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Abstract

In the work, a methodological approach to obtaining mathematical models was further developed, which
describe the functioning of tribosystems in stationary and transient modes under boundary lubrication conditions.

The structural identification of the tribosystem as an object of modeling the functioning of tribosystems in
the conditions of boundary lubrication is performed. It is established that the operation of tribosystems is
described by a third-order differential equation and, in contrast to the known ones, takes into account the
function of changing the quality factor of the tribosystem during running-in. It is shown that the nature of the
functioning of tribosystems under conditions of ultimate lubrication depends on the gain and time constants
included in the differential equation.

It is shown that the coefficient K} takes into account the degree of influence of the input signal (load,
sliding speed, tribological characteristics of the lubricating medium), on the value of the output signal (quality
factor of the tribosystem). Coefficient K, takes into account the magnitude of the change of the output
parameters (volumetric wear rate and friction coefficient) when changing the values of the input parameters
(load, sliding speed, quality factor of the tribosystem. Coefficient K3 takes into account the degree of influence
of the input signal on the restructuring of the material structure in the surface layers of the triboelements.

The time constants of the tribosystem characterize the inertia of the processes occurring in the
tribosystem, during running-in, or during changes in operating modes. Increasing the time constants makes the
process less susceptible to changes in the input signal, the running-in process increases over time, and the
tribosystem becomes insensitive to small changes in load and slip speed. Conversely, the reduction of time
constants makes the tribosystem sensitive to any external changes.

Key words: tribosystem; mathematical model; differential equations; structural identification; gain; time
constant; boundary lubrication; quality factor of tribosystem; dissipation speed.

Introduction

Recently, methods of calculating and modeling the processes of friction and wear in tribosystems of
machines and mechanisms have been actively developing, which makes it possible to significantly reduce costs
in the process of designing and fine-tuning new structures. Difficulties that arise in the development of such
models are associated with the choice of parameters that affect the process under study.

The task of developing mathematical models of stationary and transient processes in tribosystems under
boundary lubrication conditions is related to the problems of stochastic modeling, since initial data for modeling
(tribosystem design, lubricating medium, materials from which triboelements are made, roughness of friction
surfaces, load-speed range of operation, etc.), are random functions. Analysis of models of stationary processes
in tribosystems shows that there is a large error in modeling the wear rate, up to 12,8 % and coefficient of
friction, up to 14,0 %. Such a scatter of data in measurements can be explained by the presence of an oscillatory
process of the wear rate and the coefficient of friction during the operation of the tribosystem, as well as by the
ambiguity of the choice of input parameters for modeling.
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Literature review

In work [1] the analysis of the current state of the methods for calculating wear and forecasting the
resource is given and the conclusion is drawn, that analytical methods do not allow taking into account the
dynamics of changing the operating modes of the contact, and numerical methods seem to be promising. The
author of the work proposed to describe the wear by an array of vectors of probabilities of the wear values of
discrete points of the surface, which are modeled by non-stationary random functions of the Markov type, and
wear is estimated by the mathematical expectation of the probability of finding surface elements in a certain
state. The shape of the worn surface is determined using a cubic spline approximation of the mathematical
expectation of wear at the points of location of the modeled elements.

In work [2] the physical mechanisms of formation and transformation of corpuscular-vortex perturbations
in the contact of the tribosystem, which are based on the quantum-mechanical exchange mechanism of
interaction, are considered. The presence of a contact gap determines the generation of pairs of quasiparticles-
perturbations, stabilized by wavelength and frequency. It is established in the work that the internal instability
and collapse processes in such a system of perturbations lead to defect formation in the material of the
tribosystem and underlie the emergency modes of friction.

In the works [3, 4] performed analysis of the strength and durability of the surface layer material by
friction. The authors propose to take into account the presence of two areas of accumulation of damage and the
type of mechanism of destruction: the area of multicycle fatigue and a layer of debris. Methods for estimating the
parameters of the durability model for the region of multicycle fatigue are proposed. The connection between the
stress-strain state and the fatigue strength characteristics of the material with the characteristics of the material
fracture model is obtained. Analysis of the obtained ratios showed that any physical action on the surface leads
to a decrease in structural heterogeneity and prevents the development of cracks, increases wear resistance.

