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Abstract 

Methods of vibroacoustic preliminary treatment of frictional 

systems on the base of the vibroacoustic analysis of 

oscillatory statuses of surface layers of rubbing bodies allow 

providing supervision over status change without modification 

of their design and displaying their properties in the co-

ordinates which are accessible to measurement. Stability of 

work of frictional contact depends on oscillatory status, and 

hence stability of all frictional system and safety of its 

operation depend on oscillatory status, too. It is necessary to 

notice that till now there have been no systems of continuous 

dynamic monitoring of the frictional systems with high 

reliability of forecasting. The authors of the paper offer the 

solution of problems of dynamic monitoring of frictional 

systems, short-term or long-term forecast of dynamic status of 

the mechanical system, and also control of dynamic properties 

of frictional contact. Using the method of random balance, the 

authors analyzed the factors that determine a strong impact on 

tribotechnic characteristics, and let us perform observation in 

a real time mode. The solution can be done with the help of 

the method of estimation of tribosystem status under the 

analysis of integrated estimations, a stability margin on 

amplitude and phase-frequency characteristics which 

unambiguously characterise variety of statuses of mechanical 

systems. 

Keywords: nonlinear antifrictional system, amplitude and 

phase-frequency characteristics, dynamic monitoring, 

forecast, tribospectral identification. 

 

INTRODUCTION  

Rapid development of various machine-building branches, 

growth of high-speed and load-carrying operation, creation of 

the robotised mobile systems, raise of requirements to their 

safety were the reasons of intensive development of computer 

facilities in the XXI century, information technologies and 

tool gauge devices that promoted occurrence of new 

perspective technologies, methods and modes for the solution 

of scientific problems of functioning of machines and 

mechanisms. A modern machine or a mechanism is a 

frictional system (FS), consisting of quasilinear parts of 

mechanical subsystems and essential-nonlinear subsystems of 

frictional contact areas (FCA). The specificity of their 

operation help to allocate a special group – frictional mobile 

systems (FMS) which comprise railway, road, air and water 

transport [1,2,3]. Stability of work of frictional contact 

depends on oscillatory status, and hence stability of all 

frictional system and safety of its operation depend on 

oscillatory status, too. However, till now there have been no 

systems of FS continuous dynamic monitoring which would 

have high reliability of the forecast. 

Friction processes in FS are nonlinear, therefore, using the 

method of casual balance, we ranged the factors and found out 

essential, significant and less significant factors. There are a 

number of methods to define tribotechnical characteristics of a 

friction pair. They are based on the following idea: the 

registered variables of components of forces of frictional 

interaction of a friction pair and their frequency analysis can 

define the current tribotechnical characteristics of a friction 

pair, while eliminating the influence of parameters of 

mechanical system on its friction and wear process. On the 

basis of modern methods of FS preliminary treatment and the 

analysis of oscillatory statuses of surface layers of rubbing 

bodies in normal and tangential directions of interaction 

without design modification we provide supervision over 

change of their status in co-ordinates which are accessible to 

measurement.  

The next method of tests of friction units consists in 

continuous collecting information on critical parameters of the 

system, and its transformation to the visual form. It is carried 

out for preliminary treatment of its current status, short-term 

or long-term forecast of its change and prompt reaction of 

automatic control systems (ACS) or regulations of dynamic 

parameters (САР) [1] and [4,5,6]. 

The most effective directions of realisation of dynamic 

monitoring consist in research, preliminary treatment, stability 
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definition, forecast and optimisation of tribocharacteristics of 

