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Diagnostics and forecasting of the resource is one of the most important factors in managing the
efficiency and operational reliability of agricultural machinery. Increasing the requirements for the quality of
technical maintenance requires improving approaches to assessing the condition of the engine, which is
considered as a system of series-connected elements without redundancy. The purpose of the article is to
analyze existing methods for non-disassembly diagnostics of auto-tractor diesel engines and to justify the
feasibility of using the pattern recognition method for small deviations of parameters to predict the residual
resource. The research methods are based on the analysis of the theory of similarity and dimensions, as well
as methods of mathematical statistics and probability theory.

The laws of failure distribution (normal, Weibull, exponential, Rayleigh, gamma distribution) and their
application to various types of wear are considered in detail. The research found that classical statistical
methods, in particular the normal distribution law, require a large amount of testing, which complicates their
use for operational forecasting. The results of the analysis allowed us to substantiate the effectiveness of the
pattern recognition method, which allows us to record hidden changes in structural parameters within the
tolerance range. The proposed approach allows us to reduce the amount of computational work and increase
the accuracy of individual forecasting of the resource of a particular unit.

The results of the work will be useful for engineering and technical workers of the agro-industrial
complex in solving the problems of reducing the variability of the resource of engines and their systems,
providing the possibility of prompt detection of pre-failure states based on small deviations of parameters for
more accurate forecasting of the durability of equipment. The materials of the scientific article are based on
the results of the initiative scientific topics 0122U002187 and 0122U002135

Key words: automotive and tractor diesel engines, in-place diagnostics, resource prediction,
reliability theory, probability distribution laws, similarity method, pattern recognition.

Eqg. 21. Fig. 10. Table. 1. Ref. 17.

1. Problem formulation

It is well known that engine reliability is a function of the reliability of its individual mechanisms and
systems. From the standpoint of reliability theory, an automotive or tractor diesel engine can be considered as
a system consisting of series-connected elements without redundancy, where the failure of any single element
leads to the failure of the entire system.

At present, the automotive and tractor industry has achieved relatively high average service lives of
engine mechanisms and systems. However, a critical problem remains the significant variability of the service
life of these components, which directly affects the overall reliability of the engine. Therefore, an important task
is not only to increase the average durability of engines but also to reduce the dispersion of their service lives.
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Diagnostics and forecasting of the residual resource are among the most important factors in managing
the efficiency, operational reliability, and longevity of tractors, trucks, combines, and other agricultural
machinery. Modern agricultural equipment places increasingly high demands on the quality of maintenance
and repair, precision of adjustments of systems and mechanisms, and, consequently, on the improvement of
in-place diagnostic methods capable of detecting pre-failure states during operation.

2. Analysis of recent research and publications

Analysis of experimental and operational data [1-5] shows that failures of components, systems, and
mechanisms limiting engine reliability are generally described by the normal distribution, the Weibull
distribution (over 60%), and the exponential distribution. The application of these probability laws in reliability
studies is justified, as they encompass the main types of failures occurring during engine operation.

Failures caused by gradual wear are typically distributed according to the normal law, with a
coefficient of variation in the range of 0 < v < 0,33.

Failures resulting from extreme loads applied to structural elements, which usually manifest as sudden
failures, are described by the exponential distribution, with a coefficient of variation of 0,8 < v < 1,0.

An intermediate position between these two extreme cases is occupied by the Weibull distribution, which can
describe both gradual and sudden failures. In this case, the coefficient of variation may range from 0,28 < v < 1,0.

The transition from the normal distribution to the exponential distribution occurs through the Weibull
distribution, covering the entire range 0 < v < 1,0.

To study wear and durability of mating engine components, methods of mathematical statistics and
probability theory, including correlation and regression analysis, are widely used [6-10]. Correlation theory
makes it possible to establish a stable relationship between wear and operating time, despite the influence of
random external factors inherent in experimental data. Regression analysis, in turn, allows determining the
functional form of this relationship and estimating statistical durability parameters.

