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AHHOTAITAA
ITpeanaraerca HOBOE pereHue ypasHeHHd MaxcBeaAa
AASl BAaKyyMa, AAA IIPOBOAA C ITOCTOSHHBIM M ITIEPEMEHHBIM
TOKOM, AASl KOHAGHCATOPA, AAd cdeprl 1 T.A. IIpeasapureabHO
OTMEUACTCA, UTO AOKA3ATEABCTBO EAMHCTBEHHOCTH H3BECTHOTIO
pelreHns OCHOBAHO HAa 3aKOHE COXPAHEHUA SHEPIHH, KOTOPBIH
He cobAroaaercss (AA MIHOBEHHBIX 3HAYCHUI) B H3BECTHOM
permennn. [Ipeasaraemoe perrenne
® HE IPOTHBOPEYHUT 32aKOHY COXPAaHEHHA SHEPIHH B
KaKABIF ~ MOMEHT  BPEMEHH, T.e.  YCTAHABAUBAET
ITOCTOAHCTBO TAOTHOCTH IIOTOKA 3AEKTPOMATHHTHOMN
SHEPIUH BO BPEMEHH,
® BHIABAACT CABHI (a3 MEKAY 9IACKIPUYCCKUMH U
MArHUTHBIMHA HAIIPAKEHHOCTAMHI,

® OOBACHAET CYIIECTBOBAHHE IIOTOKA SHEPIUH BAOAD
IIPOBOAQ, PABHOTO IIOTPEOAAEMOIT MOIITHOCTH.

[IpuBoAmTCs ~ IIOAPOOHOE ~ AOKA3aTEABCTBO  AAA
3AaHMHTEPECOBAHHOIO YHTATEAL.

PaccmarpuBaroTcs 9KCIIEPUMEHTAABHBIC ITOATBEP/KACHIA
TEOPUN.

IIpeasararorcss OObACHEHHA KCIIEPHMEHTOB, KOTOPEIE AO
CHX IIOp HE OBIAH OOOCHOBAHEI

Paccmarpusarores TEXHUYICCKIE IIPHAOKCHHSA
ITOAYYIEHHOIO PEIICHU.
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maea 0. MNpegucnosuve

I'aaBa 0. IIpeaucaosue

OraaBAenme

1. Berynaenwe \ 1

2. O moToKe sHepruu B POBOAE \ 5

3. TpeOoBaHuA K HEIPOTHBOPEIUBOMY PEILIEHUIO YPABHEHUIT
Makcseana \ 6

4. Bapunantsl ypaBaenuit Makcseana \ 6

ITpuaoxenue 0. AekapTOBbI KOOPAUHATEL \ 9

[Mpuaoxenne 1. Huanuaapuaeckne koopAnHaThL. \ 10

IMpuaoxenne 2. Cepuaeckue koopaunatsr. \ 10

[Tpunroxenune 3. Hekotopere coornomenns B cucremax CI'C u
CH.\ 11

IIpnuroxenune 4. MssectHoe perenue ypaBHeHH MakcBeAra
AAf IAEKTPOMATHHTHOTO IOAf B BaKyyMe. \ 12

1. Bcrymaenue

Cucrema ypaBHeHnii MakcBeAAa ABAAETCA OAHHUM H3 BEAMYIAMIIIIX
OTKPBITHI YEAOBEUECKOrO pasyma. B To e Bpemsa M3BEeCTHBIE pEIICHUA
STOM CHCTEMBI YPABHEHHEH OOAAAAIOT PAAOM HEAOCTATKOB. AOCTATOYHO
CKA32Th, YTO I3TH PEIICHHA HE YAOBAETBOPAIOT 32aKOHY COXpPaHCHHA
sHeprun. Takue perreHus IMO3BOASIOT HEKOTOPBIM aBTOPAM YCOMHUTBCH
B AOCTOBEPHOCTH caMHX ypaBHeHm Makceana. IToauepkreM, oAHAKO,
YTO 3TH COMHHUTEABHBIE PE3YABTATBI CACAYIOT TOABKO U3
usBecTHOro pemenusa. Ho pemenme ypapHeHmii MakcBeAAa MOKeET
OBIT MHBIM (YPABHEHUSA B YACTHBIX IIPOM3BOAHBIX UMEIOT, KaK IIPABHAO,
HECKOABKO pertieHnit). V1 HeOOXOAMMO HANWTH TaKOE PEIEHHE, KOTOPOE
HE  IPOTHBOPEYNT  (PUSUIECCKHM  3aKOHAM U OMIIHPUIECKH
YCTAHOBAECHHBIM (PaKTaM.

ABTOp HAITIEA HOBOE PEINEHHE CHUCTEMBbI ypaBHeHHH MakcBeaaa,
CBOOOAHOE OT YKA3aHHBIX HEAOCTATKOB. DTO PEIIEHHE HANACHO AAA
ypaBHeHni MaKkcBeAAa, 3aIIMCAaHHBIX B ITOKOOPAMHATHON hopme, U He
MOKET OBITh ITOAYYEHO B BEKTOPHOM BHAE M3 ypaBHeHMI MakcBeaaa,
3AIIMCAHHBIX B BEKTOPHOH Qopme. DTO, BHAUMO, U ITOCAYVKHAO
IPHYUHON TOIO, YTO IIPEAAATAEMOE PEIIEHHE AO CHX IIOp He OBIAO
ITOAYYCHO.
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"naBa 0. MNpegncnoswue

Ha ocmose wHoBoro pemenua  ypaBHeHHH — MakcBeana
TEOPETHYECKH IIPEACKA3aHA M 3KCIIEPUMEHTAABHO  ITOATBEP/KACHA
CIupaAbHasg CTPYKTYPa SAEKTPOMATHUTHBIX BOAH W CTAIIHOHAPHBIX
SAEKTPOMATHUTHBIX IIOACH, 4 TaKKe IIOKA3aHO, YTO CIIHPAABHBIC
CIPYKTYPHI ~ CYIIECTBYFOT BO BCEX 0O€3 HCKAIOYECHHA BOAHAX U
TEXHUYECKNUX YCTPOIicTBaX. CIUPAABHOCTD CTPYKTYP BBIPAKAETCA B TOM,
YTO IOKOOPAMHATHBIE HAIPAKEHHOCTH JACKTPHYECKHUX M MATHHUTHBIX
BOAH U ITOACH HM3MEHAIOTCHA B 3aBHCHMOCTH OT KOOPAHMHAT U BPEMEHU
(AASl BOAH) TIO CHHYCOHAAABHBIM (DYHKITHAM.

Hroke teopermdeckne IpeAckasanns OOOCHOBBIBAFOTCA TEM, UTO
5T (DYHKITUU TAKOBBI, UTO

® HE IPOTHUBOPEYAT 3aKOHY COXPAHECHHA SHEPIHH B KAXKABIM
MOMEHT BPEMEHM (a e 6 (pedieM), T.e. YCTAHABAHUBAFOT
ITOCTOAHCTBO ~ ITAOTHOCTH  IIOTOKA  9AEKTPOMATHHUTHOM
SHEPIUH BO BPEMEHH,

®  BREIABASIOT CABUT (Da3 MEKAY SIACKTPHYECKIMHU U MATHUTHBIMU
HAIIPAKEHHOCTAMH HE TOABKO B TEXHHYECKUX YCTPOMCTBAX,
HO U B BOAHAX,

® OOBACHAIOT CYIIECTBOBAHHE IIOTOKA JHEPIMH BAOAb U
BHYTPH (a He cHapysu) IIPOBOAA, PABHOIO IIOTPEOAAEMOIT
MOIITHOCTH,

® OOBACHAIOT  3aKPYYEHHOCTH  CBETa,  T.6.  IIOSABACHHE
OpOUTAABHOIO YTAOBOIO MOMEHT4, IIPH KOTOPOM IIOTOK
SHEPIUHU HE IIPOCTO AETUT BIIEPEA, 2 KPYTHICA BOKPYI OCH

ABYDKEHUS.
Huxe TEOPETUYCCKIIE IIPEACKA3AHIS IIOATBEDIKAALOTCS
9KCIIEPUMEHTAALHBIMU HAOAFOACHUAMA u OOBACHEHUAMA

9KCIIEPUMEHTOB, KOTOPBIE AO CHX IIOP He ObIAM 000cHOBaHBL. CpeAn HUX

®  CYIIECTBOBAHHE YCTPONCTB IIEPEAAYH OSHEPIUU  OAAroAaps
BO3HUKHOBEHHIO 3.A.C., HEOOBACHUMBIX 3ACKTPOMATHUTHOM
HHAYKITHEH,

® COXpaHEHHE  JHEPIMH B  AHMIACKTPHKE  KOHAEHCATOPA,
OCBODOMKACHHOTO OT OOKAAAOK,

® COXpaHECHHUE 3HEPTUHU B B 3AMKHYTOM MAarHHUTOIIPOBOAE,

®  BPAIAFOIINI MOMEHT B IIPOBOAE M ABUTaTeAD MuAbpos,

® OAHOIIPOBOAHAA II€PEAAYA DHEPIUU,

® IIOCTOAHHOE BOCCTAHOBAEHHE SHEPIUN MarHUTA,

®  IIAQ3MEHHBIN KPHCTAAA,
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maea 0. MNpegucnosuve

®  CYIIECTBOBAHUE 3.A.C., HEOOBACHUMBIX IAECKTPOMATHHTHOI
HHAYKITIEH,

® MOMEHT UMIYAbCA B MAaTHUTE,

®  3apAA KOHAEHCATOPA MPOAOABHBIM MATHUTHBIM IIOAEM,

®  3apsAA KOHACHCATOPA KPYTOBBIM MATHHTHBIM ITOACM,

® 5A.C. B IIPOBOAE, HAXOAAIIEMCA B HEOAHOPOAHOM IIPOAOABHOM
MATHUTHOM ITOAE,

® 5.A.C. B IIPOBOAE, HAXOAAIIIEMCA B KPYTOBOM MATHHTHOM IIOAE,

® 5.A.C. B IPOBOAC, HAXOAAINEMCA B B IOIEPEYHOM MATHUTHOM
OAE,

® MATHHUTHOE IIOAE B 3aPMKEHHOM KOHACHCATOPE,

®  HEIAEKTPOMATHHUTHAA HHAYKIIHA (kak CAEACTBHE
MArHHUTOABH/KYILIEH CHABI),

® IIPOAOABHAS MATHUTHAA HAIIPAKEHHOCTh B IIOAOCTH TPyOYaTOTO
IIPOBOAHHKA,

®  I[IOTOK HEPIHUH, KAK IACKTPOABITKYIIIAA CHAA,

®  IPUPOAA IOTEHIINAABHON SHEPIUU KOHACHCATOPA,

®  OOpPATHMOCTD YHUITOAAPHON MHAYKITHH,

®  HE3KBUBAAEHTHOCTb COAEHOMAA U MATHUTA,

e sddexr bapuerra,

e sdhdexr AcriaeHa,

®  CYIIECTBOBAHUE CTATHYECKOIO SACKTPOMATHHTHOIO ITOAA,

®  CyIIECTBOBAHHE IPOAOABHOM MATHUTHOM HAIIPAKEHHOCTH
B IIPOBOAG,

® CyIIECTBOBAHHCE  HE3AMKHYTBIX ~ AMHHH  MATHUTHOH
HAIIPAKCHHOCTH,

®  cuAOBBIE TPAHC(POPMATOPHI ITOCTOSHHOIO HAIIPAAKEHUSL.

"AO HACTOAIErO BPEMEHH HE OBIAO OOHAPYKEHO HH OAHOIO
apdexra, KOTOPBIH ITOTPEOOBAA OBl BHAOH3MEHECHHA YPaBHEHHIT
Maxkcseana" [36]. Tem He MeHee, B IIOCACAHEE BpEMs KPHUTHKA
CIIPABEAAHBOCTH ypaBHEHHIH MakcBeAAa CABIIIHTCA CO BCEX CTOPOH.
ITocmorpum Ha puc. 1, Tae n300pazKeHa BOAHA, ABAAIOIIAACA U3BECTHBIM
perreHrem ypaBHEHHI MakcBeAAd. YBEPEHHOCTh KPUTHUKOB YPaBHCHUIT
MakcBeAAra CO3AQETCA, TIPEKAE BCETO, HAPYIIICHUEM 3aKOHA COXPAHCHHA
sHeprun B TakoH BoAHe. VM, AedictBUTCABHO, "naommocms  nomoxa
aekmpomaztiumod drepeun (Modyas eexmopa Ymosa-Ilotnmurea) «nyavcupyeny
1o eapmonuyeckomy saxony. He napymaemen s 30ece saxon coxparenun snepeuu?”
[1]. besycaoBHO, Hapymmaercd, €CAM SACKTPOMATHHUTHASA BOAHA

0-3



masa 0. MNpeguncnosune

VAOBAETBOpsiCT HM3BECTHOMY pemreHuro ypasHennidi Makcseara. Ho
BCAb APYIOro perieHust Het: " Aokasamenscnso eouncmeennocmy peutenusn 6
0buux epmax c6odumca k caedyromemy. Ecau umeenmeca 06a pasauunvix pemerius,
M0 UX PaA3HOCIG 6CACOCIIBUE AUHELHOHIU CUCIIEMYT T0INCE ABAAENICA DEteriieM, 10
npu 1YN€6BIX 3aPAOAX U MOKAX U 1H)IC6bIX HAYAABIHBIX U PAHUUNBIX YEAOBUAX.
Omcro0a, noaw3ysce ssipasicerisie 015 IHEPLUU INCKIMPOMATHUININOLO 110IA U 3AKOHOM
COXPareus Inepeun 3aKaUaeM, Um0 DPastocris Peulenun moncoecsenio  pasia
Hyat0, m. e. peuterus oduraxosst. Tem camvim edurncmserinocms peuterus ypastieruil
Marcsenna doxasana" [2]. Takum 0OpasoM, EAMHCTBEHHOCTb PEIICHUS
AOKA3BIBACTCA _HA OCHOBE IPUMCHEHHUSA TOIO _3aKOHA, KOTOPBIA
HAPVIIIAETCA B 9TOM PEIICHUN.

Puc. 1.

Apyrum pesyApTaTOM, CACAYIOIIUM U3 CYIIECTBYFOIIEIO PEIICHN,
ABAsieTCA  CHH(A3HOCTD 9ACKTPUYCCKOM ¥ MATHUTHOM KOMIIOHEHT
HAIIPS)KEHHOCTEH B 9ACKTPOMATHHTHOH BOAHE. DTO XOPOIIO BHAHO HA
puc. 1. Ho 210 mpOTHBOPEYNT HPEACTABACHHIO O OECIPEPHIBHOM
IIPEOOPA3OBAHNN SACKTPHYECKON M MArHUTHOM KOMITOHEHT SHEPIHH B
3AEKTpOMarHUTHON BOoAHe. B [1], manpumep, stoT dakr orHOCHTCA K
"[TOPOKAM COBPEMEHHON KAACCHYECKON dACKTPOAMHAMUKN'.

Takpme PpE3YABTATBI, CACAVIOINHE N3 HM3BECTHOTO  PEIICHHA
ypaBHeHHH MakcBeAAa, ITO3BOASIOT HEKOTOPBIM aBTOPAM YCOMHHTBECA B
AoCTOBepHOCTH ypaBHeHHIT Maxkcpeaaa. [loauepkuem, oaHako, 910 9TH
COMHHUTEABHBIC ~ PE3YABTATEL CACAVIOT TOABKO U3 HAHAECHHOIO
pemenna. Ho sro perrerne MokeT OBITH MHBIM (YPABHEHUA B YACTHBIX
IIPOU3BOAHBIX UMEIOT, KAK IIPABUAO, HECKOABKO PEITICHUI).

AAf yroOcTBa dUmTaTEAS B IPHAOKEHHH 4 OIMCAH METOA
IIOAYYCHUSA HM3BECTHOTO perteHus. Hrmke BBIBOAHTCA APyroe peIlcHHE
ypaBHeHnii  MakcBeara, B KOTOPOM  IIAOTHOCTH  IIOTOKAa
SAEKTPOMATHUTHOHN 9HEPIMH OCTACTCA IIOCTOAHHOH BO BpPEMEHH, 2
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maea 0. MNpegucnosuve

JACKTPUYECKAS W  MATHUTHAA KOMIIOHEHTBI  HAIIPAKEHHOCTEH B
5AEKTPOMATHUTHOH BOAHE CABHHYTHI ITO (pase.

PaccmoTpuM erme 3A€KTPOMATHHTHYIO BOAHY B IpoBoAe. FEcanm
IIOAAraTh, YTO IPOBOA HMEET IIPEHEOPEKUMO MAAOE COIIPOTHBACHUE, TO
ypaBHeHnusa MaxkcBeaaa AAf 9TOH BOAHBI OYKBAABHO COBIIAAAIOT C
ypaBHeHuAMH ~MakcBeara AAf BOAHBI B Bakyyme. OAHAaKO B
9AEKTPOTEXHHUKE HE HCIIOAB3yeTCs M3BecTHOE perenue. Flcmoawssyercs
TOABKO  pEIIEHHE,  CBA3BIBAIOINEE  HAIPAKEHHOCTb  KPYTOBOTO
MArHHTHOTO IIOAfl C TOKOM B IIpOBOAE (OyAEM AAfl KPAaTKOCTH B
AAABHEHITIEM HA3BIBATH €r0 JACKTPOTEXHHUYECKHM PEIIEHHEM). DTO
pEIlIeHNE TOXKE YAOBAETBOpAeT ypaBHeHHAM Makcseara. OAHAKO, BO-
IIEPBBIX, OHO SABASETCA APYIHMM pEIIEHHEM TeX JK€ YPaBHEHHUH (YTO
OIIPOBEPTAET TEOPEMY O CAMHCTBEHHOCTH HM3BECTHOTO perreHus). A, BO-
BTOPBIX, - U 3TO TAABHOE, - SIACKTPOTEXHIYECKOE PEIIIEHIE HE OOBACHAET
M3BECTHBIH 9KCIIEPUMEHTAABHBIN (DAKT.

Peur wmaer o cxkun-apdexre. Perrenme, oOBACHAOIEE CKUH-
apdeKt, AOAKHO COAEPIKATP HEANHEHHYIO 3aBHCHMOCTb ITAOTHOCTH
TOKa (MAYIIEIO BAOABb IIPOBOAQ) OT paAuyca. Takasd 3aBUCHMOCTb B
COOTBETCTBUM C ypaBHEHHAMU MaKCBEAAA AOAKHA COYETATBCA C

CyLT_IeCTBOBaHI/IeM paAI/IaAbeIX %8 KPYFOBBIX 3ACKTpI/I"ICCKI/IX M MATHHTHBIX
HAIIPSKEHHOCTEH, HEAMHEHHO 3aBHCAINUX OT PaAHyca. DTOTO HET B
saekTporexHudeckoM perrennn. CkuH-3 ekt 0ObACHACTCS Ha OCHOBE
ypaBHeHHI MaxcBeAAd, HO M3 9ACKTPOTEXHUYECKOIO PEIIECHUA OH He
CACAYET. ODTO H IIO3BOASET YIBEPKAAT, UTO IACKTPOTEXHHYIECKOE
pelreHre He OOBACHAET SKCIIEPUMEHTAABHEIN (DAKT.

Haxkowmer, CYILIECTBYIOITICE perrrenue IIPOTUBOPEYUT
CYIIIECTBOBAHMIO T.H. 3aKPYIEHHOTO cBerta [65].

2. O roToKe 3HEPrUN B IIPOBOAE

Paccmorpum eme motok smeprum B 1posoae. CyrmecTyrorree
IIPEACTABACHHE O IEPEAade SHEPIMH IO IIPOBOAY COCTOHT B TOM, YTO
SHEPIus KAKHM-TO OOPa3soM pacipocTpaHserca BHe mposoaa [13]: ...
Hatla «CYMActledmany meopus 2080puns, 4mo IACKIMPOHb! NOAYHAON (6010 IHEPLUIO,
pacmpauusaeryro umu ra cosodarue menaoniel UsHe, 011 NOMOKa Itepeun GHeulle0 1040
suympe nposoda. Klnmyuyus nam nodckassiéaent, mo 34eKmpor. noROAHACH! 06010 IHEPLUI0
3a cuem «0asaenusy, Komopoe mosKaenm eo 60046 Hposoda, max 4mo drepeus Kax 6yomo
dosgica meds 6nu3 (uau 66epx) no nposody. A eom meopusn_ymeepadaens, umo Ha camom
deste Ha 2AEKMIPOH OCUcINEYent INCKINPUHECKOE 10.1e, C030a6aeMOE 04eHb OaAeKUMY 3apAdarmH,
U ISEKINPOIBL IEPAION CO0I0 IHEPIUID, PACXO0YeMYIO Ha 1MENS0 UMEHHO U3 37UX HoAel.
Dnepeus omoanennvix 3apaoos Kakum-mo o06pasom pacmexaenica 1no 60avuiol obaacn
npocmparcmsa u samem smexaenm 8Hymps nposoda.”
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masa 0. MNpeguncnosune

Takast TeOpUs IIPOTUBOPEYUT W 3AKOHY COXPAHCHUS SHEPIUM.
AeHCTBHTEABHO, IIOTOK SHEPIHH, ITyTEIIECTBYA B IIPOCTPAHCTBE, AOAKEH
TepATh 4acTh sHeprun. OAHAKO 3TO HHUKAK HE OOHAPYKHBACTCA HU
9KCIICPUMEHTAABHO, HH Teopermdecku. Ho, raasmoe, 3ta Teopms
IIPOTUBOPEYHUT CACAVIOIIEMY 3KCIIEPUMEHTY. [lycTh IO LeHTpaAbHOMY
IIPOBOAY KOAKCHAABHOIO KaOEAfl TEYET ITOCTOSHHBIH TOK. DTOT IIPOBOA
HM30AHPOBAH OT BHEINHErO IIOTOKAa sHeprunm. OTKyAa K€ IOABAACTCA
IIOTOK 3HEPIHH, KOMIICHCHPYIOIIMHA TEIIAOBBIC ITOTepH B mIpoBoAe? Ho,
KpPOME IIOTEPh B IIPOBOAE, 9TOT IIOTOK HM3-BHE AOAKCH IIPOHUKHYTH B
HAIPy3Ky, HAIPHMEP, B OOMOTKH 3AEKTPOMOTOPOB,  3aKpBITHIC
CTAABHBIMH KOKYXaMH CTATOPa. DTOT BOIIPOC CYILECTBYIOIIAS TEOPUA HE
00CyKAQ€LT.

WMrak, cymecrsyroImas TEOPUSA VIBEPKAACT, HUTO  BXOAALIMIMA
(LIEpIIEHAUKYASIPHO IIPOBOAY) SAEKTPOMATHHTHEIN IIOTOK ITO3BOASIET TOKY
IIPEOAOAEBATH COIIPOTUBACHUE ABIKCHHIO H COBEPIIACT PadOTY, KOTOpas
IIPEBPAIIACTCA B TEIIAO. DTOT U3BECTHBIA BEIBOA BYAAHPYET €CTECTBCHHBII
BOIIPOC: KAaK TOK MOMKET IIPUBACKATH IIOTOK, CCAM TOK ITOSIBASETCS
OAaropapa HOTOKy? ECTECTBEHHO IIPEAIIOAOMKHTB, YTO IIOTOK CO3AAET
HEKOTOPYIO 9.A.C., Kotopas "ABmker TOK'. [lpum atoM morTok sHeprun
9ACKTPOMATHUTHOH BOAHBI IIPHCYTCTBYET B CAMOH BOAHE U AAS 3TOTO HE
HCIIOAB3YETCS IIPOCTPAHCTBO, BHEIITHEE IO OTHOIICHHUIO K BOAHEC.

Pertenne ypaBueHuii MakcBeAra AOAKHO MOACAHPOBATH TaKyFO
CTPYKTYPY 9ACKTPOMATHHTHOH BOAHBI, B KOTOPOH IIPUCYTCTBYET IIOTOK
3AEKTPOMATHUTHOM SHEPTUML.

Wuaryumus, o kotopoit roopur PeiiHMaH, HAC HE OOMaHBIBACT.
ABTOp AOKa3bIBACT 3TO HIUKEC, HE BBIXOAA 32 PAMKH YPABHCHHI
MaxkcBeaaa.

3. TpeGoBaHuA K HEIIPOTUBOPEUUBOMY

penieHuro ypaBHeHuit MakcBeaaa
Wrak, perrenne ypasHeHn MakcBeAAa AOAKHO

®  OINCHIBATH BOAHY B BAKyyME M BOAHY B IIDOBOAE,

® HE NPOTHBOPEYUTH 3aKOHY COXPAHEHHA OSHEPIHH B  KAKABIA
MOMEHT BPEMEHH, T.€. YCTAHABAMBATH IIOCTOAHCTBO IIAOTHOCTH
IIOTOKA 9AEKTPOMATHUTHOH SHEPTHH BO BPEMEHH,

®  BREIABAATH CABHI (Pa3 MEKAY IACKTPUICCKHIMU M MATHHTHBIMHE
HAIPAKEHHOCTAMH,

® OOBACHATH CYIIECTBOBAHME IIOTOKA SHEPIUH BAOAb IIPOBOAA,
PaBHOTO ITOTPEOAAEMOM MOIITHOCTH.
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maea 0. MNpegucnosuve

Hirxe BEIBOAHTCA TaKOE peIieHne ypaBHeHHH MakcBeAAa.

4. BapuanTe! ypaBHeHHM MakcBeaaa

Aasee BBIACASIOTCA Pa3AHYHBIC YaCTHBIE CAyYad (BApHAHTHI)
CHCTEMBI ypaBHCHHI MakcBeAAa, KOTOPBIE MBI IIPOHYMEPYEM AAf
YAOOCTBA H3AOKEHUS.

Bapwuanr 1.

Vpasuenns MaxcBeana B obmmem caygae B cucreme CI'C mmeror
BHA [3]:

rot(E)+§aa_’j= : M
i(m)-2L 47, @)
cot ¢
div(E)=0, 3
div(H# )=0, )
I =oF, (5)

TAC
I, H, E -TOK IPOBOAUMOCTH, MATHUTHASA 1 AEKTPUYIECKAA

HAIIPAKEHHOCTH COOTBETCTBEHHO,
g, U, O - AI/ISACKTpI/I‘ICCKaH HpOHI/IHaCMOCTb, MarHuTHasA

HpOHI/IL[aCMOCTI), HpOBOAI/IMOCTb CPCABIL.

Bapuanr 2.

Aas Bakyyma HapO nmpuHATE ¢ =1, g =1, 0 =0. Toraa cucrema

ypasaenuii (1-5) mpumer BuA:

rot(E )+ ! aail 0, ©)
1 0E _

rot(H )-——-=0, 9

div(E)=0, ®)

div(H#)=0. 9)

Permrenne sToit cucremer paCCMOTpCHO B raase 1.

BapwuanrT 3.

Paccmorprm BapuaHT 1 B KOMITAEKCHOM IIPEACTABACHU:

rot(E )+ ia)%H =0, (10)
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masa 0. MNpeguncnosune

rot(H)—ia)EE—4—7[(real(l)+i-imag(1))= 0, (11)
C C

div(E)=0, (12)

div(H )=0, (13)

real(] )= o- abs(E ) (14

3aech BakHO OTMeTHTB, 9TO B (14) yKaspBaeTcsi HE Bech TOK, a
TOABKO €IO PeaAbHas 9acTh, T.€. TOK IIPOBOAUMOCTH. MHIMAas 9acTh TOKA
ABAAETCA TOKOM CMEIIIEHHUA U HE 3aBUCUT OT SAEKTPHYECKHIX 3aPAAOB.

Perrrenne 910 cCHCTEMBI PACCMOTPEHO B TAaBe 4.

BapuanrT 4.

AAA IPOBOAQ, B KOTOPOM IPOTEKAET CHUHYCOUAAABHBIA TOK [ OT
BHEIIIHEIO MCTOYHUKA, HMHOTAA MOKHO UCKAFOYHTD real(] ) B YPaBHEHUAX

(11-14). Dr1o BO3MOKHO AAfl HH3KOOMHOIO IIPOBOAA M AAA
AHSAEKTPHUYIECKOTO IIPOBOAA (ITOApOOHee cM. B TAaBe 2). [Ipm stom
cucrtema (11-14) mpuamMaeT BHA:

y7aels
t(E)+=—=0, 15
rot(E)+ == (15)
rot(H)—ia—E—4—7z1=0, (16)
cot ¢
div(E)=0, (17
div(H )=0. (18)

3A€Ch BAKHO OTMETHTH, YTO TOK [ He ABAAETCA TOKOM
IIPOBOAUMOCTH, AA7KE ECAU OH TE€YET IO IIPOBOAHHKY.
Permenne 3T0# CHCTEMBI PACCMOTPEHO B TAaBe 2.

BapuanT 5.

AAfl IIPOBOAA IIOCTOAHHOIO TOKA CHCTEMa IIO BapuaHty |

yIpoImaeTcs OAaroAaps OTCYTCTBHIO IIPOM3BOAHBIX IIO BPEMEHH U
IIPUHIMAET BHA!

rot(E)=0, 1)
rot(H )- Ly 0, (22)
c
div(E)=0, (24
div(H )=0, (25)
I =oF (26)
HAU
BapuasT 6.
rot()=0, 27)




nagsa 0. Npegucnosune

rot(H )— by 0, (28)
C

div(r)=0, 29)

div(H)=0. (30)

Perrrenne 310# crCTEMBI pacCCMOTPEHO B TAaBe 5

Mpr OyaeM HCKaTh MOHOXPOMATHYECKOE PEIIEHHE YKA3aHHBIX
cucteM. IlepexoA K HOAMXPOMATHYECKOMY PEIIEHUIO MOMKET OBITh
BBEIIIOAHEH C IIOMOIIIBIO IIpeobpasopanusd Pypoe.

ITpuaoxxenue 0. AexkapTOBBI KOOPANMHATHI.

B AexapToBBHIX KOOpAMHATAX X, ), Z, Kak H3BeCTHO [4], ckaAsp-
AVMBepreHnus Bekropa [, BEKTOP-TPAAHCHT CKAAAPHON  (PyHKIIHN
a (x, y,z), BEKTOP-POTOP BeKTOpa [ HMMEIOT COOTBETCTBEHHO BHA

oH
div(H)=(agix " ayy ; a’;’;}

da Oa Oa
grad(a): {Gx’&y’az}

rot(H )= o _ My ,(6Hx UE j, Ay LA
oy 0z 0z ox ox oy
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Puc. 1.

DAEKTPUYECKHE M MATHUTHBIE HAIPAKEHHOCTH B ACKAPTOBBIX
KOOPAMHATAX, IIOAYYa€MBIE B PE3YABTATE IIOAYYEHHOIO PpEIICHHS,
ITOKA3aHBI HA CACAYFOIIEM puc. 1.

ITpuaorxenne 1. Iluanaapudeckre KOOPAUHATEL.

B nwmammapmueckmx koopamHatax @ Z, kak wusBectHO [4],
CKaAAP-AUBEPreHIua BekTopa f1, BEKTOp-TPAAUEHT CKAAAPHON (PYHKITHH
a(r, , z) , BEKTOP-POTOP BEKTOPA H mMeroT cooTBETCTBEHHO BUA

div(H )= He oH 1 Oty CCEAR @)
r or r O 0z

0 1 0o 0
gradr(a):a—j, gradw(a):;-i, gradz(a):a—z, (b)
oH
rotr(H): lal—]—z_—w , (C)
r op 0z
OoH, oOH
t,(H)=| —--—%|, C)
roty (H) ( oz or j

H, OH

rot, (H)=| —Z+ 0 1 0H, . ©
r o r Op

ITpuaorkenne 2. Cepudeckne KOOPAMHATEI.

Ha puc. 1 moxasana cucrema ceprdeckux koopanHar (p,0,¢), a

B TaOA. 1 IpUBEACHBI BEIPAKEHHA AAA POTOPA U AUBepreHInu Bekropa E
B 3THUX KOOpAMHATaX [4].

Puc. 1.
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nagsa 0. Npegucnosune

Taoamnma 1.
1 2 3
1| rot,(E) | E OE OE,

24 9
ptg(©0) po0  psin(@pe
2 rote(E) aEp _ﬂ_aE¢

psin@Pep  p  op
3| ot (E) | B, 0, OF,
p_ Op  pop
4| div(E) | E, OE, E, ©E, oE

24 P

+—C <+ + £
p_dp pe) pob  psin(@Pe

ITpnroxkenne 3. Hexoropple CcooTHOHIEHUA B
cucremax CI'C u CH.

Aanee dopmyasr npusoasrca B cucreme CI'C, HO HEKOTOpPBIE
HIpUMEPHI AAf HarAgAHOCTH Aatotcsl B cucreme CH. TTostomy B Tada. 1
AASL YAODCTBA UHTATEASl YKA3aHBI COOTHOIICHUSA MEKAY HEKOTOPBIMI
CAMHHIIAMHI H3MEPEHUA B 9TUX CUCTEMAX.

HaumeHnoBanue eAMHHAIIbBI CIC (%1
Craa 5AEKTPHYECKOTO TOKA 1 CIC 3331010 A
DAEKTPUYECKOE HAIIPSIKCHIE 1 CIrc 3-10°B
MormHoOCTh, IIAOTHOCTH ITOTOKA 1 CI'C 107 Br
SHEPIUU
[TroTHOCTD TOTOKA SHEPIHH HA 1 CI'C 10 Br/m
CAMHHITY AAMHBI IIPOBOAA
ITaoTHOCTD 2AeKTpHYeckoro ToKa | 1 CI'C 333-10° A/m?

3,33-1012 A/mm?

HarpskennocTs 1 CIrc 3-10*B/™m
9AEKTPHYECKOIO ITOAS
HanpsixeHHOCT MATHUTHOTO 1 CI'C, 80 A/m
HOASA Ipcerea
MaruntHas HHAYKITHA 1CIC, 104T

I'aycc
Abconrotnas amoaektpuueckas | 1 CI'C 8,85:1012 ®/m
IIPOHUIIAEMOCTD
ABCOAIOTHAS MATHUTHAS 1CrC 1,26:108 Tu/m

IIPOHUITAEMOCTD




masa 0. MNpeguncnosune

DaekTprdeckas EMKOCTD 1CIC 1,1-102 @
VIHAYKTHBHOCTD 1 CIC 10° I'a
Daekrpraeckoe conporusaerne | 1 CI'C 9:10" Om
DAeKTpudeckas IPOBOAUMOCTD 1 CIC 1,1-10"2 cm
VaeAbHOE aAeKTpHUIEcKOe 1 CIC 9:10° Om'™
COIIPOTHBACHUE

VACABHAS DACKTPHYCCKAS 1 CIC 1,1-101° em/m
IIPOBOAMMOCTD

ITpuaorxenne 4. H3BecrHOe perieHue ypaBHEHUM

MakcBeara AAA 3AEKTPOMArHHUTHOIO  IIOAHA

BaKyyMe.
PaccmorpnM  cmcremy  ypaBHeHHIT  MakcBeaa B
(ITPUBEACHHYIO BHIIIIE B paszaeAe 4):

1 0H
t(E)=——"+,
ro( ) c ot
1 0
H ="
rot( ) Y
div(E)=0,
div(H )=0.

Bosbmem porop ot obenx wacreit ypasuenus (1) m moayunm:

rot(rot(E)) = rot[— la_Hj

c Ot
AN

rot(rot(E ))= —% . % (rot(H ))

CosmectnM ypaBHeHHA (2, 0) 1 HAAEM:

rot(rot(E))z —ia—z(E)
¢ ot

Wssectno [4, ctp. 131], a0

rot(rot(E )= grad(div(E))- AE .
I'A€ B AGKAPTOBBIX KOOPAMHATAX
O°E O°E O’E

+ + :

ox* oyt oz
W3 (3, 7) mHaxopum:

rot(rot(E )): -AE .

Cosmectnm ypasuenus (6a, 8, 9) u Haiiaem:

AE =

B

BaKyymMc

@

©)
€)
)

®)

©)

(62)

)

®)

©)

0-12




maea 0. MNpegucnosuve

1 OE_OE OE  JE

= + +
¢ ot ox° oyt oz’

B ACKapTOBbIX KOOpAHHATaX 3TO ypaBHCHI/IC HMEECT KOMITIAECKCHOE

(10)

perienue BUAQ
(kxx+k y+kzz—a)t+(po)
E(t,x,y,z)= |E|epe 3 , (11)

910 HpOBCpHCTCH HCHOCPCACTBCHHOfI HOACTaHOBKOfL AA}I 3TOIO
HpeABapHTCAbHO BBIYHMCAAFOTCH TICPBBIC H BTOprC IIPOU3BOAHBIC,

Bxoadmue B (10). KoncramTsr {E, €,, kx, ky, kz, @, @, ) UMEroT

OIIPEACACHHBII (puanecmﬁ CMBICA (4TO MBI 3ACCH HE OyAeM

OOCYKAATB)

Hatiaennoe perrenme sBAfeTcss KOMIAEKCHBIM. VsectHO, |TO
peaAbHadA YacThb KOMITAGKCHOTO PEINEHHUS TaKkKe SABAACTCA PEIICHHEM.
CaeaoBareapHO, B KadectBe perrenna Bmecto (11) momHO HpHHATH
perenue BUAa

E(t,x,y,z)= |E|ep cos(kxx thkyt+kz—wt+g, ) (12)
AH’dAOI‘I/I"IHO N3 HAXOAHUTCA pCLTICHI/IC BHAQ
H(t,x,y,2) = |H|h, cosle x+k y+kz—at+p,) 3
32,MCTI/IM, 9T10 SHCPFI/IH, OHPCACA}ICTCH KaK I/IHTCFpaA
- :I £2+ LH? Jdt _ lj 8(E|ep COS(...a)t)) +
P\ 2 2 29 /J([E|ep cos(...a)t))

:%Q‘{Ek‘p)+ﬂ¢E|€p})(COSZ(...a)t))l’t: , (14

= é Q(E|ep) + ,u([E|ep} t sin(...2at)

W3 (12, 13, 14) ¢ 09eBUAHOCTBIO CACAYET
1) smeprma m3MeHAETCA BO BPEMEHH, YTO IPOTHBOPEYHUT 3aKOHY

COXpaHEHUSA SHEPTHUH,
2) manpsxkenHoctn [ u H cuH@Aa3HBL, YIO HIPOTHBOPEYIUT
3AEKTPOTEXHHKE.
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nasa 1. Bropoe pelueHue ypaBHeHnn MakcBenna onsa Bakyyma

I'raBa 1. Bropoe permenue
ypaBHeHUU MakcBeAAa AAA BaKyyMa

OraaBAenue
1. Beeaenme \ 1
2. Pemenne ypasuenuii Makcseana \ 1
3. Hanpsukennocru \ 3
4. IToroku suepruu \ 9
5. Crxopocts ABrkenus saeprun \ 10
7. IMyAbc 1 MOMEHT nmITyAbca \ 12
6. Obcyxaenue \ 14
IMpuaoxenne 1\ 15

1. BBepaenue

B raase "llpeamcaosume"  IOKazaHa  IPOTHBOPEYHBOCTB
M3BECTHOIO perneHus ypaBHeHuil MakcBeasa. Hinke mpeaaaraercs
HOBOE perlieHne ypaBHeHnii MakcBeaaa AAsl Bakyyma [5].

2. Pemienne ypaBHeHn Makcpeaaa

PaccMoTpuM  pellleHHE CHCTEMbl ypaBHEHUEH MakcBeAra  AAS
BaKyyMa, KOTopas mpuBeAcHa B raase "[Ipeancaosue”, kak Bapuant 1, n
UMeeT BUA

rot(E)+ gaa—[j =0, (a)
e OF

rOt(H —;E—O, (b)

div(E)=0, ©

div(H)=0. (d)

B cucreme mmAMHApPHIYECKUX KOOPAUHAT 7, ¢, Z 9TU ypaBHCHUSA
VIMEIOT BHA:

I

OFE
E, OE 10, OE _. "
r or r Op Oz

)
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nasa 1. Bropoe pelueHue ypaBHeHun MakcBenna ans Bakyyma

OF, B oE, 5
oz Or 7’

E OF

_<”+_‘/’_l.%:MZ, 4)
r or r op

H, 0H, 1 0H, oH
+ +—- +
r or r Op Oz

= =0, 5)

— e ©)
r o0p Oz
OH. OH
ro_ z =J , 7
0z  Or v @
H, 2 OH
_‘/’_{__4’_1.%:]2, (8)
r or r op
=% ©)
c Ot
__HoH (10)
c Ot

AAS COKpAITICHHS 3aIIICH B AAABHEHIIIEM OYAEM IIPUMEHSATH CACAYFOIIIHEC
0003HAYEHUA:

co =cos(ap+ yz+ wt), 11)
si=sin(ap+ yz+wt), (12)
TAC &, ), W — HCKOTOPI)IC KOHCTAHTHI. HPCACTaBI/IM HEMU3BCECTHBIC
(PYHKIIHH B CACAYIOIIIEM BHAE!
J.=], (r)co, (13)
J,-=J,(r)st, (14)
J..=j.(r)si, (15)
H,.=h(r)o, (16)
H,.=h,(r)si, 17
H._.=h(r)si, (18)
E.=e(rki, (19)
E, =e,(r)co, (20)
E .=e(r)co, 1)
M, =m/(r)o, (212)
M, =m,(r)si, (22)
M_.=m_(r)si, (23)
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nasa 1. Bropoe pelueHue ypaBHeHnn MakcBenna onsa Bakyyma

rae j(r), h(r), e(r), m(r)- mekoropsie pyHKINU KOOPANHATHL 7 .
HerrocpeAcTBeHHOIT  TIOACTAHOBKOM — MOMKHO — YOEAHTHCA, dTO

Ppyukuu (13-23) npeodpasyror cucremy ypasuenmi (1-10) ¢ tpemsa

APIYMEHTAMH F, (), Z B CHCTEMY YPABHEHMII C OAHHM apIyMEHTOM 7 K

neussectaeivu pynknuavu J(r), h(r), e(r), m(r).

B npuaomkennn 1 mokasaHo, 4TO y TAKOH CHCTEMBI CYIIECTBYET
peIIIeHIe, IMEFOIIIEE CACAYIOIIHI BUA (B mpuaoxennn 1 om. (3.1, 39, 33,
34, 32) coOOTBETCTBEHHO):

h.(r)=0,e.(r)=0, 24)
e (r)=e,(r)= ;r(‘“), 25)
&
h,(r)=_|—e, ), (26)
7,
£
h, (r)= —[—€,(r) @27)
7]

y== a)\/z / c, (28)

rae 4,&,1,¢,a, ¥, — KOHCTAHTEL

Tem caMbIM MBI IIOAYYHMAH MOHOXPOMATHYECKOE —PpEIICHIE
cucrembl  ypasHenuit  (1-10). Ilepexoa x moAHXpoMaTHaeckoMy
PEIIIEHUIO MOKET OBITH BEIIIOAHEH C IIOMOINBIO IIpeoOpasosanusa Pypee.
OdYeBHAHO, €CAM pEIIIEHHE CYIIECTBYET B ITMAMHAPHYECKOM CHCTEME
KOOPAHHAT, TO OHO CYIIIECTBYET U B AFOOOH MHOI CHCTEME KOOPAUHAT.

TakuM 00Opa3oM, MBI IIOAYIHAH OOINEE PEIIEHHE YPaBHEHHUI
Makcseaaa B BakyyMme.

3. HanpsokeHHOCTH
Pacemorpnm perrenne (2.25):
e, =e,=054-r"", 1)
rae A — Hexkoropas koHcraHTa. Ha pmc. 1 mokasamsr, Hampumep,
rpacpukn byuxmuii (1, 2) npu 4=-1, o =0.8.

Ha pI/IC. 2 IOKa3aHBI BCKTOpI)I HaHpﬂ}KeHHOCTCfI, HCXOAAIITNEC H3

TOYKHI A(r,go). Hamomamm, 4YTOo mpoeknnm h,(r)= ier(r) u
7

hr(r):— %ew(r),— oM. (2.26, 2.27). Hanpasaernus sektopos e, (r) m
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nasa 1. Bropoe pelueHue ypaBHeHun MakcBenna ans Bakyyma

e,(r) BeOpanbl Tak: e, (r)> 0, e,(r)<0. Ilpu srom BekTOpEHI E, H
BCEIAd OPTOrOHAABHBL

JAVN: AEMOHCTPAIIUNA CABHUIA (bas MEKAY KOMIIOHEHTAMU BOAHEI
pacemorpum dyukmuu (2.11, 2.12) u (2.16-2.21). Buano, uyto B Ka’KA0#
TOYKE C KOOPAMHATAMU 7, ¢, z _HAOPsOoKeHHOCTH [, E _CABUHYTBI

o drase Ha YETBEPTH HepUoAa — cm. puc. 0.

(DA v

/

i

SRS
hng
I +-:==
’ " SNSE
RN |
o

r r
Puc. 0 (4hehe2.vsd).

ITaroTHOCTD 9HEPTHI
W=%(SH2 + uEZ)
Vuapremsan (2.17, 2.18, 2.20, 2.21, 2.26, 2.27), Haxoaum:
w= %(8((@502 + (e(pco)z) + u((hrco)2 + (h(psi)Z))
= %(s((ersi)z + (e(pco)z) + uﬁ((erco)z + (ersi)z))

w(r) =4x(e,(1)* 5

- cm. Takxke puc. 1. M3 (3, 3 2) HAXOAHM:
A € 2(0( 1)
W(r) = Tex 5

Takum 00OpasoM, HAOTHOCTB 3HEPIUM IAEKTPOMATHUTHON BOAHBI
IOCTOAHHA BO BPEMEHU M OAMHAKOBA HA BCEX TOUKAX IIMAMHADA
AAHHOI'O PAaAHyCAa.

@
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nasa 1. Bropoe pelueHue ypaBHeHnn MakcBenna onsa Bakyyma

-0.25 T

0.3 i

-0.35 »
0.4 /7 —~
/

-0.45

ef(r)

Aref(ry
5
o
\

-0.25 /
0 2 4 6 8 10 12 14 16 18 20
Fig.1. SecondSolMax.m

Permenne cyrectByer u IIpu M3MEHEHHBIX 3HaKkaX yHkrmid (2.11,
2.12). Dromy caywsaro coorserctByer puc. 3. Puc. 2 m pwmc. 3
HAAFOCTPHUPYIOT TO, UTO BO3MOJKHBI ABA BHAA ITMPKYAAPHOM
IOAAPU3AIAY IAEKTPOMATHUTHOMN BOAHEIL.

Pacemorprum dymkiun (2.11, 2.12) u (2.28) Toraa Haiiaem

co = cos(ap ++/su @4 wt), si =sin(a@ ++/gu P wt). @)
c c

PaccmoTpuM TOUKY, ABIUKYIIYIOCA IIO IIMAHMHAPY ITOCTOSHHOIO
paAnyca r, y KOTOPOH 3HAYECHHE HAIPMAKEHHOCTH 3aBHCHT OT BPEMEHIN
1o popmyae

H,.=h (r)cos(et) ©)
CpaBumBas a1ty dopmyay c¢ (2.16) m yuwmreBas (4), 3amedaem, dUTO
dopmyasr (5) u (2.16) coBasaror, ecAn B AFOOOIT MOMEHT BpEeMEHU

a¢)+w/8,ugz=0 ©)
c
AN
ONE>
p=—NH ™
a-c
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nasa 1. Bropoe pelieHue ypaBHeHuin MakcBenna ansa Bakyyma

/

Puc. 2. Puc. 3.

Takum  00pazoM, Ha IHAUHAPE IIOCTOAHHOIO  pPaAHyca
CYILIECTBYET TPACKTOPHA TOYKH, OnnceBaeman popmyaamu (4, 7), rae Bce
HAIPAKEHHOCTH HM3MEHAOTCA CHHYCOMAAABHO. C  ApPyro#l CTOpPOHBI,
TaKas TPAEKTOpUA ABAACTCA BUHTOBOI AmHHEH. CA€AOBATEABHO, AMHUA,

I1I0 KOTOpOﬁ TOYKA ABIDKETCA TakK, YTO €€ HaHpH)KCHHOCTb Hr.

HM3MEHACTC CHHYCOMAAABHO BO BPEMEHH, ABAACTCA BHHTOBOHM ANMHHEH.
DTH Ke PACCYKACHUA MOKHO ITOBTOPUTDH AASl ADYTHX HAIIPSKEHHOCTEH
(2.17-2.21). Nrax,
TPAEKTOPHA TOUKH, KOTOPAsA ABIDKETCA 10 ITMAHHAPY
AAQHHOIO paAHyCca TaK, 4YTO 3HAUYCHHE AIOOO
HAIIPsDKEHHOCTH B 9TOM  TOYKE  HM3MEHAETCA
CHMHYCOUMAAABHO BO BPEMEHHU, ABAAETCA BUHTOBOM
AVIHHIEH.

A)

Hampumep, mBa puc. 4 mOKasaHa BUHTOBAS AHMHHA IIpH
r=1, ¢=300000, ®=3000, a=-3, p=[0+27] Ha pnc. 4a
[IOKA3aHBl BUHTOBBIE AMHUH IIPH TEX K€ YCAOBHAX, HO AAS PA3AMYHBIX
3HAYCHUH paauyca 1= k).S, 0.6, ..1.0, 1.1} TIpsambivm  AnHEAME

ITOKA3aHbI FCOMCTpI/I‘{CCKI/IC MeCTa TOYCK C PaBHBIMH ¢ .

1-6
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Fig. 4. . (TokPotok33.m)

Fig. 4a. (TokPotok33.m)

[Tocaeannii Tesuc (A) 03HAYACT, YTO B TOUKE T, ABHZKYITIEIICS IO
AAHHOW BHHTOBOHM AMHHH, BEKTOPHI HapszKeHHOCTeH (2.16-2.21) nmeror
CACAVIOIIHI BHA:

H,.=h(r)cos(ar), H,.=h,(r) sin(wrt), H..=h.(r)sin(ot),
E.=e (r)sin(at), E,=e,(r) cos(ar), E..=e.(r)cos(ar).

1-7
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Bemme Oprao moxazamo  (em. (2.24-2.27), uro h (r)=0, e (r)=0,

& &
er(r):e¢;(r):er¢(r)a hw(r)z _er(/,(r)s hr(r):_ _er(p(r)'
H H
CAeAOBATEABHO, B KAZKAOH TOYKE HMEIOTCH TOABKO BEKTOPBI
& & .
H, .=~ —e,.q)(r)cos(a)t), H, = —ew(r)sm(a)t),
H H
E.=e, (r sin(a), E,=e,(r) cos(a)t).
[Tpn 3TOM CyMMapHBIE BEKTOPBI H,=H,+H, u
E,=E, +E maxoadrcs B maockoctm  F, ¢ M HMEIOT MOAYAH
&
‘H rol =4l €0 (r), E. w‘ = er(p(r). Ha puc. 46 moxasaHel Bce 3TH BEKTOPHL
7

BI/IAHO, 9ro HpI/I ABIKEHHUH TOYKH T II0 BUHTOBOM AMHHN CYMMaprIC

sexroper H,, w E,  Bpamarorcs B maockoctun 7, ¢@. Vx moayam

OCTAIOTCSH ITOCTOSTHHBIME U PAaBHBIMH MEKAY cO00#. D1r Bekropsr H, o U

EW’ BCETA2 OPTOIOHAABHBI.

) \Erf

Puc. 40.

Wrak, cHHYCOHMAAABHAS  BOAHA __ PACHPOCTPAHAECTCA _ IIO

BUHTOBOM AMHHWM, IIPU 3TOM B KaKAOM TOYKE T, ABIDKYIIEHCA IIO

AAHHOH BHHTOBOM AWHHH, IIPOEKIHNH BEKTOPOB MATHUTHOH U
9AEKTPHUYIECKON HAIPAKCHHOCTEH

1-8
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® CYIIECTBYIOT TOABKO B ITAOCKOCTH, IIEPIIEHAUKYAAPHON OCH
BUHTOBOW AMHHH, T.€. CYIIIECTBYIOT TOABKO ABE IIPOEKIIHH 3THX
BEKTOPOB,

® U3MEHAIOTCHA CHHYCOMAAABHO,

® CABHHYTH 11O (ha3e HA YETBEPTH IIEPHOAA.

CymmapHbBIE BEKTOPBI
® BPAIAFOTCA B 9TOH ITAOCKOCTH,
® UMCIOT IIOCTOSHHBIC MOAYAU,

® OpPTOTOHAABHEI APYT APYTY.

4. IToroxu anepruun

ITaorHOCTH TOTOKA SAGKTpOMaFHHTHOI}'I SHEPIUU — BEKTOP [TotirTrura

S=nExH )

rAe
n=cldr. 2
B cucreme CH 77 =1 n mocaeanss popmyaa (1) mpuaIMaeT BHA:
S=ExH, 3)

B TUATHAPHUYCCKIX KOOPAHMHATAX 7, gD, Z TIIAOTHOCTBH IIOTOKa

OAEKTPOMATHHTHOH OHEPrUM HMeeT TpHu Kommonentst S,, S,, S.,

HAIIPaBAEHHBIE  BAOAB  PaAdyCa, IO  OKPYXKHOCTH, BAOAb OCH
cootBeTcTBeHHO. OHH OIIpeACAdrOTCA 110 POPMYAE

S, E(pHZ_EZH(p
S= S(p =nExH)=nEH -EH,
S, ErH(p—E(pHr. "

TakuM 0OpPa3soM, IAOTHOCTHU ITOTOKA 3ACKTPOMATHHUTHOM SHEPIAN
bl bl
PACIIPOCTPAHAIOIIECHCA II0 PAAHYCY, IO OKPYKHOCTH, BAOAB OCH OZ

OIIPEAEASFOTCA COOTBETCTBEHHO (DOPMYAAMH CACAYFOITIETO BHAA:

eT' eT
—+e. -—a-xe,=0
" =7 ©
Srye ~Sraybwp _g
' c 7 @
z HW, _
-atex - ~=0 o

1-9
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eX=C

h h
—+h.——ta+xh,=0

hw, _
T 3)

5 ©)
n n EW
——r—hr+?r0(+T€Z= 0

r , ®)

z EW

_ra+hrx__c er—O’ o
EW

~hx-h,+ — = 0' o

IToToK, ITPOXOAAIIMIT YeEpe3 AAHHOE CEYEHHE ITMAMHAPHUYIECKOM
BOAHBI B AAHHBII MOMEHT BPEMEHH,

Sr ST
5= .Sj(psz Seldr-de
' SZ r,Q SZ (6)

Boime mokasano, uwro h (r)=0, e (r)=0. CaepoBareapno,

$,=0,5,=0

’ T.e. IOTOK SHEPIUH PACIIPOCTPAHACTCA TOABKO BAOAB

OocH OZ U paBEH
<= S‘Z = nff ((erh(psi2 - e(phrcoz)dr . d(p)
re ™

OrcyrcrBue IOTOKA SHEPIUU IO PAAHYCY O3HAYAET, 9TO OOAACTD
cymecrsoBanusa BoAHel HE pacmmpserca. Iloarsep:xaeHHEM 9TOMY

ABAAETCA CYIIECTBOBAHME Aa3epa. PacXOAMMOCTB Aa3€pHOIO IIy4YKa
ABAAETCA IIPEAMETOM MHOTOYHCAEHHBIX HccAeAoBaHuil [132], HO ot
HCCAGAOBAHHA  OTHOCATCA  (HACKOABKO — HM3BECTHO  aBTOpy) K
MHOTOMOAOBOMY AY9y M MOAYAAHBO IIOAPA3YMEBAECTCH, YTO MaAad
PACXOAHMOCTD — 9TO PE3YABTAT B3aUMOAEHCTBHA MOA. OAHAKO TPYAHO
IIPEACTABUTh ~ MEXaHH3M TAKOTO  B3amMmoAercrBusa. [Ipeasaraemoe
pellleHre TIOKA3BIBAET, YTO KaKAAA MOAA HE pacimpsercd H,
CAEAOBATEABHO, HE PACIIUPAETCA CYMMa MOA.

N3 (2.26, 2.27, 2.25) moay4aem:
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eh, = \/%ef, ©)
e,h, = —\/%e;, )

T Y. (10)
Takum o6pa30M

€
— ne €
= \ﬁ 4’ r\ﬁ (11)

HAH, € yaeToM (2, 2.25),

2
S, = 1%_11 Eoptla-1)
H (12)
CACAOBQTCABHO, TIIOTOK IHEPIruumu 3AeKTDOMaI‘HPITHOﬁ BOAHBI
ABAACTCA ITOCTOAHBIM BO BPpEMCHMU.
Orcroaa caeayer, YTO TIOTOK SHEPIUHM, NPOXOAAIINNA depes
ITAOIIMAADb CCUYCHMA, HC 3aBHCUT OT t, Q, Z. BTa BCAMTYMHA HC NU3MCHACTCA

BO BPEMCHHU, ITO COOTBETCTBYCT 3AaKOHY COXPAHCHUSA SHCPIHH.

5. CKOpOoCTb ABYDKEHUA IHEPTUU

[pexae BCEro, HAFACM CKOPOCTB pacrpocTpanenus
MOHOXPOMATUYECKOH — 9AEKTPOMATHHTHON BOAHBL ~(OUEBHAHO, 9Ta
dz

CKOPOCTD PaBHA IIPOU3BOAHOM ? oT cpyHKuI/H/I z(t) , 3aAaHHON HESABHO
t

B BuAE (2.16-2.21). Paccmotpum, Harrpumep, dyukimro (2.16). Mimeem:

M =h, i(cos(oz(p + yz+ a)t))z —si-h y,
dz dz
%}t]’) =h, %(cos(a(p +yz+t)=—si-ho.
Toma CKOpOCTI) paCHpOCTpaHCHI/IH MOHOXpOMaTI/I‘{CCKOfI

3AEKTPOMATHUTHOU BOAHBI

L o_dz_ d@,)/dH,)_ o 1
T =

Vamremsas (2.28), moaygaem

:_w/@w@/c}mﬁ. (i)
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[TockoAbKy B Bakyyme A =& =1, TO CKOPOCTB PacIpOCTPAHCHUSA
MOHOXPOMATUYECKOH 9ACKTPOMATHHUTHOM BOAHBI B BaKyyMe paBHA
CKOPOCTH CBETA.

OOmenpunsaToit ABAfercsa KoHmennusa Ymopa [81], coraacmo
KOTOPOH ITAOTHOCTb ITOTOKA 3HEPIHH S ABASCTCA IIPOM3BEACHHEM

IIAOTHOCTH 9HEPIHH W U CKOPOCTH ABIKECHHUSA 9HEPIUU V),
s=w-v,. ®
W3 (4.11, 3.3) moaygaem:
p =2z (€ 2 §/(€ 2)
e” W™ \4m \/SH o)

Takum 0OpazoM, CKOPOCTh ABHDKEHUA SHEPIUH IIOCTOAHHA AAA BCEX

TOYEK CEUEHMA BOAHBI (HE 3aBUCHT OT 7).

CKOPOCTI) ABIKCHISA BACKTPOMaFHI/ITHOfI SHCPIrum Ve HE BCErAa

paBHa ckopoctu cBera. Harpumep, B crostaeit Boare v, = 0, u, BooOuue,

B BOAHE, ABASFOITIEHCS CyMMOII ABYX MOHOXPOMATHYECKUX
3AEKTPOMATHHTHBIX BOAH OAMHAKOBOI YACTOTHI, PACIIPOCTPAHAOIIIXCSA
B IPOTHUBOIIOAOKHBIX HAIIPABACHUAX, IIEPEHOC SHEPIUU OCAAOACH U
v, <c.

3amernM, 9TO HA OCHOBAHUU H3BECTHOIO PEIIeHus U (POPMYABI

(2) meAB3s HalTH CKOPOCTD V,. AetictBuTeAbHO, B cucteme CI Hariaem:

S eE* H?
v,=—=EBH/| —+_—|=2u/|eu—+—
= 5 Ul eu
. &E* H? H oo
CAH —:—,TO — = . OT'Aa AASA BAK a
2 2 g VH e

v, =2u g,u\/(lg_lqu gy | = §z376,

YTO HE COOTBETCTBYET ACHCTBHTEABHOCTH. BoOOIIE, MoAydenHOE 3A€CH
pellreHne He MOKET ObITh HAMAGHO B BEKTOPHOH popmMe.

6. IMIIyABC 1 MOMEHT UMITyABCA
MsBectHo, 9TO  IIOTOK  9HEPIMH  CBA3AH C  APYTHUMHU
XAPAKTEPUCTUKAMIA BOAHBI 3aBHCHMOCTAMHU CAEAyorero Buaa [21, 25,

63] (B cucreme CI1):
fl=w. ©)
S=W-c, ©)
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p=W/c, p=S/c’, 3)
f:p'C,f:S/C, (4)
m=p-r, ©

rAe
W - maoTtHOCTD 9HEprum (CKaAAp), Kr'm™-c 72,
S’ - IAOTHOCTB TOTOKA 9HEPTUH (BEKTOP), KI*C >

P - IIAOTHOCTD UMIIyABbCa (BEKTOP), KI*M2°C™ |

bl

b

f - IAOTHOCTB IOTOKA UMITYABCA (BEKTOP), KI*M ™ *C 2

5
M - IAOTHOCTb MOMEHTA HMITyAbCA B AAHHOM TOYKE BOKPYT OCH,
OTCTOAIIEH OT AAHHOM TOYKH Ha PACCTOSHHE F (BEKTOP), KI'C 2

V' - 0b6bemM 3AEKTPOMATHITHOTO TTOAA (CKAAAD), M.

M3 BBIICH3AOKEHHOTO CACAYET, YTO B OSACKTPOMATHHUTHOI BOAHE
CYILECTBYIOT ITOTOKM OSHEPIHUM, HAIPABACHHBIC BAOAb PaAHMyCa, IIO
OKPYKHOCTH, BAOAB OCH. CACAOBATEABHO, B SACKTPOMATHUTHON BOAHE
CYILECTBYIOT TAKKEC WMIIYABCBI, HAIIPABACHHBIC BAOAb PaAHyCa, II0
OKPY/KHOCTH, BAOAb OCH. CyIleCTBYIOT TaKKe MOMECHTBI HMIIYABCA
OTHOCHTEABHO AFODOIO PaAHyca, AFOOOIH OKPYKHOCTH U OTHOCHTECABHO
ocH.

5

Puc. 7a.
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PaccMoTprM  MOMEHT HMIIyAbCA OTHOCHTEABHO ocu z. B

cootBeTcTBUH C (3) HAMAEM 3TOT MOMEHT:
L =pr=sr/c. ()

DTOT MOMEHT ABAACTCA OPOUTAABHBIM YTAOBBIM MOMEHTOM, KOTOPBIE
OOHapyXpBaeTcAi B T.H. 3aKPYICHHOM cBere. Aaaee IPHUBOANTCA
coxpartennas rurara us [64]. O mom, umo csemosasn soama Hecem e 72046K0
IHEPIUIO U UMNYALE, HO enje U YeA0601 MOMeHL, OblA0 U3BECHINO CI01entie Ha3do.
Ionauany, xowneuro, yes060d MoMerm accoyuuposascsa moavko ¢ noagpusayuel
ceema. ... Illao epema. berau cosdanv: aasepwt, AasepHyiM c6emom HAYUUAUCH
ynpasasme, passusasacy meopus onucarus ezo aekmpomaztiumnozo noad. M e
KaKot-mo  MOMeH — HPpUtAO ~ 0Co3Harue 171020, 4mo i 064  C60UcH6A -
HANPa6ACHHOCII C6e106020 NYUKA U €20 3AKPYUeHHOHb - 6060¢ 1He MPOmMUEopedan
opye opyey. ... DBewnu  npedaoscenv:  u - Komxpemmsie cxemer  cozdanus  u
demexmuposanusn  saxpyuennocm. Ipu co0a cnyema ... sxcnepumermanopst
Ybedunuce, umo cneyuanssrsiM 06pasoM npuzomoeaeHHas Moda Aaseprozo ceend,
Komopyro ymeau co30asame U parivie, Oelcm6umIeasto 0meeuaen 3aKpyuerinomy
ceemy. ... Ilocne smoeo  nauanca  sasunoobpasneril  nomox  uccaedosariuil
saxpyuenrozo céema. ... Ilapanneasro ¢ @yHoamenmansivimu uccredosarnusmu
Havaay paseusanvca u pasHoofpasiie npuMeHeHua 3axpyuerozo céema..."

Bmecre ¢ tem, caeAyer 3aMeTHTB, YTO 3aKPYICHHOCTb CBETA HE
CACAVET M3 CVIIECTBVIOIIETO perreuusa ypaBueuuii MakcBeaaa. OaHako,
OHA €CTECTBEHHBIM OOPA30M CAEAYET U3 ITPEAAOKEHHOTO PEIIEHUA — CM.
(6). Ha puc. 7a (B3arom wus [64]) "xapmunka ¢ saxpyvennsim  ceemom
NOKA3BI6aEN! HE IJCKINPULECKOE 1101, a4 UMEHHO 60110601 @ponm (Ha CPEAHEM
dparMeHTe IIOKA3aH HE3AKPYYEHHBIM CBET, 4 HA BEPXHEM MU HIDKHEM
dparmeHTaXx — CBET, 3aKPYYCHHBIH B Ty HAH HHYIO CTOpOHY). On He
NAOCKULl, 7)1 (Pasa 601Hb1 MEHAENIEA 1He 100bKO NPU 06UNCEHUU 6000 AYUa, HO U
npu cmemgeriun 6 nonepeyrion naockocmu ... Ilockoasky nomox swepeuu ceenrogor
601151 00bI4HO HaNpasaen NeprenouKyAIpHO 60.1H080M) Ppotmy, mo noLydaenis,
Um0 6 3aKPYUEHHOM C6€/me SHEPLUA U UMNYALE 60AHBL He NPOCIIO JEMAN 61EPED, a
Kax vz Kpymanica npu smom 80xpye ocu déuncerug.” VIMEHHO 3TO M ITOAYYEHO
BBIIIIE — CM. AAfl CpaBHEHUsA pHC. 3.4a.

7. O6cyxaeHHE
Ha puc. 8 mokazaHbel HAIPAKEHHOCTH B ACKAPTOBBIX KOOPAMHATAX.
IToaygerHOE perreHme OmuchBaeT BOAHY. (OCHOBHBIE OTAHYHA 3TOTO
pEIIeHns OT H3BECTHOTO PEIICHUA COCTOAT B CACAYIOIIIEM:
1. MrHOBEHHEI (2 HE CPEAHHH IO HEKOTOPOMY IIEPHOAY) HOTOK
SHEPIMH HE H3MEHACTCA BO BPEMEHH, YTO COOTBETCTBYET
3aKOHY COXPAHEHUSA SHEPIUH.
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2. IloTox sHeprum mmeeT HOAOKUTEABHOE 3HAYCHHE.
ITorox sHeprum pacpoCcTpaHAeTcs BAOAL BOAHEL
4. MarautHas ¥ 3AEKTPUYECKA HAIIPAKEHHOCTH HA HEKOTOPOM

B

OCH KOOpAHHAT 7, (D, Z CABHHVTBI ITIO (base Ha 4YCTBEPTH

HC[zI/IOAa.

5. Pemenue AASl MATHUTHBIX M S9AEKTPUYECKUX HAIIPAKCHHOCTEH
ABASIETCS BEIIECTBEHHBIM.

6. Pemenme  cymectByer Ipm  HOCTOAHHOW __ CKOPOCTH
pacpoCTpaHeHNsA BOAHBL

7. OOaactp CyIIECTBOBAHUA BOAHBI HE PACIIHPACTCHA, YTO
ITOATBEPIKAAETCA CYIIECTBOBAHIEM Aa3€pa.

8. Bekrtopnl sAekTpHYecKOIl M MATHHTHOHM HaIPAKEHHOCTEH
OPTOrOHAABHBI.

9. Bo3MOXHEI  ABa  BHA2  IIUPKVAAPHON MOASDPU3ATTANA
SAEKTPOMATHUTHOU BOAHBI

10. Touka, ABHIKyIIAfICA 11O ITUAHHAPY IIOCTOSSHHOTO PaAHycCa Tak,
YTO 3HAYECHUE AFOOON HAUPHKEHHOCTH B 3TOH TOYKE
HU3MEHACTCA CUHYCOMAAABHO BO BPEMEHH, ABAAETCA BHHTOBOM
AVHHEH.

ITpuaosxennue 1.

Paccmarpusaerca perrenne ypasuenuii (2.1-2.10) B Buae pyHKITIIT
(2.13-2.23). Aanee mpousBOAHBIE IO V' OyAeM OOO3HAYATH IITPHXAMH.
[Nepenummem ypaBuenns (2.1-2.10) ¢ yaerom (2.11, 2.12) B Buae

ﬂ+e;(r)—e"#(r)a—z-ez(r):0, 0
Leeatemr=m) @
efr)z —el(r)=m,(r), ©
o) o
h(r) h()+ Dty h(r)=0, 5)

; h,(Na~h,(Nz =) ©

—h )y —h.(r) = j,(r), ™

h()h()+ ()a J.(r)=0, ®)
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. Ew ) E® ) Ew
.]r:_er’ .](p:__e(p’ .]z:__ez’ (9)
C C C
U@ 770, 770,
m,=~—h, m,=——h,, m =-——h_, (10)
C C C

Msr paccmaTpuBaeM OCIVIIYIO BOAHY B Bakyyme. B oatom cayuae
e_(r) =0, mOCKOABKY HeT BHEIITHEIO NCTOYHHIKA SHEPIUHL.
[Ipn stom B coorBerctBuu ¢ (9) moayumm j_(r)=0. Toraa

ncxoAHas cucrema (1, 5-8) mpumer BuA:

ﬂw;(r)_%(”a:o, 17)
hr(")+h()+ 20 ot yony =0, )
}-hz(r)a—h(,,v)z:j, ) (19
—h, (Y = 1) =, (), (20)
h() h()+h(r) =0, @

IToacTaBum (9) (17). Toraa moAyamm:

EAGN ()+J‘”() =0, 22)
-

IToacrasmm (19, 20) B (22). Toma ITOAYYNM:
1

—h(na —}-h¢<r>z+}~h; (= () 7+ (b (g =1 ()= =0
AN
1 1 , a
b (e, (7 =B )2 =k ()EE =0 @3)

HpI/I 9TOM AAAd BBIYUMCACHUA TpeX HaHpH}KeHHOCTeﬁ HOAyT'II/IM TpI/I
ypasrerns (19, 21, 23). ckaroanm h, (1) us (21, 23):

b (e —1~h¢(r)z+(1 o)+ (r)ﬁjz—h,. ()% =0

r r r r r
AT ;—zl-hz(r)a =0 wuau h (r)=0. Takum ob6paszom, npu e, (r)=0

AOAKHO cobaroaatees yeaosue N (1) =0 . Otcroaa caeayer
Aemma 1. TTpn e, () =0 cucrema ypasrennii (1, 5-9) coBmecruma

TOABKO B TOM cAy4ae, koraa /1 (r)=0.

1-16
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Ipn e, (r)=0 u h (r)=0 ypasuenus (1, 5-9) npmaEMaroT
CAGAYIOIIHII BUA - ypaBHenus (1, 5, 8) ympormarorcs, a ypasaenus (0, 7) ¢
yaeToM (9) 3aMeHAIOTCA HIKEIPUBEACHHBIMA ypasHenuamu (1.3, 1.4):

—e’ (r) +el(r)- —e‘” ) a=0, (1.1)

h (r) + 1 )+ (1.2)

%h¢,(r)=e,.(r) a3

cQ

—%h,.(r)z e, (1), (1.4)

h() h()+h(r) =0. (1.5)
-

AHaAOTHYHO AOKa3bIBACTCH
Aemva 2. Ilpm e, (r)=0 cucrema ypasuenmii (1-5, 10)

COBMECTHMA TOABKO B TOM cAy4ae, koraa h_(r)=0.
[1pu srom aranoruaro dopmyram (24, 28) moaygaem HOPMYABI

er(7)+€;(r)_Lma=O’ 2.1)
7 r

e{p(r);(=—ﬂ7a)hr(’”) @2

o O =121 r) &

€¢(r)+e;(r)_er(r)_a:0, 2.4

h (r) e )+ (2.5)

W3 aemmer 1 u AeMmBb 2 CAEAYET
Aemma 3. Cucrema ypasaennii (1-10) coBmMecTiMa TOABKO IIpu

h(r)=0,e(r)=0. (3.1)
CaeaoBaTeAbHO, NCXOAHAA cuctema ypasuenuid (1-10) mpunnmaer
BUA YPaBHEHHH, IIEPEIUCACHHBIX B AeMMaX 1 u 2. OObEAHHHM HX AAA
YAOOCTBA YNUTATEAS:

), iy %)
r

e(ry-———a=0, (24)
r

e, (1)1 ==, () @3)
C
1-17
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e.(r)y = ”Twh,/,( r), (26)
()+ L)~ () a=0, @)
h (r) e )+ 8
h(r)z=""e, (r) @)

b (Y =""e,(r) (0)
()+h()+ fr) =0. 31)

Vmuoxum ypasaenns (26, 29). Toraa moAygmm:

—-e, (}’)7(/) (r)Z2 — —Iug(%j e, (Vyl(p (r)

y=%ous/c. (32)

IToacrasass (32) B (26, 29), moay4gaem:
h,(r)= %er ) - (33)

Takum oOpasom, npu ycroBum (32) ypasuenua (26, 29)
SKBHUBAACHTHBI OAHOMY ypaBHEHHIO (33). AHAAOIMYHOE COOTHOIIIEHUE
caeayer m3 (25, 30):

W)= [Ee () o4
Y7,

Wrax, cucrema ypasHeHmi (24-31) sKBUBAAGHTHA CHCTEME YPaBHEHHI
(24, 27, 28, 31-34).
Aanee BBIITOAHSACTCA pelieHue ypasHeHuit (24, 27).
[IpeABapuTEABHO PACCMOTPHM YPAaBHEHUE BHAA

Y=o, (34a)
X

PCLHCHI/IC 2TOIO ypaBHCHI/IH HNMEECT BUA:
v=x"wum y=0, (34b)

CAOxHUM ypaBHEHUA (24) (27)
( +e )+ “’)(1 a)=0, (35)
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Berarem ypasuenue (27) us (243:

(er_e¢j+(er;e¢(1+a):o, (36)
r

B coorBercruu ¢ (34a, 34b) u3 (35) Haxoanm:

e +e, ): Ar~ ) pam (e,, +e, ): 0. 37)
B coorBercruu ¢ (34a, 34b) 3 (36) HaxoAnM:

(e, —e, )= Cr~ ) pau (er -e, ): 0. (38)
CkaaabBas 1 BerauTad ypasuenus (38) us (37), maiiaem 4 perrenus:

e =e, = ér’“’“), (39)

72
e, =—e,= %r(”“), (40)

e, (r)z % (Ar’(l’“) + Cr’(”“))
(41)

e (}"): % (Ar—(l—a) _ Cr—(1+a))

e, =e,=0. (42)

B aaapmeiimem mer pacemorpum pererne (39). Takum obpasom,
ncxoAHas cucrema ypapHeHnH (1-10) mveer perieHne CAGAYFOIIIETO BHAA:

h.(r)=0,e,(r)=0, 3.1)

x=wJue/c, 32)

e, =e,= 0.5A7, (39)

h,(r)= ier ) 33)
U

h()=-Ze,(r). (34)
u




maBa 1a. [Nnockas BonHa

I'aaBa 1a. IIAockasg BoAHA

PaccmoTpum BHOBB crcreMy ypaBHeHHIT MakcBeAara AASl BAKyyMa B
IIIATHAPHYECKAX KOOPAMHATAX, KOTOpasd IPUBEACHA B raaBe 1 u mmeer
caeayrormuii BuA (1.2.1-1.2.10. B mAockoii BoAHE IO OIPEACACHHIO
HaIpMKEHHOCTH He 3aBucAT or - Ilpm srom ypasuenunsa (1-8)
IIPUHAMAIOT BHA!

,, OF, OE, .
A 7 0
_aE<P —_ HaH
0z — cor’r, ®
aEr_aEZ:_uaH
dz Or car "o 3
@ aE(P— — I-J-aH
r = or car'z
H. O0H. OH Y
r r z _
T tor taz 5
_qu):SaE
oH.. GHZ_SaE
dz  dr ~—cor e, o
H oH
@ o _¢€0
Tt or _carEZ. ®)

Permrerme 310if crcTeMbl ypaBHEHHH AASl MOHOXPOMATHYECKOM BOAHBI,
ro-tipexkaemy, nmeet BuA (1.2.11, 1.2.12, 1.2.16-1.2.21, 1.2.24-1.2.28). Ho

B 9TOM CAy4Yae

=0, ©)

ITpu stom Bmecto (1.2.11, 1.2.12, 1.2.25) Haa0 3armmcath COOTBETCTBEHHO:
co = cos(xz + wt), (11)

si = sin(xz + wt), 12)

A
er(r) = e(p(r) = W 25)

1-1



maBa 1a. [Nnockas BonHa

Takum 006pazoM, PPOHT HAOCKOH BOAHBI IIPEACTABAACT COOOM ITAOCKHUIA
KPYT, HAIPMSKEHHOCTH HAa KOTOPOM THIIEPOOAHMYECKH YOBIBaroT. Takas
IAOCKAs BOAHA4 MOXKET CyIIECTBOBATb  (puU3HMUECKH  (YTO
IIPOTUBOPEYHT CYIIIECTBYFOIIIM IIPEACTABACHHSAM)

1-2



maBa 2. PeweHne gnsa AnaneKkTpu4eckomn Lenu nepeMeHHoOro Toka

I'AaBa 2. Permrengue YPaBHCHUU
MakcBeAAa AAS AnaAeKTqueCKoﬁ
LIEIIN IEPEMEHHOTO TOKA

OraaBaenwne
1. Beeaenne \ 1
2. MOHOXPOMATHYECKOE PELIEHIE CUCTEMbL YPABHEHUI \ 2
2a. UHP-teopema \ 6
3. O6parumocTs perenus \ 7
4. TTOAMXPOMATHYIECKOE PEILIEHIE CUCTEMBL YPABHEHHIT \ 7
[Mpuaoxenue 1\ 8
IMpuaoxkenue 2 \ 10
[Mpunroxenue 3 \ 12
ITpuaoxenue 4 \ 13

1. BBepaenue

B raase 1 paccmarpmBaeTca 3AEKTPOMArHUTHOE ITOAE B BaKyyMe.
O‘ICBI/IAHI)IM O6p230M HOAY‘ICHHOﬁ TaM peH.ICHI/IC paCHpOCTpaHHeTCH Ha
HerOBOAHLHyIO — AI/IBACKTpI/I"ICCKyIO CpeAy C OHPCAGACHHI)IMI/I 8, /J -

AMIAEKTPUYECKON M MATHHTHOI IIPOHHIIAEMOCTBIO. (CAEAOBATEABHO,
9ACKTPOMATHHUTHOE IIOAE CYIIECTBYeT M B KOHAeHcaTope. (OAHAKO
CYLIECTBECHHBIM OTAMYHEM KOHACHCATOpPa ABAACTCA TO, UTO €r0 IIOAE
HMEET HEHYACBYIO JAEKTPHUYECKYIO HAIPAKEHHOCTb IO OAHOM U3
KOOPAMHAT, CO3AABAEMYIO BHEIITHUM HCTOYHHKOM. IIpm paccmorpenun
3AEKTPOMATHUTHOIO IIOAA B BAKYyME OTCYTCTBHE BHEIITHEIO HMCTOYHHKA
IHOCTYAUPOBAAOCD.

To4HO TaKiKe MOMKHO TOBOPHTB O AHIACKTPUYECKOH IIEIH
[IEPEMEHHOIO TOKa. AaAee paccMaTpuBAaeTCsA CHCTEMA YPABHEHHIL
MakcBeara AAA Takou rierrd. [loka3wsiBaeTCs, YTO B TAKOW IIEIIH TAKIKE
BO3HHUKAET IACKTPOMATHUTHAA BOAHA. BaKHBIM OTAMYMEM 3TONH BOAHEI
OT BOAHBEI B BAKyyME ABAAETCA TO, YTO B IIEPBOM HMEETCHA ITPOAOABHAA
JAEKTPUYECKAS HAIIPAKEHHOCTb, CO3AABAEMAaA BHEIITHUM HCTOYHUKOM
SHEPIUMU.
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MaBa 2. PeweHune ans guaneKkTpu4ecKom Lenu nepeMeHHoOro Toka

3aech paccmarpuBaroTca ypasHeHnua Makcseasa B cucrteme CI'C

CACAYIOIIICTO BHAA (KaK N B TAaBE l, HO C OTAMYHBIMH OT CAWHHMIIBL

BeAHYNHAMHU &, M M C yICTOM TOKOB CMeLT_ICHI/IH)Z

TAC

H, E

rot(E)+ ﬁa—’f _0, M
C

rot(H) - 295 24— ¢ o

div(E)=0, )

div(H#)=0, Q)

Mar"duTHas n SACKTPI/I‘ICCKQ.H HaHpH)KCHHOCTI/I

COOTBETCITBCHHO, ] - TOKHM CMCIIICHU .

2. MoHOXpOMATHYECKOE PEHI€HUE CUCTEMBI

ypaBHEHUM
PaCCMOTpI/IM PpemIeHuC CHUCTCMBI ypaBHCHI/Iﬁ MaxkcBeana ¢ y49€TOM

TOKOB CMeIIeHHusA. B cucreme IMAMHAPHYECKHX KOOPAWHAT ¥, (), Z

9TH ypaBHCHI/IH HNMECIOT BHA:

TAE

E

r

L+

OE. 1 OE, OF.
+—- +
or r Op Oz

=0, )

1 0E, OE, dH

=v—-, @
r O0p 0Oz dt
OE, OE. dH,
- =V B (3)
oz or dt
E, OE, 1 OF, dH .
- - =V ) )
r or r 0p dt
Hr+8H,,+l_6’H¢,+8HZ =0, )
r or r Op Oz
l.aHZ_aH(P:qur +g.]r’ (6)
r O0p 0Oz dt
oH, oH,_ dE, .
G T ¢ o
H,Z OH
%4 w_l.aH" :quz +g'12, (8)
r or r 0@ dt
v=—pfe, )




maBa 2. PeweHne gnsa AnaneKkTpu4eckomn Lenu nepeMeHHoOro Toka

g=¢fc, (10)
g=4n/c, (10a)

* oaexrpuueckue Hanpsxennoctu E,, E , E_,
® maraurTHble Hanpsikennocn H,, H e H_.

Perrerne AOAKHO OBITH HAMAECHO OPU HEHVAEBOU HAIPSKEHHOCTH EZ.

[Tpu 9TOM ITOABASIETCS 1 HEHYAEBAS HAIIPSIKEHHOCTD 2
AAf cokparieHus 3alECcH B AAABHEHIIIEM OYAEM IIPHUMEHATDH
CACAYIOIIIHIE ODO3HAYCHIA:

co=cos(ap+ yz+ wt), (11)
si =sin(ae + yz + wt), (12)
TA€ O, ), ® — HEKOTOPEIE KOHCTAHTHL [IpeacraBuM HemspBecTHBEIE
(PYHKIIHH B CACAYIOIIIEM BHAE!
H,.=h(r)o, 13)
H,.=h,(r)si, (14)
H_.=h(r)si, (15)
E.=e(r)i, (16)
E,.=e,(r)co, 17)
E .=e_(r)co, (18)
]7' = ]TCO, (18a)
Jo=JgSt (18b)
], =J,St.

(18¢)
TAE h(r), e(r) ,j (1‘) - HEKOTOpPBIE q)yHKL[HH KOOPAMHATEL 7.
HemocpeAcTBEHHOIT  ITOACTAHOBKOM  MOMKHO — YOGAUTHCA, YTO
dyrxunn (13-18) npeobpasyror cucremy ypasaenuii (1-8) ¢ uersipbms
apryMEHTAMH F, @, z, [ B CHCTEMY YPaBHEHHH C OAHUM apPIyMEHTOM 7'
u wuemssectubiMu  pyukmmavu - h(7), e(r), J(r). D cucreva

YPaBHEHUI UMEET CACAYIOIITIH BHUA!

