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Abstract. Modern control and diagnostic systems (CDS) usually determine only the technical
condition (TC) at the current time, ie the CDS answers the question: a complex technical system
(CTS) should be considered operational or not, and may provide little information on performance
CTS even in the near future. Therefore, the existing scenarios of CDS operation do not provide for
the assessment of the possibility of gradual failures, ie there is no forecasting of the technical condi-
tion.

The processes of parameter degradation and degradation prediction are stochastic processes,
the “behavior” of which is influenced by a combination of external and internal factors, so the deg-
radation process can be described as a function that depends on changes in the internal parameters
of CTS.

The hybrid method involves the following steps. The first is to determine the set of initial
characteristics that characterize the CTS vehicle. The second is the establishment of precautionary
tolerances of degradation values of the characteristics that characterize the pre-failure technical
condition of the CTS. The third is to determine the rational composition of informative indicators,
which maximally determine the "behavior" of the initial characteristics. The fourth — implementa-
tion of multiparameter monitoring, fixation of values of the controlled characteristics, formation of
an information array of values of characteristics. Fifth — the adoption of a general model of the
process of changing the characteristics of the CTS. Sixth — the formation of a real model of the
process of changing the characteristics of Y(t) on the basis of an information array of values of
characteristics obtained by multi-parameter monitoring. Seventh — forecasting the time of possible
occurrence of the pre-failure state of the CTS, which is carried out by extrapolating the obtained
real model of the process of changing the characteristics of Y(t). It is proposed to use two types of
models: for medium- and long-term forecasting - polynomial models, for short-term forecasting —
a linear extrapolation model.

At the final stage, forecast errors are determined for all types of models of degradation of pa-
rameters and characteristics. Based on the results of the forecast verification, the models are adjust-
ed.

Keywords: technical condition, parameter degradation, multiparameter monitoring, pre-
failure state, polynomial models, extrapolation model.

T'BPUJIHU METO/I IHTEJEKTYAJIbBHOI'O JIATHOCTYBAHHS TA
IMPOTHO3YBAHHSA CTAHY CKIAJHUX TEXHIYHUX CUCTEM

A. B. Bopogiios, II. C. 3akycuao?, B. JI. Kozauyk®
123 LenTpanbHuii HAyKOBO-AOCTiIHIH 1HCTUTYT 30poitHnX Cnit YKpainy,

np-t [loBiTpodnorcrkuii, 28-6, m.Kuis, 03049
Ihttp://orcid.org/0000-0002-1689-3128

2nttp://orcid.org/0000-0003-0421-7736
3http://orcid.org/0000-0002-0207-7461

78



ISSN 2710 - 1673. Artificial Intelligence. 2021. Neo 2
C e —r ) %@g C e Ce—

Anortanisi. CydacHi cuctemu KOHTpoiro Ta miarHoctyBanHs (CKJI) BuzHavaroTh, 3a3BUYaH, JIH-
e TexHiuHuii ctad (TC) y motounuii MomeHT yacy, Tooto CKJI BifmoBinae Ha MATAHHS: CKIIAJHY TEX-
Hiyny cucreMy (CTC) ciig BBakaTu mpare3IaTHOO YM Hi, 1 IPU 1IbOMY MOKE HajlaBaTu oOMaib Bijo-
Mocreii oo npane3aarHocti CTC HaBiTh y HailbmmkdoMy MaiioyTHEOMY. OTKE, HAsIBHI CIICHApIi po-
6ot CKJ]l He nependavaroTh OIIHIOBAaHHS MOYKJIMBOCTI BAHUKHEHHS TIOCTYITOBHX BiJIMOB, TOOTO HEMae
MPOTHO3YBAaHHS TEXHIYHOTO CTaHYy.

[Ipouecu nerpaaanii napaMeTpiB Ta MPOTHO3YBaHHS Jerpajaanii — I CTOXaCTHYHI MPOLIECH,
Ha “TIOBENIHKY SKHX BIUIMBAE CYKYITHICTh 30BHIIIHIX Ta BHYTPIIIHIX (pakTOpiB, TOMY mpolec jae-
rpajanii Mo)KHa OmMcaTH K (DYHKIIIIO, 0 3aJICKUTH BiJ 3MiHU BHYTpimHIX napameTpiB CTC.

