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O BIMSIHMH pa3MepoB JINTOH U30JISLHH HA ee JJIEKTPUYECKYI0 IPOYHOCTh B
CJ1200HEOJHOPOAHBIX JIEKTPUUECKUX MOJIAX

KOBAJIEB JI.1., BAPMUBO/IOB B.H., 'OJIVBEB /I.B., TUMO®EEB E.M., )KYJIMKOB
C.C.

PaccMoTpeHo BiausiHME pa3MepPOB JIMTOW 3MOKCUIHON U30JISILIUU HA €€ DIIEKTPUUYECKYIO
MIPOYHOCTH MPU BO3ECHCTBUU HAMPSIKEHUS MPOMBIIIEHHON YaCTOTHI B CJ1a00HEOTHOPOIHBIX
ANEKTPUYECKUX MOJIAX. BBINOMHEH aHanu3 JaHHBIX, XapaKTEPU3YIOLIUX 3aBUCUMOCTD
ANEKTPUYECKON MPOYHOCTH OT TOJIIIMHBI M 00beMa JUAIIEKTPUKA, a TAKIKE PACCMOTPEHBI
CTATHUCTUYECKUE 3aKOHOMEPHOCTH TIPOOOS MOJMMEPHBIX H30JSIIMOHHBIX MATEPUAJIOB.
[IpuBeneno onucanue GU3NYECKOr0 MEXaHN3Ma BIUSHUS pa3MEepOB U30JSLUU Ha
BEPOATHOCTH BO3HUKHOBEHHUS 1e(DEKTOB U pa3BUTHE 3JIEKTpUUECKOTO nMpodos. [Ipeacrasieno
COOTHOILIEHHUE IS pacyeTa 3aBUCHUMOCTH JIEKTPUUYECKOW MPOYHOCTH JINTOM SMTOKCUIAHOMN
M30JISILUU OT €€ TeOMEeTpUUEeCcKuX pa3mepoB. [IpoBeeHbI SKCTIEpUMEHTAIbHBIC
HCCIEA0BAHMS, IO PE3YIbTaTaM KOTOPBIX MOATBEPKICHO, YTO IPU U3MEHEHHUH Pa3MEPOB
M30JISLHN ONPEAEIISIOIINM ITAPaMETPOM ISl OLIEHKH €€ 3JIEKTPUYECKON IPOYHOCTH SIBISETCS
BEIIMYMHA «aKTHBHOT0» 00BbeMa MuAIeKTpuKa. [lomydeHHbIe pe3ylbTaThl MOTYT OBITH
WCII0JIb30BaHbI IPU MPOEKTUPOBAHUU JIUTHIX U30JSIIUOHHBIX KOHCTPYKIIUN BHICOKOBOJIBTHOTO
AIEKTPOOOOPYIOBaHMS, pa0OTAIONINX B CJIA00 HEOTHOPOIHBIX ANEKTPUUECCKUX TOJISAX.
Knioueevie cnoga: nurast U304, SNOKCUAHAS U30JALMSA, JIEKTpUYECKask IPOYHOCTD,

cJ1a00 HEOHOPOAHOE AIIEKTPUIECKOE TOJIe, AKTUBHBIN 00bEeM AUIIICKTPHKA.

The effect of the size of cast epoxy insulation on its electrical strength under the influence of
industrial frequency voltage in weakly homogeneous electric fields is considered. The
analysis of data characterizing the dependence of electrical strength on the thickness and
volume of the dielectric is performed, and statistical patterns of breakdown of polymer

insulating materials are considered. A description of the physical mechanism of the influence



of insulation dimensions on the probability of defects and the development of electrical
breakdown is given. The ratio for calculating the dependence of the electrical strength of cast
epoxy insulation on its geometric dimensions is presented. Experimental studies have been
carried out, according to the results of which it is confirmed that when changing the size of
the insulation, the determining parameter for assessing its electrical strength is the value of the
"active" volume of the dielectric. The results obtained can be used in the design of cast
insulation structures of high-voltage electrical equipment operating in weakly inhomogeneous
electric fields.

Key words: cast insulation, epoxy insulation, electrical strength, weakly inhomogeneous

electric field, active volume of the dielectric.
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O pacuere 3JIeKTPHYECKOH NPOYHOCTH NMOJTHMEPHBIX H30JSITOPOB BHICOKOBOJIBTHBIX
YCTPOHCTB BHYTPEeHHel YCTAHOBKH HA HOMMHA/IbHOE HanpsikeHue 35 kB u Bole
BAPUBO/IOB B.H., KOBAIJIEB JI.11., 'OJIYBEB /I.B., TAPACOBA T.II., AKMHUH H.A.
B craTee paccMaTpuBarOTCS BOIPOCHI pacyeTa ANEKTPUUIECKON MPOYHOCTH MOJIMMEPHON
M30JISLUU BBICOKOBOJIBTHBIX YCTPONCTB BHYTPEHHEN YCTAHOBKM HA HOMUHAJIBHOE
HanpsbkeHue 35 kB u Boime. OrnpeneneHbl OCHOBHBIE YCIOBUS SKCILTyaTallud ¥ OCOOCHHOCTH
paboThI TaKOM M30JISLUHU B COCTaBE BEICOKOBOJIILTHOTO 000pynoBaHus. [lokaszaHbl Kputepuu
BBIOOPA KOHCTPYKLIUU MOJIMMEPHBIX U30JIATOPOB C YUETOM paCHpeIeICHUS dIEKTPUIECKOTO
TOJIsI, YCTIOBHA pabOThI TBEPIOTO AUDJICKTPHUKA M TPEOOBAHUH K HAICKHOCTU U3OJISIIIMOHHOM
cuctemsl. [IpencraBieHbl OCHOBHBIE COOTHOLICHUS AJIsi BRIOOPA JJOMTYCTUMBIX
HaIPsHKEHHOCTEH 3JIEKTPUYECKOTO MOJIsl BHYTPU TBEPAOTO AUAJIEKTPUKA U HA €T0
MoBepXHOCTHU. [IpoBeeH KpaTKnii aHaIu3 COBPEMEHHBIX METOJIOB pacuera
AIEKTPOCTATUUECKUX TMOJEH, MPUMEHIEMBIX TPU MPOSKTUPOBAHUN U30JIALIMOHHBIX
KOHCTPYKLHUH BBICOKOBOJIBTHBIX YCTPOUCTB. IIprBeAeHBI NpUMEpHI pacueTOB, O3BOJISIIOIINE
OLICHUTH paclpesiesieHNe HAMPSKEHHOCTH JIEKTPUUECKOTo TOJIsl ¥ ONpeIeIUTh Haubosee
HarpykeHHble 00JacT u3oistopa. [loaydeHHble pe3yabTaThl MOTYT OBITH UCIOJIB30BaHBI
pu pazpaboTKe U MPOBEPKE KOHCTPYKIIUI MOTMMEPHBIX U30JIATOPOB AJIsi BEICOKOBOJIBTHOTO
000py0BaHUS BHYTPEHHEH YCTaHOBKH.

Knioueesvie cnoga: BHICOKOBOJIBTHBIE YCTPOUCTBA, IOJUMEPHBIE U30JIATOPBI, JIEKTpUIECKas



MIPOYHOCTh, TBEPBIA TUIIEKTPHUK, JIEKTPOCTATUUECKOE TI0JIe, HAMIPSHKEHHOCTh

AJIEKTPUUYECKOTO OIS, 000pyI0BaHNE BHYTPEHHEH YCTaHOBKH.

The article discusses the issues of calculating the electrical strength of polymer insulation of
high-voltage indoor devices with a rated voltage of 35 kV and above. The main operating
conditions and features of such insulation as part of high-voltage equipment are determined.
The criteria for choosing the design of polymer insulators are shown, taking into account the
distribution of the electric field, the operating conditions of a solid dielectric, and the
requirements for the reliability of the insulation system. The basic relations for the choice of
permissible electric field strengths inside a solid dielectric and on its surface are presented. A
brief analysis of modern methods for calculating electrostatic fields used in the design of
insulating structures of high-voltage devices is carried out. Examples of calculations are given
that make it possible to estimate the electric field strength distribution and determine the most
stressed areas of the insulator. The results obtained can be used in the development and
verification of polymer insulator designs for high-voltage indoor equipment.

