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Vibro-forecasting of fault development in hydropower units

Proposed in the paper are the mathematical models and algorithms for vibroforecasting of fault development
in hydropower units, such models and algorithms being based on the spectral analysis of vibration signals.
With real-world vibroacoustic signals being of purely non stationary nature, i.e. their spectr a varying with
time, the authors proposed to carry out spectral analysis using discrete wavel et transformation resulting in ac-
quisition of three-dimensional amplitude-frequency-temparal spectrum in the form of wavel et coefficient ma-
trix. It should be noted that, due to an exceptiona complexity of the hydropower unit as a dynamic
hydroelectromechanical system and practical impossibility. of ‘mathematical description of dependence be-
tween the vibroacoustic signal and all factors that cause vibration, it makes sense to treat the hydropower unit
as the «black box», that is to simulate its external functioning rather than its structure. That is why, for the
purposes of forecasting of fault development in hydropower units, generation of three-layer artificial neural-
like network is stipulated. Such fore casting is based on analysis of trends in wavelet coefficients in each of
frequency bands of vibroacoustic signal’s amplitude-frequency-temporal spectrum. Further on, stipulated is
the breakdown of these trends into. vibration signals components (background, hydrodynamic,
electrodynamicetc.) that correspond to particul ar factors that cause vibration. Processing of these components
allows determining there sulting prognostic conclusion with regard to fault development in hydropower units
as avariety of values representing the probability levels of different vibration factors. Besides, the paper con-
tains an example of such prognostic conclusion obtained on the basis of historical values of vibroacoustic
signals obrained from vibration monitoring subsystem of DnestrHPP-2.

Keywords: vibroacoustic/signal, discrete wavelet transformation, wavelet coefficients, artificialneural-
likenetwork, freguency band, probability value.

Introduction

Development of renewable power sources, with hydropower industry being one of its development
sourses, forces us to pay particular attention to safe operation of hydropower plants (HPP). Emergencies
athigh-powerHPPs that took place ininprevious years (Tgjikistan — 1983, Russia — 2009, Switzerland —
2000, USA — 2005, India— 2013, Kyrgyzstan — 2015 and 2016) led to huge property damage and even
fatalities.

That is why timely diagnostics and particularly forecasting of hydropower units faults are of great sig-
nificance. Vibration diagnostics is one of the most widespread diagnostics types, since vibration signa’s al-
most instantaneous reaction to change in equipment condition is a very important property in case of an
emergency, when the speed of diagnosis establishment and decision making is a determinant factor.

Vibration diagnostics is a discipline that comprises theory and methods for arrangement of processes
associated with identification of machines and mechanisms' technical conditions based on the input data
contained in vibroacoustic signal. Vibroacoustic signal is the main physical carrier of information about con-
dition of elements of operating equipment during vibration diagnostics such signal being a collective concept
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that contains information on oscillating processes (vibratioa, hydro- or gas-dynamic etc.) and respective
mechanism'’ s acoustic noise in the environment.

The vast mgjority of the existing computerized diagnostic and forecasting systems, such as VIMOS
(Swedish department of ABB) and ZOOM (VibroSystM Inc., Canada) and others are based on vibration sig-
na analysis [1, 2]. With rea-world vibroacoustic signals being of purely no stationary nature, the authors
proposed to carry out spectral analysis using discrete wavelet transformation (DWT) resulting in acquisition
of three-dimensiona amplitude-frequency-temporal spectrum (AFTS).

It should be noted that, due to an exceptional complexity of the hydropower unit as a dynamic
hydroelectromechanical system and practical impossibility of mathematical description of dependence be-
tween the vibroacoudtic signal and all factors that cause vibration, it makes sense to treat the hydropower
unit as the «black box», that isto simulate its external functioning rather than its structure.

Therefore, for the purposes of forecasting of fault development in hydropower units, the authors proposed
the generation of artificia neura-like network (ANLN).This ANLN has successfully undergone field tests, as
of today being a component part of the system for computerized diagnostics and forecasting of fault develop-
ment in hydropower units (SCDF-DDH), which is stage-by-stage commissioned at DnestrHPP-2[3, 4].

