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B cospemennotl anekmposnepeemuke HaUUHaOM aKMUGHO NPUMEHAMbCS MEXHON02ULU NepedaUu 1eKMmpoIHepeUY, 6asupylouwuecs Ha
UCNONL30BAHUY 8030YUHBIX U KabenbhblX TuHull nocmosaunozo moka (JII1 DC). Onu omauuaromesi om mpaouyuonnvix JIDII nepemen-
Hoeo moka (AC) credyrowumu nosodcUmenbHblMU Kayecmseamu: 0ojee Hu3Kue nomepu snekmposuepeuu (33); 3SHayumenvHas 0a1bHOCHb
mpancnopma D3; MeHbUlee KOMUYECmE0 MOKOBeOYWUX Yacmell U KOMIAKIMHOCb; OMCYMCMEUe PeakmusHou MOWHOCHIU; 803MOMNC-
HOCMb COCOUHEHUs HECUHXPOHUSUPOBAHHLIX Yacmell dnekmposnepeemuueckux cucmem (3C); 8blcoKas yNpasiaeMoOCnb, 0SpaHUYeHUe
8030eticmeull Ha OKPYHCAIOWYI0 Cpedy U COKpaujeHue noaockl omuysxcoenus. Llens npedcmagieHHbix 6 Cmambve ucciedo8anuti Cocmosnd
8 paspabomke MemoOuKy U KOMIbIOMEPHbIX Mooenell 01 ONPedeleHUs PerCUMo8 SUOPUOHOL INEKMPULECKOU cemu NepemMeHHO20 U No-
CMOAHHO20 MoKa, numaiowjeli mazosvie noocmanyuu (TI1). [ns pewenus 3adayu yuéma enuanus JII DC na pesxcumul 6b1cOK0801bMHbIX
anexmpuueckux cemetl, numaiowux TII, npumensiuce memoowvt mynomughasnozo npedcmasnenus I3C, peanuzo8antvie 8 nPOPAMMHOM
xomnuexce Fazonord AC-DC. On noszeonsem mooenuposams 6030yuiHble U KabenbHble JUHUL IIeKMPonepeoayu pa3iuiHblx KOHCIMpPYK-
yuil, mokonposoowl, mexnonoauueckue JII1 JKJI mpancnopma, cunogvie u usmepumenvhvle MpaHcGHopmMamopul, 8bINPAMUMENIbHO-UH-
8epmopHbie npeobpazoseamen, akmughoie snemenmyl SMart grid, cmayuonapuvie u mscosuvie nazpysiu. Moodenuposanue 6a3uposanocs
HA UCHOTL308AHUYU CLEOYIOWUX NPUHYUNOB: CUCIIEMHOCTb, KOMNIEKCHOCHb, YHUBEPCAIbHOCMY. Tlepabill U3 HUX NO36015€eNm KOPPEKMHO
yuumuigams g3aumooeticmeaue noocucmem AC u DC. Bmopoii — 0aém 803M0OHCHOCTD 0OHOBPEMEHHO C 8bIYUCTEHUEM NAPAMEMPOS pe-
JHCUMOB BbINOTHAMb PACHEmbl dnekmpomacHumubix nonei JIIT u mazosvix cemeil. Tpemuil npunyun obecneuyusaen MoOeIupo8aHue -
HUIl 971eKmponepedayu, ma2osblx cemell U mpanchopMamopos pasiuiHo20 KOHCMPYKMUBHO20 UCROTHEHUS, a makKdice ycmpoiicme sSmart
grid, maxux kax axmughvle GuabmMpub 2aPMOHUK, ROPAZHO YNPAGTAEMbLE UCHIOUHUKY PEAKMUBHOU MOWHOCIU, YCIMAHOBKU UHBEPNIOPHOL
eenepayuu u op.

KiaoueBble cjioBa: FPI6pI/I,HHLIC DJICKTPUYCCKUE CETHU, JIMHUU DJICKTpOonepeaaun NEPEMEHHOTO U IMOCTOTHHOTO TOKOB; TATOBBIC OO~
CTaHIIUU,; MOJICIIUPOBAHUE.

Integrated modeling of hybrid AC/DC electrical networks supplying traction
substations

Yu.N. Bulatov'?®, A.V. Kryukov?®, A.V. Cherepanov®, A.E. Kryukov®, A.G. Batukhtin*

! Bratsk State University; 40, Makarenko St., Bratsk, Russia

2 Irkutsk State Transport University; 15, Chernyshevsky St., Irkutsk, Russia

3 Irkutsk National Research Technical University; 83, Lermontov St., Irkutsk, Russia

4 Transhaikal State University; 30, Aleksandro-Zavodskaya St., Chita, Russia

¢ pulatovyura@yandex.ru, ® and_kryukov@mail.ru, ¢ smart_grid@mail.ru, ¢ appleforevor@mail.ru, ¢ batuhtina_ir@mail.ru
“ https://orcid.org/0000-0002-3716-5357, ® https://orcid.org/0000-0001-6543-1790,

¢ https://orcid.org/0000-0002-7712-9537,

4 https://orcid.org/0000-0003-3272-5738, © https://orcid.org/0000-0002-9134-0873

Received 03.11.2025, accepted 14.11.2025

In the modern electric power industry, electricity transmission technologies based on the use of overhead and cable DC lines are
beginning to be actively used. They differ from traditional AC lines in the following positive qualities: lower energy losses; significant
energy transmission range; fewer current-carrying parts and compactness; absence of reactive power; the ability to connect unsynchro-
nized parts of electric power systems; high controllability; limited environmental impact and reduction of the right-of-way. The objective
of the research presented in the article is to develop a methodology and computer models for determining the modes of a hybrid AC and
DC electric network supplying traction substations. To solve the problem of accounting for the influence of DC transmission lines on the
modes of high-voltage electric networks supplying traction substations, methods of multiphase representation of electric power systems,
implemented in the Fazonord AC-DC software package, are used. The software suite enables modeling of overhead and cable power
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transmission lines of various designs, busbars, power and instrument transformers, rectifier-inverter converters, smart grid active ele-
ments, and stationary and traction loads. The modeling is based on the following principles: systematicity; comprehensiveness; and ver-
satility. The first allows for the correct consideration of the interaction between DC and AC subsystems. The second enables the simulta-
neous calculation of power line electromagnetic fields and the calculation of operating parameters. The third principle enables the mod-
eling of power transmission lines, traction networks, and transformers of various designs, as well as smart grid devices such as active
harmonic filters, phase-controlled reactive power sources, inverter generation units, and others.

Keywords: hybrid power grids; AC and DC power lines; traction substations; modeling.

Benenne. Jlunun snexrponepenaun (JISII) mocrosH-
Horo Toka (DC) mMeroT cyiiecTBeHHBIE NMPEUMYLIECTBA IO
CpaBHEHUIO ¢ TpaguuuoHHbIMU JIDIT nepemenHoro Toka, Ko-
TOpPBIE 0OCOOEHHO MPOSIBIAIOTCS MPH Mepeade JIEKTPO3HED-
THH Ha JanbHAE paccTtostHu [ 1]. K ux uncay MokHO OTHECTH
crepyrone (GaxTopsl [2, 3]: MOHIKEHHBIE TOTEPH YHEPTHUH;
GonbIIasl AANbHOCTh IIEPEavl; MEHBIIEE KOJIMIECTBO IIPO-
BOJIHMKOB ¥ KOMITAKTHOCTb; OTCYTCTBHE PEaKTHBHOM MOIITHO-
CTH; BO3MO)KHOCTb COSJMHEHNUS] HECHHXPOHM3UPOBAHHBIX Ya-
cTeil anexTposHepreruueckux cucreM (33C); BbIcoKas
YIPaBIIEMOCTb; OIpaHMYCHHUE BO3JCHCTBUN Ha OKpYXKaro-
HIYIO CPEAy U COKpAIllEHHE TOJIOCH OTUYXICHHUS.

