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Bopomuaxun Arexceii Baiepvesuu — suye-npesudenm
OAO «Poccuiickue xcenesnvie dopoeu», Mockea,
Poccus.
o Muxaavuyx Hukoaaii lveosuyu — 3amecmumensd
XKene3HonopOXHbIN TPAHCIOPT nauanvruxa Jupexyuu mseu (no pazeumuro) —
BbIINOJIHSIeT cepbe3Hble cTpaTernieckune unuana OAO «Poccuiickue ncenesnvie dopou»,
3agayuv, kacawwunecs norpe6Hoc1'eﬁ Mockea, Poccus.
rocyaapcrtBa, TOBapHOIro pbiHKa, Pabuenox Hamaava Jleonudosna — kanouoam
nepeBoO304HOro rpouyecca. B KOHTeKCTe  mexuuueckux nayk, doyenm Hpkymckoeo
Macu_”'a6Hoﬁ AaesaTesIbHOCTU eocydapcmeeﬁﬂozo YHUeepcumema nymeﬁ coo6meﬂuﬂ,
oTpac/v aBTOPLI CTaTby oueHnBaT  Hpxymck, Poccus.
nepcrneKTNBsI MHHOBALMOHHOIO Anexceesa Tamvana Jleonudoena — kanouoam
Pas3BUTHSI OQHOrO U3 HaNpPasAeHn mex’(*)””ec"”x nayk, Oougnm Hpiymeiioeo g
3TOro psiAa — 3Heproc6eperaLmx Z;%yfnpcc;cmel‘fonc]iciﬁ YHUBepcumema nymeii coo0ujeHus,
TexHoJsioruii B cgpepe nponssoncTBa ’ ’
M aKcnyaTayuv TArosoro rnogBuxXHOro
cocrtaBa. ccnenoBarenv cB3bIBalOT
COnyTCTBYyIOLME TEME nNpPobriemMbl

C AOCTMKEeHneM paBeHCTBa paboTt epen xommuHrom OAO «P2K]1» cra-
npyv reHepupoBaHuyn n noTpebaeHun BSITCSI Bce OoJiee MacllTaOHbIe 3a1a-
9J/IeKTPOSHEePruun, aKktyasibHOCTbIO YU B IIJIJaHEe TPAHCIIOPTHOTO obecrie-

YTOMHEHNS MaTeMaTU4eCKoN CyT 3aKkona -~ oo 5o e
COXpaHeHWs1 3Hepruy, MOMOraroLLero JSEA= 1S ERR

y4yecTb 06beKkTuBHbIEe Ppusnyeckme 3a1a4 cHOPMUPOBAHA CTPATETUA PA3BUTUA
npoyeccsl B cucreme 3HeprOCHa6)KeHMﬂ XOJIIMHTA Ha MEepUomd A0 2030 rozaa. yTBCp-
HKENe3HBIX A0POr. nenHble CcTpaTernyeckrue MHULIMATUBbI pea-

KnioyeBble cnoBa: xenie3HoAopoXHbii — TA3YIOT WHHOBALIMOHHBII MyTh PA3BUTHsI HA
TPaHCIopPT, CUCTEMA SHEPT OCHQ@KeHMﬂ, OCHOBE pa3pabdOTKN U BHENPEHMST TEXHUYE-
TATOBBIN [TOABUXHON COCTaB,  1y1y 11 TeXHOIOTMYECKUX PELLIEHUI, TPENo-
aHeprocbeperarLLme TeXHOJI0ru, 6 .

38KOH COXpaHeHs aHeprm, pexympl  J1aTaloINX HauOOJBIINI MY/TBTHILUTNKATHB-
PEerynnpoBaHusi MOLLHOCTY, pekynepaums,  Hblii 3pdexT. OxugaeMblit 3¢ GheKT JoKeH

VIHHOBaUMOHHOE PA3BUTUE.  oGecrieYnTh 3HAYUTEIBHBIN POCT ITPOU3BOIN-
|
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TEJIbHOCTH, 00Jiee MOJHOE UCII0JIb30BaHUE
pecypcoB OTpaciu.

OnHOM M3 cTpaTernyeckux UHUIUATUB
SIBJISIETCSI OOHOBJIEHUE U YHU(DUKALIUS JIOKO-
MOTHMBHOTO NapKa. B KOHCTPYKIIUIO TSATOBOTO
MOABUXHOTO COCTaBa HaAMEUaeTcss BHECTU
VHHOBALIMOHHBIE U3MEHEHUSI, KOTOpbIE TO-
MOTJIU Obl JOOUTHCS CHUXKEHUST TOTPeOIeHUS
3JIEKTPOIHEPTUN U HETIPOU3BOAUTEIbHBIX
MOTepb YHEPTUU BO BCEX peXMMax padoThI,
5KOJIOTUYECKON HATPY3KU Ha OKPYXKAIOLIYIO
cpeny, OBbIIeHUS KOaGb(UIIMEHTa ITOJIe3HO-
ro AecTBUs, KO3 (UlreHTa UCTIOIb30BaAHUS
MOIIIHOCTH ABUTATENIe Ha TATY 151 TETLIOBO-
30B U 2JIEKTPOBO30B.

Hanpumep, Ha mepcrieKTUBY paccMaTpu-
BaeTCs CO3JlaHUE CKOPOCTHBIX I'PY30BBIX
271eKTpoB030B (10 140—160 KM/4), pa3BUTHE
JIMHEHKHU MACCAXUPCKUX JIEKTPOBO30B MeEpe-
MEHHOTO U MOCTOSIHHOTO TOKa C aCUHXPOH-
HBIM TIpuBOIOM (10 200 KM/49), a TaKKe MO-
IuUKaIus CyIeCTBYIOIIMX TJOKOMOTHUBOB 3a
CYEeT MPEUMYIIECTBEHHOTO UCITOJb30BaHUS
OTEeYeCTBEHHOU a7eMeHTHOI 0a3bl. [Tocien-
Hee aKTyaJbHO, MOCKOJIbKY B COOTBETCTBUU
C OOBSIBJIEHHBIM KYPCOM B CTpaHE Ha UMITOP-
TO3aMellleHUE CIIeayeT YYUThIBATh MPOTHO3 IO
MWHUMM3ALUU PUCKOB, CBSI3aHHBIX C Iepe-
CTPOWKOW M MEPEOpUEHTALUEN HA TTOCTaBKU
OTEeYeCTBEHHBIX KOMILUIEKTYOMuX [1].

VhpasneHre CKOPOCTHBIMU U TSTOBBIMU
pexXruMaMy COBPEMEHHOTO 3JIeKTPOITOABIX-
Horo coctaBa (DIIC) ¢ KoMJIEeKTOPHBIMU
W aCUHXPOHHBIMU TSITOBBIMU 3JIEKTPOJIBUTA -
TEJISIMU BBITTOJTHSIETCS MTOJTyTIPOBOTHUKOBBIMU
npeodpa3oBaTeIIMU 3a CUET UMIYJIbCHOU
nepenayu dJAeKTPUIYECKON IHEeprur U3 KOH-
TaKTHOI ceT! Ha TIOKoMOTHUB. C yBeTnYeHUEM
TIyOUHBI PEryJIMpOBaHUS MOIIHOCTH JIOKO-
MOTHBA OTE€YE€CTBEHHOTO U UMITOPTHOTIO MPO-
WU3BOJICTBA PHepreTuyeckas 3¢h@MEeKTUBHOCT
JKEJIE3HOW JOPOTU CHUXKAETCS, YXYAUIAeTCs
3JIEKTPOMAarHUTHAasi COBMECTUMOCTb JIEKTPO-
BO30B C CUCTEMOW 2JIEKTPOCHAOXEHUS, OKPY-
XKaue MpUupoaHOi cpeae HAHOCUTCS
onpeneeHHbIN yuep6. Peanuzauus npo-
rpaMMBbl Pa3BUTUS OTPAC/IU, YCTPAHEHUE OT-
MEUEeHHBIX MpobJeM U JajibHelllee coBep-
IIEHCTBOBAHUE TSITOBOTO MOJBUXXHOTO COCTa-
Ba BO3MOXHBI, TTojlaraeM, Ipyu YyTOYHEHUU
TEOPUU SHEPreTUYECKUX MPOLECCOB B K-
TPUYECKOU LENU, MPUMEHEHUN TeOpeTHUYe-
CKMX pe3yJIbTaTOB B Ipoliecce pa3padoTKu
HOBBIX TEXHUYECKUX PELICHUI U agpecHOM
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WCTIOTb30BAHUY JIOCTVDKEHUI HAyYHO-TeXHM -
YECKOTO Mporpecca.