&0 e~ ()a 7e.(r)=0, e

—l-ez(r)a+e¢,(r);(——hr =0, 22)

r C

er(’”)ﬂt—eé(r)Jrﬂ—wh(p:O, 23)
C
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MaBa 2. PeweHune ans guaneKkTpu4ecKom Lenu nepeMeHHoOro Toka

e = el) o
e (==Lt T h =0, @4
BO ey 2D s oy =o0, 23
b r
1 411,
Fha(r) o= by (1) - e, (1) =5, () = 0 26)
41,
=l (X = 1) + e, () = (1) = 0 o)

h “h
—‘Pr(—r) +hy () + ;(r) o+ e, (r) - M) (r) = 0 g

TaK}KC, KaKk M B TAaBE 1, ITIAOTHOCTH IIOTOKOB SHCPFI/II/I II0
KOOpAI/IHaTaM OHPCACAH}OTCH 10 (bOpMyAC

S. E(pHZ—EZH(P
S= S‘P =n(EXH)=n EZHr_ETHZ
S, EHo-EH, . 29)

HAH, C YICTOM IIPEABIAYIIIX (POPMYA,

Sy=n (e(phz - ezh(p)co St (30)

S = (ehcoz—ehsiz)
(p n zZr T Z (31)
S = (e h si’-e hcoz)
z = &M €My 32)

Aa/\ee 6YACT ITOKa3aHO, YTO 3THU ITAOTHOCTU IIOTOKOB 3SHECPIUMN
VAOBACTBODAIOT 3AaKOHY COXPAHCHUA 3HCPIUM, CCAN

h.= ker’ 53
hy=-ke, (34)
h,=-ke,. 65)

W3 (30, 34, 35) caeayer, 9aTo
S, = n( - e(pkez + keze(p)co “si= O, a6

T.€. OTCYTCTBYET PAAHAABHBIN ITIOTOK SHEPIHH.
W3 (31, 33, 15) caeayer, uro
— 2 2\ —

Sp = Nke,e,(co” +si%) = nkerez’ &

T.€. IIAOTHOCTD IIOTOKA 3HEPIUH IT0 OKPYKHOCTH Ha AAHHOM PaAHyce He
3aBHCHT OT BPEMEHH U APYIUX KOOPAUHAT.
W3 (32, 33, 34) caeayer, uto

S, =nke,h(si* +co®) = nke,h, o9
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maBa 2. PeweHne gnsa AnaneKkTpu4eckomn Lenu nepeMeHHoOro Toka

T.€. IAOTHOCTD IIOTOKA SHEPIUH II0 BEPTHKAAH IIPH AAHHOM PaAHyce He
3aBHCHT OT BPEMEHH U APYIUX KOOPAHHAT. DTH VIBEPKACHUA U OBIAK
LIEABIO TIpEAITOAOeHUH (33-35).

Brmroanum 3ameny nepemenHbix 1o (33-35) B ypasHeHnsAx (21-28)
U IIEPEITHITIEM UX, HE MEHAA HyMepaLu/n/I:
e
o €o
—+e.——a-xe,=0
oo , @)

€, Hw,
- ot e(px—Tker— 0

) (42)
_ o, _
e,tex—-k— =€ 0’ w
e
) _ T - ke =
—te,-—a kCeZ , "
e. . e
_r - kLo - =
k—+ ke, - k—Fa - kye, ’ s
€, 0 Amt.
—k70(+k€(pX——c e ~—<Jr= 0 »
. 4. _
ke, - ke x + —e‘P ~Jo= 0, -
kSO _je 4 ka4 B AT
r ® r ¢ clzT 48)

Mo:xuO 3ameTuTh, uTO ypaBHeHHA (41) m (45) coBmasarorT u
II09TOMY ypaBHeHHE (45) MOMKHO YAAAUTh M3 CHCTEMBI YPaBHEHUI.
Ocrapmmecs 7  ypasuennit  (41-44, 406-48) ABAA¥OTCA  CHCTEMOM
A depeHITIaABHBIX ypaBHeHHﬁ C 7-¥0 HEU3BECTHBIMU

€18 € Jol ool K-

B mpumaomennn 1 paccmarpuBaercsi peIeHHME 9TOH CHCTEMBI
ypasHeHHH. TaMm IOKa3aHO, YTO IO CUCTeMe ypaBHeHHH Maxkcseasa
MOTYT OBITH HAHAEHBI BCE (DYHKIIMH HAIPAKEHHOCTEH H TOKOB, €CAH

sapate  mapaverper X0 um sHadenme AMITAMTYABI  BpPEMEHHOI
dysKIIII
E,= ez(r)cos( x@+XZ+ (Dt) (49)
B Touke 7 =0, T.e. onpeAeAnTh BEAUYHHBI e,(0) =4, <X,
CaepoBareAbHO, Bce (DYHKIHMH HAIPHKCHHOCTEH M TOKOB

OIIPEACAAIOTCSH 3HAYEHUEM ITAPAMETPOB: A, X0

2-5



MaBa 2. PeweHune ans guaneKkTpu4ecKom Lenu nepeMeHHoOro Toka

Oynkrmus (29) 8 Touxe (7= 0,9 = 0,2 = 0) yveer Bua
E,= Acos(u)t). (50)
Takum o6Opasom, dyuxmua (50) ompeseAseT MOHOXPOMATHYECKOE
pEIIIeHUE CUCTEMBI ypaBHEHNI MakcBeAAa.

Hatiaem errie 3HAYCHMA APYTHX HAIIPSIKEHHOCTEH B TOYKE
(r=0=0z=0) Us (1, p1.40) caeayer:

(04
E _ =—Acos(wt).
g0~ mAs(®Y) (51)
Ws (1,p1.41) caeayer:

E. = %Asin(oot).

ro 52)
M3 (15, 35) caeayer:
H, =-kasin(wt). 63
W3 (2, 14, 34) caeayer:
H,, == kasin(wt). 654
W3 (3, 13, 33) caeayer:
H, = kAcos(wt). 65)

2a. UHP-Teopema

Bre saBucmMocTH  OT  mapamMeTpoB  IPOBOAA  CYIIECTBYET
OAHO3HAYHAA 3aBUCHMOCTD MEKAY IACKTPUYECKIM HAIIPAKEHHEM
U a IIPOBOAE, IPOAOABHOM MATHUTHOM HAIPAKEHHOCTBIO < B
IIPOBOAE M aKTHBHOM MOIITHOCTBIO p , IIEPEAABAEMOH  IIO
IIPOBOAY.

Brume 6wiao IIOKA3aHO, YTO BCE CPYHKHI/H/I HaHpHH{CHHOCTﬁﬁ %8

TOKOB OIIPCACASFOTCA 3HAYCHHCM ITapaMETPOB: 4, OC’XJ(L)' BeAwuwmma w

OHpCAeA}IeTCH M3BHC, 4 HapélMCTp X 3aBHCHUT OT (‘01

W
= —\/UE
C\/u—. 0

CaepoBaTeAbHO, BCE (DYHKIUM HAIPHKEHHOCTEH M TOKOB
OIPEACASIIOTCA 3HAYEHHEM ABYX HapamerTpos: 4 . 3pavenuem oTmx
ABYX ITapaMETPOB OIIPEACAAFOTCH TakKe ITOTOKH sHeprum (2.36-2.37),
KOTOPBIE 3aBUCAT OT HamnpsxeHHOCTeH. CAEAOBATEABHO, €CAM 33AATh
3HAYEHHUE ABYX BEAHYNH U3 MHOKECTBA

E,E B, HyH o H S, S, 2




maBa 2. PeweHne gnsa AnaneKkTpu4eckomn Lenu nepeMeHHoOro Toka

TO W3 IPUBEACHHBIX YPAaBHEHHH MOKHO HANTH 3HAYCHHE IIAPaMETPOB
A, X 2 3aTeM HATH 3HAYEHUE OCTAABHBIX BEAUYHH U3 MHOKECTBA (2).
Baxno  moaAdepkHyTh, YTO B AMIAEKTPHYECKON  IeNu
CyIIIECTBYET IIPOAOABHAA MArHUTHAaA HAIIPAKEHHOCTb. B cuay
OIPAaHUYEHHOU AAHMHBI 3TOH IIENIM AMHHH IPOAOABHOM MATrHUTHOH

HAIPHKEHHOCTH _OKA3BIBAIOTCA HE3AMKHYTBIMU. DTO IPOTUBOPEUUT
CYIIIECTBYIOIITUM IIPEACTABACHHAM, HO ITOATBEPKAACTCA SKCIIEPUMEHTAMMU
— cM. rAaBy 4c. 3aMeTHM, YTO HE3AMKHYTbIC AHMHHUU 3aKAHYHUBAIOTCH HE
HYAEBBIX 3HAYCHHAX HAITPAKCHHOCTH.

Ilyctp, mHanpumep, B MHOKeCTBE (2) OIPEACACHBI BEAMIHHEI

2 T Z 'TeMm caMbIM OIIPEACAECHBI HAIIPAKEHUE HA IIPOBOAE C AAMHOM L
z ©)
1 aKTUBHAA MOIITHOCTD, IIEPEAABAEMAs ITO ITPOBOAY,
P=5,

)

Toraa mpu M3BECTHBIX u,p MOXKHO Haitn 2~ Z| yu3 IPUBCACHHBIX
VPaBHEHUIN MOKHO HAWTH 3HAYEHHE HAPAMETPOB A, < 3 zarem Haifth
3HAYEHHE OCTAABHBIX BEAYHH U3 MHOMKECTBA (2).

Touno TakkKe IIpU  HM3BECTHBIX IPOAOABHOH  MarHUTHOH

HAIIPSHKEHHOCTH B IIPOBOAC Z | AKTUBHOHM MOIITHOCTH (4) MOKHO
HAWTH 3HAYCHUE OCTAABHBEIX BEAHYHH U3 MHOKECTBA (2).

W3 sroro, B YaCTHOCTH, CAEAYET, YTO BHE 3aBHCHMOCTH OT
TapaMeTPOB ITPOBOAA CYIIIECTBYET OAHO3HAYHAS 3aBUCHUMOCTh

U=f(H.P). ©
B raase 4c Oyaer OIMCAH 9KCIIEPHUMEHT, AOKAa3BIBAFOILIMIM
CIIPABEAAHBOCTD 3TOH TEOPEMEL.

3. O6paTumocTs penieHusA
B cmAy cuMMerpHM IOAYYEHHOTO PEIICHHA CYILIECTBYET APyroe
pereHue, TAE BMECTO  (PYHKIIMH  IIPOAOABHOI  9ACKTPHYECKOM
HanpsmxeHHocTH (2.49) 3apaerca (QyHKIUA HIPOAOABHOH MATHUTHOM
HAITPXKEHHOCTY KAK 3HAYCHUE AMIIAHTYABI BPEMEHHON (PyHKIINN
H,= hZ(T)SiTl( x<p+XZ + (L)t) )

— = 08
B TOuke ' = 0, T.C. OIIPCACAAFOTCS BCAMTIMHBI hZ(O) 4 ;X,(L)‘

Haiiaem HampseHne Ha IPOBOAE C AAMHOM Ly (2.18):
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MaBa 2. PeweHune ans guaneKkTpu4ecKom Lenu nepeMeHHoOro Toka

L
U= Edzzezfco-dz

0 0 . @

HaliaeM MarHUTOABHIKYIIYIO CHAY Ha IIPOBOAE C AAMHOM L s (2.15):

L L L
F = fHZdzthfsi-dzz —kezfsi-dz
0
[Tpu 6oabITOM

0 0 , ©)
L
L

L
fco-dzzfsi-dz=Q

0 0 . @)

W3 (2-4) maxoaum:
U=el ®
F=-keQ= —kU' ©
®opmyaa (6) ITOKAa3BIBAET CBA3b MEHKAY BHEIITHUM HAIIPAKEHIEM

BHEIITHEN MATHUTOABMKYITIEH CHAOM, KOTOPBIE CO3AAIOT PaBHBEIE TOKU B
ITPOBOAE.

nMCCM:

4. IToaAuxpomMaTudeCcKoe perneHne CUCTEMbI

ypaBHEHUM
OueBuAHO, ecAn dpyHKIHIA (2.50) ompeAeAsieT
MOHOXPOMATHYCCKOE pEIIICHNE CHCTEMBI ypaBHeHHi MakcBeAra, TO

dysKIIA
E, = Z(Abcos((,obt)).
b ©)

OIIPEACAACT IOAMXPOMATUYCCKOEC PEIICHHWE CHCTEMBI  YPaBHEHMI
MaxkcBeana. Obo3HAYNM 3Ty (PYHKITHIO KaK

f( = Z (Abcos(wbt)).
b
OOparTuMoe MOAUXPOMATHYECKOE PEIIICHNE OIPEACAACT (PYHKITHSA
H, = Z (45in(00,t))-
b
O6o3Ha4unM 9Ty DYHKIIUIO KAK

y(t) = zb: (4,5in(w bt)).

@

©)

*
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maBa 2. PeweHne gnsa AnaneKkTpu4eckomn Lenu nepeMeHHoOro Toka

Koadpdpunmenrter dpynxnmii (2) u (3) coBIaAaroT.
ITo amasormm c (2.51-2.55) mHaiiaem emme 3HAYEHHA APYTHX
HanmeeHHOCTeﬁ B Touke (" = 0,0 =0,z =0):

_a
E 9o~ o8 (wt), 5

E = %Asin((ot),
H, =-kAsin(wt),

Z0

H(po =- kAsin(wt),

H, = kAcos(wt).

©)
)
®)
©)

ITpuarosxenue 1.

Paccmarpusaercs pemenne ypasuennit (2.41-2.44, 2.46-2.48):
e e

Tre —Py- =

- +e, - —Xe, 0 o

5

€, U _
- ategx- Tker =

, @)
—e +ex- kc 4] 0’ (23)
e?“’ + é(p - %0( - k¥ez = 0’ 24)
- k%oc + ke x - %er - 4Tnj r= O, 26)
ke, - ke x + %e(p - 4T1Tj<P = 0’ @7
_ ke_;f) - ke, + k%a +5e, - 4711]2 ° o

B mpuaoxernn 2 mpuBeAeHO pereHne cucTemsl ypaBHeHHE (21-
23). OHO MMEET CACAYIOIIHUIT BUA:

e e
. z 2 2 z 2 _
e,+-2- e,(x” - (kpw/c)”) - Za“ = 0.
r (29)
B nmpuaoxkennn 3 nmpuBeAeHO peIleHue CHCTEMbI YpaBHEHHH (22-
24). OHO UMEET CACAYIOIITHIT BHA:




MaBa 2. PewweHue gns AwaneKTquecKoﬁ uenu nepeMeHHOro Toka

o+ ()

e, (x* - (kpw/c)?) - 1720( = 0.
(30)

O0a >Tux peIIeHus AOAKHBI COBIIAAATH, T.K. OHH AOAJKHBI
ABAATBCA OOINMM PEIIEHHEM AAfl  CHCTeMBI ypaBHeHuil (21-24).
CAEAOBATEABHO, AOAMKHO BBIITOAHATBCA YCAOBHE

kpw __cx \) =
(1 * a( X m)) ! 31)
AT
Zkuw cx _ O
OTKYAQ HAXOAHUM
_cx 1
T HoyZ (32)
w w | €
:i —~/UE k - — (5
Eean X cVH , TO C 21, (33)
Wrax, dynaxims €z onpeaeasiercd ypasaeHuAMH (29, 32):
e
ez+?z—ez( 2_ (\/chuoo/c) ) 50(2 0
AT
. oe 2 2
e, +-—2-e X +% =0
rr Z( z ;Z) (34)

DTO ypaBHEHHE ABAACTCA MOAMMUITIPOBAHHBIM _ VPABHEHUEM

e
bBecceas mn ero pemenme Z paccmorpeno B mpuaoxennn 4. Tam xe
e
paccmorpena pyHKIUA 2.

[1pu m3BecTHBIX €z €r i vomao maitn C7€@ o (22, 23).
CkaaavmBas (22, 23), HAXOAIM:

e .
-Jo-e,+ (e, + er)(x—k”—w) 0
Boranrasn (23) ns (22), maxoanm:
e,
-Sate,+(e,-€ )(X_I_kuoo) 0

[ToacraBassa (32) B (35, 36), moAy4gaem:

; (35)

; (36)
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maBa 2. PeweHne gnsa AnaneKkTpu4eckomn Lenu nepeMeHHoOro Toka

e
VA y —_
—o-e,+ m(e(p +e,)= O, -
e, ) 0
-Za+te,+m(e,-e,)= -
TAC
_ 1
e X(l B 7). (39)
CxaaapBas u Berautad (37, 38), HaXOAUM:
e
e =_2&
¢ rm (40)
e
e, =2
m 1)
OTKYAQ CACAYET:
o —aff %
e m\r 2
| : “2)
. e
e, =
m 43)
e.e ek

ITpu msBecrabix "7 @72 ™" MOKHO HAMTH TOKH CMEIICHUS IO

(26-28):

( k%a + ke X - %er)’ W
o= 7 (ke — ke x ‘c’g)e(p), "
= %( k— - ke + k—a + TeZ) »
[oacraBasist croaa (40-43), moayuaenm:
=) ame)
Jom e (1) vy
o= S e ) e e

AN




MaBa 2. PeweHune ans guaneKkTpu4ecKom Lenu nepeMeHHoOro Toka

j —&e
J2 = am®s @)

ITpuaorxenue 2
Paccmorpnm  permmenme cucremel ypasHenm# (21, 22, 23) wus
npuAoKeHus 1:
e e
T ) _
—+e. —-—Fa-xe,=0
roror S @
—2a+e X—&ke =0
—e,+ex- K9 =0.
Perrenne Oyaem paccMaTpuBaTh HOAPOOHO AAA TOIO, YTOOBI YHUTATEAD
6e3 TpyAa MOT ero mposepuTtb. M3 (23) Haxoanm:

e = ° (ex-e,)
¢~ Fpo\°rX T &z , (31)
Cosmermasn (21, 31), mHaxoaum:
€, - c _
7+er_k—uw ( X e ) XeZ—O’
A
r cay\ , c o _
7(1 - 7<u_oo) +e.—xe,+ Ruwrez = O, -
Coswmerras (22, 31), Haxoaum:
e . W
——a+k—( X-e,)- KOke —0
AN
€, cx?  kpo) _
——a k—e +e (ku_oo_T) = O’
AU

_ (%2 cx - sz kuw
€r= (70( + kuw"z)/(kuw T )

M3 (33) maxoamm:

o _|[_Cz e, cx /cxz_kuw
er—( ;Za+7a+ku_u)82) (m ~c

Cosmerasn (32, 33, 34), HaxoAuM:

(33)
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maBa 2. PeweHne gnsa AnaneKkTpu4eckomn Lenu nepeMeHHoOro Toka

1 coy cx - C)(2 kuw
7(1 M)( a+ kuw- Z)/(kuu) T ) +
( Eza+—a+k—e )/(kcx_w k“T‘”)—XeZ+

k—uoorez =0
AN
1
7(1 k%)(—a + ku_ooez) + ( —Z(x + —oc + mez) +
c a cx”  kuw) _
(kuoor 2~ X€ )(ku(o c )_ 0

AN

coy cx”  kpw
k_e + ((1 k_)7c_+ +kuw(kuoo c ))_

cx”  kpw coy _
S A (U OB

€ cx cx \2 co cx
Frees + (M‘“(lm—w) +°‘+(7m—wim—w‘°‘))‘

2
cx”  kpw €zca X
ez(kuoo c )X rekpw 0

AN

' 2
cx- 6 2cx (Xt kpw e,ca’y
kuw°2+ rkpw eZ(kuoo c )X rikpw 0

AN
. e
cxez+7zcx—ez( cx (k“ ) ) ca x=0
AN

. e e
e, +-=- ez()(2 - (kuoo/c)z) ——Za* =0.
r r (35)

ITpuaosxenne 3
Paccmorpum  pemmenme cumcremser ypasHenmi (22, 23, 24) wus
npuAoxkenus 1:
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MaBa 2. PeweHune ans guaneKkTpu4ecKom Lenu nepeMeHHoOro Toka

e
e B0, =
—otegX - ke, 0’ -
—e +ex-kt% =0
S c o™ " (23)
e . e
—+te, ——ra—k&e =0
r 24
Pemrenne 6yaem paccmarpusath HOAPO6HO AASl TOTO, YTOOBI UHUTATEAD
0e3 TpyAa Mor ero rposeputs. M3 (23) maxoanm:
kuoo
e, = X(e + (p)

Cosmerras (24 31), HaxoAnm:

‘p+e )1((8 _l_kuu) (p)?—k%ezzo

G

5

AN

e koapwy | - kpw la-
- (1 ox ) + € c €2 yrbz = 0. -
Coswmerras (22, 31), Haxoaum:

€z kuwl kuw _
—ratex-=; X(e + (p)—O

AN

AN

(33)
W3 (33) maxoanm:

cm (- e ) o2

Cosmermas (32, 33, 34), HaxoAnm:

- ko;;w)(r“ Ko )) (- 5152 +

e, k w,, 1(kpw)2
( ok a1 z)/(x‘x(%) -

(39

A
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maBa 2. PeweHne gnsa AnaneKkTpu4eckomn Lenu nepeMeHHoOro Toka

r cx cx X
kpw | 1o _1(kpw)2
(%, 5 -2 6)7) =0

e .
l(1 - kaum)(?za + k”wcz) + ( 2 —a+ —0( + kpa, ) -

AN .
kuow. | € kapw\kpw 1 kpw)2
cxX ez+7((1 cx )cx +X(X Y( c )))
(5 ) ) (-] =o
AN
kuow- e, kpow  (kpw)2 _akpw)2)
X ez+7( cx a( Cx) T X_Z( c )
kuoo 1(kpw\3 _ezkazuwzo
(X x\ ¢ rZ X
nAn
. k k
o 2 ) - (42
€; 2
a"=0
r?
AN

. e k e
e,+ 72(1 + a(ZCL; - k%)) - ez()(2 - (kuu)/c)z) - ﬁaz =0. 55

ITpusosxenue 4.
NsBectHo MoandunmposanHoe ypasHenue becceas, nmeroree
CAEAYFOIIIHIT BUA!
: 2
51+¥—y(1+v7) =0
x5, @
rAe V - mopAAOK ypasHeHmA. Ilpm AeHCTBHTEABHOM apryMeHTE OHO
HMEET AEHCTBUTEABHOE PEIIeHHE. DTO PEIEHHE M €ro IPOU3BOAHAA
MOI'YT 6bITI) HafIACHbI YN CACHHBIM MECTOAOM.

Vpasuenmne (34)
e 2 2
. 7 X o\ _
ez+7—ez(7+7)—0
r : ®
B npuroxkenun 1 moaobHO ypasmenumro (1) m ero pemrenne u ero

IIPOU3BOAHASA TAK/KE MOTYT OBITh HAMAEHBI YICACHHEIM METOAOM.
[Tpu 70 ypasnenue (2) npuHIMaET BHA:

2-15



MaBa 2. PeweHune ans guaneKkTpu4ecKom Lenu nepeMeHHoOro Toka

e 2
. VA a
e z + ? -e 2;2_ =0
. ©)
Ero perrenne nveer BHA:
e,= ArP

> O]
rAe A — KOHCTaHTa, 2 B OTIPEACAACTCA U3 YPABHCHHSA

2 2 _

B=%(—1i4/1+40(2); p<0 o

e
TaxkuM 00Opa3oM, Ha IEPBEIX HTEPAIMAX MOKHO (DYHKIHUIO 2
nckatb B BuAe (4), a 3arem BbamcAATe ee 1o (2). Beamumma A

T.C.

IIPEACTABAACT COOOH  aMIIAHTYAY (DYHKIIAN B, 5 touke 7=0,
HM3MEHSAIOIIENCs BO BpeMeHn coraacHo (2.18, 2.11):
E, = e, (rcos(x ¢ +XZ + wt)
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maBa 2a. PeweHune gnsa KOHOEHCcAaTopa C nepeMeHHbIM HanpaXeHnem

I'AaBa 2a. Perrrenne ypaBHEHIN
MaxkcBeAAa AASl KOHAEHCATOPA C

IIEPEMEHHBIM HAIIPAKECHUEM B
ITUATHAPHYECKIX KOOPAMHATAX

OraaBAenme
1. Beeaenue \ 1
. Perrenne ypasuenunii Makcseana \ 2
. CKOpPOCTB PacIpOCTPAHEHUS SACKTPOMATHUTHOM
BOAHHI \ 3
. ITarotaOCTS 5HEPrHN \ 3
. [oroxku sueprun \ 4
. Hanrpszxerme B koHAEHCATOpE \5
. O6parumocts koHACHCATOPA \ 6
. O6cyxaenne \ 7

W N

O 00 1 U1 A~

1. BBepaenue

B raase 2 moaydgeno HOBOE pemreHne ypaBHeHHI MakcBeara AAd
MOHOXPOMATHYECKOM BOAHBI B AUIACKTPUYIECKOMN cpeae C
OIIPEACACHHBIMH &, U - AMDACKTPHUYECKOM M  MATHHTHOM

IIPOHUIIAEMOCTBIO. OCHOBHOM OCOOEHHOCTBIO 3TOIO PEIIEHUA ABAACTCA
TO, YTO IIOA€ HMEET HEHYAEBYIO IIPOAOABHYIO —3JACKTPHYECKYIO
HAIIPHKEHHOCTb,  CO3AABAEMYIO  BHEIIHHM  HCTOYHHKOM.  [lpm
PACCMOTPEHHH  3AEKTPOMATHUTHOIO IIOAA B BaKyyMe OTCYTCTBHE
BHEIITHETO HCTOYHHKA ITOCTYAHPOBAAOC.

AMSAEKTPUK KOHACHCATOPA, HAXOAAIIMKICA IIOA IIEPEMEHHBIM
HAIPHKEHUEM, TAKKE SfABAAETCA TakoH cpeaoil. Ilosromy aafi Hero
IIOAYYEHHOE B IAaBE 2 PEIIEHUE MOMKET OBITh IIPUMEHEHO O€3 OTOBOPOK.

[To cyrmiectByromemMy IIPEACTABACHHIO, B IIOTOKE SHEPIHHU dYepe3
KOHACHCATOP COXPAHACTCA TOABKO CpeAHee (II0 BPEMEHH) 3HAYCHHE
moroka sHeprum [3].  CymiecTsyrormee — pemreHHE — TakOBO, YTO
IIPEAITOAAraeT CHHXPOHHOE H3MEHEHHE JACKTPHYECKOM M MAIHUTHOM
HAIIPAKEHHOCTEH TAKOIO ITOAA B 3aBHCHMOCTH OT PaAHyca 110 (OyHKIIIN
bBecceas, koropasd mmeer HyAH IIO OCH apIYMEHTa, T.€. HA HEKOTOPBIX
3HAYECHUAX paauyca. B oTHX TOdYKax (TOYHEE — OKPYKHOCTAX AAHHOIO

2a-1



maBa 2a. PeweHune ansa KOHOEHCAaTopa C nepemMeHHbIM HanpsaXeHnem

paAmyca) SHEPTUA PAAHAABHOTO ITOASl OKA3BIBACTCA PaBHOM HyAIO [13]. A
3aTEM BO3PACTaCT C YBEAHMYEHHEM PAAHyCa ... DTO IPOTUBOPEYUUT
3aKOHY COXPAaHEHHUA JHEPIUU (YTO yKE OOCYHKAAAOCH B BBIIIEC AAA
Oerymeir BOAHEI). IlosTomMy Hmxe mpeasaraeTcs HOBOE PpEIICHHE
ypaBHeHHIH MakcBeAAa AAA  KOHAGHCATOPA, B KOTOPOM  3aKOH
COXpAaHEHUA 3HEPIUHU BBIIOAHACTCA O€3 HMCKAFOYEHUH H AAA KaiKAOTO
MOMEHTA BPEMEHH.

2. Pemienne ypaBHeHuM MakcBeaaa
Aaree MBI OyAEM HCIIOAB30BATH IIUAHHAPHUYECKHE KOOPAUHATEI
F, (, Z U peIIeHuE ypaBHEHMM MakcBeAAa, OAYYEHHOE B raase 2.

3AECHh OTMETHM TOABKO CAEAYIOIIIEE:
1. CyLHCCTBy}oT SAEKTPHYECKAE M MATHHUTHBIC HAIPHKEHHOCTH,
HAIIPAaBACHHBIE BAOAb BCEX ocen koopauHar T @, Z, B wacrtoocrn,

CyIIEeCTBYyET IIPOAOABHAA MardmTHAA HaITPKEHHOCTD z

5

IIPOIOPITHOHAABHAA IIPOAOABHOM IACKTPUYIECKON HAIPAKEHHOCTH 2.
2. MarHuTHag W SAEKTPHUYECKAA HAIPMKEHHOCTH Ha KaKAOM
ocu koopAuHaT ) @, Z cABUHYTH 11O ¢ra3e HA YETBEPTD IIEPHUOAA.
3. Bekropsl sAeKTpHYECKON W MArHUTHON HAIIPS/KEHHOCTEH Ha
KAKAOU ocH KoopAuHAT s ¥ Z OPTOTOHAABHEL,

Puc. 1.

Baxno OTMCTUTH, B YACTHOCTH, YTO CYIICCTBYCT HIPOAOABHAA

MATHUTHAS HAOPMDHKEHHOCTD Z, IOPONOPHHOHAABHAA IIPOAOABHOM

b

SAEKTPUYECKON HampsKeHHOCTH  Z. DroT dakt m3sected. Hampumep,
Ha puc. | m300paKeH KOHACHCATOPHBINA IIPeOOPA30OBATEAD IIEPEMEHHOIO
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maBa 2a. PeweHune gnsa KOHOEHCcAaTopa C nepeMeHHbIM HanpaXeHnem

HAIIPSKCHUS B IIEPEMEHHYIO MATHUTHYIO HAIIPSKEHHOCTb, KOTOpas B
MArHUTHOM CEPACYHHKE IIPEOOPa3yeTcs B IEPEMEHHOE HAIPHKEHHIE HA
oomorke [117, 1992 r.]. Ho, xak OCTOPOKHO OTMEYAET aBTOP CTATbH,
«paboTa BHEIIIHE HEXUTPOTO IIPUOOPA U IO CEH ACHBb B CBOUX TOHKOCTAX
HE COBCEM SICHAY.

3. CkopocTh pacrpoCTpaHEHUA

9AEKTPOMAarHUTHOU BOAHBI
O‘ICBHAHO, CKOPOCTDb paciapocTpaHCHUA SACKTPpOMAT! HUTHOM

BOAHBI PaBHA ITPON3BOAHOI " dyakuun z(f), 3aAaHHOI HESBHO B
t

Buae dysxmmi (2.2.13-2.2.18). OnpeaeAnB 3Ty HPOU3BOAHYIO, HAHACM
CKOPOCTD PACIIPOCTPAHEHUA SAEKTPOMATHIUTHOM BOAHBI
dz @
v == 1)
dt V4
B paccmarpmBaemom cAyuae Ha BeAmdamny X He HAKAAABIBAIOTCA KAKHe-
Au60 orpanmuenus. [Tostomy
v, <c. )
CAeAoBaTEABHO, CKOPOCTh PACIPOCTPAHEHHA IACKTPOMATHUTHON BOAHBI
B KOHACHCATOPE MEHBIIIE CKOPOCTH CBETA.

4. ITanoTHOCTB 3HEpPrUU
ITaotHOCTB BHCPPI/II/I pﬁBHﬁ

W =g=(eH? + nE?)
HAH, C YIETOM IIPEABIAYIIIX (DOPMYA TAABEI 2,
w= %((ersi)2 + (e(pco)2 + (ezco)z) + %((hrco)z + (h(psi)2 + (hzsi)z)
uAH, ¢ yaeroM (2.2.33-2.2.35),
W= %(s + ku)((ersi)2 + (e(pco)2 + (ezco)z).

©)

@
Takum 00Opa3soM, HAOTHOCTb SHEPIUH IACKTPOMATHHTHOI BOAHBI B

KOHAEHCATODE OAMHAKOBA HAa BCEX TOUYKAX IMMAHMHADA AAHHOIO
a ca.

5. IToroxu anepruun
[TAOTHOCTB ITOTOKA 3AEKTPOMATHUTHON 3HEPIHH ITO0 KOOPAHHATAM
¥, @, z HaWAEHHI B raase 2 — cM. (2.2.36-2.2.38) coorerctBeHHO. Tam

ITIOKAa32HO, YTO
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maBa 2a. PeweHune ansa KOHOEHCAaTopa C nepemMeHHbIM HanpsaXeHnem

L4 OTCYyTCTIBYCT paAHaAbeIfI IIOTOK SHCPT I,

® IIAOTHOCTb IIOTOKA SHEPIMH IIO0 OKPY/KHOCTH Ha AAHHOM
PaAMyce He 3aBHCHT OT BPEMEHHU U APYTUX KOOPAHMHAT,

® IIAOTHOCTb IIOTOKA SHEPTHH IIO BEPTHKAAM IIPH AAHHOM
paAnyce He 3aBUCUT OT BPEMEHH U APYIUX KOOPAUHAT.

ITorok SHCPTI/II/I, KOTOprfI paCHpOCTpaHHCTCH BAOAB OCcH OZ ‘ICPCS
CCYCHHC KOHACHCATOPA, PABCH

S, = ff (S,drde) = ff (nke,e drde) = Znnkj(ere(pdr).
[0 (0] 0 (1

DTOT HOTOK ABAAETCA AKTUBHOMN MOIITHOCTBIO

)

P=5_, @
IIEPEAaBAEMOI  depe3 KOHAeHcATop. EcTb TOABKO OAMH mapamerp,
KOTOPBIIT B MATEMATHYECKOM MOAEGAM BOAHBI HE OIIPEAGACH — 3TO

ImapamMeTp jJ H OT HEro 3aBHCHT MOIIHOCTb. TodHee, Ha0OOPOT,

MOIITHOCTE _ P =Sz ompeAeaser 3Hadenwe mapamerpa ). Vs (1, 2)

HaXOAUM:

0 )
Aanee, u3 (3, 2p1.32) maxoamm:

u%? _ P/Znnz(er%dr)’ “

P
X=——f——
ncn\/z } (eretpdr)
0 ®)
Mz (5, 3.1) wmoxHO  HAWTH  CKOPOCTh  PaCHpPOCTPaHEHUA

BACKTp OMATHUTHOM BOAHBI:

ncn\/z j‘ (ere(pdr)
o )

<
I
=|€

7. HanipsbpkeHne B KOHA€HCATOpEe
W3 (2.2.18) caeayer, a0

E = eZ(T)COS(occp +XZ + wt) a
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maBa 2a. PeweHune gnsa KOHOEHCcAaTopa C nepeMeHHbIM HanpaXeHnem

Byaem mmoaarats, 94T0o moTeHNMAA Ha HIGKHEH maactuHe mpu Z = 0

nu HCKOTOPLIX (Do, I"o paBCH HYAXO, a IIOTCHIIMAA Ha BCpXHeﬁ ITAACTHHC

upu z=d wu Tex ke (,, ¥, YUCACHHO paBeH HaupsokeHuro U Ha

koHAeHcaTope. Toraa

U = eZ(rO)COS( x (po + Xd + (‘Ot) (2)

[Ipu HEKOTOPOM IIPOMEKYTOYHOM 3HAYCHHH Z HAIPMHKEHHE IIPH TEX
xKe @,, ¥, OYAET paBHO
u(z) = e,(r,)cos(x e, +xz + wt) 5

T.€. HAIIPAKCHIE BAOAD KOHACHCATOPA MEHACTCA 110 (PyHKITHH COS(}Z) .

8. O6paTnMOCTh KOHAEHCATOPA
[Ipu ompeAeACHHOM BHEIIIHEM HAIIPHKEHHUU MEKAY OOKAAAKAMUI

(r.e. IOpH  3aAAHHOM  JAEGKTPHYECKOH  HAIPAKEHHOCTH Z) B

KOHACHCATOPE BO3HHUKACT MATHUTHAA HAIIPIKCHHOCTD Z — cMm. TAaBYy
2.3. Brimme paCCMOTpCH KOH,A,CHCB.TOP, B KOTOpOM OHpCACACHO BHCIITHCC
HaHp}DKCHI/IC MCIKAY O6KAaAKaMI/I. TouyHo TaKIKE MOMKHO paCCMOTpCTb

KOHAEHCATOP, B KOTOPOM 33AaHA MATHUTHAS HAIIPAKEHHOCTDb H,. [Tpn
5TOM (B CHAY OOPATHMOCTH PEIIECHUA CHCTEMBI ypaBHEHHH MakcBeaaa —
CM. TAaBy 2.3) B KOHAGHCATOPE BO3HHUKACT TAKKE JACKTPHUUIECKASA
HAIIPAKEHHOCTD EZ, T.e. Ha OOKAGAKAX KOHAEHCATOPA BO3HHKACT
HaIpsKeHne. TaKoH KOHAGHCATOP MOMKET —PAacCMATPHBATBCA — KaK
OpeoOPA3OBATEAD ITEPEMEHHOU MATHUTHOM HWHAVKIIMA B IEPEMEHHOE
JAEKTPHUYECKOE HAIPDKEHUE.
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maBa 2a. PeweHune ansa KOHOEHCAaTopa C nepemMeHHbIM HanpsaXeHnem

+ +

Puc. 1.

MsBecren  «rpancopmarop  MmucaaBckoro»  M300peTEHHBIN
yIeHUKOM 7-r0 KAacca B 1992 1., rAe ABHBIM OOpPa3sOM HCIIOAB3YETCHA 9TO
[IPpeOOPa3OBAHNE  IACKTPHICCKON  HAIPHKEHHOCTH B MATHHUTHYIO
HHAYKIIIIO HEIIOCPEACTBEHHO B TeA€ KOHAEHcaTOopa — cM. puc. 2 [117,
118]. B srom Tpamcopmarope IPOMCXOAHT IPeoOpasoBaHHE
SAEKTPUYECKON HANPAKEHHOCTH B MATHHTHVIO HAIPAKEHHOCTH (CM.
AEBYIO YACTb Ha pHC. 1) m oOpaTHOE IpeoOpa3OBAHHE MATHHUTHOMN
HAUPAKEHHOCTH B 9ACKTPUYCCKYIO HAIPHKEHHOCTD (CM. IIPABYIO YACThb
Ha puc. 1).

Takum 0O6pa3soM, 9TOT IKCHEPUMEHT HAAFOCTPUPYET OOPATHMOCTD
KOHAGHCATOPA.

9. O6¢cy>xaeHHE
Ilpeanaraemoe  pemrenme — ypaBHeHHH — MakcBeara — AAA
KOHAEHCATOPA, HAXOAAIIETOCA IIOA  IIEPEMEHHBIM  HAIIPSKEHHEM,
HHTEPIIPETUPYETCA KaK SIACKTPOMATHUTHAA BOAHA. OTMETHM CACAYIOIIIIE
OCOOEHHOCTH 3TOH BOAHBL:
4. Cyrmecrsyror SAEKTPUYECKHE u MaTHUTHBIE
HAIIPSUKEHHOCTH, HAIIPaBACHHBIE BAOAb BCEX Oceil koopamHaT 7 @ Z, B

YAaCTHOCTH, CYINCCTBYCT IIPDOAOABHAA MATrHHTHAS HATPAKCHHOCTD z

bl

HPOIIOPIHOHAABHAA IIPOAOABHOM 3ACKTPUYIECKON HAIIPAKEHHOCTH 2.
5. MaraputHas ©W  9AEKTpHYECKas HANPHKEHHOCTH  HA
KAKAOU ocU koopauHaT s ¢» Z CABUHYTEL IO dase Ha YeTBEPTH HEPUOAA.
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maBa 2a. PeweHune gnsa KOHOEHCcAaTopa C nepeMeHHbIM HanpaXeHnem

0. BekTopsl aAeKTpIYECKON M MATHUTHOM HAIIPS/KEHHOCTEH
HA KAKAOH OCH KoopAuHAT ) ®» Z OPTOTOHAABHEL,
7. MrHOBEHHBIH (a HE CPEAHHH IO HEKOTOPOMY IIEPHOAY)

IIOTOK SHEPIMH HYCPE3 KOHACHCATOP HE M3MCHACTCA BO BPEMCHH, YTO
COOTBETCTBYVET 3aKOHY COXPAaHCHMA 3HCPIUM.

8.  Ilorok smeprum mo OCHM KOHAEHCATOPA PAaBEH AKTHBHOMN
MOIIHOCTH, ITEPEAABAEMOIT Yepe3 KOHACHCATOP.
9. CKopoCTh pacIpOCTPAHEHUA IAEKTPOMATHUTHON BOAHBI

MEHBIIIE CKOPOCTH CBETA
10. Dra CKOPOCTD YMEHBITAETCH C VBEAMYEHUEM
LIEPEAABACMON MOIMHOCTH (B YACTHOCTH, IIPH OTCYTCTBUN MOIIHOCTH

CKOPOCTB PaBHA HYAIO M BOAHA CTAHOBUTCH CTOAYCH).

11.  IlpoaoAbHas 3AeKTpUYECKas HAPAKEHHOCTb U3MEHACTCH
110 MmoAuduImpoBanHoil pyukiumu beccead ot paanyca.

12. Bce  ocranpHBIE  JAEKTpHYECKHE U MArHHUTHBIC
HAIIPAKEHOCTH  TAK/KE 3aBUCAT OT PaAUyca M H3MEHAIOTCA 110
Moaudurnposanaoi pyHkIuu becceas HAM IO ee IPOU3BOAHOM.

13.  Boamna pacrpocrpansercs Takke IO paARyCaM.

14.  Tlorok sHeprum BAOAB PaAHyCa OTCYTCTBYET Ha AIOOOM
paasmyce. 3aMETHM, 9YTO 9TOT BBIBOA IIPOTHBOPEYHUT H3BECTHOMY
yrBepskAeHHIO [13] O TOM, YTO CYIIECTBYIOT PaAHYCH, TAE IIOTOK
CYILIECTBYET.

15.  Cymecrsyer 9AEKTPOMATHUTHEIH IMIIVABC,
HPOIOPIHOHAABHBIN _KBAAPATY aKTUBHOM MOIIHOCTH, IIEPEAABAEMON
yepe3 KOHACHCATOP.

16.  KomaeHcatop oOparmM B TOM CMBICAE, YTO IIpH
OIPEACACHHOM BHEIIIHEM HAIPHKEHUU MEXKAY OOKAAAKaMH (T.e. IIPH

33AQHHOH JACKTPUYECKOM HAIPAKEHHOCTH ) B KOHAEGHCATOPE

BO3HUKAECT MATHUTHAA HAIPAKEHHOCTD Z q IIPU  OIIPEACAECHHOI
BHEIITHEH HMHAYKIINHA MEKAY OOKAAAKaMU (T.€. IIPH 3aAAHHONW MaTHHTHOI

HaHpH}KCHHOCTI/I Z) B KOHACHCﬁTOpe BO3HHKACT SACKTpI/I"ICCKaH

HAIIPAKEHHOCTD Z, Dror asddexr MoKeT OBITb HCIOAB3OBAaH B
PA3AMYHBIX KOHCTPYKIIHSAX.
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'maBa 24. KoHaeHcaTop € NepeMeHHbIM HanpsXkeHWeM B AeKapToBbIX KoopAnHaTax

['AaBa 2A. Pentenue ypapHeHUN
MaxkcBeAAa AA KOHACHCATOPA C
IIEPEMEHHBIM HAIIPAKCHUEM B
AEKAPTOBBIX KOOPAMHATAX

Oraasaenne
1. Beeaerme \ 1
2. Pemrenne cucTeMsl ypaBHEHNH \ 2
3. [ToAHOE pertieHnEe CUCTEMBI ypaBHEHUH \ 3
[Tpuaoxenne 4

1. BBeAaeHue

B raase 2a pemrenne ypaBHeHnii MakcBeara AAA KOHAEHCATOPA C
IIEPEMEHHBIM HAIPAKEHUEM B IIHMAHHAPHUYECKAX KOOPAMHATAX. 3AECh
MBI PACCMOTPHM KOHAEHCATOP B AGKAPTOBBIX KOOPAHHATAX — CM. puc. 1.

Puc. 1.
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maBa 2p. KoHpgeHcaTop ¢ nepeMeHHbIM HanpsbKeHnem B AeKapToBbIX KoopAnHaTax

2. HacTtHOE perreHne CUCTEMBI YPABHEHUI

MakcBeAAa

B cucreme AEKAPTOBBEIX KOOpAHMHAT % Y,Z B KOOPAMHATEL t st;n
ypaBuenus B cucrteme Cl nmeror BuA:

1 0H, 9H, OF,
Ty "9z " Fat
5 aH 0H, JE,
a7 "% "ot =y
3 oH, 0H, OF,
% "9y “far s
4 OE, BE 0H,
9y "9zt “—a— 0
aE 3E,
R “—al 0 M
G 9E, OE, OH,
oz ~ay " Par = °
7 3k, aE | 9E,
%ty Tz =0
3 3H, aH oH,
% Ty Tz =0
rae E,, E,, E. - onexrpuueckne manpsxennoctw, H,, H,, H_ -

MATHUTHBIC HaHp}DKGHHOCTI/I. Pernenne AOAKHO OBITD HafIACHO H[zI/I

HeHyAeBoi HanpsukerHocta F_ . Tlpm stom mosBasieTcss M HEHyAeBas

HaHpH)KCHHO CTb

7

byaem mckartp perrenne B BHAE CACAVIOIIUX (DYHKIIUI (CM. TAKKE

[45], c1p. 284):

H,=h(x)co
Hy=hy()si ’
H,=h_(x)si,

E . =e (x)si

E,= ey(x)co”

E,=e,(x)co,

Jx=Jx@)co

I, =i, (st
], =J,(x)si.

rae (), h(x), j(x) - HEKOTOpPBIE (DYHKITUN KOOPAHHATEHI X,

oC,XW - KOHCTAHTHI,
co =cos( Xy + xz + wt),

si=sin(xy+xz + wt),

©)
€)
)
®)
©)
)
®)
©)
(10)

(11)
(12)
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'maBa 24. KoHaeHcaTop € NepeMeHHbIM HanpsXkeHWeM B AeKapToBbIX KoopAnHaTax

Aunddepenmupysa (3-8) m moacraBass moayuennoe B (1), mocae
COKPAITICHHA Ha OOIIIE MHOKUTCAH ITOAYIAEM:

h, o= hyXx - e,e0 =j, (13)
- h'xX - h’Z + €y€(x) :jy’ (14)
hy+ h’x X+ ezsoo=jz, (15)
-e,Xtex- hpw = O’ (16)
ex—e,+hpo= 0, (17)
ey~ e, %+ huo =0 (18)
éx—ey X— eZX:O’ (19)

ITaoTHOCTH TTIOTOKOB SHEPIHUH IIO KOOPAMHATAM OIIPCACAATOTCAH IIO

dopmyae

S, EH,-E,H,
S= Sy =ExH)=|E,H -E H,
S, EH,-EH,| o
nAm, ¢ yaerom dpopmya (3-8),
= (e h,-e,hy)cosi I~
Sy = (ezh'xco2 B ethSiz) 31)
SZ = (exhySiz - eyhxcoz) (32)

Aaree OyAeT IIOKAa3aHO, YTO ITU HAOTHOCTH IIOTOKOB OHEPIHH
VAOBAETBODSAIOT 3aKOHY COXPAHEHHUA SHEPIUH, ECAU

h, = kex’ a3
hy — key. (34)
h,=-ke, 55)
W3 (30, 34, 35) caeayer, 91O
»=(—keye,+ke,e )cosi= 0 o

T.e. OTCYTCTBYET HOTOK dHeprun 1o ocu ox. K3 (31, 33, 15) caeayer, uro
— 2 2\ —

Sy = (kezexco + ke, e,si ) = kexez, -

T.e. IIAOTHOCTb IIOTOKA SHEPTHH IO OCH 0) 3aBHCHT TOABKO OT

KOOPAWHATEI X Us (32, 33, 34) caeayert, 9TO

S =(—ke e si>-ke_e coz)=—kexe

z X"y yox Y, (38)
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maBa 2p. KoHpgeHcaTop ¢ nepeMeHHbIM HanpsbKeHnem B AeKapToBbIX KoopAnHaTax

T.€. IIAOTHOCTb IIOTOKa OJHEPIUH II0 OCH OZ 3aBUCHUT TOABKO OT

KOOPAHHATEI X, DTH vIBepKACHHIA T OBIAU ITEABIO ITDEATIOAOKECHIUE (33-
35).

Bermmoannm 3ameny nepemennsix 1o (33-35) B ypasuenusax (16-20)
U IIEPEIHIIEM UX, He MEHAA HyMEPaIliu:

-e,x+ex- ke nw = 0’ (16)
ex-e, ke hw= 0 (17
éy -e, - ke, uw = 0’ (18)
e —e,X—ex= 0 (19)
e —e,X-ex= 0. (20)

Mowxnao 3ameruth, uto ypasHeHusa (19) m (20) cosmasaror m
rmostomy ypasHeHue (20) MOKHO YAAAHTH M3 CHCTEMBI YPaBHEHUI.

OcraBmmecs 4 ypasuenmit  (16-19)  ABafroTca  cucremoin
A depeHIIIAABHBIX YPABHEHHIT C 4-MfA HEM3BECTHBIMH (DYHKIIHAMI
€€ Ez k. )

B npuaoxenunm 1 paccmarpuBaerca pelIeHHE 3TOH CHCTEMBI
ypasHeHmit. Aasee npu HatiaeHHBIX dyHKknuAx (40) mo (33-35) mariaem
dyHKIIII

hx' hy’ hz' (41)

Hakomnerr npu msBectubix dyukmuax (40, 41) mo (13-15) matiaem

JwJyJz. Tem cambim cucrema ypasraennii (13-20) perena.

3. IloAHOE perreHne CUCTEMBI YPABHEHUN

Maxkcbeaaa

Od4eBHUAHO, CYIIECTBYET aHAAOTMYHOE pEIIEHHE, B KOTOPOM
dbyaxmmm (11, 12) sasucar ot X, a me ot ¥, u dbynkmmm e(), h(©), j)
sapucAT or Y, a He orT ¥. PU3NYECKH AOAKHBI CYIIECTBOBATH 002
pelreHud, a IIOAHOE PEIICHHE PaBHO CYMME O9THX ABYX PEILICHMUH.
HasoBem perrenne, moAydeHHOE B pasaeAe 2, X-pelreHneM, a BTOPoeE -
Y-permenneM.

B -pemenmn orcyrcrByer mOTOK SHEPrHM IO OCH OX, a B Y-
PEIIeHHu OTCYTCTBYET IIOTOK sHepruu 1o ocu oy. Ilotok smeprum 1o
ocH 0Z CyIIeCTBYeT B 0boux perrenusax. [Toaromy B IToOAHOM perreHnn

® ITOTOK 3HEPTHH IO OCH OX PABEH IIOTOKY B -PEIICHHH,

® IIOTOK 3HEPIHH IO OCU 0) PaBEH IIOTOKY B -PEIICHHH,

® IIOTOK HEPIUHU IO OCH OZ PAaBEH CYMME IIOTOKOB IO OCH 0Z
B 0OOUX PEIIICHUAX.
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'maBa 24. KoHaeHcaTop € NepeMeHHbIM HanpsXkeHWeM B AeKapToBbIX KoopAnHaTax

B orom cymmapumom pemenmn  dyaxmmm (11, 12) nmeror
ITOAOKHTEABHBIH 3HaK. Pellrenue cymmecTsByer u Ipyu N3MEHEHHBIX 3HAKAX
pyaxkumit  (2.11, 2.12). Dr1o o03HAUaeT, YTO BO3MOKHBEI ABa BHAQ
LIIPKYAAPHOH IOAAPHU3AINN IACKTPOMATHUTHON BOAHBEL DTOT akT
ITIOApOOHEE paccMaTpuBaeTcs B raaBe 1 — cm. Tam puc. 2 u puc. 3.

ITpuaroxenne 1

-e,0+ex- ke nw = O, (16)
ex-e, - ke o = 0’ 17)
éy—ex xX— kezu(l): 0’ (18)
éx—ey X-ex = 0’ (19)
Ws (16):
li.(l) = (eyx —e;x )/ex (50)

Us (50, 17, 18):

exx—éz—i—i(eyx—ezoc) :O’ 51)

. e

ey~ €, - e—i(eyx -e,x)= 0, 52)
Hs (19, 51, 52): .

e = e, x+ex (19)
e,= exx-i—z(eyx- e, x)

: 1)

: e
e, =e,x+ e—i(eyx— e, o)

) (52)
Hampuwmep, niycts npu x=0
e,=e,=e,= 1_
Toraa
ex =0t X, (19
ez:X_(X_O()ZO(’ (51)
ey =0t (X~ =x, (52)

Ha puc. 1 (mode=1) moxazamsr xoacbdunment kK n dbynkmm
e(x) npu
x=1x=-31w=1Lu=1R=19
1 HAYAADBHBIX 3HAYCHUAX
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maBa 2p. KoHpgeHcaTop ¢ nepeMeHHbIM HanpsbkeHneM B AeKapToBbIX KoopAnHaTax

e (0) = 1,ey(0) =1.9,,(0)=-1.
Buano, wro xosdppurment K, peramcaemmeiit mo  (50), wmmeer
ITOCTOAHHOE 3HAYCHHUE.

Ha puc. 2 mokasansr koacbdburment ¥ m bymkrmm J(%X)-

S .
Ha puc. 3 nokasana dpyHKImm $y() 7z )

-4.889999999999 4
-4.8899999999995 )
ey
0
-4.8900000000005
-4.890000000001 -2
0 1 2 0 1 2
4 4
2 2
&0 g0
-2 -2
-4 -4
0 1 2 0 1 2
x CondKwadr.m x Fig. 1
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keh

-4.889999999999 50
-4.8899999999995
-4.8900000000005
-4.890000000001 -50
0 1 2 0
100 100
50
50
2 0 N
0
-50
-100 -50
0 1 2 0
x CondKwadr.m x Fig. 2
4 T T T T T T T T T
2 -
>
D)
0 —
_2 1 1 1 1 1 1 1 1 1
-2 -1.8 -16 -14 -12 -1 -08 -06 -04 -0.2
10 T T T T T T T T T
5 —
N
n
O -
_5 1 1 1 1 1 1 1 1 1
-2 -1.8 -16 -14 -12 -1 -0.8 -06 -04 -02
x Fig. 3

2n-7



MaBa 3. PeweHue gns MarHUTHOM Lieny NepeMeHHOro Toka

I'AaBa 3. Permrenue YPaBHEHUU
MaxkcBeAAa AAST MATHUTHOU ILIEITH
IIEPEMEHHOTO TOKA

B raaBe 2 paccmarpuBaerci  9AEKTPOMATHHTHOE IIOAE B
AMIACKTPUYECKON IIEIM IIEPEMEHHOIO TOKA. TOYHO TaKiKE MOMKHO
PAcCMOTPETH IAEKTPOMATHUTHOE ITOAE B MATHHTHOM IIEITH ITEPEMEHHOTO
Toka. IlpocreiimmM npumepoM TakOW IENM  ABAAETCA COACHOHA
repeMeHHOro Toka. OAHAKO, €CAM B _AMIACKTPHUYECKON IIEIN HMEECTCA
OPOAOABHAS IAEKTPHUYECKAA HAIIPSHKEHHOCTDh, CO3AABAEMAsA BHEIITHUM

HCTOYHHKOM SHEPIUH, TO B MATHHTHOHN IIEIM HMMEETCH ITPOAOAbHAA
MAarHUTHAA HAIPMKCHHOCTb, CO3AABAE€MAas BHEIITHUM HCTOYHHUKOM
SHEPIUH U IIEPEAABAEMASA B IIEITb OOMOTKON COACHOHUAA.

3A€Ch TaKKe pacCMATpUBArOTCA ypaBHeHHA MakcBeara B cHCTEME
CI'C Bmpa (2.2.1-2.2.8) m pemenne stux ypasHeHHil B BHAE (2.2.11-

2.218c), rae Jymxkuum  A(r), e(r), j(r) OIIPEACASIOTCSA B

HPUAOKEHHH 1 TAaBEL 2 IIPH AAHHBIX 3HAYCHUAX IAPAMETPOB A, XW-
3AeCh  TaKKe, KaK B TIAaBE 2, OIIPEACAAIOTCA  ITOTOKH

9ACKTPOMATHHUTHOHN 3HEPTrHM ¢ MAOTHOCTAMH (2.2.36-2.2.37). Ilotok

3AEKTPOMATHUTHOM SHEPIUU BAOAb MATHUTHOM Ilend £ paBeH H

AKTUBHOU MOITTHOCTH P , IEPEAABAEMOI IO MATHUTHOM IIEIIH,

P= SZ' n

B raase 2, pasaea 2a mokasaHO, UTO, €CAW 3aAATh 3HAYEHHE ABYX
BEAUYHH U3 MHOYKECTBA

EEyE, HoHoH,S,8,S, .

TO M3 IIOAYYEHHOTO pEICHUsA YpaBHEHUN MaKkcBeAAa MOKHO HANTH
sHauenue mapamerpos 4 X a 3areM HafTH 3HAYEHHME OCTAABHBIX
BEAWYHH U3 MHOKECTBA (2).

Ilyctp, mampumep, OIIPpEACAEHA MATHHUTOABIUKYIIAA CHAQ B

MATHUTHOM IIEIIA C AAMHOMN

F=H,L

1 aKTUBHAsA MOINHOCTBD, II€PCAABACMas I10 MATHUTHOMI IICITH,

©)
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MaBa 3. PeweHue ans MarHUTHOM Lienv NepeMeHHOro Toka

P=5,

*

Toraa mpu M3BECTHBIX F " p MOKHO HAUTH Z U 4, U3 IIOAVUYEHHOIO
b

perreHnsa ypaBHeHHIT MakcBeAAa MOKHO HAMTH 3HAYCHHUE ITaPAMETPOB

A, & 2 3ameM HANTH 3HAYEHNE OCTAABHBIX BEATYHH U3 MHOKECTBA (2).

AaapHelIne BBIBOABI AHAAOTHYHBI TEM, KOTOPBIE IIOAYYECHBI B
raaBax 1 m 2. Mrak, B MAarHMTHON IEIH CHHYCOHMAAABHOIO TOKA
pACIIpOCTpaHACTCA ~ SACKTPOMATHHUTHAf BOAHA, 4 MATEMaTHYECKOE
OIIMCAHHUE ITON BOAHBI ABAACTCS pereHneM ypasHeHHi Makcseaaa. [1pu
5TOM HAIPSKEHHOCTH M IIOTOK 3HEPIUH PACIPOCTPAHAOTCA B TAKOH
IIEITH IO BUHTOBOM TPAEKTOPHH.

Takasg 9A€KTPOMATHUTHAA BOAHA PACIIPOCTPAHACTCA B MArHHTHON
merm  TpaHcdopmaropa. Bmecre ¢ Hell 1O MarHMTHOW - Iienu
PACIIPOCTpaHACTCA MATHHTHBIA IIOTOK M ITIOTOK 3AEKTPOMATHHTHOI
sHeprur. BaKHO OTMETHTB, YTO BEAMYHMHA MATHUTHOIO IIOTOKa HE
M3MEHACTCA IpU u3MeHeHnH Harpy3kn. CAEAOBATEABHO, IMEHHO IIOTOK
3AEKTPOMATHUTHON 3HEPIUU IIEPEHOCHT SHEPIHIO OT IIEPBHYHOMN
OOMOTKH KO BTOPHYHOII oOMOTKe. FITaK, HOTOK SHEprum He 3aBUCHT OT
MArHUTHOTO TIOTOKAa. 3AECh MOKHO 3aMETHTb aHAAOTHIO C IIepeAadeii
TOKA IO 9AEKTPUYECKOI IIEIIH, TA€ OAUH H TOT € TOK MOKET IIPEAABATDH
PA3SAMYHYIO SHEPIUFO. DTOT BOIPOC HOAPOOHO pacCMATPUBAETCA B TAaBE
5. Tam 1OKa3aHO, YTO IOTOK HEPIUHU IIPH AAHHON ITAOTHOCTH TOKa (B
paccMaTpuBaEMOM CAydYae, IIPU AAHHOM ITAOTHOCTH MAIHHTHOIO ITOTOKA)
IIepeAaBacMas  MOIIHOCTb MOKET IIPHHHUMATh IIPAKTHYECKH AIOOOE

3HAYEHUE B 3aBUCHMOCTH OT 3HAYCHUU BEAUYIUH X, a, T1T.C. OT

IIAOTHOCTH BHHTOBOI TPAEKTOPHH TOKa (B PACCMATPUBAEMOM CAY9IAE,
IIpA  AQHHOH ITAOTHOCTH MArHUTHOrO 10TOKa). (CAeAOBaTEABHO,

IIepeAABAEMAS  MOIIIHOCTb  OOPEAEAAETCS  IIAOTHOCTBIO  BUHTOBOM
TPACKTOPUHU  IAEKTPDOMATHUTHOU SHEPruu 0Opu  (DUKCHPOBAHHON
BEAHMYMHE MATHITHOTO IIOTOKA.
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CnaBa 4B. PeweHune ans Tpy64aToro nposoAa ¢ nepeMeHHbIM TOKOM

I'AaBa 4B. Permrenue ypaBHeHUI
MaxcBeAAa AASl TPYOHIATOTO
IIPOBOAA C IIEPEMEHHBIM TOKOM

B raase 2 paccmarpmBasock perreHne ypapHeHHH MakcBeAra AAf
IIPOBOAA C CHHYCOHMAAABHBIM IIEPEMEHHBIM TOKOM. Hrmke MBI
PACCMOTPHUM PpEIIIEHHE AAA TPyOdUaTOro IpoBoAa. Mbr OyAeM HCKath
pEIlIeHHE IIPX U3BECTHOM PAAHYCE TPYOBI Ry manoii ee ToAIIIIHE, KOTAQ

r=R ©)
1 BCE IIPOU3BOAHBIC ITO T paBHBI HyAO. TOoraa cmcrema ypaBHEHHIT

(4a.2.41-42.2.48) mpumer BHA:

; ©)

r T @
e K9 =0
AT T ©
e e
—‘P—la—k@ez=0
ror ¢ : 4
e
k— - k-2a-kxe,=0
ror , )
z EW 4m
-k a+ke(px— <y 0 o
—kex+£—we 4—ﬂj =0
r c ¢ cle 7 o
e
%) r €W 4. _
_k—+k7a+Tez—sz—0‘ o

AAH AaAbHCfILHeFO BaXKHO OTMETHUTb, YTO B 3TOM pCLT_ICHI/H/I

cyrmectsyet /¢ * 0, T.€. CYIIECTBYET KOABIIEBOI TOK C IIAOTHOCTBIO
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MnaBa 4B. PelweHune ans Tpy64aToro npoBoAa ¢ nepeMeHHbLIM TOKOM

— i il .
Jo ](psm( @ + Xz + wt) o
O‘ICBI/IAHO, TAKOM TOK CO3A2€T B ITIOAOCTH prﬁanoro
HpOBOAHI/IKa HpOAOAbHyIO MAar"gvuTHYIO HaHP}I)KCHHOCTI)
H,=h,;sin(x ¢ + xz + wt), a0

TAC .
h =ﬁj¢
z 2 R_a ’ (11)

a. pacCTOfHME OT IIEHTPA TPYOKH AO TOYKH HAOAFOACHUSA HZ' Baxnuo
OTMETHTb, YTO CYIIECTBYIOIIHE IIPEACTABACHUA OTPHIIAIOT TaKOe
apAenne. Hmke B raaBe 4c OyAeT IPHBEACHO 3KCIIEPUMEHTAABHOE
AOKA32TEABCTBO CYIIIECTBOBAHUSA 9TOTO ABACHUA.
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maBa 4c. CneunansHble TpaHcopMaTopsbl

I'AaBa 4c. CrnernmmaAbHBIE
TPaHC(POPMATOPHI

Oraasaenne
1. Berymaenme \ 1
2. Tpaucdopmarop Mapkosa \ 1
3. Tpancdopmarop 3amapuauna \ 2
4. Tpaucdopmarop [Tossamua \ 3

1. Bcrynaenue
B raase 2, pasaer 3 mokasaHO, YTO B IIPOBOAEC TOK MOKET
BO3HUKHYTb HE TOABKO B PE3yAbTATEC IIPHAOKEHHOIO IIEPEMEHHOIO

U

MaFHI/ITOABI/I)KVH_ICﬁ CHABI F AAH TOro m APYI‘OFO CAy4asd B HpOBOAC

HAIPAKEHUA - , HO B PE3YABTATE MPUAOKECHHOMN BHEITHEH ITPOAOABHOM

CO3AAFOTCA paBHbIe TOKH, €CCAH B CUCTEME cH1

€
H 0)
B raase 2, pazaea 2a IokasaHO TaKKe, YTO B IIPOBOAE CYIIIECTBYET
IIPOAOABHAA MATHHUTHAf HAIPAAKEHHOCTb C HE3AMKHYTBIMH AHHHAMU
ITPOAOABHOM MATHUTHOM HAIPAKEHHOCTH.

2. Tpancgopmarop Mapkosa

WsBecren Ttpancdopmarop Mapxkosa [150, 151] — cm. puc. 1. B
OTAHYHE OT OOBIYHOIO TpaHCOPMATOPa ITOT TPAHCPOPMATOP HMEET
BBITAHYTYIO (DOPMYy MATHHTOIIPOBOAQ, ABE IIEPBUYHBIC OOMOTKH U
BTOPHYHYIO OOMOTKY, KOTOpas HAMOTAHA ITIOBEPX IIEPBUYHBIX OOMOTOK.
[TepBuynbple OOMOTKH BKAIOYECHBI BCTPEYHO H CO3AAIOT BCTPEYHBIC
MATHUTHBIC [TOTOKH.

ITo moBOMy 3akoHy HHAyKIHH MapkoBa MATHHTHBIN ITOTOK B
IIPOBOAHUKE ~MOKET ~HHAYLHPOBATHCA OAHOBPEMEHHO B  OOOHX
IIPOTHBOIIOAOKHBIX ~ HAIPaBACHHAX.  [locAe  HECKOABKHX — AeT
SKCIIEPUMEHTOB U ITPAKTHYIECCKUX UCCACAOBAHNIT MapKOB CyMeA AOKA3aTh
OOOCHOBAHHOCTB CBOCH Teopuw, pa3pabOTaTh PabOTOCIIOCOOHDIH
TpaHC(POPMATOP HA €IO OCHOBE U IIOAYIUTH HECKOABKO MEKAYHAPOAHBIX
IIATEHTOB Ha cBoe m3oOperenue. [IpenmyimectBoM TpaHCHOPMATOPOB
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"naBa 4c. CneunansHble TpaHcopMaTopbl

MapkoBa ABAAETCA TO, YTO OHHU MOTYT HHAYIIHPOBATH HEOOXOAHMOE
HAIIPSIKEHUE AQKE OT «XYAIIETO JKEAE32» U MOTYT MMETh 3HAYUTEABHO
YMEHDIIIEHHBIE PA3MEPHI.

Puc. 1.

ITo  cymiecTBYIOIUM  IIPEACTABACHHAM  AHMHHH  MArHUTHON
HAIIPSIKEHHOCTH AOAKHBI OBITH 3aMKHYTBIMH. BCTpedHO BKAIOUEHHEBIE
OOMOTKH C PaBHBIM YHCAOM BHTKOB B TpaHcdopmatope MapkoBa He
AOITYCKAIOT  CYIIECTBOBAHME  3aAMKHYTBIX  AHHHI  MArHUTHOI
HanpsmxeHHOCTH. CAEAOBATEABHO, MX HE BOOOIIE. DTOT BHIBOA (HAAO
AyMaTh) 3aCTaBUA MapkoBa cO3AaBaTh HOBYIO TEOPHIO.

Brrmre ykasano, cymectBoBaHHe HE3aMKHYTBIX AHMHHI MATHHUTHOI
HAIPAKEHHOCTH BO3MOKHO. ODTHM OOBACHAETCA (PYHKIIMOHHPOBAHIIE
Tpancopmaropa Mapkosa.

3. Tpaucdopmarop 3anapuHUHA

Msecren  rtpancdopmarop  3amapumamuHa  [120].  Oror
TpaHCchOPMATOP IIPEACTABAACT COOONM COACHOHA, IO OCH KOTOPOIO
PACIIOAOKEH CTEP/KEHD U3 AFOOOTO TOKOIIPOBOAAIIIEro mMareprasa. Ecan

Ha O6MOTKy COACHOMAQA ITOAACTCHA HAIIPAKCHUC 1, TO HaA CTCPIKHC TAKKE

BO3HHUKACT HAIIPAKEHUE 2, Crep:keHb MOMKET OBITH COEAMHEH C
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maBa 4c. CneunansHble TpaHcopMaTopsbl

HAIPY3KOH (HATIDHMEp, AAMITOYKOH) M TOTAA MOIIHOCTH 1 oOT

VCTOYHHKA  HAIPAKCHUSA 1 nepepaerca B  marpysky, KoTopas
P, <P,

ITOTPEOAAET MOITHOCTD . VIsBecTHBI 11 ApyIHE KCIIEPHMEHTEI C

TparcdOopMaTOpoM 3allapUHIHA.

D10T  paAKT - mosssenue  HanpAwcenus 6  cmepocHe HE  SABAACTCH
CACACTBHEM 3aKOHA IACKTPOMATHHTHON MHAYKIUH. MaraurHoe moAe
BHYTPH COAEHOHAA HE HMEET IIPOAOABHOM COCTABAAIOINEH MArHHTHOI
HAIIPAKEHHOCTH, HAIIPABACHHON IIEPIEHAUKYAAPHO pasmuycy. OAHAKO B
COACHOHMAE IIPHUCYICTBYET IIPOAOABHAS COCTABAAIOINECH MArHUTHOM

F

HAIPHKEHHOCTH H, CAEGAOBATEABHO, €CTh MATHHUTOABIDKYIIAA craa 1.
CaeaoBaTeAbHO, TpaHcOPMATOP 3aAPUHIHA AOKA3BIBACT IIPEABIAYIIIEE
TEOPETUYCCKOE YTBEPIKACHHE: TOK MOKET BO3SHHKHYTH B PE3YABTATE

F

IIPUAOKEHHON BHEITHEN IIPOAOABHOU MATHUTOABIDKVIIIEN CHABL L .

4. Tpauchopmarop Ilo3prauua

MsBecren koakcmaapueii Tpancdopmarop [losemmmuaa - KTII
[121]. B arom TtpaHcdopmaTope OOOAOYKA M IIEHTPAABHBIH IIPOBOA
BKAIOYAIOTCA KaK OOMOTKH TpaHcdopmaropa. Bosmoxkubl ABe cxemsr
BKAIOYECHHS.

1. Dlewmrpaapsbrii mpoBoA — 1o mepuuHas oOmortka KTTI,
ITOAKAFOYEHHASl K HCTOYHHUKY HAIPHKEHHUA; OOOAOYKA — ITO
Bropuanas oomorka KTTI.

2. Oboaouxka — 1o mepsuanas oomotka KTTI, moakarouenHas k
HMCTOYHUKY HAIPSKEHHUS; I[IEHTPAABHBIH IIPOBOA — 3TO
ropuanas oomorka KTTI.

IIpn srom mnepBuumas obOmorka KTII moakArodaercs K HCTOYHHKY
HAIIPS/KCHISA, 4 BTOPUYHAA — K HATPY3KE.

DKCIEPUMEHTHI ITOKA3aAH, YTO B_0boux pexumax koadpdunment
TpancdoOpMAITIH OBIA paBeH 1.

KTII HeAB3 OTOKAECTBHTH C TpaHC(POPMATOPOM JarapHHHHA
[120] (xors Buemrame npospaenusa moxoxu). Cxema KTIT me coBmaaaer
CO CXEMOH H3BECTHOIO KOAKCHAABHOIO TpaHcdOpmaTopa (IIOCKOABKY
ITOCAEAHHIT ABAAeTCA AByX-ToArocHmkoMm, a KTII saBasgerca wersipex-
IIOAFOCHUKOM).

Kax Oyaer mokasano umke, pyakmumonnposanne KTI1 B pexnme 2
HE MOKET OBIT OOBACHEHO 3aKOHOM 9ACKTPOMATHUTHON MHAYKIIHH.

Bce st ocobennoctu KTI1 tpebyroT oObacHeHN .

4c-3
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B pexmme 1 B IIeHTPAaABHOM IIPOBOAE CYIIECTBYET TOK C
HAOTHOCTBIO

=j sin(xe@ + xz + wt
Jzp = JpSin( X @ +x ) n
cM. raaBy 4a. B coorBeTcTBHM € 3aKOHOM 3AEKTPOMATHHTHOW MHAYKITHH
3TOT TOK CO3AACT B O6OAO‘IKC MaFHI/ITHYIO HaHpHH(eHHOCTb

d]zp .
H,, =7t_=mjzpcos(occp + xz + wt). o

DTa HAUPMAKEHHOCTh CO3Aa€T (KaK IIOKA3aHO B rAaBe 4B) B ODOAOYKE
IIPOAOABHYIO BOAHY H, B 9ACTHOCTH, TOK

170 = J,5€08( X @ + xz + wt). a

Takum obpasom, Tok (1) Tpancdopmupyercs B Tok (3).

B pexxmme 2 000AOUYKa KaOEAsl HAXOAHTCH IIOA IIEPEMEHHBIM
HAIIPSUKEHHEM, T.€. 9Ta ODOAOYKA ABAACTCA TPYOYATHIM IIPOBOAOM. TOK
O00OAOYKH B LIEAOM HE AOAKCH CO3AABATH B LICHTPE TPYOBI MATHHTHYO
HAIIPSKEHHOCTD, IIOCKOABKY 9AEMEHTAPHBIE TOKH IO BCEM OOPA3YIOLIIM
LIIAUHAPA CO3AQFOT HAIPSUKEHHOCTH, KOTOPBIE B CHAY CHMMETPUHI
B3aUMHO KOMIIEHCUPYIOTCH. OAHAKO, KaK IIOKA3BIBACT KCIIEPUMEHT, TOK
IO IICHTPAABHOMY IIPOBOAY TedeT. OH MOMKeT OBITH BBI3BAH TOABKO
MATHUTHOH HanpsukeHHOCTBIO. Mrak, "mo ®@apaaero” maranTHON
HAIPS)KEHHOCTH HeT, a 110 [lo3pHuday" MarHTHAs HaIIPsIKEHHOCTD
ecTb. DTO TpedyeT OO bACHEHUA.

B pexxume 2 B 060A0UKe, KaK B TPyOIaTOM IIPOBOAE, CYIIECTBYET
TOK C IIAOTHOCTBEO

J 10 = JoSiN(X @ + Xz + wt) @

—cMm. rAaBy 4B. Ilpu stom (Kak TaMm ITIOKa3aHO) B IIOAOCTH TPyOYATOTrO
IIPOBOAA CO3AAETCA IPOAOAbHAA MATHHTHAS HAITPAKEHHOCTD

H, = thsin( < @ + ¥z + wt), (5)

LleHTpaABHBEII IIPOBOA HAXOAHUTCA B OOAACTH CYIIECTBOBAHUA 3TOH
HAIIPSKEHHOCTH. DTa HAIPMKEHHOCTH (5) co3aaeT (Kak ITOKa3aHO B AABE
4) B IPOBOAE IIPOAOABHYIO BOAHY 1, B 9ACTHOCTH, TOK

Jzp —]chos( @ + Xz + wt). ©
Takum obpasom, Tok (4) Tparcdopmupyercs B Tok (6).

Jror dakr (KaKk ITOKa3bIBAAOCH) HE ABASETCA CACACTBHEM 3aKOHA
SAEKTPOMATHUTHON MHAYKIIHH. B CBA3M C 9THM CAGAyET 3aMETHTB, YTO
ypaBHeHHA MakcBeAAa SBHAHCH OOOOIINEHHEM 3TOTO N HEKOTOPBIX
APYTHIX YaCTHBIX 3aKOHOB. DTO OOOOIIEHME OXBATHIBACT TAKYIO OOAACTD

ABACHHH, KOTOpas OOABIIE OOAACTEH, OTHOCAIIUXCA K KAKAOMY
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gacTHOMY 3aKOHYy. [loatomy caeactBue ypaBHeHHI MakcBeAAa MOMKET
OIHCaTh  ABAGHHE, HE IIOAITAAAIOIIEE IIOA  ACHCTBHE — 3aKOHA
SAEKTPOMATHUTHOH HHAYKIIHH (HO HE MOXKET IIPOTHBOPEYUTH ITOMY
3aKOHY TaM, TAC OH ACHCTBYET).

Paccmorpum  matemartmuaeckyro  moaeap  KTII  moapoOmee.
VpaBuenusa MakcBeAAa AAA IIEHTPAABHOIO IIPOBOAA OIIHCAHBI B TAaBE 2.

Byaem oOo3Hagare pereHne 3THX YPaBHEHHUN KAk ( p’ p'] P)‘
Vpasaerus MaxkcBeara AAf OOOAOYKH OIHUCAHBI B TAaBe 4B. byaem

0003HAYATH PEIICHNE 9THX YPABHCHHUN KaK ( o’ 0’] 0). Ob6oaouka
IIPOBOA HAXOAATCA B OOIIEH IMAMHApHUYECKOH obaactu. [lostomy

IIPOAOABHBIE MATHUTHBIE HAIPAKEHHOCTH B PEIICHUAX ( v’ P’] P) u

(EO’ HO’]O)

COBITAAAKOT, T.€.

sz=Hoz=Hz. )

B raase 2 aokasanma UHP-teopema, B KOTOPOIT yTBEP/KAAETCH, ITO
BHE 3aBHCHMOCTH OT IIAPAMETPOB IIPOBOAA CYILECTBYET OAHO3HAYHAS

34aBHUCHMOCTDb MCIKAY (—)ACKTpI/I"ICCKI/IM HaHpH)KGHI/IGM U Ha HpOBOAC,

IIPOAOABHOM MATHUTHOM HAIIPSKEHHOCTBIO B IIPOBOAE ! M akTHMBHON

P

MOIITHOCTBIO * , IIEPEAABAEMOII 10 IIPOBOAY,

U=f(HP). ®)

B mamem caygae Ha 00OAOYKE U IIEHTPAABHOM IIPOBOAE
cymectsyer obmias  HanpsikeHHOCTH H, 2 mMexay oboaoukoil  u
LIEHTPAABHBIM IIPOBOAOM IHpH ArOOOM pexume Brarouenmsa KTTI

repeAaeTcs MOITHOCTD 1 . CACAOBATEABHO, HAIPA/KEHHISA U Ha 000AOUKeE
U IEHTPAABHOM IIPOBOAEC AOAJKHBI COBIIAAATH IIPH AFOOOM PEKHME
BrAroueHmnsa KTTI.

HMmenHO 310 1 HA0AFOAA€TCA B 9KCIIEPUMEHTAX.

Takum o6pasom, KTII ommceBaerca 16-ro ypasmenusam ¢ 16-ro
HEM3BECTHBIMU BHAA

EPT’ HP"'] PT’EPCP’ HPCP’] P@'] pz’
Eor’ Hor'jor'Eocp' Hocp']ocp’]oz"EZ' Hz. ©)

Taxas cucreMa ypaBHEHUI HMEET EANHCTBEHHOE PEIIEHHE. DTa CUCTEMA
ABASICTCA  CHCTEMOH  AMQEPEHIINAABHBIX YPAaBHEHUN  (IIOCKOABKY
TAKOBBIMU  ABASIOTCA ~ YPAaBHCHHA AAf  IIPOBOAA B TAaBe  2).
CAeAOBATEABHO, PEIIICHNE 3aBUCUT OT HAYAABHBIX YCAOBHI.
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ITo moayuennomy pertreHuo (9) MOXKET OBITB OIIPEACACH ITOTOK
sHeprun, npoxoadmuii yepes KTII, T.e. MOIITHOCTD, IIpeAaBaeMyrO depes
KTII wmAm MOIIHOCTH HArpy3KH, PaBHYIO MOIIHOCTH TI€HEPATOpa.
CAEAOBATEABHO, HAYAABHBIC YCAOBHUSA OIIPEACAAIOT MOIITHOCTD HATPY3KH.

dusugeckn, KOHEYHO, BCE IIPOHUCXOAUT HAOOOPOT: MOIIHOCTb
I€HEPATOPA OIPEACASCT HAYAABHBIE YCAOBHSA, 4 HAYAABHBEIE YCAOBHA
OIIPEACASFOT BHA PEIIICHUA.

Taxkum obpasom, CYILIECTBOBAHHE IIEPEUNCACHHBIX
TpaHcOPMATOPOB  SABASCTCA  €IINE  OAHHM  OKCIIEPHMECHTAABHBIM
ITOATBEPKACHHEM Pa3BUBAEMON B 3TOM KHUTE TEOPHH.
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I'AraBa 5. Perrenue ypaHeHNH
MakcBeAAa AAF TIPOBOAA
ITOCTOSIHHOI'O TOKA

OraaBAenme
1. Beacnme \ 1
2. Marematraeckas MOAEAD \ 3
3. Ioroku suepruu \ 10
4. CKOpOCTD ABHZKEHIS SHEpruu B 1poBoae\ 15
5. CKOpOCTH ABHIKEHHS SHEPIUHU U3 akkymyasropa\ 16
6. Ipaxrmaeckue BorancaeHus \ 17
7. Obcyxaenne \ 19
IMpuaoxenne 1\ 20
[puaoxenue 2 \ 22
[puaoxenne 3 \ 24
[puaoxenue 4 \ 25

1. Beeaenue

B [7, 9-11] OGbir0 1mOKa3aHO, YTO ITIOCTOAHHBIA TOK B IIPOBOAC
HMEET CAOKHYIO CTPYKTYpPy. Tok J B IIPOBOAE CO3AAET B TEAE IIPOBOAA
MATHUTHYIO HHAVKIHUIO B, KOTOpas ACHCTBYET Ha 9ACKTPOHBI C 3aAPIAOM
q,, ABIDKyIIHECA CO CPEAHEH CKOPOCTBIO V B HAIIPaBACHHH,

IPOTHBOHOAOKHOM TOKy J, cumaoit Aopenma F', 3acraBass ux
CMEITATBCA K IIEHTPY IIPOBOAA — CM. PHC. A.

<---30(
Y e J
-------------- &
Vv
<--- q
Puc A.
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naBa 5. PeweHune ypaBHeHu MakcBenna aons npoBoAa NOCTOSAHHOIO TOKa

B cBfi3u ¢ U3BECTHBIM PACIIPEACACHUEM HHAYKIUH B 10 CEYCHUIO
IpoBOAa crAa F' yOBIBaeT OT ITOBEPXHOCTH IIPOBOAA K IICHTPY — CM.
puc. B, rae mokaszano namenenne cuabl F' B 3aBICHMOCTH OT paAuyca 7,
HA KOTOPOM HAXOAHUTCS SAEKTPOH.

Puc B.

TakuM 00OpasoM, MOKHO IIOAAraTh, 9YTO B TEAE IIPOBOAA
CYIIIECTBYIOT 3AEMEHTApHBIC TOKH [, HAYHHAIOIIHECA HA OCH I
HAIIPABACHHBIE II0O HEKOTOPBIM YTAOM (& K OCH IpOBOAA — cM. pHc. C.

Puc C.
A J B C
I—)
Rn
D
J
Puc. 1.

B [9-11] Oblaa mpeaAOkeHA K PacCMATPHUBAAACH MAaTEMATHYCCKAs
MOAEAB TOKA U IIOTOKA4, ITOCTPOEHHAA HCKAIOYNTEABHO HAa YPaBHEHHAX
Maxceana. Ocraacs HEBBIACHEHHBIM CACAYIOIIHE BOIIPOC — CM. puc. 1.
Daekrpryeckuii J TOK M IIOTOK 39ACKTPOMATHHTHOH 9Heprum S
pacupocrpansercsa sayrpu uposoaa ABCD u npoxoaur uepes Harpysky
Rn. B oroii Harpyske pacxoAyercs HEKOTOpas MOIIMHOCTH P
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MnaBa 5. PeweHune ypaBHeHun Makcsenna ans nposoga NOCTOAHHOIO Toka

CaeaoBaTeAbHO, ITOTOK sHeprun Ha yaactke AB AoaxeH Oprth OOABIIE
rmotoka sHeprun Ha yuactke CD. Tounee, Sab=Scd+P. Oanmako cmaa
TOKA ITOCAE ITPOXOMKACHHA HATPY3KH HE H3MEHHAACh. Kak AoAHA
M3MCHUTBHCH CTPYKTYPA TOKA, YTOOBI YMEHBIIIHMAACh COOTBETCTBYIOIIAS
EMY 9AEKTPOMATHUTHAA dHEPrUA? DTOT BOIIPOC PACCMATPHUBAACA B [7]

Hirxe paccmarpusaerca 6oaee obrmas (1o cpaBuenuro c [7, 9-11])
MaTEeMaTHYIECKasd MOACAD. DTa MAaTEMATHYIECKad MOAEAD TAK/KE IIOCTPOEHA
HCKAIOUNTEABHO Ha ypaBHeHmsax Maxkcseara. B [12] onmceBaerca
SKCIIEPUMEHT, KOTOPBIA OBIA BBITOAHEH Ipynmoi asropos B 2008 r. B
[17] mokazaHO, YTO 9TOT OSKCIEPHUMEHT MOMKET OBITH OODBACHEH Ha
OCHOBAHUU HEAMHEHHON CTPYKTYpPBI IIOCTOSIHHOIO TOKAa B IIPOBOAE H
MOJKET CAYKHTH 3KCIEPUMEHTAABHBIM AOKA3aTEABCTBOM CYIIIECTBOBAHIISA
TaKOH CTPYKTYPBHI.

