e BNEXHIHHA
ENEKTROMNHAMIKA

HALIOHATIBHA AKALEMIS HAYK YKPATHI  BIOONEHHA ©I3UKO-TEXHINHWX NPOBNEM EHEPTETUKW

Vo

. = Y I | .l ” s
HO-BY '|F|DBﬁEHI CUCTEMM
DEHEPIETULY) "




PEJAKIIMHA KOJEILSA*

Kupnnenxo O.B.,

Mupnosebknii AK.,
BytkeBu4 O.®@.,

EDITORIAL BOARD*
TOJIOBHMIA peaKTop, Kyrylenko O.V., Editor-in-Chief,
akanemik HAH Yxpaian Member of N.AS.Ukraine
akanemik HAH Yxpaian Shydlovskyi A.K., Member of NAS Ukraine
3aCTYNHUK roinosHoro Butkevych O.F., Deputy Editor-in-Chief, Professor

penakropa, npodecop

Bouxos I.B., qeH-kop. HAH Vkpaiam ~ Volkov LV., Corresponding Member of NAS Ukraine
Kapkin A.D., qneH-kop. HAH Vkpaian ~ Zharkin A.F., Corresponding Member of NAS Ukraine
Kencuubkuii O.T'. JI-p TEXH.HAyK Kensitskyi O.H. Dr.Sc. (Eng.)
Konaparenko LII., uyneH-kop. HAH Vkpainu ~ Kondratenko L.P., Corresponding Member of NAS Ukraine
Ky3nenos B.I'., aneH-kop. HAH Vkpaiau, Kuznetsov V.H., Corresponding Member of NAS Ukraine
JInnkiscbkuii K.O., 3aCTYMHMK ronosHoro Lypkivskyi K.O., Deputy Editor-in-Chief,
penakropa, npogecop Professor
Masypenko JLIL., npodecop Mazurenko L.I., Professor
Mucnosua M.B., npodecop Myslovych M.V. Professor
Muxanscokuii B.M., unen-kop. HAH Vkpainu ~ Mykhaskyi V.M. Corresponding Member of NAS Ukraine
Crorniii B.C., akanemik HAH Yxpainu Stohnii B.S., Member of NAS Ukraine
IManosaix LA. JIOKT.TEXH.HAYK Shapoval LA. Dr.Sc. (Eng.)
MMupnoscbka H.A., qneH-kop. HAH Vkpaian ~ Shydlovska N.A., Corresponding Member of NAS Ukraine
Ilep6a A.A., uyneH-kop. HAH VYkpainn ~ Shcherba A.A., Corresponding Member of NAS Ukraine
KOpuenko O.M., JI-p TEXH.HAYK Yurchenko O.M., Dr.Sc. (Eng.)
T'opom:xa JI.B., BimoBinaabHuii cekperap  Gorodzha L.V., Executive Managing Editor,
KaH/I.TEXH.HayK Ph.D.

* UneHn pemakIiifHo1 Konerii nparoroTs y [actrTyTi enekrpomuHamikn HAH Yipainu, Kuis
Editorial board members work in the Institute of electrodynamics of NAS Ukraine, Kyiv

INTERNATIONAL EDITORIAL BOARD

Kyrylenko O.V. Member of NAS Ukraine, Institute of electrodynamics of NAS Ukraine, Kyiv

Shydlovskyi A.K. Member of NAS Ukraine, Institute of electrodynamics of NAS Ukraine, Kyiv

Hubanski S. Professor, Chalmers University of Technology, Sweden

Zhuikov V.Ya. Professor, National Technical University of Ukraine "Kyiv Polytecnic Institute", Kyiv

Zagirnyak M.V. Professor, The Kremenchuk M.Ostrogradskyi National University, Ukraine

Clare Jon C. Professor, The University of Nottingham, Great Britain

Kulyk M.M. Member of NAS Ukraine, Institute of General Energy of NAS Ukraine, Kyiv

Oleshchuk V. Professor, Institute of Power Engineering of AS Moldova, Kishinev

Pavlik M. Member of NAS Ukraine, Technical University of Lodz, Poland

Peresada S.M. Professor, National Technical University of Ukraine "Kyiv Polytechnic Institute”, Kyiv

Pivniak H.H. Member of NAS Ukraine, National Mining University, Dnipropetrovsk, Ukraine

Reztsov V.F. Corresponding Member of NAS Ukraine, Institute for Renawalable Energy of NAS Ukraine, Kyiv

Rozov V.Yu. Corresponding Member of NAS Ukraine, State Institution "Institute of Technical Problems of
Magnetism of the NAS Ukraine, Kharkiv

Rossi K. Professor, The University of Bologna, Italy

Sokol Ye.l. Corresponding Member of NAS Ukraine, National Technical University "Kharkiv Polytechnical
Institute", Ukraine, Kharkiv

Stakhiv P.H. Professor, National University "Lviv Polytechnica", Ukraine, Lviv

Schastlivyi H.H. Member of NAS Ukraine, Institute of electrodynamics of NAS Ukraine, Kyiv

Harytonov S.O. Professor, Novosibirsk State Technical University, Russia

Kypuan "TexuniuHa enexTpoauHamika" BritodeHO a0 [lepeniky HaykoBHX (axoBHX BHIaHb YKpaiHH KaTeropis
«A», TpeicTaBleHHil y 3aranbHOJEpXKaBHiil pedepatuBHili 6asi mamux "YKPATHIKA HAVKOBA" ta y
MiKHapOIHHX HaykomerpmuHux Oazax manmx SCOPUS, COMPENDEX, EBSCO, PROQUEST, CROSSREF,

INDEX COPERNICUS.

Anpeca penakuii:
03057, m. Kuis, npocmiekt Ilepemorn, 56, Incturyt enexrpoauaamiku HAH Ykpainan.
Tea. (044) 366 26 57. Email: ted@ied.org.ua  http://www.techned.org.ua




Ne 3 TEXHIYHA EJIEKTPOANMHAMIKA 2021

mpaeeHb-4epeersb

Hayko60-npuxkinaonuii xcypHa
Buxooums pa3 na oea micayi 3acnoeanuil y scoemni 1979

3MICT

DOI: https://doi.org/10.15407/techned2021.03

TeopeTu4Ha eJleKTPOTEXHiKa Ta ejieKTpodiznka

SHCHERBA A.A., SUPRUNOVSKA N.I.,, SHCHERBA M.A., ROZISKULOV S.S.

Regulation of output dynamic characteristics of electric discharge installations with reservoir

CAPACIEOTS 1.veeuvteneteeeieeuteeuteeteeteesteesttesutesueeeaeeenseeaseenseesseesaeeeaseaaseaaseenseesseeasseenseenseenseenseesseesasesaseenseanseeseennsennes 3
T'AJIBYEHKO B.S1., TPEMBOBEILIBKA P.B., THUKOB B.B. CunTe3 BUXpOCTPYMOBHUX IIEPETBO-
proBayiB 3 00’ €EMHOIO CTPYKTYPOIO CUCTEMH 30y IKCHHS, 1110 peai3y€e OJHOPIAHY YyTIUBICTh B 30HI
KOHTPOITED «..eenutteentteesuteeenuteesuteesaueeesateessteesateesabeeessseesateeasteesabeeaaateesmbeesbeeesabeeeabbeeambeesbeeesabeesabaeennbeesabaeenases 10

EnexTpomMexaHiuHe nmepeTBopeHHs eHeprii
KIREYEV V.G., AKININ K.P., FILOMENKO A_.A. Features and principles of the development

of brushless magnetoelectric systems of the return-rotary motion...........cceeceeeeeeerieerieneenieeie e 19
BOLYUKH V.F., SHCHUKIN LS. Influence of an excitation source on the power indicators of
a linear pulse electromechanical converter of INAUCLION tYPE ....cveeveereieriiiiieiicieeee e 28

EnexTpoeHepreTu4Hi cucTeMH Ta yCTATKYBAHHS

JKAPKIH A.®., HOBCHKHIA B.O., I[IOTIOB B.A., IPMOJIIOK O.C. ITixBumeHHs eheKTuBHOCTI
KEepYBaHHS PEXUMaMH PO3MOIUTBHUX MEPEX 32 YMOB 3aCTOCYBaHHS PO30CEPEKEHUX JKepell

TeHeparii Ta 3aC00iB aKYMYITIOBAHHS CIICKTPOCHEPT LT ...ecvvrerereeereeerereesreeetreesseesseeessseesssesessssesssessssseessnes 37

E1eKTpoTexXHOI0TiYHi KOMIIEKCH Ta CHCTEMH
BOHJAP O.1, TJIYXEHBKHNU O.1, TOPUCJIABELID F0.M., 3ATTA/JJTMHYVK O.I1. Yncensue

MOJICITIOBaHHS TETUIOBOTO CTaHY IHIYKITIHHOT KAHATTBHOT TTCUI....veeeuveeeereeereeesereesreeesereesseeessseessseeesssessnnes 44
BEPEKA B.O., BOXKO 1.B., KOHAPATEHKO LII. docnigxenns eneproeeKTHBHOCTI

00pOoOKH IMITYTILCHEM 0ap’€pHUM PO3PSIOM BOJH B KPATIETEHO-TUTIBKOBOMY CTAH....c..eerueeeeeenreanreeeeaneens 50
CHERNO 0.0., GERASIN O.S., TOPALOV A.M., STAKANOV D.K., HUROV A.P.,

VYZHOL YU.O. Simulation of mobile robot clamping magnets by circle-field method.......................... 58

IndopmaniiiHo-BUMipIOBaJIbHI CHCTEMU B eJIeKTPOCHEepPreTHii
MUCJIOBHY M.B. Moneni ¢popm npeacTaBieHHs] HAaBYAIOYUX CyKYITHOCTEH Al OaraTopiBHEBUX

CUCTEM JIarHOCTyBaHHSI BY3JIiB €IIEKTPOTEXHITHOTO OOTATHAHHS «...eeuveerveereerueeaneeereesseesseesneesnseeseenseensens 65
MA3MAHJIH P.O. BniopsimkoBaHi BHOipKH HEKOPEIHOBAHUX JAHUX K OJHOEIEMEHTHI 6ararTo-
KAHAITBHT KOHBEPTOPH . ... veeeutreeereesssreessseessssesssseesssessssssesssesssssesssseesssesssssessssessssssesssesssssessssessssssssssessssseesnses 74

Kononka pexaktopa
T'OPOJI’KA JI.B. BunaBanya nomituka xxypHaiy « TexHIUHa eJIeKTPOJMHAMIKaY — 1€ JJOTPUMAaHHS
MPUHIHITIB AKAJAEMITHOT IOOPOUECHOCTI . e.veeueenietienteteetieteeteeatesteestetesteentesbesateneeeseeseseeentensesseeneensesnnenes &3

© IHCTUTYT EJJEKTPOJUHAMIKHA HAH YKPATHH, 2021



https://doi.org/10.15407/techned2021.03

Ne 3 TEKHNICHNA ELEKTRODYNAMIKA 2021

May - June

DOI: https://doi.org/10.15407/techned2021.03

CONTENTS

Theoretical electrical engineering and electrophysics

SHCHERBA A.A., SUPRUNOVSKA N.I.,, SHCHERBA M.A., ROZISKULOV S.S.

Regulation of output dynamic characteristics of electric discharge installations with reservoir

CAPACTEOTS ...ttt eutieetteesteeeteeestteesteeestaeeseseeessesasseesssasassseesssaaassseassseeassseassssasssaeansseeasseesssseassseesssesensseessseesnsseaes 3
HALCHENKO V.YA., TREMBOVETSKA R.V., TYCHKOV V.V. Synthesis of eddy current

probes with volumetric structure of the excitation system, implementing homogeneous

SENSItIVILY iN the tESTING ZOME.....eiiiiiiiiiiiiiiiiie ettt e e e e ettt e e e e e e sttt e e e e e e e e s enntbeeeeeas 10

Electromechanical energy conversion
KIREYEV V.G., AKININ K.P., FILOMENKO A.A. Features and principles of the development

of brushless magnetoelectric systems of the return-rotary motion...........ccecceeevviercreeerieencieeeree e eee e 19
BOLYUKH V.F., SHCHUKIN LS. Influence of an excitation source on the power indicators of
a linear pulse electromechanical converter of iINAUCLION tYPE ....cc.evvvveciieriierierieeie e 28

Electric power systems and installations

ZHARKIN A.F., NOVSKIY V.O., POPOV V.A., YARMOLIUK O.S. Improving the efficiency

of distribution network control under the conditions of application of distributed sources generation

of electrical energy and means of its aCCUMUIALION..........ccueiriieiiiiieiiieciie et 37

Electrotechnological complexes and systems
BONDAR O.I.,, GLUKHENKY O.I., GORYSLAVETS Yu.M., ZAPADYNCHUK O.P.

numerical modelling of induction channel furnace thermal state...........cccceeevereieeviierienieriereee e, 44
BEREKA V.O., BOZHKO I.V., KONDRATENKO I.P. Research of energy efficiency of processing

by pulse barrier discharge of water in a drop-film State...........cccecceevieriiniieiiii e 50
CHERNO 0.0., GERASIN O.S., TOPALOV A.M., STAKANOV D.K., HUROV A.P.,

VYZHOL Yu.O. Simulation of mobile robot clamping magnets by circle-field method........................... 58

Information-measuring systems in power engineering
MYSLOVYCH M.V. Models of forms of representation of learning sets for multilevel systems

of diagnosis of electrical equIpmMeEnt aSSEMBIIES.........cccveviierieriierieeiiereerieereesee e ereebe e eeseeeseseenseenseenseas 65
MAZMANIAN R.O. Noncorralated data ordered samples as a single-element multichannel
COMVETERT ..ttt ettt eate et et e bt esbt e ettt eat e ea et et e e bt e sb e e sbeesutesateeab e e bt e bt e sb et eae e e ateeabe e bee bt esb bt et e enb e e bt enmeeeuteenbeenbeen 74

Editor column
GORODZHA L.V. Publishing policy of the journal "technical electrodynamics" is the compliance
with the principles of aCademMIC INLEGTILY ......eevierieriierierierie ettt e see e e reebe e beesteesseeseressseenseenseenseas 83

Hayxkosuit penaxrop K.O. JIMITKIBChKUI
Penaxrop [.O.BPATMHELD

Jpykyerscst 3rigHo 3 pekomeHparieto Buenoi paan Incruryty enexrpoamHamikn HAH Ykpainu, nmpotokon Ne 3 Bin
18.03.2021 p. Bxurroueno no [lepeniky HaykoBux (paxoBux Bumanp Ykpainu 24.05.2018, kaTeropist «A».

[Mignucano o apyky 22.04.2021 p. @opmat 60x84/8. I1am. npyk. ode. Odeer. YM.-apyk. apk. 10,8.

Tupax 200 npum. 3am. 14. 3apeectposano 20.01.94. Ceinourso: cepis KB, Ne 388. L{ina norosipna.

[omnirpadivuna pineauns [HcTuTyTY enekrponnHamika HAH Ykpaiau 03057, m. Kuis, mp. [lepemorn, 56.


https://doi.org/10.15407/techned2021.03

TEOPETHYHA EJIEKTPOTEXHIKA TA EJIEKTPO®I3UKA

DOI: https://doi.org/10.15407/techned2021.03.003

REGULATION OF OUTPUT DYNAMIC CHARACTERISTICS OF ELECTRIC DISCHARGE
INSTALLATIONS WITH RESERVOIR CAPACITORS

ik

A.A. Shcherba', N.I. Suprunovskal**, M.A. Shcherba®™, S.S. Roziskulov'™”
! Institute of Electrodynamics of National Academy of Sciences of Ukraine,

Pr. Peremohy, 56, Kyiv, 03057, Ukraine, e-mail: iednatl @gmail.com
2 NTUU "Igor Sikorsky Kyiv Polytechnic Institute",
Pr. Peremohy, 37, Kyiv, 03056, Ukraine, e-mail: m.shcherba@gmail.com

The paper reveals the dependences of the output dynamic characteristics of semiconductor electric discharge installa-
tions (EDIs) with reservoir capacitors on the features of the change in the value of their capacitance. In particular, it is
substantiated that for any fixed discharge duration less than the duration of reaching the maximum discharge current,
an increase in the capacitance of such storage devices causes an increase in the value of the final discharge current
both at aperiodic and oscillatory discharges in the linear resistance of the technological load. The change in the value
of the discharge current in the load in the case of forced interruption of this current at a certain moment of time is in-
vestigated. Based on the obtained regularities, the authors of the work proposed to use the capacitance of the EDI's
capacitor, which is larger than capacitance required to implement the maximum value of the discharge current in the
load. Using a capacitor with a larger capacity and a fully controlled semiconductor switch in the discharge circuit of
the EDI, it is possible to obtain the required maximum current value at a shorter duration of the discharge process.
Thus, it is possible to regulate the main dynamic parameters of pulse currents in the load — the rate of their rise and/or
their duration by changing the value of the capacitance of the discharge capacitor EDI. This approach is expedient for
increasing the productivity of EDIs, focused on the production of dispersed spark powders of metals and alloys. Refer-
ences 15, figures 3.

Key words: capacitor discharge, rate of current rise, transient process, capacitor capacity, discharge duration.

Introduction. Linear and nonlinear reservoir capacitors are usually used in electric discharge in-
stallations (EDIs) in order to implement the high pulse currents and powers in technological load. Such high
currents and powers cannot be consumed from a power supply network, but they are necessary for realization
of modern discharge-pulse technologies [1-4], in particular for treatment of various materials and obtaining
spark eroded powders [5-9]. In this case, the spark load, which is included only in the discharge circuit of
capacitors, has parametric, nonlinear and stochastic properties [10—12], so this load affects the final voltages
of the capacitors [3, 4], as well as the nature of the transients in the discharge circle [10].

One of the main electro-dynamic problems in the improvement of pulse current generators for elec-
tric discharge installations is an increase in the rate of rise of currents in a technological load, since this caus-
es an increase in the force effect of these currents on the load. Since the instantaneous active power released
in the load is directly proportional to the values of its active resistance and the quadratic value of the dis-
charge (pulse) current, an increase in the force effect on the technological load is actually achieved by the
formation of high pulse currents of short durations in the load.

For example, in installations for volumetric electro-spark dispersion (VESD) of metals and alloys
in a dielectric liquid, an increase in the rate of rise of discharge currents and a reduction in their duration
makes it possible to decrease the size of dispersed particles obtained due to spark erosion [6, 7, 9, 13]. There-
fore, this approach can be used as the basis for the method of producing spark eroded nanosized powders of
metals and alloys, as well as electrochemically and biologically active colloidal systems.

The aim of this work is to determine the features and regularities of transient processes of the dis-
charge of a reservoir capacitor of an electric discharge installation to its technological load in order to iden-
tify the possibilities for control of the rate of rise and/or duration of the discharge current in the load when
changing the parameters of the discharge circuit and the conditions of the capacitor discharge.

© Shcherba A.A., Suprunovska N.I., Shcherba M.A., Roziskulov S.S., 2021
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Change in the rate of rise of discharge currents in the electrical circuit of spark-erosive loads.
A layer of metal granules between electrodes immersed in a dielectric liquid is a technological load in EDIs
for producing spark eroded particles. According to research, the electrical resistance Ry, of all types of
spark loads is non-linear. Its value depends on many factors: the value of the discharge current and the rate
of its change, the duration and frequency of the discharge pulses, the physicochemical properties of the lig-
uid and granules, the size of both the granules themselves and their layer, the design and technological pa-
rameters of the electric discharge chamber [5, 6, 8]. The nonlinear dependence of the spark load resistance
on many parameters makes it difficult to use accurate analytical methods for analyzing transient processes in
the discharge circuit of the installation; therefore, various methods of linearizing this resistance are usually
used. The analysis in this work (as in most other works on this topic) was carried out under the assumption
that the spark load has piecewise linear resistance. The value of this resistance is constant (R,,; = const) dur-
ing each discharge with duration fgscharge, but it can change stochastically during the pause between dis-
charges (i.e. during the charge of the capacitor). Resistance Rj,,; is an energetically equivalent linear resis-
tance, in which the same electrical energy is consumed as when the capacitor is discharged to a real nonlin-
ear spark load. This linear resistance Ry, is determined by energy conditions

Ldisch arge Ldisch arge Ldischarg e Ldischarg e
[ P®(R(t)dt= | i(t)Ryuqdt , which means: Ry = [ i*(t)R(t)dt [ Pct)ar.
0 0 0 0

To increase the frequency of the charge-discharge cycles of the capacitor, and, consequently, the
productivity of powder formation, most installations for VESD use the oscillatory mode of the capacitor dis-
charge on a load with a some recharge (up to 30 % of charge voltage of capacitor) [14] to the voltage of To
increase the frequency of the charging-discharge cycles of the capacitor, and, consequently, the productivity
of powder formation, most OEID units use the oscillatory mode of the capacitor discharge to the load with a
slight overcharge (up to 30% of the capacitor charging voltage) [14] to the voltage of the opposite polarity.
The simplest electrical equivalent circuit of the EDI's discharge circuit with a linear active resistance of the
load is a series RLC circuit switched by a semiconductor switch, in which R is the total active resistance of
the load, connecting wires and a semiconductor switch, L is the inductance of the circuit, C is the capacitance
of the capacitor to be discharged. It is known that the maximum value of the oscillatory discharge current /,,,,
with a quality factor of such a circuit Q > 2 is directly proportional to the initial voltage on the capacitor dur-

ing its discharge and the value of Jco , and inversely proportional to the value of JL [15]. Therefore, in
most EDIs, the inductance L is reduced to the lowest possible value. The amplitude of the current can be in-
creased by increasing the charge voltage of the capacitor and its capacitance. However, an increase in the
charging voltage of reservoir capacitors over 1000 V has serious technical limitations and significantly in-
creases the risk of maintenance of EDIs. An increase in the capacitance C leads to undesirable increase in

both the duration of the discharge pulse #pp (since ¢pp = v LC ) and the size of spark eroded powders ob-

tained. Therefore, in this work, we studied the transients of the capacitor discharge to the load in the case of
increase in the capacitance C and the forced limitation of the pulse current duration #pp using a fully con-

trolled semiconductor switch (IGBT transistor), which breaks the discharge circuit at the required time.
The circuit diagram of the discharge circuit of the installation for VESD using IGBT transistor as a
fully controlled switch is shown in Fig. 1. To reduce the inductance of the discharge circuit of this installa-
IGBT L tion, the connection to the load is structurally made with a coax-
ial power cable. The inductance of the cable has a distributed
nature. In the circuit diagram, this distributed inductance is rep-
resented by two lumped chokes with inductances L; and L,. Pre-
charged reservoir capacitor C is discharges through the C-IGBT-
]Rload Li-Rjpaa-Lo-R-C circuit. The Ry—VD shunt circuit is turned on
after switching off the IGBT and bypasses the part of the circuit
with inductors in order to dissipate the energy stored in these
inductors. Circuit designations: R — active resistance of the dis-
charge circuit (including coaxial cable and IGBT), Ry — lin-
Fig. 1 earized resistance of technological load, C — reservoir capacitor
capacity, L, and L, — coaxial cable inductances, IGBT — fully

controlled semiconductor switch (IGBT transistor), R,,— shunt resistance, VD — diode.

4 ISSN 1607-7970. Texn. enrexmpoounamixa. 2021. Ne 3



Analysis of the average rate of rise of the discharge current with a fixed duration, which is
less than the duration of reaching its maximum value. In most cases, the operating modes of the capacitor
discharge to the load in such installations are oscillatory modes.

Analysis of the oscillatory discharge of a capacitor. In the general case, the current of the oscillatory
discharge of a capacitor in an RLC circuit can be calculated by the formula [15].

i(t)=Uyce "0 ’/zQsin(mOBt)/LcooB , (1)
where Uyc is the initial voltage of the capacitor during its discharge, w,=4/LC and Q= JL / (\/E -R) is the
respectively, the frequency of natural oscillations and the quality factor of the discharge circuit,

Bzwll—l/ 40? . 1t should be noted that for the circuit in Fig. 1 inductance L = L,+L,, and resistance
R= Rload +R.

When the quality factor Q > 2 (it is assumed that B = 1 and e_wot/ 20 » 1) formula (1) is simplified:
i(1)=Uyesin(ogt)/ Loy . ()

For most spark installations, the minimum value of the discharge circuit inductance is L = 1 uH. By
connecting the load with a coaxial cable (instead of wires), we were able to further reduce the inductance of
the discharge circuit. The inductance of the discharge circuit of the experimental spark installation, on which
we studied transient processes, was reduced to 0.7 pH. Therefore, the determination of the regularities of the
change in the discharge currents while limiting their duration and increasing the capacity of the discharged
capacitor was carried out under the assumption that L = 0.7 uH = const.

The maximum value of the discharge current /,,,, can be written in accordance with (2) as follows:

Lyax = 4]0, 3)
where A =U/L is the constant coefficient, and sin(®g,,.c) =1 (fmax is the time point corresponding to the
maximum value of the discharge current).

For any fixed time #;, < t,,r, during which the discharge current reaches the value /; < 1,4, can be
written using (2):

A-sin(oyt 4,) /0 = A/ N, 4)
where N is the constant coefficient (which has the dimension of the angular frequency) for which the inequality
N > ,1s satisfied.

Let us differentiate function (2) with respect to the parameter wy. Since the function i(w) is continu-
ous and differentiable in the entire domain of definition, we obtain

di(wy)/doy = A[(Dot-cos(coot)—sin(mot)]/moz : (3)

According to the definition, the coefficient 4 > 0 and c002 > 0, then the sign of the derivative

di(0y)/do, is determined by the factor in square brackets of expression (5), which we denote by the func-
tion flwy):

f(oao): [(not : cos(mot)—sin(mot)] , 09 €(0;N) . (6)

For wy = 0 (the lower boundary of the definitional domain), the function f{wy) = 0. To determine the

sign of the function f{w,) on the rest of the definitional domain 0 <y <N and for Vz> 0, the derivative of
this function was studied:

df (g )/ dwy = ot - sin(ogt) . (7)

For the first period of the oscillatory discharge of the capacitor, when Sin(mot) > (, we can say that
f(mg) <0 for 0 <my<Nand V> 0.

Thus, the function flowg) < 0 <0 over the whole definitional domain, and, consequently, also the de-
rivative di(®,)/do, < 0 for Vi>0, , € (0, N). Therefore, the function i(w) for any current time # de-
creases with increasing my;, and, accordingly, it increases with increasing capacitance C, since the value of
o is inversely proportional to \/E .

So, it can be concluded that, in the case of oscillatory discharge modes of a capacitor, an increase in
its capacitance leads to an increase in the discharge current at any time moment #; < fqx.

Analysis of the aperiodic discharge of a capacitor. In the general case, the capacitor aperiodic dis-
charge current is determined by the function [15]

ISSN 1607-7970. Texn. enexkmpoounamixa. 2021. Ne 3 5



i(t)= Ae‘“f[ev“z“”ozt —e‘V“z“”Oz’J / 2@ : 8)

Let us differentiate this function with respect to the parameter ®,. Since the function i (w01) is continu-
ous and differentiable in the entire domain of definition, then it can be written

di(0g)/doy = Aoge * {sh(t\/az — 0, j - t\/az — o, -ch (N a? -0, ﬂ/(az — 0)02). )

. —o-t .. . . . . .
Since the factors 4 and € are positive and we consider an aperiodic process, in which

o’ —c002 >0 (ie. w € (0, a)), the sign of the derivative di(wg)/dw, is determined by the coefficient in
square brackets of expression (9), which we denote as a function of F(w,):

F(og) :[sh (t\/az —mozj—t\/az —m02 -ch (m/az —m02 ﬂ . oy<(0,a). (10)

For wg; = a (the upper boundary of the domain of definition) the function F(wo=a)=0. To deter-
mine the sign of the function F(w,) for 0 < wy < a and V¢ > 001, its derivative was studied:

F’(mo)zwo-tz-sh(lwlaz—woz). (11)
From the fact that >0 and +/a” — 0302 >0, it follows that sh(twl(xz - 0)02 j > 0. Then knowing that

o > 0, we can say that F'(c) > 0 for 0 <wy <o and Vz>0.
Thus, the function F(m,) < 0 over the whole definitional domain, and, therefore, the derivative
di(0y)/do, <0 for V>0, w € (0, a). Therefore, the function i(w,) for any current time #, decreases with

increasing ®,, and, accordingly, increases with increasing capacitance C, due to the fact that the value of w,
is inversely proportional to the value Jc.

So we can conclude that in aperiodic capacitor discharge modes (as in oscillatory discharges), an in-
crease in the capacitor's capacitance leads to an increase in the discharge current at any time #;, < £,

Determination of the possibilities of regulating the rate of rise of the discharge current in the
load when changing the capacity of the reservoir capacitor and the selected duration of this current.
The transients of the capacitor discharge to the load were studied on the mathematical model of the discharge
circuit of the installation for VESD (Fig. 1), implemented in the

the considered values of the capacitance C reaches its maximum
value), the fully controlled switch (IGBT) will begin to break the

é’o‘é — : : : : : - Mathlab Simulink software package. The circuit parameters in
N at C=300uF 1 the simulation were selected corresponding to the parameters of
! lat C=30 WF ! ! ! I the experimental installation: Ry, =0.2€Q, L;=L,=0.5pH,
00PN\ FatcrouF 111 R=20mQ, Ry, = 0.2 Q. The capacitance of the capacitor C varied
500~ AN~ r-—1---r-——1---1 in a wide range from 6 to 300 puF at the initial voltage of the ca-
4001 AN\ - 4o ioto_oo o pacitor Upe =300 V. At C= 6 uF or C =30 WF, the capacitor dis-
so0l 0 N\ ] charge has an oscillatory nature, and at C = 300 pF, it is aperiodic
. ! ! ! ! ! i (in the absence of a forced break of the discharge circuit by the
2007 774:77 .. 1 1 1 |IGBT transistor).

100 -2 - NSl At a certain point in time Z4,< fyax at Cmin (WHETE fyg at Cmin 1
0 gl 1 ‘ ‘ 1 1 . the time during which the current corresponding to the smallest of

0 025 05 075 1 125 15 175 2

S

discharge circuit.

Fig. 2 shows the curves that reflect the change in discharge current in the load for three values of ca-
pacitor capacity: C = 6; 30; 300 puF and when this current is interrupted at #; =3.15 ps (whereas
i at Cmin = 3-32 US).

Mathematical analysis of the functions that describe the discharge currents of the oscillatory and aperiodic
discharge of the capacitor with increasing capacity, as well as analysis of the simulation results presented in Fig. 2,
shows that with increasing capacitance C, the current ;. increases regardless of the nature of the discharge. It
should be noted that with a multiple increase in capacity C, the increase in ; becomes less and less significant.
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Thus, with an increase in the capacitance C from 6 to 30 uF (5 times), the /; value increases by 27%, and with a
further increase in C from 30 to 300 pF (10 times), /5 increases by only 6%.

Analysis of expression (8) shows that if the capacitance C exceeds some boundary value C, (C> C,),

at which o >> ®, then expression (8) can be transformed to the form

i(1) = Upcli—e (Bma W20 (R, + R). (12)
As can be seen from this expression, the current i(z) does not depend on the value of the capacitance C. That is,
when the capacitance increases above the value of C,, the discharge current curve asymptotically approaches
the curve described by expression (12). Therefore, an excessive increase in the capacitance C of the capacitor
does not significantly change the /;, value and the rate of current rise I, /3.

Fig. 2 shows that the discharge duration in the load is approximately 15 s for all considered values
of C. Our studies have shown that if you use a thyristor (that is, a semi-controlled switch) instead of an IGBT
in the discharge circuit, then the discharge duration prolongs significantly with increasing C. For example, at
C =300 pF, the discharge duration is 375 ps, that is, it increases 25 times, which inadmissibly reduces the
frequency of discharge cycles.

The oscillogram of the current in the load, taken on a laboratory setup (with a discharge circuit as in
Fig. 1), in which the above-described method of increasing the rate of current rise was implemented, is
shown in Fig. 3, a. The oscillogram was obtained using a current sensor with a conversion factor
1:100 (V / A) and the HAMEG-HM-1507 oscilloscope. The division values on the oscillogram: for voltage
(current) — 200 mV/division (20 A/division), and for time — 2 ps/division.

The parameters of the discharge circuit of this installation:C =300 puF, Ry, =1€Q, L =L1,=0.7 pH,
R=20mQ, Ry, =3mQ. The initial voltage on the capacitor was Uyc=130V. The IGBT module
SKM300GB12T4 was used. Fig. 3, b shows the result of simulation of the discharge current in the load of
such an installation. Comparative analysis of the curves in Fig. 3, a and b shows sufficient accuracy of their
coincidence (error does not exceed 7%).

L, A i A
1200 120 i ‘ ‘ i i
L TS I T L 0 S S e B
80/ - | 80F A N mo e
I
B N
r 1 | | | | |
201 | 20~ NG moooo
| . - ! : : | : :
%" "02" 04 06 08 1 % 02 04 06 08 1

a x107,s b =107, s

Fig. 3

Previously, the aperiodic discharge mode was unacceptable for installation for VESD of metal because of
unacceptably long duration of the discharge pulse in the load, which resulted in the impossibility of realizing high
frequencies of the charge-discharge cycles of the capacitor forming discharge pulses (and, consequently, low
powder formation performance). When using the proposed method, the aperiodic discharge mode becomes desir-
able. This is due to the fact that the real resistance of the spark load is not constant during the discharge of the ca-
pacitor. It changes according to the law of the U-shaped function (when the current increases to the maximum
value, the load resistance decreases to the minimum value, and then when the discharge current decreases, the
resistance increases again) [11]. In installations for VESD of metals, a decrease in the load resistance (with an
increase in the discharge current) is an additional factor influencing an even greater increase in this current, in-
cluding its value ;(#;). In addition, a characteristic increase in the value of the load resistance at the end of the
discharge pulse will help to reduce the dynamic losses in the semiconductor switch, since at the same value of the
discharge current, the voltage drop across the real load resistance will increase, and, therefore, more power will be
dissipated in this resistance in comparison with power dissipated in equivalent linear resistance Rj,.g.
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To implement the algorithm of the control system of such EDIs, it is necessary to take into account
that due to a change in the resistance of the spark-erosion load from one discharge to another discharge, the
current will increase to different values by the time ;. Thus, the current value and the rate of its rise will
vary within a certain range. In this case, with an increase in the capacitance of the capacitor, it is necessary to
take into account the possibility that with a significant decrease in the load resistance, the current value may
exceed the technologically permissible value. Therefore, in addition to #;, the maximum permissible value of
the current /,.,, is also set, upon reaching which the discharge process must be forcibly interrupted.

When implementing such a way for generating discharge pulses with an increased rate of current
rise, an increase in the capacitance of the ERU capacitor leads not only to an increase in the discharge cur-
rent and the rate of its rise, but also to an increase in the average pulse power released in the load.

Conclusions. The regularities of the change of the output currents of semiconductor electric dis-
charge installations with a storage capacitor depending on the capacitance of this capacitor and the condi-
tions of limiting the duration of currents are investigated. It is analytically proved that for an arbitrary mode
(oscillatory or aperiodic) of the capacitor discharge, an increase in its capacitance at constant other parame-
ters of the discharge circuit leads to an increase in the output current at any fixed time 7, less than the time
tmar, Which corresponds to the maximum value of this current.

We propose to regulate the main output dynamic characteristics of electric discharge installations
with storage capacitors (in particular, to increase the rate of rise and/or reduce the duration of their dis-
charge-pulse currents in the load) by increasing the capacity of the discharge capacitor in comparison with
the capacity sufficient to implement the required technological mode, and forced interruption of the current
in the load when it reaches the required maximum value).

This approach is expedient for increasing the productivity of EDIs, focused on the production of dis-
persed spark powders of metals and alloys.

The work was performed at the expense of scientific work "Creation of scientific and technical bases of intel-
lectualization of technological processes and means of measurement, control, monitoring and diagnostics in electric
power and electro-technical systems (code: INTEHEN)" within the target program of scientific researches "Fundamen-
tal Research on Energy Transformation and Utilization Processes" under the Budget Program "Supporting the Devel-
opment of Priority Areas of Research" (code of programmatic classification of expenditures 6541230).
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PEI'YJIIOBAHHSA BUXITHUX TUHAMIYHUX XAPAKTEPUCTHUK EJIEKTPOPO3PAJHUX
YCTAHOBOK 3 HAKOIINYYBAJIBHUMHA KOHAEHCATOPAMMA

A.A. llep6a’, ur.-xop. HAH Vipainn, H.I. CynpynoBebka', 10KkT. TexH. Hayk, MLA. Illep6a %, 1OKT. TexH. HayK,
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Buseneno 3anexcnocmi 8uxiOHUX OUHAMIYHUX XAPAKMEPUCTNUK HANIBNPOBIOHUKOBUX eNeKMPOPO3PAOHUX VYCIMAHOBOK
(EPY) 3 Hakonuyy8anbHuUMu KOHOeHCamopamu 8i0 ocooausocmeli 3MiHeHHs 8eIUYUHU iXHboi emMHoCcmi. 30Kkpema obIpy-
HIMOBAHO, WO 3a (DIKCOBANIU MPUBALOCII PO3PAOY, MEHWIL GI0 MPUBATOCMI OOCACHEHHS MAKCUMATLHO20 PO3PAOHO20
cmpymy, 30iIbUWEeHHs EMHOCIT MAKUX HAKONUYYBAYI6 GUKIUKAE 30ITbUEHHS GeTUYUNU KIHYEeB8020 PO3PAOHO20 CIMPYMY
5K Y pasi QOpMyeanHs anepioOutHuX, max i KOIUBANbHUX PO3P0I8 Y JIHIIHOMY ONOPI MEXHOL02IUHO20 HABAHMANCECHHS.
EmHicmv po3pAOHUX KOHOEHCAMOPIB Y MAKUX OOCHIONCYBAHHAX 3MIHIOBANACS 8 WUPOKUX Medcax. [JocnioxnceHo 3MineH-
HSL BeTUHUHU PO3PAOHO20 CIMPYMY 68 HABAHMAICEHHI 3a 11020 NPUMYCOB020 Nepepusanis 8 negnull momenm uacy. basy-
104UCL HA OMPUMAHUX 3AKOHOMIPHOCIAX, AGMOPAMU 3ANPONOHOBAHO BUKOPUCMOBYEAMU EMHICMb KondeHcamopa EPY
OinvbuLy, Hioe NompioHo 3a01s pednizayii Y HABAHMANCEHHI MAKCUMANIBHO20 3HAYEHHs PO3PAOH020 cmpymy. Bukopuc-
mogyrouu 8 po3paonomy koumypi EPY kondencamop 6inbuioi emHocmi ma nosHicmmo Kepo8aHuu HanisnposioHUKO8UL
K04, MONCHA OMpUMamu HeoOXiOHe MAKCUMATbHe 3HAYEHH CIMPYMY 3a MeHWil mpusaiocmi po3psaoHo2o npoyecy.
Taxum yuHOM, 3MIHEHHAM 8EIUYUHU EMHOCMI PO3PAOHO20 KoHOeHcamopa EPY mooicna pezyniosamu ocHo8Hi OuHamiuHi
napamempu iMIyIbCHUX CMPYMI6 Y HAGAHMAICEHHT — WBUOKICMb IXHbO2O HapocmaHis ma/abo ixuwo mpusaricme. Ta-
Kutl nioxio € ooyinbHum 3a01s nioguueHHs npooykmugnocmi EPY, opienmosanux na aupoonuymeo oucnepcHux ickpo-
epo3itiHux nopowkie memainis i cnaasie. biomn. 15, puc. 3.

Knrouosi cnosa: po3psa KOHICHCATOPA, IBUIKICTh HAPOCTAHHS CTPYMY, MEPEXiIHUN MPOIEC, EMHICTh KOHIEHCATOPA,
TPHUBAJIICTH PO3PSIIY.
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CHUHTE3 BUXPOCTPYMOBUX HEPETBOPIOBAYIB 3 OB’€EMHOIO
CTPYKTYPOIO CUCTEMM 3BYKEHHS, IO PEAJII3YE OAHOPIJIHY
YYTJUBICTbD B 30HI KOHTPOJIIO

B.A1. Faﬂbqemco*, JIOKT.TE€XH.HayK, P.B. TpeMﬁoBeuLKa**, KaHJ.TEXH.HAaYK,
B.B. THuKoB , KaHJ.TeXH.HayK

Yepracbkuii Aep:kaBHUHA TeXHOJOTiYHUI yHiBepcuTeT,

oya. lllepuenka, 460, Yepkacu, 18006, Ykpaina.

E-mail: v.tychkov@chdtu.edu.ua

3anpononosano memoo HeNIHIUHO20 CYPO2AMHO20 CUHME3Y HAKIAOHUX BUXPOCMPYMOBUX Nepemeoprosayis 3
00’ eMHOI0 cMpPYKmMYpoio cucmemu 30y0xcenHs, wo 3abe3neuye anpiopi 3a0anull 0OHOPIOHUL PO3NOOIL 2YCMUHU
BUXPOBUX CIPYMIB 6 30HI KOHMPOIIO 00 €KMA, 0e po3mMaUo8arno GUMIPIOBALbHY KomywKy. Peanizayis nocmasie-
HOI 3a0aui 00cAeHYmMA i3 3ACMOCYBAHHAM CYUACHUX MEeMAe8PUCIUYHUX CIMOXACMUYHUX AI2OPUMMIE NOULYKY 210~
banrbHo2o excmpemymy. 3a0ns eghekmueHoO20 BUKOPUCMANHA MAKUX AN20PUMMIE NONEPEOHbO CMBOPEHO Memamo-
oeni 8UXPOCPYMOBO20 Nepemeoprosaia i3 8paxy8anHsiM egexmy wieuokocmi, aKi nobyo008aHo 3a 00NOMO2OH
nPOOYKMUBHOI anpoKCUMAyitiHOl MexXHIKU HA OCHO8I WMYYHUX padialbHO-0A3UCHUX HEUPOHHUX MepedC i3 2ayco-
6010 QyHKyicro akmugayii. JJocsieHymo nputiHAmMHy moyHicmeb Memamooenell ULIAXOM 0OHOYACHO20 3ACMOCY8AHHS
MexXHON02ill 0eKOMNOo3Uuyii 001acmi NOWLYKY MA MHOMCUHHUX HEUPOHHUX Mepedxc, o noby008ani Ha MexXHiKax aco-
YIaMUBHUX MAWUH I3 2PYNOSUMU MemOoO0aMu OMpuManhs piwenus. 11i0 uac cmeopenns memamooeneli 8UKOPUC-
mano 6a2amo8uMIpHULl KoMN IOMepHULl N1AH eKCnepUMenmy 3 8UCOKOI0 20MO2eHHICMIO HA OCHO8I besnapamempu-
ynoi adoumusenoi R ;nocniooenocmi Kponekepa. I[Iposedeno uucenvHi excnepumenmu wjo0o 8UHAYEHHA pO3NO0OiNy
2YCMUHU BUXPOBUX CMPYMIB, YMBOPEHO20 CUHME308AHUMYU CIMPYKmMypamu 30y0xcenns. Ilokasano nepesazu 8uxo-
pucmanus cucmemu 30y00ceHHs 00 EMHOI cmpYKmMypu y NOPIGHSHHI i3 KIACUYHUMU MA NAAHAPHUMU 6 CeHCl 30i-
JIbWEHHS WUPUHU 30HU KOHMPOTIO, KA XApaKmepu3yemuscs 00Hopionolo ywymaugicmio. Hasedeno npurnaou npax-
muyHol peanizayii cucmemu 30Y0XHCEHHL HAKIAOHO20 BUXPOCMPYMOBO20 NEPEemsopiosaia 3 00 EMHON0 i1 CmpyKmyporo.
bi6n. 13, puc. 8, Tadmn. 1.

Kniouoegi cnoea: BUXpOCTPyMOBHI IIepeTBOPIOBaY, TYCTHHA BUXPOBOTO CTPYMY, e(DeKT HIBHAKOCTI, cucTeMa 30y-
JOUKCHHS, OJTHOPiJHAa YyTIMBICTH, cyporatHa ontumisaiis, RBF-metamonens, Oe3mapameTpudHa aguTUBHA Ry—
MOCITiIOBHICTh, CTOXaCTUYHUH aNTOPUTM IOUIYKY TII00aTEHOTO EKCTPEMYMY .

Beryn. Jledexrockomniuamii KOHTPOJIb B TPOMHUCIOBOCTI 3HAYHOT YaCTKU METAJICBUX MaTepiajiB Ta
BUPOOIB, B TOMY YHCIi 3 aBTOMATUYHHM CKaHYBaHHSM, 31HCHIOETHCS 3 BUKOPUCTAHHIM HAKIAIHUX BH-
xpoctpymoBux mneperBopioBauiB (HBCII) knacnunnx koHCTpykiid. CydacHi BUMOTH JO HEpyHHIBHHX
3ac00iB KOHTPOJII0O BUMAaramTh HE TUTHKH BHUSABJICHHS Pi3HOMaHITHUX Ne(EKTiB, 30kpeMa AeEKTiB MOpy-
HICHb CYNIJIBHOCTI Ta CTPYKTYpH MarepiaiiB i BHPOOIB, alie TAaKOXK BCTAHOBJICHHS iXHBOI (hOpMH, IOIMTyCTH-
MHX PO3MIpiB, MPUUHATHOCTI CTPYKTYPHUX BIIXHUJICHB, IO € 3HAYHO CKJIaIHINIOK mpobiuemoro. [lepexin no
neeKToMeTpii, 0 € BUKIMKOM ChOT'OJEHHS, Iependadae 3HaYHO OUbII KOPCTKI BUMOTH JJO XapakTe-
puctuk BCII.

Cnin BpaxoByBaTH, IO PO3B’SI30K TaK 3BaHWX 3aaad Jedekromerpii, ToOTO imeHTH(IKALIi nedeKTiB,
Mae 3Ha4Hi eKOHOMiuHI HacHinku. EdexTnBHe BUKOHAHHS iAeHTH}iKaLii AedeKTiB 3HAaUHO CKOpOYyeE mepe-
OpakoBKy SIK MaTepialliB Ha MiJrOTOBUYOMY €Talli BUPOOHHUIITBA, TAaK i BXKE TOTOBHX BHPOOIB Tij Yac BU3HA-
YeHHs IXHBOI MPUAATHOCTI IO eKCIuTyaTallii abo B 1i mporieci, o CyTTEBO BIUIMBAE HA KIHIICBI MaTepiaabHi
3aTpaTy BUPOOHHIITBA.

Ineanpromy HBCII BnactuBuii omHOpigHUN po3moxin ryctuHu BuxpoBux ctpyMmiB (I'BC) B
00’exTi koHTpOIt0 (OK). It xiracuaaux korcTpykmiit HBCII nmputamanawil HeMiHIHHIN HEOTHOPITHIH
posnoain 'BC, mo o0yMOBIIO€ HEOJAHOPIAHY YYTIUBICTH TaKMX MEpETBOpIOBaviB 10 nedekriB. Hama-
raHHs peainizanii 01m3pKoro 10 iAeansHoro posnoxiny 'BC npusBeno 10 mosiBU po3MaiTTsi KOHCTPYKIIiH
HBCII [1-5] 3 6inpm mockonanmumu cucteMaMu 30ymkeHHs (C3), MOCUTh MeTalbHUN aHalli3 SKUX Mic-
TUTHCS B CTATTI [6]. 3araJpbHUM JJIs BCIX IUX JOCIIKEHb € po3risg HepyxoMux BigHocHo OK mepeTBo-
proBauiB. Sxmio mBuakicts nepeminenas HBCII v nepesuniye 30 m/c, To po3moxnin 'BC B OK 3minto-
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€ThCSA BHACIIJIOK iHIyKYBaHHS NOAATKOBHX BUXpOBHX cTpyMiB (BC) Ta BUHMKae HEOOXiJHICTH Bpaxy-
BaHHS TaK 3BAHOTO €(EeKTy IIBUIKOCTI, BUKIMKAHOTO CTpyMaMu NepeHeceHHs. [lepmri cnpoOu cuHTE3y
pyxomux HBCII 3 onnopinaum posnoainom 'BC B OK, a BiAnmoBiAHO 01HaKOBOIO YyTIUBICTIO A0 Aede-
KTiB, 3p00JIeHO y po0oTi [7], me po3rismanucs TepeTBOproBadi 3 KoakcialpbHUMHU IutaHapHuMHu C3.
OTpumMaHi pe3yIbTaTH CIOHYKAIOTh 10 mojanbemoro BaockonaneHHs C3 HBCII, 30kpemMa OIiHKH MOX-
JUBOCTI BUKOpHCTaHHS 00’ eMHUX C3 gK O1IBII IEpCIIEKTUBHUX 37151 cTBOpeHHs ofgHopiganx HBCII.
Meta po6oTn — po3poOKa MeTOAY HENiHIHHOTO MapaMEeTPHUYHOTO CYpOTaTHOTO CHHTE3Y PyXo-
Mux HBCII 3 06’eMHOIO CTPYKTYpOIO 30YIKESHHS, sIKi 3a0€31euyIoTh oqHopinuauid po3mnoain I'BC Ha mo-
BEpPXHI B 30HI KOHTPOJIIO 00’€KTY 3 BpaxyBaHHIM €()EKTy IIBHUAKOCTI, IO PEalli3yEThCA CTOXACTUIHUM
METaeBPUCTHYHUM AITOPUTMOM MOLIYKY II00aNIbHOTO ONTUMYMY €KCTpeMallbHOI 3a1adi.
IHocTanoBKa 3a1a4i ONTUMAJIBHOIO CHHTE3Y. 3agaua ontuMaibHoro cuntesy HBCII, mo mae ogHO-
PiAHY YYTIHMBICTH B 30HI KOHTPOIIIO, € HETiHIMHHOIO 00epHEHOI0 3a1a4cio (O3) MaTeMaTHIHOTO MOICTIOBAHHSI,
OCHOBHI €Tany po3B’A3aHHA AKOI MOKa3aHO Ha

WMo o puc. 1. BuximHuMu naHuMU U IPOEKTYBaH-

o . o —{0TpEMaHmi H : H _

3ananmi 6ai[\al‘1’_nn ‘ Cnm"e? - Koncrp)lm?m Tounaii amanis| posnonia J HA € CJ'IeKTPO(%)ISI/I‘{Hl Ta Nr€OMETPUYHI 'xapaK

POLOAL ., | RoucTRyRAL (. 2, 1) —T——  TEepHUCTHKH 00 €KTY (EJNEKTPHYHA MPOBIIHICTH
Buxigai gami: 3 . . .

bl e o ¢ O, BIJHOCHA MAarHiTHa IPOHUKHICTb (4, TOB-

20y, M, v, I, @ ng\ Kopexmis napamerpl t, 2, [ muHa d OK), meBni mapamerpu C3 HBCII

nponeIypH CHATe3y

(pamiycu r0,, KOTYIIOK 30yIKEHHS, BUCOTH

ixaporo posrtamryBanus z(,, Ham OK, Kinb-

Puc. 1 KICTh CEKLIWHUX KOTYIIOK M, MIBUIKICTH pYy-

Xy O meperBoproBada BigHocHO OK, ctpym

30y pKeHHsI / 3 KPYroBOI 4acTOTOK @), Oaxkanuid po3nonaii 'BC B 30HI KOHTPOIIO, a pe3yJibTaTOM — BapiaHT

KoHCTpyKIii C3, sKuii Mae B iiealli ONTUMANIbHI CTPYKTYPY Ta ii TEeXHIYHI XapaKTePUCTHKH (7,,, Z,, Iw). Biiok

“Tounwmii aHamiz” Ha puc. 1 ciia acoritoBaTh 3 po3B'sI3KOM MpsMoi 3anadi BuzHaueHHs po3noairy I'BC B OK,
TEOMETPUYHY MOJIENTb SIKOT IOKa3aHOo Ha PHC. 2.

dopmymoBanHA Takoi 3axaui npoextyBanHs HBCII 3xiiicHioeThCs B BapianiiiHii (onTuMizamiii-
Hilf) MMOCTAaHOBII, TOOTO MUIAXOM MiHIMi3amii KBagpaTUYHOTO (YHKIIIOHANA Y BUTIAAI Pi3HHII MiXK Oa-
xaHuMu 3HadeHHAMU ['BC J,., B koHTposbHUX Toukax 30HM OK Ta Bianosignoro I'BC J, ctBopeHOIO KO-
tymkamu C3 HBCII B Tux camux toukax [8]. ['omorenHa 06’emuHa C3 aBiisie o000 CyKYMHICTh MOCi-
JIOBHO 3’€THAHWX CEKI[IHHUX KOTYIIOK 3 BHYTPIIIHIM Ta 30BHIIIHIM pajiycaMu r; 1 r; i MPIMOKYTHUM
MepEeTHHOM, IITUPUHA Ta BHCOTA SKOTO BHU3HAYAIOTHCS JIHIHHUMH po3MipaMu ¢, b. KOTyIIKu XKUBIATHCS
3MIHHHM CTPYMOM / 4acTOTOI @ 3 BiJIOBIAHMM BKIIIOUEHHSM 3YCTPIYHMM 200 Y3TrOJKEHUM “TO TOJ0”
Ta pO3TalIOBaHi Ha BUCOTI z,; Han OK (puc. 2). Po3’s3koM 3agaui € mapamerpu 06’emuoi C3, a came
cepenHi paxiycu korymok 30ymkenss (K3) 7,,;, iXHs cepenaHs Bucora z,; po3ramryBanag Haj OK Ta 3Ha-
YeHHS! MarHiTOPYIIiHHOT CHIIK [w; ISl KOXKHOT KOTYIIKH, IO 3a0e3Meuyl0Th Hanepe. 3adaHiii po3Io il
I'BC Ha noBepxHi B 30HiI KOHTPOJIIO.

C3 HBCII, orpuMani B pe3yibTaTi CHHTE3Yy, B 3arallbHOMYy BHIIQJIKy € 00’€MHi, aje MOXYTb
BKJTIOYATH 10 CBO€I CTPYKTYPH KOAKCiallbHI CEKIIifHI KOTYIIKH, IO PO3TANIOBaHI HAa OJHIH BHUCOTI HaJ
OK, 3acTocyBaHHS SKMX 32 BIAMOBIAHOI CXEMHU BKIIFOYCHHS Ja€ 3MOTY 3MEHIIUTH HEPIBHOMIPHICTH PO3-
noxiny ['BC.

7Y

Po3B’s130k mpsiMoi 3ajayi ejeKTPOAUHAMIKH.