Artificial neural-like network for forecasting of fault development
in hydropower units: structure, mathematical model, algorithm

Basic principles of ANLN generation for forecasting of fault development in hydropower units

For the purposes of ANLN generation, one should first determine, which-information may arrive at
ANLNentry and what we desire to obtain as aresult of its functioning.

Measuring channels that ensure obtaining of vibroacoustic signals (vibratory acceleration) from vibra
tion sensors (accel eration meters) represent a component part of SCDF-DDH.

As arule, vibration sensors are situated in vertical and horizontal radia direction sat bearings, stator
housing and other key assemblies of hydropower units.

For example, at horizontal hydropower units of DnestrHPP-2, vibration sensors are installed thrust-and-
radial and turbine bearings. At hydropower units of Dnestr PSP, vibration sensors are installed at the genera-
tor and turbine bearings, turbine cover and face parts of stator winding.

In addition to vibroacoustic signals, SCDF-DDH obtains data related to hydropower unit’s load power
and rotation frequency, as well as to water level in water reservoir (for PSP—water levels in the lower water
reservoir and upper accumulating pool).

These data are admitted by the routine monitoring system of SCDF-DDH, from where, following their
initial processing, they are transferred to forecasting subsystems.

Each of the vibroacoustic signal's obtained using DWT is decomposed in AFTS[5, 6].

Hence, the following data should arrive at ANLN entry:

Arrays of AFTS vibration signals are obtained by monitoring subsystem from vibration measuring
channels (the number of arrays equals to the number of vibration sensors). For adequate functioning of fore-
casting subsystem, duration of each array should be quite long.

Thevalue array of hydrogenerator load for each time moment of the same duration.

The value array of water head for each time moment of the same duration.

SCDF-DDH . forecasting unit should come into action whenever there is a stable growth in absolute
maximum values of wavelet coefficientsin at least one frequency band of AFTS.

General structure of ANLNSCDF-DDH for forecasting of fault development in hydropower units

ANLN structure (as exemplified by Dnestr PSP) is shown in Figurel.

It should be noted that process units of pumped storage plants are return-type, that is capable of work-
ingin two (pump and turbine) modes. In the first mode, when consuming excessive power from the power
system in minimum load hours, PSP pumps water from the lower water reservoir to the upper accumulating
pool. In the second mode, PSP operates in maximum power consumption hours. By using water from the
upper pool, it releases electric power to the system.

Apart from these modes, the so-called synchronous compensator mode, when only reactive power ar-
rives to the system from return-type unit, can aso be possible (quite infrequently).

It should be expressly indicated that voltage currents are different in al three modes. Besides, water
levelsin the lower water reservoir and in the upper accumulating pool differ from each other in the first two
modes.
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Figure 1. ANLN structure for forecasting of fault development in hydropower units

As compared to common hydropower units, vibration components have certain peculiarities [7].

For example, return-type hydropower unit shave two shafts, which strengthen the vibration component
related to rotor unbalance.

Vibration components of electromagnetic origin also have their considerable distinctions. Since they are
directly proportiona to the unit’s e ectric load, el ectrodynamic components will vary depending on each par-
ticular. operating mode.

Hydrodynamic components also depend on the process unit’ s operating mode. In the pump mode, water
flow is more laminar than in turbine one, that is why hydrodynamic vibration components are also lower in
the pump mode than in turbine one. It is evident that, in the mode of synchronous compensator, hydrody-
namic vibration components are absent at all.

As is seen from Figurel, provision is made for generation of three-layer no uniform non-standard
ANLN.

The number of incoming neurons (in Figure 1 these are depicted as circles) depends on the number of
frequency bands in AFTS of each of N vibration signals. Where the number of frequency bands in AFTS
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equals to M, the number of incoming neurons equals to NM + 3. Incoming neurons perform the function of
acceptance of numerical data and sorting thereof.

Sizes of the numeric arrays that arrive at each incoming neuron are different. For example, the first in-
coming accepts one wavelet coefficient of the first frequency band, the second one — k wavelet coefficients
of the second frequency band (k — DWT contraction coefficient), the third one — k? wavelet coefficients of
the third frequency band, with each group’s last neuron accepting k™ wavelet coefficients of the M™ fre-
guency band.

