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Using instantaneous cross-correlation coefficients of vibration signals for
technical condition monitoring in rotating electric power machines

Proposed in the article is the use of new high-information characteristics, in. which capacity we used cross-
correlation coefficients between vibration signals in space-distributed units of a rotating electric machine in
combination with amplitudes of vibration signals in the same units. It was theoretically proven that the said
characteristics make it possible to restore the information on the amplitudes and spatial localizations of occa-
sional uncompensated disturbing forces, the influence-of which gives rise to vibrations during rotating electric
machines’ operation. Determined and theoretically substantiated was the duration of vibration signal’s tem-
poral realizations, which is advisable to use when obtaining vibration signals’ cross-correlation coefficients in
the units under investigation. It was found that duration of such realizations must be divisible by the frequen-
cy of rotation period of electric machine’s rotor. Besides, adapted was the mathematical model for calculation
of cross-correlation coefficients taking into account the specificities of origin and the physical nature of vibra-
tion signal, which enabled us, having significantly simplified the analytical calculations required for obtaining
the cross-correlation coefficients,to calculate cross-correlation coefficients based on measured values of their
temporal realizations directly in the real-time mode of electric power machine’s operation. The adequacy of
the statements set forth in the article and the informative value of proposed characteristics were proven by
way of computerized simulation.

Keywords: measurement, <cross-correlation, rotating electric machine, system’s vibration response, cross-
correlation coefficient, uncompensated disturbing force.

Introduction

An important. task arising during operation of electric power machines, including hydraulic units of
HPPs (hydropower plants) and PSEPPs (pumped-storage electric power plants), consists in ensuring maxi-
mum reliability and duration of equipment operation with minimum costs of maintenance thereof. And since
the classical approach to ensuring reliable operation of equipment provides for identification of possible de-
fects during equipment shutdown and for performance of scheduled repairs, which is far from always techni-
cally substantiated, apparent is the necessity to develop new approaches that would allow optimizing the op-
erational costs and increasing the period of equipment operation between scheduled repairs.

In view of the foregoing, development of methods for indirect monitoring of technical condition of
electric power equipment in the real-time mode of its operation becomes increasingly relevant [1-3]. Howev-
er, the use of such approaches is currently limited by the absence of not only explicit mathematical models,
but also of high-information characteristics, the analysis of which would make it possible to identify changes
in basic technical parameters of rotating power machines to a high degree of accuracy [3]. Hence, identifica-
tion of informative characteristics that would, on the one part, correlate well with technical parameters of a
rotating electric machine, and on the other part — would enable performing their high-precision measurement
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in the real-time mode of the technological process, is a crucial scientific-and-application task, the solution of
which is of a significant interest both in theoretical and in practical terms.

Setting the task

As it was shown in papers [1-4], the systems for control of technical condition based on analysis of unit
assemblies’ vibration signals are highly promising in terms of solving the technical task assigned. However,
the overwhelming majority of working hypotheses, based on which the methods for technical condition mon-
itoring are based, consider the units of a rotating power machine separately, analyzing the obtained results, at
the best, statistically only in an upper-level numeric converter [3, 4]. Such approach makes it impossible to
evaluate the degree of disturbances’ localization and the degree of their influence on the entire space-
distributed structure of an electric machine. As a consequence, based on the measurement information ob-
tained, it is impossible neither to imagine the geometrical location of the point of application of equivalent
uncompensated force that causes vibration (which indirectly testifies to the reason of its origin), nor to make
conclusions regarding the mechanical stiffness of the electrical machine’s support structure (which is the pa-
rameter directly connected with mechanical strength). And if the problem of identifying the reason behind
increasing vibration is in a number of papers [3, 5, 6] proposed to be solved based on spectral analysis of a
vibration signal using the fuzzy-set theory, the problem of monitoring the mechanical stiffness in the real-
time mode is totally disregarded by the existing approaches.

