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00 onTHMM3AINH TEXHOJOTUH JIYKEHUSI MeTHOM MPOBOJIOKH, NPeIHA3ZHAYEHH O 1151
NPOU3BOJCTBA COJTHEYHBIX MOAYJICH

I[TATBAHOBA A.O., UBAHOBA K.1O., KY3bMHWH M.B., CEMEHOB B.JL.,
AJIEKCAH/IPOB P.1.

PaccMoTpena TexHoI0rHs Ty KEHHUSI METHOM MPOBOJIOKH, IPEAHA3HAYEHHON JUIsl IPOU3BOICTBA
COJIHEUHBIX MOJyJiel. BbIsIBIIEHbI ONITUMaNIbHBIE TTApaMETPhI — TEMIIEpATYpa JIy>KEHUS, JIMHEHHAas
CKOPOCTb U JIp. Y CTAHOBJIEHO, YTO HAWJIYYIIINE XapaKTEPUCTUKH TOCTUTAIOTCS ITPU OUNCTKE
MIPOBOJIOKH METOJIOM 3JIEKTPOXMUMHUUECKOTr0 00€3KupUBaHUs. DKCIEPUMEHTAIbHO H3y4eHa
BO3MO>KHOCTb [IPUMEHEHUS IPOBOJIOKU B KAYECTBE AIEKTPOAOB IIPU U3TOTOBIEHUH COTHEUHBIX
monyieit o texnonorun SWCT. [IpoBeeHbl HCTIBITAHUS HAICKHOCTH MANKU COeTMHEHUN TIPU
BO3JEHCTBUU BBICOKOW BIAXKHOCTH M BBICOKOU TeMIEpaTyphl, a TAKXKE MPHU
TEPMOLMKIUPOBAaHUU. J[J151 KOHTPOJIL 00pa31OB JIy>KEHOUM MPOBOJIOKH U3MEPSITUCH
MEXaHUYECKUE U FIEKTPUUECKUE TapaMETPhl — TOJIIIMHA MTOKPBITHUS, TIPEIe] IPOYHOCTH HA
pa3pbIB, OTHOCUTENIBHOE YAJIMHEHNUE, YAECIBHOE dJIEKTPUUECKOE COIIPOTUBIICHUE U
CONPOTHUBIICHHE MTOCTOSIHHOMY TOKY. VcibITaHHs MOATBEPAWIN, YTO [0 MEXaHUYECKUM U
AJIEKTPUUYECKUM MMapaMeTpaM MPOBOJIOKa C MOKpbITHEM U3 npuros Mapku [TOMTH-52
COOTBETCTBYET TPEOOBAHUIM, IPEABABISEMBIM K 3JICKTPO/IaM IPU U3TOTOBJICHUHU COJTHEYHBIX
MOAYJIEH; KIIMMAaTUYECKUE UCTIBITAHUS TAKXKE TTOKA3aJIi BBICOKYIO CTENEHb HAJIEKHOCTH.
Kniouegvie cnoga: conHeuHble MOAYIH, INIEHOYHO-ITPOBOJIOYHBIN JIEKTPOJI, MEAHAS IIPOBOJIOKA,
ropsiuee JIy)KE€HUEe, MEXaHUYECKNE U AIEKTPUUYECKUE TapaAMETPhI, KITUMAaTUYECKNUE UCIIBITAHUS,

HaaCKHOCTD.

The technology of tinning of copper wire intended for the production of solar modules is
considered. The optimal parameters — tinning temperature, linear velocity, etc.-were identified. It
is established that the best characteristics are achieved when cleaning the wire by
electrochemical degreasing. The possibility of using wire as electrodes in the manufacture of
solar modules using SWCT technology has been experimentally studied. The reliability of
soldering joints under the influence of high humidity and high temperature, as well as during
thermal cycling, was tested. To control tinned wire samples, mechanical and electrical
parameters were measured — coating thickness, tensile strength, elongation, electrical resistivity,
and DC resistance. The tests confirmed that the mechanical and electrical parameters of the wire
coated with solder of the POINT-52 brand meet the requirements for the electrodes in the

manufacture of solar modules; climatic tests also showed a high degree of reliability.



Key words: solar modules, film-wire electrode, copper wire, hot tinning, mechanical and

electrical parameters, climatic tests, reliability.
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HcnbITaHus HU3KOBOJILTHBIX aBTOMATHYECKHX BBIKJIIOYATEIel HA MpeaeTbHYI0
OTKJIIYAKIIYI0 CIIOCOOHOCTH

BACUIJIBEB C.A., ETOPOB E.T'., ETOPOB I'.E., KAIBIIIIEB E.H., KYJIATUHA AT,
JIYUSA H.1O., HUKN®OPOB N.K.

