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DIAGNOSTICS OF THE STATE AND PREDICTION OF THE RESIDUAL RESOURCE OF
PARTS IN EXTREME OPERATING CONDITIONS

A methodology has been developed to assess the performance and determine the residual resources of the equipment
during its operation. Based on the analysis of the physical essence and the synthesis of the main principles of building
models for determining the residual resource of equipment operating in complex, including extreme operating
conditions, the advantages, disadvantages and prospects of using criteria based on mathematical and probabilistic
methods are determined. The classification and systematization of the main criteria for evaluating the performance and
residual resources of the equipment has been carried out. Their formalized description of changes in the technical
condition of objects during their operation is given. It is noted that the criterion of an ideal observer should be used
when the cost of assessing the condition of materials at the early and empty stages of its degradation is equal; the
criterion of the minimum average risk should be used when the costs of incorrect assessment of the condition of the
material are high. The maximum likelihood criterion has the advantage of not requiring knowledge of the a priori
probability of costs. The criterion of root mean square error estimations involves assigning the parameters of the
customary laws of the distribution of estimation characteristics. The criterion of achieving a given level of reliability is
recommended to be used when the consequences of equipment shutdowns are more significant than preventive
measures. The minimum posterior probability criterion is used in cases where the loss matrix is known. Practical
recommendations are given for their use in systems of technical diagnostics and non-destructive testing when
assessing the condition of equipment operating in difficult operating conditions. An example of the methodology
implementation is given.

Keywords: residual resource, performance, uncertainty, external environment, evaluation criteria, diagnostics,
forecasting, operation, transport.

INTRODUCTION

The equipment's residual resource is the material's total working time from the moment of control and
diagnostics of the technical condition to the transition to the limit state, at which its further operation is
impossible. The transition to the limit state occurs gradually as physical wear and tear is reached. However,
the operating conditions of the equipment are not always stable in terms of time due to sharp changes in
temperature, pressure, humidity of the environment, and loads on the working parts of the mechanisms.

When the limit state is reached, the equipment is disabled. It needs to be more accurate in making
conclusions about reaching the limited state of the equipment when assessing the residual resource at the
early stage of material degradation, leading to unjustified shutdowns and decommissioning of the equipment.
However, its operation is safe. Errors in estimating the limit state at later stages lead to disasters and harm
not only the equipment but also the health of the personnel. Therefore, accounting for the standard service
life for assessing the equipment resource is a determining parameter of the suitability of the products.
Calculation of the residual resource of the equipment is included in the examination of the operation of any
complex equipment.

At the same time, peak loads on the parts and components of the mechanisms reduce the quality of the
residual resource assessment and complicate its quantitative interpretation. There is a state of uncertainty and
risk to equipment operation safety. Therefore, the problem of estimating the residual resource is
multifaceted. Developing methods for assessing the residual resource of equipment operated in challenging
production conditions is an urgent and urgent task.

DATA ANALYSIS AND PROBLEM STATEMENT

Analysis of existing models for assessing the condition of technical objects, diagnostics, predicting
performance and residual resources shows the existence of correlational dependencies between changes in
physical and mechanical characteristics and operational properties of materials [1-4].

Diagnostic information, which includes:

- information about periods between repair cycles,

- data on the latest conclusions of operational control,

- operating conditions and environmental parameters,

- data on the load on the object,

- information about zones of possible destruction.
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When identifying the operational state and determining the value of the residual resource of equipment
operating in difficult operating conditions, mathematical models are used that describe in detail the internal
and external processes of the object of diagnosis. According to their structure, such models are stochastic,
statistical and deterministic. Stochastic models are built on the basis of probabilistic concepts. The
probability distribution functions of the estimated variables, which are the basis of the investigated process
and operating conditions, are calculated. Statistical models are built on the basis of experimental data on the
relationship between input and output variables. Deterministic models are means of interconnection of
measured and calculated values.