12 AHaJITHYHUN PO3B’A30K CHCTEMU piBHSIHb MakcBeiuia 3a
& YMOBU HEIMEPEPBHOCTI TaHTEHIIAJIBHOI CKJIaJ0BOi Ha-

Ton MPY’KEHOCTI MAarHiTHOTO IMOJS Ta HOPMaJbHOI CKJIaJ0BOi

'S MarHiTHOI 1HAYKIIIT HAa TPAHUIAX PO3IIY CEPEAOBHII A€
HHH PO3MOJiN KOMIUICKCHUX KOMIIOHCHT MAarHiTHOI 1HIYKITi{
fiams T B>, B,,, B,. B cepenosuui OK i3 BpaxyBaHHSIM MIBUJIKO-
| | HE FH cti pyxy HBCII [9]. MaTtemarnaHa MoJaeNb OTWHAPHOL
o K3 HBCII 3 HeckiHYE€HHO MaJlMM NEPETHHOM OTPHMaHa
oK vy % 777 | 4 33 HACTYIHHX MPUIYIIEHHAX: CEPelOBALIE OK niniiHe,
omHOpigHe, i30TponHe; OK pyxomuii 31 cTanow MBHAKI-

v

t3

Prc. 2 CTIO u=(ux,uy,0), CTPYMONPOBIOHUI 3 enekTpodizny-

HUMH NapaMeTpaMu €JIeKTPUYHOI MPOBIAHOCTI O, BigHO-
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CHOI MarHiTHOT MPOHUKHOCTI /4., HECKIHUCHHOI NIMPUHU 1 JIOBXXUHU Ta Ma€ KiHIIEBY TOBIIMHY d. Mare-
MaTH4YHY MOJEJb JJI1 TOHKOTO BUTKA BUKOPHUCTAHO 331l CTBOpeHHs Mozeni K3 i3 mpsMokyTHHM mome-
pPEYHUM NEPEeTHHOM, OTPUMAHOI TOJATKOBUM IHTETPYBAaHHSIM IO IUIOIII MIEPETHHY 32 YMOBH CTaJoi Tyc-
THHU cTpyMy B HboMy. Toni cknanoBi 'BC 3a nmpocTopoBHMH KOOpAMHATAMH X, y BiJNOBIAHO BU3HaYa-
I0ThCA 32 PopMyTiaMu

o wdow nn L2 T 1
0 j.;:.:;.:-l:v.mmﬂ-}f(l—i_—zly,d) _(1+20)-e2.7'd+vo-e[7 H]] o -
o e} . i
’ - 1+ZO—V0~e[y 5*” Jd -eiy'z]e_j(x{w”)-l (rm,a>-IE(zm,b)d§d77
v L s o o (1)
YoM H . . g @ g |,
M e | A S
5 R L
o ) _
: + 1+20—V e[y 5*’7]" -e_y'z]e_](x{w”)~Is(rm,a)-IE(zm,b)d§d77,
Pzt g
o ) - B
i + 1+20—v0'e[y ‘ ﬂ]d e’ ~e71(x-¢+yﬂ)'l<(r ,a)'IE(z ,b)dfdﬂ
gL ‘ o @)
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i - 1+/10—V0~e[7 ‘ ”]d 7“](371(»:”'”)~Is(rm,a)~IE(zm,b)d§dﬂ
e 7=\/§2+772—j'O"ﬂo'ﬂr‘(U.x‘f"'Uy'77)+j'w'o"/“0'ﬂr;,10: {;/2_/1,2-(§2+772)}-(1—e—2~y.d) |

2 2
(7+ﬂr- §2+f72) —(V—ﬂr'\/fz‘*‘ﬂz) e

S () o i

Evn’

4/1 .7/.,[52 +772 'e(\/ﬁ—}/)d

Yo = 2 2 AU
(ﬂﬂr & +f72) —(y—uf & +772) e 27
b 2
1 (2, b):Z”’]- 28,‘,‘\/@ dq:ezm'm '[e‘[g 52*”2] _e(g'm )], J; — dyskuis becens 1-ro poxy l-ro mopsaky
oty NE +7?
BiJI KOMILUIEKCHOTO apTyYMEHTY; a =1, -7, b =2zy-2z1; vy = (r; +12)/2; z,, = (z; + z5)/2 — cepenHe 3Ha-
YeHHS pajiycy Ta BUCOTH PO3TallyBaHHs KOTYIIKU BiIMOBIAHO; & 77, p, ¢ — 3MiHHI IHTETpyBaHHS.
YacTuHHI MOXigHI B IOMEPEIHIX BUPa3ax JIETKO B3ATH aHATITUYHO, aje BHACHIIOK TPOMI3IKOCTI Ki-
HIIEBI pe3yIbTaTH B CTATTiI HE HABEACHO. SIK MOKa3aIy pe3yabTaTH JOCTIKEHD [7], BAKOPUCTAHHS “TOYHUX
eJIeKTpoAMHaMiuyHuX Mojened (1, 2), mo MIcTATh HeBJIACHI KpaTHi iHTerpaiu 1-ro poay Ta IOCHUTh CKIaaHi
iHTerpany 3i cneniadbHUMH QyHKUisiMA becens B migiHTerpadbHUX BUpa3ax, B 3aa4i ONTUMAILHOTO CHHTE-
3y HBCII HemouinbHO, OCKUTEKH iXHIH 00paxyHOK € BEIbMH PECYPCOEMHUM IO Yacy HaBiTh 0€3 BpaxXyBaHHS
YHUCEJIBHOTO PO3paxyHKy iHTerpana Iy(7,, a). ToMy Mae ceHC 3aCTOCYBaHHS TEXHOJIOTII CypOraTHOI ONTHMIi-
3aii, sika JoOpe 3apeKoMeHayBaa cede y pasi po3B’ 3Ky TaKuX pecypcoeMHHX 3aaad [7, 8]. «Touni» mare-
MaTHYHI MOJENI BUKOPHUCTOBYIOTHCS B CYpOTaTHIM ONTHMI3alii TUTBKH I TMOOYIOBH MOJEINi-3aMiCHUKA

M
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(MeTamopmedni) Ta BXKe Ha 3aBEpIIAIbHOMY €Talli IPOCKTYBaHHS, a caMe 3a/JIsl IIEPEeBipKU aAeKBaTHOCTI OTpH-
MaHoi cuHTe3oBanoi C3 HBCII, i He 3aCTOCOBYIOThCS Ha €Tarli MOIIYKY eKCTPEMyMY.

IMoGynoBa meTamoneni. B mociimkyBaHoMy BUMaAKy METaMOENb € (PYHKIIEI0 YOTHPHOX apTyMEHTIB
— POCTOPOBHUX KOOPAMHAT X, ¥, paxiyciB K3 Ta Bucor ixHporo posramryBanss Hag OK. 3aranpHa TeXHOJIOTIs
moOyIOBH MeTaMOJIelel i3 3aCTOCYBaHHSAM ITYYHOTO iHTENEKTY, 30kpemMa RBF-neiiporanx mepex (HM), Bu-
CBITIIIOBAIacs aBTOpaMu B poboTax [7, 8] i Oysa yCHilIHO peati3oBaHa Ha PI3HOMAHITHUX MPHKIAAAX K JJIs
JBOBUMIPHOTO, TaK 1 0araTOBUMIpPHOTO ()aKTOPHOTO MPOCTOPY. 3aiisl OTpUMAaHHs HeoOXiAHOI TOYHOCTI MeTa-
MoJIei BXKE 3a TPHOX ii apryMeHTaxX ITOBOIUTHLCS 3aCTOCYBATH Pi3HOMaHITHI MeTomu moOymoBd HM Taki, sk
MHOxuHHI HM 3 ycepenHenHsM mo ancamOmo, migcuineHasM (boosting) [8], anutueay HM perpeciro Ta BUKO-
PHCTOBYBATH TEXHIKY PO3OUTTS ()aKTOPHOTO TiMEpIpoCcTOpY Ha MHOKMHY MPOCTIIIMX 3a7ad 13 pi3HUMH BHMO-
raMH 10 TOYHOCTI alPOKCUMALIi] 3 HACTYITHUM 00’ €THAHHSIM OKPEMHUX METaMoJIeNiel B €IUHy Oe3nepepBHY [7].
BpaxoByroun HENHIAHICTE Ta HEPETYSIPHY IMOBEAIHKY TilTEPIIOBEPXHI BIATYKY, 3811l CTBOPEHHS METaMOJIEIi
BUKOPHCTAHO TIOPUIHMHN MiAXil, KOJU OJAHOYACHO 3aCTOCYBAIIMCS TEXHOJIOTIi AEKOMIO3MIIii 00JacTi MOuIyKy
ta HM, moOymoBaHi Ha TeXHIKaX acoIliaTUBHUX MAIIWH i3 TPYNOBUMH METOJaMU OTPUMaHHS pirieHHs. Jlexo-
MIIO3HLISL POCTOPY IOIIYKY Ma€ CEHC, OCKUIbKH, IO-TIeplle, I/ IpoLeaypH aaekBaTHOro HaBuaHHs RBF-
MEpeK 13 YOTHpMa 3MiHHUMH HEeoOXilJHa BeJMKa KUTbKICTh MPUKIAAIB; TO-Ipyre, B iana3oHi 3MiHU pajiyca
icHye Benukuii po3max 3HadeHs | BC Ge3nocepeanbo B 0051acTi miJ KOTYIIKOIO Ta MMo3a Hero. Bee e yHemox-
JIMBJIIOE€ BUKOpHUCTaHHS riodanpHoi RBF-Helpomepexki depe3 BenUKy MOXMOKY A OTPUMAHOI TAaKUM YHHOM
MeTamoielti. ToMy MPOCTip MOIIYKY PO30MBAEThCS HA JEKiJIbKa Mio0nacTeii: o BucoTi posranryBanus HBCIT
Hag OK — [, (2 £z<3 Mm), 11, (3 <z <4 mMm) Ta mo pamiycy Kotymku — I, (2 <r<5wmm), I, (5 <r <7 mm), I,
(T<r<9mm), IV, O<r<11mm), V, (11 <r<13 mm), VI, (13 <r <15 mm). [lobynoBa MeTamoneneli BUKO-
HYETHCSI B KOXKHIH OKpeMii miobacTi i KiHIleBa CyporaTHa MOJIENb OTPHUMYETHCS 32 JOTIOMOTOIO <«3IIHBKHD
CKJIQJIOBHX YacTWH. 3 WX K€ MPUYMH KUIBbKICTh BY3JIOBHX Ul alpOKCHMalii TOYOK IUIaHy EKCIIEpUMEHTY
(IE) 3amaeTbest Asist KOJKHOI Mi10071acTi (haKTOPHOTO MPOCTOPY Pi3HOO BiATIOBITHO JI0 TOBEIIHKH TilEpPIOBEp-
XHI BIATYKY 3 METOI0 MAaKCHMaJIBHO TOYHOTO i BiITBOPEHHS.

Buxigni gani s moOymoBu Metamoneni: x =-45...45wmM; y=0...35 MM, pamiycu K3
r=2...15 MM, Bucotu ixHporo posramyBanusa Hag OK z, =2...4 mm. Takox 3aaemMocsi FeOMETPUYHU-
MU Ta enextpodiznunumu napamerpamu OK: d = 10 mm, o= 3,745-10" Cm/m, .= 1, WBHAKICTIO pyXy
nepeTBopioBada BimHocHO OK v = (40; 0; 0) M/c Ta yacToTORO CTpyMY 30yKeHHs f = 5 K[ 1.

CyTTeBe 3HAUYCHHS 3151 CTBOPCHHS MPHUHHATHOI 32 TOUHICTIO MeTamoaeni Mae [IE. OcHOBHUM
KpUTepieM miJ yac BuOopy komm toTepHoro I1E cepen MHOXHHHM HasBHUX € MOKJIHMBICTh TeHepalii To-
YOK, SIKi pPIBHOMIPHO 3alTOBHIOIOTH MPOCTIip MOMIYKY, IO 301IbIIy€E HMOBIPHICTh IXHBOTO MOTPATUISTHHS B
00J1acTi eKCTpeMyMiB UH TEeperuHiB TimeproBepxHi Biaryky [10]. Ilix yac cTBOpeHHs O6araTOBUMIipHUX
IJIaHIB BUHUKAIOTh MEBHI CKJIAJHOII, 3 OJHOr0 00Ky HEOOX1JTHO OOMEKHUTHUCS MiHIMaJIbHOIO KUIBKICTIO
BUKOPUCTOBYBaHHUX TOYOK CIIOCTEPEKEHHS, a 3 1HIIOTO KiJbKicTh iH(popmallii, IKy MOXHa OTPUMAaTH 3a
JIOTIOMOT 00 BiIiOpaHUX TOYOK, MOBHHHA OyTH MaKCUMaibHOIO. ToMy BakJIMBO 3a0€3MEeYUTH PiBHOMIp-
HUHI pPO3MOAIN TOYOK B TillepHapaleliemnine/li MiHiMalbHOIO iXHBOI KilbKicTio. Cepel OJXHOBUMIpHHUX
KBa31BUIIAIKOBUX PO3IIMPIOBAHUX MOCIiJOBHOCTEH, M0 XapaKTEePU3YIOThCSA HHU3BKOIO Yy3aralbHEHOIO
PO30DXKHICTIO Ta 3MEHIICHOK WMOBIPHICTIO MO JIOKalbHOI HETOMOTEHHOCTI, HAHKpAam[Ol BBaXKAETHCS
JIIT,-mocmimoBHicTs CoboMst. Ane 3 BpaXyBaHHSIM IIepeBar, sKi Bif3HaueHO aBTopamu B [11], B manomy
JIOCJIIJDKeHHI 3acTocoBaHO OaraToBuMipHuii [1IE Ha OCHOBI KBa3iBUIIaIKOBOI Oe3MapaMeTPUUHOT aJUTHB-
HO1 Ry-mocminoBHOCTI KpoHekepa 3 BHKOpHCTaHHSAM ippallioHATBHUX YHUCEN, SIKi OTPHUMaHO Ha OCHOBI
y3arajabHeHoI mocaimoBHOCTI PiboHaudi. SIKICTh pO3MOAINY OIIIHIOETHCS 3a MOKa3HUKAaMH IIEHTPOBAHOI
Ta OUKIIYHOI po30iKHOCTEW ii N TOYOK IJIaHy B YOTHPUBHMIpHOMY mpocTopi. Peamizamis Ry-
NOCIiJOBHOCTEH CIOYaTKy BUKOHAaHA B OAMHMYHOMY TiNmepKyoOi i3 KUIBKICTIO Towok N=1250 (Tabu.), mo
BiZMOBIIHO MAOTh LIEHTPOBaHY po36ikHicTh — 2.160538-10™ Ta rmkniuny po36ixmHicTs — 6.321335. [le-
SIK1 TIPOEKIIIT PO3IMOILTY TOYOK MPOITIOCTPOBAaHO Ha puc. 3. Jlani BUKOHAHO MacimTabyBaHHS OTPUMAaHUX
Ry-nocimigoBHOCTEN Ha Aiama3oH aOCONIOTHHUX BEIMYUH 3MIHHUX, 110 3a3HAYEH] BHIIE.

Ne n/m 1 2 3 4 5 1248 1249 1250
X 0.357 0.213 0.07 0.927 0.783 0.63 0.487 0.344
y 0.234 0.968 0.702 0.436 0.169 0.397 0.131 0.865
r 0.129 0.757 0.386 0.015 0.644 0.126 0.755 0.383
z 0.039 0.577 0.116 0.654 0.193 0.669 0.208 0.747
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Puc. 3

OcobanBocTi Ta Bepu(ikamis orpumanHoi meramoaedi. [IpuifHATHY TOYHICTH MeTamonemi
OTpPUMAaHO i3 3acTocyBaHHAIM amuTuBHOI HM perpecii [12] y pa3i moOyaoBu mekiIbKox kKackamis HM 3
HACTYIHUM JIOJIATKOBUM BUKOPHCTAHHSIM Ha KOXKHOMY KacKaJi KOMITETIB TUIBKH AJISI MEPEX, 0 MAIOTh
nponyktuBHicTh moHan 90 %. 3agaHe 3HAYCHHsS CEPENHBOI BiJHOCHOI MOJEabHOT TOXHOKH (200
cepenHboi noxuOku anpokcumanii) MAPE Ha piBHiI 25 % oOymoBmnioe ckiaaanicts Takoi HM, To6TO Ki-
JTBKICTh KacKaJliB HApPOIIYETHCS JO TUX Tip, MOKK He Oyne JOCATHYTO HeoOXigHOo1 TouHOCTi. 3amis dhop-
MyBaHHS MiABHOIpOK 3aCTOCOBAaHO Mpoleaypy Oerrinry [12] ang KokHOI AEeKOMIO3HULiiHOT migo0aacTi.
3 MeTor0 BinOOpYy HaWKpallMX CTBOPEHI TAKUM YHHOM METaMOJIelli OIIHIOBANMCS 32 MOKa3HUKaMHU Koe-
(dimieHTy merepmiHamii R’ , BITHOIIEHHS CTaHOapTHUX Bigxwnenb S.D.ratio; MAPE,%. Tomi sk
BIITBOPEHA MOBEPXHS BIATYKY OILIIHIOBAJIACS A0JATKOBO III€ 3@ HACTYIHUMHU MOKa3HUKAMH aJICKBATHOCTI:
CyMH KBaJpaTiB BiAMOBIIHO perpecii, 3aJUILIKiB, 3arajJbHOI; CEpeIHIX KBAAPAaTiB THX CAMUX MOKA3HHKIB;
nucTiepcii BIATBOPIOBAHOCTI, aAeKBATHOCTI, 3arajlbHOT; CTAHIAPTHOI MOXUOKHU OI[iIHKH BiATBOPIOBAHOCTI,
OIIHKM aJIeKBaTHOCTI, 3aranbHoi [13]. Ha puc. 4 HaBeneHo iHii piBHS 3pi3iB MOBEPXHI BiATYKY, BIATBO-
PeHi Ha TOYKAX Nyjome™Nyas, A0 inoonacrei 11.-1,, I1,-111,, I.-VI,., mo marote MAPE BignoBigHo 6.22 %,

9.89 %, 25.52 %. [na inmux migobnacrtel moxnbka MAPE 3HaX0IWUThCS Y BKa3aHUX TPAaHUYHHUX MEKax.
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Puc. 4

Ontumanbunii cuare3 C3. Peamizamis 3aga4yi onTUManbHOTO HENIHIHHOTO CHHTE3y BifOyBana-
cA 13 3aCTOCYBaHHSIM CTBOPEHHMX MeTaMojenei, ToOTO BUKOHyBaNacs cyporataa ontumizaiis. [Ipu mpo-
My OJHOYACHO BH3HavaMcs BCi mykani nmapamerpu C3. Po3’s30k HeniHiiHOT O3 0TpUMaHO CTOXAaCTH-
YHUMH aITOPUTMAMU MOIIYKY II00albHOTO EKCTPEMYMY, a caMe TiOpHAHUM aJIrOPUTMOM Ha OCHOBI Te-
HETUYHOTO 3 JIOKAIBHHUM IMONIYKOM CHMILTIEKCHHM MeTojoM Henmepa-Mina Ta monynsiiiiHUM MeTacB-
PUCTUYHUM QJITOPUTMOM ONTHMI3allii POEM YaCTHUHOK 3 €BOJIOMIHHUM (OpMyBaHHIM CKIIaay PoOIo, IO
SIBJIsIE COO0I0 HU3BKOPIBHEBY TiOpHAM3ALIiI0 T€HETHYHOTO anroputmy i anroputmy PSO. UucenbHi pe-
syneratu cuHTely HBCII 3a ampiopi 3amanoro Il-momioHoro posmominy I'BC B 30HaX KOHTpOIIO
Tvm <r<20wMMm ta 5 MM < r < 20 MM i Tphox 00’ emuux C3 HBCII 3i cTpykTypamu 3 3-X, 4-x Ta 5-x
KOTYIIOK TOKa3aHo Ha puc. 5. KilbKicTh KOHTPOJBHHX TOYOK y (QYyHKIiOHAN ckianana N=60, BOHH
po3ramioByBaiucs piBHOMipHO Ha noBepxHi OK B 00macti agekBaTHOCTI MeTamoaeni. KoHcTpykiii cuH-
te3oBaHuX C3 mepeTBOpIOBaUiB MOKa3aHO CXEMAaTHYHO Ha puc. 5, a. [t maanx C3 3a «TOYHUME» Ma-
TEMaTUHYHUMH MoJesiMu oTpuMaHno posnoxinu ['BC B3noBx oci Ox (rpadik / Ha puc. 5, 6). 1ns mopis-
HSIHHA TaM ke HaBelleHo Oaxanuil po3nonin 'BC (rpadik 2) Ta po3noninu, yTBOpeHi OAMHAPHUM BUT-
KOM, 110 Mae pajaiyc 15 MM Ta po3ramoBanuii Ha Bucotax 2 ta 4 MM Hag OK BiamosigHo (Tpadiku 3, 4).
Takox J1s1 HAOUHOCTI cuHTe30Banui po3noai ['BC npencrapieHo y BUIAI JiHil piBHA (pHC. 5, 6).

CrocTepiraeTbcsi IeBHE HEBUKOHAHHS YMOB CHHTe3y I1oAo iHTeHcuBHOCTI I'BC B 30H1 KOHTpO-
10, IKUX HE BIAETHCSA YHUKHYTH y pa3i MOCTIOBHOTO yCKIanHeHHs cTpykTypu C3. Ane el Gakt He €
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KPUTHYHUM TOMY, IIO MO3UTHBHI TEHACHILII 010 30HM omHOpimHOCTI po3mnoxainy ['BC € crifikumu Ta
came Ie € HaJIBaKJIMBUM. Tako OUYEBHIHUMH B I[bOMY CEHCI € mepeBaru cuHTe3oBaHux C3 mepen ixHi-
MU KJIACHYHUMH aHaJIOTaMH-OAMHApHUMU BUTKamu. [lopiBHanenuii ananiz HBCII i3 nnanapuumu [7] ta
00’eMHuMHN KoakciaapbHUMU C3 CBIUUTH MO0 OINBIIMX MOTEHIIHHUX MOXMIIMBOCTEH OCTAaHHIX 3a1isd
3a0e3redeHHsl BUMOT ofgHOpimAHOCTI. Lle MoXnmBO mosicHWTH OinbInoro BapiabenpHicTIO CTPYKTyp C3,
10 06yMOBIICHO JIO3BOJICHUM IIPOCTOPOBHM PO3TALIYBAHHAM OKPEMHX CEKI[IHIX KOTYIIOK.
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IIpakTuuna peaJizaunia cunrtedoBanoi C3 HBCII. [IpoimtocTpyemMo BHKIaAeHe BUIIE MPUKIA-
namu peanbHoro BuroToBieHHsi C3 meperBoproBaua M =4 (Iw;=-0.901, Iw,=1.457, Iw;=-11.01,
Iw,=12.31), TexHiuHi mapaMeTpH SIKOI OTPUMaHO BHACIIJOK KOMII IOTEPHOTO MOJEIIOBAHHS 3a 3ampo-
IMOHOBAaHWM METOJOM CHHTe3y ampiopi 3aganoro posnoxairy 'BC B OK. SIkmo po3mimeHHsa y TpocTopi
CeKUIMHUX KOTymoK C3 3 BU3HAUCHUMH IXHIMH T€OMETPHYHUMU MapaMeTpaMu HE BUKIMKAE TPYIHOIIIB
y KOHCTpPYIOBaHHI, 3a0€3MeueHHs 3yCTPIi4HOTO a0 y3roPKEHOIr0 “Mo MO0~ XapakTepy iXHbOTO BKJIIO-
YEHHSI JOCTaTHBO MPOCTO BUKOHYETHCS 3MIHOIO HANPAMKY CEKLIHHOT HAMOTKM (3HaK “MiHycC” O3Hauyae
NPOTHIICIKHUN HANPSMOK), TO MUTAHHS BUKOHAHHS YMOB IIOJ0 pealii3allii MarHiTOpyIIifHUX CHI B CEK-
LIMHUX KOTYIIKax He € TpuBiadbHUM. Haiimpoctimum BapiantoM mnpaktuuHoi peamnizauii HBCII 3
00’emHOI0O cTpyKTypoto C3 € ii 30ymKeHHs BiJ OJHOTO JKeperna. BpaxoByroun mificHi 3HaueHHss MPC,
OTpUMaHi B Pe3yJbTaTi OOYHCICHb, TOBOJUTHCS OKPYTJIUTH KiJTBKICTh BUTKIB B CEKIISAX IO I[ITUX 3HA-
yeHb (Hanpuknan, [=0.5A, w;=-2, w,=3, wy=-22, w,=25). Taki aii npu3BOAATh IO IEBHOTO CIO-
TBOPEHHsI MEepBUHHO OoTpuMaHoro posnoniny I'BC B OK, mo morpebye m0aaTKOBOTO MEPEBipOYHOTrO
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pO3paxyHKy, pe3yJIbTaTH SIKOTO HaBeJeHO Ha puc. 6: a — po3noainu ['BC cuHTe30BaHOi Ta peaabHOi KOHC-
TpyKUi#l, 6 — TicTorpama BiIHOCHOI moxuOku BiaTBOpeHHs po3noainy 'BC. CepenHsi BiZHOCHa mOXuOKa
BiITBOPEHHS po3MoAiny ckiaznae 3.65 %.

J, 7 :
M

Histogram of MAPE, %

]

26; 84%

=)

PeansHa
~KOHCT PyKIIiA

B N e
[

—
w o

/

CHHTe30BaHA

—
=)

14

nun. LlJJ'K\.Lll!A

No of obs

2: 6%
1; 3% 1; 3% 1;3%
1 1 1

-20,9980 -17.1716 -13,3451 -9.5187 -5,6923 -1.8659 1,9606 5.7870
0.012 0.018 0.024 0.03 -19,0848 -152584 -11.4319 -7.6055 -3,7791 0,0474  3.8738
X MAPE, %

a 0
Puc. 6

Hactynaum cnocobom mpaktuunoi peamizauii C3 € BapiaHT, iesi sIKOTO MOJATa€ B HACTYITHOMY.
Jxepeno 30ymkenHs C3 xapaKTepu3yeThCS CTPYMOM, SIKAN Ha MOPSAI0K MEHIIHH 32 pO3paxyHKOBHH. OTKe,
TOMI KUTBKICTh BUTKIB B CEKIIIMHMX KOTYIIKaX, IO 3’ €IHAHI TMOCIiIOBHO, 301IBIIYETHCS BiMITOBITHO HA TIO-
PSAIOK Ta OKPYIIISIEThCS A0 Hiaux 3HadeHb (I = 0.05 A, w; =- 18, w, =29, w; = - 220, w, = 246). Pe3ynbraTil
YHCENFHUX EKCIIEPUMEHTIB 1MIOCTPYIOThca rpadikaMu Ha puc.7: a — po3noainu 'BC cuHTe30BaHOi Ta pea-
JTHHOT KOHCTPYKIIiH, 6 — ricTorpamMa BiHOCHOI MOXUOKHW BiaTBopeHHsS po3noniny I'BC. Cepenns BimHOCHA
NoXuOKa BiATBOPEHHS pO3MOALTY cKianae 2 %.

3

0 6x10

Histogram of MAPE %

J,zy . 20
M PeamnHa 18; 58%
5 P . 28
1.4x10 KOHCTPYKHiL
s 16
1.2¢10°
5 14
1107 ;{[
- w 12
8<10* Ch e'}OBElI:Iﬂ 2
KOHCTEYKIIS s 10
6+10% i J
Z 8
4x10*
6
210%
0 < 3;10%
. ., 2; 692; 69|
—2x10 = 5 3%l ; 3% 1; 3%
4x10* J
B . 26840 15069 0,3297 0,8474 20246 32017 43789 55560
0 6x10 0.012 0.018 0.024 003 2,054 09183 02589 14360 2,6131 37903  4,9674
X MAPE,%
a o
Puc. 7

Binpm gockonanum cnif BBaxkatu crnoci® npakruyHoi peanizanii C3 HBCII, konu ii 30ymxeHHs
3MIACHIOETHCS BiJl IBOX JDKEPET, CTPYM B SKUX PI3HUTHCSA HA MOPAIOK. B 1bOMy BHUMAJIKy HAMOTKA CEK-
MIHHAX KOTYIIOK BUKOHYETHCS IBOMA IPOTAMH, OJTHUM 3 SKUX PEaNli3yIOThCsI 0OMOTKH, 0 MICTATh Iy
YACTUHY MIMCHUX YHMCEN KUIBKOCTI BUTKIB, & IPyTMM — OOMOTKH, IO € JASCATKOBUMH YaCTUHAMH THX Ca-
MuX niicaux uucelr (I;=05A, w;=-1, wy,=2, w;=-22, w,=24; L=0.05A, w;=-8, w,=9, w;=0,
wy = 6). Pe3ynbpTaTn 4BCEILHOTO MOJETIOBAHHS MMOKa3aHo Ha puc. 8: a — posmoxinu ' BC cuHTe30BaHO1 Ta
peanbHOT KOHCTPYKIIH, 6 — ricrorpama BiiHOCcHOT moxuOku BiaTBopeHHs po3nonainy ['BC. Cepenus BigHOC-
Ha moxuOka BiATBOpeHHs po3noiny ckianae 0.89 %.

Crij 3a3HAYMTH, 0 YCKIATHCHHS SJIEKTPOHHOT CXEMH il YaC MPaKTUYHOTO BUKOHAHHS CUCTEM
30ymkeHHs Ta 00poOku curaairy HBCII nocuTs erko YyHUKHYTH BUKOPHUCTAHHSIM OJHOTO BOKaHAILHO-
ro JKepena 30y IKeHHS.

3a HeoOXiTHOCTI KITbKICTh mKepen 30ymkerHs C3 MokHa 30iTbITyBaTH, ajle HAKOMWYEHUU J0-
CBiJl CBITYUTH MO0 AOCTATHOCTI MOTEPEIHIX 3aXOMiB 331 3a0e3MMeUYeHHS BiITBOPIOBAHOCTI CHHTE30-
BaHoro posnoniny I'BC.
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BucHoBkM. 3anponOHOBAHO METOJ CypOTraTHOTO HENiHIHHOTO MapaMEeTPUYHOIO CHHTE3Y PyXO-
Mux HBCII 3 06’ e€MHOIO CTPYKTYpOIO 30yIKEHHS, 10 3a0€3MMeUyI0Th OJIM3bKHI 10 OJHOPITHOTO PO3IO-
nin 'BC Ha moBepxHi B 30HI KOHTPOJIO 00’ €KTY 3 BpaxyBaHHAM €()eKTy IIBHIKOCTI Ta peani3yloTh Of-
HaKOBY YYTIHUBICTH 0 AedekTiB. Po3pobieHo anropuTMu Ta MporpaMHi 3aco0u peamizallii MeToay, 30K-
peMa po3paxyHKIiB MpsMOi 3amadi 3a «TOYHOIO» EJIEeKTPOAMHAMIYHOIO MOJEIUTI0, cTBOpeHHsS RBF-
MeTaMmoJiesieil, METOIMK MOKPAIICHHS iXHIX alpOKCUMAI[iHHUX MOXXIUBOCTEH B Tineprnpoctopi, ehexTu-
BHUX OaratoBuMipHuX komm toTepHuX [1E 3 HM3bKMMHU MOKa3HHKaMH LEHTPOBAHOI Ta LUKIIYHOI po30i-
KHOCTEH, CydacHUX MOMYJALIMHUX METAaeBPUCTHUYHUX CTOXACTHMYHHUX TiOPHIHUX alTOPUTMIB MOIIYKY
rII00AIBHOTO EKCTPEMYMY, YHCEIbHOI TEXHOJIOT1] YMOBHOT CypOraTHOI ONTHMI3aIlii.

Ha uucenpHMX excnmepuMeHTax MNpoAeMOHCTpoBaHo mepeBarn cuHte3oBanux C3 HBCII 3
00’€MHOIO CTPYKTYPOIO Mepex IXHIMHU KJIaCHYHUMHU aHajoraMu, a Takox C3 i3 IIaHapHOIO CTPYKTYPOIO.
Haseneno npukianu npakruaHoi peamizaiii C3 HBCII 3 06’eMHO0 CTPYKTYpOIO.

SYNTHESIS OF EDDY CURRENT PROBES WITH VOLUMETRIC STRUCTURE OF THE
EXCITATION SYSTEM, IMPLEMENTING HOMOGENEOUS SENSITIVITY IN THE TESTING ZONE

V.Ya. Halchenko, R.V. Trembovetska, V.V. Tychkov
Cherkasy State Technological University,

460, Shevchenko Blvd., Cherkasy, 18006, Ukraine.
E-mail: v.tychkov@chdtu.edu.ua

A method for nonlinear surrogate synthesis of surface eddy current probes with a volumetric structure of the exci-
tation system was proposed. This method a priori provides a given uniform distribution of eddy current density in
the testing object area where the measuring coil is located. The implementation of the task using modern
metaeuristic stochastic algorithms for finding the global extremum was achieved. For the effective usage of such
algorithms, taking into account the effect of velocity, metamodels of eddy current probe were preliminarily cre-
ated. They were built using a productive approximation technique based on artificial radial-basis neural networks
with a Gaussian activation function. Acceptable accuracy of metamodels was achieved due to the simultaneous
application of the search area decomposition technologies and plural neural networks based on the techniques of
associative machines with group methods for obtaining a solution. For metamodels creation a multidimensional
computer experiment design with high homogeneity was used on the basis of the parameterless additive R,
Kronecker sequence. Numerical experiments to determine the eddy current density distributions which formed by
synthesized excitation structures were carried out. The advantages of using a three-dimensional structure excita-
tion system in comparison with classical and planar ones in terms of increasing the width of the testing zone,
which is characterized by uniform sensitivity, were shown. Examples of practical implementation of an excitation
system with a volumetric structure for an surface eddy current probe are given. References 13, figures 8, table 1.

Key words: eddy-current probe, eddy current density, velocity effect, excitation system, homogeneous sensitivity,

surrogate optimization, RBF-metamodel, parameterless additive Ry-sequence, stochastic algorithm global extre-
mum finding.
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FEATURES AND PRINCIPLES OF THE DEVELOPMENT OF BRUSHLESS
MAGNETOELECTRIC SYSTEMS OF THE RETURN-ROTARY MOTION

V.G. Kireyev , K.P. Akinin"~, A.A. Filomenko™
Institute of Electrodynamics of the National Academy of Sciences of Ukraine,
pr. Peremohy, 56, Kyiv, 03057, Ukraine, e-mail: kvg2016@ukr.net

The paper reviews the results of studies of brushless magnetoelectric systems of return-rotary motion, carried out for
many years at the Electrodynamics Institute of the National Academy of Sciences of Ukraine. Structures of specialized
brushless magnetoelectric motors with elastic magnetic coupling between the stator and the rotor are presented. An
example of structural optimization of the motor is given. The electromechanical characteristics of the motors of the re-
turn-rotary motion are described and the indexes of their efficiency are proposed. An example of the formation of func-
tional dependences for motor control in an open-loop system is given. Structures of the system for automatic control of
the rotor oscillations angle amplitude and stator current limitation, as well as a system for vector control of the auxil-
iary winding current for active compensation of reactive alternating torque of the main rotor are presented. Examples
of calculation of transient responses of the main parameters of the motor are given. References 11, figures 9.

Key words: brushless magnetoelectric motor, return-rotary motion, control system, carrier frequency.

Introduction. There is a special class of actuating electromechanical devices designed to realize the
return-rotary motion (RRM) of the instrument in certain types of devices. Such devices are used in special
polishing equipment, medical instruments for the treatment of post-operative scars, apparatus cosmetology
for lymph drainage, dermotonia and skin micropolishing, in thermal imaging scanners, etc.

The main factor determining the choice of the structure and control method for the electromechani-
cal system of return-rotary motion (RRM) is the range of regulation of the amplitude and frequency of actua-
tor shaft oscillations. For example, when building a RRM system that operates at a constant mechanical load
and controlled frequency, it is advisable to use a standard electric drive, at the output of which a special me-
chanical transducer of rotational motion into return-rotary motion is installed [1, 2]. This solution is deter-
mined by the simplicity of implementation and high efficiency of the electric drive, since the rotor of the mo-
tor rotates in one direction, and in the motion conversion mechanism, as a rule, there are no parts with a large
moment of inertia. There is also a class of devices, the operation of which is based on the use of the reso-
nance effect of the RRM, in which a standard electric motor can also be used, for example an asynchronous
[3] or a double-feed motor [4], with a special control system. This solution makes it possible to realize the
maximum amplitude of oscillations with a minimum power consumption of the electric drive, however, such
RRM system is designed to operate only at the resonant frequency.

The use of a traditional electric drive in combination with various electromagnetic, magnetoelectric,
mechanical or other motion converter for simultaneous regulation of the amplitude and frequency of oscilla-
tions of the output shaft of the RRM system is not effective and difficult. In this regard, to solve this prob-
lem, it is necessary to use special devices that best combine the advantages of both drives with conversion
mechanisms and those based on the resonance effect.

The development of specialized electromechanical RRM systems presupposes, on the one hand, the
construction of special structures of actuating motors, on the other hand, it is necessary to implement effec-
tive methods of controlling their operating modes. This paper examines the structure of an electromechanical
system based on a special brushless magnetoelectric motor (BMM), which controls the frequency and ampli-
tude of mechanical oscillations of the actuating element.

The paper is devoted to the research carried out at the Electrodynamics Institute of the National
Academy of Sciences of Ukraine in the direction of creating brushless magnetoelectric RRM systems.

© Kireyev V.G., Akinin K.P., Filomenko A.A., 2021
ORCID ID: " https://orcid.org/0000-0002-9407-1074 ; ** https://orcid.org/0000-0002-7830-2311 ;
™ https://orcid.org/0000-0003-4289-8579
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Features of magnetoelectric systems of the RRM. The considered class of magnetoelectric sys-
tems is characterized by the following features:

— BMM of the RRM is the structure [5] shown in Fig. 1, a, where the body / contains a cylindrical
slotless magnetic circuit 2 and two bearings 3, in which the rotor shaft 4 with a bipolar permanent magnet 5
and a actuating element 6 is installed. On the inner surface of the magnetic circuit 2 there are two coils 7 and
8 of the stator winding, and an additional permanent magnet 9 is installed in the space between the coils to
realize the effect of elastic magnetic coupling between the stator and the rotor;

— control of BMM of the RRM is carried out by acting on the stator windings with alternating current
with controlled amplitude and frequency in the range up to 100 Hz;

— the main output controlled parameter of the system is the amplitude &, of the oscillations angle of
the main rotor relative to the device body;

— the controlled coordinate of the system is the stator current effective value / under the conditions of
motor cooling;

— regulation of the oscillations angle amplitude of the main rotor is carried out in the range of no more
than 40 degrees;

The principle of engine operation is as follows. In the initial state, the rotor is in a stable equilibrium
position and is forced to orient itself when its poles are positioned opposite the active parts of the winding.
When the winding of the stator is connected to the power supply, an electromagnetic moment occurs which
takes the rotor out of the stable equilibrium position. The greater the angle of the rotor deflection under the
action of the control electromagnetic moment, the greater the force of the elasticity, so that with some of the
rotor deflection angle the electromagnetic moment is equalized by the moment of the magnetic spring. At
this point, the signal of the electromagnetic moment is forced to change and the rotor moves backwards.

During operation, the oscillations of the rotor cause an
undesirable reaction of the housing of the device to the operator’s
hand, therefore an additional structurally identical drive system can be
introduced in the composition of the device in order to compensate
for the occasional alternating moments of the BMD, The rotor of
which oscillates synchronously, but is counterphase to the first rotor.
On Fig. 1, b shows the total type of instrument consisting of main /
and compensating 2 rotors, windings of main 5 and additional 6 sta-
tors, and two additional permanent magnets 3 and 4.

Optimization of parameters of motor structural elements.
The art of designing electric machines with permanent magnets lies
mainly in the selection of such ratios between the dimensions of the

\]Lu ]‘-A

T

N elements of the magnetic system, at which the maximum of the motor
N torque per unit of power input is achieved. In other words, it is
b necessary to solve the problem of structural optimization of the BMM
_ magnetic system in P 1 3
Fig.1 . . —_—
order to identify
the maximum of the electromagnetic torque, which is an
objective function of several variables. Such variables can Y TS R,
be both the geometric dimensions of the individual com- = N 4
ponents of the magnetic system, and their relative posi- / N7 )
tion. 7 \i’ ) R,
We will show the procedure for solving the opti-
mization task using the example of one of the variants of s( R,
the BMM of the RRM, the cross section of the magnetic g\
system of which is shown in Fig. 2. The electromagnetic \VEEAN{ ] LS
part of the motor includes the magnets of the rotor / and \‘ I~ R
stator 2, two stator coils 3 and an external magnetic cir- g
cuit 4.
It is known that the electromagnetic torque of the

motor depends on the magnetic flux density amplitude
distributed in the air gap, as well as on the volume of the Fig.2
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current circuits in it and their location relative to the rotation rotor axis

M =pB;Iwl R , ey
where M is the electromagnetic torque; p is the number of pole pairs; Bj is the value of the radial mag-
netic flux density component in the air gap; / is the current in the stator winding; w is the number of wind-
ing turns; /_ is the active length of the winding conductors; R,

. 1s the average radius of the force application
arm, which in accordance with Fig. 2 is equal to (),S(R3 + R4) .

We will search for the maximum torque under the following conditions and restrictions: the power
P supplied to the motor from the power source is constant and for the task being solved it is equal to 5 W,
the number of pole pairs p =1; the overall radius of the magnetic system is fixed and equal to 13.5 mm; the
maximum magnetic flux density in the external magnetic circuit does not exceed 1.2 T; the gap between the
rotor and stator is constant and equal to 0.5 mm; diameter 2 R, of the shaft is equal to 6 mm; we will con-

sider the mode of formation of the starting torque, in which energy dissipation occurs only in the conductive
conductors of the stator windings; in order to reduce the number of variables, we restrict ourselves to consid-
ering one length of the active part of the winding /, =22 mm.

As the arguments of the objective function, we select the radial thickness of the winding

h=R, — R, and the size of the coil window, determined by the angle ¢, that is, those parameters that de-
termine the amplitude and distribution law of magnetic flux density B; in the gap of the BMM, as well as the

cross-sectional area of the stator winding coils. Based on the stipulated conditions, with a constant input
power, the current in the winding and its resistance should also remain unchanged. To do this, it is necessary
to vary the cross-section and the number of coil conductors so that their resistance remains unchanged, this

will be the condition for the constancy of the dissipated power [7]. Let us express the length / of the aver-

age turn and the number W, of coil turns through the geometric dimensions of the magnetic system

1,=21,+(2R, +1)(0,57 +¢); W, = /ZOSIC , (2), 3)

where U is the voltage of the power source; S is the cross section area of one half of the coil; o is the spe-

cific resistance of the coil conductor material.
After substitution of expressions (2, 3) into (1) and some transformations, we obtain

PS

M = pB; |[—<1,(R,+0,5h). (4)

pl,
The solution of the extremal task for (4) was carried

out using the Comsol software package in a three- M.Nm

dimensional formulation to take into account the influence of

0,037

scattering fields from the surfaces of the rotor magnet end. 0.035

The developed calculation algorithm made it possible to find cleas

the law of variation of the function M (h, (/)) and find its 0’031

maximum (Flg 3) 0,033 A . o ;
The calculation showed that for the given initial data, g032 -

the maximum torque is achieved at 2=2,1 mm and gpsn 25

@ =44 deg. The solved problem illustrates a optimization 0,03 y hmm

. . . 20 25 30 35 40 45 50 55 60
technique BMM of the RRM, which can be applied not only . degree

for other initial data, but also for other structures of brushless

electric machines with permanent magnets. Fig.3

Mathematical model and operating modes of BMM of the RRM. The mathematical model of
BMM is described by the equations [8]:

L4

dt=—Ri—kma)cosa+u; M =k,icosa; M, =k,0; M,=k,sina, (5)-(8)
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My =Mygsign(®); M, =k o; JE:M_M(U M, -Mp-M,; E:a), (9)-(12)
where @, a are angular speed and angle of the rotor shaft oscillation; L, R are inductance and active
resistance of the stator winding (in a motor with a slotless stator and a surface-mounted permanent magnets
on the rotor, the inductance L can be assumed to be a constant value [9]); i, u are current and control voltage

of the stator; k,, is motor torque coefficient; J is rotor moment of inertia; M, M,, M,, M, are torques
of viscous friction and elasticity, reactive torque of bearings and torque of loading, respectively; &, , k, are

viscosity and elasticity coefficients; M is bearing friction torque; k, is viscosity coefficient of the motor
load.
In the study of the characteristics of the PMM of the RRM, such variants of the formation of the sta-
tor alternating voltage were assumed
u=U, sin2x f,t; (13)

u=0,5U ,(sign(sin27z f,t —0,5¢,) +sign(sin (27 £, +0,5¢,))), (14)

where U, is the stator voltage amplitude; f, is the carrier frequency of rotor shaft oscillations; ¢, is

angular length of the zero shelf of a rectangular form voltage; ¢ is time.
BMM is an object with nonlinear dependences of input and output parameters. At the same time,

BMM of the RRM can operate in one of two modes:

— in the mode of limiting the amplitude of the rotor oscillations angle at a given level in the low-
frequency range of operation (up to 20-30 Hz);

— in the mode of limiting the effective value of the stator current at values of the oscillations frequency
more than 20-30 Hz, and the current effective value is limited according to the conditions of motor cooling.

Efficient operation of BMM of the RRM is achieved by ensuring the maximum of one of two parame-

ters — the performance index & =a /1 2 of the operation mode of the BMM, taking into account the given
frequency and amplitude with a minimum value of losses in the stator winding or the amplitude of the angu-
lar speed @, of rotor oscillations.

There are two possible approaches to controlling BMM of the RRM:

— in an open-loop system by forming functional frequency dependences of the value of the amplitude
and the form parameter of the control alternating voltage of the stator, which can be formed on the basis of
the electromechanical characteristics of the BMM, taking into account the given performance indexes of its
operating mode [8];

— in a closed-loop control system for the amplitude of the rotor oscillations angle and limiting the sta-
tor current effective value [9], while it is necessary to form the corresponding feedback signals, which sig-
nificantly complicates the hardware part of the system.

Electromechanical characteristics of BMM of the RRM. Fig. 4 shows the electromechanical
characteristics of the BMM in the form of frequency dependences of the shaft oscillations angle amplitude

a4, the stator current effective value 1, the proposed performance index k; and the angular speed amplitude
o, of the rotor oscillations. The characteristics are determined in the frequency range up to 100 Hz, subject
to the specified limitations of the oscillation angle amplitude and the stator current effective value
Ay o= 7r/ 9rad. and I, =0,14 A. Number 1 denotes a variant of the formation of a sinusoidal voltage
(13). Numbers 2, 3 and 4 designate variants for rectangular voltage (14) with three parameter values ¢; - 0,
80 and 160 el. degrees. Calculations are performed for equations (5—12) with the following parameter values:
L=0,012Hn, R=400hm, k, =0,125Nm/ A, k,=6,5-10" Nms/rad, J=2,4-10" kgm?,

k,=0,0448 Nm/rad , Mz =2-10" Nm, k; =2,1-10™* Nms/ rad.

Formation of functional dependences. To control the BMM of the RRM in an open-loop system, a
method has been developed for the formation of functional frequency dependences of the control voltage
parameters, in which for each value of the carrier frequency f,, the stator voltage parameters are deter-
mined, at which the maximum of the selected performance index is ensured. The dependences of the stator
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voltage parameters U 4 ( /i 0) and @ ( fo) , as well as the corresponding dependences of the performance

indexes k; ( fo) and @, ( f 0) are shown in Fig. 5. The letters A and B designate respectively the variants

of the formation of sinusoidal and rectangular voltages.
rad.
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System for automatic regulation of rotor oscillations amplitude and stator current limitation.
For automatic control of the rotor oscillations angle amplitude &, and limiting the stator current effective

value /, the structure of the control system is developed [10], shown in Fig. 6, where C is a controller of the
oscillations angle amplitude with nonlinearity of the saturation type; F is a filter of the output signal of the

nonlinear link; U, U are output signals of the controller and filter; X, (a)ot) is carrier periodic signal,

where @y =27 f,); max(|0(|) , RMS (i ) are the procedures for determining the amplitude of the modulus

of the rotor shaft oscillations angle and the stator current effective value at each half-period of the alternating
stator voltage, the values of which are maintained for half the period of the carrier signal.

The calculation of the system parameters is carried out on the basis of the frequency characteristics
of the BMM of the RRM and the controller. In this case, the controller of the rotor oscillations amplitude is

calculated at a given value of the carrier frequency f,, provided that a given phase stability margin y is
provided [8, 9], which is determined by the formula

y=n+9,(oc)+op(ac),  (15)
mﬂx(‘“” where @, (a)c) , Op (a)c) are the val-

- . ues of the phase shifts of the output sig-
N C [ : : model (1-8) nals of the BMM and the controller at a

J given value of the cut-off frequency @,

the value of which is chosen less than
RAMS(i)

the carrier frequency @q =@, /n. At

Fig.6 given values @y, @ and ¥ the pa-
rameters of the controller are determined
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from the condition that the amplitude frequency characteristic of the open-loop system is equal to unity
where A4, (a)o ) , Ap (a)C) are the values of the amplitude frequency characteristics of the BMM and the

controller at the values of the carrier frequency and cut-off frequency.
The transfer coefficient of the I-controller, as well as the parameters of the Pl-controller is deter-
mined by the formulae [10]

1) 1 T 1)
") T y+ole) " (01 TR}

The transfer coefficient and time constant of the first-order filter in the current limiting loop in the
high-frequency part of the range is also determined taking into account the frequency characteristics
k _AI(wO)Umax _10(1+8)' T, _&
F - A I b F - b
(@) 1€ fo

where 4; (0)0) is the value of the current amplitude frequency characteristics of the BMM; ¢ is the relative

(17)-(19)

(20), (21)

accuracy of limiting the current effective value; /, is the reference value at which the stator current starts to

be limited; U, is the maximum value of the output signal of the oscillations angle amplitude controller.
Fig. 7, a-d shows the graphs of transient responses of regulation of the oscillation angle amplitude
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o 4 and the current effective value [ at the values of the carrier frequency fy 5 (a), 10 (b), 20 (c) and 40 (d)

Hz in the modes of starting the motor and changing the load. The calculations were carried out for a given
sinusoidal stator voltage and a current limiting accuracy of 1%.

Active compensation of reactive torque of the main rotor. Let us define the features, conditions
and principles of building a control system for a two-rotor BMM of the RRM [6] (Fig. 1, b).

The main and compensating systems are structurally identical and are described by equations (6)-
(12). The difference is that the compensating rotor is unloaded, and the moments of inertia of the two rotors
can be different.

The condition for the compensation of the reactive torque on the device body is defined as the
achievement of the minimum values of the amplitude of the oscillation angle of the body around the axis of
rotors rotation, while the dynamics of body oscillations is described by the equations

J3%:MD2_MD1_MaJ3_Ma3; %:a@, (22,23)
dt dt
where J- 3, 5, O are axial moment of inertia, angular speed and angle of rotation of the body around the
axis of the rotors; My, Mp, are dynamic torques on the shafts of the main and compensating rotors;
M 5, M5 are the torque of viscous friction and the torque of elasticity, determined by the influence of the
human hand on the device body. From the consideration of equation (22) it is seen that compensation is
achieved under the condition of equality of dynamic torques AM =M, — M, =0.

Since it is difficult to directly measure the body rotation angle as, the difference between the variable
periodic oscillations of the two rotors is taken as the output compensated parameter as a feedback signal of
the closed control system

J
Aa=ay——as. (24)
Jl
The currents of the stator windings corresponding to the main and compensating rotors is assumed

i =1 sin2zxfut; =1y sin(27zf0t—g02) , (25), (26)
where 1;, 1, are alternating currents of stator windings; 1, ,, [, , are amplitudes of currents; ¢, is the

phase shift of the current of the compensating winding.
To ensure compensation of the body response, it is necessary to develop a vector control system for
the motion of the compensating rotor [11], that is, it is necessary to implement a system for regulating the

amplitude /,, and phase shift ¢, of the stator current i, of the compensating system (26) relative to the
main stator current I, . For this, it is necessary to generate mismatch signals at the inputs of the current am-
plitude and phase shift controllers based on measurements of the angular variables of the main and compen-
sating rotors ¢ and &, . The general structure of the control system for a two-rotor BMM [10] with active
compensation of reactive torque is shown in Fig. 8, where C1, C2, C3 are controllers of the oscillations am-
plitudes of the first and second rotors, as well as the controller of the phase shift ¢, of the current of the

compensating system; BCM is the block for calculating the phase shift mismatch A, of variables ¢

and @, ; RSS is the reference signal shaper; M1, M2, B are designations for the models of the first and sec-
ond motors, as well as the device body.
Fig. 9 shows the graphs of transient responses of the current amplitude /;, of the main stator wind-

ing, the oscillations angle ¢; of the main rotor, the amplitude 7, , of the current of the compensating stator
winding, the mismatch signal A, in the amplitude of the compensating winding current, the signal of the
phase shift mismatch A@;, the phase shift @, of the stator current Z, of the compensating system and the

rotation body angle ¢; at a carrier frequency of 10 Hz.
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Fig. 9 shows the graphs of transient responses of the current amplitude /; , of the main stator winding, the
oscillations angle ¢; of the main rotor, the amplitude /, , of the current of the compensating stator winding, the
mismatch signal A, in the amplitude of the compensating winding current, the signal of the phase shift mismatch

A@, , the phase shift @, of the stator current Z, of the compensating system and the rotation body angle.

Conclusion. The described electromechanical structures are specialized low-power systems that pro-
vide direct effective control of the RRM of the actuating element without the use of additional mechanical
transmissions. The proposed structures can be the basis for the creation of various hand tools. The described
open and closed control systems make it possible to choose a rational structure of the electromechanical de-
vice as a whole. The implementation of the principle of active compensation of reactive alternating torque in
devices containing an electric drive of return-rotary motion, by creating an controlled torque, the value of
which at each moment of time corresponds to the torque of the main motor, and is directed in the opposite
direction, allows solving the problem of vibration protection of a person working with a power hand tool.
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The purpose of the article is to evaluate the efficiency of an induction-type linear pulse electromechanical converter
(LPEC) when operating in shock-power mode and excitation from an alternating voltage source (AVS) in comparison
with excitation from a capacitive energy storage (CES). A mathematical model of an induction-type LPEC has been
developed both when excited by a unipolar pulse from a CES and from an AVS using lumped parameters of the wind-
ings, which takes into account the interrelated electromagnetic, mechanical and thermal processes. It has been found
that when the LPEC is excited from the AVS with a voltage frequency of 50 Hz, the electrodynamic force takes on a
periodic decaying character with a significant prevalence of positive components of forces over negative ones. The
maximum value of the force is much less, and the value of its impulse is much greater than in the LPEC, excited from
the CES. With an increase in the frequency of the AVS voltage from 50 to 150 Hz, the highest value of the current den-
sity of the inductor winding decreases, and in the armature winding it increases. The greatest values of force and im-
pulse of force are realized at a voltage frequency of 150 Hz. With an increase in the AVS frequency, the relative indica-
tor of the efficiency of the LPEC increases. References 15, figures 4.

Key words: linear pulse electromechanical converter of induction type, mathematical model, alternating voltage source,
capacitive energy storage, electromechanical processes and power indicators.

Introduction. Linear pulse electromechanical converters (LPEC), designed to create powerful force
pulses on the target, are used in many branches of science, engineering and technology as shock-power de-
vices. In construction, electromagnetic hammers and perforators are used, in the mining industry — cutters for
crushing oversized objects and shock vibrators [1], in geological exploration — vibration-seismic sources, in
mechanical engineering — hammers with a large range of impact energy [2] and devices for electrodynamic
processing of welded compounds [3], in the chemical industry — magnetic-pulse presses for ceramic powders
[4, 5], in the biomedical industry — vibrating mixers, in technological equipment — impact devices for clean-
ing process containers from the adhesion of bulk materials, in the electronics industry — devices for testing
critical equipment for shock loads, etc. [6].

The most widely used LPEC of induction type of coaxial configuration [7, 8]. Capacitive energy
storage (CES) with electronic devices that provide polar current in the inductor winding are mainly used as
an excitation source for such converters [9]. However, such sources, as a rule, are charged to high voltage,
which requires special equipment and increased safety measures for the service personnel. The duration of
the force impact on the object is insignificant and is limited by the discharge time of the CES, which is unde-
sirable for a number of technological operations [10]. Due to the significant value of the shock power im-
pulse in the device, there is a significant return to the inductor winding, which reduces the efficiency and
reliability of the shock device [11].

To increase the LPEC performance, various technical solutions were used, for example, an external
ferromagnetic or electromagnetic screen [12, 13]. One of the ways to reduce these disadvantages is to change
the shape of the current pulse using the electronic system of the excitation source [9]. At one time, for the
excitation of an induction-type LPEC, an alternating voltage source (AVS) of increased frequency was con-
sidered [14]. However, such studies concerned the LPEC, operating as an electromechanical accelerator, when
the time of effective interaction of the accelerated armature winding with the inductor winding is insignificant.
When the LPEC operates in a shock-power mode with a small displacement of the actuator between the wind-
ings of the inductor and the armature, a strong magnetic connection is maintained during the working process.
This allows you to increase the time of force impact on the object. But the question arises about the effective-
ness of the force effect developed by the LPEC when it is excited from the AVS and the justification of the fre-
quency of its voltage.
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The purpose of the article is to evaluate the efficiency of the induction-type LPEC when operating in
the shock-force mode and excitation from the AVS in comparison with the excitation from the CES.