3aKOHBI IBUXEHUS U pacIipeesieHus
SHEpPruu, OTKpbIThIE podeccopoM H. A. Ymo-
BbIM [2] B 1874 rony u cdhopMann3oBaHHbBIE
TPUMEHUTETLHO K 2JIEKTPOMArHUTHOMY TTOJTIO
npodeccopom II. I. TloiiHTUHTOM [3]
B 1884 romy (1), 1 ceroHsI UCTIONB3YIOTCS TTPU
olieHKe 3P (PEeKTUBHOCTU IHEPTETUYECKON
CHCTEMBI B PEKMMaX PETYJIMPOBAHUS MOIITHO-
cru. [Tpoliemypa yauThIBaeT MPUHSATHIE UCXOM -
Hble. J11st mpou3BoibHOrO oobema V, orpaHu-
YEHHOTO TTIOBEPXHOCTHIO .S, JIEKTPOMAarHuT-
HOE TI0JIe UI3BMEHSIETCST BO BpeMeHU £. BHyTpu
obbema V umerTcs mpoBoAsSUIME Tesa,
acpena oMHOPOAHA U U30TPOIHA, CTOPOHHUE
WCTOYHUKU SHEPTUN OTCYTCTBYIOT, OTPaXKeH-
Hasl BOJTHAa OTCYTCTBYeT.
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rne £, H — BekTOp HanpsoKeHHOCTU 2J1EK-
TPUYECKOIO IIOJISI M BEKTOP HAIPSLKEHHOCTU
MAarHMUTHOTIO M0JIS COOTBETCTBEHHO, BbI3BaH-
HbI€ JEHCTBMEM CTOPOHHUX CHJI B IpoLiecce
reHepUPOBAHUSI SHEPIUM;

0 — BEKTOP TUTOTHOCTH TOKA TIPOBOINMO-
CTH,;

B — BekTOp MAarHUTHOM MHIYKIINN;

D — BekTOp 2J1€KTPUYECKOTO CMELLIEHUS.

B uneansHOM citydae, korna padoTa CTOPOH-
HUX CUJT UICTOYHUKA SHEPTUU 110 00€CIeUeHUIO
HanpsKeHHOCTH 3JIEKTPUYECKOro 1moJist £ v Ha-
MPSLKEHHOCTY MAarHUTHOTO 10151 H 3MeHsieTcst
B COOTBETCTBUU C 0OBEMOM MOTPEOJIEHHON
SHEPIuu, JieBas JyacTh paBeHCTBa (1) paBHa
npaBoii yacth. Ce30HHBIE, CYTOUHBIC LIMKITHI
M3MEHEeHUs MOLLTHOCTH MOTpeOUTe e SHEprun
C TOMOIIbI0 KOMMYTALIMOHHBIX aMIapaToB
MO3BOJISIIOT UBMEHSITh MOILIHOCTh F€HEpaTOpPOB,
TEXHOJIOT1I0, 00bEMbI ITIPOU3BOACTBA U Iepe/ia-
YW SHEPTUU I CHIDKEHUS TIOTePh SHEPTUHN
U obecreueHMs1 IHeprocoepekeHusl.

B Poccuu u 3a pyGexkoM M3roTaBavMBaloTCs
MOJIYTIPOBOJHUKOBBIE PETYJISITOPbl MOLIHOCTH
C MPOJOJIKMTEIbHOCTBIO LIMKJIa MPOBOISIILIETO
M HETMTPOBOJSIIETO COCTOSIHUST MOJTYTTPOBOIHU-
KOBBIX IMPUOOPOB, KOTOPOE U3MEPSIETCSI B M-
JIMCeKYHJaX WK MUKpOCeKyHaax. B pexxurmax
9JIEKTPOIHEPreTUYECKO CUCTEMBI, KOraa 3a
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YKa3aHHYIO ITPOJIOJDKUATEIbHOCTD LIMKJIA ITepe/a-
YU HEPTMM PETYJIITOPOM MOIITHOCTU paboTa
CTOPOHHMX CHJT ICTOUHWKA SHEPTUY HE U3MEHSI-
€TCSI TI0 PA3TMIHBIM IMPUIMHAM (MHEPIIMOHHOCTD
000pyIOBaHMsI, TEXHOJIOTMYECKAsT M SKOHOMU-
YyecKasl LIeJIeco00pa3sHOCTb KOPPEKTUPOBKH pe-
JKMMa 9HEProMCTOUYHNKA, (POPMUPOBAHUE B CETH
CTaH/IAPTHBIX JIEKTPUYECKUX BEJTMUMH), 3aKOH
COXpaHEHUsI SHEPIY, 00OCHOBAHHBIN TEOPEMOI
‘YmoBa—IToitHTrHra (1), BCUCTeMe HAPYILIAETCSL.

ITpuuyrHbl cHUXeHUSA 3OHEKTUBHOCTU
SHEPreTUYECKOI CUCTEMBI XeJIe3HOM TOpoTH
M KavecTBa 3JI€KTPOCHAOXEHMS TIPU COKpa-
IIEHUY TIPOIOJIKUTETbHOCTH 1IMKJIA TTepeaadn
TOTOKA SHEPTUM U3 KOHTAKTHOU CETH Ha JIo-
KOMOTHB TIOJIyTIPOBOTHUKOBBIMU PETYIISITO-
paMU MOIITHOCTH JIOTUMHO CBS3aTh C YTOUHE-
HUEM TEOPUU IHEPTeTUIECKUX MPOIIECCOB.
KoppekTupoBKa M3BECTHOTO 3aKOHA COXpa-
HEHUST SHEPTUU HYXXHa Kak JJIsT BBISIBICHUS
MIPUYUH HEYIOBJIETBOPUTEIbHON pabOTHI
000pyI0OBaHMs, TAK M OTIPE/ICTICHUS TePCIIeK-
TUBHBIX HallpaBJIeHUIl Pa3BUTHUS TEXHUKU.
Teopemoii YMoBa—IloHTHHIA yYUTBIBAETCS
M3MEHEeHME TIPOIODKUTETLHOCTH HeoOpaTH-
MOTO0 ITPe0Opa3oBaHMsI AJIEKTPUIECKOM IHEP-
MY B MHOU BUJ SHEPTUM U3-3a PEaKTUBHBIX
3JIEMEHTOB, KOT/Ia YaCcTh pabOThl UICTOYHUKA
SHEPruu 3aTpauynBaeTCs Ha UBMEHEHUE DJIEK-
TPOMATHUTHOM HEPTUU U 9HEPTOOOMEH.

B HareM ncciienoBaHUM TIOJTy4eHa 3aBUCH -
MOCTb 3(h(DEKTUBHOCTU SHEPIETUYECKOM CHCTe-
MBI JKeJIe3HOI IOPOTH OT U3MEHEHMS TIPOIOJIKI -
TEJTLHOCTU HEOOPaTUMOTO Mpeodpa3oBaHUs
9JIEKTPUIECKOI SHEPTUY U MCTIONb30BAHUS ee
JUTSL TSITA TIOE3[I0B HE TOJBKO PeaKTUBHBIMU
3JIEMEHTaMU, HO W CHJIOBBIMU TIOJTYTIPOBOTHU-
koBbMU ripuoopamu (CITIT) perynasitopa MoIII-
HOCTH JIOKOMOTHBA. YTOUHEHHBI 3aKOH COXpa-
HEHUSI 9HEPTUH B 3JIEKTPOIHEPTETUUECKOM CHC-
TeMme [4] ¢ y9eTOM HECOOTBETCTBUS PaOOTHI
B Mpollecce MPOM3BOMCTBA 3JIEKTPUIECKON
SHEPTUM U TTOTPEOJICHHOI 3JIEKTPUIECKOI SHEP-
Y JIOKOMOTHBOM MOXHO 3aIicaTh B BUIE

- cﬁ(EG-I-TG)-dE—Sﬁ(EP-Ep)-dE =
S S
2
j H- —+E = dV
ot

rne E¢, H¢ — BeKTOp HANIPSDKEHHOCTH DJIEK-

TPHUYCCKOT'O ITOJIAA 1 BEKTOP HAIIPAXKECHHOCTU
MAar"HmMTHOTIO 11011 COOTBETCTBEHHO, BBI3BAaH-
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HbIE€ AEUCTBUEM CTOPOHHUX CHUJI B ITPOLIECCE
TEHEPUPOBAHNMA SHEPIUU B KOHTAKTHYIO CETh,

E,, H, — BeKTOpPBHI HANpPsKEHHOCTU

3JIEKTPOMATrHUTHOTO 110151, BbI3BaHHbIE pabo-
TOW CTOPOHHUX CUJI B TPOLIECCE TeHEPUPOBa-
HUSI DHEPTrUU B KOHTAKTHYIO CETb BO BpEMs
HempoBoasero cocrosuust CITIT perymsro-
pa MOILIHOCTU JJIOKOMOTUBA;

E, H — BeKTOpBI HAIIPSIKEHHOCTH DJIEK-
TPOMArHUTHOTO TIOJIsI, BBI3BAHHBIE PAOOTOM
CTOPOHHUX CWUJI B MPOIIECCE TeHEPUPOBAHUS
9HEPrur B KOHTAKTHYIO CETh BO BPEMsI MPO-
Bomsmiero cocrosHust CIIII peryastopa
MOIITHOCTH JIOKOMOTHBA.

BropbIM nHTETpaioM B JIEBOI1 YaCTH ypaB-
HeHMS (2) YIUTBIBACTCSI I3MCHEHUE PETYIIsi-
TOPOM MOIIIHOCTH JIOKOMOTHUBA MPOI0TIKM-
TEJIbHOCTU UCTIOJIb30BAHUST JIEKTPUIECKOM
9HEPrUU B KOHTAKTHOW CETH [ISI TSTH MTOE3/1a.

