learn robotics. The other connection is
when robotics becomes a tool for education. This
study deals with the first approach.

The scientific literature deals separately with
the possibilities, results and challenges of edu-

cating children in early childhood (kindergarten
age) and K12 (primary and high school).

E. Pollarolo et al. [2] prepared a summary of the
use of programmable games in early childhood
development. Based on the processed sources, it
was shown that the programmable games used in
the kindergarten not only develop computer user
skills, but also problem-solving and communica-
tion skills. They emphasized that, in addition to
the professional knowledge of the teachers, their
methodological preparation also plays a very im-
portant role in ensuring that the use of program-
mable games optimally supports the develop-
ment of the children's personality and abilities. J.
Su and Y. Zhong examined curricula prepared for
young children [3] in terms of objectives, content,
methods and pedagogical evaluation. Among oth-
er things, they mention the five major topics pro-
posed by the AI4K12 organization, which are per-
ception, representation and conclusion, learning,
natural-like relationships, and social impact. They
emphasize that among the educational methods,
the project-based method is considered the most
suitable for teaching artificial intelligence, for
which robots are used in most cases.
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F. Martin and his colleagues [4] investigated
how artificial intelligence appears in the educa-
tion of the K12 age group. The applications extend
to the most diverse areas, such as the analysis and
prediction of student progress, the development
of teaching materials for artificial intelligence
education and the support of the teaching of cer-
tain subjects. The study points out that robotics
applications are gaining more and more space in
education. According to S.J Lee et al. [5] there is
a growing need for computer science education,
and robots play a fundamental role in this. Among
the methods and tools of education, the theoreti-
cal foundation is mentioned, the general process
of education is presented, the role of real and vir-
tual tools, activities with and without a computer,
educational experiences in the field of graphic
and text programming. S. T. Chu et al [6] inves-
tigated the use of artificial intelligence-based ro-
bots in education. They point out that robots can
have a teaching role in the educational process,
or they can appear as a tool used by students.

Y. W. Cheng and his co-authors [7] examined the
expectations of robots in the field of education us-
ing the methods of literature research, interviews
with experts and the analysis of reports received
from educators. Fourteen areas of applications
and related expectations were identified, among
which language teaching, educational robots and
robot pedagogical assistants were the most pop-
ular. The complexity and depth of the solutions
based on artificial intelligence were divided into
five levels. The first level represents perception,
recognition of words and straight line move-
ments. On the second level, problem solving,
planning, understanding expressions and plane
movements appear. In the case of the third level,
navigation, manoeuvring, interpretation of sen-
tences, and movement of body parts are used. The
fourth level includes the programming of learn-
ing, discovery, dialogue, fine movements. At the
fifth level, self-awareness, recognizing the mean-
ing of speech, and micro-movements are realized.

G. Nugent and co-authors [8] investigated the
effectiveness of a robotics education program in
different settings within the United States, devel-
oped by the University of Nebraska-Lincoln for
9-14 year olds. With the involvement of 5,000 stu-
dents and 400 teachers, they researched what re-
sults were achieved with the educational program
in camps, clubs and competitions. It turned out
that technical knowledge and programming skills
were well developed by the program, but mathe-
matical skills were essentially not strengthened.
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The students' problem-solving and error-finding
skills improved significantly from the level of
trying ideas to systematic, planned activities. Not
only did the students' knowledge and skills im-
prove, but their interest in technical careers also
increased.

The Finnish research group of T. Oksanen pre-
sents the experience of a robot competition over
a 5-year period [9].

It can be concluded that robotics plays an impor-
tant role in education from many points of view,
the most important of which are the following:

Development of creative thinking and prob-
lem-solving, development of technological skills,
development of cooperation and teamwork skills,
understanding of real-life applications, increasing
motivation and interest, development of critical
thinking. Robotics is an exciting and interactive
activity that arouses students' interest in STEM
(Science, Technology, Engineering, Mathematics)
fields and motivates them to learn.

All in all, the introduction of robotics into edu-
cation can help in the broad development of stu-
dents, preparing them for the challenges and op-
portunities of the future.

3. The RoboCup Federation

The history of the international RoboCup Fed-
eration dates back to 1992, when Professor Alan
Mackworth raised the idea of soccer-playing
robots in a scientific paper. In the same year,
independently of him, Japanese researchers at
a workshop discussing the great challenges of
artificial intelligence also came to the game of
football. More and more leading research and
development companies joined the further devel-
opment of the idea. After the pre-RoboCup held
at a conference in 1996, the first official RoboCup
competition took place in 1997 with the participa-
tion of 40 teams and 5000 spectators in Nagoya,
Japan [10]. This event is not just a competition,
but an international scientific conference, exhi-
bition and science popularization event in which
the world's best development teams from univer-
sities and companies participate. It didn't take
long for the idea of the RoboCup Junior event for
young people to come up, which first took place in
1998 in Paris. The international competition for
young people and adults is organized at the same
time and place, so students have the opportuni-
ty to meet the leading researchers in robotics in
person and see the solutions they have prepared.
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4. The RoboCup Junior

Amy Eguchi, co-president of the RoboCup Feder-
ation, representative of RoboCup Junior, presents
[11] ] the goals of RoboCup Junior and the results
of a survey among competitors. We highlight
three of the features of RoboCup Junior here. The
first is a competition task that is renewed every
year but contains the same goals within each
league, which helps students to develop their
knowledge in a well-structured environment. The
second characteristic is the focus on education,
which means that the technical committees of the
leagues use intensive background work to deter-
mine exactly how each competition task should
differ from the previous year. The third is lifelike-
ness, which aims to strengthen students' interest
and motivation.

Robocup Junior has three main themes: escape,
football and theatre. Within these, several so-
called leagues are announced with slightly differ-
ent and challenging conditions.

5. Robotic competitions at the Univer-
sity of Nyiregyhaza
In 2006, we organized the first RoboCup Junior
competition at University of Nyiregyhaza. That
year, the Hungarian teams already represented
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Hungary in the international competition, so that
they managed to bring home prizes. The initiator
of the competitions and the contact person of the
Hungarian RoboCup Community is Simon Bélané
dr. Agnes Balogh is a college teacher.

After that, the Hungarian Youth Robot Cup is
held every year, which is the qualifying compe-
tition for the international RoboCup Junior com-
petitions. The team that successfully qualifies in
the domestic competition can apply for the world
competition.

Over time, it became necessary to organize the
competition in two installments. Currently, the es-
cape leagues take place at a separate event, and
the other leagues at another event.

Fig.1 shows the participants of the 2024 Hungar-
ian Youth Robot Cup competition organized at the
University of Nyiregyhdaza.

Fig. 2 shows a snapshot of one of the simulation
leagues. Here, you have to write your own pro-
gram running in a predefined framework soft-
ware, with the help of which the simulated robot
implements tasks.

Fig. 3 shows a match of one of the soccer leagues.

The robots of the Rapidly Manufactured Robot
Competition (RMRC) (Fig. 4) ) have to travel along
a path imitating a difficult terrain while perform-
ing image recognition and manipulation tasks.

Fig. 1. Participants of the Hungarian Youth Robot Cup 2024 competition in Nyiregyhdza.

Fig. 2. Rescue simulation league: here you have to write your own program, which runs within a framework soft-
ware, based on given rules, but you have to complete tasks on an unknown course.



18

In the on stage leagues (Fig. 5) the teams have
to present a stage choreography in which the
robots are the protagonists, but the value of the
presentation increases if they also cooperate with
humans. Here, the scenery and the artistic reali-
zation are also on point.

One of the two main types of escape leagues is
based on the task of following a line (Fig. 6), the
track of the other type does not have a leading
line, but rather resembles a labyrinth (Fig. 7).

It applies to all leagues that you have to compete
with an autonomous robot. The competition rules
are the same as the international rules for the
competition in Hungary as well. The teams must

Fig. 3. Robot soccer.
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be able to present the progress and professional
content of their preparation with a presentation
in English.

Each league's rules include the key phrase: "It's
not about where you rank, it's about what you
learn.”

6. Conclusions

The multifaceted role of robotics and artificial
intelligence in education is changing every day
and is an area of active research.

The associate organization of the international
RoboCup association is RoboCup Junior, which
presents well-founded pedagogical challenges to
youngsters that systematically change from year
to year.

The Hungarian Youth Robot Cup is the qualifying
competition of the RoboCup Junior international
events, which has been held at the University of
Nyiregyhdza since 2006. The event is currently
held at two locations.

At this event every year, the participants have
the opportunity to learn about the challenges of
the international RoboCup Junior and qualify for
the world competition.

Fig. 5. On stage league.

Fig. 4. RMRC league.

Fig. 6. Rescue league line following.

Fig. 7. Rescue league labyrinth.
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Abstract

The primary objectives of the project are to build a complex antenna rotation facility that will enable the
structure to perform in situ interferometric measurements. The objectives include the construction of a
stable frame to support and protect the control electronics, the design and fabrication of a 2.4GHz DTMPA
(Dual Triangular Microstrip Patch antenna), and the support of the control electronics with the appropriate
software background. The finished structure is capable of tracking the orbit of a satellite of your choice, up
to NAP orbit depending on the configuration. The implementation can be divided into four steps. First of
all, a sufficiently solid frame was designed and built. From the point of view of the use of materials, LEGO
construction toys are the right choice, both in terms of weight and strength. The second step is to design and
build the DTMPA. This is followed by the selection and implementation of the appropriate control electron-
ics. The stepper motor must have adequate torque to ensure proper rotational motion, and the motor and
microcontroller must provide clear instructions to the motors. Finally, the code responsible for controlling
the motors must be written and implemented in the microcontroller so that the structure can be controlled
by the appropriate external computer.

Keywords: Interferometry, DTMPA, Antenna performance measurement, Microcontroller.

out, which are essential for the completion of the
task. After the integration of the software and
hardware elements responsible for the move-
ment, as well as the assembly of the finished sys-
tem and the implementation of the software that
serves them, the equipment can track the move-
ment of a pre-selected satellite or the sun.

1. Introduction

At the Faculty of Engineering, developments in
the field of vehicles will be crucial in the coming
years and research in this direction has been car-
ried out at the Faculty [1-3]. There have also been
advances in the field of artificial intelligence [4,
5]. The design provided by Cyber-Physical Sys-
tems has helped other research to progress faster
[6, 7]. Taking this into account, the following pa-
per has been prepared on the topic of radar sen-

2. Radar Systems Need
This project introduces the concept of mecha-

sors for vehicles.

In order to achieve the objectives set out, com-
plex filming equipment will be designed and
manufactured, as well as the DTMPA, which is es-
sential for operation. A number of measurements
necessary for antenna performance are carried

tronics, which has been used as a concept since
the 1960s. This discipline combines mechanics,
electronics, and computer technology, making
it possible to create complex systems such as
robots, engines, and electric vehicles [8, 9]. The
topic is based on interferometric In Situ measure-
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Fig. 1. Basic principle of interferometry [11]

ments. Interferometry is based on the principle of
using waves, in a narrower circle, electromagnet-
ic waves and then extracting information based
on the phenomenon of interference created by
them. Interferometry (Fig. 1) is a technique used
to perform tasks that require very high measure-
ment accuracy to measure the properties of vari-
ous waves, vibrations, sounds, electromagnetism,
or gravity. The most common fields of applica-
tion for interferometry are astronomy, quantum
physics, meteorology, and oceanography [10]. In
industry, it is mainly used when measuring small
displacements and unevenness.

3. Reqgirement & Consideration

In order to achieve the objectives of the pro-
ject, several coordinated areas must be created.
A frame with a sufficiently stable base that holds
the components together and provides them with
mechanical protection is essential. It is essential
to design and build a DTMPA with appropriate
characteristics, as well as a stepper motor that
ensures the rotation of this antenna, and the
corresponding control electronics and software
background.

Designing a DTMPA must be preceded by ade-
quate research. An antenna is a transducer that
transforms electromagnetic waves into electrical
power and vice versa. It has the ability to operate
as a transmitting and receiving antenna. In 1888,
German physicist Heinrich Hertz constructed the
first antennas [12]. James Clerk Maxwell's elec-
tromagnetic theory was confirmed through his
experiments [13].

The key invention for manipulating the compo-
nents of the electromagnetic field, such as (1), (2),

(3) and (4) is crucial in revealing the exponential
function of the antenna's far-field pattern [14].

E(r,0,0)=E (r,0,0)+E,(1,,0,0)+E(r,,0,0)+E 4(r4,9,<p() )
1

In the far-field, the equation for the normalized
scalar field is:

@)

3),

where

“)

The azimuth panel (6 = 11/2), along with the array
factor of the entire reflector system reduce to:

5)

The term "gain" refers to a parameter that indi-
cates how ostensibly directed the radiation pat-
tern of an antenna is. A low-gain antenna will
radiate over a wide area, whereas a high-gain
antenna will direct the majority of its power in a
particular direction when it emits electromagnet-
ic waves. At a wavenumber of zero (k = 0) and an
azimuth angle (8 = 90°), °), the antennas' phased
array has a normalized power gain (G):

(6)

A high-gain antenna has a longer range and bet-
ter signal quality, but it must be developed, main-
tained, and installed in accordance with different
antenna systems (Fig. 2).

After choosing the right antenna, it is necessary
to determine the appropriate feeding method for
the project objectives. The most common types of
MPA antennas, due to their technical parameters
and production costs, are the "monopole", "di-
pole" and "loop" antennas [16].
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Fig. 2. The microstrip patch antenna. [15]

Fig. 3. MPA feeding methods.

Fig. 4. Constructive and destructive interference.

These antennas must be powered in different
ways. The four most common of these feeding
methods are "microstrip line", "coaxial probe",
"proximity feed" and "aperture-coupled feed".
(Fig. 3).

In short, "microstrip feed" is the fastest and sim-
plest, "aperture coupling" is the most difficult to
manufacture, and "proximity coupling" has the
highest bandwidth.

In the course of the literature review, the phe-
nomenon of interference must be familiarized.
We can talk about the phenomenon of interfer-
ence interfering with measurements when the
signal received in the bandwidth given by the an-
tenna is mixed with other interfering signals, e.g.
influenced or distorted by noise, modulated or
other sources of electromagnetic radiation [17].
Interference can occur in several ways. It can be
caused by nearby antennas, metal objects inter-
acting with each other, or the presence of electron-
ic devices. At the same time, naturally occurring
lightning and other nearby buildings and rock
walls can also cause reflections. A common cause
of interference is the presence and proximity of
other antennas operating in the same frequency
range. Signals reflected back from different sig-
nal sources or from objects in our environment
interfere with each other as described in Chapter
1. . Consequently, the signal strength we expect is
reduced, distorted, and the signal-to-noise inter-
ference ratio can lead to complete signal loss. It
can often be caused by electronic devices, such as
radio-television transmission towers, electronic
wires, or other communication equipment and
other electronic noise sources (Fig. 4).

In order to move the corresponding compo-
nents, it is necessary to embed stepper motors
[18]. This type of motor is a brushless design,
otherwise known as BLDC (brushless DC), which
causes the rotating movement with a series of
electrical pulses. In terms of operation, they can
be divided into two parts, a stationary (stator)
and a rotating (rotor) par [19]. In terms of design,
it can be permanent magnetic, where the rotating
part is a permanent magnet, as well as variable
reluctance, where the rotating part is a plated
iron core, which is magnetized by an electric cur-
rent. The hybrid engine is a combination of these
two designs [20, 21]. Their operating principle is
based on magnetic attraction. Both the stationary
and the rotating parts have teeth and grooves on
which, if an opposite magnetic polarity develops,
the half of the tooth with the opposite polarity
closest to it in space moves, if the distance be-
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Fig. 5. Hybrid stepping motor [22]

Fig. 6. The antenna mast and the subsystems requi-
red for operation

Fig.7. Dual Triangular Microstrip Patch antenna
(DTMPA)

tween them is sufficiently small. We call this a
surprise, hence the term stepper motor. This step
can be full, up or micro surprise. In the case of
a hybrid stepper motor (Fig. 5) the rotating part
is the shaft itself, with two reluctance type ferro-
magnets with a phase shift of half from each oth-
er, and a permanent magnet with axial magneti-
zation between them. The rotating part segments
represent opposite magnetic poles.

4. Findings

The assembly of the finished, working equip-
ment of the project was preceded by thorough
research work. Fig.6 illustrates the structure of
the equipment.

The signals received by the antennas controlled
by the antenna mast are sent to the 4ChVNA de-
vice, amplitude and phase are correctly sampled
and then processed. The task of the R&S signal
generator in actuator mode is to generate the de-
sired signal structures and sequences and trans-
mit them to the antennas via a 50 Ohm cable.

4.1. The DTMPA Antenna

An important aspect of the project is the DTMPA
located on top of the camera. The construction of
this antenna was preceded by several design pro-
cesses. The most important of these is designing
the antenna in the MATLAB simulation environ-
ment. During the design process, with the help of
the "antenna array designer" built into the soft-
ware, and by specifying the desired 2.4GHz fre-
quency, the software simulated the rough sketch
of the future antenna. This sketch (Fig. 7) required
many manual corrections in order to function
properly. (e.g. material use, substrate thickness).

4.2. The antenna mast and the subsystems
required for operation

The construction of the DTMPA presented above
has always been among the objectives. Once the
design process is completed, the achieved results
will be produced at a later date due to financial
reasons, with the recognition of the expert opin-
ion of the faculty. The rationale for this was keep-
ing costs and time efficiency in mind. In addition,
it is important to point out that the department
had several existing antennas at the end of the
design, several of which met the objectives of the
project. Therefore, in the future, we will use two
existing antennas in order to achieve the goal,
the documentation and measurement results of
which are detailed below.
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The physical parameters of the provided anten-
nas are the same. Both use an FR4 substrate, on
which the "slot" itself is located. This is followed
by an air substrate layer, and then a copper base
plate is placed below this. The distance between
the two plates, i.e. the A/4 value for both anten-
nas, is 5.4 cm. The double of this, i.e. the A/2 value,
will be the distance that must be between the feed
points of the two antennas in order to be used in
an "array" design. Both antennas receive power
through a standard coaxial connector located at
the bottom of the antenna. Fig. 8. and 9 show
some measured values of the "L" band antenna
and Table 1. shows “L” band antenna perfor-
mance measurements with different frequencies.

5. Antenna Performance Measurement

The antenna used in the project had to be sub-
jected to measurements in order to gain certainty
that itis suitable for the objectives of the topic. For
this purpose, two measurements were performed.
A simple antenna performance measurement, as
well as a more complex near-field antenna meas-
urement. We determined the characteristics of
the existing slot resonator antenna with two inde-
pendent measurements. The first measurement
was taken from several different positions in the
case of a fixed antenna. In the assembly accord-
ing to Fig. 10. Several different measuring devic-
es were used for the measurement. The ROHDE &
SCHWARZ SMB 100B signal generator supplying
the antenna provided the necessary signals, first
at 1.3 and then at 2.4 GHz frequency. For both set-
tings, a "level" value of 4dBm was set.

During the measurement shown in Fig. 11 we
used a 360-degree rotatable measuring bench in
order to determine the 360-degree characteristic
of the antenna. We used an R&S HE 300 anten-
na connected to a 4ChVNA signal generator as a
"transmitting” antenna. The data was evaluated
on a computer connected to the signal generator.
The distance between the "receiver” and "trans-
mitter" antenna was 2.6m. During the measure-
ment, we slowly turned the rotatable measuring
bench around several times, and then performed
the same sequence of movements in the opposite
direction. Fig. 12 shows the rotatable measuring
bench.

5.1. Stepper Motor Subsystem

The frame is moved by two mini stepping mo-
tors. In terms of their movement, horizontal and
vertical circular movement. The lower motor en-
sures the rotation of the frame on the axis, while

Table 1. ,,L” band antenna performance measure-
ments with different frequencies

»L" band antenna

Frequency 1.3 GHz 2.4 GHz
Back radiation -46.6dB -43.6dB
Turned 60 to the right -39.5dB -37.5dB
from the main beam
Turned 60 to the left -37.6dB -36.2dB
from the main beam
Main beam maximum -25.6dB -24.6dB
(horizontal polarization)
Cross polarization value -58.6dB -58.2dB
Maln. beam maximum -25.8dB -22.6dB
(vertical polarization)

Fig. 8. Measured "L" band antenna radiation pattern.

Fig. 9. Measured "L" band antenna radiation pattern
with x-polarization.

Fig.10. Simplified antenna characteristic measure-
ment arrangement
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Fig. 11. Description of the measurement environ-
ment.

Fig. 12.,,L" band antennas.

the upper one rotates the antenna support panel
vertically at the desired angle. Fig. 13 shows the
maximum number of steps for the specified po-
sition angle and lateral angle, as well as the de-
clared variables that the main thread writes to
instruct the thread responsible for running the
motors.

The two SM-28BYJ-48-5V motors used [23] are
four-phase, unipolar. Its torque is adequate, tak-
ing into account the above-mentioned weight
issue, so it is able to ensure the appropriate ro-
tational movement. The motor located at the top
of the structure is directly responsible for the ver-
tical rotation of the antenna, while the lower one
is responsible for the horizontal rotation of the
entire frame. Fig. 14 shows the code fragment re-
sponsible for the function that causes the motors
to move clockwise and counterclockwise.

The motor can be controlled with two motor
controllers, nominally a ULN2003. Its physical ap-
pearance can be seen in Fig. 15.

Fig. 13. The maximum number of steps for running
the motors.

Fig. 14. The code responsible for the function causes
the motors to move.

Fig. 15. ULN2003 motor controller.

5.2. Stepper Motor Programming

The project uses a NI USB 6001 data acquisition
card connected to a computer that supplied it
with the control commands. An application writ-
ten in the Python programming language is run-
ning on this computer. The NI DAQMX library was
imported into the mentioned Python code, which
contains the functions needed to control the data
acquisition card. The communication protocol
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used by the hamLib library in the TCP/IP appli-
cation layer was implemented in the same code.

The gpredict open-source software was chosen
as the basis for the engine control.

Gpredict is a real-time satellite tracking and pre-
diction app. It monitors and displays satellite po-
sitions and data through lists, tables, maps, and
polar plots. It forecasts future satellite passes, and
uniquely, you can group satellites into customiz-
able modules for a personalized look and func-
tionality. Plus, Gpredict can track satellites from
multiple observer locations concurrently, but its
key advantage is that it can handle antenna rota-
tors and radios that support the hamlib protocol.

So gpredict tracks the selected satellite, calcu-
lates the azimuth and elevation angles for the ro-
tator according to our own position and transmits
via TCP/IP using hamlib protocol at the applica-
tion layer.

A program written in Python receives com-
mands as a server through the hamlib protocol
and controls and monitors the stepping motors
via a NI USB 6001 device. In the first step, the pro-
gram initializes and loads the appropriate librar-
ies to control the NI USB 6001, then loads the con-
figuration file, which specifies how many steps it
can take on each of the two axes, and in the final
states, the angles at which the steps correspond
according to the hamlib.

In calibration mode, the axes can be moved
independently; if you reach the end stop on one
axis, the counter will be reset; if you move it in
the opposite direction, the counter will count
each step instruction.

If we think we have reached the maximum
possible step on a given axis or the limit stop is
pressed again, we can save the maximum possi-
ble steps in a configuration file.

In normal running mode, after loading the con-
figuration file, a TCP/IP server is started, which
decodes the hamlib commands and gets the po-
sitions in angles. These angles are converted into
step numbers according to the configuration file.
From then on, the control works like a CNC ma-
chine; the program knows exactly how many
steps the motor is taking in relation to the end
position, "governs" it so that the set steps are not
exceeded, and knows how many steps to take in
one direction or the other in relation to the new
position. Fig. 16 shows the software topology.

5.3. Software topology

The stepper motors are controlled by a micro-
controller that schedules and supplies the motors

Fig. 16. Software topology.

Fig. 17. NI-NT-USB-6001.

with the appropriate instructions. The choice fell
on a NI-NT-USB-6001 device. See in Fig. 17, the
NI-NT-USB-6001 is a versatile device suitable for
many applications including laboratory experi-
ments, research and development, and industri-
al automation. Due to its small size, portability
and easy handling, it offers an ideal solution for
many measurement and control tasks, such as for
moving the antenna system of the interferometer
stand. The NI-NT-USB-6001 is a multifunction data
acquisition device designed and manufactured by
National Instruments (NI). The device is a small,
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portable USB-based data acquisition module that
provides analog and digital inputs and outputs, as
well as a counter/timer function. NI-NT-USB-6001
has 8 analog input channels with 14-bit resolution
and 48 kS/s sampling rate. It has 2 analog output
channels with 16-bit resolution and a maximum
update rate of 2 kS/s [24].

