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Abstract

One of the most important aspects in the operation of rail vehicles is the implementation of transport while
ensuring safety and comfort of passengers. Technical condition of the wheel rolling surfaces has a direct
impact on these factors. These elements are subject to wear and tear in a continuous and discrete form. One
of the discrete wear forms is the wheel-flat on wheel rolling surfaces that generate impulse noise. This
translates into a significant deterioration of vibroacoustic comfort, and in extreme cases also to a greater risk
associated with e.g. derailment of the vehicle. Therefore, it is desirable in particular by the rolling stock
operator to carry out cyclic diagnostics and monitoring of the condition of wheel rolling surfaces. This paper
is a continuation in a series of research articles carried out by the authors related to vibroacoustic diagnostics
of wheel rolling surfaces in light rail vehicles. As part of this article, acoustic measurements were carried out
at a dedicated track-side system during so-called pass-by tests. Acoustic signals were analyzed in accordance
with the Fourier and Hilbert transforms. Additionally, the main assumptions of vibroacoustic diagnostics and
analyses of point measures were used. This allowed for the development of yet another way of monitoring
the occurrence of the problem of wheel flats in rail vehicles.
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1 INTRODUCTION AND MAIN THEORETICAL ASPECTS

The good technical condition of the rolling wheel surface is one of the most important aspects of the rail running
gear. Every rail vehicle in normal operating conditions has a standardized wheel rim profile. Therefore, all kinds of
changes related to wear or damage of the wheel rolling surface have a negative impact on the vibroacoustic comfort and
ride safety. Brief review of different wheel defects is presented in Figure 1. The flat wheel, which is included in the tread
surface group defects, is one of the railway operational problems, where the local rolling surface geometry is changed
significantly. Blocked wheel rotation is the main cause of this problem. It is caused by exceeding the adhesion forces of
the wheel to the rail as a result of (in the most cases): rapid or emergency brake application, lack of brake release
(especially in long freight trains) or presence of various undesirable materials (e.g. wet leaves) between wheel and rail
contact point. At that moment the wheel surface temporarily slides over the rail which results an intensive abrasion of
the rolling surface. As a consequence, the wheel profile is worn. Other wheel surface defects are the spalling effects.
They are caused by peeling of the top wheel surface layer as a result of the material shifting from the flat wheel. The
schematic of rolling surface damage is presented in Figure 2. Furthermore, the authors described the mathematical
model of the flat wheel during rotation where the most important equation is as follows (Nowakowski et al., 2019):

w5 ) 0

It can be concluded that the value impulse force F during the dynamic wheel-rail interaction mostly depends on the
reduced mass m;, the wheel rotational speed wy, the wheel diameter R and the wheel-flat length /. Moreover, dynamic
track response is also dependent on the vehicle load and its suspension type, vertical and horizontal track stiffness, rail
supporting system and also technical condition of the vehicle and track. Important information related to the dynamic
response of the track to impulse phenomena from the rail vehicle is described in (Thompson, 2008). It presents the
factors affecting the quality of the wheel-rail contact describing the influence of a wheel-flat on contact forces. The
influence of the track construction on the vibrations damping in the track was indicated. The effect of wheel-flat on the
level of vibrations generated by light rail vehicles has been presented in numerical study in (Alexandrou et al., 2016). It
has been shown that damage longer than 3 cm significantly changes the quantitatively characterized vibrations during a
tram ride. The paper (Jing, 2018) discusses the influence of train speed, length of a flat spot and axle load on the wheel-
rail impact reactions. It has been shown that with an increase in the length of flat spot, the maximum impact force, the
von Mises equivalent stresses and the XY shear stresses increase, and the maximum equivalent plastic strains decrease
accordingly. The paper (Kouroussis et al., 2015) presents an analysis of the influence of the technical condition of the
track and the vehicle on the generated vibrations. It was shown that the vibrations generated by the flat wheel may be
several times smaller than those caused by local rail damage. It is therefore reasonable to observe the vibrations as close
as possible to the wheel-rail contact. The work (Nowakowski et al., 2019) also presents the impact of wheel-flat on the
generated rail vibrations. The results of cross-correlation of vibration signals from the rail indicate the validity of the
location of the measurement points near the wheel-rail contact. In the (Styputa, 2001), the impact of wheel-flat in metro
on generated paraseismic vibrations was presented, considering the influence of track stiffness and vehicle load on the
observed vibrations.
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Figure 2 Wheel-flat example: D — wheel defect on wheel tread, FS —flat spot, S — spalling

