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PaccmarpuBaercs perynupyemslil TMHEHHBIH acCHHXPOHHBIN nBurarens (JIAL) ¢ koport-
KO3aMKHYTOM OOMOTKON BTOpHUYHOro 3j1emMeHTa (BD), KOTOphIi BBINOIHAET QYHKIUU SKOPS
MaluHbl. JIMHEHHOe pacroyiokeHHe KOPOTKO3aMKHYTOM OOMOTKM BTOPUYHOTO 3JIEMEHTA
JIAJl no3BOJMIMIO MPEIOKUTh KOHCTPYKTUBHBIE BapHaHThl PETYIMPOBAHUS CONPOTHUBIICHUS
obmotku BD.

Heasn. Pa3pabotats u uccnenosars JIAJL ¢ peryiaupyeMblM CONPOTHBIEHHEM KOPOTKO-
3aMKHYTOH OOMOTKH BTOPUYHOTO 3JIEMEHTA JUIsl MArHUTHOJICBUTALIMOHHOTO TPAHCIIOPTA.

Ha coBpeMeHHOM ypOBHE pa3BUTHS 2JIEKTPOMEXAHUKHU, ACHHXPOHHOIO MIEKTPOIPUBOAA
Y MarHUTHOJIEBUTALIMOHHOTO TPAHCIOPTAa OCHOBHBIM METOJOM M3MEHEHUS 4YacTOThl Bpalle-
HUS JIBUTATeNIed U CKOPOCTH JIMHEWHOTO NMEPEMEIIEHUsI BBICOKOCKOPOCTHBIX TPAHCIOPTHBIX
SKUMAXKEHN SBIIIETCS YaCTOTHOE peryiarpoBaHue. YacTOTHOE peryaupoBaHUE MO3BOJSET H3-
MEHATh YacTOTy BPALIEHUS MAIlUH U JMHEHHYIO cKopocTh JIA/] miIaBHO U B HIMPOKOM JUa-
na3zoHe. Bbicokasi cTOMMOCTh CTaTUYECKUX 3JIEKTPOHHBIX Mpeodpa3oBaresneil 00blIoi Mo-
HOCTH OTPaHUYMBAET IIMPOKOMACIITAOHOE MPUMEHEHHE YaCTOTHOTO peryiaupoBanus. Kpome
TOT0, TOBBIILIEHUE YaCTOThI TOKAa CHU)KAET BPAIAlOIIU MOMEHT U TSATOBOE YCHUIIUE.

Pesynabrarsl. [IpuMeHeHne perynupyeMbIX JUHEMHBIX ACUHXPOHHBIX IBUTATENEH C
U3MEHSEMbIMH CONPOTHBIEHUSIMHU KOPOTKO3aMKHYTBIX OOMOTOK BTOPHYHBIX 3JIEMEHTOB I03-
BOJIUT PAcIIMpPUTh Juana3oH perynuposanus JIAJl, npenHa3Hau€HHBIX AJI BBICOKOCKOPOCT-
HOTO MAarHUTHOJIEBUTAIIMOHHOTO TPAHCIOPTa MpHU OOJIBIINX TATOBBIX YCHIIMSX (B TOM 4HCIIE
IpY MYCKE B X0J1) METOJIOM BBITECHEHMS TOKA B a3y BTOPUYHOTO 31eMeHTa JIA/I.

BeiBoabl. PaccMOTpEeHBI KOHCTPYKIIMHU JTUHEHHBIX ACHHXPOHHBIX JIBUTaTeNIEH, BOIIPOCHI
pacueTa MarHUTHOTO TOJIS B I1a3y BTOPUYHOI'O JIEMEHTA, JaHA OLICHKA BIMSHUIO BBITECHEHUS
TOKa Ha IyCKOPETyJIMPOBOYHbIE XapaKTEPUCTUKN MAIIUHBI.

JIuHelHbI aCHUHXPOHHBIA JBUraTeNlb, pPEryIupyemMas KOpPOTKO3aMKHYyTas OOMOTKa,
MarHUTHOJICBUTALIUOHHBIA TPAHCIIOPT, MarHUTHOE II0JIE€ B I1a3y, BBITECHEHHUE TOKAa B Ia3y
BTOPUYHOIO JIEMEHTA.

BBeneHue

C KaxapM TOJA0M TPOOJeMbl pa3BUTHUS TPAHCIIOPTHON OTpacid BO BCEM
MHUpE CTaHOBSITCS Bce OoJiee akTyalbHbIMU. Oco00e MOJI0KEHUE B TEPCIICKTHRB-
HOW TpaHCIOpTHOM cucteMe Poccuiickon denepanuu JOIKEH 3aHITh MATHUT-
HOJIEBUTALIMOHHBIN BBICOKOCKOPOCTHOM TpaHcnopT. B Poccum B mocienHee
BpeMsl 3aHHUMAIOTCS MPOOJIeMaMH, CBSI3aHHBIMU C CO3/IJaHUEM U MPAKTHYECKUM
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MIPUMEHEHUEM MarHUTHOJIEBUTALIMOHHOTO TpaHCIopTa. B ero pa3suruu 3anHTe-
pecoBaHo OAQO «Poccuiickue KeJe3HbIE JOPOTru», MOAACPKUBAIOIIEE MTOUCKO-
Bbie HMP B nccnenoBanum pa3iuyHbIX acTEKTOB JaHHOU mpobiembl. O cepbes-
HOM OTHOILIEHUU K TIPOOIeMe CO3/IaHrs MAarHUTHOJEBUTALIMOHHOTO TPAHCIIOPTa
CBUJIETEILCTBYET OOJBIIOE KOJIMYECTBO MyOTUKAILMM, HEKOTOpPhIE U3 HUX HMe-
10T ¢pyHIaMeHTAIbHBIN xapakTep [1-8]. Hanbomburyro W3BECTHOCTh MOTYYHIIH
Hay4YHbIE PE3yJIbTAThl, JOCTUTHYTHIE B Pa3pabOTKe, TEOPETUUECKUX U IKCIEPU-
MEHTAJIbHBIX MCCJEI0BAHUSIX MAarHUTHOJIEBUTALIMOHHOIO TPAHCIOPTa HAy4YHbI-
MU paboTHuKamMu U umxkeHepamu T. Cankt-lIletepOypra, B mepByio ouepens,
yueHbIMU [leTepOyprckoro rocyJapCTBEHHOTO YHUBEPCUTETA ITyTEH COOOIIEHHUS
[1-7].

