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Introduction

Monitoring the technical condition of vehicles
during their operation consists in their continuous
maintenance and diagnostics during periodic repair
work. The reliability and operability of vehicles
depends on the quality of monitoring. At the same
time, in the process of operation, in the conditions of
uncertainty of the nature and magnitude of the loads,
the properties of materials deviate from their
normative values, which requires periodic equipment
shutdowns and diagnostic work. The need to take into
account a larger number of various indicators and the
low quality of predictive estimates force us to turn to
mathematical modeling and its simulation component
to assess their suitability for certain types of vehicle
monitoring.

The synthesis of mathematical models for
monitoring the technical condition of elements of
transport equipment during their operation depends
on the completeness and quality of available a priori
information. However, the uncertainty of the nature
and magnitude of loads during the operation of
complex structures complicates the use of existing
information and requires further experimental
research and the development of mathematical
models of technical monitoring based on them.

Forecasting and issuing conclusions about the
results of the technical condition of vehicles on the
basis of technical diagnostics, as well as the
assessment of the residual resource is the most
vulnerable link of technical activity in accordance
with regulations and standards.

Formulation of the problem

One of the problems of mathematical modeling of
monitoring the technical condition of vehicles is the lack
of practical recommendations on the use of different
types of modeling for specific diagnostic tests. Another
problem is the lack of quantitative characteristics of the

results of diagnostic works with mathematical
justification and the selection of appropriate models of
the functioning of transport systems.

The purpose of the work is the synthesis of
mathematical models of continuous processes and the
determination of the possibility of their use for
monitoring the technical condition of vehicles during
their operation.

Literary review

Technical diagnosis, according to regulatory
documents, is a determination of the technical condition
of the object. This is a higher level of assessment of the
remaining resource compared to methods of non-
destructive testing and defect inspection [1]. The term
technical diagnostics means the field of knowledge
about establishing the technical condition of the object
[2]. Tt is implemented in the form of establishing
patterns of changes in operational characteristics [3,4,5].
Its task includes searching for locations and causes of
malfunctions and forecasting the current state [6,7].
Monitoring consists in observing and checking the
quality of equipment. In the conditions of work with
large data flows, there is a very high probability of errors
in conclusions about the results of diagnostics [8].
Therefore, along with statistical models of diagnostic
information processing, priority should also be given to
probabilistic methods, Markov chains, etc. [9].

Mathematical models for monitoring the technical
condition of structures under load are based on the
general principle of converting the degradation of the
structure into a fixed signal of a different nature [10,
11]. This can be the localization of the defect, which
is manifested in the single act of the appearance of
cracks in the form of a pulse of finite length and the
development of the defect under load, which is
manifested in the form of a series of continuous
events [12].
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Mathematical models describing the monitoring
of the technical condition of objects should describe
in detail the internal and external characteristics of the
processes of interaction with the environment of their
functioning. This class of models is classified as
imitation.

Presentation of the main material

The classification of mathematical simulation
models from the point of view of the mechanism of
monitoring the operational properties of transport
equipment is presented in Fig. 1.

Mathematical models of transport monitoring

Continuous models
Discrete models

Stochastic models

Deterministic methods
Dynamic models
Statistical models

Fig. 1. A variety of mathematical models of intelligent monitoring
of operational properties of transport devices

The structuring of mathematical models presented
in Figure 1 is considered as informational support for
intelligent monitoring of changes in the properties of
transport objects, each of which has a specific purpose.

The statistical model is built on the basis of
experimental data on the interaction of input and
output variables, reflecting layouts of the location of
elements in real structures. A statistical model is a
kind of slice of information that changes over time. It
includes a set of statistical assumptions related to the
generation of sample data and is applied in cases
where there is a certain level of uncertainty in the data
stream caused by the influence of external factors and
measurement errors. The method of implementation
and presentation of statistical simulation modeling
data includes analysis and visualization of the general
population. Mathematical expectation, root mean
square deviation, statistical moments are used as
characteristics. Choosing a statistical model requires
knowledge of the process itself and the appropriate
statistical analysis.