For short-cycle loads, deterministic and statistical models of residual resource estimation are used,
taking into account standardized parameters, conditions and criteria for determining the limit state,
limitations and duration of effects [5, 6]. The following mathematical processing of a priori information
excludes the presence of the human factor and is an objective assessment of material degradation during its
operation, caused by fatigue damage and defects such as cracks, shells, corrosion damage [7-9].

The most common method of assessing the residual resource under multi-cycle loading is the method
of expert assessments, based on the analysis of the causes and mechanisms of damage, establishing the actual
loading, forecasting the parameters of the technical condition, establishing regularities and trends, making
decisions about extending the service life of the tested equipment [10, 11]. Despite the large share of
subjectivity associated with the composition, qualifications, experience and other components that determine
the quality of the examination, this method of control is widely used in practice.

The diagnosis of the residual resource consists in monitoring the characteristics that reflect the process
of changing the parameters of the technical condition at different moments of the equipment's operation in
relation to the limit value [12, 13]. Although this method can be attributed to express methods, the scope of
its rational use extends to those objects of forecasting in which changes in the controlled characteristics at the
time of control are at least half of the maximum values.

Extreme, complex and uncertain operating conditions of the equipment sharply reduce and limit the
possibilities of mathematical and expert methods, since it is necessary to know the determining parameters of
the technical condition of the equipment, the criteria for determining this condition and the possibility of
failures, for which probabilistic estimates should be used.

THE PURPOSE AND TASKS OF THE RESEARCH

The purpose of the study is to develop a methodology for determining the serviceability and residual
resource of equipment operating in difficult operating conditions.

Tasks of the research:

1 Analysis of the physical essence and basic principles of using criteria for diagnosing the quality of
materials, mechanisms and structures.

2. Assessment of the applicability of diagnostic criteria and non-destructive testing to conclusions
about the performance and value of the residual resource of the equipment operating in difficult operating
conditions.

3. Development of procedures for determining the serviceability and residual resource of equipment
under extreme and difficult conditions of technical operation.

THE RESULTS

Due to the lack of information about the manifestations of the external environment that affect the
functioning of production facilities, the degree of impact, the duration and magnitude of the load, the types
of deformation, when assessing the performance of structures and the residual resource, it is necessary to use
a number of criteria that differ in their physical essence and nature of origin.

The physical essence and semantic content of the criteria are based on regulatory documents based on
the principles of fracture mechanics, tear test methods, bending and tensile tests, and strength calculation
methods for structures. Based on the result of identifying the condition of the construction material and the
criteria for evaluating the suitability of the products for further operation, a conclusion is given about the
further operability and residual resource of the equipment.

The classification of the composition of the performance criteria and the residual resource of products
in difficult operating conditions includes:

- the criterion of an ideal observer, in the form of non-degradation and re-degradation at the early and
late stages of material degradation,

- the criterion of the minimum average risk from both non-finishing and failure to operate technical
objects with limited or exhausted residual resources,
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- the criterion for normal recognition of the technical condition of diagnostic objects, which consists in
choosing the optimal decision rule between the two extreme states of non-docking and over-docking,

- criterion of maximum plausibility, which consists in probabilistic assignment of the object of
diagnosis to one or another state,

- criterion of the maximum posterior probability, based on assigning the object of diagnosis to classes
whose posterior probabilities exceed others,

- the Neyman-Pearson test, which is based on the given permissible probabilities of correct and false
identification,

- the criterion for achieving a given level of reliability, when the consequences of decommissioning
are incomparable with the costs of scrapping,

- the Harrington interval desirability function criterion, based on an artificial metric of correspondence
with standard analogues,

- the criterion is based on the estimation of the root mean square error during diagnostic
measurements.