Bormpocsl perynnpoBaHusi CKOPOCTH ABHKEHHUS BBICOKOCKOPOCTHOTO Mar-
HUTHOJIEBUTALIMOHHOTO TPAaHCIIOpTa Bcerja OyayT B YMCIE CaMbIX BaKHbIX. B
Onmmkaiiiem Oyayiiem HauOolsiee BEPOATHO, YTO B KaueCTBE OCHOBHOTO THIIA
TATOBOM MalIMHbI MAarHUTHOJIEBUTALIMOHHOTO TPAHCIIOPTa OyJI€T UCIOJIb30BaTh-
csl JIMHEWHBIA acuHXpoHHBIN nBurarensb (JIAI). Yxe cBeime 10 mer B Kurae
YCIEMIHO 3KCIUTYaTUPYETCs MArHUTHOJIEBUTALMOHHBIN 110€e3]1 ¢ TAroBeIMU JIAJI.
YacToTHOE peryinupoBaHHe paccMaTpUBaeTCs MPAKTUUECKN 0€3yCIOBHO KaK OC-
HOBHOI CHOCO0 YINpaBiI€HUSI MAarHUTHOJIEBUTALIMOHHBIM TPAHCHOPTOM C TSTO-
BbIMU JIA/JI. YacTOTHBII coco0 peryanpoBaHusi IOMUMO BBICOKOW CTOMMOCTH
CTaTUYECKUX MpeoOpa3zoBaTeseil YacTOThl U HAPSLKEHHST HEe 00ecrieurBaeT 3Ha-
YUTENbHBIX MTyCKOBBIX YCUJIMI U JOCTaTOUYHBIX YCUIIMN TATH MPU HU3KUX CKOPO-
CTSIX JIBHDKECHHSL.

Uenb

[lens manHOM cTaThu — pa3zpaborath u uccieaonath JIAJ ¢ peryaupyeMbim
COIPOTHBIIEHUEM KOPOTKO3aMKHYTOM OOMOTKM BTOPUYHOTO 3J€MEHTa AJi Mar-
HUTHOJIEBUTAIIMOHHOTO TPAHCIIOPTA.

B PocToBcKOM TOCYZapCTBEHHOM YHHMBEPCHUTETE TYyTEH COOOIICHUS
(PT'YIIC) pa3paboTan HOBBIN THI TATOBON MAIIMHBI JJII MarHUTHOJICBUTAIIH-
oHHoro TpaHcnopta — JIAJl, y koroporo oOMoTka BTOpUYHOTO 31emeHTa (BJ)
BBINIOJIHEHAa KOPOTKO3aMKHYTOM, C BO3MOKHOCTBIO TIJIABHOTO U3MEHEHHUSI €€ CO-
npotusieHus [9]. JIAJl ¢ kopoTko3aMKHYTOM 0OMOTKOM BD obnamaer Takumu
€ TYCKOBBIMH U PETYJIMPOBOYHBIMU BO3MOKHOCTSIMH, KaK U ACHHXPOHHBIM
JBUTaTelb ¢ (pazHOM 0OMOTKOM. [1o MHEHHIO aBTOPOB, MOKET OKa3aThes 3P hek-
TUBHBIM COYETAHUE YACTOTHOTO PETyJIMPOBAHUS MArHUTHOJEBUTALIMOHHBIM
TPAHCIIOPTOM C YIPABIECHUEM IIyTEM W3MEHEHHUS] CONPOTHUBIICHHS KOPOTKO3a-
MKHYTOUH 00MOTKH BD JIAJI ipu BBICOKMX U HU3KMX CKOPOCTSIX ABUKCHHSL.
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KoHcTpyKuMAa v npuHUun geructBus perynupyemoro JIAL

B3 JIA/l ¢ KOpOTKO3aMKHYTOH OOMOTKOW MOKHO PAacloJIOKHUTh B IIyTEBOI
CTPYKTYpE€ BBICOKOCKOPOCTHOTO MAarHUTHOJIEBUTALIMOHHOTO TPAHCIOPTA, a
MO>XHO YCTaHOBHTHh Ha »Kumnaxke. C TOYKH 3pEHHUs PEryJIHpPOBAaHUSA TATOBOTO
YCHUJIUSL U CKOPOCTH JBUKEHHSI, 002 BapuaHTa MPaKTUIECKH PAaBHOIICHHBI.

B I'VIIC pa3zpabotansl perynupyembie JIAJ] ¢ KOpoTKO3aMKHYTOH 0OMOT-
KOH, pacrnosiokeHHOW Ha BTOpUYHOM 3neMeHTe [10—14]. ['maBHas 0coOEeHHOCTh
takux JIAJl 3aknroyaercs B BO3MOKHOCTH PETYJIUPOBAHUS CONPOTUBIICHUS KO-
pPOTKO3aMKHYTOM 00MOTKH BD, 4TO 0OecmeunBaeTCsi TMHEHHBIM BBITOTHCHHUEM
unaykropa JIAJl u ero BropuuHoro snemMeHnrta. B ma3ax cepaeunuka BD JIAJ]
YJI0’KE€HbI U30JIMPOBAHHbBIE TPOBOJAHUKH, COCTABIISIIOIINE CTEP)KHU 00MOTKH BO,
C OJTHO CTOPOHBI 3aMKHYThIE OOLIEH 3JIEKTPONPOBOAIIEH IMHOW, a C IPYrou
CTOPOHBI 3aKaHYMBAIOLIUECS DJIEMEHTOM, YCTAHOBJIEHHBIM C BO3MOXHOCTBIO
nepeMenieHus. 3aMeTUM, YTO B MOIIHBIX ACUHXPOHHBIX JIBUraTeisX ¢ (pa3HbIMU
pOTOpaMH IIPU HOMOIIHM KOHTAKTHBIX KOJIEIl U IIETOK MOTYT KOMMYTHPOBAThCS
TOKH NOPSIAKA HECKOJIBKUX COTEH, @ TO U ThICSY aMmIiep. TOKHM TaKoro ke Mmopsii-
Ka MOTYT KOMMYTHPOBAaTbCA U B KOPOTKO3AMKHYTBIX 00MOTKax BD perynupye-
MbIX JIAI.