2. MaremarnuyeckKkas MOAEADL
Vpasuenus MakcBeara AAfS IIPOBOAQ IIOCTOSHHOIO TOKA AQHBI B
raase "[Ipeaucaosue" — cm. BapuaHT 6:

rot(J)=0, @)
rot(H+H(J,)-J—J, =0, (®)
div(/)=0, ©
div(H )=0. d)

IIpn moaeAmpoBaHmH OYAEM HCIIOAB30BATH HUAUHAPHAYIECKHE

KOOPAHHATHI r, w, Z H paccMaTpHUBATb

®  OCHOBHOII TOK J, W BRI3BAHHYIO UM HATIPSKEHHOCTS H
e jpomoaHHTEeABHBIE TOKH J,, J, s J.,
*  wvarmamTHBIE Hanpsaennoctn H,, H,, H_,

L4 SACKTpOCOHpOTI/IBACHI/IC ,0 .

3aece B ypaBHeHHA (a- d) AOOaBAE€HA HM3BECTHAA IIAOTHOCTb TOKA

J

0

[IEPEAABACMOIO 110 IIPOBOAY B HAIPY3Ky. DTOT TOK CO3AAET
manpsxennocts H , = J 1. [TockoAbKy B OnpeAeAcHIE POTOpPA BXOAUT

pousBoAnas OH / or u OH 0 / Or =J,, to ypasuenue (b) ympormaercs,

IIPHHUMAS BUA
rot(H )-J =0. (®1)
Perrenne ypasaennit (a, bl, ¢, d) mpuHATO cYUTATH PABHBIM HYAIO.
OAHAKO HIKE IIOKA3BIBACTCH, UTO IIPH HAAMYHH TOKA J, AOAKHO

CYIIECTBOBATH HEHYAEBOE PEIIEHUE YTUX YPABHEHMII.
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B perrennn HEOOXOANMO HAWTH ITAOTHOCTH PACIIPEACACHHUA BCEX
HAIIPAKEHHOCTEH U TOKOB. TOK B IIPOBOAE IPUHATO PACCMATPHUBATH KAK
VCPEAHEHHBIH TIOTOK 3ACKTPOHOB. MeXaHHUYeCKHe B3aNMMOACHCTBUA
SAEKTPOHOB C ATOMAMU CYUHTAIOTCHA SKBUBAACHTHBIMH JACKTPHYECKOMY
conporuBAeHuIO. O4UEeBUAHO,

E=p-J. 0)
Vpasuenns (a-d) AAl IEAMHAPHYIECKIX KOOPAMHAT HMEIOT BHA:

H, oH, 1 0H, oH
+ +—- +

r

=0, M. (d 1
r or r Op Oz o (@ W

1 0H, OH,

.z =J . (b1 2
oo oz o om. (b1) @
OH, OH,

% —?:Jw om. (b1) ©)

H, 2 oH
_¢+_¢’_l.%:J, om. (b1) @
r or r O

J, aJ, 14, al
_+_.

_r _ —ZIO’ M. 5

r+6r r 6(0+82 o © o

1 oJ, dJ,

.z 20, . 6

r O0p Oz o @ ©

&, . @ ©
—_ — S CM. (a

oz oOr

J aJ

_¢’+_‘/’_l.a]r =0. oM. (a) ®)

r or r 0@

MoaeAb OCcHOBaHA HA TOM, YTO
1. ocHOBHAfA >AEKTpUYECKAS HAIPAKEHHOCTh F HAIPaBAEHA BAOAD

OCH IIPOBOAQ,
2. OHA CO3A2ET OCHOBHOM TOK J, — BEPTHKAABHEII IIOTOK 32PAAOB,

3. BEPTUKAABHBIH TOK J, (DOPMHUPYET KOABIIEBOE MATHHTHOE IIOAE
¢ manpmxennocteio H,(J,)=J,r u paamaspmOe MarHUTHOE
moae H, - cm. (4),

4. marHUTHOE HOA€ [, OTKAOHAET CHAaMH Aopenria  3apsAABI

BEPTHUKAABHOTIO IIOTOKA B PAAMAABHOM HAIIPABACHHUM, CO3AABAA—
PAAMAABHBIN IIOTOK 3aPAAOB - PAAMAABHEIN TOK J
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MnaBa 5. PeweHune ypaBHeHun Makcsenna ans nposoga NOCTOAHHOIO Toka

5. MATHHUTHOE IIOAE H(o OTKAOHACT CHAAMHA AOpCHL[a 3apAABI

PAAMAABHOIO IIOTOKA IIEPIIEHAUKYAAPHO PaAHYCaM, CO3AABafd
BEPTUKAABHBIN TOK J, (AOIIOAHHTEABHO K TOKY J, ),

6. MATHHUTHOEC IIOAE H’, OTKAOHACT CHAAMU AOpCHHa 3apAABI

BEPTHUKAABHOTO IIOTOKA IIEPIEHAHKYAAPHO PaAHyCaM, CO3AaBasd
KOABIIEBOU TOK J‘p,

7. MAardHmTHOE IIOAE Hr OTKAOHACT CHAAMH AopeHua 321pH,A,bI

KOABIIEBOTO IIOTOKA BAOAB PaAHYCOB, CO3AaBas BEPTHUKAABHBIM
TOK J, (AOIIOAHHUTEABHO K TOKY J ),

8. Tok J, ¢opMupyer BEPTHKAABHOE MATHHUTHOE IIoAe H_  n

KOABIIEBOE MArHUTHOE 10Ae H | - eM. (2),
9. Toxk J, ¢opMHpyeT BEPTHKAABHOC MArHUTHOE IOAe H, n

PaAmaAbHOE MarHHTHOE IToAe H | - cm. (3).

10. tox J. opMupyer KOABIIEBOE MArHUTHOE IoAe H , H

PaAMaAbHOE MarHUTHOE 1oAe H | - cm. (4); 1 T.A.

Takum 0Opa3oM, OCHOBHOW TOK J, CO3A2CT AOIIOAHHTCABHBIC
toxkn J,, J,, J, wu maramrtaee noas H,, H,, H . Oun sosxmer

VAOBACTBOPATH  ypaBHeHHAM Maxkceara. Kpome Toro, morokm
9AEKTPOMATHUTHON 3HEPIUH AOAKHBI OBITh TAKUMH, YTOOBI

A. BepruxaApHBIII IIOTOK 9SHEPrUM OBIA PAaBEH IIEPEAABAEMON
MOIITHOCTH,

B. Cymma Bcex TIOTOKOB 3SHEPIHH  AOAKHA  OBITH  paBHA
IIEPEAABAEMOI MOIIHOCTH B CYMME C MOIIHOCTBIO TEIIAOBBIX
ITOTEPH B IIPOBOAE.

Taxum 00pasoM, TOKH U HAIIPAKEHHOCTH AOAKHBI YAOBACTBOPSATH
ypaBHeHmAM MakcBeara u ycaoBuad A m B. Aad momcka perenusa Mer
Pa300beM 32Aa9y Ha ABE CACAYIOIINX 3aAa4U (UTO MOKHO CAEAATD B CHAY
AMHEHHOCTH ypaBHeHHH MakcBeAAa):

a) mnownck pernenns ypapHenuit (1-8) mpu orcyrcrsum TOKa J, ; 3TO

PEILICHNE OKA3BIBACTCA MHOTO3HAYHBIM;

b) IOHCK AOIOAHHTEABPHBIX  OIPAHNYCHHM, HAAATACMBIX  HA
[IEPBOHAYAABHOE  peIreHme ycAoBmsaiMum A um  B;  3aech
YYUTBIBACTCA TOK J, M CO3AaBAEMasd UM HAIIPAKEHHOCTD H .

IIpexae Bcero, HEODXOAIMO AOKA32Th, UTO permenue cucremnr (1-

8) cyrectByer upy HeHYAEBHIX TOKax J,, J o J..

AAfA  COKpammeHHus 3ammucH B AAABHEHIIIEM OYAEM IIPHMCEHATDH
CAEGAYIOIIIHE OOO3HAYCHUS:
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co=cos(ap+ yz), (10)
si=sin(ap+ yz), (11)
TAC O, Z — HCKOTOPBIC KOHCTAHTEHL. B HpI/IAO)KCHI/II/I 1 ITIOKA3aHO, YTO

CYIIIECTBYET PEIIECHNE, UMEIOIIEE CACAYVIOIIUIT BUA:

Jr= jrco’ (12)
Jo= j(_pSi’ (13)
]Z - jZSi’ (14
H. = hrco’ 15
H,= h(psi’ 16
H, = hsi,

an
rae j(7), h(r)- mexoropbie PyHKIMN KOOPAUHATHL F .

MoKHO ITOAAraTh, 9TO CPEAHAA CKOPOCTh IACKTPHYECKUX 32APAAOB

HE 3aBHCHT OT HAIIpaBAEHHUA TOKa. B wactHOCTH, IpH PHKCHPOBAHHOM

pasuyce MHOyIb, IPOMAECHHBIM B EAHHHILY BPEMEHHU 3aPAAOM IO

OKPY/KHOCTH, U IIyTh, IIPOHMACHHBIH UM IIO0 BEPTHKAAM, OYAyT pPaBHBL
CaeaoBaTeABHO, IPU (PUKCHPOBAHHOM PAAUYCE MOKHO IIOAATATD, YTO

Ap=Az. (18)

TakuM  00pasoM, Ha IIMAHHAPE IIOCTOSIHHOIO — PaAHyca r

CYILIECTBYET TPAEKTOPHSA TOUKH, onuchBaemas dopmyaamu (10, 11, 18). ,

Takas TpaekTopus ABAfAETCA BUHTOBON AmHHEH. C Apyroif CTOpOHEI, B

cootserctsum ¢ (12-17) Ha 3TOI TpaekTOpUM BCE HAIPAKEHHOCTH H

ITAOTHOCTH TOKOB H3MEHAFOTCA CHHYCOMAAABHO B 3aBHCHMOCTH OT ().

CAEAOBATEABHO,

AMHUA Ha IHAUHAPE IIOCTOSSHHOTO PaAHyca 7, IIO KOTOPOW

TOYKA ABHUKETCH TaK, YTO BCE HAIPHKEHHOCTH W IIAOTHOCTH

TOKOB B HEM M3MEHAIOTCA CHHYCOMAAABHO B 3aBUCHMOCTH OT (0,

ABAAETCS BUHTOBOM AWMHUEH.

Ha ocHOoBE 3TOro  IPEAITIOAOKEHHA  MOXKHO  IIOCTPOHUTH
TPAEKTOPHUIO ABIIKEHHA 3apAAa B cootBerctBun ¢ dyukimamu (10, 11).
Ha puc. 1 mokasans! Tpu BunToBble AnHnu npu A@ = Az, oniceiBacMbie

Pyuxruamu (10, 11) Toka: Toacras anaus npu @ =2, y =0.8, cpeanss
anpwnst ipu & = 0.5, ¥ =2 u ronkas annus upu o =2, y=1.6.

Ha puc. 1 mokasaHbl BHHTOBBIE AHHHH AAf  (DYHKITHIT JuH
ompeAeaeHHEIX 110 (10-17), a mMeHHO AAf CYyMMapHOIO TOKa C
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IIPOEKIIAMU Joul, pu ' = €onst, Yy npoekunu onpeaeasrores o (13,
14), T.e. 3aBucar or ¢ynkuun St Oanako dyukmmn J U H voryr Gerre
OIIPEACACHBI CACAYIOIIIIM 0OPa3oM:

I =]'rC0’ (19)
Jo :j(pSi, (20)
J2 =750 1)
H. = hrco’ 2
H,= h(psi’ 23
H, = hsi. -

Otamune stux dynknnii or dyukmuii (10-17) cocrour B TOM, UTO
dbynkumu €0 samenensr Ha dyHKIHN S 1 HAOGOPOT.
Ha puc. 1P nmokasaHbl BUHTOBBIE AMHUI
o ana bynxkmmit / 4 H onpeaeaennsix o (13, 14), kak na puc. 1, n
3aBUCAIINX OT (pyHKINH €0 (CM. TOHKYIO AMHHUIO) U
® AAA PyHKIHIT JuH, onpeAaeAeHHBIX 110 (20, 21) m 3aBucAmux or
dbynrImn SU (CM. TOACTYIO AMHHIO).
Buano, uro dpynkunn (12-17) oraumgarorca ot dyukmuii (19-24) pasnoit
noaapusamueit. Kakoe u3 Hux cymectsyer dpusugeckn?

Fig. 1. S (TokPotok33.m)

Hroxe Oyaer paccmorpeno perenue B BuAe ymkmmin (12-17).
Aanee Oyaer mokazana aHarorus MexAy pernermamvu (12-17) u (19-24).
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naBa 5. PeweHue ypaBHeHu MakcBenna ans npoBoga NoCTOSIHHOIO TOKa

3arem 6yA,CT IIOKa3aHO, YTO IIOAHOC pPCINCHHEC COCTOUT H3 CYMMBI

permennit aad (12-17) m (19-24).

Fig. 1P. SO (TokPotok33.m)

Cam akr cymecTBOBaHHA BOKPYI IIPOBOAHHKA C IIOCTOSHHBIM
TOKOM MarHUTHOTO ITOAd, HMMEFOITIETO CIHPAAEOOPA3HYIO
KOH(UIypaIuio, ycraHoBAcH ere Opcreaom B 1820 r. [127, crp. 184].
Ha puc. 2 nokasana dororpadus IpoBoAd, CMOYEHHOIO MATHHUTHOM
KHAKOCTBIO (yBeamdeHo B 20 pas). Buaasl crompasbHBIE AMHHH,
obOpasyemble B~ MATHHTHOH  KHAKOCTBIO. Ora  dororpadus
CBUACTEABCTBYET O CYIIECTBOBAHHH CIIHMPAABHBIX AHMHHM MArHUTHOI
HAIIPAKCHHOCTH.
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MnaBa 5. PeweHune ypaBHeHun Makcsenna ans nposoaa NOCTOAHHOIO Toka

B npuaokennn 1 mokasaHo, 910 CyIIecTByeT MOAN(HUITHPOBAHHAS
dynkmua becceas, obOosmawaemas kak F) (r), OT KOTOPOU 3aBHCAT

pyHKITIT HAITPAAKEHHOCTH h(r) 1 IIAOTHOCTH TOKA (r), a IMEHHO

Jj,r)=F, (). 25)
J (r)z‘;1(1¢<r>+r-j;(r)), 29

J)=Erj ), @7
(04
0

hz(r)=2+x f 9, (r)dr,

r=R (28)
h
ho(r) = %( zﬁr)a - jr(r)) 29)
-1
h,ﬁ(”)=7(i¢(r)+hz’(r)), (30)

rae PYHKITHA 9,(r) OIIPEAEAEHA B IIPUAOKEHUH 4.

500 . : : : : :
400 F Y 1
300 -
200 ot |

100 1, o* ]

JF, JR

-100

-200

-300

-400

_500 L 1 1 L 1 L 1 1 L
0 0.01 002 0.03 0.04 0.05 0.06 007 008 0.09 0.1

(r) Fig. 3 (forFig13nowTest, mode=23)

B mpmaomxennn 3 moxaszaHo, uto mpu MaAblx T pymknma (25)
IIPUHUMAET BUA

y=Ax B, (302)
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naBa 5. PeweHue ypaBHeHu MakcBenna ans npoBoga NoCTOSIHHOIO TOKa

rae A — KoHCTaHTA, U
1
==(-3+ 2), B<O
B=5(-3£3+4) B . (308)

[Ipu atom Aast pacdera 1o ypaBHeHHAM (25-30) AOAKHBI OBITH M3BECTHBI

X o
BECAMYMTHBI A’ ’ X B paSACAC 6 ommcan HOpHAOK BBEIYMICACHHH IIO
BBITICIIPUBCACHHBIM ypaBHGHI/I}IM.

4
2000 1000 0 fa
£ 1000 / = 500 ® -2
0 0 -4
0 005 0.1 0 005 0.1 0 005 0.1
4
4 1000 p 210
%) Oh-/

500

hf
o N
|
r <)
N
if
o
NS

0 005 0.1 0 005 0.1 0 005 0.1
6
20 20— p 210
) N 10 &1
o 0 0
0 005 0.1 0 005 0.1 0 005 0.1

Fig. 3.1 (fig-5-3-1.m)

@Oymkiua  (25) mMeeT MHOKECTBO BAPHUAHTOB, OIIPEACAAEMBIX
xorcranramu A7 %7 X Ha puc. 3 nokasanet dynkimu j,(r), j, (r) —

COOTBETCTBEHHO CITAOIITHOW WM HYHKTHPHOI AmHHAMH. Pusmyaeckm 310
03HA4aeT, 9YTO B oOAacTu 7 < R cymiecTByror pasmasbHble TOKH J, (r),

HaHpaBAeHHbIﬁ oT HCHTpa. SACCB R ABAACTCA paAI/IYCOM HpOBOAa.

ITpumep 1. Ha puc. 3.1 mnoxasamer rpacdukn  yHKIHH
7.y J, (), J.(r), h.(r), h,(r), h.(r). O dynrkimm BerampcasroTca
npu  Aammpix  A=-2-10 %10, x=1.5, x=04 y paAmyce IIPOBOAA
R =0.1. B mepsoit xosonke mokazaust dbynkmmm j,.(r), j,(r), j.(r),
BO BTOpOIl KoAOHKe mokasanel ynxmmm  h.(r), h,(r), h.(r), a

yHKIIHH, ITOKa3aHHBIE B TPETHEH KOAOHKE, OYAYT PACCMOTPEHEI AdACE.
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naBa 5. PeweHue ypaBHeHun MakcBenna ans npoBoga NOCTOAHHOIO ToKa

Ha punc. 3.2 nokasamer dyaxnmm (12-14) npm  z =const. B
YETBEPTOM OKHE IIOKa3aHa (PYHKITUA

J.(r,p), if J (r,p)>0,
0, if J.(r, @) <0.

Jp.(r,p) =

1000

Jf
=

-1000
50

-50 .50

20 20
M
N0 k=3 10
20 0
50 . 50 .
0 50 50
0 0
-50 50 , -50 50 .
(forFig32.m) Fig. 3.2

HaﬁACM 3HAYCHHC IIAOTHOCTH TOKA B IIPOBOAC C PaAHTyCOM R:

A &
r.e

7R
C yuaerom (14) Haiiaem:

T = ([0 pi = sz@ff(sz--d(p)}r- o

R’ R?
C yuaerom (11) maiiaem:
2 15 20 20
J, = 5 I]z (r cos(2amr +—z)—cos(—z) |dr. (33)
ank 0 c c

Or1cropa cAeAyer, ITO CyMMapHBIH TOK J, H3MEHAETCA B 3aBHCHMOCTH
OT KOOpAMHATHL z . OAHAKO CYMMAapHBIH 3aAaHHBIH TOK C IIAOTHOCTBIO
J, ocTaerca MOCTOAHHEIM.




maBa 5. PeweHue ypaBHeHu MakcBenna ans nposoga NOCTOSIHHOIO TOKa

3. IloTroxu aneprumn

ITroTHOCTE TOTOKA  3AEKTPOMATHHTHOM 3HEPIHMH — BEKTOP
[TotirTrHra onpeaeasierca B aToM caydae 1o dpopmyae (1.4.3):
S=ExH. 1)

Toxam COOTBETCTBYIOT OAHOMMCHHBIC JACKTPHUYICCKHE HAIIPIDKECHHOCTH,
T.C.

E=p-J, @
rae O - aaexrpoconporusserue. Cosmerad (1, 2), moayaaem:
S=,a]><H=£J><B. 3)
Y7

MaruurHas cuAa AopeHIia, ACHCTBYIOIIAS Ha BCE 3aPAABI IIPOBOAHMKA B
€AMHIYHOM OOBEME, - OObEMHASA IIAOTHOCTb CHABI /\OPEHIIa paBHA

F=JxB. *
W3 (3, 4) maxoanm:
F=uS/p. ©

CAeAOBATEABHO, B__IPOBOAE € HOCTOAHHBIM __TOKOM _ ITAOTHOCTH
MATHHUTHOH CHABI /\OpPEHIIa TPOIOPITNOHAABHA BeKTOopY [lofHTHHTA.

ITpumep 1. Arst mpoBepkH pacCMOTPHUM PAa3MEPHOCTH BEAUYHH B
BBIIIEIIPUBEACHHBIX popmyaax B cucteme CH — cm. TabA. 1.

ITapamerp PasmepHOCTB
ITaoTtHOCTE TOTOKA HEPTHU S Kr-c
ITaoTHOCTB TOKA J A-m2
Wuaykrws B Krc2-A
OOpeMHadg MAOTHOCTD CHABI Aoperria | F H-m3=kr-¢3-m?2
MarsurHas IPOHHUIIAEMOCTD H Kr-c 2M-A2
VACABHOE COITPOTHBACHUE P Kr-c3-m3-A2

2

Hlp Hlp |em

Mraxk, TOK ¢ TAOTHOCTBIO J M MATHHUTHOE MOAE CO3AAFOT MOTOK
SHEPTHH C TTAOTHOCTBIO O , KOTOPBIH TOKACCTBEHEH MATHHTHON CHAE
Aopenma ¢ maotHoctsio [ - em. (5). Dr1a cuaa Aopenna Aeiictsyer Ha

3aPAABI, ABITDKYIITHECH B TOKE J,s HAIIPABACHHUH, IIEPIIEHAUKYAAPHOM
aTroMy TOKy. (CAEAOBATEABHO, MOKHO VIBEPKAATb, HYTO BEKTOP
[lotinTrHI2 CO3Aa€T 3.A.C. B IIPOBOAHHKE. ODTOT BOIIPOC C APYIOH
CTOPOHBI PACCMOTPEH B rAaBe 15, rae Takasd 2.A.C. Ha3BaHA YETBEPTHIM

BHAOM 3AEKTPOMATHUTHOM HHAVKIIH.
5-12




MnaBa 5. PeweHune ypaBHeHun Makcsenna ans nposoaa NOCTOAHHOIO Toka

B IUAUHAPHUYIECKIX KOOPAMHATAX T, qﬂ, Z IIAOTHOCTB IIOTOKa

SAEKTPOMATHHTHOH dHeprun (3) mmeer Tpu Kommonentst S,, S,, S.,

HAIIPABAGHHBIE ~ BAOAb  PaAHyCa, IO  OKPYKHOCTH, BAOAb  OCH
COOTBETCTBEHHO.

3.1. B ka)kAOIf TOYKE IIUMAMHAPUYECKON ITOBEPXHOCTH CYILIECTBYET
ABA TIOTOKA 3AEKTPOMATHUTHOM SHEPIUH, HAIIPABACHHBIX ITO PAAHYCY, C
ITAOTHOCTAMH

Srl = p’]quz’ Sr2 = _ﬂ]zH(p (6)

- CM. pI/IC 5. CYMMapHaH IIAOTHOCTH IIOTOKa B Ka)KAOﬁ TOYKE
L[HAHHAPH‘ICCKOI:I IIOBEPXHOCTH, HAIIPABACHHOTIO ITO paAHycy,

S, =8, +S,=plU H ~J.H,) @
z J, H .
NG

Puc. 5.

H

4

SZZ J‘/’
O\
\___ \_/l g
Szl
Puc. 6.

3.2. B xaKAOM TOYKE CEYEHMA ITMAMHAPA CYIIIECTBYET ABA ITOTOKA

SACKTPOMaFHI/ITHOfI C—)HeprI/II/I, HaHpaBAeHHHX BCpTI/IKaAbHO, C
IIAOTHOCTAMMA
S,.=-pJ,H.,S,=pJH, (8)

- oM. puc 6. CymmapHas IAOTHOCTH IIOTOKA B KaKAOH TOUYKE CEYCHUSA
IIAWHAPA, HAITIPABAEHHOTO 11O BEPTUKAAH,

S.=S,+8,=pU.H o —JH ) ©)

5-13



naBsa 5. PeweHue ypaBHeHu MakcBenna Aons npoBoAa NOCTOSHHOIO TOKa

3.3. B kamaolf TOUKe cedeHUsA ITUAMHAPA CYIIIECTBYET ABa ITOTOKA
SAEKTPOMATHUTHOM 3SHEPIHH, HAIIPABACHHBIX IIO OKPY/KHOCTH, C
IIAOTHOCTAMU

S(plzla]zHr’ S(pz:_ﬁ]er’ (10)
- o puc 7. CymmapHas IIAOTHOCTH IIOTOKA B KAKAOM TOYKE
LUAUHAPHYECKOH ITOBEPXHOCTH, HAIIPABAEHHOTO 110 OKPYKHOCTH,

S¢:S¢1+S(p2:p(JzHr_Jer) (11>

P2 ‘ ol

J, H
N ’

C Y49€TOM BBIIICU3AOKCHHOI'O 3aITUIIIEM (pOpMyAy ITAOTHOCTH
IIOTOKA BACKTpOMaFHI/ITHOﬁ BHCPI‘I/II/I B ITPOBOAC ITOCTOAHHOI'O TOKA:

z

Puc. 7.

S JH. ~(.+J,\H, +H,,
S = S(p = p(J >< H): p JZH}“ - J}‘HZ + JOH}“ ’ (12>
S. J.H,~J,H +JH,

AormoannreapHbe caaraemoie B (12) OABAAIOTCA B CBA3HU C TEM, YTO HA
ITOTOKH SHEPTHH BAHUAIOT TaKiAKe IIAOTHOCTD TOKA J, M HAIIPAKEHHOCTD

H,, =Jr (13)
- cm. (2.4). IToacrasnm (13) B (12):
S JH. ~(. +J NH, +J,r
S=|S,|=p(UxH)=p|J.H ~J H +J,H, : (14)
S JH,~J,H +J.J,r

Beraucaenus o 3101t popmyae BeCbMa IPOMO3AKH H BBIXOAAT 32 OOBEM
9TOI KHUTH. MBI BBIACAHM 13 9TOH (DOPMYABI TOABKO 9aCTh BUAA

S, J,H. ~J.H,
§= S(/’ =p(JXH)=p JZHr _‘]»‘Hz ’ (15>
S, J.H,~J,H,

O003HaAYNM:
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naBa 5. PeweHue ypaBHeHun MakcBenna ans npoBoga NOCTOAHHOIO ToKa

50| [Gh -k,
S,0)|=| G.h, = k)| 1)
s LGa-ih)
W3 (2.12-2.17, 15, 16) caeayer, ato
S, 5,¢) s
S = S, =,0I” S_¢(r)-si-co r-deo-dz. 17)
S. "N S (r)-si-co

Ha puc. 3.1 B npaBoii koronke noxasausl dyukiun (16). Ha puc. 3.3
nokasauel pyukmun (17) npu z = const. B gerBeprom okHe mOKa3aHa

dpysKIHIA

S.(r,p), if S.(r,@) >0,
0, if S.(r,0) <0.

sz(f',¢) :{

%1073

-50 50

0.2

Szr
[
Szm
=

-0.2
50

50 50

0 0

50 . -50 .
%0 (forFigaz.m) %0 Fig.33

®opmyaa (17) orHocmrTea k pemrenuro B Buae dyHkmmi (2.12-
2.17). O1o permenne umeer BUA (PYHKITHE

Jr=Jrco @

Jo —J St 22)

5-15



naBa 5. PeweHune ypaBHeHu MakcBenna aons npoBoAa NOCTOSAHHOIO TOKa

J2=JSb 23)
H. = hrco’ -
H,= h(psi’ o5
H, = h,si, 26)
rae  yHKIHH ] r'j <P’j Z’hr’h(P'hZ " maliaeHsr  Beime.  O4YEBHAHO,

AHAAOIMYIHO MOKHO HAWTH perteHne AAA pyHkiuii (21-26) B Buae

I, =J,s i’ @7
Jo :JTQOCO, @72
] 2= j 2£0 28)
H = ﬁrsi’ 50
H 0= E(pco’ -
H,=ho. .

IIpu cymecTBOBaHHH OOOUX PEINEHUI OAHOBPEMEHHO IIAOTHOCTH
IIOTOKOB SHEPIUU HEOOXOAUMO BBIYUCAATD 110 aHaroruu ¢ (16, 17):

Sr=JoH, +]<sz +]_(sz +]_(p1:IZ—]ZH(p—]ZI-_I(\0 —TZH@—]ZI-_I(p

S, = pfff@drdcpdz

rp.z (33)

AN

TAC
@ = (j(phz —jzh(p)si2 + (f(phz —fzﬁ@)coz + (j‘pﬁz +5h, = Jjhy, —7Zh(p)si - co
MHTerpaA OT IIOCAGAHETO CAAraeMOro B 9TOH (DOPMyAe paBeH
HYAIO, IIOTOMY MOKHO IIPHHATD, ITO
. . .2 - = 2
@ = (](phz —]Zh(p)Sl + (](phz —]Zﬁ(p)CO ) (34
AHAAOTHTYHO HAXOAHM
S = pfff@drdcpdz

.z , (35)
rAe
o= (R =T,h,)si + (7,h, - jih,)co?, (36)
S,= pfff@drd(pdz,
Tz (37
TAE
)= (g —j‘pﬁr)si2 +(,hy —f(phr)coz. (38)
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MnaBa 5. PeweHune ypaBHeHun Makcsenna ans nposoga NOCTOAHHOIO Toka

jr;j(p;jzrhr;h(p;hz

Moxuo — mokasarb, 9T0  (DYHKIHH

RN

r’ (P'EZ ronapHo paBHbL [Ipu atom u3 (34, 30, 38) HaxoAnm:
= (ghs=Jzhg), (39)
@ = (.~ Jyhy) (40)
54= Urho =Jghs)- (41)
[ToacraBass (39-41) B (33, 35, 37) cOOTBETCTBEHHO, IIOAYYAEM:
S,=p @dr = const,
" 42)

Se= pf@dr = const,

®
S, = pf@dr = const.
z (44)

ITOCTOAHCTBO 3THX BEAWYHH CBHACTEABCTBYET O BBITOAHCHHUH 3aKOHA
coxpanenus sHeprun. C ApPyroil CTOPOHEI, 3TO O3HAYa€T, YTO 00a
pelleHua C Ppa3HOM IIOAAPHU3ALMEH CYIIECTBYIOT B IIPOBOAE
OAHOBPEMEHHO.

n  dyHKIUN

#3)

Wtak, B IIPOBOAE IMPKYAUPYIOT IIOTOKM SACKTPOMATHUTHON
SHEPIMM, COXPAHAIOIIME IIOCTOAHHVIO BeAnmumHy. OHHU  ABAAIOTCA

BHYTp CHHUMM. Oun HOp OXAAFOTCA TOKaMM nu MAarHUTHBIMA
HAIIPAKECHHOCTAMHM, CO3AaBAEMbIC 3THMH TOKAMH. B cBoro OYEPCADb, 3TH
ITOTOKH BO3A€I>'ICTBYCT Ha TOKH, KaK CHABI AOpeHHa. HpI/I 9TOM
CyMMapHasa 3HCPIUA 3THUX ITOTOKOB YACTHYIHO PACXOAYCTCHA HA TCIIAOBBIC
HOTepI/I, HO B OCHOBHOM HCpCAaCTCH B HaFPYSKy.

ITpoAOABHEBIIT  ITOTOK  9HEPIUH Sz pasen mommoctu P

IIEpEAABAEMOM 110 IIPOBOAY:
P=S,

5

(45)
3amMeTHM, YTO 3Ta MOIMHOCTb M3MCHACTCA BAOAB IIPOBOAA, T.K. 4YaCTb
SHEPIUU TPATUTCA HA TEIAOBBIE ITOTEPH (IIOAPOOHEE OO 9TOM CM. B
pasaeae 0).

4. CKOpOCTh ABIDKEHHA 3HEPIUH B IIPOBOAE

PaccmMoTpuM  CKOPOCTB  ABIKEHHS ~ SHEPIHMH B IIPOBOAC
IIOCTOSIHHOTO TOKAa. TakK e, KaK U B raaBe 1, MbI OYA€M HCIIOAB30BATH
KOHIIEIITHIO YMoBa [81], corAacHO KOTOPOM ITAOTHOCTE ITOTOKA SHEPTHH
S SABASICTCA IIPOM3BEACHHEM IIAOTHOCTH OJHEPIMH W U CKOPOCTH

ABHKECHUA SHCPFI/II/I V,.

— ©
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naBa 5. PeweHune ypaBHeHu MakcBenna aons npoBoAa NOCTOSAHHOIO TOKa

Mbr OyAeM paccMaTpUBaTh TOABKO ITOTOK SHEPTHH BAOAB IIPOBOAR.
Dr1OT MOTOK PpaBeH MomHOCTH P, mepeAaBaeMoil IO IIPOBOAY B
HATPY3KY:
s=P/zR*. @
rae R - paamyc npoBoaa. Bayrpennss sHeprus poBoAa — 5TO 9HEPrHs

MATHHUTHOTO ITIOAd OCHOBHOIO TOKa IO . DT1a SHEPrusA paBHaA

2
mh:Léﬁ, 3)

rae L - aamH2 MPOBOAA, L, - MHAYKTUBHOCTb EAMHUIIBI AAMHEI IIPOBOAA,

pryem [83]

L~ 4)
27 R
O06pemM mpoBoAa
V=Lr-R*. 5)
M3 (3-5) HaliaeM IIAOTHOCTD SHEPIUH B IIPOBOAC
W LI’
— m. _ iTo i 6
Vo 2aR? ©
Hs (1, 2, 6) HaliAeM CKOPOCTb ABHKECHHSA SHEPTHH
P LI’ 2P
Vo = == 2 ol R )
w 7R 27R LI,
ConpoTuBAcHIE HAIPY3KH
P
Ry = ©®)
CAeaOBaATEABHO,
2R
v =22 ©)

1
Hampumep, mpum  R=10" uw R,=1 wmveem: In—=7,
r

1 _
L = &ln— ~7-107, v, =3 10°. DTa cKOPOCTH 3HAYHTEABHO MEHBITIE
T

ckopoctHu cBera B Bakyyme. C 2TOIT CKOPOCTBIO SHEPIUsA BTEKAET B IIPOBOA
U 13 HETO BBITEKACT B HATPY3Ky. DHEPIUIO TEIIAOBHIX IIOTEPh MBI HE
VIUTBIBAEM, T.K. OHA HE IIEPEAAETCA B HATPY3KY.

ITpu BKAIOYEHHH TaKOHM HATPY3KH TOK B IIPOBOAE HAPACTAET IO

dyHKIIIH
I, = RE (1 - exp(— %D , (10)
H
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MnaBa 5. PeweHune ypaBHeHun Makcsenna ans nposoga NOCTOAHHOIO Toka

rae U - BXOAHOE HampsuKeHUE U
— LIL

= E .

M3 (9, 10) maxoamm:

v = 2P _2U _2U U 1—ex (_t] _2R 1—ex (—t] (12)
° LI* LI L/ R e L 7))

Taxkum 0OPa3oOM, CKOPOCTh ABIKEHHS SHEPIUH B IIEPEXOAHOM IIPOIIECCe
YMEHBIIIACTCA OT OECKOHEYHOCTH (CKOPOCTH CBETA B BaKyyMe) AO
BeAnmdauHsI (9).

T

1

5. CKkopoCTh ABIDKE€HHA SHEPTUH U3 AKKYMYAATOPA
XapakreprucTukn "CpeAHEro akkyMyATopa” IpeACTaBACHbL Hinke [92]:

Em — emkocTp akkymyastopa 60 Ag

P- HAOTHOCTD AEKTPOANTA 1250kr\m"™3
G - Bec anexTpoAHTa 1.5 kr
V=G/p - o6bem arekTpoAnTa 0.0012 m™3
R — conporuBAenne Harpysku 0.047 Om
U — manpsskeHue Ha Harpyske 12.8 B

I — Tox marpysku (cTapTOBBII) 270 A
P=U*I=U"2/R — MOIIHOCTD HATPY3KH 3456 Bt
W =3600*Em*U — sneprus kouaeHcaTopa (aaekrpoanta) 2764800 Ax
w=W/V — naorHOCTS 9HEprUN 2.3%10"9 Aox\M"3
S = P — morok sueprun 3456 Br

b - cedenne mposoaa 100 Mm™2
s=S/(b*10"-6) - HAOTHOCTB ITOTOKA SHEPIUN 3.5%10™7
v, =% - CKOPOCTb ABMKEHUS SHEPTHHU 100 M\ cex
C - CKOPOCTb CBETa 300%10"6 m\cex

Takum 00OpasoM, CKOPOCTb ABHKEHHUS 9HEPIHU IIO IIPOBOAY U3
AKKYMVASTODA HAMHOI'O MEHBIIIE CKOPDOCTH CBETA.

6. IIpakTuueckue BEIYUCACHUA

Aas yaoOctBa  unmrareas — OOBEAMHHM  BCE  PACUCTHBIC
COOTHOITICHHSA, IIPUBEACHHBIE BBIITIE.

B pasaeae 2 ompeaeAeHBI IAOTHOCTH OCHOBHOTO TOKa J,

IAOTHOCTH ~ AOHOAHUTEABHBIX TOKOB J,, J , J ~1u MmarHuTHBIE
Hanpsikennoctn H,, H,, H_, nveronme caeAyronmil Bua:

J,.=j.(r)co, 2.12)
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naBa 5. PeweHune ypaBHeHu MakcBenna aons npoBoAa NOCTOSAHHOIO TOKa

J o= J,(r)si, 2.13)
J..=Jj.(r)-si, @2.14)
H,.=h(r)co, 2.15)
H,.=h,(r)si, (2.16)
H_.=h(r)-si, (2.17)
TAC
co=cos(ap+ yz), (2.10)
si =sin(a@p+ yz), (2.11)

IAE, B CBOIO O4YEpPEAb, (f, ) — HEKoTOpble KOHCTaHTBl U (1), h(r)-

HCKOTOPBIC (bYHKL[I/II/I KOOPAI/IHaTbI 7, UMCIOIITHC CACAYIOIHHﬁ BHIA!

J,)=F, (), (225)
AGE _;1(j¢(r) +r j;(r)), (2.26)

J=Zr ), @27)
0
hz(r)=zioC f 9, (r)dr,
r=r (2.28)

he = (-, )

(2.29)
h(r)= _71 (j L)+, ). 2.30)

3aecy dymknua (2.25) ompeseAeHa B IPHAOKEHUHU 3 U HMEET
CACAVIOIIHIT BUA!
() 30, . fa®-1, 2\ _
a2 tror - ](P(T)(TZ_"'X ) =0. o
B npuaoxkenun 3 mokasaHo, 9TO AAA PEIIEHHA 3TOTO YpaBHEHHA
AOAKHBI OBITb 3aAAHBI BEAUTHHBT 4, %, X-
W3 (3.45) umeem
F=5 ©
3amernM, 9TO 3Ta MOIIMHOCTH H3MEHAECTCA BAOAB IIPOBOAQ, T.K. YacTh
SHEPIUH TPATUTCA HA TEIIAOBBIE ITOTEPH.

B mpuaomxkennn 4 nokaszano, 4to () vower IIPUHUMATD AFOOBIE
sHauenus B 3aucumoct o1 4 %, X, OAHAKO U3 MPAKTHUKU M3BECTHO, YTO

hZ(T’) = 0 BYACM IIO3TOMY IIOAAr'aTh B pacquaX, 9TO AAA HpOBOAHI/IKa BHC

MAarHHTHOTIO ITIOAA

R, ~0, ©)
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h (r
a AASl IPOBOAHHKA B MATHHTHOM ITOAE (1) M3BECTHO.

6.1. ITpoBOAHNK BHE MATHUTHOTO IOASA
[Tpu srom ypasuenus (2.28-230) IpHHUMAIOT BHA:

1.
h(p(r) == %]r(r)'

B (1) == 3,

©)
)

0
f 9,(r)dr = 0.
r=R 8)
B stom caydae pacder cocTomT B pEIIEHHMN CHUCTEMBI YPABHECHHH

(2.25-2.27, 6-7, 3) 1nOpm  M3BECTHBIX PJo u memssecrrmx
jr(r)!j(p(T)'jz(T)'h(p(r)ihr(r)'A;aﬁx.

6.2. ITpOBOAHUK B MATHUTHOM ITIOA€
B stom caydae pacder cocTomT B PEIIEHHMN CHUCTEMBI YPABHEHHI

(2.25-2.20, 3) npm  H3BECTHBIX ProJo (") memssectmmx
D, g (P (), A,

7. O6cyxaeHmE
Wrak, moaHOe perenne ypaBHeHHH MakcBeaAa AAfl IIPOBOAA C

ITOCTOSTHHBIM TOKOM COCTOHT U3 ABYX YACTEH:
1) wmseectnoro ypasuenns (3.13) Bupa H,, =J,r n

2) moAyueHHBIX BeIe ypapHenu# (2.10-2.17, 2.25-2.30).

[ToTox sHeprum BAOAB OCH IIPOBOAA S, CO3AACTCA TOKAMU M
HAIIPAKCHHOCTAMH, HAIIPABACHHBIMH II0 PAAHYyCy U OKPYKHOCTH. DTOT
IIOTOK 3HEPIHH PaBEH MOIIHOCTH, BBIACAAEGMOH B Harpyske R, u B
COIIPOTHUBACHHHU  IIPOBOAA. TOKM, TEKyIME BAOAB pPaAHyca H
OKPYKHOCTH, TaKXKE€ CO3AAIOT TEIAOBHIC roTepu. X mormHoCTs paBHA

ITOTOKaM sHeprun S,, S > HAIIPABAEHHBIM IO PAANYCY H OKPY/KHOCTH.

Bommpoc o TOM, KakmM 00Opa3OM IIOTOK 3AEKTPOMATHUTHOI
SHEPIUHU CO3AAET IACKTPUUECKUIT TOK, paccMaTpuBaerca B rAae 15. Tam
IIOKa3aHO, YTO CYIIECTBYET dYeTBEpTas IACKTPOMATHUTHAA WMHAYKIIHA,
co3aaBaeMas IIOTOKOM 9AEKTPOMATHUTHOM SHEPIUM. 3arem
OIIPEACASACTCA 3aBUCUMOCTD 9.A.C. 9TOH MHAYKIIHH OT IIAOTHOCTH IIOTOKA
3AEKTPOMATHUTHON SHEPTHH M ITAPAMETPOB IIPOBOAA.

IToxkasaHO, YTO ITOCTOAHHEIM TOK B IIPOBOAE HMEET CAOKHYIO
CIPYKTYPy H PaCHpOCTpaHACTCA BHYTPH IIPOBOAA IIO BHHTOBOM
Tpaekropun. [Ipu IOCTOAHHON BEAHMYMHE TOKA IAOTHOCTB BHHTOBOIT
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TPACKTOPHUU  YMEHBIIACTCA II0 MEPE YMEHBIICHHA OCTABIIEIOCHA
conpotuBAeHnA  Harpyskm. Vimeerca ABe  COCTaBAfIOIIHE — TOKA.
[TroTHOCTD ITEPBOM COCTaBAAFOINEH J, IIOCTOAHHA HA BCEM CEYECHHH

1poBoAa. [TAOTHOCTE BTOPOIT COCTABAAIOIIEN M3MEHAETCA IO CEUYEHUIO
IIPOBOAQ TaKHM OOPA3OM, YTO TOK PACHPOCTPAHAETCA IO BHHTOBOI

TpaeKTOpun. B IMAMHApPHYECKNX KOOpPAMHATAX F, (), Z 3Ta BTOpad

IAOTHOCTh UMeeT Tpu kommnonentsr J,, J,, J,. OHn HaliaeHBI Kak

pCLHCHI/IC ypaBHCHI/Iﬁ Maxcpeaaa. KpaTKO peHIeHue OIIMCAHO B paSACAC
6.

HpI/I HEM3MEHHON IIAOTHOCTH OCHOBHOIO TOKa B IIPpOBOAC
HCpCAaBaCMaH II0 HEMY MOIIMHOCTD 3aBHCHUT OT HapaMCTpOB CTPYKTypr (
(24 ,,’K), KOTOprC BAHAIOT HA IIAOTHOCTH BHUTKOB BHHTOBOM TpaCKTOpI/H/I

ToKa. Takum 0OpasoM, OAMH H TOT K€ TOK B AAHHOM IIPOBOAE MOKET
IIEPEAABATH PASAMYHYIO MOIIHOCTD (3aBUCAIIYIO OT HATPY3KH).

CuoBa paccmorpum puc. 1. Ha ywgacrke AB mo mposoay
nepeaaercsas sHeprua Harpysku P. Eii coorBerctByer ompeaeAecHHOE
3HAYEHHUE ITAPAMETPOB CTPYKTYPHI (& , ¥ ) H, KAK CACACTBHE, IIAOTHOCTb

BUTKOB BHHTOBOH Tpackropun Ttoka. Ha yuactke CD mo mpooay
IIepeAacTCs HE3HAYHTeAbHasd oHepruf. LBl  cooTBercTByeT Mmaaas
ITAOTHOCTD BUTKOB BUHTOBOM TPAEKTOPUHU TOKA.

EcrectBeHHO, HArpy3sKOH ABAAECTCA M CONPOTHBACHHE CAMOTO
1poBoAa. CAEAOBATEABHO, IIO MEpE IIPOXOKACHHA TOKA IO IIPOBOAY
BHUHTOBAS TPACKTOPHSA TOKA BBIIPAMAACTCA.

TakuM 00OpasoMm, IIOKA3aHO, YTO CYINECTBYET TaKOE€ peIleHue
ypaBHEeHNI MakcBeAAa AAfl IPOBOAQ C ITOCTOSHHBIM TOKOM, KOTOPOMY
COOTBETCTBYET IIPEACTABACHUE O

® 33KOHE COXPAHEHUA SHEPIHH,

® BHHTOBOH TPAEKTOPHH IOCTOSHHOTO TOKA B IIPOBOAE,

® IIepeAade SHEPTHH BAOAB M BHYTPH IIPOBOAA,

® 33aBHCHMOCTH TIAOTHOCTHM BHHTOBOH TPAEKTOPHH  OT
IIEPEAABAEMON MOIITHOCTH.
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ITpuaosxenne 1.
Paccmarpusaerca permenne ypasuenuit (2.5-2.9) B Buae dyHKImit
(2.10-2.17). Aaree mpou3BOAHBIE IO 7 OYAEM OOO3HAYATH IITPUXAMH.

ITpu stom mepenniiem ypasuenusd (2.1-2.8) B caeayromem mopsake (2.5,
2.1,2.2, 23 24 2.0, 27 28)HnepeHyMepyeMux

4)

)0( +xj,(r)=0
@25

h (r)

+ h(r) +
h,(r)
r

a+xh,(r)=0
> (CAVENC)

—vh =
= xXhy(r) = () oy

—h,(M)x-h,(r)=j (p(r), | 2.3)
( ) ( )

JZ(T)

)

a=7j(r
I ), NG

o= Yy (r) = 0
(2.6 (6)

—n@m—mﬁmﬂ=o

Jo(r ) J(r)
q)r dr( ())+ 28

CHagana paccmorpum rpymmy  4-x  ypasmenmit (1, 6, 7, 8)

(2.7) (7)

a=0.

OTHOCHTEABHO 3-X HEM3BECTHBIX (DYHKIIHI ](r) B npumaoxennn 2

IIOKA32HO, YTO 3TH YETBIPE YPABHEHHA COBMECTHMBI, a ypaBHeHwue (7)
caeayer u3 ypasaenn# (1, 6, 8). Ilpu stom
Jp0)=F, @) 14

S =% j ), (15)
(04

. -1 .
h@0=7;(w00+r-hxﬂ) (16)
Oyukus F, (r) OTIPEACACHA B IIPUAOKEHNN 2.

I1pu usBecTHBIX PYHKIUAKX (r) perraem cucremy 4-X ypaBHEHHI

(2-5) orHOCHTEABHO 3-X HEH3BECTHBIX (DYHKITHIT h(r) s (3, 4)

HaXOAUM:
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o) =4 - ,09) .

h ()= _; G, () + 1), (18)

[Toacrasnm (17, 18) B (5). Toraa Hatiaem

%(hz() ()) (h N, _h) a8

r -z Y7o r(r))

o)+ (1) =) = 0 19)

B npuaoxenmnm 4 maiiaeno permrenme ypasuHenua (19). Omo mmeer

CAEAVFOIIHIT BUA!
0

hy(r) = 5 f 9, (r)dr.
r=R 20)
rae pyHKIHA 9,(r) OlIIpEAEAEHA B IIPUAOKEHHH 4.
Wrax, wnckomsie ymximn f,(r), j, (), j.(r), h.(r), h,(r), h.(r)

onpeaeasrores 1o (14, 16, 15, 18, 17, 20) coorBeTcTBEHHO.

B moAydyeHHOM penreHnM HeE HCIOAB30BAAOCH ypaBHeHHeE (2).
Tereps moacraBuM (17 18) B (2). Toraa Hatiaem

01,09+, ) = 2(h,0) + 5 ()
{11 =1, + X () = 0

A
- () + 7o) = 7(h, ) + 5 )
+ a(%hz(r) - jr(r)) +xPrh(r) =0
A

(xr+ )h () = h,(r) - h,(r) -

(j(P(r) +r 25,0 + ajr(r)) =0. -

B mpuBeAeHHBIX  IIpeoOpa3sOBaHHMAX ~ HE  HCIOAB30BAAOCH
ypaBHeHUeE (2).

Taxum obpasom, ypasuerue div(H )= 0, U3 KOTOPOIO MOAYYECHO
ypaBHeHue (2), mnpeoOpasosano B ypasHenwe (22). Ilpu panee
HaliAeHHBIX yHKuuax 7 (r), ], (r) J,(r), j.(r) ar10 ypasuenme (22)

BHIITOAHACTCA He BCerAa, T.e. ypasuenne div(H )=0 Bomoanserca me

Bceraa. B raase 14 moxkasamno, uyro
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div(H) =0, ecam  Bce  TOKH (jr(T'),j(P(T),jZ(T'))
OTCYTCTBYIOT

div(H) % 0, cony —  oi,onLm)| P
CYIIIECTBYIOT.

B cBasm ¢ ortmmM  3aMeTHM, YTO  OKCIEPHUMEHTHI  TaKikKe
CBHACTEABCTBYIOT O TOM, AUBEPIE€HIINA MATHHTHON HAIIPM/KEHHOCTH HE
paBHA HYAIO BCIOAY. AeHCTBUTEABHO, HAOAFOACHHE MATHUTHBIX CHAOBBIX
AVHHI B OIHAKAX MAM MATHUTHOW JKUAKOCTH CBHAETEABCTBYIOT O TOM,
YTO HANIPHKEHHOCTh HA TAKOW AMHHH OTAWYATCHA OT HAIIPS/KEHHOCTH B
OAMKANIIell OKPECTHOCTH — CM., HAIIPUMEpP, PHC. 2a B pasaese 2. DT1O
BO3MOKHO TOABKO TOTAQ, KOTAQ AUBEPICHIINA UCITBITBIBAET CKAYOK.

[TosToMy MOKHO HCKAaThb PpEIIEHHE IIOCTABAEHHON  33Aa4YH,
HCKAFOYAs YPaBHEHHA AHMBEPICHIIMM MAarHUTHOW HAIIPAKEHHOCTH,
Tpebyer HpPOBEPKHM TOABKO PaBEHCTBO JTOH AMBEPICHIINM HYAIO B
CpeAHEM.

C Apyroil CTOpOHBI, CBOOOAHBIM YAEH CIIpaBa (BMECTO HYAf) B
ypaBHeHnH (22) MOKHO pPacCMATpUBATh KAK ITAOTHOCTb MATHHTHBIX
MoHomoAeM. B raase 14 mokasano, 910 OTCIOAQ CACGAYET CYITIECTBOBAHIE
B IIPOBOAHHUKE MATHUTHBIX AMITOACH.

ITpusroxenue 2
Paccmorpum ypasuenus (1, 6, 7, 8) n3 npusoxenuns 1, coxpanus
HX HyMEPAIIHIO:

AN, ()+J*’()a+z J.(r)=0, 1)
}-jz(r)a—mr)z:o, ©
— i - ji (=0, ™
jw()+ ()+Jr() 9
s (6) maxoamm:
S =Er ), (11)
p
J1 =2 G4y n) (12)

W3 (7, 12) maxoamnm:
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5O =20, (475 (r)=0.
HAHT
Ho ypaBHeHHe 1 3) cosmapaer ¢ (8). CaeaoBareapHo, ypaBuenue (7)
MOKET OBITh HCKAFOYEHO U3 crucTeMsl ypasuenui (1, 6, 7, 8).
N3 (6) maxoamm:
a

Jo=——"J: (14
ry
W3 (1, 14) paxoaum:
245 ()+aJ‘”( )+—r J, () =0. (15)
P
M3 (8) maxoamm:
. 1. .
50)==— (o) 477 (), 16
0=~ @)+ 1) )

W3 (15-17) maxoaum:
_ém D gy )J__(2]¢(V)+r it (r>)+a"”( )+—r Jo(r)=0.019

Vupomas (18), moayaaem:

(](p(r) %(r)) (Zajq,(r) azjq,(r)) 2f(p()

r or or ors

+x°7j,(r) =0

AN

] 2 _ aj (r) 9%, (r)
1 2 ] ]
j (r)(a +x r)—3 L r—2 =0
@ ar or (19)

AN

art r or 2 tX

% (r aj (r 2_
Jo( )+3 Jo(M) j(p(r)(a 1 z)zo
(20)
Vpasuenne (20) apasercs MOANMUIINPOBAHHBIM ypaBHEHHEM becceas —
oM. mpuaoxkeHue 3. Aasee MBI OyAeM OOO3HAYATH 3TO PEIIEHHE KAK

F, (r) Wrak,
j,)=F, (). 1)

y d
()= ZF“ ). 22)
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ITpusrosxenue 3.

Vpasuenne (20) u3 npuAoxenns 2 ABAAETCA MOAUMDHUIIIPOBAHHBIM
ypaBHeHHEM becceas, mmeroree CACAYVIOIIHI BUA:
: 2
" y_fat=-1 ., 2\ _
y+35 y(—xz— + X ) 0
[Tpu *0 ypasuenne (1) npurnmaer BUA:

y+32L-y=o.

, ©)

©)

Ero pCH_ICHI/IC HMECT BHA:

_ 4B
y =Ax" o)

rAe A — KOHCTaHTA2, 2 B OIIPEACAACTCA U3 YPaBHEHUA
B*+3B-x"=0, 4)

N =

B=5(-3%3+4), B<O )
Takum 00pa3oM, Ha IEPBBIX HTEPAIUAX MOXKHO (pPyHKIHIO Y
nckath B BuAe (3), a 3aTeM BeMUCAATH ee 1O (2). CAeAOBaTEABHO, AAA
pacuera 110 (1, 3) AOAKHBI OBITH M3BECTHBI BeAmInHbI 45 X X.
Ha puc. 1 aaa mpumepa mokasasbl dyHknma becceas n ee
mpoussoansre pu 4 = 1, «= 1.5, x = 0.4.

Bessel «1010

0.5 >

0 0.5 1 0 0.05 0.1

012

x1 0'5

x1

0 0.05 0.1 0 0.05 0.1
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ITpuarosxenne 4.
Paccmorpnm ypasuenue (19) u3 npuaoxenns 1:

1 1(h ) _h (r) ]
{5 10) + 3 e )
—ﬁ(](p(r) +h,(r) - j,(r) = 0.

©)
IIpeobpasyem ero:
h, h h
(L) - (r)) +r (r) D, -2
- (J(p(r) + hz(r)) -xrj,(r) =
HAH
-2« hz(r) +9,(r) =0 )
VA

_ 1
hz(r) - ﬁﬁz(r)' <2>

TAC
0,09 ==, (1) =+ e () = @ o) =X T

CAeAOBaATEABHO,
0

hy () = o f 9 (rydr.
r=R (4)

Takum  oOpasom, h,(r) ompeaeasercas  mo  (11),  rae
b(r, j o7 ) onpeaeasierca o (10) B 3aBucuMocTH OT (PYHKITHH Jo(r )
KOTOpas, B CBOIO OYEPEAb, ollpeaeadercs 1o dopmyase (21) wus
npuAoxeHud 1.

Ha puc. 1 mokasan pesyaprar BeraucAenus 1o popmyae (11):

HZ1 pyr A=-2-10"% R=0.1, o= 0.01, x = 0.64,

Hz2 qpyr A=-2-10"% R=01, x=-16, x=-04,

Hz3 ppp A= 2-107°% R=01, x=09, x=14.
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Hz1

10000

5000

Fig.1 (CalcHz.m)

T T T T T T T T T
1 I 1 I 1 I I T —
0.01 002 0.03 0.04 005 0.06 0.07 008 0.09 0.1
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 009 01
/
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 009 01
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I'AaBa 5a. Apuratreap MuAbpos

OraaBAenue
1. Beeaenne \ 1
2. MaTteMaTHIeckas MOAEAD \ 2
3. IToTokn 9AeKTpOMArHUTHON sHeprus \ 4
3a. Bpamarormmit momenr \ 5
4. AOIIOAHHTEABHBIN 3KCIIEPUMEHT \ 7
5. O 3aKoHE COXPAHECHUS UMITYABCA \ 7

ITpuaoxenne 1. Pacger Bparmarorero MoMeHTa \ 8
®ororpacum \ 10

1. Beeaenue

Nssecten asurateab Muasposs [67] — B AaspHedmem - AM. B
"youtube" moxuO mOCMOTpeTh dKCIIEpEMenTEL ¢ AM [68-73]. VsBecTHBI
ITOIIBITKA TEOPETUIECKOro 0ObAcHeHnA pyukimonuposannd AM [74-77,
80]. B [80] dynknnonnposanme 3TOro ABUraTteAsd OODBACHACTCA
AEHCTBHEM HEIIOTEHIIUAABHBIX IIOIIEPEYHBIX CHA AopeHL[a. B [74]
(PYHKIIMOHHPOBAHHE ITOTO ABHIATEA OODBACHACTCA B3aUMOACHCTBHEM
MArHUTHOTO IIOTOKA, CO3AAHHOIO CIHPAABIO TOKAa B BaAe U
MOAYAHPOBAHHOTO TIEPEMEHHBIM MATHUTHBIM COIIPOTUBAGHHEM 3a30pa
MEKAY OOOMMAMHU ITOAIINITHHKA C MHAYIHPOBAHHBIMA BO BHYTPEHHEH
oboriMe moAmmHuKa Tokamu. He oOcykaas IIpaBOMEpHOCTD 3THX
TEOPHIL, CACAYET OTMETHTD, YTO OHU HE AOBEACHBI AO TOH CTAAHH, KOIAQ
HA UX OCHOBE MOKHO OBIAO OBI PACCUYHTATH TEXHHYECKHUE IIaPAMETPEI
AM. Ho Takme pacderel HEOOXOAHMBI IIEPEA HAY9AAOM MACCOBOTO
IIPOM3BOACTBA.

Ha dororpacdusax B KOHIIE TIAaBBl IIOKA3aHbI Pa3AMYIHBIC
kouctpymr  AM. TOKOIPOBOAAIIHMI BaA C HAACTBIMH HA HETO
MaxOBHKAMH MOKET BPAIIATHCA B ABYX IIOAIIMITHHKAX. Yepe3 BHeIIHHE
KOABIIA ITOAIIUITHHKOB H 9TOT BaA IIPOITYCKAETCA JAECKTPUYCCKHH TOK.
Baa maummaer packpydmBarbCi B AFOOVIO CTOPOHY IIOCAE IIEPBOIO
TOAYKA.

Bmecte ¢ nckarounreapHo# mpocroror AM, oH oOAasaeT ABymMA
CYIIIECTBEHHBIMU HEAOCTATKAMH:

1. MaABIM K.ILA.

2. HeoOXOAHMOCTBIO HAYAABHOIO PA3rOHA AOIIOAHHTEABHBIM

aprurateaem (mpu otoM AM IIPOAOANKAET KPYTUTBCA B Ty
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CTOPOHY, KyAa €rO TOAKHYAW, W VBEAHYHBACT CKOPOCTD
BpAIIICHNA).
Cpasy sxe OTMETHM, 9TO BTOPOH HEAOCTATOK MHOTAA HE MMCET 3HAYCHIS.
Hampumep, AM, ycTaHOBAGHHBIH Ha BEAOCHIIEAE, MOI OBl Pa3rOHATCA
BEAOCHIICAUCTOM.

AM u3obpen anramiickuii dpusuk P. Muaspoit B 1967 r. B.B.
Kocsipes, B.A. Pabko n H.H. Beasman paspmre Muaspos, B 1963
IIPEAAOKHAHR  ABHTaT€Ab ApPyron koHcTpykrmunm [82]. Mx aAsmratean
IIPUHIUIINAABHO OTAUYACTCH OT ABHUTaTeAs MHUABPOS TeM, 9TO OAMH U3
IIOAIIUITHUKOB  OTCYTCTBYET. TOKOIPOBOAAIINIT BAaA 3allPECOBAH BO
BHYTPEHHEE KOABIIO ITOAIIHIIHUKA, PACIIOAOKEHHOIO TFOPH30HTAABHO.
ITpy; 5TOM BaA BHCHT Ha IOAIINAITHUKE. DACKTPHYCCKAS IIEIIb 3AMBIKACTCSA
Yepe3 BHEIITHEE KOABLIO IOAIIMITHUKA M IIETKY, KACAFOIIYFOCSH HIUKHETO
TOpIIAa BaAd. ABTOPBl BHAAT I[IPUYHMHY BPAICHUA B TOM, 9YTO BaA
"Bparmaercsi B pe3yAbTaTe YIPYroi AepOpMALMU ACTAACH IIPH HArpeBe
ITOCACAHUX IIPOTEKAFOLINM IT0 HUM SACKTPHYECKUM TOKOM'

Hakonerr, wacto  (QYHKIHMOHHPOBAHHE  9TOIO  ABHIATCAS
obpacuaroT adpdexrom I'ydepa [77, 84].

Hrmxe aaerca mHOE OODBACHEHNE NIPHHIMIA ACHCTBHA O9THX
asurateAeii. IlokaspiBaeTcs, YTO BHYTPH IIPOBOAHHKA C TOKOM
BO3HHUKACT KPYTAIUH MOMEHT. ABTOPY IIPEACTABASICTCS, 9TO ABHIATEAD
Kocerpesa He MOxeT ObITh OOBACHEH HHAYE.

2. MaremarnuyeckKkas MOAEADL
B raase 5 paccmarpmBasock perrenne ypapHeHHI MakcBeAAa AAA

IIPOBOAA C IIOCTOSIHHBIM TOKOM € mAoTHOCTBIO J . ITaoTHOCTB 9TOTO

TOKa OAMHAKOBAa Ha BCEM CCYCHHHU IIPOBOAAQ. ypaBHCHI/IH MaxcBeana B
ITOM CAYYIAC UMCIOT BHA!

rot(J)=0, @
rot(H)-J =0, ()
div(J)=0, ©
div(H)=0, (d)

a IAOTHOCTB TOKa J _ HE BKAIOYEHA B ypaBHEHUA (a, d), ITOTOMY YTO BCE

IIPOM3BOAHBIEC 3TOIO TOKA PABHBI HYAIO.

Briao moxkasano, uTo mMoAHOE pereHue ypaBHeHHI MakcBeasa B
9TOM CAyYa€ COCTOHUT U3 ABYX UACTCH:

1) wm3BecTHOrO ypaBHEHHA BHAQ

Hw =J r, M
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2) moAydeHHBIX B TAaBe 5 ypasHenm# Buaa (5.2.10-5.2.17) m
(56.2.25-5.2.30); oTm  ypaBHEHHUA CBA3BIBAIOT  MATHUTHBIE
HAIIPHKEHHOCTH U IAOTHOCTH  TOKOB C  H3BECTHBIMHU

KoHCTaHTAMH (&, ) ¥ paAnycom mpoBoAa K.

Tokn M HAIPAKEHHOCTH, OIPEACASEMBIC STHMH YPaBHEHHAMH,
dopmasbHO He 3aBuCAT OT 3aAanHOrO ToKa J, . HOo omHE ompeaeasior

IIOTOK 3HEPIUH, IEPEAABACMBII IIO IIPOBOAY, T.€. Ty MOIITHOCTb, KOTOPasd
BBIAEASIETCA TOKOM B HATPY3KE.

Hmxe MBI paccMOTpUM — CAyvaii, KOTAA CVIIECTBYET €IIle
IIOCTOAHHBIM TOK, HAIIPABAEHHBIM IIO OKPYKHOCTH, KOABIIEBOM TOK.
Harpumep, 0OMOTKY COAGHOMAAZ MOKHO IIPEACTABHTH KAK CIIAOIIIHOIT
KOABIIEBOM IIMAUHAP, IO OKPYKHOCTH KOTOPOTO TEYET IOCTOAHHBIHN TOK.

Byaem oGosHataTh MAOTHOCTB 9TOTO 3a3A2HHOTO TOKa Kak J,, . Tax e,

KAK U B CAy4Yae 3aAAHHOIO ToKa J , IOAHOE peEIeHHE YpPaBHEHMI

MaxkcBeaaa (a-d) B 9TOM CAydae COCTOUT U3 ABYX YaCTEIl:
1) msBectHOrO YypaBHEHHA BHAQ
oH
_ z20 — J , 17
or - an
2) ypasuenunit (5.2.10-5.2.17) u (5.2.25-5.2.30).

Paccmorpum Bonpoc 06 ucrounmke toka J,,. B orcyrcrsum

BpAITICHUA CTEPKHA BAOAD HETO IIPOTEKAET IOCTOAHHBIM TOK C
nAoTHOCTBIO  J . CBOOOAHBIE DACKTPOHBI 9TOIO TOKA ABIAKYICH C
HEKOTOPOHM CKOPOCTBIO BAOAB cTep:kHA. [Ipm Bpamenmm crepixas

CBO6OAHBIC SACKTpOHbI 9TOIO TOKa HpI/IO6p€TaIOT CIIIC M OKPY)KHYIO
CKOPOCTI). HpI/I 5TOM BO3HHKACT T.H. KOHBCKHHOHHbIﬁ TOK, KOTOprfI

ABAETCA TOKOM C HAOTHOCTBIO J,, . DiixeHBaAbA 1okazan [86], uro

KOHBCKIIMOHHBIM _TOK _TaKXKE CO3AACT MATrHUTHVIO HAIIPAXKECHHOCTD.

CAeAOBaTEABHO, TOK € TAOTHOCTBIO J,, ~ CO3AQ€T MATHHTHYFO
HanpsxeHHOCTD (17).
ITax, BAOAD IIPOBOAA B TOKE J, ABHIKYTCS 3aPSABI C IIAOTHOCTBEO

g ¥ CO CKOPOCTBIO V (cKOpocHb 31eK/pPOHOE 6 1po600e), TIPITIEM

J,=qv. (18)
Ecan crepixens Bparmaerca ¢ yTAOBOM CKOPOCTBIO @) , TO
Jp=qao-r (19)

uAm, ¢ yaerom (18),
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naBa 5a. [iBuratens Munbpos

S (r)=J,01/v. 20)

Taxum 00pasom, BO BPAIAFOIIIEMCA CTEPAKHE ABHTaTEAs] MHABPOsS

BMECTE C OCEBBIM TOKOM J, IO OKPYKHOCTH IIPOBOAA TAKKE TEUET

IIOCTOSTHHBIM KOHBEKITHOHHBIN TOK € ITAOTHOCTBIO (20).
W3 (17, 20) maxoanm:

Jor

S

Aanee Oyaer mokasano, uro u3 pemrenus ypasuenwmi (1-10)

H @1)

CAEAYET CYIIECTBOBAHME BPAIIAFOIIETO MOMEHTA M B cTepiKHE. DTOT
BPAIAIOITUIl MOMEHT YBEAMYHBAECT CKOPOCTH BpaIllCHU, 6AaroAap;1

YEMY YBEAHYMBAETCA KOHBEKIIMOHHBIN TOK J, . PaBHOBecHe Hactymaer

IIpY PABEHCTBE YKA3aHHOIO MOMCHTA M TOPMO3HOIO MOMEHTA Ha BAAY
ABHIaTEAs (IIPU AQHHOM TOKe J, ). DTO ABACHHE aHAAOIMYIHO TOMY, YTO
TOKH, TEKYIIIIE BAOAB IIPOBOAR, ITOA ACHICTBUEM CHABI AMIIEPA CMEIIAFOT
IIPOBOA B IIEAOM (B OOBIYHEIX 9ACKTPOMOTOPAX).

HaxoHer, MOKHO IPEACTABUTH KOHCTPYKIIHIO, TA€ B CTEpPIKHE
CO3AaeTCA  AOIIOAHUTEABHA:A  PAAUAABHAA  MArHUTHAA
HAIIPsDKEHHOCTD 1, .

MokHO TaKKe IIPEACTaBUTh KOHCTPYKIHIO, TA€ B CTEprKHE
co3paercsa AOIIOAHHUTEABHAA oceBasa MAarHUTHAA

HAIIPOKEHHOCTh 1, .

3. IToTOKM 5A€KTPOMATHUTHOM dHEPIUU

B pasacae 3 raaBer 5 IIOKa32HO, YTO ITIAOTHOCTH IIOTOKaA
BACKTpOMﬁFHI/ITHOfI BHCPFI/II/I U IAOTHOCTb MATHUTHOM CHABI AOpCHHﬁ B
IIPOBOAE ITOCTOAHHOI'O TOKa CBA3aHBI CACAYVIOIINMI COOTHOIIICHMAMII:

S=ExH, (1)
S:,a]xH:BJxB, 3)
yri
F=JxB, (4)
F=uS/p, ©)
TAC P, U - SACKTPOCOIIPOTUBACHUC M MAarHUTHAS IIPOHHUIIACMOCTbD.

CAeAOBaTEABHO, B IIPOBOAE C IIOCTOSHHBIM __TOKOM _ITAOTHOCTH
MATHUTHON CHABL AOpeHa mponopuroHaAbia BekTopy [lorurmmra.

B mmAmBApHYECKHX KOOPAMHATAX IIAOTHOCTH 3THX IIOTOKOB
SHEPIUH 110 KOOPAHHATAM BEIpaxKaroTcsa popmyaoit Buaa — cm. (5.3.12):
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S, JH.—(J.+J,\H, +H,,
S: S;a :p(JxH):IO JzHr _Jer +J{)Hr : (6)
S, JH,-JH +JH,,
AA}I ABUTATCAA MI/IABPOH oTa (I)OpMyAa AOIIOAHACTCA HN3-3a ITOABACHUA
seamann H_, H,, J,, H), wnpnanvaer Bua:
S G, +J, H. +H,, +H, )-(.+J, \H, +H,
S = SW = p (JZ + JO XHV + Hro )_ Jr (HZ + HZO + H220 ) : (7)

N RS R TS
B coorserctBun ¢ (5) maxoamm cmApl AopeHIia, ACHCTByrOIIME Ha
eAHMHHUITy OO'beMa,

r

F = . | ®)

U
1]

=

thh ”hh Un

z

3a. Bpamiaromuii MOMEHT
B (3.8) F,- mAOTHOCTb BpaILAIOIIEN CHABL, ACHCTBYIOIICH Ha BaA B

eAmHHIIE OOBeMa. Toraa IIAOTHOCTH — BPAINAIOIIEIO  MOMEHTA,
ACHCTBYIOIIIETO HA BAA B CAOE C PAAHYCOM 7, PaBHA

M(F)ZF'F¢, O
W3 (7, 8) maxoaum:
S(p = p[(Jz + J() )Hr - Jr (Hz + Hzo + HZZ() )]’ (1 1)

J.+J,XH, +H,, )~

) _Jr(Hz +Hza +H220) .
W3 (9, 12) maxoanm:
H +H, )
M(]/'):]/'.F :ﬂ-r (JZ+J0X r+ r())
! - Jr (Hz + Hzo + HZZU)
nAn, ¢ yaetom (2.21),
(JZ + JO XHV + HVO )_
Joa)-rzl : (13)

2v

Mr)y=pu-r

—J,(HZ +H, +

B raase 5 moxkazano, uto H_ =0. Toraa
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(JZ + J() XHV + Hro )_
M(r)=ﬂ-r_J( Joa)«rzj : (14)

1%

H, +

2z0

®opmyaa (14) ompeaeAsier IIAOTHOCTb BPAIMAIOIIETO MOMEHTA,
ACHCTBYIOITIETO HA BaA B CAO€ C paamycom 7. Hamomumm m3 rAasw 5,
9TO

J,.==j,(r)cos(ap+ 7). (15)
Jz' = jz (F)SIH(ago + ﬁ) 3 (16>
H,.=h(r)cos(ap+ yz), 17
TAE
j,@)=F, (). (18)
5, 0)=G, ) +r- o)) e, (19
JA)==Zrj, ), 0)
()= j, (") % 1)

3aech koHCTaHTH Y, o u dynkiua becceas F), (r) OIIPEACACHBI B TAABE
5. O6beannsd (14-17), moayaaem:
T0.Ckinaps 2)+0,) ]
(1, )eos(ap + ) + H,,)
M(I”) =HT _H2zajr(r)cos(a¢+ ZZ) +
L L0, )
2v

(22)

cos(ap + yz)

[ToAHBII BpaIIarOIIUi MOMEHT BBIYHCAACTCA KaK MHTETPAA BHAA

M = [[[M(r)drdpdz 23
r,p.z
Jror HUHTETPAA MOKHO HpCACTaBI/ITb CYMMOﬁ HHT CrpaAOBZ
M=M+M,+ M, +M,+M;+M, (24)
TAC CAAraCMbIC MHTCTPAABL OHpCACACHbI B HpI/IAO)KCHI/II/I 1.
DTH COOTHOIIEHUSA ITO3BOASIOT BEIHIOAHUTD MEXAHUYECKUI pacder

BPAIIAFOIIErO MOMEHTA B ABUTaTEAC MUABPOSL.
B npuaoxennn 1 mokaszano, 4to B 0ObrMHOM ABHraTeAe MuAbpos

BeamynHa MomeHTa (21) HesmaumreapHa mpu @ =0, T.e. OTCyICIByET
ryckoBoit momenT. Oanaxo npu H, ) #0 u\uan H,  # 0 cymecrByer

3HAUYNUTEABHBIN IIYCKOBOM MOMEHT.
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4. AOIIOAHUTEABHBIN SKCIIEPUMEHT

MOKHO  IPEAAONKHTH  OIKCIIEPUMEHT, B  KOTOPOM  paHee
IIPEAAOKEHHBIE OOBACHEHHA IIPHYNHBL BpaIeHusa ABuratead Muabpos
HE IpHEMAEGMBI (Ha B3rAfA aBTOpa). Heobxoammo mpesocraBuTh
CTEPIKHIO C TOKOM CBOOOAHO BPAIaThCs OE3 IMOAIIUITHUKOB. DTO MOMKHO
OCYILIECTBUTH CACAVIOIIUM 0Opazom — cM. puc. 2. Baa ¢ 3aocrpeHHBIMEI
KOHIIAMHU 3KUMACTCA MEKAY ABYMS YTOABHBIMH IIICTKAMH TAK, YTOOBI OH
MOT KPYTHTBCA. YTOABHBIC IIETKH HY/KHBI AASl TOTO, YTOOBI KOHTAKTBI HE
IIPUBAPUBAAKCH IIPU OOABIIHX TOKaX. B coorsBercrBum ¢ Tem, d9TO
HM3AOKEHO B CTATHE, B TAKOI KOHCTPYKIIMH BAA AOAKEH BPAIIATHCA. DTO
ITO3BOAUT OTKa3aThCA OT PACCMOTPEHUA PAAA THIIOTE3 IO OOBACHEHUIO
dyukIIHOHHpPOBaHNA ABHraTEAS MHABPOS.

+ MenHbiii
LWeTka - Ban LeTKa

r\ MaxoBuk

Puc. 2.

5. O 3aKoHE COXpaHEHUA UMIIyAbCA

HeobxoanMo 00OpaTtuTh BHHMAaHHE Ha TO, 9YTO B ABHIATEAC
Muapposi  ABHBIM ~ OOpPasoM — HApyIIAeTcs  3aKOH  COXPAHCHHSA
MEXaHHYECKOTO HMIIYABCA. ODTO OOBACHACTCA TEM, YTO B CTCPIKHE
IIPHUCYTCTBYET 9ACKTPOMATHUTHBI HMIIYABC - BMECTE€ C IIOTOKOM
SACKTPOMArHUTHOHM osHepruu. Vl 910 eIme pas IIOATBEPIKAACT, HUTO
BPAIAFOIINI MOMEHT CYIIECTBYECT BHYTPH IIPOBOAA.
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ITpuroxennme 1. Pacuer Bpamaromrero

MOMCHTA
[Ipeobpasyem (3a.22). Toraa moAyamm:

7.0 W, ( kin(ap + 1z) - cos(ap + zz) +
M(r)=p-r|+j.(rsin(ap+ y2)H,, +J,H, + 1)

+ {Jo(h,, (r)+ %‘{’(’ﬂ)] -H, j. (r)} cos(ap + yz)

TToAubri BpaH_[aIOH_[Hﬁ MOMCHT BBIYHCAACTCA KaK I/IHTCFpaA BHAAQ

7. ()sin(...)-cos(..) +
M =[[[ur|+j.C)sin(.)H,, +J,H,, + drdgdz . )

: + {JO [h,, )+ (01;_\]},(7’)} -H, J (r)} cos(...)

DTOT HHTETPAA MOKHO HpCACTaBI/ITb CYMMOM HHTETPAAOB:

M, =|[[[u-rl,H,, Yirdgd:, 5
M, = ﬁfﬂ r[1. 0, ()sin(...) - cos(...) Hrd gz @
M, = j}jﬂ ). (sinC.)H,, Yirdodz 5
M, =ij}f 11+ J,rh, (r Joos(...)drd gz, ©
M= [[[u-v r( r, (”)j cos(..)drdgdz . o
M, = —?ﬂ# rH,, j, (r)eos(...)drd pdz 0
o M, =pu-J H, ||| rdrdpdz = - J H, 1RL, )
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TAC

M, = ﬂ.( j M2r(r)dr]M32,
]‘73 =Hu- Hro (JM3F(V)deMS3 >

M, = ,u-JO[ M, (r)erM

S|

-
5= IL;—VJU(IMSI*(F)erMS%

|

<

5 = (” [sin(...)- cos(...)]igodzJ ,
M (r) = ( ] sin(...)d(pdzJ,
M, = [”cos(...)d(pdzj,

M, (=7 j.h().
M, (r)=r-j.@),

M, (r)= r'hr(r),
M, (r)= ’”3jr(r)’
Mg, (r)=r-j, ()

HHTETPAABI (10-14)

h (r) 10) 10) 101 (r)h @), as-22.

OTCYTCTBYIOT HaupskeHnoctu H

H

ro> 2zo

S sz( | M(W(r)erMM,

(10)

)

(12)

13)

14

(15)

(16)

17

(18)
19
(20)
1)
(22)

dyHKIIII

Baxno ormerurs caeayromee. B obbranom aBurateae Muabpos
. IIpm stom caaraemsre (9, 11,

14) paBHBI HyAFO, T.€. B OOBIYHOM ABHUTaTeA€ MUABPOA Bparmaroriuii

MOMCHT

M =M, + M, + I,

ITpu @ =0 ocraercd TOABKO BPAIAOIINI MOMEHT

(23)
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M=M,+M,, (24)
DTOT MOMEHT SBAACTCA IICKOBBIM B OOBIYHOM ABHrateac Muabpos u
BeanunHa ero HesuaunrteapHa. Opmaxko npu H, #0 w\uwau H, #0
BpaIaromuii MOMeHT cyrectByer Aaxe mpu @ = 0. CaeaoBaTeAbHO,
opu H, #0 u\uan H,  # 0 cymiecrByer 3HAYMTEABHBIN ITyCKOBOIT

MOMCHT.

dororpacpun

bearing iron flywheel

metal axle

electrical contact [
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"naBa 5c. MarHeToconpoTuBneHne

I'AaBa 5c. MarueToconpoTuBACHUE

MsBecteH MarHUTOPE3UCTUBHBIN 3(@EKT, 3aKAIOYAIOIINICA B
TOM, HYTO O9AEGKTPHYECKOE COIPOTHBACHUE MATEPHAAA 3ABHCHT OT
MATHHUTHOW HHAYKIINM MArHHUTHOIO IIOAfl, B KOTOPOM HaXOAHUTCA
Marepuas, T.H. MmarHeroconporusaenne [114]. Hmrke mpr paccmorprm
IIPOBOAHHK C ITOCTOAHHBIM TOKOM B MATHHUTHOM IIOA€ H ITOKA#KEM, 9TO
CYIIIECTBOBAHHE MATHETOCOIPOTUBACHUE HEIIOCPEACTBEHHO CACAYET U3
perrenns ypasHeHni MakcBeaAa.

B raase 5 paccmarpuBasock perenune ypaBHeHHIT MakcBeAAa AAfA
IIPOBOAA C IIOCTOAHHBIM TOKOM. TaM ITOKa3aHO, YTO B IIPOBOAE C
IIOCTOSIHHBIM ~ TOKOM  IIAOTHOCTh ~ MArHHUTHOW  cuAbl  /\openia,
ACHUCTBYIOIIIEHT BAOAB OCH IIPOBOA2, IIPOIIOPIIMOHAABHA BEKTOPY
[lotimTrHra — IIAOTHOCTH IIOTOKA OHEPIHH. ODTa CHAQ ABIIKET
dACKTpHUYECKHE  3apAABL.  VIMeHHO — 9Ta  cHAa  IIPEOAOAEBAET
COITPOTHUBAEHHE MATEPHUAAA IIPOBOAA ABUKEHHIO 3aPAAOB.

B raase 5a mpuseaen pacder srtoii cuabl [loxasamo, uro omna
3aBHCHT TaK/KE OT HAIPMKEHHOCTH BHEIITHEIO MAarHHUTHOTO ITOASL
CAeAOBATEABHO, BO3ACHCTBHE BHEIITHETO MATHUTHOTO ITOAf IIPOSABAACTCH
KaK H3MEHEHIE COIIPOTUBACHUSA ITPOBOAA.
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I'aaBa 5d. Pemrrenne ypasaeHnuit
MakcBeAAa AAS TIPOBOAA C
IIOCTOSTHHBIM TOKOM

B MATHHUTHOM ITOAE.

OraaBacHHe
1. Beeaenme \ 1
2. TIpOBOA C IIOCTOSIHHBIM TOKOM \ 2
3. TIpOBOA B IIPOAOABHOM MATHUTHOM IIOAE \ 3
3a. COACHOMA C 9ACKTPOIIPOBOAHBIM CEPACIHHUKOM \ 4
4. TIpOBOA B KPYyrOBOM MarHUTHOM ITOAE \ 5
5. ITpoBoA B IOTIEpEIHOM MATHHTHOM IIOAE \ 6

6. O6061erme \ 8

1. BBepenue

SACCI) MbI paCCMOTpI/IM HpOBOA, HaXOAH]lII/II;'ICH B IIOCTOAHHOM
MAaTrHHUTHOM IIOAE.

2. ITpoBOA € IOCTOAHHBIM TOKOM

B raaBe 5 paccmarpuBaercs ypaBHeHus MakcBeAAa AAfl IIPOBOAAQ,
II0 KOTOPOMY IIPOTEKAET IIOCTOAHHBIH TOK C IIAOTHOCTBIO Jo.
[ToAyuenHoOe TaM peIeHue MOKET OBITh 0€3 M3MEHEHUA HMCIIOAB30BAHO
B AAHHOM cAy4ae. OHO MMEET CACAYFOIIHH BHA!

