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3amaueil MccieqoBaHus SBISETCS pa3paboTka MU(pPOBBIX MojeNeH, odecreunBa-
FOLIUX BBIYHCIICHHE DIEKTPOMAarHATHBIX BIUAHUH TATOBHIX cetell (TC) Ha TpyOOmpoBOABL.
[Ipenmonaraercs, uro cucreMa snekTpocHabxkerust (COC), B cocTaB KOTOPOH BXOJIAT TaH-
sele TC, ocHameHa cpeicTBaMU KOMIIeHcau peaktuBHoN MommHocTH (KPM). Pacecmot-
PEHBI YCTAaHOBKH ITOTIEPEYHOTO U TIPOAOJIBHOTO MOAKIIOUeHNs. J{jis peanu3anun Mo ienen
HCIIOJIb30BaHBI METOIbI omipeeneHust pexumo COC B pa3HbIX KoopanHaTax. J[is mome-
JIMPOBaHMsI IPUMEHSIIICS TIPOTpaMMHBI KomIuieke Fazonord, sepeust 5.3.4.1 — 2024. Pac-
cmotpeHa COC, BKIIIOYAIOIIAs BHEIIHIOK CETh, 00Pa30BaHHYIO YETHIPbMS JTMHUSIMHU 3JIK-
Tponepenaun 220 kB, a Takke TpU TATOBBIX IOJCTaHINHN, TUTAIOMNX KOHTAKTHBIE ITOJ-
BECKH JIBYXITyTHOTO y4JacTKa. B coctaB Moeny ofHO MEKIT0ICTaHI[HOHHO 30HBI BKITIO-
4YeH TpyOOIpOBOI, PACIIONOKEHHBIH MapauIeNIbHO Tpacce JOPOTH Ha paccTosHUU B 50 M.
Pe3ynpTaTsl Mo#eMMpOBaHUS TTOKa3any, 9To cpenctsa KPM 3ameTHO BIUAIOT Ha yPOBHU



66 dnexkmpornepzemuka

HaBEeIECHHBIX HanpshkeHHi Ha Tpybomnposoze. [To cpaBrenuto ¢ COC, He nmeromeii ycra-
HOBOK KOMIICHCAIIMH, MAKCUMYMBbI 3THX MapaMeTPOB B OTHCIBHBIX TOYKaX TPYObl H3Me-
HsFoTCs B mipenenax ot —14 no 31 %. [Ipennaraemast MeToIuKa sIBISIETCS yHUBEPCATBHON
u MoxeT npuMeHATbes st TC pa3innyHOro KOHCTPYKTHBHOTO HCIOJIHEHHS, BKIIOYas
nepcrnekTuBHble TC MOBBILIEHHOTO HAIPSKEHHUS.

KirwueBrble ciioBa: MOACIIUPOBAHUE, TATOBBIEC CETH, YCTAHOBKHU KOMIICHCAIIUH pe-
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Abstract. This research presents digital models for calculation of the electromag-
netic influences of traction networks on pipelines. It was assumed that the power supply
system, which includes these networks, is equipped with means of reactive power com-
pensation. Shunt and series reactive power compensation devices were considered. Meth-
ods for determining modes in phase coordinates were used. The Fazonord ver. 5.3.4.1 -
2024 was used for modeling. A power supply system with an external network formed by
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four 220 kV power lines, as well as three traction substations that supply catenary suspen-
sions of a double-track section was considered. The model of one intersubstation zone
included a pipeline located parallel to the road route at a distance of fifty meters. The sim-
ulation results showed that compensation devices have a noticeable effect on the levels of
induced voltages on the pipeline. Compared to a power supply system that does not have
reactive power compensation devices, the maximum induced voltages at individual points
of the pipe vary from —14 to 31 %. The proposed methodology is universal and can be used
for traction networks of various designs, as well as promising high-voltage traction net-
works.