Mathematical model of LPEC. Consider an induction-type LPEC with a small displacement of the
armature winding, interconnected with the actuator, in which the magnetic coupling between the windings
changes slightly during the excitation of the inductor winding both from the CES and from the AVS of in-
creased frequency. In the mathematical model of the LPEC, we use the lumped parameters of the fixed inductor
winding and the movable armature winding, as used in [15]. To take into account the interrelated electrical,
magnetic, mechanical and thermal processes in the LPEC, as well as a number of nonlinear dependences, for
example, the resistance of the windings on temperature, the solutions of the equations describing these proc-
esses will be presented in a recurrent form. To calculate the indicators and time characteristics of the LPEC, we
use a numerical-analytical algorithm of cyclic action. For this, the workflow is divided into a number of nu-
merically small time intervals At =t¢,,, —¢,, within which all values are considered unchanged. At each k-th

cycle, using the parameters calculated at the time instant ?, as the initial values, the parameters are calculated
at the time instant #;,;. To determine the currents over the time interval A¢, we use linear equations with un-

changed parameter values. We choose a small value of the calculated step Af so that it does not have a sig-
nificant effect on the calculation results on a computer, while ensuring the required accuracy.

We neglect the resistance of connecting wires and auxiliary equipment. We assume a strictly axial
arrangement of multi-turn disk windings and axial movement of the armature winding with a significant me-
chanical load. We assume that there is no movement (recoil) of the inductor winding.

The change in the spatial position of the actuator is taken into account by the change in flux linkage
Y between the windings of the inductor and the armature:

d¥ di dM,,

1
=M "ty (£)-i
it 12(2) 7 v,(1) -, at (1)

where n=1, 2 are the indices of the inductor and armature windings, respectively; M;,(z) is the mutual induc-
tance between the windings; v, is the speed of movement of the armature winding along the z axis; i, is the
current of the n-th winding.

Mathematical model of electromagnetic processes when LPEC excited from the CES. We will
consider the excitation of the LPEC from the CES with a polar pulse, which is provided by a shunt reverse
diode. We assume its resistance in the forward direction is negligible, and in the opposite direction, its con-
ductivity is just as low.

Based on equation (1), the electromagnetic processes in the LPEC windings on the time interval
{0,#;} can be described by a system of equations [11]:

t

dii 17 di am. 1
R(T)i, + L, —+—|idt+M 2 4y (t)i 2-0, —|\|idt=U,, 2
(1) s G, _([ll 12(2) i v_(0)i, iz Co'([ll 0 (2)
di di aM
R(T,)-i,+L, —2>+M L iv(t 2L -0, 3
(1) -1, 2 s 21(2) d iv(?) iz 3)

where ¢, is the time at which the voltage of the CES u~=0; R,, L,, T, are the active resistance, inductance,
temperature and current of the n-th winding, respectively; Cj is the capacity of the CES charged to a voltage
Up.
Let's introduce the notation: R, = R(7}); R, = R, (T, ); M =M, = M, (2); v, =v_().
The system of equations (2), (3) after a series of transformations is reduced to the equation:
d’i, d’i,  di

a,— +a +a,— +a,i, =0, 4

S P 2 2 17 Tdoh 4)

2 am -1 2 -1

where ay=LL(1-K2); a =LRy+L,R —2cM ; c=v. T @=RRALG -G a=RG:
Z

K, =M (LIL2 )70‘5 is the coefficient of magnetic coupling between windings.
The characteristic equation of the differential equation (4) is represented as:

x3+xx2+§x+l(:0, 5)
where X:az/%; &zal/a3 ; Kzao/(l3 .
Using the replacement y = x + % /3, equation (5) is reduced to the form:
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y3+my+U=O, (6)

where mzé—x2/3; u=2(;(/3)3—;(§/3+/<.

The roots of equation (6) are found using the Cardano formula:
»=8+v; y,=¢94+¢&,v; y;=¢,9+¢v, (7)

where §=3/D"° -0,50; v=3-D" -050; ¢, = 0,5(—1i jﬁ); D =(w/3) +(v/2)" is the discriminant of an

equation (6).
If D<0, then cubic equation (6) has three real roots:

Y, =26/_m3/27 cos %arccos —_;3/27 +§n(p—l) , p=1,2,3. (8)

2

After a series of transformations, we obtain an expression for the currents in the LPEC windings
when excited from the CES:

I, (te) = 5 {|:in (&)- i’n(tk)g}(alf’zm +0,BiBs + BB, )+[Qn - S;,,@J[al (Bz +B; )+

RI R2 n

_As R
+a2(B1+B3)+OL3(B1+B2)]+[A;1 R J(OL1+OL2+OL3)}{1 Rle} > )

n

where m=1,2 atn=2, 1; §=p,8,(8, —B,)+BB:(B, —B:)+B.Bs(B; —B,); @, =B,+B LR A=~ 1y
A, =E,+E,GR; a, = (B3 Bz)eXP(B At); o, = (Bl B3)6XP(B2At) o3 = (Bz B, )exp(B3At) >
B, - {Z(azz “aa, )0,5 cos2n(p —1)/3+¢]-a, }/3~a3 ;0= arccos[(a2 - 3a1a3) ' (4,5a1a2a3 —a; —13,5a,a; )} ;
Y=Ly, v, =-M; B, =v" [in (tk)(Mlzg_Ran)+ im(tk)(RmMIZ _ng)_quc(zk)];
E, = a3_2 {i1 (tk)[Rl (R2M122 + Rllé - Co_leu)_ Mlzg(f +2R/L, )"‘92 (Lle + M122 )]"' I (8;) %
x [(Lﬂ + 2R2M122)§ -M,RyTt— M12L292]+ u, (4 )(R2M122 + LéRl - 2L2M12€)};

E, =a;’ {il (tk)[M12(C(;la3 - R1T)+ €(2R1M122 + LIT)_ 2€2L1M12]+ 2} (tk)[RZ (R1M122 + R, )_

- M 6L R, +7)+ (L, L, +M122)§2]+ U, (tk)[Q(Lle + M, )_ MIZT]}’
where u,(¢,) ia the CES voltage at time #; t=a, +2Mg.

If the discriminant of the characteristic equation (6) D >0, then one of its roots is real x; =d , and
the other two are complex conjugate x, , = f + jg . After a series of transformations, we obtain an expression

for the currents in the windings:
() = (0, - R, J1-RIRS ) (10)
where ¢, =g [¢? +(f ~dF| (g -exp@n|[g’ + )0, -2/, + A, |+ exp(anfsin(eand(f* - g* - falo, +
w2 +d> = 120, +(f - d)A, ]+ g - cos(gAn[d(d — 210, + 2/, - A, 1);0, =i, (1) +i, (LR, 's.

Electromagnetic processes in the LPEC in the time interval {#;, «} are described by a system of
equations:

R, (T)i,(t)+L, 0; +M,,m(z) " +i,()c=0. (11)

After a series of transformations, this system is reduced to the equation:
d’i, ,
(1K) 3+ 1 = 2800) S (v — it =0, (12)

where y, =R L', & =ML,'; y, =cL,'.

n—n >

dt

Expressions for the currents in the LPEC windings when excited from the CES in the time interval
{t;,  } are finally described by the recurrence relations:
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i,(ti) = {in (tk)[x1 exp(szt) - X, exp(xlAt)](exp(xlAt) — exp(szt))(l — Ké )‘1 X
><|:in (tk)(fn//t/m - 7}1 ) + im (tk)(]/mé:,, - Zn ):|} (xl - xz )_l s (13)
where Xip = (1 - K/%4 )_1<§1X2 -0,5- (71 + Yz)i {[O’S(YI + Yz)_ Ean]z +(K/\2/1 - IXYIYZ - X1X2)}0’5> .

Mathematical model of the electromagnetic processes of the LPEC when excited from the AVS.
Electromagnetic processes in the LPEC windings when excited from the AVS can be described by a system
of equations:

R(T))i +Lq +M12(Z) +12€ u(t), (14)

dl
Ry ()i + L, d2 +M21(Z) +l1€ 0, (15)

where u(t) =U,, sin(of +vy,) is the AVS voltage; R,,, L,, T » sre the active resistance, inductance, temperature

and current of the n-th winding, respectively; @ =2nv; v is the frequency of the AVS voltage; v, is the ini-
tial voltage phase.
Let's introduce the notation: u =u(¢).

We will find solutions for currents in the form:
i = uRf1 — izRflg + 4, exp(o,t) + 4,, exp(a.,t), (16)
i, = —ilRflg + A, exp(a,t) + 4,, exp(a,f), (17)
where a,, =-0.5a,a; "+ {0.25a22a3_ 2 - [RIR2 -’ ]a; 1} are the roots of the characteristic equation for the free

component described by the differential equation:

d’i di
R L B (1)

A, 45, A,,, 4y, are the arbitrary constants determined at time # for free components of currents, equal to
am[iz(tk)QRfl _”(tk)Rfl +1 (tk)]_E
(o, — ot Jexplovzy )

o, i () + 1, (2 .
Azl — [Z(k) 1 k)E.rRZ ] , (20)
(o, — ot Jexplov ity )
—_ -1 2 Y! . -1 . -1
where =1, 2; m=3-I; £ =L, (1= K2 ]ty + i, (6 (ML ¢~ R J+iy (1) (MR, L <)}
- -1 - . -
=515 ) o) M- R )-uoME +i o (R L'~

In the final form, the currents in the LPEC windings when excited from the AVS are described by
the expressions:

4 = ; (19)

%+ [u(t) - Riy (1) ~ i 1) ] L0 (“;f(ti — (ents) “gf) +
. exp(a,Ar)—exp (o Ar)
LLy(a;—a)(1-K3)
i(t)s N [iz (t)+ i (t, )g} a, exp(aAt) — o exp(a,At) . exp(a,At) —exp (e Ar) y
R - Liy(a-a)(1-Ky) . (22

x<{ij(t)[RM = Lig|—u(t)M +iy(t,)[Ms - RyL; ]}

i (tk+1) ==
; (21)

{u(t )Ly +[Mc = R L, Jiy (4)+[RyM — Lyg )iy (8)}

It =—

2 2

where u(t,)=U, sin(oz, +v,).

The magnitude of displacement of the armature winding with an actuator of mass m, relative to the
stationary inductor winding is described by the recurrence relations presented in [13]. The temperatures of
the LPEC windings are described by the recurrence relations presented in [12].

When implementing the equations describing electrical, magnetic, mechanical and thermal processes
on computer technology, a cyclic algorithm is used. At each numerically small calculated step A¢, the values
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of the currents i,, temperatures 7, resistances R,(7,,) of the windings, the thermal conductivity coefficient of
the insulating pad between the windings A,(7) are sequentially calculated; values of axial electrodynamic
force f,(z,t), speed v, and displacement 4, of the armature winding, mutual inductance M(z) between the
windings.

Initial conditions of the mathematical model: 7,(0)=T, is the temperature of the n-th winding;
i,(0)=0 is the current of the n-th winding; 4.(0)=h., is the distance between the windings; u.(0)=U, is the
CES charge voltage; u(0)=U,, siny, is the AVS voltage; v.(0)=0 is the armature winding speed.

The efficiency of the LPEC will be estimated by the highest values of the pulse of the electrody-

7
namic force P, = Ifz(z,t)dt , where f.(z,0) =i, ()i, (t)— 12

(z) is the instantaneous value of the electro-

dynamic force acting on the armature winding and the efficiency indicator K, = P, / W, , where W, is the ex-

t.\'
citation source energy; W, =0.5C,U; is the CES energy; W, = |u(?)i,(t)dt is the AVS energy during exci-
g 0~ 0 g 1
0

tation ¢ In this case, the temperature rise of the windings 0,=7,—7, should be minimal.

Consider a LPEC, in which the inductor winding (»=1) and the armature winding (n=2) are tightly
wound with a copper wire with a diameter of dy=1.4 mm. The windings are made with the same radial di-
mensions: outer diameter D;.,=D».,=100 mm, inner diameter Dy;,=D,;,~10 mm. Axial heights of the inductor
windings H,=6 mm and armature H,=3 mm. The number of turns of the windings of the inductor w,=120 and
the armature w,=60. The windings are made in the form of monolithic discs by impregnation and subsequent
hardening of epoxy resin. The windings are installed coaxially and the initial distance between them is
h,=0.5 mm. The mass of the actuator, which is affected by the armature winding, is m,=100 kg. The coeffi-
cient of elasticity of the return spring is Kp =25 25 kN/m. The amplitude of the AVS voltage is U,=300 V,
and its frequency v can vary from 50 to 250 Hz.

The CES contains a reverse diode that provides a polar excitation current in the inductor winding,
and has the following parameters: capacitance C;=5 mF, voltage Uy=500 V. Similar parameters of the CES
are used in the technology of electrodynamic treatment of welded joints [3] and in magnetic-pulse presses for
powders ceramics [5].

Electromechanical indicators of MIEP with excitation from the CES. When the LPEC is excited
from the CES with a capacity of Cy=5 mF, its voltage u. decreases to zero at the time /=3.38 ms, remaining
this way in the future (Fig. 1). The discharge current in the inductor winding with density j; has the form of a
polar pulse with a maximum value of j,,,=571 A/mm’. At the initial moment of time, the current induced in
the armature winding with a density j, with respect to the inductor current has the opposite polarity, but after
a certain time (7=2.43 ms) it changes polarity. The maximum value of the current density in the armature
winding is /,,=626.7 A/mm’. The electrodynamic force f,, acting on the armature winding has the form of a
damped pulse, with an initial prevailing positive (repulsive) component until the time ¢ =2.43 ms and a sub-
sequent insignificant negative (attractive) component. The maximum value of the repulsive force acting on
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the armature winding is £.,=9.55 kN. Due to the indicated nature of the change in the force £,, the magnitude
of the pulse of the electrodynamic force, reaching the maximum value P,=12.17 N-s, by the end of the con-
sidered time interval /=8 ms decreases to the value P,=8.63 Ns. In this case, the temperature rises of the in-
ductor and armature windings are 6,=3.1 °C and 6,=1.7 °C, respectively.

Since the duration of the power effect of the LPEC is insignificant (=2.43 ms), to increase it, the ca-
pacity of the CES can be increased. However, with an increase in the energy of the CES by two times due to
the use of a capacitance Cy=10 mF, an increase in the main indicators of the LPEC does not occur to the
same extent. The time interval at which the voltage =0 increases by 75%. The maximum value of the cur-
rent in the inductor winding increases by 17.1%, and the corresponding value in the armature winding practi-
cally does not change (increases by 1.3%). The maximum repulsive force f;, also increases slightly (by
11.4%). But the maximum value of the force impulse P, increases significantly (by 50.3%). The disadvan-
tages of a twofold increase in the capacity of the CES include a significant (2.15 times) increase in the tem-
perature rise of the inductor winding 0;. In this case, the temperature rise of the armature winding 6, in-

creases by only 31.5%. The relative indicator of the efficiency of this converter K ; =K, / K ¢ , where K¢ is

the indicator of the efficiency of the basic LPEC, excited from the CES with Cy=5 mF, decreases and is
K =0.719.
P

Thus, an increase in the capacity of the CES makes it possible to increase the duration and magni-
tude of the pulse of the electrodynamic force. However, the power indicators and the duration of such an im-
pact increase to a lesser extent than the capacity of the CES increases. In addition, with such an excitation of
the LPEC, it is necessary to take into account that the maximum value of the electrodynamic force is signifi-
cant, which is undesirable for a number of technical devices, for example, due to strong recoil or the forma-
tion of an inhomogeneous density of ceramic powder in an induction-dynamic press.

Electromechanical indicators of LPEC under excitation from AVS. A significant increase in the
duration and magnitude of the electrodynamic force with a decrease in its maximum value allows the use of
AVS to excite the LPEC. In Fig. 2 shows the electromechanical characteristics of the LPEC when excited
from the AVS with a voltage frequency v=50 Hz. With this excitation, the current in the inductor winding
takes on a periodic character with a phase shift with respect to the voltage u. The greatest value of the current
occurs in the first half-period, subsequently reaching a constant value. The maximum current density in the
inductor winding is j,=683.6 A/mmz, which 1s more than in the basic LPEC with CES Cy;=5 mF. The in-
duced current in the armature winding also takes on a periodic nature, changing with a phase shift close to
180°. The largest value of the current density in the armature winding occurs in the second half-period,
amounting to j,,=264.1 A/mmz, which is much lower than in the base LPEC.
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Due to this nature of the change in currents in the LPEC windings, the electrodynamic force takes on
a periodic decaying character with a significant prevalence of positive (repulsive) components over negative
(attractive) components of the force. The maximum value of the first half-period of the repulsive force is
[:wn=2.98 kN, which is much less than in the LPEC with CES. Due to the indicated nature of the change in the
force £, the magnitude of the impulse of the electrodynamic force P, has the character of a decelerating in-
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crease with periodic decreases caused by the attracting components of the force. At the moment of time =50
ms, the value of the force impulse is P,=2323.6 N-s, which is much higher than in the LPEC with CES.

However, the disadvantage of excitation of LPEC from AVS is increased thermal loads. So at =50
ms, the temperature rise of the windings are 6,=39.2 °C and 6,=4.4 °C. These indicators, especially in the
inductor winding, are much higher than in the LPEC with CES, and they can limit the duration of the excita-
tion process of the LPEC from the AVS.

When the LPEC is excited from the AVS of increased frequency, the electromechanical processes
change significantly (Fig. 3).

T PY O
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When using the AVS with a voltage frequency v=200 Hz compared with a frequency v=50 Hz, the
maximum value of the current density in the inductor winding decreases (j,,=460.7 A/mm?), and the corre-
sponding value in the armature winding increases (jo,=410.2 A/mm®). In this case, the currents in the wind-
ings change practically in antiphase with a small phase shift, as a result of which the positive components of
the electrodynamic force significantly exceed the negative ones. The largest value of the first positive com-
ponent of the force increases to f.,=3.82 kN, and the value of the force impulse at time /=50 ms increases to
P.=39.5 N-s. An advantage of the higher frequency AVS is the equalization of their temperature rises. So at
=50 ms, the temperature rise of the inductor winding decreases to 6,=11.3 °C, and the temperature rise of the
armature winding increases to 6,=8.1 °C. Thus, with an increase in the frequency of the AVS voltage, a sig-
nificant increase in the value of the force pulse occurs with a decrease in the temperature rise of the inductor
winding. To estimate the effect of the frequency v AVS on the electromechanical and thermal indicators of
the LPEC allows Fig. 4.
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With an increase in the frequency of the voltage source from 50 to 150 Hz, the highest value of the
current density of the inductor winding j,, decreases, the armature winding j,,, increases. The temperature
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rises of the windings 6, and 0, take on a similar character. The magnitude of the impulse of the electrody-
namic force P, in the range of v €(50...150) Hz increases, taking the greatest value P,=40.9 N-s, and de-

creases subsequently. Note that the largest value of the electrodynamic force also takes on an almost similar
character, reaching f;,=3.94 kN at a frequency of v=150 Hz. With an increase in the frequency v of the AVS,

the relative efficiency indicator K:, =K, /K, increases, reaching K; =1 at v=250 Hz.

The initial phase of the voltage at the time of connecting the LPEC to the AVS can take on a value in
the range vy, € (0; 1800). To assess the influence of the initial phase of the AVS voltage on the magnitude of
the pulse of the electrodynamic force P., we use the relative indicator:

AP. =200 szax _szin ’%
V4 +P b

Zmax Zmin

where P P

Z max?’ = zmin

Calculations show that at v=50 Hz the relative force exponent is AP,=13%, at v=150 Hz — AP, = 2%,
and at v=250 Hz — AP,=0.6%. Thus, with an increase in the frequency of the AVS voltage, the influence of
the initial phase of the voltage on the magnitude of the force pulse decreases.

Conclusions.

1. A mathematical model of an induction-type LPEC has been developed when excited by both a
unipolar pulse from the CES and from the AVS using the lumped parameters of the windings, which takes
into account the interrelated electromagnetic, mechanical and thermal processes.

2. It has been established that an increase in the capacity of the CES makes it possible to increase the
duration of the force action and the magnitude of the impulse of the electrodynamic force. However, the
power indicators and the duration of such an impact increase to a lesser extent than the increase in the capac-
ity of the CES. When the LPEC is excited from the CES, the maximum value of the electrodynamic force is
significant.

3. When the LPEC is excited from the AVS with a voltage frequency of 50 Hz, the currents in the
windings change periodically with a phase shift close to 180°, the largest value of which occurs in the initial
period. The electrodynamic force takes on a periodic decaying character with a significant prevalence of pos-
itive components of forces over negative ones. The maximum magnitude of the force is much less, and the
magnitude of the impulse of the force is much greater than in the LPEC, excited from the CES. However,
when excited from the AVS, the excess of the winding temperatures, especially in the inductor winding, is
much higher than in the LPEC, excited from the CES.

4. With an increase in the frequency of the AVS voltage from 50 to 150 Hz, the highest value of the
current density in the inductor winding decreases, and in the armature winding it increases. The highest val-
ues of the electrodynamic force f;,=3.94 kN and its impulse P,=40.9 N - s are realized at a frequency of
v=150 Hz. With an increase in the frequency of the AVS voltage, the relative indicator of the efficiency of
the LPEC increases. The influence of the initial voltage phase, at which the LPEC is connected to the AVS,
decreases with an increase in the source frequency.

are the maximum and minimum value of the force impulse P, respectively.
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Memoro cmammi € oyiHka egpekmueHocmi TIHIUHO20 IMIYIbCHO20 eleKmpomexaniunoeo nepemsoprosaya (JIIEII) inoy-
KYitiHo20 muny nio 4ac pobomu 8 yOapHo-CUI080MY pedxcumi i 30y0oiceHHi 8i0 Oxcepena sminnoi Hanpyeu (/[3H) é nopi-
BHANHI 31 30Y0HCeHHAM 8i0 eMHICHO20 Hakonuuysaua enepeii (€HE). Pospobneno mamemamuuny mooens JIEII inoyk-
YiliHo20 muny AK nio yac 30y0xcenHs 0OHONONAPHUM imnynvcom 6i0 €HE, max i 6i0 [{3H 3 euxopucmanusam 3ocepe-
0JfCEeHUX napamempis 0OMOMOK, AKA BPAXOBYE B3AEMO3ANENHCHI eNeKMPOMAHIMHI, MEeXAHIYHI ma Mennosi npoyecu.
Bcemanosneno, wo y pasi 30yooicenns JIIEIT 6io /{3H 3 wacmomoio nanpyeu 50 I'y enekmpoounamiyna cuna npuimae
NepioouyHULl 3a2acaloduil Xapakxmep 3i 3SHAUHUM NPEBANI0BANHAM NOZUMUBHUX CKIAOOBUX CUL HAO HecamueHumu. Max-
CUMANIbHA 6EUYUHA CUTU 3HAYHO MeHWe, a 8eluyUHa it IMnynbey 3nauno oinvute, nidic 8 JIIETI, skuii 36y0xcyembcs 6i0
€HE. 3i s30invuenuam uacmomu nanpyeu J{3H 6i0 50 0o 150 'y naiibinvue 3uauents witbHOCMi cmpymy 0OMOmMKU
IHOYKmMopa 3MeHuyeEmuCsl, a 8 0omomyi axops niosuugyemocs. Haubinvwi genuuuny cunu i iMnynscy cuiu peanizyomo-
¢ 3a wacmomu Hanpyeu 150 T'y. ¥V pasi 36invwenns wacmomu nanpyeu /[3H eionocuuiti noxasnuk epexmuenocmi JIIETT
niosuugyemscs. biomn. 15, puc. 4.

Kntouosi cnoga: MiHIMHAN IMITyIBCHUHN €JIEKTPOMEXaHIYHUN MEPETBOPIOBAY IHAYKIIHHOTO THITY, MaTeMAaTHYHA MO-
JIelTb, JDKEPeIo 3MIHHOT HANpyTH, EMHICHUN HAKOTIMYyBay €HEprii, elIeKTpOMEeXaHIuHi TPOLIEeCH 1 CHIIOBI MOKA3HUKH.

Hapitimna: 11.01.2021
Ocratounuii Bapiant 04.02.2021
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EJIEKTPOEHEPTETUYHI CUCTEMU TA YCTAHOBKH
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HIABUINEHHSA ECEKTUBHOCTI KEPYBAHHS PEXKUMAMMU PO3NOALJIBHUX MEPEX 3A
YMOB 3ACTOCYBAHHS PO3OCEPEI)KEHUX JIDKEPEJI TEHEPAIIII
TA 3ACOBIB AKYMYJIIOBAHHS EJIEKTPOEHEPT 1T
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3anpononosano HO8I mexHoNOIUHI piuieHHs, AKi 0armbs 3mMo2y 3abe3neyumiu eghekmueHe 3HUNCEHHA 8MPam eleKmput-
HOI' eHepaii y po3nodiNbHUX Mepexcax 3 JTOKANbHUMU 0XHCEPeNamil 2eHepayii il aKymMynt08aHHsa eHepaii 3a paxyHoK Modc-
AUBOCHT OUHAMIUHO20 KepyeanHs Kougizypayicio mepeoici. OOTPYHMOBAHO YMOBU PAYIOHANLHO2O SUKOPUCIAHHS OUC-
MAHYIUHO KEPOBAHUX KOMYMAYILIHUX ANapamis i po3pooieHo anrzopumm KepyeanHs ixuboto pobomoio. Ipooemoncmpo-
BAHO MOJNCIUBICMb GUKOPUCTAHHSA NPUCMPOI8 CUN0BOI eeKMPOHIKU Ma 3aNpoNnoHO8AHO NIOXI0 00 IXHbO20 3ACMOCy-
BAHHSL 3 MEMOK POPMYBAHHL ONMUMATLHUX NOMOKI8 AKMUSHOL MA PeaKmugHOi NOMYAICHOCMEN Y KOHMYPI PO3N00LIb-
HOT Mepedici, wo 3abe3neuyioms MIiHIMyM empam eiekmpuyHoi enepeii. biomn. 9, puc. 3.

Knrwowuoei cnosa: po3ocepelpkeHa reHepalisi, BTpaTy eIeKTPUYHOI eHeprii, JUcTaHLiHO KepoBaHi KOMyTaliiiHi amapa-
TH, CHJIOBA €JICKTPOHIKA.

Beryn. OnmHa 3 OCHOBHHX 3ajady, SIKy JOBOJHMTHCS BUPIIIyBAaTH B MPOLECI eKCIUTyaTallii BCiX eleK-
TPUIHHX MEPEK, IO MPAITIOI0Th 3 PO3IMKHEHOIO TOIIOJIOTIEI0, TIEPIT 3a BCE, PO3MOMIILHUX MEpek, o0y I0-
BaHUX 32 IIETJIEBOIO» CXEMOIO, MMOB's13aHa 3 BAOOPOM ONTUMATBHUX TOYOK iIXHBOTO PO3IMKHEHHS. AJleKBaT-
He pIIIeHHS W€l 3a/1a4i Ja€ MOXKJIMBICTh 3HU3UTH BTPATH TOTYXKHOCTI H eNeKTpoeHeprii y moaiOHux Mepe-
’Kax y 3HAYHO OLIBIIiH Mipi, HiXK BIPOBAKEHHS OYIb-SKOTO IHIIIOTO OPTaHi3aIlifHOTO 3aX0Ty.

Po3nozineHi Mepexi TpaauliiHO eKCILTYaTYIOThCS SIK PO3IMKHYTI, IO JIa€ 3MOTY BHKOPHUCTOBYBAaTH
NPOCTi Ta HE JyXKe JOPOTi CUCTEMH PEJICHHOT0 3aXHCTY, SKi 3a0e3MeUy0Th MBUIKY 130JALII0 TOMKOIKEHUX
€JICMEHTIB 1 BiTHOBJICHHSI €JICKTPOIIOCTadYaHHsA. [Ipy1 mboMy TyT B aOCOIOTHIN OUTBITIOCTI BUTIAAKIB BUKOPH-
CTOBYBAJIMCSI KOMYTAIIIiHiI anapaty 3 py4YHHM KepyBaHHsIM. Y 3B'I3Ky 3 IIUM MPAaKTHYHO Y BCiX HAsSBHHX JIO-
CIII/DKEHHSIX MUTaHHS BUOOPY ONTHMANBHUX MICIb PO3IMKHEHHS PO3TIISAANNCS SIK 3aBJaHHs CEPEeAHbOCTPO-
KOBOT'O TUIaHyBaHHS. Tak 3BaHI HOpMaJbHI CXEMH PO3MOAUIEHUX Mepex (opMmyBajmcs ABidi Ha piK i1 mia-
TPUMYBAJIHCS HE3MIHHUMH Y MEKaX YMOBHO OCIHHBO-3UMOBOTO Ta BECHSHO-JIITHROTO CE30HIB.

3a ocTaHHI POKH Y CBITOBIl €JIEKTpOCHEPreTUIli BiAOyIucs MysKe BeTUKi 3MiHH, y HepIly Yepry, Ho-
B's3aHi 3 MOSIBOO B iXHBOI CTPYKTYPi PO30CEPEKEHHX JKEpel TeHepailii i 3aco0iB akyMyIIIOBaHHS €HEpTii,
10 B 3HAYHIH Mipi CTOCYBAJIUCS 1 CHCTEMH PO3IOALTY eIeKTpUaHO1 eHeprii. [Ipu oMy B OLTBIIOCTI BUTIAI-
KiB (0COOJHMBO y PO3MOAUTFHHX Mepekax) K po30cepe/KeHa IreHepallis BHCTYIAIOTh Pi3HI BiIHOBIIOBaHI
JDKepesa eHeprii, BayKIMBOIO OCOOIMBICTIO SIKMX € MIHJIMBICTH IMOTY)KHOCTI, SIKY BOHU TeHepyloTh. Lle mpu-
3BOJUTH JI0 Hemepen0avyeHnX PIi3KUX 3MiH CTPYMOPO3IOALUTY Pi3HOI TPUBAJOCTI, KU BXe HE BiAMOBimae
yMOBaM, 3a SKUX 3IiHCHIOBATIOCS BH3HAYCHHS ONTHMAIBHUX MICIb PO3MHUKAHHS KOHTYPIB PO3MOAUTBHHX
niHil. 3a3HayeHi 00CTaBUHM Pi3KO 3HIDKYIOTH €(peKTUBHICTH peanizamii 3aJaui BHOOPY ONTHUMAIBHUX MiCIb
PO3IMKHEHHS ITiJ] 9ac 1 po3TisiAy Y TPaauIliifHIi TOCTAHOBIII.

VY 3B'S3Ky 3 IUM METOI0 AaHOI Po00TH € OOTPYHTYBaHHS YMOB JOIUIGHOCTI BIIPOBAKCHHS Ta CTpa-
Terii pamioHaJTbHOTO BUKOPHCTAHHS SK JUCTAHILINHO KEpOBAaHMX KOMYTAlliHHHMX amapariB 3 ypaxyBaHHSIM
iXHBOI'0 KOMYTAMIHOTO PEeCypcCy, TakK i 3ac00iB CHUIOBOI eNEKTPOHIKH IS (POPMYBaHHS «M'SKHX» TOYOK PO-
3IMKHEHHsI KOHTYPIiB PO3MOIUTEHOT Mepexi, 3a1i1s1 e(eKTUBHOTO 3HIDKEHHS BTPAT €JICKTPUYHOI €Heprii 3a
paxyHOK OTIEpaTHMBHOIO pearyBaHHS Ha 3MIHM €JICKTPUYHOIO HAaBaHTA)KCHHS Ta/ab0 PEKUMIB reHepartii i
aKyMyJIIOBaHHsI €HEpTii 3a HassBHOCTI pO30CepeIKeHNX Kepen ii reHepalii Ta akyMyJTIOI0UUX 3ac00iB.
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3acTocyBaHHS JUCTAHIIHHO KePOBAHUX KOMYTamiiiHnx amapatiB. OHUM 13 MOXKIIUBUX IUIAXIiB
JIOCSATHEHHSI TIOCTaBJICHOT METH MOKe OyTH MoeTarHa 3aMiHa KoMyTamiiHux amnapatiB (KA) 3 py4HuM kepy-
BaHHSM Ha aBTOMATH4YHI a00 TUCTAHIIMNHO KEPOBaHi, 110 JAaCTh 3MOT'Y OIEPATHBHO 3MiHIOBATU TOTMOJIOTIIO
Mepex i OarmaHcyBaTH HaBaHTakeHHS [1].

OpHak pH II-OMY HEOOXiTHO BPaxOBYBAaTH BHCOKY BapTICTh SIK CAaMOTO KOMYTAIlifHOTO 00JIaTHAHHS,
TaK 1 BUTpATH Ha CTBOPEHHS HEOOXIAHOI /I oro podoTu iHdopMarlliifHol iHPPaCTPYKTypH Ta KaHAIIB TeJe-
KepyBaHHsS; OOMEXEHHH KOMYTALlIfHUA pecypc TakMX BHMHKadiB, SIKWH 3a3BUYaii He MEPEBUILYE
20 000 cipankOBYBaHb 3a TXHIH KUTTEBUH IUKIT, IIEPEXiTHI TMPOIIECH, 10 BiAOYBAIOTHCSA IPHU KOMYTAIIIAX 1 TI0-
B's13aHi 3 IMM MOXITHBI TIEPEHANPYTH, IO MOXe OOMEXUTH YaCTOTYy BUKOHAHHS KOMYTaI[IHHUX orepartiii [2].

3 ornsay Ha HaBeAeHI GakTopH, y JaHWK 4ac MOBA MOXE WTH TUIBKH PO 3aCTOCYBaHHS 3a3HaUYCHHUX
KA B okpeMuX po3moAiTbHUX JiHISAX, € BOHU 3MOXYTh 320€3MeUnTH HalOIbITy e(heKTUBHICTE. Y 3B’S3KY 3
MM Y poOOTi HEe pO3MIISIIAETHCS 3a7ada ONTUMAILHOTO PO3MIIICHHS JUCTAHIIIITHO KepoBaHuX KA, a akieHT
3po0JIeHO Ha BH3HAYEHHI cTparerii HalONbII panioHadbHOTO IXHBOTO BUKOPUCTaHHS y Mpoleci peamizamii
HACTYITHUX eTaiB il BAKOHAHHS.

1. BusHadaeThCs psl KOHTYPIB PO3MOMITEHUX MEPEXK, B AKX OyJI0 O MOIITFHUM BCTAHOBHUTH JHC-
TaHIIHHO KepoBaHi KoMyTamiliHi anapatu. OCHOBHHM KpUTEpieEM € 1000Ba HEOJHOPIAHICTh MOTOKIB MOTYX-
HOCTI Ha OKpeMHX IUISHKaX KOHTYpY, sIKa BH3Ha4daeThCsl abo Oe3mocepeqHbO HA OCHOBI CXEMOTEXHIYHUX
PO3paxyHKiB, a00 Ha OCHOBI OIIIHKH JUII OKPEMHX BY3JiB Mepexi i Koe(illieHTiB CyMIlIeHHS MaKCHMYyMiB
HaBaHTaKEHb (TeHepallii), sKi BiJIoOpakaloTh BIAHOIICHHS HaBaHTaXXCHHS (MOTYXKHOCTI, 1O TEHEPYETHCS)
JAHOTO By3Jia Y MepioX 4acy T, IO BiAMOBiga€ mepiogy MakKCHMAJIBHOTO CYMapHOTO HaBaHTa)XEHHS JiHii, 10
MaKCUMyMy HaBaHTaKEHHs (IIOTYKHOCTI, II0 F€HEPYEThes) y naHoMy Bysm Ky, =P /P abo ekcrepT-

imax >
HUM IUIIXOM, HaIIPUKJIAd, 3 OTJISATY Ha (DakT HASBHOCTI B KOHTYPI allbTePHATUBHUX JPKEPEN €HEeprii, Halpu-
KJaJl, GOTOENEKTPHUYHUX CTaHIIH, rpadiky reHeparii IKUX He JIMIIe He CTa0lIbHi, aje 1 B O1IbIOoCTI BUMA-
KiB He 30irafoThcs 3 XapaKTepHUMU TpadikaMu HaBaHTAXKESHHS BY3JIiB PO3IMOIIITBHIX MEPEXK.

2. Jlns oOpaHUX KOHTYPIB PO3IMOAUIEHOT MEPEKi IO OKPEMHM IIepiogaM Jacy, BUKOPHUCTOBYIOUN Xa-
pakTepHi 1000Bi Tpadiky HaBaHTa)XEHb BY3JIiB 1 TeHepallii 3 00Ky po30cepeKeHNX JpKepesl eHeprii, BUupi-
HIYETHCS 3a[ada BHOOPY ONTHMAIBHUX MICIb iXHBOTO PO3IMKHEHHS, BUXOASYM 3 MiHiIMi3alii BTpaT MOTYX-
HoOCTi. [[s KOHTYPIB, y SKHUX 32 Pi3HUX JHOOOBUX PEKUMIB ONTHUMAIBHI MiCIl IXHBOTO PO3IMKHEHHsI He 30i-
raroThCs, BU3HAYAKOTHCS BY3JIM PO3MIIICHHS AUCTAHI[ITHO KEPOBAHUX BUMHUKAYIB.

VY mpoueci KepyBaHHA PEKUMaMU PO3MOMIIBHUX MEPEX PIlIeHHS MIOA0 AOUUIBLHOCTI 3MIHHM CTaHy
JMCTAHIIIMHO KEPOBAHUX KOMYTAIIHHUX arapariB MPUHAMAETHCS Ha OCHOBI NMOKA3HHUKA, aHAIOTIYHOTO 3aIpo-
MMOHOBAHOMY B [3], MUIIXOM HOTO BIOCKOHAJICHHS 3311 MOYKJIMBOCTI ypaxyBaHHS JDKEPEN PO30CepeKEeHOT
re”epariii Ta 3aco0iB akyMyJItOBaHHs eHeprii (puc. 1).
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Puec. 1
Hagite He Oepyun 10 yBaru 3MiHy HaBaHTa)XCHb CITOKMBAYiB BY3JIiB MEPEXKi, AOIIBHICTh TIepeMi-
HICHHS TOYKW PO3IMKHEHHSI KOHTYpPY MOKe OyTH BUKJIMKaHA 3MIHOIO PEXHMY pOOOTH JKEpes po3ocepeKe-
Hoi reHepanii. Tak, HaNPUKIIAA, TOMUTLHICTh IEPEHECEHHS MICIISl PO3IMKHEHHS 3 JUISHKY k, k+1 Ha AUIIHKY
k+1, k+2 (ToOTO BIIpaBo) Moxe OyTH BUIIpaBAaHa y pasi 3pOCTaHHS MOTYKHOCTI [DKepelia Tenepaiii (Haaxo-
JUKEHHS Y MEPEKY CTPYMY 14,), MIKIFOUEHOTO 0 OAHOTO 3 BY3JIIB JIIBOi YaCTHHHU KOHTYPY (Ta BiAOBIIHOTO
3MEHIIICHHS HABAaHTA)XCHHS Ha YaCTHHI HOTO JUITHOK) a00 3HMDKEHHS BUXIJIHOT OTYXKHOCTI 3 OOKY JpKepesia
re”eparlii (Ha BEeJIMYUHY CTPyMYy I;), MIKIIOYEHOTO 0 MPaBOi YaCTHHH KOHTYpPY (Ta BIAMOBITHOTO 30i11b-
IIIEHHS HaBaHTAKCHHS HAa YaCTHHI HOTO MIJISTHOK).
30KkpeMa, 32 YMOBH, 1110 YBIMKHEHHsI/BUMKHEHHSI PKEPEN pPO30CepeKeHO0l reHepaiii He Ipru3BOIUTh
JI0 3MiHU HaIlpsIMy MOTOKOPO3IMOALTY Ha IUISHKAaX KOHTYPY, BIINOBIIHI 3aJIeKHOCTI OyIyTh NPEACTaBICHO y
TaKOMY BHTJISIIL:
— TepeMHYKY JIOIIEHO ITEPEMiCTUTH BIIIBO, SKIIIO
M,-My+M, -M, >1

nep

R /2, (1)
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— HNEPpCMUYKY Z[OLIiJ'II:HO HCpCMiCTI/ITI/I BIIpaBoO, AKMIIO
My-M,-M, +M, >I R /2, )

Jie UISL JOBUTBHOTO S-TO BY3JIa 3 KEPEIOM po3ocepezp1<eHo'1' renepauii M, =1, z R, ,a M, 1 Mp npencra-
Jells

BJISIOTH COOO0 CyMy aHAJIOTIYHUX IMOKA3HUKIB, BU3HAUEHUX 13 ypaXyBaHHSIM BCIX TOYOK ITiIKIFOUCHHS

TeHEePYIOUUX JDKEpeN y JiBiH i npaBiﬁ YacTHHAX KOHTYPY PO3MOAUTEHOI MEPEeXKi, SIKUI pO3TIISAa€ThCS,

M, ZM M, ZM RzziRj,Ml:I,.ZRj,

i=h+1 Jj=1 Jelli
A€ n, m — BIANOBIAHO KUIBKICT BY3IIiB 1 AUISHOK Y KOHTYpIi; Ry — CyMapHUil omip KOHTYPY; Inep — BETMYMHA
CTPYMOBOTO HaBaHTaXKEHHS, 1[0 TIEPEHOCHUTHCS 3 OJIHIET «HAITIBIIETII» KOHTYPY B iHIIMY Y IIPOIieci 3MiHHU CTa-
HIB KOMYTalifHUX anaparis (y AaHomy Bunaiky /.. =1,); j € lli — HOMEp IUIAHKA MEPEKI, SKHii JIEKUTH

Ha NIISXY JKUBJICHHS i-TO By3Jjia HaBaHTa)XeHHs (3a cyTTio M — 1ie 1o0yTok HaBaHTaxkeHHs (P, O, S, ) Ha
OIlip By3Jla MEpEXi 3 3a3HAYEHHM HAaBAaHTAXXEHHSAM 0 [DKEpEsa JKUBJICHHs, TOOTO M € MEeBHUM aHalIoroM
MOMEHTY ).

AHANOTIYHUM YMHOM MOKE OYTH BPaxOBaHO HASBHICTh Y KOHTYPi PO3MOMUIBHOI MEpExKi, SIKUH PO3-
TIIAA€ThCA, 1 3aC00iB aKyMYIIIOBaHHS €HEPril 3 IBOCTOPOHHIM HanpsMKOM ii nepenaBaHag. YMoBH (1) Ta (2)
JTAIOTh MOXKIIUBICT Y TPOIIECi MOCTIHHOTO MOHITOPUHTY PEXUMY PO3IMOALIBHOI JIiHII BU3HAYUTH 3MiHH TO-
TOKOPO3MOITY, KOJM IOMUILHO 3MINCHUTH 3MiHY CTaHy BIANOBIIHUX TUCTAHI[IHHO KEPOBAHUX KOMYTAIliii-
HUX anapatiB. Pa3oM i3 TUM, IpUHHATTS JaHOTO pillleHHS BUMAarae J0AaTKOBOTO aHANTi3Yy.

3. Bupimryerbcs 3aqaya BU3HAUYEHHS palliOHAIBHOI YaCTOTH CHPALlbOBYBAaHHS AMCTaHLIHHO KepoBa-
HuX KA, mprdoMy B HAWIIPOCTINIOMY BHIIAIKY, 3HAIOUH KOMYTAIlIMHANA pecypc BUMHKAUIB 1 PO3PaxyHKOBHUI
nepion Npoekty 7, MOKHA BU3HAYUTH TPAHUYHY KiTBKICTh IXHIX CIIPallbOBYBaHb y Mexax noou. Lle mae mo-
JKJIMBICTD MiJ] Yac MPUUHATTA PIlIEHb HI0A0 AOLUIBHOCTI peKOHQITrypalii po3noAiIbHOT JiHiT B3ATH 10 yBaru
HE TUThbKH (akT BUKOHAHHSA yMOB (1) Ta (2), ayie i TpuBaticTh ® BiMMOBIAHOI 3MiHHA PEXUMY I YHUKHEHHS
MIEPEBUIICHHSI JOOOBOTO JIIMITY KOMYTAIIiH.

Binbm Tpy1oMicTKUI MigXif MOB'sI3aHUM i3 OLIHKOIO €eKOHOMIYHOT €()eKTUBHOCTI OCHALICHHS PO3MO-
IUTBHOT JTiHIT IUCTaHIIHO KepoBaHMMU KA 1 BH3HaueHHS OOTPYHTOBAHOI YaCTOTH IXHBOTO CIIPAllbOBYBAH-
Hs1. 30KpeMa, JUIS M€l MeTH MOKHA BUKOPHCTOBYBATH MOKa3HUK OKYITHOCTI iHBecTutlind («Ol»), mo npencra-
BJIsIE COOOIO BiHOILICHHS BENWYMHU NPUOYTKY (IOXiX 3 ypaxyBaHHSIM 1HBECTHLIHHUX BUTPAT) 10 CyMH iHBe-
CTHLIH, IKUH Y JaHOMY BUIIAJIKy MOKHA IIPEJICTABUTH TAKUM YHHOM

T _18760 B T B I
Zce(1+i) Z(APM)—APA)— Z(KBb+K +ZZ b
Ol =1 A=l b=1 =1 b=1 1+l) 3)

B

S (Ko + Kip +ZZ L

b=1 i=16=1 ( )
Je Ui b-ro BUMHKaya 3 AUCTAHLIIHHUM KepyBaHHSM: Ky, — BUTPATH HAa HOrO MPUAOAHHS Ta BCTAaHOBIICHHS,
Ki, — BuTpaTH Ha iHQOpMaNiiiHy iHppacTpyKTypy; I, — eKCIUTyaTamiiHi BUTpaTH; B — KUIBKICTh AUCTAHIIIHO
KEpPOBaHMX BUMHKaYIB; i — iHnekc iHGusuii; C, — BapTIiCTh BTpAT €NEKTPUYHOI eHeprii; AP;( — BTpaTH MOTY-
JKHOCTI y TIepioj] 9acy A 3a MmovaTkoBil KoH(piryparii Mepexi; AP; — BTpaTH MOTYXHOCTI y TIEpioa 4acy A y
MepesKi MicIsl BCTAHOBJICHHS Y Hil AUCTAHIIHHO KEPOBAHUX KOMYTALlIHHUX anapaTiB.

[Nokazuuk «Ol» B JaHOMy BUNAaAKy BUKOPHCTaHHUHN Ui OOTPYHTYBaHHS MiCLb PO3MIIIEHHS i PEXH-

MiB poOOTH TUCTaHIIHHO KepoBaHUX KA, »KUTTeBUI IWKI (B JAHOMY BHIIJIKY BiH i € PO3paXyHKOBUM Tepi-
onoM 7T) IKUX BH3HAYAETHCS KOMYTAIIITHUM PEeCypcoM 1 3aJIeKUTh BiJl IHTCHCHBHOCTI IXHHOI'O BUKOPHCTAH-
Hs1. OUeBHIHO, 110 L€ MOXKE JO3BOJIUTH NPUHHSTH TpaBUIBHE PIlICHHS i1 Yac MOPIBHSIHHS BapiaHTiB BUKO-
pUCTaHHsI TUCTaHILiHO KepoBaHuX KA, 30kpema, B mpoleci MOpiBHUIBHOI OLIHKK BapiaHTIB paliOHAEHOTO
po3MimeHHs qanux KA B pi3HUX KOHTypax Mepexi. 3a CyTTio moka3HuK «Ol» € yHiBepCalbHIM — BiH «IIpa-
I0E» 32 HAsSBHOCTI SIK EKOHOMIYHOTO e(peKTy, TaK 1 B pa3i BIACYTHOCTI MPUOYTKY NMPH BUKOPUCTaHHI 3a3Ha-
yeHux KA. 3acrocyBanHs OibII TpaguLiifHUX MOKA3HHUKIB THITY «TEPMiHYy OKYITHOCTI» a00 JUCKOHTOBaHHX
BUTPAT iICTOTHO 3BY3UTh MOKJIMBICTh TIOPIBHAHHS BapiaHTIB, SKi MPEACTABISAIOTH CaMe TIPAKTUYHUN iHTepec.
ITpm poMy comif 3a3HaYNUTH, MO HE 3aBXKIH 3aCTOCYBAaHHS HOBHX IEPCHEKTHBHHUX TEXHIYHUX PIIICHb MOXKE
OyTH BHIIpaBJaHE 3 €KOHOMIUHOI TOYKH 30py, TOOTO y HIMX BHIIAJKaX MOKa3HUK TEPMiHY OKYIHOCTi He
«tparroe». Y momiOHNX CUTyamisax (BUXOASAYH 3 IOCBiAY 0araThox KpaiH) pillleHHS MPUIHMAETHCS TUPEKTHB-
HE 3 METOIO IMOYaTKy peaizallii MepcrneKTUBHUX IHHOBAIIMHUX MPOEKTIB, TOOTO Y TaKWX BUITAIKaX (KOJIH
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IHBECTHIII] HE OKyMawThes) BeanmunHa «Ol» Moke mpuiiMaTy HEeraTWBHI 3HaUeHHS. Y OyIb-SIKOMY BUMAJKY,
YUM O1IbIIIe 3HAYCHHS [IHOTO MOKa3HUKA, TUM OUIBII MPUBA0JIMBUM € TOHM 4M IHIIUI BapiaHT, HAIPHUKIIAI, (-
0,4) 6inpire HiX (- 0,6) — e B pasi BiacyTHOCTI pUOYTKY BiJ peamizauii mpoekty abo 0,6 Ginbiie Hixk 0,4 —
3a HasBHOCTI MPHOYTKY).

HeoOximHo 3a3HAYNTH, IO peatizallis JaHOTO eTary BUKOHAHHS I CTpaTerii BUMarae 3HaHHS TIPO-
THO3HMX 3HAYCHb MOTYKHOCTEH HABaHTAXEHb 1 JKEPEN po30cepeKeHoi reHepaitii. Ha mifgcTasi 1ux qaHux
13 3a/JaHUM IHTEPBAJIOM JIUCKPETHOCT] OOUNCIIOIOTHCS! IIPOTHO3HI 3HAYCHHS rapametpis My, My, M, , M, ,
Iyep. SIKIIO JUISA TIPOTHO3HMX 3HA4Y€Hb NEpepaxoBaHMX HapameTpiB ymoBa (1) abo (2) He BUKOHYy€EThCS, TO

HISKUX Jiif 3 KOMyTaIlifHUMHU anapaTaMy He MPOBOIUTHCA. Y pa3i 3a0BOJICHHS OJHIET 3 3a3HAUYCHUX YMOB,
MIPOJIOBXKYETLCS IPOLIEC IMPOTHO3YBaHHS 3HAYCHb HABAaHTAXKEHb 1 MOTYXKHOCTI JDKEPES PO30CepeiKe-

HOi reHepanii 3i 3pocrarounmu M| BumiproBanns|  |nporHos| M| [BumiproBanusi,  |[MPOTHO3|
inTepBanamMu ynepemkenns. Ta- ' R NG ' N e
KAM YHHOM, TI0 CYyTi, HpPOBO- :,’, PN :,’: ° €
JIMTBhCSL «CKaHyBaHHS» MOIepe- g.-"'°'~,__ o e e Ao A o °%
JHBO BH3HAYCHOTO iHTEpBAITY A AR R * o 2o o °

yacy . SIKio BigmoBigHi 3MiHH ¢ e/ ® o o L C)
napameTpiB PexXUMy HOCSThH CTa- _ * ¢ L i ;_'_ _ L _ _‘:_
OlnmpHMI XapakTep (puc. 2), TO 3MIHa TapaMeTpiB HecTadlbHA 3MiHa mapameTpiB cTabinpHa
MOJAEThCS KOMaHIa Ha 3MiHY Puc. 2

CTaHy KOMYTAI[IfHHUX amaparTis.

[Iponienypa nporHo3yBaHHs Bilirpae BaKJIMBY POJib Yy NPUHHATTI pillIeHHs MO0 3A1HCHEHHS mepe-
KOMYTAaIlill y pO3MOINBHIN JiHii, Ka aHATI3yeThCsA. Y 3B'A3KY 3 MM IMPOIMOHYETHCA 3aCTOCYBATH Jalli TaK
3BaHUH «aIalTHBHMITY METOJ MMPOTHO3YBAHHS HEOOXiTHUX IMapaMeTpiB, SIKAW 3MIHCHIOETHCS Oe3mepepBHO Ha
i/ICTaBi BUKOPUCTAHHS PsTy PI3HOMAHITHUX METOMIB [4].

4. Ha npomy erami 3a3Ha4eHOl cTparerii BUKOPHCTaHHS AWCTAHIIWHO KepoBaHMX KA 3arambHy
CTPYKTYpY IpOLEIypPH IPOTHO3YBaHHS MOXe OyTH IPEICTaBICHO HACTYITHUM YHHOM:

Y (t+l)=¢,[t.LY(t=ql)] ., f=1,..,F, q¢=1,....0.

[Micns oTpumanHst (paKTUYHOTO 3HAUCHHS IMPOTHO30BAHOTO TapaMeTpa OIIHIOETHCS TOMHIIKA TPO-

THO3Y & AJs KOKHOTO METOMy, sikuil 3acTocoByBaBcs. Ha HacTynmHOMy Kpoli Hif yac OLiHKM JOLLIBHOCTI
. ) co . *

3MIHH CTAaTyCy KOMYTALIMHUX allapaTiB BUKOPUCTOBYETLCA CaM€ Ta MOJCIIb MMPOTrHO3YBAHHA (¢ , SIKa Ha IIO-

),f= l,..F

Y*(t+nl)=(p*[t, l, Y(t—ql):l, n=1,..,N, g=1,...,0.

V HaBeneHMX BHpaszaxX @y — (QyHKIIis, sIKa BU3HAUa€ KOHKPETHUH METO] MPOTHO3YyBaHHS; I — Killb-
KiCTh MPOTHO3HUX MOJEJICH, sIKi BHKOPHCTOBYIOThCS; / — iHTEpBAJI MPOTHO3YBaHHS; N — KUIBKICTh IHTEPBAIiB
nporHo3yBaHHs ( N =® ); O — KUIBKICTh PETPOCTICKTUBHUX BUMiPIOBAaHb.

TakuM 4rHOM, HaBeIeHA BUILE MTOCIIIOBHICTh PO3paxyHKIB 3a eTarmamMu 1-4 crparerii onTHMaIbHOTO
BUKOPHUCTAHHS y PO3MOAIIBHAX MEpekax MUCTAHIIMHO KepOBaHMX BUMHKAYiB 3 ypaxyBaHHIM iXHBOTO KO-
MyTaliifHOTO pecypcy i 0coONMBOCTEH pPEKUMIB CIIOKMBAHHS Ta TCHEPYBAaHHS CJICKTPHYHOI eHeprii jaae
3MOTy MIiHIMI3yBaTH ii BTpaTH y 3a3HauCHUX Mepekax i, OIoCcepeIKOBaHO, MOKPALIUTH PEKUMH HAIPYTH B
HUX. Pa3om i3 TuM, 3 OrMIsAy Ha JOCUTH BEIHMKHM, ajie Bce ) OOMEKEeHUI KOMYTaliifHU| pecypc i BUCOKY
BapTiCTh, 3aCTOCYBaHHS JWCTAHIIHHO KEPOBAHUX KOMYTANIMHUX anapaTiB Oyne oOTpyHTOBaHO JIMIIe y pasi
JIOCUTH TPUBAJIUX 3MiH HaBaHTAXKEHHA a00 (aKTy YBIMKHEHHS/BUMKHEHHS 3aCO0IB aKyMyJIOBaHHS €HEPTil
(He3anexxHO Bin ocoOnmBocTell iXHBOT POOOTH), a TAKOXK HUKIIYHOT 3MIHM BHXIZHOI MOTY>KHOCTI JpKeper
pO30CepeKeHOl TeHepallii BiAMOBIAHO 3 MPUPOJHUMH J00OBHMH 3MIHAMH DIiBHS COHSYHOI 1HCOJISIIII,
MIBUAKOCTI BITPY Ta T.iHII. SKIO X y Mepeki MaloTh MicIle pi3Ki Ta 4acTi 3MiHM HaBaHTa)KEHHS Ta/ab0 BU-
X1IHOT TIOTYXKHOCTI 3 OOKY aJbTepHATHBHUX JDKEPEJ €HEeprii, TO 3aCTOCYBaHHS TEJICKEPOBAHUX KOMYTAllili-
HUX anapariB BUSBHTHCS €KOHOMIYHO HEOOTPYHTOBAaHMM. Y IIMX YMOBax MOTPiOHI iHIN TeXHIUHI pilIeHHS,
30KpeMa, MOB'sI3aHi 3 BUKOPHUCTAaHHIM 32C001B CHIIOBOI EIIEKTPOHIKH.