Key words: high-voltage devices, polymer insulators, electrical strength, solid dielectric,

electrostatic field, electric field strength, indoor installation equipment.
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PacueTHO-3KCIIEpUMEHTAJIbHOE HCCJIeI0OBAHUE JIEKTPOCTATHYECKUX CBOMCTB JIMTOM
NMOJTMMEPHOM M30/ISIMH 3JIeKTPOYCTAHOBOK HamNpsizkeHneM 10 35 kB

KYJIMKOB C.C., KOBAJIEB J1.1., HECTEPEHKO A.A., KPYTJIMKOB JI.A.
[IpencraBnens! pe3ynbTaThl HCCAEAOBAHUS AIEKTPOCTATUYECKUX CBOWCTB HOBBIX
KOMITO3UIIMOHHBIX MAaTEPUAJIOB HA OCHOBE 3MOKCUIHON CMOJIBI C PA3ITMYHBIMU
HATIOJIHUTEIISIMU TSI OIICHKH X CITIOCOOHOCTH HAKAIUIMBATh HA CBOCH MOBEPXHOCTHU 3apsibl
craTudeckoro aiekrpudectna (C3). YCTaHOBIEHO, YTO UCCIEAYEMbIE KOMIIO3UIIMOHHbBIE
JOURJIEKTPUKHU C HATIOJTHUTEIEM U3 DJIEKTPOKOPYH/A, CTEKIITHHBIX [IApUKOB, OUTOTO CTEKIIa U
BEPMUKYJINTA SIBJIAFOTCS XOPOIIMMHU JTUAJIEKTPUKAMH C IIOCTOSSHHON BPEMEHU JUCCUNIALIIN
3apsanoB CO 47—-1016 cex. DKCIEpUMEHTHI IO 3JIEKTPU3AIMU 00pa3lloB HOBBIX

KOMIIO3ULIMOHHBIX MaTE€PUAJIOB, IOKA3aJIH, YTO MAaKCUMaJIbHAs IIOBEPXHOCTHAS IUIOTHOCTD
3apsII0B, MOTyYEHHAs PH TPHOOIITEKTPH3ALMHI 06pa3ios, coctasmser 0,33-0,76 MxKi/M?, a

B 110JI€ KOPOHHOTO pa3psna — 32,8-96,3 MkKir/M?. Pacuerst pacrpeneneHus AMEKTPUIECKOTO

MOJIs1 B TOKOMPOBOi€ 35 kKB nmpu sSKCIepuMEHTaIBHO MOJYYEHHBIX 3HAYCHUSIX TOBEPXHOCTHOM



IUIOTHOCTH M30BITOYHBIX 3apsioB CO, MOKa3aiy, YTO MaKCUMallbHasl HANPSHKEHHOCTh
AJIEKTPUUYECKOTO MOJIS MEXKAY IIMHAMU TOKonpoBoaa cocrasisier 0,5-0,6 kB/Mm npu
Tpubo3IeKTpU3alyy U 4—7kB/MM mpu 35eKTpHU3alMy B TI0JI€ KOPOHHOTO paspsiia. B
MOCJIETHEM CITy4ae HaNpsKEHHOCTh JIEKTPUUYECKOI0 OIS IPEBBIIIAET NPOOUBHYIO
IIPOYHOCTb BO3/1yXa IIPU HOPMAJIbHBIX aTMOC(EPHBIX YCIOBHSX AJIs CIAO0HEOAHOPOIHOTO
I10JIs1, YTO MPUBOAMT K NMEPEKPHITUIO N30JISILIMMA B MECTE BBIXO/1A IIWH U3 U30JISLMOHHON
KOHCTPYKLIMU TOKOMPOBOA Il IPUCOECTUHEHUS K TpaHCPOpMAaTOpy.

Knrwuegwie cnosa: mutas noauMepHas U30JSLMs, 3apsAIbl CTATUYECKOTO SJIEKTPUYECTBA,
LIMHOIIPOBOJ, TOKOIPOBO, INIOTHOCTB TOKA JICKTPHU3ALMH, TOBEPXHOCTHAS IUIOTHOCTH
3apsi/ioB, yAEIbHOE 00BEMHOE CONIPOTHBIICHUE, TOCTOSHHAS BPEMEHH pellaKCallii,

[IEPEKPBITUE U30JIALUH.

The results of a study of the electrostatic properties of new composite materials based on
epoxy resin with various fillers are presented to assess their ability to accumulate static
electricity (SE) charges on their surface. It has been established that the studied composite
dielectrics with a filler of electrocorundum, glass beads, broken glass and vermiculite are
good dielectrics with a charge dissipation time constant of 47-1016 sec. Experiments on the
electrification of samples of new composite materials have shown that the maximum surface
charge density obtained during triboelectrization of samples is 0,33—-0 76 mkK1/m?, and in the
corona discharge field 32,8-96,3 mkKl /m?. Calculations of the electric field distribution in a
35 kV current line with experimentally obtained values of the surface density of excess
charges of the SE have shown that the maximum electric field strength between the busbars of
the current line is 0,5-0,6 kV/mm during triboelectrization and 47 kV/mm during
electrification in the corona discharge field. In the latter case, the electric field strength
exceeds the penetration strength of air under normal atmospheric conditions for a weakly
uniform field, which leads to insulation overlap at the outlet of the tires from the insulating
structure of the current line for connection to the transformer.

Key words: cast polymer insulation, static electricity charges, busbar, current line,
electrification current density, surface charge density, specific volume resistance, relaxation

time constant, insulation overlap.
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Bausinue pacnoJio:xxennsi 1edeKToB HA pa3psiAHbIe MPOLECCHl B TBEPAOH 301U



HIHHONPOBO/I0B

I'y C., LIMEJIEB A.4., KOBAJIEB .M., TAJIUMOBA A.B., AKMHMH H.A.
PaccmoTpeno MoaenupoBaHue pa3psIHbIX MPOLECCOB B MPOTSKEHHBIX Je(eKTax TBEpAOH
JUTOH M30JSIMMH IIHHONIPOBOOB. [loka3aHo, 4To nedeKThl, BO3HUKAIOIINE B MOHOIUTHOM
M30JISIIIMOHHON KOHCTPYKIIUH IO ICHCTBUEM IKCIUTYaTAaIl[HOHHBIX (paKTOPOB, MOTYT
pacroniaratbCsi Kak Ha rpaHHIIe pa3/iena «KOMIayH] — METaJ», TaK U BHYTPH
M30JIALIMOHHOTO CJIOS, IPH 3TOM MX KOH(UTYpaLus U B3aHMHOE PaCIIOJIOKEHHE CYIIECTBEHHO
BJIMSIOT HA YCJIOBHS BOSHUKHOBEHUS 1 PAa3BUTHSA Pa3psIHBIX sABiIeHM. [IpencraBiena
pacdeTHast KOMITBIOTEpHast MOZAETbh KOAKCHAIBHOTO ITHHOIPOBO/IA C IPOTSHKEHHBIMH
ra30BbIMH Je(EKTaMH, paCcIONI0KEHHBIMU Y TOTEHIIMAIBHOTO M 323 MJICHHOTO 3JIEKTPOJIOB.
Jlnist onucanus pa3psaHbIX IPOIECCOB UCIOIb30BaHa SKBUBAJICHTHAS CXEMa, YUUTHIBAIOIIAS
€MKOCTH Ta30BBIX BKIIOUCHUI M TBEPAOTO AUIIEKTPUKA, a TAKXKE HIIEMEHTHI, MOJCITUPYIOIIHE
3a)KUTaHue U TOpeHne paspsaaa B nedexrax. [IpoBenena skcrepuMeHTanbHas IPOBEpKa
MoJIeNIi Ha 00pasiie HIWIMHIPUYECKOTO IUHOMIPOBO/IA C JIUTOM U30Is1IMeH, TOKa3aBIIas
YIIOBJIETBOPUTEIHHOE COBIIAJICHUE PACUETHBIX U AKCIIEPUMEHTAIBHBIX TaHHBIX 10 MOITHOCTH
pa3psaHbIX sBieHuil. [1o pe3ynprataM MOAETMPOBAHHS TOBPEKACHHH YCTAHOBIICHO, YTO B
M30JISIIMOHHON CHCTEME BO3MOKHBI KOH(PHUTYPALIUH, IPH KOTOPBIX pa3ps/] BO3HUKAET B
OoJbLIeM Ta30BOM JIe(EKTE NMPH OTCYTCTBUU Pa3PsAHBIX MPOLIECCOB B MEHBIIEM JE(EKTe.
OTMe4eHO, YTO TaKHe SBJICHUS MOTYT BO3HHKATh Ja)Ke MPH HEOOIBIIOM MPEBBIIICHUH
HAIpPSDKEHNS BBIIIE HOMHHAIBHOTO, YTO HEOOXOIMMO YUUTHIBATH TP MTPUEMO-CAaTOYHBIX
UCTIBITAaHHUSAX U KOHTPOJIE TEXHUUECKOTO COCTOSIHUSI 000PYI0BaHHS.