Key words: electromagnetic influences on pipelines, modeling, reactive power
compensation, traction networks.
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|. BBenenue

BoOmu3u tpacc aneKTpr(UIPOBaHHBIX JKENE3HbIX TOPOT MOTYT pacHoia-
raTbCsl MPOTSDKEHHBIE MEeTaNIHUeCKUe KOHCTPYKIIUH, HallpUMep, CTaJIbHBIC TPY-
OompoBobl. 3a cUeT AIeKTpOMarHUTHBIX BiusiHuA (OMB) Tsroseix cereii (TC)
Ha JETaldX 3TUX COOPY>KEHMH MOTYT IOSBISATHCS HaBeICHHbIC HAINPSDKEHUS,
OTacHBIE AJIS IIepCOHaa M HEraTUBHO BIIMSIONIME HA CHCTEMBI 3aIUTHI OT JJIEK-
Tpoxumuueckoi kopposuu [1, 2]. Bonpocam MoaenupoBanust OMB, co3nasae-
MbIX TC u aunusiMu snexrponepenadu (JIDII), nocesimeHo 00IbIIOe YUCIO pa-
00T. ANropuTMBI aHaTUTHYECKOro pacuera OMB, mpuMeHHMBIE UII OTHOCH-
TenbHO npocThix cxeM TC, npencrasiieHsl B [3, 4]. Pe3ynbrarsl aHan3a noaxo-
10B K orienke DMB JIDII mepeMeHHOT0 TOKa Ha TIOA3EMHBIE TPYOOITPOBOIBI IIPH-
BeJIcHHI B [5]. Bompock! 3ammter TpyO OT BO3IEHCTBHS HABEICHHOTO ITEpPEMEH-
HOTO TOKa paccMoTpeHsl B [6]. Onenka Biusaus Bo3aymHbeix JISIT Ha cranbHbIE
KOHCTpyKIuH aana B [7]. Onpenenennto snexrpudeckux Bennuud B TC u moa-
3eMHBIX TpyOax, HAXOAAIUXCA O] BO3ACHCTBHEM Oy KAAIOUINX TOKOB, IOCBSI-
niena [8]. Pe3ynbraThl pacuera HaBeICHHBIX HAMPSDKEHHU T HA TPYOOIPOBO/I TIPEI-
crasiensl B [9]. Brnusaue JIDIT BBICOKOTO HANpPSLKEHHS HA PACIPOCTPAHEHHE
onyxaaroumx TokoB o TC npoanamusupoBano B [10]. UccnenoBannio SMB
JIDIT 750 kB Ha HECKOJBKO MOA3eMHBIX TPyO mocsiieHa pabora [11]. 3agaua
onpenenenus: B3aumuoro IMB mexay JIDII u tpybonposojgom perena B [12,
13]. eranpHOE HCCIEIOBaHUE MOMEX IEPEMEHHOr0 TOKa Ha METaUTHYeCKUX
Tpybax, co3naBaeMbix nByxuenHbiMu JIDII BeimosHeHo B [14]. 3anaya cHIDKEHHS
OMB Ha 3ariryGsieHHBIE TpYOBI, IPOJIoKeHHbIe BOIM3K Bo3xymHoi JIDII pemena
B [15]. DMB Tpexdasznoro kabes, MPUMBIKAIOIIETO K TPYOOIPOBO/IY, M3y4aIoCh
B [16]. ODMB JIDII Ha moa3emubie TPYObI mpoaHanu3upoBansl B [17]. Ouenka
BIIMSTHHS CTPYKTYPBI TPYHTA Ha IOKPHITHSA 3ariTy0IeHHOT0 TpyOOoIpoBoia JaHa B
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[18]. PacueThl HaBEeCHHBIX HANPSDKCHUH HA MOA3EMHBIX TPyOax mpu oaHO(as-
HBIX 3aMBIKaHUSIX Ha Bo3ayiuHbIxX JIDII npusenens B [19]. Bompocs! Mmoaeupo-
Banus BiusHuit JISII Ha TpyGompoBoasl npoananu3uposausl B [20, 21]. Ycko-
penHbie anroputMel pacuera IMB JIDII na TpyOst onmcansl B [22]. 3agaga ompe-
JICTICHUS! BIIUSIHUS IOBPEXKICHNUI M30JISUH HA HABEACHHbBIC HANPSDKEHUS B TPY-
GompoBomax perera B [23].