Quantitative information about a real data set is
represented by statistical moments, data processing
by the method of least squares, correlation coefficients.

A statistical moment is a numerical characteristic
of the distribution of a random variable x, expressed
as the frequency of occurrence v, of a certain event,
determined by the formula

Vg = L;D xkf(x)dx,

where k — natural number

Most often, the first and second moments are used,
that is, the mathematical expectation and variance.

The method of least squares is used to solve
problems of minimizing the sum of squares of
deviations of some functions from experimental data.

Let's introduce the following notation: y; — set of
experimental data, y; — f(x;,3) measurement error,

f(x,B) is a linear scalar function, and B — unknown
parameter. Then the solution of statistical modeling
will be reduced to finding such a value of the
parameter [3 that the totality of the measurement error
is minimal

Sp = g(yi — f(x;,B))* > min.

Estimates of correlation coefficients are based on
the analysis of statistical data, which are random
variables. For the pairwise correlation model between
variables x and y, the correlation coefficient r is
calculated using the formula

2t (i =B — ¥)

BN e e T 5 T

where x and y average value of the variables

As for the monitoring of operational properties,
they can be used in static tests, tests on bending,
stretching, and torsion.

Dynamic models reflect the interaction of
elements of transport devices in a reduced form. Their
feature is external functional similarity. A variety is
analog models, in which the properties of a real object
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are identical to other properties. Dynamic models
contain information about the behavior of the system
and its constituent elements. These models may
contain a description of phases, process development,
and a state diagram.

Thus, the dynamic model of the temperature in the
room can be represented by the equation

dTroom _ 1 |:ng511';1 _ dQIOSS :| )
Cair

dt m dt dt

room

Where m,,,,,, — air mass in the room, cg; — heat

S84 _ heat flow or heat flow

capacity of air,

power, — heat flow in units of time.

dQloss
dt

As for the monitoring of experimental properties
of transport objects, this property can be the
propagation speed of ultrasonic vibrations, coercive
force, and thickness measurement.

Deterministic methods are based on the interaction
of management influences and machine computing
components of information recording devices. Such
models allow us to handle complex situations in
which there are many solutions and constraints. They
are especially useful when the model reflects real
physical processes and laws. In such models, the
analytical representation of regularities and the basic
mathematical apparatus are expressed in the form of
differential and integral equations.

The transformation of discrete signals caused by
stress in the structure of materials into a continuous
analytical function is possible using Fourier series

d
{7‘; = Jv.pfdv +£ G,ds

Ipi(rxv)dV = Irxpde +J-r><(5ndS
V dt V S

where p — material density, v — rate of propagation of
oscillations, S and V surface, V' — unit cell volume, » —
distance from the origin of coordinates, f — single
effort.

If we put the Cauchy equation
Ostrogradsky-Gauss formula, we get

into the

d
fvpd—’:dv=fvfpdv+fsands,

where n— single normal.
The components of the stress tensor can be
represented in the Cartesian coordinate system

OxTxyTxz
o=

TxyOyTyz

Txz1lyz02
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Components oy, 0,, 0, is the normal stress,
components Ty, Ty, T, — tangential stresses

The equations of disturbances caused by
experimental or peak loads take the form

(00, 0Tyy 0Ty, _dvy
ox "oy "oz TPREP

0Ty 00, 0Ty, dv,
ox 0d0y 0z +pfx—pW-

0ty, 01y, do, dv,
ax "oy To PPy

The creation of digital platforms provides data
collection and processing, analytics for assessing the
condition of the object of diagnosis. In its practical
basis, the digitalization of diagnostics is based on
complex interconnections of information elements
based on monitoring and processing of a large array
of experimental data in the digital space. The use of
digital duplicates of field tests allows to study the
loading processes of transport structures during their
operation in the form of digital copies. The use of
digital doubles makes it possible to significantly
reduce the number of field tests and the time to
diagnose the causes that cause deviations in
operational parameters.

As for the monitoring of operational properties of
transport objects, such models can be used as a
replacement for analytical representations with
digitization and hybrid models, which are the most
modern and promising monitoring models.