The wheel-flat size can also be defined by the internal regulations of rail operators and owners. However, in tram
vehicles management in Poland, there are no such rules and every urban operator has to deal with the problem on his
own. On the other hand, there is one main European railway regulation which describes different kind of wheel defects,
including the wheel-flats. The boundary lengths of the defects on the tread surface are presented in Table 1 (in
accordance with EN 15313 standard). These maximum values are mainly related to train speed, axle load and wheel
diameter conditions.

Table 1 Boundary lengths of the defects on the tread (flats) (Behr, 2013; Standard, 2016)

M M<18 18<M=<22,5 22,5<M
v V<160 160<V<200 V<200 V<120 120<V<160 160<V<200 200<V V<100 100<Vs<120 120<V
d 1000<d 80 60 40 80 60 50 35 X X X
840<d<1000 60 50 30 60 50 35 25 60 50 30
630<d<840 40 30 25 40 30 25 20 40 X X
550<d<630 35 25 X X X X X X X X
d<550 30 X X X X X X X X X

M — axle load in tonnes (t); X — reserved (no known use); d — actual wheel diameter (mm); V — train speed (km/h)

The Polish State Railways and their internal standards are another good example where the wheel-flat is determined
by the limit length values which cannot be exceeded (Polish National Railways Directorate, 2000). However, it is more
simplified in comparison to EN 15313 standard:

- up to 60 mm for wheels with a diameter of 630 mm,
— up to 30 mm for wheels with diameter < 630 mm.

After exceeding the limit values, the wheels are sent for reprofiling. However, the wheel-flat searching process is
the main problem (e.g. time consuming) and it is dependent on operator's experience.

Rolling surface defects lead to cyclical and sudden impacts during each wheel rotation on rail. Then the vibroacoustic
comfort of the ride is significantly reduced and the impulse noise phenomenon occurs, which increases the overall rolling
noise (Thompson, 1996 and 2008; Wu and Thompson, 2003). It is particularly burdensome in urban areas and cities. The
wear of the rolling stock and infrastructure is another negative effect which is translated into increasing operational costs
of servicing and using rail and tram network. A detailed description of the running surface wear curve (both wheel and
rail) as an operating time function is provided in (Nowakowski et al., 2019). What is more important, this kind of defect
increases the risk of rail vehicle derailment. Therefore, it is necessary to systematically monitor and diagnose the wheels
technical condition. Given the impulse nature of the phenomenon, vibroacoustic signals seem to be a very good
diagnostic parameter. Diagnostic and monitoring process (the system localization) can be carried out from the vehicle
and also from the point of view of track. In both cases, an indispensable element is a mobile system for vibroacoustic
measurements. Also, the diagnostician’s experience in data analysis and selected research methods is crucial.
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2 WHEEL-FLAT DETECTION METHODS, ALGORITHMS AND SYSTEMS

There are many different methods and systems for wheel-flat detection. However, most of them are prototypes
based on some interesting ideas and analysis. Firstly, the monitoring methods can be divided into the stationary which
means the measurement devices are located near the track. It is a very good idea for railway and tramway depots where
only one diagnostic system is required and plenty different vehicles operate each day. The second monitoring method is
the mobile one where the diagnostic system is installed on each vehicle (on-board systems). It is also a good idea;
however, it could be more expensive for operator and depends on number of vehicles in the fleet.

