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MoaeAupoBaHUe peXXUMOB CUCTEM TANOBOro 3NEKTPOCHab)xeHusA
C HEAUHEWHbIMM CTaLMOHAPHBIMMU HarpysKamu

A.B. Kpiokos® ™, A.B. YepenaHoB?, Kyok Xuey Hryen?

L3UpKYTCKUI HaLUMOHaAbHbIN MCCAEAOBATEAbCKMI TEXHUHYECKUI YHUBEPCHTET, UpKyTCK, Poccusi
12U pKyTCKUI rocyAapCTBEHHbIA YHUBEPCUTET nyTer coobLueHus, MpKyTck, Poccus

Pe3rome. Llenb nccaepoBaHUin — paspaboTka LMGOPOBbLIX MOAEAEN CUCTEM TATOBOIO 3AEKTPOCHAOXEHUNA C He-
AMHENHOW CTaUMOHAPHOW Harpy3kom AASt OMPEAEAEHUS HECUMMETPUYHbBIX U HECMHYCOMAAAbHbIX PEXMMOB. MpK mx
GOpPMMPOBAHUN NMPUMEHSAAUCE METOAbI, OCHOBAHHbIE Ha MCMOAb30BaHWWU GasHbIX KOOPAMHAT U peaAM3oBaHHbIE B
nporpaMmMHoM komnaekce Fazonord (Bepcus 5.3.4.1-2024). B cocTaB MOAEAEN BXOAMAU CAEAYIOLUME SAEMEHTbI:
AMHWUK anekTponepepaur 220 KB, TpaHchopmaTopbl MoLLHOCTEIO 40 MB-A, TaroBble ceT 25 KB ABYXMyTHbIX Y4aCTKOB,
npeobpa3oBaTeAbHbI arperar, NUTalLLMIA CUCTEMY SAEKTPOCHAOXEHMA NPOMBILLIAEHHOrO TpaHcnopta. Ha ocHoBe
pa3paboTaHHbIX MOAEAEW ONPEAEAEHBI HECUMMETPUYHbIE U HECUHYCOUAAABHBIE PEXMMbI NPU ABUXEHUU NOE3AOB MO
paccMaTpMBaeMOMy y4acTKy MarMcTpanbHOM XeAe3HOM Aoporu. MNokasaHo, UTo 3a CYET HEAMHEMHOW CTalMOHapPHOM
Harpy3ku, coO3paBaeMON LLIECTUNYAbCHbIM Npeobpas3oBaTeneM, KOIGOULMEHTbI FapMOHUK Ha BBoaax 10 u 220 kB
TArOBOM MOACTAHLMMW, NMUTAKOLEN BbINPAMUTEAb, YBEAUUMBALIOTCA M Ha WiMHax 10 kB npesbiwatoTr 25%. 310 caepyet
YUUTbIBaTb NPU BbIBOPE CPEACTB CHUXEHUSA TaPMOHMUUYECKUX UCKAXEHUI. ToKa3aHo, UYTo AASt YMEHbLLIEHUS YPOBHEN
rapMOHUK MOXHO MCMOAb30BaTb CAEAYHOLLIME CPEACTBA: NACCUBHbIE GUABLTPbI, aKTUBHbIE KOHAMLIMOHEPDI, 3SAEKTPOMOA-
BWXHOWM COCTaB HOBOIO MOKOAEHMWA C YETbIPEXKBAAPAHTHbIMKW NpeobpasoBaTersiMu. YCTAaHOBAEHO, UTO MaKCUMYMbl
KO3PPULMEHTOB HECUMMETPUM Ha LWKMHaAX 10 KB TAroBbix NOACTAHUMIA AexaT B avanal3oHe 4,8...9%. Beop 311X no-
KasaTenei B AOMYCTMMYLO 06AACTb BO3MOXHO OCYLLECTBUTb MyTEM NPUMEHEHUS NOGA3HO YNPaBASEMbIX UCTOUYHUKOB
pPeakTMBHOM MOLLLHOCTU UAU CUMMETPUPYHOLLUX TPaHCHOPMATOPOB. TakuM 06pa3omM, NPEACTABAEHHbIE MOAEAU AAHOT
BO3MOXHOCTb aAEKBATHO OMPEAEAATb BCE NAapaMeTPbl PEXMMA CUCTEMbI INEKTPOCHABXEHUS XXENE3HOW AOPOTU Nepe-
MEHHOTIO TOKa NPW HAaAMYMKU CTaLMOHAPHbIX HArpPy30K C HEAMHEMHBIMUW BOALTAMMNEPHbIMU XapaKkTepuctukamu. Paspa-
60TaHHan METOAMKa ABASIETCS YHUBEPCAALHOM M MOXET MCNOAb30BaTbCA AASI PpacyeTa PEXUMOB MUTAKOLLMX U TATOBbIX
ceTen pas3AMYHON CTPYKTYPbl U KOHCTPYKTUBHOIO UCMIOAHEHUS.

KaroueBble cAOBa: INEKTPOIHEPTrETUUYECKME CUCTEMBI, TATOBbIE CETU 25 KB, HEAMHENHbIE CTaUuMOHaPHbIE Harpy3-
KW, MOAEAMPOBAHWE PEXMMOB

BaaroaapHocTb. ViccAep0BaHMA BbIMOAHEHBI MO MPOrpaMmMe rocyAapCcTBEHHOro 3apaHus «[IpoBeAeHME NPUKAAA-
HbIX HaYUHbIX MCCAEAOBAHWI» M0 Teme «Pa3paboTka METOAOB, aATOPUTMOB M NPOrpaMMHOro obecrneyeHms ANt MOAE-
AMPOBaHWS PEXMMOB CUCTEM TATOBOr0 3AEKTPOCHABXEHUS XEAE3HbIX AOPOT MOCTOSTHHOMO TOKa».
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Modelling of traction power supply systems with nonlinear
stationary loads

Andrey V. Kryukov'<, Aleksandr V. Cherepanov?, Quoc Hieu Nguyen?