In work [5] theoretical studies on the substantiation of the methodology for modeling stationary processes
of friction and wear in tribosystems under conditions of boundary lubrication are presented. The authors have
developed a technique for modeling the characteristics of the actual contact spot and a mathematical model of
the rate of work of dissipation in the tribosystem, which allow simulating the rate of volumetric wear and the
coefficient of friction in stationary modes.

The author of the work [6] the theoretical and experimental dependences obtained using the developed
model are presented and the simulation error is given, which is for the wear rate - 14,03 %, for the coefficient of
friction — 12,8. The given computational models use the Q-factor of the tribosystem [7, 8].

However, the considered mathematical models do not allow determining the boundary of stable operation
of the tribosystem, i.e. the boundary of the tribosystem exit to a scuffle or the boundary when accelerated wear
of the materials of the triboelements begins. By analogy with the theory of automatic control, such a boundary is
called the loss of stable work. Determination of such modes will improve the accuracy of modeling the processes
of friction and wear in tribosystems.

Purpose

The purpose of this work is to perform the structural identification of the tribosystem and obtain a
mathematical model in the form of a differential equation in the operator form, which will allow modeling the
processes of friction and wear in tribosystems with the definition of the boundaries of their stable operation.

Methods

Identification of the mathematical model of the limits of functioning of tribosystems in the conditions of
maximum lubrication, on a steady state without damage, is reduced to definition of the operator of tribosystem.
Under the operator of the tribosystem we will understand the mathematical model of the object under study. A
review of research performed on this problem suggests that the structure of the model and the type of equations
that are supposed to describe the tribosystem are linear differential equations n-th order to the nearest
coefficients.

The dynamic model of the tribosystem in the theory of identification of dynamic objects can be given in
the form of an ordinary differential equation n-th order in the following form [9]:
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where ai, bj, i=0; 1...n; j=0; 1 ... m—model parameters to be identified.
To describe a specific transition process in the tribosystem to differential equations (1) it is necessary to
add the initial conditions and applying the Laplace transform, to obtain the transfer function as follows:
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where G(p) — transfer function;

P — Laplace transform parameter (differentiation operator);

u(p) - input signal: load; sliding speed; the initial value of the quality factor of the tribosystem;
tribological characteristics of the lubricating medium; tribosystem design;

y(p) — output signal: volumetric wear rate and coefficient of friction; limits of functioning of the
tribosystem.

Results

Based on the information provided above in the form of analysis of work on the development of models,
as well as experimental research, which are made by the author of this work, the nature of the processes in
tribosystems can be represented as the following structural and dynamic scheme, fig. 1. The structural dynamic
scheme is built on the principle of two blocks connected in series.

I T
- | |
1

‘ FVI ® K 1 1 Qma.\' K> I I

‘ T.p+1 P T2ptl '

@ : g T |
| |

| | \ K; |

\______J ‘ T3p+4’ |

Fig. 1. Structural and dynamic scheme of modeling the functioning of tribosystems

Having considered in general the systemic model of the tribosystem, three input streams can be
distinguished: matter; energy and information.

Under the input flow of matter, we mean the parameter - the quality factor of the tribosystem Q, the
physical meaning of the parameter and the calculation formulas are given in the work [8]. The concept of figure
of merit is defined as the ability of mating materials in a tribosystem (lubricating medium and rheological
properties of the structure of materials of moving and stationary triboelements) convert the work of friction
forces into thermal energy, thereby preventing energy reserves in the surface and subsurface layers of
triboelements, which can be estimated by the deformable volume. The Q-factor of the tribosystem is a function
of time Q(t) and increases during the running-in time from the initial value Qo, to the maximum possible

- Qmax. The quality factor of the tribosystem Q determines the input flow - matter.
Under the input flow energy, we mean the parameter - the rate of work of dissipation in the tribosystem
W, which, according to work [5], is quantitatively estimated by the following expressions:

Wr=Wrn+ W rs, [W]. 3)
WTR,m = Pm : nacs, [W]. (4)
WTR,f = Pf * Nags, [VV], (5)

where Wk m and W = — speed of dissipation in moving and fixed triboelements, J/s;

Nacs — NUMber of actual contact spots (ACS) on the friction surface, determined according to work [5];

Pm, Ps — the speed of dissipation in a moving and fixed triboelement on a single actual contact spot is
determined by the expressions given in the work [5]:

P, = Gacs 'Sm 'Vd
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Pf = Gacs 'éf 'Vdf J [‘]/SZW]' (7)

where ¢, — stress in the material on a unit ACS, Pa;

€ m, € 1 — material deformation rate per unit ACS, 1/s, determined by the expressions given in the work [5];

Vam, Ve — volumes of material of a single ACS of movable and fixed triboelements, which are involved
in deformation, m3, determined by the expressions given in the work [5].