For the purposes of this article mostly the stationary (wayside track) methods, algorithms and systems will be
discussed. There are two commercial wheel-flat detection systems installed in several Polish cities. The WF system is
located in the tram depot in Cracow (Madejski, 2006) and it is based on vibration signals measured by two transducers
placed on the rail. It is a commercial system which is provided by GRAW Company (Germany). A simple detection method
uses the impact vibration values which are higher when the flat wheel occurs. The second system called Revenga FWD
(Flat Wheel Detector) is installed in the Poznan, Warsaw and Szczecin tram depots in Poland. The rail load (measured by
several force sensors) is a main diagnostic parameter where limit values are monitored. A similar solution based on load
measurement was used in the article (Meixedo et al., 2015). The Grupo Revenga from Spain is the system producer which
is also a world’s provider of different railway inspection systems.

Vibration track measurements is also used (Belotti et al., 2006; Krummenacher et al., 2017). The complex processing
signal methods and algorithms are used in these two papers. The discrete wavelet transform and wavelet coefficient
analysis in the first one are adapted, which makes it an effective method for rail wheel-flat detection in normal pass-by
conditions. The second article presents another useful method where a machine learning analysis is implemented.
Vibration complex methods are also popular in on-board systems where accelerometers are located on axle boxes or
bearings, e.g. (Jia & Dhanasekar, 2007; Liang et al., 2013; Li et al., 2017). Unfortunately, many of them are only ideas and
have not been used in real conditions.

Also very popular are other techniques like ultrasonic (Brizuela et al., 2011) and Doppler (Brizuela et al., 2010)
methods. However the methods are characterized by some limitations (e.g. low train speed or some assessment errors).
A new interesting method is proposed by (Roveri et al., 2015). They used the fibre Bragg grating sensors located along
the track to monitor among others wheel wear. However it is only the experimental approach which still needs few
improves. Other wheel-flat detection methods and systems are presented in (Alemi et al., 2016). The article is a literature
review for different kinds of condition monitoring approaches in this topic.

In (Nowakowski et al., 2019) the wheel-flat detection algorithm is presented. The vibration signal and the Hilbert
transform method were used for processing. The purpose was achieved with high effectiveness and it was shown that
vibration signals combined with the envelope analysis is a well-founded solution. The Hilbert transform and other
complex signal processing methods are also presented by (Bracciali et al., 1997; Zhang et al., 2018). In the second
research case, authors have shown the fault detection from wayside acoustic signals emitted by train bearings.
Furthermore, the authors (Komorski et al., 2018) elaborated the wheel-flat algorithm based on the JTFA (Joint Time-
Frequency Analysis) method in acoustic signals processing. However in this case to achieve the goal, the tram passing
speed should be more than 30 km/h which could be problematic (e.g. for some small depots). The last step of the general
scientific investigation was to combine these two papers and create the novel wheel-flat detection algorithm using
advanced acoustic signal analysis. The article is an extended version of the article presented at the international
conference in 2019 called Dynamical Systems — Theory and Applications (Komorski et al., 2019) which consisted of
acoustic measurements during trams pass-by tests (a few trams occurred with flat wheels) and experimental research
using envelope analysis and Hilbert transform. The Hilbert transform usage has many advantages in processing different
kinds of signals including acoustic signals analysis, especially in engineering applications (Luo et al., 2009). It allows to
determine the real and imaginary parts of an analytic function (Feldman, 2011; Garcia-Macias and Martinez-Castro, 2020;
Luo et al., 2009; Skudrzyk, 1971). The analytic signal is created by implementing the Hilbert transform which enables to
elaborate the instantaneous magnitude (so-called envelope) of the original time signal. Moreover, the frequency analysis
can be done by finding out the instantaneous phase of the analytic signal. Therefore, the dynamic characteristics of a
linear and non-linear system can be identified. The infinite Hilbert transform equation is described (Cempel, 1993;
Feldman, 2011; Skudrzyk, 1971):

Hix(0)] = 2(0) =1 [% Xar (2)

