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Bonpocel coBepIIEHCTBOBAaHUS HMEIOIIUXCA M CO3/1aHUS HOBBIX BHJOB TPaHCIOpTa
BaYXHBI U aKTYyaJIbHbI JUIsl pa3BUTHs YeIoBeuecKoro odmecrsa. OnHUM U3 Haubolee nepernex-
TUBHBIX M JKOJOTMYECKH YHMCTBIX HOBBIX BHMJIOB TPAHCIIOPTHBIX CPEICTB SIBIISIETCS BBICOKO-
CKOPOCTHOM MAarHUTHOJIEBUTALMOHHBIM TPAHCIIOPT, MEPEMEIIAIIHUNCI CO CKOPOCTIMHU
110 500 xkm/4.

Hesab. O6ocHOBaTH 11€7€CO00Pa3HOCTH UCIIOIb30BAHUS JIMHEHHOIO ACHHXPOHHOTO JIBU-
ratessi; pa3padoTarh U UCCIEA0BATh BAPUAHTBI KOHCTPYKIMH JIBUraTesIel JAHHOIO THUIIA.

Meroabl. Onncana KOHCTPYKLMS JIMHEMHOIO aCHMHXPOHHOIO IBUraTeisl ¢ MPOIOJIBHO-
MONEPEYHBIM MAarHUTHBIM TIOTOKOM U1l KOMOMHHPOBAHHOW CHCTEMBI TATH M OOKOBOH CTaOMIu-
3al[Md MarHUTOJIEBUTAIIMOHHOIO TPAHCIIOPTa, Pa3BHMBAIOILAsS TMOBBIIICHHBIE YCHIMS OOKOBOIA
crabum3anyy. BeimoaHeHo MaTeMaTuueckoe MojiepoBanre MarauToakymmx cii (MJIC) B
3a30pe TATOBOTO JIMHEHHOT0 JBUIraTeNs JaHHOTro Tuna. Jis aHanu3a ObLIM NPUHSTHI AOMYLLEHUS
0 PaBHOMEPHOCTH pacIpeAeeHNs] MarHUTHOW MHAYKIMK B BO3IYIIHOM 3a30p€ B IONEPEUHOM
HAIIPaBJICHUU U O €€ CHHYCOWJAILHOCTH B IIPOJIOJIBHOM HAIpaBJIeHUH, MTO3BOJIMBILNE pa3pado-
TaTh HOBYIO MaTeMaTH4ecKyro mMojenb pacnpeneneHus MJIC B Bo3ayliHOM 3a30pe JIMHEWHOrO
ACHHXPOHHOT'O IBUTaTeNIsl C MPOA0JIbHO-TIONEPEYHBIM MAaTHUTHBIM TIOTOKOM.

Pe3yabTaTsl. Pazpaborannas maremaTudeckas Mojienb st pacueta MJIC TsroBoii nu-
HEMHOI MaIIMHBI NO3BOJUT MOBBICUTh TOYHOCTh pacueTa TATOBBIX U CTAOMIU3UPYIOIIUX 00-
KOBBIX yCHUJIMII KOMOMHHPOBAHHOW CHUCTEMBI JJIi MarHUTHOJIEBUTAI[MOHHOTO TPAaHCIOPTa, B
TOM YHUCJIE IIPU PAa3HBIX BapHaHTaX B3aUMHOIO PACIOJIOXKEHHS HHIYKTOpa OTHOCHUTEIBHO
BTOPUYHOTO 3JIEMEHTAa. JTO MOJATBEPXKJAET YCIEIIHbIM AECATUICTHUH ONBIT KOMMEPUYECKOM
DKCIUTyaTalliM BBICOKOCKOPOCTHOI'O I0€3/1a Ha MAarHUTHOM IIOABECE, MEPEBO3ALIETO Macca-
KHUPOB U3 adponopta B ropon [llanxait B Kuraiickoit HapogHO# peciiyOaunke.

Ha BenmuuuHy TAroBOro u OOKOBOTO YCHJIMH JIMHEMHOTO aCHHXPOHHOIO JBHUraTeNs C
MPOJOJIBHO-TIONEPEYHBIM MarHUTHBIM ITOTOKOM JIJIs1 BHICOKOCKOPOCTHOTO TPAHCIIOPTa BIMSIET
XapakTep pacupeeNeHuss Toka BO BTOPUYHOM 3JIEMEHTE, KOTOPBIH CYIIECTBEHHBIM 00pa3oM
3aBHCUT OT paclpe/esIeHnss MarHUTOABIKYIIUX CHJI B BO3YyLITHOM 3a30p€ MAIIUHBI.

KombOunupoBaHHas cucrema TArd, OOKOBas CTaOMIM3aLUs, JTUHEHHBIA aCMHXPOHHBII
JIBUraTeNb, POAOJIBHO-TIONIEPEYHBI MATHUTHBIN ITOTOK, MATHUTOABIKYILAs CHJIA.
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BBeneHue

Pazsutne tpancnopta B Poccuiickoit deneparuu, o0aagaromen orpoMHOM
TEPPUTOPHUEN U BBITOJHBIM T€OrpaPUUECKUM IOJIO0KEHUEM, SBIISICTCS Ba’KHOU
CTpaTern4yeckom 3afgadyeil. Peann3zannsi HOBBIX TPAHCIIOPTHBIX HAIPaBIIECHUM, CO-
EAMHSIOIIMX 3aIaJl C BOCTOKOM M CEBEP C IOIOM HAIIel CTpaHbl, a TAKXKE CO3/a-
HUE TPAHCIIOPTHBIX KOPUAOPOB HA TEppUTOpHH Poccuu, COeqUHSIOMNX CTPaHBI
EBpomnbl ¢ a3uaTCKUMU rocyJapcTBaMu, JUIsl IEPEMEIICHHS TPY30B U MACCaXU-
POB MO3BOJIUT PELIUTh MHOTHE TI'€ONMOJIUTHYECKUE M SKOHOMUYECKHE 3aJlayu.
JInst TOCTHO>KEHMS 3TUX LieJield He0OX0IMMO HE TOJIbKO COBEPUIEHCTBOBATH MME-
IOLMECA, HO U CO3/1aBaTh MPUHUMUIIMAIBLHO HOBBIE BUIBI BBICOKOCKOPOCTHOTO
TpaHcnopTa. COBpEMEHHBIE BBICOKOCKOPOCTHBIE BUJBI TPAHCIIOPTA YXKE HE B CO-
CTOSIHUM PELIUTh IIOCTABJICHHBIE 33/1a4¥ HA HOBOM YPOBHE.