The speed of work of dissipation in the tribosystem Wis, formula (3), is an energy parameter and
characterizes the rate of transformation of mechanical energy into thermal energy, since the magnitude of
stresses in the material Gacs, Volumes of materials involved in deformation Vam, Var and the rate of deformation
in the surface layers of materials € m, €+ affect the "load" of triboelements in the tribosystem and depend on the
load N, N and sliding speed Vs, m/s. The speed of work of dissipation in the tribosystem Wx defines the input
flow - energy.

By the input flow - information we mean a parameter that characterizes the availability of knowledge
about the stability boundary of the tribosystem, i.e. power value Whax, at which the tribosystem begins an

accelerated wear mode or a seizure occurs. The power supplied to the tribosystem is determined by the
expression:

W, :N'Vsl;[N'%:W]! (8)

where N — tribosystem load, N;

Vs — sliding speed, m/s.

Substituting into the expression (8) maximum possible load values Nmax or sliding speed Vsimax, it is
possible to determine the stability boundary of the tribosystem, i.e. the border of the tribosystem exit to scuffing
or accelerated wear.

Summarizing the above direction of this work is the further development of methods for modeling
stationary processes in tribosystems under boundary lubrication conditions, where the input flows will be the
quality factor, the speed of the dissipation in the tribosystem, the power, which is brought to the tribosystem and
the stability boundary of the tribosystem.

The target function for modeling stationary processes in tribosystems under boundary lubrication
conditions will be the volumetric wear rate in the tribosystem I, m®/hour and friction losses, which are

determined by the coefficient of friction f.
The first block, fig. 1, simulates the change in the quality factor of the tribosystem from the input value

Qo, to values Qmax during the running-in time. Dependences of change of rheological properties of structure of
the connected materials of triboelements during running-in are resulted in works [8, 10]. From the conclusions of
the robot it follows that the quality factor of the tribosystem increases and is a function of load, sliding speed,
tribological characteristics of the lubricating medium and the design of the tribosystem.

Based on the analysis of works devoted to the running-in of tribosystems, we can conclude that the
running-in process is an inertial link, the transfer function G; can be written as [9]:
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1

where K — gain, which takes into account the degree of influence of the input signal (load, sliding speed,
tribological characteristics of the lubricating medium), on the magnitude of the output signal (quality factor of
the tribosystem), a dimensionless quantity;

T, — time constant of the tribosystem, which takes into account the inertial properties of the tribosystem,
due to the restructuring of the structure of the materials of the surface layers during running-in, dimension s;

p — differentiation operator, used instead of the differentiation mark d/dt.

The second block of the structural and dynamic scheme, fig. 1, simulates the reaction of the tribosystem
to a change in the input external action, followed by a change and stabilization of the volumetric wear rate and
the friction coefficient around new values. Such processes are caused by a change in the load and sliding speed
during operation, as well as a change in the tribological characteristics of the lubricating medium and the quality
factor of the tribosystem. As experimental studies show, these are inertial processes.

Transmission function G, fig. 1, is an inertial link and characterizes the sensitivity of the tribosystem to
external input influences and is determined by the expression:
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where K, — gain, which takes into account the magnitude of the change in the initial parameters
(volumetric wear rate and friction coefficient) when changing the values of the input parameters (load, slip
speed, quality factor of the tribosystem), the dimensionless value;

T> — time constant of the tribosystem, which takes into account the time during which the tribosystem
returns to a steady state of operation after changing the input parameters, the dimension s;

Processes characterized by an inertial link G, associated with changes in the values of the roughness of
the friction surfaces, the generation of heat at the spots of actual contact, the alignment of the temperature
gradient in the triboelements by volume.