The presented classification of criteria and the recommended sequence of their use are shown in fig. 1.

criterion for estimating the the criterion of the ideal minimum average risk
mean square error observer criterion

N

Residual life and
operability of the
facility

criterion for normal state
recognition

Harrington's criterion of
the desirability function

maximum likelihood

criterion for achieving a e
criterion

given level of reliability

Neumann-Pearson criterion maximum a posteriori probability criterion

Fig. 1. Criteria for assessing serviceability and residual life

The ideal observer criterion, which is widely used in defect inspection, in its content, is expressed by
the probability of missing existing defects by the non-destructive control system and the probability of false
rejection of suitable products, which is equally unacceptable and unacceptable. As for the assessment of the
residual resource, the transformation of this criterion of incompleteness will look like an unreasonable need
to perform an assessment of the performance of the equipment and the residual resource at the stage when no
structural changes in the material occur during operation, because everything is stable and stable and the
diagnosis of changes is not appropriate. This moment can be attributed to lack of touch. A shortcoming will
be the omission of the beginning of changes in the material structure and its degradation, when diagnostics
are necessary due to emergency effects of the operating environment, but according to the plan of the inter-
repair cycle, it is not yet foreseen. This is the worst situation.

From the point of view of preserving the commonality of concepts during the study of the criteria for
evaluating the residual resource and working capacity, the concepts of under-handling and over-handling
will be preserved

For the criterion of the perfect observer of reject cost C: and rejects C, are considered equal and a
guantitative indicator of reliability G can be seen as

G=1-(F+p)
where F — probability of rejects; f — probability of rejects.

The consequences of rejects and overstocks are different, so the criteria for solving the problems of
optimising the control system are also different. The most cautious criterion is the minimum average risk
criterion R.

The criteria of the minimum average risk in the case of a false assessment of the residual resource are
used in cases where large losses are expected due to the omission of low-quality products, and the criteria of
an ideal observer in cases where large losses are due to the incorrect classification of the state of quality
products.
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The criterion of normal recognition of the technical condition of objects of diagnosis is the task of
statistical recognition of correct and incorrect assessments of the condition of objects of diagnosis in the
form of a set of observations recorded in the form of a matrix.

X117 Xy Xy,

n

Xog = Xppttt Xy
X=|."

xpl . xpz ...xpn
Each column of the matrix represents a vector of the states of diagnostic objects. In the theory of
statistical decisions, all types of decision rules are based on the formation of a probability ratio L and its

comparison with a certain threshold ¢
fn(xl,..., Xy az)
fo(Xgeees X | @)

aj) — probability density of values xi,...,x, provided they belong to a class a;. The

L= >C

where fn(xl,...,x

n

decisive rule for k = 2 looks like
f (Xl""’xn| aZ)Z 11, _HllP(al)
f Xy Xo| @ )2 My — 11,,P(a,)

L =

11,11
where /7 =| " ' | _ loss matrix, element IZq which quantifies the losses from a wrong decision
H21H22
P(aj) —a priori probabilities of classes.
The criteria for maximum plausibility of conclusions about serviceability and residual life do not
require knowledge of the a priori probabilities of classes and loss functions.

a,,if L(x,)>1
a=
a,if L(x,)<1
Cognisable through « «— the probability of correctly assigning the state of objects to the appropriate

class and through /3, the probability of assignment to a class to which it does not belong. Assigning an

object state to a class other than the one it actually belongs to is a type 1 error. Assigning the state of objects
to a certain class to which it does not actually belong is a type 2 error. With two classes, the following

equality holds «; = B, and «, = 8, and probability o, and g, coincide with the possibilities of errors of
the 1st and 2nd kind (Fig. 2).