5.4. The Build Area Unit

To hold the various electronic components to-
gether, as well as to fix the antenna, a frame is
required that is sufficiently stable. In order for
the appropriate elements to be fixed, a complex
framework had to be created that meets several
aspects. First of all, it was necessary to take care
of the understanding of the two stepping motors,
since thanks to them the rotating movement is
realized. In addition, proper fixing of the micro-
controller and the mounting panel is also crucial.
One of the most critical features of a frame is its
weight. Stepper motors have a maximum load ca-
pacity. Exceeding this, the system will not be able
to function properly as far as the rotary move-
ment is concerned. Although the metal house is
the most durable and stable, due to the weight
limit, we decided on the plastic building equip-
ment called LEGO. Sufficiently stable, highly cus-
tomizable.

However, it is important to note that LEGO is
made from ABS, an industrial plastic. Before
building the Antenna frame, 3D modelling [26]
was carried out. This will make it easier to rede-
sign and to see the frame to be built in a virtu-
al framework. We can also make the necessary
parts list. The free BrickLink studio [26] was used
for modelling, allowing the design of customized
components, import and export of models and
the creation of building guides.

Once the design was complete, a list of the ele-
ments needed to build it was available. Minimal
modification was required to the physical anten-
na rotator (see Fig. 19).

After building and testing the project, it can be
determined that it meets the expected and de-
fined requirements. The motors are able to ro-
tate the frame adequately, the Python application
properly handles and transmits the signals, and
the measured characteristics of the antenna are
also suitable for the objectives.

Fig. 18. 3D designed of the antenna frame.

6. Conclusions

In the course of the project, opportunities for fur-
ther development arose in several directions. Per-  Fig. 19. Designed and assembled antenna rotation
haps the most important of these is the design of system.




Di6s Sz. S., Masuk A., Dinya T, Szdntd A., Pettendi D., Balajti I. — Miiszaki Tudomdnyos Kézlemények 21. (2024) 29

an even more durable metal frame, but this signifi-
cantly increases both the material and, more impor-
tantly, the weight factor affecting transportability.

The stepper motor has a specific torque that had
to be kept in mind during construction. This prob-
lem can be eliminated with more powerful en-
gines, but this also involves increased weight, so
it is important to find the right balance. It should
be mentioned that if an encoder is built into the
system, even more precise motor positioning can
be achieved.

A further development option in another direc-
tion is a completely waterproof outer covering,
thanks to which the construction becomes capa-
ble of outdoor operation regardless of the weath-
er. A further development option is a higher-gain,
directional phase-controlled antenna system with
a preamplifier, which enables more precise meas-
urements.

This research could be of help, in vehicle topics
that we have previously researched in the uni-
versity such as lightweight aircraft and antenna
design [27, 28].
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Abstract

In the early 19™ century, the level of Hungarian industry lagged behind that of developed states. As a result of
rapid development, by the end of the 19" century and the first decades of the 20™ century, the domestic tech-
nical and natural sciences showcased significant successes through the outstanding activities of the defining

industrialists and engineers of the era.

The rapid urbanization posed new challenges in the operation of large cities, ensuring security, and fire
protection. Responses to these challenges could only be provided by professionals who were excellently pre-
pared with both technical and firefighting knowledge, such as Kornél Szilvay, who dedicated his entire life to

improving the efficiency of firefighting.

Keywords: Kornél Szilvay, dry extinguishing, water damage-free extinguishing of fire.

1. The beginning of a firefighter's career

Kornél Szilvay was born on July 25, 1890, in Bu-
dapest, as the child of Antal Szilvay and Anna Gr-
eff. After completing his four years in elementary
school, his interest turned towards the technical
field. He continued his studies at the predeces-
sor of the present-day Obuda University, the Bu-
dapest Hungarian Royal State Upper Industrial
School. Following the successful completion of
the preparatory class, he obtained his certifica-
tion in the mechanical engineering department
after three years.

During his studies, the director of the Upper
Industrial School, Karoly Hegeds, initiated the
expansion of the students' firefighting knowledge
with the school authorities. A "firefighting train-
ing course" was organized, and ,,it was approved
by the high decree of the minister, as stated in the
document number 105.684./IV. B. from 1908”. [1]

By completing the specialized course, Kornél
Szilvay committed himself for life to the cause of
firefighting and fire protection. After his studies,
he began his career at the Schlick Factory in Bu-
dapest, where his father also worked. He became

a factory firefighter and joined the Budapest Vol-
unteer Fire Association in the same year. From
2012, he served as a section commander, and
from 2013, he performed assistant officer duties
and handled storage tasks. Recognizing the signif-
icant role of reliable firefighting equipment and
procedures alongside the personal preparedness
and courage of firefighters, he consciously start-
ed modernizing them to increase the efficiency of
firefighting. On February 1, 1914, he entered the
service of Budapest as a professional firefighter.

2. The Patent of the Dry Fire Extin-
guishing Apparatus

In the early 1920s, Szilvay shifted his focus to
replacing water-based firefighting techniques
based on water application, aiming to reduce or
avoid water damage. A hundred years ago, on
December 29, 1923, as a result of his experiments
related to dry firefighting, he patented the princi-
ple of gas and powder extinguishing firefighting
apparatus. The patent description summarized
the essence of the innovation as follows: "The
essence of the method according to the invention
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lies in first cooling the exhaust gases of an inter-
nal combustion engine, then compressing them to
the necessary pressure with the help of a compres-
sor, and finally blowing the extinguishing powder,
known from the powder container, to the location
of the fire with the thus compressed gases." [2]

The operational principle is recorded in the de-
scription as follows (Figure 1): ,In the attached
drawing, a schematic representation of a firefight-
ing device operating according to this method is
provided. (1) indicates the powder container from
which a (2) conveyor screw transports the extin-
guishing powder to the (3) nozzle. (4) denotes an
internal combustion engine, and its exhaust gas-
es exit through the (5) tube. At (6) on the (5) tube,
it converges into a (7) tubular cooler, where the
exhaust gases are cooled as they pass through,
leaving the cooler through the (8) tube after being
cooled. The (8) tube converges into a (9) rotary
compressor, which is driven by the (10) shaft of
the (4) engine; the same shaft also drives the (2)
conveyor screw with the help of the (11) belt drive.
The (9) compressor compresses the gases sucked
in from the (8) tube to the required pressure and
delivers them to the (3) nozzle through the (12) cas-
ing, where the pressurized gas blows the supplied
extinguishing powder into the (13) hose attach-
ment, to which the hose required for firefighting
can be connected in a known manner.” [2]

The production of the experimental apparatus
began in 1926. The first dry firefighting vehicle,
equipped with a 60 HP internal combustion en-
gine, built on a chassis with a load capacity of
5 tons, and featuring a compressor capable of
transmitting 6 m3min of extinguishing gas, was
manufactured at the MAVAG Locomotive and
Machine Factory. It had a 2 m® wooden powder
container initially, but as the wooden container
proved ineffective, further experiments contin-
ued with a steel storage vessel (Figure 2).

In the preparation of the prototype, the con-
structor was Istvdn Horthy from Nagybdanya; he
was the former head of one of the design depart-
ments at MAVAG. The first dry firefighting vehicle
was presented and handed over during a demon-
stration on December 27, 1927, at the barracks of
the Budapest Fire Department (Figure 3).

On January 22, 1928, Prime Minister Count Ist-
van Bethlen observed Szilvay's newly employed
powder extinguisher in action during firefight-
ing. A few days later, Dr. Ferenc Ripka, the Mayor
of Budapest, witnessed the operating equipment
during a practical exercise, and on both occa-
sions, it functioned excellently.

£ —1 ~ 2
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Fig. 1. The conceptual outline of the dry fire extin-
guishing apparatus from the patent descrip-
tion's accompanying drawings [2]

Fig. 2. The production of the experimental dry firefight-
ing equipment [3]

Fig. 3. Presentation of the horizontal cylindrical dry
fire extinguisher at the Kun Street barracks [4]

The first practical deployment of the dry fire-
fighting machine took place on March 1, 1928, in
Budapest, during a fire at the art studio of paint-
er Miklgs Mihalovits. According to the report in
Esti Kurir, "...Chief Officer Szilvay decided not to
attempt to extinguish the fire with water, which
would soak the ceiling and destroy the paintings,
but with a new type of firefighting device, his in-
vention. This extinguishing device uses powder
and a gas mixture. The chief officer personally put
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Fig. 4. A group of professional firefighters from the
capital, Szilvay second from the right with an
uncovered head [5]

this device into operation, marking its first appear-
ance. The result perfectly justifies the hopes placed
in the device because within twenty minutes, they
managed to localize the extensive fire without any
harm to the accumulated artistic objects.” [6]

The highest international recognition came at
the Paris International Firefighting Exhibition,

where, according to contemporary reports, "Szil-
vay Kornél, the chief firefighter from Budapest, at-
tracted great attention with his invention, the dry
firefighting machine.” (Figure 5) ,,At the exhibition
opening, the Hungarian invention was presented to
the French Minister of the Interior, Tardieu.” [7]

At the exhibition, the dry extinguisher present-
ed on the Mavag-Mercedes-Benz chassis was ca-
pable of extinguishing with neutral gas, powder,
water, and water mist, carbon dioxide snow and
foam, as well being suitable for combined extin-
guishing with powder, gas, and water mist. The
equipment, referred to in professional circles as
a "universal extinguisher," was equipped with a
vertical cylinder powder container instead of the
previous horizontal one.

In early July, President Paul Doumer of the
French Republic also visited the Hungarian sec-
tion of the Paris Firefighter Exhibition, where a
perfected dry extinguisher was showcased. "In
response to his inquiries, brave Chief Engineer
Istvdn Horty of Nagybdnya provided detailed ex-
planations." At the request of a colonel from the
Paris Fire Department, a firefighting demonstra-
tion was also held. "In the demonstration house of
the exhibition, cables saturated with high and low
voltage electricity were laid down and then ignited.
Engineer Istvdn Horthy and the Parisian firefight-
ers at his disposal began extinguishing the fire...
they quickly suppressed the burning telephone ca-
bles. The Parisian fire officers, as well as foreign
firefighters who witnessed the firefighting work,
expressed their utmost admiration..." reported the
Magyarsdg newspaper on July 14, 1931. [9] The
new equipment aroused the interest of not only

Fig. 5. The Szilvay-designed dry firefighting machine at the Paris International Firefighting Exhibition [8]
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French and Austrian experts but also American
and Canadian firefighters.

In 1929, the dry extinguisher was used in 20 cas-
es to carry out significant firefighting operations
in Budapest without causing substantial water
damage. Experience showed that dry extinguish-
ing proved to be most successful in extinguishing
fires that occurred in enclosed spaces (out of 20
fire incidents, 14 were business or warehouse
fires). It often happened that when entering a
closed space, such as breaking through the shut-
ters of a shop, fresh air rushed in, causing the fire
to flare up and engulf the surroundings in flames.
Recognizing this, Szilvay implemented small
openings for introducing the extinguishing agent
without breaking the closure, which allowed the
introduction of the extinguishing gas without
destroying the closure and without the inflow of
fresh air.

With the widespread use of electricity, fire in-
cidents involving electrical equipment and dis-
tribution units became increasingly common,
where traditional water-based firefighting meth-
ods were not applicable. On June 16, 1932, at the
Kéarpat Street site of the Hungarian Transdanu-
bian Electricity Company in Budapest, a 20,000
KVA oil-cooled transformer caught fire. "The fire
of the outdoor transformer was successfully ex-
tinguished with a powder jet without the need to
power down the two adjacent transformers." [10]

Szilvay further developed the procedure for
extinguishing fires in enclosed-space transform-
ers as well. His patents extensively discussed the
introduction openings, which effectively enabled
the extinguishing of fires in closed spaces con-
taining transformers and switchgear. The inven-
tor's patents for effectively extinguishing fires in
closed spaces included the following:

Fig. 6. The installation of stationary tank dry extin-
guishers at Mdvag between 1939 and 1940 [11]

—Procedure and apparatus for extinguishing
fires by dry means (January 24, 1932).

—Apparatus for extinguishing fires occurring in
rooms (November 29, 1934).

—-Dry extinguishing apparatus (December 4,
1934).

-Dry extinguishing apparatus for fires in large
rooms and method for maintaining the dry ex-
tinguisher (January 15, 1941).

—Apparatus for extinguishing fires in enclosed
spaces (May 9, 1942).

The experiences showed that "the vehicle engine
often does not provide a sufficient quantity and
quality of gas without carbon dioxide, because the
engine is not sufficiently loaded; moreover, the gas
quantity required to extinguish large fires cannot
even be produced by the engines in use, even un-
der full load. To overcome these disadvantages, ac-
cording to the invention, a compressor is driven by
the engine, which compresses clean air and pushes
it into an oil burner, from which the resulting com-
bustion products can be used for extinguishing..."
- wrote the inventor in his patent registered on
December 4, 1934, titled "Dry extinguishing appa-
ratus". [12]

Despite the continuous modernization of the
dry extinguishing system, the quantity of exhaust
gases from internal combustion engines at the
time proved insufficient for extinguishing fires in
large-sized spaces.

Szilvay's further developments aimed to in-
crease the amount of gas emitted per minute. The
opportunity to design a device capable of produc-
ing 100 m?® of extinguishing gas per minute arose
at the Ganz és Tarsa a Villamossagi Gép-, Vagon-
és Hajogyar Rt. using the Jendrassik-type gas tur-
bine. The mechanical equipment was completed
in 1951, followed by the superstructure in 1953,
and then the trial operation began. However, due
to Szilvay's death on September 8, 1957, the pro-
cess was interrupted.

3. Reminiscing

Throughout his career, Kornél Szilvay deemed it
important to actively participate in firefighting ef-
forts. For 35 years, he responded to fire incidents,
with one occurring approximately every 17t
hour of his service. With a high level of profes-
sionalism and selflessness, he fulfilled his duties
as both a firefighter and an innovator.

In his 1982 article, retired Lieutenant Colonel
Rezs6 Tarjan, a mechanical engineer and former
firefighter, praised Szilvay's role, stating, "As a
firefighter officer, he estimated that he led firefight-
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Fig. 7. The Kornél Szilvay Commemorative Coin by HNB [14]

ing efforts in about sixteen thousand fires. For in-
stance, he directed the extinguishing of the Basilica
dome fire on June 20, 1947. He took proactive mea-
sures to protect the valuable frescoes, and despite
the large quantity of water used during the fire-
fighting, there was no flooding or water damage.
Using a 400 liters per minute small motor pump, he
drained water accumulated in the recesses of the
dome pillars and used the streams to protect the
Basilica's valuable parts from burning." [13]

On February 1, 1955, he announced his final
patent titled "Dry Extinguishing Procedure", mak-
ing him the holder of 39 patents, the majority of
which were directly aimed at improving firefight-
ing efficiency.

In recognition of his life and professional ca-
reer, President Arpad Géncz posthumously pro-
moted him to the rank of Lieutenant General
in 1993. In May 1994, a plaque was unveiled in
honor of Kornél Szilvay, the firefighter-inventor,
at the headquarters of the Budapest Fire Depart-
ment. The Central Fire Protection Department of
the Mechanical Engineering Scientific Society es-
tablished the Kornél Szilvay Memorial Medal in
1995.

In 2015, on the occasion of his 125th birthday
anniversary, the Hungarian National Bank issued
a commemorative coin with a face value of 2000
HUF under the name "Kornél Szilvay." (7. abra).

In 2022, the Banki Donéat Faculty of Mechani-
cal and Safety Engineering at Obuda University
launched the "Kornél Szilvay Fire Protection Con-
ference" series in honor of the outstanding stu-
dent of its predecessor institution. This initiative
is part of the Hungarian Science Festival event
series. [15]
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Abstract

The paper presents the simulation results of the simplified static (St) and dynamic (Dy) simulation struc-
tures (SimS), with voltage (U) and frequency (f) input, all of them based on a simplified mathematical model
(MaMo) of the PM synchronous machine (SyM) corresponding to the operation mode with stator current vec-
tor perpendicular to the PM flux (CVpPMF). These results are compared with those simulated with vectorial
speed controlled (VC) SimS-s where the longitudinal armature reaction is cancelled by means of two-phase
current controllers in two different conditions: when the motor is fed by sine-wave voltages, and when it is
connected to a PWM-inverter. By means of simulation of the St- and Dy_SimS-s the motor parameter iden-
tification calculations are verified, while the compatibility of the MATLAB/Simulink® motor block with the
applied MaMo, required for the implementation of the vector control, is also verified using the VC-Sim-s.

Keywords: PM synchronous motor, vector control, mathematical modelling, simulation structures.

1. Introduction

The permanent magnet (PM) synchronous type
machines belong to the most commonly used
electrical machines besides the asynchronous
motors. These can have sinusoidal or trapezoi-
dal flux distribution of the magnetic field (DMF)
in the air gap. The classical synchronous ma-
chines (SyM) have sinusoidal distribution DMF
and those with trapezoidal DMF are considered
“synchronous type” motors like the brushless di-
rect current machines (BLDC), the conventional
stepper motors and the motors with pole number
ratio (4/3, 3/4, 5/2, 5/3, etc) different from 1, where
the stator and rotor pole-numbers are not equal.
The PMSyM-s are widely used as motors in the
domain of electrical drives and as generators for
energy production in wind turbine systems. This
paper deals with the PMSyM with sinusoidal DMF
whose mathematical model (MaMo) is based on
the Park-theory.

2. The mathematical model of the PM
synchronous machines

In Figure 1 is presented the schematic structure
of a one pole pair (z, = 1) PMSyM, where 6 is the
rotor position with respect to the d (real) axis of
the reference frame fixed to the stator. This coin-
cides with the ag stator phase magnetizing direc-
tion and it is expressed as an electrical angle.

According to the general Park-theory the two-
phase MaMo of the SyM-s with sinewave DMF is
expressed in the reference frame fixed to the ro-
tor.

The d0-gb axes of the coordinate system (CooSy)
correspond to the symmetry axes of the PM rotor
[1, 2], thus the orientation of the reference frame
can be named PM-field orientation.

2.1. The general dynamic mathematical
model of the PM synchronous machines
The general equations of the PMSyM with-
out damping circuits can be deduced from the
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Fig. 1. Structural principle diagram of the PMSyM
with z, = 1 pole pair.

original Park-model by neglecting the rotor cir-
cuits and by replacing the magnetic flux of the
exciting winding with the PM flux [3].

The voltage equation of the armature (stator)
written with space phasors is

, 1)

where , and are the space phasors of
the armature voltage, current and armature flux,
respectively, in rotor-oriented coordinate system,
R, is the stator resistance, w is the electrical angu-
lar speed of the rotor

@)

and 0 is the angular position of the rotor as is
shown in Figure 1.
The armature resultant flux:

; 3)

where ¥, is the PM flux, the direction of which
coincides with the real axis of the complex plane
i.e. with the rotor-oriented d6 direct axis and

is the armature reaction flux (ARF). This one
can be written with the two-phase components
(2PhCo) of the stator current as follows:

, “@

where L, and L, are the longitudinal and quad-
rature three-phase inductances.

The dynamic torque in the motion equation is:

; %)

where J;, is the equivalent moment of inertia, w,,
the mechanical angular speed, m, the electromag-
netic torque (EMT) and m, load torque.

The mechanical angular speed and the f, fre-
quency are proportional with the speed n mea-
sured in RPM (,revolution per minute”). In the
identification procedure of the motor parameters
the below expressions are useful:

5 (6)

; (7)

where z, is the pole-pair number.
The electromagnetic torque expressed with the
two—phase components is [1-3]:

( sde sqe l[lsqe isde)r (81)

If the ARF components are substituted in the
function of the current components, then there
are put in evidence the two synchronous torques
of different provenience, attributable to the PM
and the variable reluctance:

M1 p( PM sq9+2AL lsd@ sqe)’ (8 2)

where the torque coefficient is K,,,= 3/2, if the
variables correspond to amplitude of the instan-
taneous values.

The difference 24AL = L ,—L,, expresses the ef-
fect of the variable reluctance. Its value in con-
ventional machines is positive, but on the other
hand many of the recently produced motors have
negative reluctance torque which diminishes the
main torque produced by the PM.

2.2. Steady state mathematical model of the
PM synchronous motors

In electromagnetic steady state (StSt), when
the current and the flux amplitude are constant,
from the voltage equations (1) the derivative of
the flux is eliminated, consequently the voltage
equations are simplified, but the flux equations
are not changed. These equations with two-phase
components are:

- the armature voltage

)

- the armature resultant flux

(10)
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- the armature reaction flux
11

In electromechanic StSt, when the speed is also
constant, in the motion equation (5), the deriva-
tive of the speed results zero and the torque equa-
tion become:

m=m,, (12)

where the EMT results from (8.1) or (8.2).

In Figure 2 is presented a version of the gener-
al StSt simulation structure created based on the
(6) - (12) equations.

This variant is useful for checking the rated data
(operation point) of the motor. Depending on the
purpose of the modelling, there various simula-
tion structures may be developed by swapping
between one or more inputs and outputs.

Usually, the sinusoidal operation is calculated
with RMS (Root Mean Square) values. In this case
in expressions (8.1) and (8.2) the torque coeffi-
cientis K,,, =3 [1, 3].

3. The rated data of the PMSyM

The type of the motor is SIMOTICS S-1FL6/ Sie-
mens AG (DE-97616 Bad Neustadt) [7].

The motor rated data written on the name plate
are:

- shaft torque M,, = 0.64 Nm;

- shaft power P, =200 W;

- revolutions per minute n, = 3000 RPM;

—line current rms value

(it is equal to the phase current).

Additional data from the motor manual:
— line voltage rms value
, consequently the phase

voltage ;

—the rotor moment of inertia J, = 0.214 10~* kg m?;

—the load moment of inertia may be maximum
30 times the J, [7].

Measured parameters:

— armature resistance R, =5.33Q;

- longitudinal inductance L., = 10.19 mH;

- quadrature inductance qu =11.17 mH;

— pole-pair number z, = 4.

Calculated rated data:

- f,v = 200 Hz, supply frequency;

- M, = 0.731 Nm, electromagnetic torque (EMT);

- cosg, = 0.95 power factor;

— efficiency n,, = 77.5%;

- =0.0615 Wb, magnitude of the identified
PM flux.

Fig. 2. The general steady state simulation structure
of the PMSyM.

The measured parameters and the calculat-
ed data can be checked with the St_SimS from
Figure 2 for the rated operation point for the in-
put rated values (voltage, current and frequency).

4. The control principle with the cur-
rent vector perpendicular to the PM
flux (CVpPMF)

The PMSyM-s with sinusoidal DMF have four
fundamental control procedures [4-6].

According to the best-known and most applied
control principle the space phasor of the arma-
ture current is constrained to be perpendicular to
the rotor longitudinal (direct) magnetic axis, i.e.
to the PM-flux vector. In this case the two-phase
components of the current space phasor have
particular values: the direct component is zero,
and the quadrature one is equal to the module of
the current vector:

13)

Based on (13) the longitudinal armature reaction
(ArRe) flux ¥, is also zero. In this situation the
resultant armature flux cannot be controlled to a
constant value because the quadrature ArRe flux
¥ s depends on the current and is determined
by the mechanical load. Another disadvantage is
the inductive character of the current because the
motor with CVpPMF cannot operate at unity pow-
er factor. However, it has the advantage that the
electromagnetic torque is produced with the min-
imum current value. On the other hand, for some
new types of variable reluctance PM motors, with
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Ly < Ly, (valid also for the above presented Sie-
mens motor), the negative reluctance torque, that
diminishes the PM torque, is cancelled due to the
absence of the longitudinal ArRe flux.

4.1. Steady state phasor diagram with the
CVpPMF

In Figure 3 is presented the phasor diagram
of the motor operating in steady state with the
CVpPMF based on equations (9) - (11). This pha-
sor diagram is valid for space phasors and at the
same time for time phasors. It is also valid if the
speed is variable in electromagnetic steady state,
when the rms value of the current and fluxes is
constant, because the diagram is independent of
the variation of the speed in braking or accelera-
tion operation of the motor.

4.2. Mathematical models with the CVpPMF

Considering the (13) condition, if the current
vector ideally can be kept permanently perpen-
dicular to the PM flux, in both dynamic and steady
state operation, it leads to the simplified mathe-
matical model of the PMSyM. Thus, the simplified
simulation structures of the vector controlled PM-
SyM can be synthesized.