Transfer function Gs, which is included in the scheme of the second block in the form of negative
feedback, takes into account the ability of the tribosystem to rearrange the surface layers of materials from which
the triboelements are made during secondary running-in, which is connected with change of loading, sliding
speed, tribological characteristics of the lubricating environment. Such processes are a function of time, which
allows them to be described by an inertial link [9]:

G-, (11)
T,p+1

where K3 — gain, which takes into account the degree of influence of the input signal u(t) for the
reconstruction of the structure of the material in the surface layers of triboelements, a dimensionless quantity;

T5 — time constant, which takes into account the time of restructuring of the material structure in the
surface layers of triboelements.

Structural and dynamic scheme, which is shown in fig. 1, reflects not the functional purpose and
constructive relationship in the tribosystem, and mathematical operations that are performed when transmitting
input signals (U) due to the dynamic links and properties of the tribosystem as a whole.

Applying the methods of the theory of identification of dynamic objects, it is possible to obtain an
equivalent transfer function to model the functioning of the tribosystem:

G, =G, -G, (12)

where G®, — equivalent transfer function of the second block according to the structural-dynamic
scheme, fig. 1, which is determined by the following expression:
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After substituting formula (13) into expression (12) and converting, we obtain a total equivalent transfer
function:

(13)
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(14)
The corresponding equation of the dynamics of the tribosystem for modeling the limits of constant modes
of operation will be written as follows:

15
(T,1,T5) p° + (T, T, + T\Ty + T,Ta) p* + (T + T, + T) p+ K, Ky +1= (49

= (R'lR'ZTs)p + K K,.

The third-order differential equation of the dynamics of the tribosystem functioning is written in the
operator form, where the symbol p, is a differentiation operator, d/dt.
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The right part of the differential equation (15) contains the first derivative of the input signal, which is
represented as the product of the coefficients K1 K. As shown above, the coefficient K takes into account the
degree of influence of the input signal (load, sliding speed, tribological characteristics of the lubricating
medium), on the magnitude of the output signal (quality factor of the tribosystem), a dimensionless quantity.
Coefficient K; takes into account the magnitude of the change of the output parameters (volumetric wear rate
and friction coefficient) when changing the values of the input parameters (load, sliding speed, quality factor of
the tribosystem), dimensionless quantity. The dynamics of the tribosystem is influenced not only by the value of
the coefficients K1Kj, as well as the rate of their change over time (the first derivative).

The left side of the equation is the reaction of the tribosystem to the input signal. Time constants of the
tribosystem 7; have the dimension of time and characterize the inertia of the processes occurring in the
tribosystem, during running-in, or during changes in operating modes.

Increasing time constants 73 ... 75, makes the process less susceptible to changes in the input signal, the
running-in process increases over time, and the tribosystem becomes insensitive to small changes in load and
sliding speed. Conversely, the reduction of time constants makes the tribosystem sensitive to any external
changes.

In our next works, parametric identification will be performed, the purpose of which is to determine the
expressions for the calculation of the above coefficients and time constants, so that when substituting them into
equation (15), the right and left parts differ the least.

Conclusions

The structural identification of the tribosystem as an object of modeling the functioning of tribosystems in
the conditions of boundary lubrication is performed. It is established that the operation of tribosystems is
described by a third-order differential equation and, in contrast to the known ones, takes into account the
function of changing the quality factor of the tribosystem during running-in. It is shown that the nature of the
functioning of tribosystems in conditions of ultimate lubrication depends on the gain and time constants included
in the differential equation.

It is shown that the coefficient K} takes into account the degree of influence of the input signal (load,
sliding speed, tribological characteristics of the lubricating medium), on the value of the output signal (quality
factor of the tribosystem). Coefficient K, takes into account the magnitude of the change in the initial parameters
(volumetric wear rate and friction coefficient) when changing the values of the input parameters (load, slip
speed, quality factor of the tribosystem). Coefficient K takes into account the degree of influence of the input
signal on the rearrangement of the structure of the material in the surface layers of the triboelements.

The time constants of the tribosystem characterize the inertia of the processes occurring in the
tribosystem, during running-in, or during changes in operating modes. Increasing the time constants makes the
process less susceptible to changes in the input signal, the running-in process increases over time, and the
tribosystem becomes insensitive to minor changes in load and sliding speed. Conversely, the reduction of time
constants makes the tribosystem sensitive to any external changes.
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BoiitoB A.B. CrpykrypHa inentudikamiss maremMarndHoi Mozaeni (YHKIIOHYBaHHS TPHOOCHCTEM B
YMOBAaX IPaHUYHOTO MAIICHHS.

