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ABSTRACT

The contribution is devoted to the issue of
measuring vibrations and possibly also noise
using microcontroller technology. The contri-
bution contains a theoretical introduction to
the issue, and further describes the practical
hardware implementation of the measuring
system, the basis of which is a suitable micro-
controller. Part of the contribution is also an
analysis of the appropriateness of using such
a measurement technique for application spe-
cifically in the field of railway constructions
and buildings. The conclusion includes recom-
mendations for other workplaces that would
like to use this method of measurement.

Keywords: Vibration, microcontroller, time do-
main analysis and frequency plane, identificati-
on of selected harmful phenomena, railway line.

1. INTRODUCTION

Civilengineering belongs to a group of techni-
cal fields that are characterized by a relatively
conservative approach to the introduction of
new procedures both in the field of design,
implementation, but also management and
diagnostics. However, modern times bring a
number of new options that are more advan-
tageous than traditional methods. Techno-
logical progress in the field of new materials,
mathematics, electronics or software engi-
neering makes new technologies and proce-
dures available. This applies not only to new
types of sensors, new data processing sys-
tems, but also to methods of artificial intelli-
gence or machine learning. At the same time,
itis possible to state that even though current
computer technology enables advanced sim-
ulations of structures and buildings, exper-
imental testing of both static and dynamic
properties of structures is irreplaceable. In
addition, experimental analysis can provide
importantinformation about the current prop-

ABSTRAKT

Pfispévek je vénovan problematice meéreni
vibraci pfipadné i hluku pomoci technologie
mikrokontrolérd. Prispévek obsahuje teoretic-
ky Uvod do problematiky, dale popisuje prak-
tickou hardwarovou a softwarovou realizaci
meérficiho systému, jehoz zakladem je vhodny
mikrokontrolér. Zavér zahrnuje doporuceni
pro dal$i pracovisté, které by chtély tento zpU-
sob meéfeni vyuzivat. Soucasti pfispévku je
také rozbor vhodnosti vyuziti takovéto tech-
niky méreni pro aplikaci konkrétné v oblasti
zelezni¢nich konstrukci a staveb.

KLICOVA SLOVA

Vibrace, mikrokontrolér, analyza v casové
a frekvencni roving, identifikace vybranych
skodlivych jevu, zelezni¢ni trat

1. UVOD

Stavebnictvi patfi ke skupiné technickych
obord, které se vyznacuji pomérné konzerva-
tivnim pfistupem k zavadéni novych postupt
jak v oblasti projektovani, realizace, ale také
spravy a diagnostiky. SouCasna doba vsak
pfinasi fadu novych moznosti, které jsou vy-
hodnéjsi nez tradicni metody. Technologicky
pokrok na poli novych materidll, matematiky,
elektroniky nebo softwarového inzenyrstvi
zpfistupnuje nové technologie a postupy. Tyka
se to nejen novych typl senzorl, novych sys-
témU na zpracovani dat, ale také metod umeélé
inteligence anebo strojového uceni. Zaroven
je mozné konstatovat, ze i kdyz soucasna vy-
pocetni technika umoznuje vyspélé simulace
konstrukci i staveb, je experimentalni testova-
ni jak statickych, tak dynamickych vlastnos-
ti konstrukci nezastupitelné. Experimentalni
analyzy navic muUze poskytovat dulezité in-
formace o aktualnich vlastnostech konstrukci
v pribéhu jejich zivotniho cyklu a reagovat tak
na vznikajici nepfiznivé stavy [1].
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erties of structures during their life cycle and
thus react to emerging adverse conditions [1].

The dynamic behaviour of the railway track is
influenced by the properties of all parts of the
railway bed, i.e. the quality of the gravel bed, the
type of sleepers, the quality of their padding, the
properties of the fine rail material, the type of
fasteners and also the quality of the body of the
railway substructure. The state of the railway
track is influenced by its quality and operational
and construction conditions, climatic phenom-
ena and especially by dynamic loads from the
wheels of rail vehicles. Dynamic effects from
moving train sets have an adverse effect on the
railway track and lead to the development of de-
fects and failures [2]. It should be noted that one
of the main problems of today's railways is pri-
marily the minimization of costs associated with
track maintenance. This fact will be amplified in
the Czech Republic by the gradual implemen-
tation of high-speed lines. At the same time, on
the basis of knowledge of the dynamic events
taking place in the railway/track, it is possible to
determine appropriate measures that will lead
to the minimization of maintenance costs.
Therefore, there is a need for monitoring of
the railway lines and individual structural ele-
ments in order to know the ongoing dynamic
phenomena, which will enable the implemen-
tation of a high-quality and economically rea-
sonable technical solution. Among the effec-
tive tools for investigating the condition of the
railway line, vibrodiagnostics, i.e. the analysis
of vibrations spreading through the super-
structure and substructure, supplemented
by advanced signal analysis methods [3, 4],
certainly belongs. The idea of implementing
smart railway structures, which will inform the
superordinate system automatically about
their condition or changes in their condition,
is also gaining ground [5, 6].

2. BRIEFINTRODUCTIONTO THE PROBLEMS
OFMICROCONTROLLERS

Microcontrollers are essentially a single-chip
computer that can be programmed in a suitable
environment for a given application. Basically,
they contain a central processing unit (CPU),
RAM memory (random access memory), ROM
memory (read only memory) and input and out-
put channels and buses (I/O - inputs and out-
puts). All these are integrated into one chip (Fig.
1). Thanks to this architecture, they are used in
various devices around us. Single-chip comput-

Dynamické chovani zelezni¢ni koleje je ovliv-
néno vlastnostmi vSech casti zelezni¢niho
svrsku, tedy kvalitou stérkového loze, typem
prazcl, kvalitou jejich podbiti, vlastnostmi
drobného kolejiva, typem upevnovadel a rov-
nez kvalitou télesa zelezni¢niho spodku. Stav
zelezni¢niho svrsku je ovlivhovanjak jeho kva-
litou, tak provozné stavebnimi podminkami,
klimatickymi jevy a zejména pak dynamickym
zatézovanim od dvojkoli kolejovych vozidel.
Dynamické ucCinky od jedoucich vlakovych
souprav nepfiznivé pUsobi na zelezniéni kolej
a vedou k rozvoji vad a poruch [2]. Podotkné-
me, Zze jednim z hlavnich problémd dnesni
zeleznice je predevsim minimalizace nakladU
spojenych s udrzbou trati. Tato skuteCnost
bude umocnéna v Ceské republice postup-
nou realizaci vysokorychlostnich trati. Pfitom
na zékladé znalosti dynamickych déjd pro-
bihajicich v koleji je mozné stanovit vhodna
opatreni, ktera povedou k minimalizaci nakla-
dd na udrzbu.