CBOIO HHMIY B CO3/IaHMHM COBPEMEHHOM M IEPCHEKTHUBHOW TPaHCIOPTHOM
uHppacTpykTypsl Poccum u Apyrux cTpaH CMOMKET 3aHATH BBICOKOCKOPOCTHOM
MarHUTHOJIEBUTALMOHHBIN TpaHcnopT. [IpoOiemamu co3nanus U UCCIIEOBAHUS
MAarHMTHOJIEBUTAIIMOHHOTO TpaHcHopTa B mocieanue 10 JeT akTUBHO 3aHUMa-
IOTCSl POCCUICKUE Hay4uHble paOOTHUKU M MH)XEHEPHI B TPAHCIIOPTHBIX By3aX, B
aKaJeMUYECKHX U OTPACIEBBIX HAYYHO-MUCCIEA0BATEIbCKUX OpraHu3anusx. Bo-
IpocaM Pa3BUTHSA BBICOKOCKOPOCTHOTO MarHUTHOJIEBUTALIMOHHOTO TpPaHCIOPTa
yAEISIoT 3HaunTesbHoe BHUMaHue B OAO «PXK/», mogaepxuBaroT uccienoBa-
HUS B JAHHOW 00JIaCTM B TOM YHUCJE€ SKOHOMUYECKH — IIyTEM BbIJEICHHS TpaH-
TOB Ha MOUCKOBBIE U OIBITHbIE pabOThl. Pe3ynapTaTaM BBINOTHEHHBIX MCCIEN0-
BaHMI M MEPCHEKTUBAM MPOBENCHUS JAbHEUIINX paboT B JaHHOW 00JacTH Mo-
CBSIIIEHO MHOXKECTBO cepbe3HbIX myOsukanuii [ 1-8]. Hanbombiux pe3ynbTaToB
B pa3palbOTKe M HUCCIEIOBAHUSAX MAarHUTHOJEBUTALIMOHHOTO TpaHcmnopTa B Poc-
CUM JOCTHUTJIa HayyHas mkosa [lerepOyprckoro rocyaapcTBEHHOTO YHUBEPCH-
TeTa myTeit coodmeHus [1-7].

JUI IpaKkTUYECKOW pealn3alyy BBICOKOCKOPOCTHBIX MarHUTHOJIEBHTALlMOH-
HBIX TPAHCIIOPTHBIX CHUCTEM HEOOXOIMMO PEIINTh PSAJl HAyYHBIX U TEXHUYECKUX
npo0seM, 0JIHa U3 KOTOPBIX — 0€30MacHOCTh IBUKEHUS. be30mnacHOCTh ABMKEHUS
BBICOKOCKOPOCTHBIX IO€3/10B HA MATHUTHOM I0JIBECE — BayKHAs MpoodIiemMa, BKIIIO-
yaromasi B ce0s1 MHOTO acnekToB. OMH U3 HUX — YIyYIlIEHUE TUHAMHUYECKUX Ka-
YEeCTB MAarHUTHOJIEBUTAIIMOHHOTO TPAHCIIOpTa MyTeM OOECHeueHUs ero normepey-
HOM cTaOWUIM3aliyu OTHOCUTENBHO MyTeBOUM CTPYKTYphl. B PocToBckOoM rocynap-
cTBeHHOM yHHBepcutere myteil coobmenusi (PI'YIIC) pa3paboraH HOBBIA THI
TSATOBOUM MAallIMHBI JJI1 MArHUTHOJIEBUTALIMOHHOTO TPAHCIIOPTa — JIMHEWHBIN aCUH-
xpoHHbIN nBurateis (JIAJL) ¢ mpoaosibHO-MONEPEeYHbIM MAarHUTHBIM OTOKOM. Ta-
koit JIAJI cnocoOeH pa3BuBaTh MOMUMO TATOBBIX YCHIIMS TIOTIEPEYHOM cTabuimn3a-
mun [9]. Yeunusa momnepedHor cTaOuim3aiyd aBTOMATUYECKH BO3HHUKAIOT CAMH
npy OOKOBOM CMEIIEHUH TPAHCIOPTHOTO 3KUIAXKa, TMOJABEIIEHHOTO B MATHUTHOM
noJie, 0€3 TOMOJHUTENBHBIX YCTPOUCTB U AaTYMKOB nojoxenus. JIAJL ¢ mpoaoss-
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HO-TIOTIEPEYHBIM MAarHUTHBIM MTOTOKOM pabOTaeT Ha MPUHIUIE BCTPEUHO OEryIinx
MarHuTHBIX TOJIeH. Psij Hay4yHBIX pe3yJIbTaTOB IO HCCICAOBAHUIO JIMHEHHBIX
ACUHXPOHHBIX JIBUratejei ¢ MPOJI0JILHO-TIONEPEUYHbIM MAarHUTHBIM TIOTOKOM B
PI'VIIC ony6mukoBan B [10—11]. Borpock! 1BUXeHHS U MONEPEUHON TUHAMUKI
MarHMTHOJIEBUTAIIMOHHOTO TPAHCIOPTa BECbMa AaKTyallbHbI, O YE€M CBHJICTEIb-
CTBYIOT Hay4HbIE HCCIIEAOBaHNUS B MOCKOBCKOM TrOCYJapCTBEHHOM YHUBEPCUTETE
nmyTen cooomienus [12].