It is worth noting that identifying the reasons behind vibration increase based on vibration signal’s spec-
tral analysis only will also result in obtaining quite disputable conclusions, since vibration frequency itself is
only an indirect factor, while uncompensated external disturbances of various nature that give rise to vibra-
tion increase may manifest themselves in the same frequency demains [3]. Another factor that limits the use
of spectral analysis for a local unit in its pure form lies in availability of own resonant frequencies of struc-
tural elements’ local units, where influences of particular disturbances may be increased significantly, and
presence of a complicated interference picture of vibration within the elastic environment of electric machine
structures [7] that may considerably distort the vibration signals conditioned by the action of local influential
values. Hence, in view of the foregoing, evident is the necessity to develop new and more efficient methods
for analysis of rotating machines’ technical condition that requires solution of two applied scientific tasks,
and namely: identification of a high-information criterion that would characterize the vibration condition of
the entire monitored object (MO) and correlate well with its basic technical parameters and establishing
functional connections between this criterion and technical parameters of an electric machine. The objective
set in this paper lies in solution of the first formulated applied scientific task by way of identification and
theoretical substantiation of using a high-information criterion that could be measured in the real-time mode
of the technological process, that would contain the information on both amplitude and spatial localization of
external disturbing influences; and on the mechanical stiffness of MO structure. At the same time, solution of
this task will be of both theoretical and practical interest.

Analysis of approaches to the task solution

Considering.a rotating electric machine as a MO, one can imagine it as a relatively stationary distribut-
ed quasi-linearized inseparable elastic system having spatially variable coefficients of stiffness [8]. Another
specific feature of MO lies in its being exposed to k spatially distributed uncompensated mechanical forces
of various nature, amplitude and vector direction to change in a temporal function randomly. The structure of
such MO 'may more simply be presented as follows (Fig. 1).

In view of such system’s non-separability, any of k external uncompensated disturbing forces will gen-
erate, in the system’s randomly selected point (node), some vibration signal (response), the amplitude of
which being other than zero [9]. That said, taking into account the system’s stationary state, vector-identical
force, the equivalent of which is applied to the electrical machine’s one and the same point, will give rise to
the system’s identical response in any randomly selected assembly of the unit. Taking into account the fore-
going, for a randomly selected controlled unit in relation to each of k possible disturbing forces, one can se-
lect a transient characteristic that will possess a relatively time-constant value on account of a high inertia of
the process of change in the mechanical stiffness of the electric machine’s units under acceptable operational
conditions.
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Figure 1. Simplified flow diagram of a rotating electric machine:

In other words, for a randomly selected unit A being a part of the MO, the following system will be
true:

wa(t)=F(t)-Hyu(t),
Warl(t)=Fy(t) - H (1),

Wa(t)=F(t)-H (1),
where F;(t) — Fy(t) — the uncompensated forces affecting the electric machine; H,;(z) — Hy(t) — transient
characteristics in relation to disturbing forces F;(¢) — Fi(t), respectively; (1) —wu(t) — the system’s re-
sponse at A point to the effect of disturbance in the form of F;(¢) — Fi(2) force, respectively.
Such being the case, the resultant vibration signal to be observed at A point may be obtained based on
the superposition principle.

M

k k
V(1) = XVa(t) S X E (1) H (1), @

Proceeding from similar reasoning, the described mathematical apparatus may be extended to any other
random point B, which also belongs to. MO and does not coincide with point A. Such being the case, for
point B, dependence of vibration signal’s response on disturbing forces will be written as follows:

Wi (t)=F(t) Hp(t),
W (1) =Fy(1) - Hpy(1),

We(t)=F(t) Hpg(t),
k k
V’B(t):ZV/BI'(UZZE(U'H&(U- “4)

Taking into consideration (1) and (3),and the fact that MO is a quasilinear system, the dependence of the
system’s eachresponse at point B on the system’s response at point A will be written as follows:

3)

Hy(t)
(t)=—"""w (). 5
l//Bl() HAi(t)l//Al() ( )
Hence, the system’s general response at B point may be determined as
K Hp(t)
wa(t)=Y =200 1) ©)
’ Zl: H (1)

Other points belonging to MO may similarly be connected between each other.