Objevuje se tedy potfeba na monitorovani ze-
lezni¢nich trati i jednotlivych konstrukcnich
prvkl z ddvodu znalosti probihajicich dyna-
mickych jevl, coz umozni realizovat kvalitni
a ekonomicky pfiméfené technické feseni.
Mezi efektivni ndstroje zkoumani stavu zelez-
niéni traté zcela urcité nalezi zejména vibro-
diagnostika, tedy analyza vibraci Sificich se
konstrukci zelezni¢niho svrsku a spodku do-
plnéna o pokrocilé metody signdlové analyzy
[3, 4]. Stale vice se také prosazuje myslenka
realizace chytrych zelezni¢nich konstrukci,
které budou o svém stavu, pfipadné zmeénach
svého stavu informovat nadfizeny systém au-
tomaticky [5, 6].

2. STRUCNY UVOD DO PROBLEMATIKY
MIKROKONTROLERU

Mikrokontroléry pfedstavuji v podstaté jed-
nocipovy pocitac, ktery Ize naprogramovat ve
vhodném prostiedi pro danou aplikaci. V za-
sadé obsahuji centralni procesorovou jednot-
ku (CPU - central processing unit), pamét RAM
(random acces memory), pamét ROM (read
only memory) a vstupni a vystupni kanaly
a sbérnice (/0 - vstupy a vystupy). Toto vSe je
integrované do jednoho Cipu (Obr. 1). Diky této
architektufe jsou vyuzivany v nejriznéjsich
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ers, or microcontrollers, are often incorporated
into many so-called embedded systems, i.e.
various devices and electrical appliances, they
find use in the world of transport systems, ro-
bots, video technology, etc. [7]

Zdroj napéti
Voltage source

zafizenich kolem nas. JednocCipové pocitace
neboli mikrokontroléry byvaji zakomponova-
ny do mnoha takzvanych embedded systémd,
tedy rlznych zafizeni a elektrospotrebicy, po-
uziti naleznou ve svété dopravnich systémad,
robotd, videotechniky atd. [7].

CPU UNIT

RAM MEMORY]:[ROM MEMORY

|

Casovaci hodiny
Timing clock

Vstupné vystupni jednotka, sbérnice

Input/output unit, bus

Fig. 1 The block diagram of the microcontroller

They are divided into several groups, for ex-
ample, according to the type of architecture,
bus width, whether they have built-in memo-
ry or external memory can be connected, the
instruction set, the number of input/output
ports, etc. The Arduino UNO platform is very
popular today. This system is a small single
board microcomputer based on the ATmeg-
a328P chip, which was created to support
electronics and computer science education
in schools. It is an open electronic platform
based on simple hardware and software, pro-
viding students with the opportunity to better
understand the basic principles of electronics
and programming. At the same time, it should
be said that there are anumber of ready-made
microcontroller boards on the market, includ-
ing input/output ports and means of wireless
communication. The definition of the tasks to
be performed by the microcontroller is spec-
ified by inserting firmware. For example, sim-
plified versions of programming languages
such as Python or C can be used to write it.

At the same time, there are a number of sen-
sors that can transform measured values into

Obr. 1 Blokové schéma mikrokontroléru

Deli se podle do nékolika skupin, napfiklad
podle typu architektury, Sife sbérnice, podle
toho, zda maji vestavénou pamét nebo je moz-
né pfipojitiexterni pamét, dale podle instruké-
ni sady, poc¢tu vstupné vystupnich portl atd.
Velmi popularni je dnes platforma Arduino
UNO. Tento systém predstavuje maly jedno-
deskovy mikropocitac zalozeny na Cipu ATme-
ga328P, ktery byl vytvofen pro podporu vyuky
elektroniky a informatiky ve Skoldch. Jedna se
o otevienou elektronickou platformu, ktera je
zalozena na jednoduchém hardware a soft-
ware a tim poskytuje studentim moznost
[épe pochopit zakladni principy elektroniky
a programovani. Soucasné je potfreba fici, ze
na trhu je celd fada hotovych desticek s mik-
rokontroléry véetné vstupnée/vystupnich por-
td a prostredkl bezdratové komunikace. Defi-
nice Ukold, které ma mikrokontrolér provadét,
se zadava vkladanim firmwarového software.
K jeho napsani je mozné pouzivat napfiklad
zjednodusené verze programovacich jazykd
jako je Python nebo C.

Soucasné existuje celd fada senzord, které
umitransformovat méfené veliciny do digitalni

27



AKUSTIKA, VOLUME 45 / March 2023
www.akustikad.com

digital form and prepare them for transmis-
sion to a microcontroller using a standardized
bus. Thus, it is very easy to create inexpen-
sive, yet sufficiently accurate solutions for
many applications.

Digital data transmission over the I°C bus is
very often used (Fig. 2). This is a serial bus de-
veloped by Philips Company [8]. This bus was
designedto connect low-speed peripherals to
a microcontroller motherboard, embedded
system or mobile phone, etc. The I°C bus uses
only two signal wires, SDA (data wire) and SCL
(timing and synchronization wire) for commu-
nication. This bus uses a master/slave topol-
ogy. With a master/slave topology, it is guar-
anteed that there will be no collision in data
transmission, as the master device deter-
mines which device will transmit data at any
given time. A clock signal is sent to all slave
devices over the serial clock line (SCL). It is
therefore a synchronous communication.