The number of water level values in the lower water reservoir and in the upper accumulating pool with
their temporal recordings may aso fluctuate over awide range, since the new level value should only arrive
a the incoming neuron in case of its ateration. According to a similar principle, the data relating to
hydrogenerator’ s load power aso arrive.

Thefirst ANLN layer (designated with digit 1) contains NM neurons. Each of them obtains wavel et co-
efficients of particular frequency band from respective in coming neuron and at the same time — value ar-
rays of water heads and value array of hydrogenerator’s load power.

First-layer neurons are meant for extraction of spectral components from the AFTS of each of N vibra-
tion signals caused by hydrodynamic and electrodynamic factors. And besides, these neurons should deter-
mine background spectral components for each frequency band of AFTS[8].

We are going to define vibration signal’s spectral components as background ones, where the hydro-
power unit under diagnostics has stopped for some reasons, while other process units of Dnestr PSP are op-
erating. Such being the case, vibration signals are generated by operating hydropower unit, being transferred
via building structures to the shut-down hydropower unit, where they are recorded by its vibration sensors.
Let us note that background spectra components should be determined separately for various operating
modes — pump, turbine and synchronous compensator modes.

The second ANLN layer (designated with digit 2) contains N neurons. Each of them obtains the AFTS
of one of N vibroacoustic signals, as well as inadmissible values of vibration displacements and their tem-
pora recordings for this particular vibration signal. Besides, obtained in respect of each neuron are the data
on possible dependence between particular frequency-bands of respective AFTS and hydrodynamic and
electrodynamic factors, as well as background spectral characteristics resulting from setting of the first
ANLN layer.

Each neuron of the second layer determines the trends of wavelet coefficients of each AFTS frequency
band of each vibration signal within particular time periods. Analysis of each trend is subsequently carried
out in order to identify a stable growth of absol ute maximum values of wavelet coefficients.

Thethird ANLN layer (designated with digit 3) contains 6 neurons, each of which corresponding to one
of the factors causing vibrations.

Each third-layer neuron obtains all trends of wavelet coefficients of each AFTS frequency band of each
vibration signal, as well as the data in possible dependence between particular frequency bands of respective
AFTS, and hydrodynamic and electrodynamic factors, as well as background spectral characteristics.

Each third-layer neuron determines the probability that the reason for stable growth of particular vibra-
tion signal’strend lies in characteritic vibration factor that corresponds to this neuron. It is evident that this
ANLN will only:come into'action in the event that at least one vibration signal comprises a stable growth of
trends.

We should mention the possibility of situations, when severa different characteristic vibration factors
obtain high probability levels. Such being the case, ANLN will issue the diagnosis of the necessity in check
during routine or extraordinary technical inspection of severa hydropower unit’s faults at the same time.

Mathematical model and algorithm of ANLNSCDF-DDH for forecasting of fault development in hy-
dropower units.

First of al, let us note that all procedures set forth in this section shall be carried out with absolute val-
ues of wavelet coefficients.

As it was discussed in the previous sub-section, first-layer neurons should perform the following three
functions:

— determine the background values of wavelet coefficients for each frequency band of idle hydropower

unit under diagnostics;

— determine the dependence between wavelet coefficients of each frequency band and hydropower

unit’sload power;

— determine the dependence between wavel et coefficients of each frequency band and water head.
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It is common knowledge that turbulence level is inversely proportional to the water head, i.e. this de-
pendenceis of ahyperbolical nature.

But as regards the dependence between vibration level and load powers, it is of a directly proportional
nature, and to the first approximation it can be considered linear.