Though expression (6) theoretically makes it possible to establish an unambiguous connection between
vibration signal’s functions in different MO parts, which could ensure the possibility, based on known im-
plementations of vibration signal in the said points, to restore the contribution by each of F;(?)forces for each
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time moment under investigation, however for a real rotating electric machine it is practically impossible to
determine not only particular points for application of equivalent disturbing forces, but even to obtain relia-
ble information on their precise number [3, 4, 10]. Therefore, the use of (6) in its pure form is quite restrict-
ed. However, in order to determine the type of disturbing effect during operation of real rotating electric ma-
chine, it sometimes will be quite sufficient to approximately determine the local area for application of pre-
dominant disturbance, which significantly facilitates the solution of the task set.

Taking into account the foregoing and the fact that, due to the stochastic nature of disturbing uncom-
pensated forces F;(t) — Fi(t), the analyzed MO may be deemed a stochasticsystem, expression (6) will essen-
tially transform into theoretical substantiation of availability of cross-correlation connections between vibra-
tion signal’s responses in different points of the electrical machine under investigation. Besides, in view of
the fact that stiffness coefficient of MO structures around any its point exceeds zero [7], it is evident:that the
value of cross-correlation coefficient between vibration signals in the units under investigation will grow
with approximation of the point of application of external disturbance’s significant component to the condi-
tional point of mechanical center between them, and will be proportionate to this disturbing force’s relative
contribution to formation of the general vibration signal. Furthermore, evident is the statement that vibration
signal’s amplitude in some particular unit will be proportionate both to the conditional mechanical distance
to the points of application of significant disturbing forces and to their absolute amplitude: Hence, one can
deem entirely proven the hypothesis claiming that the use vibration signals’ cross-correlation coefficients
between spatially separated MO units together with their instantaneous amplitudes will allow obtaining the
data package containing the information not only on the amplitude of disturbing.influences, but also on their
spatial localization that may be associated with the reasons of their origin to a high degree of probability.

Obtaining instantaneous values of cross-correlation coefficients is a considerable challenge for the use
of the approach proposed. As was shown above, since vibration processes in electrical machine’s controlled
units are of random nature, precise evaluation of linear connection between the two values () and wp(?)
would require the use of the following expression [9]

Kw(tlvtz) = J. I (\Vl _mA(tl))(\Vz _mB(tZ))'f(Wl’WZ’tl’tz)d\Vld\VZ’ (7)

—oC —oC

where m A(tl), mB(t2) — mathematical expectations of yA(t) and yB(t) functions in t1 and t2. time mo-

ments, respectively; FWLvatnt) two-dimensional density probability of an occasional process y(t) that
preconditions the appearance of vibration signals in A and B units that is determined at t1 and t2 time mo-
ments, in relation to which occasional-process y(t) may be considered as the system of two random values
yA(t) and yB(t), the values y1 and W2 of which being yA(tl) and yB(t2) values of occasional process reali-
zations recordedat ¢; and ¢, time moments.

azF(Wl’WPtl’tz)
oy,0y,
where F(y,,y,,t,t, ) — two-dimensional function of distribution of occasional process probabilities y(?)

f(Wanatntz): )

that assigns the value of probability of the fact that at #; time moment ,< y; in equation is implemented, and
at ¢, time moment ;< 7, in equation is implemented, that is
Fy,wo.t1,6,) =Py (4) Sy wp(t,) Sy, ). )
Let us adapt the mathematical apparatus (7) — (9) to the MO under investigation. As was shown above,
the-disturbing forces F;(z) — Fy(t) are distributed along the MO in such a way that points of application of
their equivalents may be located at different conditional mechanical distances from A and B units. In this
case, for some forces conditional mechanical distance from the point of application of the equivalent to unit
A will exceed the conditional mechanical distance to unit B, for others — be equal, and for some others — be
less. Hence, the rate of propagation of mechanical disturbance for each of k forces to controlled units will be
different, which precludes from speaking about availability of time delay between system responses in the
said points. Consequently, taking into account the specificity of MO, the autocorrelation coefficient
betweeny,(¢) and y(?) signals will be advisable to determine for one and the same time moment, that is
t =t,. (10)
This results in thecross-correlation coefficient K (7,,¢,) transforming into K, (7).