I'6pugnmii MeTon nependayvae Taki eranu. [lepmmii — BU3HaYeHHS HAOOPY BUXITHUX Xapak-
TepuCTHK, K1 xapakTepu3yioTh TC CTC. [Ipyruit — BCTaHOBIICHHS MONEPEIHKYBATLHUX JOMYCKIB
3HA4YeHb JAerpajalii XapaKTepUCTHK, SKI XapaKTepu3yloTh nepeaBiaMoBHuil Texniuynmii ctan CTC.
Tperiii — BU3HAYEHHS PAIlOHATBLHOTO CKIIAMy 1HGOPMATHBHUX MOKA3HUKIB, SKI MaKCHMAaJIbHO
00YMOBIIIOIOTH “TIOBENIHKY BUXITHHX XapaKTEpUCTHK. YeTBepTuil — 3aificHeHHs OaraTonapameT-
PUYHOTO MOHITOPHHTY, (pikcailisi 3HaYeHb KOHTPOJIHOBAHUX XapaKTEPHUCTHK, popMyBaHHS 1H(OP-
MAIiifHOr0 MacuBY 3Hau€Hb XapaKTepUCTHK. [1’ITHii — MpUHHATTA 3aranbHOi MOJIET MPOIECY 3MiHH
xapaktepuctuk CTC. lloctuii — dopMyBaHHs peaibHOT MOJEINI IPOIECY 3MIHU XapaKTEPUCTUK
Y(t) Ha 0a3i iHpopMaIiifHOr0 MacHBY 3HAYCHb XapaKTEPHCTHUK, 300yTOr0 MUISIXOM 3IiiCHEHHS Oara-
TOMapaMeTPUYHOT0 MOHITOpUHTY. ChbOMUN — MPOTHO3YBaHHS MOMEHTY 4Yacy MOKJIMBOI MOSIBH TIe-
pensigmoBHOro crany CTC, sike 3iiCHIOETHCS MIISXOM €KCTPAroisLii 3100yTol peanbHoi Moseni
npotiecy 3minu xapakrepucTuk Y (t). I[IpormoHyeThCsi BAKOPUCTOBYBATH 1B BUAM MOJICIICH: U cepe-
JIHBO- Ta JIOBFOCTPOKOBOTO MPOTHO3YBaHHS — MOJTIHOMIalIbHI MOJIE, 7151 KOPOTKOCTPOKOBOTO TIPO-
THO3YBaHHS — JIHIHHY €KCTPANOJISILIHHY MOJEINb.

Ha 3aBepmansHOMYy eTari 341CHIOEThCS BU3HAYSHHS IIOMIJIOK TIPOTHO3Y VIS YCiX BHIIB MO-
nenel nerpaaanii mapaMeTpiB Ta XapaKTepUCTHK. 3a pe3yibTaramMu Bepuikallii mporHosy 3jiiiic-
HIOETHCS] KOPUT'YBAHHS MOJICIIECH.

KurouoBi cioBa: TexHiuHMI cTaH, Aerpafamii mapameTpiB, OararomapaMeTpHYHUI MOHITO-
PHHT, IIEPEIBIIMOBHHI CTaH, MOJIIHOMIaIbHI MOJIEII, €KCTPAMOJIAIIHHA MOJEb.

Modern control and diagnostic (CDS) performance does not cover the full range of
systems usually determine only the technical possible failure situations during their classi-
condition (TC) of complex technical systems fication. Learning systems are nonlinear, they
(CTS) at the current time. The existing scenar- are able to classify situations even in condi-
ios of CDS operation do not provide for fore- tions of uncertainty, but they do not provide
casting the technical condition. the necessary reliability.