X

| | g, L
T T T T T T f

T T
Fig. 2 Probability densities of assessments of the state of serviceability of structures

The maximum a posteriori probability criterion is used when the loss matrix is unknown, according to
which the observation x, belongs to the class a1, whose a posteriori probability is equal to P(a j|xn) and

exceeds the a posteriori probabilities of other classes:
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a:{az,if L(x,)=P(a)/P(a,)
a,if L(x,)<P(a,)/P(a,)
P(aj)f (Xn| aj)

> Pla)f (] )

To build a classification based on the maximum likelihood criterion, it is necessary to determine the
intersection points of the probability density plots
L(X) _ f (X, ml, O_l)
f (X, m,, O_z)
The Neumann-Pearson test should be used if we have difficulties in estimating losses. In this case,
they proceed from the given permissible probabilities of correct and false identification of the operational
state of the diagnostic objects.
The criterion of achieving a given level of reliability of assessments of the technical condition of
workability is used in the control of particularly responsible products, when the consequences of failure are
not commensurate with the costs of handling.

P(aj|xn):

G,=1-F
The Harrington interval desirability function criterion is used as an indicator of the reliability of
serviceability and residual life estimates. For this purpose, an artificial metric is introduced, in which the set
of reviews is put in line with the standard analogue, i.e., the partial desirability of the function is
calculated di.

d; =exp[-exp(-y,)]=e* "
Where y; — value i — of that partial response, translated into a dimensionless scale of desirability
du(u=1,2,...,n) (Fig. 3).
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Fig. 3 Harrington's desirability function

The desirability scale has an interval from 0 to 1. Values dy=0 corresponds to a completely
unacceptable level of quality, and the value of du =1 the best value (Table 1).
The generalized desirability function is calculated as the geometric mean of the partial desirabilities
n
i=1
where n — the number of analyzed indicators of the diagnostic objects' performance status.

Table 1 Interval scale of quality of indicators of the state of health of diagnostic objects
Rank Quality Interval of numerical values
1 Very good 0,8-1,0
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2 good 0,63-0,80
3 Satisfactory 0,37-0,63
4 bad 0,20-0,37
5 Very bad 0

This method requires the involvement of a priori information about the contribution of this parameter
to the overall desirability of determining the indicators of the state of health of the diagnosed objects.

A special place among the criteria of the technical condition of objects should be given to the criterion
of the root mean square estimation of measurements, where for given values of the parameters of normal
distribution laws (m1, 1) i (M2, o2), characterize two classes of diagnostic objects a1 and a», are defined as the
probability density of the observation results f(x|a:) = f(x,m1,01) and f(x|a2) = f(x,mz,02). The measured values
of the features of the object x are realizations of a random variable with a distribution density f(x,m,c) equal

1 —(x—m)’

\/ﬂ O P 20‘2

The numerical characteristic of reliability is the correctness of assigning the mathematical expectation
of the measured parameter of the state of the diagnostic object to the category of worthy ma defective mg
states with standard deviations Sa and Sg. The amount of risk from making an incorrect decision on the
suitability of the diagnostic object for further operation is determined by the ratio of the standard deviation to
the mathematical expectation.

DISCUSSION OF THE RESULTS

The obtained results of using the criteria for the correct assessment of the states of operability and
residual life of equipment operating in difficult operating conditions are summarized in Table 2.

f(x,m,a ):

Table 2. Criteria for the technical condition of the facilities' equipment and residual service life

Name of the criterion Advantages Disadvantages
The criterion of the ideal The total risk of extreme material | The cost of an incorrect assessment of
observer condition assessments is taken the material condition at the early and
into account late stages of its degradation is
considered equal
Minimum medium risk The average risk of extreme Used when losses due to incorrect
criterion estimates is taken into account assessment of the material condition
are high
Criterion for normal state | Determine the optimal decision The need to specify statistical
recognition rule between the extreme states distributions of the state characteristics
of the equipment of diagnostic objects
Maximum plausibility Comparison of state estimation The use of the criterion does not
criterion probabilities with the selected require knowledge of the a priori
estimation quality threshold probability of losses
Minimum a posteriori Use of a posteriori information Used in cases where the loss matrix is
probability criterion known
Criterion for achieving a Assessment of the health of It is used in cases where the
given level of reliability critical products consequences of equipment shutdowns
are greater than reinsurance
Harrington's interval Ability to assess the reliability of | The need to introduce a metric for
desirability function the diagnostic object standardized assessments
criterion
The Neumann-Pearson Possibility of probabilistic Knowledge of correct and incorrect
criterion estimates identification probabilities is required
Criteria for estimating Use of mathematical statistics The need to specify the parameters of
standard errors and errors normal laws of distribution of
evaluation characteristics