J..=j.(r)co, )
J,==Jj,(r)-si, ©)
J..=j.(r)-si, 4
H,.=—h(r)co, )
H,.=~h,(r)-si, (6)
H_.=h(r)-si, @)
co =—cos(ap+ yz), (8)
si=sin(a@+ yz), ©9)

IA€ &, ) — HEKOTOPBIE KOHCTAaHTHI, j(r), h(r)- HekoTOpbIe (DyHKINN

KOOPAI/IHQ,TI)I v, a IMCHHO
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J,)=F, (), (10)

5,@)=0, )+ Y, (1)

J)==Lrj (), (12)
a

h.(r)=0, (13)

h,(r)=j, () 7. (14)

hG)=j, )/ (15)

npuydeM  PyHKIHA Foe@™ gppnerca perreHreM MOAHMDUIIIPOBAHHOTO
ypasHenudA beccead. [Tpu MaabIx 7' 31a OyHKIINA IPUHUMAET BUA

— AB
y=Ax , (16)
rae A — KOHCTAHT2, 1

B=2(-3+3+47) B<0 a7

,A,A}I p?lC‘ICTél II0 3THM ypaBHCHI/IHM AOAKHBI OBITh M3BECTHEL

BCANYMHDBI A’(x'x. HOAy‘ICHHOC pCLHCHI/IC OHPCACAHCT BCAHYNHY

P

IpoBOA. Takum 0Opa3oM, BEANIHHEI A, <, x OIIPEAEAAIOT BEAUYUHY

BXOAAIIETO B IIPOBOA IIOTOKA S9HEPIUHU ©, T.€. MOIITHOCTHU * , BXOAAIIEH B
MOIITHOCTH

Beamamma /o OIIPEAEAACTCA BEAMYHHON MOIITHOCTH p
corporuBAcHreM Harpysku. CyInecTBOBaHHE HEHYAECBOW ITAOTHOCTH

"

TOKa ]0 obecreunBaer CyIIIECTBOBAHHUE HEHYACBOI'O pCH_IeHI/Iﬂ CHUCTEMBI
ypaBHCHI/IfI MaKCBCAAa, 9TO CACAYCT U3 ypaBHCHI/IH

H, oH
P My LOH _ ;. (18
r or r Op

,A,CfICTBI/ITCAbHO, CCAH CYIIIECTBYCT ]Z, TO AOAXKHBI CYIIIECTBOBATD U

MATHUTHBIC HaHp}DKCHHOCTI/I HT I/I\I/IAI/I H‘P. HPI/I 5TOM CHCTEMaA
pr.BHCHI/II‘/‘I MakcBeana AOANXHA HMCETH HCHYACBOC PCIIICHMC. OAHaKO

nocrosumas BeAmauna Jo dOpMAABHO HE BXOAUT B PEIICHHE 3THX

ABHEHUII. O OOBDBACHAETCA TEM, YTO CO3A2€T HAIPAKEHHOCTD
DT o TCA TEM, 9TO J0 AT T
H<P0= o' u 0be 3T BEAMYMHBI - HtPO' Jo MOTYT OBITh HCKAIOYCHBI U3
ypaBuenus (18).

B raaBe 5 moxasaHo, 9YTO IIAOTHOCTB 3TOTO IIOTOKA SHEPIHH
onpeaeastorca (B cucteme CH) dpopmyaoit Buaa:

S() =p(j,(Mhy() = j,(Mh, (7")) (19)
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TAE p — YACABHOC COHPOTI/IBACHI/IC HpOBOAa. I/ITQK, pe]_UCHI/IC ypaBHCHI/II;'I
MaxkcBeana B BHIAC C1)§7HKL[I/II>'I.] (T)' h(r) OIIPCACASACT ITAOTHOCTD IIOTOKA
BHCPFI/II/I S(T) O‘ICBI/I,A,HO, 9TO CyHICCIBYET H o6paTHa;1 3aBHCHUMOCTD:

S (T) ompeaeAsier  (pyHKIHAN ] (T)' h(T‘). Dra obparHasd 3aaava
MAaTEMATHYIECKH HAMHOIO CAOMKHEE PACCMOTPEHHOIO PEIIEHHsA, HO HaM
AAA AAABHEHIIIETO BAKHO ITOAYEPKHYTH, 9TO IIpHpoaa pernraer mMeHHO
5TY OOPATHVIO 32A49Y.

3. IIpoBOA B IPOAOABHOM MATHHUTHOM IIOAE.

B pasaeae 2 mpeamosaraaoch, UTo B IIPOBOAE IIPHCYTCTBYET
IIOCTOSIHHBIM TOK C HAOTHOCTBIO J 0o, DTOT TOK CO3A2€TCA IOTOKOM
SHEPIUM, BXOAAIIEH B MPOBOA € Topua. [Ipeamoroxnm temeps, 9To
CyIIIeCTBYET IIPOAOABHASA MATHUTHAA HAITPAKEHHOCTD H,
CymecTBoBaHIE HEHYACBOM U HEPABHOMEPHO PACHPEAECACHHOM IO
paAryCy IIPOAOABHOI MATHUTHOM HANIPSKEHHOCTH H, o0ecIieuynBaeT
CYIIIECTBOBAHUE HEHYAEBOTO PEIICHHA CHCTEMBI ypaBHeHHI MakcBeaaa,
YTO CAEAYET U3 YPaBHEHHSA

OH  OH.
&  or = M

0H

Z
AefiCTBUTEABHO, eCAH CyIrmecTByeT O | (TIOCKOABKY CYITIECTBYeET

MATHUTHAfl HAIIPAKEHHOCTD Hy HEPABHOMEPHO PACHPEAECAEHHASA ITO
PAAHMYCY), TO AOAKHBI CYIIIECTBOBATh M MATHUTHASA HAIIPAKEHHOCTD By

naoTHOCTS ToKa J6. [Ipu stom cucrema ypaBHeHHM MakcBeAAa AOAKHA
UMeTh HeHyAeBoe perreHne. OHO, IIO-IIPEKHEMY, HMEET BHA,
IIPUBEACHHEBIN B pasaeAe 2.

OTcropa  cAaeAayer, YTO B TIPOBOAE, KOTOPBIM HAXOAHTCA B
HEOAHOPOAHOM ITPOAOABHOM MAarHHUTHOM IIOAE, CYIIECTBYET pEIIeHUe
ypaBHeHHIT MakcBeAAa B TOM BHAE, KOTOPHIM IIPUBEACH B pasaeAe 2.
CAeAOBaTEABHO, B 3TOM IIPOBOAE CYIIECTBYET M IIOTOK JHEPTHUH,
IIAOTHOCTb KOTOporo omnpeaeaserca no (2.19) Mcrourmkom sToro
IIOTOKA ~ 3HEPIHH, OYEBHAHO, ABAACTCA  HCTOYHHUK  MATHHUTHOM
HAIIPAKEHHOCTH H,

DTOT IIOTOK SHEPIMH TIE€HEPHUPYET B IIPOBOAEC IIPOAOABHBIA
IIOCTOSIHHBINA TOK. TakmM 0OpasoM, 3Ae€Ch IIPOHCXOAUT IIPEe0OpasOBaHIe
OHEPIUN IIPOAOABHOTO IOCTOSHHOIO MATHUTHOIO IIOASl B _IIPOBOAC B

SAEKTPUYECKVIO SHEPIUIO, IIEPEHOCHUMVIO IIOCTOSHHBIM TOKOM BAOAB

IIPOBOAA.
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3a. CoAeHOUA C 9AEKTPOIIPOBOAHBIM CEPACUHHKOM

PaccmotpuM  coaeHOmA ¢ cepAedHHKOM. Tok B 0OMOTKe
COAECHOHMAA CO3AAET MATHUTHYIO HAIIPAKEHHOCTH B cepAcdnnke. OAHAKO
MArHUTHOE IIOAE BHYTPU HACAABHOIO COACHOHMAA ABAACTCA OAHOPOAHBIM.
B coortBercTBHH C BBIIIEM3AOKEHHBIM B 3TOM CAY4Ya€ TOK B CTEpiKHE HE
BozHHKaeT. OAHAKO, €CAN BUTKH COACHOHAA HAMOTAHBI HEHACAABHO (C
HAKAOHOM K OCH, XaOTUYHO U T.IL.) HAU COACHOHUA ABAACTCA KOPOTKHM,
TO B COOTBETCTBHH C BBIIIECKA3aHHBIM B CTEP’>KHE COACHOHMAA
IIOABAAETCA TOK.

CymectByer ©  Apyrad  IpHYMHA  IIOABACHHA  TOKA B
IAEKTPOIIPOBOAHOM  CEPACYHHKE, ACHCTBYIOIAs M B HACAABHOM
COAEHOUAE

Mormsocts, mOTpeOAfeMas COACHOHMAOM IIOCTOSHHOIO TOKa C
CEPACYHHUKOM OOABIIIE TOH, KOTOPYIO IIOTPEOASET COACHOHA O€3
cepacuHnKka. Ilpuumboii  sBAsercAs  TO, 9YTO  HAMArHUYCHHOCTD
CEPAEYHHKA YMEHBIITAETCH IIOA ACHCTBUEM TEIIAOBOIO ABIKEHHUSA aTOMOB
1 AOAKHA BCE BPEMA BOCCTAHABAMBATBHCA TOKOM HAMATHUYIHBAHHA. DTO
O3HAYAET, YTO B CEPACUYHHKE €CTh IIOTOK IAEKTPOMATHUTHOH SHEPIHUHU,
PaBHBIII ~ MOINHOCTH  HOAMATHHYHBAHHA  AAfl  IIPOTHBOACHCTBHA
XAO0TUYIECKOH OPHEHTAIINH AOMEHOB ITOA ACHCTBHEM TEIIAOBOM HEPIUU
OKpYyKaroIied cpeAbl. [10TOK 5AeKTPOMArHHTHON SHEPIUN CO3AA€T TOK B
IIPOBOAE, KOTOPBIM ABAAETCA SACKTPOIPOBOAHBIN CEPACTHHK.

B sroM cMBICAE COAGHOMA IIOCTOSSHHOTO TOKA C CEPACYHHKOM

MOKHO  CPaBHHTb C  KOHAGHCATOPOM,  Ppa3pMKAFOIINMCA  Ha
COIIPOTHUBACHHUE AUIACKTPHUKA.

CAeAOBATEABHO, B COACHOUAE IIOCTOSHHOTO TOKA C
SAEKTPOIIPOBOAHBIM CEPACUYHIKOM AOAIKHO CYIIIECTBOBATD

S3AEKTPOMATHUTHOE IIOA€, B KOTOPOM  CYIIECTBYET IIPOAOABHAS
JACKTPUYECKAA  HANPAKEHHOCTb W HOTOKH  sHeprum.  [lpm
CYIIECTBOBAHUH ITOTOKOB HEPTUU B COACHOHAE AOAKHBI CYIIIECTBOBATDH
sAeKTprYeckne HanpsxeHHOCTH. [Ipm sTom ypasmenmsa MakcBeara AAs
COAGHOHMAA B  CHCTEME IHAMHAPHYECKUX  KOOPAMHAT ¥, (@, Z

ITOAHOCTBIO COBIAAAIOT C YPABHEHHAMHU AAf IIPOBOAQ IIOCTOSHHOTO
ToKa. OTAMYIE COCTOUT B TOM, YTO IIPOAOABHEIN IIOTOK SHEPIUN Sz
® B IIPOBOAE  IIOCTOAHHOIO  TOKA  PaBeH  MOIIHOCTH,
IIEPEAABAEMON ITO IIPOBOAY B HATPY3KY,
® B COACHOMAE pPAaBEH MOIIHOCTH ITOAMATHUYIHBAHUA AASA
IIPOTUBOACHCTBHA BAHAHUIO TEITAOBOI SHEPIHHU
OKPYKAFOITIEH CPEABIL.
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4. IIpoBOA B KPyrOBOM MAarHUTHOM IIOA€.

Terepp HIPEAIIOAOKUM, YTO CYIIECTBYET KPyroBas MArHHUTHAS
HAIIPAKEHHOCTD Hcp, HEPABHOMEPHO DPACIIPEAEACHHAA II0 PAAMYCY.
CymeCTBOBaHHC TAKOM HaIIPAKECHHOCTH obecrieumBaer CyIIcCTBOBaHHC
HCHYACBOIO PCINCHHA CHCTCMBL ypaBHCHI/IfI MaKCBeAAa, Y9TO CACAYET U3
ypaBHEHUA

H, 0H, 1 oH,

- =J., O

0H,,
AeHCTBITEABHO, ecAm cyrmecTByer 07  (OCKOABKY CyIIECTBYET

r or r%

MATHUTHASA HAIPHKEHHOCTD He HEPABHOMEPHO PACIPEACAEHHAA IO
PAAHYCY), TO AOAKHBI CYIIIECTBOBATH MATHUTHAf HAIIPAKEHHOCTD i,

1\ HAH TAOTHOCT TOKa /2. IIpu stom cucrema ypaBueHuii MakcBeara
AOA’KHA MMETh HEHYAEBOE PEIICHHE.

AHAAOTIYHO IIPEABIAYIIIEMY OTCIOAA CACAYET, YTO B IIPOBOAE,
KOTOPBIE HAXOAHUTCH B HEOAHOPOAHOM KPYTOBOM MATHHTHOM IIOAE,
CYILIECTBYET peEIlleHHe ypaBHeHHII MakcBeara B TOM BHAE, KOTOPBIH
npuseAeH B pasaese 2. CAGAOBATEABHO, B 3TOM IIPOBOAE CYIIIECTBYET U
IIOTOK 3HEPIUH, IIAOTHOCTb KOTOpOro ompepeaserca 1o (2.19).

HMcrounukom storo morokxa SHCPIUH, OYCBUAHO, ABAACTCH HCTOYIHHUK

MATHUTHOM HaHpH)KCHHOCTI/I H‘P.

DTOT IIOTOK 9SHEPIHH TICHEPHPYET B IIPOBOAE IIPOAOABHBIN
IIOCTOSIHHBIN TOK. TakuM 0Opa3soMm, 3A€Ch IIPOMCXOAUT IIPEOOPA3OBAHUE
SHEPIHMU KOABIIEBOIO ITOCTOSSHHOTO MATHHUTHOTO IIOAd B IIDOBOAE B
DAEKTPHUYECKVIO 3SHEPIUIO, IIEPEHOCHUMVIO IOCTOSHHBIM TOKOM BAOADB

IIPOBOAAQ.

ITpumep 1.

Ha puc. 1 moxasan T1pyO4arslii IpOBOA 1, BHYIpH KOTOPOIro
IIPOXOAUT IIPOBOA 2, H30OAHPOBAHHBIH OT IPOBOAA 1 AMAAEKTpHKOM 3.
Ecan mo mpoBoaAy 2 maer TOK J 2, TO B TeAe TpoBoAa 1 BO3HHKaeT
KOABILIEBOE MATHHUTHASl HAIIPMKEHHOCTD He B coorsercrsum  co
CKA3aHHBIM BBIIIIE KPYIOBOE KOABIIEBOE€ MATHHTHOE IIOAE B IIPOBOAE 1
CO3A2€T B 3TOM IIPOBOAE ITOCTOSHHBIM TOK J1, Dddekr AorKeH
IIPOSIBUTCSA CHABHEE, €CAH IIPOBOA 1 OyAeT dheppOMArHUTHBIM.
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3 2
Puc. 1.

5. IIpoBOA B IIOIIEPEYHOM MATHUTHOM ITOA€.
TCHCPB HPGAHOAO)KI/IM, 9710 CyLT_[CCTByeT nonepeqHaﬂ MATrHUTHAs
HaHp}DKCHHOCTI) Hr' CYI_[ICCTBOBEIHI/IC TaKOﬁ HaHp}DKCHHOCTI/I
O6€CH€‘H/IB36T CYH_[CCTBOBQ.HI/IC HCHyACBOI‘O pCH_ICHI/IH CUCTCMBIL
ypaBHeHUIT MakcBeAAa, UTO CACAYET U3 ypaBHEHUA
H‘/’ aH(P 1 aH ro__
— 74 — . r - J s
r or r Op

ACﬁCTBHTeAbHO, €CAll CyIIECTBYCT HT, TO AOAKHBI CyIIECTBOBATDH

MArHATHAs HAIIPSIKCHHOCTD Hy m\manr maorocts Toxa /. [1pu sToMm
cucreMa ypaBHEHHH MaKcBeAAd AOAMKHA MMETh HEHYACBOE PEIIIEHUE.
AHAAOTHYHO IIPEABIAYILIEMY OTCIOAA CACAYET, UTO B IIPOBOAE,
KOTOPBIH HAXOAHTCH B KPYTOBOM MarHUTHOM ITOAE, CYIIIECTBYET PEIIICHIE
ypaBHEHHI MakcBeAAa B TOM BHAE, KOTOPBIH IIPUBEACH B pasAcAe 2.
CAeAOBAaTEABHO, B 9TOM IIPOBOAE CVIIECTBYET M IIOTOK SHEPIUH,
IIAOTHOCTh KOTOpOro ompepeasderca 1o (2.19). Mcrounukom sTOoro
IIOTOKA  9HEPIWH, OYCBHAHO, ABAACTCA  MCTOYHUK  MATHHTHOH

HAIIPAKEHHOCTH H,.

DTOT TOTOK BJHEPIHMH TIEHEPHUPYET B IIPOBOAE IPOAOABHBII
IIOCTOSIHHBINA TOK. TakuM 0Opa3som, 3A€Ch IIPOHCXOAUT IPEOOPa3OBaHIE
SHEPIUM PAAMAABHOIO HOCTOSHHOIO MAIHHUTHOIO HOAf B IIPOBOAE B
DAEKTPHUYECKYIO JSHEPIUIO, IIEPEHOCHUMVIO IIOCTOAHHBIM TOKOM BAOAb

H[gOBOéa.
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ITpumep 1.
Ha puc. 1 mokaszan KOABIIEBOM IPOBOA 1, HaxoAdmmiicsa B 3a30pe
ABYX ITOCTOSHHBIX MAarHuToB 2. MarurHas HaNIpmKEHHOCTb B 9TOM

3a30pe ABAACTCH HAIIPSKCHHOCTHIO ", KOTOpas IIPOHHU3BIBACT IIPOBOA 1
BAOAB paAHyca. B cOOTBETCTBHH €O CKa3aHHBIM BBIIIIEC PAAHAABHOC
MArHUTHOE ITIOA€ B IIPOBOAE 1 CO3Aa€T B 9TOM IIPOBOAE IIOCTOAHHBII TOK
J. Dddexr aoamen npossurcs cuabHee, ecam mnposoa 1 Hyaer
deppoMaTHUTHBIM.

2

Puc. 1.
ITpumep 1.
MarautHas HAIPAKEHHOCTD H, soser Gurms cosaana KOAbIIEBBIM
IIOCTOAHHBIM MATHHTOM B IIPOBOAEC — OOMOTKE 3TOTO IIOCTOSHHOIO
MATHHTA - CM. puc. 1 u puc. 2.

Puc. 1 u3 https:/ /www.youtube.com/watch?v=sPHIWNXMIlow.
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Puc. 2 u3 http://www.inventedelectricity.com/free-energy-generator-

magnet-coil-100-real-new-technology-new-idea-project/

6. O000menue

Brrmmensaoxennoe IIOKA3bIBACT, YTO

1.

B IIPOBOA, HAXOAAIIHUICA B MATHUTHOM ITOA€, U3 MCTOYHHUKA
MarHUTHOIO IIOAfl IIEPEAAETCA IOTOK 3SAEKTPOMATHHTHOM
9HEPTHUH,

B MATHHTHOM IIOA€ BMECTE€ C MATHHTHBIM IIOTOKOM
IIIPKYAHPYET ITOTOK ACKTPOMATHUTHOM 9HEPTHH,

MOTOK 9AEKTPOMATHUTHOM SHEPTUU CO3A2€ET
SAEKTPOABIDKYIIYIO — CHAY, IIEPEMEIIAOIIYIO 3aPAABI B
IIPOBOAE — CM. TAaBy 15,

IIPH 9TOM B IIPOBOAE BO3HHKAET IIPOAOABHBIN ITOCTOAHHBII
TOK.

DKCIIEPUMEHTEHI, TOKA3aHHEBIEC B PA3ACAE 5, 9aCTO PACCMATPHBAIOTCH
KAaK TEHEPATOPBl HEOIPAHMYCHHON 3HEPIUN, XPAHAIIECHCA B ITOCTOAHHBIX
MarauTaXx. OAHAKO Ha CaMOM A€A€ OHH ACGMOHCTPHUPYIOT IIPAMO
IIPOTHUBOIIOAOKHOE — OTPAHUYEHHOCTh 3HEPIUU ITOCTOAHHOIO MATHUTA:

AAMITOYKH ITOCTCIICHHO TaCHYT.
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I'AaBa 5h. Permrenne ypaBHEHHUI
MaxkcBeAAa AASL BPAIITAFOIIIETOCH
dpeppOMarHUTHOTO IIPOBOAQA

OraaBAerune
1. Beeaenue \ 1
2. Dddexr bapuerra \ 2
3. Dpdpexr Actaena \ 2
4. IMpuaoxenne 1\ 3

1. BBepaenue

DiixeHBaAbA B [80] paccMaTpHuBaeT BPAIAFOIIUIIC 3APAXKEHHBIN
AVICK, BO3DY/KAQFOIIMI MATHUTHOE ITOAE. DHUXEHBAABA HA3BIBACT 3TH
BPAIIAFOIINECA 3apAABl KOHBEKIIMOHHBIM TOKOM. Ero skcrepumenT
HAXOAUTCA B PAAY KAACCHYECKHX T HEOCIIOPHUMBIX 3KCIIEPHUMEHTOB. B
[153] paccmarpuBaeTcss BOIIPOC O CYIIECTBOBAHHUM MATHHUTHOIO IIOAS
BPAIIAFOIIErOCH HE3aPAXKEHHOI0 TeAa. B cymmnocTn, moasaenne Takoro
acpdexra  CAEAYET  OXKHAATH M3-32  CYIIECTBOBAHUA  CBOOOAHBIX
9AEKTPOHOB, HE CBA3AHHBIX KECTKO C SAAPOM aroma. ABTOpEl B [153]
VKa3bIBAFOT, YTO «IIPOCTBIE OLEHKH IIPEACKA3BIBAIOT AHOMAABHO
OOABIIIOE 3HAYCHHE MHAYKIIUU MATHHTHOIO ITOAf, CO3AABAEMOIO TEAOM,
CKOPOCTh KOTOPOTO OTHOCHTEABHO A2DOPATOPHOM CHUCTEMBI AAAEKA OT
PEAATHBHCTCKOM. . . [Tosromy AKTYaABHBIM CTAaHOBHTCSA
9KCIIEPUMEHTAABHOE OOHapyxeHne sdpdexran Aasee aBTOPB HAXOAAT
OIICHKUM HHAYKIIMH 3TOrO MArHUTHOrO 1OAf. IlpuBoasrcs Takke
YHCACHHBIC OIICHKI, H3 KOTOPBIX CACAYET, 9YTO MATHHTHAS MHAYKIIUSA IIPH
MOJKET AOCTHUIATh HECKOABKHX MT. DTa OIleHKa, BUAUMO, MOKET OBIThH
YBEAHYEHA B ACCATKH Pa3 B TOM CAyYae, €CAM MAaTEPHAA TEAA ABAACTCA
MarHuTOMATKUM. OAHHM CAOBOM, OLIEHKH ITOKa3bIBAIOT, YTO YKA3AHHBII
apdexT MOoKeT OBITH OOHAPYKEH IKCIIEPHUMEHTAABHO.

2. Dddekr baprerra

Hawm mpeacraBasiercst, 9TO 3TO yiKEe AABHO IIPOM3OIIAO: H3BECTCH
sacbdexr bapuerra [154] - mamaramguBanue PeppOMATHETUKOB IIPU HX
BPAIlICHHH B OTCYICTBHE MATHHTHOIO IIOAA. B cymectByrormem
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OOBSICHEHNN IIPEAITOAATACTCS, YTO HAMATHHYMBAHHE CO3AACTCH H3-32
TOTO, YTO BPAINAFOIINECA AOMEHBI IIPOABAAIOT CBOMCTBA THPOCKOIIOB.
Ho Aast 9T0r0 HEOOXOAHMO, BO-IIEPBBIX, YTOOBI AOMEHBI BPAIIAAUCH
BOKPYT COOCTBECHHOH OCH, 4 HE BOKPYT ODIIEH OCH. A, BO-BTOPHIX, H 3TO
- TAABHOE, TaKOH CIIOCOO HAMATHHYUBAHHUA HE HAOAIOAAETCA KaK AMOO
ere.

3. Ddpdexr Acnaena

CymectByer eme oAnH 3(@EKT, AAS KOTOPOTO OTCYICTBYET
OOIIEIIPUHATOE OOBACHEHHE, HO KOTOPBI MOMKET OBITh OOBACHEH
CYIIIECTBOBAHHEM MAIHUTHOTO IIOAfl BPAIIAFOIIEIOCA HE3aAPA’KEHHOIO
teaa. Mmeerca B Buay addexr Acmaena [155] Om 3akarowaercs B
CACAYIOLIICM.
Porop  oAekTpmYecKOH — MAIIMHBI  PACKPYYHBACTCA  AO
OIIPEACAEHHOM CKOPOCTH BparieHud (B AIOOOM — HAIPaBACHHH),
BpaIllaeTcAd IIPH I9TOH CKOPOCTH HECKOABKO MHHYT, 4 3aTE€M PE3KO
ocraHaBAmBaercsa. [lpm aToM m3MepsieTcs SHEPrHs, 3aTPAYCHHAS AAS
pasroHa. DTOT OIIBIT IIOBTOPACTCA B ABYX YCAOBHAX:
1. poTOop pacKkpyduBaeTCs IIOCAE AOATOIO COCTOSHUA IIOKOS AO
HEKOTOPOI CKOPOCTH, 4 3aTEM PE3KO OCTAHABANBACTCH,

2.  PpOTOp PaCKPyYHBACTCH M OCTAHABAMBACTCA KakK B CAydac 1, HO
Yepe3 MAABIH HMHTEPBAA BPEMEHU BHOBB PACKPYUHUBACTCH AO
TOI 7K€ CKOPOCTH.

Brrao oOHapyxeHO, 9TO BO BTOPOM CAyYae IMOTPEOOBAAOCH B
ACCATh a3 MCHBIIIC SHEPIHH, YTOOBI PACKPYTUTH POTOP AO TOH Ke
CKOPOCTH, €CAU OH CHOBA IIPHUBOAHUACSH BO BPAIIIEHHUE MEHBIIIE, YEM YEpe3
00 cexyHA. DT1OT (haKT TpeOOBAA OOBACHEHUA. ACIIACH AAA OOBACHEHUS
9TOT0 (PaKTa AEKAAPHUPYET CYIIECTBOBAHHE «BUPTYAABHON HHEPIIUAIY.
Hrke mokaseBaercs, d9ro 910T 9PeKT MOKET OBITh OODBACHEH
CYIIIECTBOBAHUEM MATHUTHOIO IIOAfl BPAIIAIOIIECIOCH HE3aPAKEHHOIO
TEAQ.

V3 BBIIIEN3AOKEHHOIO CACAYET, YTO BPAIIAIOIIUICA POTOP
MOKHO PacCMATPHBATh KaK BPAIIAFOIIEECA HE3aAPHKECHHOE TEAO, B
KOTOPOM OAAroAapsi BPAILCHHIO II0 OKPYKHOCTAM IIUPKYAHPYIOT TOKH.
EcTecTBeHHO — IPEAIIOAOKHTB,  YTO  AMIAUTYABI ~ 3THX  TOKOB
HIPUOAUZUTEABHO IIPOIIOPIIMOHAABHEI PaAnycy okpyxuocTi. Ha ocHOBe
3TOTO IIPEAIIOAOKCHUSA B IIPHAOKCHHH 1 IIOKa3aHO, 9TO B POTOpE
CYILIECTBYET IACKTPOMATHUTHOE ITIOAE CO CACAYIOIINMHU KOMIIOHEHTAMU:

° TOKH W1 MAaTHUTHDBIC HaHpH}KGHHOCTI/I, HaHpaBACHHbIC BAOAD
paAI/IYCOB, 110 Opr'}KHOCTI/I n BAOAB OCH,
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® IIOCTOSHHBEIE ITOTOKHM JAEKTPOMATHUTHOM 3HEPIUU BAOAB
PAAUYCOB, IO OKPYKHOCTH U BAOAb OCH, ABIDKYIIIHECA CO
CKOPOCTBIO, 3HAYUTEABHO MEHBIIIEH CKOPOCTH CBETA,

® MOMEHT UMITyAbCA OTHOCHUTEABHO OCH BPAILICHMUS,

® SACKTPOMATrHUTHAA SHEPIUA.

[Torokm  sHEprmH  YHOCAT  3AEKTPOMATHHTHYIO  3HEPIHIO,
IIpeBpaIas ee B TeHAOBYrO sHepruro. Ho mpm Bpamenun poropa ero
JAEKTPOMATHUTHAA 3HEPIUA HOCTOSHHO BOCIIOAHAETCA U BCE YKA3aHHLIE
KOMIIOHEHTBI ~ 3AEKTPOMATHMTHOTO  TIOAA  POTOpPa  ITOCTOSHHO
IIPUCYTCTBYIOT.

ITpu ocranoBKEe poTOpa BCE YKA3AHHBIE KOMIIOHEHTHI ITOCTEIICHHO
HCYE3aF0T M3-3a TEIIAOBOIO PACCEAHHA IIPH IIPOTEKAHUU TOKOB. Bakmo
OTMETUTB, YTO CKOPOCTH __ PacHPOCTPAHEHHsA IIOTOKOB _ SHEPIMH
CVIIIECTBEHHO __ MeHbIme  ckopoct _ csera.  [lostomy — mpormecc

HCYE3HOBEHHA 3TUX KOMIIOHEHT HE 3aKAHIUBACTCSA MTHOBEHHO.

B mammem cAygae BaKHO TO, UTO HEKOTOPOE BPEMA COXPAHACTCH
MOMECHT MMIIYABCA POTOPA OTHOCHTEABHO OcH Bpartenus. ViMeHHO oTHM
u oObsaAcHsAeTcs a9 dekT AcraeHa.

ITpusosxenune 1

B raaBe 5 aamo perenne ypapHeHHE MakcBeAAa AAA IIPOBOAA C
ITIOCTOAHHBIM TOKOM. TaM MATHUTHBIC HaHpﬂ}KCHHOCTI/I U IIAOTHOCTHU
TOKOB OHPCACACHBI B 3aBHCHMOCTHU OT SHAHHHOﬁ prHKIII/II/I IIAOTHOCTH

kpyrosoro Toka J oM Vverno sra seamamma OIIPEACAEHA B HAITICH
32A29a B BHAE

J (p(r) ~ QT’ 1)
rae Q — mexoropas koHcTaHTa. VI3 mpraoxkenns 3 TAaBe 5 caeayeT, 9TO
BCErAZ  MOKHO —HOAODpath  Takme Beamumnbl 4 %, X, KOTOpBIE
onpeAeAsitor MoAndunuposanayro yHknnuio becceas, coBmaaaroryro
c dynxrmeii (1). Ipu wussecrubrx dynkmuu (1) n Beanmunnax 4 X, X
MOZKHO HAHTH BCE MATHHTHBIC HAIPAKEHHOCTH U IIAOTHOCTH TOKOB TaK,
KaK OIIICaHO B pa3AeAe 6 TAaBH 5.

Aanee U3 TAABBI 5 CAEAYET, 9TO 9TH MATHUTHBIC HAIIPAKECHHOCTH I
IIAOTHOCTH TOKOB OIIPEACASIFOT IIOTOKH 9AEKTPOMATHHTHOW SHEPTHH B
IIPOBOAE, 4 B HAIIIEM CAydac — BO Bparmaroremca porope. Mrak, B atom
POTOPE CYIIIECTBYIOT IIOTOKH AEKTPOMATHUTHON SHEPIUI

S,=p @dr = const,
T (5.3.42)
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S = pJ @dr = const,
)

S, = pf@dr = const.
z (5.3.44)

TAe P - YACABPHOC COIIPOTHBACHHC MATCPHAAA pOTopa, a4 ITIAOTHOCTH 3THUX
IIOTOKOB

(5.3.43)

5= Ugh, ~Jzhe). (5.3.39)
Sg=Uzhy = jrhs), (5.3.40)
1= Urhg = Jghy)- (5.3.41)

Takum 00Opa3oM, B POTOpPE CYIIECTBYIOT IIOCTOSIHHBIE ITOTOKH
9AEKTPOMATHUTHON 9HEPTHH BAOAB PAAHYCOB, IO OKPYKHOCTH U BAOAD
ocH.

[TAOTHOCTAM TOKOB COOTBETCTBYIOT ACKTPHYECKIE
HAIIPKCHHOCTH

e(r) =p(r) - j(). )

DAEKTPOMATHUTHAS 9HEPIUA B POTOPE OIIPeAeAseTcs IO hopmyAe

W, =L | w(r)dr,
r @)
TAC ITAOTHOCTDB MaI‘HHTHOﬁ 3HCprI/II/I
w(r) = u(hf + hi + hﬁ) + s(ef + efp + eﬁ),@
H — aOCOAIOTHAs MATHUTHAS IIPOHHUIIAEMOCTb MaTepHaAa poTopa, € —
aBCOAIOTHAA BSAEKTPHYECKAS POHHUIIAEMOCTh MaTepuasa poropa, L-
AATIHA POTOpA.

B raase 13 mokazaHo, YTO TOTOK 3AEKTPOMATHHTHON 3HEPTHH

PACIIPOCTPAHAETCA CO CKOPOCTHIO

v =Ww/s. @)
B porope mpucyTcTByFOT IHIOTOKH 3AEKTPOMATHHTHON 3HEPIUH, KOTOPHIE
PACIIPOCTPAHAIOTCA CO CKOPOCTAMU

v = WS ve=Y[Sg v, ="/5} )
Baxno ormernts, 94TO 9TH CKOPOCTH CYIIECTBEHHO MEHBIIIE CKOPOCTH
cBeTa.

B raase 13 mokasano Takike, 9TO IAOTHOCTb 3AEKTPOMATHHTHOIO
HMIIYAbCA P MOXKHO OIPEACAUTH HY€Pe3 IMAOTHOCTh IACKTPOMATHUTHOM
sHepru W M IAOTHOCTb IIOTOKA 3AEKTPOMATHHTHOW 3Heprum S 1o
dopmyae

p=ws, ©)
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maBa 5h. PeweHuve ana BpallaroLlerocs goeppoMarHMTHOro nposoaa

B porope mpuCyICTBYFOT = 3AEKTPOMATHHUTHBIE — HMITYABCEHL,
HAITIPABACHHBIEC TAK/KE, KaK U IIOTOKH JACKTPOMATHHTHOH SHEPIUN —
BAOAB PAAHYCOB, IO OKPY’KHOCTH U BAOAD OCH:

— — 2 — 2
=S} b= w5y v, =) o
[TroTHOCTH 3AEKTPOMATHUTHOTO HMIIYABCA, ACHCTBYFOIIIETO HA

OKPYKHOCTH PaAnyCa T’ COOTBCTCTBYET ITAOTHOCTb MOMCHTA HMMIIYAbCA
OTHOCHUTEABHO OCH pOTOpPaA

m(r) =r-p,(r). ®
MoMeHT 3AEKTPOMATHUTHOTO UMITYABCA, ACHCTBYFOILIETO Ha BECH POTOP,
M =L | m(r)dr.

4 ©)
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nasa 6. ManyyeHune 1 nepegaya aHepruv no ogHOMy Nposoay

I'AaBa 6. VIzayaenne u riepeaada
SHEPTHUH II0 OAHOMY ITPOBOAY

OraaBAenmne
1. Mzaygenne rposoaa \ 1
2. OAHOIIPOBOAHAA TIEPEAAYA SHEPTHH \ 3
3. OBcyKACHHE 9KCIIEPUMEHTOB \ 6

1. 3aydyeHue mpoBoaa

Paccmorpum  cHOBa  (Kak B TAaBe 2) HH3KOOMHBIH IIPOBOA
IIepeMeHHOro ToKa. HecMoTps Ha OTCyTCTBHE TEIIAOBBIX IIOTEPH, B HEM
ecTh IoTepH Ha H3AydeHue. Vzayuaer OOKOBafA ITOBEPXHOCTH IPOBOAA.
Bextop mAOTHOCTH ITOTOKA SHEPIUU HU3AYYCHHA HAIIPABACH IIO PAAUYCY

IIPOBOAA B UMeeT BeArduHy S - cM. (2.4.4-2.4.6) B raase 2. Mrak,
S, =n[k, s Jr-do. ®
o
rAe
s, = (e¢hz —e.h, @)
HAH, C y9eTOM (POPMYA, IIPUBEACHHBIX B TaOA. 1 raaBer 2,

27R |¢ 2A°¥R & 0,
S,=—eZ(R)h¢(R)=—L ~e;(R)=~ £ fRz NG
a \u (04 U

raAe R — paauyc nposoaa. byaem yunremats ere dopmyay (cm. (32) B
npuAoKeHUUN 1 raaBer 2)

;(zi%wlg,u HAH ;(:sign(;()-%qlgy ,tae sign(y) ==l1. 4

Orcroaa moaygaem:

2
s, = —sign()- 2228 gt e
ac
W3 (1, 5) moayuaem:
o 2 2
S, =—sign(y)- 24 we RZ“_IUI si’de =—sign(y)- 24 we R 'nr

4
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naBa 6. ManyyeHue 1 nepegadya aHeprum nNo ogHoMy nposoay

Vunresad eme (1.4.2), OKOHIATEABHO ITOAYYIAEM:

S, =—sign(y)-

2
A" we R ©)
2

O4YeBUAHO, 3Ta BEAUYMHA AOAXKHA OBITb IIOAOMKUTEABHON,
ITOCKOABKY HM3Ay4eHHe cyrrectByer. Keratu rosops, 9101 pakr cAyxuT
OILIPOBEPIKEHUEM M3BECTHOW TEOPHUH O TOM, YTO [OTOK 3HEPIUH
PACIPOCTPAHSETCS BHE IIPOBOAA U BXOAUT B IIPOBOA M3-BHE,

[Tockoabky — Beamumua  (6) IOAOKHTEABHA, TO  AOAKHO
BBIIIOAHATBCH YCAOBHE

—sign(y)-sign(a) =1, ©)

T.C. 3HAKW BCAWYHH Y, ‘(X _AOAXKHBI OBITDH IIPOTUBOITIOAOKHBI. B cBasu ¢

9THM B AAABHEHIIIEM OYAEM IIOAB30BATHCH (POPMYAOH BHAA
2
« Awe
S, =
%ef
Dra hopMyAa ONPEACAAET BEAHYHMHY IIOTOKA SHEPIHH, H3AYIaeMOM

IIPOBOAOM €AMHHYHON AAMHEBL CorroctaBum 91y OpMyAY ¢ POPMYAOIT
(2.4.15) TAOTHOCTH ITOTOKA SHEPIUH BAOAD IIPOBOAA:

¢ el coshar)
o 87aa 1) '
CAEAOBATEABHO,
5, _4nCa-ofam
¢ ©S. c-(-cos@an))
Takum 0Opa3om, IPOBOA M3AYYACT YACTh HIPOAOABHOTO IOTOKA SHEPIHH,
paBHYO

R ®)

©)

(10)

S =4-S.. (11)
[lyctp B Hauane IpOBOAA IOTOK sHeprum paser S . [lorok

SHEPIHH, KOTOPHII H3AYYIa€T IIPOBOA HA AAHHE L, MOKeT ObITh HAHACH
ITO CACAYIOIIEH popmyAae:

SrL =Szo(1_é/)L' (12>
HPI/I 5TOM OCTABILIMIICA B HpOBOAC IIOTOK BHGPFI/H/I

_— = = Al

SzL:Szo_SrL:Son_(l_é/)L)' (13>
OTCI—OAa MOYKHO HAWUTH AAIHY HpOBOAa, Ha KOTOpOI>'I COXpaHI/I/\CH ITIOTOK

S.=p-S,,. (14)

Dra AATHA OHPCACA}ICTCH Hnu3 BI)IPEDKCHI/IH

p=0-(-¢))
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nasa 6. ManyyeHune 1 nepegaya aHepruv no ogHOMy Nposoay

T.C.
L=In(l-8)In(1-¢). (15)
Ipumep 1. [Tpu =12, ¢=1, u=1 meem: { ~10@/c. Ecan

®=3-10°. Torpa = 3-10-103/3-1010 =10"°. Aauma IIPOBOAA, B
KOHIIE KOTOPOro coxpanuAca 1% mepBoHavYaAbHOIO IIOTOKA,

L=1n(1-0.01)In(1-¢)=9950 cwm.

2. OAHOTIIPOBOAHAA IIEPEAAYA FHEPTUN

CymiectByeT pfA 9KCIEPHUMEHTOB, KOTOPEIE, O€3 COMHEHHS,
AEMOHCTPHUPYIOT IIEPEAAYY SHEPTHHU II0 OAHOMY IIPOBOAY.

1. B [29] amaamsupyercs Iiepesarornas aHTEHHA AAMHHBIH
ITIPOBOAY, KOoTOpad HCIIOAB3YETCA B PAAHOAFOOUTEABCKON
KOPOTKOBOAHOBOI ~ CBA3H. ABTOp OTMEYACT, 3Ta AHTCHHA HMECT
"yoosaemsopumensiyio Kpyeosyr duazpammy HanpasaeHHoY, a1 BOIMONCHON I
Yemanasausams C6a3s NOuML 60 6cex Hanpaeaenusx", a B HAIIPABACHHN OCH
LIPOBOAQ "docmuzaenica sHauumensoe yeunaerue, Komopoe Y8esuuusaentca no mepe
yeeauuenus Oauns armeniel... C ysequderueM 0AuHsl armenis Hanpasaerie
OCHOBHO20  Jieneciika — OUazpamMMel — HanpasaeHHocmuy — 6ce  Goavue 4 Goabute
npubauncaenca K ocu armertiv. OOHOBPEMEHHO YBeAUUUBACHIA U UHINEHCUBHOCIND
usyHenun 6 Hanpasaenu ocnosrozo aenecmia." V13 toro dakra, 910 AAMHHBIHI
IIPOBOA HM3AyYaeT BO BCEX HAIIPABACHHAX, M H3 IIPEABIAYVIIIETO Pa3sA€Al
CAEAYET, UTO BAOAB IIPOBOAA PACIHPOCTPAHACTCA IOTOK SHEPIHUU. DTOT
ITOTOK AOCTHIA€T KOHIIA IIPOBOA2, TAE OH IIEPEXOAUT B H3AYYEHUE,
HAIIPABAEHHOE BAOAB OCH IIPOBOAA. BaKHO OTMETHTB, 9YTO IIOTOK
SHEPIUH CYIIECTBYEeT O€3 BHEIIHEIO JACKTPHYECKOTO HANPMKEHHA HA
KOHIIAX IIPOBOAA.

2. Mssecrenm pAaBHmE okcrepuvent C.B.  Aspamenko 1o
OAHOITPOBOAHOM IIepeAade SAEKTPOSHEPIMM — TaK HAa3bIBAEMasd BHAKA
Aspamenko. Omna Bruepssie onucana B [30], a satem B [31] — cm. puc. 1.
Coobmmasoce [30], 9TO B 9KCIEPUMEHTAABHYIO YCTAHOBKY BXOAHA
MAITMHHBEINA TeHepatop 2 momHocThio A0 100 xBr, remepmpyroruii
HanpsmxeHue ¢ gactoror 8 k', moaaBaemoe Ha Tparcdopmarop Tecaa.
OAMH KOHEIT BTOPHYIHOM OOMOTKH OBIA cBOOOAeH. Ko BTOpOMYy KOHITY
ObIAA  IIOACOGAMHEHA COOCTBEHHO “‘BHAKa ABpameHko . Bmaka
ABpaMeHKo MPEACTABAAAA COOOIT 3aMKHYTBIN KOHTYP, COAEP/KAIINI ABa
IIOCAEGAOBATEABHO COCAMHEHHBIX AHOAA 3 U 4, y KOTOPBIX OOIad TOYKA
IIOACOCAMHAAACH K IIPOBOAY 1, M HATrPy3Ky, IIAPAAAECABHO KOTOPOI OBIA
BKAFOYEH KOHAeHcaTop 5. Harpyskoil (B mepBoM BapHaHTE) CAYKHAW
HECKOABKO AAMITOYEK HAKAAUBAHUA — COIPOTHBACHHE 6 HAN (BO BTOPOM
BapraHTe) paspAAHUK 7. 1o o10l pasoMkHyTOH mermn ABPaMEHKO CMOTL
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naBa 6. ManyyeHue 1 nepegadya aHeprum nNo ogHoMy nposoay

IIePEAATh OT TEHEPATOPA K HATPY3KE SIACKTPHUUIECKYIO MOIITHOCTD ITOPSAAKA
1300 Br. Daexrpuueckne AaMIIOYKH SPKO CBETHAHCH. TOK B IIPOBOAE
HMEA OYEHb MAAYIO BEAWYHHY, 2 TOHKHH BOAB(PAMOBBIM IIPOBOA B
amaau 1 Aaxe He rpeacd. VIMEHHO 3TO OOCTOATEABCTBO ITOCAYKHIAO
IAABHON IIPHUYHHON TPYAHOCTH OOBACHEHUS PE3YABTATOB 9KCIIEPUMEHTA
ABpPaMEHKO.

Puc. 1.

Dra KOHCTPYKIIHA AEMOHCTPHUPYET, C OAHOH CTOPOHEBI, BEChMa
IIPUBACKATEABHBIN CITOCOO IIEPEAAYH IAEKTPOIHEPIHH, HO, C APYIrOit
CTOPOHEI, - KaKyITIeecad HapYIIICHNE 3aKOHOB 3AeKTpoTeXHuKH. C Tex 1mop
MHOTHE aBTOPBI 3KCIIEPUMEHTHPOBAAM C 3TOM KOHCTPYKIIHEH U
IIPEAAATAAH TCOPHH, OOBACHAIOIINE HAOAIOAACMBIC (DEHOMEHBI — CM.,
manpumep, [32-34]. OaHako 1oka He HAWACHA OOINEIPUHATAA TEOPHAL.
3AECh TaKKe ITOTOK S3HEPTHH CYIIECTBYET O€3 BHEIITHEIO SAEKTPHYECKOIO
HAIIPSA/KEHHA HA KOHIIAX IIPOBOAQ.

3. B or1OoT K€ TEpedYeHb CAEAYET BKAIOYHUTH AA3EPHBIH AYY.
Od4eBHAHO, YTO Aa3ep IIEPEAAET IIOTOK SHEPIHH B AA3EPHBIA Ayd. DTa
SHEPIUA MOKET OBITh BECbMa 3HAYHTEABHOMH, IIEPEAACTCA 110 AA3EPHOMY
Ay4y IPAKTHYECKH O€3 IIOTEPh H IIPeoOpasyerca B TEIIAOBYIO SHEPIUIO
HA BBIXOAE U3 Ayda.

4. UMssectusl osxcrepumentel  KocmaoBa [35], B KOTOpBIX
AEMOHCTPHUPOBAAOCH CBEYEHHE IIEPETOPEBIIMX AAMIT HAKAAUBAHHA.
Ormeaanocs, ato "wawe 6ceco samnsr Hakasusarusn nepecopani 6 08yx u Gosee
Mecrmax, npudem nepeopasa  He mMOALKO CHUPAAL, HO U 10KON00600AMUE
nposodnuxy erympu aamnst. 11pu smom nocse nepoco paspeisa yenu aamnst
npodosscant Hekomopoe épema ceemumes daxce bosee APKo, ueM 00 nepecoparus.
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nasa 6. ManyyeHune 1 nepegaya aHepruv no ogHOMy Nposoay

Aamna  céemunacs do mex nop, noka ne nepecopan O0pyeol yuacmox  yent.
Brympennaa yens 00noi snamner 6 namem skcnepumerime nepecopeaa 6 uemvipex
mecmax! Tlpu smom cnupans nepecopesa 6 08yx Mecmax u, Kpome cnupasii,
nepezopean 0ba nodsodamux 3aekmpoda enympu aamnse. Aamna nozacia moavko
nocae  nepeoparus  uemeepmozo yuacmka yenu — IJeKmpodd, Ha - KomopoM
sakpennena cnupass." 3AeCh TaKKe IIOTOK DHEPIUU CYIIECTBYeT Oe3
BHEIITHETO 3AEKTPHYECKOTO HAIPAAKEHHA Ha KOHIIAX IIPOBOAA. Bakmo
OTMETHTB EIIIe, IYTO AAMIIA IIOCAE IIEPETOPAHUSA ITOTPEOAACT €Ie OOABIIIE
SHEPIUH, U 3TOH SHEPTUH AOCTATOYHO AAAl IIEPETOPAHUA CAEAYIOIIETO
YIACTKA CITUPAAH.

5. MsBecrten sKCIIEPUMEHT 3apsiAda KOHAGHCATOPA YEPE3 BHUAKY
ABpamenko [66]. B aromM 9KcIepuMeHTE HCIIOAB3yETCA  CXEMa,
IIOKAa3aHHad Ha puC. | cBepxy, HO OTCyIcTByeT pesuctop 6. ABTOp
SKCITEPUMEHTA OTMEYAET, YTO 3apPAA KOHACHCATOPA OT HYAA Yepe3 BHAKY
ABpameHKO HAET MeAAcHO (3 BOABTA 3a 2 waca), HO ObIcTpee, UeM Oe3
STON BHUAKH (3apfIA Oe3 BHAKH — 3TO 3apfA KOHACHCATOPA BMECTE C
EMKOCTBEO MEKAY 3E€MACH M OAHOH 13 OOKAAAOK KOHAEHCATOPA).
VBeamdenue AAHHBI ITOBOAA AO 30M He BAWAET HA PE3yAbTaT. DTOT
9KCHEPUMEHT CBHAETEABCTBYET O TOM, YTO ITOCTOAHHEIN TOK 3apAAd UACT
ITO OAHOMY ITPOBOAY.

PaccmartpuBas ypaBHEHHA SAEKTPOMATHUTHON BOAHBEI B IIPOBOAG,
HEBO3MOJKHO BBIABHTH (DHU3MYECKYIO IPUYUHY CYIIECTBOBAHHA BOAHBL
AOOaf KOMIIOHEHTA HAIPSIKEHHOCTH, TOKA M IIAOTHOCTH IIOTOKA
SHEPIUU MOIYT PACCMATPUBATHCA, KAK BHEIIHHE BO3ACHCTBHA, OT
KOTOPBIX 3aBHCAT BCE OCTaAbHbIC. [IpHHATO CYHTATH, YTO BHEIIHUM
BO3ACHCTBHEM ABAACTCA IIPOAOABHASl IACKTPHUYECKAsd HAIIPAKEHHOCTD.
Vkasanable BbImne QakTel CBHACTEABCTBYIOT O TOM, YTO MOIYT OBITH
HICKAFOYEHHUS — BHEIIHUM BO3ACHCTBHEM ABAACTCA IIOTOK 3HEPIHUH HA
BxoAe mposoaa. B [19, 17] mokazamo, 49ro IIOTOK 3SHEPIHH MOKET
paccMaTpUBATBCA KaK Y€TBEPTAS IACKTPOMATHUTHAA MHAYKIIUA.

rak, BXOAHOI IIOTOK SHEPIUU PACIPOCTPAHACTCH IO IIPOBOAY U
MOsKeT (IIPAKTHYECKH, Oe3 IOTeph - CM. BbIe ILIL 2, 3, 4) aocTUrars
APYTOro KOHIIA IIPOBOAA. Bwmecre ¢ morokom sHeprum MoKer
pacrpocrpanaTbes Tok. Ho Takas B3amMOCBA3h MOKET U OTCYTCTBOBATb
(cm. Bprre 1L 2, 3). BakHO OTMETHTB, 9TO BBIXOAHOH IIOTOK SHEPIUN
MOJKET OBITh 3HAYMTEABHBIM M HCIIOAB30BAThCA B Harpyske. Orcyrcrre
B3aHMMOCBA3U MEKAY ITOTOKOM 9HEPIMH M TOKOM ViKE OOCYKAAAOCH U
O0OOCHOBBIBAAOCH B pasaeAe 2.5.
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naBa 6. ManyyeHue 1 nepegadya aHeprum nNo ogHoMy nposoay

3. O6cy>xAeHHE SKCIIEPUMEHTOB
BCPHCMCH CHOBA K AaHTCHHC «,A,AHHHBIﬁ HPOBOA». OHa I/ISAY"IZICT BO

Bce croponsl. Kak caeayer u pasaeaa 1, usaydaemslil 1oTok sHepruu S,

ABASICTCA 9aCTBIO IIPOAOABHOrO moToka sHeprum S, — om. (1.11).
Koaddurmenr nponopunoHasbHOCTH §  MEKAY HEHMH, B CBOO
OYEpPEeAb, 3aBUCUT OT YaCTOTHl @ - cM. npumep 1. CaeaoBaTeAbHO, TIPH

VMEHBIIICHUN  YaCTOTBI (@  H3AYYACMBIH  IIOTOK  oHepruu S,

YMEHBIIACTCH.

B pasaeae 2.5 paccmaTpuBaAMCh M COIOCTABAAAMCH TOKH U
IIOTOKH 3HEPIUU B IIPOBOAE. IlokaselBanoce, 9TO, Kak IIPAaBHAO, B
IIPOBOAE CYILECTBYIOT TOKH M IIOTOKH OSHEPIHH, Pa3ACACHHBIC Ha
IIPOTHUBOIIOAOKHO  HAIIPABACHHBIE ' CIPyH'. OTO  COOTBETCTBYET
CYIIIECTBOBAHUIO ITOTOKOB AKTUBHOM M PEAKTUBHOI SHEPIHUIL.

MOKHO IPEAIIOAOKHUTB, YTO B "AAHMHHOM IIPOBOAE" OOpasyroTcs
takue "crpyn". Ecan "AAMHHEIT IPOBOA" M3AyUaET BCIO HOCTYIIAFOLIYIO
B HEIO 9SHEPIHIO, TO IIPEBAAHPYET OAMH H3 JTHX IIOTOKOB (IIOTOK
AKTHBHOH MOIIHOCTH) M ICHEPATOP PACXOAYET OHEPIHIO Ha €ro
moaaepikanne. Heam "aammnermi mposoa" HE msaywaer, to morox
SHEPIUHU IPOXOAUT B OAHOM HAIIPABACHHUH M BO3BPAIACTCH B APYTOM —
reamepatrop HE pacxoayer sHepruro (IIMPKyAHPYeT ITOTOK PEAKTHBHOI
MOIITHOCTH), 4 TOK B IPOBOAE OTCYTCTByeT. CyIIIeCTBYIOT, €CTECTBCHHO, 1
IIPOMEIKYTOYHBIE CAYYaH, KOTAA "AAUHHBIA IIPOBOA'" H3AyYACT HE BCIO
ITOCTYHAIOIIYIO B HETO 9HEPIHUIO.

Sminus Fig.9. (SSMB)
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CyIIecTBYIOT M TaKMe COYCTAHUA I1APAMETPOB, IIPH KOTOPBIX
CYMMApPHBIC TOKH IIPOTHBOIIOAOKHO HAITPABACHHBIX ''CTPYH" paBHBI 11O

A0COAFOTHOI BEAWYHHE M, OAHOBPEMEHHO C 3THM, CYMMApPHEIC ITOTOKH
SHEPIUU IIPOTHBOIIOAOKHO HAIIPABACHHBIX 'CTPYH' TAaKKe PaBHBI II0
aOcoArOTHOH BeamduHe. Beirme (AASl yAOOCTBA YHTATEAS) HIOBTOPEH PHC.
9 m3 raaser 4. Ha mem m300paxKeHBI (PYHKIIMH IIPOTHBOIIOAOMKHO

HAIIPABACHHBIX CTPYI:
Splus - crpys moroka sHEpruM, HAUPABACHHAS OT HCTOYHHKA
SHEPIHN,
Sminus - CTpyd IIOTOKAa 3HEPIUM, HAIIPABACHHAA K HCTOYHUKY
SHEPIUN,
I'pacbukn yHKIMIE AAS HATASAHOCTH ITOKa3aHBI C OOPATHBIM 3HAKOM.
3AECh CODAFOAQIOTCA CAGAVIOIIHE COOTHOIIEHUSA MEKAY HHTEIPAAAMHU
110 mAoraan cedenns (J mpoBoAa:

J.Splus dQ = —j Sminus-dQ,
0 0
ijlus dQ = —I Jminus - dQ.
0 0

Bosmoiken, kak CAGAYET W3 3KCIEPUMEHTOB (PACCMOTPEHHBIX

BBIIIIE) CAyYaii, KOTAA TOKH U ITOTOKH 3aMBIKAFOTCA Ha OOPBIBE IIPOBOAA —
cMm. puc. 3, rae 1 — mpoBoa, 2 — mpsimas "crpys', 3 — obparnas "crpys”, 4
— TOK 3aMBIKaHHA. B 9TOM cAyuae Ipeiae BCEIO BO3HHKAET BOIIPOC O
IIPUPOAE  3.AC., 3ACTABAAIOIIEH  TOK  IIPEOAOAEBATH  HCKPOBOM
npomexyrok. B [19, 17] mokasaHo, Y10 IIOTOK SHEPIHH MOKET
pPacCMaTPUBATHCA KaK YETBEPTAA SACKTPOMATHUTHAS HHAYKITHIL.

Puc. 3.
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SApxue  osxkcepmmentsr  Kocmmosa  [35]  sBHBIM  0Opasom
ITOATBEPIKAAFOT IIPEAAOKEHHYIO TIHIIOTE3y: Ayra, BO3HHKAIOINAS HA
OOpEBIBE CIIIPAAH, AOAKHA HMETh HAY9AAO U KOHEIl. MeKAY HIMI AOAMKHA
ObITe  mpuAoxkeHa  3.A.C.  Koraa Ayra, pacmmpsAgch,  AOCTHTaeT
CAEGAVIOIIETO YYACTKA CIIMPAAH, ITOT yYaCTOK BMECTE C COCAMHAIIEH
AYTOH BKAFOYACTCA B AAHMHHYIO AHMHHIO U T.A. KocmHOB HaOAroAan 8
TAKUX YIACTKOB

Buaka ABpameHKO IIpeACTaBAAET COOOM KOHTYP, COACP/KAIIUIT ABA
ITOCAEAOBATEABHO COCAMHEHHBEIX AMOAA M HArpysky — cm. puc. 1. Dror
KOHTYP CO3AA€T Ty AyTYy, KOoTopas m3obOpaxena Ha puc. 3. Harpyskoi
MOKET OBITh BOSAYIIHBIN IIPOMEKYTOK PA3PAAHHKA 7, YTO S9KBUBAACHTHO
Ayre B sxcrrepumMenTax Kocunosa. Harpysko# mowxeT OBITE pesuctop 6 -
IIPUEMHUK SHEPIUH B CHCTEME OAHOIPOBOAHON IIEPEAAYN SHEPIHM.
[TpoBoa 1 B 2TOH KOHCTPYKIHH MOMKHO OTOMKACCTBHTB C 'AAMHHBIM
posoaoM". B AarHOM cAyuae (mpu Huskoit gacrore 8 kl'm) mposoa 1 e
n3aygaetr. CAEAOBATEABHO, B HEM CYIIECTBYIOT ABA IIPOTHBOIIOAOKHO
HAIIPABAECHHBIX IIOTOKA SHEPIHH U OTCYTCTBYET TOK.

Taxum oOpasom, mepesada SHEPIHH IO OAHOMY IIPOBOAY HE
IIPOTUBOPEYHT ypaBHEHUAM MaKCBEAAQ, 4, HAIIPOTHB, CACAYET U3 HUX.
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MmaBa 7. PeweHue gna KOHAeHcaTopa B uenu noCToOAHHOINo Toka

['AaBa 7. Pemrenue ypaBHEHIN
MaxkcBeAAa AAL KOHAEHCATOPA B
LIEIIN ITOCTOAHHOIO TOKa. [ lpupoaa
IIOTEHIIMAABHOU SHEPIUU
KOHAECHCATOPA.

OraaBacHue
1. Beeaenmue \ 1
2. IMoroku sueprum \ 3
3. Hanpsukennocru \ 4
3a. Dueprus \ 7
4. KoabueBoit kouaeucarop \ 7
5. Pazpsia koraencaropa \ 9
[Mpuaoxenue 1\ 10
ITpuaoxenne 2 \ 10
ITpuaoxenne 3 \ 11

1. Beeaenue

3apAKEHHBIM KOHAEHCATOP BCETAA Pa3PAKACTCA Uepe3 HEKOTOPOe
corporuBaenue R Aake, ecam ImyHTHpyIOIEe CONPOTHBACHHE
orcyrcrByer. Aazke B BaKyyMe KOHACHCATOP Pa3pAKaeTcs B CHAY TOTIO,
YTO OH HM3AYYAET JHEPIUIO, YTO TOKE MOXKHO PACCMATPHUBATD, KaK
CYIIIECTBOBAHHME HEKOTOPOTO CONPOTHBAEHHUSA yreuku. [Ipm aTromM BAOAB
KOHAEGHCATOPA PACHPOCTPAHAETCA IHOTOK IAEKTPOMATHUTHOI 3SHEPIUH,
PaBHBIIl  MOIIHOCTH  TENAOBBIX ~ HOTEPh B  comporusienun R
CAeAOBaTEABHO, B KOHACHCATOPE AOAKHO CyIIIECTBOBATD
3AEKTPOMATHHTHOE IIOA€, B KOTOPOM  CYIIECTBYET IIPOAOABHAA
SAEKTPHYECKAS HAIIPKEHHOCTh U IOTOKK sHeprun. Aasee HaxoAnWTCA
pemrenne ypapHeHUN MakcBeAAd, YAOBAETBOPAFOITIECE STUM YCAOBHAM.

ITpu cymiecTBOBaHMN OTOKOB 9HEPIUH B KOHACHCATOPE AOAKHBI
CYIIECTBOBATL MATHHUTHBIC HalpsiKeHHOCTH. IIpm s1OM  ypasHeHHA




MaBa 7. PeweHue ana KOHAeHCcaTopa B uenun noCToAHHOIo ToKa

MaxkcBeana AAS 3apAKEHHOTO KOHAECHCATOPA B cucreme
HUAUHAPHYECKUX KOOPAHHAT 7', (), Z HMEFOT CACAYIOIIUI BUA!

E OE. 1 OE, OE

L4442 =0, @
r or r Op 0Oz
10E, OE,
rde 0z o)
oE. OE,
T T)_ - ©)
ﬂ+aE(p_1aEr:0
or rdp @
H, LOH, 1 0H, oH. .
or r Op Oz
10H 0H,
roe 0z ©
OH, OH,
_6_ or @
H cp aH 16H —0
T . ®
BYAGM HNCKATb HEM3BECTHBIC (pyHKHI/H/I B BHUAEC
H,.=h(r)o, ©)
H,.=h,(r)si, (10)
H_.=h_(r)si, a1
E.=e (r)w‘ , (12)
E,.=e,(r)co, (13)
E_.=e_(r)co, (14)
rae h(r), e(r) - mekoropbie PyHKIIUM KOOPAUHATE
co =cos(ap+ yz), (15)
si =sin(ag + yz), (16)

TA€E, B CBOXO O“ICPCAB, X, X— HCKOTOprC KOHCTAaHTHBI.

2. IToTroxu saneprun
TaK)KC, KaKk M B TAaBC 1, ITAOTHOCTH IIOTOKOB JSHCPTHH IIO
KOOPAHHATAM OIIPEACASAIOTCA IO DOpMYAE
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MmaBa 7. PeweHue gna KOHAeHcaTopa B uenu noCToOAHHOINo Toka

S, E(pHZ—EZH(p
S= S(p =nExH)=nE,H -EH,
S, ErH(p—E(PHT "

HAH, C YIETOM IIPEABIAVIIIIX (DOPMYA,
S, = n(e(phz - ezhcp)co - si 2
S(p = n(ezhrcoz - ethSiz) 3)
— :2 2
S, = N(ehyst* - ehyeo’) )

rae 7 =c¢/47 B cucreme CI'C u 7 =1 B cucreme CIL

Aanree OyA€T ITOKA3aHO, YTO ITU IAOTHOCTH IIOTOKOB 3HECPIUM
VAOBACTBODSATIOT 3aKOHY COXPAHCHUS SHEPTHH, ECAI

h, = ker, 6
h(P =k €o. ©)
h,=-ke,.

%
W3 (2, 6, 7) caeayer, 9ro
S, = n( - e(pkez + kezeq))co “si= O’ ®
T.€. OTCYTCTBYET PaAHaAbHBIN ITOTOK sHeprun. M3 (3, 5, 7) caeayer, urto
— 2 2\ _
S, = (e ke o’ + ke e si*)= nkerez, o
T.€. HAOTHOCTb IIOTOKA SHEPIUU 10 OKPYKHOCTU HA AAHHOM PaAHyCE HE
3aBHCHUT OT BPEMEHH M APYIUX KOOPAUHAT.
N3 (5-7) caeayer, uTO

— i2 2y _
S, = e h (s + o) —nkere(p’ )

T.€. IIAOTHOCTD ITOTOKA SHEPIUH II0 BEPTUKAAH IIPH AAHHOM PaAHyce He
3aBHCHT OT BPEMEHH U APYIHUX KOOPAHHAT. DTH VIBEPKACHUA 1 ObIAU
IIEABIO IIpeAntoAoxkeHn (5-7).

Taxum 0OpasoM, B 3apAKEHHOM KOHAEHCATOPE

1. OrcyrcrByer paAmaAbHBIN ITOTOK SHEPIUM.

2. lloTok sHeprmm IO OCH KOHAGHCATOpPA PAaBEH AKTHBHOM
MOIITHOCTH, PACXOAYEMOH IIpH  3apfA€ HAH  PaspsAc
KOHAGHCATOPA.

3. IlpucyrcTByeT HOTOK SHEPTUH IO OKPYKHOCTH.

CACAOB’&TCABHO, B 3apMKECHHOM  KOHACHCATOPE  CyIIECTBYCET
CTaHI/IOHaprII‘/'I ITIOTOK BACKTpOMaFHI/ITHOfI 9H€pFI/II/I, a Ta SHCprI/IH,
KOTOpaH COACp)KI/ITCH B KOHACHC&TOPG n KOTOPYIO HpI/IHHTO CUHUTATh
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MaBa 7. PeweHue ana KOHAeHCcaTopa B uenun noCToAHHOIo ToKa

3AEKTPHIECKOH HOTEHIITAABHOM SHEPIHEH, ABASAETCH
9AEKTPOMATHUTHOM 3HEPTHEH, XPAHAIIEHCA B KOHAEHCATOPE B BHAE
CTAITHOHAPHOTO IOTOKAa. VIMEHHO B 9TOM IIOTOKE ITUPKYAHPYET
3AEKTPOMATHHUTHAA SHEPTHS, 3aITaceHHas B KOHAEHCATOPE.
CAEAOBATEABHO, Ta 2HEPIUA, KOTOPAA COACPKHTCA B KOHAEHCATOPE H
KOTOPYIO IPUHATO CYUTATb IAEKTPUYECKOH ITOTEHIIMAABHOM 9HEPIUEH,
ABAACTCA IACKTPOMATHUTHOI HEPIUEH, XPAHAIIECHCA B KOHACHCATOPE B
BIAC CTAIIMOHAPHOIO ITOTOKA.

3. HanpsoxeHHOCTH
Vpasuenns (1.1-1.16) u (2.5-2.7) npuHnMaroT BUA:
e

roo € B
?+er—7a—xez—0, "
“20 + 0
-—=a+e x=
r X7 @
-e,+ex=0 o
e e
Pre —Ta=
- +e, —Q 0’ o

e. . €y B
k? + ke, - k7a —kye,=0 5

€,
—k—a+ke x=0

r ¢ 6
) > ©)
ke,— ke x = 0’ o

e . e
-k-2-ke,+k-la=0

Buaro, wro ypasmenma (1-4) m (5-8) cosmaaaror. Ilostomy

AoctatouHO permmth ypasHenud (1-4). B mpmaoxenmm 1 mpuseaeHo
permenne cucrembl ypasHeHuit (1-4). OHO MMeeT CACAYFOITNIT BUA:

©)

Cive) ypaBHCHI/IC ABAACTCA MOAI/I(bI/ITTI/IDOBaHHI)IM VPaBHCHUEM

e
becceass m ero pemmenme ~Z paccMOTpeHO B IpuAoxkeHHH 2. Tam xe

e
paccmorpena pyHKIHA 2.
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MmaBa 7. PeweHue gna KOHAeHcaTopa B uenu noCToOAHHOINo Toka

ITpn m3BecTHBIX €» €z MOKHO HANTH €réo o (2, 3). CkaaawpBas
(2, 3), HaxOAMM:

e, .
-Jo-e,+ (e, +e)x= O’ "
Beranras (3) us (2), maxoanm:

e
A . —
—ate,+ (e(p e )x=0 .
Ckaaapas u Boraurad (10, 11), Haxoaum:

e
e =24
¢ TrX, 12)
e
e, ==
X 13)

Vpasuenns (9, 12, 13, 2.5-2.7) onpeaeastor dyuximu  h(r), e(r),

a ot QYHKIHE BMeCTe C KOHCTaHTAaMH X, X  OIPEACAAIOT
3AEKTpHYECKHE 1 MarHUTHbIe HanpsxeHHOCTH (1.9-1.14)

Orcropa  caeayer, dYro B 3apPMKEHHOM  KOHAEHCATOPE
IIPUCYTCTBYIOT JACKTPUYECKHME W MATHUTHBIE HAIPAKEHHOCTH.
[TosroMy MOMKHO yTBEPKAATH, YTO B 3aAPHKEHHOM KOHACHCATOPE
CYIIIECTBYET JAEKTPOMATHHTHOE ITOAE, 2 MATEMATHYECKOE OITHCaHUe
3TOTO TOAS ABAAETCA PEIIEHNEM ypaBHeHHH MaxkcBeaaa.

V13BeCTHBI SKCIEPUMEHTHI IO OOHAPYKEHHIO MATHHUTHOIO IIOAf
MEKAY OOKAGAKAMH 3apPHKEHHOIO KOHACHCATOPA C IIOMOIIBIO KOMIIAca
[49, 50]. B coorBercrBum C HM3AOKEHHBIM, B KPYIAOM KOHAEHCATOPE
AOAJKHO HAOAIOAATBCA TOABKO PACIIOAOKEHHE CTPEAKH —KOMITACA
IIEPIICHAUKYAAPHO PAAUYCY KPYrAOro KoHAeHcatopa. HabGaroaaemoe B
9THUX 9KCIIEPUMEHTAX OTKAOHEHHE CTPEAKH OT OCH KOHACHCATOPA MOKHO
OOBACHUTH HEPABHOMEPHOCTBIO PACIIPEACACHHA 3aPAAA 11O KBAAPATHOM
IIAACTHHE.

ITpumep 1.

Ha puc. 1 noxasamsr  yHKImm € e‘P'SeZ’ST’S(P’SZ npu

n=1k=0001,0=3x=14=-2-10"R=0.1, Ha pHC. 2 ITOKa3aHBI TE 7K€
dbyHKIN, TAE B OTAMYHE OT mpeabiayinero %= 3. Buano, 4ro B 910M
CAyYae OTCYTCTBYET IIOTOK SHEPIHU IIO OCH KOHAeHcatopa. OAHAKO
IIOTOK SHEPTHUH IT0 OKPYKHOCTH IIPUCYTCTBYET BCETAA.
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5
5 x10 1
o » 0
0 -1
0 0.05 0.1 0 0.05 0.1
5 6
5 x10 10 x10
© »h 5
0 0
0 0.05 0.1 0 0.05 0.1
4 5
2 x10 0 x10
o 1 N -2
0 -4
0 0.05 0.1 0 0.05 0.1

Fig.1 (ConderL.m)

1 1
3 05 ‘ » 0
0 -1
0 0.05 0.1 0 0.05 0.1
-4
1 0 x 10
T 0 h -2
-1 4
0 0.05 0.1 0 0.05 0.1
-0.46 1
N -0.465 / » o
-0.47 -1
0 0.05 0.1 0 0.05 0.1

Fig.2 (ConderL.m)

3a. Dueprusa
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MmaBa 7. PeweHue gna KOHAeHcaTopa B uenu noCToOAHHOINo Toka

ITaotHOCTE 3H€pFI/II/I Ha OKPY)KHOCTI/I C pa,A,I/IYCOM r

KOHAEHcaTope onpeaeasiercs 1o (2a.4.2)
W.=g¢(e+ ku)((ersi)2 + (e(pco)2 + (ezco)z). M
_1 _1
rAC S8 5 crrcreme CIC 1 ° 8T 5 crrcreme CHL.
Takum 00pasoM, IIAOTHOCTH J3HEPIHU 3ACKTPOMATHUTHOM
BOAHBI B _KOHACHCATODE OAMHAKOBA HA BCEX TOUKAX I[MAMHADA
AAHHOI'O PaAHMYCa.

B AMICKOBOM

R:

TToAmas SHCPFI/IH KOHACHCQ.TOpa C BHCIITHUM pPaAHyCOM

W = TWrdr.
0 ®

B mpuaoxennn 3 moApoOHee pacCcMaTPHBAETCA BOIIPOC O CIIOCODE
BBIYHCACHHA C YIETOM 3TOH (POPMYAEL

4. KoAb11€BO¥T KOHAEHCATOP
PaCCMOTpI/IM TCHCPB KOAbHCBOfI KOHACHCaTOp, B KOTOpOM
O6KA3AK2[MI/I ABAAFOTCA HE AMCKH, KOABIIA, HpI/IqCM LT_H/IpI/IHa KOABIIa

. " e
TAKOBA, YTO BTOPOI TPOM3BOAHONH oT 210 | mMomuO mpenebpedn:

€= 0. Toraa ypasuenue (3.9) mpumer BHUA:

e e

z 2 z 2

r ’ rl ©)
AN

o 2 2

e,= ez(x r+a /r) o

ITpumep 2.

e,e e . S.S S

Ha pmc. 3 moxazamsr HKITIHT rEETZT T Oz apn
y

4
N=1k=0001,&=3x=1e,=2-10"R; =0.LR, =011 py, .0 4

HOKa3aHbl Te ke (DYHKIIUH, TA€ B OTAHMYHE OT HPEABIAyIero X=3.
Buano, 4ro B 9TOM CcAy4ae OTCYTCTBYE€T IIOTOK JHEPIMH IIO OCH
KoHAeHCaTopa. OAHAKO ITOTOK 3HEPIUH ITO0 OKPYKHOCTH IIPHCYTCTBYET
BCETAQ.
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4 % 10°
5 2 /
0
0.1 0.105 0.1
6
15 x10
T 1 /
0.5
0.1 0.105 0.11
4
6 x10
N4 /
2
0.1 0.105 0.1
Fig.1 (ConderLK.m)
2400
% 2200 /
2000
0.1 0.105 0.1
1
@ 0
-1
0.1 0.105 0.1
4
2.004 210
N 2.002 /
2
0.1 0.105 0.1

Fig.2 (ConderLK.m)

o 0
-1
0.1 0.105 0.11
x108
2
a1
0
0.1 0.105 0.11
x 108
0
N -2
(7p]
-4
0.1 0.105 0.11
1
& 0
-1
0.1 0.105
s x10%
1)
4
0.1 0.105
1
5o
-1
0.1 0.105

0.11

M3BecteH 3AEKTPUYECKHI ABHIATEAB BBICOKOTO HAIIPAKECHHA,
IIPEACTABAAFOIIHII COOOI BBICOKOBOABTHBIH BO3AYIITHBIH KOHAEHCATOP
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MmaBa 7. PeweHue gna KOHAeHcaTopa B uenu noCToOAHHOINo Toka

[131]. B mem oama 0OKAaAKa BEIIIOAHEHA B BHAE IIPOBOAA, a BTOpasd B
BUAE HOAOCEI (POABIH — CM. pHC. 3. IIpu BEICOKOM HAIIPHKEHHH MEKAY
OOKAQAKAMU BO3HUKACT MOHHBIH BETEP, YTO ITO3BOAACT PACCMATPUBATH
3TO YCTPOMCTBO, KaK IIOCTOSIHHO Pa3PMKAIOIINICA KOHAEHCATOP.
VerporictBo B3aeraer. D1oT 3pdeKT BHAYAAE OOBACHAAU ACHCTBHEM
HOHHOTO TOKA W HOHHOIO BeTpa. DoAee TIMaTeAbHBIE H3MEPEHHA
ITOKA3BIBAIOT, YTO MOHHBIH BeTep co3paeT mpumepHo 60% moAbeMHOI
cuasl. Mcrounnk 40% IOABEMHOH CHABI HE BBIAABACH. ABTOPHI
VIBEPKAAFOT, YTO ITOABEMHAS CHAQ BOZHHKACT TAKKE H B Bakyyme (TAc
HET MOHHOTO BETPA).

B mepBoM  mpuOAmKEHHH — MOXKHO — PacCMATpHUBATB — 9TOT
KOHAEHCATOP, KaK KOABIIEBOI KOHAEHCATOP. TOrAa MOMKHO yTBEP/KAATb,
YTO B 9TOM  YCTPOMCIBE  IIOCTOAHHO  IIPHUCYTICTBYEeT  IOTOK
SAEKTPOMATHUTHOHN 9HEPIHH BAOAb IIEPUMETpA KOHAEHCaTopa. Ilpm
ITOCTOSSHHOM paspsiae €CThb TaKKe BEPTUKAABHBIN HOTOK
OACKTPOMATHUTHOHM sHepruu. Aasee OyAeT IIOKAa3aHO, YTO TaKHE
ABACHUSA MOTYT OBITh IPUYMHON ITOABACHHUA ITIOABEMHOI CHABL.

|

Puc. 3

5. Pa3psaa KoHA€HcaTOpa

Kak u pamee, B raaBax 1 m 5 paccMOTpUM CKOPOCTH ABHKCHHSA
sHeprun. OOIIenpUHATOR fABAfeTca KoHuenuna Ymosa [81], coraacHo
KOTOPOH IIAOTHOCTh IIOTOKA SHEPIHH § ABASETCA IIPOHU3BEACHHEM

ITAOTHOCTH SHEPTUH W W CKOPOCTH ABFKEHHSA SHEPTHH V,
sS=w-v,. (©)
DHeprus KOHACHCATOPA
cu?
W, =
2

A IIAOTHOCTD SHCPIUM

; )
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MaBa 7. PeweHue ana KOHAeHCcaTopa B uenun noCToAHHOIo ToKa

\%Y%
w, = ®)
bd
rae Ub,d - maupsikenme Ha KOHAEHCATOPE, IIAOIIAAb IIAACTHH,

TOAIIITHA AH3ACKTpHKa COOTBETCTBECHHO, HpI/I"ICM C€MKOCTDb
C=¢-b/d. 9)
HPI/I paspHAe KOHACHCQTOPQ Ha p€3I/ICTOp R ITIOTOK SHCPFI/H/I S B
pCSI/ICTOp paBCH BI)IACAHCMOEI B pCBHCTOpC MOIIMHOCTH, T.C.
U2
S=P=Ul=—" (10)
R
Ecanm KOHAeHCaTOp IIOAKAKOYCH K HarpysKe BCcel HOBCpXHOCTb}O
ITAACTHH, TO ITAOTHOCTD ITIOTOKA BHCprI/II/I
s U’
=—=—,
b bR
a MOIITHOCTDb UCTOYHHUKA
P=sbh. (12)
TOFAB. CKOpOCTb ABUKCHUA 3HCPI‘I/H/I qepes KOHACHCQ.TOP, OHpCACAHCMa_H

)

2 2
_s U /W, _U’/cu _2d 0

v
° " w, bR/ bd bR/ 2bd CR

uAm, ¢ yaerom (9),
, = 2d

T.€. 2Ta CKOpOCTb HC 3aBHCHUT OT HaHDH)KCHI/IH! Ouna MOXKET HMETb
3HAYCHHE, CYIIICCTBCHHO MCHBIIICC CKOPOCTH CBETA.

ITpuaosxenne 1
Paccmorpnm  permenme cucremer ypasHenmi (3.1, 3.2, 3.3) wus

pasaeaa 3. Ilocae moacraHOBKH € us (3.2) n €r u3s (3.3) B (3.1),
HAXOAHM:
e,
€, 2
e + —= - ezx _ZO‘ = 0.
@

Tenepp paccmMoTpuM perreHue cucremsl ypasaenuit (3.2, 3.3, 3.4)

n3 paspeaa 3. Ilocae moacTaHOBKI e(P n3 (3.2) u €r u3 (3.3) B (3.4),
BHOBb HaxoAuM (1). CaeAroBaTEABHO, pEIIeHNE YEeThIPEX ypaBHEeHUH (3.2-
3.4) nveer BuA (1).
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MmaBa 7. PeweHue gna KOHAeHcaTopa B uenu noCToOAHHOINo Toka

ITpuaroxenue 2.
MsBectHo MoAndHLIMpOBaHHOE ypaBHEHHE becceas, mMerorree
CAEAYFOIIHIT BUA!

y+2- (1+"2)=0
yrx-Y¥ o ’ ( 1)
rA€ V - TOPAAOK ypaBHeHHA. llpnm AeHCTBUTEABHOM apryMEHTE OHO
HMeeT ACHCTBHTEABHOEC PEIIEHHE. DTO PEIIECHHE M €ro IIPOU3BOAHAS
MOTYT OBITb HAAECHBI YUCAEHHBIM METOAOM.

Vpasuenne (3.9)

. e, 2yl
ez+7—ez(X7+;Z) =0
@
B pasaeae 2 moaobHO ypaBHenmro (1) m ero perieHme © €ro
IIPOU3BOAHAA TAKAKE MOIYT OBITh HAMAECHBI YHCACHHBIM METOAOM.
[Tpu 70 ypasuenwe (2) npuHUMaeT BUA:
. e, gl
e, t - ez;z =0
©)
Ero pertienne nmeer BUA:
e,= ArP @
>

TAC A— KOHCTaHTAa, a B OHp@ACA}ICTCH 13 YpaBHCHUA

2 2 _
B +B—O( —0, (5)

B=%(—1i4/1+4a2); B<O o

e
TakuM 00pa3oM, Ha IIEPBBIX HTEPAIUAX MOMKHO (DYHKIHUIO 2
HCKaTbh B BHAE (4), a 3aTEM BBIYHCAATD €€ 110 (2).

ITpusorxenue 3

N e,(r)
OKHO ITOAAraTh, YTO (PYHKIIHA TOKAECTBEHHA (DYHKITHH
pacIIpeAeACHUA 3aPAAOB Ha OOKAAAKE P(r). Toraa MOKHO HANTH TaKHUE

e (r)=rpm.
%, X, IpH KOTOPHIX 2 ( )
DHeprus KOHAGHCATOPA 3aBUCHT OT €MKOCTH Cu nanpsoxenns U na

HCM:

2
w=CLU

2 M




MaBa 7. PeweHue ana KOHAeHCcaTopa B uenun noCToAHHOIo ToKa

Apyro# crrocod onpeAeAeHNs SHEPIHH COCTOUT B BBIYHCACHUH ITO

(32.2)r OOCO3HAYNM BBMHUCACHHYIO BEAHMYHHY KaK W2, Aan sroro

BEIYHCACHIS HAM M3BECTHBI Bee BXOoAATTHE B (32.2) BeAmTHHBI, Kpome K.
EcAn Mer soramcamy V2 npu k=1, o cmoxem maiiti AeficTBHTEABHOE

smauenue K xax
w

e ®
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MmaBa 7a. KOHp,eHcaTop C 3J1eKTponpoBOAHbIM AN3JNTEKTPUKOM

I'AaBa 7a. Konaencatop ¢
5AEKTPOIIPOBOAHBIM AUIAECKTPUKOM

OraaBAeHne
1. Beeaenwe \ 1
2. 3apsiA KOHACHCATOPA IIPOAOABHBIM MATHUTHBIM TTOAEM \ 1
3. 3apsA KOHACHCATOPA KPYTOBBIM MATHUTHEIM ITOAEM \ 4
4. ITAOTHOCTD 3AEKTPHIECKOHN SHEPTHH \5
[Mpuaoxenne 1\ 6
[Tpuaoxenne 2 \ 7

1. Beepaenue
3aech  (OTAMYME OT TAABEI /) PacCMOTPUM KOHAEHCATOP C
3AEKTPOIIPOBOAHBIM AHIAEKTPHKOM.

2. 3apAA KOHAEHCATOPA IPOAOABHBIM

MAargamvTHBIM ITIOAEM

B raaBe 5A mokasaHo, 9TO B IPOBOAE, KOTOPBIH HAXOAUTCA B
HEOAHOPOAHOM IIPOAOABHOM MATHHUTHOM IIOAE€, CO3AAETCH IIPOAOABHBII
TOCTOAHHBIA TOK. CACAOBATEABHO, B KOHACHCATOPE C TOKOIIPOBOASAIIIIM
AMIACKTPUKOM TAKKE CO3AAETCA IIOCTOSAHHBIA TOK. DTOT TOK 3apsiKacT
KOHACHCATOP. APYTHMI CAOBAMH, KOHACHCATOP 3apA/KACTCA BO BHEIITHEM

HCOAHOPOAHOM MATHHUTHOM ITOAE.

