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Pestome: [[EJIb. Paspabomxa yugposvix moolenei Oisi ONpeoeieHUsi pPedCumos O8OUHbIX
samvikanuil Ha 3emaio ([[33) 6 eoz0yumnbix aunusx 6-10 kB, numaiowux 00veKmbl CUSHATUZAYUL,
yenmpanuzayuu u  agmobnoxuposku (BJI CLB). METOHbL [lnsn co3danuss mooenel
UCNONIB308AIUCH MEMOObl MYIbMUPDAZHO20 MOOENUPOBAHUS INEKMPOIHEPSEMUYECKUX CUCEM.
PE3VJIPTATBI. Paspabomanusie Mmoldenu obecneyusaiom KOPpeKmHuili yuem Hakmopos,
sausowux Ha pedcumsvl J{33, exniouas mpex@azno-o0HOPAaA3HYI0 CMPYKIMYpy PACCMampusaemot
cucmembvl dIEKMPOCHAOICEHUS U NOBbILUEHHbIE INEKMPOMAZHUMHbIE GIUAHUA MA20680U cemu. B
omauyue om U38eCMHbIX HOOX0008 OCYWECMEIACMC MOOENUPOBAHUE OUHAMUKY USMEHEHUL] DMUX
BIUAHUL, BbI3BAHHBIX BAPUAYUAMU MAL06bIX HASPY30K npu Osudscenuu noezoos. 3SAKIIFOYEHUE.
Ipeonocennviti no0xo0 K onpedenenuio pesxcumos [[33 A6naemcs YHUBEPCANbHbIM U MONCEm
NPUMEHAMbCAL Ol MUNOBBIX CUCTNEM DNeKMPOCHAONCEHUs, A MAKHCe NePCReKMUBHbIX MA208bIX
cemeil NOBvIUEHHO020 Hanpsadxcenus. Tlonyuennvle pesynbmamsl Mo2ym Oblmb UCHONb306AHbL HA
npakmuxe 011 Hacmpouxu ycmpoticme peneunou 3awumsl BJI CL[B ¢ yenvio obnapysicenus 33 u
npuuamus mep no ux ycmpanenuro. Kpome mozo, npeocmasenennas 6 cmamve Memoouxd
MOOenupoganusi Modcem Oblmb NOAE3HOU Npu  6blOope Meponpusmuil no  NOGbIUEHUIO
Haoexchocmu nekmpocnabicenus oovekmos CLIB, obecneuugarowux 6e30naACHOCMb 0BUNCEHUS
noe3008, a makdice 015 paspaboOmKu mMemooos u aieopummos JOKAIU3AYUU OBOUHBIX 3AMbIKAHUL
Ha 3eMal0 8 B6030VWHbLIX JUHUAX JJIeKmponepeoayu, NUMAOWUx O00beKmbvl CUSHATUIAYUU,
yenmpanusayuu U asmoOI0KUPOSKU.

Knrouesvle cnosa: oeoiinvie 3amvikanus Ha 3emMio, 8030yWHble JUHUU a8m06ﬂ01<up061<u;
IJIEKMPOMACHUMHbLE BAUAHUSL MACO6bIX cemeﬁ; Modeﬂupoeanue.

bnazooapnocmu: Paboma, no pesyismamam Komopoi noO20moeleHd CMmamvs, 6bINOIHEHd 6
pamrax eocydapemeenno2o 3a0anus «lIpogedenue npuUKIaOHbIX HAYUHBIX UCCIEO08AHUILY NO meMe
«Paszpabomka memoo08, ancopummos u npocPAMMHO20 obecneueHuss O MOOeIUPOBAHUS.
PEdACUMOB CUCEM MA20B020 INIEKMPOCHAOICEHUS JCENE3HBIX O0PO2 NOCIOAHHO20 MOKAY.
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Abstract: THE PURPOSE. Development of digital models to determine the modes of double
ground faults in 6-10 kV overhead signaling lines supplying signaling, centralization and
automatic blocking facilities. METHODS. To create the models, methods of multiphase modeling
of electric power systems were used, based on the use of lattice equivalent circuits from RLC-
elements connected according to complete graph circuits. For modeling, the industrial software
package Fazonord, developed at the Irkutsk State Transport University, was used. RESULTS. The
developed models provide correct accounting of all factors influencing the modes of double
ground faults, including increased electromagnetic influences of the traction network. In contrast
to known approaches, the dynamics of changes in these influences caused by variations in traction
loads during train movement are modeled. CONCLUSION. The proposed approach to modeling
double ground fault modes is universal and can be used for standard traction power supply
systems, as well as promising high-voltage traction networks. The results obtained can be used in
practice to configure relay protection devices for overhead signaling lines in order to reliably
detect double ground fault modes and take measures to eliminate them. In addition, the modeling
methodology presented in the article can be used when selecting measures to improve the
reliability of power supply to signaling and automatic blocking facilities that ensure the safety of
train traffic, as well as to develop methods and algorithms for determining distances to places of
double ground faults in overhead power lines feeding signaling facilities , centralization and auto-
blocking. The presented results confirmed the effectiveness of the proposed approach for modeling
double ground fault modes.

Keywords: double ground faults; overhead signaling lines; electromagnetic influences of traction
networks; modeling.
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Beseoenue (Introduction)

Bromes Tpacc MarucTpanbHBIX Kene3HBIX gopor (OKII) pacmosioskeHBI  OOBEKTHI
CUTHAJIM3AINH, [EHTPAIU3AlNN U aBTOOIOKHPOBKH, 0OeCTIeUNBaroIie OE30MacHOCTh JBHKCHHUS
moe3noB. 1o cremeHn HaIEKHOCTU DIICKTPOCHAOKEHMsI OOJIbIIas YacTh W3 HHUX OTHOCHUTCS K
MOTpeOUTENSIM TEPBOM KaTEerOphH, a Takke ee ocoboi rpynmbl. J[Is WX MOAKITIOYEHUS
COOPYXAIOTCS CTIEIMANIbHBIC TUHUH dJIeKTponiepenaun HanpsbkernneM 6-10 kB. OcHOBHOe nuTaHue
ocyrectisieTcst 0T Bo3aymHbix guHuid (BJI CIIB), mposokeHHBIX MapaiensHoO Tpacce IOPOTH.
Jlst pesepBupoBanysi HCTIONB3YIOTCS JIDIT MPpoaoaBHOTO ANIEKTPOCHAOKEHNSI, PACTIONOKEHHBIE HA
OTopax KOHTAKTHOM ceTH. B meisix CHWKeHHs BIMSHHUN Ha PEbCOBBIC LEIMH JKEIe3HOAOPOKHOU
apromatukn BJI CIb moaxmrouaeTcss K IIWHAM COOCTBEHHBIX HYXKI Yepe3 IOBBIIIAIONINE
Tpanchopmaropel 6-10/0,4 kB ¢ coemuHeHHeM OOMOTOK 3Be3da C HYJIEBBIM BBIBOJOM —
TPEYTONbHUK. J{s1 KOPPEKTHOTO MOAETMPOBaHUS pexuMoB Takux JIDII TpeOyercss yduTHIBATH
HEeNbld psA (aKTOpOB, CYIIECTBEHHO YCIOXHSIOIIMX peIIeHHe 3Toi 3amaun. K HUM MOXXHO
OTHECTH CJIEAYIOIINE aCTIeKTHI:

¢ Tpex(a3Ho-0qHOPA3HYIO CTPYKTYPY CUCTEMBI JICKTPOCHAOKCHHS,

® PE3KOMEPEMEHHYIO JUHAMUKY U IIepEeMELICHHUE TATOBBIX HAIPY30K B IPOCTPAHCTBE;

® JJIEKTPOMArHUTHbIE BAUAHUSA Tsrooit cetu Ha BJI CLIb u np.

B npomnecce skcmryaranun BJI CIIB MoryT BO3HHKAaTh JBOWHBIE 3aMBIKAHHS Ha 3EMITIO
(J133) [1-3], koTOpBIE SABJIAIOTCS, KaK MPABUIIO, PE3YIBTATOM Pa3BUTHs OJHO(PA3HBIX 3aMbIKAHHIMA
(033). DT MOBpeXIECHUS HE OTHOCATCS K KaTerOPUH aBAPUMHBIX M HE OTKIIOYAIOTCS peleiHHON
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sammroi. [lpu mosiBneHnn O33 HaNpsSHKCHUS HEMOBPEKICHHBIX (a3 OTHOCHUTEIBHO 3EMIIH
BO3PACTAIOT JIO JIMHCHHBIX 3HAYCHHH, YTO CHOCOOCTBYET BOZHHKHOBCHHIO 3aMBIKAHUU B JIPYTUX
TOYKaX CETH, YacTO YAAJIEHHBIX OT MecTa nepBUUYHOro O33 Ha HECKOJIBKO JECSITKOB KHMJIOMETPOB

(puc. 1).
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Puc. 1. Cxema pexxuma /133 Fig. 1. Diagram of double earth faults

*Ucemounur: Cocmasneno agmopamu Source: compiled by the author.

Bomnpocam nzyuenus /133 nocBsieH 1esblil psi paboT, 4acTh U3 KOTOPBIX IIPEJICTaBlICHA B
OoubmuorpaduueckoM CHHMCKEe K JaHHOW cTraTbe. 3HAUYMTEIbHOE 4YMCIo NyOnukamuwii no JI33
MOCBAIICHO PCIICHHIO CIOXHON 3amaun [4] ompeneneHus MecT WX BO3HHKHOBeHHs. Tak,
HampuMep, B pabotax [5—7] s ee perneHns npuMeHsietcss QUKCHPYIOIIHA OpraH COMPOTUBICHHUSI
JIDIL. B craresax [8—10] mnst onpenenenust mect 133 HCMOIB3YIOTCS METOBI, OCHOBAHHBIE Ha
ATOPUTMHYECKUX MOJICIAX U dHepreTuueckoM kpurepuu. B [11] omucan crnocob nokanu3anuu
JIBOMHBIX 3aMbIKaHUH Ha 3emitto. D(P(PEKTHBHBIE aNTOPUTMbl U UTEPALMOHHBIE NPOLEAYPHI IS
HaxoxaeHust MecT JI33 mpemtoxkens B [12-16]. Bompockl MoaenupoBanus paboTOCIOCOOHOCTH
ANEKTPOOOOPYNOBAHUSl DJIEKTPUUECKUX ceTel paccMmoTpensl B [17, 18]. Hosbelii wmeTOn
obuapyxenus J[33 npencrasied B [19]. [loaxon k ¢ukcaruu /133, OCHOBaHHBIM Ha NMPUMEHEHUH
rubpuanoro mpodust Toka, mpemtoxked B [20]. OmbiT moucka JI33 B KOMIICHCHPOBAHHBIX CETSAX C
HCIIOJIb30BAaHUEM TEXHOJIOTHH OeryIe BOMHbI onucad B [21].

OtTaenbHBIM, HO BaXHBIM acrektam pexumoB /133, mocssiieHs! paboTer [22-25].
Pesynpratel ananuza pexxumoB J133 ¢ HUCMOJIB30BAaHMEM pEANbHBIX JAHHBIX OCLIILIOrpaduu
npuBeicHbl B [22]. Bonpock! 3amuthl OT 3aMbIKaHUi Ha 3emMiiio paccMoTpensl B [23]. Cmocob
noBeilieHus  dddexruBHocTH  QyHKIMOHMpOBaHus cetel  6-10 kB, ocHOBaHHBIM Ha
ABTOMATHYECKOM IIEPEBOJIE JIBOMHBIX 3aMblkaHuil Ha 3emiio B 033, npemioxen B [24]. 3amaua
OMpENENICHUS] TEPMHUYCCKON CTOMKOCTH METAIMYECKHX 000j0uek kabemedt mpu J[33 B cersx
CpeIHero HampspKeHus perrena B [25].