Fig. 3. Electromagnetic steady state phasor diagram
with the CVpPMF in dO - qO rotor-oriented
synchronous rotating coordinate system.

4.2.1. Steady state simplified mathematical
model with the CVpPMF
Considering (13) and based on the (8) - (11) StSt
equations, the simplified voltage, flux and torque
expressions are the followings:

(14
(15)
(16)
M=Ky, z, Ppy i (17)

and to these above (12) must be added, too.

4.2.2. Dynamic state simplified mathematical
model with the CVpPMF

Considering (13) and based on the (1) - (8) gen-
eral dynamic equations written with two-phase
components, the simplified dynamic model re-
sults as follows:

(18)

and to these above the (5) motion equation, the
(17) electromagnetic torque, and the (14) and
(15) flux expressions must be added. In (18) the
terms containing w are the rotational electro-mo-
tive force (EMF) two-phase components while the
term containg the current derivative is the self
inducion voltage.

5. Vector controlled structures of the
PMSyM drive

Based on the above presented MaMo-s there
result the simplified simulation structures of the
PMSyM drives. According to (5) and (12) the load
torque contains the sum of all friction torques be-
tween the rotor and the load.

5.1. Simplified simulation structures with-
out controllers

Modelling a simulation structure of the motor
together with the whole control system, may
result in more errors. In order to avoid that in
the first step it is recommended to use simplified
simulation structures without controllers con-
sidering ideally the perpendicularity of the cur-
rent vector to the PM flux, based on the MaMo-s
in steady state and dynamic operation modes
presented in subsection 4.2.
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5.1.1. Simplified static simulation structures
(St_SimS) in steady state

According to the MaMo presented in paragraph
4.2.1 there is the possibility to create two different
St_SimS-s depending on the input variables which
beside the load torque may be the voltage or the
frequency. The two St_SimS-s are presented in
Figures 4 and 5, respectively. The structure with
frequency (St_Sim$S_f) input is presented in Fig-
ure 4 where the voltage is the output.

In Figure 5 the presented simulation structure
(St_SimS_U) has voltage and torque inputs and
current and frequency outputs, respectively.

The similarity of both St_SimS-s consists in the
load torque (equal to the EMT) input and the ar-
mature current output, which is proportional
with the torque likewise the physical phenomena
in the motor. In the structure St_SimS-s in steady
state the calculations usually are made with rms
values and in this case the torque coefficient
K,, = 3, asitis written in Figures 4 and 5.

5.1.2. Simplified dynamic simulation struc-
tures (Dy_SimS)

There are two different Dy_SimS-s similarly to
the previous subsection. These are based on the
MaMo from paragraph 4.2.2 and differ in input,
that is the voltage or the frequency beside the
load torque. These St_SimS-s are presented in
Figure 6 and 7, respectively.

The Dy_SimS-s contain only two derivatives, of
the speed and of the armature current, the last
one being equal with the torque producing (ac-
tive) current component.

Due to the fact that in the Dy_SimS_U structure
the voltage is the input, it contains integration
blocks, as usually in the motor type MaMo-s. In
the Dy_SimS_f structure, where the frequency is
the input, instead of integration there appear de-
rivative blocks and the voltage is an output, as in
the case of generative type MaMo-s.

In the dynamic simulation structures the cal-
culations usually are made with the amplitude
of the variables, as in the classical Park models,
consequently the torque coefficient K,, = 3/2, as it
is written in Figure 6 and 7.

5.2. Simulation structures with controllers

The vector control structure which is suitable
for implementation is presented in Figure 8,
where the perpendicularity of the current vector
to the PM flux is provided by means of cancel-
ling the longitudinal ArRe, according to (13) con-
trolling the current component i_,, to zero value.
Besides that the speed is controlled by a cascade
control structure by means of the active quadra-
ture current component i, which in steady state
is equal to the modulus of the i, armature current.

The actuator is a carrier-wave controlled
pulse-width modulated (PWM) voltage-source

Fig. 4. Static simulation structure (St_SimS_f) block
diagram of the PMSyM with the CVpPMF with
frequency and torque inputs, and current and
voltage outputs, respectively [8].

Fig. 5. Static simulation structure (St_SimS_U) block
diagram of the PMSyM with the CVpPMF, with
voltage and torque inputs and current and
frequency outputs, respectively.
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Fig. 6. Dynamic simulation structure (Dy_SimS_f)
block diagram of the PMSyM with the CVpPMF
with frequency and torque inputs and current
and voltage outputs, respectively.

Fig. 7. Dynamic simulation structure (Dy_SimS_U)
block diagram of the PMSyM with the CVpPMF
with voltage and torque inputs and current
and frequency outputs, respectively [8].

Fig. 8. Vector control structure of the synchronous motor drive fed by carrier wave PWM controlled voltage-
source inverter (VSI) with the current vector perpendicular to the PM flux.

inverter (VSI), which practically is a three-phase
IGBT bridge DC-AC converter. The two-phase
components of the armature current are imposed
as reference values. The active component refer-
ence value is generated by the speed controller.
Because the PWM procedure is of voltage-con-
trolled type, it needs voltage references. That is
why the U.C block is needed, which is compiled
upon the PMSyM MaMo, as follows:

(19)

where the speed w and the current components
result as feedback.

The two control variables generated by the cur-
rent controllers are determined based on the sca-
lar equations derived from (1), as follows:
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(20)

In this vector control structure, the PMSyM is
simulated using the MATLAB-Simulink® library
model of the 3-phase motor, whith the MaMo
presented in Figure 9.

The internal PMSM block is based on (1) - (8)
general equations written with rotor-oriented,
i.e. PM-field-oriented two-phase components. It
is connected to the external three-phase system
(inverter and PWM control unit) with the direct
and reverse Park transformation blocks (CooT-
PhT). In fact the Park-transformation is composed
of two elementary transformations, the so-called
»3/2” Clarke phase transformation (PhT) and the
conventional coordinate transformation (CooT).

The matrix operator of the Park-transformation
results by combining the two elementary matrix
operators and it results:

1)

Fig. 9. Block diagram of the three-phase motor model
from the MATLAB-Simulink® library.

Whith the [DA(6)] operator the direct Park-trans-
formation can be written as follows:

s 22)

where the variable g may be current (i), voltage
(u, v, e, Au), or flux (¥), etc [1-3].

The matrix operator of the reverse Park-trans-
formation is:

23)

With this matrix the reverse Park-transforma-
tion is written as below:

24

The reverse Park-transformation is applied in
Figure 9 inside the motor block for the output
currents and in Figure 8 in the control structure
for the voltage references, corresponding to a
three-phase sine-wave vectorial signal generator.

The direct Park-transformation is applied in
Figure 8 in the control structure for the feedback
currents and in Figure 9 inside the motor block
for the input voltages.

Because in the MaMo of the motor block the cur-
rent two-phase components are state variables,
these can be directly connected to the input of
the UsC voltage computation block, consequently
the direct Park-transformation is not needed to
provide the current feedback in the simulation of
the control structure from Figure 8, only for its
implementation, however, it is necessary to gen-
erate the voltage reference values by means of a
reverse Park-transformation.

For the compatiblity between the simulation re-
sults of the vector control structure from Figure 8
the motor calculations and the simulation results
of the simplified structures, which are applied for
sinusoidal operation, the control structure will
be simulated with sine-wave variables, without
PWM-control of the VSI.

6. Simulation results

The simulations were gradually performed,
starting with the simplest static structures, com-
pared with the dynamic ones, in which the per-
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pendicularity of the current to the PM flux was
realized without controllers. So, we can check the
motor measured parameters and the calculated
rated data. It was only after these initial steps that
we simulated the drive control system with the
structure shown in Figure 8.

In simulations of the vector control structures
the moment of inertia value Jpg =355 104 kgm?,
was similar to the simulations of the simplified
dynamic structures (Dy-SimS). The value of the
moment of inertia does not exceed the permissi-
ble limit given in the motor manual, which in our
case is =6.634 104 kgm?.

6.1. Simplified simulation structures with
voltage input

The simulation results of the simplified static
(St_SimS_U) and dynamic (Dy_SimS_U) structures
with voltage and load torque input are presented
in Figures 10-12.

In Figure 10 can be seen that the voltage was is
linearly increased from the

boost value, and the torque from zero to the rated
value in 1 s, and held at these values for 1 s, while
the system reached the steady state and both the
current and the speed (frequency) reached their
rated values. Then in 1 s maintaining the torque
at rated value, the motor voltage was reduced
to the U, boost value, which corresponds to the
steady state at zero speed and rated load torque.

Figure 10 shows the speed as a function of
torque, according to the cycle described above
for both simplified structures, i.e. the static
(St_SimS_U) and dynamic (Dy_SimS_U) ones. The
intersection of the two mechanical characteristics
(MecCh) is clearly visible during both steady states,
at rated load torque and rated or zero speed, re-
spectively.

In the time diagrams from Figures 11 and 12 in
steady state, during the 1-2 s and 3 -4 s intervals,
the corresponding variables become equal, i.e.
the static and dynamic curves are superimposed.

The transients of the current and of the EMT
proportional to the current can be attributed to
the lack of voltage control, despite of ramping of
the voltage and load torque inputs instead of step
variation, both during starting and braking.

A completely different result is obtained with
the frequency input structures, where the calcu-
lation of the voltage would correspond to an ideal
voltage control.

6.2. Simplified simulation structures with
frequency input

The simulation results of the simplified static
(St_SimS_f) and dynamic (Dy_SimS_f) structures
with frequency and load torque input are pre-
sented in Figures 13-15, where the RPM value is
represented instead of the frequency (n = 60 fs/zp).

The acceleration during starting and the decel-
eration at braking take place under constant dy-
namic torque, when due to the linearly increasing
load the current also increases linearly.

In the simulation results of the frequency input
dynamic structure spikes appear caused by the
signal derivatives, which in the saved results are
detected and filtered with the ,ischange” (,in_ar-
ray”, ,MaxNumChanges”, ,maxChanges” parame-
ter) MATLAB® function.

Compared to the results of the previous sub-
section obtained in the case of the voltage input
structure, where decaying transients appear due
to the first order lag (FOL), in case of the frequen-
cy input structure the transients disappear in-
stantaneously without any delay.

6.3. Vector control structure with sinewave
variables without PWM

The ideal sinusoidal operation of the vector
control simulation structure (VC_Sim$S_Sin) is
solved by omitting in Figure 8 the PWM-VSI and
the three-phase supply of the motor MaMo from
Figure 9 is simulated with the three modulation
reference signals . The simulation results
of the above-described VC_SimS_Sin structure are
shown in Figures 16-18 and 22.

The simulation was performed under the same
conditions as for the simplified structures, ac-
cording to the same load cycle. The reference sig-
nal of the speed was also increased for starting
and reduced at braking with a ramp function in
the same manner as for the static structure.

By simulating the VC_SimS_Sin, the correctness
of the Simulink® motor block parameterization
can be checked, by comparing it with the previ-
ously simulated simplified structures, because in
steady state the same results should be obtained
regardless of which structure is involved.

6.4. Vector control structure of the PWM-
voltage fed PMSyM
The vector-controlled drive system shown in Fig-

ure 8 was simulated with the three-phase motor
model from Figure 9 (it is called VC_Sim_PWM)
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Fig. 10. Static (black dashed) and dynamic (red) me-

Fig. 13. Static (black dashed) and dynamic (red) me-
chanical characteristics simulated with the chanical characteristics simulated with the
voltage input structures from Fig. 5 frequency input structures from Fig. 4 (St_
(St_SimS_U) and Fig. 7 (Dy_SimS_U).

SimS_f) and Fig. 6 (Dy_SimS_f).

Fig. 11. Static (black dashed) and dynamic (colored Fig. 14. Static (black dashed) and dynamic (colored
lines) time diagrams simulated with the lines) time diagrams simulated with the
structures from Fig. 5 (St_SimS_U) and Fig. 7 structures from Fig. 4 (St_SimS_f) and Fig. 6
(Dy_SimS_U): input voltage (yellow) and load (Dy_SimS_f): input speed (blue) and load
torque (green), the output current (red),

torque (green), the output voltage (yellow),

speed (blue) and EM torque (purple). current (red) and EMT (purple).

Fig. 12. Static (black dashed) and dynamic (colored Fig. 15. Static (black dashed) and dynamic (colored
lines) time diagrams of the cos¢ power fac- lines) time diagrams of the cosg power fac-
tor (red) and sing (blue) simulated with volt- tor (red) and sing (blue) simulated with fre-
age input structures.

quency input structures.
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Fig. 16. Static (black dashed) and dynamic (red) me- Fig. 19. Static (black dashed) and dynamic (red) me-
chanical characteristics of the vector control chanical characteristics of the vector control
structure (VC_SimS_Sin) simulated with the

structure (VC_SimS_PWM) simulated with
Simulink® motor block fed by sinusoidal the Simulink® motor block fed by an ideal
voltages. PWM-inverter.

Fig. 17. Static (black dashed) and dynamic (colored Fig. 20. Static (black dashed) and dynamic (colored
lines) time diagrams of the VC_SimS_Sin lines) time diagrams of the VC_SimS_PWM
structure: load torque (green), EMT (purple), structure: load torque (green), EMT (purple),
speed (blue), current (red) and voltage (yel- speed (blue), current (red) and voltage (yel-
low). low).

Fig. 18. Static (black dashed) and dynamic (colored Fig. 21. Static (black dashed) and dynamic (colored
lines) time diagrams of the cos¢ power fac- lines) time diagrams of the cos¢ power factor
tor (red) and sin¢ (blue) simulated with the (red) and sing (blue) simulated with the
VC_SimS_Sin structure.

VC_SimS_PWM structure.
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a) Armature voltage b) Armature current c) Resultant flux

Fig. 22. Space-phasor diagrams of the structure
VC_SimS_Sin during the first 1.5 seconds of
the start-up (orange) and in rated steady
state during ten periods in 1.45 - 1.5 s interval
(black).

a) Armature current b) Resultant flux

¢) Voltage reference d) The PWM voltage

Fig. 23. Space-phasor diagrams of the structure
VC_SimS_PWM during first 1.5 seconds start-
up (orange) and in rated steady state during
ten periods in 1.45 - 1.5 s interval (black).

under the same conditions as the previous struc-
tures, with the difference that there was included
an idealized PWM-inverter model realized with
simple bi-positional switches.

The three-phase motor block is connected to
the output of the ideal inverter by the ,,Controlled
Voltage Source” Simulink® library block.

The simulation results obtained with 220 V DC
link voltage and = 5 kHz frequency of the
carrier wave are shown in Figures 19-21 and 23.

The simulation results were generated with max-
imim integration step size: 5 us by means of the
solver method ,,ode23t(mod.Stiff/Trapezoidal)”.

Compared to the results of the subsection 6.3 the
effect of the PWM control in pulsation of the cur-

rent and electromagnetic torque EMT is clearly
visible.

The effect of the PWM control also occurs in the
input errors of the current component control-
lers, but it is no longer noticeable in the speed
error, because the drive system naturally filters it
out thanks to the moment of inertia of the drive.

The recommended minimum frequency of the
carrier wave must be at least 20 times the maxi-
mum f; stator frequency, which at the rated value
f.y = 200 Hz would be minimum =4 kHz, so
the modulation frequency used in the simulation
meets this condition.

It is noticeable that at starting with increasing
the operating frequency the pulsation of the cur-
rent and electromagnetic torque increases. This
can be explained by the fact that at low speeds,
where the supply frequency is also low, the num-
ber of the modulated pulses during a period is
higher than at the rated speed.

According to the procedure presented in this
paper the experimentally determined parame-
ters and calculated data of a given motor can be
checked.

7. Conclusions

The simulation results of the two simplified stat-
ic structures, with two types of input (St_SimS_U
and St_SimS _f), are the same.

The steady state of the dynamic structures is the
same, but the transient processes differ.

Furthermore, the correctness of the MaMo pa-
rameterization used in the simulations can also
be checked.

The presented simulation results confirm the
correct identification of the motor data and pa-
rameters and prove the functional ability of the
vector control structure.

In the future, the motor feeding will be simu-
lated with the ,Universal Bridge” inverter model
from the Simulink® library, which will be even
closer to the practical solution.

In the following, in the vector control structure
the carrier wave modulation will be replaced
with space vector modulation (SVM), which can
optimize the inverter operation with the so-called
“flat top” two-phase modulation, reducing the
commutation losses by up to 30%.

The research continues with the implementa-
tion of the vector control drive system on a test
bench built in the power electronics laboratory in
the Faculty of Targu Mures of the Sapientia Hun-
garian University of Transylvania.
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Abstract

One of the main problems with the operation of involute tooth gears is that during engagement, the tooth
profiles slide. The point of contact is the only point where pure rolling occurs among the engaging tooth
profiles. This sliding, coupled with abrupt changes in load, collectively contribute to the failure and various
malfunctions of the gears. In this research, the theoretical behavior of gears during sliding is studied. Existing
mathematical models are examined for describing sliding and the results analysed. Then, a precise math-
ematical model developed for this research is presented. In creating the model, the aim was to avoid any
geometric approximations and only consider the profile points where actual engagement between the gears
could occur. Therefore, the contact points are interpreted within the real engagement zone. The overall goal
is to create a mathematical solution that is equally applicable to simple and general involute tooth gear drives

and which provides an accurate, realistic description of the relative sliding of gears.

Keywords: gear, sliding, exact method, gear engagement.

1. Introduction

In the case of gear drives, except for the cycloi-
dal drive, the teeth do not roll cleanly over each
other, slippage occurs and this can lead to rapid
tooth wear. Common tooth failures include tooth
surface damage such as progressive wear, pitting
and chipping. Slippage between tooth surfac-
es causes wear, especially during the "break-in"
phase after assembly, when prominent micro-
geometric irregularities in tooth surfaces are
worn away by sliding with the counter gear. This
type of wear diminishes and then disappears
over time. It is not considered a failure because
it leads to an increase in the contact area of the
gears, which in turn increases the life expectan-
cy of the drive. The problem is progressive wear,
which occurs when wear increases after the
running-in phase. Causes include: inadequate
or insufficient lubrication, inadequate lubricant
or dirt in the lubricant, or insufficient hardness
of the tooth surfaces. Pitting occurs around the
intersection of the tooth surface and the rolling

surface. It occurs when the shear stress induced
by the surface compressive stress and the sliding
of the tooth surfaces against each other exceeds
a limit value related to the number of cycles.
First, small hairline cracks appear in the vicinity
of the rolling surface tooth alignment, below the
surfaces where the composite stress is greatest.
As these hairline cracks reach the surface parts
of the material fragment, forming dimples with
rough edges. Pitting is mainly caused by surface
fatigue of the material due to inadequate sizing or
uneven surface load distribution, and inadequate
hardness of tooth surfaces. Scratches on the tooth
surface are short, straight, very shallow grooves
in the direction of tooth profile sliding, caused
by dust particles or other small impurities in the
lubricating oil. The grooves are deeper than the
scratches and occur in groups. Inadequate lubri-
cation causes metallic contact between the tooth
surfaces, causing them to momentarily weld to-
gether. However, due to the relative sliding of the
tooth surfaces, the welded particles are torn out
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of one of the tooth surfaces. These particles can
subsequently contaminate the lubricating oil and
cause further damage to the tooth surface. This
phenomenon is called chewing. In the 20th centu-
ry, many studies were carried out to increase the
load capacity and service life of gears. The slid-
ing between tooth surfaces and the sliding speed
have been studied extensively. Vidéki [1] found a
close relationship between service life and sliding
speed. He found that the sliding velocity decreas-
es when the spindle distance is increased as much
as the gearing allows. Diker [2], Szeniczei [3] and
Bolotovszkij [4] based their design of gear drives
on relative sliding. Szeniczei developed a model
describing the relative slip for gear drives with
an involute profile. This model is based on an
approximation, since instead of the involute arc
length, he used the arc length of the simulation
circle, where the radius of the simulation circle
is equal to the radius of curvature. According to
his calculations, the length of the circular arcs can
be obtained as the product of the radius of curva-
ture, denoted p and the angular rotation of the
gear, denoted y, which, as above, is p,-y,, for one
gear and p,-y, for the other gear. Thus, the value
of the relative slip from Figure 1 is:

6y

The relative slip is described by a hyperbolic
function, which shows that the relative slip is
zero at the principal point and increases steadily
away from the principal point (Figure 2).

However, the model also shows that the relative
slip is zero at the principal point of coupling. This
would imply that there is no wear at that point.
This statement was contradicted by the experi-
ments of Gavrilenko [5] Through his experiments
he established a new method for sizing gears.
He used slip accelerations to determine the lo-
cation and magnitude of tooth surface wear. He
described the tooth surface failure by taking the
positional derivative of the relative slip along the
contact line. The Ganz-Botka evolutionary tooth
system is also based on relative slip. Botka [6]
sought to compensate for relative slip when de-
signing gears. He proved that if the relative slip
values at the interface points are equalized, this
implies the equalization and minimization of
the instantaneous temperature rise and Hertz-
ian stress and slip velocity multiplications of the
tooth surfaces.

Research on the sizing of gear drives using rela-
tive slip and slip accelerations is still ongoing [7].

Fig. 1. Gears in the moment of engagement.

Fig. 2. The relative sliding curve. [3]

Many studies based on relative slip are matched
with the model proposed by Szeniczei, which
only approximates the real geometric ratios. In
this thesis, our aim was to rethink this model in
a way that avoids geometric approximations. Spe-
cifically, we wished to obtain a more accurate and
realistic value for the relative slip. The hypothesis
is that this may help in the future to design gear
drives with increased gear life.
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2. The proposed mathematical model

The basis of this research was to avoid any kind
of geometric approximation when writing up
relative slip. It was intended to investigate the
points where the coupling between tooth surfac-
es could actually occur, so the coupling points
within the real coupling section were interpreted.
To achieve this the Erney diagram was used, as it
contains the essential geometric elements of the
gear drive without the need to draw circles [8].
The figure shows that the connecting line is the
common tangent of the base circles. The actual
coupling is established at A;A, which is defined
by the intersection of the coupling line and the
head circles A, and A, (Figure 3). The theoretical
coupling section is defined by the points T, and
T, of the base circles tangent to the coupling line.

Figure 4.a. shows the relationship between the
switching line and the position of the teeth. It can
be seen that in all cases the points of contact are
located in the plane of the coupling. The message
in Figure 4. c. . is equivalent to that in Figure 2:
the relative slip is zero at the principal point and
increases steadily away from the principal point.

Subsequently, the optimal sizing of the gear
drive was checked. We investigated where the
point cut out by the base circles lies on the cou-
pling line. This is significant because if its location
is not correct, the task would require re-sizing the
drive pair since, within these circles, instead of
the involute profile ensuring correct coupling, is

the derived looped involute or epicycloid of the
root curve, and the involute profile should not be
coupled with the root curve. It can therefore be
stated that the coupling is correct if the head cir-
cle of the steering wheel intersects the coupling
section outside the section defined by the base
and base circle points of the wheel.

The first step is to add the points T, and T, which
are at a tangent to the base circle. Next, we record
the intersection points A1 and A2 of the head cir-
cles and the connecting line. From Figure 3 the
following relationships can be written:

@)
3)
T, T,=a,sina “)
T,A,=T,T,~T,A, ()
T,A=T,T,~TA, (6)
AA=T,T,~T A-T,A, (7)

Consider the point P, which is the intersection of
the line of contact and the rolling circle, observ-
ing Figure 5, we can write down the following
equations:

)
LP=(h,—&+c,—6)'m ©)

Fig. 3. The simplified model of the Erney diagram.

Fig. 4. The sliding of gears, [9] a) The meshing of the
teeth during transmission; b) The position of the
teeth at the beginning and end of engagement;
¢) The relative sliding occurring on the teeth.
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Fig. 5. The calculation of the root circle radius.

