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INFORMATION AND MEASURING SYSTEMS FOR
EQUIPMENT ADAPTIVE ACCELERATED LIFE TESTS

I Ob6opcwruii, FO. Ianennuii, C. Ioniwyx, I IIpoxonosuu. IndopmaniiiHo-BUMipIOBaJIbHI CcHCTeMH JJISl HPHCKOPEHHUX
aJaNTUBHAX PECYPCHUX BHUNPOOYBaHbL o0061agHaHHsA. CTaTTd INPUCBSYEHA IIOCTAHOBII 3aBJAaHHS IIOJO YJIOCKOHAJICHHS METOJiB
HPHCKOPEHUX PECYPCHUX BUIPOOYBAaHb MPOMHCIOBOrO 00JIaHAHHS, a TAKOXK 3a/1a4i po3poOKHU iH(POPMALiitHO-BUMIPIOBAIBHUX CHCTEM IS
OTPUMaHHS CTATUCTHYHO 3HAYMMUX JaHHX BUMIPIOBaHb Y XOAI PECYpCHUX BHIPOOyBaHb. BH3HA4YEHHS peCypCy yCTaTKyBaHHS MOXeE OyTH
HPOBE/ICHO LIIAXOM IiAKOHTPOINIbHOI ekcrutyaranii. [TokasaHo ckiiamHomi pearizanii TaKOro MeToay. 3aCTOCOBYIOYH METOJ HPHUCKOPEHUX
pecypcHUX BUIIPOOYBaHb, BUPIIIYEThCS 3aBAaHHSA CKOPOYCHHS TEPMiHIB BUIIPOOYBaHb, IPOTE BUHUKAE 3aBJAHHS BU3HAUYCHHS MaTeMaTHYHOL
MOJIeNi 3MiHH MapaMeTpiB IPOrHO3yBaHHs pecypey. [lokazano mpobiemu, MoB's3aHi 31 CKIIAIHICTIO TPOTHO3YBaHHS PeCypCy 00JaqHAHHS 3a
JTAaHUMH TIPUCKOPEHHUX PECYpCHHX BHIPOOYBaHb; MPOOJIEMH 3 BH3HAYCHHSIM MaTEeMaTHYHHX MOJENEH HPOTHO3YBAaHHS Pecypey Ppi3HHX
@JIEMEHTIB YCTAaTKYBaHHs, a TAKOX YCTaTKyBaHHs 3arajoM. HaBeneHo mpukiagu MaTeMaTHYHUX MOJENEH OLHKU pecypey Ul TaKux
€JIEMEHTIB SIK: i JIIUITHUKH, JIOATKN aBTOMOOITBHUX TypOOKOMIIPECOPIB, yIIIIbHEHb Ta KiJelb ylIiabHIOBauiB. [TokazaHo, 110 3HOLIYBaHHS
TaKUX €JEMEHTIB OOJaIHaHHI MOXKe OyTH ONHCaHe PI3HHMH MaTeMaTHYHUMH MOJEISMH, SIKi BPaXOBYIOTh, SIK CIELU(IYHI BIACTHBOCTI
KOHCTPYKIIi{, Tak i 0cOOJIMBOCTI yMOB X eKcITyaTalii. BkazaHo, mo B Mipy IpOBEICHHS NPUCKOPEHHX PECYPCHHX BUIPOOYBaHb MOXKHA
YTOUHIOBATH MaTEMAaTU4HY MOJENb MPOTHO3Y i, MIO Ul YXBaJCHHS PILICHHS MPO 3aMiHy MOJENI 3MiHEHHS KOHTPOJILOBAHOTO MapameTpa
TIOBHHHO OOTH CTaTHCTHYHO 3HawymuM. CKIIaJHICTh BUOOPY MOJIEII, 110 OIUCYE pecypc obJiaJHaHH, NOB'I3aHa 3 HEOOXITHICTIO KOHTPOJIIO
BEJMKOI KiIIBKOCTI TapameTpiB, MPOBECHHIM CTATHCTUYHOI OOPOOKM pe3ynbTaTiB BHMIPIOBAaHb, YNPABIIHHAM BIUIMBOM Ha O0'€KT, IO
BUIPOOOBYETHCS, 1 aHANI30M pE3yNbTATIB TAKOTrO BIUIMBY. BkazaHo, 1O HepepaxoBaHU KOMIUIEKC Aid MOXJIMBHUI NPU BUKOPHUCTAHHI
CcrieniagbHO PO3pOOIIOBAHMX [T IOr0 iH(OPMAIiHHO-BUMIPIOBAJIEHUX CHCTEM.