Knrueevie cnosa: mMHONPOBO/, TUTAs UOIALMS, A1e(PEKTHI M30JSNUHU, pa3psIHbIC

MMpONLECCChI, I'a30BbIC BKIIIOYCHU A, YACTUIHBIC pa3pAdbl, KOMIIbBIOTCPHOC MOACIIMPOBAHUC.

Modeling of discharge processes in extended defects of solid cast insulation of busbars is
considered. It is shown that defects that occur in a monolithic insulating structure under the
influence of operational factors can be located both at the compound — metal interface and
inside the insulating layer, while their configuration and relative location significantly affect
the conditions for the occurrence and development of discharge phenomena. A computational
computer model of a coaxial busbar with extended gas defects located at the potential and
grounded electrodes is presented. To describe the discharge processes, an equivalent scheme
is used that takes into account the capacitance of gas inclusions and a solid dielectric, as well
as elements that simulate ignition and combustion of a discharge in defects. Gorenje An

experimental verification of the model was carried out on a sample of a cylindrical busbar



with cast insulation, which showed a satisfactory agreement between the calculated and
experimental data on the power of discharge phenomena. Based on the results of damage
modeling, it was found that configurations are possible in the insulation system in which a
discharge occurs in a larger gas defect in the absence of discharge processes in a smaller
defect. It is noted that such phenomena can occur even with a slight excess of voltage above
the rated voltage, which must be taken into account during acceptance tests and monitoring of
the technical condition of the equipment.

Key words: busbar, cast insulation, insulation defects, discharge processes, gas inclusions,

partial discharges, computer modeling.
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OcobennocTn GopMHUPOBAHNS Pa3PAIHBIX MPOLECCOB B TPYHTE C BHICOKUM Y/IeJIbHbIM
CONPOTHUBJIEHUEM

BEJIOBA O.C., TEMHUKOB A.T., JIbICOB H.1O., TAUMIIEB I'.Il., YEPHEHCKWH JI.JI.
[IpencraBneHsl pe3ynbTaThl SKCIEPUMEHTAIBHOTO UCCIICIOBAHUS XapAKTEPUCTUK Pa3PsIHBIX
SIBJICHHUH, (JOPMHUPYEMBIX C MOJICITLHOTO 3a3€MJIUTENS B TPYHTE. BRICOKOOMHBIN TPYHT
(CTEeKJIIHHBII TPaHyIIsIT) IPUBOIUT K CHHXKEHHUIO Pa3psIIHBIX TOKOB, CTEKAIOIIUX C MOJAETU
3a3eMJIUTEJIS, 110 CPABHEHUIO C YHCTO BO3AYIIHBIM MPOMEKYTKOM. PaccMoTpeHo BiusiHUE
PACCTOSTHUSL MEXKY 3JEKTPOJAAMHU, PACIIOJIOKEHHBIMU B CTEKJIIHHOM IPYHTE, Ha
XapaKTEPUCTUKU Pa3psAI0B MEXIY HUMU. Y BETUUCHUE PACCTOSHUS MEKY SIEKTPOAaAMHU
MIPUBEJIO K YBETUUYCHUIO ITTMHBI PA3psIHBIX KaHATIOB U YBEITUYCHUIO aMILJTUTY/IbI TOKA
pa3psA0B; POCT aMILUIUTYABI TOKA Pa3psiioB, B CBOIO OYEPEb, IPUBOAUT K YBEIUYEHUIO
CBETUMOCTH B MEXPa3psJHOM IIPOMEKYTKE ITPU YBEIIMUECHUU PACCTOSIHUS MEKITY
ANEKTPOIAMHU.

Knrouegwle cnoea: MonaHus, pa3psAHbIe MPOIECCH B TPYHTE C BBICOKUM YAETbHBIM

COITPOTUBJICHHUEM, 3a3€MJICHUEC, MOJACIUPOBAHNUC, 00J1ako 3apsKCHHOT'O BOAHOI'O a3p030JIA.

The results of an experimental study of the characteristics of discharge phenomena formed
from a model grounding device in the ground are presented. A high-resistance ground (glass
granulate) leads to a decrease in discharge currents flowing from the grounding device model,
compared with a purely air gap. The influence of the distance between electrodes located in a
glass ground on the characteristics of discharges between them is considered. An increase in

the distance between the electrodes led to an increase in the length of the discharge channels



and an increase in the amplitude of the discharge current; An increase in the amplitude of the
discharge current, in turn, leads to an increase in luminosity in the inter-discharge gap with an
increase in the distance between the electrodes.

Key words: lightning, discharge processes in soil with high resistivity, grounding, modeling,

charged water aerosol cloud.

Onekmpomexuuka, 2026, Ne8, cmp. 32-36

HccaenoBanue 4aCTOTHBIX XapPaKTePUCTUK Pa3psai0B B IPYHTE ¢ BBICOKUM Y/1eJ1bHbIM
CONPOTHBJICHHEM

TEMHHMKOB A.T., BEJIOBA O.C., JIbICOB H.10., TAUMIIEB I'.I1., YEPHEHCKMI1
JLJI., MUP3ABEKAH I'.3.

DKCIEPUMEHTAIBHO MMOKA3aHO, YTO MPH MPOTEKAHUH UMITYJIbCHOIO TOKA Yepe3 pa3psIHbIN
MIPOMEKYTOK B TPYHTE C BBICOKMM YAEJIBbHBIM CONIPOTUBIICHUEM, B CIIEKTPE TOKA paspsaa
MpeBAMPYIOT 4acTOThl 70 4 MI'11. Takue 4acTOThI OKa3hIBAIOT HAMOOIIbIIIECE BIUSHUE HA
YAEJIBHOE CONPOTUBIIEHUE U JUAIEKTPUYECKYIO IPOHUIIAEMOCTh IpyHTa. Takxke
YCTaHOBJIEHO, YTO UMEHHO HaJU4HMe TPYHTA C HU3KOM MPOBOJUMOCTBIO PUBOJUT K
CMEIIEHUIO XapaKTePHBIX YaCTOT UMITYJIbCA TOKA pa3psiaa B 00JIACTh YaCTOT, OKA3BIBAOIIUX
HauOOJbIIIee BIUSHUE HA YACTOTHYIO 3aBUCUMOCTD MTapaMeTPOB IPYyHTA.

Knrouegwle cnoea: TpyHT C BBICOKUM yJI€IbHBIM CONPOTUBIIEHUEM, HCKYCCTBEHHOE 00JIaK0
3apsKEHHOT0 BOJHOTO a’p030J1sl, Oypbe-aHanu3, 4aCTOTHBIE XapaKTEPUCTHKH,

CIIEKTpOrpaMma.

It has been experimentally shown that when a pulsed current flows through a discharge gap in
soil with a high resistivity, frequencies up to 4 MHz prevail in the spectrum of the discharge
current. Such frequencies have the greatest effect on the resistivity and permittivity of the soil.
It was also found that it is the presence of soil with low conductivity that leads to a shift in the
characteristic frequencies of the discharge current pulse to the frequency range that has the
greatest effect on the frequency dependence of soil parameters.