The analysis of the information presented in Table 2 made it possible to outline a number of ways to
improve the quality of performance assessments and the residual resource of equipment operating in difficult
operating conditions.
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One way to improve the reliability of determining the technical condition of diagnostic objects is to
reduce the errors in the estimation of the diagnostic parameter X. Another way to improve the quality of
estimates of equipment performance and residual life is to increase the search sensitivity. But at the same
time, when determining the technical condition of diagnostic objects at the level of X > Xo, rejects are on the
rise. If such cases are detected, diagnostics are carried out using other quality criteria for statistical
significance assessments.

As a practical example, we consider a structural element made of St3sp steel subjected to simultaneous
longitudinal tensile and transverse bending forces. The construction of the limit curve of the bearing capacity
of the structure in the load space was performed according to [14, 15].

c,, MPa
250}
s 1 Fracture area
200} : b ; : :
: " 1
- 150}
=
2
100}
LT %o
50} i
: Performance area
0 100 200 300 400 500
stretching c,, MPa

Fig. 4 Graphical interpretation of the safety margin in terms of mechanical stress:
1 — limit curve, 2 — load trajectory

The equation of the limit curve is as follows:

2
o O

( 1 j +-L=1
Oy O,

When an element is loaded with a single load, the limit curve degenerates to a point. If one of the
coordinates of the point is zero, the load-bearing capacity means that the equilibrium is no longer stable.

Let's consider a scheme for calculating the safety margin for an arbitrary point A located on the load
trajectory. For point A, the condition of static stability is as follows:

2
o O
Oy O

B

Let's multiply both terms of this equation by a certain coefficient A, whose value is chosen so that the
inequality turns into equality:
2
O
YR R ek L |
0y,2 Og

Coefficient A is the safety margin at the time when the load corresponds to point A. Geometrically, the
safety margin is equal to the ratio of the segment OB to the segment OA. Therefore, the condition of
serviceability can be formulated as follows:

1=92851
0OA
Analytical safety margin A is the positive root of this equation:

2
/1: 02| __ = 0.2~ pA + ( 0.2 ij +1

Oua 2 030, 4\ 050,

Approximations of mechanical stress for tensile deformation are obtained o, and bending on make it
possible to represent these curves in the coordinates of the evaluation characteristics.
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CONCLUSIONS

1. A developed methodology for assessing the performance and residual resource of equipment
operating in difficult conditions. It is shown that the uncertainty in assessing the degree of influence of the
external environment and extreme load conditions can be reduced with the introduction of statistical and
mathematical criteria.

2. The analysis of the quality criteria of the technical condition of the objects based on the examination
of the physical essence of the main features and the mathematical presentation of operations for determining
the states of working capacity and residual resource made it possible to make a systematic classification of
the areas of rational use, advantages and disadvantages. It is shown that the scope of application of classical
mathematical criteria related to the quality of evaluations requires the introduction of associative relations,
while statistical criteria related to the evaluation of parameters and distribution laws of evaluation
characteristics require the processing of experimental information.

3. Ways to increase the reliability of performance estimates and residual resource of equipment
operating in difficult conditions are outlined. It is shown that the main one of them is an increase in
sensitivity to the border between the state of operability and the area of damage of the diagnosed products.
Another way is to reduce errors when measuring evaluation characteristics and change the sequence of using
criteria.
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Ilepeoepin B.l., Hyyucnun CM., Jlebedenrko I10.0. /iacnocmuxa cmany ma RpocHO3Y6aAHHA
3anUWK068020 pecypcy 0emaneil 6 eKCMPEeMaibHUX yMoGax eKCnayamayii.