KOHCTPYKTUBHbIE CXeMbl U 0COBEHHOCTU pPaboThl
KOMOWHUPOBaHHbLIX CUCTEM TArMM U 6OKOBOW cTabunusauumn

OpHa U3 KOHCTPYKIIMN, 00ECeYMBAIOIINX CO3/IaHUE TATOBOIO0 U OOKOBOTO
CTAOMIM3HUPYIONIETO YCUIMH M TpeAHA3HAYCHHBIX JJII MarHUTHOJIEBHUTAIIMOH-
HOTO TpaHCIoOpTa, onucaHa B [13]. YBenudueHue TAroBOro ycuiaus KOMOMHUPO-
BaHHOM CHCTEMBI TATH U OOKOBOM crabuimzanuu obecrieunBaeT JIAJL ¢ mpo-
JIOJILHO-TIONIEPEYHBIM MAarHUTHBIM TTOTOKOM [ 14].

JIAJI ¢ TnpoaoiBHO-TIONEPEUYHBIM MAarHUTHBIM MNOTOKOM [14] mmeer B
HaIlpaBJICHUM JBWKEHHUsS 0e33yO1oBbIe (IJIaJKMe) aKTUBHBIC 30HBI, YTO TOBHI-
[IaeT CUHYCOUJIaJIbHOCTh PACTPEIeNICHUs] MArHUTHOTO TIOTOKA B BO3IYIITHOM 3a-
30p€ U 3HAYEHUE TATOBOTO YCUJIUS JAHHOTO JIBUTATEIS.

Jns ynydiieHus: pacripeiesIieHUs MAarHUTHOTO TOJIsi B TIOTIEPEYHOM JIBHKe-
HUIO HAIPaBJICHUH Pa3pabOTaH JMHEWHBIM aCHHXPOHHBIN JBUratens [15], co-
JeprKaimii HHIykTop (puc. 1), MarHuTHas CHCTEMa KOTOpPOro oOpa3oBaHa I10-
MEePEYHO PACTIONOKEHHBIMU CEpACYHUKAMU |, HECYIIIUMU KaTyIIKA OOMOTKHU 2.
[TorepeyHo MMXTOBAHHBIE CEPJICUHUKH COCAMHEHBI MPOJOJIBHO IIMXTOBAHHBI-
MU cepaeyHukaMu 3. CepIeUHUKH, ITUXTOBAHHBIE B IIPOI0JILHOM HaIPaBJICHUH,
o0pa3oBaHbl ABYMs HAKJIOHHBIMH CTEPXKHSIMH, KOHIIBI KOTOPBIX BXOJSAT B Ta3bl
MOTNEPEYHBIX CEPACYHUKOB. Ha MpOJ0JIbHBIX CEepIeUHUKAX PACIOJIOKEHBI Ka-
Tymku oOMoTku 4. MHorodasHas oOMOTKa pasjiefieHa Ha JBE 4acTd, OJHA W3
KOTOPBIX PACMOJIOKEHA HA TONEPEYHBIX, a Apyrasi — Ha MPOJIOJIbHBIX CEPACUHU-
KaX. BTOpUYHBINA 2JIEMEHT BBIMOIHSAETCS KOMIO3UIIMOHHBIM. DJIEKTPOIPOBOIS-
mias 4acTh 5 BTOPUYHOTO 3JIEMEHTa YJI0KEeHa MOBEPX OOPaTHOTO MarHUTOIPO-
Boga 6. be3zyOioBoe crpoenne uHAykTOopa gaHHoro JIAJl ¢ mpomosibHO-
MOTIEPEYHBIM MAarHUTHBIM MOTOKOM O0ECTeUUBAET CHHYCOMIAIBLHOCTH pacipe-
JIEJICHWS. MarHUTHOTO MOTOKA B BO3AYIIHOM 3a30pE€ B MOINEPEYHOM HampaBJe-
HUH, YTO TO3BOJISIET YBEIUYUTh OOKOBBIE CTAOWMIU3UPYIONINE YCUIIHUS TPU HC-
M0JIb30BAaHUHU MAIIIMHBI HA MAarHUTHOJIEBUTAIIMIOHHOM TPaHCHOPTE.

[TpyHUMIT TEMCTBYS TUHEHHBIX ACHHXPOHHBIX JIBUTATEJICH, MPUHINITAATb-
HbI€ KOHCTPYKTHUBHBIE CXE€MbI KOTOPBIX MPEJICTABICHBI HA PUC. 1, 2, OTMHAKOBHI,
U B HUX HCIIOJIb30BAHO SIBJICHUE BCTPEYHO OETYIIMX MAarHUTHBIX TOJICH.
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Puc. 1. JIuHeiHbII aCHHXPOHHBIN ABUTATEb C MIPOJAOIBHO-TIONEPEUYHBIM
MarHUTHBIM ITOTOKOM: 1 — IMOTIEpEeYHO MIMXTOBAHHBIN CepACUHUK; 2, 4 — 0OMOTKa,
3 — IPOJOIBHO MIMXTOBAHHBINA CEPJICTHHK; S — JIEKTPOITPOBOIAIIIAS [ITUHA,

6 — peppoMarHUTHOE OCHOBaHHE
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Puc. 2. JIuHeHbII aCHHXPOHHBIN ABUTATED C MPOAOIBHO-TIONEPEUYHBIM
MarHUTHBIM MOTOKOM: 1 — MOTMIepeYHO MIMXTOBAHHBIN CepACUHUK; 2, 4 — 0OMOTKa,
3 — IpOAOIBHO HIMXTOBAHHBIN CEPACUHUK; 5 — IIEKTPONPOBOIAIIAS 110JI0CA;