WNunykTops! TAroBeix JIA/[ 1aHHOTO THIAa MOTYT UMETH JIFOOYIO KOHCTPYK-
nuro. B pesynbrate nepemMeineHus 3ambikaroiiero sneMenTa JIAJL usMensiercs
YUCJIO 3aKOPOYEHHBIX MPOBOJHUKOB OOMOTKM BD u perynupyercsi ee compo-
tuBnenue. Pan koucrpykiuit JIAJL ¢ peryaupyemMbiM COPOTHUBIEHUEM 0OMOTKHU
BD omucan B Mmonorpaduu [15] u B ctateke [16].

Perymupyemsiii JIAJl ¢ yBennueHHbIM MyCKOBBIM ycuiueMm [10] cxemaTuue-
CKM MoKa3aH Ha puc. 1. UnaykTop conepxut Tpex¢aszHyro oOMOTKY, a B cepieu-
HUKE BTOPUYHOTO DJIEMEHTA KPOME OCHOBHBIX 1T1a30B 10, B KOTOPBIX pacIiONOKEHBI
CTEpKHU OCHOBHOM KOPOTKO3aMKHYTOH 0OMOTKH BD, BBINIOIHEHBI JOMOIHUTEIb-
Hble na3bl 11 s pasmenienns myckoBoid 0oOMoTku JIAJL. CrepikHu mMycKOBO# KO-
POTKO3aMKHYTON OOMOTKHU pa3MeIleHbl B HUKHUX YacTSAX JTOMOJHUTENbHBIX M1a30B
Ui yBenmaeHus 3(pdexra BeITeCHEHHs ToKa MpH mmycke apuratesns. [IpurHmmmn pa-
00ThI TIpencTaBieHHOro peryiaupyemoro JIAJL: mpu moaximoueHud TpexdazHoit
OOMOTKHM MHIYKTOpa K MCTOYHMKY HAIlpsbKEHHs BO30YyKIaercsi Oeryiee MarHut-
HOE MO0JIe, NMEPECEKAIOIEee CTEP>KHU OOMOTKH BTOPUYHOTO 3JIEMEHTAa U HABOJSAIIEE
B HUX s3JekTpoasrxkymme cuibl (DC). s yBenumueHus MyCKOBOTO TSTOBOTO
YCWINS TOJBUKHBIM 3JIEMEHT MPHU MOMOIIMA MPUBOJHOTO MEXAHHU3Ma 3aMBIKAET
TOJIbKO CTEP’KHU ITyCKOBOM OOMOTKH, pa3MEIICHHbIE B HIDKHUX YacTAX TOMOJHU-
TenbHbIX ma3oB. [log neiictBuem DJ[C 1o CTEpKHSIM IMyCKOBONH OOMOTKH TOTEYET
TOK, KOTOPBIN MPH B3aMMOJAECUCTBUM € OEryIIMM MarHUTHBIM TOJIEM CO3JACT ITyC-
KOBoe TsiroBoe ycuiue. [Ipu rimy0oKoM pacrnonokeHHH B Ma3zax y3KUX CTep:KHEH
3¢ deKT BHITECHEHUSI TOKA OyIET PE3KO MPOSIBIISATHCS, COIMMPOTUBICHNUE KOPOTKO3a-
MKHYTOH MyCKOBOW OOMOTKH YBEJIMYMTCS, YTO MO3BOJIUT 3HAUYUTEIILHO MOBBICUTh
IIyCKOBOE TATOBOE YCUJIME JBUTATEIIS.
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Puc. 1. Perynupyewmsiit JIAJl u ero BO:
1 — unayxTOp; 2 — 0OMOTKA MHIYKTOPA; 3 — BTOPUYHBIH 3J1€MEHT; 4 — cepaeuHuk BI;
5 — mpoBouuku K3 o6mMoTku B3; 6 — mmHa; 7 — 3aMbIKatonuil 2JIeMeHT; 8 — 3y0uaras peika;
9 — 3ybuaroe koseco; 10 — ma3bl 17151 OCHOBHBIX cTepxHel oOMoTku BD;
11 — na3el 11 cTep)KHEN TyCKOBOM OOMOTKHU

JBurarenb HauMHAET PaA3rOHATHCSA, MO Mepe pasroHa JIAJI moJaBHKHBIM
AJIEMEHT NEPEMENIAETCA U OJJHOBPEMEHHO YaCTUYHO 3aMbIKAE€T CTEPHKHU OCHOB-
HOHM U IycKoBoW 0OMOTOK B3, a 3areM B HOMHUHAJIBHOM PEXUME ITyCKOBas 00-
MOTKa Pa3MbIKa€TCs, a OCHOBHAs MOJHOCTHIO 3aKOpaunBaeTcs. B HOMUHAIBHOM
pexume perymupyembiii JIAJ[ paboTaeT ¢ MUHUMAIbHBIMHU DIICKTPUUYECCKUMHU
MOTEPSIMH B KOPOTKO3aMKHYTOM 0OMoTke BD u mpu BeicOKOM KOd(huItmeHTe
MOJIC3HOTO JICUCTBHSL.

