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1. Introduction

The increasing volume of freight traffic and the increase 
in the speed of trains increase the role of operational control 
of rolling stock units parameters from the point of ensuring 
traffic safety. The element that has the greatest effect on 
traffic safety is the locomotive wheel pair and its interaction 
with the rail track [1].

To reduce the power of the wheel flange interaction with 
the rail head when the locomotive moves on curved tracks, 
it is advisable to change the locomotive wheel-rail angle of 
attack by turning the wheel pairs. Controlling the position 
of the locomotive wheel pair is possible by means of an oper-
ational measurement of the actual wheel-rail angle of attack.

To implement such system, reliable information on the 
wheel-rail angle of attack is needed. Existing methods for 
determining the wheel-rail angle of attack without the 
installation of a stationary sensor on the railway track use 
indirect measurements to calculate the value of the angle of 
attack and do not reflect the processes of force interaction 
between the wheel and the rail. The existing methods for 
determining the wheel-rail angle of attack involve obtaining 
data in post-processing. The development of a method for 
the wheel-rail angle attack control will allow developing a 
system for automatic control of the wheel pair position in the 
rail track, thereby improving the quality of control, safety of 
movement in curved sections of the track, and reducing the 
wear of wheels and rails.

The existing systems for monitoring the locomotive 
wheel-rail angle of attack are imperfect and contain a large 
number of unconfigured devices and various control meth-
ods. To stimulate the work aimed at improving the existing 

systems for monitoring the wheel position relative to the rail, 
a single standard is being developed in Europe based on the 
developed TSI instructions.

The operational control of motion parameters is possible 
with the help of non-destructive testing systems [2]. One 
of the most important tasks of the non-destructive testing 
system is obtaining objective information about the current 
state of the material of structures and about the deviation 
of the operation of mechanisms or technological processes 
from normal modes in real time. Recently, the method of 
acoustic emission (AE), which can in principle be used to 
obtain objective information, is increasingly used [3]. The 
method of acoustic emission makes it possible to identify 
mechanical processes by their acoustic images recorded on 
certain frequency bands.

When the locomotive moves, the wheel interacts with 
the rail, resulting in the generation of acoustic emission 
(AE). As the stresses in the wheel-rail contact increase, nu-
merous emission sources are activated [4].

The increase in the speed of movement of the railway 
rolling stock increases the dynamic component of the forces 
acting in the “wheel-rail” system, which leads to an unpro-
ductive waste of energy for traction and premature wear of 
the running parts of the locomotive and the track. Dynamic 
properties of the carriage in the horizontal plane and lateral 
wear of the wheel flange and the rail head depend on the 
wheel-rail angle of attack, the state of the carriage part of 
the locomotive, which can be effectively influenced by the 
automatic control of the movement of the wheel pair.

Currently, the wheel position relative to the rail is not 
monitored on the Ukrainian rolling stock. In Western coun-
tries, sensors of capacitive and inductive types are used to 
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monitor the wheel position relative to the rail. The control is 
most often carried out in subways and places with increased 
security requirements (bridges, tunnels). In the existing 
systems of turning wheel pairs in the horizontal plane, the 
wheel-rail angle of attack is not controlled, which leads to 
intensive wear of the wheel and rails, a decrease in safety and 
stability of movement.

2. Literature review and problem statement

Scientific research in the field of improving the design 
and manufacturing technology of locomotives, as well 
as their interaction with the railway, are aimed mainly 
at improving the dynamics of locomotives and reducing 
frictional wear of wheel tires – as a consequence of their 
force interaction with rails. Among the determining factors 
influencing the process of wear of tires, devices for radial 
installation of wheel pairs in curves have been identified. 
They improve the contact conditions of the flange with the 
rails, reducing the guiding force and increasing the contact 
area of the flange with the rail, and thus reducing the aver-
age pressure on it, and hence the wear more than 2 times. 
To evaluate the wear of wheel tires, the “forecast-wear” 
criterion is used, in which the load on the contact and the 
flange-rail angle of attack are introduced. The criterion 
allows predicting the wear of wheel tires at the design stage 
and during the operation of locomotives and makes it possi-
ble to assess the wear of the wheel tires when driving along 
the path of any configuration, including direct ones, as well 
as equipping them with devices for radial installation of 
wheel sets in the curves [5]. However, when designing new 
locomotives, it is proposed to use only structural changes 
without controlling the locomotive wheel pair position in 
the rail track. Structural changes in the locomotive im-
prove the dynamic performance, reduce the wear of the lo-
comotive wheel flange only in curved sections of the track 
with a radius of curvature of more than 1,200 meters. In the 
curved sections of the path less than 1,200 meters, a forced 
rotation of the locomotive wheel pairs is necessary. To 
create a system of automatic rotation of a locomotive wheel 
pair, it is necessary to measure the locomotive wheel-rail 
angle of attack in real time in the driving mode.

