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AHHOTAITAA
[Tpeanaraerca HOBOe perneHue ypasHeHHH MakcBeAAa AAA
BaKyyMa, AAfl IIPOBOAQ C IOCTOSAHHBIM M IIEPEMEHHBIM TOKOM,
AASl  KOHAEHCaTOpa, AAd cepor m T.A. IlpeasapureabHO
OTMEUACTCA, UTO AOKA3ATEABCTBO EAMHCTBEHHOCTH H3BECTHOTIO
pelreHns OCHOBAHO HA 3aKOHE COXPAHEHUA SHEPIHH, KOTOPBII
He cobAroAaeTcs (AA MIHOBEHHBIX 3HAYCHUI) B H3BECTHOM
permennn. [Ipeasaraemoe perrrenne
® OIIHICHIBAET BOAHY B BAKYYME H BOAHY B IIPOBOAE,
® He IIPOTHBOPEYHT 3aKOHY COXPAHEHHUA SHEPTHU B KAKABIH
MOMEHT  BPEMEHH, T.€.  YJCTAHABAUBAET  ITOCTOSHCTBO
ITAOTHOCTH IIOTOKA 9ACKTPOMATHUTHON 3HEPTUH BO BPEMEHH,
® BEIABASIET CABHUI (Da3 MEMKAY ACKTPHIECCKUMHU M MATHUTHBIMU
HAIIPSKEHHOCTAMH,
® OOBACHAET CYIIECTBOBAHNE ITOTOKA SHEPIUH BAOAB ITPOBOAA,
PaBHOIO ITOTPEOASEMOI MOIITHOCTH.
PaccmarpuBarorTcsi TEXHHYECKHE ITPUAOKEHHA ITOAYYEHHOIO

penIcHuA.
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1. Bcrynaenune

"AO HACTOAIErO BPEMEHH HE OBIAO OOHAPYKCHO HU OAHOIO
acpdexra, KOTOPBIH ITOTPEOOBAA OBl BHAOM3MEHEHHA YPaBHEHUI
Maxkcseana" [36]. Tem He MeHee, B IIOCACAHEE BpEMs KPHUTHKA
CIPAaBEAAUBOCTH ypaBHEeHUI MakcBeAAa CABIIIHTCA CO BCEX CTOPOH.
ITocmorpum Ha puc. 1, rae m300paxkeHa BOAHA, ABASAFOIIAACA HU3BECTHBIM
perreHneM ypaBHeHHI MakcBeAra. YBEpPEHHOCTb KPHUTHKOB ypaBHCHUI
MaxkcBeAAa CO3AQETCHA, ITPEKAE BCETO, HAPYIIEHUEM 3aKOHA COXPAHCHUA
sHepruu B TakOH BOAHe. M, AelictBuTeABHO, "maommocms  nomoxa
aeKmpomaziumnol repeur (Modyas sexmopa Ymosa-Ilotnmurea) «nysvcupyeny
no eapmonuyeckomy saxory. He napymaenea au 30ecy saxon coxpanenus smepeun?”
[1]. besycaoBHO, Hapymraercs, €CAHM 3ACKTPOMATHHTHAs BOAHA
VAOBAETBOPAET M3BECTHOMY peIeHuro ypaBHeHuil Makcseasa. Ho Beap
Apyroro perteHus Het: " Aokasamensimeo eourcmeennocmu pemerusn 6 obuux
uepmax c600umca K caedyromemy. Ecau umeena 0sa pasauunsix peutenus, o ux
pasHoce 66AC0CIIBUE AUNHEHHOCIIU CUCHIEMbL 77200ice A6AAEMCA peterueM, Ho npu
HYAe6bIX  3apAOAX U 1MOKax U HYJEBbIX HAMANBHBIX U IPAHUYHBIX YEAOBUAX.
Omicroda,  noas3yace  seipasieruem 045 IHepUU  IACKINPOMAHUMINGO0  NOAA U
3aKOHOM COXPAHEHUA IHEPIUU 3aKAI0UACM, Y10 PASHOCHIb PerleHull 1110300ecri6ero
pastia Hyaw, m. e pewerusn 00unaxoser. lem camvim edurncmsentocny peuteris
ypaswenuii Maxcsessra dokasana" |[2]. Takum oOpasoM, €AHHCTBEHHOCTb
DCEIIICHUA AOKA3BIBACTCA HA OCHOBE IIPUMEHCHHSA TOTO 3aKOHA, KOTODPBIH

HapyIIacTcd B 9TOM PECILICHUWM.
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Puc. 1.

Apyrum pesyApTaTOM, CACAYIOIIUM U3 CYIIECTBYFOILEIO PEIICHN,
ABAAETCA CHH(A3HOCTb SAEKTPHUYECKOHM M MArHUTHOM KOMIIOHEHT
HAIIPSIKEHHOCTEH B 9ACKTPOMArHHTHOM BOAHE. DTO XOPOIIO BHAHO HA
puc. 1. Ho 210 mpOTHBOpEYHT IPEACTABACHHIO O OECIPEPHIBHOM
IIPeOOPA3OBAHNN SACKTPHYECKON M MArHUTHOM KOMIIOHEHT SHEPIHH B
3AEKTpOMAarHUTHON BoAHe. B [1], manpumep, ator dakt oTHOCHTCA K
"[TIOpOKAM COBPEMEHHON KAACCHYECKON 3ACKTPOAMHAMUKN.