Of course, in the process of pilot operation of SCDF-DDH, the nature of these dependencies may be de-
fined more specifically, but one can record as follows for diagnostic purposes:

For pump and turbine modes

d;|=D -

+d;+V.P+ : (@)
C e (H-H)

0xyj

for synchronous compensator mode

d;| = Dy +} +v,Q, @

Oxej
where ‘d j‘ — module of the wavelet coefficient of the jth frequency band at a particular moment of time;

d} — value of the wavelet coefficient of the j" frequency band at a particular moment. 6f time caused by the

hydropower unit’s own mechanica faults; H, — water level in the upper accumulating pool; H, — water
level in the lower water reservoir; P — hydrogenerator’s active load power (for pump. or turbine mode);
Q — hydrogenerator’s reactive load power (for synchronous compensator mode); ' D,; — background val-

ue of wavelet coefficient of the j" frequency band at a particular moment of time (x— the No. of idle hydro-
power unit; y — the No. of operating hydropower unit); v; — generalized numerical coefficient characteriz-

ing the dependence between the wavelet coefficients of the j" frequency band and load power; p 4 —

generalized numerical coefficients characterizing the dependence between the wavelet coefficients of the j"
frequency band and the difference between water levels in the upper accumulating pool and lower water res-
ervoir.

Let us note that, for instance, under conditionsof Dnestr PSP the background value of wavelet coeffi-
cient D,,; for a shut-down hydropower unit at various moments of time may have different values, since

different numbers of PSP hydropower units may operate sSimultaneously at a particular moment of time, with

their vibration signals amplitude being dependent on time-variant influencing values. Therefore one should
determine the vector of background values, as

D03yj = {D031j ) D032j ) D0312j} . (3)

p;,q; coefficients are only determined for those frequency bands, the wavelet coefficients of which

grow with the decline of the difference between water levelsin the upper accumulating pool and lower water
reservoir (otherwise p;,q; ‘are zeroed). In a similar way, coefficient v; is only determined for those fre-

quency bands, the wayelet coefficients of which grow with load power increase (otherwise v; is zeroed). For

those frequency bands, the wavelet coefficients of which react neither to water levels not to the load, only
D, Will be extracted from AFTS.

Oxyj
Hence, each first-layer neuron passes further to the ANLN, apart from the array of wavelet coefficients
of the " frequency band, H,,H,, P (or Q), Doxi» Vj» Pj» 0; parametersaswell.

As noted above, the purpose of the second-layer neurons lies in generation of wavelet coefficients
trends in each AFTS frequency band of each vibration signal during particular time periods. Each T; trend is
anumeric set that may be recorded as follows

Vi =L,V =1 Mvr =LR(T, = {[d|. [ ... [d ™

ijr

e, (@)
where N — the number of vibration sensors; R — the number of incoming data stacks sized as 32768 val-
ues obtained from vibration sensors within a given time period; ‘d — maximum absol ute value of wavelet

ijr
coefficient of the j™ AFTS frequency band of the i vibration signal, which corresponds to the r ™ stack of
incoming data.
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Further on, one shall carry out analysis of each trend with the aim to identify a stable growth of absolute
maximum values of wavelet coefficients.

The evaluation criterion for such growth during pilot operation of SCDF-DDH may be defined more
specificaly, but it is a priori adopted as follows:

N
N 2
max max
2[di 2l
r=1 _r=l

R R
2

where ¢ — the parameter characterizing the degree of trend growth.
¢ vaue should be defined more specificaly during pilot operation of SCDF-DDH, but at first one can

adopt is as equal to 10 % of the average value of the trend’ s wavelet coefficients, that is:

N
p3(ha
£=01-—. (6)

Upon completion of the analysis, al T, trends with a stable growth in wavelet. coefficients (and only
these ones), together with H,, H,, P, D

> ¢, ®)

vV, p;,q; parameters, arrive at the third ANLN layer. Let us

Oxyj
designated these trends as T, .

Each neuron of the third ANLN layer should adhere to the following procedures:
1. At first, one should define the Z array, which containslast elements of each growing trend

V‘di?;ax eTijT(‘di?;fX EZ). (7
2. Further on, for each element of Z array, one should separate the background, the hydrodynamic and
the e ectrodynamic spectral components from the components caused by other factors, and namely:
—for the first four neuron directly characterizingthe hydropower unit’s mechanical faults, thisis made
using the formula:
* 1
vk =1,4v|dT|eZ| d; =|d 5 {— Dy —V.P— : 8
‘ R { kij ‘ R Oxyj i pj"'qj(Hl_Hz)zJ ( )

where d,; <0, this value will be zeroed,
—for the fifth neuron, which should diagnose breaches in flow hydrodynamics, one can record as fol-

lows:
. 1
VidR|€eZ| p, #0Aq, #0=dg = ; ©)
‘ iR [ i i 5ij pj+qj(H1_H2)2]
— for the sixth neuron, which should diagnose the electrodynamic vibration component, one can record
asfollows:
V)i eZ(v; #0=dg; =v,P). (10)