AHanu3 ONMCAHHBIX BBIMIE ITyOIMKAIMHA 1a€T BO3MOXKHOCTD C/ENATh ClIe-
JYIOIINE BBIBOJBIL:

¢ 3amaga MoxenupoBanust OMB JIOII u TC sBusercs akTyaiabHOH, 9TO
CBSI3aHO ¢ HEOOXOIMMOCTBIO 00eCTIedeHHUsI OE30IaCHOCTH TIEPCOHANA W CHHXKE-
HHEM HETaTHUBHBIX BO3JCHCTBHI HaBEIECHHBIX TOKOB HA CHCTEMbI 3aLIUTHI OT
JMEKTPOXUMHUUECKOH KOppo3uu;

® B OOJIBIIMHCTBE paboT 1o onpeneneHnio SMB Ha TpyObI paccMOTpeHBI
Bo3zeiicTBus Tpexdasubix JIOII;

® yHUBEpCaJIbHBIN Moax0/ K BbruucieHuto OMB TC B ykazaHHbIX pabo-
Tax HE pealn30BaH.

Kpome toro, B TC nmepemMeHHOT0 TOKa IIMPOKO MPUMEHSIOTCS CPEACTBA
KOMIICHCAIIMA PEaKTUBHON MOIIHOCTH [24-27], KOTOpble MOIYT HU3MEHSTh
YPOBHHM HaBEJCHHBIX HANPSDKCHUH W TOKOB, MPOTEKAIOIINX 10 TpyOam. 3amada
yuera BiusHuit KPM B momHOM 00BeMe He pemreHa. Hibke mpencTaBieHB pe-
3yJNBTaTHl Pa3paboTKu MUQPOBHIX Mozaenel i onpeaencanss OMB TC Ha Tpy-
60MPOBOBI ¢ KOPPEKTHBIM Y4eTOM ycTaHOBOK KPM.

1. MeTonuka u pe3yJabTaThl MOJEIUPOBAHMSA

s onpenenenus OMB TC ucnons30Banuch METOABI ¥ AITOPUTMBI MO-
JIETUPOBAHUS PEKUMOB CHUCTEM TATOBOTO 3nekTpocHatxkenus (CTD), mpemso-
*eHHsIe B [28, 29] u peanu3oBaHHbIC B IPOrpaMMHOM KoMmIuIekce Fazonord sep-
cun 5.3.4.1 — 2024. PaccMaTpuBauCh YCTAHOBKH MOINEPEYHON KOMIICHCAI[MH
(YKPM), ycranoBieHHble Ha TaroBoil noacranimu (TII) u mocty cexmmoHupo-
Banus (I1C) (puc. 1), a Takxke npoxonsHON kKomneHcanwu (YIIK) — B penmscoBom
¢bunepe u MexynyTHoe komneHcupyoiiee ycrpoicto (KVY) (puc. 2).

MonemupoBanue npoBomiock st CTO (puc. 3), uMeromiei B CBOeM Co-
cTaBe: BHEIIHIOK ceThb ¢ 9eThIpbMst JIDIT 220 kB u tpu TII, muTarommx KOHTaKT-
HBIE TTOJIBECKH JBYXITyTHOTO yJacTKa. B coctaB Mozesi OAHON MEXII0/ICTaHIIN-
OHHOM 30HBI OBLT BKIIFOUEH TPYOOTIPOBOA AuamMeTpoM 250 MM, pacrioioKeHHBIH
MapajyiesIbHO Tpacce JOPOTH Ha PACCTOSHUM B IATHACCAT METPOB. Y UUTHIBAJIOCH
pacmpesnieneHHoe 3azemiieHue TpyObl ¢ mpoBoauMocThio 0,05 Cm/km. Taxxke
MIPEI0Iaragochk, YTO MO KpasM ydacTKa COOPY)KEHHUSI UMEIOTCS CTallHOHAPHBIE
3a3eMJIUTEIH C COTPOTHBIIEHHNEM pacTeKaHuio B oauH OM. /Ly HarmsgHOCTH Ha
puc. 3 moka3aHa KOHTAKTHas [TOJIBECKAa OAHOTO MyTH.
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Fig. 1. Schematic diagram of the shunt reactive power compensation devices:
on traction substation (a); on sectioning post (b)
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Fig. 2. Schematic diagram of the series reactive power compensation devices:
in a rail feeder (a); inter-track compensating device (b)

