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Abstract. Based on the wavelet packet analysis method with time-frequency analysis
characteristics, the measurement signal of the vibration system is processed for noise reduction,
the soft-hard threshold compromise wavelet denoising method used has the advantages of soft
threshold and hard threshold denoising, and through the introduction of compromise factors,
signal processing can be performed more flexibly in signal analysis. For the denoised signal, the
fundamental wavelet time-energy spectrum analysis, the main components of the signal can be
clearly displayed, and according to the distribution of its energy in each frequency band, the signal
characteristics can be displayed intuitively. Experimental results show: It can be determined that
there is a foreign body intrusion incident at a position 520 m away from the monitoring point,
rather than a normal train travel incident. In fact, we are walking back and forth at a distance of
about 520 m from the monitoring point, simulating the intrusion of illegal foreign objects such as
pedestrians and livestock beside the railroad tracks prove that analysis and judgment can be
known, the wavelet analysis proposed by the author can realize the monitoring and judgment of
some illegal foreign body intrusion incidents such as pedestrians and livestock.

Keywords: signal analysis, wavelet packet analysis, railway foreign objects, signal detection,
monitoring points.

1. Introduction

Wavelet analysis is also called multi-resolution or multi-angle analysis, is an analysis method
evolved from Fourier analysis, it has important applications in the functional analysis of basic
disciplines and the detection of signal systems, on-demand communications and digital fields, it
is also a very important mathematical analysis method in information detection and system setting
detection [1]. Among the signals generated by the vibration fault of the steam turbine, wavelet
analysis can handle unstable signals, and only need to perform simple binary processing and
normal exchange, can meet the testing needs. As shown in Fig. 1, in vibration fault engineering,
wavelet analysis decomposes the vibration generated by the steam turbine into band-pass filtering
and low-pass filtering, decompose the vibration wave generated by the steam turbine into two
different sub-signals, in a short time, it helps inspectors to complete inspection tasks to achieve
the purpose of inspection [2].

The major contribution of this article proposes a wavelet analysis framework to realize Fourier
transformation and conversion processing, the processing effect of the signal with a longer period
is better, because when a steam turbine fails. Its internal vibration signals are all generated by
pulses, however, the structure of the steam turbine is very complex and requires high precision,
and it is difficult to maintain and inspects. This results in the fault characteristics and fault signal
pulses are very secret and difficult to find, at the same time. The noise generated by other normal
operating equipment parts inside the steam turbine will cover it up, it is difficult for inspectors to
find problems during maintenance, but with the help of wavelet analysis, the existing technical
loopholes and shortcomings can be change, it analyzes the energy frequency band generated by

ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460 1139


https://crossmark.crossref.org/dialog/?doi=10.21595/jve.2022.22319&domain=pdf&date_stamp=2022-09-24

RAILWAY FOREIGN BODY VIBRATION SIGNAL DETECTION BASED ON WAVELET ANALYSIS.
CHENGJIE WEI, ZHONGHUA MU, MOHAMMED WASIM BHATT

the equipment independently and realize a separate detection record, quickly and effectively lock
the frequency band generated by the fault [3].

The rest of this article is systematized as: Section 2 representing literature review followed by
the methods described in Section 3. Section 4 provides the experimental results and analysis and
conclusion is presented in Section 5.
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2. Literature review