13Irkutsk National Research Technical University, Irkutsk, Russia
12|rkutsk State Transport University, Irkutsk, Russia

Abstract. The aim was to develop digital models of traction power supply systems with nonlinear stationary loads
in order to determine asymmetric and non-sinusoidal modes. To this end, methods based on phase coordinates were
implemented in the Fazonord software package (version 5.3.4.1-2024). The models included the following elements:
220 kV transmission lines, 40 MV-A transformers, 25 kV traction networks of double-track sections and a converter
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unit powering the industrial transport power supply system. The developed models identified asymmetrical and non-
sinusoidal modes during the movement of a train on a specific section of the main railway. It was demonstrated that
the nonlinear stationary load generated by a six-pulse converter results in an increase in harmonic coefficients at
the 10 and 220 kV inputs of the traction substation feeding the rectifier, exceeding 25% on the 10 kV busbars. This
phenomenon should be considered when selecting means to reduce harmonic distortion. These include passive
filters, active conditioners and new-generation electric rolling stock with four-quadrant converters. The maximum
asymmetry coefficients on the 10 kV busbars of traction substations ranged from 4.8...9%. These values can be
reduced down to acceptable limits using phase-controlled reactive power sources or balancing transformers. The
presented models allow all the parameters of the AC railway power supply system to be adequately determined
under stationary loads with nonlinear voltage-current characteristics. The developed method is versatile and can be
used for calculating modes of supply and traction networks of various structures and designs.

Keywords: electric power systems, 25 kV traction networks, nonlinear stationary loads, modeling of modes
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BBEAEHUE

Ot 1AroBbIx noactaHuuin (TI) marucTpanb-
HbIX XXEAE3HbIX AOPOr MOAyYatoT NMUTaHWe CTa-
LMOHapHble NOTPEOUTEAN, KOTOPbIE MOXHO
pa3AeAUTb Ha ABE TPynnbl: HETATOBblE U He-
TpaHcnopTHble. K nNepBoM M3 HUX OTHOCATCS
06bEKTbI MHOPACTPYKTYPbI XEAEZHOAOPOXHOIO
TpaHcnopta, obecneunBarowne OGYHKLUOHU-
poBaHWEe MepeBO30YHOro npouecca. Ko BTO-
PON — HaceAeHHbIe NMYHKTbl U MPOMbILUAEHHbIE
NPEAnPUSATUS Pa3AUYHbIX OTPACAENW, npucoe-
AVMHEHHble K pPaloHHbIM obmoTkam 6-10-35
kB TI. 3T notpebutear Moryt MMeTb AOCTa-
TOYHO OOABbLLYKD MOLUHOCTb, AOCTUratOLLYH
HECKOAbKMX AecATKOB MBT M okasbiBaTb 3a-
METHOE BAUAHME Ha PEXUMblI CUCTEM TATOBO-
ro anekTpocHabxeHusa (CT3I). MNoatomy 3apava
COBMECTHOro MoaeAnpoBaHus CTO U ceTeBbix
pPanoHOB, NUTAOLWMX CTaLMOHAPHbIE NOTPEOU-
TEAW, ABASIETCS aKTyaAbHOM.

3apavam mopeAampoBaHmsa CTO nocBsLLEHO
60AbLLOE uMCcAO NybAnKaumi. Tak, Hanpumep,
TEXHONOTUA onpeaeneHns pexnmoB CT3, no3Bo-
ASIIOLLASA OLEHMBATb UX 3AEKTPOMArHWUTHYIO CO-
BMECTUMOCTb CO CMEXHbIMW CUCTEMAaMM, MPEA-
AOXeHa B [1]. Bonpochkl yueta CpeACTB KOMMEH-
cauuu peakTUBHbIX Harpy3ok NMpu pacyete pe-
XUMOB TArosbix cetert (TC) paccMoTpeHbl B [2].
3apava onpepeneHus TpaH3uTa MOLLHOCTU U3
3Heprocuctembl B CTI pelueHa B [3]. MeTOAMKa,
NMO3BOASIOLLAS OLEHWBATb BAMSHWME HaKOMUTE-
AEer 3Heprumn npu pacuyetax CTI, npearOXeHa B
[4]. OcobeHHoCTM pexnmoB CTO npu ABUXEHUU
Nnoes3A0B MOBbILLEHHOW Macchbl OnucaHbl B [D].
MceaepoBaHUIO MapasnenbHOW paboTbl BHELL-
HUX W TATOBbIX CETEW C YYETOM HECUMMETPUU
nocesieHa ctatba [6]. AArOPUTMbl UMUTALIMOH-

Horo moaeAvpoBaHua CT3, b6asupytolumecs Ha
NPUMEHEHUN BEPOATHOCTHOIO MOAXOAA, MPEANO-
XeHbl B [7]. AHaAM3 MporpamMmMHbIX NMPOAYKTOB,
obecneumBalOLIMX OMNPEAEAEHWE aBapPUIMHbIX
pexumon CTI, BbINOAHEH B [8]. MeToanKka pac-
yeta nponyckHor cnocobHocTM TC Ha OcHoBe
MOAEAMPOBaHUS NpearoxeHa B [9]. Bonpocol
onpeaeneHns pexnmoB TC nepemMeHHOro Toka
paccmotpeHbl B [10]. Matematnueckue MOAe-
AV AMHAMUWKN 3NEKTPUYECKUX npoueccoB B CTI
onucaHbl B [11]. CoBepLLUEHCTBOBAHUIO CPEACTB
onpepeneHuns pexnmon CTI nocBsLLEHbI CTaTbK
[12, 13]. 3apaua maeHTUdMKauumn CTI Ha Hase
aMIMAMTYAHO-YACTOTHbIX CMEKTPOB TOKa pelleHa
B [14]. OueHka 3pPEKTMBHOCTU PabOTbl 3aLLUMTHI,
NOAyYEHHasA Ha OCHOBE MOAEAMPOBAHUSA, AdHA B
[15]. UByueHUt0 BAUSIHUS PEMOHTHbIX PEXMMOB
CT3 Ha ee nponyckHyt cnocobHOCTb MOCBSILLE-
Ha paboTa [16]. Bo3aencTBME TATOBbIX HArpy30k
Ha Ka4yeCTBO 3AEKTPOIHEPTUM B NMUTALOLLIMX CETAX
onucaHo B [17, 18]. 0606LL1eHHaa matemaTtuye-
ckaa mopenb CTO nepemMeHHOro Toka npeano-
xeHa B [19]. Bonpoc npumeHeHus TpexdasHoro
MOAYAbHOTO MHOIOypPOBHEBOIO nNpeobpasoBare-
As1 B CTO paccmotpeH B [20]. Pesyastatbl aHaAW-
3a noka3zateneir CTO BbICOKOCKOPOCTHOM XENE3-
HOWM AOPOTM NPUBEAEHDI B [21].