Puc. 1.
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maBa 7a. KOHﬂ,eHcaTOp C 3J1eKTponpoBOAHbIM AN3JTEKTPUKOM

Dro fABAeHHE OOHApyKuBaerTcA 9KcHepuMmeHTaAbHO. B [116]
OIIHCBIBACTCA KOHCTPYKIIUA, IIOKA3aHHAA Ha PHUC. 1, TA€ TIOKA3aH OAMH 13
BAPHAHTOB  IIPAKTUYECKOW  PEAAM3AIlMNd  AAHHOIO  fABAeHHA. B
MEKITOAFOCHOE IIPOCTPAHCTBO TOKOIIPOBOAAIIIMX MATHUTOB 1 ITOMEITIeHE!
ABE H30AAIMOHHBIE IIPOKAGAKH 2 U MeTaaAmdeckad dpoapra 3. Maraurer
1 m doabra 3 BHITIOAHAIOT POAb 3AEKTPOAOB A, B um C. Memxay
anektpopamu  AB um  CB  duxcupyerca IIOCTOSHHAs — Pa3sHOCTb
ITOTEHIINAAOB, KOTOpasd BO3HHKAET B MOMEHT CO3AAHHUA AAHHOM
KOHCTPYKITUH.

Puc. 2.

B [125] ommceBaerca skcmepumeHT (CM. pHC. 2), TA€ €O aBTOp
IIPOBEPACT HAIPAKEHIE HA HECKOABKIX KOHCTPYKITHAX:
1) oaAmHOuUHBII AUCKOBBIM HeOAUMOBBIN MarHuT (HM),
2) meckoapko HM,
3) deppurossrit anck OA
4)  deppurossii Anckosbiii MaraaT DAM
5) cromka 6A0KOB BuA2 4).
B ormx  komcrpykimax — deppur  ABAAETCA  TOKOIPOBOAAIIINM
AMIAEKTPHUKOM. ABTOP OTMEYACT, YTO
1. B 1) orcyrcreyer HanpsxeHNe,
B 2)-4) ecTb HAIIpsKEHHE,
B 4) HanpsuKeHHE OOABIIIE, YeM B 3),
B 5) HanpsuKeHHe OOABIIIE, YeM B 4),
HAIPHKEHHE CO BPEMEHEM IIaAA€T, HO B CACAYFOITIEM
5KCIIEPUMEHTE BOCCTAHABAUBACTCHL.

AR
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maBa 7a. KOHD,eHcaTOp C 3J1eKTponpoBOAHbIM ONINTEKTPUKOM

ITpumep 1.

PaccMOTpHM KOHCTPYKIIMIO, OTAMYAFOIIYIOCA OT ITOKA3aHHOW Ha
puc. 1 Tem, YTO BMECTO IIOCTOAHHBIX MATHHTOB HCIIOAB3YIOTCA
9AEKTPOMATHHTEL, 2 AUIACKTPUK ABAACTCH (DEPPOMATHETHKOM — CM. PHLC.
3, rAe mokasaH oaekrpomaraur 1 ¢ oOmorkon 2. B 3asope
SAEKTPOMArHUTa 1 HAXOAHUTCA KOHACHCATOP C AHIACKTPHKOM 3 u
obkAaaakamMu 4. 113 IIPEABIAYIIIETO CACAYET, YTO Ha KOHAEHCATOPE,
PACIIOAOKEHHOM MEKAY MATHHTAMH, AOAKHO BOSHHKHYTH HAIIPAKECHUE.

Taxas KOHCTPYKITHA MOKET PACCMaTPUBATHCS, Kak TpaHcdOpMATOP
nocrosuaoro Ttoka J B obmotke 2 saekrpomarnmta 1 B mocrosnHoe
Hanpsxenne U Ha 0OKAaAKaX 4 KOHAEGHCATOPA. DTO HAIIPSKECHHE MOMKET
ObITh HArpy:KeHO Ha BHerHee conporuBAeHue R. Ilpu stom mcrounmk
toka) mepeaaer momHOCT B conpoTtuBacHue R.

Taxum 0Opasom, PACCMOTPEHHAS KOHCTPYKIIUA ABAACTCA CHAOBBIM
TPaHCHOPMATOPOM ITOCTOAHHOIO Hapsykenus (tur 1).

Puc. 3.

Takag cxema (PYHKIHOHHPYET CAGAyIOIIUM OOpasom. B
HEKOTOPBII ~MOMEHT BPEMEHH KOHAEHCATOP IOA  BO3ACHCTBHEM

MAarHuTOB HAKAITAUBACT MATHUTHYIO 3SHCPIHIO Wm U 3apsKacTcsa AO

nanpsskerns U, T.e. mpnobpeTaeT 9AEKTPUYECKYIO 9HEPIHIO We Aance
KOHAGHCATOP  paspsmkacrcd  d9epe3  COOCTBEHHOE  BHYTPCHHEE
conporusAeuue R. [Tpu stom HampsxeHne Ha OOKAAAKAX YMEHBIIACTCA.
OAHaKO OT MarHUTHOW SHEPIUU OH BHOBB 3aPSIKACTCA AO HAIIPSKCHHS
U, Takum o0Opasom, 5TOT IPOLECC MOKHO pPacCMaTpUBaTh, KakK
IIOCTOAHHBIA ~ PaspfA  KOHAGHCATOPa, HAIPMKEHHE HA  KOTOPOM
ITOAACP’KABAETCA BHEIITHUM MCTOYHUKOM SHEPIHH.
PopmMaAbHBIE COOTHOIIEHNA PACCMOTPEHBI B IPUAOKEHHUN 1.
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MmaBa 7a. KOHD,GHCHTOp C 3J1eKTponpoBOAHbIM AN3JTEKTPUKOM

3. 3apsaA KoHAEHCATOPAa KPYTOBBIM

MAargHmTHBIM IIOACM

B raase 5A mokasaHoO, 9TO B HIPOBOAE, KOTOPHIM HAXOAUTCA B
KPYTOBOM MATHHUTHOM IIOAE€, CO3AAETCHA IPOAOABHBIN ITOCTOAHHBIN TOK.
CAEAOBATEABHO, B KOHACHCATOPE C TOKOIPOBOAAIIUM AHIAEKTPHKOM
TAKKE CO3AACTCA ITOCTOSHHBIM TOK. DTOT TOK 3apAKaeT KOHACHCATOP.
ApyrumMu  cAOBaMHM, KOHACHCATOD 3apMKACTCA BO BHEIIHEM KPYTOBOM
MaTHUTHOM ITIOAE.

Takum 0OpasoM, eCAM depe3 KOHACHCATOP IIPOXOAHUT IIPOBOA C
IIOCTOAHHBIM TOKOM, TO B KOHAECHCATOPE BO3HHMKAET IPOAOAbHAA
HAIIPAKEHHOCTD.

ITpumep 2.

PaccMoTpUM KOHCTPYKIIHIO, ITIOKA3aHHYIO HA pHC. 4, A€ IIOKA3aH
KOHAEHCATOP C TOKOIIPOBOASAIIIUM AHUIACKTPUKOM 1 1 oOkaaakamu 2. B
3TOM KOHAEHCATOPE HMEETCA OTBEPCTHE, Yepe3 KOTOPOE IIPOXOAUT
mpoBoA 3. Ecam 1mo mpoBOAY IPOXOAHT TOK J, o B KOHAEHCATOPE

CO3AACTCA  KPYIOBOEC MATrHHUTHOC ITIOAC C HAIIPAKCHHOCTBIO H‘P' B
COOTBETCITBHHM C BBIIICHU3AOKCHHBIM B TOKOIIPOBOAAINEM AMIACKTPHUKE
CO3AA€TCA HDOAOAbeIﬁ IIOCTOSHHBIN TOK (HaHpaBACHHbeI HapaAACAbHO
TOKY B HpOBOAC). DTOT TOK HpOXOAI/IT t'ICpC3 BHCIITHCE COIIPOTHBACHUC

R.

EcrectBeHHO, BMECTO OAMHOYHOIO IIPOBOAA MOMKHO CACAAThH
MHOTOBHTKOBYIO OOMOTKY. Takasd KOHCTPYKIIHA MOMKET PaCcCMaTPUBATHCH,
kak TpancdopmaTop rmocrosHHOro Toka J (B yKasaHHOM IIPOBOAE) B
nocrofgunoe Hanpsikenwme U Ha 0OOKAaAKax KOHAEHCATOPA.  ODTO
HAIPAKEHHE MOKET OBITh HATPY/KEHO Ha BHEIITHee conporuBAeHume R.
[1pu 5TOM MCTOYHUK TOKA IIEPEAAET MOIIHOCTD B conpoTuBAcHue R.

Taxum 0Opasom, paCCMOTPEHHAS KOHCTPYKIIUA ABAACTCA CHAOBBIM
TpaEcOPMATOPOM IIOCTOAHHOTO HAIpMKeHNA (Th 2).

Taxkas cxema (PYHKIIHOHHPYET CACGAyIOIIUM oOOpazom. B
HEKOTOPBIH MOMEHT BPEMEHH KOHACHCATOP IIOA BO3AcHCTBHEM TOKa |

HAKAIIAMBACT MATHUTHYIO SHCPIHUIO Wm 1 3apsAIKACTCA AO HAIIPSIKCHUA U,

T.e. IPHOOPETAECT IACKTPHUECKYIO DHEPIUIO We  Aanee KOHAEHCATOP
paspskaerca depes coOCTBeHHOE BHyTpeHHee conporusacuue R. Ilpum
9TOM HAIPHKEHHE HA OOKAaAKax yMmeHbImaeTcs. OAHAKO OT MarHHTHOM
SHEPTUM OH BHOBb 3apskaercs Ao Harpsaenus U. Takum obpazowm, sToT
IIPOLIECC ~ MOMKHO  PACCMATPHBATB, KaK  IIOCTOSIHHBIA  PaspsA
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maBa 7a. KOHD,eHcaTOp C 3J1eKTponpoBOAHbIM ONINTEKTPUKOM

KOHACHCATOPA, HAIPMIKEHHE HA KOTOPOM IIOAACPIKHBACTCH BHEIITHIM
HCTOYHHKOM 3HEPIUM.
®opmaAbHBIE COOTHOIIIEHUA PACCMOTPEHEL B IPHAOKeHNN 1.

J

Hr

(1)
N

Puc. 4.

4. ITAOTHOCTB 3A€KTPHUUECKOU 3HEPIrUU

MsBecTHO, 9710 OKCHAHO-ITOAYIIPOBOAHUKOBBIE u
9AEKTPOAUTHYECKHE  KOHACHCATOPHI  OOA3AAIOT  OYEHb  OOABIIIOHN
YVAGABHOH €MKOCTBIO. AHIACKTPUKOM B TAKHX KOHACHCATOPAX CAYMKHT
9ACKTPOAUT HAH IIOAVIPOBOAHUK. TaKOH AHIACKTPHUK  ABAACTCA
3AEKTPOITPOBOAHBIM. Awmsaexrpraeckas IIPOHHUIIAEMOCTD TAKAX
AM9ACKTPUKOB OOABIIIE AHIACKTPHUICCKON IIPOHHIIAEMOCTH OOBIMHBIX
(HEIAEKTPOIIPOBOAHBIX) AHAIAEKTPHUKOB IpUMEpHO B 3 pasa. OaHaxo
9TUM HEBO3MOKHO OOBACHUTH OYEHb OOABIIIOE YBEAHYCHHE YACABHOIT
E€MKOCTH.

B raase 5 moxaszaHo, 9TO P HEM3MEHHOM ITAOTHOCTH OCHOBHOTO
TOKA B IIPOBOAE IIEpeAaBacMas IIO HEMY MOIIHOCTb 3aBHUCHT OT
IIapaMeTpoB  CTPYKTYypHl (&, ) ), T.e. OT TIAOTHOCTH BHHTOBOH

TPACKTOPUM TOKA: IIPH YMEHBIICHHM IIapaMeTpa ¥  MOIIHOCTb

YBEAMYIHNBACTCA M YBCAMYHBACTCA IIAOTHOCTD BHHTOBOM TPaCKTOPHI
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MmaBa 7a. KOHD,GHCHTOp C 3J1eKTponpoBOAHbIM AN3JTEKTPUKOM

Toka. Ilpm srom oOmas AAMHA TpaeKTOpHUH yBeAHUMBaerTcA. TOYHO
TAK/KE YBEAHYMBACTCA M AAMHA AMHHH, Ha KOTOPOM AEHCTBYET
SAEKTPUYECKAS HANPHKEHHOCTb, IPOIIOPIHUOHAABHAA 3TOMY TOKy. Ho
€MKOCTDb ITPOIIOPIMOHAABHA KBAAPATY AAMHBI, HA KOTOPOM CYyIIECTBYET
SAEKTpHUYECKAA HAIPAKEHHOCTh. (CAEAOBATEABHO, EMKOCTH IIPOBOAQ
VBEAMYHMBACTCA C YBEAMYEHHUEM ITAOTHOCTH BUHTOBOM TPAEKTOPUU TOKA,
T.6. C YBEAWYCHHUEM IIEPEAABAEMON MOIMHOCTH. TOYHBIE COOTHOIIECHHSA

MEXAY 3SACKTPUYECKOM 3HEPIMEH M TEIIAOBOM MOIIHOCIBIO MOKHO
HAUTH U3 COOTHOIIECHHH, HAUACHHBEIX B TAaBe 5 — CM. IIpHAOKEHHE 2.
ITockoABKY aAeKTpHYECcKas SHEPIUA IIPOIOPIIMOHAABHA EMKOCTH, TO U3
3TUX COOTHOIIICHHH MOKET OBITh HAHACHA EMKOCTB IIPOBOAA.

B aaexTpormpoBoAHOM KOHAEHCATOpE, KBHBAACHTHOM IIPOBOAY,
BCA TEIAOBafg MOIIHOCTb BBIAGASIETCS B CAMOM  KOHAECHCATOPE.
CAeAOBATEABHO, TEIAOBAS MOIIHOCTD, BBIACAAEMAS B KOHACHCATOPE,
CVILIECTBEHHO VBEAMYMBAECT EMKOCTh KOHACHCATOPDA.

ITpuaorxenue 1.
Paccmortpum dpopmarpHBIE COOTHOIIEHHA AAfl PasA€AoB 2 u 3.
O0bo3HaunM:
P_ yonocts, motpebasemasn HATPY3KOI KOHAEHCATOPA,
Py _ vommocts nerounmxa Toxa I
P - comporuBAeHHE IIpOBOAA (B pasaeae 2) HAM  OOMOTOK
3AEKTPOMATHHUTOB (B pasaeAe 3),
L - yaaykTuBHOCTD KOHACHCATODA,
WC' Wm
P

— SACKTPpHUYCCKAA 1 MATHUTHAA SHCPTHUA KOHACHCATOPA,

2 — MOIITHOCTB ITOTEPH B IIPOBOAE,

T - KaKyIeecs COIPOTHBAEHHE IIPOBOAA (B pasaese 2) HAX
OOMOTOK 9ACKTPOMATHUTOB (B pasAeAe 3) - COIPOTHBACHHE
HATPY3KH AASl ICTOYHHKA TOKa |-

Mnmeem:
P, =1, 1)
P=UR, ®)
w, =LI%/2, 3)
W, = CU%/2, 4
Py=Ir=P+Py=U'R+I"p 5)
Toraa , ,

©)
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MmaBa 7a. KOHp,eHcaTop C 3J1eKTponpoBOAHbIM AN3JNTEKTPUKOM

Od4eBHAHO, AASl COTAACOBAHHON pPabOTBI AOAKHBI COBIIAAATH
HOCTOSIHHBIE BPEMEHU LENHU 32PAAA MHAYKTUBHOCTH L y nermn paspsaa
€MKOCTH C, T.C.

L/p =RC. 7
Toraa
L
*=oc ®)
3BecTHO, 9TO AAS TOPA
L= kg
i

©)

TAC
H — 20COAIOTHAA MATHUTHASA IIPOHHUIIAEMOCTD TOPA,
4 — 1IAOIIAAD ITOIEPEYHOIO CEYEHUA CEPACUHUKA,

l _ aamma CPEAHEIT MATHUTHON CHAOBOM AMHIH TOPA.
OueBHAHO,

q=Dd/2, (10)
= T[D, (1 1)
ae D — AHAMETP TOpA, d — BeicoTA topa. Toraa u3 (9-11) maxoanm:
d

L= 13)
EMkocTh KOHACHCATOPA
C= enD?

4d (1 4)

Toraa u3 8, 13, 14 maxoaum:

_ (ud\/(enD? — _2ud’
A (ZHTp)/ (%_) m’eD%p (15)

ITpuaorxenue 2.
B raaBe 5 ompeAeAeHBI IAOTHOCTH OCHOBHOIO TOKa J

0

IIAOTHOCTH ~ AOIIOAHHUTEABHBIX TOKOB J,, J " J., m wmarHuTHBIC
nanpsukensnoctn H,, H . H_.

PaccmoTprM ermie MAOTHOCTB TEITAOBOM 3HEPTHH, BBHIACAAEMOH B
IIPOBOAE,
T=p(Ji+]+]+];

= PUr © z o). (2)

TC KE BCAMYMHBI OHpCACACHbI U B SACKTpOHpOBOAHOM KOHAeHCaTOpe.
PaCCMOTpI/IM CIIIC BACKTpI/I‘ICCKYIO BHCPI‘I/HO 2TOro KOHACHcaTOpﬁI

_ 2
We = 0.5¢E , (3)

TAC

Ta-7



MmaBa 7a. KOHD,GHCHTOp C 3J1eKTponpoBOAHbIM AN3JTEKTPUKOM

EZ = E,Z, + Eczp + Ei: pZ(]g +](2P +]§ +](2))' (4)
EMKOCTD  KOHAEHCATOpAa  MOKHO  OIPEACAUTH  HYEPE3  €ro
SAEKTPUYECKYIO SHEPIHIO:
C =2 Jy?. 5
Coswmerras (2-5), HaxoAnM:
C= EpT/UZ (6)
AAf HEIAEKTPOIIPOBOAHOIO KOHACHCATOPA EMKOCTH OIIPEACAACTCA
BeAHYMHOW € m  reomerpmyeckumMu  pasmepamu.  OAHAKO B
paccMaTpUBAEMOM  CAyYa€  €MKOCTh  3aBHCHT  OT  YAEGABHOIO
COIIPOTUBACHUA P AMSACKTPHUKA W IAPAMETPOB IAECKTPHUYCCKON IIEIH
UnP g xoropyio on BrAtOUeH.

PaccmoTpum errie cAaydaii, KOrAa BCA TEIAOBas SHEPTHA BEIACAACTCA
B KOHAeHcaTope. B aTtoMm cayuae n3 (2-4) maxoamm:

We = OSEpT (7>
ITockoabky
T= UZ/R, (8)
rae R — 3AEKTPHUYECKOE COITPOTHBACHUE KOHACHCATOPA, TO
W, = 0.5epU?/R. 0

O0o3Ha4nM [epes b,d IIAOIIAAD OOKAGAKH M PACCTOSHHIE MEKAY
0OKAaAKAMI KOHAEHCaTOpa. Toraa

C=zb/d, (10)
R=pd/D. (11)

M3 (9-11) moayuaem:
W, =0.5epU*b/pd = 0.5eU*b/d = 0.5CU?, (12)

uTOo coBraAaer ¢ popmyaoit (5). Takum 0Opasom, 9AEKTPOIIPOBOAHOCTD
KOHACHCATOPA HE U3MEHACT €0 SHEPIHUIO.
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MmaBa 7b. PeweHne ansa 3a3opa B MarHuTa

I'AaBa 7b. Perrrenne ypaBHeHMI
MaxcBeAAa AAS 3230pa B MATHUTE

Oraasaenne
1. Maremarmaeckas MoAeAD \ 1
2. DKCIIEPUMEHTEHI IT0 OOHAPYKEHHIO MOMEHTA
HMITyABCA B MATHHTE \ 2
3. O ckopocTH Pa3MArHUYHUBAHUS MATHUTOB \ 0

1. MaremaruuyeckKkasa MOAEAD

B raaBe 7 OBIA PacCMOTPEH 3apMKEHHBI KOHACHCATOP, MEKAY
OOKAQAKAMH ~ KOTOPOIO  CYIIECTBYET  IIOCTOSIHHAS — DACKTPHYCCKAS
HAIIPAKEHHOCTD.

PaccmorprumM  Temepr 3a30p B KOABIIEBOM MarHmrTe. Mexay
IIAOCKOCTAMH, OTPAHHYHBAIOIINMH 3TOT 3a30p, CYIIECTBYET MArHUTHAA
HAIPSHKEHHOCTD.

B cuay cummerpun ypaBaenuii MakcBeaaa B "3azope" Takoro
MarHUTa AOAJKHO CYILIECTBOBATH SACKTPOMATHUTHOE IIOAE, AHAAOTHIHOE
IIOAFO B 3a30p€ 3apMKEHHOTO KOHAeHCaTOopa. OTAMYHE MEKAY ITHMU
ITIOAAMH 32KAFOYAETCA B TOM, YTO B YPABHEHUAX ITOAA SACKTPHYCCKUE U
MArHUTHBIC HAIPAKEHHOCTH MEHAIOTCA Mectamu. B wactHOCTH, B
3aPIKCHHOM ~ KPYTAOM — KOHAEHCATOPE — CYIIECTBYET — JACKTPHYCCKAA

HAIIPAKEHHOCTh (EZ # 0) M OTCYTCTBYET MAarHHUTHAf HAIPAKEHHOCTD
(H .= 0). B HesapsixeHHOM KpPYrAOM KOHAEHCATOPE C MATHHTOM
CYIIECTBYET MATHUTHAA HAIPAKEHHOCTH (H . # 0) U OTCYyTCTBYET

SAEKTPUYECKAA HAIIPSKEHHOCTD (EZ = 0).

Pemrenne  ypaBuenmii  MakcBeara Aaf  "'3azope’ B marHwmre
IIOAHOCTBIO aHAAOTHYHO 3TOMY PEIICHHIO AAfL B KOHACHCATOPE U MBI HE
OYAEM €TO 3AECh ITOBTOPATb.

Takum o00OpasomM, B 3a30pe HAIIEro MarHuTa (T.e. TaM, TAE
CYILECTBYET ~HANPSKEHHOCTb /)  CYIIECTBYIOT 9YACKTPHYCCKHC U
MATHUTHBIC HAIPSIKEHHOCTH.
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MaBa 7b. PeweHune gnsa 3a3opa B MarHuTa

[Ipu cymiecTBOBAaHHH 9TUX HAIIPAHKEHHOCTEH B 3a30pe HAIIIEIO
mMarauTa (POPMHUpPYETCA  CTAIIMOHAPHBINA IIOTOK  9AEKTPOMATHHTHOI
saeprun. [Ipu sTom (TaKKe, Kak B B KOHAGHCATOPE)

1. OrcyrcrByer paAHAABHBIH ITOTOK 9HEPIHH.

2. TloTok sHEpruH IO OCH MATHUTA PAaBEH AKTUBHOW MOIIHOCTH,
PACXOAYEMOM  IpU  «paspAAe»  MarHuTa, T.e.  IIpHU
pa3MaFHI/I‘II/IB AHHM.

3. IlpucyrcrByer IOTOK SHEPIUH IO OKPYAKHOCTH.

Kak mokazano B raase 1.5, BMecTe ¢ TaKMMM HOTOKAMH 3HEPIHH B
3AEKTPOMATHUTHOM BOAHE CYILECTBYIOT TaKKe HMITyABCHI,
HAIIPABACHHBIE ~ BAOAB  PAAHYCa, IO  OKPY/KHOCTH, BAOAb  OCH.
CyImmecTByroT —TaKKe MOMEHTBI _HMIYABCA OTHOCHTEABHO —AKOOOIO
paAmnyca, AFOOOM OKPYKHOCTH U OTHOCHTEABHO OCH.

OdeBHAHO, BCE 3TH BBIBOABI HE 3aBHCAT OT AAHMHBI 3230pa.
CAeAOBATEABHO, MOKHO YTBEPKAATD, UTO

IIOTOKH SHCPIUH, MMITYABCBI T MOMCHTBI UMITYABCOB CYIIICCTBYFOT
B OKPECTHOCTH TOPIIA MATHUTA.

B wacrmocrn, xak mokasano B (1.5.6), MOMEHT HMIyABCa
OTHOCHUTEABHO OCH MATHHUTA B AAHHOII TouKe "3a30pa’

T
L (rez)= ES ,(1,9,2)

uam, ¢ yaerom (7.2.10),
L (rez)= gnker(r)e(p(r). °

CyMMapHBII MOMEHT UMITYABbCA HA BCEH OKPYKHOCTH AAHHOTO PAANYCA U

Ha AAHHOM PAaCCTOSAHUMN OT TOPIIa
2

2
L ()= | L(rezde= %nker(r)e(p(r).
0 3

@

2. DKCHEePUMEHTEI II0 O0HAPY>KEHUIO

MOMCHTA UMITyAbBCA B MAI'HUTC

CyrmecTBoBaHHE MOMEHTA HMIIYABCA B MATHHTE MOYKHO OBIAO OBI
IIPOBEPHUTH IKCIEPUMEHTAABHO. Ho y aBTOpa HET TAKHX BO3MOKHOCTEH.
[Tosromy  mpeasaraeTci — PacCMOTPETh  SKCIIEPUMEHTE,  KOTOPBIE
(BepoATHO!)  AEGMOHCTPHPYIOT  CYIIECTBOBAHHE  TAKOTO  MOMEHTA
HMIIyABCA B MATHUTE.

7b-2



MmaBa 7b. PeweHne ansa 3a3opa B MarHuTa

1. Dxcnepument, m3BectHbi o MHTepHeTy, ITOKasaH Ha puc. 1,
TAC

e M - marHHT € MHAYKITHEH B,

e K - 7KeAe3HOE KOABIIO € 3a30pOoM V (KOTOPBIH HYKEH AAA TOTO,

YTOOBI IIPH IIOMCKE OOBACHEHNA HE IIPEAIIOAATATH, YTO IO
KOABITY HAET TOK),

e N — HUTH,

e [,D, A, C,d- pasmepsr.

[Ipu onyckaHHM KOABIIA OHO B HEKOTOPOM ITOAOKEHHH HAYNHACT
OBICTPO BpAIATBCA M Bparmaercs HeKkoropoe Bpemsa T, a 3arem
OCTAHABAMBACTCA U HAYMHACT BPAINATBCA B  IIPOTUBOIOAOKHYIO
CTOpOHY. DTO BpalleHne AAUThCA B Tedenne Bpemenn t<<T. [Ipomeccor
IIEPEMEHHOIO II0 HAIIPABACHUIO BpAIeHHA IOBTOpArorcsa 3-5 pas u
32THXAFOT.

ABTOP ITOBTOPHA 3TOT 3KCIEPUMEHT B CACAYIOIIIEM BHAE:

BapuanT 1: B =1 Tesla, T = 30 sec,

L, D, A, C, d)=(200, 15, 10, 15, d) mm;
BapuanT 2: B = 1 Tesla, T = 20 sec,

L, D, A, C, d)=(200, 20, 05, 15, d) mm.

A
N L
Y
A
K Vv D
)
d A
A
A
M C
.
Puc. 1.
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naBa 7b. PeweHue ans 3asopa B MarHurta

DTOT  3KCHEPHMEHT  MOMKHO  OOBACHUTBH  CYIIECTBOBAHUEM
BPAIIAFOIIIETO  MOMEHTA, KOTOPBI B  YCTAHOBUBIIEMCA  PEKHME
VPAaBHOBEIIIUBACTCA ~ KPyTAIUM  MOMEHTOM HuTtH. VHage oror
9KCIIEPUMEHT OOBACHAIOT U3MECHCHHIEM KPYTAILETO MOMCHTA HHTH, KOTAQ
OHA HATATHBACTCA UpuTHKeHHEeM KOAbla K k marmmry M. Takoe
OODBACHEHHE  KAKETCA  HEYOCAUTCABHBIM, KOIAA  ACAQCIIb  ITOT
9KCIIEPUMEHT COOCTBEHHBIMH PYKAMH.

2. B Mureprere [46] mokasan APYIroi SKCIIEPHMEHT — CM. PHUC. 2,
TAC

o M - marmwur,

e K — MarHHT B BUAE KEAE3HOTO KOADIIA,

® S — AEPEBAHHBIN CTEP/KEHD,

e D - AepiaTeAb cTepiKHA S.

Koapno K yaepixuBaerca Ha HEKOTOPOM PACCTOAHHH OT TOPIA
MarauTa M m Bparmaerca Ha AepeBAHHOM crepikHe S. Maea storo
OKCIIEPUMEHTA  MOXKET  OBITh ~ HCIIOAB30BAaHA  AAfl  CTPOIOH
SKCIIEPUMEHTAABHOM IIPOBEPKM CYIIIECTBOBAHMA MOMEHTA HMIIYABCA
BOKPYT OCH MATHHTA.

Puc. 2.

3. B Huarepuere [47] mokasaH eIe OAMH SKCHEPHUMEHT, KOTOPBIHA
AETKO ITOBTOPUTH. /ABa KOABIIEBBIX MATHNTA IIOABEILIHBAIOTCH KPIOYKOM
HA AAMHHOH HuTKe — cMm. puc. 3.1. B mepBom cAydae marHuTEI
CIIEIASAFOTCA ITAOCKOCTAMH KOAEIT (CM. pHC. 3.2), 2 BO BTOPOM — KacaroTCs
BHEIITHUMHI ITMAMHAPUYECKHMHU ITOBepxHOCTAMU (cM. puc. 3.3). B
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naBa 7b. PeweHue ans 3asopa B MarH1Ta

IIEPBOM CAy9a€ KOHCTPYKOHA BHCHT CHOKOI>'IHO, a2 BO BTOPOM —
BparmaeTcs. HOCKOAI)KY BEC KOHCTPYKIIMK HE MCHSCTCI, TO BAMAHIC
HUTKHW UCKAIOYCHO.

Puc. 3.1. Puc. 3.2. Puc. 3.3.

4. VIzBecTeH IIO HMHTEPHETY TAK/KE SKCIEPHMEHT, AHAAOTMYHBIN
SKCIIEPUMEHTY 3, TA€ HILKHHH KOABIIEBOM MATHUT OBIA 3aMEHEH HAa
CIIAOIIIHOM IPAMOYIOABHBI MAarHUT — CM. PUC. 4, TA€ HCIIOAB3OBaHBI
obOosHauennsa u3 puc. 1. KoHcrpykimsa Bpammasach Tak Ke, Kak U B
skcrrepumernte 3 [48]. OObsACHEHHEM MOKET CAYKUTH CYIIECTBOBAHUE
MOMEHTA HMITYABCA BOKPYI' OCH MarHHTa.

i
N L
y
A
K < > )
y
J
M C
y
Puc. 4.
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MaBa 7b. PeweHune gnsa 3a3opa B MarHuTa

,A,Ba KOABIICBBIX MAarHUTA B OKCIICPHUMCHTC 3 MOXKHO paccmaTpuBaTh
KaK AB€ COBMEIIICHHBIX KOHCTPYKI_II/II/I "3 pI/IC. 4.
o HIKHEEC KOABITIO B POAM MAarHUTA AASl BEPXHETO KOABITA,
o BGpXHCC KOABIIO B pOAI/I MarHuTa AA HIKHETO KOABIIA,
HPI/I oToM Bee 4 BKCHCPI/IMCHTQ, OOBACHATOTCS CYIIIECTBOBAHMEM MOMCHTA
HUMITyAbCAa B MarHuTC.

OkcrepumenTsl 1,3, 4 MOKHO IIPEACTABUTH OOITIEH CXEMOI — CM.
puc. 5. Maraur M cospaer marHuTHBIA 1oTok Bl, HampaBAeHHBIN B
koAbIo K. (Apyryro wacte motox maramra M MBI HE PacCMaTpHBACM).
Drot noTok pasasausaerca B koAblie K Ha ABa moToka B2. Aasee moroku
B2 samprkarorcs motokom B3 BHyTpH KOABIA 1 moTokOoM B4 BHE KOABIIA.
Takum obpasom,

B1=2*B2 - B3, B4=2*B2 - B3, B1=B4,
T.e. BCETrAa cymecTByeT moTok B3>0. DToT mOTOK, Kak IIOKAa3aHO BHIIIIE,
00A2A2ET MOMEHTOM HMITYABCA.

B4

B2 B2

|

Puc. 5.

3. O ckopocTu pa3MarHUYUBAHUA MATHUTOB

PaccMOTpHM CKOPOCTh ABIKCHHA SHEPIMH U3 MATHHTA. TaK iKe,
KaK M B rAaaBe 1, MBI OYAEM HCIIOAB30BaTh KOHIEIIHIO YMmoBa [81],
COIAACHO KOTOPOH IIAOTHOCTH IIOTOKA 9HEPIMK S  ABASAETCA
IIPOU3BEACHUEM IIAOTHOCTH SHEPIUN W M CKOPOCTH ABIKCHES 9HCPIUN
v

e
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MmaBa 7b. PeweHne ansa 3a3opa B MarHuTa

S=w-v,. 1)
EcAn ABIKEHIE S3HEPTHH 3aKAIOYAECTCA B TOM, YTO OHA H3AYIACTCH
U3 TeAa IIEPIEHAHUKYAAPHO HEKOTOPOMY CeYeHHIO TeAa, To m3 (1)

CACAYET:

_ P _adwydt _

QT Q@ TV )
TAC Q - IIAOIITAADb CECYCHUA, p_ MOIITHOCTD I/ISAY"ICHI/IH, w_ 3Hepr1/1;[ TCAAQ.
CACAOBaTCABHO, B 3TOM CAyT'IaC MBI MOXKEM HBMCPI/ITI) CKOPOCTI)

ABIKCHHSA SHCPFI/II/I KaK
_dwidt
wQ ©)

HPHMCHI/IM 3Ty cpopMyAy AASl BBIYHICACHHUSA CKOPOCTH ABHKCHHSA
SHEPIUH IIPU PA3MATHHYUBAHUN MarHHUTA.

Wz [93] paccmorpuM, HampuMeEp, 3aBHCHMOCTb YMEHBITICHUSA
MArHUTHOH HMHAVKITHH C TEYCHHEM BpeMeHU AAfA crAaBa FOHAK25A —
cM. puc. 1, rAe mokasaHbl (PYHKIIMH B 3aBUCHMOCTH OT BpEMEHH,
IIPOIIIEAIIIETO OT MOMEHTA HaMarHum4dnBaHuA. Bpems mokazano B AHax. B
okHe 1 mokasama (OyHKIMA MarHuTHOW MHAyKnmu B(t) ums [93]. Ilpu

9TOM CKOPOCTb U3MCHCHUSA MATHHTHOM HHAYKITHIIT

%Q =2-10° 657e1c @
B oxne 2 nmokazana yHKIINA IAOTHOCTH MATHUTHOM SHEPIHH
w=10""*B%, (5)
W3 (4, 5) caeayer, uto
dw -4dB

=2-10 B=4-10"1%B
dt dat (6)
Byaem moaaraTs 3a HenMeHHEM OOAEE TOYHBIX AAHHBIX, ITO
W=wQ=1B=1, (7)
Toraa u3 (3) HaxOAUM:

= dWrdt _ 4.10" 1B
e w-Q 10 *p?

=4-10"°2%. ®
DTa CKOPOCTh HAMHOIO MEHBIIIE CKOPOCTH CBETa, YTO U TPeOOBAAOCH
IOKa3aTh.

MOKHO HIPEAIIOAOKHTB, YTO IIOTOK 9HEPIHMH M3 MAarHdTa
IIPEBPAIIAETCA B TEITAOBYIO SHEPIHIO M MarHHT oxAakAaercsa. Ho Bmecre
C OXAQKAEHHEM MATHHTA B HErO IIOCTYIIAE€T TEIIAOBOM IIOTOK H3BHE,
BOCCTAHABAUBAIOIIAI TEMIIEpPATyPy MATHHTA. CAeAOBATEABHO,
CYIIIECTBOBAHME MATHHUTA, BO3MOKHO, OOECIIEIUBACTCA BHEIIHEH CPEAOH
W IIPU OXAQKACHHH MATHUTHBIE CBOMCTBA HMCYE3AIOT, YTO HAOAFOAAETCH,
kak Touka Kropu. IIpomecc oOmena TemAoBOIl SHEpruer MarHura u
OKPYKaIOIIEH CPEABI IIOAPOOHO paccMoTpeH B [124].
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chepuaecKknX KOOOPATHATAX

OraAaBAeHUe

ITepoe pemenme. Vpasaenna MaxkcBeara B cpepHIECKHX

KOOPAMHATAX IIPH OTCYTCTBHU 3aPSIAOB U TOKOB. \ 1
1. Perrenne ypasaennii Makcseanaa \ 1

2. oroku suepruu \ 5

3. 3akarouenue \ 7

IMpuaoxenne 1\ 7

Tabamtsr \ 8

Bropoe pemenue. Vpasuenusa Makceasa B cpepHUECKHX

KOOpPAMHATAX B 00ImeM cay4ae. \ 12

1. Beeaenme \ 12

2. Perrenne ypasuennit Makcseana \ 12
3. oroku sueprun \ 15

4. 3akarouernue \ 18

IMpuaoxenne 1\ 18

Tabaumer \ 20

Tperbe pemienne. Vpasuermsa MakcBeara B cpepHUUCCKHX

KOOPAUHATAX AASL 9ACKTPOIIPOBOAHOM CPEABL. \ 27
1. TTpubamxennoe pemmenne \ 27

2. Tounoe perenue \ 28

Tabawntsr \ 28

8-1



"naBa 8. YpaBHeHusa MakcBenna B cdeprnyeckux KooopanHartax

IlepBoe pemenue. Ypapuenna Maxkcseana
B cpepuaecknx KOOPAMHATAX pu
OTCYTCTBHH 3aPAAOB U TOKOB.

1. Pemenue ypaBueHuii MakcBeaaa

Ha puc. 1 mokasana cucrema cepudeckux koopausar ( p,0,¢). B
TaOA. 1 IIPUBEACHBI BBIPAKECHUA AASL pOTOPA U AuBeprernnu sekropa E B
3THUX KoopAnHaTaX [4]. 3Aaech 1 Aanee

E - nanpsxkeHHOCTD 3AEKTPHYIECKOTO TTOAS,

H - manpmxennocTs MATHUTHOTO TTOAS,

M - aDCOAFOTHAS MATHUTHAS IIPOHUIIAEMOCTD,

& - abcoArOTHAA AI/IBACKTPI/I"ICCKEIH HpOHI/IL[aCMOCTb.

Puc. 1.

Vpasuenus MaxkcBeana B cepHUecKHX KOOPAMHATAX —IIPH
OTCYTCTBHH 3aPAAOB U TOKOB HMEIOT BHA, IIPHBEACHHBII B Ta0OA. 2. Aaaee

MbI OYAEM HCKaTh pereHue mpu E , = 0, H » = 0 u B Buae dyHKIHIIT
E, H, npeacraBaersbix B TabA. 3, rAe (pyHKIHFO g(@) n dyHKIIN
Buaa F W(p) IIPEACTOUT  BBIYUCAUTB. DyAeM  moaarate, dTO

manpskennoctn  E, H  we saBucar or aprymenrta @. Ilpm ortnx

ycaoBHAX Ipeodpasyem 1abA. 1 B TaOA. 3a. Aasee moacTaBuM PyHKIIIN
E, H wustaba. 3 B tabA. 3a. Toraa moayamm TadA. 4.

IToACTaBAAA BEIPAKEHUA AA POTOPOB M AUBEPICHIIMH U3 TaOA. 4 B
ypaBueHnsa MakcBeara (cm. TaOA. 2), audpdpepeHupysa 1o BpeMEHH U
coKparras OOIHe MHOMKHTEAH, IIOAYYAEM HOBYIO (POPMYy YpPaBHEHHI
MaxkcBeAaa — cM. Ta0A. 5.
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maBa 8. YpaBHeHus Makceenna B chepuieckmx kKooopanHaTax

Paccmorpum Ta0A. 5. M3 crpokn 2 caeayer:

oH
(74 + P — 0 , (2)
P 0Op
we
ZH¢7P+7E9P:O' (3)
CAeAOBATEABHO,
h
Hy =, @
we
HW:—;E@O, 5)

rae h,, — HekoTopas kKoHCTanTa. AHAAOTHYHO, U3 cTPOK 3, 5, 5 caeayer

COOTBETCTBEHHO:
h
Hy ==, ©)
o,
&
H,, = E £, Y
e
Ep =, ®
_ o
E, = Y H,,, ©)
e
By =2, (10)
o,
__ou
E@p__;pr- (11)
N3 (5) caeayer, aro
XC
E, Z_EHW’ (12)
a n3 cpapaennd (11) u (12) caeayer, aro
OH _ X
e we

AN

;(z%\/g_ (13)

D12 ke popmyaa caeayer us cpasuenud (7) u (9).




"naBa 8. YpaBHeHusa MakcBenna B chepmnyeckux KooopanHartax

W3 (5, 13) caeayer, garo

&
H(pp = —\/;Eep, (14)

awus (14, 4, 11, 12) caeayer, uro

&
h,, =—¢y, /; , (15)
&
Hy, = _\/;Erﬂp’ (16)

ams (16, 6, 8, 12) caeayert, aTO

hy, =—e, |—. (17)
P ?\ u
W3 cpasuenns (15) u (17) caeayer, uro
h e
PP _ ﬁ — q , (1 8)
hﬂp erpp
eﬁp erpp H

Aaaee 3amewaem, uro crpoku 1, 4, 7 m 8 cOBIAAArOT, OTKyAad
CAGAYET, 9TO (DYHKIIHA g(@) ABAAETCA perreHneM AU @epeHIInaAbBHOIO

g(0) , 0(z@)_,
tg(H) 00

B HpI/IAO}KCHI/II/I 1 ITOKAa32aHO, YTO peI_HCHI/ICM 9TOIO ypaBHCHI/IH ABAACTCA

dyHKITHA
£0)- A4 |sm(9]

rAe A — koHCTaHTa. 3aMETHUM, YTO B M3BECTHOM PEIIICHUH g(@): Sin(é’).

ypaBHEHHUA

(20)

(20a)

Aerko ybeanTbCA, 9TO TaKad (PYHKINA HE YAOBACTBOPAET YPABHEHUIO
(20). CaepoBaTEABHO,
B U3BECTHOM PEIIICHMH HE€ BBINOAHAIOTCA 4 ypaBHeHUA

MakcBeAara € BbIpaKeHUAMH IOt p(E ), rot, (H ), diV(E ),
div(H ).
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maBa 8. YpaBHeHus Makceenna B chepuieckmx kKooopanHaTax

Wrax, perrenne ypasHeHuii MakcBeAAa AAfl C(DEPHIECKOH BOAHBI
B AAABHEH 30HE HMEET BHA HAIIPMKEHHOCTEH, IPEACTABACHHBIX B TaOA.
3, rae

h
H

op

P

h
Yo,

e
_ oo _ p _ “op
——,ng——,EW——,E

P

— o
Gp

P

1)

1) 1
= CM. 0 =0T 7N CM. a
x="Aa @13, ¢0) k@) ™

¥ KOHCTAHTH ., gy, €, €,, YAOBACTBOPSIOT YCAOBUAM

h e E

o) o
=L =g (18, L=—L=— | (@19
hﬁp €op €op €op H

W3 Taba. 3 caeayert, 9to
OAHOMMEHHBIE (II0 KOOPAMHATAM (@ U () sAeKTpUYecKue

M MArHUTHBIE HANPAKEHHOCTH CABHHYTBI mo ¢ase Ha
4eTBEPTH IIEPUOAA.

DTO COOTBETCTBYET 3KCIIEPUMEHTAABHON sAekTporexHmke. Ha puc. 2
cpepugeckoit

ITOKA3aHbBI
KOOPAMHAT.

BCKTOPBEI ~ HAIIPSIKECHHO cTerl B CHCTEMC

» v ’

X1
~aSaS
) ASSSS
¢ I Zse
IR
Y ‘ — |
' | :Q:‘hz\ #-’ |
|i !‘EEEEE. II! » ;!\\ "~
ISSSSem ]
i LS
Y T
I A UNRE ’ ‘
\*\\\\\ . )

H
0

0

Puc. 2 (4hehe.vsd).

2. IloTroxu suneprumn
ITaoTHOCTD HOTOKA 9AEKTPOMATHHTHON sHeprun — Bekrop IloraTrara
S=nExH, M
TAC

n=clar. 2)
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B cdepruecknx koopamHaTax ¢, 6, p IAOTHOCTb IIOTOKA
SAEKTPOMATHHTHON SHEPIMH HMeET Tpu Kommomentsl S,, Sy, S,

HAIIPABACHHBIC ~ BAOABb  PaAHyCa, IIO0  OKPY/KHOCTH, BAOAb  OCH
coorBercTBeHHO. OHH OnpeAeAdroTcsd 110 PopMyAe

S, E,H,-E H,
S=|S, |=n(ExH)=nE,H,-E,H,|. )
S, E,H,-E,H,
Orcroaa 1 U3 TaOA. 3 CAGAYET, 9TO
S,=0
S,=0 : ©
E, H, (g(@)sin( rp+ cot))z -
=
H,,(g(0)cos(xp+ar))
M3 (1.9, 1.11) caeayer, aro
_ o
E(ppHHp - ; (]—Iﬁp) > (6)
__ou
EHpH(pp __;(H(PP)' )
Aanee us (6,7, 1.4, 1.6) caeayert, aro
_ou 1
Epoty, = (%J ®
a),u 1
EH =——\W_J—. 9
Op” " pp ZC(W)PZ ®

N3 (5, 8, 9) moaygaem:
(hgp 7 (sm(,yp + a)t))2 + J

B 2 (9)_ (+ (h(pp ) (cos(;(p + a)t))z

Aanee u3 (9, 1.13, 1.18) caeayer, uto
(hgp ) (sin(yp +at) ) + J

+ (qhgp ) (cos(zp+at))
TAC Cl — paHee HCOHpCACACHHaH KoHCcTaHTa. BEcAan HPI/IHHTB
g=1, (102)

TO ITOAYYIHM

(10)
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maBa 8. YpaBHeHus Makceenna B chepuieckmx kKooopanHaTax

h2
S, =n-g" O~ 2. )
£ p
32.MCTI/IM CL[IC, 9TO IIAOIIIAADb HOBCPXHOCTI/I C(bepr C paAI/IyCOM IO paBHa

4zp’. Toraa TOTOK SHEPIHUH, IIPOXOAAINUN CKBO3b CEPY C PAAUYCOM

£ paBeH

2
= h?
5,= f 4mp”S dB = 4np2nm§§ g2(0)de
0 0

ITockoabky

2
f g%(8)de =,

0
rae C — koHcTaHT2, TO
Sp= 411Cnu)h92p. (12)
W3 (12) caeayer, uto
B cdepuyuecKOld IAEKTPOMAarHHUTHOH BOAHE IIOTOK
SHEPIUHU, MPOXOAAIIUI CKBO3b Cdepsl II0 PaAUYCY,
oCTaeTca IIOCTOAHHBIM C yBeamdeHuem paamyca m HE
M3MEHAETCA BO BPEMEHH.
DTO CTPOrO COOTBETCTBYET 3aKOHY COXPAHECHUS S9HEPIU.
W3 (12) caeayer, 9TO HAOTHOCTD IIOTOKA SHEPTUU MEHACTCA BAOAD

MEPHAHAHA 110 32KOHY g~ (0)

3. 3akaroueHwue
IToaygeno crporoe pereHue ypaBHeHHH MakcBeAAa AA AAABHEI
30HBI, KOTOPOE IPEACTABACHO B TaDA. 3, TAC

H(pp (p)’ H@p = (p)’ E(pp = (p)’ Eep = (p) - (i)y'HKL[I/H/I,
onpeaeaennsie o (1.21, 1.18, 1.19),

g(¢9) - pymkus, onpeaeasemas o (1.20a),

X - KOHCTaHTa, onpeAeademas o (1.13).

e OamommveHnHble (IO KOOpAHHATAM (@ U @) dAEKTPHYECKHE U
MATHUTHBIE HAIPHKEHHOCTH CABUHYTBI IO hase Ha UETBEPTH
IIEPHOAQ.

e B cdepudeckoil 3AEKTPOMATHHTHON BOAHE IIOTOK 9HEPIUH,
IIPOXOAAIIHUI CKBO3b CPEPBI IO PAAUYCY, OCTACTCA IIOCTOSHHBIM C
yBeamdeHuem pasmyca n HE msmenserca Bo BpemeHHM M 3TO
CTPOIO COOTBETCTBYET 3aKOHY COXPAHEHUSA SHEPTHH.

2
e [IaorHOCTB SHCPFI/II/I MCHACTCI BAOAD MEPHANAHA ITO 3aKOHY g (9)
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ITpuaoxenne 1
Pacemorpnm (1.20):

g©) , 0:@)_,

)

tg(e) o0
olgl@
WO)- 40) 500) o
Vmeem:
2 _ @)
20 (1n(g(9)))— g(@) . ©)
W3 (2, 3) mHaxopum:
In(g(6))= ] cte(6)p6. @
0
WsBectro, uro
Ictg(&’)?@ = ln(A . |sin(9)), 5)
rae A — xoucrarTa. V3 (4, 5) moayuaem:
In(g(0))=~In(4-sin(9)) ©
g( )_ 1. |sm(0] ®)
TabAunesr
Tabanma 1.
1 2 3
1| rot (E)| E, , %, OE,

ptg(ﬁ) Pl psm(<9)5<0
2| rot,(E)| ©OE, E, CE,

4

psin(@Pp  p  dp
3| rot,(E) E, OE, OF

P

p p pop
4| div(E) | E, OE E, ©E, OE,

P P

+—2+ + +
p_op pe®) pdb  psin(6Pg

8-8
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Taoanma 2.

Tabauma 3.

1 2
1. OFE
rot ,H _E e 0
c ot
2.
rot,H _£%, _ 0
c Ot
3. OF
rot H _E e 0
c Ot
4, OH
rot E + 20—
c Ot
5.
rot,E +£8H9 =0
c Ot
6. OH
rot,, E + K _ 0
c Ot
.| div(E)=0
8. | div(H)=0
1 2

E,= Eep(p)g(ﬁ)cos(;(p +ot)

E,=E, (p)g(@)sin(zp+ot)

E =0

yel

Hy=H,, () (O)sin(xp+ 1)

H,=H, (p)g(@)cos(yp + wt)

H, =0
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TaoAmuma 3a.
2 3
1 1.Otp(E') 14 +ai
pig0) poo
2 rotg(E) _Eq,_aE(p
p _Op
3| rot,(E) &+%
p Op
4| div(E) E, . Ok
pig0) poo
Tabaumna 4.
1] 2 3
1 rOtp(E) (4 +ai
pig(0) pob
2| rot,(E E OFE
oty (E) | _ —2gin(...) + —2sin(...) + ¥E,,, cos(...) |g(6)
P op
3| rot (E E oF
ro ¢() [iCos(...)+ % COS(...)—ZEHPsin(...)Jg(é?)
P %p
4| div(E) E, . Ok
pig(6) pob
5 rotp(H) 0 +5H_<p
pig(0) poo
6| rot,(H H oH
rot,(H) | —2-cos(...) +—2-cos(...) ~ 7H,, sin(...) |g(6)
P op
7| rot H H OoH
oty =% sin(...) + —Lsin(...)+ yH,,, cos(...) |g(6)
P op ’
8| div(H) | H, L o8,
pig(6) pod
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TabAwurra 5.
1 2
L] g0), @) _,
tg(e) 00
2. H . wE .
——"%-c08(...) ——*cos(...)+ yH ,sin(...) + — E,, sin(...) =0
0 c
> Hy, —%sin(.. )+ xH,, cos(...)—%Ewcos(...)zo
c
4 (9) a(g(ﬁ))
g(0)
> o OE,, . wu .
——=sin(...)— sin(...) — ¥E,, cos(...)+ ——H , sin(...) =0
Yo, 0 c
6. | E, OE,,
cos( J+— o =c08(...) = ¥E,, sin(.. )— H ,sin(...)=0
7. g(ﬁ) a(g(ﬁ))
2(0)
8| g0) a(g(é’))
(0)
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Bropoe pemienue. Vpasuenus Makcseana
B C(EpHUYECKUX KOOPAMHATAX B OOIIEM
CAyHae.

1. BBeaeHnue

Bemme B «[lepBoM permreHHm» IPEAAOKEHO PEIIECHUE YPABHCHHI
MaxkcBeara AAfl cepHUECKOM BOAHBI B AaAbHEH 3ome. Aaaee
paccMaTpuBaeTcs perieHre ypaBHeHuin MakcBeAaa AAf cpepHUecKoit
BOAHBI BO BCEH OOAACTH CyIIECTBOBaHHA BOAHBEI (Oe3 pasOmeHHA Ha
30HBI).

2. Pemienne ypaBHeHHM MakcBeaaa
WMrak, OyAeM HCIIOAB30BaTh cpepHIeckre KOOpAUHATH ( 0,0,9).

Aaree HOpMYyABI MBI OyAE€M pa3MeINaTh B TAOAHIAX U HCIIOAB30BATDH
CAEAVIOIIHE OOO3HAYCHHIA:

T (nomep_mabauysr)-(nomep_cmontbya)-(1omep_cmpoxu)

B rtabamme T1-3 mpuBeACHBI BEIpAKEHHA AAd  pOTOpa U
AMBEPIEHIINN BEKTOPA B 9TUX KOOpAUHaTaX [4]. 3Aech 1 panee

E - HanpaKeHHOCTD SAEKTPHYECKOTO ITOAM,

H - nanpsxeHHOCTP MATHUTHOTO ITOAS,

J - IAOTHOCTB 9AEKTPHUYIECKOTO TOKA CMEIICHI,

M - TAOTHOCTD MATHUTHOTO TOKA CMEIIICHI,

M - aOCOAIOTHAA MATHUTHAS IIPOHUIIAEMOCTbD,

& - abCoArOTHAA AI/II)AeKTpI/I‘-IeCKaH HpOHI/ILIaCMOCTb.

IIpmmem caeayrorze 0OO3HAYEHUS:

E 0E
W(E,) =2+ 52

16 = Ly + 2)

C vygerom o1ux o0Oo3HaueHuii dopmyasr B TabAmme T1-3
[IPUHUMAIOT BHA, IpHBEACHHEI B TaOAmme T1-4. B tabamme T1A-2
3armIeM ypapHeHus MakcBeAAa.

Wrax, nveerca 8 ypapHeHHI MakcBeAAa € 6-FO HEM3BECTHBIMA. DTa
cucTemMa ABAfIETCA IHepeornpeAcAcHHON. IlpmaATO CumTaTh, YTO B
cpepudeckoil BOAHE OTCYTCTBYIOT PaAMAABHBIE HAIPMKEHHOCTH (XOTA
910 B He AOKazaHo). Ilpm orom mosBasercs cucremMa 8§ ypaBHEHHHI

)
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MaxcBeara ¢ 4-ma wHemsBectHeIMH. Brimre B «llepBom  permenmmm
HAHMAGHO pEIleHne 3TOH 3aaaun. B cymmuocTtn, Tam HaxoAnTCA perreHne
4-x ypasuennit (cm. T1A-2.2, 3, 6, 7). B srtom permrenun QyHKImI
HAIIPAKEHHOCTEH MMEIOT OAMHAKOBBIH AASl BCEX (DYHKIINIT MHOKUTEAD —
dymkrmro 9(8) ot aprymenta 8. Ocrasbmbie 4 ypapHeHNs BEITIOAHAIOTCA
IIPU OIIPEAEAECHHOM BbIOOpe 3TOH yHkimnu. OHa OKa3bIBACTCHA TAKOH,
9YTO y HEE CYIIECTBYFOT OECKOHEYHBIC 3HAYCHHUA — ITO ACAACT TO
peIlIeHHE TPAKTHYECKH HEIIPUMEHUMBIM.

[Npuxoawurcs MpuUsHATE, 9TO B CPEPUUECKON BOAHE IIPUCYTCTBYIOT
paAmasbHBIE HanpsxeHHOCTH. OAHAKO M IIPH 3TOM CHCTEMA YpPaBHEHHH
MakcBeAAa  OCTAeTCA  IIEPEOIIPEACACHHOH. AOIyCTHM — eme, 9TO
CYIIECTBYIOT PAAHAABHBIE JACKTPUYECKHE TOKHM CMEIIEHHA. IDTO
AOIIYIIIEHUE HE CHUMAECT IIPOOAEMY IIEPEOIIPEACACHHOCTH, HO AOOaBASICT
eme OAHY mpodbaemy. Aeao B TOM, d9TO cdepa HMEET HACAABHYIO
CHMMETPHIO U PEIIICHHE, OYEBUAHO, AOAIKHO OBITH CHMMETPHIHBIM.

HarmparmmBaercsa IPEAITIOAOKEHHIE O TOM, YTO CYIIECTBYIOT €Ille U
PaAHMaAbPHBIC MATHUTHBIE TOKH CMEIIEHUA. 1aKoe IIPEAIIOAOKEHNIE HE
TpeOyeT  CyIECTBOBAHMA  MATHUTHBIX ~ MOHOIIOACH — TAKiKe,  Kak
CYIIIECTBOBAHHE JACKTPUYECKUX TOKOB CMEIIEHHA HE CACAYET W3

CyINECTBOBAHMA SACKTPHUYICCKUX 3aAPAAOB.

WMrak, nanee MBI OYAEM HCKATh pEIIIEHUE B BUAE cpyHKqu/'I E, H, ],
M, mpeacraBacHHBIX B TaOAmie T2-2, rAe ACHCTBHTEABHBIC (DYHKIIAN
BHAQ g(@) u e h(p), j(), m(p), mnpeactromT BHMHCAWTD, 2
koo purmenTor X @© HU3BECTHHI.

[lpy stux ycaoBumsx mpeoOpasyem dopmyaer T1-3 B T1-4, tac

IIPUHATEL CAEAYIOIIIHE OOO3HAYCHIIA:
@ d(e, (p))
QN ®
q=Xp+ wt )
W3 (2, 4) matiaem:
T(E(p) (sm(e)

tg(®) ®)
Amasormano,
T(Eq) = 2egcos(8)sin(q) ©)
T(H,) = 2h,cos(®)sin(q) )
T(Hg) = 2hgcos(8)cos(q) ®)

C yuerom otux oOo3HadeHnii Gopmyasr B Tabamme T1-3
IIPHUHIMAIOT BHA, IIPUBCACHHBIH B TabAuIie T1-4.

8-13



"naBa 8. YpaBHeHusa MakcBenna B chepmnyeckux KooopanHartax

Aaree 1O mpuBeAeHHBIM BhImie Qopmyram u  dopmysam u3
tabantp T2 nocrpoum tabaumer T24T2p, T2,
B Tabamme T1A-2 szammmmem ypaBHeHus MakcBeAAd C yIE€TOM
DAAMAABHBIX TOKOB CMeIneHus. Aasee IIPHIMEM YCAOBHE
a=0 9
[ToacTaBuM  pOTOpPBI U AuBepreHmmu u3 TabAmmer 11-4 B
ypasHerus T1A-2, yurem ycaoBue (9), COKpaTUM IIOAyYCHHBIC
Boipakenus Ha dyHkiuu aprymenta 9 u pesyaprar sanmrrem B Tabantry
T1A-3. 3arem moacraBuM (PYHKIUN U3 TaOAMIT T2i,T2p,T2¥ g pyrKITII
T1A-3 u 3anumem pesyaptat B TaOAny T4-2. B atoit Tabanme u Aasee
IIPUMEHEHBI OOO3HAYECHHSA BUAA
si = sin(xp + wt), (10)
co = cos(xp + wt). 11)
Aanee xaaoe ypaBHerwme B Tabamie T4-2 zameHnM Ha ABa
YPABHEHHUSA, OAHO N3 KOTOPBIX COAEP/KUT CAAraeMble CO MHOKHUTEAEM S, 2
Apyroe — co MHOxHTeAeM CO0- PesyapTaT 3amnmrem B TadAuiry T5-2.
Vpasuenns T5-2-2, 6, 3, 7 mmeroT peleHue, HAHACHHOE B
«[TepoM pereHHI» K HMEFOIEE CACAVIOIIHEH BHA (4TO MOMKHO
IIPOBEPHUTH HEIIOCPEACTBEHHON ITOACTAHOBKOIN):

_w
X= ?\/E—H 1)

ey =A/p, eg=A4/p, 13)

h(p = - B/p, hg = B/p, (14)

E —_— \/E
A4 (15)

Paccmotpum  ypasuenms  T5-2.4, T5-2.8. Ix pemrenue
pacCMOTPEHO B IPHAOKEHHH 1, A€  HalfAeHBI  (PyHKINN

¢p(P): (P 1), €y(p)- ITocae sroro mo ypasuenmam T5-2.1, T5-2.5

MOTYT OBITh HAHACHBI (DYHKIIHH Jp(P), Jo(P), my(p), My (p).

Tem cambIM 3aAa4a perrreHa.

B wacraoctn, npu A=B u maroii Beamumae X o1H (PYHKITHH
IIPUHUMAIOT CACAYIOIITUI BHA:

= —_— l .
hp =e, p(G + 24 - In(p)), 16

s _= D
hp=ep=6,
an
]-:&é_&,g
Popt P (18)

SRTI P
Ji - p(G+2A ln(p))’ 19
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= 2B cw D
Pt e, 0)
= ew- 1
m =- G+24-In
o= 22 ) o
3aech
G _ xoHCTaHTA, KOTOPasi MOKET IIPUHUMATD PA3AMYHBIC 3HAYCHUA

AASL DYHKITHIHA € u hp,

D - KOHCTAaHTA, KOTOpaH MOXKET HpI/IHI/IMaTb paSAHquIC 3HAYCHUA

A pyakrmit 6o hy,

3. IToroku sHeprun

[TAOTHOCTP IIOTOKA 3ACKTPOMATHUTHOH OSHEPIHU — BEKTOP
[ortaTHHr2
S=nExH, M
rAC
n=clir. 2
B cucreme CH1 17 =1 u dpopmyaa (1) npuanmaer BuA:
S=ExH ©)

B  cdepuuecknx  koopamHATAX @, 6, p  IAOTHOCTH  IIOTOKA
9AECKTPOMATHUTHON 9HEPIHH HMEET TPHU KOMIIOHEHTHI S . S,, S s

HaIIpaBACHHBIC BAOAD paAmyca, I10 OKPYIKHOCTH, BAOAD ocu
COOTBETCTBEHHO. Brire IIOK232HO, 9YTO OHU OIIPCACAAIOTCH 110 Cl)OpMyAC

S, E,H,-E H,
S=|S, |=n(ExH)=nE,H,-E,H, |- )
S, E,H,-E,H,

Haiiaem BHa9aA€ paAMaAbHBIN HOTOK sHeprun. IToacTaBads croaa

dopmyasr n3 Tabanmer T2 u (1.4, 2.13, 2.14), Haxoanm:
Sp= %sin(G)sin(q)%sin(e)sin(q) - %sin(e)cos(q)_TBsin(G)cos(q) =

- %gsinz(e)(smz(‘” + cos®(q))

(42)
uAH, ¢ yaerom (2.15),
A% e . 2
S, == [=sin“(0)
P ®)

3aMeTuM, YTO IIAOINAAb ITOBEPXHOCTH CEpH C PAAUYCOM p paBHA
2 .

47p°. Toraa OTOK SHEPIUH, IIPOXOAAIINI CKBO3b Chepy € PaAHyCOM

£ paBeH
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$,= f 41tp?S d6 =- 4np2ni‘§ ﬁ f sin®(0)de
0 P IJ' 0
2
§, =-4mA* \[5 f sin®(0)de
M
S = 41'[271/12 \/E
P " ©)

Takum 00pa3oM, IIAOTHOCTb IIOTOKA OSHEPTHH, IIPOXOAAIIEIO
CKBO3b cepy, HE 3aBUCUT OT PAAUYCa M HE 3aBUCHT OT BPEMEHH, T.C.
3TOT IIOTOK HKMEET OAHYy K Ty K€ BEAHYHHY HA CEPUUCCKOM
ITIOBEPXHOCTH AIOOOTO paAHyca B AIOOOH MOMeHT Bpemenwu. Kmawe

AN

AN

rOBOpPA, HOTOK SHEPIMH, HAIIPABACHHBIN BAOAD PAaAUYCa, COXpaHAET
CBOIO BEAMYMHY C YBEAMYEHUEM PAANYCa U HE 3aBUCHT OT BPEMEHH, UTO
COOTBETCTBYET 3aKOHY COXPAHEHMNS SHEPTHUN.

Haiiaem Tenepb MOTOK sHEPTUU
S =n(EoH, - E,Hy) o
[ToacraBasis croAa POPMYABI U3 TAOAUIIBI T2 n (2.13, 2.14, 2.16, 2.17),

HAXOAHIM:
%sin(e)cos(q) cos(8)(h,sin(q) +h,cos(q))

— cos(8)(e,cos(q) +e sin(q))gsin(e)sin(q)

_1n-sin(0)cos(0) ACOS(‘I)(h sin(q) +h COS(CI))
f( Bsm(q)(e cos(q) +e sm(q)))
_n-sin(8)cos(8) (hpACOS(Q)Sm(CI) +h,Acos (Q))
B p (— (eszin(q)cos(q) +=eszin2(q)))
nAn, yaurebad (2.16, 2.17),
L sin(e)cos(e)( (e,Acos(q)sin(q) +e,Acos’(q)) )
p

@ - (e,Bsin(q)cos(q) +=eszinz(q))
uAH
¢ —1N-sin(8)cos(8)(® p(A = B)cos(q)sin(q) +
@ p ( p(Acos (q) + Bsin® (q))) ®)

HQ.I/IACM TCHCpb IIOTOK SHCPFI/II/I
Se=n(E ofle— p) )
AHaAOFI/IqHO HpCAI)IAyH_[CMY HaI/IACM.

g —N-sin(®)cos(®)( ~ (epBCOS(Q)Sin(Q) +=epBC052(CI))
0 p - (epAsin(q)cos(q) +=epAsin2(q))
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HAH
g -1 sin(®)cos(0)(€ o(4 + B)cos(q)sin(q) +
0 p ( p(Acos (q) + Bsin (q))

B wacrroctn, mpu E=H HAIIpUMeEpP, AAA BakyyMma, n3 (2.15) mHaxoanm,

aro A=B, u u3 (7, 10) moayaaem:
¢ =N -Sin(B)cos(G)A=e

) (10)

¢ p p’ (11)
Sg=-11" Sln(?))cos(e)(ZAepcos(q)sin(q) + A=ep).
(12)

HAH
¢ =N Slzn(Z 0) A
¢ p (13)
An - sm(Ze) . =
Sy =— e sin(2q) + e ).
0 2p ( P ( q) p) (14)
W3 (12, 13) maitaeM IIAOTHOCTB CYMMApHOTO ITOTOKA 3HEPIUU, HAIIPABACHHOTO
IO KACATEABHOM K cpepe AAHHOTO PAaAHyCa,

Sep =S5, 1T Sg=- Azﬂp e Sm(ZG)sm(Zq)
AN
S q=- An—'e (cos(20 - 2q) — cos(26 + 2q))
©6 Zp o q q
AN

S __An-e( cos(2(xp + wt - 6)) )
0 4p e\ - cos(2(xp + wt + 0))/

o O3HAYACT, YTO HA OKPYKHOCTAX CCpCpr CYILIECTBYIOT CTOSAYHC BOAHBI.

(15)

4. 3akaroueHue

1. Pemrenne ypaBHenuii MakcBeasa, CBOOOAHOE OT YKA3aHHBIX
BBIIIIC HEAOCTATKOB, IIPEACTABACHO B TaOAmIie T2.

2. PemreHne ABAAETCA MOHOXPOMATHYECKIM.

3. CyImecTByrOT 3ACKTPHUYECKHE ¥ MATrHUTHBIC HAIPAKCHHOCTH
BAOADB BCEX OCEN KOOPAMHAT.

4. AMIAHTYABI HAITPAKCHHOCTEH ITOIIEPEIHON BOAHBI

POMOPIUOHAABHBI P
5. OaHOUMeHHBIE (IO KOOPAMHATAM p @ @) sAeKTprUYecKue u
b 3

MATrHUTHDBIC HaHpH}KCHHOCTI/I CABHHYVTBHI I10 cbase Ha quBepr nepHoAa.
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6. CyirectByver IPOAOABHAS SAEKTDOMATHUTHASA BOAHA, MMEFOIIIAA
JAEKTPUYECKYIO W  MATHUTHYIO  KOMIIOHEHTBI, T.€. CYIIECTBYIOT
DAAMAABHBIEC DACKTPHUYECKAS M MATHUTHASA HAIPSKEHHOCTH.

7. IloTox sHeprum, HAIIPABACHHBIM BAOAb PAAHYCa, COXPAHAET
CBOIO BEAHYHHY C YBEAMYCHHUEM PAARyCa U HE 3aBHCHT OT BPEMEHH, 9TO
COOTBETCTBYET 3aKOHY COXPAHEHIA SHEPTHUH.

8. CyIecTByIOT PaAHMAABHBIC SACKTPUYECKUE W MATHHUTHBIE TOKH
CMEIIICHIS.

P

A

ITpnaosxenne 1.
N3 T5-4.1 u (2.13) maxoaum:

= _ 1 1 2A
ep__x—@_x_pep__z

Xp 1)
Aunddepenrupys (1), HOquaeM
1 1 4A
+ +
e =3 et 0¥ %%, @)

[Toacrasum (2) B T5-4.2 u maiiaem:

1 1 24 1 1 1 4A
(‘ﬁ@‘mep‘ﬁ‘xep‘x‘@‘@@Jf—zeﬁ—z) =0
nAnu

@+—@+ xe ——g_o. 5

ITo stomy AnddepeHIInaAPHOMY YPaBHEHUIO MOKHO HAWTH (DYHKIIUIO
ep(p)’ a 1upu 3TON m3BecTHON yHKIMH A @epeHIInaABHOMY

ypasHeHHIO T5-4.2 Halitin yHKIHIO €p(P)-
N3 T5-8.1u (2 14) HaXOAI/IM

ZB
+xp P

Aucddepentupys (4), mosygaem:
8-18
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19—, 174 1, 4B
=3 st 52 57

o)
[Moacrasum (5) B T5-8.2 u maiiaem:
1 1 2B 1 1 1 4B
R+ —gh + 25 xhy + TR ]+ R - 5k - 22 =0
(XP xo?e Fpd TR T sl g ng)
TAT
2 2 2B
Jt+=h |+ x°h, -=—=5=0
-2 o

ITo sTomy AnddepeHIInaAbHOMY YPaBHEHUIO MOKHO HAWTH (DYHKITHFO
hp(p , 4 IIpU 3TOM M3BECTHOM Cp}_fHKLII/II/I u  Aud@epeHInAABHOMY
ypasueruro T5-8.2 maiiti pyHKITHIO (P

B wuacrnocrn, mpu € = K manpumep, aas Bakyyma, ms (2.15)
HaXOAHM, 94T0 A=B, 1, cpasuuBas (3) u (6), HAXOANM, ITO

ho=ep, )

[lpr A=B n manoit Beamumue X ypasaenms 15-4.1 n T5-8.1

COBIIAAAFOT U IIPHHUMAIOT BHA

. 2 24
y+sy-=5=0,
P’ ®)

TAC

y=hJ=Fj )
Mertoa perrerus Takoro ypasHerus npuseacH B [111, crp. 50]. Caeays
5TOMY METOAY, HAXOAUM

_ C+ 24ln(p)
y= )

p (10)
rae C — KOHCTaHT2, KOTOpas MOKET IIPHHUMATH PA3AHYHEIC AAA
dpyHKIIIIT ed o, 115 9, 10) maxoAmMm:

C 1+ In(p) 1
hy=e,=-5-24(- 10 = —ZG+24-1n
poPp Y p( ) (11)
rae G — koHcramTa, KOTOpasg MOMKET NPHHUMATH PASAMYHBIE AAS

dyHKIIIH € u hp.
[1pu manoit Beamanse X ypapaenusa T5-4.1 u T5-8.1 coBraparor u

HIPUHUMAIOT BUA
1

z4+=2=0,
p 12)
TAC _ _
z=h,=e, (13)
PCH_ICHI/IC 2TOTO ypaBHCHI/IH HCEECT BUA:
n=%=0,
P (14)
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TAC D - KOHCTAaHTA, KOTOpasd MOXKCT IIPUHUMATD PA3AUIHBIC

AAST (DYHKITHI o) th.

N3 T5-2.1 u (2.13, 14, 11) Haxoanm:
2A um D

U2 ,
]p_ﬁew_E‘”h e

P, (15)

=jp=%wh um 1(G+2A ln(p)) (16)
W3 T5-2.2 u (2.14, 14, 11) maxoamum:
mp=%h<p+§‘*’=ep= ?} T % (17
my = we, == 226G + 24 - In(p)) s
TabAuibr
Tabauma 1.
1] 2 3 4
Uro,@) | B, o, __ o8, |TE,) i,
og®) poo min@Pp | p  psin(o)
5| rot,(H) H, +8H¢,_ OH , T(Hw)_
ptg@) pod  psin(@ Py ,0 psin(0)
2 rOte(E) aEp Ef" aEw (E )
psin@Pp  p  op Psm(e)
3 rotw(E) & OE, aEp l//( )_laE
p p  pop
6 rOta(H) aHp _Hf"_an (H)
psin@Pe  p  Op psm(H)
7| rot, H H, 0H, OH, iadl,
+ - 4 -
P . (#H,)
4| div(E E OF
IV( ) o aﬂ_l_i_p l//(Ep)-FT(E) 9
p dp pig6) p psm()
.\ OE, . '6E¢
po6  psin(6 pe

8-20
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X KooopaunHaTtax

8 | div(H H 6 OoH H T\H
( ) p Py 0, l//(Hp)+ ( )
p oo pg6) p psm(H)
oH, oM,
TRt
pod  psin(Pe
Taoauma 1A.
1 2 3
Lo o(E) + T@H =0 T(E‘P) leH -M,=0
H E
> mtp(H)_c_a_tE_]pzo ( ) lwi ~Jp=0
2| voty(E) + t‘a}ie =0 - ‘P(E(p) + M ”He =0
3| rot By + 1000 _ w(E,) + “””H‘P =0
JE E
6| roty() - 52 =0 ~W(H,) -%
7. rot(p(H) —i—aaE# =0 W(H,) - leE‘p =0
4. div(£)=0 W(E, ( o) _
8. div(H)=0 w(H ( o) _,
Y
Tabauma 2.
1 2
Ey = egsin(B)cos(xp + wt)
E,= e(psin(e)sin(xp + wt)
E, = cos(8)(e,cos(xp + wt) + e sin(xp + wt))
J, = cos(8) (j,sin(xp + wt) +Jcos(xp + wt))
Hy = hysin(8)sin(xp + wt)
H,= h(psin(e)cos(xp + wt)
H, = cos(8)(h,sin(xp + wt) + R cos(xp + wt))
M, = cos(8)(m cos(xp + wt) + m sin(xp + wt))
Tabaurta 21.

1 2

iwEq = wsin(0)( - egsin(xp + wt))

lwE, = wsin(0)(e,cos(xp + wt))

I0E, = wcos(8)( - e sin(xp + wt) + e, cos(xp + wt))

iwHg = wsin(0) (hgcos(xp + wt))
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iwH , = wsin(0)( - h,sin(xp + wt))

ioH, = wcos(8)(h,cos(xp + wt) = h sin(xp + wt))

TabaAurma 2P.

1

2

0E, ] )
Tp = xsin(8)( - egsin(xp + wt))

E,
—aF = xsin(8) (e, cos(xp + wt))

_6_ = xcos(8)( - e,sin(xp + wt) +e,cos(xp + wt))

_8_ = xsin(8)( - hysin(xp + wt))

_5_ = xsin()( - hysin(xp + wt))

aH .
_aT)E = xcos(0) (hpcos(xp + wt) —hpsm(xp + oot))

Tabamma 2%,

2

E 0E
W(E,) = 20+ 570 = sin0)(L(eqco) + (- egsi) + (o))

lP(E(P) = E—p‘e + %E—‘p‘e = Sin(G)(%(e(psi) + X(e(Pco) + @51))

Ep 0F
lP(Ep) =F+_BF= cos(8) -

. (l(e co) + l(e si) + x(=e co) — x(e,st) + (egco) + si))

W(Hy) =— + _6_ = sm(e)( (hgsi) + x(hgco) + ( 1))

Y(H,) = ﬂ + %H— sm(e)( (h co)+x(-h oS0+ co))

_H, oH,
Y(H,) = +_6_ cos(0) -

. (%(hpSi) + 5(71pc0) - x(71p51) + x(hpco) + (si) + @co))

Tabauia 4.

1

1.

%(e(psi) - %w@psi) = J,si

L;w (h,c0) ==jpco

zh co) + Ew(e co)=m co
pye c P

p

gw(epsi) = 1=npsi
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2. ( (e si) + X(e co) + @51)) + Llm(heco) =0
3. (%(eeco) + x( - egsi) + (co)) w( - h(psi) =0
6. ( (h co)+x(-h sz) + co)) —Ew( - egsi) =0
7. ( (hosi) + x(hgco) + ( .SL)) - u)(e c0)=0
4. ( (e co) +x(=e co) + (@CO)) +£ (eeco) 0
((651 x(esz)+ ))—0
8| (5(hys) - X(Prysi) + (i) +H(hosi) = 0
( (hyc0) + x(h,co) + @co))
Tabamnma 5
1 2
! %ecp - %‘”_ p=Jp %whp =Jp
> %h<p + %*): p = My %mep m,
2. ed=- %e(p, -Xxe, + ”é”he =
0. =- %h(p; Xhy + %ee =0
3. —— %ee; - Xeq —%h‘p =
7. =- %he, xhg sg)e(p =0
2 eg=—xe, - p%t “é*)hq)
6 _Xhtp_%hcp Eg) 0
3. = xeg - %ee é‘)h(p
7. ——xhe—%he+sg) 0
4. |1 (%ep+x=ep+@)+zee—0
al =R
8. 11 (;p 71+) —hezo
al EoR
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Tperbe pemenume. Ypasuenusa MaxcBeara
B cepuUduecknx  KOOPAHMHATAX  AAA
3AEKTPOIIPOBOAHOM CPEABL.

1. ITpuGarmkeHHOE penieHue

Beimre Bo  «Bropom  perrennm» OBIAO  PACCMOTPEHO  pEIIEHHE
ypaBHeHHI MaxcBeara AAA CPEpPBI B CPEAE, ¥ KOTOPOH €CTh OTAUYHBIC
OT eAMHHIBI BeAmdwHbl €n M. Aasee HIPEAITOAOKHM eIme, 9TO CpeAa
HIMEET HEKOTOPYIO SAEKTPOIPOBOAHOCTE O . B aTOoM caywae ypasHeHnme
BHA2

rotH — £ =0 )
c Ot
3aMCHACTCA Ha ypaBHCHI/IC BHIAQ
rotH—ia—E—aEzo )
c ot

Msbr  Oyaem wmckate pemenue B Buae dyuknmi B, H, ], M,
IIpEACTaBACHHBIX B Tabamie T2-2 (cm. «Bropoe pemrenme») u
[ICPEIINIIIEM €€ B KOMIIAGKCHOM BHAe Kak TabAamier T1-2. Toraa
ypaBHEHHE (2) IPUMET BHA:

iwe

rot(H) _TE -oE=0

)

UAHT
rot(H) -wE =0, )
TAE KOMAEKCHOE YHCAO
_lwe
+o

T (5)

[Tepermmrem temeps Tabamiy T1A (cm. «Bropoe perenme») B
KOMIIAGKCHOM BHAE B TabAmiy T2 c yuerom dopmyasr (4). byaem
II0AAraTh, 9YTO TOKH IIPOBOAUMOCTH CYIIECTBEHHO OOABIIE TOKOB
CMEINEHHA Ha OKPYKHOCTAX CDEpBl, T.€. HA OKPYKHOCTAX MOMKHO
VYIHTEBATH TOABKO TOKH IIPOBOAUMOCTH. [Ipu sTOM B TabAnme T2-3 mer
IIOAYIHM CHCTEMY H3 8-MH aAreOpaumdveckux ypaBHEHHH ¢ 8-ro

KOMITAEKCHBIMU Hen3BecTubiMu F, H, J P, M,
Perrerne MokeT OBITH BBIIIOAHEHO B CACAYIOILIEM ITOPAAKE.
1. Pemraercs cucrembr AByx ypaBuHenmii 12-2 wuw  T2-7

OTHOCHUTEABHO HEU3BECTHBIX ¢ 1~ 6,
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2. Pemmaerca cucremer  AByx  ypaBHenmii  12-3 wu  T2-6
orHOCHTeABHO Hemsectrbx L0 11 Mo,

3. Ilpm AaHHBIX Eq " HB. perrarorca ypasuenu 12-4 m T2-8 u
OIIPEACASIOTCA HEU3BECTHBIC Ep i Hp coorercrseno.

4. Ilpm AaHHBIX Eo u Hp permaerca  ypapHenu 12-1 u
OIIPEACAACTCA HEM3BECTHOE M,

5. Ilpm aaHHBIX Hy w Ep pemmaerca ypasHeHm 12-1 m

OIIPCACASACTCA HEU3BECTHOC ]P.

2. Tounoe pemrenue

Paccmorpum teneps TabAnmy T2, B KOTOPOIT yKa3aHBI Bce 6 TOKOB
cMerreHuA. DTa TAOAHUIIA COACPIKHUT 8 aATCOPANYECKUX ypaBHEHHH ¢ 12-
FO KOMIIAeKCHBIME HemsBectHEIME E, H, J, M n saBaserca
IIEPEOIPEAECACHHOMM.

Paccmorpnm  ypasuenus morokos sHeprum  (3.4) m3  pasaesa
«Bropoe perrennex:

S(J,):T](EGHD_EPHG), (1)
Se=1’](EpH(p—E(pHp)’ (2)
Sp=n(EgHo = Eoll,y), 3)

M3 3akoHa COXpaHEHNA SHEPTHUU CAEAYET, YTO ITOTOK S3HEPIUU HE MOMKET
HU3MEHATCA BO BpPEMEHH. DTO O3HAYaeT, 4TO BeAmdnHBI (1-3) AOAKHBI
ObITh peanbHbIME. CACAOBATEABHO,

Im(Eer—EpHe) = 0, (4)
Im(EpH(p—E(pHp) = 0’ (5)
Im(ElpHe—EeH(p) = 0 (6)

byaem moaarate eme, 9TO WM3BECTHA OAHA U3 HAIPAKEHHOCTEH,
HAIIPHMED,

e 0= A/ p’ (7)
raAe A — xoncramTa. Ilpm stom Mer mmeem cmcremy 12 HeAMHEHHBIX
ypasueruit T3-3 u (4-7) ¢ 12-ro kommaekcabiMu HemssectHeMu E, H, |,
M. MeTOABI peItieHus TAKUX CHCTEM H3BECTECHEL.
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"naBa 8. YpaBHeHusa MakcBenna B chepmnyeckux KooopanHartax

Ta0AnuIbI
Tabamma 1.
1 2

Eg = eysin(0)

E,= ie(psin(ﬁ) =

E, = cos(0)(e, +1 o)

Jo= cos(e)(ijp +jp)

Hy = ihysin(0)

H,= h(psin(e') )

H, = cos(8)(ih, +7.l£)

M, = cos(8)(m, + im,)

Tabamma 2.
1 2 3
L | rot,(B) - 0By~ M, =0 T(E) , “*”Cal_Mp=
5. | Tot(H) ~wE =], =0 T_(g‘P)—WEp—]p=
2. | roty(E) - lu)u =0 ~W(E,) +——° HHe =0
7. | rot,(H) - WE =0 W(Hy) -wE, = 0
H

3. | rot (E) - ”*’”H =0 W(E,) + “*’“ ~0
6. | roty(H) -wEy=0 —LP(H(p) wEe=0

8-26



maBa 8. YpaBHeHus Makceenna B chepuieckmx kKooopanHaTax

TabAurra 3.
1 2 3
] T(E [wuH
LV rot (B) - X281, - M, =0 (T;QJ,“*’_‘:E_MP_O
5. | rot,(H)-wE,-],=0 T(H,) £ B
— 5% - WE, -J,=
. ST
2. | roty(E) - *2EHy - My = 0 ~W(E,) “"*: O _My=
7. | rot,(H)-wE,-],=0 W(Hy)-wE,=0
. il _ iwpH
3. | rot,(B) - *C8H - M, =0 W(Eg) + - M, =0
6. | rotg(H) -wEg—J3=0 —‘P(H(p)—wEe—]9=0
: T
; T
8. le(H): 0 ‘P(Hp) + ([1;19) =0
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maBa 8a. PewweHune ans cpepuryeckoro KoHgeHcaTopa

I'AaBa 8a. Permrenue ypapHeHUI
MakcBeAAa AAS ccpequCCKoro
KOHAEHCATOPA

OraaBAenmne
1. Beaenme \ 1
2. VpaBuenusa MakcBeara B cpepryaecknx KOOPAUHATAX \ 1
3. DAeKTpUYECKIE U MATHUTHBIE HAIIPLKEHHOCTH \ 4
4. DAEKTPOMArHUTHASI BOAHA B 3aPSUKEHHOM cpepraeckoM \ 6

1. BBepaenue

B Tr'AaBax 2 u 7 pﬁ.CCMOTpCHﬁ SACKTPOMZIFHI/ITHZU[ BOAHA B
KOHACHCHTOPC, KOTOprfI BKAKOYECH B IICIIb Hep CMECHHOTI'O nuAn
ITIOCTOAHHOTIO TOKAQ. HI/DKC paCCManI/IBaCTCH CCbCpH‘ICCKHﬁ KOHACHC&TOP
B IICIIN CI/IHYCOI/IAal\bHOI‘O TOKA AW IIOCTOSAHHOI'O TOKA. O6K/\2.AK’:1MI/I
TAKOI'O KOHACHCaTOpa ABAAROTCA ABEC C(pepbl C O6LT_[I/IM HCHTpOM u

paauycamu R, > R, .