AHanu3 npejCTaBICHHBIX BBIIIE MyOJIMKAIMH MOKa3bIBaET, YTO HECMOTPS Ha OOJbLIOE
quciao padot, mocBsmeHHbIX J[33, 3amaun MoJIeNIUpOBaHUS TaKUX PEKUMOB B JHHUAX 6-10 kB,
paboTaroMX B COCTaBE CUCTEM DJIEKTPOCHAOKEHHS JKEJIE3HBIX JTOPOT U PACIONOKEHHBIX B 30HAX
HNOBBIIEHHBIX 3JIEKTPOMAarHUTHBIX BIIMSHUN TATOBBIX CETEH, OCTalOTCd He peméHHbMU. Ilo
MHEHHIO aBTOPOB, 3TO CBSI3aHO C T€M, YTO AJS ompeneneHus pexuMoB /(33 B OONBIIMHCTBE W3
MPOAaHATM3UPOBAHHBIX BBIIIE HCTOYHUKOB HCIIOJIB3YETCS METOJ CHMMETPHYHBIX COCTaBIISIOINX,
MPUMEHEHHE KOTOPOro Ml MOJEIUPOBAHMSA CIOXKHBIX Tpex¢a3sHO-0THO(DA3HBIX CeTe C
MHOTOKPaTHBIMH  TIPOJIOJIbHO-TIONEPEYHBIMH  HECUMMETPHUSIMU  NPUBOAMT K 3HAYUTEIbHBIM
METOIMYECKMM M aIrOpUTMHUYECKUM 3aTpyaHeHusiM. HauOonee »sddexTuBHbI nyTh HX
NPEOIOICHHS COCTOUT B TIPUMEHEHUH (ha3HBIX KOOpIUHAT [26].

Hwmxe mpencraBieHsl pe3yiabTaThl MOAETHPOBAHUS W aHaM3a pexknmoB J[33 B cucremax
AIIEKTPOCHAOKEHUS JKeIe3HbIX nopor. Llens mccmenmoBanuil cocrtosima B pa3paboTke HMUPPOBBIX
Moxaeneit must ompenenenus [I33 B Bo3aymHBIX JHHESAX 6-10 kB, mnHTaomux 0O0BEKTHI
CUTHAJIN3AINH, IIEHTPATH3alii U aBTOOIOKHPOBKHA. HaydHas HOBH3HA MOIYYEeHHBIX PE3yIbTAaTOB
OTIpeNIeNseTCs] TeM, YTO MPEAJIOKESHHBIE MOAETH MO3BOJISIOT KOPPEKTHO YYUTHIBATH Tpex(aszHo-
0HO(A3HYIO CTPYKTYPY CHUCTEM JJIEKTPOCHAOKEeHH kee3HbIX fopor (COXK]I) u moBbIIICHHBIE
AIIEKTPOMArHUTHBIE BIHUSHUS TATOBOI ceTh. [lonydeHHbIe pe3ysIbTaThl MOTYT OBITh MCIIOJIb30BaHBI
Ha TIPAKTUKE JUII HACTPOWKH YCTpoWCTB penerinoi 3ammtel BJI CIIb, pa3paboTku MeTOIOB U
AITOPUTMOB OIIPENCNICHUs] pacCcTosHUM 10 MecT J[33, a Takke mpu BeIOOpE MEPONPHUATHH IO
MOBBIIICHHUIO HAAEKHOCTH eKTpocHaOxkeHus oopexros CI[b.

Mamepuanst u pesyromamer (Materials and results)

Hdns  mopmenmpoBanus pexkumoB  J[33  mcmonp30BamMCh  METOABI  MYNBTH(A3HOTO
npeacTaBiIeHus dJekTposuepretuueckux cuctem (DDC), mpemtoxkeHHsie B pabote [26] wu
peanu3zoBanHble B mporpammHoM komiutekce (IIK) Fazonord. Ha wux OCHOBE BO3MOXKHO
onpenenenue pexxumo 33C u COXK]] Ha OCHOBHOM 4aCTOTE W YaCTOTAaX BBICIINX rapMOHUK. [Tpu
pacgerax COXK]| TsaroBble Harpy3ku (GoOpMHUPYIOTCS HA OCHOBE MMHUTALIMOHHOTO MOJEIHPOBAHMS
JBIDKCHUS TTO€3/I0B 10 MarucTpaid ¢ peanbHbIM mpoduiaeM myTH. KpoMe BBIMHCIECHHS ypOBHEH
HAIPSKEHUS B y3JIOBBIX TOYKAaX CETH U MOTOKOB MOIIIHOCTH TI0 €€ BETBSIM BO3MO>KHO OIPE/ICIICHNE
MOKa3aTesIel KauecTBa MIEKTPOIHEPTUH [0 HECUMMETPHH ¥ TAPMOHUIECKUM NCKaKCHUSIM.
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Pacuetsl pexxuMoB ABOMHBIX 3amblkaHuil Ha 3emito B BJI CHb ocymecTtisuiuch st
cxembl COX]JI, moka3anHoil Ha pucynke 2. B mogmemu, peanusosanHoii B IIK Fazonord, 6butu
YUTEHBI clieayroniie aneMeHTsl cetu: nuraromue JIDII 110 xB; cumoBbie Tpanchopmartopsr;
yuactok Tiaroeoit cern (TC) mporspkeHHOCTBIO 50 KM, BKIIIOYAIOIIMI KOHTaKTHBIC ITO/IBECKH,
penbcoBble HutH u JuHU0 BJI CLB Hampsbkenwmem 6 kB, koTopas ObUIa pacHojiOXKeHa
napajuiesibHo Tpacce JKJ| M cMOHTHpOBaHa Ha >Kelle300€TOHHBIX OMNOpax. TsroBele Harpy3ku
CO3JaBaJIUCh JBMKEHHEM TMoe3oB Maccod 3192 u 4192 1. Ilpu wmogenupoBanuu J133
YUUTBIBAJIOCH CONPOTUBIEHUE camo3azemiieHus onop BJI CIIb, npunsTtoe paBHeM 15 Om [27].

PaccmatpuBanochk 3amblkanue Ha 3emimo ¢a3 B u C. [{nsg BO3MOXXHOCTH BapbHpOBaHHS
mect /133 wmomens TC, Bkmowaromas suauto BJI CIb, Obuta pa3bura Ha ydyacTku
HIPOTSDKEHHOCTBIO B AECATh KMUIOMETpoB. KoopAMHATHI X TOUEK 3aMbIKaHHS Ha 3eMIIIO 3aaBajIiCh
B JIBYX BapHaHTax: B IEPBOM — BEJIMUMHA X JUIs (a3bl B mpuHUManack pUKCUPOBaHHOI U paBHOW
Hymo, a g ¢a3sl C BappupoBanack B quanasoHe 0...50 KM ¢ marom B AecsTh KHJIOMETPOB; BO
BTOpOM —€ 3Ha4deHue x s ¢aszel B 3amaBanoch paBHbIM 50 kM, a koopauHara x s ¢assl C
M3MEHSUIACh B TAaKOM JK€ JiMara3oHe. Pe3ynpTaTel MO/ENINpPOBaHUS MpEACTaBiIeHbl Ha puc. 3-6. B
KauecTBe NpUMepa Ha PHUCYHKE 3 INPOWUIIOCTPUPOBaHA JMHAMHMKAa W3MECHEHHMH IapaMeTpoB
pexxuma B y3nax BJI CLb, npu cinenyromux mecrax J[33: ¢a3 B npu X =0 xm u a3 C B Touke x
=50 kM.