PaccMoTpeHa cxemMa CHHTETUYECKUX MCIIBITAHHIA HU3KOBOJIBTHBIX aBTOMATHYECKIX
BBIKITFOUaTeseid. [IpuBeeHbI yCIOBHs SKBUBAJICHTHOCTH CHHTETHUECKUX UCIIBITAHUHN TMPSMBIM
KOMMYTAaIlMOHHBIX HCTIBITaHUSIM. [IprBeIeHbI OJI0K-CXeMa CHHTETUYECKUX UCIBITAHUH,
pPaccMOTPEHBI UCTIBITATENIBHBIE YCTAHOBKH, B KOTOPBIX U3MEPUTEIILHBIE BHICOKOBOJIBTHBIC
UMITYJTBCHI HAKIIAABIBAIOTCS HA BO3BPAINAOIIEECs HAMPSHKEHUE, YTO MTO3BOJISIET OIICHUTD
peabHyI0 KOMMYTAIIHOHHYIO CIIOCOOHOCTh aBTOMAaTHYECKOTO BBIKITIOUaTest. PaccMoTpeHa
cxeMa pealn3aluy MpeIoKeHHOW METOINKH, IPUBECHA cXeMa paboThl HCITBITATEILHOTO
YCTPOMCTBA, JaHO OMHCAHKUE PAOOTHI UCTIBITATEILHON cXxeMbl. [IprBeIeHbI OCIIUILTIOTpaMMBbI
BO3BPAIIAIOIIETOCs HAIPSDKCHUS U 30HAUPYIOIIUX UMITYJIHCOB. JIaHBI TPEIOKESHHS T10
OTIpENIeICHNI0 KOMMYTAIIMOHHOM CITOCOOHOCTH TyTEM CPaBHEHUS XapaKTEPUCTUK
BOCCTaHABIIMBAIOMICHCS TIPOYHOCTH M BOCCTAHABIIMBAIOIIECTOCS HAMPSHKESHUS 11T KPUTHIECKOTO
MOMEHTa BPEMEHH, KOT/Ia BOCCTAHABIIMBAIOIIIEECS] HANIPSDKEHUE JIOCTUTaeT MAaKCUMYyMa.
PexoMeH10BaHO IPOBOIUTH UCTIBITAHUSI ABTOMATUYECKUX BBIKITIOYATENEH Ha MPEACTHHYIO
OTKJTIOYAFOIIYI0 CIOCOOHOCTB TIO0 CXeMe ¢ KOHTPOJIEM BPEMEHHU TOPEHUS IyT'H U OTCYTCTBUS
MEXKYTOIOCHBIX TEPEKPHITHH.

Knroueswie cnoea: aBTOMaTUYECKHI BBIKIIIOUATENb, BOCCTAHABIUBAIOIIEECS HAMPSHKEHUE,

BOCCTAHABJIMBAKOIIAACAd IMIPOYHOCTH, CXEMaA HCHBITaHHﬁ, KOMMYTallUOHHAA CIIOCOOHOCTb.

The scheme of synthetic tests of low-voltage circuit breakers is considered. The conditions of
equivalence of synthetic tests to direct switching tests are given. A block diagram of synthetic
tests is presented, and test installations in which measuring high-voltage pulses are superimposed
on the returning voltage are considered, which allows us to evaluate the real switching capacity
of the circuit breaker. The scheme of implementation of the proposed method is considered, the
scheme of operation of the test device is given, the description of the operation of the test circuit
is given. The oscillograms of the switching processes are given: the returning voltage and the



probing pulses. Proposals are given for determining the switching capacity by comparing the
characteristics of the recovering strength and the recovering voltage for the critical moment of
time when the recovering voltage reaches a maximum. It is recommended to test circuit breakers
for the maximum breaking capacity according to the scheme with the control of the arcing time
and the absence of inter-pole overlap.

Key words: circuit breaker, recovery voltage, recovery strength, test scheme, switching capacity.
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K BbI160pPY BO31YIIHOT0 3230pa MATHUTO3JIEKTPHYECKOI0 BEeHTHJILHOIO IBUTaTeJIsl
ADAHACBEB A.A.,TEHHH B.C., KYPEATOB I1.A., BATKIH B.A., TOKMAKOB JI.A.
PaccMoTpeHo BiMsiHHME BEIMUYMHBI BO3AYIIHOTO 3230pa BEHTUIIBHOTO JBUTATENS C TIOCTOSHHBIMU
MarHuTaMy Ha UCTOYHHMKH €ro BUOpAIMK U IIyMa 3JIEeKTPOMarHuTHOH npuposl. [lokazano, 4to
IIPY YBEJIMUYEHUH BO3AYIIHOIO 3a30pa BABOE CPEIHE 3HAUEHUE MAarHUTHON UHIYKIIMU B 3a30p€
YMEHBIIAETCS IPUMEPHO Ha 4 %, OITOMY paJualbHbIE 2IEKTPOMarHUTHbIE CUIIBI,
IPONOPLHMOHATIBHBIE KBAAPAaTy CPEIHEr0 3HAUCHHsI MHAYKLINY, YMEHbIIATCS TaKXe
He3HauuTeNnbHOo. CpeHNe 3HaueHUs JIEKTPOMArHUTHON MOIITHOCTH U 3JIEKTPOMAarHUTHOIO
MOMEHTa CHIKAIOTCS Ha 2,2 %. OHaKo yBEJIMYEHHE BO3IYIIHOTO 3230Pa BBI3BIBAET IOCTATOYHO
CHJIBHOE YMEHBIIIEHUE BBICIINX FAPMOHUK MarHUTHOM MHIYKIIUU B 3a30p€, KOTOPBIE SBJIAIOTCS
HCTOYHUKOM OCIIWJUISLIUY 3JIEKTPOMArHUTHOTO MOMEHTA JBUTaTelis. PacuéTsl MoKa3bIBalOT, YTO
y JIBUTATENs C yABOCHHBIM 3a30POM aMIUIMTY/AA IEPEMEHHON COCTABIISAIOLIEN MOMEHTA
cHmxkaercs Ha 15 %.

Knrouesvie cnosa: BEHTUIBHBIN ABUTaTeNIb ¢ HOCTOSHHBIMU MarHUTaMu, pa3Mep BO3AYIIHOTO

3a30pa, BEICIIHNE TapMOHUKHU HHAYKIIUHU B 3a30p€, MYJIbCAalUN SJICKTPOMArHMTHOrO MOMCHTA.