The second SDA (serial data) wire is used for
data transmission (both directions). There
is only one master device at any given time,
there can be several slave devices each with
its own unigue address. Since the address is
7 bits, the theoretical number of slave devic-
es can be 27 i.e. 128. It should be noted that
there are various other modifications of this
bus (I2S - focusing on audio devices), or other
types of bus systems (for example SPI).

podoby a pfipravit je pro pfenos do mikrokon-
troléru pomoci standardizované sbérnice. Lze
tedy pro mnohé aplikace takto velmi snadno
vytvaret levna, a pfitom dostatecne presna
reseni.

Velmi ¢asto se vyuziva pfenos digitalnich dat
po sbérnici I?°C (Obr. 2). Jedna se o sériovou
sbérnicivyvinutou firmou Philips [8]. Tato sbér-
nice byla navrzenak pfipojovani nizko rychlost-
nich periferii k zakladni desce mikrokontroléru,
vestavénému systému nebo mobilnimu telefo-
nu apod. Sbérnice I°C pouziva pro komunikaci
pouze dva signalové vodice SDA (datovy vodic)
a SCL (Casovy a synchronizac¢ni vodic). Tato
sbérnice pouziva topologii master/slave. Pfi to-
pologii master/slave je zaruceno, ze nedojde ke
kolizi v pfenosu dat, jelikoZ zafizeni typu mas-
ter urCuje, jaké zafizeni bude v dany moment
vysilat data. Po vodiCi SCL (serial clock) se po-
sild vSem zafizenim typu slave hodinovy signal.
Jde tedy o synchronni komunikaci. Druhy vodic
SDA (serial data) slouzi k pfenosu dat (obéma
smery). Zafizeni typu master je v dany okamzik
pouze jedno, zafizeni typu slave mdze byt né-
kolik kazdé ma svou jedine¢nou adresu. Vzhle-
dem k tomu, ze adresa je 7 bitova, teoreticky
pocet zafizeni typu slave mlze byt 27, tedy 128.
Je vhodné podotknout, Ze prakticky se pouziva
spiSe mensi pocet pfipojenych digitalnich pe-
riferii, cca do 16. Podotknéme, ze existuji rizné
dalsi modifikace této sbérnice (I°S — se zamé-
fenim na audio zafizeni), pfipadné i jiné typy
sbérnicovych systémU (napfiklad SPI).

? ? U[V]
Nadtizene zatizeni
Master device
Rp Rp
l O O O SDA
) o SCL

” I

Podtizené zafizeni 1
Slave device 1

Podtizené zatizeni 2
Slave device 2

Fig. 2 The basic model of the 12C bus

Obr. 2 Zdkladni model sbérnice I12C
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3. THE DESIGNED MEASUREMENT KIT

Adverse effects and negative phenome-
na need to be monitored and evaluated for
condition assessment and for planning eco-
nomical and timely maintenance of railway
lines. Negative phenomena in relation to
rail transport can basically be divided into
three areas, i.e. focusing on the technical
condition of the train sets (especially their
wheels), the railway surface and traffic safe-
ty. These are not trivial tasks. It is always
necessary to take into account both the type
and condition of the train sets, and espe-
cially the type and condition of the railway.
A big problem is both the choice of the basic
measuring technique and, in particular, the
choice of sensors. In some cases, vibrodiag-
nostics, i.e. vibration measurement, can be a
good choice.

In the next part of the paper, the design and
use of a low-cost, small-scale measurement
system for automatic identification of select-
ed harmful phenomena in a railway track is
presented [9]. The principle of diagnosis us-
ing the measuring module is based on the
measurement of vibrations in different parts
of the railway superstructure. It should be
noted that the problem of identifying selected
phenomena based on the vibration response
from the movement of the railway set is not
completely trivial, since the evaluated accel-
eration signal is influenced by many factors.
Therefore, great emphasis was placed on the
knowledge gained from the study of signals
stored in the workplace database measured
on various types of railway superstructure in
different operating conditions over a period of
about 20 years.

At the beginning of the proposal, the basic
requirements for the measurement system
were drawn up. These were defined as fol-
lows. The measuring set was designed as a
distributed system. The maximum number
of accelerometric sensors used will be eight.
It will be possible to connect accelerometric
sensors with different basic ranges from ap-
prox. 8g to 4009 to the controller module. The
sensors will communicate with the micro-
controller via the 1°C bus. The expected max-
imum measurement time was designed to be
approx. 30 to 60 s. It should be noted that al-
most all suitable passing train sets can fit into
this recording time. Before the train passes, a

3. NAVRZENY MERICi KOMPLET

Pro zjistovani stavu a pro planovani Uspor-
né a vcasné udrzby zelezni¢nich trati je tfe-
ba monitorovat a hodnotit nepfiznivé ucinky
a negativni jevy. Negativni jevy ve vztahu ke
kolejové doprave Ize v podstaté rozdélit do
tfi oblasti, tedy s orientaci na technicky stav
vlakovych souprav (zejména jejich kol), ze-
lezni¢niho svrsku a bezpecnost provozu. Ne-
jde pfitom o trivialni Ulohy. Vzdy je potieba
brat v potaz jak typ a stav vlakovych soupray,
tak zejména typ a stav zelezni¢niho svrsku.
Velkym problémem byva jak vybér zakladni
meérici techniky, tak zejména volba senzord.
V nékterych pfipadech maze byt dobrou vol-
bou vibrodiagnostika, tedy méfeni vibraci.

V dalsi ¢asti pfispévku je prezentovan navrh
a pouziti levného, malého meéficiho systé-
mu pro automatickou identifikaci vybranych
skodlivych jevl v koleji [9]. Princip diagnos-
tiky s vyuzitim méficiho modulu je zalozen
na méfeni vibraci v rlznych ¢astech zelez-
nicniho svrsku. Podotknéme, Ze problém
identifikace vybranych jev( na zkladé vib-
racni odezvy od pojezdu Zelezni¢ni soupravy
neni zcela trivialni, protoze hodnoceny signal
zrychleni je ovlivnén mnoha faktory. Proto
velky ddraz byl kladen na znalosti ziskané ze
studia signall uloZzenych v databdzi pracovi-
sté namérenych na riznych typech zZeleznic¢-
niho svrsku v rdzném provoznim stavu v pra-
béhu cca 20 let.