C mepexojoM OT BEKTOPHBIX BEIUYUH
BypaBHEHUU (2) K X CKaJISIPHBIM 3HAUECHUSIM
OaJlaHC MOILIHOCTU UMEET BUJI:

\/Sé—AS2=\/P2+Q2. (3)

PazmmaHbIe CTTOCOOBI UMITYJIECHOTO YIIPaB-
JICHUSI TTIOTOKOM 3HEPIUM M3 KOHTAKTHOM
CEeTH TIOJYIIPOBOTHUKOBEIMH PETYISITOPAMU
MOIITHOCTH JIOKOMOTHBOB BBI3BIBAIOT HEJIM-
HEWHBIC NCKAXEHUS KPUBOW MTHOBEHHBIX
3HAYCHUI HANPSDKEHUSI B KOHTAKTHOM CETH
¥ CHCTeMe BHEIITHETO 3JIeKTPOCHAOXKEHUS.

Ecnu HemMHEHBIC 2JICKTPUYECKHUE BEJTH-
YMHBI Pa3JIOXKUTh B psifi Pypbe [5], TO MOXHO
paccyrTaTh MOIITHOCTH B ypaBHEHMH (3).

ITosHast MOIITHOCTH Ha BXOJIE TTOJTYTIPOBO/I-
HUKOBOTO PETyJIsITOpa:

S,=U, @)
roe U — neficTByroliee 3HaYCHIE HAPSKEHUST
Ha BXOJIE peTyiIsITopa.

[ — nelicTByIOIIee 3HAYCHME TOKA HA BXO-
JIe peryysitopa.

MomHoCTh AS TIpeacTaBiseT coboii co-
CTaBJISTIONIYIO TTOJTHOM MOIITHOCTU Ha BXOIE
TIOJTYTIPOBOTHUKOBOTO PETYIISITOPA, XapaKTe-
pHU3YIOIIasl TY YaCTh SHEPTETUICCKOTO ITOTCH -
[Maia KOHTaKTHOI CETH, KOTOpast He UCTIOJb-
3yeTCs IS TSITH TTOE3/1a MJTU C TIOMOIIIBIO 3TO
JacTH 3HEPreTHYEeCcKOTro MOTCHIIMAaNla He
obecITeunBaeTCsI 9HEProooMeH B cucteMe. Tak
Kak HarpsiKeHUe Up npukianbiBaetcs K CITIT
TIOJIYTIPOBOIHUKOBOTO PETY/IITOPa MOIITHOCTH
BO BpeMs MX HEIPOBOASAIIETO COCTOSTHUS
(BO BpeMsI T1ay3bl MEXIY UMITYJIbCAMMU),
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w1 =Up1, (5)
rme Up , — JEACTBYIOIIEe 3HAUEHUE HaTIPsIKe-
Hus k-1 cocTapisioeii psga @ypbe Ha BXO-
JIe peryjsiTopa MOIIHOCTH JIOKOMOTHBA BO
BpeMst HerpoBogsiiero cocrosiuus CITIT;

1, — neiicTBylolee 3HaYEHUE TOKA OTHOU -
MEHHOI#1 k-i1 coctaBisioiein psaa @ypre Ha
BXO[IE PETyJIsITOpa MOIITHOCTHY JIOKOMOTHBA;

Up — IEWCTBYIOIIEE HAMIPSIKEHKE, KOTOPOE
MPUKJIAIBIBAETCS K PETYISITOPY MOIITHOCTH BO
BpeMst HerpoBogsiiero cocrosiuus CITIT;

k — HOoMep cocraBJsioleii psga Dypee.

AKTHBHas MOLIIHOCTb

P=Uco.lo+zUck']k'COS(pk’ (6)
k=1

rIae Uc » Uck — TIOCTOSIHHAS COCTaBJIAIOIIAs
HaTIIpsDKeHUS M AeHCTBYIOIIee 3HaUeHUE Ha-
TIPSKEHMS k-1 TApMOHUKU Ha BXOJIE PeTyJIsi-
TOpa MOIITHOCTH BO BpeMsI IIPOBOJSIIETO CO-
CTOSTHUSI TIOJTyIIPOBOTHUKOBEIX TIPUOOPOB;

1,, I, — mOCTOsIHHAsA COCTaBIAOIAs TOKA
W JeUCTBYIOIIEee 3HAUYCHUE TOKA OTHOMMEH-
HOI k-II TapMOHUKM Ha BXOJE peryisiTopa
MOIITHOCTH;

¢, — yroa casura 1o ¢ase k- rapMOHUKH
TOKa OTHOCHUTEJIEHO OTHOMMEHHOI rapMOHU -
KM HaMpsKEHMST Ha BXOJE PETY/IITOpa MOIII-
HOCTH;

n — HOMEp TOCIeIHEH U3 YINTHIBAEMBIX
TapMOHUK.
PeaxkTuBHAasa MOIIIHOCTH

(7

MOITHOCTH MOXKHO pacCYuTaTh 1o ¢Gop-
mynam (4—7) ¢ BBICOKO TOYHOCTBIO MpU
TTOMOIIY COBPEMEHHBIX KOMITBIOTEPHBIX ITPO-
rpaMM, a Ha MPaKTUKe U3MEPUTh BEIMYMHbBI
npubopamMu, O UX MOKa3aHUSIM HaWTH OT-
JIeJbHbIE COCTaBJSIONMEe BbhipaxXeHus (3)
M TIPOBEPUTH OaJTaHC MOIITHOCTH.

AHaIMTUYeCKOe BbIpaxkeHne KoahuLim-
eHTa MoIIHOCTH K, TO3BOJIAIOIIEr0 OLEHUTh
3 HEKTUBHOCTD UCTTOJIH30BAHUS DJIEKTPUIEC-
CKOI DHEPTMU JJIs TSITW ITOE3[I0B C yYETOM
PEaKTHUBHBIX DJIEMEHTOB U OLIEHKU PaOOThI
pPeryJIsITOPOB MOILIHOCTU JJOKOMOTHUBOB (8),
MOXKHO TTOJTYYUTh, UCTTOJIB3YS BhipaxkeHue (3):

P Peor P
"USe PP +aS? (PP
“K. K,

®)
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YUUTBHIBAIOLINI U3MEHEHUE MPOMOJIKUTEb-
HOCTH UCITOJIb30BAHUSI DJIEKTPUYECKOI DHEP-
YU TS TSITU TTO€3/1a PETYJISITOPOM MOIIIHOCTH
JIOKOMOTHBA;

K, =

— KO3(GULIMEHT,

———— — K02 GULMEHT, YYUTHI-
P’ +Q’

BaIOIINI N3MEHEHNE PEaKTUBHBIMU JIEMEH -

TaMU 3JICKTPUIECKOMN IIETTH MPOIOJIKUTEb-

HOCTH HeoOpaTUMOro mpeodpa3oBaHUs

3JIEKTPUUYCCKON SHEPTUN B MEXaHUUECKYIO

paboTy 1 TEIIOBBIE TTOTEPU.

[Ton TpomOKUTETFHOCTHIO UCTIOIH30Ba-
HUS DJIEKTPUUIECKOI PHEPTUM ITOHUMAETCS
YacTh BpeMEHU LIMKJIA ITOTPEOJICHUS TOKOMO-
TUBOM 3JICKTPUUECKON SHEPTUH U3 KOHTAKT-
HOM CeT JUISl TATU TI0e3/a, a TAKKe DHEPIo-
oOMeHa MeXIy peaKTUBHBIMU 2JIEMEHTaMM
1 UICTOYHUKOM SHEPIHUU.

C yueroM (4—7) u3 BeipaxkeHUs (3) MOXKHO
BBIWICHUTh MACU IJIS MEePCIIeKTUBHBIX Ha-
MNpaBJICHUN TEXHUYECKUX PEIICHUIA, Kacaro-
IIUXCS PEeTYASITOPOB MOIIMHOCTHU TSITOBOTO
3JIEKTPOIIOABIKHOTO COCTaBa —

JIPUP -1 U2 =[P + Q%

, FT

JlefACTBYIOIINI TOK, MOTPEOIIEMBbI U3
CHUCTEMBI 2JIeKTpoCcHa0OXeHU s (9), 3aBUCUT OT
JIEVCTBYIOIIETO HATIPSIKEHUsT Ha BXOJIE PeTy-
JISTOpA MOIIIHOCTHU JJOKOMOTHBA, 00beMa pa-
OOTHhI, BBIMOJHSEMON 2JIEKTPUUYECKON IHEP-
TUeit, a TAaKKe HaTpsDKeHUST Ha BXOJIE PeTyJIsi-
TOpa BO BpeMsl Tay3bl B MIOTOKE SHEPTUU U3
KOHTAKTHOM CETU Ha IOKOMOTHB.