(10)

BT=PT—-PB=0T-tga—PB (11)

(12)

It follows that the distance between the points
cut by the base circles and the head circles on the
contact line and the points of contact of the base
circles is:

13)

(14)

The points of contact of the base circles and
the intersection of the root and head circles de-
fine the real working contact. The connection is
good if the head circle of the counterpart wheel
intersects the coupling section outside the section
defined by the root and base circle points of the
respective wheel, i.e

T,A,>T,B, and T,A,>T, B, (15)

The slip is defined here as the difference be-
tween the evolutionary arclengths Af, and Af, cor-
responding to the distance between two finitely
spaced attachment points. Formulas (16) and (17)
are used to calculate the evolution arc lengths. To
write the evolute arc length, we need to use the
central angle corresponding to the rolling of the
line generating the evolute on the base circle, i.e.
a parameter u. Under the angular rotation u, the
arc length of the circle affected by the generating

Fig. 6. The calculation of the involute arc length.

line is equal to the product of the base circle of
radius r,, and the angular rotation u The evolute
generating line makes a planar motion with re-
spect to the base circle, the instantaneous pole of
which is the point of contact, i.e., for a given de-
coiling position, the radius of the evolute curve
is given by exactly the segment of length r,u, so
that the elementary arc length of the evolute curve
is df=r udu. This expresses two decoiled evolute
arc lengths corresponding to finite values of an-
gular rotation u (Figure 6):

(16)

(17)

The value of the relative slip can be obtained
by relating the difference in the evolutionary
arc length to the smaller evolutionary arc length,
which in our case is the one associated with the
driving wheel.

(18)

The calculation function of the evolutionary arc
length is written according to the following pseu-
docode:

<N> =100 the number of points along the

contact line

the length of the section travelled by
the interface on the contact line
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definition of the
loop variable

cicle from <i> = <0>to <N—2>

lower parameter of
the driving wheel

upper parameter of
the driving wheel

lower parameter of
the driven wheel

upper parameter of
the drivien wheel

length of the arc
in contact with the
driving wheel

length of arc in
contact with driven
wheel

relative slip value

a;,,=1"6x first column of the output, length of
' the distance travelled on the contact
line
a,,=x second column of output, value of
relative slip
cycle end
return a

According to the code, we obtained the relative
slip model for elementary gears. Subsequently,
we wished to investigate the use of the model for
general-purpose involute gear drives. To achieve

Table 1. The parameters of the gears

this, the maximum and minimum possible profile
offsets were calculated, according to the litera-
ture, and then applied to the number of teeth of
our choice. The maximum profile shift from the
second law of evolutionary trigonometry and the
minimum profile shift from the known geometric
model of spline gearing were calculated, [3].

2.1. Numerical evaluations

The next part of the study is the numerical eva-
luation of the models. The mathematical mod-
els were applied to a specific gear drive in the
MathCad environment, the parameters of which
are shown in Table 1. The MathCad environment
was chosen because it allowed easy verification
of the calculations and the creation of graphs.

Using the relations (2) - (14), the length of the
radius of the root circles was calculated taking
into account the values defined in Table 1 and
the position of points B,, B,. Since we aim for
simplification, we do not consider profile shift, so
tip clearance h, = 1 mm, root clearance c, = 0.25
mm, profile shift § = 0 mm and tooth root height
6=0.15 mm. Applying the equations to both the
driving and driven wheels, we see that the radius
of the root circle of the driving wheel is r,, = 31.97
mm and the radius of the base circle of the driven
wheel is 1, = 4.73 mm.

Therefore, since A,T,=14.31 mm, A, T, = .23mm
and A,T, = 1.70 mm, B,T, = 10.39 mm, it follows
that the points intersected by the root circle are
between the points intersected by the tip circle
and the points intersected by the base circle, i.e.
point B, is between T, and A,, and point B, is be-

Title Indication | Value | tWeen T, and A;. In conclusion, we can say that
the fold under consideration is correctly connect-
Module [-] m 4 - :
ed, i.e. it does not require re-measurement.
Pressure angle [rad] a /9 In the following, the mathematical solution of
Drive gear tooth number [-] z, 17 Szeniczei has been transferred to the MathCad
Driven gear tooth number [-] Z, 34 environment, in order to make it easier to com-
) ; ; pare the results with our proposed model. We
Drive gear pitch radius [mm] wl 34 calculated the relative slip between the teeth us-
Driven gear pitch radius [mm] T2 68 ing our mathematical model. The minimum and
Drive gear root radius [mm] Iy 29 maximum profile shifts of the chosen gear drive
Driven gear root radius [mm] r 163 were examined (Table 2) in order to investigate
; ; ; how the models behave for general gearing..
Drive gear tip radius [mm] Ty 38
Driven gear tip radius [mm] T 72 o .
) ; Table 2. The limits of profile shifts for the selected
Drive gear base radius [mm] Ty 31.94 number of teeth
Driven gear base radius [mm] T 63.89 Tooth number Minimum Maximum
Tooth height [mm] h 9 profile shift profile shift
Tooth thickness [mm] c 1 17 0 0.83
Center distance [mm)] a, 102 34 -0.98 1.71
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Table 3. The examined profile shifts

& {3
0 -0.3
0 0.3

0.3 0

0.5 0

It is shown that both negative and positive pro-
file shifts are allowed on the driven wheel, while
only positive shifts are allowed on the drive
wheel. Values from the allowed ranges were cho-
sen as profile offsets therefore we set up four
cases for general gearing (Table 3), for which the
model behaviour is investigated. According to the
profile shift, the gear drive parameters and the
relative slip both from the Szeniczei model and
from the model were re-calculated.

3. Discussion

Figure 7 illustrates the results obtained for ele-
mentary gears. The functions obtained are hyper-
bolic, as expected. However, there are clearly vis-
ible differences between the hyperbolas plotted
by the two relative slip functions. Although they

Fig. 7. Models describing relative sliding for elemen-
tary gearing.

both show that as we move forward along the
contact line, the relative slip between the gears
decreases rapidly, their starting point and the mo-
ment when they reach zero differ significantly. In
the Szeniczei solution, the initial value of the rela-
tive slip is considerably larger, almost double that
in our model, and the zero point is reached at a
point further along the line of contact.

Applying a profile shift to the drive wheel, the
curves are visibly flattened, especially in the case
of a positive profile shift (Figure 8). The curves
representing the two models behave similarly
when compared to the results obtained for the
elementary gear. In the case of negative profile
shifting, both curves show a reduction in the
initial relative slip, reaching zero at almost the
same point. For the positive profile shift, both
curves start from a higher relative slip value, al-
though the hyperbola illustrating the solution of
Szeniczei has a much higher relative slip value
compared to the elementary value and reaches
the zero point much earlier than in the previous
curves. The spatial difference between the two
curves still remains: in our model, the value of
relative slip, especially at the initial moment, is
significantly smaller and reaches the moment of
zero slip sooner at the contact line.

In the case of profile shifting on the driving
gear, in both cases, the relative slip is reduced
compared to the elementary gear, although it is
reduced almost double in the case of the Szeni-
czei model compared to our model (Figure 9).
Furthermore, observing the Szeniczei model,
there does not seem to be any change relative to
the elementary gear when the zero moment is
reached, while in our solution the zero slip mo-
ment is more easily reached by positively shifting
the profile of the driving wheel.

Fig. 8. Models describing relative sliding for elemen-
tary gearing, profile shifting performed on the
driven gear a) negative profile shifting b) posi-
tive profile shifting.

Fig. 9. Models describing relative sliding for elemen-
tary gearing, profile shifting performed on the
driving gear a) 0.3 mm profile shifting
b) 0.5 mm profile shifting.
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Fig. 10. The proposed model describing relative sliding for various profile shifts.

Figure 10 illustrates a proposed model for dif-
ferent profile shifts, which highlights how relative
slip varies as a function of profile shift. It can be
seen that the hyperbola flattens more and more
as the profile shift increases. The model shows
that the relative slip value can be significantly re-
duced by profile shifts on both gears. As shown
in the figure, the relative slip value is then less
than one third of the relative slip present in the
case of elementary gears. The zero point is also
reached sooner with a larger profile shift. At the
same time, it is observed that the curves do not
follow a new hyperbola after reaching the zero
point, but almost converge. This allows us to con-
clude that the proposed model requires further,
more detailed mathematical analysis, including
the examination of specific cases.

4. Conclusions

Based on the evaluation of the results, it is ob-
served that the relative slip is significantly re-
duced in the exact model compared to the previ-
ously established model. Moreover, the zero-slip
condition is achieved earlier. Additionally, both
elementary and general gears exhibit similar
behavior across various profile shifts, indicating
that the exact model of slip for involute gears ap-
plies universally.

The key mathematical difference between the
Seniczei model and my proposed model is that in
the classical (Seniczei) mathematical model, the
angular rotations y1 and y2 satisfy the transmis-
sion ratio, i.e. , so that the slip can

be interpreted as an instantaneous limit, i.e

, where the slip is only

affected by the ratio of the transmission ratio and
the profile curvature radii corresponding to the
instantaneous contact, my proposed model fol-
lows the path of the contact along the real contact
section and gives the ratio of the differences be-
tween the relative contact sections corresponding
to discrete time intervals. Considering that the
micro-geometric, i.e. real contact of the surfaces
can be interpreted in terms of finite rather than
elementary displacements, I believe that the for-
mulation of the model I have derived is appropri-
ate.

Further investigation into how these new find-
ings impact gear drive sizing, operation, and lon-
gevity is deemed crucial. Experimental studies on
machine elements are necessary to validate these
results and explore their practical implications.
There is also potential to extend this methodolo-
gy to accurately predict relative slip not only for
involute profiles but also for other tooth profiles
such as cosine or sinusoidal profiles.
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Abstract

Titanium is a metal with a short history and is the ninth most abundant element in the Earth's crust. It is ex-
pensive to produce but is increasingly used for its many useful properties. The application of titanium alloys
has been increasing in recent decades because titanium is a low-density, high-strength, highly corrosion-re-
sistant and biocompatible material. Its different alloys exhibit different mechanical properties. Heat treat-
ments can be applied to achieve the required mechanical properties. These typical heat treatments achieve
the desired properties by phase transformation of the microstructure or reduction of stress. In this summary
study, the authors aim to present the typical heat treatments of titanium and its alloys.

Keywords: titanium alloy, heat treatment, precipitation hardening, annealing.

1. Introduction

Heat treatment is a technological process used
to modify the mechanical, technological and/or
chemical properties of materials.

Heat treatment technology is a process con-
sisting of heating a material to a predetermined
temperature, removing heat and then cooling it
in order to achieve the desired properties or com-
bination of properties, e.g. an increase in hard-
ness, a softening of the material or an appropriate
strength/heat ratio [1].

Heat treatment can be a process with or with-
out a change in chemical composition. Chemical
composition changes usually involve the diffu-
sion of some chemical element into the surface
of the material, e.g. carbon during cementation,
and nitrogen during nitriding, to help achieve the
desired mechanical properties such as hardness,
and wear resistance.

The importance of heat treatments carried out
without changing the chemical properties is rele-
vant in the field of heat treatments, where chang-
es in the fabric structure over the whole volume
can be used to achieve changes in mechanical
and other properties.

Titanium is a "new" metal, discovered in 1795
by the German chemist Martin Heinrich Klaproth

and named after the mythological titans (which
were symbols of strength and toughness). In 1932,
Wilhelm Kroll developed a process for extracting
titanium, and in the 1940s, based on this process,
commercially pure titanium began to be pro-
duced in industrial quantities [2].

The Kroll process produces pure titanium from
ores (rutile (TiO,), ilmenite (FeTiO,)). In the first
step, pure titanium dioxide is produced chemi-
cally or metallurgically, then it is heated togeth-
er with carbon and chlorine to produce titanium
tetrachloride (TiCl,), which is reduced with mag-
nesium melting at 900 °C. [2]. Reduction results
in the formation of powdery or spongy titanium.
The titanium sponge or powder is cleaned of mag-
nesium residues by aqueous washing and dilute
hydrochloric acid treatment, possibly by vacuum
distillation. The resulting titanium is 99.4-99.9%
pure followed by further processing. The high-pu-
rity titanium powder is powder metallurgically
combined into blocks and then processed by a
remelting process in a neutral protective gas or
vacuum.

Titanium is the ninth most abundant element in
the earth's crust, but its use has not been wide-
spread because of the cost of its production. Ti-
tanium is an environmentally and human-friend-
ly material. Its main properties are: low density
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(p = 4500 kg-m™3), high strength (e.g. ASTM Grade
4 R = 550 MPa), high corrosion resistance, bio-
compatibility [2, 3, 4].

Titanium and titanium alloys are now widely
used in many areas of aerospace, energy, chem-
icals and automotive production. Many titanium
alloys, due to their biocompatibility, are excellent
materials for surgical prostheses and medical de-
vices. With the advent of additive technologies, it
has become even more widespread, particularly
in the field of dental implants.

The heat treatment technology for titanium and
titanium alloy products has evolved significantly
inrecent decades [5, 6]. In this paper, the authors
have aimed to collect and systematize the main
heat treatment technologies used in practice.

2. Titanium and alloys

Titanium is an allotropic metal, composed of aTi
(hexagonal close-packed) and BTi (body-centred
cubic) phases depending on temperature (Fig. 1.)
[7]. The temperature of the phase transition is
900°C [1].

Different alloys change the transformation or
precipitation temperature of the resulting phases
depending on the type and amount of the alloy. Al-
loying elements can be classified into three cate-
gories based on their effects [2]: -a phase stabiliz-
ing elements such as Al, O, N and C; -B phase stabi-
lizing elements such as Mo, V, Ta, Nb (isomorphic
elements), Fe, Mn, Cr, Co, Ni, Cu, Si, H (eutectoid
forming elements) and -neutral elements such as
Sn, Zr and Hf. The elements O, N, C and H form an
interstitial solid-solid solution with titanium. All
other elements form a substitution solid solution
with titanium. The elements that stabilise the a
phase expand the range of the a phase, and the
elements that form the B phase expand the range
of the B phase and simultaneously narrow the a
phase field. Neutral elements have only a minor

Fig. 1. Crystal structure of pure titanium a (hexago-
nal close-packed crystal lattice) and
(body-centred cubic crystal lattice) [7]

effect on the Pt temperature. The effect of alloy-
ing elements on the phase diagrams of titanium
alloys is summarised in Table 1.

Table. 1. Titanium alloy types [7, 8]

Typical equilibrium
Type Alloy diagram
Pure Titanium - [
Boce
Uhex
e
Ti
a solid solution AlL,O,N,C
B
a+
a
T
B stabilized Mo, V, Ta, Nb
T
Eutectoid Fe, Mn, Cr, Co,
Ni, Cu, Si, H

2.1. a Titanium phase alloys

A single-phase alloy consisting of an a-phase
solid solution. Whether at room temperature or
higher practical application temperatures, it is
a-phase, has a stable structure, higher wear re-
sistance, is more stable than pure titanium and
has strong corrosion resistance. At 500°C ~ 600°C,
it still retains its strength and creep resistance,
but cannot be heat treated to increase its strength.

A significant group of a-phase alloys are near a
titanium alloys, which also contain small amounts
of B-phase alloys, for which strength-enhancing
heat treatment can already be applied. Typical
examples of near a alloys are Ti-8Al-1Mo-1V and
Ti-6Al-5Zr-0.5Mo0-0.2Si alloys [9].

2.2. (o + B) Titanium phase alloys

A two-phase alloy with good structural stability,
good toughness, good ductility and high-temper-
ature ductile properties, which can be processed
by hot forming and the strength of the alloy
can be increased by ageing. The strength after
heat treatment is about 50-100% higher than in
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the annealed condition. The strength after heat
treatment is about 50-100% higher than in the
annealed state. This alloy retains its strength at
high temperatures and can operate at tempera-
tures between 400°C and 500°C for long periods
[10, 11].

The a-phase is stabilised by Al, the main B-sta-
bilisers are V, Mo, Nb and Cr, and the alloys often
contain neutral elements such as Zr and Sn. Major
biphasic (a + B) alloys include Ti-6Al-4V, Ti-6Al-6V-
2Sn and Ti-6Al-4Zr-2Sn-1Mo [9].

The Ti6Al4V alloy is a typical (a + B) phase alloy.
The schematic phase diagram (Fig. 2) shows the
phases as a function of the alloy contents.

2.3. B Titanium phase alloys

Metastable B titanium alloys, which typical-
ly consist of a B-phase solid solution, have high
strength before heat treatment. After solution
annealing and subsequent ageing (precipita-
tion hardening), the strength of the alloy can be
further increased and the strength measured at
room temperature can reach 1400 MPa. The most
common B phase-forming alloys are V, Mo, Nb,
Cr and Si, the a phase-forming alloys 3% Al and
the neutral alloys Sn and Zr. Widely used p-tita-
nium alloys include Ti-3Al-8V-6Cr-4Zr-4Mo (Beta
C), Til5Mo-3Nb-3Al1-0.2Si (Timetal 21S) and Ti-
15V-3Cr-3Sn-3Al [5]. Fig. 2 shows the area of the
B-phase solid solution of Ti6Al4V alloy. The B sta-
bilizer in this alloy is vanadium.

3.Heat treatment of titanium alloys
3.1. Stress relieving

Stress relief heat treatment is important for ti-
tanium alloys, especially for a-solid solution al-
loys. Stresses from the manufacturing steps can
be reduced by this heat treatment. Stress relief
heat treatment consists of annealing at 500 °Cin a
neutral atmosphere followed by slow cooling. The
stress-relieving annealing temperature for (a + )
alloys is between 500 °C ~ 700 °C, while that for
metastable [ alloys is higher, 700 °C ~ 800 °C [12].

3.2. Annealing

Annealing increases fracture toughness, ductil-
ity, dimensional and thermal stability, and creep
resistance. Annealing is a heat treatment process
in which a metal alloy is heated to a tempera-
ture slightly higher than the temperature of the
solution annealing and then allowed to cool very
slowly. The main purpose of the annealing pro-
cess is to increase ductility and remove stresses
from the material [12].

Fig. 2. Schematic phase diagram of the Ti6Al4V alloy.

Typical annealing:

1. Recrystallization annealing, the alloy is heated
to the upper a-f range, held there and slowly
cooled.

2. Duplex annealing improves creep resistance
or fracture toughness. It typically consists of
solution annealing below T; and subsequent
ageing at 320°C ~ 500 °C.

3. Beta annealing heat treatment to improve
fracture toughness, characterised by heat
treatment above T, followed by slow cooling
[13].

3.3. Solution annealing

Solution annealing is a process in which the al-
loy is heated at an appropriate temperature for a
specified time to form the desired component in a
solid solution, followed by rapid cooling [5].

The three steps of solution annealing are as fol-
lows:

a) heating the material to a high temperature
to bring the alloying elements in the B-phase into
solution,

b) maintaining at this temperature to achieve
homogenisation,

¢) rapid cooling to room temperature.

For B titanium alloys, the solution annealing
temperature is usually above Tg, for (a + B) alloys
it is usually below T,

3.4. Ageing

Ageing heat treatment is also called precipita-
tion heat treatment. It is a heat treatment process
used to increase the yield strength of materials.
During ageing, phase precipitation occurs by de-
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composition of the B-phase. Through the mecha-
nism of a precipitation, which is finely dispersed
in the P matrix, it leads to an increase in the
strength of the material.

There are three types of ageing:

- High-temperature ageing,

- Low-temperature ageing,

— Duplex ageing [9].

3.4.1. Ageing at high temperatures

Grain boundaries are the process of decomposi-
tion of the B-phase at relatively high ageing tem-
peratures (above 500 °C).

3.4.2. Ageing at low temperatures

Intermediate decomposition products (v or B'
phases) are formed when B-Ti alloys are aged at
relatively low (~320 °C) ageing temperatures. If
the ageing temperature is particularly low, the
transformation takes a long time to complete;
the transformation to an equilibrium microstruc-
ture consisting of only a and B phases may not be
achieved.

The w phase (hexagonal lattice) causes severe
brittleness of the alloy. The coherent w-particles
shear during deformation, causing intense slip
localisation and fracture with little or very little
ductility.

3.4.3. Duplex ageing

After a rapid cooling (water) following solution
annealing (~840 °C) the treatment consists of a
long period of low-temperature ageing (~320°C),
followed by a short period of high-temperature
ageing (~500 °C). The actual temperature and
time chosen for the solution annealing and the
two steps should be optimised for the specific
alloy composition. The heat treatment results in
higher strength and toughness.

3.5. Cryogenic annealing

Cryogenic annealing is the rapid cooling from
the homogenizing annealing temperature to
-196°C using nitro-gas vapour (boiling point of
nitrogen at atmospheric pressure -195,8°C) [14].
This heat treatment significantly increases the
ductility of Ti6Al4V alloys (from 5.3% to 8.3%),
while the yield strength is reduced by a small
amount (2%) [15]. Cryogenic treatment at low
temperatures for a long time stabilizes Ti6Al4V
alloy by reducing the effect of internal stress,
transforming unstable phases into stable phases
and improving the mechanical properties and
ductility of the material [16].

4. Conclusion

The use of titanium alloys is becoming more
widespread despite the fact that they are expen-
sive to produce. Titanium and its alloys have a
number of advantageous properties. New al-
loys are being developed and tested in order to
achieve good mechanical, corrosion and wear
resistance properties. However, adjusting the
chemical composition is not enough, as it is also
necessary to create the right microstructure,
which can be achieved by heat treatment. In the
case of titanium, an alloy-dependent microstruc-
ture is formed under equilibrium conditions as
shown in Table1. Titanium is an allotropic met-
al and therefore phase transformations can also
occur under equilibrium cooling conditions due
to changes in temperature. However, with proper
heat treatment, a stable structure can be created
which reliably provides mechanical, corrosion
resistance and wear resistance properties at the
given application temperature.
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Abstract

Manual laser welding equipment is increasingly used in industry. Unfortunately, the safety regulation of this
equipment is not yet fully developed, and in this paper, the authors have attempted to provide a summary
study of the safety classes and current standards for laser welding equipment. The harmful effects of laser
radiation on the human body (skin, eyes) and the environment are described. The authors also provide pro-
tection recommendations on the need to signal the dangers and how to avoid them and summarise the most

important rules in ten points.

Keywords: laser welding, laser safety, diffuse radiation, normal optical hazard distance (NOHD).

1. Introduction

Today, there are several laser technologies op-
timised for a wide range of tasks. In some cases,
the harmful effects of radiation can be neglected
(class 1 and 2 lasers), but in industrial environ-
ments with high power densities, the indirect ra-
diation (reflection) in the machining area must
be taken into account [1-5]. Radiation has been
classified, safety requirements have been laid
down in standards (EU: IEC 60825-1; USA: ANSI
7136) and compliance with these requirements is
required by law [6]. The radiation safety require-
ments for lasers are laid down in several stand-
ards, and only the requirements of these stand-
ards can be applied [4, 7, 8].

The first laser (Theodore Maiman, Hughes Kuta
Lake Institute, California, 1960) was a solid-state
laser that excited chromium ions in ruby, which
contaminated the corundum (Al,0,) with pho-
tons. Two years later, the first gas laser (Wil-
liam R. Bennett, Don Herriott and Alfonso Arons
Hughes Kuta Lake Institute, California, 1961) was
born, in which a He-Ne gas mixture was the la-
ser medium, which was raised to higher energy
levels by electrical discharge [9, 10].

Soon after the first lasers appeared, the need
arose to study the wavelengths and properties

of different laser beams and types. These He-
Ne lasers operate in the visible red-light range
and were relatively easy to study (using optical
prisms), but considerable spectroscopic knowl-
edge was needed to detect the wavelength of each
laser. By 1976, in the USA, this knowledge had led
to the classification of lasers into categories (ANSI
7136.1: Safe Use of Lasers): four main classes
were defined. This American standard was suffi-
ciently permissive that in 1994, in response, the
IEC 60825-1 standard was created based on the
same classification.

2. Security classes

2.1. Classification according to Standards

The IEC 60825-1 standard takes the following
factors into account when classifying laser devic-
es: radiation power (W, mW), wavelength (nm,
um), exposure time (s), type of radiation (contin-
uous mode, pulsed mode). In addition to the four
main classes, subclasses are distinguished by a
special letter (M).

Class 1 laser devices include those whose wave-
length range is not hazardous to human health
and which are generally of the closed system type
(e.g. CD reader).
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Class 1M includes laser devices with wave-
lengths from 302.5 to 400 nm, which are not dan-
gerous to humans without optical amplification
(e.g. laser pointers).

Class 2 includes low power (1 mW) laser devices
with wavelengths between 400 and 700 nm. With-
out optical amplification, they do not require pro-
tective equipment, since the automatic blink re-
flex of the human eye (0.25 s) provides sufficient
protection (e.g. laser pointer), the requirements
of Class 1 apply.

For Class 2M, the Class 2 guidelines apply, but
with the interposition of an optical device, it be-
comes dangerous to the human eye (e.g.: marking
lasers).