In recent years, mathematical models based on the laws of mechanical, physical, gas-dynamic, and
chemical processes occurring in diesel engines have been increasingly applied to diagnostic problems. These
models consider structural parameters, operating modes, environmental conditions, and diagnostic parameters,
which are functionally related and allow assessing engine condition under operating conditions.

3. The purpose of the article

The purpose of this article is to analyze existing methods of in-place (non-disassembly) diagnostics of
automotive and tractor diesel engines and to substantiate the feasibility of using the pattern recognition method
based on small deviations of diagnostic parameters to predict the residual resource.

The study aims to demonstrate that, in contrast to classical statistical methods requiring large amounts
of test data, the pattern recognition approach enables the detection of hidden changes in structural parameters
within permissible tolerance ranges. This makes it possible to reduce computational complexity and improve the
accuracy of individual forecasting of the residual life of specific engine units under real operating conditions.

4. Results and discussion

To solve the formulated diagnostic and reliability assessment problem, it is necessary to develop a
mathematical description of the processes occurring in a diesel engine under operating conditions.

Mathematical models of processes developed based on the laws of mechanical, physical, gas-dynamic,
and chemical processes occurring in diesel engines are increasingly used in solving diagnostic problems.

Typically, the following parameters are considered when developing a mathematical model of
processes: x; and x;, i = 1, ...,n — are the structural parameters and their nominal values, respectively; y; and
yf , i=1,..,h — are the parameters characterizing the state of the external environment, respectively;
z;, i =1,..,s — are the parameters characterizing the diesel engine operating mode; Y; , Yl-° and AY;,
i=1,..,m — are the diesel engine diagnostic parameters, their average values, and their permissible
deviations, respectively; n,m,h,s — are the number of corresponding parameters.

A functional relationship has been established between the above parameters, which generally has the form [9]:

F(%5,2Y)=0,k=1,..,m. (1)
where X, y, and Z are vectors, respectively, X’ = (x1,%3 ..X), ¥ = V1, V2 - Vn), Z = (21,25 ... Zg).

122



Ne 4 (131)/2025 TeXHiKa, C€HEPreTHuKa,

% TpaHcnopT AIIK
E ~ Vol. 131, Ne 4 / 2025

Diagnostics of the technical condition of automotive and tractor diesel engines under operating
conditions can be carried out using the similarity method and dimensional theory, the method of mathematical
statistics and probability theory, the method of pattern recognition, etc.

The application of the fundamental principles of similarity and dimensional theory to the processing
and analysis of experimental data on the wear of automotive and tractor engines allows us to establish patterns
in the change in wear rate tg o depending on the engine's adjustment parameters.

There is a functional relationship between the wear rate and the engine's adjustment parameters [9],

tga
E = f(NevPp!@ﬂpr'Nen'§0pn'Pvpr.n)' 2)
which, according to the 2nd theorem, can be represented as a relationship between dimensionless
complexes.

Applying the zero-dimensional method, we find that the dimensionless wear rate P=tg a / tg a,, in
the case under consideration is a function of the following criteria:

t'ga — I:E & Pvp‘r ] (3)
tg ay Nen’ Ppn ' Popran

By introducing the designations of the criteria: Py = No/Nen, P2 = ¢p/®pn + Ps = Popr/Popra,
P =tga/tg a,, we obtain:

P = f(Py,P;, P3). (4)

First, the influence of criteria P1 and P, on the dimensionless wear rate P is determined at P; = 1. For
this purpose, dimensionless dependencies P = f(P;) for different values of the simplex P, are plotted in
logarithmic coordinates (Ig P, ,0,lg P,). The processing is carried out using the least squares method.

Analysis shows that the influence of criteria P1 and P, on the relative wear rate P is quite complex,
and that determining these criteria requires numerous experiments. Therefore, this method has not found
widespread practical application for determining the service life and predicting the longevity and reliability of
automotive and tractor engines.

The wear and durability of automotive and tractor engine mating components can be studied using
mathematical statistics and probability theory, using correlation theory [8, 9, 10].