110 kB 110 kB

| N3 1 nan 2 nans3 |
Samn HY

10 kB 27,5 kB

[THX-40000/110/27,5/10

(" Tarosas cetb 25 kB OBYXMYTHOrO yyacTka
BJI1 CLIB 6 kB
-
Puc. 2. CxeMa CHCTEMBI 3JIEKTPOCHAOKEHHSI Fig. 2. Schematic diagram of the power supply

system
*Uemounux: Cocmasneno asmopamu Source: compiled by the author.
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Puc. 3. Hanmpsokenust ocHoBHOW wactotel (a), Fig. 3. Main frequency voltages (a), harmonic
koo dunuentsr rapmonuk (6) u addextuBusie  coefficients (b) and effective voltages taking into
Hanpsokenuss ¢ yderom BIC (B): 1, 3 — account HV (c): 1, 3 - intact phase A at x = 0 and 50
HeroBpexaeHHON (asel A mpu x = 0 u 50 kM, 2 — km, 2 - phase C at x = 0 km, 4 - phase B at x = 50

¢azer C mpu x = 0 kM, 4 — dazer B mpu x = 50 km; km; ; U, =U, ,l+(ku /100)2 k, - total voltage

U, =U,y1+ (ku / 100)2 ok, — cymmapHBit o conic coefficient

K03 (OHUIMEHT FAPMOHUK HANPSIKEHHS
*Uemounux: Cocmasneno asmopamu Source: compiled by the author.

W3 pucynke 3 BHAHO, YTO BIIUSIHUE PE3KONEPEMEHHON M HEJIMHEHHOW TSArOBOH HArpy3ku
MPUBOJAUT K BapualysM mapamMeTpoB, xapaktepusyroomux /133 BJI CIIb: HanpskeHuit 0CHOBHOM
4acToThl, KoddduimenroB rapMoHuk M 3ddextuBHbix HanpspkeHuid Us. Ilo cpaBHeHuio c
ucxomHbpIM pexxumoM Hampspkerust U, u Uy 3m0poBoit daser A yeenuuuBaercs Ha 30...40 %, a
noBpexaeHHblX paz B u C ymenbmaercs Ha 60 u 5 % coorBercTBeHHO. OCOOEHHO 3aMETHO
m3menstoTes Us. dasel A 1 K09 GHUIUEHTH TApMOHUK. JTOT (hakTop HEOOXOJUMO YUUTHIBATH MIPU
MIPOEKTUPOBAHUH yCTPOHCTB 3amuThl oT (33 U pa3paboTke anropuTMOB OINpPENCICHUS] MECT HX
BO3HHKHOBEHHS.

Ha pucynke 4 npeacraBieHa TMHAMHUKA U3MEHEHHUH TOKOB J[33, cTeKarouux B 3eMJIi0, IpH
3ambikaHud (asel B mpu X =0 u ¢as3sr C npu x =50 km. U3 Hero BuaHO, uTo TOoKK a3z B u C
MPAaKTUYECKH HE Pa3In4atoTCs.

®opmel kpuBbIX HanpsokeHnd Uy 1 Toka |y daser B qyis mepBoro BapuaHTa MOJIEINPOBAHUS
MpUBEJICHBI Ha pUCYHKE 5. OH COOTBETCTBYET 3aMBIKAHHUIO 3TOH (a3bl B TOUKE C KOOPIUHATOH X =
0 u moxaseiBaetr, uto rpapukun Uy = Us (1) 3amerHo omnmmuarorcs ot cunHycouzbl. CrerneHb
uckakenus: 3aBucuMoctr |y = Iy (t) cyimecTBeHHO MeHbIIe, 4TO OOBSCHICTCS OTHOCHTENHHO
HeOOJIBIIMMH 3HaUYeHUIMH Kod(duuneHtoB rapMoHHK Ki: mis dassrt B ero makcumansHOe
3Ha4YeHue paBHoO 8,5 %, a wis dasel C — 8,4 %.

59.0

- LA " h lliiaga&
/

N AN A
N, VA AU I
57.0 3./ \ \'\ /-‘ \ j@,aga C/\ Af

U ~ Sl v
36.3
Bpena, nom
36.0 '
30 35 40 45 50 33 60 63 70
Puc. 4. CpaBuenue 3¢ pekTHBHBIX TOKOB JI33: Fig. 4. Comparison of effective double earth fault
I, =1,J1+(k /200F ;k, -  cymmapmsii currents: I =1 /1+(k, /100)
K02 GUIIHEHT TAPMOHHK TOKa k, ; - total current harmonic coefficient

*Ucemounur: Cocmasnerno agmopamu Source: compiled by the author.
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Puc. 5. ®opwmbl kpusbix Hanpsbkenuid ¢as A (a) u C  Fig. 5. Shapes of the curves of phase A (a) and C (b)
(0), a Taxxe TokoB 3ambikaHus (aszel B (6) B y3nmax, voltages and phase B (c) short-circuit currents at the
oTBevaromux koopauHare x = 0 kM, Ha 47-if munyte nodes corresponding to the x = 0 km coordinate at
MOJIEIUPOBAHUS the 47th minute of the simulation
*Uemounux: Cocmasneno asmopamu Source: compiled by the author.
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¢ukcupoBaHHOM 3aMbIKaHuH (a3bl B mpu x = 0 kM (puc. 6, a) u x = 50 kM (puc. 6, 6). U3 stux
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Puc. 6. 3aBucumoctu Toka 3ambikanust ¢asel C or  Fig. 6. Dependences of phase C closing current on
KOOPJHMHATHI X :a — IpH (uKcupoBaHHOM 3ambikanni  the coordinate x :a - at fixed phase B closing at the
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oTBevaronien x = 50 km
*Hemounux: Cocmasneno asmopamu Source: compiled by the author.
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3aBUCHMOCTh MaKCHMAJIbHBIX 3HAUEHHH TOKAa OT KOOPAMHATHI X JJISl IIEPBOTO BapHaHTa
pacueToB OsM3Ka K JIMHEHHOW. AHAJIOTMYHBIM CBOWCTBOM 00Ja1aeT rpadMk CpeJHUX 3HAYE€HUH OT
X 1as BTOporo BapuaHTa. Ha pucyHke 7 moka3aHa AMHaMUKa W3MEHEHMH Kod(duiueHToB
HECUMMETPUHM 10 O0OpaTHOM M HYyJEBOH IOCIeI0BaTEeIbHOCTSIM. KpHBBIE COOTBETCTBYIOT

3aMbIkaHuIo (as3sl B mpu X =10 kM u dazer C B Touke x =20 kM.