Takme pE3YABTATBI, CACAVIOIIME N3 H3BECTHOTO  PEIICHHA
ypaBHeHHH MakcBeAAa, ITO3BOASIOT HEKOTOPBIM aBTOPAM YCOMHHUTBCA B
AocTtoBepHOCTH ypaBHeHHI Maxkcseasa. [Toauepkuem, oaHako, 9Tto oTH
COMHHUTEABHBIE PE3YABTATHI CAEAVIOT TOABKO M3 HAHAECHHOIO PEICHUS.
Ho s10 perrenne, kak yKa3zaHO BBIIIIE, MOKET OBITH HHBIM.

PaccmoTpuM ermie 9AEKTPOMATHHUTHYIO BOAHY B IIpoBoae. Hcam
IIOAAraTh, YTO IPOBOA HMEET IIPEHEOPEKUIMO MAAOE COIIPOTHBACHHUE, TO
ypaBHeHHA MakcBeAAa AAf 3TOH BOAHBI OYKBAABHO COBIIAAAIOT C
ypaBHeHnAMH ~ MakcBeAAa AAf BOAHBI B Bakyyme. OAHakO B
9AEKTPOTEXHHUKE HE HCIIOAB3yeTCA H3BecTHOe perrreHme. Vicrmoapsyercs
TOABKO  pEIIEHHE,  CBA3BIBAIOIIEE  HANPAKEHHOCTb  KPYrOBOTO
MArHATHOTO IIOAf C TOKOM B IIPOBOAE (OyAeM AAfl KPaTKOCTH B
AAABHEHIIIEM HA3BIBATH €TI0 JAEKTPOTEXHHYECKUM PEIIeHHEM). DTO
pEIlleHNE TOXKE YAOBAETBOpAET ypaBHeHHAM MakcBeara. OAHAKO, BO-
IIEPBEIX, OHO ABAAETCA APYIHM PpCEIICHHEM TEX K€ YpaBHEHHH (JTO
OIPOBEPraeT TEOPEMY O CAMHCTBEHHOCTH H3BECTHOIO perreHus). A, BO-
BIOPHIX, - M 3TO TAaBHOE, - 3AEKTPOTEXHUYECKOE PEIIECHUE
IIPOTHBOPEYHT SKCIIEPUMEHTAABHBIM (DaKTaM.

Peur maer o ckun-acpdexre. Perenne, oOBACHAIOINIEE CKUH-
apdeKT, AOAKHO COAEPKATH HEAMHEHHYIO 3aBHCHMOCTH ITAOTHOCTH
TOKa CMeImmeHus (HAVIIErO BAOABb IIPOBOA2) OT paAuyca. Takad
3aBHCHMOCTb B COOTBETCTBHH C ypaBHeHmAMH MakcBeara AOAKHA
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COYETAThCA C CYIIIECTBOBAHMEM PAAHAABHBIX U KPYTOBBIX AECKTPHYECKIX
M MATHUTHBIX HAIPAAKEHHOCTEH, HEAHMHEHHO 3aBHCAIIUX OT PAAHYCa.
Droro Her B  aAekTporexHHYeckoMm  pernenun.  Cxua-addekr
OOBACHACTCA HA  OCHOBe ypaBHeHHI  MakcBeara, HO B U3
3AEKTPOTEXHHUYECKOTO PEIIEHUsA OH HE CACAyeT. DTO M IO3BOAAET
VIBEP/KAATb, YTO  IAEKTPOTEXHHYECKOE  PpEIIEHHE IIPOTHBOPEUNT
SKCIIEPUMEHTAABHBIM (PAKTAM.

2. O moToKe 3HEPIUH B IIPOBOAE

Paccmorpum eme morok sHeprmm B IpoBoae. Cyrectsyroriee
OPEACTABACHHE O IIEPEAAYE SHEPIUH IIO IPOBOAY COCTOUT B TOM, UTO
SHEPIUA KAKHM-TO OOPa3soM pacrpocTtpaHsercs BHe mposoaa [13]: ...
Hama  «CYMactuedmany meopus  2080pUnNL, Um0 INCKMPOHLI  NOAYHAION 6010 IHEPIUIO,
pacmpauusaeryio uMu ta co30arue menaonisl U36He, 01 NOMIOKA IHEPIUN GHENLIEL0 1048
1ympe nposoda. Klnmyuyus nam noockassiéaens, 4o IAeKmpor nonoAHAEN: 6010 IHEPLUI0
3a cuem «QasaeHuAy, KOMOPoe moaKaen exo 60046 1pos0da, max 4mo Hepeua Kax 6)omo
dosgwcra mevs 6Hu3 (au 66epx) no nposody. A eom meopus_ymeepowdaens, umo na camom
deste Ha INEKIPOH elcmIBYen IAEKMPUYEcKoe n0e, C030a8aeMO¢ 04eHy 0aNeKUMY 3apadat,
U INEKIPOHLL 1MEPAION 6010 IHEPLUIO, PaACX00YeMYI0 Ha IMENS0 UMEHHO U3 SMUX 1oAel.
DHepetin omdanerHbix 3apa0o8 KaxkuM-mo o6pasom pacmexaenica 1no 6oavuod obiacni
npocmparicmea u amem smexaen 81ymps nposoda.”