—© t—1
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where the x(t) is a real measured acoustic signal in time domain, t is a time period before the transformation, t is a
time period after the transformation and * denotes the Cauchy's principal value. As can be observed the Hilbert
transform is not an integral between different domains, such as Fourier or Laplace, which can be another benefit in
some research cases (Luo et al., 2009). In the (Garcia-Macias and Martinez-Castro, 2020), authors have shown the
example of the Hilbert transform and envelope usage in railway field. They proposed a model (based on Hilbert
transform and semi-analytic method) for fast assessment of design envelopes of railway bridges. Main advantages of
their solution for the moving-load induced-vibration problem of linear bridge structures are computational time
reduction and high calculation accuracy. Another example is described in the (Kim et al., 2020) where authors have
used the Hilbert transform and wavelet decomposition in railway wheel-flat defect prediction. However, in this case
the vibration signals were measured on the vehicle axle box. So, it is a good example of the on-board diagnostic system
in contrast to main aim of this research. The last but not least, in the (Tomlinson, 1987) author investigated the damage
detection using the Hilbert transform in case of frequency response functions (FRF) analysis and their deviations.
Considering these advantages, authors used the Hilbert (and also Fourier) transform to process the acoustic signals in
case of novel wheel-flat detection algorithm.

3 EXPERIMENTAL RESEARCH METHODOLOGY

3.1 Main Assumptions

The acoustic measurements during several pass-by tests on Franowo tram depot (Poznan, Poland) were the main
part of the experimental research. The measurement equipment was located near one of the main tracks where all types
of trams returning from service passed through. It is a good monitoring spot for track-side diagnostic system based on
vibroacoustic signals. The tram speed was about 20-40 km/h. The main goal of the measurements was to develop a basis
for the diagnostic method to identify wheel-flats using acoustic signals and advanced analysis techniques.

3.2 Measurement points and research objects

From the recordings of signals from trams operated in the depot, trams with a wheel-flat were selected, which were
the objects of research. The one where the wheel-flat occurred was Moderus Beta MF AC BD tram. Defect surface on the
wheels treads was ellipse-shaped and was equal to 66 mm (length) and 32 mm (width). The reference signal representing
wheels in good condition was recorded also during the passage of this type of tram. The main vehicle technical
parameters are listed in Table 2. The track was ballasted and constructed from a 60R2 rail type placed on the Moll
sleepers which is in accordance with EN 14811 regulation (Standard, 2019).

Table 2 The main vehicle technical parameters as a research object

Technical parameters Description
Manufacturer Modertrans Poznan
Model Moderus Beta MF AC BD
Length 28250 mm
Width 2350 mm
Tram segments number 3
Tram joints number 2
Motor bogies number 4
Trailer bogies number 0
Percentage of low floor 25%
Motor engine number 8 (41.5 KW each one)
Maximum speed 70 km/h
Min/Max wheel diameter 600/654 mm

The measurement position as a scheme is shown in Figure 3. Three microphones (M1-M3) were used, located at
the distance of 2000 mm from the external rail.
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Figure 3 The scheme of measuring position during acoustic pass-by tests; M1-M3 — Microphones, P — Photocells

The microphones were spread along the track at a distance of 2.04 m, which is the length of each tram wheel
circumference (Komorski et al., 2018). It means the one full wheel rotation period during the ride at a measuring distance
was preserved, which was the most important measurement points selection criterion. Moreover, the minimum and
maximum wheel diameter was about 600 and 654 mm, which is important in the case of wheel rotation frequency
calculation. Furthermore, also photocells were used during the measurements for calculation of average tram speed.

3.3 Measurement devices and main recording parameters

The Briiel&Kjeer equipment was used in the experimental research. The data acquisition module B&K type 3050-A-
060 with 6 input was used. A tablet was used to control and monitor measurement process. All three B&K 4189-A-021
microphones are the first accuracy class microphones with a high measurement sensitivity equal to app. 50 mV/ms2.
Transducers were also calibrated before the acoustic measurement process.

The first main recording parameter was the measurement spectrum which was equal to 25.6 kHz. In the case of
acoustic measurements this range should not be less than 20 kHz (Thompson, 2008); secondly, the high sampling
frequency, which was about 65536 Hz. Therefore, the system provided high quality sound data where all signals were
recorded synchronously. Duration of samples was dependent on the speed of the tram ride passing through the
measurement cross section, and was about 5-7 s.