Na zacatku ndvrhu byly sestaveny zakladni
pozadavky na meéfici systém. Tyto byly de-
finovany takto. Méfici komplet byl navrzen
jako distribuovany systém. Pouzity maximal-
ni pocet akcelerometrickych sensord bude
osm. K modulu kontroléru bude mozné pfi-
pojit akcelerometrické senzory s rlznym za-
kladnim rozsahem od cca 8 g do 400 g. Sen-
sory budou s mikrokontrolérem komunikovat
pres sbeérnici 1°C. Predpokladana maximal-
ni doba méreni byla navrzena na cca 30 az
60 s. Podotknéme, ze do této doby zdznamu
se vejdou témer vsechny vhodné projizdejici
vlakové soupravy. Pred prdjezdem vlaku se
spusti méfeni na zakladeé softwarového tri-
ggeru (zmeéna urovne vibraci), pak nasleduje
mereni do doby, nez se vibrace snizi na na-
stavenou prahovou uroven. DalSi moznosti
bude ukoncCeni méfeni definovanym caso-
vym intervalem. Méfena data se po mereni
ulozi do paméti méfici jednotky a ve vhodny
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measurement is started based on a software
trigger (change in vibration level), then the
measurement continues until the vibration
decreases to the set threshold level. Anoth-
er option will be to end the measurement at a
defined time interval. After the measurement,
the measured data is stored in the memory
of the measuring unit and transferred to the
superior system at an appropriate moment for
later analysis. It will be possible to set up the
measuring module using a set of commands.
Approximately 30 measurements (passage
of trains) are expected during one day. In the
case of using several measuring units, it will
be possible to send synchronization pulses
from the superior system to each module that
is currently measuring. The modules will have
a unique address, the range of the signal in
an open area for connection with the superior
computer is assumed to be up to 50 m. The
microcontroller board will support the possi-
bility of sleeping for a predefined time.

The superior computer will also have a low
consumption of electricity with the possibil-
ity of recharging the battery, for example in
the form of solar panels. At the same time, it
will be powerful enough to store data in pre-
defined data structures and to process and
evaluate data. Another prerequisite is wire-
less and network connectivity. Both systems
must be easily programmable in an accept-
able environment.

Based on the input conditions, a prototype
board with an ESP32 microcontroller from the
company Espressif Systems supplemented
with additional circuits was selected for the
creation of the measuring module (Fig. 3) [7,
8]. The chip is powerful enough, has the usu-
al interfaces (two SPI, I2C, 2x UART, one 12-bit
A/D converter) and is energy-saving, it also
supports various types of sleep. The proces-
sor contains two computing cores (one can
be dedicated for measurement and the oth-
er for wifi connectivity). The SRAM memory
has a size of 512 KB and a flash memory of 4
MB, which is a sufficient prerequisite for sav-
ing the program and for temporary storage of
measured data. The prototype board has wifi
connectivity, an integrated antenna, a low-
noise amplifier, a filter and a power manage-
ment module.

The great advantage of this solution is there-
fore the simple hardware solution, as well as

okamzik se pfenesou pro pozdejsi analyzu
do nadfazeného systému. Nastaveni méfici-
ho modulu bude mozné provést pomoci sady
pfikaz(. BEhem jednoho dne se predpoklada
cca 30 mérfeni (prUjezdu vlakd). V pfipadé
pouziti vice meficich jednotek bude mozné
vysilat z nadfazeného systému synchroni-
zacni pulzy do kazdého modulu, ktery prave
provadi meéreni. Moduly budou mit unikatni
adresu, dosah signalu v otevieném prostran-
stvi pro spojeni s nadfazenym pocitacem se
predpoklada do 50 m. Desticka mikrokontro-
léru bude podporovat moznost uspavani na
pfeddefinovanou dobu.

Nadfizeny pocita¢ bude mit rovnéz malou
spotfebu elektrické energie s moznosti do-
bijeni baterie napfiklad formou solarnich pa-
nell. Zaroven bude dostatec¢né vykonny pro
ulozeni dat do preddefinovanych datovych
struktur a pro zpracovani a hodnoceni dat.
Dal$im pfedpokladem je bezdratova i sitova
konektivita. Oba dva systémy musi byt lehce
programovatelné v pfijatelném prostredi.

Na zakladé vstupnich podminek byla vybra-
na pro vytvoreni méficiho modulu prototy-
pova deska s mikrokontrolérem ESP32 od
spolecnosti Espressif Systems doplnéna
o pfidavné obvody (Obr. 3) [7, 8]. Cip je dosta-
tecné vykonny, ma obvykla rozhrani (dve SPI,
12S, 2x UART, jeden 12bitovy A/D prevodnik)
a je energeticky Usporny, podporuje rovnéz
rizné druhy uspéni. Procesor obsahuje dvé
vypocetni jadra (jedno muze byt vyclené-
no pro mefeni a druhé pro wifi konektivitu).
Pamét SRAM mé velikost 512 kB a flash pa-
mét 4 MB, coz je dostacujici pfedpoklad pro
ulozeni programu i pro pfechodné ukladani
namérenych dat. Prototypova deska ma wifi
konektivitu, dale integrovanou anténu, zesi-
lovac s nizkym Sumem, filtr a modul spravy
napajeni.

Velkou vyhodou tohoto feseni je tedy jed-
noduché hardwarové feseni, ddle Uspornost
provozu snimaci jednotky. Tato za urcitych
okolnosti (pfi vhodném poctu a délky méfe-
nych udalosti za den) dle pfedbézného vypo-
¢tu umozni bateriovy provoz i po delsi dobu,
radove az desitky dni.

Podotknéme, ze prezentované feseni (deska
mikrokontroléru ESP32) podporuje vyspélé
hospodarfeni s napajeci energii, tedy umoz-
AUji uspani modulu v pfipadé neaktivnich
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the economy of operation of the sensing unit.
Under certain circumstances (with a suitable
number and length of measured events per
day), according to a preliminary calculation, it
allows battery operation for a longer period of
time, up to tens of days.