Takasd Teopus HIPOTUBOPEYUT H 3AKOHY COXPAHEHUA SHEPIUM.
AeHfCTBHTEABHO, IIOTOK SHEPIHH, ITYTEIIECTBY B IIPOCTPAHCTBE, AOAKEH
TepATs 4Yacte sHeprun. OAHAKO 3TO HHUKAK HE OOHAPYKHBACTCA HU
9KCIEPUMEHTAABHO, HH Teopermyeckn. Ho, raaBHOe, 312 Teopms
IIPOTUBOPEYHT CAEAYIOIIIEMY 3KcepuMeHTy. Ilycte mo menTpasbHOMY
IIPOBOAY KOAKCHAABHOIO KaOEAfl TEYET ITOCTOSHHBIH TOK. DTOT IIPOBOA
H30AUPOBAH OT BHEIIHErO ITI0TOKAa sHeprum. OTKyAa e HOABAAETCA
IIOTOK SHEPIUH, KOMIIEHCHPYIOIINN TEIAOBBIE IToTepu B mposoae? Ho,
KPOME IIOTEPb B IIPOBOAE, 3TOT HOTOK H3-BHE AOAKEH IIPOHUKHYIbL B
HAIPY3Ky, HAIIpPHMEP, B OOMOTKH 3AEKTPOMOTOPOB,  3aKPBITHIC
CTAABHBIMH KOKYXaMH CTATOPa. DTOT BOIPOC CYIIECTBYIOIIAA TEOPHA HE
00CyKA€eT.

Mexay TeM, TIOTOK 3HEPTHM  SAEKTPOMATHUTHOW  BOAHBI
IIPUCYTCTBYET B CaAMOM BOAHE M AAfl OTOTO HE HCIOAB3YETCA
IPOCTPAHCTBO, BHEIITHEE IO OTHOIIEHUIO K BOAHE,

Pemenne ypaBuenmii MakcBeAAa AOAKHO MOAEGAHUPOBATH TAaKyFO
CIPYKIYPY 9AEKIPOMATHUTHOM BOAHBI, B KOTOPOI IPHUCYICIBYET IIOTOK
5AEKTPOMATHUTHOM SHEPIHUH.

WMarynnnd, o koropoii rosopur PelfHMaH, HAC HE OOMAaHBIBAET.
ABTOp AOKasbIBaCT 3TO HIDKE, HE BBIXOAS 32 PaMKH YpPaBHEHUI
Maxceaaa.
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3. Tpe6OBaHI/Iﬂ K HerOTI/IBOpe"—II/IBOMy

pernieHuro ypasHeHU MakcBeasa
Wrax, permenne ypasaeHuii MakcBeAAa AOAKHO
OIIHCHIBATH BOAHY B BAKYYME H BOAHY B IIPOBOAG,

HC HpOTI/IBOpC"H/ITb 3aKOHY COXpaHCHI/IH BHGPFI/II/I B Ka}KAbeI
MOMEHT BPCMCHI/I, T.€. YCTAaHABAHBATDH IIOCTOAHCTBO IIAOTHOCTH
IIOTOKA BACKTPOMQ.FHI/ITHOI‘/‘I SHEPIrUH BO BPCMCHM,

BBIABAATH CABHTI @23 MCKAY OACKTPUYCCKHMMU MW MArHUTHBIMI
HaHp}DKCHHOCTHMI/I,

OOBACHATD CYIIECTBOBAHME ITOTOKA JHEPTHH BAOAb IIPOBOAA,
PaBHOTO ITOTPEOAAEMON MOIITHOCTH.

Hixe BEIBOAUTCA TaKOE pEIIeHuE ypaBHEHNH MakcBeaaa.

4. BapuanTel ypaBHeHnM MakcBeaaa
Aanree BBIACASIFOTCA PAa3AHYHBIC YACTHBIE CAyYad (BAPUAHTHI)

CHCTEMBI ypaBHCHHMI MakcBeAAa, KOTOPBIE MBI IIPOHYMEPYEM AAfA
YAOOCTBA HU3AOKEHUS.

BapwuanT 1.
VpaBuenus MakcBeara B obrmmem caydae B cucreme CI'C mmeror
BUA [3]:
rot(E)+ £ _, (1)
c Ot
rot(rr)-£2E 47 1 ), @)
co ¢
div(E)=0, 3)
div(H )=0, @)
I=0F, Q)
TAE

I, H, E -TOK IPOBOAUMOCTH, MATHUTHASA 1 9AEKTPUYIECKASA

HAIIPAKEHHOCTH COOTBETCTBEHHO,

&, U, O - AUDACKTPHUYICCKAA IIPOHUITACMOCTD, MATHUTHAS

HpOHI/IHaCMOCTB, HpOBOAI/IMOCTb MaTCpI/IaAa HpOBOAa.




Mpegucnosue

BapuanT 2.
Aas Bakyyma HaAO TpuHATE £ =1, =1, 0 =0. Toraa cucrema

ypasaenuii (1-5) HpI/IMCT BUIA:
1 o0H

t(E£)+———=0, 6
rot(E )+ - ©)
1 OF _
rot(H )-——=0, 7
(H)-——"= 0
div(E)=0, 8)
div(H)=0. )
Penrenne 510 crucreMsr paCCMOTpCHO B raase 1.
BapwuanT 3.
Paccmorprm BapuanT 1 B KOMITAEKCHOM IIPEACTABACHUM:
rot(E)Jria)ﬁH:O, (10)
c
rot(H)—ia)ﬁE—4—”(real(1)+i-imag(1)): 0, (11)
c c
div(E)=0, (12)
div(H)=0, (13)
real(/ )= o - abs(E). (14)

3aech BakHO OTMeTHTB, 4TO B (14) yKaseiBaeTcsi He BECh TOK, 2
TOABKO €rO PeaAbHAS YacCTh, T.€. TOK IPOBOAUMOCTH. MHIMAs 9acTh TOKA
ABAAETCA TOKOM CMEITIEHUA U HE 3aBUCUT OT SAEKTPUYECKHIX 3aPAAOB.