TakuMm 00pazoM, MUHUMAJTbHBIH TEHCTBY-
IOIINI TOK, MOTPEOJIIEMBII TSITOBBIM 2JIEK-
TPOTIOJBUKHBIM COCTaBOM, 3JIEKTPOMArHuT-
Hasi COBMECTUMOCTb JIOKOMOTUBA C CUCTEMOIA
9JIEKTPOCHAOXEHUSI TOCTUTAIOTCS 3a CUET
TOJIHOTO MCITOJIb30BaHUSI HATIPSDKEHUST Ha
BXO/JIE PEryIsiTopa MOIIIHOCTH JIJOKOMOTUBa U
U peain3aliiy peakKTUBHOM 3Hepruu Q, KOTO-
pasi HaKoTUIeHa B 0OMOTKaX TSTOBBIX BJIEK-
TpoABUTATENIEH TSI TATU TI0€3/1a.

[TonynpoBOTHUKOBBIE PETYISITOPHI MOIII-
HOCTHU U3MEHSIOT MPOJAOJIKUTETbHOCTh MC-
MOJIb30BAHMUS JIEKTPUYECKOTO MOTEHIIMa1a

(€))
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Puc. 2. Ocumnnorpammsl HaNPsXXEHUs U, TOKa i, B NepBUYHON 0GMOTKE U U, i
BO BTOPUYHOV 0OMOTKeE TAroBoro rpaHcgopmaropa npu paéore 3l1B.

WCTOYHUKOB dHepruu. s obecrieueHUS
BBICOKOI 3HepreTuueckoil a(pGeKTUBHOCTU
cucteMHl (8, 9) HeTb3sI COKpaIaTh IIPOIOJIKI -
TEeJIbHOCTh HEOOPAaTUMOTO IIpeoOpa3oBaHUs
3JIEKTPUYECKON SHEPTUU B UHOM BUJ SHEPTUU
( Up —0, 0—0).

ITponomkuTeIbHOCTh HEOOPATUMOTO MpPe-
00pa3oBaHus JIEKTPUUYECKOM IHEPTUY B UHOM
BUJ1 32 LIMKJI TOTPeOJIEHMSI DHEPTUM HE COKpa-
IIaeTcss KOMMYTaIIMOHHBIM 000pyI0BaHUEM,
€CJIA peryJrMpoBaHUE MOLIHOCTH BbIMOJIHSET-

® MUP TPAHCMOPTA, Tom 1

Cs1 32 CYET UBMEHEHUS DJIEKTPUUYECKOIO CO-
MPOTUBJIEHUS 3JIEMEHTOB 2JIEKTPOIHEPIETU -
yeckoi cuctembl. He ciydyaiiHO B OBITOBBIX
3JIEKTPOIUIMTAX PEryJIMpOBaHUE MOIIHOCTHU
KOH(OPOK OCYIIECTBISICTCSA IEPEKITIOUCHIEM
CEKIIMM HarpeBaTelIel ¢ IIOCIeI0BaTeIbHOTO
COEMHEHMS Ha CMEILIAaHHOE U MapaJljIeIbHOE.
Takum xxe 06pa3oM BbIMOJTHSIETCS PETYJIUMPO-
BaHHWE CKOPOCTHOTO U TSATOBOTO peXMUMa
9JEKTPOIOABUXHOTO COCTaBa XEJE€3HOI0-
POXXHOIO M FOpPOACKOro TpaHCIopTa, KOrjaa

.62-76 (2015)
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Puc. 3. lMpuHunnnanvHas anekTpnyeckas cxema IlB2 aons ynpasnexns
TSroBbIM 3/1€KTPONPNBOAOM TEJIEXKMN 3/IeKTPOBO3a.

MyTeM TPy POBKHU TSITOBBIX 3JICKTPOIBUTA-
TeJIeit U3MEHSIETCST MX 9KBUBAJICHTHOE 2JICK-
TpUYECKOe COMpoTUBIeHre. B crabunmsaTo-
pax HaIpsDKeHUsI, TATOBOM 2JIEKTPOIIPUBOIE
IIMPOKO IMPUMEHSIETCSI CIIOCO0 MHOTO30HHO-
TO peryJIMpoBaHMSI MOIIIHOCTH 3a CUET U3Me-
HEHMS BXOTHOTO 3JICKTPUIECKOTO COITPOTUB-
JICHUsI TpaHchopMaTopa IepeKIoUYeHueM
CEeKIIMI ero 0OMOTOK. B afieKTpruecKux ceTsax
TSI TIOAIep>KaHUsT OTKJIOHEHUST HATIPSDKSHUST
B IOITYCTUMBIX TIpeIeiax IPUMEHSIIOTCS B CU-
JIOBBIX TpaHC(OopMaTopax repeKioyeHue 6e3
BO30YXXIIEHUSI M PETyJIMPOBaHME MO HArpy3-
Kkoii. C nuameHeHneM KoapGUIIMEHTa TpaHC-
opmarm U3MEHSIeTCS BXOTHOE DJICKTPUIE-
CKO€ CONpPOTUBJICHHUE TpaHchopmaTopa
C HArpy3KoIM.

ITpoBepeHHass MHOTOJIETHE MPaKTUKOI
3P HEeXTUBHOCTDL pa3IUIHBIX TEXHUUECKUX
pelIeHUI peryIMpoBaHUSI MOIITHOCTH MOTpe-
ouTesneit SHePTUM IMyTeM U3MEHEHMS SJICKTPH -
YeCKOTI'0 COIPOTUBIICHUS M HEAOCTATKH PeTy-
JISTOPOB HAMPSIKEHUS TTOATBEPKAAIOT IIPaBO-
MEPHOCTb aHAJIMTUYECKUX BhIpaxkeHuUit (2—9)
TSI XapaKTePUCTUKU (PU3UISCKUX ITPOIIECCOB
B DHEPreTUYECKOM CHUCTEME.

® MWP TPAHCMOPTA, Tom 13, N2 6, C. 6276 (2015)

TexHuueckast peaju3als aHATUTHYECKU
000CHOBAHHOI'O YCJIOBUSI MUHUMAaJbHOTO
TOKa B 3JIEKTPOIHEPIeTUUECKOM cucTeMe
BO3MOXHA, €CJIM BMECTO M3BECTHBIX CIIOCOOOB
M3MEHEHUsT HAIPSKEHUS MIPU yIIpaBIeHUN
MOIIHOCTBIO U3MEHSITh BXOIHOE JIEKTPUYE-
CKO€ COIPOTUBJICHNUE MOJIYIIPOBOIHUKOBBIMU
perynsitopamu MoiHoctH [6—10]. Takue pe-
TYJISATOPbI, U3MEHSIOLIE BXOIHOE 3JIEKTPU-
YeCKOe COIMPOTUBIICHUE, TIPUHIIUIAATILHO
OTJINYAIOTCSI OT U3BECTHBIX AHAJIOTOB TEM, YTO
OHM 00JIaalOT CBOMCTBOM 3JIEKTPUUYECKOIO
BapuaTopa (puc. 1).

DHeprocbepexeHue ¢ MIpuMeHEeHUEM
BJICKTPUYECKUX ITOTYIIPOBOAHUKOBBIX Bapy-
aropos (DI1B) mocturaercs He TOJIBKO 3a CUeT
MOTPEOISIEMOr0 OT UCTOYHUKA DHEPTUU MU~
HUMAaJIbHOTO TOKA, HO 1 3a CUET YCTPaHEHMSI
3JICKTPOMArHUTHBIX ITOMeX (pUC. 2) U dJIeK-
TPOMArHUTHOI COBMECTUMOCTH 3JIEMEHTOB
cucteMbl. [1py HanpspKeHUU BO BTOPUYHOM
obMmoTKe TaroBoro Tpacdopmaropa TT U, =
1260 B, Toke Ha BbIxone Bapuatopa DI1B2 7,
= 1620 A 1 CKOPOCTH 3JIEKTPOBO3a 5 KM/4 CO
BTOPUYHOI OOMOTKM TATOBOTO TpaHc(hopMa-
Topa norpebisercs Tok /, = 260 A. Hesasu-
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Puc. 4. MatemaTtuyeckass MogeJsib TAroBoro 3/;1eKTponpusoAa
C 3/1eKTPUYeCKUM MoJ1yrnpoBOAHNKOBbIM BapUaToOpOM.

CHMOE BO30YKIEHUE TATOBBIX 3JICKTPOIBUTA-
teneit TOJl AByX TelleKeK 3JIEKTpPOBO3a
obecneunBaeTcs Bapuatopom DIIBI1. ITo ue-
TEIpeM 0OMOTKaM Bo30yxmeHus (OB) mByx
TEJIEKEK MPOTEeKaeT HOMUHAIBHBIA TOK
810 A, anaBxone DI1B1 on paBen 230 A. Ypo-
BEHbB MyJIbCAlMii TOKA B 0OMOTKAaX 3JICKTPOI-
BUTraTeJieil He IpeBbilaeT 2% 6e3 MpuMeHe-
HUS CIJIAKWBAIOIINX PEaKTOPOB.