With stochastic modeling, it is not necessary to
transform the mathematical model into a system of
equations with respect to the original values. It is
enough to simulate models while preserving their
logical structure using experiments on real objects. A
simulated stochastic model for monitoring the
technical condition of vehicles during their operation
is considered to be a model in which the functional
states between elements carry elements of
randomness described by probability laws.

Such modeling is appropriate when there is no
complete mathematical model, or the analytical
procedure is time-consuming. The use of this type of
models allows you to observe the dynamics of the
process. A distinctive feature of such modeling is the
ability to change the sequence of events in the system.

A typical representative of such modeling will be
Markov chains. In Markov chains, the probability
P;j of the transition of the system from state E; to

state E,

P11 P12 wen Pln
P =|P;1 Pyy... Py,
Py,i Pua... By

A sequence of random variables {S;}, is called
a Markov chain if
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P(Sky1 =ig41|Sk =ik
Sk—l = ik—l"" SO = io) =
= P(S_y =ig1|Sk =ig )-

Here P is the probability of state i at step k, {S;} —
space of states, k — step number

The interpretation of this form of record looks like
the distribution of subsequent states depends only on
the current state and depends on the previous one. In
the stochastic model of bases on Markov chains, a
sequence of random events with a finite number of
states, the probability of each state reached in the
previous state determines its future state.

A random process causing a state change is
described by a transition P with elements P;;, where
{,j € 1. Taking into account these conditions, P;; is
the probability that the system will be in state j
provided that at the moment she is in state i

0<F;<1 Vi,jel—.
The probability P;; can be found according to

Markov's inequality

Py; n) = ZP(m)P(n—m)
where m — number of steps of the system during its
transition from the state i to state j

The use of graph-theoretic methods in multi-agent
systems is due to the convenience of commutation of
agents as edges of a digraph, the vertices of which
correspond to the agents themselves, and the edges to
the transitions between them. Orgraph allows you to
visualize the structure of the process of monitoring
the technical condition of vehicles during their
operation and observe the evolution of damage
accumulation.

Stochastic models are built on the basis of
probabilistic phenomena. The probability distribution
functions of the variables underlying the investigated
phenomenon and random excitations are calculated.
Stochastic simulation modeling preserves the logical
structure and sequence of phenomena. In such
models, there is no need to compile analytical
expressions of the required quantities. This is
particularly attractive for estimating the limit state of
equipment and estimating the residual resource
during its operation.

Discrete simulation models are based on the study
of the behavior and functional capabilities of the
system in time that exceed the normative ones. The
basis of discrete simulation modeling is the
implementation of a random process with discrete
time, in which all possible states i;i, ... are countable
and the transition from one state to another occurs in
a jump, i.e. instantaneously, but only at certain points
in time ¢ ¢, ... called process steps.

A one-dimensional model of a discrete micro-
structure in the form of point masses connected by
elastic bonds [9].

The potential energy of such a system has the form
O =1 (n ) ulmu(n’)
2.

where u — energy in an equilibrium state, n,n’ —
numbers of interacting particles
The kinetic energy of such a chain

T = % Znuz(n,t).

The difference between kinetic and potential
energy is expressed through the Lagrange function L

T = % znuz(n, t) —
=~ T (0,1 Ju@u@) + ¥ q(n, u(n,b),

where ) ,4(n, t)u(n, t) elastic energy operator

In its general form, the Lagrange equation has the
form

Taking into account the Lagrange function, the
equation of oscillatory motion takes the form

mii(n,t) + Y, @(n,n")u(n’,t) = q(n, t).

At the same time, the state of the system changes
only at the time of events, and the system is not
changed between these states. The functioning of the
discrete simulation model occurs in discrete time
intervals, organizing the search for the next event.
The prospects of this type of models for determining
the condition of transport equipment during its
operation depends on the fixation of extreme loads
that exceed the normative ones.

Continuous simulation models are used for
systems that change continuously over time. Models
are implemented in terms of derived variables using
differential equations. Thus, the differential equation
for the state variable S at time t can be written as

0 = 52(6) +%,5(0) = k.

