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Abstract. The necessity to determine the technical condition of automotive internal combustion engines arises
when their power, economic and environmental indicators deteriorate, as well as before performing the next major
repair. Currently, disassembly and non-disassembly methods are used for this purpose. Disassembly methods,
although they are the most reliable, are more labor-intensive and require the removal of the engine from the car,
the availability of space and equipment for its disassembly. And non-disassembly methods have a low labor
intensity, they practically do not require removal of the engine, while providing different reliability of the diagnosis
depending on the method used. A method of non-disassembly diagnostics of automotive engines based on the
pulse functions of their systems is proposed. As diagnostic parameters here are offered the pulse function of
changes in the fuel and air supply of the engine at known values of compression in the cylinders. At the same time,
the experience of operating automotive engines shows that the pulse function is a function of the current technical
condition of the engine. By using the generalized Bayes formula for determining conditional probabilities, it is
possible to determine the probability of failure of engine systems and the current technical condition. The
undoubted advantage of the proposed method is its trainability, i.e. with an increase in the statistical data of the
diagnosed engines, the reliability of the established diagnosis increases. The offered method will be useful for
engineers and technicians involved in the maintenance of internal combustion engines for practical
implementation.
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Introduction

Technical operation of machine-tractor units (MTU) in the conditions of agriculture involves
carrying out certain diagnostic actions on their components and aggregates to determine the technical
condition of these machines. Special attention is paid to the technical diagnostics of machine engines,
since agriculture engines operate under conditions of unsteady load, which leads to accelerated wear.

There are many different ways to diagnose internal combustion engines (ICE) of agricultural mobile
machines, designed both for solving technical diagnostics and for solving technical forecasting
problems, since in agriculture it is important to have not only accurate data on the current technical
condition of the machine, but also on the remaining resource.

The classification of diagnostic methods is shown in Fig. 1. The most traditional disassembly
methods for diagnosing the technical condition of engines involve physical impact on the components
and assemblies of the engine being diagnosed with the disconnection of some of them from the engine
and subsequent direct or indirect measurement of the parameters of interest to the diagnostician. Such
methods include, for example, diagnosis of fuel equipment elements on stands or devices. At the same
time, it is possible to divide disassembly methods of diagnostic into those that require complete removal
of equipment from engines and those that require partial removal of equipment [1]. According to [2],
the nodes that are subject to partial disassembly are diagnosed by the method of technical endoscopy,
where fiber-optic devices — endoscopes are used.

There are many methods of non-disassembly diagnostics, which are carried out in statistical and
operational modes.First of all, it is worth highlighting the methods of vibroacoustic (VA) diagnostics
[3], the essence of which is the registration, processing and interpretation of vibration or noise indicators
of MTU engines. At the present stage of development of VA-technologies of diagnostics, the following
advantages can be distinguished:

the ability to diagnose breakdowns and identify defects at an early stage;

o the ability to predict the future operation of components or the machine as a whole, as well as
planning the scope of maintenance and repair work;

o the efficiency of collecting information about the technical condition of the equipment and the
mobility of the VA equipment.
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Fig. 1. Methods for diagnosing internal combustion engines

The main problems that complicate the use of vibroacoustic methods of non-disassembly
diagnostics include increased requirements for processing the received signal, the limited use of Fourier
transforms for non-stationary processes [4]. Vibration also depends on the time of transient response
and for some engine models, at the end of the transient response of the acceleration characteristics, there
is a spontaneous appearance of additional vibrations for a short time [5; 6].

Methods of thermal control are based on measuring the temperature of the object being diagnosed,
as well as its further analysis. During the operation of the engine, the generated thermal energy is
transferred to the surface of the object.An analog of thermal control can be considered laser control
methods with the application of fluorescent compositions or the use of special endoscopes [7; 8].Both
thermal and laser control methods are of limited use in the operational diagnostics of internal combustion
engines, since the temperature of engine components is a slowly changing parameter.In addition, as a
rule, such methods require additional control of other parameters of the ICE.