AHaAM3 OnMCaHHbIX Bbillie NybAnKaLMIA pAaEeT
BO3MOXHOCTb COOPMYAMPOBATb BbIBOA O TOM,
yTO 3apada COBMECTHOro MoaeAnpoBanus CTI
M cuctem anektpocHabxenus (C3C) craumo-
HapHbIX noTpebutenen, nutatrowmxcs ot T,
pelleHa He B NOAHOM ob6beme. OcobeHHO 3TO
KacaeTcsi 0ObEKTOB, BKAIOUAIOLLIMX YCTPOMCTBA
CUAOBOMN INEKTPOHUKMK, TaKMUX, HANPUMeEp, Kak
BbIMPSIMUTEAU, LUMPOKO NPUMEHAEMbIE B yCTa-
HOBKax 3AEKTPOAM3a W Ha MNPOMbILUAEHHOM
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INEKTPOTpaHcnopTe. AAS PeLLEHNUS 3TOW 3apa-
Yn MOTYT 3GPEKTUBHO MCMOAB3OBATLCHA METO-
Abl U QATOPUTMBbI, MPEAAOXKEHHbIE B [22-24]
U peasM30BaHHblE B MNPOrpamMMHOM MPOAYK-
Te Fazonord. Huxe npuBepeHbl pe3yAbTathbl
MOAEAUPOBaHMA pexnmoB CTI, OT OAHOM U3
MOACTAHUMIM KOTOPOW MOAyYaeT MUTAHWE Bbl-
NPSAMUTEAbHbIN arperat NPOMbILLIAEHHOIO IAEK-
TpoTpaHcnopTa.

PE3YAbTATbl MOAEAMPOBAHUA

B kauecTtBe 06beKTa MccrepOBaHMA Bbina Npu-
HATa CIC yyacTka MarMcTpanbHOM XEAe3HOM AO-
poru, puc. 1 a. B ee coctaB BXOAMAK CAEAYHOLLIME
3AEMEHTbI: NUTaroLLmMe Bo3AyLLUHbIE AT 220 KB ¢
npoBoaamMmn AC-240; nopCTaHUMK € TpaHCPOopMa-
Topamn TATHX-40000/220/27,5/11; taroBble
cetn 25 KB ABYXMyTHbIX y4acTKoB. K panoOHHOM
obmotke 10 KB TIM 2 6bIA NOAKAKOUEH LLECTUMYAL-
CHbIV BbIMPSIMUTEABHbIN arperat ¢ TpaHchopma-
Topom TAIM-12500. OH BXoaMA B cocTtaB CIC npo-
MbILUAEHHOTIO 3AEKTpOTPaHcnopTa, B TC kotoporo
MCMOAL30BaAOCh HaMnpsXXeHWe NOCTOAHHOIO TOKa
1,65 kB. Ans MoAeAMPOBaHUA MPUMEHSIACA MPO-
rpaMMHbIM KoMnAeke Fazonord [22, 23], Bepcus
5.3.4.1-2024. PaccmaTtpmrBancs BbIHYXAEHHbIN
pexum pabotbl CIC npu OTKAKOUEHHOW CBA3U C
NUTatoLLEN S3HEPTOCUCTEMOM CO CTOPOHbI Tl 3.

BbIAO NMPOBEAEHO MOAEAMPOBAHWE CEPUM
pexnmoB CI3C npu ABUXEHUU NOE3AOB COrAac-

220 xB

JIDIT 1 JIDIT 2 JIDIT3
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TATHX-40000

TII 2

25 xB

TAI-1250

+1i6sa -

a

ISSN 2782-6341 (online)

HO rpaduky, NoKazaHHOMY Ha puc. 2 a. Yactb
BU3yaAbHOIro OTOOpPaXeHWUs pacyeTHOW MoAe-
AW, OTBEYaloLLL A HEAMHEMHOW Harpy3Kke B BUAE
BbIMPSIMUTEABHOIO arperata, NpUMBEAEHa Ha
puc. 1 b. Ha puc. 2 b B npeacTaBAEHbI 3aBu-
CUMOCTHU:

I=1I(s)1,=1(s),

rae 1,1, - COOTBETCTBEHHO, MOAHbIE U aKTUB-
Hble TOKMW, MNOTPebAAeMble 3INEKTPOBO3aMMU;
S - Habop NUKETOB, T.e. TOYEK Pa3METKM pac-
CTOAAHWMM Ha XEAe3HOAOPOXHbIX AMHUAX. Pe-
3yAbTaTbl MOAEAMPOBAHUSA NMPOUAAKOCTPUPOBA-
Hbl Ha puc. 3-7. Ha puc. 3 nokasaHbl CAEAYHO-
e rpadpukm:

U=U(s); 1=1(s); P=P(s); 0=0(s),
rae U, I - HanpsaxXeHWA 1 TOKU SAEKTPOBO30B
Ne 1 (yeTHoro HanpaBAeHUS) U Ne 7 (HEYETHOIO
HanpaBAaeHus); P, O - akTUBHbIE U PEAKTUB-
Hble MOLUHOCTH, NOTPebAseMble YKa3aHHbIMU
3NEKTPOBO3aMMU.

N3 aHaAn3a NOAYUEHHbIX PE3YALTATOB MOX-
HO CAeAaTb CAEAYHOLLIME BbIBOAbI:

- YPOBHW HanpsiXXeHurh Ha naHtorpadax
anekTpoBo30B Ne 1 1 7, a Takxe ApYrux, npea-
CTABAEHHbIX Ha MPUHATOM rpaduke ABUXEHUSA
(puc. 2 a) HaxopAaTcs B AOMYCTUMOM AMana-
30HEe, OMPEeAeAieMOM CAEAYHOLMM HepaBeH-
cTBOM 21U <29 kB;

{41
202244

58|57|58
TAI1-12500

abcks
N G )
‘o0 ‘5i—T "4
Bemoavmrens

b

Puc. 1. Cxema cuCTEMbI SAEKTPOCHAOXEHMS (@) M YacTb BM3YaAbHOrO OTOOPAXeHWs pacueTHoH moaem (b), oTBevaroLlas

HEeAMHENHOM Harpy3ke

Fig. 1. Circuit diagram of the power supply system (a) and a part of the visual display of the calculation model (b corresponding

to a nonlinear load
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Fig. 2. Graph of train movement in space (a) and dependence of currents of electric locomotives on their location (b, ¢)

- OTHOLLIEHWE CPEAHUX TOKOB SAEKTPOBO30B
7 n 1 BbIpaxXeHo

17/1 zlgaver)/ll(aver) = 2,2,

- aHaAOTUYHbIE OTHOLUEHUSA AASI CPEAHMX
3HAYEHUN aKTMBHOW W PEaKTMBHOW MOLUHO-
CTen, COOTBETCTBEHHO, PABHbI

})7/1 — E(aver) /})l(aver) ~ anver) /Ql(aver) — 2,1 .