B po6oTi oTpuMaB moJasibIIui PO3BUTOK METOJUYHHUN MiJIXiJ B OTPUMaHHI MaTeMaTHYHUX MOJEJEH,
SKi ONUCYIOTh (PYHKIIOHYBaHHS TPUOOCHCTEM Ha CTAalliOHAPHUX 1 NEPEXiHUX PEKMMaX B yMOBAaX I'DAaHUYHOIO
MalleHH.

BuxoHaHO CTpPYKTypHY imeHTH}iKaIlifo TpuOocucTeMH, SK 00'€KTa MOJIENIOBaHHS (YHKIIIOHYBaHHS
TpUOOCHCTEM B YMOBaX IpaHUYHOTO MAIleHHS. BcTaHOBIEHO, MO (YHKIIOHYBaHHSI TPHOOCHCTEM OIUCYETHCS
TUQEpeHIIHHAM PIBHIHHAM TPETHOTO TOPSAAKY Ta Ha BIAMIHY BiI BIZIOMHX BpaxoBye (YHKIIO 3MiHH
JIOOPOTHOCTI TPHOOCHCTEMH TIiJl Yac mpunpairoBaHas. [lokazaHo, mo xapakrep (QYHKIIIOHYBaHHS TPHOOCHUCTEM
B YMOBaxX TPaHHYHOTO MAIICHHS 3aJICKUTHh BiJ KOe(IIi€HTIB MiACWICHHSA 1 IMOCTIHHUX dYacy, sIKi BXOISTH B
mudepeHiliHe piBHIHHS.

[TokazaHo, mo koedinieHT K1 BpaXxoBYye CTYIiHb BILIMBY BX1THOTO CUTHAY (HaBaHTa)KCHHs, IIBUKOCTI
KOB3aHHS, TPUOOJIOTIYHUX XapaKTEPUCTHK 3MallyBaJIbHOTO CEPEJOBHINA), HA BEIUYUHY BUXIJIHOTO CUTHAIY
(mobpotHicte Tpubocuctemu). Koediumient K> BpaxoBye BEIMYMHY 3MIHM BUXIIHUX HapaMmeTpiB (00’e€MHOT
MIBUAKOCTI 3HOINYBaHHS 1 KoedillieHTa TepTs) NpU 3MiHI BEIMYMH BXIJHHX NapaMeTpiB (HaBaHTa)KEHH:,
IIBUJKOCTI KOB3aHHs, J0OpoTHOCTi Tpubocuctemu). Koedinient K3 BpaxoBye CTymiHb BILIMBY BXiIHOIO
CUTHAITy Ha IepeOyIoBYy CTPYKTYpH MaTepialy B IOBEPXHEBHX MIapax TPUOOCIEMEHTIB.

[MoctiliHi 4yacy TpuOOCHCTEMH XapaKTepPHU3YIOTh IHEpIIMHICTh MpPOLECIB, MI0 MPOTIKAOTh B
TpubocuCcTeMI, MiJl Yac MPUIMpPALOBaHHS, ad0 MijJ Yac 3MiHM PEXHUMIB eKcIuTyaTarii. 30UIbIIeHHS MOCTIHHNX
yacy poOWTh IpOIeC MEHII CIPUHHATIMBUM JO 3MIHH BXIJHOIO CHUTHally, IPOIEC MPUIPAIOBAHHS
301IBIIYETHCS B Yaci, a TPHOOCHCTEMa CTa€ HEUYTIMBOK 0 HC3HAYHUX 3MIH HABAHTAXKCHHS Ta INBUIKOCTI
KOB3aHHS. | HaBNaku, 3MEHIIECHHS NOCTIHHUX Yacy, poOUTh TPHOOCHCTEMY YYTIHBOIO 10 Oy/b SKHUX 30BHIIIHIX
3MiH.

Karouosi ciaoBa: TpubocucTeMa; MareMaTHYHa MOJENb, AU(EpeHIiiiHe PpIBHSIHHS; CTPYKTYpHa
ineHTUdIKaIisA; KoedilieHT MiNCWICHHS; MOCTifHAa Yacy; TpaHWYHE MAaIleHHS; HOOPOTHICTH TPUOOCHCTEMU,
MIBUIIKICTH pOOOTH TUCHITALLI.