60 — 110 =
Rpr-7o | 20-50 s = i %

, Y 100 50 s A\
ol VYV llﬂm/""‘- /W\‘“\/ I

/\"{ 0 /' 10'50a Y I\./
NASAAR o [
0

30 =y, A~ N T
Va2 /"\,/ 0 A
. Bpema, M 105 305Mm ‘[: saa | Oz
20 60 EBpema, nom
20 23 30 33 40 43 30 33 &0 20 23 30 35 40 43 30 35 60
a) 0)

Puc. 7. 3aBucumoctu kod(dunuenros necummerpun  Fig. 7. Time dependences of voltage asymmetry
HampspkeHuss mo obparHoit (a) u wHysesoit (6) coefficients in reverse (a) and zero (b) sequences
[OCIIEI0BATEILHOCTSM OT BPEMEHH

*Uemounux: Cocmasneno asmopamu Source: compiled by the author.

W3 pucynka 7 BHOHO, 4YTO C YyBelwdeHHeM paccrossHus ot TII1  xosddumment
HECHMMETPHH 110 0OPaTHO! ITOCIIEAOBATEIFHOCTH BO3pacTaeT 10 58 % (47 MuHyTa), a HAUMHAS C
20 kM u nmo kxoHmna yuHUH (50 KM), He mM3MeHseTcs. Ha puc. 8 mpencTaBieHB 3aBHCUMOCTH
K03((PUINEHTOB HECUMMETPH OT KOOPIMHATHI X.
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Puc. 8. 3aBucumoctu kodhduienroB Hecummerpur  Fig. 8. Dependences of the voltage asymmetry
HanpspkeHHss 1Mo obparHoii  wm  HyseBoit  coefficients in reverse and zero sequences on the co
MOCJIEIOBATEILHOCTAM OT KOOpAMHTHI x npu npu  ordinate x when phase B is shorted at the point
3aMbikanuu (a3l B B Touke, orBeuaromei x = 10  corresponding to x = 10 km, and phase C - at the
KM, a ¢a3sl C — B Touke x = 20 kM point x = 20 km
*Uemounux: Cocmasneno asmopamu Source: compiled by the author.

IlpencraBicHHble Ha pHCYHKe 8 rpaduKd MNOKas3bBarOT, 4To mpu JI33 BO3HHKAOT
CyIIeCTBEHHBIC YPOBHH HECHMMETPHH, 0COOEHHO 110 HyJIeBOH mocienoBarenbHocTh (105 % mpu X
=50 xm). I[Ipu stom k,, mmeet sxcrpemym (60 %) mpu X =23 km ot TIIIL.

3axntouenue (Conclusions)

PazpaboTanbl nudpoBble MOJENN IS ONPEAETICHUs] TOKOB M HANPSHKEHUH TPH JABOMHBIX
3aMBIKAHMSAX Ha 3€MJI0 B CHUCTEMax 3JEKTPOCHAOXKEHHS JKEJIE3HBIX JOpOT, 00eCIedHBaroIue
KOPPEKTHBIH y4eT BCEX OCHOBHBIX (DaKTOPOB, BIMSIONIMX Ha pexxumsl /133, Bkirouas TpexdasHo-
onHo(dasHyro cTpykTypy COXK]I U MOBBIIICHHBIE 3JICKTPOMAaTrHUTHBIC BIUSHHS TATOBOH cetu. B
OTIMYHUE OT U3BECTHBIX MOAXOJOB OCYILECTBISAETCA MOJAEIUPOBAHNE JTUHAMUKU U3MEHEHUH 3THX
BIMSHUM, BBI3BAHHBIX BapHALUSAMH TATOBBIX HArPy30K MpH JBUKEHUU MOe310B. [IpeanoxxeHHbIN
HNOAXOJA SBISIETCS YHUBEPCAIbHBIM U MOXET NPUMEHSTHCA KaK JUIs THUIOBBIX CHCTEM
JNIEKTPOCHAOKEHHS, TaK M JUIsl IEPCIEKTUBHBIX TSTOBBIX CETEH IMOBBIIICHHOTO HAIPSKCHUS.
[onydeHHbIe pe3ynbTaThl MOTYT OBITh MCHOJIB30BaHBI HAa MPAKTHKE JJISI HACTPOMKH YCTPOWCTB
peneiinoi 3anmtel BJI CIIb ¢ nenbto obHapyxenus pesxxumoB JI33 M mpuHATHA Mep 1O HX
ycrpaHeHuto. [IpencraBieHHas METOANMKAa MOXET NPUMEHSTHCS IIPU BHIOOPE MEPONPHSATHH IO
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MNOBBIIICHUIO HAACKHOCTHU 3H€KTp0CH216>KeHI/ISI 00BEKTOB CHB, 06€CH€‘JHBaIOHII/IX 0e30MacHOCTh
JABMIKCHUA IIOC310B, a TAKXKC IJIA pa3pa60TKH MCTOJO0B U aJITOPUTMOB ONPEACICHUA paCCTOHHI/Iﬁ
JI0 MECT ABOMHBIX 3aMbIKAaHUM Ha 3€MITIO B BO3AYIIHBIX JIMHUAX JJICKTpOIICpEAavn.

JIureparypa

1. Coupuuer M. A., Moo H. M., Oxun JI. M. O HE0OXOMUMOCTH OTKITIOYATh JTBOMHBIC 3aMBIKaHHS
Ha 3emitio Oe3 Boiiepkku Bpemen // Bectauk Kpacl'AY. Ne 4 (139). 2018. C. 133-137.

2. Koeppl G. S., Braun D., Lakner M. Double Earth Faults in Power Stations // IEEE Transactions on
Power Delivery. 2015. VVol.30, Issue: 3.

