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BBEJAEHHE

Bce 6ornee 04eBHIHBIM CTAHOBUTCA (PAKT BCTYIIEHHS MUPOBOTO CO-
061IECTBAa B KAUECTBEHHO HOBOEC COCTOSIHME, ONHHM M3 noxasaresei
KOTOpOro siBjseTcs rnodanbHas WUHTEHCH(PHKALIMS TEXHOTEHHbIX MPO-
116CCOB, CBSI3aHHBIX C CO3JaHHEM JJIEKTPOHHDBIX CHCTEM nHpopMaTH3a-
UMM, Pa3BUTHEM TeNeKOMMYHHUKALHH, TPOLECCOB sueproobmena. B
BO3PACTAIOLLEM TEMIIE TPOMCXOAMT NPOLECC HACHILICHAA MPOU3BOACTBA
u 6bITa NPHOOPAMH, TEXHONOTHAMMU, OA3NPYIOUINMHCS HA JIOCTHKCHN-
SIX AEKTPOHHKH, MEKTPO- H PAIUOTEXHUKH, CBSA3AHHBIX C BHEPEHUEM
HOBeMIIMX MYJIbTHMEINHHBIX KOMIUIEKCOB U HHPPAacTpyKTYp. DINEKT-
poHHMKa 3aHMMAaeT Bce 6onee NPUOPUTETHOE MECTO, MHOTOUYHUCIICHHbIE
31EKTPOTEXHUUECKHUE, ITEKTPOHHBIC [IPUOOPDI CTAHOBATCA MPUHALTIEK-.
HOCTBIO MOBCEAHEBHOro ObiTa. HoMeHKIATYpa TAKHMX TEXHUHYECKHX
CpeiCTB Jenaercs Bee boee pa3HOOBPa3HOi, @ TEXHUUECKOE HCTIOJIHE-
HUe — Bce Holee CIOKHBIM U IOPOTHM.

CTONb WHPOKOE MCMIONB30BAHNE INEKTPOTEXHUKH HApAdy C HEO-
CIOpPUMBIMH IIPEUMYILECTBAMHU BJIEYET 32 coboit Maccy HETaTHBHBIX
nocneacTaUil. Yke ceiiuac OKpyKalollee Hac IPOCTPAHCTBO 3aMOIHEHO
NepernneTaoMMICs CeTAMH PaMOBOJH, JICKTPOMATHUTHBIX nosne,
BHICOKOYACTOTHBIX M HU3KOUACTOTHBIX MMITYJILCOB M M3ITYYCHHH. B reo-
METPHUYECKOMN MPOrPECCHH IPOUCKOUHT 3ArPA3HEHHE OKpYyXaloLe# cpe-
bl 37IEKTPOMArHUTHBIMH M3IYYEHHAMH, BJICKYLIMMH HeoOpaTHMBbIC
J3MEHEHHUS B GHOTOTHUECKOH, TEHETUUYECKOi W COLMAIBHON CTPYKTY-
pax. Ha 3arpsisHeHHe OKDYKAIOLIEH CPEe/bl OKA3biBACT BJIMSIHUE U Ka-
yeCTBO NIPUMEHSEMON 3NEKTPOIHEPIHH, ITAPaMETPbI KOTOPOI MOTYT OT-
KIIOHSTBCS OT HOMHHAJIBbHBIX 3HaueHUH. BO3HHUKAIOT MPOBAIbI, BBIO-
pOCHI, MMITYJIbCHBIE U PAAHOUYACTOTHBIC TOMEXH. DKOJIOrMuecKas co-
CcTaB/MIOMAs 3TOi Mpo6JeMbl, 0 MHEHHIO Psla YUEHDIX, CBA3AHA TaK-
5K€ C OMACHOCTHIO MEKTPOMATHUTHBIX U3JTyYEHHH VIS KU3HH U 310pO-
BB JIFOZIEH, )KUBOTHOI'O ¥ PACTUTENBHOTO MUPA.

[MocTtanoBneHueM I'ocylapCTBEHHOTO KOMUTETA Poccuiickoii Pe-
Jepalyu 1o CTaHAAPTaM, METPONIOTHH H cepTuduxauu ot 28 aBry-
cra 1998 r. Ne 338 BBezeH B JIEHCTBUE B KA4€CTBE FOCYAapCTBEHHOFO
crannapra Poccuiickoii @enepauun ¢ 01.01 .99 r. HOBBI CTRHOAPT HA
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Ka4yecTBO 3JieKTpuueckol »neprumu u Penepansupilii 3axoH “006
INEKTPOMArHUTHOH COBMECTUMOCTH™, KOTOPBIe CTABAT Npobiemy
oOecreueHH sl INEKTPOMATHUTHON COBMECTUMOCTH B PAJl aKTYalbHBIX
U BAXKHEHLIMX TEXHUKO-IKOHOMHUYECKHX 3a/Ja4 KeJe3HOAOPOKHOTO
TpaHcnopta. CorjgacHo 3TUM 3aKOHaM TeXHUYECKHE CPEACTBA, ABJIS-
JOLIMEC] MCTOUYHUKAMMU BJIEKTPOMATHUTHBIX U3JIYYEHHIH, B TOM YHC-
e BhICOKOBOJIbTHBIC Tpexdaszubie JIDI n anekTpuueckue xenesnbie
JOpOrH, MOIeKAT 0043aTe)IbHOH CepTHOUKALMM HA COOTBETCTBHE
JOMYCTHMBIM YPOBHSM 3J1EKTPOMATHUTHBIX U3TTYyUYEHHIA, yCTAHOBICH-
HBIM FOCYHAPCTBEHHBIMU CTAHAAPTAMH.

B cootBeTCcTBUMM ¢ OonpenesieHHeM MeExIyHAPOAHO 3JIeKTPOTEXHU-
yeckoil komuccnu (M3K) nog 3/1eKTPOMarHUTHOH COBMECTUMOCTBIO
[MOHUMAETCS CMTOCOGHOCTD INEKTPOTEXHUHECKOro 060pyI0BaHUs (TPH-
fopa, annapata, ycTpoicra) paboTaTh y10BJIETBOPUTENBHO B IJIEKT-
POMAFHUTHOM Cpefie, He CO3laBasi HEOIIyCTUMOTrO BIIMSHUSA HA OKpYy-
KAIOILYIO CPe/ly, a4 TAKKE HA IPYroe TexHuueckoe obopyaosanue. Mubl-
MU CIIOBAMU, TEPMHUH “DJIEKTPOMATrHHTHAS COBMECTUMOCTbh” TPAKTY-
eTCA AOCTATOMHO LIHUPOKO U BKJIOYAET B ce0A BONPOCHI dJIEKTpOMAr-
HHUTHOIO BJINSHMS APYT HA APYra PA3JIMYHBIX BULOB 2JIEKTPOIHEPreTH-
YyecKoro M ¢jaboToOYHOro eKTPooOOPYIOBAHUS,

YeneuHoe pelieHde HaydHbIX MpoOneM M TEXHHMUECKUX 3343y npu
pa3paboTKe U IKCNIYATALMUA CHUCTEMbl 2IEKTPOCHAGKEHUS KeJIe3HBIX
JIOpOr HEBO3MOXKHO 0e3 nccIeloBaHus U 00ECTIEYEHHS JIEKTPOMATHUT-
HOM COBMECTHMOCTH 3IEKTPUYECKHX JKEJIE3HBIX JOPOr CO CMEKHBIMU
¢1aOOTOUYHBIMU CHCTEMAMH M € MMUTAIOWUMH 3JICKTPOCHCTEMAMM.

DJIeKTPOMATHUTHOMY BJIMSIHUIO MOABEPIKEHBI MPAKTUYECKH JTHOObBIE
3JIEKTPUUECKUE JIMHIK (KAK BO3AYILHBIE, TAK U KaOesbHbIE) C MEHBLIMM
YPOBHEM Epe/layy FHEPTUH, NPOJTOKEHHBIE BOIM3U OT 3NEKTPUYECKO
KeJIe3HOU fopory: siuHuu TenedoHHON M TenerpadHoi cri3u, paguo-
BEUIAHUSA, TEJCYNPABIeHHU U TeJICCHTHANM3ALUH, PETbCOBBIEC 1SN aB-
TOOJOKMPOBKH, CHIIOBBIC U OCBETHTENILHBIC MIEKTPUUECKHE CETH, HU3-
KOBOJIbTHbBIE JIMHUM AJIEKTPONEPENAUH, OTKIIIOYEHHAS KOHTAKTHAS CETh
COCEHUX MYyTeH, a TAKKE HEANEKTPUUECKHE, HO POBOASLIME METAJI/IH~
YeCKKHe COOPYIKEHHUs!, ICTaKaibl, TPyOONPOBOIbI H Ap.

DJleKTPHYECKas Kele3Has Jopora, OKas3biBalollas K TPOMArHUTHOE
BJIMSHUE HA CMEXHBIE CIA00TOUYHBIE CUCTEMBI, BKIIIOYAET CIIEAYIOUIME BITU-
SOLLHE JIMHUM: TATOBAas CETh, [IOMHOCTBIO HECHMMETPUYHAS 10 HapAMET-

paM U Nepefaollas SHEPrHIo ¢ HECHHYCOWAAIbHBIMU MEPEMEHHBIMH HITH
MYJIbCUPYIOUIMMU TIOCTOSSHHBIMM TOKAMH U HaMpPSOHKEHHUSIMU; pacrpene-
JINTENTBHBIE JIMHUY TIEPEMEHHOTO TOKA 1711 IPOJOJIBHOIO MEKTPOCHAbXe-
HHS aBTOONOKMPOBKH M HETATOBbIX NOTpebutesied ¢ HECHMMETPUYHBIMK
HECUHYCOWAATIBHBIMU (M3-32 IEKTPUYECKO TATH) HATIPSHKEHHUSIMH M TO-
KaMmu, a Taioke JIMHud TP ¢ HecMMMETpUYHBIMY TIAapaMeTpaMH.

[ToBblIllIeHHOE 3JIEKTPOMATHUTHOE BIIMSHUE HA CMEXKHBIE TUHHH OKi-
3bIBAIOT M Tpex(a3Hble TMHHH, MUTAIOLIKME TATOBbBIE MOACTAHLINH, B TOM
4HCIIe NPOACIBHBIC MTHHUH, BCJICACTBHE TOrO, YTO B HUX MOTYT ObITh He
TOJILKO HECHMMETPHUHBIE 1 HECHHYCOMAANIbHbIE HAMPSIKEHUS! M TOKH,
HO ¥ HECHMMETPHUHbIE NIONEPCUHBIC MAPAMETPBI.

Hanuune MOIHLIX BoIIpsaMuTeneid 1 uuseptopos B JIDIT nocrosu-
HOTO TOKA CBEPXBBLICOKOro HanpspkeHus (750 kB v Bbillle) NpUBOANT K
MosBeHHIO B Liensix 3Toi JIDIT rapMoHuK TOKa U HanpsKeHHd, KOTO-
pble SABJIAIOTCS UCTOUHHMKAMM JIEKTPOMATHHUTHOTO BIIMAHMS HA CMEX-
HbIE JIMHWH B IIMPOKOM Hana3oHe 4acToT.

Jns TpexdasHbIX JIMHUI Mepefayu 31eKTPOIHEPrun, paboTaonux
Mo cHCTeMe “IBa NMpOBOAA — peNibC’, a TaKKe st JIMHUHA nepelaun
3JIEKTPOIHEPIMU 0JIHO(AZHOIO TOKA C UCMOIb30BAHUEM 3€MIIH B Kaue-
cTBe OOPATHOrO NPOBOAA, B TOM HMCHE WU AJs JJIEKTPUUECKUX Kemes-
HBIX JOPOT, OCOOEHHO MOCTOSHHOrO TOKA, XapaKTePHO 3HAUMTENIbHOE
raJIbBAHUYECKOE BIIMSHKE Ha MPOJIOKEHHbIC PSIOM MPOTKCHHBIE 101~
3eMHBIE COOPYXEHUs, HANIPUMEP HedTe- UK ra3onpoBOjbl, KabenH ¢
METaUIHYeCKMMU 000M0YKaMH U T. I

Paspsasl MONHUH, OTKITIOYEHHE M BKJIFOYEHHE HacTeil U annapaTos
3MEKTPOYCTAHOBKM NMpU pabouux U aBapUHHBIX PCKUMAX MPUBOIAT K
MOSBACHUIO OOMBIIMX UMIYJIbCHBIX TOKOB M HanmpskeHHi (atMocdep-
HbIX H KOMMYTALMOHHBIX MEpEHANPAKEHHIR).

[MpeobpazoBaHue HA TATOBBIX MOJCTAHLMIX WUIIM HA IEKTPOINOI-
BMXHOM COCTaBe JIEKTPHUYECKON SHEPIUH NEPEMEHHOIO TOKA B 3HEP-
I'HIO BBIIPAMIIEHHOrO TOKA ¥ 0OPATHO C MOMOLLBIO CTATHYECKHX MOY-
NPOBOAHHKOBBIX peobpa3oBaTesieil CBA3aHO CO 3HAUUTENBHBIM NOTPEO-
JICHUEM PEAKTHMBHON 3HEpPruu rnpeodpa3oBaTe/bHBIMU arperaTaMu.
KpoMme Toro, noflynpoBOJHHUKOBBIE NMpeoOpa30BaTeN OTHOCATCS K
KJ1acCy Harpy3ok, MMEILIHX HEJIMHEHHbIe BOJbT-aMIEPHbIE XapaKTe-
PMCTHKH, U NMOTPEOASIOT U3 CETH HECUHYCOMAAIBHBIH TOK, HCKaXas
KPUBYIO HANPIKEHUS MUTAIOMMX 3TEKTPOCUCTEM.



OnexTpHUecKas TAra NepeMeHHOro TOKA AB/SETCS HE TOJIBKO MOLL-
HBIM NTOTPEOHTENEM PEAKTHUBHOMN SHEPIUM U HECHHYCOUAAIBHOIO TOKA,
HO M MOIIHOM HeCUMMETPHUYHON 0JHO(]A3HONH HArPY3KOH, UTO MPUBO-
JIUT K TIOSIBJIEHUIO HECUMMETPHUH HANPSHKEHWH B MUTAIOLIMX 3JEKTPH-
4eCKuX Tpex(as3HbIX CHCTEMaXx.

HecuHycouanbHOCTh U HECUMMETPHS MUTAIOLIETO HANPSKEHHUS, B
CBOIO OYEpPEb, OTPULIATENLHO BJIMSIOT HAa Ka4eCTBO BHIMPAMIIEHHOIO
HAMPAKEHUS — [PUBOJAT K MOSBICHHIO B BHIIPAMICHHOM Halpske-
HHH JONOJHNTENbHBIX TADMOHHYECKHX COCTABJIAIOMIMX H K NOBBILIEH-
HOMY WIEKTPOMATHUTHOMY BIMSHUIO TACOBO# CETHU MOCTOSHHOTO TOKA
Ha CMEXHble Cl1abOTOUHBIE CUCTEMBI.

CrnenoBaTenbHO, Npy 0OOCHOBAHUH 3NEKTPOMArHUTHORK COBMEC-
TUMOCTH, HeOOXOJMMOM 1IpH NPOEKTUPOBAHUM U IKCIUTYaTallUM TH-
roBOI'0 MEKTPOCHAOXEHUS, CIEAYET YUYUTHIBATEL CIEAYIOLME B3aAH-
MOBJIMSIIOLIKE (PAKTOPLI: HECHMMETPHIO H HECHHYCOMAJIbHOCTh TPEX-
A3HBIX MUTAIOLHUX HAMPSKEHHWH, 3HAYHTENbHBINH YPOBEHDb PEAKTHB-
HON 3Hepruu, rnorpedsisieMoi TAroBLIMH HArpy3kaMu M3 NUTaroLiel
3MEKTPOCUCTEMBI, KA4ECTBO BLIMPSIMIIEHHOTO HANPSDKEHM S, TEPEHAT-
psXKEHUs, YPOBHH HaBEJEHHBIX HANPSAKEHUH U TOKOB MHAYKLUHM B
CMEXHBIX CHCTEMaX.

[TOJIHOCTBIO UCKIHIOUKTD IEKTPOMATHUTHOE W FallbBAHHYECKOE BJIU-
siHHE OHOTO AEKTPOTEXHUUECKOro 0DOpYyJ0BaHUS HA APYroe, OAHHX
3NEKTPHUECKHX Lieneid Ha Apyrue npaKTHYEeCKH HEBO3MOXHO, II03TOMY
OOBIYHO CTPEMSATCHA CHU3HTB €ro /IO TaKoH CTeNeHH, IIPH KOTOPOH HE
Hapyluanace 661 HOpManbHas paboTa AMEKTPHUUECKHUX Lienel, noasep-
JKEHHBIX BJAHSHHIO, U BhinonHsucs Tpedosanng TOCT 13109-97 “Hop-
Mbl KAYeCTBa 3JIEKTPHYECKOH IHEPIUM B CUCTEMAaX NIEKTPOCHAOKEHHS
obluero HazHaueHus .

B kHure “DaeKTPOMArHUTHAsE COBMECTHMOCTL” PaccMaTPHUBAIOTCS
METO/bI MaTEMATHYECKOrO MOAESMPOBAHHUA HCTOYHHMKOB MOMEX, CMO-
coOBl M 34KOHBI MEPENAYU INEKTPOMATHUTHOM YHEPIUH B CMEXKHBIE U
MUTAIOME IEKTPOCHCTEMBI, AITOPUTMBI pacueTa ypoBHS NOMEX U CHO-
cobpl 60pbLOBLI ¢ HUMH.

YACTD 1

F'AABA 1. OCOBEHHOCTH U OCHOBHBIE ITAPAMETPbI
BAHAIOILINX H IMTOABEPKEHHDBIX BAUAHHUIO
IAEKPUYECKUX LEINEH

1.1. O6ume cBemeHHns

Ilepenaua 2aeKTpUYECKOH DHEPrUM OT MCTOYHHUKOB (I'CHEPATOPOB
VIEKTPOCTAHUMI U [PpYTrHX MUTAIOIUX LHEHTPOB) K NOTpeOUTENAM MO-
XET OCYLUECTBIATHCSA 10 OJHONPOBOJAHLIM H MHOTOMPOBOHBIM JIMHH-
AM, UMEIOLLUM Pa3IMYHOE Ha3HAYCHUE.

Ecau oxoso Lenu «ripoBoa — 3eMiIs» ¢ AHCTBYIOMINM NePeMEHHBIM
HAIpPSHDKEHUEM M TOKOM Pa3MECTHTh APYTYIO UeNb, TO MO/ BIUSIHUEM dJIEK-
TPUYECKON U MArHUTHOM MHAYKLHHW B CMEXHOM JIMHUK BO3BHUKHYT UHIYK-~
THPOBAHHBIC HANPSHKEHUS W TOKH, a Takke Oyaer npoTtekaTh TOk, obyc-
JIOBACHHDIH HAJIMUHMEM 3EM/IH B PACCMATPHUBAECMbIX 3MIEKTPHUECKUX LICTISIX.

Bonbuioe anekTpoMarHMTHOE BAHSIHUE OKA3BIBAIOT LIEMH C BLICOKUM
YPOBHEM NEpPeAauy 3JEKTPOIHEPTHHU HA LENH C MEHbLIMM YPOBHEM
nepeaaqy, HalpUMep, BLICOKOBOJIbTHBIE JIMHHH JIEKTPONEPENAYH HIIN
TArOBaf CETh EKTPHUECKHX KENE3HBIX JOPOT ~— Ha JIMHUN CBA3U, HU3~
KOBOJBTHBIC 3[IEKTPHYECKHE CETH M T.11. OOpaTHOE BAUSIHUE LiENei HU3-
KOI'o YpOBHS MepeAauy IHEPTUM Ha 1EMNH C BICOKHM YPOBHEM MNepeia-
Uy OOBLIYHO HEBENHKO, U C HUM NPAKTUYECKH MOXKHO HE CUUTATHCA.

DAEKTPHYECKYIO LEeNb ¢ 60iee BLICOKUM YPOBHEM MEPEAaUy 3JIeK-
TPO3HEPruy, B KOTOPOH AEHCTBYET EPEMCHHOE HANIPSHKEHUE U [PO-
TeKaeT NepeMeHHbIH TOK, HA3bIBAKOT 82Us1I0Uell, & FTIEKTPUHECKYIO LeNb
C MCHBLIUM yPOBHEM Nepelaul 3JIEKTPO3HEPruy, B KOTOPOH HHAYK-
TUPYIOTCSl HAMps>KeHHE U TOK, HA3bIBAIOT MOABEPKEHHON BIIMAHMIO,
WM CMEHCHOTE TUHHEH.

CrieqyeT OTMETUTD, YTO CHCTEMA TOKOB BbICOKOBOJIbTHBIX Tpexdas-
Hbix JIDI, xak npasuno, HecuHycouganbHa. HecuHyconaanbHOCTh
ToKOB Tpexdasupix JIDT1 ompenensercs HanuuueM B 3HEProcUcTeMe
BBITIPSAMUTENILHONW HArpy3KU U UHBEPTOPOB, HEIMHEAHOCTBIO Psjla JJie-
MEHTOB {B YaCTHOCTH, TpaHCGOPMATOPOB, APOCCENEH), a TAKXKE HECH-
HYCOMJANBHOCTBIO 3C reHepaTOpoB. apMOHMKH HATIPAXKEHHS U TOKA



takux JIDII aBisroTCsl UCTOYHMKAMH MEPEMEHHBIX 3JEKTPUUECKUX U
MarHUTHBIX MONEH, OKa3bIBas TEM CaMbIM 3HAUNTEIBHOE JJIEKTPHYUEC-
KO€, MATHUTHOE U rajlbBAHWYECKOE BIIMSIHUE HA CMEXHbIe JIUHHH.

Hanuuue BoinpsMuteneii 1 MTHBEPTOPOB HA TATOBLIX MOACTAHIIMAX
MOCTOSIHHOT'O TOKA UJIN 3JIEKTPOIOIBHIXHOM COCTaBE NePEMEHHOT0O TOKa
00yCIIOBJIMBAET NOSBICHHE TAPMOHHK B KPHMBBIX HAIPSIKEHUS U TOKA
TArOBOM CETH U TEM CaMbIM 00pa30BaHHUE MEPEMEHHBIX 3JIEKTPUUECKUX
M MArHUTHBIX MO, OKa3bIBAIOLIUX HA CMEXHbIE JINHUK 3NIeKTpHUYeC-
KO€, MATHUTHOE U raJbBaHU4ECKOE BIHSHHS.

TakuM 00pa3oM, BBICOKOBOJIbTHBIE Tpexdasuble JIDI u anexTpu-
YECKHE JKEJIe3HbIC JOPOTH SBJISIIOTCA HCTOUHHKOM MATCHUTHOIO, 3JIEKT-
PHYECKOTO U raJIbBAHUUECKOrO BIUAHUN HA cMexHble niHuu, Crenyer
3aMETHTB, YTO Npobiaema obecredeHUs IEKTPOMATrHUTHOH COBMECTH-
MOCTH TATOBOH CETH U JIMHMI MPOBOAHOMN CBSI3U M XKEE3HOAOPOXKHOM
ABTOMATHKH SABIIAETCA Hauboee OCTPOi U aKTYaIbHOM, Tak KaK IMHHA
CBSI3Y, KaK NPABUJIO, NPOKJIAbIBAIOT NapaLIeIbHO TPACCE SIIEKTPHUYEC-
KOM eJe3HoN 10pory, a yCTpoicTBa KeJIe3HOAOPOXKHOM aBTOMATHKH
HCNOJIb3YIOT B KAUECTBE CUTHAJIBHBIX LieNeH pesbCOBLIE LIEMH, ABIISIO-
LHECS! OAHOBPEMEHHO OOPATHBIM NPOBOAOM ISl IPOTEKAHUS HECHHY-
COUJAJIBHOIO TArOBOTO TOKA.

I'lpu paccMOTpEHUN BOTIPOCOB 3MEKTPOMATHUTHOI'O BIIMSIHUS HA CMEX-
HBIC IEKTPUYECKHE LIENH JIMHUI 3NIEKTponepeayd HebobIo THHBI C
HanpsbkeHveM 10 35 kB npu yacrote 50 ' MoxHO npeHeGpeus B nocne-
JIHAX TOKaMH, O0YCHOBJICHHBIMH €MKOCTBIO MeXAy NPOBoJaMH (TOKa-
MH CMELLEHMS) U TPOBOAMMOCTBIO U30JISHMU (TOKAMH YTEUKH Yepe3 THp-
JIH/IBl U30J4TOPOB M TOKAaMH, OOYCIOBNEHHbBIMU KOPOHHBIM JIEKTPH-
YECKHM pa3psaoM BOJIM3M MOBEPXHOCTH NPOBOJOB), T.€. pacCMaTPUBATh
BJIMAIOIIME JIMHUM KAK LEMH ¢ COCPCAOTOUECHHBIMH NapaMeTpaMH.

ITpu GOJBLIMX HAMPSDKEHUSX, BCTPEUAFOIIMXCS B AEKTPOIHEPreTH-
Ke, ¥ npy O0bLIMX YACTOTaX, C KOTOPbIMH UMECT AENO 3JIeKTPOCBA3b,
A TaKXKe NpU 3HAYUTENILHOM ANUHE JIMHUA NpeHebperaTh TOKaMH CMe-
LIEHMS M YTEUYKM HeaonycTumo. Tok B HpOBOJAX HE OJMHAKOB B pa3-
HBIX CEYEHHSIX TAKOM JIMHKUM, BbI3bIBACT MAJICHUE HATIPSKECHNUA B AKTHUB-
HOM CONPOTHUBJIEHHU MPOBOIOB U CO3AET [IEPEMEHHOE MATHUTHOE NOJIE,
KOTOpPOE, B CBOIO ouepellb, HABOAUT BAOJIb BCEH JIMHUH 3/JIC CAMOMHIYK-
uud. [loaToMy HanpspkeHHe MeXAY IIPOBOJAMH TaKXKE HE OCTaeTcs I10-
CTOSIHHBIM BJOJIb JIMHUH.

YToObI yuecTb U3MEHEHUE TOKA U HATMIPSHKEHUS BAOJb JIMHUU, HY K-
HO CUMTATh, YTO KAXABIA CKOJIb YFOAHO Majlblil 3IEMEHT JIMHKUK o0na-
AT COMPOTHUBJICHUEM UM MHAYKTHUBHOCTBIO, & MEXAY NPOBOAAMH —-—
TIPOBOAVMOCTBIO ¥ EMKOCTBIO, T. €. PACCMATPHBATD JIMHUIO KaK Lenb ©
pacnpelesieHHbIME apaMeTpaMH.

Onexmpuyeckumu aunusmy C pactipeneSeHHbIMY NapaMeTpaMH Ha-
3bIBAIOT TAKHE JIMHUH, B KOTOPBIX TOK M HANPSXEHUE HENPEPBIBHO W3-
MEHSIIOTCSL IIPY 1IepeX0/ie OT OJHON TOYKU (CEUEHMs) IMHUU K IPYIOH,
cocenHei Touke [5).

[Mon macrummubimMu aunusmuy C PACOPECTICHHBIMH MApAMETPAMH T10-
HUMAIOT TAKME JIMHWH, MATHUTHBIA NMOTOK M MATHUTHOE HaMpshKeHHe
BAOJIb KOTOPBIX HENPEPLIBHO MEHAIOTCS NPU Nepexoje OT OJHOH Tou-
KU JIMHUH K cocegHeil [5].

O¢ddeKT HenpepbIBHOrO U3MEHEHHUs TOKA (WM MOTOKA) H 1EKTPH-
4YeCKOro (MAarHMTHOTO) HAIPSHXKEHHUS BIOJIb JIMHUK UMEET MECTO BCIea-
CTBUE TOTO, YTO JIMHHY 061aJaF0T pacnpeeseHHbIMH NTPOAOJALHbBIMH U
HOTEPEYHBIMK CONPOTUBIIEHUSIMU (puc. 1.1, a).

Ha cxeme puc. 1.1, ¢ n3obpaxeH y4yacToK JIHHUM C pACIIPENEIEHHDI-
MU napameTpamu, uepe3 dx 0003HaueH OECKOHEUHO MAJIbIH 3JEMEHT
IJIMHb] JIMHUH.

Conporusnenns Z,,Z,,2Z+, ... Ha3bIBAIOT NMPOAOAbHBIMH CONPOTHB-
JIEHHSIMH, B HUX BKJIIOYEHbI COTIPOTHBIIEHHA N NPAMOro, U obpaTHOro

NPOBOAOB; CONPOTUBAEHNA Z4,Z5,Z¢, ... HA3bIBAIOT MOINEPEYHBIMH CO-

wy

[IPOTHUBIICHUIMH.
a dx dx dx 6

Z

N

[
|
|
!
i d

Puc. 1.1. Yyacrok TUHUH C paclipeleNeHHbIMHU apamMmeTpaMu



B pe3ynbTaTe yTeukd TOKa uepe3 CONpOTHBIEHHE Z, TOK i; He

paBeH TOKY i . AHAJIOTMYHO TOK i3 HE PABEH TOKY i, M T. A. Hanps-

KEHHE MEXIY TOYKAMH ¢ U b HE PABHO HANPSIKEHHUIO MEXAY TOUKa-
MUCH dUT.A.

B anexTpHueckyx JIMHUAX € pacnpeleseHHbIMH NapaMeTpaMu
NPOAOJbHbIE CONPOTUBIIEHHsI 00pa30BaHbl aKTHBHBIMH CONPOTHB-
JICHUSIMU NPOBOJOB THHHM U UHAYKTHUBHOCTAMM ABYX IIPOTHBOCTO-
AUWUX APYT APYTY yHaCTKOB MUHUM AnuHol dx. [lomepeunsie co-
NPOTHBIIEHUSA COCTOAT U3 CONPOTHUBIIEHHH YTEUKH, MOABIAOLIEHCA
BCJIC/ICTBME HECOBEPILIEHCTBA U3OJSLMHU MEXAY MMPOBOAAMH JIMHHH,
U eMKOCTEMN, 06pa30BaHHbBIX MPOTHUBOCTOSALUMMH APYT APYTY EMEH-
TaMH (YYACTKAMHM) JIMHUK. B MATHUTHbBIX JTMHUAX C pACHpPEAENIEHHbI-
MH TlapaMeTpaMu NpoAOJIbHbIE CONPOTUBAECHUS MPEACTABIISIOT CO-
00l MATHUTHBIE COMPOTHBIICHHS CAMHX MarHUTHBIX CTEPXHel, 00-
PA3YIOUIMX MATHUTHYIO IMHHIO, @ TOTIEPEYHbIE CONPOTHUBIEHUS 00yC-
JIOBJIEHbl YTEUKOH MATHUTHOTrO MOTOKA IO BO3AYXY MEXAY NPOTH-
BOCTOSILUMMH APYF APYTY y4HacTKaMmH JIMHHH.

Jlunnio ¢ pacrpe/ie/leHHbIMH TAPAMETPAMH HA3BIBAIOT 00HOPOOHO,
€cny paBHbl APYF APYrY BCE NMPOJOJbHBIE COMPOTHBIIEHHS YYACTKOB
JIMHUM OJWHAKOBOI1 IJIMHBI U €C/IM PaBHb! APYT APYTY BCE MOMEPEUHbIE
COIMPOTUBIEHUA YUYACTKOB JIMHUM OJMHAKOBOH AAMHBL. Tak, y4acTok

nauHKMU puc. 1.1, a OyaeT OAHOPOAHBIM, eclU Z|=Zy=Z3=.. U

Z4 =ZS =Z():

JIuHuio ¢ pacnpedeseHHBIMN NapaMeTpaMH Ha3bIBAOT HEOOHO-
poOHOI, €cU NPOAOJbHbIE CONPOTHUBIECHNS B HEX PA3JIHUHBI UIH
€C/U NOMNepeuHsie CONPOTUBIEHUS HeoanHakosbl. KpoMme Toro,
JIMHUM C pacnpeeseHHbIMY NapaMeTPaMU MOXXHO MOAPa3JeiuThb
Ha J(Be OONbUIME TPYIIbl: HEJIMHEHHbIE W NUHEeHHble. B HenuHei-
HbIX JIMHHSAX C pachpeiesieHHbIMU NapaMeTpaMu NpPoJoJibHbIe U
(MaM) nonepevyHble COMPOTHBICHNA ABISIOTCS (PYHKUMSMU MpOTe-
KAIOUMX 10 HUM TOKOB, B JINHEHHbIX — MPOAOJbHbIE H NTONEpey-
Hble COMPOTHBJIEHUS HE SIBJISIOTCA (PYHKUMAMM MPOTEKAIOUIMX Ye-
pe3 HUX TOKOB,

B xauecTBe npuMepa HeJIMHENHON 3JEKTPUUECKON JIMHMU ¢ pac-
npejaesieHHbIMH NAPAMETPAMU MOXHO Ha3BaTh AE€KTPHUYECKYIO JIH-
HUIO [ePefayy BbICOKOTO HANPSIXKEHHMS [PH HATUYHH MEXAY [1pPOBO-
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JaMH JIMHHU THXOrO 3JEKTPUYECKOro pa3psaia — SIBICHHE KOPOHBI
Ha npoBojax. B 3ToM ciydyae eMKOCTb MEXAY NMPOTHBOCTOALIUMH
ApPYr APYTYy y4acTKaMU JUHHUM sBiseTcs QyHkuueld HanpskeHUs
MEXAY 3TUMH y4aCTKaMHU.

B kauyecTBe npuMepa HENMHHEHHOH MarHHWTHO! JIMHUM C pacnpese-
JIEHHBIMHU TIapaMETPaAMU MOXHO HA3BaTh JIMHMIO, 0Opa3oBaHHYIO na-
pasIefbHO PACIOIOKEHHBIMM MArHUTHBIMH CEPAECYHUKAMH, KOTOPbIE
B fipotlecce paboThl JIMHUA MOTYT HAChIILATHCS.

Korga ropopsaT o JIMHMM C pacnpeaeneHHbIMU NapaMeTpamMy, TO
O0OBIYHO 3TOT TEPMHUH MBICICHHO CBA3bIBAIOT C MOLIHBIMH JIMHUAMH
nepeaaym 3JeKTPUUecKor SHepruu Ha OoJblliMe pacCTOSHHMA, C Tele-
({hoHHBIMHU U TenerpadHbIMH BO3AYIUHBIMM W KaOeNbHBIMU JIMHUAMHU, C
PENBbCOBBIMU IMHUAMH aBTOOIOKHPOBKY Ha XKENE3HOAOPOKHOM TPaHC-
1opTe, C AHTEHHAMM B PAAUOTEXHUKE M APYTHMU POACTBEHHBIMH JIH-
HUSMH H YCTAHOBKaMH.

B T0 e BpeMs ¢ IMHUAMM ¢ pacnpedeseHHbIMY napaMeTpaMy nMme-
10T JEJIO U TOrAA, KOrAa «IMHHI1» B OYKBAJILHOM CMBICIIE CIIOBA, Ka3a-
Joch Obl, BoBce HeT. Tak, oOhlyHAS MHAYKTHBHAS KaTYyLUKa [IPAKTHYEC-
KM NpeJcTaBiseT co00M JTHHHIO ¢ pacnpeesIeHHbIMH [1apaAMETPAMH.
JeAcTBUTEIIbHO, MEXAY KASKIAbIMHU ABYMS COCEAHUMH BUTKAMM KaTyil-
KH, KAK U MEX/y KaXIbIMH ABYMs TeJlaMH, €CThb eMKOCTB (puc. 1.1, 6).
Kpome Toro, Mex/iy KaXKabIM BUTKOM M KoprycoM npubopa (3emieit)
TAKXe €CTh €eMKOCTb.

Ecnu no xaryuke 6yaeT npoTeKaTh IEPEMEHHBIN TOK, TO YEPE3 MEXK-
BHTKOBbIE EMKOCTH U €MKOCTH Ha 3eMJII0 Takxe norteuet Tok. Ilpu oa-
HOM H TOM € HAMPSPKEHUH MEXYy COCEIHUMH BUTKAMH TOK Hepes eM-
KocTU OyjeT TeMm GOJIBILE, YEM BBILIE YACTOTA NlepeMEHHOro Toka. [1pu
HU3KOI HacToTE (AECATKH, COTHHU, THICAUYM I'epll) TOK Yepes eMKocTy Oy-
JIeT HECOM3MEPHUMO MaJjl M0 CpaBHEHUIO C TOKAMH Yepe3 BUTKHM KaTyul-
KM, U HAJIUYHE EMKOCTEH MOXHO HE YUMTBIBATL B pacueTe (4TO M Jena-
JI0Ch JI0 cHX TIop). B manpHelniem, npu pacCMOTPEHMH TEOPHH 3INEKT-
pHyeckuX GUIILTPOB, pabOTAIOIIMX TPY OTHOCHTENBHO HU3KHX 4acTO-
Tax, HaJlMuue pachpele/ieHHbIX €MKOCTEH B CAMHX MHAYKTHBHBIX Ka-
TYILKAX TAK)KE HE YYMTHIBAECTCS.

Eciu xe yacrora Toka 6yier oueHb BeJIMKA, HANPUMEP COTHH MHII-
JUAPAOB repl, TO TOKM Yepe3 eMKOCTH MOTYT BO MHOIO pa3 IIPEBLI-
1IaTh TOKH uepe3 BUTKH KaTylulku. B 3TOM ciyvae BCA KaTylIKa B Lie-
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70M OyneT OKa3bIBaTh [IPOXOXKIEHHUIO IEPEMEHHOTO TOKA EMKOCTHOE, &
HE UHIYKTHBHOE CONPOTUBJIEHHE (KOIMYECTBO NEPEXOAUT B HOBOE Ka-
4ecTBO). IIpH NMpOMEXYTOUHBIX YACTOTAX MOPKAKA HECKOJNBKHMX Mera-
repil (Koraa JIMHeiHble pazMepsl KaTYIIKH COU3MEPUMBI C JJIMHOW BOJI-
HbI) HHAYKTHUBHAS KaTyillKa ABASETCS THHMYHON JIMHYEH C pacrpene-
JIEHHBIMH MapaMeTpaMu.

Ecii HHAYKTHBHAs KaTylIKa HAMOTAaHA HAa CTAJILHOH cepleyHHUK,
KOTOPBIit CrtocOOEH HACKIINATLCA, H YaCTOTA TOKA JOCTATOYHO BEJIUKA,
TO BCE YCTPOICTBO B 11/IOM IIPEACTABIISAET COOON CIIOKHYIO COBOKYTI-
HOCTb U3 37ICKTPUYECKO# 1 MATHUTHOM HEJTMHCHHbBIX Leneil ¢ pacpene-
JICHHBIMH NapaMeTpaMu.

B 3TOoM Kypce U3yualT TOJIbKO OCHOBBI OJTHOPOIHBIX JIMHEHHBIX
Lened ¢ pacnpeae/ieHHbIMU NapaMeTpaMi. Best Teopud nsnaraercs npu-
MEHUTENBHO K 3JIEKTPUUYECKHUM JIMHUAM C paclpe/lelIEHHbIMU N1apaMeT-
PaMH Ha nepeMeHHOM Toke. Teopust OIHOPOJHBIX JIMHEHHBIX 31EKTPH-
4eCKHUX uerneil ¢ pacnpeneseHHbIMU apaMeTpaMH Ha MOCTOSHHOM TOKE
HEMOCPEACTBEHHO CNECAYET U3 TCOPHUU LICNEH NepeMEHHOIO TOKA, €C/IH
IPUHATDH YIJIOBYIO YaCTOTY PaBHON HYJIO.

Teopusi ONHOPONHBIX JMHEAHBIX MArHUTHBIX JHHHUH Ha IMOCTO-
SSHHOM TOKE B 3HAUMTEJILHOHW Mepe aHaJOrHYHa TEOPHU OLHOPOA-
HBIX JIMHEHHBIX 3JEKTPUUYECKUX JIMHUH C paclpeAeN€HHbBIMU napa-
MeTpaMu, TOJBKO BMECTO TOKa B ypaBHEHMA JOJDKEH ObIThb HOJ-
CTaBJIEH MArCHUTHbIH IOTOK, BMECTO 3JIEKTPHUYECKOTO HATIPSXKEHUS —
MAarHUTHOE HAMPIKEHUE, BMECTO NMPOJOJIBHOI0 aKTUBHOIO COMpPO-
THUBJIEHUS — TNIPOJOJILHOE MAFHUTHOE CONPOTUBIIEHHE, BMECTO M1O-
HepeuHoH JIEKTPHUUECKOH MPOBOAUMOCTH — IMOINEPEUHAN MATHHUT-
Has IPOBOAHUMOCTb.

1.2. Cocramienne mudpdepeHIUATHHbIX YPABHEHHM
JVII OJHOPOJIHON JIMHNH
C pacrnpene/IeHHbIMH NapaMeTpamMH

ITycTs Ry — NpoaosibHOE aKTHBHOE CONPOTUBJICHUE €AUHULIBI U1~
HbI JIMHUH, Ly — MHAYKTHBHOCTb €AMHHMUbI JJIMHBI JINHUH, Cj — eM-
KOCTb €IMHUIbI [UIMHBL IMHUU U G — 1onepeyHas MpoBOAUMOCTb
€AMHUUbI JUIMHEL Tunuy. [Tonepedynas npoBoauMocTb G He ABJIAETCA
00paTHOl BEJIMUHHOH NPOJOIBHOIO CONPOTHBIEHUH R,. Paszobbem
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JVHHIO HA yYacTKM AJIHHON dx Y le ax___ oi

PR '+_ I\
(puc. 1.2), roe x — paccrosinue, Ry Lydx [+ oy

Y

OTCYUTBIBAEMOE OT HAYAJA JIH- ——HYVet> v —

nuu. Ha ninse dx akTuBHOE co- ! Rydx Lydx

NPOTHBIIEHHE PABHO RodX, HH- *“ dai Y e Ot g

AYKTHBHOCTb — Ldx, mpoBoau- ___L i ox

::ccrj;,b—y’rg:;; Godx u em- Gdx | Codx HGdx T Cydx
O603Ha4MM TOK B Hauase pac-

CMATPUBAEMOTO yHaCTKa JIMHUH

yepe3 i M HAMPAKEHUE MEXKIY Puc. 1.2, YuacTku nuHKM ITHHOI dx
NpoOBOAAMH JIMHHWH B HAYAJIC yda-

crka u. Y ToK, u Hanpsbkenne sBASIOTCA B 061UEM ciyuyae (pyHKUHAMM
pacCTOssHUA BAOJIL IMHUU X W BpPEMEHU . HOBTOMy B JAJIBHEHILEM B
YPaBHEHUAX UCMOJIB30BAHBI YACTHBIC MPOU3BO/IHbIE OT i K OT I MO BpeE-
MEHH [ U MO PACCTOSHHIO X.

Ecnau ngna HEKOTOPOI'O MOMEHTA BPEMEHM ! TOK B Hauajie pac-
CMaTPHUBAEMOI0 yUaCTKa PABEH i, TO B Pe3yJIbTATE yTEUKH Yepes Mo-
I‘lepequIf/i JJIEMEHT TOK B KOHIIE y4aCTKa JIJIsi TOIO XK€ MOMEHTa Bpe-

.o di di
MCHU DABEH l+";;dx, rjae E —— CKOPOCTb U3MEHCHHUSA TOKA B Ha-
npaBiaC€HUN Xx. CKOpOCTb, YMHOX€HHAas Ha pacCTOsSHHUE (/.\‘, SABJIACTCA
NnpUpameHneM TOKa Ha NyTU dx. AH’dﬂOFI/I‘{HO, €CJIM HAMPSAXKECHUEC B
Hayajc y4acCTKa #, TO B KOHIIE y4acCTKa 4JI TOT'O K¢ MOMCHTA BpeEMe-

du
HU HanpsH>KeHUe paBHO U +de.

CocraBuM ypaBHeHMe N0 BTOpoMYy 3akoHy Kupxroda ais 3aMkHy-
TOrO KOHTYpa, 0Opa30BaHHOro y4yaCTKOM JMHMU IJIMHOH dx, oboiina
€ro I10 4aCOBOM CTpEJIKE:

—u+Rde-i+L0dx-ﬂ+u+ﬂdx=0.
dt dx

Ilocne YOPOILCHUA H OCIICHUSA YPAaBHCHHS HA dx nony4ium

du di
-—=Ly—+Ryi.
/ 0 0 (1.1)
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ITo nepBoMy 3akony Kupxroda
di
i=di+i+—dx.
o (1.2)

Tox di (cM. puc. 1.2) paBeH cyMMe TOKOB, TPOXOAALLIMX Yepe3 Mpo-
BOOUMOCTb GydX U 4epes eMkocTh Cydx:

du d du
di = (u + —dx)Gydx + — Codx - (u + —dx).
(u +——dx)Go - Code( = )
Ilpenebperaem cnaraeMsIMu BTOPOTO MOpsAAKa MajJoCTH, TOTHA
di= uG()dx + C()dxffdﬂ. (] 3)
t
IToacraBum (1.3) B (1.2), ynmpocTHM U NOJETHM ypaBHEHHE Ha dx:
di du
-—=Gou +Cyp —. 1.4
a0V (14
Ypashenus (1.1) u (1.4) asnsworcs oCHOBHBIMH nuddepeHIaTbLHBI-

MH YypaBHCHHUAMH IS JIMHUKU C pacllpEACICHHBIMY NapaMeTpaMy.

1.3. Pemiensie ypaBHeHHIl JITHHHH
C pacnpeaejieHHbIMH NapaMeTpamMH
IIPH YCTAHOBUBILEMCS CHHYCOHIAILHOM ITporecce

H}'CTb HanpsHKCHUE X TOK B JIMHUH U3MEHAIOTCA MO CHHYCOUOANb-

HOMY 3aKOHY BO BpeMeHU. Bocronp3yeMes CHMBONINYECKUM METOOM,
H306paxenmne Toka

i=1I,sin(wt+g;) — [/,
rae j =(1m/\/2_)gf¢f.
H3zobpakeHne HanpsxeHus
u =U,, sin(at +¢,) - U™,
rae { = (Um/\/f}jq’".

Komiutekent U v [ sBasiorcs QYHKUMSIMH PACCTOSHHS X, HO He

ABJISIOTCS PYHKUMAMU BpeMeHH. MHoxutenb ¢ ecth ¢ynkims Bpe-
MEHH ¢, HO He 3aBHCHT OT X.

14

ITpencrasienye H306paxxeHHH TOKA U HATIPSOKEHUS B BUE MPOU3BeE-
[eHus ABYX MHOXHTeNIeH, U3 KOTOPBIX OJUH sBJseTCa GyHKLMEH TOMb-
KO X, & Apyroit — (yHKiHMeil TOIBKO f, Ja€T BO3MOXHOCTb HEPEHTH OT
ypaBHEHUIi B YACTHBIX TPOM3BOAHbIX (ypaBHennii (1.1) u (1.4)) x ypas-
HEHUAM B MPOCTHIX MPOU3BOAHBIX. eACTBUTENbHO,

du — 0t dU ’

dx dx
di s d jer . ; jot (1.5)
Lo 7 — Lol 7€ = jwLole”,
t «
di_, o 41
dx dx’
(1.6)

du . Y jot
Cy— — joCoUe’™".
0 di JOCH

[Moacrasum (1.5) n (1.6) B (1.1) 1 (1.4) ¥ cOKpaTUM B MOJYYEHHBIX
ypaBHeHUsX MHOXHTENb &L, TTonydnm

du

- o7, 1.7
I 0
di ;
-—=YyU, (1.8)
I 0
Zy =Ry + joLy, (1.9)
Y0=G()+j(1)C0. (110)

Petnm cucremy ypapHenuit (1.7) u (1.8) OTHOCHTENIBHO U. C 3o
nenbio npoauddeperunpyem (1.7) no x:

21 i 11
U _, df (1.11)

<« B (1.11) BMecTo % MOACTABMM INPABYIO 4acTh ypaBHeHus (1.8),

NOJNYy4UM 2.

a-u .

——=ZohU. 1.12
22 (1.12)
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Ypasuenue (1.12) npeacrapnsier co6oi nuueiinoe qudibepernmas
HO€ ypaBHEHHME BTOPOro nopsaka. Peienue ero:

U = Aleyx + Aze—yx. (113

Kommnexchble yncna Al 71 AZ €CTb ITOCTOSIHHBIC UHTEIPHPOBAHMSL.

KOTOPbIE B JaJIbHENILIEM ONPEAEITHM HYepe3 HAMPSXKEHHE U TOK B HAYaJI¢
JIMHUH HJIK 4Yepe3 HATIPSXKEHHUE M TOK B KOHLIE JUHUH.
KoMmiekcHoe yucio

o Y =yZoYp (1.14)

TIPUHATO Ha3bIBATh MOCMOAKHOU pPACHPOCMPAHEHUs; €r0 MOXHO Mpe-
CTABHUTH B TAKOM BUJIE:

Y=o+ /B, (1.15)
34€Ch L — KO uyuenm samyxanus, OH XapakTepU3yeT 3aTyXaHHe
najgalouleii BOIHbI HA EAMHULLY JTMHBI JTHHUM (Ha | kM), B — koogghu-
yuenm @azvi, OH XapaKTepU3yeT W3MeHeHHe (a3bl NMAAAIOILeH BOJHbI
H4 €AMHULY IJIMHBL IMHUM (Ha | kM w1 M) [y] =[a] =[] =1/Kkm.

Tox [ naiigem u3 ypaBHeHus (1.7):
jo_ L dU e - A .
Zy dx Zo (1.16)
Y

B oL _ %4

€JIMYUH = = > MMEIOUYI0 Pa3MEPHOCTh CONpPO-
Y oy /Z()Y() Yy yro p p p

THBJICHHUS, 0003HAYAIOT Z M HA3BIBAIOT BOAHOGHIM CONPOMUBTICHUEM:

Zy Ro + joly Pa
z, =\/ v =‘/ — — =ze’P, (1.17)
0 Go+ jwCy

TA€ Z, — MOIyNb, & (, — APryMEHT BOJIHOBOT'O CONMPOTHBJIEHUS
Z,. CnenosateinsHo,

/.12 e”T¥ - Al
Zyg Zy

yx

I-= e, (1.16)
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TTocnmosnnas pacnpocmpanenus y u 80anogoe conpomusaenue Z

Kax ye roBOpuiioch paHee, MOCTOAHHAS PACMIPOCTPAHEHUS

y=a+ jB=J(Ry + joLg)Gy + joCy). (1.18)
JInst TMHUK TIOCTOSTHHOT'O TOKA = () Y TOTOMY
Y =/ RoGo. (1.19)
Jlns nuauun nepemerHoro Toxa 6e3 noreps (Ro =0 n Gy=0)
Y = jwyLpCo. (1.20)
COoCTaBUM BbIPa)KeHHs /Ul MPUOIIMKEHHOTO onpeaenenus  u a. B
JIMHWH ¢ MAJILIMHU NIOTEPSAMM, KOT A fl—j’; =lu ;_C“; =1. C3T0# Uenbio

nepenvuem ypasHenue (1.18) cneayromum obpasom:

!
jws/LoCo | 1~ Fo / 1—j—G” &
Y = JO\Lobo ij oC,
U Pa3jioXuM OUHOMDI B paAabl, OrpaHNYHUBLIHCDH IByMd 4YJI€HAMH Kax-

|
Jgoro psaa (T. e. BOCNOJb3yeMCs COOTHOLIEHHEM 1+x ==1+/2x ).

y-Fo o Go (Lo, ey, (1.21)
2\Ly 2 \Cy
CrnenoBaTenbsHO,
yoBo |G, Go fﬂ (1.222)
2 L() 2 C(l

B=0yLoCy - (1.226)

PaccMOTpPHM Tenepb BbIPAXEHKE [UI BOJHOBOIO COMPOTHBIICHNA.
Jlns nocrosHuoro Toka (w = 0) u3 (1.17) cneayer, 4To

z,- |2 (1.23)

G

Monyuum
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Jli1s TMHUM nepeMeHHOro Toka Oe3 noteph (Ry =Gy =0)

_ |
Zy= ,/—0- B (1.23)
Co :

ﬂﬂﬂ JIMHUH DEPEMEHHOIO TOKA C MaJbiMU NOTEPSAMH, Kxoraa

Ry

4]
Ko 0 <1,
(DL()Sl " (L)C()
Ly [ { R Gy
~ 2 14 ] - —— . 24
% Co | 7N\ 200 | 206, (1.24)

1.4. ®opmynsl A onpefeIeHHsA KOMILUIEKCOB
HANpPsDKeHHsi ¥ TOKA B JIIOOOH TOYKe JIMHUH
yepe3 KOMILUIEKChl HAMpsDKeHUsl H TOKA B Havdaje
WIH B KOHIIE JIMHUH

Kak v paHbuie, yepe3 x 6yneM o603HaA4YaTh paccTOSHUE OT Hadala
JWHHH 10 TEKYIeH TOUKHM Ha Hell.

[MycTb B Hauase nuHUK npu x = 0 HanpskeHUe Ul U TOK ]1 . Cocra-
BHM YPABHEHUS [U1S ONpeesIeHHs MOCTOAHHBIX ,21] u A, uepes Uy n
1) W3 (1.13) u (1.16) cirenyer (npu x = 0):

U= + A, (1.25)
hZy=A - A. (1.26)

Jins onpeneneHus /'1] 13 ypasHenus (1.25) BbruteM ypaBHenue (1.26):

A = ﬂ%‘ﬁ - A%, (1.27)
e A — MOLYIb; @, — APTyMEHT KOMILIeKca A

18

180y Ky . - U] +jIZB

A > = Apel®n - (1.28)

rae ,212 — MOJyNb, @, — aPryMEHT KOMILIeKca Az.
IMoacraBum (1.27) u (1.28) B (1.13):

¥ Ul - leB x Ul + leB —yx A P : e+
U = Y + o Y- = U —
3 € B € 1 > hZzZg 5
Beenem runep6onuyeckue pynkumn. MssectHo, uto
X -X X _ -X
chx= ¢ rte u shx=X_"°¢
2 2
[Toaromy
¥X yx
A (1.29)
2
X _ L -yx
A N (1.30)
2
- CneaoBaTeibHO,
U=U|chYx—ilZBshyx. (1.31)

AHajornyHble nmpeobpasosanusi, npumenennsle k (1.16), naor

Ui

I=Ichyx- sh yx. (1.32)

B

Mopmynsr (1.31) u (1.32) nar0T BOBMOXHOCTb HAHTH KOMILIEKCHI
1KINPSOKEHUS U TOKA B TOYKE TMHUM, PACIIOJIOKEHHOM HA pACCTOSHUM X
01 HaYaIa JIMHHUU.

CiieyeT nMeTsb B BHIY, YTO apTyMEHTOM I'HNEPOOIMYECKUX (ByHK-
furii B 3THX OPMYyNax ABJSCTCA KOMIUIEKCHOE YHCIIO YX = X + jBX.

O603Ha4MM paccTOsHHE OT TEKYIlEel TOYKM Ha JIMHHU [0 KOHUA
NItHUH YEPE3 y U JUTMHY Beel TMHUM — uepes /;

y=1-x. (1.33)

[1ycTb GyayT U3BECTHBI HANIPSXKEHUE M TOK B KOHLE THHUH Uy U 15 .
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Moacrasum B (1.13) n (1.16") x = I, U = U, [ =i, ncocraBum 18a
YPABHEHHS [UIsl ONPEACIEHMs IOCTOSHHBIX MHTEIPHPOBAHUA A U A, :
N
Uy =Are " + A",

szB = /.lze*Yl - /lheY/. ,

Orciona
A] = _L/LZ[&()—Y[ = A;c’j(p",
. ) " ) (1.34)
A = Wt b2y +2IZZB eVl = Ae’,

Ecnn noacrasute (1.34) B (1.13) u (1.16"), 3ameHuTs / — X HA y U
nepeiTi k runepOosuueckuM GyHKUHUIM, TO TOJyYUM

U =Uschyy + I, Z,shyy, (1.35)

U»

B

ji-

shyy+ Ichyy. (1.36)

3Has U, W I, c nomoiupto Gopmyn (1.35) u (1.36) MmokHO HaitTn
KOMILICKChI HATIPSDKEHHUS U TOKA B TOUKE, HAXOASILENCS HA PACCTOSIHU U
¥ OT KOHUA JIMHUMU.

1.5. Ilagaronme U oTpaxkeHHbIE€ BOJHbI B JIMHUH

IMoacraBus B hopmyny (1.13) /jle»/"% BMECTO A, , Ae!®n BMecTO A:,

(cMm. (1.34)) 1 3aMeHuB y Ha o + Jjf3, nonyyum
U' =A|e(l-\‘(,/'(({%+ﬁ~\') +A2€—u.\'ej(q>,,—ﬁx). (1.37)

AHAJIOTHYHYIO onepauuio npoaenaem ¢ popmynoii (1.16"), npruem
B JIONIOJTHEHHE 3aMEHUM Z_ Ha ;Be-/“)“ (cM. opmyay (1.17)):

oA g Hatbrm) A s fanbra) e

-
“~B ~B
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[ns nepexoga OT KOMIUIEKCOB HAMPSDKEHUS W TOKA K (PyHKIUAM

BPEMEHU YMHOXHUM npasbie yacti dopmyi (1.37) u (1.38) na 2o,

oT HpOI’I3BC,IICHI/Il71 BO3bMEM MHHUMYIO HACTb!

1 = AN2 e® sin(wr + Qo +Bx) + Ao \2 e~ sin(wt + o —px),  (1.37)

1'=—é]—\/2—e“x Sin(w? + @, +Px -y ) +
Zg

+ ﬂe“’“" sin(w? + @, —Bx ~@y).
Zg

(1.38)

Iladaroweii anekmpomacHumHoU 80HON HA3BIBAIOT MPOUECC MEpe-
MEILEHHS JIEKTPOMATHHTHOIO COCTOSAHUS (3IEKTPOMATHUTHOMH BOJI-
HbI) OT UCTOYHHMKA SHEPIUU K MPHEMHUKY, T. €. B HALUEM CIy4Yae¢ B
HATIPABJICHUY YBEIIHUCHHS KOOPAHUHATHI X. DJIEKTPOMArHUTHOE CO-
CTOSIHUE ONPEAENSAETCS COBOKYNHOCTBIO EKTPHUUECKOTI0 U MATCHUT-
noro noseit. Ilagarowas BonaHa, pacnpocTpaHsigach OT UCTOUYHHKA
JYHEPrHU K NPUEMHHUKY, HECET IHEPIHI0, 3aKJIFOUSHHYIO B €€ 3JICKTPH-
YICCKOM W MArHWTHOM [OJISX.

OmpasiceHHOl INEKMPOMULHUMHOU 801HOU HA3BIBAIOT NPOLIECC Nepe-
MCILEHHS 3TIEKTPOMATHUTHOTO COCTOSHUS (3NEKTPOMATHUTHOM BOJIHbBI)
OT PUEMHUKA 3HEPTUH K UCTOUHHUKY FHEPrHH, T. €. B HAILEM CITy4dde B
CIOPOHY YMEHBIIEHUS KOOPAMHATHI X,

[Tagaroinas snexTpoMarHUTHasi BOJIHA COCTOMT M3 Majaolleil BoJi-
Hbl HanpsxeHus (BTopoe cnaraeMmoe dopmynsl (1.37)) u nagatoiueit
BOJIHBI TOKa (BTOpoe cnaraemoe opmynel (1.38)). OtpaxkeHnas nekT-
poMArHUTHas BOjHA oOpa3oBaHa OTPaXEHHOI BOJIHON HaMpsKeHUA
(niecpBoe cnaraemoe opmyist (1.37)) n oTpakeHHoii BosaHoI Toka (nep-
poc cnaraemoe dopmyibl (1.38)).

3HAK MHHYC Y OTPa»X€HHOW BOJIHbI TOKa CBUJIETEJILCTBYET O TOM,
YO NOTOK SHEPIyY, KOTOPBIN HeceT ¢ coO0H OTpaXkeHHas 3JeKTpomar-
HMTHAS BOJIHA, JABUXKETCS B OOPATHOM HAMpPABJIEHHWH IO CPABHEHUIO C
HOTOKOM 3HEPTHMH, KOTOPLIH HeceT ¢ coOOM naaaroast BOJIHA.

Kaxas 13 COCTaB/ISIOUMX Na/laloIei BOTHbBI {BOJIHA HANPIKEHUS

1M BOJIHA TOKA) npejacrasiser coboil CHHycouaalbHOe KoaebaHue,
*"(IX)

)

UMINIMTYJa KOTOPOIro YMEHBINACTCA [10 MEPE pOCTa X (MHO)KI/ITGJ'I!) e
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a apryMeHT sBaseTcs (pyHKIMe
BPEMEHH [ N KOOPAMHATBI X.
Kaxzas u3 cocTaBIsIOMUX
OTPaXEHHOU EKTPOMATHHUTHOM
BOJIHBI 3aTYXaeT 10 Mepe NPOABU-

TSy <~ > OKEHHUS BOJIHbI OT KOHLA JIMHHUU K

2 1

v
N Havany (Muoxurens e ). Gusn-
— -_T

L cl yecku hdexT yMeHBIIEHHS aMIl-
e i JIMTYJ NAaJaroled 1 OTPaKEHHON
. BOJIH MO Mepe MPOIBUXEHUS HX

10 JIMHHU OOBACHAETCA HalIU4H-
Puc. 1.3. I'paduku pacripenenenus €M MOTEPb B JIMHHH.
NaJdioweH BOJHDI Ha puc. 1.3 usobpaxeHs! rpa-
(bukK pacripeneiienys najgarouei
BOJIHBI HAMPSHKEHHs! BAOJb JUHWM (B QYHKUMM X) A7 ABYX CMEXKHBIX
MOMEHTOB BPEMEHHU: [| U 15 > ¢,. [lanarolas BoIHA pacnpoCTpaHaeTcs
cneBa Hanpao. [1pu nocTpoeHun NPUHATO wiy + ¢ = 0.
Ha puc. 1.4 npenctasienbl rpagyKH pacnpeaeieHns OTPaXeHHOH BO-
Hbl HANPSOKCHUS I8 ABYX CMEXKHBIX MOMEHTOB BPEMEHU: 1| U IH > [y.
OtpaxeHHast BOJIHA PACIPOCTPAHAETCS ClIPaBa HAJIEBO.

Koagpuyuenm ompaxcenus K,

OTHOIllIeHHe HATIPSXKEHNS OTPAXXCHHOH BOJIHBI B KOHLE JIMHUH K Ha-
MPsHKEHUIO Nafatolell BOJIHbL B KOHUE JIMHUN HAa3bIBAOT Koagduyuen-
OM OMPaXceHus IO HATIPSXKEHUIO
1 obosnauawTt K,. B coorser-
cTtBuM ¢ hopMmynamu (1.34)

\/EA ea.\‘ . [l .
N == o A Z,-2,
—_"v 1,>t u = = >
NN T el Zy+Z,
x rae Z, — CONpOTHBIICHHUE Ha-
T —— TPY3KH.
S~

Ipy cornacoBaHHO# HArpys-
ke K, = 0, npu xonocToM xofe
K, = 1. Koapduunent orpaxe-
Hus 1o Toxky K; = -K,.

Puc. 1.4. I'paduku pacnpesneneHus
OTPaXeHHON BOJIHBI
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" : Dazoeas cKkopocHib Vg

®a30BOJ CKOPOCTBIO Uy HA3BLIBAIOT CKOPOCTD, ¢ KOTOPO Hafo
licpeMeLlaThcsa BAOIDb IMHUU, HTOOB! HAbNIONATh OJHY U TY Xe (pasy
koseGaHus, uiu MHave: (pa3oBast CKOPOCTbh — 3TO CKOPOCTb NeEpPe-
MCLIEHHS MO JUHUI HeusMeHHoro gasosoro cocrosHus. Ecnu dasa
HAJAOWEH BOMHBI HANPAXKEHUS HEUM3MEHHA, TO B COOTBETCTBHU C
(popmynoii (1.37)

w! + @ = Bx =const.
Bo3bMeM npou3BOIHYIO 110 BPEMEHH OT 00eHX yacreit rocieadero

paBEHCTBA:

d d
L (wr+@y -Bx)=0, pm w-p-I=-=0.
dt dt

Orcroga
vy = QO
q’ dt B

INpumep. Haiitu da3oByio ckopocTs A BO3AYUHONH ABYXNPOBOIHOMN -
HHHU C MAJIBIMU IOTEPAMHU.

Pewenne. U3 dopmynei (1.226) B =w,/LyCy .
[MosTomy
: w 1
O =—=—"F— (1.39)
B vLoCo ’
UHAyKTHBHOCTL €AHHHULIL! AJIMHBL ABYXIPOBOAHOM BO3AYIIHON NUHHH
d

L=t0ms,
T r

TA€ Wy — MArHUTHAs MOCTOSHHASA; d — PacCTOSHHE MEXKJY OCSIMU TIPOBO-
JOB; r — pajiMyc Kaxaoro npoBoaa.
EMKOCTb eAuHULIbl AIMHB! BO3AYUIHOM ABYXNPOBOAHOM JTUHUHK

C() = J'[E()/lni,
7

rae 80 — JJICKTpHYECKas NOCTOsTHHAA.
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®dazoBas CKOPOCTb

by = 1 _ 1 _
JLoCo Juoeo
1

1256107 T/m 8,86 1072

~ 300000 km/c.

Jauna eonnst A

[MToa AMHOM BOJIHBI A MOHUMAIOT PACCTOSIHUE, HA KOTOPOE paclpo-

CTpaHsieTCs BOJIHA 33 ofMH nepuon T =1/ f:

=0T =0/f. (1.40)

IMpumep. HaiiTu uiMHy 371eKTpoMarHuTHON BonHel npu f = 50 I'u u npu
f=50-10° I'u.

_ 300000xM/c

Py = 6000 kM.
50c”™

Pemenne, Ipu /= 50 T A

Mpu f=50- 10Ty A =6m.

1.6. JInuua 0e3 MCKaKeHHR

Jlunns 6e3 uckakeHUit npejacTaBiseT cobol NKHHUIO, BOOJIb KOTO-
pOii BOJIHBI BCEX YACTOT PACMPOCTPAHSIOTCS C OAMHAKOBOU (a3oBOH
CKOPOCTBIO M 3aTYXalOT B PaBHON CTENEHHU.

[1pu ABM>KEHUH SIEKTPOMATHHTHON BOJHBI MO JIMHUM 6e3 UCKa-
KEHUH BOJIHA HAMPSKEHUS M BOJIHA TOKA YMEHbINAIOTCA 110 AMIUTH-
Tyae, HO GOpMBI BOJH HAMNpPSIKEHUS B KOHLE U HAYaje JIMHHMH TO-
JOOHBI; TOYHO TaK Xe 1moJo0Hbl (JOPMBI BOJIH TOKA B Hayaje YU B
KOHLIE JUHHH.

Heuckaxaroime TMHUK HAaXOAAT IPpUMEHEHUE B TMHUAX cBs3n. [1pu
TeneoHHOM pa3roBope MO TAKUM JUHUIM He UCKaxaercs TeMOp ro-
Jloca, T. €. He MCKaXkaeTCsl CIIEKTPAlIbHBIN COCTaB rojoca.

Hns Toro uroObl MHKS ObUIa HEMCKaXKaILEel, ko3dhduLMeHT 3aTy-
XaHus o 1 hazoBas CKOpoOCTh Ug, HE IOJKHBI 32BUCETH OT YaCTOTBI. 2to
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YCJIOBHEC BBIMTOJTHACTCA, €C/IHM MEXY NTapaMeTpaMH JIMHUA UMEET MECTO
CIAEAYIOLICC COOTHOIICHHUE:

R _Go
. (1.41)
ﬂflﬂ COKpalllCHHUA 3aIIMCH O603HaqHM
R _G _
Ly G

ITo onpenerenn:o

Y=o+ jB=,ZoYo .

Zy =Ry + joLy = Lo(k + jw),
Yo =G0 +j(DCO = Co(k +j(,0)

Torna

Y=k + jw)\JLoCo = k\[LoCo + jor,[LoCy .
CrnegoBsaTenbHo,

a=kJLyCy =\[RyGy, PB=wJLyCs. (1.42)

(azoBasg CKOpPOCThL
1

w
"d)-“ﬁ‘-——m- (1.43)

U3 dopmyn (1.42) n (1.43) cnenyer, 4To KO3PGULMEHT 3aTYyXaHUA o
1 ¢azoBasi CKOPOCTb Vg B THHIH 0e3 HCcKaxkeHUH NeHCTBUTENLHO He

34BHUCAT OT YaCTOTHI.

B nmHuK 6e3 nckaxeHHil BOJHOBOE COMPOTHBIIEHHE

0 0

ABJISETCH NEHCTBUTENBHBIM YMCIIOM M TAKKE HE 3aBUCUT OT YACTOTHI.
Y1061 y6eauTses, 4To GopMa BOJIHBI HANPSHKEHUS B KOHLE JH-

HUH Uy TIOJIHOCTEIO NMofo6Ha GopMe BOIHBI HAIpsHKEHUS B Havale

JNMHVH ©|, BO3BMEM HANIPSAKEHUE HA BXOJE JIMHMU B BUAE CYMMBI IBYX
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CHHYCOMAANbHBIX KoJiIeOaHUH, OJHO U3 KOTOPHIX MMEET YacTOTy M, a
ApYroe 2m, W COCTABUM BBIDaXEHHE AN uy. FlycTs

up = Uy, sin(w? + @ ) + Uy, sin(Qot + @),

Tax kak ans nuHuK 6e3 HCcKaxeHHus KO3(D UIMEHT 3aTyXaHUs O HE
3aBUCHT OT 4acTOThI (CM. opmyiy (1.42)), To aMIAUTYAB! 060UX KO-
neGaHnil Ha paccTOsIHNK / YMEHBILAOTCS B OAMHAKOBOM CTENEHH H CTa-

HOBATCS PaBHBIMH ¢ v Uy, o™ .

HAns ausuu 6e3 uckaxenus kosdbduurent Gassl f nmpamo nponop-
LIMOHAJIEH YaCTOTE, MOITOMY M1 HaCTOThI 20 Ko3thduuueHT B 2 paza
Dosblile, YeM 7151 YACTOTHI M.

CnepoBartefbHO, MFTHOBEHHOE 3HAYCHHE HATIPAKEHHS B KOHLE JM-
HUM 3aMMLIETCA CleayolumMM obpazoMm:

Uy = Ul,,,e"“/ sin(w! + @) -Bl) + Uzme_“[ sin(2wt + @y -2/ =

= Ujpe™sin U)(f - ﬂ) + (PIJ +Uzpe™ sin 2w(t _ 2B ) +@2 |
@ 2w

B!
Boinecem ¢! 3a ckobky 1 060o3HaunM BpeMs { — —— uepes T. [Tomyuum
®

ur =e~ ¥ [Ul,,, SIN(WT + @y ) + U, SIN2OT + @5 )] .

Ecnu conoctaBuTe nocnenHee BbIPaXXeHHE C BBIPAXKEHUEM IS U, TO
MOXHO CIeJlaTh BbIBOJ, YTO HANIPS)KEHUE B KOHLIC TMHWH UMEET Ty XKe
(hopMy, UTO M HAMpsHKEHHE B Hayase JTUHUK. OIHAKO OHO YMEHBIUEHO

B/ /

M0 aMIUTMTY/IC 33 CUET 3aTyXaHNs ¥ CMEILEHO BO BPEMEHW HA )~ = ;;

CCKYHI — Ha BpPEMs JABUIKCHHS BOJIHBI IO JIMHUH IJTHHOH L

1.7. CornacoBanHass Harpy3kKa

JIunus ¢ pacupeneneHHbIMU IApaMeTPaMU, KaK MPAaBUIIO, CILYKUT B
Ka4eCTBE ITPOMEXYTOUHOIO 3B€HA MEXAY UCTOYHMKOM 3HEPTHH M Ha-
rpy3KoH.
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O603HaYUM CONPOTUBIIEHUE HATPY3KH Hepes Z» (Z2 = U;_ / 12) Ecnu

Z, He paBHO BOJTHOBOMY COTIPOTHBIICHHIO JIMHHK Z , TO NaJaroulas BOJIHA
YACTHYHO MTPOHAET B HATPY3KY, YACTUYHO OTPA3UTCS OT Hee (BO3HUKAET
oTpaxkeHHasi BonHa). Yacro 6epyT Z, = Z,. Takylo HArpy3Ky Ha3b[BaIOT
C02AaCOBANHON; TIPU HEll OTpakeHHAs! BOJIHA OTCYTCTBYET. B 3ToM MOx-
HO yBeauThes ¢ rnoMolnbio popmynsl (1.34). HeHcTBHTENbHO, OTPAXKEH-

Hasl BOJIHA GYIET OTCYTCTBOBATD, TAK Kak A, OyIeT paBHO HYMIO:
A= %(Uz -1 Zs )e"YI = % (U2 -Us YoV =0.

Onpedenenue HARPsJICEHUA U MOKA
npu co02NACOBAHHOU HA2PY3Ke

Yrobbl MONYyUHTH GOPMYbI U1 ONPEACICHNAs HAMPAXKEHNS U TOKA
B MoOO# TOUKe, YIANEHHON OT KOHLA JIMHUM HA PACCTOSHUE Y, B Gop-

mynsl (1.35) u (1.36) BMecTo Z, noacraBum Z,, 3aMEHUM izzz Ha 02

)48 02/22 Ha iz .
ITonyunm

U =Uz(chyy+shyy) =U2e", (1.44)

1= I2(chyy +shyy)=12e". (1.45)

. B navane nuuum mpu y =/

. . [lp l
Ui =U29YI ={ye vz em/ejB s

. (1.46)
: : Jop !
5= Izeyl =De & emlejB s
rae U, — MOAynb, a @y, — apryMeHT KOMIUIEKCa U2; I, — Mo-
Ay, 2 §7, — aprymMeHT KOMILIeKCa iz,
27



Kospduyuenm nonesnozo deiicmeaus auHuu nepeoaqu 1
npU COCNACOBUHNOL HAZDY3Ke

KoathdunueHnTt nojie3Horo AeHCTBUA THHUH NEPEJAYH 1) PABEH OTHO-
IEHUIO AKTMBHOH MOLLHOCTH B KOHLE TMHNAU P, K aKTHBHOM MOLIHOC-
TH B Hauale JIMHKUHU P, pu 3Tom

Py = Uy I cos(oy, = ¢p, ) =Uz I cos@g,
rIe ¢y — APryMEeHT BOJHOBOIO COMPOTHBIIEHHS Z;.
INpu cornacosanHoll Harpy3ke yron Mexay U; m I Takxe pa-
BEH @, OITOMY B COOTBETCTBHHU C hopmynami (1.46)
P =Ulicosgg = Uzlgezalcoscp,,,
CnenoBareinbHO,

n=p /P = (1.47)

1.8. Eqpuuip! n3MepeHust 3aTyXaHust

[MpousseaeHue al xapakrepusyeT cob0i 3aTyXaHue Nanawtei Bos-
Hbl Ha JuiuHe Juuud [ Jlorapudmupys dopmyny (1.47), naiznem, uto
MIpH COrNacoBaHHON Harpyske

al =%1n(H/P2 ). (1.48)
IMpoussesenre of B TEXHHKE CBS3M YCIOBUIIMCH M3MEPATb B HErle-
pax (Hn). Jlunusa obnanaer 3atyxanuem B 1 Hn, ecnu %In(ﬁ/!’z) =1,

T.€. €CJIIN PI/PE =32' l_[py[ 3TOM UI/U?. =11/12 =e,

[J€ ¢ — OCHOBAHUE HATYPaJbHOTO jJorapudma.

3aTyxaHue usmepsioT Takke B 6enax (B) u peunbenax (ab). 3ary-
XaHWe paBHO OAHOMY Geny, €ciy MPH COrNIACOBAHHON HATPY3Ke MoJj-
Hasi MOLIHOCTh Ha Bxoje B 10 pa3 Gonbie MoAHONH MOLUHOCTH Ha BbI-

xoxe. [Tpu aTom Uj /U2 =410 = 316, 4TO COOTBETCTBYET 3aTYXaHUIO B

Hertepax b =In(U;/U2)=1n316 =1}15Hn.
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Taxum o6pazom, 1 b= 1,15 Hn unu | Hn = 0,868 b = 8.68 ub.

OOpaTuM BHMMaHHE HA TO, YTO HENEpbl ONpPEAeieHbl Ha OCHOBE
HATYpaJbHbIX jloTapupMOB, a4 OejIbl — HA OCHOBE AeCATHUHbIX. [lo-
USTHE 3dTYXAHNS OTHOCHTCS HE TOJIBKO K JIMHUSIM C pAcnpeaesieHHbI-
MU MapaMeTpaMH, HO K K YETBIPEXIOIOCHHKAM (IAaCCUBHBIM M aK-
THBHBIM). AKTHBHbIE HETBIPEXIIONKOCHUKH YCHIIMBAIOT, a HE Ocaabns-
10T BXOAHOHM CUTHall. YCHJIEHHE U3MEPSIOT KAK OTHOLLECHHUE BLIXOLHO-
O CHI'Ha/ld K BXOJAHOMY. ENMHMUAMU U3MEpeHHs YCHIICHUS TAKXE
CJly)aTt Herep U 6eli.

1.9. BxogHoe CONpoTHBIEHHE HATPYKEHHOH JIMHHUH

Ha puc. 1.5 nzobpaxeHa cxema, cocrosinas U3 MCTOUHUKA HA-

npsokeHus {J; JMHUW C pacnpele/leHHbIMN NapaMeTpaMu AJINHOM [

M Harpysku Z,. Bxoasoe conportusienne Z,, paBHO OTHOLUEHHIO

Uy ¥ I,. B dopmynax (1.35) u (1.36) eMecTo y noacrasum / u 3ame-

HuM U, Ha [,Z,.

IMonyuum
I, Z>chyl + I Zyshyl
Zox = 7 :
1, ==shy/+ [,chyl/
2 Z, YO+ Ly
i)Y
Zrchyl + Zgshyl o l o
Z, = ~ . i I >
2 shyl+chyl  (1.49) > .
Z, 1
Ecnu narpysxa cornacosana lU 0 l P
(re. Z, = Z,), 1o u3 (1.49) cneny- ! 2 2
CT. YTO BXOAHOE CONPOTHBJIEHUE
PABHO BOJIHOBOMY:
ax = Zy (Ch ¥/ +sh Y/) =Z;. Puc. 1.5. BxoaHoe conporusnenue
shy/+chyl JIHHHH € pacTipee/ieHHbIMH

napameTpamu
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Onpedenerie HanpaxiceHus U Moxka 6 muHuu bez nomepb Cnenosatensho, shyy=sh jBy = jsinBy

Crtporo rosops, nHHMi 6e3 noTeps He cyuiecTByeT. OXHAKO MOXKHO [osromy anst munnm 6e3 norepe dpopmynsr (1.35) u (1.36) nepernu-
CO3/1aTh JIMHUIO C OUEHb MaJIbIMU NIOTEPAMH (C OUEHb MaNbIMU Ry n G WEM clenyowmm obpasom:
1o cpaBHeHH10 cwLy 1 0y COOTBETCTBEHHO) U PACNPOCTPAHMUTL Ha HEE 7T s .
p > cwlgnwl ) # pacnpocTp U =U,cospy + jl, Z, sinpy, (1.35)
TeOpUIo NUHUI 0e3 moTeps.
W3 npeaviaymero (cum. dopmyay (1.20)) ussectHo, yto ecnu Ry = T '2

iU
=Gy = 0,10 'z
y=a+ /B = jwyLoCo,

T. €. KoadpduimeHT 3atyxanug o = 0,a ko3 dumeHT da3sl B = w,/ LoCy .
ITpu 3TOM BOTHOBOE CONPOTHBJIEHNE Z |, IBIAETCA YACTO AKTHBHBIM (CM.
dopmyiny (1.23") u paBao /Ly/Cp.

Jlnst onpeneneHus Hanpsokerns U wtoka I B 1060 Touke TMHUM
obpartumcs k dopmynam (1.35) u (1.36):

sinBy+12 cosPy. (1.36")

B

U =Uschyy+ I,Z shyy,

[= gz shyy+ I,chyy.

B
Yyrem, 4TO
yy=(a+jB)y=0+,B)y=jBy

['nnepbosanyeckii KOCHHYC OT MHUMOT'O apryMeHTa jX PaBeH Kpy-
FOBOMY KOCHHYCY OT apryMeHTa X:

Jx iy
) e’ +e 1 .. ..
ch jx = — = 7(COSX+jSIle+COSX—jSIHX) =COS X.
CnenosarenpHo,

chyy=ch /By =cosBy.
I'unepOOoMMYECKi CHHYC OT apryMEeHTa jX paBeH KPYTOBOMY CHHY-
Cy OT apryMeHTa X, YMHOXEHHOMY Ha J.

Jx —Jjx
. e’ —e 1 . .. .
shjx=——2——=—7—(cosx+jsmx-cosx+/smx)=jsmx.
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I'AABA 2. TEOPUA SAEKTPOMAIHHUTHOI'O BAMAHUA
MEKAY SAEKTPHYECKHUMH LEIAMHA

2.1. O6mue cBegeHusI

HanpsxeHue, NpUITOKEHHOE K IMHUK, U TOK, IPOTEKAIOLIHH B HEH,
CO3JAI0T B OKPYXKAOLEM TPOCTPAHCTRE IEKTPOMATHUTHOE MOJIE, KO-
Topoe [Uig 00JIeryeHnst aHAITM3a ¥ pacyeToB BIAUSHUA [IPHHATO pacdiie-
HSITH HA ABE COCTABISIOUNE — 3JIEKTPUUECKOE U MArHUTHOE.

CuoBbl€ TUHUH JIEKTPOMATHUTHOrO TOJISI CHMMETPHYHOIO U KO-
akcualibHoro kabes npeAcTaBicHbl HA puc. 2.1.

MarHuTHOE 1ojie CO34A€TCs TOKOM, ITPOTEKAIOINM MO MPOBOLY, &
3JIEKTPUYECKOE T10JIe — HATIPSHIKEHUEM, MPUIIOKEHHBIM K UCMH «d1po-
BOJ — 3eMiisi». MHBIMU clioBaMH, mobas 3JIeKTpUUecKast Uelb [IPH Ha-
JMUYUY B Hell MEepeMEHHOro HampsiKEHUS 1 TOKA CO3JAeT B OKPYXato-
el cpele nepeMEeHHOE 3JIEKTPOMArHUTHOE MOJiE U BCICACTBHE 3TOrO
ABJISIETCH HCTOYHUKOM ITOCTOPOHHUX HATPSHKEHMI 1 TOKOB UHIYKLIMK
B LIEASX, HAXOASIUMXCS B 3TOH cpe/e.

CreneHb BAUAHUSA 3aBUCUT OT CUMMETPUYHOCTH LENEN, KaK BIUAIO-
LWUX, TAK H [TOABEPAKEHHBIX BAHAHHIO. Llenb cCHMMETpUUHA, ECIIH €€ NTPO-
BOMA MMEIOT OJIMHAKOBBIC MapaMeTpbl: NEPBUYHbIE (AKTUBHOE COMPO-
TUBJIEHHUE, UHAYKTUBHOCTh, EMKOCTb MEXY POBOIAMH M OTHOCHUTE b~
HO 3€MJIY, IIPOBOJMMOCTb HU30JSU1M) U BTOPUUHBIE (BOJIHOBOE COIPO-
THUBJIEHHE U KO3(DdUUHEHT pacripocTpaHeHust BonHbl). Eciu Hanpsxe-

Puc. 2.1. Cu0oBblE NHHHH 3]IEKTPOMATHUTHOTO NOJIS LENeH CUMMETPHIHOTO ()
U KOaKCHaJIbHOTO (6) kabeneil

32

HHUSl ¥ TOKHU BO BCeX NMPOBOJAX TAKOH LENN OAWHAKOBEI HO BEJUYHHE U
caBUHYTHI no ¢ase Ha 180° (B asyxnpoBoaHO# uenu) unu Ha 120° (B
TPEXMPOBOAHOM), TO BEKTOPHAS CyMMa HaNpshkeHUiH (OCTaTOuHOE Ha-
[psKEHHE) e¢ MMPOBOJOB PABHA HYIIO M HET TOKA HY/IEBOH MoOC/iea0Ba-
TEILHOCTH (TOKA B 3eMiie). BiugHue CHMMETPHUYHOIM LIeNK Ha CMEXHbIE
Uernd MHHHUMAJIbHO M MOET BO3HHKATH TOJTHKO KM3-3a pa3jiudus napa-
METPOB CBA3U MEXIY OTACIbHBIMHU POBOAAMH BIIUAIOLLEH LENH U Npo-
BOJAMHU Li€MH, MOABEPKCHHOH BIIMSHUIO, T.€. U3-3a NOMEPEUHONH aCUM-
meTpuu. ITockonbky 06bIuHO aBCOMOTHO OMHAKOBBIMU MapaMeTpaMu
IIPOBOJA LENnu He 00Ia1al0T, TO NPAKTHYECKH BCE IBYX- U TPEXNPOBO/I-
HBIE 2JIEKTPHYECKHE LIEMTM YACTHYHO WM MIOJIHOCTHIO HECUMMETPHYHBI,

B cnyuae, ecny ocTaTOYHOE HANPAXEHHE Lely paBHO paboueMy Ha-
NpSKEHUIO 1 TOK B 3eMJIE paBeH pabouemy TOKY paccMATpHBAEMOM
LeMNy, NMOCNeHsAq ABASETCS NMOJHOCTbIO HecuMMeTpuuHoi, Ecnu ocra-
TOUYHOE HAINPSIKEHWE M TOK HYNEBOI NMOCACAOBATEIBHOCTH COCTABISIOT
TOJIBKO HEKOTOPYIO Y4CTh OT PabOouMX BEIMUYMH HANPSDKEHUS U TOKA,
TO Taxasl Lenb SBISIETCA YACTUYHO HECUMMETPHUHOM.

K NoaHOCTBIO HECHMMETPHUHBIM JIMHUSAM BBICOKOI'O HATPSIKEHUS
MOXHO OTHECTH: TATOBYIO CETb ITEKTPHUYECKMX XKEJIE3HbIX JOPOT; JiK-
HUM Nepeayy SHEPIrUY 0JHO(PAZHOIO TOKA C HCMIOIB30BAHUEM 3eMJIH B
KauecTBe 0OpaTHOro NMpoBoAa; TpexdasHbie TMHUU, paboTalowue no
cucteme «aBa npoBoRa — 3emiist» (AI13) uin no cuecreme «asa nposo-
nJa — penbon ([AT1P), a Takxke AHHUYM ¢ NOQa3HBIM OTKIIOUEHHEM MPO-
BoJt0B. Heo6X0aMMO 3aMETHTD HPH 3TOM, YTO H CHMMETPHUHBIE BBICO-
koBONBTHBIE JIDTT B aBapUitHbBIX peUMaXx sBASIOTCS UCTOUYHHKOM He-
yPaBHOBELLICHHOIT CHCTEMbl TOKOB {KOPOTKOE 3aMBIKAHHE B CCTAX C 3a-
3eMIIEHHOH HefiTpanbio — B ceTsx 110 kB u Boiue). Ilepegaua snexktpu-
4eCKOM 3HEPruMy Ha cBepxAaibHUe paccTosiHus (cBbiite 1000 kM) ocy-
HIECTBIISAETCS TAKKE HECHMMETPUYHOM JIMHHUEHN, NTOCTOSHHBIM (BbINPAM-
JIEHHBIM) TOKOM CBEDXBBICOKOTO HanpskeHus (6osnee 750 kB). Hanu-
yue B 3JICKTPONEpe1ade CBEPXBbICOKONO HANPSHKEHUS ITOCTOSHHOTO TOKA
BBLINPSIMUTENIST U UHBEPTOPA OOYCIIOBIMBACT UCKAXKCHUE HOPM KPHUBbIX
HAMPOKEHHT U TOKA, T.€. IOABEHNE rAPMOHHK HAlPHKEHUS H TOKaA.

Bce ocranpHble aByxda3Hbie 1 TpexdasHbie JIMHHK BBICOKOrO Hanps-
MCHUS CIIEAYET OTHECTH K IPYIIE YACTMUHO HECUMMETPHUHbIX Lierneil. Bee
Tpexdasuble BbICOKOROIBTHBIE JIDI, BCiieACTBHE HECUMMETPUH TOUKH
Ha0J1101eHNS 10 OTHOLIEHUIO K TPEM [IPOBOLAM BLICOKOBOJILTHOM JTMHUH,
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CO3410T B OKPYXKAaIOIIEM IIPOCTPAHCTBE HEYpaBHOBEILICHHbIE IIEKTPHYEC-
KHE U MarHuTHble nond. [Ipu srom Hecummerpuunbie JISI cosnaror 3Ha-
4YUTENbHO OO0JIbLLYI0 HEYPABHOBEILEHHOCTD, YTO U TPUBOAMT K 3HAUUTENLHO
60JIbLIEMY 3/IEKTPOMAFHUTHOMY BJIMSHUIO HA CME)XHBIE JIMHUH.

Haubosnbiiee 3/1eKrpoMarHuTHOE BIUsiHUE OyAYT OKa3bIBaTh TE LIEIH,
KOTOpble 00/1aAa10T DOJIbILEH CTENEHbIO HECUMMETPHH, TaK KaK HaTips-
KEHHOCTDb IEKTPOMATHUTHOIO MO OyneT MaKcUMalbHOM (IIpH npo-
UMX PABHBIX YCIOBHUAX) OKOJO MOJHOCTbIO HECHMMETPHYHOH LENH H
MHHUMAJIBHOH OKOJI0 CUMMETPHUHOM Lienu.

CrereHb 31€KTPOMATHUTHOTO BIAMSIHUSA JIMHUH BBICOKOTO HaIlpsKe-
HUS HA CMEXHBIC ClTa0OTOUYHBIC CUCTEMBI 3aBUCUT TAKXKE OT THIA [TOC-
neauux. HanpuMep, uenu cBs3HM Tak Xe, Kak M JIMHUH BEICOKOI' O HAINps-
XEHUS, MOXHO Pa3eUTh HA CHMMETPHYHbIE U HECUMMETPHYHBIC,

Kaxk 6b110 n1oka3aHo Bbiie (cM. 1J1.1), B OOJBLUIMHCTBE CIY4aeR, 0CO-
HenHo pu yacToTax 6oee BLICOKHX, UeM wacrora 50 ', neobxoaumo
PACCMATPUBATD BIHAIOUIYIO W MOJBEPKEHHYIO BIKAHHIO JIHHUM KaK
JIMHHW € pacnpeeieHHbIMU napaMeTpamu. Eciau 1nuHa snexTpomar-
HHTHOH BOJIHBI MEHBIIE UITH COM3MEPHMa (OAHOTO NIOPAKE) C ATUHOH
PACCMATPUBAEMON JIMHUM, TO TaKylO JIMHHIO TaKKE HEOOXOAUMO pac-
CMATPUBATh KAK JIMHUIO C paCipe/e/IEHHBIMA NapaMETPAMM.

Tax, ans AByXIPOBOAHONI BO3AYLIHOMH JTUHHK C PACCTOSHHEM MEXIY
NpoBOJaMH 3 M, BLICOTOl pacToNOXEHHUs TPOBOAOB Haj 3emited 30 M
H avHol 30 KM BpeMs pacnpoCTpaHEHHS JIEKTPOMATHUTHOrO Mo
Mexay npososamu coctasut 0,01 MKC, MeXy NPOBOJAMH U 3eMIIEH —
0,1 Mkc, Boonb auHun — 100 MKc, TaK YTO U1 JIEKTPOMArHHUTHBIX [TPO-
LIECCOB MEX Y ITPOBOIAMH MOKHO F'OBOPUTh O MAJIBIX PACCTOAHHUAX MEXK-
Ay npoBojamu 1o yacror 10 MI'u, Mexay nposBogaMy H 3eMyIeid — 10
| MT'u, a BOosb NpoBOLOB ~— A0 YacToT He 6onee 1 k'L, 4To COOTBETCTBY-
€T YaCTOTaM BBICIIIMX TAPMOHHK 31EKTPO3IHEpPreTnyeckux crcrem. Mmen-
HO [0 TAKMX YaCTOT MOXHO PaccMaTPUBATh ABYXIIPOBOJHYIO CHCTEMY
KaK LEMb ¢ COCPEAOTOUYCHHBIMH [TapaMETPaMU U HCNIOIIB30BAThL B pacye-
Tax 3axoHbl Knpxroda B cOBOKYNHOCTH ¢ 3akoHoM OMa ¥ mpou3Bo-
HbIE OT HUX METOJIbl (KOHTYPHBIX TOKOB, Y3/IOBbIX [IOTEHLUAIOB U Ap.).

[na onpeneneHus ycaoBUi, MPU KOTOPBLIX qomnyckaercs Oiu3Koe
B3aHMHOE PACTIOJIOKEHHE JIMHUI Pa3IHYHBIX JNEKTPHUYECKHX CHCTEM,
HEeOOX0MMO YMETb OCTATOYHO TOYHO KONNYECTBEHHO OLUCHUTEL BIUS-
HHE OQHOM 1IENU Ha APYTYo. ITO AocTUraeTcs Onarojaps Xopoo pas-
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paboTanHoW TeopuM, Ha OCHOBE KOTODOIt MPH NMOMOIUM BbIBEAEHHBIX
(hopmyn mpoBoasTCS HEOBXOAMMBIE PacueThl BEMUUKH, XapaKTepU3y-
IOIUHUX CTEMEHb BIIMAHUS MEXIY MEKTPHUECKUMH LICITAMU.

I1pu BeIBOAE pacueTHbIX GOPMYI 31EKTPOMATHUTHOI'O BIMSHUS MEXK-
Jly SJIEKTPUUYECKMMH LEMSMH NPHUXOLUTCS. PACCMATPHBATE LEMH C HEO-
AMHAKOBBIMHU, PE3KO OTNHUYAIOIMMUCS JPYT OT APYra ypOBHSMYU nepe-
JlYH 3IEKTPOIHEPT UM (BIUSTHUE MIMHUH BBICOKOTO HAMPAXKEHHS HA LIeNy
BO3AYILHBIX M KaGeNbHbIX IMHUI CBA3M) U LEenH C OAHHAKOBBIMH YPOB-
HAMH NIepeadn (BIUSTHHE MEXAY LelsaMH cBa3H). OHAKO, HE3ABUCHMO
OT IEPEAABAEMOr0 YPOBHS 3IEKTPOMATHUTHOH 3HEPTUM, IIPUPOAA BN~
SIHHA OJIHOM 3JIEKTPHYECKOH LIENH HA APYTYIOo OYAET, OUEBHIHO, OAUHA-
KOBA BO BCEX Criydasx.

B 1anHOM riaBe NOKa3aHO, YTO BIMAHHE MEXAY LEMAMH PA3THUHBIX
CHCTEM OMPENE/NETC M3 PEIICHUS OAHMX U Tex xe anddepeHunans-
HHIX YPABHEHMI U PACYETHBIE (POPMYIIBI MEKTPOMATHUTHOTO BAHAHUA
HMCIOT OTMHAKOBYIO CTPYKTYDPY, OTIUYASCh IPHMEHUTENILHO K Pasjify-
HBLIM YAaCTHBIM CIYYasiM TOJIbKO BXOAAUIMMH B HUX TApaAMETPAMH 3JieK-
YPHHECKOTO M MarHUTHOTO BIUSHUA, & TAKIKE EPBUYHBIMH H BTOPUY-
HLIMK TTAPAMETPAMH, XaPAKTEPHIYIOIMMM ITH LIETH.,

2.2. BnusHue MeXIy NOJTHOCTLIO
HECHMMETPHYHBIMM 1ersiMH

2.2.1. O6mme ypaBHeHHs

PaccmoTpum napannenbHoe cOnnXeHve MeXay ABYMs OfHOMPO-
BOJIHBIMY LENSMH, NPHHAJIEKALUMMH ABYM Pa3JIMYHBIM 31€KTpHUYEC-
k1M cucTemam (puc. 2.2). lpu

BKIIIOYEHHH FeHepaTopa nepe- Baustomas uens

y -

MCHHOTO TOKa B OJHY U3 3THX ? 11 LR, C.Gp1. Z,, EZ
neneit (BnMsomyo — /) Bo L b L
Wropol nenu (cMexHoM — A) i1

o } 1 LUens, nogsepkeHnan
NCIICACTBYE HAJIHYHUSA IAEKTPH- fe= x—>itn BAWRHHIO

"ICCKOM U MArHUTHOM CBA3U 2
OYlyT HABOAWTHCS Hanpske-
HA H TOKH.

Ly Ry Cp Gy Y40 Zy 4 QZ y
B,

Puc. 2.2. Cxema cOmmxenns Mexy
ABYM#A OHOTMPOBO/IHBLIMH LEOAMH
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B npuBeneHHBIX HHXXE ypaBHeHHsX OyaeM MOJib30BaThCH CIEAYIO-
HUMHY 0003HAYEHUSIMMU:

L\,R,C,G|,¥|,Zs — NEpBHUHBIC U BTOPHUHBIE [TApAMETPHI BIIMs~
IOWEH OHONPOBOAHON LienH {, T.¢. COOTBETCTBEHHO HHAYKTUBHOCTD,
COTNPOTHUBIIEHHE, EMKOCTb, IPOBOAUMOCTb U30JIALHH, NOCTOSIHHAS pac-
NPOCTPAHEHUS W BOJIHOBOE COMPOTHBIIECHUE;

L4,R4,Cy,GyY 4,254 — NApAMETPbl LENH A, NOJABEPKECHHOH
BIIMSHNIO;

Zyg=WMi4=Ri4+ joL4 — TIOJHOE CONPOTUBIICHHE B3aUMHOH

MHIYKLUMU MEXIY OJHOMPOBOAHBIMU uensMu / u A (mapaMeTp mar-
HUTHOrO BJHAHUSA);

M) 4 — KOIPOULMEHT B3aMMHOW MHYKLUU MEX/1y OJHOMPOBOIHBI-
MH UETIAMMH]

RIA—— dKTHBHAas COCTAaBIAIOIIAd nnapaMeTpa MArHUTHOI'O BIIMAHMS,

wl,— PCAaKTHBHaf COCTABJAIOWIAA NapaMeTpa MArHUTHOro
BIIMAHNA,

N4 =Glq + joC| 4 — NOJHAA B3aUMHAs [IPOBOAMMOCTb MEXIY O-
HOTIPOBOAHBIMH LeNAMH [ 1 A (mapaMeTp 31eKTPHUYECKOrO BIIHAHUA),

G| 4— aKTHBHAas COCTaBJd0ollas MapaMeTpa 3JeKTPUUECKOTr0
BIIMAHUA;

w(|4— PEAKTHBHAS COCTABIAIOLIAA NApaMeTpa 3JICKTPUYECKOro
BJIMAHUS (EMKOCTHAS! — MPOBOAMMOCTb MEXAY LENAMM);

® =2nf — yrnoBas YACTOTa BIMSAIOWIETO TOKA;

Uy, iy — MIrHOBEHHbIE 3HAYEHHUS HANPSKEHNS M TOKA B JIIOOOH TOUKe
BJIMSAIOLLCH LenH /;

U 4, [ 4 — MIHOBEHHBIE 3HAUYEHUS HANPSHKEHUS U TOKA, HHAYKTHPYE-
Mbl¢ B JIIOOOH Touke uenu A, NOAREPMEHHON BIIHSHHIO.

Ilpu BeIBOZIE ypaBHEHHIT HAMPAKEHHA U TOKA, UHAYKTHPOBAHHBLIX B
uerH A, MOKHO npeHebpeub 0OpaTHBIM BIMSIHUEM 3TOH LIETIH HA BAUS-
I0LLYIO Lienb /.
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Ha snemenTe anmvHoit dx uenu A GyaemM UMETD:
. di . di
ug-(uq+duy)=Ryiqdx+ Ly T’t"dx+1|R1Adx+ Li4 7‘(1}(,
d t

ig—(iyg +diA)=GAuAdx+CA—d%"—dx+GM(uA —up)dx + 2.0
d
+C 4 LUCTRLIY )dx.
dr

HCpCXOHﬂ OT MI'HOBEHHBIX 3HAYEHHUH HANPAXEHUA N TOKA K Jei-

CTBYIOLIUM KOMIIJICKCHBIM 3Ha4Y€HHSIAM UA~jAaUlajl9 MOJNY4YUM cClieny-
IOHIE BBIpAXKCHUS

dUA : d[A di] .
- =R+ Lyg—=+ L g—+ R 41
AL A A dt 14 dt + R4, (22)
di : dU . d(U 4-U
—-—dA =GAUA+CA A+G]A(UA—U])+C1AM,
x dt
Taxk kak U , =|UA |ej(“”+q’)’ I4= |IA|e~j(‘“’+°p_a),
dUA . j(we+g) éijA . j —
TO = jo|U 4|e D), = j|] 4|e/ (@1 +e-a)
dr /(1)| A| dt }(D| Al
. dly . ; d, :
WIH = jolU 4; —-—A—=/u)IA; —-—L.—.jw[l, (2.3)
dt dt dt

Tak xak HaJaU4uKE B pOpMYyJIax KOMIUIEKCHBIX BBIPAKEHUH BEJTHYMH

(17,1 ), M3MEHAIOLINXCA MO FAPMOHHYECKOMY 3aKOHY, MOHATHO U3 TEK-
¢ra, TO B JajibHEHLIeM Ast yIPOLIEHHS HarnucaHus GOpMyJ TOUKH Hal
YTHMH BEJINYMHAMH B GONIBLIMHCTBE CIYYAeB ONYILEHBI.

[MogcraBus B ypaBHeHUS cHCTeMBI (2.2) BHAYEHUS NPOUIBOIHBIX U3
ypaBHeHus (2.3), nomyuum
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_dUA

dx
"'—[—=(GA +./(1)CA)UA —(GIA +_/(DC|A)(U1 "UA)-
ax

=(Ry + joL ) 4+ joLigh + Ri4ly,

dU 4 -Uy,, dl 4
dx dx

=1'A'

O0603HAUUM U1 KPATKOCTH!
Torga, yuntsiBag, 4To

Rig+ jolig=Z14=0Miy ¥ Gig+joCig =Yg

a TaK>Ke umed B BUAY, UTO MHOAYKTHPOBAHHOC HanpaxeHue UA 3HaA4YM-
TeJIbHO MEHblIE BIMAIOIIET O HATIPAXKCHHAS Ul’ NONYYHUM CUCTEMY ,Illd(’b-

(depeHUHANTBbHBIX YPABHEHHH:
-U' y=14(Rq+joLy)+Zi41, 25
~I' =U4(Gy+ jwCy) - Y 4U). '

Ecnu NPUHATH, YTO BJIMAIOUIAS OAHOINPOBOAHASA L€l 3aMKHYTA Ha
BOJIHOBO€ CONMPOTHUBIICHHUE, TO TOK U HANIPSXKCHHUC B 3TOM LEMH U3MEHS-
10TCS 1O 3KCMOHEHUHMAAbHOMY 3d4KOHY, T.€.

Iy = IlH"_le, U= U]HE_le, (2.6)

rae 1y, n Uy, — TOK ¥ HanpsDKeHHE B Havaje BITMSIIOLLEH LIEMH.
Ecnn o6o3Haunts
Ry+ jolg4=2Z4,
. 2.7)
GA +./(DCA = YA’
TO MOC/E MOACTAHOBKH ITHX BEJIMUHMH B CHWCTEMY YpaBHEHHMil (2.5)

MOJYyYUM s
—U =1 4Z g +Zy gl e,

—I' g =U Yy =Y qUpe™ 2.8)
HJIN
U' g+ 4Z 4 +Zy g1 =0,

_ 2.9
I' g+U 4Y 4 - NaUme ™ =0,
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Pewrnm cucTeMy 3THX ypaBHeHMH MeTOAOM CYNEPHO3MLMM, Tona-
rasi, 4to

Ug=uy+ur, 14=01+i2, (2.10)
rae uy 4 ij — obume peweHns oJHOPOIHON CHCTEMBI ypaBHEHHI
vy
U+ i1 Z4 =0,
R (2.1YH
1+ wuY, =0,

a Uy M Iy — YaCTHbBIE PEILEHHUST HEOQHOPOAHOH CHCTEMb] YPaBHEHH I

Uy + hZy+ Zjgdpe™ =0,
, —yix (2.12)
l'z + u2YA - }/lAUlﬂe e =O.
O6uiee pentenue cuctembl ypasHenuit (2.11) MoxeT 6bITh IpecTaB-
JIEHO B CJIEAYIOLLUEM BU/IE:
u = Cre'** + Cye™ 4%,
i =D‘(,YA~\‘ + DZC"YA-\',
rae Cy, Cy, D|, Dy — NOCTOSAHHBIE HHTEMPUPOBAHUA 3THX YpaBHe-
Hui. [lepBas nponsBoaHas NepBOro ypapHeHUs CUCTeMbI (2.13)

u'r=Y4(Ce’#* - Cre™14Y). (2.14)

Moxacrasue 3Ha4eHHs ¥’ K i| B epBOE ypaBHEHUE cHcTeMbl (2.11),
nonyynm

Y4(Ce"" = Cre™ 1) 4 Z (D1 + Dre™ 14 = 0. (2.15)

le/lpaBHl/lBaH 34€Ch KO3d)q3HuMeHTbl npn OAMHAKOBBIX CTEIEHAX
OCHOBAaHUA ¢, NTOJIYYHM

(2.13)

YAQ +Z 4D =0,
"'YACZ +ZAD2 =0,
oTClrona
G
D=-1tc -~
ZA ZBA
2.16
D2=Y_AC _ O . (2.16)
ZA ZBA
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CrnenoBaTenbHO,

(~Cle¥* + Cre V). 2.17)

iy =
BA

PewieHue cucremMbl ypaBHeHuii (2.12) nanumiem B CIEAYOLIEM BUIE!

“uy = Ae ™,
ip = Be™ . (2.18)
[loAcTaBMB 3TH 3HAYEHHSA Uy U IH, & TAKKE NMPOM3BOIHBIE OT HUX B
ypaBHeHue (2.12), noay4um
-y de™ ™ + Z  Be™™ + Z) gl 1e Y =0,
—y1Be ™Y + Y Ae™" + Y Upe ' =0 (219)

-Y1.X
WIH, pa3feiuB Ha e "

—Y1A+ZAB+ZIA11H =0,

_YIB+YAA+Y]AU1H =0. (220)

JerepMHHAHTBI 3TOH CUCTEMBI

- Z 2,2
A=‘ W LAl oyf - ZyY =3 -vas
Yao -1
-Z1q4hw Z4

NaUm -vi

A =’ =11Z141w = Z4N14Un>

-Y1 = Zighn

= -1 U] +Z] 11 YA.
Yy YigUn Y1114V1In Al

Ay =

Orcrona
AN Ziahin ~ Z4Y14U

A=
2 2
A Y1 - Y4
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.21)

(2.22)

IToncrasnss u), u, u iy, i B ypapHeuus (2.10), nonyuum
Uy =Ae " +Cle’* + Cre 4",

(et + yea% s e, (2.23)

IA =
BA
OHpCI[CI[HM [NOCTOAHHBIC HHTECIPUPOBAHHS Clld C2 Ui HETBIPEX Xa-
PAKTEPHBIX CIYYA€B COCTOAHNUA OAHOMPOBOAHOU MOABEPKCHHOHU BilH-
AHWUKO LUEMH NPpU HArpy3Ke BJIHSIIONIEH 11eMH Ha COIIPOTUBJICHHUE, PABHOC
BOJIHOBOMY.
npl/l 3aMbIKaHUH OJIHOl'lpOBOHHOf/'{ LENM Nno KOHUaM Ha CONpoOTHUB-
JICHWA, paBHbLIE BOJIHOBOMY, HANIPSXEHUE B HAYAJIE LCTIU 6yILCT

UAH = -IAHZBA’
a HanpsKeHUe B KOHLE Lenu Oyner
UAK = IAKZBA-
B sToM ciiyuae nocrosHueie unterpuposanus Cy 1 Cy ONpenensor-

¢4 clenyolnM o6pa3oM.
ITpu x = 0 oOwme yparHeHus (2.23) npuMyT BUL

UAH =A+C1+C2,

IAH = (—- Cl + Cz )+ B. (2-24)

BA

W3 pemenns 3Tnx nByx ypasHenuit onpesensem Cp n Cy:

C = UAH -4 ZBA(IAH - B)
1= - >

o 2 2
= ¢y - Yan=A, ZoaUu=B), (2.25)
[E 2 2

. Jns OqHOIIPOBOAHOM LieNM, H30JTUPOBAHHOI M0 KOHLIAM OT 3eMIIH,
e Tgn =14¢=0,

H ypaBHeHus (2.23) npu x = 0 mpUMyT BUX

UAH =A+C1+C2,

¥ 0=t (-G +Cy)+B. (2.26)
ZBA
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Orcrona

UAH - A BZBA UAH - A BZBA
= + , Oy = - .
2 2 2 2
Jnst onHONPOBOHOM LiENH, 3aMKHYTOM 110 KOHIIAM Ha 3eMITI0 (Co-
NPOTHUBJIEHUS 3a3eMJICHUH NPHHUMAIOTCS PABHBIMM HYJIIO),
UAH = UAK =0.
YpaBHenus (2.23) npu x = 0 6yayT UMeTh BUI

Ci

(2.27)

0=A+C+Ca, I4,=——(-G+C)+B. (2.28)
BA
Orcrona
A ITqu—-B A ITwm-B
Cl =—~'2——‘_Ai2_‘—‘ZBA, CZ ='—_5'+_—4E2__ZBA' (2'29)

11 on1HONPOBOAHOM LienH, 3aMKHYTOH Ha OJHOM KOHLIE Ha 3eMIII0
¥ M30JIMPOBAHHOM OT 3¢MJIM HAa JJPYrOM KOHLE,

Uax=0 u 1[4 =0
B sTtoM cnyuae ypaBHenust (2.23) npu x = 0 6yayT UMeTb BUI
|

BA

Ug=A+C1+Cy, 0=

(-G +Cy)+B. (2.30)

Orcroga

Ci = Ug~—-A4 _ BZy 4 , CH = Ugpm-4 + BZy4 .

2 2 - 2 2
3Has rnocrogHHbIE HHTCI'PUPOBAHUNSA, MOXHO OINPEACITIUTD BEJIMUYHUHDbI
HANpPAXECHUA U TOKa B 11000H TOUKe LCTIH, ﬂOIlBep)KCHHOﬁ BJIMAHHUIO.
Hccneayem noapoOHO 3TU BeAMYMHBI U1 YKA3AHHBIX BBILIE Cydaen

COCTOAHUA LECTIN.

(2.31)

2.2.2. OcHOBHbIC YpPABHEHHS BJIHSAHHA HA ONHOMNPOBOJ-

HYIO BO3QVIOHYIO L€Ib, 3aMKHYTYIO N0 KOHI[aM
HAa COMpPOTHRIEHHsl, PABHbIE BOJIHOBOMY

[Topcrasnss 3navenus Cy u C) U3 ypaBHeHuii (2.25) B ypaBHEHHUA
(2.23) u BbIpaxkas noka3zaTejbHble QYHKUMH Yepe3 runepbonuyeckue,
NOAYy4UM
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Ug= Ae™" 4 (U g = A)h(y 4x) = Zg 4 (1 44 - B)sh(y 4x),
L= Be™ (L = BXh(y ) -4 Ehy ). 23D
BA

VYMHOXHM BTOpPOE ypaBHEHHE cucTeMbl (2.32) Ha Z, 4 M NpUpaBHsi-
€M ero NepBoMy YPABHEHHUIO TOH e CHCTEMbl, HAIIMCAHHOMY I TeX
e YCIIOBHH; TOorAa NMpH X = / NOTyUnM

Uk =14xZs4q = BZBA"—Y]/ + (1 gk = B)Zpgchy gl = (U 44 — A)shy 4l.
BMecTe ¢ TeM COrflacHO NMepBOMY ypaBHEHHIO cHcTeMbl (2.32) npu
x = [ nimeem
U =Ae ™ 4 (U g = A)chy gl = Zoa(l gy — B)shy l.

TIpupaBHSB TIpaBblc HYACTH MOCACAHUX BBIPAWEHWH APYr Apyry u
3ameHuB ~1 4, Z, (Ha Uy, , MOJyuuM OJHO ypaBHEHHUEC C ONHUM HEM3-
BeCTHBIM U 4.

20 gue" (A~ ZoaB)e' + (A= ZoB)e M =0,
Orciona

1
Yal

240 = (A= Zy 4B)e M =V
e

‘Torna
U = V(A= ZygBll- "1, (2.33)

[MoacTasus B 370 ypaBHeHue 3Hadenus 4 1 B u3 ypaBHenwii (2.21) u
(2.22), nonyurum

Z
Zaliu(y1 = ZpgYy) + YIAUIHZBA(Yl - )
[1 _e—(YI+Y,4)l] =

Zya
Ugn= 3> .2 -
2(vi ~v24)
_ Zialu + NaUuZsy - nvaly 2 (2.34)
2(v1+v4)
Zis 1= e~ tn+r !
=UnZpa| Vg + :
HeR ( Z1Zsq ) 2(Y1+Y4)

43



I[J'[fl JaJIBHEI0 KOHLA LENMH aHaJlOrH4YHO MOXHO HanucaTh

UAK ZIAIIH YIAUIHZBA [1 -(YI+YA)1]e-YA[ -
2(y1+v4)

Zi4 )1-e-<w+u>’ (2.35)

=UZpa| Yig -
e ( ZoiZoa) 2(11+74)

IMTonyyeHHpIe BhIpaXeHHs SBISIOTCS OOIIMMH HOPMYJIaMH TS pac-
yeTa MHAYKTHPOBAHHOTO HANPSKEHUA MO KOHUAM OJHONPOBOJAHOMN
LEITH, HATPY>KEHHOM Ha CBOH BOJIHOBBIE COMPOTHUBIIEHHUS. B 5TH hopmy-
JIBl BXOJAT ABa 4jieHa, OOYCIIOBICHHBIC BIMSIHUEM 3JIEKTPUUECKOrO U
MATHUTHOTIO NOJICH BIUSIOLICH JIMHHH.

OTnenbHbIE COCTABIAOUIME OOLIETO UHAYKTHPOBAHHOIO HAMpSs-
XKEHUS ONpEeneNsaoTcs Mo clenywiwum gopmynam (ans GauxHero
KOHLA LEIMH).

Hanpsokenue, 06ycloBIEHHOE TOJABKO 31EKTPHYECKUM BIHAHUEM,

UtnZsaVl 4 - "(YI'WA)[]:

UA =
T 2 +vg)
- 2.36
- UnZoa (Gig+ joCrg)ll-e (vl (2.36)
2(v1 +v4)
rae g =Gy + joCiy.
Ecnu Besmumua y| Masia o CpaBHEHMIO ¢ BENTMYHMHOI ¥ 4, TO
UnZ -
Uln = “’lz'-’y—y—GlA + i(DCIA)(l“e V4 ) (2.37)
A

Hanp;mcenne, O6y0HOBHeHHOC TOJIbKO MAarHMTHBIM BIIMSAHHCM,

v _ T2y [1- (v 2 WhaMig el

b . (238
20y 41 y) 2(Y1+74) (2.38)
rae Ziy =wMy.
Hpn Y1 =0
M -
Ul = 2M1aln g _ -1l (2.39)

OnpenenyM MHAYKTUPOBAHHBIE TOKH, MPOXOAANIME UEPE3 COTMPO-
THUBJIEHYS], BKJIIOUEHHBIE IO KOHLIAM OJHOMPOBOAHOM LENU CBA3M, TIPH-
YeM Ka)KIO0€ M3 ITHX CONPOTUBIIEHUH PABHO BOJIHOBOMY COIPOTHBIIE-
HUIO 1LIETH.

[TpH 371K TPUHECKOM BIMSHUH

3 UnYi4 ~(yi+y 4N
Iy =———[l-¢ 47 ]=
M2y 4y )
- 2.40
-Gyt joc - (2.40)
2(vi +v,4)
Hnpu yy =0
L =20 (G g+ joc 1=,
2 Y4
I_Ipl/l MArHuTHOM BJINAHHUHU
WM 41 “(y1+y 4/
Lin =4[l 7 11147 2.41
N 21 +7.4)Zs4 (241)
unpu y; =0
.
Ly =——oaln vl

) 2(R4+ jwL4)

BnusHue o/(HOH 1leNH HAa OPYryl0 MOXHO BbIpa3uTh JlorapupmMoMm
OTHOUICHUS MOLIHOCTH, HepeaaBacMoi no BAMsIOMEH LeNnd, K Moul-
HOCTH, BO3HHKAIOLIEH B LIETTH, NOBEPXKEHHOI BIIMSHMIO, T.€.

l |11H Bll Zyl
2 lAH ’ IAH Ay

s OIHKHEro KoHua By =

(2.42)

Zy
ZBA

3TH BETTMUMHBI Ha3bIBAIOTCA nepexoc)ubwu 3aMYXAHUSMU MEXIY Lie-
MMM COOTBETCTBEHHO Ha OJIMOKHEM M AajibHeM KoHuax. O60o3HauMM B
ypasHenusx (2.34) u (2.35)

W 014 JaJIbHEro KOHUa ICIu BK ln
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Z Z
)/IA"'—]A_:KH’ Y1A-——]A4—=KK,
BIZBA ZBIZBA
TOrZla IOJIYUYUM CHEAYIONHE OTHOWICHUS HH,IIyKTHpOBaHHOFI MOUIHOC-
TU K MHAYKTUPYIOIUEH COOTBETCTBEHHO i OIIMIKHEro H JaJIbHEro KOH-

LHOB LICIIH, HO,E[BGp)KeHHOﬁ BJIMAHHIO!

o~ B Kuv/ZnZo4 il —e v

20y +v.4)

~By Kk \/ZB]ZBA '(YI+Y,4)[ ~y 4l (243)
e =l —l-e le 4L
2v1+v.4)

I

By

U3 atux dopmyn caeayer, uronpu I =0 e " =0, 1. e. BAUSHUE

MEXAY TUHHAMH PABHO HYJIO.

[Tpu / = oo ynen [l—e’(Y'+YA)/]==l, Toraa

o~ _ KuvZpZs g

A1 +7.4) | @49
Hns cnyvas, kornay, =y =yuZy = Z, 4 = Z,, NONyYum
e B = —I%%
H, CIIe[0BaTENbHO,
e = TBi(1- ), (2.45)

BenuunHy B, Ha3bIBAIOT NEPEXOTHBIM 3ATYXaHUEM MEXIY NEKTPH-
YeCKH [JIMHHBIMH LETIAMH.

ITpu paccMOTpEHHMH BIIMSHUS OIHOM HEMH HA APYTYIO MOJb3YIOTCA
MOHATHEM 3AIUHIIEHHOCTHU MOABEPXKEHHON BINSHUIO LIENH Ha ee Brxk-
HEM Y JanbHeM KOHIIax.

I1py BIMSAHUY MEX/IY OIMHAKOBBIMH LIEMSIMH C PABHBIMH YPOBHIMH
(T.e. MeXIly UEMAMH CBSI3M) 3aIIULIEHHOCTh HAa OJIMXKHEM KOHLE OIpe-
aensiercs 1o ¢dpopmyie

B3au1.H =B, -B/, Hn,
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a 3alJMIICHHOCTh HA AaJIbHEM KOHLEC — I10 (bOpM}/JIC
B3au1.1< =By~ |31, Hn,
rae B/ — cobcTBeHHOE 3aTyXaHHe LIENM CBA3H.

[Ipu BIMSIHMHM THHUM BBICOKOrO HANpsXXEHHMs HA LIENb CBA3M 3a-
HIMHIEHHOCTD NOCNe/IHeH Ha OIMKHEM KOHLE BbipaxkaerTca GpopMynoit

B3alu.H =(Py - B[) "(Pl _B'H )i

TO € Ha JaJbHEM KOHIIE

Baam.x'—'(PA ‘B[)‘(Pl _BK ),

rae P, — ypoBeHb Nepefiavu B uenu csasu, Hn, P — yposeHs ne-
penauu BIUSAIOILEH Uenu (IMHUM BbICOKOrO HanpspkeHus), Hr.

B nanHoM ciyuae crneayeT YUMTBIBATh, 4TO 00a KOHLIA LETIM CBA3H
MOTYT OLITH HPHEMHBIMHU.

Tak xax B’ < B'|, TO Npy pacyere BAUAHUSA JIMHUH BBICOKOTO Ha-
NpsUKEHNUS HA LEMb CBA3H JOCTATOYHO OMpenenstsh By, .

M3 npuBeeHHBIX BbllIe YPABHEHHUH Clle/lyeT, YTO MHIYKTHPOBAH-
HbI€ HAOPSIKEHHS ¥ TOK 3aBHCAT: OT HANPHKEHUS U YACTOTHI TOKA BJIN-
srolled Lenu, OT NapaMeTpoB BIIUSIIOLICH U MOABEPKEHHON BIHAHMIO
uernei 1 oT NapaMeTpoB MATHUTHONW M EMKOCTHOH CBSA3HU MEXIY HHMH.

Eciy npuHATE, 4TO HANPSHXKEHHE ¥ TOK BIMsIOIEH nenu 6yayT oc-
TaBaTbCAd HEM3MEHHBIMHY B HAUAJIE €€ U B3aMMHAs EMKOCThL U B3aUMHas
UHAYKLIMS MEOXKAY UCMSAMM MO JJIMHE TAKXKE HE MCHSIOTCS, TO B 3TOM
cllyyae UHAYKTHPOBAHHbIE HANPSHKEHHE W TOK Ha ONMKHEM KOHLE Oy-
YT MPAMO MPONOPLUHOHATBHBI MHOXUTENIO

1- e“(Yl"'YA)[
Y1+Y4

B uenoM paae ciyyaes, HANpUMED, IIPU Nepenaye IHEPruu rnocro-
SSHHOT'O TOKA I10 CUCTEME ITPOBOA — 3EMJIA» UJIH B KOHTAKTHOMH CETH
MeKTpU(ULIHPOBaHHO XeNEe3HOM IOPOTH MOCTOSTHHOTO TOKa pabounii
TOK MOJHOCTBIO WM YaCTHYHO NMpoXoauT B 3emine. [lpu cOnnxenun
TAKHX JTHHUI BBICOKOT'O HANPSKEHHS C OMHONPOBOJIHBIMH LIEITSIMH CBSI-
31 (TenerpadHbIMH) B MOCNEAHUX BO3HUKAIOT MOCTOPOHHUE HAMpPsKe-
HHUS ¥ TOKH, OOYCIIOBJIEHHBIE TOJBKO aKTHBHBIMU COCTABJIAIOILIMMM Ma-
pAMETPOB BIIHSAHUA.
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OnpefeneHne 3THX HAMPSKCHNH U TOKOB MOXET ObITH NOJYYEHO
nyTem pelueHus o61mmx nudhepeHunanbHbIX ypaBHeHuii cucremsl (2.5),
HaMMCAHHbBIX 14 Cllyyasi TOCTOAHHOTO TOKA, WK U3 dopmyn (2.34) u
(2.35) npuw = 0.