MarHuTHOe nose u BbiITeCHEHME TOKa
B na3y BTopu4Horo anemeHta JIA[

BelnonHenne crepkHell KOpPOTKO3aMKHYTOM OOMOTKM BTOPUYHOTO 3Jie-
MeHTa JIAJ] U3 oTAENbHBIX U30JIMPOBAHHBIX TPOBOJIHUKOB, 3aMKHYTBIX C OJHOM
CTOPOHBI OOIIECH IMIMHOMN, a C IPYTroi — 3aMBIKAIOIIIUM 3JIEMEHTOM, COJICPKAIINM
AIEKTPONPOBOASIINE U U30JISIUOHHBIE YUACTKHU, TO3BOJISIET 3aKOPAYMBATh IPO-
BOJIHUKU CTE€pXKHEU NpH ero nepemenieHuu. CTaHOBUTCS BO3MOXKHBIM 3aMKHYTh
OTAEJIbHBIE MTPOBOJHUKHA B Ka)XJOM Ia3y BTOPUYHOTO JIEMEHTA, PACIIOJIOKEH-
HBIX Ha JIIOOOM YPOBHE MO BBICOTE IMa3a, M MOJYyYUTh KaK Obl YACTUYHO 3aroJi-
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HeHHbId 11a3 BO JIAJ[. Bo3HUKalOT U HOBBIE 33/1a4d IO PACUYETYy MArHUTHOIO
noJis B a3y BO 1 1o ydery BIUsSIHUSA BBITECHEHHS TOKAa HA apamMeTpbl 0OMOTKH
BTOPUYHOTO 3JIEMEHTa perynupyemoro JIAJI.

Pacuetnas monens naza BD perynupyemoro JIAJL nns gaHHOro ciydvas
MOKa3aHa Ha puc. 2. BUIHO, 4TO 3aMBIKAIOIIMM 3JI€EMEHTOM 3 B ma3zax BD 3a-
MKHYTO MO JBa HUKHUX M30JUPOBAHHBIX NMpoBojHuKa 1. Hampasnenue nepe-
MEILEHHS 3aMBIKAIOIIETO JIeMEHTa 3 MOKa3aHO CTpeNkou (puc. 2). 3akopoyeH-
HbIE TTOJIBUKHBIM 3JIEMEHTOM 3 TIPOBOJIHUKH | 3aIITPUXOBAHEI.

B npouecce peryampoBaHUM CKOPOCTH B CTOPOHY €€ YMEHBIICHUS MTyTEM
YBEJIMYEHHS] CONPOTUBIIEHUS KOPOTKO3AMKHYTOW OOMOTKH BD ckonbxeHue
YBEIIMYMBAETCS U BO3HUKAET BHITCCHEHUE TOKA B a3y, aHAJIOTUYHOE MYCKOBOMY
pexuMy.

[Ipu aHanv3e NPUHATHI AOMYILIECHHUS:

® MarHuTHas MPOBOAUMOCTH CTalu cepAacuHuka BO perymupyemoro JIAJ]
OCCKOHEYHO BEJINKA;

e JUIMHA M1a3a paBHAa OECKOHEUYHOCTH;

® MAarHUTHBIC CHJIOBBIC TUHUM MEPIICHAUKYIISIPHBI CTEHKaM na3a BO;

® [IPOBOJIHUKH, OOpa3yrolue cTep:keHb 00MoTKH BD, nMeroT 6eckoHed-
HO TOHKYIO U30JISIIUIO.

OproronanbHas cucTeMa KOOpAHHAT (pUC. 20) COAEPKUT OCh Z, HATPABJICH-
HYIO BJIOJIb 11233, OCh X, OPUEHTUPOBAHHYIO B MTONEPEYHOM HarpaBJI€HUH, U OCb Y,
HamnpaplieHHYI0 BBepx. C y4eToM JOMyIIEHUN MOXKHO YTBEpPXAAaTh, YTO HAIps-
YKEHHOCTh MarHUTHOTO TOJI OyJIeT U3MEHATHCS TOJIBKO 1O OJIHOM KOOpAWHATE Z.
VYpaBHeHU€ 111 HATPSHKEHHOCTH MAarHUTHOTO TOJISE OYJIET OJJHOMEPHBIM

O’H . :
=0y, H (1)
y

O6miee pereHue ypapHeHus (1) U3BECTHO U3 MaTEMaTUKH

H=C,-e”+C,-e”,

rae p=yj-o-y-po.

[TocrosiHable MHTErpupoBaHus Ci U Cz ONPEAENSIIOTCS HA OCHOBAaHHUM 3a-
KOHA ITOJIHOTO TOKa

PHdT =i,

rie | — Tok, mporekaromuii Mo cTepxkHI 00MOTKH BD;

dl — smemeHT JUIMHBI CTEPIKHS.
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Puc. 2. 3akopaunBaHue MPOBOTHUKOB B a3y MPH JBHKEHUH 3aMBIKAIOIIETO JIEMEHTA
CHHU3Y BBepX: a) pparmMeHT 0OMOTKH; 0) ma3;
1 — npoBOJHUKY CTEPXKHS; 2 — IUHA; 3 — 3aMBIKAIOIUN JIEMEHT

B o0miem ciiydae mpu 3aMbIKaHUU TTOABUKHBIM AJIEMEHTOM YacTH MPOBO/I-
HUKOB B Mazax BD perymupyemoro JIAJL (puc. 2) ypoBeHb 3akopauuBaHus Oy-
JIeT onpeaessIThes KodpduireHTom o, Jexamum B npeaenax 0 <o <1.

Toraa rpaHHuYHBIE yCIOBHs OymyT mpencraiesbl B Buae Hb, =0 mpu
y=0u Hb,= I mpu y=ah,.
[Tpy 3TUX rpaHUYHBIX YCIOBUAX NMOCTOSIHHbIE HHTerpupoBaHusa Cy u Co:
i
— . _ _pahn pahn .
C,+C,=0; b__Cl(e -e™™);
n

| 1 | 1

—h - pahn - pahn ’ 2 h o pahn - pahn '
b, e™"-e b, e e

Cl
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HanpskeHHOCTH MarauTHOrO 1oJs B nmazy BO JIAJ[ cocraBut
| e™-e” I shpy

H=—— h hy
b, e ™" -egPh b shpah

[InotHOCTH TOKA B a3y BO onpenensercs ypaBHEeHHEM

S =rotH.