frictional mobile system (FMS), they are carried out by 

methods of tribospectral identification (TSI). It is different 

from the factor of the friction offered in 1699 by de Coulomb 

and Amontons, which is calculated as the relation of 

integrated values of forces of contact interaction in tangential 

and normal directions. The above-mentioned statement 

considerably differs from existing approaches in the definition 

of stability of nonlinear systems for it does not use the relay 

characteristics conditionally modelling frictional elements 

while their stability is defined. Our method uses parameters of 

frequency-transfer function which is analog of friction factor, 

thus, processes taking place in FS are most fully and reliably 

reflected. Carrying out the tests and fixing the target 

tribotechnical characteristics, we perform «not destroying 

control» of FMS and its subsystems by recording and 

analysing its amplitude and phase-frequency characteristics 

(APFC) in the demanded frequency range. The range can be 

defined by the maximum value of a partial frequency, 

parameters of micro- and macroroughnesses of surfaces of 

rubbing bodies, firmware, and a class of solved problems [4,5] 

and [7,8] that are carried out. 

 

METHODOLOGY OF RESEARCH 

The complex friction factor FCA is determined by the 

following parameters: APFC complex function of the 

tribosystem, the relation of a mutual tribospectrum in 

tangential and normal directions to autotribospectrum in the 

normal direction, whose real part characterizes elastic-inertial, 

and imaginary one characterizes dissipative properties of the 

subsystem of frictional interaction: 

 

𝑊(𝑖𝜔) =
𝑆yx(𝑖𝜔)

𝑆xx(𝜔)
=

𝑆𝑦(𝜔)⋅𝑆𝑥(−𝜔)

|𝑆𝑥(𝜔)|2 = 𝐴(𝜔)𝑒𝑖𝜙(𝜔) = 𝑃(𝜔) + iQ(𝜔),  

(1) 

whereSxx(ω) is autospectral function of normal influence on 

frictional contact area taking into consideration the 

uncontrollable power noise that disturbs stationary 

movements of the system; 

Q (ω) is the imaginary frequency characteristic, dependence 

of an imaginary part of complex factor on frequency 

characterizes dissipative properties of the tribosystem 

 

𝑄(𝜔) = Im{𝑊(𝑖𝜔)} = 𝐴(𝜔) ⋅ sin[𝜙(𝜔)]; 

 

P (ω) is the valid frequency characteristic; it is the 

dependence of a real part of complex friction factor on 

frequency, and it characterizes conservative, elastic-inertial 

component of friction process𝑃(𝜔) = Re{𝑊(𝑖𝜔)} = 𝐴(𝜔) ⋅

cos[𝜙(𝜔)]; 

A (ω) is the module of complex factor of drive; it is amplitude 

and frequency characteristics; it shows how the investigated 

frictional friction unit gates amplitude of a signal of various 

frequency during its transmission through the tribosystem 

𝐴(𝜔) = |𝑊(𝑖𝜔)| = √𝑃2(𝜔) + 𝑄2(𝜔); 

 

φ (ω) is the phase of a vector of complex drive factor; it is a 

phase-frequency characteristic; it shows the phase shifts that 

the system makes on various frequencies with respect to the 

initial phase of a signal on the input 𝜙(𝜔) = arctg(𝑄(𝜔)/

𝑃(𝜔)); 

Syx(iω)is the mutual spectral function of tangential and 

normal interaction; it considers uncontrollable power noise, 

properties of a triboconditions of frictional contact area and 

the external conditions influencing the system. 

In this paper the authors offer the method of estimation of 

status of the tribosystem taking into consideration the analysis 

of integrated estimations, stability margin on amplitude L, and 

a phase of amplitude and phase-frequency characteristicsμ1 

(Fig. 1) that unambiguously characterize the variety of status 

of the mechanical system. It helps to solve the problems of 

dynamic monitoring of nonlinear antifrictional systems, 

performance of continuous collecting information on dynamic 

parameters, and also short-term or long-term forecast of a 

dynamic status of the mechanical system and, in particular, 

frictional contact area, and control of its dynamic properties. 