The influence of the air gap of a valve motor with permanent magnets on the sources of its
vibration and noise of electromagnetic nature is considered. It is shown that when the air gap is
doubled, the average value of the magnetic induction in the gap decreases by about 4 %, so the
radial electromagnetic forces proportional to the square of the average value of the induction will
also decrease slightly. The average values of electromagnetic power and electromagnetic torque
are reduced by 2.2 %. However, an increase in the air gap causes a sufficiently strong decrease in
the higher harmonics of magnetic induction in the gap, which are the source of the oscillation of
the electromagnetic torque of the engine. Calculations show that the amplitude of the variable



component of the torque is reduced by 15% in an engine with a double clearance.
Key words: valve motor with permanent magnets, air gap size, higher harmonics of induction in

the gap, pulsations of the electromagnetic moment.
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AHaJNM3 XapaKTePUCTHK YCTAHOBHUBIIETOCS PeKMMa Pe30HAHCHBIX Npeodpa3oBaTeliei
Tuna LLC

BEJIOB I''A., MAJIMHUH TI'.B., CEBPUKOB JI.C., CEMEHOB [0.M.

[Ipennoxxena ynpouieHHast METOJMKA y4eTa BETBM HaMarHU4MBaHUs MPH UCIOIb30BaHUU T-
00pa3HOI SKBUBAJICHTHOM CXEMbI IByXOOMOTOYHOTO TpaHchopMaTopa JIjsl aHaIu3a
PEe30HaHCHOTO MpeodpazoBaress nmocrossHHoro Hanpspkenus (I1T1H) va nuaTepBaie BpeMeHu ero
JMHEHOCTU. MeToauka no3BojseT 3aMeHuTh TouHoe onucanue [IITH Ha uatepBane ero
JUHEHHOCTH NBYMA IU(PepeHIINaTbHBIMU YPaBHEHHUSIM IIEPBOTO MOPSIIKA, YTO CYIIIECTBEHHO
yrnpomaet pacuersl. Pacuers! mpoueccoB Ha untepsaie JmHenocty [1IIH no TounsiM u
YIPOIIEHHBIM YPaBHEHHSIM MOKA3aJId IPAKTHUECKU MTOJIHOE COBMAJCHHUE pe3yabTaToB. PemeHo
ypaBHEHHUE JJis ONpeieNieHus] HauaabHOro 3HaueHus: Bekropa cocrosinus [1ITH na unrepsane ero
JUHEWHOCTH B yCTaHOBHBILEMCS pexxume. [IpuBenens! hopMystbl s pacueTa BHEIIHUX
(Harpy3ounbIix) xapaktepucTuk I1ITH. PacueTHble BHENIHNE XapaKTEPUCTUKU C TapaMeTpaMH
cepuiiHoro [1ITH mpakTryecku coBMasaroT ¢ SKCIIEPUMEHTATLHBIMY, ITOJTydeHHBIMU Ha Simulink-
MOJIEITH.

Knrouesnie cnosa: pe3oHaHCHBIN TPeoOpa3oBaTehb MOCTOSTHHOTO HanpspkeHus Tuma LLC,
BEKTOPHO-MAaTPUYHBIC YPAaBHEHHUS, HIMUTAIIHOHHOE MOJIECTIHPOBAHNE, YCTAHOBUBILUICS PEXUM,

BHCIIHAA XapaKTCPUCTHUKA.

A simplified method for taking into account the magnetization branch when using a T-shaped
equivalent circuit of a two-winding transformer for the analysis of a resonant DC voltage
converter (DCV) on the time interval of its linearity is proposed. The method allows us to
replace the exact description of the PPN in the interval of its linearity with two differential
equations of the first order, which greatly simplifies the calculations. Calculations of the
processes in the linearity interval of the PPN using exact and simplified equations showed almost
complete coincidence of the results. The equation for determining the initial value of the state

vector of the PPN on the interval of its linearity in the steady-state mode is solved. Formulas for



calculating the external (load) characteristics of the PPN are given. The calculated external
characteristics with the parameters of the serial PPN practically coincide with the experimental
ones obtained on the Simulink model.

Key words: resonant DC voltage converter of the LLC type, vector-matrix equations, simulation

modeling, steady-state mode, external characteristic.
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HeiipoceTeBoii aJIrOpUT™M BOCCTAHOBJICHUSA B PeaJlbHOM BpeMEeHH CUTHAJIa
NMPOMBINLIEHHON YaCTOThI NPH HEJIUHEHHBIX HCKAKEHUSIX

CJIABYTCKUU A.J1., CTIABYTCKMUI JI.A., AJJEKCEEB B.B., IMUTPEHKO A.M.,
TYTAEB I'"'M.