B camowm zerne, npumenss Gopmyiry (2.34) ¥ OJIOKHUB © = 0, mony-
4uM

(2.46)

Zig l_e_(Yl"'YA)l
ZgZoa ) 200+V4)

U= UIHZBA(YIA +

rae 1pyv nocTrossHHOM TOKE

R
Yia =Gt Zig=Ra =y RG , v 4=yRAG4 > Zsa =J—G—A;, Zy = ’%
A

Tak Kak IpH MOCTOAHHOM TOKE Jake MpH GOJBIIAX 3HAUCHUSAX )
(+v ) 5110 1=V (g 4y L.

[Moacrapnas 3Hauenus Y|4, Z;, B ypaBHEHHC (2.46) n yuutbiBas
MaJioe 3HaueHHe BhIpaxeHus (Y, + ¥ o)/, noayunm

R4 {
U gy = Uy Zsq| Gia + —.
A IH BA( 14 ZBIZBA ) 5

BenuuuHoil G| 4 NPaKTUYECKH MOXKHO npeHeOpeub, TOrAa

/
U gn = huRia % (2.47)

rae R]A — [apameTp BJIUAHUSA TIPDH IMOCTOSAHHOM TOKE.

2.2.3. OcHoBHBIEe YPABHEHHs BJIHAHHA Ha OJHONPOBOAHYIO
BOZIVIUHYIO Hellb, H30JTHPOBaHHYIO 110 KOHLam
Moxcrasus B obiMe ypasHeHHs (2.23) 3HaYeHUA NOCTOAHHBIX HH-

terpupoBanus C; U C, U3 ypaBHEHHi (2.27) v BBIpa3uB NOKa3aTE/lb-
Hble (DYHKLMH 4Yepe3 runepOoIuuecKue, Moy inM

Uy =Ae™™ + (U gy - A)chygx + BZyshy 4%,
-A
I4=Be™ " —Bchyx- Ym=4 shy 4x. (2.48)
ZBA
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IHpu x =1 I, = 0. Torna BTopoe ypaBHeHHE cHCTeMBI (2.48)
MPUMET BHJ

0=Be™" _Bch y,ﬂ—wsh vl
V Zyy
JOTCI0Na HaNpshKeHWe B Havajle OJHONPOBOHON LIEMN CBA3M

e _ch
C YAI+

Uin = BZs4 shy 4/
A

A

IMoacraenss B 370 ypaBHeHHe 3HaueHUs. A U B n3 ypasHeHuit (2.21)
¥ (2.22), nonyurm

YaZialw ~11YiaUs ¢ —chyul
Y-y shy l
+ Ll = V14U Z 4
-5

WJIH TIocnie npeobpa3oBaHuil

U =24

UnwZsa Z -y _
Utw="3 3 Z; V) +y g A chyal |
YT —Y4 81484 shy 4/
-l _
~Yia| va v chyal || 249
shy 4/

IlepBolil wieH B KBaJpaTHBIX CKOOKAX 3TOTO BbIPAXKEHHS ONpeiess-
€T MArHUTHOE BJIUSTHUE, & BTOPOM WIEH — JJIEKTPUYECKOe.

YuntsiBas paHee npuHsThbie i Zy 4 u Y|, 0603HaueHus, 1 orl-
pEAENeHUs COCTABASIOUIMX HATPSXKEHUS 3JIEKTPOMATHUTHOTO BIIMSIHHS
M30IMPOBAHHOIO MPOBOAA MOJYYHM CIIEIYIOIIUE BbIPAXKECHHUS:

oU,Z o
Ut e MlA(YHYA—*—————‘—( ChYA[)=

T2
(f ~v4)Zu1Zoa shy 4/
olMy e _chy 4/ (2.50)
= SNt}
Y —=Y4 shy 4/
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il
s _ UmZsy "_Y_'_‘_ChY_AI(Gl + joCig).  (2.51
Ul =- YI+Y4 Sy 4l 4t (2.51)

Jljis pacCMaTpuBAEMOro ciyyasi, KOrja MOABEPXKEHHbIH BIHAHHIO

npoBoOL BOSﬂylHHOﬁ JIMHUW U3OJIMPOBAH MO KOHLAM, BEJIHUYHHOH G4
MOXHO ﬂpGHCGpC‘Ib BCJIEACTBHE €€ HE3HAYUTEJILHOCTH 110 CPAaBHEHHIO €

BEJIMMUHON © (4.
Toraa Beipaxkenue (2.51) MpuMeT BUI

e _chy ).
U = - Dnlea |y, s |G 2.52)
Yi —Ya4 SY 4

Ecny npeHeOpeyb TakkKe W BENWUUMHOM Y| BCICACTBHE €€ HE3HAYH-
TEJILHOCTH 110 CPABHEHHIO C BEJIMYHHOM Y 4, 71 ONPE/ICTICHUS BETUYUH

UM, MUY, nNonyuuM eule 60ee yNpOLIEHHBIE BbIPAXKCHUS:
H

i -chyl/
oMy 411y . 1-ch YAl , U,?iH - /mCIAZBA U - 1 ; Y; .

MMpu y; = 0 ang onpeaeneHns HapsHKEHUA 1 TOKA B moboii Touke
IpOX0Ja CBA3M CIYXKAT COOTBETCTBEHHO HAMNCAHHBIE HAYaJIbHBIC

M
UAu =

ypaBHeHHus (2.48):
Uy=A+(Uy, - Axhy 4x + BZ, 4shy 4x,
Ugyy -4
I4=B-Bchy -4 " shy 4x. (2.53)
Zs4

Tl onpenenenus BenvunH A ¥ B, BXOAsIMX B ypaBHenus (2.53), no-
JydunM U3 ypasHeHui (2.21) 1 (2.22) npu y; = 0 criefiyloLmMe BBIPAKEHMS:

__Nidw oy, pa Ml g s
G4+ joCy Ryq+joLy
rae
Y: WM 4 _Zi4

B Gyq+ joCy ) Yy
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Honcrasus 3nauenvs A u B u3 ypasHenwmit (2.54) B cucremy ypasHe-
HHUH (2.53), monyunm

U =kUpy + U gy chy gx ~ kyUyy chy gx - kil Zg 4 shy 4,

U
14 =-kyly + ki, chy 4x - =A% sp YAX + ] kU, shy 4x.  (2.55)
Zy4 Zy 4

ITpencraBum 3T ypaBHeHus B Buje ABYX cucCTeM yPaBHEHHH Als
HalNPAXEHUH H TOKOB MATHMTHOIO U 3JE€KTPHYECKOTO BAUsHMI. Ha-

Mps>XeHUe Uﬁ H TOK 1,“; B 11000 Touke OIHONPOBOJHOM LIENH CBS-

34, 00YCIIOBJIEHHBIE MATHUTHBIM BIIHSHUEM, ONPENENAIOTCA CHCTEMOT]
YPaBHEHHIH

Uﬁ = Uxu chy 4x -k 1}y Zo4 shy 4x,

M

AH

1% + kgl = kiTyy chy g - 2 (2.56)
ZBA

shy 4x,

Hanpskenue U} v Tok 13, 06ycnosneHHbie 3NEKTPHUYECKHM BJIMS-
HUEM, ONPEAEINAIOTCSA CHCTEMOH ypaBHEHM I

U - kyUy, = Uy chy 4x - kyUp, chy 4x,
2
1,34 = l kZUlH sh Y4X — UAH sh YAX. (257)
Zyy Zyy

Hccnenyem ypasuenus (2.56). Mpu x = /

UZH = U/M4H ChYAl_kIIIHZBA shy 4/,

M
0+kihy =khy chy 41 - Yin_op Y4l (2.58)
ZBA

M3 Broporo ypasxenns cuctems! (2.58) CIIEAYET, YTO

Ch'YAl—l

U/L‘;H = kIIlHZBA
shy 4/

/
= kIIIHZBAth—Yzi. (2.59)
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MMoacrasus 3T0 3Ha4YeHue U g, B lepBoe ypaBHeHHE cHCTeMBI (2.56),
NOJNy4UM

hy 4/ -1
UY =kihyZg 4 uﬁ——(:hy/.,x—shyAx).
val
Torna
¥ Al h i—x
sh-t4-ch y 4x ShYa|3
U =kl Zoa| —2———=sh 4% | =kl Zos T
ch=- 47 (2.60)

st onpeaeneHus Toka B II0OOM TOUKE OJHONPOBOJHON HEINH CBA-
3M BOCIOJIb3YEMCA BTOPBIM ypaBHEHHEM cHUCTeMBl (2.56)
M

U
I = kydy (chy gx — 1) - A8
ZBA

shy 4x.
TIToncraBuB ctofa 3Hauenue /%, u3 ypasHeHus (2.59), nonyunM
{
I = kI, (chy 4x -1-th YA_2‘Sh ¥ 4X) =

2
ch(y41/2)

/ /
ChYAXChYA—é-—ChYA——Sh'YA7ShYAx

= klI]H
HUJIK TIOCJIe HpCO6p'd3OBaHHﬂ

If ==kl |1 - ——5—|. 2.61
A 141n ChYA% ( )

Hrak, npy H30IMPOBAHHON OJHOMPOBOJHOMN LIENTH CBA3H UHAYKTH-
pOBaHHbIE B HEW HAMPSHKEHHE U TOK ONPEAENSNIOTCH COINTACHO ypaBHE-

HusaM (2.60) u (2.61).
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3anaBasch pasMYHBIMM 3HAUECHUSIMH X, U3 ypaBHeHus (2.60) onpe-
AenuM BenduHy U :

shy 4 é—O /

mpux=0 UM, =kluZog —l—_zl = ki1, Z, 4th Y4-
, o

Tpp X = chp =kiliyZs 4 ] =0

2

/
sh YA! —2—-1! v il
npu x =/ UB;K =k I\ Zg4 i =“klI]HZBAthTA-

OTH ypaBHEHHS MOKA3bIBAIOT, YTO B U30JIMPOBAHHON ONHOMPOBO-
HOM LICIH CBSA3M, HAXOSALIENCS HA BCEM ITPOTSXKEHHHU B MATHUTHOM [OJIe
NAapaJIENLHOM € HUM JIMHHUM BBICOKOIO HAMPSKEHHMH, HMHAYKTUPOBAH-
HOE€ HANPAKEHHE OTHOCHTENILHO 3EMJIM PACNpPENEsISseTCs TAKUM 06pa-
30M, YTO B CEpE/IMHE LIeNHU TO Hanpsikenne U 4 cp PABHO HYJIlO, & 3Ha-
HEHUS HANIPSHKCHUS 110 KOHLAM LIETTH PaBHBI MeX]y cOBOM, HO pa3My-
HbI IO 3HAKY.

KpuBas usMenenus umpyktu- y M 4
POBAHHOTO HANPSAXKEHUA BAOIb "

I130IMPOBAHHOrO NMPoBOAa cBsi3H, Uan
I'OCTPOEHHAA COrJIaCHO ypaBHe- " x
nuw (2.60), npuseseHa Ha 0 ) e
puc. 2.3. u
UAK{ ______________
HUuaykTupoBauHslii Tok 1, /

OyzeT MMeTh pa3Hble 3HaYeHHS B

PA3MAHYHBIX TOYKAX LIEMM CBsi3u, a  PHC. 2.3. Kpusas usmenenus unayx-
HMEHHO: THPOBAHHOTO HAaNnpsA>XeHHUdg BAOJb
H30H"pOBaHHOFO HnpoBoOna CBA3H npu

MAarHuTHOM BJIUAHHUU

(2.62)

3
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l'lpldx=0 I:;H = —kiJ 1yl
! Mo = ki
anX=E Lgcp =Kl
= ~kiJul 1

Puc. 2.4. Kpuasi u3MeHeHHs HHAYKTH-

POBAHHOTO TOK4 BAOJb H30JMPOBAH-

HOTO TPOBOJA CBA3H IPH MATHUTHOM
BITHAHHU
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[

(2.63)

KpupBasi W3MEHEHHA HHAYKTHPO-
BAHHOTO TOK4, MOCTPOEHHAad CO-
riacHo ypasHeHuio (2.61), npuse-
aeHa Ha puc. 2.4.

PasHocTh MOTEHLIMATIOB, UHAYK-
THPOBAHHBIX B HayaJjie M KOHUE O-
HOTPOBOHOH UENH CBSA3H, coryac-

HO [IEPBOMY M TPETHEMY YPABHEHHU-
aM cucteMmbl (2.62), BeIpaxaeTcs

ypaBHEHHEM

l
U%H ._Ul':’"K =2k Zoqlin thy 4 E

HO,IICT aBHUB B 3TO YPaBHCHHUEC U3BCCTHBIC 3HAUCHHUS k |1 ZB 4> NTOITYYIHM

oM, Ry + joL /
Ul ~Ult =2 4 L I
Ry+joLys \VGy+ joCy 2

th(y 4 //2) (2.64)

=2wM|A1]H

Mpu YA%<<1 th(y 4 %)“'YA yZ

CnenoBaTenbHO, ypaBHeHHe (2.64) MOXHO TNepentcaTh Tak:

!
" “ 20My gy 4=
Ugn -Ugy =—————= =M 0,l. (2.65)
YA
IMocnenxee BbipakeHHe MpeAcTaBisieT cOGOH, KaK 3TO ClEAyeT U3
TE€OPUH B3aHMHO CBA3AHHBIX KOHTYPOB, HHAYKTHPOBAHHYIO J/IC, T.€.

wM) 41! = E. ITa 31C HA3bIBAETCA NPOIOJIBHON 37IEKTPOABUKYLIEH

CUJIOHM, TAK KaK MHAYKTMPOBAHHOE INEKTPUHECKOE TOJIE HANPABIIEHO
BIOJb NIPOBOJA.

CrenyeT OTMETHTD, YTO ypaBHeHHE (2.65) MOKET ObITh IPHHATO AJIs
BBIYMCIIEHHS 3/I1C B BO3AYLUIHbIX JIMHHUSIX TOJIbKO Npu yacroTe 50 Iy,

IMpu cONMIKEHHUSX TUHUI BBICOKOTO HATIPAXKEHNS C MEXKAYTOPOJIHbI-
MH KabelbHbIMHM JTMHUSAMH JUISl TIOZACUYETa MPOJOILHON 31C B KUIaX
xabesns popmynoii, ananoruyHol popmyne (2.65), MOKHO MOJIL30BATh-
¢l mpH JUiHHe cOmxenus He 6onplue 40 KM, Tak Kak Npu OosbLie
Anute u vacrore 50 I'i th y,/ HauMHAeT 3aMETHO OTIIMHATBCA OT Y 4/,

Hccenenyem ypaBHeHus, onpeensaioniye 31eKTpHYECKOE BIMAHME, T.€.
CHCTEMY YpaBHEHHH (2.57). Hanuiuem 311 ypaBHeHHs 1l KOHLA LENH
CBS3M, T.e. ApU x = [:

Ul = kU + (U = kaUpy ) chiy 4,
3
Yan =kl . 20,
BA

3
Tax =-

W3 nocnenHero ypaBHeHUs ClieqyeT, YTo

Uy = kaUpy. (2.66)
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IMoacraBus U 7, B nepBoe ypaBHeHUE cucTeMsl (2.57), MOMy4UM

Ul - kU = (kaUje —k2Upy)chy 4/ =0
WIH

U = kyUs. (2.67)

Kax BuauMm, HanpsikeHUe, 00YCIOBIICHHOE 3EKTPUUECKUM BIUSAHHEM
B M30JIMPOBAHHON OAHONPOBOHOI LieNH CBA3M, MO BCEH MJIMHE OCTa-
eTCst OAWHAKOBBIM,

Mouxcraenss B ypaBHeHue (2.67) 3Ha4ueHHE Kk, W3 MEPBOTO ypaBHe-
HUA cucTeMbl (2.54) u uMest B BUaY, UTO IJIS PacCMaTpPUBAEMOro Ciy-
yas G 4 = 0, nonyuum

JoCly U

U= .
A G+ joCy I

Ecnu G 4 6yner Benu4MHO#M BeCbMa MaJloi MO cpaBHeHuIO € jo C 4, TO

KpHBaﬂ HU3MEHECHHS HAINPAXKEHHUA 10 OTHOLICHHUIO K 3€MJIE U; BAOJb

M30JIMPOBAHHOrO MPOBOAA NPH MEKTPUUECKOM BIUAHHM MMOKA3aH4 HA

puc. 2.5.
BennuvHa MHOYKTHPOBAHHOTO TOKA B M30JIHPOBAHHOW OJHOMNPO-
BOJIHOI LIENH CBA3H OTIPEAEIIMTCA U3 BTOPOTO ypaBHEHHS cUcTeMBl (2.57).
IToacraBuB B 370 ypaBHEHHE 3Ha-

ueHue U %, 13 ypasHeHus (2.66),
NONy4YHM

X 131 =_k2U1H ~ kUt

) SEm— ! ———————»{ Zs4

Kak BUIHM, TOK 3JI€KTpHYEC-
Puc. 2.5. Kpusas n3mMeHeHUs HATNpsOKEHUs KOW MHAYKLMM BIOIbL U30JIMPO-
TI0 OTHOLIEHHIO K 3eMJIE BAOIb H30MPO- BAHHOIO MPOBOJA CBA3HU OyAET

BAHHOTO NPOBO/A CBSA3M [IPH JNEKTPHYEC-  papeH HYJIIO.
KOM BJIUSIHUH

shy x=0.
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2.2.4. OcHoBHBIEe ypaBHeHHA BRIWAHMA HA OAHONPOBOJHVIO
BO3QVUIHYIO L€mb, 3aMKHYTYIO IO KOHIAM HA 3eMIIIO

IToacraBus B 0Oume ypaBHeHus (2.23) sHaueHus Ci u C, ans nau-
HOro cjiy4yas U3 ypaBHeHHi (2.29) v Bblpaxkast noka3aTesbHbie (yHK-
LMK 4Yepe3 runepOosinvecKue, nojayunm

Ug=Ae™™ - Achyx - (I 44 = B)Zg, shy 4x,

I4=Be™ 4 shy 4x+ (14 - B)chy 4x. (2.68)

BA
Hanuwem nepsoe ypasnenue npu x = /[, korna U, = 0:
0=Ae™ " _ Achy 40— (I 4 ~ B)Zy 4 shy 4L
W3 3T0ro ypaBHeHHUs MOXKHO ONPEAETHTD [ 4,

A W - chy 4/
ZBA ShYAl

+ B.

IAH=

IMoncrasnsas ciona 3HadeHns 4 U B u3 ypasHenuil (2.21) u (2.22),
NONYy4YUM Tocne npeolGpa3oBaHus

Z]AIIH e'Y'[ —-ChYAl _

Lgy = +
Zsa(vi -v%) shy 4/

14Uy e
'—2—";— Y1+Y4 byl
Y1 -Y4 shy4

TIpu Huskoi yactore (Hanpumep, npu f = 50 T'u) BenuumHy y| B
HEKOTOPBIX CllydasXx MOXHO IPHUPABHATH HYMIIO, TOr4a MOIy4uM
Zigly Nl 1-chyyl

ITgn = 7Y 4 y
Zoa(-Y24) ~Y4 shy 4/

(2.69)

HITH

_Ziahw  YigUm 1-chyd

Lay =
! ZsaY 4 Y4 shy 4/
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Oo0o3Hauas, KaKk ¥ paHblle,

Zig —k Yia __Ya _ Kk
Zsa Ya Yalsg Zsg
NONyYUM
kU, 1~chy 41
IAH = _kIIIH ‘_2"1_'{"—*/4“-

Zeaq chygyl

IepBoiit uneH 3Toi hOpMynbl 00YCNOBIEH MATHUTHBIM BJIMSIHMEM,
a BTOPOIil UleH — 3NEKTPHUECKHUM BIIMSHUEM.

Lns Bonee nogpobHoro aHanu3a seIHYMH HANPSDKEHNA H TOKA B
LErH, 3aMKHYTOI1 O KOHI{AM HA 3eMJit0, HATIMILIEM JBE CHCTEMbI YPaB-
HCHHH, XapaKTEePU3YIOLUX Pa3leNbHO MAarHUTHOE U JNEKTPUYECKOE
BIMSIHMA ISl ciyyas, koraa vy = 0. VI3 o6wux ypasnenuii (2.68) noce
NOACTAHOBKHU B HHUX 3HaueHWH A W B u3 ypaBHeuus (2.54) nonyuum,
YTO TOJILKO NPH MATHUTHOM BIIMAHUH

Uﬁ = -Zgqlkilyy, +12H)Sh\',4x’

(2.70)
1% + kil = (ki + iy )chy 4x,
TO XK€ l'lpH BHCKTPH‘{CCKOM BIUAHUU
U?«i - kU = —kyUp, chy g4x - ZBAI/B"H shy 4x,
kaUyy (2.71)

1% =12, chy x+ sh y 4x.

BA

Uccnenyem crcremy ypaBHenuit (2.70) nis MarHMUTHOrO BIMSHMS.
Hanumem 3Ty ypaBHEHUs [UTS KOHLA JIMHUM, T. €. TIpU X = [:

Ultx =0=~Zpq(ki Iy + Ly )shy al,
D + Kyl = (kyhy + gy ) chiy 4l
U3 nepBoro ypaBHeHHMs 3TOH CHCTEMBI CIIEAYET, YTO
I/':;H = ~ki L1y
[MoacraBus 3To 3Hauenue [, B ypaBHenue (2.70), Hailnem, uto

U;; =0, T.€. Ip¥ MATHUTHOM BJIMsIHUM NMOTEHIIMAT IPOBOAA 1O OTHO-

LIEHHUIO K 3eMile B 11000 TOYKe NPOBOAA PaBEH HYJIIO.
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Haiinem teneps Tok B mo6oi Touxe nposona. M3 sToporo ypas-

HeHHA cHcTeMbl (2.70), MOACTABMB B HEro 3HAYEHHUE 1%, = -k

NOAYYHUM

14 + kil = (g + kil )ch y 4x = 0,
oTCroAa

14 = kI

3TO 3HAYUT, YTO MHAYKTHPOBAHHBII TOK B 3aMKHYTOM I10 KOHIIAM Ha
3EMITIO TPOBOJE CBA3M OyNeT Be31e OAMHAKOB U paBeH K /|,,. DTOT TOK
UMeeT OHU Y Te xe a3y U aMIUTUTYAY MO JUIMHE JIMHUH, HE 3aBUCHT
OT U3QIAUMH H €MKOCTH, a TaKXe H OT ANUHbI cOMUKeHnsa (puc. 2.6),
MEKIY TEM KaK HANPsKEHHME O OTHOILLEHHUIO K 3eMJIe BO BCEX TOUKAX
NpoOBOJA CBSI3M PABHO HYJIO.

Hanee ucciemyeM cucreMy ypasHeHuil (2.71) mjst 31€KTPUUYECKOTO
BIIUSIHUS.

Hanwizem 3TH ypaBHeHHS U1 KOHLA JIMHUY, T.€. NIPH X = [

U/ahc ~kyUpy = —kyUpy ch YA[—ZBAIZH shy 4/,

k
131,( =I;H chy / + 2V1n shy 4/
ZBA

M3 nepBoro ypaBHeHHUs 3TOH CHUCTEMBI CIIEAYET, YTO

ny 0 —koUyy = —koU1y chy gl = Zo gl 24u shy 4l.

Orciona
13, = kUl =chval) TaplUsy
Zgashy 4 [ IAM
Uiy chy 4/ -1 An= TAx T M M
=—k2 ——-——IH —-———-YA L UAn=UAK=0 X
Zyq shyyl Vfe———i——]
niu - =
U / Puc. 2.6. Kpuble n3MeHEHHS TOKA U
Iy = —kp —2-thy—. HAMPSOKEHUA BIOJbL NPOBOAA, 3a4MKHYTO-
BA 2 ro MO KOHUAM Ha 3eMII0, IPH MATHUT~

HOM BJIMAHHHU
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MoxcTaBuB 3TO 3HaYeHHE [ 7, BO BTOPOE ypaBHCHUE CHCTeMBI (2.71),

)
Sh! YA(E_ x) '
1} =-kaUyy,

N
ZBACh(YA ’i)

NONyYHUM

(2.72)

[To »ToMy ypaBHEHHIO MOXHO, 3a/laBasich 3HAYEHHEM X, oIpene-
JIMTh TOK B M000ii Touke npoBoja cBs3u. Tax,

)
shiva
/
Mpux = 0 I’ k2 ﬂii_z_) = —k2 U‘H th(YA -2—), (273)

ZBA Ch(YA‘é‘) ZBA

sh YAl = -1
U ( 2 U /
npux =1 [ =—~ky =8 =ky M thly—] (2.74)
ZBA / ZBA 2
ch YA
2
Kaxk BMIMM, TOKH B HAYAJIE U B KOHLE NPOBO/A CBA3H OJMHAKOBBI I10
abCOMOTHOMN BENHUYHMHE, HO Pa3/IMYHbI 110 HAMpPAaBAEHHIO. OT cepeluHbI
NPOBO/IA, [/I€ TOK PABEH HYJII0, OH HAYWHAET HapacTaTh B 00€ CTOPOHBI U
JOCTHraeT MAKCHUMAJIbHOM BEJIMYMHBI B MECTAX 3a3€MJIEHHS ITPOBOAA.
AHaNOTMUYHO NPEeAbIAYIUEMY, 3aMEHUM B ypaBHEHUAX (2.73) u (2.74)

3Havenus th(y4//2) aprymentom vy 41/2 . Torna

Yal
2 BA

s

IZH = "kZUlH
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M 110CJie MOACTAHOBKHY CIONA 3HAYEHHI Y 4 M Z, 4, a Takxkek, U3 BTOporo
YDaBHEHHA CHCTEMBI (2.57) nonydum

g = NaUy 1)2. 2.75)
[locMOTpHM, Kak W3MEHSETCSt HANIPSXKEHNE BAOJb MPOBOJA, 3a3¢M-
JIEHHOro no KoHuaM. IlogcraBuM B nepBoe ypaBHEHHe cUcTeMbl (2.71)

3Hauenue J3 . u3(2.75), rorna

chyAxchyA——l-—chyAxshyA—L
Uj =kyUy,|1- 2 ] 2 |-
ch(YAA)

chyy4 *é*—-\”

ch(y 4 Z) '

CornacHo 3TOMy ypaBHEHMIO HANpPAKEHHE B Pa3/IMUHBIX TOYKAX
MIPOBOJIA MMEET CNEAYIOINHE 3HAYEHUS:

= koUp, |1 -

ch(v4 %)
npu x =0 Uzlu=k2Ulu 1‘———1'/;‘ =0,
Ch(YAA)
=1 Uen =k Uy, | 1 !
npu -+ =3 Acp =RUy| t=——7|,
2 P ! Ch(YA%)
ChYA —é——l
npu x =/ Ul =koUpy |1 -

=0.
ch(u%)
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I1,,U
A A“
3
Uy
[A3 = /: = - Puc. 2.7. KpiBble H3MeHEHHS TOKA U
H K
1, x  HANpsKeHus BIOML NMPOBOAA, 3aMKHY-
5 ; > TOr0 MO KOHLAM HA 3eMJII0, TIpH
= > 3NEKTPHYECKOM BIMAHUU

Kpusble u3MeHeHHA TOKa W HaNPSDKEHHA BAOJIb 3a3€MJIEHHOIO M0
KOHLIAM MPOBOJA CBS3M, IIOCTPOEHHbIE 0 YpaBHeHUsM (2.72) u (2.75),
NpUBEJAEHBl HAa puc. 2.7.

2.2.5. OcHoBHBIe YPAaBHEHHS RIHAHHA HAa OJHOIPOBOJ-
HYI0O BO3QVIIHYIO H€lb, H3O0JTHPOBAHHYIO HAa OQHOM KOHIE
H 3aMKHYTYIO Ha 3€MJIF0 HA JPYIOM

INoacrasus B o6uine ypaBHenus (2.23) snauerus C; u C, u3 ypas-
Henuii (2.31), nocne cooTBETCTBYIOMX MpeoOpa3oBaHuit 6yaeM UMeTh
(mpu y; = 0) aBe cHcTEMbl YPaBHEHMIA:

OpH MATHUTHOM BJIMSHUH

Uﬁ = UZIH Ch'YAx —ZBAklllH Sh'YAX,

M
1Y%+ kil = kil chy g =24 shy x, (2.76)
ZBA
TO K€ NIPU JNEKTPHIECKOM BIUSHUU
Ufai - koUyy = -kaUyy, chy gx - ZBAI/:;H shy 4x,

U
Iy = Diychygx+ 210 shy 4x, (2.77)

BA

Hccnenyem cucremy ypasHenuii (2.76) mpy MarHMTHOM BITUSHHH.
Hanmuiewm 3ty cucreMy Ui ajIbHEr0 3a3eMJICHHOTO KOHLIA Lienu, MOJ-
BEPKEHHOM BIUSHMIO, T.C. IPH X = [

UTZK =0= an chy 4l = Zg gk 11y sh vy 4,

M ~ Uty
Tax + k= kI chy 4/ -
ZBA

shy 4/
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IMoxcraenss sHauenus Z, 4 (pasa. 2.21) u ky (pa3a. 2.23) B nepsoe
M3 3TUX ypaBHEHHUH, MMOIYyUYUM

oM, 41
Uy =%thul (2.78)

Ioncraeus 3Hauenne U4, B nepBoe ypaBHEHHE cucTemsl (2.76),

MOJIY4YUM

shy 4/chy 4x -chy 4/shy4x
Uﬂ -klZBAIlH Y4 Y 4 YA A -

chy 4/
shy 4(/-x) (2.79)
= g Zy gl —LAEE0
ch YAl
TTpyu pasnuyHBIX 3HAYEHUSX X UMEEM:
npu x =0 U%H =kiwZya thy4l,
! y shly 1 //2)
=— U =kilyZyq —>—",
npu X 2 Acp 1{1u4BA ChYAl
h0
UM =k ly Zyg——— = 0.
npu x =/ Ax 141 BAChYA[

KpuBas u3MeHEHHs Hanpsxe-
HUS BOOJIb OXHONPOBOJHOH LieNH, IAM "
MOCTPOEHHAas COTJIACHO YpaBHe-
Hu1o (2.79), mprBeneHa Ha puc. 2.8. WUl NC

Ecnu npunsts thy 4/ =y 41, 70 Lac =1~ —T 1,
ypasHeHue (2.78) npumeT BUA X,

Uﬁu =M 4! =E,

rae E — npononbHas 34C, MH- =
QyKTUpYeMas B IIPOBOJE.
Kak BuauM, HanpsikeHue o Puc. 2.8. KprBble H3MeHeHus Hanpsxe-
OTHOILEHUIO K 3eMJI€ Ha OJIHOM  HHS M TOKa B MPOBOJIC, 3AMKHYTOM Ha
~ HOM KOHIEC H H30JIMPOBAH-
KOHLIE OHONPOBOJHOI Lieny Bo3-  SMI0 Ha 0l 4 P

. HOM Ha ApyrOM KOHLE, MpH MAarHUTHOM
JIYUIHOH JIMHUU CBA3H [IDH 3a3€M- BIUSHHUH
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JIEHVH JPYroro KOHIA 3TOH LENMM PaBHO NMOJIHONW HHAYKTHPOBAHHOM
sn¢. MHAYyKTHpOBaHHBIH TOK B TOM )Ke LMK BHIYHUCIAETCS M3 BTOPOTO

ypaBHeHus cucteMbl (2.76). Ioacrasus B 370 ypaBHeHHe 3HAUEHME [JY

u3 ypaBHeHus (2.78), nocsne npeobpa3oBaHUs NONydYUM

I3 =kl chy ax =kl thyal shy ax - kyyy,
UJIA

1}44 =kllln

chy/,lchy/,x—shy,‘,lshy,;x_1 - —al; l_chyA(l—x)_
chy 4l f chy 4/

3anaBas pasnAvHbIC 3Ha4Y€HUA 1A X, NONYYUM BEIIUYHHbBI TOKOB B
Pa3/IMYHBIX TOUKAX MpOoBOAA:

npn x =0 I =0,
) M ch(y 4 1/2)
npux = 5 Tiep = ~kidy [1 " ehyd | (2.80)
mpu x =/ Lix =—kiljy|1- .
chy 4/

KpuBas naMeHeHHs WHAYKTUPOBAHHOIO TOKA BIOJb 3a3¢MIJICHHOM
Ha OJHOM KOHILe OAHOMPOBOJHOM uenu npuseneHa Ha puc. 2.8. Kak
BH/HO M3 3TON KPHBOM, [0 MEPE yMEHBIIEHUS BEJIHYHHBI [ BETHUHHA

TOKa [% NMpHUONNKAETCA K HYIIO.

Tenepb NPeAnoIONKUM, YTO Ta Xe OTHOMIPOBOIHAS LIENb, IOABEPKEHHAS
MAarH{THOMY BJIMSTHHIO OIHOTIPOBOIHOMN LIS BBICOKOIO HANPSKEHUS, 3a-
3eMJIEHa Ha JaJIbHEM KOHLIE Yepe3 CONPOTHBIIEHHE Z, a Ha OIMIKHEM KOHLIE
M30JIMpOBaHa oT 3eMiiM. Onpenenum ToK, KOTOPbIM MONWAET 4Yepes cornpo-
ThRIIeHue Z. OT BeJIMUMHBI 3TOrO TOKA Oy1eT 3aBHCETDb CTerieHb ET0 pa3py-
ILIAIOLLErO ACHCTBHS HA AINAPAT CBA3H WK, eCik Z SBJISETCS CONPOTHBIIE-
HHEM TEJ1a UETIOBEKA, CTETIEHD AMEKTPUUYECKOro yAapa AJid opranusma
YyenoBeKa. 31ech Takke Oy1eM HCXOINUTh U3 YpaBHEHMI CHCTeMBI (2.76).
B manHoOM ciyuae

12H=0 n UﬁK=1/h‘,;KZ;
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npu x =/
U%K = ngz = Uz}{ chy g/ =kl Zy 4 shy 4l

Oripenennm U3 3TOro ypaBHeHUs 3HauYeHMe UM, " moacTaBuM ero
BO BTOpO€ ypaBHEHHE cucTeMbl (2.76):

UM, = Lokl shy 41l + I:I‘KZ
ChYA/

>

M
j + ki = kil ch y 4f - 2482+ KiZoglin shy 4l shy 42
Zygchy 4/

Orcioza onpenennm I

]M _ klIlH|_th(YA %)—thYAlkBA th'YAl

A« Zoy + Zthy 4l -

th(y4 4)shy 41 (2.81)
Zopg+Zthy -

= _kIIIHZBA

HHH MeQHOH uenu BO3lIyLUHOI>'l JIMHHUH CBA3U KAXIYH U3 BEJIMUYHH

sh y4/ v thy,l MOXHO NpuHATH paBHOIi Y4/, Torna ypasHenue (2.81)
MOXHO nepenucath Tak:

,
M _klllH Yal) Zya

Tgx = .
2 ZBA +ZYAI

Toncrasnas snauenus ki, y, u Z, ,, nonyunm

OMigliul*(Ry + joL 4 XG4+ jorC,g) | Ra* FOLa
ka - GA + A/(DCA

. Ry + jol
2(R + jol ) AT ] A
A T WLy —"“‘—GA ¥ joC,

+ ZI(Rg + jo L4 (G q +./'<»CA)}

_ _UJMlAlzIm(GA + joC 4)
1+12(Gy + joC )]

5 — 6283 65



Ecnn npenebpeus senuuuHoit G 4, KOTOpas Maia no CPpaBHEHUIO €
BenuuuHoi wC 4, TO
Mo (DMlAIZIIHjU)CA o (DleAlzCA
AT 0 joC 4 lZ) 2+ joCllz) ™

OTclona MOAYb TOKA, IPOXOALIETro uepe3 CONPOTUBIEHUE Z,

Q)ZM]AIZCA
= In-
5
2J1 +?C317Z?

KpuBble U3MEHEHHs HANDSOKEHHs M TOKa BAOJb OJHONPOBOAHOM
LefM, IOCTPOEHHBIE 1JIs 3TOTO cilyyas 1o ypaBHeHHI0 (2.76), npuse/ie-
HbI Ha puc. 2.9.

Wccnenyem cucteMy ypaBHeHUi (2.77) st 3JIEKTPUYECKOTO BIIMS-
Hus.

Hanuiem 3Ty cucTeMy AJIsl M30JIMPOBAHHOIO KOHLA LIEMH, T.€. NPH
x=1/

M
|1AK

U;K = —kyUyy chy gl + kU = Zy 411y Shy 41,

LZK:]ZH ChYAl"'LZ_U]H shy 4/ =0. (2.82)
ZBA
U3 BTOpPOro ypaBHeHHS 3TON CUCTEMBI CIIEAYET, YTO
kyUp,s shy 4! kU
I3 =~ 2Um ShY 4l K2Un thy 4. 2.83)

Zygchy 4l Zsy

HanpskeHue NO OTHOLIEHHWIO K 3eMyie B Ji00OH TOYKE Leny, co-
I[JIACHO MEPBOMY YpaBHEHHUIO cucTeMbl (2.77), Oyner

Puc. 2.9. Kpusble H3MEHEHNS HATIPsAXe-
HUS U TOKA B IPOBOJIE, 3aMKHYTOM HA
OHOM KOHIIE Ha CONPOTHBJIEHHE Z, a
> Ha IpyroM N30AHPOBAHHOM, NPH
MATHUTHOM BJIHSHHH
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thy 4/
UZ(1-chy 4x)kUyy + ZygkaUyy, ZYA shyx=

BA

h
=k Uy (——-———s YAXSh[YAl +1~-ch YA«‘C)

Ch‘YA
0 )3
hy (/-x
U’ = koUy, - Chya(/-x)) 2.84)
ChYA[ *
Taxum oGpazowm,
h
npux =0 Uy = kU, 1-S val =0,
ChYAI
/ M chy 4/
npu X == Ulep = ko Uy | 1- —142 |
p 5 Acp = K2 IH( ChYAl) (2.85)
npux =/ Ui =kl 1- L .
ChYA/

OﬂpelICJ'l]/lM TOK B pa3jIMYHbIX Toukax uend. [loacraBuB 3HaueHHe

1} BO BTOpOE ypaBHeHue cuctemsi (2.77), noayunm

UIH

thy 4/
13 =-—k2U1 A chyAx+k7_ shyx =
! ZBA ZBA Y4
__szm shy4/chy x~chy /shy,x __kUy, shy,(I-x)  (2.86)
ZBA Ch‘YAl ZBA ChYAl
thy 4/
npu x =0 L = ~kUy Y4
BA
/ 5 sh(y 41/2)
npu X == Tyep =-koUpy ——"—=,
p 3 cp In Zuichy 4l (2.87)
Ui shy (I-1)
npH x = U =—ky = =0.
pH x =1 ‘ Zya chyyl
[0 67



Puc. 2.10. Kpussie H3mMeHeHHs HANPs-
JKeHHS H TOKa BIOJIb IPOBOJA, 3aMKHY-
TOTO HA 3EMITIO Ha OAHOM KOHLUE 1 H30-
JIMPOBAHHOTO Ha JAPYTroM KOHLE, NpH
INEKTPHUYECKOM BIHAHUH

PaHee GBIIM NPUHATHI ClIEAYIOMUE 0OO3HAUCHHS!

_ JRa*joLy .
Ya=(Ry+ oLy NG+ joCa)s Lo = m.

ky =4 + 0Ci4
Gyg+ joCy

Tlpu y 4/ << 1 MoXHO cunTaTh, uTo thy /= Y 41, a BenuuuHoit Gy 4 B
BHIPAXEHHUH JUIsl k5 B JAHHOM Cly4ae MOXHO IpeHedpeyb.

Torza, nMoACTABUB B riepBoe ypaBHeHHue chcTeMbl (2.87) 3Ha4eHHs
Vqr Zgg ¥ ko, TIOTYUUM

P joCi SRy +joL 4JGa+ joC4)
= - l =

MG joCq " JRa+ joLg )G+ joCy)
KpuBbie M3MEHEHHMS HANIPSDKEHUS [J % U TOKA [ 5 , NOCTPOCHHBIE NS

JAHHOIO CITyuas COTIacHO ypaBHeHMsM (2.84) u (2.86), npuse/ieHbl Ha
puc. 2.10.

/= j(L)[C]AU]H.
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F'AABA 3. 9AEKTPOMATHHUTHAS CBA3b
B MHOTOTPOBO,/IHbIX CUCTEMAX

» 3.1. Binsinne NOJIHOCTBIO HECHMMETPHYHOH LEeNH
BBICOKOT'O HAIPSZKEHHSI Ha JBYXIIPOBOIXHYIO IEIb
BO3QYHIHON JUHHM CBA3H

3.1.1. Obmre ypaBHeHHS

PacemotpuM npusenennylo Ha puc. 3.1 cxemy ABYX B3aUMHO CBSi-
3aHHBIX Lieneil: HECHMMETPHYHYIO BIMSIOLLYIO LEMb «IPOBOJ — 3€M-
JI51» ¥ NIOABEPXKEHHYIO BIMSHHIO ABYXITPOBOIHYIO LEMb.

Bsenem cneaywowme 0003HaANECHUS:

U, Uj,~— HanpsHxeHHs 110 OTHOILEHHIO K 3eMJI€ B 11060H TOUKe mpo-
BOAOB TenedoHHON uenu, B;

1, I, — Toxu B npoBoaax TenedoHHOM Lenu, A;

Yub =G + joC,p— NAPAMETP 3NEKTPHYECKOTO BAUAHUS MEXIY
nposojamu a 1 b tenedonHoi uenu, Cm/kM;

Zyp = Ryp + JjoL,p — NapaMeTp MarHUTHOTO BJIMAHUS MEXAY NPO-
BOJaMH TesiehoHHON nenu, OM/KMm;

Yo = Ryg + joCy,

Yip = Ry + joCiy } — MapaMeTPbI TEKTPHUECKOTO BIUSHHA MEXIY
BJIHSIOLIEH LUEMbIO U KAXIBIM IPOBOAOM TenedoHHON uernu, CMm/KkMm;

Zlu = Rla +./(Dl'1(l
Zip = Ry + jolyy

Baustiowas ofHouposoaHAs Lerb

3 3

lapaMeTpbl MATHUTHOTO = MoasepieHHAs BIHARNIO
BIUAHUA MCXKAY BIINAIO- JBYX[1IPOBOJHAS UEMb
el Uenblo W KaXKIbM Z,, [ Zur
11poBOAOM TeledhOHHOMH
nenu, OM/KM.

Puc. 3.1. CxeMa AByX B3aHMHO CBA3AHHBIX
ueneit: HECUMMETPHUHAS BIUAIOULAs UeNb
«TIPOBOJ, — 3eMJIA» H NMOABEPXKEHHAS
BIMSHUIO IBYXIIPOBOJHAS LieMb
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JTuneiinble auddepeninanbibie ypaBHEHHS HAMPSKEHHUA U TOKA B
KaX/10M NpoBoJie TeneQoHHOM! Lenu UMeIoT BUJL

5

- (l'(l[/: B =[Ra =~ Ryp + ./'(D(L(, - Lab)]’a + Il(Rlu + ijla)
_ (I([lj‘-b =[R/) - Rba +]w(L[, —Lba)]lb + Il(Rlb +'/'(0le)
- (:,;’: = (G(I +j(l)Ca yju +(U(l —U’)XGab +-i(DCab)+ s (31)
+ (U‘f -‘Ul XG](I +.j(DC](1)
- (”b = (Gh +j0)Cb yjb + (Ub - UaXGba +ijba)+
+(Ub_UlXG]b +'/.(DC1/J) ‘
rae Uy u | — HanpskeHWe W TOK BIHMsIOLIEH Leny B Hio60ii €6

TOUKE.

IMpu aHanuse MHAYKTHPOBAHHBIX HANPSHKEHUH M TOKOB B JBYX-
NPOBOJIHBIX LensX Leecoo6pa3Ho NMosib30BaTbCd TEPMHUHONOTHENR Me-
TOAA CUMMETPHUYHBIX COCTABJISAOLIMX.

Kak M3BECTHO, METOJ CHMMETPHYHBIX COCTABJSIOIMX MOXET ObITh
NpPUMEHEH MTPU PacCMOTpeHUH NI000H n-hasHOH CHCTEMBI, IPUYEM YHC-
710 CHMMETPUUHBIX COCTABJSIOINX paBHO vuchy ¢a3 (B TpexdasHOH
CHCTEME TPH: HyJIEBas, NpsiMas U oOpaTHas).

JBYXIIPOBOJHYIO LIENb CBA3M MOXHO YCJOBHO Ha3BaTh ABYyXda3Hon
Mo aHanoruu ¢ TpexdasHoii o yuciy npoBoAoB. B Tako# cucreme Be
COCTaBAAIOILME: HYEBAas U npsaMast. TOKM U HANPsHXKEHHUs HYNEBOit noc-
Nle0BaTeNbHOCTH paBHLL B 0O0UX MPOBOAAX M HMEIOT OJIMHAKOBOE Ha-
NpaBJieHHE, NPUUEM TOK B 3€MJIE PABEH YABOCHHOMY 3HAUEHHIO TOKA B
npoBoJe.

HanpsxeHusa HyJeBoi NocieaoBaTENLHOCTH MEXAY MPOBOJIOM H
3eMiieil paBHbI MeXy CoOol ans oboux NpoBOAOB.

Toku NpaMoit NOCAEN0BATENBHOCTH B 000UX MPOBOJAX PABHbI MEXK-
Zy coboit, HO MMEIOT HanpaBieHUs, 0OpaTHEIE APYT APYTY.
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HanpsixeHne NpsMoit nocnenosaTebHOCTH B ka10M NPOBOJE PaB-
HO TMOJIOBMHE HANPSHKEHHSI MEKAY TPOBOAAMM,

TokH ¥ HanpsHKEHUs NPAMOH MOCIENOBATEILHOCTH B AAHHOM aHa-
JTH3€ MPEACTABIAIOT COBOM TOKH M HAMPSKEHHS IOMEX B JBYXIIPOBOI-
HOM LeN#, KOTOPbIE U TPeOYETCA ONPENESINTS,

HMmes ato B Buay, cocTaBuM nuddepeHUnanbHpie ypaBHeHUS LUTA
HH/YKTHPOBAHHBIX B JABYXIPOBOAHON HECUMMETPHYHOM LENH Hanps-
KEHUi U TOKOB, BBHIPA3uB MOCIEIHHE Yepe3 CHMMETPHYHbIE COCTABIA-
I0LL[ME NPSIMOH M HYJIEBOH NOCIEHOBATENLHOCTH!

U __Ua+U/7 Ua=UA—AU
A= 5 Up=U,4+ AU
;oo datdy [ e I,=I4-A [ (32
S In=14+Al

Cocrapnsiouine NpAMoi NOCNENOBATEIBHOCTH B KAXIOM NnpoBoae
obo3HaueHbl uepes AU, TAL

Hasee BbieneM cpennne apHpMETHYECKHUE 3HAUEHHS BCEX MEpBHY-
HbIX [1apaMeTpOB UENH CBA3H, NMPEACTABUB UX B CIIEYIOLUEM BHAE:

Ry = Ra;’Rh’ Ly= La+Lb,
R, =R4-AR, L,=L,-AL,
Rp = R4+ AR, Lpy=L,+AL,
' (3.3)
2 2
C,=C4-AC, Gy =G, -AG,
Cb=CA+AC, Gb=GA+AG.
7



To4HO TaK e MOJHbIE B3aVMHbIE IPOBOAMMOCTH MEXAY UETIAMH K
NOJIHbIE B3aUMHbIE COMPOTHBIIEHUS MEXIY HUMH INPCACTABHM B BHIE
CIIEYIOILHX yPaBHEHMIA:

_ Yig + Np
2
Yie =Y14 -AYi4 =G1g —AGiy4 +j0)(C1A +AC1,4)
Yib = Yig+AYiy = Glg +AGig + jolCiy —=AC14)
Zig+tZ
Zig = 1(12 1p (34)
Zig=Z14-DZ14= Rig~BRig + joll14 -ALig)

Zip=Z14+AZ14= Riga+ARi4 +jw(LlA +BL4)

Yig

B 3THX Bbipa)XeHUAX BETHUHHbI C HHAEKCAMHU a U b obo3HavaloT gei-
CTBUTEJIbHbIE 3HAYEHUS HAMPSIKCHHH, TOKOB Y apaMETPOB 1IEITH CBA-
3M; BEJIMUMHBI K€ C MHAEKCAaMH A O3HAYaloT COCTABIAIOIINE HYJIEBOH
TIOCTIENOBATENILHOCTN.,

3aMeHss AeHCTBUTENbHbIE 3HAYEHHUS! BCEX BEIHUYMH, BXOIALIMUX B
ypaBHeHHs cucTeMsl (3. 1), uepe3 cuMMeTpyYHble COCTaBIAI0MUE, IIPUBC-
JeHHbie B hopMmyiax (3.2) — (3.4), ¥ BeluMTas BTOPOE yPABHEHHE CHUC-
Temsl (3.1) U3 NEpBOro ypaBHEHUS 3TOH CUCTEMEI, 4 YETBEPTOE U3 Tpe-
TbEro, MOJYUNM

- d(z—AU) = 2A1[Ra ~Ryp + .jw(LA ~Lab )]+
dx (3.5)
+21 (AR + joAL)+21(AR 4 + jwALi4),

- _‘[(2A1) = 2AU[Ga + 2(Gab + joCpup )+j(”CA +Gigt JoCiy ]+

dx ]
+2U 4(AG + joAC + AGiy + joACi4 )-2U1(AG4 + jwAC14). (-6
BBC[ICM JOMOJIHUTEIIbHbIC obo3HaueHHUs:
AG + jwAC = p — acMMMETpHs IIOJTHOH NPOBOAUMOCTH ITPOBOAOB
LEIU CBA3M OTHOCHUTENBHO 3eMIH, CM/KkM;
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2(AR + jooAL)= E — aCHMMETpHS TOJIHOrO CONPOTHBIEHHUS MPOBO-
JOB uenu cBsizu, OM/KM;

211(AR1A + jwAL 4 )=2AZM = Z7 — NapaMeTp MarHuTHOTO BAHUs-
HHsI MEXAY MTPOBOJOM BBICOKOI'O HANPSDKEHMS M IABYXIIPOBOIHOM Lie-
1610 cBA3H, OM/KM;

AG14 + jwACy4 = Y7 — TapaMerp NIEKTPUYECKOrO BIMSHHS MEXIY
IIPOBO/IOM BBICOKOI'O HANPSHKEHUS U IBYXITPOBOAHOI LieNbio cBA3H, CM/KM;

Zru Yp— napameTpsl AByXNPOBOAHOM LENH CBS3H, KOTOPbIE BbI-
PaXaloTCcs ypaBHEHUAMH

Zr = Z[Ra +Rup+ jU)(LA = Lap )]
_Ga+Gly +j0)(CA +Cl,4)

Yr 2 +Gyp+ jwcab ’ (37)
2AU = U, aUr _ Ur:
dx
Al =TIy, '(—”l =[r.
dx

BBogas 3tu o6o3HaueHus B ypasHenus (3.5) u (3.6), noayuum
U% + ITZT + 1A§+ IlZIT =0
It +UpYr +U flp+ Yir )~ UpYir =0

Tak kak B 3TM ypaBHEHHS BXOIAT BEIMUYUHBI, XapaKTEPHU3YIOLIME
ACMMMETPHIO LEMH CBA3M 110 OTHOUIEHHIO K BJIMAIOMICH JTUHHUHM U 11O
OTHOLICHHIO K 3eMJIe, TO KaXAY10 U3 Benvuud U ¥ [ MOXHO moacTa-
BUTB B BUJE CYMMBI [IBYX COCTaBJISIFOLIUX:

Ur =Ur; +Urpy,
I =171+ I3,

(3.8)

rae Upy u I) — HanpskeHHe ¥ TOK NOMEX, BOSHUKAIOIIHX B LIEMH
CBA3H BCHIEACTBUE ACHMMETPHH PACIONIOKEHHS €€ MPOBOIOB 10 OTHO-
INEHHIO K BIMAIOWEMY NPOBOAY, & Uy U I — HANpsXKEHHE U TOK [O-
MCX B TOM € LIeTTH, BO3HUKAIOLIUX BCIEICTBUE ACUMMETPHH IOJIHOTO
COMPOTHUBJICHUS U MOIHOH NPOBOAMMOCTH MPOBOAOB ILEMU CBA3U IO
OTHOILEHHUIO K 3eMJIe.
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Yno6Hee BCcero onpeacanTh YKa3aHHbIE COCTABIAIOMME HATIPSKE-
HUS ¥ TOKA B OT/AEIbHOCTH, MOAB3YACh METOAOM cynepno3uuuu. Jias
3TOrO NpH ONpEENeHUH NEPBbIX cOCTABNAIOUNX Up ¥ [ NpuHUMA-
eM, 4TO (aKTOpbl, O6YCIOBIHBAIOIIHE NOABJIEHUE Hanpsxenns U u
TOKa /7 MIOMEX, OTCYTCTBYIOT; NIPU OIPEACNIEHNH e BTOPbIX COCTaB-
nsounX Uqn v I MPUHMUMAEM 2HAIOTHYHO, YTO OTCYTCTBYIOT (haKTo-
pbl, 00yC/I0BIMBAIOILME TIOSiBIICHWE HanpskeHus Up u toka [ 1mo-
mex. Toraa obuyio cucreMy anbbepeHLHanbHbIX ypaBHeHmit (3.8) Mox-
HO MPEACTABHTL B BUAE ABYX CHCTEM yPABHEHHH, & HMEHHO!

1) npu AR =0, AG =0, AL =0, AC = 0 1 HAIH4YNHU ACHMMETPHH
NPOBOAOB LEMM MO OTHOWEHHIO K BiMslowemMy nposoay (Y, = 0;
Z 7= 0) nonyunm nepBylo CHCTEMY ypaBHEeHUH:

Uri +InZr + 11 Zyg =0
I +UnYr + U4 - U Wir =0
2)npu Y7 =0u Z;7 = 0 1 HUIMYMH ACHMMETPUH B COTIPOTHBJICHHH

NPOBOZIOB H B UX MPOBOAMMOCTH M0 OTHOLIEHHIO K 3eMJle, T.€. IPH AR = 0,
AG =0, AL =0, AC = 0, noJIlyYuM BTOPYIO CUCTEMY YPABHEHMIA:

Ura +1m2Zr +14£=0
Ity +UpyYr +Ugp =0/

(3.9)

(3.10)

3.1.2. OnpegejiecHHE COCTARIIIOUIHX HAIPIKCHHT
H TOKAa 1omex, OOYCIORTIEHHBIX ACHMMETDHEH
PACIIOTONKEHHsT IIPOBOJOB LEMH CBA3H
[0 OTHOMIEHHIO K BIHSIOIIEMY ITPOBOLY

Jns onpeneneHus nepsbix coctapnstowmx Up u I — Hanpsxe-
HHS ¥ TOKA NOMEX B LIENH CBA3H — HeoOXO0AHMO PELINTL CHCTEMY YPaB-
HeHuit (3.9).

Tak xak coctapnsiomas HanpsokeHust U, Hynesoit nocnenosarelib-
HOCTH, HHAYKTUPYEMOTO B LIETH CBSI3H, Mala N0 CPABHEHUIO C BEJIHYM-
HOH BJIMSIIONIETO HAMpPsXeHUa U BO BIMSAIOLIEM NPOBOJE, TO B ypaBHe-
HUsX (3.9) eto MoxxHO npeHeOpeys. Toraa nojgyuyum

Un +InZr + Zirl, =0}

3.11
Iy +Un Y - YipUy =0 (3.11)
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Onpenenum cocrasnsionlyio Uy ans uenu ceasu. Cucremy ypas-
Hennid (3.11) peliaem MeTosoM cynepnosuumM, MoNaras, 4To Kaxaas
U3 BEMMYMH Upy U I COCTOMT M3 ABYX ClaraeMbix, T.e.

Uri=uy+uz, I =ij+ia,
A€ Uy M i YROBNETBOPSAIOT ONHOPOIHOI CUCTEME YpaBHEHHIA
u+iZr =0
i Y =0 (312

OGuuee pelenye kaxaoro ypaBHeHNs OQHOPORHOH CHCTEMBI onpe-
ACTIACTCA B BUAC CYMMBI JABYX CiaraceMsix:
u = Ce'T* + Cpe I7*

11 =Dle‘YTx +Dze—YTx (313)

rae Yy =+ZrYr .

Boipasum i uepes C| un C,, U151 4ero BO3bMEM INEPBYIO TNIPOM3BO/I-
RYIO OT /| K IOACTABHM €€ BO BTOPOE YpasHenue cucTeMsl (3.12). Toraa
fonyyum

o X ~YrX X Y7\
i = Y7 D™ = vy Dye T =y (DT - Dot )
Orcrona
YT(DleYTx - Dzé’_YTX)’“ Yru =
= YT(l)leYTx — Dze-YTx + YT quTx + Cze-YT’\‘ =0_
Banstue, o6ycnosnenHoe acuMMeTpHeii paclioNOXeHNs POBOLOB

LieMH, MOABEPKEHHOMN BIIMUSHMIO, MOXHO BbIPA3UTh Yepes B, — nepe-

XOMIHOE 3aTyXaHHe Ha OJMXKHEM KOHLIE MEX/1y BIMSIOUIEH OHOPOBOLHOMH
LCTBIO H CMEXHOH BYXNPOBOAHON LIEMbIO (MOAPOGHO BHIBO CM. B [7]):
IIPH 3JIEKTPOMArHUTHOM BIIMSHUHU

B =1In 20y +v7) ‘
H ’
Yir + _Zr ,ZBIZBT l_e—(YHYT)I
ZugZsT
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TONBKO [MPpU MAarHUTHOM BJIIMAHHH

B o ‘2(Y1+YT)\/ZB|ZBT
Tln =10

] ZlT |1 — e-(Y|+Y'r )/

\ ’
TOJIBKO IIPH CKTPUUECKOM BIUSHHUH

2(y1 +v7) l

YIT \/ ZB]ZBT 1- e—(Yl+YT )[”

Bryy =In

3.1.3. OnpenenenHe COCTABIAUIHX HANPIKeHHA
H TOKa IOMeX, OOYCIOBTEHHBIX ACHMMETPDHEH
VTEKTPHYECKHX MAapamMeTpOB INPOBOAOB Le€lH CBAH

HanpsoxeHue Upy 1 TOK I, 00YCIOBIEHHBIE aCUMMETpHEHN JJIEKT-
PHUECKHMX MAPAMETPOB MPOBOJOB TeleHOHHON LENH, NMONYyUnM U3 pe-
LIEHUS] CUCTEMBI YPABHEHHUH

U%z +1T2ZT + 1A§=0
. (3.14)

Iy +Ur2 Y7 +Uygp=0

Bxogasllue B 3TH ypaBHeHMs Hanpskenue Uy ¥ TOK [ 4, SABJISIOIIHECS
B CBOIO Ouepeab QYHKUHMAMM [UTHHBI JIMHAK (X), BO3HUKAIOT I1O] JeH-
CTBHEM BJIMSIOLLETO TOKA U HAMPSIKEHUSA B KAXKIOM U3 IPOBOAOB ABYyX-
[IPOBOJAHON LIENHU CBA3H.

[TpuBeneM nosyueHHbIe Bblle BoIpaxenus ans Uy u 14

a) MpM Harpyske OJHONPOBOAHOM LENMH Ha CBOE BOJIHOBOC COMpO-
TUBJIEHHE

Uy = Ae™ +(UAH —A)ch\(Ax—ZBA(IAH —B)shyAx
IA=B€_YIX+(IAH—B)ChYAx—-—--—U;-I_ASh’YAx ’ (3'15)

BA
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6) mpu ueny, U30JIMPOBAHHOM 10 KOHLAM,

Uyg=Ae™ +(UAH - A)chyAx+ BZ;4shy 4x

Ugy-A .

=T shyx (3.16)
Zsy

I4=Be "™ —Bchy x-

3nece

_ N4l = Z 4N 4V g YaZialuy =N Y4V
) , = 2
YI —Y4 Yi2 Y4
Hanpmke}me B HayvaJsi€ LMK CBSA3H, HAaBCACHHOE INEKTPOMATHUTHBIM [10-
JIEM BITHAIOLICH JINHUH, ONPEAENSETCA CrIeyIOIWNM OOLIHM ypaBHeHHeM [4]:

% A

Uran = Y5l + 40 ~(Bi+ 43)Z, 71 #1218 B Zor - )M +

+[(43Zo7 - Ao )ehy 4l + (B3 Zyp - By )shYA[)]e“YT/#

IlpencraBum 310 obliee ypaBHEHHE B BHIE ABYX COCTABISAIOLIMX,
00YCNIOBIEHHbIX 3IEKTPUYECKMM W MATHUTHBIM BJIHSHHUSIMH.

Mis onpeaeneHns cocraBaswomei, 06yCIOBAEHHON TOMbKO IJIEKT-
PHUYECKHM BIIMSHHUEM, T.€. Ina cnyvas  Zj 41, =0, noacraBum B 00-
HICEe YPABHEHHE MOCTOSHHBIE HHTETPUPOBAHHS

(3.16)

4= EBY | +Z1PA EBYT +v1pA
1= 7 2+ Bi= 2.2
Yi =Y7T Yt —YTr
b= EYar0Zr =) BoZeazr +5r4)
2 .2 ’ <7
Y4 -5 Ya -7
._B -
A =2—T(§YT +pZ4); By=- Yau—4 gyg *P24
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Torga mocne npeo6pa3oBaHHil MOJYYUM CHEAYIOLIEE YDABHEHHE:

AN e _chy I 1
Uy =— 1u2 BA21A Y4+ Y4 — x
2 Y1~ Y4 ShYAl e i —Ch‘\{Al
Y4+t ————
ShYAl
_ —yrl
y et +pZ 4 Zr - EYr +0Z W Zsr 1-e fusvr) N (“e T ChYAl)Yl y
Z 2 2 2 .2
BA Yi YT YA4~YT
-l
(ozr +’§YA)(€ " “ChYAL)+ &Yy +0Z4 ) Zor
Sh'YA/ ZBA
Yle—YT[ -yl
- 3 5 e —ChYAl EYT +pZA)ZBT+
\ iy

+(0Z,4Z7 +Ev4)shy 41} (3.17)
B 9TOM ypaBHEHHH nepes GUrypHBIMU CKOOKaMH CTOHT BbIPAXXEHME,

ONpe/IEISIOLIEE BETHYHHY HANPSIKEHUS [/ %, B HAYase OJHOMPOBOAHOM

H30JIHPOBAHHON MO KOHLAM UMM IPH 3JIEKTPHYECKOM BIUSHHUH.
Taxum ob6paszom, ypaBHeHue (3.17) MOXHO NpPEACTABUTL B Clle-
AYIOLIEM BHC: '
U2 = VU210
287 /9 AxM >
A€ MHOXKHTEIb 1)) PABEH BEIMUMHE BCETO BHIPAXKEHUS, 3aKIIIOYEHHO-

ro B GurypHbie ckobkH B npaBoit uactu ypaBHeHus (3.17). 31ot MHo-
KHUTEIb paBEH OTHOLLIEHHIO YABOCHHOTO HANPSHKEHM, HHAYKTHPOBAH-
HOI'O B ABYXNPOBOJHON LENMH, K HANPSIXKEHHUIO B Hauaje OJHOTO U3
NPOBOAOB TOM e LENH U XapaKTepU3yeT UyBCTBHTENBHOCTD [BYX-
NMPOBOLHON LIENH K TIOMEXaM, TI0ITOMY IO Ha3bBalOT Kodbdhuunen-
TOM UYYBCTBUTEJILHOCTH TeAe(OHHOMN LIENH K MOMEXaM MPH 3JEKTPH-
4ECKOM BJIMSIHUU.
Takum obpazom,

il
V UnZs4Y14 e —chyyl) »
Ufou =~ —B=pAZ0d |y 44y ———L .
e oY 619
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Hns onpeneneHust Bropoii cocTaBlsiowueH, 06yCloBaeHHOH TONbKO
MarHUTHBIM BJIMSHHEM, T.€. A cnydas Y Uy, =0, noacraBum B 06-
iee ypaBHeHue (3.16') nocrosHHble HHTerpupoBanus A4, By, ..., A5,
B3, nocne npeo6pa3oBaHuil NOJIyYHUM CIIELYIOUIEE YpaBHEHHE:

1,2, N _chy | 1
Utau "—"——ZIH l': YI+Y4 ¢ ta 1[ 3
Y -v4 shy 4/ 2 e M —chy 41
VN+t¥qg—p——"—
sh ’YAI
1=~ tirr) chy 4ot

T3 [Yl(%YA +PZT)—ZBT(§YTYA +Y129)]+-7—T~><
L Y4-VT

-yl vyl

(pZT"‘EY Xe " —ch I){ Y e YT
4 Yallia +YAYT§+ ZBTY%‘ip _“—_fé’ 5 X

shy al YA~ YT

x|{(y7E+ ZypZ4 )(A'_Y'[ -ch YA1)+ (pZyaZr +Ev4)sh YAI}-
(3.19)

B ypaBnenun (3.19) nepen purypHbIMH CKOOKAMH CTOMT BhIpake-
HHE HAMPSKEHHS B Hayalle OAHONPOBOAHON M30JTMPOBAHHOMN MO KOH-~

1aM Lieny 0Py MATHUTHOM Biusuun (U, ). Bripaxenne B Gurypubix

ckobOKax mpexacraBnseT co6oil KO3QPUUMEHT YYBCTBUTEILHOCTH TeJe-
dboHHO# Henu Kk nomMexam NMpH MAarHUTHOM BiHsHuM. Takum o6paszom,

-y
11 Z]A e V! —-ChYAl '
Ul =5 —4-| 1 + Y4 ————= "

Pewnm tenepe ypaBHeHus (3.14) s cnyvas, xoraa cpefHHe TOUKH
JIMHERHBIX TPaHCHOPMATOPOB LM CBA3M 3aMKHYTBI Ha CONPOTHBIIE-
HHS, PABHBIE BOJIHOBOMY CONPOTHBIICHUIO HENMU “NpOBOA — 3eMiisi”.

[ToacraBus 3HAYEHUS U, u I, 13 ypaBHeHu#t (3.15) B ypaBHeHus
(3.14) ¥ NPUMEHHUB TOT ke CMOCOO PEeIUeHUs, YTO U AJIs cly4as, Koraa
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CPEHHE TOUKH JTMHEHHBIX TPAHCHOPMATOPOB W30JIMPOBAHBI OT 3EMIIH,
HOJIyUMM citeflyloiue Bbipaskenus nns U v Iy

Ury =Uran = A = 45 )chyrx + Zyp (Bl + 4y = Iy )ehyrx + )
+ 4™ + 4y chy 4x + By shy 4x

Ity = ———Uraa = A ~ 4)shyrx—(B + A3 - Itz )chyrx +[
8T (3.21)
+ Bje """ + A3 chy 4x + By shy 4x
rae
, EBY+ZrpA ,, EBYr +ypA 1
A== B=—5
YT -YT Yi =7
. ([Ev,+ pZTXUAH -4) (0ZsaZr +Ey 4 NLsu = B)
A2 32 = 2 2 s
, YA YT U /;{AngT+pZ (322)
Ay =2 e vy +pZ,4) B - s
Ya~ YT Zs 4 YA YT

Peuilasi COBMECTHO /iBa ypaBHenus cucremsl (3.21) npu x=/ oTHOCHU-
TenbHO Uy, MONYUUM JUISL AAHHOTO Cilyyast

Uran ——{Q“l BlZBT)<1 v ) )+ (4 —AézaT)(l—e'lechYAl)+

+ée - ShYAl(BéZBT—Bé}. (3.23)

IpencraBum BhipaxeHue (3.23) B Bue IBYX cocTaBsomux, obyc-
JIOBJIEHHBIX JJIEKTPHUECKHM M MarHUTHBIM BJIUSTHHSMMH.

J11 OTpeaeneHus COCTaBIsoIeN HanpsXeHus, obycnoBIeHHOM!
TONILKO 3JIEKTPHYECKMM BIIMSHUEM, NOACTaBMM B ofbllee ypaBHeHHE

(3.23) mocTOsHHBIE UHTErpupoBaHus A Bj Ay B3 A3 u By, ompene-
NeHHbBIE VIS JAHHOTO ciy4dasi u3 ypaBHenwuii (3.22). Torna ans BenH-

YHHBI [/}, TOCIE NpeoOpa30BaHUMA MOJNYUHM yPaBHEHUE
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U Y _
Uy = Zsal) (l—e (n+va)l Y1
2(Y1 +YA’ (i =74 ZBA(I —Yj

PZ 477 1_(,_(YI+YT)/
1 ] 1= o~ vl

pZr +EY, 1
(Yl-YAXYA YTJJ Y'”")IJ

[Yl YA)(I o~nera)l )+2Y + Zar [Yl YAXI i)l )—2yl]><

+

X(EYT +pZaZyT —E1 -

+

ZBA

1= Vlchy g e T'shy 41
Y + ‘ A s ;y/‘f |
x &Yy +024) P Y (%_Yzlz _ 2h_,-(Y1+YA)1J g
ANa~Yrf~e

[ Zat fo y fi-elrera) oy, |
BA

levr 402, e -y -t 2y Jozy vy, )b G20

BripaxeHue, crosiuee B GUrypHbIX CKOOKAaX 3TOrO YPABHEHH A, Npej-
craBiisieT coboii koahhULIEHT UyBCTBHTENBHOCTH ABYXITPOBOIHOMN LENH

CBSA3H K [IOMEXAM MPH WICKTPHUICCKOM BAUAHHH 1’]3 AJiA ciiy4das, Korjia

yens “rpoBol — 3eMi” 3aMKHYTA 110 KOHLA@M Ha BOJIHOBbIE CONpO-
TuBNeHUst Z, 4. Takum obpasom,

L UnnZaa¥ia [ _ o) !
2 Yy TY4

Jua onpeneiteHuss coctaBisionled HanpspkeHUs, 00ycloBleHHON
MarHuTHBIM BJIMSIHUEM, TIOACTABUM B obulee ypaBHeHue (3.23) mocro-
SIHHBIE UHTErpUpoBaHns 4, B, Al, Bl, AZ, Bz, A3 H B3, OlpeIeNIe HHbIE U1
JAHHOTO Cy4yas U3 BbILIENPUBEJIEHHBIX ypaBHeHU. Toraa mis onpenene-

Uz = (3.25)

HHS BENMYMHBI [/, MOCie NpeobpasoBaHuk MONYYHM yPaBHEHHE

1 1.7 .
Uy = 2 AMuLi4 (l (A+'Y|)[)nM

. (3.26)
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rae nM” — KOB(beP[LlHCHT 4YyBCTBUTEIIBHOCTH JABYXIMPOBOAHOHW LETIH

CBSI3U K [NOMEXaM IPH MArHUTHOM BAMSHMH H 3aMKHYTBIX KOHLAX LEMH
«IPOBOJL —— 3EMJISD» HA BOJIHOBBIE COMPOTHUBICHHUA.

Hanuwiem Teneps GopMyJibl Ui ONPEACICHHS HAMPAXKCHHS LLyMa B
ABYXIIPOBOJHOM LIENH, 00YCIOBICHHOTO ACUMMETpHEN 3TOH uenu, A
cilyuas, KOra CpeAHHe TOUKH JIMHEAHbIX TeneOoHHBIX TpaHcHOpMATO-
pOB 3AMKHYThI Ha 3EMJIIO.

Petuens ypaBHeHnit (3.16), HanmcaHHbIE A7 3TOro Ciy4as, OynyT aHa-
JIOTMYHBI TIPEbIAYLIAM PELIEHHAM JUISl APYTUX CITYHAEB COCTOAHHUS JBYX-
NPOBOAIHOM LenH cBs3u. Mcxoauble auddepeHLIHATEHbIE yPaBHEHHA, T]?C-
BylolHe petueHHst, OyayT sl JAHHOTO CITy4as MMETh CIICYIOIIMH BIL.

: A
Ury + I Z1 +§ Be " + (IAH - B)chyAx + = shy 4x| =0,

BA

Iy + U Y1 +9) Ae™ ™ —(IAH —B)ZBA shy4x - Achy4x|=0.

B pe3ynbTaTe peleHHs 3THX ypaBHEHUH NOJTY4MM CIICYIOLINE OKOH-
YATENIbHBIC BbIPAXKEHUA: [UIS COCTABJISIOUICH HAMPMKEHHA B HAYAJIC
JBYXMPOBOAHOMN LieMH, 00YCIOBNEHHO 31EKTPHICCKMM BIIUAHUEM,

e —chy | 5

UI lA .
Uj _—_H_l}___] + —_—m ) 7
T2u ‘Y‘lz Y2 Yl YA ShY 1 (3 2 )

N aJis cocTapisiolleil HaTIPsAXEeHNU, O6yCIIOBJ'I€HHOI/I MAarHUTHBIM BJIH-
AHUEM, B Hadaja€ LECMN

—vil
L Zs1Z e W —chy /) w
Uy =B A —g 1, (328)
Zsa\W1 —Y4 A

roe njm M ™ — KOIQPUUMEHTBl YyBCTBUTEJILHOCTH K MIOMEXaM

JUTS JAHHOT O cilyuast (aHANOrMYHbIE BbILIENPUBEICHHBIM Ko3dpumeH-
TaM 4YyBCTBUTENIBHOCTH K TIOMEXAM).
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3.1.4. Biruaune TpexqpasHbIX JTHHHI
' BBICOKOIO HAMPSDKEHH: HA JBYXHPOBOAHBIE I€ITH CBAH

Kaxayi0o MHOrONPOBOJHYIO JIHHHIO BLICOKOIO HAMNPAKEHHS W3
n NIPOBOJAOB MPH PACCMOTPEHUU BAUAHUS €€ HA LENb CBI3U LIeJIECO-
006pa3HO NpeACTaBUTh COCTOSILIEN M3 ABYX BIUAIOLIMX LEMei: noJ-
HOCTbIO CUMMETPHYHOHN M ITOJIHOCTBIO HECHMMETPHUYHON («n mpo-
BOJOB — 3eMJA»).

Hanpumep, nByxdasHyio BIHAIOLLYIO LUENb MOXHO M0 METOAY Cy-
NEPHO3HLNH TAK KE, KUK U ABYXIIPOBOAHYIO MOJIBEPKEHHYIO BIHUSHUIO
Lenb NMpeACTaBUTh B BUJE BYX LENEH: a) ABYXNPOBOAHONH CHMMETpPHUY-
HOH LIETH C NPHIIOKEHHBIM BIIMSIIOWMM HanpskeHneM U U BIHSIOIUM
TOKOM [ (TOKOM NpAMOI MOCJE0BATENBHOCTH) U 6) NMOJHOCTBIO He-
CHMMETPHUUYHOM LIEMH «JBA [TPOBOJA — 3EMJIS» C NPHIIOKEHHBIM K KaX-
AOMY NPOBOJY OJMHAKOBBIM BIIMAIOLMM HanpskeHnuem Uy 1o oTHO-
WIEHHIO K 3EMJIE H O/IMHAKOBBIM BIIMSIOWAM 00WMM ToKkOM /g B 0B11mMX
NpoBOJAX, HPOXOAALIMM B OJHOM HAIPABACHUM (TOK HYNEBOH 1ocie-
JIOBATEILHOCTH).

Tpexdasnyio BAUAIOLLYIO LEMb TAKXKE MOXHO NPEACTABUTL COCTOS-
LEH U3 IBYX BIAMSAIOIMX LENei: a) CHMMETPU4HOM TpexdasHoli Lenn ¢
OJIMHAKOBBIMH JIMHEHHBIMH HANPSHKEHUSAMHU H (a3HLIMH TOKAMH, CIBH-
HYTBIMH TIO (hase Ha 120° (Toku NpsAMON nocneaoBaTeNbHOCTH); 6) noi-
HOCTBIO HECHMMETPUYHOM LIENU «TPH (a3bl — 3eMiIsH» € HANPSHKEHHEM
Upy Mexy KaxabiM [IPOBOJIOM H 3eMeil 1 0BLMM TOKOM B Tpex Mpo-
BoJax I (TOK HYNEBO#H MOC/IENOBATENBHOCTH).

YKa3aHHbIE UENH BBICOKOIO HAMPSHKEHHUS CBOMMU JIEKTPHHYECKUM U
MATHUTHBIM [OJIAMH UHAYKTHPYIOT B LENAX CBSI3H OCTOPOHHUE TOKH
1 HanpsbkeHus. PacueTHsie hOpMyNbl A1 ONIpeaeneHHs 3THX TOKOB U
HANPSDKCHUI TIPH BJIMAHUHM KaXI0H COCTaBNsIOIEH UeNd MHOIONpO-
BOAHOM JIWHUHM MOJTyYaIOTC U3 PELICHHS PACCMOTPEHHBIX BbILUE OOLIMX
JutpepeHIHANIBHBIX YPABHEHUIH.

Pacuer BAMsSHHMS MHOIONPOBOAHBIX JTUHHI BHICOKOI'O HAMPSIKEHUS
Hid OOHOMPOBOIHYIO LUEMb CBA3U CBOAUTCS K ONPENCIEHHIO BAUSHUS HA
Hee ABYX LieNei: NMOJHOCTBIO HECHMMETPHYHOM Leny «aBa npoBoja —
ICMJIS» WM «TPH NIPOBOJA — 3€MJIS» U CUMMETPHYHOM 1enu (aByX-
thasHOM umu TpexdazHoit).



CocTapsoLfe HHIyKTHPOBAHHOTO HAMPSDKEHHUS, 00YCIIOBIEHHBIE
BJAMSAHUEM JITHUX lieNei, onpenesior no bopMynaM, HOTYyYEHHLIM U3
peLieHUs] PACCMOTPEHHbIX Bbilue AH(GEPEHUHATbHBIX YPABHEHHUH.

[NepBas cocraBnsolas, 00yCIOBAEHHAs BIUAHHEM ITOJIHOCTBIO HE-
CMMMETPHUHOH BIHAIOWEN LenH, MTOACYUTHIBAETCA MO GopMyIaM

a) ANs Ciydasl, KOrja OJHOMPOBOAHAS LElb, MOABEPXKEHHASA BIIUA-
HUIO, 3AMKHYT& HA BOJTHOBBIEC COMTPOTHUBIIEHHS!

7\ 1=eltrra)
[2

I
U anl =_2_Ui0HZBA Yig+ ZuiZoa — ’ (3.29)

6) I caydasi, KOr[a Lelb, NMOJBEPXEHHAs BIMSAHUIO, H30JIMPOBA-
Ha IO KOHLAM:

i
UionZ s 4 Zig eV —chy,l
Ugu = Vit YAa————
T vy | ZeiZea shy 4/
v . o Vil —chy 4/ (3.30)
+ ¥4l YAt Y shy 4!

Bropas cocrasisioiias, 00ycjIOBIeHHAs BIUSHHEM CHMMETPHIHOH

ABYX- WK Tpexa3HOM LelH, MOACUHTHIBAETCS 10 GopMynam
a) [UIA cilyvasi, KOria Uernb, TOABEPKEHHAs BIUSHHIO, 3aMKHYTA Ha
BOJHOBBIE COTIPOTUBIICHHS:

_l_ UiinZsa Y., + Ziia [1 _e—(Yii+YA),]’

Uygp = A
A2 > YH+YA i ZBiiZBA

(3.31)

6) AJIg ciydasi, Korga uenb, noABEpXXCHHAA BJIUAHUIO, U30JIHpOBA-
Ha 1O KOHLIAM!

il
UinZsa | _Ziia e Vi —chy,l
U ==+ Yi + Y4
" 'Y,Z,' —Y%; ZyiiZpa ! shy 4/
e Yil —chy 4l (3.32)
+Yiia| Y4 +Yn'—m—
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B sTux dopmynax:

1) HAEKC { OTHOCHTCSI K HECHMMETPHUYHOMN BIIMAIOLIEH LIernu U paBeH 2
U1 ABYX(a3HO BusioiLei neny uiM 3 Juis TpexgasHoi BiMsowei Leny;

2) Uy, — OCTATOYHOE HAIPSAKEHHUE 110 OTHOLUEHHIO K 3eMJle, Aeil-
CTBYIOLLECE B HAYAJIE BIUSIOLIEH HecuMMeTpuiHoi nenu (U, — B ABYX-
dasnont uemn; Us,, — B Tpex(paszHO#N Lenu); Ha NpaxTHKE BeJMYHHA
3TOro HaMpsDKEHUA gocTuraeT 5% pabouero HampsiKeHus;

3) Y, uZ;, — napameTpsl COOTBETCTBEHHO 3JIEKTPHUYECKOrO U Mar-
HUTHOIO BAHAHUNH MEXIy HECHMMETPHYHOH BIUAIOMIEH LieNbio («aBa
IpOBOAA — 3EMIISH» UJIH «TPH MPOBOAA — 3EMJIIA») U MOABEPKEHHOM
BIIMSTHUIO OOHOITPOBOAHOM ienbio (A);

4) Z,; 1Y; — COOTBETCTBEHHO BOJHOBOE CONPOTUBIIEHUE U [IOCTORH-
Has pacnpocTpaHEeHUs BOJIHbI YKa3aHHOH BblIlie HECHMMETPHUYHOMR BJIU-
SIOLEH Lenu;

5) MHOEKC ii OTHOCUTCS K CHMMETPHUYHOH BJIMSIOIIEH LUENU U PABEH
22 ana aByxdasHoi nenu win 33 Ais TpexdasHoi Leny;

6) U;;,, — paboyee HanpsKE€HUE MEXIY [IPOBOJAMHU B Hayalle BIUS-
I01ed CMMMETPUYHON Leny;

T Y u Z;;4 — NapameTpbl COOTBETCTBEHHO 3MEKTPHUYECKOTO H
MAarHuTHOTO BJIMSIHUM MEXIy CHMMETPHYHOMN BIHSIOIEH LENbIO U OJ-
HONIPOBOIHOM LENBIO CBA3H;

8) Zyj; ¥ ¥;;— COOTBETCTBEHHO BOJHOBOE COIPOTHURIICHHE M MOCTO-
SIHHAs PAcCNpOCTPAHEHHUs BOJTHbl CUMMETPHUHOIT BAUAIOUICH LEHH.

Pacuer BiIUsiHMS MHOrONpPOBOJHOH JIMHUM BBICOKOIO Hampsixke-
HUSA HA ABYXIPOBOJHYI LIENb CBSI3U CBOAUTCS K ONPEACIICHUIO Ye-
TBIPEX COCTABJAIOIINX, OOYCIOBICHHBIX BIIUSHUEM MEXIY ClEay-
IOLUMHU UENAMU:

1) HeCUMMETPHYHOH BIHSAIOWEH 1 ABYXITPOBOAHONH CUMMETPHUHOI,
HOABEPXXEHHON BJIUSTHUIO;

2) HECUMMETPHYHOMN BIHUAIOLIEH 1 HECHMMETPHYHOMN, NOABEPKEH-
HOR BAMSHHIO (CTy4aH 3aMbIKAHUS CPEIHUX TOUEK JAUHEHHBIX TpaHC-
()opMaTOpPOB Ha COIJIACOBAHHbIE COMPOTUBIICHHS COOTBETCTBYIOIIMX
1CHEd «IIPOBOJ — 3EMIIAR).

Ko3dduineHTsl YyBCTBUTENBHOCTH 1] K MOMEXaM XapaKTEPU3YIOT
CJIOXKHBIC SBJICHUS TIEPEXOJa HHAYKTUPOBAHHOH 3HEPTHU C OJHONPO-
BOJIHOH LIENK Ha ABYXNPOBOAHYIO. PacueTHbIM nmyTeM 31U KoadhdHuLu-
¢TI ONPEAENIUTh MOXKHO TOJBKO HA 9BM u ¢ mpumeHeHUeM cTaTHC-
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THUECKUX METOOB, TAK KaK 3HAYECHUS aCHMMETPHU & M P, KOTOpble
BXOAAT B KAXAbli YJIEH BRIPAXKEHUH 1A 1), MOTYT U3MEHATBLCH B ILIHPO-
KMX TIpeAesiax U pacnpenenarbes M0 JUIMHE LENH, T.€. MPeNCTaBIsoT
cayqakHbli npouecc.

W13 npuBeaeHHbIX Bbille HOpMYIT CleAyeT, YTO KOIPHUIIMEHT YyB-
CTBHUTEJILHOCTH K IIOMEXaM 3aBHCUT OT ACUMMETPHU NTOJIHOTO COMpPO-
THUBJIEHUA & M MOJHON MPOBOAUMOCTH P MPOBOAOB IABYXIPOBOAHOMN
Ueny cBA3M, OT €€ BTOPHUHBIX NapaMETPOB, [IOCTOSHHON PACIpOCT-
pAHEHUS BOJIHBI TOKA BO BIHANOWIEH LUENH Yy, KOTOPbIE MOTYT H3Me-
HATHCH B IIMPOKUX NpEAesiax U pacupeaensaTbes Mo IMHE Lenu He-
paHOMepHO. M3 3THX popmy.1 Takke caeayeT, 4To Ko3hhHLUHMEHT 4yB-
CTBHUTEJIbHOCTH PABEH OTHONIEHWIO HANPAXKEHUS B Hadajue IBYyXMpPoO-
BOAHOM LENM K HAMPSKEHUIO B Hayaje OJHOMPOBOJAHOM lienH, T.e.
TNPH 2JIEKTPHYECKOM BIHSHUHN, KOTAa CPEAHUE TOUKH JIMHEHHBIX TPAHC-
(hopMaTOPOB LIETTH M30IIMPOBAHDIL,

) 5 3
n =2UT2H/UA|{§ (3.33)
TO Xe, Korga cpcaHHe€ TOYKHU 3aMKHYThl Ha COrJ1aCOBaHHBIC CO-
TIPOTUBIICHUS,

N> = U72n /U (3.34)

Hpu MACHUTHOM BIMSIHHU B o6oux yYKa3aHHBIX Cly4asX COCTOs-
HHUSA LCIMH

N = Ut /Ul - (3.35)

[TosTomy 3HaueHNs KO3DHHUIHEHTOB YYBCTBUTENBHOCTH PH Pa3Iny-

HBIX BMAAX BJIMSHHUS MOTyT ObIThb Mojiyuenbi nyrem nsmepenuii. [pu

IKCMEPUMEHTANIBHOM ONPEASIEHUH YKAa3aHHBIX KO3G(ULIHEHTOB UyB-

CTBUTEJBHOCTH TONb3YIOTCS HECKOJLKUMH CXEMaMU M3MEPEHWs, MPH-
BeOSHHBIMU B [4, [1].

3.1.5. YnporeHHbIH pacder KOIQ@PHUHEHTOB
YYBCTBHTCJIBHOCTH K ITOMexaM ABYXIPOBOAHOH wLelld
CBSIZH

Kak nokasaHo Bbille, KOS(t)(i)HLU’ICHTbI YYBCTBUTECIIBHOCTH K ITOME-
XaM lIByXHpOBOHHOﬁ nenyv CesA3M 1, XapaKTEepU3YyIOTCS OTHOLICHHEM

MOMEPEUHON 31C K IKBUBAJCHTHOH MPOAOIbLHOIN, onpeaensomei Ha-
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TIPSHKECHHE MEXKAY KaX/bIM H3 [IPOBOIOB UENH H 3emieii. OHu, KaK mpa-
BIJIO, H3MEPAOTCS MM BEpYTCs M3 cnpaBoyHOil auteparypst [2, 11] u
HOPMATHUBHBIX T0KYMEHTOB [19]. [lns ynpoiueHus pacueToB ¢ UCIOb-
30BAHMCM BbIMHCIIUTENLHON TEXHUKH 3HAYCHUS KOIPPULIMEHTA UYBCTBH-
TEILHOCTH 7). K TOMEXaM JBYXIIPOBOLHOIT LMK CBA3M, IPUBEICHHbBIC B
Tabmuuax peicrByrownx npasu [9], anrpoKCUMUPOBAHDI MIOJIMHOMOM
BTOpOro nops/Ka, JalolMM J0CTATOUHYIO IS IPAKTHKH HHXKEHEPHBIX
pacyeToB TOUHOCTD:

N =4k +B k+ C)-10°, (3.36)
rae Ay, B, C, — xosdduuuents! sz tabn. 3.1, COOTBETCTBYIOIIIHE
paccMaTpUBAEMOIi JIMHHUM CBA3H.

Tabruya 3.1
3uauenun KO3QGuUHEnTOB An14 pacueTa KOIDDULIKEHTA 4y BCTBHTEALHOCTH Nk
K TOMEXaM JIBY XTIPOBOJHON 1ETH CBA3N

Tun nunun ceasu Ay B, C,
Bosayunas u3
UBETHOTO Me- Ha tpasepcax 0 0,067 0,913
Tama
Ha kproxax:
a.=40 cm 0 0,136 1,828
a. =60 cm 0 0,20 2,80
Bosagyunas us H
cranu a TpaBepcax 0 0,165 2,37
Ha xprokax:
a. =40 cm 0 0,236 3,28
a. =60 cm 0 0,33 4,69
llenu maruct- H .

PATBHOTO ENnyNHHUIHP OBAHHbIE —0,00072 0,0574 -0,022
kabens cBA3H Ilynuru3MpoBaHHble 0,00376 —0,0049 0,036
Ilenn, BbInoN-

HEHHbIE Henynunusuposanubie 0,00048 0,033 0,457

kabenem

HPBIM 1x2x12 ITynuuu3uposannbie 0,00069 0,0089 1,820

I/ Ipimeqmme. Bennuuna a, — paccrosHne Mex iy NpOBOAAMH JIBYXPO-
NOJIHOA BO3AYLLIHOM JIMHUH CBS3H.
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3.1.6. YupomeHHBIR pacder rHIepOoTHIeCKHX QYHKIHH i B!, rpaa (ch)

OT KOMILIEKCHOIO apIyMeEHTA - 90 8580 75 70 6560 55 50 BA;S 40 ?Sh)30 252015105 0
, rpaa (S
[MunepOonuueckne GyHKIHH OT KOMIJIEKCHOTO APryMEHTa MOTYT : 0 5 10 15 20 2530 35 40 45 50 55 60 65 70 75 80 85 90
- . (X/ ||||||IlllI[”lrﬂ'”]"ll]llll!llll[rﬂl[llll|lll1lll.l|IITIIIIU]|II]|[|Illlrllll”]]lllil (Xl
ObITh BEIpAXEHb! Yepe3 (PyHKIIHK NeHCTBUTENLHOIO apryMeHTa: 2.4 24
sh y/ = sh (a/ £ jB/) = sh a/ cos p/ £ j ch alsin B/, 2.3 2.3
ch y/ = ch (ol £ jB) = ch ol cos B/ £ j sh alsin Bl. 2.2 7 22
D1 dopMynbl YAOOHBI AJ15i MACCOBBIX PAcyeTOB NpPH HCIOIB30Ba- 2.1 = E 21
HUU BBIYUCIUTEIBHON TEXHHKHM, UMEIOLLEH MOANpOrpaMMbl TPUTOHO- 2.0 ;? } 20
METPHUECKHX U runepGonudyeckux GyHxuui. [1pu cpaBHUTEIBHO He- |9 = II o
MHOTOYHCJIEHHbBIX OLIEHOUYHLIX pacueTax lefecoobpa3HO ONpenensarThb |Y8 : = l; 73_2 ; ] 3h
¢dynxumu sh y/ u ch y/ no Homorpamme puc. 3.2. P E = i zl‘v , ] 1.8
PesynbTat noayvaercs B nokasatesibHOH dopme: LTE I 1), ] —— 217
‘ , 1,6 & i i 9°(ch) 316
) . 1 —H 2, \ ERS
shy/=sh(al= B1)=Se’%; chyl=ch(al+ /BI)=Ce’. 1,5E9 —85—80_755L—65 6015515045 40 ‘;i:“so 257201510~ 5—0 = 1.5
Jns sHauennit aprymenra of = 1u p/ = 1 (unu /= 57°18") 3nHaucHus 14 == 1 1 2201]—33 | } }‘ 1 314
THIEPOOIMUECKUX (DYHKUMH, M0JyUCHHbIE IO HOMOTPAMME, DABHbL: I3E i % % llﬁgﬁi : 3
shyl = 1,45¢/03 (touka S| na puc. 3.2) u ch vl = e/ (rouxa C)). 12 E 0=52i0e0 2;30:3_@4(545"7035% 0m65=4702= 75 “B0—85=90 4 1.2
ITo Homorpamme onpeaensiot 3HaueHust sh y/ v ch y/ nns n3mene- L E HE I ?é g 1 I
uus B/ 8 npeaenax 0 < B/ < /2. Jns 3Hauenuit B/ B Apyrux ananasoHax 10 :%—:—E = 3,»1 4 3%9#_52 — _ IVO
onpenencHue GYHKLUMA 110 HOMOIPaMME MPOU3BOANTCH C YUETOM Ilepe- i i H & - -1 3
0,9 & 74,2 ] ~— 309
cueTHbIX (hOPMYJI, IPHBEICHHBIX B Tabn. 3.2, 05 O3 fl}\/(ﬁ 1] 3
Tabauya 3.2 0.7 = Vi 1 i, % '\ﬁ 1 jo‘g
MepecuetHbie GOPMYybi 1A OfipeaeseHua runepboandeckux GyHKuHi @ é éj\~ -— 3 0.7
0.6 = > sy NI P
JlnanazoH H3MEHEHHUS chyl shyl 0. % - %Z\§ ?D/\ /\\;\_ -~ 0s
. 9 \ = t
NS | 3
0spl<05n sh (al + jB)) ch (al + jBD) 0.4 ] z %S|~0\~\k/ L 204
0,3 %%20 I >< 9 N \'S:j E 0,3
0,5t sPlsm jeh[ad+j BI-0570)] | jshlad +j (Bl + ®)] 0.2 , % ’ >( N \J ] - 09
] \ ~1] 3
nsPl=s15n —sh ol +j (Bl - m)] —ch [al +j (Bl - m)] 0.1 ﬁ ﬁ - )< \ \ 30,1
E ™~ I \ ] ‘L AN 39
1,5ns Bls2n —jch [od +j (B = 1,57)]| —jsh [al +j (B! — m)] aubyutsnbugelontundogSlousbustomb i gbdsiebgeodmbsisdeo J T[
00102030405060708091,01,112131,41,51,57 (7)
Ipu B/ > 27t B 9111 HGOPMYJIBI CHEAYET NMOACTABIATL BMecTO P/ B/, paz (sh)
sHavenus (B/— 2kn). YMHOKeHHe HA j GYHKUUH, HAWOEHHBIX 110 HO- 1571514 1,3 1,2 1,1 1,0 09 0,8 0,7 0,6 0,50,4 0,302 0,1 0
Morpamme, s auanaszoHos 0,5t < /< wwu 1,5t < B/ < 2m, MOXKHO B/, paz (ch)

NpoBECTH MO PopMynam: Puc. 3.2. T'unepbonuueckie GyHKUHE OT KOMIUIEKCHOTO apryMeHTa
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e JPs - /(0,5 - .
+ jSe’®S = £Se J(O0S5n-ps5).

s jCeHC = 20T O0ST=0C)

ITo Homorpamme hyHKUHH ONpeaesoTCs A1 3HaveHuit ol < 2.4,
IIpu af > 2,4 6e3 GoJbUIOK MOCPEUIHOCTH MOXHO TOJIb30BATHCS
dbopmynoi

shyl/ =ch y/=0,5 e &V,

Orta GopMyna paet TpebyeMylo B HHKEHEPHBIX pacyeTax TOYHOCTb,

YBENHUHBAIOUIYIOCS C POCTOM apryMeHTa.

3.2. DneKTpoOMarHuTHast CBSI3b
B MHOTOMPOBOJHBIX CHCTEMAaX

Kak oTMeuasioch Bbllle, 3J€KTPOMATrHUTHAS CBSI3b JIMHUI HMEET Me-
CTO NpPH HATMYUH OJHOBPEMCHHOTO 3JIEKTPHUYCCKOTO U MAarHUTHOTO
BJIMSIHUH MEXYy ABYMSI HJIM HECKOJIBKHMH 3J€KTPUUECKH JJTMHHBIMH
JIMHUSAMH. B 3JIEKTPUYECKH JTHHHBIX JTHHUSAX HANPAXKEHUS U TOKU HE
MOTYT PACCMATPHUBATLCA HE3ABUCHMBbIMU APYT OT jipyra. OHU CBA3AHBI
[IPYT C IPYIroM 4epe3 BOJHOBOE CONPOTUBJIEHHE COOTBETCTBYIOIEH J1U-
HHUU (1TOJ0OHO TOMY, KaK 3MEKTPUYECKHE U MATHUTHBIE OIS AJIEKTPO-
MArHUTHBIX BOJIH CBS3aHbI APYT € IPYroM depe3 BOJTHOBOE COTNPOTHB-
JIGHUE IPOCTPAHCTBA).

SiBnsiercst M THHUA 3NEKTPHUUYECKN JUTMHHOH MW KOPOTKOH — on-
peaeaseTcss BO BpeMEHHOH M YaCTOTHOM 00TacTsX MO pa3HbIMH KpHTe-
pusM [25]: Bo BpeMeHHO# 06J1aCTH JIMHUS CYUTAETCS 31K TPUIECKH ITHH-
HOM, eciiM BpeMs HApacTaHMs NEpelaBaeMbIX 110 HEH UMITYJIbCOB MMeE-
€T OAMH MOPSAJI0K CO BPEMECHEM paCIpOCTpaHEHUs UMITYJIbCA BAOJIb JIH-
HHH WIH AK€ MEHbUIE ero, TEM CAMBIM HAIPSIKEHHE W TOK JTMHHUH 3a-
BUCST OT MecTa, T.€. 4 = u(?, X) Ui = i(t,x); B 4aCTOTHOH 0ONaCTH NIMHHUA
CUMUTAETCS IEKTPUYECKHU JJIIMHHOH, €CITH KOMILIEKCHBIE aMITTTUTYAbl UM~
NyJNbCOB HANPSAKEHHUS U TOKA 3ABUCAT OT PACIOJIOKEHUS HA JIHHUH,
T.e. U = U(x) u I = I(x). 1ot 3dbeKT umeeT MecTO, ec/id IJIMHA BOHbBI
HMEET OJIUH MOPANOK C NIMHOW JIMHHU WIIM JAXEe MEHbIIIE €€,

MaTeMaTHueckoe OnUCaHHE 3JEKTPOMATHUTHON CBA3H B MHOTO-
[POBOJHBIX CUCTEMAX 3aBUCUT OT OYEHb MHOTUX YCJIOBHIH, MO3ITOMY
NPUHUHIIKAIBLHBIH [TOJAX0/ BHAYAJIE NPOUUIIOCTPUPYEM HA JBYXIIPO-
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BOAHOI cucteMe. 3aTeM GOPMaNbHO 3TOT NOAXOJ pacpoCTPaHHM HA
(n+1)-npoBOAHYIO CUCTEMY.

3.2.1. SaeRTpoMarHuTHAA CBS3b JBYX JIHHHE

Ha puc. 3.3 moka3aHsl 1oJjieBas U LernoveyHas MOIEAU ABYX Na-
paniensHBIX JHHHUH ¢ obmwuM obpaTHbiM NpoBoaoM. Ilepemennoe
MarguTHoe noje H(x, f), CBA3aHHOE C JIMHCHHBIM TOKOM aKTHBHOTO
NpoOBOJsLIErOo KOHTYpa [ (moNe3Hbl CHIHAJ), BEPHEE, €ro MoToOK,
MPOHU3BIBAET MACCHBHBIN COCCAHHI NMPOBOAAIIMHA KOHTYD 2 M UH-
AYKTUPYET TaM HampshKeHHE, KOTOPOE BbI3bIBAET B 3TOM KOHTYpE
WHAYKTHBHBIH NMapa3uTHbIH TOK. BereacTBue MMeloUeHcs Mexay
06eMMH JIMHUAMH PA3HOCTH MOTCHIHUANOB CYILIECTBYET NEPEMEHHOE
anekTpuueckoe rone E(x, {), KOTopoe HABOANUT B MACCHBHOMN JIMHHUU
€MKOCTHBIH Mapa3uTHbIN TOK.

OTinyye OT YMCTO UHAYKTUBHONW M €MKOCTHOM CBA3EH COCTOUT B
TOM, YTO IPH JIEKTPOMArHUTHOI CBSI3U BEJUYHUHBI U, I, a Takxke £
u H asnsorcs pyHKUMAMM MECTA U BPEMEHM H, KPOME TOT0, CBA3a-
HbI MEXAY COOO# BOJIHOBBIM CONPOTHBIEHHMEM COOTBETCTBYIOMIEH
CUCTEMBI.

i(x+Ax,1)

Puc. 3.3. Tlonesas (¢) n uenoueyas (6) MOZENH 3NEKTPOMATHHTHOCBA3AHHOM
JIBYXTIPOBOIHOM CHCTEMBI ¢ 0B1INUM OOpaTHBIM ITPOBOAOM; [ — JIMHHA, CO3A410-

tlas [IOMeXH; 2 — JINRUA, Bocnipunumaromas nomexu; R' = R4, L' = L/, C'= C/,
G' = G/l — ynenbHble NapaMeTpbl IHHKAH
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I1pu BbIBOAe auddepeHUUaNbHbIX YPABHEHHUH A7 HANPSKEHUI U
TOKOB B CBSI3aHHbIX JIMHUSX pACCMOTPHUM BHaualle 3NEKTPUYECKH KO-
POTKHI yyacTOK JIMHUI JyiuHoit Ax (puc. 3.3, 6). Uuayktupymolee aeit-
CTBME MATHUTHOTO IO MEIIAOMIEH CUCTEMBI MOAEJIMPYETCS] B CXEME
3aMelLeHHsl B3AMMHON UHIYKTUBHOCTBIO L'} ,AX, IEACTBHE 3IEKTPHIEC-
KOTO 1oNst — eMKOCThIO cBsazn C'HAx.

IMpumenenne Broporo 3axoHa Kupxroda du = 0 x koHTYpY, 06-
pa30BaHHOMY KaX/10it IMHUEH ¢ ee OOpPATHBIM TIPOBOJAOM, NMOCIENY-
oulee AefieHne Ha AX M, HAKOHel, OCYILECTBAEHUE MpeAeibHOro mne-
pexona Ax — 0 [23] mgatoT:

ouy(x,t 0 t . Of 1
IU];I JIMHUHU [ —__M ](x [)+L/l l](x ) 1412 lZ(X ) ,
ox ot
(3.37)
0 ,! o (x,t , On(x,t
LTS TMHUM 2 -—ug(—)(—;—) i (x,0) + Ly —222 ’2( ) + L, ll(dt ) .

AHaIOTHYHO 3TOMY, IIpUMEHss NnepBbiid 3akoH Kupxroda k ysnam
P v P,, nonyuaem s TMHUK [ W 1715 JIMHHK 2 COOTBETCTBEHHO:

i (6; +ap, Joatxn
_#4(;1 +G12)“I(X,l)+ G, +G, u]() )

t

' ; 0142(.x,t)
~ Ot len =G =5 7 (3.38)
0ip (x,1) ( , , ) ( , , )0u2(x,t)
——_()x = Gz +GZI Ll2(x,t)+ Gz +G21 ()l -
' ’ 0 X,t

B 3THUX ypaBHEHHUSIX MOSBASIOTCS YACTHBIE TPOU3BOAHBIE KaK 10 KO-
op/iMHaTe, TaKk ¥ Mo BpemeHu. [lepexomom u3 BpeMeHHOH obnacTu
u(x,1),i(x,t) B YACTOTHYIO l./(x)j(x), T.€C. OTPAHUYECHUEM CHHYCOM-
JanbHbIX BO30YXIEHHUH M NEepexX0oOoM K KOMIUIEKCHBIM aMIUIMTYAaM,
KOTOpBbIE COlepKaT KOdpHLHEHT ¢/P, BpeMeHHAS 3aBUCHMOCTb MOXET
ObITbH UCKJTIOYEHA C TIOMOLIBIO MOACTAHOBOK
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0 0 d ) . '
— = jo, ———=— ui(x,)=>U;, ()= 1.
ot 0x dx
Ionyuaem cucteMbl 0OOBIKHOBEHHbIX AH((epEeHIMANIBHbIX YpaBHeE-
HUIi B yacTHON obnacru:

1 ! . ! : . ! .
Ut TuHuM | —;(—Ul (Ry +joLy Y1+ joly, 12,
d ) . ! . / > t :
JUTS JTUHUM 2 —]—Uz = joly N+(R, + jwl,)I2,  (3.39)
dx
l . ’ ’ D ! 1 '
WU 1715 TUHUK [ —1—11 [GI +G), +j(l)(Cl +C), )]U]—
dx “ <

- (sz + joCl, )UZ’

;- ' -
A1 TMHUHA 2 -—;—~12 = (Ggl + joCy )U1+ (3.40)
ax

+[Gé + Gy + j(o(Clz + Gy )]Uz

I‘Iepexozlﬂ K ManM‘{HOﬁ 3aNnUCH, MOXHO KOMMAKTHO 3aIlHCATh IIPH
OHHOBpeMeHHOM COXpAHCHHUMN HArigaHOCTH!

A U _ (Rf +J"”L1') JoLy Ii

- - L / A - P 3.41
dx Us JOLo, Ry + jol, ) I 34D
_d n|_|G +Gpy +/‘”(C1' *sz) ‘(sz +J"”C1'2) Uy
dx ’12 -|G5, + joC;, G, +Gy, +jm(Cé + Cé]) '
- (3.42)
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Marpuua xo3¢pbuureHTOB
(R +jor; ) jor,
JoLy,  \R, +joL, )

Ha3bIBAETCS MaTpullel YOeNbHbIX CONMPOTUBIEHUH [Z],
maTtpuua koadduuneHToB

G +Go+ jolci+ ) -(6 v o)
-\Gy) +ij21) Gy +Gy +jm(C2 + CZI)

MaTPHULUER MOJHBIX YACHbHBIX MPOBOAUMOCTEH [Y'].
Tpu TIOMOIUM 3TUX COKpalleHHi cUCTeMBbl JIMHeHHbIX Au(depeHuu-
anbHbIX ypasHenuii (3.31) u (3.32) MoryT ObITh ellie GoJiee YIIPOIIEHBI:

d _. ;,- .q

_.c-i-)-c- U}=[Z [1 , (3.43)
d . -, r 7

VWY (3.44)

TTosTopHOe nuddepeHUIHpOBaHHE 10 KOOPAHHATE U B3aUMHas MOJ-
CTAHOBKA NMPUBOJAT K OOBIKHOBEHHBbIM M depeHIIHaANIbHbIM ypaBHe-
HUAM 2-TO nopsajKa A HanpspkeHMid U u TOKoB [:

d2 L1 ro. r.Jr. 21

E[U -|z||v|jUu =[A [U] (3.45)

dz B -_, '."'. I -

5 I|=|7'||z 1}=H 1]. (3.46)
] I -

[Tocae noacTaHOBKH COOTBETCTBYIOLIMX BETUYMH M FPAHUYHBIX YC-
JIOBUH O 3THM YpPaBHEHHSM MOIYT OBITh ONpENejieHbl HAMPSHKEHUS U
TOKH B JIt060M TOUKE, B YACTHOCTH, B Hayajle U B KOHLE 0OEUX JIMHUIA B
4aCcTOTHOM obnactu [25].

94

3.2.2. MuoronpoBogHbrie CHCTeMbI
C IEKTPOMATHHTHOH CBA3BIO

Jn MHOTONpOBOAHOH CHCTEMBI C /1 NAPAILIE/ bHBIMU HPSIMBIMHU [1PO-
BOAAMU M OJHUM OOLIMM OOPAaTHBIM MATPULIbI YIIE/NbHbBIX NOJHbIX CO-
MPOTHBJIEHUH U NPOBOAMMOCTEN BBIILICIPHUBEICHHBIX CHCTEM aHpde-
peHuHanbHbIX ypaBHeHUH (3.45) u (3.46) MoryT ObITh OpMAIBHO 3a-
MUCaHbI B BUIE

n
(G + joCpy) ... /‘El( G + joCry)

DeXTPOMArHHTHAs CBA3b 0TOOpaaeTcs B Matpuuax [4] u [B] [25].
OuM, KaK NpaBuIo, He ABIAIOTCS AUATrOHANTBHBIMY MAaTPHLIAMH, TaK YTO
HanpsHKeHUE U TOK OJTHOM JIMHUN 3aBUCAT OT HAIPSDKEHUH U TOKOB BCEX
Apyrux sunuid, Pasnenenve nuddepeHUnanbHbIX ypaBHEHUHA BO3MOXK-
HO C MOMOIIBIO MOJAJIBHOIO aHaNu3a. DTOT NOAXOA NEMOHCTPUPYETCH
g ypasHeHus (3.45). B npeanonoxeHuun CylLECTBOBAHUA MATPHIIbL
npeobpazosanus [7] ¢ MOMOLIbIO IMHEHHOTO Npeobpa3oBaHMs

{z)

Nnony4yarT HOBBIC, IPYT OT [Apyra JIHHEHHO HE3aBUCUMBIE HaNPsOKEHUA

=|T||W

(3.47)

T

[W} =[W1(x),...,Wn(x)},
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JU1S1 KOTOPBIX CITPABEUTMBBI H3BECTHBIE YpaBHEHHA [25] IPOCTOM JIMHUM

2 ' .
d” : 2
wi=rgw 3.48
dx? [ (3.48)
C IWAroHalbHOH MaTpHUEH
F9
¥ 0
2=
.2
L O YnJ
BenuuuHbl 7,....7, NPEACTABISAIOT COOOH M3BECTHBIC H3 TEOPUH

NPOCTOit TMHUH KOMILUTEKCHDIE TOCTOSIHHbIE pacnpocTpanenus. Eciu
BBeCTH B (3.45) npeobpaszoBaHue, TO MOIYYUM

-1

2 . R . 1T -
d2 wl=|r| lal|T||W|. (3.49)
dx
Ipu 3TOM IOJKHBI CODJIIOAATHCH COOTHOILIEHHS

. _l . . : 1
T 4aliT|={r?|,
. . . '2
ANT =T | (3.50)

YTO HEMOCPEACTBEHHO CielyeT u3 cpaBHenus (3.48) u (3.49). [lns onpe-
JleJIeHNs 37EMEHTOB HEM3BECTHOM MaTpHLb! ipeobpa3oBanus [T] npexae
BCErO HYXKHO ONpPE/EHTb COOCTBEHHbIE 3HAUCHHS MATPHULbL [4] U3 Xa-
PAKTEPUCTHUYECKOTO YPABHEHHS

Det( A1 - M E])=

Martpuua [E] npeactapisieT co60i eAMHHYHYIO MATPHLY.
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Penrenne XxapaxTepuCTHUYECKOTO YPABHEHUS IPUBOANUT K JIMHEHHO-
MY YPABHEHHIO A-il CTENEHU, PEWICHHSI KOTOPOrO Aj,...,A,, HA3bIBAIOT-
¢4 COOCTBEHHBIMHU 3HAYEHUAMU MATPHLbL [A] ¥ MAECHTHYHBI C KBaApa-

5
TaMH HOCTOAHHBIX paCIIpOCTpaHCHHUA ;2 Yo, BﬂeMeHTbl MaATpPHLbI
Yoo Yn

npeobpasoBanus [ 7] monyuator, HanmpuMep, MyTeM NPUMEHEHHs Npa-
suna Kpamepa [25].

Taxnm o6pa3om, c MOMOLILIO MOAAJIBLHOIO aHAJM3A MOJYUYAlOT A
HOBBIX BOJIH HaNpSKEHHUA, KOTOPble HE3aBUCHMO APYL OT Apyra ¢
MPHHALIEXKAIMAMH UM MOCTOSHHBIMH PACMPOCTPAHEHUSA JABHKYTCS 110
NPOBOJHON CHCTEME. 3TH BONHbBI HAa3bIBAIOT COOCTBEHHBIMH BOJIHAMM,
WIX MojaMi cucTeMbl. [1poaeMOHCTPHPOBAHHBINH BbILIE [OAXOA MO-
XKeT ObITh NpuMeHeH U K (3.46). TakuM oOpa3oM, Kaxa0e COCTOAHHE
CBA3AHHOW MPOBOAHON CHUCTEMBL 10 HANPSHKEHUIO M TOKY MOKET ObiTh
MPEACTABIEHO HAJIOKEHHEM €€ COOCTBEHHbBIX BOJIH.

Tax kax pjas kaxaoi cobcTBeHHOI BOHBI CIPABEeI/THBO BONHOBOE
ypaBHEHHeE, TO, KaK W JUIA [IPOCTOH JIMHUK, cucTeMa auddepeHuranb-
HbIX ypaBHeHHU# (3.48) MoxeT ObiTh pelleHa MO SKCNOHEHIHANBHOMY
sakoHy Jdanambepa 1j1sl Kaxaoh coBCTBEHHON BOJIHBI OTHENIBHO!

ek eie ko]

IMocne onpeneneHust BEKTOPOB-CTONOLOB NpAMOii BONHBI [K] 1 06-
paTHOM BoNHbL [K ] H3 I'PAHMUHBIX YCIIOBUH B Hayanax JMHUH no-
JYy4aloT MyTEM HECKOJIbKO O0siee JUTMHHBIX BBIYHCICHWI 3HAYCHHA Ha-
MPS>KEHUS U TOKA B NI0OOM MECTE MHOTOTIPOBOAHON CHCTEMBI B 3aBH-
CUMOCTH OT HanpsKeHMH M TOKOB B HaHMaJlax JIMHHUIA:

peol-5tr ]{[ YX]([TH Ok T zfio])+
Ol T B To)) 651)

ol ]{["_Y"\‘]([T'H oo} 1(0)])
- [ev‘-\‘ ]([T]—l [U(o)]+ [p}l [T'}' [Z][] ( O)D}' (3.52)
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DTH ypaBHEHHsS HAa3bIBAIOTCA Takxke 0b60OLIeHHBIMU Tenerpad-
HbIMH ypaBHeHHSIMU (n + 1)-mpoBoaHo# cuctembl. [1epBbiit 4iaeH
OMUCKhIBAET Oeryuime rno npoBoaHON cucTeMe, BTOpoil — obpaTHbIe
Bonubl. U3 pantoxkenus 6eryiux 1 o6paTHbIX BOJIH HANPSKEHUS U
TOKA MOJIYYaloTCsl HAMPSIKEHUs: U TOKH B TI0OOM MecTe NIPOBOJIHOM
CHCTEMBI.

Ipu yueTe ycnoBuit cOeAMHEHMI B HAYaJIE U KOHUE JIMHUI U3 Telle-
rpadHbIX YPABHEHMIT NTPH ABYX JIMHUAX MOTYT OBIThH ONPEAEIeHb! BO3-
HUKAIOIME HA KOHIIAX JIMHHUM HanpshKkeHus ¢Bsi3u. PaccMoTpeHue cBs-
3aHHBIX MHOIONMPOBOJHBIX CHCTEM BO BpeMeHHOH o0jacTH MaTema-
TUUECKH Nojiyyaercs 6onee cnoxHbiM. I1o naHHoMy Bonpocy MMmeer-
cs oOLIMpHasA CleliMaNbHAS IMTepaTypa, npuBeaeHHas B [25].

3.2.3. (Ba3p IIEKTPOMATHHTHBIM HITYYCHHEM

[Tox Takofi CBAZLIO MOAPA3YMEBAIOT BO3ACHCTBUE AMEKTPOMATrHUT-
HOI'0 BOJIHOBOT'O MOJIS HA CTPYKTYPBI NPOBOAHUKOB.

B rnaee 2 npeanonaranock, YTO 3IEKTPHUCCKHE U MATHUTHBIE TIEpe-
MEHHBIE T10J1 BO3HHKAIOT KaK CaMOCTOATENbHbIC ()eHOMEHBI 63 B3anM-
HOH cBfA3U. Bopouem, 3TO NpeArnonoxeHne Beeraa OomycTUMO, NOKa Mbl
HAXOAMMCS B BIIMXHEM [10J1€ MELLAIOIIEH CHCTEMBI (CM. HIXKE pasfl. 5.1).
B nanbnem none HanpsbkeHHocTH E u H Bo3HKMKAlOT BCceraa BMeCTe U
CBSI3aHbl 3dKOHOM 3JIEKTPOMATHUTHON MHAYKUHH

rotE = —0B/or. (3.53)

B 2TOM ciyyae roBopsT o0 3IMEKTpOMArHUTHOM BojHe. Ee Hanps-
xeHHocTH E 1 H MoryT ObiTh yKa3aHbl HHIAMBHAYAIBHO, OQHAKO OHU
DoJiee He FBISIOTCH HE3ABHCHUMbIMM APYT OT JIpyra, Kak y KBa3ucTa-
THUYECKHX, IIEKTPUUCCKUX U MArHUTHBIX [OJIEH.

[Tajaroniasi Ha HEKOTOPYHO KOH(MUTYpaliio CHCTEMBI TPOBOIOB JJTEK-
TpoMarHuTHas Bosina E, H BbI3BIBAET TaM TOKH M HANPSXKEHHS, KO-
TOPBIC, CO CBOCH CTOPOHDLI, SIBAAIOTCS MPUYHHON OTPAKEHHOM 3JIEKT-
pomarunTHo# Bonkbl Ej, H . [Tagaromas u oTpaxexnas BOJHbBI B CyM-
Me obpasyioT octaTouHoe noJje. HanpsixkeHHOCTH 3TOr0 OCTATOYHOTO
MoJIs MOJYy4aloT NMyTeM pEeLIeHUs ypaBHEeHHH MakcBenna Ans JaHHBIX
rpaHndHbIX ycrmoBuid. C npyroi CTOPOHBI, MOXKHO GBICTPO COCTABUTH
YPaBHEHHS JTHHUM C Y4ETOM BbI3BAHHBIX Najatoilici BOJHOH TOKOB H
HanpsikeHUH. [IpHHUKMIT NPOUCXOISLLEro MOKaXeM 3/1eChb Ha NpUMepe
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z
f 4 E(x,z2,0) E(x+Ax,z.1)
|
— P i(x+Ax.d)
Z, | ! > —o
A L'\Ax i(x+Ax,1)

I i

| u(x,1) C'Ax u{x+Ax,1)
I ’/B),n(x,z,l)
Y.
y X
/

¥y

x-i.—Ax

Puc. 3.4. OTpe3ok Ax 3eKTPHUECKH TMHHOMN ABYXNPOBOIHOIN NHHNK 6e3 noTepsb

KOPOTKOIO OTpe3Ka Ax 3JIeKTPHYECKH AIHMHHOM, He UMelouleil noTeps
ABYXMPOBOAHON U3MEPHMTENbHON iuHuK [25] (puc. 3.4).

MHAyKTHBHOCTE MPOBOAAILErO KOHTYPA, 06PA30BAHHOIO MPAMBIM
M 0OpaTHLIM IPOBOJAMH, a TAKXKE EMKOCTb MEXIY NMpPAMBIM K oOpaT-
HBIM NIPOBOJAMH OTHOCATCS K JMJIHHE JIMHUM, T.€. IPEACTABIAIOTC Kak
MOTOHHbIE MAPAMETPBI JTHHHM:

L'=ALIAl 1 C'=AC/ Al

Menusiommecs Bo BpeMeHH BENHYHUHBI 4(2) U i() ONpeaenstOTCa TOb-
KO COCPEAOTOUYCHHBLIMU 3EMEHTAMU IKBUBAJICHTHOM CXEMBbI 3aMellie-
Husl. TIpuMeHeHne MeToa KOHTYPHBIX TOKOB [ KOHTYpa C muioLia-
Abl0 A TIpH yyeTe 3¢ NO3BOJAET PACCYMTATL HHAYKTHPOBAHHOE Mar-
HHUTHBIM T10JIEM HATIPSKEHHE

o 0 g hxh
Uy=-—=-—"[Bhdd=-— B z b
0 dt 0t£ n Py £ Of ya (X, dzdx (3.59)
HIIU
x+Ax Zy

' 0i(x,t
Lax 2t +u(x+Ax,t)—u(x,t)——a" I fByn(x,zt)dzdx = 0.
ot o x 0
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Mocrne penenns Ha Ax M nepexoda K npeaeny ans Ax — 0 umeem

v i (x,t du(x,ty 0
[ | oulxn)
ot ox ot
PacueT 110 MeToiy Y3NoBbIX MOTEHIIMANOB B TOYKE P ¢ y4eTOM MH-
JNYKTHBHOM 3JIEKTPHYECKON COCTaBNAIOUIEH MOJIf NEKTPOMATHHTHOM
BOJIHb] AONOJIHUTENLHOTO TOKA CMelleHus yepe3 emKkocTs C'Ax
0 Zy
= CA‘(—— fE-n( X+ Ax,z,t)dz (3.56)

Zy
f By (x,z,0)dz. (3.55)
0

NPUBOJIUT K

. - %

i(x.t)-i(x+Ax,t)-C Ax—dﬂx——gﬂﬂ
t

IMocne penenna Ha Ax H nepexona x apegeny aid Ax — 0 nony4num

. Z,
vou(x,t)  0i(x,1) 7 B
C + =C — [E. (xzt)dz.
or o Y (f) E ) (3.57)

JleBble yacTu ypasHeduii (3.55) n (3.57) npencraisioT coboit us-
BECTHbBIC CBsA3aHHbIe AUdPepeHInanbHble ypaBHEHUS MTEPBOTO NNOpa-
Kd, KOTOPbIC ONUCHIBAIOT HANPSXKEHUS U TOKU B JTMHHBIX JIUHUAX B
3ABUCHMOCTH OT MECTA K BPEMEHH, MPaBbIe 4aCTH — (YHKUHH IO~
MeXx, WM Bo3Mywalomme GyHkuuH cuctembl. Pelenne 3Tol cucTe-
Mbl YPABHEHHHA 10O METOAY NMapaMeTpPOB COCTOAHMUA NMPHUBOAUT NpPH
JII0OBbIX BO3MYLUEHHAX K MCKOMbBIM HanpaXeHHAM Ha Harpyske, co-
OTBETCTBYIOUIEH BOIHOBOMY CONPOTHBIIEHHIO NP X =0 u x =/ (na
pHc. 3.4 He nmokazaHbl).