Knouosi cnosa: TPUCKOpPEHI pecypcHi BUNPOOYBaHHS, MaTeMaTHYHa MOJENb, NPOTHO3, TOYHICTh, HAiHHICTh, BHMIPIOBAHHS,
MOHITOPUHT

H. Oborskyi, Yu. Palennyy, S. Polishchuk, I. Prokpovych. Information and measuring systems for equipment adaptive
accelerated life tests. The article is devoted to the formulation of the problem of improving methods for accelerated life tests of industrial
equipment, as well as the problem of developing information and measurement systems for obtaining statistically significant measurement
data during life tests. The service life of equipment can be determined through controlled operation. The difficulties of implementing such a
method are shown. Using the method of accelerated life tests, the problem of reducing test time is solved, but the problem arises of
determining a mathematical model for changing parameters to predict the life. The problems associated with the complexity of predicting
equipment life using data from accelerated life tests are shown; problems with defining mathematical models for predicting the service life of
various equipment elements, as well as equipment in general. Purpose, examples of mathematical models for resource assessment are given
for such elements as bearings, blades of automotive turbochargers, seals and o-rings. It is shown that the wear of such equipment elements
can be described by various mathematical models that take into account both the specific properties of the structure and the peculiarities of
their operating conditions. It is indicated that as accelerated life tests are carried out, the mathematical forecast model can be refined and that
in order to make a decision to change the model, the change in the controlled parameter must be statistically significant. The complexity of
choosing a model that describes the equipment life is associated with the need to control a large number of parameters, carry out statistical
processing of measurement results, control the impact on the test object and analyze the results of such impact. It is indicated that the listed
set of actions is possible using information and measuring systems specially developed for these purposes.

Keywords: accelerated life tests, mathematical model, forecast, accuracy, reliability, measurements, monitoring

1. Introduction

Drawing up schedules of preventive repairs requires knowledge of the average time between fail-
ures of individual parts or components of equipment, as well as the working life of the equipment. The
difficulty in estimating working life and time between failures is associated with the lack or insuffi-
cient amount of data necessary for a reliable forecast. For a reliable forecast, it is necessary to have a
large amount of data on changes in the most important parameters of equipment during operation.
Such data can be obtained, for example, by monitoring changes in these indicators during operation
[1]. In addition to monitoring changes in equipment parameters, it is also necessary to monitor differ-
ences in the operating conditions of individual pieces of equipment to be monitored [2]. Monitoring is
usually carried out using the method of controlled operation of equipment. Using this method, you can
obtain the most adequate information about changes in monitored indicators characterizing equipment
wear [3].
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With the use of inexpensive microcontrollers connected to the global Internet, the task of con-
trolled operation for some types of equipment can be significantly simplified. For example, microcon-
trollers such as ESP8266, which are used for Internet of Things technologies for remote monitoring
and collection of data on the condition of equipment, can continuously receive measurement data from
sensors and transmit this data to a server for collecting and analyzing measurement information. The
use of this technology requires a constant connection of the microcontroller to the Internet [4]. How-
ever, this method has significant disadvantages [5], which include:

— duration of the information collection process;

— the need to collect and process large amounts of data;

— the need to integrate various sensors into the equipment;

— the need for regular disassembly of equipment in operation for inspection;

— the inability to completely eliminate the accidental impact of unexpected impacts on equipment
during operation (special factors), which are not typical for most cases of operation;

— controlled operation is quite difficult to implement both technically and organizationally.

2. Analysis of literary data and formulation of the problem

If special factors are not taken into account, then the problem of predicting wear can be solved
through accelerated life tests.

There are known methods for conducting accelerated life tests, in which a reduction in the testing
time of controlled objects is ensured by increasing the intensity of the impact of operational factors or
by increasing the sensitivity of equipment elements to degradation [6, 7].

When conducting accelerated life tests, it is necessary to take into account the available data from
controlled operations, if where are any. The collected data is used to select an adequate mathematical
model that describes the dependence of the change in the parameter by which the operating life of the
equipment is determined on time. However, some types of equipment may have complex characteris-
tics of such dependencies, which makes it difficult to create accurate mathematical models for predict-
ing time between failures [8, 9].

When reducing testing time by increasing the intensity of the impact, a number of problems arise
that require resolution, for example: it is necessary to know the dependence of the service life of
equipment parts simultaneously on the time and intensity of the impact; the likelihood of missing po-
tential problems increases; insufficient information necessary to forecast the long-term prospects of
equipment operation. It should be taken into account that with an increase in the load on the test ob-
ject, equipment failure may occur rather than increased wear. In other words, the dependence of wear
on the magnitude of the impact often has a non-linear characteristic, and for a reliable forecast it is
necessary to know this dependence [10].