@opMyBaHHS «M'SIKHX» TOYOK PO3iMKHEHHSI KOHTYPIiB po3moaiibHOI Mepe:ki. ICHyIOTh pi3HO-
MaHITHI MPOIMO3UIIT 010 3a0e3MeYCHHs HAJIMHOTO W e()eKTUBHOTO (DYHKIIIOHYBAaHHS CHCTEM PO3IOJILITY
SNIEKTPOCHEPTil 3 DKepeslaMi PO30cepe/KEHOI reHepaii Ta il aKkyMyJIIOBaHHS, cepell SKUX PO3TIISIAETHCS

MepeTHBOMY KpOIIi 3a0e3nedyBajia MiHIMaJIbHy TIOXHOKY IPOTHO3Y (s* = min‘a p
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MOXITUBICTh pOOOTH 3a3HAUCHUX MEPEXK Y 3aMKHEHOMY pekumi. I]e aBTOMaTHYHO HAJla€ MOXKIIMBICT ONTH-
MaJIbHUM YMHOM NEPEPO3MOAUTUTH MOTOKH MOTYXKHOCTI, MiHIMI3yBaTH BTPaTH €JIEKTPHUYHOI €HEprii, mpoTe
OJIHOYACHO TaKe PIlICHHS MPU3BOJUTH J0 30UIBIICHHS CTPYMIB KOPOTKOT'O 3aMHUKAaHHS, III0 MOXE MOTpedy-
BaTH 3aMiHU KOMYTaI[ifHOTO OOJaJHaHHS, MiIBUIIYE PU3UK BUHUKHEHHS MacIITaOHUX BiKIIOYEHB, IS
VHUKHEHHSI IKUX Y MEPEKi BCTAHOBIIOIOTHCS TOCUTH CKIIAIHI i BapTICHI IPUCTPOT pEeIICHHOTO 3aXHCTY.
——————————————————————— . V 3B'I3Ky 3 UM B OCTaHHI POKH JTUCKY-
TYEThCS MUTAHHS MIOA0 MOIUILHOCTI i €(heKTUB-
HOCTI 3aCTOCYBaHHS 3aC0O0IB CHIIOBOi €IEKTPOHI-
KH Yy PO3MOIUIBHUX MEpekax HUIIXoM (hopmy-
BaHHS, TaK 3BaHUX, SOff-TOYOK PO3IMKHEHHS iX-
HiX KoHTYypiB (Soft Open Points— SOP) [5].
YcTaHOBKa BIAMOBITHOTO TPHUCTPOIO CHITOBOT
CJIEKTPOHIKH y BY3Ji Mepexi (puc. 3) nae 3mory
o0'eHATH TIepeBard, sSKi MaloTh MiCIle MiJ| Jac
poOOTH PO3MOMITEHUX MEPEK B PO3IMKHCHOMY

I

I :
|
I
I
I
I
|
I
I
I
I
I
|
I
I
I

C : Ta 3aMKHCHOMY peXuMax, 1y TOH K€ 4ac BUITY-
|
I
|
I
I
|
I
|
I
I
I
I
I
I
I
I
I
|
I
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i i
=

YUTH HEJOTIKH KOXKHOTO 3 HUX. 3aMicTh POCTO-
ro yBIMKHEHHS/BUMKHEHHS KOMYTAIlifHHX ama-
pariB y BH3HAYCHUX BY3JIaX PO3MOALIBHOI JiHii
SOP nae MOXIUBICTD IJIAaBHO KEPYBaTH HEPETO-
KaMH aKTHBHOI IOTY)XHOCTI MDK 4YacTHHaMHU
PO3MOAUTHEHOT JTiHII, CIIOXUBATH a00 TCHEPYBaTH
PEaKTUBHY IMOTYKHICTh, PETyJIIOBATH HANpPYTy B
HOPMaJIbHOMY PEXHMi, a TaKOX 3AiHCHIOBATH
1304110 TOIIKOKEHHS Ta BiAHOBIICHHS €JIEK-
SoP | TpOMOCTAaYaHHA B aBapiiHUX peKUMax 1 M Jac
““““““““““““ MPOBEJICHHS IIaHOBUX poOiT [6]. OKpiM BOTO Yy
Puc. 3 PO3MOAITBHUX MEpeXax 3a HasBHOCTI y HHX SIK
CHOXKMBAYiB 3 PI3KO 3MIHHHUM PEXHMOM EJIeK-
TPOCTIOKMBAHHA, TaK 1 PO30CEepPeKEHUX JKEepeN eHeprii, y SIKMX BHUXiJHA MOTYKHICTb XapaKTepU3yeThCs
YaCTHMH KOJINBaHHSMH, BUKOPUCTAHHS BiJTIOBITHUX 3aC00IB CHJIOBOI €IEKTPOHIKH € O€3YMOBHO JOIIITBHAM,
BHUXOJISTYH, TIEPII 32 BCE, 3 BIICYTHOCTI IHEPIIIHHOCTI KEPYBAHHS Ta KOMYTAIliHHUX OOMEKCHD.
VY npuHIHMII PiI3HOMaHITHI 3aCO0H CHIIOBOT €JIEKTPOHIKM MOXYTh OYTH BUKOPHCTAaHI JUIs OpraHizarii
SOP. Sk moka3yloTh NOCTIKeHHS (Hampukiuaf, [3, 7]), HalOUIbII NPUHHATHUM PIIIEHHSIM € 3aCTOCYBaHHS
nepeTBoproBadiB Hanpyru «Voltage Source Convertor» (VSC) tunty «Back-to back» 3 naHkoio mocTiitHOTO
cTpyMy. 3’€IHaHI MOCIIZ0OBHO Yepe3 KOHJIEHCATOP 3 OOKY MOCTIMHOTO CTpyMy 00HBa nepeTBopioBaui VSC
(puc. 3) maroTp 3Mory QopMyBaTH Hampyry 3 OakaHOi aMILTITYIOI0 Ta ()a3HUM KYTOM, IO A€ MOXKIIUBICTb
KEpyBaTH MOTOKaMH aKTUBHOI MOTY>KHOCTI 4epe3 BCTAaBKY MOCTIMHOTO CTpyMy Ta I'€HEpALi€l0 peakTHBHOI
MOTY)KHOCTI Ha 000X WOTO IIMHAX, a TAKOXK 3MEHITUTH MYJILCAIli0 HAMIPYTH 332 PaXyHOK BiAMOBIIHOTO IIif-
kiroueHHst /GBT — monyniB y ckiani VSC. HasBHicTe peakTopiB ¢inbTpa 3 iHAYKTHUBHICTIO L 3a0e3nedye
3aracaHHs BULIUX FapMOHIK, OOMEKCHHS CTPYMiB KOPOTKOI'O 3aMHUKaHHS Ta MOJIETIIy€e KePyBaHHS OTOKaMHU
MOTYKHOCTI.
Xoya MPUHIUIH POOOTH MOJIOHUX NEPETBOPIOBAYIB BiIOMI 3 JOCBiZy 3aCTOCYBaHHS B €HEpPrOCHC-
Temax [8], ogHaK cTpaTeris iXHbOro BUKOPUCTAaHHs y PO3MOAUIBHUX Mepekax Oyzie MPUHIMIIOBO iHIIOKO.
TexuiuHMMH OOMEXEHHSAMH Ui BUKOpUCTOBYBaHUX Y SOP tumy VSC € nomycTuMi HMOTY>KHOCTI
(cTpymm) Ta Hampyra Ha TXHIX IMHAX, a TAKOK BUMOTa JIOTPUMaHHs OallaHCy aKTUBHHX MOTYKHOCTEH

N PVZSC + lesc SSyscus Urse SUpsc s R;j + Bﬁ +AP,, =0, 4)

ne P, P? — HajxomkeHHs aKTHBHOI MOTY)KHOCTi y MpaBy Ta JiBy 4acTHHH KOHTYpY (puc. 3); APsop—

inj ° inj

Tik+1
—]

» VSC-2

| LT

JIPT

IH

BTPAaTH aKTUBHOI OTYkHOCTi B VSC.

VY 3araJlbHOMY BHITaJIKy BTpaTH y KoMIIOHeHTaX SOP BKII0UaloTh y ce0e: BTpaTH B HAITIBIPOBITHU-
KOBUX [MpWIaJax 1 MacMBHUX eJeMeHTax (KOoHJAeHcaTopHa Oatapest i peakropu ¢inbrpiB) VSCIl i VSC2,
TpaHcpOpMaTopax i OXOJIOJPKYBAJIBHIM CHCTEMI NEpEeTBOPIOBAYIB, IO 3aJIe)KaTh HENiHIHHO (KBaapaTUvHE)
BiJl 3HAYCHD CTPYMY, SIKHI MPOTIKAa€e Yepe3 HUX, 30KpeMa, BiJi OOMIHHOT aKTUBHOT Ta PEaKTUBHOI MOTYKHOC-
Tel y Mepexi 3MIHHOTO CTpyMy. [IuTarHs IXHHOTO BU3HAYCHHS PO3TIISTHYTO B [9].
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OcHOBHUH iHTEpecC MPeCTaBIIsIe OOTPYHTYBaHHS ONTHMAaJIbHUX YMOB 3acTocyBaHHS SOP. 30kpema,
y po0ori [7] po3risaanocs JBi MOCTAHOBKH JaHOI 3ajadyi, ITOB'A3aHi, BIAMOBIIHO, 3 MiHIMI3alli€l0 BTpAT ak-
TUBHOI OTYKHOCTI
P’ +0}
_ k k :
AP=Y" R, ~—=£ 4+ AP,,, - min, (5)
Uk
Jie k — HoMep JUISHKH JIiHiT,

a TakoX MiHIMI3aIlier0 HeOaIaHCy HaBaHTAXKCHb JIiHIT
2
I, .
LBI = Z — | > min,
k ] ku

ne I i I — pakTHuHUE 1| HOMIHATBHUHN CTPYMU k-1 AUISHKY JTiHIT BiIIOBITHO.

Toni onrumanbHi apamerpu podotu SOP BH3HAYAIOTHCS Yy IMpOleci MiHIMI3alii HinboBoI QyHKIiT
VA [PSC > QS'J.W., QSJJ.W. ]T , B IKy BKITFOUEHO OOMEXEHHS 10 Hampy3i y By3/ax 1 CTpyMax Ha JUITHKax y Gopmi
BiIMOBiAHUX MITPaQHUX QYHKIIIH.

Pazom i3 TuM, OTpuMaHe pilIeHHS HE MOXKHA BBa)XKaTH AIHCHO ONTUMAalbHUM, OCKUJIBKH Y JaHOMY
BUTAIKY HaWOIIBIINIA IHTEpeC MPeICTaBIIsiE MiHIMI3allis caMe BTPAT eJIeKTPUYHOI EHEeprii, a He MOKpaIleHHs
OKpEMHX XapaKTepPHCTHK peXuMy. TOMy, Ha BiIMIHY Bifl ICHyIOUMX JIOCHI/PKE€Hb, TYyT MPOMOHYETHCS HOBA
cTparerist kepyBaHHs SOP, 3TiIHO 3 KOO Y KOKEH MOMEHT 4acy B KOHTYDi 3a0€3MeUy€eThCsl 3HAUCHHSI TOTO-
KOPO3MOAITY MaKCHUMaNbHO OJMU3bKE 0 TOTO, sIKe Majo O Micue 3a HasBHOCTI HOTr0 IBOCTOPOHHBOTO >KUB-
neHHs (TOOTO MM 9ac poOOTH y 3aMKHEHOMY PEKHMi). Y ITbOMY BHITAIKy KOHTPOJIb 3MIHCHIOETHCS 33 HaBaH-
TaXCHHSM OJHI€T 3 NUITHOK MEpEexi, 1o € cyMikHOW 10 SOP. Hebananc Mixk (pakTHUHUM HaBaHTaKCHHSM
Ha IUIAHLI Ta i1 6a)KaHUM 3HAYSHHSM (TUM, SIKE Masio OYTH MiJ yac poOOTH y 3aMKHEHOMY PEKUMIi) KOMIIECH-
CYETHCS TOJATKOBOIO TEHEpaIli€ro (MMO3UTUBHOIO a00 Bix eMHOI0) 3 60Ky SOP. OKpiM IIhOTO, OTPUMaHHUI
TaKUM YHHOM PEXUM POOOTH KOHTYPY PO3MOIIUIBHOI MepeKi aBTOMaTHYHO OyJie 3a0e3medyBaTH B HbOMY U
HAMOIBII COPUSTIUBUHA PEKUM HANPYTH.

BaxxnuBo Bim3HAUYNTH, 0 32 HASBHOCTI Y MEPEXi HKEPEN po30cepeKeHO01 TeHepailii, ocTaHHi B Oa-
raTbOX BHUIAJKaX T'€HEPYIOTh Y MEPEXY TiJIbKM aKTUBHY IOTYXHICTb. TOJ1 MOXXJIMBI PEXUMHU, KOJIH TOUKU
MOTOKOPO3MOAITY MO aKTHBHIN 1 pEaKTUBHIM MOTY>KHOCTSIM He 30iratumyTbes. TexHomnoris SOP nae 3Mory
BpaxyBaTH MOAIOHY CHTYyalil0 3a PaxyHOK HE3aJeKHOCTI KEpyBaHHS I'CHEPALi€l0 aKTMBHOI Ta PEakTHBHOI
noTykHocte. OMHAK, TPH bOMY 3a0€3MEeUUTH ONTHMAJIBHI IIOTOKH MTOTYKHOCTI OJHOYACHO Ha 000X CyMi-
XKHHUX 10 muH SOP miisiHKax y cuiy (4) HEMOXIUBO. SIKIIO PillIeHHS, K€ OTPUMYETHCS Y BUIAIKY, KOJIU
3a0e3Meuy€eThcsd ONTHMANbHE HAaBaHTAKEHHSI TUTBKM Ha OIHIHM i3 cyMiKHHX 10 SOP ninsHKax Mepexi, He
3aJJ0BOJIbHSIE KOPUCTYBaya, TO 3a1a4a GOpPMYyeThCS Ha KIITanT (5), 10 AacTh 3MOTY BH3HA4YaTH MOTOKOPO3-
oI Ha 000X JUISHKAX MEpEexi, 10 MPUMUKATH 10 SOP, 1 OCTIIOBHO PEXUMHU POOOTH 3a3HAUCHUMU
V'SC y miporieci pillieHHs BiAMIOBIAHOT onTUMi3aniliHOI 3aaa4i. BripoBapkeHHsT HaBEACHOT CTpaTeETii T03BOJISE
YHUKHYTH HU3KU TEXHIYHUX MPOOJIEM Tl Yac MIMPOKOI iHTerpaii aJbTepHATHBHHAX JIKEPEN €HEeprii 3 MiH-
JUBUAM 1 BaXXKKOTIPOTHO30BAHUM 3HAYEHHSM BUXITHOI TTOTY>KHOCTI B PO3MOILUTHHI Mepexki, OTHOYACHO 3a0e3-
NeYyr0Ud HaHO1IbII epeKTUBHIA PEXUM TXHBOT POOOTH.

3po3yMino, 10 BIPOBAKEHHS JOCTATHBO JOPOTHMX HOBUX TEXHIYHHMX DILIEHb 3aAJsl MiABHIICHHS
e(heKTUBHOCTI KePYBaHHI PEKUMaMH PO3MOAUTEHAX MEPEK HEe MOXke OyTH OOTPYHTOBAHO JIMIIE 3 TIO3MITii
3MEHILEHHS BTPAT eJIeKTpU4HO1 eHeprii. s miel Met Mae OyTH OIHOYACHO BPaXOBaHO OKPIM CYTO TEXHid-
HHUX TOKa3HUKIB i Taki (akTopH SK MiABHLICHHS MPOIMYCKHOI 3MaTHOCTI €NEeKTPUYHUX MEPEXK, BIITEPMiHY-
BaHHS HEOOXITHOCTI iXHBOI PEKOHCTPYKIil, 3HaYHE MOIIUPEHHS (YaCTO HEKOHTPOJHOBAHE) BUKOPHUCTAHHS
aJTbTEPHATHBHUX JDKEpPET €Heprii Ta HeoOXiTHICTh BIPOBAKCHHS TTOTYKHHUX CHUCTEM 11 HAKOITMYEHHS 3 TBO-
HaNpsMJICHUMH IIEPETBOPIOBAYaMH IS 3a0€3MEUCHHS] EHEPTeTHYHOro OanaHCy B CHCTEMI MiX €HEpri€lo, 1o
TeHEPYETHCS BIAHOBIIIOBAHUMH [DKEPETIAMHU CHEPTIEI0 Ta CIIOKUBAETHCS HABAHTAKECHHSM, TOKPAIIEHHS €KO-
JIOTIYHOI CKJIAIOBOI Ta PsIJ 1HIIHX.

BucHoskm.

1. IlommpeHHs! BUKOPUCTaHHS PO30CEPEIKEHNX HKEePEN reHeparii Ta 3aco0iB akyMyJIIOBaHHsI eHep-
Tii y CTPYKTYpi pO3MOAUTHPHIX MEPEXK POOUTH Maoe(heKTHBHUMH ICHYIOUI IMAXOMN 0 BHUPIIICHHS 3aBIaHb
TUIaHYBaHHsI Ta KepyBaHHS IXHIMU peXKUMaMH, 30KpeMa, BUOOPY ONTUMAIBHUX MIiCIb PO3IMKHEHHS.

2. 3ampomnoHOBaHO Ta OOIPYHTOBAHO MiAXil, AKUH Ja€ 3MOTY BU3HAUWTH CTPATETiIO0 pallioOHATBEHOTO
BUKOPHUCTAHHSI JUCTAHLIHHO KEPOBAHMX KOMYTALIHUX amapaTiB, 10 3 ypaxyBaHHSIM IXHbOTO KOMYTalliiiHO-
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TO pecypcy I03BOJISIE pealli3yBaTh IWHAMIYHY PEKOH(Irypallito KOHTYpPiB PO3MOAIIEHOI MEpeki 3 METOI0
MiHiMi3amii BTpaT eJIeKTpoeHeprii 3a MUKIIYHOT 3MiHU HaBaHTaXXEHHS a00 BUXIJTHOI MOTY>KHOCTI po3ocepe-
JDKEHUX JKepell TeHepalii eHeprii Ta 3aco0iB ii akyMyIoBaHHSL.

3. OOrpyHTOBaHO OCHOBHI YMOBH JIOLIJIBHOCTI 3aCTOCYBaHHS 3ac00iB CHIIOBOI €JIEKTPOHIKH Ta PO3-
poOJIeHO HOBHUH MiAXiT IO KEpYBaHHS iXHBOIO pOOOTOIO Imix 9ac (JOPMYBaHHS, TaK 3BAHUX, «M'SKUX» TOYOK
PO3MUKaHHS PO3MOAUILHHX JIiHIH, 110 1a€ MOXKJIMBICTB 32 30epeKeHHs PO3IMKHEHOI TOIOJIOT1T Mepex 3a0e3-
NEYUTH HE3aJeXKHEe pallioHaJbHe KepyBaHHSI NOTOKAMHU aKTHBHOI Ta PEAKTHUBHOI MOTYKHOCTEH y peanbHOMY
gaci, OMepaTUBHO Pearyrodd Ha 3MiHH PEXUMIB €JIEKTPOCIIOKUBAHHS Ta JIOKAJLHOT TeHeparlil eleKTpHIHOT
eHeprii s MiHiMizamii i BTpar.

4. 3ajuis BIPOBAXKCHHS! HOBHUX TEXHIYHHMX 3aC00iB Ha IUIAXY peaii3auii HaBiTh OKPEMHX KOMIIOHE-
HTIiB BimoMoi koHuenuii «Smart Gridy po3poOJIeHO BiANOBIIHY METOAUKY €KOHOMIYHOIO OOIPYHTYBaHHSI
TaKUX PillleHb, KA Ja€ 3MOTY 00’ €KTHBHO BPaXxOBYBAaTH MO3WUTHUBHI HACTIIKH IXHBOTO BIPOBAKEHHS, TIPU-
HAWMHI, 3 TIO3MIIIN MiBUIIICHHS TOKA3HUKIB HAJ[IHHOCTI Ta €)EKTUBHOCTI EIEKTPOIOCTaYaHHS, IIOKPAIICHHS
SIKOCTI €JIEKTPUYHOI eHEeprii 3a HapyTroro Ta iH.

Pobomy suxonano 3a docosopom Ne H.E.1.3.-19/279-20 «Po3pobrenns mamemamuuHux ma iMimayiiiHux mooenetl 6u-
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Hasedeno mamemamuuny moolens, wjo onucye menio-macooOmiH 6 iHOYKYIlHill KauanbHiti neui. Ha npuxnaoi
060¢pasnoi’ KananrbHOi neyi 3i CMAHOAPMHOI QOPMOIO KAHANIE PO32NAHYMO 6NAUE (ha3068020 Kyma 3Cy8Y MidxC
HANpy2amu, wo JHCUBIAMs IHOYKMOpU nedi, Ha Meniogull Cmam piokoeo Memary. Busnaueno 3uaueHHs ybo2o Kyma, siKi
3abe3neuyioms MIHIMATbHUL Nepespié po3Nniagy 6 KAHAAAX GIOHOCHO 6aHHU nedi. 3anponoHO8AHO WISAXU IHMEH-
cugikayii menno-macoodMminy 6 0soghasnill kananvriu neyi. biomn. 9, puc. 4.

Knrouosi cnosa: innyKiiiina KaHaIbHA 114, CHCTEMa CIICKTPOKHUBIICHHS, MATEMATHIHE MOJICITFOBAHHS.

Iaaykmiitai kananeHi medi 3aBasiky BucokoMmy KKJI 3HaHUTIUM mMIMpOKe 3acTOCYBAHHS JJIS TUIABJICHHS
pi3HOMaHITHUX MeTanmiB Ta craBiB. OCKUTBKM Taki Tedi 3a0e3neuyloTh He3HauyHe OKUCICHHS 1
BUIIAPOBYBAHHS METaly, TO IXHE BHKOPHCTaHHS IOIJIbHE, B IEpIIy 4Yepry, y TUX BHIAIKaX, KOJIH JIO
MeTaiy, 110 BHUIUIABIIAETHCS, TIPS ABIISTIOTHCS BHCOKI BIMOTH, 30KpeMa 3a MiHIMaJbHUMH Ta30BMICTOM Ta
BMICTOM HEMETaJeBHX BKItOUYeHb. Came TOMY BOHHM IIMPOKO BHKOPHCTOBYIOTBCS IUIsl TUTABJICHHS Mifi i
CIUIaBiB Ha i OCHOBi, OCOOJMBO KOJNM MOBa #ae MPO OTPUMaHHS OE3KHCHEBOI Milli, SKa CIYXHTb JUIS
OTPUMaHHS BUCOKOSKICHOT METaIeBOi MPOAYKIIii, 30KpeMa eIeKTPUIHHUX MPOBiTHHKIB [1].

Ha puc. 1 HaBeneHo ecki3 OJHOTO i3 BapiaHTiB Takoi medi, a came: ABogasHa miu tuny [JIK-1.2,
NpU3HaUYeHa AJs TUTaBJICHHS Mifl 1 pi3HOMaHITHUX CIUIaBiB Ha 1l OCHOBI (JaryHei, Opon3 Tomo) [2]. Iliu
CKJIQ/IAETHCS 3 OOJIMIILOBAHOT )KAPOMIITHOIO IIETJIO0 BaHHM [/, B SKili 3HAXOIUTHCS OCHOBHA Maca PO3ILIaBy,
Ta IHIYKIIHHOTO HArpiBaJbHOTO OJIOKY (IHAYKIiitHOI OofwHMIN) 2, IO 3HAXOAWTHCS I BaHHOM. 3a
HpI/IHHI/IHOM Iii meit 6ok Haraaye eJNEKTPUYHUH TpaHc(opMaTop, BTOPHHHA OOMOTKA SKOTO SIBJISIE COOOIO
KOPOTKO3aMKHEHHH BUTOK PIIKOTO MeTally, SKUH Ha3HBaroTh
IHOYKIIAHAM KaHatoM 3. Y 1[bOMy KaHall 3a JOIIOMOTOIO
KOTYyIIKA (iHAyKTOpa) 4 13 3aMKHYTHM MAarHiTONPOBOAOM J
HABOJUTHCS CNIEKTPUUHUH CTPYM, SIKUH 1 HarpiBa€e piAKUi MeTal.

ITiu Ha puc. 1 Mae y cBOeMy CKJIaJi JBa KaHAJ M Ta JBa
IHIYKTOPH, SKi XUBJATHCSA B 3araIbHOMY BWIIAJIKYy PI3HUMH 32
¢azamu Hanpyramu. CTIHKH iIHAYKIIHHUX KaHANIB HAarpiBajJIbHOTO
Omoky QopMmyroTeCcs B Tporeci 3amycKy (BBEIEHHS B
eKCIUTyaTalio) TIedi 3a paxyHOK CITIKaHHA Ha BiAMOBITHY
TOBIIMHY MOJIOTOT'O KBapUUTy 6 3 YTBOPEHHSM MOHOJITHOT'O
KBapuuty 7. JIisi HbOr0 BUKOPUCTOBYETHCS MiJHHUN IIAOJIOH, 110
3a (hOpMOIO 1 TEOMETPUYHUMHU PO3MipaMu B TOYHOCTI BiTIOBiJa€
i N KaHAJIBHIM YacTUHI Tedi, sSKuil QyTepyeTbcs B Kapkaci OJOKY
M \ IM] MOJIOTUM KBapuuToM. CrikaHHS KBapUUTY BiIOyBaeThCcs 3a

7 6 PaxyHOK IHIYKI[IHHOTO HarpiBaHHS 3a3HAYEHOTO MIAOJIOHA, KUK
TTOTIM TIOBHICTIO PO3ILIABIISETHCS.

s teroizonAnii mewi MeTajeBi KapkacH BaHHU Ta

IHAYKIIHHOTO OJIOKY 3 BHYTPIIIHBOTO OOKY OKJICIOIOThH JINCTOBHM a30ecToM (Ha PHCYHKY HE ITOKa3aHo).

Puc. 1

© boupap O.1., I'nyxenskuii O.1., lopucnasens FO.M., 3ananunuyk O.I1. 2021
ORCID ID: * https://orcid.org/0000-0002-1678-8862 ; **https://orcid.org/0000-0001-5053-5677 ;
***https://orcid.org/0000-0003-1668-4972 .
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OxkpiM TOTO, MiXK KapKacoM BaHHH Ta >KAPOMIITHOIO IIETJIO0 JTOJIATKOBO 3aCHITAEThCH AiaToMiT §. BHyTpimHi
npopizu (OTBOpH) IHIYKIIHHOTO OJOKY, B SKHX PO3MILIYIOTBCS iHAYKTOPH, (HOPMYIOTECS 3a JOIOMOTOO
eTePHITOBHUX LIIIHAPIB 9, Ki 3 METOI0 OXOJOIKEHHS MPUMYCOBO 00yBalOTHCS TOBITPSIM, SIKE PYXa€ThCs B
3a30pi MK UITIHAPAMHU Ta KOTYIIKaMHU.

B imgykmifiHii KaHANBHIA Tedi, SK BHUOHO 13 ii KOHCTPYKTHBHHX OCOOIHMBOCTEH, 00'emm, e
BUJUIAETHCS TEIUIO 1 3HAXOMUTHCS METall, M0 MiAJIArae IUIABJICHHIO, NMPOCTOPOBO po3'eqHani. OCKIIbKU
nepeBakHa YacTHHA TeIUla B M€Yl BUAUIAEThCS B KaHalax, a IUIABJICHHS 3IIHCHIOETbCA Yy BaHHI, TO
TeMIIepaTypa MeTady B KaHajaX 3aBXIW BHUINA, HDK Yy BaHHI. PI3HUIIO IUX TeMmmeparyp Ha3HUBalOTh
neperpiBoM MeTany B KaHajax. BakIMBOIO 3aj1adero JUis TaKuX Iedeld € 3MEHIICHHS IbOTo MeperpiBy 3a
paxyHoK iHTeHcH(ikauii TemmooOMiHy MK KaHalmaMd 1 BaHHOIO medvi. 3a HEAOCTATHBOI ePEeKTHBHOCTI
nepefavi Temja MeTajd B KaHAJIbHIM YacTHHI Hedi MeperpiBaeTbes, 10 MPU3BOOUTH A0 3aBUIICHUX BTPAT
EHeprii Ta mepeayacHOro BUXOAY Tedi 3 JIay.

OpnHuM 3 HAWOLTBIN JieBUX 3ac00iB iHTEHCH]IKAIll 3a3HAYCHUX MPOLECIB € CTBOPCHHS B KOKHOMY
KaHaJll Iledi TaK 3BaHOi TPAaH3UTHOI Tedii piAKOro MeTaiy, 3a sIKOI0 METaj 3 BaHHM HaJXOAUTh B KaHAJ depes3
OJlHE THpJIO, a 3ajJMIIae Horo uepe3 iHIEe, THM CaMUM 3MYIIye€ KOKHMHM KaHal BUKOHYBaTH ()yHKIIiO
NPOTOYHOrO HarpiBada. Takuii pyX Meramy Ja€ 3MOTY ICTOTHO 3HU3WTH IEPErpiB MeTaly B KaHauax Io
BiZJHOILIEHHIO IO BaHHH, 1110 B CBOIO YEPTy HAJa€ MOXIUBOCTI 30UIBILIUTH pecypc poOOTH Medi, MiABUIINUTH 11
KK/l Ta 3HW3UTH TIMUTOMI BUTpaATH eneKkTpoeHeprii. Bimomo [3], mo CTBOpUTH 3a3HAYEHY TEHil0 METaly B
IHAYKIIHHAX KaHABHUX Ie4aX MOMJIMBO 33 PaXyHOK BHKOPHUCTaHHS HECUMETpUYHHX (OpM KaHaiB abo
JKUBJICHHS iX BiJ] CIIENiaJbHUX, 30KpeMa HECUMETPUUHUX CHCTEM HANpPYTH y BUMAAKY OaraToa3HUX MedeH.

3agaya nbOTO JOCIHTIHKEHHS IOJIATAE Y BU3HAUSHHI MOXIIMBOCTI iHTeHCHDIKaIli] Ter10-Maco0OMiHy
B IHOYKIIWHIA KaHAJIBHIA Tedi 3a paxXyHOK BHUKOPHCTAHHS APYroro i3 3a3HadeHWX (akTopiB, TOOTO 3a
PaxyHOK HECHMETPUYHOTO >KUBJICHHS, 3 METOK) POOOTH € NOCII/HKEHHS TEIUIOBOTO CTaHy Medi, 30KpeMa
BU3HAUEHHs IEPerpiBy MeTaly B KaHaJaX Ta BCTAHOBJCHHS BIUIMBY Ha HBOTO (a30BOro KyTa Mix
Halpyramy CUCTEMH JKHUBJICHHS.

JlocipkeHHsT bOTO MUTAHHS MPOBOAMIIOCS Ha NMPHUKIaAl 1Bo(ha3HOI KaHAIBHOI Iedi 3 KaHalaMu
cTangapTHOi ¢opmu (KOH(}irypaumii) HOUIIXOM TPUBUMIPHOIO MAaTEeMaTHYHOI'O MOJENIOBAHHS EJIEKTPO-
MarHiTHHX, TiAPOAMHAMIYHUX 1 TEIUIOBHX HpoueciB. 3aais AOCSITHEHHS IIOCTaBJIEHOI METH OIHMCaHO
MaTeMaTHYHY MOJIENb AOCIiIPKEHHS 3a3HAYEHHUX TPOLECIB.

YactuHy wLi€l MOzeni, sIKa ONKMCY€E €NEeKTPOMArHiTHI MpOLEecH, MpeAcTaBieHo y podoti [4]. Bona
NpeACTaBlIeHa y BUITLIAI CHCTeMH AW(EpeHLiadbHUX PIBHAHB Ul KOMIUIEKCHUX aMILUITYyA BEKTOPHOTO
MarHiTHOTO 1 CKaJsIpHOTO E€JCKTPUYHOTO TOTEHITIAIiB Ta IHTErPaJbHOTO PIBHAHHSA OajmaHCy HAIpyT IS
KOJKHOTO 1HIYKTOpa 3a IMOCTiHHOi BiIHOCHOI MarHiTHOI MPOHHWKHOCTI MarHiTOnpoBoiB. Taka MOCTaHOBKa
Ja€ 3MOTY 3HaXOJUTH PO3MOJIiN €JIEeKTPOMArHiTHOTO MOJIs B MeYi K 3a 33JaHUX CTPyMax, Tak i Hampyrax Ha
iHIyKTOpax. EnekTpomaruiTHa 3amada po3B’s3yBajiacs B O€31HAYKIIIHHOMY HAaONFMIKEHHI, OCKUTHPKHA BHECOK
SJIEKTPOPYIIIHAX CHJI, II0 BUHHUKAIOTH 32 PaXyHOK pyXy MeTaily, il yac poOOTH medi Ha MpPOMHUCIIOBIH
4acTOTi € He3HayHWM. B pesynbpTari BHUpIlICHHsA wLi€l 3agadi OTPUMAHO PO3MOALT 00’€MHHX €IeKTpo-
MarHiTHHX CHJI, IO 3yMOBJIIOIOTH PYX PIAKOTO METaly B Hedi.

[Hma gactuHA MOJENi, TOB’sA3aHa 3 TiAPOIWHAMIYHUMH IMPOIECaMH B TI€di, SBJSE COOOI0 CHUCTEMY
HeiHiHHUX AudepeHniansHuX piBHAHb Hap’e-Crokca, siki ONHMCYIOTH Tedilo B’SI3K0i TypOYJIEHTHOI piIUHU.
Po3paxyHOK TiqpoIuHaMiK/ 3 BUKOPUCTAHHSIM IIMX PIBHSIHB Y NaHii poOOTi BUKOHYBABCS IUIS CTAI[iOHAPHOTO
PYXY PIIKOTO METaIy B IIedi, 3yMOBJICHOTO €JIEKTPOMArHiTHIMH CHIIaMH, 3 BukopuctaHHsaMm SST (shear stress
transport) mozaemi TypOynaeHtHocTi [S]. Ll Monmenb noenHye B coOl mepeBaru ABOX Mojeiel TypOyIeHTHOCTI:
k-€ Ta k-. Mogenb k-o B Hilf BAKOPHCTOBY€ETBCS JUTsl BHYTPILIHIX YaCTHH MPUTPAHUYHOTO LIAPY, IO POOUTSH il
Oe3nocepeHbO 3pYUHOIO U1l BUKOPUCTAHHS y B'si3koMy mifmapi. Y BineHoMmy motoui SST mepexonmuts Ha
MO/IeITb K-€ 1 THM CaMHM YHHMKA€ThCsl 3arajibHa mpoodiiema Mozeni k-, sika 3aHaTo YyTJIMBa J0 BIACTUBOCTEH
TypOyJIEHTHOCTI BIIBHOTO MOTOKY. ABTOpH, SIKi BUKOPHUCTOBYIOTH Moaenb SST, yacTo 3a3Ha4aroTh il Xopoury
MOBENIHKY 3a HECIIPUSTINBUX TPATi€HTAX THCKY Ta PO3IUTIOBAIBHUX MOTOKAX.

MeTonuKN YHUCETTHFHOTO PO3PAXYHKY €IeKTPOMATHITHOI 1 TiAPOAMHAMIYHOI 337a4 JETATHHO TPEICTABICHO
y TIoTIepeiHIX poboTax aBTopiB [4, 6]. Jlari 3ynmMHAMOCS JIUIIIE Ha OCOOIMBOCTSIX IOCTAHOBKY TETUIOBOI 3a/1a4i.

[lin wac mocmimkeHHs e(EeKTUBHOCTI TeIIO-MacoOOMiHY B IHIYKIINHIN KaHaNbHIA medi
MOJICITIOBABCST HECTAI[IOHAPHUH MPOIIeC HAarpiBaHHSA B MUl pO3IIIaBy Mili A0 pobodoi Temmepatypu 1473 K
(1200 °C). 3a mouaTkoBy TeMmmeparypy poO3ILIaBy MpHiiManacs TeMIeparypa miaBieHHs Mini e, = 1357 K
(1084 °C). Po3paxyHOK pO3MOJiIy TeMIepaTypH MeTaly y BaHHI Ta KaHANbHIi 4acTHHI medi MPOBOAMBCH 3
BpaxyBaHHS IIOJIA IIBUIKOCTEH, sfke OyJI0 OTPHUMaHO IiJ 4Yac BHUpIMIEHHS TigpOAMHAMIYHOI 3ajadi.

ISSN 1607-7970. Texn. enrexmpoounamixa. 2021. Ne 3 45



Po3paxyHok Temonepenadi B Imedi BUKOHYBABCS ISl BCIX ii KOHCTPYKTUBHHX €JIEMEHTIB 332 BHHSITKOM
IHAYKTOPIB, SIKi OXOJIO/KYIOTBCS BOJIOIO, Ta MAarHiTonpoBofiB. [loyaTkoBuili po3monin TemrmeparypH
KOHCTPYKTHBHUX €JI€MEHTIB Iedi ((PyTepoBKH, TEIIIOi30MALIl Ta iH.) BU3HAYaBCAd LUISIXOM MOMEPEIHBOTO
pO3paxyHKy CTalliOHapHOI TEIIOBOi 3a/1adi i3 3aJaHOI0 TeMneparyporo ¢, Ha BHYTPIIIHIX MOBEPXHSX
CTiHOK, III0 KOHTAKTYIOTh 3 PO3IIIIABOM.

B 3arampHOMY BHTISAI JUIE MOJCNIOBAaHHS TEIUIOBUX TMPOIECIB B I€Yi BHKOPUCTOBYBAJOCS
HecTalliloHapHe PIBHAHHS TEIUIONPOBITHOCTI 3 BpaxXyBaHHIM PyXy PiIKOTO MeTaiy

pC,0T [0t +pC,u-VT =V (At VT) +q,

ae p — ryctuHa; C, — NUTOMA TEIUIOEMHICTh; 7' — abCONIOTHA TeMIeparypa; U — MIBHIKICTh PyXy PiAKOIo
METaNy; Aerr — KOSQIIIEHT e(eKTHBHOI TEIUIONPOBIIHOCTI; ¢ — BHYTPILIHI JpKepesa Teria, 00yMOBIECHI
OPOTIKaHHSAM B MeTalli iHAyKOifHOrO cTpyMmy. BBenmeHns B piBHsSHHSA KoediuieHTa edeKTHUBHOI
TEIIONPOBIHOCTI Ja€ 3MOTY BpaxyBaTH JIOJAaTKOBY Iieperady TEIUIOTH 3a paxyHOK TYpOYJICHTHHX
MyJIbCAIli, IO BHHHUKAIOTH 3a TypOYJNIEHTHOTO pyxy posmiaBy. lle#t koedimient, sk BimoMo, Mae
MOJIEKYJISIpHY A 1 TypOyJIeHTHY A; CKJIAIOBI, TOOTO A = A + A. JlokaipHiI 3HaueHHS A, BU3HAYAIUCS 32
pe3ylbTaTaMy T1IPOJUHAMIYHOTO PO3PaXyHKY V BiAOBIIHOCTI 10 BHpa3y
A, =T]th/Prt ,

Iie 1, — TypOyJIeHTHa JMHAMIYHA B'S3KICTh pimkoro merany; Pr, — TypOynentHe gucio IIpanaris, po3momait
SIKOT'0 3HaXOAuBCs BianmoBiaHo 1o mozaeni Keiica-Kpaydopna (Kays-Crawford) [7].

Po3paxyHOK sIK cTaliOHapHOI, TaK i HeCTAlIOHAPHOI TEIUIOBHX 3a/1a4 MPOBOMBCS Y JIHIAHIN MOCTaHOBL] —
KOe(IiEHTH PpIBHAHHSA TEIUIONPOBITHOCTI TpUIMaNVCs HE3aJIeKHUMH BiJl TEMIIEPAaTypH, OCKUIBKA BOHA
3MIHIOBaJIACS B MPOLIECI HArPiBaHHS B HEBEJIMKOMY Jliara30Hi. 3HAUYCHHS (Pi3UYHUX XapaKTePUCTHK MaTepiaiiB, 10
BUKOPHCTOBYBAJIUCS Y TIPOLIECI PO3PAaXYHKY TeIIONepeaadi, HaBeIeHO Y TaOuIIi.

oo | M| W | Ko | Ko | e o | i | crn
A, Bt/(MK) 163 1 0.35 3 0.12 0.15 0.3 19
C,, Jx/(xr-K) 495 1050 700 1050 1500 840 1500 540
P, Kr/M® 7960 1850 2680 2201 2500 1850 2500 7950

KoHBexkTHBHUI TETJIOBHI NOTIK B HABKOJIMIITHE CEPEIOBHILE YE€PE3 CTIHKH Medi PO3PAaXOBYBABCS SIK

Peon zh'(T_Text)a
ne h — xoedimient TermoBiiadi; Tey — TEMIIEpaTypa HaBKOJWIIHBOTO CEpe/IOBHINA. 3HAYCHHS KoedillieHTa
TEIUIOBIIayl Uil Pi3HUX TOBEPXOHb i YMOB iXHBOTO OXOJIOJPKEHHS PO3PaxOBYBAJIKCS Y BIiANOBITHOCTI 3
pobotoro [8].
KpiM KOHBEKTHBHOTO TEIUIOOOMIHY Yepe3 BIAKPHUTY HMOBEPXHIO PIAKOTO METaNy y BaHHI JOJATKOBO
BPaxOBYBaJIUCS IIe i BTPAaTH TEIUIOTH 32 PaXyHOK BHIIPOMIHIOBAHHS 3TiJHO BHpa3y

. 4 4
Pa = 86SB (T _Tz;mb )’
fie € — kKoedilieHT BUNPOMIHIOBAHHS PifKOTO MeTany; Gy, =5.67-10"° Br/(M>K*) — mocriiina Credana-
bonemana, T, — TEMITEpaTypa HaBKOJIHUITHBOTO CEPEIOBUINA Y BaHHI (HAJ PiTKHM METAJIOM).

Buxigni gaHi s MOAETIOBAaHHS T4l MPHUMATIKNCS TaKUMH, K 1 B pobotax [4] Ta [6]. O0’em
posmmaBieHoro Metamy (Mifi) y Banni neui ckmanas (1.04x0.67x0.45) M°, B kaHamax iHAYKIiHHOTO 610Ky —
0.04 M’; BHYTpiIHIif KiamMeTp kaHaTiB (KOpoTKo3aMKHEeHHX "BHTKIB") — 0.51 M, ixHiii monepeunuii mepepis —
(25%100) Mm>. Po3mipn KOKHOTO iHIyKTOpa: cepeniit aiamerp — 0.32 M, moBkHHA — 0.62 M, YHCIIO BHTKIB
iHAyKTOpa — W = 45. MoaenoBaHHsl eJIEKTPOMArHITHOTO TOJIS TIe4i TPOBOAMIOCS 3a 3aJaHUX aMIUTITYJHUX

3HAYCHb HANPYTH HA iHAyKTOpax U =+/2-500 B na wactoti 50 I'm ans pisHEX 3HaYeHb (Pa30BUX KYTIiB
MK Hampyramu Ha iHAyKTopax. BiTHOCHa MarHiTHa MPOHUKHICTh MarHiTOIIPOBOIIB NpUiManacs IOCTIHHOO
1= 1000. BtpaTamMu B MeTaneBUX KapKacax Iedi HeXTyBaJocs.

Kpim Toro, ans 1miei 3amavi nmpuiimMasocs: TeMIepaTypa HaBKOJIWIIHBOTO CepeqoBUINa — 1o = 293 K,
TeMIeparypa y BaHHI HaJ PiIKAM MeTalioM — Ty, = 473 K, koedirtienT BunpomiatoBanas — € = (.15, ToBImmHN
eTEepHITOBMX IMJIIHAPIB 1 JuCTOBOrO azdecty — 10 MM, TOBIIMHA CTIHOK KaHAIB (MOHOJITHOTO CIICYEHOTO
KBapIuUTy) — 25 MM, IIBUJKICTh TIOBITPSI, 110 00/TyBa€ eTepHITOBI mutiHapy, — 10 m/c.
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MogenioBaHHS BUKOHYBasocs B mporpamMHoMy cepenoBuini Comsol Multiphysics [9]. Anroputm
po3paxyHKy mpuiiMaBcsi TakuM. CriouaTKy Ajisl MPHAHSATHX BHUXIIHUX JAHHUX IOCIIZOBHO pPO3B’S3YyBaJUCS
TPU CTaliOHAPHI 3a/adi: 3aJada Po3paxyHKy €JeKTPOMArHiTHOTO TOJA Iedi, TiIpoArHaMiyHa 3ajada Ta
teruioBa. [1oTiM Ha OCHOBI OTPUMAHOTO PO3MOALTY TEMIIEPATYPH Y BCIX elEMEHTax Tedi Ta OIS MIBUAKOCTI
PIIKOTO METaTy BUPINTyBajiacs HECTaIllOHApHA TEIUIOBA 3a/1a4a.

B pe3ynbTarti po3paxyHKy CTaI[iOHAPHOI TEIUIOBOT 3a/ayi 3 3aJaHO0 TEMIIEPaTypPOI0 Ha BHYTPIIIHIX
MOBEPXHAX Te4yi OyB OTpUMaHMH TMOYATKOBUH (ANl HecTalioOHApHOi 3aAadyi) pPO3MOALT TeMIepaTypu
€JIEMEHTIB TIe'i, KU 1Moka3aHo Ha puc. 2, a. OmepkaHuid IPH MHOMY PO3MOALUT Koe(illieHTa TEIUIOBIIIadi
Ha 30BHIIIHIX MOBEPXHSAX I€Yl MOKa3aHO Ha pHUC. 2, O, 3 KOO0 BUIHO, IO 3HAYCHHS I[bOr0 KoedilieHTa
3MIHIOETHCS B Jlama3oHi Big 2 10 9 BT/(Mz'K). Ha puc. 2 3 ornsy Ha CHMETPIirO 1Me4i MpeACTaBICHO JIUIIIE
1/4 ii qacTuny.

h
-3 5
=107, K Br/(vK)
1.3
12 8
1.1 .
1.0
0.9 6
0.8 5
0.7
0.6 4
0.5 3
0.4
2
a 0

Puc. 2
JocmimkeHds iHIyKIIHHOTO HATrpiBaHHS PiIKOTO METAIy B IHAYKIIHHIA KaHATBHIN medi (MUIIXxom
pO3B’si3aHHST HECTalllOHAPHOI TEIUIOBOI 3ajaadyi), sk OyJI0 CKa3aHO, MPOBOAMJIOCSA 3a CTAl[lOHApHIW Teuil
po3MJaBy, CTBOpEHIH eNeKTpPOMAarHiTHUMH cuiamu. JlokanpHuii meperpiB Metamy A7 B 11 KaHajax
BH3HAYaBCs BIAHOCHO yCepeIHEHOI y BaHHI TeMIepaTypH po3miasy 7,

1
AT=T,~T,=T,-—[Tdr,
Vi
ne T; — nokajbpHa TeMIepaTypa piIkoro MeTany B KaHajlax (B TOUYKax KaHamiBi= {1, 2 .. 11}, mo3HaueHux Ha

puc. 3, a); V, — o0’em Mmeramy y BaHHiI meui. [leperpiB BHU3Ha4aBcs B MOMEHT 4Yacy, KOJIM CEpemHs
TeMIlepaTypa MeTaIy y BaHHI Jocsraia pooodoi TeMIepaTypH.
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Ha puc. 3, 6 mokazaHo 3aJI€KHOCTI MeperpiBy piaKoro merany (Mifi) B KaHanax ABO(Aa3HOI medwi ams
pi3HUX 3HaveHb (a30BOTO KyTa \y MK HANpyraMy Ha iHIYKTOpaX, OTPHMaHHUX B PE3YJIbTaTi MPOBEAECHOTO
MOJIEJIIOBaHHs (ITO3HAYCHO Ha LOMY PUCYHKY TOBCTUMH JiHisimu). Kpim Toro, mnst xyta y=180 en. rpan.
TOHKOIO JIIHI€I0 TIOKA3aHO 3aJeKHICTh, OTpUMaHy Oe3 BpaxyBaHHS Iepefadi TEIUIOTH 3a PaxyHOK
TypOyJIEHTHHX ITyJbcatii, To0To 3a A—=0. OCKiTbkr 0OMIBI KPHBI MPAKTUYHO CHIBIAJAIOTh, IIe O3HAYAE, ITI0
JUTSL TaHOTO BHIIAAKY Yy pa3l po3paxyHKY TeIIO-MacOOOMiHY B MEpIIOMY HaOJMKEHHI MOXKHA 3HEXTYBaTH
TypOyJIEeHTHUMH MyJIbCALIISIMH.

3 pucyHKa BUIDIMBAE, M0 HAWMEHIIWH TEeperpiB MeTaay B TakKiil Iedi, SKWUH OIIHIOBaBCS IO
MakcUManbHUM 3HadeHHsIM A7, BuHukae 3a kyTiB y=0 i 180 en. rpam. Mk Hanpyramu, ToOTO 3a
onHo(azHoro kuBieHHS. CyAsud 3 pO3NOALTY TeMIlepaTypH B KaHallaX, MOXKHA CTBEPKyBaTd, WO Yy
NepIIOMYy BHUIMAAKY PO3IUIAB 3 BaHHU IOCTyIa€ B OOMIBa KaHAIM Yepe3 KpailHi rmpiia, a 3ajlMIlae iX depes
CripHE s HuX cepenne rupio. [Ipu y=180 en. rpan. pyx MeTaay B KaHaJIax 3MIHIOETHCS Ha MPOTHIICKHHUH.
Ile noOpe kopenroeTbcs 3 pesysbraTamu poOOTH [6], B sKiil I Takoi mMevi HaBEACHO pPe3yJbTaTh
MOJEIOBAaHHS T1ApOAMHAMIYHOT 3a1aui. TakuM 4nHOM, Lie MIATBEPHKYE OTPUMAHUN paHille BUCHOBOK, IO
3MiHIOIYH (Ha30BUH KyT \y CUCTEMH JKUBIIEHHS ABOGA3HOI Iedi 3 OAHOT0 3HAYCHHS Ha iHIIe, TOOTO 3 HyJIs
Ha 180 e Tpaj. i HAaBMaKK, MOXKHA PEBEPCYBATH TPAH3UTHY TEYilO PiIKOTO METaNTy B KaHAJaX.

[IpakTnuHO TakuWii Ke TEperpiB MeTaly B KaHalax CIIOCTEPIraeThCsl 1 y pasi JKUBIEHHS Tmedi
Hampyramu 3 KyToM y = 60 en. rpan. Take uBieHHI medi € OUIBII JOUIIBHUM 3 OIJIIAY Ha ii BIUIMB Ha
CIIEKTPUYHY MEPEeXYy >KUBJICHHS, 3a0e3Meuylour MpU IbOMY OibIIl pPiBHOMIpHE HaBaHTAXKCHHS MEPEKi.
[lpunarigHo 3a3HAYMTH, WO, SK MPaBUIIO, JKUBJICHHS JIBO(PA3HHUX Ie4Yeld Ha MNPaKTULl 3AiHCHIOETHCS
IBO(a3HOO Harpyroto 3 (hazoBuM 3cyBoM y 120 en. rpaz.

Ha puc. 4 s Bumiagky >KUBIIEHHS TI€di HAIIpyraMu, 3MIIIEHUMH MK cO00r0 Ha KyT y 60 en. rpar.,
MPEJICTABJICHO PO3MOALIN TeMIiepatypu (puc. 4, @) Ta abCOJIFOTHOTO 3HAYCHHS IIBHIKOCTI 1 XapakTep pyxy
Metany (puc. 4, 06) B KaHaJNbHIA YacTWHI Ta BaHHI Te4i B MOMEHT JOCSATHEHHS MeTaloM pobodoi
TeMIlepaTypH y BaHHI mmedi. Sk Oyio moka3ano y po0OoTi [6], 3a Takoro *XUBJICHHS iHIYKTOPIB M€Yl BUTPATH
MeTany B 000X KaHallaX MPAaKTUYHO OJHAaKOBi. He3Bakaroum Ha IIe, CHOCTEPIra€Tbcsi HECHMETPUUHUIM
po3moain TeMneparypu B KaHajax (B OZHOMY 3 KaHaJiB MeTal € OUIbII HArpiTUM), IO IEMOHCTPYETHCS PHC.
4, a. lle NOSACHIOETHCS PI3HUMH 3HAYCHHSIMH aKTUBHOI MOTY>KHOCTI, 10 BUALTSIETHCS B KaHaJax 3a TaKoOTO
KUBJICHHA [4], a TaKOX HECHMETPUYHUM XapaKTepOM PyXy Y BEpXHill YacTHHI KaHaNiB (MK KaHaJaMH Ta
BaHHOIO Teyi) 1 B camiii BanHi. HacmigkoM boro € Te, o TeMieparypa MeTaiy, SKHi OCTyIae B KaHaNH, a

TaKOX CTYIIiHb HOTO MOCTiAYI0YOr0 HATrpiBaHHS, € PI3HUMH ISl KOKHOTO 3 KaHaJIiB.
5 e

%107, K

1.51
1.5

1.49
1.48

1.47
1.46
1.45

Puc. 4

Takum YWHOM, IMPOBEJNEHE MOJIEIIOBAHHS IMOKAa3aio, M0 IHTEHCHU(IKYBaTH TEIUIO-MacOOOMIH Yy
nBodhazHIM IHAYKIIHHIN KaHATBHIN Iedi 3 KaHajaMH CTaHmapTHOi KoHpirypamii MOXHa JBOMa IUITXaMH.
OxavH 3 HUX TMOJSrac y TepeBoAl Takol medi 3 ABo¢a3zHOro Ha oAHO(a3HE KUBJICHHsS CUH(Aa3HUMH abo
nporudazauMu Harpyramu. [Ipu iboMy MOXITMBHI BapiaHT BUKOPHCTAHHS MEPIOANYHOTO YePryBaHHS MiXK
c00010 IMX BOX HAIPYT, SKE NMPHU3BOJMTH JIO IMOYESProBOi 3MIiHH B Yaci HaNPSIMKY pyXy TPaH3WUTHOI Tedil
MeTay B KaHajax. J[pyruil Nuisx MOKJIMBUHN y pasi >KUBJICHHS TI€Ul HApyraMu, siKi 3CyHyTi MiX co00r0 Ha
¢dazoBuit KyT y 60 en. rpaa. Y 1poMy BHUNAAKY TaKOXK MOXXKHa BUKOPHCTATH MEPIOAMYHE TEPEMHUKAHHSI MiX
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co00F0 X Hampyr (3 AOAATHOTO 3HA4YeHHA Y = 60 en. rpaj. Ha Bix emHe ¥ = -60 el. Tpaj. i HaBMakM), 10
JIOJTATKOBO MOYKE TIOKPAIIUTH TEIJIOBUN CTaH IHAYKIIMHOTO KaHAJILHOTO OJIOKY Iedi.
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npoyecie ma 3aco0i6é KepyeanHs, MOHIMOpUH2Y, OIA2HOCMYBAHHA [ GUMIPIOGAHHA 6 eNeKMPOCHePeeMmuUHUX ma
enexkmpomexuiunux cucmemaxy (wugp « [HTEXEH-2»), (KIIKBK 6541230).
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NUMERICAL MODELLING OF INDUCTION CHANNEL FURNACE THERMAL STATE
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A mathematical model that describes heat and mass transfer processes in an induction channel furnace is presented. Using
the example of a two-phase channel furnace with standard form of channels, the influence of the phase angle between the
voltages supplying the furnace inductors on the thermal state of the liquid metal is considered. Values of this angle, which
provide minimal melt overheating in channels in comparison with furnace bath have been determined. Ways of intensification
of heat and mass transfer processes in two-phase channel furnace have been suggested. References 9, figures 4.