The method of analysis of the composition and amount of exhaust gases of the engine allows to
determine the nature and conditions of the combustion process, and based on the value of the excess air
coefficient, to estimate the maximum permissible wear of parts of the cylinder-piston group (CPG). The
main disadvantages of this method include the impossibility of operational control of the engine
condition and weak prognostic capabilities for determining the residual life of the engine [9]. In addition,
the obvious disadvantage of this method is the ability to evaluate only the state of the CPG, but not the
overall state of the engine.

To assess the technical condition of the internal combustion engine, a method based on monitoring
the current values of the concentrations of wear products is also interesting. During the operation of the
ICE, wear products are collected in the engine oil, which come from various parts, which makes it a
carrier of information about the technical condition of the engine [10].

To assess the technical condition of the CPG, such an indicator as the oil consumption through
combustion is also used, which makes it possible to determine the type of necessary repairs, if there is
a correct accounting.However, the oil consumption for the period from the beginning of the engine
operation to major repairs increases by 3-5 times, and depends on the operating conditions of the engine,
S0 to assess the technical condition of the CPG for oil consumption through combustion, it is necessary
to operate the equipment in the same conditions, which is impossible during agricultural work.

The technical condition of the CPG is also determined by the pressure at the end of compression.The
disadvantage is that at extreme wear there may be a slight change in compression due to significant oil
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consumption, sealing the coupling of the CPG [11].It should be noted that the compression value is also
affected by the leakage of the valves of the gas distribution mechanism, and not only the wear of the
CPG.When assessing the technical condition, the compression value is not reliable, since the pressure
at the end of compression depends not only on the state of the CPG, but also on the speed of the
crankshaft, and its constancy cannot be achieved when using the starter.

The advanced methods of internal combustion engine diagnostics also include the radio-wave
method of condition assessment [13], methods using built-in diagnostic elements [14; 15], and modeling
of the diagnostic process using a neuro-fuzzy diagnostic system [16].

It is known that the diagnosis of ICE is carried out both in stationary and non-stationary modes. A
more convenient and operational method is the non-stationary mode of studying the ICE.

The fundamentally dynamic method can be implemented in two modes of diagnostic tests:

e In an unsteady (transient) acceleration with full supply or run-out with the fuel supply cut off
in all or part of the cylinders;

e In the steady state, assuming the operation of the engine with the loading of the brake stand, or
when performing transport work.

In technical diagnostics, due to the ease of implementation, the Fourier harmonic series analysis
method is used, the essence of which is to identify the main harmonics with subsequent detection of the
amplitude and frequency spectra, which allows to extract the spectrum of the signal under study and
then identify the fault [17;18]. However, the well-known Fourier analysis has a number of
disadvantages, among which the main ones are:

1. Insufficient information content and almost complete lack of analysis capabilities for the time of
occurrence and the shape of the amplitudes, weak capabilities in cleaning up noise.

2. Harmonic Fourier constructions do not have the ability to reliably reflect the shape of signals with
a large steepness of harmonics, since this requires cumbersome construction of digital series.

Due to the fact that the above method has a sufficient number of limitations, the method of wavelet
analysis of ICE characteristics is increasingly used, which is an alternative and eliminates the
disadvantages of the Fourier series analysis method, and provides a more flexible signal processing
technique.This transformation method is detailed and time-weighted or space-argument-based by means
of signal representation.A distinctive feature of the Fourier transform is that the wavelet transform of
one-dimensional signals provides their two-dimensional representation, while the frequency and
coordinate are considered as independent variables, which allows simultaneous analysis of signals in
two dimensions [19].However, the method of wavelet analysis has not been widely used to date, due to
the software and hardware limitations of using this method.

Status of the issue

The main task of technical diagnostics is to recognize the state of a technical system in conditions
of limited information. But based on the available information, it is not always possible to draw a clear
conclusion and it is necessary to use statistical methods.

The method of sequential analysis (Wald method) is used for differential diagnostics, i.e.
recognition of two states, serviceable and faulty. Surveys are conducted as necessary to make a decision
with a certain degree of risk, their number is not set in advance.In this method, the probability ratios of
features are compiled sequentially, rather than immediately, so a smaller number of surveys is usually
required [20].