Ha puc. 4 npeacTaBAEHbI pe3yAbTaThl onpe-
AENEHUA CAOXKHOHECUMMETPUYHbBIX PEXUMOB
paccmaTtpuBaemon COC B BUAE rpadpUKOB 3a-
BUCUMOCTEM:

sz = kzu (t)v

rae k,;, - KO3GPULMEHTbI HECUMMETPUM MO 06-
paTHOW MOCAEAOBATEABHOCTU, KOTOPbIE BbIUMC-
AIAMCb Ha BBopax 220 mn 10 kB kaxaon TIM.

Ha puc. 5 nokasaHbl rpapuki MakCMMyMOB
k,,;, v BpeMeHa npeBbILLeHNA HOpManbHO (T1) n
npeaenbHo (T2) AONYCTUMBbIX 3HaYeHu. M3 aHa-
AM3a MOAYYEHHbIX PE3YALTATOB MOXHO CAEAaTb

BbIBOA O TOM, UYTO YPOBHU HECUMMETPUN NPEBbI-
LLIAKOT HOPMAAbHO AOMYCTUMBbIE MPEAEAbI HA BBO-
Aax 220 kB T 3, Hanbonee yAaAeHHOM OT UCTOY-
HUKa. Ha wnHax 10 kB Tl cpeaHMe BEAUUMHBI
k,, nexar B ananasoHe 2...3,1%, OAHAKO Mak-
CUMaAbHbIE YPOBHWU 3HAYUTEABHO MPEBbLILLIAIOT
YCTaHOBAEHHbIE HOPMbI. ASt BBOAG NOKa3aTenei
KauyecTBa SAEKTPOIHEPTMU B AOMYCTUMbIE MNpe-
AEAbl MOXHO WCMOAb30BaTb CUMMETPUPYHOLLIME
TpaHchopmatopbl [25] M nodasHO ynpaBAdeMble
NCTOUYHUKN PEAKTUBHOM MOLLIHOCTU [26].

Ha puc. 6 npeactaBAeHbl pe3yAbTaTbl Onpeae-
AEHUSI HECUHYCOMAAABHbIX PEXUMOB paccMaTpu-
Baemoun C3C B BUAE rPadrKOB 3aBUCUMOCTEN:

ky =ky (t)’

rae k,;, - KO3GPULMUEHTbI HECUMMETPUU MO 06-
paTHOM NOCAEAOBaTEABHOCTU Ha BBoAax 220 u
10 kB TM 2, K KOTOpOW BbIA NOAKAOUEH BbINpPS-
MWTEAbHbIV arperar.

AHaAM3 MOAYYEHHbIX PE3yAbTaTOB pacyeTa
HECUHYCOMAAABHbBIX PEXUMOB MO3BOAAET CAE-
AaTb CAEAYIOLLIME BbIBOADI:
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Fig. 4. Unbalance ratio at the inputs of 220 kV (a) and 10 kV (b) traction substations
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Puc. 7. HanpsxxeHne Ha BbIBOAAX BbIMPAMUTEAbHOIO arperara
Fig. 7. Voltage at the rectifier unit terminals

- YPOBHU rapMOHUYECKUX UCKAXEHWNIN 3Ha-
UMTEABHO NPEBOCXOAAT AOMYCTUMbIE MPEAEADI;

- 3a CYeT HEAUHEWHOW CTaLMOHAPHOW Ha-
rpy3Kn, CO3AAaBAEMOM LUECTUNYAbCHBIM MNpe-
obpasoBateneM, KO3OOULMEHTbI BbICLLMX rap-
MOHUMK (Bl Ha wuHax 10 u 220 kB tarosown
NOACTAHUUU, NMUTAIOLLLEN BbINPAMUTEAD, YBEAU-
ymBaroTcs (pUc. 6 ¢, d), YTO CAEAYET YUUTbIBATb
npu BblOBOpPE CPEACTB YMEHbLUEHUS TAPMOHMU-
YECKMX UCKAXKEHWUH;

- AASI CHUXKEHWSA HECUHYCOUAAABHOCTU MOX-
HO MCMOAb30BaTb CAEAYHLIMEe CpeAcTBa: nac-
CUBHbIE€ GUABTPbLI Bl, aKTMBHbIE KOHAMLMOHEPDI
rapMOHUK [26], SAEKTPONOABUXHOM COCTAB HO-
BOTI0 MOKOAEHWSA C YETbIPEXKBAAPAHTHBIMMU Npe-
obpasoBatensmu 4QS (ot aHrA. Four-Quadrant
Converters) [27]. Ha puc. 7 npeAcTaBAEHbI pe-
3yAbTaTbl MOAEAMPOBAHUA Ha CTOPOHE MOCTO-
AHHOIO TOKa B BMAE rpaduka:

U=U(),

rae U — Hanps)XXeHWe Ha BbIXOAE BbINPSMUTEAb-
HoOro arperara, B.

N3 puc. 7 cAepyeT, UTO Ha BbIBOAAX MOCTO-
AHHOro TOKa npeobpasoBaTtenss HabApaeTca
AOCTATOYHO BbICOKas CTabUAbHOCTb Hamnpsxe-
HUA. MakcMMaAbHbIM pa3max KorebaHuin pa-
BeH 150 B, a cpeaAHEKBAAPATUYECKOE OTKAOHE-
HMe cocTaBAaaeT 36 B.

3AKNHOYEHUE

PaspabotaHa meToaMKa U UMOPOBLIE MO-
AEAV AAST OMpeAENneHns pexumoB CTI ¢ Heau-
HENHbIMW CTALMOHAPHbIMK Harpy3kamu B BUAE
BbINPAMUTEAbHbIX arperatoB, NOAKAKOUEHHbIX K
panoHHON 0OMOTKE TAroBOro TpaHchopmartopa.
MpeACTaBAEHHbIE MOAEAM AQHOT BO3MOXHOCTb
aAEKBaTHO ONpPeAeNsiTb BCE NapamMeTpbl Pexu-
MOB CUCTEMbI SAEKTPOCHAOXEHUA MPU HAAUUNK
CTaUMOHApPHbIX HArpy30K ¢ HEAUHENHbIMW BOAb-
TaMMNepPHbIMKU  XapakTepuctmkamu. Paspabo-
TaHHas METOAMKa SIBASIETCA YHMBEPCAAbHOW W
MOXET MCMOAb30BaTbCA AAS pacyeTa PexmnmMoB
MUTALOLLMX U TAFOBbIX CETEN PA3AMYHOMN CTPYKTY-
Pbl U KOHCTPYKTUBHOTO UCMOAHEHUS.

CnucoK UCTOYHUKOB

1. BouapHukoB HO.B. MoaeAMpoBaHWE CUCTEMbI TATOBOTO AAEKTPOCHABXEHMS AAST OLIEHKM AAEKTPOMArHUTHOM COBMECTUMO-
CTU CO CMEXHbIMK cUcTeEMaMM // TEXHOAOTMU SAEKTPOMArHUTHOM coBmecTMmocTti. 2008. Ne 1. C. 45-55. EDN: TEECDR.