Key words: soil with high resistivity, artificial cloud of charged water aerosol, Fourier

analysis, frequency characteristics, spectrogram.
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BosiHOBasi nHTepHpeTalUs CHEKTPOB CUTHAJIOB NPH MEPEXO0AHbIX NMpoleccax B JUHUAX
3JIeKTponepeaayu

AHJIPEEB B.B., CJIABYTCKHWMA.JI., ATEKCEEB B.B., TAJJAHUHA H.A.
[lepexonHble mpoiiecchl B IUHUAX JIEKTPOIEpe1aut, BOZHUKAIOIINE TPU KOMMYTAIHUSIX U B
aBapUIHBIX PEKUMAX, COIPOBOXKIAIOTCS OPOCKAMU TOKA U HATIPSKEHUS, KOTOPBIE TPUBOIST
K BOSHHMKHOBEHHIO BBICOKOYACTOTHBIX OMEHHI COOTBETCTBYIOIIMX CUTHANIOB. Takue
BBICOKOYACTOTHBIE COCTABIISAIONINE CUTHAJIOB MPOSBIIAIOTCS MPEX]IE BCErO MPU BHICOKOU
4acTOTe TMCKPETU3ALUU B U3MEPUTEIbHBIX OPraHax, KOTOpas UCIOIb3YETCs MPU BOJIHOBOM
OTIpeICTICHUH MecTa MOBPekKACHHS. BricOKOUacTOTHRIE OMEHUS O0Jiee IPKO BHIPAKEHBI B
CUTHAJIaX HAIpPSKEHUs, B CATHAJIAX TOKA OHM CTJIaXXKUBAIOTCS 3a CYET UHAYKTUBHOTO
conpoTtuBiieHus. TOYHOCTH perieHus Takux 3ajad onpezensercs pukcalyell MOMEHTa Hadasa
MEPEXOIHOTO Mpoliecca U HHPOopMaIUel 0 CKOPOCTH PaCHpPOCTPAHEHUS IIEKTPOMATrHUTHBIX
BOJIH B JIMHUSIX 3JIEKTpONepeiad, KOTopasi, B CBOIO 04Yepe/ib, 3aBUCUT OT JTUCIIEPCUU U MOKET
U3MEHSThCS. B paboTe mpuBOAUTCS CIIEKTPAIbHBIN aHATH3 BEICOKOYACTOTHBIX
COCTABJISIIONTUX HANPsDKEHHs Ha JIMHUM dJekTpornepenad 220 kB mpu ogHO()a3HOM KOPOTKOM
3aMbIKaHUU Ha 3€MITI0. DKCIEPUMEHTaIbHbIE OCHUIIOIPAaMMBbI MTOJTYUEHBI IIPU YaCTOTE
TUCKpeTu3anuu curiaioB | MI'n. AHaau3UpyrOTCsl CEKTPhI BBICOKOYACTOTHBIX
COCTABJISIIOLIUX HANPSLKEHUS PU KOPOTKOM 3aMbIKAHUM M OTKIIIOUeHUH JIMHUU. [1pu 3TOM B
CIIEKTpE BBIACIIAECTCS HA0OP PE30HAHCHBIX YacTOT 10 8 K11 ¥ MX CIeKTpajbHBIN COCTaB
MHTEPIPETUPYETCS B paMKax BOJHOBOIO paccMoTpeHus. [TokazaHo, 4To pe30HaHCHBIE TUKH B
CHEKTPE CUTHAJIOB HAIMPSKEHUS COOTBETCTBYIOT LIEJIOMY YUCITY YETBEPTHBOJIHOBBIX OTPE3KOB
Ha MPOCTPAHCTBEHHBIX YYACTKAX MEXAY MECTOM KOPOTKOTO 3aMbIKAHHS U KOHIIAMU JIMHUH,
TO €CTh [T0OKa3aHa BO3MOKHOCTh MTACCHBHOT'O BOJIHOBOTO ONPE/ICIICHNS MECTa MOBPEXKICHUS
aHAJIOTUYHO aKTUBHOMY METO/Y «CTOSIYMX BOJH». [IpenaraeMslii moaxoa mo3BoiseT He
TOJIBKO PeIlaTh 3a/1a4u OMpEeIeTICHUsI MEeCTa MOBPEXKICHUSI, HO U OLICHUBATh JTUCIIEPCUOHHbIE
XapaKTEPUCTUKU JIEKTPOMATHUTHBIX BOJIH B JIMHUSX JIEKTPOIEpPEAAUN.

Knrouegwle cnoea: nunuu >1eKTporiepeiadn, MePexo HbIX MPOLECChl, BHICOKOYACTOTHBIE

CUTrHaJIbl, BOIHOBAsA MHTCPIPETALHA CIICKTPOB CUTHAJIOB, OMPCACIICHUC MECTA ITOBPCKIACHU .

Transients in power transmission lines that occur during switching and emergency modes are
accompanied by surges of current and voltage, which lead to the occurrence of high-
frequency beats of the corresponding signals. Such high-frequency components of the signals

are manifested primarily at a high sampling rate in the measuring organs, which is used for



wave detection of the damage site. High-frequency beats are more pronounced in voltage
signals, and they are smoothed out in current signals due to inductive resistance. The accuracy
of solving such problems is determined by fixing the moment of the beginning of the
transition process and information about the speed of propagation of electromagnetic waves in
power lines, which, in turn, depends on the dispersion and may vary. The paper provides a
spectral analysis of the high-frequency voltage components on a 220 kV power line with a
single-phase short circuit to earth. The experimental waveforms were obtained at a sampling
frequency of 1 MHz. The spectra of high-frequency voltage components in case of short
circuit and disconnection of the line are analyzed. At the same time, a set of resonant
frequencies up to 8 kHz is allocated in the spectrum and their spectral composition is
interpreted within the framework of wave analysis. It is shown that the resonant peaks in the
spectrum of voltage signals correspond to a whole number of quarter-wave segments in the
spatial sections between the short circuit site and the ends of the line, that is, the possibility of
passive wave detection of the damage site is shown in a similar way to the active «standing
wave» method. The proposed approach makes it possible not only to solve the problems of
determining the location of damage, but also to evaluate the dispersion characteristics of
electromagnetic waves in power transmission lines.

Key words: power transmission lines, transients, high-frequency signals, wave interpretation

of signal spectra, damage location determination.

Onexmpomexnuxa, 2026, Ne§, cmp. 42-46

MeToa NHBAPUAHTHOTO NMOTPYKEHUs AJI51 MOJIeJTUPOBAHNS BOJHOBBIX NPOIECCOB B
HEOJHOPOJAHBIX JIMHUSAX dJIeKTponepeaadn

BBbIUKOB A.B., CTABYTCKUM JI.A., IMUTPEHKO A.M., EPEMEEB JI.T.

J1y1st MoJIeTMpOBaHMs BOJIHOBBIX MPOLECCOB MPEI0KEHO UCIIOIb30BATh HETIOCPEACTBEHHO
BOJIHOBOE YPaBHEHHE C IPOCTPAHCTBEHHO-BPEMEHHBIMH (DIYKTyallusIMU CKOPOCTH
pacrnpocTpaHeHus BOJHBI. [l pelieHus 3ajauy UCIOJIb30BaH METO]T MHBAPUAHTHOTO
MOTpYXeHUs, KaKk A3((HEeKTUBHBIN BRIYUCIUTEIbHBIA HHCTPYMEHT, TIO3BOJISIOIINN CBECTH
BOJIHOBYIO 33J1a4y C KPAaeBbIMHU YCJIOBHUSIMHU K 3aJ[aue€ C Ha4aJIbHBIMU YCIOBHUSIMH.