Key words: induction channel furnace, power supply system, mathematical modelling.

1. Ivanova L.I., Grobova L.S., Sokunov B.A. Induction channel furnaces. Yekaterinburg: The Ural State Technical
University - UPI, 2002. 105 p. (Rus)

2. Farbman S.A., Kolobnev LF. Induction furnaces for melting metals and alloys. Moskva: Metallurgy, 1968. 496 p. (Rus)

3. Boyarevich V.V., Freiberg Ya.Zh., Shilova E.I., Shcherbinin E.V. Electrical vortex flows. Riga: Zinatne, 1985. 315 p.
(Rus)

4. Bondar O.1., Glukhenky O.I., Goryslavets Yu.M. Electromagnetic parameters of two-phase induction channel furnace.
Pratsi  Instytutu elektrodynamiky Natsionalnoi Akademii Nauk Ukrainy. 2020. No 56. Pp. 72-76. (Ukr) DOI:
https://doi.org/10.15407/publishing2020.56.072

5. Menter F.R. Two-equation eddy-viscosity turbulence models for engineering applications. 4144 Journal. 1994. Vol. 32.
No 8. Pp. 1598-1605.

6. Goryslavets Yu.M., Glukhenky O.I., Bondar O.I. Circulation of the metal melt in the induction channel furnace at a
phase control of supply voltage. Tekhnichna Elektrodynamika. 2020. No 3. Pp. 79-82. (Ukr) DOI:
https://doi.org/10.15407/techned2020.03.079

7. Kays W.M. Turbulent Prandtl number — where are we? ASME J. Heat Transfer. 1994. Vol. 116. Pp. 284-295.

8. Incropera F.P., DeWitt D.P., Bergman T.L., Lavine A.S. Fundamentals of heat and mass transfer. John Wiley & Sons,
2006. 998 p.

9. Comsol Multiphysics. URL: https://www.comsol.com/ (accessed: 28.12.2020).

Haniitoa 21.01.2021
Ocratounuii Bapiant 11.03.2021

ISSN 1607-7970. Texn. enexkmpoounamixa. 2021. Ne 3 49



VJIK 517.523.9 DOI: https://doi.org/1015407/techned2021.03.050
JOCJIIJIKEHHS EHEPITOE®EKTUBHOCTI OGPOBKHU IMITYJIbCHUM BAP’EPHUM
PO3PA10M BOJIU B KPAIIEJBbHO-IIJIIBKOBOMY CTAHI

B.O. Bepeka’, LB. Boxkko ', kaun. Texs. Hayk, LIL Konapatenxo , wi. kop. HAH Ykpainu
IncrutyT enexrponunamikn HAH Ykpainn,

np. [lepemoru, 56, Kuis, 03057, Ykpaina.

E-mail: ws77@ukr.net

Y pobomi susuanacs enepeoepexmugnicme imnynbcHo2o 6ap ’€pHozo po3psaody 8 NOGImpi AMmMoCc@epHo20 MUCKY Nid 4ac
00pOOKU HUM MOOENbHO20 3pa3Ka 3a0pYOHeHOl 600U 6 KpaneibHO-NiieKo8oMy cmani. Jomiwkoio 00 600u 0ys
Op2aniuHull 6apeHUK (MEMUIeH08a CUHb) 3 NOYAMKOB80I0 KoHyenmpayicto 50 me/n. Bumpamu 6oou cmanosunu 4 i/xs,
xapaxmepnuil  oiamemp kpaneiv — 1 mm. Obpobrka 600u NPoxXoounra 6 KOAKCIAIbHIU PO3PIOHIU Kamepi 3 2a306UM
npomisickom 3,2 Mm ma 000amko8o 6 kamepi 030Hy8aHHs. Po3pso 30yoicyeasca kopomxumu ~100 ue imnynvcamu
nanpyeu ~ 26 kB, saxi 3abesneuyeanu amniimyoy cycmumu cmpymy = 1,3 Alem’ ma enepeiio imnymvcy ~ 140 mllrc.
Hocnidoiceno yac po3kiadanHs OOMIWKY ma eHe2oepeKmuHicms po3psaoy 8 3aNeHCHOCMI 8I0 4acmomu NO8MOpPeHHs
imnynecie 25—300 I'y. Hatibinbwy enepeoegpexmusnicmos po3psao mas 3a wacmom 25—50 1y, 3a akux emepeemuyHul
8uxio, wo eionogioac 50 % posxiadantio domiwiku, oocseac = 100 o/kBm-200. [lokazano, wo binbuia yacmuna 030my —
00HO20 3 20JI06HUX OKUCHIOBAYIB, WO 2EHEPYEMbCSL PO3PIOOM, POZUUHIEMbC Y 800i 6 PO3PSIOHIll Kamepi. Y kamepi
030HY8AHHA 3 8IOHOCHO MAJIOI BUCOMOTO (48 cM) MOOenbHUM pO3UUHOM ho2nuHacmyvcea 6insa 60 % 3anuuiko8020 030HY,
KOHYeHmpayis 1K020 8 2a3i Ha 6Ux00i 3 po3psaoOHol kamepu modce docseamu 2,2 me/n. bion. 16, puc. 7.

Knrouosi cnosa: immnynbcuuii 6ap’epHuii po3psia, 00poOKa BOIH, 030H, TAPOKCHIBHUN pajuKall, eHeproe()eKTUBHICTS.

Bucokuii piBeHb 3a0pyJHEHOCTI MMOBEPXHEBHUX Ta IMiJ3€MHHUX BOJ, a TaKOX 3POCTal04i BUMOTH JIO
SKOCTI sIK TIMTHOI, TaK 1 CTIYHOI BOAM Tepex ii CKUOAHHSAM Yy TPHUPOAHI BOJOWMHMING, OOYMOBWIIH
HEOOXIIHICTh YJIOCKOHAJICHHS ICHYIOUHMX Ta PO3POOKH HOBUX TEXHOJIOTIH OYMWINEHHS BOAW. BpaxoByroun
CTpIMKE CKOPOYCHHSI Ha 3eMJIi 3amaciB MUTHOI BOJIM, OYHUIIICHHIO CTIYHOT BOJM OCTaHHIM YacOM MPUILISIOThH
0COOITMBO TIPUCKITUIMBY yBary. TeXHOIOTiS OYMWIIEHHS BOIW 3a3BHYail CKJIAMAETHCA 3 TPHOX OCHOBHHX
craniii [1]. [Tepma cranis BkiIrouae B cede psal eTaniB MeXaHiqHOT Ta Qi3MKO-XiMIYHOT 0OpOOKH, i Yac SKoi
3 BOIM BHUAANSAIOTH TBEPAI YaCTHHKM, MAacilo, >XKup, Tomo. [lpyra cranis monsrae B Oi0JIOTi4YHOMY
TIEPETBOPEHHI PO3YMHEHUX Ta KOJIOIIHUX OPTaHIYHHUX CIIONYK y CTa0lIi30BaHi HU3bKOEHEPTeTHYHI YaCTHHKHU
T TIEF0 MIKPOOPTaHi3MIB Y IPUCYTHOCTI KUCHIO. [Ticis 11iel 0OpoOKH B BOIII 3aJTUIIIAETHCS IMMUPOKUH CIIEKTP
XIMIYHUX CIIOJIy4€Hb, 0araTo 3 SKMX MalTh KOHIICHTpAIlF0 B Jiama3oHi Bif MK/ no Hr/i. ToMy BOHHU
3BYThCs Mikpo3aOpynHioBadyamu. Cepell HMX — XapyoBi JOOAaBKH, MPOMHUCIOBI XIMIKaTH, TECTUIUMIH,
(hapMmareBTHUHI mpemnapaty Tomo. HaBiTh 3a TaKWX HU3BKUX KOHIIGHTpAIliH CITOCTEPIraeThCs IXHIW 3HATHUI
BIUIMB Ha OTOYYIOUE cepenoBuine. Hampukiiaj, BUKU aHTHOIOTHKIB MPU3BOAMUTH JIO MiJBUIICHHS CTIHKOCTI
MiKpOOpraHi3MiB, 1110 HEraTUBHO BIUIMBAE Ha eKocucTeMy. KpiM 11bOro, 3pocTae 3aHEMOKOEHICTh Y 3B A3KY 3
MIPSIMOIO XPOHIYHOIO JII€I0 MIKpO3aOpyAHIOBAUiB Ha 30POB’s Ta Oe3neKy mroauHu [1].

Tperst cramis 0OpoOKH, sika IIe HAa3HUBAETHCS «ITOJTIPOBKOIO BOIM», CKIIANAETHCSA 13 Oyab-IKOI
JOJAaTKOBOI TEXHOJIOTIl, IO MPOBOIUTHCA I TOTO, MO0 3MICT CTiYHOI BOAM CTaB AOMYCTHMHUM IS
CKUJIaHHS B €KOCHUCTEMY. Takor T0aTKOBOK 0OpOOKOI0 MOKke OyTH XJIOpYBaHHS BOIM, yIbTpadioneToBa
nesnH(eKIis, GiTpTpamis depe3 MmcoK, BUKOPUCTaHHS MeMOpaHHUX IpolieciB Tomo. IIpoTe, sk mokaszamu
YHUCIICHHI JOchi/pkeHHs1 [1], 3BWYaiiHi OYHMCHI CIOpyIM HE MOXYTh B JIOCTATHIH Mipi BHIAIATH
Mikpo3abpyaHioBaui. Kpim 1poro 6arato TpaauiifHUX CUCTEM OYHMIICHHS HE MAlOTh a00 0OMEXYIOTh TPETIO
cTanmito o0poOkm uepe3 1i BHUCOKY BapTiCTh. baratoo0imsrounM METOJOM OYHINEHHS BOJIU  Bif
MiKp0o3a0pyJHIOBAaYiB MOXKE CTaTH BUKOPHCTaHHS IEPEIOBHX MpoIeciB okucieHHs (advanced oxidation
processes — AOP’s) [1-3]. T'onoBHo ifeero AOP’s € Te, 0 TeHepyBaHHS CHIIBHUX OKUCHUKIB (3 OKUCHUM
MOTEHIiAIOM (@ OLTbINIe, HIX y KACHIO, BEJTMYWHA IS SIKOTO CTaHOBUTH 1,2 B) mpoxoauth 6e3mocepesHpo y
BoAl uM moOMM3y i1 moBepxHi. HalBaxumBimmMmu mis oOpoOKM BOAM Cepell TaKWX OKHCHHKIB €
rigpokcusamit pagukanr OH' (¢ =2,7 B), o30u (¢ =2,1 B) Ta mepokcux Bommio H,0, (¢ =18 B) [1].
[IpucyTHicTh OaraTb0X OKHCHHKIB 3MeHIIye ceneKTUBHICTH AOP’s. IlpsiMe OKMCIEHHS OpraHiKH O30HOM
ITy>ke BHOIpKOBE, B TOW Yac SK T'iAPOKCHI BBAXKAETHCS HECCIICKTUBHUM OKUCHUKOM [1].
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BusHavuaapbHUMHU KpUTEPISIMHM TiJ 4Yac PO3POOKH TEXHOJOTil OYHMILEHHS BOOM € NUTOMi EGHEpro-
BUTPATH, a TAaKOX BapTICTh BHMIOTOBJICHHS OOJIaJHAHHS Ta EKCIUIyaTalliiiHi BUTpaTh Ha HOro o00cCiy-
roByBaHHs. Ha miacraBi ormamiB [1—-3] moxHa 3poOMTH BHUCHOBOK, IO HAWOUIBII MM KpUTEPisiM
BIJMIOBiAAIOTh TEXHOJIOTii Ha OCHOBI BUKOPHCTaHHS €JICKTPHUYHOIO PO3PSLY, CEpel SIKMX MOYKHA BHIUINTH
JIBI OCHOBHI TPYyHH: MiABOIHI PO3PSIANA Ta PO3PSIN Ha TOBEpXHIO Boau. J[is Toro, moO TOpiBHIOBATH
eHeproe()eKTUBHICTh EJICKTPOPO3PSAIHUX TEXHOJOTIH OyB BBEIACHHMN MMOKA3HUK — CHEPreTUYHUN BHUXIJ
po3psiay Y, 0 BU3HAYAETHCS SIK KiJBKICTh (Maca) po3kiIaaeHoro 3abpyanioBada Ha 1 kBT roa BuTpadeHoi B
O3PSIl AT IIBOTO €HEprii, i KoTpa B iTepaTypi [1—3] Ha3WBAEThCS CHEPTETUIHUM BUXONIOM (energy yield).
Bcranosneno [1-8], mo BenuuuHa Y 3anexuTh Bij OaraThoxX (HakTOpPiB: MapamMeTpiB Ta THUITY PO3PSAY
(HampyTH, MBUIKOCTI i 3pOCTaHHA, YaCTOTH MOBTOPEHHS IMITYJIBCIB), TEOMETPii PO3PAIHOT KaMepH, B sIKii
MPOXOANTE 00poOKa BOAM, CIIOCOOY BBEACHHS B HEl PiqUHM Ta Ta3y, KOHIEHTpAIii Ta BUAY IOMIIIKH,
MIPUCYTHOCTI KaTaiizaTropa Ta IHIMIX YMOB. AHami3 orysaaiB [1—3] Ta 6araThoX IHIUX JIITEPATYPHUX HKEPET,
Hanpukiaax [4—11], moka3ye, Mo 3a CXOXKMX YMOB HaWBHUINI MOKAa3HWKW €HEPreTUYHOTO BUXOIY BIIACTHBI
iMmynscHOMY Oap’epHomy pospsny (IBP) na moBepxHro Bomu. OCKUIBKH OCHOBHI INPAKTHYHO BasKJIHBI
IJIa3MOXIMIYHI peakIlii B TAKOMY pO3psAi IMPOXOATh Ha MOBEPXHI BOJM, TO OYCBHIHUM HAMPSIMOM IS
OTPUMaHHS HaAWOULIBIIOT eHeproeeKTHBHICTI MPOIeCy CTa€ CTBOPEHHS YMOB, 32 SIKMX CITiBBiJHOIICHHS
oBEpXHi BojM 110 i 06’eMy sikomora Gimbire (~10 M*/1 i Bume). L{HX yMOB MOXKHA TOCSTTH y pasi 06poOKku
BOJIM B TUTIBKOBOMY (TOBIIMHA ILTiBKA Boau ~ 0,15 MM) [4—6] abo kpamensHOMY CTaHi ([iaMeTp Kparenb ~1
MM [8—11] i menmmit [7]). OOpoOka BOIU B TUTIBKOBOMY CTaHi BiIHOCHO NPOCTA i JIa€ BUCOKI 3HAUCHHS
EHEepPreTUYHOro BHXOAY. AJie Taka oOpoOka He MoOXke 3a0e3MeYuTd HEeOoOXimHy A MPOMHCIOBOTO
BIIPOBA/KEHHs MPOIYKTHBHICT ycTaHOBKH (> 0,1 M’/ro;) uepes Te, mo moTpeGye I IHOTO 3aHAITO
BEJIUKY ILIOIIY e1eKTpoiB (> 10 M?), M0 SIKMX TOHKOIO ILTIBKOIO Tede Boxa. OGpo6Ka B KpaIeapHOMY CTaHi
OUTBII TEXHIYHO CKJIaJHa, 00 MOTpedye MepeTBOPEHHS BEIUKOro 00’ eMy BOJM B BEJIbMH JPiOHI Kparwii, aje
BOHA MOXe 3a0e3MeuyBaTH MPAKTHIHO 3HAUYIIY MPOAYKTHBHICTS (> 0,1 M*/rox). L{s 06po6ka BeneThes IBP,
0 MPOXOAUTh MK TOPHU3OHTAIBHO PO3TAIOBAHWMH MHIJIIHAPWYHUMH €JIEKTPOJaMH, SKi PO3MIIMIECHO B
JeNeKTpUYHUX TpyOkax miamerpoM 4 mMm [10, 11], mo mepeOyBatoTh min aymieM. Henomikom Takoro
peakTopa € Te, 0 Yac 3HaXOHKEHHS Kpameib BOJM MiX eJeKTpoJaMy Manuil (= 1 McC) i Kpamiro BCTUTaE
06pobuTH He Ginbie oauiel mopiii koporkoxkuByunx (< 10 ¢) pagukanie OH', 6o, K Moka3amu nomnepe/Hi
JOCTIDKEHHS, 3apaji JOCATHCHHS HAHOUIBINOI eHeproe)eKTUBHOCTI OOPOOKM BOIM 4acTOTa MOBTOPEHHS
pO3psAAHUX IMITyNbCiB f He mepeBuinye coTeHb ['m. Lle mpu3BoauTH A0 TOTO, MIO May3a MiX PO3PIIHUMHU
IMITyITbCaM#l iocsirae Kimbkox Mc. Ciil Takok 3a3HAYWTH, IO mijx 4ac oOpoOku Boau IBP B kpamenmsHOMY
CTaHI Ha eJEeKTpoJax, SIK IPaBWIO, NPUCYTHS CTIKaloya BHM3 IUIIBKA BOIY, IO MOXE IIE€PEMUKATH
CJIEKTPO/IM, BHACIIZOK YOTO TakWd pO3psll Ma€e MPOCTOPOBO HEOAHOpinHMH xapaktep [11] Ta 3Ha4HI
HENPOAYKTUBHI BTpaTu eHeprii. OOpoOKka BOAM B KpaleJIbHOMY CTaHi TaKOX MPOBOJMIIACS B iIMIYJIbCHOMY
KOPOHHOMY PO3psIi 3 €IeKTpOAaMH THUITy «HUTKa — IumHap» [1-3, 8, 9] um MiX pi3HONOJIIPHUMH
cTprxHsIMH [7] Manoro aiamerpy. B Takiii eneKTpOAHIi CHCTEMI eJISKTPUYHE T0JIe € CYTTEBO HEOTHOPIIHE.
Bucoki 3HaueHHS HANPY>KEHOCT1 ENEKTPUIHOTO OISl XapaKTEepHi TIBKH ISl HEBENHUKOI 30HU (= 1 MM) Oins
€JIEKTPOZY 3 MAJINM paliiycoM KPHBHM3HH. 3a MEXaMH Li€i 00JacTi BEIMUYNHA HANPY>KEHOCTI ENEKTPUYHOTO
MOJIA HEIOCTaTHS I ioHi3amil 9um 30yIKEeHHS MOJCKyJN rasy abo Bomu. Tomy B OUIBIIN dYacTHHI
MDKEIEKTPOAHOTO TMPOMDKKY, SIKMH 3a3BHYail cTaHOBUTH Oinbmie 10 MM, BHCOKOAKTHUBHI YaCTHHKH He
rerepytoTbea. Kpim mporo, meil po3psn mo IOBXKHHI APOTY TAKOXK Ma€ Pi3KOHEOTHOPIIHUMA Xapakrep (He
OinbIre 5—7 «IpuB’I30K» cTpuMepiB miamerpoM =~ 0,1 MM Ha 1 cM ApoTy).

Memoto po6omu € NOCTIIDKEHHS! eHEProe(peKTUBHOCTI OOPOOKH IMITYJILCHUM Oap’€pHUM PO3PSAOM
BOJM B KPamleJbHO-TUTIBKOBOMY CTaHI 32 YMOB IOYaTKOBO OJHOPIZHOTO €IEKTPUYHOTO MOJISl, CTBOPIOBAHOTO
€JICKTPOIHOIO CUCTEMOI0, 3a BITHOCHO BenMKUi ac (= 30 Mc) 3HaXOKEHHS Kparelb B PO3PAIHOMY IPOMIKKY.

Excnepumenmanvna ycmarnoska. J1o Hel BXOAWIM: TPUCTPIM, B SKOMY MPOXOWiia 00poOKa BOJH,
TeHepaTop BUCOKOBOJIBTHUX IMIYJIbCIB HAIIPYTH, TEHEPATOP O30HY, NPUIIAAN Il BUMipPIOBaHHS MapaMeTpiB
PO3pSATHUX IMIYJIBCIB Ta KOHIIGHTpAIlil 030HY Yy Ta3i i KOHIEHTpallii Mikpo3aOpyJHIOBaviB y BOJIi,  TAaKOX
JIOTIOMI’KHA amapartypa (Hacoc, poraMmeTpu Tomio). [Ipuctpiii ans o6podku Boau (puc. 1) ckiamaBcs 3 TPHOX
OCHOBHHX YacTwH: po3mwioBada Boau (PB) 3, pospsamuoi kamepu (PK) / Ta xamepu ozonyBanus (KO) /3.
Bci BoHM Manu akpuiioBH KOpITyC 3 BHYTpIIIHIM AiameTpoM 94 mM. Bona 3 pesepByapy /6 Hacocom H mo
NUIaHry 6 momaBanack B PB depe3 fioro BepxHIO akpWiIOBYy KpWINKY 4. BurpaTté Boam BHMIiprOBauCs
poramerpoMm P. 3 PB Boma 17 uepe3 78 orBopiB 3 B HmxkHIiN akpwiosii kpummi 4 PB Hamxomuma B PK.
OtBopu Manu giametp 0,6 MM, Oynu po3TamioBaHi mo Koiay HiameTpoM 91 MM, a BincTaHb MiX IXHIMH
neHTpamu cranoBmia 3,5 mm. ['a3 (moBiTps atmocdepHoro tucky) B PK BBOommBcs yepes TpyOky 7, sika
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npoxoamna yepe3 PB. Butpartu raszy, BuMiproBanucs poraMmeTpoM (Ha puc. 1 He MOKa3aHO) Ta CTAaHOBHIIU
1 n/xB. Qnst ctBopennst IBP B PK Ha 30BHIiMHIN 2 Ta BHYTpIlIHIA 9 MUIIHIPUYHI €IEKTPOIN HOAaBajacs
Hampyra 4epe3 KoakciadbHUH KaOenb noBxuHOIO 120 cM Bixg TeHeparopa
immyneciB I'Y. Bucora 30BHIIIHROTO €NeKTPOAY IopiBHIOBana L, = 6 cMm. Bin
OyB BUKOHAHWI HACTYITHUM YHHOM: CITOYATKYy Ha 30BHIIIIHIO TIOBEPXHIO TPYOH /
3 ieNEKTPUYHOTO MaTepiady HaHOCHBCS IAp CTPYMO-TIPOBiTHOTO IpadiToBOrO
naky ToBmuHOW0O =~ 0,15 mMm. [lpusHaueHHsS U[BOrO IIApy MOJATAE Yy
BHUpPIBHIOBaHHI €JIEKTPUYHOTO TIOTCHITIATy Ha 30BHIIMHINA MOBEepXHI Tpyou /. Y
TOW JK€ dYac BIH CIY)KUB BHUCOKOBOJBTHUM €JIEKTPOJOM. 30BHI map OyB
00MOTaHUH MiTHOI (OIBTOI0, A0 AKOI migkatouaBcs ['l. BHyTpimHiii enekTpon
9 — 1pyba 3 HepxkaBilo4oi cram. 3BepXy Iel eNeKTpoJ HIUIEHO 3aKpUBABCS
Kpumkoio /8 i1 kpinmuBcs no mHa PK 20 ctpwkueM /0. Ponb mieneKTpUIHOTO
0ap’epy BUKOHYyBaJja aKpuiioBa TpyOa / 3 TOBIIMHOIO CTiHOK 1,7 MMm. Bennmuunna
ra3oBOT0 MPOMIXKKY O, B sikoMy BinOyBascs IBP, ctanoBmia = 3,2 mm. Bonma 17,
mo 3Haxomawiacs B PB mix Trickom mpubnuszno 200 Ila, BuTikama 3 oTBOpiB 3
CynuUIbHUMH I1iBKamMu /8 giamerpom 0,6 MM Ta JOBXHHOIO ~ 20 MM, KOTpi B
NOJANbIIOMY TIEPETBOPIOBAIUCH B Kpamii /9 3 XapakTepHHM JAiaMeTpOM
d =1 MM, 0 pyXaJuch BHU3 31 MBUAKICTIO V ~ 2 M/c. 3araibHi BUTPATH BOAH
cximanamy 4 ji/xs. [1ig yac pyxXy yacTWHa Kpamneib 1onajiana Ha CTiHKYA Ta30BOTO
MPOMIXKKY, sKi € TinmpodoOoHumu. 11l06 3anm00irT™M yTBOPEHHIO HA HUX BEIHMKHX
Kpanelb, M0 MOXXYTh YTBOPIOBATH BOJSHI MICTKHM MDX CTIHKAMHU TPOMIXKKY,
BHYTPIIIIHSA TTOBEpPXHS Oap’epy / Ta 30BHINIHSA MOBEPXHs €INEKTPOIy 9 BKPHTI
Puc. 1 ToHKUMH (= 0,15 MM) mapamMu GaBOBHSHOI TKaHWHH, 3aBASKH YOMY IO HHUM
BOJa CTiKaja TOHKUMH InTiBKamu (= 0,15 mM). ¥ HmwkHiA yactuHi PK 1mmiBkoBi
BUTpaTh BOAM ckianatoTh ~ 10 % Bix 3arampHuX BUTpaT. [lapamerpn miBOK, Kpamens Ta iXHBOTO PyXY
BU3HAYAJIMCS HA OCHOBI aHaIi3y (DOTO3HIMKIB, 3p0o0iieHNX kameporo A630. ITicis mpoxopKeHHS PO3PAIHOTO
NPOMIKKY BOJAa 3 ra3oM HakonuuyBajacsi Ha HWxkHIA kpumii PK 20, ne iHTeHCHMBHO mepemilryBaacs
(HIOWUTO YTBOPIOBAaBCS «KUIUISYMHN MIap BOAW», 30UTBIIYIOYM Yac KOHTAKTY BOJAU 3 O30HOM, IO YTBOPHUBCS
miyg gac IBP), a morim wepe3 105 orBopiB // miamerpoMm 2 MM momnajiana q0 Kamepu o3oHyBanHs /3. Bucora
30HM TepeMinryBaHHs crtaHoBuia Oimg 20 mm. [Ipusnauenns KO — BHKOpuCTaHHsS O30HY, IO HE BCTUT
npopearyBatu 3 MikpozadpyaaioBauamu B PK. 11[06 3a0e3neunTi BeIMKy IUIONTY KOHTAKTY 030HY 3 BOAOIO,
1m0 06pobmoeThes, KO 3amoBHeHa KepaMidHUMH KitblpsiMu Pammra /4 3 posmipamu 6X6x2 M (30BHiLIHif
JliaMeTp, BUCOTA, TOBIIMHA CTiHOK). Kijblss 3 TakMMH poO3MipaMH 3a CIIBBIIHOUICHHSIM IUIONII iXHBOI
MOBEPXHI [0 IXHBOTO 00’€My € OOHMMH 3 HAHOUIBLIMX cepel THUX, L0 BUIYCKAIOTHCS MPOMHUCIIOBICTIO.
Bucora 3acunku L, = 48 cm. [IpolimoBmy gepe3 map Kijiellb, BoAa Mmomnajana B pe3epByap /6, a ra3 BUXOIUB
yepe3 narpyook /5. B KO takox € narpy6ok /2, mpu3HAYCHUH ISl BAMIPIOBaHHSI KOHIIGHTPAIil 030HY, IO
Hagxoauth 3 PK mo KO.

Y po6OTi BUKOPHCTOBYBAIIOCS JKEPEIIO KUBJICHHS, III0 MOTJIO 3a0e3MedyBaTH yHIMOISPHI IMITYIIECH
HaIIPYTH 3 9aCTOTOIO IXHKOr0 MoBTOpeHHS A0 1 KI'1, ammurityaoro g0 30 kB, TpuBamictio mopsnky 100 He Ta
¢pontom = 40 Hc. BoHO OOYAOBaHO 32 MPUHIUIIOM MarHiTHOTO CTUCKAHHS IMITYJIBCIB 3 BUKOPUCTAHHSM Y
BUXI/IHI{ JIaHIII TIEpEPBHHUKA CTPYMY Ha Aioaax 3 manuM dacoM (= 40 Hc) BuMKHeHHA. [0 ckiamy mpkepena
TaKO)X BXOJWB MAarHITHHHA KIIOY, SKUH CIPHSIB PO3PSDKAHHIO €MHOCTI IIEICKTPUYHOTO Oap’epy Imicis
MPOXOJHKEHHSI TIPSIMOTO IMITYJIBCY CTPYMY 4Yepe3 eJIEKTPOIHY CUCTEMY. BilbIn IeTanbHO IKepero KUBICHHS
omucano B [16]. Ocuunorpamu ctpymy Ta Hanpyru Ha PK 3ammcyBammcs ocummorpagom TDS 1012 3a
JIOTIOMOT'O0 1HIYKTHBHOTO AaT4yuka cTpymy P6021, mo OyB migKIFOUeHNI Ha BUXO/II TeHEPaTOpa iIMITYJIbCIB,
Ta aKTUBHO-EMHICHOTO MOAUIbHUKA Hanpyru P1015, skuit npuennysascs no PK.

I'eneparop 030HY BUPOOISB 3 OBITPS 030H 3 KOHIICHTpaIli€to 10 8 Mr/i. Bin OyB mpu3HaueHUH A
JOCTDKEHb KIJTBKOCTI O30HY, IO PO3YMHABCSA y BOJI mif 4dac ii mpoxomkenHs depe3 PK (xomu IbP
BimcyTHiH). KoHIleHTpariss 030HY y Ta3i BU3HA4Yanacs IO TMOTIMHAHHIO CBITJIa HAa BiATOBIIHHUX JOBXKHHAX
xBHIB (A = 253,7 — 275 HM), KOTpe BUMiproBasiocss MOHOXpoMaTopom M/JIP-23.

SAx MonmenpHMIA 3pa3oK 3a0pyJHEHO! BOIW BUKOPHCTOBYBAaBCS BOJHHMA PO3YMH METHICHOBOI CHHI
(C1¢HsCIN,S), xotpa, 30KpeMa, 3aCTOCOBYETHCS y TEKCTIIIBHIM MPOMUCIOBOCTI K OapBHUK. BoHa €
OpPraHiYHOK PEYOBHMHOIO, IO BAKKO PO3KIATAETHCSA 3a IHIIMX METOJIB OYMIEHHS Boau. KoHIieHTpariis
metriieHoBoi cuHi (MC) y Boai Takoxk 0OYMCTIOBaNAcs MO NOTJIMHAHHIO CBiTIA pu A = 665 M. [loyaTtkoBa
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koHIeHTpaiist MC Ta KiTbKiCTh pO3YHHY BiANOBigHO cTaHOBWIHN K, = 50 mr/n ta V, = 1,5 1, a BUTpaTH BOIU
¥ moBiTps BinnoBigHo — Q, =4 1/xB i 0, = 1 W/XB.

Peszynomamu docnidocenv ma ixuiti ananiz. Ilapamempu pospsioy. Pesynbraty, 10 NPUBEICHO B IIii
po0oTI, oTpuMaHo 3a HaiOLIBm AomycTrMol ans gociimkysaHoi PK mampysi U~ 26 kB. Xapakrepauii s
IBP 3a miei HanmpyrW BTN OCLIIIOTpAaM CTPyMy i(?) Ta HampyTH u(?) Ha PK nokasaHo Ha puc. 2. Ix Gymo
OTPUMAaHO 3a YaCTOTH MOBTOpEHHs immmyinbeiB (= 100 ['m, Xo4a B mociijpKyBaHOMY Hiama3oHi f ixHi mapa-

2K s METpH 3aIHILATHCh Maiixe HeBMiHHI/IMI/I.. Crnovatky, 3a

200 24  BUIHOCHO MallMX HAIpyT, CTPYM Ma€ €MHICHHMH Xapakrep
150 fa Y 18 3aBASKH €MHOCTAM Kabemro Ta PK, 3arampHa BenmmuuHa
100 | f \_| | 12 fIKHX CKIajae ~ 100 n®d. 3a cunbHOTO 30ibIICHHS (pUC. 2)
50 £ ]] "-'-\i _ 6 cTae noope BUJHO, 1O 32 U =~ 15 kB xpyTusHa HapocTaHHA
CIpyMy cTae OuipIIo0, HiDK y Hampyru. lle moxHza

0 f TPaKTyBaTH SIK MOYATOK 10Hi3awii ra3zy. Kpusa i(?) mokasye,
-30 -6 IO IMITyJIbC CTPYMY CKJIQAAETHCS 3 ABOX YACTHH: MPSIMOTO
-100 -12 CTpyMy amIutitynoto 1,,; =240 A, tpuBaictio 7; = 70 HC
-150 -18  ta 3BoportHOrO 3 BemmMumHamu I,,= 165 A i 7,~ 100 Hc.
-200 -24  IlIBuakicTh HApOCTaHHA HANPYTd I Yac MPSIMOro
=250 -30  immymbcy crpymy crarosuts ~ 7-10'" B/c, a 1i ammtityma —
100 200 300 400 tHC U, =26xB. Jlna Momenty dacy, komud i(t) = I,
ycepeiHeHa MO IUIOUIl ENEKTPOAiB TYCTHHA CTPYMY

Puc. 2 nopiBHIOE j = 1,3 AleM?, a yCepeIHeHi 1o 00’ €My Ta30BOTO

mpoMixkky PK KoHIEHTpamis Ta €Hepris eJIeKTPOHIB
CTaHOBJIATE, BiAmoBigHo, N, = 3,9 10" em™ Ta T, »= 3,4 eB. Cnix BIAMITHTH, 1O 1Sl CHEPTis BHILA 32 CEPEIHIO
EHEpril0 eNeKTPOHIB B CTpUMepax 3BUYalHOTO Oap’epHOro po3psmy 3MiHHoro crpymy (1 — 3 eB) [12], mo
BiTKPHBAE MOXKITUBOCTI JUTS OLTBIN iHTCHCHBHOTO TPOXOKEHHS IUIA3MOXIMIYHHUX PEaKIIii, SKi MOYNHAIOTHCS
3a 7, monan 3 eB. EHeprii, koTpa BHUAUISIETbCS B Ta30BOMY MPOMDKKY 332 OIUH PO3PSIHUM IMITYIIbC
W,~ 140 mJIx. 3uauenns N,, T, Ta W, BHU3HAYEHO HAa OCHOBI MeTOIMKH, BHKIaaeHOi B [13]. SIk moka3amu
nmocmipkeHHs [14], mpoBefeHI B IUIACKOMY MIXEIEKTPOTHOMY MPOMIKKY, MPH SKOMY Oyia MOXKIUBICTH
Bi3yaJbHO criocTepiratd Ta ¢ortorpadysati po3psij, 3a aHanoriyaux ymoB (6, v, d, U) IBP 3a gacror f mo
~ 300 'y mae omHOpiMHMIA (HE HUTKOMOMIOHMI) XapakKTep, 10 BaXIIMBO MiJl 4aC MPOXOJHKCHHS «KOPUCHHX)

IUTSL pO3KJIaJaHHs 3a0pyIHEHb IJIa3MOXIMIYHUX Peakilii, 00 JIOKATFHO HE MiIBUIIYE TEMITEPaTypy rasy.
Posxnaoanns MC. 3Mian KOHIIEHTpAIii TOMIIIKH Vv Boai K B 3aJI€KHOCTI Bif 9acy ii oOpoOkH ¢, siKi

OyJ10 BU3Ha4YeHO 3a yacToT 25, 50, 100 Ta 215 ', mpencTaBieHo Ha puc. 3 BiIOBIIHO KPUBUMU [—4.
3 3anexHocTeit K(¢) BUmHO, 1o 4Yactota f B miamazoni 50-215 'y Mano BIUIMBaE Ha MIBUIKICTh
dK/dt poskmananHs mowmimku. Haitbinemi 3miau 3HadeHb K 3a f=50-215I'm BimOyBaroThes mepiii 5
XBHJIMH OOpOOKH. Y TakoMy pasi po3KIagaeThcsl Ounblie MOJOBHHHM MoyaTkoBoro BMicty MC. VY
noJlabioMy BenuunHa dK/dt (mo Moayiio) 3MeHIIyeThcs. YacTKOBO 1€ MOXHA TMOSCHUTH TUM, IO 31

3MEHIIEHHSIM KOHIIEHTpaIlil 3a0pyIHIOBaYa 3TiTHO OCHOBHOTO PiBHSIHHS XIMIYHOT KIHETHKH

d[D]/dt = -k,[D] [O] €]
ne k, — KOHCTaHTa MIBUAKOCTI peakiii (1), sika 3aJie)KuTh BiJl OKUCHOTO TOTEHINAy OKHCHIOBaYa Ta BUAY
nmomimky; /D], [O] — BinMOBiAHO KOHIIEHTpAIlii JOMIIIKKA Ta OKHCHIOBaYa,0y/ie 3MEHIITYBaTHCS IIBHIKICTh
po3knmagaaas MC. Ane cnmaba 3amexHicte K(¢) Bim wactotu npu f>50 I'm ta miHifiHUE Xapaktep ITiel
3anexxHocTi npu 25 'y (r <20 XxB) cBiguaTh mpo OUIBIN CKIAMHMK Xia 3MiH KoHIeHTpauii MC, HiX nae
piBasiHHs (1). [IpuumHOO 1BOro Moxe OyTH YTBOPCHHS BTOPUHHUX MPOAYKTiB po3maxy MC, ski

3MEHIYIOTh KOHIIEHTpaIlifo TeHepoBaHuX 1ija yac IbP okucHIOBadiB 3a paXyHOK pearyBaHHS 3 HUMHU.
O06e36apsienns pozunny MC mig niero IBP cBimunts nipo Biapus Bix ii Monexynu rpyn atomis CH;
[15], ane BoHO He BKa3ye Ha pyHHyBaHHS OeHzonpHHX Kinenb (BK), mo Bxomates no i1 ckianmy.
OnocepelkOBaHUM TOKa3HUKOM IXHBOTO pYHHYBaHHA Tix 4Yac oOpoOku 3rimHO [9, 15] Moxe OyTtu
30umbmeHHs mpo3opocti T pozunay MC mis ymeTpadiolleToBOTO CBiTia. 3MiHM BEMWUYWH I HA TOBXWHI
XBUI A =292 HM, fKil BIANOBIZa€ MaKCMMYyM IOTJIMHAHHS CBiTJa OCH30JBHUMHU KINBISIMU, B 3aJICKHOCTI
BiJ yacy o0poOku nokaszaHo Ha puc. 4. 3Hauenns 7 po3paxoByBajocs 3a BupasoM I = 100 X/Xy[%], ne X, Xy
— BEJTMYHMHM, SKi TPOTOPIIiiHI iIHTEHCUBHOCTI CBITJIa IMICIISA HOTO MPOXOHKCHHS Yepe3 3pa3Ku 3 PO3UHHOM
MC Ta 4mcTOIO BOOI BiAMOBiaHO. KpuBi /—4 BinoOpaxyrOTh 3aI€KHOCTI, 10 BIAMOBIAHO OyJIO OTPUMAHO
3a f'= 25, 50, 100 ta 215 I't. [loni6HO manum puc. 3, Benwuunu T’ B niana3zoni 50—215 'y cnabo 3amexarthb
BiJ yacToTH f. Anie Ha BiMiHy Bij posknamganHs MC, ske 3a 30 xB nocsirae >97 %, posmermnenas bK 3a tax
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JKe yMOB cTaHOBHUTH ymiie = 50 %, a mpu 25 'm — Ttineku 23%. lle moxna moscHuTtH THM, mo BK B
OCHOBHOMY DO3KJIaaroThesi pamukanamu OH, okucHui noteHmian (¢ =2,7 B) skux Bume, Hix y BK
(2,48 B) [9]. B Toii e dac 030H, OKHCHIOBaY 3 HAHOUTBIIIO KOHIICHTPAIII€l0, 110 TEHEPYETHCS PO3PSIOM, HE
MOJKe Bif[irpaBaTH poib BU3HAYAIBHOTO (hakTopy y posmierwieHHI BK, 60 Mae HejoCTaTHRO BUCOKE 3HAUCHHS
¢ (2,1 B). VrBopenns pammkamis OH mix miero IBP BinOyBaeThcsi BHACHIZOK peaKiiii KOIHBAIBHOTO i
obepranpHOro 30y/DKEHHsI MOJeKyn Boau (eHepris nopory 7, < 1 eB), nucomianii (7, = 7 eB) ta ionizamii
(T, =13 eB) [3].

50 EwMr /o

40 \:\ g -

30

20

10

Puc. 3 Puc. 4
Aute rerepaniss OH  depes peaxiii 30y pKeHHS
e +H,0 — e+ H,0', 2
H,O" + H,0 — H,O +H + OH', (3)

€ HaWOUIBII BIpOTIAHOIO Yepe3 Te, MO0 IS 11 MPOXOHKEHHS MOTPiOHI HaliMeHIn eHeprii eixekTpona T,. Ase
. * . . o

posknagatu gomimky ta BK pagmkan OH Moke Takox 1 yepe3 JaHUIOT iHIIMX peakuiid [15], B skux,

30KpeMa, BiH YTBOPIOETHCS Y BOJI 3a y4acTi pO3YMHEHOT0 B Hill 030HY O;

0; + OH — 0," + HO,', 4)
O; +3HO, — 30, + 30H . (5)

O30H, 1110 TEHEPYETHCS PO3PSIOM, BiZirpac OCHOBHY pojib B po3kiananHi MC [6]. OcHOBHI peaxkitii,
II0 IPUBOAATH JI0 HOTO YTBOPEHHS, MPOXO/ISThH Yepe3 TUCOLIAII0 MOJIEKYJI KHCHIO

et0, >0 +0 +e, (6)
0,+ 0 — 0. (7)

O30H mormMHAETHCA Bomoio sk B camiii PK, Ttak i B KO. Busnauntu KigpKicTh TeHepoBaHoro IbP
o3o0Hy B PK, "epe3 siky nmpoxoauts po3uun MC, HOCHTH CKJIAIHO, 00 PO3YHMHSIOYHCH Y BOJI, BiH pearye 3
nomintkoro. 11[o0 oriHUTH KUTBKICTh PO3YMHEHOTO y BOJi 030HY B camiii PK, yepe3 tpyOky 7 (puc. 1) 3a
BIJICYTHOCTI pO3pSAIy B JOMOMDKHOTO TEHEparopa O30HY BBOAMBCS O30H 3 KOHIIEHTPAIIEID
K., =1,5-5wmr/n (Q.=1 n/x8, O, = 4 n/xB). Binbip o30ny, mo npoimos gepe3 PK mis BumiproBanHs fioro
KoHueHTpauii K,,;;, mpoBoauBcs yepe3 narpyook /2 (puc. 1). ll{o6 Bukmrountn Moxknusuii BrumuB MC depes
il peakilifo 3 030HOM Ha pe3yJbTaTH BHUMIPIOBaHb, B EKCIIEPHMEHTI BHUKOPUCTOBYBANACS YHCTa BOJA.
3anexHocTi Koy (K.,), a TaKOXK 3MEHIIEHHS KOHLEHTpanii 030Hy A,(K.,) micis Horo mpoxokeHHs uepes
PK, npezncrapineHo Ha puc. 5 BIANOBIAHUMU KPUBUMU K57 Ta A 3 pUCYHKY BHJIHO, 1110 YACTKa IOTJIMHYTOTO
B PK Bomoro o3oHy y Bkasanomy miamazoni 3MiH K, ctaHoBuUTbh 50—70 %. MoXHa MPHUITyCTUTH, IO 3a
HasiBHOCTI y BoAi MC ms wactka Oyje Iie BHIOIO, 0O JOMIlIKa 30UIBIINTE BUTPATH O30HY 32 PaxyHOK
peaxtii 3 HUM.

Just Toro, mo6 Bu3HAuUTH cipoMoskHicTh KO morauHaTH 030H, 10 HEe BCTHT mpopearyBaTtu B PK,
OyJ0 BU3HAYEHO 3aJiekHOCTI (puc. 6) Big yactotu IBP koHIeHTpariii o300y Ha 1i Bxonui K,,; (marpybox /2)
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ta BuxoJii K, (marpyook /5). Kpusa A,, mokasye pi3HHUIIO MiX [TUMH KOHIICHTPAIISIMH 1 CBITYUTH, IO 3 f
> 25 I'y monst 030HY, NOTJIMHYTOTO BOISHIM po3uuHoM MC, cknanae 6mu3pko 60 %. TakuMm gnHOM, 3arajgbHa
KiJIbKicTh KopucHO BuKopuctaHoro B PK ta KO o3zony moxe nocsiratu 80 % Bin reneposadoro B IBP.

; K‘OS‘:MF."FH 25 Kasmr/n
2:5 2
2 -
1,5
4 S A/

1 w

o3
0.5

0 1 2 3 4 Keomr/n 0 50 100 150 200 250 fIu
Puc. 5 Puc. 6
Enepeoegpexmugnicmo 06pobku 600u. Sk Bke BiAMIYANOCS, 3arallbHONMPUHHITAM ITOKA3HUKOM
eHeproe()eKTUBHOCTI EIEKTPOPO3pAIHOI 00pOOKK BoaU € eHepreTuuHuid Buxin Y. ns ymoB mie€i poGotu
3HAa4YeHHS Y pO3paxoByBaNOCs 3 BUPA3y

vV
Y=AK——, (3
¥, r/kBTTOO WA

100
: i - - Je AK — 3MeHIIIeHHs] KOHIICHTpaIlii JOMIIIKH B 00’ emi
30 \)'

Bo/U V; 3a yac i 0OpoOKH T.

<0 Jst mopiBHAHHES eHeproeeKTHBHOCTI Pi3HUX
€IEKTPOPO3PSIAHUX ~ TEXHOJIOTIM,  SIK  IPaBUIIO,
40 KOPHUCTYIOThCS JIBOMa TOKa3HUKAMU: CHEPreTHYHUHN
‘_ ~ \...__\_ | BHUXIZT pO3pSAAYy y pas3i 3MEHIICHHS IT0YaTKOBOL
Yoo — KOHIIGHTpAIii JOMIIIKM HAamoIoBMHY — Yso, Ta Ha

20 --..____3 ) .
| | 90 % — Yo0. 3ameXHOCTI IIMX BEJIWYHH BIJ YaCTOTH

60

0 - - - . - JUIE YMOB I1i€l poOOTH HaBEJCHO HA PHC. 7, 3 SIKOTO
0 50 100 150 200 fTo BHIIHO, IO 3poctanHs f moHax 50 ['m mpuBome mo
CTPIMKOTO MajiHHS 3Ha4YeHb Y50 Ta Yoo [lomiOHI

Puc. 7 3MEHIIIEHHS Y 3a BiTHOCHO HEBEJIMKOTO ITi/IBUIICHHS [

(ToOTO 30UMBIICHHI €HEprii, IO BHUTpPAYa€THCI HaA
PO3psia) XapaKTepHi i A HIMX AociimkeHb 00poOku Boau IBP Ta iMmynbsCHUM KOpPOHHUM po3psiaaMu B
ITBKOBOMY [4—6] um kpamensHomy cTani [8—10]. OpgHo3HauHOi BIAMOBiAI HAa MNPUYMHU TaKoOl
3aKOHOMIPHOCTI JI0 IOTO Yacy HeMae. MoKHa TPUITYCTUTH, IO B OCHOBHOMY BOHH TOB’SI3aHi 3 BEIIUKOIO
KIJIBKICTIO TUIa3MOXIMIUHUX peakuiit y pasi IBP, xim sikux B3aemozanexxHui, 1 OJJHa peakilis BILUTUBAE Ha
iHIIy, @ TAaKOXX YacTKOBO BiJ TEPMIYHOTO HArpiBy Ta30pO3pAOHOTO MPOMIKKY, B SKOMY MPOXOAATH IIi
peaxmii. binbmn Bucoki 3Ha4eHHS Vs, HIXK Yo), MMOSCHIOETHCS THM, IO TEPII BEIMYWHU OTPUMAaHi 3a OibI
BHCOKHMX KOHIICHTpAIlii MOMIIIKMA, IO IIe HE BCTUITA PO3KJIACTHCSA, ToMy 3rigHo (1) MmBHIAKICTH
posierieaHs MC y cepeiHbOMY BHIIA TTiJ1 Yac OTpUMaHHS Ysg, HUK JIs Yoo, HaliOinb1mi 3HaueHHs Ysg, SIKUX
OyJ0 MOCATHYTO B Wil poboTi Yso = 95 r/kBt-Tox, mo #a 20—60 % Bumi 3a Ti, mo Oyno oTpuMaHo B [3—5]
iz 9ac 00pooku IbP Boau 3 momintkoro MC B IUTIBKOBOMY CTaHi.

BucHoBku. JlociimkeHO eHEProeeKTUBHICT OOPOOKH IMIYJIbCHUM Oap’€pHUM PpO3PSIOM 3a
yacToTH Horo moBropeHHs 25-300 ['; mMonmenpHOrO 3pa3ka Boau (PO3YMH OPraHiyHOrO OapBHHKA —
METHIIEHOBOI CHHi) B KpalleJbHO-TIIBKOBOMY CTaHi 32 YMOB MOYaTKOBO OJHOPITHOTO €IEKTPUYHOTO ITOJIA,
CTBOPIOBAHOTO KOAKCIHHOIO €JIEKTPOTHOI0 CHCTEMOIO, 38 BITHOCHO BENHMKOTO dacy (= 30 Mc) 3HAXOHKCHHS
Kpanelib B PO3PSAHOMY MpOoMikKy. HaliOinmblry eHeproeeKTUBHICTH O3PS Ma€ 33 MajMx 4YacToT 25
=50 ', sixka mopiBHIOE 95 r po3knageHoro 3abpyaHioBava Ha 1 kBT-rox BkimameHoi B pospsa eHeprii. Ls
BenmunHa Ha 20—60 % Buma 3a Ty, mo Oyna oTpuMaHa B iHIIUX poOOTax miJ yac 0OpOOKH IMITyJIbCHUM
0ap’epHUM PO3PAIOM BOJHW 3 JIOMIIIKOIO METHIJICHOBOI CHHI NpH ii IJTIBKOBOMY pycCi B pO3psmHiil Kamepi.
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EneproButparn Ha posmieruieHHS OSH30IBHUX KiJiellb B KUTbKa pa3iB OUIbImi. Y MONANBIIOMY 3aisl
JTIOJTATKOBOT'O MIJBUIECHHS €HEProe(EeKTHUBHOCTI PO3PsALY HEOOXiJHO BHU3HAYMTHU ONTHUMAJIbHI 3HAYCHHS
eHeprii po3pAIHOTo IMITyJIbCY Ta BUTPAT MOBITPS, 110 MOMITYEThCA Yepe3 PO3PAHY KaMepy.
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The energy efficiency of a pulsed barrier discharge in air was investigated when it treated a model water sample in a drop-
film state containing an organic dye (methylene blue) with an initial concentration of 50 mg/l. The water consumption was 4
l/min, the characteristic droplet diameter was ~1 mm. Water treatment was carried out in a coaxial discharge chamber with a
gas gap of 3.2 mm and additionally in an ozonation chamber. The discharge was generated by short ~ 100 ns voltage pulses
of =26 kV, which provided a current density with an amplitude of ~ 1.3 A/em’ and a pulse energy of = 140 mJ. The time of
decomposition of the impurity and the energy efficiency of the discharge were investigated as a function of the pulse repetition
rate of 25—300 Hz. The discharge had the highest energy efficiency at frequencies of 25-50 Hz, at which the energy yield
corresponding to 50% decomposition of the impurity is about 100 g/kW h. It is shown that most of ozone, one of the main
oxidants generated by the discharge, dissolves in water in the discharge chamber. The concentration of ozone at the outlet
from the discharge chamber can reach 2.2 mg/l. The remaining ozone is absorbed by the model solution (about 60%) in the
ozonization chamber. References 16, figures 7.

Key words: pulsed barrier discharge, water treatment, ozone, hydroxyl radical, energy efficiency.
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SIMULATION OF MOBILE ROBOT CLAMPING MAGNETS
BY CIRCLE-FIELD METHOD
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There are a list of complicated tasks need to be solved to increase the working productivity and decrease working cost
in modern shipbuilding and ship repair. Good results in solving those problems are shown whether automation with
varied robots implementation. The mobile robots able to move and perform given technological operations on different-
spaced ferromagnetic surfaces are equipped with own control systems, movers and clamping devices. Usually, reliabil-
ity and safety of such robots are in direct dependence on designers’ adequate representation of their behavior that is
described by mathematical description of separate parts or the robot in the whole to correct control problem solving.
The article amply considers the process of the climbing mobile robot clamping electromagnet simulation model build-
ing using the improved circle-field method on the example of BR-65/30 clamping electromagnet. The model is built on
the basis of interpolated dependences of flux coupling and electromagnetic force on the magnetomotive force and the
value of the air gap obtained by numerical calculations of the magnetic field. The dynamic properties of the electro-
magnet are investigated and a family of its traction characteristics is obtained by the developed model, which can be
used for automatic control of the robot clamping device. References 25, figures 5, tables 3.

Key words: clamping electromagnets, mobile robot, modeling, circle-field method, traction characteristics.

Introduction. Increasing labor productivity and reducing the cost of finished products or services in
modern conditions is achieved by increasing the level of automation of production, including by using ro-
botic systems and complexes that replace humans when performing time-consuming and dangerous to hu-
man life and health technological operations [1-3]. Particularly important role is played by flexible mobile
robots, which are able to move the work tool on both flat and complex sloping surfaces [4, 5]. In particular,
in shipbuilding and ship repair the use of mobile robots on ferromagnetic surfaces of ship hulls is promising
for automation of multi-purpose technological operations and tasks: cleaning of large areas, painting, cutting,
welding, inspection, diagnostics, rescue operations and fire safety, operating in aggressive and high-
temperature environments, hard-to-reach places, etc. [4-8].

Mobile robotic complexes are equipped with clamping permanent magnets or controlled electromag-
nets to ensure reliable retention and movement on the ferromagnetic surface [9]. The electromagnet as an
element of the automatic control system of clamping force has better controllability than pneumatic and hy-
draulic clamping devices of mobile robots [10-11]. When designing robots with a fixed gap between the
clamping magnet and the working ferromagnetic surface, there is a problem of choosing the optimal number
of clamping magnets with a certain value of the nominal clamping force for reliable movement and adhesion
to the surface without slipping [12, 13]. Therefore, the development and improvement of models and meth-
ods, that will take into account the electromagnetic and electromechanical processes of interaction of the
clamping electromagnet and the ferromagnetic surface, is an urgent task to improve the efficiency and reli-
ability of advanced control systems of such mobile robots with working surfaces [3, 12, 14, 15].

Analysis of previous research. For joint simulation of electromagnetic, electromechanical and me-
chanical processes, it is advisable to use the circle-field method [16]. When applied to electromagnets it al-
lows to determine the instantaneous values of electromagnetic force and flux coupling depending on the val-
ue of the air gap and the voltage supplied to the winding [17]. The essence of the method is a numerical cal-
culation of the spatial magnetic field taking into account the nonlinearity of the magnetic circuit magnetiza-
tion characteristics for a fixed position of the electromagnet armature and a fixed value of direct current in
the winding [18, 19]. Next, the amount of magnetic flux linkage is determined integrating the magnetic in-
duction by the area of the winding turns:

/4
WZ Z jBnWdeWj N
J=s,,;
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where S, ; is the area of the j-th turn of the winding; B is the vector of magnetic induction; n,,; is the nor-

mal to the plane of the j-th turn of the winding. The vector of electromagnetic force F, acting on the arma-
ture of the electromagnet is determined according to Maxwell's formula [20]:

F, = L:,g((Bn)B —len)dS ,
Ko s 2
where S is the surface of the anchor; n is the normal vector to the anchor surface. If the vector F, is directed

along the tracking direction of the armature then F, = |Fe| .

Similarly, the values of flux linkage and electromagnetic force are determined for a number of com-
binations of the air gap values and direct current in the winding. The results of the calculations are entered in
two tables showing the dependences of the flux linkage y and the electromagnetic force F, on the value of

the air gap 6 and the magnetomotive force of the winding /W. As a result of tabular dependences approxima-
tion, continuous functions y(I/W,5) and F,(IW,8) are obtained, which are then used in solving the equa-

tions of the electromagnet winding electric circuit combined with the equations of mechanics.