Class 3R (3A) laser systems operate at powers
between 1 and 5 mW in the visible light wave-
length (400-700 nm). During short exposure times
(< 0,25 s), they do not endanger the human eye,
but they can damage the eye through the collect-
ing lens by maintaining the interaction for longer
periods. Warning signs and stickers should be
placed on such equipment or in the vicinity of the
equipment used, and the use of protective goggles
is recommended (e.g., medium-power laser cut-
ting machines).

Class 3B is already markedly harmful to the
eyes, even in the case of scattered radiation. It is
true for these devices that they operate continu-
ously at power levels between 5 mW and 500 mW
(e.g.: industrial/medical laser irradiation). The
use of protective goggles is mandatory!

Class 4 laser products can cause eye and skin
damage and are even a potential fire hazard. De-
vices exceeding the limits of the previous class
are included here, and the use of protective
equipment is mandatory (e.g. industrial material
processing lasers) [4, 7, 8, 11].

In order to ensure safe operation, it is necessary
to become familiar with the properties of the dif-
ferent laser beam properties. We highlight two
main groups of lasers for industrial applications:
solid-state lasers (in our case, transistors) and
gas lasers (usually CO, lasers). The formation of
the laser beam is schematically illustrated in Fig-
urel.

2.2. Classification by Wavelength

2.2.1. Solid-state laser

This type of laser uses as a laser medium, a rod,
a disc or a glass fiber, which are crystals with
excellent refractive index (Y,Al,0,,/YAG: yttrium
aluminium garnet, YVO,: yttrium orthovanadate)

Fig. 1. Schematic representation of the creation of a
laser beam.

Fig. 2. Schematic representation of three- and four-le-
vel energy systems. [12]

doped with constituents (neodymium, erbium,
ytterbium, etc.). Two energy sources are not suf-
ficient for population inversion to occur since the
excited particle immediately tends to reach rest,
so systems with 3 and 4 energy sources are typ-
ical at the population scale (Figure 2). To date, it
is true that this type of lattice is usually equipped
with Nd: YAG crystals, in which neodymium ions
(Nd+*3). are excited to the highest energy level of
the system by diode lattices emitting at 808 nm.
This is followed by a radiation-free transition,
during which the vibrational energy of the crys-
tal lattice is much lower than the energy of the
system, resulting in a typical photon beam with a
wavelength of 1064 nm. In order to maintain the
laser radiation as a circular flux, the neodymium
ions have to be brought from the lower energy
level of the emission to the so-called hegemonic
state in order to bring the active laser beam back
down to the highest energy level of the system [1,
5, 10].

2.2.2. CO, lasers

In industrial machining, an airy laser medium
can be used, usually carbon dioxide (CO,) for high
power density requirements. The gas medium is
contained in a quartz glass tube and is excited by
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an electric field (DC high-frequency excitation).
The CO, laser operates between the vibration
levels of the carbon dioxide molecule. It is the
most powerful gas laser and has the highest ef-
ficiency (15-20%). The laser medium is a mixture
of CO,, N,, He or H,0 vapour in a ratio of about
1:1:8. Four-energy arc system: a large number
of N, molecules is excited by gas discharge, en-
riched in a long-lived, metastable state, and then
energy is transferred to the carbon dioxide mole-
cules by collision. A laser transition is created be-
tween their two vibrational states, typically with
a wavelength of 10600 nm that can be coupled.
Helium gas or water vapour helps to empty the
lower laser nozzles during energy transfer (colli-
sional energy transfer) [1, 10].

The excitation induces electromagnetic radiation
of different wavelengths depending on the laser
beam, which may pose a hazard to human health
if the operator is inside the work area. In the fol-
lowing, only protection against scattered radiation
will be discussed.

3. Risk areas

3.1. Eyes

The eye is the most sensitive organ of the hu-
man body to radiation, and suitable protective
equipment must be provided during work. Fig-
ure 3 shows how the eye reacts to certain types
of radiation.

Fig. 3. Behaviour of the human eye to certain types of
radiation, schematic diagram.

General case:
(1)

In the case of multimode optical fiber:
@)

where:

- Pis the laser power (W),

— a is the beam divergence (rad),

- W, is the initial beam radius (m),

— MPE is the maximum permissible exposure
(W/m?),

— NA is the numerical aperture .

Glasses with different refractive index lenses
have been designed to protect the eye depending
on the wavelengths to which it is exposed. The
most widely used standard for such products is
MSZ EN 207:2020, but there is an American equiv-
alent (AISI Z136.3), but this standard only speci-
fies the optical density of the glasses, the Europe-
an one is much stricter. It can be said that there is
no product on the market that can be used safely
at all wavelengths, so the protective device must
be selected for the specific laser machine. In or-
der to ensure protection, it is necessary to be able
to determine the safety class of the glasses.

Such devices are tested before they are put on
the market, in order to determine the most im-
portant metric, the optical density, which indi-
cates their effectiveness against radiation. It is
true that the higher this value, the more effec-
tive the protection against the radiation, but it is
worth determining the minimum safety level, as
the cost increases with the optical density. Knowl-
edge of the wavelength, power, beam diameter
and mode of operation is required. With this in
mind, we can use the table in EN 207:2020 to work
out the minimum safety level required to ensure
safe operation. In the documentation for safety
goggles, there is a diagram showing the transmit-
tance and optical density at each wavelength, so
safety equipment must be chosen accordingly. It
is advisable to define the normal danger distance
(NOHD), which should be communicated to the
operator and enforced (1), (2) [2, 7].

3.2. Skin

Human skin protects us from the dangers of the
environment, but it is less effective against this
artificial exposure. Radiation at different wave-
lengths can penetrate deeper into human skin,
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and these will have their own specific damage
mechanisms. As shown in Figure 4, there are two
cases where there is a big difference: the wave-
length of the CO, laser penetrates the epithelium,
our skin is damaged by thermal conduction, can
overheat and possibly coagulate (irreversible).

The small wavelengths of radiation from sol-
id-state lasers reach the deepest layers of our
skin, where they evaporate the water in our skin.
In addition to the water in the capillaries, there
is also iron in our blood, which readily absorbs
this wavelength (Figure 5). The superheated iron
atoms explode and the 'slag' in the bloodstream
can then clog capillaries (particularly in the eyes,
which have the thinnest vessels).

In order to avoid these hazards, all parts of the
body must be covered and the protective cloth-
ing material must absorb the radiation present
without damage. Because of the long wavelength
of CO, laser light, conventional welding clothing
(cowhide) provides sufficient protection, while
other special materials (composites) must be used
to protect against solid-state laser radiation. It is
essential to make sure that protective equipment
is able to perform its function [3].

Excimer | ErYAG €02 Argon KTP  PDL LPDL Ruby Alex Diode NdYAG

193nm |2,940nm 10,600nm 488 532nm 585nm 595nm 634nm 755nm 800nm 1,064nm
514nm

Fig. 4. Schematic representation of penetration depths
of various laser beams into human skin. [14]

3.3. Environment

Aware of the damaging effects of laser light, the
work area must be insulated from the outside
world, and suitable materials must be chosen de-
pending on the wavelength of the radiation. The
aim is to prevent radiation from escaping: either
reflection or absorption of the radiation can be
the basic principle. If the latter is chosen, since the
device is used indoors, Plexiglas (PMMA) offers
protection against CO2 lasers but is transparent to
near-infrared waves. For this wavelength, special
enclosures, special sandwich panels (graphite be-
tween Al-plates), and reflective building elements
coated with an absorbing layer on the inside
(painting, coating, fixing of other material panels)
can be used as a cost-effective solution. Special
attention must be paid to the absorption of radia-
tion from the area towards which the light source
is directed (thicker light absorbing layer). It is ad-
visable to choose a door design that can operate a
safety switch, because only in an enclosed space
can laser light be coupled. For safety reasons, an-
yone outside the work area should be able to see
into it in case of a possible complication during
the operation of the laser source. For this pur-
pose, windows are available in a similar way to
spectacles, for which the control principles for
the choice of the spectacle lens apply. The extrac-
tion of airborne metal in the environment must
be ensured. For material handling reasons, it is
advisable to follow LEAN principles to avoid me-
chanical injuries, and hazard warnings and obli-
gations (e.g. wearing protective clothing) should
be displayed (Figure 6) [6].

Fig. 5. Behaviour of fluids in the human body (skin)
under various laser radiation types. [15]

Fig. 6. Pictograms representing obligations and ha-
zards.
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4. Safety Recommendations in the NIR
Range

The Banki Dondat Faculty of Mechanical and
Safety Engineering at Obuda University plans to
install a handheld laser welding machine, which
is a fiber laser welding device, with the support of
CLOOS Hungary Crown International Kft. Its most
important characteristic is that the laser medium
is a solid-state material with an increased specif-
ic surface area (thin fiber), a maximum power
of 2000 W, and it operates at a wavelength in the
near-infrared range (1080 nm, or 1070+20 nm)
according to the manual). This wavelength range
can be dangerous for the machine operator, as
17% of the radiation can penetrate the deepest
layer of human skin (the hypodermis), poten-
tially causing the damages discussed previously.
What exacerbates the problem is that this radi-
ation can "burn out" the optic nerves of the hu-
man eye, creating blind spots for the operator (an
irreversible process). Because of these dangers,
individual and environmental safety must be en-
sured. As a solution, safety goggles with a specific
safety factor will be selected from specialists, as
it is not advisable to economize on this because
the brightness of our eyes can be at stake, e.g.
Laservision, UVEX, and NoIR [16, 17]. In terms of
clothing, fabrics containing metal fibers (stain-
less steel, silver) should be chosen, which are also
ergonomic. Jackets and trousers from ISA Tech-
nology are recommended, as they protect against
radiation and heat effects [18]. Gloves made of
white-pigmented materials are popular due to the
reflectivity of titanium dioxide (TiO,) [2, 7]. The
product named "Guide 70" is widely used by those
engaged in handheld laser welding [20]. In terms
of footwear, safety work shoes can be applied. The
environment can be designed in a cost-effective
way, with sliding doors being used to operate the
safety interlock. Lasers operating in the near-infra-
red range typically release metal vapours; in this
respect, industrial ventilation and air purification
systems are sufficient.

5. Conclusion

Nowadays, the increasingly popular handheld
laser devices pose a danger to the machine oper-
ator, as they are in the same enclosed space. Even
industrial lasers have their work areas enclosed
to protect the operator. When using handheld
units, those within the working area are protect-
ed by safety clothing, while those outside the area
are safeguarded by hermetically sealed enclosure

1. Never look directly into the laser
beam.

2. Never aim the beam at another person.

3. Do not view Class 3R or higher-po-
wered lasers through optical instru-
ments.

4. Operate lasers only in designated
areas.

5. Position the beam path well above or
below eye level for both standing and
seated positions.

6. Always use diffuse reflective beam
guards.

7. Remove all reflective objects, such as
jewelry or tools, from the beam path.

8. Only authorized personnel may enter
areas with Class 3B and 4 lasers.

9. Always wear laser safety glasses when
exposed to Class 4 invisible radiation.

10.Always implement safe configurations.

Fig. 7. Principles for Injury-Free Laser Operation. [21]

elements. Such devices are “cheap” and easy to
acquire, capable of performing multiple tasks
(such as cleaning lasers); however, the belief that
they are risk-free is a misconception. We must
familiarize ourselves with these devices and per-
form risk assessments of the hazards to ensure,
with high expertise, the safe operation of laser
equipment. Finally, we must strive to comply with
the rules shown in Figure 7 to avoid injuries.
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Abstract

Determination of web crippling resistance of thin-walled steel sections can be achieved by two different
methods: by laboratory experiments or with numerical models, dividing the geometry into finite elements.
Trapezoidal sheeting is particularly sensitive to concentrated loading. The support conformation has a signif-
icant influence on the resistance of the profile. Understanding the influential support parameters and taking
into account in calculations is essential, since it can have a major influence on the bearing resistance and
failure mode. The American and the European standards differ in their approach regarding the boundary
conditions. The Eurocode does not consider the fixing of the sheets to the roof purlins or beams, which is
generally applied in the construction industry. The present study investigates the web crippling resistance of
trapezoidal cross-sections with numerical finite element models for several support configurations, consid-
ering also the influence of bottom flange fixing.

Keywords: cold-formed steel, trapezoidal sheeting, web crippling resistance, Eurocode, finite element model.

1. Introduction

1.1. Web crippling of cross-sections with
multiple webs

The failure modes of thin-walled sections in-
clude the local buckling of the web under con-
centrated shear forces, namely the web crippling.
Deep trapezoidal profiles are especially sensitive
to the studied failure type, because of the thin
(0.3-1mm), but high (up to 150 mm) web plate
subjected to shear. The transversal force resist-
ance of web can be less than the bending resist-
ance of the whole profile.

In case of roof sheeting or decking of composite
slabs, the main applications of trapezoidal sheets,
usually the highest shears are concentrated at
the supports. In design practice is extremely im-
portant to use the real parameters of the bear-
ings. The length of the sheet-to-support contact
surface and the length of the free end in console
has a significant influence on the web crippling

resistance. With adequate support conformation
a design capacity can be achieved that is not de-
termined by the web crippling failure.

1.2. End support conformations

In practice, deep sheets are mostly used as roof
decking, for increased distance between the sup-
ports. The general characteristics of the bearing
supports differ based on the materials used for
the primary structure and the design details. The
upper plane of the concrete purlins generally
does not follow the roof angle. As a consequence,
the sheet-to-purlin contact is a theoretical line. At
the ridge support, the trapezoidal profile has a
cantilever free end (Fig. 1).

The orientation of steel purlins can follow the
roof angle, but there are cases when their upper
plane remains horizontal.

The cantilever length of trapezoidal profiles at
eave support can be variable (Fig. 2). In many
cases the designer does not give any specification
concerning the end length.
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Fig. 1. Typical ridge support for concrete purlins.

End supports differ in two main parameters.
One is the bearing surface’s length that can be
the width of the bearing element’s upper flange
or a narrow edge for inclined supports. The sec-
ond parameter is the length of the sheet portion
being in console. The present study does not in-
spect the web crippling resistance at intermediate
supports.

2. Particularities of analytical calcula-
tions

2.1. AISI Standard

The investigation of web crippling resistance of
steel sections began in the 1940’s at Cornell Uni-
versity, with the set of experiments conducted by
Winter and Pian [1], in which they studied back-
to-back lipped channels, under 4 different load-
ing types: IOF - interior one-flange loading, EOF
-end one-flange loading, ITF - interior two-flange
loading and ETF - end two-flange loading (Fig. 3).

Fig. 2. Eave supports for concrete and for steel roof
purlins.

The standardization of the laboratory experi-
ments was carried out by LaBoube and Schuster
[2], which has been included in the AISI S909-17
[3].

It is still common to determine the concentrat-
ed shear resistance of the web by testing, since
the failure of thin-walled sections is caused by
several factors acting simultaneously [4]. Several
test sets were done with various cross-sections.
The analytic relation (1) of the AISI S100-16 [5]
was developed based on the empirical results [6].
The code defines the web crippling resistance in
function of the following parameters: sheet thick-
ness (t), yielding strength (F)), slope of the web
(6), inner bending radius (R), bearing length —
length of contact surface between the profile and
the support (V), web height (h).
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Fig. 3. Distinguished loading types (source — AISI $909-17 [3])
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2.2. Eurocode

The analytic relation of the Eurocode 3-1-3 [7]
is based on the AISI standard [8], but addresses
separately the cross sections having one, two, or
multiple webs. The web crippling resistance of
profiles with multiple webs is defined by rela-
tion (2), where the variables are similar to that of
the American code: sheet thickness (t), yielding
strength of the base material (fyb), elastic modu-
lus (E), inside bend radius (r), effective bearing
length (1), slope of the web (¢).
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2.3. Comparison of standards
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Both of the standards take into account the sup-
port characteristics. The AISI code provides con-
stants (C, Cg, Cy, C,), that depend on the cross-sec-
tion shape (C, Z, Omega, trapezoidal sheet), the
presence or lack of fixings and the loading condi-
tion (IOF, EOF, ITF, ETF).

The relation in Eurocode for the thin-walled
profiles with multiple webs separates the sup-
port conformations with the help of variables (a)
and (I). Parameter (a) takes values based on the
loading category/ loading condition. The effective
bearing length (1)) depends on the loading catego-
ry and the width of the support.

The major difference between the codes is that
Eurocode does not deal with the influence of
sheet-to-support fixing, meanwhile, AISI specifies
different constants if the sheeting is fixed to the
bearing. In the following chapters, the web crip-
pling resistance is investigated for end supports
with fixed or free-hanging ends.

3. Finite element modelling

3.1. The studied geometry

The PCB80 trapezoidal profile without web stiff-
eners, tested in the GRISPE project [9, 10] has
been selected as the reference geometry. In ad-
dition, other geometries were analyzed, but the
parametric study was carried on the 0.75 mm
thick PCB80 section by BACACIER. In FE models,
the width of the support was 40 mm, such as in
the laboratory tests (Fig. 4 and Fig. 5).

The numerically studied end configurations had
variable console lengths (I, ) (Fig. 6). Five cases
were modelled with and without fastening, where
l,,q = 0/20/40/80/160mm and [, = 40 mm.

Fig. 4. Dimensions of the reference profile.

Fig. 5. Experimental setup (source — GRISPE test re-
port. [10])

. Inner edge L

« » « >

Fig. 6. Representation of console lengths

3.2. The numerical model

The authors developed several numerical mod-
els [11, 12] with Ansys Workbench 2020 R2 and
Ansys Mechanical 2019 finite element analysis
softwares. The calculations were performed con-
sidering the geometrical and the material nonlin-
earities.

In practice, trapezoidal profiles are connect-
ed with seam fasteners at longitudinal overlaps,
which constrains the spreading of the sheet. As a
consequence, the failure of each web can be con-
sidered identical. To reduce the computational
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time, only half of a rib was introduced in the FE
model, while on the longitudinal sides symmetry
boundary conditions were applied. Close to the
imposed load, the profile lies on an inclined steel
plate and on the opposite side a hinge is provided.
Loading is introduced as a vertical displacement
transmitted to the bottom flange, that is increased
with each time increment (Fig. 7).

The mesh formulation follows the expected dis-
tribution of the deformations. The mesh is refined
where larger displacements can take place. In the
end zone, the indicated size of the finite elements
is 3 mm, on the load-transfer portion is 6 mm and
on the remaining segment is 10 mm. The mesh-
ing is quadrilateral dominant and second order
SHELL281 finite elements were used. The contour
of the rounded corners was divided into 4 segments.

The measured yield strength of 362.8 MPa was
considered. For the numerical analysis a bi-linear
material model was used for the steel elements. The
elastic zone had a Young’s modulus of E = 210 GPa,
while the plastic zone of E = 2.1 GPa. Instead of the
t = 0.75 mm design thickness, the measured mean
thickness of the base material of ¢, = 0.684 mm
was introduced in the calculation. (Fig. 8)

The finite element model was validated on the
GRISPE project’s [9, 10] experiments. The web
crippling resistance obtained with the model dif-
fers by 0.23% from the experimental value, while
the second load maximum in the post-elastic do-
main is less by 13.34% than the measured one
[11]. The deformed shape and the failure mode
identified with the FE model correspond to those
observed in the laboratory.

Fig. 7. Boundary conditions

4. Results

In the recent European experiments [10, 13]
trapezoidal profiles were not connected to the
support, while in the construction practice a
sheet-to-purlin or sheet-to-beam fixing is always
present. This chapter compares the web crippling
resistance of fastened and unfastened ends for
variable end lengths in console. The investigation
of the fixing’s influence at intermediate supports
is less relevant. In general there is no loading con-
dition that tends to separate the bottom flange of
the trapezoidal profile from the bearing.

The rigidity of the screw and the washer is in-
creased compared to the sheet. Tension forces
lead to significant deformations only on the bot-
tom flange of the thin-walled profile. To reduce
computational time only, the effect of the fastener
was introduced in the Ansys model. The bottom
flange was bonded to the support at a circular
perimeter, equal to the dimension of the washer.

4.1. Short consoles

Unfastened short ends tend to rotate around
the inner edge of the support, causing an upward
movement of the bottom flange. The phenome-
non was observed both in the experiments and in
the numerical simulations. Stress concentrations
appear at the contact point between the sheet’s
web and the support’s edge.

Fastening of the end constrains the rotation
of the end section and changes the stress distri-
bution. The stresses are concentrated along the
whole contact edge between the rounded bottom
corner and the support. Fig. 9 presents the de-
formed shape and Fig. 10 the stress distribution
of the following conformation: support width (I,,)
40 mm, free end length (1, ;) 0 mm.

Fig. 8. Meshing

Fig. 9. Typical deformation of short consoles, without
fastening.
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Fig. 10. Stress distribution at short ends, without
fastening (left) and with fastening (right).

4.2. Long consoles

In the case of long free ends, the concentrated
support reaction tends to have a more local-like
effect. The end section of the profile does not de-
form, the behavior of the cross-section becomes
similar to that in the case of loads applied in the
field.

Fig. 11. shows the deformed shape and stress
distribution of the PCB 80 cross-section having
80mm end length, with and without fastener. The
behavior of the profile is similar in both cases. It
can be noticed that for the fastened configuration
the stresses are more symmetric to the support.

4.3. Effect of fasteners on the web crippling
resistance

The force-displacement curves for the fastened
and unfastened ends were compared for variable
end lengths. For short ends, the fixing significant-
ly influences the bearing resistance. The effect of
the fasteners for long consoles is neglectable.

In terms of numbers (Fig. 12), for short consoles
(AISI - EOF, EN - category 1), the presence of fas-
tener led to a 20-23% increase in the section’s re-
sistance to web crippling, which corresponds to
the difference provided by the AISI S100-16 cal-
culation. For long ends (AISI — IOF, EN - category
2), sheet-to-support fixing is insignificant, which
isin accordance with the American standard. (Ta-
ble1l.)

5. Conclusions

For the determination of the true web crippling
resistance of trapezoidal cross-sections it is es-
sential to know the real support parameters. The
validated finite element models show that for
end configurations with short consoles, fasteners
have a significant influence on the profile capaci-
ty, which is considered in the American standard.

The Eurocode does not give guidance regarding
the studied parameter, which leads to underes-
timation of the sheet capacity for concentrated
loads. The authors consider it important for struc-

Fig. 11. Stress distribution at long ends, unfastened
(above) and fastened (below).

Fig. 12. Force-displacement curves from the numeri-
cal simulations for increasing free end
lengths with and without fastening.

Table 1. Changes in web crippling resistance due to
fasteners for variable free end lengths

end withm'JRt'i fas- | with fa'ggener I%g‘.:s;([:;o(])f
tener [N] [N]
0 1360 1672.7 22.99
20 1747.9 2104.7 20.41
40 2105.6 2528.5 20.08
80 2479.3 2580.6 4.09
160 2489.6 2592.5 4.13
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tural engineers to be aware of the significance of
providing proper support details.

In the future, we will propose the revision of the
relevant chapter of the Eurocode, to take into ac-
count the effect of sheet-to-support fasteners on
the web crippling resistance of thin-walled steel
profiles with multiple webs.
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AIR VELOCITY MEASUREMENTS IN THE OFFICES OF THE
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Abstract

During renovations in various areas of the Engineering Faculty, fan coil and split air conditioning units have
been installed. These devices have significantly improved the indoor environment quality during the sum-
mer season. However, if the indoor units are not properly positioned, they can exert several negative effects
on the comfort of occupants and the quality of the indoor environment. Furthermore, improperly selected
indoor units can increase installation and operational costs.

As a conclusion we can say that a correctly positioned and selected air conditioning unit can help maintain
optimal indoor environmental conditions, while improperly chosen or positioned equipment can adversely
affect occupants' comfort and increase operational costs.

Keywords: air velocity measurement, Testo 400, comfort.