The online wheel parameter determination system can 
realize contactless, dynamic and real-time measurement 
when the train speed is less than 5 km/h [6]. Calculation of 
the wheel-rail angle of attack is possible only at speeds up to 
5 km/h, which is unacceptable for the automatic control sys-
tem of the wheel pair position. The online system is installed 
permanently and it does not allow measuring the locomotive 
wheel-rail angle of attack along the entire route of the loco-
motive. It also can not be used to create a system for the au-
tomatic turning of the locomotive wheel pair, because there 
is no feedback to control the angle of attack.

An alternative method of monitoring the wheel pair 
position in the rail track is video recording [7]. This method 
does not provide an operative estimate of the wheel-rail an-
gle of attack, therefore it is not suitable for control systems 
of the locomotive wheel pair position in the rail track. The 
measurement of the locomotive wheel-rail angle of attack in 
the driving mode is impossible with this method, since the 
values are obtained in post-processing.

One of the ways to determine the wheel-rail angle 
of attack is according to a predetermined route and the 

track parameters [8]. The locomotive wheel-rail angle of 
attack is determined by the geometric parameters of the 
track, the wheelbase of the locomotive, the location of the 
locomotive by the navigation system with an accuracy of 
up to 15 meters. But this method allows you to determine 
the predicted approximate angle of attack and therefore 
is not suitable for the automatic control system in the lo-
comotive motion mode. In this way, control is impossible 
because of the lack of real values of the locomotive wheel-
rail angle of attack.

The known method of measuring the contact forces in 
the wheel-rail contact allows determining the wheel-rail 
angle of attack by the movements of the locomotive frame 
and carriage [9, 10]. This method does not take into account 
the rotation of the wheel pair relative to the rail and the 
deviation of the path, which leads to additional errors in 
calculating the locomotive wheel-rail angle of attack. In the 
curved section of the track with a radius of 350 meters, the 
error in measuring the locomotive wheel-rail angle of attack 
reaches 60 %.

When the locomotive passes through curved sections 
of the track, the wheel-rail angle of attack and the specific 
modes of vibration of the contacting bodies change [11, 
12]. However, in these studies, there is no correlation 
between the wheel-rail angle of attack and vibration pro-
cesses. Establishing the relationship between the locomo-
tive wheel-rail angle of attack and vibration processes in 
the wheel-rail contact would allow measuring the locomo-
tive wheel-rail angle of attack in the motion mode along 
the entire route.

From the literature review, it follows that the measure-
ment of the locomotive wheel-rail angle of attack in the 
motion mode on the entire route was not carried out. The ap-
proximate value of the locomotive wheel-rail angle of attack 
in the driving mode can be obtained by passing the curved 
track section with a radius of more than 1,200 meters. The 
greatest wear of the locomotive wheel occurs when passing 
the curved track section with a radius less than 1,200 me-
ters, which requires a forced rotation of wheel pairs with the 
measurement of the locomotive wheel-rail angle of attack in 
the motion mode.

3. The aim and objectives of the study

The aim of the paper is an experimental study of the 
method of the locomotive wheel-rail angle of attack control 
using acoustic emission.

To achieve the aim, the following tasks were set:
– to justify the use of the acoustic emission method to 

determine the locomotive wheel-rail angle of attack;
– to develop an information measuring system for 

determining the locomotive wheel-rail angle of attack in 
real time;

– to reveal the dependence of the acoustic emission of 
the contact interaction of the locomotive wheel with the rail.