In the articles [21, 22] an improved circle-field method is used. It includes the transformation of the
direct dependences (/W) to inverse dependences /W(y) for a number of § values. This eliminates the need
for flux linkage differentiation in the numerical equation solution, and thus increases the accuracy of the
simulation. Therefore, this modification of the method is most suitable for modelling clamping electromag-
nets of mobile robots.

The aim of this research was to develop a simulation model of electromagnetic and electromechani-
cal processes in the clamping electromagnets of mobile robots using the circle-field method.

Designing a model of the mobile robot clamping magnet in Ansoft Maxwell. It is advisable to use
clamping electromagnets BR-65/30 (Fig. 1, a) in the considered mobile robots. The main characteristics of
the electromagnet [23] are: rated voltage 12 V; rated current 1.08 A; rated power 13 W; rated clamping force
800 N; winding inductance 75 mH (according to the measurement results).

A specialized program Ansoft Maxwell was used for numerical calculations of electromagnetic force
and magnetic flux linkage of electromagnets when varying the values of the magnetomotive force and air
gap [19, 24]. The three-dimensional model of the electromagnet is built in the graphic editor of the Ansoft
Maxwell and presented in Fig. 1, b, where I — electromagnet core; 2 — winding; 3 — ferromagnetic disk to
which the electromagnet is attracted. The diameter of the disk is chosen to be twice the diameter of the elec-
tromagnet to eliminate the influence of the edge effect. Then a number of magnetomotive force values are
programmatically set. Two tables of magnetic flux linkage values (Table 1) and electromagnetic force values
(Table 2) are obtained as a result of computer simulation.

- @063 .

- @57 j
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Ve |
1 rE
1o b

| '

a b
Fig. 1

Since in the future the magnetic flux linkage function will be approximated by the least squares
method, and the electromagnetic force function will be interpolated by cubic splines, it requires a larger
number of calculation points (Table 2).
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Table 1

8, 01 J o025 [ o5 | 1 [ 15 [ 2 | 3 | 4 ] 6 | 8 ] 10 ] 12

0.05 | 0.430 | 0.730 | 0.837 | 0.885 | 0.925 | 0.955 | 1.013 | 1.068 | 1.174 | 1.277 | 1.376 | 1.468

0.1 0.298 | 0.647 | 0.812 | 0.875 | 0915 | 0948 | 1.007 | 1.063 | 1.170 | 1.272 | 1.372 | 1.465

0.175 | 0.204 | 0.498 | 0.762 | 0.863 | 0902 | 0.941 | 0.996 | 1.054 | 1.163 | 1.265 | 1.364 | 1.458

0.25 | 0.158 | 0.393 | 0.697 | 0.853 | 0.891 | 0.929 | 0987 | 1.045 | 1.155 | 1.259 | 1.358 | 1.453

0.35 | 0.125 | 0312 | 0.597 | 0.834 | 0.877 | 0916 | 0979 | 1.035 | 1.144 | 1.251 | 1.350 | 1.445

0.5 0.096 | 0.241 | 0475 | 0.786 | 0.859 | 0.895 | 0.965 | 1.016 | 1.131 | 1.237 | 1.339 | 1435

0.75 | 0.072 | 0.181 | 0.360 | 0.681 | 0.827 | 0.868 | 0.938 | 1.002 | 1.107 | 1.217 | 1.319 | 1416

1 0.059 | 0.147 | 0.294 | 0.577 | 0.776 | 0.842 | 0.910 | 0.981 | 1.088 | 1.196 | 1.298 | 1.399

1.5 0.045 | 0.113 | 0.226 | 0.449 | 0.657 | 0.789 | 0.874 | 0.936 | 1.060 | 1.159 | 1.263 | 1.362

0.038 | 0.094 | 0.188 | 0375 | 0.559 | 0.715 | 0.841 | 0.904 | 1.022 | 1.132 | 1.229 | 1.328

0.029 | 0.073 | 0.147 | 0.295 | 0.440 | 0.581 | 0.780 | 0.851 | 0.968 | 1.070 | 1.181 | 1.271

2
3
4 0.025 | 0.063 | 0.126 | 0.253 | 0379 | 0.503 | 0.719 | 0.813 | 0.925 | 1.033 | 1.136 | 1.235
5 0.023 | 0.057 | 0.114 | 0.227 | 0342 | 0.454 | 0.663 | 0.778 | 0.898 | 1.002 | 1.089 | 1.199

Table 2

IW, kA
5 [ 01 ]025]035]05]075] 1 [125]15] 2 [25] 3 ] 4] 6 ] 8 [10] 12
mm F, N

0.05 | 212 | 613 | 717 | 801 | 860 | 899 | 938 | 977 | 1030|1077 | 1123 | 1210 | 1382 | 1551 | 1707 | 1828

0.1 |94.1 ] 489 | 590 | 701 | 783 | 823 | 859 | 894 | 953 | 1000 | 1042 | 1127 | 1290 | 1453 | 1603 | 1736

0.175 | 41.1 | 243 | 412 | 570 | 692 | 735 | 770 | 803 | 866 | 913 | 955 | 1036 | 1191 | 1345 | 1487 | 1626

025 | 23 | 141 | 266 | 445 | 599 | 663 | 697 | 730 | 790 | 842 | 883 | 961 | 1110 | 1256 | 1397 | 1526

0.35 | 12.9 | 80.5 | 156 | 300 | 490 | 584 | 621 | 651 | 708 | 762 | 807 | 882 | 1025 | 1164 | 1298 | 1426

0.5 | 694|433 844 | 170 | 343 | 465 | 529 | 560 | 614 | 664 | 712 | 787 | 923 | 1056 | 1183 | 1307

0.75 | 337 ] 21.1 1413|839 | 185 | 303 | 393 | 448 | 500 | 546 | 590 | 668 | 796 | 920 | 1041 | 1158

1 2.01 | 12.6 [ 24.6 | 50.2 | 112 | 194 | 281 | 349 | 418 | 460 | 499 | 575 | 698 | 814 | 930 | 1042

1.5 1097 1606|119 |243 | 545 (963 | 148 | 205 | 299 | 343 | 376 | 441 | 557 | 659 | 761 | 865

0.578]3.61 | 7.08 | 144 | 32.5 | 57.5 | 89.6 | 127 | 208 | 265 | 297 | 351 | 455 | 548 | 638 | 730

02771 1.73 13391692 | 155|276 | 43.1 | 61.9 | 108 | 158 | 195 | 239 | 318 | 395 | 468 | 541

2
3
4 [0.162]1.01 | 1.99 | 4.05|9.13 | 162 | 253|364 | 642|977 | 131 | 171 | 234 | 295 | 355 | 414
5 10.106]0.663| 1.3 |2.65]|596 | 10.6 | 16.6 | 23.8 422 | 65 |90.1 | 127 | 177 | 226 | 275 | 323

Approximation of the magnetic field calculation results. The dependences (/W) can be ap-
proximated by hyperbolic functions [25]:

2 12 -12
yj(x)z(ycj—k,jxcj)[l—[(x—xcj) +bj2} [xf.l_+b]21 J+krjx,

where j is the row number of Table 1; (x,, y.) are the coordinates of the center of the hyperbola; b is the value
that sets the focal length; £, is the coefficient of rotation.

All 4 coefficients of the approximating function are determined by the method of least squares by
searching in 4 nested loops for one of the dependences (j = 6, 3 = 0.5 mm), so the slope of the upper asymp-
tote, which is the same for all hyperbolas y;(x), is found as:

k= (kyxe, e (2 +82) "+, =5.198 Wh/A.

When approximating other dependencies a search of values x., y. and b is performed in 3 nested
loops determining the value of &, by the formula:

-1/2 -1/2
krz(yc(xchrbz) +kaj(xc(xcz+b2) +1j
The resulting vectors of the hyperbola coefficients:
xc=(133 232 354 482 621 810 1103 1348 1762 2100 2644 3012 3278)T (A);
yc=(0.867 0.866 0.866 0.864 0.864 0.862 0.856 0.85 0.836 0.822 0.796 0.774 O.752)T (mWb);

-1
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b=(121 150 198 222 262 324 373 434 480 518 530 516 462)T (A);

(2.802 1.732 1.168 0.88 0.694 0.539 0.404 0.334 0.259 0.219 0.175 0.154 0.14)T (mWDb/KA).

The graphs of the dependencies y; (/W) are shown in Fig. 2.
Then we set a range of flux linkage values:
lPk = kA\V >
where k=0, 1, ... 15; Ay = 0.1 mWb. For each value
we make the equation:
v,IW)=".

A number of magnetomotive force values
IW;y, corresponding to the specified values of flux
linkage ‘P at air gap values 9;, is determined numeri-
cally solving these equations by the method of half
division. The results are summarized in Table 3. By
7| interpolating the table dependence we obtain the func-

kl'

0 2 4 6 Q 10 ks tion of two variables /W(y,3). This function will be
Fig. 2 used in the equations of the electric circuit of the elec-
’ tromagnet winding.
Table 3
v, mWb
5 [ 01 o203 ]04]o05]06]07]08 09 1 [11]12]13]14]15
mm IW, kA

0.1 10.032]0.065|0.099 |0.136 |0.176 |1 0.224 10.293 10453 | 1.24 | 2.95 | 483 | 6.73 | 8.65 | 10.6 | 12.5

0.25 10.062 [ 0.124 | 0.188 | 0.254 |1 0.325 1 0.404 | 0.506 | 0.706 | 1.54 | 3.24 | 5.11 | 7.01 | 893 | 10.8 | 12.8

0.5 10.101 | 0.204 | 0.308 | 0.415|0.527 | 0.651 | 0.802 | 1.07 | 1.96 | 3.64 | 55 | 739 | 93 | 11.2 | 13.1

1 [0.1660.334 | 0.504 | 0.676 | 0.855| 1.05 | 1.27 | 1.64 | 2.69 | 441 | 6.27 | 8.17 | 10.1 11 13.9

1.5 10.218 10437 ]0.658 |0.883 | 1.11 | 1.36 | 1.64 | 2.09 | 3.29 | 5.06 | 694 | 884 | 10.8 | 12.7 | 14.6

0.263 10.526 [0.792 | 1.06 | 1.34 | 1.62 | 195 | 2.5 | 3.85 | 566 | 7.55 | 946 | 11.4 | 133 | 152

0.33810.677| 1.02 | 136 | 1.71 | 2.07 | 249 | 322 | 48 | 6.67 | 857 | 10.5 | 124 | 143 | 163

0.39410.789 | 1.19 | 1.58 | 1.99 | 241 | 2.88 | 3.81 | 554 | 743 1 933 | 11.3 | 13.2 | 15.1 17

(SN RVS] | )

043910880 | 132 | 1.76 | 2.21 | 2.67 | 32 [ 436 | 6.19 | 8.1 10 | 119 | 139 | 158 | 17.7

Electromagnet equivalent circuit and process equations. Taking into account the influence of
eddy currents on the nature of transients, we make an equivalent circuit of the electromagnet winding
(Fig. 3). The circuit shows: R is the active resistance of the winding; values reduced to the winding:

Sk

lpe =1, /W R:.C =R, W?; i, is the magnetomotive force generated by eddy currents; ¥ is the number of

e.c
the winding turns; R, is the resistance to eddy currents; u, i, i, is

i i) iw(t) the instantaneous values of winding voltage, winding current and

O l i 1 4 magnetizing current, respectively.
. vy Since the number of the winding turns is not given in the
u(r) R dar documentation of the electromagnet, it can be determined through

the measured inductance L = 75 mH and calculated in the program
Ansoft Maxwell magnetic conductivity in the open state A, =
O ¢ 0,144 mkH:

Fig.3 W: 'L/Aopen:722'

The complex magnetic resistance has been calculated as Z, = R,, + jX,, = 2.2-10° +j-9.5-10° (H") to
determine the value of R, .. Wherein it was set low-frequency alternating current (o = 1 rad/s) in the model to
eliminate current displacement effect. The resistance to eddy currents is determined using the imaginary part
of the complex magnetic resistance: R, . = ©/X,, = 10 Ohm.

The resistance reduced to the winding:

R..=R, W? =52 Ohm.
The equations of the electric circuit processes:
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‘2—‘;’=u(t)—Rz‘(r); i(6) =i, () +i, (1) i,l=%1W(w<t>,6(r>); i;“.c(r):Ri (u(®)-Ri(H).  (1)=(4)

ec

The equations (1) — (4) can be solved numerically using Rungk-Kutta method.

Development of the simulation model and calculation of electromagnet characteristics. A simu-
lation model of the electromagnet in the Simulink environment is created based on equations (1) — (4) and
Tables 1, 3 (Fig. 4). The calculation of the resulting magnetomotive force is occurred in the block "IW" by
interpolating the data of Table 3 and the calculation of electromagnetic force — in the block "Magnetic force"
by interpolating the data in Table 1.

D delta The input val-
ues of the electromag-

i ol 2D \_’”1 Tl f net simulation model
" 1 o Tw 2 | - are the instantaneous

¥ ) » 3 u | Vagnete values of voltage and
In2 i . force air gap, and the output

values are the instanta-
neous values of the
electromagnetic  force
and current. The elec-

iec
4>‘ 1152
i tics (Fig. 5) are ob-

tromagnet characteris-

1Ret —(2) tained as a result of

| Out2 modelling.
11.DB|4 A family of
Fig. 4 static traction charac-

teristics is given in Fig.
5, a. They are the dependences of the electromagnetic force on the value of the air gap at different values of
the winding current. At the rated current /, and close to zero values of the air gap electromagnetic force is
close to 800 N, which corresponds to the nominal clamping force given in the datasheet [23].

If the nominal value of the air gap between the mobile robot’s clamping electromagnets and the fer-
romagnetic surface is 2 mm, then, according to the characteristics (Fig. 5, @), at rated current each electro-
magnet will provide a clamping force of 35 N, and double current increase will give an opportunity to briefly
increase the force to 140 N to prevent detachment from the surface in case of danger. Similarly, at the begin-
ning of the detachment (this situation can be detected by slip displacement sensors [13]), when the gap in-
creases to 2.5 mm, a short-term increase in current to twice the nominal value will increase the force to 91 N
and return the robot to the working surface.

The dynamic properties of clamping electromagnets have essential value at automatic control. Fig. 5
shows graphs of growth of electromagnetic force (Fig. 5, ) and winding current (Fig. 5, ¢) when the elec-
tromagnet is turned on at rated voltage for different values of the air gap. The following patterns can be ob-
served according to the obtained graphs. As the air gap value decreases, the time of the electromagnetic force
increase first increases (at the gap values less than 0.3 mm), and then decreases again. This is due to the elec-
tromagnet inductance increase by the air gap magnetic conductivity increase, and then — the inductance de-
crease by the steel saturation. The dynamics of the winding current change is characterized by a stepwise
increase to 0.2 A due to eddy currents, and then — by a gradual increase to the nominal value. The rate of cur-
rent growth also depends on the conductivity of the gap and the saturation of the magnetic circuit.

Conclusions. The use of the circle-field method for modeling clamping electromagnets of mobile
robots makes it possible to create a model of electromagnetic and electromechanical processes, that takes
into account the spatial distribution of the magnetic field, nonlinearity of steel magnetization characteristics
and eddy currents, adding new knowledge to [12, 15, 19, 25]. The model is based on the numerically calcu-
lated dependences of flux linkage and electromagnetic force on the magnetomotive force and the value of the
air gap, which were approximated and included in the equations of the electromagnet winding electric cir-
cuit. At the same time mathematical methods of approximation of dependences of flux linkage on magneto-
motive force by hyperbolic functions and transition to inverse dependences were applied. The simulation
model of the clamping electromagnet in the Simulink program is designed on the basis of the received equa-
tions and the calculated tabular values. The family of the traction characteristics for different winding cur-
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rents, as well as the characteristics of the electromagnet at different values of the air gap are calculated. They
determine the electromagnet dynamic properties as an actuator of the clamping force automatic control sys-
tem. The developed simulation model of the clamping electromagnet will be used as a subsystem included as
a part in the model of motion control systems for mobile robots able to move on inclined and vertical ferro-
magnetic surfaces.

FSTN ' ' : ' ' H H H H

100

80

Fig. 5
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YJK 621.318.3

MOJEJIIOBAHHS MIPUTUCKHUX MATHITIB MOBIUIbHUX POBOTIB

KOJIO-ITIOJIBOBUM METOJOM

0.0. YepHo, kaua. Texs. Hayk, O.C. 'epacin, kaun. Texs. Hayk, A.M. Tonajos, kaua. Texs. Hayk, JI.K. Crakanos, A.IL. I'ypos,
KaHA. TexH. HayK, FO.0. Buxkoa, kang. ¢i3.-MaT. HayK

HaunionanbHuii yHiBepcuTeT Kopad/edyayBaHHs imM. agmipana MakapoBa,

npocn. ['epoiB Ykpainu, 9, Mukoiais, 54025, Ykpaina. E-mail: alextcherno@gmail.com

YV cyuacrnomy cyonobyoyeanni ma cyoHopemMoHmi iCHyE nepeik CKIaoOHUX 3a60anb, Ki NompioHo supiwumu 015 NIO8UWEHHS NPOOY-
KMueHocmi npayi ma 3meHueHHs OCHOSHUX eumpam. Xopowi pe3yibmamuy y euUpiueHHi yux 3a60anb NOKA3YE agmomamusayis iz
BNPOBAONCEHHAM PIZHOMUNHUX pobomis. MobineHi pobomu, 30amui nepemiuysamucsa ma 6UKOHy8amu 3a0ani mexnoao2iuni onepa-
yii Ha ghepomazHimuUux noGepXHAX Pi3HO20 NPOCHOPOBO2O POZMAULYBAHHSA, 0OIAOHYIOMb 1ACHUMU CUCIEMAMU KePYBAHH, PYUWIAMU
Mma NpUMUCKHUMU npucmpoamu. 3a3eudati HadiliHicmy MazHima ma Oe3nexa maxkux pobomie 3HAX00MbCA 8 NPAMIU 3ANeHCHOCTI
810 HANLEHCHO20 VAABNIEHHS PO3POOHUKIE 000 IXHbOT NOBEJIHKU, AKA ONUCYEMbC MAMEMAMUYHO 0I5l OKPeMUX yacmun abo poboma 6
YoMy 3 Memoio KOpeKmHOo20 eupiuenis npobiem Kepyeanus. B cmammi poszenanymo npoyec nodyoosu imimayitinux mooenei npu-
MUCKHUX eNeKmPOMAZHimie MOOIIbHUX POOOMIE 3 BUKOPUCAHHAM NOKPAWEHO20 KONO-NOIb0BO20 MEMOOY Ha NPUKNAOT eNeKmpoma-
enima BR-65/30. Mooeno nobyoosarno na 0CHO8I IHMEPNOIbO8AHUX 3ANEHCHOCEN NOMOKO3UEeNIACHHS MA eleKMPOMASHIMHOL CUlu
6i0 MA2HIMOPYWIIHOT CUNU MA BENUYUHU NOBIMPAHO20 3A30pY, OMPUMANUX WLIAXOM YUCTOBUX PO3PAXYHKIE MASHIMHO20 nojA. 3a
00noM02010 pO3pOONEHOI MO0l OOCIIOHCEHO OUHAMIUHI 61ACMUBOCTI €eKMPOMAZHIMY Ma OMPUMAHO CIMeLCmE0 1020 MA208UX
Xapakmepucmux, wo mMoxcymo Oymu GUKOPUCMAHI Ol A8MOMAMUYHO20 Kepy8aHHs Npumuckuum npucmpoem. bidn. 25, puc. 5,
Tabm. 3.

Kniouosi cnoea: 3aTUCKHI eIEKTPOMArHiTH, MOOLTBHIN poOOT, MOJIETIOBAHHS, METO KPyTOBOTO IOJIS, TATOBI XapaKTEPUCTUKH.

Haniitnura 06.01.2021
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TH®OPMAIIHHO-BUMIPIOBAJIbHI CUCTEMM B EJIEKTPOEHEPTETUIII

YK 681.518.5:621.313 DOI: https://doi.org/1015407/techned2021.03.065

MO/IEJII ®OPM NPEJCTABJEHHS HABYAIOUNX CYKYITHOCTEN
JJISA BATATOPIBHEBUX CUCTEM JAIATHOCTYBAHHSA BY3JIIB
EJIEKTPOTEXHIYHOI'O OBJIAJHAHHSA

M.B. MuciaoBHY*, TOKT. TEXH. HAYK
InctutyT enekrponunamiku HAH Yxkpainn,
np. [lepemoru, 56, Kuis, 03057, Ykpaina. E-mail: myslmv@gmail.com

Haseodeno pesynomamu O0ocniodcents YOOCKOHANEHUX MameMamudHux Mmooeiel 6iopayitinux iHgopmayilino-
0iazHOCMUYHUX CUSHATIB, WO 8PAX0BVIOMb AK 81ACMUBOCI 00 €KMi 0ia2HOCMY8AHHA, MAK I pexcumu (UeUOKICHU,
eleKMPUYHULL, MmeMnepamypHutl. ma in.), y sAKux 6in npayioe. Pozenamymo modeni npedcmasienusi HABYAIOYUX
CYKYnHOCIEU, Wo 8I0N06I0aroms Pi3HOMAHIMHUM MEXHIYHUM CMAHAM 8Y31i6 erekmpomexniunozo obnaonanus (EQO)
07151 PI3HUX pedcuMi8 iXHboi excnayamayii. 3anponoHosano mMooeii npedcmasients Hag4aloux CyKynHocmeu y ueisoi
mampuyi, eremenmu Kol 8i000padcaroms eiincu po3CisIHHA OiA2HOCIUYHUX O3HAK SUHAYEHUX MUnie 0eghekmis 8y3iis
i pedicumie pobomu cnocmepedcygano2o obnadnanns. OOIPYHMOBAHO cmMpyKmMypy noby008u HABYAUUX CYKYNHOCHEl
3a naockorw (2D) ma 06 ’emnoro (3D) mampuyero, eremenmu Kol Micmsame CyKynHOCMI, Wo 8i0n08i0arms OKpemum
sysnam EQO, a ixne noeonannsa ymeoproe 0iacHoCmuyHull onuc erekmpomexniyvHux azpeeamie. biomn. 18, puc. 5

Knrouosi cnosa: enektpoTexHiuHe 00aAHaHHS, CHCTEMA NIarHOCTUKH, KoHIen s Smart Grid, HaB4aro4ya CyKyIHICTb.

Beryn. I1ig yac mpoBeneHHss MOHITOPHUHTY Ta JiarHOCTYBaHHS eJIeKTpoTexHigHOTO obnmaananHs (EO)
SHEPTOIIINPUEMCTBE BHHHKAE TpoOjeMa BHUMIPIOBaHHSI Ta OOpOOKHM BENHMKOI KiIBKOCTI i1H(OpMAIifHUX
CHTHAJIB, 110 MOTpeOye BUKOPUCTAHHS 3HAYHUX 33 00 €MaMH BUMIPIOBAITBHUAX Ta OOYHCITIOBATBHUX PECYPCIB.
Le cyTTeBO yCKIaaHIOE CTPYKTYpY iH(pOpMarliiitHo-BumiptoBaabiux cucteM (IBC), 1110 BUKOPUCTOBYETHCH, 1,
SIK HACMiZIOK, NPU3BOAMTH A0 3HIDKEHHS il HaAiHOCTI Ta MiABHUILEHHS BapTOCTi. B meBHiH Mipi BUPIMIUTH 110
3a7ady BIA€TbCS IUIAIXOM PO3POOKM Ta MPaKTHYHOTO 3acCTOCYyBaHHsS po3moAiteHoi OararopiBHeBoi IBC
MoHiTopuHry 1 miarHoctrku EO. 3rimHo 3 [1 — 4] y posmonineHux 6araTopiBHEBHX CHCTEMaX BUMIipIOBajbHA
iHbopMallis TIIAEThCd TOMEPEAHROMY aHallizy Oe3MOocepeNHh0 y MicHi il OTpUMaHHS sl TOTrO, 00
BITOKPEMUTH TIIBKU Ty ii 9acTHHY, SKa BaYUIWBA JJI1 BH3HAYCHHS CTaHy BCHOTO TEXHIYHOTO 00’ekta. [Ipm
IHOMY TIiepenada iHpopmarii B IEHTPATBHANA MOIYJh MiarHOCTHYHOI CUCTEMH UIA ii TIOJANIBIIIOTO TIHOOKOTO
aHaJi3y 3MIHCHIOETHCS JIUIIE 338 HASBHOCTI OOTPYHTOBAHOT IPHYMHHN BBaXKATH, 0 Y KOHTPOJIHOBAHOMY BY3JIi €
KPUTHYHHHN JedeKT. 3aBIsSKH [IbOMY CYTTEBO 3MEHIIYIOTHCS OOCATH JaHUX, IO NEPEIaOThCS MK MOIYJISIMH
CHCTEMH MOHITOPUHTY Ta JiarHOCTYBaHHsI, 3HIKYETHCS HABAaHTA)KEHHS Ha 1 elIEMEHTH.

Ha cporogni y OaraTbox pO3BHHEHHX KpaiHax CBITY miJ 4ac moOyIOBH CHCTEM MOHITOPUHTY i
JIarHOCTYBaHHS €IIEKTPOCHEPTETHYHNX 00’ €KTIiB BCE YaCTillle BUKOPUCTOBYEThCs KoHuemiis Smart Grid.
3acTocyBaHHs 1i€i KoHmenmii (B ToMy uucii i y OaratopiBHeBux IBC MOHITOPHHIY Ta IiarHOCTHKH)
nepeadayae, o oociayroByBaHHs Ta peMoHT EO noBuHHI 31iiicHIOBaTHCS 3a (pakTHUHUM cTaHoM |1, 5]. Jlis
[[LOTO 3HAYHO OiJbIlIa YacTHHA OOJaJHAHHS Mae OyTH OXOIUIEHA CUCTeMaMHU 3a0e3NedeHHs] Ha[iIHHOCTI, AKi
3MICHIOIOTH ITOCTIHHUHN 9H MepioAUIHUH KOHTPOJIbh HOT0 (PaKTUIHOTO TEXHIYHOTO cTaHy. KpiMm Toro, cami 11i
CHCTEMH IMMOBHHHI MaTH OiIbIIe MOXJIMBOCTEH: 3a0e3neuyBaTi TBOCTOPOHHIM 00OMiH iH(opMalliero Ha BCiX
piBHSIX, BiJJIaNeHW{i MOHITOPHHT CTaHy, NMPOTHO3YBaHHS BigMOB, IUIAHYBaHHS HEOOXIAHOCTI y 3alacHHX
YaCTUHAX, OLIHKY 3aJIMIIKOBOIO pECypcy TOLIO.

[HKONIM y BiIOMUX JpKepeliax mepeliiueHi BUINE 3aavi 00 €qHYIOTh Mij 3arajbHOI0 Ha3BOK “Asset
Management” [1, 7]. 3apa3 akTHBHO BeIyThCs SIK iH)KEHEpHi, TaK 1 HAyKOBI poOOTH B AaHOMY HAaIPSIMKY,
NpUYOMY IXHI aBTOpPH IOB’SA3yIOTb CBOi Pe3y/ibTaTH CaMe 3 PEali3ali€lo KJIFOYOBUX MOMEHTIB KOHLEMIiI
Smart Grid [6, 7]. IlpoBimHi BHPOOHHWKH TIOTY)>KHOTO €JEKTPOTEXHIYHOTO OOJaJHAHHS BXKE 3apas
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NPOMOHYIOTh DA MPOTPaMHUX TPOAYKTIB, NpPU3HAUYEHHX Ui 300py Ta y3arajJbHEHHS CTaTUCTUYHOI
iH(pOpMaIIii 00 YMOB eKcIuTyarallii Ta pakTuaHoro crany obnagnanas EO.

[lotpeba B oOCHallEHHI IOUPOKOTO Kjacy pisHOMaHiTHoro oOmagHanHs EO cucremamu
JiarHOCTYBaHHS, MOHITOPHHTY Ta KOHTPOJIO CTAHy 3YMOBIIIOE T€, IO I CHCTEeMH ITOBUHHI OyTH aJanTHBHUMH,
3HAYHO IHTEIEKTYAIBHIITUMHE, HIX iCHYI04i. BakuBy poib y 3a0e3MeveHH] MIPOKIX MOKIMBOCTEH CHCTEM
HOBOTO TIOKOJIHHS OyZAe BifirpaBaTH pO3MOALT OOYMCIIOBAIBHUX PECypCiB MiX pI3HUMH CHCTEMaMH
JiarHOCTYBaHHS, MOHITOPHHTY Ta KOHTPOIIO, L0 MPALIOIOTh Ha Pi3HUX PiBHAX iepapxii eneprocuctemu (EC).

I3 Benmmkoro pi3HOMAaHITTS IyOJiKamiii, SKi CHpSMOBaHI Ha PO3B’SA30K O3HAYCHHUX BHIINE 3ajad,
MOXKHA BIJIMITUTH, HaNpuKIaa, podotu [6 — 9], y KOXHIH 3 SIKUX PO3TJSHYTO IE€BHI MHTAaHHS, TIOB’s3aHi i3
3acrocyBaHHsAM Smart Grid TexHOOTIH.

VY po6oTi [6] pO3IISHYTO NMUTAaHHS MONEPENHBOI MIATOTOBKH EKCIEPHUMEHTAJIbHUX AAaHUX Iepen]
iXHBOIO IMOJATBIIIOI 0OPOOKOI0 OOUHCITIOBAIEHUMH 3ac00aMu, 30KpeMa i 3a gormomororo IBC MoHITOpHHTY
i JiarHOCTHKH. Y CBOIO 4epry, BUKOHAaHA 3a TEBHUMH QJITOPUTMaMH, IO PO3MIISIHYTI y Wil poOoTi,
MiArOTOBKA JAaHWX HAJa€ MOXIIMBICTh CKOPOTUTH iXHiHl 00’€M s mojaibiioi oOpoOKH, M0 OCOOIHMBO
BKJIMBO Y pa3i 3actocyBanHs Smart Grid TEXHOIIOT1H.

[MuranHsM 3a0e3MeUeHHsT ABOCTOPOHHBOTO OOMIHY iH(OpPMAI€I0 MK Pi3HUMH PIBHAMH 00’ €KTIB
€IIEKTPOCHEPTeTUKN TpHCBIYeHa poOoTa [7], A€ PpO3TISHYTO MPAKTUYHE 3aCTOCYBaHHS OE3APOTOBHUX
ceHcopiB, cymicHuX 31 crangaptoM IEEE 802.154 mHa pi3HHUX enekTpoeHepreTHYHux o0’ekTax. B poOoTi
NPEACTaBICHO  pe3yJbTaTH  KOMIUIEKCHOTO  €KCIIEPUMEHTAILHOTO  JOCHI[DKEHHS 3  BH3HAYCHHIM
CTaTUCTUYHUX XapaKTePHCTHUK Oe3ApOTOBOro KaHalmy oOMiHy iHpopMamiero MK o0O0’ekTaMH Ha
eJIeKTpOeHepreTHYHii mifcraniii 3 Hanpyror 500 kB. IIpoBeneni mociimKeHHS TOBETH MEPCIEKTUBHICTh
BHKOPHCTAHHS IBOCTOPOHHIX CEHCOPIB BKA3aHOTO CTAaHAAPTy mix dac moOymoBu IBC 3 BUKOpHCTaHHSIM
Smart Grid TexHOMOTIH.

B poGorti [8] po3rissHyTO NUTAaHHS 3aCTOCYBAaHHA METOIIB MOHITOPHHTY CTaHy OKPEMHUX BY3JIiB
cuioBoro tpanchopmaropy Ha 0a3i BUKOpUCTaHHS iH(QOpPMAIIfHUX MiarHOCTHYHUX CHUTHAJIB. 3HAYHHH
iHTepec sIBJISIE MPOBEJICHA B CTATTI KIIacU(iKallis MeBHOT KITBKOCTI OMyOJIiKOBaHUX POOIT, JIe PO3TIISAAI0ThCS
NUTaHHs 3aCTOCYBaHHS METOJIB (YaCTOTHI, 4acoBi a00 iH.) BiIOPOAaKyCTUYHOT NiarHOCTHKH 3311 BU3HAUEHHS
TEXHIYHOTO CTaHy TpaHc(opmaropa, a TaKoX BiIMI4arOThCS OCOOJIMBOCTI MIIXOJIB aBTOPIiB i OTpHMaHi
Pe3yABbTATH i Yac MPOBEACHHS TaKoi NIarHOCTUKH. Y il poOOTi 3BEpHYTO TaKOX YBary Ha HEOOXiIHICTh
30epesxeHHss y mam’sTi IBC MOHITOPHHTY 1 IiarHOCTHKHM Ta OpraHizamii MIBHAKOTO JOCTYIY IO JiarHo-
CTUYHUX JAaHMX — Hapyatounx cykymHocted (HC) mpo TexHiuHMI cTaH JOCHIHKyBaHUX TpaHC()OpMaTopiB,
sKi (HOopMyIOThCS B TIporieci HaBdaHHs Takoi IBC. Y cBoOo "epry mMBHIKIH TOCTYI 10 30€peKeHUX y TPOIIeCi
HaBuaHHg naHux (HC) B xomrutekci i3 BIANOBIAHUM TporpaMHUM 3a0e3NeueHHSIM HaJae MOJMIIUBICTD
3MIHCHUTH IHTENEKTYAIBHUN MIXi 10 OIIIHKY cTaHy Aociimkysanoro EO.

[IuTtaHHA TPAKTUIHOTO 3aCTOCYBaHHS IHTENEKTyanbHOI cuctemMu DS5000 mus aucrmeTdepckoro
yIpaBlieHHS MEpPeKaMH pO3MIIIHYTO y poOoti [9]. BuxopucranHs wmiei tuathopMu y TOEIHAHHI 13
CHCTEMHOIO apXiTeKTypol0 1 BIANOBIAHUM MPOTPaMHUM 3a0€3MEUCHHSM Ja€ 3MOTYy 3iHCHIOBATH
OTIepaTHBHHUN MOHITOPUHT Ta 30€peXeHHs JaHUX Mpo TexHiuHwuii ctad EO.

Y poborax [1, 2, 3, 8] ommcano 0coOJMBOCTI TMOOYMOBH OaraTOpPiBHEBHX CHCTEM IiarHOCTYBAaHHS
o0JaiHaHHS EJICKTPOCHEPreTHUHUX 00 €KTIB 3 ypaxyBaHHsIM KoHiemniii Smart Grid [4, 7] 1 Ha 1iii OCHOBI
pO3pO0IJIEHO  y3aralbHEHY CTPYKTYypy OaraTOpiBHEBOI CHUCTEMH MOHITOPUHTY CTaHy Ta TEXHIYHOTO
JiarHOCTYBaHHS TaKUX 00’€KTiB. Y CBOIO Uepry, BUKOPHCTaHHS PO3MNOAUICHUX OOYHCIIIOBAIBHHUX PECYpCiB Ta
BpaxyBaHHs CTYNCHS KPUTHYHOCTI NE(EeKTiB pi3HHX BY3JIIB EJIEKTpOTexHiyHOro obmaananHs y IBC, mo
3arpornioHoBaHa B [1, 3] 3abe3neuye 3HmkeHHS BapTocTi camoi IBC 3a omHOUacHUM 30epeKeHHSIM BHUCOKHX
MOKA3HUKIB TOYHOCTI Ta BIPOTiTHOCTI BUSBIICHHS JeEKTiB 3a 1 JOITOMOTOF0.

3amns ycIminmHoi pearmizamii 0aratopiBHEBOI CHCTEMH HEOOXiJHO CTBOPHUTH MOIYJ Ta BiATOBITHI
0JIOKH, 1110 JAFOTh MOXKIIMBICTh BUKOHYBATH HEOOX1IHI BUMIPIOBAHHS 1 OOYMCIICHHS, a TAKOX MAOTh HEBHCOKY
BapTicTh. OJHUM i3 OCHOBHHUX OJIOKIiB, IO Ma€ BXOIUTH 0 cTpykTypH IBC MOHITOpHHTY 1 AiarHOCTYyBaHHS
By3niB EO, € 610k, sikuii BMilye y co0i pe3ynbTaTi HaB4aHHs Takoi cuctemu [10]. Crig Takoxk 3a3HaYKTH, IO
JUISL PO3B’sI3aHHS BKa3aHMX 3a7ad y [boMYy OJIOKY MaroTh OyTu posmileni HaB4atodi cykymHocTi (HC), sixi 6
BPaxOBYBaJIM MOXIIHMBI BUIHU Ae(peKTiB, HAHOIIBLI TUITOBI JJIs IHOTO BY3J1a, Ta Mk O BiMOBiHY 1H(pOpMALIiIO
II0/I0 PEXUMIB (EIIEKTPUYHI, IIBUIKICHI, TEMITEpaTypHi Ta iH.) fioro podotu [11].

Bimomo [1, 2, 4, 7, 8, 9, 12], mo cucremu, modyzaoBaHi 3a TexHomorieto Smart Grid, maroTh
MPAITiOBATH ¥ PEKUMI peaTLHOTO Yacy, TOOTO BOHM MOBHHHI OTIEPATHBHO 3HAXOJWTH Y OJIOKY HaBUAIOUUX
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CYKYITHOCTEH BIAMOBIIHY CYKYITHICTH, SIKa MICTHTH iH(OpPMAIlIO SK MPO BHUI MOXIIHUBOTO Ne(EKTy IBOTO
00’ekTy, Tak 1 pexxuMm Horo pobGotu. Bubip HeoOximHoi HC OesmocepenHbO MOB’S3aHO 3 MOAATBIIAM
PO3B’A3aHHAM 3aJadi BU3HAUCHHA TEXHIYHOTO CTaHy 1 kinacudikalii MOxIUBHX AedekTiB y By3ny EO, mo
miarHoctyetbes. Came Big Qopmm mpencraBmeHHs 1 cuctemarmsamii HC  3anexuTs MOXIIMBICTH
(hyHKITIOHYBaHHS CHCTEMH MOHITOpHHTY 1 miarHocTyBaHHS EO 3a Texnosoriero Smart Grid. Orxe,
PE3yIBTATH MPOBEICHOTO PO3TIIALY BUIIEBKa3aHUX pOOIT 3yMOBHJIM TEMY JIaHOT CTaTi.

OcHOBHOI0O MeTOI0 AaHOi poboTu € po3pobneHHs ¢opm mpenacrasieHHss HC, ki BiamoBimaroTh
NEeBHUM TeXHIYHUM cTaHaMm By31iB EO i MoxyTh mpaioBatu y pisHuX pexumax. Ilepenbauaerscsi Takox
ctBopeHHs Mozeneit popm HC, mo narots 3mMory 00’emnati copmoBani HC B okpeMi By3nu Ta arperatu
EO y BiAmoBimHOCTI i3 3apONOHOBAaHOIO cXeMOr0 po3noaiieHHs EO Ha meBHi iepapXidHi piBHI.

3amia qocsTHEHHS c(hOpMyThOBaHOI MeTH HEoOXigHO, TIepIn 3a BCe, PO3TJITHYTH JesIKi MOMEHTH,
NOB’S13aHi 3 pe3ynbTaTaMu PO3POOKH MAaTeMATHYHHMX MOJeJel TIarHOCTUYHHUX iHPOpPMaliiiHUX CHTHANIB,
SKI HaJald MOXIIUBICTh OOTPYHTYBATH MIarHOCTUYHI O3HAKH, 332 KITbKICHUMH OI[IHKAMH SKHX, ¥ CBOIO
gepry, Oyso cOpMOBaHO HaBUaIOUi CYKYITHOCTI, IO BiJIOBITAIOTh SK MEBHUM TEXHIYHUM CTaHaM BY3IIiB
EO, Tak 1 pexxumaMm ixHboi poOoTH. Sk mpuKiIan BUKOpUcTaeMO Bimomi [13] pesynbraTH AOCIHIIKEHbD
BiOpaliifHuX MiarHOCTUYHUX CUTHAIIB. 3aCTOCYBaHHS €IEMEHTIB Teopii JIHIMHUX BHIAJAKOBUX IPOLECIB
(JIBII) [14, 15] mix yac moOymoBH MOJENEH IUX CUTHAIIB HAZAI0 MOXKIWBICTH OTPUMATH CTATHCTHIHI
OINIHKH JIarHOCTUYHMX O3HAK JOCIIXKYBaHUX BiOpaliiHUX CUTHAJIB SK JUIsl TAyCOBOTO, TaK 1 1HIIUX BUIIB
PO3MIOIiTIB HMOBIPHOCTEH, 1110 BITHOCATHCS JI0 KIIaCy O€3MEXKHO MOAUTLHUX 3aKOHIB [15].

VY po6oTi 3apONOHOBAHO y3arajbHEHY MaTeMaTHUHYy MOJENb CUTHally 00'ekTa miarHoctyBaHHs EO,
1110 MPALIOE Y PI3HUX PEXUMaxX Ta Ma€ BUTIIL

L0)=(&,(0),&,(1),...6,(1), teT, (1)

[1]

e TIOCHIIOBHICTH KOMIIOHEHT {5 j(t), j=1, n} mozeni (1) ommcye TOCHIAOBHICTh IarHOCTHYHUX

BiOpaiitHux curHaniB EO y n pexxuMax Horo QyHKIIOHYBaHHS.

Mopnens (1) e Bexktopuum JIBII, sxa nae MoxnmBicTh BpaxyBatH crnenuiky i XapakTepHi
MOXXJIMBOCTI PI3HHX peXUMIB poboTi mocimimkyBaHoro EO, Ta € TOmambIIMM PO3BUTKOM BiIOMHUX
MaTeMaTUYHUX MOJEJICH MIarHOCTHYHUX CUTHAJIB, SKI OTPUMAHO IiJl Yac JOCIIPKeHHS (Di3MUHUX MPOIIECIB,
CYIpoBOKYI0UnX poboty EO. 3 MeTo NpakTHYHOrO BUKOPUCTAaHHS B POOOTI AOCHIIKY€ETHCS MOAETDH
crarionapaoro JIBII, sxa 3Haimuia mMpoKe 3acTOCYBaHHS Y BiOPOMIArHOCTHIN TEXHIYHMX OO0 €KTIB i
CHCTEM.

Takum 9MHOM, KOMIIOHEHTA & ; (t) mozeni (1) Mae iHTeTpanbHe npeAcTaBieHHs [14] y BUTIIA1

0 ©

£,(0)=[o,(t-7)dn(z)=[p,(t-7)n'(z)dz. j=Ln, teT, )

0 0

Jie etepMiHoBaHa QYHKLISL ¢ (t) XapaKkTepu3ye iMIyJIbCHY MepexinHy QyHKIiIo 00’ €KTa JOCHIIIKEHHS SIK

JiHIHHOT CHUCTeMH, Y j-My pexuMi (DYyHKIIOHYBaHHS, a TOPOKYIOUHH MpoIec n(z) — BWITQJKOBHH 3

HE3aJICKHUMH TIPUPOCTAMHU 1 O€3MEXHO-TIOAUTBHIME 3aKOHAMH PO3TOIUTY, SKUH BpPaxOBY€E IO 3HAYHOI
KIJIBKOCTI CTOXaCTUYHUX (DaKTOpiB, BUHUKAIOUMX i Yyac (opMyBaHHS HiarHOCTHUHOTO curHany. [loxinHa

mpouecy 77'(7) € mpouecoMm Oinoro mymy [14, 15], mo nxae MOXIMBICTH BHKOPHUCTATH IO€IHAHHS

TEOPETUYHUX 1 EKCIIEPUMEHTANBHUX PE3YJIbTaTiB AOCIiIKEHb y raly3i BiOpOoIiarHOCTHKH.
VY poboti [13] mocmimxyerbcsi kKoHCTpykTuBHa Mozaens JIBII (2) — Gararope3oHaHCHWE HmiarHO-
CTUYIHHH BiOpaIliiHAN CUTHAII, TKHA OMTUCYETHCSI CITIBBITHOIICHHSIM

E(0=Ya,é,0), j=ln, 1eT . G)

i=1

B mopeni (3) mis KOMIOHEHTH & j(t) BUKOPHUCTAHO HACTYIIHI O3HAYEHHS: m € N — LiJIe YHCIIO, SIKe
XapaKTepU3y€e KUIbKICTb PE30HAHCHUX YacTOT; ¢ ;; — BaroBi KOC(ILI€HTH, 1O BiL0OPaxaiOTh CIIBBIIHO-

IICHHS EHEepriii MK BIJIOBIIHUMH PE30HAHCHUMH dacTtoTaMu; & jl.(t) — CKJIaJI0Ba, SKa BPaXOBYE
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XapaKTePUCTUKA CUTHAJTY Ha 4YacToTax, OJM3bKUX MO0 [-TO PE30HAHCY, Ta OIHUCYEThCS HACTYITHUM
CHIBBIAHOILIEHHSIM:

& ,(0=lot-0)n () @

ne ¢ ; i(r) — IMITyJIbCHA TIepeXiiHa (QYHKIIiS (POPMYOUOTO PE30HAHCHOTO i-T0 (iIBTPY, KA Y BiIMOBIIHOCTI
3 METOJIOM EJICKTPOMEXaHIYHUX aHaJOoTiH [13] onmruCcy€eThCsl HACTYITHUM YHHOM:

(/’ji(t) = (2ﬂfﬁ) e’

Ae f;; — pe3oHaHCHA 4YacToTa; [ ;; — KOC(ILIEHT, IO XapAaKTePU3y€ CTYIHb 3racaHHs KOIUBAHb I -I

"' sin (Wjit)U(t) , (5)

. 2 2 .. o . .
CKIAJ0BOL; ¥ ;; = \/(27r f jl.) — B — KoeILI€eHT, KUl XapaKTePU3ye CTYIIHb B3aEMO3B 3Ky MiX f ;; Ta

p jis U (t) — HopMatizoBaHa (GyHKis XeBicaiiia (OMUHHYHUIN CTPHOOK).

VY BignosimHOCTI 3 poGotamu [10, 17] Ta ypaxyBaHHsM (4) 3MiHY TEXHIYHOTO CTaHy OO0 €KTY
JIarHOCTYBaHHS a00 PeXUMY HOTo QyHKIIOHYBaHHS 00YMOBJICHO 3MIHAMU ITapaMeTpiB iMIyIbcHOT QyHKIIT

@ ji(r) YM TOPOIXKYIOYOTro MHpouecy 7 (r) 3a pesynpTaTaMH AOCTIIKCHHS MaTEeMaTHUYHUX MOJIENeH

BiOpomiarHocTnuHuX curHamB [10, 17] gk miarHOCTHYHI O3HaKW MOKe OyTH BHOpPAaHO HACTYIIHY HU3KY
napamMeTpiB i XapaKTePHCTHK, L0 BPaxOBYIOTH Di3HI PEeXHMH Ta MOXIMBUM TEXHIYHUI cTaH 00’€KTiB
nmiarHoctyBanHs EO:
— Yy pasi CHeKTPAIbHO-KOPEISIUIHHOrO aHali3y: KoeilieHTH 3aTyXaHHs [ ;;; 4aCTOTHI IapameTpu
Vi j=Lnlim, i=1,m;
X—>00

— Yy pa3i aHamizy HMOBIpHICHOTO PO3MOALTY: XapakTep QYyHKIIT IiITBHOCTI PO3MOIiTy HMOBIPHOCTEIH;
BEJIMYMHU NOYATKOBHX 1 LEHTPAJIbHUX MOMEHTIB, Cepel SIKMX HaiOuibi iHQOpMAaTHBHUMH € KoedillieHTH
acumeTpii k Ta ekcrecy ¥ .

SIKIIo 3aMicTh mapameTpiB kK Ta ¥ CKOPHCTATHMCS 3B’SI3aHUMH 3 HMUMHU napamerpamu S, =k’ Ta
B,=y+3. [13], To sK AIarHOCTUYHHWI TPOCTIp 3aMusi (OPMyBaHHS HABUAIOYMX CYKYIHOCTEH, IO

XapaKTepU3yIOTh TEXHIYHWHA CTaH JOCTIDKYBAaHWX BY3JIiB, MOXKHA BHUOpPATH ILIOUTUHY (ﬂl , ﬂz), y SIKUH

OymyeTncs BioMa B ctaTucTHIl aiarpama Ilipcona [13]. Came Takuit mimxix BUKOPHCTOBYBABCs y podorax [10,
11, 13] muist popMyBaHHSI HABUAIOUMX CYKYITHOCTEH, sIKI BPaXOBYIOTh BUIU MOXIUBHX AedekTiB By3na EO.

Sk 3a3HayeHO BUINE, CHCTEMH MOHITOPHHTY 1 JIiarHOCTyBaHHS, mooOymoBaHi 3a Smart Grid
TEXHOJIOTI€10, MAlOTh IPAIIOBATH y PEXKHMI peaJbHOro dacy, TOOTO Taka CHCTEMa Ma€ OIepaTHBHO
3HAXOIUTH y OaHKY HABYAIOYMX CYKYITHOCTEH BiJIOBIHY CYKYITHICTb, SIKa MICTUTh iH(QOpPMAIIIO SIK TIPO BUA
JnedeKTy uporo 00’€KTy, TaK i IpO PEKUM HOro podoTu.

PosrisiHeMo mmTaHHS pO3po0NIEHHS Mozneneld (opMyBaHHS IIPOCTOPIB IarHOCTUYHUX O3HAK, IO
BIATTOBIAIOTh PI3HUM TEXHIYHMM CTaHaM BY3IiB EO, ske Mpaifoe y pisHUX pekuMax (IMBHAKICTH 0OCpTaHHS
potopa EM, Temniepatypa By3:iB, 110 AIarHOCTYIOTHCS, Pi3Hi CTYIICH] eJIeKTPOAMHAMIYHOTO HABAHTaXKEHHS Ta iH. ).

VY pasi npoBeneHHsT (QyHKIIOHATBHOI €TAOHHOI MiarHOCTHKH minx 4ac ¢opmyBanHs HC (eTanoHiB)
BHHHKAE 3a71a4a BUOOPY MiarHOCTHYHUX MPOCTOPIB. 3TimHO 3 [16] v cydacHi MaTeMaTHIli «... npocmip — 1
JIOTiYHO MHucjeHa (opMa (abo CTPYKTypa), sSKa CIyTye CEPEIOBUILEM, Je 3IMCHIOIThCS 1HIM (GopMu Ta Ti
YW iHII KOHCTPYKUIi ...». Y HamoMy BUMNAIKy i «npocmopom OyIeMO PO3YMITH MHOMICUHY 0VOb-AKUX
00 ’exmig, sIKI HA3WBAIOTh WOTO TOYKAMU; HUMH MOXKYTh OyTH reomeTpudHi Qirypu, GyHKIii, cTaH ¢izuaHol
CHCTEMH Ta iH. ...».

VY BignosigHocti 3 [13, 17, 18] sk KoopAMHATH AIarHOCTUYHUX MPOCTOPIB 3a3BUYail OOMPAIOTh
napaMeTpu abo0 (QYHKIIOHABbHI XapaKTePHCTUKH JIarHOCTHYHUX CUTHAJIB, SKI BUSBWIMCA HaWOLIBII
YyTIMBAMH JO 3MIiHM TEXHIYHOTO CTaHY IOCHIDKYBaHUX 00’€KTiB. MipHICTh TIarHOCTUIHOTO IPOCTOPY
Oe3mocepelHbO MOB’S3aHA 3 KUIBKICTIO KOOPIMHAT, 32 SIKUMH CEHCOPaMH 3HIMCHIOETHCS BUMIPIOBAHHS
JIarHOCTUYHUX CUTHAIB.

[To3Ha4YMMO TIPOCTIp AiarHOCTUYHUX O3HAK uepe3 (). VY pasi BUOOPY CTATUCTUYHHX MIarHOCTHYHHX
MoJIeNiell SIK CYKYMHOCTI JiarHOCTUYHUX O3HAK JI0 CKJIaAy IOro AiarHOCTHYHOro mpoctopy 2 3a3Buuaii
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BXOJISITh TIEBHI CTATUCTUYHI MTapaMeTPH 1 XapaKTepUCTHUKH, SIKi € HalOLIbII iHPOPMATUBHUMU 10 BUABICHHS
HAsBHOCTI Ta Kiacudikaiii piaux BuaiB nedekris y By3nax EO.

Buxoasun 3 1poro, mapaMeTpu Ta XapaKTEePUCTUKU JiarHOCTMYHHMX CHTHAJIIB MOXXHa OTPHMYBATH,
PO3TIsIatouy iX K peanizallii BUIaJIKOBHUX MPOIECciB a0 MOIiB

§(w,t), weQ, teT

5(0))/ (6)
\‘5(0),1’,1), weQ, r(x,y,z), tel.

3 ypaxyBaHHSIM OOIPYHTOBAaHUX MiarHOCTHYHHUX O3HAK Ta peXuUMiB podotn EO HIbkue HaBemeHO
cxeMmatuuny imocrtpamnito (puc. 1) ¢popmysanns HC ans miarHoctuku By3miB EO 3a 101moMoror cTBOpeHOT
IBC. VY BiAmoBiTHOCTI 3 Ii€l0 CXEMOIO caMe MaTeMaTHU4HI MOJISNi JIarHOCTUYHHUX CUTHAJIB € TICPBHHHOIO
OCHOBOIO JIJIsl TEOPETHYHOTO OOTPYHTYBAHHSI IIarHOCTUYHUX O3HAK, TOOTO THX MapaMeTpiB 1 XapaKTEePUCTHK
UX CHTHAJNIB, SKI HAJalOTh HaWOUIBII BUYEPNHY iH(GOpPMALi0 WIONO TeXHiYHOro crtany By3miB EO.
OTpumaHHs peami3alliii AiarHOCTUYHUX CHUTHAliB MOXe OyTH 3AiCHEHO ab0 HUIIXOM CTaTUCTUYHOTO
MOJICITIOBaHHs, a00 MUIAXOM TMPOBEJCHHS HATYPHUX CKCIIEPUMEHTIB HA pPEalbHUX EICKTPOTEXHIYHUX
00’ektax. HactymHuil kpok mepembadae OTPUMAaHHS CTAaTUCTHYHHUX OIHOK peami3allii JiarHOCTHIHHUX
CUTHAIB, fAKI BIJIOBIAIOTh NMEBHUM TeXHIYHUM cTaHaMm By3miB EO Ta pexxumam ixuHboi poOoTtu. Came
OTPUMAaHHS ITUX CTATUCTUYHUX OIIHOK, IO BOJHOYAC BPaXOBYIOTh TEXHIYHHUN CTaH 00 ’€KTY 1 PEKUM HOTO
po0OOTH, HaJTa€ MOXKIIMBICTE TIEPEUTH Oe3MOCepenHbO 10 (POPMYBaHHS HaBUYAIOUNX CYKYITHOCTEH.

Mogeni OTtpumaHHS Cratuctuune ®DopMmyBaHHS
JiarHOCTUIHHX peanizauii J1C: OLIIHIOBaHHS MIPOCTOpPY
curHanig (JIC) —®» - MOJENIOBAHH —> peanizauiit JIC »|  NIarHOCTUYHHX

- €KCIIEPUMEHT O3HaK
Puc. 1

Sk mpukian 3a giarHoctuanuii npoctip Q 3amust popmysanns HC B maniii po6oTi 06paHo Bimomuit
Yy CTaTHUCTHII JIIC PO3CilOBaHHI. Buxomsdu 3 IIbOT0, MapaMeTph Ta XapaKTEPHUCTUKH IiarHOCTHIHHX
CUTHAJIIB MOKHA OTPUMYBATH, PO3TIIAI0YH IX SK peaizallii BUIMaJKOBUX MPoIeciB abo MoJIiB.