Considering the vibration signal at stationary disturbing external influences F;(?) — F(t), which in phys-
ical terms will correspond to permanent qualitative composition and stationarity of laws of amplitude varia-
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tion in uncompensated forces F';(¢) — Fy(t), signals w,(t) and wp(?) may be considered ergodic. Such being the
case, cross-correlation coefficient K (7)) of stationary occasional process y(z) may with a slight error

be considered equal to cross-correlation coefficient of certain temporal realization of w () and wp(?) signals,
for which the ergodic property will be implemented. In view of the fact that disturbing forces F;(2) — Fi(t)
may only be deemed stationary during quite a short time period, while the value of vibration signal remains
functionally dependent on angular position of electric machine’s rotor [11, 12], in such case most admissible
being the duration of realization of time series of w,(?) and y3(?) functions, which coincides with duration of
rotation period of electric machine’s rotor (for high-speed machines this may be divisible by period:under
acceptable value of duration). As a result, it would be entirely advisable and substantiated to proceed from
calculation of instantaneous cross-correlation coefficients to calculation of quasiinstantaneous:coefficients
bound to the specified duration of temporal realization of y,(?) and wp(?) functions. On this basis, the un-
known quasi-instantaneous cross-correlation coefficient may be calculated as follows:

K.;(ﬁ) :%J‘(Wji(tl)_mA(tl))(l//;(tl)_mB(tl))dtl’ (11)
0

where T — duration of temporal realization of y,(#) and wp(?) functions; w 4(#) and z//*g(t) — temporal realiza-
tions of w,(?) and yp(?) functions.

And since oscillations of any elastic body occur in relation of some central (zero) position, then in the
time period divisible by a rotation period of electric machine’s rotor, a vibration signal-of its any unit may be
considered centered. Such being the case, the expression for calculation of cross-correlation coefficient be-
tween vibration signals of two distributed units will be written as follows:

K.;(tl):% (W't (w50, e, (12)
0

Since the measurement of output vibration signals in real monitoring systems is frequently performed in
a discrete way, then for discrete temporal realizations, taking into.account the well-known Pearson equation
(12) can be written as follows:

ZV/:UV/;’

e = (13)
,/waﬁ YV
i=1 i=1

where v ,; and v 5; — i-th values of temporal realizations of y,(2) and w(2) functions.

The above-stated hypothesis about availability of correlation dependences in output vibration signals of
spatially distributed MO points and their dependence on spatial localization of significant disturbing forces
may be confirmed by way of computerized simulation. Such being the case, it would be quite sufficient to
evaluate cross-correlation connections of output signals of an elastically attached system subjected to un-
compensated disturbance by three spatially-distributed non-correlated forces, since if the statements are
deemed true in the case under investigation, these could also be expanded to other more complicated cases. It
would be advisable to select'the geometrical location of the points of application of equivalent forces in such
a way that one‘of them could be located in a conditional mechanical center between controlled points A and
B, with tworethers displaced to different conditional mechanical distances toward the first and the second
controlled points, respectively. The initial provision that would be worth considering when generating an
adequate computer model is as follows: under normal operational conditions, electrical machine’s structures
are largely affected by elastic deformation [4] that enables representing the elastic connection between spa-
tially distributed MO units in P-plane in the form of oscillatory links of the following type [7]:

k
H(p)=————, 14
(p) T+ Toptl (14)

where k — amplification coefficient (for an actual physical system being less than k<1); T, T, — time con-
stants of an oscillatory link.

Besides, when generating a computer model one should take into account that, for the considered case
of aquasi-linear system, its multi weight components, spatially located between the system’s inputs and out-
puts, may be represented in the form of one equivalent link with a transmission characteristic of (14) [8]
type. Such alteration does significantly simplify the structure of a computer model. Another simplification
that will not have any significant influence on the model’s adequacy, however significantly allowing the
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building thereof, is the MO representation as a system with one-dimension elastic connections, since in the
case of adequacy of the theoretical conclusions made for such a MO, these can be quite easily extended to
three-dimensional MO. An additional problem to be solved when generating the model lies in the choice of
magnification coefficients, time constants and dispersion of disturbing forces. However, taking into account
the system’s specificity, cross-correlation connections therein will be preserved with a proportionate increase
of all time constants or magnification coefficients [8]. Hence, lacking the information on the values of the
said parameters, let us restrict ourselves with their random choice while preserving one order of values for all
blocks of the model generated. In view of the foregoing, the flow diagram and the mathematical model of
MO with the specified simplifications may be represented in the form shown in Figure 2.