B sxBuBaNEHTHON cXeMe, COCTABIECHHOW TONILKO HA OCHOBAHUH TECO-
PHU LiErei, CBS3b Yepe3 U3TyueHHe MOXKeT ObITh MPEACTABIEHA pacipe-
JeNeHHbIMH HCTOYHMKAMH HANPAKEHUA U TOKa, KOTOPHIE CO-
OTBETCTBYIOT BO3MYLIAKOILMM (pyHKUMAM (pHC. 3.5).

MoaeaupoBaHHe CBA3H JIEKTPOMATHUTHBIM U3JTYYEHUEM Ha JiM-
HHMSIX C MOMOLIBIO HHAYKTUBHOCTEN M eMKOCTEl JIMHKK 1o puc. 3.4 u
3.5 cnpaBeAnMBO TONLKO JUIS BO3MYILAKONMX QYHKUHMI, BpeMs Hapa-
CTaHHS KOTOPBIX BEJHKO MO CPABHEHUIO C BPEMEHEM ABHKEHUST MEX-
Ay NPOBOJAMH TONEPeK HanpabieHus pacnpocrpaHeHust (TEM-moasi,
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+ C"Ax-i [E-n(x +Ax,z,t)dz =0
ot

Cl

---0 * & O~ ~

Puc. 3.5. Monennposane cBA3u yepes U3JyueHvie pacTipeeieHHBIMH HCTOUHHKAMY
HamnpsXeHUs ¥ TOKA

TeopHs OErylnx BoNIH). IT1a NpeANnocklika NpyH CBA3U 3eKTpoMar-
HUTHBIM U3JTYYEHHUEM C OOBIYHBIMH M3MEPHUTENBHBIMU U CHTHATbHbI-
MU THHWUAMH NPAKTHYECKH BCEraa BbinosHeHa. YTo kacaercs Bo3jeii-
CTBHS 3JIEKTPOMArHHTHOrO UMMNY/bCa AACPHOIO B3pblBa HA JIMHWU
IHepromnepeaauy, To 3TOT Ciiy4dail J0KEH ObITh 0OCYXKIEH ¢ NO3HUMI
TEOPHH MOJIA.

O6a ypaBHenus (3.55) u (3.57) nas IBYX HEM3BECTHBIX u(x, {) u
i(x, ) MOTYT GBITb TaKke Npeobpa3oBaksl B JBa pa3fenbHBIX YpaBHe-
HUS, KaX/10€ Ui OAHOM HeussecTHOM. Ecnu npoauddepenuupopats
ONHO ypaBHEHME MO X, Apyroe no t u oba npeobpazosath, TO 3TO
TIPUBEAET K PA3JENICHUIO HANPSDKEHUS H TOKA!

di 0k & Z
-L'C =-C B dz +
dxz 012 0[2 .({ ,Vl'l('xaza ) 2z
0 o A (3.58)
+——C [E..(xz
0[ ox _(’; n (‘x$ »t)dzs
2 2 2 Z
ou yo O U o- 4o
-LC =-L'C'—5 [Exq(xz,t)dz +
ox? or® ot 4 Em(mat)dz
0 o % (3.59)
+—07 o van(x Zt)dz.
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Haxkomell, MOXHO IpH HCNOJIb30BaHUH cooTHoweHus rot E = —dB/dt
B IEKAPTOBBIX KOOPAUHATAX [25] BbIPA3UTH NPABBIE YACTH TOJILKO DJIEK-
TPUUECKOH MM MATHUTHOM COCTaBIAIOILEH 104.

PaccMOTpeHHbIe BbilIe pelleHHs ypaBHEeHUH ObUIM NPUBENEHBI BO
BPEMCEHHOH obnactu. s ynmpoueHus pacyeTos MaTeMaTHUECKas Mo-
JIeJIb MOXKET ObITh NPEACTAB/ICHA B YaCTOTHOH obnactu. HenssecTHbie
BEJIMUMHBL 1(X, {) U i(X, ) repexOsT B 3TOM cliydde B KOMIUICKCHbIE
amrnuTyabsl U(x) u J(x), 3aBUCHMBIE TOJIbKO OT KoopauHar. Jlanee
Mbl 3aMeHsieM d/dt Ha jo, a Pldi? na (/'m)z, ypasHeHus (3.57) nepexo-
4T B Bosiee NpocThIe:

Zy .
JoC'U(x)+ —22 ”(x) = joC' [ Ezn(x,2)dz,
0

dU(x) Zo

j(uL']'(,\')+ = /u)f Bm(,\,‘.)dz

YpaBHuenus (3.57) v (3.58) npuobperator BUI

d? U(.\)

-( ()) L'C U(\)—
dx’

(3.60)

2., Lo . d %o .
=(jo) L'C'f E:n(,\‘,:)a’:+_jmd—fByn(x,z)dz,
0 0

d? i(x)

2
dx

7() . 7() (3.60’)
=—(/u)) o f B)n(x.-)dh+/wC—7—-f E-n(x,2)dz.

—(jw)*L'C' i(x)=

YpasHeHHns (3.58) — (3.60") popmanbHO COOTBETCTBYIOT H3BECTHO-
My TenerpadHOMy YPABHEHHIO BO BPEMEHHOM M 4ACTOTHOM 0oOnacTax.
[To cpaBHEHHIO C KBABUCTATHYECKOMH CBS3bI0 pELEHNS A HABCACH-
HBIX HAMPSKEHHH M TOKOB NPH CBA3M IEKTPOMATHNUTHBIM HU3/TY4YEHU-
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€M OOHapyXuBalOT 0AHY ocobeHHocTh. HecMOTps Ha cornacosanue
[10 KOHUAM B JIHHUAX H3-332 MHOMOKPATHOI'O OTPaXXeHHS CHH(}A3HLIX
BEJIHYHH 00pa3yloTCs SBHO BbIPAXKEHHbIE KOJIEOAHHS, BLI3BAHHBIE BOJI-
HAMH, OCHOBHAs 4aCTOTa KOTOPBIX ONPEAEAeTCs IOCTOSHHOMH pacripo-
CTpaHHs NMHHUK. T103TOMYy HaBeIeHHBIC TTIOMEXU MOTYT MPH 3TOH yac-
TOTE M KPAaTHbIX eif ODHAPYKUBATD SIBHbIE PE3OHAHCHBIE BCILIECKH UJIH
Apyrue npossiaeHus. IToagpoOHsie uncnosbie npuMepsbl 11st 60AbIIOrO
KOJIMUECTBA PA3/IMUHBIX JIMHUI npuBoasTes B [25].

BaxxHy10 MOOU(BHUKALIMIO PACCMOTPEHHOM 3[6Ch CUMMETPHYHOM M-
HUU B ¢cBOOOJHOM IPOCTPAHCTBE MPEACTABIACT CUCTEMA (ITPOBOI —
3eMns», Hanpumep, B gopme obonouku kadens, NMOABEIICHHOTO HAL
3emiieii. B aToM cnyuae nagarouias eKTpOMArHUTHAS BOJIHA OTpaxa-
ercst oT foJiee UM MEHEe XOPOLIO MPOBOAAIICH NOBEPXHOCTH 3EMIIH,
TaK YTO B KAQUYECTBE BO3MYIIAIOIHX PYHKUMHA JODKHA ObITh NPEACTAB-
JIEHA CYMEPNO3ULMA NOoJeH NpUXoasilueil U OTpaxkeHHOH BONH. Ecnu
TOKH 10 000IOYKE PACCUMTAHBI, MOXKET ObITH ONPENENIEHO U HATIpsKe-
HUE [IOMEX C YYETOM IIOJIHOrO CONMPOTUBICHUS CBA3H, ACHCTBYIOLIEE
BHYTPH CHUTHaJIbHOTO Kabens.

BriuienpuseneHHble cOOOpa>keHHs AAIOT JiMIb OErblil B3risg Ha
NPHHLMIIHMANBLHYIO METOJUKY PACUETA CBSI3EH 3JIEKTPOMATHUTHBIM H3-
nydeHueM. bosee monpobHO ¢ MaTeMaTHYECKHMH pacuyeTaMu CBsA3eH
3NMECKTPOMATHHTHOTO U31YUYECHHUS MOXHO O3HAKOMHUTHCH B [25].

YMeHblleHHE CBA3EH 3MEKTPOMATHUTHOTO W3JIYUYEHUs JOCTUraeTcs
NyTEM CKPYUYHWBAHUS, SKPAHUPOBAHUS U IPYrHMU cnocobamu.

3.3. PacnpocrpaHenne 3JIEKTPOMATHATHBIX KoJieOaHui
10 MHOTOIIPOBOIHBIM JIHHUAM

Ctporoe pelueHye 3a/la4H O PACTIPOCTPAHEHHH 1EKTPOMAarHUTHON
JHEPrUM BjIOJIb APOBOOB, OCYLIECTBASEMOE C MOMOIIBIO ypaBHEHHI
IIEKTPOMATHUTHOIO TI0JIf, COMPSMEHO CO 3HAYMTENILHBIMI MATEMATH-
ueckuMu TpyAaHocTaMH. [To3ToMy B TeXHHKE MPOBOLHOM CBA3M H JHEp-
I'CTHKE MPUOEraroT K YIPOIIEHHOMY Cl1ocODyY ONMCAHNS, OCHOBAHHOMY
Ha PUMEHEHHHU TejierpadHbIX ypaBHeHHil. DTH ypaBHEHHS MO3BOJISIOT
JIOCTATOYHO NMPOCTO YUECTh KOHEYHYIO MPOBOJHMOCTDL POBOAOB H OK-
pyxatolel cpensl, a Takke NPUOIVIKEHHO ONPEAENaTh OTPAXKEHHE OT
HCOAHOPOIHBIX (HEPETYJISIPHBIX) YHACTKOB JIMHHHM U OT COCPEAOTOUYEH-
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HBIX HEeoAaHOpoAHOCTeH. s IBYXIIPOBOAHOI JIMHUH, PACIIONOKEHHON
B OJIHOPOJIHOM NPOCTPAHCTBE, 3TU YpaBHEHHS BIEpBble ObUIH NOJTyUe-
Hbel Kupxrogom u XeucailgoMm Ha Haze TeOpHH KBAa3HCTALIHOHAPHBIX
IeKTpHUECKUX Lenehd. OOWen3BeCTHBIMU OHH CTANIM [IOCIIE TOTO, KaK
[Tyankape uccnenosan ux peueHue. B nocnenyomiem 6bu10 nokasaHo,
uTO Tenerpaduble ypaBHEHHS sl ABYXIIPOBOJHOH JIMHUU, PACIIONO-
XKEHHON B OHOPOAHON AMINEKTPUUYECKON cpelie, MOTYT OBITh Mony4de-
Hbl W3 YpABHEHWH 3MEKTPOMATHUTHOIO MO, €CAU A1 [POBOAOB H
Cpeabl BBIIOJHSAIOTCS CAeOyIOLIHE YCIOBUS:

1) TOKH cMmelleHusl B IPOBOIAX HACTOJILKO MaJibl, YTO UMH MOXHO
peHebpeyb 1O CPaBHEHUIO C TOKAMH MPOBOAMMOCTH;

2) BOJTHOBOE COMPOTHBIIEHHUE CPe/lbl MEXAY MPOBOJAMHU 3HAYUTE b~
HO 60JIbIE YAEABHOIO NOBEPXHOCTHOIO COMPOTHURIIEHHS POBOJOB.

Ocoboe mecto cpeau paboT, NOCBAILIEHHBIX BBIBOLY TenerpadHbIX
YPAaBHEHHHN U3 YPABHCHUIT INEKTPOMATHUTHOTO TOJIS, 3aHUMAET pabo-
Ta Kapcona [30]. OHa uMeeT ouecHb Ba)KHOE MPAKTHYECKOE 3HAUEHME,
TAK KaK [JOKA3bIBACT CMIPABEAIMBOCTD ITHUX JIBYX YpaABHCHUH AN 1Leny,
00PA30BAHHON NPOBOJAOM, PACIOJIOKEHHBIM HAJ IJIOCKOH OJHOPOI-
HOH 3emiteii, W caMoi 3eMiel. PelieHue cTpouTes crieaylowMM obpa-
30M. 3ajgaercs BUJ NPOAOTLHOI cocTaBnAoNleil HANPAKEHHOCTH HITEK-
TPHUYECKOTO 110414 B 3emiie £, a MonepeuHble COCTABISAIOUINE HaIPSHKEH-
HOCTH MATHUTHOTO MOJIsl BLIPAXKAIOTCS Yepe3 NpOU3BOAHbIC OT E. Mar-
HUTHOE T0J1e NPEACTABISETCS CyNeprno3ULMeii NepBUUHOrO (BO3OYX-
JaeMOro TOKOM B IPOBOJI€) U BTOPHYHOTO (OTPAXKEHHOI'O OT MOBEPX-
HOCTH 3eMIH) moJici. Mcnofb3yrTes rpaHuuHbIe YCIOBHS HA NMOBEPX-
HOCTH 3€MJIH U151 COCTABJISIFOLIHX HANPSAXKCHHOCTH MATHUTHOIO NONs U
OTBICKHBAIOTCS HEM3BECTHBIC (hYHKLNH, BXOASLIHE B 3TH COCTABJISIOLLIHUE.
Takum 06pa30M, MarHWTHOE MoJIe B BO3AYXE M 3€MJIe, a TaKXKe 3J1eKT-
pHUECKOE MOoJe OKA3bIBAIOTCH BBIPAXEHHBIMHU Ye€PE3 TOK B IIPOBOAE H
NPOU3BOJAHYIO MOTEHUHANA BAOJb, NMOBEPXHOCTH MpoBoja. Ha stom
3aBEPIUACTCS NEPBbIA 3TAM, CBA3AHHBIM C NOCTPOCHUEM 3JIeKTpOMAr-
HUTHOTO M0JIST GECKOHEUHO NMPOTSIKEHHOIO MPOBOAA, PACIONOKEHHO-
ro Ha/Jl NIIOCKOM NOBEPXHOCThIO OAHOPOIHON 3EMIIH.

B neficTBHMTEIbHOCTH ONHOPOAHAS CTPYKTYypa 3€MJIM BCTPeuaeTcs
oueHb peako. [Nostomy 611 pazpaboraH MeTon nepexoAa OT MHOIO-
CJIOWHOM 3eMJIM K 3KBHBAJIEHTHOI OJHOPOAHOM, KOTOPBIN 3aKII04YaeT-
cs B MOCJeI0BATE/IbHOM rpaduueckoM WIH aHaIUTHYECKOM (C NOMO-
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b0 OBM) npuBeneHUH HUXHHUX IBYX CIOEB K OAHOMY 3KBHBAJEHT-
HOMY, 3aTeM 3KBUBAJIIEHTHOrO M CIIEAYIOUIEro Cl10osd K HOBOMY 3KBHBA-
JIEHTHOMY H T.J. 10 BepXHEro ciaos. [Ipu 3TOM OJHOPOAHOM CTPYKTYpE
MPUCBAUBAIOTCSA BCE CBONCTBA MHOTOCIOHHOrO MacCHBa M BBOJMTCH
MOHATHE YIENBHOW IKBMBAJICHTHON MPOBOAMMOCTH 3€MIH O, . Eciu
ApryMEHT HE3HAYUTENbHO OTINYAETCs OT HyJs, T. €. CIIpaBeIUBO He-
PaBEHCTBO

‘ Re[0,gs]|

l Im[03KB]| = —10’_‘,

TO pacueT kK03(hPHIHEHTA B3aUMHOH HHIYKTHBHOCTH MOHO NTPOU3BO-
auTs 1o hpopmynam IMomsiueka [29] ang ogHopoAHOH 3eMin.

Crienytoniyii 3Tar cBA3aH C PELICHUEM KPAaeyroJibHOM 3alauM o pac-
NpeeNiecHuH TOKa 110 JIMHE MTPOBOJA MPH U3BECTHOM 1iofie. s pelue-
HUS 9TOM 3aJa4M MCMOJIb3YCTCS MPEACTABICHUE MPOAOJIbHON COCTAB-
JISIOLIEN DJTEKTPHUECKOro IO B BO3AYXE Yepe3 BEKTOPHbIA U CKaIAp-
HBIH MTOTEHLUAIIBI:

E. = jwAz - gradU.

DTa NpoJoNibHAS COCTABAIOILAA BbIPAXKAETCA Yepe3 MPOAOJIbHYIO
COCTaBJIAIOULYIO 3JIEKTPUYECKOTO MOJIsi HA MIOBEPXHOCTH 3E€MIIH, TMHEH-
HBli MHTErpall OT MONEPEYHOil COCTaBIAIOIIEH HANPAXKEHHOCTH Mar-
HUTHOTO TOJS B BO3JYXE IO BEPTHKAJILHOI KOOPAHHATE H NMPOU3BO/I-
HYIO BAOJb MPOBOMA OT CKaJipHOro noreHuuana. KnouessIM MOMeH-
TOM 3TOM YACTH 3aJ1aUd SABISAETCH 3aIIUCh TPAHUYHOTO YCJIIOBUS Ha MO-
BEPXHOCTH MIPOBO/JIA B BUAE PABEHCTBA NPOJOIILHOMN COCTABNSAIOUIEN Ha-
NPSHKEHHOCTH 3JICKTPHYECKOTO 10 U NaJeHUs HATIPSHKEHUs Ha BHYT-
peHHeM COMPOTHBRIIEHUH NMPOBOAA. DTO PaBEHCTBO CPas3y Xe JAaeT ypas-
HEHHE, CBA3LIBAIOIIEE TOK C H3MEHEHHEM HANPSIKEHHs BAO/b NPOBOAA
Ha MaJIoM ero oTpe3ke, T.e. TenerpadHoe ypaBHEHHE.

INpu noka3aTenscTBE, HAPSAAY C YKA3aHHBIMH paHee yCHOBUAMH 1, 2,
ObIJIO TPUBJIEYEHO NOTIOTHMTEIbHOE TIPEITONOXKEHHUE O PABEHCTBE HYJIIO
MOMEPEYHBIX COCTABISIOLIMX JIEKTPUUYECKOI'O 0151 U ITPOJOJILHOM co-
crasisiolleil MarHuTHOTO noisi B 3eMne. CocraBigioilue 3eKTpomar-
HMTHOTIO HOJIsS MPOBOJA BBIPAXKAJIUCH, TAKKUM 0Opa3oM, TOAbKO 4epes
IIPOJIOJILHYIO COCTABISIOLYIO HAMPSKEHHOCTH 3JIEKTPOMACHUTHOTO
110J14, T.e. TMPEANOJIArajoch, YTO B 3JEKTPOMATHUTHOM [10JI€ NIPOBOAA
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Haj 3eMJlei, KaK M B BOJIHOBOJE, CYILECTBYET JefeHne Ha E- u H-Boi-
Hbl. 3TO NPEANON0XKEHHE, BOOOLIE rOBOPS, HE BEPHO, TAK KAK 3MEKTPO-
MAarHMTHOE M0JIE MPAMOJIMHEITHOrO NPOBO/JA, PACHONIOKEHHOTO HAJ
TUIOCKOH NMOBEPXHOCTBIO 3€MJIM, HE SBJISIETCS CHMMETPHUHBIM HU 110
OTHOLUCHUIO K TOKY B [IPOBOJIE, HU [10 OTHOLLEHUIO K TOKY B 3eMite. Takoe
noJjie ABAeTCa F’UOPHIHBIM H OJDKHO COAEPXATh BCE 1MECTh KOMIIO-
HEHTOB BeKTOpOB £ u H.

[TocnenoBaBuine 3a 3T0i paboTOl MHOTOUMCHEHHbIE YTOUHEHHS
NOKA34JIH, YTO, HECMOTPs! HA IPUHSATbBIE TOTYLICHHS, B JHAIIA30HE Yac-
TOT Br1oTh 10 | Ml pesynbratsl, nonyuenusle Kapconom s anun-
HBIX JIMHMH, HECYUIECTBEHHO OTIIMYAIOTCA OT Pe3ybTATOB MCC/IEI0BA-
HUi, BBIIONIHEHHBIX B Dosiee cTporoi rnocraHoBke. HarnsaHocts Bpl-
BOJd U MPOCTOTA KOHEYHbIX BbIPaXXEHUH OTIPENEIUIH NOMYISPHOCTD
3TOrO PEILIEHMS U €r0 LUMPOKOE MPAKTHYECKOE NIPUMEHEHHUE.

3.3.1. Marpuunsre renerpacpuble ypaBHeHHS

CoBpeMeHHble BO3AYIUHbBIC JIMHMM PA3JIMYHOIO HA3ZHAYEHMS SIBJIA-
H0TCS, KAK NPAaBUIIO, MHOronpoBoaHbsiMU. [1o3Tomy B pacripocrpaHe-
HUU 3NIEKTPOMATHUTHBLIX KOJIeOaHUH MO JIMHUU NPHHHUMAIOT y4acTHe
BCE €€ MPoBOAA. ITO OOCTOATENLCTBO YUHTHIBAETCS BBEICHUEM MATPHY-
HbIX TeJjierpadHbIX ypaBHEHHH, KOTOPbIE BHEUIHE BBITISAAT TaK XKE, KaK
YPaBHEHHS ABYXIPOBOAHOI JTHHUMK:

N _zi. - vy, (3.61)
dx dx

Ho B oTnuuue OT ABYXIIPOBOAHON AMHHH BCE BEJIMUMHBI, BXOASILHE
B (3.61), apasrorca matpuuamu. KospduuueHTsl Z 1 Y SBISIOTCS KBA-
PaTHBIMM MATPULAMH, 4 TOKH H HANpPSKEHUs — CTONOUEBbIMH. DTH
YPaBHEHUS ONPENEC/IAIOT CBA3b MEXY TOKAMU M HATPSDKEHUAMU BO BCEX
MPOBOAAX MHOIOMPOBOAHON AuHUM. PenieHue MaTpuunbix Tenerpad-
HbIX ypaBHEHHH 0€3 NPUMEHEHHS BbIYMCIMTENILHON TEXHUKH BO3MOM-
HO TOJIbKO ISl CAMBIX IIPOCTBIX C/IyyaeB OJHOPOAHBIX JMHHIH M Korga
KOMMYECTBO MPOBOJOB Hesesnko. [103TOMy B TeopuM CBA3M HO NPOBOJ-
HBIM JIHHHUSM, CTAHOBJIEHHE KOTOPOH NPOHCXOAMIIo B Hayae XX Beka,
xorga 9BM He cylulecTBoBano, pa3sBuaMch NpUbIMKEHHbIE METOAbL. B
NPUOJIHIKEHHBIX METONAX PACCMATPUBANIACH HE BCA JIMHHMS B LETOM CO
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BCEMM €€ NIPOBOLAMH, & OTHENbHAs 1IEMb CBA3U. BIHsAHHE OCTANIBHbIX
Leneil Ha pacnpocTpaHEHUE CUTHANOB CBA3H IO OTAENbHON LENH y4u-
TBIBAJIOCh KAK BIMAHHE Yepe3 TpeThU uerny [32]. DToT TepMUH, PHHS-
TBI B TEOPHH CBA3M, O3Hayaer crenyroluee. [lepsoHadansHo npeamno-
JIAraeTcs, YTO TOKM M HAaNPsHKEHHs B pACCMATPHBAEMOl LENH HE 3aBH-
CAT OT coceAHux ueneil. ONHOPOAHbIE YPABHEHHUA peiaroT IS yeau-
HEHHOI LIENH U OMPEIENSIOT TOKH M HAMIPSDKEHHS, JEHCTBYIOLIME B HEH.
3aTeM U3 pelleHHs HEOJHOPOAHBIX YPaBHEHHH HAXOAAT TOKH H HANps-
KEHUS, HABEACHHDIE B COCEHEH LIeMnu.

3Has HaBEAEHHbIE TOKM W HATIPSKEHUS B COCEAHEH LienH, onpeae-
JSIOT HABEAEHHBIE TOKH U HAMPSO)KEHHS B IEPBOH LENHU 110 TOH XKe cXe-
Me ¥ T.4. [1o cymecTBy 3TOT METOA eCTh HE YTO HHOE, KaK NEPBbIit miar
METOJa MOCICAOBATEIbHBIX NMpubnmxeHuil. Ha nuHuax cBasu paccro-
SHUS MEXIY IPOBOIAMHM CYIIECTBEHHO MEHBLIE PACCTOAHHH MEXKIY MPO-
BOJAMH M 3eMJeif; HIMCHHO 3TO OOCTOSITENLCTBO FMO3BOJIAET MOJYUHTD
YAOBAETBOPUTENBHYIO TOYHOCTH OT PUMEHEHUS OMTUCAHHOTrO NpUOIU-
)XEHHOI'0 METOJa K 331a4aM O pPachpoCTPAHEHUM CHIHAja IO JIMHUAM
cBa3u. [1o 3TOMH e NMPUYMHE ONMCAHHBIA METOJ OKa3asCcsa HENPHIroa-
HBIM JUISl KCCJIEAOBAHUSA PACHpPOCTPAHEHHA CUTHAIOB BBICOKOYACTOT-
HOM CBA3M IO NPOBOJIAM BbICOKOBOJIBTHBIX JIMHHI. Pa3BHTHE TEXHUKH
BBICOKOYACTOTHOM CBSI3H MO BBICOKOBOJIbTHBIM JIMHHAM MOCTABUIIO 1€-
PE CENMaauCTaMu BONpoc 0 HeoOXOANMOCTH pa3paboTku Gojiee Tou-
HOro, yA00HOr0 M YHHBEPCAJIBbHOIO METOAA PACYETHOTO ONpPEACICHHUs
TOKOB M HATMPSOKEHUH B APOBOJAAX MHOI'ONPOBOAHBIX JIWHHUH IIDH pas3-
JIMYHBIX KOHLEBBIX YCIOBHSX.

VCWINSAMH OTEYECTBEHHBIX M 3apyOekHbIX HccnenoBaTesned Obun
pa3paboTaHbl METO/IBI PELIEHUST MATPUUHBIX TelerpaHblX ypaBHEHHH
Ui pasnuuebix BJI. DTH MeToabl pa3BUBANIUCE MO ABYM HANpPAaBICHH-
AM: MoJalibHoMy H (da3Homy [32]. B Moza/lbHOM MeETOJE npeanonara-
ercsl, yTO (pa3Hbie TOKM M HANPSDKCHHs B MPOBOAAX MHOTONPOBOJAHOH
JIMHUM MOTYT ObITb MPEACTAB/IEHbI CYNEPNIO3ULMEH HE3ABUCUMbIX MO-
JAJIBHBIX COCTABISIOLIMX!

U=AUs; I=06"]g, (3.62)

rae Ug n Ig — cron6uesble MaTpHLbl HATIPSHKEHUI M TOKOB BOJI-

HOBBIX MOJ;
Ay & — HexoTOpBIE Ipeofpa3yolLKe KBaJpaTHBIC MATPHLBL.
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IMoncrasnss (3.62) B (3.61), BbiNOJHAS HeCNOXHbIE Tpeobpasopa-
HUSl K peLUeHMS YPABHEHHIl, HAXOAAT BbIPAKEHUS, CBA3bIBAOILUE MO-
JlaJIbHBIE COCTABIISIONIME TOKOB M HAIIPSKEHMIT B HAYale M KOHLE y4a-
CTKA JIMHUHU:

Ugy =ch(yg/)Ug + sh(ygl)Zy I g,

Isu=Z5' sh(vsDUsy +ch(ysDIses
rae sh yg/ u ch yg/ — runep6onuueckne GyHKUUU OT AHArOHATIBHOM
MATpHLbI Y/,
Yg = Al A\ — anaronanbuas MaTtpuua Ko3hhHIUEHTOB pacpocT-
PAHEHHsT BOJIHOBBIX MOJ;

A =~JZY — marpuunblit Ko>pbUUKMEHT pacnpocTpanenus B ¢as-
HBIX KOODPJHHATAX;

Z v Y — xBaapaTHble MaTPULbl COOCTBEHHBIX U B3aUMHBIX CONPO-
TUBJIEHHUH U IPOBOAUMOCTEH €IHHHULIIbI JJIMHbBI NPOBOJAOB JIMHUH;

Z, — IMaroHajlbHasg MaTPULIa MOJA/IbHBIX BOTHOBBIX COMPOTHBIICHHH,

[ — anuHa OJHOPOAHOrO YYacTKa JIMHUY,

dazHble TOKM ¥ HATIPSXKCHMS B HAYaJle U KOHIE OJHOPOIHOIO yya-
CTKa JIMHUU B COOTBETCTBHH ¢ (3.62) OKa3bIBAIOTCH CBA3AHHBLIMM YpaB-
HEHUSIMH CHMMETPUYHOTO MHOTOMOJKCHUKA!

Uy = WUy + 421,
IH = A Uy +A221K5

(3.63)

(3.64)
rac
Ay =hchysl Nl Ay =Ashygl 2,07,
Ay =8 Z shygl N, Ay =dchygl-67.

Taknm obpazom, HalAs MAaTPULLY Yg IJIsL ONHOPOJHOIO y4acTKa Jiu-
HHH U 3Hasi TOKH U HAaNPAXEHUS B €ro Haualle, MOXHO OIpeAeinTh Ha-
NpPSOKEHUS] XU TOKHM B KOHLE yKa3aHHOTO ydacTka JIMHUH. Ecnu nnHus
COCTOMT U3 OOJIBILIOr0 YUCIIA PA3INYHBIX OJHOPOIHBIX YYaCTKOB, a 3TO
COOTBETCTBYET peajbHbIM YCIOBUSIM, TO ONpEJEeHUEe TOKOB U Hamnps-
KEHMII B KOHILIE TAKOM JIMHUH CTAHOBUTCS BEChbMa CIIOXHBIM, Tpebyto-
I{HUM [IPUBJIEYEHUS COBPEMEHHOM BBIYUCIUTEIBLHOW TEXHUKH H CIOXK-
HOT'O NPOrpaMMHOTO obecTieucHus.

(3.65)
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B ¢daznom Metone gopmansHoe pewenue (3.62) 3amucbiBaeTcs Tak
xe, KAK H JUtsl ABYXIPOBOAHON JIMHUH, T. €.

U=e"""B +e™"B,,
Zyl =B — e B,,

rae Z, — KBaJApaTHas MaTpHild BOJHOBBIX CONPOTHBIEHHH B (a3-
HBIX KOOPAWHATAX.

IMomaras B (3.66) x = 0 M x = /, MOXHO [OAYUYUTh YPABHEHHS
(3.64), K03thHULMEHTBI KOTOPHIX BBIPAKAKTCA Uepe3 runepboanuec-
Kkue GyHKuuu Al

A,=ch Al . A,=Z sh Al A, =Z" sh Al,

Ap=2Z"ch Al. (3.67)

Jlerko nokasatb, 4To pa3HbId U MOJANBLHBIH METOAbI B KOHEUHOM
UTOre JAIOT NOJNHOCThIO COBNAJAXOHIHE PE3YNbTaThbl. TPYJ0ECMKOCTD
BbluMcieHUs xo3dduurenToB (3.64) no obouM MeTOAAM NPUMEPHO
onnHakoBa., HexoTopreiM mpeumyuiecTBOM Ga3HOro mMerona siBisieTcs
CPaBHUTENBHO NPOCTOE OMUCAHUE C IOMOILBI0 PYHKUHH OT MATPHIL
Pe3yNbTATOB PELUCHUS U MPOMEKYTOUHBIX Bhluucnenuil, Henoctarkom
MOJAANBHOIO METO/IA B CPABHEHUH C (Pa3HBIM AIBNSIETCS OTCYTCTBHE Ha-
TISAHOCTU W BO3MOXKHOCTH YTNPOILEHHOIO aHAIN3a pacrpocTpaHeHus
CHUTHAJIOB BJIOJIb MHOTOINPOBOAHBIX JIMHUH.

C NoMOULbIO NEPEUUCIIEHHBIX METO/OB BECbMa YAOOHO HCCIIE0BATh
npobiieMy 37eKTPOMArHUTHOM COBMECTUMOCTH TAKOH COKHON (yHK-
LUHOHAIIBHOM CUCTEMbI, KAK CHCTEMA TACOBOTO 3JEKTPOCHAOXKCHUSA U
NPOTSHXKEHHBIX JIMHUI BO3AYIIHON CBA3U W KEJIEZHOAOPOXKHOH aBTO-
MaTHkH. [Tpudem petaTh 3Ty 3a1a4y MOXHO UCXOs M3 AaHATU3A 3MeK-
TPOMATHHUTHBIX TPOLECCOB B MHOTONPOBOAHBIX IMHHUAX, BKITIOUAIOLLNX
B cebf KaK BIUAIOMIME TMHHH (TATOBas CeThb, IMHHH NPOAOJBHOTO 3JIEK-
TPOCHAOKEHHUS, MUTAIOLIUE TUHUH aBTOOIOKUPOBKH U T.[.), TAK U MOA-
BEPYKCHHDBIE BJIIMSHUIO (JIMHUM CBSI3H, PEJIbCOBBIE LETH XKEIE3HON0POXK-
HOIl aBTOMATHKU U T.1.), T. €. pACCMATPUBATH OAHOBPCMCHHO B3aHMO-
JelCTBYE BCErO MHOXECTBA MEPEUUCICHHBIX MPOBOJOB, a4 HE KaK 3TO
nenaercst B pabote [32], rac UCrosib3yeTcs METO CyNnepIO3HLIMIA.

B ntore MoxHO OLEHHUTDH HE TOMBLKO BIAHSHUE CUIILHOTOUHBIX IMHUI
Ha ¢naboTouHbie, HO U 3KPaHUPYIOLLiee ACHCTBUE COCENHUX POBOAOB.

(3.66)
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3.3.2. JnexTpoMarduTHOE I110JI€ HAHN IOBEPXHOCTHIO
3eMIH

BbiBog TenerpadHbiX ypaBHEHUI, YUHTHIBAIOUIMX B3AHMHOE PacIio-
JIO)KEHUE U NIPOTAKEHHOCTD JIMHUIM, TpeOYyeT onpeeiicHus NapaMeTpoB
3NEKTPOMATHUTHOTO MOJNS NPOBO/A OrPAHMUEHHON AUHbL. BonHoBble
rapaMeTpbl MHOMONPOBOAHOW BO3AYIIHOH NIMHHUH ONpPEAEISIOTCA Ha
OCHOBE peilleHUs ypaBHEHHUH MakcBenia, ¢ y4eToM BIIMSHUS 3EMITH.

3asaua pewiaerTcsi NP CIEAYIOUIUX AOMYIICHUSX:

1) nonaraem, 4To IMHHUA COCTOUT U3 N JUIMHHbIX MAPAJUICIIbHBIX OJI-
HOPOJIHBIX MPOBOJIOB KPYFJIOTO CEYEHHS C IJIAJKOil HOBEPXHOCTHIO,
napanieyibHbIX MOBEPXHOCTU 3EMIIH;

2) npenebperaem adpexTom 6AH30CTH B MPOBOAAX, KOTOPbIH OUEHb
MaJIO BIIHSET Ha PEUICHHE BCIIEACTBUE OONBIIMX PACCTOAHUH MEXAY
MIPOBOAAMH U POBOJAOB [0 3€MJIM 1O CPABHEHHUIO C PAANYCAMHU I1PO-
BO/IOB;

3) npeHebperaeM BIHSHUEM AKTHBHON MPOBOAHUMOCTH H3OJALMH,
KOTOpast OueHb Maja A NPOBOJOB BO3IYHIHBIX JTHHHH;

4) He yuuTBHIBaEM BIHAHHS KOHUEBOTO 3(ekTa W H3AYUeHNs B Ha-
4ase U KOHIE JIMHUH.

B osHOpOoAHBIX M H3OTPOMNHBIX Cpesiax MPHU OTCYTCTBHM CBOOOAHBIX
3apsi/IOB ypaBHeHHss MaKcBe1a UMEIOT BUJ

rotH = jweE, rotE =-jouH, (3.68)
div H =0, div £ =0,

rne HuE — KOMIJIEKCHbIC aMIUIUTYAbl HANPSHKEHHOCTH MAarHuT-
HOTO M JIEKTPHYECKOTrO MONEH;

. 1
E=g— j—0,
wp
W, € K p — COOTBETCTBEHHO MarHWTHas ¥ AU3JIEKTpHYeCKas POHU-
HAEMOCTH M YAENbHOE COMPOTUBIIEHHE CPEbl.

U3 ypasuenuii (3.68) npu nocnea0BaTeNbHOM HCKITIOYEHHH H u E
TNOJyUYAIOTCSI BOJIHOBBIE YPABHEHUS:

AW+ k2 =0, (3.69)
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o K2 = o, (3.70)

rae W — 106as M3 NPAMOYIOJbHBIX cocTaBasaoumx Hu k,

, 2w v o'W
8 AW =——t——a (3.71)
dx dy J9z" ‘
TIpu 3ToM perterne ypaBHeHUS (3.69) MOXXHO NIPEACTABUTh B BUAE
CYMMBbI [TAAAIOUINX U OTPAXKEHHDIX BOJIH:

W=, + W, =W (0)e ™ + W, (0)e . (3.72)
3mech y = o + jB — ko3dduimenT pacnpocTpaHeHus, rae au f—

K03 dHLMEHTH! 3aTyXaHUusd U (assl.
CrnenoBaTeNnsHO,

-y2w. (3.73)

()x2

Toacrasnaa (3.73) B (3.69), nonyuaem

AW+ m*W =0,

(3.74)

=k ey 2,
: P 155
TR a2 (3.75)

Taxum 06pa3oM, B Cllyuae NOBEPXHOCTHBIX BOJIH 3aja4a CBOAHUTCH
K PEILEHUIO YPAaBHEHHs C [BYXMEPHBIM JaruiacuaHom [32].

3.3.3. PacnpocrpaneHne 3JeKTPOMATHHTHBIX KoOJTeOaHHH
BAOJIE OQHOPOTHBIX BO3IVIIHBIX JTHHHH

B 371eKTpOTEXHHKE ODIIENPHHATO aHANU3IUPOBATL PACNPOCTpPaHe-
HUE BOJIH BJOJb JIMHUK HAa OCHOBE pellicHUs TejaerpadHbiX YPaBHEHHIA.
Mpencrasnss tenerpadHbie ypapHeHUs B MaTpu4HOH dopme (peusb o
HUX YK€ LA BBILIE), MOXKHO NMPUMEHUTh CIIELUHU(PHUUECKUE MATPUUHBIE
METO/bI PEILEHHS, KOTOPbIE XOPOLIO peanu3yloTcs Ha DBM.

BeiBoa TellerpadHbiXx YpaBHEHHI B MAaTpHUHOH (QOpME BBITJISAIUT
clnenyomuM o6pas3om.
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0O0603HaUKM CTONOLIEBBIE MATPHLIBI HATIPSXKEHHH H TOKOB B IPOBOJAX:
U\ I
UII ]I’I

IlpeacTaBum ypaBHEHHME [ KOMIUIEKCHOM aMIUTMTYAbI IIOTEHLMA-
Ja k-ro nposoja:

d1,

[}
2 Nik

k=1.2,...,
23((})80 21 ( m G.77)

Uy =

U YpaBHEHHUE
n

ElBiin =0 (k=1,2,..,m), (3.78)

rjie I; — TOK B i-M IPOBOJIE; ® — KPYroBas 4acToTa;

Big = &Nk + Fyp + My, By = =ENy + Fy, (3.79)
2h

N,‘/‘ —ln rl/‘ NAk —]n h/‘ . (3.80)
Tik %

v = Uy =l + (B = by )
Tik =\/(hi+hk)2 +(bi-bk)2,

(3.81)

1 e-v (/Il, +hy ) x

i _Zf
i Voo = (k3 k) (3.82)

xcosV(b, = b ) dv,

ky — BonHOBOH ko3(QbuLKMENT B BO3AYXE, k, — B 3EMIIE,

k; = ©,Je;u; — BOJHOBOE YHCJIO;
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B MaTpHYHOIl gopme

[l

(3.83)

18l =o. , (3.84)

rae |N|— xsaapaTnas cummerpuunas ( Nj = Nj;) MATpHUa, une-
Hbl KOTOpOi onpeaensiotes dopmynamu (3.80);

|F|— xBaspaTHas cummerpryHas MaTPULA, YIEHBI KOTOPO# OMpe-
JENSIoTCs BbIpaxkeHUeM (3.82);

|M|— mnaronanshas Matpuua, ee unensi onpenensiorcs dopmytamm

2n '
My = — Zicwrs (3.85)
JOUQ
_ kipiJo(kin)
k BT 27U]./1(k17]) » (386)

Jo n J| — dbynkuuu beccens 1-ro pona HysieBoro u 1-ro nopsakos
(uHOeKcw «1» npu k, p 1 r NOKA3bIBAIOT, YTO 3TH BEJIMYHHBI OTHOCATCA K
NMEepBOMY MPOBOAY).

ITocne nuddeperunponanus (3.83) no x:

2 .
yo | jou
s <=~ = Ivlik (3.87)

o
YMHOXUB ypaBHeHue (3.84) ua Benuuuny / Py

U CITOKHB Pe3yiib-

TaT ¢ npaBoit yactoio (3.87), nonyunm

d :
-—|Uil = |Z}l]|1}.
L) -zl -
3nech |[Z| — xBaapaTHas cMMMETpHYHASL MATPHLA MOTOHHBIX CO-
IIPOTUBJIEHHH JINHHU:
2] =S v + ]+ D (3.89)
8 — 6283 113



B sTom BbIpaxeHHu MaTpuua |N| xapakrepusyer BHeuHue cob-
CTBEHHbIC U B3aUMHbIE MHIYKTUBHBIE CONPOTUBIEHHS NIPOBOAOB NPHU
HieaNbHOf POBOAMMOCTH 3eMIIH, MATPHLA |F| — nononHuTesbHbie
BHELIHHE COOGCTBEHHBIE M B3aUMHBIE COTPOTUBIIEHHS NPOBOOB, BO3-
HMKLLIME H3-32 KOHEHHOI IPOBOAMMOCTH 3eMIIH, & MaTpuLa [[M| — co6-

CTBEHHbIE BHYTPEHHHE COMPOTHBIAEHHS MPOBOJOB.
U3 ypasHenus (3.83) nosnyuum

=1 1 (390

rje KBaApaTHas CUMMETpH4HAS MAaTPHLA NMOTOHHEIX IIPOBOAMMOC-
Tel 3eMIH

M =2meoiol, (391)

"N“" — maTpuua, obpatnas Matpuue |V

Urak, u3 ypaBHenuii Maxcsenia noay4eHsl OObIMHBIE TETErpagHbie
ypaBHeHus nuHnH (3.88) u (3.90) B MaTpuuHOi dopme.

Jlns peleHus ydeHeHldld (3.88) u (3.90) npeobpasyeM UX, UCKITIO-
yas U3 HUX MATPULbl TOKOB K HAMpPSHKEHHH:

i, 1

[\
: ” " 1Pl 592

rae 0603Ha4YeHO: [|P" =

LliTpux BBEpXY -— 3HAK TPaHCMO3UUMK MATPHLL.

Peuwienue ypasHenus (3.92) B MaTpHUHOM BUIE AJISl HAMPSHKEHUM Ha
NPOBOJAAX H-IIPOBOJHOM JIMHUMH, HATIMCAHHOE 110 AHAJIOTHH C PELIEHH-
€M JUIS JIByXNMPOBOAHOM JIMHUH, UMEET BUA

o= Vo = ] + ol (399

3nech KBaApaTHAs HEJHaroHanabHas MaTpuLa ko3 dULHEHTOB pac-
MPOCTPaHEHUS

1
2 95
It)= | 2. (3.95)

114

(3.93)

rne eﬁur"x e||l‘||x__ 9KCITOHEHHANbHbIE PYHKLIMK OT KBaJp: H
, paTHoIf

MaTpHUbI Hr‘"x, KOTOPbIC TAKXKE ABJIAIOTCA KBAAPATHBIMH MaTpHLIAMU;

”— cTOJ101IEBbIC MATPHULbI MTOCTOSTHHBIX UHTErpUPOBAHUS.

I'naBHol TPyIHOCTBIO SIBISETCS BHIYHCIEHUE (DYHKLMHU OT MATPHLIbI.
g aToro npenBapHTEIbHO HEODXOAUMO OMNPENENUTL BCe COBCTBEHHBIE

3HA4YCHUs MATpPHULIbI

, T.€. HaliTH Bce KO3(PUIIUEHTBI PACHIPOCTPAHCHUS

BOJIHOBBIX KaHanoB. ONHAKO HENOCPEACTBEHHAs AUAaroHaW3alus ToM
MaTpHULbl CBA3aHA C CEPbE3HBIMHU BBIYHCITUTEIbHBIMH TPYAHOCTAMH, TAK
KaK KO3(hULHEHTBl PACIPOCTPAHEHHs PA3IMYHBIX BOJHOBBLIX KAHAJIOB
MaJI0 OTJIMYAIOTCS MO MOAYMIO APYr OT Apyra. PellieHue CylliecTBeHHO

ynpowaercs, ecnu npeobpasosars marputty ||P|| Tax, uroer npu anaro-

HAJIM3ALMH TOJIyYaTh MaTPULY He KO3(DHLMEHTOB PACHPOCTPaHEHHs, A
MaJIbIX OTHOCHTENbHbLIX MOMPABOK, YUUTHIBAIOIUKX BJIMAHHE MOTEPD.
M3 ypaBxenuit (3.93), (3.89) u (3.91) ciaenyer:

[P =i+ . (3.96)
I71 =1+ bl (397

"1"‘— AHaroHaJjibHas €HHHYHaa MaTpHLa.

rae

IMoacrasnsis BeipaxeHue (3.96) B ypaBHeHHe

-l
1A - (3.98)
rae NYZ ”— JMaroHajibHas MaTpHLa COOCTBEHHBIX 3HAUEHMIA,
[M|-— xBanpaTnas marpuna cobcTBenHbIX BEKTOPOB,
nosnyyaem ]
I = el (3.99)

rae AHaroHajdbHada MaTpullia MaJibiX OTHOCUTEILHBIX MMOMPABOK, KO-

TOpas ONpe/e/leHa KaK MaTpHIia COGCTBEHHBIX 3HaueHuii MaTpuwb! [T :
I
el = =2 |- ik (3.100)
¥
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JAuaroHanus3auusi 370l MaTpHUllbl IPOU3BOANIACE 10 ANTOPHTMY,
npuseacHHoMy B [32]. CMbICT 9TOIO aJITOPUTMa 3aKA0YAETCH B CIENY-
tomteM. CHauana MCXOAHAS MATPHLIA MPUBOIUTCS K BEPXHETPEYrOJib-
Hoii maTpuue (popme Xecerbepra). 3aTeM BbIUUCIAIOTCH COOCTBEHHbBIE
3HA4YEHWA U COOCTBEHHBIC BEKTOPBI IPOU3BONLHONW MaTPpULBI (#1°1).

N3 Boipaxenus (3.100) nonyuaem

||Y2 H =&+ 1 . (3.101)

rae KoapQUIUUEHT pacnpocTpaHeH s THHHH Ge3 noTepsb

2n 8 ,
Yo =jko (ko =oyfegto =—=107 1), (3.102)

Mcnonbsys BbhIpaXkeHHE A1s BhIUMCICHHS (QYHKLHH OT MATPHLBbI
(3.95), MOXHO 3anucaTb

' -1
R (3.103)

rae |y| — anaronanshas MaTpuua, uneHb! KOTOPO# ABASIOTCH KBAJ-

2
PaTHbIMH KOPHIMH U3 YJICHOB MAaTPHLbl ”Y H .

Ksaaparnas MaTpuua (pa3HbIX BOJHOBBIX CONMPOTHBICHHH BblYMC-
agetca no dbopmyiie

1Z= {1121 (3.104)

[pu x = /n x = 0 u3 ypasHenuit (3.94) c HMCIIOJIb30BAHHEM (3.104)
nMeeM: '

sl = eV B+ o VB, -
IB ” > (3.105)
2

Z 1] = TV B -]

Ul = 81+ 1821 }

|2 ol 1] = B4+ B4

(3.1006)
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Onpenensst matpuusl By u B, u3 ypasnenuii (3.105) u noncranss
pesyabTaThl B (3.106), nonyuyaem nocne npeobpazeBaHHs ypaBHEHHE
puaa (3.64), roe

-1
ch|Tf7 = el 70

- (3.107)
shc|/ = [Mshiv] 77

¢+ CBf3b MEXAY HANPSHKEHUSIMH M TOKAMH B HAYAJIE U KOHLE MHOTO-
MPOBOJHON NUHUU (B obuieM ciyuae 2n+1-MoIOCHUKA) MOXKET ObITh
IPEACTAB/IEHA Pa3HBIMH TUMAMH MATPUYHBIX YPABHEHHUH, U3 KOTOPBIX
HauboJjee ynorpebiaseMbIMH SIBISIIOTCS

Ul = U]+ ] }

Il = A2 O] + | 422 1 (3.108)
Il = o]+ el }
[l =Pl Ual + a2l Uil | (3.109)
0] =1z 0] + |22 e | }
Ul = 1221l 0] + 1 Z22] 14 (3.110)

TTockoNbKy BCe 3TH ypABHEHHMS MOTYT ONHKCBIBATH OJUH U TOT Xe
2n+1-noyocHuK, Mexay OJIoKaMu MaTpuil "A”,"Y"n“Z" CYLLECTBYET

JIMHEHUHAS 3aBUCHMOCTb. T'dK, HarpuMep, MOXKHO 3anucaTh

-1
1] = [422] |42
-1
2| = lA21 ] - |42z | Ar2 | A |
[Pl =] 311D

722l = e[ o]
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H3BecTHO, YTO LEMOYEUHOE COCOAMHEHUE MHOTONOJIIOCHHKOB y]l06-

Hee BCEro ONMCBIBAETCA 3aBUCMMOCTBIO THITA | 4|, napamensxoe — 3a-

BHCHMOCTDIO HY" W 10C/Ie]0BATENILHOE — 3aBHCHMOCTBIO THIA ||Z|| )

JInst OlHOTMIIHOLO COENMHEHHU M-TIOJIIOCHUKOB PE3yNbTUPYIOLIAst
MATPHLIA SKBUBAJIEHTHOrO MHOTOMONIOCHUKA OTpEAENsAeTCa Tak:

m

| 4pes] - 14} (3.112)

Ias Toro 4tobnl paccYMTATh BEJIHMYMHBI TOKOB H HANPSKEHHI
NnoJjocoB 2n +1-noMocHuKa, HeOOXOIHMO 3aAaTh A1 HETO FPaHUY-
Hble ycioBus. B HanGonee obiiem BUAE TpaHHYHbIE YCIOBHS HA BXO-
I€ M Ha BbIXoje 2n +1-nojocHrKa 3a4a10TCS C TOMOIIBIO MOJHBIX
n +1-MoaOCHUKOB, AKTHBHBIX I MEPEAAIOILEro U MaCCHBHBIX IS
NPUEMHOr0 KOHLA.

Harpy3xa OpeACTABJIACTCA B BUAC MATPHUBI ”Yk“’ KOTOpas BbIIJIs-

JIWT ClleayiotuM odpa3om:

DA =R

(3.113)

rae Yy; = Y, — NpOBOAMMOCTb MEXAY k-M U i-M nojocamu n + 1-
MOJIIOCHUKA.

B o611ieM BHjle HAIPY3Ka 3a1aeTcs ¢ noMotbio anemerToB R, L u C.

BoipaxkeHue a1t MATPUYHO BXOAHOM ITPOBOAMMOCTH 3ANHINETCS TAK:

ol = (tea |+ [ [lvi Dt |+ [ JlviD ™ G-114)
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Cxema OJIHOIO aKTHBHOIO 1 + 1-NoIOCHUKA OTIIHYAETCA OT CXe-
MBI ITACCHBHOTO TEM, 4TO €0 BETBU COAEPXKAT UCTOYHHUKH J/C MU UC-
TOYHHMKH TOKA.

TaxumM 06pa3oM, 3Has BXOAHYIO NPOBOAUMOCTD NUHHUH (3.114), Mox-
HO MOJYYHTb HANPsDKEHUE B e HAUase

[Vl = i+ 124 11¥exb ™ £ (3.115)

H JajIee MOXHO OHNPENETIUTE BCE OCTABIUMECA TOKH H HANPSAXKCHUA B
Ha4dane H KOHIEC JIMHHH:

AR A A (3.116)
1]l = Q2] + 1422l 1Y DI ) (3.117)
ol =Yl o} (3.118)

Hpu 3aJaHHOM CXeMe TPAHCMO3HLIHHU MOXHO HANUCATb CICAYIOIHE
paBECHCTBA:

AR 3
INELAN (3.119)
rae ||N7~|| — MaTpuua #-ro MopsiKa UACAILHOr0 nmpeobpazoBareis

HanpsoxkeHuit (TokoBs).

B Matpuue |N7| anemenTor, nexalue Ha niepeceueHHH i-if CTPOKH M

k-ro croabua (i — HoMep NpoOBOAA 10 TPAHCIO3ULIIH, k ~— ITOCIIE TPAHC-
MO3HMIHK), PABHBI €IMHHULE, 4 OCTAJILHBIE PABHBI HYITIO.
Tak KaK TPAHCIIO3M LM HE HAKJIAABIBAET HUKAKOIM CBAZM MEXIY MaT-

pPMLAMM HANPSHKEHUH W TOKOB IIPOBOMOB, TO MAaTPHILbl THINA ”A” st

TPAHCIO3ULIMH UMEIOT KBa3HAUATOHAJILHYIO CTPYKTYPY:
[l =Ivrh [zl =0 4] =0, Jao] = |Nr | (3120)

B ucxonHbie AaHHbIE BHOCHTCS pacueTHas cxeMma 3aMelnenus. s
JAHHOM CXEMbI OTIPEHENSIOTCA KOHKPETHBIE 3HAUEHUS [TAPAMETPOB BET-
BeH HATPY3KH U MCTOUHUKOB HAMPMKEHHA, a4 TAKKE XAPAKTEPUCTHKH
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NPOBOJIOB JIMHKI: TATOBOM CEeTH; ABYXIIPOBOAHOW JIMHUH CBA3H; TPEX-
tha3HO#l TPEXNPOBOIHON JIMHUHU TIPOAOJILHOIO INIEKTPOCHAOKEHHS Ha-
nipspkerHuem 10 kB; TpexdasHbix GuIbTPOB.

Tak Kak K JHHUSAM NPOACTbHOrO 3nekTpocHabxenus 10 kB noakito-
yaeTcsd 6ONBUIOS KOJIMYECTBO OAHO(A3HBIX TOTpebUTETEH, KaK MPaBHJIO,
Masioif MOLLIHOCTH, HAIIPUMEP OCBELICHHE Tepee3 OB, AEKTPOCHaXe-
HUE NUHCHHO-MYTEBbIX 3MAHUI HA MEPErOHaX U OCTAHOBOUHBIX MyHK-
T4X, PE3EPBHOC MUTAHUEC CUTHAJIBHBIX TOUEK ABTOOJIOKMPOBKU U P APY-
UX NOTPeOUTENCH, TO Ha CXEME 3aMELLCHHsl Harpy3Kka MOeT ObIThb 3a-
JIaHa CPEJHUMH 3HAYEHUAMH R, L, 571€MEHTOB aKTUBHO-UHAYKTUBHOTO
XapakKTepa W YCIOBHO MPHUIIOKEHA B KOHIIE (DHAEPHOro yyacrka.

Taxkum 06pa3omM, onMcaHHAg METOAMKA [O3BOJIAET ONpPEAEHATh HE
TOJBKO TOKH M HAMPSDKEHHs B JIIOOOH 3a1aHHOI TOYKe, HO W OHOBpE-
MEHHO HABEJCHHBIE HANPAKEHHUA B CMEXHOH JIMHUH CBA3M, TEM CAMBIM
M103BOJIASE HCCIIEIOBATh 3JIEKTPOMArHUTHOE Mellalollee BIUsSHHE TAro-
BOM CeTH M JIMHMH NMPOJOALHOTO JIEKTPOCHAGKEHHS HAa BO3AYLUIHYIO
JIMHUIO CBSI3M M LEMNH XEeJIe3HOAOPOKHONH aBTOMATHKH.

As1s jJleMOHCTpaluMy BO3MOXHOCTEH pacyeTHOM MOJENN HccnesoBa-
HHSl PACMpPOCTPAHCHHUS TAPMOHUK MOXET CIYXXHMTh Tpexda3Hast JTMHUS
npoaosibHOro 3nekTpocHabxkenus 10 kB @agnno—Kapoobiweso 3anaj-
HO-Cubupckoit x. a. [TapaMerpbl MpoA0ObLHON JMHHUM U JIMHAK CBA3M
B3SThbl U3 3TOTO peanbHOro yyacrka. PacuneHeHue MHUM CBA3M HA OT-
JENIbHbIE YYACTKH € MOCNEAYIOIHM COeIUHEHHEM HX IO METOIMKE, OITH-
CAHHO#! BbllIE, BMOJHE npaBoMepHo [11].

Hns npencrasnenus uudopmauuu o6 ypoBHSX 'apMOHUK HCHOJIb3Y-
em rpaguueckoe NpeiCcTaBlieHHE B CHCTEME TPEX KOOPJMHAT, UTO NO3BOJIS-
€T KOJIMYECTBEHHO OLICHUTD HAIPSHKCHUS TAPMOHHYCCKUX COCTABISIOIIHMX
B NPOJOJILHOM JIMHUH 3ekTpocHadxeHus 10 kB Bo Bcex Toukax yyacrka
C TIOMOILIbIO TPEXMEPHOH AuHarpaMMbl, MpUBeAcHHOI Ha puc. 3.6, 3.7.
Ha 3Tux pucyHkax rnokaszaHbl ABa KpaHHHX clyyas HAa KOHUE JIHHUU (B
KapObilieBo) — AMHHSA pa30OMKHYTa W IUHHS KOPOTKO 3aMKHyTa. Pa3-
HULA B 3HAYCHUAX FAPMOHUK BAOJIb JIMHHUU OTIpEAEsIseTCs cCBOicTBAaMuU
CTOSIYCH BOJIHBI U CABUIOM PE30OHAHCHBIX YACTOT HA KOHLIC JIMHUHU.

Ha Bcex IIMHAaX MMEIOT MECTO [JIaBHbIE PE3OHAHCHI, TPHYEM NEPBBIH
NMPOUCXOAUT MEXIY UETBEPTON W MATOI rapMOHHUKAMU, & BTOPOH —
mexay 19-if u 20-#, 4TO COOTBETCTBYET PE30HAHCAM, OTMEUEHHBLIM Ha
MNOACTAHLIUMU,
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Prc. 3.6. 3aBHcuMocTbs HanmpsxXeHUs HPSIMOH MOCIeJ0BATENBHOCTH OT YACTOTHI:

a) BI0J1b Pa30MKHYTOH JIMHUH; §) BIOJb PA3OMKHYTOH JIMHHH TTPH FeHePALIMU e/li-

HHUYHOIO TOKa MPsAMOil MOCIENOBATENLHOCTH CO CTOPOHBI NoAcTaHUNN DagnHo;
8) Ha BCEX LUMHAX CHCTEMBI
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Puc. 3.7. Tok# pasinyHbix NOCACAOBATENLHOCTEH BAOAL KOPOTKO3AMKHYTO
JIHH{H MIPH TeHepALHK eIHHHUHOTO TOKA NIPAMOIT MOC/IE0BATENBHOCTH CO
CTOpPOHBI IOACTAHLIMK PATUHO: ¢) TOK NPSMOH NMOCAE0BATENLHOCTH; 6) TOK
06paTHOMH NMoC/IeAOBATENBEHOCTH; 8) TOK HYNIEBOI NMOCIENA0BATENLHOCTH
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Tok npsmMoil nmocnegoBaTENbHOCTH KaX A0l rapMOHHKH (10 25-i
BKJIIOYHTENBHO), BbIPAKEHHBIA B OTHOCUTENBHbIX CAUHULAX, [TOCTYIa-
er ot noacranunu B ®aauno. HanpsbkeHusiM, BbI3BIBACMBIM MPOTEKA-
HHEM TOKa, COOTBETCTBYIOT PACCUMTAHHbIE CONPOTHBNIEHHS, T.€. U naer
Z 1> Uy naer Z, u Ujy naer Z | j (ungekcel 1, 2, 0 0603Ha4al0T COOTBET-
CTBEHHO MNPAMYI0, ODPATHYIO M HYJIEBYHO TOC/IEAOBATENBHOCTH).

M3 puc. 3.6 BuaHo, YyTO Ha 060MX KOHLAX PA30MKHYTON JTUHHH
MUMEIOTCA NOBBIIIEHHbIC YPOBHH HATIPSKEHUs HA YAacCTOTE, COOTBET-
CTBYIOLLEH NOJOBUHE AMuHbl BONMHLL Kpusas, cooTBeTCcTBYIOWIAS 25-i
rapMoHHUKe, HArjJsiJHO HJUIIOCTPUPYET CBOWCTBA CTOSYEN BOJIHBI,
KOTZa MMHUMYMBl H MAKCHMYMBI YepPCAYIOTCS C HHTEPBAJIAMM B UCT-
BEPTb JUIMHBL BOJHBL. [/l KaXX10H KOHKPETHOM 4aCTOThl HAJIHUUE B
TOYKE JIMHUHY NHKOBOIO HAMPAXKEHHS 03HAYAET, UYTO B TOUYKE, OTAa-
JICHHOH! Ha 4YeTBEPTb MJIMHBL BOJIHBI, CYLIECTBYET MUK TOKA TOH xe
yacTtoTsl (puc. 3.6, 6).

PacrnpocrpaHeHue rapMOHHK MEHSETCS, €CJIM THHHUIO 3aMKHYTH Ha-
KOPOTKO Ha MpUEeMHOM KoHile (puc. 3.7, ). M3-3a KOPOTKOIO 3aMblKa-
HUS HAa KOHLE JIHHUM BO3HUKAET Ooyblioi ToK. Pe3oHaHCHbINH Makcu-
MYM JOJKEH YMEHBLIATHCS C POCTOM 4aCTOTHI [26], 0HAKO TAKOro AB-
JIEeHUsl HE BO3HYKAeT AJig ciydas, nusobpaxeHHoro Ha puc. 3.7, a. D10
CBSI3aHO C TEM, YTO TOUKHU KPHBBIX, COOTBETCTBYIOLINE FAPMOHHYECKHM
JACTOTAM U PE30HAHCAM, HE TOUHO COBIAAAIOT C STHMHU 4aCTOTAMU, T.€.
MAKCHUMAJIbHbIE aMIUTUTYAbl HEFAPMOHMYECKUX YAaCTOT MOTYT MpPEBbI-
LIaTh 3HAYCHMS, TOKA3aHHBIC HA PUCYHKE.

PacnpocTpaHeHHe COCTABISIIOIUMX HYJIEBOH NMOC/IEeA0BaTebHOCTH B
Gonblieit cTeneHu, 4eM MpAMO MoCnefoBaTENBHOCTH, AAET HEOOX0AU-
MYI0 HHGOPMALHIO 0 BO3MOXHOM BIIHSHUHM FApPMOHMK Ha Oiuznexa-
ure tenedoHHble cucreMbl. [IpucyTcTBUE TOKOB HY/IEBOW NocaenoBa-
TENBbHOCTU B JTMHHMH, COCAMHEHHOU ¢ NMpeoOpa3oBaTe/IbHbIM MOCTOM,
BBI3BAHO acUMMeTpueil OO 3JIeMEHTOB NMpeodpa3oBaTens HA CTOPOHE
nepeMeHHOro ToKa, 1Mb0 37IEMEHTOB caMO JIMHHH.

Ha puc. 3.7 nonoxeHue MAaKCHMabHOTO TOKA HYJEBOH Mocneaona-
tenbHoCTH (pHcC. 3.7, 6) COBNAAaeT ¢ MAKCUMYMOM TOKa NpsAMOM nocie-
noBaTenbHOCTH (puc. 3.7, a), a HauboJbluee 3HAUEHHE TOKA, PABHOE
npumepHo 10 % OT BXOAHOrO TOKa IMPAMOH MOCIEA0BATEILHOCTH, ObUIO
3aduKcHpoBaHoO st 19-it rapMoHuku Ha noacranuuu Kap6biiueso Ha
KOPOTKO3aMKHYTOM KOHLE JUHHUH, OJHAKO YPOBHH TOKOB HYJIEBOH
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NOCIIE0BATENBHOCTH MaJTbl (CpaBHUTE MaciUTaObl IKaji rpaduKoB 1S
NpsAMON U HYJIECBOH MOCIESI0BATENLHOCTEH).

B paccmaTpuBaeMOM FapMOHHYECKOM aHajln3e, UCIONb3YoneM
0HO(]a3HbIe MOJETH NPSIMOIi NOCITEA0BATENLHOCTH [26], cuMTAETCA, 4TO
JIUHHUA JIEKTpOTIepeJauy UMeeT OAHY PEe30HAHCHYIO vacToTy. OaHaKo
UCTIOJIb30BAHME TPeX(PA3ZHOTO aNTrOPHTMA JUIS MOJESTHPOBAHHSA HECUM-
METPUUHON THHHH PagnHo—KapOolleBo 1nokas3aio, YTO Pe3OHaAHC-
HbIE YacToTs! (a3 paznuuaroTes Mexay coboi. B mpuseaeHHoM caydae
pasbpoc dacToT coctaBui npumepno 6 .

Paznnume aMrnTya pe3oHaHCHBIX 4acToT (Bmiaoth a0 30 %) Tpex
(a3 yacTHUHO OOBACHSET MOSIBIIEHHE NPOOGIIEM, CBA3AHHBIX C KOPpPEs-
nuelt ogHo(a3HOrO MOLENUPOBAHUS U U3MEPEHUIl B (PU3HUECKON CETH.
Pe3yibTaTel SCHO MOKA3BIBAIOT, UTO FAPMOHHKU B JIMHHAX HECUMMET-
PHYHBI H UMEIOT Tpexda3HyIo TTPUPOLY.

HopManbHast TpaHcmo3uuus JTMHUU HA TPEX y4acTKax OJHHAKO-
BOM JJIMHBI € LENIbIO CUMMETPUPOBAHUS INHUM HA OCHOBHON yacToTe
MOXET OKa3aThb CYLLECTBEHHOE BJIUSHUE HA TAPMOHHYECKUX YACTOTAX.
Hanpunmep, Moaenuposanue Tpancnosuuun nunun daguno—Kap-
OpIllIEBO JaeT pe3yJIbTAThl, KOTOPhIE [TOKA3bIBAIOT, YTO KPHUBBIE HA-
NMPSHKEHUS UMEIOT JBa Pe30HAHCHBIX MMHUKaA Ha paccTosaHuu 40 'y apyr
OT Jpyra JJisi MOJOBUHBI JJIMHBI BOJHBL (620 u 625 I'u ans a3 Cu A
COOTBETCTBEHHO).

124

I'NABA 4. COBCTBEHHbIE H B3AMMHBIE INMAPAMETPLI
IAEKTPOMATHHUTHOI'O BAUAHHUA MERKAY LUEITAMHA
IAEKTPHYECKHUX CHUCTEM

M3 paccMorpennoii B rnasax 2, 3 u B [4, 7, 25] TeopuU BIUSHUS
MEW Y INEKTPUUCCKHMH LEMSIMU ClIeAyeT, HTO HHAYKTHPOBAHHbIE Ha-
NIPSIXKEHUS U TOKH B LT, NIOABEP)KEHHON BIMSHUIO, XapaKTEepH3y-
I0TCS [TapaAMETPAMH IJIEKTPHUYECKOI0 W MarHUTHoro BnusHui. Ila-
PAMETPOM IIIEKTPUUYECKOIO BJIHSAHNA HA3bIBAETCH NONHAA B3aHMHaA
MPOBOAMMOCTb MEX/Y BIHAIOLIEH U MOABEPXKEHHON BIHAHMIO LEMs-
MH, YHCJICHHO PaBHAs OTHOWCHUIO TOKA, HHIYKTUPOBAHHOIO B LIEIH,
MOJBEPKCHHOUN BIMSHUIO, K HATIPSKEHUIO, JCHCTBYIOLIEMY BO BJIH-
A10L1el Lenu, T. €.

Yik =Gy + joCy =I_I\» Cm/xm, 4.1

Ui

rae G — aKTUBHAs COCTABIAIOMAN NTAPAMETPA INEKTPUUECKO-

ro BAHMAHUA, HasbiBaeMas o0ObIYHO KO3 (PHUHEHTOM rajlbBaHHYeC-
KOH CBS3H,

Cjr, — K03 HHULIMEHT EMKOCTHOM CBSI3H.

Mupexc i OTHOCUTCS K BIMAKOUIEH LIEMH M B 3aBUCHUMOCTH OT BHUJAA
BIUSIOLIEN LIeITH MoxeT obo3Hauats 1, 12, 123 u T. 1.

HMHaeke & OTHOCUTCS K LIETIH, MOABEPXKEHHON BIMAHKIO, H B 3ABUCH-
MOCTH OT BHAA LENH MOXeT 0003HauaTe A A7 OXHONPOBOAHOM, T uid
JIBYXIIPOBOAHOM 1leny CBSI3U.

[TapamMeTpOM MATHHTHOTO BAMSHHUA Z;; HA3BIBAETCS MOJHOC B3aUM-
HOE COIMPOTHBIIEHHE UIIH FIOJTHOE COMPOTHUBJICHHUE B3AUMHON HHAYKLIMHA
MEXJ1y BAUSIOINEH M NMOABEPXKEHHOH BIMAHHUIO LEMSAMH, YHCIIEHHO PaB-
HOE OTHOUIEHWIO 3/1C, MHIAYKTUPOBAHHOH B MOABEPKEHHON BIMSIHHIO
LEfM, K TOKY BO BJIMAIOLIEH Lernu:

Zy =My = Ry + jooLy =25
1’
rie R, — aKTHBHAS COCTAB/ISIOLIAS NTAPAMETPA MATHUTHOTO BIIMSHUS,

L — pEaKTHBHAS COCTABJIAOLIAS TAPAMETPA MATHUTHOTO BIIHSHHA,

(4.2)
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oMy |= Ry + 0’ L 4.3)

My — KO3(QIHLHEHT B3aUMHON WHAYKLIMH, HIIH MATHUTHO# CBA3U
MEXIy LensIMHu.

4.1. IlapameTpbl NIEKTPHYECKOTO BIIVSTHHS
MEKIy LENsIMA BO3XYIIHbIX JIHHHHA

4.1.1. Kosgpunmenrsr eMKOCTHOH CBA3H
MEXTY OJHOIIPOBOIHBIMH LEILIMH

ITpy paccMOTpPeHHH NapaMeTPOB IEKTPHUUECKOTO BIMSAHUS MEXKIY
LeNsMH BO3AYIUHBIX JIMHUH, KaK MPU MOJBECKE MPOBOAOB HAa OJHUX
onopax, Tak M TeM DoJiee MpH MOJBECKE Ha Pa3HbIX ONOPaxX, aKTHBHOH
COCTaBNSIOLLEN TapaMeTpa 3JIEKTPUYECKOro BIHSHUA MOXKHO MpeHeO-
peus [3, 4] BBUAY €e Yype3BbIYaAHO MAJlOro 3Ha4YeHHUs MO CPABHEHHUIO C
PEAKTUBHOMN COCTaBASIOLIEH, TAK YTO

Yik = j0Ci- (4.4)

Taxum obpa3oM, onpeaeneHue NapaMeTpoB 3JEKTPUUYECKOTO
BIUSHUSL MEXJY Pa3JMUHbIMU LENIMHU BO3AYLIHBIX TMHUK CBOAUT-
Cs K ONpeae/IeHHI0 KOI(QGHIIHEHTOB EMKOCTHOMN CBSI3U MEXAYy 3TH-
MU LCOAMM.

KoadduumeHTs eMKOCTHOIM CBA3HM Cjy MIIM YACTHYHBIE EMKOCTH MEX-
[y LeMsIMU ONPEJENSIOTCA M3 pellieHUsl ypaBHeHUH MakcBea, cocTaB-
JICHHBIX U1l pACCMATPHBAEMOMH CUCTEMBI POBOIOB.

Iycte npoBoaa / 1 A UMEIOT B yCIOBUAX paboThl noTeHUnanbi U u
U 4 v HecyT 3apsiibl ¢ U ¢ 4.

O0603Ha4YUM NMOTEHUMANbI IPOBOJAOB [ M A 4epe3 @ | H @ 4; B TOM
cly4ae, Korjaa 3apsaz nposoja / paseH 1 KynoHy, a coOCTBeHHbIN 3apsn
nposoaa A paBeH HYJO.

Eciu nposoa / uMeeT 3apsil, paBHbIA ¢ KylOHOB, TO NIOTEHIIHA-
J1bL IBYX IPOBOJOB OYlyT COOTBETCTBEHHO PABHbI Q) ¢ U P 41¢ - AHa-
JOTHYHO, €C/IU TOJIBKO NpOBOA A MMEET 3apsal ¢4, & COOCTBEHHBIH
3aps] npoBoAa [ paBeH HYJIO, TO NMOTEHLMANBl NPOBOLOB OYyAyT
PaBHBI Q1§ 4 U Q4 44 4.
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Taxum obpasom, mexay noreHunanamu Uy u U 4 npoBonos [ u A u
HX 3apaflaMH ¢| M ¢4 CYLIECTBYET JIMHEHHAS 3aBUCHMOCTb, KOTOPAs
MOXeT ObITh [1pe/ICTaBjIeHa CIeAYIOLIMMH YPAaBHEHHSIMMU!

Ur=ongq+ 91494
Ug=%091 + 94494

BenuuuHbl @1, Q1 4, P41, P44 HOCAT HA3BAHHME NOTEHUUAIBHBIX KO-
3bGhHLHEHTOB.

B anexTpuyeckom none npoBoJOB !/ U A, pacioIOKEHHbIX HA/l 3eM-
JIeil, HHYTO HE U3MEHHTCA, €CJIM BMECTO 3eMJIU IO APYTYI0 CTOPOHY OT
e¢ MOBEPXHOCTH MOMECTHTh Ha TOM )K€ PACCTOSIHMM TAKHE XK€ MPOBOAA
C NIPOTHBOMNONOXHBIMHU 3apANAMH —7| ¥ — 4, IPUUEM TIPH MAJIOH BENU-
YIHE paauyca MPOBOJOB MO CPABHEHHUIO € PACCTOSHUEM MEXKIY IPOBO-
JIAMH 3JIEKTPHUECKUE OCH 3aps/IOB MOXHO CUHUTATH COBIIAJIAIOLIMMHU C
reOMETPHUYECKHMHU OCSIMH MTPOBOIOB.

Ha puc. 4.1, a uepez ! 1 A obo3HaueHsl poBoza, a ueped /' u 4' —
HX 3epKaJjibHbIE H300paXeHHUs; TAM e NOKa3aHbl 0D03HAUEHHS PACCTO-
AHHI Mexay npoBogaMu. Ecnu pannycel 1poBojoB / M. A COOTBETCTBEH-

4.5)

Puc. 4.1. K pacyery eMKOCTHOI CBA3M MEXAY OJHONPOBOAHBIMH LIEMAMH (@),
tpexdasnoit JIDIT u onHonpoBoaHOMH nuHUEH (6)
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HO paBHbI a4y, TO 41 ONPEACICHNASA MOTCHIHANBHBIX KO3¢)CI)HHH-
€HTOB MOXHO HAaNnucaTh CICAYIOLINEC YPaBHCHHUS:

o1 =9-10° 21020 _ 18108 In-2 4oy,
al] apy
944 =kln 2us = ko 44
44
g1q =kIn 24~ pay, (4.6)
iy
© 41 =kln DAI =k(1A|
aqt )

OueBnaHo, KO3)PUUMEHTH! O C OAHUMU M TEMH XK€ HHAECKCAMH, HO
MOCTABJIEHHBIMH B OOpaTHOM MOPSIIAKE, PABHBI MeXay cOOOH, T. €.

D4
ayq

Opg =0 =In (4.7)
Taxum obpa3oM, MpH JaHHOM PACHOJIOXKEHHUH CHCTEMBI TIPOBO/IOB
MOTEHLMANbHBIE KOIPHHLIMEHTH! SABISIFOTCS U3BECTHHIMH BETUYUHAMM,
CJIEA0BATENbHO, 3HAS 4|, d 4 4 V1 d] 4, MOXKHO U3 ypaBHEHHH (4.5) onpe-
JENNTb ¢ U q 4 B 3aBUcuMocTH 0T U n U 4.
JLis 3TOrO ypaBHeHust cucTeMbl (4.5) nepenuiieM Tak:

Uy = klgio; + g 401 4)
) .

(4.8)
Uy =kl +q40 44
Pemaﬁ 3TH ABa YPABHCHHA OTHOCHTEIIBHO q] U C]A, HaxoIum
| o o
ql=_; A4 5 Uy - - 14 . Uy
AA 44 — A4 A& g4 — Ay
1 apg ajg4 (49)
qa=- U - Uy

2 2
k ANArgq — Ay A& g4 — Ay
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Ipu onpenenennu yactuuHoi emxocty Cy 4 MEXY BJIMAIOLLMM ITPO-
BOAOM H NMPOBOJOM CBA3U, HAXOASIIMMCA B ITyUKE U3 7 MIPOBOJIOB, BOC-
nonb3zyeMcs Qopmysoii

a® + (b + c)2

n———7~

2 . )
Cra=27810"" a’+(b-c} ‘o
ln2—b Ini+(n—l)ln 2 (-19)
an adag a(.‘p
HITH TIPUOIHKEHHO
bc
Ciy~4210°
; (n+2Xa2+b2+cz)’ 4.1
Tlle 4, — CPEAHEE PACCTOSHUE MEX Y [IPOBOAAMM JIMHUH CBA3N.

4.1.2. KoagpunueHTsl eMKOCTHOH CBA3H MEXEIY
! TpexghazHOH JIHHHEeH H OQHOIPOBOJHOH HEMbI0 CBS3H

a) Onpedenenue nOAHO20 NOMEHYUara Ha npogode ceasu A

[ns onpenenenns koadduuHeHTa EeMKOCTHOM CBA3M MEX Ay Tpexdas-
HO# JINHUEH NIepEeMEHHOro TOKAa M MPOBOAOM CBSA3M HAMHUIIEM CHCTEMY
ypaBHeHHII Makcaenna:

Uy =kl + qronn + 43003 + g 40 4)

Us = klgiaas + 2020 + 43003 + 4 40124

Us = k(g0 +qa037 + g3a33 + g 4034) | (4.12)
U 4= kg0t + 20 + a3 +q 4044 )

rae Uy, U,, Uz — HanpsxeHus npoBoJoB Tpex(a3HOH JIMHUH BbI-
COKOrO HAMpPsHKeHUst OTHOCUTENBHO 3eMiH; k = 18 - 106;

all’ O.22, 0.33, aAA’ :112, a23 HT A — KOB(beML[P[eHTbI, KOTOpbIC
BBLIUMCHSIOTCS 110 001Iei (bOpMyHe:
D
P 11
o, =In , HanpuMep, aj =ln—-
atp p p ay
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rie D — paccTosiHue MpoBoaa / OT ero 3epKajibHOro H300paxeHus,

dy1 — paauyc nposoja /.

B ypaBHennsx (4.12) HEM3BECTHBIMU ABIAKOTCA HATH BeHUHH: U 4,
41> 42 43 4 4- OcTanbubie Bennunnel Uy, Uy, Uz 3a1ansl, a K03 du-
UHEHTBL @y, Oy, ...y Ojp M T. . 11 KaXK0rO JAHHOTO Cllyuas onpe-
JIeISIOTCS U3 B3aHUMHOTO PACHONIOXKEHHS MpoBoaos (puc. 4.1, 6). Ina
YyNPOLIEHUSA HATMCAHHBIX YPABHEHUH caenaeM psal HHXKECIEAYIOLWMX
JOTIYUIECHUIA.

ITpakTHueCKH peaklus Lernd CBsS3K Ha TMHHIO BHICOKOrO HampsKe-
HHS TPU OOBIYHBIX PACCTOSHUAX MEKIY HUMH BOOOLIIE HE3HAUMTENBHA,
1I03TOMY B MEPBbLIX TPEX YPABHEHHUSX cHCTeMBbI (4.12), OTHOCALIMXCA K
U, Uy, Uz, MOXHO npeHebpeyb WieHaMH, COAEPKALIMMH ¢ 4.

Jlajiee B TeX e ypaBHEHHSAX BMECTO KOIPPHULHEHTOB 0|5, Oly3, O3]
6e3 0c060# NOrpeltHOCTH IPH YKA3aHHBIX BbILLIE YCIIOBUAX MOXHO I10]-

- Ay + 0oz + A3y .
CTABHUTb UX CPEAHESC 'dpl/l(bMeTHlleCKOC 3HavyeHue o2 = 3 5

KO3MULIMEHTBI KE O, Uy), O33 OOBIYHO MANIO PABHATCS MEXKJY CO-
60il, 10ITOMY BMECTO HUX MOXHO MOJCTABHTH BEJMUHHY, PABHYIO MX

Gy + 02 +933
3
Toraa nepsbie TpH ypaBHeHUs cucteMbl (4.12) npumMyT BUI

cpeHeMY apH(METUUECKOMY 3HAUYEHHIo, O =

Ul =/\'(([|.(_i” + (]2612 + (]36”_)
U, = /\'(6/1_0712 +qoy + 613612) . (4.13)
Us =k(q1612 +qr 0 + 30y )

Peluasi 3TH Tpu ypaBHEHUs] OTHOCHTENBHO K¢y, k¢p 1 kg3, OTyInM

Uy (@ +ap)- Uz +Us Jan

k- (@ - Ny +2a2)
kg - Us (@) +T)- (Us + Uy o ’

? Gy - Sy + 2 ) (4.14)
Kk = Us (@ + @ )~ U+ Us oo

4= :

&y -Gy NGy +202)
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[Ipn paBHBIX HaNpPsXEHUAX MEKIY NMPOBOJAMH B TpeX(a3HOii cHc-
TEME HANPSHKEHUS POBOJLOB 3TOH CUCTEMbI MO OTHOLLEHHIO K 3eMlie
MOryT ObITh HE paBHBI M1y cOBOM HY 110 aMIIUTYE, HU o ¢ase. B
obwem cnyyae TpexdasHas cuctema GyaeT HMETb OCTATOUHOE HATIPS-
KEHHE, PABHOEC FEOMETPUUECKOH CYMME BEKTOPOB HATPSKECHHUH Kax-
Z10ro NpoBOJA MO OTHOLIGHHIO K 3eMIIE.

B camom zene, nyctb TpexdasHas IMHUS UMEET MEXIY MPOBOAAMH
paBHBIE HATIPSHKEHUS, TOMAA 3TH HAMPSIKEHHS MOXKHO NPEJCTABUTD I'Pd-
(bu4ECKH TPEMs BEKTOPAMH, COCTABIAIOLIMMH PABHOCTOPOHHHUI Tpey-
rosibHHK (puc. 4.2, a). Ecay HanpsipkeHWs Kaxaoro nposoaa Tpexdas-
HOM JIMHUM OTHOCHTENILHO 3EMJIH UMEIOT PABHBIE AMIUIMTY/Ibl H CIBH-
HYTBI IpYT OT Apyra Ha 120°, To nonoxeHue NOTEHUNANA 3EMIIH OTIpe-
AENUTCA TOUKON O, Haxodsiencs B ueHTpe Tpeyrojsuuka. Jiunuu 01,
02 n 03, coenmusaoune Touky O ¢ BEpUIMHAMM TPEYrOJIbHUKA, MPE/l-
CTABAT BEKTOPbI HANPAKEHHUH MPOBOAOB OTHOCHTEIBHO 3eMiid. Ecnu
Ke HAMPAKEHHUS MTPOBOAOB OTHOCHTENIBHO 3EMIIH UMEIOT PA3HbIC aMII-
JIMTY/Ibl WM CABHHYTBI APYT OT Jpyra H4 pasHble Yribl (U1K TO U Apy-
roe OJHOBPEMEHHO), TO Touka O (MoTeHUMAN 3eMJH) He OyneT Haxo-
JUTBCS B UEHTPE TPEYIOJIbHUKA, & MOXKET 3aHUMATD JT1000€ NONONKeHHE
KaK BHYTPH, TaK W BHE €ro, HarpuMep, B Touke O, Ha puc. 4.2, 6. B
ITOM CIlyHdae HaNpsHKEHUs NPOBOJOB OTHOCHTENBHO 3€MJIH HpPE/ICTaB-

N

Puc. 4.2. BexropHas auarpamma Hanpsokennit Tpexdasnoit JIDT npu cummer-
PHUHOI () ¥ HECHMMETPHUHOI (6) Harpyske a3
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NAIOTCA TAKXKE TPEMS BEKTOPAMM, COEAUHAIOIMMH TOUKY (O C BEpLIK-
HaMU TPeyrojbHUKA.

W3 puc. 4.2, 6 MOKHO BUIETD, UTO BEKTOPBI HAMPSDKEHHS IIPOBOJOB OT-
HOCHTENBHO 3eMJIN NMPEACTABIAIOT COOOH MeOMETPUUECKYIO PA3HOCTh IBYX
BEKTOPOB, Hanpumep BekTop O/ €CTb reOMETpUYECKas pasHOCTh BEKTO-
pos O/ 1 O0; Bexktop O;2 eCTh FeOMETPUUECKAsE PAZHOCTE BEKTOPoB 02
1 O, O; BexTop O3 €CTh reOMETPHYECKAs Pa3sHOCTb Bektopos O3 u O 0.

[eoMeTpUueckas CyMMa BCEX TPEX BEKTOPOB HANPSIKEHHH OTHOCH-
TENbHO 3eMJIM, OYEBUHAHO, PABHA T€OMETPHUECKOH CyMME COCTABJISIO-
KX BEKTOPOB

Ol+02+03=01+02+03+Q0+00+00

UIHU U]+U2+U3 =U¢1+U¢2+U¢3+UO+UO+UO,

B nipaBoii yacT nocnegHero ypagHeHUs CyMMa TepBbIX TPEX BEKTO-
POB, PaBHBLIX MeX Ay co00# U cABMHYTHIX 110 daze Ha 120°, paBHa HyJI10.
CyMMa e OCTAIbHBIX TPEX BEKTOPOB (PaBHBbIX Mexay coboil U Haxo-
aswuxcs B hase) Oyner papHa yTpoeHHoMy BekTopy O 0. Takum 06-
pA30M, MOKHO HaIMuCaTb, YTO FEOMETPHYECKAs CYMMa HalPXEHUM
npoBoAOB Tpex($a3Ho JIMHWK 110 OTHOLIEHUIO K 3eMIIe pPaBHa

U1+U2+U3 =3Uo. (415)

Oto nocnennee HanpskeHne 3U ) Ha3bIBAETCS OCTATOYHBIM HANpPs-

KeHueM TpexdasHoit cuctembl. M3 ypaBHenus (4.15) cnenyer, uto

Uy +Us =3U, -Uj
U] +U3=3U0 —U2 .
Ul +U2 =3U0—U3

(4.16)

[Moacrasnss B ypaBrenus (4.14) suauenuns U, + Us, Uy + U, U+ U,
U3 CHCTeMBl ypaBHeHMi (4.16), nonyunum

kq = Ui - o012
oy - dpn (&11 P xall +2al2)
kq U, U, a7
2 - — — — — — g —_ b
kgsy = “% - o

G -ap (G - o o +26;)
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Hns onpenenenuss MHAYKTUPOBAHHOIO HAMPSXKEHMUS HA JINHUM CBsi-
3H BO3bMEM IIOCJIEAHEE YPABHEHHE U3 cUcTeMbl (4.12)
Ug =kaioa + 00 +q300)+ kg 40 44
H MPEACTAaBUM €ro B BHIE
Ug=Uy+kqaoq4,
rie
!
Ul =klqioq + o g +g3043).
Ilocne npeobpaszoBanuit noayuum

Uo{‘aAl +%(GA2 + 0lA3)*“,/‘\/3_4(0‘,42 -GA3)l

Uy= — L+
a—ap

. Uy (aAl o0+ O‘AB)
6?“ +2612 )

(4.18)

[lepBoIi unen 5ToH GOPMYITBI XapaKTEPU3YET IMEKTPHUECKOE BIIHS-
HUE T0JIHOCTbIO CHMMETPHUHON TpexdasHoit JIDTI, obycnoenennoe
TOJIbKO HEOJMHAKOBbIM pacrojioxerueM (asusix nposoznos JIDI no
OTHOUIEHHIO K TPOBOJY, NOABEPKEHHOMY BIIHSHHIO; BTOPOM e uJjieH
XaPAKTEPH3YET 3JICKTPHUECKOE BIUSHUE MMOJHOCTHIO HECHMMETPHYHOMN
UEMHU «TPHU MPOBOJA — 3EMIISY.

Tak kak

gy _ dab day  2cdd® +b2 =)
da a2+ b @ +b2 +ct

TorAa K03 pULIMEHT EMKOCTHOM CBSI3U

c 52-1077¢d
1234 = 5
(n+2Xa2 +b* +cz) .19

0 — cpenHss reoMeTpHYecKas BEIMYHHA PACCTOSHHUIT MeX Iy TpeMs

npoBofamH, = 3apa;3ms .
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0) Kosghuyuernmer eMkocmuoil ¢6s13u mexncoy yenbio
«Wnpu nPpoeooda — 3eMID MPexGazHol aunuu U 00HONPOBOOHOL
yenvro ces3u

s onpenenedus KodhpHIUMEHTa €MKOCTHON CBA3M MEXAay M0JI-
HOCTHIO HECHMMETPHUHOMH Tpexda3HOMH Lemnbio 1 [IPOBOAOM CBA3H pac-
CMOTPUM BTOPON 4JIEH NpaBOl 4acTH ypaBHeHHud (4.18), obo3HauuB
ero uepes U 45:

Uo(aAl + 04 +0‘,43)
o +20y;

Ui = (4.20)

Koa(puuneHT eMKOCTHOI CBA3U MEXTY TIOJTHOCTHIO CHMMETPHYHOIA
Tpexdaznoit JIDIT 1 npoBoAOM CBS3H ONpPEIEIUTCS W3 YpaBHEHUS

1,6c6«/§ [((12 +h° + ('2 )sin o ~-2abcos a]

("2 + b’ +<‘2f(an ~ap)

Cizg = Cy.

(4.21)

B 3aBUCHMOCTH OT pacnosioxeHus npoBoaoB Tpexdaznoit JIDIT ko-
3 HULMEHTBI EMKOCTHOH CBsI3u OyAyT pa3/dyHbL.

-9
: 18-10
Hmes B BUAY, UTO Cy=———m,
n+2
rJIe #1 — YHCIIO MPOBOJOB HA JIMHHWHU CBA3U, M YUMTHIBASA, YTO B Cpell-
HeM o) =85, app =25, Nony4uMm:

4) IpHY rOPU3OHTAIEHOM PACNONIOKEHUH MpoBoAOB (puc. 4.3, a)

16.6-10~° abcd
(11+2 a* + b’ +c2)2

Cizg = . Dlkm;

0) NMpU BEPTUKANLHOM DPACMNOJOXEHHH MPOBO/IOB

83102 -2 + 2 Jed

° >
(n+2 c12+b2+cz)'

Cinzg = D/xMm;
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1 2 A b
[o 2N o]

Puc. 4.3. K pacuety eMKOCTHOI# cBs3M Mexay TpexdasHoli nuHue ¥ AByXIpo-
BONHOH uenblo cBs3H (a), Tpexdasnoit JIDIT n nposoaom cassu (&)

B) MPH TPEYTrOJILHOM PACTIONOKEHNUU MPOBOIOB O = 1|5 = a3 = U3
(puc. 4.3, 6), 0603HaUNM /1y = a4y — Oy, /i3 = 043 — QL q|, TOTHA 3Ha-
ueHus i, u hy 6ynyT onpesensThes U3 ypaBHenuii

112 = da/ﬂ £+ daAl \/3—E
da 2 db 2

By = — aa 41 __6_-_ Jdaq \/3_"2—‘

)

oa 2 aob

3ateM
82 [[ ooy ¥ .f ooy ) doy 0
1122-{-/1%—112/13 = e M +3 M +2\/§-M__Q_Al_.
; 4 da b da b
[Tocne npeobpazoBanmii
-9
8107 " be
Ci3a = ¢ v,  ®/kM.
(n +2)(112 +h 4 ('2 ) (4.22)

4.1.3. KosgdhpuypueHTsl €MKOCTHOH CBS3H
MEKTY TpextpazHOH CHMMETPHYHOH JIHHHEH
H [JBYXTIDOBOJHOH IE€MBI CBI3H

Ha puc. 4.3, a noxa3aHo pacrnonoXeHHe poBo1oB Tpexda3Hoil CHM-
METPHYHOI THHUHM WU ABYXIIPOBOAHOM LIEMH CBA3H.
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Ypaeuenuss MakcBensia sl JaHHOM CHMCTEMBI 3aNUIIYTCS aHANO-
CMYHO ypaBHeHUsM (4.12):

Ui = k(qlotn T2 + 303 g0+ qgals)

Uz = k(qlazl +¢g2022 +g3023 + 402 4 + t/sazs)
Us = kqies1 +qaasz + g3033 +g 4034+ g5035) b
Uy= k(qxaAl +q20 .2+ q30 53 +q 42 44 +(/50A5)
Ugp = k(c/lagl t 202 +q30p3 +q 405t f{sO‘EE)

(4.23)

[Ipenebperast oOpaTHLIM JelicTBHEM 3apsAA0B IPOBOLOB CBSI3H HA
NpoBOJa TPex(pasHON JIMHMK, MOMYYHM JUisl KAXKIOTO NPOBOJA TPEX-
dasHoil TuHUM

3
Ui=18'106/\zl(1k,'(]k, rnei=1,2,3

TO K¢ 1 KAXI0ro nposoaa ,ZlByXHpOBOIIHOﬁ 1ICTIN CBA3H!

6 U 6
Uy=18-10 l‘zlaA/c‘lk +18-10° (444 + 45G5)
n 4,24
Ug =18'10° Sagqy +18:10%(agq5 +opsqp) (@29

=

O603Hauas

n h
18-106A21aAqu =S4 n 18-106k2]a5qu =Sk,

HaﬁHeM, YTO Pa3HOCTh NMOTCHUHAIIOB MEXAY NPOBOAAMU CBA3H

0/C 4

Ua=Ug =Uriu =(S4 - Sk) Zsrs (4.25)

rae / — MIMHA LU CBA3M.

Hanpsskenne B AByXIIPOBOAHOMN LEITH CBA3U TPH JIEKTPHYECKOM BJIH-
SHUU Tpex(}a3zHOH CHMMETpHUHON JTMHHK OBLIO ONMpElESIeHO U3 pelle-
Hus quddepeHUMalIbHBIX ypaBHeHui [4], B pe3ynbTarte yero 6uU10 110J1y-
YEHO ypaBHEHME, KOTOPOE Ul NPUHATLIX yciioBui (y)=0) umeer Bra

Uria = Yy UinZarYirl, (4.26)
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rae Uiy =U¢ U Yir = joCi123r, C123T— ko3dhduumeHT eMKoOCT-
HON CBA3M.

IlpupaBHuBas nmocyieaoBaTeNbHO ypasHeHUe (4.26) K ypaBHEHUSIM,
HAMKMCAHHBIM BbILIE IS PA3IMYHBIX CI1Y4YaeB OJABECKU ITPOBOJOB TPEX-
(ha3HOM’ JTUHUU U LIETIH CBA3U, NONYYUM COOTBETCTBEHHO:

1) Ipy rOPU3OHTAIILHOM PACIIONOKEHHH ITPOBOIOB TpeX(ha3HO JIMHHU:

a) A/ LUeMH CBSA3M, ITOABCLIEHHON Ha TpaBepcax,

16510~ beagd(3u? - 52 - 2 )

(n + 2)((12 +b7 + cz)

Gyt = ,  Dfkm,

a, — DPACCTOSIHAE MEXKIY NPOBOAAMH CMEXHON HHKK (4 U b);
6) O Leny CBsI3H, NOABEUIEHHON HA KPHOKAX,

16510~ abadla? + b -3¢2)
(n+ 2)(a2 +b%+ 8)"

2) nIpy BEPTUKAIEHOM PACTIONIOKEHHH NPOBOAOB TPEX()A3HON JIMHHU:
a) ANA Uernu CBsi3H, MOABEIICHHOI Ha TpaBepcax,

Cioar = , ®/km;

825 1077 ac'acé(az +* -3b2 )

Cizr = 5 , D/km;
(n + 2)((12 +b + 02)
0) NS UEenH CBSA3M, MOABEIICHHON Ha KpIoKax,
412107 acf)[a4 +4b%c? - (b2 - (’2)2
Ciar = -, Dlkm;

3
2.2
(;1+2Xa2 +b° +c~)

3) U TPEYroJILHOM PaCoN0KEeHHU MPOBOAOB Tpex(hasHOH THHUH:
a) JUIs LENH CBSA3M, NMOABCILICHHONW Ha TpaBepcax,

10210 aca 8

, D/km;
(n+2 az+b2+c2)2

Ciar =
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6) anA Lenu cBs3M, MOABELICHHONH Ha KPloKax,

51:107° (106((12 S

Y
(n +2)(u2 +h? + (-3)

Gt = ), D/xm.

4.2, IlapamMeTrpsl MATHHTHOTO BJIHSIHHS MEKIY LENsAMH
BO3QYLIITHbIX JIMHHUH

4.2.1. Onpenesrenne Kod(pHUHEHTA B3aAHMHOHN HHIVKIHH
MEeXIY ONHOIMPOBOAHBIMH LelnsIMH

(1) H[?Ll napanieibiom pacnoarodcenuu 17])06’()608

Kak u3BectHo [4, 7], napaMeTpoOM MATHUTHOTO BJIMSHUS SIBASCTCA
CONPOTHBIICHUE B3AMMHOH UMHAYKIIHH MEXK1Y BIIUSIOIEH H TOJBEPKEH-
HOM BJIMSIHUIO HEMSIMH, KOTOPOE BbIPAXAETCS YpaBHEHHEM

Zix =M = Ry + joLy,

rae M. — ko>(hpHUMEHT B3aMMHON HHIYKUUH MEXAY LEMIMH.

AKTHBHAS COCTABJSIOWAS TAPAMETPA MAarHUTHOIO BAMAHUA R;;
OO0YCJIOBIIMBACTCA NOTEPSIMH HA BUXPEBLIE TOKM B OJIM3NICKAIUX Me-
TAJUIHYECKMX MAccax M B 3eMJIE, a4 TAKKE HEMOCPeACTBEHHBIM Nepexo-
JIOM TOK4 uepes 3eMit0. B ciyuae BnusHUS MexIy BO3AYIIHBIMU LEHIs-
M dKTHBHAA COCTABIAOUWIAS, HABE/ICHHAA TOKAMH B COCETHUX POBO-
Iax, HUMTOXHO MaJla M He yuuTbiBaeTca. [1pu noaBecke NpoBOIOB Ha
OHUX M TEX K€ Oropax (BIUSHUE MEXY LIENAMH CBA3M) HE YUHUTbHIBAET-
CSl TAKKE M COCTABNsAONIAdA, 0OyCIIOB/IEHHAS IOTEPAMH B 3EMIIE.

Onpeaesnenne KO3PGUUHEHTA B3AUMHON HHIYKLUH MEXIY OJHOMPO-
BOAHDBIMU LENSMHU CBA3aHO ¢ OONBLIIMMY TPYAHOCTSIMHU BBULY TOTO, YTO
3eMJId SABJISICTCA CPeAOH C BECbMAa HEOIHOPOAHOH NMPOBOAHMMOCTHIO.
TTocnenHas 3aBUCUT OT re0JIOFMYECKOM CTPYKTYPBI, OT COCTaBa MOPO/,
HAXOSALUMXCS B 3€MJIE, U OT KIUMATHUECKHX YCJIOBHIA. DTH hakTopsl B
3HAUHTEJILHOM CTENEHU BIMAIOT HA pACIIPOCTpaHeHHE TOKA B 3eMIIe, UTO,
B CBOIO OUEpENb, BJIMSET HA BEMYMHY KO3 DHIMEeHTa B3AHMHON UHIYK-
unn. TouHas KonnyecTBeHHas OLUeHKa KO3 (DULMEHTA B3AUMHONH HHIYK-
UMM CBA3aHA TaKKe ¢ OONBLIMMM MAaTEMAaTUYECKUMH TPYAHOCTAMH.
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B pasiimuHbiX CTPaHax MOSBHIMCh TEOPETHUYECKHE PAOOTHI, NOCBALLIEH-
HbIE NPHOJIHKEHHOMY ONpeie/ieHHI0 KOXPpDULIMEHTOB B3AUMHOM MHIYKLIMH.
dopmyItbl WIS OripeaeseHs Ko OHIMEHTOB B3AUMHOH HHAYKLMH MEX-
1y OpOBOJAMH KOHEUHOWR JUIMHBL, OCHOBAHHBIE H 33KOHAX MPOXOXACHHS
MIOCTOSIHHOIO TOKa B 3emite, Obuiu aansl Komndennom. st nposonos
5eCcKOHEUHOH JUIMHBL TPH YCIIOBUH, YTO HA MOBEPXHOCTH OAHOPOLHOM
3eMJIM PACTIONOXKEHBI IPOBOJA MAJIOrO AMaMerpa, (hopmyilbl JUis onpe-
JesieHns KO3(pPUIIMEHTOB B3aMMHOMN HHAYKUMHM ObliM faHbl TTosisuexkomM,
Kapcoxom u ap. Jljisi ABYXCIOMHOTO CTPOEHHUS 3eMAH (pOpMYJibl [ist
onpe/enieHns Tex xe KoahduimeHTos aanst 3ynae, Pamieem n ap. 0606-
LLIEHME YKA3AHHBIX ¥ HEKOTOPBIX APYrHX paboT NaHo B Tpyaax 3yHue.
Pe3ynbTaThl MHOIOUHCIIEHHBIX H3MEPEHHI BZAHMHOTO CONPOTHBIIEHUS!
MEX/ly OZHONPOBOAHBIMU LIETISIMU MoKasbiBatoT [1—4, 11], uro 3emist ne
MOKET NPUHHUMATHCA OAHOPOAHOH. (POPMYIBI, YHHTBIBAIOLLUE ABYXCIIOM-
HOE CTPOEHHE 3eMJIH, OOBIMHO JAI0T Hosee TouHble pe3ynbTarThl [43, 51).
JIng 0HOpPOHOrO CTPOCHHS 3eMIIH HaWOOoJblllee MPU3HAHUE MTOJTY-
unnu popmyibl [Monnsuexa u Kapcona. OCHOBHbIE MOJIOXKEHUS 110 Bbl-
BoAy 3THX opmyn 3akinodalorces B caenyouieM. [lycts Bausiiomui
nposoa / (puc. 4.4, a) 6eCKOHEYHOI JUTMHbI PACIIOIOKEH MapaiesbHO

y

Puc. 4.4. K onpeneneHuro B3aMMHOA HHAYKIMH MeXY OAHONPOBOAHBIMH LienaMu
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OCH = Ha BBICOTE b HaJl IIOBEPXHOCThIO 3eMJIH, COBIAAAIOLIEN C IJIOCKO-
CTbIO XZ, U IPOXOJHUT YEPE3 OChb ).

Ha puc. 4.4, 6 nposon / (B kabesie) pacnonoxeH Ha rnybune b'.
IpoBoa cBa3n A pacrniofoxed napanieibHO BIMAIOLIEMY TPOBOAY Ha
PaccTORHHU X OT MOCMEAHETO U HA PACCTOSIHHH ¢ OT NOBEPXHOCTH 3EM-
7. Pasimunble cpeibl — BO3AYX M 3eMIIsl — CYHTAIOTCS OJIHOPOAHBIMH
W OTHOCHTENbHASA [AMINCKTPUUECKAs [IOCTOSHHAS £, U OTHOCHTEJIbHAS
MarHuTHaa pOHHUAEeMOCTb [, GepyTcs BCIOAY PaBHBLIMH €IMHUIE.
[IpoBoaMOCTL BO31yXa IPUHUMAETCS PABHOM HYJIIO, 4 IPOBOAUMOCTD
3EMJIM pABHA KOHEYHOH BeNHuuHe y,. [1pu 3TOM npuHumMaercs, 4o no
npoBoay / NPoXOAUT TOK

I = ]OF—YA:+_/'U)I .

Hanee npeanosnaraercs, 4To Npouece ABIAETCH YCTAHOBHBILHM-
CA, NO3TOMY BO BCE 3aBUCKLUIUE OT BPEMEHU BETUUMHDB! BXOAUT MHO-
)UTEND ¢ /97,

[Tpu BbiBOsE yKa3aHHBIX (POPMYIT NETAIOTCA CIEAYIOUME AOMYILCHHUS:

1) npoBoA #BASETCS BECKOHEYHO TOHKUM, a TOK B HEM MMEET KoHey-
HYIO BETUUUHY:

2) 3aTyXaHue MeKTPUUECKOrO H MATHHTHOTIO I1OJIEM B HATPABIEHUU
OCH Z, @ TAKXKe NOCTOSIHHAS PACTIPOCTPpaHEHUs Y SBJISIOTCS OYeHb Ma-
JbIMKM BeNHYMHaMU. Toraa npocTpaHCTBEHHAs 3a7aya CBOAMTCA K 3d-
nave Ha IUIocKocTH (vy). B pesynbraTe 06a aBropa nonysaior cieayo-
11iee NOANEKAILEE PELIEHNIO ypaBHEHWE:

0V’E.  0'E.
Tt = rAnenks, (4.27)
dx dy

rae E. — HanpsKeHHOCTb 31eKTPUYECKOTO MMOJIs BAOIb OCH z,

Y, — YyAeibHAs MPOBOAMMOCTb 3eMIIH.

JT0 ypaBHeHue oba aBTOpa penIaroT mo-pasHomy. [lomnsuex pe-
LIAET €ro 4Yepe3 KOMIUIEKCHYI0 pyHKuuio I'puHa ¢ Toukoit A(x,y) ¥ no-
mocom (0, h). Kapcon noaxoant Kk pelIeHHI0 HECKONBbKO MHAYE, Bbl-
yncnas £, ¢ nomoleio uHTerpana ®ypoe.

[Tonyuennsie INonnsuekom u Kapconom oxonuarensule GopMybl
LUst OTIpe e/ IeHH sl KOI(PUUHEHTA B3IAUMHON HHIYKLIMU MeX Iy OAHONPO-
BOJIHbIMH LieNsMH npuBesieHbl B Tabn, 4.1. O6o3nauenns B tabn. 4.1;
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@ — PACCTOSIHHE MEXAY JIMHUAMH, CUUTAst T1I0 FOPHU3OHTANIH, M;

b — cpeliHss BLICOTA MOABECA NPOBO/A BBICOKOBOJIbTHOH JIMHUU, M;

¢ — CpemHss BhICOTA [OABECA NPOBOJIA JIMHUH CBSI3H, M;

Y, — YAeJIbHAs POBOAUMOCTh 3eMin, Cm/M;

/- — YacToTa Biusowero Toka, kl'u;

Py u Q) — K030 HUMEHTBI, 3aBUCALME OT TAPAMETPOB p 1 B, KO-
TOpbIE ONPEACASIOTCH U3 YPaBHEHHIL:

. a
= _f, + B=arcsin— =arct .
p=0558b/0ly, 17 ; b 24 btoc

Mpup <025 Py =0,3927; Q= 1L151g 1,853 .
P

[pu 0,25 <p <6 Py u Q) ONPENENsiOTCA U3 KPUBLIX B [3].
IMpup >6

2 2
Pu=" 1 coso+2(06728+1g= |cos20+2—Bsin26,
8 3J2 16 P 16
1,2, 1
Oy =-0,0386+—1g— +—=pcosb.
27 p 32

Kax Buano u3 tabun. 4.1, dopmynst [Momrsueka aisa onpeneseHus
ko3bhdHUMeHTa B3AUMHON HHAYKUHMH LOBOJIBHO TPOMO3AKH H AJA
NMPaKkTHYECKOr o NMOAb30BaHus HeyaoOHbl. [ o6neruenys nob3o-
BaHUS 3TUMH (HOPMYITaMH Ha puc. 4.5 npUBENEHbI KpUBbIE, 4 B [4] —
HOMOTPaMMBbl, BeluHciieHHste 110 hopmynam [Monasueka. 3aBucumo-

CTU M = (p(a,/lOYg,/}{ ), IPUBEIIEHHbIE HA PUC. 4.5, 1at0T BO3MOXHOCTh

OLICTPO ONpeAe/IUTh BeNNdUHY KodpuuueHTa B3aUMHON UHAYKLUH
MEXAY OAHOMPOBOAHBIMHM LUEMAMH M NpH Pa3AMYHBIX 3HAYECHHUSIX
YACTOTHI, NPOBOJUMOCTH 3€MJIM M PACCTOSHUS Mexy UenaMu (npu

M3MEHEHHH napamerpa qyJ10v,f, B WHpokuX npeaenax ot 0,01 no

100 000). ITo ocu opanMHAT HA 3TOM PHCYHKE JAHO MATh MacluTaboB
JUISL BETMYUHbE M (U1 KaXI0H W3 MATH KPHUBBLIX cBOH Macmrad), a
no ocu abcuuce, COOTBETCTBEHHO, MATH MAaclITabOB /Ul MapaMeT-

POB a\10Y5 fk -
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Puc. 4.5. 3asucumoctn M = @(a4/10y, f; B8 onpeneneHHs B3aUMHOM HHAYKLIHH B

3aBHCUMOCTH OT BEJIMYHUHBI adx (tl — WHUPHHA cOmKeHus MEXAY TTPOBOJAOM CBA3H H
KOHTAKTHBIM NPOBOJIOM 37IEKTPHHIECKOH xestesHol moporn, M; x = /10, fi. )
CreyeT OTMETUTD, YTO OKOHUYATENbHBIC POPMYIIbI, MOJTYyUEeHHbIE

Momnnsiuexkom u KapcoHoMm s onpeneneHus ko3pduuHeHTa B3a-

HMHOM HHAYKUHUH MEXKIY OOHONPOBOAHBIMU LUCIAMH H NMPUBCIACH-
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Hble B Ta01. 4.1, ABAAIOTCS AOCTATOUHO MPUOIUKEHHBIMU H Tpeby-
IOT YTOUHEHHH TSI psila KOHKPETHBIX YCIIOBUH, OCOOEHHO MTPU CIIOXK-
HbIX YUaCTKaX COJMXKEHHS M NPU pacyeTe BAUSHUN MeXAy MHOIO-
MPOBOAHBIMH LEMAMH.

6) Ilpu xocelx yyacmkax coOnudceHus

Hna onipenaenenus Monysisi KoshduLHeHTa B3aUMHON HHIAYKIHH MEX-
[y OJIHONIPOBOIHBIMH LIEMAMM HA KOCBIX YHACTKaX CONMIKEHHS 4ACTO
MOJL3YIOTCA TeMU ke GopMyTaMU U HOMOTPAMMAMH, KOTOPbBIE YKa3a-
Hbl BbIILE AJ15 NapasuieIbHOTO COMUKEHUS TPH HEKOTOPOM 3KBUBAJICH-
THOM PACCTOAHWH MEXIy JIMHUAMH (a.,).

[TpnbIMKEHHO C MOTPEIUHOCTLIO, He npeBbiaruied 5—10%, ko-
coe CONMMKEHHE MOXHO 3aMEHUTh MAPAUICIbHBIM, C JKBUBAJICHTHBIM
PACCTOAHHEM MEXY NMHHAMM @, ONPEIENsIeMbIM 10 GopMynam

a) +a
1y a4 = > NP YCIIOBUH ay < ay <24;
2) a, = aja; TpH ycnoBuu a; s ay s3ay;
a +ap
3) @ =T 3 TIPHYCIOBHH a) a) s 5a.

[MpuBeneHHbIE YyCIOBHA O0S3BIBAIOT AEUTH KOCOH y4acTOK cOmyke-
HUs OORBLIOH JUTMHBI Ha COOTBETCTBYIOIIHE OTAEAbHBIC YyacTKH. [1pu
TAKOM Crocode orpeencHus BeUUuHbl M pacueT BIUSAHUS eCTECTBEH-
HO YCJI0MHSETCS.

Huwxke noxaszax meroa HoJsiee MpocToro U TOUHOTO OMpe/IeIIeHHs B3a-
MMHOIO COMNPOTHBIICHHS MEKIY OJHONPOBOAHLIMH JTMHUAMH MIPH HX
KocoMm cOnmxennu. Ilpn 3ToM mpeanosiaraeres, 4To NPOBOJAUMOCTH
3eMJIM U BbICOTA [10JBECA [IPOBOIOB HE MEHSIIOTCS HA BCEM yUYacTKe KO-
coro cOJIMKeHHs.

Ha xocoMm yuactke cOnuxeHus ¢ npeaeibHbIMA pacCTOAHUSAMH
MEXIY JHHHAMU MO KOHLAM Y4acTKa dq W d IOJHOE CONPOTHBIIE-
HHE B3aUMOMHAYKLHHY HA €AHHULY JUIMHBI (1 kM) OyneT u3MeHATELCS
oTwM | =q(ay) 10 wM, = @(a,).
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CpenHee 3HaveHHe [OJHOrO CONMPOTHB/IEHUS B3aMMOMHIAYKLUUH Ha
€IMHHULY JUIMHBl KOCOTO y4acTKad CONMMKEHHS MOXKET ObITh BHIPAKEHO
dbopmynoii

ar
OMep = Pep (—\’)"' m ftp(x)dx =
, o

w0 (4.28)

= ! fcp(x)dx'ctg a,
ial -ap jctga a

TZie X — MEPEMEHHOE PACCTOSHHE MEKIY JIMHUAMH, [IPHIEM (i S X £ @,

¢(X) — 3HauYEeHHE NOJIHOIO CONPOTHBIEHUSI B3aUMOMHAYKLHUU B
paccMaTpuBaeMoi Touke, BbipaxeHHoe opmynod KapcoHna unu
ITonnsguexa,

O — Yroj Mexy HarpasjeHUSMU pACCMATPUBAEMbBIX JIMHUM,

Dopmyna (4.28) no3possieT onpeieUTh CPEAHEE 3HAUCHUE NOJIHO-
ro CONPOTHUBJICHHS B3dUMOMHIYKLIMHA HA CAMHULY AJIHHBI 15 J1I0060ro
MU3MEHEHUS PACCTOSAHHUS MeKAY THHUAMU. [1pH 3TOM celyeT OTMETHTD,
4TO a; MOXKET HMETh 3HAYEHUE, PABHOE HYJIIO, T. €. 10 Popmyne (4.28)
MOHO ONPEACTUTL CpeiHee 3HAUEHHE MOJIHOro CONPOTUBIICHHS B3au-
MOWHAYKLMU M )T Cllydasi MepeceyeHHbIX JTHHU.

AHaoruyHoe BeIpaXkeHHe 3TOH (GOpMYyJibl B PACKPBITOM BHJE MOC-
jie TIOACTAHOBKH B Hee BMecTo @(x) BripaxeHuid Kapcona unu IMonns-
yeKa YpEe3BbIYANHHO CNOXKHO, U aHAJIUTUYECKOE MHTETPUPOBAHHUE 3TOM
(hyHKIMH MpeacTaBAsieT 3HAYUTEJIBHBIE TPYIHOCTH, OIHAKO C AOCTATOU-

i
HOM A1 TEXHUUECKHUX LIEJICH TOYHOCTbIO BETHYUHY HHTErpala {CP(-\')‘IX

ar
MOXHO HANTH MyTeM YUCICHHOTO UHTErPUPOBAHUS.

[MpencraBuM cebe paccMaTpHBaeMblii KOCO#l yuacTOK CONMMKEHUS
paseneHHbIM HA 3JIEMEHTAPHBIC YUACTKH CONMMKEHUs! C HE3HAYHTEb-
HOJt pasHHLEH B pacCTOSHHAX MEXKIY JHHHMSIMU Ha KOHLAX YHacTKOB
(dx = x4y — x;)- Onpeaenum npubIMKEHHO B3AUMHYIO HHIYKTHBHOCTD
JUTS KOXJ0T'O TAKOrO BBIPAKEHHS, BXOISLUErO B BbIWENPHUBEACHHYIO

dbopmyiy, NpUHKHMas @(X) PABHBIM MOJIOBHHE CyMMbl BEPXHETO (X4 ()
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W HWKHETO (p(X;) TPEdebHOr0 3HAYEHHs MOJIHOTO CONPOTHBICHHUS B3a-
UMOUHIYKLIMH HA PACCMATPHBAEMOM DJIEMEHTE.

CyMMa YHMCIIOBbIX 3HAYCHHII NOABIHTErPAIbHOrO BhIPAKEHHUA,
[oJlyycHHAs [UIf BCEX 3JIEMEHTOB JAHHOTO KOCOro y4acTka cbau-
KEHUs, faeT NpubaKeHHOE 3HAUYEHHE MHTErpajna, BXOAAEro B
dpopmyny (4.28):

(43 1

Folx)dx = 3 alxXxi - x;)
a i=l ’

[II€ 7 — YHCIIO HIEMEHTOB, HA KOTOPbIE Pa3OUT KOCOH y4acTOK cbu-
WEHUS, OrPAHUUEHHDII OpANHATAMHU dy H 7]

X — 3HAYEHHE PACCTOSHMUS MEXAY JUHUAMHM I 3JEMCHTA
(X;41— X;), COOTBETCTBYIOLIEIO CPEAHEMY 3HAUEHHIO GYHKUHH @(x)
B DTOM HHTEpBale.

Usmenss B opmysie (4.28) BepxHHi npeaes HHTErpHpOBAHHUA (ay)
NpH NOCTOSHHOM 3HAYEHHH HUXHETO npeaerna (@), MOXHO IONY4HUTE
3ABUCHMOCTb B YUCJIOBOM BbIPaXEHIH MEX Y CPEHHM 3HAUCHHEM 101~
HOT'O COTMPOTHB/IEHUS! B3AUMOHHAYKLIMH 119 KOCBIX y4aCTKOB conuxe-
HHUS 1 MAKCHMAJIbHBIM PACCTOSTHUEM MCKAY JIMHHAMH.

Jli1a npuMepa Ha pUc. 4.6 NOCTPOEHBI 10 ¢opmynam Kapcoua xpu-
seie 3aBUCHMOCTH WM (OM/KM) OT pacCTOSHUA MEXAY MapaieibHbI-
MM NUHUSMHA ]IS0 CITY4aeB Y, = 0.0265: 0,030; 0,040; 0,050 Cwm/M nipHn
BLICOTE BANAIOLLCH MMHUKM b = 10 M ¥ fIpH BBICOTE MOABEPKEHHOMN BIH-
SHHIO JIMHUM ¢ = 6 M.

4.2.2. OnpeneqeHde Ko3(HIHEHTA B3aHMHOH HHIVKIHH
MEKIY OJHOMPOBOAHOH H ABYXIIPOBOJHOH LEIIMH

KosdpuiueHT B3aMMHOI MHIYKLMH MCKLY LENAMH, MOABCLICHHBI-
MU Ha OJIHOIt cTonOOBOM NMMHUH, OYET 3aBUCETh IJIaBHBIM obpa3om OT
B3aHMHOT'O PACNOJIOKEHHS LENEN; BIMAHHE 3EMIM HA BEIMUNHY K03(-
¢uLMeHTa B3aMMHON HHAYKINH B 3TOM Ciyyae OymeT CKa3plBATHCH BECb-
Ma Majo. AKTHBHOM cocTaBsiiolie R, B3aHMHOI0 CONPOTUBJICHUA
Z |, B 3TOM CJly4ae MOXHO npeHebpeys.

3HaucHne K0appUIMEHTa B3AUMHON HHAYKLUHH MEXKY OAHOTPOBO/L-
HOIl M BYXIIPOBO/HOI LiensiMK Oe3 yueTa BIUAHHNS 3eMIIH OTPENETACT-
csl CHEAYIOIHUM 00pa3oM.
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Puc. 4.6. 3aBUCHMOCTB MOJIHOTO CONPOTHBIIEHHS B3AWMHON HHAYKUHKH wM (OM/KM)
OT PACCTOSHUS MEX/lYy NAPAIENbHLIMH JIMHASAMH NPH PA3THUHON TPOBOJHMOC-
TH 3eMan v,: 1 — 0,0265; 2 — 0,030; 3 — 0,040; 4 — 0,050 Cm/m npw BeIcOTE
Bausowed TMHUH b = [0 M 1 npH BbICOTE CMEXHOM JIMHUHN ¢ = 6 M

Ha puc. 4.7, @ noka3aHOo OTHOCHTENbHOE PACIIONIOXKEHHE OJHOIPO-
BOIIHOﬁvH OBYXTipoBOAHOW ueneil. IlycTs B npoBoae 7 npoxoanT nepe-
MEHHBIH CHHYCOMJANbHEBINH TOK, MTHOBEHHOE 3HAYEHHE KOTOPOIo pas-
HO i|. BeJIMIMHA MAarHUTHOTO MOTOKA, IPOHM3bIBAIOILETO NETIIO JBYX-
IIPOBOHOM LIEMH, ONpPEAEnseTCs U3 ypaBHEHHA

@ “g 02
Oy = [Hlpdx= | —=ijl,dx=02il,n-E
i xip 0. » L (4.29)

rac [[I — IUIMHA napajui€jibHOT o C6JIH)KCHMSI, CM.
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Puc. 4.7. K onpefeneH1io B3aUMHON HHIYKIHMH Mex Iy OJHOMPOBOHOM
W IBYXNPOBOAHOMN LernsiMA (@) MEXy ABYXMPOBOAHBIMHU LiensMH (6)

Hageaennast sa¢ B netie, oOpa3oBaHHOR ABYXMPOBOAHOM LENbIO,
Byier onpenenarscs no popmyne

__ dd, '10_8_
dt
[MoacraBus croja 3HaueHue Oy, noayynm
d{o,zil/,,]n Z‘E ]
e=—_1 AL 98-
dt
. ior . aip -9
Tak Kax i =\/2_Ie ,T0 E= —‘1'2(1)/,,11 In ; -1077.
14

[Mepenuiiem 3TO ypaBHEHHUE, BbIpaXad IUHY lp B KuJIoMeTpax. Tor-
J1a TIOJTy4YUM

-4
= —j-20/, I In aij 1077 (4.30)

Tak Kak Alg BO3AYIWHOMA JIMHUN HHAYKTHPOBAHHAS J1IEKTPOIABHKY-
uias cuia onpeaensiercs 1no dbopmye
E=-jol, )M,

TO, CONMOCTABIAA NMOCIEAHHC ABA BbIPAXCHHA, HAXOAUM

~ jo-20, 1 In-AE- 07
E dig

|Mir|= = jol, I ) =l

@.31)

=21n£'10_4,FH/KM.
a4
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B cnyuae nojaBecku BIUSIOWEHR M NOABEPKEHHOH BIIMSHUIO LENeEH
Ha JIByX pa3HbIX HUHUAX OOpaTHBINH TOK BAMSIOLIEH OQHOMPOBOAHOM
LEINH, pacipoCcTPaHsAACh MO 3EMJIE, MOXKET OKA3aTb 3aMETHOE BJIMSHUE
HA BeJIMYMHY MHIYKTHPOBAHHOM 3/C B ABYXIIPOBOAHOI Lienu. Bennuu-
Ha KO3(hHLUHEHTA B3aMMHON MHAYKLMH MEXKIY YKa3aHHBIMH LCIMsMH
M ByneT 3aBUCETh OT BENUUMHBI YAEHBHON MPOBOLMMOCTH 3EMIIH,
110 KOTOPOH NMpoTeKaeT BIHUAOIMI TOK.