Perrerne 910 CHCTEMBI PACCMOTPEHO B rAaBe 4.

BapwuanrT 4.

AAsL TIPOBOAQ, B KOTOPOM IIPOTEKAET CHHYCOUAAABHBIN TOK [ OT

BHEIIHEIO NCTOYHUKA, MHOTAA MOKHO UCKAIOYUTD real(] ) B YPaBHEHUAX
(11-14). Drto BO3MOKHO AAfl HH3KOOMHOIO IIPOBOAA M AAA
AM9AEKTPUYIECKOIO IPOBOAA (HoApoOHee cm. B raase 2). [lpu srom
cucrema (11-14) npuanmaer BuA:

rot(E )+ MOH _ 0, (15
c ot

rot(H)—ia—E—4—7rI=0, (16)
cot ¢

div(E)=0, (17)

div(H )=0. (18)




Mpegucnosue

3AeCh BaXKHO OTMETHTb, YTO TOK [ He ABAAETCHd TOKOM
IIPOBOAMMOCTH, AQ7KE€ ECAM OH TE€YET ITO IIPOBOAHHKY.
Perrenne 910 CHCTEMBI PACCMOTPEHO B TAABE 2.

BapwuanT 5.

AAf IIPOBOAA IOCTOAHHOIO TOKA CHCTEMa II0 BapwaHty 1
YIpOIIAeTcs OAArOAAPA OTCYTCTBHUIO IPOM3BOAHEIX IIO BPEMEHH U
IIPIHUMAET BHA!

rot(E)=0, 21)

rot(H )- Ao, (22)
C

div(E)=0, (24)

div(H)=0, (25)

I =0oF (26)

A
Bapuanr 6.

rot(1)=0, @7)

rot(H )— 4—7[1 =0, (28)
C

div(r)=0, (29)

div(H )=0. (30)

Permenmne 3To# cHCTEMBI PACCMOTPEHO B TAaBe 3

Mpbr OyAeM HCKaTh MOHOXPOMATHYECKOE PEIIECHUE YKA3aHHBIX
cucrem. IlepexoA K HOAMXPOMATHYECKOMY PEIIEHHIO MOKET OBITH
BBIITOAHEH C ITOMOIIBIO IIpeoOpasopanns Pypoe.

Mpbr OyAeM HCHOAB30OBATH CHUCTEMY IHAHMHAPHYECKAX KOOPAMHAT
r, @, z -cMm. apusoxkenne 1. OUeBHAHO, ECAHM PEITIEHHE CYIIECTBYET B

IITATHAPHYECKON CHCTEME KOOPAMHAT, TO OHO CYIIECTBYET M B AFOOOIT
MHOW CHCTEME KOOPAHHAT.

ITpuaorxkenne 1. IluanHApudeckre KOOPAUHATEL.
B mmAmBApHEYecKHX KOOpAMHATAX F, (), Z, KaK H3BECTHO [4],
CKaAAP-AUBEPIEHIA BeKTOpa [, BEKTOP-TPAANCHT CKAASPHON (DYHKITHH
a(x,y,Z), BCKTOP-POTOP BEKTOPA H nmeroT cooTBETCTBEHHO BHIA
H, oH, 1 0H, oH
roy oy, ? 4 z
r or r O oz

@)

div(H )=
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oa
grad,,(a):—r, grad(p(a)—— 50’ grad, (a) 62 (b)
OH, OH,
H — —— c
rotr( ) [ o0 o } ©
_OH,
H d
rot,, (H )= ( 5 j, )

rot . (H )= [ ©

H 8H 1 a]-[
rooor r 8(0

ITpuaorxenune 1. Cpepudeckne KOOPAMHATEIL.
Ha puc. 1 nokasana cucrema cepuueckux koopansar (p,0,9), a

B TaOA. 1 IIpUBEAEHBI BEIPAKEHHA AASL POTOPA U AUBepreHunu sekropa E
B 3TUX KOOpAMHATaX [4].

Zs_
Z 0 RS
] [ T N
e/r
Y
X
Puc. 1.
Tabauma 1.
1] 2 3
1 rotp(E) E, OF, OE,
+———
ptg(@) pod  psin(@pe
2| rot,(E) 0E, E, OE,
psin@Pep  p  p
3| rot,(E) | E, OE, OE,
p p pop
41 div(E) | E, LOE,  _E, OB .8E¢
p__op peg6) pod  psin(@Pe
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IIpuaoxenne 3. Hexoropsle CcoOTHOILIEHHA B
cucremax CI'C u CH.

Aanee dopmyasr mpusoasrcs B cucreme CI'C, HO HekoTOpBIE
HpuMepsl AAf HarasiaHOCTH Aarotcsa B cucteme CH. ITostomy B T20A. 1
AASL JAOOCTBA YHTATEAA YKa3aHbI COOTHOIICHHA MEKAY HEKOTOPBIMHU
EAMHUIIAMHI U3MEPEHUA B 9TUX CHCTEMAX.