Hassan and Bruni [4], linear array CCD measurement system, through the collection,
processing and analysis of wheel and rail vibration signals, in order to realize the detection of train
wheel failure. Based on semiconductor lasers and linear array sensors, designed a set of rail
vibration measurement system that is not disturbed by roadbed vibration, realize the fast and
high-precision online measurement of the train wheel/rail status in high-speed operation [5]. Gupta
and Mittal [6], used a phase-sensitive optical time domain reflectometer, collection and analysis
of rail vibration signals, in order to realize the positioning and speed measurement of the train.
Al-Obaidi [7], uses the vibration acceleration detection method of train wheels, propose a method
to detect the flat wheel signal of the train. Qi et al. [8], uses an acceleration sensor based on mEms
technology, designed a set of vibration detection system, the monitoring and analysis of railway
vibration signals provide a reasonable basis for the detection and judgment of railway vibration
faults. Michalak et al. [9], proposed a special railway mobile communication system LTE-R (Long
Term Evolution for Railway) method for wireless positioning of high-speed trains. Zhen et al.
[10], designed a system based on GPS/DR/mm (global positioning technology, dead reckoning,
map matching) combined positioning technology, in order to achieve real-time acquisition of train
trajectory information. On the basis of GNss train positioning theory, Qiu Wangzhi, use GPS and
Beidou satellite navigation and positioning system to realize real-time positioning of trains. Sun
et al. [11], proposed a train positioning method based on Beidou/sINS (strapdown Inertial
Navigation system) fusion, provides train positioning data with higher accuracy for train
operation. The authors have proposed a multi-sensor information fusion positioning method based
on speed sensors, reduce the number of query transponders used to improve the accuracy of train
positioning. Wang et al. [12], believes that in the train positioning subsystem, multi-sensor
information fusion technology will be possible to meet the requirements of train operation control
accuracy. The multi-sensor positioning system they built mainly includes radar, fiber optic
gyroscope, speed sensor and query transponder. Xueyi et al. [13], proposed a train positioning
method based on map matching, this method must first have a map database, the database contains
the angular velocity corresponding to each coordinate position point, accurately measure angular
velocity through fiber optic gyroscope, then compare it with the angular velocity in the map
database, furthermore, the current position of the train is determined according to the coordinate
position points in the map database. Zhang et al. [14], Using phase-sensitive optical time domain
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reflectometer technology to collect and analyze rail vibration signals, in order to realize the
positioning and speed measurement of the train. This technology uses only existing trackside
optical cables, no need for additional construction workload, good real-time performance, it has
many advantages such as simple installation, long service life, low maintenance cost, strong
anti-interference ability, and large-scale distributed detection. The author will first denoise the
measurement signal based on the compromise threshold method of wavelet analysis, then the
signal is analyzed based on the wavelet energy spectrum method to identify the operating state of
the system. Balyan [15], proposed a scheme for relay selection for users experiencing poor service
on the basis of angle and coverage. The experimental analysis shows the dominance of their
scheme over other relevant works. Saini and Balyan [16], proposed a scheme to reduce the
code-blocking effect by implementing non-blocking codes. Their scheme achieves benefits for
both single and multi-code options. Babalola and Balyan [17], proposed a scheme to enhance the
transmission efficiency of visible light communication systems. Their work provides a simple
encoding structure and presents a minimal number of redundancies to achieve energy efficiency.
Yan et al. [18], proposed an image processing-based defect inspections scheme. Their approach is
very effective in detecting defects and surpasses other image-processing-based approaches for
defect detection. Kansal et al. [19], introduced a study for the performance analysis of WiMAX
system. The observed results illustrate the reduction in signal-to-noise ratio.

3. Methods
3.1. Introduction to wavelet analysis

The essence of wavelet transform is to express the process of signal equation with carefully
selected basis. Each wavelet transform will have a mother wavelet W(t), there is also a scaling
function, after scaling and panning the two, the basis function set of any wavelet transform can be
obtained [15].

The continuous wavelet transform of signal f (t) is defined as:

-b
Wiab) =—— [ wf@w(—)a. (1)

7=l

Its inverse transformation (recovered signal or reconstructed signal) is:

£ = % f f f ROXR W, (a, b)¥ (?) da db. 2)

The two coefficients of wavelet a, b represent the expansion factor and translation factor of
signal decomposition, can describe the frequency domain information and time domain
information of the signal respectively, the parameter a can also be called a scale factor, which is
used to decompose the signal in different frequency domains, perform multi-scale analysis.