Takue 3a1a4n, KaK OnpeaerIeHUue YPOBHS FApMOHUK IIPU HEJIMHEWHBIX UCKAKEHUSX, BBIICTICHUE
aMIUTATYBI, (Pa3bl U YaCTOTHI CUTHATIA OCHOBHOM TAPMOHHKH, BO MHOTHX CITydasix TPEOYIOT
00pabOTKM CUTHAJIOB C MAJIOM BPEMEHHOM 3aJICPKKOM MIIM B PEXKHME PEalbHOT0 BpeMeHu. [lpu
CTaHJApTHHIX YacToTax onudpoBku curHaia 600—2400 't ciioxHO 00eCTIeYnTh TOUHOE
ONpeJIeJICHUE TapaMEeTPOB CUTHAJA 3a BPEMsI, COCTABJISIONIEE JOJIU NEPUOJIa TPOMBIIUICHHON
4acTOThl. B cTaThe Moka3aHo, YTo JJIsi STOTO MOTYT MCHOJIb30BaThCsl HEHPOCETEBbIE AT OPUTMBI
U UCKYCCTBEHHBIC HEHPOHHBIE CETU IIPSIMOI0 PACIPOCTPAHEHUS € IIPOCTON CTPYKTypou. IIpu
a7ICKBaTHOM OOY4Y€HUHU U TECTUPOBAHUU TaKOW HEHPOHHOW CETH OHA IMO3BOJISCT
BOCCTAHABJIMBATh MapaMeTPhbl CUTHAJIA 3a BPEMS B JOJIM MEPHOIa OCHOBHOM YacToThl S0 ['m.
[Tokazana BO3MOXHOCTh peaTH30BaTh 00YYCHHYIO HEHPOHHYIO CETh B CTAaHAAPTHOM
MHUKPOKOHTpOJIIEPE. AJNTOPUTM UCCIEAYETCSl HA IPUMEPE BOCCTAHOBIICHUSI CUTHAJIa OCHOBHOM
YaCTOTHI IPU HEJIMHEWHBIX MCKAKEHUSX, KOT/1a YPOBEHb BTOPON TAPMOHUKH MPEBBIIIAECT
MIOJIOBUHY aMIUIUTY/Ibl CUTHAJIA OCHOBHOM 4acTOTHI. I [pMBOASTCS OLIEHKN NOTPENTHOCTH
BOCCTAHOBJICHHSI aMILTUTYbI, ()a3bl M 4aCTOTHI curHaiia. [loka3zaHo, YTO BOCCTAHOBICHHE MOKET
OBITH BBIMIOJTHEHO B CKOJIB3SIIIEM OKHE C UTUTEILHOCTHIO OT €UHUIl MIJLTUCEKYHI. [Ipu aTOM
OLIMOKH BOCCTAHOBJICHHMSI TApAaMETPOB CUTHAJIA HE TIPEBBIIIAIOT €AUHUI IIPOIICHTOB.
OO0cyxmaercss BO3SMOKHOCTb HUCITOIB30BaHUSI MPEIaraéMoro ajaropuTMa st 00padoTKu
CUTHAJIOB B peajibHOM BpeMeHu. [IpoBeneHa npoBepka u cenanbl OLEHKU CKOPOCTH
BBIUMCIICHHUH JJTSI MUKPOIIPOIIECCOPOB CO CTAHJAPTHBIMU JIJISl IIU(PPOBBIX TOICTAHITHIA
napamMeTpaMH.

Kniouegvie cnoga: 3neKTpUYECKUNA CUTHAJIBI, UCKYCCTBEHHBIE HEHPOHHBIE CETU, HEJTMHENHBIE

UCKa)XEHUS, PUIbTpAIMs B PeaTlbHOM BPEMEHH.



Tasks such as determining the level of harmonics in nonlinear distortions, identifying the
amplitude, phase, and frequency of the main harmonic signal, in many cases require signal
processing with a small time delay or in real time. With standard signal digitization frequencies
of 600-2400 Hz, it is difficult to accurately determine the signal parameters for a time that is a
fraction of the industrial frequency period. The article shows that neural network algorithms and
artificial neural networks of direct propagation with a simple structure can be used for this
purpose. With adequate training and testing of such a neural network, it allows you to restore the
signal parameters in a fraction of the period of the fundamental frequency of 50 Hz. The
possibility of implementing a trained neural network in a standard microcontroller is shown. The
algorithm is studied by the example of restoring the fundamental frequency signal under
nonlinear distortions, when the level of the second harmonic exceeds half the amplitude of the
fundamental frequency signal. Estimates of the error in restoring the amplitude, phase, and
frequency of the signal are given. It is shown that the recovery can be performed in a sliding
window with a duration of units of milliseconds. In this case, the errors in restoring the signal
parameters do not exceed one percent. The possibility of using the proposed algorithm for real-
time signal processing is discussed. The calculation speed was checked and estimated for
microprocessors with standard parameters for digital substations.

Key words: electrical signals, artificial neural networks, nonlinear distortions, real-time filtering.
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JAMCTAaHIMOHHBIE 3AIMTHI HA OCHOBE HU(POBLIX METO0B OLICHKH PACCTOSHHSA 10 MeCTa
NMOBPEXKICHUA

BYJIBIYEB A.B., TPUBKOB M.A., AIMUTPEHKO A.M., OXOTKHUH I'.II.

[TpennoxeHsl AMCTAHIMOHHBIE 3aLIUTHI C YIYYIICHHBIMA XapaKTEPUCTUKAMU, B KOTOPBIX
UCIIOJIb30BaHbl HU(PPOBBIE METO/IbI ONPEETICHUS PACCTOSHUSA OT MECTa YCTAHOBKH 3aILUTHI 10
MecTa oBpexaeHus. [IpenmyriecTa 3amuT 00yCIOBIEHBI CBOWCTBAaMH HU(POBOI 371eMEHTHOM
0a3bl, KOTOpPBIE TTO3BOJIMIIN OCYIIECTBIIAT C IPUEMIIEMBIM OBICTPOACHCTBUEM MHOTOKPATHBIE
UTEPALOHHBIC BBIYUCIICHHS [1apaMETPOB JIMHUU JIEKTPOIIEPEIady P KOPOTKOM 3aMBIKAHUH B
YCIIOBUSX NEPEXOIAHBIX MTPOLECCOB. Pe3ynpTaTsl HCCIIEOBAHUN TOATBEPKAAIOT TPAaBOMEPHOCTH
TEOPETUYECKUX METOJOB IIOCTPOCHUS 3AIUUTHI, IPUHATHIX JONYIIEHUM U OTPAHUYCHUMN.
[IpuBenena MeToaMKa pacueTa mapaMeTpoB cpabaThIBaHUS MPEATIOKEHHON TUCTaHITMOHHON

3aIUTEL



Knroueevle cnosa: peneitHas 3amura, JUCTAaHIIMOHHBIC 3aIIUTHI, IU(GPOBBIC METOBI, TAPAMETPhI

cpabaTbIBaHUA.