The first equation defines the speed S as a function
of t, the second is the initial condition of the state variable.

As for the monitoring of operational properties,
they can be used to describe the rate of corrosion
damage. The purpose of this type of modeling is to
determine the response of a variable, which is the
state of the system, depending on continuous time. By
integrating the analytical expressions of the state in
time, it is possible to determine the system's response
to control influences. The analysis of consideration of
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the properties of simulation models made it possible
to recommend their classification, suitable for
monitoring vehicles during operation in real time.

The classification of the main properties of models
for monitoring the technical condition of transport
devices is given in Table 1.

Table 1
Classification of the main properties of models for monitoring the technical condition of transport devices
Type | Statistical Dynamic Deterministic Stochastic Discrete Continuous
Signs models models models models models models
Accounting for | Patterns of oy . Determination Random .
- . Description Handling processes | Continuous
the dynamics changes in of system . .
) . of process complex o with time and
of the time operational N transition .
. . development | situations . discrete space
series characteristics estimates .
time
Accounting
Finding . for
Area of locations and Status Analytical Probable Discrete infinitesimally
. . . damage event
knowledge causes of information representations . small changes
. dynamics processes
malfunctions and
transitions
Prediction of Interaction of | Differential and . Search for | Derived
Method of . . Matrix . . .
. . the current elements in a | integral . upcoming | variables in
implementation . calculation .
state reduced form | equations events time
. Description Data processing . . Continuous
Analysis of of physical Visualization - .
Scope of use Lo of phases and Finite sets | tracking of
statistical data phenomena and | of the process
features laws changes

The presented classification can be an instrumental
means of providing diagnostic information and
increasing the efficiency of monitoring the technical
operation of vehicles, which takes into account the
main features and properties of statistical, dynamic,
deterministic, stochastic, discrete and continuous
models with the specification of the areas of use, the
required amount of knowledge, the dynamics of the
time series. The synthesis of the main properties of
mathematical models for monitoring the technical
condition of complex structures presented in Table 1
from the standpoint of various types of diagnostic
schemes and their information parameters has a single
practical orientation related to the search for

emerging defects and their development under the
influence of the uncertainty of the nature of the loads.

Of practical interest is the synthesis of mathematical
and informational support for monitoring operations of
vehicles during their operation, which is the basis of the
quality of diagnostic decisions regarding the suitability
of products for further use according to their functional
purpose.

Regarding the monitoring of operational
properties of transport equipment, it can be a reaction
to extreme loads.

Summary information on support for monitoring
the technical condition of vehicles is presented in
Table 2

Table 2
Informational support for monitoring operational properties of transport devices
Statistical Dynamic Deterministic Stochastic Discrete Continuous simulation
simulation simulation simulation modeling simulation simulation simulation
modeling modeling modeling modeling
Field tests, Control of Establishing the Kinetics of Fixation of Functional diagnosis,
tensile, accompanying relationship of damage extreme loads, response to load and
bending, identical measurement and accumulation, | performance of | damage, differentiation
torsion tests | properties and calculation values. | construction | interval of accompanying
thickness Replacement of of digraphs evaluations factors
measurement, analytical models in real time
coercive force, with digitization
ultrasound and hybrid models
speed, analog
models
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The identification of the technological process of
diagnosing the state of controlled vehicles is
interpreted as the development of a model of the
dynamic process of converting the output data of the
diagnosis system into information about the state of
the material at the time of destruction.

At the same time, it is possible to determine the
state of the material at the source of structural damage.

Conclusions

1. A distinctive feature of monitoring the technical
condition of elements of transport structures during
their intensive operation is the uncertainty of the
nature of the loads, which makes it impossible to use
traditional methods of diagnosis and encourages to
move to their complex use. In these conditions,
informational support for conclusions about the
suitability of products for further operation and
assessment of the residual resource, which is based on
the use of various types of simulation modeling,
becomes particularly relevant.