4. Materials and methods of research
When considering the process of rail oscillations under 

the action of a locomotive, the impact of the dynamic load 
can be considered as an exciting harmonic force [13]. In this 
case, the vibrational motion of the rail for simplification is 
represented as a rod, described by the fourth-order partial 
differential equation:
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where y, x is the vertical and horizontal displacement of the 
rod points; ρ is the density of the material; E is the modulus 
of elasticity of the material; F is the amplitude of the exciting 
force; Ω is the frequency of the exciting force; χ is the param-
eter connecting the cross-sectional area of the rod with the 
moment of its inertia.

Elastic vibrations arising during the locomotive move-
ment on the rail represent an acoustical-vibrational process, 
the physical nature of which is complex and has several com-
ponents. When studying the process of interaction between 
a railway and a locomotive, it is expedient to construct 
computational schemes and models in which this complex 
vibrational process is divided into the following separate 
constituent types of oscillations:

– vertical;
– horizontal transverse;
– horizontal longitudinal.
Depending on the geometric parameters of 

the wheel and rail, oscillations with different 
amplitude and frequency arise in them, which in 
turn depend on the resonance zones of the wheel-
rail dynamic system, when considering it as a 
mechanical oscillatory system [14].

The mathematical model of oscillations of a 
railway rail rigidly fixed on two supports (sleep-
ers) is represented by the theory of oscillations 
of elastic rods and the string theory closely related to it. In 
deriving a mathematical expression describing the process of 
rail oscillations, a smooth transition from the wave equation 
of vibrations of a flexible string, which is a second-order 
differential equation, to the wave equation of an elastic rod 
rigidly fixed on fixed supports is used. In the mathematical 
description of rail oscillations, the wave equation of an elas-
tic rod rigidly fixed on fixed supports is used.

To calculate a number of natural frequencies of oscilla-
tions ν arising in the rod, the formula [15] is used:

1
2
1 1 1

,
2i il S

Επ
υ = ⋅β

⋅ ⋅ρ
    (2)

where l1 is the distance between the supports (the spacing 
interval of the railway); I1 is the moment of inertia of the 
section; ρ1 is the density of the rod [20]; E1 is the Young’s 
modulus; β0=1.505; β1=2.4997; βn≈n+1/2 (n>2); βi are the 
roots of the frequency equation of the form cos(πβ)*ch(πβ)=1 
[21]; S1 is the rod cross-section.

As can be seen from (2), the frequency of free oscillations 
of a rod fixed at both ends depends on its physical (mod-
ulus of elasticity, density) and geometric (length, moment 
of inertia, cross-sectional area) characteristics. It follows 
from expression (2) that the frequency of free oscillations 
of the rod depends on its physical and geometric character-
istics. That is, the frequency can be defined as a function  
υ=f1(l1, ρ1, I1, E1, S1), therefore, changing one of these rod 
parameters will change the frequency (frequency spectrum) 
of its free oscillations.

As the angle of attack increases, the contact area shifts in 
the direction of motion. This displacement leads to a change 
in the acoustic emission spectrum and the appearance of an 
undesirable longitudinal component of the vertical load, and 
as a result, an additional destabilizing moment appears that 

acts in the horizontal plane. The flange contact of the loco-
motive wheel flange with the rail leads to unstable driving 
regimes and the propagation of acoustic emission occurs 
predominantly in the radial direction.

With the purpose of revealing an informative sign of the 
wheel-rail angle of attack, an analysis of the investigated 
spectrum of acoustic emission is performed.

The investigated acoustic emission spectrum is the total 
acoustic signal from the wheel pair and rail, generated de-
pending on the roughness of the wheel pair, rail roughness, 
contact force interaction, and vibration processes in wheel-
rail contact. The investigated spectrum of acoustic emission 
is the total acoustic signal from the contact force interaction 
between the wheel and the rail. The scheme for the formation 
of acoustic emission from the wheel-rail contact when the 
locomotive moves is shown in Fig. 1.