2. YpaBueHnusa MaxkcBeara B cdepudeckux

KOOpAHUHATAX

Pemrenne ypaBuennii MaxcBeara B cepHYECKHX KOOPAHMHATAX
IIOAYYEHO B rAase 8.

PaamaspHas KOOpAMHATA H3MEHACTCA B IIPEACAAX

R, <p <R, a
[1pu orpanmyenHoM P 1 u MaAOH BeAmduHe X TabAnIa 2 B rAaBe 8
(BTOpOE peIlIeHne) IIPUMET BUA TaOAUIIEL 1.

Aaaee mepernmieM 3Ty TaOAHIly B KOMIIAEKCHOM BHAEC — CM.
TabAumer  12-2 u  T2-3, rae |EP| " MOAYAB  HAIIPSKEHHOCTH EP

(BkATOuwarormit 3aBucumMocts ot 9), U - apryment manpsixerHOCTH By
T.IL
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naBa 8a. PeweHune ans cdepudeckoro kKoHaeHcaTtopa

Tabauma 1.
1 2
Ey = eysin(8)cos(wt)
E,= e(psin(e)sin(mt)
E, = cos(8)(e,cos(wt) + e sin(wt))
J, = cos(8)(j sin(wt) +jcos(wt))
Hgy = hysin(0)sin(wt)
H(p = h@sin(e)cos(wt)
H, = cos(8)(h,sin(wt) + h cos(wt))
M, = cos(8)(m cos(wt) + m sin(wt))
Tabamma 2.
1 2
Ey = eysin(0) Eq = |E|
E, =ie,sin(6) E(p=i|E(p|
E, = cos(0)(e, + le,)) E, = |E |cos({)
J, = cos(®)(ij, +7,) Jp = ,|cos(¥)
Hgy = ihysin(0) Hy=i|Hg|
H, = h,sin(6) H,= |H(p|
H, = cos(8)(ih, +h)) H, = [H |cos({)
M, = cos(8)(m, + im) M, = |M|cos(¥)

Baxkmo orMernTh, YTO B AAHHBIN MOMEHT ITOTEHIIMAA Ha cdepe
AAHHOTO paamyca Mersercs Kak cymkrus SI(0). Buermas u BayTpermss
METAAAUYECKAE IIOBEPXHOCTH HAXOAATCA HA IIOCTOAHHOM PpaAHyCe.
CAeAOBATEABHO,  IIOTEHIIMAA  HAa  METAAAMYECKOM  ODKAaAKe
cpepudeckoro  paAnyca  pasAHMYEH B pPasHBIX  TOYKaxX  CpepsL
CAeAOBaTEABHO, AaAee, IO OOKAaAKaM C(PEPUIECKOTO KOHAEHCATOPA
LIPOTEKAIOT TOKH.

AOIIOAHHTEABHEIM apPIYMEHTOM B IIOAB3Y CYIIECTBOBAHHUS TAKHX
TOKOB ABAAETCA CYIIIECTBOBAHHE TEAAYPHIECKUX TOKOB [53]. OtcyrcrByer
OOIIEIPHHATOE OOBACHECHHE UX IIPUIHHBL

Aanee Ml OyAem cceraaTbesi Ha (QOPMYABI M3 TAaBBL 8 (BTOpOE
perrierue) B BuAe: (8. HOoMep_paaera”.”HoMep_OPMYABL”).

M3 (8.2.16, 8.2.17) maxoaum:

1E,] = (e,)* + (&) = j(%(G +24-In(o) ) + (%)2 -

%J(G +24- In(p))* + D?

)
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maBa 8a. PewweHune ans cpepuryeckoro KoHgeHcaTopa

tg(Wep) ==§s =D/(G +24- ln(p))‘ o)

[ToanocTeIO aHAAOTHYHBIE (DOPMYABI CYIIIECTBYIOT AAS HP, 1o Ans Who
dopmyaa mmeer BUA

hy
tg(djhp) =5 = (G + 24 - In(p))/D,
P ©)
9710 cAeAyeT u3 TabAuIsl T2-2. CAeAOBATEABHO,
ta(y) = Yeo(uy), 0
Aanee u3 (8.2.18, 8.2.19) maxoanm:
Vol =0, L+ () =
- |(PA_pw D)2, (pw 1 : 2
_ J(? 0 D)y (10106 + 2 - tno)))
_ > (®)
] 24 D 1
() =2 =22 -1 0)/(- 12 LG + 24 (o))
Haxownen, n3 (8.2.20, 8.2.21) maxoaum:
M| = (m,)” + (inp)” =
2B D -1
J( 2B e, 5)2 + (8‘2 (G +24- Zn(p)))2

). )

NboP P (10)
t9() == (550 + 24- o)) /(- Z 4 20.D)

1)

N3  mnoaydenHbix  opMyAa  cAeAyeT, dYTO  cdepHUECKHI

KOHACHCATOD AOANXKCH O6A2.AaTb MATHUTHBIMIT CBOIZCTBaMH,
AHAAOTHMYHBIMHU €TI0 SACKTPHUYCCKIM CBOMICTBAM.

Ilpy  m3BeCTHOM  HAIPMKEHHHM  CO  CPEAHEKBAAPATHYHBIM
snauenuem U na konaencatope us (2) HaxOAUM:

U =By (Ro)| - |E,(R)| = g2 /(G + 24 - In(R,))* + D* -

- R%\/(G +24 - In(R)))* + D?

(12)

B wacrrOCTH, TP In(Ry) ~ In(Ry) IIOAYYAEM:
1 1
U=K (R_ "R,
2 13)
rae K — nekoropas koncranta. CACAOBATEABHO, AMIAHTYAA IOTCHIIMAAA
Ha BHEITHEH cpepe KOHACHCATOPA MEHbINE AMIANTYABI IIOTCHIINAAA HA

BHVTPEHHEN cdhepe KOHACHCATODA.

3. DAeKTpHUUEeCKIE€ U MATHUTHBIEC HAIIPAXKEHHOCTH
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naBa 8a. PeweHune ans cdepudeckoro kKoHaeHcaTtopa

Paccmorpum Ha cdepe paamyca p Touky T ¢ KoopAnHATAMM

" H@’ HCXOAAIIIE W3 3TON TOYKH, ACKAT B

@, 0. Bekrops Hw

rmaockocta P, kacateAbHOH K 9TOMH cepe B aroit TOouke T (p, 6’) - CM.
puc. 2. DT BEKTOPHI IIEPIIEHAUKYAAPHBI APYT APyry. CAeAOBaTEeABHO, B
KAKAOU TOYKE ({0, 7] CYMMapHBII BEKTOP

H 0= H ® + Hy 0
AGKHT B TIAOCKOCTH P M HAIIDABAEH TIOA YTAOM ¥/ K AMHHHU ITAPAAAEAT

(BAOAD KoOpAmHATH 8). Kak caeayer m3 TabA. 2 m (8.2.14), MOAYAD 3TOTO

BEKTOpPA ‘H wﬁ‘ 1 YJTOA ¥/ OIIPEACAAFOTCH CACAVIOIIUME (POPMyAAMU:

H yg = |H yo|cos(¥) )

|H¢e| = %sin(e) o)

Y =arcctg(xp + wt) @)
w 4

Puc. 2 (Sferal10.vsd).

Haiiaem nanpsuxkennoctun H , #a moarocax ceper, rae

ﬁzi%, sin(0)=i1, pP=R. )
W3 (2-4) caeayeT, 9TO Ha TIOAFOCAX
B
|H (pel =t R ©)

H MEXKAY IIOAIOCAMH CYIIECTBYET MATHUTHAA HAIIPAKEHHOCTD
2B
H,, = Tcos(xR + wt)

)
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maBa 8a. PewweHune ans cpepuryeckoro KoHgeHcaTopa

[ToAOOHBIE COOTHOIIEHUS CYILECTBYIOT U AAfl BEKTOPOB Eq) uE,.
B kaxxaoll Touke (¢, 9) CYMMapPHBIN BEKTOP
E,=E, +E, ®)
AEKHUT B TAOCKOCTH P U HAIPABAEH MOA YTAOM I/, K AUHUH MAPAAAEAH
(BaoAb kKoopamHaTH 9). Kak caeayer ns taba. 2 u (8.2.13), MOAyAB 3TOTO
BEKTOPA U YTOA /, OIIPEACAAIOTCHA CACAYIOIINMU (DOPMYAAMU:
E oo = |E golcos (V) o)
A_.
E o ==sin(0
Y, = arctg(xp + wt) (11)
Vroa mexay sexropamu H_, u E_, B maockocrn P sasaserca

HIPAMBIM.

CAeAOBATEABHO, B ccpepI/HCCKOM KOHAEHCATOPE  MOKHO
PacCMaTPHUBATL TOABKO OAHMH BEKTOP JAEKTPHUYECKOH HAIPAKEHHOCTH
E po T TOABKO OAHMH BEKTOD MarHUTHOW Hamps:xkeHHOCTH H v E

[TockoAbKy oTH BEKTOpBI AekaT Ha cdepe, OyAeM HA3BIBATH HX
cepruecKkuMu.

Vroa ¥ oamHakoB AAf Bcex Bektopos H o0 TPH AAZHHOM paAmyce
£ . D10 03Hadaer, 4TO Ha cdepe C PaAAUYCOM L HAIIPABACHHA BCEX
BexTopos H oo COCTaBASIOT CO BCEMU IIAPAAACASIMHI OAHMH H TOT K€ YTOA

V. Dro O3HAYacT, B CBOIO OYCPCAb, YTO CYIICCTBYCT MATHHUTHAA

9KBAaTOpPpHMaAbHAA ITAOCKOCTD, HAaKAOHCHHAA K MATEMATHYECKOMN
SKBaTOpI/IaAbHOﬁ IIAOCKOCTH Ha YI'OA l//, MaAarHuTHaAd OCHb, MAarHUTHDBIC

IIOATOCAa W MATHUTHBIC MEPUAMAHDBI, ITO KOTOPBIM HAIIPABACHBI BEKTOPBL
H,,

MCpI/IAI/IOHaAI)HaH CCTKa, TOACTBIMHU AMHHUAMI — MarHUTHasA

- CM. pI/IC. 4, TA€ TOHKHMMH AMHHUAMHA 0DO3HAYEHA MATEMATUYECKAS

MEPUAMOHAABHASA CCTKA, ITOKA3aHBI MATCMATHICCKAA 72777 , MATHUTHAA dd

1 JACKTpHYCCKasA bb ocu. Baxwno OTMETUTb, YTO MarHuTHad dd u

u H(pg

BACKTpI/I‘ICCKaH bb ocu u, BOO6H_I€, BCKTOpr Ego&

HCpHCHAHKyAHprI.
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nmaBa 8a. PelwweHune ans cgepudeckoro KoHageHcaTopa

Puc. 4 (Sferal33.vsd).

w .
HpI/I — =~ (0 marHmTHaA OChH COBITAAA€T C MATEMATHUYICCKOM.
C

Cdpepudaeckne BEKTOPEI 3aBUCAT OT Sin(H). ParnasbHBIE BEKTOPEI

3aBUCAT OT COS(H) - cm. TabA. 2. ITostomy B TOUKAX, rae cpepuaeckue

HaHp}DKCHHO CTH PaBHBI HYAIO, CYHIECTBYIOT TOABKO paAI/IaAI)HbIC
HAIIPSKEHHOCTH.

4. DAEKTPOMAarHUTHAA BOAHA B 3aPA>KEHHOM

cepruuecKkoM KOHAEHCATOPE

Pemmenme ypasHenmit MakcBeAAa AAfl  3apAKAEMOTO ITAOCKOIO
KOHACHCATOpa (CM. TAaBy 7) SABASETCA CACACTBHEM PCIICHHUA 9THX
VPaBHEHUN AASl IIAOCKOTO KOHAEHCATOPA B IIEITH CHHYCOUAAABHOTO TOKA
(cm. raaBy 3). 3AeCh MBI BOCIIOAB3YEMCS METOAOM, M3AOKCHHBIM B TAABE
7,
chepUIECcKOTO KOHAEHCATOPA.

AAf 3apmKaeMOro  C(pepHYIEecKOro  KOHACHCATOpPA — CHCTEMa
ypaBHeHHI MaxcBeara, mpeacraBaeHHAA B TabAmne 1A-2 raaBer 8,
(BTOpOE peIlIeHHE), AOAKHA OBITh H3MEHEHA, 4 KMEHHO, BMECTO

IpU  pEIIeHHN  ypaBHEHHH  MaxkcBeara  AAA  3apAKAEMOTO

ypasuenust (4) diV(E )= 0 AOAKHO OBITH HCIIOAB30BAHO YPABHEHHE BUAA

div(E)=0(1), (1)
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maBa 8a. PewweHune ans cpepuryeckoro KoHgeHcaTopa

rae Q(f) - 3apsA Ha OOKAQAKE KOHACHCATOPA, KOTOPBIA IOABAACTCH U
BO3pacTaeT B Iporecce 3apsisa. [loaydeHHas TakuM oOpa3oM cHCTeMa
YPAaBHCHHH B YaCTHBIX IIPOU3BOAHBIX HIMCET PEILICHIE, KOTOPOE ABASCTCA
CYMMOW YACTHOTO PpEIIECHHUA OTOM CHCTEMBI U OOIIErO PEIIeHHsA
COOTBETCTBYIOIIEH OAHOPOAHOH CHCTeMBI ypaBHeHHH. OAHOpPOAHAA
CHCTEMA IIPEACTABACHA B YKa3aHHOM TAOAUIIE, T.C. OTAUYAETCA OT BHOBb
IIOAYYEHHOH CHCTEMBI TOABKO otTcyrcrBueM duaeHa Q(f). Yacraoe
pelllcHre IIpU  AAHHOM {  ABASETCS  PCIICHHCM, CBA3BIBAFOILIEM
SACKTPUYECKYIO HAIIPHKCHHOCTb Ey®) g 3a30p€ KOHACHCATOPA U 3aPSA
O(). Ecan E () mensercs BO BPEMEHH, TO AOAKHO CYIIECTBOBATH

pCLHCHI/IC CHCTEMBI ypaBHCHI/H\/'I H3 YKQSZIHHOPI T216AI/ILU>I HpI/I AAHHOM

Ey®, Ynermo oo peleHre MbI OYAEM HCKATh AAAEE.

Tabaumna 6.

1 2

Eg = eysin(0)(1 - exp(wt))

E,= e(psin(e)(exp(wt) -1

E, = cos(8)(e,(1 - exp(wt)) + e, (exp(wt) - 1))
J, = cos(8) (j,(exp(wt) - 1) +7,(1 - exp(wt)))
Hy = hysin(0) (exp(wt) - 1)

H,= h(psin(e)(l - exp(wt))

H, = cos(8)(h,(exp(wt) - 1) +7Lp(1 - exp(wt)))
M, = cos(8)(m,(1 - exp(wt)) + m (exp(wt) - 1))

PaccMoTpHM HAIIPAKEHHOCTH B BUAE (PYHKIIHUIL, IIPEACTABACHHBIX
B TA0A. 6. DTH (PYHKIIHH OTAMYAIOTCA OT IPUBEACHHBIX B TA0A. 1 TOABKO
BHAOM 3aBUCHMOCTH OT BPEMEHI: B TaOA. 3 9TH 3aBHCUMOCTH Y (DYHKIIHIN

E, H umeer Bup dyukumit sin(@t), cos(wt) coorsercrBeHHO, 2 B

TabA. 6 3TH 3aBUCHMOCTH Y (DYHKITHI E, H wumeer Bua dyHKIIIit

(exp(wt) - 1), (1 - exp(wt)) coorsercrBerno. Hecmotps ma ykasammyro
3aMEHy, TpH 3TOM peIIeHHe ypaBHeHHH MakcBeara ocraercs
HEU3MEHHBIM. 3AECh KOHCTAHTA ® == 1/ T, rA€ T - HOCTOAHHAA BPEMEHHU B
LENN 3aPAAA KOHAEHCATOPA.
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naBa 8a. PeweHune ans cdepudeckoro kKoHaeHcaTtopa

LD
IIIIIIIII. I-IIIIII
LA

pun

eo®”

0.5 \

1 S—— |
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

Er(t), Hr(t), Hr(t)
=

400
200l ena
= oy
g .lll..........
T SavwEwmanm
T o
W 200 et
400

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
Fig.6. (SSMB6.1)

Ha pumc. 6 mokasaHbl HAIPSIKEHHOCTH W HX IIPOU3BOAHBIC IIO
BPEMCHM, a TaKKE TOK CMCIICHUA, KAK (DYHKIIMH BPEMCHH, IIPH
®=-300: H, - corommsie Aunnn, £, - nynxrupaeie anand, J, -

ToueuHas AmHpA. MOXKHO  yOGAHTBCA, 9YTO  AMIIAHTYABI  BCEX
HAIPAKEHHOCTEH IIPH § => 00 OAHOBPEMEHHO CIPEMATCA K IHOCTOAHHOMY
3HAYCHHUIO, 2 AMIIAUTYAA TOKA CTPEMHUTCA K HYAIO. DTO COOTBETCTBYET
32PAAY KOHAEHCATOPA YEPE3 HOCTOIHHOE COIIPOTUBAECHHE.

Takum  0OpasoM, MOMKHO TIOBOPHTb, dYTO  CEPUICCKHUI
KOHAGHCATOP  HPEACTABASET  COOOH  yCTPOHCTBO, B  KOTOPOM
IIPUCYTCTBYET M IACKTPUYECKOE M MAarHUTHOE 1oAe. Takum oOpasom,
KOHACHCATOP — YCTPOMCTBO, 9KBUBAACHTHOE MATHHUTY U, OAHOBPEMEHHO,
JAEKTPETY, OCH KOTOPBIX IEPIIEHAUKYAAPHBL.

[To amarormm c paspeaom 3 B TAaBe 8 (BTOpOe peEIIEHHE)
PACCMOTPUM IIOTOK PAAMAABHON SHEPIHH B 3aPMKAEMOM CHEPUYIECKOM
koHAcHCcaTope. Aast atoro B popmyae (8.3.4a) HECOOXOAUMO IIPOU3BECTH
CACAYIOIIYIO 3aMeHy (DYHKITHIL:

sin(q)=(exp(wt) - 1), @

cos(@)=(1 - exp(wt)). 3)
Toraa moAyuanm:

5, = %sin(@)(exp(wt) - 1)§sin(e)(exp(wt) “1)-

- %sin(e)(l - exp(wt))_TBsin(B)(l - exp(wt))
UAU
8a-8




maBa 8a. PewweHune ans cpepuryeckoro KoHgeHcaTopa

Sy = 2—;)42551'712(6) 1- exp(mt))zzo

)

Takum  oOpasom, perreHue  ypaBHeHHH — MakcBeara — AAA
32PMAKAEMOIO  KOHAEHCATOpPA M AAA  KOHAGHCATOpa B IEHH
CHHYCOHMAAABHOTO TOKA OTAHMYAIOTCHA TOABKO TEM, YTO B IIEPBOM CAyYIAE
IIPUCYTCTBYIOT 9KCIIOHEHITMAABHBIE (DYHKIIMHU BPEMEHH, 2 BO BTOPOM -
CHHYCOUAAABHEIE.

Wrax, mokasaHo, 910 B 3apmKacMOM CHEPUUIECKOM KOHACHCATOPE
PACIIPOCTPAHAECTCA JACKTPOMATHHTHAA BOAHA, 24  MATEMATHYECKOE
OIIMCaHWE 3TOM BOAHBI ABASETCA PEIIEHHEM YpaBHEHHH MakcBeaaa.
[Tokazamo, 49ro B  3apAKEHHOM  KOHAEHCATOPE  CYIIECTBYET
CTAIMOHAPHBIN ITOTOK 3AEKTPOMATHUTHOM SHEPIMH, 2 Ta JHEPIUA,
KOTOpasA COAEP/KUTCA B KOHAEHCATOPE M KOTOPYIO IPHUHATO CYUTATH
IAEKTPHYIECKOH OOTEHITHAABHON SHEPIUEH, ABAACTCA
3AEKTPOMATHHUTHOM 3HEPIUEN, XPaHAIIEHCA B KOHAEHCATOPE B BHAC
CTAIIMOHAPHOTO ITOTOKA.
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['naea 8b. HoBbIn N0axo4 K NPOEKTMPOBAHMIO aHTEHH

['AaBa 8b. HoBwIll TOAXOA K
IPOCKTUPOBAHIIO AHTECHH

OraaBAenmne
1. O HeAOCTATKAX CYIIECTBYIOIIIX METOAOB \ 1
2. Hossrit moaxoa \ 2
[Mpusoxenne 1\ 3

1. O HeAoCTaTKAX CYyIIECTBYIOIIX METOAOB
Pemrenne ypaBuenmit MakcBeara AAA cpepHUUECKOl  BOAHBI
HCO6XO,A,I/IMO ANAA HpOCKTI/IpOBaHI/IH AHTCHH. TaKaH 3aAa49a BO3HUKACT HpI/I

penreHun

ypaBHCHHI:I SACKTPOAI/IHQMI/IKI/I ANAA BAGMCHTapHOF O

9AEKTPHYECKOIO AHIIOASl — BUOpaTopa. Perrienne 10O 3aAa9l H3BECTHO
1 MMEHHO Ha OCHOBE 9TOTO PEIEHHA CTPOATCA aHTEHHBI. Bmecrte ¢ Tem
3TO PEIIeHre 00AAAAET PAAOM HEAOCTATKOB, B gacTHocty [107-110],

1.

2.

o

3aKOH COXPAHEHHA OSHEPIUU BBIIOAHACTCA TOABKO B
CpeAHEM,

peleHne HEOAHOPOAHO W IIPAKTHYECKH HEOOXOAHMO
pasbHBaTE €r0 Ha OTACABHBIC 30HBI (KaK IIPABHAO,
OAMKHIOIO, CPEAHIOIO U AAABHIOIO), B KOTOPBIX PEIIECHUA
OKA3BIBAIOTCA IIOAHOCTBIO PA3ANIHBIMI,

B OAIKHEH 30HE OTCYTCTBYET IIOTOK SHEPIMH C PEAABHBIM
3HAYCHUEM

MArHUTHAsA U 9ACKTPUYECKad COCTABASIOIINE CH(A3HBL,

B OAIDKHEH 30HE PEIICHHE HE SABAACTCA BOAHOBBIM (T.C.
pacCTOsiHIE He ABAACTCA aPIYMEHTOM TPHIOHOMETPHYCCKOM
dynkInnm),

msBectoe  permmenne HE  yaoBaerBopser — cucreme
ypaBHeHnii  MakcBeara  (peleHne,  YAOBAETBOPSAIOIIIEE
OAHOMY VPaBHEHHUIO CHCTEMBI, HEAB3f CYHUTATH PEILICHHCM
CHICTEMBI YPABHCHIIH).
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masa 8b. HoBbI n0axo4 K NpOEKTMPOBAHUIO aHTEHH

Ha pumc. 1 [110] mnoxazama KapTHHA CHAOBBIX  AHHHIT
SAEKTPHUYECKOIO ITOAfA, IOCTPOEHHAS HA OCHOBE M3BECTHOTO PEIICHHA.
OdeBHUAHO, YTO TaKasd KAPTHHA HE MOKET CYIIECTBOBATh B cdhepHUeCcKON
BOAHE.

Baaan ot BuOparopa — B T.H. AAABHEI 30HE, A€ IPOAOABHBIMHU
(HAIPAaBAGHHBIMHA  BAOAB  PAAHMYCa) IAEKTPUYECKONH M  MArHHTHON
HAIIPSIKEHHOCTAMU MOKHO IIPEHEOpEYb, PEIICHHE 3aAA9H YIIPOIIACTCH.
Ho u Tam usBectHOe perreHne o0Aapaer psaaom Hepocratkos [107-110].
OcCHOBHBIE HEAOCTATKH 3TOro perreHns (cM. npuAoxkenue 1) cocrodr B
TOM, 9TO

1. 3aKOH COXpaHEHHUA SHEPIHH BBITOAHAETCA TOABKO B CpEAHEM (TIO
BpEMEHH),

2. MArHUTHASA U 9AEKTPUIECKAA COCTABAAIOIINE CHH(A3HEI,

3. B cucreme ypaBHeHHEH MakcBeAAa B H3BECTHOM PEIICHHH
BBIITOAHAETCA TOABKO OAHO YPaBHEHHUE U3 BOCbMH.
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-~ —_.-‘.'l ‘."‘t-_---"‘
Puc. 1

2. HoBBbIl ITOAXOA

VKaSaHHI)IC HCAOCTATKH ABAAIOTCA CACACIBUEM TOFO, 9ro AO
HACTOMAIIIETO BpCMCHI/I HC YAaBaAOCb pCH_H/ITI) ypaBHCHI/IH MaKCBCAAa AASA
cepudecknx KOOpAHHAT. FI3BecTHOE peIlleHHE IIOAYYIEHO ITOCAE
p2136I/ICHI/IH BCCfI O6AaCTI/I Ha T.H. 6AI/IH<HI/IC, CpCAHI/IC U AAABHHE 30HBI U
IIOCAC HpI/IMCHCHI/IH MHO>KECTBA HpCAHOAO)KCHI/Iﬁ " AOHYMCHHﬁ,
PaSAI/I‘IHbIX AASA Ka)I(AOI;‘I M3 5TUX 30H.
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['naea 8b. HoBbIn N0axo4 K NPOEKTMPOBAHMIO aHTEHH

ITpakTudecku 3TH HEAOCTATKM M3BECTHOTO PEIICHHA O3HAYAFOT,
YTO OHM (MATEMATHYECKHE PEIIeHHA) HECTPOrO OIIMCHIBAIOT PEaAbHBIE
XAPAKTEPUCTUKH  TEXHHYeCKHX  ycrpoiicts.  Crporoe  permenme,
IIOAYIEHHOE B rAaBe 8, OYAyYM IIPUMEHEHHBIM B  CHCTEMAX
IIPOEKTHPOBAHUSA TAKUX YCTPOMCTB, OE3YCAOBHO, AOAKHO ITOBBICHTH HX
KAYECTBO.

ITpuaroxenune 1

NssectHoe perenue nmeet Bua [107, 108]:

E,=¢e, lsin(é’)sin(a)t -10), 1)
o,
1 . .
H,=h, —sm(&)sm(a)t -1P), )
Yol
2
1
rae k,, =Z—, ki, —Z—H, rae [, I - aamHA U TOK BUOpaTOpa.
drwes,
3amernm, 9TO
o X
h, we

v )

TabAuna 2.
1 2
1. OFE
rot \H _E e 0
c Ot
2.
rot,H _£%, =0
c Ot
3. 15
rot(ﬂH—f 2 =0
c Ot
4. OH
rot E + 200
c Ot
5.
rot,E + w0, =0
c Ot
6. OH
rot, E + H _ 0
c Ot
7.| div(E)=0
8. | div(H)=0
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masa 8b. HoBbI n0axo4 K NpOEKTMPOBAHUIO aHTEHH

Hapo ormermts, 91O 9TH HAUPMKEHHOCTH CHH(A3HEL, 9YTO
IIPOTHBOPEYHT ITPAKTIYIECKON SAEKTPOTEXHHKE.

PaccmorpnM, kak cootHOcATCa ypasHeHHA (1, 2) ¢ cmcremoit
ypaBHeHnii MakcBeara — cM. TaOA. 2 (IIEPEIMCAHHYIO M3 TAaBBI 8,
rrepsoe perenne). Hanpsixernocru (1, 2) BXOAAT TOABKO B ypaBHEHHE
(6) u3 TabA. 2, IMEroIIIee BHA

rot¢E+ﬁ%:0 @)
c ot
A
£, OB, 1O, ©)
p Op ¢ Ot
[Toacrasum (1, 2) B (5) m moAygamm:

—-e, %4 sin(@)cos(a)t —-0)—
r ©)
—h, lﬁsin(ﬁ)cos(a)t -xp)=0
pc

AN

S By ™

h, c
N3 cpasuenna (3) u (7) caeayer, wuro wHanpsmxennocta (1, 2)
yAoBAeTBOpstOT ypaBHeHHIO (4). OcraspHble 7 ypaBHeHmd MakcBeaa
Hapymarorca. B ypaBuenusax (2, 3, 5) m3 TabA. 2 OAHO H3 CAAracéMBIX
OTAMYACTCA OT HYAf, a APyroe pasHO HyAro. Hapymrenne ypasuenwuit (1,
4, 7, 8) m3 TabOA. 2 1mOKasaHO B TAaBe 8, mepBoe perrenue, HopMyAsa
(2.20). Mrax,

n3BectHoe pemenune HE yaoBaerBopser

cucreme ypaBHeHu Makcseaaa.
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Mnasa 9. MNpupoaa 3eMHOro MarHeTnsma

I'aaBa 9. [Ipupoaa seMHOTO
MarHETH3Ma

M3BeCcTHO,  9TO  DACKTPHYECKOE  IIOAE  3EMAH  MOKHO
paccMaTpuBaTh, KaK IIOAE 'MEKAY OOKAaAKaMu  CEPHIECKOTO
kouAeHcaTopa" [51]. DTHME 0OKAAAKAME ABAAIOTCA ITOBEPXHOCTD 3EMAN
3apHKEHHAA OTPUIIATEABHO, I HOHOCEPa, 3apMKEHHAA TOAOKUTEABHO.
3apAA  9THX  ODOAOYEK ITOAACPIKHBACTCA IIOCTOSIHHBIM — IPO30BOI
ACATEABHOCTBIO aTMOCKEPHI

M3BecTHO TaKKE O CYIIECTBOBAHUN MATHHTHOTO ITOAS 3EMAL
OAHAKO B 3TOM CAy9ae OTCYICTBYET OOIICIPHHATOEC OOBACHCHHUE
HICTOYHHUKA 9TOr0 IOAf. '"[IpoOAema IIPOMCXOKACHHA H COXPAHCHHSA
IIOASl He perrieHa 1o ceii Aeup [52].

Aasee MBI PaCCMOTPHM IHMIIOTE3y O TOM, YTO MATHUTHOE ITOA€
3eMAN ABASCTCA CAGACTBHE CYIIECTBOBAHUSA IACKTPUUYECKOIO IIOAA
3eman.

B raase 8a paccmarpuBaerca cpeprdecKuii KOHACHCATOP B ICIIH

ITOCTOAHHOIO TOKA M ITOKa3BIBAETCA, YTO ITOCAE 33apfAAA KOHAECHCATOPA,
KOTA2 TOK IPAKTUYECKH ITPEKPAIIAETCHA, B KOHACHCATOPE COXPAHACTCA
CTAITHOHAPHBIA ITOTOK 3AEKTPOMATHHTHOH 3HEPTHH, a BMECTE C HUM
COXpAaHACTCA IACKTPOMATHUTHASA BOAHA. llpm 3TOM B KOHAEHCATOpE
IIPHUCYTCTBYET MATHUTHOE ITOAE.

B raase 8a Obir0 mOKazaHO, UTO B cHEpHUECKOM KOHAEHCATOPE
CYIIIECTBYET MATHHTHAA 3SKBATOPHMAAbHAA ITAOCKOCTb, MATHHTHAA OCb,
MATHATHBIC IIOAFOCA W MATHUTHBIC MEPHAHMAHBEL, II0  KOTOPBIM

HaIIpaBA€HBI BekTOpel H g0 - CM. pHC. 4 B raaBe 8. Vroa mexAy

MATHUTHOM OCBIO M MAaTEMATHYECKOH OCBIO MOACAH HE MOMKET OBITh
OIIPEAEAEH M3 MATEMATHIECKOH MOAeAr. Tem OoAee, He OIIPEAEAEH YTOA
MEKAY MATHUTHON OCBIO B (DU3MYIECKON OCBIO BpPAIICHNA 3EMAML.

Ccpepnqecxme BEKTOPHI 3aBUCAT OT Siﬂ(@). PaamasbpHBIE BEKTOPEI

3aBHCAT OT COS(@) - cM. TabA. 6 B raase 8. Iloatomy B TOUKax, rae

C(bepmqecxne HAIIPKECHHOCTH  PABHBI  HYAIO, CYIIECTBYIOT TOABKO
PaAUAABHBIC HATIPAKCHHOCTH.

3 BBIIIIEH3A0KEHHOTO CACAYCT, YTO MAIHHUTHOE TIIOAC 3eman
ABAACTCA CACACTBHEC CYIIICCTBOBAHUA IACKTPHMYCCKOI'O IIOAA 3eman.
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naBa 9. MNpupoaa 3eMHOro MarHeTnsma

PaccmoTpuM aTOT BOIIpOC ITOAPOOHEE.
Ha pwmc. 8 moxasano sektopmoe moae H o0 B AHAMETPAABHOI

IIAOCKOCTH, IIPOXOAAINEH d¥epe3 MArHUTHYIO OCb. llpm  asrtom
‘Hw‘:()ﬂ; p=1.Ha puc. 9 mnoxasamo sexropmoe more H, B
AMAMETPAABHOM ITAOCKOCTH, IPOXOAAIIEH Yepe3 MarHUTHYIO OcCb. [Ipm
9TOM ‘H p‘ =0.4; p=1. Hakosern, ua puc. 10 moka3aHO BEKTOPHOE ITOAE

H=H oo T H » B AMAMETPAABHOM  ITAOCKOCTH, IIPOXOAMAIIEH — dYepes3

Hp‘:O.Z; p=1

MArHUTHYIO Ocb. [1pu aTom ‘H 409‘ =0.3;

15

PR A ——

L
tn
=}
tn
=% S
=}
o
-

FIG. 8. (Sfera 88)
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Mnasa 9. MNpupoaa 3eMHOro MarHeTnsma

B i

i
0
FIG. 10. (3 fra.88)

AHAAOTHYHO MOKHO OITHCATH SACKTpH‘{CCKOC moAe 3emaAu. Bakmo
OTMCTUTH, HYTO ISACKTPHYICCKOC IIOAC OEPIICHAUKYAAPDHO MAarHUTHOMY

ITOATO.

Erre pas moadepkHeMm, 9TO CaMO CYIIECTBOBAHHE 3AEKTPHYECKOIO
IIOASl HE BBI3BIBACT COMHCHHSA, 4 3apsiA 'CPEPUIECKOTO KOHACHCATOPA
3eMAn" TOAAEPIKUBACTCS TPO3OBOH ACATEABHOCTBIO [51].

PaccmoTpuM — eIlle  CpaBHUTEABHBIE KOAMYECCTBEHHBIC —OICHKH
MATHUTHOU U SAEKTPHYECKOI HAIIPAKEHHOCTEH ITOAS 3eMAM.

B Bakyyme, rae €= =1, u B cucreme CI'C Me®Ay MATHUTHOH U

SAEKTPHUYECKON HAIPAKEHHOCTBIO B AFOOOM HAIIPABACHHH CYIIECTBYET
COOTHOIIICHHE BHAQ

E=H. ©)
DTO  COOTHOIIECHHUS  CIPABEAAMBO, €CAHM  3TH  HAIPHKCHHOCTH
mamepsarorca B cucreMe CI'C B AaHHOHM TOYKE B OAHOM H TOM IKe
HarrpaBAeHHH. AAf TepexoAa B cuctemy CH HAaAO yuecTs, 91O

amaH: 1 CI'C=80A/m

Aaast E: 1 CI'C = 30000 B\m
Takum oopasom, cucreme CH Berpazkenue (9) mpuHIMaeT BHA!

3000FE =80H (10)
AN

E~=0.03H. 11)

AN
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masa 9. Npupoga 3eMHOro MarHeTnama

H=30E-tg(p). (12)
AOIIOAHHTEABHEIM ~ apPIYMEHTOM B  TIOAB3Y  CYIIECTBOBAHHA
3AEKTPHYECKOIO ITOAfl YKA3aHHOM CTPYKTYPHI ABAAETCHA CYIIIECTBOBAHHUE
TEAAYPHIYECKHX TOKOB [53]. OTcyTcTByeT OOIMEnpUHATOE OOBACHEHNE UX

npuguHbl. VICXOAS M3 BBEIIIICH3AOKCHHOIO, CACAYET IIOAAraTh, UTO 3TH
TOKH AOAKHBI IMETh MAKCUMYM B HAIIPABACHHH ITAPAAACACH.

Bosmozkmo, saexTpudeckoe moAe 3eMAH MOKET OBITH OOHAPYHKEHO
C IIOMOIIBIO CBOOOAHO IIOABEIICHHOIO 9ACKTPHYECKOTO AHIIOAM,
BBIIOAHCHHOIO B BHAC AAHHHOIO H30AHPOBAHHOTO CTCPKHA C
METAAAMYECKHMH IIapaMH Ha KOHIaX. BosMmoxHO Takke, 91O IIpH
HU3KOH YaCcTOTE HM3MEHEHHA 3aPAAOB AHIIOAA OYAYT 3a(UKCHPOBAHEL
KOACOAHUS CTEP/KHS.

Vcxoas B3 IIPEAAOIKEHHOH TUITOTE3BI, MOKHO IIPEAITOAOKHUTD, ITO
MArHATHOE TIOAE AOAKHO HAOAFOAQTBCA Y  IIAAHET, HMEFOIIUX
armocdepy. AeHCTBHTEABHO, MATHHTHOE IIOAE OTCYTCTBYET y /AVHBI U
Mapca, anmreHHbIX aTMOcdepbl. OAHAKO MATHUTHOE ITOAE€ OTCYTCTBYET U
y Bemeprr. BosmoxksO, 910 OOBACHACTCA BBICOKOH IIAOTHOCTBIO U
IIPOBOAUMOCTBIO  atMOocepsr  —  armocdepy  Bermeper  Heawss
paccMaTpUBATh KaK H30OAUPYIOIIHIH CAOH C(PEPHIECKOr0 KOHACHCATOPA.
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MagBa 10. PeweHue gnsa wapoBOoW MOJTHUN

I'aaBa 10. Permmreraue YPaBHEHUI
MaxkcBeaAa AAS maPOBofI MOAHHUU

OraaBaenne

1. Beeaenue \ 1

2. Pemmenne ypasuenuii MaxkcBeaaa B cpepudeckux
KOOPAMHATAX \ 2

3. Dueprus \ 3

4. O6 yCTOMYMBOCTH IIAPOBOI MOAHUH \ 3

5. O cBeyeHnH MIAPOBOI MOAHMY \ 4

6. O BpeMEHH CYILIECTBOBAHUS IIIAPOBOI MOAHNY \ 4

7. O BO3MOKHOM MEXaHH3Me OOPa30OBAHUS IIIAPOBOI
MoaHHH \ 4

1. Beeaenue

Beicxasanmvie  cunomeser 0 mpupode  waposoir  Mosnun
HenpuemaeMsl, maK Kax Ouu npomusopedant 3aKory coxparenus
Inepeust.  Imo  npoucxooum nomomy, umo ceederue ulaposol
MOAHUY  006IYHO  OMIHOCAIE 34 CUEN! aHepeu, 8610¢./47eMO1 npu
KaKoM-1u60 MOACKYJAAPHOM UAU  XUMUHECKOM THpesparnyenit, U
MaKuM 06pasom npeonosazarons, umo UCOUHUK SHepeut, 3a cuen
KOmIOpO20 CEeImumes iaposas MoHUS, Haxo0Uunia 6 teil camotl.

Kammura I[T.A. 1955 [41]

D10 yTBEpKACHHE (HACKOABKO H3BECTHO aBTOPY) CIIPABEAANBO U
ceropHA. OHO yCHAMBAETCA €IIle U TEM, YTO 10 COBPEMEHHBIM OIICHKAM,
TUIIMYHAS IIApOBasg MOAHHS COACP/KHT ACCATKH KHAOAKOyAeH [42],
BBICBOOOKAQIOIITUXCA IIPU €€ B3PHIBE.

OOmenpusHano, d9Yro IHapoBasg MOAHHA Kak-TO CBf3aHA C
SAEKTPOMATHUTHBIMH ABACHHUAMHU, OAHAKO HET CTPOIOrO OIMCAHUA STUX
IIPOIIECCOB.

B [56] ma ocHoBe ypaBHeHHE MaxcBeAara OBIAA IIPEAAOKEHA
MaTEMaTU9IEeCKas MOACAb IITAPOBOH MOAHHH, KOTOpas ITO3BOAMAR
OOBACHNUTH MHOTHE CBONCTBA IIIAPOBOI MOAHHH. DTa MOAEAB OKAa32aAaCh
CAOKHOW B MATEMATHYECKOM omucaHmu. Aasee OBIAA IIPEAAONKEHA
APyras — MaTEMaTHYECKad  MOAEAb  IIAPOBOH  MOAHHH,  Ooaee
OOOCHOBAHHASl M  IIO3BOAAIOINAA  IIOAYYHTH  MEHEE  CAOKHOE
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masa 10. PeweHune ans wapoBon MOHUN

MaTeMaTHdeckoe ommucanue [56]. Kpome Toro, ata MoaeAb coraacyercs ¢
MOACABIO C(DEPUYIECKOTO KOHACHCATOPA — CM. TAABY 8.

IIpy mocTpOEHNH MATEMATHYIECKON MOAEAN MBI OYAEM IIOAAraTs,
YTO INAPOBAA MOAHHSA IIPEACTABASET COOOI ITAA3My - a3 3apMKEHHBIX
YACTHI] - SACKTPOHOB U ITOAOKHUTEABHO 3aPAKEHHBIX HOHOB, 4 AOAA
HEHTPAABHBIX ATOMOB B HEH IIPEHEOPEKUMO MaAd, TO €CTh IIAa3Ma
ITApOBOM  MOAHHH  IIOAHOCTBIO  HOHM30BaHa. Kpome  Toro,
IIPEAITIOAAIAEM, YTO B 9TOH IIAA3ME YHCAO IIOAOKHUTEABHBIX 3aPAAOB
PaBHO UHCAYy OTPHUIATEABHEIX U B IIEAOM 3SACKTPHUYCCKHI  3apsA
IIAPOBONM MOAHHMH pPaBEH HYAIO. B IAasme mpuHATO paccMaTpuBaTh
CPEAHHE TI0 HEKOTOPOMY 3AEMEHTAPHOMY OOBEMY IIAOTHOCTH 3apfAAd U
TOKA. DAEKTPUYECKHE M MATHHUTHBIE IIOAfl, CO3AABAEMBIC «CPEAHEID
IIAOTHOCTBIO 3apfAAd M «CPEAHHM» TOKOM B IIAa3Me€, ITOAYMHAFOTCA
ypaBHeHHAM Makceana [62]. Dddexr CTOAKHOBEHUIT YACTHII ITAA3MEL
O6I)I"IHO OIIMCBIBAXOT HpI/I ITOMOIITH @yHKL[I/II/I paCHpCACACHHH JaCTHII B
maasme. Hroke mer ot adpdexter OyAeM ydunuTBIBATE B YPAaBHEHHUAX
MaxkcBeAAa, TIoAaras, 9To IAa3Ma OOAAAET HEKOTOPBIM 3AEKTPHYECKIM
COIIPOTUBAEHUEM UAH IIPOBOAUMOCTBEO.

WMrak, Aanee Ha OCHOBE ypaBHEHMI MaKcBeAAd T IIPEACTABACHHSA
00  JAEKTPOIIPOBOAHOCTH  TE€Ad  INAPOBOH  MOAHHUH  CTPOHTCA
MaTeMaTU9IecKas MOAEAB ITAPOBOI MOAHHH, IIOKA3BIBACTCHA CTPYKIYpa
3AEKTPOMATHUTHOTO ITOAA U 3AEKTPOTOKOB B HEl. AaAsee ITOKa3bIBacTCA
(kaKk CAEACTBHE O3TOH MOAEAH), YTO B INAPOBOH MOAHHH MOKET
LHUPKYAHPOBATH IIOTOK SAEKTPOMATHUTHOI SHEPIUU M TAKUM OOpPasoM
MOZKET COXPAHATbCA SHEPIUA, IIOAYYEHHAA ITAPOBON MOAHHEH Ipu ee
BO3SHUKHOBeHHH. KpaTko paccMaTpuBaroTca TakiKe YCTOHYHBOCTB,
CBEYCHIE, 3aPAA, BPEMs CYIIECTBOBAHUA, MEXaHI3M OOPa3OBaHUA.

2. Pemenme ypaBHeHuit MaxkcBeara B

cpepruecKnX KOOPAMHATAX

B raase 8, «Tperbe perrieHme» IOAYYIEHO pEIICHHE YPABHEHUN
MakcBeara AAfl cpepBl, MATEPHUAA KOTOPOH HMEET AUIACKTPHUUCCKYIO U
MArHUTHYIO IIPOHUIIAEMOCTD, 4 TaKKe OOAAAACT IPOBOAHMOCTBIO. DTO
peIlleHHe IIOAYYECHO B IIPEAITIOAOKEHHHH, 4TO cpepa HEHTpasbHa (HE
HMEET HECKOMIICHCHPOBAHHBIX 3apfAAOB). CylllecTBOBaHME peIeHUsA
O3HAYAET, YTO B IACKTPOIPOBOAHOH H HEUTPAAbHOI cdepe MomxKer
CYIIIECTBOBATH SAEKTPOMATHUTHAA BOAHA W IIUPKYAHPOBATH TOKH
CMEIIEHHUA U TOKH IIPOBOAMMOCTH.

10-2



MagBa 10. PeweHue gnsa wapoBOoW MOJTHUN

3. Oneprus
I/IS HOAY"ICHHOI“O peU.ICHI/IH CACAYCT, 9T0 B TaKOfI ccpepe HUMECIOTCHA

e  akrmBHafA sHeprud moteps W,
®  peakTHBHAs SACKTpHUecKas sHeprus W, ,

®  peakruBHAfg MarHuTHadA sHeprua W .

Bwmecre ¢ Tem B Ka)KAOfI TOYKE Luapa 9TOT 3aKOH HE BBIITOAHACTCA.
CACAOBaTCAI)HO, CyINCCTBYIOT HCp@TOKI/I SHEPIUH MCXKAY TOYKAMH IIapa.

4. O0 yCcTOMYMBOCTH IIAPOBOM MOAHUM

Borpoc 06 ycroddmBOCTH TeA, B KOTOPBIX I[HPKYAHPYET ITOTOK
3AEKTPOMATHUTHON 3HEPTHUH, PACCMOTpPEH B [43].

3A€CH MBI PACCMOTPHM TOABKO CHAY, KOTOpas ACHCTBYET IIO
AMAMETPY W PaspblBacT IIIAPOBYIO MOAHHIO IO AHAMETPAABHOI
ITAOCKOCTH, IEPICHAUKYAAPHON 3TOMy Amamerpy. B rmepBerii mMomeHT
OHA AOAKHA COBEPIIUTH pabOTy

dR
A=F—. M
dt
D12 paboTra N3MEHACT BHYTPEHHIOIO SHEPIUIO IIIAPOBOH MOAHUM, T.€.
aw
A=— )
dt
Paccmarpusas (1, 2) coBMecTHO HAXOANM:
dW | dR
F=—r/—. 3)
dt | dt
Ecan sHeprus mapoBoi MOAHHH IPOIIOPIIHOHAABHA OOBEMY, T.€.
W=aR’. ()
rAe d — k09 PUITHEHT TPOITOPITHOHAABHOCTH, TO
dw dR
—=3aR* —. ©)
dt dt
Toraa
dW |dR W
F="/""=3aR" =" )
dt | dt R

Takum 00pa3soM, BHYIPEHHAA 9HEPTUA IMAPOBOH MOAHUHN
SKBHUBAACHTHA CHAE, CO3AAFOIIEH VCTONYNBOCTD IIIAPOBOI MOAHUH.
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masa 10. PeweHune ans wapoBon MOHUN

5. O cBeueHHnU MAPOBOM MOAHUH

Beimmre  3apaga ObIAA peIIEHA € YYETOM  DAEKTPHYECKOIO
COHpOTI/IBACHI/IH IHapOBOfI MOAHHUH. ECTCCTBCHHO, OHO HC paBHO HYARO 1
IIpH IIPOTCKAHUM TOKOB IIO 3TOMY COIIPOTHUBACHHUIO B HEM BBIACAACTCA
TCITAOBAA SHCPIHUA. DT1a TEmAoBad SHCPIUA BBIACAACTCA PAAMAABHBIM
IIOTOKOM OJHEPIUU dYepe3 BHEIIHIOIO cdepy IIapoBOIl MOAHHH, T.C.
H3AYYIACTCH, ITO U ABAACTCA HpH‘{HHOﬁ CBCUCHUA IHapOBOfI MOAHHUH.

6. O BpeMeHH CymHIeCTBOBAaHUA IIAPOBOU MOAHHUU

BHCPI‘I/IH LLIapOBOfI MOAHHH w 1 MOIITHOCTBh TCIIAOBBIX IIOTCPH P
MOTYT OBITh HAFACHBI ITPH IIOAYICHHOM BBIIIIE PEIICHUU.

BPCMH CyIIIECTBOBAHMA LT.IZIpOBOﬁ MOAHHUH pﬁBHO BpCMCHI/I
Hp€O6p2130BaHI/IH BACKTPHHCCKOﬂ 3HCpFI/H/I MOAHHH B TEIIAOBBIC HOTCpI/I,

T.C.
T=W/P )

7. O BO3MO’XHOM Me€XaHU3ME€ OOpa3zoBaHUA

IIIAaPOBOM MOAHUU

Amaep AMHEHHOI MOAHHH, BCTpEYas KAaKOE-AHMOO IIPEIATCTBHE,
MOKET H3MEHHTH TPAECKTOPHIO ABIUKCHHA C IPAMOAMHEHHOH Ha
KPYIOBYFO. DTO MOMKET CAYKHTb IPHYUHOH BO3HHUKHOBEHHA TEX
5AEKTPOMATHUTHBIX IIOAEH H 9ACKTPOTOKOB, KOTOPBIEC OITHCAHBI BBIIIIC.

Bort xak ommceiBaercst a10T 1Iporiecc B [44]

Ouepedrodi  cunvreliontl  paspad MoaHUl, O00HOBPEMEHHBIL ¢ ZPOXONIOM,
oceemua 6c¢ npocmparcmeo. H euony, xax oaurniviil ocsenumenssiil Ay yeema
conmya mpub.auNcaenica Ko Me npamo 6 coareuroe cnaemerie. Koney ezo ocmpui,
uem danvute, mem moane, npumepro 0,5 mempa 6 oauny. Aasvue 7 e 6uncy,
HOMIOMY 4110 CMOIIPIO 1100 Y2/10M 61HUS3.

Menosenman — mvrens,  smo  woney. S cvompr, Kak  ocmpue  ayua
npubauncaencs. Bopye ono ocmarnosunocy u mendy ocmpuem u meaom  nawan
scnyxamn wap, pasmepom ¢ Goavuodl cpedngpym. Pasdasca xaomox, xax npu
wraeme  npobKu  u3  Gymeiaxu  wamnarckozo. Ayu  eqemen 6 wap. A sumy
ocAenuneabHO APKUL  wap, yeema coqnya, Komopuid 8pamaenica ¢ beuteriotl
ckopocmvto, nepemanvisan ayy enympu. Ho a ne uyscmesyro nu npurocrosenus, ru
mena.

Llap nepemanvisan ayu u ysesuunsanca 6 pasmepax. ... Lllap ne usdasan
nuxaxux 36yk0s. Cravasa on 0via APKUM U HENPOSPAUNBIM, a 3ameM Hada/l
myckreny U A ysudes, umo orn nycm. Feo oborouxa usmenuaace u on cman noxose
Ha  mouravivid nysepe.  Obosouxa  epamanacs, Ho ee Ouamemp — 0cmasanca
CIMAOUNBIHBIM, d NOBEPXHOCING OMMAUBANA MEMNANNOM.
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I'aaBa 11. Maremaruueckas
MOAEAD ITAQ3MEHHOTO KPHUCTAAAQ

OraaBaeHHTE
1. IMocrasoBka 3aaa4m \ 1
2. Cucrema ypaBHeHnit \ 4
3. IlepBast MaTeMaTH9IeCKas MOACAB \ 5
4. Bropasi MaTeMaTHIECKas MOAEAD \ 7
5. Dueprust mAasmMeHHOTo Kprcrasa \ 10

1. ITocranoBKa 3aAa9n

ITeiaeBasg maasma (cm. [87]) mpeacraBaser cOOONH MHOMKECTBO
3APIKEHBIX ~ YACTHIL. ~ OTH  'YaCTULBl  MOIYT  BBICTPAUBATHCS B
IIPOCTPAHCTBE  OIPEACACHHBEIM  OOpa3oM W OOpPa3sOBBIBATH  TaK
Ha3bIBACMBINA ITAa3MEHHBIH KpuctaaA" [88]. Mexanusm obOpasosanws,
moBeAcHHE U (POPMBI TaKUX KPHUCTAAAOB TPYAHO IIPEACKAasyembl B
YVCAOBHAX CAADOW TI'PAaBUTALMHM HAOAIOACHHSA 9THX IIPOIECCOB U HopM
BBI3BIBACT YAHUBACHHE — CM. HAAFOCTpanuu (puc. 1) skcIiepuMeHTOB B
kocmoce u3 [89].

[Tostomy B 2007 r. OBIAO BBIIOAHEHO HX KOMIIIOBTEPHOE
MOACAHPOBAHME. Pe3yAbTATHI BBI3BAAH CIIE OOABIIICE YAHBACHHE, YTO
OTPAa3HMAOCH AKE B HaBaHWHM cootBercrByrornei cratpu [90]: "Ot
IIAA3MEHHBIX KPHUCTAAAOB M CIIHPAABHBIX CTPYKTYP K HEOPIaHMYECKOI
xkuBoit Matepun'. B [91] mpuBeaeHO kpaTkoe M3AOKEHME U OOCYKACHHE
PE3YABTATOB MOACAUPOBAHUIS.

Mmue rtoxe HpasArca Takme comocraBaenusa. Ho, tem me menee,
HAAO OTMETHTB, YTO HCIIOAB3YEMBIHl aBTOPAMH METOA MOACAHPOBAHIA
MOAEKYAAPHON AMHAMHKH HE IIOAHOCTBIO VYIHTBIBACT BCE OCOOEHHOCTH
IIBIACBAM IIAQ3MBL. B 3TOM METOAEC AASl OIMCAHHA ABI/KCHHS YACTHI]
IIPUMEHACTCA KAACCHYECKASs MEXaHHKA M PACCMATPHBAIOTCA TOABKO
SAEKTPOCTATHYECKUE CHABI B3aUMOACHCTBUA MEKAY 3aPAKEHHBIMU
YaCTHIIAMH. B ACHCTBHTEAPHOCTH JK€ IIPH ABIDKCHHUM 3aPHKECHHBIX
YACTHI] BO3HHKAIOT TOKH 3apSAOB — ODACKTPHYCCKAE TOKHM M, KaK
CAEACTBHE, SACKTPOMATHHTHEIE ITOAA. VIX HEOOXOAMMO yUHTBHIBATH IIPH
MOACAHPOBAHH.
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B meBecomoctm Ha YacTHIBI I1Aa3MBI  HE  BO3ACHCTBYIOT
IPAaBUTAITMOHHbBIE CHABL HCAM HCKAIOUNTL M3 PACCMOTPEHHA HEPIUIO
H3AYYEHHA, TO MOKHO YTBEP/KAATDH, YTO ITBIAEBAA ITAA3MA IIPEACTABAACT
coOOou SAEKTPUYIECKHE 3aPSAABI, 3AEKTPHUYIECKHE TOKH u
sAeKTpOMarHuTHBIE oA Kpome Toro, maasma B MOMEHT OOpa3oBaHuA
(3aIIOAHEHHA HEKOTOPOTO COCYAA MHOKECTBOM 3apM/KEHBIX YaCTHII)
IIOAYYA€T HEKOTOPYIO JHEPIHIO. DTa JHEPIUA MOMKET OBITh TOABKO
SAEKTPOMATHUTHOM SHEPIUEM W KHHETHYECKOM DSHEPIUed YaCTHII,
IIOCKOABKY MEXAHHYECKOE B3AUMOAEHCIBHE YaCTHI[ OTCYICTBYET: OHH
3aPAKEHBI OAHOMMEHHBIMH 3apAAamu. MTak, mbraeBas 1maasma AOAKHA
VAOBAETBOPTE CACAYIOITIIM YCAOBHAM:

®  YAOBAETBOPATHL ypaBHeHHAM MakcBeAAa,

® COXPaHATb CYMMAPHYIO 3HEPTHIO, KaK CYMMY 9AEKTPOMATHUTHOI
SHEPTUN U KMHETHYECKOI SHEPTUH JaCTHII,

® puOOpECcTH Yepe3 HEKOTOPOE BPEMA CTAOMABHYIO CIPYKIYPY
PACIIOAOKEHHUA U ABH/KEHIA YACTHUIT; 9TO CACAYET, HAIIPUMEDP, U3
VIIOMAHYTBIX 9KCIIEPUMEHTOB B KOCMOCE — cM. puc. 1.
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Od4eBHAHO, 3apsKCHHBIC YACTHUIIBI  OTTAAKHBAIOTCH — CHAAME
Kyaoma. OAHAKO 3SKCHEPHMEHTHI ITOKa3BIBAFOT, YTO O3TH CHABl HE
ActictByroT Ha 1epedepun obaaka gactuil. CAEAOBATEABHO, OHH
KOMIICHCHUPYIOTCH ApyruMu cuAamu. Hrnke OyAer mokazaHO, 9TO 9THMH
CHAAMH ABASIOTCH CHABI /\OpEHIId, BO3HUKAIOIIHE IIPH ABHKCHIH
3aPAAKEHHBIX YACTUIT (XOTH HA TEPBBIA B3TAfA KAKETCA CTPAHHBIM, YTO
5TU CHABI HAIIPAACHBI BHYTPh OOAAKa, IIPOTUBOAECHCTBYA cruAam Kyaona).
Yactuiel He MOIYT OBITH HEITOABHKHBIMH, IIOCKOABKY TOTAQ OYAyT
rpeBaAuposath CHABL Kyaona. Ho Toraa oTe CHABI IIPUBEAYT 9aCTUIIBI B
ABITKEHHE, OAAroAapsA KOTOPOMY BOSHHKHYT CHABI /AOPEHIIA U T.A.

HH)KC B MaTeMaTH‘-ICCKOfI MOAEAH MBI HE 6YACM Y‘II/ITI)IBQ,TI) CHABI
Kyaona, moaaras, 9ro HX POAb CBOAHTCA TOABKO K TOMY, 9YTOOBI
H30AHUPOBATH YACTUIIBI APYT OT APyra (IIOAOOHO TOMY, KaK 9TH CHABI HE
VIUTBIBAFOTCA B 3aA29YaX IACKTPOTEXHUKM).

Mrax, MpI OyA€M pacCMATPUBATH IIBIACBYIO ITAA3My KaK OOAACTB,
IAC TEKYT 9AEKTPOTOKHM M aHAAHU3ZHPOBATH €€ C IIOMOIIBIO YPaBHEHHIT
Maxkceara. ITOCKOABKY YaCTHIIBI HAXOAATCA B BaKyyME€ M BCErAa
H30AUPOBAHBI APYT OT APYTa, TO OTCYTCTBYET OMHYEKOE COITPOTHBACHHUE
U OTCYTCTBYET 9ACKTPHYECKAsd HAIPAKEHHOCH, IIPOIOPIIMOHAABHASA TOKY
—ee HE HAAO YYHATHBATH B ypaBHeHmAx Maxcseara. Kpome toro, ma
IIEPBOM 9TAIIE MBI OYAEM IIOAAraTh, YTO TOKA H3MEHAIOTCA MEAACHHO —
ABAAFOTCA ITOCTOAHHBIMU TOKaMd. C y9eTOM 9THX 3aMEYaHHH YPaBHEHUsA
MaxcBeAAa TPUHUMAIOT BUA:

rot(H)-J =0, @
div(J)=0, ®
div(H)=0, ©)

rae J, H - TOK M MarHHUTHAf HAIIPAKEHHOCTb COOTBETCTBEHHO. Kpome

TOTO, K O9THM YPaBHEHHUAM HEOOXOAUMO AOO4aBHUTH ypPaBHEHHE,
CBA3bIBaroIee sHepruro W maasmer ¢ J, H

w=rU, H) @)
B srom ypaBaenuu sneprusa W sABAfeTCA M3BECTHOM, IIOCKOABKY ITAa3Ma
B MOMEHT OOPa30BaHUA IIOAYYACT 3Ty SHEPIUIO.

B craaspuom Buae cucrema ypasuenuii (1-4) aBaserca cmcreMoit
6-TH ypaBHEHHH C (-F0 HEH3BECTHBIMH U AOAKHA HMETh CAHHCTBEHHOE
permrenne. OAHAKO PETYAAPHBIN AATOPHTM PEIICHHA TaKOH CHCTEMBI
orcyrcryet. [ToaToMy HInKe IIpeAAaraeTcss APyrOi IIOAXOA!

1. Tlomck  aHAAMTHYECKMX  PEIIEHHUN  HEAOOIPEACAECHHOI

cucremsl ypasueruii (1-3) mpm aamHOII opme oOAaka
ITAQ3MBL Takux perreHuii MoxKeT ObITh MHOKECTBO.
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2.  Berancaenme smeprun W mo (4). Ecan permenne curemer (1-
4) ABAAETCA €AMHCTBEHHBIM, TO TEM CAMBIM pPEIIleHA CHCTeMa
(1-4) opu pamsBx W hopme oOAaKa.

2. Cucrema ypaBHeHUH

B mumampaApmveckux koopAmHATAX F, (0, Z, KaK H3BECTHO [4],

AI/IBCPFCHLII/IH " pOTOp BCKTOpa H umMeror coorBeTCTBEHHO BHA

oH
diV(H)=(H’"+aHr L1 +6HZ} @)

r or r O 0z
oH
rotr(H):(l-aHZ—(p], (b)

r op 0z
OH, OH
o (1)=| % _OHz) ©
0 ¢( ) [ oz or )
H oH
rotz(H)z[ £t _i.a;r j G)

C yuerom ypaBuenuii (a-d) mepermmmrem ypasmenums (1.1-1.3) B
CAEAYIOIIIEM BHAE:

H o6H. 1 0H, oH

Ly —L 44— —FL+—2=0, e
r or r Op Oz
OH

1 0H, _ 2=J, @)
r O0p Oz
OH, OH, _ o
0z  oOr o’
H, OH
_‘/’4__‘9_1.8[—[" =J_, 4)

r or r O -
oJ

I +—6J’ +l- 4 +—8JZ =0 ®)

r or r Op Oz

Cucrema 5-tu ypaBuennii (1-5) oTHOCHTEABHO G-TH HEH3BECTHBIX

(H,,, H, H., J., J, J.)ABAeTci IIEPEONPEACAECHHON H MOKET

MMeTh MHOKECTBO perreHuil. Hrrke rmokaseisaercs, 9ro Takue perreHusn
CYIIIECTBYFOT M AAA PA3SAHYHBIX CAYYAEB OIIPEACAAFOTCA HEKOTOPBIE M3
BO3MOKHBIX PEITICHIM.

byaem BHauase mckarte perenue 91o# cucremsl ypapaeruit (1-5) B
BUAE (PYHKIUI, cenapabEeAbHBIX OTHOCHTEABHO KOOPAHHAT. OTH
(PYHKIIII MMEFOT CACAVIOIIUI BHA!
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H, .=h(r)-cos(yz), (6)
H,.=h,(r) sin(yz), ©)
H_.=h(r)-sin(zz), ®
J,.= j,(r)-cos(z2), 0)
Jy= Jp(r) sin(2) 10
J. = J.(r)-sin(yz), (1n

TA€ Y — HeKoTOpas Komctamta, a h.(r), h,(r), h.(r), j.(r), j,(r), j.(r)

— PyHKIIHH OT KOOPAHHATBEI F; IIPOHU3BOAHBEIC 9THX (DYHKIHI OyAeM
0003HAYATH IIITPUXAMHA.
IToacrasasas (6-11) B (1-5), moAygaem:

LU — (12)
r
_lh(p :jr’ (13>
~7h,~h. =}, 14
h .
—+h, =], (15)
r
jr + ;! ;I —
Lot it g, =0. (16)
r
[Toacrasum (13) u (15) B (16). Toraa moayamm:
- xh h
Z“’—Zh;+;{—‘”+h;J=0. 17)
r r

Berpaxenne (17) aagerca ToxaectBom 0=0. [Toaromy (16) caeayer
u3 (13, 15) u moxkeT OBITH UCKAIOUEHO U3 cucTeMmbl ypasueHuii (12-16).
Ocrasimaecs ypaBHEHHA IIEPEIUIIIEM B BUAE:

hzz_l(ﬂJrh;j, (18)
X\
. h(o !
J. = - +h,, (19)
J.==xh,, (20)
Jo==2h.—h. 1)

3. IlepBaa maTeMaTUUECKAsA MOAEAD

B aroit cucreme 4-x audpdepennmarpuerx ypasaenuii (18-21) ¢ 6-
IO HEU3BECTHBIMH (DYHKLIUSAMHU MOKHO IIPOM3BOABHBIM — OOpasoM




masa 11. MaTemaTtnyeckasa mMogenb Nna3sMeHHOro Kpucranna

ompeAeAnTh ABe yHKImH. AAfA  AAABHEHIIETO MBI OIPEACAUM
CACAYIOIIHE ABE (PYHKITHH:

h,=q-r- sin(z -7/ ), (22)
h =h-r- sin(;z : r/;() 23)
rae g, h - mexotopwre koucranTe. Toraa us (18-23) maiisem:
h, = —£(2 sin(z -7/ y )+ ﬂcos(;r : r/;()] , 24)
x V4
J. = q(z sin(z -7/ )+ zr cos(rz - r/;()] , (25)
X
jo==x-q-r-sin(rr/y) 26)
2
Jo :h-( dd - —;(J-r-sin(ﬂ-r/;()+£(2—£j-cos(7r-r/;(). @7)
R x\ X

Takmm  obpasom, dyukmmm j,(r), j,(r), j.(r), h.(r), h,(r), h.(r)

ompeAeAsirores o (26, 27, 25, 23, 22, 24) cooTBETCTBEHHO.

N\

. = /' \
£ =
o—( 0 et
h \
1 1
0 0.5 1 1.5 2 0 0.5 1 1.5 2
1 2

/
\
N\
\

\
/

2 1 \
0 0.5 1 1.5 2 0 0.5 1 1.5 2

4 5

2

& N O

0

2 H H 5
0 0.5 1 1.5 2 0 0.5 1 1.5 2

FIG. 2 (figPlazma.m)

ITpumep 1.
Ha puc. 2 IIOKA32aHEBI rpaduKu dyHKImit

J.0)s J,(r), j.(r), h.(r), h,(r), h.(r). Ota dyskimm BeraucasroTes
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npu Aanubx ¥ =1.85, h=1, g =—1. B mnepBoil KOAOHKE ITOKa3aHBI

bynxmum A, (r), h,(r), h.(r), Bo BTOpO#i KOAOHKE TTOKA3AHBI DYHKITII
jr(r)7 j(p(r)’ Jz(r) M

3A€Ch BaKHO OTMETHTB, YTO Ha rpaduke PyHKIUH j, (r) Jo (r)
CYILIECTBYET TOUKA, TAC J, (r)z 0wmj, (r)z 0 . dusuvecku 310 O3HAUAET,

9T0 B OOAacTH  F < )  CYLIECTBYIOT paAHMaAbHBIE TOKH J, (r),
HampasaeHHbIe OT wmeHTpa (mpu g <0). B Touke 7=y rTokn
J, (I’), J, (7‘) orcyrcrByror. Ilostomy Beamumna R=y saBasercd
paamycoM KpucTaAAa. [TBIAMHKEH, ITOIIaBIIME 33 IPEACABL 9TOIO PAAHYCa,
HCIIBITBIBAIOT PAaAMAABHBIC TOKH J, (r), HAIIPABACHHBIC K IIEHTPY. Tem

CAMBIM CO3AAETCA YCTOMYIHUBAA TPAHMIIA KDUCTAAAA.

IToctpoenHas MOAEAb OIHMCHIBACT ITHAHMHAPHYCCKHI KPHCTAAA
OECKOHEIHOW AAMHEI, YTO, KOHEYHO K€, HE COOTBETCTBYET PEAABHOCTH.
PaccmoTpuM Teriepb GOAEE CAOKHYIO MOAEAD.

4. Bropaa maremMarudecKas MOAEAD

Kopenp ypaBuenusa j, (r): 0 ompeaeasa Beamumny R =)
paAmyca IIMAMHAPHYECKOTO KPHCTaAAd. DyAem Temepp HM3MEHATH
BeAm4nHy ¥ . EcAm Beamumua J OyAer 3aBHCETh OT Z, TO U paAuyc R
OyaeT 3aBuCeTh OT Z. HO MMEHHO Takas 3aBHCHMOCTb HaOAIOAACTCH B
9KCIIEPUMEHTAX — CM., HAIIPUMEP, IepBbIil hparMeHT Ha puc. 1.

Vmea 210 B BHAY PACCMOTPHM MAaTEMATHYECKYIO MOAEAB,
OTAHYAIOIIYIOCA OT HCIOAB30BAHHOH  BBIIIE, TEM, 9YTO BMECTO
KOHCTaHTHl jJ wucnoassyercs yakuusa y(z). [lepemmmmem (6-11) ¢
Y9IETOM 9TOrO:

H,.=h(r)-cos(x(z)), (28)
H,.=h,(r)-sin(z(z)), (29)
H_.=h.(r)-sin(y(2)). (30)
J,.=j,(r)-cos(x(z)). 31)
J .= j,(r)-sin(x(z)), (32)
J. = j.(r)-sin(x(2))- (33)

Cucrema ypasuenunii (1-6) oramuaerca ot cucremsr (2.9-2.14)

TOABKO TEM, YTO BMECTO KOHCTAHTBI J HCIOAB3YETCA IIPOM3BOAHAA

x'(z) mo z or dpynkmum y(z). CACAOBATEABHO, U PEIIECHHUE CHCTEMBI
(28-33) OyAer OTAMYATBCA OT PEIIEHHA CHCTEMBI OT IIPEABIAYILIEIO
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TOABKO TEM, YTO BMECTO KOHCTAHTBI Y HCIIOAB3YETCA IIPOU3BOAHAA

2'(2). Takum 0GpasoM, perieHue B 9TOM CAyYae IPHMET CAEAYFOITIUIT

BUA:

Jy==2(@)-q-r-sinz-r/ 7(2)), 649
h- (;{(%;Rz — ;('(z)j -r-sin(z-r/y'(2))+

Jo = ) - ; (35)
e [2 i z’&)j st /2 (2)

j. = q(Z sin(z -1/ 7'(2))+ % -cos(rz - r/;(’(z))j , (36)

h =h-r-sin(z-r/z'(z)), (37)

h,=q-r- sin(z-r/ y'(2)), (38)

h,=- ,h (2 sin(z -7/ 7'(z))+ ﬂcos(ﬂ . r/;('(z))j- (39)
x'(2) R

Vkaszannble dynkimun  Oyayr sasucets ot y'(z). Ilpm y(z)=1nz
ypasHeHus (34-39) mpeppararorca B ypasHeHHA (22-27).
Hampumep, ma puc. 3 mokasamer dynkmmu y(z) u y'(z), rae

x'(2) - ypaBuenue saantca.

2 2

~

\\
1 \ 1
0.5 0.5

N 0 N 0

0.5 \ 05
K -1

2 2 i
-2 -1 0 1 2 0 0.5 1
X (X1) FIG. 3 (figPlazma3.m)

MoxHO MmOAaraTh, 9YTO TOK IIBIAMHOK TAKOB, YTO HX CPEAHAA
CKOPOCTb HE 3aBHCHUT OT HAIIPaBACHHA ToKa. B wacrHocTH, npm
pHUKCHPOBAHHOM pPaAHyCE IYTh, IPOHACHHBIH IBIAUHKON B EAHHUILY
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BPEMCHH II0 OKPYKHOCTH, H IIyTh, IIPOHACHHBIM CIO IIO BEPTHKAAM,
OyAyT paBHbL. CAEAOBATEABHO, B 3TOM CAy4Yae IpH (DHKCHPOBAHHOM
PaAHyCce MOMKHO IIOAATATh, ITO
Ap=Az. (40)
B paccMOTpeHHOI  BhIIIE  CHCTEME  TPACKTOPHA — IIBIAUHOK
onuchBaeTCA POPMyAaAMU
co= cos(;((z)), (41)
si = sin( ;((z)) : 42)
Taxum 0OpasomM, B TAKOH cucTeMe Ha (DUIYPE BPAILECHUA PAAUYCOM
r = y'(z) cymecrtByer TpacKTOpHsA TOYKM, OmHMCHIBacMas (opMyAaMHu
(40-42). Takaa tpaekropusa sABAAeTCA BUHTOBON Ampwmen. Ha sroit
TPACKTOPUHN BCE HAIIPSIKCHHOCTH U IIAOTHOCTH TOKOB HE 3aBHCAT OT .

Fig 4 A

(Plazma4.m)

Ha ocHOBE 3TOro  IPEAIIOAOKEHHA  MOXKHO  ITOCTPOHTH
TPAEKTOPUIO ABH/KEHUSA ITBIAMHOK B cootBercTBun ¢ yakmuamu (1-3).

Ha puc. 4 mokasansl ABe BHHTOBEIE, OIIUCBIBaeMble pyHKImAMu J, (') u
J.(r) Toxa: mpu 1, = ¥'(z) npu 1, =0.54'(z), rae y'(z) onpeasena Ha
puc. 3.
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5. DHepruA MaasMeHHOr0 KPUCTAAAA

HPI/I M3BCCTHBIX MATHUTHBIX HaHpH)KCHHOCTHX 1 IIAOTHOCTAX TOKaA
MOXKHO HaﬁTI/I BHCPFI/H-O HAaSMCHHOFOKpHCTaAAa. HAOTHOCTI) 3HCpFI/H/I
MATHHUTHOTIO ITIOAA

WHzg@f+H;+Hj). 3)

ITAOTHOCTD KMHETHYECKOH 3HEPIUM IIBIAMHOK WJ HAUAEM B

HpCAHOA}KeHI/II/I, 9TO BCC ITBIAMHKIT UMCIOT OAMHAKOBYIO MACCY m. TOFAa
1 2 2 2
WJ:;(]¢+J¢+JW]. (44)

AAA OIPEACACHHS IIOAHOHM OSHEPIHH KPHUCTAAAA HEOOXOAHMO
npounTerpupoBars (43, 44) mo oOobeMy KpucTaara, popma KOTOPOro
onpeAeAeHa. Takum 0Opa3oM, IIpH OIPEAEACHHON hopMe KpHCTaAAd H
IIPUHATOH MATEMATHYECKOH MOAEAHM MOIYT OBITH HAMACHBI BCE
XAPAKTPUCTUKA KPUCTAAAA.
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I'aaBa 12. Pabota cuarer Aopenrma

Hrxe aokaseBaercs, 9TO craa /\opeHIa cosepriaer padoTy, U
BBIBOAATCA COOTHOIIICHIUSA, OIIPEACAAIOIINIE BEAUIHHY 3TOH pabOTHL.

Marunraas cuaa Aopenma onpeaeasierca POPMYAOIT BHAA
F =q0( x B), (1)

TAC

q - IIAOTHOCTb 3AEKTPHYECKOTO 3aPAAQ,

O - oObeM 3apPHKEHHOIO TEAQ,

V' - ckopocth 3apsKxeHHOIO TeAa (BEKTOP),

B - marauTHAA HHAYKIHSA (BEKTOD).
Pabora cuasr Aopenria, ompeaeAsieMas KaK BEKTOPHOE IIPOH3BEACHHE

CHABI HA CKOpOCTb, paBHa HYARO, IIOCKOABKY BeKTOpI)I CHABI 1 CKOpOCTI/I
BCEraa OpTOI“OHaAbHI)I.

Cuaa Amrepa orpeaeaserca POPMyAOIT BUAQ

A=0(jxB), )

TAC j - IAOTHOCTB SAEKTPHUYECKOro ToKa (BekTop). [TockoAbky

Jj=qV, ?3)
TO (pOpMyAY (2) MOKHO 3aIIICATh B BHAE
A=q0( xB). “

Mozkno 3ameruts, uto popmyast (1, 4) coBrmasaror. Mexay Tem padoTa
cuapl Amniepa HE paBHa HYAFO, 9TO ITOATBEPIKAAETCA CYIIIECTBOBAHLIEM
anekTpomMoTopoB. CaepoBateAbHO, paboTa cuabl Aopernna HE pasma
HyAro. Takum 0OpasoMm, OIIPEACACHHE MEXAHMYECKOW CHABL depes3

paboTy HEAB3S PACIPOCTPAHATH HA CHAY AOpEHIIa.

PaccmoTtprM, Kakmm o00pa3om cmAa AopeHITa BBIIIOAHAET
pabory.

ITroTHOCTD ITOTOKA 3AEKTPOMATHHTHOH 3HEPTUHM — BEKTOP
[MoftmTrHra opeaeasiercs o opmyAe:
S=ExH, ©)

TAC
E - HAIpAKEHHOCTD 9AEKTPHUYIECKOTO TIOAS (BEKTOD),
H - HanIpsXKeHHOCTh MATHUTHOTIO ITOAS (BEKTOP).
Tokam COOTBETCTBYFOT 9ACKTPHYECKUE HAIIPAKEHHOCTH, T.€.
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E=pg, ©
rae O - yaeapHOE sAekTpoconporuBaeHue. Cosmernad (5, 6), Kak B raaBe
5, moay4aem:

S:pijzfij, )

TAC U - 20COAIOTHASA MATHUTHASA IIPpOHUILIACMOCTbD. Maraurmas cmaa

Aopenrta, ACHCTBYIOIIAA Ha BCE 3aPAABI IIPOBOAHHKA B EAMHHIHOM
obbeme, - 0ObeMHAS ITAOTHOCTB CHABI /\OpeHIIa paBHA (KAK CACAYET M3

)

f=qVxB. ®)
W3 (3, 8) maxoaum:

f=qV*xB=jxB. ©)
W3 (7, 9) mHaxopum:

f=usS/p. (10)

CAEAOBATEABHO, IAOTHOCTH __ MATHUTHON _ cHABL ___Aopenra
LIPOIIOPITMOHAABHA ITAOTHOCTU 3AECKTPOMATHHTHOW SHEPIHH - BEKTOPY
TTotimtnara.

[Torok sHEprmm ¢ IIAOTHOCTBIO S 9KBHBAACHTEH IAOTHOCTH
MoIHOoCT!a P | T.€.
p=5. (11)
CAEAOBATEABHO, _ IIAOTHOCTb __ MATHUTHOW _ cuabl _ Aopewnria
IPOHOPIMOHAABHA HAOTHOCTHA MOIIHOCTH.

ITpumep 1. Arst mpoBepkH pacCMOTPUM Pa3MEPHOCTH BEAUYHH B
BBIIIEITPUBEACHHBIX popmyaax B cucteme CH — cm. TabA. 1.

ITapamerp PasmepHOCTB
Dueprus KI*M2-¢c 2
[TAoTHOCTD SHEprIU Kkr-mtc?
MomuocT P Kr-M2-¢c3
ITaoTHOCTD HOTOKA sHeprun, | § Kr-¢c3
HAOTHOCTD MOIIHOCTH
ITaoTHOCTB TOKA A-Mm2
WNuaykrms Kr-c2-A

O0beMHadg TAOTHOCTD CHABL AOpeHIa H-m3=kr-¢c3 M2

KI“C_z'M'A_Z
KI"C_3‘M3‘A_2

Hlp plp |em

MarapTHas IPOHUIIAEMOCTD

D~ ||~

yAeAbHOC COIIPOTUBACHHC
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I/ITaK, TOK C IIAOTHOCTBIO ] M MAarHuTHOEC IIOAE€ C HHAYKHHCfI B

CO3AAIOT IHOTOK JHEPTHH C IIAOTHOCTBIO S (AT  MOIIHOCTB €
ITAOTHOCTBIO P ), KOTOPBII TOHKAECTBEHEH MATHHUTHOM CHAE AopeHua C

maoraoctsio f - em. (11) man

f=up/p. (12)
Taxkim  obpazom, cmaa  AopeHra ¢ MAOTHOCTBIO [ |

TOMKACCTBEHHBIH €H IIOTOK SHEPIHH C IIAOTHOCTBIO S (MAM MOIIIHOCTB C
IIAOTHOCTBIO [ ), ACHCIBYET HAa 3aPAABI, ABIUKYIIHECA B TOKE J, s
HAIIPABACHHUH, IIEPIICHAUKYAAPHOM 3TOMY TOKY. CACAOBATEABHO, MOKHO
YTBEPKAATH, 9TO BeKTOp IloMHTHHTA (MAM MOIIIHOCTD C ITAOTHOCTBIO P))
CO3AA€T 3.A.C. B IIPOBOAHHKE. DTOT BOIPOC C APYIOH CTOPOHBI
paccmorpen B [19, 17], rae Takas 3.A.C. Ha3BaHA YETBEPTHIM BHUAOM
9AEKTPOMATHUTHOU MHAYKIIIH.

Paccmorpum 3.A.C., CO3AABAEMYIO CHAOH NopeHnria.
Hanpsmxennocts, skBuBascHTHad cuAe AOpeHIa, ACHCTBYIOIIEH Ha
CAMHUYHBIN 3apfAA, PaBHA

_Jf _pu
q qp’

a TOK, COSAaBaCMbeI CHAOM AopeHua B HaHpaBACHI/H/I 3TON CHUABI, UMCECT
IIAOTHOCTDB

s (13)

i=qp=££. (14)
q

Ecam wusBecter TOK | CO3AABACMBIA  CHAOM AopeHL[a B

b

conporuBaeHnn R, TO
[
U=qulR+p;’ (15)

rae [, § - AAMHA U CeYCHHUE IIPOBOAHHKA, B KOTOPOM ACHCIBYET CHAA
Aopenra. 13 (15) Haxoanm:

I=ep R+P£ =e; 24 (16)
s p S
IToAanas MorHOCTD
P=pls. (17)
Haxonen, us (13, 16, 17) moayuaem:
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P [y P

[="H (R+p]:'u/(sR+pl), (18)
qls s ql
P gl

U=—=q—(SR+pl)_ (19)
I

M3 srux popmya 1o pesyapratam usmeperus U n [ moxer ObITh
HAFACHA ITAOTHOCTB 3aPSAOB, HAXOAAIIUXCA ITOA ACHCTBHEM CHABI
Nopenra.
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I'AaBa 13. DAexTpOMArHUTHEIN
IMIIYABC H O€30IIOPHOE ABIKCHIE

OraaBAerune
1. Ilpeamcaosne.
2. OcHOBHBIE COOTHOIIICHMUAL.
[Tpuaoxenune 1a. Dxcuepument Tamma.
ITpuaoxenue 18. Dxcnepument I'pexema u Aaxosa.
[Ipunoxenue 1c. Dxcnepument FBanosa.
[Npunoxenue 2. Dxcriepument ¢ DAB.

1. IIpeancaoBue

VmoB B 1874 1. BBEeA B (PU3MKYy IPEACTaBACHHE O ABMKEHUH
SHEPTHUH, IIOTOKE SHEPIHH U CKOPOCTH ABIDKCHHSA sHepruu. [lpm stom
IIAOTHOCTB ITOTOKa 3Heprum S, IMAOTHOCTb sHeprun W u ckopocts
ABIKeHUSA 9Heprun V cBsisansl popmyaoit S =W -v.