Due to its simplicity and efficiency, the most common method is based on the generalized Bayes
formula. This method has its drawbacks, such as a large amount of preliminary information and rare
diagnoses. But if the amount of statistical information allows to use this method, it is advisable to use it
as one of the most reliable and effective. This method is used in the diagnosis of the technical condition
of tractors, cars, railway transport, and aircrafts [21].

It is also worth noting the promise and convenience of using the Bayes algorithm for predicting the
failure of the internal combustion engine in that this formula can be more accurately recalculated
probability, using both previously known statistical information and data from new tests.
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Offered solution

For the diagnosis of ICE malfunctions, a method based on the application of the Bayes algorithm is
proposed, with the selected diagnostic parameters, the basics of which are proposed in the works [22-
25]. In them, the internal combustion engine is considered as a dynamic system with stationary and
deterministic characteristics, which allows to use identifying methods of dynamic systems.

The most common and well-developed from a methodological point of view is the identification of
dynamic systems using impulse functions [26]. According to this method, the analytical expression of
the impulse response is determined by the reaction of the object to the impulse change of the control
signal at the input.

The long-term and significant impact that has to be applied to obtain the acceleration characteristics
of the ICE causes long-term changes in its operating mode and therefore is not always permissible on
existing facilities. Reducing the magnitude of the effects when removing the acceleration characteristics
is advisable only to certain limits, because otherwise the applied effect will be commensurate with the
random disturbances that occur during the experiment. If a long-term violation of the regime is
impossible under production conditions, then it is usually not the amount of exposure that is reduced,
but its duration. In this case, the dynamic properties of the object can be determined not by the
acceleration, but by the impulse response.

The pulse characteristic is a curve of the change in the controlled parameter as a result of a
temporary pulse action, that is, such a pulse when the applied stepwise action is completely removed
after a certain period of time At.The impulse action can be considered as the action of two equal and
opposite in the direction step actions, of which the second is applied later than the first on At.

The acceleration characteristic can be constructed from the impulse one, taking advantage of the
fact that in the case of linearity of the static characteristics of the control object, the deviation of the
controlled parameter obtained as a result of several actions is equal at any given time to the algebraic
sum of the deviations of the controlled value due to each of the actions separately. This is a consequence
of the additivity (or superposition) of the transition functions. On this basis, the impulse response can
be represented as an algebraic sum of two identical, but opposite in the direction of the deviation curves
of the parametery,and —y,, of which the second is delayed in comparison with the first by At,, that is,
by the duration of the pulse action.

The second stage of the development of the algorithm for non-disassembling engine diagnostics is
the selection of diagnostic criteria and the determination of the ranges of their changes in accordance
with the technical condition of the object of study (Fig. 2).
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Fig. 2. Algorithm of non-disassembly diagnostics of ICE
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These data are determined as a result of tests on the stand [26] for each combination of state
parameters according to the plan and algorithm of the experiment. The correct choice of diagnostic
parameters (signs) is quite a crucial moment, since it affects not only the reliability of the diagnosis, the
number of experiments to obtain it, but also reduces the probability of errors of the first and second kind.
Considering an internal combustion engine as a dynamic object with stationary characteristics, it is
allowed to use methods for identifying such objects.

They reflect the dynamic characteristics of the system and depend on its technical condition. As a
diagnostic feature, let us choose changes in the engine performance, when the position of the regulator
adjustment lever is changed impulsively — pulse functions:

e pulse function of rotation frequency T, (kq;);

e pulse function of changing the fuel supplyTy.(k,;)(see Fig. 3);

e pulse function of air consumption T, (k3;).
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Fig. 3. Pulse functions of the cyclic fuel supply depending on the fuel injection
pressure of D-243 engine: 1, 4 — at a fuel injection pressure of 18,5 MPa;
2, 5 at a fuel injection pressure of 16.5 MPa, 3, 6 —at a fuel
injection pressure of 15.5 MPa

When determining a diagnosis based on the technical condition of an internal combustion engine
using the Bayes method, it is considered necessary to draw up a diagnostic table (matrix), the elements
of which are formed on the basis of previously collected statistical material. The diagnostic table
contains conditional probabilities of bit depths of a set of signs for various technical conditions of the
engine (diagnoses).And the dimension of the table is determined by the number of selected probable
manifestations of signs of failures and faulty states.