YacTte cxembl pacueTHON Monenw, coorBercTBytomas TC u TpyOompo-
BOJY, lipe/icTaBjeHa Ha puc. 4. PaccMaTpuBanocs IBMKEHUE CEMHU MTOE3/10B B YET-
HOM W HEYETHOM HarpapJieHUsX (puc. 5). Macchl COCTaBOB yKa3aHBI Ha puC. 0.
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Fig. 3. Diagram of the proximity of the traction network and the pipeline
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Fig. 4. Part of the calculation model diagram corresponding to the traction network
and pipeline
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Puc. 6. Toku, norpedJisieMble 3J1eKTPOBO3aMu:
1noe3Ja HeYETHOr o HanpasJieHusi Maccoii 6300 1 (a); To ke yeTHoro 6000 T (0)

Fig. 6. Currents consumed by electric locomotives:
odd-numbered trains weighing 6300 t (a); the same even 6000 t (b)

MonenupoBaHue HaBeIEHHBIX HANPSIKEHHUH M TOKOB OCYIIECTBIISIOCH C
YUYETOM BBICIIUX TapMOHHK, T€HEPHPYEMBIX BHIPSIMHUTEILHBIMH JJICKTPOBO3aMHU
[28]; mpu 3TOM 3 eKTHBHBIE 3HAYCHHS ONPECISINUCH O BHIPAKESHHIO:
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Pe3ynbraThl MOeIMpPOBaHNUS TIpEICTaBICHB! Ha puc. 7-11 u B Tabn. 1. Ha
puc. 7 mpuBeneHa 3aBucuMocth Uy = Us(t), momydyenHnas mis TOYKH, COOTBET-
cTByolIeH koopaunate x = 20 kM. Ha puc. 8 u 9 mokasans! rpaduku U; = U4(t),
I1 = I1(t), Us = Usg(t), Iz = Ix(t), oTBevaromie MakcCuMyMaM COOTBETCTBYIOIIUX
mapamMeTpoB.

B tabun. 1 npuBeaeHbI OTIHYHS MaKCUMAaTbHBIX 3HaueHuit Us u |z npu uc-
MIOJIB30BAHUY YCTAHOBOK KOMIIGHCAIIMM OT CHUTYalliM, B KOTOPOH OHH OTCYT-
CTBYIOT. YKa3aHHBIC apaMeTphl MPOMLIIOCTPUpoBaHbl Ha puc. 10. Ha puc. 11
NPUBEACHBI KOOPAUHATHI TOUYSK MaKCUMAIIBHBIX paszinanid Us U Is.
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Puc. 7. U3MeHeHHs1 HABelCHHBIX HANIPS2KEHMIl BO BpeMeHHU
B TOUYKE ¢ KOOPAMHATOH x = 20 KM:
meorcoynymuoe KY (1); VKPM na TII (2); YKPM na I1C (3); VIIK 6 penvcogom
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Fig. 7. Changes in induced voltages over time at a point x = 20 km:
inter-track compensating device (1); shunt compensation device on traction
substation (2); shunt compensation device on sectioning post (3);
series compensation device in a rail feeder (4); no means of compensation (5)
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inter-track compensating device (1); shunt compensation device on traction
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series compensation device in a rail feeder (4)
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Taonuya 1.
Otiau4yus MaKCUMAJIBHBIX 3Ha4Yenuii U u | npn Hanmuaun
YCTAHOBOK KOMIEHCAIIMH OT CUTYAIlMH, B KOTOPOil OHH OTCYTCTBYIOT

Table 1.
Differences between the maximum values of Uz and Iz in the presence
of reactive compensation devices from the situation in which they are absent

Bua ycranoBku X, M
0 | 10 | 20 | 30 | 40 | 50
Us
Mexnynytaoe KY -5,23 140 | 482 | -1430| -531 | -743
YKPM Ha TIT 7,99 7,73 9,11 7,95 7,34 9,65
YKPM Ha [1C 24,75 8,23 11,88 | 54,81 192 | 30,88