The properties of frictional subsystems can be displayed in the 

specified variety of status of the mechanical system both in 

case of steady and not steady trajectories of movements when 

frictional self-oscillations develop in the mechanical system, 

i.e. as a result of the so-called «negative friction» the system 

loses phase stability. These are resonant phenomena which are 

expressed in coincidence of frequencies of external influence 

with one of frequencies of natural oscillations. Amplitude 

stability loss is connected with an inertial component of 

frictional interaction; it exceeds in absolute value the elastic 

properties of frictional interaction, as a result, the actual area 

of contact tents to zero in certain frequency ranger boundaries, 

thereby influencing the decrease of traffic safety of transport 

systems, for example railway or motor transport. 
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Figure 1: Frequency characteristics of the tribosystem: a) amplitude and phase; b) amplitude-phase with integrated volumes - safety 

factor: 1 - phase stability; L - amplitude stability 

 

To raise reliability of monitoring and prognosis, it is 

necessary to calculate integrated estimations of amplitude and 

phase-frequency characteristics in real time both on all 

frequency range from zero to Nyquist frequency, and on set 

octave frequency bands (or 1/3, 1/12, 1/24 constant 

percentage bandwidth) [7]. 

We offer the following integrated estimations: 

1. An integrated estimation of dissipative component of 

amplitude and phase-frequency characteristics (dissipation 

function), defining dissipative properties of the conditional-

linear mechanical subsystem and essentially nonlinear process 

of friction [4,5]: 

𝐼𝑄 = 𝐾 ∫ |𝑄(𝜔)|𝑑𝜔
𝜔𝑁

0
,                 (2) 

whereQ(ω) is the imaginary frequency characteristic of 

function of drive (1);  

K is the nonlinear factor of proportionality of dimension of the 

Nanosecond/m, whose numerical value has unlimited set for 

all variety of stationary trajectories of movement of frictional 

subsystems of mobile transport. 

2. An integrated estimation of dissipation degree of FMS that 

characterises elastic-dissipative properties and essentially 

nonlinear process of friction as dynamic link which can be 

estimated taking into account imaginary and material 

components of frequency-transfer function of a frictional 

element [4]: 

𝐼𝛾 = 𝐾 ∫ |𝑄(𝜔)|𝑑𝜔
𝜔𝑁

0
/ ∫ |𝑃(𝜔)|𝑑𝜔

𝜔𝑁

0
, (3) 

where P (ω) is the material frequency characteristic of 

function of drive (1);  

K is factor of conformity of an integrated estimation (3) to 

factor of damping degree of γ linear mechanical system. 

The received value of an integrated estimation (3) for 

frictional systems of similarly damping degree of the γ -linear 

mechanical system described by the differential equation: 

𝑚�̈� + 𝛽�̇� + Cy = 𝑥or�̈� + 2𝑛�̇� + 𝑘2𝑦 = 𝑥 𝑚⁄ ,  𝛾 =
𝑛

𝑘
 ,      (4) 

wherem is weight;  

β is factor of damping; 

xis entrance influence;  

yis target conveyance;  

C is elasticity factor; 

k - frequency of natural fluctuations 𝑘 = √
𝐶

𝑚
; 

n - attenuation constant 𝑛 =
𝛽

2𝑚
 

Equation (3) states that dissipation level of the mechanical 

system rises at increase of the module of an imaginary part of 

complex friction factor (friction losses) and reduction of the 

module of the material frequency characteristic (elastic-

inertial properties of the tribosystem). Given γ = 1(boundary 

of aperiodic motion) and Iγ = 1, expressions (3) and (4) are 

similar without correction factor K in the following 

expression (3). 

The essence of the method of dynamic monitoring of 

nonlinear systems [5,6] is in the continuous control of 

integrated estimations (2), (3), on all frequency range of the 

record of APFC tribosystem, and on the given octave 

frequency band (or 1/3, 1/12, 1/24 constant percentage 

bandwidth). They can also appear on the set frequency bands 

that cover various natural frequencies of the mechanical 

system. So, we can predict a dynamic status of the mechanical 

system where the properties of frictional contact area are 

reflected as a dynamic link which is characterised according 

to its elastic-dissipative parameters. Change of integrated 

estimations on the set value of the peak-factor (peak error 

estimation from mathematical expectation to its mean-squared 

error) is an identification sign of stability loss of frictional 

connections. This change can also be seen as the transition 

from elastic deformations to plastic ones, as well as from 

plastic deformations to slippage or frictional self-oscillations. 
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Besides, it is also a sign of athermal or thermal seizure of 

active microvolumes of friction surfaces on the actual area of 

contact. If we set the value of confidence parameter α = 0.05, 

i.e. 5 % in the value of identification error, then we can 

establish the maximum value of the peak-factor that is equal 

to three mean-square values to deviations from its stationary 

value. It is shown in the following equation: 