Koath¢puunenT B3aMMHOR MHAYKLMH MEX/ly OAHOMPOBOAHOM H ABYX-
NPOBOJHON LENSAMH MOXET ObITb OMpeneseH no gopmyJie:

Npu NoABEcKe ABYXMPOBOAHOM 1l Ha TpaBepcax
oM, 4

My =—ac, (4.32)
da

[pH MOABECKE ABYXMPOBOHOM 1IEMU HA KPIOKax

Mg =224 5 (4.33)
de
[Tpu 3TOM Ac = asin @, re 0. — yroJl HAKJIOHA NJIOCKOCTH, B KOTO-
poil pacnosiokeHsl MPOBOAA ABYXIPOBOAHON LiEMNH.
B yKa3aHHbIE BLIDAKEHUSA BXOANT BeIHuMHA M| 4, onpeaenseMas 1o
dbopmynam Tonnsueka unu Kapcona (taba. 4.1).
Taxum o6GpaszoM, NpH [IOABECKE ABYXITPOBOAHOMN LIENH HA TPaBEpCax:

2-107 ad,

s Tr/km,
az+(/>—(')2 i

a)npu a << 100 m Mt =-

: 2
6) npu a>100M M7 = —4—[%—(11 +j(a, + az)—~a—°— -10‘4,FH/KM.
a da

ITpu nojaBecke JBYXIPOBOAHON LEMH HA KPIOKaX:
a) npu a << 100 m

My = -J: 1187\[Y3fk 4 4 Ac- 10 , TH/xM,

a +( —c)z
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4b a .y -4
> My =|— - j——1{Ac 107", Tu/km,
o) nmpua>100m M g + bec J bt
10(6+ ¢) _ 510

rpe oy =-—FF——, 2 Ty
a* VOIY 5 [k a¥sfi

4.2.3. Onpenerenne KoO3QQHUHEHTA B3AHMHOH
HHIYVKUHH MEXTY ABVXITIPOBOIHBIMH HEIIAMH

[Mpu onpenenenru koddduLMeHTa B3AHMHOW HHIYKIHH MEXY IBYX-
IPOBOIHBIMHU LIEMAMH, IMOJABELICHHBIMH Ha OAHON CTONOOBOH NHHKH,
BAUSHUEM 3eMJIH, B KOTOPOH BO3HHKAIOT BUXPEBbIEC TOKH, BBUAY MaJO-
ro PacCTOSHMS MeX/y POBOAAMM HeMei Mo CPABHCHHUIO € PACCTOStHHU-
CM HX /10 3eMJIH MOXHO, Kak W nipu BbiBoae dopmynel (4.33) ansa M,
nipeHebpeus. [T03TOMY aKTHBHAS COCTABJIAIOLLAS B3AHMHOT O CONPOTHB-
nenus Zy5 NPHHUMAETCA PaBHOIl HyJIO. B 9TOM Cilyyae BEIMYMHA KO-
ypPpHuuMenTa B3aMMHON HHAYKUHHM MEXIy ABYXMPOBOLHBLIMU UENSMH
Oyaer onpenensThCs TONBKO WX B3AWMHbIM PACTIONOXKEHNEM.

Ecnu 0603Ha4HWTh MFHOBEHHbBIE TOKH B POBOAAX BIHAIOLLEH Lenu
(puc. 4.7, 6) yepe3 i} N iy, TO OOIIMIt MATHUTHBII MOTOK, CO3AaHHBIH
ITHMH TOKAMU B rneTiie A-5, OyaeT BbIpaxkaTbCs PaBEHCTBOM

® =Dy + Dy =020 | In-TE - In £,

4.34
a4 a4 ( )

[Mocne npeobpasoBaHuii KOIHGULIMEHT B3aMMHON MHAYKLMH MeEX-
[y ABYXTPOBOAHBIMH LIEMSIMU ONPEAETNTCS BbIPAKCHHEM

- a
M} =210 InAE224 (4.35)
aAE :

4.3. PacuerHbplil MOYJIb CHCTEMBI
U NapaMeTpbl PACYETHON CXeMbl 3aMeIeHUs]

Bo Bce (hopMyJibl 2IEKTPOMArHUTHOTO BIMAHUS MEXKIY LEMSIMH pa3-
JIMYHBIX CUCTEM, ITPHBEJCHHBIC B IPEABLAYLIMX 11aBaX, BXOAST HE TOJIb-
KO NEPBUUHbIE, HO H BTOPUYHBIE NAPAMETPbI 3THX LIENCH, T. €. TOCTOSAH-
HbI€ PACTIPOCTPAHEHMS EKTPOMATHHTHOH BOHbBI H BOJIHOBBIE COMPO-
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TuBNeHNA. JliIst onpeaeneHys yKa3aHHbBIX NApaMeTpoB HeoOXOAMMO
3HATh MEPBUYHBIE TAPAMETPB] BIUSAIOLIEH U NOABEPKEHHONH BAWSHUIO
ueneil. Bo MHOXecTBEHHOM nuTepatype, B ToM uucie u B [1—4], npu-
BEJIEHb] pacueTHble GOPMYJIbl A1 OMpPE/eneHHs NEPBHUHBIX MapaMeT-
POB LENEH Pa3/IMUHbIX CUCTEM, a TAKKE JAdHbl MOAPOOHLIE OOBACHEHUS
1o BeIBOAY 3THX ¢opMmyn. B HacTosiueli rnase npuBeneHsl pacueTHble
(OpMyJIbl M KOHKPETHbIC 3HAYEHHS MEPBUUHBIX H BTOPUYHBIX NMapa-
METPOB OTACNBHBIX JIEMEHTOB U LenieH, HEOOXOMUMBIX [IPH 0HOCHO-
BAHUH 3JIEKTPOMATrHHTHONI COBMECTUMOCTH TATOBOTO 3/EKTPOCHabxe-
HMS, YCTPOHCTB CBA3M U KEJIE3HONOPOKHONH dABTOMATHKH.

4.3.1. Ilapamerpsr ycTpoicTB TAIOBOIO FICKTPOCHADMKEHHS

Pacuemmubte napamempbli ﬂ[)(?061)613()6[1H‘I(’ﬂbll()c’() azpeecania

PazpaboTanHble MaTeMaTHUYCCKHE MOJENIH W MPOrpaMMA PACUeTOB
NIO3BONAIOT NPEACTaBUTh TPAHC(HOPMATOP CXEMOH 3amellleHus Co B3a-
UMOHHAYKTHBHBIMH cBa3sMHU. [lapaMeTpsl Takoli cxembl 3aMelICHHS
ONPEJENAKTCS U3 ONBITOB XOJOCTOrO X04d U KOPOTKOIO 3aMBIKAHUS H
0e3 yueTa HAMArHUYHBAHHWSL U YACTHBIX XAPAKTEPHCTHK MOTYT ObITh
ONpeleNIeHbl 110 AaHHBIM, HMEIOLLMMCS B CripaBOYHUKaXx [2, 17].

Hns TpaHchopmaTopoB, HalleamUX HauboNMblilee MPUMEHEHHE B
HACTOdALIEE BPEMSA Ha AEHCTBYIOLIUX JKENE3HbIX JOPOrax, MOXKHO Ofpe-
[ENIUTb AKTUBHOE M MHAYKTHBHOE CONpOTHBIICHUst paccessHus a3 ob-
MOTOK no dopmyam
AP, 'Urziom . =3k Y 'UlleM
— 5 s Xy =3 ——0— (4.36)

SHOM SHOM
TIE 7., X, — AKTMBHOE H PEAKTUBHOE COMPOTHBIIEHHS TpaHchopMaTopa;
AP, — MOUIHOCTb KOPOTKOTO 3aMblKkaHus, KBT;
U, /o — HATPAKEHUE KOPOTKOrO 3aMbIKAHHS;

Iy =3

U,om — HOMHHAJILHOE HANPSHKEHHE TpaHcpopmaTopa ((hasHoe), kB;
Syom — HOMUHAJILHAS MOLIHOCTH TpaHcdopmaTopa, MB-A.

Pacuemmnsie napamempusl 6eHMUAbHbIX NACY
MOCHI068020 SblApAMUMETA

Kaxmoe BEHTHIBHOE TIJICUO BBITIPAMUTCHIA NTO CXEME 3aMCIUCHUA
NPEeACTaBJICHO HEUIACAJIbBHBIM KIJIIOYOM C MTOCICAOBATEIIbHO BKITIOUEH-
HbIM AKTHBHBIM COHPOTUBJICHUEM rg» 3KBHBAJICHTHBIM BCJIMYUHHE Npd-
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MOrO MaAeHUs HAMPSOKEHUs AJIsi BEHTUIA. XapAKTepHUCTUKA BEHTHIIS

. . . — 104 =104 -
HMEET NAPaMeTpbi: ROTK'D 1077 Om u R%Kp 10% Om. Bribop nmen
HO TaKOi XapaKTEePUCTHKH SIBASCTCA JIEMEHTOM HCIOJIb3YeMOH MaTe-
MATU4ECKOH Moaeiu. Benuunna R3a|<p BBIOpAHA MO JaHHbIM [36], ROTKP
BbIOPAHO rOPa310 MEHBIIHUM, YEM CONPOTUBIIEHHE Iy, YTO HE HAPYILA-
€T XapAKTEPHUCTHKHU NPAMOTO TIAASHUS HATIPSDKEHUST BEHTUIIS.

”(Ip(lﬂl(’l’l”lpbl CXEMbL 3amel{erus 3aeKmpoeoia

B uccnenoBaHuax no MMNyabCHOMY PEryJHpOBaHHIO HCMONb3YET-
Csl CXEMA 3aMEILEeHHS TAroBOro ABHIATeNs, KOTOpast COCTOMT U3 rocie-
JIOBATEJNbHO COEAMHEHHBIX MHAYKTHUBHOCTH paccesiHusi oOOMOTOK raaB-
HBIX [10JII0COB U AKOPs L), TPOTHBO-3/C ¢, AMpepeHuHnanbHol HHAYK-
THBHOCTH L, M LIYHTHDPYIOLIEIO HHAYKTHBHOCTL CONPOTHRICHHS Ry,
3aMELIAIOLIEro peaibHbie KOHTYPbI BUXPEBbIX TOKOB.

B [28] oTmeueHO, 4TO Mpo HU3KHMX YACTOTAX IMOPSAAKA JECATKOB U
COTEH repll B CXEME 3aMELIEHHA MOXKET HE yuuThIBaThest R, CrienoBa-
TeNILHO, IS AHANN3a TAPMOHHYECKHX CETEBOIO HAMpPSIKeHHs npeodpa-
30BATE/NS MOXHO HCMOJH30BaTh YIPOUEHHYIO CXEMY U ITPHBOAUMBIE B
[28] bopmysibl 118 pacuera ee NapamMeTpos:

_ 2PW4B
Y (Aiy + BY
M anmnpoKCHMALHIO [IPOTHBO-3/IC B BUE
e i}l
ChiPp=—=—-"-—,
n Aip + B

rae A, B — ko3dbpuuueHTs annpoxcuMalium;

1'11 — TOK fBurarens, A;

P, C — nocrosintblie ko3 hULUHEHTBI, ONpeaenaiOTCs KOHCTPYKTHB-
HbIM HCITOJIHEHHEM [IBUraTens;

@ — MaruuTHBLIA NOTOK, BO;

7 — CKOPOCTb BPALLEHUS SKOPs, 0B/MUH.

MarunTthas xapakrepuctuka Cn® = f(i,) TArOBOro ABMraTens no-
CTOSIHHOI'O TOKa XOPOLUO alfNpOKCUMHPYETCS BhIPAXXCHUEM
e 3iy

Cn® = —.
no ip+300
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BoIpaxkeHue ajist IpOTHBO-3/1C
e=C-®-n wim ¢e=CpdV,

rae ¥V — cKopoCTh ABMKEHUS 31eKTPOBO3a, KM/,
Hnst snexkrpososa tuna BJI8 €, = Cn K,

60u

=17264.
3,6m Dy 2

rae K =

Torna e 17264 —2 ./
iz +300

Hns snextpososa BJIE, paboraroliero Ha napasnieibHOM COCAMHE-
HWH ABUraTenel B pexxume MOJTHOr'O M0J1s, MAKCHMATbHBIH TOK COITIACHO
TOKOBOH xapaxTepHucTHKe [2] cocraBnser okosno 1950 A npu ckopoctu
V = 40 xm/u. [1pu napannenbHoMm coelMHeHUH obpasyercs 4 napas-
JIEIbHbIX BETBH, B KaXA0H UX KOTOPBIX COCAMHCHBI IOCIEAOBATEIBHO
2 peuratensi. Cunras xapakTEpPUCTHKH ABUraTeneil, AMameTpbl OaHaa-
Xel M NepenaToyHOe YMCIIo PEAYKTOpA aOCONOTHO HAEHTHYHBIMH, My-
TEeM HECIOXHBIX PACUETOB MOJYYUM DKBHBAJIEHTHBIE MapameTpsl Aiis
IMEKTPOBO3A!

Ly =05L5; 1y, =05r,.

[nsa cepuecHO-MapanielbHONO COCAHHEHUS TATOBbIX ABUraTesei
MOXHO aHAJIOTMUHBIM 00pa30M MOJIYYUTh MapaMeTpbl CXeMbl 3aMcllie-
HUst MeKkTpoBo3a. [lapamnensHoe coemHeHne BoIOpaHO U3 coobpaxe-
HHI MaKCHManbHOIO TAMOBOTO TOKA, MOTPEOISeMOTO IEKTPOBO30OM.

ITapamempel cxembl 3amewenus ceHepamopa

FeHepaTopbl MpEACTABIAOTCI CBOMMHU IIPOJAOJIBHBIMU X 4 pPC€aKTHUB-
HBIMH COINPOTHUBIICHUSIMU!

0 2
Xd /o . UHOM
100 Syou

Xr

Pacuemmnsie napamemposr ma2060i cemu

IlJ'Iﬂ TOYHOI'O aHaJIN3d NEPEXOAHbIX MTPOLECCOB B TAIOBOH CETH He-
obxomanmo peluaTh 3agavdy CHHTE3a €€ CXEMbl 3aMEIICHUSA IO M3BCCT-
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HOH YaCTOTHO XapaKTEPHCTHKE U1 KOHKPETHO BbIOPAHHBIX THITA KOH-
TAKTHOH MOJBECKH, PENbCOB, IPOBOAMMOCTH 3EMIIH, PACCTOSIHUS MEX-
Iy MOACTAHUMSAMH M UMCIa TyTEH.

B pasn. 3.3 paccmaTpHBalach MateMaTH4eCKas MOJIENb, C TOMOILBIO
KOTOPOH pelIaroTes TesierpagHble ypaBHEHUs 4S5 #-TIPOBOJHOMN JIMHHH.

Peluenne ypaBHeHHI ¢ MCIIO1B30BAHMEM MATPHILIBI THITA ”Y" HMEEM BHU/I,

=¥ (4.42)

1” UH
IK UK

rne Uy, 1, Uy, I, — cTonbuLeBble MaTpUILlbl N-TO IOPAAKA, IEMEH-
TAMH KOTOPbIX ABIAIOTCH HAMPAKCHUS TIOIOCOB OTHOCHTENBLHO 3eMIK
M TOKH ITOJIIOCOB B Hauaje (MHEKC «H») U KOHUE (MHAEKC «k») 2n+]-
MIOJTIOCHUKA

”Y“ —— KBAIPAaTHAS MATPHLIA /-TO NMOPSAKA, ONpeneiaolas JHHe-

HYI0 3aBUCHMOCTDb MECX /Y HATPAXKEHHAMHU U TOKAMH ITOJIFOCOB B Havalie
M KoHuUe 2n+ | -NoNoCcCHHKA.

Marpuua V]| cocraBasercs cnenyiowum obpazom:

n "

M=y, v

(4.43)

Kpome Toro, 3ra maTpuua 0d1aaaer caeqyoiuMy CBORCTBAMMU:

T
V| =yl =[],
T T
Yol ==l Pl =¥l

¥l = =2zl ] =viz] " |
il =il

(4.44)

rae “)/”T— TPAHCIIOHMPOBAHHAS MATPHLIA,

C YUCTOM BbILICHU3JIIOKEHHOIO NO MATpHULE ”Y” COCTABJIACTCA TOY-

Hasl cxeMa 3ameulleHus ao00H n-NpoOBOAHOMN JIMHUH.

Takum o6pa3oM, 118 TATOBOH CETH OAHOIYTHOTO YYacTKa Kejies-
HO# J10pOTH MOXHO COCTABHTb CXEMY 3aMElICHHs KaK YeThblpeXIpo-
BOAHOMN JUIMHHOM JIMHHUHK C PACIIPEAC/IEHHBIMU TIAPAMETPaMH, B KOTO-
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pOii TAroBas ceThb NPECTaB/IeHA KOHTAKTHBIM MPOBOIOM, HECYILIUM TPO-
COM M IBYMsl PeJIbCOBBIMU HUTSAMU. OQUeBHIHO, YTO YXKE U1 OAHOMYT-
HOTO YYacTKa IMOJIy4aeTcst IOBOJIBHO ClOXHas cxema. Ilpu n-nyrHom
ydacTke HEODXOANMO paccMaTpUBATH CXEMY 3aMELUEHHUsSt 4n-POBOJ-

" Ho¥ nuuuM (8n+1-MoJOCHUKA), KOTOPas MO3BOJISET YUECTh BCE B3aHM-

HbIE [MPOBOAUMOCTU MEXKAY JJIEMECHTAMH TATOBOH CETH.

Cxema 3amewjerusi u napamempsl 6HeUHe2o
InekmpocHabicenus

B OT/IHuME OT MOJHOTO COMPOTHUBIEHHS TATOBOH CETH [aPaMeTpPbl
Tpex(a3HOWH JIMHUH 31ekTponepeaaun 110 kB, nurtaloinei Tarosbie no-
CTAHLMM, OKA3bIBAIOT OOJee CyLIECTBEHHOE BIIMsIHME Ha (opMHUpOBa-
HHME BBICLIMX FAPMOHMYECKMX CETEBOTO HAMpSIKEHUst npeobpa3oBaTe-
neit. Mcxoaa 13 3THX cooOpaXeHHH cocTaBisieTcsl MoJIHAs CXeMa 3aMe-
LieHus TpexnpoBogHoi auHnu 110 xB.

PacrimiueM noapo6GHO cHCTEMY, SIBISIOLLYIOCS petieHHeM Teserpad-
HBIX YpaBHCHHMH, B BHAE

. . - . . ‘2 . l2 .
I = Y U+ Y U204 Y -Usut YiE Ui+ Yi3 U+ Y13 Uk,

. - 2 . - 2 . 22 . 22 -
Tk =Y1211 'U1H+Y12l 'U2H+Y|231'U3H+YHZ UTED (F) 'U2K+Y|3 -Usk,

. - . 1 . 12 . 12 . 12 .
~ou =Y21{ “Ulu+ YZHQ'U2H+Y713'U3|{+ Yo1 - Ui+ Y23 -Uak+ Y23 - Uk,

(4.45)

; : ‘ 20 2 2 22
Jox = Y3 Ui+ YA Ui+ Y353 -Usu+ Y51 Ut + Y3 -U2c+ Y33 - Uk,
y 1, 11, 11 5 12, 12 . 12 ,
134 = Y3 'U1H+Y32'U2H+Y33‘U3H+Y3l Ulk+ Y33 U2k + Y33 Uik,
' . . 1 22 22 4 22
P = Y3 U+ YA U+ Y& Ui+ Yii Ui+ Y33 -Uzc+ Y33 -Uskc.

C noMoLLIbIO NPOrpaMmel, ONHCAHHOH B pasd. 2.2, M JAHHBIX O I'eo-
METPUM PACIOIOKEHUSE IPOBONOB M3 [15] HAXOAATCA YMC/IEHHbIE 3HA-

YEHUA MaTpHLb] ”Y" . DTO NO3BOJIAET [TOJIYUMTh CXEMY 3aMEILLIEHUS TPEX~
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(asHoit TMHMYU B BUJIe COBOKYITHOCTH NapaMerpos L, C u R. C yyeTom

croficra MaTpuus ||V

ool ol
Yio =Y\ +Yi3 + Y3 + Y} Y7 +Y]Y,
Yoo = Yol + Y23 + Yok + i + Y33 + Y33,

ool ol 2
Yio = Vil + Y3 + Vi3 + Yi2 + Y3 4 vid

B tabu. 4.2, 4.3 1 Ha puc. 4.8 npuBeACHbI 3HAYEHUS BTOPUYHBIX NApa-

METPOB (BOJIHOBOrO CONPOTUBIEHUA Z, U NOCTOSHHOH pacrnpocTpaHe-
Hus v, = oy + jB,) TATOBOI CETH OJAHONYTHBIX M ABYXITYTHBIX YHaCTKOB.

17,5, Om , 2400\ [ 20 oo\
1300 l] /[ \\
1200 / Llw R
1800 3¢
1100 V |
/ \ /\mo 142
1000 /
900 / \ /
800 / / v
700 / / // \
600 / / \ 1500430
500 )<
/ 2400 48
400 <
L/ / / 1200 404
300 e A oo 499
/ L~ 1000 50
m e |
1 i
100 e e Bl jIO
$ 300 6
E= T 200 L
0 E= i o 42
15 20 25 30 £ km
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1Zyl, Om 17 1
(
2400 zm\ f |k
650 - 1
J \ \ /m()t) 436
[N
AW
500 / / \/ 2100 442
450 ] /
400 f / /X\
330 / / 4 1500 430
300 / / /\
250 // / / 2900 48
A
200/ // / /1200 =424
) oo 22
150 |7 ~ _
7~ 1000 420
// //y 500
e ——= LRIl
// ’—/; 600 12
50 1 SO0
0 18
E ; 200 14
0= T 100
15 20 25 30 / km

Puc. 4.8. BxoaHoe conpoTHBIIEHNE TATOBON CETH OJIHONYTHOIO (a)
H ABYXMYTHOrO (6) y4acTKOB

Tabruya 4.2

BTopuuHble TapaMeTpsl TATOBOH CeTH
(xonrakrHas nogsecka M-120 +2M®-100)

OpHomny THbIH yHacTOK JIBYXTYTHBIH y4acToK

k £ Tu

|Z.), O Brs |Z,), Oy B

Om mHn/km | Mpan/km Om mMHn/km Mpaa/km
2 100 242,0 0,8 3.0 147,5 1,03 3,0
4 200 239,5 0,95 6,0 1420 1,27 6,0
6 300 237,0 1,12 8,95 138,5 1,55 9,0
8 400 2350 1,25 12,0 136,0 1,82 12,0
10 500 233,0 1,40 15,0 134,0 2,12 15,0
12 600 231,0 1,59 17,5 132,5 2,40 17,5
14 700 229,5 1,72 20,5 131,0 2,70 20,5
16 800 2280 1,87 23,0 130,0 3,00 23,0
18 900 227,0 2,01 25,8 128,8 3,24 25,8
20 1000 | 226,0 2,17 28,5 127.5 3,50 28,0
22 | 1100 | 2255 2,30 31,5 126,5 3,76 30,5
24 | 1200 [ 225,0 2,44 33,9 125,7 4,02 333
30 1500 | 2243 2,85 42,5 124,2 4,80 41,5
36 | 1800 | 223,5 3,25 510 123,5 5,45 49,5
42 | 2100 | 223.0 3,65 58,2 122,8 6,25 57,3
48 | 2400 | 2225 4,05 67.0 122,0 7.0 65,0

Hpumenanue. 1 Hn = 8,69 ab.
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Tabauya 4.3
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BropuuHblec napaMeTphl TAr0BoH ceTH (KoHTakTHas moasecka [TBCM 95 + M® 100)
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4.3.2. YnpomeHHbni pacyer KoagpHoHeHTa
PACIPOCTPAHEHAS OJHOMPOBOAHBIX Leres
KA0e/IBHBIX H BO3ZJIVIIHBIX JIHHHE

Hns ynoGcTBa NMpUMEHEHHUS BBIUMCIUTENbHOR TEXHHKH M YIIPOLLE-
HUS PACUETOB 3ABHCUMOCTH IMOCTOSIHHBIX PACPOCTPAHEHUSA OT 4acTO-
Thl JUISI IMHUI CBSI3KM PA3NTMUYHBIX THIIOB ANMPOKCUMHPOBAHbBI MOJHHO-
MaMH 2-ro nopsjaxa:

=a. + /B,
= (4, /ﬁ + B k+C)-10-3,
[3--(D/<2+E/<+F)10—3

KoadduumenTs! nonuHOMOB uls onpeieneHus o, v . npeacrasiie-
Hbl B Tab. 4.4. AnnpoxciManus cCpaBe/jIMBa B AHANA30HE YaCTOT OT
0,05 no 5 xI'n.

Tabruya 4.4
3RaueHns ko3 HHLUHEHTOB N1OJIMHOMOB AU ONMPEIEICHHS Y,

Twn kabenbHOW THHUH CBA3H Ac B, C. D, E, F,
Kopaeneho- [ Hemynuuusnposaunsiii | —0,029 [2,465 {8,662 | ~0,022 |2,910 |8,413
CTUPODI | Mlynummanposanmmii, | -0,029 |2.520 |9,007 | -0,025 3,015 [8,711
. : 1,05 Mu L,=140 mT'n

Toxe, L,=140/83 mI'n | -0,030 |2,605 |9,323 | -0,026 | 3,110 |8,918
bymaxno - { Henynuuusuposarusiit | —0,027 [2,014 [7,239 | -0,016 | 2,440 [7,075
Zopile;];"r';l [lynnuusuposanneiii, | —0,026 |2,080 |7,665 | —0,020 12,635 17,326
*® =0 L,=140 mI'u

To xe, L,=140/83 mI'n | 0,030 |2,275 |7,862 | -0,021 {2,670 |7,711
To xe, Henynuunauposanusiii | —0,033 2,415 [8,117 | -0,018 {2,705 {8,012
dy = 1,4 MM| Tlynuunsnposanubiit, | —0,029 |2,300 |8,818 | ~0,027 {3,080 [8,226

L,=140 mI'n

To e, L,=140/83 mI'n |-0,0314 | 2,480 |9,200 | -0,026 {3,085 {8,770

Tun BO3AYLIHON JINHUK CBA3H A, B, C. D, E, F,

Crans d=4mm —-0,0046 {0,590 3,412 {-0,0096 | 2,075 (1,075
d=5mMm -0,0033 10,505 {2,640 |-0,0096 | 1,980 10,829
Menp d=4wmm 0,00037| 0,065 | 1,286 }-0,00077 1,205 10,196
d=3 MM -0,0002210,094 | 1,767 |10,00051f 1,190 10,381

Tpumevanue. B Tabnuue d, — auameTp Xuiibl; d— IHAMETP TpOBOAE; L, — MHIyKTHB-
HOCTb KATYWIKH ITYTIHHU3ALMY; IIAT MYTTHHU3AUMH KaGens CBSA3H NPHHAT PaBHBIM 1,7 KM.
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B tabnuuax 4.5—4.9 npuseieHb! KO3(QQHIIMEHTHI PACTPOCTPAHEHHS
OIHONPOBOHBIX BO3LYIUHBIX M KabeabHBIX Lenei.

Tabruya 4.5

CocTasnsiomune k03 PHLHEHTA PacipOCTPAHEHHUA Yy, OJAHOIIPOBOHBIX KabETbHBIX -
ueneii (kabeab ¢ kopaeNbHO-CTHPODIEKCHON H30IALM el HIIN C KOPAEIbHO-

TpyOHATON NOJUITHICHOBOR H30asuKeRt, d , =1,05 MM)

q Llenb Llens nynuru3uposana no cucreme S = 1,7 km
;c;im Hefly HimtsnpoBata L =140 MT'n L = 140/83 MT's
Qs B gy Be Qs Bo
MHn/km Mpan/km MHI/KM | vpan/km | MHO/KM Mpa/KM
50 11,1 11,3 11,5 11,7 11,9 12,0
150 19,0 20,0 19,6 20,2 20,3 21,2
250 24,0 25,8 25,0 27,0 26,0 27,5
350 28,5 31,2 30,0 32,0 30,5 33,0
450 32,0 36,2 33,0 37,0 34,0 38,0
550 35,0 40,5 36,0 41,0 37,2 43,0
650 37,7 44,5 38,5 45,3 41,0 47,0
750 40,5 48,5 41,4 49,0 43,5 51,0
850 43,0 52,2 44,0 53,0 46,0 55,5
950 45,0 55,5 46,5 57,0 48,0 58,5
1050 47,0 59,0 49,0 61,0 51,0 62,2
1150 49,0 62,0 51,2 64,5 53,1 65,2
1250 50,7 65,3 53,2 68,0 55,1 68,0
1350 52,5 68,5 55,0 70,5 56,6 71,5
1450 54,0 72,0 56,5 73,5 58,0 74,2
1550 55,8 75,0 58,0 77,0 60,1 78,2
1650 57,2 78,2 60,0 80,0 61,9 81,4
1750 58,5 81,5 61,0 83,3 63,5 85,0
1850 60,0 85,0 62,8 86,2 04,6 88,0
1950 61,2 88,2 64,2 89,3 66,0 91,0
2050 62,2 91,4 65,6 92,3 67,0 93,8
160

Tabruya 4.6

CocTasasionine ko3(hHHUMEHTA PacTIPOCTPAHSHUS Y4 OAHONPOBOAHBIX KaOEIbHBIX
uenei (xabenb ¢ OyMaxkHO-KOpAeAbHOH H3onauued, d,=1,2 mm)

Llens llens nynuHusupoBana no cucreme S = 1,7 kM
q?,c;?fa HETY THHISHpORAHa L = 140 MTn L= 140/83 mPn
T B g Br Ol 578
MHr/kM | mpanfkm  |MHO/KM | ypansem | MHR/KM Mpaa/km
50 9,25 9,5 9,72 9,94 10,11 10,36
150 15,3 17,2 16.5 18,0 17,6 18,5
250 19,7 22,5 21,0 235 22,2 24,0
350 23,0 27,0 24,3 28,0 26,0 28,4
450 26,0 31,0 27.5 32,0 29,0 33,0
550 28,7 34,5 30,2 35,8 31,7 36,8
650 31,0 38,0 327 39,0 34,0 40,4
750 33,0 41,0 34,5 42,8 36,2 44,0
850 35,0 44,4 36,0 46,0 38,5 47,5
950 36,5 47,6 37,8 50,0 40,5 51,0
1050 38,0 51,0 39,0 53,0 42,0 54,5
1150 39,5 54,0 40,7 56,0 43,6 57,5
1250 40,6 57,0 42,4 59,0 45,0 60,7
1350 42,0 60,5 44,0 62,0 46,0 63,5
1450 43,0 63,7 45,0 65,0 47,0 67,0
1550 44,0 67,0 46,0 68,0 48,3 69,5
1650 45,0 69,5 47,0 70,7 49,5 72,5
1750 46,0 72,5 48,0 73.8 50,7 75.6
1850 46,8 75,2 49,0 76,8 51,8 78,3
1950 47,5 78,0 50,0 80,0 52,5 81,4
2050 48,2 81,0 50,9 83,0 53,3 84,3

1 — 6283
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Tabauya 4.7

Coctasasiouiue ko> GULHEHTa PaCNPOCTPAHEHHS Y OJHOMPOBOAHBIX kabesIbHBIX
neneit (kabeny ¢ GYMaxHO-KOPJIENbHOH H30JALNCH, d,.= 1,4 MM)

Llens Llens NyNMHU3NPOBAHA 110 CHCTEME S=1,7xkm
q}c;?lm Hemy MHASHpORARa L = 140 mrs L = 140/83 uln
U, Be %, P O, Bio
MHI/KM | Mpan/km MHn/xM | mpan/km mHn/km Mpan/Kkm

50 10,5 10,7 11,09 11,28 11,65 11,83
150 18,0 19,5 18,3 20,0 20,0 21,5

250 23,3 25,0 23,5 26,0 25,5 27,5

350 27,0 30,0 27,5 31,5 29,5 33,0

450 30,0 34,0 31,0 36,0 33,0 38,0
550 33,0 38,0 34,0 40,5 36,0 420
650 36,0 42,0 36,5 44,5 38,4 46,5

750 38,0 45,5 38,5 48,6 41,0 50,0
850 40,5 49.0 40,3 53,0 43,0 54,0
950 42,0 52,8 42,0 57,0 45,0 58,0
1050 43,5 56,0 43,0 60,15 46,5 62,0
1150 45,0 59,5 44,4 64,0 48,0 66,0
1250 46,0 63,0 45,8 67,0 49,0 69,0
1350 47,0 66,0 47,0 70,0 50,5 72,0
1450 48,0 69,5 48,2 73,0 52,0 75,0
1550 49,0 73,0 49,5 76,0 53,5 78,5
1650 50,0 76,0 51,0 79,0 55,0 81,5
1750 51,0 80,0 52,5 82,0 56,5 84,3
1850 51,9 83,0 54,0 85.2 58,0 87,3
1950 52,8 86,4 55,3 88,5 59,2 91,0
2050 54,0 89,8 56,8 92,0 60,8 93,6

Tabruya 4.8

Cocrasasiomue ko3 hyUHeHTa pacnpoCTPAHEHHU Y4 OJHOTPOBOAHBIX BO3AYILIHbIX
ueneii {0 =25- 10 Cw/m; h = 6 M; nero, CbIPO)
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e

Crans Cranb Mean Mens bumerann
Yac- d=4mm d=5mm d=3mm d=4 mm d=4mm
TOTa,
I s Be Oy Bss [T B 78 B W B
MHn/xm Mpan/kmmH n/em Mpan/kmimH /M Mpan/k MHn/km Mpan/kmMmITn/km [mpaa/km
50 4,0 3,14 3,14 2,8 1,86 1,57 1,35 1,4 2,05 2,29
150 5.2 7,75 4,1 7,32 2,26 4,02 1,54 3,79 2.89 6,25
250 | 6,14 12,0 5,08 11,3 2,45 6,36 1,67 6,22 | 3.67 9,65
350 72 16,1 6,1 15,0 2,57 8,6 1,77 8,6 4,45 12,7
450 8,2 20,0 7,0 20,0 2,69 11,0 1,87 11,0 5,1 158
550 92 23,7 7.8 220 2,81 13,3 1,97 13,3 | 565 18,9
650 10,2 275 8,51 25,6 2,92 15,6 2,07 15,6 6.2 218
750 | 11,2 30,6 9,4 28,8 3,02 18,0 2,17 18,0 | 6,75 24,7
850 12,1 34,0 10,25 32,0 3,12 20,3 2,27 20,3 7,25 27,6
950 13,0 37.0 11,0 35,0 3,22 22,8 2,37 228 7,75 30,3
1050 } 13,7 40,2 | 11,75 | 379 332 | 250 2,47 25,0 8.2 33.0
150 | 14,4 434 123 | 408 3,41 27,3 2,55 2713 8,7 35,7
1250 | 15,2 | 46,5 13,0 | 438 3,5 298 2,64 298 | 9,15 38,4
1350 | 15,85 | 49,7 13,7 | 46,7 3,59 | 32,0 2,73 32,0 | 9.55 41,1
1450 | 16,51 | 528 14,2 | 49,7 3,69 | 345 283 345 10,0 43,8
1550 17,2 55,8 148 52,5 378 | 368 2,92 36,8 105 46,6
1650 | 17,85 | 588 16,1 55,4 3,87 | 392 3,01 39,2 | 11,05 | 49,4
1750 1 18,5 61,8 16,5 58,2 3,95 41,5 3,11 41,5 11,7 52,1
1850 | 19,0 64,6 16,7 61,0 398 | 437 3,15 43,7 11,9 54,6
1950 | 19,7 67.5 17,0 64,0 4,0 46,0 3,18 46,0 12,2 57,3
2050 20,2 70,8 17,5 66,6 | 4,04 | 481 3,22 48,1 12,5 60,0
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Tabauya 4.
CocTapsiioluye NOCTOAHHOH pacnpoCTPaHEHHs Y, OAHONPOBO/HBIX LENEH CBA3H
P — Kabenprpie amnun
(kabens Mapiu MTPBITM 1x2 x 1,2)
Yactora| CranbHas nems Mennas uenn Henynuuuszu MynuHi3upo
k £ T d=4wmm d=4wmm pOBaHHad Henb BaHHas [ienh
o8 B [eP8 Bes (o8 B s -
MH/ km| mpan/ xm] mHn/km| mpan/ km| mHn/xm | mpan/ xm| mH/km Mpan/x:
2 100 4,65 5,54 1,48 2,62 38,0 76,5 37,0 73,0
4 200 5,67 9,92 1,62 5,02 40,0 79.0 40,0 76,0
6 300 6,65 14,10 1,72 7,11 42,0 82,0 41.0 80,0
8 400 7,70 17,75 1,83 9,6 46,5 89,0 420 84,0
0] 500 8,70 2175 1,92 12,0 51,0 94,0 42,0 890
12 600 9,65 25,41 2,02 14,55 56,0 101,0 42,5 96,0
14 700 10,6 29,0 2,12 17,0 60,0 109,0 43,0 1040
16 800 11,7 32,3 2,22 19,3 64,0 116,0 43,0 113.0
18 900 12,4 35,4 2,32 21,7 67,5 125 43,0 1190
201 1000 13,3 38,5 2,40 24,0 69,0 135 43,0 126,0
22 1100 14,1 41,8 2,50 26,5 69,5 146 43,0 133,0
241 1200 14,75 45,0 2,68 28,8 70,0 156 43,1 141,0
301 1500 16,9 54,4 2,89 35,7 70,5 185 43,1 169,0
36 1800 190 63,0 3,17 425 71,0 216 43,2 193,0
421 2100 20,8 72,0 3,42 49,5 74,0 247 43,3 210,0
48 2400 22,5 81,0 3.67 56.5 78,0 280 434 | 2200
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FAABA 5. TEOPUS IAEKTPOMATHUTHBIX 3KPAHOB

5.1. Ilpupoga 3KpaHUpYOIIEr0 AeHCTBUAA
MU JTEeKTPOMATHUTHBIE 3KPAHbI

Tpupoaa neiicTBUSA 31eKTPOMATHATHOrO IKPaHa 3aKTFOUAETCSA B TOM,
4TO JIEKTPOMATHUTHOE OJIe IPOHUKAET B CTEHKY 9KpaHa U BO30Yysxa-
€T B Heil 3apAAbl UM HHAYKTHPYET TOKH, COOCTBEHHBIE TOJIT KOTOPBIX
HAKJIABIBAKOTCS HA NEPBUYHOE IMOJIE, YACTUYHO UIIU MOTHOCTBIO KOM-
neHcupys ero. Ilpu 3TOM HecylEeCTBEeHHO, HAXOLMTCSA JIM MEPBHYHOE
1051¢ BHYTPH MJIH CHapyxu 3kpana (puc. 5.1).

Mepoii akpanupyolero geficTBus sipagercs Ko3phUUHEHT SKpaHHU-
POBAHHS, KOTOPBII ONpENesAeTCA OTHOLIEHHEM HANPSHKEHHOCTH T10JIs
BHYTPH 9KpaHa K HallPsS)KeHHOCTH BHELLHET0 NOJS, KOTOPOE HMEET MECTO
IPH OTCYTCTBHH 3KpaHa. Hanpumep, ajis MarHMTHOrO MoJis

Q=H;/H,,. (5.1)
KosdduunenT sxpanuposanus, Kak npasuilo, SeigeTcs KoMIieKc-
HBIM YHCIIOM.
Ha npakTuke yacto B pacuerax HCMob3YIOT TEPMUH KOSPPULIHEHT
3UTYXQHHUS, KOTOPbIH ONpeNenseTcs KK jjorapi(M OTHOIIEHHS Hanpsi-
XEHHOCTEH BHELIHEro W BHYTPEHHETO NOfcH:

=in(/|Q). Hn  wm  q, =201g(}/Q]), 1. (5.2)

a ; 7
T
HUcrounuk [MornoTurenn
rnomex I noMex l

Puc. 5.1. OGpaTHMOCTD SKpAHUPYIOLIErO AEHCTBUA: @ — ocnabIenHne H3lydeHHs
HCTOYHHKA MTOMEX; 6 — 3a1UMTA NOTNOTUTENS MOMEX OT U3JIyUeHHS

a.

[

\
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IMocTostHble nons H3MeHsouecs nonst

Krazucraruueckie 3HCKTpOMaFH HTHbLIC

noJist noJst
MeHHOE [Nepemennoe
SnekTpocta- Marnurocra- n‘:(PTe "z C(" Mar:'HHTHOC
THYECKOE MoJTe THUECKOE floNie JIEKTPHYECKOE
none nosie

Puc. 5.2. Knaccndukauns anekTpHUECKHX ¥ MAaTHUTHBIX Honeit

PasinualoT nocTrosHHbIEe ¥ EPEMEHHbIE 11014, IPH 3TOM [OCIeAHUE
NOAPA3ACIIAIOTCA HA KBA3ZUCTATHUECKUE (MEATICHHO MEHSIIOILIKECS ) U 2J1eK-
TPOMArHUTHBIE (ObICTPO MeHsomuecs) (puc. 5.2) [23].

JIroboe u3MeHeHre KBa3UCTATHUYECKOTO Mok OOHOBPEMEHHO OOHapY-
YKHUBAETCS [IOBCEMECTHO, N O3TOMY MFHOBEHHO BOCIIpHHHMAaeMas KapTH-
Ha MNoJis, COOTBETCTBYIONAA ONpeie/IeHHOMY MIHOBEHHOMY 3HAUEHMIO
HAMPSKEHHs Y TOKA, BCEr1A COBIANAET C KAPTHHOMN CTATHYECKOro 1014,
CO3ABAEMOTO TAKUM K€ O 3HAUEHHIO NTOCTOSIHHBIM HAIIPSHKEHUEM WIIH
TOKOM. KBazucTaTHueckoe MoJie MOKHO MPEeCTaBUTh KAK BPEMEHHYIO Cy-
NEPNO3HIUHIO CTATHYECKHMX MOJIER OIMHAKOBOTO NPOCTPAHCTBEHHOTO pac-
npenejeHus £ (\ y, zyunu H. (\ ¥y, =), KOTOpbIE AJi KAXKIOro Cly4as
OTIHUYAIOTCS TIO Hdﬂpﬂ)KCHHOCTH TOJILKO ONPERENEHHBIM TIOCTOSHHBIM
MHOXUTeNIeM. Eciiv npueMHUK HAXOAUTCS B HEINOCPEACTBEHHOI OiH30c-
TH OT UICTOUHUKA H3JIyUueHH s (AHTEHHBI) B TaK Ha3bIBaeMOH OinokHel 30He,
TO OH BOCTIPHHHMAET CTALIMOHAPHOE (MPOCTPAHCTBEHHO (PHKCUPOBAHHOE)
KBazycTaTHuecKoe nojie. B yacTHocTy, INThIpeBas aHTEHHA CO31a€eT KBa-
3UCTATHUECKOE 3JIEKTPHYECKOE 10JIe, 4 PAMOYHAS — KBA3BUCTATHUYECKOE
MAarHuTHoe 1oJie. B 6mkHel 30He Mojie u3MeHseTcs, YBeIUUUBAETCS
WIIM YMEHbILAETCS BO BPEMECHHM OAHOBPEMEHHO BO BCEX TOUKAX.

Ha 60nbliom paccrosiiM OT aHTeHHbI TIPHEMHHK HAXOAMTCS B TAK Ha-
3bIBAEMOM JabHel 3oHe. He3aBUCMMO OT KOHCTPYKLMH AHTEHHBI B Jallb-
HE# 30He rOCMOACTBYET HECTALIMOHAPHOE HEKTPOMATHHUTHOE BOJIHOBOE [1071€.

bk 30Ha OnpenesisieTcs He TOJBKO PACCTOSHHEM MEXay MCTOY-
HUKOM M NPHEMHHUKOM, HO U CKOPOCTbHIO M3MeHeHHs noiid. Bo BpeMeHHOH
00nacTH OAMXKHEH, WM KBa3UCTATMYECKOH 30HOH CUMTAETCS NMpOCTpaH-
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CTBO, MMPOTSHKEHHOCTb / KOTOPOI'O TAKOBA, YTO BpeMs HAPACTAHUSI OIS T,
GOJIbLIE MO CPABHEHHIO C BPEMEHEM TPOXOKACHHUS BIICKTpOMdI‘HHTHOH
BOJIHOM paccrosiums /. B yactoTHOM 0o6nacTy 6iikHE 30HOMH cuMTacTes
IIPOCTPAHCTBO, MIPOTAKEHHOCTH KOTOPOI'0 MEHBILIE ILTHHbI BOJIHbBI (/ < A).

Pazniune Mexy Gnuueit u gasbHei 30HAMM MOXHO (pOPMANTH30BATE
MATeMATHYECKH. [ TPOCTOTHLI MOKa)eM 3TO B 4aCTHOI o6tacty. Pacemot-
pyM B cheprueckoli chcteme koopanHat none aunons Fepua (puc. 5.3).

Peluenue ypasaennii Makcsenna B uacToTHOI o6iactu naet clieny-
IOUIME BBIPAXEHUS JJ1s1 BEKTOPOB HANPSKEHHOCTEN 110714, MOKA3aHHbBIX
Ha puc. 5.3 [23]:

: .2
E. = 1, Zohsin - 2% o\ ~_/T“,.

T L N o N N 8

2

E - 1,,1Zyhcos ™ 2n —_/%r
T s ”’T")" ’ (5.4)
2

E I,,/sin® 2m —j:}?—r

P 7;;2—" 1+./Tl')¢’ . (5.5)

rae Im — @MITIMTYIHOE 3HAYEHHNE IEPEMEHHOTO TOKA; [ — MaKCUMAaJIb-
HOC PACCTOSHUE MEXY 3apsANaMHi IMNOJISl; Zj; — BOJIHOBOE CONPOTHBIIE-

a TA 6

Puc. 5.3. lunons I'epua B cdeprueckoii cucTeMe KOOpAMHAT (a) 1 COOTBETCTBYIO-
1L{{E CHJIOBBIE JIMHUH 3NIEKTPHYECKOrO U MArHUTHOrO NoJiel B Oy el 30He (6)
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HHE BaKyyMa (B JaJIbHEHLIEM MTPUHATO wv/c = 21/A, rie ¢ — CKOPOCTb CBETa

—j-:—l'

B BakyyMme). MHOXUTEb ¢ »  ONUCLIBAET yroy (a3oBOro CABMIa.

IIpHBeneHHbIE BblllIe YPABHEHUS HE HAMISIAHBI, OJHAKO OHH JIETKO
HHTEPNPETUPYIOTCA, €CIIH OIPAaHUYUTHCS [ABYMS NIpEAEIbHBIMH CllyYa-
AMH — JaJibHeH U OivkHEH 30HAMM.

Masbusas 3ona. [pu paccMoTpennu r >> 2t/A MoxHO B (5.3)—(5.5)
y4ecTh TOJIBKO UiieHbI ¢ OONMbUIMMU MOKazaTensMu creneHeil. Toraa
YPABHEHHS YIIPOLIAIOTCA:

. 2 2
T Zghsin® [ 2n Al

e A 9

.2

I,1Zyhcos®  2m  —i=—r

by T 57

I,/sin®  2m; —jz—n’
H, =—""_" """y "~ * | (5.8)

¢ 4rurr? A

M3-3a paszHoro noxasatens CTeNneHu y r coctapnswolued E, MoxHO

npenebpeusb 1o cpasHeHuto ¢ Egy, TAk UTO OKOHYATENBHO OCTAHYTCA

tosibko BekTopbt Ey n Hg. D1i BexTops! nepneHankynaspHbl Apyr

ApYyry M HanpaBJICHUIO paclpoCTpaHEHHA BOJIHBI. Onu konedmorcs
CMH(I)HBHO, UX OTHOLICHHE BO BPEMEHH U NPOCTPAHCTBE [TOCTOAHHO!

Eﬂ/H(p = Z() = 1“.&0/80 =377 Om. (59)

AKTHBHOE CONPOTHBJICHHE Z( Ha3bIBAIOT BOJHOBbIM COIPOTHUBIIE-
HUEM BaKyyma.

Binsknns 3ona. B HenocpeacTBeHHOM OIM30CTH OT aHTEHHBI (1 >> 21t/A)

W BTOPOH, U TpeTuii umeHsbl B (5.3)—(5.5) cylllecTBEHHO MEHbLIE €AUHU-

1bI, W BbIpaxeuus (5.3)—(5.5) ynpomaiorcs:

_ 1, Zyhsin® e—jo"r 419

j -8nr

b
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' 2
_ 1ylZyhcos e‘f-;t*’

3

E
RS

: (5.11)

. 2n
1, /sin® e-./—k—f.

H, = 2

o (5.12)

4nrr
CornacHo [25] MOxHO $HOPMATBEHO NMONYYUTL OTHOLIEHHE Eﬁ/ H,:
Et)/H(p=Z()7\/(j'2Rr)=Z()E. (5.13)

ConpoTusnenune Zp aBnsercs eMKOCTHBM (Z~ = 1/jwC), npu
r>> 2n/h unn N2 >> | | Zog|>> Zp. (5.14)

[Tp1 9TOM roBOPSAT O BLICOKOOMHOM [10J1€, IOHUMASI MO 3THM 3/IEK-
TPHUECKOE MTOJI€ BOJIM3Y LUTHIPEBOH AHTCHHBI. Y ICIbHAS DHEPIHs B OJ11X-
HEH 30HE MMEET NpeobnajaoIIYI0 TEKTPHUUECKYIO TPUPOLIY, T.€.

W(r) = wo(r) = Y5 e?. (5.15)

B To BpeMs KakK BEKTOp MAarHUTHOTO MOJs U B OJKHEH 30He
ocTaercs MepreHANKYISAPHBIM HATNIPABJICHHUIO PACHPOCTPAHECHUS,
3NEKTPHUYECKOE T10JIe COAEPKUT LONOIHHTEIbHYIO COCTABIAIOWYIO

E,; Eyg u Hy B 6mnkHeit o6macTu caBiHyThH N0 (hase apyr 0THOCH-

TeJabHO apyra Ha 90°,

[IpoBens aHanmOrMYHO M3NTOKEHHOMY BbILIE PACCMOTPEHUE [AJId
MoJis B OKPECTHOCTH HeOOJIbIIOrO KOHTYpa ¢ TOKOM (aunoib MUTL-
Kepanbja, paMoyHas aHteHHa [25)), noayunm ans xkoopauHat O u @
CTPYKTYPHO [yalbHble YPABHEHUS, U3 PEILUEHHUS KOTOPBIX MONYUAET-
sl 11 JasTbHEH 30Hbl, KaK M paHee, AKTHBHOE BOJTHOBOE COMPOTHBIIE-
aue Zy = 377 Om, a ana GnnxHEH 30HbI

Zoy = jZo - 2\ (5.16)

Bonnosoe conpotusnenne Zyy OnvxHel ob1acty paMouHoil aH-
TEHHbI UMEET UHAYKTHUBHBIA XapakTep (r >> N2nunu AM2x >>1),

Zow|>> Zp. (5.17)
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Tlpu 5TOM rOBOPAT 0 HU3KOOMHOM I10JI€, TOHMMAS 11O 3THM MAar-
HUTHOE M0Jie BONM3U PaMOYHON aHTEHHBI. YIENbHAS YHEPTUS B OIIHXK-
Hei 30HE UMeeT B OCHOBHOM MArHuTHYIO I1ipuponay, T.€.

wi(r) = wM(r)=%uH2. (5.18)

B naneHeit 30He BEKTOPDBI HANPSHKEHHOCTEN IEKTPUYECKOTO M Mar-
HHTHOTO MOJICH HANpPaBieHbl NOA NPSAMBIM YIJIOM IPYT K APYTY H K
HanpaBleHHIO PACIIPOCTpaHEHHA. B TO BpeMs kdk 3/ieKTpHUECKOE 10J1e
1 B OivkHEH 30He ocTaeTcs MonepeYHbIM, MATHUTHOE M10JI€ COAEPKUT
JIOTIOIHUTEITbHYIO cocTansiomyo H .

M3510KeHHOoe BbILLE AT N10J1ei B OKPECTHOCTH 37IEMEHTAPHOI 1UThI-
PEBOi MJIM 3/1EMEHTAPHON PAMOYHON AHTEHH YIOBIETBOPAETCA IIpH
ycnoBuu [ << A Ecin 3TO ycioBME He BBIMOMHAETCA, TO HEOOXOAHMO
HCIMONb30BATb YPABHEHHS HE IHITONCH, a 3MEKTPHUECKH [UTHHHBIX JIMHUIA,

Ha puc. 5.4 nokazaHbl IpUMeEpPbl KBA3UCTATHUECKHX TTOJIEH B GJIMXK-
HCIi 30He.

a

Puc. 5.4. CootHowuens mexay aunonsmu Cepua n dutipkepansaa (o) u
CXEMATHYECKOE NMPEACTABIICHUE MIEKTPHYECKOTO U MArHHUTHOrO noJeii B OmixHeld
30He (6): / — anmeKTpHUecKoe 1oJte; 2 — MAarHUTHOE T10J1e

170

100 kOm

C yBeJIMYeHHEM PACCTOAHHUS OT IITHIPEBOI AHTEHHBI 3HAUEHHE BOJI-
HOBOrO CONMPOTHUBIIEHUS! yMEHbIlIaeTca co ckopocThio 20 nb/naexana
OT GONBLIMX JO MaJjlblX 3HAYEHHH U Ha GOJBIIOM PACCTOAHUH ACUM-
NTOTHYECKH MPHOIMKAETCS K 3HAUEHHIO BOJTHOBOTI'O COMPOTHBIIEHHS
BaKkyyma. BoigHoBoe conpoTuBiaeHue paMOYHOR aHTEeHHbI HA0BOPOT
CHavana yBeJIWYHNBaAETCs CO CKopocThio 20 nb 3a gekaay v 3aTeM Tak-
KE ACHMIITOTHYECKHU MPHOIHKAETCA K BOJTHOBOMY COMPOTUBJIEHUIO
BakyyMma (puc. 5.5).

OTH 3aBHCALINE OT PACCTOSHUA BOJIHOBBIC CONMPOTHUBIIEHHUS HCTIOMb-
30BaHbl Jajee Npyu pacdeTax Ko3pQPpHUMECHTOR 3aTyXaHUs MO METOY
HlenkyHosa [25]. Ho cHayana noscHEUM pas/iiviHbIE MEXAHU3Mbl 3Kpa-
HUPOBAHHS B 3aBUCHMOCTH OT MPUPO/bI N0,

1]
| MOm

10 kOMm

| kKOm
377 Om

100 Om

L1\

10 Om

l
I
|
I
!
E
|
I
l

- 7 L ]
1 Om / ‘ ; p 3 I
1
| . 1
0,01 0,03 0,1 03 0631 5 10 30 r.

0,1 Om

Puc. 5.5. BonHOBOE CONPOTHBIIEHHE YCTPOHCTBA B 31BHCHMOCTH OT HOPMHPOBAH-
HOTO PacCTOAHHA OT UCTOYHUKA (ry = 2mr/A): | — ONVDKHAS 30HA; 2 — TIepexoa-
Hast 006macTh; 3 — AaabHsAs 30H4; 4 — BLICOKOOMHOE 3MEKTPHYUECKOE 1osie (HampH-
Mep, LUIThIPEBOH AHTEHHBI); 5 — HH3KOOMHOE MArHUTHOE T0JIE (HApUMep,
PAMOYHOMN AHTEHHBI); 6 — 3JIEKTPOMArHUTHOE BOJTHOBOE MoJie
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5.2. OxkpanupoBaHiie CTATHUYECKHX IOJIeH

JnmexTpocraTtHIeckHe Mot

Ecny B an1exTpocTaTHYeCKOE 10J1¢ BHECTH MYCTOTENbIH NIPOBOAS-
LKA Wap, TO Ha NOABVWXKHbBIC 3apsA/Ibl B MaTepuane nmapa 6yayr Bo3-
neiictBoBaTh cuibl F = Q x E, KoTopbie BAUSIOT HA NPOCTPAHCTBEH-
Hoe pacnpeaenenue 3apanos. Ilepepacnpenesnedue 3apsaaoB 6yaeT 3a-
KOHYEHO, KOMAa TAHTEHUHAIBHAS COCTaBJAIONIAN HANPIIKEHHOCTH
3J1EKTPHUYECKOrO 110151 HA TTOBEPXHOCTH IKPAHA CTAHET PaBHA HYIIIO.
CHJI0BBIE JIMHHH JICKTPHUYECKOTO TMOJIS UCKPHBIISIOTCA U BLIXOIAT
NIEPIEHIHKYJIAPHO NOBEPXHOCTU dkpaHa. [lone cMmeweHusix 3aps-
0B H BHCIIHee NnoJjie B 000N Touke BHYTPU DKpaHa NMOJHOCTHIO
KOMIIEHCHPYIOT ApYyr Apyra. MOXHO NMokas3aTh, 4To 3TOT 3ddexT
MMEET MECTO HE TOJIBKO B IYCTOTEIOM LUape, HO W Npu moboii dop-
Me NIPOBOASLIETO MYyCTOTEIOrO 3KpaHa.

DKPAHUPOBAHUE ICKTPHUECKOrO MOl 3AMKHYTHIM (6e3 tieneii)
NPOBOJSAILINM IKPAHOM OCCKOHEUHO BeniMko. Takoil 3KpaH Ha3bIBAIOT
KileTkoit Mapaned.

Harnee 6ynet nokasaHo, 4To Mpy U3MEHSIOLLUXCS BO BpEMEHH € 60I1b-
U101 CKOPOCTBIO 3ICKTPUUICCKUX MONAX KOID(DUIIMEHT 3aTyXaHHA HMe-
€T KOHEYHOE 3HaueHue. st HOPMaNbHBIX COCTABISIOUINX [TOJIS MPU
ITOMOLLH 3aKOHa ['aycca MOXHO MONYUHTh CHENYIONME BbIPAXKEHUS:

Eypr =0 " Ey s =ps/60, (5.19)

rae Pg — INOBCPXHOCTHASA INIOTHOCTh CMELICHHbIX 3apsALOB.
ﬂﬂﬂ KacaTe/IbHbIX COCTABJIAOINUX U3 NPHUBEACHHBIX BBILIC PACCYXK-

AeHnit cnenyet Eyx pr = Eyxpm = 0. HakoHel, HYXHO ylmOMSIHYTb, 4TO

JHRJIEKTPUUYECKHC 0O0JIOUKH TAKKE OKA3bIBAIOT OTPE/IE/ICHHOE IKPAHU-
pyloluee BAHSHHUE HA 2IEKTPOCTATHUECKHE T10J. AHATOTHYHO TOMY,
KaK MATHUTHBIH NOTOK MPOXOAUT B OCHOBHOM 4epe3 KOHTYP C BBICO-
KOJ MATHUTHOH NPOBOAUMOCTBIO (OTHOCUTENbHAS MArHUTHAS NPOHH-
LaeMOCTb W), NOTOK JEKTPHUECKOTO 1101 (P MPOXOINT HEPES ANUDTIEK-
TPHK € BBICOKOH AUMEKTPUUECKO MPOBOAMMOCTDBIO (AUIJIEKTPHUUIECKast
[POHHUAEMOCTD €,).

Ilpn GosbUIOM OTHOLIEHMM TOJIIMHBI CTEHKU d K AHaMeTpy o6o-
NOUKH D BCIEeACTBHE MPETOMIIEHHS JIMHUM 3JIEKTPUYECKOTO MOJIsi Ha
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rpaHUIE MEeKTPUUYECKHI MOTOK
B OCHOBHOM TpPOTEKAET B CTEH-
ke skpana (puc. 5.6). Koapodu-
LMEHT 3aTyXaHUsl pacCYUTHIBA- — L
etcsa o Kageny [25]: S—— >

ag = ln(EBlU/EBT)=
=In(l+133¢,d/D).

(5.20)

3aMeTHOEe 3KpaHUpOBaHUE
HACTYIAET, OYEBHIHO, AIPUE,d >>  Pyc. 5.6. JkpaHupyiollee BIHANHE TONCTO-
>> D, T.e. TOJNBKO MPH TOJNCTO- CTEHHOH AMAIEKTPHUECKOH NycToTeNnOi
CTEHHBIX IKpaHaX ¢ BbICOKOI M- 000IOUKH, HATIPUMEP KUPIMHUHOH KIIAJIKH,
SMEKTPHUECKOH MPOHHLIAEMOCTBIO, 3KpaHa H3 THTAHATa Oapus

Ha ocHoBse 3akoHa 'aycca v
34KOHOB MHIAYKUMH MOXHO NMOJYHUHUTb IJIA AUDJICKTPHUYECKHUX IKPAHOB
ClIeAYOIHME COOTHOMECHNWA TAHICHIHATbHbIX EK H HOPMAJIbHBIX EH
COCTaBJISIIOLIHUX HAMPAKCHHOCTH JJICKTPHUECKOI'O 110J15:

EKIZEKZ H E}{l:EHZ = E/‘.'Z/Erl'
MarggrocrarayecKkae ol

MAarduTOCTATHYECKHE 10JIS MOXHO 3KPAaHUPOBATL NPU [IOMOIIIH
(heppoMarHUTHBIX 000JI04EK C DOJILLIIOH MATHUTHONR NPOHHUAEMOCTbIO
AHAJOTHYHO TOMY, KaK 3JEKTPOCTATHUUECKHUE MOJIA — NPH TOMOLUH
JM3NEKTPHUECKUX 9KPAHOB € BBICOKOM AUITEKTPHUECKOH MPOHHLAECMO-
cTh10 (cM. Bhllne). BeiejacrBue npenoMieHns JIMHHUH MarHUTHOrO 1oJ1s
HA I'paHuLe MOBEPXHOCTH B TOJCTOCTEHHBIX 3KPAHAX W3 MATEpHAJIA C
BLICOKOJ MArHUTHOM NMPOHULAEMOCTbIO MATHWTHBIH MOTOK B OCHOB-
HOM MPOXOAUT B CTEHKE IKpaHa.

KoadduiuimeHT 3aTyxaHus paccuuTbiBaeTes 1o [25]:

ag =In(Hyw/Hyr )= In(1+133w,d/ D)

Hpn OTCYTCTBHH TOKOB B 3KPaHE€ MOXHO Ha OCHOBC 3aKOHA Faycca
M 3aKOHa HENpEepbIBHOCTHU IMOTOKA MOJYYHUTHL CIIEAYHOIHE COOTHOLIC-
HHA TAHICHUHANbHBIX 1 HOPMAJIBHBIX COCTABJAOUINX HANIPAXKEHHOC-
T MArHUTHOTO I10JI HA MOBEPXHOCTHU 3KpaHa!:

Hy=Hyo L }1]11/H}I2=M,‘2/Mrl-
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5.3. OKpaHHpoBaHHe KBA3HCTATHYECKHUX IO

Ilepemennrre arexTpHYecKHE ITOJIA

DKPaHMPOBAHUE KBA3MCTATHYECKHX SJEKTPHYECKUX TIEPEMECHHBIX
MOJIER MPOUCXOAHUT KaK M B Cllyyae 3JIEKTPOCTATHUECKHX NoJell 3a
cueT nepepacnpencsieHus 3apsaaos. ONHAKO, €CJIM B 3JIEKTPOCTATH-
4ecKkoM nose Ko3hhHuUMeHT 3aTyxaHusl BECKOHEUHO BEJIMK, TO B Ie-
PEMEHHOM [10JI€ C POCTOM HACTOTHI NOARNsAETCA (a30BbLIA CABUT, KO-
TOPbI 00 YCIIOBIMBAET KOHEUHOE 3HAYCHHUE KOIPOULMEHT 3aTyXaAHUS.
DTOT 3(PPeKT CTAHOBUTCSA 3AMETHBIM MTPH BECbMA BBICOKHX 4aCTOTaX.
ITpakTH4eCKM NMPH KBA3UCTATHUYECKMX 3JIEKTPHYECKUX NOJAX, KaK
npaBuio, ko3GpPUUHEHT 3aTyxaHus npeanonaraercs Takxe 6ecko-
HeuHo GonbwKM. Ilpu 3TOM HCNONB3YIOTCS TE XKe rPaHMUHBIE YCIIO-
BUS, UTO WM 4J18 3JICKTpoCcTaTHUeCcKkOoro noss. PeanbHblie 2KpaHbl, Ha-
NpUMEp KOPIyChl IpUOOPOB, UMCIOT 3a30pHI, Ienu. Eciau oTaens-
HBIE CTCHKH 3KPAHA 3JICKTPHUUYECKH MEKY CODOMH He CBA3aHBI, TO MEX-
1Y HUMM BO3HHKAET Pa3HOCTb MOTEHUMAJNOB U 3KPaH MPAaKTHUECKU
He aehcTByeT. [1pH SKpaHHPOBAHKMM OT IEKTPOCTATHUECKHUX TMOJIEH
HEOOXOAMMO NPEXAE BCEro COEAUHUTb IKPAHUPYIOIUE DJIEMEHTDI
Mexay coboMt, Mo KpaiHeil Mepe, B OJHON TOYKE.

ITpy HanMuKny LeNTel MEX 1y 3TEMEHTAMH SKPAHA BOBMOXKHO JIeK-
TPOMATHHUTHOE BAHUSIHHE YEPE3 eMKOCTD IHEMU. DTO BIHUAHUE MOXHO
OCJI'fl6I/ITb Mpu noMoiuu JabupHHTHBIX yrinotHuTteneid. [Ipu Bbico-
KHX YaCTOTax 3JIEMEHTbI 3KpaHd AO/IKHBI UMETh MHOIOYHMCIEHHbIE
rajbBaHMYECKHUE KOHTAKTBI I TOTO, YTOObI TOKH, BJIUSAIOLINE HA Bbl-
PaBHHUBAHWE ITOTCHUMAIOB, MOIJIM NPOTEKATD [0 KpaTyalieMy nyTH
(cM. nmxe 1. 5.3.2). B To BpeMs kak BCECTOPOHHE 3aMKHYTBII Me-
TA/THHECKMIT IKPAH O0ecreuMBacT OTCYTCTBHE MMOJSA BHYTPH HEMO M
6e3 3a3eMIIeHUA 3KpaHa, UCTIOJIb30BAHUE TEHEBOTO 3(peKTa OTaeb-
HBIX 3KPAHUPYIOLIHX JUCTOB TpeOyeT uX 3aszemienus. OQHAKoO OT-
ACNIBHO 3a3¢MJICHHBIC SKPAHUPYIOMME TUCTHI ABIAIOTCH HE CTONBKO
3KpaHaMU, CKOJIbKO rajbBaHUYECKUMH LIYHTAMH.

Ilepemennrre marunTHBIE IOIT

Ecnu s H3MCHAIOLEECd BO BpEMEHH MATHUTHOE I10J1€ BHECTHU npo-
BOAAUWYHO o6on0'{1<y, TO B €€ CTCHKAX HHAYKTHUPYIOTCA HAIIPSKE-
HHUA U BCJIIEACTBHE 3JICKTPONPOBOJHOCTH BO3HUKAIOT TOKH. Maruur-
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HO€E TOJIE THX TOKOB HANpaBJieHO HABCTpeuy BO30YykKAaouleMy
nomno. BzauMoaeicTBUE NEPBOHAYAIBHOTO BHEUIHErO NOJS C Npo-
TUBOAEHCTBYIOUUM [TOJIEM TOKOB B CTEHKaX 3KpaHa obycnossjusa-
€T BHYTPM KPaHA PE3yIbTUPYIOLIEE [10Jle MeHbLIEH HATPAKEHHO-
cTh. Tax Kak 3KpaHUpyIollee BO3AEHCTBHE MPU [IEPEMEHHBIX Mar-
HUTHBIX TIOJIAX OCYILECTBJSETCS TOKAMU B CTEHKAX JKpaHa, HeoO-
xoaumo u3berath 3a30poB B 3kpaHax. Ilpu skpanupoBaHuu nepe-
MEHHBIX MATHHUTHBIX MOJeld HeJOCTATOUYHO OCYLUECTBIISITh BblpaB-
HMBAHHNE NOTEHLHANIOB OTAENbHbIX CTEHOK MpPH MMOMOIUH HECKOJIb-
KMX ypaBHUBAIOUIMX MOTCHUMAIIBI COEUHEHUI. 3a30PBI 10 BCCH UX
IUTMHE JOJKHBI ObITh 3aMOJHEHBl XOPOLIO MPOBOASIUMMH TOK Ma-
TEPHANAMH MJIH 34KOPOUeHbl. BpeHOE BiiusiHUE 3a30POB B 3AMK-
HYTBIX JKPAHAX MOXET CBECTH POJIb IKPaHA K IKPAHHDYIOLIEMY
JAENCTBHIO OAMHOYHBIX MIACTHH 3J1€MEHTOB 3kpaHa [25]. Uem Bolule
3JIEKTPONPOBOAHOCTh MaTepHaa 3KpaHa, TeM Gosbwe NPH OAM-
HAKOBOW UHAYKTUPOBAHHON HANIPAXKEHHOCTH 3JIEKTPHUECKOTO MOJIS
TOKH B 9KpdHe U TeM BblilIe KOIQHULUHEHT 3aTyxaHus. Tax Kak cra-
TMYECKHE MATHHUTHBIC MOJIsSI HE MOT'YT HHIYyKTUPOBATh TOKH, TO He-
peppoMariuTHbie 060TOYKH AJSl MOCTOAHHBIX MATHUTHBIX NOJEH
(f = 0) He OKa3bIBAIOT HUKAKOTO 3KpanHupyouero BausHua. C apy-
rof CTOPOHbI, C YBEIMYEHUEM HACTOTHI TOKA KO3(PPULHEHT 3aTyXa-
HHMS KBA3MCTATHMUECKMX MATHUTHBIX [OJIEH CTpeMHUTCS K DeckoHeu-
HOCTH. DTa TEHJACHUUSA MMEET MpPeAcsl Ha 4yacToTax, il KOTOPbIX
HapsAay ¢ KBa3UCTATUUECKMM MATHHTHBIM M0J€EM HEOOXONNMMO TaK-
K€ NPUHMUMATb BO BHHMAHHME MAarHMTHOE IMOJI€ TOKOB CMELEHUA
(3MeKTpOMATHUTHLIC BOJIHBI). [IpH OTCYTCTBMH NMOBEPXHOCTHBIX
TOKOB NpPH NMOMOLIM 3aKoHa ['aycca M 3aKOoHA 3JIEKTPOMATHUTHOH
HHAYKLMHU MOJY4al0TCa CAeAYIOWME COOTHOLEHUS TAHTCHUHANb-
HBIX ¥ HOPMaJIbHBIX COCTaBAAIOIMX HANPSXKEHHOCTH 110JI HA rpa-
HHLAX 3KpaHa:

Hg=H U HHI/HH2=Mr2/p~rI-

[ToBEPXHOCTHBIE TOKH OCOOEHHO CHJIBHO [POABIAOTCS MPH MOJI-
HOM BBITECHEHHH TOKA (OYeHb XOPOIUMH NMPOBOAHUK, OECKOHEUHO
Gonbluasg yactora). B srom cnydyae B MaTepuane skpaHa H = 0, B
OKpyxatouieM ansnekTpuke H o = Jg, rae J g — NoBEPXHOCTHAS NIIOT-
HOCTb TOKA Ha €AHHUILY JUTHHBI, 3 KOIDOHUNEHT 3aTyXaHus Ui TaH-
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FeHUMANBHbIX NoJield OeCKoHeuHO BenUK. B To Bpemsi kak npakTuyec-
KM JKPAaHMPOBAHHE KBA3UCTATHYECKUX DJIEKTPHUECKHUX TOJIEH CYUTA-
€TCA UACAIbHBIM, IPU KBA3HCTATHYECKKX MAaTHUTHBIX TIOJIAX, KAK ITIpa-
BUJIO, CTOMT 3ajjaya onpexneneHus kosddrurenTa 3aTyxaHus, KoTo-
Pbli 15 KaX10ro KOHKPETHOTO Cliydas OIPEAENseTCA MPH 3aJaHHbIX
NapaMeTpax: YaCTOTe, TONLIMHE CTEHKH, 3NEKTPOTIPOBOIHOCTH, OTHO-
CUTEJIbHOW MArHUTHOMN MPOHULAEMOCTH, KOHGUrypauuu 1 pazmMepax
JKpaHa (CM. HHXe).

5.4. DKkpaHupoOBaAHHE AIEKTPOMAIHITHBIX BOJIH

C pocTOM YacTOThl OMUCAHHBIN MOJXOA CTAHOBUTCS HENPHIO/-
HBIM, TAK KaK Henb3si OoNbllle NpeHeOperaTh RIUSIHUEM TOKOB CMe-
lieHUs. DTO, KaK NPABWIO, UMEET MECTO B TOM CJIyyae, KoTAa JK-
paH HaXOAMTCS B AaNbHEH 30HE NepeaTuHKa, B KOTOPOM 3JIEKTPH-
YECKOE U MATHUTHOC MOJIs CBSI3aHbI MEXAYy coboil He BOMHOBBIM
COIPOTHBIIEHHEM AHTEHHBI, 4 BOJIHOBBIM CONPOTHBIEHUEM BAKyy-
Ma (Z, = 377 Om). B TO BpeMs Kak B KBa3UCTATHYECKOM MATHUT-
HOM I10JI€ BO3HHK4ET TOJbKO MAarHWTHOE MPOTHBOAEHCTBYIOIIEE
noJje, B 3JIEKTPOMATHUTHOM IOJIe BO3HHMKAET 3aMETHOE 3MIEKTPH-
4YEeCKOE NPOTUBOAEHCTBYIOLIEE NOJE. DKPAH CaM CTAHOBMUTCH Nepe-
JATYUKOM M M3JYYAET 3JEKTPOMATCHUTHYIO BOJHY, BO3SHUKHOBEHHE
KOTOpPOH OOBACHSETCS HHXKE.

Onektpuueckoe Buxpesoe noje E nanarouweit anexTpomMaruur-
HOH BONHBI B COOTBETCTBUU C YpaBHeHHeM J = oE, Bo30Oyxnaer B
3JIEKTPONPOBOAALICH CTEHKE dKPaHa TOKH, KOTOpbie 00YyCI0BIMBA-
10T NPOTHUBOACHCTBYIOUIEE MATHHUTHOE MOJIe an. MaruuTHo€e npo-
THUBOJEHCTBYIOLIEE M10JIE€ CO CBOEH CTOPOHBI B COOTBETCTBUM C 3aKO0-
HOM 3JIEKTPOMATHUTHOH UHIAYKLUMH CBSI3AHO C BHXPEBBIM 31EKTpPU-
YECKHM [10J1EM Enp, KOTOpOE COBMECTHO C an obpasyeT orpaxeH-
HYIO 3JIEKTPOMATrHHTHYIO Bosny. I1pu feTanbHOM paccMOTpeHHH Te
e (H3UUecKHe MoJIS HMEIOT MECTO M B CIyYae KBa3UCTaTHYECKOTO
nons. OAHAKO 3NMeXTPUIECKHE BUXPEBBIE MOJIA NIPU ITOM HACTOJIBKO
MaJibl, 4TO B HEMIPOBOASLICH Cpelie OHH B COCTOSIHUU CO34aBATh TONb-
KO HEDONbIIHE TOKH CMEUIEHUs, KOTOPLIE HE MOT'YT 3aMETHO HM3Me-
HUTb MarHuTHbie nojst H n an, 00ycNOBIEHHbIE TOKAMH TTPOBO-
AMMOCTH. B ycTaHoBMBLIEMCS COCTOSIHMM IOJie BO BHEILIHEM Npo-
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CTPAHCTBE CYILECTBYET B BUJIE CYNIEPIIO3ULIMN NaJatoliel U OTpaxeH-
Ho#t Bonu: E = E_ + Enp. B creHke 3kpaHa 3JIeKTpUUYECKHE HANpH-
)KEHHOCTH MANalollero U OTPaXXeHHOro MOojeH MOJIHOCThIO YyPaBHO-
BeiuuBaroTcs, T.e. E + Enp =0 unmu Enp =-E,.

Hns pacuera ko3 duumenTa 3aTyXxaHust HCOOX0AMMO COCTABHUTD BOJI-
HOBbIE€ YPABHEHHUS [JI BOJIH BHYTPH H CHapyxH 3kpaHa [25]. ['paHuny-
HbIC YCIOBHS JJIsI KOMIIOHEHTOB HAIpPs)KEHHOCTEH 3JIEKTPUYECKOTO H
MArHMTHOIO IOJIEH TAKHE XKe, KaK U AJIsI COCTABIISIIOLMX HAMIPSYKEHHO-
CTel KBA3UCTATHUYECKOTO MATHUTHOTO MOJIA.

Oxka3eiBaeTcs, 4To 000MI0UKA SKPAHA TIPH BLICOKHX UYACTOTAX BEACT
cebst Kak NycToTeNbli pe3oHaTop. B o6nacti co6CTBEHHBIX pe30HAHC-
HbIX HACTOT HACTYNAOT PE30HAHCHBIE Pa3pblBbl (PyHKIHH KO DULIHEH-
Ta 3aTyXaHUsl, KOTOpbIC HC AEJAIT 3KPAH MOJIHOCTHIO MPO3PAUHBIM,
HO Hapywaiot ero padboty, uro OyaeTr noapobHee paccMOTPEHO HMKE.

JL1s U3rOTOBJICHUS 3KPAHOB NPUMEHSIOTCS MaTePHAJIbI, KOTOPbIE
HMEIOT BHICOKYIO NPOBOJIMMOCTD ISl TOTOKOB JICHCTBYIOLLUX [10JIEH U
KOTOpBIC 32 CUCT MHAYKUHH B COCTOSIHUH CO3[A4BATHL NPOTHUBOICHCTBY-
olllee MarHuTHoe nonie. Haubosnee yacto UCMONBL3YIOTCS 3KPAHBI U3
XOPOLIO NPOBOASLIUX METAJLJIOB
Y peppPOMATHUTHBIX MATEPHAJIOB. a,, Hn
CpaBHeHHE XapaKTepPUCTHK ABYX 3

3KpaHOB OJUHAKOBOH TOJIUMHBI )
W3 KeJle3a U Meln OB BACHSET 0co~ > A
GeHHOCTH UX sKpaHupyolero 20 Tr
aencrsus (puc. 5.7). 15 > ]
B o6nacru g0 100 kF'u rnybu- |, Lt L]
Ha MPOHUKHOBEHUS SNIEKTpOMar- et —T| 2
HUTHOI'O NOJI% 0OJiblLE, YeM TOJ- — 7
ILIMHA CTEHKM IKPAHA, U MaTeph- 0 102 e 0 0
aJl ¢ DOJbIOH 3JIEKTPONPOBOA- /T

HOCTBhIO uMeeT Dosiee BhICOKHHN

K03(h(UUHEHT 3aTyxaHUs. DKpa- Puc. 5.7. 3aBucumocts kordduumenTa
HUPOBAHUE 3AECH OCHOBAHO TONb-  3ATYXAHMA  d,  MATHUTHOrO  1oJd
KO Ha 33TyxaHl/lI’I B 3KpaHe, KOTO- LHHIHHOPHYECKOTO 3KPAHA OT HAaCTOThI /

S wang. | — AN KENE3HOTO IKpaHa (ry = SM, dy =
pbId I[CVI/ICTByeT KaK KOpPOTKO3aM-  _ 0.1 Mm.0=7- IO6CM/M,u, L 200): 2 —
KHYTbIH BUTOK. DI MEHOTO KpaHa (ry = 5™, djy =0,1 MM,

0=58-108Cm/m,p, = 1)
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5.5. Teopernyeckue OCHOBBI H METOJHMKA pacyera
3KPAHHUPYIOIIENO HEeHCTBHA 3JIEKTPOMATHHTHBIX 3KPaHOB

AHAJIMTHYECKNI PacyeT IKPAHUPYIOILETO ACHCTBHSA 3/IEKTPOMATHUT-
HBIX KpaHOB TpebyeT pelilcHus ypaBHeHnuit Makcseria ans obiacrei
BHYTPH W BHE 3KpaHa, a TAKXXe B caMoii ero creHke. B peaynpTarte pe-
weHus nosyvart 3Havenns Ko, K, v H, Hy o oTHOUIEHHS KOTO-
PbIX APYT K APYrY JAIOT BO3MOXHOCTb OMpenenuTh Ko3hphHIHeHTh 3K-
PAHMPOBAHMS, WM 3aTyXaHus. DTOT NyTh obecnieunsaeT Gosee riybo-
KO€, BBIXO/IALUEE 34 PAMKH H3BECTHBIX MPUOTMKEHHBIX GOPMYII ITOHH-
MaHHe NPUHIMNA OCHCTBUSA JIEKTPOMATHHTHBIX 3KPAaHOB, H AeJlaeT
(YHKLIMOHHPOBAHHE 3KPAHA JOCTYMHBIM [JIi TOYHOH KOJIMUECTBEHHON
oueHkn., OAHAKO 3TOT METOA MATEeMaTHYECKH OYEHb TPYAOEMOK, IO~
9TOMY OH B IPOUIJIOM He MOJIYYHJI IMPOKOTO PaCNpOCTPAHEHHS.

Huke Ha npuMepax 1o HapacTalowieil CI0KHOCTH pacCMATPHBAKOTCS:

LHWIMHAPUYECKUHA 3KPAH B KBA3UCTAaTHU4eCKOM MarHuTHoM none Hy
0e3 yuera 0OpATHOFO BIMSHUSA Ha OKPYKAIOLLEE IIPOCTPAHCTBO;

HMJIMHAPHYECKHI 3KpaH B KBa3UCTATHYECKOM MarHuTHom nojie Hy
¢ y4eTOM OOpATHOIO BJIHAHMS Ha OKpYXalollee 10Jle;

LMIHHIPHUECKHI 9KPAH B JIEKTPOMATHUTHOM I10J1€ (C OTPasKeHHOMH
3JIEKTPOMArHUTHOH BOJIHOM).

PaccMOTPHM OCHOBHBIE TIPUHLMITBL AHAJIUTHYECKOrO pacuera. s
yuTaTENA, KOTOPBIA HILET OLICTPOE pelileHue, BO BTOPOH 4acTH 3TOM
IJIaBbI NPEACTABIIEHA KOHUENMIMSA MOJHBIX COMPOTUBICHHH, KOTOpas
0a3upyeTcs Ha aHAJIOrKK C TeopHeit pacripocrpaHeHus BojaH. Heobxo-
JIMMO yKa3aTh, YTO B OrPAaHUYEHHOM OObEeME pacueT 3KpaHoB BO3MO-
’KEH [PH ITOMOLIKH METoAa ceTok [25].

ITpocTpaHCTBEHHOE pACTIPOCTPAHEHHE KOMIUIEKCHBIX AMIINTYT Ha-
npsxennocred maraurioro H(x, y, z) u anextpuueckoro E(x, y, z) nonei
3MIEKTPOMATHUTHON BOJIHBL MOXET ObITH ONUCAHO ABYMS HaCTHbIMH
anbdepeHIMANbHBIMU ypaBHEHUAMM [25]:

AH = joopH + (jw)’euH,  AE = joouE + (jw)?euE. (5.21)
Onepatops! Jlamaca onpenenstoTcs CleAyIOIWNUM 00pa3oM:
.2 22 .2 ) 42 2
AH=()H+0H+()H, AE=()E+dE+6E' 5.22)
-2 T2 tT 3 3 2 2 (5.
dx dy 0z 0x ay dz
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Huddepenunanshbie ypaBHeHHS (5.21) HEOGXOAMMO PELIMTH I
BHELUHETO NPOCTPAHCTBA (MHEKC “BILI”), Ul BHYTPEHHETO MPOCTPaH-
CTBa (MHAEKC “BT”) M cTeHKM 3KkpaHa (MHAekc “37) (puc. 5.8). Tak xak B
BO3AYIIHOM [IPOCTPAHCTBE BHYTPH H BHE 3KpaHa ¢ = (), a B CTEHKE 3K-

paHa MOXXHO IIPHUHSATD |01 >> lj(,l)8| (BTO O3HAYACT, UYTO TOKOM CMELIEHUS

MOXHO NpeHebpeyb 110 CPaBHEHUIO ¢ TOKOM NPOBOAMMOCTH), ypaBHe-
uus (5.21) ynpowarorcs, v B 1paBOH YACTH OCTAETCH TOJBLKO OIMH YJIEH.
JInst HApY»KHOrO W BHYTPEHHErO MPOCTPAHCTBA (0 = 0)

AH = (jo)’eyH.  AE = (jw)?euE. (5.23)

Ucnonb3ys BoHOBOE uucno kg = w/en , nomyuum BmecTo (5.23)

AH =-ifH, AE=-kjE. (5.24)

DTU ypaBHEHHS OTHOCSTCA K THITY BOJTHOBBIX ypaBHeHui. OHK onu-
CbIBRIOT PACHPOCTPAHEHHE IMEKTPOMATHUTHBIX BOJH B CBOGOIHOM po-
CTpPaHCTBe.

CHapyxH .

Esm (c=0) Hoy
—_— ———
_—_> —___>

E:_Bm Crenka 3kpana H;Bm

Eror (©=0) I
—_— P
_— ——

Ey, Hy,

BuyTpH
(c=0)

Puc. 5.8. O6Gnactu HHTErpHpoBaHus, HX FPAHHULbB U HEMPEPBIBHBIE KACATENbHBIE
COCTaBJISIOUHE HANPSHKEHHOCTEN DNIEKTPHYECKOTO M MATHUTHOTO MoJiel Ha
TPAHMYHBIX MJIOCKOCTAX
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Jlnsi cTeHkH sxpaua [o] >> | g,

AH = joeuH, AE = josuE (5.25)
nc y'-leTOM MOCTOSSHHON anpeBbe TOKOB
AH=/H_ AE=k’E. (5.26)

DTM ypaBHEHHUS! OTHOCSITCS K THITY yPaBHEHHH MOBEPXHOCTHOTO 3¢h-
(dexra (ypaBHenus auddysuun, ypaBHeHUs TenmonpoBogHOCTH). OHH
OITHCHIBAIOT ITPOCTPAHCTBEHHO-BPEMEHHOE NOBEACHNUE KBA3UCTATHYEC-
KHX 2JIEKTPHUYECKHX M MAarHUTHBIX MoJiell B NPOBOZHMKAX.

Ecni orpaHUYMTBCS KBA3HCTATHYECKUMHU MOJIIMH, TO pacdeT 3Kpa-
HOB CBOJMTCH K ONPEACTCHHUIO OTHOIUCHHUA HANPHKEHHOCTEH MarHuT-
Horo nona Hy  /H_ (3kpanupyioulee 1eHCTBHE 3JIEKTPHIECKOTO MNOJISA
NPAKTHUECKH CKOJIb YroAHO Benuko). Tak Kak B KBA3UCTATHYECKUX MO-
JIIX BOJIHOBBIM XdPAKTEpOM ToJst (T.e. MATHUTHBIM OJIEM TOKA CMe-
HICHMST) MOXKHO npeHebpeub, TO MPH pacueTe BO BCeX Tpex obnactsax
HEODXOIMMO HCIOAL30BaTh (5.26).

[pu pewenun (MHTErpUpoBaHun) (5.24) 1 (5.26) BOZHUKAIOT, KAK U
NP BBIYUCIICHHH HEOIMPEACACHHBIX MHTErPANIOB, MOCTOSHHBIC HHTEr-
pHpOBaHUS WK QYHKIHH, KOTOPBIE JOJKHBI ObITh OMpE/IeNieHb] N3 I'pa-
HHYHBIX YCIIOBWI Ha BHYTPEHHEH M HApYXXHOH MOBEPXHOCTSIX CTEHKU
JKpana, a TAKXe U3 yCIOBUH BO3AeHCTBYIOLIEro BHellHero noas. Ha
IPAHAYHBIX [TOBEPXHOCTIX MEKIAY BHCUIHUM MPOCTPAHCTBOM, 3KpaHU-
POBAHHBIM TMPOCTPAHCTBOM M CTCHKAMHU 3KpaHa (cM. puc. 5.8) ans ka-
caTe/IbHbIX KOMIIOHEHTOB HANPSKEHHOCTEH 11015 CIPABETUBHI CIIeAY-
IOUIHE TPAHMUYHBIE YCIIOBHS:

K <K K K K K K K
EBlll = E').BIII- EBT = E').BT’: HB[U = Ha.Blu» HBT = H3.BTs (5-27)
OPpUUYEM KAaCATCIIbHBIC COCTABIAOUIME HANPAXKCHHOCTH 1105 E;< H

HX Ha BHYTPEHHEN N HAPYXHOH NOBEPXHOCTAX KPaHA, ECTECTBEH-

HO, HMEIOT pda3Hble 3HAYEHUS (CM. JIONOSIHUTENbHbBIN UHAEKC “BuI”
uay “BT).

B npoTUBOMOMOKHOCTE OOBIYHBIM NMPOOIEMaM IPAHHYHBIX YCIIO-
BUH NPH AHATTUTHYECKOM PACHETE IKPAHOB 334a10TCA HE KOHEYHbIE 3HA-
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YEeHHS Ha IPaHMLAX, & TOJBKO OTHOLIEHHS MEXAY 'PAHUUHBIMH 3HAUE-
HMSIMM 110 0OEMM CTOPOHAM I'PaHULbL, a TAKKE YCJIOBUS HENPEPbIBHO-
CTH B COOTBETCTBUH ¢ [25].

5.6. IumaapudecKnii 3KpaH B NPOJOJILHOM I10J1e

Hunuuapuyecknii 3xpaH MOMELICH B KBA3UCTATHUCCKOE MATHUT-
HOE I0oJIe, HalpaBJICHHOE NapaiejbHO ocH 3kpaHa (puc. 5.9). Cps-
3aHHOE ¢ BHEIIHUM MAarHUTHBIM 110JieM Hanpsokennocred H - (mo-
JeM NIOMEXH) IEKTPHUYECKOE BUXPEBOE MOJIE HANIPAKEHHOCTBIO E
B COOTBETCTBUHU C ypaBHeHHeM J = OE BbI3bIBa€T B 3EKTPONpO-
BOJIHOi CTEHKE 3KpaHa BUXPEBbIe TOKH, KOTOPbIE B CBOIO ouYepe/lb
CO3/4a10T MPOTHBOACHCTBYIOIIEE TIPO/IONIbHOE MOJIE HATPSAKEHHOC-
TBIO an (He Moka3aHHOe Ha puc. 5.9), HANpaBleHHOE HAaBCTPeuy
BO30yxaaweMy mono. B pesynb-
TaTe BO BHYTpeHHeM 00beMe OCTaeT-
¢ ocnabieHHOE IOJIe HaNPSKEHHO-
cteio H = H, - an. Bo BHelu-
HEM 00BEME rOCMOACTBYET HEU3MEH-
HOE MATHHUTHOC MOJIE HaNpPskKEHHOC-
toi0 Hy - (cM. Huxe). Paccmorpum
BApHMAHTbI OTpeIeeHNs KoaphuLneH-
Ta 3kpanuposanus Q = H_ /H, B
UHJIUHIPHYECKOH CHCTEME KOOPANHAT
M fapaMeTpOB BHEUIHETO NPOCTPaH-
CTB4, BHYTPEHHErO NPOCTPAHCTBA U
CTEHKH 3KpaHa.

Ans yrnpouweHus 3anuceil ganee
Oynem ynorpebssiTh ¢ JaHHOI'O MO-
MeHTa NIpHU pacyerax TONBKO KOMMO-
HEHTHbIE BEKTOpPHl (HEXHMPHBIH
wpudT; UCKIFOYEHHEe — MHOTOMED-
HbIE BEKTOPLI B ONPEAENIOIIUX YPaB-
HEHUAX MJIM KOTAa elle TBEPAO He yC-
TAHOBJIEHO, YTO Peub MIET O KOMIIO-
HEHTHOM BEKTODE).

Puc. 5.9. UnnnHapuaeckuit 3KpaH
B MIPOAOILHOM MArHHTHOM II0J1e
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HanpsixeHHOCTS MAarHHTHOIO nOJIA 11€peEq 3KPaHOM
(r > rg+d; 0 =0, k = 0)

Bo BHelIHeM MpocTpaHCTBE NPU HAJUUKUM W OTCYTCTBHMH 3KpaHa
H(k, @, 2) = H_ = H . IIpoTuBoaeHCTBYIOLIEE MOJIE HATIPAKEHHOC-
ThIO an BO BHCULIHCM IPOCTPAHCTBE HE MPOSIBIACTCS, TAK KAK BbIXO-
JSILHI U3 MeTaiHyeckoi TpyOKH NPOTUBOJEHCTBYIOILMH MOTOK 3a-
MBbIK4CTCS Yepe3 OecKOHEUHO OONbIIOE CeUeHHE BHEIIHErO ITPOCTpaH-
CTB4. DTO 03HAYAET, YTO €r0 MACHHUTHAs MHIYKLMUSA Bnp no cpaBHe-
HHIO C MHAYKUHMEH B 3KpaHe NpeHeOpexHMo Maia:

Hmu.np =BauLnp /IJ() =0. (5.28)

Hanee neo6xoaumo pewnts aAMpPysnoHHoe ypasuenue AH, =
= szBLu, xotopoe npu ¢ = 0 ynpowaercs 1o AH, - = 0. Tak kak anpuo-
PH PACCMATPUBAIOTCA TONBKO KBA3UCTATHUYECKHE MATHUTHBIE MOJIS, TO Jnd-
(by3UOHHOE YpaBHEHHE MPUMEHUMO U [U1sl BHELLUHEro MpoCcTpaHcTaa. Ilpu
PACCMOTPEHHH BO3EHCTBYIOUICTO 37IEKTPOMArHUTHOTO Mot HeoOxoau-
MO Il BHELIHETO MPOCTPAHCTBA KCMOb30BATh BOJIHOBBIE YDABHEHHS.

HanpspxkeHHOCTs MarHuTHOrO Hoist 33 IKPAHOM
(r<ry;0=0,k=0)

YpaBHenye (5.26) 1 HANPAKEHHOCTH MATHUTHOIO MO B LIMJIHH-
APHUYECKUX KOOPAHMHATAX UMEET BU[

., . .2 .2
_I__L)__ r ()['{BT +_1_ r J I‘Izm + o Hygy
r Jp 0z

2
roar ar 27 K Hr (5.29)
Hanpsokennoctb Hy, u3-3a CHMMETDHH CHUCTEMbI HE 3aBHCHT HHU OT
¢, HH OT Z, I03TOMY HCYE3410T MOCJ/IEHHE /ABA WJIEHA B NIEBOH YACTH.
ITockonbky 0 =0 u k = 0, TO M NpaBas 4acTb YpaBHEHNUS NPUPABHUBA-
eTcst K Hy/no. Beneacreue storo (5.29) ynpolaercs 10 OZHOMEPHOIO
ypaBHeHus Jlanjgaca B LJIMHAPHUECKON CHCTEME KOOPAUHAT:

1 d OH oy
AHy = ——|r————|=0.
o dr ( ar ) (5.30)
B pesyabTate HHTErpMpOBAHMUS MOJIYyHAEM
1H, C
My _ =1 (5.31)
dr r
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H 3aTEM
Hy(r)=CiInr+ G. (5.32)

[locrosuublie nuterpupoBanus C; u C, ONPEAE/SIOTC W3 FPAHHY-
HbIX ycioBuid. W3 ycnosus cummeTpun HanpsokenHocts Ho. nosoksa
ObITh yeTHOM dynkumeii (C; = 0) u

Hy(ry = Cy = const. (5.33)

Hanps:keHHOCTh MarHUTHOIO MOJSE BHYTPH JKpaHa Takxke 1o-
CTOsIHHA, OJIHAKO €€ 3HauCHHUC elle Hen3BecTHo. [dns ee onpenene-
HUS HAWJEM HANPSXKEHHOCTH [0JISE Ha HAPYXKHOH W BHYTpeHucH
CTEHKAaX 3KpaHa.

Crenka 3KpaHa

IlpumeM ycnosust np<r=m+d: g0, k0. Aas panpueiiwero
o0JeryeHns 3a1a4 OrpaHUyUMCH TOHKOCTCHHBIMHU JKPAHAMH (rg>>d),
Onaronapst 4eMy LIWJIMHAPHMYECKAA 331444 MEPeXOAUT B IUIOCKYIO O/
HoMepHYy1o. U3 onHomepHoro ypaBHenus Jlannaca B umnuHapuuec-
KOW cHCTEeME KOOPAMHAT [MOJIyuaeTcsi OAHOMepHOe ypaBHeHue Jlama-

.

ca B NIPSAMOYTOJIbHOH CHCTEME KOOPJAHHAT, MPH 3TOM BMECTO “x” M-
nosib3yeM oOo3HaueHus “r’:

2
d"H,
— =k*H,. (5.34)

dr

3To ypaBHEeHHe uMeeT ofliee peleHue

Holr)= Ae™ + Be ™" (5.35)

Ecnu nmonbiTaeMcs onpeacsuTb MNMOCTOAHHBIE HHTCIPUPOBAHUSA
NyTEM MNOACTAHOBKMU IpaHHYHbIX yCHOBI/ll\;I C YUE€TOM )/CJ'IOBI/”"JI HE-

MpepLIBHOCTH FX = HX W HX, = HX  npur=rour=ry+d.
TO ﬂOHy‘lHM
Hy(rp)= Hyr = 4™ + B, (5.36)

H’)(’O + d)= Hmu = A(’Hm“l) + Be _k(mﬂl)- (537)
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Takum obpasom, UMeeM ABa YpaBHEHHUS, U3 KOTOPHIX OOBIUHBIM
CrocobOM MOXKHO OTPEAENTUTh HEM3BECTHBIE A 1 B 11pH U3BECTHOM H .
Hns Toro uto6sl NMOJNYYUTH ypaBHEHUE UTS ONPEAE/ICHHS TPEThErO He-
M3BECTHOTO /. OMPENENUM HANIPSHKEHHOCTh 3JIEKTPUYECKOTO OIS
BO BHYTPEHHEM NPOCTPAHCTBE U B CTEHKE 3KpaHa, MPUHSIB ITPU 3TOM
PAaBEHCTBO Jpyr APYry KacaTejlbHbIX COCTABIAIOUIMX HA TPaHHIE pas-
Jena "BHYTpeHHee MPOCTPAHCTBO — CTEHKA 3KpaHa”.

HanpspgeHHOCTS 2T€eKTPHYECKOro oIt 3a IKPAHOM
H B CTeHKe 3IKpaHa

B coOTBETCTBUY € 3aKOHOM MHAYKUHWH B nnddepeHuuansHoit popme
MOXHO 3aMHCATh

rot Eg, = — joB, = - jougH,,. (5.38)

Tax xax E, conepxur TOJIbKO OJHY COCTABIISIOILYIO Ecp(r) (E_=0,
E,=0), To B BbIpaxenuu (5.38) B UMIMHAPUYECKON CHCTEME KOOPAHHAT

VE, OF 6 OF .
rot Eg; =(i£— P ]a,+( OE, _ IE. )a(p+

r oQ 0z Jdz dr

W . ’ (5.39)
+7[T;):(rE(p)— a(ip ) .

COAEPXKUTCS TONbKO OJUH YICH
Il a
. (’qu)a:- (5.40)
r or
OTnM xe 0OBACHAETCA U TO, NOYEMY HANPIKEHHOCTb H . CONEPXKHUT

TONBKO OJHY COCTABJISIIOLLYIO B Z-HamnpaBleHUH. braropaps stomy
BhIpaxxeHHe (5.38) ynpomaercs:

1 0 .
'r_a_r(rEcp)= _-/wMOHBT (5.41)
HIIH
d\rE,,)= - jowoH srr. (5.42)

ITociae MHTErpUPOBAHHUS M COKPALLEHHH HA 7 MOJTy4aeTcs
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1. mok’ :
E, = —'2—10)!10”37’ = *—2;0—115% (5.43)

roe k2 = joou.
Ha rpanuiie paznena “BHYTpeHHee NPOCTPAHCTBO — 3KpaH”

k2
E(P(rO)=EBT(rO)=_M7(L'G_HBTr0' (5.44)
JIng CTeHKH IKpaHa HCIOJb3yeM 3aKOH MOTOKOCLEIIeHHS B Andie-
peHuManbHoi ¢opme:
rot H, = oK, (5.45)

Tax kaxk HanpskeHHOCTb H, nmeeT TO/NbKO OJHY COCTaBIIAIOLLYIO
H_, 1.e. H=H(r) (Hcp =0, H, = 0), To B BbIpaxennn wis rot H 8
UHJIHHAPUYECKHX KOOpAHHATAX

1 0H OHcp] (()H, ()H-)
= a, + =— A, +

r 0@ dz Jdz or
] oH (5.46)
+L( - (qu,)— —r Jaz
r\ dz o)
ocTaeTcs TOINbKO WIeH
oH.
——a,,. 5.47
or P ( )
Bnaromapst 3Tomy BbipaxkeHue (5.45) ynpowaercs 10
JH.
-——=0k,. (5.48)
or
Huddepeniuupys ypaBHenue (5.35) no r, 3anyiueM
oH : : -
_d k) =kAe/\l‘_kBe—/\r=ﬂ_ (549)
ar dr
M, TIOACTABUB Pe3yJbTaT B ypaBHeHHE (5.48), nonyuum
1 0H. i,
£, =——L=—/C—(Aek’ ~kBe™") (5.50)
o Jdr o
WJIM Ha TPaHHle pa3jelia “BHYTPeHHee NPOCTPAHCTBO — 3KpaH”
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k ‘ —k
Es>(n)= ——O~(Ae” -kBe™*"). (5.51)
IMpupaBHuBas obe kacaTenbubie cocrasnsiomne (5.44) u (5.51)

(BCIELCTBHE PABEHCTBA KACATENbHBIX COCTABIMOWMX £ = EX, )

k S o
SBOR ==K 4~ kBe T
2u o o

1 npunsB K = kuyro/u, monyuum

KHy [2= A" — kBe™*". (5.52)

B utore umeem soipaxxerns (5.36), (5.37) u (5.52) s onpenenenus
TPEX HEH3BECTHBIX: F 1, A 1 B.

Pewns (5.36) u (5.52) orHocHTeNnbHO A M B 1 NOACTABUB NONYyYeH-
HbIi1 pe3yabTatT B (5.37), NOyUHUM BblpaskeHHe 118 HAMPSHKEHHOCTH OIS
BO BHYTPEHHEM MPOCTPAHCTBE!

= Hy,
" chkd+ Y Kshkd (5.53)
Orciona koadduumeHT 9KxpaHHPOBaHHA
0= Hyr _ 1
How  chkd+ Y Kshkd’ (5.54)

a K03(pDHLUEHT 3aTyXaHUs «, = ln(l/ ’QI)

ay =lnlch kd + J4 Ksh kd’. (5.55)

2 .

Tak kak k* = jopo, Tonpu @ -, k— o H, =0;anp1 o —> o,
k—0H, =H,, To,uTo npu w — ® y ¢eppOMarHUTHOrO IKpPaHa
KOI(pOUUMEHT 3aTyXaHHS @, PABEH HYIIO, 0OYCIOBIEHO OPHEHTALMEN
BHELIHETO MOJIS OTHOCHTENBHO LHMJIMHAPHUYECKOTO IKPaHa, 4 TAKKE TEM,
4YTO 3KPAH OTKPBIT C 000MX KOHLIOB.
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5.7. IlwmHApPHYECKNid 3KpaH B MOMEPEYHOM I10JIe

[lyctp LMAMHAPHYECKHUI 3KPAH MOMEIUEH B OPUEHTHPOBAHHOE
NEPHEHANKYIISIPHO OCH Z OAHOPOJHOE TIOJIE HANPSHKEHHOCThI0 H
(puc. 5.10).

B 3TOM cniyuae BO3HHMKAET Ka4yeCTBEHHO HoBas 3agaua. Jns Toro
4YTOOBl KOMNEHCHPOBATH BHEIUHEE MoJie, HCOOXOAMMO UMETb ITPOTEKA-
IOUMHA aKCHaJIbHO B HANIPABJIEHUH OCH Z TOK WJIH HAIIPABJIEHHY!O BO/Ib
OCH HanpsuKeHHOCTb noist E. = E. B npoTHBONONOXHOCTb IIPEabILy-
LIEMY MPHUMEPY 3TOT TOK BO30GYXIAET M BO BHEILUHEM ITPOCTPAHCTBE
MACHUTHOE 1OJIe HANPSiKEHHOCTLIO H |, KOTOpOe HaKaasiBaeTcs Ha

np’
nepBoe noJsie HanpsukeHHocTbto Hy

Hanpszxennocrs martgrHoro movrst
BO BHeIIHEM MpOCTPAHCTBE

Ipu r > ry + d 0 =0, k=0, B BIOpaHHO} CUCTEME KOOPIAUHAT
HANPsSXXCHHOCTb MATHHTHOIO IOJIS1 BO BHEILUHECM NPOCTPAHCTBE COLAEP-
KHUT TOJIBKO JIBE COCTAaBAAOLHUE Hr H H[p, H:= 0.

BMecTo peuieHus AByMcpHOro ypaBHeHHd Jlamnaca cHauana,
noJib3ysick ypaBHeHueM H = grad oM, onpenesiuM noteHunanbHyo QhyH-
K110 @M MarHuTHoro noss [25], npoarddepeHUHPOBAaB KOTOPYIO, pac-
CUMTAEM COCTABJIAIOLLINE H(P 1 H,. MaruuTHbl# notenuman @™ Bo BHeLu-
HEM TIPOCTPAHCTBE ABJISCTCA CYNEPNO3ULMENR MOTEHIHANA @y [EPBO-
HayanbHOro nons Hy  vnortenunana Prp IIPOTHBOAEIHCTBYIOLLErO Mar-
HUTHOTO NOJIA an:

oM = Ppu T Pnp: (5.56)

)

N

Puc. 5.10. LIlunuHapHUecKMii 5KpaH B NOMEPEYHOM MATHHTHOM MOJIE
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Hnsa onpenenenus oM pemnm ypaBHenue Jlamnaca s CKansipHOTO
MOTEHIIMANA B LWIMHAPHYECKNX KOOPAWHATAX:

. o M 22 M 2 M
M l_d_[rdfp )+ 1 9"¢" d°¢ _0
1

Ap” =— =0.
% roor or 2 acpz 2 (5.57)

Tak kax ¢yHKuHs @M B HanpawJIeHHH OCH z MOCTOSHHA, TO (5.57)
yIPOLLACTCS:

. M "2
ldrd(p +l()(p

ApM = —— =0
* roor ar P o (5.58)
Wn
22 M o M 22 M
0 1 d 1
A" = LA +——dq) =0. (5.59)
ar? rooar 2 ()cp2 '

10 AudpepeHIManbHOE ypaBHEHHE B YACTHBIX MPOM3BOAHBIX pe-
UIAEM NMTYTEM 3aMEHbI NCPCMCHHBIX. 3HaveHne norcHuama (PM Ha 60Jb-
IHOM PaCCTOAHHUH OT 3KpaHa AOJIKHO CTPEMHUTHLCH K 3HAUYCHMIO NMOTEH-
uMana @y, T. €.

: M
im ¢ =q@py = Hyy y- (5.60)

I —» 00

Belpasus p uepes uMAHMHIPUYECKHE KOOPOUHATHL, T. €. y = rsin @,
A5 obtacTi BOMM3K 3Kpana nosyyaem ¢yukumio f(ry= Hy r, n3 Ko-
TOPOH C XOpOWIMM NPUONMKCHHEM HAXOIMM

@" = Hyyrsing = f(r)sing. (5.61)

TloacTaBuM 3TO nNpoMexXyTouHoe peuieHne B AubdepeHnianbHoe
YPaBHEHHE B HACTHbIX HPOU3BOAHLIX (5.59):

f (r)sinpg+—f (r)smcp——l2 S (r)sing=0. (5.62)
r r

Pazgenus Ha sin @, nosayuum obsiyHoe nuddepeHuuanbHOE ypaBHe-
HHUE BTOPOIO TMOPSAKA OTHOCHUTEIBHO F:

fr)+ %f'(r)——z—f (r)=o0. (5.63)
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HuddepeHyuansHoe ypaBHEHHE 3TOrO THIA, KAK U3BECTHO, UMEET
[IBA PeLLEeHUST:

fi=Cr mn fr=Calr. (5.64)
CpasHenvie ko3¢ duureHToB B (5.61) 1 (5.64) naer npu w — ©
Ci=Hy,. (5.65)
[Tocrosuuyto C, NPEACTABUM B BUE HPOM3BENCHHUS
Cy = Hyy(ry +d)* R. (5.66)

B KoTOpoM H  (rg + d)?, pasiesieHHOe HA F, ABNSETCS NOTEHLMANb-
HOM (yHKuUKEH f, IPOTUBOAEHCTBYIOLIErO MOJIS JIMHEHHOTO IHIOJIS,
00pa30BAHHOIO TOKAMK, NMPOTEKAOMUMU B 00EHUX NMOJOBHUHAX HHU-
JIMHApA B TMOJOXUTEIBHOM W OTPHUATEIBLHOM Z-HanpaBieHUax. Tak
KaKk R — pasMmepHblit ckanapHeiit kodhduunent, To C| x r umeer Ta-
KYIO K€ pa3sMepHOCTh, Kak Cyr, T.€. pa3MEPHOCTb MATHUTHOTO CKa-
JISPHOTO MOTEHLMAaNa.
C yueTom 3TOro nonyyaem

X . [ | ’ :
" =(.fl + /2 )SmCP= HBLUr+7HBLU(r0 +‘[)-R sing (5.67)

U
[
n+df R| .
oV = Hyp, r+u sing. (5.68)
r
YUnen H,  (r + d)2/r onMCBIBAET CTPYKTYPY NPOTHBOAEHCTBYIOLIE-

ro nons (OTEHLKHANBHOE MOJIE TUHEHHOro AUnos), ko3dduuneHT
R — ero HanpsHKEHHOCTb, ABJISIIOWLYIOCS (PYHKLMEH pa3sMepoB M Xa-
PAKTEPUCTHK maTepuana skpaHa. Mcnonb3ys BblpaskeHHe A r'pa-
anenTa H = grad o™ , u3 (5.68) nonyuaem

_ ()(DM _ (r() +(I)ZR ¥
H, ——-—-—-ar =Hym 1———r2 sSInQ, (5.69)
v,
0" (n+d) R
Hq; = . =Hgpy 1—7—— COSQ. (5.70)
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B 5THX ypaBHEHH X IPUCYTCTBYET, KaK U IIPEX/E, eilie HEH3BeCTHas
nocrosiHHas unterpuposanus C, (ckpeitag B R). OHa A0mKHA ObITh
OIpejlelIeHa U3 YCIIOBUH HENpepbIBHOCTH.

HanpsixxeHHOCTS MArHHTHOINO HOJISI BHYTPH 3KpaHa

Pewenue ypaBHeunii Jlamaca [uis BHyTPEHHETO POCTPAHCTBA (MTPU
r<ry ©=0,k =0)0pUBOIUT K NOYTH TAKUM )€ Pe3yJIbTATaM, 4TO H
Autst BHewHero, (5.69) u (5.70), npuyem 3Hauenue H . MOJKHO OCTa-
BATbCA KOHEUHbIM. JTO O3HAYAET, UTO UWICHBI, COAepxkalllecs B 3Ha-

MeHaTene 72, HCUE3aIoT:
H, = Hy, sing = QH py, sing, (5.71)
Hy, = Hyy cos@ = QHy;; cos Q. : (5.72)

XOTs Tenepb MOXKHO NOJIYYHUTh OTHOLIEHHUE HATIPSKEHHOCTEH BHELII-
HETO ¥ BHYTPEHHEro nojeit, ko3(hGUIUEHT IKPAHUPOBAHUS COJIEPKUT
Heu3BecTHyO R. [lns pewteHus 3TOM 3aJaud CHavyaja ONpeAciuM Ha-
IIPSIKEHHOCTDb JICKTPUYECKOrO T10J1S1 B CTEHKE IKPAHA M, MOJb3YICh 3a-
KOHOM MHAYKLMH, PACCHHTAEM HANPSHKEHHOCTh MarHUTHOTO MOJA, a
34TEM NPUPABHSEM APYr APYIY €ro K4CATeNbHbIE COCTABIIAIOIINE Ha
00eNX rPaHUYHBIX MMOBEPXHOCTIAX CTEHKU IKPAHA.

Hanpsprkernocry areKTpHYeckoro H MATHHTHOIO ITOJIEH
B CTeHKe 3KPaHa

Ilpu ry<srsm+d 0=0, k=0 HANPsHKEHHOCTH 3JIEKTPHYECKOTO
OJisk MMEET TONIbKO COCTABIAIONLYIO B Z-HANpaBNeHuu, T.e. E= E_(r, @).
[Mockoneky E, = Ecpz 0, To npu auddepeHunposannn guddysnoHHoe
ypaBHEHHE aHAJNIOTUYHO ypaBHEHHIO (5.58) ynpouaercs 1o

9°E,

.2 .
9°E. 1 OE. 2
" -Kk’E..
o (5.73)

(')r2

1
r or r2

PenleHue 3TOro ypaBHEHHUS CHOB2Z HIUEM C MOMOIIBIO 3aMEHBI Ie-
PEMEHHBIX, OJIHAKO M3-32 KOCHHYCOMAAILHOTO pacrpeaeneHus £, BAob
OKpYXHOCTH 3KpaHa (E.= 0 npu ¢ = n/2) npuHUMaeM

E_ = g(r)coseq. (5.74)
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INoacraBus 310 BhipaxeHHue B audpepeHLuanbHoe ypaBHeHHe (5.73),
NOJIy4UM

g" (r )coscp + —}g' (r )coscp - Lz g(r)cos Q= k2 g(r)cos Q. (5.75)
r

Paspenus obe yacTy Ha cos ¢, NONyYHM THdepeHIManbHOE ypas-
HeHHe BTOPOTro MopsijiKa

N TR
g (r)+ —g (")—7g(r)= K g(r) (5.76)

IIpu ry >> d (ToHKOCTEHHBLH 3KpaH) B (5.76) UCUE3AIOT YIEHBI C KO-

~ athdpuumentamu 1/rn 1r%:

g (r)- k*glr)=o0. (5.77)
YpapHenue (5.77) umeeT obluee pelleHHe
g= A" + Be™¥. (5.78)
Orciona crenyet obliee pelueHye 1 HanpsXeHHOCTH MO
Ex = [4e*" + Be™*" os. , (5.79)

B COOTBETCTBHH € 3aKOHOM 2JIEKTPOMATHUTHOH HHAYKLMHK B Aupde-
perumanbHoit popme rot E = —jopH, Moxno 13 (5.79) onpenenuts Ha-
NPAKEHHOCTh MArHUTHOTO T0JIS B CTeHKe 3KkpaHa. [l BEKTOPHOH co-
crapnsiolei rot, E, nonyyaem

OE. .
rot, E, =——% = - jouH,. (5.80)
roQ

Cuauana auddepenuupyem (5.69) no g, 3atem noacrasinseM B (5.80)
W MoiydaeM pelienune ansa H:

1 ( kr -kr)s‘
H,=——=\4¢" + Be nQ.
r JouH, (5.81)
Jlns BeKTOpHOMH cocTaBifOLLEN NOyYaeM

JE. .
rol(gE: )= —= = - jouH,. (5.82)
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HuddepeHuupyem (5.79) no r, noacrasnseM B (5.82) u monyuaem
peuwieHre

_ k
jow
M3 paBeHCTBA KacaTelbHBIX COCTABISIOUIMX HAMPSXKEHHOCTEH Mar-

HUTHOIO MOJs Ha BHYTPEHHEH M BHELIHEH CTEHKax 3KpaHa IojlyuyaeM

YEeThIpe YpaBHEHHUs AJisg HeusBecTHuIX R, O, A u B. U3 oTtHOlIEHHH Ha-

NPSHKEHHOCTEN BO BHYTPECHHEM M BHELIHEM ITPOCTPAHCTBE IT0TYyYHUM
Bblpa)ceHue /U1 Ko3(h(PHULIHEHTa IKPAHUPOBAHUA

H(p = (Aekr - Be_kr )COSQD. (5.83)

0= HBU! — | ‘
Huy:  chkd+ }5(K+1/K)shkd (5.84)
Jas onpenenenns R nosnydyaem BblpakeHHe
V(K +/K)shkd
R= (5.85)

ch kd + %(K +1/K)shkd

PaccMoTpuM 4dcTHBIE Cilydau.

1) u, = 1 (nemarnuThabIk 3xkpan). [pu BrICOKMX yacToTax 1/K — O n
K03 (PHLIMEHT IKPAHUPOBAHHS paBeH KO3(D(PHULHEHTY IKpAaHUPOBAHUS
LUUIMHADPA B [IPOJONBHOM Ione., MarHuTHoe 3KpaHMpoBaHUE MarHu-
TOCTATHYECKHX MMOJIEH BCAEACTBHE U, = 1 oTcyTCTBYET. C NOMOILBIO KO-
>hdunreHTa oOpaATHOro BIUsSHHS MOXHO OKA3aTh, YTO NPU BHICOKUX
44CTOTAX HA BHELIHEH MOBEPXHOCTH 3KpaHa H, NCYE3aeT, T. €. NoJie U3
IKpPAHA BBITECHSETCS BO BHELIHEE MPOCTPAHCTBO.

2) u, >> 1 (peppomaruuthslit skpan). Ilpu p, >> 1, nocTosHHOM
M0Jie MW HMU3KHUX YACTOTAaX MATHWTHBIE JIMHUU B CTEHKE 3KpaHa mpe-
JIOMJISIIOTCH, YTO, OJHAKO, NPUBOIUT K 3aMETHOMY MarHUTOCTaTHYec-
KOMY KPaHUPOBAHUIO TOJIBKO TMPH TOJICTOCTEHHBIX IKPaHaX U MaJIbIX
JHaMeTpax 3KpaHa. YuuTeiBas ko3pduument odbpatHoro BmusHug R,
MOHO I110KA3aTh, YTO MATHWUTHOE TOJIE IIPH ¥ = ry + d NMEET TOIbKO
OJIHY 7-COCTABJAIOUIYI0. DTO 3HAYUT, UTO JIMHWH MATHHUTHOIO MOJIS
BXOJST B CTEHKY 3KpaHa 1oJ npsaMbiM yritoM. [1pH BBICOKMX YacTOTax
WIIH Malio rnyOuHe npoHUKkHOBeHus (O << d) 310T 3hdekT ncuesaet, n
MoJie pacrpOoCTPAHAETCA BO BHELIHEM INPOCTPAHCTBE KAK [pH HeMar-
HUTHOM 3KpaHe.
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5.8. HmwmmHapuyecKuii 3KpaH B JIEKTPOMArHATHOM I10JIe

IlycTh HMIMHAPHYECKUI 3KpaH HAXOAMTCA B 3JIEKTPOMATHHTHOM
nosie (JaipHee NoJjie AHTCHHBI), 4 BEKTOP HATPAXEHHOCTH NaJarouIero
nons E nanpasneH napamuieibHo ocu umwimHapa (puc. 5.11).

B T0 BpeMs Kak B pACCMOTPEHHOM BBILIE KBA3UCTATUYECKOM Cllyyae
BO3HUKAJIO TOJTbKO MAarHUTHOE NPOTUBOAEHCTBYIOLIEE T10JIE HAMPSHKEH-
HOCTBIO an, B JJAHHOM Clly4ae BO3HUKACT TAKXE 3aMETHOE JJIEKTPU-
4ECKOE MPOTHBOJIEACTBYIONIEE MTOJIE HATIPSAXKEHHOCTBIO En]D [25]. Panee
Onaroaaps npeHeOpexXeHUI0 TOKaMK cMellieHHs cuuTtanoch rot H = 0,
4TO HaM MO3BOJIUIO MATHUTHBIC COCTABJIAIOMINE HAMPSHKEHHOCTH NoJIs
H.n H(p OIIPEACINTb U3 CKanspHoro norenunana oM. Tpu yuere Tokos
cmeenmsi rot H = jwegE, HanpsokeHHOCTH nonst BO BHYTPEHHEM M BHELU-
HEM TPOCTPAHCTBE MAAAIOLICH M OTPAXKCHHON BONH JOJKHBLL ONpeac-
JIATbCA M3 BOJIHOBBIX ypaBHCHI/Iﬁ

AH = (/'(D)2 euH M AE= (ju))zeuE (5.86)
Wnu
AH=-kfH " AE=-i(E. (5.87)

Ilone noMmex oObIYHO sBIAETCA
MOHOXpOMAaTHUYECKOH MJIOCKOM
TEM-BonHoN, onucbiBa€MoOM BOJI-
HOBBIMHM YPaBHCHUSIMH

AHpp + kgHpp =0 1

H, r

AEnp +kgEr1p =0, (5.88)
KOTOPBbIE B /IEKAPTOBOK CUCTEME KO-
OpAMHAT MUMEIOT ClleJyIOLIHE pellie-
HUS (Jajiee OTKA3blBAeMCsl OT XKHUP-
Horo wpudgTa):

~Jkox

an = Hpye "
- jkox
Enp =—-ZoEsume S s (5.89)
rae Hy,, — BOJIHOBAs aMIUIUTY- Puc. 5.11. Llnnuuaprueckuii skpan
Ja HANIPSAXXEHHOCTU MATHWTHOTO (1t = 1) B 3/IEKTPOMATHHTHOM TOJIe
13— 6283 193



IO B OTCYTCTBHHU 3KPAHHPOBAHUS; Zg = [Wg/Eg — BOIHOBOE COMNPO-

TUBJIEHHE CBOOOHOTO MPOCTPAHCTRA (3HAK MUHYC [10KA3bIBAET, YTO MO-
JIOKHTEILHOE 3HAUEHWE £ OPUEHTUPOBAHO B OTPULATEIILHOM HallpaBs-
JIEHHH OCH I).