VIIK B penbcoBoM puaepe 16,33 532 | -109| -093| -0,26 3,53

Is

MexnaynytHoe KY -526 | 641 |-1126| -366| -710| -744
YKPM na TIT 7,95 7,84 5,88 | 10,77 9,75 9,63
YKPM Ha [1C 2469 | 24,62 17,49 18,96 | 33,76 30,80

VIIK B penbcoBoM puaepe 16,31 061| -125| -039| -0,33 3,53

[IpeacraBneHHbIE PE3yNIBTATHI JAIOT BO3MOKHOCTH CHOPMYIIMPOBATSH Clie-
JYIOIITHE BBIBOBI:

e Hanuuue yctaHoBoK KPM mpuBoAMT K M3MEHEHUIO YPOBHEN HaBEIECH-
HBIX HaNpsDKEHUH Ha IeTansax TpyOompoBoaa (puc. 7, 8a, 9a, 10a u 11) 1 TokoB
(puc. 80, 96, 106 u 11), mpoTtekaromux mo Tpyoe;

o mpu MexaymyTHOM YIIK B Toukax ¢ koopauHaramu x = 0, 20, 30 max-
cumyMmbl Uy ymenbmarorest 5... 14 %; B Touke x = 10 HaOmomaeTcst poct 3TOro
mapameTpa Ha 1,4 %; |z cHmkaercs Ha 4...11 %; cnemyer OTMETUTh, YTO JaHHEIC
YCTAHOBKM KOMIICHCAIIMU HE MOJIYYWJIN PACTIPOCTPAHEHHMs, HO MOTYT HCIIOJIB30-
BaThCS B CHUTYallMAX, KOTJa TOKM KOHTAKTHBIX MOJBECOK OTIEIBHBIX MyTell Cy-
IIECTBEHHO Pa3IN4aroTCs;

e mpu YKPM, ycranosnensom Ha TII, npoucxoaut ysenudenue Us u s
Ha7...10m6...11 % COOTBETCTBEHHO;

e mpu YKPM, pa3MelieHHOM Ha MOCTy CEKIIMOHHPOBAHUS, HANPSIKECHUS
Us yBenMYMBAIOTCS BO BCEX TOUKaxX M3MepeHus, kpome X = 30 KM; B 9TOH TOUKe
OHO CHIXaeTcs Ha 55 %: TOKH, npoTeKaroye 1o Tpyoe, Bo3pacrator Ha 17...34
%;

e nipu YIIK B penscoBom duaepe Hadbmonaercst poct Us B Toukax x = 0,
10 u 50 kM, a mpu x = 20, 30 u 40 KM CHUKEHUE BEIMUYHHBI ITOTO MapaMeTpa;
xapakrtep u3MeHeHus |z ananornuen Us.
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111, 3aka0uenne

Pa3paboTansl nuQpoBEIe MOIENN, 00ECTIEYHBAIOIINE ONIPECICHUE PEXHU-
MoB CTD, ocHalIeHHBIX yCTaHOBKaMH HPOJOJIBHON M TOIEpPEeYHOil KOoMIeHca-
uun. [IpoBeneHHOe MopenMpoBaHUE MMOKa3ajo, 4To mo cpaBHeHuio ¢ CTD, He
nmeromieil ycranoBok KPM, MakcuMyMbl HaBeIGHHBIX HAIPSOHKEHUH B OTAEIb-
HBIX TOYKaX TPyOBI M3MEHSIOTCS B Tpenenax ot —14 mo 31 %.

ITpencraBneHHast METOANKA MOXET HUCIIOIB30BATHCS Ha MMPAKTHUKE IIPH BBI-
6ope cpenctB KPM Ha yuactkax cOmmkerus TC ¢ mpOTSDKEHHBIME TPOBOIS-
IIAMH COOPYKCHHAMH. MeToMKa SIBISICTCS YHUBEPCATHHOW W MOXET MpUMe-
HATbCS A1 TC pa3nuaHOro KOHCTPYKTUBHOTO MCIIOJIHEHNS, BKJIFOYAs MEPCIICK-
TuBHBbIE TC MOBBIIIIEHHOTO HANPSKEHNUS.
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