VYuuTtsiBas, 4ro 6, =0; 8

y = 0; 8, = S, a TaKxke 8_H =0, moxy4um
OX

_oH _ 1 pchpy 4 pchpy

&y b shpah, — ®shpah

n

HanpskeHHOCTB anekTpuyeckoro noiis B nazy BO JIAJ]

g B | p chpy
Yy b, v shpah,
QHGKTpOMaFHI/ITHaSI MOIIIHOCTD, HOCTyrIaIOH_IaH B O6J'IaCTB masa, Imo KOTO-

pOil IPOTEKaeT TOK, W MeperaBacMasl yepe3 BO3AYILIHBINA 3a30p OT MHIYKTOpa
JTAI

s'—% | E(0)-H"(0)~E(ch )-H"(ah ) |,

rae | — mvHa aKTMBHOW YacTH CTEPIKHS, JIeXKallel B masy.
[ToTepu MOMTHOCTH TIPU YACTUYHO 3aMKHYTOM CTepKHE oOMOTkH BD pas-
HBI PEAJIbHOW YaCTH AJIEKTPOMArHUTHOW MOIITHOCTH

2
P_——Re[E(ah) E'(ah, )]—— _ o g R chpah,
2 y-b -ah shpah,

*k

) .
rae Iy = Im - Iy — kBagpaT Momysst BEeKTOpa TOKa.

ComnpoTuBiieHHE MPOBOAHUKOB B 3aMKHYTOM YacTH CTEPXKHS KOPOTKO3a-
MKHYTOM 0OMOTKH BD MOCTOSITHHOMY TOKY

v-b, -ah
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Ecmu pah, = 1+ j)kah,, TO, BBOms 0003HaueHue Kh, =& — oTHOCHTENB-
HOW TJIyOWHBI MPOHUKHOBEHUSI TOKa B ma3 BD u moxacraBisst pak, = (1+ j)o&
B (2), moiay4uum

2

_I_rn . ) .Ch(1+j)oc§ _
P= 5 R, Re{(1+ )a& —Sh(1+j)0LE_J

2 . -
_ I?m R . Re{(1+ iat. cha&-cosaé + jsho& - sin aﬁ}

she€ - cosa& + jchal -sinag
ly

2

~sh2ag +sin2a§ _ . 12

O(‘aRa — a4
ch2a& —cos2ag 2
~sh20.& +sin20.8

ch2a&-cos2a&
oOMoTKH BD nepeMeHHOMY TOKY.

KoadduimenT, yduThIBarOnIMil yBEIUMYEHUE AKTHUBHOIO COMPOTHBICHUS
3aMKHYTBIX IPOBOJTHUKOB cTepkHs BO perynmupyemoro JIA/I,

rie R, =a&-R, — CONPOTUBIIEHUE 3AMKHYTOM YaCTU CTEPKHS

~Sh2a& +sin2a8
ch2aé —cos2aé

o(6) = = o @

2]

MHuuMasi 4acTh 3JEKTPOMArHUTHON MOIIHOCTH, MOCTyMHAaromeld B a3 o00-
MOTKH BTOpHYHOro »sieMeHTta JIAJ[, sABisieTcs pEaKTUBHOW MOUIHOCTHIO

Q= |r?1 - X, rae X — UHAYKTUBHOE COMPOTUBIIEHNE 3aKOPOUYCHHON YaCTU CTEPHK-

Hs1 00MoTkH BD perynmupyemoro JIA/I.
PeakTuBHAs MOIITHOCTD, TTOCTYTIAIOIIAS B 3aMKHYTYIO YaCTh CTEPIKHS,

Q= —JmE E(ah )-H (ahn)} =

2
Im

‘b

n

-Jm{(u i ch@+ j)kahn}

sh(L+ j)kah,

<

!
2
|

2 Dy sh2kah —sin 2kah,
2 y-b  ch2kah —cos2koh,
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NHayKTUBHOE COMPOTHUBJICHUE 3aMKHYTOM 4YacTH CTepkHS oOMoTku BD
0e3 yueTa BBITECHEHUS TOKA B Ma3y

Xa:l'lo

VunreiBas, uro k% = - y% u & =Kkh,, momyunm

I, 3 sh2ag-sin2ag Xﬁ
2 20& ch2af—cos2a& %2

Q=X -

3 sh2af—sin2ag
% 2a& ch2of —cos20f

YEHHOM 4acTu cTep:kHI 0OMOTKM BD ¢ yueToM BBITECHEHHUS TOKA B Ma3y.
KoadduimenT, yuuTeiBaommii yMEHbIIEHUE WHIYKTUBHOIO COMPOTHUBIIE-
HUs 3aMKHYTOW 4acTh na3a BO npu BEITECHEHUH TOKA B I1a3y,

rie X, = — WHJIYKTHUBHOE CONPOTHUBIIEHUE 3aKOPO-

7»(@)=X 3 sh2af—sin2ag

(4)
X, ZaE_, ch2a§ —cos2a&,

Jlng ydera BIUSHUS MpOLIECCa BBITECHEHUS! TOKA Ha MapaMeTpbl KOPOTKO-
3aMKHYTOW OOMOTKHM BTOPUYHOTO 3JieMeHTa perynupyemoro JIA npu paznuy-
HOM TI0JIO’KEHUHU 3aMBIKAIOIIET0 3JIEMEHTa (pUc. 2) Ha OCHOBAaHUU MOJYYEHHBIX
cootHomeHu# (3) u (4) paspaborana mporpaMma pacuera K03(pQHUIHEHTOB yBe-
JUYEHUS] aKTUBHOTO M YMEHBILIECHUS] WHAYKTHUBHOTO CONPOTUBIECHUN OOMOTKH
BD. Pesynbrarsl pacuera uisi KOHKPETHOTO BapUaHTa KOHCTPYKIMU TSATOBOTO
peryaupyeMoro JMHEHHOro aCHHXPOHHOTO ABUTATENS JJIs MarHUTHOJIEBUTAI M-
OHHOTr'0 TPaHCIOPTAa MPE/ICTABIECHBI HAa pUcC. 3, 4.
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Puc. 3. KoadpdunueHTs! yBenTu4eHus aKTUBHOT'O COTIPOTHUBIICHUS
P TIEPEMEIIICHUH 3aMBIKAIOIIIETO 3JIEMEHTA CHU3Y BEpX.
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Puc. 4. KoappuumenTsl yMeHbIIEHHUS] UHAYKTUBHOTO COITPOTUBIICHUS
MIPH NEPEMEILIEHNH 3aMbIKAIOIIET0 3JIEMEHTa CHU3Y BBEPX