The diagnostic table includes only the a priori probabilities of the selected diagnoses.

To obtain diagnostic results with a high probability of reliability, when filling in this matrix, it is
necessary to keep a continuous record of the technical condition of the engine during each regular
maintenance with the state of its systems and mechanisms.According to the results of practical
diagnostic studies, a satisfactory convergence of the results appears when the sample size is greater than
200.0ne of the issues that cause difficulties when filling out the Bayes diagnostic table is the fact that,
according to the regulatory and technical documentation, not all the necessary information on the
technical condition of the engine components is recorded during these works.

Let us consider an example of drawing up a diagnostic table using the Bayes algorithm for the D-
243 engine.

The experience of operating internal combustion engines and the content of work in accordance
with the regulatory and technical documents for their maintenance show that its current state is primarily
determined by the state of the air supply systems (SPV) and fuel (SPT), as well as the cylinder-piston
group (CPG) [22].

As a diagnosis, let us choose four main engine conditions:

o malfunctions in the air supply system (SPV);
o malfunctions in the fuel supply system (SPT);
o malfunctions of the cylinder-piston group (CPG);
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¢ working condition of the engine.

Each feature has three status levels: good, satisfactory, and unsatisfactory, corresponding to a
system malfunction:

e intensity of the change is good kji;
e intensity of the change is satisfactory kij;
e intensity of the change is poor kis.

To determine the range of changes in indicators from a good to a bad value, information on the
correspondence of these data for engines with zero and maximum operating time is required [24].These
characteristics are determined according to regulatory and technical documents or they can be obtained
in bench tests of engines with different technical conditions, and they are used to determine the boundary
conditions during diagnostics: as a result, there are three ranges for each diagnostic parameter: good
(k;1), satisfactory (k;,) and poor (k;3) (Table 1).

The Bayes diagnostic table for engine failures and malfunctions with the selected diagnostic
parameters is shown in Table 1 below.

Table 1
Bayes diagnostic table

Engine stateD; Signsk; P(D;)

Rotation frequency | Fuel consumption | Air consumption

kq ks k3

ko | kyp | kas | kpy [ koo | ko [ kay | ksp | kss
Malfunctions P(ky;/D1) P(k,;/D;) P(k3;/D;) P(D;)
ofSPVD,
Malfunctions P(ky;/Dy) P(k,;/Dy) P(k3i/Dy) P(D,)
ofSPTD,
Malfunctions of P(ky;/D3) P(k,;/D3) P(ks;/D3) P(D3)
CPGD,
Working conditionD, P(kq;/Dy) P(k,;/D,) P(k3;/D,) P(D,)

where P(D;)- priori probability of hypothesis D;;
P(k;/D;)- probability of the hypothesis k;at the occurrence of the event D;(a posteriori
probability).

These values are related by the Bayes formula:
*(3)
D;
P(k;)’
where P (k;) — total probability of occurrence of the event k;;
P(D;/k;) — probability of occurrence of the event D;, when the hypothesis k;is true.

P(%) = P(D)

j

()

Conclusions

A method for diagnosing internal combustion engines, based on the impulse functions of its fuel
and air supply systems, based on the Bayes algorithm is proposed. At the same time, the technological
process of engine diagnostics is easily automated and allows to reduce the so-called “human factor”.
Also of particular value is the possibility of improving the adequacy of diagnostic results as the database
of statistical data on the engines under consideration accumulates.

The economic effect of the introduction of the developed method of engine diagnostics is achieved
by reducing the complexity of the process [22]. The proposed method increases productivity compared
to existing methods by 30-40%, and also reduces labor intensity by 25-35%. Based on the developed
method, it is planned to continue research on the definition and refinement of diagnostic parameters for
modern engines with various types of faults, as well as to expand the field of application of the developed
method for assessing the residual life of modern engines.
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