  3
)(max







Q

Q

I

QQ

I

IMI

,    (5) 

where
 

QI


 is critical value of the peak-factor; IQmax is a peak 

deviation of integrated estimation (2), (3) from the stationary 

value that is defined by the value M (IQ); M (IQ) is a 

mathematical expectation of an integrated estimation; QI


is 

a root-mean-square deviation of an integrated estimation. 

Actual value of allowable magnitude of the peak-factor (7) 

determines sensitivity of automatic control systems (ACS) or 

servosystems (SS), therefore its concrete value is established 

at adjustment of either SS or ACS.  

We can offer the algorithm of tribospectral identification of 

the real frictional mobile systems [5]. The detectors are 

established near the investigated friction unit. These detectors 

transform mechanical fluctuations into an electric signal 

which arrives into the amplifier where analogue-digitizer 

transforms it into a signal in the form of a digital number with 

certain time quantization. This quantization is defined by 

necessary level of probability of identification, preliminary 

treatment of status and forecast of its change. Growth of 

frequency of digitization and raise in detector resolution 

capability allow increasing the accuracy of the analogue-

digital converter, and we can identify the processes in the 

system with higher probability both in low-frequency and in 

high-frequency areas of research. In a command and 

measuring complex we can define frequency-transfer function 

and tribospectral characteristics IQ, dissipation degrees Iγ, 

power losses If and a quadrantic module of coherence 

coefficient IC on the set quantity of frequency ranges 4 … 405, 

where 405 is the amount of frequency ranges at 1/24-CPB 

analysis. 

Thus, the found integrated estimations are averaged by the 

adaptive filter of the size 50 … 200 factors with an output of 

the processed integrated estimations. 

Current integrated estimations are compared in the 

"comparison" block in the case if current values exceed 

mathematical expectation with the account of a positive triple 

root-mean-square deviation that the computer sends a signal 

through the digital-to-analogue converter to the executive 

mechanism. At the signal the grease is sprayed on a wheel 

flange of the rolling stock, and then it is carried over the side 

face of a railhead [9], or the signal can create the modifier of 

adhesion on a tyre of tractive wheelset for stabilisation of 

traction effort of the locomotive, or it can switch on operation 

of an automatic adhesion block system of the vehicle with 

smooth operation of brake blocks. 

Let us examine application of method of dynamic monitoring 

on an example of the control of  status of surfaces of a wheel 

flange and an operating surface of a railhead. 

It is necessary to notice that at the present stage of 

development of a science there are solid lubricants (SL) along 

with liquid and plastic greases for operation of antifrictional 

mobile systems. Application of SL for open friction pairs, 

such as antifrictional friction unit of wheelset ridges with a 

side face of a railhead is especially important. However, till 

now there have been no standardised techniques of an 

estimation of tribotechnical and tribospectral characteristics of 

SL. Only to a certain extent can they meet the requirements 

and standards for tests that are used for liquid and plastic 

greases. Thus, standards for methods of defining penetration 

and effective viscosity of plastic greases cannot be extended 

to the lubricant rods that, according to its physical status, are 

solid unjacketed rod elements or rod elements with a solid 

capsule, filled with solid (visco-plastic) lubricant composition. 