Correlation theory allows us to establish a consistent relationship between wear and operating time,
despite the fact that we are investigating this relationship using experimental data where other factors, with
their variability, distort the relationship under study. In this case, we solve two main problems:

We determine the closeness of the relationship between the studied quantities (correlation analysis),
which characterizes the degree of influence of operating time on wear under given operating conditions.

We establish the form of the relationship between the studied quantities (regression analysis), i.e., we
determine the form of the function ¥, = f(x) or X;, = ¢ (), where Y, is the average wear value for a given
operating time and X_y is the average operating time for a given wear.

Solving these two problems makes it possible to determine the wear process dynamics and the
statistical parameters of durability.

The main objective of reliability theory is to predict (predict with varying probability) various
indicators of failure-free operation, durability, service life, etc. This is related to determining probabilities.

The Monte Carlo method has recently begun to be used to study complex probabilistic processes. The
Monte Carlo method, also known as statistical modeling or statistical testing, is a numerical method for solving
complex problems. It is based on the use of random numbers that model probabilistic processes. The results of
solving the method allow us to establish empirical relationships between the processes under study. The
mathematical basis of the method is the law of large numbers, developed by P. L. Chebyshev, which is
formulated as follows: for a large number of statistical tests, the probability that the arithmetic mean of a
random variable tends to the mathematical expectation is equal to 1:

limP{Zx <e}—>1, (5)

= —m(x)
n
where ¢ — is any small positive number.
With a normal distribution, the accuracy of the results obtained by the Monte Carlo method can be
estimated using the formula

Plx] - m(x) < -2 ©)
X m(x \/ﬁ

Monte Carlo method problem solving is effective only with high-speed computers.
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Probability theory uses the following distribution laws for random variables: normal, exponential,
Rayleigh, Weibull, gamma, Poisson, binomial, and others.

The normal distribution law is exceptionally important and occupies a special position among other
laws, being the most frequently encountered in practice (especially in engineering). The main feature that
distinguishes the normal distribution law from other laws is that it is a limiting law, approached by other
distribution laws under frequently encountered typical conditions.

The normal distribution law applies to components and assemblies subjected to wear testing until all
or most of them fail. The main characteristics of this law are reliability, failure probability, and the probability

density of the failure time of an element or assembly.
The normal distribution function for the time to failure is written as

1 2 _(ti=T)?
F(t) =P[T <t]= fe 202 - dt, @)
oV2T )
where T —is a random variable (lifetime), hour; t; — is its value (failure time of the i-th element), hour;
T —is the arithmetic mean of the random variable (average lifetime), hour; ¢ — is the standard deviation of the
random variable.

For a random variable T distributed according to the normal law with mean 7 and standard deviation

o, we have
t;—T
F(©) = <p( - > ®

Fig. 1 shows a graph of the cumulative distribution function of a continuous random variable.
The probability density function of a normal distribution is bell-shaped, symmetrical about the mean,
and is determined by the formula:

) = 9)
oV2Tm o
The probability of failure-free operation, or the probability that a non-recoverable system will perform
a required function at a given time t, can be written as
_ t _
1 _(ti_’];)z 1 _(ti—Y;)2 p (10)
e 20 = e 20 - at,
oV 21 ovV2n

is graphically represented as follows (Fig. 2) [11].

1 -2 1 ti—T
e 20‘2 — E . (p .

P(t)=1-

F(t)
1 P(t)
1 +
0 0
i t, time
Fig. 1. Graph of the integral distribution Fig. 2. Probability of failure-free operation with normal
function of a continuous random variable. distribution of time to failure

If the random variable T (time to failure) has a distribution density f(t), then
1—F(t) = P(¢). (11)
In the case of a normal distribution, the failure rate is a monotonically increasing function of time
(Fig. 3) [12] and is determined by the formula:

() _1_‘P<ti;T)

A(t)=1_F(t)—6 ¢<ﬂ)
g

(12)
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/t, time
Fig. 3. Failure rate with normal distribution of time to failure

The service life of components and the engine as a whole is affected by their service life. When
selecting parameters, the degree of influence of service life is taken into account by the Weibull distribution,
areliability law based on the Weibull distribution. The Weibull distribution is applicable to studying the service
life of mechanical devices that have been in operation for a certain period of time.