3aknro4yeHue

Kpussie Ha puc. 3, 4 cCBUAECTENBCTBYIOT, YTO MPU YBEIUYEHUN KOJIUYECTBA
3aKOpPOYEHHBIX IPOBOJHUKOB B Mady BO npu mepeMemeHuH 3aMbIKaroLIero
AJIEMEHTA CHU3Y BBEPX pacTeT KO3(PPUIMEHT YBEIMYEHHUS aKTHMBHOI'O COIPO-
TUBJIEHUS U NaAaeT KO3()PUIMEHT yMEHbIIEHNU UHYKTUBHOTO CONIPOTHUBIICHUS
KOPOTKO3aMKHYTOH 00MoTku BD perynmupyemoro JIAJI.
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Ecmn o =0,1, TO ¢ yueToM BBEITECHEHHS TOKa B a3y Mpu u3MeHeHuu & ot 0
1o 5 koapdunment ¢(§) yBemumumics Bcero Ha 0,82 %, a kosddumment A(§)
ymenbmuics Ha 0,29 %, nmpu a =0,1 3HaUYeHUsT aKTUBHOTO U MHIYKTUBHOTO CO-
MPOTUBJICHUI 0OMOTKH BD ocTaroTCsl MpakTUYeCK HEU3MEHHBIMU U HE 3aBUCST
OT BBITECHEHHUS TOKa B Mazy, npu pacuetax JIAJl 3To MOXHO HE yUUTHIBATb.

Wuas xapTrHA HAOMIOMACTCS MPHU YBEIMYCHUN KOJMYESCTBA 3aKOPOUYCHHBIX
poBOHKUKOB B mazax BD: mpu o =0,9 u uamenenuu ot 0 10 5 koadpurmeHt

¢(&) yBemmuwmiics Ha 362 %, a koaddurmeHt A(§) ymeHbmuics Ha 67 %. 31ech

3¢ deKT BrITeCHEHUH ToKa B ma3y BD (moBepXHOCTHBIN 3 deKT) 3HAUNTEIBHO
BJIMSICT Ha aKTUBHOE M MHAYKTUBHOE COINPOTUBIEHUS 00MOTKH BD perymupye-
moro JIA/[. I3 nanHbIX pacyeTa BUIHO (CM. pHUC. 3), YTO OCOOEHHO PE3KO BO3-
pacTaeT aKTUBHOE CONPOTUBJIEHUE KOPOTKO3AMKHYTOW 0OMOTKH BD perynupy-
€MOr0 JIMHEWHOIO0 aCHUHXPOHHOT'O JIBHUIaTelis, U 3TO HEOOXOJUMO YUHUTHIBATH
IIPU pacueTax MyCKO-PETyIUPOBOYHBIX XapaKTEPUCTUK ABUTATEIIS.
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The article deals with linear induction motor (LIM) with a squirrel-cage winding of the
secondary element (SE), which functions as the armature of the machine. Linear location of
squirrel-cage winding of the secondary element of LIM allowed suggesting a number of op-
tions for the regulation of the winding resistance of SE.

Objective. Development and research of LIM with adjustable winding resistance of the
secondary element for magnetic levitation transport, and the study of the properties of adjust-
able LIM.

At the modern level of development of the electrical engineering, asynchronous electric
drive and magnetic levitation transport, the primary method of changing the frequency rota-
tion of motor and speed of linear motion of high-speed transport vehicles is frequency control.
Frequency control allows changing the frequency of rotation of the machine and linear speed
of LIM smoothly and in broad diapason. The high cost of static electronic converters of high
power limits the large-scale application of frequency control. The increase of the current fre-
quency also leads to lower torque and traction.

Results. According to the authors, the application of the adjustable linear induction mo-
tors with variable resistances of short-circuited windings of the secondary elements will allow
to expand the range of control of LIM, intended for high-speed magnetic levitation transport
with the realisation of large traction, including the start (starting the vehicle) by means of cur-
rent displacement in the groove of the secondary element of the LI1M.

Conclusion. The linear induction motors of this type, as well as the calculation of the
magnetic field in the groove of the secondary element, and evaluation of the influence of the
current displacement on the starting and controlling features of the machine are considered.

Squirrel-cage linear induction motor, adjustable short-circuited winding, magnetic levi-
tation transport, the magnetic field in the groove, the current displacement in the groove of the
secondary element.

Introduction

Every year the transport development issues get more and more topical.
Magnetic levitation transport is to take its special place in the creation of a fu-
ture transport system of the Russian Federation. In recent years, Russian special-
ists have dealt with the problems related to creation and practical application of
magnetic levitation transport. The development of this mode of transport draws
great interest of JSC “RZD”, which supports researches aimed at studying vari-
ous aspects of this problem. The serious approach to creation of maglev
transport is indicated by a large number of scientific publications, some of
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which have a fundamental feature [1-8]. The best known research results are
those obtained in development of theoretical and experimental studies of maglev
transport by specialists and scientists of Saint Petersburg, and the first place, by
Emperor Alexander I St. Petersburg State Transport University scientists [1—7].