2. bapaHoB W.A., AryHoB A.B. MoaeArpoBaHKe NPOoLIECCOB KOMMEHCALMKU PEAKTUBHOM MOLLIHOCTU B CUCTEME TAOBOIO SAEKTPO-
cHabxeHus ¢ nomoLbio Matlab-Simulink // UHTeANEKTYaAbHbIE TEXHOAOTMM Ha TpaHcnopte. 2021. Ne 2. C. 5-12. EDN: IRFFJT.
3. KoHctaHtnHoBa H0.A., An B.H., KoHcTaHTMHOB A.M. UMWUTaUMOHHOE MOAEAMPOBAHME TPAH3UTa IAEKTPOIHEPTUN U3 CU-
CTEMbI BHELLHEro aNEKTPOCHABXEHMSA MO TATOBOM CETU NepeMEHHOro Toka // BecTHuK [MpruamypcKoro rocyAapCTBEHHOIO
yHuBepcuteta uM. LLlonom-Anerixema. 2019. Ne 4. C. 70-76. EDN: AHXFBO.

4. TapaHuH M.A., BanHkoBa C.A. MopeAMpOBaHWE CUCTEMbl TATOBOIO 3AEKTPOCHAOXEHWS C MCMOAb30BAHWMEM Ha-
KonuTenen 3Heprum // BecTHMK POCTOBCKOrO rocyAapCTBEHHOrO YHWBepcuTeTa nyTen coobuieHus. 2023. Ne 2.
C. 85-90. https://doi.org/10.46973/0201-727X_2023_2_85. EDN: TUOYML.

5. TapaHnH M.A., bowkapesa T.B., ®poreHkoB C.A. MoaeArpoBaHUE CUCTEMbI TATOBOMO IAEKTPOCHAOXEHWSI NEPEMEHHOIO
TOKa AASl MPOMYCKa Noes3A0B MOBbILLIEHHOM Macchl // BecTHUK TpaHcnopta Mosoaxbs. 2016. Ne 5. C. 22-27. EDN: XDCFQF.
6. Zemskiy D.R., Sychenko V.G., Bosyi D.O. Simulation of the parallel operation of external and railway ac traction power
supply system taking into account unbalanced conditions // Technical Electrodynamics. 2020. No. 2. C. 74-85. https://
doi.org/10.15407 /techned2020.02.074. EDN: SHVTVO.

7. Komsikos A.A., KomsikoBa T.B., LLikynos A.N. NpuMeHeHMe BEPOATHOCTHOIO NOAXOAA AN GOPMUPOBAHKA rpadrKa SAEK-
TPOTArOBOW Harpy3ku Npyv UMUTALMOHHOM MOAEAMPOBAHWM CUCTEMbI TATOBOIO SAEKTPOCHabxeHus // BecTHWK PocToB-

326 https://ipolytech.elpub.ru



https://ipolytech.elpub.ru
https://doi.org/10.15407/techned2020.02.074
https://doi.org/10.15407/techned2020.02.074

KprokoB A.B., YUepenaHoB A.B., Kyok Xuey HryeH. MoaeAnpoBaHUE PEXUMOB CUCTEM TArOBOIr0O SAEKTPOCHAOXEHMS...
Kryukov A.V., Cherepanov A.V., Quoc Hieu Nguyen. Modelling of traction power supply systems with nonlinear stationary loads...