Tox B 00MOTKaX BO30YXICHUS MOXHO
pETYJIATOPOM CHHXPOHHO YBEIMUYUBATH
W YMEHBIIIATh OT HOMUHAJIBHOM BETMIMNHBI 0
HyJISI 1 KOPPEKTUPOBATh TOK B KaXKIIOI 0OMOT-
Ke C y4eToM pa3dpoca ImapaMeTpOB KOJIECHO-
MotopHoro oyoka (KMB).

HenuHeltHbIe McKaxkeHUS HATIPSIKCHUS
HaOJII0IaI0TCSI B MOMEHT KOMMYTAIIUM TOKA
B nuonax Beimpssmutenis DI1B (puc. 2), a ux
YPOBEHDb 3HAUMTEIBHO HUXE ITOITYCTUMBIX
BEJMUYMH, TO3TOMY HE HYXHO YCTPaHSTH
TaK Ha3bIBAEMYIO «MOILIHOCTh UCKAXKEHUS»
1 He TpeOyeTCsl M3roTaBiIUBaTh (PUIBTPHI
IUIST YCTPaHEHUS 3JIEKTPOMATrHUTHBIX I10-
Mex. OcHOBHASI TapMOHUKA TOKA MPaKTH-
YECKHU COBIIAIAET C OCHOBHOM rapMOHUKON
HaMpsKEHUS Ha BXOE peTyJIsIToOpa, 3HAUUT
He HYXHBI M1 KOMITEHCATOPBI «MOITHOCTH
CIBUTA», HET HEOOXOMMMOCTH B MCIIOJIH30-
BaHuM Ha DIIC cIOXHBIX BXOAHBIX ITPEO-

® MMUP TPAHCMOPTA, Tom 13, N2 6, C. 62-76 (2015)

OpasoBaTesieil THITa YeThIPEXKBaAPaHTHBIX
4-¢gS.

Ha sTame mycka, TporaHus 1 pa3roHa 1mo-
€3/1a JEUCTBYIOLINIA TOK Ha BXOJI€ U3BECTHBIX
PETYJISITOPOB MOIIHOCTH I10 OTHOIICHUIO
K HOMMHaJIbHBIM TOKaM TO/I /, moBbiiaeTcst
1o 1,6:1,, a Ha BXOJI€ 2IEKTPMYECKOTO MOy~
MIPOBOIHMUKOBOTO BapraTopa AeilCTBYIOLINI
TOK He npeBbimaer 0,57,

BwmecTo BEITIpSIMUTEIBHO-MHBEPTOPHOTO
npeodpazosateins (BUIT), KoTopkrit comepKuT
8 TuIeY BBRIIPSIMUTENST HA TUPUCTOpPAX, IS
YETHIPEX30HHOTO PETyIMPOBAHNS MOIITHOCTH
MOXHO ITpuMeHnTh DI1B2 (puc. 3).

Ha puc. 4 mpencraBieHa MaTeMaTruaecKast
MOJIEJIb TSITOBOTO JIEKTPOIIPUBOIA IIOCTOSH-
HOTO TOKAa HOMUHAJIILHOI MOIIHOCTBIO 765
kBT, paboTaroiero ¢ MoMeHTOM Ha Basry TO/I,
7608 H'M u yactoToii BpameHus Baia 94
00./muH. [TomHast MOITHOCTH Ha Bxoae DI1B
S, = 112,2 kBA, aktiBHasg MOLIHOCTb P =
112,2 xBT, moatomy AS = 0 1 BCsI a1eKTpHye-
CKasl 9HEPIUsI KOHTAKTHOI CeTH pean3yeTcs
IUIST TSITW TIO€3/1a U BBIIEJISIETCS B BUIC TETLIO-
BOI1 SHEPIUU ITOTEPH B IIPUBOJIE.

B Hacrosee BpeMs Ha JKeJIe3HBIX JOpOTax
MPUMEHSETCSI BBICOKOCKOPOCTHOM TSTOBBIN
3JIEKTPOTIOIBIKHOI COCTaB ¢ OECKOJIIICKTOP-
aeiMu TO/1. UMITyibcHas TIepenaya 3J1eKTpH-
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Puc. 5. PyHkynoHasnbHas cxema TSIroBoro 3/1eKTpornpuBoAa BbICOKOCKOPOCTHbIx 3IC ¢ ucnonb3osavmnem 3B.

YECKOM HEPruM M3 KOHTAKTHOM CETU Ha
JIOKOMOTHBBHI BHITIOTHSICTCS 32 CUET AaBTOHOM-
HBIX UHBepTOPOB HanpskeHus (AMH) ¢ -
POTHO-UMITYJIbCHOU Momysuueit (IIIMM)
IJIsI TIMTAaHUST IOKOMOTHBA OT KOHTAKTHBIX
ceTel TOCTOSTHHOTO TOKA M C MCITOJIb30BaHM -
eM 4-gS mpeoOpa3oBaTeneil — IS MUTaHUS
OT ceTeli EpeMEHHOI0 TOKA.

M3roToBiaeHneM BBICOKOCKOPOCTHOTO
TSITOBOTO 3JICKTPOITOABUKHOTO COCTaBa, Ha
KOTOPBI HETIPEPBIBHO TIEPEIaeTCs JICKTPH-
YyecKasl SHEPTHsI M3 KOHTaKTHOM CETH ITOCPEI-
crBoMm DIIB (puc. 5), MOXHO 00eCIIeUUTh
BBICOKYIO DHEPreTU4YecKylo 3(P(PeKTUBHOCTH
M 3JICKTPOMaTrHUTHYIO COBMECTUMOCTBD JIOKO-
MOTHBA C CUCTEMOI 3JICKTPOCHAOXKCHUSI.

[ mIaBHOTO yIIpaBJICHUS MOIITHOCTHIO
ACHMHXPOHHBIX TpeX(ha3HbIX TSITOBBIX IBUTATE-
neii (AT/1) aBBTOHOMHBIM MHBEPTOPOM HaIIpsI-
xenus (AMMH) moxHo popmupoBath 3-az-
HOE TIepeMEeHHOE HAMIPSIKEHUE PETYINPYeMOit
YacTOTHI, a ¢ ToMOIIbI0 DI1B n3MeHdaTh M-
PHHY NMITyJIbCOB Hanpspkenust U Ha Bxoze
AWH B 3aBUCHMMOCTH OT YaCTOThI HaTIpsiKe-
Hus Ha Beixone AMH. Takas ctpykrypa Tsro-
BOTO 3JICKTPOIIPUBO/IA 3HAYUTEIHHO YIIPOIIa-
€T KOHCTPYKIINIO IIpeoOpa3oBaTelis YaCTOTHI,
HO HE UCKITI0YaeT BO3MOXHOCTh ITPUMEHECHUS
AWH c IINM.

Pexynepanmsa aaeKTpuuecKoi 3HEPTUn
B CUCTEMY 3JICKTPOCHAOXKEHUS OT TSATOBBIX
3JIEKTPUICCKIX MAIIIMH 11eJIecoo0pa3Ha, KOr-
J1a MIX DJIEKTPUICCKUI TTOTSHITA 00CCITeUn-
BacT MOBHIIIICHNE HATIPSIKEHUS B CETH TIepe-
MEHHOTO TOKa. B TTomoOHBIX peKyIepaTopax
[8, 11] xkoMMyTanusl TOKa COBEpIIaeTCsS
B MOMEHT IIepexoja IepeMeHHBIM HaIlpsoKe-
HUEM CETH Yepe3 HOJb. TeXxHUJIecKast peaju-
3alMsI HEIIPEePHIBHOM ITepeaadn JIeKTpruye-

® MWP TPAHCMOPTA, Tom 13, N2 6, C. 6276 (2015)

CKOM SHEPTUU MOXET BBITIOJHSATHCS BCTPEU-
HO-TIapaJUIeIbHO BKIIOUCHHBIMU IUOIAMM
VD1-VD4 (puc. 3) — IGBT-tpan3ucropamu
Monyist. PerynmpoBaHue MOIITHOCTH, OTIaBa-
€MOI B CeTh IIEPEMEHHOTO TOKa, IIPOM3BOINT-
Cs 3a CUET yIpaBJIEHUSI TOKOM B 0OMOTKax
Bo30yxnmeHus TO/I. B pexxume pekynepaimn
9TO IOCTUTACTCSI U3MEHEHUEM BJICKTPUICCKO-
ro cornpoTtusicHus T, mpuaeM ycTpoiicTBO
nmpuodpeTaeT cBoiicTBa BI1B. B manHOM Ci1y-
yae yCTPAHSIOTCS YpaBHUTEIbHBIC TOKMH,
Bo3HuKarolIue rnpu padbore BUII B pexxume
WHBEPTOpa, KOTOPBIC CHIKAIOT IEUCTBYIOIICE
HaIpsDKEHHE B CETH IIEPEMEHHOTO TOKa 1 BBI-
3BIBAIOT HEJMHEWHBIC MCKaXXeHUST (POPMBI
KpYBOM HarpsikeHus. B aBapuiiHol cuTyaluu
U TIPH KCTPEHHOM TOPMOXCHMHU IT0e31a
yIIpaBJICHUE CUJIOBBIMM TPAH3UCTOPAMU MO-
ITyJISI MOKET OCYIIIECTBIISITHCSI B COOTBETCTBY-
o1ieM ajroputMme Tupucropamu BAIL.