Jnst mpakTryeckoit peanuszanuu npoekros JIOII DC
HeoOxouMa pa3paboTKa METOZIOB U CPENICTB, 00eCIIeYHBat0-
IIMX aJIeKBaTHOE MOJieNupoBaHue pexxumoB IIC, B cocTaB
KOTOPBIX BXOJIST TAaKHE JIMHUH. AKTYaJbHOCTh 3TOH 3a7adn
MOATBEP K AaeTCs OOIBIIMM YUCIIOM IMyOIMKanii, HOCBAIIEH-
HBIX e€ penreHuto. Tak, HanpHMep, OCOOCHHOCTH OTIpesiene-
Hus pexxumoB JIDII DC, peanm3oBanHBIX Ha 6a3e mpeodpaso-
BaTesiell HampshKeHUs, onucaHbl B [4]. PaccMoTpeHs! anro-
put™bl MozenupoBanus pexxumos I2C ¢ JIDII DC B cpene
Labview. Pa3pabortanHasi mporpamMma IMO3BOJISICT 3a7aBaTh
koH(puUrypanuio cetu, mapamerpsl JIDII, a Takke MOIITHOCTH
T€HEPaTOPOB 1 HArpy30K. Pe3ynbTaTel pa3paboTKH OCHOBHBIX
pEIIeHII 10 TOCTPOCHHIO CHCTEM perteiiHoit 3amutsl (P3)
B pacIpeeTIUTENFHBIX CEeTSAX IMOCTOSHHOTO TOKa MpeCTaB-
neHsl B [5]. BemonreHa onenka tpebosanuii k P3 JISIT DC
HanpsbkeHueM 6—35 kB u npuBeeHbl peKOMEHAALUH 110 TH-
nam 3amut. Kpome Toro, mpeioxkeHbl TEXHUIECKUE pellie-
Hus 1o noctpoenuto cucteM P3 JIDII DC. 3apaua moaenupo-
BaHUs 3JeKTpoTexHnuyeckoro komiiekca JISIT DC B mpo-
rpamMMHOM cpee Matlab pemena B [6]. BeimonseH ananus pe-
skumoB JIDIT DC ¢ ncnonp30BaHUEM Pa3IUYHBIX CIOCOOOB
peryIMpoBaHHs.

Merton ynpaBieHHsi THOPUIHBIMU CHCTEMaMH DJIEKTPO-
CHA0XEHHs C THOKUMH JIMHUSIMH 3JIEKTPOIIePEIauy IOCTOSH-
HOTO TOKa W THAPOAKKYMYJIHPYIOIMMHU 3JIEKTPOCTAHIUAMHU
omucad B [7]. Pe3ynbraThl mccieoBaHUS TIOKa3ail, 4YTO
npeJyIaraeMblii MOAX0/ MOXKET YUHUTHIBATh HECTAOMIEHOCTh
paboThl TeHepaTOpOB BO30OHOBISIEMOM YHEPTUH, YCTPAHSThH
KOJIe0aH!sl MOIITHOCTH ¥ CTa0MIIN3NPOBATH IIEPETOKH B LIEHTP
Harpy3ku. 3ajaya MOJEIUPOBAHUS 21€KTPOMArHUTHBIX BIIU-
sHuit JISIT nepemMenHoro Toka Ha napaiensHbie tuann DC
pemena B [8]. ITpu npoxmanke JISII noctostHHOrO M mepe-
MEHHOTO TOKa B OJJHUX KOPHAOpPaX BO3HHUKAIOT HJIEKTpOMar-
HUTHBIE CBSI3M MEXTy JIMHUSMH, KOTOPBIE H3yJaJIMCh C IOMO-
mipto mporpammuoro obecniedennsst EMTDC. Ha ocHoBe mo-
JIy9eHHBIX Pe3yJIbTaTOB aHAJIM3UPOBAINCEH TAPAMETPBI, OTIpe-
JIETISIFOTIINE 3TH CBA3M.

Bornpocs! Bmmstaust JISIT nepemennoro toka (AC) Ha 371ek-
Tpuueckoe noje (OI1), Bo3meiicTByrOIIECE HA TTEPCOHAN, Pado-
TaloWMii Ha napauensHelx JuHusix DC, paccmotpenst B [9].
[poananusupoBana pabota nepconana Ha JISIT DC +800 kB,
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napajiensHo koTopoit npoxoaut nunug AC 500 xB. Iomy-
YEHHBIE Pe3yJIbTAThl TOKA3aIH, YTO MAKCUMAJIbHOE 3HAUCHHE
HanpspkeHHocTH OI1 MoXeT mpeBbIaTh JOMyCTHUMBIE IIpe-
JeTbl 1 TpeOyeT IPUMEHCHNUS Mep 3aluThl. Pe3ynpTaTel Mo-
JeNMpoBaHus U onrtuMmu3sanus coctaBHbIx JIDIT AC/DC mist
TIOBBIIICHHUS MIPOITYCKHOW CITOCOOHOCTH TpuBeneHsl B [10].
Paccmotpena JIDIT AC ¢ Hamo)XeHHEM IIOCTOSIHHOTO TOKa,
TIPH 3TOM JBYXIEIHAS JIMHUS NPeoOpaszyeTcs B COCTaBHYIO
JIDII nepeMeHHO-TIOCTOSTHHOTO TOKa. Pa3paborana e€ mate-
MaTHyuecKast MOJIENb JUIs MOJyYEeHHUs YCIOBUHM Iepeiadun MakK-
CUMAaJIbHOM MOILIHOCTHU.

3agaya OLIEHKH HEHCIPaBHOCTEH B MeCTax IepecedeHus
JIDII DC ¢ yu€roM crnoxHbIX paKkTOpOB OKpPYIKaIOLIEH Cpeibl
pemena B [11]. beina peanu3oBana TpéxMepHasi MOJEb, yIHU-
TBIBAIOILAs BETPOBOE CMEILICHHE, BIMAHUE royojiesia Ha Ipo-
BEC NPOBOJIOB M BO3MOXKHOCTH IOBPEKICHUH B YCIOBHAX
ropHoro noxkapa. Onenena Hag&KHOCTh B MECTax Iepecede-
aHud A DC. Arammz Bmustaus JIOII AC HampsbxeHHEM
1000 xB na mapamnensasie miuand DC BemonseH B [12]. s
€ro MpOBeNIeHUsI ObUIa pa3paboTaHa MOAENb C HCIIOIb30Ba-
HHeM nporpammHoro obecnedennss EMTDC. Ha eé ocHoBe
PacCUUTHIBATUCH HANPSDKEHUSI M TOKM MPOMBIIUICHHONW Ya-
CTOTHI, HaBeAEHHbIe B JMHHMSIX DC mpH paznuyHO mpoTs-
JKEHHOCTH COBMECTHOM IPOKJIAIKUA U PACCTOSHUSIX MEXIY
ocsimu JIDIT AC u DC.