HaunmeHoBaHME e AMHUIIBI CIrc Ccu
CHA2 5ACKTPHIECKOTO TOKA 1 CIC 3,33-1010 A
DAEKTPHUYIECKOE HAIPSIKEHIE 1 CI'C 3:-10°B
MorrHoCTh, IIAOTHOCTD IIOTOKA 1 CI'C 107 Br
3Hepr 15058
[TaoTHOCT HOTOKA SHEPTHH HA 1 CIC 10 Br/m
CAMHUITY AAMHBI IIPOBOAR
[TaroTHOCTD 9AeKTpHYeckoro Toka | 1 CI'C 3,33-100 A/m?

3,33-1012 A/nm?

Hanpsoxkennocts 1 CIC 3-10* B/m
DACKTPUYECKOTO ITOAS
HarmpskeHHOCTD MATHUTHOTO 1 CIC, 80 A/m
TOASA Ipcrea
MarauTHAS HHAYKITUA 1 CI'C, 10T

I'aycc
Abcoarotnas amoaektpuueckas | 1 CI'C 8,85:1012 ®/m
IIPOHHIIAEMOCTD
ABCOAIOTHAS MATHUTHAS 1CIC 1,26:108 Tu/m
IIPOHUIIAEMOCTb
Daexrpudeckas EMKOCTb 1CIC 1,1-10"12 @
VHAYKTHBHOCTB 1 CIC 10° I'
Daexrpugeckoe conporusaeane |1 CI'C 9:10'" Om
DAEKTPHYECKAs IIPOBOAUMOCTD 1CIrc 1,1-10"2 cm
VAEABHOE 9ACKTPUIECKOE 1 Crc 9-10° Om'™m
COIIPOTHBACHUE
VAeAbHAs 9ACKTpUYECKas 1CIC 1,1-101° cm/m

Hp OBOAMMOCTD

11



nasa 1. Bropoe pelueHue ypaBHeHun MakcBenna ans Bakyyma

I'aaBa 1. Bropoe pemrenne
YpaBHEHUU MaxcBeAAa AASL BAKYYMA

OraaBAaeHune
1. Beeaeune
2. Pemenne ypasaennii Makcseana
3. Hanpsmxennoctn
4. IloToku sneprun
5.006cyxAeHIE
[Tpraoxenne 1
[Tpuaoxenue 2

1. BBepaenue

B raase '"llpeamcaoBme"  mokazsaHa — IPOTHBOPEYHBOCTb
M3BECTHOIO perneHus ypaBHeHuH MakcBeasa. Hinke mpeaaaraercs
HOBOE pelreHne ypaBHeHnH MakcBeaAa AAfl Bakyyma [5].

2. Pemienne ypaBHeHuM MakcBeaaa

PaccMoTpuM  pellieHHe CHUCTEMBl ypaBHEHHE MakcBeAAd  AAS
BaKyyMa, KOTOpas IpuBeAcHa B raase "[lpeaucaosue", kak Bapuant 1, n
HMEET BUA

1 0H
t(E =0,
rot(. )+c o

1 OF
rot(H )— R
()cat

div(E)=0,
div(H )=0.
B cucreme HI/IAI/IHAPI/I‘ICCKI/IX KOOpAI/IHaT r, (0, Z 9TH ypaBHCHI/IH

HMCIOT BHA:

E OE 1 OE, OE

Ly —Lp—.—P 420, )
r or r Op Oz
OE
l.ai__q’zMr’ )
r O0p Oz

12



nasa 1. Bropoe pelueHue ypaBHeHnn MakcBenna onsa Bakyyma

OE, OE.

- =M, 3
0z oOr ’ ©
E OF
Po T 1Oy @
r or r 0@

H’+8H’+l-aH”’+aHz =0, ©)
r or r Op Oz

OH
LaH, _oH, o
r O0p Oz
OH, OH

L——==J , 7
0z  Or ’ @
H, OH
_‘/’+_‘/’_l.%zjz’ (8)
r or r Op
J=10E ©)

c ot
m=_1o (10)

c ot

AAS COKpAIIIEHUS 3AIIICH B AAABHEHIIIEM OYAEM IIPUMEHSATD CACAYFOIIIHEC
O0O3HAYCHUSA:

co=cos(ap + yz+wt), (11)
si =sin(ap + yz + wt), (12)
TAC O, Z, w — HCKOTOPI)IC KOHCTAaHTHI. HPCACTaBI/IM HEM3BECTHBIC
(PYHKIIIH B CAEAYIOIIIEM BHAE!
J,-=J, @ )o, (13
J =7, (r)si, (14
J..=j.(r)si, (15
H,.zhr(r)co, (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, 1)
M,.=m,(r)si, (22)
M _.=m_(r)si, (23)

13



nasa 1. Bropoe pelueHue ypaBHeHun MakcBenna ans Bakyyma

rae j(r), h(r), e(r), m(r)- nHekoropsle (DYHKIIMNI KOOPAHHATEL .
HemocpeACTBeHHOH — ITOACTAHOBKOM — MOMKHO — YOGAHTBCA, dTO

Pyukun (13-23) npeobpasyror cucremy ypasuerui (1-10) ¢ Tpems

APIYMEHTAMH ¥, (), Z B CUCTEMY YPABHCHHI C OAHHM apIyMEHTOM F K

neussecTHbiMu yukuusavu (), h(r), e(r), m(r).