Fi(p) Pa(p)
o Ha(p) @4 Hip) Hip) -
Fi(t) Fa(t) F3(t) F2(p)
A B
Fi(p) ! s(p)
> Hip) Hi(p) Hi(p) —>
a) b

0.5 0.3 05
» 2 ) s
0.552+0.4541 0.45240.55+2 0.55240.45+1
Randem
Numbert

Transfer Fcn§ Transfer Fon§ Transfer Fong

Band-Limited
White Neise

0.3 05
Ld = Lt £
0.45%40 5542 . 0.557+0.45%1
Randem
Number2

Transfer Fcng Transfer Fond Transfer Fen?

a) — flow diagram, b) —structure of mathematical model of simplified MO in P-plane,
¢) — model of simplified MO using MATLAB Simulink means
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Figure 2. Simplified simulated monitoring object:

Since the system’s input signals are represented by stochastic values, the results is represented by aver-
aged values of cross-correlation coefficients obtained as the arithmetic average value of cross-correlation
coefficient among ten signal realizations at the computer model’s outputs for each of disturbance conditions
under investigation, respectively. Obtained results are set forth in Table.

Table

Computerized Simulation Results

Simulation conditions Averaged cross'—correlatlon
coefficient
Fl(t)z FZ(t) ~ F3(t) 0.278
(All disturbing forces being one amplitude order) )
Fl(t) >>F2(t):F3(t) 0.18
(F1(t) amplitude is by one order higher than F,(t) and F5(t) amplitude) '
(F»(t) amplitude is by one order higher than F,(t) and F5(t) amplitude) '
Fl(t) ~ FZ(t) << F3(t) 0.11
(F5(t) amplitude is by one order higher than F;(t) and F,(t) amplitude) '
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As you can see from the results presented in Table, simulation results do entirely confirm the hypothe-
ses set forth above. Hence, one can state that cross-correlation coefficients obtained in (12) or (13), together
with absolute amplitudes of temporal realizations’ vibration signals, will contain information on both the
amplitudes and spatial localization of disturbing forces and on the mechanical stiffness of rotating electric
machine’s units in an implicit form, the informative value of which will grow with the increase in the quanti-
ty of unit couples, for which we will obtain the cross-correlation coefficient and the number of units, for
which the value of absolute amplitude temporal realizations of the vibration signal will be known. Hence, as
the method for increase of information value and accuracy of MO parameters control, one can propose an
approach that provides for a parallel measurement of vibration signals in spatially distributed points of a ro-
tating electric machine, the number of which must be determined by a sufficient probability for determina-
tion of an equivalent amplitude of uncompensated disturbing forces F;(¢) — Fi(¢) and sufficientspatial-locali-
zation of the point of application of each significant equivalent of these forces. Such being the case, the mon-
itoring system based on the use of cross-correlation coefficient swill require an additional channel for the
rotor’s angular position necessary for determination of actual duration of vibration signals’ temporal realiza-
tions.

Conclusions

1. Proposed was the use of new high-information characteristics containing the/nformation on not only
the amplitude and spatial localizations of uncompensated disturbing forces(directly connected with the rea-
sons of their origin), the influence of which gives rise to vibrations during operation of rotating electric ma-
chines. Theoretically proven and substantiated was the appropriateness of their functional connection and the
advisability of use.

2. Determined and theoretically substantiated was the duration of vibration signal’s temporal realiza-
tions, which is advisable to use when obtaining vibration signals’ cross-correlation coefficients in the units
under investigation. It was established thatduration of such realizations must be divisible by the frequency of
rotation period of electric machine’s rotor.