B pa3pabotaHHBIX 1 alTpOOMPOBAHHBIX Ha
MIPAKTUKE ITOJTYIIPOBOTHUKOBEIX PETYIISITOpPaxX
MOIITHOCTHU 0€3 TTPOMEXKYTOUHBIX HAKOTIUTE-
JIelt Hepruu U (PUIBTPOB IJIST YIIpaBICHUS
3JIEKTPOTEPMUYCCKIMM YCTAHOBKAMM U 3JICK-
TponpuBogoM MoinHocTbio 300 kBt [12],
a TakoKe IS YIIpaBJICHUS TIPOU3BOIUTEILHO-
CTHhI0O MOTOP-BEHTWJIITOPOB MOIIHOCTHIO
220 kBt [13] anekTpoB0O3a U3MEHSIETCS BEIM-
YMHA BXOIHOTO 3JIEKTPUYCCKOTO COIMPOTUB-
JICHUSI YCTPOMCTB 03 COKpAICHUS TIPOIOI-
XUTEJIbHOCT HEoOpaTUMOro Ipeodpa3oBa-
HUSI DJIEKTPUICCKOI SHEPTUU.

BbiBOAbl

1. 3amayn MHHOBALIMOHHOTO Pa3BUTHUS
OTpPAC/I¥ MOXHO BBIIIOJIHUTH Ha OCHOBE MO-
JIepHU3aLMKU 1 OPraHU3ally IIPOU3BOACTBA
3((HEKTUBHOTO, BHICOKOITPOU3BOANUTEIBHOTO
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OTEUYECTBEHHOTO MOJIBMXKHOTO COCTaBa, C OTl-
TUMaJIbHOW Harpy3koil Ha UHGPACTPYKTYypy
Y MUHUMM3AIMEe HeraTUBHOTO BIUSITHUS Ha
OKPYXXAIOIIYyI0 Cpeiy, o0ecrieueHueM dHep-
TOOTITUMAJIbHBIX TEXHOJIOTUI NBUXKEHUS
rnoe3ssa.

2. DHeprocobepexeHue B JIEKTPOIHEpre-
TUYECKMX KEJIE3HOMOPOXKHBIX CETSIX IOCTUTA -
€TCsI, €CJIM TIOCTUTAETCS PAaBEHCTBO PabOTHI
TP TEHEPUPOBAHUM U TIOTPEOJICHUN BJIEK-
TPUYECKOI IHEPTUU, TTOATOMY YTOUHEHUEM
MaTeMaTU4eCKOTO BhIpaXKeHUST 3aKOHa CoXpa-
HEHUSI 9HEPTUU YITEHBI OObEKTUBHbBIE (PU3M-
YECKUE MPOIIECCHI B CUCTEME.

3. 3ajaya 6epexXHOro MCMHOJb30BaHUS
3JIEKTPUYECKON IHEPTUM PelIaeTcs MmyTeM
TJIABHOTO PEryJIMPOBAaHUS MOIITHOCTH B ITPO-
11ecce MoTpedIeHUs 1 Tiepeayu SHepruu 6e3
COKpAIIleHUsT MPOJIOKUTEIbHOCTA Heobpa-
TUMOTO Tpeo0pa30oBaHUS DJIEKTPUUIECKOU
SHEPruu B MHOM BUJI SHEPTUM.

4. Viconb30BaHUEM B KaueCcTBE Tlapame-
Tpa yIpaBJIeHUsI MOIITHOCTHIO B 3JIEKTPOIHEP-
TeTUYECKUX CUCTeMaX 3JIEKTPUIECKOTO CO-
TPOTUBJICHUST JIEMEHTOB BMECTO OOIICTIPH-
HSTOTO HampsiKeHUs1 obecTieurBaeTcs mpa-
KTUYECKU HeTpepbhIBHOE MpeoOdpa3zoBaHue
3JIEKTPUIECKON SHEPTUU JUISI TSATHU TI0€3/I0B.

5. [TorynpoBOAHUKOBBIE PETYJISTOPHI
MOIITHOCTH, U3MEHSIOIINE BXOTHOE JIEKTPH-
YECKOe CONPOTUBIIEHNE, TTPMOOPETAIOT CBO -
CTBO 3JIEKTPUYECKOTO TIOJYITPOBOTHUKOBOTO
BapuaTopa 1 3TUM KapANHAIBHO OTJINYAIOTCS
OT aHAJIOTOB OTEYECTBEHHOTO ¥ UMITOPTHOTO
TIPOM3BOJICTBA.

6. PerynupoBaHueM MOIIHOCTH JIOKOMO-
THBA 3a CUET U3MEHEHUS DJIEKTPUIECKOTO
COIIPOTHUBIIEHMSI B TIpoOIiecce Mepenadu 1 mo-
TpeOJIeHUSI IEKTPOIHEPTUN U3 KOHTAKTHOU
ceTu obecrieunBaeTCs BEICOKasi SHepreTuye-
cKkast 9(pPeKTUBHOCTb U 2JEKTPOMArHUTHas
COBMECTMMOCTD JIOKOMOTHBA C CUCTEMOM
3JIEKTpOCHAOXeHUs 6€3 MPUMEHEH s 10O~
HUTEJBHOIO 000PYAOBaHUSI.

7. YcusieHue TSroBOro 3J1eKTpOoCHaOKEeHUS
peKkyrepalyeil 9HepTuu CTAaHOBUTCST peasib-
HBIM OTPaCJIEBBIM PECYpPCOM IPY COXPAaHEHU U
HEIMpPEPBIBHOTO MMOTOKA 3HepTuu oT TH]]
B KOHTAKTHYIO CETb.
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INNOVATIVE PROSPECTS FOR TRACTION ELECTRIC ROLLING STOCK
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ABSTRACT

Rail transport performs serious strategic tasks
concerning needs of state, commodity market, trans-
portation process. In the context of far-reaching activ-
ity of the industry the authors assess prospects of in-
novative development of one of the directions of this
series — energy saving technologies in production and

operation of traction rolling stock. Researchers associ-
ate the problems attributable to the topic with achieve-
ment of equality of work in generation and consumption
of electric energy, relevance of clarifying mathematical
essence of energy conservation law, which helps to
take into account objective physical processes in the
power supply system of railways.

Keywords: railway transport, power supply system, traction rolling stock, energy-saving technologies,
energy conservation law, power control modes, recovery, innovative development.

Background. Holding company Russian Railways
faces many ambitious targets in terms of transport
provision of the country’s economy. Within the frame-
work of these objectives a strategy of holding develop-
ment until 2030 has been formed. The approved
strategic initiatives implement an innovative path of
development through elaboration and implementation
of technical and technological solutions involving the
greatest multiplier effect. The expected effect is to
provide a significant increase in performance, a bet-
ter use of industry’s resources.

One of strategic initiatives is to update and unify
locomotive fleet. It is planned to make innovative
changes in design of traction rolling stock that would
help to reduce energy consumption and unproductive
energy losses in all operating modes, environmental
impact, improvement of efficiency, utilization of engine
power to traction for diesel and electric locomotives.

Objective. The objective of the authors is to
consider innovative prospects concerning traction
electric rolling stock.

Methods. The authors use general scientific and
engineering methods, graph construction, mathe-
matical modeling, evaluation approach, comparative
analysis.

Results. Future prospects provide for conside-
ration of such issues as creation of high-speed freight
electric locomotives (up to 140-160 km/h), develop-
ment of line of passenger electric AC and DC locomo-
tives with asynchronous drive (up to 200 km/h), as
well as modification of existing locomotives due to
preferential use of domestic element base. The last
one is important because, in accordance with import
substitution declared in Russia it is necessary to take
into account the forecast for minimizing risks associ-
ated with restructuring and refocusing on supply of
domestic components [1].

Control of speed and traction modes of modern
electric rolling stock (hereinafter — ERS) with col-
lector and asynchronous traction motors is per-
formed by semiconductor converters due to im-
pulse transmission of electric energy from cate-
nary to locomotive. With increasing depth of loco-
motive power control of domestic and foreign
production energy efficiency of the railway re-
duces, electromagnetic compatibility of electric
locomotives with electric power supply system, the
environment is damaged. Realization of the pro-
gram of industry’s development, elimination of
problems and further improvement of traction
rolling stock are possible, we believe, in refinement
of the theory of energy processes in the electrical
circuit, the application of theoretical results in the

development of new technical solutions and tar-
geted use of scientific and technological progress.

The laws of motion and energy distribution,
opened by professor N. A. Umov [2] in 1874 and
formalized in relation to electromagnetic field by
professor J. H. Poynting [3] in 1884 (1), are still used
in evaluating efficiency of the energy system under
power control. The procedure takes into account as-
sumed initial values. For an arbitrary volume V,
bounded by a surface S, an electromagnetic field
changes over time t. Inside the volume V there are
conductive bodies, and the medium is homogeneous
and isotropic, external sources of energy are absent,
the reflected wave is absent.
~§E-H-dS=[5-EdV+] A28, ED)av, (1)

S v v at at

where E, H s vector of electric field density and
magnetic field vector, respectively, caused by action
of external forces in the process of generating energy;

J s vector of conduction current density;
B is magnetic induction vector;

D is electric displacement vector.