6 — peppomarauTHOE OCHOBaHHUE
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Hosas koHcTpykuus JIAJ[ ¢ npoaoJIbHO-IIONEPEYHBIM MAarHUTHBIM IIOTO-
KoM [16] 1 KOMOMHMpPOBAHHBIX CUCTEM TSTM U OOKOBOM CTAOMJIM3aLMU I03-
BOJISIET YBEJIMUYUTh YCUIIUS OOKOBOM CTAOMIM3allMU 33 CUET TOrO, YTO MPH MOIIEe-
PEYHOM CMEUICHUH MAarHUTHOJIEBUTALIMOHHOIO TPAHCIIOPTHOIO 3KHUIIAXa YacTh
MHAYKTOpa pacroyiaraercsi HajJ KOPOTKO3aMKHYTOM OOMOTKOM, pa3MelleHHON
1o o0e YacTu OCHOBHOMW MyTEBOM CTPYKTyphl. B 3TOM ciiydae momnepeuno Gery-
[I1€ MarHUTHBIE TI0JI1 B3aUMOJEHCTBYIOT C TOKAMHU CTEPKHEH, & HE C BUXPEBDI-
MU TOKaMH B 3JIEKTPONPOBOAIICH IMHe. B uTore ycunus nomnepeyHoi cradu-
JU3ald BO3PACTAIOT, YIy4lIAeTCsl NoNepeyHasl TMHaMUKa MarHUTHOJIEBUTALU-
OHHOI'O TPaHCHOPTA.

JIuHeliHple aCHHXPOHHBIE JABUTATENIN C MPOAOJbHO-TIONEPEYHBIM MAarHUT-
HBIM [IOTOKOM ITO3BOJISIFOT PEANIM30BATh BEICOKUE JIMHEMHBIE CKOPOCTH JIaXKe IIPH
IPOMBIIIJIEHHON YacTOTE 3JEKTPONUTAHMsI, IO3TOMY OJAHOM M3 Hambosee mep-
CHEKTUBHBIX OOJacTeldl MPUMEHEHMs ITUX JIBUraTesied SBIISETCS BBICOKOCKO-
POCTHOM MAarHUTHOJIEBUTALIMOHHBIA TPAHCHOPT, KOTOPBIM IMEPEMEMIAETC CO
ckopocTbio 350-500 xkM/4. JluHelHbIe aCHHXPOHHBIE JABUTATENN C MPOJOIbHO-
IIONEPEYHBIM MArHUTHBIM MOTOKOM IPOCTHI 110 KOHCTPYKLIMH, TEXHOJIOTUYHBI B
U3rOTOBJIEHUU U 00J1a/1al0T BEICOKOW Ha/IEKHOCTBIO. B CcBsi3U ¢ 3TUM pa3zpaboTka
OCHOB MX TEOPUH U METOJIMKH pacyeTa SIBJIICTCS aKTyaJbHOU 3a1a4ei.

MaTtemaTtuyeckoe MmoaenupoBaHue pacnpeaeneHus
MarHutoaBuxyweun cunol JIALl ¢ npoaosribHO-NoNepeYHbIM
MarHUTHbLIM MOTOKOM

s sanekrpomarautHoro pacuetra JIAJ[ u onpeneneHus €ero UHTErpaIbHBIX
XapaKTePUCTUK HEOOXOIUMO pa3paboTaTh MATEMaTHYECKUE MOJICIH MAIUHBI,
YUHUTBIBAIOIINE pacnpeneneHue Marauroasumxkyieid cuisl (MZIC) B Bo3ayniHOM
3a30p€ U B JICKTPOIPOBOISIIENA YACTH BTOPUYHOIO JIEMEHTA. JINHEWHbIE aCUH-
XPOHHBIE JIBUTATEIN C NPOAOJIbHO-TIONIEPEYHBIM 3aMbIKAHUEM MArHMTHOTO MOTO-
Ka UMEIOT Pa30MKHYTYI0 MAarHUTHYIO CHUCTEMY, TIPH UX paboOTe MPOSBISIOTCS
MIPOJIOIBLHBIN M TIOTIEPEUHBIN KOHIIEBBIC A(h(DEKTHI, KOTOPHIE OKA3BIBAIOT OOJIBIIIOE
BJIMSIHUE Ha TATOBBIE cBOMcTBA JIA/I, mosTOMYy Mpu pacyeTe HEOOXOIUMO YUHUThI-
BaThb BJIMSHUE KOHIIEBBIX 3(PdekToB. /[ ydera BIMSHUS MPOAOILHOTO U IOIe-
peYHOro KOHIIEBBIX A(h(PEKTOB JIMHEHHBIM ACHHXPOHHBIN JBUTATENb TIPEACTABIIS-
€TCsl B BUJIC JIBYX PAaCUETHBIX MOjIeJNIel, Ha KOTOPBIX M300paXkaeTcs pacmipeene-
HU€ MarHUTOJIBMXKYIITUX CHJI B JIBYX B3aMMHOTMEPIICHIUKYJISIPHBIX HAIIPaBJICHUSX.
Takoit meton ananuza MJIC mis JIAJL ¢ mpoaoabHO-TIONEPEYHBIM MarHUTHBIM
notokoM ObuT uctonib3oBad B PI'YIIC. Mcnonp3yem Takoi MOIX0J sl OIpesie-
JICHUSI MATHUTOABMAKYILEH culibl B JIAJl, KOHCTPYKIIMU KOTOPBIX MpeIHA3HAYCHBI
JUIS. UCIIOJIb30BAHUSL HA TEPCIEKTUBHOM BBICOKOCKOPOCTHOM MarHUTHOJIEBUTA-
UOHHOM TPaHCHOPTE.
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Pacuetnas moznens JIAJ] B mpoJ0JIbHOM HalpaBl€HUU MPEACTABICHA Ha
puc. 3 B BUJE YEpPEAYIOMIMXCS Yepe3 ONpe/ieICHHbIE MPOMEKYTKH UHAYKTOPOB
JMHENHBIX 3JIeKTpoaBuratenen. [IpoMexxyTkn Mexay MHAYKTOpaMU SIBISIOTCS
30HaMH TMPOJIOIBHOTO KOHIIEBOTO 3(deKTa, KOTopas MOXKET ObITh NpPHUHSITA