DTO  yIBEpKACHHE HOCHT  YHHBEPCAABHBIH  Xapaktep. B
SACKTPOAMHAMHKE BEKTOP IMAOTHOCTH ITOTOKA 3ACKTPOMATHUTHOMN
SHEpPrUM  HasbBaeTcs  BekTOpoM  Ymowa—lloftaTmara.  Ckopocts
ABIKEHHS  JAEKTPOMATHHTHOH  SHEPIMH B 9ACKTPOAMHAMUKE
IIPEATIOAAraeTCA PABHOH CKOPOCTH cBeta: V=C. DTO yIBEpKACHHE
BBITCCHHAO U3 HAYYHOIO OOMXOAA CAyYam, KOTAA CKOPOCTb ABIDKCHISA
3AEKTPOMATHUTHOM 3HEPTHH MEHBIIIE CKOPOCTH CBETA. A TAKHE CAYYAH
n3BecTHEL. Hamprmep, ckopocTs ABHIKEHUA SHEPTHH B BOAHOBOM IIAKETE
MEHBIIIE CKOPOCTU CBETA. B CTAIIMOHAPHOM 3AEKTPOMATHUTHOM IIOAE
HET YACKTPOMATHHUTHONW BOAHBL, HO €CTh IIOTOK 3ACKTPOMATHHTHOI
sHepruu. B sTOoM cAydae BoOOINe HET HHUKAKOH IPHYMHEI CBA3BIBATDH

CKOPOCTb ABIZKEHHSA 3ACKTPOMATHHUTHOM SHEPIUHU B CTATHYECKUX ITOAAX
CO CKOPOCTBIO CBETA.

MsBectHO, YTO IIAOTHOCTH 3JAEKTPOMATHHTHOTO HMITyAbcCa P
CBA3aHA C ITAOTHOCTBIO ITOTOKA 3ACKTPOMATHHUTHON 3HEPIHH (DOPMYAOH

2
pP= S/C . HsBecrno TAKKE, YTO IIAOTHOCTb JDACKTPOMATHUTHOIO

HMITYABCA, PACIIPOCTPAHAIOIIETOCA B TEAE, PABHA (YMCAEHHO) IIAOTHOCTH
MEXaHIYIECKOTO UMITyAbca ™M B aTOM Teae: M =P, I stor CbaKT TOMKE KaK-
TO BBIIAA U3 HAYYHOIO OOMXOAA. AEHCTBUTEABHO, CTOMT AH OOpAIIaTh
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BHUMAHHE HAa MHM3EPHYIO BEAMYHHY, ITOAYYAIOINYIOCA B PE3YABTATE
AEAECHUSA HA KBAAPAT CKOPOCTH CBETA.

A, MEKAY TEM, MEXaHIYECKUI HMITYABC 9ACKTPOMATHHTHOIO ITOAf
B TEAE B3BIBAA K BHUMaHUIO. VI3BeCTHBI 9KCIIEPUMEHTHI (HHKE OHH OYAYT
PACCMOTPEHBI  ITOAPOOHEE), KOTOPBHIE AOKAa3bIBAIOT — CYIIIECTBOBAHIE
HMIIyAbCa, BeanmanHa kotoporo B 100 pas mpesBIIIaeT TeOPEeTHIECKYIO
BeAm4uHy. llccaeaoBaTeAnm HCKaAM OOBACHEHHE B CYIIECTBOBAHHH
CyOCTAHIIMH, OTAUYHOIT OT BEIIECTBA U ITOAS.

AOCTATOYHO ~ IPEAIIOAOKHTB,  YTO  CKOPOCTb __ ABFUKCHUSA
SACKTPOMATHUTHON SHEPIHU HE PAaBHA CKOPOCTH CBeta (B OOIIEM
CAy4ae), M TOTAA BCE BBIIICOIMCAHHEIE CHTYaIllUd  CTAHOBATCA

OOBACHUMBIMH. DTy CKOPOCTb MOYKHO BBIMHUCAHTB. B IIpeAbAymnx
rAaBaX ~ 3TOH  KHHIW  PACCMOTPEHBI  PAa3AWUYHbBIE  IIPOLIECCHI
pacupoCTpaHEeHHA 3AEKTPOMATHUTHOH SHEPrHH (PaspAA aKKyMyAATOpPa,
PaspAA KOHACHCATOPA, PASMATHIYHBAHNIE MATHUTA, ABIUKCHIIE SHEPIUU B
IIPOBOAE IIOCTOSIHHOTO TOKA) M ITOKA3aHO, 9TO B 9THX CAYYafX CKOPOCTb
ABIDKEHHSA 3HEPIUMU 3HAYHNTEABHO MEHBIIIE CKOPOCTH CBETA.

TaxuM 0Opa3oM, 3AEKTPOMATHUTHBIA HMIYABC M MEXAHHYECKHH
HIMIIYABC BXOAAT KOAMYECTBEHHO PAaBHOIIPABHBIM OOpasOM B 3aKOH

COXpPaHCHUA UMITYABCA.

2. OCHOBHBIE COOTHOIIICHUA.
VI3BecTHBI B3aNMO3aBUCHMOCTH MEKAY IAOTHOCTAME sHepruu W,
IIOTOKA SHCPTI/II/I S, I/IMHYABCQ. p 5 IIOTOKAa I/IMHYAbca ﬁ NMCEHOIIINMU

caeayroruii BUA (B cucreme CH):

S=W-c, (1
p=Wjc, 2
p=S8/c*, 3)

f=p-c. (3a)

2.1. B raase 1 nokasaHo, 9TO AAS MOHOXPOMATHYECKOH BOAHBI
CYIIIECTBYET PEIIeHHe, AAA KOTOPOTO BBITOAHAETCA ycaosue (1), T.e. aas
MOHOXPOMATHYECKOW BOAHBI _CKOPOCTb _ABMZKCHHA JHEPIUM _PaBHA

CKOPOCTH PACHPOCTPAHEHUS MOHOXPOMATHYECKONM BOAHEL, T.€. CKOPOCTH
csera. Hailinemnoe B rAaBe 1 permreHme TakoBO, YTO YCTAaHABAHBAET
IIOCTOAHCTBO IOTOKA SHEPIUH U SHEPTUU IACKTPOMATHUTHOH BOAHBI BO
BpeMEHH (B IPOTUBOIOAOKHOCTb HM3BECTHOMY PEIIEHHIO, TAE
YCTAHABAMBAETCA ITOCTOAHCTBO 3THX BEAHYHH B CPEAHEM, UTO, KOHEUYHO
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Ke, HEC ABAACTCA ACfICTBHTCAbeIM IIOCTOAAHCTBOM, - TCEM, KOTOPOC
Tp€6y€T 3aKOH COXpaHCHI/IH 3H€prI/II/I).

2.2. Urak, ypasuenue (1) cripaBeAAMBO AAS MOHOXPOMATHYECKOT
BOAHBL. CKOpPOCTh ABIDKEHHSA 9HEPIHMH B BOAHOBOM IIAKETE IIPHHATO
CYHUTATh PABHOI rpymroBoi ckopoctu. B [94] crporo nmokasano, urto ara
CKOPOCTB 3aBUCHT OT (hpa30BOH CKOPOCTH U CKOpPOCTH cBeta. B Arobom
CAyYae CKOPOCTb ABHUKCHHA SHEPIMU B BOAHOBOM ITAKETE MEHBIIIC
CKOPOCTH CBETA.

2.3. B CrauMoHApHOM  SAEKTPOMATHUTHOM  IIOAE  HET
3AEKTPOMATHUTHOM BOAHBI, HO €CTh IIOTOK 3A€KTPOMATHUTHOM SHEPIHUU.
Bmecte ¢ aTM MOTOKOM €CTh M 9ACKTPOMATHHUTHBIM HMMIIYABC — CM. (2,
3). Dro yrBepkAeHHE He sABAAeTcA obOrmenpusHanabM. Oamako II1.
Mpanos B [97] AOKa3bIBaeT HAAMYHE MMIYABCA, aHAAUZHPYSA H3BECTHBIE
SKCIIEPUMEHTEl IPAMBIMU _BBIYUCACHHAMU. B 2THx skcnepuMeHTax

IIPUCYTCTBYIOT ~KBA3UCTALIMOHAPHBIC JACKTPOMATHUTHBIC IIOAS, TAE
OTCYTCTBYE€T HM3AYYCHHE JACKTPOMAIHUTHBIX BOAH. Cpeam 9THX
5KCIEPUMEHTOB €CTh YMO3PHTEABHBIE (X aBTOPAMU ABAAIOTCA Tamm u
Deitnman — cMm. npuaokeHue la), HO €CTb M PEAABHO BBIIIOAHECHHBINA
axcrrepument I'M. I'pexema u A.I'. Aaxosa [95] — cm. mpuaoxenue 1.
Okcrepumentsl Tamma, I'paxema 1 Aaxosa oOcyxaaer VBaHos B
[144] (oTKyAa B3ATHI HAAFOCTPAIINN U IIEPeBOA cTaThl [95]). M3 HuX, 110
€ro MHEHHIO, CACAYET, YTO '"MOMEHT MMIIYABCA BEIIECTBA M IIOAS HE
coxpausiercs”. Tlosamee B [147] OoH mpeAAaraeT KOHCTPYKIIHIO - CM.
npuaoxerue lc. OH moaaraer, 9ro €ro KOHCTPYKITHA OYAET ABHIATBHCA
TOABKO IIPU [IEPEMEHHOM HanpsukeHnu. Ero A0ka3aTeAbCTBO ITOCTPOECHO
"Ha OCHOBAHUH 3aKOHOB COXPAHCHHS HUMIIYAbCA, SHCPIUH M IIPHUHIINIIA

OTHOCHUTEABHOCTH, COTAACHO KOTOPBIM TAKOE ABHKEHHE OCYIIECTBAACTCH
OAaroAapA  CHAOBOMY M 9HEPIETHYECKOMY  B3aHMOACHCTBHIO  C
Jpusmaeckum Bakyymom (3cupom)”.

WMrTaK, >ACKTPOMATHHTHBINI HMMIYABC B CTAITMOHAPHBIX ITOAAX
cymectsyer. Oanako tem xe anaausom I'.I1. ViBanos B [97] aokaswiBaer,
YTO BEAHMYHMHA 3TOTO MMIIYABCA KpailHe MaAa (B CYIITHOCTH, 3TO CAECAYET
us3 (1, 2), rae IPHUCYTICTBYET ACACHHE HA CKOPOCTB cBera). Tem He meHee,
sxcrmepument I'M. I'pexema u AI. Aaxosa oOmapyxuBaeT OOABIIYIO
BeAmanHy uvmnyAbca. I.I1. FIBaHOB AOKas®IBaeT, YTO 3KCIIEpUMEHTAABHAA
BeAmynHa UMITyAbca B 100 pa3 mpeBHIIIIaeT TEOPETHYIECKYIO BEAMIHHY
(Aa  HMHAYE OTOT O9KCIIEPHUMEHT HE MOI OBl COCTOATBHCA, T.K.
9KCHEPUMEHTATOPHI H3MEPAAN IAECKTPOMATHUTHBIN HMIYABC BEAMYMHOMN
MEXaHHYECKOTO HMIIYAbCA — HAa OCHOBE 3aKOHA COXPAHEHHA UMITYAbCA).
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Wrtak, 2ACKTPOMATHUTHBIA HMIIYABC B CTAIIMOHAPHBIX _IIOAfAX
CYIIIECTBYET, HO HE VAOBAeTBOpAeT ypapHeHmam (1-3), T.x. mmeer
3Ha‘-II/IT€AI)HyIO BCAI/I"II/IHY.

I'M. I'pexem u A.I'. Aaxo3 BHAAT OOBACHEHHE 3TOMY B TOM, UTO
DACKTPOMATHUTHAS DHEPIUf IIHPKYAHPYET B BAKyyME KaK MAaXOBHK
(flywheel).

I'Il. 1BamoB BumAMT OOBbfCHEHHE 5TOMy B NIPHU3HAHUN
CYILLIECTBOBAHHSA BHAA MATEPHH  (IACKTPOBAKYYMa), OTAHYIHOIO OT
BEIIECTBA M IIOAf, 3aIIOAHAIOIIErO  CoOOW  BcEé  dusmdueckoe
IIPOCTPAHCTBO M CIIOCOOHOIO BCTYIIATh B HMIIYABCHOE (CHAOBOE) U
SHEPIETUYCCKOE B3AMMOACHCTBHE C BEIIECTBOM'.

2.3a. BrimeykazanHbIe  SKCIIEPUMEHTBHI  BBIIOAHAAHCH B
CTALIMOHAPHBIX IOAfIX, HO IpU HepeMeHHON HanpskeraHoctu E. Ecan
K€ IIPEAITOAOKHTD, YTO ITOTOK SHEPTHH CYIIECTBYET M B CTATHYECKHX
HOA}IX, TO MOXKXHO HPCAAO}KI/ITI) n ApyI‘I/IC SKCHCPHMCHTI)I. HaHpI/IMep,
MOKHO IIOBTOPUTBH OKcHepuMeHTH Tamma, Peiiamana, I'pexema u
Aaxosa, 3aMEHHB B HHX HCTOYHHUK IIEPEMEHHOIO HAIIPMKECHUA Ha

HICTOYHHUK ITOCTOSHHOIO HAIPMKEHUA. DTO HAIPMKEHHUE MOMKET OBITh
BEICOKOBOABTHBEIM M TOTA2  HAOAFOAQEMBIM  HMITYABC — AOAKEH
CYIIECTBEHHO BO3PACTH.

Apyroii sKCIIEpUMEHT OIINCAH B raase 18.

2.4. Vvos [81] BBea B pHU3HKYy IIPEACTABACHHE O ABHKCHHIH
SHEPIUH, IOTOKE SHEPIHH M CKOPOCTH ABHKEHHA sHeprun. Ilpm stom
IIAOTHOCTb ITOTOKA SHEPIHH S , IIAOTHOCTb sHepruu W u ckopocts
ABIKECHHSA dHeprun V cBA3aHb (POPMYAOH

S=W-v. @

DTO yIBEP/KAEHHE HOCHT YHHBEPCAABHBIN Xapakrep. AOCTaTOIHO
IIPEATIOAONKHTD, YTO CKOPOCTb ABIKCHHSA JACKTPOMATHHTHON SHEPIUHU
HE PpaBHA CKOPOCTH _cBera (B OOIIEM CAydYae), M TOIAA BCE
BBIILICOITMCAHHBIC CUTYAIIUN CTAHOBATCA OOBACHUIMBIMHE.

AeHCTBUTEABHO, HET HUKAKON IIPHYMHBI CBA3BIBATH, HAIIPHMEP,
CKOPOCTb ABIKEHHUA 9ACKTPOMATHUTHON SHEPIUU B CTATUYIECKHX IIOAAX
CO CKOPOCTBIO CBETA.

2.5. Berme paccMOTPEHBI pasAUYHbBIC IIPOIIECCHI
PACIPOCTPAaHEHUA SACKTPOMATHUTHON SHEPruu (PaspsiA aKKyMyAATOpPa
(raaBa 5), paspsAA KOHAeHcaTopa (rAaBa 7), pasMarHUYUBAHHME MaTHHTA
(rAaBa 7a), ABUZKEHHE SHEPTHH B IIPOBOAE ITIOCTOSHHOTO TOKA (TAaBa 5)) 1
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IIOKAa3aHO, 9TO B 3THUX CAY4YafAX BBIIOAHSCTCA YCAOBHE (4-) 1 CKOPOCTDb
ABIKCHUA SHEPIUH 3HAYMTEABPHO MEHBIIIEC CKOPOCTH CBETA.

2.6. Urak, B obrmem CAyYae HAAO HOAB30BaThCA popmysamu  (1-
3), TA€ BMECTO CKOPOCTH CBETA CTABHTH CKOPOCTH ABI/KCHHSA SHEPTHH:

S=W-v, 0
p=W/v, ©)
p=5SH", ©)
p=W?/s. ™

Takum 0Opasom,
JAEKTPOMATHUTHBI HMMIYABC M MEXAaHHYCCKHI MMIIYABC
BXOAAT KOAMYECTBEHHO PAaBHOIIPABHBIM 00Opa3oM B 3akoH | (8)
COXPAaHEHHUA HMIYABCA. ODTO VIBEPHKACHHE OTKPBIBAET
IMIPOKUI ITPOCTOP AAfl KOHCTPYHPOBAHHA OE30ITOPHBIX
ABUT'ATEAEH.

2. 7 . BACKTpOMaFHHTHaH Macca

vt s

©)
2.8. EcAm Ha HEKOTOPOM y4aCTKE TPAHHIIBI TEAA BO3HHKACT
IIOTOK 3HEpruu S C IIAOTHOCTBIO S , HAIIPABACHHBIH BHE, TO BO3ZHUKACT

1 3AEKTPOMATHHUTHBI HMIYABC p C IAOTHOCTBIO P, HAIIPAaBACHHBII

BHe. [lo 3axkoHy coxpaHeHHA HMIyAbCa BO3HHUKAECT PAaBHBIN €My
MEXAHUYIECKUU UMITYALC, HAIIPABACHHBIN B CTOPOHY TEAQ,

M=-() (10)

HYCTB HOBCPXHOCTB 9TOro ydacCTKa paBHa q, a €ro obbeM paBCH g.

Toraa
S=gs, (n
p=8p, (12)
W3z (7, 10, 12) maxoanm:
M =- gp. (13)

Wrax, ecAu B TeA€ IPUCYTCTBYET SAEKTPOMATHUTHAA SHEPIUA U N3
TEAQ BBIXOAHT ITOTOK 3AEKTPOMATHHTHON 3sHepruu, 1o 1o (13) moxer
OBITH HAMACH MEXaHHYECKHH HUMIIYABC, ACHCTBYFOIIIIH HA TEAO.
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2.9. EcrecrBeHHO, KOHCTPYKTOPH OE30MOPHBIX ABUIAaTCACH He
AKAAAH  MOETO yTBepKAeHHA (8) W AABHO yiKe 3aHAAUCH OSTHUM
HeOAATOAAPHBIM ACAOM.

B [99] mpeaaaraercs crrocob "Aas obecriedeHNs IOCTYIIATEABHOTO
[ICPEMEIICHUA, TPAHCIIOPTHBIX, B TOM YHCAE, KOCMHYECKHX CPEACTB'.
OAHAKO caM aBTOP YKa3BIBAET HA TO, YTO B COOTBETCTBUHU C €IO TEOPHEM
TATOBAsA CHAA B IIPEAAATAEMBIX KOHCTPYKIHAX OYAET OYECHB MaAA.

Nssecren Biefeld-Brown effect [101]. O peasusariuu mareHTa HET
AOCTOBEPHBIX CBEACHHH. DTOT 9deKT A0 HACTOAIIETO BPEMEHH HE
IIOAYYIHA ODIIEIPHHATOrO OObACHEHUA. MOKHO IIPEAIIOAOKUTH, UTO
a10T 9(dEKT TaKKe OODBACHACTCA ITOABACHHEM SACKTPOMATHUTHOIO
I/IMHyAI)CQ..

B [102] onmuceiBaercsa ycTpONCTBO, IIPEAHA3HAYEHHOE AAA IIOAETOB
B 0e3BO3AyIIHOIT cpeae. B Hem taxxe peaansyercs Biefeld-Brown effect
u  Aaerca  oObAcHeHme — otomy  9ddeKkTy ¢ IpPHUBACYCHHUEM
3AEKTPOAMHAMHYECKOTO HMITYABCA.

B [106] ommceiBaeTcs THIIOTETHYECKAN SKCIIEPUMEHT € 3aPAAAMH 1
TOKAMH, KOTOPBI ~AEMOHCTPHUPYET HAPYIIEHHE TPETBErO 3aKOHA
Hprorona, HO BBIIOAHEHHE 3aKOHA COXPAaHEHHA HMIYAbCA, T.C.
BO3MOKHOCTb OE30IIOPHOTO ABHZKECHHUS.

Heaasno mossuaca marent [103], ocHOBaHHBIF Ha 3TOM ITaTEHTE
sxcrmepumeHT NASA [104] u aHAAOTHYHBIN KATANCKHE 9KCIEPHUMEHT
[105] — cm. puc. 1. OHH BBI3BIBAIOT TAKHE K€ COMHEHHA H CIOPHI B
HAYYHOM MHpPE, ITOCKOABKY OHU AKOOBI HAPYIIAOT 3aKOH COXPAHCHUSA
IMIIYABCA. ODTH 9KCIIEPUMEHTBI fABHBIM OOpasoM AEMOHCTPHpPYET
CO3AQHHE CHABI TATH 334 CYET 3SACKTPOAMHAMUYECKHX 3 eKTOB.
Buaumo, s1o mepBas 1mopOOHas cucTeMa, KOTOpas HE OTBEPraAach
O(PUIIMAABHEIME HAYYHBIMH HHCTaHIHAMH. M, BHAMMO, ITOTOMY, 9TO
TAra y Hee ObiAa O4eHb Mara. Ho 910 - 9KCHEpHMEHTBI U C HUMH HE
roctopuiis! Ha MOM B3rafa, OHM TOATBEP/KAAIOT BBIIIIEU3AOKEHHYIO
TEOPHIO.
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Ho mauboaee GeccriopHbIM ABAAETCA «DACKTPHUICCKIH ABHIATCAD
BeICOKOTO HampsukeHusa OAB» Aaspmuenxo [131], mpeacraBasrormmii
cOOOI BBICOKOBOABTHBIM BOBAYIIHBIH KOHAGHCAaTOp. B Hem oaAHa
OOKA2AKa BBIITOAHEHA B BUAC IIPOBOAQ, 2 BTOPAs B BUAE IIOAOCHI (DOABIH
— cM. puc. 2. ITpu BBICOKOM HAIIPA/KCHIH MEKAY OOKAAAKAMHI BOSHHKACT
HOHHBIM TOK M HOHHBIH BeTep. YCTPOMCTBO B3Aeraer. DTOT adekT
BHAYAAC OOBACHAAM ACHCTBHEM HMOHHOIO TOKA M HOHHOTO BeTpa. boaee
TINATCABHBIC M3MCPCHMA ITOKA3BIBAIOT, YTO HOHHBIA BETEP CO3AACT
npumvepro 60% noabemuol cuABL Vlcrounnk 40% HOABEMHOI CHABI
HE BBIABACH.

Ha ocHOBaHuHU BBIIIIEH3AOKEHHOIO aBTOP Pa3pabOTaA TEOPHIO,
KOTOpas, B YACTHOCTH, OOBAcHAeT QyHKInoHuposanne OAB u
IIPEACKA3BIBACT PE3YABTATHI 9KCIIEPUMEHTOB. [ 1o m3BecTHBIM mTapaMerpam
OAB (pasmepsr, macca, TOK, HAIPHKEHHE, IACKTPUYCCKAs EMKOCTD)
PACCYUTEIBACTCA CKOPOCTHh IMOABeMa. HcAm oHa paBHA HM3MEPEHHOMN, TO
TEOPHA IIPABOMEPHA — CM. IIPUAOMKEHUE 2.

Puc. 2 (u3 [131Db], Bpems 6:37)
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Aemop  comos  conocmasume my meopuro ¢ pazauunsimu  éapuarmami
KoHempykyuil DAB, umenmumuca y wumaniens.

Asmop marce paspaboman opyeyro Koncmpyxyuro besonoprozo dsuzamens u
npuzaanaen 3aunmepecosanbLX K co6MecniHoMy namenniosaniu.

ITpuaorxenne la. Oxcriepument Tamma.

B [22] TamM oIHCBIBAET CAEAYIOIIHUIT MBICACHHBIH 9KCIIEPUMEHT —
cm. puc. 3a u3 [144]. PaccmaTpuBaercs IIMAMHAPHYECKAN KOHACHCATOP,
ITOMEIIEHHBIN B OAHOpOAHOE MarHntHoe mose H, mapaaseabpHOE ero
ocn. B mpocrpaHCTBE MEKAY OOKAAAKAMH KOHACHCATOPA, ITOMHMO
MAarHUTHOTO, CYIIECTBYET TAKKE M PAAHAABHOE DACKTPHUYECKOE IIOAE
HanpsakéHHOCTH KB,  cOo3paHHOE  3aps/KEHHBIM  KOHAEGHCaTOpom. B
IIPOCTPAHCTBE MEKAY OOKAGAKAMU KOHAEHCATOPA B  CTATHYECKOM
SACKTPOMATHUTHOM IIOAE CyIIecTByeT Bektop Ilofimtmara. Awmmmm
BekTOpa [lofiHTHHra, T. €. AMHUM IIOTOKA S9HEPTHH, IIPEACTABAAIOT COOOIT
KOHIICHTPHYECKHE OKPYAKHOCTH, IIAOCKOCTH KOTOPHIX ITE€PIICHAUKYAAPHEI
K OCH KOHAEHCATOPA.

H A ] AH
e imsin
et sl
I L LU

Puc. 3a.

ITpuaosxenune 1B. DxcnepumenT I'pexema u Aaxo3sa.

Cxema skcIrepuMeHTa IpUBEACHA Ha puc. 3B 3 [144], rae

1 - THAMHAPHYECKHI KOHACHCATOP,

2 - TOPCHOHHO-OCIIUAAATOPHASA TIOABECKA,

3 - 3epraAbIIe,

4 - PAAMAABHO PACITOAOKEHHEBIE IIPOBOAA AASl ITOAAYH
IIEPEMEHHOIO HAIIPAKCHUA HA TIAACTHHBI,
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5 - CBEPXIIPOBOAAIIIHI COAEHOUA.

Asropsr numnyt: "Harmra nporpamma M3aMepeHus CHA, CBS3AHHBIX C
SAEKTPOMATHUTHBIM HMITyABCOM Ha HH3KHX 4YaCTOTaX B BEIIECTBE,
AOCTHTAZ KYABMHHAIIUHA B IIEPBOM IIPAMOM HAOAFOACHHH CBOOOAHOIO
3AEKTPOMATHUTHOIO MOMEHTa HIMITYAbCa, CO3AaBAEMOTO
KBA3UCTATHYECKUMH (HEBOAHOBBIMH) He3aBHCHMBIMU IToAsMH E u B B
BAKYYMHOM IIIEAH MEXKAY IAACTHHAMH IHAUHAPHYECKOIO KOHACHCATOPA.
Yro0BI 3aPErUCTPUPOBATD €ero (koHAEHCATOPA) ABHKEHHE
HCIOAB30BAAACH PE3OHAHCHAS ITOABECKA'

3

Lh

I | |

COO00000000000000
COO00000000000000

%
%
7

NN

] 2
Puc. 3s.

Takum o6pasoM, B 3TOM O3KCIIEPUMEHTE JAEKTPOMATHUTHBIN
HMIIVABC OOHADPYKEH IVTEM H3MEPEHUA MEXaHIYECKOIO MMIIVABCA apu

KPYTHABHBEIX ~ KOACOAHHAX  KOHAGHCATOpa. JTO  O3HAYAET, 9TO
S5AEKTPOMATHMTHBIN ~ HMIIYyABC  CYIIECTBYET B CTAIIMOHAPHBIX
SAEKTPOMATHUTHBIX ITOAAX ¥ UMEET 3HAYUTEABHVIO BEAMYUHY.

ITpuaosxenune 1c. Dxcrnepument MBanosa.
Mpanos I'Il. B [147] mpeasaraeT KOHCTPYKITHIO, H300PaKEHHYIO
Ha puc. 3c.
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Karyxa

nepeMarHMYNEaHMA

BuyTpennnn
BNCKTPOA

Cepa e IHIE H3
MAarHHTHOTO AW-
BAEKTPHUECKOTO

MATepHana

BEEMEANEHTHAA JACKTPHUECKAA CXaMa

Puc. 3c.

ITpuaoskenne 2. Dxcrnepument ¢ DAB.

B TabA. 1 npuBOAATCA TEXHHYECKHE ITapaMETPBl OAHOI U3
KOHCTPyKIuil DAB, IoAydeHHBIE OT aBTOpa 3TOH KOHCTPyKIHH M.
Aaspunenxo. B aroii e TaOAHIIE IIPUBEACHBI 3HAYCHHA IIAPAMETPOB,
KOTOPBIE BEIMUCAAIOTCA HAa OCHOBAHHH IIPEAAATAEMON TEOPHH.

VAeAbHOE COIPOTHBAGHHE HOHU3HUPOBAHHOIO BO3AYXa BBIOPAHO
TaK, YTOOBI BBIYUCAEHHAA cocraBasgiaa  40%
HM3MEPEHHOMN ITOABEMHOIT CHABI.

ITOAbEMHAA ~ CHAQ

CpaBHEeHNE M3MEPEHHBIX M BBIYUCAECHHBIX 3HAYCHHH ITapaMETPOB
B crpokax (13-16) mosBoAser oneHHTH Ipeararaemyro Teopuro. [Ipm
3TOM HYKHO YYECTb, UYTO TEOPHA AOAKHA OObACHUTL 40%0 m3MepeHHOM
ITOABEMHOM CHABI.

Tabaumna 1
Ne ITapamerp Dop- H3zme- | Brrumc
MyAQ peHue | -AeHme
1 HanpsukeHne, kKB U 45
2 AAHTEABHOCTDH IIOABEMA, t 2
cex
3 BBICOTA IIOABEMA, M h 4
4 Bec, H G 0.5
5 €MKOCTb KOHAEHCATOPA, C 15%10"-12
15 od
6 PACCTOSIHIE MEKAY d 0.03
3AEKTPOAAME
7 AMAEKTPUYECKAS € 9*107™-12
IIPOHHUIIAEMOCTD BO3AYXA
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maBa 13. OneKkTpoMarHuTHbIA UMMYINbC 1 6€30MOpPHOE ABMXKEHME

9ACKTPOMATHUTHOM
SHEPTUH B KOHACHCATOPE,
M\CEK

o

8 macca, Kr m 0.05

9 VACABHOE COIIPOTUBACHUE p 7*10"9
HMOHU3IPOBAHHOTO BO3AYXA

10 COIIPOTHUBACHHE R=Pb/d 10710
AMDACKTPHKA

11 IIAOITIAAD OOKAQAKH b=Cd/e 0.05
KOHACHCATOPa, M”22

12 SHEPIrua KOHAECHCATOPA, w 0.015
Br*cex

13 CKOPOCTD ITOABEMA, M\ cex v 2 0.89

14 moAbeMHas crAa , H F 0.51 0.19

15 HMITYABC, KI¥m \ cex M 0.1 0.044

16 ABIDKYIIIASl MOIITHOCTB, BT P 1 0.17

17 CKOPOCTB ITOTOKA % 0.14
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maea 14. CTpyKTypa 3NeKTPOMarH1THOro Noss B Tefie NOCTOSAHHOrO MarHuTa

I'aaBa 14. CrpykTypa 3AEKTPOMATHUTHOTO
ITOAfl B TEAE TIOCTOAHHOIO MATHUTA

OraaBAeHne

1. DBseaenwue

Vpasuenns MakcBeAAa AASL CHCTEMBI C MATHHTHBIMI

MOHOIIOAAMU

3. Pemenne ypaBuennit Makcseaaa (2.6-2.9)
4. Pacder AOMEHHOI CTPYKTYPHI
5. AomeHHas CTPYKTypa BO BHEIITHEM MATHHUTHOM ITOAE
[Tpuaroxenne 1

1. BBeAaeHue

HI/I}KC paCCManI/IBaCTCH HOCTOHHHbeI MATrHUT. HpeAAaFaCTCH
pCLHCHI/IC ypaBHCHI/Iﬁ MHKCBCAAQ ANAA CHUCTEMBIL C MATHUTHBIMIT
AUIIOAAMMU. Ha OCHOBC 3TOIO pCLTICHI/IH CTpOI/ITCH (pOpMaAbHaH MOAECAD
paCHpCACACHI/IH MATHHUTHBIX AHHOACﬁ B TEAC ITIOCTOAHHOI'O MarHurTa.

Vsyuenme MarHHTHOH MHKPOCTPYKTYPBI ITOCTOSHHBIX MAarHHTOB
HEOOXOAUMO AAfA YAYYIIEHHA UX TeXHHYecKuX xapakrepuctuk. C sToit
LIEABIO B M3BECTHBIX PabOTaX H3YYIACTCA CTIPYKIypa PaCIPEACACHNA
MArHUTHBIX AHIIOACH B TEA€ IIOCTOAHHOIO MmarHuta. OAHAKO AAA
M3y9ICHUA AOMEHHOIT CTPYKTYPHI ITPUMEHAFOTCA AMIITb
SKCIIEPUMEHTAABHBIE METOABI — IIPAMBIE HAOAFOACHHA IIPH ITOMOIII
Pa3sAMYHBIX METOAMK. HackoApko m3BecTHO aBTOpY, OTCYTCTByeT
dopmarbHas MOAEAb PACIIPEACACHHA MATHHUTHBIX AHMIIOAEH B TeAe
IIOCTOAHHOIO MarauTa. (OUYeBHAHO, Takag MOAEAb AOAKHA OBITH
OcHOBaHA Ha (DOPMAABHON MOAEAU CTPYKTYPBI 9AEKTPOMATHHTHOIO
ITOAf IIOCTOSTHHOTO MaTrHUTA, KOTOPAfl TOKE OTCYTCTBYET.

B mHacrosmee Bpema  HamOOABILIEE — PACHPOCTpPAHEHHE B
COBPEMEHHOI TEXHHKE ITOAYIHAN ITOCTOAHHEIE MarHUTH criaaBa NdFeB,
OTAHYUTEABHOH OCOOEHHOCTBIO KOTOPBHIX ABAACTCH TOKOIIPOBOAHOCTB.
[Tostomy HmKE PacCMATPUBAECTCA TOKOIPOBOAAIIHIT  ITOCTOSHHBIN
marauT. [lpeasaraercs perenme ypaBHeHHE MakcBeAra AAA TaKOro
MAarHWTa M Ha OCHOBE 3TOTO pEIIeHus CTpouTcsi (PopMasbHAas MOAEAB
PacIIpeAeACHNA MATHUTHBEIX AUTIOAEH B T€A€ IIOCTOSHHOTO MarHUTA.
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Puc. 1.

Hatiaennoe perreHne 3acTaBAf€T IIEPECMOTPETH  YCTOABIIIHECH
IIPEACTABACHHA O CTPYKIYPE MATHUTHBIX HAIPHKEHHOCTEH H TOKOB B
TEAC IIOCTOSIHHOIO MarHuTa. VI3BecTHO, HArpuMmep, IPEACTABACHHE O
TOM, YTO MATHHTHOE IIOA€ IIOCTOSHHOIO MATHHTA OOPAa3yeTcsi TOABKO
TOKAMU HA TOBEPXHOCTH MArHHUTA, IIOCKOABKY TOKH BHYTPH MArHUTA
B3aUMHO  KOMIIeHCHpyroTca — oM. puc. 1. OaHako TpPyAHO

IIPEAIIOAOKHTD, YTO B IIOBEPXHOCTHOM CAOE€ IIPOTEKAIOT 3HAYNTEABHBIE
TOKH, CO3AQIOIIHE OOABIIYIO MHAYKIIHIO B COBPEMEHHBIX MarHuTax. I
IIPH TAKOM OOBACHEHUU POAb AOMEHOB B TEAE€ MATHUTA CTAHOBHTICH HE
HyKHOI. PeaAbHO B TeAe MarHHTa (KaK IIOKAa3aHO HIDKE) CYIIECTBYIOT
TOKH, TEKYIIIHE IIO TPEM KOOPAMHATHBIM OCAM, M CYIIECTBYIOT TaKikKe
MArHUTHBIC HAIIPAKEHHOCTH, HAIIPABACHHBIE IO TPEM KOOPAHMHATHBIM
ocaM. B "acTHOCTH, CYIIIECTBYFOT TOKH, TEKYIIIHE IIO BCEM OKPYAKHOCTAM
nuAnHApPaA. HanpsmxeHHOCTD cO3A2€TCA BCEMH AOMEHAMH MarHuTa (T.e.
TOKAMH, OOPA3YIOIIIUMH AOMEHEI), a4 HE TOABKO IIOBEPXHOCTHBIMU
AOMEHAMH.

B [152] omnmceaerca skcrepument 1839 roaa, B koTOopom
ITBEITHAA HTAA BCTABAAAACH B COACHOHUA M ITOABIM ITMAMHAPHYCCKHIT
MarauT. B coAeHOMAE MrAa yCTAHABAMBAAACH B LIEHTPE COACHOWAQ, A B
MArHuTe OHA YCTAHABAMBAAACH Y IIOAIOCA. DTO OOBACHAAOCH TEM, YTO B
IIEHTPE M CHAPYKH MArHUTHBIE HAIPHKEHHOCTH Y COAECHOHAR
IIPOTHBOIIOAOKHBI, 2 Y MATHATA — COBIIAAAFOT, IIOCKOABKY OIIPEACAAFOTCA
IIOBEPXHOCTHBIMH TOKaMu B MarauTe. OAHAKO IIBEHHAA UIAA KHE 3HACT,
9TO CHAPYKE». ECAM OHA BEeAET ceOf TaK, KAK OIIICAHO, TO 9TO O3HAYACT,
uTO 1) B COACHOMAE TIOAE PaBHOMEPHOE, 2) a B MATHHUTE IIOAE B IIEHTPE
paBHO HyAro. I 910 mpormBopednt Teopunm OO OSKBUBAACHTHOCTH
COAECHOMAQ M MarHuTa. 1eM He MeHee, MMEHHO 3TO IIPEATIOAOKEHHUE
HCIIOAB3YETCSA IIPU MOACAUPOBAHNU U IIPOCKTUPOBAHIHI MATHUTOB.
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OrmmbodYHbIE ITPEACTABACHUA BO3HUKAIOT H3-3a TOIO, YTO IIPU
aHAAM3E ABACHHSA YIUTHIBAIOTCA HE BCE 3aKOHBI 9ACKTPOMaraeTusma. Bee
3aKOHBI OOBEANHEHBI B crucTemMe ypasHeHHI MakcBeara. CACAOBATEABHO,
IIOAHOILIEHHEIM AaHAAM3 ABACHHUA MOKET OBITh CAEAAH TOABKO IOCAE TOTO,
KaK AAf HCCACAYEMOIO OOBeKTa OyAeT CPOPMyAHpOBaHA U PEIIEHA
cucrema ypaBHeHHI MaxcBeara. MexAy TeMm, 3Ta CHCTeMa HE peEIIeHa
AQIKE AASL MEAHOTO IIPOBOAQ C TOKOM, HE PEIIICHA AAS HAMATHHYHUBACMOTO
KEAC3HOIO CTEPKHA M, TeM OOAee, HE PEIIeHA AAf IIOCTOSHHOTO
MarauTa. DTOT IIPOOEA YCTPAHACTCA B IIPEAAOKEHHOH padoTe.

[Ipaktdgecka  OTCYyTCTBHE OTOIO  PEINEHUA O3HAYACT, 9TO
pCAaABHBIC  XAPAKTEPHCTHKH IIOCTOSHHBIX ~MATHHTOB  OIIHMCHIBAFOTCH
mecrporo.  Crporoe — pemreHme,  IIOAYYCHHOE  3A€Ch,  OyAy4IH
IIPUMEHEHHBIM B CHCTEMAaX IIPOEKTHPOBAHUA IIOCTOSHHBIX MATHHTOB,
©e3yCAOBHO, AOAKHO ITOBBICHTD UX KA9€CTBO.

2. YpaBHeHHna MakcBeara AAL CHCTEMBI C

MAarHUTHBIMHA MOHOIIOAAMMN

Vpasuenus MakcBeAAa B TOM CAyYae, KOTAA €CTh IOCTOSHHOE
MarHUTHOE HIOAE € MATHUTHOH HAIPsKeHHOCTBIO 1 1 rocrosnubie Tokn
ITAOTHOCTBIO J, IMEFOT BUA

rot(J)=0, M
rot(H)-] =0 @)
div(J)=0, 3)
div(H)=0. @)

B TOM cAydae, koraa CymIecTBYIOT MATHHTHBIE MOHOIIOAH C
naoTHOCTBIO M, HOCAEAHEE ypaBHEHUE IPUHIMAET BUA:
div(H)-M =0, ©)
Ecanm e  cymiecTByroT — MarHUTHBIE — MOHOIIOAHM  Pa3HOM
ITOAIPHOCTH, TO CHCTEMY VPaBHEHHH MOKHO 3aMEHHTL (B CHAY
AMHEHHOCTH 3THUX YPaBHEHNN) HA ABE CUCTEMEI BUAQ

rot(J,) = 0, ©
rot(H,) -], = 0’ %
div(J,) = 0 ®)
div(H;))-M,;=0 )
u
rot(J,) = 0 (10)
rot(H,) -/, = 0 a1
div(J,) = 0 (12)
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div(H,)-M, = 0 (13)
[IpeArToAOXKHM, 9TO BCE MATHHTHBIE MOHOIIOAM OOBEAMHCHB B
ITapBl — MATHUTHBIE AUTIOAH. TOoraa
My=-M;=M (14)
[TpeATtOAOKHM AaAce, 9TO BCE MarHUTHBIE AHUIIOAH HMMEIOT PasMep 8 u
OPHEHTUPOBAHBI BAOAB KOOPAHHATHI Z. Toraa
M,(z) == M,(z + 9), (15)
H,(z) = -H,(z +9), (16)
]Z(Z) =—]1(Z + 6) (17)

WNrak, cucrema ypaBoenmyi MakcBeaAa AAS  CHCTEMBL  C

MArHUTHBIMA MOHOIIOAAME IPHHUMAET BHUA ypaBHenuii (6-9, 10-13, 15-
17). Toraa aAropurM pacuyera IACKTPOMATHHUTHON CHCTEMBI C
MAarHUTHBIMU AUTIOAAMM IIPUHIMAET CACAVIOIITHIT BUA!

1. Pacuer MarHUTHBIX HaIIPAKEHHOCTEH Hi y naormocreit Toxos
J1 (METOA 9TOTO pacyeT OIMCAH B I'AaBE 5);

2. BolumcAeHme — pacIpeACA€HHA — MOHOIIOAEH My pasaro
OTMETHTD, YTO HAWACHHBIE ITIPH 3TOM 3HAYCHHA MOHOIIOAEH

HMCEIOT PAa3HBIC 3HAKM,

3. 3arem Ipu AAHHBIX My, J1 Hy 1o (15-17) moryr OBITH HAFAEHEI

M, ], H,.

4. HpCHC6pCFa${ BEAUYITHOMN 5, AAfl CHCTEMBI B IIEAOM HOAY‘IaCMZ
H=H,-H, )
I=1,-1; (19)

3. Pemienue ypaBHeHHM MakcBeaaa (2.6-2.9).

Paccmorpum ypaBuenusa (2.6-2.9), koTopele B IHANHAPHYECKHX
KOOPAHMHATAX IMEIOT BHA!

1 o0H, OH,

L oHd, =J, M. (2.7 2
s ~ ] om. (2.7) @)
OH, OH, J @7 3)

— = , CM. .

0z or v

H oOH

H, oM, 104, _,. o, 2.7) Q)

r or r Op
J, aJ, 19d), aJ
+—L+——2+

r r 9, NeX: 5
r or r Op Oz o (29 ®
l.%_%:o, on. (2.6) ©)
r O0p Oz
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&, o

—z =00 oM. (2.6 7
oz Or ' eo ¥
J o
_¢’+_¢’_l.%:0, ou. (2.6) ®)
r or r 0@

Hr aHr 16H(p 0H

LA + +Z=M
r ' or 'rade ' 0z L o 29) )

AAfA  COKpammeHus 3alucH B AAABHEHIIEM OYAEM IIPUMEHATDH
CAEAYIOIIIHE OOO3HAYCHUS:

co =cos(ap+ yz), (10)
si =sin(ap+ yz), (11)
TAC &, Y — HCKOTOPBIC KOHCTAHTHL B HpI/IAO}KCHI/II/I 1 ITIOKa32aHO, YTO

CYIIECTBYET PEIIEHUE, MMEIOIIEE CACAYIOIITHI BUA:

J,.=j.(r)co, 12)
J o= J,(r)si, (13)
J..=j.(r)si, (14)
H,.=h(r) co, (15)
H,.=h,(r)-si, (16)
H_.=h(r)si, (17)
M =m(r) - si, (18)

rae j(r), h(r), ™) - mekoTopsie (ByHKITHI KOOPAWHATH 7 .
B npuaoxennn 1 mokazaHo, 9T CyIecTByeT MOAU(DUIINPOBAHHAS

dyukuus Becceas, obo3nauaemas 3aech kak F, (r), OT KOTOPOM 3aBHCAT

prHKLH/H/I HaHpH)KCHHOCTI/I h(r) 1 IIAOTHOCTH TOKa j(]"), 4 UIMCHHO

J,0)=F, ), 25)

. -1/. g
J. ()= ;(Iq,(r) +r- J¢,(F)), 26)
JA=Er ), @)
h, () = Wi, (1), , (1., (1), 28)

FOEH ECEING)!

h,(r)=‘710¢,<r>+h;(r)), 60

29)
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4. PacueT AOMEHHOI CTPYKTYPBI
B mpuaoxenns 1 moxazaHo, 9TO mMMeeTCA CAEAyrOIue PopMyAa

BuAa (cM. popmyay (9)):
By (7)

r

h,(r)
r

m(r) =- —h(r) - o + xh, (1) "
Dra dopmyaa mosBoaser BoramcAuTh pyrknmro M. Vauresas
dopmyasr (3.11, 2.18), Haxoamum, 9TO

M, (r,@,z) =m(r) - sin( X @ + xz). )
Ha puc. 1 aad mpumepa 1okasaHsl  (DYHKIIHH h(r), j(r)m(r) pu
X =0.01, <= 0.64

5 4
10 10 5 210 10000
£ 5 €0 N 5000
0 -5 ob——
0 005 0.1 0 005 0.1 0 005 0.1
10000 0 0
= 5000 =, 2100 N -100
0 -200 -200 Q
0 005 0.1 0 005 04 0 005 0.1
x 10
40 10
B
§ 20 & E 5
0 0
0 0.05 0.1 0 0.05 0.1

Fig.1 (fig.5.3.1domeny.m, mode=1)

MarsuTHBI 3apAA (2) HAXOAWTCA HA YPOBHE Z M IIPUHAAACKHT
HEKOTOPOMY AHIIOAFO. [IpOTHBOIIOAOKHEIN 3apsAA 3TOrO KE AHUIIOAA
HAXOAUTCS HA YPOBHE (z +8) u nmeer BEAMYNHY

M,(r,@,z) =-m(r) - sin( X @ + x(z + 8)). 3)

SHMCTI/IM, 9TO IIPHU MAABIX 8 BBEIIIOAHAKOTCA COOTHOIIICHMA:

sin(@) - sin(¢@ + &) =— & - cos(¢), )
cos(@) —cos(p + 8) =6 - sin(¢y). (5)
[Tpu s1om m3 (2.18, 2.19, 2.16, 2.17, 3.10-3.17) moay4aaem:
H_ = 8h_si,

©)
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maea 14. CTpyKTypa 3NeKTPOMarH1THOro Noss B Tefie NOCTOSAHHOrO MarHuTa

H(p =— 8h(pco, o

HZ :—'8h,.ZCO, ®)

]T' = 8]7,:51, )

Jo == 8j,c0, (10)
], =-6jco.

an
Takum oOpasom, AAfl pacdeTa SACKTPOMATHHUTHOTO ITOASl IOCTOAHHOIO
MATHHTA MOKET OBITH IIPUMEHECH CACAYIOIINN AATOPHUTM:

1. Pemenme ypasmenmii Maxcseasa (3.2-3.8) AAf  BBMHCAEHUIA
Ppynkmmit (3.12-3.17).

2. Borancaenne dyuxnnn (2) ¢ yaerom (1). [Toayuennas dpyukius
ABAAETCA, (PAKTUIECKH, (DYHKIIUEH PACIPEACACHUA MATHUTHBIX
aomeHOB. [Ipu aTom AomeHBI

a. PACIIOAOKEHBI BAOAB IIPOAOABHON OCH Z MATrHHTA,

b. mmeror aamay ©,
o M
C. HUMEIOT Ha ypOBHE Z MATHUTHBI MOHOIIOAb ' 1, 4 Ha

ypOBHC (Z + 8) - MATHUTHBIH MOHOIIOAD (_ Ml)
3. Beraucaenwne dpynkumii (6-11).

PearpHasd AOMEHHAS CTPYKTypa AOAKHA OBITH Pa3AOKEHA B PSAA
dynaknmit  (2). Iloayuennoe rpadudeckoe pacrpeAeA€HHE AHIIOAEH
MOKET OBITb COIIOCTABAGHO C PEAABHBIMH HAOAFOACHHAMH, YTO
ITO3BOAUT ACAATH PA3AIYHBIE SKCTPAIIOAAITHH.

5. AomeHHasA CTPyKTypa BO BHEIITHEM

MAargdmMTHOM IIOA€

[Tpearoxennsiii MeToA pacdgera AC pacmpocTpaHseTcs Ha PacdeT
AC MarHHTOMATKOrO MaTepHaAa BO BHEIIIHEM MATHHTHOM IIOA€. ODTO
IToAe MOXkKeT ObITh IrepemeHHBIM. Kak mokasano B [128], moseaenme
AOMEHHOH CTPYKTYPBI B IIEPEMECHHBIX MATHHTHBIX IIOAfIX HEBBICOKOM
gactoTel (0,1 - 10 xI'y) BO MHOTOM OmIpeAeAfeT MarHUTHBIE CBOMCTBA
MArHUTOMATKAX ~MatepuaroB. [lpeasoxennsrii merop pacdera AC
ITIO3BOASIET AHAAHTHYCCKH H3Y9ATh

1. aBAenme Ammammdeckon camooprarusanuu AC B IepeMEHHBIX
MATHHUTHBIX ITOAAX HI/I3KOI>‘I YaCTOTHI,

2. mocrymateAbHOE ABHKEHHE AOMEHHOI CTPYKTYPHI, KaK IIEAOTO,
HAOAIOAATOIIICEC 9aCcTO B IIporiecce AMHAMIYECKOTO
IIepeMarHIIHBAHIA,
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naBa 14. CTpyKTypa 3NeKTpOMarHUTHOrO Nons B Tene NOCTOAHHOIO MarHuTa

3. ympaBAafieMO€ ITyTeM HEKOTOPBIX ~BHEITHUX BO3ACHCTBHI
ABIZKEHIIE AOMEHHOM CTPYKTYPBI KaK IIEAOTO.

ITpuaosxenune 1.
PaccmarpuBaercsa perrenne ypapaenuii (3.2-3.9) B Buae dyHKIuit
(3.10-3.18). Aaree mpousBOAHBIE IO ¥ OYAEM OOO3HAYATH IIITPHUXAMH.

IIpn srom nepermmiiem ypasaenus (3.2-3.9) B caeayromem ropsake (3.5,
3.2,3.3,3.4,3.6,3.7, 3.8, 3.9) u nepenymepyem ux:

jri’)+ (r )+J<”( ) ot 4 7.(r) =0, G5 W
by 1) =5, a6

—h (Y —h.(r) = j, (1), G3) @

@+h;(r)+h’7(r)~a = j.(r), X ING)

%'].z(”)a_jq,(”))(:o’ 36 (9

—J, = jir) =0, 67 O

J"’( )+ (7 )+Jr(r) a=0, (38 (8
h (7‘) hy(r)

+h () + 2 h
o)+ &+ xh,(r) = m(r) 59

Cucrema ypasuenwmii (1-8) perrena B mpuaokenuu 1 raaBer 5 u
HIMEET CACAYIOIIHHA BUA!

Jj,)=F, @), (25)

i -1/. y

J, (r)=—(/¢,<r)+m¢<r)), 6)

J=Zr o), @
h M) =) j(p(r),jz(r)). 28)

A1)

ho(r) = X( =)
h(r)= _71 (/ L)+, () (30)

Oyukrus F, (r) OIIPEACACHA B YKa3aHHOM HIpHAOkeHHHU. Ilpm mMaswx 7

(29)

dyukiua (25) npuHEMaET BHA

y= AxB, G1)
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maea 14. CTpyKTypa 3NeKTPOMarH1THOro Noss B Tefie NOCTOSAHHOrO MarHuTa

rae A — KoHCTaHTa, U
B=%(—3J_rq/3+4xz). p<0 32

[Tpm sTom Aast pacdera 1o ypasHeHHAM (25-30) AOAKHBI OBITH M3BECTHBI
BeAmarHb 4 X, X,
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(naBa 15. YeTBepTas anekTpoMarHMTHas MHOYKLMS

I'aaBa 15. HerBeprad
SAEKTPOMATHUTHASA MHAYKIIUA

Oraasaenne
1. Berymaenme \ 1
2. CHABI M TIOTOKH 3AEGKTPOMATHHUTHOM
SHEPIUH B 9ACKTPOIIPOBOAHOM Teae \ 1
3. BHABI 9AEKTPOMATHUTHON HHAYKINAN \ 3

1. Bcrymaenune

Huynxe paCCManI/IBaIOTCH BapI/IaHTbI SACKTpOMar HUTHON
MHAYKIIIH. BI)IACAHCTCH UHAYVKIMA, BbI3BAHHAA HN3MCHCHHUCM IIOTOKA
SACKTPOMaFHI/ITHOEI SQHCprum — T.H. HYCTBEPTAA IACKTPOMATHHUTHASA

naaykimd [19]. Haxoawrca 3aBHCHMOCTB 3.A.C. 3TOH HHAYKIIMH OT
IIAOTHOCTH  ITOTOKA 3AEKTPOMATHHTHOW SHEPIMM M  IIapaMeTPOB
mpoBoAa. PaccmaTpuBaeTcs MEXaHH3M BO3HUKHOBEHHSA ITOTOKA SHEPTHH,
ITOCTYIIAIOIIETO B IIPOBOA M KOMIICHCHPYIOIIIEIO TEIIAOBBIE IIOTEPH.

2. Cuabl W MTOTOKH 3AEKTPOMAarHUTHOM

JHEPINU B JACKTPOIIPOBOAHOM TEAC
3aKOH COXpaHEHHA HMIIYAbCA AAA TE€AQ, B3AMMOACHCTBYFOIIETO C
3AEKTPOMATHUTHBIM ITOAEM, MOKHO 3aITHCATh B CACAYIOITeM BuAe [13]:

—3:) =5:(0V) + gV
, M

VNS

J — MEeXaHMYeCKHH HMMITyAbC YCTPOICTBA,

P - IIAOTHOCTD 3AEKTPOMATrHUTHOTO HMITYABCA,

g - TAOTHOCTB TIOTOKA 3AEKTPOMATHUTHOTO UMITYABCA,

V' - obbeM Teaa, B KOTOPOM HMIIYABC 3AEKTPOMATHHUTHOTO IIOAA

B3aHMOACHCTBYET C TEAOM, T.€. C 3aPAAAMU B 3TOM OOBEME.

BaxuO movepkHyth, 9TO 9Ta (DOPMyAd IPUMECHHMA TOABKO K TEAY, B
KOTOPOM __ €CThb __ CBOOOAHBIC _ 3apfAABL.  Takoe  TeAO  ABAAETCA
3AEKTPOIIPOBOAHBIM.

Vpasuenwne (1) o3Hauaer, 9TO CYMMapHBIH IIOTOK HMITyAbCA BO
BCEM OOBEME ITOAA PABEH HYAIO.
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(naBa 15. YeTBepTas anekTpoMarHMUTHas MHAYKUUS

M3BecTHO, 9TO CHAQ, ACHCTBYFOITAA HA TEAO,

d
F=- :
7t o

CAepaOBaATEABHO,
F_o0p
v=att I, 4
Mzsecrro [13], aro
p= S
==,
¢ )
9= 2
¢ ©
TAC S _ HaoTHOCTD mTOTOKA aAeKTpoMarHuTHOM sHeprun. OObeansss (3-
5), HaxoAHM:
V—ot\;2) ¢

©)

Takum 00pasoM, €CAM IAECKTPOIPOBOAHOE TEAO HAXOAUTCA B IIOTOKE

SAEKTPDOMATHUTHOMN SHEPIUN S ., TO Ha Hero Aemcrsyer cuaa (6),

3ABHUCAIIASA TOABKO OT IIOTOKA 3AEKTPDOMATHUTHOU SHEPIUN S . DTa cuaa

CYH_ICCTBYCT u HpI/I IIOCTOAHHOM ITIOTOKC S, " TOTAQ
)
V C_ (7)

B rtomM cAywae, ecAm IIOTOK 9ACKTPOMATHUTHOW 3HEPIUU

PACIPOCTPAHAETCA B TEAE C OTHOCHTEABHBIMH AHUIACKTPUYECKOM & U
MArHATHOW A/ IIPOHHIIAEMOCTAMH, B IIPEABIAYIIIIE (DOPMYABI BMECTO
CKOPOCTH CBETA C B BaKyyMe€ HEOOXOAUMO ITOACTABHTH CKOPOCTH CBETA B
BEIIIECTBE

c
¢, = . ®

s \/a

PaccmotpuM  cAydaii, KOTAA BEKTOPBI JACKTpHYECKOH FE m

MarHuTHOW H  HaIpMKEHHOCTEH IEPIEHAHKYAAPHBL. 1OrAa BMECTO
dopmyasr (6) TOAyIaeM:

F_ 0 (Sen +S\/s_u
C

vV~ ot\ 2
¢ ©))
Ecan, kpome TOrO, 1oA€ ABAAETCA IIOCTOSHHBIM, TO
F _ S\gp
V. ¢ | (10)
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(naBa 15. YeTBepTas anekTpoMarHMTHas MHOYKLMS

3. BUABI 3A€KTPOMAarHUTHOU MHAYKIITAH
I/ISBCCTCH 3aKOH SACKTpOMaFHHTHOﬂ I/IHAyKLII/II/I

oD
= — 1
¢ ot’ M

rae @ - marauTHBIT TOTOK, € - 9.A.c. M3Bectno Takxke [13], uro ara
SAEKTPOMATHHUTHAS MHAYKIHA - ITOABACHHE 3.A.C. B IIPOBOAHHKE MOJKET
BO3HHUKATH KaK CAGACTBHUE BBIIIOAHEHS ABYX 3aKOHOB:

F=q(vxB), @)
OB
VxE= - 3)

B coorBercTBHM € 3THM Pa3AHYAIOT ABA BHAA 3AEKTPOMATHUTHOM
HHAYKIIAN —

IIEPBBIA BUA - CAy4ail (3), KOrAa B IIPOBOAHHKE 3.A.C. ITOABAACTCA
BCAGACTBHE H3MEHEHHUSA MATHHUTHOTO IIOTOKA, -  J1eK/IpoMazHumnas
UHOYKYUSA, 6bI36AIHAR USMEHEHUEM MATHUNIHOZ0 NOINIOKAy

BTOPOM BHA - CAyYail (2), KOTAA 3.A.C. B IIPOBOAHHUKE ITOSABAAECTCH
IIOA ACHCTBHEM MATHHTHOH CHABI /\OpEHIIa BCAGACTBHE B3aUMHOIO
[IEPEMEIIICHHA IIPOBOAA H MATHUTHOTO ITOAA 0€3 N3MEHEHIA MATHUTHOIO
IIOTOKA, - 3AeKmpoMazumnas undyKyus, evissarinas cusoi ~lopernya.

VsBecten © TpEeTHH BHA  3AEKTPOMATHUTHOM  HMHAYKIIUH,
BO3HHKAIOINEH B YHHIOAApPHOM reHeparope MDapases — jyuunosspras
waekmpomaztumnas  undykyus. B oTOM reHeparope ABHIaTEAb BpaIlacT
ITOCTOAHHBI MATHHUT, 42 Ha PAAHyCE MAarHHUTA CO3AACTCA 3.A.C., KOTOpasd
onpeaeAsierca 1o opMyAe BUAQ

e=wBL*/2, )
rAe

B - MHAYKITHA TOCTOAHHOTO MATHHTA,

L - AnmHa pasmyca MarHuTa,

@ - yTAOBaA CKOPOCTH BPAITICHIA.

Dra  dopmyAaa IIOAyYEHA pasHBIMH MeToAamm: B [22] ¢
IIPUMEHEHUEM TEOPHUH OTHOCHTEABHOCTH M B [206] Ha OCHOBE 3aKOHA
COXPaHEHHUA UMITyAbCA.

[Iupoko wm3BecTeH ® TOT (PaKT, YTO TOK HHAYIHPYETCd B
IIPOBOAHUKE, HAXOAAIIEMCA B IIOTOKE 3SHEPIUU IACKTPOMATHHTHOM
BOAHBL. Hazosem  asekmpomaciummyro — undykyuro,  6viséarnyto  nomokom
aeKmpoMazumol  epeuy  ICTBEPTBIM __ BHAOM  9AEKTPOMATHUTHOM
HMHAYKITUH. D.A.C. 9TOH HHAYKIINHA PaBHA IAOTHOCTH CHA, ACHCTBYFOIITIX
HA 3apAABl U BO3HHUKAIOIIUX C IIOABACHHEM IIOTOKA 3SHEPIUH
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(naBa 15. YeTBepTas anekTpoMarHMUTHas MHAYKUUS

3AEKTPOMATHUTHOH. Brime stm cmawnr ompeaeaensr mo (2.9, 2.10).
CAeAoBaTEABHO, YeTBEPTAA 3.A.C. HHAYKIIMH paBHA
e = d (Seu n S\JEN
47 9t\ 2 c

HAH P HEU3MECHHON BEAHYNHE IIOTOKA
S e
gy =0
©)

CAEAOBATEABHO, IACKTPOMATHHTHEIA ITOTOK IIO3BOAfAET 3apAAAM
(TOKy 3apAAOB) IIPEOAOAEBATH COIIPOTHUBACHHE ABIKCHHIO M COBEPIIIACT
padoTy (KOoTOpas YaCTUYHO IIPEBPAIIACTCA B TEIAO). DTa CHAA ACHCTBYET
Ha BCE 3aPAABL (9ACKTPOHEL) B IIPOBOAE, HAIIPABACHA B CTOPOHY TOKa (T.C.
OHA HE ACHCTBYET HA IIPOBOA B IIEAOM). TakmM 0OpasoM, IIOTOK CO3AAET
3.A.C., KOTOpas "ABIIKET TOK'.

C Apyroif CTropoHBEI, B TAaBE 5 IIOKa3aHO, YTO IIAOTHOCTD

®)

9AEKTPOMATHUTHOU 3HEPIUM ABAACTCH cpyHKuHef/'I IIAOTHOCTH TOKA ] u

MATHUTHOM HaHp}DKCHHOCTI/I , 9TO Bpra)KaCTCH (pOpMyAOfI BHAQ — CM.

(5.3.3):
S=p/H, ™

IA€ L - 9ACKTPOCOIPOTUBACHHE. Takum 0OOpa3oM, KaKABIH 9AEMEHT
IIPOBOAQ C TOKOM H3AYYA€T IIOTOK 3AEKTPOMATHUTHOH SHEPIHH. DTOT
IIOTOK IIPOHU3BIBACT CACAYIOIIHI 3AEMEHT IIPOBOAA H CO3AACT B 3TOM
9AEMEHTE CO3AAET CHAY, ACHCTBYIOIIYIO Ha 3aPAABI, T.C. OIIPCACACHHYIO
BBIIIIC 9.A.C. YCTBEPTONH 9ACKTPOMATHHUTHON MHAYKIIIH. DTA CHAA CO3AACT
Tok. Takum oOpasom,

TOK B _CACAVIOIIIEM AEMEHTE BO3HUKAET KAK PE3VABTAT ITOTOKA

SAEKTPOMATHUTHOM SHEPINH, COSAAHHOIO TOKOM ITPEABIAVIIIETO

DAEMEHTA.

3aMeTuM, 9TO IIOTOK SHEPIUH, CO3AAHHBEIN HEKOTOPHIM 9AEMEHTOM TOKa,
HE wmokeT BO3AECHCTBOBATH HA 3TOT 3AEMEHT TOKA, TOYHO TAKKE KaK
ITIOAE 3apAAA HE MOKET BO3ACHCTBOBATD Ha 9TOT 3aPFA.

Takoe IPEACTaBACHHE XOPOIIO COTAACYETCA C TEM H3BECTHBIM
dakTOM, YTO y MOAHUU CYIIIECTBYET AHUAEP, ABIUKYIIHICA CO CKOPOCTBIO
B HECKOABKO COT KHAOMETPOB B CEKYHAY — CM. TAaBy 10, paaea 7.

WsBecren 9KCIIEPHMEHT, KOTOPBII MOZKET CAY/KHUTb
SKCIIEPUMEHTAABHBIM AOKA32TEABCTBOM CYIIIECTBOBAHUA 3TOH MHAYKIIHH

[17].
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I'AaBa 16. DAEKTPOMATHUTHBIN
XPAHUTEAD SHEPTUH U
HTHMOOPMAITIHT

OraAaBAaeHue
1. Beaenne \ 1
2. DkcuepuMeHTH \ 2
3. MaTeMaTITIeCKas MOAECAD \ 4
4. Dueprus \ 8
5. Apyrue dopmsl xpaHureas \ 9
6. Konaencaropuerit xpanureas \ 10
7. O coxpaunsromeit cuae \ 10
8. Xpauwureas B Bakyyme \ 11
9. 3akArouenue \ 9

[Tpuaoxenne 1\ 11

1. BBeaenue

W3BecTeH 3KCIIEPUMEHT, KOTOPBIM AEMOHCTPHUPYET COXPAHCHHE
LIEAOCTHOCTH HEKOTOPOW KOHCTPYKIIMM IIPH OTCYTCTBHH BHAMMBIX
CBA3YIOIIUX CHA. TaKOM 9KCIIEpUMEHT BIIepBBIC ormcaH B 1842 roay, HO
AO CHX IIOp HE HAIllEA HAYIHOro oObAcHeHHA. OAHAKO HHTEPEC K HEMY
He ocAabesaer, 4To OTpaxkaercs B VuTepHer-myOAmkamuax. B crarse
ITOKA3bIBACTCA (HA OCHOBE peIeHus ypaBHeHHH MakcBeAAa), dTO
SKCIIEPUMEHT OOBACHACTCA COXPAHEHHEM SACKTPOMATHUTHOM 3SHEPIUH
BHYTPH KOHCTPYKIIMH U IIOSBAGHHEM CTOSYEH 9ACKTPOMATHHTHOM
BOAHEL

Ha ocHoBe 9TOrO pereHus moKa3pBaeTC, YTO KOHCTPYKIIUA MOKET
OBITb BBIITOAHEHA HE TOABKO Ha OCHOBE (DEPPOMATHEHTHKOB (YTO
HU3BECTHO), HO U B BHAE KOHACHCATOPA, 4 CAMU XPAHUTEAU MOIYT HMETh
pasHOoOOpasueie  ¢opmbl.  IloHmmanme — «mpuHINITA — ACHCTBHA»
XPaHHUTEAS, CYIIECTBOBAHME KaK MATHHUTHOIO H  JAEKTPHUYECKOIO
XpaHHUTEACH, pasHOOOpasue ero popM MOIYT OBITH IOAOKEHBI B OCHOBY
PA3AMYIHBIX TEXHUYIECCKHX H300PETECHHII.

Aasee OKa3BIBACTCH, YTO TAKHE KOHCTPYKIIMH MOIYT COXPAHATH HE
TOABKO SHEPIUIO, HO U HMHAOPMAIHIO. DTOT (DaKT AAET OCHOBAHHUE AAA
OOBACHEHUS TAKUX ABACHHH, KAK MHPAKHU IIPOIIAOTO (CpaKeHHsA CO
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maBa 16. ONeKTpoMarHUTHbIA XpaHuTeNb 3Heprum 1 ndpopmasuu

3ByKaMH 00f). DTH ABACHHS ITOPA3UTEABHBI M KAYT CBOETO CTPOTrOro
HAy9HOIO OOBACHEHU.

HabAroAeHuA IOKa3BIBAIOT, YTO MHPAKH HE MEHAIOT CBOE
ITOAOKEHHE HA 3EMAC. Y CTOMYMBOCTD ITOAOKEHHS MUPAKEH BBISBIBACT
0coObIi mHTEpec. B crarbe mokasaHo, 9TO CTAOMABHOCTD IOAOMKECHUSA
MHP2KA MOKET OBITH OOBACHEHA TEM, YTO B 30HE MHPAKA HMEETCA
cTofvas  DACKTPOMATHHUTHAA  BOAHA,  IYABCHPYVIOIIHH  ITOTOK
SAEKTPOMATHUTHOM SHEPTUM M IYABCHPYIOIIAA SAEKTPOMATHHTHAS
macca. llenTp Macc He MEHAET IIOAOKEHHE, YTO OOECIEYHBACT
CTaOHABHOE ITOAOKEHHE XPAHNTEAS Ha 3eMAe. TakuM 0Opa3soM, MEPaKHI
MOXKHO  PAcCMATPHUBATL  KaK  OKCIEPUMEHTAABHOE  AOKA3aTEABCTBO
CYIIECTBOBAHMA  JAEKTPOMArHUTHOH  Maccel. Cam  dakT  Takoro
AOKa3aTEABCTBA MOKET CTATh CTUMYAOM Pa3pabOTKH HOBBIX TEXHIYECKUX
YCTPOMCTB C UCIIOAB3OBAHUEM IACKTPOMATHUTHOM MAaCCHI.

2. DKCHepUMEHTHI

B [38, 133] onmceiBaeTcs CAGAVIOIIMI 3KCIIEPUMEHT — CM. puc. 1.
Bepyrcs ABa Opycka M3 MATHHTOMATKOTO ’KE€AE32 C BEIEMKOH IIO LICHTPY
Opycka I10 BCEH AAMHE Opycka. DT OPYCKH CKAAABIBAIOTCH TAK, ITOOBI
00OpasoBaAcs OOl KaHAA. B 9TOT KaHAA BKAAABIBACTCA IIPOBOA, a IIO
HEMy IPOIYCKACTCA HMIIYABC TOKA. Ilocae 3TOro OpycKH OKa3bIBarOTCA
CKPEIIACHHBIMH KaKOH-TO cuAOW. CHAA HCYE32€T, €CAH IIO IIPOBOAY
IIPOIYCTUTh HMMIYABC TOKA, PAaBHBIH IIPEABIAYIIIEMY IIO BEAWYHHE U
AAUTEABHOCTH,  HO  IPOTUBOIOAOMKHBIA IO  HAIPABACHHIO.
OO0s3aTeAPHBIM YCAOBHEM BO3HHUKHOBEHHA 3(eKTa SABAACTCA TOUHAS
00pabOTKA IPHUAETAIOIINX ITOBEPXHOCTEI, HE AOIYCKAIOIIAA ITOABACHUA
BO3AYIITHOTO IIPOME/KYTKA MEKAY HIMH.

S yxe obparmaaca k atoit teme B [39]. 3aece mpuBoamTcsa OoAee
cTporoe 0OOCHOBaHHE AAHHOTO ABAcHHUA. Cefgac HMHTEpeC K 9TOH Teme
BEpHYyACA OAaroAaps asxcrepumentam beaenkoro [133] — cm. puc. 2. Ho
Ha CAMOM ACAE 3Ta TeMa MMEET AABHIOIO mcropuro: B kuure [134] or
1842r. paccmarpuBaercs mmoAoOHas koucrTpykmma. Ha pume. 3 m3 [134]
ITIOKA3aH PAa3bEMHBIA JACKTPOMATHUT. ['py3bl ITOABEIIMBAIOTCA K HEMY
ITIOCAE BKAFOUEHHUSA TOKA, HO ITOCAC OTKAFOYCHHSA TOKA IACKTPOMATHHT HE
pacrasaeTcs.
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of) 7:49/43:44

Puc. 1. Pnc. 2.

Puc. 4. Puc. 5.

DPdexr He MOxkeT OBITH 0OBACHEH AudPysneii (T.K. Opycku Ha
puc. 1 u 2 IpUKAAABIBAFOTCS APYT K APYIYy 0Oe3 AaBAcHuA n "OTAHIIArOT"
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maBa 16. ONeKTpoMarHUTHbIA XpaHuTeNb 3Heprum 1 ndpopmasuu

IIPA BKAIOYCHHH OOPATHOIO HMIIYAbCA) M HE MOKET OBITh OOBACHEH
MArHOTHBIM ~— HOPUTHKEHHEM  (T.K.  MaTepuas  OPYCKOB — ABAAETCA
MarHHTOMSATKHM U HE COXpaHACT HAMATHUYEHHOCTD).

MsBecTHEI M ApYTHE SKCIEPHUMEHTHI, ACMOHCTPHPYIOIINE TOT iKE
sacpdexr. Ha pumc. 4 mokasan 3AEKTPOMATHHUT, COXPAHAFOIIHH CHAY
IIPUTAKEHUA ITOCAE OTKAFOUEHHsA ToKa. lIpeAmoaararor, uro Takmmm
SAEKTPOMATHUTAMH ITOAB30BAACA DA AEEACKAAHHH IIPU CTPOHTEABCTBE
saamenuToro Kopaaaosoro 3amka — cm. puc. 5 [38].

Bo Bcex 9THX KOHCTPYKIIMAX B MOMEHT OTKAIOYCHHA TOKA
SAEKTPOMATHHUTHAS SHEPIUA MMEET HEKOTOPOE 3HAYeHHe. DTa SHEPrus
MOJKET PACCEATHCA IIYyTEM U3AYIEHHA U TEIAOBEIX TOTEPh. OAHAKO, ecAn
Ti  (PAKTOPBI HE CYIIECTBEHHBI (IO KpaiHel Mepe, B HAYaABHBIH
ITIEPHOA) SIACKTPOMATHUTHAS SHEPTUA AOAKHA COXPAHATHCH.

Aasee MBI pPaccCMOTPHUM YCAOBHSA, IIPH COOAIOACHHH KOTOPBIX
JAEKTPOMATHUTHAA 3HEPIUA COXPAHACTCA CKOAb YJIOAHO AOAIO, 2
COOTBETCTBYIOIIAA  KOHCTPYKIHA  MOKET  PacCMATPHBATBCA  Kak
9ACKTPOMATHUTHBIA XPAHUTEAD SHEPIHH,

3. Maremarnueckass MOAEAD
PaCCMOTpI/IM KY6, COCTOHH_II/II‘/'I N3 MAarHuTOMATKOI'O MaTCpI/IaAa C
OIIPEACACHHBIMH a0COAIOTHOH MATHUTHOH IIPOHHUIAEMOCTBIO A H

aOCOAFOTHOHM ~ AMIACKTPHYECKOH IpoHHIIaeMOCTRIO &. Ilycte B
pesyAbTaTE€  HEKOTOPOIO  BO3ACHCTBHA B KyO€  BO3HHKAA

9AEKTPOMATHHTHAA BOAHA C OJHEPIuen WO' B kybe mer TemAoBBIX

IIOTEPh, 4 U3AYIECHUA KyOa (B T.9., H TCIIAOBBEIC) IIPEHEOPEKUMO MAABL
Uepes HEKOTOPOE BpeMs ITaPaMETPbl BOAHBI IIPUMYT CTAIIHOHAPHBIC

3HAYEHUA, OIPEAECAIEMBIE 3HAYEHUAMU M, &, Wo U pa3MepoM Kyoa.

Drumu HapaMeTpaMI/I ABAAKOTCA HaHpHH{CHHOCTb BACKTPI/I‘ICCKOI“O IIOAA 11
HaHpH)KCHHOCTb MAardamTHOTI'O IIOAA Kak prHKHI/II/I ,A,CKapTOBbIX

KOODAMHAT W  BpPEMEHH, T.C. E(x,y,z,t) u H(x,y,z,t).

EcrectBeHHO, OHE YAOBAETBOPAIOT CHCTEME ypaBHeHUIT MakcBeAAa BHAA
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naBa 16. ONeKTpoMarHUTHbIA XpaHUTeNb 3Heprum n ndopmMawmm

L aHZ_aHy_gaEx:
oy 0z ot

> a[_[x_aHz_géEy_
0z ox ot

3 5Hy_8Hx_£8EZ:
ox oy ot

4. aEZ_ﬁEy+ﬂaHx: M
oy 0Oz ot

5. aEx—aEZ-i-luaHy:O
0z  Ox ot

6. 8Ey_aEx+ﬂaHZ:O
ox oy ot

" 0B, OBy OE, _,
ox oy Oz

8. aHx+aHy+8HZ:
ox oy 0z

PaccmoTpum caeayrorue dynkimn (mpearoKeHHBIE B [45]):

E.(x,y,2,t)= excos(ax)sm(ﬂy)sm(yz)mn(a)t) 3)
E, (x,v,2,t)= eysm(ax)cos(ﬂy)sm(;z)sm(a)t), )
E_(x,v,z,t)= esin(ax pin(By kos(jz )sin(ar ). ©)
H,(x,y,z,t)= h,sin(ax kos(By kos(z )cos(eat), ()
H, (x,v,2,t)= hycos(ax)sin(ﬂy)cos(;z)cos(a)t), )
H_(x,y,z,t)= h,cos(ox kos(By kin(iz Jcos(ax), ()

ex,ey,ez,hx,hy,hz

a, ,B, ﬂ«, () - KOHCTAHTHL

TAC

- HOCTOSIHHBIE AMIIAUTYABI cpyHKHHf?I,
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maBa 16. ONeKTpoMarHUTHbIA XpaHuTeNb 3Heprum 1 ndpopmasuu

Anddepenmupya (3-8) um moacraBaas moaydennoe B (1) mocae
COKpAILIEHHUA Ha OOIIIHE MHOKUTEAH, IIOAYIACM:

Lo h,B=hyy+ecw=0

hyy —h,a+e,e0=0

y

hya—hyf+e,c0=0

2
3

4 e f-eyy—hyuw=0 9)
> ey —e,a—hyun=0
6

7

8

eya—eyff—huw=0

exa+e,ff+ey=0

hya+hy,f+hy=0

ITockoABKY crcTEMa CHMMETPHYHA, IIPUMEM
a=p=A1. (9a)

[Tpu srom cucrema ypasuenuit (9) mpuHIMaET BHUA:

Lo h,—hy +eew/a=0

h

hy =h; +eye0/a=0
hy, —hy +e;e0/a=0
e, —ey,—hypw/a=0 (10)

2
3
4
5 ex—e;—hyuw/a=0
6
7
8

ey —ex —huwja=0

e, te,+e, =0

y
hy+hy,+h, =0

Vpasuenns (10.7, 10.8) Bemoansrorcs Toabko, ecan @ >0 _ e
npuaoxenne 1. Kpome Toro, B cucreme ypasuenuit (10) ypasaenns
(10.7,  10.8)  cAeAyrOT  HEIIOCPEACTBEHHO M3  IPEABIAYIIHX.
AetictBureapHo, ckraabBas ypasaeHus (10.4-10.6), moaygaem (10.8), a
ckaaabBad (10.1-10.3), moaygaem (10.7).
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naBa 16. ONeKTpoMarHUTHbIA XpaHUTeNb 3Heprum n ndopmMawmm

Ilepsoie 6 ypasmenmit B cucreme (10) ¢ 6-r0 HeEM3BECTHEIMU
HE3aBUCHUMbBI M N3 HHUX MOTYT OBITh HAHAEHBI AMIIAHMTYABl (DYHKIIHIHA

ex,ey,ez,hx,hy,hz .
byaem uckars permenne cucremsr (10.1-10.6) npu
h,=0. (102)

Toraa sTa cucreMa IPUMET BHA:

L eew/a—hy, =0

eyem/a+hy =0

e;éw/a—hy +h, =0

2
3
4 —eyte; —huw/a=0 (11)
5
6

exy—e;—hyuo/a=0

—ey+e, =0

Pemrenne cucremst (11) nmeer BuA:

hy =—hy. (12)
h

e, =— x4 (13
EQ

e, =ey, (14)

e, =—2e,. (15)

3armineM HAIPpSKEHHOCTD (3) B BUAE
— ; T
E (xyzt) = esin(wt)E, (x,y,2) )

rA€ TPUTOHOMETpUYCCKas (PYHKIIHSA

EZ;(x,y,z) = cos( x x)sin(By)sin(yz) 160
AnasormaHeiM 00pasom 3amminem dyaknnn (4-8) ¢ yaerom dopmya
(10a, 12-15)

— b o T
E y(x,y,z,t) = e, sin(wt)E y(x,y,z) )

_ ; T
E (xyzt) = -2e.sin(wt)E, (x,y,z) as)

H, (xy,zt) =— %excos(wt)H Z;(x,y,z)
19)
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maBa 16. ONeKTpoMarHUTHbIA XpaHuTeNb 3Heprum 1 ndpopmasuu

_ Ew T
Hy(x,y,z,t) = Fexcos(wt)H y(x,y,z)

(20)
H, (xyzt)=0 o
Haiiaem Termepb KBaAPaT MOAYASl CYMMAPHBIX HAIIPAKEHHOCTEH:
2 _ 2 2 2\ _ 2.2 2T
E°= (Ex +E,+ EZ) = 6e sin”(wt) - E“" (x,y,2) -

H? (Hz +H2) 2(8&0)2 ecos? (wt) - HZT(x,y,Z)

TAE
E 2T(x,y,z) = (Ez(x,y,z))2 + (E§(x,y,z))2 + (E 721(9c,y,z))2 (24)
HZT(x,y,Z) = (Hz(x,y,z))2 + (H;(x,y,z))z(ZS)
Paccmorpum oTHOMIEHNE

E 2T(x,y,z)
H* (x,y,2) 26)

Mo:xno nokasars (cM. Khranitel.m), aro npu ycaosun (92) orHOIeHme
HE 32aBHCUT OT pPasMepoB KyOa M BeAmdmHB . DTO O3HAYAET, YTO

q:

AMIIAHTYABI CYNIMapHI)IX HaHpHHCCHHOCTCI;‘I OTHOCATCA KaK

E2 _ 6ejch
H? 2(5_(‘))2
a (272)
AN
-2t
—\/2
@ \/_ (28)
AN
H E
e .
AAst kyOa
q=3, (30)
Toraa
|H| |E]|
@1
4. Dueprus
ITrotHOCTD 9HEpPIIH paBHA
W = eE? + uH?

16-8



naBa 16. ONeKTpoMarHUTHbIA XpaHUTeNb 3Heprum n ndopmMawmm

HAH, C YIETOM IIPEABIAVIIIIX (DOPMYA,
_ 202 2T Ew\2, 2. 2 2T
W =c¢-6esin“(wt) - E“ (x,y,2) + u- 2(7) eycos”(wt) - H*' (x,y,z)

Vauresas (20), 3amurem:
W = EZT(x,y,z) e (63 sin (u)t) + un(soo) cosz(u)t))

ECAI/I qacToTa yAOBACTBOpHCT yCAOBI/IIO
2U(Ew

6e = SH(EW)2
g\a

HAH, ¢ yaeToM (27), yCAOBHIO

_ 3a
N 2

TO
W =6¢-E*T(x,y,2) - e,zc( - sin?(wt) + cosz(wt))

UAU
W = 6¢- EZT(x,y,z) . e,zc (33)

CaeaoBaTEABHO, €CAHM 4YacTOTa yAoBAeTBOpsAeT ycaosuro (30), to
SHEPIUA SAEKTPOMATHHUTHOHM BOAHBI HE 3aBUCHT OT BpemeHH. lloamas
sHeprusA B oObeme Kyoa

f f f Wdxdydz = 6¢ - e fff EZT(x,y,z)dxdydz
W="%yz xy.z . (34)

WMrak, cyImecTByeT Takasg 9acToTa JACKTPOMATHUTHON BOAHBI,
IPU KOTOPON SHEPIMUA IACKTPOMArHUTHON BOAHBI B KOHCTPYKIIMN
COXPaHAETCA ITOCTOAHHOM.

W3 (31, 32) caeayer, 9To IpH 3TOM

€ 3a €
H| = = Jane E|=|E| |z
W3 (16- 21) caeayer, uto

= |E|sin(wt),

= |H|cos(wt).
D10 O3HAYAET, YTO IIPH YKA3aHHBIX YCAOBHAX B_KyOe cymiecrByer
crofaYas JACKTPOMArHuTHas BoOAHA. Crosfdas BOAHA HE H3AYYIACTCA
CKBO3b I'DaHH KyOa.

5. Apyrue popmsel xpanuread
Bermie pacemarpuBasca xpannteab B popme kyOa npu yecaosun (9a).
AAA CYIIECTBOBAHHUA XPAHUTEAS APYTOH (DOPMBI AOCTATOYHO YOEAHTCA B
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maBa 16. ONeKTpoMarHUTHbIA XpaHuTeNb 3Heprum 1 ndpopmasuu

TOM, 9TO AAAL 9TOH (DOPMEI BeAmdrHa (20) HE 3aBHCHUT OT Pa3MEPOB TEAa
U BEAHYHHBI X. ABTOP IPOBEPUA BBIIIOAHEHHE 3TOIO YCAOBHA AAA
IIIAUHAPA C BBICOTOH, PaBHOW AHMAMETPY, U AAA CEpHl. Y ITHX TeA,
TaKKe, Kak u y kyba, 4 = 3.