3. Omun 1. M., CiupuaeB M. A. YcrpoiicTBa st 3alUTH BO3AYIIHBIX JTHHUH 6-35 KB 0T ABOIHBIX
3aMbplKaHUi Ha 3emito // AKTyanbHbIe HPOOJIEMbl HayKH B arpoIpOMBIIUICHHOM Komiuiekce. KapaBaeso,
2017. C. 233-238.

4. Zhang Y., Zhang Q., Song W., Yu Y., Li X. Transmission line fault location for double phase-to-
earth fault on non-direct-ground neutral system // IEEE Transactions on Power Delivery. 2000. Vol.15, Issue:
2..

5. Xakumzsaop D. @., Mycrapun P. I'., ®enortoB A. W. OmpenencHue paccTOSHUN 10 MeCT
IBOMHBIX 3aMBIKAaHMH Ha 3eMJII0 Ha JIMHUM OJIEKTPOIepeladd pacHpeNeNIUTeNIbHON CeTH CpeIHEro
HanpsbkeHus1 // VI3BecTrs BbICIINX yueOHbIX 3aBeneHuil. [Ipobaemsl snepreruku. Ne 3-4. 2015. C. 132-137.

6. OmpenencHue TMOBPEXKICHHOTO Yy4YacTKa PpACIPENCUTCIbHOW CeTH B peXHME "IBOHHOE
3ambIkanue Ha 3emimo” / O. @. Xakumssnos, A. . ®enotos, P. I'. Mycradun [u np.] //M3BecTus BhICIINX
y4ueOHBIX 3aBeneHunil. [Ipoonemsr suepretrku. Ne 7-8.2016. C. 3-8.

7. XakumzsHoB 3. @., Kykcos C. B. OmnpezeneHue MecT IOBPEKACHHUI B pacpeIeTUTENBHBIX CETIX
CpeIHero HaNpsDKeHWs IPU JBOMHBIX 3aMbIKaHMAX Ha 3ewino // Jlucnerdepusanmust W ymnpasieHHE B
anektposnepreruke. Kaszann, 2017. C. 21-26.

8. OnpezeneHie MECT JBOMHOTO 3aMbIKaHUSI Ha 3€MITIO B CETH C M30JIMPOBaHHON Heiirpanbio / M.B.
VYo6acera, B.C. IlerpoB, B. A. HaymoB [u np.] / UHpopMalMoHHbIE TEXHOJOTHH B JIICKTPOTEXHHKE MU
anektposnepreruke. Yebokcapsl, 2020. C. 407-413.

9. OnpezerneHie MeCT ABOHHOTO 3aMBIKaHHS HAa 3€MIII0 B CETAX C M30JMPOBAHHOM HeWTpanbio // M.
B. V6acesa, B. C. Ilerpos, B. A. Haymos [u ap.] // Peneiinas 3amura u aBromarusaims. Ne 4 (45). 2021. C.
40-46.

10. Ubaseva M., Petrov V., Antonov V. The Novel Method for Determining Locations of a Double
Ground Fault in Networks with Isolated Neutra // Proc. of 2020 International Ural Conference on Electrical
Power Engineering (UralCon). 2020.

11. Benauun A. A. OmpejeneHne MecT JBOMHBIX 3aMbIKaHHH Ha 3eMIIF0 METOJOM JIOKanu3auuu //
DnekTpoobopynoBaHue: SKcIuTyaTanus u peMont. Ne 7. 2017. C. 52-56.

12. Crioco6bl onpeesieHust pacCTOSHUIM 10 MECT ABOMHBIX 3aMbikanuii Ha 3emuio // A.JI. Kynukos, B.
10. Ocoxun, M. [I. OGanun, [u np.] // AxryanbHble npoOieMsl 3iekTposHepreruku. Hwkuuit Hosropon,
2018. C. 196-201.

13. [IpuMeHeHre HMUTANMOHHOTO MoaenupoBanust JIDII 6-35 kB i mOBBIICHHS TOYHOCTH
OIIPEIENICHUS] PACCTOSIHUSL 10 JIBOMHBIX 3aMmbikanuii Ha 3emuio / A. JI. Kymukos, M. JI. O6amun, B. IO.
OcoxkuH [u ap.] / BectHuk FIBaHOBCKOTO TOCYIapCTBEHHOTO SHEepreTrdeckoro yuusepcurera. Ne 1. 2018. C.
40-49.

14. Kynukos A. JI., Ocokun B. 10., O6anun M. [I. TToBbilieHre TOYHOCTH aIrOPUTMOB ONPEIeICHHS
MecTa TMOBPEeXACHUs JdN 6-35 kB mnpu ABOHHBIX 3aMBIKAHMSAX HA 3€MJII0 C TOMOIIbIO BBEICHHS
UTEpalMOHHBIX Tpouenyp // Dnekrposneprus. [lepenaua u pactpenenenue. Ne 1 (52).2019. C. 78-83.

15. Kymukos A. JI., Ob6anmun M. ][I., Ocoxun B. 0. CoxpamieHue BpeMEHH BOCCTAHOBIIECHHS
NOBPEXKJIEHHON JIMHUM 3JieKTporepenayn 6-35 kB mpu IBOMHBIX 3aMBIKAHHSX Ha 3€MJIIO C MPUMEHEHUEM
UTEPAlMOHHBIX TPOLEIYp OIpeleieHHs MecTa MOBPeXIeHUs // MeTomuueckue BOMPOCHI HCCICIOBAHUS
HaJeKHOCTH OOJBIINX cucTeM dHepreTuku. Mpkyrck, 2018. C. 106-115.

16. Kulikov A. L., Osokin V. Ju., Obalin M. D. Improving Accuracy the Fault Location on
Transmission Line 6-35 kV for Double Earth Fault // Proc. of 2018 International Conference on Industrial
Engineering, Applications and Manufacturing (ICIEAM). 2018

17. I'pauesa E.N., Tomxomxaesa M.1. MonenupoBanue paboTOCIIOCOOHOCTH AIIEKTPOOOOPYI0BAHHS
CHCTEM JIEKTPOCHA0XKEHUs U 3IeKTpHueckux cetelt - Kazanp, 2021.