In accordance with the studies [16], the influence of 
various factors on the occurrence of acoustic emission was 
revealed.

Simulation of the processes makes it possible to separate 
and determine the acoustic emission components emitted 
from the wheels, rails and sleepers.

The study of the acoustic emission spectrum from the 
wheel-rail contact is carried out by dividing into groups:

1) acoustic emission of rolling;
2) acoustic emission as a result of impacts;
3) squealing;
4) shrieking.
The mechanism of three types of acoustic emission for-

mation from the wheel-rail contact is shown in Fig. 2.

a                         b                         c 
 

Fig. 2. The scheme for the formation of acoustic emission 
in the wheel-rail contact: а – AE from rolling, b – AE from 

lateral displacement, c – AE from flange contact

For the rolling region, the assumed loading function can 
be represented as the spectra of periodically repeating pulses 
and can be expanded into a Fourier series of the following 
type [17]:

0
1( ) ( cos sin ),

2
A

S t A t B t∞
υ= υ υ υ υ= + Σ ⋅ ω + ω   (3)

 

Fig. 1. The scheme for the formation of acoustic emission in the wheel-rail 
contact
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Coefficient BV decreases inversely proportional to the 
number of the harmonic.

From the values of the transverse acceleration spectral 
density power of the wheels and the sound pressure level, 
the following classification of acoustic emissions is defined:

– the wheel and the rail are in the stable operating mode, 
there is no shrieking: the noise level is less than 80 dB;

– wheel and rail wheel vibrations increase, the noise from 
the rail wheel is predominantly at 1,490 Hz, the lateral dis-
placement is 80÷90 dB;

– the wheel is in an unstable operating mode, the noise 
from the wheel is predominantly at a frequency of 1,090 Hz, 
the sound pressure level is 90÷110 dB.

The level of sound pressure from rolling increases with 
increasing speed, in proportion to the logarithm of speed [18]:

0
0

lg ,p

V
P P N

Vυ

 
= + ⋅   

    (6)

where 0V  is the speed of motion; 0Pυ  is the sound pressure 
level at speed.

The speed is determined from the baseline linear regres-
sion measurements and usually takes N values in the range of 
25 to 35, in the calculations it is assumed to be 30.

With the double increase in speed, it corresponds to an 
increase in the sound pressure level by 8÷10 dB.

5. Results of studies of the method of the locomotive 
wheel-rail angle of attack control

On the basis of experimental studies [19], it can be 
concluded that the level of sound pressure emitted from 
undamped wheels increases in proportion to the speed of 
movement and the angle of attack. Squealing disappears 
completely when the wheel flange comes into contact with 
the side surface of the rail.

The formula (6) for the dependence of the sound pressure 
level on speed is used in the analysis of acoustic emission 

from the wheel-rail contact and the estimation of the wheel-
rail angle of attack.

The possibility of using acoustic emission to determine 
the wheel-rail angle of attack is considered, based on the 
methods and algorithm for analyzing the acoustic emis-
sion spectrum for determining the frictional conditions 
of contacting, when creating an automatic lubrication 
system for contacting surfaces [20]. The algorithm for 
analyzing the acoustic emission spectrum for determining 
the frictional conditions of contact between the loco-
motive wheel and the rail is taken as the basis for pro-
cessing the experimental data obtained from the rolling  
station.

With the purpose of revealing an informative sign for 
determining the angle of attack, experimental studies 
of acoustic emission from the wheel-rail contact under 
various interaction conditions have been carried out. 
As a result of experimental studies, it was revealed that 
the acoustic emission spectrum is not uniform, at some 
frequencies the sound pressure level significantly exceeds 
the equivalent sound pressure level. According to experi-
mental data, graphs of the frequency change in the sound 
pressure level for different types of interaction (the level 
of sound pressure from impact interaction, flange interac-
tion and rolling) are obtained (Fig. 3).

Fig. 3. Graph of dependence of acoustic emission of  
wheel-rail contact interaction

The flange contact can be uniquely identified by the 
sound pressure level in the frequency range from 800 to 
4,000 Hz.