The discrete wavelet transform of signal f(t) is defined as:

+oo
W, (2, 20k) = 27972 f F(O Y2 x — k)dt. 3)
Its inverse transform (return signal or reconstructed signal) is:

£(6) = CZ,_: Zk__mwf @), 27k (8). @)

ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460 1141



RAILWAY FOREIGN BODY VIBRATION SIGNAL DETECTION BASED ON WAVELET ANALYSIS.
CHENGJIE WEI, ZHONGHUA MU, MOHAMMED WASIM BHATT

3.2. The compromise threshold method of wavelet coefficient estimation

Wavelet threshold denoising includes soft threshold and hard threshold denoising methods,
that is, among the many wavelet coefficients, the coefficient with the smaller absolute value is set
to zero, keeping or shrinking the coefficients with larger absolute values corresponds to the hard
threshold and soft threshold methods respectively [16]. In the research of this project, by
comparing and analyzing the characteristics of wavelet threshold denoising methods based on soft
threshold and hard threshold, the soft-hard threshold compromise method is proposed, and the
soft-hard threshold compromise method model for wavelet coefficient estimation is defined as:

A {Sgn(wj,k)(|“’j,k| —al), |w|z 4,
Wy = (5)
0, |w]',k| < A,

where w; , represents the wavelet coefficient of signal decomposition, @;  represents the wavelet
coefficients corrected by the compromise threshold method, A corresponds to the threshold of the
corresponding decomposition layer. In addition, 0 < a < 1. In particular, when taking 0 and 1,
respectively, the above formula corresponds to the hard threshold and soft threshold estimation
methods. For general 0 < a < 1, the size of the data @;  estimated by this method is between the
soft threshold and hard threshold methods. The a size adjusted appropriately between 0 and 1, can
obtain a better denoising effect [17].

3.3. Wavelet packet energy spectrum

According to the expression of wavelet decomposition, the wavelet transform obeys the
conservation of energy, there are:

[ e = ff Wy, )] 222, ©)

R><R

The above formula can be rewritten into the following two forms:

[ e - f(f LI ol )db, %
j|f(t)| dt = j(j |Wf(a bl ) (8)

Define separately:

2
B (a) = j Mda' ©)
R

2
E,(b) = f M‘ib’ (10)
R

where E;(a) and E; (b) respectively represent the distribution of energy in time coordinate and
scale coordinate. E;(b) is a function containing only time parameters, which is subjected to
spectrum analysis, the frequency information of the energy distribution of the signal to be analyzed
can be obtained, which can be used to analyze the unsteady signal, that is, the speed-up signal in
this project. E; (a) is a function containing only the scale parameter a, according to the number of
decomposition layers, we can get the distribution of energy in different frequency bands, it can be
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used to analyze steady-state signals, and by comparing with normal signals, fault signals can be
identified [18].

4. Experimental results and analysis

On the rails, there are mainly two types of incidents: normal train driving and the intrusion of
illegal foreign objects. So if you want to monitor and determine the intrusion of illegal foreign
objects, first, it needs to be able to realize the monitoring and judgment of normal train driving
events. Then, according to the characteristics of these two types of different events, the normal
train operation and the invasion of illegal foreign objects are distinguished [19]. From a certain
moment, use the ®-OTDR (optical time-domain reflectometer) system to collect the original
signal of a certain section of high-speed rail train line in a certain southern high-speed rail station
for a period of time, that is, the backscatter light signal along the railway track, which reflects the
vibration signal along the railway track [20].