It should be noted that the presented solution
(ESP32 microcontroller board) supports ad-
vanced power management, i.e. it allows the
module to be put to sleep in case of inactive
inputs and wake up for measurement in case
of capturing the relevant event. A lithium-pol-
ymer battery type LP523450 was chosen as
the source of electrical energy for testing.

Fig. 3 The view of the ESP32 microcontroller board

MEMS three-axis accelerometric sensors
were selected for vibration sensing with dig-
ital output and connection to the 12C bus. This
greatly simplified the hardware solution of the
measuring module. For the position on the
rail, it was specifically a three-axis acceler-
ometer H3LIS331DL from SparkFun. An accel-
erometer allows you to measure acceleration
in configurable ranges. It supports I°C bus
communication and has a 16-bit data output.
It supports the option of low power consump-
tion mode or sleep mode. It has an adjustable
range of £100g/+200g/+400g. An Adafruit LIS-
3DH accelerometer of similar characteristics
with an adjustable range of +2g/+49/+8g/+169
was chosen for the position on the sleeper or
outside the rail grid. Both types enable meas-

vstupl a probuzeni k méfeni v pfipadé za-
chyceni pfislusné udalost. Jako zdroj elek-
trické energie byla pro testovani zvolena
lithium-polymerova baterie typu LP523450.

e
;e
ol
iy e

£ ilss
Obr. 3 Pohled na desticku mikrokontroléru ESP32

Ke snimani vibraci byly vybrany tfio-
sé akcelerometrické snimace typu MEMS
s digitdlnim vystupem a s pfipojenim na
sbérnici I?C. Tim se hardwarové feSeni méri-
ciho modulu znacné zjednodusilo. Pro pozi-
ci na kolejnici se konkrétné jednalo o tfiosy
akcelerometr H3LIS331DL od firmy Spark-
Fun. Akcelerometr umoznuje méfit zrychleni
v konfigurovatelnych rozsazich. Podporu-
je komunikaci po sbérnici 12C, ma 16 bito-
vy datovy vystup. Podporuje moznost rezi-
mu nizké spotfeby energie pfipadné rezim
spanku. Disponuje nastavitelnym rozsa-
hem =100 g/+200 g/=400g. Pro pozici na
prazci pfipadné mimo kolejovy rost byl vy-
bran akcelerometr Adafruit LIS3DH podob-
nych vlastnosti s nastavitelnym rozsahem
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urementsinthe frequency range of O to 2 kHz.

A Raspberry Pi 4 microcomputer was cho-
sen as the superior collection and evaluation
system with the Debian operating system. It
is a powerful yet very small single board mi-
crocomputer. To power it, a power bank was
designed for trial mode. Its advantage is full
wireless and network connectivity as well as
sufficient computing power and economi-
cal power supply (approx. 5 W). The control,
database and evaluation software was cre-
ated here in the Python language. The data
transfer from the measuring module(s) to
the Raspberry Pi computer is carried out us-
ing Wi-Fi wireless technology. The data and
their calculated characteristics are stored on
the Raspberry computer in the SQL database
structure. From this database, the pre-pro-
cessed data can be further processed or sent
one level higher to the superior analysis sys-
tem.

Fig. 4 The view of the H3LIS331DL accelerometer
plate

Obr. 4 Pohled na desticku akcelerometru H3LI-
S331DL

4. THE CASE STUDY

In the next section, the application of the pro-

+2 g/+4 g/+8 g/£16 g. Oba dva typy umoznuji
meéreni ve frekvenc¢nim rozsahu 0 az 2 kHz.

Jako nadfizeny sbérny a hodnotici sys-
tém byl vybran mikropocita¢ Raspberry Pi 4
s operacnim systémem Debian. Jedna se
0 vykormy velmi maly jednodeskovy mikro-
pocitac. K jeho napajeni byla navrzena pro
zkusebni rezim powerbanka. Jeho vyhodou
je plna bezdratovd i sitova konektivita i do-
state¢ny vypocetni vykon i usporné napajeni
(cca 5W). Ovladaci, databazovy a hodnotici
software zde byl vytvoren v jazyce Python.
Pfenos dat z méficiho modulu (modulll) do
pocitaCe Raspberry Pi je realizovan bezdrato-
vou technologii typu Wifi. Data i jejich vypo-
Citané charakteristiky se ukladaji v pocitaci
Raspberry do struktury databaze SQL. Z této
databdze se predzpracovana data mohou
dale zpracovavat, pfipadné posilat o Uroven
vySe do nadfazeného analyzacniho systému.

Obr. 5 Pohled na desticku akcelerometru Adaf-
ruit LIS3BDH
Fig. 5 The view of the Adafruit LIS3DH accelero-
meter board

4. PRIPADOVA STUDIE

V dalsi ¢asti je prezentovano pouziti navrze-
ného systému pfi zjistovani neokrouhlosti
(ovalita, plosky) kol projizdéjicich vlakovych
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posed system in detecting the non-round-
ness (ovality, flatness) of the wheels of pass-
ing trains is presented [10, 11]. Note that this
kind of faults can be detected relatively well
from time and frequency parameters derived
from vibration measured at the rail heel [12].

The measuring station was located north of
the village Doubravice nad Svitavou in the
stationing at km 189.9 on the line No. 260 Brno
- Ceska Trebova. The line is designed for line
load class D4 and is part of the transit corridor
|. The line is double-tracked, electrified with a
power supply system 25kV/50 Hz. The meas-
uring station was located in a straight section
of the line, on an embankment of height 3.5 m.
The longitudinal inclination of the line in the
direction of the stationing is 5 %o (i.e. in the di-
rection Doubravice nad Svitavou - Skalice nad
Svitavou). The railway superstructure consists
of UIC60 rails, Vossloh W14 baseplateless rail
fastening and the transverse track supports
are made of B91 S/1 concrete sleepers.