1. Introduction

People spends 80...90% of their lives in closed
spaces. In order to be in a pleasant atmosphere
in a building, we require comfort. However, hu-
mans make use of more and more glazed surfac-
es, which causes an increase in summer heat load
on one side and, as a consequence, the drastically
increase of cooling load on the other side. [1] The
glazed building envelope is becoming an impor-
tant component of contemporary architecture.
Glass allows natural light, offers a visual com-
munication with the outdoors, reduces structural
load and enhances the aesthetic appearance of
buildings. With the many benefits that glazing
offers the occupants and the designers, it is not
free of problems if it is not properly selected. The
building envelope and its glazed fenestration rep-
resents a major source of unwanted heat, solar
gain and thermal discomfort. Moreover, glazed
curtain walls cause glare problems and increase
the energy consumption required for cooling sys-
tems due to the high internal air temperature.
This has resulted in a complete reliance on me-
chanical means to manipulate the indoor temper-
ature and finally to achieve the thermal comfort
at high energy consumption [2]. Hungary has a
continental climate, with hot summers and low

overall humidity levels but frequent rain show-
ers and mildly cold snowy winters. Average an-
nual temperature is 9.7°C. Temperature extremes
are about 42°C in the summer and -29°C in the
winter. (Wikipedia) Since July is the hottest sum-
mer month in Hungary I analyzed the interior
temperature fluctuation during a specific day of
this month in different rooms of a building. [1] In-
ternal temperature in detached buildings varies
during the day depending on the external temper-
ature, orientation of the facades, glazed area and
thermophysical properties of the opaque building
elements. [3] The natural ventilation helps to tem-
per the building structure, which greatly reduces
the risk of overheating in the building during the
summer period.

In summer the natural ventilation is through
windows, which highly depends on prevailing
winds and on the temperature difference caused
by sunshining, on different parts of the building,
so we cannot regulate the quantity of the entering
air. [4]

The eastern-facing facade of the Faculty of Engi-
neering has been renovated, and over the years,
several expansions have been made to the com-
plex. I had the opportunity to record the internal
air velocity in various rooms during the summer
period.
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2.Introduction of the building

The University of Debrecen, Faculty of Engineer-
ing’s building can be found in Otemetd street, 2-4,
Debrecen. (Fig. 1, Fig. 2) The building complex
includes, the educational part, the workshops,
the laboratories and the college with 270 living
accommodations. In the educational part of the
building is placed the Faculty’s restaurant served
by a 500-dose cuisine. The educational building
has five floors (Ground floor + 4 floors), but the
third and the fourth level floor space differs from
the other levels. [1]

Floor plan of the third-floor offices and split air
conditioners installed after the building's HVAC
renovation. (Fig. 3)

On the third floor of the old wing, there are 9 of-
fices with different layouts, as illustrated in Fig. 4.

During summer months, Dr. Csaky Imre and
Dr. Kalmar Ferenc presented thermal imaging in
their article "Indoor temperature monitoring in

Fig. 1. Satellite image of the Faculty of Engineering.
(Google Maps)

Németh B. — Miiszaki Tudomdnyos Kozlemények 21. (2024)

east orientation offices,” revealing surface tem-
peratures (up to 49.3 °C) contributing to high air
temperatures within the offices. (Fig. 5, Fig. 6) [5]

The office air temperature reached its peak be-
tween 10-11 am, as high as 37 °C. (Measurements
ranged from 31-37 °C during a summer day.) [5]

In those spacious offices, where artificial venti-
lation is not feasible, alternative measures need
to be taken during operating hours. Therefore,
the building management implemented the fol-
lowing measures: Split air conditioners were in-
stalled in the rooms of the old wing. In the reno-
vated wing, fan coil units were installed. In those
areas where neither split air conditioners nor fan
coil units were installed, desk and tower fans are
used by occupants during the summer months.

According to the MSZ CR 1752:2000 standard, in
large office spaces, the average air velocity in the
occupancy zone is 0.18 m/s for comfort category
A, 0.22 m/s for comfort category B, and 0.25 m/s
for comfort category C. [6]

Fig. 3. Office floor plan with split air conditioners.[1]

Fig. 2. Eastern wing of the Faculty of Engineering.

Fig. 4. Office layouts at the Faculty of Engineering.
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Fig. 5. Thermal image [5]

3. Introducing the Measurement In-
strument

During my measurements, I used the Testo 400
climate and air conditioning measuring instru-
ment and Testo turbulence probe. (Fig. 7, Fig. 8)
) The air velocity experienced indoors has an im-
pact on thermal comfort. Turbulence intensity is
expressed as a percentage and calculated based
on the average air velocity and air temperature
prevailing in the room. Turbulence intensity re-
flects the temperature fluctuations occurring
within the indoor space and the intensity of air
movement. There is a direct correlation between
air temperature and measured turbulence inten-
sity. [7] The climate and air conditioning measur-
ing instrument, with its built-in measurement as-
sistant, provides optimal support for conducting
air velocity and thermal comfort measurements
according to standards, as well as for examining
and adjusting ventilation and air conditioning
systems. [8]

Fig. 7. Testo 400

Fig. 6. Temperature distribution. [5]

The Testo turbulence probe can measure inde-
pendent of direction and simultaneously calcu-
late turbulence intensity and draft risk according
to EN ISO 7730 / ASHRAE standards. To ensure
precise measurement results, it compensates for
air density using built-in absolute pressure meas-
urement. Draft restricts comfort and is the most
common cause of indoor air-related complaints.
The probe is ideally suited for determining tur-
bulence intensity and draft risk typical in work-
places. Turbulence intensity corresponds to the
degree of fluctuation in air velocity over time. It
is necessary for determining draft risk. [9] The
climate and air conditioning measuring instru-
ment provides optimal support for conducting
air velocity and thermal comfort measurements
according to standards, as well as for examining
and adjusting ventilation and air conditioning
systems, with its built-in measurement assistant
features a high-precision, location-independent,
built-in differential pressure sensor. It can meas-

Fig. 8. Testo turbulence probe
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ure all IAQ parameters: air velocity, temperature,
humidity, pressure, illumination, radiant heat,
turbulence intensity, CO, and CO. [10] Among
these, I examined air velocity, temperature, tur-
bulence intensity, and draft ratio during my
measurements.

4. Measurement

I performed my measurements at two locations:
in actual offices and in the laboratory. In the of-
fices, I carried out measurements with split air
conditioners and fan coils. In the Air Conditioning
and Air Ventilation Laboratory, measurements
were carried out by using fans to simulate office
spaces. Laboratory measurements were neces-
sary because the walls are painted black to make
smoke from the fans clearly visible. Smoke was
used to demonstrate how the outgoing air arrives
at the point of interest. (Fig. 14 and 16)

4.1. Measurements with split air conditioners

I performed my measurements at five points in
the office depicted in Fig. 9 (magnified view of
Fig. 4/a), at two specificheights: 1.7m and 1.1m.
These correspond to the standing person's head
height and the seated person's neck height, re-
spectively. I chose point 5 as the specific location
since it is where the desk computer is located, and
where occupants spend most of their time.

I designated Position 2 as the most unfavorable
location since it has the highest air velocity, which
even on the lowest setting exceeds the comfort
criteria by more than twice. I organized the meas-
ured results into a table, where it is evident that
the air velocity does not correspond to the com-
fort categories. (Table 1.)

The offices are equipped with Midea split-type
air conditioners. Their cooling capacity is 4982 W,
and their heating capacity is 5275 W. The maxi-
mum operating pressure under suction is 1.5
MPa, and under pressure is 4.2 MPa. The nominal
power consumption is 2200 W. (Fig. 10)

4.2. Measurements with tower fans

I performed measurements in the climate and
air conditioning laboratory, where I set up the
room to simulate the office layout. I examined a
section of the offices where one person is seated
at a desk and adjusts the fan according to their
own preferences. (Fig. 4/b, d, g)

Fig. 11 illustrates the position of the equipment
relative to the individual. According to stand-
ards for comfort measurements, it is necessary
to measure at four heights: 1.7m for standing
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height; 1.1m for seated individual's neck height;
0.6m for seated individual's waist; and 0.1m for
ankle height. I did not include the results meas-
ured at 0.6m and 0.1m heights, as they are below
the work surface and thus not affected by the air-
flow generated by the fan. The fan was in a fixed
position, and I performed measurements at three
different power levels (Fig. 12, Fig. 13).

Table 1. Measurement results of Room 302

Air velocities at different
Posi- Height settings (m/s)
tion (m)
Erés Kozepes | Gyenge
1. 1.7 0.58 0.24 0.11
1.1 0.31 0.17 0.08
2. 1.7 0.61 0.46 0.45
1.1 0.5 0.4 0.39
3. 1.7 0.3 0.1 0.08
1.1 0.17 0.11 0.03
4. 1.7 0.32 0.24 0.07
11 0.31 0.19 0.04
5. 1.7 0.08 0.04 0.03
11 0.09 0.06 0.03

Fig. 9. Room 302 at the Faculty of Engineering.

Fig. 10. Midea split air conditioner
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I recorded my measurement results in Table
2. I highlighted air velocities (v) exceeding the
comfort criterion in red. It is evident that even at
level 1, the air velocity at the distinguished point
is many times higher than the allowed limit. Fur-
thermore, I measured turbulence intensity (Tu),
draft ratio (DR), and temperature (t).

4.3. Measurements with desk fan

The procedure and setup for the measurements
were the same as those carried out with the
tower fan. The measurement setup is shown in
Fig. 14 while the smoked condition is illustrated
in Fig. 15.

The measurement results were similar to those
obtained with the tower fan. The results that do

Fig. 11. Placement of the fan and the person

Fig. 12. Tower fan measurement.

Fig. 13. Smoke test of the tower fan.
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not meet the comfort criteria are highlighted in
red in the table. (Table 3).

During the summer season, in rooms where
there is no split air conditioner or fan coil, and
the temperature exceeds 280, higher air velocity
is appreciated by people and improves comfort.
These offices, which only have fans, are used
only briefly during the summer season. In the
long term, rooms equipped with fan coils or split
air conditioners are preferred. Each person can
adjust the desk fans according to their own pref-
erences, thus improving their personal comfort.
The position and angle of the fan's head are ad-
justable, so I was not able to examine every op-
tion. Increasing the fan's speed depends on the
internal air velocity.

Table 2. Measurement results of the tower fan

sﬁiﬂd h(m) | Tu (%) | DR (%) | v(m/s) | t(°C)
1. 1.7 63 0 0.04 23.7
1.1 7 84 1.26 22.3
2. 1.7 51 0 0.04 23.4
1.1 7 100 1.57 21.9
3. 1.7 56 0 0.05 23.1
1.1 7 100 1.78 26.1

Fig. 14. Desk fan measurement.

Fig. 15. Smoke test of the desk fan.



78

4.4. Measurements with fan coil

I performed measurements using the SABIANA
CARISMA fan coil. Its cooling capacity is 2.87 kW,
and its heating capacity is 3.56 kW. [11] (Fig. 16)

During the measurements with the fan coil, I
measured at 3 points. Point 1 was directly above
the fan coil (most unfavorable location), point 2
was where one person was seated at the office
desk, and point 3 (specific point) was where two
people were seated at the desk, and I considered
the position of the person closer to the fan coil
during my measurements. (Fig. 17).

The most unfavorable location is near the fan
coil, where high air velocities have been record-
ed. At the distinguished point, however, the air
velocity has exceeded the comfort criteria com-
pared to position two (Table 4).

5. Conclusions

I carried out comprehensive measurements dur-
ing the summer period to demonstrate air veloci-
ties in areas where people typically spend most of
their time in offices at specific heights. The results
indicate the need to pay attention to the proper
placement of workstations. I examined and con-

Table 3. Measurement results of the desk fan
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firmed the application possibilities of equipment
in offices with different layouts through both field
and laboratory measurements. After outlining
the research methodology, I performed measure-
ments in the offices. The offices of the Engineer-
ing Faculty provided me with fan coils, fans, and
air conditioning units for my measurements.
During the measurements, I used calibrated Testo
instruments to measure indoor air velocity, tur-
bulence intensity, draft ratio, and temperature. In
the future, my goal is to explore the potential of
natural ventilation during the summer season to
understand the air velocities that develop in the
occupancy zone.
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Table 4. Measurement results of the fan coil

s}f:gd h(m) | Tu (%) | DR (%) |v(m/s) | t(C) PO | ham) | Tu(%) | DR(%) | vans) | t(C)
1. 1.7 51 0 0.05 23.7 1. 1.7 31 100 0.76 20.8
11 12 100 1.36 22.7 1.1 10 100 1.24 20.8
2. 1.7 57 3 0.06 23.7 2. 1.7 46 7 0.08 21.3
1.1 19 100 1.47 22.7 1.1 71 0 0.04 21.2
3. 1.7 66 6 0.08 23.6 3. 1.7 44 25 0.21 22
1.1 27 100 1.72 22.8 1.1 32 7 0.11 21.6

Fig. 16. Fan coil.

Fig. 17. Simulated office.
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Abstract

Our goal was to design and build a device that allows the investigation of wear for plastic spur gears. In the
initial phase of the design process, cost-effectiveness was at the forefront. The device is part of a license proj-
ect for the Faculty of Mechanical Engineering at Sapientia Hungarian University of Transylvania and it will
be used for research purposes in the Polymer Technologies Laboratory of the university. The designed test
equipment allows the investigation of plastic spur gear wear properties at different loading and rotational

speeds.

Keywords: spur gears, wear, plastic, design.

1. Introduction

The spur gear has a cylindrical cross-section,
with teeth located on the surface. Spur gears are
most commonly used to transfer the rotating mo-
tion from one shaft to another. There are sever-
al other choices regarding the transfer of rotat-
ing motion or torque from one shaft to another,
however gears are exclusively used when slip
between the two rotating parts is not permitted.

Spur gears are used in different industrial ap-
plication, for example in agricultural machines,
automotive transmissions, electrical home appli-
ances, tools etc. The usability of spur gears is also
widened by their increased load bearing nature.
The high precision, high load bearing and high ro-
tational speed can be seen as advantages of spur
gears.

Steel is the material of choice for gears. In the
case of metal as raw material, there are four types
of base material to choose from, depending on the
applied stresses and the use of the gear: non-alloy
or low alloy steel, stainless steel, case hardenable
steel and nitride steel. Each of these materials
has its advantages, for example, hardened steel
is more durable, nitrideable steel can be used to
increase the insertion strength, but the highest
strength is achieved with case hardened steel.

Depending on accuracy and productivity re-
quirements, gears can be manufactured using the
profiling process, a disc mill or finger mill, or the
hobbing method. The hobbing method can be car-
ried out by using a gear rack, gear hobs or gear
shaper cutters. These processes, although wide-
spread in industry and highly productive, require
large and expensive equipment. Consequently,
in an increasing number of applications, metal
gears are being replaced by plastic gears.

Plastic gears have unique advantages over met-
al gears, including high efficiency, quiet opera-
tion, no external lubrication is needed and lower
production costs. As a shortcoming, it should also
be mentioned that the load bearing properties of
plastic gears are inferior to that of metal gears.
However, one of the most important consequenc-
es of their use is the significant weight reduction
[1]. As a result, they are widely used in the au-
tomotive and aerospace industries, as well as in
household and various appliances

Several technologies exist for the production
of plastic gears. Machining processes are used
for low volumes, but injection moulding is an
economical way to produce high volumes. Over
the last 10-15 years, however, 3D printing tech-
nology has become increasingly popular for the
production of polymer substrate parts. 3D print-
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ing is cost-effective compared to plastic injection
moulding when the production volume is below
1000 units.

The disadvantages of plastic gears include lower
wear resistance, due to the friction generated by
the gear drive causing them to heat up and wear
more quickly. According to the literature, there
is a large difference in wear between injection
molded gears and 3D printed gears. At a torque of
5 Nm, injection molded gears can withstand up
to 2.4 million cycles. In contrast, 3D printed gears
fail after only 0.018 million cycles. Wear can be
divided into three distinct phases, a high wear in-
itial period, a linear wear period and a final rapid
wear period. In all cases, the failure is caused by
high temperature [2, 3].

2. Gear wear machine

2.1. Working principle and 3D model

The 3D model of the desi gear wear device is
shown in Figure 1. The gears under test (16) and
(17) are mounted on the driven shaft (7) and the
drive shafts (13) respectively. The gears transmit
the torque to the shaft by means of latches. The
rotary movement of the drive shaft (13) is en-
sured by a monophase electric motor (10). Speed
control is facilitated by the use of an inverter. The
axis distance can be varied in the interval of 50
and 125 mm by means of a crank (14) fixed to a
spindle and a nut (15) fixed to the movable table

Fig. 1. 3D model of the gear wearing equipment:
1- frame, 2 - base plate, 3 - Dovetail slot,
4 - bearings, 5 - weight support rod, 6 - brake
system, 7 - drive shaft, 8 - belt pulley, 9 - belt,
10 - motor, 11 - support frame, 12 - slide table,
13 - drive shaft, 14 - drive lever, 15 - drive nut,
16, 17 - gears to be tested.

(12). The spindles are fixed by a ball bearing (4).
To achieve minimum shaft clearance, the drive
shaft bearings had to be raised and tilted rela-
tive to the driven shaft bearings, as the retaining
screws would have prevented the shafts from ro-
tating. A tilted support frame (11) was therefore
formed and fixed to the base plate. A brake disc
(6) is mounted on the driven axle (7), to which a
brake pad is connected, thus creating the braking
effect. The braking torque is generated by apply-
ing different masses. The solution ensures that
the torque remains constant after reaching the
operating temperature.

2.2. The structure of the machine

2.2.1. Frame

The device is based on a frame structure, as
shown in Figure 2. The legs of the frame are made
of 25x25%2.5 mm angle steel and the upper part
0f 30x30x3 mm angle steel by welding. The frame
is 160 mm high, 430 mm long and 265 mm wide.
The holes in the upper part of the support struc-
ture are for the screw heads, which are formed by
the bolted connections of the accessories fixed to
the base plate. The frame and the base plate are
connected by means of 4 M8 screws, which are
cut to required length.

2.2.2. Base plate

The base of the unit is a 12 mm thick metal plate
with dimensions 490 mm long and 265 mm wide.
The base plate is fixed to the frame structure. On
the base plate are the other components of the
equipment, which are fixed by M8x25 screws
with an ISO 4762 standard internal keyway bolt.
This fitting allows the components to be posi-
tioned afterwards. Also visible on the base plate
is a channel 14 mm wide and 80 mm long. Its role
is to allow the free movement of the weight rod

Fig. 2. The 3D model of the frame.
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when changing the distance between the axis.
Furthermore, it has four short channels which
are used to tension the belt between the motor
and the drive shaft. A 3D model of the mother-
board is shown in Figure 3 .

2.2.3. The moving plate

The driven axle is mounted on the movable ta-
ble and a spindle is used to adjust the desired axle
distance. All parts of the structure are made of
metal and machined with a milling machine. The
movement is generated by an M14x110 spindle
which turns in a nut fixed on the table. This cre-
ates the linear displacement. The table consists
of three parts. Parallel to the base, at a distance
of 270 mm between the two uprights, are two
220 mm long, 45 mm wide and 21 mm high pair
of dovetails, fixed by three bolts each. A 30° cut
is made longitudinally, from the inside towards
the bottom. The table rests on these two dove-
tails. Under the moving table there are also two
shorter dovetails with the following dimensions:
130 mm long, 45 mm wide and 20 mm high. As a
result of this method, the table can only move in
the direction of the longitudinal axis. The bearing
housings of the driven shaft are mounted on the
two edges of the table. A 3D model of the moving
table is shown in Figure 4.

Fig. 3. The 3D model of the base plate.

2.2.4. Angled support

The positioning of the driven axle is necessary
to achieve the minimum axle distance. Posi-
tioning is provided by the two supports shown
in Figure 5. The elements are made of 40 mm
thick plate. The workpieces are made from scrap
metal, which reduces the production cost. In ad-
dition, the machining was carried out on a mill-
ing machine. The upper plane of the support is
positioned at an angular offset of 23° to the base,
thus preventing the axles and the chassis bearing
housings from colliding when the minimum axle
distance is set. There are also two M8x30 holes on
the top to fix the bearing housing.

2.2.5. Shafts

The equipment has two axles. In order to mini-
mize the shaft clearance, the bearings of the drive
shaft are positioned between the bearings of the
driven shaft. Both shafts are manufactured on a
lathe from c45 material. The length of the shafts is
331 mm. The drive shaft is connected to the motor
by a belt drive. The gears transmit the torque to
the shafts by means of a latching connection, and
an M6x20 bolt connection ensures constant posi-
tioning in the axial direction. Measured from the
bearing housing, the gear is located at a distance
of 10 mm. The distance between the two bearing
housings is 201.5 mm. On the drive shaft, the gear
is located 42.7 mm from the bearing. At the op-
posite end of this shaft is a centering hole. A 3D
model of the propeller shaft is shown in Figure 6.

Fig. 5. The 3D model of the angled support.

Fig. 4. The 3D model of the moving plate.

Fig. 6. The 3D model of the drive shaft.
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A shorter length (249.75 mm) was specified for
the drive shaft. The gears fixed to the two shafts
must be in the same plane. The gears are also
fixed by means of a latch and a locking screw. The
bearing is located 69.75 mm from the end of the
shaft. The space between the two bearings is 120
mmm, in the middle of which a 30 mm wide brake
disc will be located. The brake disc will also be
secured by a latch. The other end of the axle can
be used to retain the bearing. This end of the shaft
also has a centering hole. A 3D model of the driv-
en shaft is shown in Figure 7.

2.2.6. Braking mechanism

The braking mechanism consists of five parts: a
stand (1) which raises the brake disc (2) 57 mm
on either side of the brake disc (2), and a brake
insert (3) on which a brake pad (4) is fixed. In or-
der to create a larger surface area, the brake shoe
follows the curve of the disc at 100°. The brak-
ing torque is provided by means of load weights
placed on the brake lever (5). This method has
been chosen because it has proved to be the sim-
plest way of providing a constant braking torque.
The braking mechanism is shown in Figure 8.

3. Conclusions

We have successfully designed a device that is
capable of testing the wear properties of plastic
gears. 3D modelling was used to identify design
flaws. We were able to correct these errors during
the design phase, thus avoiding the production of
defective or inappropriate parts. The production
was entirely carried out by myself in my own
workshop. In the majority of cases I used a mill-
ing machine and lathe for machining. This was
an excellent opportunity to gain insight into the
execution of a complex task. Small adjustments
were also made during the production process to
achieve a better result.

Fig. 7. The 3D model of the driven shaft.

Fig. 8. The 3D model of the breaking mechanism.
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Abstract

The purpose of this study is to examine the effectiveness of the tumbling method on sand-cast metal parts.
The first phase of the research was to design and construct a laboratory-scale tumbling mill, make samples
for the measuring instruments available and to construct a coal-powered furnace that can be used in the
making of the metal samples. After the design and construction of the necessary hardware, we conducted
the experiment, took the necessary measurements and processed our data: this consisted of measuring the
surface roughness of the metal samples before, during and after a complete tumbling cycle, then processing
the resulting data. The experiment allows us to determine the optimal tumbling parameters such as the ideal
tumbling medial size, the optimal speed of revolution of the tumbling drum and the smallest surface rough-
ness achievable via the tumbling method. The experiment also allows us to find a correlation between the
tumbling time and the change in surface roughness, which makes it possible to determine the optimal time
frame in which the method is the most effective.

Keywords: surface roughness, tumbling mill, sand-cast parts, tumbling, sand casting, tumbling media.

1. Introduction

1.1. Surface Roughness

Tolerances are the permissible limits of certain
properties on a part or an assembly, and they can
refer to various aspects of the part: geometric tol-
erances like parallelism, roundness, perpendicu-
larity or deviations in certain dimensions. Parts
must also be manufactured to meet other criteria
such as structural properties (hardness, elasticity,
density and isotropy of the crystal matrix), opti-
cal (transparency, reflectivity) and others. One of
these properties is surface roughness.

Surface roughness refers to the micro-irregular-
ities of a surface usually created in the machining
process. These can be feed marks or other irregu-
larities in the measured area. [1] Surface rough-
ness tolerances determine the acceptable rough-
ness of a given surface of a part or a lower and
upper limit, which the roughness cannot exceed.

One of the most widely used roughness index
is the average surface roughness index, which,

according to the ISO 21920-2:2021 standard, cor-
responds to the numerical average of y-ordinates
of the peaks and valleys along a continuous pro-
file.