D dexTUBHOCTD MpeaIaraeMoro aaropuT™Ma MpoBepeHa Ha MPUMEpPEe JTHHUH
3JIEKTpOINEepeIauH C MPOCTPAHCTBEHHO-BPEMEHHOW HEOHOPOAHOCTBIO CKOPOCTH
pacnpoCTpaHEeHUs BOJIHBI. AHAIM3UPYETCS CTPYKTypa IIYMOBOM COCTaBIISIOLIEH CUTHAJIA,

BO3HHUKAIOIIEH 3a CYET MEepeoTpaKeHUI BOJIHBI Ha IPOCTPAHCTBEHHBIX HEOJHOPOIHOCTSIX.



Pacuérel METOIOM MHBAPUAHTHOIO NOTPYKEHUSI CPABHUBAKOTCS C pacyETaMu, OJTy4EHHBIMU
B IPUOJIMKEHUU OJJHOKPATHOTO paccessHusl. Bo3HUKaromas iryMoBasi COCTaBIIAIONIAs CUTHATIA
HaANpPsDKEHUS OKA3bIBAETCS MMApaMETPUUIECKH MOYJIMPOBAHA IPOMBIIIJIEHHON 4aCTOTOM, U4TO
MIPUBOAUT K OTKJIOHEHHUIO CTATUCTUYECKOTO PACIPEAEICHHUS IIyMa OT HOPMaJIbHOTO
(rayccoBa) 3akoHa. Pe3ynbTaThl KaUECTBEHHO COTIACYIOTCS C U3BECTHBIMU
HKCIEPUMEHTATIBHBIMH JaHHBIMH. OOCYKAaeTCsi BO3SMOKHOCTD UCIOIb30BAHUS
IpeJyIaraeMoro MoIXoa Ui peieHns: 00paTHBIX BOJIHOBBIX 3a/1a4: OLICHKU
MIPOCTPAHCTBEHHOW HEOJHOPOAHOCTH JIMHUU U ONpEJEIeHHs MecTa noBpexaeHus. [Ipu
MPUMEHEHUH I pelieHus: oOpaTHOM 3a7aun METOJa HHBAPUAHTHOTO MOTPYKEHUS
pe3yabTaThl MOTYT OBITH HUCIIOJIB30BAHbBI HE TOJIBKO MPU MOJECIMPOBAHUH MTPOIIECCOB B IMHHH,
HO U TIpU 00pabOTKe 3KCIIEPUMEHTAIBHBIX OCIMIIOTPAMM TOKA M HAIIPSKEHHUS.

Kniouegvie cnoga: HeOqHOPOAHBIE TUHUU AIIEKTPOIIEpESaYH, METOJ HHBAPUAHTHOTO

MOTPYKEHUSI, BOJTHOBbBIE MPOIECCHI, MOJEIINPOBAHHUE.

To simulate wave processes, it is proposed to use directly the wave equation with
spatiotemporal fluctuations in the wave propagation velocity. To solve the problem, the
invariant immersion method is used as an effective computational tool that allows reducing a
wave problem with boundary conditions to a problem with initial conditions. The
effectiveness of the proposed algorithm has been tested using the example of a power
transmission line with a spatiotemporal inhomogeneity of the wave propagation velocity. The
structure of the noise component of the signal, which occurs due to the re-reflections of the
wave on spatial inhomogeneities, is analyzed. The calculations by the invariant immersion
method are compared with the calculations obtained in the single scattering approximation.
The resulting noise component of the voltage signal is parametrically modulated by the
industrial frequency, which leads to a deviation of the statistical distribution of noise from the
normal (Gaussian) law. The results are qualitatively consistent with the known experimental
data. The possibility of using the proposed approach to solve inverse wave problems is
discussed: estimating the spatial heterogeneity of the line and determining the location of
damage. When applying the invariant immersion method to solve the inverse problem, the
results can be used not only in modeling processes in the line, but also in processing
experimental current and voltage waveforms.

Key words: heterogeneous power transmission lines, invariant immersion method, wave

processes, modeling.



Onexmpomexnuxa, 2026, Ne8, cmp. 47-54

OnTuManbHbIA HealaNTUBHBIN PUIBTP OPTOrOHAJIBHBIX COCTABJISIIOUIUX €
YAy4YIIEHHBIMHM JMHAMUYECKHUMH U METPOJOTHYeCKUMH XaPAKTEPUCTUKAMU JJIs1
CHHXPOHHM3MPOBAHHBIX BEKTOPHBIX U3MepPeHM i

OEJIOTOB A.A., AHTOHOB B.U., IOHU H.A., BbIYKOB A.B., IMUTPEHKO A.M.

B craTthe paccmaTpuBaeTcsa HeadanTUBHBIN (QUIBTP OPTOTOHAIBHBIX COCTABIISIONINX C
MOI0OHBIMU XapaKTEPUCTUKAMMU, TIPEJICTABIISIONINK cO00I ONTUMANBHYIO O
MOAU(PUIIMPOBAHHOMY KPUTEPHUIO HAMMEHBIIIUX KBAJAPATOB HEAJANTHBHYIO MO
TApPMOHHKHU B OPTOTOHAILHOM 0a3Kce CUHYCOHMIATBHBIX COCTABIISIIONINX Oa3UCHON YacTOTHI.
[TosicHsA€TCSI OCHOBHOM M3bSH NMPUHLNIIA ONTUMAJIbHON OLIEHKH OPTOTOHAIBHBIX
COCTABJISIOUINX, UCXOASAINN U3 (OPMYIUPOBKU CaMON UAeH ONTUMAIbHOCTH HA OCHOBE
MPEANOJI0KEHHS], YTO UICKOMbIE OLIEHKH HEM3MEHHBI Ha BCEM OKHE paclio3HaBaHUs. ITO
MPEANOJI0KEHUE BXOUT B IPOTUBOPEUHNE C T€HEPATbHBIM CBOMCTBOM OPTOTOHAIBHBIX
COCTABJISIOUINX U SBJISICTCS] MPUYMHOMN TMOSIBJICHUS B MX OIICHKaX KojeOaHui cyMMapHOU
Y4acTOTHI, IPUBO/IA B UTOT€ K YXYAILICHUIO TOUHOCTH U3MEPEHNSI CHHXPOBEKTOPOB B YCIOBHAX
JI€BUALIMM YaCTOTHI rapMOHUKHU. [Ipennaraercst yaydmuTh ONTUMAIbHBIN Healall TUBHBIN
¢buIbTp, cCHAOXKAs €ro CreUaIbHBIM OIIEPaTOPOM 3arpaxaeHus U nepeopMyIupys
KpUTEpU ONTUMM3AINH C LEJIbI0 YCUIICHHUS 3arpakJaloINX CBOMCTB (pUIIbTpa 10
OTHOIIIEHUIO K COCTaBJISIIOIIECH CyMMapHO#l 4acToThl. [IpuMeHeHne npeajiaraeMoro pemeHus
B cpelie Kiaccuueckoro GpuibTpa Oyphe yIydiiaeT ero METPOJIOTHIECKIE XapaKTEPUCTUKH,
COBEpPIICHCTBYS UX JI0 YPOBHS TpeOOBaHMI CTAaHIAPTOB K TOYHOCTH U3MEPCHHS
cUHXpoBeKkTOpoB. KoMnpomucca Mex 1y MPOTUBOPEUUBBIMU TPEOOBAHUAMHU K
METPOJIOTUYECKUM U JUHAMUYECKUM XapaKTEPUCTUKAM CUHXPOHU3UPOBAHHBIX BEKTOPHBIX
M3MEPEHUH yIaeTcst JOCTUYb MyTeM BHEIPEHUS B KPUTEPUN ONTUMHU3ALNU 3aTrPaX/IatoIiero
orepaTopa ¢ BUPTyadbHOW YaCTOTOM JUCKPETH3AIMH, 00JIaaf0IIero CBOMCTBOM (hUIbTpa
HIKHHUX 9acTOT U (DOPMHPYIOIIETO MOJIOCY 3arpaKIAeHus OJaroaaps OTpakeHUIO CBOEH
YaCTOTHOM XapaKTEPUCTUKH OTHOCUTENIBHO YacToThl HaiikBucra.