L, max = 27. 13 puc. 3 BUAHO, 4TO B IIpoA0abHOM HanpasieHun MJIC usmenser-

Csl CHHYCOUIaIbHO ¢ meprozoM |. [Tomaraem, 94To B 30HaX MpOIOILHOTO KPAeBO-
ro a¢pexra MarHUTOJBIIKYIIIAsl CHJIa paBHA HYIIIO.
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Puc. 3. Pacuetnas monens u pacnpenenenne MJIC nuneitHoro npurarens
B IIPOJIOJILHOM HAIPaBJIEHUHU: @) OCHOBHBIE 30HBI MAIlIUHBI:

1 — unAYKTOP; 2 — BO3MYLIHBIN 3a30p; 3 — 3JEKTPONPOBOASAIIAS YACTh BTOPHYHOTO AJIEMEHTA;
4 — oOpatHbIit MarHUTONPOBO; 0) pacnpenenearue MJIC B HanpaBiIeHUU ABUKCHUS

F
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PaccMoTpuM pacueTHyr0 MoJieNb JIMHEMHOTO aCUHXPOHHOIO JBUTATelNs B
nornepeyHoM HarpasieHuu (puc. 4). Kaptuna pacrnpeneneHus MarHuTOIBUKY-
i€l CUJIbl JTMHEHHOTO0 ACMHXPOHHOTO JIBUTaTesisl B MOIMEPEYHOM HaIpaBJICHUU
MOKa3bIBAET, YTO MAllIMHA 00pa30BaHa MIECThIO OAMHAKOBBIMU JIMHEHHBIMU JBU-
rateyisiMH, JEeUCTBYIOIIMMH COTJIACHO, TIO3TOMY JIOCTATOYHO PAacCUUTaTh OJMH
JMHEWHBIA AaCUHXPOHHBIN JBUTATENb, & PE3YIbTAThl YMHOKHUTh HA IIECTb.
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Puc. 4. Pacuetnast monens u pacnpeneneare MJIC THHEHHOT0 aCHHXPOHHOTO JIBUTATEIIS
C IPOJ0JIbHO-TIONEPEYHBIM MAarHUTHBIM IMOTOKOM B MTONIEPEUHOM HaIlpaBICHUU:
a) moniepeuynoe ceuenue JIA/JL; 0) pacnpenenenune MJIC

PaccmoTpyM  JMHEHMHBIM ACHMHXPOHHBIM  JBHUraTellb C MPOJOJIBHO-

MONEPEYHbIM MAarHUTHBIM ITOTOKOM, MUMEIOIIUN KOHCTPYKUUIO, MPEACTABICH-
HYI0 Ha puc. 1.
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JIAJL pazout ansa ananusa pacnpenenenuss M/IC na 3oub1 1-24. Bocnosib-
3yeMcsl pSIIOM JIOMYUIEHUH, TTO3BOJIIONIUX MOJYYUTh aHAJTUTUYECKOE PEIICHHE
3amaun. [Tonmaraem, 4To:

® MarHuTHas MPOHUIIAEMOCTh MarHUTOMPOBO/Ia paBHA O€CKOHEYHOCTH;

® 3JIEKTPUYECKask IPOBOJUMOCTh MAarHUTOIIPOBO/IA PaBHA HYJIIO;

® TOK MHIYKTOpa COCPENOTOYEH B OECKOHEYHO TOHKOM CJIO€ Ha MOBEpX-
HOCTH 3yO110B, OOpalIeHHBIX KO BTOPUYHOMY AJIEMEHTY;

® TOK MHIYKTOpa CO3JAeT B HANPABJICHHH OCHU X CHHYCOMJAJIbHO Oery-
uryto Boinny MJIC;

® COCTaBJISIONIME IUIOTHOCTH TOKA MO OCH Y B MHJIYKTOPE U BTOPUYHOM
AJIEMEHTE PaBHbI HYJIIO.

B BbiOpanHOM BapuaHTe KOHCTpykKuuu JIAJ[ ¢ mpoonbHO-TIONEpEYHbIM
MarHUTHBIM [TIOTOKOM B COOTBETCTBUU C pacueTHBIMU MoAeisIMHu (puc. 3, 4) u ¢
Y4E€TOM MNPUHATHIX AOINYIICHUI 3HAYEHHUS MArHUTOJBIKYIIUX CHJI ITOJTYYEHBI
JUISL BCEX paCCMaTPUBAEMBIX 30H B IIOIIEPEYHOM HAIIPABJICHUU.

B cOOTBETCTBUM C NPUHATHIMU JONYIICHUSAMU M PACYETHBIMU MOJEISIMHU
(puc. 3, 4) u ¢ npeoOpazoBanusmMu g JIAJl ¢ mpoaoapHO-IONEPEYHBIM Mar-
HUTHBIM IIOTOKOM YCTaHOBJIEHO, 4T0 MJ/IC naHHOTrO JHMHEWHOrO JBUTATEII
npescTaBiIsieT co0oi nepuoAnyYecKyto QyHKIuo ¢ nepuoaom T, =l mo ocu X u

c nepuojoM T, = 2L 1o ocu z, KoTopas 3aJjaHa CIEeAYIOIUM 00pa3oM

j(ot-1)
Fe

m 1

mpu— Pt< X< pr; —(a+b)<z<(a+hb);
F [1—sin—n(z_a)}ej(mtfx)-
2b |
npu— PT< X< pr; a<z<(a+h);
F [1+sinm}ej(wtix)-
" 2b |

mpu— PT<X< pr; —(a+b)<z<-a,

F(X,z,t) =

242
rne  Fy ITQ MW - g Kosps
 — 4HCIIO MMa30B Ha MOJIOC U a3y,
W¢ — YUCJIO BUTKOB B KaTyIIKe OOMOTKH;
m — gucio ¢as;
|y — TOK (ha3bl UHAYKTOPA;
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Kos1— OOMOTOUHBIH KO GHUIIMEHT 1151 IepBOi TADMOHHUKH TOKA;

T — HOJIKOCHOE JICJICHUE HHAYKTOPA;

a, b — monepeunbIe pa3mephl ceplIeUHUKA.