The analysis of acoustic emission is shown in Table 1.
The type of wheel-rail contact interaction is determined 

by the coefficient:

( )
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   (7)

where the numerator is the power of the AE in the frequency 
range (2,000÷10,000), and the denominator is the power of 
the AE in the entire frequency range.

Depending on the value, the type of contact interaction 
is determined (Tables 1, 2).

For the purpose of determining the wheel-rail angle of 
attack, an acoustic emission test is conducted under vari-
ous conditions of mutual installation of the wheel and rail. 
Experimental studies of acoustic emission were performed 
using an improved field roller stand [21]. The scheme of the 
stand is shown in Fig. 4.
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Table 2

Type of wheel-rail contact interaction

AE from rolling AE from impact
AE from flange 

interaction

kk=0.0499 kk=0.3211 kk=0.9064

Fig. 4. Scheme of the roller stand: 1 – the semi-frame of the 
rigid wheel pair (RWP), 2 – the semi-frame of the elastic 

wheel pair (EWP), 3 – the pivot connection to the carriage 
half-frames, 4 – the guide device with the force sensor,  

5 – the rails (imitation), 6 – support rollers, 7 – sensors 
for lateral movements of wheel pairs of EWP and RWP,  

8 – track roller frame, 9 – articulated rod holding 
experienced carriage on a roller stand, 10 – ballast plates 

for loading an experienced carriage, weight of  
one plate is 3.5 t

The layout of the measuring equipment is shown in 
Fig. 5.

Fig. 5. The layout of the measuring equipment:  
1 – stand roller magnet, 2 – speed sensor, 3 – microphone, 

4 – analog-digital card, 5 – sound level meter

Experimental measurements were carried out under 
the condition of a dry frictional state of the wheel-rail 

contact. The range of variable parameters of the wheel pair 
movement:

– wheel-rail angle of attack 0.0; 0.20...1.50;
– speed of the wheel pair at 10 and 15 m/s in the traction 

mode;
– vertical load on the wheel 110 kN;
– relative slip not more than 1.5%.
The acoustic emission study was performed using the 

SoundRuler software [22, 23].
Examples of processed data using the SoundRuler tool 

for different angles of attack are shown in Fig. 6. The graphs 
show that the maximum values of the sound pressure level are 
located in the frequency range from 200 to 300 Hz. The maxi-
mum deviation of the sound pressure level from the equivalent 
sound pressure level varies depending on the angle of attack.

 
 
 
 
 
 
 
 
 
 
 
а 
 
 
 
 
 
 
 
 
 
 
 
 
b 

Fig. 6. Results of spectral analysis of AE from the wheel-rail 
contact for a speed of 15 m/s: а – angle of attack of  

0 mrad; b – angle of attack of 3.5 mrad

The analytical dependence of the deviation of the sound 
pressure level on the dominant frequency from the equiva-

Table 1

Analysis of acoustic emission from the wheel-rail contact interaction

Parameters of AE AE from rolling AE from creep
AE from flange 

interaction
AE from impact 

interaction

The value in the frequency 
band to the peak

Frequency (Hz) 315 5,000 4,000 1,000

P (dBA) 88.6 90.1 95.3 95.8

The value at peak  
frequency

Frequency (Hz) 400 6,300 5,000 1,250

P (dBA) 91.1 111.1 101.9 99.7

The value in the frequency 
band after the peak

Frequency (Hz) 500 8,000 6,300 1,600

P (dBA) 88.4 86.9 97.5 92.4

Difference in sound  
pressure level

Δ1 2.5 21 6.6 3.9

Δ2 2.7 24.2 4.4 7.3

Notes: P is the sound pressure level; Δ1 is the difference in the sound pressure level at the dominant frequency and before the dominant fre-
quency; Δ2 is the difference in the sound pressure level at the dominant frequency and after the dominant frequency
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lent level at different wheel-rail angles of attack is described 
by a third-order polynomial:

3 2
0 0 0 0( ) 0.0001 0.002 0.0602 0.1206,ij P P P Pφ = ⋅ − ⋅ + ⋅ +  (8)

where 0( )ij Pφ  is the wheel-rail angle of attack, mrad; P0 is 
the level of sound pressure from the “wheel-rail” contact at 
the dominant frequency, dB.