Knrouegwle cnoea: onTuMalibHBIN HeaJaNTUBHBIN (QUIBTP OPTOTOHAIBHBIX COCTABIISIONINX,
JTUHAMUYECKHE U METPOJIOTHUYECKUE XapAKTEPUCTUKN, CHHXPOHU3UPOBAHHBIE BEKTOPHBIC

u3Mmepenusi, puibTp Oypbe, 3arpaKAarOIINNA OTIePaTOpP COCTABISIONICH CyMMapHOH 4acTOTHI.



The article considers a non-adaptive orthogonal component filter with similar characteristics,
which is an optimal non-adaptive harmonic model based on the modified least squares
criterion in the orthogonal basis of the sinusoidal components of the base frequency. The main
flaw in the principle of optimal evaluation of orthogonal components is explained, proceeding
from the formulation of the very idea of optimality based on the assumption that the desired
estimates are unchanged throughout the recognition window. This assumption contradicts the
general property of orthogonal components and is the reason for the appearance of total
frequency fluctuations in their estimates, resulting in a deterioration in the accuracy of
measuring synchro vectors in conditions of harmonic frequency deviation. It is proposed to
improve the optimal nonadaptive filter by providing it with a special barrier operator and
reformulating the optimization criterion in order to enhance the barrier properties of the filter
in relation to the component of the total frequency. The application of the proposed solution
in the environment of the classical Fourier filter improves its metrological characteristics,
improving them to the level of the requirements of the standards for the accuracy of
measuring synchro-vectors. A compromise between the conflicting requirements for the
metrological and dynamic characteristics of synchronized vector measurements can be
achieved by introducing a barrier operator with a virtual sampling frequency into the
optimization criterion, which has the property of a low-pass filter and forms a barrier band by
reflecting its frequency response relative to the Nyquist frequency.

Key words: optimal nonadaptive orthogonal component filter, dynamic and metrological
characteristics, synchronized vector measurements, Fourier filter, blocking operator of the

total frequency component.

Inexmpomexuuxa, 2026, Ne§, cmp. 55-61

ba3oBble QyHKIUN MIEHTH(PUKANNH TTOBPEKICHUIN JUHUM JJIEKTPoNepeaayn Mpu
OTHOCTOPOHHEM HA0JII0IeHUU

NBAHOB C.B., JIAMEILI 1O.41.

PaccMotpena 3agaua nneHTUGUKAIH TOBPESKICHUHN JTHHUH 3JIEKTPOIIEpeIadn IPU
oJHOCTOpOHHEM HabmoaeHunn. [Ipo0ieMbl BO3HUKAIOT U3-32 HEAOONPEACIIEHHOCTH 3a/1a4H, B
KOTOPO#1 K YHCITY OLIEHHBAEMBIX [TAPAMETPOB OTHOCATCS MECTO MOBPEKICHHUS, IEPEXOAHbBIE
COTIPOTHUBIICHUS, TOBPEXKIEHHBIE (Da3bl U TapaMeTpbl HEHAO0II0AaeMOM CTOPOHBI. YacTHbIe
3aJla4y¥ yAaJI0Ch COBMECTUTh H PACCMOTPETH MO OJHUM YIIIOM 3peHUs Omarogaps

BBIJICJIEHUIO 0a30BbIX (PYHKIMH MpoLeaypbl HASHTH()UKALNY U CTaBKE HA HMHTEPBAIBbHYIO



dbopmy nipoBeeHUs UACHTU(GUKAIMU. 32 0a30Bble G YHKIIMH MPUHATH TPAHUYHBIC YCIIOBHS B
Mecte KopoTkux 3aMmbikannii (K3), mpeacrasienue cnoxubix K3 B BUie HaNOKeHUS
onHo(a3HbIX 3ambikanuil (Mexaydasubie K3 He coctaBisioT uckimtouenus ). Crona xe
OTHECEHBI JIBE KJII0UYeBbIC TPOLEAYPHl UACHTU(PUKAIINH: TOCTPOSHIE HUH(POPMALIMOHHOTO
noptpeta K3, 3agaBaeMoro B MUMMTallMOHHOW MOJIENIV JIMHUM JIEKTpONIEpeaadu, U BTopasi —
OIpeJIeIEHUE MECTa MOBPEXKACHU U UACHTUDHUKAIMS MOBpexAEHHBIX (a3. OHa pemaercs ¢
MOMOIIBIO ATOPUTMUYECKON MO/IEIH, BEICTpanBaeMol 0e3 yuacTHst HEU3BECTHBIX
COTIPOTHUBIICHNU HEHAOII0JaeMOM CTOPOHBI. [IprHIIMTIHATEHO HOBBIM CTaja
nH(pOpMaLMOHHAs OIepalys MPOXO0KICHHUS MECTa PEINO0JIaraeMoro MoBpekIeHUs
IIOCPEICTBOM Y4€Ta IPAaHUYHBIX YCIOBUM MTOBPEXKACHNS. BappupyemMble napameTpsl
pasrpaHu4eHbl Ha IJIABHbIE — aBApUITHbIEC, 3HAUCHHS] KOTOPBIX MOJIEKAT ONPEICICHUIO0, U
BCIIOMOTaTeNIbHbIE — COMTPOTUBIICHHS HAOII0AaeMOlM CTOPOHBI, 3a/1aBaeMble 00JIaCTIMU
CBOETO ONPEICIICHHUS.

Knrouesvie cnosa: nuHuA dIEKTpONIepeadn, UACHTH(PHUKAIMS TOBPEXKICHUNA, OJHOCTOPOHHEE

HaOmoieHue, 6a30Bbie PyHKIIUU.

The problem of identifying damage to a power transmission line under one-sided surveillance
is considered. Problems arise due to the underdetermination of the problem, in which the
estimated parameters include the location of damage, transient resistances, damaged phases,
and parameters of the unobserved side. Particular tasks were combined and considered from
one angle due to the allocation of the basic functions of the identification procedure and the
emphasis on the interval form of identification. The boundary conditions at the site of short
circuits are taken as basic functions, and complex short circuits are represented as
superimposed single-phase circuits (phase-to-phase short circuits are no exception). Two key
identification procedures are also included here: the construction of an information portrait of
the short circuit set in the simulation model of the power transmission line, and the second is
the determination of the damage location and identification of the damaged phases. It is
solved using an algorithmic model built without the involvement of unknown resistances from
the unobserved side. The information operation of passing through the site of the alleged
damage by taking into account the boundary conditions of the damage has become
fundamentally new. The variable parameters are divided into the main ones — emergency
ones, the values of which are to be determined, and auxiliary ones — the resistance of the

observed side, set by the areas of its definition.



Key words: power transmission line, damage identification, one-way surveillance, basic

functions.

Onekmpomexuuka, 2026, Ne8, cmp. 62-67

TecTupoBanue unppoBoH pesieHOM 3aAIMTHI B YCJAOBHAX JTHMHAMUYECKNX UCKAKEHU I
BYJIBIYEB A.B., LTIAJIUMOB A.C.

PaccMmoTpeHnsl criocoObl TPOBEPKH YCTPOHCTB pEsICHHON 3aIIUTHI TPUMEHHUTEIBHO K
YCIIOBUSIM AMHAMMYECKUX MCKAXKEHUH BXOJHBIX CUTrHajI0B. CHopMupoBaHbl TpeOOBaHUS K
TECTOBBIM CUTHaJIaM JUIsl peseiiHoi 3aumThl. [lokazanbl Haubosee BeposITHbIE TMHAMUYECKHE
MCKa)KEHUS CUTHAJIOB PEJICHHOM 3aIUThI, KOTOPBIE MOTYT OBITh BHECEHBI aHAJIOTOBBIMU
JJIEeMEHTaMU U (P POBOI CPeIol, pealn30BaHHON B COOTBETCTBHH ¢ TpeboBaHUsIMU MOK
61850-9-2 SV. ChopmupoBaHbl MaTEMATUIECKHUE MOJICIIH TECTOBBIX CHUTHAJIOB C
cOOJII0ICHUEM MTPUHIIMIIOB OI00US U y4€TOM BO3MOXKHBIX HUCKa)keHUH. [lokazaHbl criocoObl
($U3NIECKOTO MOICTMPOBAHUS UCKAXKEHUI HanboIiee BEpOATHBIX B MPOLIECCE IKCILUTYaTalluu
peneitHoM 3aUThl B KOMIIBIOTEPHO-YIIPaBISIEMbIX UCTIBITATEIBHBIX KOMILJIEKCAX.
Knrouegwle cnoea: undposas peneitHas 3auTa, TECTUPOBAHHUE, JUHAMHUECKHE UCKAXKEHHUS,

TpaHchopMaToOp TOKa, MpeoOpa30BaTeNlb aHAJIOTOBBIX CUTHAJIOB.