OmnpeneneHue deKTpoMarauTHeIX omex B JIDIT DC ot
napasuieNbHON JMHUN IEPEMEHHOTO TOKA BBINOJIHEHO B [13].
[MoapoOHO nMpoaHaNIM3MPOBAHBI BINSHHUS, BO3HUKAIOLINE U3-
3a émMKocTHOW W MHAYKTUBHOM cBsizu JIDIT DC ¢ pacmomno-
KEHHOW MOOJIN30CTH TapaJuIeNIbHON JIMHUEH HepeMEHHOTO
Toka. Pa3paborana monens mHOronpoBoxHOH JISIT mist pac-
4yéTa MHAYIUPOBAHHOTO HamNpspKeHWs. ['eHepupyemble Io-
MEXH paCCYMTHIBAINCH [ YCTAaHOBHUBIIETOCS peXKUMa U aBa-
PUIHBIX COCTOSIHUI. 3y4eHOo BIMsIHUE pa3IUYHbIX [IapaMeT-
pOB Ha Takue NOMEXH. XapaKTepHUCTUKH pacTpeeseHUs
anexrpudeckoro nodst nox JISI DC nonyyenst B [14]. s
mozenuposanus JISTT DC nanpspxenuem +800 kB ncnonb3o-
Basock nporpammHoe obecnieaenne COMSOL Multiphysics.
N3zyuena koppensanus Mex 1y NU3MEHEHUSIMU BBICOTBI OJIBECA
MIPOBOOB U paclpeeIeHUEM INEKTPUIECKOro nos. Pe3ynb-
TaThl MOJEJIUPOBAHUS IMOKa3alH, 4TO HampsbkEHHOCTH Ol
nox turnooit JISIT DC +800 kB He mpeBbImIaOT IOMyCTH-
MBIX [IPE/IENIOB.

Bomnpocs! peanuzanuy oTnaek NEPEMEHHOTO U MOCTOSH-
HOro ToKa oT komOorHupoBaHHbIX JIDIT AC/DC paccMoTpeHsl
B [15]. Iloka3zaHa BO3MOXHOCTH CO3/aHHS HECKOJBKHX OT-
naek AC u DC ¢ He3HaYHMTEIbHBIM BIIMSHHEM Ha YCTONHYH-
BOCTb X paboThl. JI1s1 000CHOBaHUS pe3yNbTaTOB ObLIa pea-
nm3oBana Mozaens B EMTDC. YcosepiieHCTBOBaHHAs MO-
Jenb notoka MomHocty JIDIT mocTosiHHOro Toka Mpeasno-
xkeHa B [16]. OHa mpeaHa3zHaueHa AJS UCHOJIBb30BaHUS IPU
peanu3aniy MHTEJUICKTYaJIbHOH CHCTEMBI 3JIEKTpOCHaOXe-
HUS, TJIe TPOM3BOJUTENM W TOTPEOMTENM OOMEHHBAIOTCS
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JAHHBIMU U 3HEpPruel B pealibHOM BpeMeHH. UToObI npenoT-
BpatuTh neperpysky JIOII pa3paboraHa Monenb BUpPTYyaib-
HOTO KaHaia. [Ioka3zaHo, 9TO €To NCTIOIb30BaHIE MOXKET 3Ha-
YHUTENIFHO TTOBBICHTH MPOITYCKHYT0 criocoorocTts JIDIT DC.

YHupunupoBaHHas MOJENb HMIIEIAHCA YETBIPEXIIO-
JFOCHHUKA U OBYXMOMIOCHBIX Bo3nymHBIX JIOII DC omu-
cana B [17]. IlokazaHO, YTO CYIIECTBYIOT pa3JIMuHBIC pe-
JKUMBI pabOThI MapajuieNbHpIX MHOronomocHbx JIOI DC,
CpeAr KOTOPBIX €CTh aCUMMETPUYHOE COCTOSHHE YHUIIO-
JSpHO-OUNOJSIpHON THOpHIHON (opMbl. [lnist pemeHus mpo-
0J71eMBbl TapMOHUYECKOTO aHAIIM3a Ha CTOPOHE MOCTOSTHHOTO
TOKa B CHMMETPHYHBIX YCJIOBUAX MPEIOKEHa YHUPUIUPO-
BaHHas MOJIeJb uMIienanca Juist ayxmoirocHeix JISIT DC,
MpUMEHUMas K Pa3IMYHbIM yCIOBUSAM. Pe3ynsTaTel Mozenu-
poBarms Ha ocHOBe PSCAD moka3pIBafoT, 9TO 3Ta MOJIEIh
JEMOHCTPHUPYET BBICOKYIO 3(p(heKTUBHOCTH; IIPH 3TOM Cpen-
HSISI OTHOCHUTENbHAS IIOTPEITHOCTh B aCHMMETPHYHBIX YCJIO-
BUSIX CHIDKAETCS HE MeHee 4eM Ha 5 %. XapaKTepHCTHKU
CETH MOCTOSIHHOTO TOKA 1A Nepeaadn AaHHbIX 1o JIDII B un-
TEJJIEKTYaJIbHBIX CETSAX npencTasieHsbl B [18]. PaccmaTtpuBsa-
etcs JIDII DC, npenHasHaueHHas IS paciipeeICHuUs dHep-
THH, C IEJIbI0 €€ UCTIONB30BaHMs IPU 0OMEHe HH(pOopMaIreit
nocpeAcTBoM cucTeMsl cBsi3u no JIDII. beuta peann3oBana
mozeins JIDIT DC B cpene Matlab u monyueHsl BpeMeHHbIE
XapaKTEepUCTUKU Harpy:KeHHOH ceru. IIpuBeneHsl sxcnepu-
MEHTAIBHBIC PE3yJbTaThl, MOATBEP)KAAIOIINE OOOCHOBAH-
HOCTB IPEUTOKEHHOTO TTOIX01a.

Pe3ynbTaTsl ompeneneHus 3JIEKTPOMATHWUTHBIX IOJIEH
(BMII) Bokpyr JIBII DC +£500 B, coemmmsromeit 93C
Erunra u Caynosckoid ApaBuu, npuseneHs! B [19]. ITpose-
JEH aHalM3 ¥ MOJENIMPOBaHKE 3Toi nuHMH. [lokazaHo, 4TO
MaKCUMaJIbHble HampspkEHHOCTH DOMII 3aBHCAT OT BBICOTHI
TIOZIBECA MOJIFOCHBIX MPOBOJHUKOB. Takke N3y4eHO BIIMSIHUE
OTKJIFOUEHHUS TIOJIFOCOB Ha INPOCTPAHCTBEHHOE pacIpesierne-
Hue OMIL. Bonpocel MozenupoBaHHS 3J€KTPOMArHUTHOM
Oe3omacHOCTH MpH 3KCIulyaranuu asyxiendeix JIOIT DC
HanpspkerrneM +800 n £500 kB paccmotpens! B [20]. ITytém
co3nanusi pacuétHod monenu DMII ananmsupoBancs ypo-
BCHb BO3JICHCTBHH Ha OOCIY>KMBAIOIIMI IIEPCOHAN TP pe-
monrte JIDII. TlonyueHHble pe3ynbTaThl BBISIBUIIA MOTEHIM-
aJIbHBIE PUCKH, CBsi3aHHbIe ¢ DMII, 4To moaTBepKIaeT Heoo-
XOIUMOCTD 3(P(HEKTUBHBIX MEP SKPAaHUPOBAHUSL.