An analysis of recent research and pub- It is proposed to develop a hybrid meth-
lications on the assessment of the current od of diagnosis, which is based on a combina-
technical condition and its forecasting shows tion of approach, which allows to perform al-
that almost all known studies are based on the so medium- and long-term forecasts, and the
assumption of the stationary process of for- approach to perform, including operational
mation of gradual failures, which is erroneous. forecasting. The hybrid method involves sev-

Degradation processes and degradation en steps.
prediction are stochastic processes. Their "be- At the final stage, forecast errors are de-
havior" is influenced, first, by a combination termined for all types of models of degrada-
of external and internal factors; secondly, the tion of parameters and characteristics. Ac-
degradation process can be described as a cording to the results of the forecast verifica-
function that depends on changes in the inter- tion (provided that the errors exceed the limit
nal parameters of the CTS. As a result, the use values that are set in advance), the adjustment
of traditional approaches, which require a of, first, the models obtained with the help of
very large knowledge base, leads to high both MGUA and BMLE is carried out; sec-

computational complexity. Insufficient CDS
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ondly, monitoring parameters, in particular
time quantization intervals.

Statement of the problem in general

Assessment of the state of complex
technical systems (CTS) is usually carried out
using a monitoring and diagnostic system
(MDS). However, modern CDS usually de-
termine only the technical condition (TC) at
the current time, CDS answers the question:
CTS should be considered operational or not,
and may provide little information about the
operability of CTS even in the near future.
Therefore, the existing scenarios of CDS do
not provide for the assessment of the possibil-
ity of failures, which are called gradual, there
is no forecasting of the technical condition [1]
— [4], which allows to predict the failure of
CTS and timely initiate appropriate preventive
actions to maintain serviceability of CTS.

Thus, the issues of correct formulation
of the procedure for assessing and forecasting
the performance of STS with the use of mul-
tiparameter monitoring, the formation of a list
of indicators by which it becomes possible to
carry out current assessment, as well as accu-
rate and reliable forecasting, should be con-
sidered relevant.

Analysis of recent research and pub-
lications. An analysis of recent research and
publications on the assessment of the current
technical condition and its forecasting [1] —
[6] shows that much attention has been paid to
determining the current technical condition of
technical facilities, but much less research has
been carried out related to TC forecasting.
Moreover, almost all known studies are based
on the assumption of the stationary process of
formation of gradual failures, which is erro-
neous and, accordingly, a significant disad-
vantage of such methodological approaches.

Another area of research is the use of
accumulated information about the values of
current parameters that determine the TC,
which becomes possible due to almost con-
stant multi-parameter monitoring. However,
as a rule, forecasting of the TC is either not
carried out, reducing the study to the construc-
tion of the current TS signature and its valida-
tion, or obtain a forecast with large errors [7]

~[9].
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In addition, it should be noted that the
approach, which is based on the use of accu-
mulated information about the values of cur-
rent parameters, requires significant compu-
ting power - especially the speed of infor-
mation processing and the establishment of
primitive causal relationships. This is due to
the fact that the application to implement the
model of degradation of the TC, for example,
the method of group argumentation requires,
first, a significant sample; secondly, such a
polynomial model is not capable of sensitivi-
ty, ie does not take into account the "rate™ of
changes in parameter values and, accordingly,
does not allow regulation of the duration of
observation intervals (according to, for exam-
ple, Kotelnikov's theorem) and prediction. in
determining and forecasting the TC, and its
size. In addition, polynomial models, which
are created by the method of group argumen-
tation requires, do not have such a quality as
emergence, ie the model is not able to take
into account the sudden factors that affect the
controlled indicator. As a result, it can be con-
cluded that the use of method of group argu-
mentation requires (and other similar meth-
ods) may be appropriate, primarily to create a
medium- and long-term forecast [3].

It is worth noting that attempts have al-
ready been made to determine the technical
condition of the CTS and predict it. An exam-
ple is the work [10], which proposes to use
the Berg method and Shi models based on
Bayesian networks to solve problems of diag-
nosing and forecasting of complex technical
systems. But most researchers still believe
that the most convenient device for solving
problems of diagnosis and prediction are arti-
ficial neural networks [11] — [15].

Thus, it can be reasonably concluded
that the methodological approaches currently
used to determine the TS are not sufficiently
consistent with the solution of the problem of
forecasting the technical condition.