BonHoBble ypaBHEHHs B AEKAPTOBOU cucteme koopauHar (5.88)
MOJKHO NPEACTABUTH B TMOJNAPHON CHCTEME KOOPAMHAT:

Hpp = Hye 070y B =~ Zo e 700 (5.90)

OOIUENPUHATO PELIATh BOJIHOBbIE YPABHEHUS B AEKapTOBOH cUCTe-
M€ KOOPJMHAT, 4 PEACTABNATh UCKITIOUNTENBHO B MOJSPHON CHCTEME.
OnHako, uTOOBl MMETh BO3MOXHOCTbL B MOJIHOM MEpPE MCIOJb30BAThL
YCJIOBUE HEMNPEPbIBHOCTH HATIPSHKEHHOCTU HA IMIMHAPHYCCKON NOBEpX-
HOCTH, HEOOXOAHUMBI PEILCHHUS BOJHOBBIX YPABHEHMH B LIMJIUHAPHYEC-
KUX KOOpAMHATAX, KOTOPBIC MU3BECTHBI KAK TAK HA3bIBAEMbIE LIMJIMH/-
puueckue GyHkuuu [25). HanpumMep, Hanps»eHHOCTb 3J1eKTPHYECKOTO
MOJIsl MOXHO OfPEACTUTDb [10CE ATNPOKCUMALHHK 3KCIIOHEHUANbHbBIX
pyHkumii korpdruueHToB B BUaE psaaa Dypoe:

Eup = =ZoH e ™ ==Zy Hyye /1050
uu
Enp =-ZoHpy | Jo (kor)+ 2’31(— _/)"J,, (kor)cosmp . (5.91)
B sToM ypashenuun Jyn J, — Q);Hkuuu Beccenst HyneBoro v n-ro

nopsaka. CHayana pacCUUTBIBAEM CyMMAapHbIE HAMIPSKEHHOCTH MOeH
no (5.91) BO BHEILIHEM NPOCTPAHCTBE:

E=Eg +Ey, #  H=H, +H (5.92)

34TEM HANPSHKEHHOCTH NOJIEH B CTEHKE KpaHa U B MOCIEAHIO O4ePEab
BO BHYTPEHHEM MpPOCTpaHCTBe. B cTeHke 3kpaHa najaroliee U OTpakeH-
HOE NOJAISi B3ZAUMHO KOMIIEHCUDYIOTCS: EBm+Enp =0wm E, = ‘Enp'

Hanpsoxeraoera  mourst
BO BHeEIIHEeM IMPOCTPAHCTBE 3IKPAHA

HanpskeHHOCTb MoJis MEKTPOMArHUTHON BOJIHBI Enp npu r > r,
M3Ty4deMOH LIMIIMHAPOM (B JaHHOM CJIyyae OTPaXKeHHOH BOJIHbI), OIHU-
CBIBAETCS BBIPAKEHUEM
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Enp =-ZoHyy, bOH(()Z)(kOr)+ 2 § (_ /)” anr(12) (kOr)COS ne|. (5.93)

n=l
B otnuume ot (5.91) sMecto (pyuxumn Beccens J,, 31€ch Ucnonb3y-

10TCA GYHKUHHK XaHKeNs BTOPOro poaa H,(,z) , KOTOPbIE OMUCHIBAIOT H3-

nyuenue BoJHbL. Ha nosepxHocTu sxpana (r = ry) U3 Xopowero npo-
BOAHHKA Najawomas U OTPaXE€HHAs BOJHBI OJQWHAKOBBI, T.€.

EBm('o )= —Enp(ro ) Heunspectusie xoadhduuuerTsi B (5.93) MmoxHo no-

JIYYHTb IyTEM CpaBHEHHS KOI(DDHLINEHTOB B BbipaxkeHusx (5.91) u (5.93)
npu r = ry. OTciona cneayer

by = Julkoro ) HSP (koro ). (5.94)

Hoacrasus xoadpduuyentst b, B (5.93), MOKHO MONYYHTh BBIpasKe-
HHE AJ1s HANPSHKEHHOCTH PE3YJIbTUPYIOILErO Ol B HAPYXXHOM IPO-

crpaHcree: E= E + Enp, T. €.

Jolkon) ,-)
E=ZoHgy Hy '\ -J.lk
0 HE (ko) (kom0 )~ 7 n (koro )+
<A Jolk (5.95)
+2’Z,l(-./ y H,;((Z:i) ngz)(/\'oro)—l,, (koro) cosng|.

HanpsokeHHOCTh MAPHUTHOTO MOJIsi BO BHELIHEM MPOCTPAHCTBE Ofl-
peaensercs u3 (5.95). Tak xkak HAOPXKEHHOCTh E UMEET TOJNBLKO OJHY

COCTaBJIAIOILYIO 11O OcH z, T.e. E=FE. (r,cp), TO rot E = - jougH n

M3 atoro nonyuaem
Hy=— O
Jowg rdr
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, Jolk
Hq)=jHBmlJ()(k()r) 0( 0’0 H$2 /\()r()

P ko )
S Julkoro) ) (5.96)
+2 __Yn
2 Ez( ly [Jn( ) mHn (k()r) cosngpl,
I 9E _
Hr jougr O(p
SERULE § Jnkor)- " ykon) H,(,z)(kon)) sin . (5.97)
kor n=! (kom)

3neck ko = wpylZy.

IMpuseaeHHBIMH YDABHEHHSMH HAETCHA NOJHOE OMUCAHUE PE3YJIbTH-
PYIOLLErO MOJIS BO BHELIHEM [POCTPAHCTBE: HATIPAKEHHOCTH 3JIEKTPH-
YyecKoro rojist — ypaBHeHueM (5.95), a MAarHUTHOrO 10/ — ypaBHE-
HusmH (5.96) u (5.97).

Hanpsoxkerrocra nosied B CTeHKe 3J3KpaHa

Mpu rg = r = ry — d n3 (5.96) MOXHO MONYUHTH BbIPAXKEHHE AJ1s
KacaTeJIbHOH COCTABIAIOMICH HANPSKEHHOCTH MATHUTHOTO MMOJIA Ha
BHELIHEH ITOBEPXHOCTH DKpaHa (1 = ry):

75 (eoro ) (kom) T (kom) e
o) - k )
H(()“)(ko'l)) 0(/\’0’0) leon

1{([,(’1) )= JH g

: 2) :
(i leom i § hon)  alhom) 07 ool

+/}1 2 3 _j
o /ZI( ) 1§ koro) H,lkon)

(5.98)

Mexay Qpynkuusamn Xankens u beccens cywiecTByeT 3aBUCHMOCTD
H g, - HYr, - 2/ mjkory, (5.99)
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" Toraa (5.98) ynpoiuaercs:

2 Hoy g )1 +2 §(-— j) 7,—;————cos ne|.
mhory | Hi (kony) iz H Nkony) (5.100)

I{q)(r())

Ipu rg =>> d NPUMEHUTENBHO K CTEHKE 3KpaHa peluaercs Injockas
3agava. U3 ypasrenus auddysuu

.2
92H
@ 2
L=k H,, (5.101)

or
U FPaHUYHBIX yCloBUH s H (ro) B COOTBETCTBMMU C (5.27), a TaKXKe yuu-
TeIBas, 4to H (rO d)y =0, onpeﬂenﬂeTCﬂ H BHYTPH CTEHKH 3KPaHA:

sh k[((/ -n )+ r]
Hy=———/<§

v sh kd oln)
[lo 3axony nonnoro toka rot H = J = oE paccuntsiaetcs Hanps-

KEHHOCTDb JIEKTPHYECKOrO 110J1sl HA BHYTPEHHEN MOBEPXHOCTH C yye-
TOM U3BECTHOTO 3HAUYEHUS H(p . Ans E_ nonyuaewm:

(5.102)

g oL My kchk{(d —ry)+ 7]

1
o or Tj_ sh kd

Hy(n), (5.103)
unpur =ro—d

E-(r)=E-(ny—d) = Hcp(ro)=ju—)§(ﬂ)~QH(p(m), (5.104)

_k
osh kd

rae Q = 2/kry sh kd nns Gonbumx 3uauennit d.
C yuerom (5.100)

1

Eo(ry-d) =L QZoH py | — 4
m H (ko)
(5.105)

+23(=j)" cosngp|.
n=l1

H (kory)
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IMocne sToro paccunTeiBaeTcst E. BO BHYTPEHHEM MPOCTPAHCTBE U M10-
JyueHHbIi pe3yNbTaT PMpaBHUBAETCA K pewenuto (5.105) npu r =7y - d.
Hanpspxerrocrn noJield BHYTpH 3KpaHAa

Ipu 7 < ry—d BO BHyTpEeHHEM NPOCTPAHCTBE, TAK XKE KAK U BO BHELU-
HEM, HAMPSHKEHHOCTD 3JIEKTPHUYECKOTO 0N MOXET ObITH I10J1y4eHa KaK

peUIeHHE BOJIHOBOTO YPABHEHHS AE = kgE =0 [25]:

E = coJolkor)+2 3(=j)"endu(kor)cosng. (5.106)

n=1

W3 ycnoBust HeNpepbIBHOCTH K cpaBHeHHs ko3¢ duumueHToB B (5.105)
1 (5.106) MonyuuM ypasHeHue JJist HEN3BECTHBIX KOO (DULIHEHTOB

JOZoH
¢y =— LI, (5.107)
nH, (ko )J, (kom)

U AN HANpsS>KEHHOCTH NOJIA

Jo(kor)

Egr = —LQZOHBIH (2) +
n Hy" (kom)Jo(kom)
i} ) (5.108)
O T L B |
n=l i (koro ) n(kory)

BoipaxeHust U1 HANPSXKEHHOCTH MArHHTHOTO MOJIs BO BHYTPEH-
HEM MPOCTPAHCTBE MOJIyYaeM, Mojb3ysach (5.108) ¥ 3aKOHOM MHAYK-

uuu (Z() = /10 /€0 ):

| OE 1 Jo(kor)
Hy == =~ Ofsu|— 75
Jouwo  dr n Hy  (kor)Jolkoro)
- L (5.109)
+23 (=))" folker) cos |,

n=l H,(,z) (ko )Jn(kon)
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a TaKX¢E

Hyoo— L OE
Jongr 0o
20H 3 3
- OH i "(_j)n ) JO(/OI‘) sin 1. (5.1 10)
mkor  nal H, (ko ) n(kom)

B uununapHueckolt cucteMe KOOPAMHAT BEKTOD HAMPSXKEHHOCTH
N0JI5 HanpaejeH 10 OCH X U

J QHuy
Hy(r=0, ¢=0)=-. < BU_
Y ¢=0) x (5.111)
H (r=0, ¢=0) 1
— -o—L— (5.112)
[:JH EH]‘II

KoapduuueHT 3aTyXanus s MaArHHTHOMN cocTaBisioniel anexrpo-
MATHHUTHOH BOJIHbI B COOTBETCTBUU C 3TUM PaBEH

H
ay =In B

=~ In|Q| + Ins| FyJy).

o, Ay

H (5.113)

oV =

H7is KBa3UCTATUYECKOTO MOJIA OH COCTOMT M3 d, U uneHa Aa,,, KOTo-
PbIil YHUTHIBAET BOJIHOBYIO PHPOLY Moist. 3aBUCHMOCTH Ady, = flrglhg)
nokasaHbl Ha puc. 5.12.

Hpu HU3KMX YACTOTAX U COOTBETCTBEHHO NMPH GOIBIINX AJIHHAX BOJIH
Ao >> ry Ko3hpHUHEHT 3aTyXannsa a,, paseH a, (Aa, = 0). C pocToM
Y4ACTOTBHI 3HAYEHUE KOIPPULMEHTA Ad,, BHAa4ale BO3PACTAET, HO 3aTeM
HAYUHAET CHMXKATbCA M CTAHOBMUTCS OTPHUATENIbHBIM, & NIPU Olipeae-
JIEHHBIX OTHOWIEHUAX ro/Ay SKpaHHPYIOUIEE BAUSHHUE CHIILHO YMEHb-
tiaercs. MUHMMYMbl KO3(h(ULHEHTA 3aTyXaHHs COBNAAAIOT C YUCIIO-
BBIMHM DA3MEPAMM IKPaHA, NpeAcCTaBadtouiero coboil nycrorebii
pE30HATOp, MPH KOTOPBLIX UMEIOT MECTO pe3oHaHChl, BOM3U pe3onaH-
CHBIX pa3MepoOB JKpaH, OAHAKO, HE COBCEM I1€PECTAET IKPAHHPOBATD.

M3 (5.106) ans HANPSHKEHHOCTH 3MIEKTPUUECKOro TMOJIS HA OCH 11~
JUHIpA Mony4aeM

E(r=0)= - jOZ o H yy [7H oJg (5.114)
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0,38 0,61 088 1,12 138 1,62 rfhy

O -
T T 7T T,510

1 1

Puc. 5.12. KoxpduumenT npoTHBoGhasHOro 3aTyXaHus Ad,, MATHUTHBIX BOJIH (L = o)

E(r = 0)
" ZoH
04T g
Orcrona ko3hULHEHT 3aTyXaHUs HANPSKEHHOCTH 3NEKTPHYECKOTO
noJis BHCKTpOMaFHHTHOﬁ BOJIHbI

=~ jQ[nHJy.

S ) B A L YRR
a, Aa,

B aToM ciyuae ko3ppULMEeHT 3aTyXaHHUA COCTOUT U3 KOIDPHLIMEHTA
KB4A3MCTATHYECKOr O MoJs ¢ nNpubaBieHneM uieHa Ad, , KOTOPbIH yuu-
ThIBACT BOJIHOBYIO NpUpoAy nosis (puc. 5.13).

[1py HU3KUX YACTOTAX U COOTBCTCTBCHHO OOJBLIMX MJIMHAX BOJIH
(A >> rg) KodpdULMEHT 3aTyXaHus a,, —> ©, Tak Kak npuf = 0 kosddu-
uMeHT Aa, —> % (uacanbHas knetka Papajes). C yBenMueHUEM 4acTo-
Thl KO3(PDUIHMEHT 3aTyXaHus yMeHbLIAETCA, TaK KaK TepeEMELICHHE 3a-
PSAA0B NPU CMEHE MOJIIPHOCTH NOJIS 3aMa3AblBAeT, M NOJHAA KOMIIEH-
CalMsl BHYTPU 3KpaHA CTAHOBUTCA HEBO3MOXHOM. [17isl olpeneneHHbixX

ar
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Aa

m

2,0

0,38 0,61 088 1,12 1,38 1,62 ryA,
! I ll lIIS "

! 0,I5
|
|
|
|
|
|
|

-25%

Puc. 5.13. KosthhuumeHT npoTHBodazHOro 3aTyxanus Ad,, 31eKTPOMATHUTHBIX
BOJIH (1 = pg)

JHCKPETHBIX YACTOT W U151 2JIEKTPHUYECKOTO [OJISl HACTYITAIOT PE30HAHC-
HbIe SIBJIEHHS, UTO PUBOAHT K MPO3PAUYHOCTH 3KpaHa.

Takum xe 06pa3om, KaxK ObUIO NOKA3AHO BbIILIE, MOKHO PACCUNTATD
KO3 hHUIHEHT 3aTyXaHUS BOMIHbI C HAMPSDKCHHOCThED MATHUTHOTO 11014,
Harpapf€HHON NapanienbHO OCH!

ay =~ In|Q| + In7H,J, |

a., Aay, (5'1 16)
H
= —1n{0]+lnnIH0J0|.
—_ (5.117)

a, Aty

KoaddbuumeHT 3aTyxaHusit MATHUTHOTO MOJIst BEACT ceOs HE3aBHCU-
MO OT Hanpap/eHUs NOJIPU3ALMH BOJHbBI, OAHAKO 15 KO3 hHUILMEHTA
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3aTyXaHHS JIEKTPHUECKOTO 1101 PE30HAHCHBIC pa3MePbl HE3HAYUTETb-
HO CMelleHbl, TaK Kak B (5.117) nospastiotes npousBoaHbie GyHKLMIA B
HWIHHAPHUYECKUX KOOPAKHATAX fepBoro nopsaxa. [loapobHoe 06bsic-
HEHUE ITOro, BKIOUAs AAIbHEHIIYI0 HHTepnpeTauuio 3pdeKToB IKpa-
HUPOBAHHA, MOXXHO HaiiTh B [25].

5.9. Ciepuueckuii 3KpaH B NICKTPOMATHHTHOM II0JI€

AHAJIOTHYHBIM 00PA30M, KaK M 171 UIMIAMHAPHYECKHUX KPAHOB (TOJIb-
KO HEMHOI'O CIOXKHEE), MOKHO PACCUUTATH KOIDDHLMEHTH 3aTyXaHuUs
AJISt KBA3UCTATHYECKUX OJIEA U 1S 37IEKTPOMATHUTHBIX BOJIH, NOJIb3y-
SICh ChepHUECKOl CUCTEMON KOOPIMHAT M COOTBETCTBYIOMUMH chepu-
YECKMMH (hyHKUMAMHU (PELEHHe BOJHOBBIX YpaBHEHHI NPOBOMUTCS B
chepuuecknx koopannartax). [Ipusenem NMILbL Pe3yabTATHI pacyeTos,
NOJIHOE peLIeHHE MOXHO Haiitu B [25].

KrasucraTnyeckoe marnurnoe noJie uMeeT Ko3(pPULMEHTEI

i
chkd + YA (K +2/K )sh kd

a =—llel=In‘ch kd+ Y (K +2/K)sh kd’. (5.118)

D1eKTPOMArHHTHOE 10Jie MMeeT KOIDPHIMEHT 3aTyXaHUs Hanps-
HEHHOCTH MATHHTHOIO MOJA

I+ (koro)2 (sin kon — kory cos koro)

(kom )} C(5.119)
Ady

3
y =~ llel +1n
N ——

-

Koadduument 3aTyXxaHns Hanpss;eHHOCTH EKTPUYECKOTO OIS

N lnIQi +1In
N

a, N

(kom

31 = (koro 2 + Gegry ][(koro)2 —l]sinkoro — kory coskyry

Adyy (5 1 20)
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Hotst cocrapnsiomnx Aay, n Aa,; chepudecKoro IKpaHa nojyqanTcs
KAYECTBEHHO TaKHE € 3aBUCUMOCTH, YTO M JUIS LIUTMHIAPHYECKOTO, OJ1-
HAKO I10JI0XKEHHS PE30HAHCOB BCIIEACTBHE APYTOH KOH(BUIYpaii CBH-
HYTBI B CTOPOHY GOJILILHUX Pa3MEpOB.

Crenyer 3aMeTHTB, 4TO cpepHUECKHE IKPAHBI HA TPAKTHKE BCTPEYAIOT-
Csl OYEHb PEIKO, 3HAUMTENBHO Halle BOBHHUKACT BOMNPOC, KAK MOXHO pac-
CUMTATh 3KPAHUPYIOLIEE AeiCTBHE MPAMOYTONBHONW SKpaHHpYIoLIeH Ka-
Ounbl. TIpuHNMAas BO BHUMAHHME 3HAYMTENLHBIE TPYJHOCTH, HE CIIEAYET
TNBITATBCA TOUHO AHATUTUUECKH pacCcUHTaTh KOXDULMEHT 3aTyXaHHUs MO~
Jied B NpsAMOYTrofibHOH KabuHe, a 3aMeHUThb ee chepoil, paanyc KoTopoii
1y PABEH NMONOBHHE ITNHBI pebpa xabunbl. M3-3a kpaeBoro s(dexra sxpa-
HMpYtollee AeHcTBUE BOIM3H YIoB KaOUHBI MeHbllE, TAK KaK TOK B CTEH-
K€ 3KpaHa JOJDKEH MPOXOANTH DONbLIMH NyTh, 4TO 00yC10B/IMBACT O0Ib-
LL10€ AKTUBHOE M MHJYKTUBHOE MaJIeH!E HANPSHKEHUs BAONB creHKH. Kpae-
BOM 3(pheKT MOXKHO CIIIAIMTEL 3AKPYITICHHEM YIJIOB M yBETMUEHUCM TOJI-
LLIMHBI CTEHKH BONH3H yrioB [25]. st KabuHbI ¢ AnHHON cTopoH 2 M Ka-
JIeH paccuuTal U rpaMuecky MpeacTaBujl KpUBbIe 3aTyxanus (puc. 5.14).

a, Hn

........ ([3!'

! 2 3456 810 20 3040 6080100 200 300 500 S Ml

Puc. 5.14. KoappuLHEHTDI 33TYXaHHS W3MEPHTENBHON KaOHHBI ¢ ATTHHOI pedpa 2 M
IpH TOJILLMHE IKpaHa u3 MeaHo# donbru 0.1 mm
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Kosdp¢puunent 3atyxanus a, Qns KBa3MCTATHYECKHX MATHHTHBIX
MONIEH TCOPETHUECKU JJOCTUTACT OONbIIKX 3HAUCHMI, OMHAKO MPAKTH-
YCCKM M3-3a HAJNUYHA JBEPHBbIX 3a30POB, PEUIETUATHIX BEHTUNALMOH-
HbIX OKOH, MOABO/A NMUTAHUS U T. [I. OH OTPAHHYEH B JAHHOM IIpUMepe
3HauenueM 12 Hn. K atomy 3navesuio no6aBIsioTcs WK BbIMHTAKOTCS
00YyCIIOBJICHHBIC BOJTHOBBIM XAPAKTEPOM MO AOMOJHHTEILHBIE 3HA-
deHust KodGduiunenTa 3atyXxauns Aa, M Ada,;, 3aBUCHMOCTH KOTOPBIX
NpEeACTaBIICHB]l Ha pUC. 5.12 1 5.13.

r

5.10. OkpaHupoBaHHE BHENIHHX IEKTPHYECKHX
M MArHMTHBIX nosiell HM3KuX 4dactort (16—3000 ')

5.10.1. O6mme noroxesaHs

CHMKEHHE HHAYKTHPOBAHHBIX B CMEXHBIX JTMHHSAX HAMPSIKEHHH M
TOKOB MOXET OBbITb JOCTUTHYTO NYTEM CO3JAHUS BTOPHUHBIX IEKTPO-
MATHHTHBIX NOJIeH, YACTUYHO KOMIICHCUPYIOUIMX JeHCTBHE YAEKTPO-
MATHUTHBIX MOJIEH BJIMAIOUIMX JIMHUH. Ecau BOnu3m Biausowent jau-
HHUHW WJIN JIMHWUHW, TTOABEPKEHHOM BIIMAHMUIO, TOMECTUTE 323€MJIEHHbIi
Ha ODOMX KOHLAX MJIM 3a3€MJICHHBIH paclipe/iefieHHO MPOBOIHUK C
XOpolLEeH NPOBOAUMOCTBIO, TO B HEM OyJeT HHAYKTUPOBATLCS TOK, JICK-
TPOMATHUTHOE I10JIE KOTOPOro OyAeT A0 HEKOTOPOH CTENEHH YMEHb-
WaTh BIMAIOLUEE IEKTPOMArHUTHOE MOJIE.

CyulHOCTb 3KPaHUPOBAHMS COCTOUT B cieaytouem. [Ipu npore-
KaHMU BO BAMSIOWECH JIMHUM (HalJiee B KAa4eCTBE BJIMAKOLLECH JIMHUM
OyneM paccMaTpUBATL KOHTAKTHYIO CETh) TOKA I, B CMEXHOMH TMHUK

MHAYKTHPYETCS NPOMONBHANA 3AC £l = — joM I ] = —z ol [, BEKTOD

KOTOpOil OTCTaeT OT BEKTOpa
/i ! Toka Ha 90° (puc. 5.15) B k-

/ pPaHHUpYIOILIeM MPOBOJIE TaKKe
- m
T 1 MHAYKTHpYyeTCs 34C EY, He-
= R,=0 = R,=0
£ y CKOJIbKO OOIblIasg, €cjv 3TOT
4 MPOBOA HaxoguTcsa OJivxe K
BIUAOLIEMY ITPOBOAY, UEM
Puc. 5.15. K pacueTy axpanupyioliero CMEKHAs TMHHA, JTA 3IC Bbl-
JIeHcTBUS 3bIBACT TOSABJICHHUE TOKA B 3K-
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paHUpyIOLLEeM NpoBoAe [, CABUHYTOrO

OT 3J¢ No haze HA HEKOTOPHIH YTOJl ¢, 3a-
BUCALIMI OT aKTUBHOT'O U HHAYKTHBHOTO
CONPOTHUBJICHUI TpoBoAa. TOK dKpaHupy-
I0LIEro ITPOBOJIA CO3Aa€ET BOKPYI HETO BTO-
pHUHOE NIEKTPOMATHUTHOE I10JI€, BClEed-
CTBME 4Yero B CMEXHOH JUHUU HHAYKTH-

pyercs oac EM ., oTcrarowas no ¢ase ot

Puc. 5.16. BektopHas
ToKa Ha 90°. Takum O6pa30M, B CMEXXHOU OUATPAMMA YKPAHHPOBAHUA

JJUHUHY BO3HHKACT pE3ybTHUPYIOLlAf 31C CMEXHOM JTHHHH

E™, npeAcTaBnsolas BEKTOPHYIO CYMMY [BYX 3IC, HHAYKTHPOBAH-
HbIX MOJSMH BJMSIOIEro NPOBOAA EM M 3KPAHMPYIOLIErO NPOBOMA

EY . VI3 BEeKTOPHON AHarpaMMmbl pHC. 5.16 sicHO, YTO Pe3yJIbTHPYIO-

1as 1C B CMEXHOMH IMHNUK OyAeT TeM MeHblle, UeM OJIMxke 110 Bejiu-
YUHE COCTABNAOUIME 3AC APYF K APYrY H ueM OJIHXKE Yroll MEeKIy
HuMu K 180°.

OTHoUIEHNE pe3ybTHPYIOLEH 34C K 3/C, HABEJEHHON TOKOM BJIHs-
FOLLEro MPOBO/IA, HazbiBaeTcs KOIPGUUUEHTOM IKPAHUPOBAHUS

ry=EX JEY. (5.121)

O6o3Haunm:

z, = R, + joL,— NOIHOE COMPOTUBIICHHE IKPAHHPYIOILErO 1POBO-
a2, R, — akTHBHOE CONPOTHBECHNE, L, — UHAYKTHBHOCT;

Zge = JOM (. — B3aHMHOE COTIPOTHMBIIEHUE MEXIY KOHTAKTHOI ce-
TBIO U CMEXHOM JIMHUEH;

Iy =JOM , — B3aUMHOE CONPOTHBIIEHHE MEXAY KOHTAKTHOI Ce-
ThIO M 3KPAHUPYIOLIMM MPOBOAOM;

Zoe = jOM.,. — B3aUMHOEC COTIPOTHBAECHHE MEXIY DKPAHHPYIOUHM

[IPOBO/IOM U CMEXHOH JIMHHUEH.
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[Tostb3ysiCh BEKTOPHOI IMarpaMMoOH, IpUBENEHHOI HA puC. 5.16, MOX-
HO /U151 €[AMHULI JUTHHBI COMIMXKEHH S COCTABHTD YPABHEHHS PABHOBECHS:

. M
Zalx = 515,

(5.122)

Y . .
Ec = kel = Zacl> -

TlepBoe 13 ITHX ypaBHEHHH MOKA3BIBAET, YTO HABEAEHHAS B IKPAHU-
pymroieM MpOBOJE NPOOIbHAS 3AC YPABHOBEIIMBAETCS NaJICHUEM Ha-
NPsDKEHUS B 9TOM [POBOJE; BTOPOE ypaBHEHHE — HaBeJEHHAs B CMEX-
HOH JINHKH D/IC PABHA BEKTOPHOI CyMMe 3/IC, HHIIYKTHPOBAHHBIX TOKA-
MH KOHTAKTHOHM CETH U 3KPAHUPYIOILETO [TPOBOAA. 34€Ch U B CAEAYIO-
wux GopMynax 3HaK MHHYC y NPOM3BENEHUIN B3aMMHOTO COMPOTHB-
JIeHUS 1 TOKA NPY NMOJICTAHOBKE 3HAYEHUS CONPOTUBICHUS 1aeT —j, YTO
03HA4aeT OTCTABAHHE BEKTOPA HHAYKTHPOBAHHOH 3/IC OT BEKTOPA COOT-
BETCTBYIOLLEro TokKa Ha 90°.

Onpenenus u3 nNepeoro ypapHeHus 1';‘ ¥ MOJCTABHUB €ro 3HadYeHue

BO BTOPOE, MONYYHM

- o~ - =
~M T S~ Ke~ +1.’K < .
EC = 3 3°3C IK-

(5.123)

)

B TO Xe BpeMs 31C cMeXHOM MTUHUH, HABEACHHAS TOKOM KOHTAKT-
HOI ceTH,

Ed = =zZxel. (5.124)

[ToncraBum 3Hauenus sac u3 popmyn (5.123) u (5.124) B popmyny
(5.121):

ry =l (5.125)

5.10.2. Ixpannpyromee gerfictBHe peIbCOB

BBIsSICHHB CYLUHOCTE 5KPaHMPOBAHHUS, YYTEM TENEPh IKPAHUPYIOLLEE
NEACTBHE TOKA, NPOTEKAIOUIErO B KOHTYpe “penbcbl — 3emis’. [1po-
JOIBHYIO J1IC B CMEXHOMN JIMHUU [TPH OHOBPEMEHHOM BIIMSHUM HA Hee
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TOKOB KOHTAaKTHOI CETH U peflb-
COB MOXHO HaWTH, UCXOAS U3
[PUHLMIIA HAJIOXKEHUS MarHUT-
HBIX MOJIEH, KaAK BEKTOPHYIO CyM-
MY 3JC, BbI3BAHHBIX BJIUSTHUEM
Kaxzaoro u3 tokos. Torna, yun-
TBIBAsl B3AUMHOE COTIPOTHBJIEHHE
MEXIY PelibCaMH U CMEKHOM JIn-

HUeH Zpe = J“)Mpc , IOJTy4HM Ha  Pyc. 5.17. BekTopHble IMATPAMMDI HANPS-
YEHHOCTH MarHHTHOTO NMOJIA B MECTE pic-
TIONTOKEHH S| CMEXKHOMN JIMHHU MTPH PaBITHY-
HO¥ LIMPHHE COMKEHHR A H (51 K, P. C —
KOHTAKTHASI CETh, PEJIbChI, CMEXHAS IHHUS;
H,., Hp, H — HanpskeHHOCTH MATHUTHO-
ro NoJis COOTBETCTBEHHO KOHTAKTHOI

(5.126) CETH, PeIbCOB U Pe3yiibTHPYIOIUEro

JJTHHe cOnyxeHus

o8 = —zyell ~zpellp =
= —jol (Ml + Mpelp).

[Tpy CHMMETPUYHOM PACTIONOKEHHH CMEXHON JIMHUU OTHOCUTE!Ib-
HO KOHTAKTHOIi CETU W PEMBCOB 2,0 = Zy(, T. €. Mpc = M., cnpaBeau-
BO npu @ >> b (puc. 5.17). B atom cnyqae

EY == joMli 1+, /1), (5.127)

Tpu onpeneneHU HHAYKTHPOBAHHON B CMEXKHOM JIMHHY 3JIC LIENECO-
obpasHo npuHuMath z; = 0 (cm. B [4] nosicHenus no onpeaeneHuio coot-

HOLLIEHHsI TOKOB B PEJIbCAX U KOHTAKTHO# ceTh), Toraa th (%kl ) % kIl =0

H C YYETOM MPOTUBOIMOIOKHOTO B MPOCTPAHCTBE HAMIPABICHHA YKA3daH-
HBIX TOKOB MMOJIYYHM

fpfix=-n=-z /2, (5.128)

T. €. B pe€ibCax Opy 3TOM YCJIOBHH IIPOTCKACT TOJIBKO HHAYKTUPOBAH-
HBEIM TOK. CHCHOBaTC.ﬂbHO, poaoJibHas 34C B CMEXHOH JIMHUH

EY = —joMyli 1~z /2p) (5.129)
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Ecnn 651 MMENIO MECTO PABEHCTBO 1p =1, 10 EY =0. Onnako >tH
TOKH HE PaBHb! 110 BEJIMUMHE U CABUHYTHI N0 (pa3e Ha yros, OTAMYaro-
wuiicst ot 180°. M3 dhopmyiel (5.128) cnepyer, uto
JoMy, i
Ry + joLy

fp=-"%fy -

p="" (5.128)
“p

YMHOXMB 1 NoAenKB BbipaxeHue (5.128") Ha COMpsiKEHHBIA 3HaMe-
HATENI0 KOMITIEKC, Haliiem

(J)ZMKp Ly + joM R,
Rf, + (A)ZL%

iy =- Iy ==(A+jB)lc. (51287

Yron mMexay BEKTOpaMH TOKOB {p 1 — ]K ONpPEACTUTCS KaK

o t B t R
=arctg— = arc ,
g y g o (5.130)

CIICLOBATENILHO, Yron Mexay /p u I, cocrapur 180° + & (npu oTcuere

[IPOTHUB YACOBOM CTpeskH). Moays ToKa B pefibcax MoayauM us ¢op-
Mynsl (5.128"):

oM oM
Ip=VA*+ B’ I, = 2 e=—P .
2 2,2
wlRp +w Lp

31€ech YUCINTENb MEHbILIE 3HAMEHATEN S, [TOITOMY 1p < 1. Takum 06-
pP430M, NpOJ0JAbHAS 3IC B CMEXHON JHHUM HE OyleT paBHA HYIO
axe Mpru CHMMETPUYHOM PAcCOI0XKEHHHN 3TOM JIMHUU OTHOCUTEJIBHO
TATOBOM CETH.

ITomenss B popmysne (5.125) unpexc “3” Ha “p” u cunras Zpe = Zxer
HOJY4YHUM KO3(HDHLIHEHT 3KPAHUPOBAHHSA PENBCOBOM LENH IIPH CHMMET-
PHYHOM DPACNONOMXKEHUU CMEKHON JIMHUM OTHOCUTEIBHO KOHTAKTHOMH

CCTHU H PCIILCOB:

(5.131)

“p

=y =1 = 2. (5.132)
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Conocrasus 3TO BeIpaxxeHue ¢ hopmyoii (5.129), Buanum, uTo B Hel
MHOXHTEJb B CKOOKax ABageTca K0a(pHULMEHTOM 3K pAHUPOBaHHS, T.€.

E¥ = - joM Ity (5.133)

Ko3bdHuuneHT 3KpaHUPOBAHUSL PENILCOB NMPH CYLIECTBYIOIIUX HX
THINAX U BBICOTE NMOJBECA KOHTAKTHOH CETH JUTSI TPOBOJUMOCTH 3EMJTH,
u3MeHsoLLeiics B auanasone ot 1072 go 100-1073 Cm/m, npuHnMaloT
[9,10] ans oaHomyTHbIX yuacTtkoB 7, = 0,45 + 0,6, anga ABYXINyTHBIX
YHACTKOB r, = 0,4 + 0,55.

HeobxoaumMo 0TMETUTh, YTO MPU MAJIOH WIKPHHE COJMXKEHHS pac-
NOJNIOXKEHHUE CMEXHOMH JIMHUU (0COOEHHO KabesbHON) HeCUMMETPHU-
HO OTHOCHUTENBHO TAroBoi cetu. Ecnn kabenb pacnosnioxeH paaoM ¢
pPENbCcaMU, TO UX IKPAHMUPYIOLIee AeHCTBUE MPOSABIISETCH CUIIBHEE, KO-
apULMEeHT 3IKPAaHUPOBAHUA YMeHbLIaeTcs. B 3ToM ciyuae r, cnenyer
onpenenatsb no dopmyne (5.125). Kak nmokasanu nocjieaHue uccneno-
BaHus [11], anst U30JMPOBAHHOIO MPOBOAA, JISKALICTO HA 3EMJIC B
npenenax ¢ = 0,1 + 1 M OT ocu ogHOrO U3 NyTel ABYXNYTHOI'O y4acT-
Ka, Ko3hduUneHT 3KpaHuposanus coctapager ro = 0,35 =+ 0,1 (ans
NPOBOJMMOCTH 3eMIIH Y, = 41 - 1073 Cm/m).

[Tpu yBenuueHUn LIMPHHLI COMUMNKEHUS NPOAOJBHAS 3JIC YMEHb-
IaeTcs 3a CUeT CHMXEHUS Ko3(Q(pHUMEHTA B3AUMOHHIYKLHUH, T. €. 3a
CUET yMEHBbLIEHNS PEe3yNbTHPYIOLIEH HANPAXKEHHOCTH MATHUTHOTO
nons (H, < H,) B MeCTe pacnoioKeH!s CMEKHON NHHUM, KAK MMOKa-
3aHO Ha puc. 5.17. OgHako 3TO CHMIKEHHE TTPOUCXOAUT HE TAK PE3KO,
KaK CHIKEHUE HANPSKCHUS HA CMEXHON JIMHUM OT IJICKTPHUECKOTO
BJIMSAHHUSA TTPY TOM K€ H3MEHEHUH LIMPUHBI cOsimkenns. CrneoBaTenb-
HO, 3HAUMTE/ILHOE CHUXXEHHUE MATHUTHOTIO BAHSHHWA HA BO3AYLIHYIO
CMEXHYIO JINHHIO BO3MOXHO TOJIBKO TPH OUYeHb OOJILIION LIMPHHC
cOnuxennsi (IMOPAAKA COTEH METPOB — HECKOJbKUX KWUJIOMETDPOB).

p

p

5.10.3. Ikpaunpyromnjee QeHCTBHE 343¢MICHHBIX TPOCOB

Eciin B KaueCTBe IKpaHUPYIOLIErO MpoBoja OyIeT HPUMEHEH TPOC,
MOJIBEIUCHHBIN Ha Oropax BO3AYUIHON AMHMM, TO [OJs 3TOTO ciydas
HUMEET MeCTO INPHOIH3UTENBHOE PABEHCTBO MOJHBIX CONPOTHBICHMI
B3aUMOMHAYKLIMU

Z. =7

C KC*

14 — 6283 209



Torpa ansa xoaphuMeHTa 3JKpaHUPOBAHHS TPOCca, 0003HAYAEMOIO
OObIMHO Yepes f), W3MEHHB HHAEKCHI (K Ha |, c Ha A, mHa ! ) y cooTBeT-
CTBYIOUIHX BEIHUMUH, BXOAsAWMX B (opmyny (5.125), nonyuum

2y _ R =Ry + jolL; - L)
Z R + jolL,
rae Z,= Rt +j(nL, — MOJIHOE COMPOTUBJEHUE TPOCA, OM/xm.

B cnyuae nogsecku Tpoca Ha JIMHWUHK CBSI3H NPUOIH3UTENBHO MOX-
HO NpUHATL Z, = Z|,, TOrAa

fn=1- (5.134)

Za: _ R = Rus + (L, = Ly) .
Z; R, + joL,

=1~ (5.134')

5.10.4. 3Frpanupyorgee geHcTBHE O00O0J0YKH Kabent

YCA0OBUA MATHUTHOTO BIIMSIHUS TATOBOM CETH Ha KabenbHYI0 CMeX-
HYI0 JIMHUIO CYLIECTBEHHO OTJIMYAKOTCS OT YCJIOBMIt ANst BO3LYLIHOM
JIMHUU. DTO OTJIHUHME COCTOUT B TOM, YTO Kabesb MMEET METaINyeC-
Ky 000/7104Ky U OpOHIO, 3a3eMJIEHHYIO B psiAe Touek (TaK Kak 3a-
LMTHOE MOKPbITHE Kabelisi 1oBepX 0OOJOUKH MMEET OMNPEAENEHHYIO
nposoaumocTs). [TosToMy 060souka kabens (BMecTe ¢ OpoHeii) npea-
crasiasieT coboi 3KkpaHupytoluii nposoa. UneansHeiit koadguipeHT
3KpaHHpOBaHHsA 000JI0UKH Kabens r (ero Takxe Ha3bIBAIOT KO3bdHu-
UMEHTOM 3AIUUTHOIrO AEHCTBUA) MPU YCIOBUM, YTO COMPOTHUBIEHHE
3a3e¢MJICHUH MO KOHLAM 000/I0YKU M NOCTOSHHASA PACHPOCTPAHEHHs
ee PABHbI HYJIIO, MOXKET ObITh nonyueH u3 Gopmyist (5.125), npunu-
Masi B Heit MHAEKC “0” BMECTO “3” M CuUMTas z, = 2, (npH GoblioH
LIMpHHE cOTKEeHN):

Zoc 1- JoMoc _ Ro'*’j(l)(Lo“Moc).

r0=r”3=l-— =

Zo R, + joL, R, + joL,

Be3 6onbino#i MOrpeHoCT MOXXHO NPHUHATE PABHBIMH KO3 HLIK-
EHT B3AMMOUHIYKLIHK MExAY 000IOUKOH 1 KUHITOI Kabens U BHELIHIOW
MHAYKTUBHOCTb 000s10uKM (M 6poHu), T. €. M. = L, Torna

I R
Ro + jolLo

U

(5.135)

210

M3 sToil hopMynbl BHOHO, YTO MaeanbHbIA KOXPDHUUMEHT IKpaHH-
poBaHua 000JI0UKH 1 OPOHM Kabesisi 3aBUCHT OT aKTHBHOI'O CONPOTHB-
feHUs 0DO0JIOUKH U OPOHM M OT UHAYKTHBHOIO COTIPOTHBJICHUS MX.
Hanpumep, ecnu B34Tb Fonblil OCBUHIIOBaHHBIA Kabejlb ¢ TAKUMM pas-
MepaMu 06O0JIOUKH, NPH KOTOPBIX conpoTussenue ee (R,) Obiio Obl
pasuo 0,6 OM/kM, a MHAYKTHBHOCTL 2 MITH/KM, TO nipH = 50 T

06
To = 3
06+/-314-2-10"
Ecnu xe 3aMEHHTb CBUHUOBYIO 00ONOUKY ATIOMUHUEBOH NpPH TeEX
XKe pazMmepax kadens, TO CONPOTUBIEHUE TOCTOAHHOMY TOKY 3T4 0060-

noudka Oyzaer umers B 7,5 pa3 Messbtue, T, €. He 0,6 Om, a 0,08 Om. [pu
3THX YCIOBUSX KOI(GDHLHEHT 3KPAaHUPOBAHHA 0BOJIOUKH

B 008
008+ /-314-2-107°

U3 dopmynsr (5.135) Taxoke ciieayer, yro yjaydiints koadduuneHT
IKPaHUPOBAHHSA MOXKHO MyTEM YBEJHUYEHHsS MHAYKTHBHOCTH 000N04-
KU Kabess mpu NOMOUIM CTalbHOR GPOHU € TOH U1 HHOHW MarsMTHOM
npoxuuaemMoctbio. Hanpumep, ecnu Ha CBHHIIOBYIO 000JI0UKY C CO-
npotusjieHueM R = 0,6 OM/KM HAJIOKHUTD JIECHTOUHYIO OPOHIO Tak,
4TOOBl HHAYKTHBHOCTH 000I0UKH 1 Oponu gocruria 10 mI'n/km BMec-
TO 2 MI'H/KM, TO (€CnTH AaXKe HE CHUTATHCH C yMEHBLIEHHEM aKTUBHOIO
CONPOTHBIIEHUS 000M0UKHU 3a cueT OpoHH) KO3 DHULKHEHT 3KpaHHPOBa-
HHUs 060n0uku U OpoHu xabens npu f = 50 I'y Oyaer paseH

0.6
o = - 3
06+ j-314-10-10~

HUrtak, n3 nprBefeHHbIX GOPMYJ MOXHO BHAETh, UTO YMEHbINAS
conpoTusiieHHe KabenbHON 00004KH R, ¥ yBENMUNBAs CAMOMH/YK-
LU0 MOCNEIHEH, YMEHBIIAEM HaeallbHbIiH KOd(MGULHEHT S3KPAHUPOBa-
HHUA, T.€. CHHXXAeM 3]C B KaOeNnsHOM XuIte.

Ouesuano, ans Toro 4Tobul conpoTusnenue R 65110 KaK MOXK-
HO MeHblle, HeOOX0AUMO npexie Bcero, 4Tobb obosouka kabens
no Bcel AMHE He uMena u3onupyrownx Mypr. KoHcTpyknus ka-
Oens gonmxkHA ObITE TaKOBOM, 4T0Okl L 6BUIO0 BO3MOXKHO Goublie,
a R, BO3MOXHO MCHBIUE.

=07.

I, =0]114.

=0]9.
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AKTHBHbIE COMPOTUBIEHHS CBUHLIOBOH 0bonouku R, u 6poHu Ka-
Oenst R6p B IMANa30HE TOHAIbHBIX YaCTOT MOI'YT OBITh ONpPENENEHbI 110
(hopMynam, BbIBEAEHHBIM ISl HOCTOSHHOI'O TOKA.

ConpotusieHne cBUHLIOBOH 06onouxu, OM/KM,

_ 4000p
ond -d3)

COIMPOTHUBJIEHHE JIEHTOUYHO! GPOHM U3 ABYX CTANBHBIX JIEHT

-6
491tD-10
Reop =~ ————,
ab
/€ P — YAETBHOE COIIPOTHBIEHHE CBUHLA, paBHoe 0,221 - 1090M - M,
d| — HapyXHbIA IMaMETP CBUHUOBOH OOOJIOUKH, M,

dy — BHYTPEHHHH NMAMETP CBMHLIOBOH 00OIOYKH, M,

D — cpenHuii auameTp kabenst mo 6poue, M,

@ — LWPHHA JICHTblI OPOHH, M,

b — TonumHA seHTH OPOHH, M.

BHyTpeHHsIs1 MHLYKTHBHOCTB 000J104KH 1 GpOHH Kabesis MOXKET ObITh
onpeneneHa [4] no dopmyne

Loy ~ i"%”ﬂu-lo-“, Tu/km, (5.136)

a

roe M= — OTHOWIEHUE LUNPUHBI CTAJIBHOMN JIEHTB!I 6POHH K

a+ Aa

LIMPHHE JICHTHI € 3a30pOM Ad MEXIy JIeHTaMH (T.e. K BeJIMYMHE a + Aa),

N — 4HUCHO JIEHT OPOHH,

W — MATHHTHAasi MPOHULAEMOCTh OpOHH Kabensl.

Dta BENUUMHA U3MEHSETCS B 3aBUCHMOCTH OT TOKa B 060JIOUKe Ka-
6enq; 11st 6poHn u3 obbiuHON ctann w = 100 + 400, a mns OpoHU M3
crienranbHoit cranu (Mapku XTB) uw =3000 + 4000.

BHelHAS HHAYKTHBHOCTb 000J10UKH U GpoHu Kabess

112

n '10'4,1"H/KM,
\/4JtU)Y3 1077 Top

Ly = |21

(5.137)

212

rae y, — MPOBOAMMOCTh 3eMiH, CM/M,

T6p BHELIHWH paauyc OpOHHU, M.

Toraa o61as HHAYKTUBHOCTH 060/104KH ¥ OpOHK kabens

L,=L,+ L6p’ I'a/xMm.

AmoMuHueBas 060nouka kabens, Kak ObU10 MOKA3aHO BhIlIIE HA MTPH-
Mepe, obamaeT GONbLUIKM YKPAHUPYIOLIUM (D(PEKTOM, YeM CBHHLIOBAS
060J104Ka, BCJIEACTBHE MEHBLUIETO YIENbHOTO 3NIEKTPHYECKOr0 COMTPOTHUB-
nenus anroMudus. [ToaToMy ¢ Touku 3peHust Gonee COBEpUIEHHOH 3a-
WIMTBI LIETEH CBA3M OT BHEILHUX MACHUTHDIX MOJIEH XKeTaTebHO pHUMe-
HATHL Kabenu ¢ amoMuHHeBoH 0DOJIOUKOH, a He CO CBHHLIOBOM.

HccnenoBaHUAMU 1O ONpeeSieHHI0 9KPAHUPYIOLLEro AeHCTBIA 0060-
noyex xabenel yCTaHOBJIGHO, YTO MHAYKTHPOBAHHAS 3/C B )WIax Ka-
Gens MPUOIU3UTENBLHO PaBHA NPOU3BEAEHHUIO TOKa B 00osiouke [, Ha
CONMPOTHBJIEHUE 000JIOUKU MOCTOSHHOMY TOKY M 4TO Mo (hase 3ta 34¢
[OYTH COBNAJAET € TOKOM B 0D0J/IOUKE, T.€.

EA = Im Rm’ rae Im = Elm/Zm’
CIIEAOBATEIIBRHO,

R
E4 = Ejpy =" = Ejtsy.

m

3nech E,,, — NpoaobHas 3¢, HHAYKTUPOBaHHas B 000nouke kabens,
Ry =P 1S, — aKTUBHOE COMPOTHBIICHUE KabenbHOH 060104KH.

IMpu vamuuuu GpoHu y kabess MOJHOE CONPOTHUBIIEHHE B 3HAUM-
TeJILHOH CTENMEHH 3aBUCUT OT TOKA B 000I0UKE U OT €ro YacToThl, T.€.

Zm =(Rm+ joLgr)+ joLgy = Zyr + joLgy,

rae R, — aKTHBHOE CONMPOTHMBJICHHE 000JI04YKH H OpoHun kabens,
MaJio 3aBUCHLIIEE OT TOKA H HaCTOTBI, €CTM MOCTIEAHAR HAXOAUTCS B ITpe-
Jienax ot 162/3 1o 3000 I'u;

L, — UHAYKTHBHOCTb 000J104kM M OPOHH, OOYCIOB/IEHHAs BHe-
LIHMM MArHUTHBIM TTIOTOKOM, MaJIO 3aBUCALIAS OT TOKA U YACTOThI. DTa
BenMunHa onpenenserca no dpopmysne INomwsueka (cM. ri. 3);

L, — MHAYKTUBHOCTb 000J04KM U OPOHH, OOYCIIOBJICHHAS BHYT-
PEHHUM MArHUTHBIM OTOKOM B OpOHE.

N neanshpiit k03hhULMEHT SKpaHUPOBAHMS MITH 3aLLIMTHOTO ASHCTBUA

000JIOUKH JOJDKEH YMEHBUIATBCS C YBCJIIHYCHHUEM TOKA B 000J10uKe Ka-
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Dens nO Tex mop, NoKa He HACTYMUT MOMEHT HACBILIECHHS CTANU, MIH
MaKCUMYMa I[IOJIHOrO COMPOTHBJIEHUs Z, TIOCNIE YEro I, HAYHET BO3-
pacTaTth BMECTE C YBEeJTHYEHHUEM TOKa,

TaxnuM o6pa3oM, U3 MPOBEIEHHOT O aHANIM3a SICHO, YTO AJISl YMEHb-
weHns KodhdumerHTa 3IxKpaHMpoBaHns obonouxu kabens TpebyeTtes
YMEHBUIUTh €€ AKTHBHOE COMPOTHBJIEHUE R | MK yBETHIHTb HHAYK-
THBHOCTb L. B kabensx cBA3M aKTHBHOE CONPOTUBJIEHHE 000JIOUKH
CHIDKAIOT MYyTEM BBEJIEHUS BO BHEILUHUH NMOKPOB Kabensd MeIHbIX HWIH
AJIOMUHUEBbBIX [POBOJIOK, COEAMHAEMBIX CO CBUHIOBOIl Tpyboil H
OpoHeleHTaMu, a B MOCTeHEe BpeMsl IIMPOKO MPHUMEHAOT Kabenb
CBSI3H C ATIOMHHHEBON 000/04KOH BMeCTO CBHHLOBON. MHAyKTHB-
HOCTbh 000/104KH MOXKeT ObiTh yBe/IMUYE€HA NMPHUMeHEHHEM OpOHeseH-
ThI C MOBBILIEHHO OTHOCHTENbHO! MATHUTHON MPOHHULAEMOCTBIO U,
Hanpumep u3 cranu 05SHC mnu XTB (xonoaHokaranas TpaHcdop-
MaTopHasi 6ponesas) ¢ u, =2000 + 3000 Bmecto crannm HY (Husko-
yrnepouamcras) ¢ w, = 300 + 450 {4].

[TpuseneHHble GopMYbl /Ui onpeaeneHns Ko3hhULHEHTOB 3Kpa-
HUPOBAHHS OTHOCATCS K H1€aJIbHO 3a3EMJICHHBIM [TPOBO/IaM, UTO OOBIY-
HO Ha NPAKTHKE He BbINONHUMO. ITO3TOMY K yKa3aHHBEIM (QopMynaM
HaeaabHOro Ko HULUHEHTA IKPAHHPOBAHHS HAJIO ONPEAETUTH IIoNpaB-
KM, YUMTBIBIOLHE 3HAUEHHS CONMPOTHBIEHNN 3a3eMJICHHII SKpaHHpy-
IOLLIMX MPOBOOB.

O4eBUAHO, ECITH COTIPOTHBIICHHUS 3a3eMIIEHUH 3KPAaHHPYIOLLIEro po-
BO/la OYAYT NPEBHILATH MOJHOE COMPOTHUBIIEHHE CAMOIO 3KPAaHUDPYIO-
1Iero NpoBoAa, TO TOK B 9TOM IMPOBOAE YMEHBUIMTCS, & ClIeA0BaTEb-
HO, M 9KpaHUPYIOWHIT 3PPEKT ero TAKKE YMEHBLIUTCS.

Ilpu BBISSCHEHUH BIHUSHHUA
3HAUYEHHH CONPOTHBIIEHHUA 3a-
3eMJEHUI SKPaHUPYIOIIErO
MPOBOJA HA BEJIUUHHY K03 dH-
LMEHTa IKPAaHUPOBAHHS HeoO-
XOJMMO pa3IyaTh /IBa Xapak-
TEPHBIX Cilyuas.

B nepBoM cityyae 3xpaHupy-
IO TPOBOJ MMEET pABHOMEP-
HO pacrnpejesjieHHOE 1o Bcei
JUTHHE H3OALIMOHHOE TOKPITHE,

Puc. 5.18. K pacueTy 3xpaHupyolero
JeficTBUS PABHOMEPHO 343EMIIEHHO
obosouku kabes
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COMPOTHBJICHHE KOTOPOro Mo OTHOUIEHHIO K 3EMJIE BECbMAa Majlo ¥ Ha-
xoautes B mpeaenax 0,25—1 OM kM (paBHOMEPHO pacrpencIeHHOe 3a-
3eMJIEHHE), HAIIpUMEP, MPOJOXKEHHBI B 3eM/ie OpOHUPOBaHHBIH Ka-
Oenb CBA3M WM CHIIOBOM Kabenb ¢ OOBIYHBIM JKYTOBBIM MMOKDPbITHEM
noBepx Opouu (puc. 5.18); penbehl KeNe3HOAOPOKHBIX MyTeil, noo-
JKEHHBbIE HA JIEPEBSHHBIX IUMAIAX U HACBLIMHOM Oannacre.

Bo BTOpOM Cllyyae 3KkpaHUPYIOLHi MPOBOJ H30JIUPOBAH OT 3CM-
JIM, HO Yepe3 olpe/ieieHHble PACCTOSHUS MPUCOEAUHEH K CNELHABLHO
MOCTPOEHHBIM 3a3€MJIEHUAM C COMPOTHBIIEHUAMH R, (COCpEnoTOUYEH-
HbIMHM B HECKOJIBKMX TOYKax MO AJMHE MPOBOJAA 3a3eMJICHHS), HAIIpH-
Mep, TpOC, IMOABEINEHHBIN HA BO3AYUIHOH BBICOKOBONLTHON JIMHUH H
HA KaXAOH OMope WY Yepe3 ONpee/ICHHOE KOMUYECTBO ONOp, NPUCO-
€AVHEHHBIN K 3a3EMJIEHHAM; NOA3EMHBII Kabesib ¢ U30JUPOBAHHOK OT
3eMJIM MeTajlsideckoil obonoukoil u OpoHeit, NpUCOEJMHEHHBIH B OT-
JEeNBbHBIX TOYKAX [0 €T0 IJIMHE K 3a3eMJICHHSIM.,

Ecnu 6b1 coeauHenne ¢ 3emieid 610 MAeaIbHBIM, TO TOTAa NpPH
R,= 0 Tox B 000J0YKe BHE AJIMHBI COSIMKEHHS PABHANCA Obl HYJIIO.
B sTom cnyuae naeanpHplit KO3(QOULUHEHT 3KPAaHUPOBAHHS (F,) MOX-
HO Ob1n0 Obl onpenesuTh w3 ypaBHeHus (5.135). B peanbHbiX ycno-
BHUSIX CpefHee 3HaUYEeHHUE TOKa B 000JI0UKE HE PABHO HYJIO M MOXET
6bITh onpenencHo B npeaenax ot 0 qo / u3 Beipaxkenus [4]

E e |y (ox
Imep= | 0 y_ Ly _ ., Y (1=X)
v20 Zm 2 2

a (5.138)
Yl”l ’

dx =

=1m I-

Hcnoneays 3Hauenue [, op M3 (5.138), MoxHO onpenenuTb AJis
cyudas [ = [y neficTBuTenbHbIH KO3pGUUKEHT IKPAHHPOBaHHs 06010Y-
K1 kabenst B peasibHbIX ycioBuaXx no dopmysne [4]

- oY
Ton =To + (1 =15 )————, (5.139)
Yol
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¢ MoCTosHHAsA pacnpoCTpaHEHHUs oborouxu kabens ¢ 3a3eMIeHHSIMH

Yo =Ym=

(5.140)

ITepexonnoe conporusieHne 060J0YKH [0 OTHOLIEHUIO K 3eMITe
Rnep.m onpenensieM [2] o ¢opmyie

-3
107 p n 112 .
T Jdeph Y 107
B 3Toii dhopmyie:

Ry, ;» — CONPOTHBIEHHE M30JISLMOHHOIO IIOKPHITHS CBMHLOBOI
06011049KkK M 6poHH Kabes MO OTHOUIEHUIO K 3emiie, OM KM,

p — YIOeJbHOE cOnpoTuBieHue 3eMian, OM M,

dcp — cpeaHui auametp 6pouun kabens, M,

Rnep.m = Ryym +

Y,y — KO3bHUUMEHT pacnpocTpaHeHHS TOKa BHOAb 06ONOUYKH
Kabens, [/km,
h,,, — rmybuna 3akonku kabens, M.

Ecnuy,, [ — cpaBunTenbHo Gonbluas BEIMYAHA, HATIPUMED Y !> 3,

“Ym

! ”
TO BCJIMUHWHaA € HpeHC6pe)KHMO Majia 1o CPpaBHEHHIO C €EAUHULICH H

Toraa popmyna (5.139) moxer GbITh ynpouieHa Tak:
1-r,

Y'Nl

r=r,+

Ecimr <0,1, To B kauecTBe pacueTHoi GopMynbI s koddbuLIMeH-
Ta IKPAHUPOBAHUS OOONOUKKU M OpOHM KabeNs ¢ paBHOMEPHO pacripe-
JENICHHBIM 3a3EMJIEHHEM Yepe3 Maloe NMEPEeXOHOE CONPOTUBIEHHE
MOXHO IPUMEHSATH

r=r,+
m
Bce cka3aHHOe B OTHOLIEHUH K0ddULHNEHTA 3KpaHKMpoBaHus 060-
JIOUKH U OpOHU Kabesis LUeTMKOM OTHOCHTCS K PelbCaM, KOTOPhIE TaK-
’Ke paBHOMEPHO 3a3eMIIEHBl uepe3 0annacT nyTd, HMELIMHi Majoe
COIMPOTHBIICHHE M3OJISLIU.
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IlepexoqHoe CONPOTHURIEHHE MEXKAY pelibCAMU H 3EMJIEi Rnep b
(OM'KM) MOXKHO OIpeaenuTb U3 YpaBHEeHUs [4]

107%p 112
In -
n Ypaaks'lo

R Ryt

nep.p = “us.p (5.141)
roe R, p — COTIPOTHBIICHHE dantacra, OM KM,

@y — IKBUBAIIEHTHBIA PANMYC PEJIbCOBOTO NYTH, PaBHbIA 1 M 15
OQHONYTHOH KeJe3HOH JOPOrH U 2 M [JIS ABYXIYTHOH .A.

Ecnn obonouka kabenst H30IMPOBAHA OT 3€MJIH, T.€. Rnep'm
OoJibllIast BEAWYMHA (ym [ = 1), TO HE3aBUCUMO OT 3HAYEHUS UAEATIb-
HOro K03(PUUHEHTA IKPAHUPOBAHHUSA Iy BETUUMHA I CTDEMHUTCS K €/11-
Huue (cM. popmymny (5.139)), 1. e. obonouka xabensg tepser caou
3KpaHUPYIOLHEe CBOWCTBA.

CrepoBaTeibHO, HEOOXOAMMO NPUHATE MePbl [Tl CO3aHUs TOKA
B obonouke kabens. s 3Toro 000/10UKy IO KOHUAM K Uepe3 olpe-
JIefICHHBIC MPOMEXYTKH 110 AJIMHE Kabens clieayeT COeAHHATD CO Che-
LMAJIbHO NOCTPOEHHBIMH 3a3eMAUTENAMU. YeM uale 6yayT paccras-
JIEHBl BJOJb ODOJIOUKH 3a3EMJIMTENN U 4eM MeHblie OyAyT colpo-
THBJICHUS ITHX 3a3eMauTenici, TeM bonslue 6yaer 3(hgpekT skpaHu-
poBaHusA 000OUKY.

CpenHee 3HaYeHHUE PAaBHOMEPHO PACINpPEAEICHHOIO NEPEXOIHOro
COMPOTHBIEHHS 000IOUKY MO OTHOLLUEHHIO K 3eMJIe (C TOMOLLBIO MHO-
rOKpPAaTHOTO 3a3eMJIeHUs 000JIOUKH BAOJb Kabells) MOXKHO ONpele/IuTh

no dopmyne [4]
g RbJR, |
nep.m \/;Rj—“,s\/zv s (5.142)

rJIe [, — CpejiHee PACCTOSHUE MOKLY COCCAHMMH 3a3EMIICHUAMM, KM,
R, — cpenHee COMPOTHBIIEHHE 3d3€MIIEHMH, YCTAHOBICHHBIX
BAOJIb Kabens, OMm,

11 — KOJIMYECTBO U30JIMPOBAHHBIX YHACTKOR Kabeneil (JUIMHOU y4acTKa
CUMTAETCA [JUTUHA Kabess MexXIy IBYMs COCEIHUMH 3a3eMJIUTENAMHU).

Benuunny Rf,gpm , paccuntannyo no dopmyine (5.142), noncrapins-

10T B popmyny (5.140). TToacuuradnyio no 7ol opmysie BEJHUHHY
Y,,, HCTIOITB3YIOT 3aTEM NP pacueTe KoahdHLMeHTa SKxpaHnpoBaHist 06o-
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JIOYKH, UMEIOLLEH M3O0JISLMIO NTOBEPX OPOHHU. DTO PACCYKACHHE TAKKE
OTHOCHTCS K TPOCAM, MOABEILEHHBIM HA OMOpax W U30JMPOBAHHBIM OT
3EMJIH.

Jnsa nonyuenus posmkHoro akpaHupyouero sgpekra TpocoB noc-
JIEZIHHE HEeOOXOAMMO PABHOMEPHO 3a3eMIISITh MO BCEH IMHE cOMmKe-
HHA C IMHUAMH cBsizd. Toraa nepexogHoe CONnpPOTHRIIEHHE TPOCOB OIl-
pedensercs no Toi xe popmyne (5.142), a koadpuiMeHT 3KkpaHHpOBa-
Hus — no dopmyiie, aHanorudHoi dopmyie (5.139) ang r:

et
t=ty+(1-t5)———. (5.143)
T4

Tpocsl, MposnoxkeHHbIC B 3¢MJIe B0Jb KabenbHOH WIH BO3AYIUHOM
JMHUUW CBSI3M WM BAOJB JIMHUM 3JIEKTpornepenayn, OyayT BecTH cebs
TakK e, Kak 1 000JI0uky kabeneit 06e3 cneyuanbHoit uzonauuu. s
3TOro Ciyuas B hopmyny (5.143) crenyer NOACTABATL BEAWUMHY Y,

ONpeaesscMyto 110 (opMmysie

R, + joL,
Rucps ’ (5.144)
raoe

P 112

R = e,
P Vdihy

i, — rnybuHa 3aKONKM Tpoca, M.

Kosdduunent sxpannpoBanus 000J0OUKHA 3aBUCUT OT BEAHUH-
Hbl IPOOOJNILHOM 3/1C B Hell. DTO 00BACHSAETCA TEM, YTO HHAYKTHUB-
HOCTbL 000JIOUKH ONpeAeNsieTcs €€ MATHUTHOM ITPOHMLIAEMOCTLIO,
KOTOpas, B CBOK Ouepellb, 3aBUCUT OT Toka B o0Oonouke. C yBenu-
4eHHEM NPOAOTbHON 3¢ B 060N0UKe, a 3HAYUT U C POCTOM TOKa B
Hel MArHWTHAas TNIPOHULACMOCTh H MHAYKTHBHOCTb PacTyT JIO Ha-
CHHUCHHMS OPOHENIEHT (r, CHUXKAETCA), & 3aTEM YMEHbWAWTCA (7,
pactet). [1Toatomy koddhdUUHeHT 3IKpAaHHPOBAHUs 000OUKH BBIpA-
KAT B BUAE 3aBUCUMOCTH OT BEJMYMHBI OIPOA0AbHON 34C B HEW,
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E, B
OTHECEHHOMN K eIMHKUE ATUHBI CONMHMKEHHUS ’o=f( 7w | M3

dopmynsl (5.135) BUAHO Takxke, UTO KOIPOHUIMEHT IKPAHUPOBAHU
000JI0YKH YMEHBIIAETCSA C BO3PACTAHUEM YACTOTDI BAUAIOLIETO TOKA.
B kabesie MMEET MECTO TaKXe IKpaAHUPYIOLIEEe NEUCTBHE COCEAHHUX
sui1. OHo oueHuBaeTcsd Ko3GpPUIMEHTOM IKPAaHHPOBAHUS XUJI, CO-
craasiowum r, = 0,9 + 0.95 (ana kabesielt ¢ 4MCIOM HeTBEPOK
wui ot 14 no 7).

Ha puc. 5.19—5.29 npuBeeHbl 3aBUCUMOCTH KO3 pHLMEHTA 3alUMT-
HOrO eiCTBHA 1, 060J104KH H OpOHK Kabens oT TMPOJOJIBLHOM 2IEKTPO-
Xyl cunbl E, mpuxogsuiedcs Ha | kM cOnuxenus.

rO
0,1 \\
N \ 50 'y
/
S~ 150 T~
0,05
0,04 ~
0.03 2%
002 T~———[350
, 550 T-800
1050L 1450
—
0.0l i 2059 2450

0 20 40 60 80 100 Ell, Blkm

Puc. 5.19. 3aBucuMocTH KO3DOHLUEHTA 3aLHTHOTO JeHCTBHS 1, 06ONOUKH 1
6ponn kabenss MKTTAB 7x 4 x 1,05+ 5x 2 x 0,7 + 1 x0,7 (ase 6ponenentst HY 0,5)
OT TPOAOTBHON IMEKTPOABIIKYLUEH CHIIb! E, npuxoasiueics Ha 1 kM cOMKEHUA
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Puc. 5.20. 3usucuMocTn koapduimnenTa 3ammTHOro feficrsua r, obosouxn n 6po-
nu kabens tuna MKBAB (amoMunneBas o6omouka u nse 6ponenentsl HY 0,5) ot
IpOAOJILHOMN WIEKTPOABHKYIHEH cuitbl E, npuxodsiueiics Ha 1 KM cOnmkeHns, npu
J=S0T /—4x4x12+5%x09:2 —Tx4x12+6%x09;3—14x4x1,2+5x0,9

r()

0,08
0,07
0,06
0,05
0,04
0,03
0,02

0,01

Prc. 5.21. 3aBncnMocTd k0adduumrerT 3a1UUTHOTO NeACTBUA P 0BONOUKH H GpOHH

kabens tuna MKBAB 14 x 4 x 1,2 + 5 x 0,9 (amomunnesas obonouka u ase 6po-

HejaeHTel HY 0,5) oT npoponbHoil anexTpoaBuxytuei cusibl E, npuxoasmeiics
Ha | kM cOnxeHus
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Puc. 5.22. 3aBrcnMocTH k03 bOULMERTA 3AILMTHOTO AeHCTBUS 7 0BONMOUKH 1 Opo-

nu xaGenst Tuna MKBAB 7 x4 x 1,2 + 6 x 0,9 (anioMuuuesas oGonoyka 1 ase 6po-

genents! HY 0,5) oT npoaonbHOR 3MeKTPOABMXKYIUEH CHbl E, mpuxoasuieiics
Ha 1 kM cOnbKeHus

221



N ] 7o
0,9 P\ ~J

0.8 N\ NN \\
0] \\\ N

\
N

05 \\ N 0,20
0.4 \\\\\\\‘\ \(\2 \¥\
03 \ \\\ 3 I
02 N T 50 T
2l \\ —]
O,I ,\5‘§‘

0 6

510 20 30 40 S0 60 70 80 90 dmm 015

Puc. 5.23. 3aBucumoctH ko3dbHLMEHTa 3aMTHOTO AeHCTBUS 1y 0b0oueK
kabenteit TT (/= 50 ') ot quamerpa (d,) nox cBUHUOBOH 060I04KOH npu
pa3nHYHOM KoJHuecTBe Kabeneii (n)
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0.2 ~ ’ T __150
o ~—— 100x2x0.5 0,03 - L___250
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Puc. 5.24. 3apucumoctu xosdpunmenTa 3auTHOrO AeHcTBHA I () 06OTOUEK T T 2500
ropoAcKHX TenedoHHbIX Kabenei (6e3 6POHH) OT YACTOTHI BAKAIOIIETO TOKA 0 40 80 120 160 120 EIl, Blkm

Puc. 5.25. 3aBucuMocTH KO(MPULIMEHTA 3AILUTHOTO JEHCTBHSA 7, 00ONIOUKH H GPOHH
kabensa Tuna MKCAIIB 4 x 4 x 1,2 (amoMunnesas obonouka u ase 6ponenentsl HY 0,5)
OT NPOJOALHON 3MeKTPOABKKYLLEH cunbl E, npuxonsuieiica va | kv cOmxenus
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Puc. 5.26. 3aBucnMmoctu kodpduienTa

0,15 3ALHTHOrO NeHCTBHSA 1y 0607104KH 1 6po-
Hu kabens tuna T3ABB (f= S0 I'n) or
J IIPOAOCABHOHN 3MEKTPOABUKYLICH CHIIbI
0.10 N / E, npuxopasiueiica Ha 1 XM cOMUKEHNS.
’ =4 Kpusne:/] —7x4x1,2:2—12x4x12;
\§§_,,*"’/ 3—19x4x1.2
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0 - Puc. 5.28. 3aBucumocTn ko3pPuUHEHTA 3ALIUTHOrO NEACTBHA 1, CBUHLOBOI 060-
2 4 6 810 20 40 60 80100 200 E/L, Blxm 04Ky Kabens U 6poHu U3 IBYX neHT TomuHuoi 0,5 MM 1 0.8 MM u3 cranu HY ot

" o NpONONLHOI anekTpoaBrxyllel chisl E (f= 50 Ty
Puc. 5.27. 3aBUCHMOCTH KOYQGHHIHEHTA 3aIIUTHOTO ACHCTBHA 7 ATIOMMHHEBOH p P Y Y )

060J10UKkH kabeas U OpoHHM H3 AByX neHT TonuuHoi 0.5 MM u3 ctann HY ot

TIPOAONbLHOI AEKTpOABHKYLLell cunsl £, npuxoasueiics Ha 1 kM cOnMxeHns

(f= 50 I'n). Kpusble: / —dy, = 11 mm, by, =09 Mm; 2 —dp =21 MM, b, =11 Mm;
3—dy=355mum, b, = 1,3 MM 4 —d> =53.5mum, b, = 1.85 MM
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Puc. 5.29. 3aBrucnMoCTH KO3 PULUMEHTA 3aLUUTHOTO AeHCTBHS r, 0BOTOYKH 1 OpO-
HH Kabeneil (eMkocThio/ — 1 x 4:2—4 x 4: 3 — 7 x 4) OT IPOAOABHOI ITEKTPOABH-
Kywwei cunbl E, npuxoasieics Ha 1 kM cOmxenus (f= 50 ')

YACTb 11

TAABA 6. KPATKAA METOJUKA PACUETORB
IAEKTPOMATHHUTHOI'O BAUSHUSA
IAEKTPHUUECKHUX KEAE3HbBIX JOPOT
HA CMEM#HbIE AMHHUH

6.1. IIpuGmoKeHHbIe ypaBHEHUsI
NTEKTPOMArHUTHOIO BIIHSIHUS TATNOBOM CETH
HA CMEXHble JJHHHH

B faHHON riaBe NpHBOAATCS ynpolueHHbie TpubaiKeHHbie ypasHe-
HHUA U1 PACUHETA JIEKTPOMATHHTHOIO BIIMSHUS IMEKTPHUECKHUX KENes-
HBIX JOPOI HA CMEXKHBIC JIMHHH. DTH YPABHEHUS MOJIYYEHbI NyTeM yII-
polleHHs ODLIMX YPABHEHHH AMEKTPOMATHUTHOTO BITHSHUS MEXIY DJIEK-
TPHUYECKUMH LENSIMU, BbIBEACHHBIX B TJl. 2, NIPUMEHHTENLHO K OTAEb-
HbIM KOHKPETHBIM CllyuasM cONMKEHHs BIMAIOLIER N CMEXHOI JIMHUIA.

JltoOas anexTpudeckas Uenb NpH HAJIMMHK B HEH NEpeMEHHOro Ha-
NPSHXKEHHUS U TOKA CO31A€T B OKPYXKAIOIIEM MTPOCTPAHCTBE NEPEMEHHOE
IEKTPOMATHUTHOE [10J1€, KOTOPOE HHAYKTHPYET B HAXOAsLIEHCS B 9TOM
NPOCTPAHCTBE JAPYroii LEMi HAfPSXKEHUst M TOKH. DTH HAMPAXKEHUA H
TOKH B UENH, MOABEPNEHHOMN BJIMSHHIO, MOTYT JIOCTUIAThL BEHYMH,
NpPEACTAaBAAIOWINX OMACHOCTh ANA 30pOBbS M XU3HHU joacH, obeny-
JKUBAIOWHX €€, & TAKXKe AJIS LEJJOCTH BKIIOMEHHBIX B LIENb aNMapaToB U
NpubOPOB, M30JALUHMK MPOBOAOB. B 3TOM cilyuae BAMSHUA HA3LIBAIOT
onacusimu. ECIM MHAYKTUPOBAHHbIE B LICNH HANIPAXKEHUA U TOKH MPU-
BOJAT K HCKAXEHUIO NEPeJaBAEMbIX 110 Hel MOJIE3HBIX JIEKTPUUECKHX
CHTHAJIOB, T. €. yXYALUAIOT UM HAPYLLAIOT HOPMaJIbHYIO paboTy Lieny,
TO TAKHe BJIMSHHUA HA3bIBAIOTCA MEWAIOUUMYU.

Bosnblioe BAHsiHKME OKa3bIBAIOT LEIH C BHICOKUM YPOBHEM Nepefayu
SHEPIHH HA LEMH C MCHbILMM YDOBHEM NEpeAayu, HaANPUMED, BHICOKO-
BOJIbTHBIE JIMHUH IEKTPONEPEAAUN HIIH TArOBaA CETb NMEKTPUUECKHX
*KEJIC3HBIX AOPOT HA IMHWUH CBA3H, HU3KOBOJIBTHbIE JIEKTPHUECKHUE CETH
1 T. n. O6paTHOE BAHSHUE LeNeH HU3KOro YPOBHS NEpejayn 3HEPruu
Ha UENH C BBICOKUM YypOBHEM Iepeaaud 0O0bIYHO HEBEIMKO, U C HUM
NPAKTUYECKH MOXHO HE CUMTATHCH.
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Creneds BIUSHUS 32aBHCHT OT CUMMETPHUYHOCTH Lieneil Kak BiIys-
IOUIMX, TAK WU TIOABEPXEHHBIX BIUAHUIO. llenb cumMmeTpuuHa, eciu
€e MPOBOJA MMCIOT OJMHAKOBBIE 3JIEKTPUUECKHE NapaMeTpbl: Mep-
BHYHble (AKTHBHOE COMPOTHUBIICHUE, HHAYKTHBHOCTh, EMKOCTh MEX-
[y NPOBOJAMH H OTHOCHUTENILHO 3€MJIH, NPOBOAMUMOCTD H30JIALHH)
M BTOpUYHBIE (BOJIHOBOE CONPOTHBIEHHE H KO3 DULHEHT PACIpPOCT-
paHeHUs BOJiHbI). Ectu HanpshkeHHS ¥ TOXH BO BCeX NMPOBOAAX Ta-
KOi enu oJMHAKOBLI 110 BEJIUYHHE W CABUHYTHI o a3e Ha 180° (B
JIBYXTIPOBOJHOH Lenu) wiu Ha 120° (B TpexnpoBOAHO#), TO BEKTOP-
Has CyMMa HanpsikeHuH ee NPOBOJOB PaBHA HYJIO MU HET TOKa HY-
JieBOH MmocienoBaTebHOCTH (TOKa B 3emiie). Bausuue cummerpuu-
HOH LIeNH HA CMEXHBIE UENY MHHHMAJIBHO U MOET BO3HHKATB TOJBKO
M3-332 pa3IM4us [IAPAMETPOB CBSA3M MEXy OTAEeNbHLIMK NMpoBOAA-
MU BIMSAIOLLIEH LEMH H MPOBOJAMU LIEIMH, TOJBEPKEHHON BIHAHHIO,
T. €. U3-3a nonepeuHoit acummerpuu. [ockonbky 00b14HO abcomnOT-
HO OJMHAKOBBIMH MapaMeTpaMH NPOBOAA Uend He o0najaiT, To
[PaKTUYECKH BCE JIBYX- H TPEXMPOBOJIHBIE 3JIEKTPUYECKHUE LIETTH Yac-
THYHO WK MOJHOCTLE HECHMMETPHUHBI.

Bimsiromyro uenp 3A€KTPHYECKOH KETE3HOH HOPOTH NMPEACTABAIET
KOHTYP, BKJIOUAIOUIMH TArOBYIO MOACTAHUHIO, dIEKTPUUECKHIT JTOKO-
MOTHB U TATOBYIO CE€Tb. B TAroBylo ceTh BXOAST NMUTAIOUIME U OTCACHI-
BAIOLLUC MPOBO/l4, NPOBOJA KOHTAKTHOH CETH, PENIbChI C PACIPEE/IEH-
HOW NMPOBOJAMMOCTBIO OTHOCUTENBHO 3€MJIM W 3eMis. Biusionlee Ha-
NpsDKEHUE TATOBOM CETH PABHO paboueMy HANPSHKEHUIO NEPEMEHHOTO
TOKa, TOK B 3eMJ/1€ COU3MEPHUM MO BeJHUYHMHE ¢ pabounuM TokoM. [1oaTo-
My TATOBas CETb, KAK W OJIHONPOBOAHAN OAHOMAa3HAS JIMHUA C BO3Bpa-
TOM TOK& uepe3 3eMJII0, [IPAKTHUECKH MOTHOCTLIO HECUMMETPHUYHA H
OKa3bIBAET CHJIbHOE BIUSHUE HA COCE/HUE LIEIH.

[MoaBepIKEHHBIMH BIUSHUIO ABISIOTCA NPAKTHYECKH JIIOObIe 2IIeK-
TPUYECKHE JTMHUH C MEHbIUMM yPOBHEM Tepe/lauyu 3HEPrHH, NpoJio-
*KEHHble BOJIM3M OT 3JIEKTPHUECKOH XKENTE3HOH NOPOTrH, KaK BO3AYLU-
HbIE, TAK U KaOesbHbl€: IMHWUU CBSA3U, PalHOBEllaHM, Teaeynpasie-
HUS, CHJIIOBbIE U OCBETUTENbHbBIE 3IEKTPUUYECKUE CETH, JIMHUU IIEKTPO-
nepelaydt, pejbCoOBbIE LEMN aBTODIOKUPOBKH, OTKIOUYEHHAS KOHTAK-
THas CeTh COCEHUX MyTeH U T. M., a TAKKE HEINEKTPHYECKHE, HO MPO-
BOAALLME JIMHAA — METAJJIMUECKHE COOPYMHEHHS, ICTaKaabl, Tpybo-
MPOBOJILI U JP.
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BzaumHOe pacnosioxeHre BIUAIOMEHR U MOABEPKEHHON BIIMSA-
HUIO JIMHHH, TPH KOTOPOM MOTYT BO3HHUKATDH OMACHBIE U MEIIAIO-
IIMe BIMSHHMSA, HA3BIBAOT COAuMCeHueM, a PACCTOSIHUE MEXIY JH-
HHUSIMH, H3MEPEHHOE M0 NEPHEHAUKYNSPY K BAUAIOLIEH NUHHU, —
wiupurolt conuxcenus. Ilpy HeM3MEHHOH MO ANKMHe JIMHUH LIKPHHE
cOnKeHUst OHO OyINEeT MapanesibHbiM, NPH NEPEMEHHON WHPHHE —
KOCBIM, & MPH HAJMYUU YHYACTKOB MapajfieJbHOI0 MU KOCOTO cOnu-
KEHHUST — CIIOWKHbBIM.

B panbHeiiimem 6ynem paccMaTpuBaTh BIWSHHE TATOBOH ceTH
Ha A0y NHHUIO, MOABEPKEHHYIO BAUSHMIO, KOTOPYIO HA30BEM
emedcnoti tunuedd. [IpuMeM NpelBapUTENbHO CIIgAYIOLINE HCXOIHbIE
MOJOXEHUS.

Tsarosas ceTsb, B KOTOPOH TOK NMPOTEKAET IO PENbCAM M 3EMIIE, MO-
)KET OBITH MpEeACTaBlEHa B BHJE JABYX KOHTYDOB: MEPBbIi KOHTYp —
“KOHTAaKTHas CeTh — 3€MJIS”, BTOpOH — “peiibebl — 3emas’”’. CHauva-
72 pacCMOTPHM BIIMSAHHME TIEPBOTO KOHTYPA HA CMEXHYIO JIMHHIO, a
BJIMSIHME BTOPOTO Y4YTeM no3aHee. [1epBbtil KOHTYp (KOHTAaKTHasA CeTh—
3eMJIs1) NpefacTasisieT cob0i NOMHOCTbHIO HECHMMETPHUYHYIO OJTHONPO-
BOIHYIO THHUIO. 3aTYXaHUEM B KOHTAKTHOH CETH MOXKHO NpeHedpeub,
TaK KakK ee K03 HILHEHT pacripoCcTpaHeHHs BOJIHBI 1pH paboueii yac-
TOTE HE3HAUUTENEH.

Bbynem paccMaTpuBaTh BiIHAHHE OAHONPOBOAHOH TMHHH — KOH-
TAKTHOM CETH — Ha OJHOMPOBOJHYIO € CMEKHYIO JHUHUIO (eciau
CMeXHas JIMHUS ABYXIPOBOAHAS, TO OHA C HEKOTOPHIM NEPHOINKe-
HUEM MOXeT ObITh MpeACTaBieHa KakK COYETAHHE ABYX OAHOMpO-
BOJIHBbIX). O6paTHOE BIMSHIE CMEXHOM TMHHHU HA KOHTAKTHYIO CEThb
MOXHO HE YYMTHIBATh, MoJaras ero npeHebpexumo manbviM. Mhu-
AYKTUPOBAHHOE HATIPSKEHUE B CMEXHOH IMHUM OTHOCUTEABHO 3EM-
a4 OObIUHO 3HAYUTENBHO MEHbIIE BIUSIOLIEro HanpsixkeHus. s
HEKOTOPOTO YNPOIIEHUA PACCMOTPEHHS BIMAHUI OyaeM monaraTs,
4TO CONMKEHHE C KOHTAKTHOMH CEThI0O UMEET MECTO HA MPOTAKEHUN
BCEU AIMHBI CMEXHOH TUHUM, CONMMKEHUE IPHMEM MAPAJIIENbHBIM,
3TO MO3BOJIUT CUMTATH NapaMerpbl CBA3U MEXAY JIMHUAMHU MOCTO-
STHHBIMU ITO BCeH uX AnvHe. Mcxoas M3 3THX MPEANOCHUIOK BhIfAC-
HUM 332BUCUMOCTH MHIYKTHPOBAHHBIX HAMNPIXKEHHS OTHOCHTEILHO
3€MJIM U TOKA B CMEXHOU JIMHUH OT BIUAIOILHMX HANPAXKEHHUS M TOKA
KOHTAKTHOH ceTH, OT MapaMeTPOB CBA3H MEXKAY JHHHUSAMH U Napa-
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Puc. 6.1. Cxema cOMMKEHHS KOHTAKTHOI
cetn K v cmexHoit nuauu C: ¢ — WH-
prHa cONHXKEHNS, THHHU 3AMKHYTBI H4

METPOB CMEXHOH JIMHUU ANs
cxeMbl cOuxeHnd, MoKkazaHHOMI
Ha puc. 6.1,

[Tockonbky CMeXHast THUHUS
HMEET pacrpeie/ieHHbIe NapaMeT-
pbl ¥ 00AANAET MPOAOJILHBIM CO-
NPOTUBJICHHEM Z . U [10MEPEHHON
NPOBOAUMOCTBIO YC, TO UHAYKTH-
POBAHHBIE B HEH HAMIPAKEHUE OT-
HOCHUTEJIBHO 3emnu U, 1 TOK B
Juuun 1, 6yayT H3MEHATHCS MO
anuune nuHuu. ITo3tomy cHavana
cleAyeT HAaWTH MpUpaLLEHUs Ha-
MPSHKEHUA MU TOKA B CMEXHON JN-

3EMIIIO YEPE3 HEKOTOPble COTPOTHBIIE-  HHUMW HA 3JIeMEHTAPHOM Y4acTKe
HIA Z )| 1 2, JUTMHBI cOnmxennst dx.

IIpupauieHne HanNpsKeHUd on-
peaensiercst MPoAOLHON 3AC, MHAYKTHPOBAHHONW TOKOM KOHTAKTHOM
ceTH, U HaJeHHEM HANPSIKEHUS, CO31aHHBIM HA 3JIEMEHTApPHOM y4acTKe
NpH IMPOTEKAHUU B CMEXHOM JINHHY MHAYKTUpOBaHHOro Toka. C apy-
roii CTOpPOHBI, IPHPALIIEHHE TOKA HA 9TOM YHacTkKe 3aBMCHUT OT TOKa,
BbI3BAHHOIO B CME@XHOH JIMHUY MOJ| BIUSHHEM HANPSIXKCHUSA KOHTAKT-
HOMH ceTH, U OT TOKA, ONPEASIeMOro HaBEAECHHbIM HaNpPsHKEHHEM H
NoMepe*HON NPOBOJAMMOCTBIO CMEXHOH JIMHHH. B COOTBETCTBHH € 3TUM
YCTAHOBHUBILHHCA MPOLECC /sl 3JIEMCHTAPHOTO yyacTKa AJKMHbI cOnu-
SKEHHUS OMUCBIBAETCS ypaBHEHHAMH [3]

_‘{{‘%QL= Zyo I +chc,v’
dx

- . . 6.1
- e, ==YicUx + Y Uey-

dx

3nech BCe HANPSXKEHUS M TOKU SBJSIOTCH BEKTOPHBIMHM BEJIMUHHAMM.
Mnpeke “k” ykas3biBaeT Ha MPHHAAJIEKHOCTb BETMUMHBI K KOHTAKTHOM
1P L)

ceTd, “c” — K CMEXHO{l NUHUM, “KC” ONpelesseT NapaMeTpbl CBA3U
MEXY JTHHUAMU;

U, I — HanpsXeHHe U TOK KOHTAKTHOM CETH;

230

Uy, Iy — MHAYKTHPOBAHHbIE HANIPSXKEHHE OTHOCHTENBHO 3EMIIH U
TOK B CMEXHOI JIMHHH HAa PACCTOSHHHU X OT e¢ Hauana;
Z. =1 + joL.— NONHOE CONPOTHBIEHUE CMEXHOH NUHUM, THe

e — €€ aKTHBHOEC CONIPOTHBJICHUE, LC — HHAYKTHBHOCTbL, () — YyrI-

JJOBasA 4acroTa,

Y. =g, + joC,— nojiHasg NPOBOAHMOCTbL CMEXHON NHHUU, TJe

g — nposoaumocts uzonsunu, C. =C.q +Cy.— €MKOCTb CMEX-
HOH JIMHUHU OTHOCHTEJILHO 3€MJIM U KOHTAKTHOM CeTH, Ceo— em-
KOCTh CMEXHOH JIMHHUH OTHOCHTEJIBHO 3eMJIU; ODBIYHO g.<<wC.n
Toraa Y, ==j(1)Cc;

Zye = joM . — CONPOTUBICHHE B3AHMOUHYKLIMH MEW Y KOHTAK-
THOH CETBIO M CMEXHOH NUHUEH (ITapaMeTp MAaTHUTHOMN CBSA3M), Ile
M. — x03pdULMEHT B3AUMONHIAYKUMH MEKAY STHMH OJHONMPOBO/I-
HBIMH JTHHUAMU;

Yie = 8&xe + JoC. — B3aUMHasg NPOBOJAHMOCTb MEKAY KOHTAKT-

HOM CEThIO W CMEXKHOMN JNUHHUEH (MapaMeTp EKTPUUECKOMH CBS3H),
TAE gy — AKTHBHAS NPUBOAUMOCTDb, C\ . — EMKOCTb MEXKIY 3THMH
JIHHUAMH, OOBIYHO &ye << (J)CKC, TOTrgAa YKC sijKC.

Bce ykasaHHbIe napaMeTpbl OTHECEHBl K eAMHHIE UIMHbLI JTHHUH
(na 1 xm). YpasHeHus (6.1) npeacraBnsioT coboii cuctemy 06bIKHOBEH-
HbBIX JINHEHHBIX HEOAHOPOAHBIX ITHGGEPEHUMANBHBIX YPpaBHEHHIT Nep-
Boro nopsjaka. Pemus ee (aHaNOMHYHO peLIEHHIO B TA. 2), MOJYYHM

Uex = Ae¥ + Be™ + yUy

l (AeY + Be™Y )~ kgl . (6.2)

[c,\' ==
cB

3nech y = ,/ZCYC — K03 HUUMEHT pacHpPOCTPAHEHHS BOJIHLI B CMEX-

HOM JIMHUH,

Z = ZC ~
c8 y, — BOJIHOBOEC COITPOTHUBIIEHUE CMEXKHOH JIMHHUHU.
C
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B ypaBHeHusx (6.2) npHHATBI 0603HAYCHUSI:

Ly JOM Yo Cic

kl = = - N k2 = = .
Z; I+ joL 1 Cie +Cop

(6.3)

Haiinem nocrosHHble MHTErpUpoBaHus A u B B ypaBHeHHUsX (6.2).
Ecnu cMexHas nMHAS 3aMKHYTa 10 KOHLIAM HA HEKOTOPbLIE CONPOTUB-
JIEHWd, TO B Haualle TMHUM NpU X = () HHIYKTUPOBAHHBIC HAMPSKEHUE
OTHOCHTENIbHO 3€MJIH U TOK OYAYT UMCTb 3HAUCHHUS:

Uov = .c0 H jc.v = iCO'
Torpaa n3 ypaHenuit (6.2) cnenyer npu x = 0

UCO =A+B+ szK;

1 (A+B)-ki,. (6.4)

Ioo =~
cB
Onpenenus 0TCI0Aa 3HAUCHUS TIOCTOSHHBIX A ¥ B, MOJCTABMM HX B
ypaBHenus (6.2). [Tposeas 3atem psa npeobpa3zoBaHMii U nepeiras K
runepOonuyeckum QyHKLUUSM, TIONYUHM BBIPAXKEHUS [JIs1 HANPSXKEHHS
OTHOCHTEIBHO 3¢MJIM U TOKA B TOUKE X, MHAYKTUPOBAHHBIX B CMEXHOH
JIUHHMM BCJIEICTBUE 3JICKTPOMATHUTHOIO BJIHMSIHHMS KOHTAKTHOM CETH:

Uc,\‘ =(UCO _kZUK)Ch YX—ZCB(iCO +k]iK )sh Yx+kZUK,
UCO _k2UK

shyx+(Igo +kl)chyx -k, (6.5)
ZCB

1 oy T
HHﬂyKTHpOBaHHble HaHpﬂ)KeHI/ISi Y TOKM B CMEXHOI JIMHWMU BO3HUKAIOT
BCJIEACTBUEC BO3}1€1>iCTBI/l$I Ha HEC CAUHOIO 3JICKTPOMATrHUTHOI'O 1OJIA, o6pa-
3YIOLICIOCA BOKPYT IpoBo10B KOHTAKTHOH CETH. O}lHaKO JUIS obJieryeHms
AHA/IN3a ¥ pacHCTOB BIIMAHUA NMPHUHATO PACWICHATH BJIMAHUE JJICKTpOMAr-
HHUTHOTI'O I1OJI HA ABE COCTABJIAIOIIUE — IJICKTPHUECKOC U MAaTrHHTHOE BJIH-
SIHUST — M PACCMATPHUBATb UX PA3ACAbHO. DneKmpuyeckoe BIUSHUE NIPOSIB-
JIAETCA B HABECACHHUHU B CMEXHOM JIMHUH noTeHuyama no OTHOUICHHUIO K 3€EM-
JIe 1o BO3HCI>'ICT BUCM 3JICKTPUUYECCKOTO I10J151, KOTOPOE CO34acTCs INPHU HAJIU-
YHUH HAIIPAXKCHUSA B KOHTAaKTHOM ceTH. Macnumioe BIvsHUE MPOSIBJIACTCA B
BO3HHUKHOBEHHHU I‘lpO,HOJ'IbHOﬁ 31C B CMEXHOM JIMHHUH, HHlIyKTHpOBaHHOP'I
MArHUTHBIM I10JIEM, KOTOPOE CO344€TCA TOKOM KOHTAKTHOM CETH. HpOﬂOJ'IL-
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Has 3/IC, B CBOIO OYEPE/b, PaACIpeeasch BAOAb JUHHUM, CO3AAET B HEld
HATIPSHKEHHE OTHOCHTENBHO 3€MIIM, U3MEHSIOLLEECS {10 JUIMHE JIMHHUH, a
TAKXE BbI3bIBAET B HEHM TOK, KOTOPbIN 3aMBIKAETCA Yepe3 pacipeaeieHHYIO
€MKOCTb JINHUH OTHOCUTENHHO 3EMJIM WIH FaJIbBAHHYECKHE COE/IMHEHUS C
3emuielt, eI OHU UMeEIOTCsl. B ABYXITpOBOAHOM TUHUM MPONOIbHBIE I/IC,
HHAYKTUPOBAHHBIE B KaX/AOM U3 MPOBOAOB, CO3A4I0T B KOHLE JIUHUH
HEOIMHAKOBbIE HAMPSKEHUS KAXK/I0r0 MPOBOAA OTHOCUTEIBHO 3EMIIH
(BCaeacTBUE MPOAO/IBLHON H MONEPEHHOH aCHMMETPUU JIMHHK). B pesyinb-
T4TE 3TOrO HAa BXOAHOM COINPOTHUBJIEHUU IMOAK/IIOYEHHOTO K JIMHHUU all-
rnapara BO3HUKAET HAIpPSXKEHUE, BbI3bIBAIOLIEE B HEM TOK MOMEXH.

Kpome Toro, TAropas ceTb OKa3bIBACT 2Ab8AHUNECKOC BIUSTHUE (CM.
HWXe I11.7) Ha OJHONIPOBOAHBIE TUHUH, paboune 3a3eMIIeHUs KOTOPBIX
HaxoaTcs B cdepe NpoTeKaHMs DNy XIAOLIUX TOKOB, & TAKKE Ha 3a-
3eMJIEHHBIE COOPYXEHUST 1 KOMMYHHKALIUN,

6.2. IIpuGimmkeHHble YpaBHEHHS
WIEKTPHUYECKOTO BJIIMSIHHSI TATOBOH CETH
HA CMEXKHBIE JIMHHH

Ecny B KOHTAKTHOM cEeTH HMeETCs HAMnpsHKEHNE, 4 TOK B HEH He npoTe-
Ka€T U3-3a OTCYTCTBHS HArpy3KH, TO MOXKHO pacCMaTpuBaTh TOJIBKO 3JIEK~

Tpuueckoe BiusHue. Torna B ypaBHenusx (6.5) cieayeT npuHaTh /= 0.

PaccmoTpum pacnpeaencHue HAMPSXKECHUS W TOKA NO JJIMHE CMEKHOM
JIMHUH TIPH IEKTPUYECKOM BITHSHUM TSl PA3THYHbBIX YACTHBIX CITy4aeB

€,

ee coctosiHus. [Tpumem unaexc “3” 11 0603HaYEHHS COOTBETCTBYIOLLMX
BEJIMYMH MPU UIEKTPHUYECKOM BIUAHUA. Jl1 YACTHBIX Clly4yeB, NOoApo0-
HO PACCMOTPEHHBIX B [J1. 2, MOMYYUM CHEAYIOLUME TPAHUYHbBIE YCIIOBUS.
1. CmexHast TMHUS U30JMPOBAHA OT 3eMIH, T. €. Z5 = o (puc. 6.2, a);
TOrja B Hadane IuHuM (x = 0) u B koHuUe ee (x = /) ToK 3 = ] =0.
2. CMexcHas TUHUS B KOHUE COEAMHEHA C 3eMIIeil Hepe3 CoNnpoTUB-
newue Z = Z,, a B Hauaie u3onuposaHa. Torma npu x =0 [3 =0,
- 73 7
npu x =1 Ug =1,2;.
3. CMexxHas JIMHUS B Hayajie M30JMPOBAHA, a B KOHLE 3a3eMJICHA;

mpux =0 Z,= o, 1% =0, npu x =/ Zy,=0mn U =0.

233



a

I
il
il
N
=
I
i—
“_
u___

h
EN

U‘9 13
4 b
- -3
—_-—"“~_ ‘/
g L~ =2
0 i \\ o 0 ______’7" ]‘
rx . 7
-/
L

Puc. 6.5. Pz\cnpeneneHMe H'dﬂpﬂ')i(eHMﬁ OTHOCUTENIBLHO 3¢MJIH M TOKOB NO JUTHHE CMEX-

HOM NHHHH NPH INEKTPHHECKOM BIIMAHUU. d — CXEMbI COCTOSHNUSA CMEXHOMN JIHHNH,

o — pacnpeneneHue H'dﬂpﬂ}i(&HHFl: 6 — pAacnpeaeiicHne TOKOB; | — NUHUS N30JH4-

POBAHA OT 3EMIIH, 2 —— JIHUs J3AMKHYTA B KOHLE Ha 3€MJII0 4E€PE3 CONPOTUBIICHUE,
3 — NHUHHS 3a3eMIIeHd B KOHLE; 4 — JIMHHUS 343€MJIEHA B HAYaJIe M KOHIE

4. CMexHasi THHUS 3dMKHYTa o KOHUaM Ha 3€MJTIO; NpH X = Ou
) )
.Y:/ 22:0 H UCO=UC/=0-

Jns xaxporo w3 aThx ciayyaeB npH [, =0 M yKa3saHHBIX I'DaHH4-

HbIX YCJOBHUSX M3 OOLUMX ypaBHEHHIH (6.5) MOXXHO HAHTH BbIpaXKCHHS
Ul UHAYKTUPOBAHHBIX HANPSDKEHHS U TOKA. AHAIU3 3THX BBIpAXe-

Huit, NOAPOOHO paccMOTPeHHbIH B [aBe 2, AaeT pacrpeneneHue U2

]2 10 JUTHHE CMEXHOI JIMHHH, MOKA3aHHOE Ha puC. 6.2.

M3 3TOr0 aHanu3za scHo, 4TO NPH INEKTPUUECKOM BITUSIHUH HAUDO b~
11ee HAMPSIKEHUE UHAYKTUPYETCS B M30IHPOBAHHON CMEXHOI JIMHUY,
T. €. B IEPBOM Ci1y4ae, KOTOPbI MO3TOMY JOJKEH SBIATHCA UCXOAHBIM
[IpU pacyeTax 37EKTPHUEeCKOro BiausHUs. OnpenenuM Anas 3Toro ciy-
435 MHAYKTHPOBAHHOE B CMEXHOH JIMHMHM HaMNps)KEHUE NPH TEeKTPH-
4eCKOM BIMSIHUHM. YdHUTbIBAs OTCYTCTBHE TOKZ B KOHTAaKTHOI ceTH
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(]K =0) ¥ rpaHUYHBIC YCIOBHSA A1 U3OJIHPOBAHHONH CMEXHOH ITUHHU
(1% = 13 = 0), u3 BTOpOro ypaBHenus (6.5) nomyuum npu x =/

sh y/

CB

0= ‘(UCO kZU )

otkyaa Uy =kyU, . TTOACTABUB 9TO 3HAUEHHE HATPSIKEHHS B HAuane

JIMHUM B NepBoe ypaBHeHHE {6.5), nonyyum

U = kyUy. (6.6)
TakuMm 06pa3om, HHAYKTUPOBAHHOE B M30JMPOBAHHOH CMEXHOH

JIMHUK HAaNPSDKEHHME MPH YIEKTPHUECKOM BJIHAHMK {J) HEHU3MEHHO [0
ee anuue (muHus [ Ha puc. 6.2, 6). OHo onpeaenseTcs HANMPAKEHHEM B

KOHTAKTHOM ceTH 1 KO3)HLIMEHTOM eMKOCTHOH CBA3H k5 , 3aBUCALIHM

OT COOTHOILEHHUS EMKOCTENH CMEXHOH TMHHM OTHOCHTENILHO KOHTaKT-
Hoit cetn C, . 1 3emnu Cy, cM. bopmyiy (6.3) u puc. 6.3. I1oT KOIPDH-
LMEHT MO)KCT ObITh HAWJCH U3 TIOTEHUHAJIBHBIX YPABHEHUH JJIEKTPO-
CTaTHUYECKOrO MO,

Puc. 6.3. CxeMa ans onpeneneHns
3nekTpuyeckoro BausHuL: K, ¢,
U, — COOTBETCTBEHHO NPOBOA KOH-
TAKTHOI CETH, €ro 3apsl M Hanps-
xenue; K', —g, — 3epKajibHOE OTpa- R .o‘v':,:.:.:.;.:.:.;.:.;‘:.:o:':.; :.:::o,. %% ':,o.ou
*eHue nposoaa K OTHOCHTENBHO

MOBEPXHOCTH 3eMiId U ero 3apsn; C,
4 U, — NpoBoa cMEXHOH JHHNH,
€ro 3apsA U HaBeleHHOE HAMpsKe-
HHe: a — IupyHa cbmkenus; b, ¢ —
BbICOTA nojBeca nposonos; C,.,
C.p— EMKOCTH MeXay NMPOBOAAMH

M OTHOCHTENILHO 3EMJIH
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M3 Teopuy 31eKTpOCTaTHYECKOTO 10151 H3BECTHO, YTO I'PaJHEHT IO~
TeHUMAJIa MOJisl PABEH ITO BEJIMUKMHE K IIPOTHBOIIOIOXKEH 10 HATIpaBIIe-
HUIO BEKTOPY HAMPAMXCHHOCTH MOJIA:

dop

o TE T dop = —FEdr. (6.6")

HanpshkeHHOCTD 3MEeKTPUYEcKOro mnois E 3aps’KeHHOH OocH Ha pac-
CTOSIHHU 7 OT Hee

_q T

2merl - 2ner 6.7

rjae € — abcoIloTHAS AUAIIEKTpHYEcKas TPOHULUAEMOCTDL CPEJIbl; ¢ —
3apsil OCH Ha ANMHE /; T = ¢// — NMHelHas MI0THOCTh 3apaaa.

Morenunan B Touke 4, oTcTosLeil Ha PacCTOAHHH 7 OT 3aPsHKEHHOM
OCH, OIIPEIENIUTCS CIEAYIOILHM 0bpa3om:

T T

0 =fBlr= - p LT, (638)

2ne 2me

[Tockosnbky B cHcTEME NPOBOAOB “KOHTAKTHAst CEThb — CMEXKHas
RNHHAT PACCTOSHUA MEXAY [POBOAAMH U OTHOCHTEILHO 3EMJIH MHOTO
OoJibiIe pajitycoB MIPOBOOB, TO MOKHO CUMTATh, YTO INEKTPUUECKHE
M reOMeTpHUYECKHE OCH NIPOBOAOB COBMAAAIOT, U PACCMATPUBATD 3JIEKT-
POCTATHYECKOE TOJIC 3aPSKEHHBIX MPOBOAOB, a He oceil. Ho nposoaa
PACIIOJIOXEHB! HAJX 3¢MJIEH, M HAJ0 yUYECTh e¢ BAUSHHE HA 3JIEKTPOCTa-
THUYECKOE 110J1€ BOKPYT NPOBOAOB. {7151 3TOr0 UCOJIb3YEeTCd METO JTeK-
TPHYECKHX 3epKalbHBIX U300paxeHui (cM. puc. 6.3), U3 KOTOPOro cie-
AYET, YTO 3aMeHa NpOBOISILEH cpelibl (B JaHHOM Cllyyae 3eMIIH) 3ep-
KaJIbHBIM (OTHOCHTEJIBHO €€ MOBEPXHOCTH) H300PAKEHHEM TIPOBOJA C
3apsaoM oOpaTHOTO 3HAKA HE U3MEHSET IOJIs HAJl €€ MTOBEPXHOCTHIO.
Torpa B o060t ToUuKe NPOCTPAHCTBA BOKPYT NIPOBOA HANPSKEHHOCTH
noJsist ¥ NoTeHuran 6yayT OfpencaaThCcsl 3apsAaaoM MPOBOJA KOHTAKT-

1 . '
HOIi ceTH ¢ (T, ) M €ro 3epKaNbHOrO H306paKeHus g'y = —q, (' = —Ty),
a TAKXKE 3aPA/IOM TIPOBO/IA CMEXHOM JIMHHUH g, (T;) M ero 3ePKaJIbHOTO
M300paXCHUSA ¢'c = —¢c (T'e = ~T¢ ).

H3zBecTHO TAKXe, YTO CUJIa B3AUMOACHCTBHSA JABYX 3apsa/10B HE 3aBUCUT
OT TOI'0, NOABEPrarwTCs JIH OHU BO3ACHCTBHIO Apyrux 3apsioB. Ha stom
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OCHOBBIBAETCS TPHHIUIT HAJIOXKEHUS. B COOTBETCTBHH C 3TUM IPUHLMIIOM
NOTEHLIMAT, CO3JAHHbBIH MOJIEM CUCTEMbI MPOBOAOB B N10OO0I TOUKE Mpo-
CTPaHCTBA, B TOM UYMCIIC HA OJJHOM U3 NPOBOAOB, PABEH CyMME HOTEHLHA-
JIOB, CO3/1aB4E€MBIX B 3TOH TOUYKE KaXK/IbIM U3 3aPHKEHHBIX NPOBOAOB.
Mcxoas U3 MPHHUMIEA HAJIOXKEHHUS HalJeM NMOTeHUHAT B Touke A,
PACCTOSTHHE OT KOTOPOH 10 POBOAA KOHTAKTHOH CETH r, /10 €ro 3ep-

KAJIbHOTO H300PaXX€HUs 7, 10 MPOBOJA CMEXHOW JIMHUK 7, U /10 ero
3epKaJIbHOrO U300pAXEHUS 7.

T

T T T
pq=-| ——Inr +—"—~Inrs + ——Inr, + Ing |+ G,
e 2me 2

TE TE

Ilpunumas BO BHUMAHHE, YTO Ty =-T, M Ty = —T., HOJYIHM

lni—+r lan.
I ¢ 2me . (6.9)

1
=1
P4 K Ime

3neck Cy — CyMMapHas NOCTOsIHHAS UHTErpupoBaHusa. Ecnu Touka
2
A ynanena B 6eckoHe4HOCTb, TO @ = 0. [lpn 3TOM

7 7o I I
£ - -1nu nX=In—==0,

4% T T e
cnegosarebHo, Cy = 0.
[Tonaras Touky 4 HA NOBEPXHOCTH MPOBOJA KOHTAKTHOI ceTH, @
3aTeM — MPOBOJAA CMEXHOUN JIMHMH, nepenuuieM Gopmyny (6.9) B
BH/IC ABYX YpaBHEHHUH, BHIPAKAIOIIMX MOTCHUHAJIBI COOTBETCTBYHO-

1IINUX NpOBOAOB:
Py = Ty + Ty

Qe = TeOle + TeOge- (6.10)
3nech Qe ¥ Q. — cOOCTBEHHDbIC MOTEHIHANbHBIC KOIDDOUIHUEHTSHI,
Oy = O — B3aMMHbIC IOTCHUHAIbHbIE koypdpuLreHTsL. VX 3HAUCHMA

SICHBI M3 COMNOCTABJICHHUs BbipaxeHuit (6.9) u (6.10). YuursiBas, 4ro cob-
CTBEHHBIH 3aps IIPOBOJA CMEXHOM JIMHUHM 0OBIYHO MHOTO MEHBLIE 3apsi-
Ia MPOBO/A KOHTAKTHOM CETH, T. €. T, << T, AOMYCTUM JUIs TPOCTOTHI
1.~ 0. Torna us ypasHeHni (6.10) HafineM ¢ HEKOTOPBIM npubIIDKEHHEM

aCl\'

Pc = Pk (6.11)

Olgk
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PaCCManHBaﬂ IMMOTEHUHUAJIBI TPOBOAOB OTHOCHTCJIBHO 3E€EMIIH, I1O-
JIYYHUM QHAJIOTHYHOE BbIpaXE€HHUE 1A Ha[‘[pﬂ)KeH]/[I\;[ IIpoBOLOB ITPpH JJICK-
TPHYCCKOM BJIMSAHHH.

Ak

U2=U } 6.12
e =V (6.12)

Haiigem noreHunanbHbie ko3hduurenTol. ECiy Touka 4 nexur
Hd NOBEPXHOCTH IPOBOJAA CMEXHOM JIMHUU, TO ry =D u r, =d (CM.
puc. 6.3). Toraa

1 D

In—.
2ne  d (6.13)

Ecnu Touka 4 HaxXOOWUTCS HA TIOBEPXHOCTH ITPOBOJA KOHTAKTHOM

Qe =

CeTH, TO 7 =2b, Iy =Fyp, TAE rap — panuyc nposoja. Torna

1 2b

In s
2ne  myp (6.14)

Ogx =

1 BeipaxkeHHe (6.12) nonyuut cienyonmin BUIL
In(D/d)
0o/ ) (6.14)

[Tockoapky @ — MpHHa cOMMKEHUS; ¢ — BBICOTA NOJBECA NTPOBO-
Ja CMEXHOM JTMHUM (CM. puc. 6.3), MOXHO 3anMUcaTh

D \/az + (b+c)2 1. a?+b*+c%+2bc
In— =" = — In—5——— =
d Ja® +(b-c) 2 4 +b" +c" -2bc
Iy 2bc
1 a> +b xc

2 - 2bc

U2=U

2

&+ b+t

O603Ha4YMB uYepe3 X BTOPOI UjeH B YUCIUTEIE M 3HAMEHATETIE, JIET-
KO ybenuthes, uTo x < 1. Jlorapudpmuueckyo GyHKLHIO MOXHO TIPH
9TOM Pa3nOXKUTh B U3BECTHBIH cTeneHHoH psan. [Tockoneky x < 1, TO ¢
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HEKOTOPbIM NPUOIHKEHHEM MOXHO OTPAHHYHTHCH TOJILKO MEPBLIM
4JIEHOM pAAA:

D 1 l+x 1 X 2he
In==—1n =— 2l X+ —+ +...|=Xx=

d 2 1-x 2 3 5 P byt

2
Beenem obo3HaueHHe k = M yuTEeM TAKXKe, YTO NMpeablay-
ln‘Zb/rnp )

HIUE PACCYKAEHHS NPOBOAHINCH B IIPEAITONIOKEHUN OJIMHAKOBOIT 1nH-
HbI KOHTAKTHOH cetH [ u cMesxHoit iunun /. Torpa npu/, < [, u3 BbIpa-
xeHus (6.14") momyuuM pacueTHyro hopMyny

. . bc {

U2 =kUy——"F—o &, (6.15)

2 2 2 .
a +b° +c c
Ilpu cnoxHoil Tpacce cONMMMKEHKs © n BTIEMEHTAMM KOCOTO W Mapajt-

NenbHOro cOMUXEHUS, eClTH | — HOMEp JJICMEHTa,

ch _ kUK i be

slis (6.15)

5
L2 a,~2 +b" +¢

HJUI BBICOTHI ITOABECA U CCYCHUA KOHTAKTHOM CETH, npnme}memoﬁ
Ha XENE3HBIX goporax O,[lHO(bﬁBHOI'O TOKa, ¢ YUYETOM paCLICIIICHH
($hasbl HAa KOHTAKTHbIH TPOBOM H HECYLHH TPOC MOXKHO NMPHUOTMMKEH-
HO NMPUHATH I OAHOMYTHBIX YYacTKOB & = 0,4, nyis ABYXNYTHBIX
yuacTkoB k = 0,6 [5].

IMpumep. OueHuM BETHUHHY NIEKTPHUYECKOTO BIHAHHS KOHTAKTHOH CeTH OIHO-
(ha3HOTO TOKA Ha CMEXHYIO, BO3AYIWHYtO nmuHHw. TMpumem U = 25000 B, BeicoTy
N0/IBECA PKBUBAIEHTHOrO NPOBOAA KOHTAKTHOMH cetn b =7,5 M, c=6 M./ = [.. Torna

1o opmyne (6.15) noayunm: A OZHONYTHOTO yuacTKa Npu ¢ =15 M Ug =14208B
nnpua =100m U2 = 45 B, anst aByxnyrHoro yuactka npua = 15m U7 = 2125 B,

npn a = 100 m Ug = 67 B. OueBnnHO, YTO C yBeNHYEHHEM LIMPHHBI COMMKEHHUS

WHAOYKTHPOBAHHOC HANPAKCHHE PE3KO YMCHLUIACTCA.

BHCKTPHL{CCKOM)’ BJIUSTHUIO ITOJABEPKEHB!I TOJIBKO BO3AYLIHBIC JIK-
HWH, NIPpUYEM YMEHBULIEHHE BBICOTBI Nnoaseca CMEXHOH TMHHH BEAET K
CHHXCHUIO BIIMAHHUA. ﬂﬂﬂ U3OJINPOBAHHOIO I1pOBOAA, JICKALIECIO HaA
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3emiie, MOKHO NMPUHSTH B popmyre (6.14") d = D win B popmyane (6.15)
¢ =0, Torna Ug ={. KabenbHas nunus ¢ 3a3eMiieHHOH 0B0J0UKOH OT

3CKTPHYECKOT O BIMSAHNA 3allMLIeHA. Bonbluoit noTeHIHan B HECKOJIb-
KO KHJIOBOJIbT MOX€ET HABOAMTLCA Ha OTKIIIOYEHHOI Ans paboThl KOH-
TAKTHOH CeTH OAHOIO U3 MyTEH OT AIEKTPUUECKOTO BIAUSHUS COCEHETO
NyTH HA ABYXIYTHBIX Y4acTKaX OAHO(}A3ZHOr0O TOKa, [MO3ITOMY MECTO
paboTbl ¢ 00eHX CTOPOH JOJDKHO ObITh OTPaXKIAEHO 3a3€MIICHUAMH OT-
KJIOUEHHOM KOHTAKTHOM ceTH. 3HauYUTeNbHBIH HHIYKTUPOBAHHbIA M0-
TEHUMAN NOSBIISACTCA TAKKE HA HE3a3EMJIEHHBIX METAJIMUECKHX COOPY-
HEHUAX, HAXOMSAIMXCA BOIU3M OT KeJIE3HOH 10POrH; MO3TOMY BCE ME-
TAMTMYECKHE KOHCTPYKLMH (MOCTBI, MY TEMPOBO/bI, CBETO(POPHI, OTACHb-
HO CTOALLHKE OTIOPbl, THAPOKOJIOHKH, KPbILIH 31aHUMI U T. 11.), pACHOJIO0-
AeHHbie bike 10 M OT KOHTAKTHOMN CETH NEPEMEHHOIO TOKA, J0KHBI
ObLITb 3a3eMJIeHBI [2].

6.3. IlpubmKeHHbIe ypaBHEHHUA MATHHTHOIO BJIMSIHHS
TANOBOM CETH HA CMEXKHbIE JIMHHH

B cniyuae, eciiv eMKOCTHas CBSI3b MEKAY KOHTAKTHON CEThIO H CMEXK-
HOWH JIMHKEH OueHb MaJla, HAIPUMED NMPH 3HAYUTENbHOMN WHpHHE COMH-
KEHUS, MOXXHO PACCMATPUBATHL TOJBKO MarHUTHOE BiusHMe. Torma B
YPaBHEHHSAX (6.5) MOXKHO NMpUHATL k5 = 0. INpunss unaekc “M” s
0003HAUEHUST COOTBETCTBYIOIINX BEJIHYMH NPHU MATCHUTHOM BIIMSHHH,
PACCMOTPHM paclpeie/ieHue WHAYKTHPOBAHHBIX B CMEKHOM JIMHUK
HATPSIKEHUS OTHOCHTENIbHO 3€MJIM M TOKA MPU PA3AUYHBIX YACTHBIX
Cy4asXx COCTOSHHUS 3TOU JIMHUMU,

1. CMmexHAs JIMHHS M30JIMPOBAHA OT 3eMIM, T. €. Zy = @ (CM. pHC. 6.1);

rpaHuuHble yenoBuaA npu x =0 w x =/ =1 =0.

2. CMmexHasi TMHUS B Haualsie U30JIMPOBAHA, B KOHLE COEMHEHA C

3eMyeill cConpoTuBieHueM Z = Z,, torpanpu x =0 /M ¢, npu x = [
2 p c0 , 11p

Uh =1125.
3. CmexHas JIMHUA B Hadaje M30JIMPOBAHA, a B KOHLUEC 3a3C€MIJICHA,

Tormanpu x =0 Zy =0 u [ =0, npux =1 Z,=0 u yy=0.
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4. CMexHast TIMHUS 3aMKHYTa MO KOHLIAM Ha 3eMilIo, Toraa npu x =0
u x=1 Z,=0 nu Ué'b=Uf§=0.

M3 ypasHenuii (6.5) juis Kax10ro 43 3TUX Cly4aes npu k, = 0 u yka-
3aHHBIX [PAHUUHBIX YCIIOBUSX MOXHO HAHTH (GOPMYIIbI [71% HAMPSKEHHUS
¥ TOKa, HHAYKTHPOBAaHHBIX B CMEXHOH JIMHHUM BCAEACTBHE MArHUTHOT'O
BIIUAHUS KOHTAKTHOW ceTu. Ha puc. 6.4 npeacrapneHsl pacnpeneneHus
HaNpsDKeHUs! K TOKa 110 JUTMHE CMEXHOI JINHUH, MTOYYEHHBIE B PE3ybTa-
T€ aHan3a THX GopMyn U MoAPOOHOIO AHAIM3A, NPUBE/ICHHOTO B T, 2.

CortocTaBuB 10JIyueHHbIC PE3Y/IbTAThl U1 PACCMOTPEHHbIX YACT-
HBIX Cly4yaen, HETPYAHO yOEAUTLCA B TOM, UTO HHAYKTHPOBAHHOE Ha-
NpsiXKeHHe OTHOCHTENbHO 3eMJIH OKAa3bIBAETCS HaMDONBLIUUM ApH 3a-
3eMJIEHHOM CMEXKHOM THHUM HAa OJIHOM M3 KOHLOB, T. €. B TPETLEM CJTy-
yae (iuHUsA 3 Ha pHC. 6.4, 0). [1pH 3TOM HanNpsAXEHHE HA IPYFOM KOHLIE

JIMHMK PABHO IO BEJIHYMHE MPOMONBHON 3AC EN (MHACKC “K yKa3blBa-

€T, UTO NpoaoJibHasa 31C HaBEJACHAa B CMEXHOW TMHUHU TOKOM KOHTAKT-

N

Puc. 6.4. Pacnpenenense HanpsbkeHHH OTHOCHTENILHO 3€MITH M TOKOB T10 JIJIHHE CMEX-
HO# JIMHHH MPH MATHHTHOM BINUSHHUHK: @ — CXEMbl COCTOSSHHSA CMEXHOI JIMHUH;
6 — pacnipenesieHHe HaTrpsHKEeHNit; 8 — pacnpeieieHye TOKoB; / — JIMHUA M307H-
pOBaHa OT 3eMJIM; 2 — JIMHUS 3aMKHYTa B KOHIE Ha 3EMITIO YEPE3 CONTPOTHBIIEHHE:

3 — JIMAMA 3a3eMJIeHa B KOHIE, 4 — JTUHUSA 3a3eMJICHd B HA4YdJI€ U KOHLE
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HOH ceTu). DTOT cilyyail JOJDKEH ABJIATHCA PACUETHBIM IIPH OTpeacse-
HUM OTIACHBIX HATPSKCHHIA,

Haitnem nanpsxenue Uc"{) B HauaJie CMEXHOMN JIMHUH, 3a3eMJICHHOM

B KOHLIE, DY MAarHUTHOM BiusHUHU. [IpuHas k, = 0 W yuuThIBas rpa-

HUYHbBIE YCIOBUS [ =0 U (/& =0, NONY4HM M3 NEPBOTO YPaBHEHHA
(6.5) nnst x =1
0=UY chyl - ZezhiIy shyl,
OTKyza
UM = Z gkl thyl. (6.16)
[Ipu uacrore 50 'y Benuuuna y/ 06pIuHO Mana, mosromy 6e3 Hob-

10# NOrPELHOCTH MOXHO NPHHSTH th Y/ = yl. Yurs 370 ¥ moacTaBuB B
dopmyny (6.16) 3nadenus Z ;. ¥ ¥ k| U3 BbIPAXKCHHS (6.3), nonyuum

UM = Zyo Il = joMy I d =-Ex. (6.17)

[Mpu ciioxHOM COMKEHHH MOJYJIb NPOMOJIBHONA 3/C, & CiefoBa-
TENbHO, MU HANPSHKEHUe B Hauyasle IMHUM, 3a3EMIIEHHON B KOHLIE, Olpe-
JENAETCs KaK CyMMa 3JIC, HaBEACHHBIX HA KaX/OM i-M y4acTKe KOCOro
WITH TAPAJUIENbHOTO CONMMKEHUS:

n
Ek =Uy = wElMKc,-I wili- 6.17)
=

Kax 6b1710 MOKa3aHo B pa3a. 6.2, HpH EKTPHYECKOM BIIHAHUH HAU-
GONbILIEE HATIPSHXKEHUE HABOJAMTCS B H30JIMPOBAHHON CMEXHOM JIMHUM.
ITocKOJIbKY BO3AYLIHBIE IMHUH MOJBEPKEHBl OJJHOBPEMCHHOMY 3JICKT-
PUYECKOMY U MATHUTHOMY BIHMSHHSAM, TO NPEACTABISET NPAKTUUECKUH
MHTEPEC TAKXKE OLEHKA BEJMUYHMHBI HANDPSDKEHHS B Havasle (MM KOHIIE)
M30JIMPOBAHHOM CMEXHON JIMHUM IIPH MAarHUTHOM BIIMSTHUU.