This distribution law allows, by selecting the parameters /4 (shape parameter) and y (scale parameter),
to approximate statistical data on failures, taking into account the degree of influence of the service life of a
component or unit.

For g = 1, this law transforms into an exponential distribution law, and for g > 1, it approaches the
normal distribution law. The main characteristics of the Weibull distribution law are summarized in Table 1
and shown in Figs. 4-6 [13, 14].

F0) o=1, P()
[ =
[
||
=
= 1
!\ Py
0:2, 1
B=2
0 2
: ; ; =S — 4
0 t t

Fig. 5. Probability of failure-free operation when
distributing work per failure according to
Weibull's law

Fig. 4. Distribution density of time to failure
according to Weibull’s law.

Alt) B=3 1

\ :

4
t
Fig. 6. Intensity of failures in the distribution of working hours to failure according to Weibull's law

0

The probability distribution of reliable operation can be expressed according to Rayleigh's law as [10]:
t2
P(t) = e VO = ¢ 205, (13)
where Y (t) = # - is the parameter of the law.
0
The probability density of the element's failure time is determined by the equation
tZ

U 5=
F©) =—-e 2% s
0
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Table. 1
Probability distribution laws of failure-free operation and their reliability characteristics

Distributio | Distribution P;gﬁﬁ?é['f%:f Failure rate | Mathematica Dlsopr?rSI
Distribution | n function function : 1 | expectation 2
) f(t) operation (1) M(t) 9]
P(®)
A | o f@®
1 _(tiq 2 L7
oV2lm . 2(Ttr-—T)z ) J-e_(tIZUTZ) P®) 7 _
Normal g e mer e | OV 1 <p(#) T o’
t;,—T 1 6-T | a=9l "ty | 5 -4
=pC—) | =52 o P
Bt
, b1 , .
Weibull | 1 _ o=GD* | V ) e~ @" D Gy
—iyp Vv
e Vv
. 1 1 1
Exponential | 1 —e~¥t e ¥t e ¥t == - b
P v TV Y Y

The Poisson distribution is used in the analysis of many random discrete processes. The probability of

occurrence of events x = 1, 2, 3... per unit time is expressed by the Poisson law (Fig. 7).
X X
P = e = e (1)

where: x — is the number of events in a given time interval; A is the density, i.e., the average number
of events per unit time; At is the average number of events over time t, At =m.

The Poisson distribution is used for rare events, i.e., P(x) is the probability that an event will occur x
times during a given test period given a very large number of measurements m.

For Poisson's law, the variance is equal to the mathematical expectation of the number of occurrences
of an event over time t, i.e., 62 = m.

When studying processes associated with a gradual decrease in parameters (deterioration of material
properties over time, structural degradation, aging processes, wear-related failures in machines, etc.), the
gamma distribution law is used (Figs. 8-10) [15].

P(x)
m=1

0,3 [\
m=2|

MAVIES
AN

ft)

5 10 15 X
Fig. 7. General view SLK): Poisson distribution Fig. 8. General view of the distribution curve
Plely hit) &
3 =1
4
2 \4
n=1
0 : 0 't
Fig. 9. Probability of trouble-free operation with Fig. 10. Failure rate with gamma distribution of
a gamma distribution of time to failure (A=1) time to failure (7=1)
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For this distribution law we have:
t

An
F(t) = f T~ 1e=47 . dr, 16
= | 537 (16)
where 5 — is the shape parameter; 1 —is the scale parameter.
AN
f(t)—mt” e~ t >0, > 0,1 > 0. 17)

If n is an integer, then by successive integration by parts it can be shown that

Fo) = Z (A~ exp( At))

; (18)

* GOK exp(-At))

P(t) =1—F(¢) = KZO = ; (19)
AT th-1 -At
_f® Tt ¢
h(t) = P(t) Zn 1 (AKX exp(— /1t)) (20)
K1
f(t) = —t"‘le"“. (21)

The gamma distribution can also be used to describe the time to the nth failure of a system if the
underlying mean-time-to-failure distribution is exponential. This means that if the random variable x; has an
exponential distribution with parameter & = 1/A, then the random variable t = x; + x,...+x, has a gamma
distribution with parameters / and n.