Fig. 2, Fig. 3 and Fig. 4, Fig. 5 are from different moments in a period of time, the original
signal collected at the position of 1954 m from the monitoring point and the sub-picture of each
signal processing effect.
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Fig. 4. The original signal at 1954 m at another time Fig. 5. Filtered signal at 1954 m at another moment

Taking into account the particularity of the train, the normal train length is generally 400 m.
When the train passes through this point normally, at least one location point within the range of
100 m-200 m before and after the location point has an event, and the foreign body intrusion event
is usually a point, therefore, there has been no incident at any point outside the range of several
tens of meters before and after the point of occurrence [21].
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Figs. 6 and 7 are sub-pictures of the original signal and the effect of each signal processing at
a position 1803 m 151 m in front of the 1954 m position point, it can be seen from the figures that
an event occurred during the 4 s-8 s period. Figs. 8 and 9 are sub-pictures of the original signal
and the signal processing effect at the position 2162 m 208 m behind the 1954 m position point,
it can be seen from the figures that an event occurred during the period of 0 s-6 s. That is to say,
there are incidents at the left and right positions in the range of 150 m-200 m before and after the
position point, the duration of the entire distance exceeds 350 m, so it can be inferred that this is
a signal for normal trains, it is not an illegal foreign body invasion incident [22].
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In order to ensure the safety of public personnel, livestock and trains, and some of the railway
infrastructure is free from malicious damage, railroad tracks are considered to be a relatively
closed environment, in addition to normal railway staff and authorized behavior, do not allow
other unauthorized acts and incidents of illegal intrusion into the railroad tracks, therefore, it is of
great significance and function to monitor the illegal intrusion of railroad tracks [23, 24]. The
optical fiber laid beside the railway track will be disturbed by pedestrians and livestock walking
beside the railway track, the refractive index and length of the fiber at the corresponding position
will change, this will cause a change in the light phase at that location. Since the light source is a
strong coherent laser light source, so the final phase change will cause the light intensity to change
due to interference, the specific location of the intrusion can be calculated through periodic light
intensity changes and time delays.

Under the theory of wavelet analysis, sampling and wavelet frequency operation are the main
tasks of the whole detection, because the vibration signal of each rotor in a steam turbine is
different, the signal frequencies generated by different vibration signals are calculated in cycles
and data collection is realized, during the operation of the steam turbine, the sampled data needs
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to be set periodically, the set period is the sampling frequency, generally, the data of the sampling
setting is the number of whole cycles in order to sample and analyze and get the specific frequency
range, at the same time, it can be known according to the vibration characteristics of the internal
rotor of the steam turbine and the vibration signal, when performing operations after sampling,
multi-scale decomposition of the signal source is required, and confirm the frequency range,
starting from the signal of the wavelet classification at the top level, it is calculated by the number
of cycles step by step, by analogy, the signal frequency range of each level can be obtained
[25, 26]. In addition, the fault signals generated during counting and pulse statistics are also
obstacles to detection that wavelet analysis often encounters, the fault signal characteristics of the
machine need to be extracted in advance and loaded with a computer, the fault identification
methods used in different modes are different, therefore, it is very important to accurately locate
the signal frequency band where the fault is located before performing wavelet analysis, otherwise,
the signal source strength will be reduced due to improper selection of frequency bands or uneven
sampling in the later stage, the weak fault information is hidden in the frequency band, which
increases the complexity and difficulty of the operation [27, 28].

5. Conclusions

For the initial signal with noise, first, the initial signal is denoised based on the wavelet packet
denoising method of compromise threshold, remove the influence of noise, then, based on the
wavelet energy spectrum method, the proportion of the de-noised signal in each frequency band
is calculated, it can effectively extract the distribution characteristics of the measured signal and
identify the state of the system. The effectiveness of the method is verified from simulation
examples and actual measurement signal analysis. Experimental results show: It can be
determined that there is a foreign body intrusion event at a location 520 m away from the
monitoring point, rather than a normal train driving event. The experiments are conducted by
walking around 520 m from the monitoring point to simulate the intrusion of pedestrians,
livestock, and other illegal foreign objects near the railway track. It is observed from the
experiment that wavelet analysis can realize the monitoring and judgment of some illegal foreign
body intrusion incidents such as pedestrians and livestock.
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