3. Adapted was the mathematical model for calculation of cross-correlation coefficients, taking into ac-
count the specific features of vibration signal’s origin and physical nature, which allowed significantly to
simplify the analytical calculations required for obtaining the cross-correlation coefficients.
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B.®. I'pansk, B.B. Kyxapuyk, B. Kyuepyk, A. XaceHoB

DJIEeKTPJIIK AHHAJIMAJIBI MAIIMHAJIAPABIH TEXHUKAJBIK KAFIalbIH 0aKbLIAY
MOHMTOPHHTI YIIiH Ja0bL1 AipijiaepiHiH 63apa KOPPeJasUsACbIHbIH
Me3eTTiK K03pPUIHEeHTTEePiH KOIAaHy

Makanaza aifHanmMajbl DIEKTPIIK MAalIMHACBIHBIH  KCHICTIKTE YJICCTIpUIreH HyKTelepae Iipinmi
na0bUIAApIbIH aMIUTUTYyJajiapblHa COMKeCTi [ipinaep apaibiFblHAa e3apa Koppemsiuus koddduumentrepi
KOJIJIAHBIIFaH JKaHa >KOFapbl aKMapaTThl CHUIATTap YCHIHbUIABL. KepceTinren cumarramanap alHaIMalbl
SNEKTPIIK MaIIMHAIAPABIH KYMBICH Ke3iHJe MipUIAi KalbINTacThIPaThIH Ke3IeHCOK KO3IBIPYIIBI KYIITep.Ii
KEHICTIKTIK IIEKTey jKOHE aMIUTHTY/a JKailJIbl aKnapaTThl KaIIbIHA KeNTipyre MyMKIHIIK OepeTiHi TeopHsuIBIK
TYPFBIA JAJIeNIeH 1. 3epTTeNeTiH HyKTenepae Aipii 1a0buIIapbIHbIH e3apa Koppemsinus KodGGuIiueHtTepin
ary Ke3iHAe KOJTAaHATBHIH AipUIiepAiH KaIBINTACYBIHBIH ME3CTTIK Y3aKTBIFBI aHBIKTAJIBl JKOHE TEOPHSUIBIK
Typae Herizzenni. MyHzaail KaibINTacyJapiblH Y3aKTBIFBl 3JIEKTPIIK MAIIMHAHBIH POTOPBI  AMHAIYBI
NEePHOBIHBIH JKHITIriHE eceJeHreH 0omybl KepekTiri TaraibiHmanasl. CoHIai-aK MIpUTAiH LIBIFY TETri MeH
(U3MKANBIK CUNATBIH €CKEPE OThIPbIN, KOPPENAUMSIBIK KO3()GUIMEHTTepl ecenTeyqiH MaTeéMaTHKANBIK
Mozeni KaObUIgaHAbl, Oy e3apa KaTblHAC KOI(GQUIMEHTTepPiH aly YUIH KaKeTTi aHaTHTHKAJIbIK
ecenTeyiepi enoyip JKeHUINETYre >oHe OJapAblH YakbITIIAa iCKe acBIPBUIFAH OJIICHIeH . MOHAEpiHe
HETi3ZeNreH KYIITIK OJJEeKTp MAIIMHACHIHBIH HAKTBl YaKBIT pPEXHMIHAE TiKeIeH KOpPeISIHSIIBIK
k03(GUIUEHTTEepiH ecenTeyre MyMKiHAIK Oep/i. Makanana KenTipinreH MaJliMIeMeepaiH JKoHe YCHIHBUTFaH
MYMKIHITIKTEp/IiH aKMapaTTHIK Ma3MYHBIHBIH JKETKUTIKTLUIITT KOMITBIOTEPITIK MOJISIIbICY apKbLIBI TOJICITICH]II.

Kinm ce30ep: emuey, e3apa KOppemsiLys, aifHaIManbl 3JICKTPIiK MAaIInHACKL, JKYHEeHiH JIpili peakiusIChl,
e3apa Koppesiius K03 GUIHeHTi, KOMIICHCHPICHOSTeH KO3ABIPYIIIbI KYLIL.