Po3pobiieHO METOMONOTiI0  OIIHKM Tpale3JaTHOCTI Ta BH3HAYEHHS 3alUIIKOBOTO PECypcy
oOnagHaHHs B mpoleci oro ekcruryaranii. Ha ocHoBi aHamizy (i3W4HOI CyTHOCTI Ta CHHTE3y OCHOBHHUX
MPUHIMIIB TOOYJOBH MoJieNiell BU3HAYCHHS 3aIMIIKOBOTO pecypcy 0OlaJHaHHA, IO MPALOE y CKIAAHUX, Y
TOMY YHCII EKCTpEeMallbHMX YyMOBaxX eKCIUTyaTallii, BH3HA4U€HI NepeBarw, HEIONIKH Ta IEePCIeKTHBU
BUKOPHCTAaHHS KPUTEPiiB, MOKIAJACHUX B OCHOBY MaTeMAaTHMYHUX Ta HMOBIpHICHMX MeTOZiB. BukoHaHo
KJacuQikaIlito Ta CUCTEeMATH3allil0 OCHOBHHUX KPHUTEPIIB OIIIHKH MPaIe3]aTHOCTI Ta 3aJUIIKOBOTO PeCypcy
obOnamunanHs. JlaeThest iX (Qopmali3oBaHe OMHMC CTOCOBHO 3MIHM TEXHIYHOTO CTaHy OO'€KTiB 3a ii
eKcIUTyaTamii. 3a3Ha4eHo, M0 KPHUTepil iieadpbHOro crocTepirada ciiiji BUKOPHUCTOBYBAaTH y pa3i KOJH
BapTICTh OLIIHKK CTaHy MarepialiB Ha paHHINM Ta MycTi cTanii Horo nerpajamii piBHI, KpUTepid MiHIMyma
CepEeIHROTO PH3HKY CIIiJ] BHUKOPHCTOBYBATH, KOJM BEIMKI BHUTPAaTH Bil HENpaBWIBHOI OLIHKHA CTaHy
Matepiany. Kpurepiii makcuMmanbHOI MpaBAOMOMIOHOCTI Mae TMepeBary, OCKUIbKM He BHMAara€ 3HaHb
anpiopHoi HMoBipHOCTI BUTpaT. Kputepiil OIiHOK cepelHBOKBAaAPaTHUYHMX MOMHIOK MOTpeOye 3aBHaHHS
napamMeTpiB HOpMaJIbHUX 3aKOHIB PO3IOLTY OLIIHOYHHX XapakTepucTUK. Kputepiil HOCSTHEHHS 3aJaHOTO
PiBHS HaJIIHHOCTI PEKOMEHIY€ETHCS BUKOPUCTOBYBATH, KOJIM HACTIAKH B 3yMMMHKAX OONaHAHHS OiNbIIe HiX
nepecTpaxyBaiibHi 3axonu. Kpurepiit MiHiMyMa armocTepiopHOi IMOBIpHOCTI BUKOPHCTOBYETHCS Y BUTIAAKAX
KOJIM MaTpulls BTpar Bijoma. HaBoasThcs mpakTH4HI peKOMEHJAlii MoA0 iX BHKOPHUCTaHHS Y CHCTEMax
TEXHIYHOI JIarHOCTHKH Ta HEPYHHIBHOI'O KOHTPOJIO MpPH OIHIN CTaHIB OOJNagHaHHS, IO NPAIIoE Y
CKJIQIHUX YMOBaXx eKcIuTyararii. HaBogutbcs mpukitaj peamizamii MeTOI0JIOTii.

KurouoBi cioBa: 3anmumikoBuil pecypc, mpane3laTHiCTh, HEBU3HAYCHICTh, 30BHILIHE CEPEIOBHUIIIE,
KpHUTEpii OLiHKH, IIarTHOCTHKA, IPOTHO3YBaHHs, €KCILTyaTallisi, TPaHCIOPT.
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