Choosing a mean-time-to-failure distribution is a difficult problem from a practical standpoint.
Without a large body of test data, it is difficult to determine which distribution is best suited for a given case.
The analyzed distribution laws generally provide a good fit to experimental data in the middle part of the
random variable domain, but they differ from each other in the region of large deviations.

The small-deviation pattern recognition method is a fundamentally new approach to diesel engine
diagnostics [16, 17].

Analysis of distribution laws has shown that diagnosing ansd predicting the remaining service life of
automotive and tractor diesel engines, regardless of their type, requires extensive testing. At the same time, the
small-deviation method significantly reduces computational effort when determining the multifactorial nature
of parameter relationships, while ensuring a sufficiently high accuracy of results.

A real opportunity to optimize the solution to the problem of diagnosing the technical condition and
predicting the remaining service life of diesel engines is the combined use of pattern recognition theory and
small-deviation theory. Pattern recognition theory is an attempt to systematically study one of the classic
problems of applied mathematics: how, based on limited, incomplete, distorted, probabilistic information about
an object, system, or process, can one form an understanding of its internal structure, determine whether it
possesses a certain set of properties, predict its behavior, etc.

As noted above, classical statistical methods (normal law, Weibull distribution) operate with average
service life indicators T and standard deviations o. However, for operational reliability management of a
specific engine under operating conditions, knowledge of the average service life is insufficient. A transition
from failure detection to pre-failure state recognition is necessary.

In this context, the method of pattern recognition based on small parameter deviations is based on the
analysis of functional dependence (1), where the technical condition of a diesel engine is considered as a vector in
an n- dimensional parameter space. The physical essence of the method is that any significant failure (both sudden
and gradual) is preceded by a stage of hidden changes in the structural parameters x; from their nominal values x;.

These changes form a vector of "small deviations" of diagnostic parameters AY;, which is an individual
"image" of the system's current state. Unlike statistical testing, which requires collecting a large amount of
failure data to construct distribution density curves f(t), the small deviation method allows for changes in the
system's state to be detected even at a stage when the parameter values are within tolerance, but the state vector
has already deviated from the reference “image" of a healthy engine.
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This allows us to solve the key problem identified in reliability analysis: reducing resource variability

by individually predicting the remaining life of a specific unit without having to wait for the onset of limiting
states characteristic of the Weibull or exponential distributions.

5. Conclusion

1. The similarity method and dimensional theory allow us to establish patterns in wear rate changes
tga depending on engine adjustment parameters. However, this requires numerous experiments, making it
impractical for determining the service life and predicting the performance of automotive and tractor engines.

2. The most practical method for determining the remaining service life of automotive and tractor
engines is the method of mathematical statistics and probability theory, and, in particular, the normal
distribution law. However, determining the service life of engines using this law also requires extensive testing.

3. Therefore, at the current stage of scientific and technological progress in automotive and tractor
manufacturing, it is necessary to seek other methods that are more practically acceptable and that facilitate
determining the service life of machines with maximum reliability in a shorter time and without extensive testing.
These conditions are met by the diagnostic method of pattern recognition based on small parameter deviations.

In this study, the diagnostic method of pattern recognition based on small deviations of diagnostic parameters
is adopted as the primary approach for assessing and predicting the service life of automotive and tractor engines.
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AHAJII3 METOAIB BE3PO3BIPHOI'O JIATHOCTYBAHHSA ABTOTPAKTOPHUX
JAU3EJIbHUX JIBUT'YHIB