Aat Tea ¢ IIEHTPAABHOM TOYKOH CHMMETPUH (IIAPAAAEACIIHIICA,
LUAUHAP IPOU3BOABHOI  BBICOTBI, IIMAHMHAP C  O3AAHIITHYICCKUM
OCHOBAHHUEM, SAAHUIICOMA) VKA3aHHOE YCAOBHE TAaKKE BBITOAHAECTCH, HO

AA}IHI/IXq * 3

6. KoHA€HCATOPHBIN XpaHUTEAD

W3 m3A0KEHHOTO CAEAYET, YTO 3HAYEHHE I1apaMeTpos & H me
BAHACT Ha caM (PaKT CYIIECTBOBAHHUA PACCMATPUBAEMOIO ABACHUI.
[Tosromy KpOoME MATHHTHOIO XPAaHHUTEASl MOMKET  CYIIECTBOBATDH
KOHAEHCATOPHBIN XpaHuTeAb. V] Tako cyImecTsyer.

VsBecteH SKCHEPHUMEHT, KOTOPBIA fABAfCTCA (HA HAII B3TAfA),
HEOCIIOPUMBIM ~AOKA32TEABCTBOM TOTO, YTO OSHEPIHA KOHACHCATOPA
xpaHuTca B AmdAekTpuke [122]. Aad mpoBeAeHHS OIBITOB  OBIAQ
HM3TOTOBAEHA YCTAaHOBKA M3 ABYX KOHAEGHCATOPOB, MEKAY KOTOPBIMU
IIEPEMEIACTCA AUIAEKTPUK. B pesyaprare B OAHOM KOHAEHCATOpE
AHDACKTPHUK 3aPAKACTCA SHEPTUEH OT BEICOKOBOABTHOIO UCTOYHHUKA, 4 U3
APYITOIO KOHACHCATOPA 9Ta JHEPIUSA H3BAEKACTCA — KOHAEHCATOP
paspmkaerca depes paspAAHHK. ABTOP 9KCIIEPHMEHTA OODBACHACT ITO
ABACHIE IIEPEHOCOM 3aPSAAA B AUIACKTPHKE. DTO U HE YAUBHTEABHO: AO
HACTOSIIIETO BPEMEHH ACOATHPYETCH BOIPOC O TOM, TAE K€ XPAHUTCA
zapsAA. [ToaoOHEIe, HO 3HAUMTEABHO MeHee 3(PEEKTHBIE SKCIIEPHMEHTHL,
AO CHX ITOp OOBACHAANCH TEM, YTO HA IIOBEPXHOCTU AUIAECKTPUKA IIOCAE

CbeMa METAAAMYECKONM OOKAAQAKH BCEIAA COXPAHACTCA IIACHKA BAAIW,
coxpansrorman 3apAA [123]. Ho kax sra maeHKa ycreBaeT BO3HHKHYTH U
KaK BOAQ YCIIEBACT 3aPAAUTHCA — 3TOT BOIIPOC HE PACCMATPUBACTCA.

TakuM  0OpasoM, 9AGKTPOMATHUTHAA OHEPIUA, KOTOpad B
3aPAKEHHOM KOHAEHCATOPE XPAHHUTCA B BHAE CTAIMOHAPHOIO IIOTOKA
9AECKTPOMATHUTHON 9SHEPrHu (CM. IAAaBY 7) IPH CHATHHA OOKAAAOK
IIPEBPAINACTCA B 9HEPIUIO CTOAYECH BOAHEL

Ilycte  AMBPAEKTPHK  KOHAGHCATOpa  COCTOMT M3 ABYX
HECKPEITACHHBIX YacTel. 3apAAUM €ro M CHHMEM 3aPAKEHHBIE OOKAAAKIL.
O06e gacTu AMUIAEKTPHKA OYAYT YACPKHBATHCA HEKOTOPON CHAOMH. ABTOP
HE BBIIOAHAA TAKOH OSKCIIEPHMEHT, HO, OE3yCAOBHO, OH MOKET OBITH
BBILIOAHCH.

7. O coxpaHAromien cuae
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naBa 16. ONeKTpoMarHUTHbIA XpaHUTeNb 3Heprum n ndopmMawmm

[TAOTHOCTD 9AEKTPOMATHHTHOM OJHEPIUU paBHA, KaK H3BECTHO,
BHYTPCHHECMY AABACHHIO B TEAE, TAC HaXoAuTcA 9Ta sHeprua. Cuaa
AABACHUSI HAIIPABACHA BHYTPb TeAa (Takke, HAIPHUMEp, KaK B
3apHKEHHOM KOHAeHcaTope). [1py pacTsikeHNM TeAa YBEAHYHNBACTCA €rO
SHEPIUA, IIOCKOABKY VBEAHYHBACTCA €ro OOBEM IIPH ITOCTOSHHOM
maotHOCTH 2HEprun. CACAOBATEABHO, AAf PACTHKCHHA TEAA HYKHO
coBeprmuTh pabory. CHAa paCTSKEHHA pPaBHA CHAE BHYTPEHHETO
AABACHUS B HAIIPABACHHHU ACHCTBHA CHABL ODTO O3HAYACT, UTO
"paspymureAro” HYKHO IIPEOAOAETH Takyro cuAy. VIMeHHO 310 M
AEMOHCTPHPYETCH B YKA3AHHBIX 9KCIICPUMEHTAX.

8. XpaHuTeAp B BaKyyme

Eme pas moadepknem, uto 3HAYeHHE IapamMeTpos & W He BAmAET
Ha caM (aKT CyIIeCTBOBAHUA paccMaTpuBaeMoro ssAeHus. Ilostomy
KPOME  MATHHTHOIO M  KOHAGHCATOPHOTO  XPAHHTEAl — MOKET
CYIIIECTBOBATH BYKYYMHBIF XPAHUTEAD.

I'oBopst 0 BakyyMHOM XpaHHTEAE, TPYAHO IIPEACTABHTEL cebe €ro B
YETKO OTPAaHHYEHHOM OOBbEME, HAIIPHMEP, B BHAE BAKYYyMHOIO KybDa C
YETKMMH CTEHKAMH. BakyyMHBIN XpaHHTEAb MOKET OBITh, HAIIPUMEP, B
oObeMe, ITAABHO YMEHDIIAFOIIIEMCH IT0 MEPE YAAACHHA OT IeHTA. TaKkoi

00BEM MOKHO IPEACTABHTH B BUAE AOCTATOYHO IIAOCKOTO 9AAHIICOHAA.
Apyroii BapmaHT BaKyyMHOro oObemMa — urypa, OIIHCBIBAEMAs

dopmyAoit BuAa
o8 BBy

TAC N _ KOHCTaHTA — CM. PHC. 0, TAC N = 200. HMurepecHO OTMETHTS,

9TO U B 3TOM CAy4Jac q = 3

400 -

200 4

-200

-400 5l
100
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maBa 16. ONeKTpoMarHUTHbIA XpaHuTeNb 3Heprum 1 ndpopmasuu

DAEKTPOMATHUTHAS BOAHA B BAKYYMHOM XPaHHTEAE SHEPIUU
MOKET OBITh MOAYAHPOBaHA. B Takom cAydae 9TOT XpaHHTEAb SHEPIUU
mpesparnaercas B xpanureAb ubdopmarmu. [Ipu paspymennn takoro
XPAaHUTEASl U3  HEIO  H3AYYACTCA  DACKTPOdHEPIUA B BHAE
MOAYAHPOBAHHOM BOAHBI.

MsBectuer cayuam paamonepesad 30-x roaoB (mecHH, pedsb),
MHpPaKH IIPOIIAOTO (CpasKEeHHA CO 3ByKaMH 00f). ODTH ABACHUA
IIOPasSUTEABHBl U HeOOBACHUMEL [136]. Baxmo ormerurs, 9ro oHHU
HMMEIOT KECTKYIO NPUBA3KY K MectHOcTH. Hampmmep, B [137] wmraem:
«Eancezo0mo moavko 6 Caxape nabawdaemes 160 muicau 6ces03moncivix Mupacedl.
ITpuuer sosnuxaromue Hosvie Kapmums: mym e HAHOCANMEA Ha Kapmel 044
0edyuH08 ... Dm0 viHyHOeHHaR Mepa, MmaK Kak Oviéat caydat, Koda u3-3a
Mupaicei nozubau yeawse Kapasarivl.y

VYauTeBas MPEABIAYIIHE BBIBOABL, 9TH ABACHHA MOKHO OODBACHHTDH
TEM, 9YTO B HEKOTOPOM OOBEME 3aIIOMHHACTCA MOAYAHPOBAHHAA
9AEKTPOMATHHUTHAS BOAHA. DTOT OOBEM MOKET OBITH Pa3pyIIEH U TOTAQ
13 HEr0 HM3AYYaeTCsA 9Ta BOAHA B BUAE PAAHOIIEPEAAYN HAU B BHAC
BuAconepeaaun. BosmMoxkHO, UYTO 3TOT 0OOBEM MOMKET UYACTHIHO
paspylIaThCsA, a 3aTEM BOCCTAHABAHBATBCA U TOTAA TAKHE IIEPEAAYUN
HTOBTOPAIOTCA. BO3MOKHO TakKe, 9TO 3TOT OOBEM MOKET PACIIUPATHCA C
YVBEAHMYEHUEM SHEPrHH (32 CYET ITOCTYHAOINEH H3BHE SHEPIuH) Oe3
M3MEHEHHA 4YaCTOTBHI BOAHBL 1Oraa oOpasyercd BOCCTAaHABAMBAEMBII
XpaHUTEAD HH(POPMAIIHH.

[Ipy srOM BO3HHKaeT BOIIPOC, HA KOTOPBIH OOpPaTHA MoOe
BuuManpe A.A. 3axapeHKO: Kak OOBEM XPAHUTEAS YACPKHBACTCA HA
MectHOCTH? ECAM XpaHUTEAB PeaAHM3yeTcs B BO3AYIIIHOM AHMIAECKTPHKE,
TO OH (XPaHHUTEAB) AOAKEH ITEPEMEIIATECA ITOTOKAaMH Bo3Ayxe. Heanm on
peaamsyercs B 0ObeMe Bakyyma, TO 3€MAA B CBOEM ABIZKCHHH AOAKHA
IIOKHHYTb 9TOT OOBEM.

OrTBeT, IMO-BHAUMOMY, COCTOHT B CAeAyroreM. Kak ykasbBaAoCh, B
obbeMe XpaHUTEAs COXPaHAeTcs dAeKTpomarHuTHas omeprus W u
CYILIECTBYET CTOAYAA dACKTpOMArHUTHAA BOAHA. CACAOBATEABHO, B 9TOM

0OBEME IIYABCHPYET MOTOK SAEKTPOMATHHTHOI sHeprum S. Bmecre ¢
3THM MOTOKOM €CThb HUMIIYABC P 9AEKTPOMATHHUTHOI BOAHBI M Macca M
9AEKTPOMATHUTHON BOAHBL DTH BEAMYHHBI CBA3AHEI MEKAY COOON M €O
CKOPOCTBIO PACIIPOCTPAHEHHUA SAEKTPOMArHUTHON sHepruu ¢ [13]:

S=Wc, N
W

¢’ @
m=P

C'

€)
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naBa 16. ONeKTpoMarHUTHbIA XpaHUTeNb 3Heprum n ndopmMawmm

CAeAOBATEABHO,
w3
m=-
5 4)
DTa  IAEKTPOMATHHTHAS MacCa IYABCHPYET BMECTE C IIOTOKOM
9AEKTpOMAarHUTHON sHeprun. (OAHAKO IIEHTP MACCHI HE MEHSAET
noAoxkeHnsa. CAEAOBATEABHO, OOBEM XPAHHUTEAA MOKHO PACCMATPHBATH
KaK OOBEM ITyABCHUPYIOIIEH MACCHI C IIOCTOAHHBIM IIEHTPOM TKECTH.
Dra Macca YAEP/KHBAeTCA Ha MECTe 3€MHBIM IIPUTHKEHHEM W HE
B3AHMOACHCTBYET C MATEPHAABHON MACCOH, T.€. HE MOKET OBITh CABUHYTA
IIOTOKOM BO3AyXa. Tem camMbIM 0OeCIIeanBaeTCsi CTAOMABHOE ITOAOKEHUE
XpaHUTEAS HA MECTHOCTH.

Bosumkaer m Apyroi Bompoc, Ha KOTOPBIH Takike OOpaTHA Moe
BHuMaHHEe A.A. 3aXapeHKO: ITOYEMy OTCYTCTBYIOT MHPAKH COOBITHIH,
KOTOPBIE IIPOUCXOAUAHR Ha 3EMAE COTHU HMAM THICAYN AeT HazaAa? OTserT,
BHAHMMO, COCTOHUT B TOM, YTO XPAaHHTEAb YACTUYHO Pa3pyIIaeTcs IIpH
U3AYIEHHH JAEKTPOSHEPIUA B BHAE MOAYAHPOBAHHOM BOAHBI, 2
BOCCTAHOBAGHHE OJHEPIMU MOKET OBITh HEIOAHBIM. DTH (PaKTOPHI
OTPAHUYINBAIOT CPOK CYIIIECTBOBAHUSA XPAHUTEAS.

9. 3akarouenue

3 M3AOKEHHOTO CACAYET, 9TO B KyOE MOMKET CYIIECTBOBATH TAKAs
SAEKTPOMATHUTHAA BOAHA, IIPH KOTOPOI IPaHH KyOa HE H3AyYaroT, 2
TEITAOBBIC IIOTEPH OTCYTCTBYIOT (ITOCKOABKY OTCYTCTBYIOT SACKTPHUICCKHE
TOKH A2KE B KEAC3HOM Kybe). B oTmx ycAoBmAX saeKTpoMarHuTHAA
BOAHA MOJKET CYIIECTBOBATH CKOAB YTOAHO AOATO. Takoil kyO coxpanser

° BEAMYNHY SACKTPOMQFHHTHOfI SHCPI‘I/H/I,

®  IIEAOCTHOCTH KOHCTPYKIIHL.
Takoll XpaHHTEAb MOMKET HMEThb APYIVIO, HE KyOmdeckyro opmy u
M3TOTOBACH U3 PAa3AHMYHBIX MaTepraroB. OH MOKET OBITH PEAAN3OBAH B
BHACE T€AQ HAH B BHAC HEKOTOPOTO OOBEMA BAKYyMa.

Bmecre ¢ sHEprueil XpaHHTEAD MOKET XPAHUTH HHMOPMAIIHIO.

XpaHUTEAb MOMKET HMETh HE TOABKO TEXHOTEHHOE, HO U
€CTECTBEHHOE IIPOUCXOKACHHUE. SIPKUM IpUMEpPOM ABAAIOTCA XPAHUTEAH
nHMOPMAIINK O COOBITHAX Ha 3eMAE, IPOABASIOIINCCH KAK MHPAKI
ObIABIX ~ OumrB. Takme  XpaHHTEAH  AOKA3BIBAIOT, KPOME  TOrO,
CYIIIECTBOBAHIE MACCH SACKTPOMAIHUTHOH BOAHEL.

ITpuaroxenue 1
[Tycrob B (9) @ =0. Toraa uz (9) moayumm:
ep-ey=0 9.4
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ey-e,x=0

e, X e, =0,

e,x+ef+e,y=0.
W3 (9.7) maxoaum:

W3 (9.7, 8, 9) Haxoanm:
e, X+ ex%B + ex%y =0

AN
xZ+BE+y =0

(9.5)
9.6)
9.7)

®)

©)

(10)

(11)

(12)

D10 o3HaUaer, aro X= B=v= 0, T.C. 9ACKTPOMATHUTHOE IIOAE IIPU

® =0 orcyrersyer.

16-14



naea 17. O6paTMMOCTb 3NEKTPOMArHUTHOM UHOYKLIMM

I'aaBa 17. OOpatumocTs
VHUIIOAAPHOU UHAYKIIAN

Coaepxanne
1. Beaenue \ 1
2. ObocHOBaHIE OOPATUMOCTH 3aKOHA YHHIIOAAPHOMN
noAykomn \ 1
3. MarHuTHBIE TOKH \ 2
4. Bpamarommuecst moas \ 3

1. BBeaeHue

Hixke  dopmyanpyercs  OOpaTHMBIF — 3aKOH — VHHUITOAAPHOI
nHAYKIAA. [lokaseiBaeTcs, 9TO 9TOT 3aKOH YHHIIOAAPHOW HHAYKITHI
MOJKET CAYKHATB OOOCHOBAHHEM MarHUTOTMAPOAMHAMHYECKOTO ~AMHAMO-
sppekT M CYIIECTBOBAHMA MATHMTHOIO IIOAS aCTPOHOMHYCCKUX
00bekTOB. Aasee pacCMAaTPUBAIOTCA KOHBEKIIMOHHBIC MATHHUTHBIE TOKH,
KOTOPBIE MOIYT CYIIIECTBOBATH O€3 CYILIECTBOBAHUSA MATHHTHBIX 3aPAAOB
(MATHUTHBIX MOHOIIOAEH). VkaswBarorcs COOTBETCTBYIOIIIHE
SKCIIEPUMEHTHL.

2. OOGocHoBaHHE OOPaTHMOCTH  3aKOHA

YHUIIOAAPHOU WHAYKIIAHA

DiixeHBaAbA B [80] paccMaTpHBaeT BPAITAFOIIUICA 3aAPAKEHHBIN
AVICK, BO3OY/KAAFOIIMI MArHUTHOE ITOA€. DWXEHBAABA HA3bIBACT 3TH
BPAITIAIOIINECA 3apAABI KOHBEKIIMOHHBIM TOKOM. Ero skcmepumenT
IIO3BOAACT  VIBEPMKAATb, 9YTO  OOBIYHBIA  JACKTPUYECKHH  TOK,
KOHBEKITMOHHBIH  TOK, BpPAINAIOINEECH  IAEKTPHUYECKOE IIOAE U
BPAIAFOIIUICA 3aPA/KEHHBIN AUCK OAMHAKOBO BO30OY/KAQFOT MAarHUTHOC
ITOAE.

Bparmmarorruiicss  3apmKEHHBIM ~ AUCK ~ ABAACTCA ~ HMCTOYHHKOM
BPAIIAFOIIETOCA ~ JAEKTPHYECKOIO  IOAd.  TakuM  oOpasom, U3
SKCITEPUMEHTA DIXEHBAABAA CACAYET, UYTO BPAIIAFOINEECH IACKTPUIECKOE
IIOAE BO3OYKAAET MATHUTHOE ITOAE.

[[Tupoko u3BecTeH 3aKOH YHUIIOAAPHOIT HHAYKInn Papaaes:

E=VxB (1)
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MmaBa 17. O6paTMMOCTb 3NEKTPOMArHUTHON MHAYKLMK

AT
E=VxuH )
Ha »>tomM OCHOBaHHE MOMKHO IIPEATIOAOKHTB, 9UTO CYIIECTBYET U
OOpaTUMBII 3aKOH YHUIIOAAPHOM MHAYKITHH:
H=V X¢€E 3)

Aerko yoeamrcs, aro dopmyaa (3) yAOBACTBOPAET TPEOOBAHUAM
PAa3MEPHOCTH BXOAAINNX B HEE BEAHYHH.

PaccmoTpuM  cAywail, KOraa BEKTOpHBIE HpousBeAcHHA (2, 3)
MOKHO ~ 3aMCHHUTH  IIPOCTBIM  IIPOM3BEACHHEM, 4  BEAHYHHEL
HAIIPSUKEHHOCTEH, BXOAMIHX B dopmyasr (2, 3), cosmapsaror. Toraa
ITOAYIHM:

H= V3EE (5)
VYmuoxas (4, 5), Haxoamm:
V==
2" 3 T EZ ©

Coornomenne (4) HaOAFOAQETCA B U3BECTHBIX SKCIIEPUMEHTAX IIPHU
TEXHHYECKA PEAAN3YEMBIX CKOPOCTAX M HampskeHHOCTAX. [Ipm Tex xe
BCAHYNHAX HAIIPAKEHHOCTEH CKOPOCTD

1
V3= V,c?
: Y
AOAMKHA AOCTUTATh (paHTACTHYECKUX BeAmdInH. OAHAKO IIPH OOABIIHX
sAeKTpHYecKHX  HampsaeHnocTax E w  ckopoctsax 3 mossaenme
MarHuTHOH Hanpskenuoctn 1 aoakno HAbATOAATHCA.
M3BecTHO  MATHUTOTHAPOAMHAMHYECKOE AHMHAMO - 3 dexr

CAMOTEHEPAITUH MATHHTHOIO ITOAf TPH OIPEACAEHHOM ABIKECHHH
npoBoadmieii  sxmakoctu  [145]. Ortum adpdexrom  oOBACHAOT
00pasoBaHHE M CYIIECTBOBAHME MATHHTHOIO IIOAfl ACTPOHOMHYCCKHX
OOBEKTOB - TaAAKTHK, 3BE3A, maamer [146]. B omux  aBaeHmAX
IIPUCYTCTBYIOT BBEICOKOCKOPOCTHOE ABHMKEHHE IACKTPUYECKUX 3aPAAOB B
KUAKOCTU HAM IIAA3ME, YTO 9KBHBAACHTHO OOABIIUM 3AEKTPHYCCKIM

HAIIPAKEHHOCTAM E n CKOPOCTAM 3* CaeaoBaTeABHO, 0OpAaTUMBIH
34KOH VHUIIOASIDHOW HMHAVKIIMH MOMKET CAVKHTH OOOCHOBAHHEM BCEM

9THUM ABACHMAM.

3. MargurHbI€ TOKHA
BI)IH_IC yKaSI)IBaAO Cb, 9710 MATHHUTHOC ITIOAC CcOo3Aa€TCA

KOHBCKITMOHHBIM J3ACKTPHMYCCKHM TOKOM IJACKTPHUYCCKHX 3aAPAAOB. HpI/I

17-2



naea 17. O6paTMMOCTb 3NEKTPOMArHUTHOM UHOYKLIMM

5TOM ypaBHEHHE (2) MOKHO PacCMATPUBATh KAK YPABHEHHCE MATHHTHOM
HAIPAKEHHOCTH B 3aBUCUMOCTH  OT  JAEKTPHYECKOIO  TOKa
DAEKTPUICCKHX 3aPAAOB.

[lo amasormm MOXKHO VTBEPKAATH, UYTO JAEKTPHYCCKOE TIOAE
CO3AA€TCH KOHBEKIIMOHHBIM MATHUTHBIM TOKOM MATHHTHBIX 3apPAAOB.
IIpn »1om ypaBHenme (1) MOXHO paccMaTpuUBaTh Kak ypaBHEHHE
DAEKTPUYCCKON HANMPAKEHHOCTU B 3aBHCHMOCTH OT MATHHUTHOIO TOK2
MATHUTHBIX 3aPAAOB.

[IpeacraBAcHHE O CYIIECTBOBAHUU MATHHTHBIX 3aPAAOB HE HOBO.
MsBecTHO, 9TO XEBHCAHA OBIA IIEPBEIM, KTO BBEA MATHHTHBIC 3aPAABI I
MArHUTHBIE TOKH B dAeKTpoAnHaMuKy MakcBeana [140]. Ormernm erre,
YTO ITOAFOC AAMHHOIO MATHHTA B MATEMATHYECKOM IIAAHE MOKET
OTOKAECTBAATCA C MATHUTHBIM 3apsAAoM [141].

CospaHHE  9ACKTPUYECKOTO  IIOASl  KOHBEKIIHOHHBIM  TOKOM
MAarHUTHBIX 3apAAOB HaOArOAaAOCh B okcrepumentax Cepaa. B [142]
OIINCHIBACTCA, KAK TICHEPATOP, '...pasrOHAACH BCE OOABIIE, CTaA
HCIyCKaTh BOKPyr cebsi pososoe ceeuenue". [loxoxuit adpdekr
omuceBaercss Ha dopyme [143]. Tam ommceBaercs AncK A3aHOBa C
MHOKECTBOM ~ MAarHHUTOB, 3aKPCIIACHHBIX HA OKPYKHOCTH  AMCKa
(moapoOHee cM. B otBete 37). ABTOp B BHACO (cM. OoTBeT 17) yKaswIBaer,
YTO IIPU BPAIIECHUH ero Aucka co ckopoctbro 7000 o6 \mun obpasyercs
rano. AeHCTBUTEABHO, B OOOHX CAyYafX BpaICHHE MATHHTOB
€CTECTBEHHO OTOMKACCTBUTH C KOHBEKIIHOHHBIM TOKOM MATHHTHBIX
3apAAOB, 2 BO3HHUKAIOIEE IIPU 3TOM PO30OBOE CBEYCHHE HAHM IAAO
OOBACHUTh BO3HHKHOBEHHEM SACKTPHYECKOIO IIOAfl B COOTBETCTBHH C
(D).

Takum oOpasom, ABIKEHHE MArHHTOB, IIOAIOCA  KOTOPBIX
OPHUEHTHPOBAHEl OAMHAKOBO OTHOCHTEABHO AMHHUHU ABHKCHHA, MOKHO
paccMaTpuBaTh KaK MATHUTHBIA TOK. DTOT MATHUTHBIH TOK CO3A2€T
SAEKTPHYECKOE II0AE. DTO HE O3HAYACT, 9YTO MATHUTHBIC 3aPAABI
CYILECTBYFOT, KaK (DU3MYCCKUH OOBEKT, HO IIO3BOASCT KOMITAKTHO
OIIMICHIBATH ABHMKEHIE COBOKYITHOCTH MATHHTOB.

4. Bpamarommecs moas

DACKTPUYECKH  3apPSUKCHHBIA  AHCK  CO3AA€T  CHMMETPHYHOE
aAekTprdeckoe moAe. Onerr DWXEHBAABAA CBUACTEABCTBYET O TOM, UTO
BPAIIAFOIIEEC CHMMETPHYHOE SAEKTPHYECKOE ITOAE CO3AACT MATHUTHOE
roae. B cBasn ¢ atum borau B [139] rosBopwurt, uro « sszcoxoi seposmiocnivio
MOKCHO  03ctdamy U Cyuecmeosanus obpamiozo Ipgexma: npu spanferiun daxce
CUMMEIIPUHIL020 MAZHUMINO20 NOAA 00IHEHO 603HUKamb aekmpudeckoe nose. M sma
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603MOdCHOCIIL 00./191CHa bbims IKcnepumerimansio nposepera. Iloucky ynomanymozo
INEKINPUHECKO20  N01A  TNOCCAUYENO MHO20  ONYOAUKOBAHNBIX IKCHEPUMEHINANBHBIX
pabom... Onaxo ru 6 0010l U3 1HUX INEKIIPUYECKOE 110.1¢ UIMEPUIMNL He Y0aA0ch, 4In0
MOKCHO 00BACHANS, KaK 0)0en 6UOHO U3 OajbHelues0 U3N0IHCEHIS, OUUOOUHBIMY
NPeOcInas.enusMu 0 c60UCINEax: U3y aeMozo noig.»

VKazaHHBIC BBIIIE 9KCIIEPUMEHTH AEMOHCTPUPYIOT OOpaTHBIIA
acpdekr, 0 kKoTopoM ropopur borad: Bparmarormeecs MAarHUTHOE ITOAE
CO3AAET IAEKTPHIECKOE TIOAE.

Borau cBfspBaeT BOIPOC O CYIIECTBOBAHUHU 3TOTO ABACHHA C
BOIIPOCOM O CYIIECTBOBAHHH CTATUYECKOIO SACKTPOMATHUTHOIO IIOAL
B mpeapAymmx  rAaBaXx  IIOKAa3bIBACTCA,  YTO  CTATUYECKOE
SACKTPOMATHUTHOE IIOAE€ CACAYET HEIIOCPEACTBEHHO U3 YPABHCHHI
MaxcBeara. Hammpumep, cyImecTByeT CTATHUECKOIO 3AEKTPOMATHUTHOE
ITOA€ B IIPOBOAE IIOCTOAHHOTO TOKA U B 3aPMA/KEHHOM KOHAEHCATOPE.
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maBa 18. Cvnbl JlopeHua, AMnepa n XmMernbHu1Ka

I'aaBa 18. Cuasr Aopenma, Amiiepa
1 XMEABHUKA

OraaBaenune
1. Berymaenme \ 1
2. Koudwurypanns moas \ 1
3. Cuaa Nopenma \ 4
4. Cuaa Ammepa \ 6
5. Cuaa XmeabHuka \ 7

1. Bcrynaenne

MsBectHo, 4ro cmaa AmIirepa IPOTHBOPEYUT TPETHEMY 3aKOHY
Hrrotona, HO He HmpoTHBOpEdIHT OOAEE OOIIEMY 3aKOHY COXPAHEHUA
HMIIYABCA, IOCKOABKY 9ACKTPOMATHHUTHOEC ITIOAE€ OOAAAAECT HMIIYABCOM.
Baxmo oT™MeTnmTB, UTO CTAaTHYECKOE IJAECKTPOMATHHTHOE IIOAE TAKKE
MOKET OOA3AQTh HMIYABCOM, M IIO9TOMy CHAa AMIlepa He
IIPOTHBOPEYHT 3aKOHY COXPAHEHHUA UMIIYABCA U B TOM CAydae, KOTAA OHA
BO3HHKAET IIPU B3aUMOAEHCTBHUU ITOCTOAHHOIO TOKA C ITOCTOSHHBIM
MarHATHBEIM 1moAeM. M3 atoro caeayer, uto cmaa Amrrepa AOAKHA
YPaBHOBEIITHBATECA ITOTOKOM HMIIYABCA 3ACKTPOMATHHUTHOIO IIOASL.
OAHAaKO, HACKOABKO  H3BECTHO  aBTOPY, HET KOAMYECTBEHHOTO
COITOCTABACHHSA CHABL AMIIEPA C IIOTOKOM HUMIIYABCA 9ACKTPOMATHHTHOIO
oAd. VIMeHHO 9TO cOmOCTaBACHUE B PACCMATPUBACTCA HIKE - CM. TAKKE
[25] IIpm aTOM OIpPEAEASFOTCA HEKOTOPBbIE HAPAMETPHI M C HX YIETOM
ITOKa3bIBACTCA, YTO CUABI /\OpeHIIa B AMIIEpa MOKHO PAaCCMATPUBATD KaK
CAEACTBHSA CYIIIECTBOBAHUSA ITOTOKA UMIIYABCA SACKTPOMATHUTHOTO ITOAS
1 32KOHA COXPAHEHUA HMITyAbCA.

2. Kondurypanusa moaa
Ob6o3HaYINM AAS 9ACKTPOMATHUTHOTO IIOAS:
W - naotHOCTD 9HEpruu (CKaAsp), Kr'm ¢ ™2

b

S - mAOTHOCTB TOTOKA 9HEprUH (BEKTOP), KI*C ™,

P - ITAOTHOCTD UMITYABbCA (CKAAAD), KI'M 2”1,

f - IAOTHOCTB OTOKA MMITyABCa (BEKTOP), KI*M ¢ ™2
V' - 06beM 9AEKTPOMArHUTHOTO TOAS (CKAASD), M2,
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Ha puc. 1 moxasamsl mpoBoAHHK aAamHOW L ¢ Tokom [,
HAXOAAIIUINCA B MATHHHOM ITOA€ C HHAYVKIIHEH B 1 ABHrarormmiics co
CKOPOCTBIO V  IIOA AcHicramem cuAbl  Awmrepa [, Bekropsr
HAIPHKCHHOCTH £ 9AGKTPUYECKOTO IIOAfl, CO3AAFOIIETO TOK, U
HHAYKIIH B B3anMHO meprieHANKyAsApHBL [loaTOMy BO3HMKaeT ITOTOK
3ACKTPOMATHUTHON 3HEPIUU C IAOTHOCTBIO S , ITOKA3aHHBIA Ha puc. 1
OKPYKHOCTAMH. MOKHO IIPEACTaBUTH €ro B BHAE ABYX cdep,
OOBEANHAIOIIUXCA B TEAE IIPOBOAHUKA U IIPOHU3BIBAIOIIETO IIPOBOAHHK
B BEPTUKAABHOM HAIIPABACHHN. ODTOT IIOTOK SKBHBAACHTEH IIOTOKY
HMITyABCA SACKTPOMATHUTHOTO IOASL f .

Puc. 1.

Ha pmc. 1a AA HarASAHOCTH ITOKa3aHO HECKOABKO AMHHH TOKa,
MHAYKIIH 1 TOTOKA. "Aec" KOPHYHEBBIX AMHHUI ITOTOKA HAYHMHACTCHA B
TOYKAX IICPECCUCHHA AMHUN TOKA U AUHHH HHAYKIHH, 9TO ITOKA32HO
KpyKOYKamMi. AMHIN ITIOTOKA IIPOHU3BIBAIOT TEAO, IIPOXOAAT BHE TE€AA U
3AMBIKAFOTCA TAK, KAK IIOKA3aHO HA PHCYHKE IOPU3OHTAABHBIMUI
crpeakamu. Ha pumc. 1 ot 3ambIKaroIumecs AMHHHE —ITOKA3aHBI
OKPYKHOCTSAMEL
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—

i

Wssecrro [21, 63], ato
= M
S=W-c, 2)
p=Wle, p=S/c, ©)
f=p-c, f=5c. )

MuTterpas oT MAOTHOCTH ITO 0OBEMY OYA€M ODO3HAYATH KaK

A, =[4-av. (4a)

[Torok  oHeprmHm  MOMKET  CYIIECTBOBATH U B  CTATHYECKOM
anekTpomarauTHOM 110Ae  [13].  CAaeAOBaTEABHO, IIOTOK HMIIYAbCA
CYILIECTBYET M B CTATHYCCKOM IACKTPOMATHHTHOM ITOAE, CO3AABAEMOM
IIOCTOAHHBIM TOKOM U IIOCTOAHHBIM MATHUTHBIM IIOAEM.

3akoH COXpaHeHUA HAMITyABCA AASL yCTPOICTBA,
B3AHMOACHCTBYIOIIETO C SACKTPOMATHUTHBIM ITOAEM, MOKHO 3aIIHCATH B
cAeayrortem Buae [13]:

d d
-3t ) =5z (@) + fb’ 5)

rAe
J — MexaHHYeCKHUI IMIIyABC YCTPONHCTBA,
V -  obObem ycrpoiictBa; 00BEM, B  KOTOPOM  HMIIYABC
SACKTPOMATHUTHE ITOAE B3aHMOACHCTBYET C YCTPOMCTBOM , T.C.
C 3apAAAMHE U TOKAMH B 9TOM OOBbeMe,
b _ maomaap cedenms TeAa, BAOAB KOTOPOTO PaCIIPOCTPAHAETCA
ITIOTOK BHCPFHH " I/IMHyAbca.
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Vpasuenwne (5) o3HAwYaeT, YTO CYMMAPHBIM IIOTOK HMIIYABCA BO
BCEM OOBEME ITOAA PABEH HYAIO.
W3BecTHO, 9TO CHAQ, ACHCTBYIOIAA HA YCTPOMCTBO,

0
F=——(J). (6)
8t( )
CAeAOBaTEABHO,
d
F=500) +fb
O6veaunss (7) u (3, 4), moaygaem:
Fe a(SV n Sh
Takum  oOpasoMm, €CAM _ YCTPOWCTBO __ HAXOAHMTCH B IIOTOKE
SAEKTPOMATHATHON 3HEPIHUU, TO HA HETO AeUcTBYVeT cuAa (8), 3aBucdImas

TOABKO OT ITOTOKA ACKTPOMATHUTHOM SHEPIUH. DTA CHAA CYIIECTBYET U
IIPU IOCTOAHHOM IIOTOKE, 1 TOTAQ
P o)
,
B TOM cAy4ae, ecAM IOTOK 9ACKTPOMATHUTHOW _9HEpPIuu
pacIpocTpaHAeTCsA B BEIIECTBE C OTHOCHTEABHBIMU AHIACKTPUYCCKON &
M MATHUTHOH f/ mpoHumaemoctamu, B dopmyasr (8, 9) Bmecto

)

CKOPOCTH CBETA C B BaKyyMe HCO6XOAI/IMO IIOACTAaBUTH CKOPOCTH CBETa B
BEIICCTBE

c
c, =
 eu

PaccmoTpruM cAydail (ITOKa3saHHBIH Ha PHC. 1), KOTAA BEKTOPHI

(10)

9AEKTPUYIECKOM E u MATHUTHOM H HAIIPAKEHHOCTEMN
IIEPIIEHAUKYAAPHEL Toraa
S=FEH (11)

HYCTI) CITIC IIOAE B YCTp OMICTBE ABASACTCA paBHOMCpHI)IM n

cocpeaoroueHo B oobeme V. Toraa us (8, 10, 11) moaywaem:
F=0 (EHVsu) + EHb.\[ep
= 4 2

e (12)
EC/\I/I, KpOMC TOTO, ITOAC ABAACTCA ITIOCTOAHHBIM, TO
Fe EHb+/ep
c (13)
AN
__ Sby/en
F== (13a)

18-4



maBa 18. Cvnbl JlopeHua, AMnepa n XmMernbHu1Ka

3. Cuaa Aopenna
PaCCMOTpI/IM MaFHI/ITHyI'O CI/IAY AopeHua, ACﬁCTBymmy}O Ha TCAO C
3aPAAOM ¢ , ABHTAFOIIIEECA CO CKOPOCTBIO V IIEPIEHAUKYAAPHO BEKTOPY

MarHATHOH HHAYKInu B :

F, =qvB. (14)
Msr Oyaem mpeHeOperatb MHAYKIIUEH COOCTBEHHOIO MAarHHUTHOTO ITOAf
ABITKYITIETOCA 3apsAAa  (ITO CPaBHHEHHIO C MHAYKIIUEH BHEIITHETO
MArHUTHOTO IIOAf) M COOCTBEHHBIM HMIIYABCOM ABHUKYILIETOCH 3apAAQ.
Toraa mapo mpuHATH, 9TOo cHAa (14) BBI3BAHA ITOTOKOM MMITyABCA
3AEKTPOMATHUTHOIO IIOAf, IIPOHH3BIBAIOIIEIO TEAO 3apAAa. [Ipu atom
ns3 (13, 14) moaywaem:

quB = EHbczfsu

nam, upu B =y pH |
que = Eb\je/p

o | (17
C/\eAOBaTC/\bHO, BHyTpI/I TEAA AOAXKHA CYU_ICCTBOBHTB HaHpFDKCHHOCTb
BACKTpI/ILICCKOI'O IIOAA, HaHpaBACHHaH BAOAD CKOpOCTI/I, u paBHaH

_ qucy,

E= i (18)

3amerum, 9TO

(16)

cu, = Ho 377 (19)
80
[Tpm sTom
_qVeH [e qvﬁ
E b i 37777— m (20)

CAeAOBATEABHO, BHYTPH 3ADSHKEHHOIO TEAQ, ABHUKYIIIETOCS B MATHITHOM
IOAE M HAXOAMIIIETOCA TOA AEHCTBHEM CHAB AOpEHIIa, CYIIECTBYET
HAIPMDHKEHHOCTD DAEGKTPUYCCKOIO IIOASl, IPOIIOPIIHOHAABHAA CKOPOCTH
ABIKCHUIS.

ITpumep c asexTpoHOM

V mero sapaa ¢, =1.6-107", kaaccuuecknii paanyc 7, =2.8-107",

— 2 _oe.10-30
HAOIIAAb IEHTUPAABHOIO CEYEHUA SAEKTPOHA by=mr,=25-10 .

7 — e . 1021
ITpu stom Eove/u=25-10"v Moo rtawe CKa3aTh, 4YTO HAa
AMAMETPE 3AECKTPOHA BAOAb HAIIPABACHHA CKOPOCTH CYIIIECTBYET
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U,=2Er,=5" 102217\/%
Pa3HOCTb IIOTCHIINAAOB — HAIIPIKCHIE .
PaccmarpuBas paccyxaerns Peitamana [13] o BHyTpeHHHX cHAAX
SACKTPOHA, YACP/KHBAFOINNX 3aPSABI SACKTPOHA HA IIOBEPXHOCTH
cdepbl, MOXKHO 3aMETUTh, YTO 9TO HAIPIKECHHE ABAACTCH TOM
CHAOH, KoTOpas "HOATArHBaeT" OTCTAFOIIME 3aPAAB K CBOEMY MECTY
Ha cdepe TOrAd, KOTAA OH ABIKETCS ITOA ACHCTBHEM CHABL AOpEHIIA.

Taxum o0Opasom, cuAY AOpEHIA MOKHO pPACCMATPHUBATH _KAK
CACACTBHE CYIIECTBOBAHUA HMIIYAbCA 9ACKTPOMATHHTHOIO IIOASl H
3aKOHA COXpaHEHHA WMIyAbca. Ho mpm stomM mpmaercs  erme

OPEATIOAOKHUTD, YTO BHYTPH ABI/I}KYH_ICI“OCH 3aPHKEHHOIO TEAQ

CVIIIECTBYET  HAIIPAKEHHOCTb  DAEKTPHUYECKOIO  IIOAfA  BHA2 _ (20),
IIPOIIOPITUMOHAABHAA CKOPOCTH ABHIKCHHS.

Wrak, 3apsmkeHHOE TEAO, ABUTAFOIIEEC C HEKOTOPOH CKOPOCTBIO B
MarHHTHOM ITOA€, OKa3BbIBAETCA B SIAEKTPOMATHUTHOM ITOAE C

®  IIOTOKOM 3AEKTPOMATHUTHOII SHEPIUH,

®  UMIIYABCOM 3AEKTPOMATHHUTHOTO ITOASl B

®  JIOTOKOM HMIIYABCA 9ACKTPOMATHUTHOTO ITOAA.
M3 3akoHa COXpaHEHHSA HMIIYABCA CACAYET, YTO IIPOH3BOAHAA IIO
BPEMEHHU OT MEXAHHYECKOTO MMITyAbCA 9TOTO TeAa (T.e. ACHCTBYIOIIAsA HA
TEAO CHAA) 3aBUCHUT OT

1) nIpomsBOAHONM IO BpPEMEHH OT HMIIYAbCA 3AEKTPOMATHHTHOIO

IIOAS 1T

2) IOTOKa UMIIYABCA SAEKTPOMATHHUTHOTO ITOASL.

Dra cuAa U ABASETCA CUAOH AopeHIia.

4. Cuaa Ammnepa
Paccmorpum cuay Amriepa, ACHCTBYIOIIYFO HA IIPOBOAHHUK C TOKOM
1
MArHHTHOW MHAYKIHH B :
F,=IBL. 21)
Ecanu 512 cmAa BBI3BaHA ITOTOKOM HMIIYABCA 9ACKTPOMATHHTHOIO ITOAf,
ITPOHU3BIBAFOIIIETO IIPOBOAHUK, TO U3 (13, 21) moAyuaem:

ABHFQ.IOLHHIZCH CO CKOpOCTbIO v HCPHCHAI/IKyA}IpHO BCKTOpy

b

_ EHb,Jep
IBL = c 23)
van, upu B =y uf |
EHb
IHLp p :46@ (24)

C/\eAOBaTCAbHO, HAIIPKECHHOCTD JACKTPHYCCKOTO ITOAAl B 9TOM CAyYacC

18-6



maBa 18. Cvnbl JlopeHua, AMnepa n XmMernbHu1Ka

g ILpc

e (25)
KagectBeHHO 9Ty CHAY MOMKHO OOBACHHTB TEM, YTO CBOOOAHBIE
DACKTPOHBI "OTCTAIOT' OT TeAaa H CKamamBarorca B 'xsocre"
YCKOPAFOIIIETOCA TeAQ — TaKOE ABACHHE paccMOTpeHO PeilTHMAHOM AAf
yckopsrorerocss  aaekrpona  [13]. Daexkrpudeckoe  CONPOTHBACHUE
MaTrepuasa TOPMO3HT PaBHOMEPHOE pacrpeseAeHne 3apsasos. Ha aro
pacxoayerca  AONOAHHTeAbHasd sHeprua. (CAEAOBATEABHO, ABHKEHHE
3aPAKEHHOIO TE€AA C ITOCTOAHHON CKOPOCTBIO IPOHUCXOAHUT C 32TPATOM
sHEpruu Ha TernAosee morepu. [Ipm sTom obecnieunsaeTcsi TIOCTOAHCTBO

SHEPIUH IACKTPHYECKOTO ITOAA BHYTPH 3aPAKEHHOTO TEAA.
Ecam yaeAbHOE CONPOTHBAGHHE IIPOBOAHHKA PaBHO L U

IIAOTHOCTDB TOKa paBHa j, TO

j=1/b 26)
n

E=jp 27
Toraa u3 (25-27) moaydgaem:

=1 £

p K€ m 28)

AT
c=-L2 K
Luo\e (29)

CAEAOBATEABHO,  CKOPOCTb  PACHPOCTPAHECHUS  3ACKTPOMATHUTHOMN
SHEPIHH B IIPOBOAE, HAXOAAIIEMCS IIOA ACHCTBHEM CHABI AMIIEpa,
MEHbIIIE CKOPOCTH CBETA U OIpeAeAsdercs 1o (29).

M3  BBIIECKAHHOTO CACAYET, 9YTO CHAY AMIepa MOKHO
PACCMATPHUBATD _KAK _CACACTBHE CYIIECTBOBAHUS IIOTOKA HMIIYABCA
3AEKTPOMATHUTHOTO IIOAfl M 3aKOHA COXPAHECHUA HMITYABCA.

5. Cnaa XmeAbHHKA

Ha ocuoBe dopmyasr (12) MOKHO yTIBEpKAATH, YTO CYILECTBYET
eIe OAHA CHAQ, KOTOPYIO AAfl KPATKOCTH HAa30BEM CHAOH XMEABHUKA
(ecAn, KOHEYHO, HHKTO €IIle HE paccMaTpmbaAa 3Ty cuaAy) [18]. B
YACTHOCTH, OHA MOKET OBITh cuAOi Aopeniia man cuaoil Amirepa. Ho B
APYTHIX CAyYafAX OHAa HE OSKBHUBAACHTHA 3THUM cHAaM. B raase 13
paccmoTpenst sxcrrepuMeHTH Tamma, I'paxema u Aaxosa, Visarnosa I'.I1.,
KOTOPBIE MOIYT OBITb OOBACHEHBI CYILIECTBOBAHUEM 3TOH CHABL ODTH
5KCIEPUMEHTE  BBIIOAHAAHUCH B CTAIIMOHAPHBIX ITOAAX, HO IIPH
repemennon mHanpsmxennoctun E. B [18] paccmarpuBaercs MbICACHHBIH
9KCIICPUMEHT, PaOOTAIOMIECH B CTATHYECKHUX IIOAAX COTAACHO (DOpMyAe
(13). PaccmoTpum ero.
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"maBa 18. Cunbl JlopeHua, AMnepa n XmernbHuKa

Ha puc. 1 n3o0paxeHO T€AO, HAXOAAIIIEECA BHYTPH COACHOHAA C
mocroaHHbIM  TOKOM /. Tearo mMeer  OOKAAAKH-3ACKTPOABI,
HAXOAMAIINECA ITOA HMOCTOAHHBIM Hanpsmxernem U . Ilpm stom B Teae
CO3A2€TCA CTAIIMOHAPHOE IACKTPOMATHHHOE TIOAC C 9ACKTPHUIECKOH F u
MarHUTHOM H HAIIPSKEHHOCTAMHU. Boszuuxaer ITOTOK
3AEKTPOMATHUTHOH sHeprmu ¢ mAOTHOCTBIO (11), moxasammeni wHa
PHCYHKE OKPYKHOCTAMH. MOKHO IPEACTaBHTB €r0 B BHAE ABYX cdep,
OOBEAUHAIOINUXCA B TEA€ W IIPOHU3BIBAIOIIUX €r0 B BEPTHKAABHOM
HAIIPABACHHUH. DTOT IOTOK cO3Aa€eT cHAY (13), AeiCTBYIOIIYIO Ha TEAO.

L\ o
NN |
\ \\ . g -

Puc. 1.

Paccmorpum moapobuee pacder cuAsl (13), HCIIOAB3YA AAAL DTOTO
00O3HAYEHNA Pa3sMEPOB TeAa, IMOKasaHHele Ha puc. 1@ L,d,h. Ilycrs
TEAO  BBIIOAHEHO W3  MATHHUTOAMSACKTPHKA €  MarHUTHOH
npouuraeMocteio (4 =400, AHMIACKTPUYECKOH  IIPOHHIIAEMOCTBIO
€ =10, uaaykiueir Hacsiuenus B =0.5. MarauTHas HAIPMKEHHOCTD

IIpU MAKCHMAABHOW HMHAyKuu H = B/ (/1 U, )= 0.5/ (400 Ar-107 )z 1000.

—pg_ _U_
Mycrs eme U=30000, h=02,d=05 "o, *~ 4= 01 E=g=15000
Toraa o (13) Haxoaum:

: 8
F=EHbE 15000 1000 0.1-310: 400 L1075

Takum 0Opa3oM, yCTPOMCTBO OO€mIaeT OBITh PEAAM3yE€MBIM. ABTOD
IIPUTAAIIAET  SKCIIEPUMEHTATOPOB  IIPOBEPUTH  ITOABACHHE  CHABI
XMeABHHUKA U AOIIOAHHTH €€ Ha3BAHUE CBOUM HMEHEM.

18-8



Jlntepatypa

Awmreparypa

I'lpumenanue: ~ Vixra, http://vixra.org,
DNA — AoxkaaAbI HE3aBICHUMBIX aBTOPOB,

ISSN 2225-6717, http://dna.izdatelstwo.com/

1. Kauu K.B. DaexrpoanHamMuka. DAEKTPOMArHUTHBIE BOAHBI,
http://electrodynamics.narod.ru/em-waves.html

2. Tox cmemenns u cucrema ypaBHeHuiT MakcBeAAa,
http:/ /www.webpoliteh.ru/subij/dinamo/767-25-tok-
smeshheniva-i-sistema-uravnenij-maksvella.html

3. Poszamos H.H. ChemmaspHble pasA€ABl  MaTEMaTHYECKOM
dusukn. Yacte 3. DAEKTPOMATHHUTHEIE BOAHBI B BaKyyMe.
NTMO. Caukr-Ilerepoypr, 2005.

4. Aaape Axro. MaremaTHka AAfl SAEKTPO- M PAAHOUHKEHEPOB,
u3A. «Hayka», Mocksa, 1964, 772 c.

5. Xmeapnuk C.M. Bropoe pemrenne ypaBmenmii MaxcBeaaa,
ViXra, 2016-01-26, http://vixra.org/abs/1601.0292; DNA, Ne
35, 2016, cMm. 3A€Ch.

6. Xmeapnmk C.JI. Marematmdaeckas MOAEAb 3AEKTPHYECKOIO
TopHaro, ViXra, 2015-04-11, http://vixra.org/abs/1504.0088;
DNA, Ne 33, 2015, cm. 3A€Ch.

7. Xmeapnuk C.J. Bropas crpykrypa mocrosHHOro TOKa, ViXra,
2015-11-21, http://vixra.org/abs/1511.0206; DNA, Ne 35,
2016, cm. 3aech. (9106)

8. Xwmeapnuk CJ1. TloTok 9AEKTPOMATHHUTHOM 9SHEPIHU B
IIPOBOAHHKE C IIEPEMEHHBIM TOKOM, ViXra,
http://vixra.org/abs/1503.0068 (744)

9. Xwmeapuuk C.H. Tlorok 5AeKTPOMATHHUTHOH JHEpPIUHU B
IIPOBOAHHKE € IocToaHHBIM TOKOM, DNA-32, 1D16319679,
2015; ViXra, http://vixra.org/abs/1503.0048 (747)

10. Xmeapuuxk C.J. Crpykrypa mocrosuuoro Ttoka, DNA-33,
ID16537771, 2015; ViXra, http://vixra.org/abs/1503.0241
(748)

11. Xwmeapnumk C.H. Crpykrypa ITOTOKAa 3AEKTPOMATHHUTHOM
SHEPIHH B IIPOBOAEC C IOCTOAHHBIM TOKOM, DNA-33,
ID16537771, 2015; ViXra, http://vixra.org/abs/1504.0061
(749)

12. Topmmu B.B., Bycerun B.I1., IMamenxko ®.0., KpykoBckuit
AE. Dddexr reHepariau MOCTOAHHOIO 9ACKTPUYECKOTO TOKA

L-1



JlntepaTtypa

B HECITOABI’KHOM IIPOBOAHUKE B IIOCTOSIHHOM MATHHTHOM ITOAC.
Wucruryr  mpobdaem  ympasaenma  PAH  wmm. BA.
TpamesnnkoBa.  AAbMAaHaX  COBPEMEHHOH  HAyKH U
0obpazoBaHuA, BBIIT 12, 2008,
http://cyberleninka.ru/article/n/effekt-generatsii-

postovannogo-elektricheskogo-toka-v-nepodvizhnom-

provodnike-v-postovannom-magnitnom-pole

13. P. ®eraman, P. Aeirron, M. Conac. PeliHMAHOBCKHE AEKLIUI

14.

15.

17.

18.

19.

20.
21.
22.

23.

24,

25.

206.

27.

o ¢usuke. T. 6. Daekrpoannamuka. Mocksa, usa. "Mup",
1966.

Xmeapunk C.H. TlTotok 2AeKTPOMATHUTHOI 3HEPIHH B
poBoAe U ABurateAb Muawpos, Vixra, 1510.0396, 2015-10-
26, http://vixra.org/abs/1510.0396

Xmeapnuk C.H. DaAekrpomMarHHTHAaA BOAHA B IIPOBOAE
mepemMeHHOro  Toka,  Vixra,  1603.0020,  2016-03-02,
http:/ /vixra.org/abs/1603.0020

Xmeabauk — C.JI. DKCIIEPUMEHT,  ITOATBEP/KAAFOIIIIII

CYIIIECTBOBAHHE YETBEPTOH SACKTPOMATHUTHON MHAYKITHH,
ViXtra, http://vixra.org/abs/1601.0215
Xmeapuuk C.M. Cuaa Xmeavnuka, DNA-30, a takke Vixra -
http:/ /vixra.org/abs/1407.0075

Xmeapank C.M. UYersepras sAeKTpOMArHHUTHAs HHAYKIIUA,
«AOKAAABI HE3aBUCHMEIX aBTOpPOBY, DNA-31, a Takke Vixra -
http://vixra.org/abs/1412.0214
https://ru.wikipedia.org/wiki/PeabcoTpon

Aanpay A, Audrur E.M. Teopus moas.

Tamm  M.E. OcnoBer Teopun saektpudecta, Mocksa,
OU3MATAUT, 2003, ctp. 547.
Xmeapauk C.J. Vaumoaspueii asurateab Papases u 3aKOH
coxpanenusa ummyabca, DNA-23, a Tawke Vixra -
http:/ /vixra.org/abs/1404.0428
Xwmeapnuk C.H. K Bompocy o Buyrpuasepabix cuaax DNA-
27, a Taxxe Vixra - http://vixra.org/abs/1405.0296

Xmeapank CJ. Cumabnr  Aopenma, Amirepa U 3aKOH
COXpaHEHHUsA HMIyAbCA. KOAHMYECTBEHHBIN  aHAAM3 H
CAEACTBUA, DNA-30, a TAKKE Vixra -
http:/ /vixra.org/abs/1407.0065

Xwmeapauk C.M. Tlpusnmm oOpaTHMOCTH B YHHUITOAAPHBIX
mammaax ~ @apaaes, DNA-30, a rtakwxe Vixra -
http:/ /vixra.org/abs/1407.0145

Xmeapauk  CJl.  DkcrepumeHT AA AOKa3aTEABCTBA




Jlntepatypa

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

HAPYIIICHUS TPEThEro 3akoHa HBIOTOHA B YHHIIOASPHOM
ABurateae, Vixra - http://vixra.org/abs/1501.0061

Crpedxos A.C. Ilepepada saeKkTpHdueckon sHeprunm 0e3
METAAANYICCKIX IIPOBOAOB,

http:/ /www.electrolibrary.info/tesla/peredachaenergii.htm

Porxammear K. Amrtenms, m3A.  "Owmeprua”, 1967,
http://www.radiouniverse.ru/book/antenny/2-1-antenna-v-
vide-dlinnogo-provoda

3aes H.E. CsepxmpoBoaHnkn wumkeHepa ABPaMEHKO.
"Texnauka - moroaexu', Nel, M., 1991.
Msobperareas u parrmonasnsatop, 1992, Ne5, 6, 1-32
Kyaurna B.A., Kopresa M.B., Kyauruna I'.A., Boabrmakos
I'T1. bBesumeprnmasbHbIe 3apAABl W TOKH, http://www.n-
t.ru/ac/iga/
M. Lobova, G. Shipov, Tawatchai Laosirihongthong, Supakit
Chotigo. DxcrepuMeHTaABPHOE OOHAPYKEHHE CKAAAPHOIO
aaekTpomaranTHoro moad. King Mongkut's University of
Technology, Thonbury, Bangkok, 10140, Thailand,
http://www.trinitas.ru/rus/doc/0231/004a/1032-
MonopolE.pdf
3aes H.E., Apamenxko C.B., Aucun B.H. M3mepenne toka
IIPOBOAUMOCTH, BO30YHKAAEMOIO IIOAAPU3AIIMOHHBIM TOKOM.
http://rusphysics.ru/dissertation/269/
Kocunos H.B. DxcniepumenTs 110 6€CIIPOBOAHON IIepeAade
SHEPIHH: IIOATBEPIKACHHE PeBOAFOIMOHHBIX mAcH H. Tecaa,
http:/ /kosinov.314159.ru/kosinov31.htm
Buxuneans, Ypasuennus Makcseana,

https:/ /ru.wikipedia.org/wiki/VpaBaenus MakcBeaa

Xmeapauk — CH.  DaexrpomarHmTHas ~ BOAHA B
AU AEKTPUYIECKOM u MATHUTHOMN LICIIH, Vixra -
http://vixra.org/abs/1604.0019

Leedskalnin's Perpetual Motion Holder,

http:/ /www.leedskalnin.com/ILeedskalninsPerpetualMotionH
oldet.html

Xmeapnnk CH. K teopum XpaHnTeAs BEYHOIO ABHKEHU,
DNA-23, 1D 13514159, 2013; ViXra,
http:/ /vixra.org/abs/1404.0086
3axon Kyaomna, https://ru.wikipedia.org/wiki/3akon_Kyaona
Kammma IT.A. O mpupoae mraposoit moannn. AAH CCCP
1955. Tom 1.

http:/ /www.wikiznanie.ru/ru-




JlntepaTtypa

43.

44,

45.

46.
47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

wz/index.php/IllapoBas_ MoAHmSA

Xmeapnnk C. M. K Bompocy o BHYTPHAACPHBIX CHAAX.
«AOKAaABl He3zaBHCHMBIX aBTOpoB», DNA-27, 2014, ID
14739921; a marowe http:/ /vixra.org/abs/1405.0296
Amnartoanit Msaxeasiinen (Puuasoaus), Baaepnit Byepakos
(Vkpanna). [Toaer Ha IIIAPOBOI MOAHHH,
https://drive.google.com/file/d/0B4tZDtYTBG pMEZI1RF
NOd2hSTDA /edit

Xmeapauk C.M. BapmannoHHBIT HpHHIHAI 3KCTPpEMyMa B

SAEKTPOMEXAHUYECKUX H SACKTPOAMHAMHYECKUX CHCTEMAX,
maTas pepakius. Publisher by “MiC”, printed in USA, Lulu
Inc., ID 1769875, ISBN 978-0-557-4837-3, 2014, 360 c.
https:/ /www.youtube.com/watch?v=2QYFM]SKiu8

PeaabHO pabOTAFOIIMIT BEUHBII ABUTATEAD HA MATHHTAX, YACTD 2,
http://x-
faq.ru/index.phprtopic=4144.msg119758;topicseen#msg119758
http://x-fag.ru/index.php?topic=4144.newHnew,
coobrmenue 1271, 25.10.2016.

MarsuTHOE TOAEC BHYTPH KOHACHCATOPA,
https://www.youtube.com/watch?v=RNkYd1mueYk

Kowmrrac BHYTPH KOHAEHCATOPA,

https:/ /www.youtube.com/watch?v=A4vO2rLvtug

AB. Cuyxum. O0rni kype dmsuxer. Tom 3. Daekrprrdectso.
Marauraoe moae 3eman, Bukumeans,
https:/ /ru.wikipedia.org/wiki/MarautHoe _110AC_3eMAHT
3emubre Toku, Buxknireans,
https:/ /ru.wikipedia.org/wiki/3emuble_TOKH

Xwmeapnuk C.J. DaekrpoMarHuTHAA BOAHA B COEPHIECKOM
KOHAGHCATOPE M IIPHPOAA 3EMHOrO MarHeTnsma, Vixra,
http:/ /vixra.org/abs/1604.0355, 2016-04-26.

Xmeapnnk C.M. Maremarndaeckas MOAEAD ITAPOBOM MOAHHH,
DNA-33, 2015 - om. 3aeck; a maxwe Vixra Funding,
http:/ /vixra.org/abs/1503.0076, 2015-03-11; a maxmce: Vixra
Funding, Mathematical Model of Ball Lightning,
http://vixra.org/abs/1503.0065, 2015-03-09.

Xnmeavnuk C. V. Bropas maTemarmaeckas MOAEAD ITapOBOIT
MoAHHH, http:/ /vixra.org/abs/1605.0280, 2016-05-28.

Wen Y. K. Dynamic tornado wind loads on tall buildins / Wen
Y. K. // Journ. Of Struct. Div., Proc. ASCE, 1975, STI,
p-169.




JlntepaTtypa

58.

59.

60.

61.

62.

63.

64.

65.

60.

67.

68.

Baacop A.A. O BHOpAITMOHHBIX CBONCTBAX 3AEKTPOHHOIO
rasa, JKypHaA 9KCIIEpUMEHTAABHOM U TEOPETHYCCKOM
Jusukn, 1938, T. 8 (3),

http:/ /ufn.ru/ufn67/ufn67 11/Russian/r6711£{.pdf,

https:/ /ru.wikipedia.org/wiki/Vpasaenme Baacosa

Pyrxkesuu [1.B., Pyrkepuua ILII. AxcmaspHO-CcHMMeTpHUYHAsA
MOACAD HEYCTOMYIHBOCTH THITA TOPHAAO,
http://d33.infospace.ru/d33 conf/2011v8n4/76-82.pdf
Cmepun u TOpHAAO,

http:/ /www.krugosvet.ru/enc/nauka i tehnika/fizika/smerc
hi i tornado.html?page=0,3

MoAeAupOBAHHE «TAA3» ITUKAOHOB, TOPHAAO-CMEPYIEH,
TEYEHNIT MIPOBOTO OKEaHa,
http://old.msun.ru/vector/Konuhov_ATR/Glaz_ciklona.ht
m

Aprmumvosua  ALA., Caraces P.3. Pusuxa maasMser  AAd
dusuxos. M.: Atommsaar, 1979.

Mpanos B.K. Kypc obmeit ousnxn.
http://lms.physics.spbstu.ru/pluginfile.php/2134/mod_reso
urce/content/1/opt 1 _03.pdf

Wropr VisamoB. 3akpydeHHBIII CBET H 3aKpyICHHBIC
9ACKTPOHBL: 0030p HOCAEAHHX PE3yABTATOB,
http://elementy.ru/nauchno-
populyarnaya_biblioteka/432009/Zakruchennvyy svet i zakr
uchennve elektrony obzotr poslednikh rezultatov
TFoapanrreiin ALA,, 3epaos H.B. DaekrpomarnuTabie 11OAA U
BOAHBL V3aaHme BrOpOE, mepepabOTaAHHOE U AOIIOAHECHHOE.
sa. "Coserckoe paauo", Mocksa, 1971. — 665 c.
3apsAA KOHAEHCATOPAa BHAKOH ABpPaMEHKO OT HyAf, dopym
http://x-faq.ru/index.php?topic=4203.0
R.A. MILROY, Hydrodynamic Gyroscope,

http:/ /appliedmechanics.asmedigitalcollection.asme.org/articl
c.aspxrarticleid=1398258, a Taxxe

http:/ /izdatelstwo.com/clicks/clicks.php?uri=lib.izdatelstwo.
com/Papers2/MilroyFromMilroy.pdf, a Takxe mepeBoA Ha
PYyCCKuIiL:

http:/ /izdatelstwo.com/clicks/ clicks.phpruri=lib.izdatelstwo.
com/Papers2/MilrovFromMilroyR.pdf
Hrops beaerkuii, ABUrateAb U3 IOAIIHITHHKA,

https:/ /www.youtube.com/watch?v=dQUkWFwCxrE&list=
TLn9vNCag6KRUxM]A2MjAXxNg




JlntepaTtypa

69.

70.

71.

72.

73.

74,

75.

76.

7.

78.

79.
80.

81.

82.

A strange electric motor,
https://www.youtube.com/watch?v=17LOF1GZpdo
Timur Khodzhiev. Apuratreap Muaspos, ver. 3.2,
https:/ /www.youtube.com/watch?v=Xul.qgsdHqoPI
Kpyrures u Hukro n HE TA€ He 00BsAcHAET Tovemy OHO
Kpyrures, https://www.youtube.com/watch?v=2uGDnWEQE94
HeoOpramerit ABurateas (4acts 2),
https:/ /www.youtube.com/watch?v=k04I1fn2SVi4
Camospamenne nau apdexr I'yoepa,
https:/ /www.youtube.com/watch?v=lgaOsnOvyMxY
Cuassectpos A.H., 3umenkos A K. O mpupose momeHTa B
ABHTATEAE Kocsrpesa-Muanpos. Hammomaasmsrii
TexHUYecknii  yHuBepcurerT Yikpaumuer (HTVVY  “KIIH®),
http:/ /izdatelstwo.com/clicks/clicks.php?uri=lib.izdatelstwo.
com/Papers2/Silvestrow.pdf
Kyspmunu B.B., a.1.1., npod., [lmatenko B.C. O TTPMIPOAE
TTOABAEHIMA BPAIITAIOIIIETI'O MOMEHTA B
ABUT'ATEAE KOCBIPEBA — MMABPOSI,
http:/ /izdatelstwo.com/clicks/clicks.php?uri=lib.izdatelstwo.
com/Papers2/Kuzmin.pdf
Anppyc B.®. O6wacuenne adpderra I'ydepa ¢ rmosurimu
HEUTPOHHBIX HaYK,
http:/ /izdatelstwo.com/clicks/clicks.php?uri=lib.izdatelstwo.
com/Papers2/Andrus.pdf
H.H. Cuneapnnkos. O6 adpdexr I'yoepa,
http:/ /izdatelstwo.com/clicks/clicks.php?uri=lib.izdatelstwo.
com/Papers2/Sinelnikow.pdf
Xmeapunk C.H. TTotok 2AeKTpOMArHUTHOI 3HEPrHH B
IIPOBOAE u ABHUTATEAD Muawpos, Vixra,
http://vixra.org/abs/1510.0396, 2015-10-26, a  Taxxe
Khmelnik S.I. Electromagnetic Energy Flow in the Wire and
Milroy Engine, Vixra, http://vixra.org/abs/1511.0130
https:/ /www.youtube.com/watch?v=BM9waVSfc4s
Huxoaaes I'.B. CoBpemenHas 3AEKTPOAMHAMUKA W IIPHYIHHBI
ee mapoaokcaabHOCTH. — Tomck: Trepabrad, 2003 — 149 c.
VmoB H.A. VpaBuenns ABmxenus sHeprun B Teaax. - Oaecca:
Tunorpacpusa  Vaepuxa wu I[lyasme, 1874, - 56 «c.
http://izdatelstwo.com/clicks/clicks.php?uri=lib.izdatelstwo.
com/Papers2/Umow.pdf
B.B. Kocerpes, B.A. Padko, H.M. Beapman. Daexrpudaecknit
asurateAs. Mzoopererune CCCP, Ne155216, 1963.




Jlntepatypa

83.
84.

85.

86.

87.

88.

89.

90

91.

92.
93.
94.

95.

96.

97.

https://ru.wikipedia.org/wiki/VIHAVKTHBHOCTE

Xmeapank  CH.  OOwpacuenme  sdpdexra  I'ybepa,
http://vixra.org/abs/1407.0142, 2014-07-19
Xnmeapnuk C.J. TToTok aAekTpOMarHuTHOI sHEpruu B
IIPOBOAE U ABUTaTEAb MUABPOS,
http://vixra.org/abs/1510.0396, 2015-10-26
A. DiixenBaabA. Daekrpugectso, MLA. 1933, m. 282,
http:/ /lib.izdatelstwo.com/Papers2/Evhenvald.djvu
B.E. ®opros, A.I'. Xpamak, C.A. Xpamak, B.J1. MoAoTkoB,
O.D. Ilerpos. ITeiaesas maasma, YOH, 2004, wmaii,
http://ufn.ru/ru/articles/2004/5/b/

ITerAeBasi_maasma,
https:/ /ru.wikipedia.org/wiki/I TeraeBas_1maazma

DKCIEPHMEHT C ITAa3MOI B KOCMOCE,

https://www.youtube.com/watch?v=SI406HKLYkM

. V.N. Tsytovich, G.E. Morfill, V.E. Fortov, N.G. Gusein-Zade,

B.A. Klumov and S.V. Vladimirov. From plasma crystals and
helical structures towards inorganic living matter. New
Journal ~ of  Physics, Volume 9, August 2007,
http://iopscience.iop.org/article/10.1088/1367-
2630/9/8/263/meta

[TbiAeBasi  mAa3MA  HAMEKACT ~ HA  MOACKYAY  JKU3H,

http://www.membrana.ru/particle/693.
http:/ /akb-darom.ru/vse-o-akb/Bec-akkymyagropa.html
http:/ /www.magntech.ru/aging.htm

Kyanrna B.A., Kyawmrmma I.A., Kopuesa M.B. ®asosas
CKOPOCTh, IPYIIIOBAasg CKOPOCTb H CKOPOCTb IIEPEHOCA
SHEPruu, BOpOHEKCKHMI yHHBEPCHTET, ACIIOHHPOBAHO B
BUHITH 24.07.90,

http:/ /www.efir.com.ua/tmp/velrus.pdf,
http://izdatelstwo.com/clicks/clicks.phpruri=lib.izdatelstwo.
com/Papers2/velrus.pdf

G.M. Graham, D.G. Lahoz. Observation of static
electromagnetic angular momentum in vacua, Nature, 285,
154, 1980.
A. CraceHKo. 3a4eM OBITH KOHACHCATOPY B MATHUTHOM ITOAE?
KBAHT, 1998, Ne5,
http://lib.izdatelstwo.com/Papers2/CondVrasch.pdf

Wpanos I'Il.  DaekrpoamHammyeckoe  3dHUPOOIIOPHOE
(acbupopeakTuBHOE) ABHKEHHE, http://www.tts.lt/~nara

L-7



JlntepaTtypa

http:/ /www.tts.lt/ ~nara/strogijrus.htm,
http:/ /www.tts.lt/ ~nara/chast]l.htm

98. I'pabosckmii P.M. Kypc dpusnkn. Vueb. mocobue Aast ¢/X nH-
TOB. M3A. 4-e, mepepab. u paom. M., «Bercrr. mkoaar, 1974. -
552 c., http://books.alnam.ru/book_phis.php,

§83. KomaeHncatop. DHeprua  9ACKTPHYECKOTO  IIOAf,
http://books.alnam.ru/book_phis.php?id=84

99. Msanos I'.I1., MBanos FO.I'. Crioco® mmoAygeHus TAru, maTeHT
RU-2172865, 1999,
http:/ /www.tts.lt/ ~nara/patent/patent.html

100. Electromagnetic Thruster, USA Patent 2014013724,
https://en.wikipedia.org/wiki/RF _resonant cavity thruster.

101. Electrostatic motot, USA Patent 1974483,
http:/ /en.wikipedia.oreg/wiki/Biefeld %0 E2%80%93Brown_eff
ect

102. S.I. Khmelnik. A capacitor engine for an aircraft, Israel Patent
200435, 20009.

103. R. Shawyer. Superconducting microwave radiation thruster,
PCT/GB2016/050974, 2016,
https:/ /patentscope.wipo.int/search /en/detail.isfPdocId=W
02016162676

104. NASA Team Claims ‘Impossible’ Space Engine
Works—Get the Facts,
http:/ /news.nationalgeographic.com/2016/11/nasa-
impossible-emdrive-physics-peer-review-space-science/

105. China Claims Its Made the Impossible EmDrive Possible,
https://futurism.com/china-claims-its-made-the-impossible-
emdrive-possible/

106. Xmeapnuxk C.J. besomoproe ABmxeHne O€3 HapyIIeHUA
dusugeckux sakonos, DNA-21, 2014,
http://lib.izdatelstwo.com/Papers/21.45.pdf

107. Ilmmenos FO.B., Boasman B.J., Mypasmos A.A.
Texunmueckas saekrpoanHamuka. [loa peaaknmeii  FO.B.
ITrmvenosa, Mocksa, 2002 r., 536 c1p.

108. baAmxzme m AaABHHE 30HBI SAEKTPOMATHHUTHBIC ITOAA,
http://lib.izdatelstwo.com/Papers2/BIZ.pdf

109. Heranos B.A., Tabakos A.II., fAposoit A.Il. CoBpemennas
TeOpusi M IIPAKTUYCCKHE IpUMeHEHHA aHTeHH. [ToA pea.
Heranosa B.A. M3a. «Paanorexuanka», Mocksa, 2009, 720 crp.




Jlntepatypa

110. Ieakynos C. A., @punc I''T. Anrernst. Teopus u mpaxkruka
- Mocksa: Coserckoe paano, 1955, 604 c.

111. 3aiines B.®., IToasuun AA. CrpaBOYHHK IO OOBIKHOBEHHBIM
auddepenmarbapiM - ypapaeHuaM. Mocksa, PU3MATAUT,
2001, 576 crp.

112. Asexcorn Ax. Kaaccmueckas saekrpoamnamuka. IlepeBoa ¢
arramiickoro I'. B. Bockpecenckoro u A. C. Corosbesa. IToa
peaaknueit . A. Byprrreitaa. VMsa "Mup" Mocksa 1965. -
703 c.

113. Xmeapauk C.J. BapmarmoHHBIN HIPUHITHII 3KCTPEMyMa B
SAEKTPOMEXAHUYIECKUX H 3AEKTPOAMHAMHYECKUX CHCTEMAX,
maTas pepakiua. Publisher by “MiC”, printed in USA, Lulu
Inc., ID 1769875, ISBN 978-0-557-4837-3, 2014, 360 c.

114. https:/ /ru.wikipedia.org/wiki/MaraeToconpoTHBACHHE,
https://en.wikipedia.org/wiki/Magnetoresistance

115. Xwmeapuunk C.J. Pemenme ypaBuenmii MakcBeara AAf
KOHAGHCATOPA C [IEPEMEHHBIM HATIPSKECHHEM
http://vixra.org/abs/1710.0203, 2017-10-15

116. B.M. baaabaii, FO.B. IMsawbko, B.B. IllamoBaaeuko.
Maruaurocratugeckas uHAyKIuA. CoopHuk AokAapoB, 2005,
Vkpanna, ctp. 29-33.
https://web.archive.org/web/20171117160352/http:/ /www.
prs-rover.narod.ru/biblitek/sbornik2005/sbornik1-79.djvu.

117. Kypnaa «tOnprii rexamr», 1992, Ne 08,
http:/ /zhurnalko.net/ =sam/junyj-tehnik/1992-08--num65

118. A. MABUMH, O. ITPOKOIILEB. CAEAAIT AAA
IITKOABI. O Ttom, kak Boroas Mucaasckuit momor Aseimcy
K. Makcseaay, xypHaa «fOmbt Texmmk», 2004 Ne 02,
https:/ /profilib.net/chtenie/32537 /zhurnal-yvunyy-tekhnik-
yunvy-tekhnik-2004-02-lib-13.php

119. Xmeapnux C.J., Xmeapuuk M.J. K Bompocy 06 ucrounnke
seprun B reuepatope Cepaa. «AOKAAABI HE3ABUCHMBIX
aBTopoBy, m3A. «DNA», Poccua-Mspauas, 2007, Bbi 5,
printed in USA, Lulu Inc.,, ID 859217, ISBN 978-1-4303-
24447,

120. 3amapuuna C.b. O XUTPOM TPAHCPOPMATOPE,
http:/ /lib.izdatelstwo.com/Papers2/ Zazarinin.pdf

121. Buraamnii Ilosenmy, KoakcmaapHbIi Tpancdopmarop,
https:/ /www.youtube.com/watch?time continue=8&v=hom

U4g4lpsl




JlntepaTtypa

122.

123.

124,

125.

127.

128.

129.

130.

131.

132.

Pepaxknna ILIO. Ilepeaaua sHeprum depes AHIACKTPHK,
DNA-45, 2018

C.A. CemukoB. O IOBEPXHOCTHOI 9AECKTPOIPOBOAHOCTH.
“I'lpupoaa”, Ne 12, 2004 r.,
http://vivovoco.astronet.ru/VV/JOURNAL/NATURE/1
2_04/SURFCOND.PDF

Xmeapauk — CH.  Dmeprermdeckme  IIPOIECCH B
OECTOIAMBHBIX 3AEKTPOMAIHUTHBIX reHeparopax. Publisher
by “MiC”, printed in USA, Lulu Inc., ID 10060906, ISBN
978-1-257-08919-2, 2011, 84 c.
Pessixun [1L.FO. Maruntaas Oarapes. HabAroaeHus 1 OIIBITHL.
DNA-45, 2018
Toprmmu B.B. Crmpasbable 00pa3oBaHuA B HIPHPOAE U
arexkrpoanHamuke, — M.: LIIT BACU3AACT, 2008, — c. 251,
ISBN 5911900297,
http://www.trinitas.ru/rus/doc/0231/008a/1092-tr.pdf
AA. Tlamareex, B.E. Msawmos, I'.C. Kamaayposa.
PykoBOACTBO K AaDOPATOPHBIM H IIPAKTUYECKUM 3aHATHAM
«MarHuTOOIITHYECKAsA YCTAHOBKA AASl M3YYEHUA AOMEHHBIX
M MUKPOMATHUTHBIX ~ CIPYKIYP B  IIOCTOAHHBIX  H
IIEPEMEHHBIX MATHUTHBIX ITOASXY. Vpaabcknit

rocyaapcrBeHHbpri  yHmBepcurer uM.  A.M. T'opsxroro.
Exarepunoypr, 2007,
http://elar.urfu.ru/bitstream/10995/1321/4/1324749 _guid
c.pdf

A.B. Moucees, I'mnoresa o dopme IIOAA OKPYKAFOIIErO
ITOCTOSIHHBIA MAarHUT HAM TOPCMArHUTHOE ITOA€. «Amaroru
o mHayke», ISSN 2074-7284, Nel, 2014, crp. 44,
https://torsmagnit.jimdo.com/

Xwmeapank C.J. Aesuramms Bparmaroruxcs Anckos, DNA,
Ne 45, 2019.

Muxaua AaBpuHEHKO. ABUTaTEAb BEICOKOTO HAIIPA/KCHUA,
a) https://pandoraopen.ru/2015-10-21/dvigatel-vysokogo-
napryazheniva-mixail-lavrinenko-svobodnava-energiva/
b) https://lent.su/forum/index.php?threads/bezopornaja-
tjaga-v-vakuume-nesimmetrichnye-dvigateli-vysokogo-
naprjazhenija.23/

®. Kaumapex. Beeaenme B pusuky aazepos. Ilepesoa c
rmoAabckoro. M3za. «Mupy», Mocksa, 1981, 540 crp.

L-10



Jlntepatypa

133.

134.

135.
130.

137

138

139.

140.
141.

142,

143.

144.

145.

146.

147

Wroper beaenkmii. MarHUTHBIN XpaHUTEAb CHOBA YAUBAAET,
https://www.voutube.com/watch?time_continue=2617&v
=]912WdC70d4

Davis’s.  Manual of Magnetism, Boston, 1842,
https:/ /www.princeton.edu/ssp/joseph-henry-
project/daniel-davis-
ir/Davis_s_Manual of Magnetism_1842.pdf
B.M. beaoaea. Daekrpoannamuka. Mocksa-Munck, 2011.

[puspaunsie OUTBEI, http:/ /paranormal-

news.ru/news/prizrachnye_bitvy/2013-02-12-6246

. Baaanmup Eaarus. Mupaku BeAHKOHR OHTBEL «APIYMEHTH I

Daxrer — Kypcw», 20 deBpans 2008,
http://othereal.ru/mirazhi-velikoi-bitvy/

. Macca - 3A€KTpOMarHI/ITHOC moAe. boabimas SHITUKAOIIEAHA

nedru u rasa, https://www.ngpedia.ru/id135093p1.html
Borau B.A. T'mmoresa O CyIIECTBOBAHHH CTATHYCCKOTO
SAEKTPOMATHUTHOIO IIOAfl M €ro CBOMcTBax. [lpempuuT
OMAN, P13-96-463, Ayona, 1996,
http://lib.izdatelstwo.com/Papers2 /Bogach.pdf

O. Heaviside, “Electromagnetic theory”, London, 1893.
Mapaeayar O. Maremarudecknii ammapar Qusukn. Msa.
«Hayka», M. 1968.

Gunner Sendberg. Amrurpasuramua.  Oddexr  Cepaa.
http://www.ufolog.nm.ru/artikles /searl.htm

Aerarornuii  auck  Asamoa B.H. [wacte 1], http://x-

faq.ru/index.phprtopic=3158.msg74878#msg74878 (otBer 37),
http://x-faq.ru/index.php?topic=3158.msg71829#msg71829
(otser 17, Bpema 2.15).
Wpanos I'Il. D10 me FLYWHEEL wmam nepsbre mrarm
HACTOSAIIEH (DU3HKH,

http:/ /www.sciteclibrary.ru/rus/catalog/pages/4225.html, a
Takke http://www.tts.lt/~nara/chastl.htm

Marauraoe anaamo. Bukumeaus,

https:/ /ru.wikipedia.org/wiki/MaranTHoe AMHAMO

MarautHOE moAe 3BE3A. Bukurreauns,

https://ru.wikipedia.org/wiki/MaramrHoe ImoAe 3BE3A

. MIpanos I'.I1. O6ocHoBanue cyrecTBOBaHUA 9PHPOOIIOPHBIX

CHA B KAACCHYECKON aAaekTpoanHamuke. DNA-15, 2010, ID
8976094, http://lib.izdatelstwo.com/Papers/15.120.pdf




JlntepaTtypa

148.

149.

150.

151.

152.

153.

154.

155.

®opym: «B_aonoasenne k teme "DIIC u [Taardopma
I'pebennukosa”  [uacts  2]», juwagn, otser H4707:
09.04.2019, 21:40:45.
Dddekr ABmKeHHA OOMOTKH B TpaHcdopMmarope,
http:/ /zaryad.com/forum/threads/ehffekt-dvizhenija-
obmotki-v-transformatore.9172/, Ersh, 12 ®espaas
2017; Exsh, 9 Anpeas 2017.

G.A. Markov. Transformer. Canadian Patent # 2,224,708
1997-10-23,
http:/ /www.rexresearch.com/markov/ca2224708.pdf

Gennady MARKOV. Bidirectional Transformer,

http:/ /www.rexresearch.com/markov/markov.htm

®opym: «YHHIOAAPHBIH reHepatop Papases (dactop 4)»,
Baaaummp, ortBer #5896: 24.04.2019, 23:17:24 (cm.
TAKKE «Bxperimenteller Bwelis, dafs ein
efektrodynamischer Schraubendraht noch kein Magnet
isty,  https://docslide.net/documents/experimenteller-
beweis-dass-ein-elektrodynamischer-schraubendraht-
noch-kein.html)

I'epacumos C.A. Aypeivanos B.A. Marnurnoe moae

BPAIIIAFOIIETOCA HE3aPMKEHHOTO TeAA.
MeKAyHAPOAHBII AKYPHAA IIPHKAQAHBIX u
dysAaMenTAABHBIX HccAeAoBaHmil. — 2015 — Ne 11
(actp 5 - C. 614-618, https://applied-

research.ru/ru/article/view?id=7847

Dddexr bapnerra. Bupryasbsbrit doHA
€CTECTBEHHOHAYYHBIX u HAYIHO-TEXHIYIECKUX
acpdexros,
https://web.archive.org/web/20071216020349 / http:
www.effects.ru/science/87/index.htm
Harold Aspden. Discovery of “Virtuallnertia”. New
Energy News, volume2, number 10, February 1995,
http:/ /newenergytimes.com/v2/archives/fic/N/N199
502s.PDF

L-12