CKOTO rOCyAapCTBEHHOIO yHUBEpPCHUTETa MyTei cooblueHns. 2023. Ne 4. C. 184-192. https://doi.org/10.46973/0201-
727X_2023_4_184. EDN: JLRHET.
8. KocTuH A.T1., MuHuykos T.C. AHaAM3 nporpaMmMHoro obecrneveHms AN MOAEAMPOBAHUS aBapPUMHbIX PEXUMOB B CUCTE-
Me TArOBOro AAEKTPOCHabxeHus // HayuHO-TEXHUUECKOE 1 IKOHOMMUUYECKOE COTPYAHMUECTBO cTpaH ATP B XXI BeKe: TpyAb!
Bcepoc. Hayu.-npakT. KOH. TBOPUECKON MOAOAEXM C MEXAYHAP. ydacTMeM (. Xabaposck, 18-21 anpenst 2023 r.). Xaba-
posck: ABIYNC, 2023. T. 2. C. 23-28.
9. Kocapes A.BE., PynaweBckuit P.A., Pypaliesckas A.B., CMoarH M.U., PebpoB WU.A. OnpepeneHne nponyckHoM cnocob-
HOCTW U MOAEAMPOBaHWE PEXUMOB PaboThbl CUCTEM TATOBOIO 3AEKTPOCHabxeHusi // Hayka 1 obpasoBaHWe TPaHCMNOpPTY.
2021. Ne 2. C. 21-26. EDN: QVSYUW.
10. 3aropckuii B.A., MakyanH AT, TlyTbko B.®. MoaeAMpoBaHUe CUCTEMbI TATOBOTO 3AEKTPOCHAOXEHUSI NepeMeHHOro
Toka // BecTHuK TpaHcnopTta MNMoBoaxbsa. 2012. Ne 3. C. 11-15. EDN: PJZELP.
11. BbikapopoB A.A\., XykoB A.B. Matematnueckoe MOAEAMPOBAHUE AMHAMUKU SAEKTPUUYECKMX MPOLIECCOB B CUCTEME
TArOBOI0 AAEKTPOCHabXeHus // BecTHMK POCTOBCKOrO rocyAapCTBEHHOIO yHUBepcUTeTa nyTer coobuieHuns. 2010. Ne 3. C.
141-145. EDN: MVCDBZ.
12. Pypawesckuii PA., Pyaawesckas A.B., CmonvH MN.U., Pebpos U.A., Kpbinos A.A. COBEpPLLEHCTBOBaHKWE aBTOMAaTU3UPO-
BaHHbIX CPEACTB OMPEAEAEHUST PEXMMOB paboThbl U pacueTa NapamMeTPoB CUCTEMbI TATOBOIO AAEKTPOCHabxeHus // Hayka
1 obpazoBaHue TpaHcnopTy. 2021. Ne 2. C. 66-69. EDN: TWNCGM.
13. CepebpskoB A.C., lepmaH A.A., OcokurH B.A., CybxaHBepareB K.C. COBMECTHbII pacUeT CUCTEM TrOBOrO U BHELLHETO
INEKTPOCHAOXEHNA AN PEXMMOB TAFOBOM HArpy3ku U KOPOTKOTO 3aMblKaHUsi // INEKTPOHUKA U IAEKTPOOHOPYAOBaHME
TpaHcnopTta. 2018. Ne 3. C. 6-12. EDN: XZROUX.
14. MuHuykos MM.C., MakawweBa C./. AMNAUTYAHO-YACTOTHbIM CMEKTP TOKa Kak MHCTPYMEHT MAEHTUOMKaLMK pexuma pabo-
Tbl CUCTEMbI TAFOBOTO IAEKTPOCHAOXEHUS // IneKTpoTexHMKa. 2023. Ne 9. C. 61-67.
15. MuHuykoB MN.C., MakaweBa C.N. MoaeAMpoBaHUE PEXMMOB CUCTEMbI TATOBOIO AAEKTPOCHABXEHUS C OLEHKOM 3 dEK-
TUBHOCTW paboTbl 3aLWThl // TpaHcnopT A3MaTcko-TUxookeaHCKOro perroHa. 2022. Ne 2. C. 58-64.
16. Khudonogov I.A., Puzina E.Yu. Assessment of the repair modes impact on the system of external power supply
system on throughput capacity of traction power supply system // International Russian Automation Conference,
RusAutoCon 2021 (Sochi, 5-11 September 2021). Sochi: Institute of Electrical and Electronics Engineers, 2021.
P. 503-508. https://doi.org/10.1109/RusAutoCon52004.2021.9537316. EDN: ALYPWS.
17. Yang Hongjun, Du Xiong, Chen Bin, Cao Yuelong, Zheng Lianging, Wang Heng. The influence of electrified railway
traction power supply system on the power quality of regional power grid // IEEE International Conference on Sensors,
Electronics and Computer Engineering. 2023. https://doi.org/10.1109/ICSECE58870.2023.10263369.
18. Aoyang Han, Litao Yu, Li Wang, Xu Jia, Wenhui Sun, Yunfan Bi. Research on the influence of urban metro traction
power supply system on power grid harmonics // First International Conference on Electronics Instrumentation
& Information Systems. 2017. https://doi.org/10.1109/EIIS.2017.8298567.
19. Xishan Yu. General mathematical model of ac traction power supply system simulation based on mathematical
reasoning and its application research // IEEE International Conference on Artificial Intelligence and Information Systems.
2020. https://doi.org/10.1109/I1CAIIS49377.2020.9194938.
20. Zhao Yan, Dai Ning Yi, An Bao. Application of three-phase modular multilevel converter (MMC) in co-phase traction
power supply system // IEEE Conference and Expo Transportation Electrification Asia-Pacific. 2014. https://doi.
org/10.1109/ITEC-AP.2014.6941064.
21. Peng Qi, Piao Zhengguo, Lu Yuhao, Li Chen. Analysis of operation data of traction power supply system of high-
speed railway // International Conference on Information Science, Parallel and Distributed Systems. 2021. https://doi.
org/10.1109/ISPDS54097.2021.00027.
22. 3akaptokuH B.I., KptokoB A.B. CAOXHOHECUMMETPUYHBIE PEXMUMbI SAEKTPUUYECKMX CUCTEM: MOHorpadusa. MpkyTck:
MUPTYMC, 2005. 273 c. EDN: PTVITA.
23. 3akaptokuH B.MM., KptokoB A.B. MoaeArpoBaHWe CUCTEM TrOBOMO AAEKTPOCHABXEHUSI MOCTOSIHHOMO TOKA Ha OCHOBE
da3HbIX KoopAnHaT: MoHorpadusa. M.: AnpekT-Meauna, 2023. 156 c.
24. Kptokos A.B., CycroB K.B., YepenaHoBs A.B., HryeH Kyok Xney. MoaeAvpoBaHre PeXMMOB SAEKTPUUECKKX CETEW, NWUTa-
HOLLMX TATOBbIE MOACTaHUMM NMOCTOSTHHOIO ToKa // HepreTuk. 2024. Ne 2. C. 9-13. EDN: ENWOEH.
25. 3akaptokuH B.IM., KptokoB A.B., ABAMeHKko M.M. MoAeAMPOBaHWE CUCTEM TATOBOIO AAEKTPOCHABXEHMSI, OCHALLEHHbIX
CMMMETPUpPYOLLMMK TpaHchopmaTopamu. M.; bepanH: AnpekT-Meana, 2017. 168 c.
26. ApceHtbeB I.0., byaatoB H0.H., KptokoB A.B. YnpaBAeHUE pexumMamMu CUCTEM IAEKTPOCHAOXEHUSI XEAe3HbIX AO-
poOr Ha OCHOBE TEXHOAOTMM WMHTEAAEKTYaAbHbIX ceter (Smart Grid): moHorpadusa. Mpkytek: UMplYNC, 2019. 412 c.
EDN: MXYZNT.
27. Kryukov A.V., Cherepanov A.V., Shafikov A.R. Modeling non-sinusoidal modes in electrical networks supplying power
to traction substations for electromotives operation with four-quadrant converters // International Ural Conference
on Electrical Power Engineering (Chelyabinsk, 1-3 October 2019). Chelyabinsk: IEEE, 2019. P. 394-398. https://doi.
org/10.1109/URALCON.2019.8877644.

References

1. Bocharnikov Yu.V. Modeling of a traction power supply system to assess electromagnetic compatibility with adjacent
systems. Technologies of electromagnetic compatibility. 2008;1:45-55. (In Russ.). EDN: TEECDR.

2. Baranov lL.A., Agunov A.V. Modeling reactive power compensation in a traction power supply system using Matlab-
Simulink. Intellectual Technologies on Transport. 2021;2:5-12. (In Russ.). EDN: IRFFJT.

https://ipolytech.elpub.ru 327



https://ipolytech.elpub.ru
https://doi.org/10.46973/0201-727X_2023_4_184
https://doi.org/10.46973/0201-727X_2023_4_184
https://doi.org/10.1109/ICSECE58870.2023.10263369
https://doi.org/10.1109/EIIS.2017.8298567
https://doi.org/10.1109/ICAIIS49377.2020.9194938
https://doi.org/10.1109/ITEC-AP.2014.6941064
https://doi.org/10.1109/ITEC-AP.2014.6941064
https://doi.org/10.1109/ISPDS54097.2021.00027
https://doi.org/10.1109/ISPDS54097.2021.00027
https://doi.org/10.1109/URALCON.2019.8877644
https://doi.org/10.1109/URALCON.2019.8877644

m I 2024.T. 28. Ne 2. C. 320-329 ISSN 2782-4004 (print)
IPOI ECh Journal 2024;28(2):320-329 ISSN 2782-6341 (online)

3. Konstantinova Yu.A., Lee V.N., Konstantinov A.M. Simulation model of electricity transit through the electric
traction network. Vestnik Priamurskogo gosudarstvennogo universiteta im. Sholom-Alejhema. 2019;4:70-76.
(In Russ.). EDN: AHXFBO.