4 RESULTS AND ANALYSIS

The analyses began with the calculation of the frequency characteristic of the wheel surface damage discussed,
based on the following formula:

frp = — [Hz] (3)

Cw

where ¢, [m] is the circumference of the wheel, and V [m/s] is the linear speed of the tram. Taking the circumference of
the wheel into account requires the measurement of its actual diameter prior to analysing. To skip this, it was decided
to simplify the method by introducing the rotational frequency search algorithm in the range of possible rotational
frequencies (fwheer) for a particular speed. These ranges were determined from formula (3), taking into account possible
travel speeds from 40 km/h to 20 km/h as well as extreme values of the wheel diameter. These values were measured
during the research. The results are shown in Table 3.

Table 3 Ranges of possible rotational frequencies fuheel for individual travel speeds and wheel diameters

Tram velocity \ Wheel diameter max: 654 mm min: 600 mm fwheel [Hz]
40 km/h 5.41 Hz 5.89 Hz <5.41; 5.89>
30 km/h 4.06 Hz 4.42 Hz <4.06; 4.42>
20 km/h 2.71 Hz 2.95 Hz <2.71; 2.95>

The algorithm works by finding a peak in a given frequency range funeel. Its location on the abscissa will testify to the
diameter of the wheel. As presented in Table 3, due to travel speed, the rotational frequency for the first tested group
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of vehicles will be in the range from 2.71 Hz to 2.95 Hz. However, for the second and third groups of objects studied,
these frequencies will range from 4.06 to 4.42 Hz and 5.41 to 5.89 Hz, respectively.

Examples of the original sound samples are shown on the Figure 4 a-b (respectively; good and damage wheel).
Moreover, there are also shown the envelopes (Figure 4 c-d) of the time history recordings. Based on the original signals’
analyses, there were no opportunity to identify the frequencies mentioned in Table 3 because the full frequency range
of the microphones is between 20-20 000 Hz. While the wheel flat damage generates cyclical impact noise at higher
frequencies. Therefore, in case of seeking of the impact frequencies, authors carried out the envelope analysis using
Hilbert transform. This process in details is described in the previous authors article (Nowakowski et al., 2019).

good wheel 20 km/h [Region] flat wheel 20 km/h [Region]
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Figure 4 Examples of original sound samples for 20 km/h speed (a — b) and their envelopes in time history (c — d)

Figure 5 shows the FFT spectra obtained from recorded sound pressure signals during the passage of sample trams
without a flat wheel (blue) and with a flat wheel (red) at a speed of 20 km/h. Based in Figure 5 analysis, it was found that
before performing envelope analysis, the signal should be filtered in the 800 Hz + 500 Hz band. The indicated band is the
result of analyses of changes in the dynamics of the observed measure. The analyses took into account relative differences
between wheel states in the given 1 kHz bands and their differences after applying envelope analysis. The band with the
highest dynamics in both presented aspects was selected. Analyses were performed in the range upwards from 400 Hz,
ignoring the low-frequency components of rolling noise, up to 10 kHz taking into account the upper range of rolling noise
(<5 kHz) and including accompanying tonal and impulse phenomena (Thompson, 2008). Observed higher sound levels at
frequencies around 6 kHz could be generated by electrical equipment of tram running and motor system. Increased
amplitudes could show abnormalities of their technical state, but in this case it requires further research area expanding.
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Figure 5 FFT sound pressure spectra (red — flat wheel; blue — good wheel) for 20 km/h speed from three microphones and two
objects studied
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Figure 6 shows the spectrum from acoustic signal envelopes (the instantaneous envelope is the amplitude of the
complex Hilbert transform) with the first three harmonics rotational frequencies of the wheel (respectively marked;
2.72 Hz £ 0.25 Hz, 5.44 Hz £ 0.25 Hz, 8.16 £ 0.25 Hz), recorded with three microphones.