2. On the basis of the completed synthesis of
mathematical models, analysis of their shortcomings,
advantages and possibilities of use for monitoring
transport devices during their operation, their main
properties were established from the position of their
time series, field of knowledge, methods of
implementation and rationality of application.
Distinctive features have been established and the
classification of mathematical models has been
performed, which makes it possible to significantly
simplify the selection of appropriate models, to
ensure the correct use of the mathematical apparatus
and analytical ideas about the possibilities of
assessing the remaining resource and the quality of
monitoring in general.

3. The synthesis of mathematical models for
monitoring the technical condition of vehicles during
their operation made it possible to establish the limits
of their application for specific types and operations
of technical diagnostics. Thus, statistical modeling is
recommended for mechanical tests for bending,
stretching, hardness measurement, dynamic simulation
modeling for measuring physical properties: speed,
ultrasound, coercive force, deterministic simulation
modeling for establishing the relationship between
measured and calculated values, stochastic modeling for
probabilistic damage dynamics, discrete simulation
modeling when fixing extreme loads, continuous
operation during the study of functional diagnostics.

Modeling the residual resource of transport
devices can be done by creating interactive models
that involve a dialogue with the user. The question of
which modeling mechanisms should be used is

decided by analyzing the advantages in relation to a
specific model.
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Sharko O., Yanenko A.
SYNTHESIS OF MATHEMATICAL MODELS FOR MONITORING THE TECHNICAL
CONDITION OF VEHICLES DURING THEIR OPERATION

One of the problems of mathematical modeling of monitoring the technical condition of vehicles during their operation
is the lack of practical recommendations regarding the use of various types of modeling for specific diagnostic tests.

A distinctive feature of monitoring the technical condition of the elements of vehicles during their intensive operation
is the uncertainty of the nature of the loads, which makes it impossible to use traditional diagnostic methods and
encourages to move to their complex use. In these conditions, the informational support of conclusions about the
suitability of products for further operation and the assessment of the residual resource of the equipment becomes
especially relevant.

The need to create intelligent support for monitoring the technical condition of vehicles during operation is due to the
fact that the uncertainty of the nature of the magnitude of loads during the operation of complex structures complicates
the use of existing information. The synthesis of mathematical models of the technical state of metal structures, which are
based on the general principle of transforming the degradation of the structure into a fixed signal of different nature of
origin, has been performed. The presented structuring is considered as informational support for intelligent monitoring
of changes in the properties of transport objects, each of which has a specific purpose. The novelty of the structuring of
the main models is a practical focus on solving the issues of their functional purpose in relation to test operations in the
monitoring and diagnosis of vehicles and the identification of developing defects.

On the basis of the synthesis of mathematical models, analysis of their shortcomings, advantages and possibilities of
use for monitoring transport devices during their operation, their main properties from the position of their time series,
field of knowledge, methods of implementation and rationality of application were established. Distinctive features have
been established and the classification of mathematical models has been performed, which makes it possible to
significantly simplify the selection of appropriate models, to ensure the correct use of the mathematical apparatus and
analytical ideas about the possibilities of assessing the remaining resource and the quality of monitoring in general.

Keywords: vehicles, technical condition, diagnostics, intelligent monitoring, mathematical models.

Iapko O., fAuenko A.
CHUHTE3 MATEMATUYHWUX MOJIEJIEM MOHITOPUHT'Y TEXHIYHOI'O CTAHY
TPAHCIIOPTHUX 3ACOBIB 1] YAC IX EKCILTYATAIII

Ooniero 3 npobiem MameMamuyHo20 MOOETO8AHHA MOHIMOPUHEY TEeXHIYHO20 CIMAHY MPAHCNOPMHUX 3ac00i8 6
npoyeci ix excniyamayii € 8i0CymHicmb NPAKMUYHUX PEKOMEHOAYill 000 8UKOPUCTIAHHS PI3HUX 8U0I8 MOOEN08AHH S
07151 KOHKPeMHUX 0ia2HOCMUYHUX 8UNPODYBAHb.