Pe3ynbTathl pacu€ra TpEXMEPHOTO 3JIEKTPUUECKOTO MOJIS
Y MIOHHOTO TOKa B MOJIEIIH Y€JIOBEYECKOTO TeJIa MO JINHUAMHI
DC cBepxBbICOKOTO HampshkeHus npuBenens! B [21]. ABTo-
paMu npeaokeH 1 3KCIIEPUMEHTAIBHO IPOBEPEH HOBBII Me-
Tox a"anmu3a OMII nmoroka nonos nox muaMAME DC. TToka-
3aHO, YTO HOHHU3MPOBAHHOE OJIIEKTPHUYECKOE IOJIe 3HAYH-
TENIbHO UCKaXaeTcsl uesloBeueckuM TenoM. IloxyueHnsle pe-
3yJIbTaThl MOXKHO MCIIOIB30BATh AJIsl OEHKHU AJIEKTPOMAarHuT-
HOI1 06cTanoBkH nox JimHUsIME DC. Merouka onpeneneHus
OIl B OKPECTHOCTSX IOMOB, pacrtoyokeHHbIX BOsm3u JIDIT
DC Beicokoro Hampspkenust onmcana B [22]. [TokaszaHo, 9Tto
HaJIuie NOCTPOEK HCKaXaeT Mojie NOTOKa HOHOB MO BBICO-
xoBostbTHBIME JIDIT DC. Tlpu HHXESHEPHOM NPOEKTHPOBA-
HUH TpeOyeTcst BRICOK03(h (GEeKTHBHBIHM anroputM pacuéra JI1.
ABTOpaMH HCHOJB3YETCSI METOZ TOBEPXHOCTHOTO 3apsia,
aTakke pazpaboTaHa CTpaTerws A YCKOPEHHS BBIYHCIIE-
Hui. E€ afexBaTHOCTh MOATBEPXKACHA 3KCIEPHUMEHTAJIHHO
B JIADOPaTOPHBIX ycloBHsX. [Toka3aHo, 9T0 HANPSIKEHHOCTD
DIl BOKpyr BepXHEro Kpasi KpbILIM-IIIMWIS OoJjblie, 4eM

B IpyrUX O0JacTsX, a paclpenesieHHe ToJsl Ha Hell cylue-
CTBEHHO OTJIMYAeTCd OT aHAJOTMYHON KapTHUHBI Ha IUIOCKOM
KpBIIIIE.

OreHKa AIIEKTPOMarHUTHONH 00CTaHOBKU BOKPYT ITO3EM-
seIX JIDII DC BBICOKOTO HampspkeHus naHa B [23]. Paccmar-
puBaeTcss MarHuTHOe Tosie (MII) BBICOKOBONBTHOM JIHMHUHU
DC, cocrosmeit u3 nByX map Moa3eMHBIX Kaberneit, mposo-
KEHHBIX BIONb aBToMarucTpamd. Cucrema 3IieKTporepe-
Ja4, BKiIIovaromas Bce e€ xomnoneHTs! (JIDII, Tpanchop-
Maropsbl, MpeodpazoBaTean U (QUIBTPHI), MOJEIMPOBATIOCH
LEMHBIM METOJIOM, KOTOPBIIl O3BOJISAET MOJTyYUTh pacipese-
JIEHHe TapMOHMK ToKa o anuHe auHuu. MII, cozgaBaemoe
B OKpY KalOIIei cpesie, pacCYUTHIBAIOCH THOPUAHBIM METO-
JIOM KOHEYHBIX U IPaHUYHBIX J1eMeHTOB. OIeHUBAJIOCh CO-
OTBETCTBHE HOPMaM, OTPaHHYHBAIONINM BO3/ICHCTBHE Ha Ye-
JOBEKa, W TEXHWYECKUM CTaHAApTaM, OOECIICUMBAIOIIIM
NIEKTPOMATHUTHYIO COBMECTUMOCTb. METOIMKa OIpesere-
HUS SJICKTPHYECKOTO oI B MecTax nepeceueHus JIDIT DC
npencrasiena B [24]. Jdna monenupoBanus I11 ucnons3oBa-
JIMCPH CIIEYIOIINE METO/IBI: MOJCTTMPOBAHHMS 3aps/a U KOHEU-
HbIX 371eMeHToB. [l Mect nmepeceuenus JIDIT DC ¢ mpowus-
BOJIHBIMH YIJIAMU NPUHATA HWIMHAPHYIECKas pacuéTHast 00-
nactb. IpennoskeH anropuT™ onpeeseHns] UCKYyCCTBEHHOM
TpaHUIIbI C JIIOOBIM YTJIOM nepeceueHust. [Ipennaraemorii aB-
TOpaMH TOAXOA MpUMEHsICsA a1t aHaimm3a OIl Ha ypoBHE
3eMud B o0acTu niepecedenus muanii £500 kB. Merton uneH-
tudukanun Hercnpasroi JISIT DC, ocHOBaHHBIH Ha OIICHKE
CTETEHH CXOJICTBA YAaCTOTHOTO CIEKTPa HANPSDKEHHUSI OTHOM
JIMHUY ¢ TOKOM JPYTOH, Ipe utoxkeH B [25]. OH Ob11 ipoBepeH
mytém mogenupoBanus JIOIT DC nampsoxermem +500 B.
OnmcaHHBIN MTOX0/ MO3BOJIAET M30€KaTh OTKIIOUESHUS HC-
MPaBHBIX JIMHUH, YTO CIIOCOOCTBYET TOBBIICHHIO HAEKHO-
cru JIDI DC.

AHanu3 npencTaBlIeHHBIX BBIIIE paObOT TO3BONISIET ChHOp-
MYJIMPOBATh CJIETYIOIINE BHIBOIBI:

e 3a1aua MozenupoBanus D9C, B COCTaB KOTOPHIX BXO-
nst JIDIT DC, uMeeT HECOMHEHHYIO aKTyalbHOCTb M SIBIISI-
€TCsl OCHOBOH JJII MX aKTMBHOTO IPHMEHEHUS! B COBPEMEH-
HOH 3JIEKTPOIHEPreTHKE;

® aBTOpPaMM PacCMOTPEHHBIX B 0030pe ITyONMKanmii npea-
TokeHBI 3 eKTUBHBIE MeTo 1B MoaermpoBanwst JIDIT DC.

3HauuTeNbHAS YaCTh AIIEKTpUUecKuX cetel Poceun, oco-
6enHo B perrnoHax Cubupu u JlansHero BocToka, mpuMbIKaeT
K TSATOBBIM NOJICTAaHIMSAM MaruCTPabHBIX KEJIEe3HBIX JI0POT;
mipu 3ToM ofHodasHble TaroBsle cetr (TC) oka3pIBarOT 3HaA-
YHUTENFHOE BIMSAHUE Ha UX peKUMBI. OTHaKO BOMPOCH y4uéTa
3TOr0 (haKTOpa B OMHCAHHBIX BBINIE IMyOJHKALIMSIX HE pac-
cMOTpeHbI. J1Jis1 pelieHus 3ToH 3a1a4u MOKHO HCIIOJIb30BaTh
MOAXO0Jl, OCHOBAaHHBIH Ha MYJIbTU(A3HOM NpeCTaBICHUN
anemenToB DOC, npeanoxkeHHsIi B [26, 27]. Hinke paccMoT-
penst Bonpock! BiustHus JIOIT DC Ha pexumbl anexrpuye-
CKHX ceTeil, nuraromux Tsrossie noacranimu (TT1) mepemen-
HOTO TOKa.

Metoauka u pe3yJbTaThl MOAJIUPOBaHus. [[7151 pere-
Hus 3a1auu yuéra BiausiHust JIDIT DC Ha pexumbl BBICOKO-
BOJIbTHBIX AJIEKTpUYECKuX ceted, nuraromux TII, mpumens-
JIFCh METOJIBI MyJIbTH(a3HOro npeacTaieHns DOC, mpeio-
eHHbIe B [22-30] u peann3oBaHHBIE B IPOTPaMMHOM KOM-
mwiekce (ITK) Fazonord AC-DC (puc. 1). On mo3BossieT Mo-
JIeIMPOBaTh BO3AYLIHbIC U KaOeNbHBIC JIMHUHU JJIEKTpOIIepe-
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JIAY¥ Pa3IMYHBIX KOHCTPYKIHUIA, TOKOIIPOBOJBI, TEXHOJIOTH-
yeckue JIDIT X]I Tpancnopra, CHIOBBIC M U3MEPUTEIILHBIC
TpaHc(opMaTOpH, BEIIPAMUTEIHHO-HHBEPTOPHEIE Tpeodpa-
30BaTelld, aKTHBHBIC dIeMeHTs Smart grid, crammonapHbie
U TSITOBbIE HArpy3ku. MojenupoBaHue 0a3upoBaIoch Ha UC-
MOJIb30BAHUH CICAYIOIIMX PUHIUIIOB:

1) cCTEMHOCT®;

2) KOMITJICKCHOCTb;

3) YHHBEPCAILHOCTb.