BpaxoByroun Take ysBICHHS HPO BHMIPIOBaHHS IIarHOCTHMYHHMX CHTHAJIB, MOXKHA CXEMAaTHYHO
moka3atu (OpMyBaHHS TiarHOCTUIHOTO MPoCcTopy (puc. 2). Y BepXHill 4aCTHHI IILOTO PUCYHKY HaBEIACHO
(2 — mpocTip CyKyNmHOCTI QiarHOCTUYHHMX O3HAaK, SKi BU3HAYAIOTHCA BiANOBIIHMMHU CTATHMCTHYHUMHM
napaMeTpaMu Ta XapaKTepUCTHUKaMH. Sk mokaszanu OaraTo4ucelbHI TEOpPeTHYHi 1 eKCcIepUMEHTalbHI
mociimkeHHs [13], cepex Takux mapameTpiB HaOinbIl iHOOPMATHBHUMH € IOYATKOBI Ta IIEHTpajbHI

MOMEHTH (KyMYJISTHTH) JI0 j-TO TOPSIJIKY BKIIOYHO, & CEpe]] XapaKTePUCTHK — KOpesiiHa (yHKIIis R(z’),

Q- npocmip CyKynHocmi
0iazHOCMUYHUX O3HAK

IMapamerpn XapakTepucTHKHA
ITouartkogi Ta Kopemsuiitna ¢pyHKIis R(Z’ )
LEHTPaJIbHI MOMEHTH CrexTpabHa IiIbHICTh S ( f )
(KyMyJISIHTH) 10 [linbHICTb po3MmoaiTy p(x )

J - nopsixy Xapakrepuctuuna Gynx. f (t , u)

o,, (HCk)
O6’exT 0, nedexr k

@ ,, (HC0)

006’ext 0, cripaBHHi

w,, (HC1)
006’exrt 0, nedekr 1

Puc. 2
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CHEeKTpalibHA MIUTBHICTh MOTYXHOCTI S ( f ), [IUTBHICTE PO3MONITY WMOBipHOCTEH p(x) Ta XapaKTEepUCTUYHA

byukuis f (t, u)

Cruin Takox 3a3HaunTH, mo (opmyBanHs HC 3nilicHIOETbCS Ui TIONEpeHBO OOpaHOro 00’€KTy
JiarHOCTYBaHHsI Ta BY3IiB, IO HOro YTBOPIOIOTH. [Ipudomy, mepenik MOXIMBUX OeQEKTiB MmiJ dac
¢dopmysanaa mux HC, migOupaeTbess U1l KOXKHOTO B3Iy 3 YpaxyBaHHSIM HOTO BUIY, KOHCTPYKTHBHHUX
0CcOOJIMBOCTEN Ta MPU3HAUEHHS.

Takox cinif 3a3HA4UTH, MO caMe BiJ BUOOpPY 00’€kTy (ab0 MEBHUX BY3JIB, IO BXOAATH OO HOTO
CKJIa/ly) 3aJIe)KUTh iH(DOPMATHBHICTh TUX UM IHIIMX A1arHOCTUYHUX O3HaK [3, 13].

Y HIWKHIA 9acTHHI pHUC. 2 CXEMaTUYHO HaBEJACHO MPHHIIMI MOOYIOBH MiAMPOCTOPIB CYKYITHOCTEH
JIaTHOCTUYHUX O3HAK @, @, O ,, ..., @, 110 BINOBIJAIOT CIIPABHOMY CTaHy 00’€KTy (HOro mo3HayeHo

«O06’ext 0») abo HasBHOCTI meBHUX BHUIIB AedekTiB (medekt 1, nedekr 2, ... , nedekr k) Ta BXOIATH 1O
ckiaxy npocropy €2, To6TO
Wy D, @yy...,®, €Q. (7

HaBenena cykymHICTh MiAIPOCTOPiB OyIy€eThCS OKPEMO UIS KOKHOTO 3 00’€KTIB J[iarHOCTYBaHHS.
YMOBHO SIK TpUKIa] Ha pUC. 2 i MiANPOCTOpU MoOyaoBaHO it 00’ekty 0, 3a sKkuii Moke OyTH 0OpaHO
Oyap-sikuit 06’ekt EO, mist sikoro peamnizyroTbesi omepaii JiarHOCTyBaHHs (HApUKiIad, TOTYXHI pOTOPHI
EM, tpanchopmaTopu, eIEKTPOABUIYHH BIACHUX TTOTPEO TOLIO).

3rimao [3, 13], 3aBepmrambHUM eTarmoM miarHOCTyYBaHHS EO € BCTaHOBIEHHS HAsBHOCTI Ta
kiacuQikalis NeBHUX BUAIB NePEKTIB, SIKI MOXKYTh BUHHKATH y JOCHiKyBaHuX By3nax EO. YV Bkazanux
poboTax migKpecieHo, 0 BUKOHAHHS IMX Oomepalliii nependoavae HasBHiCTh HC, siKi BiAMOBIIaOTH TICBHUM
BuzaM nedekTiB y Bysnax EO, mo mgiarHOCTYIOThCSA. KpiM TOTO, 3311711 OTpUMAaHHS TOCTOBIPHHUX Pe3yJIbTaTiB
JIarHOCTYBaHHsI HEOOXiJHO BpaxoByBaTH pexkuMm pobdotu EO. Tobro, chopmoani HC mMaroTh BogHOUAcC
BpaxOBYBAaTH SIK MOKJIMBI BUAM Ae(EKTiB, Tak 1 pexxumu pobotu EO.

SIK HaCTYNHWIA MPUKIIaZ HA PUC. 3 HaBEJECHO CXeMy YTBOPEHHs JiarHocTHYHMX rpoctopis 3 HC, mo
BIJIITOBITAIOTh BKAa3aHUM BHWIIE BUMOTaM, a came, MICTATh iH(GOPMAIIIO MOI0 MOKINBHX NEe(EKTIB BY3IIiB
EO i pexumiB ixHbOT pOOOTH.

@ , [BUryHH

BJIACHUX MOTPEO,

Puc. 3

VY cxemi Ha puc. 3 nokazano HC, copmoBaHi ajis CipaBHUX IiIIMITHUKIB KOUYEHHS, SIKI BXOJATH J0
CKJIaay JBWTYHIB BJIACHMX TOTpPeO 1 MPAIfOIOTh, HANPHKIAA, y 4-X pIi3HUX IIBUAKICHUX pexumax. Llum

peKUMaM  BIAMOBINAIOTH  JIIarHOCTHYHI  MIAIPOCTOPH: @ g, @ 1> Dy 5 @3- AHAJIOTIYHUM  YUHOM
3nifcHIOEThCS (hopMyBaHHS HiarHOocTHYHEX rpocTopiB 3 HC 1 s inmmx Bunis EO.

ChopMoBaHy MHOXKHHY JiarHOCTUYHUX MPOCTOPiB {2 MOKHA NPEACTABUTH Y HACTYIHIM MATPHUYHIN
bopmi:

Wy WOy ... @y,
10 11 1

Q: n (8)
@Dy O ... O

Y (8) miampocTopH, IO PO3TAIIOBaHI MO PsjAKaX, BiIMOBIIAalOTh OJHAKOBMM TEXHIYHUM CTaHAM
BOTO BY3JIa, aJie TPAIIOI0UMM Y Pi3HUX PeXHMaXx, 3a SIKUX eKCIUTyaTyeTbes Aociimkysane EO, a koxHUiA
CTOBITYMK BiJIOBiae MeBHOMY (HE3MiHHOMY) PEKUMY pOOOTH By3ia, aje MalO4hM Pi3HI TEeXHIYHI CTaHU.
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To0TO, IEBHOMY TEXHIYHOMY CTaHy JOCIHI)KYBaHOTO 00’ €KTYy 10 CTOBITYMKAX y (U BIAMOBIIAIOTH 1HACKCH,
sIKi, B 32JIEKHOCTI BiJ] CIIPABHOT'O CTaHy abo MEBHOTO Ie(eKTy B 00’ €KTi, 3MiIHIOIOTHCS B Mexkax Bin 0 1o k. Y
CBOIO 4epry 3MiHaMm pexxumy pobotu EO 1o psiakax BiINOBINAOTh iHAECKCH @ , SIKi 3MIHIOIOTHCS Bijg 0 10 7.

Ha ocHoBi moOyzoBaHMX Mozenedl MNPOBEAEHO YHCENbHI EKCIepHMEHTH Ha peaJbHOMY
eJIeKTPOTEXHIYHOMY 0OnamHaHHi. JloKIaaHui Oomrc MUX eKCIIEPUMEHTIB Ta pe3yJbTaTH HaBeneHo y [3, 10,
11, 13].

3acrocyBanHs konuenuii Smart Grid mepeabavae 3HayHEe PO3LIMPEHHS MOXIUBOCTEH CHCTEM
JIarHOCTYBaHHS 3a paxyHOK peami3amii JoJaTKOBMX (YHKIIHA, a came, 3a0e3nedeHHs JBOCTOPOHHBOTO
oOMiHY iHpOpMAIi€l0 MK yciMa i€papXiYHUMH pPIBHAMH CHCTEMH, BiIJaJICHHA MOHITOPHHT CTaHY
JOCIIDKYBaHUX 00’ €KTIB €JIEKTPOCTaHIIIT, OLIHKY 3aJIMIIKOBOTO pecypcy Ta iH. [IpakTHyHa peamizailis TaKux
IBC pmiarHOoCTyBaHHSI BUMara€ CTBOPEHHsI BiIIOBITHUX METOIB, aITOPUTMIB Ta MPOrPaMHOro 3a0e3MeueHHs,
aKi 0 y peampHOMY dYaci OOpoONIOBaIM BUMIPIOBaHI CHTHAIM 1 BHIABa pPE3yJbTaT JdiarHO3y IIOAO
TEXHIYHOTO CTaHy aocuikyBanoro EO.

BpaxoBytounu Te, 1m0 oprasizaiisi poOOTH CyYacHHUX €NEKTPOCHEPreTHYHUX 00’ €KTIB € i€epapXidHOI0
[1, 3, 12], cucTeMH MOHITOPHHTY, KOHTpPOIIO Ta TEXHIYHOTO HiarHOCTyBaHHS EQO TakoXx MOBHHHI
OymyBaTHCS 32 i€EpapXiTHUM IPHUHIIATIOM.

Hacrynaum xpoxom y crtBopeHHi HC mis IBC piarHocTyBaHHS € yMOBHE PO30OHTTS BCHOTO
oOJaiHaHHS €NeKTPOCTAHIIII Ha TIEBHI i€EpapXidHi piBHI.

VY BigmoBigHOCTI 3 poboTamu [1, 3] Takux piBHIB iepapxii Moke OyTH BHOpaHO YOTHPH:

nepwiull — Ha I[bOMY PIBHI PO3TAIIOBAHO E€JIEMEHTH KOHCTPYKIIi OCHOBHHMX BY3JiB OOJaJHAHHS
enektpocraniii. Came el piBeHb 1 BU3HaYae, Ki came JeeKTH MOXKIIHBI B 00’ €KTi;

Opyeutl — Tie¢ BIAcHE BY3JIM OOJagHAHHSI, SKi SBISIOTH COO0I0 KOHCTPYKTHBHO €muHe miie. Cromm
MOYKHA BiJJHECTH OOMOTKH POTOpa Ta CTaropa 00EPTOBUX MAIMH, MarHiTOIPOBOAM, IiJIINITHUKOBI BY3JIH,
KOpIyC, CTaHUHY, GYHAAMEHT, CHCTEMY OXOJIOPKEHHS;

mpemiil — TPEACTAaBIIIE arperaTH eJEeKTPOTEeXHIYHOro oOJanHaHHS eNEeKTPOCTaHLii: reHepaTopw,
JIBUTYHH BJIACHUX TOTPeO, TpaHCHOopMaTOpH, BUMUKAYi, P03’ €THYBaYi, 130JITOPH, HACOCH TOIIIO;

yemeepmuii — 11e PIBEHb €JICKTPOCTAHIIIT B IIJIOMY.

Buxozastun i3 uporo, mponoHyeThCs HACTYIHA MoAaenb GopMmyBanHs Ta 30epiranus HC nns Ganky
nmauaux IBC giaramoctyBanns EO, omuc sikoi HaBeneHo y [10].

Ha puc. 4 ta puc. 5 HaBeneHo cxemu posmimieHHst HC y miockiii Ta 06’eMHIi MaTpUIHUX GopMax.
YMoBHO 11e MokHa Ha3BaTH npeactaBieHHs HC y 2D-dopwmari (puc. 4) i 3D-popmarti (puc. 5).

Do | Doij | Do | @y .,
@os e e B —
Wy | Bgy | Doy @, I
@2; [ @00 | @ono | @ono s | O
Wy | W,y | Oy @, |
[T @ | @io| @i )
WDy | Wy | @y @,, on |H
By3on Nej ! [ @0 | @20 | @2 | @ang
Arperar | Byszon Ne3 N
.. Byson No2 ——— [ |
@ kO w kl @ k2 w kn Byson Nel —————L_| @0 | Quio | @i | Oppo
Byson Ne) —Mm————
Puc. 4 Pac. 5

Taxe npencrasnenHs HC mae 3Mory (3 y3ro/pKeHHSIM 3aIpONOHOBAHHUX BHUIIE i€papXiYHUX PiBHIB)
3py4HO X CHCTEMaTH3yBaTH 10 OKPEMHM By3ilaM i arperaraMm ycporo EO enmexkrpocTaHmii Ta OXONHUTH
CHCTEMOIO JiarHocTyBaHHs. Tak, y gopmati 2D npeacraBmstorsess HC, 1m0 0XOIUTIOIOTE IaHi 110 OJXHOMY 3
BY3JiB (II€ BiAMOBimae 2-My piBHIO 3alpONOHOBaHOI iepapxii). [lo croBmumkax 1i€i MaTpwuili po3TamoBaHo
€JIeMEHTH, IO BIMIMOBITAIOTH TEBHUM BHIaM Oe(ekTiB, SKi MOXYTh BHHHKATH IIiJl Yac eKCILTyaTarlil
JOCHIDKYBAHOTO BY3J1a y KOHKPETHOMY DPEXKHMi HOTro poOOTH. Y psKax MaTpUIl pPO3TalIOBYIOTHCS
€JIEMEHTH, SIKi BiAMOBINAIOTH OJHAKOBUM TEXHIYHMM CTaHaM (CHOpaBHHUM ab0 Maro4uM KOHKPETHI BUIH
nedeKTiB), ane MPaIfol0YiM Y PI3HUX peKUMax.

Ha puc. 5 naBeneno 06’emuy 3D-Marpuiito, sika MOEIHYE JCKUIbKA BY3/iB, 10 CKIAJAI0Th MEBHUN
arperatr (HampuKJal, eJICKTPOJABUTYH BIAacHHX moTpel), sSKWH BXoauTh Ao ckiaany EO enexkrpocTaHmii.
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Koxnwmii mepetnH miei 3D-marpuii siBisge co0or0 Tiocky 2D-maTpuirio, M0 BiJMOBiae MEBHOMY BY3ITy
(HampuKIa, MiJIUITHAK KOYEHHS), 0 BXOIUTh JI0 CKJIAAY IOCHIKYBAaHOTO arperary.

CucreMma Mo3HavyeHb €JIEMEHTIB Y HaBEACHI MaTpHLi 3aJIUIIAETHCS TAKOIO XK, K 1 y HONepeIHbOMY
Bunanky st 2D-marpuni (puc. 4). Tperid iHIEKC mMpu @ BIANOBiga€ HOMEpPY By3ia, MO BXOAUTH Y
nmochipKyBanuid arperar. el iHmexc 3MiHIOETBCA y Mexax Bim 0 g0 j 1 BiAmoBimae 3araibHIA KiTBKOCTI

BY3JiB B arperari. 3 ypaxyBaHHSM 3aIllpOMTOHOBAHOI YOTHPHUPIBHEBOI i€papXivHOT CHCTEMU JOCIIKYBaHUH
arperaT BiTHOCHTBCS JIO 3-TO i€papXiqHOTO PiBHAI.

3anpononoBaHi ¢opmu npeacrasnenns HC y Bignosignux Gnokax HaByanHs IBC nmiarHocTyBaHHS
EO natots 3Mory opranizyBaru (yHKI[IOHyBaHHs TaKHX CHCTEM i3 3aTy4eHHAM KoHIenmii Smart Grid.

BucHoBku. CTBOpEHHS Ta IOJANIbIIE BIPOBAPKCHHA HA ENEKTPOCHEPTeTHYHHX ITiANPUEMCTBAX
iH(pOpPMaLi THO-BUMIPIOBAIbHUX CUCTEM MOHITOPHHTY i JIarHOCTHKH, IO MPAIIOIOTh 32 KOHIEMNIIE€n Smart
Grid, moTpeOye MOCTIHOTO YAOCKOHAJIEHHS 1 PO3BHTKY TEOPETHYHOI 0a3M, SIKy IMOKIAJICHO B OCHOBY
(hyHKIIIOHYBaHHS Takux cucteM. Po3poOka iHpopmariiiinoro 3abe3nedeHHs I O0araTOpiBHEBHX CHCTEM
CTaTHCTUYHOI JIIarHOCTHKY € HAaWBaXJIMBIILIO CKJIAIOBOIO, SIKa BKJIIOYAE B ce0€ CTBOPEHHS MoJenel Ghopm
NpEeACTaBICHHs] HABYAIOYMX CYKYITHOCTEW, IO YTBOPIOIOTH OJIOK TaK 3BaHMX €TaJOHIB Y CKJIAAl CHCTEMH
JiarHoctyBaHHs. CaMe ITUM MUTaHHSIM IPUCBSYEHO pOOOTY Ta OTPHMAHO HACTYITHI Pe3yIbTaTH.

1. OTpuMaii TOJAIBIIANA PO3BUTOK MaTEMaTHYIHI MOMENi IarHOCTHUYHHX CHTHANIB, SKi
BPaxOBYIOTh SIK BJACTUBOCTI O0’€KTYy MiarHOCTYBaHHS, TaK 1 PEXHMH (IIBHIKICHHH, EIEKTPUYHUH,
TEMIEpaTypHUI Ta iH.), Y SKUAX MPAIFOE JOCTiHKYBaHUN 00’ €KT.

2. 3a pe3yabTaTaMH aHAN3y MaTeMaTHIHUX MOJENCH MIarHOCTUIHUX CHUTHAIIB OOIPYHTOBAHO
JIArHOCTUYHI O3HAKH, sSKI HAJal0Th MOXIIMBICTh BH3HAYATH TEXHIYHHHA cTaH By3miB EO, 1o mpaioe y
Pi3HUX peKUMaXx.

3. 3amporioHoBaHO HOBI Moxeni ¢opm mpencrasneHHs HC y iepapxiuHiii cTpyKTypi
oaratopiaeroi IBJIC 3am1s1 MOXKIIMBOL OIIHKY y PeaibHOMY Yaci TeXHIYHOro cTaHy By3JiB EQO, 110 naroTh
3MOTY BOJHOYAC BPaxOBYBaTH MOXJIMBI TUIH AedeKTiB gociimKyBaHux By3aiB EO i pexxumu iXHb01 poOOTH.

Pobomy euxonano 3a 6rw00xcemnoro memoro «Po3pobumu HOGI MoOeni ma Memoou O0CHIONCEeHHS
€1eKMPOOUHAMIYHUX NPOYECI8 6 eNeKMPOEHEPLeMUYHOMY YCIMAMKY8AHHI (eeHepamopu, mpancgopmamopu, 08UsyHu
elacHux nompeb ma iH.) ONs GUPIWEHHS 3a0ay RNIOGUWEHHS 11020 HAOIIHOCMI, KOHMPOAO [ OideHOCMUKUY
(«KOMIIJIEKC-4»), KIIKBK 6541030.
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MODELS OF FORMS OF REPRESENTATION OF LEARNING SETS FOR MULTILEVEL SYSTEMS OF
DIAGNOSIS OF ELECTRICAL EQUIPMENT ASSEMBLIES

M.V. Myslovych

Institute of Electrodynamics of National Academy of Sciences of Ukraine,
Pr. Peremohy, 56, Kyiv, 03057, Ukraine.

E-mail: myslmv@gmail.com

The results of consideration of improved mathematical models of vibration diagnostic signals, taking into account both
the properties of the diagnostic objects and the modes (speed, electrical temperature, etc.) in which it operates are
presented. Models of representation of training sets corresponding to various technical states of units of electrical
equipment (EE) for various modes of their operation are considered. A models of representation of training sets in the
form of a matrix, the elements of which reflect the ellipses of dispersion of diagnostic attributes of certain types of
nodes defects and operating modes of the observed equipment, is proposed. The structure of constructing training sets
by flat (2D) and volumetric (3D) matrix, the elements of which contain the sets corresponding to the individual
components of EA, and their combination forms a diagnostic description of electrical units, is substantiated.
References 18, figures 5.
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BITIOPAJIKOBAHI BUBIPKU HEKOPEJIbLOBAHUX JJAHUX
SAK OJHOEJIEMEHTHI BATATOKAHAJIbBHI KOHBEPTOPU
P.O. Ma3maHsIH*, TOKT.TEXH.HayK
IncrutyT enexrponunamikn HAH Yxpainn,
np. [lepemornu, 56, Kuis, 03057, Ykpaina, e-mail: mazmanian@ied.org.ua

Jlocmamusi 6ausbkicms Median YNopsaoKoO8aHux 6uUOIPOK GUNAOKOBUX OAHUX 00 HOPMANIbHO2O PO3NOOLLY GUKOPU-
CMOBYEMbCSL 8 KOMI'TOMEPHUX CUCMEMAaX YNpAGNiHHS, MOHIMOPUHZY MA OideHOCMYBAHHS eleKMpPOeHepeemUUHO20
obnaouanns. OOHAK 3AMUMAEMbCS HEGIOOMUM, YU MArOMb HOOIOHY CX0MCICmb  (QYHKYIT wintbHOCMI po3nooiny
(probability density function, pdf) inuwux enemenmie 6ubIpoK 3 HenapHum Yuciom eremenmis. Ilpononosane Konyenyiro
bacamokananibHo2o0 KoHeepmopa QyHKyii wineHocmi tmosipHocmi  (pdf-koneepmop). 'V cmammi npedocmasieHo
pe3yibmamu nepegipKu napamMempudHuMu ma CmamucmudHuMu Memooamu 2inomes 0is KaHauie pdf-koneepmopa —
elleMenHmi6 (Cmamucmuk) ynopsaoKo8aHux eUOipoK 3a0aHUux po3mipie 3 0OMeNCeHUX 34 BeTUYUHO BUNAOKOBUX YUCET 3
DIBHOMIDHUM PO3NOOINOM. 3ACMOCY8AHHA DI3HUX Memo0di8 O0O0CHIOHNCeHb 3a OOHAKOBUX YMO8 NOKA3AMU OO0CMAMHIO
OnU3bKICMb  pe3yibmamie  Mecmysanhsi 3d mpboMd CMAmucmuyHuMmu Kpumepismu. Lle 0ozeéonuno nputinamu
00OIPYHMOBAHUIL BUCHOBOK W000 nepesazu y 3aCmOCYBAHHI NPONOHOBAHOZO MEMOOY GUKOPUCMAHH Kpumepiio Xi-
Keaopam 0N OYIHKU 3200U 3 HOPMATbHUM pOo3nodiiom ananimuynux pdf kananie xonweepmopa. Taxodc 6yno
3aNPONOHOBAHO BUKOPUCMAHHS «BIKHA CMAMUCTUYHOT OIUZLKOCMIY 0I5l GUOLIEHHS MUX KAHANI8 KOHeepmopa, AKI He
Mawome ICMOmMHUX GIOMIHHOCHE 3 HOPMAIbHUM po3nooditom. Ha dodamox npedcmasneno emnipuuny gopmyny, saxa
BUSHAYAE 3ANENHCHICMb PO3MIPY GIKHA CMamucmuunol Onuzbkocmi 6i0 posmipy eubipku. Pesymemamu oocnioscens
V3A2ANbHEHI 8 CIMBOPEHOI CMamucmuyHoi Mooeni 6a2amoKaHaIbHO20 KOHEEpmMopa HeKkopenbogaHux oanux. bion. 27,
puc. 7.

Kntouosi cnoea: BunankoBi JaHi, piBHOMIPHHUH PO3IIOMLN, YHOPSAKOBaHI BUOiIpKHM, (PyHKIS HITEHOCTI HMOBIPHOCTI
(pdf), pdf-xorBepTop, OIiHKA MIITFHOCTI, KPUTEPiil Xi-KBaApPaT.

Beryn. IligBumena HeOe3neka 00CITyroByBaHHS 1 eKCILTyarallii eJeKTpOeHepreTHYHOro 00IaHAHHS,
HasIBHICTh PI3HOXAPaKTEPHUX €JIEKTPOMArHITHUX MOJIB 31 3MIHIOBaHUM Y IIUPOKOMY Jiala30Hi piBHEM MOXKe
BUKJIMKATH HENPHUITYCTHMI CHOTBOPSHHS BHUMIPIOBANBHOI iH(pOpMamii Moo HOro IMOTOYHOIO CTaHy.
IlepeximHi TporiecH, BUKJIMKAHI 3MiHAMH PEXHUMIB POOOTH SK CIIOCTEPEKYBAHOTO, TaK 1 CYMiIXKHOTO
o0nasiHaHHA, MOXKYTb CYIPOBOKYBATHCA OMUHUYHUMH a00 TPyIOBUMHU IMIYJIILCHUMH CKIaOBUMH, TAKUMH,
10 TIOPYIIYIOTh MPUPOIHY IHEPIIHHICTH MPOIIECIB, MO CIIOCTEPITaloThHC.

[TomiOHI MOpyImIEHHS MOXYTh IPHU3BECTH IO HEBIPHOI OIHKH, HANPHUKIAN, CEpPEenHIiX 3HAYCHBb
KOHTPOJIbOBAaHUX MapaMeTpiB y BIJHOCHO MalHMX YacOBHX iHTepBajax a00 HENPUIYCTHMHUX CIIOTBOPEHb
300pakeHb TMOJNIB JiarHOCTHYHMX napamerpiB. Lli Ta iHmI o0OCTaBMHM BHUMAararoTh 3acTOCYBaHHS
CHEIiaIbHUX alTOPUTMIYHUX TPOLENYp 1 MporpaMHHuX 3aco0iB [UTs MONepeaHbOi 00POOKH BUMIPIOBAIBHOT
iHpOpMaIil B KOMI'IOTEPHUX CHCTEMaX YIPaBIiHHS, KOHTPOIIO MTapaMeTpiB, MOHITOPHHTY 1 JiarHOCTYBaHHS
CTaHy €JeKTPOECHEPreTHYHOro 00IaAHaHHS.

YropsiakyBaHHS 1 BUOip MeZiaHHM 31 CIIHCKY HOMEpPIB €IeMEHTIB YIMOpAIKOBaHUX BHOipok [1, 2]
e()CeKTUBHO BHKOPUCTOBYIOTBHCS 3a/UIl AaJbTEPHATHBHOI OIIIHKA CEPEeAHBOTO 3HA4YCHHS pI3HUX JaHHX.
Moaudikariii miei mpocToi MpoLeaypy 3HaXOAATh 3aCTOCYBaHHS B 3IV1aJKyBaHHi [3, 4], HopMmamizaii [5] Ta
00poOIli JaHWX CTAaTHCTUYHHUX OCIHIKEHB [6, 7], YCyHEHHI IMIYIbCHUX 3aBaj 1 MPUAYLIEHHI IIyMy B
mudpoBux 300pakeHHAX [8, 9]. YV psmi BumankiB i 3a0e3neueHHS ITOPIBHSIHHS KOHTPOJIBOBAHUX
napaMeTpiB y HIMPOKOMY Jiama3oHi 3MiH MOTpiOHA HOpMai3allis AaHUX, TOOTO 3BEIACHHs iX J0 €IMHOI
HOMiHaNbHOI MMKamu. ToMy JOCTIZKEHHS CEJIEKTHBHHUX BJIACTHBOCTEH BIOPSAAKOBAHMX BHOIPOK B
TIEPETBOPEHHIX BUMAIKOBUX CHUTHAJIIB TIEPEBAKHO OyNIM Opi€HTOBaHI HA OMHOMIpHI Ta IBOBUMIpPHI MeJliaHHI
¢inerpu [10, 11, 12].

B Toii e uac icHye 0araro NMPakTUYHUX TMPHKIAAIB, KOJIM HEMOXJIHMBO irHOPYBaTH 3HauHi 3a
BEJIMYNYHHOIO BUTIA/IKOBI CKJIa0B1 iHQOpMAIIii, BIUITMB SIKUX MOXE 3pOCTaTH B Iportieci ii 00pooku. O6podka
JIAHUX BIIOPSAKOBAHUMH BHOIpKaMU TaKOX MOXKe OyTH TijjaHa iXHbOMY BIUIMBY. TOMYy TOCITIIKEHHS i
(dopmarizaiisi MepeTBOPIOBAILHUX BIACTHBOCTEH BIOPSJKOBAHUX BHOIPOK BHITQJIKOBHX JaHUX MAalOTh
NpaKkTHYHE 3HA4YeHHs Ul MiABUIIEHHS NOCTOBIpHOCTI iH(opmamii, mo oOpoOisieThCsi 00UNCITIOBATBHUMH
METOIaMH.

© Masmanss P.O., 2021
*ORCID ID: https://orcid.org/0000-0003-1178-4974
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BubGipka i BHOpsIKYBaHHsS JaHWUX BUKOHYIOTHCS HACTYIHHM YHHOM. 3 JesKOi MHOKHHH (N}
(TeHepanbHOi CYKymHOCTI po3MipoM N) HEKOPEIIbOBaHHMX, OOMEKCHHX 3a BEIIMYMHOIO JIMCHUX YHCEN 1 i3

3aranpHO (YHKIIEI0 po3nofity, BinGupatoTshes [13] npocti Bunankosi Bubipku H| 3 HemapHUM YHCIOM

enemenTiB § =2d +1, ne d — mopsimok BHOIpOK. YHOpsAKYBaHHS BHOIPOK 3a 3HAYCHHSM EJICMEHTIB
3MIACHIOETBCST TIpOIenypoto coptyBanHs [14] Sort. Baratopa3oBe BuKOHaHHS BimOOpPY 1 COpTyBaHHS

S .
IMEPETBOPIOE MHOXKUHY {N} BHUIIAAKOBHX BCIWYHUH B § MHOXHWH BHIIAAKOBHX BCIMYHH Xn ) 3 po3MipaMHu

N | .
n=|—/| 1 NEepeTBOPEHUMHU PO3- {HS
K 1
MOJIIaMU IITBHOCTI HMOBIPHOCTI. ﬂ
OueBuaHO, WO MOpouUeaypa
YHOPSAKYBaHHS BHUKJIMKA€E CYTTEBI Sort
. . c o . . 1S
3MIiHH HIUTLHOCTI UMOBIpHOCTI (pdf) S
BX1JHOI BHIAJAKOBOI BEJIMYHHH, a
p03M1PI/I BHOIpOK 1 HOMEp eJ'{eIT/IeHTa X0 X1 eee X g5 eie X401 X5
B BHOIpKaxX BH3HAYAIOTh HENIHIMHUI

xapaktep nux 3MiH. KoHnentyaisHo
MPOILEAypH  CTBOPEHHS  BHOIpOK e
BUTIAJIKOBUX JIaHUX, iXHE BIIOPSAKY- A
BaHHA Ta JaHi €JNEeMEHTIB YHOps-
KOBaHUX  BHOIPOK  yTBOPIOIOTH
i3ami (n)

OKpeMy peaii3amiio s-KaHAIFHOTO
KOHBEPTOpa LIIBHOCTI PO3MOIITY
BXiZJHAIl ~ BHUIAJKOBOI  BEIWYMHH Puc. 1
(pdf-xonBeptopa) (puc. 1).
OCHOBHi XapaKTepUCTHKH eJIeMEHTIB YIOPSIIKOBAHUX BUOIPOK 3 MHOKMHHM BHIIATKOBUX JTaHHUX.
OCHOBHI XapaKTEpUCTUKU €JIEMEHTIB (CTaTHCTHK) YIOPSAKOBAaHMX BHOIPOK 3 HEMapHUM YHCIOM
enementiB § =2d +1, ne d — mopsimok BuUGIpOK 1y OOMEKEHOI 3a 3HAYCHHSM BHIIAJKOBOI BEIMYMHU

—X,<x<X, 3 pIBHOMIDHHM pO3NOAUIOM IIIIPHOCTI BH3HAYAIOTHCS HACTYIIHHMH aHAJITHYHUMH

Bupaszamu [15], y skux k =0...5 — HOMep KaHay KOHBEpPTOpA:
HIUTEHICTh HMOBIPHOCTI

oL Cal (e (P 0
Pu\ 0%,k (2d-k) | 2x,, 2X, ’
cepenHi 3HaYCHHS eJIEMEHTIB BHOIPOK
(2-d +1)! k 24k (-1)" =(-1y
Ha i —W' YD (2)

20 mo Jhm! k j) (2 d—k- m) (m+j+2)

a00 y cIpoIeHOMY BUIIISIAL
X
M, =—"k+1)-X ; 3)
o= ()
JHCTIEPCisl eEMEHTIB YIOPSIIKOBAaHUX BHOIPOK

de_adk ﬂdk—

2 (2d 1) E 2 (-1)"+(=1)’ ) @)
S| ,ZO = jtmt (k=) (2-d—k—m)-(m+ j+3)

2

o () L () =1y

0 jlmi(k—j)(2-d—k—m)-(m+j+2)

s = Day - 5)

CepeqHbOKBAIPATUYHI BiIXMIICHHS €JIEMEHTIB
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[ocranoBka 3amaui. OuiHkE QYHKIOIA IIUIBHOCTI  PO3MOAUTY  €KCIIEPUMEHTANBHUX —JaHHX,
OTPHMaHUX B pe3ylbTaTi TEOPETHYHHX MOCHIPKEHb, BHKOPHCTOBYIOTHCS IS iXHBOI 3aMiHHM €IMHOIO
¢yHkuiero abo cimeiicTBoM (yHKIIN, BIACTUBOCTI AKHX J00pe Bigomi. Y Oararbox BUMaIkax OCOOIMBHUIA
IHTEepeC MpeaCcTaBIIsAe OIU3BKICTh 10 HOPMAIFHOTO 3aKOHY po3mnofiny. /s Meaian ynopsakoBaHUX BHOIpOK 3
BHITaJIKOBOT HEKOPEJIHOBAHOI MOCITITOBHOCTI MMOAIOHE OIiHIOBAHHS BHKOHYBAJIOCS OKPEMO B JABOX aCIHEKTax
[16, 17]: mapameTpuyHe MOPIBHIHHS K OILIHKA TOXMOKH anpokcuMarii QyHKIIH minbHOCTI HMoBipHOCTI (1)
¢ynkuismu [ayca Ta cratucTHuHa ONM3BKICTH A0 HOPMANBHOTO 3aKOHY PO3MOITYy eleMeHTIB Oarato-
KaHaJIbHOTO KOHBepTopa. CTpOrHii MaTeMaTHYHUII ONHUC MEPETBOPIOBATIBHUX BIACTHBOCTEH BCIX €IEMEHTIB
YIOPSIKOBAHUX BUOIPOK 3 BUMAIKOBUX JaHWX MOXe OyTH BHKOPUCTAHWH I TOPIBHSUIBHOTO aHali3y,
JOCTIKEeHHS ICHYIOYHX 1 TOOYAOBH HOBHX METOAIB 00pOOKH JaHUX.

Merta pociiiKeHb TONATae y BU3HAYCHHI NEPETBOPIOBAIBHHX BIACTHBOCTEH BIIOPSIKOBAHUX
BHOIPOK (pdf-KOHBEpPTOPIB) 3 MHOKMHH OOMEKEHHX 3a BEITUYMHOI0 BHUIAJKOBUX JAHUX 3 PIBHOMIPHUM
PO3MOIINIOM 1 OTPUMaHHI OLIHOK MapaMeTPUYHOI Ta CTAaTUCTUYHOI 3rogu abo BiAMIHHOCTI 3 HOpPMaJbHUM
PO3MOIIIOM €JIeMEeHTIB OararokaHaJIbHOTO KOHBEPTOPA, CTBOPEHHI CTATHCTHYHOT MOZIEII TIEPETBOPEHHSI.

Ouinka mapamMeTpu4Hoi 0JmM3bKOCTi edeMeHTIB 10 ¢yHkuii I'ayca. PosrisHeMo MOXIHBICTH
HAaONIVOKEHHsT He3MileHuMu  QyHkmismu Layca s koxHoro 3 0<k <2d xamaniB KoHBepTOpa.
IMpuitmMaersest rimore3a H O, 3rigHO 3 SIKOK icHY€e OGIU3BKICTh MOCHIKYBAaHUX (YHKIH 10 BiAMOBITHUX
¢yukuiii [ayca Ta ansrepuarusHa rinoresa H 1, ska ii 3anepeuye.

Bignosigao mo rimoresu HO, anpoxcumyroui ¢ymukiii Iayca [18] moOymoBaHi 3 BUKOPHCTaHHAM

CepeIHbOKBAIPATHYHHX BiAXUIIEHb (5) 1 cepesHiX 3HauYeHb fL, , (2) Gynkuii (1), 1m0 anmpoKcUMyeThbCs, IS
nopsinky d =1...25 ynopsakoBaHuX BHOIpOK 3 BMHajkoBoi 3MiHHOI —X,, <x<JX, Ta ii npuiiHaroro

rpaHuy4Horo 3HadeHus X, =0.5

2
1 —(x —Hg k)
G, (x)= exp 5 . (6)
ok OyxN27 2(70,,,(2

[igxons1Ior0 OiHKOW HAONMKEHHSI HIUTEHOCTI KMOBIPHOCTI KOXKHOTO 3 €JIEMEHTIB YIOPSIKOBAHUX
BHOIpOK (hyHKITIEI0 ["ayca MOXKYTh CITYKUTH HaBEACHI 0 Miara3oHy 3MiH BUIAAKOBOI BETMYHHH 1HTETPATbHI
3HAYEHHs BiaxuieHb. [ KOXHOI 3 (YHKIIH KaHamiB kK BHOOPAAKOBAaHOI BUOIPKM 3a1aHOrO MOPAAKY d
BiJIXMJICHHSI BU3HAYAIOThCA 3anexxHocTsIMHE (1), (6)

X
1
E;jfp=—1|1p W)-G xidx . (7
d.k 2X,, - d’k( ) d,k(
Ha puc. 2, a nokazaHo He3MillleHI CepEeAHbOKBAAPATUYHI BiAXUICHHS €IEMEHTIB YIOPSIKOBAaHHX
015 5 1
375 0.5
1= N 01 p (:‘}
g o (%)
[ 25 —|:| E K
15k G, (%) e
I d.k
I 125 1-0.5
I:I D -\,_: a a a a _ 1
0 i 20 20 40 50 -06-04-02 0 02 04 04
L X
a o
Puc. 2

BUOIpok 1iist d = 9, 15, 25, Ha puc 2, 6 — QpyHKIIA MIIBHOCTI Ta anpokcuMytoua ii ¢pyHkuis [ayca nmst kanary

76 ISSN 1607-7970. Texn. enexmpoounamixa. 2021. Ne 3



k =5 Bubipku 3 nopsimkom d =15. Ha upoMy » pHCYHKY HpEICTaBI€HA Pi3HHIS IBOX JIE€TEPMiHOBAHUX
GbyHKLiN € .

CiMeiicTBO iHTErpalbHUX BIIXWJICHb €JEMEHTIB Moka3aHo Ha puc. 3. TyT MoOXHa BiA3HAUUTH
OYiKyBaHYy HEHTpaJbHYy CHMETPII0 Ta MiHIMaJbHI 3HAaYCHHS BIAXWICHb IS MelliaH BHOIpPOK MO0 YMOBHO
MPUHHATOTO TpaHWIHOTO 3Ha4deHHS, piBHOTO 0.1. Ile CBIMYMTH TPO HASBHICTH JBOX TPYIT EIEMCHTIB.
LentpanpHa 01010 BIaCHUX MEiaH Tpyla eIEMECHTIB He TICPEBHIY€E TPaHIMYHE 3HAYCHHS 1 JOMYCKae 3romy
3a yMOBOIO 3 rinote3oto HO. [Ipyra, nepudepiiina rpyna, 3anepeuye ii Ha KOpUCTb Tinote3u H1.

1 1

D.uD

10 20 30 40 30
0, L E45 . k+10 k+16 k423 k
a o
Puc. 3
Koeimientn nerepminarii R~ [20] enemeHTiB BHOIpOK SIK aJbTEPHATHBHI OLIHKH SKOCTI
arpoKCHUMAIlii BUKOPUCTAHO sl aHamTHIHUX QyHkmii (1), (6)

50

SSres
Riap =1-——%, (8)
SStot
X, X
> . . _ W
ne SSres, , = J.[pd,k (x)—Gd,k (x)] dx — cyma kBazpartis 3anuuikis; SStot; ; = ﬂpd,k (x)—pd’k] dx
7Xm —Xm
Xﬂ’l
— 3araibHa Cyma KBaJpaTiB; pg i = I DPak (x)dx = | — cepeHe 3HAYCHHS €JICMEHTIB BUOIPOK.
_Xm

Ha puc. 3, 6 HaBeneHO 3Ha4YeHHS KoedilieHTiB aeTepMinaiii Ry, KaHamiB BUOIPOK 3 OPSIIKOM d =

2,9, 15, 20, 25 i ymoBHUit mopir 0.95, 1m0 iICTOTHO MEePEBUIyE PEKOMEHIOBAHY BEIIMYMHY TIiJI YaC OIIHKU
skocTi ampokcumartii [20]. [ B oMy BHIAAKy MOXKHA BiI3HAYUTH BIJICYTHICTH CTPOTHX TPABWII 3aBIaHHS

Mopora Ta 3HAYHO MEHINY MNapaMeTPHUHy UyTIMBICTH KpuTepis R’ y MOpIBHSHHI 3 iHTErpambHHME
BiaxwieHHsMu E (puc. 3, a). BiacyTHicTh OOIpyHTOBaHHX KpPUTEpIiB MapaMeTPUYHOTO MOPIBHSHHS HE
JO3BOJISIE POOMTH BHUYEPIIHI BUCHOBKH IIOAO SKOCTI ampoKcHMamii, ane Tpd LIbOMY NPHIATHI 3317l
3iCTaBIeHHS pe3yJIbTaTiB Pi3HUX ITiIXO/IIB B OIliHKAX.

KpuTtepii craTucTHYHOI 0JM3BbKOCTI KaHAJIB 10 HOPMAJBLHOTO 3aKOHY po3moaiiay. Po3rsaemo
KpHUTepil CTaTHCTHYHOI ONM3BKOCTI KaHANIB BHOIPOK 10 HOPMAaJbHOTO 3aKOHY pO3MOALTY dYepe3 MipH
CKOIIIEHOCTi, TOOTO acUMETpii, Ta Mipy TOCTPOBEPIIIMHHOCTI — eKclecy (Kyprosica) ixHix (pyHKmild po3noaity
[19, 20, 21]. [ abcoimOTHO HEMEPEPBHUX PO3IMOILUTIB CIIEMEHTIB YIOPSIIKOBAHUX BHOIPOK acHUMETpis Ta
eKCLIEC BHM3HAYAIOThCS IXHIMU 7-MU IIGHTPAIBHAMH MOMEHTaMH, MICIIe DPO3TAlIyBaHHS SIKUX 33/a€ThCS

scysamu M, 3(3)

1 (2d+1) XH .} X +x k‘ x —xY"" N N
Hor =ox, ea—ky 4 B o, 2X '

KoediuieHnt acumerpii BH3HAYAETHCS BIIHOLICHHSM TPETHOTO LEHTPAIBHOIO MOMEHTY A 10
d .k

3 . . .
TPETHOIO CTYNIEHs O, , CTaHJAPTHOIO BiIXUIICHHA eleMeHTiB BUOipok (13)
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_ -3
Nak =H, 0, (10)
AHAIIOTIYHO PO3paxoByBaATUCS KOe(illiEHTH eKCIECY 3 MOMEHTY YETBEPTOTO HOPSIKY
_ -4
V2gp = Hay %44 : (11)

3cys M, ~3 koehillieHTIB M1 PI3HUX NOPSAKIB BHOIPOK BH3HAYABCS 3HAYCHHSAMH MeJliaH
KoediuieHta excuecy 7, -

PosrsiHEMO cnoci0 OIHKY CTATHCTUYHOT OIM3BKOCTI €JIEMEHTIB YIOPSAKOBAHMX BUOIPOK 10 HOPMATEHOTO
3aKOHY pO3IOAUTY 3a KputepieM momioHocTi [lipcona [25]. Kpurepiii, mpu3HadeHuA IS OIIHKHA PO3XOHKEHDb MK
BHOIPKOBOT 1 aHAMITHYHUMHM (QYHKIISIMH IOUTBHOCTI, MOKE OyTH BHKOPHCTAHWM 1 Uil 3ICTaBIGHHS JIBOX
amamiTHaEX GyHKiA. py upoMy B cratuctuii y” [26] mpupomHuM dHHOM OyyTh 30epereHi MOpIBHIOBaHI

XapaKTEPUCTHKK SIK CIIOCTEPEXkKYBAaHOI ILUILHOCTI PO3MOALTY — €lEMEHTIB BUOIPKH P, k(x), TaK i OYiKyBaHOI —

HOPMAJTBHOTO 3aKoHy posrioniny I'ayca G, , (x), sxi BusHadatoThes hopmysamu (1), (6).

CrarucTrka BUOIPKOBHX 3HAYCHB KPUTEPIIO 3TOAM BUPAXKAETHCS (POPMYIIO0

2 (pd,k (xl)_Gd,k(xi))z
=n- Z
Gy i (x;)
Jie 7 — YUCIIO JUCKPETHUX 3HaYeHb (QYHKIIH pO3MOaiTy HIITBHOCTI HMOBIPHOCTI.

Ouinka Oiu3bKocTi WibHOCTI po3moniny enemenTiB 10 ¢ynkuii [ayca. Ominka cTaTHCTHYHOI
ONMM3BKOCTI UIUTBHOCTI PO3MOAUTY IO HOPMAJIBHOTO 3aKOHY pO3MONiTY Oyde MPOBOIUTHCS TphOMa
METOJIaMH — aHaJIi30M KOe(iIli€HTIB aCHMETPil Ta eKCIECY i BAKOPUCTAHHIM KPUTEPIO 3TOMIN Xi-K8aAOpam.

MeTow TepeBipKM € BH3HAYEHHS CYKYIIHOCTI €lEMEHTIB BHMOIpOK, mmst skux rimoresa H O, mo
NEepPEBIPSETHCS, Y3TOPKYEThCS 3 TXHIMH (YHKIISIMHA LIUTBHOCTI PO3MOAITY 1 HE BIAXWISETHCs. Po3rmsHeMo
MOKa3HUKU OJM3BKOCTI, OLIHOYHI a00 KPUTHUYHI PiBHI Ta pe3yJbTaTH IXHHOTO 3aCTOCYBaHHS O KOXKHOTO 3
IIAX KPUTEPIiB.

Ouinku acumerpii A i ekcuecy £ 3acHoBaHi Ha IXHil PIBHOCTI HYJIIO JUIss HOPMAJILHOTO PO3IOJILITY.

X , (12)

3HAYMMICTh BIAXWIEHb BiJ] CEpeIHIX OIIHIOETHCA JUCIEPCIAMUA acCUMETpii |D(A)| 1 ekcuecy D(E )

eneMeHTiB. Kputepiii 3romn B 1bOMYy BHHAAKY (QOpMymroeTbest Tak [22]: pO3MOALT EIEMEHTIB, IO
CIIOCTEPITatoThCs, OIM3BKUI 0 HOPMAIBHOTO, SIKIIO iXHS aCUMETPIs 1 €KCIIEC 3aI0BOJIBHIIOTh HEPIBHOCTAM

A4<3JD(4), E<5D(E). (13)

B iHmomy BHUIMaaKy TirnoTe3y HOPMabHOCTI BiJXUIISIOTh.
Aucrepcist koedilieHTiB aCHMETPIT eIEMEHTIB 7, =~ BH3Ha4amacs 3a Gopmysioro

X
_ (.2
Dy, = fx Vigs ‘dx. (14)
-X
O1iHOYHI piBHI €IEMEHTIB BUHAYAIOTHCS AUCIICPCIE0 3MILICHUX 3HAYCHb KoeILlieHTa eKeLecy 7,
X
_ 2( _
DEd,k = Ix V24, Med’k x. (15)
-X

Ha puc. 4, a HaBeneHo peanisauii mpaBmi mepeBipku rinoresun H (0 mo acumeTpii Asi eIEMEHTIB
BHOipoK mopsiaky d = 5 i d = 9. Ilepesipky rinmore3u H( mo ekciiecaM elIeMEHTIB [Uisl TUX K€ 3HAYCHb
HOPSAKY ITOKa3aHO Ha pHC. 4, 0.

OtpumaHi pe3ynsTaTd [JafoTh 3MOTY NPHHHATH CTAaTUCTUYHO OOTPYHTOBAaHWI BHCHOBOK IIPO
iCHYBaHHSI TPYIIH [IEHTPAIBHHUX €IEMEHTIB, 1[0 HE 3allepedyioTh O9iKyBaHMX 3a Timore3or0 H 0 pesymbraris.
VY Ttoif yac sik nepudepiiiHi JJiIBOCTOPOHHS 1 TPABOCTOPOHHS 100 MEIaH! TPYIH EIIEMEHTIB 1i cyrepedars.

3icTaBieHHs 4YHCIa €JEeMEHTIB, 3rogHMX 3 Trimorte3ot0 H(O B pe3ynbrari CTaTHCTUYHOL

NIePEeBIPKU 3a KPUTEPIsIMH acuMeTpii (KprBa [S (A)]d ), exciiecy (KpuBa [S (E )L) 1 po3MipiB BUOIpOK

(kpuBa s, ), IOKAa3aHO Ha pHC. 5, a.
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Puc. 5

CrarucTH4YHa TepeBipKa BUMAIKOBHUX BEIWYNH {X((n;} Ha BHXOAl OaraToKkaHaJIbHOTO KOHBEpTOpa 3
BUKOPHUCTAHHSIM KpHTEpilo Xi-kgaopam [23] BumMarae (opMyBaHHS JBOX BEKTOpPIiB 3Hau€Hb AHATITUYHO
3aJlaHuX JO0CIIKYBaHOI Ta OUiKyBaHOI IIUTLHOCTI PO3MOLITY HMOBIpHOCTEH.

Po3poOmnennii  MeTox BUKOPUCTAHHS KPHUTEpilo  Xi-kgadpam TPYHTYETbCS Ha  HACTYIHIH
MOCITIIOBHOCTI TIEPETBOPEHbh KYMYIIATUBHOI CTaTUCTUKH KpuTepiro Ilipcona 3 ¢yHkmii Big 3HAYCHB
NOPIBHIOBAHUX YacTOT MOAIN B 3aJI€XKHICTh BiJl 3HaY€Hb MTOPIBHIOBAHHX LIIILHOCTI HIMOBIPHOCTI.

2 el a2 2 N-(O"—E’J 2 2
r :i(o,. -E,) 3 v gl \v N :Ni(pd,k(xi)—Gd,k(xi))
i=1 E; i E; i E i Gy (x;)
N
ne O — KiIbKiCTh CIIOCTepekeHb; E — oviKyBaHe 4Kciio mofii; N — 3aranbHa KiTbKIiCTh MO,

., (106

I[Ipu mpoMy B crarucTuii ;(2 [24, 25] mpupomHuM YuHOM OymyTh 30epeeHi MOpiBHIOBaHI
XapaKTEPUCTUKH, K «CIIOCTEPEXKYBAaHOI» IMIIHHOCTI PO3MOALTY €IeMEHTIB BHOIpKH, TaK 1 O4iKyBaHOI —
HOPMAaJILHOTO 3aKOHY po3mnojiny [ayca, siki Bu3HadaroThes popmynamu (1), (6).

Jlo BU3HAYEHHS] KPUTHYHHUX 3Ha4YeHb. 3HAUYIE YUCIIO 13 3arajbHOro yucia momii N 1 po3mip
iHTepBanmiB auckpermsanii Qysxuii (1), (6) 3 HesanexxHoi BumaikoBoi BemmumHH — X, <x< X

BU3HAYAIOTHCS 3a JIOIIOMOTOI0, HAIPUKJIA/, OAHOTO 3 BiJIOMHX METOIIIB PO3paxyHky [26, 27].
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3HAYMMICTh PIBHOBIIJANIEHUX TUCKPETHUX 3HAYEHb HIUTBHOCTI MMOBIPHOCTI MOXKHA OIlIHUTH 1 3a
HIEPEBHMIIEHHAM BCTaHOBIEHOro nopora. s mopsaxy BuGipku d =9 i nopora, pisaoro 0.01, BimHOCHI

YHUCJIa 3HAYYIUX BIJUTIKIB V 4. MAIOTh BUIJISJL, TIOKa3aHUii Ha puc. 5, 0.

[lomanpmie pimeHHs 3amadi MEPEeBipKH CTATHCTUYHHUX TillOTE€3 TPOBOAUTHCS Yy 3BUUYANHIN
MOCTITOBHOCTI: OOYMCIIOIOTHCSA CTATUCTUKHY Xi-kéadpam (18) mis § BHMAmKoBUX BeTHUnH | X ((n; , 3aJTA€ThCS
PiBEHDb 3HAYYIIOCTI ¢ , MPUAMAETHCS OTHOCTOPOHHIHN THIT KPUTHIHOT 00JIacTi.

['pann4Hi 3HAYEHHS KPUTUYHOI OONAcTi f,, 3 KBaHTHIIEM pO3MOMILLY ;(2 nopsinky 0.95 Bus-
HAYalOThCA 3 YMCIA CTYNEHIB CBOOOMM JUIs KOXKHOIO €IEMEHTa OKpeMmo, Tobto dfy, =n,, —1-2,

n,,=V,, Tr,Ae r — 3arajpHe YUCJIO BiITIKiB.

1x10°

0 10 20 30 40 50
Ek+5 . E+10 k+16.(k+16) . k+10 k+35 .k
Puc. 6

3aKJIFOYHUM €TaroM OI[IHKHU € 3aCTOCYBaHHS BUPIIIAIbHUX MpaBuil. Ha puc. 6 HaBeZieHO 1IeHTPOBaHI
IIO/I0 BJIACHUX MEMiaH CTATHCTUKU Xi-Kéadpam 1 MEXi MpaBOOIYHUX KPUTHYHUX 00JacTed IS €JIIEMEHTIB
YIOPSIKOBAHUX BUOIPOK MOpsiAKOM 9 < d < 25.

Crartuctuku )(2 17151 3Ha4eHb BUOGIpoK mopsaky 3 < d <7 okpeMo MOKa3aHo Ha puc. 7, d.

30
3 ~
110y 5 .
i 2
B
L]
L]
g 8
s
% mepiana
100 M
g
t 2 OE <10
3k g I
: ts ¥ 3
L 8 1
7. g -2
10 " - _3
0 3 10 15 30 6 12 18 24 30
kok+2 k+4 k+4 k+2k nopsagok snbipox, d
a 7]
Puc. 7

Enementu QyHKUiT IITBHOCTI PO3MO/LLY, PO3TAlOBAaHI HIKYE BIACHUX 3HAYeHb I, , (puc. 6, 7, a),

Y3TODKYIOThCS TirmoTe30t0 HO , mo mepeBipseTsesa. Llg rimore3a cymepeunTs (QyHKISM IMUTEHOCTI
PO3IIOJITY €IEMEHTIB, PO3TAIIOBAHUX BHUIIE KPUTHYHHUX 3HAYEHB, JUIS SIKUX BOHA BiXWIISETHCS Ha KOPHUCTh
aJBTepHATHBHOI TirmoTe3u H1 Ha piBHI 3HAYYIIOCT] & .