Reducing testing time by increasing the sensitivity of equipment elements to degradation is also
associated with uncertainty factors such as:

— before testing, it is necessary to have reliable data on the dependence of increased wear on ad-
ditional factors that lead to increased degradation;

— it is necessary to take into account the complexity of degradation of interconnected equipment
elements;

— it is necessary to be able to influence at the sensitivity of equipment elements to degradation,
taking into account ensuring the operability of the equipment as a whole.

Due to the complexity of implementing the method of reducing test time by increasing the sensi-
tivity of equipment elements to degradation, this method is used extremely rarely in mechanical engi-
neering.

To successfully apply the accelerated life testing method, by increasing the intensity of the im-
pact of operational factors on the test object, you need to know the answers to the following questions:

— which mathematical model most adequately describes the dependence of equipment parameters
on the equipment operating time;

— how the object is affected by various factors affecting the equipment;

—what is the impact of uneven wear of various equipment elements on the service life of the
equipment as a whole;

—how it is necessary to take into account the different wear of parts made of different materials
when intensifying the impact on the test object;

METROLOGY, STANDARDIZATION AND CERTIFICATION



126 . . . . ISSN 2076-2429 (print)
[Mpani Opecbkoro nojitexHiyHOTO yHiBepeutety, 2023. Bur. 2(68) ISSN 2223-3814 (online)

— due to which, in order to obtain a reliable forecast of parameter changes in the future, it is pos-
sible to increase the accuracy of the measurement results of parameter changes.

From the above it is clear that the reliability of the forecast based on the results of accelerated life
tests, in particular, depends on the adequacy of the chosen model for changing the properties of the
test object. To increase the reliability of the selected model, the cross-validation method is used, which
consists of cross-checking the model when testing several objects. This method is quite labor-
intensive, and its implementation is associated with high costs for testing several objects.

Selecting a mathematical model for predicting wear from accelerated tests is a complex task be-
cause the wear of different pieces of equipment can be described by different models, such as linear,
power, exponential or dependence or described by a polynomial n-th degrees.

In preparation for accelerated testing, based on a thorough analysis of the design, operating in-
structions, and technical specifications of the equipment, potential factors affecting the operating time
of this equipment are identified, parameters that require monitoring are selected, and control points for
these parameters are determined.

Of course, the opinion of equipment experts and engineers with experience in operating a specific
type of equipment should be taken into account. Expert opinions are especially important when deter-
mining external factors that influence the operating life of equipment.

The following shows what mathematical models are used to predict the wear of such equipment
elements as bearings, automotive turbocharger blades, seals and o-rings.

For example, to predict the wear rate of bearings, various mathematical models are used that de-
scribe wear depending on specific factors. Thus, the wear rate can be expressed by the formula [11]:

R=At?.C,

where R — generalized indicator of bearing wear;

t — operating time;

A, B,C - parameters that may depend on specific conditions, bearing type and other factors.
In real conditions parameters A, B, C can be determined based on experimental data or analytical
models that take into account specific factors such as load, rotation speed, lubricant type, etc. More
complex models are known, which are described by the Weibull law [12]. This model takes into ac-
count the influence of various parameters, such as load, speed, bearing dimensions, etc. In general,
generalized wear can be described by the formula:

A

where F - load;
IN — speed;
D - bearing diameter;
A, C,n, p, g —model parameters.

To assess the wear of automotive turbocharger blades R use similar models, for example [13]:
R=A-t?.C-(T)®-(N)*,

where t — operating time;

T — temperature;

N — rotation speed;

A, B, C, D, E — parameters that depend on specific conditions, type of compressor and turbine,
blade material and other factors.

The intensity of metal corrosion is described by the empirical formula [14]:

R=A-t?.C,
where A, B,C - parameters depending on corrosion conditions, material and chemical characteristics

of the environment.

Other mathematical models are also used to assess the intensity of corrosion, which include ex-
ponential functions that take into account the dependence of corrosion on the concentration of aggres-
sive elements in the environment [14]:
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R=A-ltis®,
where Itis — exponent basis;
A, B — parameters depending on specific conditions.

The wear rate of seals and o-rings is best described by an exponential function similar to the wear
rate of bearings, where the parameters A,B depend on specific operating conditions, material type,

seal characteristics and other factors [15].

As you can see, mathematical models that describe the wear of individual equipment elements
are empirical, and therefore, for their correct application, a deep understanding of wear processes is
required both for each element separately and in relation to each other.

3. The purpose and objectives of the research

Selecting the best forecasting model can be implemented using various statistical models and
machine learning algorithms, based on the results of which a model is selected that best describes a
specific type of equipment.