In the ideal case, when the work of external
forces of energy source to ensure density of electric
field E and magnetic field H varies according to the
amount of energy consumed, the left side of equation
(1) is equal to the right side. Seasonal, diurnal cycles
ofchange in capacity of energy consumers by means
of switching devices allow to change the power of
generators, technology, production volume and
transfer of energy to reduce energy loss and provide
energy savings.

In Russia and abroad semiconductor power
switches are produced with duration of the cycle of
conducting and non-conducting state of semiconduc-
tor devices, which is measured in milliseconds or
microseconds. In modes of power system, when
within a specified power transfer cycle by power
control device operation of external forces of the
energy source does not change for various reasons
(inertia of equipment, technological and economic
feasibility of adjustment of mode of energy source,
formation of standard electrical quantities in the net-
work), the energy conservation law, justified by
Umov-Poynting theorem ( 1) is broken in the system.

Reasons for reducing efficiency of energy system
of railway and power supply quality while reducing the
duration of energy flux transmission cycle from cat-
enary to the locomotive by semiconductor power
regulators should be logically associated with refine-
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ment of energy process theory. Adjustment of the
famous energy conservation law is needed as to
identify the causes of poor performance of equipment
and to identify promising areas of technological de-
velopment. Umov-Poynting theorem takes into ac-
count changes in the duration of irreversible conver-
sion of electrical energy into another form of energy
because of reactive elements when part of work of
energy source is spent on the change of electromag-
netic energy, and energy exchange.

In our study, the dependence was obtain of en-
ergy system efficiency of the railway from changes in
the duration of irreversible conversion of electrical
energy and its application to pull trains not only by
reactive elements, but also by power semiconductors
(hereinafter — PS) of locomotive power control device.
The adjusted energy conservation law in the power
system [4] taking into account the mismatch in the
process of electricity production and consumed
electric power of locomotive can be written as

{qS(EG -Hg)-dS - §(E, .Hp)-dS‘}
s s (2)

=[6-E-av+| 7.8,5.28 gy,
y A e at

where Ea s Ho is vector of density of electric field

and vector of density of magnetic field, respectively,
caused by action of external forces in energy
generation in catenary;

E,,, H, are vectors of density of electromag-

netic field, caused by action of external forces in
energy generation in catenary in a non-conducting
state of PS of locomotive power regulator;

E, H arevectors of density of electromagnetic
field caused by action of external forces in the process
of generating energy in catenary while conducting
state power of PS of power regulator of locomotive.

The second integral on the left side of equation
(2) takes into account the change of duration of elec-
trical energy use in catenary for traction of trains via
locomotive power control.

With transition from vector quantities in equation
(2) to scalar values balance of power is:

JSZ-AS? =[PP+ 0. (3)

Different ways of impulse control of energy flow
from catenary by semiconductor regulators of loco-
motive power cause harmonic distortion of curve of
instantaneous voltage values in catenary and external
power supply system.

If non-linear electrical quantities are expanded in
a Fourier series [5], it is possible to calculate the
power in the equation (3).

The total power at the input of semiconductor
regulator:

S=UH, (4)
where U is rms value of voltage at the input of the
regulator.

I'is rms value of current at the input of regulator.

Power AS isacomponent of the total power at the
input of the semiconductor regulator, which character-
izes the portion of the energy potential of catenary
which is not used for train traction or energy transfer
in the system is not provided by that part of the energy

potential. Since voltage U, is applied to PS of semi-

conductor power regulator SPR during their non-
conductive state (during the pause between pulses)
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AS = /Zng-I,f:UP-I, (5)
k=0

where Upk is rms of voltage of k-th component of the

Fourier series at the input of the locomotive power

regulator during non-conducting state of PS;

1 is rms of current of eponymous k-th component
of of the Fourier series at the input of locomotive
power regulator;

Up is operating voltage, which is applied to power
controller during a non-conducting state of PS;

k is a number of component of the Fourier series.

Active power
P=Ucohlo+zUck'1k'Cos¢k H (6)

k=1
where U, U_, is constant component of voltage and
currentvalue of voltage of k-th harmonics at the input
of power regulator during conducting state of
semiconductor devices;

1, 1,.is constant component of current and rms of
current of the same name k-th harmonics at the input
of power regulator;

¢, is phase angle of k-th harmonic of current with
respect to the same name harmonic of voltage at the
input of power regulator;

n is a number of the last of harmonics taken into
account.

Reactive power

0= /ZUZk I} -sin’ g, .
k=1

The capacity can be calculated by formulas (4-7)
with high accuracy by using modern computer pro-
grams and in practice to measure the value with in-
struments, then using their indications find individual
components of the expression (3) and check the
balance of power.

The analytical expression of power coefficientK,,
allowing to estimate the efficiency of use of electric
power for train traction with account of reactive ele-
ments and evaluating the performance of locomotives
power regulators (8) can be obtained using the ex-
pression (3):

_P_ JP*+Q? ] P B
Sy P Qi +as? (P24’
'PZ 2

where K. L7

P2+ 0% +AS?

account changes in the duration of electric energy
use for traction of train by locomotive power regulator;

(7)

Kc 'KQ ’ (8)

is coefficient, taking into

K, = _P
changes by reactive elements of the electric circuitin
the duration of irreversible conversion of electrical
energy into mechanical work and heat loss.

The duration of electric energy use means the part
of time of cycle of energy consumption from catena-
ry for train traction and energy exchange between
reactive elements and the energy source.

In view of (4-7) from the expression (3) we can
divide ideas for promising areas of technological solu-
tions related to power regulators of traction electric
rolling stock—

JP U -1 U2 =[PP+

is coefficient, taking into account

(9)
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Rms current consumed from the power supply
system (9) depends on rms voltage at the input of
locomotive power regulator, workload of electrical
power, as well as voltage at the input of regulator
during a pause in the flow of energy from catenary to
the locomotive.

Thus, minimum rms current consumed by traction
electric rolling stock, locomotive electromagnetic
compatibility with the power supply system is achieved
by making full use of voltage at the input of locomotive
power regulator U and implementation of reactive
power Q, which is accumulated in the windings of
traction motors for train traction.

Semiconductor power regulators change the
duration of use of the electric potential of energy
sources. To ensure high energy efficiency of the sys-

sformer when ESCVT operates.

tem (8, 9) it is impossible to reduce the duration of
irreversible transformation of electrical energy into
another form of energy ( Up—>0, Q-0).

The duration of irreversible conversion of electri-
cal energy into another form of energy per energy
consumption cycle is not decreased by switching
equipment if power control is performed by changing
the electrical resistance of elements of the power
system. Not by chance in household electric stoves
power control of burners is performed by switching
the heater section from serial connection to mixed
and parallel. In the same way the regulation is carried
out of speed and traction mode of electric rolling stock
of railand urban transport, when by grouping traction
motors their equivalent electrical resistance changes.
In constant-voltage regulators, traction motor drive
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Pic. 3. Electrical schematic diagram ESCVT2 to control traction electric drive of electric locomotive bogie.

method of multi-zone power control is widely used by
changing input electrical resistance of the trans-
former via switching sections of its windings. In elec-
tric networks, for maintaining the voltage deviation
within an acceptable range shifting without excitation
and regulation under load are used in power trans-
formers. With the change in the transformation ratio
input electric resistance of the transformer to the load
changes.

Proven with long-term practice effectiveness of
different technical solutions of power control of en-
ergy consumers by changing electrical resistance and
voltage regulators disadvantages confirm the validity
of analytical expressions (2-9) to characterize
physical processes in the energy system.

Technical implementation of analytically sound
condition of minimum current in the power system is
possible if instead of the known methods of varying
voltage at the power control input to change the input
electrical resistance via semiconductor power regula-
tors [6—-10]. Such regulators, varying input electric
resistance, are fundamentally different from the known
analogs in that they have the property of the electric
variator (Pic. 1).

Energy savings with electrical semiconducting CVT
(hereinafter — ESCVT) is achieved not only due to the
consumed minimum current of the energy source, but
also by eliminating electromagnetic interference
(Pic. 2) and electromagnetic compatibility of compo-
nents of the system. When the voltage in the second-
ary winding of traction transformer TT U, = 1260 V,
current at the output of variator ESCVT | ,=1620 Aand
speed of electric locomotive of 5 km/h from the sec-
ondary winding of traction transformer current I, =
260 A is consumed. Independent excitation of traction
motors TEM of two bogies of electric locomotive is
provided by ESCVT1. In four of the excitation windings
(hereinafter — EW) of two bogies nominal current of
810 A flows, and at the input ESCVTT itis 230 A. The
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level of current pulsation in the windings of electric
motors does not exceed 2% without the use of
smoothing inductors.

The current in excitation windings can be simul-
taneously increased and decreased from the nominal
value to zero and the current can be adjusted in each
winding, taking into account the spread of parameters
of wheeled motor block (hereinafter - WMB).