C ydetoMm KOHCTpYKIMU UHAyKTOpa JIAJ[ ¢ mpo10abHO-TIONEPEYHBIM Mar-
HUTHBIM MOTOKOM €0 MarHUTOJIBIKYILYIO CHUJIY TOCIE psiia mpeoOpa3oBaHUit
MPEJICTAaBUM B BUAE ABOMHOTO psiga Dypee:

‘|

F Cotsm
F(x z,t)= 81k, > n, cos(nn E)er“"’”Z“V/ ),

n

rae N — LEeJ0€ MOJIOKUTEIBHOE, HEYETHOE YHUCIIO — MOPSAOK TApMOHUYECKON
coctaBisironieii MJIC mo ocu z, rae nepuoi NEpBOM TAPMOHHUKUA COCTAaBIISIET
2L =4(a+b);

Vv — 11000€ LEI0€ YUCIO — MOPSIIOK TAPMOHHUKYU B HAITPABJIEHUH OCH X;
N, — ko3¢ duiment, yuntsiBaromuii pacnpeaeiaecaue MJIC B 30He 1000BbIX

JI
yacTeil 0OMOTKHU.
Koaddunment, yuntsiBaromuii pacnpenenearne MJIC B 30He 1000BbIX Ya-
crert TAroBoro JIAJL ¢ mpooapHO-IONEPEYHBIM MAarHUTHBIM IIOTOKOM, OIIpefe-
JIE€TCSI COOTHOLIEHNEM

nn(a+Db)

1 b a
n, = - —2n—cos| mn— | |;
n|1-(2n}) | L L
_sinpn1+v4)
1+ v

K

rie Vi — KoO3QPUIUeHT, yauThiBatoumi yncio noiawocos JIA/L.

[TonyuenHoe npejncraBieHue MaruutoaBxymx cui JIAJL ¢ npogonbHO-
IIONIEPEYHBIM MAarHUTHBIM ITOTOKOM B BUJE ABOMHBIX psA0B Dypbe cipaBeyInBo
JUISL MallliH C JIIOOBIM YHCIIOM MOIIOCOB. [IpennoskeHHbli MoaXoa K onpezerne-
HUIO PacnpeAcsieHUs] MArHUTOJBHMXKYILIEH CHIIBI IMO3BOJISIET CBECTH pPEAJIbHBIC
monenu JIA/l ¢ mpoaoiabHO-NONEPEYHBIM MAarHUTHBIM IOTOKOM CO CJIOKHBIM
CTPOCHUEM MArHUTHBIX CHCTEM HMHAYKTOPOB K PAcCYETHbIM MaTEMATHYECKUM,
MO3BOJIAOIINX PACCUUTHIBATH MarHuTHoe none JIA/L.

3aknro4yeHue

PaccMOTpeH psia KOHCTPYKIMM JIMHEMHBIX aCHHXPOHHBIX JABUTATEIIEN C IPO-
JOJILHO-TIONEPEYHBIM MarHUTHBIM MOTOKOM C TOYKU 3PEHUS LIEIecO00pa3HOCTH
UX IPUMEHEHUS JUIS NIEPCIEKTUBHOIO BBICOKOCKOPOCTHOTO MATHUTHOJIEBUTALU-
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OHHOT'O TPAHCIIOPTA B KAYECTBE KOMOMHUPOBAHHBIX CUCTEM TATH U OOKOBOM CTa-
OWIM3aIuu.

[IpenyioxeHa METOANKA aHATTMTUYECKOTO ONMPEACIICHNUS MarHUTOABUKYILEH
CWJIbI, TTO3BOJISIIOIIASL UCCIIENOBATh €€ PACIPEECICHUE B BO3IYIIIHOM 3a30p€ IPH
J1000M KOHCTPYKIMU HHAYKTOpa TsaroBoro JIAJl ¢ mpoaoibHO-TIONEPEYHBIM
MAarHuTHBIM IIOTOKOM JUIi BBICOKOCKOPOCTHOTO MArHUTHOJIEBUTALMOHHOTO
TPaHCIIOPTA.

Pa3zpaboTansl MaTeMaTuyecKue MOJENU ISl HOBBIX KOHCTPYKIHMHM WMHIYK-
TOPOB TATOBBIX JIMHEWHBIX ACHHXPOHHBIX JIBUTATENIEM C IPOJOJIBHO-
MIONEPEYHBIM MATHUTHBIM IMOTOKOM, MO3BOJISIOIIME HAXOAUTH PACHPEICIICHHUE
MarHutoAaBwkymen cuisl JIAJl B BO3AYIIHOM 3a30p€ MEXIYy WHIYKTOPOM H
BTOPUYHBIM 3JIEMEHTOM WU YCTAHABJIMBATH B3AUMOCBS3U MEXKY ITapamMeTpaMy U
pa3MepaMu JIMHENMHON MamuHbl U BennunHOW MJIC, 4TO MOBBICUT TOYHOCTH
pacyeToB IIpU MPOECKTUPOBAHUU JAHHBIX JIBUIATENIEW I BBICOKOCKOPOCTHOTO
MAarHUTHOJIEBUTALIHOHHOTO TPAHCIIOPTA.
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The problems of improvement of modern types of transport and creation of new ones
are important and topical for the human society development. One of the most promising and
environmentally-friendly modes of transport is the high-speed maglev transport, moving at
speeds of approximately 500 km/h.