OTtpumaHi pe3ynbTaTi BUAUISIOTH B BUOIPKaxX TPYIH €IEMEHTIB, JUIS SIKUX CIPABEJINBO TPUIHHATTS
HYJIBOBOT T1IIOTE3U MIOAO CTATUCTUYHOI OIMM3BKOCTI 10 O4iKyBaHOTO HOPMAaJIBHOTO 3aKOHY PO3MOAiNy (KpuBa
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2 . . . . v [
|:SZ :| ) Yucmo eneMeHTiB B rpynax 3aJCKUThb Bl IMOPAAKY BI/I6lp0K 1 Ma€ ANCAKUH PO3KUI, BUKIUKAHUUN
d

PI3HUIIEIO0 METO/IB 1 KpUTEPiiB OLiHKH (pHC. 5, @). MokHa po3rsaaTH 00'eTHAHHS [IUX TPYI B MEXaX «BIKOH
cmamucmuunoi 6auzekocmiy 10 HOPMAJIBHOTO 3aKOHy posnoxury. Lle mpusBoauTh 10 HEOOXiTHOCTI
OPUAHSTTS Pe3yJbTaTiB CTaTUCTUYHOI NEPEeBIPKHU 3a KpUTEPieEM 3roau Xi-keaopam A BCiX BUOIPOK, SK
OLIBII CyBOPOi OIIHKY ISl MaluX MOPSAKIB i OUTBII PIBHOMIPHOIO TIO BCHOMY DSy PO3TISHYTHUX 3HAYEHb.
Bikna crarnctrnaHOi 6JM3BKOCTI PEACTABIICHI pa3oM 3 MeXaMHu BHOIpoK Ha puc 7, 6. Po3mipu BikoH (KpuBa

[S(W)L ) MOYKHA BU3HAYHTH JIIHIIHOIO 3aJISKHICTIO BiJl MOPSAKY BUOIPKH HACTYITHOO PiBHICTIO:

)

sy =0.571-(d-3). (17)

Pe3ynbraté  MOCHIKEHb  y3aralbHIOIOTBCS ~ CTATHCTUYHOI  MOJCIUTI0  0araroKaHAJILHOTO

OITHOCJIEMEHTHOTO KOHBEPTOpa IIUIBHOCTI HWMOBIPHOCTI, siIka OMHUCYeThCs HabopoM ¢yHkmii ['ayca (6),
napamMeTpu SIKMX BH3HAYalOThCs cepedHiMM  3HaueHHsMH (2) abo (3), aumcmepcissmu (4) i
CepeIHhOKBAIPATHIHNMU BIIXWJICHHAMH (5) eIeMeHTIB BUOIPOK, 10 BUAUISIOTHCS BIKHOM OnMM3bKocTi. Kpim
X €JIEMEHTIB, 0 OKPEeMHX TIpyIll MOXHa BiIHECTH JaBa eleMeHTH (8) 3 HaHOUTBIUM 1 HaHMEHIITNM
HOMEpaMH B BHOIpKax 3 JOBLILHUM 3HaYe€HHAM mopsaaky d . IiapHICTh IXHBOT KMOBIPHOCTI JOPIBHIOE

24 +1) (X -x)* k=0
Pd(x):W' (X+x)2d ST (1"

BucHosku.

1. TIporoHOBaHEe KOHLEMIiIO TOAAHHS YIOPSAKOBAHUX BHOIPOK 3 HEKOPEIhOBAHOI BUMAIKOBOI
MHO)KWHH JJaHUX SIK OaraToKaHAJIbHUX OJHOEJIEMEHTHUX KOHBEPTOPiB (DYHKLIT IIIBHOCTI HMOBIPHOCTI.

2. Bu3Ha4yeHHS NEPETBOPIOBAJIBHHUX BJIACTHBOCTEH BHOPSIKOBAHMX BHUOIPOK BHUKOHAHO MUISXOM
OITIHOK OJM3BKOCTI JCTEPMIHOBAHUX (YHKIIH «CIOCTEPEKYyBAaHUX» IMIUIBHOCTI WMOBIPHOCTI €JIIEMEHTIB
(xaHaiB KOHBEPTOPA) 1 aMPOKCUMYIOUHX 1X «odiKyBaHHX» (yHKmil ['ayca 3a 1omoMoror napaMeTpuyHUX i
CTaTUCTUYHUX METOLIB.

3. IlapameTpuyHi OIIHKYM ampOKCHUMAIlii 3MiHCHIOIOTHCS 3a JOIIOMOTOI0 HABEJCHOTO iHTETPaIhbHOTO
BIIXWIECHHS 1 Koe]ilieHTy IeTepMiHaIil MOCHiIKYyBaHOI Ta ampoKCHMYro4doi (QyHKiid. [dns yMOBHHX
TPaHUYHHUX 3HAUYCHb MapaMETPUYHHUX OIIHOK IOKAa3aHO HAasABHICTH TPYN E€JIEMEHTIB AJs BHUOIPOK pPI3HHX
HOPSIIKIB, YMOBHO 3rOfiHUX 3 Tinore3o0t0 HO.

3. CratucTHUHy 3rofy ABOX CIMEHCTB (PYHKIIM NIUTEHOCTI WMOBIPHOCTI OITIHEHO 3a JIOIIOMOTOIO
TPHOX PI3HUX KPUTEPiiB — Uepe3 MipHh CKOIIEHOCTi, TOCTPOBEPIIMHHOCTI iXHiX ()YHKLIH po3mominy Ta 3a
JIOTIOMOTOI0 KpuTepiro mofioHocTi [lipcona. Po3pobnennii Meron amanTariii KpuUTepil Xi-xgadpam s
OITIHKY CIMEHUCTB aHANITHIHUX (DYHKIIH MIITFHOCTI HMOBIPHOCTI 31 3MiHHUMH TTapaMeTpaMHu.

4. Pesynbrati JOCHIDKEHb Yy3arajJbHEHI B CTBOPEHOI CTAaTUCTHYHOI MOJENi 0araroKaHAJILHOTO
KOHBEPTOPa HEKOPEIbOBaHUX AaHUX. Mozelb BKIIIOYAE TPYIy CTaTHCTHYHO OJHM3bKi 10 HOPMAJILHOTO 3aKOHY
PO3TOMINY BHITAKOBUX BEIUYHH KaHATIB pdf-KOHBEPTOPIB, SKi 3alpPOMOHOBAHO BUIUIATH «GIKHOM
cmamucmuunoi onuzebkocmiy». 1IMBHOCTI po3MOALTY 1€ JABOX TPYI KaHAJB SBJISIFOTH COOOKO Mapaboiu
JIPYTOTO i OUTBIII BUCOKUX MOPSIKIB.

5. 3ampomoHOBaHa METOOWKA JOCHIIXEHb MOXe OyTH BHUKOPUCTaHA JJsl BHU3HAYCHHS
[EPETBOPIOBATIBHUX BIACTUBOCTEH OaraToKaHaJbHUX OJHOCIEMEHTHHX KOHBEPTOPIB — YIOPSAKOBAHUX
BUOIPOK BHITAJKOBUX BEJIMYUH 3 IHIIUMH aOCOJIIOTHO Oe3mepepBHUMHU (DYHKIISIMH HIUIBHOCTI PO3MOILTY
HMOBIPHOCTI.

Pobomy suxonano 3a paxynox kowmie 6100xcemnoi npozpamu "Po3sumok Hayxosux 3acad memodie ma 3acobie
BUMIDIOBAHHA eKCHIYAMAYItHUX napamempie ooaadnauna enekmpocmanyity (0116U007285), KIIKBK 6541030.
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NONCORRALATED DATA ORDERED SAMPLES AS A SINGLE-ELEMENT MULTICHANNEL CONVERTER.
R.O. Mazmanian

Institute of Electrodynamics National Academy of Sciences of Ukraine,

56, Peremohy ave, Kyiv, 03057, Ukraine, e-mail: mazmanian@ied.org.ua

The sufficient closeness of the medians of the ordered samples of random data to the normal distribution is used in computer systems
for control, monitoring and diagnosing electric power equipment. However, it remains what other probability density function (pdf)
of elements (sample statistics) have such similarities. This paper presents various methods for statistical testing hypotheses for pdf-
converter channels as statistics of given sizes odd numbered and ordered samples of bounded and uniformly distributed random
numbers. The use of various different criteria and the results of estimates studied under the same conditions showed a sufficient
conformity of the results of tests for three statistical criteria. It made possible to draw a reasonable conclusion about the preferable
use of the adapted chi-square test for assessing the congruence of analytical pdf channels of the converter with normal distribution.
We also suggested using the "statistical closeness window" to define those channels of the converter that do not significantly differ
from the normal distribution. In addition, we presented an empirical formula determining the dependence of the size of the window of
the statistical closeness window on the sample size. The results of the research are summarized in a statistical model of a
multichannel uncorrelated data converter. References 27, figures 7.

Keywords: random data, uniformly distribution, ordered samples, probability density function (pdf), pdf-converter, density
estimation, chi-square criteria.
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Pozenanymo ocnosui 3acadu eudasnuuoi noaimuxu dcyprany «Texuiuna enexmpoouHamika», a came OOMpPUMAHHS
npuHyunie akademiunoi 0obpouecnocmi. Posmaymaueno nonsmms axademiynoi 006pouechocmi, 6uou it NOpyuweHHs —
naaeiam, camonnaciam, ghanvcugpikayis, pabpukayis. Brasano pospobneni 6 Yxpaini Oesiki HOpMAMUGHO-NPABOEI
OOKYMEHmU U000 Yb020 NUMAHHSL, KUX NOBUHEH OOMPUMYEAMUCS KOJICEH HAYKogeyb ma HayKkosi euoarws. biom. 10.
Knrouosi cnosa: BuaBHIYA MONTITHKA, aKaJ[eMigHa TOOPOYECHICTD, IIIATiaT, caMoInIariat

VY rmobansHOMY CBITI BiIKpUTHX 3HaHbB, 1€ MaHy0Th npuHIUny Open Access Ta Open Science, yce
Oinpinoi Bard HaOyBa€ 3aXWCT IMpaB IHTENEKTYyalbHOI BIACHOCTI, 3aXUCT YYEHOTO Ta HOTO HAayKOBOTO
nopoOKky. Bimkputuii goctynm — 1e O€3KOIITOBHHM, NOCTIHHWM, MOBHOTEKCTOBUH JOCTYHN B PEXUMI
peaJbHOro yacy 0 HayKOBUX MaTepianiB y Mepexi Internet, 3milicHIOBaHHH IEPEBaXKHO A0 PELICH30BaHHUX
HAYKOBHX JKypHaJIiB.

Came TakuMm € xypHan «TexHiuHa enekrpoanHamika» («TE») Incturyty enexrpoamnamixku HAH
VYkpainu, BiH BXoauth 10 6a3u manux DOAJ — Directory of Open Access Journals. OCHOBHa NpU4YWHA, 3
SIKO1 aBTOPH PO3MIIIYIOTh BJIACHI TIPaIli Y BIAKPUTOMY TOCTYII — 30UTBITICHHS MTOKAa3HUKA BXKIIUBOCTI. IcHYe
PSA MOCTiKEHb, SIKi CBIIYAaTh MPO CYTTEBE 3POCTAaHHs 1HIEKCIB LUTYBAaHHS HA CTaTTi, PO3MILICHI Y
BiIKpUTOMY AOCTYyIHi. Pa3oM ¢ TuM Bce OiIbIl aKTYaJILHMM CTa€ MUTAHHS 3aXUCTY MpaB aBTopiB. Came ToMy
BEJIMKY yBary MDKHapoJHa HayKoBa CIIUIBHOTA MPUIUILE JOTPUMAHHIO HAYKOBUMHU XypHAlIaMH IIPUHIMIIIB
aKaJgeMHUYHOT TOOPOYECHOCT y BUIABHUYMIA TTOJITHIII.

B ymoBax ykpalHCBKOTO CYCHIIBCTBa BIPOAOBXK OCTaHHIX POKIB HpoOiema akaaeMidyHOl
HEeJT0OpOUYECHOCTI PEryJIsIpHO MOTparuisuia B GoKyc cycniipHOl yBaru. Kammanii 3 po3ropranas 00poTe0u 3
aKaJIEMIYHOI0 KOPYIILI€I0 3MIHIOBAIM OJHA OAHY, 3a3BHYail CTAlOUM PE3yJbTAaTOM BHUKPUTTS HACTYIHOTO
Iariatopa 3 4mucia yKpaiHChKOi MOMITHYHOI UM HayKoBOi eniTi. CTaHJapTHUM pe3ybTaToM CTaBaja MosiBa
HU3KH BUKPUBAJIbHHUX MyOIIiKaIlii, TKi 00MeXyBaJiCs OKPEMIMH MIEPCOHAISIMU Ta HE MAJIH KOJHOTO HaBiTh
penyramiitHOro Hacmigky. Hayka sk colliadpbHUH 1HCTHTYT CY9acHOTO CYCIIJILCTBA HE I1030aBieHa
NpUTaMaHHUX HOMY XBOPOO, aJpke KpU30Bi SIBUIIA, SKI MAIOTh MiClleé B €KOHOMIYHIH, MOMITHYHIN Ta iHIIAX
chepax KHUTTS, HE MOXYTb HE MO3HayaTucs Ha cdepax, NOB’S3aHUX 3 MIArOTOBKOIO KBali(hiKOBaHHX
(haxiBIIiB Ta 3/IHCHEHHSIM HAYKOBHX JOCIi)KEHb.

Penakuis xxypHany «TexHiuna enekrpoanHamika» («TE») y cBoili poOOTI TaKOK CTHKAETHCS C UM
SIBULIEM Ta HaMaraeTbcd IOTPUMYBATHCS aKaJeMiuHOi KyJNbTypH, MOpodeciiHOi eTHKH, CIiXyBaHHIO
MOpAJBHUM I[IHHOCTSIM Ta CTaHAAapTaM MiKHAPOJHUX Ta HAaIliOHAJBHHUX opraHizamiid. CaMe TOMy MeTOI0 i€l
CTaTTi € O3HAHOMIIEHHS IOMHCYBAadiB Ta YHTAYiB JKYpPHAITy C NPHHIMIIAMHA aKaJeMHUIHOI TOOpPOYECHOCTI,
BUIaMU ii MOPYIIEHb, BiAIOBIAAJIbHICTIO 32 IMOPYIICHHS T4 HOPMATUBHUM CEPEIIOBHIIEM, PO3POOJICHHM B
VYkpaiHi, sIKe HapaBJIEHO Ha MOJOJIAHHS LBOTO SBUILA.

o Take akageMiuHa J00POYECHICTH, TA 3HAYEHHSI B HAYIli, HOPMATHBHE CepeIOBHIIIE.

HayxoBa cdepa Oe3mocepesHbO IMOB'si3aHA aBTOPCHKUM 1 IHTEJIEKTyaJIbHUM IpaBoM. Y 3akoHi
VYxpainn “IIpo HaykoBy i HayKOBO-TE€XHIUHY HisuTbHICTH” [1] 3a3HauyeHO, MO0 «HAYKOBa MiSJIbHICTH —
IHTeNleKTyallbHa TBOpYa MisIBHICTh, CHPSMOBaHA HAa OJEpKaHHA HOBHX 3HaHb Ta (a00) TMOIIYK MUIAXiB
iXHBOTO 3aCTOCYBaHHs, OCHOBHUMH BHJIAMH SKOi € (yHAaMEHTaIbHI Ta TMPUKIAIHI HAyKOBI JOCIIHKECHHS,
HAYKOBHI pe3ynbTaT — LIe HOBE 3HaHHS, OfepKaHe B Mpoleci PyHIaMEeHTaIbHUX a00 IPUKIaJHUX HayKOBUX
JocTiKeHb 1 3adikcoBaHe Ha HOCISX HaykoBoi iH(opmamii y ¢opmi 3BiTy, HayKOBOi Tpalli, HayKOBOi
JTOTIOBi/Ii, HAyKOBOTO TOBIAOMJICHHS TIPO HAyKOBO-IOCHITHY POOO0TY, MOHOTPadivyHOTO ITOCIIIKEHHS,
HAYKOBOTO BIJIKPUTTS TOIIO». TOOTO HOBI 3HAHHS MOBHHHI OyTH Yy BiAKpuUTOMY aoctymi. Tomy i mocrae
NUTaHHS 3aXHCTY 1HTEJIEKTYalIbHOI BIACHOCTI
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AkaniemiyHa JOOPOYECHICTh O3HA4a€, M0 y TPOIeci AOCTIKeHh HAyKOBIII TMOBHUHHI KepyBaTHUCH,
nepeayciM, IpUHIMIIAMA YeCHOCTI, YecHoi npari. BoHa Bigpa3y acowitoeTbes 3 TUIariaToM, a TOYHiIIe 3 HOro
HenomymeHHaM. [lmariaT mo cBoiff cyTi — mOpyLIeHHS NPUHIMIIB akageMmiuyHoi noOpouecHocti. lLle
HeTpaBOMipHa MOBENiHKa, 10 CYIePeYUTh HOPMaM MOPAJT.

MiHICTEpCTBOM OCBITH Ta HAyKH YKpaiHH pPO3pOOJEHO Ta TPOJOBKYE YIOCKOHATIOBATHCS
HOPMAaTHUBHO-TIPABOBE CEPEIOBHUINE, 10 BKIOYAE NPHUHIWIHN Ta HOPMH, SKAX IMOBHHHA JOTPUMYBATHUCS
HayKOBa CIUIbHOTA, Ta MPOLEAyPH 3a0e3MEeUeHHS aKaleMiuHOi JOOPOYEeCHOCTI, a came:

— 3axkon Ykpaiam «IIpo ocBiTy» Ne2145-VIII Bix 05.08.2017;

— 3akoH Ykpainu «[Ipo Bumry ocBiTy» Nel556-VII Big 01.07.2014;

— 3akoH Ykpainu «IIpo aBTopchke mpaBo Ta cymixkHi mpaBa» Ne 3792-XII Big 23.12.1993;

— IlIpoekr 3akony «IIpo akamemiuHy HOOpOYECHICTHY», po3podieHuit HarioHanbHUM areHTCTBOM i3

3a0€3MeUeHHS SIKOCTI BUIOi OCBITH.

VY HamionaneHoi akaneMii Hayk Ykpainu jie « ETHHUI KOJEKC BUCHOTO YKpaiHW», 3aTBEpKEHUN
[loctanoBoro 3arampHux 300piB HAH VYkpainm 15.04.2009 Ne 2 [2], B AKOMYy 3a3Hau€HO, IO «METOIO
Etnanoro xomekcy BueHoro Ykpainu (Hagam Komekc) € dhopMmyaroBaHHS 3aralbHUX €THYHUX IPHHIIMITIB,
SKHX KOKCH 3 HAYKOBIIIB i BHKJIaJIa4iB Ma€ AOTPUMYBaTHCS y cBoili poOoTi. Kojekc peryimtoe BimHOCHHU
HAYKOBIIIB MK COOOIO Ta i3 CyCHiILCTBOM. BiH BCTAHOBIIOE OCHOBHI 3acajy 3aJiIsl OI[iIHKA BUCHUMU CBOET
BJIacHOi poOOTM Ta HisubHOCTI Komer 3 mo3uuii Mopani. OcHOBHHM 3aBAaHHsAM Koxekcy € HamaHHS
NpPIOPUTETY MOPAIGHUM BHMipaM HayKH Ta COLIANBHIN BiAMOBIAANBHOCTI CHIIFHOTH BYEHHX i KOXXHOTO
BYECHOTO 30KpeMay». HaBegeMo aeski HOro KIr04uoBi MO3MLIIL:

1.5. OG0B 30K YUEHOTO npomudiamu KOHGOPMIZMY 6 HAYKOBOMY CRi6mogapucmesi, OpaTH aKTUBHY
y9acTh B aTeCTallil HAYKOBUX KaAPIiB, NPOMUOIAMU NPUCYOAICEHHIO HAYKOBUX CMYNEeHI8 1 36alb 3a pobomi,
SAKI He 8I0N08i0aomb 00CACHEHHAM C8IMO0B0I HAYKU aD0 BUKOHAHI 3 NOPYUIEHHAM HOPM emuKu, 30Kpemad
piwyye gukpusamu naaziam ma iHwi opmu nopyuleHb ademopcvbKo2o npasd.

1.10. Vuenuti ne yunume 0itl, axi modcyms 3aedamu wkody npogeciuniii penymayii xonee. 3a
HasIBHOCTI HECIPOCTOBHHUX JIOKa3iB HEETUYHUX UM HEMpoQeciiHUX i y4eHOro, HAyKOBE CITIBTOBAPHCTBO
Mae y BIIKPUTIH HeynepeaKeHi AUCKycii AaTH M BiAMOBIAHY OLIHKY.

2.3.YueHnit Mae 3a0e3MevuyBaTH Oe3002aHHY YeCHICMb ma RPO30PICHb HA 8CIX CMAOIAX HAYKOBO20
00CNIOCEHHS | 86AICAMU HENPUNYCIMUMUM NPOAGU WUAXPALUCMEA, 30KpeMa abpuxyeants ma Qanrvuly8anHs
O0anux, nipamcmea ma niaziamy.

2.4. Yuenuii mae 30ilicHio8amu HeoOXIOHUI 3aXUCT IHMEeKMYAIbHOL 81ACHOCHII.

3.2. Vuenuii suznac migsichapoOni ma HAyioHANbHI NPABOBI HOPMU WOOO ABMOPCHLKUX NPpAg._Y YCHUN
MOXE BHKOPHUCTOBYBATH iH(pOpMAIil0 3 OyIb-IKHX TyOJiKalliii 3a YMOBH, IO GKA3YE Odcepero ma
NnPOGOOUMY HIMKY MeHCYy MINC GIACHUMU OaHUMU ma 3000ymKamu iHwiux. 3alO3MYEHHS IS BIIACHHX
myOJTiKariii Oymb-IKuX TEKCTIiB, Gororpadiid, puCyHKiB, TaOIUIL, cXeM, (GOPMYI TOIIO MOTPEOY€E 3TiAHO 3
ICHYIOYMMHU TIPaBHJIaMH JI03BOJIY aBTOpa Ta/ab0 BHIABHUIITBA.

3.3. Y pasi nyOnikanii pe3ynbTaTiB AOCHIIKEHHS, 10 TPOBOAMIOCS TPYIIO0 BYCHHUX, BCi, XTO OpaB
TBOPYY y4acTh y pPOOOTi, MalOTh OYTH 3a3HAUEHUMH SIK aBTOPH; MOXe OYyTH 3a3HA4eHO iXHIM ocoOucTH
BHECOK. [inbKu peanbHuil meopuull GHECOK Y HAYKOGY pobOOmYy Modice Cy2y8amu Kpumepiem agmopcmed.
Iocmynamucsa asmopcmeom Ha HAYKO8Y pobomy iHWwil 0co0l, npullmMamu aemopcmeo abo chieagmopcmeo
ma, 0cooIUBO, BUMALATNU TI020 € HENPUNYCIUMUM.

3.4. YVuenuii ne nosunen nogmoprogamu c8oi HayKosi nyonikayii 3 memoro 30i1bluenHs IXHbOI KLIbKOCHI.
SIKIIo 71 mpomnaraHaIyd HayKOBUX JIOCATHEHb JIOLIbHA ITyOJTiKallisi OHI€ET 1 Tiel % PoOOTH B PI3HHUX JKypHAJIaX,

Takum umHOM, Kozmexc BCTaHOBIIOE €TWYHI MpaBWiIa, SKUX IIOBUHEH IOTPUMYBATHUCS KOXKEH
HAYKOBEIIb MiJ Yac JOCTIHUIILKOT pOOOTH.

Buznayennss akajnemiunoi mao0pouecHocti Hamano y cr. 42 3akony «lIIpo ocsity» [3], 30kpema,
PO3TIyMaueHo, IO Mependadae NOTPUMAHHA aKaJeMiYHOi JOOPOYECHOCTi, BHOM IMOPYILUEHb: «AKageMiuHa
JIOOPOYECHICTE — II€ CYKYIHICTh ETHYHHMX IPHUHITMITIB Ta BU3HAYCHUX 3aKOHOM IIPaBWI, SKHUMH MaroTh
KepyBaTUCS YYaCHUKH OCBITHBOTO TIPOIIECY i/l 4ac HABYaHHSI, BUKJIAJIAHHS Ta IPOBA/HKEHHS HAYKOBOI (TBOPUO1)
TUSUTBHOCTI 3 METOFO 3a0e3MeUeHHs JIOBIpH JI0 pe3yJIbTaTiB HaBYaHHS Ta/ab0 HAYKOBHX (TBOPYMX) JOCSTHEHb.

JoTpruMaHHsI akaIeMigHOT TOOPOYECHOCTI HAYKOBUMH IPAIliBHUKAMH TTepea0dadac:

— IOCHJIaHHS Ha JpKepena iHpopMaliil y pa3i BUKOpUCTaHHSA i7ield, po3po0oK, TBEPIKEHb, BIIOMOCTEH
IHIINX aBTOPIB;

- JOTPUMaHHS HOPM 3aKOHOAABCTBA IIPO aBTOPCHKE MPABO 1 CYMiXHi IIPaBa;
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— HaJaHHS JOCTOBIpHOI iH(OpMaIlii 00 METOAWK Ta Pe3yibTaTiB JOCIHIIKEHb, IKEpel
BUKOpHCTaHOT iH(OpMaIlii Ta BIACHOT HAYKOBOT isIbHOCTI;

- KOHTPOJIb 338 JTOTPUMAaHHSM aKaJeMidyHOI JOOpOYEeCHOCTI 3700yBauaMH OCBITH; 00 €KTHBHE
OIIIHIOBaHHS Pe3yNIbTaTiB.

IopyuieHHAM aKaJIeMidHOT JOOPOUECHOCTI BBAKAETHCS:

— akajieMiYHUii muIariaTt — onpUITIOHEHHS (YaCTKOBO a00 MOBHICTIO) HAYKOBHX (TBOPYHX) PE3yJIbTATIB,
OTPUMAHMX IHIIUMH 0CO0aMHM, SIK pEe3yNbTaTiB BIACHOTO JOCIIDKEHHS (TBOPYOCTi) Ta/abo BiATBOpEHHS
OITyOJTIKOBAaHUX TEKCTIB (OTPIUTIOAHEHUX TBOPIB MUCTEIITBA) 1HIMX aBTOPIiB O3 3a3HAYCHHS aBTOPCTRA;

—camMomiariaT — ONPWIOJHEHHS (YacTKOBO a00 TOBHICTIO) BIIACHHUX paHillle OIyOJIiKOBaHUX
HAYKOBHX pe3yJIbTATiB SIK HOBUX HAyKOBUX PE3YJbTaTiB;

—¢adpukaiis — BUragyBaHHS JaHUX 49U (DaKTiB, 110 BUKOPUCTOBYIOTHCS B OCBITHROMY TpoIieci abo
HAYKOBHX JOCTIIKCHHX;

—danbcudikanis — cBigomMa 3MiHa U Moau}ikalis BxKe HASBHHUX JAaHHUX, 10 CTOCYIOTHCS OCBITHBOTO
IpOLECy UM HAYKOBHUX OCTIKEHb;

—o0MaH — HaJaHHS 3aBiZIOMO HEIPABIVBOI iH(OPMAIIl IIOJ0 BJIACHOI OCBITHROI (HAYKOBOI, TBOPHYOI)
JUSUTBHOCTI UM OpraHizallii OcBITHOTO Tporiecy; hopMaMu 0OMaHy €, 30KpeMa, IiepepaxoBaHi BUIIE OPYIICHHS;

—Xxa0apHMITBO — HajaHHSI (OTPUMAHHs) YYaCHMKOM OCBITHBOI'O MPOLECY UM MPOMO3UIS II0J0
HaJaHHS (OTpUMAaHHs) KOIITIB, MaiHa, TOCIYT, MBI YW OyIb-IKHX IHIIUX Ojar marepiasbHOro ado
HEMaTepialbHOTO XapaKTepy 3 METOI OTPUMAaHHS HEMPaBOMIPHOI IlepeBard B OCBITHLOMY ITPOIIECi;

— He00’€KTHBHE OL[IHIOBAHHS — CBiJIOME 3aBUILEHHA 200 3aHMKECHHS OL[IHKH pe3yJbTaTiB 3100yBauiB
OCBITH Ta JOCIIKEHb.

3a mopymieHHsl aKaJeMIiYHOi JOOpPOYECHOCTI HAYKOBI TMPAIiBHUKH 3aKJIagiB MOXYTb OyTH
MPUTATHEHI JI0 TaKOT aKaIeMi4HOT BIAMOBITAIbHOCTI:

— BiIMOBa y IPUCYPKEHHI HAYKOBOT'O CTYTICHS Y IIPUCBOEHHI BUCHOTO 3BAHHS;

— 1030aBJIEHHS IPUCYHKEHOI'0 HAyKOBOT'O CTYIIEHS UM IIPUCBOEHOTO BUCHOT'O 3BaHHS.»

3yMUHUMOCS OUTBII JETAIBHO Ha MOHATTIX aKaJeMIYHOIo IIariaTy Ta caMorniariaty.

MinictepcTBOM OCBiTH 1 Hayku YKpaiHu po3poOneHo «Pexomenpanii mozo 3amoOiraHHs
aKajJeMidHOMY IuIariaty Ta HOro BHUSBIEHHS B HayKOBHX po0OoTax (aBropedeparax, mucepTarlisx,
MoHorpadisx, HAYKOBUX JOMOBIJAX, cTaTrTsax Tomo»: Jluct MOH Vkpainm Bix 15.08.2018 Ne 1/8681 mist
3acToCyBaHHS wieHamu ekcriepTHuX pag MOH VYkpainu 3 mutaHb mpoBefeHHS €KCIIEPTHU3W AUcCepTamil,
CHeLiani30BaHNMHU BUCHUMH PaZaMu i3 3aXUCTy ITUCEPTaLiil B 3aKJIalaX BUIIOI OCBITH 1 HAYKOBHX YCTaHOBAX
Ta IHIUMU Cy0'€KTaMH, sIKi 3IHCHIOIOTH 3aX0/IH 13 3amo0iraHHs aKaaeMiTHOMY IUTariaTy i Horo BHSBJICHHS B
HAYKOBHX poOoTax (aBropedeparax, AWCEpPTAIisx, MOHOrpadisx, HAYKOBHX JOIMOBIJAX, CTATTSX TOIIO).
Mertoro PexomeHpaniii € CTBOpeHHS yMOB AJsl MOCHJICHHS CIIBIpali HpPEACTAaBHUKIB HAYKOBHX Kil y
MIATOTOBIT KBaTi(hiKOBAaHUX KaapiB Y PiI3HHUX Tally3sX HaAyKH Ta TexHIKH. [I[paBoBO0 0CHOBOIO Pexomenaartiit
€ Koncruryuis Ykpainu, 3akonu Ykpaiau «IIpo aBropchke mpaBo i cyMixHi npaBay, «[Ipo ocsity», «IIpo
HAYKOBY 1 HAyKOBO-TEXHIUHY AisIbHICTHY, «IIpo HaykoBo-TexHiuHY iH(opMalio», «[Ipo Bumy ocBity». B
HUX OIMCaHO 6uou aKaJeMidHOro IulariaTy B HayKOBUX poOoTax (aBTOpedeparax, TUCEpTAIlisX,
MOHOTpadisfx, HAYKOBHUX JOIMOBIIAX, CTATTAX TOMIO) [4], a came:

«AKaIeMIYHHUM I1J1ariaToM €:

2.1. BigTBOpeHHS B TEKCTI HaykoBOi poOoTu 0Oe3 3MiH, 3 HE3HAYHHMHU 3MiHAMU a00 B TMepeKiaii
TEKCTY IHIIOTO aBTopa (1HIIMX aBTOPIB), 0OCITOM Bill peUeHHS i OibIne, O€3 MMOCHIIaHHS Ha aBTOpa (aBTOPIB)
BiZITBOPEHOTO TEKCTY.

2.2. BigTBOpeHHS B TEKCTI HayKoBOi poOOTH, MOBHICTIO ab0 YacTKOBO, TEKCTY iHIIOIO aBTOpa
(iHmumx aBTOPIB) Yepe3 Horo nepedpa3yBaHHS UM JOBUTHHHUN Tepeka3 0e3 MOCHIIaHHS Ha aBTopa (aBTOpIB)
BIZITBOPEHOTO TEKCTY.

2.3. BiaTBOpeHHS B TEKCTI HAYKOBOi pOOOTH HaBEICHHUX B IHIIOMY JKepelli HUTAT 3 TPETiX JKepel
0e3 BKa3yBaHH:, 32 SIKUM came Oe3locepeHiM HKepeIoM HaBEeACHO LIUTATY.

2.4. BinTBOpeHHsI B TEKCTI HAyKOBOI poOOTH HaBEIEHOI B IHIMOMY JDKeperni HayKOBO-TEXHITHOI
iHpopMalii (KpiMm 3ararsHOBiZOMO1) O€3 BKa3yBaHHS Ha Te, 3 SIKOTO JpKepela B3sATa I iHhopMaris.

[Inariat BU3HA€THCS MOPYLIEHHSIM aBTOPCHKHX IIPAB.

VY Jlucti MOH Yxkpaian Nel/9-263 Bix 20.05.2020 «/lo muTanHsS YHUKHEHHS MPOOJIEM 1 TIOMUJIOK Y
MPaKTHKaX 3a0e3MeUeHHs aKaJeMiuyHol T0OPOYECHOCTI» [5] BKa3aHo, 10 aKaJeMIuHHUI IJIariat He 3BOIUThCS
TIBKH 10 TEKCTOBHMX 30iriB, a MOXE CTOCYBaTHCS TaKOX HEKOPEKTHOTO 3all03M4YeHHs (aKTiB, Timores,
YHCJIOBUX AaHUX, METOIUK, 1IFOCTpaLii, popmMys, Moaenei, porpaMHUX KOJIB TOLIO.
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JloBoJi MOIIMpPEHUM CTaB 1 TAKUH MPOSIB aKaJeMidyHOI HEYECHOCTI SIK BHECEHHS JI0 CIIMCKY aBTOPIB
crareii, MoHorpadiii, MIPyYHHUKIB Ta IHIIMX BUAAHb OCi0, sSIKi He OpajaM yd4acTi B OTPHUMAaHHI HayKOBUX
pe3yabTaTIB, Y TAKUH CIIOCIO MiABUIYIOUYH iXHIN MyOIiKaifHU peHTHHT.

Buxonmsun 3 nwmx monoxkeHb Ta Pexkomenpaniii EASE (€Bpomneiicpkoi acomianlii HayKOBHUX
penakTopiB) s aBTOpiB [6], penakimis xypHamy «TE» BuMarae Bim MOmHCYBadiB: «...HiTKO BiTOKpeMTe
Ballll OpUTiHAJIBHI JaHi U TIMOTe3y BiJ JAaHUX 1 TiMOTe3 IHIIUX JIOACH 1 BalllMX paHHIX myOsikaiiii — ae e
HEeoOXiHO, JaliTe MOoCKIIaHHs. A SKIIO Hi, TO BU MOXKETE CTaTH IUIariaTopoM abo caMo-IUIariaTopomy».

Sk CBIMUUTH MpakTHKa, ICHyEe 0arato MATaHb CTOCOBHO TIOHATTS «caMmorniariary. Y 3akoHi Ykpainu
«IIpo ocgity» [3], crarTs 42, yacTUHA 4 3a3HA4YCHO, 110 caMoIUIariaT — I ONPHIIOHEHHs (4aCTKOBO abo
MOBHICTIO) BJIACHMX paHille OMyONiKOBaHMX HAYKOBHX pE3yJbTaTiB SK HOBHX HAYKOBHX pe3yJIbTaTiB.
HasBHicTh mocuaHHS Ha MOMEPEHIO MyOIiKaLilo HAYKOBOI'O pe3ybTaTy IMOBHICTIO 3HIMA€ MUTAHHS LI0OA0
MO>KJIMBOI HAIBHOCTI camoruiariaty. Hai0i1pI1 THITOBUMHI BUIAMHU caMoILIariary €:

— MOBTOpHA MyOiKamis ogHiel 1 Ti€i cTaTTi 3 HE3HAYHUMH 3MiHAMU B Ha3Bi Ta 3MICTi;

— myOuiKarisi cTaTTi, sKa MICTUTh 3HaYHI YPUBKHU 3 paHille omyOIiKoBaHUX poOiT 6e3 po3MilleHHs

[IOCUJIaHb HA HUX;

— myOumikartist moAiOHUX TEKCTIB OJJHOYACHO B PI3HUX JKypHAJIax.

Camorutariat po3risiIa€Thes SIK MOPYLICHHS! HOPM €THUKH.

Penaxuis xxypHany «TE» norpumyerbcss mpuHIMIIB, po3poOnennx KomiTeToM 3 eTWKM HayKOBHX
nyOuikartii [ 7], siki 3a1eK1apoBaHo y po3/ili « BumaBHAYA MOJITUKAY HA CAlTI )KypHAITY, JIe YITKO MPOIUCAHO:

—  eTWYHi 3000B's13aHHS WICHIB PEAKOJIETI Ta peAaKLii )KypHay;

—  eTW4YHI 3000B’s13aHHS aBTOPIB;

—  eTHWYHI 3000B’sI3aHHS PEIICH3CHTIB;

—  MOJIITUKA PEJaKIlii 1010 Iiariary.

Crucno HaBeaeMoO NPUHLUIMN, IKUMH IOBUHEH KEPYBaTHCS aBTOP.

1. OcHOBHHII O0OB'SI30K aBTOpa TOJATAE B TOMY, MO0 HAMATH TOYHHUU 3BIT MPO MPOBEICHE HUM
JIOCTIDKEHHS, IPUAHATHUH 17151 00'€KTUBHOTO OOTOBOPEHHS MOT0 3HAYYIIIOCTI.

2. ABTOpu craTeli HeCyTh YCIO IOBHOTY BiJNOBiZalbHOCTI 3a 3MicT craTeid i cam (akT iXHBOI
myOoikarii.

3. Matepian npo pe3yJbTaTH ITOCIIKEHb, 1110 HAIXOAUTh J0 PelaKilii, Mae OyTH JOCTATHHO MOBHUM
1 MICTHTH HEOOXiHI MOCUIIaHHS HA JOCTYIIHI JpKepena iHpopMarrii.

4. ABTOp TOBWHEH NWTYBaTH Ti IyOIiKamii, sKi 34IMCHUIN BU3HAYaJbHHWN BIUTUB HAa CYTHICTh
po0OOTH, IO BHUKJIAmANacs, a TaKOXK Ti, AKIi MOXYTh IIBHIKO IO3HAMOMHTH YWTada 3 OUTBIT paHHIMH
po0oTaMu, BaKJIUBUMH JJIS PO3YMIHHS I[LOTO JOCTIKEHHS. 3a BUHITKOM OIJISIIIIB, CNiJl MIHIMI3yBaTH
OUTYBaHHA pOOIT, sKi HE MAalOThb OE3[0CEPEeHHOTO BiAHOMIEHHS OO LBOTO TMOBIAOMICHHSA. ABTOD
3000B's13aHUI HAJICKHUM YHHOM BKA3yBaTH JDKepesia MPHUHIIMIIOBO BAXIIMBUX MaTepianiB, BUKOPUCTAHUX Y
uiii poOori, Km0 I Marepiand He OylM OTpPUMaHI CaMUM aBTOPOM; MaKCHUMallbHO, IO MOXIHBOCTI,
OOMEKUTH CaMOLIUTYBaHHS.

HangmipHi mocunanHs Ha BiacHI MyOJikamii po3risgaroThCsl SK TOPYIICHHS —aKaJIeMidHOl
JIOOPOYECHOCTI 3 METOIO IITYYHOTO ITiIBUMIECHHS HAYKOMETPUIHUX ITOKa3HUKIB aBTOpa.

5. Ilix yac miArOTOBKM PYKOMHUCY A0 MyOJiKamii aBTOp NOBUHEH iH(OPMYBaTH TOJIOBHOTO peAaKkTopa
I0/I0 CIIOPiAHEHHUX PYKOIHMCIB aBTOpa, MPEACTaBIeHUX ab0 MPUHHATHX N0 APYKY, HagaTd iXHi Komii Ta
BKa3aTH 3B'SI3KH 3 PYKOITUCOM, MPEACTABICHUM JI0 ITyOJTiKaIlii.

6. ABTOp HE IMOBUHEH TPEJCTABISATH PYKOMHCH, IO ONMUCYIOTH O CYTi OfHI 1 Ti caMi pe3yJbTarH,
OlTpII HIXK B ONUH JKYpPHQI Yy BUIVIALI MEPBUHHOI myOiikamii, SIKIIO TUTBKWA L€ HE IMOBTOPHE IMOJAHHS
BIIXWJICHOTO >KypHaJIOM a00 BiIKJIMKAaHOTO aBTOPOM pykomucy. IloBTOpHE BUIaHHS CTaTel, pO3MILICHUX Y
xypHai «TE», MoxxiIHBe JuIire 3a 3rojIor pelakiiii.

7. ABTOp NIOBMHEH YiTKO BKa3aTu JKepelsa BCie€i mpouuToBaHOi abo mpencrasieHoi iHdopmalii, 3a
BUHSATKOM 3arajibHOBIIOMUX BimoMmocTei. [Hdopmaris, oTpuMaHa B MpHBAaTHOMY NOPSAKY (B Iporeci
Oecigm, Mg 9ac JUCTYBaHHS a00 OOTrOBOpPEeHHS 3 TPETIMH CTOPOHAMH) HE Mae€ OyTH BHKOpHCTaHa abo
MOBiIoMJIeHa B poOOTI aBTOpa 0€3 YiTKOTO JI03BOJY JTOCIIAHUKA.,

8. ExcriepuMeHTanbpHe a00 TEOpETHYHE TOCTIIKECHHS MOXKe 1HOAI CIyTyBaTH OCHOBOIO JUISl KPUTHKH
pobotu iHmoOro aocuigawka. OmyOaikoBaHI CTAaTTI y BIAMOBIMHAX BHMAAKAX MOXYTh MICTHTH IOMIOHY
KpUTHKY. [lepcoHanbHa KPUTHKA, IPOTE, HE MOYKE BBAYKATHUCS IOPEUHOIO Hi 3a SIKUX 0OCTAaBHH.

9. CniBaBTOpamMH CTaTTi MatOTh OYTH Ti 0COOH, SIKi 3pOOMIN 3HAYHUI HAYKOBUI BHECOK Y TIPEACTABICHY
po0OTY 1 pO3IINSAIOTH BiINOBINANBHICTh 32 OTPHMAaHi pe3ynbTaTH. [HIN BHECKM MaroTh OyTH BiIMiueHi B
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npuMiTkax abo B po3nini "BasurocTi". ABTOD, SIKHI TPECTaBIISE PYKOITUC A0 My OTiKkalii, BiioBinae 3a te, mod
JI0 CIIMCKY CITIBaBTOPIB OyJIM BKIIFOUEHI Ti 1 TUTBKH Ti 0COOH, SIKi BiTOBIIAIOTH KPUTEPIIO aBTOPCTBA.

3rigHo 3 mpaBWJaMHy MOJAHHA cTaTTi B XypHan “TE” aBTopH, HampaBJslFOUM CTATTIO J0 pelakiii,
niamucytoTh JlinensifiHuii qorosip [8], 3rigHO 3 AKUM MEpeJaroTh aBTOPCHKI MPpaBa HAa BUKOPUCTAHHS IXHIX
cTaTell peaKoIIeTil )KypHAITYy W MiATBEPHKYIOTh, IO CTATTS paHilIe He MyOJiKyBajlacs ¥ He HampaBJeHa Il
po3rIIAy B iHIII HayKoBi BuAaHHs. [IpaBa aBTOpiB Ha BUKOPHCTAHHS MaTepiajiB cTaTeil i mepekyaiiB cTaTel
3 )KypHaly «TexHiYHa eNeKTpoAnHaMiKa» B IHIIUX MyOmiKalisX BU3HAYAIOTHCS 3aralbHUMH MIXKHAPOIHUMHU
1 yKpaiHCBKUMH 3aKOHAMU IIPO aBTOPCHKI IpaBa.

Mlono ¢adpukamii i panscudikanii. 3akon Yipainu «I[Ipo ocBity» mependavae iHII NOPYILICHHS
akaJeMiqHoi T0OpoUecHOCTI, 30KpeMa (adpukanito i Gpanscudikamito. [IpakTuka MpoBiAHUX YHIBEPCHUTETIB 1
HaYKOBHX BUJAHb CBITYy CBIIYWTH, IO BUSIBJICHHS TaKUX MOPYLICHb BiNOyBAa€ThCS MEPEBAXHO EKCIIEPTAMH
I/l 4ac pelieH3yBaHHsA, ONIOHYBAaHHS TOLLO.

[pote Bce wacTile 3'IBISIOTHCA CBIAYEHHS TOTO, L0 MPOLIEC PELCH3YBaHHS HE 3aBK/IH € CIIPABEIJIMBUM
1 €eTUYHHM TIOTIPH 3arajibHy TEHICHINIO JOTPHMAaHHS OUTBIIICTIO CEPHO3HUX )KypHAJIiB ETUYHUX HOPM.

3 Meroro 3a0e3MedeHHsT SKOCTI TPOIEAYPH PEIeH3yBaHHS PYKOMMHCIB pemakiiero xypHany «TE»
po3pobnero EtmdHi 3000B’s13aHHS pelleH3eHTIB Ta PexoMeHmallii peleH3eHTy, MiArOTOBICHI 3a MarepiaioM
"Pexomenparii periensenty kommadii Elsevier". B Hux, 30kpema, 3a3HaueHO, 10 PEICH3EHT IMOBUHEH BiMidaTH
Oyab-sIKi BUIAJKA HEAOCTATHBOTO ITUTYBaHHS aBTOPAMH POOIT IHIMMX YYEHHX, IO MAaroTh Oe3nocepemHe
BIJIHOIICHHS 10 POOOTH, IO peleH3yeThes, [Ipu LBOMYy CIIiI BpPaxoOBYBaTH, WLIO 3ayBaKCHHS ILOAO
HEJOCTaTHHOTO IMTYBaHHS BJACHHUX JOCIHIDKEHb PELEH3eHTa MOXKYTh BHUIVISIATH SIK YHEpEMKeHI 3aist
iIBUIIEHHS BIACHOTO iHAEKCY l'ipma. PenieH3eHT NOBHHEH 3BEpHYTH yBary roJIOBHOTO PeAaKTopa Ha OyIb-sKy
ICTOTHY CXOXKICTh MK JTaHUM PYKOIIHICOM 1 OyIb-SIKOIO OITyOJTIKOBAHOIO CTATTEIO0 a00 OYIb-SIKUM PYKOIIHCOM,
OJTHOYACHO TIPEICTABIICHNUM JIO 1HILOTO JKypHaiTy. PelieH3eHT He OBUHEH PO3roJIONIyBaTH i BUKOPUCTOBYBATH B
IIIIX OTPUMAaHHSA BIIACHOI BUToM iH(OopMaIlito ado ifei, oTpuMaHi B MPOIIECi pelieH3yBaHHS.

HemnpaBomipauMu € i mii pemakTopiB KypHaJiB, SKi HAMAralThCs MITYYHO TiABHINYBAaTH ‘‘IMIIaKT-
(dakTop” CcBOIX JKYypHaliB uepe3 MPaKTUKy NPUMYCy [0 ix mMTyBaHHS. Pemaxmis sxypHamy «TE»
JOTPUMYETbCS TPUHLUIIB 1 HOPM aKageMiyHOi JOOpOYECHOCTI 1 BCUIAKO HamaraeTbCsi OOMEKyBaTH
«CaMOLUTYBaHHS» KypHAIY.

Sk 3anobirTu miuariaty ta camomaariaty? JloTprMaHHS TPHHIMIIB aKaJeMidHOi TOOPOYECHOCTI B
JIOCITIJDKCHH] € OofiHi€r0 3 0a30BUX 3acajl HAYKOBOI CIUILHOTH. YUCHUIN BH3HAE MIXHApPOIHI Ta HAlliOHAJBHI
MPaBOBI HOPMH IIIOJI0 aBTOPCHKUX TIpaB. BiH Moxe BUKOPUCTOBYBaTH iH(MOPMAILIO 3 OyAb-IKUX MyOIiKamiil 3a
YMOBH, III0 BKa3y€ PKEPENIO Ta MPOBOIUTH UITKY MEXY MK BIACHUMH JaHUMH Ta 3700yTKamu iHmmx. MOH
VYkpalHu pekOMEHIye BKIIOYMTH Y BHYTPIIIHIO CHCTEMY 3a0e3NedeHHs SIKOCTI MPOLEAYpU Ta 3aXOAW 3aJyis
peamizanii NPUHIMIIB akageMiuyHoOi J0OpOoYecHOCTI Ta PO3pOOUTH BINMOBIAHY HOPMATHBHO-TIPABOBY 0a3y
(Konekcn akamemidHOi 10OpoUuecHOCTI, [1omoskeHHS po cucTeMy 3armobiraHHs IiariaTy B akaeMIdHHX TeKCTax
MpAaIliBHUKIB Ta 300yBauiB HAYKOBUX CTYIICHIB, JleKnapallifo mpo JOTPUMAHHS aKaIeMi4HOi JOOPOUYECHOCTI i
T.iH11.). BaskimuBo, 1106 BoHa 3abe3nedyBana BUKOHAHHS ycix HOpM cTarTi 42 3akony Ykpainu "I[1po ocsity". [lo
pedi, Taki TOKyMEHTH BXKe JUIOTh JISSIKHUi Jac y 3akianax Bumioi ocBitr (3BO) Ykpainm.

OmHUM 3 NUTAXIB TOIOJIAHHS aKaJAeMIiYHOI HETOOPOUYECHOCTI € IMepeBipka akaaeMidYHUX TEKCTIB Ha
riariat. Bei pykonucen, mo Haaxonsts 1o penakuii « TE», nepeBipsioTsCs Ha muiariat, mpo Mo 3a3HaueHo Ha
caiiti xxypHainy [8]. IcHye OaraTo oHaliH-CepBiCiB Ta pOrpaM, AKi JarOTh 3MOTY IPOBECTH TaKy MEPEBIPKY.
Born MoOXyTh OyTH SK IUIATHUMH, TaK 1 OE3KOIMMTOBHUMH. Ajie OC3KOIITOBHHHA CEpBIC MOXKe OyTH
CXIDKAIIBKAM).

MOH Vxkpainu 23 motoro 2018 p. miamucano Memopannym 3 kommaniero Plagiat.pl, mo mae
MOXJIUBICTh YKPAIHCBKMM BHIIAM NPOTATOM S poKiB 0€30I1aTHO BUKOPHUCTOBYBATH CyYacHY CHUCTEMY IUIS
BUSIBJICHHSI TUIariaty, 30KpemMa 3 po0iT, BAKOHAHUX Pi3HUMHU MoBamH, a 4 kBiTHS 2018 p. — MemopaHaym 3
KOMITaHI€10 « AHTHUIIAriaT», 3TiJHO 3 SKUM 7 PpOKiB yKpaiHChKi BHIII OTPUMYIOTH 0€3KOIITOBHMI 10CTYII
JI0 TIIe OJTHOTO CYYaCHOTO CEpBICY MepeBipKM HAYKOBUX POOIT Ha TUIariart.

Bunukae muranss: a yomy Tinkkum 3BO? Yomy Ilpesmmis ta HaykoBo-BumaBHmda pama HAH
VYkpainu He TypOyIOThCS PO CBOIX HAYKOBIIB Ta HAyKOBI BUAaHHS? Jly’e BaKJIMBO CTBOPUTH YMOBH IS
JOCTYTy pEeNakilii HayKOBHX BHJaHb 10 CydYaCHHX IHCTPYMEHTIB Ta BiJNOBIMHUX 0a3 JaHHX, SKi
JIOTIOMOXXYTh ¥ 00pOTHO1 3 akaIeMivHOI0 HETOOPOUECHICTIO (TTariaToMm).

[Mocranosoro Kabinery minicTpiB Ykpainu Bin 19 munas 2017 p. Ne 541 cTBopeno HamionansHwuid
penosutapiit akanemiunux tekctiB (HPAT) — 3aranpHonmepkaBHa po3mojiiieHa eeKTpOHHA 0a3a JaHHX, B
Kl HAKOIHUYIOThCS, 30epiraloThCs i CHCTEMATH3YIOThCS aKaAeMiuHi TeKCTH. Voro OCHOBHOIO METOIO €
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CIPUSIHHS PO3BUTKY OCBITHBOI, HAayKOBOi, HayKOBO-TEXHIYHOI Ta IHHOBAIIIMHOI IiSUTBHOCTI NIISXOM
MOJIIIIIICHHS. JOCTYIY JO aKaJeMIYHHUX TEKCTIB Ta CHPHUSAHHS akajaemiuHiidi nmoOpodecHocti [10]. lo HPAT
MOBHHHI BKJIFOYATHCS BCi aKaJeMidHi TEKCTH HE3aJeKHO BiJ AaTH IXHBOTO CTBOPEHHS Ta ONPWIIIOJHECHHS.
Pecypcu HPAT € nonomi>kHuMH 3aco0aMy 331l HPOBEICHHS €KCIEPTHU3H aKaAEMIYHUX TEKCTIB Ha IUIariar.
ATte mIe TITBKY B IIaHAX ITi€l BaXKJIMBOI OopraHi3allii BKIIFOUeHHS cTaTeil xoua 06 (haxoBHMX HAYKOBUX BHIAHBb
JI0 CBOET 0a3u TaHMX Ta TXHs MepeBipKa Ha Iiariar.

BucHoBku. AxagemiuHa 10OPOYECHICTH — 116 MOPAJILHO-ETUYHI ITpaBUia MPpoQeciiiHol MOBEIIHKH Ta
HOPMH HAyKOBOi IiSUIPHOCTI WICHIB akaIeMidyHOI CHUTHPHOTH, IO PEriIaMeHTyE CTAaHIAPTH ITOBEIIHKH
YYaCHHKIB HAYKOBOI [isSUTBHOCTI, MPUIHCYIOUYM OOOB'SI3KOBICTh IXHHOrO BHUKOHAHHS. [lmariaT BHU3HAETHCS
NOPYIICHHSIM aBTOPCHKUX IMIPaB, caMoIriariaT — HOpM €THKH.

ABTOp Hece IMepCOHANTbHY Bi/ITOBITATBHICTD 32 HOBH3HY 1 IOCTOBIPHICT PE3YJIBTATIB, @ TAKOXK TAPaHTYE,
10 PE3yNBTaTH JOCTIHKEHHS, BUKIIAJICHI B PYKOIIHCH, TIOBHICTIO OpUTiHABHI. OImy0IiKOBYIOUN OTHAKOBI CTAaTTi
B JCKUIBKOX XypHajax Oe3 MomepemKeHHs peAakilii, aBTop MOpYLIye MpaBa Ta iHTEpecH >KypHauiB. Penmaxuis
«TE» mnanye pospobutn J[lexmapamito mpo OOTpUMaHHSA akKaAeMiuHOi JOOpOYECHOCTI, SIKYy IOBHHEH
HiAMCYBAaTH KOXKEH JIONIUCYBAaY XKypPHAIY.

Bapto Ounbiie momynsgpu3yBatd ETHYHUN KOAEKC YYeHOTo YKpaiHH SIK KOHCTHTYIIIO aKkaaeMiuHOl
JOOpOYECHOCTI Ta MOTHBYBaTH HAYKOBLIB (0COOMMBO MoJoAux) OyIyBaTH CBOIO Kap'epy 3a 3aAeKiapo-
BaHMMHU Y HbOMY HIPHUHIHIIAMH.

Penaxiis xypHany «TE» BxUBa€e 3aX0u 11010 3al00IraHHIO Ta BUSABICHHIO aKaJeMIYHOIO IariaTy
y HAyYKOBHUX CTaTTAX, JOTPUMYETHCS MPUHLMUIIB i HOPM aKaAeMiqHOi JOOPOYECHOCTI Ta 3aKIMKAE 10 L[LOTO
BCiX YYaCHHUKIB BUIAaBHUYOTO IPOLIECY.

PUBLISHING POLICY OF THE JOURNAL "TECHNICAL ELECTRODYNAMICS" IS THE
COMPLIANCE WITH THE PRINCIPLES OF ACADEMIC INTEGRITY

L.V.Gorodzha

Institute of electrodynamics of the National academy of sciences of Ukraine,

Pr. Peremohy, 56, Kyiv, 03057, Ukraine, e-mail: ted@ied.org.ua

The main principles of the publishing policy of the journal "Technical Electrodynamics” are considered, namely the
observance of the principles of academic integrity. The concept of academic integrity, types of its violation - plagiarism,
self-plagiarism, falsification, fabrication are explained. There are some legal documents developed in Ukraine on this
issue, which must be followed by every scientist and scientific publications. References 10.
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