The measuring locations were chosen based
on the experience gained in the same sta-
tioning in the space between the sleepers at
the bottom of the left rail K1 and the right rail
K2 (Fig. 6). The Raspberry Pi parent comput-
er was attached by gluing to the odometer.
It was powered by the included power bank,
which was recharged by a small solar panel.
A total of 45 trainsets were measured in two

souprav [10, 11]. Podotknéme, Ze tento druh
zavad lIze relativné dobre detekovat z Caso-
vych a frekvencnich parametrl odvozenych
z vibraci naméfenych na paté kolejnice [12].

Mefici stanovisté se nachazelo severné od
obce Doubravice nad Svitavou ve staniceni
km 189,9 na trati ¢. 260 Brno — Ceska Trebo-
va. Trat je navrzena pro tratovou tfidu zati-
zeni D4 a je soucasti |. tranzitniho koridoru.
Trat je dvojkolejnd, elektrifikovand s napdjeci
soustavou 25 kV/50 Hz. Megfici stanovisté se
nachdzelo v pfimém useku trati, na nasypo-
vém télese vysky 3,5 m. Podélny sklon trati ve
smeru staniceni je 5 %o (tj. ve sméru Doubra-
vice nad Svitavou — Skalice nad Svitavou). Ze-
lezni¢ni svrsek je tvoren kolejnicemi UIC60,
bezpodkladnicovym upevnénim Vossloh W14
a pricné kolejové podpory tvofi betonové
prazce B91 S/1.

Méfici mista byla zvolena na zakladé ziska-
nych zkusenosti ve stejném stani¢eni v mezi-
prazcovém prostoru na pate levé kolejnice K1
a pravé kolejnice K2 (Obr. 6). Nadrazeny poci-
tac Raspberry Pi byl uchycen lepenim na ki-
lometrovniku. Napajen byl z pfilozené power
banky, ktera byla dobijena malym solarnim
panelem. Celkem bylo zméfeno 45 vlakovych

souprav ve dvou meéficich kampanich.

Podrizené zarizeni
Slave device

measurement campaigns.

Obr. 6 Pohled na umisténi snimaci jednotku na
kolejovém rostu
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Fig. 6 The view of the positioning of the scanning
unit on the rail grid

For further processing of the measured data,
the software of the control computer was
supplemented with the detection of the num-
ber of axles and the time of axle passage
over the sensing unit and automatic diag-
nostics of non-round wheels. For classifica-
tion of the measured data, an algorithm was
built using a neural network constructed with
the help of the TensorFlow library in Python
[13, 14]. The following parameters calculated
from the frequency interval of 10 Hz to 150 Hz
were used for the detection of non-rounded
wheels of the train set - RMS acceleration
value, peak acceleration value, Crest factor
values, peakiness, skewness, center of grav-
ity of the area under the spectrum. These
parameters were sequentially calculated in
a shifting time window of width 150/f and
subjected to classifier testing. Note that Ten-
sorFlow is an open source software library
working with artificial neural network. It was
originally developed by Google [15]. It has now
been released as an open source library to fa-
cilitate the use of machine learning methods,
deep learning and other statistical and pre-
dictive analytics tasks. Measured workplace
data from a given section over the last 2 years
was used to train the classifier.

Passages of two types of train sets were se-
lected for the presentation of the measured
data, express trains passing through the
evaluated section at a speed of 140 km/h and
freight trains traveling at a speed of 115 km/h.
In the first case, it was a classic set with a
class 380 locomotive with 6 wagons (Fig. 7), in
the second a freight set with a class 363 loco-
motive (Fig. 8). The left part of Fig. 7 shows the
measured time courses of the acceleration of
the high-speed train set, and the right part
presents their frequency spectra. Frequency
spectra were calculated using the Multi-Taper
method [16]. Note that the upper graphs rep-
resent the signal at the foot of the left rail, the
lower graphs at the foot of the right rail, due
to passing stationing. A comparison of the
acceleration time courses on both rails shows
that the maximum and minimum values are
approximately the same.

The acceleration time courses are also very
similar in character. By comparison, partial
differences can be found, which are caused
both by the condition of the surface of the

K dalSimu zpracovani nameérenych dat bylo
softwarové vybaveni fidiciho pocitace dopl-
néno jednak o detekci poc¢tu ndprav a Casu
prijezdu ndprav nad snimaci jednotkou a jed-
nak o automatickou diagnostiku neokrou-
hlych kol. Pro klasifikaci naméFenych dat byl
sestaven algoritmus vyuzivajici nuronovou
sit sestavenou s pomoci knihovny Tensor-
Flow v jazyce Python [13, 14]. Pro detekci ne-
okrouhlych kol vlakové soupravy byly vyuzity
nasledujici parametry pocitané z frekvencni-
ho intervalu 10 Hz az 150 Hz — RMS hodnota
zrychleni, épiékové hodnota zrychleni, hod-
plochy pod spektrem Tyto parametry bny po-
stupné pocitany v posouvajicim se ¢asovém
oknu o Sifce 150/fvz a podrobeny testovani
klasifikatorem. Podotknéme, Ze TensorFlow
je open source softwarova knihovna pracujici
s umeélou neuronovou siti. PGvodné byla vyvi-
jena spolecnosti Google [15]. Nyni je uvolnéna
jako open source knihovna za ucelem snad-
ného pouziti metod strojového uceni, hlubo-
kého uceni a dalsich statistickych a prediktiv-
nich analytickych uloh. Pro zacviceni klasifi-
katoru byla vyuzita namérena data pracovisté
z daného Useku za poslednich 2 roky.

K prezentaci nameéfenych dat byly vybra-
ny prdjezdy dvou typU vlakovych soupray,
rychlikové projizdéjici hodnocenym uUsekem
rychlosti 140 km/h a nakladni jedouci rych-
losti 115 km/h. V prvnim pfipadé se jednalo
o klasickou soupravu s lokomotivou fady 380
s 6 vagony (Obr. 7), ve druhém o nakladni sou-
pravu s lokomotivou fady 363 (Obr. 8). V levé
Casti Obr. 7 jsou zobrazeny namérené casové
prabéhy zrychleni kmitani rychlikové viakové
soupravy, v pravé ¢asti pak jejich frekvencéni
spektra. Frekvencni spektra byla vypoctena
metodou Multi-Taper [16]. Podotknéme, ze
horni grafy reprezentuji signal na paté levé
kolejnice, spodni grafy na paté pravé kolejni-
ce, vzhledem k ubihajicimu stani¢eni. Z po-
rovnani ¢asovych pribéhu zrychleni na obou
kolejnicich je zfejmé, ze maximalni a minimal-
ni hodnoty jsou pfiblizné stejné.