1.2. Measuring Surface Roughness

In order to determine whether the surface
roughness of a part is within tolerance, it must be
measured via various methods. These methods
can be categorized as contact-based and contact-
less methods. [1]

Contact-based measuring instruments are the
most common as they are widely available due to
their relatively simple construction. They are re-
liable and easier to use than the more precise and
more complex optical measuring instruments.
Before the beginning of the 20th century, surface
roughness was determined either through ob-
servation or by dragging one’s fingernail on the
surface. However, as the resolution of the aver-
age human eye is around 400 ym, more precise
instruments were needed. [2]
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Fig. 1. The profile created by the stylus tip. [1]

The first contact-type stylus profilometer (from
here on referred to as “SP”) was invented in 1929
by G. Schmaltz. The way portable SPs work is by
dragging a diamond or ruby stylus along the sur-
face of the part via the use of an electric motor.
The accuracy of the resulting profile curve (in
the case of analogue devices) or cloud of points
(in the case of digital devices) ranges between
0.1 and 4pum (Ra). The radius of the stylus tip is
usually 5um and the length of the profile varies
between 5 and 8 mm. [2] Thus it follows that the
accuracy of the measurement depends greatly on
the stylus tip radius, since the stylus cannot en-
ter valleys narrower than the tip diameter (see
Fig. 1).

1.3. Tumbling Mills and their Operation

The construction of a tumbling mill is simple, it
consists of three main parts: a revolving drum,
tumbling media and the drive mechanism.

The drum is usually a tube with a circular or po-
lygonal cross-section, and depending on the size
of the machine, can be closed, half-open or open
on both ends. The tumbling or grinding media is
placed in the drum, and it is usually a small gran-
ulate of some hard material (sand, ceramics, hard
composites or metal). Larger metal or ceramic
media is used for grinding powders. The grinding
effect is a result of the continuous contact and
friction between the media and the surfaces of
the workpiece, small particles of the surface are
abraded.

It has been proven that the shape of the me-
dia affects its behaviour and effectiveness in
both grinding and tumbling. The research of
Shi shows that cylpeb-shaped (conical cylinder
with rounded points) media are more effec-
tive than spherical media with the same mass,
since they have a larger surface. [3] Nanda P.
et al used prism-shaped and pyramidal me-

dia in order to ensure contact between the me-
dia and the entire surface of the sample. [4, 5]
Spherical and cylindrical media have a smaller
chance of coming into contact with inner corners
on the sample due to their rounded shape, while
the tips of prism-shaped and pyramidal media
have a better chance of coming into contact with
these areas.

2. Methodology

2.1. The Measuring Instrument and the
Samples

The goal of this study is to build a device that
can be used to determine the effectiveness of
tumbling and to examine how low of a surface
roughness we can achieve with the method. The
first phase consisted of designing and building a
small tumbling mill and a fixture for the Insize
ISR-C002 Surface Tester, along with metal sam-
ples. The fixture is necessary for holding the sur-
face tester in place relative to the metal sample,
thus ensuring that all measurements are taken
on the same profile. Since the surface roughness
of sand-cast metal parts is not only high but very
uneven, this step was crucial in order for us to be
able to examine the change in surface roughness
between tumbling cycles, since even a deviation
of a few millimetres would result in a drastic
change in the roughness profile. Since the radius
of the ruby stylus is very small and the technolo-
gy at our disposal cannot provide such accuracy,
each measurement was repeated multiple times
and the final data was compiled from the numer-
ical averages of these measurements.

The samples were sand-cast using fine mesh
greensand. The blank for the samples was made
using a Creality K1C 3D printer. Their dimensions
can be seen in Fig. 2.

Fig. 2. CAD model and dimensions of the samples.
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Using the CAD model of the sample, we generat-
ed a casting blank for six samples. We used cast
samples from two metals, lead and aluminium.

2.2. Design and Construction of the Tum-
bling Mill

The second phase consisted of building the
tumbling mill. During the design phase, we had
to keep in mind multiple criteria: small size, low
cost, reliability and simple assembly. The tum-
bling mill is shown in Fig. 3.

The drive chain is used to create the friction
drive for the tumbling mill. The diameters of the
drum and the rollers are known, therefore, in or-
der to achieve the correct rotational speed for the
drum, we had to calculate the appropriate pulley
diameters.

In his book titled Ball Milling Theory and Prac-
tice for the Amateur Pyrotechnician, L.E. Sponen-
burg explains why the optimal rotational speed
is crucial. Under a certain rotational speed, the
friction between the inside wall of the drum and
the media is less than it is required for the ro-
tating drum to move the media, thus the media
simply slides along the bottom of the drum, and
the relative motion between the media particles
is zero. Beyond the so-called critical speed, the
media travels so fast in the drum that centrifugal
forces push it into the wall, thus the media once
again behaves like a solid body with no relative
movement between its particles. Critical speed is
the highest rotational speed the drum can spin
without this phenomenon occurring. [6]

Given that the inside diameter of the drum is
OD,,,.. = 110mm, and the size of the media varies
between 3 and 5 mm, we can calculate the critical
speed using the following formula:

where the value indicates the average di-
ameter of media particles (considering spherical
media).

The optimal speed of rotation is 80% of
the critical speed [6], which, in this case is
32.86 RPM. This rotational speed is achieved by
using appropriate diameters for the pulleys for
the transfer ratio.

Fig. 3. CAD model of the tumbling mill (1 — Drumy,
2 - Bearings; 3 — Driven Shaft; 4 - Baseplate;
5-090 mm pulley; 6 — @16 mm pulley;
7 — Motor)

2.3. Experiment Parameters

The goal of the experiment is to determine how
tumbling time affects surface roughness. We
started from the assumption that some change
in surface roughness was guaranteed to occur,
however, we aimed to examine the following in
particular:

We used 3-5 mm grain bentonite-clay tumbling
media for the experiment. In order to have a
reference for our measurements, we measured
the initial roughness of the raw-cast, unpolished
surfaces (Rainitial). We took three measurements
from each sample and calculated the numerical
average of the results. It is possible to increase the
accuracy of the results by increasing the number
of measurements per cycle, however, considering
that both lead and aluminium are soft metals and
the ruby stylus has a much higher hardness, we
ran the risk of smoothing over the micro-devia-
tions in the surface.

Tumbling time per sample was 4.5 (four and a
half) hours. During the four and a half hours of
tumbling, the samples were taken out of the drum
regularly for measurements in order to track the
changes in surface roughness. Thus, the total tum-
bling time was divided into smaller tumbling cy-
cles. We determined the cycle time to be 30 min-
utes: this is long enough for detectable change to
occur in surface roughness and provides a suffi-
cient amount of data with a total of 10 cycles.

The samples were numbered from 1 to 6 in or-
der to track their individual changes in surface
roughness.
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3. Results

We used Microsoft Excel for processing the data
and all calculations (like numerical averages, for
example) were done using the built-in functions
of Excel.

The samples were given IDs based on their met-
al composition and number, such as Pb1, Pbh2, ..,
Pb6 for the lead samples and Alul, Alu2, ..., Alué
for the aluminium ones. The samples will be re-
ferred to by their IDs from here on. Both the sur-
face tester and the sample were tightened down
in the fixture in order to ensure that the meas-
urements were taken on the same profile, howev-
er, due to the difference in accuracy between the
fixture and the stylus, some measurements were
still thrown off-profile.

The initial average surface roughness was
Ra(Pb_avgl) = 8.785 um on the lead samples and
Ra(Alu_avgl) = 4.816 pm on the aluminium ones.
These values show the total numerical average of
the surface roughness values from the samples,

Fig. 4. Surface Roughness Change in Lead Samples.

since the values for individual samples vary (such
as: Ra(Pb2) = 12.003 ym, Ra(Pb6) = 6.37 um; Ra(A-
lu4) = 6.482 pym and Ra(Alu2) = 3.49 ym).

We used line plots to illustrate the results and
compiled graphs for both the surface roughness
change on the individual samples and the com-
bined averages. The surface roughness changes
for individual samples are shown on Fig. 4 and
Fig. 5.

We can observe that for both lead and alumi-
nium samples we have a spike at the 90-minute
mark. We suppose that this is either a measure-
ment or fixture error, since had the surfaces of
the samples been damaged, this would have
shown up in successive measurements as well.

Since the goal of our research was not to exam-
ine individual samples but the effectiveness of
the tumbling method as a whole, the more rele-
vant graphs are the ones showing the change in
the average values of surface roughness. This is
shown in Fig. 6 and Fig. 7.

Fig. 6. Surface Roughness Change in Lead.

Fig. 5. Surface Roughness Change in Aluminium Sam-
ples.

Fig. 7. Surface Roughness Change in Aluminium Sam-
ples.
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The final surface roughness on the lead samples
was Ra(Pb_final) = 4.725 pm while on the alumi-
num samples it was Ra(Alu_final) = 2.962 um. The
difference between the initial and final values
of surface roughness gives us the total change
in surface roughness, ARa, which is 4.059 pm for
the lead samples and 1.853 pm for the aluminium
sample.

4. Conclusions

When observing the graphs, we notice that the
not only are the slopes of the curves similar (de-
spite the difference in material and initial surface
roughness) but both slopes show a decrease in
steepness and start to flatten out towards the fi-
nal values.

This led us to believe that the tumbling method
is only effective in changing the surface rough-
ness to a certain point, after which it becomes
impossible to achieve significant change. This can
be explained by the peaks of the roughness pro-
file being sharper in the initial stage, thus require
less force to remove than in later phases once
the sharp peaks have been abraded to smoother
ones. After a certain point, the tumbling media
can no longer create enough force on the peaks to
remove significant amounts of material, thus the
rate of decrease in surface roughness slows down
or even stagnates.

The parameters of this phenomenon are depend-
ent on various factors such as the difference in
hardness between the samples and the media and

the media’s grain size (larger grains cannot enter
the deeper and narrower valleys of the profile).

We have also noticed an inverse correlation be-
tween the change in amount of surface roughness
and the hardness of the material (given the same
tumbling media): the softer lead samples exhib-
it a much greater change in surface roughness
(ARa(Pb) = 4.059 pum) than the harder aluminium
ones (ARa(Alu) = 1.853 pm).
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Abstract

The topic of this article is the design of a foiling machine for covering elevator doors and their components
with protective film. The thesis presents the design process, from the initial parameters and material selec-
tion through structural design to strength dimensioning and verification, and the selection of the necessary
drive motor and worm gear based on the results of the calculations is further explained. The compliance of
the elements of the equipment with the strength requirements is verified by finite element testing, taking
into account door panels of different sizes and numbers. A detailed flow analysis of the air smoothing of the
foiling operation is presented with the help of the Ansys application.

Keywords: elevator, foiling machine, machine design, finite element method, automation.

1. The construction of the foiling ma-
chine

As a starting point, the dimensions are based on
the highest and widest door manufactured at the
company. The height of this door is 3020 mm, and
its width is 930 mm. Therefore, the dimensions of
the laminating machine to be manufactured were
slightly increased (Fig. 1) [1] ensuring that wrap-
ping with protective film can be carried out for all
sizes without any issues.

1.1. Design and loading conditions of the
table

A finite element analysis was first performed on
the table in its upright position without any load,
and later with the load of multiple elevator doors
and other loads [1].

In this part of the examination, the assembly to
be presented later was not included, for simpler
calculations. Throughout the analysis, the load
resulting from the weight of the assembly was ac-
counted for as a distributed load (Fig. 2) [1].

Fig. 1. Foiling machine

Fig. 2. The of the table in idle state.
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Itcanbeobservedthatthestructureisnotstressed
by the empty condition even when the assembly
is positioned between the supports of the frame,
resulting in a maximum stress of 15.4 N/mm?.
As depicted in Fig. 3 [2], the deflection of the
structure barely reaches the value of 0.06 mm.

During the examination of the results (Table 1)
it may be striking that an average elevator door
(Fig. 4) [2] ] is capable of generating almost the
same maximum compressive stress as the largest
panel (Fig. 5) [2].

Fig. 3. The deflection of the table in idle state.
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This is possible because the larger panel lies
over a greater surface area, allowing its weight to
distribute over a larger area and encounter more
stiffening ribs, thus reducing the load on individ-
ual elements.

Under the additional load scenario, a situation
was considered where four individuals weighing
80 kilograms each are seated on the structure
(Fig. 6) [2]. As can be deduced from the data, even
this scenario does not critically stress the struc-
ture.

Table. 1. Stresses and deflections on the table under
various loads

. In case of the
Avegage lift largest lift
oor
door
Stress 16.0 N/mm? 16.1 N/mm?
Deflection 0.06 mm 0.058 mm
Stress in idle In case of ot-
state her load
Stress 15.4 N/mm? 20.8 N/mm?
Deflection 0.05 mm 0.14 mm

Fig. 4. Average compressive stress and deflection
under the load of a typical lift door.

Fig. 5. Compressive stress and deflection under the
maximum load of a lift door.
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Fig. 6. Compressive stress and deflection under other
loads.

1.2. Designing the assembly and its loads

The assembly consists of two units. There is one
unit responsible for holding, guiding, and align-
ing the film, and another unit responsible for
smoothing, forwarding, and cutting. First, I will
present the part responsible for holding the film.
(Fig. 7) [1].

The loads acting on the assembly include the
force resulting from its own weight, the shafts
of the coil holder and its bearings, as well as the
weight of the film coil, the force associated with
pulling it down, and the weight of other machine
elements and components. We did not conduct a
separate analysis for the second unit because the
forces acting on the linear carriage in this case are
significantly smaller than those in the first unit.

To pull down the film, a force of 15 N is required,
which was determined using a spring force gauge,
testing several pulling angles. The maximum
force recorded was 20 N; therefore, this value was
considered for the loads.

The maximum stress acting on the assembly
was 2.7 N/mm? (Fig. 8.).

During the examination of the assembly, we did
not account for other loads. The maximum deflec-

Fig. 7. Assembly.

Fig. 8. Diagram of the deflection of the assembly.

Fig. 9. Diagram of the compressive stress of the as-
sembly.

tion is visible at the center, which is significant
due to the length of the assembly, but the magni-
tude of deflection does not even reach 0.01 mm
(Fig. 9).

1.3. Operation of the assembly

The worker selects and places the appropriate
width of film based on the width of the element
to be wrapped, then places the element to be
wrapped on the table. Next, the machine is po-
sitioned at its starting position for threading the
film. After threading the film through the smooth-
ing roller, the worker threads it through the pair
of rollers and then between the pneumatic jaws.
Then, the operator starts the machine, which
seals the film, initiating the wrapping process.
The unit responsible for smoothing moves along
with the assembly and, using high-pressure air,
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smoothens the film. After wrapping is complet-
ed, the assemblies stop, and a hot wire is used
for cutting. Once the cutting is done, the gripping
jaws release to allow the worker to comfortably
remove the element and insert the next one. After
completing the operations, the assemblies return
to their starting positions, and threading occurs.

We solved the replacement of the rolls with a
rotatable shaft (Fig. 10). One end of this shaft is
equipped with a hinge, which can be easily un-
folded to facilitate roll replacement. The other
end of the shaft is provided with an easily detach-
able locking pin.

Clamping rings ensure the proper positioning
of the films, determining the position of the film
from both side (Fig. 11). Both rings are adjusta-
ble, so if a larger series is needed, the operational
time can be reduced by positioning the same pre-
set film on multiple arms simultaneously.

1.4. Assembly inserts

The purpose of the assembly inserts is to facilitate
the connection of the linear carriages with the as-
sembly. If the assembly consisted only of closed sec-
tions, the carriage would only be able to rest on the

Fig. 10. Hinged axis.

Fig. 11. Retaining ring and retaining pin.
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thickness of the closed section walls, which would
not allow for safe and stable movement of the car-
riage.

Part 01 of the assembly insert (Fig. 12) ) will con-
tain the surfaces necessary for connection with
the toothed belt. This part will connect to the
toothed belt, transmitting the required move-
ment for the wrapping process. Part 02 of the as-
sembly insert (Fig. 13) assists in guiding on the
opposite side.

2. Sizing of linear guide and linear
carriage
The linear guide is loaded by the weight of the
assembly in idle mode, but during the wrapping
process, the pulling of the film also exerts some
force on the guide (Fig. 14) [1].
Maximum load on the linear carriage:
Crax=Cies'2=774 N-8=6192 N
F1y=F1-sina =20N-sin20°=6,84 N
C= (mszerelvény+ mfélia + megye’b) .g.FIy =
=(52,5kg+13,5 kg+ 12,5 kg)- 9.81 m/s? +
+6,84 N="776,925 N

Fig. 12. Assembly inserts 01.

Fig. 13. Assembly inserts 02.
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where:

C,: load capacity of the linear carriage

C,.ox: Maximum load capacity of the linear carriage

C:load

z: number of linear carriages

F,: force required to pull the film

a: angle of film pulling

Myretveny Mass of the assembly

Myg,: Mass of the film roll

M,e4: Mass of machine elements and the
smoothing roller

g: gravitational acceleration

C<C,, = 3096 N
So, the selected linear carriage is suitable

Fig. 14. Load on the linear guide.

Fig. 15. Linear guide and linear carriage. [3, 4]
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3. Smoothing of the foil

Compressed air was used to smooth the film,
thereby achieving the ability to wrap elements
with more complex contours following future
developments. The blow-off device operates at a
pressure of 4 bar and uses 17 multi-channel flat
jet nozzles [5] These nozzles are energy-efficient
and have a lower noise level compared to similar
high-performance counterparts (Fig. 16).

In the rest of this section, I will present the flu-
id flow simulation of this unit. It was found nec-
essary to perform fluid flow simulation because
the assembly itself is quite long, and we wanted
to ensure that the pressure remained consistent
throughout the entire conduit, or at least within
a certain tolerance. This is crucial because most
of the wrapping occurs on the opposite side of the
power supply, and only the front of the largest
panels receives the highest pressure.

As seen in Fig. 17, the maximum pressures oc-
curring on the surface are nearly identical be-
neath the openings of the nozzles. Moving away
from these points, we can observe that the pres-
sure decreases rapidly to about half. This does not
pose a problem during wrapping, as this air jet
will travel across the entire surface, performing
both a pre-smoothing and a post-smoothing ac-
tion. The spacing between the nozzles (dead zone)
is relatively small, so this does not cause issues in
smoothing the film.

Fig. 16. Foil smoothing unit.

Fig. 17. Pressure distribution on the area to be
wrapped.
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In Fig. 18 the complete pressure distribution in
the pipe and the nozzles is depicted. While the
pressure in the pipe is 4 bar, when the air exits
the nozzles, it exerts only approximately 1 bar
of pressure. However, the velocity of the exiting
air is several times greater than that of the com-
pressed air flowing in the pipe.

In Fig. 19, the trajectory of airflow is illustrated.
In this figure, we see 200 flow paths, and the sur-
face pressure generated by the airflow is also in-
dicated, with values that can be read from Fig. 17.

Based on the simulation, it can be concluded
that the designed multi-channel nozzle will be
suitable for the task at hand.

4. Cutting of the foil

The film cutting is ensured by a hot wire, which
is heated by passing an appropriate amount of
current through it. At one end of the wire, there
is a hinge connected to a spring, which keeps the
wire constantly tensioned (Fig. 20).

At the other end of the wire, a CAF6/10 type mini
pneumatic piston is connected, which is used to
carry out the cutting process (Fig. 21).

5. Selection of motor and drive

To select the motor, we first need to know the load
force. In this case, the load force is determined by
the frictional force resulting from the weight of the

Fig. 18. Full pressure map across the cross-section of
the subassembly.

Fig. 19. Presentation of speed and pressure distribu-
tion.
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assembly and the force required to pull the film.
Then, based on the combined force determined
above, we determine the torque and select a motor
accordingly. The motor type is a three-phase asyn-
chronous motor, along with a gear drive.

Drive type: Belt drive (Fig. 22)

5.1. Determining the forces and torque act-
ing on the motor

We will present the load on the motor in Fig. 23,
then determine the torque load.

M, o= (P-60)/(2:n; 1) =
=(250W-60)/(2-:31.66 1/min-m)=75.4 Nm
F =M yomy M Mpsti01 M Mstiaz H Mystiaszt Megyar) 8=
=(52.5 kg+5 kg+8.5 kg+12.5 kg)-9.81 m/s? =
=770.085N

Fig. 20. Foil cutting unit.

Fig. 21. Pneumatic cylinders of the foil cutting unit. [6]

Fig. 22. Belt drive.
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F, =F,-cosa=20N"-cos20=1879 N
F = Fg-y =770.085 N-0.2 =154.017 N
F=F+F, =154.017 N + 18.79 N = 172.807N

M, , o5 = A/2-F, = (0.08 m)/2-172.807 N = 6.91Nm
M terheld S]Mmotor
where:
F,: force resulting from the weight of the pulled
elements

F_: frictional force

u: coefficient of sliding friction

F,:load force

The motor is also loaded by the unit responsible
for smoothing and cutting the film, but its load is
much smaller than that of the film holding unit.
Therefore, a three-phase asynchronous motor
(Fig. 24) and a worm gear drive (Fig. 25) for the
drive were chosen.

Fig. 23. The loads on the motor.

Fig. 24. Three-phase asynchronous motor. [8]

Fig. 25. Type VI worm gear unit. [9]
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n, = n,/i = (850 1/min)/30 = 31.66 1/min

Vv, = (d;'n,;m)/60 = (0,08 m-31.66 1/min-1t )/60 =
=0.133 m/s

where:
n,: speed of the pulley [7]
n,: motor speed
i: gear ratio of the worm gear drive
Vv, peripheral speed
d,: diameter of the pulley

Determining the wrapping speed:
Vistidzas = d,-m-n, =0.08m-m-31.66 1/min =
=7.957 m/min

The required wrapping speed is 3 average ele-
ments per minute, which is 20 seconds per ele-
ment. The height of an average panel is 2200 mm.

S . =S :3=2200mm-3=6600mm

teljes™ “panel

The required distance to be covered in one min-
ute is 6600 mm. The provided distance is 7957
mm. Therefore, the motor ensures the required
wrapping speed.

6. Conclusions

A structural analysis revealed that the construc-
tion is considerably oversized; however, due to
the stiffness of the structure, this overdesign is
justified from a static perspective. After sizing
and selecting various machine components, such
as the linear guide or the carriages running on it,
it became apparent that these components can be
operated with very low utilization rates, as the
loads acting on them are also low.

Further design tasks include selecting the ap-
propriate components for the subassemblies
and ensuring their energy supply. Additionally,
increasing workplace safety requires greater at-
tention, necessitating the implementation of light
curtains for contact protection, obstruction pro-
tection, and occasional overload protection.

As a development direction, we have identified
full automation, meaning that only the film roll
would need to be replaced, and threading would
only be required once at the start of the roll. Fur-
thermore, the development of a new type of au-
tomatic cutting system is necessary to minimize
the worker's tasks to material handling only. The
need for film cutting arises because not all lift
doors are of the same width, but the width of the
film is fixed. Therefore, to avoid waste, another
cutting system and track need to be designed and
programmed. This development could potentially
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increase productivity, as if the width of the film
is at least twice the width of the elements to be
wrapped, the machine could wrap two elements
in one cycle. To support this, we aim to intro-
duce a user-friendly, touch-screen programmed
PLC. With this PLC, we aim to enable the worker
to achieve the best material yield with minimal
downtime by entering few parameters.

Another development goal is to enable the
wrapping of columns in addition to lift doors and
their decorative elements. To achieve this, sepa-
rate moving segments need to be designed due to
the different heights of the elements.
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Abstract

Field Programmable Gate Arrays or FPGA circuits have been the focus of applied research since their appear-
ance. Following the introduction of these circuits in 1980, their year-by-year development and the expansion
of application areas have opened up new areas of research. With the appearance of system-on-chip, SOC
(System on Chip) solutions and adaptive processing units, they occupy an important role in industrial appli-
cations. The question is: when, why and what hardware is to change dynamically during system operation?
Whether it is necessary to expand computing resources by expanding new circuit blocks or by inserting soft-
core processor(s), this can be determined by examining the computing load of the embedded system during
operation. This article presents the tests that were performed on the processors of the embedded systems, in
order to determine the computational load of the processor and how the interrupt handling can be acceler-
ated. The article also presents the examination of fuzzy interpolation.

Keywords: embedded systems, dynamic function exchange, FPGA, robot control, fuzzy interpolation.

1. Introduction

Field Programmable Gate Arrays or FPGA cir-
cuits have been in the focus of applied research
since their appearance. The areas of application,
which at that time were still limited to the imple-
mentation of two-level logical networks, are now
suitable in the areas of telecommunications, re-
al-time embedded systems, artificial intelligence,
image processing and adaptive hardware using
dynamic function exchange.