The purpose of the article

The purpose of the article is to present a
hybrid method of intelligent diagnosis and
prediction of complex technical systems using
multi-parameter monitoring, as well as correc-
tion of monitoring parameters during observa-
tions.



ISSN 2710 - 1673. Artificial Intelligence. 2021. Neo 2

=

Presentation of the main research mate-
rial.

First of all, it should be determined that
the processes of degradation and, accordingly,
the prediction of degradation, which are the
subject of this article, are stochastic processes,
the "behavior" of which is first influenced by
a combination of external and internal factors;
secondly, the degradation process can be de-
scribed as a function that depends on changes
in the internal parameters of the CTS. As a
result, the use of traditional approaches, which
require a very large knowledge base, leads to
high computational complexity. Insufficient
CDS performance does not cover the full
range of possible failure situations during
their classification. Learning systems are non-
linear, they are able to classify situations even
in conditions of uncertainty, but they do not
provide the necessary reliability [9]. Thus,
given the fact that none of the above ap-
proaches to the diagnosis of CTS can be used
alone, automatic diagnosis of the TC based on
observations obtained during monitoring re-
quires the development of a specific hybrid
method. It is proposed to develop a method of
diagnosis, which is based on a combination of
approach, which allows to perform also medi-
um- and long-term forecasts, and the approach
to perform, including operational forecasting.

The hybrid method involves the follow-
ing steps [16] — [18]:

a) determination of a set of initial char-
acteristics {Y1, Y2, ..., Yn}, which character-
ize the TC of CTS with a predetermined prob-
ability. Output characteristics can be parame-
ters of output signals (for example, power,
frequency, pulse duration, pulse amplitude,
etc.) or some system parameters (amplitude
and phase characteristics, bandwidth, sensitiv-
ity, etc.);

b) establishment of precautionary toler-
ances of degradation values of characteristics
{Y1, Y2, ..., Yn}, which characterize the pre-
failure technical condition of CTS. Advance
tolerance is understood as the value of the
characteristics between the limit and pre-
failure levels. The output of the value of the
characteristic for the limit level means failure,
and the achievement of the pre-failure level
— the need for maintenance or replacement of
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elements of the CTS, ie inconsistencies of the
first or second type;

c) determination of the rational compo-
sition of informative indicators that determine
the maximum "behavior" of the initial charac-

teristics:

{Yi}=f{Xn},
where X:(x1 Xy ,...,xn) — "input" pa-
rameters;

d) implementation of multiparameter
monitoring, fixation of values of controlled
characteristics, formation of an information
array of values of characteristics, which
should be presented in the form of a matrix:

y11 y1
Yom=| .
yml ymn
where:
m — is the total number of controlled

characteristics of the CTS;

n — is the number of measurements of
each characteristic on the monitoring inter-
val T.

In the resulting matrix, the number of
columns increases as monitoring. Each col-
umn represents a point in the Euclidean con-
figuration space, which should be denoted by
{i=1, ..., n}, and each row is a sequence of {j
=1, ..., m} measurements of the values of the
controlled characteristics;

d) adoption of a general model of the
process of changing the characteristics of
CTS — function Y(®)={Yi(t)}"i=z1,, and it
should be borne in mind that the peculiarity of
the process of changing the characteristics of
Y (t) is its pronounced non-stationary
throughout the monitoring interval, due to the
presence in Y (t) of an irreversible component
that characterizes the aging or wear process;

e) formation of a real model of the pro-
cess of changing the characteristics of Y (t) on
the basis of an information array of values of
characteristics obtained by multi-parameter
monitoring. As a rule, the most adequate
models are statistical, based on time series;

f) forecasting the time of possible occur-
rence of the pre-failure state of the CTS,
which is carried out by extrapolating the ob-
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tained real model of the process of changing
the characteristics of Y (t).

The procedure for forecasting the
technical condition is to form a model of
some a posteriori (conditional on the ob-
served implementation of Y (t)) random pro-
cess based on monitoring data and a priori
information and further evaluate its charac-
teristics. The formed model of a posteriori
process characterizes individual properties
of CTS. The result of the forecast, at the
same time, gives an assessment of the con-
dition, which is valid for the observed CTS.