The methods of testing relay protection devices in relation to the conditions of dynamic
distortion of input signals are considered. The requirements for test signals for relay
protection have been formed. The most probable dynamic distortions of relay protection
signals that can be introduced by analog elements and a digital environment implemented in
accordance with the requirements of IEC 61850-9-2 SV are shown. Mathematical models of
test signals have been formed in compliance with the principles of similarity and taking into
account possible distortions. The methods of physical modeling of distortions most likely
during the operation of relay protection in computer-controlled test complexes are shown.
Key words: digital relay protection, testing, dynamic distortion, current transformer, analog

signal converter.

Onekmpomexnuka, 2026, Ne8, cmp. 68-74
CHuxeHue MOTpedJIeHusl 3JIeKTPHYECKOl IHeprun Ha co0cTBeHHbIe HYKABI TILl myrem

ONTUMU3ALMHU PAdOThI OeperoBoil HACOCHOI CTAHIIUU



AD®AHACBEB B.B., KPACHOB E.B., OXOTKHUH I'.I1.

PaccMoTpena BO3MOKHOCTh aBTOMATH3AIUH YIIPABIICHUs Pa00TON HACOCHBIX arperaTtoB
0eperoBoii HACOCHOM CTAaHIIMK MyTEM HUCIOIb30BaHMS YaCTOTHOTO MPpeoOpa3zoBaTets u/uin
yCTpoiicTBa maaBHOro mycka. [lpumenenue npeodbpazoBaTesis UMEET OrpaHUYEHUS 110
CHWIKEHUIO YaCTOThI MUTAHU JEKTpoABUTaTelss Hacoca MeHee 33 ', cBsi3aHHbIE C
HE00XO0AMMOCTBIO TIPEOIOJICHHSI TIOCTOSTHHOTO Mepernajia YpoBH MEXly OeperoBoii cTaHuuein
u momaakoi TOLI, uro He obecrneunBaeT ONTUMAIBHYIO TI0J]auy HACOCOB MPH Harpy3Kax
TOILIl menee 200 MBT u3-3a pucka mnepernosHeHus: BOA0COOPHBIX 0aCCEHOB IpaJIupEH.

VY CTpoiCTBO MIIABHOTO ITyCKa MO3BOJIACT PEATM30BATh ITUKIMUECKUIN PEKUM PabOThI
OeperoBoil CTaHIMK B JHana3oHe ueKTpruueckux Harpy3ok TOL ot 33 no 400 MBT.
[TokazaHa BO3MOXKHOCTh CHUKEHHUSI IOTPEOJICHUS SJCKTPUUECKOM SHEPTrUH Ha COOCTBEHHbBIE
Hyxb1 TOL 3a cuer nmuKIIMYecKkoi paboThl HACOCOB OEPETOBOM CTAHITUHU TIPH TIOTHOCTHIO
OTKPBITHIX 33JBMUKKAX C MIOMOILIBIO YCTPOKCTBA INIABHOTO ITYCKAa, YIPABISIEMOI0 CUTHAJIOM
JaT4rKa YpOBHS B BOJIOCOOpPHOM Oacceline rpaaupHu. [IpuBoauTtcs cxema yrpaBieHUsS
IPYIIOBBIM IJIABHBIM ITYCKOM TPEX HaCOCOB OE€peroBOil CTaHIMU C IIOMOLIBIO OHOTO
YCTpOICTBA MIIaBHOTO MMycka. [IpoBeieHa olleHKa 5 KOHOMUHM SJICKTPUYECKOM SHEPTUU HA
cobctBeHHBIC HYX b1 TOLI.

Knroueswie cnosa: 6eperopast HaCOCHasi CTAaHIIMSL, TPAJUPHS, YCTPOMCTBO IJIABHOTO ITYCKa,

CXEMa yIpaBJIEHMsI, SKOHOMHUS SJIEKTPUUECKOM SHEPruu.

The possibility of automating the operation control of pumping units of a coastal pumping
station by using a frequency converter and/or a soft starter is considered. The use of the
converter has limitations in reducing the frequency of the pump's electric motor to less than
33 Hz, due to the need to overcome the constant level difference between the coastal station
and the thermal power plant site, which does not ensure optimal pump supply at thermal
power plant loads of less than 200 MW due to the risk of overflow of the cooling tower
catchment basins. The soft-start device makes it possible to implement a cyclic operation
mode of the coastal station in the range of electric loads of the thermal power plant from 33 to
400 MW. It is shown that it is possible to reduce the consumption of electric energy for the
thermal power plant's own needs by cycling the pumps of the coastal station with the valves
fully open using a soft-start device controlled by a level sensor signal in the cooling tower
catchment area. A control scheme for the group soft-start of three pumps of a coastal station
using a single soft-start device is presented. An assessment of the savings of electric energy

for the thermal power plant's own needs has been carried out.



Key words: onshore pumping station, cooling tower, soft-start device, control circuit, saving

electrical energy.

Onekmpomexuuka, 2026, Ne8, cmp. 75-82

HccaenoBanue 3KCIUIyaTallHOHHBIX CBOMCTB TMOPUIHBIX JJAKOKPACOYHBIX MATEPHAJIOB
HA OCHOBeE MOJMMETHI(PeHNICUTOKCAH-IMOKCUIHBIX CBA3YIOIINX U 3-
AMMHONPONUWITPUITOKCUCHIAHA

BACWJIBEB A.b, [TIATBAHOBA A.O., BOPOBKOB M.C., AJIEKCAH/IPOB P.1.,
NBAHOBA K.IO., KY3bMHIH M.B.

PaccMoTpeHa BO3MOKHOCTh YIIYYIIIEHUS TEXHOJIOTUYECKUX U (DU3UKO-MEXaHMUECKUX CBOWCTB
TUOPUIHBIX JTAKOBBIX IOKPBITUI Ha OCHOBE MOJUMETHI(PEeHnIcHI0KcaHoBo# cMoibl (ITIM®PC)
nyTéM e€ MoauUKaIMK STIOKCUANAHOBBIMUA CMOJIaMU C MCTIOIb30BaHUEM 3-
amuHomnporuaTpudTokcucminana (3-APTES) B kauecTBe mon¢ yHKIIMOHATIEHOTO
OTBEPAUTENS. Y CTAHOBJIEHO, YTO BBEACHHUE SMOKCUAHON cMOJibl B KoauyecTBe 30—40 mac. u.
Ha 100 mac. 4. [IM®C coBMecTHO co cTexuomMeTpuueckum konndectsoM 3-APTES
YIIy4IIaeT MPOYHOCTh, 3JaCTUYHOCTh U YCTPAHSET JIMIIKOCTh IMMOKPBITUI IO CPABHEHHUIO C
HeMmoupunupoBanHoi [IM®C. DkcriepuMeHTaIbHO U3Y4€HAa BO3MOKHOCTD UCTIOIb30BAHMS
AMOKCUIIHBIX cMOJ Mapok DJI-16, DJ1-20 u 3-40 B kauectBe MoaupuraTopoB [IMDC.
UccnenoBanbl BI3KOCTb, INIOTHOCTD, BPEMsI BBICHIXaHUS, IPOYHOCTh, OTHOCUTEIHHOE
YAJTUHEHUE, MOAYJb YIPYTOCTH, TBEPAOCTh, TEPMOCTAOMIBHOCTD, a TAKXKE YIACIbHOE
00BEMHOE U TOBEPXHOCTHOE AJIEKTpUUECcKoe conpoTupiieHne. [lokazan MexaHu3M JBOMHOTO
oTBepxkaeHus: aMuHorpynnsl 3-APTES pearupytot ¢ 3MOKCUIHBIMH TPYyMIIaMH, a
ATOKCUTPYIIIBI I10CJIE THIPOIN3a KOHACHCUPYIOTCA ¢ CHIIaHOJIbHBIMU rpynnaMu [IMOC,
dbopMupys eqUHYI0 THOPUAHYIO CETKY. Vcrob30BaHne SMOKCUAHON cMoibl 3-40 B
konuyecTBe 30 Mac. 4. MO3BOJIAET MOTYIUTh MAKCUMAIbHBIA CHHEPTeTHUECKUH A (DEKT:
MTOBBIIIAECTCS POYHOCTh U 3JACTUYHOCTD IMOKPBITHH, YCTPAHAETCS JIUIKOCTh, IPH 3TOM
JTURJIEKTPUUECKUE XaPAKTEPUCTUKU COXPAHSIOTCS HA YPOBHE, XapaKTEPHOM JIJist
BBICOKOKAQUECTBEHHBIX AJIEKTPOU3OJISIIMOHHBIX MAaTEPHUAJIOB, & TEPMOCTAOUIHLHOCTD
cocrasisieT 400 °C.