Objective. Justification of linear induction motor, development and research of various
constructions of this type of motors.

Methods. Description of linear induction motor with longitudinal and transverse mag-
netic flux for combined traction and lateral stabilisation system of maglev transport, having
increased lateral stabilisation forces. The mathematical modelling of magnetomotive force
(MF) in the air gap of traction linear motor of this type has been conducted. To analyse the
MF the assumption has been made about even distribution of magnetic induction in the air
gap in transverse direction and its sinusoidal longitudinal direction, making it possible to de-
velop new mathematical model of MF distribution in the air gap of linear induction motor
with longitudinal and transverse magnetic flux

Results. The developed mathematical model for calculation of MF on traction linear
machine will enable increasing accuracy of traction and lateral stabilisation combined system
forces for maglev transport. The same relates to mutual location of inductor to the secondary
element. All this proves the successful ten-year commercial operation experience of magneti-
cally suspended train carrying passengers from an airport to Shanghai, P.R. China.

The values of traction and lateral stabilisation forces of linear induction motor with lon-
gitudinal and transverse magnetic flux is greatly influenced by the character of current distri-
bution in the secondary element. The character itself is influenced by MF distribution in the
air gap.

Combined traction and lateral stabilisation system, lateral stabilisation, linear induction
motor (LIM), longitudinal-transverse magnetic flux, magnetomotive force (MF), secondary
element (SE).

Introduction

Development of transport in the Russian Federation, which has a vast terri-
tory and a good geographic location, is of great strategic importance. Realisation
of new transport routes, connecting West with East and North with South of this
country, and creation of transport corridors in its territory, connecting European
and Asian countries for transportation of goods and passengers, will enable solv-
ing many geopolitical and economic issues. To achieve this goal, it is necessary
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not only to improve the existing transport modes, but also to create conceptually
new, high-speed ones. Today’s high-speed transport modes cannot respond to
new challenges.

Magnetic levitation transport can have its own niche in creation of transport
infrastructure of the number of countries, including Russia. The problems relat-
ed to creation of maglev transport have been tackled by Russian scientists and
engineers for over 10 years already. These scientists work at transport universi-
ties, in scientific and research organisations. The development of this mode of
transport is paid much attention to in JSC “RZD”, which supports researches
aimed at studying various aspects of this problem, including by means of finan-
cial help. And the results of these studies are described in detail in various seri-
ous publications [1—8]. The best-known research results are those obtained by
Emperor Alexander I St. Petersburg State Transport University scientists [1—7].

To practically implement high-speed maglev transport systems, it is necessary
to solve a number of scientific and technical problems, with the traffic safety being
one of them. Magnetically suspended trains traffic safety is a crucial problem com-
prising a large number of aspects. One of them is improvement of dynamic proper-
ties of maglev transport by means of ensuring its transverse stabilisation relatively
to the guideway. Rostov State Transport University (RGUPS) has development a
linear induction motor (LIM) with longitudinal and transverse magnetic flux. Apart
from traction forces, LIM with longitudinal and transverse magnetic flux (LTMF)
Is capable of achieving lateral stabilisation forces [9]. Transverse stabilisation forc-
es automatically emerge themselves when lateral displacement of the vehicle takes
place, suspended in the magnetic field, without any extra devices and location sen-
sors. LIM with LTMF functions on the basis of magnetic fields flowing towards
each other. A number of results of researches of LIM with LTMF at RGUPS has
been published in [10, 11]. The motion and transverse dynamics of maglev
transport is very topical which is indicated by researches being carried out at the
Russian University of Transport (MIIT) [12].

Construction schemes and peculiarities of combined traction
and lateral stabilisation system performance

One of the constructions making it possible to create traction and lateral
stabilisation forces for maglev transport, is described in the [13]. The increase of
traction force in combined traction and lateral stabilisation system is ensured by
LIM with LTMF [14].

LIM with LTMF [14] has toothless (smooth) active zones in its motion di-
rection that helps increase sinusoidal distribution of magnetic flux in the air gap
and the traction force value of LIM.

To improve magnetic field distribution transversely to the motion direction,
the LIM with inductor has been developed (fig. 1), the magnetic system of
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which is arranged by transversely placed cores 1, bearing winding coils 2.
Transversely laminated cores are connected by longitudinally laminated cores 3.
The longitudinally laminated cores are made up by two slant cores, the limbs of
which are inserted into grooves of transverse cores. On the longitudinal cores,
the winding coils are placed 4. Polyphase winding is divided into two parts, with
one of them place on the transverse cores and the other on the longitudinal ones.

The secondary element is composite.
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Fig. 1. Linear induction motor with longitudinal and transverse magnetic flux:
1 — transversely laminated core; 2, 4 — winding; 3 — longitudinally laminated core;
5 — electroconductive bus; 6 — ferromagnetic base

The electroconductive part 5 of the secondary element is laid over the re-
verse magnetic conductor 6. Toothless inductor structure of this LIM with
LTMF ensures equal transverse distribution of magnetic flux in the air gap, thus
making it possible to enhance lateral stabilisation forces.

The working principle of LIM, the schemes of which can be seen in the fig.
1, 2, are the same with the magnetic fields flowing towards each other.

New construction of LIM with LTMF [16] for combined traction and lat-
eral stabilisation systems enables increasing lateral stabilisation forces owing to
the fact that during vehicle lateral displacement, a part of the inductor is placed
above the short-circuited winding which is placed on both sides of the guide-
way. In this case, transverse magnetic fluxes interact with core currents and not
with whirling fluxes in the bus. As a result, transverse stabilisation forces grow,
and the lateral dynamics of maglev transport improves too.
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Fig. 2. Linear induction motor with longitudinal and transverse magnetic flux:
1 — transversely laminated core; 2, 4 — winding; 3 — longitudinally laminated core;
5 — electroconductive strip; 6 — ferromagnetic base

LIMs with LTMF enable realising high speeds even at industrial electric
power supply. Therefore, one of the most promising fields of these motors’ ap-
plication is high-speed maglev transport running at speeds 350-500 km/h. LIM
with LTMF are not sophisticated, but are highly reliable. In this respect, the top-
ical task is to develop their theoretical base and calculation methods.