It is proposed to use two types of mod-
els:

— for medium- and long-term forecast-
ing — polynomial models, which are ob-
tained using the well-known MSUA [19].
But it should be noted that as basic models
are widely used not only polynomials, but
also nonlinear, probabilistic functions or
clustering [20];

— for short-term forecasting — a linear
extrapolation model, which is obtained using
the method of multidimensional linear extrap-
olation (MDLE), the use of which allows to
perform the task of forecasting the technical
condition of the CTS.

The essence of the MDLE method is
quite traditional finding the values of indica-
tors of a system at a point outside the observa-
tion segment, their values within this segment.
The problem of creating an approximation
model (A-Model) is a problem of spatial in-
terpolation and extrapolation, which is de-
scribed by such terms.

Let there be a finite set of experiments-
points in the space of experiments in the g-th
period of time T, where some indicators of the
system are defined. The task is to estimate the
value of the vector of indicators of the system
in a new experiment that is not contained in
the specified set at the g-th time t under the
condition: tq ¢ 7.

In general, the problem is formulated as
follows. It is necessary to find the transfor-
mation operator F from the equation:

Y =F(X),

where X= {Xi1, Xo, ..., Xs, t} is the vector of
input parameters that determines the coordi-
nates of the experience point in the subspace
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of parameters and on the time axis, which is
the Euclidean space of dimension S;

S — the number of parameters on which
the characteristics of the system depend;

Y= {Y1, Y2, ..., Ym, t} is a characteristic
vector that determines the coordinates of the
experience point in the characteristics sub-
space, which is a Euclidean space of dimen-
sion m;

m is the number of system characteris-
tics;

F is a transformation operator that maps
a subspace of parameters to a subspace of
characteristics.

The problem is to recover the vector F
by some set of vectors {X}, for which the
values of the vectors {Y} are known. That is,
when observing a real system, a training sam-
ple is obtained — a number of K points for
which the vector Y is assigned to each vector
X at time t.

The use of the MDLE method assumes
that the process of changing the values of pa-
rameters and characteristics is piecewise line-
ar throughout the direct use of CTS. It follows
from this assumption:

Subspaces of parameters and character-
istics are linear. Thus, the equations for the
elements of these subspaces can be written as
follows:

k-1

{X}=X1+ Z Ai (Xiv1 —X1),
i1
k-1

Y=Y +> i (Yier = Ya),

i=1

where X, i=1k — vectors in the subspace

of parameters, each of which corresponds to a
vector in the subspace of characteristics

Y., i=1k on the basis of k measurements;

M, Wi, 1=1S1k — coefficients of the
corresponding vector linear subspaces.

2. The mapping of the subspace of pa-
rameters to the subspace of characteristics is
linear — A; = .

Thus, the task of forecasting is reduced
to the following stages: sampling; calculation
of the predicted value of the characteristic Y
*; determination of forecast errors.

Based on the results of observing the
change in the parameters X and the



ISSN 2710 - 1673. Artificial Intelligence. 2021. Neo 2

=

characteristics Y, measured at time intervals T,
a sample of k (k>S+1) implementations of the
S-dimensional vector is formed. The interval t
of fixing the values of X; and Y; is chosen so
that if the forecast states that the value of the
characteristic Y* exceeds the tolerance a, J,
the advance 1t would allow to take
organizational and technical measures to
prevent failure.

From k measuring points k'(k' <S + 1)
of implementations which satisfy functions

cD()?X) which is a criterion of proximity is
chosen:

(X, X)=

S N R
(X, —Xi)%, @(X,, X)— min,
=1

where X, is the value of the i-th parameter

that lies outside the observation segment.

By k 'measurement points, the function
F is restored.