3. The next step liesin standardization of all d;j elements, which is performed using the formula:

de;
vk =16v[dp*|eZ| dg™ :Z—k(;* . (11)
kij

ki, j

4. The probability value of PV, factor, which corresponds to the k™ neuron, shall be defined as follows:
vk =1,6V|di*| € 2] elpk[zpvk Zwkijdk"i;?fmJ, (12)
i

where w,; mean the weight coefficients that define the significance of taking into account the wavelet coef-

ficients of the j™ AFTS frequency band of the i" vibration signal at the probability level of the k™ neuron.
Correlation approach [9, 10] is proposed for determination of weight coefficients.
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The relative probability level of the k™ neuron is defined as follows:
RV, = PV, :
max (PV,, PV,,PV,,PV,,PV,,PV,)
Hence, the resulting diagnostic conclusion may be formulated as the value array of probability levels
for various vibration factors {RV,,RV,,RV,,RV,, RV, RV,}.
Figure 2 shows the control flow chart corresponding to the above mathematical model.

(13)

Start

Y
Determination of trends in each frequency band of each vibration signal

Y

Division of trends into mechanic, hydrodynamic and €l ectrodynamic
components pursuant to (8) - (10)

Y
Standardization of al AFTS components pursuant to (11)

Y
Determination of the absolute probability:va ue pursuant to (12)

Y
Determination of the relative probability vaue pursuant to (13)

\
End

Figure 2. ANLN control flow chart for forecasting of hydropower units' fault development

The following sub-section is “dedicated to examples of diagnostic conclusions obtained for
hydrogenerators of Dnestr HPP-2 [11].
Preliminary estimated conclusions relating to hydropower units’ fault development at DNESTR HPP-

Let us consider a number of examples obtained through the application implemented using the algo-
rithm shown in Figure 2.

Figure 3. The trend of the 7" frequency band of AFTS vibration signal
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Figure 3 depicts atrend of the 7" AFTS frequency band of the vibration signal, such trend having been
obtained from the vibration sensor installed at the turbine bearing. Even without using criterion (5), one can

see that this trend is practically unchangeable, and there is no need to transfer the same to the neurons of the
third ANLN layer.

Thetrend depicted in Figure 4 is more interesting.

Figure 4. The trend of the 10" frequency band of AFTS vibration signal

In this case, it would be advisable to pass this trend to the third neuron layer and to investigate the rea-
sonsfor its growth, since this growth may likely be caused by atemporary drop in the water head.

When anayzing the data of monitoring sub-system, one can obtain particular preliminary results.
A fragment of interface of the application that implementsthe agorithm (see Fig. 2) is shown in Figure 5.

Digits 1 to 4 designate the neuron blocks processing the vibration signals from the vibration sensorsin-
stalled at the turbine and thrust-and-radial bearings a ong the horizontal and vertical axes.

Figure 5. Results of historical data processing by the application

It follows from Figure 5 that the highest probability level (100 %) is associated with a stable trend

growth caused by hydrodynamic factors, while a high probability (75.69 %) is associated with the growth
caused by vibrations of electromagnetic origin etc.
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Conclusions

1. With real-world vibroacoustic signals being of purely no stationary nature, the authors proposed to
carry out spectral analysis using discrete wavelet transformation resulting in acquisition of three-dimensional
amplitude-frequency-temporal spectrum.

2. Due to an exceptional complexity of the hydropower unit as a dynamic hydroel ectromechanical sys-
tem and complexity of mathematical description of dependence between the vibroacoustic signal and all fac-
tors that cause vibration, it makes sense to treat the hydropower unit as the «black box», therefore, for the
purposes of forecasting of fault development in hydropower units, generation of three-layer artificial neural-
like network is proposed by the authors.