18. FOcymoBa A.A., I'paueBa E.U. TloBbieHne >(QQEKTHBHOCTH M HaAEKHOCTH SKCIUTyaTalldH
kabenbHbIX JuHUE //  IlpuGopocTpoeHHe W aBTOMaTH3MPOBAaHHBIH AIIEKTPONPHBOJ B  TOIUIMBHO-
SHEPreTHYECKOM KOMIUIEKCE U JKWINIIHO-KOMMYHaIbHOM X03sicTBe. COopHHK MaTepuaioB I1I [ToBomkckoit
Hay4YHO-TIpaKTH4ecKoi kondpepenimu, 2017. C. 180-181.

19. Zheng R., Lin X., Zhao F., Bo Z. A novel single-ended fault location method for locating double-
phase to earth faults // Proc. of 2011 IEEE Power and Energy Society General Meeting. 2011.

145



© Kproxos A.B., Oseuxun U.C., Cycnos K.B.

20. Dubey A., Sun H., Nikovski D., Takano T., Kojima Y., Ohno T. Locating double-line-to-ground
faults using hybrid current profile approach. Proc. of 2015 IEEE Power & Energy Society Innovative Smart
Grid Technologies Conference (ISGT). 2015 Publisher: IEEE.

21. Dzienis C., Leitner W., Eberhardt H.. Experiences with Double- and Single-Ended Fault Location
in Compensated Network Applaying Travelling Wave Technology // Proc. of 2019 Modern Electric Power
Systems (MEPS). 2019. Publisher: IEEE.

22. Heringer W. R., Cordeiro M. A. M., Paye J. C. H., Sousa A. L., Ledo A. P., Vieira J. P. A., Santos
M. C., Cardoso G., de Morais A. P., Wontroba A., Farias P. E. Reproduction of a High Impedance Double
line-to-ground Fault Using Real Oscillography Data // Proc. of 2020 IEEE PES Transmission & Distribution
Conference and Exhibition - Latin America (T&D LA). 2020.

23. Jia Q., Dong X., Shi S., He X. Non-communication Protection for Single-Phase-to-Ground Fault
Feeder in Neutral Non-Effectively Grounded Distribution System // Proc. of 2018 IEEE Power & Energy
Society General Meeting (PESGM). 2018.

24. KavanoB A. H., Uepnsimo B. A., Koponepa T. I'. ABromaTHueckuil TEpeBOJI JBONHBIX
3aMBIKAaHUHA Ha 3€MITIO B OZ[HO(baSHBIe Kak CITI0CO0 ITOBLIIIEHHS 3(1)(1)€KTI/IBHOCTI/I (byHKL[I/IOHI/IPOBaHI/IH ceTeit 6-
10 xB // QHCKTpI/I‘IeCKI/Ie CCTHU. HAACKHOCTbD, 6630HaCHOCTL, 3Heproc6epe>1<eHHe U SKOHOMHUYCCKHUC aCIICKThI.
Kaszans, 2023. C. 23-30.

25. Budahs M., Rozenkrons J., Staltmanis A.. Thermal stability of cables metallic covers in the case of double
earth faults in middle voltage networks // Proc. of 2005 IEEE Russia Power Tech. 2005.

26. 3akaprokuH B. I1., Kproko A. B. Ci0)XHOHECHMMETPHYHBIE PEKUMBI MIEKTPHUECKUX CHCTEM.
Wpxyrck: U3n-Bo Upkyt. yH-Ta, 2005. 273 c.

27. Oobecneuenue YYBCTBUTCJIBHOCTU JUCTAHIIMOHHBIX 3alllUuT (bHZ[epOB KOHTAKTHOM CeTH
MEPEeMEHHOr0 TOKa Ha y4acTKax ¢ passemieHHbiMEH onopamu / . A. Kpemues, 10. B. Konaparses, B. A.
Kgamyxk [u ap.] // ®yanamenrtanbhble ucciaenoBanus. Ne 6-3. 2014. C. 472-475.

ABTOpBI NyOJIMKATHHA

Kprokoe Anopeii Bacunvesuu — n-p. TexH. Hayk, mpodeccop kadeapbl 3JICKTPOIHEPTETHKH
TpaHcnoptra VpKyTCKOro ToCyIapCTBEHHOI'O YHHMBEpCHUTETa IyTeil cooluieHus; mpodeccop
kadeaps JNEeKTPOCHAOKEHUS 3 DJIEKTPOTEXHUKHU Hpkyrckoro HAIlMOHAJIBEHOTO
HCCIIEI0BATEIbCKOTO TEXHUYECKOTO YHUBEPCHUTETA.

Oseukun Hnvs Cepzeesuu — acnvpadt VIpKyTCKOrO TOCYJapCTBCHHOTO YHHBEPCHTETa MyTei
coo01eHus.

Cycnoé Koncmanmun Bumanvesuu — J1-p. TEXH. HayK, JOLUEHT, mpodeccop Kadeaps
THPOIHEPTETUKH U BO30OHOBIIIEMBIX HCTOYHUKOB dHEPrud HaI[OHAIBLHOTO HCCIIeI0BATEIECKOTO
yauBepcutera «MDOU», T. Mocksa; npodeccop kadeapsl IMEKTPOCHAOKESHUS U IIICKTPOTCXHUKH
HpkyTcKoro HaIMOHAIILHOTO MCCIIEI0BATENBCKOTO TeXHIUeckoro yausepcuteta (MPHUTY).

References

1. Spirichev M. A., Popov N. M., Olin D. M. On the need to disconnect double ground faults
without a time delay // Bulletin of KrasGAU. No. 4 (139). 2018. pp. 133-137.

2. Koeppl G. S., Braun D., Lakner M. Double Earth Faults in Power Stations // IEEE Transactions
on Power Delivery. 2015. Vol.30, Issue: 3.

3. Olin D. M., Spirichev M. A. Devices for protecting 6-35 kV overhead lines from double ground
faults // Current problems of science in the agro-industrial complex. Karavaevo, 2017. pp. 233-238.

4. Zhang Y., Zhang Q., Song W., Yu Y., Li X. Transmission line fault location for double phase-
to-earth fault on non-direct-ground neutral system // IEEE Transactions on Power Delivery. 2000. Vol.15,
Issue: 2.

5. Khakimzyanov E.F., Mustafin R.G., Fedotov A.l. Determination of distances to places of double
ground faults on the power line of a medium voltage distribution network // News of higher educational
institutions. Energy problems. No. 3-4. 2015. pp. 132-137.