U3 Broporo ypaBHenus (6.5), npuHuMas B HeMm k, = 0 ¥ yUHTHIBas
rpaHHYHbIE YCIOBHS I [IEPBOTO YACTHOTO CJ1y4as — H30JIMPOBAHHOM

nuHuK (KpuBbie / Ha puc. 6.4, 6, 6) [Xy = I3} =0, NOTYUHM JUISL X = l

U - -
0=-—2 shyl+ ki, chyl-ki,, (6.18)

CB
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chyl/ -1
sh y/
CnenaB Te xe npeobpasosanus, yto U B popmyiie (6.16), Haiigem

OTKyna UY% = Z kil = Zowhk thizl" (6.19)

M
UglO = ZKCI.KL=./'(DMKCI-K_[—=_££

2 2 2
Koadduument pzaumonnaykunu M, . MeXIY KOHTYpaMH “KOHTAKT-
Hasi CeTb — 3eMN” M “CMEXHas JIMHUS — 3eMJA™ 3aBUCHT OT LIMPHHBI
cOmmxeHns (YMEHbLIACTCS TIPH BO3PACTAHMH LUMPHHB] COMMMXKEHHMS «) U
OT pa3MepoB KOHTYPOB. B cBOIO ouepenb, pasmMepul KOHTYPOB onpee-
JIIOTCA IPOBOAMMOCTBIO 3EMIIH Y, H HACTOTOH BiMsionlero toxa /. Yem
OonblIe TPOBOIUMOCTD 36MJIM, TEM HA MEHBIUYIO ri1yGUHY pACIIPOCT-
paHsAEeTCs TOK B 3eMJi€ (IPH MAJIOH NPOBOJMMOCTH TOK PACHPOCTPAHSET-
cs1 no HonplueMy o6bemy 3emiin). C MOBBIILIEHHEM YaCTOThbl TOK BbiTec-
HAETCA K IOBEPXHOCTH 3€MJIM H ITPOTEKAET HA MeHbluei rinyouHe. Takum
obpazom, ¢ yBelM4EeHHEM IIPOBOAUMOCTH 3€MJIM M YACTOTHI TOK B 3EMJIE
IpoTEKAaeT Ha MeHbllei rnyOHHe, pa3Mepbl 000HUX KOHTYPOB YMEHbINA-

I0TCH, & 3HAUMT, KOIPGDHLHEHT B3IAUMOMHAYKLMH TAKKE yMEHbIIAETCS.
B . 4 pansl dopmynsl Tomnsuexa, Kapcona (nogpoGHO M3aoxe-
Hbl B uTepatype [4, 29, 30]), no3Bosstoline onpeaesints Ko3hduiiu-
€HT B3aHMOMHIYKLMH MEXAY KOHTYpaMHU “KOHTAKTHAA CETb — 3eMis”
Y “penbehl — 3eMiIf”, @ TAKXKE YKa3aHbl OCHOBHbIE MPEATIOCHIIKH, MPH-
HSATbIE NIpY UX BbIBOAE. IlpuBeneHHbIe TaM GopMynsl Ko3dhduiienTta
B3aMMOHHAYKLMY A PA3JIMUHBIX YCIOBUIM NPUMEHEHUS BEChbMa IPO-
MO3AKM M [UISl NPaKTHUYECKOrO MCIONb30BaHusl HeyaoOHbl. TlosToMy
00OBIYHO KOI(PDHUMEHT B3aUMOMHIAYKUHH MEXY OJHONPOBOLHBIMU
JIMHHUAMU OINIPEIENIOT MO KPHUBBIM (MJIH HOMOIpaMMam), MOCTPOECH-
HBIM 110 3THM GopMynaM B BUAE 3aBUCHMOCTH OT WHPHHBI COMMKEHNS
a (m), mMpoBOAMMOCTH 3eMitH Y, (Cm/M) 1 dacroTsl Toka f (I'lt), mpuse-

AeHHbIM B [4]. Takas 3aBUCMMOCTL MOKa3aHa M B 1. 4 Ha puc. 4.5.

IMpumep. HaiineM BO3MOMXKHbIE 3HAUEHHS NPOAOJILHOM 31C B CMEXHON BO3IylL-
HOM JIMHMK 1 B xune kabens npy yacrore /=50 I'u, Toke [, = 1000 A, npoBoanmo-
CTH 3eMIIN Y, = 5 103 Cm/m, [utHHE cOMMKEHHS C OQHOTY THBIM yuyacTkoM onHohas-
Horo toka [ = 40 kM. Torna w = 314, = 0,55. [Tpn wupune commxenns a = 15 m

ua ‘/10y3f =75, no xpuBo#i puc. 4.5 M, .= 680 1076 Tu/km u E(':V‘ = 4690 B.Ilpn

(6.20)
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a=100m ayf10y,f =500, M, . =325- 1070 TH/kM ¥ 3HAYEHHs TPOROIBHOI IC B

CMEXHOUN BO3AYLIHON JIHHUN Eé"’ = 2240 B.

B kabene umeeT MecTO aKkpaHMpylolliee AeficTBue coceIHHX skt OHO oLgHMBA-
eTcst KOh(PUUMEHTOM IKPAHHPOBAHUS XKW, cocTasnsionm r, = 0,9 + 0,95 ms
xabesteit ¢ UMCIIOM YeTBEPOK xHJ OT 14 1o 7 (jus xabend, ykazaHHOro Ha puc 5.19,
npu /=50 ' r, = 0,9).

BenuunHy npogossHoi sac B 06osouke kabens £, MOXHO HaiTH 1o Gopmy-
e (6.33), nonenus pesynstat Ha /. Torma npua = 15 m E = 117 B/xm, no kprsoit
puc. 5.19 r, = 0,065 1 pe3ynpTHPYIOUAS POAOIBLHASA 3/IC B XKHITE Kabens

Ele = —joMycllcrotory,  Egc =274B.

Mpua=100M E, =56 Bfxm. r, = 0,09, Egy =182 B.

Ou4eBHANO, YTO H MPU CHELUAJILHOM Kabese MOXKET NOABHTbCS He-
06XOAMMOCTb B HEKOTOPOM NEPEHOCE €ro OT KenesHoi aoporu. Hano
OTMETHTD, YTO NPUMEP pacyeTa CAeIaH A/ BECbMa TSKEIBIX YCIOBHM.
OO6bIYHO MarucTpasibHble Kabenau cBs3M ykinaibiBaloT B 25—100 m ot
YKEJIE3HOH JNOPOrH.

6.4. Kparkaa mMeroquka pacdyeToB ONACHBIX BJIMAHHHA
JIMHHI BBICOKOI'O HANPSDKEHUs1 HA LieNH CBSA3HU

6.4.1. Obigme cBegeHHS

BiusiHue sABASETCHS OMACHBIM, €CIIM B CMEXHON JIMHUHA BO3HUKAET
MHIYKTHPOBAHHOE HAMPSHKEHUE, NTPEBbILAIOILEE JOMYCTUMYIO BETHUU-
HY HAIpsHKEHUS NTPUKOCHOBEHHS YEJTOBEKA MITH JIOMYCTUMYIO M0 YCJIOo-
BHAM paboOThbl anmapaTypbl U U3ONAUMH (COCTABIAIOMIYIO JECATKH —
cothu BoJabT). KpoMe TOro, onacHsiM sABISETCS HHAYKTHPOBAHHOC Ha-
npsoxenre B 1MHUM CLIB, KOTOpOe MOXET BbI3BATh JIOXKHOE CpabaThl-
BAHHE pelle U MPUBECTH K OTKPLITHIO CUTHAJIA HA 3aHATBIH y4acTOK.
OnacHoe HanpsikeHUe MOXET BO3HUKHYTH MPH HAJIMYMH B KOHTAKTHOH
CETH JOCTATOYHO BBLICOKOIO HAMPSIKEHUS (MEKTPHUECKOE BAUSHHE),
0OJILILIOrO NMEPEMEHHOrO TOKA (MArHUTHOE BIMSHHE), 3HAYUTEIILHOIO
MOTEHILMAIA PenbCoB (rajibBaHHUYecKOe BIHAHHUE). Bee 3TH ycioBud
HMEIOT MECTO Ha JIEKTPUUECKUX XKEJE3HBIX AOPOrax epeMEeHHOr0 TOKa,
MOITOMY JJI HUX HEOOXOAUMO OMpPENENATh BEJIMYMHY OfIACHBIX Ha-
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NPSHKEHUA ¥ IIPUMEHSATD ClIEUHANbHbBIE, JOBOJILHO CIIOXKHbIE H 1OPOro-
CTOALIME MEPBI 3aLUMTHI OT OMACHBIX BIIMAHHM,

Pacuer BAMsAHHA Ha LENH CBA3U MOXKHO NPOM3BOJHTL KaK MyTEM
OINIPEJENIEHHA HAMPSIKEHUH U TOKOB, TAK U MyTEM OINpEAENCHHS Ne-
PEXOIHBIX 3aTyXaHUH MeXIy BIMAIOWEH U NOABEPKEHHON BIIHs-
HUIO LENSIMH.

PacueT BIMAHMA MEXIY LENMAMH CO 3HAYHUTENbHO OTIHYAIOILHMHUCS
YPOBHSAMH pabouMX HanpsHXKEHUH M TOKOB (HAMPHUMEP, NPH BIIMAHUH
JIMHHUH BBICOKOIO HanpshKEHHMS Ha LeMH CBA3M) LiejiecoobpasHee mpo-
U3BOJMTB, IPUMEHSIS NEPBLI M3 BBILIEYKA3AHHBIX MeTOmOB. Pacuer
BIIMSIHUS MEXY LENSMH C OAMHAKOBBIMM YPOBHSAMM paboyMx Harps-
)KEHMH M TOKOB IPHHATO MPOU3BOAUTH 10 BTOPOMY METOY.

CornacHo npMBeAEHHOMN 311eCh METOANKE, PACUET BIMAHUS IIPH CIIOXK-
HOM Tpacce cOnMKeHus! NPOU3BOAUTCS N0 QopMyam s Napauieb-
HOro CONMXEHHS C NOACTAHOBKOW B HHMX CpeIHHX (3KBUBAJICHTHBIX)
K03 (PNLNEHTOB eMKOCTHOI CBA3M M B3AUMHOM MHIYKIHH, OTIPEMEIIsie-
MBbIX Mo dopmynam

n' n'
ECiAmlm EIA/[iAmlm
m=h Ni=
Ciy="""——, My="——,
/ /
rae Cignr M4, — ¥O03pdULUEHTEI EMKOCTHOMH cBs3U (P/KkM) M B3a-
MMHOHA HHAYKUMH (I'H/KM) Ha yyacTke m ClNOXHOH Tpacchl cOMMXKeHHs,
[ — UHAEKC, OTHOCSILINICS K BIHUSIONIEH JIMHUM,
[, — IUIMHA M-TO y4acTKa TPACCHI COMHKEHHS, KM,
/ — nvHa Beeit Tpacehbl COMMKEHUS, KM,

n' — YHCJIO OTHAENbHBIX YYACTKOB COMMKEHHS ¢ pa3JIMUHON KBHBA-

JICHTHOH IMPHHON COMMKEHUS Ay = Jaa) ,

Ay ¥ ay — PacCTOSHUSA MEXIY TMHUAMM MO KOHIIAM y4acTKa KOCOTo
COMUXKEHUS, M.

Crnoxxas Tpacca CONMMDKEeHUs pa3aenseTcs Ha YYaCTKH TakuM obpa-
30M, YTOOBI KpaTHaiilllie pacCTOSHUS MEXKIY BIMSIOLLEH H [OABEPKEH-
HOH BJIIMAHHUIO JIMHHAMH Ha KOHL@AX KaKIOTO y4yacTKa HE MpeBbILIAH
apyr apyra bonee, yeM B Tpu pasza. Koadduiment B3auMHOH UHOYK-
u M, MEXIly OIHONPOBOIHBIMU LEMAMH TOUHEE MOXKHO ONpese-
JIMTh O METOY, YKA3AaHHOMY B I'JI. 4 111 KOCBIX YYaCTKOB COJIMKEHHS.
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6.4.2. HopmupoBaHHBIe BEJTHYHHBI OINACHBIX HAIPIKCHHH

Honycrumele HaBeneHHbIE HanpsHkeHUus B npoBose (xwie xabens) mo
OTHOLLEHUIO K 3emile MPH YCIOBUH 3a3eMIICHHsI POTUBOTIOIONKHOIO €ro
KOHUA HE A0JKHbI MPEBbILLATH 3HAUeHHI [2, 19, 20], ykazaHHbIX B Tabi. 6.1.

Tabauya 6.1
JlonycTumbie HanpsixeHHs N0 OTHOUIEHHIO K 3EMJIE B MPOBOJIAX JIMHHH CBA3R
M TIPOBO JHOI'O BELUAHH S

Jonycmamsie Hanpsxenus Uy, B

Bua nnuuu cessu Boinyxaennniit | Pexum kopoTkoro
PeXHM 3aMbIKaHH A
2000 npu t, < 0,15;
1500 npu 1,< 0,3;

1000 npu ¢, < 0,6;

BosaywiHas ¢ iepeBAHHBIMM OMOPaMH,
B TOM 4MCNe C Kene300eTOHHbIMHU Np H- 60
CTaBKaMH

Bosayurnas ¢ wene306eTOHHbLIMH W MeTas-
ay 320 npu t,< 0,15;

36 240 nput, = 0,3;
160 npu ¢, < 0,6;

JIHYCCKUMH ONOpaMu M kabenbHas MarucT-
paJ]bHOﬁ 4 l'lpOBOlIHOﬁ CBA3N, NPOBOHOIO
BCUIAHUA |” MCCTHOH CBA3ZM

fIpuntevanue. 3peck t, — BPEMS OTKJIIOYEHHS TArOBOH CETH NMpH KOPOTKOM
3dMbIKAHHMY, C.

Ecnu HaBeneHnHoe HanpspkeHWe IpeBbllIaeT 3HaYEHUs, yKa3aHHble
B Tabn. 6.1, 1 OCYLIECTRIAIOTCA CIIELHATBHbBIE MEPDI 110 3A1LHTE U TEX-
HHKE BE30MACHOCTH, TO AOMYCTUMOE HAMpPSAKEHHE NPUHHUMAOT paB-
HBLIM: MIPU BBIHYKAEHHOM pexnMe paboTsl TATOBOH ceTH — NeHCTBY-
IolleMy 3HaueHH10 pabouero Hanps>keHUs AUCTAHLIMOHHOIO ITUTAHUS
YCTPOHCTB CBSA3M; IPH KOPOTKOM 3aMbIKAHHUU TATOBOH ceTH — 60%
UCMILITATENILHOIO HANPHKEHWS H30JAUMM XKHIJI Kabens U BXOAHOrO
o0opy/lOBaHHs annapaTypbl CBSI3H.

PacyeTHbIMM pexXHMaMUu ISl ONpPeAeIeHUs] OMACHBIX BIMAHHH sB-
JISIIOTCS BBIHYWICHHBIN PEXUM (MPH OTKIIOUECHHUH OJHOM U3 NojcTaH-
LHIH) U PEeXKHUM KOPOTKOTO 3aMBIKAHHH B KOHTAKTHOH CETH, NIPH KOTO-
PhIX BIMSIOWIMNA TOK HMeeT Haubonpluyo BenuunHy. Hopmel gonyc-
THMBIX Hanpsokenuit U, B CMEXHOi IHHHHM (cM. Tabn1. 6.1) 3aBHCAT OT
HA3HAUYCHHUS W BHAA JIMHUH, & TAKXKE OT pacueTHOro pexxuma. Tax, mis
BO3AYLIHBIX JIMHHUIH CBS3M Ha JIEPEBSHHBIX OIOPAaX Ua = 60 B niput BbI-
HyX)eHHOM pexume, U, = 1000 B npn KOpOoTKOM 3aMBIKAHUH; HA XKe-
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Ne300eTOHHBIX 0nopax — cooTBeTCTBeHHO 36 B m 250 B (Mau 160 B »
3aBHCHMOCTH OT BPEMEHH OTKJIFOUEHHS KOPOTKOIO 3aMbIKAHUSA).

Bennuuna pesynbTUpYIOIEro HHAYKTUPOBAHHOTO HATIPSKEHHS B
CMEXHOMN JIMHKUH ONPE/ICNAETCA B 3ABUCUMOCTH OT OJHOBPEMEHHOTO BO3-
JEHCTBHA pasHbIX BUAOB BIUSHUA. IS BO3AYIUHBIX CMEXHBIX JIHHUIA
NPH COBMECTHOM IEKTPUYECKOM U MArHUTHOM BIMSAHHAX PE3YJILTH-
PYIOLLCE HATIPAKEHHE HAXOOUTCH € yYeToM caBura no dase oaHoil co-
CTaBJISFOUIEH HAMPAXKEHNUS OTHOCHTEIILHO APYroi Ha yrosl okojo 90°
no npudmukeHHo# popmyne

U = (U2 + (U8 . (6.21)

Jns Bo3AyIIHBIX U KabenbHbIX OAHOMPOBOAHBIX JHHHI ¢ pabouu-
MH 33a3EMJICHUSAMH OJHOBPEMEHHO NPOABISAIOTCA MATHHUTHBIE M Tallb-
BAHHUYECKHE BIIUAHUSA:

VT = WU + (U (6.22)

Jna xabeabHBIX THHUN Ge3 paGouux 3a3eMIEHHIl onpenensercs
TOJILKO MarHUTHOE BIUSIHUE [/}, IOCKOJIbKY SNEKTPHUYECKOE U TalbBa-

HMUYECKOE BJIMSHMA HA TaKYIO JIMHHIO OTCYTCTBYIOT.

Cocraprsiomye pe3ynbTHPYIOIUX HANPAXKEHHH MOI'YT ObITh Haii-
nensl o GopMynam, NpuBeAEHHBIM B pasa. 6.2 u 6.3. I1pu 3Tom creny-
€T Yy4eCTh, YTO OHH JOJIKHBI ONPEAETATHCH /U1 OJHHAKOBBIX YACTHBIX
CIIy4aeB COCTOSHMS JIMHMM. [Ins npuMepa Ha puc. 6.5, ¢ nokazaHa sek-

UM M . P

a 6

Puc. 6.5. BekTOpHBIE OMATPaMMBI MHIYKTHPOBAHHBIX HATIPSXKEHHI B CMEXHOI
JINHHH TIPH OXHOBPEMEHHOM IEKTPUHECKOM M MArHHTHOM BIMSIHUH: d — JIHUSR
H30JIMPOBAHA OT 3€M/TH; 6 — JIMHHUSA 3a3e€MIJIeHa HAa OTHOM M3 KOHLIOB

247



TOpHAs guarpaMma JUis ofpeaelieHus pesyIbTHPYIOLEro HanpAkeHus
B M30JIMPOBAHHOI OT 3¢MJIM BO3AYLIHOH JIMHUH, YTO COOTBETCTBYET
YACTHOMY Ciydaio / Ha puc. 6.2, 6 1 6.4. 6. 31ech HANPAXKEHHs HA KOH-

nax IUHMM U™ ¥ U™ CcOCTaBSIOT B CyMME TpOAoTbHyIo 3¢ EM
C C y C

HUMET OTHOCUTENBHO 3eMIM pasHble 3Haku. Ha puc. 6.5, 6 npuseaeHa
BEKTOPHAS AMarpaMMa Ui pe3yIbTHPYIOLIErO HAMPSIKEHUS HA OJHOM
13 KOHLIOB JIMHHMH MTPH 3a3€MIIEHHH €€ Ha APYroM KOHLE (BapHaHT 3 Ha

puc. 6.2, 6 u 6.4, 6). 3neco UéM — HAnpsKeHHe B KOHLE JTUHUM NTPH
3a3eMJIEHHUM €€ B Hauyaje H Ué’M — HanpsbkeHHe B Hayale JIMHUH
npH 3a3eMiicHuu ee B korue. Keratu, U3 3THX BEKTOPHBIX AHATPAMM
BUAHO, UTO U151 60Jiee TOUHOTO ONpeAeSICHUS PE3YyAbTHPYIOWICTO Ha-

NpAKEHNS HAO y4eCTb, 4TO Yrojl Mexay U2 U UY OTIM4aercs oT
90° Ha yroJ CIBMra @ MeXIy HalpsKeHUEM B KOHTAKTHOH ceTH Uy

M TOKOM B Heil [, . DTH AHArPAMMBbI [IOCTPOEHBI NIPH yCIOBHH, YTO

pabouee HAMPHKEHUE CMEKHON JIMHHH MHOTO MEHbIIC UHAYKTHPO-
BaAHHOTO (B JINHUW CBA3H).

IMpu TpexdhasHOH CMeKHOH JIMHHUH pe3y/IbTHPYIOLIee HANPAKEHUE
JIOJIKHO OINpeNenarbes A Kaxao# ¢aswl ¢ yueTom pabouero Hamps-
xenus. Ha puc. 6.6 nokasanbl BEKTOPHbIC AMATrpaMMBbl Ulsl Tpexdas-
HOI HH3KOBOJIbTHOMH JIMHHH, NMUTAIOUIEH HETArOBbIE MOTPEOUTENH OT
aunun JIP yepes noHmxkaiowme TpaHchopMaTophbl C H30JIMPOBAHHOH
HENTpanblo. 31ech JieBasi — MPH HalPaBJECHUH CMEXHON JHHUHU OT MO-
Hmxkatowero tpaicpopmaropa (I1T) B cTopoHy TAroBOro TpaHc(op-
maropa (TT) noacraHunu (cinyyait / Ha cXeme MUTaHUs); 1IpaBas — MpU

% 9

HaMpaB/IeHHH OT MOICTAHLMM (CIydaii 2); MHAeKC “c”, O3HAYAIOLIMH 1pH-

HAAIEKHOCTb BEIMYMHB! K CMEXHOM Jmuny, onywed; U, , Uy, U, —
pabouue HanNpsKeHHs Qa3 CMEXHOM JIMHUM TIPH OTCYTCTBUM BIMSHHIL.

HanpaBneHne BECKTOPpA HAIIPAXKCHUA KOHTAKTHOI CeTH UK NPUHATO

COBNAAANYLIHM C HAIIPABJIEHHEM BEKTODA ch, 3TO COOTBETCTBYET IIPU-

CoeAMHEHHIO (pasbl b TATOBOTO TPAaHC(HOPMATOPA K KOHTAKTHOM CETH BIIH-
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Puc. 6.6. BekTopHble AMAarpaMMBbl HanpsokeHH no ¢asaM B N301MpPOBAHHOMN OT
3eminn BO3AyLIHOMN TpexdaszHoi cMexHoM UM, nuTatolleiica mo cucreme ATTP:
@ — CcXeMa IMTUTAHUs CMEeXHO# TpeX(hasHOM TMHNK; 6 — BEKTODHBIE IHATPAMMBI

sowelt puaepHoit 30HbI, a asbl ¢ — K penbcaM. TOk B KOHTAKTHO#H
ceTu {, OTCTACT OT HANPSKEHHS HA Yrol @;

[/?— HABENEHHOE B CMEXHOU JIMHUM HATPSKEHUE OT 3MEKTpUUeC-
KOro BIUSAHUS;

[JM — WHIYKTHPOBAHHOE HAIPAXXEHHUE NPH MATHUTHOM BIIHSAHHH,
orcratouee ot [, Ha 90% [y — cyMMapHOe HaBEIEHHOE HalpsKe-

HME B CMEXHOM JTMHMU; [JM , UM, UM — pesylbTHPYIOLME HATIPS-

KeHus a3 cCMeXHOU NMHUM NPU OAHOBPEMEHHOM IJIEKTPHUCCKOM H
MATHUTHOM BJIMAHHUSAX.

Kak BUIHO U3 BEKTOPHBIX JHArpaMM, B CMEXKHOM JIMHMH MO BIIUS-
HHMEM TATOBOM CETH BO3HHKAET HECHMMETPHYHAs! CHCTEMA HANPSKEHHH.
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[1pu 3a3eMIeHHOI HelfTpany NOHMKAOLIEro TpaHchopMaTopa ekK-
TPUUYECKOE BJIMSIHUE MOXKHO HE YUUTHIBAThH, U BEKTOPHbIE JUATPAMMEBI
YIPOLIAITCA, TaK Kak BeKTopbl U n UM uckmodaroTcs.

[1pu onpeneneHU MarHHTHOTO BIIMSIHUS OYCHb BAXXHBIM SIBASETCA
BOMPOC BbIOOpA BEAHUUHBI BIHUSOLIETCO Toka. [is pexxuma KOpOTKO-
ro 3aMbIKAHUS OH OTpeenseTCs MO U3BECTHbIM GOpMYaM KakK TOK
KOPOTKOrO 3aMblKaHUs. PacueTHas Touka KOPOTKOTO 3aMbIKaHHU S Bbl-
OupaeTcs B KOHUeE (HAepHON 30HbI, €C/d ee JJIMHA MEeHbIlIE UITH paB-
Ha JUTHHe cOMKeHUsa co cMexHol nuuuell. Ecnu nnuHa cOnuxeHus
MeHbLIE JIHHBI puaepHoO 30HbI, TO pacyeTHAs TOUKA TPUHHMAECTCS B
KOHLIE cONMMMKEHHUS.

B BbIHYKIEHHOM pexuMe paboTbl CUCTEMBI 3HEPTOCHAOXKEHHUS NIPU
OTKJIIOYEHHH OJHOM W3 NMOJCTAHUMEK TArOBas CeTh KaxaoH u3 dbuaep-
HbIX 30H, NPWJIEraloUMX K 3TON NOACTAHLMH, N0J1y4aeT OOHOCTOPOH-
Hee NMMTaHWE OT COCEJHHUX MOACTaHUMA. Bauswowmit Tox A1 3THX YC-
NOBUIL onpelensioT 3a Nepeble 5 CEKYH/ MOCie OTKJIIOUEHHS MMOACTaH-
LIMH, KOTJAA HA YUACTKE HAXOAATCS el BCe Moe3/1a, ABUIraBLUHECs IPH
HOpMaJibHOM pexxuMe. [Ipu 3TOM HanpskeHue B TACOBOM CETH 3HAYM-
TEJIbHO CHMXKACTCSH, U Y YAAJIGHHBIX OT NMUTAIOUICH NOACTAHUUH IJIEKT-
POBO30B OHO MOXET OKa3aThCs HUXEe MUHUMAIBbHO lonycTuMoro. Tor-
Jia Ha 9THX AIEKTPOBO3axX cpaboTaloT pejic MUHUMABHOTO Hanpske-
HUSI, 1 OHH OTKIOUaTcs. B pe3yabTate BblNaJeHHS NMOJACTAHUMUH Ha-
FPY3Ka COCEeHUX MOACTAHUMH YBETHUYHNTCS, HO HE HA IMOJIHYIO BEJIMYH-
HY Harpy3kH BbillaBiliel MOACTAHLMH, & HA HEKOTOPYIO yacTh ee. Jdoc-
TATOYHO TOUHO ONPEACNIMTD ITO YBEJIMUEHHE HATPY3KH TpyAHo. [1oaTo-
MYy MIpeisioxeH cnocod onpeaesicHUsl BIMAIOWIECIO TOKA, OCHOBBIBAKO-
wuiics Ha (HU3MYECKOH AHAJOTHH MEXAYy MaKCHMAaJbHbIM NMa/IeHUEM

HATPSKEHHs B TATOBOM ceTH AU, pu¢ M TIPOAOJIBHOMN 9/C B CMEXHOI

muan EX 3, 8] Micxons u3 sToro nonoxenus dpopmyiy (6.20) Mox-
HO MPEJACTABHTH B BUIE
ZKC

K

E = AUKmaxlrpror)K- (6.23)

Jnst BO3AYLIHBIX CMEXHBIX JIMHUH 1, = r, = 1. Benuunna AU, ..
MOXET ObITh OMNpE/IENeHa KaK BEKTOPHAs PA3HOCTb MEXy HANPSKEHH-
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€M MOJACTAHUNH H MUHUMAJIBHO JOIYCTHMbIM HANPSHKEHUEM HA DIIEKT-
pOBO3e, MOCKOJILKY Y YAAACHHBIX 3IEKTPOBO30B HAIPSIKEHUE [IPH Bbl-
HYX/IEHHOM DEXHME MOXKET OKa3aThCA OIM3KHM K MUHUMANbHO JONY-
CTUMOMY (Ha TPy30HANPSKEHHBIX YHACTKAX).

6.4.3. PacuerHvlie peXHMBI H KpPAaTKasd METOQHKA
pacdera OIACHOIO MArHHTHOIO BJ/IHSHHS

OnacHble HanpsikeHusi, 0OYCIOBIEHHbIE MATHHTHBIM BIIUSTHHEM,
ONPEAENAIOT Ha KaXJIOM U3 KOHLIOB POBOJA PACYETHOTO y4acTKa LEnu
CBSA3H NIPU 3a3€MJIEHHOM ITPOTHBOMOIOXHOM KOHLE A/t PACYETHLIX
pexHMOB paboTel BiMsAOLIeH JUHUK. Bosiblliee W3 MOXYYEHHBIX 3HA-
YEHUH ONACHOrO HarpsHKeHHs CPABHHUBAIOT ¢ HOPMAMH.

PacueTHbIMU pexuMaMu paboOThbl TSATOBOIl CeTH MPH OMPEACIEHHH
ONACHOI'O HanpsikeHus aBaswores [2, 19]:

BLIHYXJECHHBIH PEXHM, IIPU KOTOPOM OJiHA U3 TATOBBIX IMOACTAH-
LM BpeMeHHO (Kak NpaBUiIo, He Dosee YyeM 2 u) OTKIKYEHA U BCE JIo-
KOMOTHBBI, PAaCMONOKEHHbIE Ha MEXMOJACTAHIMOHHON 30HE, Mojyva-
10T HUTAHHUE OT OJHOM TIOACTAHLINHY;

PEXKHM KOPOTKOTO 3AMBIKAHUS B TSTOBOH CETH.

Jns KaKA0ro M3 3THX PEXUMOB NMPOBOAST JIBA PACUETA BIIMAIOLMX
TOKOB IIPY NMUTAHHU OT OAHOH M APYro# MOACTAHLMH, U N0 HonblueMy
3HAYEHHUIO TOKA OMPEAEISIOT OMACHOE HANPSKEHUE HA KOHLE CMEKHOM
JTUHUA,

OnacHble BIIMSHUS Ha TMHUY IIPOBOAHOI CBA3M MOTYT BO3HHUKATh B
cneyomux pexxumax pabotsr JISI1 [19, 20

3azeMiieHue (pazHoro nposoja tpexdaszuoit JIDI ¢ 3azemiueHHo
HEHTpanblo;

3a3eMJICHUEC OAHOTO WIH ABYX (a3HbIX MPOBOAOB CHMMETPHUYHBIX
JIDI1 ¢ uzonupoBaHHON HelTpanblo;

HOPMaJbHBIH pexuM paboThl HecuMMeTpuyHbIX JIDIT u 3azemie-
Hue a3Horo nposoja.

OnacHoe HanpskeHHe (4 TAKXe MPOAOJBHYIO 3/IC) B MOABEPKEH-
HBIX BIMSHUIO KOMMYHHKAIMAX ONpefensioT no gopmynam, B:

pU NapajjeyibHOM COMKEHHH

UY =veoMskylyly; (6.24)
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[IPU CII0XKHOM Tpacce cOMMxXeHns
M n
U™ =vewkyly E]Misilai- (6.25)
[

B stux dopmynax v, — xo3(huUMEHT, XapaKTepPU3YIOLIUH BOIHO-
BbIE MPOLECCHI B UEMH CBA3U. s BO3AYIIHOH JIMHUM CBA3U 0060
JUTHHBIL, 1719 y4acTKa KabenbHO# Lienu cBa3u anuHoit MeHee 40 kM u A
ApYTMX KOMMYHHMKAlHH NMPUHUMAIOT v, = 1; 1nis yuyactka KabenbHOM
Leny CBs3H JUTMHOM Gostee 40 kM ero onpeaenstor no Gopmysie

chycle

Ve = m (6.26)

rae y. = a. + jB, — MOCTOsAHHAS PACnpOCTPAHEHHs! OJIHONPOBO/-
HOW Lenu, NOABEPXKEHHON BAMAHUIO, 1/KkM; o, B, — COOTBETCTBEHHO
ko3 puuueHT ocnabienus (3aryxanus) (Hn/km) u koadpdunveHT passbl
(pan/kMm) uernu cBszu.

B dopmynax (6.24) u (6.25): w = 2nf/' = 100x — yrmosas qacTora BIIH-
SIIOLLEro TOKa (ITpH pacdeTe onacHbIX BAUsHUM f = 50 I'u); M — Bzaum-
HAs MHIYKTHBHOCTbH MeEXy ABYMs OAHOIPOBOAHBIMHU Lienamu, I'H/KM
(cm. dopmyny B Taba. 4.2 wiu puc. 4.10 npu f = 50 'y wu k& = 1);
wM = Z,. — CONPOTHBJIEHUE B3aHMHOI WHIAYKLIUH, OM/KM; k¢> —
K03hGHLHEHT GOPMBI KPUBOI BIMAIOLLETO TOKA (ITPY pacyeTe BIHSIHUS
TAFOBOI CETH B BBIHYXK/CHHOM pPeXUMe pabOThl Ha MPOBOJA BO3AYLI-
HbIX JIMHUH U HA 000J104KH Kabenel MpUHUMAIOT kq) = 1,15, Ha kabenb-
HbIE HHIIbI k(b = |; B pe)XUME KOPOTKOro 3aMbIKAHUA TANOBOH CETH M
quist tpexdasHbix JIDIT npu mo6bIX JIMHUAX CBSI3H k(b = 1); I, — Bnus-
IOUIMI TOK B COOTBETCTBYIOILEM PACYETHOM pexkume, A; [, — anuHa
cONMKEeHNs, KM, § — pe3yibTHpYyIomni koG PULIMEHT IKpaHUPYIOLIe-
ro (3alMTHOrO) IEUCTBUS:

$ = 55865 (6.27)

rae s, — K03(pOULMEHT 3KPaHNPYIOLIETO NEACTBUS PEJIbCOB; S, —

TO € METaJNTMHECKUX IOKPOBOB Kabelisi; s, — TO XK€ CUCTEMBI C OTCa-

ChIBAIOLIMMU TpaHchopMaTopaMu. dns tarosoit cetu 6e3 oTcacbiBalo-
uux TpaHchopmatopos s = 1.

B dbopmysie (6.25) i, n — cOOTBETCTBEHHO HOMEP U UUCIO YyYACTKOB
CJIOKHOIO CONMKEHMSE; BEJIMUUHBI C HHACKCOM i B GOpPMYJIE OTHOCATCH
K [-MY YY4CTKY CIIOKHOTO COJTUMKEHUS.
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B dopmyne (6.26) I, — paccrosHUE OT KOHLIA PACUETHOTO y4acTKa
UENH CBA3H (IPOTUBOMOJNIOKHOIO TOMY, Il KOTOPOI'O OMPEeSeTcst
HaBe/IEHHOE HAIpshKEeHUe) 10 CepeAMHbl yudcTka cOnkernus, kM; [ —
JJIMHA pAaCUETHOIO YYACTKA LIEMH CBA3H, KM.

6.4.4. OnacHbpre HAapPsIKeHH
IIpH TATbBAHHYE€CKOM BIHAHHH

CMexHble TMHUH, UMEIoLINE 3a3eMJieHHUs (OAHONPOBOAHbIE HEelTH —
tenerpadueie, CIIB, nMHUKM AUCTAHUMOHHOTO NUTAHUS YCUIMTENEH
MEXYTOPOAHBIX LICTICi CBA3M, 3a3EMIIEHHBIE UJIH MPOJIOKEHHBIC B 3eMJIC
METAJIIMYECKUE COOPYKEHHS U KOMMYHMKAUHH), NOABEPKEHDBI, KpoMme
MarHUTHOrO, TAKXKE rajlbBAHHUYECKOMY BIIMSIHHUIO 3JIEKTPUUECKUX Ke-
JIe3HbIX A0por. 'anbBaHUYECKOE BIUSHHUE (CM. HHAXKE TJ1. 7) BbI3bIBAETCS
OnyxJarIUMH TOKAMH, BOSHUKAIOLIUMU BCIEACTBUE YTEUKH TOKA U3
peNibcoB B 3eMilt0. I1py 9TOM MOBbBIILIAETCSA MOTCHUMAN PEJILCOB H MPU-
JIErarIuei YacTH 3eMJIM OTHOCHTEILHO YJaJIeHHOH Macchl 3eMJH, HMe-
tollied HyJ1eBOH NoTeHUMa. [1pH y1aneHHH OT PeJIbCOB FIOTEHIIUAT 3EM-
nn cHMxkacetcsl. B cBoto ouepeb, NOTEHIMA PEabCOB BOJb PEbCOBOI
Lery Takke u3Mensietcs. Takum ob6pa3oM, MOTEHUMAN B Pa3IUUHBIX
TOYKAX 3eMJIM 3aBUCHUT OT MHOTHUX (pAKTOPOB: TOKA B KOHTAKTHOI ceTH,
COTIPOTHURIICHUS PEIbCOB, TIEPEXOAHOIO COMPOTUBJIEHUS “‘peNbChl —
3eMJia”, MPOBOJUMOCTH 3eMIIH (M3MCHSIOLIEHCS B LWIHPOKUX Mpelenax
or 1071 1o 1074 Cm/m m 6osice B 3aBUCMMOCTH OT COCTABA TPYHTA H
KJIMMATHUYCCKUX YCNOBHIA, cM. 1. 7).

Ha pabGouux 3a3eMileHUSIX OJAHOIPOBOJAHONW CMEXKHOH JUHHU NO-
ABJISIOTCS MOTEHUMAT Bl MPUJIEFAIOUIMX K HUM Y4acTKOB 3€MJIU, a NOo-
CKOJIbKY 3TH MOTEHIHAbl PA3IMUHbL, TO HA JIMHUIO BO3JEHCTBYET

[TOCTOPOHHEC HANIPAXCHUC AJIBBAHHYCCKOI'O BJIMAHUA U(';, paBHOEC

Pa3HOCTH MNOTEHUHANOB 3a3eMiIeHuil. CMexHass OJHOIPOBOJHAS
JIMHHUS MOXET pacrnoJjiaraTthcs napajjelbHo, oA YIJIOM WIH Tep-
TMEHAUKYJISPHO K KeNe3HOJOpOXKHOH TUHUU. B 30He nelcrBus yka-
3aHHBIX MOTCHUMAJIOB 3CMJIH, BBI3BAHHBIX TOKAMHU YTE€UYKH, MOTYT
okazartbca nubo oba pabouux 3a3emyeHus, NMOO OJHO W3 HHUX, 4
JIpyroe — B YAaJIeHHOH TOYKE 3€MJIH C HYJIEBbIM MOTEHUHagoM. B

MocjieJHEM Cllydae BEMMYMHA Hanpsbkenus {0 Oyiaer HaubosblueH
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C H PaBHOH NOTEeHUHANy Oxaii-
? uero pabouero 3asemseHus (Ha
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1

puc. 6.7 a; v ay, — paccTosHus
OT TATOBOH CETH /IO COOTBETCTBY-
3, romlero sasemuutens; R, — co-
NMPOTHUBJACHUE BKIIOYEHHBLIX B
CMEXHYIO JIMHUIO alnaparos).

3

_Tl}o_______o

a

N

OueHka BEJIMYUHBI Ut B 3aBucHU-

MOCTH OT WHUPHHBI CONMMKEHHUS H
a MPOBOJAUMOCTHU 3EMAU NS Xe-
f JIE3HBIX AOPOr NMEPEMEHHOTO

TOKa MOXeT OBITh [POBEAEHA 110

Puc. 6.7. K onpenenennio ranppannuec- CNCHNATLHLEIM KPHBBIM, NMpPHBE-
KOro BJIHAHMS ¢ — cXeMa pacnojioxke- HJCHHBIM B [9,10]. B pe3yinbTaTe
HHSA 343EMIIEHHIA 31 1 3) CMCXKHOH TMHUKM  NTPOBEIEHHBIX IKCIIEPUMEHTAJ b-
C oTHOCUTENLHO TArOBOI ceTn (K, p); HbIX HccienoBaHuit [11] gansl

6 — KpuBag H3MCHCHHS TIOT
p CHUMANE  Hopble peKOMEHAAUHMM TIO ONpe-
3emin U,

U, (a)

JENEHU IO Ucr, U3 KOTOPBIX, B 4a-

CTHOCTH, CIIEAYET, YTO B HENOCPEACTBEHHOI OJIU30CTH OT PENbCOB
MoryT ObiTb DOJIBlIME Nepenafgbl MOTEHUHUANIOB, DTO HEOOXOMMMO
YUHTHIBATH U1 obecnieuenns 6€30MacHOCTH NP HPOM3BOACTBE pa-
60T Ha XeNe3HOH Aopore, noApoOHO cM. 1. 7.

[asbBaHHYECKOE BIMSIHHE PACCUMTBHIBAETCS It OXHOMPOBOAHBIX
CMEKHBIX KOMMYHUKALMH, UCMIOIb3YIOLIMX B KAYECTBE OOPATHOTO NPO-
BOJA 3EMJIIO, IIPU BBIHYK/ECHHOM PEKHME U MPH KOPOTKOM 3aMbIKa-
HHH TAroBo ceTH. OnacHoe HanpsKeHHe MTPU ralibBAHUYECKOM BJIMS-
HuM U' onpenensieTcs pasHOCTbIO NOTEHINAJIOB MEXIY TOYKAMH 3a-
3EMJICHHUS OKOHEYHDIX ITYHKTOB LEMH CBSA3H, KOTOPYIO HAXOAAT 110 Me-
TOJMKE, NPUBEAEHHON B 1. 7.

ITpu HanuuMy B TArOBOH CETH OTCACHIBAIOLIMX TpaHCGOPMATOPOB,
a TakXe, eCJIU POBOAUMOCTD 3eMiu o = 100 - 1073 CwMm/M, ¢ ranbpBaHu-
YCCKUMH BIMAHUAMH MOXHO HE CYMTAThCs. [IpakTHueckH mpH Tokax
Harpysku o 1000 A yxe ans o = 100 - 10-3 Cm/m noTenuuan 3asemie-
HUs He npeBblluaeT 36 B.
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6.4.5. OnacHele HaNpsDKEHHS
IPH ZIEKTPHYECKOM BIHSIHHH

Onacunoe HanpsKeHHe, 00yCHOBIIEHHOE 2JIEKTPHUYECKHM BJIMS-
HHUEM, OIpEAENETCA TONbKO [IJ5 BO3AYLIHBIX (IIOJBECHBIX) JHHHUH
CBSI3M U KOMMYyHUKauuii. [Tpu cnoxHoOM cOAUXKEHUH €ro paccyu-

TBHIBAIOT MO popmyie
be & Lipa

(]3=l]]3’<'9 )
12 a} +b% + ¢

(6.28)
3neck U, — HanpsxeHue Buusouleil nuuun, B (pn pacyere Baus-
HUA OT THArOBOIA ceTH nepementoro toka Uy = 27 500 B; ot JIDI ¢
U30MPOBAHHON HEMTPaNbio MPH 3aMbIKAHUH (A3HOTO NPOBOJA HA
semiio U, paBHO jiiHeiHoMy Hanpsbkenuio JISTT);

K2 — K03(PHULHEHT EMKOCTHBIX COOTHOLIEHHH, YUHTBIBAET 3JIEKTPH-
yecKOoe BIMAHHUE JIOMOJHUTE/IbHBIX TPOBOOB, PACION0XKEHHbIX HA OMO-
pax KOHTaKTHOI ceTH, cM. Tabn. 6.2.

Tabauya 6.2
Yucno AOMONHHUTENBHBIX Inauckis K npu ancie nyreii
POBOJIOB 1 5
0 0,4 0,6
0,5 0,7
2 0,6 0,8

IMpu pacuere BausHus I3« = 0,25; b — cpennss BpicoTa ojseca
POBOJOB BAUSAIOIIEH JIMHMY, M (U1 TATOBOH CETH b —- 9TO paccTOs-
HHE OT FOJIOBKH PETbCa 10 9KBUBAJIEHTHOrO KOHTAKTHOTO NIPOBOAA, MPU
CylLIEeCTBYIOLIEH KOHCTPYKLIMH KOHTAKTHO# ceTn b = 6,93 m); ¢ — cpen-
H$IS BBICOTA IIOJIBECA TIPOBO/IA CMEXXHOH JINHHH HAJl NOBEPXHOCTBIO 3€M-
JIH, M; @; — LWIMPHHA COMMKEHHS MEXKIY BAMSIIOLIEH THHHEN ¥ TMHUEH
CBSI3H Haz M y4acTKe COMIKEHNs; p;, ¢; — KOIQ(HULHEHTB! IKPAHUPOBA-
HHS COOTBETCTBEHHO 3a3€MJICHHBIMM BO3AYIIHBIMHU MPOBOAAMU H
CIUIOIIHBIM PAAOM [epeBbeB (IIPH HAJMYUHU TAKOrO 3KPaHMPOBAHHS
pansuus JIDT1 Ha i-M yuacTke cOMMKEHHS KaXAbIi 13 3THX Kodbduum-
€HTOB NMPUHUMAIOT paBHbIM 0,7; MpU OTCYTCTBHM 3KPAaHMPOBAHUS, 2
TaKKe st TATOBO# ceTH p; = q; = 1).
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6.4.6. Pe3yrsTHpyIoHnlee OIIACHOE HAIPIKCHHE

TIpH BBIHYKIEHHOM pexXuMe paboThl TATOBOI CETH B U30JIMPOBAH-
HBIX [MPOBOJAX CMEXHOH BO3AYILHOH JIMHUKM HABOAATCA COU3IMEPUMBIE
OMAacCHbIC HAMPSXKEHUS KAK OT MAaTHUTHOIO, TaK U OT 3MeKTPHYECKOTO
BIUsHUA. Pesynbrupytolee Hanpskenue, B:

2
UYl
U U (6.29)

[TepBrii ujeH 3TO (HOPMYIIbI ONPEAENIIOT A1 0OOUX KOHLIOB pac-
YeTHOTO yYacTKa Henu, U HauboJiblliee pe3yabTUPYIOlliee 3HaUCHHE CPaB-
HUBAIOT ¢ HOpMaMH. Eciii pacueTHbli y4acTOK LENH CMEXHOM JIMHUU
HaXOJUTCA B Npeaesiax BIMSIOLIEro mieya, TO lc /1 =0..5.

Ans 0AHONPOBOHBIX 3a3¢MJICHHBIX LIeTeH, TTO1BEPKEHHBIX MarHUT-
HOMY M TaJIbBAHHYECKOMY BIIMSHUAM, PE3YIbTHPYIOILEE HAIPSXKEHHUE [U1st
BLIHYXICHHOTO PEXHUMA W JIUISE KOPOTKOI'O 3aMbIKAHUS TArOBOM ceTH, B:

UM = J(UMY +(UTY. (6.30)

ITonyuennnie no dpopmysnam (6.6 ) u (6.7 ) HanpsHKeHNUs CpaBHUBA-
10T C JOMYCTUMBIMH UX 3HAuUeHUAMHU (cM. tabn. 6.1).

6.4.7. OnpegejreHue BIHAFOIIHX TOKOB
IPH BBIHYXTEHHOM PEXHME

Tnzosaa cemv nepemennozo moxa 25 kB

B kauectse Bausiomero toka I/, B hopmynax (6.24) u (6.25) npuHu-
MalOT 3KBHBAJCHTHBIH AJUTENBHBLIH TOK 1> KOTOPBI OMHAKOB MO
BCeil AnmuHe CONMMKEeHUs U UHAYKTHPYET B MPOBOJE TAKOE JKE OMACHOE
HanpshDKEHHE, KaKOoe BO3HUKACT NMPH ACHCTBUTEILHOM (CTYIIEHYATOM)
PACIIpE/IENIEHUH TOKOB DJIEKTPOBO30B BAOINL TATOBO#M ceTH: [y = I ..

Besnnunna pabouero BaMsowero Toka /, KOHTaKTHOM cetu Oyner
3aBUCETh OT Croco0a MUTaHUA KOHTakTHoro nposoja. [lpu onHocro-
pOHHEM (pa3aebHOM) NMUTaHUM (puc. 6.8, a) BEIMUHMHA 3TOr0 TOKa
MOET OBbITh ofipe/ieIeHa, HCXOAS U3 KOJIMYECTBA IEKTPONOEe310B, O1-
HOBPEMEHHO HAXOMASUIMXCSA HA TAFOBOM IUIeUe MUTAHUS, [IPU U3BECT-
HOM TOKe noTpebleHUs KaXAbIM 3JICKTPOBO3OM.

256

IMpunumas paBHOMepHOe pac-

MPEACTICHUE 3JIEKTPOBO30B 110 AJIN-

HE MJeya, MOXHO HalWTH HEKOTO- Ign I (n-1) Tlrewo muranus [,
pbiii GUKTHBHBIN TOK HATPY3KH, CO- o .In_l.;l’Fz{ ? 1—}1
CPENOTOYEHHBIH HA KOHLE 3TOro [t a2 [
Tieya. DTOT TOK HA30BEM pacueT- | A :

(2]
HbIM TOKOM (Ipacq ). ;

M3 paccMOTpeHusi MACHUTHOTO
BIUSIHUA HA JJIMHE TIJIeYa MUTAHUA
3MEKTPOTSITH NEPEMEHHOr0 TOKa ¢
Harpy3ko#, M3MeHsAWIIEHCT No
JUIMHE cTymeHsAMH (puc. 6.8, 0),
CNEAYET, YTO PACUETHBIN BIUSIO-
UM TOK, COCPEAOTOYEHHBIN B KOH-
ue twieya (puc. 6.8, a), 3aMeHsI0-
1M cOBOH CYyMMApHOE BIHAHHE Puc. 6.8. OaHoCcTOpOHHEE NMHTAHHE
TOKOB, HpOXO}lﬂUJ,MX Mo OTaElb- KOHT‘d]fTHOﬁ CETH BHCKTpH(l)HquO-
HBIM Y4aCTKaM Meua MHTaHus, BAHHOM X.[. MEPEMEHHOro TOKa (¢) H

6 rpadmk pacripeaeeH!s TOKOB BAOND
yaeT onpeaensathed no dopmysne nieua niranus (6)

=l = 1,

OKB pacy B

{

n
Iy - 21’
Iys = Ipacq = —“‘;lil“»

rae /,; — BEIHYMHA TOKA, MOTPEOJISEMOro OHUM 3NIEKTPOBO3OM,

1 — KOJHYECTBO 3JIEKTPOBO30B, PABHOMEPHO pACTIPEAESIEHHbIX Ha
JUIMHE 3TOTO Ijieya NMUTaHus.

HefcrBuTenbHO, ecntn 0603HAYNTD Yepe3 [y MIMHY MeYa MUTaHUs
(kMm), a yepe3 | — paccrosiHue (KM) MeXJy NMYHKTaMH motrpebrieHus
TOKOB Harpy3ku (Mexay aJeKkTpoBo3aMu) (cMm. puc. 6.8), To npu na-
pajUIeIbHOM CONMKEHHH JIMHUU CBSI3U C KOHTAKTHBIM [IPOBOJIOM JJIEK-
TpUPULIIMPOBAHHOH X. . MATHUTHOE BJIUSIHUE TOKA HATPY3KH Ha AJIHHE
TATOBOTO TUIeYa HA MPOBOJ CBA3H MOXET ObITh OIPELEIIEHO 10 ABYM
ypaBHEHMAM: '

1
E=Ipacqu105 E= (DM[E II

i=l
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Taxk kak [;=1I,;i w [y=nl, To npupaBH1Bas NPaBbIC 4ACTH yKa3aH-

HbIX ypPaBHEHUH, NOJIyUYUM

n
Ipacqunl = mMIIg_n 2 i

i=l
OTcrona cnenyer, 4To

n
Ian~ i

i=l
Ikp = lpacq =—1I.
n
Takum oOpa3oM, COrJIaCHO IOCNAEAHEMY YPaBHEHUIO!

1,,(1+2)
npu n = 2 I =Ipacq _3__}1_2__:1,513",

1,(1+2+3)
npun =3 Iaxe=[pacu=—£—‘3,_‘=213n,

1, (+2+3+4)
npu n =4 Lo = Ipacu = > 4 =25l wmrT.4

B npuMepe ¢ 1eCThI0 PABHOMEPHO PACNpeiCNeHHbIMU EKTPOBO-
3aMM (NyHKTaMH MoTpeOrieHHs TOKa) 3KBHBAJICHTHBII TOK (BnUSIOIINA

pacueTHblit TOK) OyneT pasen 3,57, .
DKBUBAJIEHTHBIH TOK 1, , MOXET ObITb ONPENENEH 10 tdbopMmyne
Lo = kmd pess (6.31)
rae k,, — Ko3hduuneHT, XapaKTepU3YyIOLIHA yMEHbILIEHHE SKBHBA-
JNIEHTHOTO TOKA I, MO CPABHEHHIO C PE3YNBTUPYIOLUMM HATPY301HBIM
TOKOM Ipe3:
1 2, +1,
kyy =— l+(m-—1 | -——1], (6.32)
m 21,

[ 71 — KOJIMYECTBO JJIEKTPOBO30B (M JIEKTPOIOE3A0B), OAHOBpE-
MEHHO HaxoIfLMXCA B Npejenax ATMHBL [ TIe4a NUTaHHA TATOBOH
CETH MpH BBIHYXKAEHHOM peXHMe; [, — pacCTOSHUE OT TATOBOH IOA-
CTAHIMH [0 Hayala PaCcYeTHOrO Yy4acTKa JIMHUH, IOABCPKEHHOU BJIUS-
HHUIO, KM, [, — JIMHA CONMKCHUS, KM.
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PesynbTUpytoluit Harpy304HbIi TOK TAFOBO# MOJACTAHLIMK JJIs PACYeT-
HOTO IUI€4a NMUTAHUs IPH BBIHYXIEHHOM PEXUME pabOoThI TACOBOM CeTH, A

2m AUTmax
m+| Zy .

pe3

(6.33)

roe AU, 2« — MaKCUMajbHasi HOTEPS HANPSHKEHHS B TArOBOM
CETH MEXAY NMOACTaHLUHEH U Hanbosee yIajJeHHbIM OT HEE 3JIeKT-
pososom; AUL .., = 8500 B npu /. > 30 km; AU, .. = 5500 B mpu
15 km < [ < 30 km; npu /. < 15 kM cneayer npuHuMath m = | u
Ipe3 = l,s = 300 A. Ecniu ypoBeHb HanpsnkeHUst HA TOKONPHEMHHKE
Haubosiee yIaNeHHOro OT MOACTAHUMH 3JEKTPOBO3a IPU BBIHYXK/ICH-
HOM pexume Bbiwe 19 kB, To 3nauenne AU, ., cieayeT 6paTh u3
pacyeToB CUCTEMbI 3NEKTPOCHAOKEHHMUS.

CocrasHoe conpotusnenne Z . oO6b14HOM TAroBoii cetH, OM/kM:
Zoc =1y COS @+ X Sin g, (6.34)
rie cosp — KOIDPHLHEHT MOLHOCTH 3MEKTPOBO30B (Y GONbIINH-
CTBA OTEYECTBEHHbBIX IEKTPOBO30B OH cocTaBaseT 0,8 [2]); ry, x5 —
COOTBETCTBEHHO aKTHBHOE H PEAKTUBHOE CONPOTHUBIEHUS TATOBOH CETH,
Owm/xMm. TpH BKIIIOUEHHH B TATOBYIO ceTh HaTapei eMKOCTHON NPOAOTb-
HOil KOMINIEHCALUMH C OOIMM CONPOTUBIIEHHEM X~ PEAKTHBHOE COTIPO-
THUBJIEHUE TATOBOH CETH X B (popmyne (6.34) cnejyeT yMEHBIINTDL HA
BenuuuHy X -/, OM/KM; 1718 TArOBOi CETH € OTCACHLIBAIOIUMMHU TPAHC-
(opmatopamu B popmyny (6.34) BMECTO 7 U X[ NOACTABNAIOT COOT-
BETCTBEHHO 3HAYEHHUS Iy M X, [2].

Tscosaa cemv nepemennozo moka 2x25 kB

B Takol TAroBoH ceTH TOKOpacnpeaeNeHue Mexay MUTAIOIIUMU
IIPOBOJAMH, KOHTAKTHOM CETbIO U PENbCaMH CO3/aeT GOoJIee CIOKHYIO
KapTHHY BJIIMSIHUHA, KOTOPbIE MPHHSATO |2, 8] pa3aensTs Ha TPAH3UTHYIO,
MECTHYIO M HEKOMIIEHCHPOBAHHYIO COCTABJAIOLIHE,

HanpsxeHue, MHIyKTHPOBAHHOE B CMEKHOM JIMHHH, B 9TOM CJIydae
MOXHO OLEHHMBATh MO (Gopmyiie (6.24), HO TPU HHOM MPEACTABIICHUU
MOMEHTA BIUSIOLICTIO TOKA, A KM:

1 N
Iply =Ipes| Ly + Ly + — 3 Ly | (6.35)
N g=1
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OOwuni pe3ynbTUPYIOWINHA HArpy304YHBIA TOK Ipe3 yUuacTKa C 4YHuC-
oM nyred N (¢ — HOMEpP MyTH) U ¢ OAHOCTOPOHHUM [MHATAHUEM IPHU
BBIHYX/ICHHOM pexuMe omnpeaenstior no dopmyne (6.33), B KoTopoi
AU, ax HAXOMAT TAK K€, HO C IPUBEJEHHEM K 25 kB u 0;1“HCC€HI/ICM K
N-nyTHOMY Y4acTKy, a COCTaBHOE CONPOTUBIICHUE HA BCEH JUTUHE Tijie-
ya NUTaHHd — 10 cneayouei dopmyne, Om:

1 .
Zocly =—(1yxn COSQ + Xoin Sing)(/r ~ [an)+
4 (6.36)
+(1 cosq+ xpsing) Ay-

3n€ech 7y s Xge— COOTBETCTBEHHO AKTUBHAS H MHIYKTHBHAs COCTaB-
JSIOILME CONPOTUBNEHUS Z(y CHCTEMB! “KOHTAKTHAS CETh — MUTAIOMIMH
nposoa” N-nyTHoro yuactka, OM/KM, npuuem

-1
N 1
ZOKH = 2 (ZOK + ZOn —ZZOKH (/)— B (637)

g=1

rae Zog s Loy » Loy g — TIOTHBIC CONPOTUBIICHUS COOTBETCTBEHHO
NUTAKOIErO NPOBO/JA, KOHTAKTHONH CETH, COMPOTHBIEHHE B3aWMHOM
HHAYKUMH MeXay HUMH, OM/kM (focienHee OTHOCHTCS K MTYTH ¢, MO-
CKOJILKY PACMOJIOKEHHE MUTAIOILEro MPOBOAd MOXET ObITh pasnuy-
HbIM); /5, — PACCTOSHME MEXy OTKIIOUEHHOH noactaHumen u Giu-
xaiwum K Heil aBrorpanchopmatopom (AT), km. Ha yuactke /5, BO3-
HHK4eT HEKOMIIGHCHPOBAHHAS COCTaBJIAIOLIAs BAMSHHA.

Bemmumnbt L, L, n L ¢ MPEACTABIISIOT co6071 3KBUBANCHTHBIE 3HA-
YeHHS [ITTMHbI (KM) xapaKTepmy}omne YCNOBHS BIIMSAHUS NIPH pacyeTe
COOTBETCTBEHHO MECTHOM, HEKOMITEHCHPOBAHHOM| ¥ TPAH3UTHOM COCTaB-
NAIOUIUX.

Kos¢duunent L - YUYUTBIBAIOLINI TaKkke OCOOEHHOCTH 3KpaHHPO-
BaHHA B cUCTEME 2 X 25 kB, MOoXeT pasinuyaThes JUTS pa3HbIX NyTeH U
SIBJIAETCH KOMILIEKCHOH BEIMYUHOM,

Hunst MecTHO# cocTaBnsouleit, KM:

Ly = My (= 00665001 +002314 )+

+ k];leBMZ(lA _]3M2)—k[')M113M1 (IA 'laml) . (6.38)
2
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HimHoit cOnvxeHHs Npu OnpeleseHUH TEPBOit MECTHON COCTAB-
JA0WeH ABIACTCS CYMMA JUIMH /5 BCEX 1 5 MOJIHBIX MEXTPaHCchopMa-
TOPHBIX 30H, HAXONALIUXCS B npeAenax obuwieit amuupl cOmmxenus /,,
T.e. 2/, @ IPH PAaBHBIX PACCTOAHMAX MEXIY aBTOTpchcbopmaTopa-
MU — npl, . TosTomy

kpu =nala/ly. (6.39)
Hnst BTOpO# MecTHOH cocTaBasioleil cONuKeHne MPOUCXOMUT Ha
HEMOTIHBIX yYacTKaxX UIMHOMH [, | (B CTOPOHY MUTAIOWEN TOACTAHLIHMU)
1 [,,» (B IPYTYIO CTOPOHY), NP1 3TOM
o = by [ - (6.39)
Kosdduunent A = 1 npu ongHom anexkTposose u A = 0,6 npu ABYX H
Donee a1ekTPOBO3aX Ha JUIMHE npla .
A7 HEKOMITEHCUPOBAHHOI cOCTaBsOLE
LH = knmlsﬂs (640)
rie

1 200 =15, )+1
k,,,,{=7 1+ (m-1)|1- (s 2’;:)+ AL (6.41)

[y — AMMHA COMMXEHMSA JUISt ONpeJeNeHUs HEKOMIEHCHPOBAHHOI
COCTABJISIIOILUECH, KM.

Jns TpaH3MTHO! cocTaBnsoeit

0.5(kmrlsr = 05kprla JF,

Loy = - : (6.42)
p
1 20, +1
kpp =— 1+ (m -] - —2 |
3nech mr = (m ) 2, (6.43)
kpr =l [l1; (6.44)

ly; — AnMHa cOMMXEHHs U ONpPeAe/leHHs TPAH3HTHOM cocTas-
NA0IeH, KM,
— KO3 OHUMEHT SKPAHHPYIOLLEro AeHCTBHUS PENbCOB.

' rr
Epcnn 3HaueHUA KO3QdULMEeHTOB k pM> k pm W kpT NOJIy4aroTCs

MeHblIe 1/m, TO MX NPHHHMAIOT PaBHBIMH 1/m.
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KoabduumeHT s3xpaHIpoBaHus TPAH3UTHO#M COCTABNAIONIEH LI MYTH ¢

Zoo Z Z .
F;/ -1- Oxp ZOpc + Cq Oncg  #0npg ZOpc (6.45)
ZOp Ly g Loy q ZOp Loyc g | '

KoadduuneHT, yunThiBalOIWMA COOTHOIIEHNE TPAH3UTHBIX TOKOB
MUTAOILIErO NMPOBOJA U KOHTAKTHOMN CETH NYTH ¢,

C = Zog +2Z0p = 3op ~ Zonp g + Zoxn ¢

q = : 6.46
Lon +2Zp - 3Z0np g~ ZOKp + Zoyn q ( )
B otux ¢opmynax Z, — nosHsie conpotupneHus, OM/KM; npu oi-

HoM uHpaekce (kpome 0 u ¢) — coOCTBeHHbIE, TPH ABYX — B3aHMHBIE;

MHJIEKCBI «K, I, P, C» 03HAYAIOT COOTBETCTBEHHO KOHTAKTHYIO CETb, [H-

TaIOLHH MPOBOJL, PENILChI, CMEXHYIO MOABEPKEHHYIO BIHAHUIO THHHIO.

6.4.8. OnpengesreHne BIHAIOIIHX TOKOB
B DEKHME KOPOTKOIO 3aAMBIKAHHA

Tseosas cemo nepemeitnozo moxa 25 kB

flpy KOpOTKOM 3aMBIKAHHH HA OJHONYTHOM YUYACTKE, 4 TAKKE Ha
JBYXMYTHOM MPH 3aMbIKAHMH Ha 3€MJII0 OJHOBPEMEHHO KOHTAKTHOH
ceTH oOouX nyTeH aBapHiiHBINA TOK OJUHAKOB IO BCeH ANUHE cOIMKe-
HHS JITHHU CBSA3HM C TArOBO# CeThl10. B 3TOM cryvae Biusiomum [, siB-
JIAETCA TOK KOPOTKOI'O 3aMbIKaHHS, A:

l((2) - Usiom
3 s
zZP+7P 47, (4 + 131 (6.47)

rue UHOM — HOMHUHAJIBHOC HANPAXCHUEC HA LIMHAX MUTAoULEH

TArOBOH noAcTanumny, paBHoe 27500 B; Z() u Zf) — MOJIHBIE CO-

MPOTHUBJIEHHU COOTBETCTBEHHO NUTAIOWEH NOACTAHLIMIO THHUHU 3JIEK-
TpomnepeaayH, OTHECEHHuIE K 1MHaM 27,5 kB, u Tpauchopmaropos
TAroBOH noacraHuuu, OM; Z, — IMOJHOE CONPOTHBIEHUE TAFOBOM
cet, OM/KM. -~
Conportusnenue JIDI, nuraromei noacrauuiwo, Om,

2D =2U} o [Sks, (6.48)

262

rjie S\, — MOLIHOCTb TPeX(hasHOro KOPOTKOro 3aMbIKAHHS (K.3.)Ha
mrHax 110 kB (220 xB) noacranuun, MB-A.
IIpu onnoM paboTatoleM TpanchopmaTtope, OMm,

2 Yo 2%
St 100

rae S, — HOMHUHAJILHAS MOLIHOCTb TATOBOro TpaHcdopmaTopa
noactaHuuu, MB-A.

PacueTHbie TOUKH K. 3. BLIOUPAIOT B KOHLE ATHHBI COJMXKEHUS H Ofl-
PEAENSIOT I HUX TOKH KOPOTKOIO 3aMbIKAHUS.

TIpHu HaMH4KMK OTcackIBaOLKMX TpaHchopMaTopoB B hopmyny (6.47)
TO/ICTABASIOT BMECTO Zy 3Ha4YeHus Z .

) , (6.49)

Tazoeas cemv nepemeHnozo moxa 2x25 kB

ITpH KOPOTKOM 3aMBIKAHHH KOHTAKTHOH CETH HJIH [TUTAIOLLETO NPO-
BOJA HA PeNnbChl (MM Ha 3€MJII0) pacyeTHbIE TOYKH K. 3. BHIOUpAIOT
TaK, KaK yKa3aHO BbIlIE, 3 pacyeT NPOBOJAAT Mo TeM xe dopmynam,
4YTO M U BBIHYXAEHHOro pexkuma. [Ipu 3ToM npuHumalor 1pe3:1x3
a1 N-MyTHOro yuacTKa Ha Hanpsbkenuu 25 kB; k, = kp = 1. Ons
cilyyas K. 3. MEX/y KOHTAKTHOI CeTb0 U MUTAIOWMNM MPOBOJOM pac-
4eT NpoBoAAT no ¢popmyne (6.24), NpUHUMAS B Hel v, = k¢) =1lwu

I.-1 _N Ianlkz'Fq
B = ’ (6.50)
(]=1 Sp
rae Ian — TOK K.3. B CUCTEME “KOHTAKTHAsl CETh — MUTAIOUINIT NPO-
Boa” myTH ¢, A; I, , — PaccTOsHKE OT MOACTAHLMH O MECTA K. 3., KM.

Tpexgasnan JI211

Bnusouuil Tok npyu ogHoda3HOM K. 3. IpuHuUMaloT {2, 19] pas-
HpIM 70% nelcTBywoulero 3HaYeHUs MEPEMEHHON COCTABIIAOILEN
TOKa K. 3., IPOTEKAWILEro B 3eMJjle Ha yuacTke cONMXEHHA B Ha-
4aJlbHbIMl MOMEHT; NPH HOPMAalbHOW paboTe HECHMMETPHUHBIX
JIDII - paBHbIM TOKy 4actoThl 50 I'u, mpoTekaleMy B 3eMJie Ha
yuacTKe COJTHUIKCHUS.
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6.5. Memnawmue 371€eKTPOMArHHTHLIE BITHAHAA

6.5.1. OobwmHe cBegeHHA

Benencrsue HecuHycouganbHbIX HAMPSKECHUH U TOKOB B TATOBON
CETH OHA OKAa3blBAET Melllaloilee BJIUSIHHE HAa CMEXHBIE JIMHUH, HOp-
ManbpHO paboTaloliMe ¢ MAJILIMU HATIPSXKCHUSIMH U TOKaMH B TOM Xe
AHAIA30HE YAaCTOT, B KOTOPOM JEHCTBYIOT BIIMAIOIIHE MAPMOHHKH.
MetaiuuM BIUSHUSIM MOABEPKEHB! JUHUM CBA3H, PANHOBELIAHUA,
PENBCOBBIE LIENMU U YCTPONCTBA KeJIe3HOAOPOKHON aBToOMaTUKH. Tlep-
Bbl€ U3 HUX paboOTAOT B Auana3oHax TOHAJIBHBIX M HAATOHAJILHBIX Ya-
CTOT, BTOPbIC — B AMANMA30HE TOHAJIbHBIX 4ACTOT, TPETbH — C YACTOTA-
mu 50, 75, 125, 175, 225, 275, 325 .

dopma KpuBO# TOKA B TACOBOI1 CETH HA JOpOrax NepeMeHHOro Toka
MCKAXAeTCA M3-3a HAJWYHS JABYXITOJYIEPUOAHBIX BHINPAMUTENbLHBIX
ArperaToB Ha 3JIEKTPOBO3aX 0AHO(Aa3HO-NOCTOSHHOrO Toka. [Toatomy
TOK TSIFOBOM CETH COACPIKUT HEYETHBIE FAPMOHHUECKHE COCTABIIAIOUINE,
AMILUIUTYAA KOTOPbIX YOBIBAET C YBEJIUYEHHEM HOMEPd MAPMOHHKH.
Tsarosas ceTb, UMEIOLLAS PACMIPEIACIIEHHYIO EMKOCTb U MHAYKTHBHOCTb,
C YUETOM MHAYKTHBHOCTH TACOBOIO TpaHchopmaTopa MOACTAHLIMM MO-
)KET pPACCMATPUBATBCA KaK KoJjiebaTenbHbIH KOHTYp. B MOMEHT 3aBepiue-
HUSl KOMMYTallMU BEHTHIICH 3JIEKTPOBO3HOTO BBINIPSAMUTENS B 3TOM KOH-
Type NOABJAIOTCA KojlebaHus, NpHYeM [IPH ONPENEHECHHBIX YACTOTax B
HEM BO3HHMKAIOT PE30HAHCHBIC SIBJIEHUS, MOBLIIAIOLIME AMIUTUTYAY pe-
30HUPYIOLIMX rapMOHHK [3, 39]. 1o 3TOi MpUYMHE 3HAYUTENBHYIO aMIi-
JIUTYIY MMEIOT HE TONBKO FrapMOHHKH, OJIM3KHE K OCHOBHOM, HO U pe3o-
Hupyowwre. Ha puc. 6.9 nokazaHo coaepXaHue rapMOHHYECKHX COCTaB-
JISIOUIMX C HOMEPOM Kk B KpHBOH TOKAa B JAOMAX OT NMEPBOH TaPMOHUKH
(3TH KPHBbIE NOCTPOEHBI MO 3HAYEHHUAM [+ [UISt HEUETHHIX TAPMOHHUK).

BoinpsiMIeHHOE HaNpPsHKCHUE U TOK B TSATOBOM CETH Ha Joporax
MOCTOSAHHOI'O TOKAa HMEKOT MEPEMEHHBIE COCTABISAIOLINE C PA3HOO6-
Pa3HBIMH YaCTOTAMHU U amnauTyaaMu (cM. Huxe ria. 9). lecthnynp-
COBOC BBIIPSIMIICHUE BbI3bIBAET IMOSBIEHUE IAPMOHUK C YacTOTaMH,
kpaTHbiMU 300 ['g. C yBennueHHEM HArpy3KH BbIIPSIMUTENLHOIO ar-
perata BO3pacTaeT yrojg KOMMYTalUH, BCIECACTBHE YEro aMIUIMTyOaA
3TUX TAPMOHHUK pacTeT. [IpuMeHeHHE TUPUCTOPHOI'O PEryIHpPOBaHHUs
HaIpsKEHHUs HA YIIPABJSICMbIX BRITIPIMHUTENAX TAKXKE [IPUBOJMT K yBe-
JIMYEHUIO AMIUTMTYJ TapMOHHK. 7
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Puc. 6.9. Conepxanue rapMOHHUYECKHX COCTABISIOUINX TOKA B JOJIIX OT NepBOH
TAPMOHKKH C YHYETOM PE30HAHCHBIX SIBJIEHUH B TATOBOM CETH NEPEMEHHOr0 TOKa:
1 — 1 OMHOMYTHOIO Yy4acTKa; 2 — IS JBYXITYTHOIO YY4CTKA

Ecnu Tarosas Harpy3xa COCTaBJISIET 3HAYUTENbHYIO AOMI0 OT MOLLL-
HOCTH NUTAIOLIEH YHEPTrOCHCTEMBI U KPHBAs NUTAIOLIErO HANPSKEHHSA
HECUHYCOUAANbHA (Oaxe B INpelesax HOPMBbI), TO COAEpXaluecs B
Heit rapmonuku (5, 7, 11, 13-1 1 1. 1.) ¢ 10BONILHO GOJBLIOH AMIIH-
TyAO#H BBI3BIBAIOT 3HAUUTENBHOE yBenuueHue KpaTtHbix 300 'y rap-
MOHHUK B BBIIIPSM/JIEHHOM HaNpsKeHUH. AcuMmMmeTpus (a3oBbIX Ha-
NpsKeHUH MUTAOWEH TIFOBbIE MMOACTAHLIMHY [TEPBUUHOMN CETH BEIET K
MOABJICHUIO B BRITPAMICHHOM HaPsKEHHH FAPMOHUK ¢ YacToToi 100,
200, 400 I'u. B MOMeHT KOMMYTALIUH BEHTUJICH BO3HUKAIOT 3aTyXalo-
mue konebauus ¢ yacroroi 5—20 x['u. Ilpu HeucipaBHOCTH BbINIPsi-
MUTeNEeH TAKKE MOABIAIOTCA B BLIIPSMIEHHOM HAMNPSXKEHUH IOIOJ-
HUTEJIbHBIE TAPMOHHKH (CM. TIL. 9).
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YKa3aHHbIE TAPMOHUKH B KPHBOI TOKA H HATIPAXEHUA B TATOBOH
CETH MEPEMEHHOTO U MOCTOSHHOTO TOKA HAXOAATCA B AMaNa30He TO-
HAbHbLIX YACTOT M OKa3biBAKOT Mellalolliee BIMSHHE HA MepeHUCIIeH-
Hble BbILLE CMEXHbIE THUHHH, B pe3yJIbTaTE KOTOPOrO B HUX NOSBIS-
eTCS HAMPMKEHHE moMeX (LIyMa), 3aTpyAHSOLEE WM Hapyllalo-
uee UX HopManbHylo pabory. HanpsxkenueM wyma, unu ncodo-
METPUUECKHMM, HasbiBaeTcs Hanpsxkenue U, ¢ yacroroi 800 T'u na
O/JIHOM H3 KOHLOB JIMHUH cBA3H (00a KOHLA KOTOPOH 3aMKHYThI HA
AKTHUBHbIE CONPOTHBIIEHHS, PaBHbIE BOTHOBOMY CONPOTHBIIEHHIO
JIHHUK), KOTOPOE CO3/AaeT TAKOE e Mellaloulee AeCTBHE, KaK U AcH-
CTBUTE/TbHbIE HHAYKTUPOBAHHBIC HANIPAKEHNSA Pa3IU4HBIX 4ACTOT.
Hanpsskenra pa3nuyHoil 4acTOTbl CO3OAIOT B JUHHUAX CBS3H M pa-
JMOBEIaH1s HeOJHHaKoBble NoMexu. [103TOMy HHAYKTHpPOBaHHbIE
pasHbIMU TAPMOHUKAMM HAMpPSHKEHHS NPUBOAATCA K ncodomeTrpu-
yeckoMmy, T. e. kK uacrore 800 ', npu nomoun koadduuuenTa akyc-

THYECKOTO BO3JeHCTBUA p; (kK — NOPAAKOBBIA HOMED FAPMOHUKH),

YUHUTBIBAIOLLEI0 OTHOCHTENbLHOE MELIAIOLIEe BO3ACHCTBUE HAIIPsKE-
HUS pa3IMuHON yacToThl (Tabu. 6.3, puc. 6.10).

Tabauya 6.3
3asncuMocTb KOpHLHEHTA py OT HacTOTHI f
Yacrora, Yacrora, YacTora, Yacrora,

re 2100 107 R 108 107
16,66 0,056 750 955 1500 861 2850 553
50 0,71 800 1000 1550 842 2950 534
100 8,91 850 1035 1600 824 3000 525
150 35,5 900 1072 1650 807 3200 473
200 89,1 950 1109 1750 775 3400 412
250 178 1000 1122 1850 745 3600 335
300 295 1050 1109 1950 720 3800 251
350 376 1100 1072 2050 698 4000 178
400 484 1150 1035 2150 679 4200 116
450 582 1200 1000 2250 661 4400 72,4
500 661 1250 977 2350 643 4600 43,7
550 733 1300 955 2450 625 4800 26,3
600 794 1350 928 2550 607 5000 15,9
650 851 1400 905 2650 590 5200 6,3
700 902 1450 881 2750 571 5400 1,9
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Puc. 6.10. YacToTHble 32 BHCHMOCTH KOO (HLIMEHTA aKYCTHYECKOTO BO3ACHCTBUS
Py M K03 pHLAEHTA HYBCTBMTEILHOCTH ABYXIIPOBOAHOM IMHUH CBA3H 1), (M, —
It kabenpHOM IHHUH, ipe 1 Mgy — 2014 BO3JlyIIHO¥ JINHHH HA TPaBepcax,
CTAJILHOH M LIBETHOH COOTBETCTBEHHO)

B ABYXnNpOBOAHOM CMEXHON MVHUH MHAYKTHPYETCS 34C B 0OOUX
nposoaax. Becnencrsue Toro, uto mobas peajibHasi ABYXIMTPOBOJHAS JIHU-
HMSI UIMEET NIPOJOJIBHYIO M TOMEPECUHYI0 aCUMMETPHUH, T. €. HEOJAMHAKO-
BbIE ICKTPHUYECKUE MAPAMETPbI MPOBOJOB MO IJIMHE JTUHUH, B KOHLE
JIMHUHN BO3HHKAET HAIPSIKEHHE [TOMEX, KOTOpOoe OyleT TeM MeHblE, YeM
MEHbIIIC acCUMMETpHst THHHH. KauecTBO ABYXMPOBOJHON JTUMHHH CBA3M
OLEHUBAETCA KOIPPHULMEHTOM YyBCTBUTENILHOCTH 1), €€ TTOMEXAM OT KaK-
JIOM TAPMOHHKH C HOMEPOM k. DTOT KOIPPULHEHT MpeacTasiseT coboil
OTHOLUCHHE HAMPXKCHUSI TOMEXH B KOHLIC IMHUH K CPE/IHEMY 3HAUEHHIO
HANpsOKEHUH Ha KOHUAX 0OOHX MPOBOLOB OTHOCHTENBHO 3eMaH. Yac-
TOTHbIE 3aBUCUMOCTH 1), JUIA Pa3HbIX JIMHHUI MOKa3aHe! Ha puc. 6.10.
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[Ipu onpenesleHMH NCOPOMETPHUECKOIO HANPSKEHUS B KAUECTBE
PACcUETHOrO NMPUHHUMAETCH HOPMAJIBHBIN PEXUM pabOThl CHCTEMBI
sHeprocuabxenns. HopMmel 1onycTHMOro HamnpsikeHus IyMa Co-
crasnsioT oT | 10 3,5 MB ans paznuuHbIX THHHUN CBA3H M LIS OIpeE-
AeneHHOU AauHbl iuHuu. Pacuer U 0ObIYHO IPOBOANTCS 114 Talb-
BAHUYECKH HEPA3JENeHHOro ydyactka. TakuM siBisieTcsi yuacTok, He
coAepKalui TpaHchopMaTopoB, ycunuteneid n GuaLTPOB, HAMpU-
MEP YCHJIMTENbHbIH YYACTOK MEXAY ABYMS YCHUIIMUTENbHBIMH IYyHK-
TaMu (B IMHUHU CBA3U).

6.5.2. Hopmpel mMemarompx HanpsDKeHHH H TOKOB

Ilcodhomerpurueckoe (npuBeaeHHoe k uyactote 800 I'u) meluaroinee
HanpsbkeHue U, (HanpsKeHHE UyMa) B LENsX TenedOHHOM CBI3H TO-
HaJIbHOM YACTOTHI HE JOJDKHO TNPEBBIIATH 3HaYeHHH [2, 19, 20], yka-
3aHHBIX B TA0N. 6.4,

Oxonuanue mabauywl 6.4

Llens cBsi3u Uiy Jlnuua conuxeHus, K Touka tenu, K KOTOpoi
MB | koTopoii oTHeceHa HopMa OTHECeHa HopMa
[ToacraHuMoOHHAs 1,5 {/lanHa kpyra Bxon ycuautens  uau
KOMMYTaTopa MpH OTHO-
CHTEIBHOM YPOBHE IO-
nesHoro curuana 6,95 nb
(0,8 Hn)
['opoackas u BuyT- | 1,5 {OT abonenra no aboxeH- | JInHeHble 3aXHMbl  TC-
pupatioHHas Ta NpPU MECTHOM coelu- | neoHHOTro anmapara
HEHHH HJIN OoT aboHeHTa
no MTC npn mexayro-
POIHOM COEAHHEHHH

B Tabu. 6.4 yka3zanbl cyMMapHble 3HAUEHHS MEIIAIOLIETO HANPAXKE-

Tabruya 6.4

Hopwmbl Mewaowero HanpskeHus U,

Llens cBsi3M Ui JinHa cOnmxenus, K Touka nenu, x koTopoi
MB | koTopoil oTHeceHa HopMa OTHECEHa HOpMa
Mexayropoasas 1,5 |Ycuautenbheiii ydactok | Bxoa  ycunurens  uau
(MC) u gopoxHas MEXAYTOPOAHOIO0 KOMMY-
(MIIC) T4TOpa NpPH OTHOCHTEb-
HOM YPOBHE MOJIE3HOTO
curnana 6,95 1b (0,8 Hi )
Kanan cayxebnoit | 3,5 {1200 km To xe
CBA3M
H3buparenbHas 1,0 |Anmna xkpyra wu3bupa- | Bxon ycunurens uan
TeNILHOM CBA3K KOMMYTaropa NpH OTHO-
CHTENILHOM YPOBHE CHI-
Hana 13,9 1b (1,6 Hn)
[Meperonnas 1,0 {Bcs nems To xe
MeskcTaHHOHHAsN 2,25 |To xe Jluneiiuple 3aXHMBI  Te-
JehoHHOrO annapara
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HMA OT BJIMSAHUSI TUHUH cuIibHOTrO Toka. Ipu Hanuuuu ONHOBPEMEHHO-
o COMMXEHUA JIHHUH CBA3H C IHHUEH 3N1eKTpONepeaaYH H TATOBOH ce-
ThIO NEKTPUPULUHUPOBAHHON XKeNIe3HOH NOPOIrH CleAyeT NPHMEHATh
3aKOH KBaJpaTHYHOro cnoxenus. [Ipu satom Hopma U, pacnpenens-
€TCS MEXY BJIHSIOIMMH JIMHUSAMH CHEAYIOLLMM 00pa3oM: JIMHHUSA JIIEK-
Tponepenaun — 0,6V, ; TATOBas CeTh 3MEKTPUOUUMPOBAHHOMH XKenes-
HOH A0pOry, BBICOKOBOJBTHEIE IMHHH aBTOOJIOKHPOBKK H NPOAOJbL-
HOTroO >neKTpocHabxkenus — 0,8V ..

Hopwma nanpsxenns U, (cMm. Taba. 6.4) OTHOCUTCSA K JIMHEH-
HBIM 3aXHUMaM LEeNeHd ¢ BOJHOBBIM COMPOTUBIICHUEM ZB = 600 OmMm,
3aMKHYTBHIM Ha KOHLIaX Ha COTJIACOBAHHYIO HArpysky. B Tex ciyua-
X, Korjga Z, OT/MYaeTcs OT 600 OM ¥ uenb 3aMKHYTa Ha COIJaco-
BAaHHYIO HAarpy3Ky, HOpMy HampsbkeHus wmyma, mMB, cnenyer nepe-
CYMTaATh MO popmyJie

A
600 °
rae Z, — MOJyNb BOJHOBOIO COMPOTHBICHUS uenu, Om, npu vac-

toTte 800 I'11.
Melnaroliye HaMPsHKEHUs B KAHATIAX BBICOKOM 4acTOTh! HA BO3LY1-

HBIX WU KabelbHBIX JTHHMSAX HE JAOJDKHbI MpeBbiluath 0,5 MB.

[
Uum = Uum
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Pe3ynbTUpyloiliee JeHCTBYIOLIEE 3HAYEHME MEIIAIOIIEro Hanpsxe-
HHUS HA 32)KMMaX PeNnpOAYKTOPOB aOOHEHTHOMH CeTH NPOBOAHOTO BeE-
I1aHUs, HHAYKTHPOBAHHOIO TapMOHHUYECKMMH COCTABIIAIOLIMMH TOKA

TArOBOM CETH, AOKHO ObITh He Gostee 15 MB npu paGouem Hanpsbke-

HUU aboHeHTHO uenu 15 B u 30 MB npu pabouem Hanpsixenun 30 B.
Memarouwuii Tok B KaHajle OJJHONPOBOAHOMN LIETTH He JOJKEH IPEBbI-
11aTh NPU OJIHOTMONOCHOH paboTe O,IIPC, MPH ABYXITOIIOCHON — 0,151pc,
rae IpC ~— pabouHii TOK B OJIHONPOBOAHONH CMEXHOM JIMHUY, A.

6.5.3. Kparkass meroguxka pacdera
MEIIafoIHX BIHSIHHI TAINOBOH CETH

HopMHpoBaHHe AOMYCTUMBIX MCLIAOIIUX HAMMPSHKEHUH IIPOU3BO-
JUTCH HA JJIMHE YCUIUTENIbHOT'O y4acTKa JinHuM cBs3u [. [loatomy He-
00X01MMO paccMaTpUBATEL B KAUECTBE PACUE€THOIO BIUAIOILMH Y4acTOK
CHUCTEMBI 3JIEKTPOCHAOXKEHUsI HA BCeH JIMHE COJMKEHHUS C YCHUIIMTENb-
HbIM y4ACTKOM JIMHUHU CBsI3M [2, 8].

Takoil yyacTok CONepKHT 1 MEXKIOACTAHUMOHHBIX 30H C MOJ-
KJIIOYEHHBIMH K HUM reHepatopamu [7; (1= i < m) rapMOHHYECKHX
COCTABJNAIOIIUX TOKOB U Hanpskenuii (puc. 6.11). Ilpu 3ToM Ha

/y h l; Ly A

cl

K1

e
C)Yl 1 ym\_)

Puc. 6.11. O6wmas cxeMa 3aMelleHNs ANS pacyeTa MelaoulnX HanpsokerHuit: YITI
u Y12 — ycHAMTENBHbIE MYHKTBI y4aCTKA TUHUHU CBSI3M; [; (1 S i < n) — y4acTky
oanodasHoil Tarosoi ceTn; K1 — pacyeTHbIH KOHEUL YCHINTENIBHOTO Y9aCTKa
JTHHWH CBA3K; [, — PACCTOAHHE OT NPOTHBONONOKHOTO PACYETHOMY KOHIY
YCHIIHTEIBHOTO YHacTKa A0 CEPE/IHHBl i-r0 BIUAIOUIErO
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JUIMHE CONMMIKEHHS MOJydyaeTcsi # OQHOPOJAHBIX YYACTKOB TATOBOIl
CEeTH MEXJY FeHepaToOpaMH.

JIst i-ro y4acTka TAroBOH CETH CO CPABHUTEIBHO HEDOJIBILOH ATIH-
HOW /; HaBe/leHHOE HanpsbkeHne Uy B CMEXHOM JIMHUN CBSI3H (TOHANb-
HOW 4acTOThl) Ha YACTOTe K-ii TAPMOHHMKH BIIHSIOIIErO TOKA MOXKHO
onpenenuts no gopmyie, mB:

3
Uik = Yok Mg pxk sk Toikli 107 (6.51)

3aech py — K03 GHULMEHT aKYCTHUECKOTO BO3AEHCTBHS; 1), — KO3(ddH-

LIMEHT YyBCTBUTEIILHOCTH IBYXNPOBOHOM TeNEPOHHON LIENH K ITOMEXaM;

I;x — BIMAIOWMH TOK k- TADMOHHKH Ha [-M y4acTKe TArOBOH ceTH, A.

KoadduupreHT, XapakTepu3yoLIdil BOTHOBbIE NPOLIECCH! B THHUY CBS3HU:
sh(yc/y;)

Vel = —————,
ck sh(vel) (6.52)

rae Y, — MNOCTOAHHASA PaclpOCTPAHEHHS OMHOMPOBOMHOMN ULEIH,
NMOABEPXKEHHON BIMAHUIO, MPH 4aCTOTe k- FapMOHUKH BIHUSIOUIETO
toka, 1/kM. Ecnv uensb, noaBepxeHHas BIMSHUIO, KOPOTKAS U €€ IJIMHA
[ =1, 10 vy = 0,5 Kpyropas wacrora k-ii rapMOHHKH BJIHSAIOILETO
Toka w; = 100k = wk. B3aumnyio UHAYKTHBHOCTE M ;. MeXay AByMs
OJHOTIPOBOJHBIMH LIENSIMH Ha i-M y4YacTKe BIMSIOLIEH TArOBOI ceTH
(cM. dopMysbl B Tabs. 4.2 unu puc. 4.10) npu cnoxHoi Tpacce c6nu-
HKEHHS CIIEAYeT ONPEACNAT KAk CPEHION BENHUUHY My .. T.e. Kak
OTHOUIEHHE CyMMBI Mpon3eeieHuii M/ no yuyactkam / cioxHoro coyiu-
KeHHUs (Ha QJIMHE [-TO y4acTKa TArOBOMH CETH) K ANTMHE [;.

Pe3ynpTupyrounii KO3pPUUMEHT SKpPaHUPYIOIIETO ACHCTBUS 5. A5
k-1 rapMOHUKH onpeaensetcs no dopmye (6.27). s noasecuoil nu-
HUM CBA3M 6€3 METAJLIMYECKUX NOKPOBOB 5., = 1. [Ipu orcyrcrsun ot-
cacblBarOWMUX TpauchopMaTopos s, =1.

Bce BenHYHMHBI ¢ MHAEKCOM k ONMpeaensiorcs MnpH uactore k- rap-
MOHMKM BIHSAIOIIErO TOKA:

= -gj%-, (6.53)

rje f— 4acToTa rapMOHUKM BilMsmowero Toka, ['u. Jlns rapMoHuK
BIIMAIOLIETO TOKA UMITYJILCHBIX [1peobpa3zoBaTe/iell 3NEeKTPOBO30B IO-
CTOSIHHOTO TOKa, HE CBA3aHHBIX [0 PEKUMY yNpPaBIEHHUs C 4aCTOTOM
50 I'u, 3HaYeHUE k MOXET MOJyYaThCs APOOHBIM.
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apMOHHMKH BIMSIIOLLErO TOKA ONPEENSIOT B COOTBETCTBUHU C METO-
IUKOI, MpeACTaBNeHHON HKxe B M. 9. OnpeneneHue rapMOHUK BIHS-
IOLLIErO TOKA IO YYacTKaM TATroBOHM ceTH uenecoobpa3HO MPOBOAUTS C
YUYETOM €€ BOJIHOBbIX NapaMETPOB MO METOAHKE, MPEACTaBIECHHOH B
1. 3, KOTOpOil ya10O6HO MONBL30BATHCA ¢ MPUMEHECHHEM BBIYHUCIUTENDb-
HOM TEXHHKH.

Onpenenexiie BIMAIOMKUX TOKOB AJis pacueTHOH cxemsl puc. 6.11
MOMeET ObITh BHINOJNHEHO METO/I0M HAJIOKEHH, TAK KakK paccMaTpuBa-
eMas cucreMma JinHelHa. M3 obuieii cxeMbl mocnenoBaTebHO BblIETIA-
I0OT YACTHBIE C OJHHM HCTOUHUKOM BrnusiHusg, Ha puc. 6.12 310 nokasa-
HO [J1S TeHEpaTOpa FAPMOHUK TOKA C HOMEPOM /, OCTalbHbIE UCTOYHH-
KH 3aMEHEHbI CONPOTHUBIIEHHEM Z .

Jist BblAENEHHON pacyeTHOM CXeMbl OMpeAesIlOTCS TOKH B Hadane
Ilik H KOHLE 1”11\» Ka>KJ10r0 OAHOPOJHOIO y44aCTKA TATOBOM CETH.

Biusitollni ToK i-ro yvacrka, A:

[Bik =05(1{k +];k). (6'54)

Ot nwoboro reHepaTtopa Toka j rapMoHuKa /; [, pacnpenensercs no
TSroBoii ceTH B 00e cropoubl. Tok B Hayane i-ro yuactka (pu i =j), A:

‘ Ijk Ly i
iy =—F—F7— (6.55)
sz + Zsz 1
a B Hauane (i-1)-ro yuyactka tox /I’ i1 k OTIPEACIIUTCS IO TOH ke thop-
MyJle, HO ¢ 3aMeHOH B uncnurene Z,, ;| Ha Z, ;. Tok B Hauane 1o0b60-
ro i-ro yuacrka 1npH i= j.

7 - L1k Ly j= 6.56
ik T 5 5 .
Zr/ it Zth ( )
/ Iy Iy /; L1 L
- - . —>—-—-
1 T a T
_ _%Tl ] ervl erﬂ | _
T,

J

Puc. 6.12. CxeMa 3aMelleHHMs 1S OTIPE/IENIEHUs BIUSIOINX TOKOB MO yYacTKaM
" TArOBOM CeTH OT pacueTHoro reHeparopa I j TADMOHMUECKHMX TOKA MITH HATIPSKEHUS
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TOK B KOHIIE /-TO Y4acTKa CBS3aH C TOKOM B €T0 HayaJle COOTHOLLEHHEM
7 -1

Hi
7 shygl; +chygli | - (6.57)

B

”

Iy =Ty

AHaNOTrMYHO OMNPENENIOT TOK [ |4 IO TOKY [/_{;, 3AMEHAS COOT-

BETCTBYIOILME BEMYMHbI Ha Z, ;4 U [
BxoaHoe conpoTUBNEHHE i-rO yyacTka TAroBod ceTH, OM:

ZZ“" chygl; +shygl;
ZBxi =ZB 2 .
H_sh Yol +chygl;

B

(6.58)

AHasniorn4Ho onpenensitot Z,, ; | € 3aMEHOH COOTBETCTBYIOLLUX Be-
muunH Ha  Z ;4 v I ;. ConpoTHBIIEHNE HATPY3KU i-FO yuacTka, Om:

er+1 Ly jxl

Z, = .
Hi ZF j+] +ZBX i+l (6.59)

AHanoru4Ho onpeaensiior Z
YuHbl HA 7, j-14 Zyio

B cnyqae ecnu Z,; — 0 (npu GOJIBLIOA €MKOCTH, BKIIIOUEHHOR na-
panaenbHo TATOBOMH cem, W 10CTaTOYHO BBICOKOI UacToTe), T. €. B pe-
KHMME KOPOTKOr0 3aMbIKaHHS 110 TAPMOHHKE, BXOJHOE CONPOTHBIIEHUE
COOTBETCTBYIOUIETo /-ro yyacrtka, Om:

Zyx; = Zsthyyl;. (6.60)

Ecinv xe Z,; — o (npu OTCYTCTBMU B KOHLE YYACTKa JIOKOMOTUBA

U IPOJOJDKEHUS TACOBOH CETH), T. €. B PEKHME XOJIOCTOrO X0ja 1o
rapMOHHKE:

W i|» 3AMEHSS COOTBETCTBYIOIIHUE BENH-

Zyy; =Zy chyyl;. (6.61)

B stux dopmynax: Z, — BOJHOBOE CONPOTHBIEHHE TATOBOM ceTH,
Owm; y,=a, + jB, — nocrosHHas pacMpoCTPaHEHUs TACOBOM CeTH, 1/KkM.
Jns BbiIenneHHON pacueTHON CXEMbI C TEHEPATOPOM TaPMOHHUK I;
(cM. prc. 6.12) npu yacToTe W, KaXA0H K-A BIUsIOWIEH rapMounKu
Toka obliee HaBEJEHHOE HaNpPsHKEHHE B CMEXHOH JMHHUM oNpeje-
JIMTCA KaK F€OMETPHUYECKAS CyMMa HaNnpsKeHUI OT KaXA0ro yvacT-
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Ka, pacCUMTaAHHBbIX Mo dopmytie (6.51), ¢ ydyeToM pa3IMYHOTO Ha-
npaBjieHUs] B MPOCTPAHCTBE BIHUAIOLINWX TOKOB MO 06€ CTOPOHBI OT
pacueTHOTO reHepartopa, MB:
J-1 iy
U ==3 U + Ui (6.62)
i=| l=j
rzie N, — YNCII0 OJHOPOIHBIX YHACTKOB TATOBOH CETH Ha AIMHE COMU-
KEHHA C PACUETHBIM YUaCTKOM CMeXHOH nuHHU. HaBeaennoe namnps-
JKEeHWE OT BCEX MEHEPATOPOB HA 4acToTe k- rapMOHHUKH, MB:

m
Uk = 3 Ui (6.63)
J=

CyMMAapHOE HABEACHHOE HANPSHKEHHE 111yMA B CMEXHOI JIMHMH, MB:

(6.64)

rae M — KOJIMYECTBO MAPMOHHYECKMX B PACYETHOM JHAMNa3oHe
YACTOT.

Ecnu B cxeme nMeeTcd reHepatop FapMOHUK HaMpsHKEHHs UBjk’ B,
(TArosas NOACTAHLMS TOCTOSHHOIO TOKA), TO FAPMOHHUKA BJIUAIOLLETO
TOKA reHepaTopa;

ZBXi + ZBxi—l .
Loy ZLgxi
Hanee pacuer Begercs o gopmyine (6.51).

Ecnu npexe6peyub U3MEHEHHEM TaPMOHMKH TOKA 110 [UIMHE MEXITO-
CTAHUHOHHOH 30HBI H MMPHHATH OAMHAKOBBIM €¢ BXOJAHOE CONPOTHBJIE-
Hue Z,, oT o6enx NoJACTaHUMMH, TO MO HANPAKEHUIM FapMOHHK CMEX-
HBIX FEHEPATOPOB (MOACTAHIMI) MOXHO cpa3y ONpeleluTh BIHAIOWMH
TOK (C yY€TOM [IPOTUBOMNOJIOXKHOIO HANPABNEHUA B TPOCTPAHCTBE TO-
KOB B TSAFOBOHN CETH 3TOH 30HBI OT CMEXHBIX [EHEPATOPOB), A:

lj = Usjk (6.65)

' " UB//( -UB j+l,k AUB/I\’
IBjk=1jk_1jk= : Z = Zx . (666)
BXj BXj

3necy AU,; — BEKTOpHas Pa3HOCTb HANPSKEHUH reHepaTopoB (Ioa-
CTaHU M) Fj " I‘j + | Ha 4acrore k-it rapMOHUKH, B.
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HaBenennoe nanpsxeHue 0T 3TOrO BIMAIOILIETO TOKA ONPENEsi-
10T 10 popmyae (6.51), a Ha Beeit nnnne cObauxenus ans k-ii rap-
MOHUKH, MB:

n
Uk = _EIU,-A-, (6.67)
I=

FAe 1 — YHCI0 MEXIOACTAHLHOHHBIX 30H Ha JUIMHE CONMMKEHUS.
HanpsxeHue miyma onpeaeasor ro ¢gopmyie (6.64).

Mewarowee eruanue aunuii npoOoabLHO20 INCKMPOCHADICCHUS

Hanpsixenne niyma B npHeMHMKe ABYXNIPOBOAHON TeneOHHOI
LENH OT BNHUAHUS NPOAONLHBIX JIDIT nepeMeHHOro ToKa MOXHO onpe-
ACIUTb METONOM HAJIOXKEHUA BJIMAHUN OTAenbHbIX (a3. [To popmyne
(6.51) no BnusiowKM $asHbIM TOKaM 141 Igk» I ¢ paccuuTBIBAIOT 3HA-
YEHUS HABCACHHDBIX HANPAKEHHH A5 BIUAIOLIErO Y4acTKa Ha 4acToTax
pacuetHoro auanasona U, , Ug,., UCk'

3aTeM NpPOU3BOAMTCS HX F€OMETPUYECKOE CYMMHPOBAHHUE C yUETOM
ta3oBOro caBUra TOKOB B Tpex(hasHOt JIUHUM:

Uk =Uak +Upk +Ucxk -

[To ¢opmyne (6.64) onpeaensoT cyMmapHOe HaBEAEHHOE Ha-
NpsiKEHUE.

Jns pacueToB MEIAIOIIEro BIMSHUSL TATOBOIO 37IEKTPOCHAGKEHUS
Ha JIMHMHK CBA3U B Tab1. 6.5—6.7 npusesieHbl HEOOXOAUMbIE JAHHbIE.
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6.6. J{onycriMbIe YPOBHHM H CTEIIEHH PAIBonoMex

Jns rapauThi 6e3ynpe4HOro pajuo- W TENCIPUEMa, a TAKKE 14
HOPMaJlbHOTO GYHKUMOHHUPOBAHUS CY X0 pannoCBA3U H3TyHEHHS UC-
TOYHMKOB NOMEX HE JOJDKHBI [MPEBOCXOAUTDb ONPEAe/IEHHbIX, 3aBUCH-
LMX OT YACTOTHl JOMYCTHMBIX YPOBHEH paguonomex. ITU AONYCTH-
Mble ypoBHH onpesaenenbl B cranaaptax DIN/VDE, KoTopsle OCHO-
BBLIBAIOTCA Ha MEXIyHapOAHOM coTpyaHuuyectse B MOK win Mexay-
HAPOJHOM KOMMTETE Mo pagnonomexam [25]. YpoBHM paauonomex
OPHEHTHUPYIOTCS HA HEM3OEKHBIH POHOBBIN YPOBEHD ECTECTBEHHBIX HC-
TOYHHKOB (KOCMUYECKHH LUYM, HMITYJIbCHbIE MTOMEXH OTAANICHHBIX
rpo3 u T.u.). JIpyrUMH CJIOBAMH, OHM YCTAHABIMBAKOTCA TaK, YTOOBI
M3JlyUEHHs HA OMPeNeICHHOM, 3aBUCALUCM OT LIEJIH [IPUMEHEHUS pac-
cTosiHuH (Hanpumep, 3 M 1in 30 M), 3aTyxanu fo (OHOBOro ypoBHs.

Pa3nyualoT JonycTHMbIE YPOBHH HaTIPAXKEHUH, MOLIIHOCTH U HAMps-
JKEHHOCTEH MO pajuonoMex.

IMepBsble 0Opa3yIOT BEPXHIOW IPAHHILY HAMpPSHKEHUH paxuoroMex
MEKIYy OTAE/TbHBIMH KHIAMH U 3eMNel MOAKIIOYEHHBIX K 3JIeKTpHec-
KoMy npubopy npoBoAoB (HECHMMETPHYHOE HANPSKEHUE PAANONO-
mex). Tpyu 06bluHO BCTpEYAIOWMXCS AJIMHAX MPOBOLOB MPpUOOPOB B
oducax, KHIbIX NoMellenusix npubausurensro ¢ 30 MMy HaunHaeTces
3aMEeTHOE M3JIyUEHHE, TAK YTO HANpPSDKEHHE PAJMOINIOMeX ¢ PACTylIeH
HACTOTOM TepsAeT HHPOPMATHBHOCTL. HaKoHell, Ha OMPEAENEHHDbIX pac-
CTOSIHUSX OT HCTOYHUKOB NOMEX YCTaHOBJICHHbIE YPOBHH HAIPSAKCH-
HOCTH ISl IEKTPUUECKUX U MATHUTHBIX MIOJIEH HE JIOJKHB] ITPEBOCXO-
[IUTb UMEIOILIMECS TaM HATPSHKEHHOCTH I0JIEH TOMEX.

Kpome Toro, pasyiuuatoT npubopst kiaccos A, C u B [25]. [ina nep-
BBIX U3-32 6OJES BBICOKOIO JAOMYCTHMOIrO YPOBHS IIOMEX, COOTBETCTBCH-
HO MEHBLLEro MHTEpBasia noMex, TpedyeTca OTAeNbHOE Pa3pelIeHHE, KO-
TOpOE MOXET ObITh BBIIAHO HA OCHOBE MUCIILITAHMI (HATIPUMED, YIIPABJIs-
folnx DBM, NPOMBILIIEHHBIX BHICOKOUACTOTHBIX FEHEPATOPOB), & Y NPH-
6opos Kiacca C inib nocine OTAENbHBIX UCNILITAHWHA HA MECTE YCTAHOBKH
(Hanpumep. 60bMx DBM, BBICOKOUACTOTHBIX TMHEHHDBIX YCKOPHUTENEH).
IMpubopsl Kinacca B He HYKAAIOTCS B OTAELHOM pa3pelliCHUH, a TOJIbKO B
0011EM pa3pelleHrH, TAK KaK OHW BCIIEACTBUE MEHBILETO YPOBHs MOMEX,
KAK [paBHII0, 06ECTIeuMBatOT JOCTATOUHO BBICOKHI MHTEPBAJ MOMEX (Ha-
IpUMEp, My3blKajibHble NPUBOPLI, TENEBU30Pbl U PAIHONPUOODHI, MeEp-
COHAJIbHBIE KOMIBIOTEPBI, NIPEIMETH XO3MHCTBEHHOro 00Mxoaa 1 T.4.).
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IMosromy k xnaccam A u C oTHocaTes NpuGopsl, KOTOphie HC-
MONB3YIOTCS MPodecCHOHANBHO M NPUMEHSIOTCH TPEHMYIECTBEHHO
B IPOMBILIJIEHHBIX 30HaX (3a MCKNIIOYEHHEM MMKPOBOJHOBBIX [ie-
yel, 3TEKTPOMEAHLIMHCKIX BbICOKOYACTOTHBIX npubopos). MM npu
H3MEPEHUU pAJHONOMEX COOTBETCTBYET CPaBHHMTEIbHO OoMbIIOE
3auuTHOE paccroanue, Hanpumep 30 m. K kinaccy B oTHocarea npu-
60pbl, KOTOpbIE NpeAHA3HAUEHBI ISl JOMAILHErO HUCMNOJb30BaAHMUS,
WM cooTBeTcTByeT MeHbllIEE 3ILIMTHOE paccTosuue, Hanpumep 10 m.
Camo coboit pazymeeres, IpHOOpPLI Kf1acca B MoryT HUCHONb30BaTh-
€ ¥ B MPOMBIIJIEHHBIX oDMacTax. YacToTHas 3aBUCMMOCTb yPOBHS
HAMPAKEHUH paguoroMex OpueeaeHa Ha puc. 6.13. Musle nonycru-
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Puc. 6.13. JlonycTuMble YPOBHH MOMEX BBICOKOUACTOTHBIX IIpHOOPOB B Npo-
MBIILJIEHHOCTH, TIPH HaYYHbIX MEAHLUHCKHX M MPOYMX HCCIENOBAHHAX
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Mbl€ YPOBHM MOMEX COJIEPKATCA B COOTBETCTBYIOLIMX HOPMAaTUBHBIX
JOKyMeHTax [25].

Jo ycTaHOBAEHHS NpenenbHbiX 3HAUEHHIH WM JONYCTUMBIX YpPOB-
Hell pajgMonoMex B paMKax eBpOIEHCKOro CTpeMieHus K rapMOHHM3a-
UMK OTHOLUCHUH OOBIYHBIM OBLLIO yKa3aHHME CTeNeHeHd paguomoMex.
Hapsay ¢ 1acroTHO-3aBUCUMON BepXxHeH rpaHuliei JOMyCTUMBIX pa-
AMOIOMEX YKa3bIBAIACH OTJMUHTENbHAS TUTEpa (YETBIPE CTENEHH pa-
auonomex G, N, K, O [25]), koTopas Hecna HHPOPMAUUIO O LIETH TPH-
MEHEHMSI UITH 00 OTHOCHTENBLHOH NTOMEXOOMACHOCTH.

Tak kaK Mpu pagHoNOMeXax CyIIECTBEHHYIO POJIb UIPAIOT NPEUMY-
LLIECTBEHHO MX AKYCTHYECKHE WIIM BU3YyaJibHbIE TTOCHEACTBHS, U3Mepsie-
MbI€ IMEKTPHUECKHE BETHUYHHbI [IOABEPraloTCs COOTBETCTBYIOWIENH OUEH-
ke. Takue 3HAYEHHS MOMEX OUEHb HAACKHbI B NPEnenax noMexo3alu-
Thl PAIHOCBSA3H, OJIHAKO COBCEM HEMPUIOAHBI, EC/IU peub uaeT 06 obpa-
UIEHHH C JIEKTPOHHBIMH CUCTEMAMHU, HE CIYXAIIUMHU U1 Heneil cBs3u
(aBTOMOOUIBHAS IIEKTPOHHKA, YNPaBleHHe TEXHOJOTHYECKHMH Mpo-
Heccamu, ycrpoicrea oOpaboTKH AaHHBIX U T.1.).

6.7. JlormycTumMoe BO3aeiCTBHE
WIEKTPOMATHUTHBIX MOJIel Ha OHOOPraHu3MbI

DAEKTPOMATHUTHBIH CHEKTP NPOCTHPAETCS OT BIIEKTPOCTATHYECKO-
0 U MArHUTOCTATHYECKOTO THOJIEH, NEKTPUYECKHX U MArHUTHBIX TIO-
Jgeid yactorsl 50 I'u 10 paJMOBONH M BUAMMOTrO CBETA, HOHU3UPYIOLIE-
ro y-u3nydyeHus (puc. 6.14). B 3aBUCMMOCTH OT MHTEHCUBHOCTH H 4ac-

11"u: Iklu I MMu 11Ty 1TPw 10"Tw 10* T 10" Tu
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Puc. 6.14. 3nekTpoMarHUTHBIH CHEKTP
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TOTBI 3NEKTPOMATrHUTHBIE MO ¥ BOJIHBI OKa3bIBAKWOTCA s Guoopra-
HU3MOB TOJIE3HBIMH WJIH BPEIHBIMH.

B nuanasoHe ynbrpaguoneroBoro csera (Y®) v Bbllie 3HEPrUs 3JieK-
TPOMArHUTHBIX BOJTH JOCTATOYHO BEJIMKa, YTOOB! 0CBODOKAATD 3/1eKT-
POHBI U3 3IEKTPOHHOI 0OOJIOUKH ATOMOB, T. €. HOHU3HPOBATL ATOMBI
W TE€M CaMbIM IPOU3BOAMTb XHMHUYECKHE U JIPYTHE U3MEHEHUSI!

W =hf, (6.68)
rae h — nocroauHas Ilnanka; f— yvacrora.

Bo3neiicTBHe Ha YellOBeKa 3JIEKTPOMArHUTHBIX BOJIH B 3TOM JlHa-
Ma30HE C POCTOM YACTOTHI MPOSBISAETCI OT xejlaeMoro 3¢gdekra 3a-
rapa 40 paka KOXH M rnybxe pacrnoyoXeHHbIX TkaHel. [lns pas-
JUYHBIX (DOPM NPOSIBCHUS INEKTPOMATHHUTHBIX BOJIH B 3TOM 3HED-
reTHYeCKOM JAHana3oHe cyllecTByeT obobulatouiee NOHATHE HOHHU-
3UPYIOLIETO U3JIYUYCHUS.

Jlnanazon BuauMoro csera, 6€3 KOTOPOro Hallla XH3Hb Ha 3eMJe
6bi1a 6B COBepIIEHHO HEBO3MOXHA, BeneT k HH$pakpacHomy (MK),
TEMJIOBOMY H3JYUYEHHIO ¥ MHKPOBOJHAM. [lelicTBue MUKpPOBOJIH Ha
OMOOpraHU3Mbl OCHOBAHO Hd MX CHJIOBOM BO3ACHCTBUH Ha 3dPSKEH-
HBIC YACTHLIBL:

F,=Q(E +V xB). (6.69)

BerneacTBUE 3TOr0 BO3/EHCTBHSA 31EKTPOHB! 1 MOHbI (HOHH3UPOBAHHbIE
ATOMBI MIIM MOJIEKYIbI) KOJIEDNIOTCS B MHKPOBOJHOBOM [1EPEMEHHOM
TnoJjie, AUNOJNIKH BUOPHUPYIOT OTHOCUTEILHO COCTOSIHUSA paBHOBecus. Coob-
LIEHHYIO UM KHHETHYECKYIO KOJICOATENBHYIO SHEPIrUi0 YACTHUbI 34 CUET
CTOJIKHOBEHHI1 OTAAIOT APYTHM HaCTHLAM M TTOBBILLAIOT UX CPEAHIOKD KHU-
HETHYECKYIO 3HEPTUIO. DTOT HOABO/ 3HEPTHH MAKPOCKOMHUUECKH MPOsiB-
JIICTCS B Pa30rpeBe (MOBBIILEHUU TEMIEPATYphl) 0ONYUEHHOrO MaTepHa-
Jia, OH HallleJ LIMPOKOE NMPHMEHEHHE B MUKPOBOJIHOBbIX MEYax.

Hapsay ¢ cu0oBbIM BO3AEACTBHEM 3JIEKTPOMATHUTHBIX [TOJICH H BOJTH
HA JJIEKTPHUYECKHE 3apsabl U AUIOH corflacHo (6.69) cyuiecTByeT aHa-
JIOTUYHOE CUJIOBOE BO3JCHCTBHE HA MACHWTHBIE AUNOIH H NOApa3yMe-
BAaEMbIE Ha MX KOHLAX MATHUTHBIC 3aPA/bl HIH BBI3BIBAIOILME KOHTYP-
HbIE TOKH (3TO sIBJICHUC HCNOJib3yercd B Tomorpaduu). OaHako npu
3TOM H3-3a HEJOCTATKA MATHUTHBIX AUMOJICH ¢ OONBIIMM IHITOIBHBIM
MOMEHTOM MAaKpPOCKOIMUYECKHUE TCITOBBIE 3(PGEeKThI HE BOZHUKAIOT.

Pa3BuBaemas B nepeMeHHOM WIEKTPHUECKOM I1071e Ha eIMHU LY 0Obe-
Ma yelbHas TEMTOBasi MOUIHOCTh MPONOPUHMOHAJIbHA YacTOTE, Clle/l0-
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BaTeNbHO, YOBIBAET NPH NMepexoAe K MEHbIIMM uactoTam. Ha ocHOBe
ITOH HaCTOTHOM 3ABMCHMOCTH M OTCYTCTBHA GPOCAOLIMXCSA B r1a3a
KOppeNsLMH paHee NPHULIIH K 3aKITIOHEHHIO, YTO HATPSHKeHHOCTH 11013,
OOBIYHO BCTPEYAIOIIMECS B TEXHMKE CBA3H M SHEPrOCHAGKEHHS, IS
HacejieHusi B uenoM 6esonacHbl. TIpy KpaTKkOBPEMEHHbBIX OMBITAX B
1abOPaTOPUM TAKKE HE GbUIM YCTAHOBIIEHD! HENIOCPEACTBEHHbIE BIIHS-
Hus. JIMwb pU 3HAYUTENbHO GOJIee BLICOKHX HATPSIKEHHOCTHX MOJS
OOHapy)uBANUCh onpeneneHHble YGAEeKThl, TAKHE KAK BHICOKOYACTOT-
HbIE 0KOI'H, MarHUTOGOChEeHb! (MEpLAHHE B [1a3aX).

JlofroBpeMeHHas KCIO3HLMS TIPH MATbIX HANPSKEHHOCTSX MOJIA
BCE XK€ MOI1a Obl BbI3BaTh 3(PHEKTHI, 10Kka HEOODBACHHMbIE B OTHOLIC-
HUU UX OpHUUHbL. TaK KaK TeIoBbIC IDDEKTb IPH MATBIX HATIPSKEH-
HOCTSIX NOJ1sl 1 B OCODEHHOCTH MPH HU3KHUX YACTOTAX MCKJIIOUYAIOTCS, B
AZHHOM ciryHae MNpeanoaraioT BIUSHUE IpeXkae BCEro He TETUIOBbIX, a
TaK Ha3bIBAEMbIX OHONOrMueckux 3¢ddexros. Tak, GbLtH ONYGIHKOBA-
HbI OTJENbHBIE PAOOTHI, B KOTOPBIX COOOLIACTCA O HAPYIIEHUSIX MTOBE-
JACHHA, HMMYHHOMH CHCTEMBI, FONOBHBIX GOJIAX, YCTalOCTH, BILIOTH [0
NOBBILICHHOM YaCTOThI ciiyuaes paka [25] u T.a. [Togo6Hble 3aBUCHMO-
CTH, €CTH OHM ACHCTBUTENHHO CYUECTBYIOT, MOTYT ObITh BBISBIEHB
TOJILKO NpPH OE3yNpeuHO NMPOBEACHHBIX JOJTOBPEMEHHBIX MUAEMHO-
JIOTHYECKHX MccneoBaHusx. Mmeromumiics B Hacrosiee BpeMs marte-
pHa1 0 1KOObI BpEHbIX BO3/1€HCTBHSX MATHUTHOTO [10/15 TOKA 110 601k~
LIEH YACTH HE MOATBEPXIACTCA B KOHTPOBHBIX OMBITAX, M0ITOMY 3Ta
Temaruka eue obcyxaaercs. Kak noxasbisaer onbIT Hajg JMLEAMU, 110
NPOhECCHH UIUTENTbHOE BPEMS MOABEPKEHHBIMH BO3ACHCTBHIO MOJIEi
NOBLILICHHBIX HANPSKESHHOCTEH, OTUSTIUBOIO HETATUBHOTO BAMAHNS
TIOKa HE YCTAHOBNEHO. TeM HE MeHee OKOHUATENBHOE BHIACHEHUE ITUX
BOIPOCOB B BBICLLICH CTENEHH HeIaTeNbHO,

Hapsiny ¢ uccnenosanneM BpenHsix Bo3aeiicTBuI yaensercs BHUMA-
HHE U U3YYCHUIO IIOJIC3HBIX NMOCNEACTBUH. Ilpu3nanbl ¢ Meauuuuckoil
TOYKH 3PEHUS TI0JIOKUTENIbHBIE BO3JACHCTBUS JNIEKTPOMArHUTHBIX NOJNEH,
HANPUMED, NPH JICYEHUH NIEPENIOMOB KOCTeH, B 3JIEKTPOAMATEPMHH.

Haxoneu, ocTaHoBMMCS KPAaTKO Ha BOTIPOCE O CHIILHO pasinya-
LIMXCA B pasHbIX CTPAHAX Npeoeasto Donycmumelx 3Hauenusx. B ocHo-
BC OTUX Pa3/IMuuii B MEHBILEI CTEHEHH JICKAT JOCTHKEHUS B IO3HAHUU
ONACHOCTH JJICKTPOMArHHTHBIX I10JIEH, YeM pasjinyHbie oNpeneacHus
TOTr'O, YTO CIEAyeT NOHUMATD NOJ NPeACIbHBIM A0NYCTUMBIM 3HAYEHHU-
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em. Tak, npellesibHble 3HaueHus B Poccuu 1 Ipyrux BOCTOYHOEBpOIIEii-
CKHX CTPAaHaX OCHOBBIBAIOTCH HA YPOBHAX HANPMKEHHOCTH MONd, KO-
TOPBIE He MOT'YT BBI3BaTb 0COObIX OHosioruyeckrx 3¢ hexToB, B TO Bpe-
Ml K4K B JPYTUX CTPAHAX HAILE BCErO HCXOIAAT U3 3HAUEHHI Hamps-
XKEHHOCTH, MPH NMPEBBILIEHUH KOTOPbIX AOKA3YEMO BO3HMKAIOT OINAac-
HbIE BO3EHCTBHS. ¥ MEHBIICHHBIE HA KO3(hDHLIMEHT HAEHKHOCTH, OTpe-
JENSIOTCA MAKCUMAJIbHO JI0MYCTHMBIE NMPEACibHbIE 3HAYEHHUS.