Harmonic distortions of voltage are observed at
the time of current switching in diodes of the rectifier
of ESCVT (Pic. 2), and their level is significantly below
permissible values, so there is no need to eliminate
so-called «distortion power» and it is not required to
manufacture filters for eliminating electromagnetic
interference. The main current harmonic practically
coincides with the fundamental harmonic of voltage
atthe input of regulator, and therefore there is no need
for compensators of «shear capacity», there is no
need to use on ESCVT complex input converters of
four-quadrant 4-qgS type.

During startup phase, starting and acceleration
of the train rms current at the input of known power
regulators in relation to nominal currents TEM |, in-
creases to 1,6-1,, and at the input of the electric
semiconductor variator rms current does not exceed
0,51,

I713tead of reversible converter (hereinafter — RC),
which contains 8 rectifier arms on thyristors, for four-
zone power control ESCVTZ2 can be applied (Pic. 3).

Pic. 4 shows a mathematical model of DC traction
electric drive with nominal power of 765 kW operating
with a torque on the shaft of TEM 7608 N - m and speed
of the shaft 94 rom. The total power at the input of
ESCVT S, = 112,2 kWA, active power P = 112,2 kW,
therefore AS = 0, and all electrical energy of catena-
ryis used for traction of trains and is released as heat
energy losses in the drive.

Currently, on railways high-speed traction electric
rolling stock with brushless TEM is used. Pulse trans-
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Pic. 4. Mathematical model of traction electric drive with electric semiconductor variator.

mission of electrical energy from catenary to locomo-
tives is performed by autonomous voltage inverter
(hereinafter — AVI) with pulse-width modulation
(hereinafter — PWM) to power the locomotive from DC
catenary and using 4-qS converters — for supply from
AC networks.

With manufacture of high-speed traction electric
rolling stock, to which electrical energy from catena-
ry is continuously transmitted through ESCVT (Pic. 5),
it is possible to provide high energy efficiency and
electromagnetic compatibility of locomotive with
power supply system.

For smooth power control of asynchronous three-
phase traction motors (hereinafter — ATM) via au-
tonomous voltage inverter (hereinafter — AVI) it is
possible to generate 3-phase AC voltage of variable
frequency, and with ESCVT to change the width of
pulses of voltage U, at the input of AVl depending on
voltage frequency at the output of AVI. This structure
of traction electric drive greatly simplifies the design
of the frequency inverter, but does not exclude the
possibility of using AVI with PWM.

Recovery of electrical energy in the power supply
system from traction electric vehicles is advisable when
their electric potential enhances voltage in AC network.
In these recuperators [8, 11] current commutation is
performed at the time of transition of alternating voltage
network through zero. Technical implementation of
continuous transmission of electrical energy can be
made by antiparallel diodes VD1-VD4 (Pic. 3) — IGBT-
transistor of module. Regulation of the power supplied
to the network of alternating current is produced by
controlling current in excitation windings of TEM. In re-
covery mode itis achieved by changing electrical resis-
tance of TEM, the apparatus acquires the properties of
ESCVT. In this case equalizing currents are removed,
which are produced when RC operates as an inverter,
which reduce rms voltage in the AC network and cause
nonlinear distortion of the voltage waveform. In an
emergency, and emergency braking of train control of
module power transistors can be performed in an ap-
propriate algorithm by thyristors of RC.

In developed and tested semiconductor power
regulator without intermediate energy storage devices
and filters to control electrothermal plants and electric
drive with power of 300 kW [12], as well as to control
performance of motor-fans with capacity of 220 kW [13]
oflocomotive, the value of input electrical resistance of
devices changes without reducing the length of irrevers-
ible conversion of electrical power.

Conclusions.

1. Objectives of innovative development of the
industry can be achieved on the basis of moderniza-
tion and organization of production of effective, high-
performance domestic rolling stock, with optimum
load on infrastructure and minimization of negative
impact on the environment, ensuring energy optimal
technologies of train movement.

2. Energy saving in electric rail networks is
achieved if the equality of operation is achieved in
generation and consumption of electric energy, so
the refinement of the mathematical expression of
energy conservation law took into account objective
physical processes in the system.

3. The task of careful use of electrical energy is
achieved by modulating the power in the process of
consumption and energy transmission without reduc-
ing the length of irreversible conversion of electrical
energy into another form of energy.

4. Use in power systems of electrical resistance
elements as of a power control parameter instead of
conventional voltage provides virtually continuous
conversion of electric energy for train traction.

5. The semiconductor power regulators, changing
input electrical resistance, acquire the property of the
semiconductor electric variator and thus are radi-
cally different from counterparts of Russian and for-
eign production.

6. The locomotive power control by changing
electrical resistance in transmission and consumption
of electric energy from catenary ensures high energy
efficiency and electromagnetic compatibility of loco-
motive with power supply system without the use of
additional equipment.
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Pic. 5. Functional diagram of traction electric drive of high-speed ERS with the use of ESCVT.

7. Strengthening of traction power supply via
energy recovery becomes a real industrial resource,
while maintaining a continuous flow of energy from
TEM into catenary.
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NAMATU HALUEIO KOJUJIErn, APYrA " TOBAPULLIA

YHuBepcuterckasi o0ILIECTBEHHOCTb
MPOBOJMJIA B MOCJIEAHUIA IMyTh OJHOTO U3
HanboJee yBakaeMbIX U 3aMedaTesIbHbIX
npeacraButeneii mpodeccypsl MUUT, n3-
BECTHOTO CBOMMM MHOTOYMCIEHHBIMU Ha-
VYHBIMU TpyZaMU ¥ MHOTOJICTHEH ITeaaro-
TYECKOI tesgTeTbHOCThIO Muxamna Vnxaii-
goBuya Bosoruna. OH CKOPOMOCTUKHO
CKOHYaJIcsT 25 HOsIOps ¢.T. Ha 74-M TOomy
JKW3HU, TIOJTHBIM TBOPYECKUX TUIAHOB, OKPY-

JKeHHBII Maccoii el ¥ 3a00T, KOTOphIE Ka-
caymch 1 KadeapabHOM paboThI, U TIpe-
CTOSILLIMX 3aCETAHUI YUEHBIX COBETOB, JUC-
CepTalMOHHBIX 3alIUT 1 YYeOHBIX IIPOTPAMM,
CTY/IEHUYECKHUX 3a4ETOB U 9K3aMEHOB.

I[TocTOSSTHHBIM OOBEKTOM €r0 BHUMaA-
HUsI, 3TO HAJIO TTOMYEPKHYTH 0C000, OCTa-
BAJICA U BEAYIIAN OTPACIECBOU Hay4YHBIN
XypHall «Mup TpaHcnopTa», 4YJIeHOM
penxkouieruu koroporo Muxaun Muxaii-
JIOBWY OB C TIEPBBIX THE CYIIIeCTBOBAHUS
n3nanus. [Ipodeccop B HeManoil mepe
CITOCOOCTBOBAJI TOMY, YTOOBI XKypHAJI BO-
mren B criucok BAK, mpuo6pen aBroputeT
B HAQyYHOM MUpeE, cTaja MobdenuTeseM Bo
BCEPOCCUICKOM KOHKYpce. Ero co6cTBeH-
HBIC ITyOIMKAIIMY BCETa OTIINYAIHN BBICO-
KW TIpodecCuoHaan3M, KaueCTBeHHAs
aHaJMTUKA, YMEHUE BUIETh U OLIEHUBATh
OTpacjeBYIO MEPCIIEKTUBY.

Penaxkuus, pegakiimoHHas KOJJIETUS
U pelaKLIMOHHBI COBeT «Mupa TpaHCIIopTa»
r1y00KO CKOPOSIT B CBSI3M C KOHUMHOM
M. M. bonoTtrHa 1 BEIpaKaroT COO0JIE3HOBA-
HUE CeMbE U OJIM3KMM MOKOWHOIO, NaMsITh
0 KOTOPOM MBI OyZieM HEM3MEHHO XPaHUTb,
OTIaBast JOJDKHOE €r0 TpyAaM U 3aCiTyraMm.

IN MEMORY OF OUR COLLEAGUE, FRIEND AND FELLOW

The university community paid last
respects to one of the most respected and
outstanding representatives of MIIT
professors, famous for his numerous
scientific works and years of teaching
activities Mikhail M. Bolotin. He died
suddenly on November 25 of this year in his
74" year of life, full of creative plans,
surrounded by a mass of affairsand concerns,
which related to the work of the department
and upcoming meetings of academic
councils, dissertation defenses and training
programs, student tests and examinations.

Permanent object of his attention, it
must be emphasized especially, remained a
leading transport scientific journal «World
of Transport and Transportation», a member
of the editorial board of which Mikhail

Bolotin was from the first days of the
existence of this edition. Professor
contributed significantly to the fact that the
journal was included in the list of Higher
Attestation Commission, gained credibility
in the scientific world, became a winner of
the All-Russian contest. His own
publications have always been distinguished
by high professionalism, quality analytics,
ability to see and evaluate the industry
perspective.

Editorial council, editorial board and
editorial staff of «World of Transport and
Transportation» are deeply in mourning
because of the death of M. Bolotin and express
condolences to the family and friends of the
deceased, whose memory we will always keep,
paying tribute to his work and merit.
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