Conditions of interaction of operating surfaces of a ridge-

wheel and a rail at presence of the third body between them 

[4], [9] in the form of SL have the following characteristics 

(Fig. 2): 

- The bearing capacity which is an indicator of loading on the 

contact area of operating friction surfaces whose residual 

deformation of less strong element of friction unit reaches the 

admissible value. It is estimated during modelling tests by 

Amsler friction and wear test machines by a technique of 

determination of load of seizure; 

- Friction factor f at rotaprint greasing SL of friction surfaces 

[4] and at a combination of maximum levels of loadings N, 

sliding velocities Vскor rolling Vк, corresponding to 

specifications on SL, and maintenance of the set frequencies 

kiand forms Ai of natural fluctuations, frequencies ωj and 

amplitudes Ajof external influence on two orthogonal co-

ordinates of normal and tangential interaction of friction 

surfaces; 

- Decrease of friction factor [Δf] in FCA after application of 

SL as an indicator of wear resistance and energy-saving, 

estimated at performance of modelling tests, with constant 

presence of SL in a zone of contact area by Amsler friction 

and wear test machines; 

- Resource of a lubricating layer at one-time application of 

lubricant which was formed not squeezed out of a zone of 

contact area in SL volume and its carrying over on samples. 

The estimation is done during carrying out of modelling tests 

by Amsler friction and wear test machines basing on the data 

of increase of friction factor f on 25 % from the minimum 

level; 
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- The factor of transition which is an indicator of ability of SL 

to be carried over from one sample to another (Fig. 3); 

- Considering specificity of work of open friction units, high 

level of influence of the dynamic loadings taking place on 

FCA, with dynamic loadings in the mechanical subsystem 

which target tribotechnical characteristics SL (points a-d), SL 

tests are necessary to carry out according to a technique of 

tribospectral identification by a set of base of tribospectral 

estimations of SL efficiency [4,5]. Thus, dynamic 

characteristics of Amsler friction and wear test machines on 

discrete set of frequencies should correspond to dynamic 

characteristics of the mechanical subsystem, and the 

estimation of efficiency of friction factor f should be done 

using a technique of determination of frequency function of 

drive according to increase of integrated estimations of 

dissipation of the tribosystem on the magnitude exceeding the 

set magnitude of a root-mean-square deviation concerning 

mathematical expectation of an integrated estimation of 

dissipation after direct SL application on the sample. 

- The transition moment to a boundary friction is established 

on value of the peak-factor of integrated estimations of the 

dissipation of APFC tribosystem. 

 

 

 

(a) 

 

(b) 



International Journal of Applied Engineering Research ISSN 0973-4562 Volume 12, Number 21 (2017) pp. 10902-10908 

© Research India Publications.  http://www.ripublication.com 

10907 

 

(c) 

Figure 2: Definition of a resource for one-time application of lubrication (for example SL) with use of frequency identification: 

registered peak and phase frequency characteristics; function of change of integrated estimations of dissipation energy on octave 

frequency ranges; dissipation energy on octave frequency ranges during time moments: without lubrication (LM); II - at the 

moment of single application of SM; III - during normal mode of operation; IV - during boundary friction; V - during dry friction 

 

      

(a)                                                                             (b) 

 

 

(c) 

Figure 3:Tribounit surfaces (FCA) under various conditions of lubrication SL (100): (a) without lubrication (LM), I, V - a mode 

of friction without lubrication; (b) with lubrication materials, III mode of normal operation of FCA; (c) during incomplete 

lubrication, IV boundary mode 
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CONCLUSION 

Thus, using the method of dynamic monitoring of nonlinear 

antifrictional systems we can provide the continuous control 

of integrated estimations in all frequency range of record of 

amplitude and phase-frequency characteristics of various 

tribosystems. Also the authors offer the methodology that, on 

set frequency ranges which cover various natural frequencies 

of mechanical systems, allows forecasting a dynamic status of 

the mechanical system reflecting properties of antifrictional 

contact area as dynamic linking which is in turn is 

characterised by its elastic-dissipative parameters. Also the 

authors offered the algorithm of tribospectral identification of 

real antifrictional mobile systems. 
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