IlepBbIii U3 HUX MO3BOJIIET KOPPEKTHO YUUTHIBATH B3au-
moperictBue noacucteM AC u DC npu MozxenupoBanuu pe-
xumoB DOC, umeronux B cBoeM coctase JISIT DC. Bropoit
— IaéT BOBMOKHOCTB OJTHOBPEMEHHO C OTPEJIeNICHUEM PEexXKHU-
MOB BBITIOJHATh PACUYETHI AIICKTPOMArHUTHBIX Toneit JIDIT

n TC. Tperuii — obecriedrBaeT MOJIEINPOBAHNE JTUHHUH JJIEK-
TpoliepeadH, TATOBBIX CETe W TpaHC(HOPMATOPOB pasiiid-
HOTO KOHCTPYKTUBHOTO HCIIOJIHEHHS, a TaKXK€ YCTPOWCTB
smart grid, Takux Kak akTHBHbIC (PUIBTPHI TAPMOHHK, TI0-
(a3HO ympaBisieMble MCTOYHHKH PEAKTHBHON MOIIHOCTH,
YCTaHOBKH WHBEPTOPHOI I'eHepaIuy 1 Ip.

MopaenupoBaHu€e NPOBENEHO Il CXEMBI AIEKTPUIECKOM
CeTH, MOKa3aHHOH Ha pHC. 2, B COCTaB KOTOPOW BXOIUIU
CleAyIoIMe 3JeMeHTh: 4eTblpe Bo3aymHelx JIOII AC
HanpspkenueM 220 kB, AC-DC npeo6pa3zosarens, JISIT DC
220 kB, tpu TII 220/27,5 kB u TsroBas cetsb 25 kB. [Toacu-
crema DC BkiIOYana JBeHaJALATUIYJILCHBIA MpeoOpa3oBa-
Tenb U ounossipayto JISII mocTossHHOTO TOKa ¢ Harpy3Koi
120 MBr.

4 N\
OnpepeneHne CrnoxHo
HECUMMETPUYHDIX,
HecuHycounaanbHbIX,

Y

HEMNoNHOM3HbIX U
»| aBapuitHbIx pexumos
33C

f

Pacuert
HanpsixXeHHOCTeNn
3NEKTPOMarHUTHbIX
nonen J13MN n Tarosbix
ceten (TC)
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DazHble KOOPAUHATEHI

Y
OnpepgenexHune
HarpeBoB
TOKOBeAyLUMX Yacten n
TpaHcdhopMaTopos,
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PEXUMOB MNraBkun
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( I'TapameTpuyeckas
naeHTudnkaumnsa
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Puc. 1. 3agaun, pemaemsie B [IK Fazonord AC-DC

20C 220 kB JIOIT AC 4
| mnac
[ %
I JIOIT AC 2 JIDII AC 3
TII 1 @ TII2 TII3 El AC-DC
( CTD25kB

) ((mnoc)
\

Puc. 2. Cxema MoAenupyeMoil 3IeKTpUIEeCKON CETH, BKIIOUAIOIIEi CerMeHThI IEPEMEHHOT0 U IIOCTOSIHHOTO TOKOB

PesynbraThl MOAETHPOBAHUS IPOWLIIOCTPUPOBAHEI HA
puc. 3—11. JIns cpaBHEHUsI BBIIOIHEHBI PACYETHI CETH C OT-
kiroueHHor JIDIT DC. 115t COOTBETCTBUS MEXKTYy MOACIISIMH
Ha mmHax 220 kB TII 1 Obuti 3aganbl 0TOOPBHI MOIITHOCTH
41,3 +j12,6 MB-A Ha ¢a3y. Ha puc. 3 u 4 npuBeeHb! rpa-
(bukH, OTBEYAIOITHE 3aBUCHMOCTSIM KOI(PPHUIIMEHTOB HECHM-
metpun Ky, =k, (t) nHa mmmax 220 kB TIL U3 puc. 3

BUAHO, uTo IpH Hanmuuauu JIDIT DC HecummeTpus Ha IMHAX
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TII 3 B oTAE/IbHBIE MOMEHTHI BPEMEHHU 3aMETHO CHUXKAETCSL.
Pasnuune B MrHOBEHHBIX 3HAYCHHSX K,, , MOJYyYEHHBIX
B CXeMax C BKITFOUeHHOH n oTkmouennoi JISIT DC, noctu-
ratot 12 %. Haubonpire oTiinyus HaOJII0IaF0TCS HA IIIMHAX
220 xB TII 3. Ilo mepe ynaneHuss OT UCTOYHHUKA ITHTaHUS

pasIHUMs MaKCHMAIbHBIX BEIMUYHH K,, YBENTHIUBAIOTCS
(puc. 4, 6).
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Puc. 4. 3aBucumoctn 8K, =8k, (t) (@) 1 rpaduxy pasnuuuii MAKCUMAIbHBIX i CPEIHUX 3HaueHnit K,, Ha muuax 220 kB TII (6)

Ha puc. 5-7 npencrasiensl pe3ybTaThl ONpeIeIeHHs He-
CHHYCOMJAJIBbHBIX pexkuMoB. Ha puc. 5 npuBeneHs! rpaduxu
k, =k, (t) 3aBucumocteli cymmapHBIX KOd(hQHIHCHTOB
Beiciux rapMoHUK (BI') Ha mrax 220 kB TII ot BpemeHn.
W3 HuX BHOHO, YTO PE3KO NMEPEMEHHBIE TSATOBBIE HArpPy3KU
BBI3BIBAIOT 3HAYNTEIbHBIE KoneOanust K, . [Ipu BKIIFOUeHHOM
JIDII DC wmakcuManibible ypoBHH BI' yBennumBarorcs
B 1,6...1,9 pa3 (puc. 6). Oto BbI3BaHO renepanueii Bl mpeoo-
pazoBarensimu AC-DC nunun nocrosiHaoro Toka. Ha puc. 7
MIpeACTaBIeH FTapMOHMYECKUI COCTaB HANPSKEHU I Ha MIMHAX

14 T |
k%
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R
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a)

220 xB TII 1 npu BriroueHHo#t U otkmoueHHor JIDIT DC.
11 CHUKEHUSI TapMOHMYECKUX UCKAKEHUM MO>KHO MCIOJIb-
30BaTh aKTUBHBIE (PUIIBTPBI rapMOHUK [28].

Ha puc. 8, 9 mpuBeneHsl pe3yabTaThl ONpPEACTICHUS
3JIEKTPOMArHUTHBIX ToJieil BeIcOKOBOMBTHEIX JIDIT mepe-
MEHHOTO M IIOCTOSHHOTO TOKOB. 3aBUCHMOCTH TOPU30H-
tanbHbIX (Ex) 1 BepTukaneHbIX (E,) cocTaBisionyx, a Takke
aMuATY I (Emax) amextpuueckoro mosst JISII DC ot koop-
JVHATHl X OCH, PAcIoJOXeHHOH moj yrioMm 90 rpagycos
K Tpacce JIDII npeacraieHsl Ha puc. 8, a. AHAIOTUYHbIE
JIarpaMMBbl JJIsl MarHUTHOTO TI0JIS TTOKa3aHbl Ha puc. §, 0.