Mic 1
[dB/20u Pa]

Mic 2

Mic 3
[dB/20u Pa]

T
8 10 12 14 16 18 20
[Hz]

Figure 6 Envelope spectra of sound pressure signals (red — flat wheel; blue — good wheel) with the first three rotational harmonic
frequencies of the wheel (20 km/h)

Tables 4-6 present the results of calculating the RMS (Root Mean Square value) and maximum values in the

spectrum from the acoustic signal envelopes in the 2.72 Hz + 0.25 Hz (Table 4), 5.44 Hz + 0.25 Hz (Table 5) and 8.16 Hz
0.25 Hz (Table 6) frequency bands.

Table 4 Maximum values and RMS in the spectrum from the envelope in the 2.72 Hz band + 0.25 Hz for SPL measured at two
different technical conditions of tram wheels

Microphone 1 Microphone 2 Microphone 3
SPLgms [dB] SPLmax [dB] SPLgrus [dB] SPLwvax [dB] SPLgrus [dB] SPLvax [dB]
good wheel 43.8 39 42.1 38.4 41.8 37.5
flat wheel 52.7 48.2 53.2 49.4 55.2 51.1
difference 8.9 9.2 111 11 134 13.6

Table 5 Maximum values and RMS in the envelope spectrum from the 5.44 Hz band + 0.25 Hz for SPL measured at two different
technical conditions of the tram wheels

Microphone 1 Microphone 2 Microphone 3
SPLgms [dB] SPLmax [dB] SPLgms [dB] SPLmax [dB] SPLgms [dB] SPLmax [dB]
good wheel 39.4 36.4 42 37.4 39.5 37.9
flat wheel 52.6 47.6 52.5 47.7 53.3 47.7
difference 14.2 11.2 10.5 10.3 13.8 9.8
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Table 6 Maximum values and RMS in the spectrum from the envelope in the 8.16 Hz band + 0.25 Hz for SPL measured at two
different technical conditions of the tram wheels

Microphone 1 Microphone 2 Microphone 3
SPLgms [dB] SPLmax [dB] SPLgrus [dB] SPLwvax [dB] SPLgrus [dB] SPLvax [dB]
good wheel 373 325 35.7 32.1 37.6 33.8
flat wheel 50.1 45.3 48.6 44.1 49.9 45.5
difference 12.8 12.8 12.9 12 12.3 11.7

Based on the analysis of Figure 6 and Tables 4-6, it was found that for further research it is sufficient to use only one
microphone, because the differences between the quantities describing the audio signal in the frequency domain did
not exceed 3 dB. It was considered that both SPLrms and SPLwuax calculated in bands related to the first three harmonics
of the tram wheel rotational frequency can be used to detect wheel flats in urban rail vehicles. The sound pressure signal
measured by microphone no. 1 was used for further analysis and processing.

Figure 7 shows the FFT spectra obtained from recorded sound pressure signals during passage of trams without a
flat wheel (blue) and with a flat wheel (red) at a speed of 30 km/h.

[dB/20u Pa]
80

70+
60 \\

2
50+ o

S SN
40 A N :
30 N = 5
20+ g e e S
10

0,

o 1k 2k 3k 4k 5k ek 7k 8 ok 10k
Figure 7 FFT sound pressure spectra (red — flat wheel; blue — good wheel) for the speed of 30 km/h

Based in Figure 7 analysis, it was found that before performing envelope analysis, the signal should be filtered in
the 8 Hz £ 500 Hz band. The selection was made based on one of the visible resonance frequency ranges, while other
bands were also checked (e.g. 800 Hz and 4 kHz), which also shows an increase in amplitude. Figure 8 shows the spectra
of acoustic signal envelopes in the first three harmonics of the wheel rotational frequency 4.06 Hz + 0.25 Hz, 8.13 Hz +
0.25 Hz, 12.20 Hz £ 0.25 Hz marked, recorded at 30 km/h. Table 7 presents the results of calculations of RMS and
maximum values in the spectrum from the acoustic signal envelope in the bands of the first three harmonic rotational
frequencies of the wheel for measurements taken at a speed of 30 km/h.
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50