Hiaenocmyeanns ma npocHO3Y8aHHsL pecypcy € OOHUM i3 HAUGANCIUBIUUX HUHHUKIE YNPAGIIHHSA
eeKmusHicmio ma eKcnIyamayiiHo HAOIIHICMIO CilbCbKO20Cnooapcvkoi mexuiku. ITliosuwenns sumoe 00
AKOCMI MeXHIYHO020 00Cy208y8aHHA NOMpPedye YOOCKOHANEHHS NIOX00i8 00 OYIHKU CMAHYy OBUSYHA, AKUL
PO321A0AEMbCS K CUCTHEMA NOCTIO0BHO 3'€OHANUX eNlemenmis Oe3 pezepsysants. Memoro cmammi € npoeeoeHHs.
aManizy ICHyOuuUx memooig 0e3po30ipHO20 OiAeHOCMYBAHH AGMOMPAKMOPHUX OU3CTbHUX OBUSYHIE ma
OOIPYHMYBAHHA OOYIIbHOCI  BUKOPUCTHAHHA Memody PO3NIZHABAHHA 00pA3ié 3 MAIUMU  BIOXUIEHHAMU
napamempia 011 NPOSHO3Y8AHHSA 3ANUUKOB020 pecypcy. Memoou docuioxiceHb IPYHMYIOMbCA Ha aHAI3] meopii
noJibHOCMI Ma PO3MIPHOCHEN, A MAKOXC MEMOOI8 MAMEMAMUYHOL CMAMUCIMUKY ma meopii UMosIpHOCMEI.

JlemanbHo po3ensiHymo 3aKoHU pO3n00LLY 8I0M08 (Hopmanbhutl, Betibynia, excnonenyianvuuii, Penes,
2aMMa-po3nodin) ma ix 3acmocy8antsa 00 PI3HUX 8U0i6 3HOULY8aHHA. B x00i docnidicenv ecmanosnero, ujo
KAACUYHI CIMamucmudti Memoou, 30Kpema HOPMAaIbHUll 3aKOH PO3NOOLTY, 8UMA2AIOMb NPOBEOEHHS BEIUKO20
06cazy eunpobysans, w0 YCKIAOHIOE iX GUKOPUCTMAHHA Ol ONepaAmuUBHO20 NPocHO3Y8anHs. Pezyrvmamu
amanizy 003801UIU OOIPYHMY8amu e@deKxmusHicms Memooy pO3NI3HABAHHA 00paszie, AKuul 0aec 3Mo2y
Qikcysamu npuxoeani 3MiHU CMPYKMYPHUX NAPAMEMpI8 e 8 Mexncax OOnycky. 3anponoHoeaHuul nioxio
00360151€  CKOpomumu  00cse  0OYUCTI08ANbHOI pobomu ma RIOSUWUMU  TOYHICL  IHOUBIOYATbHO2O
NPOCHO3YBAHHA PeCYPCy KOHKPEMHO20 azpe2any.

Pesynomamu  pobomu  6yoymv  KOpucHumMu — OAs  IHICEHEPHO-MEXHIUHUX  NpayieHuKie
AZPONPOMUCIOB020 KOMNAEKCY NpU SUPIUEHHT 3a80aHb 3HUNCEHHSA 8aPIAMUBHOCI pecypcy 08UcyHie ma ix
cucmem, 3a0e3neuyIouU MONCIUBICIL ONEePAMUBHO20 GUSBIEHH Nepe0GiOMOBHUX CMAHIE 30 MAIUMU
BIOXUNEHHAMU NAPAMEMPIB 015 OLIbU MOYHO20 NPOSHO3Y8AHHA 008208IYHOCII mexHiKy. Mamepianu Haykogoi
cmammi 3aCHO8AHI Ha pe3yavmamax iniyiamusHux Haykosux memamux 01220002187 ma 0122U002135.

Knwuosi cnosa: asmompaxkmopui ouzenvhi 08ucyHu, 0e3po3dipHa O0iacHOCMUKA, NPOSHO3Y8AHHS.
pecypcy, meopis HAdIUHOCMI, 3aKOHU PO3NOOLLY UMOBIPHOCIET, MemOo0 HOOIOHOCHI, PO3NIZHABAHHS 00PA3IE.

@. 21. Puc. 10. Taéan. 1. Jlim. 17.
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