The next step is to calculate the linearity
coefficients A. To do this, a system of
equations:

s s s s
A‘lzhizl +Azzhi1hi2 + ---+j~k'—1zhi1hik'—1 = Zhil -U,
i-1 i=L izl i1
s s s s
ﬂizhilhiz "’ﬂ-zzhizz +"'+/11<'—lzhi2hik'—1 = zhiz -U;
i=1 i=1 i=1 =1

ﬂiihilhik',l +j?ihi22hik‘fl + "'+ﬂk‘flihi2hik'fl = ihik'fl _Ui !
where " a
Ui= Z - X, i=1S;
hij=Xj+1i — X1i .

The system is written as an equation using a
matrix form:

HTHl1=H'U,

hHhIZ”'hIV—I ;h
h21h22 "'h2k’71

)

ne H =

hg,h h

S17782 " 'Sk’-1

The coefficient A is from equation (1):
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A=H'+UHH™

The predicted value of the characteristic Y *
is determined from the expression:

k-1
Y =Vi+ zlui (Yi+1 _Yl) ’
i-1

where 1= Z;, i =1,k according to the
previously accepted assumption.

At the final stage, forecast errors are
determined for all types of models of
degradation of parameters and
characteristics. According to the results of
forecast verification (provided that the
errors exceed the limit values (¢, ®), which
are set in advance), the adjustment is
obtained, first, the models obtained using
both MSUA and BMLE; secondly,
monitoring parameters, in particular time
quantization intervals At; (Fig. 1).

&

A

:

b o

?

Ati At At Atic t

Fig. 1. The procedure for determining the discreteness
of fixing parameter values

To solve this problem, we hypothesize
that the process of changing the values of the
observed parameter &(t) is stationary. In this
case, the value of the discreteness of the time
of fixing the values of the process of changing
the parameters of the CTS is determined
based on the expected model of the process of
changing the values of the parameter E&(t)
(usually the time series is selected as a model
of such a process) [21]. To form a model, ac-
cording to the results of monitoring the pro-
cess of changes in the values of the parameter
&(t), an approximation function is constructed.
Obtaining such a function in analytical form
makes it possible to calculate it, after which,
taking into account the value of the upper lim-
it frequency of the spectrum of the approxi-
mation function, according to Kotelnikov's
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theorem, the value of the time discreteness of
fixing the values of parameters At is calculat-
ed. It should be emphasized that when the
condition of stationarity (quasi-stationarity) of
the process on the observation interval of the
value At=const.

However, the real processes of changing
the values of the parameters of the CTS are
often not stationary and in this case may re-
quire correction of both the model and, ac-
cordingly, the value of the discreteness of the
fixation time. To do this, at each fixation
point ti (ti € 7, T is the monitoring interval of
the parameter &(t)), the values of the parame-

de s

dt

model of the process of changing the values of
the controlled parameter is not adjusted, and,
accordingly, on the observation interval the
value At = const. If the condition is fulfilled
after the next control step, which is performed
at the point tj, then the spectrum of the func-

dg

: [ 0, its upper frequency is calculat-

ter & (t) are calculated

d—ﬂ =0, then the
dt

tion

ed again and, accordingly, the discreteness of
the observation interval At; + 1 is calculated.
Thus, the discreteness of the observation is
adjusted.

After adjusting the model in the next
measurement, the stationary of the process of
changing the values of the parameter & (t) is
checked — the second derivative of the func-
tion — the model of the process of changing
the values of the parameters is calculated
&"(¢). If the condition is met &"(¢)=0, the

model is not adjusted & O, if it is necessary to
reform the model of the process of changing
the values of & (t) [22].

A simplified block diagram of the pro-
posed methodological approach to assessing
and forecasting the technical condition of the
CTS is presented in Fig. 2.

Conclusion

It is proposed a hybrid method of
intelligent diagnostics and forecasting of the
condition of complex technical systems with
the use of multiparameter monitoring, as well
as correction of monitoring parameters during
observations of the technical condition of
complex technical systems (CTS). The
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method also provides for the possibility of
adjusting the type or model of functions that
describe the processes of changing the values
of parameters and characteristics of the
technical condition. Adjustment is possible
and appropriate in case of non-stationary
process observed.
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Fig. 2. Simplified block diagram of the algorithm for diagnosing and forecasting the technical condition

of a complex technical system
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