B npuaoxennn 1 mokasaHo, 9TO y TaKOH CHCTEMBI CYIIIECTBYET
pelieHIE, NMEIOIIEe CACAYIOIINI BHA (B mpuaoxkenun 1 cm. (3.1, 39, 33,
34, 32) cOOTBETCTBEHHO):

h(r)=0,e(r)=0. (24
A

er:ew:Er(l ), (25)

h,(r)=e, ). (26)

h,(r)=—e,(r), @

¥ =0fc. (28)

rae A,c,a, y,® — KOHCTaHTHL.

Tem caMbIM MBI IIOAYYHAM MOHOXPOMATHYECKOE pEIIeHHE
cucremer  ypasHeHHIT  (1-10). IlepexoA K HOAHXpPOMATHYECKOMY
PEIIIEHUIO MOKET OBITh BBIIOAHEH C IIOMOINBIO IIpeoOpasoBanusd Pypre.
O4eBHAHO, €CAH PpEIIIEHHE CYIIECTBYET B IIMAHMHAPHYECKOH CHCTEME
KOOPAHHAT, TO OHO CYIIECTBYET U B AFOOOM HHOI CHCTEME KOOPAHHAT.

Takum 00pa3oM, MBI IIOAYYHAU OOINEE PpEIIeHHE YPaBHEHUN
MakcBeAAa B BaKyyMe.

3. HanpsokeHHOCTH
Paccmorpum perrenne (2.25):
e.=e,=0.54- re M
rae (412) — amuanryaa vanpsokennocru. M3 (1) caeayer:
(€2 +e )= a-r2C. @
Ha puc. 1 moxasamer, manpumep, rpacdukn pysxknmit (1, 2) npu
A=-1, a=0.28.

Ha pmc. 2 moxasaHBl BEKTOPB HAIPAKEHHOCTEH, MCXOAAIIHE H3

TOYKHA A(r,@). Hanomunm, 9ro  npoeknmm 4, (r) =e, (r) u
h,,(r): —e,(r) - cw. (2.28, 2.29). Hanpasaenus BEKTOPOB e, () u e,(r)
BoiGpansr Tak: e, (r)> 0, e,(r)<0. INpu srom pexroper E, H _Bceraa

oproronaApHel. CymMMa MOAYAEH 3THX BEKTOPOB ompeaeaserca us (2.17,
2.18,2.20,2.21, 2.26, 2.27) n pasHa

14



nasa 1. Bropoe pelieHne ypaBHeHun MakcBenna ons Bakyyma

W=E+H" =, ()] + (e(ﬂ (r)vi) + (. (rxo) + (h(ﬂ (r)?oy
=0 +,0) ®

- o rtawke (10) m pumc. 1. Takum 0o0OpasoMm, HAOTHOCTb 9HEPIHH
9ACKTPOMATHUTHOW BOAHBI IIOCTOSIHHA HA BCEX TOYKAX OKPYKHOCTH
AAQHHOTO PAAHYCA.

AN

0.25

0.3 < —

—
~ 035
5 o4 /
-0.45 /
0.5
0

-0.05 !
0 YK T NN SRR S SO _—l—-—'
R /
E 015 S
2 /

2 4 6 8 10 12 14 16 18 20
Fig.1. SecondSolMax.m

Puc. 3.

Pemrenme cyrmectByer u pu m3MeHEHHbIX 3HaKkax pynknmi (2.11,
2.21). Dromy caywaro coortserctByer puc. 3. Puc. 2 um pumc. 3

15



nasa 1. Bropoe pelueHue ypaBHeHun MakcBenna ans Bakyyma

HAAFOCTPHUPYIOT ~TO, 9YTO BO3MOKHBI ~ABAa _BHAA _ ITUPKVAAPHOM
MOAAPU3AIIU SAEKTDOMATHITTHON BOAHBHIL.

Ha puc. 4 aaa aeMoHCTparuu cABura a3 MEKAY KOMITOHEHTAMU
BOAHBI ITOKA32aHBI (DYHKITHH
co=cos(ap+ yz+wt), si=sin(ap+ yz+wt)
HMAU 5KBUBAACHTHBIE UM IIpU Z = ¢t yHKIIUN

( 2w j ) ( 20 j
CO = COS a¢+—z 5 S1 = S1n 0{¢+7Z .

C C

IMpu ¢=0, 2w0/c=0.1 atu QyHKIHE TPUHEMAIOT BHA CO = cos(z),
Si = Sin(z) 1 ITOKA3aHBI HA pHC. 4.

1

AV / K
NVAWA [\
1\ [ ]\
L) Jo o X\
b\ / \
\/ J \
\/ [/ \
\ / \
) / \ )

0 1 2 3 4 5 6 7 8 9 10
Fig.4. SecondSolMax.m

co(z), si(z)

4. IToroxu aneprumn
HAOTHOCTI) IIOTOKa BACKTPOMQFHHTHOIZ SHCPI‘I/II/I — BCKTOP HOI>‘IHTI/IHI‘2,
S=nExH (1)
rAe
n=clir. )
B muAMHAPHYECKHX KOOPAMHATAX F, (), Z IAOTHOCTH IIOTOKA
SAEKTPOMATHUTHOH JHEPTHH HMEET TPHU KOMIIOHEHTEI S, S 0 S,

HAIIPaBACHHBIE ~BAOAD  PaAMyca, IO OKPYKHOCTH, BAOAb OCH
coorBerTcTBeHHO. OHM OnIpeAeAdroTcs 110 popmyAe

S E,H -EH,
S = S(p = H(E x H): 77 EzHr - Eer : (4)
S, EH,-E,H,

W3z (2.12-2.17, 3.4) caeayeT, 9TO IIOTOK, IPOXOAAIIHI dYepe3 AAHHOE
CeYeHHe BOAHEI B AAHHBIIT MOMEHT BPEMEHH,

16



nasa 1. Bropoe pelueHue ypaBHeHnn MakcBenna onsa Bakyyma

-2

—77” -si-co |dr-do. )

r,Q

(%)
Il
fn| ef/)| ff)|

s, -Si-co

z

s, = (6th - ezhw)

S(p = (ezhr - erhz)' (6)

S, = (erh(p _e(phr)

B  npuaomenun 1 mokasanmo, uro h (r)=0, e (r)=0.