Knrouegwle cnoea: >neKTpon30NSILIMOHHBIE TOKPBITUS, THOPUIHBIE JTAKOBBIE MTOKPHITHS,
MOJIMMETUI(PEHIIICUIIOKCAHOBAS CMOJIa, STTOKCUAMAHOBBIE CMOJIBI, 3-
aMUHOTNIpONUATpUITOKCUCcHIAaH, MK-ciekTpockonus, PU3nKo-MeXaHUIECKHE CBONCTBA,

TEPMOCTAOMIILHOCTb, TUAJIEKTPHUECKHE CBOMCTBA.



The possibility of improving the technological and physico-mechanical properties of hybrid
varnishes based on polymethylphenylsiloxane resin (PMFS) by modifying it with epoxidian
resins using 3-aminopropyltriethoxysilane (3-APTES) as a multifunctional hardener is
considered. It was found that the introduction of epoxy resin in an amount of 30-40 wt. h. per
100 wt. h. of PMFS together with a stoichiometric amount of 3-APTES improves the strength,
elasticity and eliminates the stickiness of coatings compared with unmodified PMFS. The
possibility of using ED-16, ED-20, and E-40 epoxy resins as PMFS modifiers has been
experimentally studied. Viscosity, density, drying time, strength, elongation, modulus of
elasticity, hardness, thermal stability, as well as specific volume and surface electrical
resistance were studied. The mechanism of double curing is shown: amino groups of 3-
APTES react with epoxy groups, and ethoxy groups after hydrolysis condense with silanol
groups of PMFS, forming a single hybrid network. The use of epoxy resin E-40 in an amount
of 30 wt. h. it allows to obtain the maximum synergistic effect: the strength and elasticity of
coatings increases, stickiness is eliminated, while the dielectric characteristics are maintained
at the level typical for high-quality electrical insulating materials, and the thermal stability is
400 ° C.

Key words: electrical insulating coatings, hybrid lacquer coatings, polymethylphenylsiloxane
resin, epoxidian resins, 3-aminopropyltriethoxysilane, IR spectroscopy, physico-mechanical

properties, thermal stability, dielectric properties.
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IHocTpoeHne KOMOMHUPOBAHHBIX AJANTHBHBIX CUCTEM YIIPABJICHUS CHJI0BBIMH
npeodpazoBaTeIbHLIMH YCTPOiCTBAMU

KPACHOIIEPOB P.H., ACTAIIEB M. I'.,, BYKHH JI.A., KY3EHEB 1.C., MYXUH A.C.,
3APA A.MN.

B craThe paccMOTpeH MOoAXoA K MOCTPOSHUI0 KOMOMHUPOBAHHBIX aJalITUBHBIX CUCTEM
yIpaBieHUsS CUIIOBBIMU MTPE0OPa30BaTeIbHBIMU YCTPOMCTBAMHU, COBMEILAIOIIUX
kinaccuueckuit [IN]I-perynsarop ¢ areHToM 00ydeHHs C MOJKpeIieHneM. ATEHT Ha OCHOBE
HCKYCCTBEHHON HEWPOHHOMN CeTH B pealIbHOM BPeMEHHU (GOPMHUPYET ONTHMAIbHOE
yIipaBJisitoliee Bo3zeicTBue, a 6J0k podacTHOCTH obecrieunBaeT 0e30MacHoe MePEKITI0YCHNE
Ha 3aBEJOMO YCTOWYMBBIE HACTPOMKH KJIACCUYECKOTO PETYISTOPA IPU BBIXOAE MAPAMETPOB

3a JI0MYCTUMBIE npeaebl. OnrcaHa apXuTeKTypa HCKYCCTBEHHOM HEMPOHHOW CETH MPSIMOTO



pacnpocTpaHeHHUs] U METOAMKA OPTaHU3alMU 00Y4YEHHUS C TOJIKPEIUICHUEM C HCTIOIb30BaHUEM
cTpaTeruu TOMIICOHOBCKOTO COMILTUPOBAHUS B CPEe KOMIIBIOTEPHOT'O MOJCTUPOBAHHMS.
Bepudukanus npeioskeHHOro MOoAX0/1a BHIIOTHEHA Ha IPUMEpe UCTOYHHUKA
Oecrniepe0oHOTO MUTAHUS JBOMHOTO TPeoOpa30BaHus: MPECTABICHBI PE3YIbTAThI
MMHTAIMOHHOTO MozienupoBanus B cpeie MATLAB Simulink u axcriepuMeHTaIbHbBIX
HCCIIeZIOBAaHMI HAa OCHOBE MeTo10510ruu Processor-in-the-Loop ¢ pa3BépThIBaHuEM CUCTEMBI
ynpasieHus: Ha MukpokoHtpoiuiepe STM32 cepuun F7 (ARM Cortex-M7). Obcyxnaercs
YHHUBEPCAIBHOCTD MPEATI0KEHHOTO MOAX0/1a U €r0 MPUMEHUMOCTD K IPYTHM Kilaccam
CWJIOBBIX IIpeoOpaszoBaresieii, B TOM YHCIIe K MOJYIPOBOAHUKOBBIM KOMMYTAIIHOHHBIM
YCTPONCTBAM PEeryIUpOBaHMs HAPSHKEHUS B JIMHUSAX HJIEKTPOINEpEayl U Ha MOICTAaHIUAX 6—
10/0,4 xB.

Knroueevle cnosa: anantuBHas cUCTEMa yIpaBlieHUs, 00y4deHue ¢ noakperienuem, [T1/]-
perymnsTop, KOMOMHUPOBAHHOE yIIpaBlieHHWE, CUIIOBOM MpeoOpa3oBaTelib, 0JI0K pOOaCTHOCTH,
HeiipoHHas ceTb, Processor-in-the-Loop, mukpokonTposep STM32, perynupoBanue

HaIpsHKEHUS.

The article considers an approach to the construction of combined adaptive control systems
for power converter devices combining a classical PID controller with a reinforcement
learning agent. An agent based on an artificial neural network generates optimal control
action in real time, and the robustness block ensures safe switching to the obviously stable
settings of the classical controller when the parameters exceed the permissible limits. The
architecture of an artificial neural network of direct propagation and a methodology for
organizing reinforcement learning using the Thompson sampling strategy in a computer
modeling environment are described. Verification of the proposed approach was performed
using the example of a dual-conversion uninterruptible power supply: the results of simulation
modeling in the MATLAB Simulink environment and experimental studies based on the
Processor-in-the-Loop methodology with the deployment of a control system on an STM32
microcontroller of the F7 series (ARM Cortex-M7) are presented. The universality of the
proposed approach and its applicability to other classes of power converters, including
semiconductor switching devices for voltage regulation in power transmission lines and
substations of 6-10/0.4 kV, are discussed.

Key words: adaptive control system, reinforcement learning, PID controller, combined
control, power converter, robustness block, neural network, Processor-in-the-Loop, STM32

microcontroller, voltage regulation.
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