6. Determination of the damaged section of the distribution network in the “double ground fault”
mode / E. F. Khakimzyanov, A. |. Fedotov, R. G. Mustafin [et al.] // News of higher educational
institutions. Energy problems. No. 7-8. 2016. pp. 3-8.

7. Khakimzyanov E. F., Kuksov S. V. Determination of fault locations in medium voltage
distribution networks during double ground faults // Dispatch and management in the electric power
industry. Kazan, 2017. pp. 21-26.

8. Determination of double ground fault locations in a network with an isolated neutral / M.V.

146



Ipobnemor snepeemuru, 2024, mom 26, Ne2

Ubaseva, V.S. Petrov, V. A. Naumov [etc.] // Information technologies in electrical engineering and power
engineering. Cheboksary, 2020. pp. 407-413.

9. Determination of double ground fault locations in networks with an isolated neutral // M. V.
Ubaseva, V. S. Petrov, V. A. Naumov [etc.] // Relay protection and automation. No. 4 (45). 2021. pp. 40-
46.

10. Ubaseva M., Petrov V., Antonov V. The Novel Method for Determining Locations of a Double
Ground Fault in Networks with Isolated Neutra // Proc. of 2020 International Ural Conference on
Electrical Power Engineering (UralCon). 2020.

11. Belyanin A. A. Determination of locations of double ground faults using the localization
method // Electrical equipment: operation and repair. No. 7. 2017. pp. 52-56.

12. Methods for determining distances to places of double ground faults // A.L. Kulikov, V. Yu.
Osokin, M. D. Obalin, [etc.] // Current problems of electric power industry. Nizhny Novgorod, 2018. pp.
196-201.

13. Application of simulation modeling of 6-35 kV power lines to improve the accuracy of
determining the distance to double ground faults / A. L. Kulikov, M. D. Obalin, V. Yu. Osokin [etc.] //
Bulletin of lvanovo State Energy University . No. 1. 2018. pp. 40-49.

14. Kulikov A. L., Osokin V. Yu., Obalin M. D. Increasing the accuracy of algorithms for
determining the location of damage to 6-35 kV power lines during double ground faults by introducing
iterative procedures // Electricity. Transmission and distribution. No. 1 (52). 2019. pp. 78-83.

15. Kulikov A. L., Obalin M. D., Osokin V. Yu. Reducing the restoration time of a damaged 6-35
kV power line with double ground faults using iterative procedures for determining the location of the
damage // Methodological issues in studying the reliability of large energy systems . Irkutsk, 2018. pp.
106-115.

16. Kulikov A. L., Osokin V. Ju., Obalin M. D. Improving Accuracy the Fault Location on
Transmission Line 6-35 kV for Double Earth Fault. 2018 International Conference on Industrial
Engineering, Applications and Manufacturing (ICIEAM). 2018

17. Gracheva E.l., Toshkhodzhaeva M.l. Modeling the performance of electrical equipment of
power supply systems and electrical networks - Kazan, 2021.

18. Yusupova A.A., Gracheva E.I. Increasing the efficiency and reliability of operation of cable
lines. Instrument making and automated electric drive in the fuel and energy complex and housing and
communal services. Collection of materials of the 111 VVolga Scientific and Practical Conference, 2017. pp.
180-181.

19. Zheng R., Lin X., Zhao F., Bo Z. A novel single-ended fault location method for locating
double-phase to earth faults // Proc. of 2011 IEEE Power and Energy Society General Meeting. 2011.

20. Dubey A., Sun H., Nikovski D., Takano T., Kojima Y., Ohno T. Locating double-line-to-
ground faults using hybrid current profile approach. Proc. of 2015 IEEE Power & Energy Society
Innovative Smart Grid Technologies Conference (ISGT). 2015 Publisher: IEEE.

21. Dzienis C., Leitner W., Eberhardt H.. Experiences with Double- and Single-Ended Fault
Location in Compensated Network Applaying Travelling Wave Technology // Proc. of 2019 Modern
Electric Power Systems (MEPS). 2019. Publisher: IEEE.

22. Heringer W. R., Cordeiro M. A. M., Paye J. C. H., Sousa A. L., Ledo A. P., VieiraJ. P. A.,
Santos M. C., Cardoso G., de Morais A. P., Wontroba A., Farias P. E. Reproduction of a High Impedance
Double line-to-ground Fault Using Real Oscillography Data // Proc. of 2020 IEEE PES Transmission &
Distribution Conference and Exhibition - Latin America (T&D LA). 2020.

23. Jia Q., Dong X., Shi S., He X. Non-communication Protection for Single-Phase-to-Ground
Fault Feeder in Neutral Non-Effectively Grounded Distribution System // Proc. of 2018 IEEE Power &
Energy Society General Meeting (PESGM). 2018. 2

4. Kachanov A. N., Chernyshov V. A., Koroleva T. G. Automatic transfer of double ground faults to
single-phase ones as a way to increase the efficiency of 6-10 kV networks // Electric networks: reliability,
safety, energy saving and economic aspects . Kazan, 2023. pp. 23-30.

25. Budahs M., Rozenkrons J., Staltmanis A.. Thermal stability of cables metallic covers in
the case of double earth faults in middle voltage networks // Proc. of 2005 IEEE Russia Power Tech. 2005.

26. Zakaryukin V. P., Kryukov A. V. Complex asymmetrical modes of electrical systems. Irkutsk:
Irkutsk University, 2005. 273 p.

27. Ensuring the sensitivity of distance protection of AC contact network feeders in areas with
ungrounded supports / 1. A. Kremlev, Yu. V. Kondratiev, V. A. Kvashchuk [et al.] // Fundamental
Research. No. 6-3. 2014. pp. 472-475.

147



© Kproxos A.B., Oseuxun U.C., Cycnos K.B.

Authors of the publication

Kryukov Andrey Vasilievich - Irkutsk State Transport University Professor, Irkutsk National
Research Technical University, Irkutsk, Russia.

Ovechkin llya Sergeevich — Irkutsk State Transport University, Irkutsk, Russia.
Suslov Konstantin Vitalievich — National Research University "MPEI", Moscow; Irkutsk

National Research Technical University, Irkutsk, Russia.

Hlugp nayunoii cneyuanvnocmu. 2.4.5. «Qnepeemuueckue cucmemvl U KOMIIEKCHLY

Ilonyueno 29.03.2024 2.
Ompeoaxmupoeano 14.04.2024 2.
Ilpunamo 23.04.2024 2.

148