As accelerated testing is carried out, the mathematical model can be refined as new measurement
data is obtained. In this way, the selected model adapts to a specific type of equipment and to changing
test conditions. In this way, a mathematical model can be selected that most adequately reflects the
wear process.

To make a decision to change the forecasting model, it is necessary to take into account the un-
certainties in the measurement results of the controlled parameters. Making a decision to change the
model is possible only when statistically significant changes in the controlled parameters are obtained.

The resulting mathematical models for predicting the working life must be constantly compared
with the results of ongoing accelerated life tests in order to confirm the compliance of the selected
mathematical model with the physical processes occurring with the equipment being tested. Despite
the fact that any mathematical model cannot accurately describe the wear process, the mathematical
model obtained during the selection will gradually approach the model that most adequately describes
the physical wear processes. This method of life testing can be called adaptive accelerated life testing
of equipment.

4. Results of research on the selection of controlled indicators

When planning adaptive tests, it is necessary to carefully determine the list of controlled indica-
tors. You should select those indicators that have the greatest impact on the service life of the equip-
ment. The correctness of the choice of test conditions must be assessed according to criteria describing
the most common operating conditions. The test results must contain descriptions of the operating
conditions for which these conclusions are valid. Such conditions may include:

— temperature fluctuations;

— vibration and shock loads;

— quality of fuel, oil, water or other consumables;

— regularity of service;

— frequency of extreme operating conditions;

- value and frequency of changes in operational loads;

— interaction with equipment external to the test;

— weather conditions including: temperature, rain, snow, icing, ultraviolet radiation, frequency of
temperature transition through zero degrees Celsius.

As can be seen from the above, to build a mathematical model of wear, it is necessary to take into
account many factors, each of which has its own characteristics, depending both on the design of the
equipment being tested and on operating conditions, while one should not forget about the influence of
increased loads during accelerated tests.

It should be noted that testing will inevitably produce measurement data with some uncertainty.
A preliminary analysis of measurement uncertainty can be a determining factor when planning test
duration. Of course, the greater the measurement uncertainty, the longer it will take to test to obtain
statistically reliable data.

The construction of a reliable mathematical model, with the help of which it is possible to predict
the resource of a test object, can represent: a joint process of monitoring changes in indicators; training
this monitoring system by dynamically adjusting the load during testing, making decisions based on
statistically significant changes in the controlled parameter and selecting a mathematical model that
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best describes the change in the controlled parameter. The process of adaptive accelerated life tests
will be accompanied by the constant collection of measurement data, their processing and analysis in
order to refine the mathematical model of parameter changes for prediction.

The mathematical model should be refined only based on changes in the equipment parame-
ter 8x, which are statistically significant. Therefore, at the end of each test cycle, the measurement of
the parameter 8x, which is the difference between the mathematical expectation of the parameter at

the beginning of the test cycle X, and in the end X, (see Figure 1) must be assessed for statistical
significance.

6S,
OX

g =

6S;

v

Fig. 1. Change in the average parameter value during testing

A general approach to concluding whether a change in a parameter value is statistically signifi-
cant is to perform a statistical test such a t-criterion Student's test or z -criterion Fisher, followed by
comparison of the obtained p -significance level with the selected level. To effectively apply these

tests, one of the requirements for the source data is that the sample averages of these data must have a
normal distribution, and with a small sample, all measurement data must comply with the normal law.
The degree of compliance of the measured value with the normal distribution law also requires con-
firmation, for example, by using the Pearson goodness-of-fit test.

Conclusions

Assessing the statistical significance of a change in a parameter, as well as assessing the normality
of the distribution of the initial data, requires obtaining and processing large volumes of measurement
data during testing, and this in turn requires the creation of special information and computing systems
that can ensure the collection and processing of a large amount of measurement information in the real
time. Automation of the process of collecting measurement information and the speed of its processing
will improve the accuracy of equipment service life forecasting, as well as reduce testing time.

Sensors of information-measuring systems can monitor indicators such as temperature, vibration,
pressure, power consumption and other parameters that can characterize the degree of equipment wear
and, accordingly, the remaining working life. It should be taken into account that the sensors installed
on the equipment should not have a significant impact on the measured object. Where possible, it is
necessary to resort to non-contact measurement methods.

Currently, SCADA (Supervisory Control and Data Acquisition) systems are widely used to col-
lect and analyze data on equipment operation. SCADA systems are commonly used in industry to
monitor and control production processes. The development of microprocessor technology, in particu-
lar microcontrollers, allows testing laboratories to independently develop information and measure-
ment systems to solve specific problems, for example, carrying out adaptive accelerated life tests of
equipment.
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