Remote protection systems with improved characteristics are proposed, which use digital
methods for determining the distance from the protection installation site to the damage site. The
advantages of the protection are due to the properties of the digital element base, which made it
possible to perform multiple iterative calculations of the parameters of the power line with an
acceptable speed in the event of a short circuit under transient conditions. The results of the
research confirm the validity of the theoretical methods of constructing protection, the accepted
assumptions and restrictions. The method of calculating the parameters of the operation of the
proposed remote protection is given.

Key words: relay protection, remote protection, digital methods, response parameters.
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IIpenorBpanieHne BOSHUKHOBEHHSI YACTUYHBIX Pa3PsAA0B B TBEPAOH U30JSIIIUU
BbICOKOBOJIbTHBIX TOKOIIPOBOA0B

BAPHUBOJOB B.H., KOBAJIEB J1.1., )KYJIMKOB C.C., 'OJIYBEB JI.B., POMAHOB B.A.
IToka3zaHo BIMSIHUE YaCTUYHBIX Pa3psI0B, BOZHUKAIOIIUX Ta30BbIX BKIIOYEHUSIX HA
KPAaTKOBPEMEHHYIO U JITTUTEIbHYIO JIEKTPUUECKYIO TPOYHOCTD JTUTON SMOKCUIHOW H3OJISAINH.
BrisiBneHO BIusiHUE 0COOCHHOCTEH TEXHOJIOTHYECKOT0 MPOIIecca H3TOTOBICHUS TOKOIIPOBOIOB
Ha pa3BUTHE 3TUX JePEKTOB. DKCIEPUMEHTAIHLHO UCCIICIOBAHbBI U BBIJCICHBI Hanboee

3¢ pexTUBHBIC CITOCOOBI YIYUIIEHUS CIETUICHUSI STTOKCHIHBIX KOMIIAYHJIOB U 3JITUBAEMBIX
TOKOBEIYIIIMX 3JIEMEHTOB. BBISIBIICHBI 3aKOHOMEPHOCTH BIUSIHHS TEXHOJIOTHYECKUX (haKTOPOB
Ha aJIFe€3UI0 U AyTOT€3UI0 JTUTOM MTOJTUMEPHOMN M30JIALIUM, COACPIKALLIECH BHYTPEHHEE
TOKOBEIYIIHNE AIEMEHTHI MPUMEHUTEIHHO K YCIOBUSM PabOTHI UX B BBICOKOBOJIBTHBIX
TOKOIpoBo1ax. OO0CHOBAaHBI KOHKPETHBIE TEXHUUECKHUE PEIICHUS 10 YIYUIIEHUIO aJITe3UH U
ayTOT€3UH MOKCUIHBIX KOMITAyH/I0B M UCKJIFOYEHHUIO Ta30BbIX BKIIOUECHHI B JTUTON U3OJIALINH,
MPHUBOIAIINE K MOBBIIIEHUIO AIEKTPUYECKON MPOYHOCTH U HAJICKHOCTH PAOOTHI
BBICOKOBOJIBTHBIX TOKOIPOBOJIOB C TUTOU M3osisiiueid. [TomuepkuBaercs, 9To mo100HbIe
TEXHUYECKUE PEIICHUS HEOOXOAMMBI TTPH pa3pabOoTKe BHICOKOBOIBTHBIX TOKOTIPOBOIOB Ha
HOMUHaJIbHOE Hanpsbkenne 20 kB u Bhiie.

Knrouegwle cnosa: TOKONIPOBOIbI, JIUTAS MOJTUMEPHAS N30SI, YACTUUHBIE Pa3psiibl,

SKpaHUPOBAHUEC, JJICKTPpHUYCCKAA [TPOYHOCTD.



The influence of partial discharges arising from gas inclusions on the short-term and long-term
electrical strength of cast epoxy insulation is shown. The influence of the features of the
technological process of manufacturing current pipelines on the development of these defects is
revealed. The most effective ways to improve the adhesion of epoxy compounds and poured
current-carrying elements are experimentally investigated and identified. The regularities of the
influence of technological factors on the adhesion and autohesia of cast polymer insulation
containing internal current-carrying elements in relation to their working conditions in high-
voltage current pipelines are revealed. Specific technical solutions are substantiated to improve
the adhesion and autohesia of epoxy compounds and to exclude gas inclusions in cast insulation,
which lead to an increase in the electrical strength and reliability of high-voltage current
pipelines with cast insulation. It is emphasized that such technical solutions are necessary for the
development of high-voltage current pipelines with a nominal voltage of 20 kV and higher.

Key words: current lines, cast polymer insulation, partial discharges, shielding, electrical

strength.
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Pacnpenesienne 3JIeKTPUUYECKOI0 M0JISI B TOKONMPOBOAAX ¢ TBEPAOH U30/sIIIM e
Hanpsxenuem 20 kB

KOBAJIEB /I.1., BAPMUBO/JIOB B.H., 'OJIYBEB /I.B., XKXYJIMKOB C.C., BOPOHKOBA
E.M.