TAC

CaepoBareasto, s, =0, S, = 0, T.c. TOTOK SHEPIHH PACIIPOCTPAHACTCA

TOABKO BAOAB OCU OZ U paBeH

E:S_2=77”[sz~si-coyr-d(p. ™
r.e

OTCYTCTBI/IC IIOTOKAa BHCPFI/II/I II0 paAHycy O3HAYAC€T, YTO 00AACTD
CYILIECTBOBAHUA BOAHDBI HE paciImpAcTCA. HOATBCP)KACHI/ICM ITOMY
ABAAICTCS CYIIIECTBOBAHMC Aa3epa.

Haiiaem s . 13 (2.26, 2.27) moaygaem:
e.h, =e’, ®
e,h, =—e, )

(ﬂ

Ws (7, 8, 9) moaygaem:
s.=(e +ej,). (10)

Taxum oOpasom,
< 2, 2Y) ..
Sz?]”[(er +e¢)sz-co]z’r-d(0. 1)
.
OrcroaAa, Kak IMOKa3aHO B IIPUAOKECHHIH 2, CACAyeT 9TO

=— (1 cos(4a7z))'[ ((e + e 12)

Hs (10, 12) HaXOAI/IM

(2~ 1))11 (120

ITycrte R — paamyc varOBoro (prHTa BOAHEL Toraa
(Za 1)

f =2 o 1) 13)

17



nasa 1. Bropoe pelueHue ypaBHeHun MakcBenna ans Bakyyma

Sa,fa = l (1 — cos(40m')), (14)
' o

— cA

S = 1671' SalfaSint : (15>

Ha puc. 5 nokasama dynxmms S, (@) (13), a na puc. 6 rokasana

dyuruua S, (o). Ha puc. 6 BepxHAfS M HIDKHSA KPHBBIC OTHOCHATCH
coorserctBeHHO kK R =200 u R =100. 13 dopmyasr (15), puc. 5 u puc
0 BHAHO, 9YTO IIOTOK 9HCPIHH ABAACTCA HOAOKHTCABHBIM, HAIIPHMED,

npu 4=-1, a=0.8.

ITOCKOABKY ITOTOK 3HEPIMH M 3HEPTHA CBA3AHBI COOTHOIIICHHEM
S =W -c, 1o u3 (15) MOXKHO HANTH SHEPTUIO EAMHHUIIEI AAMHBI BOAHBIL:

— 4
w :ESalﬁJSint' a7)

Salfaalfa)

b o
/
Sint(alfa)

n

-

\ N ' /
4\\/ L_//

-0.2 0 0.2 0.4 0.6 0.8 1 1.2 -0.2 0 0.2 0.4 0.6 0.8 1 1.2
Fig.5. SecondSolMax.m Fig.6. SecondSolMax.m

Fig.7. SecondSolMax.m

18



nasa 1. Bropoe pelueHue ypaBHeHnn MakcBenna onsa Bakyyma

B IIPUAOKCHUN 2 IOKa3aHO TAKXKE, YTO IIAOTHOCTBb IIOTOKa
BHCPFI/II/I Ha OKPY')KHOCTI/I AAaHHOTO paAHyca OHPCAGA}ICTCH CPYHKLII/ICEI
BHAA

S, = (ef +e, )sin(Za(p +4az/c). (18)
Orcroaa u u3 (3.10) caeayer:
Sy =42 sin(2a(p + 4az/c). (19)

Ha puc. 7 nokasana sra dyskums npu A=1, =08, r=1 u asyx

3HaYeHHAX BTOpOoro cAaraemoro: O m 0.5 — oM. croaomHyrO u
IYHKTHPHYIO AHHHH COOTBETCTBEHHO.
Orcroaa caeayer, 910
®  IIAOTHOCTH ITOTOKA HEPABHOMEPHO PACIIPEACACHA ITO CEUCHHIO
ITOTOKA — CYIIECTBYET KAPTHHA PACHPEACACHUA IIAOTHOCTH
IIOTOKA ITO CEYEHUIO BOAHHI;

®  5Ta KAPTWHA BPAIIAETCA IIPU IIEPEMEIICHIH 10 OCH OZ;

e notok sHeprun (15), MPOXOAAINIT Yepe3 IAOIIAAb CEUEHUsA, He
3aBUCHT OT {, ¢, z; TAABHOE, YTO 3TA4 BEANYMHA HE M3MEHACTCA

BO BPEMCHH, 1 3TO COOTBETCTBYCT 3AKOHY COXPAHCHUA SHCPIHI.