T T T T 1

0 12 14 16 18 20
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Figure 8 Acoustic signal envelope spectra (red — flat wheel; blue — good wheel) with the bands of first three rotational harmonic
frequencies of the wheel marked (30 km/h)
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Table 7 Maximum values and RMS in the spectrum from the envelope in the bands of the first three rotational harmonic
frequencies of the wheel for SPL measured at two different technical conditions of tram wheels

1st harmonic 2nd harmonic 3rd harmonic
SPLgys [dB] SPLyax [dB] SPLrws [dB] SPLyax [dB] SPLrws [dB] SPLyax [dB]
good wheel 9.6 4.2 4.3 0.2 9.5 4.6
flat wheel 19.4 14.7 19.5 14.8 20.2 14.6
difference 9.8 10.5 15.2 14.6 10.7 10
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Figure 9 shows the FFT spectra obtained from recorded sound pressure signals during the passage of tram without
a flat wheel (blue) and with a flat wheel (red) at a speed of 40 km/h.
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Figure 9 Spectrum of FFT sound pressure (red — flat wheel; blue — good wheel) for a speed of 40 km/h

Based in Figure 9 analysis, it was found that, as earlier, before performing envelope analysis, the signal should be
filtered in the 8 Hz £ 500 Hz band. Figure 10 shows the spectra of acoustic signal envelopes with the band marked of the
first three rotational harmonic frequencies of the wheel 5.44 Hz + 0.25 Hz, 10.88 Hz + 0.25 Hz, 16.32 Hz + 0.25 Hz,
recorded at a speed of 40 km/h.

[dB/20uPa]
50

10
[Hz]

Figure 10 Spectrum of acoustic signal envelopes (red — flat wheel; blue — good wheel) with the marked band of the first three
rotational harmonic frequencies of the wheel (40 km/h)

Table 8 presents the results of calculating the RMS and maximum values in the spectrum of the acoustic signal
envelope in the bands of the first three harmonic rotational frequencies of the wheel for measurements taken at a travel
speed of 40 km/h.

Table 8 Maximum values and RMS in the spectrum from the envelope in the bands of the first three rotational harmonic
frequencies of the wheel for SPL measured at two different technical conditions of tram wheels

1st harmonic 2nd harmonic 3rd harmonic
SPLgys [dB] SPLyax [dB] SPLrws [dB] SPLyax [dB] SPLrws [dB] SPLyax [dB]
good wheel 21.7 20.1 12.5 10 15.3 14
flat wheel 25.7 24.3 28.1 27.4 26.7 25.4
difference 4 4.2 15.6 17.4 11.4 11.4

The data obtained in tests were analyzed in terms of the possibility of determining a point measure that meets the
definition of the concept of diagnostic parameter. Sufficient width of the change field (sensitivity) was important in this
respect. The average difference X, between the values characterizing a good wheel and a flat wheel within the analyzed
speeds was calculated for all other measures. The second value was the coefficient of variation of CV_ of this difference.
The choice of measure determined the criterion of the maximum average difference with the minimum coefficient of its
variability characterized by the maximum quotient of these values. The results are summarized in Table 9.
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Table 9 Values ¥, CVg, and their quotient for cases analyzed

X, [dB] CVg, [%] X, /CVg,
SPLgms, 1st harmonic 7.4 41.0
SPLgms, 2nd harmonic 14.7 8.8
SPLgrwms, 3d harmonic 11.6 9.2
SPLmax, 1st harmonic 8.0 41.8
SPLuax, 2nd harmonic 14.4 21.6
SPLmax, 3rd harmonic 11.4 1.4

In accordance with the data presented, the best diagnostic parameter seems to be SPLuax calculated for the third
harmonic rotational speed of the wheel. Detailed results for this measure are shown in Figure 11.