3
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Puc. 5. Tpaduxu k, =k, (t) #a munax 220 xB TII 1: g — npu mammuuu JISII DC; 6 — npu orcyrersuu JIDIT DC
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Ha puc. 9 npuBeneHb! pe3ysIbTaThl CpaBHEHHS aMILTUTY 1T
OMII JISIT AC u DC. 13 Hero BUIHO, YTO MPH OJUHAKOBOM
BBICOTE TofBeca HIKHUX mpoBonoB JIDII DC renepupyet
OMII ¢ HanpspKEHHOCTSIMH, MPEBHIIAIOMIAMA aHAJIOTHY-
uele nokazarenu 1 JISIT AC. CpenHsis BelmmdarHA OTHOIIE-
ans E0°) /EY) cocrasmser 1,4,a HEY JHE) =25,

3akiarouenne. Pazpaborana MeToauKa M pea30BaHbI
KOMITBIOTEPHBIE MOJIEIIH, TTPEHa3HAUSHHBIE JIsT KOMILIEKC-
HOTO MOJICJIUPOBaHMs THOPHIHBIX DJIEKTPHUYECKUX CeTei
MEPEMEHHOr0 M ITIOCTOSHHOTO TOKa, MHUTAIOIIUX TSATOBBIC
noacTaHuuu. /st MpoBeieHNsT MOJICTUPOBAHHS HCIIOIb30-
BaJICS TIPOTpaMMHBIif poxykt Fazonord AC-DC [26, 27].

Jlumepamypa

1. Peokor HO.JI. JlampHue snekTpomepenaydl CBEPXBBICOKOTO
HanpspkeHust. M. : U3natensckuit nom MOU. 2017. 488 c.

2. Jos Arrillaga. High Voltage Direct Current Transmission.2nd
Edition, The Institution of Electrical Engineers, 1998. 312 p.

3. E.W. Kimbark. Direct current Transmission Wiely Inter Sci-
ence. New York. 1971.

4. bymnatoB b.I'., l'onmpamreiin M.E., Kop6ykos H.B. Ocobenno-
CTH MOJCIIMPOBaHUs NEPEIavdu IMOCTOSIHHOI'O TOKA Ha Oase npe-
06p8.30BaTeJ'I$I HanpsOKCHUS B COCTaBE 3HeKT‘pI/I‘{€CKOﬁ cetu //
Bectauk HOxHO-Ypanbckoro rocyaapcTBEHHOIO YHHUBEPCH-
tera. Cepust: Duepreruka. T. 14. Ne 4.2014. C. 31-36.

5. KonecuukoB A.A. Pa3paboTka OCHOBHBIX pELICHHH IO IIO-
CTpoeHHIO cucTteM P3 B pacnpenenuTenbHbBIX CeTAX MOCTOSH-
HOTO TOKa // DeKTposHepreTrka riazamu monogexu. — 2016.
2016. C. 356-359.

6. Hoparum M., ITanteneeB B.M. MopenpoBanue »ineKkTpoTex-
HUYECKOIr'o KOMIUIEKCA JIMHUU JJICKTponeEpeaavYu NOCTOAHHOTO
TOKa B mporpammuoii cpeae Matlab // XKypuan Cubupckoro
(henepanpHoOTO YHUBepcuTeTa. Cepusi: TeXHUKA U TEXHOIOTHH.
T. 16. Ne 2. 2023. C. 212-227.

7. Zongda Mu, Yanling Du, Zijin Li, Bin Wang, Wenchuan Wu,
Haitao Liu, Yifan Song. "Dispatch Method for AC/DC Hybrid
Power Systems with Flexible DC Transmission Lines and
Pumped Storage Power Stations," 2020 12th IEEE PES Asia-
Pacific Power and Energy Engineering Conference (APPEEC),
Nanjing, China, 2020, pp. 1-5, doi: 10.1109/APPEEC48164.
2020.9220500.

8. T.Lu, S.Zhao and X. Cui, «Simulation of Electromagnetic In-
duction on DC Transmission Lines from Parallel AC Transmis-
sion Lines» 2007 International Symposium on Electromagnetic
Compatibility, Qingdao, China, 2007, pp. 114-117, doi:
10.1109/ELMAGC.2007.4413444.

9. A. Ma, J. Wang, Y. Bi and Y. Fang, "The influence of EHV
AC lines on the body surface electric field of live working per-
sonnel in parallel UHV DC transmission lines," 2020 IEEE In-
ternational Conference on High Voltage Engineering and Ap-
plication (ICHVE), Beijing, China, 2020, pp. 1-4, doi:
10.1109/ICHVE49031.2020.9279724.

10. U. Mustafa, M.S.B. Arif, H. Rahman and M.A.B. Sidik, "Mod-
elling and optimization of simultaneous AC-DC transmission
to enhance power transfer capacity of the existing transmission
lines," 2017 International Conference on Electrical Engineer-
ing and Computer Science (ICECOS), Palembang, Indonesia,
2017, pp. 328-332, doi: 10.1109/ICECOS.2017. 8167159.

11. Y. Lietal., "Fault Assessment Model of HVDC Line Crossing
Points Considering Complex Environmental Factors,” 2023
IEEE International Conference on Power Science and Technol-
ogy (ICPST), Kunming, China, 2023, pp. 1021-1029, doi:
10.1109/ICPST56889.2023.10164882.

12. Li Xin-nian, J. Wei-ping, Li Tao, Z. Zhao-hua and W. Ya-ni,
"Study on the influence of 1000kV AC lines on the parallel

MeroauKa SIBJISICTCS YHUBEPCAIBHON U MOXKET MCIIOJb-
30BaThCs IS onpeesieHns peskuMoB 1 DOMII B rubpugHbIx
NMEKTPUUECKUX CETAX Pa3INyHON CTPYKTypsl. Pe3ynpraTsl
MOJIEITMPOBAHMS MOTYT MPUMEHSTHCS B TIPAKTUKE TIPOSKTH-
poBauus u dKcruryataru IC, BKIIOYAIONINX CETMEHTHI
TIEPEMEHHOTO U MOCTOSHHOTO TOKA, ISl BEIOOPa MEPOTIPHS-
THH 10 YJIyYIICHNIO Ka4eCTBa IEKTPOIHEPTHH U MOBBIIIE-
HUIO YCIIOBHUH IEKTPOMarHUTHOM 0€301MacHOCTH.

Paboma evinoninena é pamkax 2ocyoapcmeennozo 3aoanus Mu-
Hucmepcmea Hayku u evicuiezo oopazosanus Poccuiickoii De-
oepayuu (mema Ne 123102000012-2), coenamenue Ne 075-03—
2023-028/1 om 05.10.2023 2.

UHVDC transmission lines and its mitigation,” 2008 Joint In-
ternational Conference on Power System Technology and
IEEE Power India Conference, New Delhi, India, 2008, pp. 1-6,
doi: 10.1109/ICPST.2008.4745173.

13. J. Tang et al., "Analysis of Electromagnetic Interference on DC
Line From Parallel AC Line in Close Proximity" in IEEE
Transactions on Power Delivery, vol. 22, no. 4, pp. 2401-2408,
Oct. 2007, doi: 10.1109/TPWRD.2007.905334.

14. S. Wang, A. Zou, T. Yang, Y. Li and Y. Liu "Electric Field
Distribution Characteristics of Human Head Under UHV DC
Transmission Line" 2022 15th International Congress on Im-
age and Signal Processing, BioMedical Engineering and Infor-
matics (CISP-BMEI), Beijing, China, 2022, pp. 1-5, doi:
10.1109/CISP-BMEI56279.2022.9980209.