3. Since vibration is caused by a simultaneous action of al factors without any exception, forecasting of
development of faults in hydropower units lies in the extraction of significant influencing factors, which is
proposed to be done by way of ANLN study and introduction of respective weight coefficients.

References

1 Geranmaye, S., Rajabvand, A., Hamidzadeh, M.D., Etemad, F., Hasanli, Sh.M., Khoram, S et a. (2004). Vibro-acoustic di-
agnostics of rotary type machines and mechanisms. Proceeding from Second International conference on. technical and physical
problems in power engineering (6-8 September).

2 Chong, K.T., Su H., Xi, W. (2004). Vibration signal analysis for electrical fault detection of induction machine using neural
networks. Information Technology Convergence, International Symposium on ISITC (23-24November).

3 Kukharchuk, V.V. et al. (2014). Monitoring, diagnostics and forecasting of vibration condition of hydropower units. Vinni-
tsa: Vinnitsa Nationa Technical University.

4 Kukharchuk V.V., Kazyv, S.Sh. (2012). Diagnostics and forecasting of hydro units faults. Khoa hoc & Congnghe, 8(57),
122-126.

5 Kukharchuk, V.V., Kazyv, S.Sh., Bykovsky, S.A., Wéjcik, W., Kotyra, A.; & Akhmetova, A., et a. (2016). Discrete wavel et
transformation in spectral analysis of vibration processes at hydropower units. Przeglad elektrotechniczny, 93, 3, 65-68.

6 Kukharchuk, V.V. et d. (2018). Discrete wavelet transformations in diagnostics of hydropower units. Vinnytsia: Vinnytsia
Nationa Technical University.

7 Kukharchuk, V.V., Kazyv, S. Sh., & Bykovs ky, S.0.42016). Specificities of vibration diagnostics of return-type hydropow-
er unitsat pumped storage plants. Visnyk Inzhenernoi Akademii Ukrainy, 1, 279-283.

8 Kukharchuk, V.V., Kazyv, S. Sh., Bykovs'ky, S.0., & Usov, V.V. (2014). Determination of background, electro and hydro-
dynamic components of amplitude-frequency-temporal 'spectrum of vibration signal at the 3 hydropower unit of DnestrHPP-2. Opti-
cal-electronic information and power technologies; 2(28), 29-34.

9 Hraniak, V.F., Kukharchuk, V.V., Kucheruk, V., & Khassenov, A. (2018). Using instantaneous cross-correlation coefficients
of vibration signals for technical condition monitoring.in rotating electric power machines, Bulletin of the Karaganda University.
Physics Series, 1(89), 72-80.

10 Hraniak, V.F., Kazyv, S.Sh., & Kukharchuk; V.V. (2017). Correlation approach to determination of weight coefficients of ar-
tificial neural-like net work for vibration diagnostics of hydropower units, Visnyk Inzhenernoi Akademii Ukrainy, 4, 100-105.

11 Kukharchuk, V.V., Kazyv, S.Sh., Bykovs ky, S.0., & Usov, V.V. (2015). Prognostic conclusions for the system of computer-
ized diagnostics and forecasting.of fault development in hydropower units. Visnyk Inzhenernoi Akademii Ukrainy, 3, 26-132.

B.B. Kyxapuyxk, C.I1I. Kaus, B.®. I'pansk, B.IO. Kyuepyx,
B.I'. Magespos, C.A. beixosckuii, A.K. Xacenos, [[.)K. Kapabekosa