Maglev transport speed control issues will always be among the most sig-
nificant ones. In the near future, it is most obvious that linear induction motor
(LIM) will be used as the primary maglev transport traction machine type. For
over 10 years, China has been deploying maglev train with linear induction mo-
tors. Frequency control is undoubtedly viewed as the main way to operate mag-
lev transport with LIM. Frequency control, ignoring high costs of static frequen-
cy and voltage converters, does not ensure achievement of significant starting
impulse and sufficient traction power at low speeds.

Purpose

The purpose of this study is development and research of adjustable LIM
with short-circuited winding for maglev transport.

At Rostov State Transport University (RGUPS) a new type of traction ma-
chine for maglev transport has been developed — linear induction motor with the
short-circuited secondary element winding with a possibility to smoothly change
its resistance [9]. Linear induction motor with the short-circuited secondary el-
ement winding has the same starting and controlling possibilities as the phase
winding linear induction motor does. As to the experts, it might prove efficient
if we combine frequency control with operation by virtue of change of short-
circuited winding of the secondary element resistance at low and high speeds.

Construction and work of the adjustable LIM

The secondary element with short-circuited winding may be located in the
maglev transport guideway or may be installed in the vehicle. In terms of control
of traction force and speed of train, both options are equally suitable.

RGUPS has developed adjustable LIM with short-circuited windings
placed in the secondary element [10—14]. The main peculiarity of these linear
induction motors is that the possibility of control of short-circuited winding re-
sistance in the secondary element, which is ensured by linear construction of
LIM inductor and its secondary element. In the groove of the core of the sec-
ondary element of LIM the insulated conductors are placed, constituting the
winding bars of the SE, short-circuited on the one side by general conductor bus,
and short-circuited by a movable element on the other side. It needs to pointed
out that powerful LIMs with phase rotors, by virtue of slip rings and brushes,
may generate power of hundreds and even thousands amp. These powerful cur-
rents may be generated by short-circuited windings of the SE in adjustable LIM.

Inductors of traction LIMs of this type may have any structure. As a result
of movement of LIM locking dog, the number of short-circuited conductors of
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the SE is changed, with its resistance controlled. A number of LIM structures
with the SE winding resistance control is described in the monograph [15] and
in the article [16].

The adjustable LIM with enhanced starting impulse [10] is schematically
shown in the fig. 1. The inductor has a three-phase winding, whereas the SE
core, apart from main grooves 10, in which winding bars of the main short-
circuited winding of the SE, has three additional grooves 11 organised in it for
the LIM starting winding to be placed therein. Short-circuited winding bars are
placed in the lower parts of the additional grooves for enhancement of the cur-
rent displacement effect during the start. The principle of the work of the
demonstrated adjustable LIM: when a three-phase winding of the inductor is
connected to a voltage source, a travelling magnetic field is excited, crossing the
winding bars of the secondary element and inducing electromotive forces (EMF)
in them. To increase the starting traction force, the movable element, with the
help of the drive mechanism, only closes the starting winding bars located in the
lower parts of the additional grooves. Under the action of EMF, a current will
flow through the starting winding bars, which, when interacting with the travel-
ling magnetic field, will create a starting traction force.

S 75
EI_-.-....-._ e

6 7 P ] \ F.]_
.4__/' ’ ” ’
10 11
I |
SANZRZEZENZZ
11 .
£ \
l e
4 / 4

-
S

Fig. 1. Adjustable LIM and its secondary element:
1 —inductor; 2 — inductor winding; 3 — secondary element; 4 — secondary element core;
5 — conductors of short-circuited winding of the secondary element; 6 — bus; 7 — locking dog;
8 — tooth rack; 9 — pinion; 10 — grooves for main winding bars of the second element;
11 — grooves for starting winding bars
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With a deep location of the narrow bars in the grooves, the current dis-
placement effect will sharply manifest, the resistance of the short-circuited start-
ing winding will increase, which makes it possible to significantly increase the
starting traction force of the motor.

So, with the motor accelerating, the movable element moves and partially
locks simultaneously starting and main winding bars of the SE. Then, in the
nominal mode, the starting winding opens and the main is completely short-
circuited. In the nominal mode, the adjustable LIM runs with minimum power
losses in the short-circuited winding of the SE and with high energy conversion
efficiency.

Magnetic field and current displacement in the groove
of the secondary element of LIM

Arranging short-circuited winding bars of LIM SE as separate, insulated
conductors, short-circuited by common bus on the one side and on the other —
by locking dog, which contains conductive and insulating sections, enables clos-
ing conductors of bars during its movement. It becomes possible to short-circuit
separate conductors located at any level on the height of the groove. The possi-
bility of obtaining the so-called partially filled groove of the LIM SE. The new
tasks on calculation of the LIM SE magnetic field and counting influence of cur-
rent displacement on the parameters of SE winding in the adjustable LIM.

The calculation model of the secondary element groove for this case is
shown in the fig. 2. It is seen that each two lower insulated conductors 1 are
short-circuited by locking dog 3 in the SE grooves. Direction of the locking dog
3 movement is pointed by an arrow (fig. 2). The conductors 1 which are short-
circuited by locking dog 3 are shaded.

In the process of the speed control in the direction of its decrease by in-
creasing the resistance of the short-circuited winding, the glide increases and a
current is displaced into the groove, similar to the starting regime.

During the analysis, the following assumptions have been made:

the magnetic conductivity of the SE steel core of the adjustable LIM is in-
finitely big;

e the length of the groove is infinite;

e magnetic power lines are perpendicular to the walls of the SE
groove;

e conductors which make the core of the SE winding have the
infinitely thin insulation;

Orthogonal coordinates (fug. 2b) contains the axis z, directed along the
groove, axis X, oriented transversely, and the axis y, directed upwards. With the
assumptions made, we may say that the intensity of the magnetic field will
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change only on the z coordinate. The magnetic field intensity equation will be

one-dimensional.
2 1

b Yy 1
s
] /
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Fig. 2. Short-circuiting the conductors in the groove during movement of the locking dog
from the bottom upwards: a) winding fragment; b) groove;
1 — conductors of the core; 2 — bus; 3 — locking dog

OH .
5 oo A (1)

General equation solution (1) is known from mathematics

H=C,-e”+C,-e”,

where p=,/j-®-y- ;.