Casové pribéhy zrychleni jsou svym charak-
terem také velmi podobné. Porovnanim lIze
najit dil¢i rozdily, které jsou zpUsobeny jak
stavem povrchu kolejnic a kol, tak rozdilné
rozloZzenym zatizenim, ale zejména také tim,
ze dvojkoli v pfimé koleji vykonava kromé va-
leni i sinusovy pohyb. V grafech jsou velmi
dobre detekovany jednotlivé napravy. Vypo-
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rails and the wheels, as well as by the differ-
ently distributed load, but especially also by
the fact that the two wheels in a straight track
perform a sinusoidal movement in addition to
rolling. Individual axles are very well detected
in the graphs. The calculated spectra con-
firm the conclusions from the time plane. The
spectra contain similar key components, and
the spectra are also very similar. The analysis
shows that the condition of the wheel surfac-
es is relatively good.

Adifferent situation can be seen from the pas-
sage of a freight train set. The picture Fig. 8
shows only the acceleration of the oscillation
and its frequency spectrum from the sens-
ing unit K2. The first pair represents the state
without data filtering, the second the state af-
ter filtering in the range of 10 Hzto 150 Hz. The
ellipse in the lower left image indicates the
interval in which the defect is manifested on
the wheel(s) of the train set. In the frequency
plane, this corresponds to the most promi-
nent frequency peak of the spectrum.

Ctend spektra potvrzuji zavéry z ¢asoveé rovi-
ny. Spektra obsahuji podobné klicové slozky,
rovnéz prubéhy spekter jsou velmi podobné.
Z analyzy vyplyva, ze stav pojezdovych ploch
kol je relativné dobry.

Jind situace je vidét z prdjezdu nakladni vla-
kové soupravy. V obrazku Obr. 8 je zobraze-
no pouze zrychleni kmitani a jeho frekvencni
spektrum od snimaci jednotky K2. Prvni dvo-
jice predstavuje stav bez filtrace dat, druha
pak stav po filtraci v rozsahu 10 Hz az 150 Hz.
Elipsou v spodnim levém obrdzku je oznacen
interval, v kterém se projevuje defekt na kole/
kolech viakoveé soupravy. Ve frekvencniroviné
tomu odpovida nejvyznacnéjsi frekvencni pik
spektra.

Pro podrobnéjsi analyzu bude vhodné do
budoucna kolejovy rost osadit vice snimaci-
mi jednotkami, autofi predpokladaji pouziti
3 jednotek. Nicméneé vyvinuté zafizeni ukazu-
je, ze je mozné vibracni diagnostiku snadno
realizovat touto cestou.

Rychlik, 140 km/h, kola bez vady / Express car, 140 km/h, wheels without defects

Snimaé zrychleni K1 / Aceeleration sensor K1
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Snimac zrychleni K2 / Acceleration sensor K2
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Fig. 7 The time and frequency characteristics of
the express train

Snimaé zrychleni K1/ Acceleration sensor K1
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Obr. 7 Casové a frekvenéni charakteristiky rych-
likové soupravy
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Souprava nikladniho vlaku, 115 km/h, kola s ploSkami / Freight train sct, 115 km/h, flat wheels
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.;nimnE zrychleni K2, filtrovany signil / Acceleration sensor K2, filtered signal

Kolo (podvozek) s ploskami
Wheel {chassis) with flats

L s 4 L L L s L L s L L L
0 3 ] 9 12 15 18 21 24 27 30 33 W 39 4

t[s]

Snimaé zrychleni K2 / Acceleration sensor K2

' ‘fl\“f'\

I|
Eoist | |
I

| I
’ LIULTI'A

M e,

= w
‘ mﬁj

Mrllﬁ il

0.05 -

|
ih

(1] 100 2 30 400 S0 GO TO0 A0l 900 1000

Snimaé zrychleni K2, filirovany signil / Acceleration sensor K2, filtered signal

INES

ni2r I

|
0.04 |lll
I ‘ .rl,,l=I ﬂp'l"'p‘ W
UL
. 5‘ ,\""“"v---n..

o

N
bl S S
[1] 100 200 ann 400 00 (1) TO0 E00 Q00 1000
f[Hz)]

S

Fig. 8 The time and frequency characteristics of Obr. 8 Casové a frekvencni charakteristiky nd-

the freight train

For a more detailed analysis, it will be appro-
priate to equip the rail grid with more sensing
units in the future, the authors assume the
use of 3 units. However, the developed device
shows that it is easy to implement vibration
diagnostics in this way.

5. FINAL EVALUATION
AND RECOMMENDATIONS

As part of the contribution, a cheap diagnos-
tic system in a distributive version developed
at the workplace of the authors of the contri-
bution was presented. This system was de-
signed in such a way that its hardware design
was modern, as simple as possible, cost-ef-
fective, while allowing reasonably accurate
measurements of vibrations in various parts
of the railway superstructure over a relative-
ly long period of time using suitable software
equipment. Other important features of the
created system include variability, economi-
cal operation, wireless transmission of meas-
ured data to a small microcomputer for fur-
ther processing, etc. The functionality of the
system was successfully verified during the

kladni soupravy

5. ZAVERECNE ZHODNOCENI
A DOPORUCENI

V ramci pfispévku byl prezentovan levny dia-
gnosticky systém v distributivnim provedeni
vyvinuty na pracovisti autor( prispévku. Tento
systém byl navrzen tak, aby jeho hardwarova
konstrukce byla moderni, co nejjednodussi, ce-
nove pfizniva, a pfitom umoznovala rozumné
presna méreni vibraci v riznych ¢astech zelez-
ni¢niho svrsku po relativné dlouho dobu pomo-
ci vhodného softwarového vybaveni. K dalSim
ddlezitym vlastnostem vytvoreného systému
patfivariabilita, Usporny provoz, bezdratovy pre-
nos méfenych dat do malého mikropocitace
k dalSimu zpracovani atd. Funkénost systému
byla Uspésné ovérena pfi detekci vad na kolech
vlakové soupravy. Pro dalSi méreni autofi dopo-
rucuji pouziti 3 méficich jednotek za sebou.
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detection of defects on the wheels of the train
set. For further measurements, the authors
recommend using 3 measuring units in a row.