50 - 45.3
i
o
— 25.4
m T
% g 14.6 14
3£ 10 4 4.6 (+11.4)
i o ‘ (+10.0) : : : [
20km/h 20 km/h flat 30km/h 30 km/h flat 40 km/h 40 km/h flat
good wheel  wheel good wheel  wheel good wheel  wheel

Figure 11 SPLwax calculated from the third wheel harmonic rotational speed for the passes analyzed

The indicated SPLvax measure was higher in the case of a wheel flat at 13 dB for the speed of 20 km/h, and over
15 dB for other speeds. Limit values should be determined individually by a given rolling stock operator, taking into
account the correlation between limit values and wheel speed. In vibroacoustic diagnostics it is assumed that a change
in the technical condition of the machine is indicated by a 6-decibel increase or by a decrease in the diagnostic parameter
(Cempel, 1993; Nizinski and Michalski, 2002). Based on the analysis of Tables 7-9 and Figure 11, it was found that both
SPLrms and SPLwax calculated in the bands associated with the first three harmonic rotational frequencies of the tram
wheel can be used to detect flat spots on the wheels of urban rail vehicles moving at a speed of 20 km/h and 30 km/h.
In the case of testing trams travelling at a speed of 40 km/h, it can be used to detect a flat wheel on the SPLgms and SPLvax
wheels for the second and third harmonic rotational frequencies of the tram wheels.

5 DISCUSSION

Nowadays the acoustic signal processing in railway field, especially in case of wayside wheel-flat detection system,
is not a popular solution. In comparison to other railway scientific articles, more often authors use the vibration signal
measured on the axle box or bogie frames to elaborate the vehicle (or rail) monitoring damage system, as in (Garcia-
Macias and Martinez-Castro, 2020; Kim et al., 2020). They have shown important estimation of dynamic response in time
and frequency range during vehicle passage through the rail infrastructure. The Hilbert and Fourier transforms (and also
other processing methods) in these two articles are used with significant efficiency in overall result. Furthermore, in
other scientific fields the acoustic impact (or impulse) processing is also very popular way to achieve the irregularity
detection system goal. In (Batrakov et al., 2010; Fan and Zuo, 2006; Raja et al., 2013; Sun et al., 2014) authors have
shown that Hilbert transform is a proper calculation method to extract the important information from sound signals in
different scientific fields. Therefore, signal modulation or decomposition process in most research cases was performed
using different methodology fitted to the each case study. The main article novelty in contrast to other scientific positions
is estimation of the diagnostic parameters (SPLrvs and SPLwvax) for the second and third rotational harmonic frequencies
of the wheel (using acoustic signals processing, not vibration). These two point measures were selected based on
proposed calculation method. What is more important, there are significant differences in dynamics of selected
parameters (between good and damage cases) thankful to signal demodulation process. Therefore, extraction of the
diagnostic information by proposed analysis steps was accomplished.
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6 CONCLUSIONS

The article presents the possibility of using acoustic signals to diagnose rail vehicle wheels in the context of detecting
defects in rolling surfaces such as wheel-flats. The procedure described uses a method based on Hilbert transform and
spectrum analysis of acoustic signal envelopes.

Based on the tests carried out, it was found that the acoustic signal recorded in close proximity to a passing rail
vehicle is a very good carrier of diagnostic information regarding the detection of flat wheels. The determined point
measures in the form of sound pressure levels MAX and RMS meet the requirements of diagnostic parameters taking
into account their dependence on travel speed. The highest sensitivity at the level of 13-15 dB was obtained by analyzing
the parameters for the second and third basic rotational harmonic frequencies of the wheel. The tests were carried out
in the 20-40 km/h speed range, which is in line with the actual speed range of trams in tram depots. In addition, it seems
that a better solution is to implement the diagnostic process for lower speeds due to Heisenberg uncertainty principle.
Limit values of diagnostic parameters indicated should be determined individually by a given rolling stock operator
depending on tram speeds. It is necessary to correlate these values to global costs of removing damage detected in the
estimation of external transport costs.

In addition, research shows that it is possible to reduce the measurement points to one, which may contribute to
reducing the total costs of building a diagnostic system. The method proposed can be complementary to existing
trackside diagnostic systems installed in rail vehicle depots. The microphone can be one of measuring elements, also
used to determine technical conditions of other components, e.g. running gear noise or detection of undesirable rattle
noise of elements that have worked loose. In this aspect, it is the direction of further research for the authors of this
paper.
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