The constants of integration C; and C, are determined on the basis of
Kirchhoff's circuit laws (Total current law)
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PHdT =i,
where | — current flowing in the groove of the SE winding;

dl — core length element.

Generally, when the movable element short-circuits the parts of the con-
ductors of the SE winding in the adjustable LIM (fig. 2), the level of short-
circuiting will be determined by coefficient «, lying within 0 <a <1.

Then the boundary conditions will be Hb, =0 with y=0 and Hb,=1
with y = ah,,.

With these boundary conditions the constants of the integration C; and Ca:

I - pah, oh
C,+C,=0; b—=C1(e PP,
I 1 I 1
“Th, e T Th g e

n n

The magnetic field intensity in the groove of the SE of LIM will make
| e™-e™ | shpy

H=— = :
b, e™-eP b shpah,

Current density in the groove of the SE is determined by the equation

5=rotH.
ing i - |
Taking into account that 5, =0; 6y, =0; 6, =6, and &:0, we obtain
: oH | ch : ch

&y b shpah, ~ ®shpah

n
The intensity of the electric field in the groove of the LIM SE

g d__1 p chy
y b, y shpah,

Electromagnetic power, flowing into the groove, where the current runs,
and transmitted through the air gap from the LIM inductor

$=—[EO)-H ©)-E(@h)-H'(@h)]
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where | — length of the active part of the bar, lying in the groove.
The power loss for a partially short-circuited winding bar of the SE equals
the real part of the electromagnetic power

2
Re[ E(ah,)- £ (ah,) | == —2—. pe RLn il

P= | —n .
2 y-b -ah shpah,

== , (2)

where 13 = I, - I, — current vector squared modulus.
The resistance of conductors in the closed part of the short-circuited wind-
ing of the secondary element to the direct current

R-——
Y'bn'ahn

If poh, =L+ j)koh,, then introducing the designation kh, =¢ — relative

depth of current penetration in the groove of the SE, and putting
poh, =1+ j)o& in (2), we obtain

2

_I_m . ) .ch(1+j)oc§ _
P= 5 R, Re{(1+ o —sh(1+j)oc&l

2 . -
:I_mRa ‘Re| (1+ j)o&- ChOCﬁ'COSaéJr]_Shoc&-s_m o

2 she& - cosa + jchad -sinag
1 Sh2o&+sin2a o 12

= _mOLEJRa —'a
2 ch2a& —cos2a& 2

sh2a& +sin2a.§
ch2a&-cos2ag

where R, =a& R, - — resistance of the closed part of SE core

to the AC.
The coefficient considering the increase if active resistance of closed con-
ductors of the SE core of LIM

~sh208 +sin2a8
ch2aé —cos2aé

@@=%:@ G

(24

The imaginary part of the electromagnetic power entering the groove of the
winding of the secondary element of LIM is reactive power Q = 12 - X, where X
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IS the inductive resistance of the short-circuited part of the winding bar of the SE
of the adjustable LIM.
Reactive power flowing into the closed part of the core

Q= —JmE E(ah )-H (ahn)} =

L
2 v-b

3N

-Jm{(u i ch@+ j)kahn}

sh(L+ j)kah,

n

2 Dy sh2kah —sin2kah,
2 y-b  ch2kah —cos2koh,

Inductive resistance of the closed part of the SE core without taking into
account current displacement in the groove

oh
X, =u.ol —.

n

Taking into account that k? = u-y% and & =kh,, we obtain

_m

"2 20f ch2af—cos20f  ° 2

2 e 2
0=X I, 3 sh2ag sm2a§_x I

3 sh2a&—sin2ag
* 20 ch2o&-cos2ag
circuited part of the core of the SE winding considering current displacement in
the groove.

Coefficient considering decrease of the inductive resistance in the closed
part of the SE core with current displacement in the groove

where X, =X — inductive resistance of the short-

ME) = )):a _ 23 . sh2a& —sin 20(5;. @
, 20& ch2a&-cos2a&

To take into account the influence of the process of current displacement
on the parameters of short-circuited winding of the LIM SE with different loca-
tion of the locking dog (fig. 2) on the basis of the relations (3) and (4), the pro-
gramme for calculation of coefficients of active resistance increase and induc-
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tive resistance decrease of the SE winding. The results of the calculation for
specific variation of construction of adjustable traction linear inductor motor for
maglev transport are shown in the fig. 3, 4.
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Fig. 3. Coefficients of active resistance increase when locking dog moves upwards
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Fig. 4. Coefficients of inductive resistance decrease when locking dog moves upwards
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Conclusion

The curved lines (fig. 3, 4) indicate that with the increase of the number of
the short-circuited conductors in the grooves of the SE when the locking dog
moves upwards, the coefficient of active resistance rises, whereas the coefficient
of the inductive resistance falls down to short-circuited winding of the second-
ary element of LIM.

If a=0,1 then taking into account the current displacement in the groove
with changes & from 0 to 5, the coefficient ¢(&) increased only by 0,82 %,
whereas the coefficient A(§) decreased by 0,29 %; with o =0,1 values of active

and inductive resistances remain almost the same in the value, and are not de-
pendent on the current displacement in the groove, which can be ignored during
LIM calculations.

A different situation is observed when the quantity of short-circuited con-
ductors in the grooves of the SE increases: at a =0,9 and changes £from 0 to 5

the coefficient ¢(&) increased by 362 %, and the coefficient A(§) decreased by

67 %. Here the current displacement effect in the groove of the SE (surface ef-
fect) largely influences the active and inductive winding resistances of the sec-
ondary element of adjustable LIM. It is seen from the calculation data (fig. 3)
that active resistance of short-circuited SE winding increases especially sharply,
and this is should be taken into account while calculating starting and control-
ling properties of the motor.
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