Inthe future, the projectenvisagesathree-lay-
er architecture, i.e. measuring modules on the
track superstructure, a local computer with
the possibility of basic filtering and data pro-
cessing, plus a superior computer in which
the measurement results from a longer sec-
tion of the railway track will be stored and pro-
cessed. It should be noted that the proposed
architecture will find its application not only
in the field of long-term monitoring of railway
tracks. We believe that this low-cost diagnos-
tic system will also be able to be operated on
running trainsets. Here, the location of the ac-
celeration sensors on the bearing housings
of the trainsets is assumed. At the same time,
such a system must be supplemented with a
station sensor, which is not a problem.

According to the authors, it will be possible
to use the created system in other areas of
our interest. It always depends on the type of
sensors used. In the offer of various compa-
nies, you can find, for example, small-sized
microphones of the MEMS (Micro Electro
Mechanical System) type. These are silicon
microphones manufactured in the form of
one integrated component, which contains a
pressure-sensitive silicon sensing membrane
directly attached to a silicon chip. At the same
time, this solution also includes an integrated
preamplifier and possibly other auxiliary cir-
cuits, such as various active filters to remove
unwanted sound components. It should be
noted that similar types of microphones work
in the normal frequency range from 50 Hz to
15 kHz. For easy connection to microcontrol-
lers, this type of sensor is supplemented with
an integrated analog-to-digital converter.
Thanks to this, the measurements data from
such a microphone are further transmitted via
a digital serial bus (e.g. I°C, I?S). The entire mi-
crophone is thus one compact component lo-
cated on a small plate with connection points.

If we connect such a sensor to the presented
measuring module, a simple and relatively in-
expensive system for undemanding overview
acoustic measurements will be created, suit-
able, for example, for the automatic diagnosis
of various types of rotary machines, or other
structures, with the possibility of using Machine
Learning and Deep Learning algorithms. This

Do budoucna projekt predpoklada s tfivrst-
vou architekturou, tedy méfici moduly na ko-
lejovém svrsku, lokalni pocita¢ s moznosti za-
kladni filtrace a zpracovani dat, plus nadfizeny
pocitac, v kterém budou ulozeny a zpracova-
ny vysledky méfeni z delSiho Useku zeleznicni
traté. Podotknéme, Ze v navrzené architekture
najde své uplatnéni nejen v oblasti dlouhodo-
bého monitoringu zelezni¢nich trati. Domni-
vame se, ze tento levny diagnosticky systém
bude mozné také provozovat na jedoucich
vlakovych soupravach. Zde se predpoklada
umisténi snimact zrychleni na loZiskovych
domcich vlakovych souprav. Zaroven takovy
systém musi byt doplnén snimacem stanice-
ni, coz neni problém.

Vytvoreny systém bude mozné dle autorl po-
uzivativjinych oblastech naseho zajmu. Vzdy
zalezi na typu pouzitych senzorl. V nabidce
riznych firem Ize najit napfiklad i rozmérové
malé mikrofony typu MEMS (Micro ElectroMe-
chanical System). Jde o kfemikové mikrofony
vyrabéné v provedeni jedné integrované sou-
Castky, ktera obsahuje na tlak citlivou kfemi-
kovou snimaci membranu pfimo upevnénou
na kfemikovy Cip. SouCasné toto feseni za-
hrnuje také integrovany predzesilovac a pfi-
padné dalSi pomocné obvody, jako napfiklad
rizné aktivni filtry pro odstranéni nezddou-
cich slozek zvuku. Podotknéme, ze podobné
typy mikrofond pracujiv bézném frekvenénim
rozsahu od 50 Hz do 15 kHz. Pro snadné pfi-
pojeni k mikrokontrolérdm je tento typ senzo-
ru doplnén o integrovany analogoveé digitalni
prevodnik. Diky tomu méfena data z takového
mikrofonu jsou dale prfenasena po digitalni
sériové sbérnici (napf. 12C, 12S). Cely mikrofon
je tak jedna kompaktni soucastka umisténa
na malé destiCce s pfipojovacimi body. Po-
kud pfipojime takovy snimac k prezentova-
nému meficimu modulu, vznikne jednoduchy
a relativné levny systém pro nendrocna pre-
hledova akustickd méfeni vhodna napfiklad
pro automatickou diagnostiku rtznych typU
rotacnich strojl, pfipadné jinych konstruk-
ci apod. s moznosti vyuziti algoritm Machine
Learningu a Deep Learningu. Tato skutec¢nost
umoznuje usetfit lidské kapacity pfi on-line
dozoru konstrukci a stroji. Presnost téchto
algoritmU zavisi na velikosti souboru dat pro
uceni, na kvalité nastaveni neuronové sité
a v neposledni radé na schopnostech ucitele.

Vzhledem k tomu, Ze mikrokontrolér ESP32
ma vestavény 12 bitovy analogové digitalni
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fact makes it possible to save human resourc-
es during online supervision of structures and
machines. The accuracy of these algorithms
depends on the size of the learning dataset, the
quality of the neural network setup, and last but
not least, the skills of the teacher.

Since the ESP32 microcontroller has a built-in
12-bit analog-to-digital converter, the authors
are considering adding a simple hardware for
strain gauge measurements to the measure-
ment module. The software of the presented
measuring system is designed in a modular
way, i.e. it can be extended with other parts.
This fact applies especially to the Raspberry
Pi microcomputer, where there is no problem
to implement any analysis on the transferred
data, including the involvement of machine
learning methods for automatic diagnosis of
structures, processes in many applications in
the field of science and technology, etc.
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