B.®. I'pansk, B.B. Kyxapuyk, B. Kyuepyk, A. XaceHoB

HUcnosib30BaHHEe MTHOBEHHBIX KO3 (PUIMEHTOB B3AMMHON KOppeasiuiu
CUTHAJIOB BUOPAIUU /151 MOHUTOPHHTA TEXHUYECKOT0
COCTOSIHMSI BPAIAKMIMXCH JJIEKTPUYECKUX MALIUH

B craThe mpezcTaBiaeHbl HOBbIE BEICOKOMH(MOPMAUOHHBIE XapAKTEPHCTHKU, B KOTOPBIX HCIHONIB30BANU KO-
G QUIMEHTE B3aMMHOM KOpPPEISIMU MEXIy & BHOPAaMOHHBIMH CHTHAJIaMH B IPOCTPAHCTBEHHO-
pacHpeieNieHHBIX TOUKaxX BPAIIAIOIeiiCs 2IeKTPUUECKON MAIINHEI B COYETAHHU C aMIIIATYAaMH BHOpAInoH-
HBIX CHTHAJIOB B Te€X JK€ TOYKaX. TEOPETHYecKH J0Ka3aHO, YTO ITH XaPAKTEPHCTHKHU ITO3BOJISIIOT BOCCTAHO-
BUTH MH()OPMAIMIO 00 aMIUIMTYAaX W MPOCTPAHCTBEHHBIX JIOKAIM3ALUSIX CIYYaifHBIX HECKOMIIEHCHPOBAH-
HBIX BO3MYIIAIONINX CHJI, BIMSHUC KOTOPHIX BBI3BIBAET KOJIEOAHMS MPH padOTe BPAIIAIOMINXCS dJIEKTpHUe-
ckuX MamuH. OnpeneneHa 1 Te€OPeTHIECKH 000CHOBaHA MPOJOKUTENPHOCT BPEMEHHBIX pean3aluii Buo-
parMK, KOTOpbIE 11eJIeCO00Pa3HO UCIIONIBL30BATh IPH MOTYYEHHH KO3 GUINEHTOB B3aUMOKOPPEIALINH BHOPO-
CHT'HAJIOB B HCCIIEyeMbIX TOUKaX. Y CTAHOBJIEHO, YTO MPOJOJDKUTENBHOCTh TAKUX peaan3aluil 10KHa ObITh
KpaTHasi 4acTOTe IepHo/ia BpallleH!s] poTopa >IeKTpHuueckoi MamnHbl. Kpome Toro, agantupoaHa MaTtema-
THYECKasi MOJIeIb UL pacdeTa Kod(hGHUINEHTOB B3aNMHON KOPPEILIIUK C YIETOM OCOOCHHOCTEH MPOUCXOXK-
JeHust ¥ (GU3MIECKO PUPOABI BUOPAIIMOHHOTO CUTHAJA, YTO MO3BOJIMIO 3HAYUTENHFHO YIPOCTHTD AHATHTH-
YecKHe BBIMHCIICHHUS, HEOOXOIMMBIE JUIS MOTydeHUs Ko3()(OUINEHTOB B3aMMHOW KOPPEINSIINH, IS pacdeTa
K03( GHUIIEHTOB. B3aHMHON KOPPETALIH Ha OCHOBE W3MEPEHHbIX 3HAUCHUH MX BPEMEHHBIX pealn3anuii He-
MOCPEICTBEHHO B PEXHMME PEaTbHOTO BpeMEHM pabOThI 3MEeKTPHYECKON MamruHbl. V310keHHbIE B CTaThe
HpelaracMble XapaKTePUCTUKH ObUTH J0Ka3aHBI C TOMOIIBIO KOMITBIOTEPU3HPOBAHHOTO MOJIECIUPOBAHUSL.

Kniouesvie cnosa: n3mepeHne, B3auMHasi KOPPEISLHS, Bpalllalomasics JIeKTpUIecKasl MallliHa, peakius BUO-
pamuu CucTeMsbl, KO3 GHUIMEHT B3aUMHOM KOPPENALNH, HECKOMIICHCHPOBaHHAs BOSMYIIAIOIIAs CHJIA.
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