I'mapoarperarrapaa akayJapablH IaMYybIH JipLLai-00/kay

Makanana aipingi faObUTIapablH CHEKTPIIIK TaljayiapblHa HETi3[eireH ruapoarperartapia axkayaapblH
IAMYyBIH JIpiIni-00JDKayIblH MAaTeMAaTHKAIBIK MOJCIBACPI KOHE alnroputMaepi yCeuHbULIBL. [ipinmi
aKyCTHKAJIBIK Ja0bUIIap CTAI[MOHAPIIBI €MEC CHITATTa OOJATHIHABIKTAH, SIFHH OJNAPIBIH CIIEKTOPJIAPHl YaKBIT
OOMBIHIIA ©3TePeTIHAIKTeH, aBTOPJIAPMEH CHEKTPAIABI TajjaylapAbl TUCKPETTI BeHBIET-TYpIeHIiprimt
KOMeTiMeH ICKe achlpy YCHIHBUFaH. HoTmkecinme BeliBieT-kod(pQUIMEHTTED MAaTpUIACH TYpiHAETI
YLIOIIeMIl aMIUIMTYIa-KHITIKTi-yaKbITTBIK CHEKTpP aiblHaAbl. ['MapoarperaTThlH AWHAMHUKAIBIK THIPO-
JNIEKTPMEXAHUKAIIBIK JKYHe peTiHIe epeKile KypeliliriHe jkoHe BHOPOaKyCTHKAIBIK AaObUIIBIH TipUTIiH
GapipIK ceOenTepine TOYENAUTriHIH MaTeMaTHKAIBIK CHIIaTTaMACBhIHBIH MPAKTHKAIBIK MYMKIH 0OJIMaybIHa
0ailIaHbICTBI, THIPOTEXHUKAIBIK KYPBUIFBIHBI «Kapa JKOLIIK» PETiHAe KapacThIpyra Heri3 0ap, sSiFHU OHbIH
KYPBUIBIMBIH €MeC, CHIPTKBI XKYMEBIC icTeyiH Mozenbaey kKepek. COHIBIKTaH THIpOarperaTTarbl aKayaapIblH
JaMyblH OoOJDKay YIIIH YIIKAOaTTHI jXKacaHABl HEHPOHIBIK JKENiHI caly jkocmapiaHyna. bomxay nipin-
aKyCTHKAIBIK JaOBbUIIBIH aMIUIUTYAa-)KULUTIKTIK-yaKbIT CIIEKTP1 XKHUUTITiHIH opOip KaOaThIHBIH TPEHI BEUBIET-
ko ¢unuenTTepin Tangayra HerizgenareH. COHBIMEH Karap TpeHATEpAl Mipil TyasIpaThlH Oenrini Oip
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(akropnapra coiikec mipinai Aabsuimapasl Kypaymbuiapra (QOHABI, THAPOJAMHAMHKAIBIK, SJICKTPOIWHA-
MHUKaNbIK JkKoHe T.6.) 06y apKpUIbl KapacThIPbUIABI. DByl KOMIOHEHTTepAi 6Hmey opTYpnmi Xipin
(axTopiapbIHbIH CEHIMIUTIK JeHreiIepiHiH JKUBIHTBHIFBl PETiHAE THApOarperarTa axkayJaapIblH JaMybIHA
KaTBICTH 0OJDKAaM KOPBITBIHIBICHIH aHBIKTayFa MYMKIiHJIK Oepni. Conpmait-ak Juectp I'DC-2 nipin Gaxeuiay
JKYHECIHEH albIHFaH Jipil-aKyCTUKAIBIK JaObUINApIbIH MYparaTTaFaH MOHJAEPl HETI3iHIE allbIHFaH
00JDKaMIBI TYKBIPBIMHBIH MBICAJIBI KENTipIITeH.

Kinm  ce30ep: nipinmi aKkyCTHKanblK —JaObLI, JHUCKPETTI TOJNKBIHAAPABIH TYPJCHYi, TOJKBIH/IBIK
K02 GUIHEHTTED, )KacaHIbl OaTaMabl XKeJi, KUK IUarna3oHbl, BIKTHMAIABIK MOHI.