Biominnoro ocobnugicmio MOHIMOPUHESY MEXHIUHO20 CMAHY eNleMeHmie MPAHCNOpmHUX 3acobig y npoyeci ix
iHMeHCUBHOI eKchiyamayii A6IACMbCA  HeBUSHAUEHICMb  Xapakmepy HABAHMANCEHb WO pOOUMb HEeMONCIUBUM
BUKOPUCMAHHS MPAOUYIIHUX MeMOOi8 OlaeHOCMYBAHHSL I CHOHYKAE Nepexooumu 00 iX KOMNIEKCHO20 GUKOpUcmanis. B
yux ymosax nabyeae ocobausoi akmyaibHoOCmi IHHOpMayitina niOMpUMKa 3aKI04eHb NPo NPUOAMHICIb 6UPoOie 00
nooanbuwloi ekcnayamayii ma oyiHKa 3aIumKo8020 pecypcy 00Ia0HAHHSL.

Heobxionicms cmeopenns inmenekmyanibHo2o 3a06e3neyents MOHIMOPUHSY MEeXHIYHO20 CMAHYy MPAHCHOPMHUX
3acobie ni0 uac excniyamayii nog’sazamna 3 Mum, WO HEGUIHAUEHICMb XAPAKMeEpy GeNUYUHU HABAHMANICEHb NpU
excnayamayii  CKIAOHUX KOHCMPYKYI VYCKIAOHAE —GUKOPUCMAHHS  ICHYIowol  iH@opmayii. Buxonano cunmes
MamemMamuyHux Mmooeneli MexXHiYHO20 CMAHYy MemAalOKOHCMPYKYIL, 6 OCHOB8I AKUX JNedHCUMb 3a2albHUll NPUHYUN
nepemeopents Oezpadayii cmpykmypu Ha QIiKCO8aHUUl CUSHAN pi3HOI Npupoou noxoodcenHsa. Ilpedcmaesnena
CMPYKMypu3ayisi po32ns0acmocst K IHPOpMayiina niOmpumMKa iHmeneKmyaibHo20 3a0e3nedeHHss MOHIMOPUH2Y 3MIH
sracmugocmell MpPaAHCNOPMHUX 00 €KMi8, KONMCHA 3 AKUX € negHoio memoro. Hosusnorw cmpykmypuszayii ocHogHux
Mooenell AGNAEMbCS NPAKMUYHA CHPSIMOBAHICTNG HA SUPTUEHHS NUMAHb IX (YHKYIOHATbHO20 NPUSHAYEHHS CIMOCOGHO
onepayiti 6uUNpPoOYSanHs 6 MOHIMOpPUH2Y I OiazHOCMuYi MPAHCROPMHUX 3acobieé [ idenmugpikayii Oepexmis ujo
p0O368UBaIOMbCA.

Ha niocmasi euxonanozo cunmesy mamemamuynux mooeneu, ananizy ix HedoriKie, nepeeaz ma MONCIUBOCHEN
BUKOPUCMAHHSL OJI1 MOHIMOPUHSY MPAHCNOPMHUX NPUCPOi8 y npoyeci iX excniyamayii 6CMAHOBNEHO X OCHOGHI
eracmusocmi 3 no3uyii ix uacoeozo psody, 2any3i 3HAHL, CNOCOOI8 peanizayii ma payioHAILHOCMI 3ACMOCYBAHHS.
Bcmanosneno siomimui o3naku ma UKOHAHO Kiacugikayiio mamemamuyHux mooeneu, o 00360J18€ 3HAYHO CNPOCMUMU
8UOIip GIONOGIOHUX MoOenell, 3a0e3nedumu Kopekmue 6UKOPUCIAHHA MAMeMAMmuyHo20 anapamy mda auaiimudHi
VABIEHHS NPO MONCIUBOCIMIE OYIHKU 3ATUUKOBO20 Pecypcy md AKOCMI MOHIMOPUH2Y 3A2aTI0M.

KniouoBi cnoBa: TpaHCNOpTHI 3ac00W, TEXHIYHWUIA CTaH, AiarHOCTMKA, IHTENEKTYanbHUIA MOHITOPUHT, MatemaTuyHi mogerni.
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