6. Discussion of results of the study of the angle of attack 
measurement by acoustic emission

The obtained results confirmed the assumptions that 
the acoustic emission spectrum changes with changing the 
wheel-rail angle of attack.

In the frequency range from 200 to 300 Hz, the maxi-
mum deviation of the sound pressure level from the equiv-
alent sound pressure level is observed. By the magnitude of 
the maximum deviation from the equivalent sound pressure 
level at the indicated frequencies, it is possible to measure 
the value of the wheel-rail angle of attack.

Based on the results obtained, we come to the conclusion 
that it is possible to determine the angle of attack by the 
method of acoustic analysis. The estimation of the angle of 
attack is carried out using a special algorithm for processing 
information, which is received from a microphone directed 
to the wheel-rail contact. According to this algorithm, in the 
discrete mode, the maximum deviation of the sound pres-
sure level from the equivalent level for these frequencies is 
obtained. According to the obtained values, the locomotive 
wheel-rail angle of attack is determined in accordance with 
the established analytical dependence of the deviation of 
the sound pressure level at the dominant frequency from the 
equivalent level.

Due to the non-contact measurement of the locomotive 
wheel-rail angle of attack in the driving mode, it becomes 
possible to monitor the angle of attack.

The results of the experimental research obtained on the 
field roller stand can also be used on the locomotive. Howev-
er, to fully assess the adequacy of the obtained dependencies, 
an experimental check on the locomotive is necessary.

The obtained dependence of the sound pressure level on 
the wheel-rail angle of attack can be used in the synthesis of 
the automatic control system for the wheel pair position in 
the rail track.

Studies of acoustic emission at the roller stand, where 
the rail is replaced by a roller, are a continuation of the 
research on the stand with two rollers. Further studies of 

acoustic emission on the locomotive should be performed. 
If the wheel pair can be rotated relative to the roller on the 
roller stand and the angle of attack is measured or set, then 
to measure the locomotive wheel-rail angle of attack, it is 
necessary to install sensors along the railroad track. And 
after that, already to carry out experimental studies that are 
costly and time-consuming to install sensors and conduct 
a series of experiments. In addition, in order to obtain all 
the values of the locomotive wheel-rail angles of attack and 
the corresponding deviations in the sound pressure level, 
curved sections of the track with a radius of 150 meters to  
2,000 meters are necessary.

7. Conclusions

1. It has been established that the level of sound pressure 
emitted from undamped wheels increases in proportion to 
the speed of movement and the angle of attack. A double 
increase in the locomotive speed corresponds to an increase 
in the sound pressure level from the wheel-rail contact by 
8÷10 dB. The study of the acoustic emission spectrum from 
the wheel-rail contact was carried out by dividing into four 
groups: acoustic emission of rolling, acoustic emission as a 
result of impacts, squealing, shrieking. Due to the separation 
of the AE into groups, it was found that the wheel is in an 
unstable operating mode, mainly at a frequency of 1,090 Hz 
and an acoustic pressure level of 90÷110 dB.

2. The estimation of the angle of attack is carried out 
with the help of a well-known algorithm for processing in-
formation, which is received from a microphone directed to 
the wheel-rail contact. The information measuring system in 
discrete mode processes acoustic emission from the wheel-
rail contact and sends the values of the maximum deviation 
of the sound pressure level from the equivalent level in the 
frequency range from 200 to 300 Hz. By the values of the 
maximum deviation of the sound pressure level from the 
equivalent level, it is possible to determine the locomotive 
wheel-rail angle of attack according to the analytical de-
pendence:

3 2
0 0 0 0( ) 0.0001 0.002 0.0602 0.1206.ij P P P Pφ = ⋅ − ⋅ + ⋅ +

3. It is established that the dominant frequency of the 
acoustic emission from the wheel-rail contact in the driving 
mode is 200…300 Hz. The obtained analytical dependence 
of the sound pressure level on the wheel-rail angle of attack 
can be used when creating an automatic wheel pair steering 
system.
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