B.B. Kyxapuyk, C.I1I. Kauss, B.®. I'pansk, B.IO. Kyuepyx,
B.I'. Magespos, C.A. beixkosckuii, A.K. Xacenos, [[.)K. Kapabekosa

BuGpo-nporvo3upoBanne pa3BuTHS HapylIeHUii B THApoarperarax

B craTbe mpemoskeHBl MaTEMaTUUECKUE MOJAENIU U alTOPUTMBI IIPOTHO3UPOBAHUS Pa3BUTHS JIe(PEKTOB THI-
poarperaTos, KOTOpPbIE OCHOBAHEI HA CIIEKTPAILHOM aHaIN3e BUOpocurHaioB. Tak Kak peajbHbIe BHOPOAKy-
CTUYECKHE CUTHAJIBI MMEIOT CYIIECTBEHHO HECTAIlMOHAPHBINA XapakTep, T.€. X CIEeKTPhl H3MEHSIOTCS BO Bpe-
MEHH, aBTOPaMH TPEIJI0KEHO OCYMIECTBIATh CIEKTPAIbHBINA aHAIW3 MPHU MOMOIIM TUCKPETHOrO BEHBIIET-
npeoOpa3oBaHys, B pe3ylbTaTe KOTOPOTO TOMYYaeTCsl TPEXMEPHBIH aMILIUTYIHO-1aCTOTHO-BPEMEHHOI
CIIEKTpP B BHJE MaTPHIbl BelBieT-Ko3QduuneHToB. OTMETUM, 4TO U3-32 UCKIIQUUTEIBHOH CIIOXHOCTH THJI-
poarperara Kak JUHaMHYECKOI r'UAPO3ICKTPOMEXaHUIECKOH CUCTEMBL U IPAKTUYECKOI HEBO3MOXKHOCTH Ma-
TEeMaTHYECKOTO OMHCAHUs 3aBUCHMOCTH BHOPOAKyCTHIECKOTO CHT'HAJIA OT BCEX IIPHUHH; BBI3BIBAIONINX BHO-
paryio, UMeeT CMBICT PaCCMATPUBATh THAPOATPETaT KaK «IepHBIH SAIIUK», T.€. MOICIUPOBATH HE €T0 CTPYK-
Typy, a BHelIHee QpyHKIHOHHpoBaHHe. [109TOMy U1 IPOrHO3MPOBAHUS pa3BUTHS Ae(EKTOB rHapoarperara
IpeyCMaTPUBACTCSl TOCTPOCHUE TPEXCIOHHOW MCKYCCTBEHHOH HeifpomomoOHoit cetn. IIpornosmposanne
OCHOBaHO Ha aHAJIM3€ TPEHAOB BEHBIET-KO3(DOUINEHTOB KaXIOH MONOCHL YaCTOT aMILINTYJHO-4aCTOTHO-
BPEMEHHOTO CIIEKTpa BHOPOaKyCTHIECKOTo curHana. [lanee mpeaycMaTpuBaeTcs pa3felieHue ITUX TPEHIOB
Ha COCTaBISIONINE BUOPOCHTHAIOB (OHOBYIO, THAPOAMHAMUYECKYIO, SIEKTPOAMHAMUUYECKYIO U T.X.), KOTO-
pble COOTBETCTBYIOT ONpPE/CNCHHBIM (aKkTOpaM, BhI3bIBAIOMMM BHOpalio. O6paboTKa 3THX COCTaBIAIOIIUX
TI03BOJISIET OTIPEIEIUTH PE3YIbTHPYIOMINI MPOTHO3HbIH BEIBOJ, OTHOCUTEIHHO Pa3BUTHS Ae(EKTOB THUApOAr-
perara Kak MHOXKECTBO 3HAUCHHI ypOBHEH HOCTOBEPHOCTH pasHEIX (akTopoB BHOpamuu. B pabore Takke
TIPUBECH MPUMEpP TaKOTO MPOTHO3HOTO BEIBOJA, MOIYYEHHOTO Ha OCHOBAaHWY apXUBHBIX 3Ha4EeHHH BHOpoOa-
KYCTHUYECKUX CUTHAJIOB, KOTOPbIE ITOCTYIIIN OT HOACHCTEMBI BHOpoMoHnTOpUHTa J{HecTpoBckoi 'DC-2.

Kniouesvie cnosa: BUOPOAaKyCTHYECKHMH| CUTHAd, JAHCKpETHOEe BeWBIeT-ipeoOpazoBaHue, BeHBIET-
K03 QUIIHEHTBI, HCKYCCTBEHHO-9KBUBAJICHTHASL CETh, 110JI0CA YACTOT, 3HAYCHHUE BEPOSITHOCTH.
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