[TpuBeneHb! pe3ynbTaThl HCCIEI0BAaHUN paclpeieeH s 3JEKTPUUECKOTO MO B TOKOIIPOBO/IE
HanpspkeHueM 20 kB. [IpeasaputenbHO YCTaHOBIEHBI OCHOBHBIE ATAIIbl pacyeTa U OMpeIesICHbI
HanOoJee CI0XKHbIC [ BEIUUCIICHUI 00J1acTH KOHCTPYKIIMHU TOKOMpoBoaa. Pazpaborana
MaTeMaTH4yecKas MOJIEb U MPOBE/EH YIPOILIEHHBIM pacueT pacipeeaeHusl IOTeHIala 1
HANPSDKEHHOCTH AJIEKTPUYECKOTO TMOJISI BHYTPU U30JISIIIMOHHOTO CII0SI TBEPAON N3OSN
ToKompoBoaa. OnpesiesieH XapakTep U3MEHEHHs HAIIPSHKEHHOCTH 3JIEKTPUUECKOTO MO B
M30JISIIMOHHOM CJI0€ TOKOIIPOBOJA U C/IEJIaHbl BBIBOABI O JOCTATOUHOCTH XapaKTEPUCTHK
KOMIIAyH/1a JJIsl IPAaKTHYECKOTO IPUMEHEHUSI.

Knroueswie cnoea: TOKONpOBOAbI, TBEpask H3OJALUSA, PACIpeie]IeHHE FIEKTPUUECKOTO MO,

po0Oo¥ N30MIAIUN, MAaTEMaTHIECKast MOJICITb.



The results of studies of the distribution of the electric field in a current line with a voltage of 20
KV are presented. The main stages of the calculation are pre-established and the most difficult
areas of the current pipeline design for calculations are determined. A mathematical model is
developed and a simplified calculation of the distribution of the potential and the electric field
strength inside the insulating layer of the solid insulation of the current pipeline is carried out.
The nature of the change in the electric field strength in the insulating layer of the current
pipeline is determined and conclusions are made about the sufficiency of the characteristics of
the compound for practical use.

Key words: current lines, solid insulation, electric field distribution, insulation breakdown,

mathematical model.
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XapakTepucTHKHM 0apbepHOTo pa3psaa Kak 3J1eMeHTa JJIeKTPUIeCKO nenu

T'MBAJIOB B.U., JILICOB H.I0., TEMHUKOB A.I'., LIMEJIEB A.51., KOPCA-BABUJIOBA
E.B., BEJIOBA O.C., YEPHEHCKUH JIJI., OPJIOB A.B., KUBIIIAP T.K., KOBAJIEB JI.1.,
BOEBO/IVH B.B.

[IpencraBieHsl pe3yabTaThl MOJACIUPOBAHUS TAPAMETPOB OAPHEPHOTO pa3psiia COBMECTHO C
napamMeTpaM UCTOYHUKA MUTaHUs, B TOM YKCJIE U B HEUJCAIbHBIX YCIOBUAX (HEOIHOPOIHOCTh
Pa3psIHOTO MPOMEXKYTKA) B CUCTEMAaX C TBEPABIM JTUAJIEKTPUKOM. McciaenoBaHo BIUsHNE
MapaMeTpoB LEMU BEICOKOBOJIBTHOTO MUTaHUS Ha 3(EKTUBHOCTH pabOThI FeHepaTopa 030Ha
(I'O) Ha ocHOBE TUANEKTPUIECKOTO OapbepHOTO paspsaa. [lokazana BO3MOKHOCTb 0OpaTHOTO
BiusHUS mapameTpoB 'O Ha 3G HEeKTUBHOCTE M PEXKHUMBI pa0OTHI BBICOKOBOJIBTHOTO HCTOYHUKA
nuTaHus. BBIOIHEHO MOAETUPOBAHKE TIPOIECCOB B NCTOUYHUKE MUTAHUS M 0aphepHOM paspsiie
JUIsL OAHOPOJHOTO U HEOJJHOPOJHOT0 MpoMexXyTKa. CpaBHEHME PE3YJIbTaTOB MOJEINPOBAHHUS C
napameTpamMu padoThl peabHBIX ['O, HUCTIOIB3YIOMUX AUICKTPUUSCKHUI OapbepHBIN paspsi,
M0Ka3aJI0 KOPPEKTHOCTh CO3JaHHOM Mojieni. PacMOTpeHo BIHMsSHNME HA TOK U HAIIPSDKEHUE
OapbepHOro pa3psia HEOJHOPOJHOCTH F€OMETPHUECKUX MTApaMETPOB pa3psIHON suerku. JlaHo
00BsICHEHUE HAOTIOAAIOIIEMYCS Ha MMPAKTUKE OTINYHIO peaTbHONW PE30HAHCHOUN YaCTOTHI
030HATOpPA OT PaCUETHOI.

Knroueswie cnoea: nusnextpuueckuil GapbepHbIN pa3psil, BBICOKOBOJIBTHBIA HCTOYHUK MUTAHMUS,

OJHOPOJHBIN U HEOJAHOPOAHBIN pa3psIHbIN IIPOMEKYTOK, MOJIEIUPOBAHKE.



The results of modeling the parameters of barrier discharge together with the parameters of the
power supply, including under non-ideal conditions (inhomogeneity of the discharge gap) in
systems with a solid dielectric, are presented. The influence of the parameters of the high-voltage
power supply circuit on the efficiency of the ozone generator (OG) based on a dielectric barrier
discharge is investigated. The possibility of reverse influence of the OG parameters on the
efficiency and operating modes of a high-voltage power supply is shown. The processes in the
power supply and the barrier discharge are modeled for a homogeneous and inhomogeneous gap.
A comparison of the simulation results with the operating parameters of real OG using a
dielectric barrier discharge showed the correctness of the created model. The influence of the
inhomogeneity of the geometric parameters of the discharge cell on the current and voltage of
the barrier discharge is considered. An explanation is given for the observed difference in
practice between the real resonant frequency of the ozonator and the calculated one.