4. Garanin M.A., Blinkova S.A. The traction power supply system modeling using the energy storage. Vestnik Rostovskogo
gosudarstvennogo universiteta putej soobshcheniya. 2023;2:85-90. (In Russ.). https://doi.org/10.46973/0201-
727X_2023_2_85. EDN: TUOYML.

5. Garanin M.A., Boshkareva T.V., Frolenkov S.A. Modeling an AC traction power supply system to handle heavy trains.
Vestnik transporta Povolzh’ya. 2016;5:22-27. (In Russ.). EDN: XDCFQF.

6. Zemskiy D.R., Sychenko V.G., Bosyi D.O. Simulation of the parallel operation of external and railway AC traction
power supply system taking into account unbalanced conditions. Technical Electrodynamics. 2020;2:74-85. https://
doi.org/10.15407/techned2020.02.074. EDN: SHVTVO.

7. Komyakov A.A., Komyakova T.V., Shkulov A.l. Application of a probabilistic approach for the formation of an electric traction
load graph in the simulation of a traction power supply system. Vestnik Rostovskogo gosudarstvennogo universiteta putej
soobshcheniya. 2023;4:184-192. (In Russ.). https://doi.org/10.46973/0201-727X_2023_4_184. EDN: JLRHET.

8. Kostin A.P., Pinchukov P.S. Software analysis for modeling emergency conditions in the traction power supply
system. In: Nauchno-tekhnicheskoe i ekonomicheskoe sotrudnichestvo stran ATR v XXI veke: trudy Vserossijskoj
nauchno-prakticheskoj konferencii tvorcheskoj molodezhi s mezhdunarodnym uchastiem = Scientific, technical and
economic cooperation of Asia-Pacific countries in the 21st century: proceedings of the All-Russian scientific and
practical conference of creative youth with international participation. 18-21 Aprl 2023, Khabarovsk. Khabarovsk:
Far Eastern State Transport University; 2023, vol. 2, p. 23-28. (In Russ.).

9. Kosarev A.B., Rudashevskij R.A., Rudashevskaya A.V., Smolin P.l., Rebrov L.A. Determination of working capacity and modeling
of operating modes of traction power supply systems. Nauka i obrazovanie transportu. 2021;2:21-26. (In Russ.). EDN: QVSYUW.

10. Zagorskij V.A., Pakulin A.G., Put’ko V.F. Modeling of the AC traction power supply. Vestnik transporta Povolzh’ya.
2012;3:11-15. (In Russ.). EDN: PJZELP.

11. Bykadorov A.L., Zhukov A.V. Mathematical modelling electric processes dynamics in power supply system. Vestnik
Rostovskogo gosudarstvennogo universiteta putej soobshcheniya. 2010;3:141-145. (In Russ.). EDN: MVCDBZ.

12. Rudashevskij R.A., Rudashevskaya A.V., Smolin P.I., Rebrov LA., Krylov A.A. Improving automated means
to determine operating modes and calculating parameters of the traction power supply system. Nauka i obrazovanie
transportu. 2021;2:66-69. (In Russ.). EDN: TWNCGM.

13. Serebryakov A.S., German L.A., Osokin V.L., Subhanverdiev K.S. Combined calculation of traction and external
power supply systems for traction load and short circuit conditions. Elektronika i elektrooborudovanie transporta.
2018;3:6-12. (In Russ.). EDN: XZROUX.

14. Pinchukov P.S., Makasheva S.I. Amplitude-frequency spectrum of current as a tool to identify the operating mode
of a traction power supply system. Russian Electrical Engineering. 2023;9:61-67. (In Russ.).

15. Pinchukov P.S., Makasheva S.I. Modeling of traction power supply system modes with assessment of protection
efficiency. Pacific Rim countries transportation system. 2022;2:58-64. (In Russ.).

16. Khudonogov I.A., Puzina E.Yu. Assessment of the repair modes impact on the system of external power supply

system on throughput capacity of traction power supply system. In: International Russian Automation Conference,

RusAutoCon 2021. 5-11 September 2021, Sochi. Sochi: Institute of Electrical and Electronics Engineers; 2021,

p. 503-508. https://doi.org/10.1109/RusAutoCon52004.2021.9537316. EDN: ALYPWS.

17. Yang Hongjun, Du Xiong, Chen Bin, Cao Yuelong, Zheng Lianqing, Wang Heng. The influence of electrified railway
traction power supply system on the power quality of regional power grid. In: IEEE International Conference on Sensors,
Electronics and Computer Engineering. 2023. https://doi.org/10.1109/ICSECE58870.2023.10263369.

18. Aoyang Han, Litao Yu, Li Wang, Xu Jia, Wenhui Sun, Yunfan Bi. Research on the influence of urban metro traction
power supply system on power grid harmonics. In: First International Conference on Electronics Instrumentation
& Information Systems. 2017. https://doi.org/10.1109/EIIS.2017.8298567.

19. Xishan Yu. General mathematical model of AC traction power supply system simulation based on mathematical
reasoning and its application research. In: IEEE International Conference on Artificial Intelligence and Information
Systems. 2020. https://doi.org/10.1109/1CAIIS49377.2020.9194938.

20. Zhao Yan, Dai Ning Yi, An Bao. Application of three-phase modular multilevel converter (MMC) in co-phase traction
power supply system. In: IEEE Conference and Expo Transportation Electrification Asia-Pacific. 2014. https://doi.
org/10.1109/ITEC-AP.2014.6941064.

21. Peng Qi, Piao Zhengguo, Lu Yuhao, Li Chen. Analysis of operation data of traction power supply system
of high-speed railway. In: International Conference on Information Science, Parallel and Distributed Systems. 2021.
https://doi.org/10.1109/ISPDS54097.2021.00027.

22. Zakaryukin V.P., Kryukov A.V. Multi asymmetrical modes of electric systems. Irkutsk: Irkutsk State Transport
University; 2005, 273 p. (In Russ.). EDN: PTVITA.

23. Zakaryukin V.P., Kryukov A.V. Modeling of DC traction power supply systems based on phase coordinates. Moscow:
Direkt-Media; 2023, 156 p. (In Russ.).

24. Kryukov A.V., Suslov K.V., Cherepanov A.V., Nguen Kuok Hieu. Modeling the modes of DC traction electrical
networks. Energetik. 2024;2:9-13. (In Russ.). EDN: ENWOEH.