Juckyccrns 06 yCTaHOBIEHUM COPA3MEPHLIX AeHCTBUTENbHOM yIpo-
3¢ NMpeAeNibHbIX 3HAYEHHMI /U1 Pa3iuHbIX BHAOB NOCH U yacToT eie
uget. IlpakTHkyemeble MCXOAHbBIE TOKH AAIOT ACHCTBYIOIHE B HACTOS-
wee speMs B 'epmannn npenensHsle 3nayenus no Hopmam VDE 0848.
Hanpumep, Ha puc. 6.15 u 6.16 npuBeneHsl NpeneabHble 3HAYCHUS Ha-
NPSXKEHHOCTEN 3JIEKTPUYECKOIO U MATHUTHOTO nosiel 1jist HM3Kovac-
TOTHOro auanazona ot 0 go 30 kI,

IlpenenbHble 3HAUEHHS ITHX MOJEH HE YUUTBIBAIOT CYLICCTBOBAHHE
CepPACUHBIX CTHMYJIATOPOB, KMIIIAHTUPOBAHHBIX Opranos, 00yCAOB-
JIUBAIOIUX [OBBIMIEHHYIO YyBCTBUTENBHOCTh COOTBETCTBYIOLLMX JTHLL,
JUISt KOTOPBIX JOJKHB! YCTAHABIMBATLCS B JAHHOM clyuae Oolee Hu3-
Kye npefenbHble 3HaYeHUs (HOPMATHBHBIE JOKYMEHTBI MO 3TUM BOII-
pocaM HaxoAATCA B MPOLECCE MOATOTOBKH).
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Puc. 6.15. OddexTrBHBIC M MMKOBbIE 3HAUCHUST AOTTYCTUMOH HANPSKEHHOCTH
HU3KOYaCTOTHRIX MIEKTPHUECKHX MOJIEH IIPU HEMOCPEACTBEHHOM BO3AEHCTBHH
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Ha puc. 6.16, 6 u 6.17 npuBeaeHs! npenenbHble 3HAYECHUs HANPA-
XEHHOCTEH 3NIEKTPHYECKHUX U MATHUTHBIX MOJIeH, a Ha puc. 6.18 — mot-
HOCTH NOTOKAa MolHocTH (BekTop [loiTHHra) B [HANa30He YacTOT OT
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Puc. 6.16. D¢dpekTHBHBIE M THKOBbIE 3HAYEHHS JOMYCTUMOH HANPSHKEHHOCTH
HU3KOYAaCTOTHBIX MATHUTHBIX Noneit (@). TpenenbHble 3¢hhekTHBHBIE 3HAUEHUS
JOMYCTUMOH HaNpKEeHHOCTH BBLICOKOYACTOTHBIX 3JIEKTPUYECKHX Tionei (6)
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10 k' mo 3000 I'T'y mpu nauTensHOCTH BO3LEHCTBUs GoJiee 6 MUH.
HanpsokeHHOCTb N0 HA BBILIENPHUBEACHHBIX PUCYHKAX COOTBETCTBY-
€T BEKTOPY HANPAXKEHHOCTH, KOTOPBIit COCTABJIEH B TpeX HaTpaBJleHH-
X x, y H z 6e3 ydera pa30B0ro MojgokKeHHUs .

IIpy¥ BO3HMKHOBEHUHU 4KTYyalbHbIX ITPO0JEM H BONPOCOB OTHOCH-
TEABHO TOYHOH MHTEPNPETALUM MPUBEICHHBIX TIPEeNbHbIX 3HAYCHHH
CIIEJYeT B KaXAOM Cilyyae o0pallaThCss K COOTBETCTBYIOUIUM ITPEAIIH-
CaHMAM U nutepatype [25].

H, Amh
10°
2,51
10'—
10— A\
oLl
e e e T =
R S s e : =/‘F"'“+ —————— -
1071 2 E 1 0 1; E AE 5 ﬁf ;/:Mru
10° 1100 10 10} 100 100 P10 10 10
3 3 312 3

Puc. 6.17. [lpenenbHbie 3¢GQeKTHBHbIE 3HAUSHHA AOMYCTHMOIi HATIPSKEHHOCTH
BBICOKOYACTOTHBIX MArHHUTHBIX TIOJiEi
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Puc. 6.18. Tpenensisie 3HaMeHUA ONYCTNMON NIOTHOCTH HOTOKA MOUIHOCTH §
(sexrop [MoliTHHra)

IFAABA 7. TAAbBAHUYECKOE BAMSHUE,
SAEKTPHYECKHUX {KEAE3HBIX JJOPOT
HA CMEZKHbBIE COOPYKEHUA

7.1. [loresnmansl ¥ TOKH B pelbcax M B 3emie

OcHoBHBIE MOIONKCHHA

Ha snextpudnunpopannbix xenesnpix AOpOrax penbCoOBRIN NMyTh
MPCACTABIACT ONMH U3 NPOBOAOB ANA NUTAHAS INEKTPHUCCKHX JIOKO-
MOTHBOB. Pelibebl yepes wimnarel, yepes 3azemneHue OIIOp KOHTAKTHOI}
CCTH, 2 MHOIAA Y€PE3 Pa3INUHbIE METANIMYECKHE COOPYKEHMA COEIH-
HEHBE C 3eMiiell, TO3TOMY B UeNb, MATAIOULYIO TOKOMOTHBEL, BKIIOYA-
IOTCA HE TONLKO PENBCH, HO M IIPHCOEAMHEHHBIC K HUM NADAIUIENbHO
3CMIIA U PA3TTHYHBIC TOA3EMHDIC COOPYKEHHS, PACIIONIONKEHHBIE B HEil.
[Iporexanne Toka no pesbcam BbI3bIBAET B HUX najgeHue HanpsHKeHns g
BOZHHKHOBEHHE ITOTEHUUAIOB OTHOCUTEILHO 3EMJIY. Cnenobarensho,
BCC METAIMUCCKUE COOPYXKEHHA, INEKTPHUECKH COCAMHEHHBIE C PeJih-
CAMH, TTONYHAIOT TOT XKe foTeruuan. [ToTeHimanbl METAJUIMYECKHX CO-
OPYXEHMH OTHOCUTENBHO 3EMIM HA AOPOTAX MOCTONHHOLO TOKA aoc-
THFAIOT B OTACABHBIC MOMCHTHI BPEMEHU JOBOJILHO BHICOKMX 3HAue-
HUH, BLIXOASIIMX HHOT/Aa 3a npeaenst 100 B. Takue HATIPSKEHUS B ON-
PEACICHHBIX YCIOBUAX MOTYT OKa3aThCs ONACHBIMA.

[TpoTekaroine no 3emiie Tak HA3LIBAEMBIC Oyxxnaroume TokH qac-
TIMHO NONAAA0T B pacnojiokKeHHbie BOINIY OT MEKTPNPUIUPOBaAH-
HBIX KCHEIHBIX NOPOT NOCTOAHHOIO TOKA PABTUUHBIE METAUIUUECKUe
COOPY*EHUA (10A3eMHBIE TPYOONPOBOIBI 1 Kabenu, XpaHMJIHIIA Io-
PHOMEro, OCHOBAHNA W YHIAMEHTBl ONOP KOHTAKTHON CeTH U T, 1. ) u,
BLITCKAS M3 HUX, BbI3BIBAIOT 3JIEKTPOKOPPO3HIO, YeM HAHOCAT GOJIb-
Ol MaTepHanbHbii yueph PA3THYHBIM OTpacnaM xo3ahcrra. Qs
YMCHBLIEHNs BPEAHOTO AEHCTBASA OJIyKAAIOLKX TOKOB HA HOABEMHblE
COOPYKEHUs PA3PAOOTAKBL PATUUHBIE 32U THL, OHU 33 1UHUTDHI Hanpas-
JICHP! HA YMEHBINEHHE BIlYKIAIOMWMX TOKOB (TOKOB, OTRETRISIOLIMXCS
B 3¢MJII0), APYTHE — Ha 3ALIATY IMOA3EMHBIX coopyxenuit 0T 6myxaa-
101HX TOKOB. TakuM 06pasoM, Mepssle 3aMHTD] 10 UPEAYNPEXACHUIO
HOSBAEHNA (HOTHOMY WIR YACTHYHOMY) GNYKAAIOMWUX TOKOB, a BTO-
puie — 1o 6opbhe ¢ yxe uMeNIMUCS OnyxaalomwumMn Tokamu.
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OOBIYHO KOPPO3HIO [TOI3EMHBIX COOPYKEHHI PA3ACNSAIOT Ha ABA BHAA:
[OUBEHHYIO (MJIM, KaK €€ YaCTO Ha3bIBAIOT, — XHMHYECKYI0), KOTOpAs
IIABHBIM OOpa30M OIPENEIISETCs CPEAOH, U INEKTPOXUMHYECKYIO KOP-
PO3HIO, BOBHUKAIOILYIO o4 AcHCTBUEM OMyX/QIOWKX TOKOB (11

KaprtuHa npoTekaHus 61yxaaloUuxX TOKOB 31eKTPUHHLMPOBAHHBIX
JEJe3HbIX JOPOr B 3eMJie M TOA3EMHBIX COOPYKEHHAX MOXKET OBITh
rnoJlydeHa HETNOCPEACTBEHHO M3 JAHHBIX O pacrpeleNeHnd NOTeHInA-
JI0B M TOKOB B pelibcax. [103TOMy B JaHHOH rnase MoapobHO paccMoT-
pEHO paclpeaesieHHE TOKOB U [IOTEHLMANIOB B PEJIbCax JUIs pa3HuHbIX
Cc/ly4aeB MMTAHUs U HArPY3KH 3JIEKTPHOHULUPOBAHHOTO YYACTKA.

7.2. TloreHHAaIbI 1 TOKH B pPeJIbcax
HA Y4YaCTKAX MOCTOSTHHOIO TOKa

PaccMOTPHM YYacTKH C COCPEAIOTOUEHHBIMU Harpy3kamu. [luranue
JIEKTPHUYCCKHX JIOKOMOTHBOB OCYHIECTBIIACTCH YEPE3 MPOBOJA KOHTAK-
THOI ceTH U peibcoBble MyTH. [ToCKONIBKY pesibChbl HE H30JIMPOBAHbI OT
3eMJIH, TO TOK IIPOXOAMUT W 1O 3emile. DTO OOCTOATENBCTBO OKA3BIBACT
CYLLECTBEHHOE BJMAHME HA MHOTHE PACCMATPHBAEMbIC HUKE ABIICHUA,
B YACTHOCTH, HA T'aJbBAHHYECKOE BJIMAHHUE THFOBOH CETH HA CMEXHBIC
COOPYXKEHHS.

Eciiu 6bl pesibehl ObLIIM M30JIMPOBaHbI OT 3€MJIH, TO BECh TOK JIOKOMO-
tnga [ (puc .7.1) npoTekan 6bl Mo penbecaM Ha yuacrtke AB. Ha puc. 7.1 n
[OCHEAYIOLIUX PHCYHKAX pACCMaTPUBACTCS PEXHM TAI'M, KOTAA 010~
KUTETLHBIN NMONOC NOACTAHLIMK PUCOSANHEH K KOHTAKTHOM cetH, a
OTPHLATENLHBIH — K PebcaM (B PEKUME PEKYNEPATHBHOIO TOPMOXKE-
HUS, KaK W3BecTHO [1], Jo/mkHO 6bITh 0OpaTHOE NpHcoeauHerme). Tox
YTEUKH M3 PEIbCOB B 3€MJ1}0 3aBUCHT OT PA3HOCTH NOTEHUHAIOB MEXLY
peNbCaMU M 3eMIIEH H OT COMNpo-
THBJIEHHS LIEITH, 10 KOTOPOH Mpo-

—_—
/ TEKA4eT 3TOT TOK. ITa Lerb COCTO-
[T ! / 2 ll UT Kak Obl M3 ABYX TOCIeA0BA-
- TeNbHO COEAMHEHHBIX YacTell.
A B

ConpoTHBJeHHe IEpBOH YacTH —

Puc. 7.1. Cxema rpoTeKaHus TOKa 110 pelib- MECTa 11€peX0Aa TOKA H3 PEIbCOB
cam Ge3 yTeukw B 3eMiio: / — nogcran- K WNAJIaM M BanmacTy — Hasbl-
ums; 2 — noTpeGHTeENnb (21EKTPOBO3) BAIOT HEPeXOOHBIM CONPOMUEICHU-

202

€M, 3 CONPOTHBIIEHUE BTOPOii ya-

. [ .
CTH — CaMoii 3eMJIH Ha TyTH TOKa 4 - ——
yTeuKH — Ha3bIBAIOT conpomuene- 111 IT@I I, xd 21
Huem pacmexanuio {1]. = RS =277 ’\\ 4
PaccmoTpum 0b1uyto KapTHHY [\ "7y \ \
NIPOTEKAHUS TOKA IO PESIbCaM M X A S SIS ///

3eMiie ISl npocTeiliuero cayuas

(ODHOCTOPOHHEE IIUTAHHE OJIHOTO  pyc 7.2, INpurunnuanpHas cxema 1po-
noesza) (puc. 7.2). [To Mepe pac-  rtexanus Toka no penbcam M 3eMie Ha
IIPOCTPAHEHHS TOKA B 3EMJIE OH  YYA4CTKE MOCTOSAHHOTO TOKA NPH OXHO
3aXBaTbIBAET BCe Oojiblive W TOACTAHLMM U OfHOH Harpyske: [ — T4-
Gospiline NPOCTPAHCTBA, M IOT- [ OBAA NOACTAHLKS, 2 — Harpyska; 3 —
HOCTB TOKA B 3EMJIE C yjIasieHueM KOHTAKTHas CeThb; 4 — PENbChL; 5 — 3eMAs
€ro OT peNnbCoB yMeHbIIaeTcs. BBuay 3Toro Haubonblee conpoTUBIe-
HHUe IIPOTEKAHKIO TOKOB YTEYKH COCPeAOTOUEHO BOAU3U BBIXOJA UX U3
peiibCoB. DT0 Mo3BoNAET 6€3 OLLYTHMOI MOrPeUIHOCTH MPH pacyeTax
TOKOB W IOTE€HUMAJIOB PE/IbCOB BKJIIOUUTE COMTPOTUBJIEHHE PACTEKAHUIO
B MEPEXOJHOE CONPOTURIIEHHE M CUUTATH 34TEM, YTO CONPOTHUBICHUE
3eMJIH PaBHO HYNIO. B pe3ynbTaTe Takoro JOMYLICHUS CXeMd pHUC. 7.2
3aMEHUTCS pacyeTHOH cxeMoif puc. 7.3, HA KOTOpOH MOKa3aHO cocau-
HEHME PEIbCOB C 3EMNIEH uepe3 MepexoaHbie COMpoTHBIeHUS. Jlerko
BUAETD, UTO TOK ] U3 TOUKH B 6yZleT npoTeKaTh K Touke A, OTBETBIIAACH
ot To4ukH B He ToabKO BaeBo (yuactok ), Ho u BnpaBo (yuacrox II).
ToyYHO TaK e ¥ BO3BPALIATHCA HA NOACTAHIIMIO TOK OyJeT He TOMbKO
Yepe3 penbehbl yyacTka I, Ho u uepe3 pensest yuactka 111

m ,?@,
A

Puc. 7.3. PacueTHas cxeMa U151 OTIpeAENeHUsl TOKOB B PENbcax ! 3eMJIE HA YUACTKe

HOCTOSHHOI'O TOK4: / — NoACTAHUMS; 2 — HArpy3Ka; 3 — KOHTAKTHas ceThb; 4 —

PCABCHI; 5 — MepexoAHOe cONPOTHBIEHHE; 6 — TIPOBOJHHUK (C CONPOTHBIIEHHEM,
PaBHBIM HYJTIO), 3aMEHSIOLIHI 3eMITI0
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Takum oGpasom, J1axe npu OIHONI NMOACTAHLUK TOK 3NMEKTPOBO3a
pacTekaeTcs Mo penbcaM B 0be CTopoHsl {BeBo HA yuacTke I ¥ Bipa-
BO Ha yyactke II). Ilpu aToM Ha yacTu y4dacrka AB, Gamxaiiueid k
HATpYy3Ke, TOK U3 PENbCOB yTEKAET B 3eMJIIO, & 3aTeM Ha [IPYroH YyacTu
BO3BpAlLIAETCA B peJIbChl U HA NMOACTaHUHIO. B cepenuHe 3TOro yuacr-
Ka TOK B pejibcax UMeeT MMHUMAJIbHOE 3HAUEHHE, OH OYAET TEM MEHb-
e, UeM MEHbUIE COMPOTHBICHHE NEPEXOAa K 3eMiIe M CAMOIl 3eMITH.
Tok, HAyLHI O pesibcaM BIPaBo OT HAFPY3KH, B KOHLE KOHLOB MO~
HOCTbIO YTEKACT B 3¢MJI10. DTOT TOK, TAK )K€ KaK W TOK, YTEKalOLIHit U3
pesibcoB Ha Guxaiiluel K Harpy3Kke 4acTH ydyactka A B, Bo3pauiaer-
Cq B PeJILCBI HA APYrOH HACTH 3TOTO y4acTKa M HA y4YacTKe CleBa OT
noactaHury. TOKH, NPOTeKarOIMe 0 3CMJIE, HA3BIBAIOT Oaydxcoaro-
LAY MOKAMU, 3 TOKH, OTBETBIISIOLINECS U3 PENbCOB B 3EMIIO, —
IMOKAMU YRIeyKU.

OTBeTBACHNE YaCTH TOKA B 3EMJIIO IPUBOANT K TOMY, HTO CONPOTHB-
JieHne obpaTHOro NMPoBOJAA (PENbChl, LIYHTHPOBAHHLIC TIEPEXOJHBIM
COMPOTUBJICHHEM U 3eMJICH) MEHbIlIe COIIPOTUBNEHUS W30JHPOBAHHO-
ro OT 3eMJIM PelbCOBOrO NMYTH.

PaccmoTpuM 06111yI0 CXEMY HATPY3KH PEbCOBOM LIENH MICKTPHDH-
LIHpOBaHHOro yyacTka (puc. 7.4, a). Ha 3To# cxeme noka3aHbl TpU 0O~
CTaHUMK U ceMb Harpysok. UToOb! nepeiTH K pacueTy TOKOB B pelibcax
M 3EMUJIE, HYXKHO [IPeX/IE BCero HAWTH Harpy3KH Bcex mozacraHuuii. [1pu

a

Qe @ e P

Puc. 7.4. Cxema pacnosioxkeHns Harpy3ok (¢) M pacuetHas cxeMma (6) ¢ Tpems
MOACTAHLUMAMH H COCPEAOTOUCHHBIMH HATDY3KaMH: | — TAroBble NOACTAHLINH;
2 — penwChl; /|,...,I5 — TOKH 31eKTPOBO30B; fy},....lg3 —TOKH NOACTAHLHIA;
P — penbebl; 3 — 3emns
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TOYHOM DPELIEHUH 3TOI 3aja4M HY>KHO ObUIO Obl YUeCTb, YTO TOKH Te-
KYT K NOACTAHLIMSAM HE TOJILKO 110 PENIbCAM, HO U 110 3eMJIE, T.€. YUECTD,
4YTO PACTIPEACSIEHHE HAI'PY30K MEXIY MOACTAHLMIMH 3aBUCHT HE TOJb-
KO OT COMPOTHUBJICHHS MPOXOJOB KOHTAKTHOMH CETH, HO H OT CONPOTHUB-
JIEHUH DEJILCOB U 3EMJIH.

Tako#t MeToa pacueTa oueHb ciioxkeH. s ero ynpouieH1s MOXHO
NPUHSTH HEKOTOPBIE AOMNYLIEHHS, KOTOPbIE HE BHECYT OLLYTHMOIH o~
rpemwHocTH. Tlpn Xopowel H30I9UMM PeNlbCOB OT 3€MAH, T.€. NpPH
OTCYTCTBHH YTEUKH TOKOB B 3€MJIIO, HATPY3KH MOE3L0B MOTYT ObIThb
pacnpejesienbl MEXAY MOACTARUHAMH OObIYHBIM CrIOCOOOM, T.€. 06-
PATHO NPONOPLUHOHAJILHO PACCTOAHUAM 1O COCEAHUX NOACTAHLIUI
(MpH HeW3MEHHOH MIIOWAAM CEeYEHHS MPOBOMOB KOHTAKTHOMN CETH M
OJMHAKOBBIX HANPHKEHUSIX TATOBbIX NOACTaHUKKH, cM. [1]). Ecnu xe
Mepexo/IHOE COMPOTHBIIEHHE OT PENBCOB K 3eMJle OYAET TAKOBO, YTO
3HAYMTENbHAR YACTh TOKA OYAET NPOTEKATH MO 3eMJiE, TO TIPK pacnpe-
AENEeHUN HArpy30K MEKAY NMOACTAHLMAMH MOXHO NpeHebpeub conpo-
THBJIEHHEM O0pATHOro NpoBoaa (PeilbChl, IYHTUPOBAHHBIE 3EMIICH),
TaK KaK OHO MHOIO MEHbLIE COMPOTHBIICHHS MPOBOAOB KOHTAKTHOIA
cetu. Ilocneanee U Gyner onpeaeasTb B OCHOBHOM TOKOpacIipeaese-
HUE B TaKOM Cily4ae. JIpyrumu cioBaMu, MOXHO CUHTATh, YTO Oy kK-
AAIHME TOKK HE OKA3bIBAIOT CYLIECTBEHHOrO BIIHSHUS HA TOKOpacr-
penesieHue MeXAy MOJICTAHLHAMH.

Iocne Toro xak Harpy3ky Bcex NMOACTAHUMIT HAlIEHbI, MOXKHO OT
Cxembl puc. 7.4, a mepeiTu K pacueTHOI cxeme puc. 7.4, 6, Ha KOTO-
PO¥ NOACTAHIMH 3AMEHEHBI HX HATPY3KAMHU (TOKAMH OTCACHIBAIOLIMX
11poBoa0B) Iy, Iy, 1y3; I'p — CONPOTHBIIEHHE | xM penbcoBoro nmyTu,
OM/kM; 7, — NEpPEeXoaHOE CONPOTHBIICHUE OT PEILCOB K 3EMJIE Ha
nnde 1 kM, OM kM (eguHHLA H3MepeHus conpoTHBieHns OM kM
OOBSCHAETCS TEM, UTO C YBEJIMYCHHEM [UIMHBI PENBLCOBOTO MyTH O6-
lllee NEpeXoaHOe CONPOTUBRJIEHHE MTAJIAET, B TO BpeMs Kak obliee co-
IPOTHBIICHUE PEIbCOB PACTET); r, — CONPOTHBICHUE 3eMin, OM.

Ecnu conpotusienus 7p M 7'y MOCTOSHKBL 110 BCEH IUIMHE, TO 110-
Jlyyaem uenb ¢ NOCTOSHHBIMHU NMApaMeTPaMH, T. €. JHHEHYIO Uens.
l1pu pacuere TakuX Lieneil MOKET ObITH MCTIONB30OBAH METOA NOJIO-
KeHus. B aToM cnyqae cnoxHBIE KOHTYP, coaepXamni HECKONbKO
1OACTAHLMHA U HATPY30K, MOXHO 3AMEHUTD PSJIOM KOHTYPOB, B KaX-
JIOM U3 KOTOPBIX IPOTEKAET ONPEHENIEHHBIH TOK, KaK 3TO MOKAa3aHO
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Puc. 7.5. Cxema ¢ ogHoii cocpenoro- Puc. 7.6. PacuerHas cxema ¢ 0/IHOM
4eHHOH Harpyskoi COCPeAOTOUEHHOH Harpy3ko

U OJHO#M U3 HArpy3ox Ha puc. 7.5. DTo NMPUBOIUT K PacueTHOH
CXEeMe C OJHOM Harpy3koH Npu yaaneHHOM B OECKOHEYHOCTH 3a3eM-
nureste (puc. 7.6). I1pn 3Tom noouepenHo 6yayT paccMOTpEHbI BCE
HAarpy3KH, BKJIIO4as ¥ TOKH MOACTAHLIHMH.

PaccMOTpUM 3MIeMeHTAPHBIA YYACTOK dX HA pACCTOSHUU X OT HAPY3KH.
3nech Ip_‘. — TOK B PeJIbCaX Ha PACCTOSHUM X OT HATPY3KH; [, — TOK B
3eMile Ha TOM )K€ PacCTOSHMU OT HATPY3KM; @, — MOTCHUMAN peibca
Ha paccTOsHWUU X OT Harpysku. CorpoTHBIEHHE 3MIEMEHTa PeIbCOBO
LEMH Ha JUIHHE PaBHO rpdx. Toraa npypaluenye NOTeHLHaIA PEbCOB
HA ITOM K€ 3JICMEHTE JJIUHbI, OUEBUIHO, PABHO W IPOTHBOIOJIOKHO
[0 3HAKY NaJEHHIO HANPSXKEHHS HA HEM: '

dp . = -1 rpdx, (7.1)
OTKY/la HMEEM
o = ~rplpyx. (7.2)
dx

IMonoxutensHOE HanpaBJICHUE TOKA MIPUHATO 30€Ch COBMAaAaOUIMM
C NOJIOXKUTCIIBHBIM HANPAaBJICHHEM OCH X.

YTeuka TOKA Ha NPOTHANKCHUM 3JIEMEHTA AJTUHEL dx ONpeAcIUTCA I1O-
TCHLIHAJIOM pEJIbCa P U NMEPEXOJHBIM CONPOTUBIICHUEM MEXAY PEJlb-
CaMH W 3eMJIeH Ha JJIUHE dx. I_IOCIICI[HCC TIIOJIYUUTCA, €CIIU NMEPEXOJHOE
COINPOTHUBJICHHE HA OJINHE 1 xm PpaseJINTe Ha NJIMHY pacCMaTpHBAEMO-

rﬂ
ro y4acTka, T.¢. Oyaer paBHO e CrienoBateiibHO, yTeuKa TOKA U3 Pellb-
X

n Px
cOB B 3emii0 Ha JumHe dx 6yaer paBHa Px e e dx. A tak xax
n
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IpUpalleH’e ToKa a’Ipx B pefibCax Ha JUIMHE dX PABHO TOKY YTEYKH U
00paTHO eMy MO 3HaKy, TO MOXHO HAaIMCATh

Px
d]px =- r" dx, (7.3)
o
OTKyOa HOJIy'-H/IM
dlpx - Px
dx N (7.4)

n
3HaK MMHYC NOKa3bIBACT, YTO C yBEJMUEHHEM X (CM. pHC. 7.6) TOK B
penbcax majaet. J{Ba anddepenunanbHeix ypasrenust (7.2) u (7.4) npen-
CTaBJISIOT CODOM CHCTEMY ypaBHEHMUIH C ABYMS HEM3BECTHBIMHU. [liis Mc-
KJIIOYEHUS M3 HUX OJHOIO HEM3BECTHOTrO MpoauddepeHurpyeM ypas-
Henue (7.2) no x:
dZCPx dlyy

-
dx Poax
OTKYJa MOXHO 3anucaTh

dlpx - _ 1 dzq)x
dx 2

' dx

dl

IMoacrasnsag 3HaueHue B ypasHenue (7.4), nony4um

(7.5)
rae a=,¢rp/rn.
O6unM peleHneM ypasHeHust (7.5) , KaKk U3BECTHO, Oy/IET BbIpaXeHHE

@y =A™ + Be ™. (7.6)
Tox B penbcax MOXHO HaiTH U3 ypasHeHus (7.2):

I =— R
p¥ :
I dx
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Ho u3 ypasHenus (7.6) BUAHO, UTO

Ex _ 4™ - B ),
dx

ClIeIOBATENIBHO,
1

Ipy (Ae™ = Be™™), (1.7

B

raoe Ry =,}rprn .

®opmynsl (7.6) u (7.7) asnswoTrcs obwumu. 14 pasnuyHbIX cny-
4yaeB KOHKPETHOI'O PACMOJIOKEHHA HAFPY30K YCTAHABIMBAIOT 3HAYCHN A
MOCTOSIHHBIX A W B MO COOTBETCTBYIOUIUM I'PAHHUHBIM YCIOBUAM. Be-
JIHYMHBL O W R, 15 PENbCOBBIX LIENEH MO AHAJIOIUH ¢ TEPMUHOJIOTHEH,
NPHUHSTON AJISL ATMHHBIX JIMHHUI, MOXHO Ha3BaThb COOTBETCTBEHHO KO-
apuyuennom pacnpocmpaiteHust U 80JHOBLIM CONPOMUBTEHUEM.

B xauectse Haubosiee oOLIETO Cllyyas paccMOTPUM cxeMy puc. 7.7 ¢

ABYMS yuyacTkaMu — [ u I, . Jns Gonbiielt o6LIHOCTH B CXEME Ipe-

AYCMOTPEHO COCPEIOTOYEHHOE 3a3eMileHHe R, 0koj10 Harpy3ku. Takas
CXeMa BOZHMKACT, €CY NOJ COCPEAOTOUCHHOM HArPY3KOH MOHUMATD
HATpPY3KY [OACTAHLMH, U B C/1yYae, KOTAd MHHYCOBAsl LUIMHA MOACTAH-
LMK COE[MHEHA C 3alUMIAEMBIM OT ONYKAAIOUIUX TOKOB MOA3CMHBIM
coopyxenuem [l], unu eciau Takoe coeAHHEHHE BO3HUKIIO BPEMEHHO B
pe3ysbTaTe HApyHieHHs HOpMaibHOH cxeMbl. Ecnu cocpenoToueHHoe
3a3€MJIEHHE OTCYTCTBYET, TO B hopmynax cieayeT NpHHUMATh R, = .

VYpaBHenus (7.6) u (7.7) oy y4acTKOB ClieBa H CIIPaBa OT HArpy3KH
3ANUIYTCA B C/CAYIOLIEM BHAE:

Q.= Axeax + Ble-ax’ (7.8)
/ / I,
X vy Iy =— (4™ -~ Bie™™);
C 1 PR
1, ’L ‘[l]_R I, (7.9)
La—= —1, P, = Ae™ + Bye™™, (7.10)

Puc. 7.7. Pacuethnas cxema c ogHoit | 1 ay —ay
COCpeNOTOUYEHHOH HAMPY3KOH H . IPY a R (Are Bye ).
YYACTKAMH KOHEUHOMN JTHHBI 8 (7.11)
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Kpome Toro, Tok, NpOTEKaIOMH Yepes CrielaibHOe 3a3eMIICHHE,
]3 = Px=0 ]
Rs

Hcnonp3ys rpaHAYHbIE YCIIOBHS, ONPEAeINM NOCTOsIHHbIE A |, B|, A5,
Bz.Hpnx=Ouy=0nMeeMCpx=0=cpyzoulx:()+ Iy:0+13:1;

(7.12)

npu x = I; noyunm Ip gy =0; npu y = b tox Ipyp, =0. Orcrona
MOXHO 3afucaTh

A+ B
A+ B =4+ By; —Rl (Al-—B]+A2—Bz)+—l——l

B 3

1

==1’

1

(Alea/l - Ble_al‘ ) = 0, - (Azeall — Bze—-(lll ) =0.

HocneBynpomeHmI 3T ypABHEHHS n;umyT BHI
A+ B - A - B =0 (7.13)
Aj(Rg = Ry)+ Bi(Ry + Ry) = A2Ry + BaR, = IRgRs; (7.14)
A — Be™® < 0; (7.15)
Are™ — Bre™2 < 0. (7.16)

IMoncraBus B, u3 ypaHenus (7.15) nu B, u3 ypasHenus (7.16) B
ypaBHenus (7.13) u (7.14), noayuum

A1+ 29y~ g1+ 022) = 0; (7.17)

AR, - R,) + €1 (Ry + Ry~ A Ry(1-&**2 ) = IR,R;.  (7.18)
Pellenne 3TOM CHCTEMBbl YpABHEHHH Aaer

IR, e
2 [RB . sha(l +4)

chaj
R, chaljchaly

IR, e (7.19)

2 [1;: +thal +tha12}chall
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Bocnonbk3oBasiurch ypasueHueM (7.13), nmonyunm

oy
B -t : _
Ry N sha(/; +15) chal,
R3 ch (‘l,/] ch (112
I}
R, et _ (7.20)

2

Ry +thal +thal, |cha
R’3

Hanee u3 ypasrenu# (7.17), (7.18) u (7.16) MOXHO HalTH A, U B,
Ho moxHO 1 npocTo Hanucars MX Mo aHaoruy ¢ popmynamu (7.19) u
(7.20), moMensB MecTaMu BEJMYUHDL /| U 4. 3Ha4eHUs KO3(PUUUEHTOB
A\, By, Ay n B, ypasnenuii (7.8), (7.11) anst caMbIX pasin4HbIX Cilyya-
eB nanbl B [1]. C noMoubio 3Tux KO3IMOUIHEHTOB MOXHO U3 ypaBHe-
Huii (7.3), (7.7) mist moboi cxeMbl U i J11000H TOUKH HAHTH 3HAaue-
HHS [IOTEHLMANA @, ¥ TOKA B PElibcax Ipx.

PaccmMoTpum cxeMy ¢ ofiHo¥ Harpy3ko# (puc 7.8) npu [} =1, = = [1].

HOCTOSIHHHCAI =A4,=0u B =B, = szRB IToacraBus 3TH 3HAYEHHS

‘ !

o ¢

B ypasHeHus (7.6) u (7.7), nony-
YUM COOTBETCTBEHHO

Gy = S IRge™™;  (1.21)

Do

—-ax
0 P Ing = )5 1e™. (7.22)
CyMMa TOKOB B 3€MJIC U PpENb-
Py CaxX B KaXX/10M CEYCHUH BCPTUKAIIb-
HOM IUIOCKOCTBIO JOJIKHA OBITH

paBHa )4 I, CIICHOBATEINbHO,

1
Inx = 51 - Ipy.
Ortcroa, BOCIOb30BABIINCH
ypaBHeHueM (7.22), HalljeM BbI-

Puc. 7.8. [inarpamma u3MeHeHust 10TeH-  pakeHUe IJis OnpeAesiCHHs TOKa
uHana penkcoB (@) M TOKa B HUX (6) Mo B 3eMmJe:
IUIMHE yH4CTKa NPH OJHO# cocpenoTo-

YeHHO}i Harpyske Iy = % I1-e ). (7.23)

—X

|
=
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®opmynsl (7.21), (7.22) n (7.23) aBaAsg0OTCS OCHOBHBIMH I pac-
yeTa MOTEHLUMAJIOB PelbCOB K TOKOB B pelbcax M 3emne. Heobxo-

'/ IMMO YYUTBIBATB, YTO TOKHU B PeJbCax, TAK X€ KaK U B 3eMJIe, 110
' pPa3Hble CTOPOHBI OT HAarpy3ku OyayT UMETh pa3Hble HANPABJICHHS.
" Ecau 32 mosiokHTeNbHOE HANPaBIeHHE TOKA MPHHATH HanpasJie-
' HHE €rO BJIEBO OT HArpysku (cM. puc. 7.8), TO TOKH B 3eMJie H pellb-

cax BIPABO OT Harpy3ku OYIyT UMETb OTPHULATENbHBIE 3HAYCHHS.

"~ JlnarpamMmbl MoTe€HUMAsa U TOKa B pefbcax MoKa3aHbl Ha puc. 7.8.

Eciu Harpyska [ ©ynetr MMeTb HanpaBlieHHe, POTHBOIOJIOXKHOE
yKa3aHHOMY Ha puc. 7.6 (Hanpumep, eciiy 3To OyleT TOK MOACTAH-
uuu), To B hdopmynst (7.21)—(7.23) Tox / Hago MOACTABAAThL C OT-
PHUIATEIbHBIM 3HAKOM.

[1puMeHUB METOA HAJIOXCHHUSA, JErKO NOCTPOUTH AHATrPAMMABI
TOTEHUMAIA M TOKA O 000N cxeMbl Harpy3ok. [1o npuBeaeHHBIM
dopMynaM CTposT AMarpammsl Ais OTAEAbHBIX HACPY30K (C y4eTOM
HafnpaBJICHHS TOKOB H 3HAKOB NOTEHNMANA), 4 TOTOM NoJy4yaeTcs pe-
3yJbTUpYIOIAA AMarpamMma ajaredbpauuyeckuM CyMMUPOBAHHUEM Op-
JUHAT OTAENBHbIX adarpamm. Hanpumep, ans cxemsl ¢ 0AHOH Ha-
Tpy3KOH U OfHON MojcTaHIMeR (cM. pUc. 7.2) nocTpoeHue anarpam-
Mbl NMOTEHUHATA U TOKA B PENlb-
cax AaHo Ha puc. 7.9. ¢

[Tpy mocTpoeHuyn cocTaBasfio-
LIMX OuarpaMm 3a Hauyajio Koop-
IMHAT NPHUHMMAETCA MECTO TMpH-
JIO)KEHHST COOTBETCTBYIOLEH Ha-
rpy3ku 0 u 0. Jlas HAarpy3ku B
Touke (' n1MarpaMmbpl noTeHuua- 6

I

712 M TOKa B pesIbCax UMEIOT BUI iN y
0 7

KPUBBIX pHc. 7.8. AHaJOrHYHO ! P X 2
CTPOSITCS AMAIPAMMBI U1 HATPY3- T 3[0 I—x [x [0 /3‘

< —
KM B TOuke 0, KOHEYHO, C YUETOM 27\ [ 7N
3HAKA HarpysxH. -5

[Monb3ysick hopmynamu (7.21)

u (7.22), 1erko cOCTaBUTh pacueT-
Puc. 7.9. InarpaMMa u3MeReHHs TTOTEH-

HbIE YpaBHEHUA /151 pacCcMaTpyBa-
uMaia penbeoB (a) v TOKa B HUX (6) no

E€MOH CXEMBI (CM‘ puc. 7'2)' Ho- JUTHHE YYacTKa ¢ OAHON NMOACTAHUMEA U
TCHLMAJI H TOK B peJIbcax ClicBa OT OIHOH COCPEROTOYEHHOH HArpY3KOH
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Harpys3kH [ (cM. puc. 7.7) MOTYT ObITh ONpeaeNneHsl CleAYIONIHMH BbI-
paxKeHUsIMH:

© = Y RyIe™™; (7.24)

1 —ox
Ipe = Y 1e™. (7.25)
Ob6o3Hauas abcuucesl Touek ot Hauaja 0 uepes / — x, HAUIIEM BbI-
pakeHust NMOTEHLMANIa U TOKA B TOH ke TOYKE PE/ILCOB, HO CIpaBa OT

-

Harpysku [y :
i =} Roloe™™; (7.26)

Tpi_x == Y Ipe™ ™). (7.27)

3amenus B hopmynax (7.26) u (7.27) Iy = -1, cnioxum coOOTBETCTBEH-
HO npaBble yacTu BeIpaxeHui (7.24), (7,26) u (7.25), (7.27). Toraa no-
JIy4MM CyMMapHble 3HAUEHHS MOTEHLIMAJIOB U TOKOB B PElIbCax:

9. =4 RB1[e”‘”‘ - e"’("“‘)] , (7.28)
Ix =4 e pemtt-0], (7.29)
IMocnennue ase GopMyIIbl MOKHO MIPEACTABUTH TAKKE B BUIE
@ =Rele ™ sha(l/2-x) , (7.30)
TIpx =172 cho(1/2-x) . (7.31)

JlnarpaMMsl, IOCTPOCHHBIE HA PHC. 7.9, COOTBETCTBYIOT 3THM Bbi-
PAXKEHUSIM.

Ucrnonr3sys ¢opmyny (7.28), MOXKHO HAWTH 3KBHBAaJIEHTHOE CO-
NPOTHB/ICHHE PENbCOBOIO MyTH R, C y4ETOM YTEUKH TOKA B 3EMIIIO:
Rp = (@g — @)/1. 3nech @y 1 @) — MOTEHUHABI COOTBETCTBEHHO B
Toukax 0’ n 0, 3HaUEHHUS KOTOPBIX CledyeT B3ATh 1o ¢popmye (7.28).
Torpa nonyuum

ro =Y Rafi- e )=l 1))

R, =Rl -e-“’) : (1.32)
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XapaxTtep 3aBUCUMOCTH R_(/)
nokasaH Ha puc. 7.10. Heobxoau-
MO MOMHMTb, YTO NPHBEICHHbIC
(OpMYITBI CIIPABEJIMBEI B TEX CITY-
4asnx, KOT/1a MPOTIHKEHHOCTh PENlb-
COBOTO MYTH MOXET ObITh MPUHSA-

Ta 110 o6e CTOPOHB! OT HATrPY30K /
oeckoneunoi. Ilpu Harpyske, Oec-

KOHEYHO YAaNeHHOH OT nmojcTaH- Puc. 7.10. 3aBUCHMOCTB CONPOTHBIIE~
LIMH, 9KBUBAJIEHTHOE CONPOTUBIIE- HUS PEJILCOB OT JJIHHLI YH4CTKA

HHE PENbCOBOTO MYTH
Ry, =Ry = [rpry . (7.33)

MpakTHUeckd NpH paccTOSHMAX OT HArpy3KH MO MOACTAHLHH
12—20 kM R HE3HAUYHTEILHO OTIMYAETCH OT R’p (.

Ha puc. 7.11 npeacrasnensl jMarpaMMbl M3MEHEHHU S [IOTEHUHANOB
pEeNbCOB U TOKA B HHX 1O JAJMHE YYacTKa ¢ OJAHOM COCPEeaOTOUECHHOM
HArpy3Koit U1 pa3HbIX Clyvaes.

7.3. IloreHIansl 1 TOKH B pejibcax
Ha Yy4acTKaxX [IepeMeHHOI0 TOKa

Bce usnoxeHHoe B pasfl. 7.2 0 NpOTEKaHUM TOKa IO pejibcaM Ha
[OpOorax MOCTOSIHHOI'O TOKAa B GOJMBILIOH MEPE OTHOCHTCA U K JIHHUAM
MEPEMEHHOrO TOKAa. 3/IeCh TAKXKE€ MOTYT PacCMATPUBATLCS CXEMbI ¢
COCPENOTOUCHHBIMH HATPY3KAMU K CXEMbl C PABHOMEPHO pacrpeae-
JeHHoH Harpy3koi. Ho uMeercs pasnuuue B ABICHUH IPOTEKAHHS TOKa
MO peNibCcaM Ha yyacTKax IepeMeHHOro Toka. OOBACHSETCS OHO MpPH-
CYTCTBHMEM 3JICKTPOMArHHTHOM! CBS3M MEXAY OTACIbHBIMU KOHTYPaMH,
COCTaB/ISAIOIMMH TACOBYIO CETh.

PaccMoTpuM caMylo npoctyro cxemy nurtaHus (puc. 7.12). Tok B
KOHTAKTHO 1oJiBecke [/ paBeH CyMME BCEX TOKOB B pelibcax # 3eMJe,
yCIIOBHO HAMHU 0003HAUYEHHBIX 1, I, I3, 1. Takum obpasom, TArosas
CeTh Kak Obl IpeACTABsAET COOOI P HANTOXEHHBIX APYT HA Apyra KOH-
TypOB: KOHTYp TOKa |, KOHTYp TOKa I, u T. 1. [Ipu 3TOM oaHa uyacts
LEIH IS BceX KOHTYPOB ABIsAETCS OO0LIEH U COCTABISIETCA U3 TOACTaH-~
LIMH, KOHTAKTHOMH CETH U 3J1eKTpoBOo3a. BTopas yacTh LeNu AN KaxXao-
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Puc. 7.11. AnarpaMmbl U3MEHEHNA NOTEHIIMAIOB PENbCOB (IITPHXOBBIC IMHNK) U
TOK4 B HUX (CIUIOILHbIC IMHHH) 10 ANTMHE Y4acTKa ¢ 0gHOH cocpeoToueHHOMH
Harpy3koi (cM. tabn. 7.1) (Hauano)
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Puc. 7.11. AuarpaMMei n3MeHeHUs MOTEHLIHAIOB PEbCOB (IUTPHUXOBbIE THHUHN) U
TOKa B HUX (CIUIOIUHbIE THHWY) [10 JIMHE YYaCcTKa ¢ OJHON COCPeNOTOUEHHOM
Harpysko# (cm. Tabn. 7.1) (okoHuaHue)

ro KoHTypa cBosi. OHA COCTOUT K3 HEKOTOPOH ANHHbI penbca (Hanpu-
Mep, I HUTH TOKa [y — JUIMHA @), NEPEXOJHOIO CONPOTHBIIEHUS
«PeNbC—TPYHT» W conﬁomsnemu COOTBETCTBYIOILEH YACTH 3EMIIN.
H3BecTHO, uTO m100bIE AUHHHU
NepEeMEeHHOro ToKa 061aAaloT Kak

P [+ L4 L
AKTHBHBIM, TaK U MHAYKTHBHbIM
conporuBieHueM. MuayKTHBHOE ] 3 l,
COMPOTHBIICHUE COCTOUT U3 BHYT- a I, a
PE€HHEro M BHEIUHEro MHAYKTHUB- \;/ 1
HBIX conpoTurneHuit. [locnenuee A
3aBUCUT OT pa3Mepa KOHTYDOB. 1, 3

UeMm OGonblile pacCTOSHUE MEXIY

TOKAMHU «IIPIMBIM» (B KOHTAKTHOH

noaBecke) U «0OpaTHBIM» (B Ha- . .
Ha JIMHUH ¢ ofHo(Da3HON Harpyskoii:

lem cyyae B 3emiie), TeM 6011b- I — Tarosas noacTaHuus; 2 — KOH-

lie HHAYKTUBHOCTE 3TOI'O KOHTY-  raktHas nopsecka; 3 — Harpyska

pa. CnenoBaTenbHO, COCTABIIAIO- (31eKTpOBO3); 4 —— PENbChI; 5 — 3eMas

Puc. 7.12. CxemMa NpoTeKaHus TOKOB

20 — 6283 305



was Toka /| ONpeNeNsieT MeHbIyI0 HHAYKTUBHOCTD, YeM I, nT. A
(cm. puc. 7.12).

TAK KaK 9TH KOHTYPbI UMEIOT Pa3JIMIHYIO HHAYKTHBHOCTD, TO H TOKH
1y, 1, I5,... GynyT CABUHYTHI 11O dase apyr oTHocuTenbHo Apyra. ITo
TOIi e MPHUKHHE NIOTHOCTL TOKA B 3¢MJIC MAJAET C YAAICHUEM OT 110~
BEPXHOCTH 3EMJIU U TEM CKOPEE, 4€M BBIILIE €ro 4acroTa. Hanpumep,
TOK AMHMUU npH yactoTe 50 ', npoxos no 3emje, pacnpocTpaHseTes
B Heli B CTOPOHbBI U B TIIyOHHY Ha HECKOJIbKO KUIOMETPOB, & TOKH 3BY-
KOBOI 4aCTOTbl — TOJILKO HA HECKONBKO COT METPOB.

Takum 06pa3oM, Npy YBEJIHUCHHH YaCTOThI TOKa ITybKHa NpoTeka-
HUS TOKOB YMEHBLIAETCS, CIIEJOBATELHO, C YBETMUEHHEM HaCTOThI TOKA
pacTeT conpoTHBIIeHHE 3emild. T1pH NPOTEKAHNN TI0 3eMJIE TIOCTORHHO-
[O TOKA OH OXBATLIBACT GOJNbUIYIO MIyOHHY H IUMPHHY 3eMAH (B He-
CKOJIbKO KHJIOMETPOB), O3TOMY COTNPOTHUBJICHHE 3EMIIH 3ACCh HE UI-
paeT CyLIECTBEHHOW POJIK (BbILIE B pacHeTaX UM npenebperanu). T1pu
[IPOTEKAHUM K€ NIEPEMEHHOTO TOKa COMPOTHBIICHHE 3EMJIH, KAK OTME-
YaJIOCh, YBEIUUYMBAETCA. 3aBUCHMOCTb CONPOTHBJICHHUS 3EMJIH (kak «0b6-
pPATHOrO» MPOBOJA) OT 4ACTOTHI TOKA [}

Yacroro Toka, [l ..ot 25 50 150 500 5000
IlepexoaHoe CONPOTUBIICHME
«penbc—3eMi», OM'KM ....... 0,025 0,05 0,15 0,5 5,0

IIpu yBennueHMH YAEIbHOTO CONPOTHBIEHHA 3€EMIM pacTeT na-
JleHUE HAMIPAXEHUs B HEH M NMaJaeT MIOTHOCTb TOKA H, CIEA0BATEIb-
HO, O/IHOBPEMEHHO yBENMYMBAETCS My6uHa U IMpUHA 061aCTH 11PO-
TekaHUd TOKOB. B CBOIO odepenb yBETMUYEHHE ITOH 30HBI MPOTEKaA-
HU1A TOKOB MPUBOJMUT K YBEJMYEHHIO HHAYKTHBHOCTH KOHTYPa «Npo-
BOA—3EMISI».

ECiN JIMHUS KOHTAKTHOM CETH NMEPEMEHHOTO TOKA MIET M0 KPHBOH
WIH Jake feflaeT NeTio, oOpaTHbli TOK B 3eMile CIEAYET MO TOH Xe
KPHBOIi, T. €. HE UIET 110 HanboJsee KOPOTKOMY ITYTH. D10 0OBACHAETCH
TeM, UTO TOK B 3¢MJIE BCJIGACTBHE MATHUTHOTO B3aHMOACHCTBUS NONTH-
IUBaeTCsl K MPOBOJLY H AECPXKHUTCS BOJIN3M HETO Ha PACCTOAHUSX, KaK 3TO
GbIUTIO OTMEYEHO, 3aBHCALIMX OT YaCTOThl TOKa. DTO IMOJIOKEHUE OCO-
GeHHO MHTEPECHO IPH PacyeTax BCSKOro pola CIOKHBIX y3NIOB. Ono
yKa3bIBAET HA TO, YTO CXEMY PacnpelefieHHsi TOKOB B 3eMIIe MOXHO
CUMTATH AHAJOTMYHOI cXeMe COeAMHEHHs IIPOBOJIOB Pa3JHUYHbIX JIH-
HHUIi, CXOASIIUHUXCS B JAHHOH TOUKe.
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IIpycyTcTBHE PENBCOB HA NIOBEPXHOCTH 3eMJIN IOTIONHHTENBLHO YCII0K-
HSET KapTuHy. Penbchl Ha BCeM NPOTSHKEHHH COCMUHEHBI uepes Mepexol-
HbIE CONMPOTHBIICHHA C BEPXHHUM CJIOEM 3€MJIM, [JI€ TOK UMEET HAMOOIb-
Iyl0 MI0THOCTh. Hajnuue penbcoB Kak Obl M3MEHSIET COMPOTHBICHHE
BEPXHETO CJIOSt 3¢MJTH, 4 OTCIOAA M COMPOTHUBIIEHHE BCEX KOHTYPOB, B KO-
TOpbIX HaBoaUTCst anc. Tok, mpoTekaromMit B 3TUX YCIIOBUSX IO PEIbCaM,
3aBHCHT OT NEPEXOHAHOTO COIPOTHUBIIEHHS «PEJIbChl—IPYHT» H OT CO-
NPOTHBIEHHA caMuX penbeoB. [locnenHee ke B CBOWO ouepeab 3aBUCHT
OT TOKA B penbcax (Kak BO BCSIKOM MACCUBHOM CTaJILHOM MPOBOAHMKE).
Tax kak TOk B pesibcax NAAAET IO Mepe NPUOAMKEHUS K CepeanHe yuac-
TKa (CM. pHc. 7.12), TO 1 CONPOTHUBIIEHHE PEJILCOB I10 €0 IJTMHE U3MEHSIETCS.

Bce 3TH coofOpaxeHUs NOKa3bIBaIOT, CKOIIb CIOXKHA KAPTHHA pac-
MpeeNeHHs TOKOB MEXAY PebCcaMi H 3emieit. Ecnu ke yuecTsb, UTO B
JEeHCTBUTEIbHOCTH HMEETCS HE OJlHa HAarpy3Ka, a HECKOJIbKO, M IUTa-
I0TCst OHH OT paja MOACTAaHUMI, A2 K TOMY € Harpy3Kn HenpepblBHO
MEPEMELIAIOTCA H UHCIO HUX U3MEHAETCH, TO JIErKO OOBSICHUTh, MOoye-
MY 15l PELLEHHs] NOCTABIEHHOM 328241 IPUXOANTCs npuberats K pas-
JUYHBIM YIPOILUCHUSM.

Ecnu Bce TOKHM B 3€MJIE 3aMEHUTh OJIHUM 3KBHUBAJICHTHBIM TOKOM,
TO B CXEME OJHOCTOPOHHEro MUTAHUSA ONHOH Harpysku (puc. 7.13)
MOXHO PAcCMAaTPHBATH TPU OTHEHbHBIE COCTABISIOIINE TOKA, TPOTE-
KaIIIUE [T0 TPEM KOHTYpaM: 1) «kKOHTaKTHasi CETb—PENbCH I, (urtpu-
XOBbIE CTPEJKH); 2) <KOHTAKTHAA CETb—3eMA» [, (CIUIOLIHbIE CTPE-
Ku); 3) «penbchl—3eMIn» 1p3
(IUTpUXMYHXTUPHBIE CTPEJIKH). *

Taxum 06pa3oMm, TOK B pesibcax
noJlyyaercs Kak reomerpuveckas
CyMMa JBYX COCTaBIAIOWIHUX: TOK
KOHTypa 2) (Ha30BEM €TO YCNOB-
HO «TATOBOI» cocTaBisiloulel
TOKa, KOTOpas ABJISETCA HACThIO
TOKa, TOTpebaeMOro 3MeKTPOBO- e
JOM) U TOK KOHTypa 3) — «BHXpe- kQ» ——————————— :)
BOH» COCTABJIAIOLLEH. I

ITpu nporexkaHHUU TOKa MO Puc. 7.13. CxeMa ToKoD:
peiibCcaM HA yYacTKaXxX MOCTOSHHO- a S/qz;cn(e oﬂﬂoq)agizr;gefsifuﬂ
I'0 TOKa MU PACCTOAHUAX MEXAY [ — moacTaHums; 2 — Harpyw;,

—_——
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nmoAcTaHluell U Harpy3koH 12—20 KM Ha cpeJIHER YacTH y4acTKa TOK
B peJibcax 61130k K Hymo. I1py nepeMeHHOM TOKe TAroBas cocTanj-
Ol TOKA B PENbCAX [1AAACT 3HAUNTENBHO ObICTpEE, UEM NIPH [10CTO-
SHHOM, TaK KAK IOJHOE COMPOTHBIICHHE PELCOB MHOTO HOJIbILIE CO-
MPOTHBJIEHHS TOCTOSHHOMY TOKY (0COBEHHO B 30He HONBIWIMX TO-
KOB, T.€. OKOJIO MOAcTaHUMI ¥ norpebuteneit). Kpome Toro, aninHa
UIEPHBIX 30H NPU NEPEMEHHOM TOKE 3HAUHTEIbHO Gonble. Takum
06pa3oM, npu AOCTATOYHO OGONBUIOM PACCTOSSHHH OT HArpy3ku 10
MOACTAHLIMM B PelbCax, 32 UCKJIFOYEHHEM HEDONIBLIMX YUACTKOB, MPH-
JIETAIOILIMX K MOACTAHIMH U HArpy3Ke, OYAET NPOTEKaTh TONbKO BHX-

peBO# TOK Ig= I, (puc. 7.14, @), v B TAKOM CllyH4ae MOXKHO CHUTATD,

YTO TOK B pelibCaX NMPONOPLUHOHANEH TOKY B KOHTAKTHOM CETH. ITpu
3TOM JUISl PACYETOB MOTYT ObITh UCIOJIb30BAHDI ko3 duLmeHT camo-
MHIYKUUHY U B3aUMOMHAYKUHH, BbIBEACHHbIC JUIS IHHUH OeCKOHEYHO

DonbUION JJIMHBIL.
PaccMOTpPHMM BEKTOPHYIO Auarpammy puc. 7.14, 6. 3nech TOK KOH-

TAKTHOM ceTH [, BbI3BIBAET B KOHTYPE “PENbChI—3eMIlsl” J/IC B3aUM-
HO# unaykumn Ep;. D1a 3AC B CBOXO OYEPEb BBI3bIBACT B 3eMIIE BUX-

peBO# TOK ipE, YMEHbHIAs [OTOK, TPOHU3BIBAIOINHA KOHTYD “KOH-

TaKTHBIH NpoBOA—3eMNs’ .

Puc. 7.14 Cxema mpoTeKaHUs TOKOB (¢) M BEKTOpHAA auarpamma (6) ais
ci1yuas GONBILIOTO PACCTOAHUS OT TMOJACTAHIMH 10 Harpy3kH: / — MOACTAHUHS,
2 — Harpyska
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BHXpeBoii TOK MPUBOAMT K YBENHUYEHHIO [UIOTHOCTH TOKA B [IOBEPXHOC-
THBIX CJIOSIX X YMEHBLICHHIO B YAANECHHbIX OT IMOBEPXHOCTH CJIOAX 3EMIIH.
Tockonbky yacTb BUXPEBOTO TOKA OTBOAMTCA B PENILChI U IS 3TOTO
TOKa KOHTYp “penbchl—3eMils” 6yaer o6naaath GONbLIMM HHAYKTHUB-

HBIM COIIPOTHBIIEHHEM, TO BEKTOP TOKA B pefibcax /,, OTKIOHHTCS OT
Ep.s Ha 6onbioit yron. CyMMapHBIit e TOK B PelibCax H 3eMJIE, eCTe-

CTBEHHO, OCTAETCS PAaBHBIM [, ., @ PA3HOCTb MEXIY TOKAMH I 1
Ips = 1 naer (cM. puc. 7.14, 6) 9KBUBAJIEHTHBII TOK B 3emite [, ..

Ecnu 61 paccMaTpuBaTh TAKYIO BEKTOPHYIO IMArPaMMY A/t TOUKHM,
pacroyioxKeHHOH BOIM3M MOACTAHLMH HAM Harpysku (cm. puc. 7.12),
IJiE B PEjIbCAX COXPAHAETCS HEKOTOpas 4acTh TAroBoro toka (06o3Ha-

uuM ee [, ), TO Cymma TokoB [y, + 1, mosmkHa Obia Gbl pAaBHATDH-

st [y -1 ). Besne nvxe Gynem npenebperaTs 3TOH HacTbio Toka I,

noJjlarasi, YTo B pejbCax eCTb TOJIBKO BHXPEBOH TOK, T. €. Oynem pac-
CMAaTPHBATb TOJIBKO KOHTYDBI 2) U 3).

Jna yrnpoueHus pacnpeieneHds TATOBOTO TOKA MEXK/AY pelbcamu
H 3eMJIEH IDUHKMAIOT, KaK U JUIs NOCTOSHHOIO TOKA, YTO CONpPOTUBIIE-
HHE 3eMJIM paBHO Hym1o. [1pu 3TOM pacnpenenenue Toka Oyaer onpe-
AENATLCS COMPOTUBIIEHUEM PEIILCOB M IEPEXOMHBIM COMPOTHBICHHEM
oT penbcoB k 3emite. Hlocnennee Bkmovaer B cebsl CONPOTUBIICHHE 3eM-
JM W NPHHUMAETCS HE 3aBHCALLMM OT PACIOJIOKEHUS HAIPY30K OTHO-
CHTEIBHO NOACTAHLIMH.

B neficTBUTENBHOCTH MpPH Pa3IMYHOM PACMONOKEHUU HATPY30K
BJIHSHUE COMPOTHBIIEHKUS 3EMJTH HA NEPEXojHoe CONMPOTHBCHIE Oy ieT
paziaudHo. Ho Tak Kak 37O BnHsHHE HEBENHKO, TO IJISl MPAKTHYECKHX
PacyeTOB AOMYLIEHHE HE3ABUCUMOCTH NMEPEXOHOTO COMTPOTUBAEHHUSA OT
PAcCIONIOXEHHUST HArPY30K HA Y4YacTKe BIIOJIHE OIPAaBAAHO.

CxeMa pelieHHs MOCTABIEHHOW 3a/1a4d aHANOTHYHA PACCMOTPEH-
1o# B pasn. 7.2 s nocrosHHoro Toka. Pasznuuve B 1aHHOM ciyvae
JAKIIIOYaeTcs B TOM, YTO TOK, IPOTEKAIOLHH 110 KOHTAKTHOM CeTH, Ha-
BOJHUT 3AC B KOHTYpe “penbc—3emis’.

0O603HauuM KO3(QPHUUHEHTH B3AaUMOUHIYKLMN MEXAY KOHTYpa-
MU: “IIepBBIA penbc—3eMia” U “KOHTAKTHBINA NPOBOA—3eMis”, “He-
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CyHIMIT Tpoc—3emis” U “penbc—3emis’”, “nepBolil (JIeBbIH) penbc—
3emiin” M “BTOPOH (NpaBblit) pelibc—3eMJIs” COOTBETCTBEHHO 4epe3
Mle., MTp”Mp12 5

dns ogHOMYTHOrO y4yacTka TOK B OJHOM penbce OyAeT paBeH

0,51'p .'HoaTomy 3/1C, HABEACHHAS B KOHTYpe “pesbc—3eMiis”, OTHe-
ceHHas K | Kkm,
Epy = —joX My d i + Myply +05My0 1), (7.34)

Bbiparxcast TOK B KOHTaKTHOM MpoBone [, U B HECylIeM Tpoce [,

yepe3 TOK B KOHTAKTHOH CeTh [, , NOIy4IuM

(ZKpBZTK + ZopsZgr )1

Zrg tZygr

E

py =~ = +052p1251 |. (7.35)

TNEZ, ., =ju)Mp1 K COl’IpOTI/IBHeHI/li B3at‘umonmlyx<uuu yex(ay KOH-
TypaMy “KOHTAKTHBIA MPOBOA-—3eMNs” H “penbc—3eMis’,

Zips = ju)MTp — COMPOTUBJIEHHE BBaI/IMOI/IHHy,]’(L[HI/I MeXOy KOHTY-
paMy “HecylMd Tpoc—3emis” U “‘pelibc—3emila’; )

Z512, — CONPOTHBICHHE B3AHMOUHYKLIMH Ivf,)my KOHTYpaMH “niep-
BbIH peabc—3emis” U “BTOPO pesibc—3eMiis” .

O0603HAUYMB, KaK U [1IPHU IIOCTO-
SSHHOM TOKE, NpHUpalleHue ToKa
HA 31IEMEHTAPHOM Y4aCTKE pellb-

~e

ca dx uepes dlpy , MOXHO Hanu-

catsb (puc.7.15)

dl,y = -2y, (7.36)
Zy

rae ¢, — MOTEHLHUAJl penbca

B TOYKE C KOOPAUHATOH X;
Puc. 7.15. Cxema yuactka onHodasHoro

. y z, — TEPEXOJHOE CONPOTHB-
¢ A moacTaHuMei M OJHOH Ha-
TOHa © panon ToneTan! JIEHHeE A/ TYTH ([IByX PesIbCOB).
Tpy3KOii: | — NMOACTAHUHUSA; 2 — 3NEKTPO- g
BO3;3 — KOHTAKTHBII NpoBo, 4 — pesib- O6o3HauuB yepes d@, IpH-
Cbl; 5 — TMIEPEXOHOE CONPOTHBIICHHUE, pauieHue nmoTeHUHala penasca u
6~ seMIA NpPUHSB 32 MOJOXUTEAbHOE Ha-
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TpaBJICHUE OCH X M TOKA B PEJIbCAX YKA3aHHBIE Ha pHC. 7.15 Hanpasse-
HUA CJIEBA HaNpaBo OT Havasa O, MOXHO HAIUCATb

dp =~(2p, ~O,51'px + pr )dx;
dpx = ~(Z5pal py + Zyp e )dx. (7.37)
OKBHBAJICHTHOE COMPOTHUBIICHHE KOHTypa “penbchl—3eMiusn”
Zyp3 =0’5(Zp3 +Zp123) (7.38)
OKBHBANICHTHOE CONPOTHUBIEHHE B3aHMOHHIYKUHU KOHTYPOB “KOH-

TaKTHas ceTh—3eMisa” 1 “penbc—3emns”

ZypsZrk + Z1pyZyr

Zgep = : (7.39)

Zrg T2y

ConpoTusnenne pesibcoB 3aBUCUT OT MPOTEKAIOWIETO MO HIM TOKa,
T. €. HE ABJIACTCA NOCTOSHHOI BEIHYAHON. YUET 3TOr0 NIPHBOMT K Cy-
IUECTBEHHBIM OCIIOKHEHHAM, O3TOMY OBBIYHO JOBONILCTBYIOTCS MPH-
OJIMOKEHHBIM PELICHHEM, IIPUHUMAST Zyy IOCTOSIHHBIM W PaBHBIM Cpe/l-
HEMY €ro 3HA4Y€HMIO IO JJIHHE NMYTH.

B pesynbrarte pewenus ypasuenuit (7.36) u (7.37) nonyuuM Beipa-
KEHHS 15 TOTEHLHMAJIA M TOKA B PEJibCax:

Py = Ae™ + Be TV (7.40)

jp.\' =——1‘—(A(’Y'\.—B€_Yx)"n1.0, (741)

1y

re Y=\/Zp/zn; ZB = szn u n=ZKCp/Zp.

Ypasuenus (7.40) u (7.41) sBasiorcs o6wmmu. U3 stux ypaBHe-
HHi JIEFKO MOJNYYUTh BbIPAXKEHHS U1 MMOTEHLNANA U TOKA B pefibcax
/1 yHaCTKOB IOCTOSIHHOTO TOKA, MOJIOKHB Z; = r Z,=r,un= 0
(Tak kak w =0).

Hocrosuubie 4 u B, kak 06bluHO, ONPENENSIOTCH B 3ABUCUMOCTH
OT KOHKPETHBIX yci0BUH 3agauu. ClielyeT OTMETHUTD, YTO OHM SIBJISI-
I0TCA KOMIUIEKCHBIMHU BesinduHaMu. [1pu pacrionoxeHun Ha nuHuu
ONHOM MOACTAHLMH 1 OAHON HATPY3KH HauboJee obieit Oyaer cxema
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Moacranuns
o
YyacTok 2 VYuacrox / Vuyacrok 3

Ly, Iy, I I, Iy Penbcebi

0 , O 0’

)

Puc. 7.16. K pacueTy yyacTka ogHO(a3HOTO TOKA IPH OJHOMH HArpY3Ke U OIHOMH
MOACTAHLIMH

puc. 7.16. 3aech y4acTku 2 n 3 KOHEYHOM JUIHHBI [ 1 I3 1 Touka 0 njs
00b1lei 0OMWHOCTH BbIBOIOB NPHCOCAUHEHA K CIELHAIbHOMY 3a3€M-
nennio R .. Ecnu Takoro 3a3eMyieHus HET, TO B COOTBETCTBYIOLIMX (Op-
MyJlax Haao MOJOKHTb R, = . IToCTOAHHBIE U1 3TOTO Cly4as 1o~
JYYAIOTCS IPOMO3JKMMH, HO MPH HEOOXOAUMOCTH MX MOXHO HalTH
B [1]. 3aech orpaHnuuMca HauboJiee pacpOCTPAHEHHBIM CIY4aeM,
koraa /y = /5 = oo, [1pu 310M NOCTOAHHBIE 4 M B MOrYT ObITH MOJTYUE-
HbI U3 creayrouux yciiosuil (puc. 7.16). IloTeHuuansl Ha rpaHULAx
yyactka [ gy ¥ @, paBHbI COOTBETCTBEHHO IIOTEHIMAJAM HA PAHH-~
Lax yuyacTKoB 2 U 3 gy H (g3:

Qo1 = P02, (7.42)

Pl = Qo3. (7.43)

Ha kpaiinux yyactkax (2 u 3) TOKa B KOHTAKTHOM CETH, a CIIe10Ba-
TeJIbHO, U 3AC B3aUMOWHIYKUMH B penbcax HeT. [ToaTomy anst HUX
CTIpaBel/THBLl YPaBHEHU, BLIBEICHHBIE JI1 MOCTOSHHOTO TOKA, €M
B HUX BBECTH TO XK€ 3HAUEHHUE Z,, YTO U B BbIpaeHuH (7.41). Yursi, 4T0
I, = Iy = o u, cnegosatenbHo, cth y/, = cth y/3 = 1, nony4nm:

@02 = l02Z5; (7.44)
@03 = [03Zp. (7.45)
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Janee, cyMMa TOkoOB B KaxaoM K3 y310B 0 u (' paBHa Hym0 (Ha
puc. 7.16 nokazaHo HanmpaBAeHUE TOKOB B PENbCaX, MIPUHATOE 3a I10J10-
KHTEIBHOE);

Toy +Igy + 13 + 19 =0, (7.46)

-In+1Ip3 -1 =0, (7.47)
rae lyy, Iy — TOKM B pejibcax, npurekaroume K Touke 0, cooTset-
CTBEHHO Ha y4acTkax [/ u 2,
1;, Ij3 — TOKHM penbCcoB, yTekaroume ot To4ku 0, COOTBETCTBEHHO
Ha yyacTkax [ u 3.
Tox, Texymwmi uepes 3azemienue R, moacTaHuuH, MOXKET OBbIThH BbI-
paXeH depe3 MOTEHLHMAN OTCAChIBAIOLIEH JIMHMH:

I, =Go1/R,. (7.48)
IoacraBus B ypasHeHus (7.42) — (7.48) BbIpakeHHs MMOTEHLHA-

JIOB M TOKOB U3 ypaBHeHuit (7.40) 1 (7.41) u peliuB UX OTHOCUTEJILHO
A u B, nonyuynm

z
A= 10(1_")”2“;57’ (7.49)

z, 2R, + zBe‘Yl
2 2R, + 124
Moncrasus Boipaxenus (7.49) u (7.50) B ypasreuus (7.40) u (7.41),
nony4ynM GopMyJTbl AN ONMPEAEIEHHS COOTBETCTBEHHO NOTEHIIMANA U
TOKa B pejibCax:

B=-I(1-n) (7.50)

—]
. : Zy | —ox 2Ry 4257 _ox)
e do(lem) BB | 28 288 vlh-0) |
Px ==Io( )2 e R, +2, (7.51)
; v
. Ip(-n) | _x 2R, +ze™™ L (4-x) .
I, =- eV +e 1M -nly.
px 2 2R, +z, 0 (752)

AHanoru4yHbIM 06pa3oM MOTYT ObITh BBIBEAEHBI pacueTHbIE POp-
MYJIBL AN APYTUX UCXOAHBIX YCIOBHii. BBIBOJ MX MOXHO HaWTH B
nutepatype (B [1] npuBeneHbl AN CIPABOK JIMIIL (GOPMYIBI B KO-
HEYHOM BHIE).
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7.4. TanpbBaHHYECKOE BIIHSTHHE AICKTPHYECKUX IKeJIe3HBIX
JIOPOT" HA MOI3€MHBIE COOPYKEHHS

ITpu BeIBO/IE 3aKOHOB pacnpelesieH!s ITOTEHUHAIOB U TOKOB B PEllb-
cax OBUIO IPUHATO COMPOTUBJIEHHE 3eMJIH PABHBIM HYJIO, YTO MO3BO-
JIUJIO, HE BHOCA B PELIEHHE 341a4d 3aMETHOU MOCPEUIHOCTH, 3HAYU-
TCHbHO YNIPOCTUTL €€ BbIKNAAKHU H NoiyyeHHbie hopmynsl. Ho npu
NEPEXoe K paCCMOTPEHHIO pACIIpele/IeHUs MOTCHLUUANIOB H TOKOB B
NOA3EMHBIX COOPYXEHHUAX 3TO AONYHIEHHE BOOOUIE UCKJIIOYAET BO3-
MOXHOCTb PEUICHHS 3a/laUH.

HelcTBUTENBHO, €CNU CUUTATD, YTO COMPOTHBIIEHUE 3¢MIU PABHO
HYJII0, & CONPOTHBIEHUE MOA3EMHOTO COOPYXKEHHS H COMPOTHUBIIEHHE
NEPEXO/AHOrO Cj10s OT 3eMJIH K MOA3EMHOMY COOPYXKCHHIO UMEET KO-
HEYHOE 3HAUEHHE, TO TOK IO NOA3EMHOMY COOPYKEHHUIO HE MOTEYET, H
HHUKAKOH pa3HHIbI NOTCHUUATIOB He OyaeT.

MosToMy 0ObINHO LIS yNpOLIEHHS pacCMAaTPUBACMYIO 3aAauy pe-
LHAIOT B ABA NPHEMA. pacnpedesieHHe MOTEHUHAIOB K TOKA B pelbcax
YCTAHABJIMBAIOT, HCXOIS! U3 NMPUHATON NPEAroOChUIKH, YTO CONPOTHB-
JIEHHE 3€MJIM PABHO HYJIIO, @ 3aTEM, UCXOJs U3 MOJYyYEHHOH, Kak Obl
3aJAHHOMN, KAPTUHBI pacrnpelecHUs NOTCHUHMANIOB ¥ TOKA B pejibcax,
ONpeAEIAIOT pacnpeneieHie NOTEHUHAIOB H TOKOB B 3¢MJIe U MOA3EM-
HeIX coopyxenusx. [Ipu perreHuu 3ana4d NPUHUMAIOT, YTO COMPO-
THBJIEHUE 3EMJIH HMEET KOHEHHOE 3HAYEHHE, A MOJIYUEHHBIE BbILIE 3HA-
YEHHS MOTEHUHATIOB CHUTAIOT OTHOCSLUMMHCA K DECKOHEUHO yaaseH-
HOI TOUKe 3eMJIU. DTa 3ajja4a paaoM aBTopos [1, 51] pelleHa aHaIuTH-
YCCKH. 3AECh XK€ OTPAHMYHMCH PACCMOTPEHUEM TOAbBKO (PU3HUECKOH
KapTHHbI pacnpeieeHus NOTEHIMAIOB H TOKOB B 3eMJIE H NOA3eMHbIX
coopyxeHnsx. HekoTopsiM oripaBaaHueM 3TOro ABASIETCH TO, YTO IIPH
IOCTAaTOYHOM C/IONHOCTH BBIKJIAJOK KOHEUHbIE PELIEHUS HE MOT'YT 1aTh
MCYEPITBIBAIOUIEH TOYHOCTH, TAK KAK 3aBUCAT OT PsiJd UCXOIHbIX AaH-
HbIX (NepexXOoAHbIX CONPOTHBAEHHIH, COMPOTUBACHUS 3€MJIU H T. II.),
KOTOPbIE€ B CBOIO OUEPEb U3MEHSIOTCS 110 BPEMEHH (B 3aBUCUMOCTH OT
TEMIIEPATYPbI, BIAXHOCTH) U N0 MTHHE (B 3aBUCUMOCTU OT npoduid
MECTHOCTH, COCTaBa TPYHTA W T. II.).

B ycnoBusix akcmilyataiiud npu paccCMOTPEHHH BOMPOCOB pacmpe-
JeJIeHUs1 TOKOB M HAMNpSXXEHHH B COOPYKCHHAX HEOOXOLHMO UMETH
sicHoe (pU3HUECKOe MpeACTaBIeHHE, MTO3BOJIAIONIEE IPABHIIBHO NOCTA-
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BHUTb PAJl KOHTPOJIbHBIX H3MEpe- 4 !
HUH, MO CYLIECTBY M PELIAIOLIMX
BOMPOC O 3alUUTaxX, Kakue Hajje-
XUT NMPHUHATH B TOM MU UHOM
ciaydae gaa obecneueHUs HOp-
MajibHOH paboThl NOA3EMHBIX CO-
OpYXEHHUI.

PaccmoTtpum xapakTep pactipe-
JEJICHNS NOTEHLMAOB U TOKA B
NMOJA3EMHOM COOPYXKCHHH IJIf
JBYX CX€M, Ha OCHOBE KOTOPBIX
MOXHO JeNaTh 3aKJIIOUCHHS U 7151
pasnu4HbIX crny4aes. [lepsas cxe-
Ma, KOT/ia Ha y4acTKe HEOrpaHH-
YEHHOH AJIMHBI pacroJioXKeHa
OJIHA TATOBAS MOACTAHUMS H OHA
Harpy3ka (puc. 7.17), u BTOpas,
KOT/Ia Ha y4acCTKe TaK»e Heorpa-
HUYCHHOH UIMHBI MOACTAHLUHU
paciIOIOKeHBI Ha paBHBIX PAcCTO-
SIHMAX, U BCH JIHHUS 3arpyxeHa
PaBHOMEPHO pacIpeieIeHHOH Ha-
rpy3koii (puc. 7.18). B oboux ciy-
yasx OyJICM CUUTATh, YTO KOHTAK-
THAs CCTh UMECT MOJIOKHUTENbHYIO
MOJISIPHOCTE, PEJIBCHI — OTPHLA-
TEJbHYIO; BAOb JIMHUU XENE3HON
L[OpOl"Pl JEXKUT MOA3EMHOE CO- TCHUHAJIOB H‘TOKOB B penbcax, BCMJ'IGVH

NMOA3EMHBIX COOPYXEHHUAX NMpH OAHOH
opyxkenne (TpybOnpoBos HiH MOACTAHILIMM W OJIHOM Harpyske
kabesb, ONHH UJIH HECKOJBKO,
cM. puc. 7.17). Jns neporo cnyuas (cM. puc. 7.17, a) noTeHLHan peib-
COB @, M TOK B peirbcax Ipx nokaszaHsl Ha puc. 7.17, 6 u 7.17, 6. Tok B
3emii€ 1, MOXKET ObITh MOJIYUCH KAK PA3HOCTH MEX/ly TOKOM HATPy3KH
¥ TOKOM B penbcax (puc. 7.17, 2). Eciu BbIUeCTb M3 NOTEHIMANA Pelib-
COB @, TMAJCHUC HANIPHKEHNS B MEPEXOAHOM COMPOTHBICHHH “pensb-
cbl — 3emuisa” Auyyy, TO TIOTYHUM QHATPAMMY MOTCHUMANA BEPXHETO
CIIOS 3EMJIM @,y . OTHOCHTENIBHO OECKOHEUHO YAAJEHHOH TOYKH 3eMIIH

Puc. 7.17. Kpusble pacnpepnenesms no-

315



“r‘““‘
L

Puc. 7.18. KpuBble pacnpeeneHns NOTEHUMAIOB H TOKOB B PENIbCaX, 3eMJIE B
MOA3EMHBIX COOPYXEHUSX IPH PaBHOMEPHO paclipelesIeHHOH Harpy3ke

(iurpuxoBas IMHUA HA puc. 7.17, 6); B ToOuKe pacrono)eHHs MOACTaH-
LIMKM W HATPY3KH JIMHUA 3TOr0 MOTEHIMAIA HE HMEET U3JIOMa, TAK KaK
3/1€Ch HET COCPEAOTOYEHHON HArpy3KH, KaK Ha penbcax.

Ha puc. 7.17, 0 wTpuxoBoi TNUHHEHN MTOKA3aH XapaKTEp U3MEHEHHUS
MOTEHLHANIOB 3eMJIX B €€ MOMEPEYHBIX CEUCHHUSIX, MPOXOMALIHMX Yepes
TIOJACTAHUHMIO (,(y) U HArpy3Ky @,/(y). Ha rimybune y, rae pacnosnoxeH
kabens K| (nin TpybONMpoBOA), ITOT MOTEHLHAT [OJIy4aeT 3HAYCHHS
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@3)0 M @y, M pacnpesiesicHye NOTCHLHMANA 3eMIIH HA 5TOM PacCTOSHAM
P3py HMEET BUL, NIOKA3aHHBIH CINIOUIHOW NunHuel. Eciau u3 opmmaT
BTO[/I KPHUBOH BBIYECTDL MOTEPU HAMPDKEHUS B MEPEXOAHOM Clloe “3eM-
it — Kabenb” Au,,,, TO TIONYUYNM JUarpaMMy paclpenesieHus NOTeH-
uranoB 060n04ukH Kabesnst (0THOCUTENBHO DECKOHEUHO yIa/IeHHOMH 3eM-
1) @y Mo Anune kabens (puc. 7.17, 9). ObpaTHas BennuMHA Aty s
T.€. PA3HOCTh MOTCHLUHMANIOB MEXAY oOosouKOH Kabens ¥ nipuaeraio-
LIHM CJIOeM 3eMIH Au,. = —Au,, ., TOKa3aHa Ha puc. 7.17, e, cooTser-
CTBYIOUIAS MarpamMMa Toka [, . B [IOA3EMHOM COOPYXXEHHU IIPHBECHA
Ha puc. 7.17, s (oHa xe ﬂBJ'ISICTCSI U MArpaMMOM MIOTHOCTH YTEUKH
TOKa Al, . B CBOEM MacuiTabe). M3 puCyHKOB BHJHO, 4TO 30HA BXOjAa
TOKa B 000MOUKy Kabens (KaToAHag 30HA) JICKUT OKONO HATPY3KM, a
30Ha BbIX0Aa TOKa U3 06onouxku kabens (aHOIHAS 30HA) — OKOJIO NOJ-
craHuuy. Kak 1 Bo Bcex jpyrux ciyuasx, [uarpamma pacrnpeueieHus
MOTEHLHANA WIKM PA3HOCTH MOTEHLHATIOB OAHOBPEMEHHO B IPYTOM Mac-
wrabe sBASETCA M AMATPAMMOM ITIOTHOCTH YTEYKH TOKA.

Hns BTOpo#t cxeMbl C PABHOMEPHO PACIPECICHHON HArpy3Koit
(puc. 7.18, a) nuarpamma pacnpeieicHUsl MOTEHLUUANIOB PElIbCOB px
H BEPXHErO CIIOS 3eMIIM @, AaHa Ha puc. 7.18, 6, nuarpamma pac-
Npeac/ieHs MOTCHIUHMANA 3EMITH @, M kabens Py HA rayOuHe y 1aHa
Ha puc. 7.18, g. [inarpammMa pa3HOCTH NOTEHUMANOB Kadens semin
naHa Ha puc. 7,18, 2, oHa xe, Kak M Ha npeablayuweMm puc. 7.17, B
APYroM Maciitale NoKa3piBaeT U3MEHEHHE TOKA YTEUKM ¢ NOBEPXHO-
cru kabena. Ha puc. 7.18, 0 nokazaHa auarpamMma H3MeHEHHs TOKA
1, 0o anuHe xabesns.

Hopory nocTosiHHOro Toxka Moryt padorath U npu obparHoii no-
JIAPHOCTH MPOBOAOB U PeNibCcoB (MUHYC B KOHTAKTHOH ceTH). B Hauane-
Hpli nepron anexkrpudukauuy B PO Ol TUHAM TOH U UHOHN noagp-
HOCTH, HO B MOCJACAYIOLIEM OblIA ITOBCCMECTHO NPUHATA NOJSPHOCTD,
nokasanHas Ha puc. 7.17, 7.18. Haubonbinee yaenbHoe 3HaueHKE OT-
BETRIISIIOIUXCA WIIH BO3BPAIIAIOILMXCA TOKOB (IUIOTHOCTH TOKOB yTed-
KH) OyleT B TOUKAX MAKCHMAJILHOIO MOTEHUHANIA PETbCOB MM NMOJI-
3eMHBIX COOpPYXEHHIt. ITH 3HAUEHHS OYAYT MEHbLUE 1) TOYEK, pacro-
JIOXKEHHbIX BITHIKE K HYJICBOM TOUKE, B KOTOPOH OHH OYAYT PABHbI HYIIO.
MakcruManpHoe 3HaveHue OnyXIal0iMX TOKOB MM TOKOB B IIOA3EM-
HBIX COOPYKCHUAX OYIET B CEHEHHH, ITPOXO/IALLEM HEPE3 TOUKY C Hy-
JIEBBIM NTOTEHLIHATIOM, H OHO OYJET MOCTENEHHO YMEHbIIATHCS IIPU Ie-
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pexosie K TOUKAM, KOTOphbie pacnoNoXeHbl OMKe K KORIAM yyacTKa.
AHOIHBIE 30HB! NOA3EMHBIX COOPYXKEHHI PacIOJIOKEHbl TPOTHB Ka-
TOAHBIX 30H PENbCOBOIrO MYTH M HA0BOPOT.

Jnsi BLISBICHUS KOPPO3MOHHBIX MOBPEXICHUN COOPYKEHUI HEOO-
XOMMO 3HATh 30HBI BXO/a M BbIXOJa OJyXKIaroIUX TOKOB, KaK yXe
BbILLIE OTMEYEHO, Ha3bIBAEMbIE COOTBETCTBEHHO KAMOOHbIMU W AHOOHbI-
Mmu 30HaMu. B pesynbpTaTe HenocpeacTBeHHOTO AEHCTBHS OiyXaatowux
TOKOB KOPPO3Hus NMPOUCXOAUT B AHOJHBIX 30HaX, T.€. B MECTaxX BbIXOJa
13 coopyxeHusi. OAHAKO MPH 3alUMTE MOA3EMHBIX COOPYXEHHH OT
O1yx)Aa0UIUX TOKOB NPUXOIUTCS CUUTATHCS M € KATOAHBIMH 30HaMH,
B KOTOPBIX IIpH IHENOYHBIX TPYHTAX MOJ BIHAHUAEM ONyXOalOLWMX TO-
KOB KOHLEHTPUPYIOTCH €AKHE LLUENOUYH, Pa3pyLIaIolIHE COOPYKEHHS B
pe3yibTaTe XMMHYECKHX MpoLeccoB. B 30Hax HyJIeBOro NnoTeHUUasna
(KOTOpbBIE ABJISIIOTCS HEHTPAJIBHBIMU B OTHOLLEHHH YTEUKH TOKa) TOKH,
NpOTEKAIHE [0 CAMOMY COOPYXXEHHIO, AOCTHIAI0T HaHOOMBIIErO
3HAUEHHS U MOTYT TPEACTABIATE OMNACHOCTh [0 CBOEMY TEIMOBOMY
AEefCTBUIO U BBI3bIBATH KOPPO3HOHHbBIE MMOBPEKACHNS B MECTaX PACIo-
JIOKEHUSI CTBIKOB, MY®T H T. 1. [1pH NOBBIILIEGHHOM COMPOTHBIIEHHH Ta-
KHX CTBIKOB TOK, 00XO/4 [TOC/IeJHHE, TEPETEKAET U3 OJHON CEK1{MH MO~
3EMHOTI0 COOPYXEHHUs! B APYIyo. B MecTax BbIXOZA TOKA COOPYKEHHE
NoABepraercs 3JeKTPOKOPPO3UH.

Ha 35ekTpuduuupoBaHHbIX 40pPOrax pa3sMepbl OTACIbHBIX OIACHBIX
B OTHOLLUCHHH KOPPO3UH 30H, & UACTO K X MECTA BCE BPEMS H3MCHSAIOT-
cs. B Touxe npunoxeHust Harpy3Kku Bcerga obpa3yercst 30Ha OTBETBIIE-
HUS WIH IPOTEKaHHs (B 3aBUCUMOCTH OT MOJIIPHOCTH KOHTAKTHOM CETH)
6nyxaarommx TokoB. TakuM o6pa3oM, 0IHA H3 30H Beeraa nepemMelna-
€TCsS BJIOJIb TPACChl TUHUH. [ MOASPHOCTH, IPUHATOH HA )KEJIE3HBIX
goporax P®, Ha MoA3eMHOM COOpPY)XE€HUH KaTOAHAas 30HA pacroJjara-
€TCSt B MECTE HAXOXEHHUS HATPY3KH, a aHOAHAS — OKOJIO NOACTAHLIMY.

3Hayenuns 6JyXIaIOWHKX TOKOB, TaK K€ KaK M pacipeeleHie 30H
UX IPOTEKAHMS, 3ABUCST OT PAJ1a IPUYHH: COCTOSHHS PEbCOBOH CETH,
XKEJNE3HOAOPOIKHOIO MOJOTHA, IPOBOAUMOCTU I'PYHTA, PACHOJIOXKE-
HUS M XapaKTepa IOA3eMHBbIX COOPYXEHHUH, rpaduka JABHKEHHUS Io-
€310B U Np. B CBA3M € 3TUM TeOpeTHYECKHE PACUETHI NAIOT Pe3yibTa-
THI TOJILKO NepBOro npubmmxeHus. Ha UXx ocHOBe BeIOMpAIOT Cpei-
CTBa 3aLLMTHI [1IEPBON ovepeaH, B HEOOXOAUMOCTH KOTOPEIX HE BO3-
HUKaeT COMHeHUH. OKOHUATENIbHOE XKe PellIeHHE BbIOopa 3alIUTHBIX
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MEPONPUSTUH BTOPOH ouepenu AENAOT HA OCHOBAHUM BHINONHEH-
HBIX HA JIMHMM U3MepeHHii nocie ee nycka. CornacHo MHcTpykumnu
110 3aILUTE XKENEIHOAOPOKHBIX COOPYXCHUH OT KOppo3uu Gryxaa-
IOIUMM TOKAMH IIPUHUMAIOT ClielMaNibHbie MePbi 3alMThI 3TUX CO-
OpYXEHUWH, PaCIOJIOXKEHHBIX B AaHOJHBIX K 3HAKOMNEPEMEHHBIX 30-
Hax. [1py u3MeHeHUN pa3MEpPOB JBHXKCHUSA, BECA MMOE3I0B, CXEM IMH-
TaHUs, CPEACTB PEryJHPOBAHUS HATPSKEHNS MOXKET CTATh APYTUM
pacrnpeziejieHde NOTEHIHAJIOB U BbI3BATh HEOOXOAUMOCTD MPUMEHE-
HHUS APYI'HX 3aUIMTHBIX MEPONPHUSTHH,

BecbMa cyllleCTBEHHBIM 0OCTOATEILCTBOM, OMPEACIISIOIIMM 1010~
BCHYHOCTb COOPYXEHMS, ABISETCS HEPABHOMEPHOCTD MEPEXOAHOr0 CO-
NPOTUBIIEHHS (ITO/I3EMHOE COOPYKEHHEe—3eMIIA) TIO JUTHHE MOA3EMHO-
IO COOPYXKEHUSI U OTCIOla — HEPABHOMEPHOCTb YTEUKH C €r0 MOBEPX-
HOCTH. VIMEHHO MO3TOMY NOJA3EMHBIE COOPYKCHHUS BCEraa paspylia-
IOTCSl HC PABHOMEPHO MO BCEH MOBEPXHOCTH, 2 B pe3ylbTaTe MOsgBIIe-
HHUS OTAETbHBIX OYATrOB YCHIICHHOH KOppo3uu. [1pu 3TOM TOKH yTeukH
B OT/IEJIbHBIX MECTAX MOTYT B ACCATKH Pa3 NPEBOCXOHUTb TOKH YTEUKH,
KOTOpbIE ObUIM NTPU PABHOMEPHOM pacClpeelIeHHH MEPEXOAHOTO CO-
NPOTUBJICHHUS.

7.5. FansBaHMYeCcKoe BIHAHUE NIEKTPH(PUIMPOBAHHBIX
KeJIe3HBIX JOPOI' IOCTOSHHOIO TOKAa
HA OJHONPOBOJHbIE IEH

JIMHUM repeEMEHHOT0 TOKA HECUMMETPHUHbBIX CHCTEM OKA3bIBAIOT
HAa OJHOINPOBOJHbIE LENH KaK 31EKTPOMArHUTHOE, TaK W rajbBaHU-
YECKOE BIMSIHUE.

OO anekTpoMarH¥THOM BIUSHUU IMHUHA NEPEMEHHOIO TOKA HA OHO-
MPOBOJAHbIE LENH NOAPOOHO M3JIOXKEHO BblE (IU1. 2, 5 1 6). B naHHOM
paszfese paccCMaTpHBaIOTCs BOIPOCHI, OTHOCSIIMECS K FajibBAHUYECKO-
MY BJIIMSIHHIO Ha OJHOINPOBOIHBIE LEMH NTHHUI MOCTOAHHOIO TOKa.

Kak yxe oTMeuasioch Bbille, 37eKTPHPHIHMPOBAHHbBIE XKeJIe3HbIE 10-
POTH NOCTOSIHHOTO TOKA SIBJIIOTCS JNIEKTPHUYECKMMHM CUCTEMaMU, V KO-
TOPBIX OOpPATHBIH TOK BO3BpAllACTCA YACTHUHO 1O PesIbcaM M 4acTHY-
HO IO 3€MJie, IPHYEM BEJIMYMHBI TOKOB B PeJjIbCAX M B 3eMJle HE ocTa-
10TCS TOCTOSHHBIMU HA BCEH AJIMHE MEXKIY TATOBBIMU HOACTAHLIUAMH H
3NMEKTPOBO3aMHU.
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OueBUIHO, HA NIEPETOHE MEXIY ABYMS TATOBBIMU MOACTAHUMUAMH C
OJHUM 3JIEKTPOBO30M MaKCHMAaJIbHBIM TOK B penbcax Oyder B MecTax
COTJPUKOCHOBEHHUS KOIEC 3EKTPOBO3a ¢ PENbCAMH U OKOJO TATOBBIX
noacraHuui BOIM3KM oTcaceiBaolnx ¢uaepoB. MUHUMaNbHAs BEIH-
YHHAa TOKa B penbcax OymeT OJuxe K cepeiMHe MeXAY TACOBBIMH I10/1-
craHuusIMu. KpyTuszHa KpHBOIi ctagaHus U BO3PACTAHUS TOKA B PEllb-
CaX 3aBUCHT OT MEPEXOAHOTO COMPOTUBIICHUS MEXKIY PEIIbCAMHU H 3EM-
Neit, a TaKKe 0T COCTOSIHHSA CTHIKOBBIX coequHeHHH. TokH B 3emite (Ou1yx-
Halolye TOKH), OTBETBIISIOLIUECS OT PENbCOB, MOCTENEHHO, 10 Mepe
yAAJIEHHS] OT 2IEKTPOBO3a, YBEJIIMUKBAIOTCA (CM. pasa. 7.1—7.4).

B pasjIMuHbIX TOUKAX 3€MJIH OKOJIO PEJIbCOB MJIOTHOCTH OyxAalo-
WHX TOKOB OyaeT pasnuuHoi. [Tpu 3TOM B OHOMH U TOH e TOUKE 3eM-
JIH INTIOTHOCTb TOK& MOXKET MEHATHLCS B 3aBUCHMOCTH OT IBHXKEHUS JJIEK-
TPOBO3a HE TOMbKO MO BEJIMUHHE, HO U T10 3HAKY.

Tak kak 3eMJisi UMeeT 3HAUUTEILHOE YyeNbHOE CONMPOTUBIIEHHE, H3-
MEHAIOLIEECS B 3ABUCUMOCTH OT I'PYHTOB, BXOAAIIMX B €€ COCTaB, OT 2
10 10% Om'M (1 Gornee), TO HPH NPOXOXKAEHUM MO JAHHOMY YHACTKY
3eMJIM ONyXAAIOLHUX TOKOB Pa3Hble TOYKU 3€MJIM HAa 3TOM Y4acTKe
OyayT obnagaTh pa3nHYHbIMH NTOTEHUMATAMH.

Ecnu 06a 3a3emnieHus OAHOMPORBOAHOMN Leny Wiy XoTsl Obl OHO U3
HUX OyAET pacrosioKeHO B 30HE NPOXOXKACHHUS OJ1y>XAaoMX TOKOB, TO
MOA ACHCTBHEM PAa3HOCTH MOTEHIUATIOB 3EMJTH B MPOBOAAX BO3HMKAIOT
TOKH. DTH TOKH SBJISIOTCS TOCTOPOHHHUMH, OKa3bIBAIOLKUMH Mellaxollee
AEUCTBUE, U HA3BIBAIOTCA MMOKU NOMEX OM 2AIb8AHUMECKO20 GUSHUSA.

Hpu ONnpeAcIeHUN BETUYHHBI MEILIAOIUHUX TOKOB HCO6XOHHMO HMETD

B BUAY [BA PA3lIM4YHBIX CJy4yasi PacIioNOKEHUs 3a3eMIIEHHH OAHOINPO-
BOJHOM LIeITH:

1) omHOMIPOBOJHAS LIETh PACTIOJIOKEHA BIOJb 3MEKTPHUPULIHPOBAH-
HOTO ydacTka X.J., ¥ 00a 3a3eMJiIeHHs UM 00¢ OKOHEUHble CTAHLMU
HAXOJIATCS. B 30HE pacnpocTpaHeHus ONyKAalUIMX TOKOB;

2) OAHONPOBO/IHAA LElb PACIIONOKEHA B NEPHESHAUKYJISIPHOM Ha-
TIPABJICHNUH K MOJOTHY 3NeKTpUPULIMPOBAHHOIO YHaCTKa XK. JI. HIIM OHA
Harnpap/ieHa B IPOTHUBOIIONIOXKHYIO CTOPOHY OT 3TOT0 y4acTKa, IpHYEM
TOJbKO OJIHO 3a3EMAEHUE HUJIW OJHA OKOHEUHAsl CTAaHLMSA HaXOOUTCH B
30HE PacCIpOCTPaHEHUs Oy} JalOMHX TOKOB.

B nepBoM ciydae BeIM4MHA KM 3HAK MOTEHIMANA KaXXAOT0O 3a3eMJle-
HHYA OHONPOBONHOM Lenu OyAyT 3aBUCETH OT rpaduka IBMIKEHUS 3J1eK-
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TPOMOE3A0B, OT yIEIbHOU MPOBOAUMOCTH 3EMJIH, OT CIOCO0Aa NMUTAHUS
KOHTAaKTHOM CETH (ABYXCTOPOHHEE HIIH OAHOCTOPOHHEE) H OT PACIONO-
KEHUA 3a3CMJICHHHA LieN¥ MO OTHOLIEHUIO K MOJIOTHY XK. I.

B npoBoje, coequHsomeM o6a 3a3eMIMTENS, 10 NeHCTBHEM paz-
HOCTH ITOTEHUHATIOB BO3HUKACT YPABHUTENbHBIN TOK:

I, =(U1-U2)1 Z,, (7.53)

rme Z =R, [+2R,  +2R;,,

R, — conpOTHBNEHHE NOCTOAHHOMY TOKY MPOBOAA LENH MIHHOIL
1 kM, Om;

[ — JnMHA TPOBOJA, KM,

R, — CONPOTHBIIEHHE NOCTOAHHOMY TOKY aniiapaTyphbl AUCTAHLIU-
OHHOIO MUTAHMA,

R, — conpoTuBieHUs paboyero 3a3eMiIeHHsl LUEMH JHCTaAHUHOHHO-
ro MUTAHUA WIK TenerpadHoit cTaHmu.

Tak kak notenunansl Uy u U, MOTYT HMeTh 3HAYCHMS, H3Me-
Haowuecs ot +Uy .o -Up o owor +U, om0 -U, ... ToHu
Pa3sHOCTD NOTEHUHANOB MOXKET MPUHUMATH Pa3HbIe 3HaueHUs: (— U — U,),
(+tU; - Uy), U + Uy, (U + U,), npu 3TOM abCONIOTHBIE 3Haue-
Hust Uy u U, NpH 3HaYUTENbHOM PACCTOSIHMU, HATIPUMEDP MEXIY
TenerpadHbIMH CTAHUHAMH, MOTYT konebaTses o1 0 1o U, .. TTpak-
THYECKH H4 BEJIMUHHY [OTEHLHAJIOB 343eMJIEHHH OJHOTPOBOIHbIX
Lerneld B OCHOBHOM BJIHSIOT OJiM3MexXalllde TArOBbIE MOACTAHLIHH,
CnenoBaTenpHO, MEILAIOLIME TOKH B OAHONIPOBOAHOMN LIEMH MOTYT
MMETHL Pa3IMYHYIO0 BEAMYHMHY U MEHATb CBOe HanpaBliienue. [nsa
HOATBEPKICHHUA CKA3aHHOTO NPOBeJeHbI U3MepeHus [1 1], koTopslie
NOKa3a/H, YTO HAIIPSAIKEHHUE TOMEX B ONHOMPOBOAHBIX LEMAX BCIE-
CTBUE TalibBAHUYECKOTO BJIMAHHSA 3NEKTPUPULHUPOBAHHBIX XK. .
MoxeT pocturate 10—60 B npu HopManeHO# 3kcnayaTauup xe-
ne3Hoi noporu H 100—150 B npu oTknoueHun TAroBoi noACTaH-
uuu, Onumxaliued K Toi OKOHEYHOMH CTAHIIMHU, B KOTOPYIO BKJIIOYE-
Ha LeNnb TUCTAHUHOHHOrO nuTaHus. MMes B Buay, YTO B UCTOUHU-
Kax ToKa TenerpadHoii cBsI3M B 3aBUCUMOCTH OT JJIMHBI LEMNH CBA3H
npuMeHsiorces paboune Hanpsixkenus 40, 60, 80, 120 u 160 B, a Be-
JHYMHA HanpsXKEeHHs B LENSAX AUCTAHUMOHHOTO MUTAHUSA HE Npe-
BoimaeT 250-—300 B, yka3zaHHble BbILIE HAMPSIKECHUS TOMEX He
MOTI'YT OBITh JONYIIEHBI.
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I-Tok, nocTynaowmi
B PeJIbCh)

[ToreHLHANBl TOYEK 3eMIIH,
co3faBaeMble OTyXAamIHUMU
TOKAMH 3NEKTPUGHLIMPOBAHHBIX
KeJNE3HbIX JOPOr, MOXKHO Ofl-
peaenuTb TEOPETHUECKUM MYTEM.
JAns OECKOHEYHO AJNUHHOTO
PEeaLCOBOrO MYTH U OJAUHOUHOH
HArpy3kH, KaKk 3T0 CXemMaTH4ec-

719K 5rouke M MOKA3aHO HA pHC. 7.19, no-

Puc. 7.19. pacuery NOoTCHLUHAIA )

A 3emni, Haxonswleiics B 3oHe Gaykaato-  J1YICHO (4] cnenyrowee Boipaxe
LMX TOKOB nue noreHuMana U(x, y) TOUKH

A 3eMIIM € KOOPAMHATAMMU X, ).

Penbcbl

* A(x,p)

dz p
Ulxy) = | (- e — (7.54)
o 2m/(x—n) +y
rae [— TOK B penbcax, p— YACHBLHOC CONIPOTUBRIICHUE 3EMIU, I} —
di )
TeKyllas KOOPAMHATA TOYKHM PENbCOBOTO MYTH, ‘E — JWHEH-

Has MJOTHOCTHh TOKA YTEYKH C PENbCOBOrO MyTH, ONpeAenseMas us
ypaBHeHHUA

m——(x)=—-e T, (7.55)
Y — NO0CTOSIHHas pacnpocTpaHeHHs ToKa BIO/Ib PEABLCOBOTO NMYTH.

[MoncrasuB ypaBHeHue (7.55) B ypaBHenue (7.54), nony4num

Ipy © e~ M
U(x,y)= 1 ) — =
T o—w \f(x=m)" +y
Ioy | © e M l

- d+] =M (756
i | % Joa=-m?+y* 0y(x-m)? 4y (759
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BeipaxkeHue, crosiiee B GpurypHbix ckobkax, npeacraBuser coboii
cneuranbHyo GYHKUMIO, BCTPEYAIOLLYyIocs Y psada aBTopos [2, 3, 4].
O6o3Haunm ee uepes 2Q(yx,yy). Takyro QyHKUMIO Q(yX, Yy) MOXKHO
BbIPa3UTh B HHOM BHAE:

e o]

Q(yx, Yy)——— e dr+eY .(1.57)
‘Y‘ \/T + (1) \/t +(yp)?
rjae

=] e—T
J T——dv=D(,yy) =P, v) =
ey ()

=Jo(v )]n——v——-———YO(D)+ 3 Am

W 02 -y 2 =l 1!

A =0, 4 =V’ +0”,
1 -
Ay =—Wu? +0? " = (n-1p24 1
n

Jo — dynxuus Beccens nepsoro pojga HyseBoOro nopsaka;
Yy — dynkuus Heiimana [4].

®Oyuxuus Q(u,v) ABAAETCA YETHON, MOJOKUTENLHON U NpH BCex
KOHEUYHbIX 3HAYEHUAX apryMeHTa UMeEeT KOHeuHoe 3HaueHue. [pu
U —> 0 H KOHEYHOM I, 4 TAKXKE NPU U — © H KOHEUHOM U PYHKLHA
Q(u, v) = 0. ITpnt v — 0 1 mobdoM u Q(u, V) —>.

Bo Bcex Toukax, kpome Touek npu v — 0, GpyHKUMSA ABAAETCH
HENPEPBIBHOI.

IIpu pUKCHPOBAHHOM KOHEYHOM 3HAYEHHM U 3HAUEHUE (PYHKLUH
Q(u, v) ABNETCS MAKCUMANbHBIM NpU u = 0, BO BCEX OCTAbHBIX TOY-
Kax (yHKUus Q(¥, U) HenpepuIBHO yOblBaeT.

ITpu 607bIIMX 3HAYEHUSAX apryMeHTa U M KOHEYHOM APryMEHTE u

Qu, v) = 2/v,

a npu OONBIIMX 3HAYEHHAX APTYMEHTA # U KOHEYHOM aApryMEHTe U
Qu v) —= 2.
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Mpuu=10
2 214
QuV)m—| 1+ —+—+...|
(,0) u( e )
Mpuu=0

T

maw=2erm@ﬂ

riae Sg — dynkuua Ctpyse [4].

IMpu v < 0,02 Q(0, v) = Ky(v),

rae Ky(v) — dynkuus beccens BToporo poja HyJieBoro nopsiaka [4].
Takum obpazom,

¥
U(x,y) = -2 Q(yx.vy), B. (7.58)
2%
MakcHMAanbHbI TOTEHIHAN BO3HUKAET npu x = 0, Tak 4TO
1
tm“=waw=§%9@wxa

Bxonswas B dopmyny (7.57) nocrosHHas pacrnpoCTpaHeHHs

Y"'\lr/Rnep s

Ije r — NPOJOJbHOE CONPOTUBIEHUE penbcoBoro nyTH, Om/m,
Ryjep = NEPEXOIHOE CONMPOTUBIICHHE MEKAY PEIbCAMU M 3EM-
neid, Om-M.

3ameHss pesibChl IKBHBATIEHTHBIM LIMJMHAPOM, NEPEXOLHOE CONPO-
TUBJEHUE MEXY PENbCAMH H 3eMJICH MOXKHO HaWTH [4] U3 BbIpa)eHUs
Rpep = Rus —Q‘lnﬁ’ OM'M, (7.59)
T ya
rae R,., — CONPOTHBIIEHHE H30JUPYIOWEro (6aTACTHOrO) ClIos Ha
MOJIOTHE xejle3Hoi goporu, OM-M;
¢ — DKBUBAJIEHTHBINA PaZiHyC PesibCOBOTO MYTH, M.
Ecnm winansl paccMaTpUBaTh Kak 31€KTPOABI, ¢ KOTOPbIX TOK CTeKa-
€T B 3€MJII0, TO PEIbCOBBI NYTh MOXHO NMPEACTABUTL B BUIC CIIOWI-
HOH MOJIOCH! LIMPHHOMN, PABHOH LIMPUHE BEPXHEro CTPOCHMS NMYTH
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KEINE3HOH AOPOrH. DKBUBANCHTHBIH pPaguyc TaKkoii MIacTHHLI [2,4] pa-

1
BEH —~ €€ LUHMPHHDI, T. €.

4 1
a=—>,
4

€ b — WHMPHHA BEPXHETO CTPOEHHS HKENE3HOAOPOKHOTO MYTH.

Has onHomyTHOM xenesHoit goporu a = 1 M, ans ABYXITYTHOH >Ke-
Ne3HOH Joporn a = 2 M. Popmyna (7.59) nonyyeHa B npeanonoxe-
HUM, YTO OOPATHBLIH MOMIOC HCTOYHMKA TOKA HAXOAMTCS B GECKOHEUHO-
CTH. B nmpuMeHeHHH K peibcoBbIM NyTaM 3Ta dopmyna naer peieHue
AT Clydasi OAHOH HArpy3KH (3MeKTPOBO3a), PACMONOKEHHOH NANeKo
OT TArOBBbIX NOACTAHUMH, IPUYEM MNPEANONIATACTCH, YTO KOHTAKTHbLI
MIPOBOA NMOAKIIIOYEH K IUIIOCY HCTOMHHMKA Toka. Ta xe dopmyna aaer
PEIICHHE U AJIA Clydast TATOBOH MOACTAHLMH B IPEATIONONKEHUH, YTO
SJICKTPOBO3bl HAXOAATCA OT Hee Ha GONBIIOM PACCTOAHHM M YTO KOH-
TaKTHBIH MPOBOA MOAKIIOYEH K MUHYCY HCTOYHHKA TOKA. B cooTser-
CTBUHM C 3TUM U1 y4eTa AefiCTBHS 06paTHOrO Nno/roca HCTOUHHKA TOKA,
T. €. TACOBOH NMOACTAHLMH HJIH 3]IEKTPOBO30B, MOXKHO BOCIIONb30BAT-
€ METOJOM CYMNEPIO3ULIMH.

AJst ciyyas oJHOM TAroBOH MOACTAHLMM M OAHOIO 3/IEKTPOBO3A,
NP1 pACCTOSHUH MEX/Yy HUMH, DABHOM [/, PE3yJIbTHPYIOLIMI MOTEHLIU-
an U'(x, y) Touku 3emin 6yneT onpenesThes us BBIPAXXEHUS

Ulx, y)= Ux, y) - U(!~-x]|, p)
s Lfcny)=—§§kaanyyA9(ﬂl-wao] B.

Jnst ciyyas GuKCHPOBAHHOTO PACHONOKEHHS HA yUACTKe ABYX JTeK-
TPOBO30B pe3yNbTHPYIOLICE HANpsiKeHHE

) - Qvfh - XI,vy)], B, (7.60)

, ]
Ulx,y) = %[Q(vx,vy) - Q(v]h - x

rae /| — paccTosiHHe MeXAy TATOBOH MOACTAHLMEH M NEPBBIM
3/1EKTPOBO30OM,

Iy — paccTosHye MeKIy TArOBOM NoACTAHUMET H BTOPbIM 3NEKTpO-
BO30M.

AHaJIOrH4YHBIM 06Pa30M MOXHO ONMpPEAETUTh MOTEHLUMA paccmart-
pHBaeMOii TOYKH 3eMJIH TIPH TIOGOM KOJIMYECTBE 37IEKTPOBO30B HA yua-
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crke. [1o Mepe JBHKEHHS 3JIEKTPOBO30B MOTEHLMANIBI TOUEK 3eMIH 6y-
IYT U3MEHATHCH BCIECACTBUE U3MEHEHMS PACCTOSIHUS MEXAY NEKTPO-
BO3aMH H TArOBOMH IOACTAHLIMCI.

OueBHAHO, YTO ¢ TOUKH 3PEHHUS 3aLUUTHl OT IIOMEX B OJHOIPO-
BOAHOH LENnH HEOOXOAMMO YHUTBIBATH MAKCHMAabHO BO3MOXHYIO
PA3HOCTb MOTEHLHUATIOB MEXIY TOUKaMH 3€MITH, B KOTOPRIX pacno-
JIOXKEHBI 343eMIIEHHS TenerpadgHod ueny unu Henyd JHCTAHLUHOHHO-
ro NUTaHUs.

ITa MAKCHMAaJIbHO BO3MOXKHAS PAa3HOCTh NOTEHINAN0B OyET 3aBU-
CeTh, KAK YKA34HO Bblllle, NPEXAE BCErO OT MecTa PACHONIOKEHHS 3a-
3eMJICHUH MO OTHOILEHMIO K TIOROTHY 3MeKTPUPHULMPOBAHHON XKenes-
HOI goporu. PaccMOTpHUM HECKOJILKO THNHYHbIX Cly4acs.

1. OgHonpoBoaHAS 1I€Mb BO3AYILHOH HIIM KabeabHOH JIMHUYU nepe-
CEKAeT ANEKTPUHLUMPOBAHHYIO XK. . OKOJIO TATOBOW NMOACTAHUHH, NIPU-
YeM OJHO M3 3a3eMJIEHHMH LeMH PaclofioReHO BOMU3H MONOTHA X. X.
B 9TOM ciyuae noTeHuran TOUKH PACHONIOKEHU BTOPOTO 3a3eMIIEHHS
MPAKTHYECKH MOXHO NMPHHATH DABHBIM HYJIIO, & MAKCHMAJIbHBIN 110~
TCHILMAJI TOUKH PACTIOJIOKEHHS IEPBOrO 3a3eMJIeHUsI MOXET ObITh Ofl-
penesen no dopmyne (7.58).

Toraa
1.
AU = —m2xn PY o ), B, (7.61)
2n »
e xn— MAKCHMAJIbHBIH TOK TATOBOKM MOACTAHLIUH.

2. OaHONpOBOAHAA Lelb BO3AYLIHOM MM KaOelbHOHN JIMHUK nepe-
CeKAeT EKTPUPULHPOBAHHYIO XK. /1. B CEpellHHE MEXAY TATOBbIMHU [10A-
CTAHLMAMH, TTPUHEM OJHO M3 343EMIIEHHIT pacnojiokeHo BOIM3H no-
HOTHA . . B 9ToM cnyyae MaKCUMANbHBIH MOTEHUMAJ NEPBOro 3a-
3eMJICHHS ODYCIOBJIEH TOKAMH HArpy3KH OT MPOXOAAIIHX MUMO 3jIeK-
TPOBO30B M TaKxke MOXeT ObITh onpeseneH no dopmyne (7.58) ¢ yue-
TOM AeHCTBHUS TOKOB COCEIHHX 3MeKTpoBO30B. [loTeHuman BToporo 3a-
3EMJICHHS! MOXHO MPUHATb PaBHBIM Hymo. Toraa

n
au =22 oy xily, ). B, (7.62)
2n £ :

rae I, — MaKCUMaJbHbIA TOK, MOTPEOIseMbIi IEKTPOBO3OM,
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Xj, — PacCTOSHMA 110 OCH X OT NEPBOIO 3a3¢MJIEHUS 0 MECT pacrio-
JIOKEHHS BIIEKTPOBO30B,

1 — KOJIMYECTBO IEKTPOBO30B HA PACCMATPHUBAEMOM YUACTKE MEKIY
TACOBBIMM MOJACTAHIIMUAMMU.

Paccrosinus x;, 6€pyTcs, HCXOS M3 PAaCIUCAHUA ABHXKEHHS JJIEKT-
pomnoe3nos.

3. OnHonpoBo/Has LeMb BO3AYLIHON WM KaOenbHOH JIMHUK 11PoO-
JIOX€HA MapaijenbHO JIEKTPUPUIIMPOBAHHOM XK. ., IPUYEM NEPBOE
3a3eMNEHUE PACMONOKEHO MPOTUB TACOBONH MOLCTAHUMU, PAcCTOAHUE
MEX Iy 3a3eMJIEHMSIMU OJHONPOBOAHOM LienH PaBHO MOJIOBUHE PACCTO-
STHUS MEXKAY TATOBBIMU MOACTAHLMAMMU.

B 3ToM cnyuae nmoTeHUMal, co3aaBaeMblii B TOUKE paCNONOXe-
HUs NIepBOTO 3a3eMiieHHs, OyaerT OOpATHBIM 110 3HAKY 110 OTHOLlIE-
HUIO K MOTEHLHANY, CO34aBAEMOMY TOKAMH HATPY3KH 3NECKTPOBO-
30B B TOUKE PacnofioKEHHA BTOpOro 3azemsieHHs. C HEKOTOPBIM NpH-
ONIMKEHMEM MOXHO CUMTATH, YTO TOK HATPY3KH TAFOBOH TOJACTAH-
LUUY PABEH CyMMapHOMY TOKY HATpY3KH, NOTpebiaseMoMy 31eKTpo-
BO3aMHU, HaxoAsiuuMHCs BOIU3M BTOporo 3azemiueHusi. Torna pas-
HOCTb MOTEHLMATOB, BO3HUKAIOIIAS B OAHONPOBOAHOM LenH, Gyaer
paBHa YABOEHHOMY ITOTEHLMANY, CO3J4BAEMOMY B TOYKE PACIOJIO-
KEHHS [EPBOrO 3a3eMJIEHNS, T.€.

1.
AU=~£";”ﬂQ(yx,yy), B. (7.63)

PaccmaTpuBaeMblil ciiyuall siBJAS€TCS HAUXYAIIMM B OTHOUIEHHH
MOMeX B ONHOMPOBO/HOMH LerH,

4. OpHonpoBoHAaR UENb BO3AYIIHOM WM KabeTbHOMH TUHU pac-
NOJ0XeHa NapaieSbHO EeKTPUULHPOBAHHOH X 1., npuyeM oba
3a3€MJICHUS LeNMH NUCTAHUMOHHOIO MUTAHUS PACHONIOKEHBI NPO-
THB COCEIHUX TATOBBIX MoJAcTaHUMWH. B 3TOM ciydae paszHocTb Io-
TEHIIHAJIOB, BO3HHKAWOIIAA MexXAy 3a3eMlIeHHIMHU, OyaeT onpeje-
JAAThCA B KAX /bl JAHHBIIT MOMEHT Pa3HOCTbIO TOKOB HACPY3KH TH-
FOBBIX MOJACTAHUUN. YYHTHIBAS, UTO B HEKOTOPbIE MOMEHTHI BpeMe-
HHU OJHA M3 TATOBBIX MOACTAHUMHA MOXET ObITH HAPYXEHA MOJHO-
CThIO, a Ipyras COBCEM He HATPYXKEHA, pa3HOCTb MOTEHLMATIOB NpH
pacueTrax cneayer onpeaensaTs no dopmyse (7.58) anas 3Toro Hau-
XYILIEro ciuyuas.
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Puc. 7.20. KpuBble 3aBucHMocTH pasHocTH  Puc. 7.21. KpHuBble 3aBUCMMOCTH PA3HO-
noTeHUHanoB (AU) mexay 3a3eMIIeHHSMH  CTH moTeHuManos (AU) Mexay 3a3zemne-
OHOTMPOBOJHOM Lenu OT YIETbHOIO CO-  HHUSIMHU OJHOMPOBOHON LENH OT PaccTo-
NPOTHBIICHUA 3eMITH (p) [UTs CTydas, KOTJa  gHUS (V) MEXAY NEPBBIM 3a3eMJICHUEM H
OZHO 343EMJIEHHE PACNOJIOKEHO BOMIM3M  IMOIOTHOM [ABYXITYTHOM a5ieKTpHpHLHN-
INEKTPHUOHUUPOBAHHOM k.. OKOJIO Tf- POBAHHOM X.[. MOCTOSHHOI'O TOKA NpH
TOBO# NOACTAHUMH, a APYrOe — BHE 30Hbl  D43NTMYHBIX 3HAUYECHHUAX YEJIBHOTO CO-
OJ1yKIAIOUIMX TOKOB MPOTHUBNEHHS (p) 3eMIIM (BTOpOE 3a3eM-

JIeHWe — BHE 30HbI OTYKIAIOUHX TOKOB)

PaccMOTpHM BO3HMKAIOILHE PA3HOCTH MOTEHLMAJIOB MEXIy 3a3emiie-
HUSIMH OJTHONIPOBOHBIX Lenei. Ha puc. 7.20 nokazaHa 3aBUCHMOCTD pas-
HOCTU MOTEHLHAIOB AU Mex Iy 3a3eMIIEHUSMH OJHOIPOBOIHON LIeNH OT
YIOEJILHOTO CONPOTHBIIEHHS 3¢MITH IS CIIyUasi, KOT/la OJTHO W3 3a3eMIICHUIA
pACofIOKEHO BOIU3H [10JI0THA IEKTPUPUUHPOBAHHOM XK. A. 11OCTO-
STHHOTO TOKA OKOJIO TArOBOH MOACTAHLMH, a APYroe 3a3eMJICHHE — BHE
30HBI PacNpoCTpaHeHUs! OITyKJAIOLIMX TOKOB.

Pacuer npouseeneH 115 OQHONYTHOW U JABYXIYTHOMH KeNe3HbIX J0-
POTr ¥ TOKa HArpy3KH TArOBOi nojacTaHuu cootercrBeHHo 1500 1 3000 A.
PaccTosiHHE MeX /1y [epBbIM 3a3EMIIEHUEM OJHOMPOBOIHOM HEMH U pesTb-
caMH anekTpHudHuuposaHHoii XK. 4. paBHo 100 M, koopauHaTa x (op-
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myna (7.61)) npuHaTa paBHOH Hynro. Kak BHIHO M3 3TOTO PHCYHKa,

- PA3HOCTb MMOTEHUHANIOB IPH 6oblIOM YACABHOM CONPOTUBJICHUU 3€M-

JIM JOCTHUTAET JIOBOJABHO 3HAYMTENbHON BeaHuHHbI (100—150 B).

Ha puc. 7.21 nns Takoro xe ciayyas pacnojiokeHus 3a3eMIeHUIl
MPUBEJIEHbI KPUBBIE 3aBUCUMOCTU AU Mexay ABYMS 3a3eMIICHUAMHU
OAHONIPOBOJHON LIEMH OT PACCTOSIHUS ¥ MEX/y TIEPBBIM 3a3eMJIEHHEM
H ITOJJIOTHOM [BYXIIyTHOHN 3IEKTPUPULIHPOBAHHON XK. [I. MOCTOSHHOIO
TOKa IPH PA3JTHYHBIX 3HAYEHHSAX YIACJIBHOTO COMPOTUBIEHUS 3€MIIH H
TOKe TAroBoW Harpysku B 3000 A. M3 oTux KpuUBBIX BUAHO, YTO pas-
HOCTb NOTEHLMAJIOB OCTUTAET NPH BBICOKOM YAEIBHOM COMpPOTHBJIE-
Huu 3eminu 200 B.

Ha puc. 7.22 npuBeseHbl KpUBbIe 3aBUCHMOCTH ITOTEHIIMANA pac-
CMaTpHUBAEMON TOUKMU 3E€MIIM OT PACCTOSHHUA X MEXIY 3TOH TOUKOH U
MECTOM PACIIOJIOKEHUS TACOBOM MOACTAHLUH (MITH 3JIEKTPOBO3a) MpH
Pa3IUYHBIX 3HAYEHHAX YAEILHOTO COMPOTHBICHHUS 3eMIH (p) W pas-
JIMYHBIX PACCTOAHHAX Yy OT TOH Xe TOYKH [0 PenbCoB. Pacuer caenax

U, B
A
50 \\\
40 \\
30 \\\ ‘\\\
\\ N ] ]
2 ~ [~y 3
\ y‘m §
10 \]’;
'\\\ gz
»=10 M _‘c'l

1
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 x,m

Puc. 7.22. Kp1Bsie 3aBUcHMOCTH NoTeHIMana (U) paccMaTpHBaeMoii TOUKH 3€MIIH OT

PacCTOAHUA (X) MEXIY ITOH TOUKOH M MECTOM PAaCIIOIOKEHHS TATOBOH MOACTAHLMM

(MM 3EKTPOBO3a) NIPH PA3IHUYHBIX 3HAYEHHAX YIEAbHOTO CONPOTHBIIEHUS 3EMIIH
(p) ¥ pa3NHYHBIX PACCTOSHHAX ¥ OT TOi ke TOYKM JI0 pejibcoB
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ans Toka Harpysku 3000 A (TpUMEHHTENBHO K OBYXIYyTHOM 3JIEKTPH-~
dHUHMPOBAHHOIM X. A.).