One of the important parameters of embedded
systems is the dissipated power and computation
speed rate. It is possible to reduce or increase
these design parameters by several methods. For
example, reducing the frequency of the micro-
controller will reduce the dissipated power, but
this also reduces the computation speed. The best
solution is when the processor load is analysed
while executing the application task and then by
making the necessary modifications based on the
results. One possible solution is a new approach

to the interruption mechanism or the examina-
tion and hardware implementation of the con-
trol algorithm. Both solutions raise the following
questions: Is it necessary to expand computation
resources by adding new hardware blocks or by
inserting new soft-core processor(s)?

This article is the extended version of the FMT(
2024 conference plenary presentation. It presents
an examination of the computational load of the
processor used in embedded systems, and then
by presenting two examples -- interrupt manage-
ment and fuzzy interpolation with state machine
implementation. These two examples illustrate
the possible application of adaptive operation
and increasing the computation speed.

2. Literature review

2.1. Processor load analyses

The computer model formulated by John von
Neumann in 1945, in his report "The First Draft of
the Report on the Edvac" [1], has been reviewed
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by many articles over the years, presenting all its
advantages and disadvantages.

The biggest problem was caused by the fact that
the processor manufacturers left out the extra
status bit used in the data storage by Neumann,
which would have had the task of indicating the
status of the stored data (program code or data) of
the stored data.

The Neumann principles are as follows [2]:

—fully electronic computer,

—use of binary number system,

—existence of arithmetic unit (universal Turing

machine),

—existence of central control unit,

—existence of internal program and data storage

i.e. memory [2].

The operation of the Neumann model is most ef-
fective when a processor performs a single task
[3]. This approach is generally true for embedded
systems. In an embedded system, the processor
has a well-defined task, especially when not using
an operating system for controlling its operation.
Problems with the model occur when the number
of tasks differs from the number of processors
present in the machine, i.e. the number of tasks
is higher than the number of processors. Unfor-
tunately, software developers still adhere to the
classic Neumann model, so the operating system
hides the hardware layer from the user, so it ap-
pears as if the processor is available for all the
tasks [4].

Since the use of FPGA technology, we are con-
cerned with two types of processor: soft-core and
hard-core. The former is described in a hardware
description language (VHDL or Verilog) and in-
serted into the FPGA design, while the latter is in-
tegrated on the same die with the programmable
logic.

For embedded systems, which are implemented
using low-resource FPGAs, it is especially impor-
tant to examine the processor or microcontroller
load during the execution of the user software.

In FPGAs, one can insert a soft-core processor
using different methods. Either using Intellectual
property modules (IP), which is one of the most
common methods, or using the register transfer
level (RTL) method. The use of the RTL soft-core
processor has the advantage that all the internal
signals of the central unit (CPU) are accessible,
and the processor load test can be carried out. In
contrast, in the case of IP-based design, the inter-
nal signals of the processor are not available, so
the processor load test can not examine the inter-
nal signals.

In the case of FPGA-based systems, it is possible
to increase the computing power of the processor
by using other auxiliary accelerators and co-pro-
cessors. Inserting these kinds of circuits during
operation is possible with the dynamic function
exchange. In this way the processor computation
load can be reduced.

Analysing the computation load during oper-
ation of the processor is based on the examina-
tion of the system signals. Hardware errors can
be determined by monitoring all signals [5]. The
method tests the hardware operations and draws
conclusions regarding machine malfunctions.

Another test method was used in the design
phase, to determine the necessary hardware re-
sources required for the optimal operation of the
software in an embedded system. [6] [7]

Zhao et all. used a software tool to determine the
errors in the running program. A target system
was designed for this method [4].

During system design and load testing, the fol-
lowing aspects must be considered [8]:

—the measurement method must be independ-
ent of the software, which is executed by the
embedded processor;

—the implementation of the measurement meth-
od must not modify the hardware architecture
of the microprocessor;

—the measurement must provide real-time data,
i.e. must detect changes in the system (proces-
sor) instantaneously.

Based on the above criteria, one can conclude
that the measurement of the processor's compu-
tational load must be independent of the embed-
ded system hardware and should not influence in
any sense the system under test.

2.2. The execution of the interrupt process

As mentioned, the von Neumann computer
model works well when the microprocessor per-
forms only one task. Unfortunately, in embedded
systems, the processor must perform several
tasks at the same time. This is possible only if the
processor divides its time between the tasks. This
is only possible either using interrupt manage-
ment or using an operating system, which allows
task scheduling [9].

Interrupt Servicing (executed by Interrupt Ser-
vice Routine -- ISR) appears as an additional task
next to the main program. The processor must
perform this task also [10].

The processor cannot immediately execute the
ISR, since there is a latency in the interrupt ac-
ceptance, which elapses between the interrupt
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request and the start of the interrupt service.
There are several reasons for this dela:

—the processor executes critical code segment,
which means the interrupt request is disabled;

—the processor executes a task, which has high-
er priority;

—the processor executes a long instruction that
cannot be interrupted.

The time until the interrupt accept may also
vary. One of the reasons for this is that the in-
struction pipeline must be emptied. Its duration
depends on the type of instructions in the pipe-
line. The other reason is that after the ISR (inter-
rupt handling program) start the interrupted pro-
gram state (main or other ISR) environment (reg-
isters, return address, program status flags, etc)
must be saved and at the end of the ISR service
routine this information must be restored. The
time needed for saving the interrupted program
environment depends on how many registers the
ISR uses. The time delay until the interrupt accept
therefore is not constant and can fluctuates.

When a processor receives an interrupt signal,
and if the interrupt is enabled, the processor sus-
pends the running process and begins handling
the exception. After the execution of the interrupt
handling routine (ISR), the processor returns to
the suspended task.

In the case of ARM processors, the ISR should be
treated as an exception as described in the ARM
documentations [11]. This process of handling
the exception is briefly explained below:

—If an ISR event occurs and exception handling
is enabled, the processor suspends the current-
ly executed instruction (and/or discards the so-
called long instructions and restarts their exe-
cution after returning from ISR),

—Then the context registers (8 registers each
32 hits) are saved in the stack memory speci-
fied by the stack pointer (for ARM MSP - Main
Stack Pointer or PSP - Process Stack Pointer).
The saved registers are as follows: xPSR (Pro-
gram Status Register), PC (Program Counter -
contains the return address), LR (Link Register
R14) and registers R12, R3, R2, R1, RO are also
saved.

—After that, the processor switches to handler
operation mode.

—Then the program counter (PC) is loaded with
the ISR start address and the LR loads the re-
turn address.

—In the next step, the ISR number is loaded into
the IPSR (Interrupt Program Status Register).

—Finally, the execution of the interrupt handling

routine begins.

The process described above consumes pro-
cessor time. It is important to consider the time
elapsed between the ISR request and the start of
exception handling. If the interrupt is repeated
cyclically, the response time of the ISR increases
with the latency of the start of the interrupt han-
dling. Critical external events can delay the start
of the interrupt service routine from the point of
view of the service time of the interrupt handling.

How much time is required to save registers
("overhead") and to execute program PUSH/POP
instructions in order to save other registers? In
such cases, the processor deals with the save/re-
store address of the register (stack operations).
If the address contained by stack registers point
to external memory, this "overhead time" will be
longer (executing external memory operations).

The maximum repetition frequency of inter-
rupts can be calculated for a given processor con-
sidering the given clock signal frequency:

Fytaane=Fepv / Crsrt Covernead) » (€Y

where F,, ... is the maximum repetition frequen-
cy of the interrupt - i.e. ISR, F,;, is the frequency
of the system clock, Cy, is the number of clock
cycles required to execute the interrupt handling
routine (ISR), and C,,,1..q 1S the number of clock
cycles used to save and restore the registers (i.e.
to save the program state and restore).

By fulfilling a frequent interrupt request, the pro-
cessor executes the ISR. Therefore, it spends less
time on executing the main program. The time re-
quired to complete the ISR (U) is:

U=, (Croz+ Covernead Fepur» @)

where F, is the frequency of interrupts.

From the above, it results that the main program
is apparently executed with a much lower clock
frequency:

Fmainz(l_Ui)*FCPU’ 3)

where F, . is the apparent frequency of main

program execution.

3. Processor computation load measure-
ment

During processor operation one can distinguish
two states: when the processor runs the programs
i.e. executes instructions -- this is called the load-
ed state; while states are possible when the pro-
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cessor is not active - this is called an unloaded
state. In the unloaded state, we distinguish:

—the sleep mode -- the processor does not ex-
ecute instructions and it appears as if it is
switched off - the dissipated power of the pro-
cessor is very small;

—the idle state -- the processor waits for some
event while executing instructions.

In the active state of the processor -- depend-
ing on the software activity - different parts of
the system are more active than other parts of
the processor, for example, the arithmetic unit
-- when it performs mathematical computations,
shows high activity, or the memory manager unit
also shows high activity when performing I/0 op-
erations. Based on this, the following processor
operational categories are distinguished:

—base (unloaded state),

—calculation intensive,

—input - output operations.

This kind of classification was achieved by
measuring the actual load of different parts of
the processor. Using the measurements, one can
identify the intensively used processor parts.

3.1. Processor load measurement method

The measurement method is supported by the
internal structure of the used processor (Fig-
ure1). Generally speaking, the processor is a state
machine in which the storage elements (in the fig-
ure: Registers) store the current state of the sys-
tem. The current state (q) changes at the rate of
the clock signal. The value of the new state is gen-
erated by the so-called excitation network (in the
figure FN1, FN2, etc.) as a function of the current
state and possible external signals (v). The val-
ues of v, G, q are functions of time ¢ (in this case,
the clock signal controls the state changes). The
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stored values become the excitation value after a
clock delay [8], therefore:

q)=G{t-1) “)

External signals influence the values of the G
function, so it is not necessary to test them di-
rectly. The G values are transferred to the g (next
state) values after a clock delay, so the measure-
ment can be performed either by examining the
G or g signals.

The operation of individual parts of the CPU is
indicated by the change in the value of their asso-
ciated memory. So, the measurable characteristic
of the g signals relevant to the investigation is the
change in frequency of the g signals, that is, the
frequency of the signal. However, the classifica-
tion is not based on the instantaneous values of
the signal frequencies, but on the time change of
the frequency, the time function of the frequency:

fr(®.
3.2. Presentation of the System under test

The application on which the processor load
measurement method was performed is an em-
bedded system implemented on FPGA that con-
trols a device that follows the movement of the
Sun.

The application is a solar panel system that al-
ways sets the optimal operation depending on the
movement of the Sun, i.e. it shows the maximum
surface towards the Sun, which is perpendicular
to the sun's rays (Figure 2).

The control system calculates the momentary
orientation of the sun's rays (horizontal and north
angle) as a function of time and geographical co-
ordinates. Based on the calculated coordinates, it
adjusts the solar panel so that it is perpendicular
to the sun's rays, i.e. it moves the panel by con-

Fig. 1. Block diagram representing processor structure.

Fig. 2. The equipment controlled by the test application
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trolling the activator motors. During the move-
ment (adjustment of panels) depending on the
computed result, the software performs a lot of
I/O operations, similarly when the program up-
dates the display of the user interface.

3.3. Measurement results

The measurement results are presented based
on article [8] .

The system was modelled with an embedded
system implemented on FPGA, using RTL-based
ARM MO+ processor.

During the tests, the system model was run us-
ing a hardware simulator, which saves the signal
values appearing at the outputs and inputs of the
system elements in a so-called "dump” file. The
“dump” file containing the output results was an-
alysed with an appropriate software.

The frequency signal fr(t) variation in time is
produced by a dedicated software that processes
the output file of the simulation results. The al-
gorithm built into the processing software corre-
sponds to the operation of the digital circuit used
for frequency measurement. During the hard-
ware simulation, a large amount of data was gen-
erated. So a filter algorithm was incorporated into
the processing software, which removed the data
that was not relevant to the test. Due to the way
the model was described, a lot of redundant in-
formation was obtained by having several signals
duplicated by some other signals, so their values
were identical. By removing this redundant infor-
mation, the amount of data to be processed can
be reduced.

With the graphic representation of the results,
one can deduce which signal frequency changes
show significant difference for some signals, at
the time when the application software changes
the processor state (load), i.e. when the compu-

Fig. 3. Graphical representation of several measured
signals.
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tation algorithm starts or stops. Figure 3 shows
the variation of some measured signals at the
moment of starting the computation part of the
application program.

Examining the signal correlation change shown
in Figure 3, for example, in the case of the
alu_ext_trans_o signal, one can notice that this sig-
nal shows a significant amplitude change, which
means that the processor starts the computation,
so its load increased.

Based on the modelling and simulation results,
one can select the signals suitable for computa-
tion load measurement of the central unit. For the
model, it is known when the application software
performs a computation that will result in a load
on the CPU. By examining the statistical charac-
teristics of the fr(t) functions, one can select which
signals shows a higher degree of correlation with
the processor behaviours to be detected. Figure 4
shows the distribution of the correlation of the
examined processor signals with the computa-
tion mode variation. One can conclude that some
signals correlate well with the operating mode, so
they can be suitable for indicating computation
load periods.

From the number of signals for the measure-
ment, the ones whose change can be detected
most easily by the measurement module should
be selected.

After modifying the structure of the embedded
system, the selected signals of the processor were
connected to the measurement module. These sig-
nals were analysed using the measuring system.
After measuring the frequency variation and am-
plitude change of the signals using the monitoring
module one can measure the system evolution.

The computation load of the processor can be
deduced from the amplitude changes of the se-
lected signals.

Fig. 4. Correlation values of signals to CPU load.
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4. New method for interrupt process
execution speed-up

The block diagram of the experimental system
is presented in Figure 5. In the experiment, for
implementation, ARM RTL soft-core (ARM MO
processors) were used.

The experiment is as follows: a timer generated
an interrupt signal at a given frequency (10 KHz).
The exception handling program counted the
number of interrupts, i.e. increases in the value
of a counter (software clock). The main program
displayed the value of the counter on a display.

The P3 processor works in a traditional way. It
executes the main program and handles the inter-
rupt, i.e. executes a timed task, and then sends the
value of the counter to the display. The execution
time of the interrupt and exception acceptance la-
tency of the traditional solution running on the P3
processor are compared with a system executing
the task in parallel (P1 and P2). Processor P1 runs
the main program, while processor P2 performs
interrupt handling. When the exception handling
is done, the P2 processor goes in to a suspended
state (sleep mode).

When an interrupt signal occurs, the P2 pro-
cessor wakes up and executes the exception han-
dling program. The operation of this processor
has been designed in such a way as to avoid the
interrupt accept latency that arises during the ex-
ecution of the usual interrupt handling process.
So, in this way, there is no time variation. The
time required to start the service is constant.

Therefore, the timer peripheral signal was
not connected to the interrupt request input
of the ISR signal of P2. The processor is in sus-
pended state (sleep mode). The peripheral sig-
nal generated by the timer is connected to the
wake-up input of the processor. When the sig-
nal starts the processor, ISR is served, which
this time is listed as the main program of P2.
Since the wake-up occurs on the rising edge of
the ISR, servicing of the "ISR" starts immediate-
ly. There is no need for an interrupt acceptance
process. There is no need to save the state of the
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main program because the ISR is the main pro-
gram of the processor P2. Therefore C, ,;00q = 0
0 in equations (1) and (2).

At the end of the "ISR" service, the program
jumps back to the beginning of the program,
where an instruction suspends the processor P2.
In sleep mode, it then waits for the next ISR sig-
nal The peripheral interrupt signal is stored by
the processor interrupt handling circuit until the
service starts.

Figure 6 shows the result of the simulation of
the parallel solution in comparison with the con-
ventional solution. The event signal indicates the
interrupt request of the peripheral; this pulse
comes from the timer peripheral with a frequen-
cy of 10 kHz.

The Wake Up signal wakes up the P2 processor.
The No sleep signal is generated by the processor
and indicates that it continues program execu-
tion. This signal deletes the external storage. The
Service Start signal is generated by the first "ISR
service" instruction of the P2 processor, indicat-
ing that the service has started.

The Event signal interrupts the P3 processor
program in the traditional way. The first instruc-
tion of the ISR function of the P3 processor gen-
erates the ISR_Start signal. This indicator signal
was used to compare the starting point of the two
ISRs, one executed on P2 and one executed on P3.
Due to the exception handling process (saving
registers, as mentioned previously, etc.), the P3
processor starts the ISR process later than the P2
processor.

5. Fuzzy Interpolation

A robot moving in a real environment must
make decisions in different situations and react
appropriately to each situation. In the case of
behaviour-based control, the behaviours speci-
fied by the expert system are valid for given sit-
uations. The robot recognizes situations based on
the data provided by its sensors and its internal
states. Each defining condition has a behaviour
that the robot performs [12], [13] and [14].

Display

Multi Ch
T
—
| wakeupl IRQ| Mux
bus 1

5. abra. Megszakitdskezelés pdrhuzamositdsdnak
tombvdzlata

Fig. 6. Simulation results of the interrupt handling.
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In the case where behaviour models are imple-
mented with fuzzy logic, thanks to the fuzzy state
machine, all possible behaviours are involved in
the control system of the robot. Those behaviours
that best fit the given set of observations will have
the greatest impact on the robot's movements and
its reactions [12-14].

Since robot movements are performed in a real
environment, this can have different kinds of ef-
fects on the control decisions, it may happen that
a set of observations does not relate to the robot’s
behaviour. In this case, the robot control system
may become unable to take a decision. This can
be improved by adding more fuzzy rules. But the
increasing number of rules will result in the in-
creased use of computing resources. Fuzzy rule
interpolation provides a solution for this case
[12-14].

Thanks to the interpolation procedure, it is
enough to give to the expert system the most deci-
sive rules, and in intermediate cases the interpo-
lation procedure will provide the output control
values [12-14].

Using the expert knowledge base, the system be-
haves almost correctly even when there is no rule
of behaviour for the given situation. The fuzzy
state machine uses the FIVE (Fuzzy Interpolation
in Vague Environment) fuzzy interpolation proce-
dure [12-14].

One application example of behaviour-based
control is etorobotics , where the robot imitates
the behaviour of an animal.

5.1. Fuzzy Interpolation in Vague Environ-
ment

The control system decision-making process of
autonomous robots is carried out based on infor-
mation from multiple sensors and the internal
states. These input data form the observations
of the fuzzy rules, and are also known as ante-
cedents, while the outputs of the fuzzy rules are
called consequents. A fuzzy rule can be written in
the form of an implication of the form "IF ... THEN
... (ELSE)...". The set of fuzzy rules affecting the
same output is called a fuzzy rule base [13][15]
and [16].

In classic fuzzy systems, for the sake of stabili-
ty, the rules must be designed in such a way that
there exists a rule for every possible input com-
bination. This ensures that the rules completely
cover the state space. However, as the size of the
task to be solved increases, the number of rules
can grow exponentially, which results in a signif-
icant computational demand. Furthermore, gen-
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erating a large number of rules is often problem-
atic, as expert systems cannot always fully cover
the problem due to mathematical complexity or
lack of information. As a result, instead of a ful-
ly covering rule system, the control often works
with a sparse rule base, in which some observa-
tions may not have a rule, so the output of the sys-
tem will be uncertain [13], [15] and [16].

Sparse rule sets are more common than full cov-
erage rule sets. Fuzzy interpolation methods offer
a solution to the problem of sparse rule systems.
These methods calculate the decisions belonging
to the missing rules based on the existing rules.
As a result of this method, it is sufficient for the
expert system to enter only the most important
rules. Thus, reducing the number of rules and the
complexity of the system, as well as the interpo-
lation depending on the method, will result also
in the reduction of the computation requirement
need [13], [15] and [16].

The Fuzzy Interpolation in a Vague Environment
(FIVE) method places the rules in a vague space,
where the Euclidean distance between the rules
can be interpreted. They can be distinguished
from each other based on the distance between
the rules: a larger distance means a greater differ-
ence, while a smaller distance means more simi-
lar rules [13], [15] and [16].

Using the consequents weighted by the rule dis-
tance, Shepard interpolation calculates using in-
verse distances to create the decision of the rule
base. The calculation steps of the FIVE methods
are described below (see Figure 7):

—Observation is the information from the envi-
ronment or internal state.

—With the help of Linear Interpolation, it assigns
to the observation the value that specifies the
extent to which the observation's value (u) is a
member of the given fuzzy set.

—The difference between the antecedent belong-
ing to the rule and the p value of the observa-
tion give the Antecedent Distance.

—The Rule Distance is the Euclidean distance of
the antecedent distances.

—The Shepard Interpolation uses the distances
of the rule to produce the Decision, i.e. is the
consequent.

Fig. 7. Computation steps of FIVE accelerator.
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5.2. FIVE hardware implementation

The most important requirement for the hard-
ware implementation is tunability and parame-
terization during on-line operation. This means
that one can modify the parameters of the FIVE
controllers, including the antecedent and conse-
quent values, while the system is operating.

To this end, parameters are stored in registers,
for which an interface has been designed to allow
the internal data of each module to be changed
during a clock cycle.

The controller can be easily connected and
adapted via variable bit width interface (output
and input buses). This bus system also enables
compatibility with the AXI interface, which is
particularly useful for integrating FIVE hardware
into a processor system.

The scalable resolution was realized with a mod-
ular structure and parameterizable bit width. The
number of individual modules can be changed ac-
cording to the amount required by the rules, so it
flexibly adapts to the requirements of the system.

An important aspect is the portability of the
code between FPGA platforms, so no manufactur-
er-specific elements were used in the code writ-
ten in Verilog. This ensures that the code can be
used on different platforms.

The circuit can be generated from FBDL (Fuzzy
Behaviour Description Language) [17]. The con-
nection and parameters of the modules can be ob-
tained from the rule bases described in the FBDL
language, which simplifies the planning and im-
plementation of the system.

The FIVE method can produce results through
four computation steps, which consist of two in-
terpolation calculations and two distance calcu-
lations.

The processing of the data stream is illustrated
in Figure 7 which contains the calculation steps
of a rule base. The figure shows that, except for
the Shepard interpolation module, the number
of individual modules depends on the number of
rules, antecedents and observations found in the
rule base.

The number of linear interpolations is deter-
mined by the number of observations, while the
number of antecedent distance calculations de-
pends on the number of antecedents of each rule.
Each rule has a rule distance calculation module,
and the Shepard interpolation is calculated with
a single module per rule base.

The calculation of linear interpolation is called
"Universe" in the final implementation. In addi-
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tion, also the hardware implementation was pre-
pared with the Vivado High Level Synthesis tool,
using unmodified and optimized versions of the
basic pFRI library [18].

The FIVE FPGA implementation forms a syn-
chronous computing chain. Each unit of the
circuit produces the output value in response
to changes in the input data. The implemented
hardware works with variable bit width, by de-
fault the implementation was done with 8-bit
unsigned integers for the input/output interfaces.
The amount of data required for the computation
can also be specified as a parameter.

The individual computation units and the inclu-
sion unit also have constant and variable parts.
The parts whose number varies based on the
properties of the rules and rule bases (number
of rules, number of observations, number of an-
tecedents, etc.) were highlighted in the code and
entered the Verilog code in a form that can be
produced from the FBDL. The computing units
ensures the pipeline operation for division and
other operations. Each unit contains an internal
input/output storage register, where the incom-
ing data and the result are stored. According to
the current design, all units produce results with-
in one clock period, except for the Universe unit,
which produces results in two steps.

5.3. Results

The implementation and simulation results of
the system were produced with AMD Vivado ver-
sion 2018.1.

The latency of the entire computation chain is 4
clock periods, as shown in Figure 8. The system
can work with unsigned integers, and its maxi-
mum operating frequency is 4 MHz.

Figure 9 illustrates the operational linearity er-
ror of the FIVE pipeline accelerator. Based on the
simulation, the largest absolute deviation from
the expected value is 6, which corresponds to 2.34
% in the 8-bit range.

For the FIVE method implementation on FPGA,
a frame made in Verilog hardware description
language has been prepared, which is suitable for
speeding up the computation of the FIVE meth-

Fig. 8. FIVE accelerator delay.
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Fig. 9. FIVE accelerator error.

od as a hardware element that can be generated
based on FBDL (Fuzzy Behavior Description Lan-
guage). This module can be used independently
or in association with an embedded processor
system as an acceleration co-processing element.
Complex behaviour of FIVE can be implemented
by connecting several FRI_FIVE modules.

The FIVE IP structure also enables its imple-
mentation on Xilinx Adaptive Platform as a hard-
ware acceleration unit operating in a software
environment. In this case, the computing units
are either connected to the processor system via
the entire FIVE IP AXI interface. In this case the
software component of the controller implemen-
tation module manages data collection and con-
trol tasks. A detailed description of the system is
contained in article [19].
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