15. O. Rahman, S. Hameed and S. Parveen "Simultaneous Tapping
of AC and DC Power and their Independent Control from Com-
posite AC-DC Power Transmission Lines" 2023 International
Conference on Power, Instrumentation, Energy and Control
(PIECON), Aligarh, India, 2023, pp. 1-6, doi: 10.1109/
PIECON56912.2023.10085876.

16. H. Wang, S. Mu, Z. Zhang and J. Zhang "An improved DC
power flow model with virtual transmission channel for restor-
ing energy internet power flow solvability" 2017 IEEE Confer-
ence on Energy Internet and Energy System Integration (E12),
Beijing, China, 2017, pp. 1-5, doi: 10.1109/E12.2017.8245618.

17. S. Wang, Q. Yin, T. Chang, J. Ma, H. Tu and M. Peng, "Unified
Impedance Model of Four-Port Network for Bipolar Overhead
Lines in Parallel Multi-Terminal DC Transmission System™
in IEEE Transactions on Power Delivery, vol. 40, no. 3,
pp. 1448-1458, June 2025, doi: 10.1109/TPWRD.2025.3552637.

18. G. Vitale "Characterization of a DC grid for Power Line Com-
munications in smart grids" 2014 IEEE 15th Workshop on
Control and Modeling for Power Electronics (COMPEL), San-
tander, Spain, 2014, pp. 1-10, doi: 10.1109/COMPEL.2014.
6877186.

19. M.M. Samy "Computation of electromagnetic fields around
HVDC transmission line tying EGYPT and KSA" 2017 Nine-
teenth International Middle East Power Systems Conference
(MEPCON), Cairo, Egypt, 2017, pp. 1276-1280, doi: 10.1109/
MEPCON.2017.8301345.

20. Yi Zhang, Ning Xu, Yinlong Wang, Jie Zhang, Rui Wang.
Electromagnetic Safety Simulation Study of Electromagnetic
Safety Operation on +800kV+500kV Same-Tower Double-
Circuit DC Lines. 2025 IEEE 5th International Conference on
Electrical Materials and Power Equipment (ICEMPE). 2025.

21. Y. Zhen, X. Cui, T. Lu, X. Li, C. Fang and X. Zhou, "3-D Fi-
nite-Element Method for Calculating the lonized Electric Field
and the lon Current of the Human Body Model Under the
UHVDC Lines" in IEEE Transactions on Power Delivery, vol.
28, no. 2, pp. 965-971, April 2013, doi: 10.1109/TPWRD.
2012.2234767.

55



22

23.

24.

25.

26.

217.

28.

29.

30.

Systems Methods Technologies. Yu.N. Bulatov et al. Integrated modeling ... 2025 Ne 4 (68) p. 49-57

. D.Wang, T. Lu, Q. Li, B. Chen and X. Li, "3-D Electric Field
Computation of Steeple Rooftop Houses Near HVDC Trans-
mission Lines" in IEEE Transactions on Magnetics, vol. 53, no.
6, pp. 1-4, June 2017, Art no. 7205704, doi: 10.1109/TMAG.
2017.2666547.

L. Zilberti, E. Pons, O. Bottauscio, M. Chiampi and M. Pasto-
relli "Evaluation of the Electromagnetic Environment Around
Underground HVDC Lines" in IEEE Transactions on Power
Delivery, vol. 25, no. 4, pp. 3085-3094, Oct. 2010, doi:
10.1109/TPWRD.2010.2056395.

J. Cai, L. Xie and T. Lu "The Determination of the Calculation
Avrea of lon Flow Field under HYDC Transmission Lines with
Different Crossing Angles" 2021 4th International Conference
on Energy, Electrical and Power Engineering (CEEPE),
Chongging, China, 2021, pp. 245-249, doi: 10.1109/
CEEPE51765.2021.9475765.

K. Zhu, W.K. Lee and P.W.T. Pong "Fault-Line Identification of
HVDC Transmission Lines by Frequency-Spectrum Correlation
Based on Capacitive Coupling and Magnetic Field Sensing"
in IEEE Transactions on Magnetics, vol. 54, no. 11, pp. 1-5,
Nov. 2018, Art no. 4001805, doi: 10.1109/TMAG.2018.
2830803.

3akaprokuH B.I1., Kprokos A.B. CioxxHOHECUMMETpUYHBIE pe-
JKUMBI 2J1eKTpuyeckux cucreM. Mpkyrck : U3n-so Upkyrt. yH-
Ta, 2005. 273 c.

3akaprokuH B.I1., KprokoB A.B. MozenipoBaHue CHCTEM TATO-
BOTO JIEKTPOCHAOKEHHS IIOCTOSTHHOTO TOKa Ha OCHOBE (Da3HBIX
koopauHat. M. : [lupexr-Menua, 2023. 156 c.

‘VYMeHbIIeHHE TapMOHUYECKUX HCKaKEHUI B AJICKTPUICCKUX
CETAX, MUTAIOIUX TATOBBIC NOJACTAHIINHU KEJIIE3HBIX JOPOT I10-
crosiHHOoro Toka / A.B. Kprokos, K.B. Cycnos, A.B. Uepemna-
HoB, K.X. Hryen // IIpombimnennast sHeprerrka. Ne 4. 2024.
C.51-57.

Kprokos A.B. MozaenupoBaHHue peXKUMOB DIIEKTPHUECKHUX Ce-
TeH, MUTAION[UX TATOBBIE IOJICTAHI[MH ITOCTOSHHOTO TOKa /
A.B. Kprokxos, K.B. Cycnos, A.B. Uepenanos, K.X. Hryen //
Ouepreruk. Ne 2. 2024. C. 9-13.

KproxoB A.B. MoaenupoBaHie pexUMOB JIEKTPOIHEPreTHIe-
CKHUX CHCTCM, MUTAKOLIUX TATOBBIC ITOJCTAHIINH ITOCTOIHHOTO
u nepemenHoro Toka / A.B. Kprokos, K.B. Cycnos, A.B. Uepe-
nmanoB, K.X. Hryen // Dneprerux. Ne 7. 2024. C. 9-14.

References

Ryzhov Yu.P. Long-Distance Ultra-High Voltage Power
Transmission. M. : MPEI Publishing House. 2017. 488 p.

Jos Arrillaga. High Voltage Direct Current Transmission. 2nd
Edition, The Institution of Electrical Engineers, 1998. 312 p.
E.W. Kimbark. Direct Current Transmission Wiely Inter Sci-
ence. New York. 1971.

Bulatov B.G., Goldstein M.E., Korbukov N.V. Features of
Modeling DC Transmission Based on a Voltage Converter in
an Electric Network // Bulletin of South Ural State University.
Series: Power Engineering. VVol. 14. No. 4. 2014. pp. 31-36.
Kolesnikov A.A. Development of Basic Solutions for the Con-
struction of Relay Protection Systems in DC Distribution Net-
works // Electric Power Industry through the Eyes of Youth —
2016. 2016. pp. 356-359.

Ibrahim M., Panteleev V.I. Modeling of the Electrical Complex
of a DC Transmission Line in the Matlab Software Environ-
ment // Journal of the Siberian Federal University. Series: En-
gineering and Technology. Vol. 16. No. 2. 2023. pp. 212-227.
Zongda Mu, Yanling Du, Zijin Li, Bin Wang, Wenchuan Wu,
Haitao Liu, Yifan Song. "Dispatch Method for AC/DC Hybrid
Power Systems with Flexible DC Transmission Lines and
Pumped Storage Power Stations" 2020 12th IEEE PES Asia-
Pacific Power and Energy Engineering Conference (APPEEC),
Nanjing, China, 2020, pp. 1-5, doi: 10.1109/APPEEC48164.
2020.9220500.