Mathematical modelling of magnetomotive
force distribution of LIM with LTFM

For electromagnetic calculation of LIM and determination of its integral
properties, it is obligatory to develop machine mathematical models, considering
machine magnetomotive force (MF) distribution in the air gap and in the con-
ductive part of the secondary element. Linear induction motors with longitudinal
and transverse short-circuited magnetic flux have open magnetic system, and
there are longitudinal and transverse end effects occurring during their perfor-
mance, which strongly influence LIM traction properties. Therefore, it is im-
portant to consider end effects during operation. In order to take into account the
influence of longitudinal and transverse end effects, a linear induction motor is
represented in the form of two calculation models, which display magnetomo-
tive forces distribution in two mutually perpendicular directions. This method of
analysis of the MF for the linear induction motor with a longitudinal and trans-
verse magnetic flux has been used at RGUPS. We use this approach to deter-
mine the magnetomotive force in the LIM, the designs of which are intended for
use on a promising high-speed magnetic levitation transport.
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The calculation model of LIM in the longitudinal direction is shown in the
fig. 3 in the form of linear motors’ inductors alternating with each other. The in-
tervals between the inductors are the longitudinal end effect zones. The zone can
be taken as L, .« = 27.. It is seen from the fig. 3 hat in the longitudinal direction
the MF changes evenly (sinusoidally) with the period I. We suppose that in the
longitudinal end effect zones equals zero.
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Fig. 3. Calculation model and MF longitudinal distribution of LI1M:
a) machine basic zones: 1 — inductor; 2 — air gap; 3 — electromotive part of the SE;
4 — reverse magnetic yoke; b) longitudinal distribution of MF

Let us analyse the model of linear induction motor in the transverse direc-
tion (fig. 4). The scheme of MF transverse distribution indicates that the ma-
chine is formed by 6 similar linear motors, which function in unison. Therefore,
it is sufficient to calculate only one LIM and the results obtained can be multi-
plied by 6.
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Let us analyse LIM with LTMF, having the structure shown in the fig. 1.
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Fig. 4. Calculation model and transverse distribution of MF of linear induction motor with
transverse and longitudinal flux: a) cross section of LIM; b) MF distribution

For analysis of MF distribution, LIM is divided into zones 1-24. Let us

make use of the number of assumptions allowing us to obtain analytical solution
of the task. We suppose that:

. magnetic permeability of the yoke is infinite;
o yoke electric conductivity is equals zero;
o inductor current is focused on infinitely thin layer on the surface of

teeth facing the SE;
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o inductor current generates sinusoidal running wave of MF in the di-
rection of the x axis;
o current density constituents on the y axis in the SE equal zero.

For this construction of LIM with LTMF in accordance with calculation
models (fig. 3, 4), taking into account the taken assumptions, MF values have
been obtained for all transverse zones analysed.

In accordance with the assumptions taken and the calculation models (fig.
3, 4), and a number of transformations for LIM with LTMF, it has been stated
that MF of this motor is a periodic function with the period T, =1 on the x axis

and with the period T, = 2L on the z axis which is set as follows:

j(ot-1)
Fe

m 1

it—pt<x<pt —(a+b)<z<(a+h);

F {1—sin M}ej(mt’JX);
2b

m

F(x, z,t) =S
it—pt<x<pr agz<(a+h);

F, {1+ sin m(z+a) a)}ej(mt‘X);
2b

it—pt<x<pt —(a+b)<z< -4,

22

where F, :Tq-m-wC N1y Kosts

g — number of grooves per pole and phase;

w¢ — number of windings in the coil;

m — number of phases;

l4 — inductor phase current;

kos1 — winding coefficient for current fundamental harmonic;

1 — pole division of in the inductor;
a, b — transverse sizes of the core.
Considering the construction of the inductor of LIM with LTMF, after a
number of transformations, we will represent as double Fourier series

’l

F(x,z,t,)= Stk > >, cos(nnE)er“"’”Z”%’,

n

where n — integer, positive, odd number — order of the harmonic constituent of
MF on the z axis, where the period of fundamental harmonic is
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2L = 4(a + b):

v — any integer number — order of the harmonic in the x axis;

n, — coefficient considering MF distribution in the zone of coil end.

Coefficient considering MF distribution in the zone of coil end of traction
LIM with LTMF is determined as follows

1 [ nn(a +b) b ( aﬂ_
n = sin —2n—cos| th— | |;
n|1-(2n})* | L L L

v - sin pn(1+v3)
‘ 1+ve

where v, — coefficient considering the number of poles of LIM.

The received idea of magnetomotive forces of LIM with a longitudinal and
transverse magnetic flux in the form of double Fourier series is valid for machines
with any number of poles. The proposed approach to determine the distribution of
the magnetomotive force makes it possible to combine the real models of linear in-
duction motors with a longitudinal and transverse magnetic flux with the complex
structure of the magnetic inductor systems to the calculated mathematical ones that
make it possible to calculate the magnetic field of the LIM.

Conclusion

A range of constructions of linear induction motors with longitudinal and
transverse magnetic flux has been analysed, in terms of their relevance for appli-
cation for future maglev transport as a combined traction and lateral stabilisation
system.

The method has been suggested to analytically determine magnetomotive
force, making it possible to analyse its distribution in the air gap at any construc-
tion of LIM inductor with longitudinal and transverse magnetic flux for maglev
transport.

The mathematical models for new constructions of inductors of LIM with
LTMF, which enables finding MF distribution in the air gap between inductor
and the secondary element, and determine interconnections between parameters
and sizes of linear machines and MF value, which will increase the accuracy of
calculations during the design of motors for maglev transport.
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