25. Zakaryukin V.P., Kryukov A.V., Avdienko |.M. Modeling of traction power supply systems equipped with balun
transformers. Moscow; Berlin: Direct-Media; 2017, 168 p. (In Russ.).

26. Arsentiev G.O., Bulatov Yu.N., Kryukov A.V. Control of railway power supply system modes based on smart grid
technologies (Smart Grid). Irkutsk: Irkutsk State Transport University; 2019, 412 p. (In Russ.). EDN: MXYZNT.

328 https://ipolytech.elpub.ru



https://ipolytech.elpub.ru
https://doi.org/10.1109/ICSECE58870.2023.10263369
https://doi.org/10.1109/EIIS.2017.8298567
https://doi.org/10.1109/ICAIIS49377.2020.9194938
https://doi.org/10.1109/ITEC-AP.2014.6941064
https://doi.org/10.1109/ITEC-AP.2014.6941064
https://doi.org/10.1109/ISPDS54097.2021.00027

KprokoB A.B., YUepenaHoB A.B., Kyok Xuey HryeH. MoaeAnpoBaHUE PEXUMOB CUCTEM TArOBOIr0O SAEKTPOCHAOXEHMS...

Kryukov A.V., Cherepanov A.V., Quoc Hieu Nguyen. Modelling of traction power supply systems with nonlinear stationary loads...

27. Kryukov A.V., Cherepanov A.V., Shafikov A.R. Modeling non-sinusoidal modes in electrical networks supplying power

to traction substations for electromotives operation with four-quadrant converters. In:

International Ural Conference

on Electrical Power Engineering. 1-3 October 2019, Chelyabinsk. Chelyabinsk: IEEE; 2019, P. 394-398. (In Russ.).

https://doi.org/10.1109/URALCON.2019.8877644.
WHOOPMALIUA Ob ABTOPAX

KprokoB AHapei BacunbeBuu,

A.T.H., npodeccop,

npodeccop Kapeapbl INEKTPOCHAOXEHUSA

N 3NEKTPOTEXHUKMU,

MPKYTCKMIA HAaLMOHAaAbHbIA MCCAEAOBATENBCKUN
TEXHUUYECKNUI YHUBEPCUTET;

664074, r. UpkyTck, yA. AepmoHTOBa, 83, Poccus;
npodeccop kKabeapbl INEKTPOIHEPTETUKM TPAHCMOPTA,
MpPKyTCKMI rOCyA@PCTBEHHbIN YHUBEPCUTET

nyTen coobLeHus,

664074, r. UpkyTck, yA. YepHbllweBckoro, 15, Poccus
>4 and_kryukov@mail.ru
https://orcid.org/0000-0001-6543-1790

YepenaHoB AneKkcaHAp BanepbeBuuy,

K.T.H., AOLLEHT,

AOLIEHT KadeApbl IAEKTPOIHEPTETUKKN TPAHCNOPTA,
NPKYTCKMI rOCYAAPCTBEHHbIV YHUBEPCUTET

nyTen coobLueHus,

664074, r. UpkyTck, YA. YepHblweBckoro, 15, Poceusa
smart_grid@mail.ru
https://orcid.org/0000-0002-7712-9537

HryeH Kyok Xuey,

acnupaHT,

MPKYTCKMI HaLMOHAAbHbIM UCCAEAOBATEAbCKUI
TEXHUYECKUI YHUBEPCUTET,

664074, r. UpkyTCK, yA. AepMmoHTOBa, 83, Poccusa
hieu12829@gmail.com
https://orcid.org/0000-0002-6969-8369

Bknaap aBTOpOB

KptokoB AHApPeElN BacuAbeBUY AIBASIETCS UNEHOM PEAak-
LIMOHHOMN KOAAETUM XypHaAa « iPolytech Journal» ¢ 2000
ropa, HO He MmMmeeT OTHOLWIEeHNA K pelleHnto OI'Iy6I\VIKO-
BaTb 3Ty cTatblo. CTatbsi NpoLwAa NPUHATYIO B XypHane
npoueAypy peueHsmpoBaHus. 06 MHbIX KOHOAUKTaxX aB-
TOPbI HE 3asiBAAAW.

Bce aBTOpPbI NpoymTanm u oA00pHAM OKOHYATEABHbIN Ba-
PUAHT PYKOMMCH.

KOoHPAUKT uHTEpecoB

ABTOpbI 3a51BAAIOT 06 OTCYTCTBMU KOHOAMKTA MHTEPECOB.
UHdopmauun o cTtatbe

Cratbsi noctynuaa B pepakumto 20.02.2024 r.; opobpe-

Ha nocAae peueH3rpoBaHua 25.03.2024 r.; npuHATa K
nybankauumn 01.04.2024 r.

https://ipolytech.elpub.ru

INFORMATION ABOUT THE AUTHORS

Andrey V. Kryukov,

Dr. Sci (Eng.), Professor,

Professor of the Department of Power Supply
and Electrical Engineering,

Irkutsk National Research Technical University,
83, Lermontov St., Irkutsk 664074, Russia;
Professor of the Department of Transport
Electrical Engineering,

Irkutsk State Transport University,

15, Chernyshevsky St., Irkutsk 664074, Russia
> and_kryukov@mail.ru
https://orcid.org/0000-0001-6543-1790

Aleksandr V. Cherepanov,

Cand. Sci. (Eng.), Associate Professor,
Associate Professor of the Department

of Transport Electrical Engineering,

Irkutsk State Transport University,

15, Chernyshevsky St., Irkutsk 664074, Russia
smart_grid@mail.ru
https://orcid.org/0000-0002-7712-9537

Quoc Hieu Nguyen,

Postgraduate Student,

Irkutsk National Research Technical University,
83, Lermontov St., Irkutsk 664074, Russia
hieu12829@gmail.com
https://orcid.org/0000-0002-6969-8369

Contribution of the authors

Andrey V. Kryukov has been a member of the iPolytech
Journal Editorial Board since 2000, but she was not
involved in making decision about accepting the present
article for publication. The article was subjected the
Journal’s review procedure. The authors did not report
any other conflicts of interest.

The final manuscript has been read and approved by all
the co-authors.

Conflict of interests
The authors declare no conflict of interests.
Information about the article
The article was submitted 20.02.2024; approved

after reviewing 25.03.2024; accepted for publication
01.04.2024.

329



https://ipolytech.elpub.ru
mailto:and_kryukov@mail.ru
mailto:smart_grid@mail.ru
https://orcid.org/0000-0002-7712-9537
mailto:hieu12829@gmail.com
mailto:and_kryukov@mail.ru
https://orcid.org/0000-0001-6543-1790
mailto:smart_grid@mail.ru
mailto:hieu12829@gmail.com
https://orcid.org/0000-0002-6969-8369