IMpuBeeHHble pACUETbl [MOKA3BIBAIOT, YTO PA3HOCTH IOTCHUHATIOB
Pa3INUHBIX TOYEK 3eMiH, OOyCHOBACHHbIE NEHCTBMEM OnyXAAIOMNX
TOKOB IEKTPOTATH, MOTYT JOCTHIATh 3HAUNTEILHBIX BEJTHUHH, HEHO-
NYCTUMbIX B OTHOLUIEHHH MTOMEX B OJHOMPOBO/HBIX HEIHAX CBSA3H.

7.6. N'anbBaHH4YecKoe BIHAHNE NIEKTPUPHIMPOBAHHBIX
JKeJIe3HBIX JOPOT MepeMEHHOro TOKa

[pu paccMOTpeHUH BIHAHUA OJIyXXIAIOUIMX B 3eMJie TOKOB, CO3aa~
BAEMBIX INESKTPUPHIMPOBAHHON XKeNe3HOo! JOPOToH NepeMEHHOTO TOKA,
HEOBXOAMMO YUHTBIBATH HHIYKTHBHOE BIIMSIHUE TOKA KOHTAKTHOM CETH
Ha peNbCbl. B Kak bl MOMEHT BPEMEHH B peibcax OyJeT MHAYKTHPO-
BATBLCA TOK. IIPOTHBOIOJIOKHBIH MO (a3e TOKY, HENOCPEACTBEHHO MO~
CTYMAIOLIEMY B peiibChl. BeneacTsue 3TOro TOK yTEYKH M3 PEIbCOB B
3eMNi0 OYAET YMEHBLIATHCS, 3HAUNT OyAyT YMEHBILATHCS NOTEHUHAND]
TOYEK 3EM/IH, HAXOAAIIHUXCs B rmosie Oyxaalomux Tokos. BenuunHa
UHAYKTHPOBAHHOTO B PEbCAX TOKA, A CJIEJOBATENBLHO, U CTETICHb YMEHb-
IIEHHS! MOTEHLIMAIOB TOUYEK 3€MJIM BROJb NEKTPHOULIMPOBAHHOM Ke-
Ae3HOI IOPOTH XapaKTepH3yeTcst KOADGHULIMEHTOM 3aILUTHOTO ACHCTBUS
penbcos (rn. 5).

Boisoa pOpMYJIbl Aj1s MOTEHUMANA TOUYKH 3CMJIH, PACIOJIOKEH-
HOIt B noJie BAYXAa0WHKX [EPEMEHHBIX TOKOB, aHAJIOTUYUCH BhLIBO-
oy GopMynbl Npu GIYXKIAOUIMX MOCTOAHHBIX TokaXx. OAHAaKO NpH
MIEPEMEHHBIX TOKAX MPUXOANUTCH YUHUTHIBATH HHIYKTHBHOCTD Pelib-
coB Lp , 4 TAKXE Y.

[ToTeHLMAa) TOYKH 3eMJIM C KOOPAUHATAMH X U y, TAE y — PaccTos-
HHUE DTOMH TOMKH OT NOJOTHA XK, A., @ X — PACCTOSAHHE €€ OT HEMOABNK-
HOIt HArpy3KH, HATIPUMED OT TATOBOH MOACTaHUMH, onpenensercs [4]
no ¢opmyne

1
U(x,y)= %m(vx,yy), B, (7.64)

rae Y =+Zp/Rnep — TOCTOAHHAS PACHPOCTPAHEHHS MEPEMEHHO-

ro TOKa B pefibcax, 1/m;
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Zp = R +](uL -— MOJIHOE COMPOTUBIEHHE peibcoB, OM/M;
Rp — aKTHBHOC CONMPOTUBICHHUE penbcoB, OMm/M;

L, — HHIyKTHBHOCTH pebcos, I H/M.

3Hauenus Zp ang 4actorht 50 I'u v penascos Tuna P50 npuseeHs! B

Tabn. 7.1.

Tabruya 7.1

Bestntinia n0THOrO CONPOTHBIICHUA PENbCOB Z, E)M /I\D

npH yaeiLHOM CONPOTHBIEHHH (C) 3eMIH (OM ’ M)

10 100 1000
I1pu osiHonyTHON Xene3Hoii popore
. -68°40 _ L71e 17 - ;720148
0,521-10 7 ¢ 70840 0.590-10 > /7117 0,657-10 73 ¢ /713
[Tpu nByxnyTHO#M KenesHoi ropore
366010 3 ’ 3730y
0,359-10 > /910 0,430-10 >/ 71 0,4910-10 > ¢ /7370

[lepexonHoe conpoTHBIieHUE MEXAY PelbCaMH U 3eMIIEH ¢ JocTa-
TOYHOM CTENeHbI0 TOYHOCTH MOXHO ONpeenaTh no gopmyie [4], aHa-
noruuHoit popmyne (7.59):

12
+ L ~In OM " M. (7.65)

2ol Ruep - a

Kax BuaHo u3 Ta6n. 7.1, apryMeHThI OJIHOTO COMPOTUBIIEHHS Pelb-
COB Z_ M3MEHAOTCS B CPAaBHUTENBHO HEOONMBIUMX Npeaenax: ot 66° no
73°. B COOTBETCTBHY C 3TUM apryMEHT MOCTOAHHON pacrpoCcTpaHeHuUs
H3MCHAETCA B peaenax ot 33° npumepHo go 37°.

Bce npuBeneHHble Bble GopMyIbl I Pa3THUHBIX ClyyaeB cOIU-
KEHHUS] OIHOINPOBOJHON LeNH ¢ 31eKTpUGHIMPOBAHHOM Kesle3HOoH 1o~
POroit NOCTOAHHOTO TOKA CAPABEAMUBLL U /sl INeKTpUULHPOBAHHOIH
)K€JIEe3HON JOpOrd MepeMEHHOro ToKa MpHU YCIOBUH BBEAECHHUS B IIpa-
BbIE 4acTH (hopMyi kodhduLmenTa h.

Rnep
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Ha puc. 7.23, 7.24 npuBeaeHbl KPUBbBIE 3aBHCUMOCTH NOTEHIIHAIOB
@ OT PACCTOSIHHUS y MEXKIY MEPBbIM 343€MJICHHEM U MTOJIOTHOM [(BYX-
NyTHOM 31eKTPHGHLHPOBAHHOM KEIE3HON LOPOFY NEPEMEHHOTO TOKA
MpY PANTHUHBIX 3HAYEHHAX Y/EIbHOM MPOBOAMMOCTH O 3eMJIH (BTO-
poe 3a3emieHHe OJHOTIPOBOJHON LIENH PACMONOXEHO BHE 30HBI pac-
npocTpaHenus OIyXAAOLIMX TOKOB). DTH KPHBbIE PACCUMTAHBI NPH
toke Tarosoit Harpy3ku B 1000 A. ITo 3TUM KPHBBIM MOXKHO NIPOBECTH
npubIIMIKEHHBIH pacueT pa3HOCTH NOTEHLMATOB MEXIY ABYMs TOYKA-
mu AU, T. e. paccuMTaTh rajlbBaHHYECKOE BIMSAHHE JIEKTPHHLMPO-
BAHHO KEJE3HOM JOPOTH MEPEMEHHOTO TOKA Ha CMEXHOC COOpYyHKe-
nue (AU = U[). Ecnn TOK Harpysku OTJIMYAETCA OT 3TOrO 3HAYCHHUA,
TO MOJIYYEHHBIE H3 KPHBBIX BEIMUYMHBI CNENYET YMHOXHTb Ha K030-
(ULMEHT MepecyeTa

E=1¢ /1000, (7.66)

rae IE —— akTHUECKMI TOK HATPY3KH TACOBOIl CeTH (u ogHOTO
371eKTPOBO34a), 0 KOTOPOMY A0JDKEH OBbITh OMPEAENEH MOTEHLHAN 32~
3eMJIEHUS.

U3 cpaBHeHMs paccuMTaHHbIX 3HadeHuit AU = U A% ONMHAKOBBIX
yCIIOBHIt 371eKTPUGUUIMPOBAHHON XKENE3HOH AOPOrU MOCTOSHHOTO H
ITEPEMEHHOTO TOKa BHJIHO, YTO B OC/ICAHEM CIIyUae, T. €. [IPH 3ICKTPO-
TAre NEPEMEHHOrO TOKA, NPH HeDONBIINX 3HAUEHHAX y CO3AAI0TCH 6o-
jiee BBICOKME Pa3HOCTH MOTEHUHAIOB. DTO OODBICHIETCH 3HAUUTENBHO
GonbmuMu (B 6—10 pas) 3HAYEHHUSIMH ITOCTOAHHOH PaCHPOCTPAHEHUA
flepEMEHHOr0 TOKa B penbcax. B To e BpeMs NpH GONBUIMX PAaccTosi-
Husx y (oxono 1000 M) pa3HOCTb MOTEHUHAIOB, CO34ABACMAsT JICKTPO-
THroH HOCTOSHHOTO TOKA, 6OjbIle, YeM MPH 3JIEKTPOTAre MEPEMEHHO-
O TOKA, UTO OGBICHAETCA XAPaKTEPOM U3MEHEHHs ByHKUMM L M Ha-
snuueMm B dopmye (7.52) coMHokuTens A.
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Puc. 7.23. IMoTesunan 3a3eMIIEHUs ONHONPOBOAHOH LienH, 00yCIOBIeHHbIH
FabBAHHYECKUM BAUSHUEM, B 3ABUCHMOCTH OT PACTIONOKEHNS 3d3eMITEHHA LIEMTH
OTHOCHTEJTbHO NONOTHA XeNe3Hoi 1opoTH: a) o = 1073 Cm/M; 6) o = 10! Cm/m
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a ) T'AABA 8. BAUAHUA TATOBOI'O TOKA

U,B HA PABOTY PEABCOBBIX UEITEH H YCTPOUCTBA
100 \\ m HKEAESHOJO0POMHON ABTOMATHUKH
))= M
90
R0 \ ‘ 8.1. Meroguka pacuera BJIHMSAHHSI TANOBOIO TOKa
\50 Ha pa0 €/IbCOBBIX Henei
7 \\ paGory p I
60 100 ™~ Ipu 3aexTpHyuecKoil TAre NPOTEKAIOWHH 10 PEbCOBBIM HUTAM TH-
5 m \ \\ rOBbIH TOK OKa3biBAaeT BIIMAHHUE HA PabOTy penbCoBBIX LEneit U xenes-
\\ HOIOPOXHYIO aBTOMATHKY, YCTOHuuBas pabora KoTOpbix obecneun-
40 00 \‘\\ BAeTCs NPHMEHEHHEM 3ALLMTHBIX CPEACTB, CHHKAIOLLIUX BIIUSHUS TATO-
30 m = Boro toka. [Ipu pazpaboTke 3allUTHBIX CPEACTB HEOOXOAUMO OLECHHU-
20 — ;\ BATh YPOBHH MOMEX OT TAFOBOIO TOK2 B PEIbCOBBIX LEMNX.
I —— Tsarosblit Toxk [, (puc 8.1), noTpebasemslit 31EKTPOBO30OM OT IO~
10 — « (P ), HOTp p A
! i , .
CTAHLUH HAIPSHKEHHEM , COTIPOTUBJIEHUEM R, W HHAYKTHBHOCTBIO
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» P 1 2 p
U, B PEIbCOBBIX HUTAX KaXKA0i peibcoBOi wenu. IIpoTekasi mo mytesomy
JpOCCeITo, MEPEMEHHASA COCTABIIAIONMIAN TAIOBOrO TOKA CO3MA€ET HA €ro
60 00OMOTKeE HanpsKeHre nomexu. [lyTeBolt Apoccenb UMEET BHIBOJ OT Ce-
\ y=10m peanHbl 0GMOTKH /s NPONYCKA TATOBOIO TOKA B COCEAHIOI PEJIbCO-
30 BYIO Llellb B 00X0/ H30JUPYIOIIHX CTBHIKOB. BeiencTBue 3TOro Mardur-
\ Hbl€ MMOTOKH, BOSHHUKAIOLUE B CEPACYHHKE APOCCENi OT TOKA KAXAOro
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40 \ o \ penbca, MPOTHBOTIONOKHEI 110 HAanpap/eHuo. T1o 3Toi npuuHHE B CO-
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Puc. 7.24. TToTeHuman 3a3eMiieHUs OAHONPOBOJHOM LEMH, 00YCIOBNEHHBIA ranpBa-
HUYECKHM BJIMSIHHEM, B 3ABUCHMOCTH OT PACHOJIOXKEHHST 3a3€MJIEHHS LIENH OTHOCH- Pnc. 8.1. llpusunnuanbHas cxeMa npoTeKaHust TACOBOTro Toka /,, moTpebnsemoro
TebHO MONOTHA Xene3uo# noporn:ayo= 1,7 10~ -3 CuM:8) =33 10! Cuim 3MEKTPOBO30OM OT MOACTAHUUH Hanpsokenuem U,
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3aHHH TOMEXH YYACTBYET TOJBKO Pa3HOCTHBIN MATHUTHBIN MOTOK. ITOT
[IOTOK CO3/IAE€TCH PA3HOCTHIO TOKOB B [IEPBOM U BTOPOM pPEJIbCaX, KOTO-
pblii IPOXOJHT IO I1OJIOBUHE OOMOTKH APOCCENs.

YnobHee npecTaBAATb TOMEXY B BUAE TOKA, TPOXOISIILETO 110 BCEM
BUTKaM apoccens. Tox nomexu 6yaer [13}:

_ jz}{_j]H .

. ui T2k~ Tk
B Ha4aJi€ LCNH InH = B KOHLE LSl InK -

2 2

KosnnuecTBeHHas OLIEHKA YPOBHS MOMEX OT FTAPMOHHUK TATOBOTO TOKA
MPOU3BOAUTCS C NOMOLUIbIO KO3(PDHULIMEHTOB NOMEX, KOTOpbie onpese-
JIAIOTCSl KAK OTHOLICHUE MOJIYPA3HOCTH TOKOB JAHHONH TapMOHHKH B
peibcax B COOTBETCTBYIOUIEM MECTe peileOBoﬁ Lenu K odleMy TOKY,
noTpedsIeMOMy TATOBOM MOACTAHIIUECH:

(> i1)
AY

21

O6blllHO FapMOHl/l‘{CCKMﬁ COCT4B TOKa B TATrOBON ceTH H3BCCT€:—[ B
PE3YNIbTATE TCOPETUHECKUX HIIH 3KCINICPHUMEHTAJIBHBIX I/lCCJICIlOBa}:llMPI, n
3TO A44a€T BO3MOXHOCTL OLICHUBATL NOMEXY OTACILHO AN KaXX 10U rap-
MOHHKH TATOBOIO TOKA. ﬂﬂﬂ 3TOro, B MEPBYIKO OYEPEAb, H€O6XOHPIMO
3HATb, KaK pacipeacjisaroTcss TOKHU Ka)K,ElOI;'l rapMOHHUKH B PECIbCOBBIX
HUTAX NYTH. Ha NOpAAOK paclnpeacicHus TOKa BJIMACT HepaBeHCTB(;)
COHpOTHBﬂeHHf/'I HUTEN IIyTH, a4 TAKX€ HECPABCHCTBO COHpOTH%HCHHM
343CMJICHUSA K'd)l(,[lOﬁ U3 Huteil. B [TOCJICAHEM CllyHae U3 pEJIbCOBOH HUTH,
nmeiomey"l MECHBILIEE COMPOTHUBIICHUEC 3a3€MIJICHHUSA, TOK 1,3 B Donbuien
CTCIEHH TEUCT UEPE3 3EMIIIO HA THFOBy}O MNoACTAHLINKO, UEM U3 ,upyr(iro
peiibCa. STO H NOPOXKAACT B OCHOBHOM HEPABCHCTBO TOKOB B IEPBOU U
BTOPOH PENIbCOBBIX HUTAX MYTH.

Ha NMOPAAOK paAClpCACNCHUA TAIOBOI'O TOKA BJIMACT YTCUKA €ro 4e-
PE3 3EMII0 CJIEBA OT 3JICKTPOBO34a 13J1’ a TAKXXE€ NOCTYIUICHHE €ro B CO-
CEAHIO PEBbCOBYIO LENb ClpaBa OT NOACTaHuMU [, . B nocneaHem
caydyae BO3HHUKACT MOMEXAa H B COCCHHSﬁ penbconoﬁ Lernu, Hald KOTO-
pPOI B KOHTAKTHOM CETH TArOBbIH TOK OTCYTCTBYET.

Takum o6pa30M, NNpU OUCHKE BJIUAHHUA FAPDMOHHUK TATOBOIO TOKaA
HCO6XO£IHMO paccMaTpuBaThL BO B3aHMOﬂCﬁCTBHH TpH UCIH C pacnpe-
ACIAC€HHBIMU MOCTOSIHHBIMHU, CBA3AaHHBIC B3aUMHOU HHAYKTHBHOCTbO!

1Y
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“niepBbIi peiibec — 3emis”, “BTOPOH pestbec — 3eM1a” M “KOHTAKTHDII
npoBoa— 3emiis”. [lanbHelluee paccMoTpeHue NPOU3BOAUTCS [T TOKA
OIHOM U3 rapMOHHK.

IIpu pacuere BIHSHMS rapMOHMK TArOBOrO TOKA Ha paboTy peibco-
BOM LieNnu NOCNENHSs NPECTABIAETCS B BUJIE OAHOMPOBOAHDBIX B3aUMO-
CBSI3AHHBIX 3CKTPUIECKHX JINHUH C COMPOTHBIIEHHEM PENbCOBBIX HUTEH
Z) M z,. PenibcoBble TMHUM H30MPOBAHBI OT 3eMiIH PaBHOMEPHO_pacripe-
ACICHHBIMK IDOBOIIMMOCTSAMH M30JISILIMH, YAENAbHbIE 3HAYCHUS KOTOpbIX
& M &) NpH NMPOU3BOACTBE PACHETOB MOMATAIOTCA PATHUHBIMHU, Mexay
cobO0Ii 00€ penbCOBbIE LEMH CBS3AHBI B3AUMHOI HHOYKTUBHOCTBIO M5 1
MMCIOT TNIPOBOAMMOCTD g5 0 BEPXHEMY Ci1010 Gammacra v wnanam. Uso-
JIALHA PENECOBLIX HHTEH OTHOCHTENBHO 3EMJIM, TAK e KAK M M30JISLMS
HX OTHOCHTENIBHO JIPYT JIPYTd, 3aBUCHT OT METEOPONOrMUYECKHX YCII0BU
U Xapakrepa rpyHTa. Kpome Toro, Ha BelIMUHMRY U30IALMM OHON 13 pefib-
COBbIX HMTEH OTHOCHTE/IbHO 3EMIIH OKa3bIBAET BIMSAHME THI OIOp KOH-
TaKTHOM CETH, TPHCOEAUHEHHOI K 3TOIi penbcoBoi HUTH. Tak Kak BeHuu-
Hbl YACHAbLHBIX NPOBOAMMOCTEN U30JIALMU HEBETUKH U MOTYT ObITb COM3-
MEPHMBI C BEAUUHHAMM YIC/IbHBIX NPOBOANMOCTEN PEbCOBBIX HUTEH, TO
BO3HHKACT HEOOXONMMOCTb PACCUHTBIBATD PEIbCOBBIE IMHHH KAK IIEKT-
PHMCCKHE LIETIH C PACTIPEACICHHBIMHI HAPAMETPAMA.

OnHonpoBoaHble penbCOBbIE TMHHK NOJABEPKEHB! HHAYKTHBHOMY
BJIMSHHIO TATOBBIX TOKOB, NPOTEKAOLIMX B KOHTAKTHBIX MPOBOJAX K4K
CBOCTO, TAK M CMEXKHOTO I1yTH, €CTIM PACCMATPHBAEMbII YUACTOK ABIS-
€TCA ABYXNYTHBIM. Tak Kak KOHTaKTHBIH NPOBOA CBOEro NyTH pacrno-
JIOKCH CHMMETPHYHO OTHOCHTENBHO PEIIbCOBBIX HUTEH, TO UHIYKTHB-
HOC BJIMAHHME IPOTEKAIOILErO B HEM TArOBOIO TOKA HA 064 pesbca oka-
3bIBACTCA ONMHAKOBBIM. C Apyrol CTOpPOHBI, HHAYKTHBHOE BJIHSHME
TACOBOIO TOKA CMEXHOTO IYTH HA PENIbCOBbIE HUTH paccMaTpuBaeMo-
ro myTH 6yAET PA3THYHBIM, TaK KAK PACCTOSHHE HX MO ITOr0 KOHTAKT-
HOTO 1npoBoAa OYAET HEOAMHAKOBO.

Takum obpaszom, SJIEMCHTAPHBIH OTPE30K CHCTEMBI JIMHUIT UTHHOI
dx MOXeT ObITb NpPeNCTABIIEH CXeMOI 3aMELUICHHA, MTPUBEACHHONH Ha
puc. 8.2, B KOTOPOIi NPHHATHI cieayroume ob03HAYEHHUS:

=1> 2 — YACNBHBIC CONPOTUBIICHNS MEPBOI'O H BTOPOT'O pejibca TOKY
COOTBETCTBYIOLIEH TAPMOHUKH;

&1 M 8 — yAC/IbHBIE IPOBOAHMOCTH M30JIALMH NIEPBOTO U BTOPOTo
PEeNbLCOB;
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NCA SN

Ul / Zydx [jglzdx Mfy MID Upd U,
. J

lUZx Zydx

g,dx | |gdx ! ledeZx
: 1

Puc. 8.2. CxeMa 3aMeLeHHs 2IEMEHTAPHOrO OTPE3KA CUCTEMbI JIMHHH JUTHHO#H dx

g|» — YAeNbHasi NPOBOAUMOCTb MEX]Y PebCOBLIMH HUTAMA; .

M|, — B3auMHas WHAYKTHBHOCTb MEXIY PETbCOBBIMU HUTAMH;

M, — B3aMMHas HHIYKTHBHOCTb MEXILy KOHTaKTHBIM [IPOBOIOM
COBCTBEHHOTO MYTH (MEPBOH KM BTOPOH PENbCOBOH HUTBHIO);

My 1 M) — B3aUMHAs MHJlYKTHBHOCTb MEXIY KOHTAKTHBIM
NpOBOJAOM H nepBou WM BTOPOH PeNbCOBOH HUTBIO COCEAHETO MYTH;

I I, — TOKH, MPOTEKAOLIAE B IEPBOM 1 BTOPOM PENbCAX;

U, Uy, — HampsixeHusi MEXIY COOTBETCTBYIOIIMM PENbCOM H
3eMIIeH.

Jns npuBefcHHONW CXEMbl 3aMELIEHUA CMPAaBEIMBBI CIEAYIOLLIHE
auddepeHManbHble ypaBHEHHS, OTIMCHIBAIOILME 3AKOHBI HIMEHCHHS
TOKOB W HAIpsXeHWH BIOJIb PENbCOBLIX JIMHUM:

dU\x - il.rzl +i2x Zy _j]K xp —jZK Zxp21
dx
e -
i =Uix(g1+812)-U2x &2
dx &l
dU2x _ oo 4 hixzy ~ Tt zypt = F2x zpn2 (8.1)
dx
_&L:sz(gz +g12)—01x812
dx
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TA€ Zyp1s Zkp21 M Zyppp — CONPOTHBIIEHHUS, BHOCHMbIE B CBA3AH-
HBIE PEJILCOBBIC LIENH 34 CYET B3AUMOHUHAYKTUBHOCTH M Mszl U
M kp22 COOTBETCTBEHHO;

Zpg — COIPOTHUBJICHHE, BHOCHMOC B CBSA3aHHBIC PENBCOBLIC LENU 3a
CHCT B3AUMOMHIAYKLIUA M12'

Cucrema ypasHenuii (8.1) MOXeT 6bITh MpeACTaB/IcHA B CIAEAYIO-
LIEM BHIE:

Kp’

dU . . .
Tlx=llx2| +12x zpg ~ Tx Zyp
dIi . :
— = Utx(g1+212) - U2x g1
dx
dU . . .
—A=12x22 +11xZM—1KZKp2 (8.2)
dx
dlzc :
—=Uzx(g2+812)-Ulx g1
dx
rme
Iy Zgp2l 1 Zkp22
prl'zxp(l"'-lf ;(:p ) zl(p2=zl(p(1+7%'%)'

Tak Kax IpPOBOAMMOCTB “KOHTAKTHBIH MPOBOK — 3EMIIS” MOXKET GBITH

~ K
NPUHATA PABHOHU HYIIO, TO =0. Kpome Toro, yuursiBas, 4to ToK

B KOHTAKTHOM NPOBOJIE NPAKTHYECKH HE 3aBUCHT OT [1aPAMETPOB Pellb-
COBOM LIEMH M ONPEALIIAETCS B OCHOBHOM TSTOBOI HarpyskoM, npu apo-
BEIICHMH pacyeToB [/, NojaraeTcss paBHbIM const.

Bocnonwosaswucx, CKa3aHHbIM, MOXHO MOJYUYUTDH ClieAyloliee
obLuee peweHre cMCTeMbl AH(OEPEHLIMANIBHBIX YpaBHEHHIT (8.2):
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ZxplZ2 —Zxkp2eM

I = Achyyx + Ayshyyx+ Aschy x + Agshy x + I« 272 - 2ht

I2x = My(Achy,x + Ayshyx)+ Ny(Aschy x + Agshyx +

Zxp221 — ZxpliM

+1 3
2|12y = ZM

Ulx = Zi1 (Ashyx + Aschyax) + Zjp (Azshyx + Aschyx)

sz = Zzl(Alsh‘le + AzCh ‘sz) + Zzz(Aj;Sh yx + A40hY X)

rae

1

Y1 = [212(«1 +2-2zp)+ 8121 +g2b2]

Pk
|
h‘[glz(ﬂ +o-2zy)t g t g2~2]2 -
; &
~ (2122 -z N&122 + 8128182812)
|
Y2 = {3’[312(51 +5=2zy) + g + 27 |-
I
- [‘4—[&2(31 +z —2zy)+ gt 8232]2 -
2 ]/2
~(z122 —zm N &182 + 8128182812)
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el

(8.3)

2 v
My =238+ 812)* 28 YRk (€( (e DA 2.1

(g1 +812)-22812 m(g +812)-22812
g + gn(M +1) 2 + g1 (N +1)

Zi =y, , Zjy =y, —22—o122 ] ,
8182 + 8181282812 _ 8182 + 8181282812
M; + My +1 N+ Np +1

2y, =y 2M gaM +l) Zyy =y, B gV +1)
8182 + 8181282812 8182 + 8181282812

B cucremy ypaBHeHHit (8.3) BXOAAT NOCTOSIHHBIE HHTETPHPOBAHUSA
A—Ay 3anaya onpefeneHns ITUX MOCTOAHHBIX PellaeTcs MpH pac-
CMOTPEHHH KOHKPETHbIX CXEM 3aMELLEHHS, OTPAXKAIOIMX PA3THUYHBIE
pexHMbl paboTbl pPesbCOBBIX LieneM.

8.2. Pacuer nomex, 00yCJIORTIEHHBIX MAPMOHHKAMH
TATOBOIO TOKA IPH XOpOoUIeH H3WHIIUH PeIbCOBLIX HHTEl

DBoitblO MHTEPEC TPECTABIACT TAKKE PACCMOTPEHHE UACTHOTO CITY-
yasi BO3JCHCTBUS FIOMEX OT FTAPMOHHUK TATOBOI'O TOKA Hd aCHMMETPHUHbBIE
PENbCOBBIE LIENK NPU XOPOLUEH H30I81UK PENbCOBbIX HUTEH. Takoii cny-
yai MoxeT HabmoaaTbCsl B 3MMHUIH TIEpHOJ, KOraa YAeNbHAas NPOBOAK-
MOCTb M30JIIHMH OHOTO PENbCa U YICNbHAS IPOBOAUMOCTE MEXIY PeNb-
CAMH €| 1 €|, PABHBI HYJIIO, & YEbHAS MPOBOAUMOCTD W30JISUHH gy BTO-
pOro penbCa OTHOCHTENBHO 3eMJTH ONpEENfeTCs MPOBOAUMOCTBIO ONop
KOHTaKTHoMH cetd. Kpome Toro, mis ynpoilieHuss pacueTHbIX ypaBHEHUiA
MOHO MPEANONIONKHUTh, YTO COTIPOTUBIIEHUS PENBCOBLIX HUTEH OAUHAKO-
Bbl, @ BO3JCHCTBHE NMOMEX OT FAPMOHHK TAIOBOIO TOKAa MCCIEAYETCs HA
y4yactke, 000pyNOBAHHOM OJHOMYTHOH aBTOOIOKHPOBKOA.

C y4eTOM NpUHSATBIX AOMYILIEHUH cHcTeMa quddpepeHuHanHbIX ypas-
Henuit (8.2) Moxer ObiTh npeobpa3zoBada [35] cieayroium obpazom:

O . . Lt
B i BY =1|Zp+12ZM—1KZKp, ¢l =0
dx dx (8.4)
dUzy : . . diZ,\‘ .
dxv =Dz + Dizpy = Tx zp, I =Uzx g
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BBuHly TOrO, YTO OMOPbl KOHTAKTHOMH CETH MOAKITIOHAIOTCA K COOT-
BETCTBYIOLLEH PENbCOBOM HUTH HA PABHBIX PACCTOAHUAX APYT OT ApY-
ra, NpOBOAMMOCTb ITHX ONOP MOXHO CYUTATh PACHPENEICHHOH, 9TO 1
[PUHSTO [IPH MOJyYEHHH PACUETHBIX YPaBHEHHH (21 == Ip 8= g0)-

Tax kak cuctema andepeHUHaIbHBIX ypaBHeruii (8.4) apndercs
YACTHDBIM CJIyUaeM CHCTeMB! YpaBHeHHH (8.2), TO pelICHUs CHCTEMEI (8.4)
MOXXHO PacCMAaTpPHBATh KaK YacCTHbIE CIydau pEIIeHHs CHCTEMBI (8.2).

JIeiiCTBUTESIbHO, NIOJICTABUB B YpaBHEHHsI (8.3)IIPHHATHIE 3HACHNS Y AC/Tb-
HBIX [IPOBOAMMOCTEH & |, & M g9, MOXKHO MOJTYUNTB CIICAYIOIME 3AKOHD!
PACTIPOCTPAHEH NS TOKOB M HANPSDKEHNH BAOMb PENnbCOBOM THHUH:

jlx = By
2 2

: z z (zp —2zm )X
Uix =B “M_ch Yox+ By =M _ch YoX + B3 L

Y0 Yo Zp

Zep(Zp — 2 )X
+ B4 - IK -—'—“—"—_‘——‘Kp p_ 4]

“p
. sy e 8.5
I2x = Bichygx + Byshyox ~ B3 +1, .
p “p

Uzx = Zo(Bish y2x + Bychyox) J

Zp
rae Yo=4805p: Zo= ot

8.3. OnpenesieHne BO3NEHCTBHSA TAPMOHHK
TATOBOTO TOKA Ha peJibCOBBIE IIEIH,
IpHMBIKAOMMe K (pugepy TArOBOH IOACTAHIMHA

HaunbonblueMy BO3AEHCTBHIO TACOBOrO TOKA MOABEPratoTCs peiib-
COBBIE LIEMH, HEMOCPEJACTBEHHO NPUMBIKAIOIINE K MECTY NPHCOCAHHE-
HHS OTCACHIBAIOLIETO (uaepa TATOBOH noacraHuuu. Pacder BansHUA
rAPMOHHK TATOBOTO TOKA HAa TAKHE PEIbCOBBIE LIEIIM MOXET TPOH3BO-
ANTHCS B NPEANOIOXKEHHH, HTO 3TO BIIMSHHE OKA3BIBACTCS ONNHOYHBIM
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x =/ x<——f'|0

Puc. 8.3. CxeMa 3ameuleH s, C TOMOLUBIO KOTOPOH MOXHO ONpPEIeNHTh BENHUHHY
MoMexX OT FAPMOHHK TATOBOTO TOKA B PEIbLCOBOH LiENH, IPUMbIKAIOWIER K MeCTy
NpHCOEANHEHHS OTCACKIBalollero huaepa

noxkoMoTHBOM. Takasi nocTaHOBKA 3a/1aUH MO3BONAET MONYYUTh OTHO-
CUTETILHO TIPOCTHIE YPABHEHUS A5 OTIPE/ICIIEHUS YPOBHA MOMEX B Pelb-
COBBIX LIEMsX, NOABEPKEHHBIX MAKCHMaJIbHOMY BO3ACHCTBHIO OT rap-
MOHHK TATOBOrO TOKA.

Ha puc. 8.3 npuBeneHa cxemMa 3aMelleHUsl, C IOMOILbLIO KOTOPO#H
MOXHO OMPEAENUTh BEIWYUHY TIOMEX OT FAPMOHHUK TArOBOIO TOKA B
pesibCOBOM LEMHU, [TPUMBIKAIOLIEH K MECTY NPUCOEANHEHUS OTCACHIBA-
routero ¢uaepa. Ilpyu noctpoeHun 3T0i IKBUBANIEHTHON CXEMbl NpeA-
T10J1arajaoch, YTO JIEKTPONOABHKHON COCTAB HAXOAUTCS B KOHLE PEJib-
COBOM 1IeMH, PACNONOXEHHOH clieBa OT paccMaTpuBaeMoil. Bausuue
CMEXHBIX PENbCOBBIX LIENeH YUUTBIBAIOCH BBEACHWEM HEKOTOPHIX 3K-
BHBAJICHTHbIX COTIDOTUBIIEHUH Z, ¥ Z,, .

Jli1s 5KBUBANEHTHOM CXeMBbl, NPUBEIEHHOI Ha puc. 8.3, 3HaueHUs
TOKOB B peiibcax 1 ko3 dHuueHToB noMex B Hanbonee HebnaronpusT-
HOM Cilyuae, Koraa g; = gy, = 0, go = gy, HAXOOATCA M3 CNIEAYIOLIMX
ypaBHEHUH:

ilx -ix
Zp+Im 2

. 2p(zp ~zp Jshyol by —by .
Yo bbby -byb3
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Zyxozpshyol  zp(zp—zp )chyol-1) \ h-b
+ + +
2 Yo ) biba - oy

) .| zp +zp -22 2(zp + zpg Nchyox —zp(chyol +1)
1oy = IK{—?'—M“"""—K‘E‘ [ZBXO L 2 ¥

Zp +Zpm

2
, Y0lzp ==ha)eh ox = 2ar (zp = 2ag )sh yo!
Y0

by-by
by - brbs

2(zp + zp )ch yox = zpgshyol N
2

+ [ZBXO

. y()/(:lz) —:,2\,, )ch Yox—zm(Zp —Zm )shyol h-b . Zxp .
Yo bby —baby 20 +zpy

Ky |t am 22 [(_ Zoxo(chyol-1) |
| 2(bby - bybs) 2
. (zp = zpm )(volchyol ~shyol)
Yo
Zxoshvol | (zp = zp )(chyol -1)
2 Y0

)(b4 ~b3)~

’

=
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X) Zp +ZxpiM2 |{ Zgxo(chypl -1) . (zp—zM)(yolch Yol —shyyl)
= X
2hby -brbs) 2 Yo
- shygl-chygl +1
x(b4“b3)+( Zyxosh yol | (Zp =2y Nvolshvol ~chyol+ ))(h-bz)],
2 Yo
rie

bl_

2

Zaxo(zp +2m)chyol =) (2 - 231 (volch yol - sh yol) .

0
8ZBXI B 4ZBx1Y0

, 2 20+ (2 = 2p)(ch vol +1) } , Y0lzp =) + 5~z ) syl

by =

L)

2 Yo

+

-+

Zaxo(zp + 2y Xehyol - 1) .z (3 23 Xyolchyol ~shyol) )
0
8Zsx1 o 4Z .5 Yo

2(zp + zpr Nchyol + 20

shyol) +(zp - zpr Ych yol +1)

BX /

2

20

2 2
Yol(zp =234 )(ch vol + ——sh o) +(zp — 241 ) shyol

Bl

Bx /

Y0
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Zho(zp + 231 shyol (2 -3 Nchygl = 1)

by = 0
8Zsx1 o AZsx Y0
(zp — 2 )shvol —2—=22—(z, +2p1)
_ Zyxi n
2
2 Z
(zp — 2 (chyol = 1) - —2—yo! (z5 ~z4r)
+ Zpx | .
Yo
2 2 2
Zex0(zy + zpr )8h yo! z5 =z X yolshyol = chypl +1
by = 8x0(Zp + Zpm )shyg £ Zy | P M XYolshyo Yo )+

8Zgx 1 4Zsx Y0

(zp —zpm)shyol +2(zp — zp Nshyol + ZZO chygpl)

BX /

2

(zp - 2p)2(ch yol = 1)+ yol(zp =2 )(shyol + ZZO chyo/)

Bx/

+
Yo

YacTb 0OpaTHOTO TArOBOI'o TOKAa BO3BPAINAETCH K MOACTAHLIMU YeE-
pe3 yaeabHble MTPOBOAUMOCTH M30JsLHUH PEILCOBOM LiENH, CMEXHOI ©
paccmatpuBaeMoil puaepHoit 3oHOMN. B cBA3M ¢ 3TUM pesibcoBast LElb
TAaK)Ke OKA3bIBAETCA MOABEPKEHHOI BO3ACHCTBHIO ITIOMEX OT F'apMOHUK
TSrOBOIO TOKA.
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Ecnu HanpshkeHue Mexay TOYKOH MOJKIIUYEHHS OTcachiBalollie-
ro ¢uiepa U 3emiel BBIPa3UTh Yepe3 nmapaMeTpsl pebCOBOM 1enH,
pachoJIokEHHOH cieBa OT TAroBOW NOACTAHLMM, TO OyneT HaiineHo
COOTHOILEHHUE MEXAY TOKaMu [, W 1, TaK KaK [IOCTOSHHbIE HHTETPHU-
POBaHMS 1J1S PEIbCOBOM LENH CJIEBA OT TAroBoOM MOACTAHLHMH BbIpa-
KEHBI Yepes ToK /.

MeToauka pacyera BJAHAHHUS TAMOBOIO TOKA Ha paboTy pebcoBO
Hend 0e3 M30JHPYIOWUX CTHIKOB aHAJIOMMYHA BbILICONHWCAHHOMH. Pac-
yeTHblE YpaBHEHHA [jis onpeacncHus Kod(pGHUHEHTOB [TOMEX B Peilb-
COBBLIX LIENAX 03 U30JIMPYIOLIMX CTHIKOB npuBeaeHb! B [13].

BenuunHa noMex oT rapMOHHK TSAIOBOTO TOKA AOCTUTAET MaKCUMAJlb-
HO# BENMUYMHBI B PEILCOBOM [1€NU, HEMOCPEACTBEHHO MPHUMBIKAIOLLENH K
MECTY NMPHCOEAMHEHUS OTcachIBAIOLIEro (puaepa TAroBOH NOACTAHLMH.

Ha puc. 8.4 npusenenbl 3aBucuMoctv Ko duuneHtos K, K, Ky u
K, OT ANHHBI UCCIIEAYEMON PETBCOBOM LIEINH M YAaCTOThl TAPMOHUK TS-
roBOTrO TOKA NpH &) = g, = 0, g, = g;. KoHkpeTHo KpHBble HA pHC. 8.4
NOKA3bIBAIOT PACUETHOE 3HAYEHHE MoAya K and PenbCoBbIX LeMnei ¢
pasHbiMU AnuHaMu ([ = 2 km, [ = 2,6 kM), Npy pa3HoO#t yIelbHOI npo-
poauMmoctu bannacra (0,5, 1,0 u 2,0 OM~1<M'1) H C BXOOHBIM COIIPOTHB-
nenvem 0,6e /80 Om. W3 kpuBBIX criemyeT, 4To BelHUNHBI KOID(HLR-
€HTOB [10MEX MOHOTOHHO BO3pacTaloT C YBEIUUEHHEM TapMOHHUK vac-
TOTbI ¥ JUTUHbI PENbCOBOH JTUHUH.

PaBeHCTBO HYIIO CONPOTUBIIEHHUS Z,, ( HE MEHAET XAPAKTEPA H3ME-
HeHMs koa(duumneHToB Ky i K, 0OIHAKO MPUBOAMT K HX HEKOTOPOMY
YBEJIMUEHHIO 110 BCEMY AHANA30HY YacTOT.

8.4. Biausinue TSTMoBOro ToKka Ha padoTy YCTPOWCTB
aBTOMATHYECKON JIOKOMOTHBHOH CHTHATA3AIMH
H ABTOMATHYIECKOIO PeryJipoBaHUsA
CKOPOCTH I0€30B METPOMNOoJIHTeHa

Ha 31ekTpudHIIHPOBAHHBIX XKeENE3HbIX I0porax MOCTOSHHOIO TOKa
¥ METPOTNOAUTEHA NOCTATOUHO LIKMPOKO NpuMensercs cucrema AJIC n
APC, uMeroas ciieayiouye OTJIMUHTENIbHbIE MPU3HAKH: HACTOTHBII KO/
Iis wKudpoBanus MHGOPMALMH; HEMOOYNHPOBAHHBIH TOK B PENbCAX
npy nepeaauve wHpopMaumy; gelInppUpoBaHHE MPUHSATBLIX CUTHAJIOB
CEJICKTUBHBIMH MPUEMHUKAMHU MPSMOTO MpHEMa.
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Puc. 8.4. 3aBHCUMOCTH KO3 (DHUIIMEHTOB MOMEX OT ANIHHb! UCCENYEMOMR perTbCco-
BOii LEMH U HACTOTHl FAPMOHUK TATOBOTO TOKA TPH Pa3HOii yAENbHOH NMpoBOAU-
MOCTH GanacTa i JUIHHBI peiibcoBoit uenu / = 2,6 kM (a), [ =2 xm (6)
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OnHol U3 OCHOBHBIX 3a/lau NPH TAKOH CHCTEME ABJISIETCSA HAAEKHOE
OT(UIBTPOBbIBAHHE KOJAOBBIX CHIHAAOB OT I'APMOHHUYECKHX COCTABIA-
IOLMX TACOBOIO TOKA, DTO 03HAYaET, YTO JUTS NePeaady KOAOBBIX CUT-
HAJIOB JOJIKHBI ObITh BHIGPAHBI AHANIA30HbI, 4ACTOTA KOTOPBIX OT/IHYA-
€TCcsl OT FAPMOHHMYECKUX COCTABISAIOLIMX TArOBOT'O TOKa. [apMoHuku
TATOBOIO TOKA B TArOBOM CETH M PENbCaX 00PA3YHOTCS MPH BITIPSIMIIC-
HUH MIEPEMEHHOTO TOKA NpOMbIIUIEHHOH YacToTsl 50 ',

Kak nokazanu uccnenosanus [11, 13, 35], Bce 4acToThl, KpaTHbIE
50 I'u, 3aHsTH FapMOHHMKAaMHM TATOBOro Toka. Yacrora Toka npo-
MBILLUJIEHHOH CETH B HAacTOsLEe BPEMsI HAACKHO cTabUIH3HpOBaHAa
U konebanus ee He npeBblmaloT *1%. Takoe )xe OTHOCHTENBbHOE KO-
JebaHne 4yacToThl OYAYT UMETh W BCE FAPMOHUKHU BBIIPSAMIIEHHOTO
TOKa, a abCOMOTHLIC 3HAYCHUS YACTOTBI UX TeM OoJiee, YEM BbIlLE
NMOPAAKOBBII HOMep rapMoHukH. [1pu BeIOOpe Auana3zoHa yacToT A
ucnonp3oBaHus B AJIC yuHTHIBAIMCE U BO3MOXHBIE OTKJIOHCHHUSI
YaCTOTBbI MyTEBBIX F€HEPATOPOB U DMEKTPUUYECKUX (DUILTPOB JIOKO-
MOTHBHBIX IPUEMHUKOB B IPOLECCE NPOU3BOICTBA U IKCIIYyaTAL MU,

CpeaHsas yacToTa BbIOpaHHBIX AMANA30HOB COCTABISET COOTBET-
cTtBeHHO 25, 75, 125, 175 T'u ¥ T.1. MOXHO OnpeaenuTh Mojocy npo-
MycKaHUs QUIBTPOB MPUEMHBIX YCTPOHCTB IS KAXKAOT0 AMAIA30HA U
Kone0aHs TPAHMLBI 3TOH MOJOCH], PH KOTOPBIX OYAET rapaHTupo-
BaH HOPMaJibHBI NMpHeM UHGOPMALIMH C NYTH.

B03MOXHbBIE OTKJIOHEHUS YAaCTOThl '€HEPATOPOB B IepesaTuun-
Kax MyTEBBIX YCTPOUCTB MOXHO NPUHATH B nipeaenax *0,5% 3a cuer
BIIMAHUS TeMmIepaTypbl U +0,5% 3a cueT [onycka npu HacTpoiike B
npoiecce NpOU3BOACTBA.

B 3TOM cityuae rpaHHYHAas [M0JIOCA YACTOThI MPONYCKaHUs (HUIIBT-
POB MOXKET OTJIMYATHCS OT HOMUHAJbHOM YacToThl Ha £2%. C noBbI-
LIEHMEeM YaCTOThI IMATMAa30HAa BO3MOXKHAS 4acTOTa FapMOHMKH MMpU-
Omkaercs K rpaHuile fos1ocel nponyckanus gunstpa. Ilo 3toii mpu-
YiHE HeXelaTelbHO HCIOb30BaTh YacToOTy B Auana3oHe 750 ['y u
BbliLIE, TPUMEHSIS B KQUeCTBE A PaTOPOB CeIEKTUBHBIE IIPUEMHH-
KU NPSMOro IpueMa KOAOBBIX CUTHANOB. B AMama3oHax ¢ wacTOTOH
Huxke 750 'y mpueMHuKY OyAyT TeM HAAEKHEE OTIIHYATh KOAOBbIHI CUT-
HaJl OT TAPMOHHKH TATOBOTO TOKA, YEM HIDKE 4acToTa jiMarna3oHa. Bmecte
C TEM [JHAIA30H 4acToT HUxe 25 '] NCroNnb30BaTh TAKXKE HEXeJaTellb-
HO HM3-3a TPOMO3AKHX pa3MepoB (GUIbTPOB, TpaHCHOPMATOPOB U APY-
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FHX 3JIEMEHTOB YCTPOMCTB, KOTOPBIC MONYUAIOTCS MPH HU3KOI YacToTe
TOKa. B ¢BA3M c 3TMM Haubonee ynoOHBIM JUIsl KOAMPOBaHUS HH(OP-
MalMH U Nepeady ec Ha 11oe3 CieayeT NpU3HaTh AUATIa30HE! C [epBbI-
MH MOPSAAKOBBIMU HOMEPAMH U BBIILE.

HeyctanoBuBIINecs NPo1ecch B LIENU TATOBOIO TOKA, BKJIIOUYAIO-
e KOHTAKTHYIO CETh, CXEMY JIEKTPONOE3/1a U PESILCOBbIE LEHH, Mpo-
UcxoasT JIMb6Oo Npu U3MEHEHUH pexxuMma paboThbl TArOBbIX ABUraTeneH,
b0 npU KoJieOaHUM NEPEXOIHBIX CONPOTUBICHUNA B LENH OT TArO-
BBIX JIBUraTellel K perbcaM.

TsiroBele TOKM B KOHTAKTHON CeTH HEMPEPHIBHO M3MeHstoTes. [Ipu
TPOTAHWUH M10€3/]a TOK CKauYKaMH 32 HECKOJIBKO CEKYH/ AOCTUIAeT MaK-
CHMAJILHOT'O 3HAYCHUS, & 3aTEM PE3KO CIaJacT, KOraa IPOUCXOIUT OT-
KJIIOYEHUE TAroBbIX AUrarTesiei. Takue M3MEHEHHUS TOKA B KAXXI0MW MpHU-
€MHOH KaTyIIKe HABOJST 3/C UMIYJIBCHOTO Xapakrepa.

BriusiHue MOMexX TAMOBOTO TOKA MOXET MPOSBIATBCA U MPH HEU3-
MEHHOM pexxMMe paboTel TAToBbIX ABUrareneil. Kak nokasanu nccne-
nosanus [11], mposeneHHbIe Ha 7ekTPOBO3aX MOCKOBCKOH *Kejle3HOH
Jopory, HanbosblIee BAUSIHUE OKa3bIBAET NIEPEMEHHAs COCTABISIOIIAS
MAarHUTHOTO MOJIS XOJ0OBBIX YacTeil 3JIEKTPONOABHIKHOIO COCTaBa, He-
CyIIMX TATOBbIH TOK. BeiieacTBue 3HAUMTENBHON BEJIUYMHBI MEpexol-
HbIX COMPOTHBICHUI HA MIYTH TOKA OT ABUTATENE B PebChl (B CpaBHE-
HUH C COTIPOTHBIIEHHEM XOJIOBBIX HaCTeH IOKOMOTHBA) NPU ABHHKEHHU
3JIEKTPONOABHHOIO COCTABA MPOUCXOAUT HENPEPBIBHOE NIepepacIpe-
JIefIcHUE TOKa MEXAY OTAEJIbHBIMH OCSIMU U KOJIECAMY, H B CBSI3U C 3TUM
MPOUCXOINUT NepepacnpeiesicHHe MarHUTHBIX MOTOKOB. XOA0BBIE Yac-
TH NIOABUXHOI'O COCTaBa, Hanbosee MPUOMKECHHBIE K NPUEMHOIT CHC-
TeMe (Hanpumep, nepegHee KoJieco), BO3ACHCTBYIOT CBOMM MAarHUTHLIM
MoJIeM Ha npueMHyto cuctemy AJIC.

B cBA3M ¢ TeM, UTO NepexoaHble CONPOTHBIEHHUT NPEACTABISAIOT
AKTUBHYIO COCTABJISHIOULYI0O H UMEIOT BEIMUHHY, OOJIBIIYIO HEXeIU
peakKTUBHOE CONMPOTUBIEHUE XONOBBIX YaCTEH MOABHKHOIO COCTA-
Ba (N0 KpalHeil mepe Ans auanazoHa yactor 75—225 I'u), poHT
CKa4KOB TOKa B NEpeJHEM KoJjlece A0BONbHO KpyToil. IIpu 3TOM UH-
TEHCHBHOCTb HOMEX, MPOXOISiliNX yepe3 GUuabTp OT pe3kux 6poc-
KOB TOKa, 0OpaTHO NponopLHOHANIbHA YAaCTOTE KaHajla CBSI3H U
NpsAMO TNPONOPLUUOHAJIBHA LIUPUHE MOJOCH MPONYCKAHHS (PHUIIBT-
pa MpPUEMHBIX YCTPOMCTB.
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py HanuyMKM rapMOHUYECKUX COCTABIAIOMIMX TATOBOrO TOKa B
KOHTAKTHOW CETH MOABJISETCS PA3HOCTHLI TOK B peNlbcax, KOTOPbIii
BIIUSIET HA paboOTy YCTPONCTB JIOKOMOTUBHOM CUTHAIM3aUMK. MeToau-
Ka MO KOJIMYECTBEHHON OlIGHKE 3TOr'0 pa3HOCTHOrO TOKA INpUBEACHA
BbILilE, B pa3n. 8.1—8.3.

[Mpoeenennsie uccnegoauus [11] nokasslBalOT, YTO 3C NMOMEXU B
npueMHbIx katylikax AJIC HaBOJUTCS He TOJIBKO TIEPEMEHHOM COCTaB-
Jstouleii TAroBOro TOKa, MPOTEKAIOIEro B peslbCOBOI HUTH, HaJ KOTO-
pBIM pacroiioXkeHa paccMaTpHBaeMas KaTylIKa, HO M HepeMEHHOMH
COCTaBJIAIOLLEH TAMOBOIO TOKA, IPOTEKAIOLIETr0 B KOHTAKTHOM PEIbCE.
B cBs3u ¢ 3TMM B MOzeny B3aMMOACHCTBUS “TAroBas CEThb—CHUCTEMA
AJIC-APC” [11] HaBereHHYO 3/IC IOMEXH HA MTPHEMHbBIX KATYLIKAX He-
00XOaUMO ONpEAENsTh UCXOis U3 MPHUHLMIA HAJIOXKEHUS MarHUTHBIX
noJiel KaKk BEKTOPHYIO CYMMY 3/IC, BbI3BAHHBIX BIIMSIHHEM KaXJA0ro U3
TOKOB, MIPOTEKAOIHX B KOHTAKTHOM M XOJOBbIX peibcax. Ha aByx-
NYTHBIX YYACTKAX 3MIEKTPHUYECKHUX XKENE3HBIX JOPOr HEODXOANUMO yuu-
TbIBATh BJIMSIHUE TOKOB B 3JIECMEHTAX TATOBOM CETH COCEAHErO IYTH U
NPOJONBHBIX JIMHHH 3JeKTPOCHAOKEHHUS.

OpaHako B MpUOIIDKEHHBIX PACYETAX MPEANOIAraloT, YTO TOK B Peibce
HABOJMT 3/IC TOJILKO B OJHOMH PacnoIOKEeHHOM HaJ HUM xaTywke. [1pu
OQVUHAKOBOM HAIIPAaBJIEHUU TOKA TaPMOHUYECKOW COCTaBJIAIOLIEN B
penbcax obmas 3¢ B o0eux KaTylIKax NponopLHOHANbHA PA3HOCTH
TOKOB /| — I5. Taky1o e 3c B O0EHX KaTyllKaX HABENET IKBHUBAJIEHT-
HbIM TOK, paBHbIHA IIOJIOBMHE 3TOH Pa3HOCTH, HO HAallpaBJIEHHBIH B pas-
HbIE CTOPOHBI 110 OHOMY H JIpDYTOMY XOAOBbIM pefibcaM, Kak 3TO HMe-
€T MCCTO INMPH HOCBIIKE CUIHAIBHOIO TOKa. [lonypasHocTh mpeacras-
JISET TOK TMOMEXH, U 3TOT TOK MOXXHO CPaBHHUBATh C MOJIE3HBIM CHIHa-
JIOM B PENBCOBOI LIENMH WIH C JIONYCTUMBIM 3HAUEHHEM, TIPUBEAECHHbIM
B HOPMATHBHBIX JOKYMEHTaX.

Koadduunent nomexu K = (I - I, )/2 1) NOKa3bIBAET, KaKas yacTh

TOKa OTAEIBHO B3ATOH rapMOHHMKH B KOHTAKTHOM CETH COCTABIISIET I10-
Mexy nis npueMHbIx ycTpoiictB AJIC Ha yacToTe 3TOi FapMOHHMKH.
3Hayenue K| M3MEHAETCA B 3aBUCHMOCTH OT MECTa [10€3/1a Ha pelib-
COBOIi Llenu M paccTosiHus o noactaHuuy. Haubonburas BenMunHa
9TOro KO3hhUIMEHTa MOJ1yyaeTcsl B MOMEHT, KOTJa 1oe3 ] BCTYNaeT Ha
Haubonee JUIMHHYIO PENbCOBYIO 1I€MNb, HEAANEKO OT HaXoasluecs BIie-
penu Taroeoii noactasuui. [Ipu oneHke nomMexu crneayeT UMeTh B BULY,

351



|Z,|, Om[ Pm TPEA

s

v

50 100 150 200 250 LTy

Puc. 8.5. 3aBucuMOCTH MOMYJIS H YIJIA YAETBHOTO COMPOTHBIIEHHUS PEIbCOBOM
METIIU METPOMOAUTEHA OT HACTOTHI

YTO BCE COCTABNAIOLIME 3aBUCAT OT 4acTOTh Toka. X Hano noacuuraTh
OTAENbHO IJI KaXA0H TrapMOHUKH TATOBOTO TOKA.

Jns obneryeHus pacyeToB Ha puc. 8.5 MpeacTaBiIeHbl 3aBUCUMOCTH
MOMYJis M yIja YaeinbHOTO CONPOTUBJIEHHS PENbCOBOH HETIH METPO-
MOJIUTEHA OT 4acCTOThl. DTH XKe JaHHbIC HEOOXOAUMBL U [Uls onpegene-
HHsl BOJTHOBOI'O CONPOTHBIIEHUS Z, M MOCTOSHHOH PACIpOCTPaHEHHS
3JIEKTPOMArHUTHON BOJIHBI Y.

Jns moacueTa ConpoTHBRIEHNH, BHOCUMBIX B PETIbCOBBIE HHTH 3d CHET
B3aMMHONW HWHAYKTHMBHOCTH MEXAY KOHTaKTHBIM M XOHOBLIMH DEjlbCa-
MH, MOHO BOCIIOJIb30BATLCA M3BECTHBIMU ypaBHeHHsaMHU [1—4, 8], o
KOTOpPbIM OMNpesensercs B3aHMHAasi MHIYKTUBHOCTb PENbCOB B 3dBUCH-
MOCTH OT paccTosHmnii Mexay Humu, HeoGxoaumele paccrosHud u B3a-
MMHOE pacriojiOKEeHHE KOHTAKTHOIO U XOAOBBIX PEbCOB METPOTONHU-
TeHa NpeACTABJIEHBI HA pUC. 8.6.

[MpubnmxenHo >ac B npreMHoit karyike AJIC-APC Moxer ObTh
onpeaeneHa no hopmyie

E = ijIp ,

rae o — yriaoBas 4acroTa CUIHalla;
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Puc. 8.6. Bsaumnoe pacnionoxenue kontaktroro (K) 1 xoq0Bbix penbcos (7, 2)
METPOTNOIINTEHA

1p — TOK B peJibCe IIPH JJAHHOH YacToTe; v
M — B3auMHas MHIYKTHBHOCTb MEXAY PE/IbCOM H PACIOJIOKEH-
HOI1 HaJ HUM NPUEMHOMN KaTyLIKOM.

ITpu Gosee TOUHBIX pacueTax HEOOXOAUMO YUUTBIBATD, YTO B3a-
MMHAs MHAYKTHBHOCT M Mex[y penbcOM W INPUEMHON KATYLIKOM
AJIC-APC npu OBHXEHHH MO€3/a NOCTOSHHO U3MEHSETCS, TaK KAaK
3aBUCHT OT BBICOTBI 10JIBECA KATYLIEK HA YPOBHEM ['OJIOBKH peibca
U OT IOJIOKEHHUS LIEHTPa CepAeUHHKA OTHOCHTEILHO OCH penbea. On-
pesesieHHas 3KCrepuMenTanbHo [8, 11] 3aBUCHMOCTL B3aUMOUHAYK-
THUBHOCTH M MEXKIY PelIbCOM M NPHEMHOH KATYIWKOH OT BBICOTHI
NOJABECA U OT CMEIIEHNs LEHTpA CepJeYHHUKA MPUBEACHA, COOTBET-
CTBEHHO, Ha puc. 8.7 u 8.8.

k]
M-10° Tn \ M0 T
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Puc. 8.7. 3aBUCHMOCTD B3aHMOMHAYKTHB- Puc. 8.8. 3aBucumocts B3auMoOHH-

HOCTH M MeXAy PesibCOM 1 IIPHEMHOM JYKTHBHOCTH M MeXZAy penbcoM W

KaTyLIKOH OT BBICOTHI TOJBECA MIPHEMHOMN KATYIIKOH OT cMeLleHns
LIEHTPa CepIeUHUKA
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TIpu HOBBIX HeoOTOUEHHBIX DaHAakax, KOroA Kojeca HMEIOT MakK-
CUMAalbLHBIH aAuaMeTp, pexomenayercs [8, 35] noaBeIMBaTh KaTyLIKH K
TENEXKE C TAKHM PACYETOM, UTOOBI HIXKHSASA TOYKA OOMOTKHM OTCTOSITA
OT TOJIOBKH penbca Ha paccrosHun h = 180 mMM. Ilpn HauMeHbIIeM
JIMAMETPE KOJleC 3TO paccrosHue yMmensiuaercs 10 110—120 mm. [lpu
CMEUIEHHH LIEHTPA CepIeYHUKA KaTYIIEK OTHOCUTEIILHO OCH pebca Ha
BENTMUMHY [/, , UTO CIy4aeTcs NPy ABMXKCHUM 110€31a B KPHBbIX y4acT-
Kax NyTH, BelivunHa M najgaer. Bo3aMoxHble OTKIOHEHUS LIEHTpa cep-
JIEYHHKA OT OCH pefibca He npesbiiaioT 60 MM. B cBsi3H € 3THM BETHYM-
Ha M yMEHBILIAETCS NPH MaKCUMaIbHOM paccTossHUU h = 180 MM TipH-
MepHO Ha 5%. B npuOIMKEeHHBIX pacueTax B KaueCTBe pacyeTHOH Be-
IUYMHBLL M Ana onpeaereHys 3[C B KaTylUKax NMpy 3aJaHHOM TOKE B
peiibcax cieayer opathb 0,45:1073 T'n.

[Tposenennbie pacueTsl [11, 35] no3sonsioT cAenaTh 3aKI04CHHUE, YTO
YPOBHH COCEJHHX FAPMOHUK TATOBOIO TOKA MPEBLILLAIOT YPOBHHU M0-
MEX B IPUEMHBIX YCTPOMCTBAX M NpEANoiaraeMblid CUTHAIIbHBIA TOK B
4,5 pasza. B cCOOTBETCTBHH C 3THM JOCTATOYHO HMETH BXOZHbIE dunbT-
pbl, obecreunBatoLye noaapaeHue Onuxaruiei K CHTHaIbHOH uacrore
rapMOHMKM NIpUMepHO B 8 pas, 4TOObI OCYILECTBHTh HOPMAJIBHBIN NPH-
€M CUIHaJIa MpU HAJIMYMH OTPAHMYUTENS 33 BXOJAHBIM QHIILTPOM.

[Mpy ycTaHOBUBIIEMCH 3HAYEHHM TATOBOIO TOKA BJIUSHUE rapmo-
HUYECKMX COCTABMIOLIMX MOXET OBITh HCKIIOYEHO C NMOMOLIBIO Mpa-
BWILHO BbIOPaHHBIX /1eKTpUUeckux GunbTpoB. Ilpn usmeHeHusax Ts-
roBOro TOKa MJIM, UHAYE TOBOPS, NPH HEYCTAHOBUBILUEMCS Ipoliecce
yepe3 GUIbTPbI TPUEMHBIX YCTPOMICTB MPOXOAAT KPATKOBPEMEHHbBIE
CUTHAbl, BJMAHHE KOTOPBIX MOXHO YCTPAHHTH, MPABUIBHO BbIOpaB
YPOBEHb CHUIHAJIBHOTO TOKA B peJIbCax.
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YACTSH 111

FAABA 9. TAPMOHHUYECKHI AHANH3
BAMAIOIUIMX TOKOB W HANIPAKEHHIA

9.1. Ilpeacraniienne HeCHHYCOHIAIBHBIX TOKOB
H HalNpsDKeHHH ¢ noMouisio psanos Pypoe

B peanbHbIx ycnousix BbipaGoTKH, peobpa3zoBanus, pacripeieJieHUs v
NOTPEONEHHUS 3TCKTPOIHEPr M BOBHUKAIOT UCKAXEHHS HOPMbI CHHYCOH-
AAITLHOTO TOKA H HATIPSKEHHS. DTH UCKaXKEHHSI BOBHHKAIOT ITPH reHepaLiu
NEKTPOIHEPIMH, NIEPEAAYE AEKTPOIHEPIUHU 1O CETSM H, TTIABHBIM 06pasoM,
TIpH MOTPEOICHNH, CBA3AHHOM B OCHOBHOM C [Ipe06pa3oBaHHEM IEpeMeH-
HOI'0 TOKa B NOCTOSIHHBIA K HA060pOT. [ N1aBHOM NPUUMHOI BO3HUKHOBEHHS
MCKaXKEHNH SIBISAIOTCS HETMHEHHbIC JIEMEHTBI B CUCTEME 3IEKTPOTICPEa Ut
u notpediieHust. (Popma KpUBO# TOKA B TATOBOM CETH MEKTPHUECKHX HKe-
JIE3HBIX IOPOT MEPEMEHHOTO TOKA MCKAXAETCA M3-32 HAJTHYMS JIBYXITOJTyIIe-
PHOAHBIX BBITPSIMHTENBHBIX ArPETATOB Ha AIEKTPOIIOABUAKHOM cocTase. Mc-
TOYHHUKAMH MCKAXEHHS TOKOB M HATTPSHKEHHH B CHCTEME JIEKTPOCHAbXe-
HHUS A0OPOTH MOCTOSAHHOT'O TOKA AB/SAIOTCS MPe0OPa30BATENbHbBIE ATPeraThbl
TArOBbIX [IOJCTAHLIMH,

Pacuer muueiiHoi LenH ¢ HeCHHYCOHIANTbHBIMH HATIPSXKEHHAMH M TOKA-
MU, B TOM YUCJIE M PACUET 3IEKTPOMATHHTHBIX BIIMAHUIA, B 0OLIEM Ccliyuae
CBOZIMTCS K PELIEHHIO CHCTEM JIMHENHBIX AH(depeHIMATbHBIX yPaBHEHHIH,
COCTaBJ/ICHHBIX HA OCHOBAHWH 3aKOHOB Kupxroga win na ocHoBe MeTo10B,
MPOU3BOJHBIX M3 3aKOHOB Kupxroda. OnHako, eciiu pa3inoxuTs nepuoau-
HECKME HECHHYCOHATIbHBIE TOKH M HAITPSXKEHHS HA CYMMY CHHYCOUATTb-
HBIX BETUUHH (TAPMOHMYECKHX COCTABIISAIOLIMX ), TO BO3MOXEH PAcUeT s
KaXOH rapMOHUKH, T. €. PELLICHHE CHCTEMbI JTHHEHHBIX a/rebpanyeckux
YPABHEHUH C MOCNEAYIONINM CTIOKCHHEM U TIOJTyYeHHEM Pe3yJIbTaTa s
BCECX FTAPMOHHUECKHX COCTABIsIIOIMX. Takol moaxoa npoiue, Ho TpeGyer
lIpEABAPHTENBHOTO PA3IOKEHUSI HECHHYCON/IATBHBIX HCTOYHHKOB Ha rap-
MOHHYECKHE COCTABISAIOIIHE.

[TeproanHeckuMu HECHHYCOMIANBHBIMU TOKAMHU H HATIPSKEHUSMHU Ha-
3bIBAIOT TOKU M HANIPSDKEHH ], U3MEHSIOILMECS BO BPEMEHH T10 MIEPHOIHYEC-
KOMY HECHHYCOMAJIbHOMY 3aKOHY. OHH BO3HMKAIOT B 3JIEKTPHYECKUX LiE-
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115X, €CIM UCTOUHUK 3/1C WIIM HCTOYHUK TOKA JAET COOTBETCTBEHHO HECHHY-
COMJIATILHYIO 9/C WITH HECHHYCOUANLHBIHN TOK, & TAKIKE ECIIU B COCTAB JJIEK-
TPHUYECKOH HEIMU BXOOAT HEMIMHEMHBIE IEMEHTBL.

JhoGy1o nepuoarueckyo pyHKUHUIO {7t ) ¢ IEpHOAOM 2, YAOBIETBO-
pAIOLLY IO YeioBUSM {MpuHxiie, MOXHO pa3noxkuTs B psan Pypee. Crenyer
OTMETUTD, YTO BCE NepuoanYecKkue GYHKIIHHI, C KOTOPBIMH HMEIOT [0 B
3AEKTPOTEXHUKE, YCJIOBUAM Inpuxine yaoenersopsiot. [IosToMy nposo-
JWUTb POBEPKY HA BLINONHEHKE ycnoBuid [npuxiie He Tpebyercs.

9.2. Bo3HMKHOBEHHE TAPMOHHUK
NpH NOTPEONIEHHH IeKTPO3HEePriH

TpHeMHUKAMM IEKTPOIHEPrHH € HEMTMHENHBIMU XapAKTEPHCTHKAMM SIB-
JSOTCA B IEPBYIO 0UEPElb BCEBO3MOKHbIE Tpeodpa3oBaTebHble yCTAHOB-
KH MEPEMEHHOI0 TOKA B [MOCTOSIHHBINA U HAOOOPOT, UCMTOL3YIOLLHE PA3/THY-
HbIE TTONYIPOBOAHHKOBBIE BEHTHIH. CI0/1a OTHOCSATCS BBIIPAMHTEIBHBIE
arperarbl [UTs 3JIEKTPHUECKOH XKENE3HOA0OPOIKHON TATH, TOPOACKOr0JIEKT-
POTPAHCIIOPTA, 3IEKTPOJIN3a (TPOU3BOACTBO ATIOMHHUS, XJ10pa U AP. ), AN
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Puc.9.1. CxeMa BBINPAMIICHHS «OBE BTOPHYHBIE OOPATHBIE 3BE3/Ibl C YPABHUTEILHBIM
PeaKTOpOM» U KPHBbIE BTOPHUHOT'O H BLINPSIMIIEHHOTO HANIPSHKEHHS
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MUTaHUS NPUBOZOB IIPOKATHBIX CTAHOB, BO30YXACHHS [EHEPATOPOB 3JIEKT-
pOCTaHLMiIi U Ap.

B Hacrosiuiee BpeMs ILMPOKOE MTPUMEHEHHE HAXOAAT IPEUMYLIECTBEHHO
HEYIpaBlsieMble AUOIHBIE BBUIPAMHUTENH U YIPABASEMbIE THPUCTOPHBIE
BBINIPSIMUTESIbHO-UHBEPTOPHBIE arperartsl. [TomynpoBoIHHKOBBIE Ipeobpa-
30BaTeNbHbIE arPeraThl OOBIYHO OOJBIION MOLUHOCTH MPHCOSAHHSAIOT K
MMUTAIOLIUM CETSM C HanpsbkeHneM 6—220 kB.

Kpurepuem k BLIGOPY TOro MM HHOT'O YMCIIa BTOPUYHBIX (ha3 BLIMPA-
MHUTEJIBHOIO arperaTa Clly>KuT CTpeMiieHue: 1) MoaydHuTh MUHHUMAbHbIE
TMYJIbCAMK (MUHUMAILHYIO BOJIHUCTOCTH) B KPHBOI BBIMPAMIIEHHOIO Ha-
NPSPKEHH A, C TEM UTOObI TNHO BOBCE HCKITIOUUTH HEOOXOIUMOCTE B [IpHMeE-
HEHHH CTJIKUBAIOILETO GUNBTPA, THOO UMETh BO3MOXXHOCTb OrPAHHUYUTh-
¢l MpocTeHILUM (PHUIBTPOM B BHIE KATOIHONH MHAYKTUBHOCTH, Tipuberas K
pe30HaHCHBIM (HIIBTPAM TOIBKO B YCTAHOBKAX C 0COO0 BLICOKMMH Tpebo-
BaHHSIMH K CTETICHH CTJIAXXUBAHHS KDUBBIX BBINPSIMIIEHHOTO HATIPSHKEHUS U
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Prc. 9.2. Tpexcdasznas 1LECTHITYIECOBAA MOCTOBAs CXeMa BBINPAMIIEHHS H KPHBbIE
BTOPHUYHOTO H BbINPSMIIEHHOT'O HANPSKEHMS U TOKA
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TOKa (TArOBbIE yCTPOHCTRA); 2) TIOIYYHTh MUHUMATIBHOE YHCIIO U BENUUH-
HY FapPMOHHYECKHX B LIENH IEPEMEHHOTO TOKA, € TCM YTOOBI CHU3UTB MO-
TpeGiieHUe peaKTHBHOH SHEPTHH HCKaXCHHS, TPENYIIPEANTD W30bLITOUHBII
HATPEB reHEPATOPOB [IEPEMEHHOI0 TOKA U MTOSBICHHE PE3OHAHCHDIX siBJIe-
HUH B JINHMH NIEPEMEHHOrO TOKA, MUTAIOICH BHINPAMMUTENLHBIC YCTAHOB-
Kku; 3) 06€CTeUHTh BLICOKHI ypOBEHb HCTIONb30BaHUst 0OMOTOK TpaHchop-
MaTopa 110 OTAABAEMOH UMH B LIEMb BBINIPSIMIIEHHOTO TOKA MOLIHOCTH.
CoBpeMeHHbIH YPOBEHb AEKTPOTEXHHYECKOTO MPOH3BOACTBA 1103BOJIS-
€T pealn30BaTh MoOYyI0 CXeMy MHOTOIYIILCOBOIO npeobpa3oBaTeIbHOrO
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Puc. 9.3. TocnenosarenbHas (@) M Napajuiesibias (6) cxembl 1 2-NMyAbCOBbIX BHIIPAMH-
Teneit M INArpaMMBbi HANPHKEHUH BEHTHIIbHBIX OOMOTOK (6)
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arperara, Ho BbIOOp ONTUMANBHOI CEAYET BECTH HA OCHOBE NPOCTHIX U
CJI0XKHBIX TpeX(a3HbIX MOCTOBBIX CXEM, TAK KaK HYJ/IEBbIE IBHO HE KOHKY-
PEHTHOCIIOCOOHBI M3-3a 60MBLIOro pacxoia AeQUUUTHBIX MATEPHAIIOB H
3HAYHUTEIbHBIX MOTEPD 31eKTpo3Hepruun {12).

Ha TroBuIx noactaHuUAX 3MeKTPUUSCKHX KENE3HBIX 1OPOT LA peoh-
pAa30BaHUs NEPEMEHHOIO TOKA B NOCTOSHHBIA H HA06OPOT MPUMEHSIOTCH
LIECTHITYJILCOBbIE «IBE BTOPHUYHBIE 0OPATHBIE 3B€3/1bI C YPABHUTENbHBIM
peakTopom» (puc. 9.1), mectunynscosbie TpexdaszHbie MOCTOBbIE (pHcC. 9.2)
¥ 12-nynbcoBbie (puc. 9.3) BLIMPAMUTENH U BBITPAMUTEBHO-HHBEPTOD-
HBIC arperartsl. B nepcrnexTrBe Ha TArOBBIX MOACTAHUMIX BO3MOXHA yCTa-
HOBKa 24-nynbcoBriX Beinpsamurenei (cM. ri. 10, puc.10.2—10.5), B Ha-
CTOSALIEE BPEMS YCTAHOBIEH ONbITHLIX 00pasey Ha ofiHoit Tarosofi noa-
CTAHLIMH.

9.3. 'apMoHHYECKHE COCTABRIAIONIHE
B KPHBOH BBINIPAMJIEHHOTNO HANpPsDKEHUsT
B peXKMMeE XOJIOCTOIO Xoha

ITpu mr060#1 cxeme BRINPAMIEHHS HATIPSKEHHE, MOJTYUAaeMOE OT Ipeosh-
pa30oBaTeNbHBIX arPEraToB, ABASICTCS HE MOCTOSAHHBIM, & MYJIbCHPYIOUINM
(puc. 9.1,9.2). 310 3HaUMT, 4TO MOMUMO NOCTOSAHHOI cocTaBnsiowei U, B
KPHBYIO BBINPAMIIEHHOIO HATIPSDKEHHS! BXOAUT MEpeMEHHAsi COCTaBISIOIIAS
U 4 KOTOPYIO MOXHO IPEJICTABUTh KaK CyMMY OECKOHEHHOTO psiia rapMo-
HUUYECKUX.

B pexxnme xosocToro xo1a, a Taxke pyu HyJIEBOM HHIYKTHBHOM COMPO-
THBIIEHUH B aHOJHBIX LETIAX BRITPAMHUTENS KPHBas BLIIPAMIIEHHOIO Ha-
NpsiKeHUs 00pa3yeTcs BEPXHUMHU yYaCTKaMM CHHYCOUA C TPOTSKEHHOC-
THIO KAXKAOro yyactka 2n/m. Yucnom onpeacnser YUCHOo MyabCaliuii Bbl-
npaMuTens (Yucno a3 BLIIPAMUTEN TUOO0 KPaTHOE eMY HHCIIO, KaK 3TO
HUMEET MecTo B Tpexda3Hoil MOCTOBOI CXeMe BBINpsMIIEHHS, rae m = 6,
a yucno a3 paBHO TpeM). B KpHBOH BHINPAMIEHHOTO HAMPSHKEHYs TPOTS-
KEHHOCTB YuacTKa 2n/m onpeaensier COO0H TOT HPOMENYTOK BPEMEHH,
B TEUEHHE KOTOPOrO KPHUBas BLINMPAMIICHHOTO HATIPSHKCHUS ITPOXOAUT ONHH
TMOJIHBII LIMKJI UBMEHEHHIT, KOTOPBIH MOXKET OBITh HA3BAH NEPHOOM ITOBTO-
PSEMOCTH.

IMocTosHHasA cocTaBRAIOWAS BLITPSIMICHHOTO HANPSHXKEHHS (CpeHee
€ro 3HaUCHHE) MPU XONIOCTOM XO/Ie OIPEAENAETCS y4acTKOM (pasHOro Ha-
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MpsHKeHUs BTOPHYHONR 0OMOTKH, COOTBETCTBYIOLLETO JUIUTENBHOCTH TIPO-
XOXIEHHS TOKA. YCPEAHEHHE 3TOr0 HANIPSHKEHHA Jaer [6]:

nlm
D
Us= [ DuN2Uscosond(n) = =220, 2sin ., gy
P K noom ’

rae D, — Ko3(ppuunenT cxeMbl, NPEACTABIISIONIMI OTHOILEHHE MAK-
CHUMAJILHOTO 3HAUCHHS BBITPAMIICHHOIO HALIPSHKEHHUS K aMIUIUTY 1€ (pa3HO-
ro (ans Hynesbix cxeM D, = |, 11 6-nyJibCOBOMH CXeMBI «J1B€ OOpaTHbIE
3B€3/1bl C yPABHHTENBHBIM PEaKTOPOM» D, = cos(/6), 1u1sl TpexhaszHO#i MO-
CTOBO¥ W [U151 CIOXHBIX MHOTOITYJIbCOBBIX CXEM, COOpPAHHBIX HAa OCHOBE

TpexdasHbix MOCTOB, D, = NEDE Ky— KO3 DULIMEHT CXEMbI, PABHBII

YHCIy NAPAJIENbHO COEAMHEHHbIX ceKUMH (K., = 1 U1 MOCTOBBIX CXeM
BLINPAMIIEHHS C MOCEIOBATENBHBIM COCAMHEHNEM TpeX(ha3zHbIX MOCTOB;
K =2 nn1st 6-11yJ1bCOBDIX HYJIEBBIX, | 2-MyIbCOBBIX C 1APATIIEIbHBIM CO-
eAUHEHUEM U 24-TTYIbCOBBIX CXEM BBIIIPSAMIIEHHS CO CMEIIAHHBIM COEIH-
HeHHeM TpexdasHbix MOCTOB; K, = 4 ju1s1 24-1yJIbCOBBIX CXEM BbIIIPAMIIE-
HUSL C [TA pAJIJICSIbHBIM COCIMHEHHEM TpeX(ha3HbIX MOCTOB).

[MepeMeHHAs COCTABASIIONIAS AHATUTHYECKH MOKET ObITb I1PECTABIIe-
Ha KaK CYMMa CHHYCOHM/AAJIbHBIX NT€PEMEHHDIX HAMPSHKEHHUH € 4ACTOTAMM,
KPaTHBIMM 4aCTOTe MyJibcaluii. Takue cHHyCOMJaNbHbIE HATIPSXKEHHS], U3
KOTOPBIX Claraercs NepeMeHHas COCTABISAIOIAs, HA3bIBAIOT BBICHIMMHU
FAPMOHUUECKHMH COCTABJISIIOLLIUMH MUY IPOCTO FAPMOHUKAMM, TTPHUCYT-
CTBUE KOTOPLIX H SBJISETCSI OCHOBHON NPUYMHON BO3SHMKHOBEHHS [TIOMEX B
CMEXHBIX IMHHUSAX CBSI3U, PAIUOBELIAHHS, PEJIbCOBBIX LICIAX XKEIE3HON0-
POKHOU CHIHAJTU3ALIMU U ABTOOIOKUPOBKH.

Tpu cuMMeTpUUHOM pexuMe paboThl (CHMMETPUIHOM H CHHYCOHATIb-
HOM [MTAIOLIEM HATIPSHKEHUM, CHMMETPHUHBIX ITapaMeTpax npeobpasosa-
Teseil, CHMMETPHUYHBIX UMITYJIbCAX YMPABIEHHUA THDHCTOPAMH B BhINPAMU-
TEeILHO-UHBEPTOPHBIX arperaTax) nepyuoAMYHOCTD MTyAbCALHI MPH 6-11yJ1b-
COBBIX CXEMAX BbINPAMIIEHHS MOCTOBOM U «/1BE 0OpaTHbIE 3BE3/AbI» LLECTH-
KpATHAsi IO OTHOUIEHHIO K UACTOTE MUTAIOLLENO HANPSXEHUS (IIPOMBIIL-
JIeHHOM YacToTe nepemexHoro Toxaf, = 50 I'n ), y 12-nynbcoBbix — aBe-
HAALUATUKPATHaS, ¥ 24-Ny/IbCOBBIX — ABAALATHYETbIPEXKPAaTHAsL. MHbIMK
CJIOBAMH, [1PH CHMMETPHUYHOM pexume paboTbl y 6-MyIbCcoBbIX peodpa-
30BaTe/IEH B KPUBO#i BBINPAMIIEHHOT'O HATIPSHKEHHSI COAEPIKATCA TAPMOHHKH
¢ yacTotamu, KpaTHbiMH yactore 300 'y, y 12-nynbCcOBBIX — KPATHBIMHU
yacrore 600 'y, y 24-nynbcoBbix — KpaTHbIMHU yacToTe 1200 'y,
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TTopsanox rapMOHHK ONpesensieTcs AeTeHHeM YaCTOThI BbICLIEH rapMo-
HUYECKOH Ha POMBIIIEHHYO YaCTOTY NepeMeHHOro Toka f, = 50 I'u. [Tpu
CHMMETPHYHOM PEKUME PpabOTh! BBINPAMIICHHOE HATIPSKEHHE HA BBIXOE
M1060r0 BRINPAMUTENS TAFOBOMH MOACTAHLMHI COAEPKHUT KAHOHHUUECKHE
FapMOHHUKH, IOPSIIOK KOTOPBIX MOXKET ONPEAENATHCS BhIPasKeHHEM k = ml,
1€ /1 — YUCITO MyAbCALIMIA KPUBOI BLINPSIMIIEHHOT'O HAMPSKEHHUS B MHTED-
BaJl¢ BPEMEHH, PABHOM NMEPUO/LY IUTAIOLLETO HATIPSKEHHS, f, — YacToTa
MUTAIOUIETO BLINMPAMUTEND HAMIPsbKeHus, f. = 50 'y, /=0,1,2,3,... —no-
CIIeN0BATEIbHBIN PAM LIEJIBIX UKCET.

B pexuMe XonocToro xoaa nepeMeHHy10 COCTABIISIONLY IO BHITPSIMITEH-
HOT'O HANIPSHKEHHsI MOXHO NPEACTABHUTD KAK YETHYIO [IEPUOAHYECKYIO (YH-
Kumio [5, 9], obnaaarollLyio cMMMeETpHeii OTHOCHTENILHO OCH OPAMHAT, B KO-
TOPOH MPHCYTCTBYIOT JIMLIbL KOCUHYCHbIE COCTABNAOLIHE.

Jnst aMINKTYIHBIX 3HAYEHH I KAHOHMYECKUX TAPMOHHUK, BXOASAILINX B
COCT&B KPUBOH BbINPAMIIEHHOTO HANPSKEHHUS, TPH XOJIOCTOM XO/€E

alm
U, =% ch,(\/EUzcosu)tcosku)t dot =
-n/m
m sin(l—k)——JE sin(1+k)—y—c—
=2 p.2vu, m m o
b4 1-k 1+k

. (n la'c) . (n kn)
sinf ———| sin| —+—

2

n 1-k 1+k

mD_, «/EU2

(il kz) (1+k)(sin£cosﬂ-cos£sink—n)+
- m

m m m

+(1 —k)(sin ir~cosk—n +cos Zsin E) =
m

m m m
= M k cos Esin E sin T cos kr
n(k* -1) m m m m) ©-2)
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31ech HEOOXOMMO YUHTBIBAT, YTO NIEPUOJ TOBTOPSEMOCTH KPUBOH
BBLIIPSIMJIEHHOTO HAMPSHKEHUS! PABEH 27U/ ¥ IPH PA3TIOKEHNH € HA rapMO-
HUYeCKHEe COCTABSIOIME HMEHHO Ha 9TOM HHTEpBaJie B3ATO aHAIUTH-
4ecKoe ONHCAHHE KPUBOI, a He Ha repro/e paBHoM 27, [ToaTomy nosy4eH-
Has GopMyia JaeT NpaBUIbHBIE PE3YJIbTAThl TOJIBKO 11 KaHOHHUE-
CKHX FApMOHHK, TIOPAIOK KOTOPBIXA KPaTECH YMCIy Myybcauuid m. B aToM
ciy4ae

sink—n=0.
m

Torna, yauThIBasi TaKke cooTHoLeHHe Mexay U o1 U,,

. U
Uy =—& """ =% —sinlcosE)=— 40

—————~-cos—fl"—t 9.3
n(k’ 1) m  m (k-1 m’ ©.3)

a MOAYIN AMIUINTYIHBIX 3HAYEHUM KAHOHUUECKHX TAPMOHHK, BXOAKIIMX
B COCTaB KpHBOﬁ BBINMPAMIJICHHOTO HANIPSAXKEHHA, NMPH XOJAOCTOM X0A¢€

pPABHBI
2U,,
.= %(2_1). (9.4)

Psn Dypbe a5 KpUBOH BHITPAMIEHHOTO HANIPSIKEHUA B CHMMETDHY-
HOM PEXMME U IPK OTCYTCTBHH HArPY3KH MOXKHO 3aIHCATh!
UTA 6-T1YJIbCOBBIX BBINPAMUTENIEH

2cosbwt 2cosl2wt  2cos18wt _ 2cos24mt

= + +..)5 (9.
fon) =Unll+ 5-7 11-13 17-19 23-25 % ©9:3)
U1 1 2-1TyJIbCOBBIX BHITIPAMUTENEMN
2cos12mt  2cos2d4mt  2cos36mt  2cos48mt
- — - +...); (9.6
fen=Un(+=3 2325 | 35.37 47-49 ) ©0.6)
Ui 24~11yJIBCOBBIX BBIMTPSAMHTEIIEN
48wt 2cos72m¢  2cos96wt
f((,\)t)=Ud0(1+2COS24wt—2COS . cos _ 2cos ) ©7)

23:25 47-49 7173 95-97

AHAJIOTHYHO )18 MOOBIX MHOIOITYJIBCOBBIX CXEM.
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OTHOCHTENBbHBIE BETUYHUHB! AMILTUTYA FAPMOHHYECKUX B JOJISX OT
CPEZIHETO HANPSDKEHHs! NOTYYHM, PA3AENUB aMITUTYAbl Ha U 5. 3To naer

U. 2
U_do "Y1 (9.8)

(Popmyna cripase/UIMBa [JIs BCEX CXEM H UHCcel (has, KpoMe rapMOHU-
4eCcKoi mepBOi KpaTHOCTH (k = 1) B cxeMe 0JHONOTYNEPHOIHOTO BhITIPAM-
TeHUs, U ToKas3bIBacT: 1) yeM Oonbilie KPATHOCTh FAPMOHHYECKO#, TEM MEHD-
1€ €€ aMILTUTYJa; 2) B PEXKUME XOJIOCTOTO XOa Y BBINPAMUTENEH C pasHbl-
MM yncnamH a3 (1yJbCoB) aMIUTUTYABI FTAPMOHHYECKHX C OIMHAKOBBIMU
4aCTOTaMH, KpATHBIMU YUCy a3 (ITyJIbCOB), OAHH M Te XKe. Buiuncnas oT-
HOCHTEJIbHBIE BEIMUHHB] AMIUTHTYA FTAPMOHHUYECKHX B MPOLICHTAX OT Bbl-
HPSMIIEHHOTO HAIIPAXKEHUS B cxemax O-, 12- 1 24-nynbCOBBIX BBINPSIMHUTE-
JIeH, MOJTyYHM 3HAUYEHUS, BHECEHHbIE B Tab:1. 9.1.

KauecTBo BBINPAMIIEHHOTO HANPSHKEHMA XapakTepu3yeTcs Ko3dhuuy-
€HTOM NOJTHOI BOTHUCTOCTH €0 KPUBOIi

n

EU* ' (9.9)

K, =
Uao

Tabmuya 9.1
OTHOCHTETbHBIE BETHYHHBI AMIUTHTY FAPMOHHYECKHX B KPUBOH
BBIMPAMIJIEHHOTO HANPBDKEHHS B PEXKHME XONOCTOTO X014 BBINTPAMUTEJTS

OTHOmeERNE aMIIUTY/l TAPMOH HYECKUX K NOCTOAHHOMA cocTasstonieit
BBINPAMICHHOTO HaMNpAKeHNs, %, NP4 YacTOTE TAPMOHHKH

Cxema 300 T 600w | 900Ty | 1200y { 1500 ' | 1800 ' | 2100 'y | 2400 'y
BBIIPAMIICHHA

k=6 k=12 k=18 k=24 k=730 k=36 k=42 k=48

6-NyNIbCOBRIC 5,7 1,4 0,6 0,35 0,22 0,15 0,11 0,09

12-nymbcosbie | — 1.4 — 0,35 — 0,15 — 0,09

24-nynbcoBble —_ _— —_ 0,35 — — —_— 0,09

IHpumeuanue. k — nopsiiOK rapMOHUKH,

363



OTMETHM I1PU 3TOM, YTO €CITU Y 6-NTYIILCOBOTO (M = 6) BBIMPAMUTENS
K,=0,042, To y 12-mynscoBoro (m = 12) K, = 0,01, a y 24-nmynscoBoro
(m=24) K,= 0,003, 1. e. y 12-nynbCOBOro BbIIPAMUTENS NEPEMEHHAS
COCTaBIAIONIAA BLIMPAMIICHHOTO HaMpshKeHUs B 4 pa3a MeHblle, YeM
y 6-ITyJIbCOBOT 0, a Yy 24-1TyIbCOBOTO BbITPAMUTENS — B 3 pa3a MEHBLIE,
yeMm y 12-nynpcoBoro, u B 12 pa3 MeHsbllIe, 4eM y 6-IyILCOBOrO.

9.4. TapMoOHHYECKHEe COCTABIAIOLIHE
B KPHBOH BBINPSIMIECHHOINO HAIPSIZKECHHA
B PEKHME HArpy3Ku

B pexxume Harpysku, 6naronapst HHLYKTHBHOMY CONPOTHBIIEHHIO B LiE-
151X MepeMeHHOr 0 HANPSHKEH UL, KOMMYyTalus (IePeKIIIOYEHHE) TOKA € O/1-
HOT'O BEHTHJILHOTO IJIeHa Ha APy Oe MPOUCXOJUT B TEUCHUE BPEMEHH, Olle-
HHBAEMOrO yIJIOM KOMMYyTaLnH. KOMMYTauust NpUBOAUT K YXYALIEHHIO
(hopMBI KPUBOI BLINPSIMIIEHHOTO HATIPSDKEHUS, YTO/ KOMMYTALIMH, KAK HU3-
BECTHO, 3aBUCUT OT CXEMBI BBITIPAMJICHUS, TOKA HATPY3KH H MHIYKTHBHOIO
AHOJHOFO COMPOTHBIIEHHA.

MHIYKTUBHOE CONPOTUBJIEHHE X, BKIIKOYEHHOE B JIMHEHHbIE TPOBOAA
BEHTHJIbHBIX OOMOTOK, SIBJISCTCS PE3YJIbTHPYIOLIMM COMTPOTUBIEHHEM BCEX
DJIEMEHTOB LIEIH NIEPEMEHHOT'O HAMTPSKEH WS, TPUBEICHHBIM K TApaMeTpam
BEHTWJILHBIX OOMOTOK TAroBOro TpaHchopmaropa:

X, =X, +X +X, (9.10)

i3 ne
IA€ X . — COMPOTHUBIIEHHE TATOBOrO TpaHcopMaTopa;
’ .
X,y — COMPOTHBJIEHHE MOHMKAOILIETO TPaHC(hOpMaTOpA;
X', ~— CONPOTUBJIEHUE MUTAKOLIEHN IEKTPHUECKOM CHCTEMBI;

2 2 2
Uﬁn U Uzn U, UZJI

X =X +x +x =x 2y "2agy a Zin
8 c T by c ULZ 100 S 100 Sm. (911)

e

raex;, U — COOTBETCTBEHHO CONPOTUBIIEHHE, OM, W HANIPshKEHUE, KB,
MUTAKOLIEH CHCTEMB; U, | ~— THHEHHOE HANPSHKEHHE BEHTHIILHOK 0OMOTKH
TAroBoro tpaHchopmaropa, kB; S, . S, — HOMHHaJIbHBIE MOLIHOCTH COOT-
BETCTBEHHO ITOHIKAIOLIETO H TAroBOro Tpanchopmaropos, MB - Aju,  —
HAMPS>KEHHE KOPOTKOIO 3aMBIKAHHUA TOHWXKaIOLLEero Tpanchopmaropa, Vo,
Uy~ HATIPSHKEHHE KOPOTKOI'O 3aMbIKaHHSI TATOBOTO TpaHCopMaTopa, o.
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OCHOBH)’IO OO PIH,II}'KTP[BHOFO COIIPOTUBJICHHUS COCTABJIACT

x' ___}_u UlnoM 9.12
™ R.Z ‘ ( . )

Y v Ilqu
Jna ynoGera pacyeTos i 1o aHanoruu ¢ popmynoii (9.12) npeacrasum

1 U

lom
X, = U,

K
Y 1 Thom

’ (9.13)

rJI€ U, — YCIOBHOE HANPsKeHUE KOPOTKOTO 3aMBIKAHHSI HEKOET'O TPaHC-
(popMaTopa BBINPAMUTENS, UMEIOLLEr0o CONPOTUBIEHHE X, [12].

EcTecTBEHHO, UTO 4, MOXHO ONPEAEIUTb IPH U3BECTHBIX CIIAraeMBbIX
soipaxkenns (9.11). 114 vokeHepHbIX PACYETOB B YC/IOBUAX TATOBBIX MO/
cTaHLMi ¢ nuTawmm HanpsxenueM | 10 kB 1 Bpille gocTaTouHO onpee-
JIUTh

, (9.14)

raeu,  —— HANPs>KEHHE KOPOTKOTO 3aMbIKAHHS TOHHIKAIOLIEr0 TPAHC-
dopmaropa.

B coorBeTcTBuM ¢ HOPMYTaMH, IPUBEACHHBIMY B [12], BbIpaxeHHe
(9.13) MoxeT ObITh 3aITMCAHO B CIIEAYIOLLEM BUAE:

2 5, . Uy
. —ch SN —y, .
* m m [d HOM (915)

Kaxaas MoCTOBas CEKLIMS CJTOXKHON CXEMbl HE3aBUCHMO OT APYTrUX
KoMMyTHpyeT Tok /,;/K . TIpu 3TOM B nepuoa kommyraunu 0 <or <y
OTKPbITbI TPH BEHTHIIA B CEKLUUH, ABA U3 KOTOPBIX (1Y 1 3Y) KOMMYTHPYIOT
TOK 1 0AuH (2Y ) BKJIIOYEH [TOCNE0BATENBHO ¢ HUMH (puc. 9.4).

Torna

iy=1,/K  —i, ia=1,/K,, iz=ig, ©(9.16)

K°

raei, — TOK KOMMYTaLHH, TPOTEKAKOLUMIA NPH OTKPBITHIX BEHTHIISIX 1Y 1
3Y o aelCTBUEM HANPSKEHUS Uy = \/_6_ U,y sinof B Len# ¢ CornpoTHBIIe-
HHeM 2.
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Puc. 9.4. Cxema 4acTH MOCTOBOMH CEKHIMHK H I'PAGHKH TOKOB W HANPSKEHHH
MPY KOMMYTAlIHH TOKa

Tax Kak i — TOK KOPOTKOT'O 3aMbIK&HHS, TO OH COCTOUT U3 NPHHYICH-
HOI1 i’ 1 cBOGOAHOI i cocTaBistowux. Ipu 3Tom

. A6, . T . V6Usy
I, =——sin(0f - =), ii=——". 9.17)
2x, 2 2x,
Ipwu 3aBeplieHrH KOMMYTAaLKH (¢ =Y ) TOK BeHTWIs 3Y, PaBHbIi Cymme
COCTaBNIAIOMWMX i’ M ", TOCTUIHET 3HA4EHUS ], 4! Koy 1, CTIEN0BATENBLHO,
2x, 1
cosy =1-—"2_ <

K AGUn (9.18)
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ITocne noacraHOBKH X , B BbIpaXkeHue (9.18 ) nonyunm

1y

.
Y,, =arccos|1-2y, sin—
m Id HOM

(9.19)

U3 ypapuenus (9.19) cienyet, 4TO IpUMEHEHHE CIOXKHBIX MOCTOBBIX
CXEM C YBEJIMYEHHBIM YHCIIOM NYJIbCALIUHI BHITTPAMIICHHOTO HAHPSYKEHUS
IIPUBOIUT K YMEHBILEHHIO yIila KOMMYTaLMK, D10 O1arornpHaTHO CKa3bIBa-
€TCsl HA BCEX TEXHUKO-3KOHOMUYECKHUX [TOKa3aTelNsX Be1psamuTens. Mure-
pecylolliee Hac pasauiie Mex1y yriaMH KOMMYyTaluu 6- 1 12-nmyjibcoBoit
CXEM BBIIPAMICHUS ITPU onm{axoguxu BO BCEM JHMANA30He HATrPy30K Ha-
XOJIUTCS B COOTHOLIEHUH 6/y = 100/71 [12].

Kommyrauus, kak H3BCCTHO, NPHUBONT K yXYALUEHHIO (POPMbI KPHBOH U
CHUXKEHHIO YPOBHS BBIIPAMIEHHOrO HanpsbkeHUA. ITpu MeHb KX yritax
KOMMYTalHH 3TH HaKTOPhI POSIBAAIOTCA MEHBILIIC.

PasHocTb (ha30BbIX HANPsXKEHU I, CO31aI01Last BBIHY)XKAEHHYIO COCTAB-
JISIOLYI0 TOKA KOMMYTALMH B COOTBETCTBHH C BEKTOPHOH AMarpaMMOi,
MOCTPOEHHOI Ha puc. 9.4, 6, paBHa

€y — €, = 242, sin % -sin ot, (9.20)

rjle ! — TeKYIMi yro; w! OTCUHTbIBAETCA OT TOYKH NMEpecedeH s Mo-
JIOXKHTETILHBIX Y4aCTKOB CHHYCOHM/1 (DA30BBIX HATIPSIKEHHH €, M €,

ConpoTHBIIEHHE B KOHTYPE KOMMYTaLIHH paBHO 31€Ch IBOHHOMY 3Haue-
HHIO aHO/IHOTO CONPOTHBIIEHHS X, .

IosBneHue c Harpy3Koif KOMMYTAallHOHHBIX YYaCTKOB B KPUBOH BbIII-
pAMIIEHHOTO HanpsvkeHus U HE MEHSET NOpsAAKa raPMOHUYECKHUX, TAK KaK
HIEPHO/ OBTOPSEMOCTH OCTAETCH TAKUM XKe, KaK M IIPH XOI0CTOM XOJ€, HO
U3MEHSAETCS BENIMUMHA rAapMOHUieckiuX. BemnunHy X Mbl MOXKEM HaMHTH,
WHTErPUPYSI KPUBYIO BBIPSAMIIEHHOTO HATIPSHKEHUS B ITPEAEIax 0JHOTO ITe-
pyoaa MOBTOPSEMOCTH, Ha ABYX €€ yHacTKax:

1) BHEKOMMYTALIMOHHOM, KOTAA HANIPSHKEHUE

=g, =1/_2_E2 cos(wt——’{;—), (9.21)
2) KOMMYTALIMOHHOM, KOTa HATIPSKEHHUE
=e, = \/_E [ cos(w? — 1) —sin I sinwt ] (9.22)
m m
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JeiicTByomee 3HaUeH1E CHHYCHOH COCTaBJIAIOLICH B FADMOHHYECKO# -
ro NOPAAKA AAET HHTErPas

2n

m " LN
Uy =—— 2E cos(wt -~ —)sin nwt : dwt -
‘ \/En{ ’ m

Y
_!)‘\/EEZ cos(wt — %) —sin % -sin wt} sin nwt -dwt} = (9.23)

—#-(n cosny -siny —sin ny - cosy),
2(n" -1)

rae E y — cpeaHee 3HaueHHe 91C PH XOJOCTOM XOJE.
JeicTByroliee 3HaYEHHE KOCHHYCHOI COCTaBIISIOLIEH rapMOHHUYECKOM
n-ro Nops/Ka JaeT HHTErpasl

n

Uy = 1) J2E; cos(at - E) coswt - dwt -
0 m

_m
J2n

¥
—f\EEZ [cos(mt - -n—) _sin Z-sin wt] cos nwt -dwt} =
m

0 m (9.24)
= ——EZ"L(l +nsin ny -siny + cosny - cosy).
2(n" -1)
Monnoe aeiicTByOllee 3HAYEHHEN-1 TapMOHUYECKOR
' 2 " E
U =\JUu) + Un)’ =-2-znz'“—‘_1)x
(9.25)

. 2 . .
x \/1 +siny(n"siny + 2nsin ny) + cosy(cos y + 2cos ny).
B kauecTse pumepa Ha puc. 9.5,a npuBeeHa 4aCTh KPUBOM BBINTPSM-
JIEHHOT'O HAIPSHKEHUS B PEXKHUME HATPY3KH JUIS -1y IbCOBLIX CXEM BBITPSM-
JieHus1, Ha puc. 9.5, 6 nepBbie YeThIpe €€ rapMOHHYECKHE COCTABIIAIOILNE
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¢ yacrotamu 300, 600, 900, 1200 I'u u Ha puc. 9.5, ¢ cyMMa 3TuX rap-
MOHMK. KpoMe 3THX 4eThipex TapMOHUK B EPEMEHHYIO COCTABIIAIO LY IO
BXOIAT rapMOHHUKH ¢ O0Jiee BHICOKUMH YAaCTOTAMHU, KPATHBIMU YaCTOTE
300 I'u, a Taxke Apyrue rapMoHHKH (MTPOUCX0XKAEHHE KOTOPbIX OyeT 6oJiee
noapoHHO 0OBACHEHO HIXKE), AAIOLIHE B CYMME KPUBYIO, TPUBEACHHYIO HA
puc. 9.5, c.

I1o BbIuMCIEHHBIM 110 hopMyrte (9.25) rapMOHUYECKMM COCTABIIAIOLUM
ansik =6, 12, 18 1 24 B GyHKUMH OT YIJ1a KOMMYTAIHY MOCTPOESHBI KPHBbIE
Ha puc. 9.6.

OTH KpHUBbIE MOKA3BIBAIOT, YTO C POCTOM YI/ia KOMMYTALIMHY AMITIH-
Ty/HbIE 3Ha4eHUs U) rTapMOHMYECKHX COCTABIAIOLMX BBINMPSIMIIEHHOTO Ha-
NpshkeHUs yBeIMuuBaloTes. Hamnure MolHbIx onHO(A3HbIX HATPY30K, Ha-
MTPUMED BIEKTPHYECKOH TAIH IEPEMEHHOT'O TOKA, MPUBOAMT K MOSBICHHIO
HECHUMMETPHH HATIPSKEHU S B TpeX(ha3HBIX 3JEKTPUIECKHX CHCTEMAX, KO-
TOpast yBeJIMYKBACT raPMOHHUUECKHI COCTAB BHINPSMIEHHOTO HANIPAKEHHUS
(6osiee moapobHO cM. pasz. 9.7).

U,B k o/ Tu
00 9001200 2 ] 300
2 A
200 v —
160 —4 —121 600
120 /' 18} 900
L~
80 Z 171 71200
40 l—’l
0

10 20 30 40 y,rpang

Puc. 9.6. BennunHbl KAHOHUYECKHUX

rapMOHHYECKHX COCTABIISIOUHX Bbl~

NPSIMIEHHOTO HAMPAXEHHS! Ha BBIXO-

Puc. 9.5. KprBbie BLINPAMIEHHOTO HAMpshKe- JI€ IHECTHMYABCOBOTO BLIMPAMHUTENS
HHS U €70 COCTABSIONIHE (k=6,12,18nu24)
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I1pu MpoeKTHPOBaHNH HOBBIX AEKTPH(PHLIIPOBAHHBIX y4aCTKOB B pac-
yeTe HAMPSKEHUS TAPMOHUYECKHX COCTABISIOMHNX Uy, HecuMMeETpHIO (as-
HbIX HATIPSOKEH Wi NUTalollel TAropble noactanuuu BJI npunumaror pas-
Hoith =1,03.

1o npakTHyecku cootBetcrByeT npuHaToMy B FOCT 13109-97 Ha ka-
YECTBO MIEKTPOIHEPrUH Y NOTpeOHUTENEN 3HAUEHHIO HOPMAIILHO JA0YCTH-
Moro ko3 pHUHEHTa HECUMMETPUHN HanpshkeHui 2% [20]. [ins ynpoiue-
HUSA PACUETOB YIIOBasi HECUMMETPUA a3HBIX HAPSKEHUH HE YUUTHIBACT-
cs1, yto npub < 1,03 NpakTHUECKHU HE CKA3LIBACTCS Ha pe3ybTaTax pacHe-
Ta. YPOILIEHHO HECUMMETPHA b onpeaeNsaeTcsl OTHOILICHHEM MAKCHMaJTb-
HOTO H MUHUMAJIbHOTO 3HA4YEHHH (ha3HbIX HANPSHKEHHIH Ha BTOPHYHOM 06-

MOTKE TArOBOro TpaHCPOpMaTOpa:

U2¢ Uzd)
HIH —

b=
Usy Uy
HanpsxeHre rapMOHUYECKHX COCTaBAAIOMWMX Uy BBINPAMIICHHOTO
TOKA Ha BbIXOJE BLIMTPAMUTENS B 3aBUCUMOCTH OT YTJIa KOMMYTAUHH Y IDH
HECHMMMETPHH MIUTAIOLLEro Hanpsbkenus b = 1,03 onpenensiot o rpadu-
KaM puc. 9.6 u9.7.

k f.Tu
Uo B 2 1f00
48
//
44
40
36
32 — : in 400
28 P il i 9 = SO
”y 17 L 2001000
- L~ r / 71 "14]700
20 = / JA \16800
16 iV 221100 pye 9.7, Beuummsirapmo-
P HAYECKHX COCTABIAIOILMX
12—
1 7 BBIIPAMIGHHOTO Harps-
o JKEHHUsA Ha BbIXOJE LIECTH-
L
4 TY/TbCOBOTO BBITIPSIMUTEJIS
0 (k=2,4,8,10, 14,
5 10 15 20 25 30 35 40 y,rpan 16,201 22)
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Yron KOoMMyTallMH MITH YTOJ1 IEPEKPBITHS aHOOBY ABISeTCs (hyHKUMeik
Harpy304HbIX TOKOB [, IPUXOASAIIMXCS HA OAMH arPETaT, v ONpe/eliseTcs
13 BeIpaxeHus (9.19).

Havanbuele dasbr HanpshkeHnit k-if rapMoHHMyeckoii cocrassioweii on-
pezensor o rpadukam ¢ = fy) (puc. 9.8) unu BeruKcsIOT 110 hopMyIe

~ksin ky-siny - cosky-cosy -1

@, = arctg - - rpaa.

kcosky-siny —sinky-cosy P (®.26)

Ilpn aBycTOpOHHEM NUTaHUK BaUsIOLIEH GHAEPHOI 30HbI BEKTOPHYIO

Pa3HOCTb HANPSKEHH I FADMOHHYECKHX COCTABNAIOLIMX AUy, BOSHHKAIO-

LIy10 B TATOBOH CETH MEXY IByMsl CMEXHBIMH TACOBbIMHU MOACTAHLIUSIMH,
OINIPEEIAIOT U3 BHIPAKEHH S

AU, =lU,e™ - U,,e™|, (9.27)

me Uppn Upy — BenMUMHBL HAanpshkeHus k- rapMOHMYECKON
COCTaBJIAIOLICH BBITIPSIMIIEHHOT'O TOKA HA CMEXKHBIX TATOBBIX MTOACTAHLIMSX;

Qg1 ¥ Pgr — HavabHbIE Ba3bl HANPSHKEHMUI k-i TApMOHHYECKOI cocTaB-
asoweit Uy | u Uy, COOTBETCTBEHHO.

P TPAI T . —
240 |- LT L |

, \\&%ﬁ:q ™ REY
200 \ \\ S \\‘\ S —
SRR NN S S
o NS S ST
40 —4—1— \x \\ \,\\\k,\ \\ ,,,,, } e g |

0 l\ NN \ 8

W0 10 N N 2 \\ X RNES Y. rpan
80 \\ | B \\\,vg ] Ty 0
120 \\\ A ™~
160 AN NN N2
200 \\\ AWM l\\ \\ |
240 N\ 1\ NN ACERAN N 14
280 AN SN NCNL LY
320 YAONY NN NN
360 s Va2V 3d N30 2 N 20N\ 18 Y16

Puc. 9.8. KpuBble 113t BBIMHCIIEHNS HAYATBHBIX (a3 TAPMOHHK @y,
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Puc. 9.9. Bextophas
PA3HOCTD HATIPSDKEHNH
KaHOHHYECKHX rapMo-
HUYECKHX COCTaBJIsSIFO-
HIMX B TACOBOMH CEeTH
MEXI1Y CMEXHBIMH TS~
FOBBIMH NNOJCTAHLIHA-
mu (k =6,12,18 u24)

Puc. 9.10. BextopHas
Pa3HOCTh Hanpsxe-
HHPt HeKAHOHHYECKUX
rapMOHHYECKHX CO-
CTABJAOWUX B TH-
TOBOH CeTH MEXAY
CMEXHBIMH TSTOBBI-
MH NMOACTAHUUIMH
(k =2,4,8,10, 14,
16,20 n 22)

I1pu BeIYMCIEHMN MELIAIOIMX BIUSHUH pekoMeHaytoTcs [19] crenyro-
1K€ COOTHOILEHUS HATPY30UHBIX PEXKUMOB HA CMEXHBIX TATOBBIX [101-
CTAHLMSIX:

I, <80% or I,,,

[, =40% or [,,.. (9.28)

C uenbio o6neryeH s orpeaeneH!s BEKTOPHON pa3HOCTH HaTPSKEHHI
rapMOHHYECKHX COCTABNIAOMMNX AU, Ha yyacTke KOHTaKTHOM CETH € ABY-
CTOPOHHMM NMUTaHKEM Ha puc. 9.9 1 9.10 uzobpasxeHbl rpadrKu U3MeHE-
Hug |[AU}| B 3aBHCHMOCTH OT yrJla KOMMYTALIMK BbIIPSAMHMTENLHOTO arpera-
Ta NOACTAHLIMH C HATPY304HBIM TOKOM / ;; IPH HECUMMETPHH ITUTAOLLEro
HanpsikeHus b = 1,03 1 COOTHOIIEHHH HArPY304YHBIX TOKOB Ha CMEXHBIX
TArOBBIX noactanumsax f p = 0,51 ;.

B cnyuae, ecn HecuMMeTpHs Pa3HbIX HanpsxeHui nuTaroei BJ1 3a-
BeIoMO oTnxuaercsa oth = 1,03, HanpspKeHUs FApPMOHMYECKUX COCTABJISAIO-
ILIMX BBIYMCIISIOT 10 MPHOJIHXKEHHOH hopmyite:

Us

k
=m[] +2vVb? —b+1cos(ka(—1)2”x

, (9.29)

X \/(—ksin kysin ¥ - cosky cosy ~1)° + (k coskysin ¥ ~ sin chosY)2

rae U — HanpskeHHe Ha BbIXOJE NECTUITYJILCOBOTO JUOAHOTO B PS-
murens, B;

V3

o = arctg —— YIOJ1, ABJAIOLWHHCS (PyHKUMEH HECHMMETPHHY, Ipaj,

9.5. 'apMOHHKH BHIIPAMIEHHOIO HANPSZKEHUS
12-mynbCoOBBIX BHIIPAMHTEICH

9.5.1. IapMOHHKH BBIHIDAMICHHOIO HAIPSKCHHA
IIPDH CHMMETPHYHBIX [HTAIOIIHX HANPIKCHHAX

Kaxnas nynbcauus BeINPAMIEHHOTO HANPSKeHUs 12-11y/1bCOBOrO Bbl-
IIPAMUTENS IPU CHMMETPHYHBIX CHHYCOUTATTHHBIX TIUTAFOLIMX HAMPSDKCHUSX
W [TPH MOJTHOM CHMMETPHH ¢a3 (Tw1ed) TpaHchopMaTopa, BEHTHIbHBIX 6J10-
KOB M T. Il. IIPH XOJIOCTOM XoZ¢€ (pHC. 9.11, a) ABNAETCH YaCThIO CYMMBI
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Puc. 9.11. ®opma kpuBoii 3¢ 12-mynbcoBOro BLINPAMUTENS MTPH CHMMETPHYHBIX CHHYCO-
MOANBHBIX MUTAKOUINX HATIPSIKEHUAX AN PEXKHUMOB XOJOCTOro xoza (a) u
HArPY3KH (6)

CUHYCOM COOTBETCTBYIOIIMX JIMHEMHBIX 3/1C (HanpskeHUi ) BEHTUIIBHBIX
0OMOTOK TATOBOrO TpaHchopMaTopa.

[1py nosisnenny Harpy3ku (puc. 9.11,6) B kpuBOIt Kax 0 Mynbcalvu
HabJI0a0TCs UCKAKEHMS B Ipeenax yriay, o0ycioBaeHHbIE KOMMYTa-
LiHel TOKOB.

Kak npu XoJ1ocTOM XOJ1€, TaK M NPU Harpy3ke 3a ofAuH nepuon T kprsoi
MUTAIOLIETrO HATTPSHKEHUST B KPHBOH BhINPSMIICHHOTO HAMPSDKEHUS Had1to-
narTcst 12 COBEpIIEHHO OAMHAKOBBIX ITYJIbCALIUIA, A [IEPHO/I KPHBOI BbII-
pamienHoro Hanpsxenus T, coctasnsier T/12. [Ipk Takux uaeanbHbIX yc-
JIOBUSIX NMOPSI0K FTAPMOHUK KPHBOH BBIPAMIIEHHOTO HAMPSKEHHS OIpene-
asetcs cornacHo popmynen = kT.T,= 12k, 1. e.n= 12,24, 36, ... B xpuson
3/1C 12-nyNbCOBOTO BBIMPAMMTEIS ITPU 3THX YCIIOBHSIX IPUCYTCTBYIOT TOJIb-
KO Fd pPMOHHYECKHE COCTABIISIOILME C YacToTamu, kpaTHbiMK 600 'ty (600,
1200, 1800 I', ...).

[nst upeanbHBIX YCIIOBUH 3/1C #-H TAPMOHMKH BHITPAMUTENS B peXHUMeE
XOJIOCTOrO X043

E, =2E.[(n* -1), (9.30)

rae E jy = U jy— cpeanee 3HavyeHHe /C (BbINPAMICHHOTO HATIPSUKEHHS)
MPH XOJIOCTOM XOZ€.
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st 3THX XK€ yCIOBHH B PEXMME HATrpy3KkH (paGoTaloOT YeThIpe-NATh
BEHTHIICH)

E, =E,+C} +C} -2C,C;cosy V2. (9.31)

I1py aTom ko3 puLIHEeHTHI

C = cos[(n + 1)—;-]/(n +1); C, = cos[(n —1)%}/@ -1 (9.32)
Yroa koMMyTaLuu

y = arccos(1 - 6/\/5), (9.33)
raed -— ko3pGULHEHT KOMMYTALIMU.
s 12-nynbcoBoii cxembl BeIIpsimileHH s [12]:
C I1OCJIETOBATCNIBHBIM COEAMHEHHEM MOCTOB

6 =21,X, /(N2 E,), (9.34)
¢ napauiCjibHbIM COCAMHEHHEM
8 =1,X,/(N2E,,), (9.35)

rae I,;— cpeaHee 3HaYEHHE BLINPAMIEHHOTO TOKA HATPY3KH;
Eyry = Uzq)— tbazHas aAC (HANPsHKEHHE) BEHTUIILHOM OOMOTKH, COEIU-
HEHHOH 3Be3/I0H, U1 UCXOAHOMH (a3bl.

u
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Puc. 9.12. ®opma xpuBoit 3ac 12-1y/15c0BOT0 BLINPAMUTESIS IIPH HECHMMETPHHN BEHTHIIb-
nux 0bMoTOoK TpaHchopMaTopa (@) M HECHHYCOMAATBHBIX CHMMETPHYHBIX TIHTAOIINX
HanpsbkeHusx (6)
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B peanbHbIX yCAOBUSX MTPU COEAMHEHUH OAHOM BEHTHIIbHO 0OMOTKH
3BE3/10M, a ApYroi TPEYroJbHUKOM NPAKTHYECKH HEBO3MOXHO Tog0o6paTh
Liesible YHCA BUTKOB 9THX 0OOMOTOK, KpaTHbIE /3 . BenencTsue sToro Bee-
raa 6yaeT HaboAATEC HEKOTOPast HECHMMETPHS JIMHEHHbIX HATIPSHKEHMI
BEHTWJIbHBIX OOMOTOK M COCCAHHX ITYJTbCALIMIT KPUBOM BBIMPAMIEHHOIO Ha-
NPSHKEHHS, HECMOTPS HA TO, YTO ITHTAIOWNE HANIPSDKEHHSI CHMMETPHYHbI B
CHHYCOMJIAJIbHBI {pHc. 9.12, ).

I1pu 5TOM nepHOA KPUBOIA BBLINPAMIIEHHOrO HanpshkeHus T, Bo3pacraer
B 2 pa3a 10 CPABHEHHIO C epuoaom T, B HaeaTbHOM citydae (cM. puc. 9.11,a),
YTO MPUBOIUT K H3MEHEHHIO CIIEKTPAIbHOIO COCTABA 3/C BHIMPAMHUTES.
TTopARoK rapMOHMK B TAKOM CJTy4ae ONPEIENsieTcst cornacHo Gpopmynen = mk
BBIDAXEHHEM N = 6k, T.e.n =6, 12, 18, ..., a yacrota rapmonux f, = 300,
600,900 Iy, ...

st cHbkeHUs HanpsixeHuit rapMonuk 300, 900, 1500 I, ..., He cBOit-
CTBEHHBIX |2-1yIbCOBBIM CXEMaM BBIPSIMIICHU S, CTPEMATCA No106paTh
YHCIIO BUTKOB BEHTHIIbHBIX OOMOTOK TArOBBIX TPAHC(HOPMATOPOB TAKUM,
4TOObI HECHMMETPHS WX JIMHEHHBIX HANPSHKEHUIH He npesbiana 0,2%.

Y peanbHbix Tpanchopmaropos TPATT-12500/102K mist 12-nynscoBbix
BLINPSAMHUTENIEH C OCNEN0BATEILHLIM COEAHHEHUEM MOCTOB UHCIIO BUTKOB
BEHTHJILHOH OOMOTKH, COeIMHEHHO 3BE3/10i, PABHO 15, & TPEYTrOILHUKOM —
26. I'lpx TAKOM COOTHOLIEHUH HECUMMETPHS JIMHEHHBIX HATPSOKEHU I BEH-
THIILHBIX OOMOTOK cocTaBnseT Beero 0,074% u ee BAUsHKE HA 3/1C rapMO-
nuk 300, 900, 1500 Iy, ... MoxHO He yunuThIiBaTh [12].

Hcnonb3oBanue MOLHBIX NTpeoOpa3oBaTeseil epeMEeHHOIO TOKA B Mo-
CTOSHHBIH BO MHOTHX OTPACIIfX HAPOAHOTO X03gHCTBA (3IeKTpOMETATITY P-
TUsl, 3NIEKTPUPHUIMPOBAHHDIH XKEME3HONOPOXKHBIH TPAHCTIOPT H AP.) BEAET
K TOMY, YTO HAMPSHKEHHS B CHCTEMAX 3JIEKTPOCHAOKEHHS, OT KOTOPBIX M0~
Ry4aloT MHTAHHE TATOBbIE MOACTAHIMH TOCTOSHHOIO TOKA, ABJISIOTCA He-
cuHycouaanbHbiMu. Ipn 3TOM B pside cliyyaeB HanpAXeHWst MOTYT ObITh
NPHU3HAHBI CHMMETPUUHBIMH H HECHHYCOUIA/IbHBIMU,

HecuHyconaaneHOCTh MUTAOMMX HAMPSHKEHNI 00YCIIOBIEHA HATTMY M-
€M B HX COCTABC BHICLUIMX FTAPMOHHK ONPEAESEHHOIO NOPAIKA, KPOME TIep-
80i (50 '). O603HAYUM NOPAJOK ITHUX FAPMOHHK OYKBOHV B OTIIMUHE OT
NopsAKa raApMOHHK Ha CTOPOHE [TOCTOSIHHOTO TOKA, 0003HAYEHHOTO HAMM
6ykBoiin.

B nepBUYHBIX OOMOTKAX TATOBBIX TPaHC(HOPMATOPOB HET IMyTei /151 TOKOB
FapMOHHK, NIOPA/IOK KOTOPBIX KpaTeH TPeM (CETh C M30IMPOBAHHOM HeilTpa-
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JIbI0), IO3TOMY MOXHO [TPHHSTBH, UTO MU TAIOLIME HAIIPSDKEHH S COAepkaT
BLICLIME TAPMOHUKH C MOPAIKOBBIMU HOMepamuv = 5,7, 11,13, ..., T. e.

v=6kxl. (9.36)

YacToThl 3TUX rapMonHK f,, = 250, 350, 550, 650 I', ... [1pu 3TOM rap-
MOHHUKHM riopsaka v = 6k +1 umeloT npsmyto, a v = 6k - 1 — obpartHyto
MIOC/IEA0BATEILHOCTD UepeoBaHus ¢as [12].

Ecau 6bl B nuTarolei 3JHeProcucTeMe NPUMEHSIHCh TOIBKO BBITIPSIMH-
TEJTH C KOJIMUECTBOM MyJibcalnii 12 1 6onee, To BLIMOTHSUTOCH Obl yClIOBHE

v=12k =1 (9.37)

ITpu 5TOM NPUCYTCTBOBATH ObI FAPMOHHMKY ¢ TopsakoM v =11, 13,23,
25, ...ncuacroramu 