Key words: dielectric barrier discharge, high-voltage power supply, homogeneous and

inhomogeneous discharge gap, modeling.
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Kputnuyeckue napaMerpbl 3J1eKTPOHHBIX JIABHH B BO3yXe B CHJIbHBIX OJHOPOAHBIX MOJIAX
BEJIOI'JIOBCKHI A.A., BEJIOYCOB C.B., TAJJUMOBA A.B., KOBAJIEB JI.1.
[IpencraBiena MaTemMaTH4eCKasi MOJEIb AIEKTPOHHBIX JIABUH U JIABUHHO-CTPUMEPHBIX
NepexoI0B B BO3/lyXe, OCHOBaHHAs Ha Jiperi(oBo-audpy3noHHOi Moenu pa3psaaoB U
YUUTBIBACT Ipei() 3IEKTPOHOB B AJIEKTPUUYECKOM TI0JI€, yIAPHYIO HOHU3ALUIO MOJIEKYJT
3IIEKTPOHAMH, UX IPWINIIaHUe U oTunanue. Kpurepuii nepexona — mosiBjaeHue
KBa3MHEUTPAILHOTO TJIa3MEHHOI0 KaHalla MKy JJaBUHOU U €€ cienoM. [laHa olieHka
KPUTHYECKOTO YHCIIa 3JIEKTPOHOB U MUHUMAJIbHOM HaNPsHKEHHOCTH MEXKIY JIaBUHOU U €€
CJIEZIOM B MOMEHT TpaHC(OPMAIIUH JIABUHBI B CTPUMEP B BO3yX€ IIPH HOPMAIIbHBIX
aTMOC(EepHBIX YCIOBHX. M3ydeHbl pa3psiibl B mpoMexyTkax jiauHoit 0,1-0,5 cM ¢ oqHOpOAHBIM
noseM HanpsokEHHOCTBIO (5-8)-10% B/em. TToka3aHo, 9TO KPUTHYECKOE YHCIO HICKTPOHOB C1a60
3aBUCHUT OT 3HAYCHUS HANPSDKCHHOCTH U HaXOJUTCS B JIMAIIa30HE (3,9—5,5)-107. [ToaTBepxIEHBI
YCTOMYMBOCTb IPUMEHEHHOW MaTEMAaTUYECKOU MOJIENH K U3MEHEHUAM €€ IIapaMeTpOB U
COOTBETCTBHUE PE3Y/IbTATOB PACYETOB U3BECTHBIM 3aKOHOMEPHOCTSIM PAa3BUTHUS JIABUH U
JAaBUHHO-CTPUMEPHBIX MEPEXOI0B.

Knrouesvie cnoea: >nexTpoHHas JaBUHA, CTPUMED, JJABUHHO-CTPUMEPHBIN IIEPEXO,

KPUTHYECKHE ITAPAMETPBI DJIEKTPOHHOM JIABUHBI, MATEMAaTUYECKast MOJIEIb.



A mathematical model of electron avalanches and avalanche-streamer transitions in air is
presented, based on the drift-diffusion model of discharges and takes into account the drift of
electrons in an electric field, the shock ionization of molecules by electricity, their adhesion and
detachment. The transition criterion is the appearance of a quasi-neutral plasma channel between
an avalanche and its wake. The critical number of electrons and the minimum tension between
the avalanche and its trace at the moment of transformation of the avalanche into a streamer in
the air under normal atmospheric conditions are estimated. Discharges in intervals of 0,1-0,5 cm
in length with a homogeneous field of intensity (5-8) 10* V/cm were studied. It is shown that the
critical number of electrons weakly depends on the value of the voltage and is in the range (3,9—
5,5) 10”. The stability of the applied mathematical model to changes in its parameters and the
correspondence of the calculation results to the known patterns of avalanche development and
avalanche-streamer transitions are confirmed.

Key words: electronic avalanche, streamer, avalanche-streamer transition, critical parameters of

an electronic avalanche, mathematical model.
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Biansinne HepaBHOMEPHOCTH Pa3PsS/THOTO MPOMEKYTKA HA JHEPreTHYecKue
XapaKTePUCTHKH 0aAPbEePHOIro reHepaTopa 030Ha

JIICOB H.IO., TUBAJIOB B.U., TEMHUKOB AT., IIMEJIEB A.f1., KOPCA-BABUJIOBA
E.B., BEJIOBA O.C., YEPHEHCKWI JI.J1., OPJIOB A.B., KUBIILIAP T.K., KOBAJIEB JI.1.,
BOEBO/IVH B.B.