56

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

T. Lu, S. Zhao and X. Cui "Simulation of Electromagnetic In-
duction on DC Transmission Lines from Parallel AC Transmis-
sion Lines" 2007 International Symposium on Electromagnetic
Compatibility, Qingdao, China, 2007, pp. 114-117, doi:
10.1109/ELMAGC.2007.4413444.

A. Ma, J. Wang, Y. Biand Y. Fang "The influence of EHV AC
lines on the body surface electric field of live working person-
nel in parallel UHV DC transmission lines" 2020 IEEE Inter-
national Conference on High Voltage Engineering and Appli-
cation (ICHVE), Beijing, China, 2020, pp. 1-4, doi:
10.1109/ICHVE49031.2020.9279724.

U. Mustafa, M.S.B. Arif, H. Rahman and M.A.B. Sidik, "Mod-
elling and optimization of simultaneous AC-DC transmission
to enhance power transfer capacity of the existing transmission
lines" 2017 International Conference on Electrical Engineering
and Computer Science (ICECOS), Palembang, Indonesia,
2017, pp. 328-332, doi: 10.1109/ICEC0OS.2017.8167159.

Y. Li et al., "Fault Assessment Model of HVDC Line Crossing
Points Considering Complex Environmental Factors" 2023
IEEE International Conference on Power Science and Technol-
ogy (ICPST), Kunming, China, 2023, pp. 1021-1029, doi:
10.1109/ICPST56889.2023.10164882.

Li Xin-nian, J. Wei-ping, Li Tao, Z. Zhao-hua and W. Ya-ni,
"Study on the influence of 1000kV AC lines on the parallel
UHVDC transmission lines and its mitigation" 2008 Joint In-
ternational Conference on Power System Technology and IEEE
Power India Conference, New Delhi, India, 2008, pp. 1-6,
doi: 10.1109/ICPST.2008.4745173.

J. Tang et al. "Analysis of Electromagnetic Interference on DC
Line From Parallel AC Line in Close Proximity" in IEEE
Transactions on Power Delivery, vol. 22, no. 4, pp. 2401-2408,
Oct. 2007, doi: 10.1109/TPWRD.2007.905334. |

S. Wang, A. Zou, T. Yang, Y. Li and Y. Liu "Electric Field
Distribution Characteristics of Human Head Under UHV DC
Transmission Line»"2022 15th International Congress on Im-
age and Signal Processing, BioMedical Engineering and Infor-
matics (CISP-BMEI), Beijing, China, 2022, pp. 1-5, doi:
10.1109/CISP-BMEI56279.2022.9980209.

O. Rahman, S. Hameed and S. Parveen "Simultaneous Tapping
of AC and DC Power and their Independent Control from Com-
posite AC-DC Power Transmission Lines" 2023 International
Conference on Power, Instrumentation, Energy and Control
(PIECON), Aligarh, India, 2023, pp. 1-6, doi: 10.1109/
PIECON56912.2023.10085876.

H. Wang, S. Mu, Z. Zhang and J. Zhang "An improved DC
power flow model with virtual transmission channel for restor-
ing energy internet power flow solvability" 2017 IEEE Confer-
ence on Energy Internet and Energy System Integration (E12),
Beijing, China, 2017, pp. 1-5, doi: 10.1109/E12.2017.8245618.
S.Wang, Q. Yin, T. Chang, J. Ma, H. Tu and M. Peng, "Unified
Impedance Model of Four-Port Network for Bipolar Overhead
Lines in Parallel Multi-Terminal DC Transmission System"
in IEEE Transactions on Power Delivery, vol. 40, no. 3,
pp. 1448-1458, June 2025, doi: 10.1109/TPWRD.2025.3552637.
G. Vitale "Characterization of a DC grid for Power Line Com-
munications in smart grids" 2014 |EEE 15th Workshop on
Control and Modeling for Power Electronics (COMPEL), San-
tander, Spain, 2014, pp. 1-10, doi: 10.1109/COMPEL.2014.
6877186.

M.M. Samy "Computation of electromagnetic fields around
HVDC transmission line tying EGYPT and KSA» "017 Nine-
teenth International Middle East Power Systems Conference
(MEPCON), Cairo, Egypt, 2017, pp. 1276-1280, doi: 10.1109/
MEPCON.2017.8301345.

Yi Zhang, Ning Xu, Yinlong Wang, Jie Zhang, Rui Wang.
Electromagnetic Safety Simulation Study of Electromagnetic
Safety Operation on +800kV+500kV Same-Tower Double-
Circuit DC Lines. 2025 IEEE 5th International Conference on
Electrical Materials and Power Equipment (ICEMPE). 2025.



21.

22.

23.

24.

25.

Cucrembl Meroast Texuonoruu. 10.H. Bynaros u np. Kommiekcroe Mozenuposanue... 2025 Ne 4 (68) ¢.49-57

Y. Zhen, X. Cui, T. Lu, X. Li, C. Fang and X. Zhou "3-D Finite-
Element Method for Calculating the lonized Electric Field and
the lon Current of the Human Body Model Under the UHVDC
Lines" in IEEE Transactions on Power Delivery, vol. 28, no. 2,
pp. 965-971, April 2013, doi: 10.1109/TPWRD.2012.
2234767.

D. Wang, T. Lu, Q. Li, B. Chen and X. Li "3-D Electric Field
Computation of Steeple Rooftop Houses Near HVDC Trans-
mission Lines" in IEEE Transactions on Magnetics, vol. 53, no.
6, pp. 1-4, June 2017, Art no. 7205704, doi: 10.1109/TMAG.
2017.2666547.

L. Zilberti, E. Pons, O. Bottauscio, M. Chiampi and M. Pasto-
relli "Evaluation of the Electromagnetic Environment Around
Underground HVDC Lines" in IEEE Transactions on Power
Delivery, vol. 25, no. 4, pp. 3085-3094, Oct. 2010, doi:
10.1109/TPWRD.2010.2056395.

J. Cai, L. Xie and T. Lu "The Determination of the Calculation
Area of lon Flow Field under HVDC Transmission Lines with
Different Crossing Angles” 2021 4th International Conference
on Energy, Electrical and Power Engineering (CEEPE),
Chongging, China, 2021, pp. 245-249, doi: 10.1109/
CEEPE51765.2021.9475765.

K. Zhu, W.K. Lee and P.W.T. Pong "Fault-Line Identification
of HVDC Transmission Lines by Frequency-Spectrum Correla-

26.

27.

28.

29.

30.

tion Based on Capacitive Coupling and Magnetic Field Sensing"
in IEEE Transactions on Magnetics, vol. 54, no. 11, pp. 1-5,
Nov. 2018, Art no. 4001805, doi: 10.1109/TMAG.2018.
2830803.

Zakaryukin V.P., Kryukov A.V. Complex Asymmetric Modes
of Electrical Systems. Irkutsk: Irkutsk University Publishing
House, 2005. 273 p.

Zakaryukin V.P., Kryukov A.V. Modeling of DC Traction
Power Supply Systems Based on Phase Coordinates. Moscow:
Direct-Media, 2023. 156 p.

Reduction of Harmonic Distortions in Electrical Networks
Supplying Traction Substations of DC Railways / A.V. Kryu-
kov, K.V. Suslov, A.V. Cherepanov, K.H. Nguyen // Industrial
Power Engineering. No. 4. 2024. pp. 51-57.

Kryukov A.V. Modeling of modes of electric networks supply-
ing DC traction substations / A.V. Kryukov, K.V. Suslov,
A.V. Cherepanov, K.H. Nguyen // Energetik. No. 2. 2024.
Pp. 9-13.

Kryukov A.V. Modeling of modes of electric power systems
supplying DC and AC traction substations / A.V. Kryukov,
K.V. Suslov, A.V. Cherepanov, K.H. Nguyen // Energetik.
No. 7. 2024. Pp. 9-14.

57