[IpencraBneHs! pe3ynbTaThl MOACTUPOBaHUS PabOTHI OapbepHbIX TeHepaTopoB o30Ha (I'O) ¢
Y4ETOM HEeUJICATHbHOCTH X KOHCTPYKIUU. OMHUCaHO BIUSHUE HEOTHOPOJIHOCTH Pa3psAHOTO
MIPOMEKYTKA Ha OCHOBHBIE MOIITHOCTHBIE XapaKTePUCTUKH paboThl OaphepHbIX ['O. Ha mpumepe
BOJIBT-KYJIOHHBIX XapaKTEPUCTUK, HEMTOCPEACTBEHHOI'O HHTETPUPOBAHUS MTHOBEHHBIX
3HaueHu# Toka yepes ['O u HampsHKEHUS Ha ero 3JEKTPOIaX, a TAKXKE UCIIOb30BaAHUS
M3BECTHBIX PACUETHBIX BBIPAXKCHUI MTOKA3aHO CYIIIECTBEHHOE BIUSHUE HEOTHOPOIHOCTH
ra30BOT0 3a30pa Ha CHIKEHUE YPOBHSI SHEPTUHU OapbepHOTO pa3psaa. Jlano oObsicHeHne S-
00pa3Hoit GopMBI BOJIBT-aMITEPHBIX XapaKTEPUCTUK OapbhepHbIX ['O, moka3aHo BIHUSHUE
HEOJTHOPOJHOCTH 3a30pa Ha BHEIIHUN BUJ] XapaKTepuCTUK. Ha ocHOBaHWMH MPOBEIEHHBIX

PACUCTOB NOKAa3aHO OTCYTCTBUC BIIMAHUA HCPABHOMCPHOCTH 3a30Pa HA OTHOIICHUC



aAMIUTUTYIHOTO M JIEHCTBYIOIIETO 3HAUYEHUS TOKAa U HAMPSDKEHUS MIPU CYILIECTBEHHOM U3MEHEHHUH
XapakTepa caMHux ocuuiuiorpamm. CaenaHo NpeANonokKeHUE O BIUSHUN IEPEMEHHOTO

K023 pHIIHEeHTa MOLTHOCTH HAa KOPPEKTHOCTh HAXOKACHUS 3HAUEHUS SHEPTHH pa3psa.
Knrouesnie cnoea: renepatop 030Ha, TUAIEKTPUUIECKUI OapbepHbIi pa3psa, akTUBHAS
MOIIIHOCTb, BOJIbT-aMII€PHAsI XapaKTEPUCTUKA, BOJbT-KYJOHHAS XapaKTEPUCTHKA,

MOACIINPOBAHUC.

The results of modeling the operation of barrier ozone generators (GO), taking into account the
imperfection of their design, are presented. The influence of the inhomogeneity of the discharge
gap on the main power characteristics of the barrier systems is described. Using the example of
volt-coulomb characteristics, direct integration of instantaneous values of the current through
the GO and the voltage at its electrodes, as well as the use of known calculation expressions, a
significant effect of the inhomogeneity of the gas gap on reducing the energy level of the barrier
discharge is shown. An explanation of the S-shape of the volt-ampere characteristics of the
barrier structures is given, the effect of the gap inhomogeneity on the appearance of the
characteristics is shown. Based on the calculations performed, it is shown that there is no effect
of the gap unevenness on the ratio of the amplitude and effective values of current and voltage
with a significant change in the nature of the waveforms themselves. An assumption is made
about the influence of the variable power factor on the correctness of finding the value of the
discharge energy.

Key words: ozone generator, dielectric barrier discharge, active power, volt-ampere

characteristic, volt-coulomb characteristic, modeling.
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OueHka Ha1eKHOCTH PadOTHI 3JTEKTPOOOOPYAOBAHUS NIPH HATUYUM BbICIIHX FTAPMOHHUK
TOKOB ¥ HaNPAKeHU I

CVYJITAHOB M.M., BEHMUHA E.T"., KYJIbKOB B.I'., CTPMDKUYEHKO A.B., XXEJIZICKOBA
O.N.

PaccMoTpeHo BIusHME TADMOHUYECKUX COCTABISAIOIIMX HAIPSKEHUS M TOKA HA HAJIE)KHOCTh
paboThI AIEKTPOOOOPYIOBAHUS IIEKTPOCTAHIIUN U TOACTaHIHN. [IpoaHaM3upoBaHbI
JOTIOTHUTEJIbHBIE TTOTEPH, BOSHUKAIOIIHNE B 3JIEMEHTAX 3JIEKTPOOOOPYAOBAHUS U3-3a BUXPEBBIX
TOKOB, TIepeMarHnynuBaHus, CKuH-3pdexra. BoIsBIeHbI 3aBUCUMOCTH IONOJHUTENIBHBIX TOTEPh
SHEPIruU OT YPOBHEN TOKOB U YaCTOTHI ISl TAPMOHUYECKUX COCTABJISIOIIMX CUTHAJIA.

HpOBe,Z[GHa OIICHKA JOMOJJHUTCIIbHBIX MMOTCPb U YBCIIMUCHUA CKOPOCTU U3HOCA U30JIAIIUU Ha



pUMeEpe CHIIOBOTO TpaHc(hopMaTopa pacrpeieTuTENbHBIX CETEH, TOCTOSTHHO paObOTAOIIEro Ha
Harpys3Ky ¢ lIMpOKHUM JUAITIa30HOM BBICOKOYACTOTHBIX COCTABJIAIOMINX HANPSXKCHUA U TOKA.
Knroueswie cnosa: >nextpoodbopya0BaHNe, HAICKHOCTD, TOTEPU B OOMOTKAX, TIOTEPH B

MarHUTOTPOBOJIE, HECHHYCOUAATBHOCTD, CKUH-2(EKT.

The influence of harmonic components of voltage and current on the reliability of electrical
equipment of power plants and substations is considered. The additional losses that occur in the
elements of electrical equipment due to eddy currents, magnetization reversal, and the skin
effect are analyzed. The dependences of additional energy losses on the current levels and
frequency for the harmonic components of the signal are revealed. An assessment of additional
losses and an increase in the rate of insulation wear is carried out on the example of a power
transformer of distribution networks that constantly operates on a load with a wide range of
high-frequency components of voltage and current.

Key words: electrical equipment, reliability, losses in windings, losses in the magnetic circuit,
non-sinusoidality, skin effect.
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