5. O6cyxaeHnE
IToaygenHOe perreHne onucHBaeT BOAHY. Ero ocHOBHBIE OTAHYHA
OT U3BECTHOTO PEIIEHHA COCTOAT B CAEAYIOIIIEM:
1. MruOBEeHHEIN (2 HE CPEAHHH ITO HEKOTOPOMY HEPHOAY) HOTOK
SHEPIMH HE HU3MEHAECTCA BO BPEMEHM, YTO COOTBETCTBYET
32KOHY COXPAHECHHSA SHEPIHH.

2. ITorox 3HCpFI/II/I MCCT ITIOAOKHUTCABHOC 3HAYCHIHC.

Rt

IToTok sHEpTHE PACIPOCTPAHACTCA BAOAD BOAHEI
4.  MarantHas 1 SAEKTpHYECKas HAIIPSKEHHOCTH HA HEKOTOPOM

ocHu KOOp,A,I/IHaT r, (0, Z CABHHYTBI ITIO cba3e Ha 4YETBEPTH

IICPHOAAQ.

5. PerreHue AAS MATHUTHBIX B 9ACKTPHYECKUX HAIIPKEHHOCTEH
ABASIETCS BEILIECTBEHHBIM,

6. Pemenme  cymiectByer  mpH  IOCTOAHHOH _ CKOPOCTH
PacIpoCTpaHEeHNSs BOAHBL

7. OOAaCTp CYIIECTBOBAHUSA BOAHBI HE PACIIHPSICTCA, HTO
ITOATBEPKAAETCA CYILIECTBOBAHUEM AA3€Pa.

8. Bekropbl sAEKTpHUYECKONM M MATHUTHOH HAIIPAKEHHOCTEH

OPTOIrOHAABHBI.
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nasa 1. Bropoe pelueHue ypaBHeHun MakcBenna ans Bakyyma

9. BosmoxkaBl  ABA  BHAA  IIUPKYASPHOM  IIOASPU3AIUU
HACKTPOMATHUTHONW BOAHBI
10. Boana m ee sHeprusi OIPEAEACHBI, €CAU 3aAAHBI APAMETPEI

A, o, R, a. llpn pasHBX R, S Momer ObITh HalACH

ImapamMeTp o .

Ha CACAYIOIIIEM pI/ICYHKC ITOKa3aHBbI HﬁHpH)KCHHOCTI/I B ACKapTOBbIX
KOOpAI/IHaTaX.

H Y
X\\ \ZQ
o Z
TN 10 R ad
Ex.___
T
-
AN
20~

ITpnaosxenne 1.

Paccmarpusaerca permenne ypasuennii (2.1-2.10) B Buae dynkimit
(2.13-2.23). Aaree mIpoH3BOAHBEIE IIO 7' OYAE€M OOO3HAYATH IIITPUXAMH.
ITepenmummenm ypasuenns (2.1-2.10) ¢ yaerom (2.11, 2.12) B BuAc

&0 gy -2Do e =0, 0
Lo (e, )y =m () e
e, () —e(r)=m, (r), ©
e(/’(r)_’_e(’p(r)_er_(r).a:mz(r)’ (4')

h(r)+h()+ dat z-h(r)=0, ®)
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nasa 1. Bropoe pelueHue ypaBHeHnn MakcBenna onsa Bakyyma

1

—h(ra=h,(r)z = J.¢) (©)

—h, )y 1) = j, (), %
()+h()+ (r)a—jz(r)=0, ®)

=2 R =-2e )

.]V c r> .](p c [ .]z c z?

m,,:ﬁhr, m(p:—ﬂh(p, mz:—QhZ, (10)

C C C

Msbr paccmaTpuBaeM OCIVIIYIO BOAHY B Bakyyme. B aTom cayuae
e, (r) =0, IOCKOABKY HET BHEIITHEIO NCTOYHHUKA SHEPIHHL.
[Ipu srom B coorsercrBun ¢ (9) moayumm j_(r)=0. Toraa

ncxoaHad cucrema (1, 5-8) mpumer BHA:

M—i—e;(r)—e(’;(r)a:o, 17)
r
h (r) + 0 (r )+ L (1) =0, (18)
; h(ra—h,( g = j, () (19)
—h (= (r) = j, (), (20)
h()+h()+ ’(r) 0, (21)
IToacTaBum (9) (17). Toraa moAy4anm:
20, ()+J“’() -0, @

[ToacTaBum (19, 20) B (22). TorAa ITOAYYIHM:
1

2 ’ z(r)C! 1 : h(p(r)/%/ 1 : h; (r)C! h;)(r)l ( r(]/‘)/l/ ‘];(r)) 0
r r r r
AU

1 1 ,
b (e (g =K (g ~h (YT =0 )

IIprm >TOM AAA BBIYHCAEHHS TPEX HANPAKEHHOCTEH IIOAYIUM TPHU

ypasuerms (19, 21, 23). Vckarounm h,(r) w3 (21, 23):

S hP)a = hy ()7 [1 ()4 (r)ﬁjz ~h, ()22 -
r r r r r
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AT _—21 h.(ra=0 waum h (r)=0. Taxum obpasom, mpu e (r)=0
r

AOAKHO cODArOAaThes yeaoBue h_(r) =0. Orcroaa caeayer

Aemma 1. TTpu e (r) =0 cucrema ypasuenwnii (1, 5-9) coBmecrimva
TOABKO B TOM cAy4ae, koraa h_(r)=0.

I[Mpu e (r)=0 wu h (r)=0 ypasuenus (1, 5-9) npurmMaroT

CAeAyroIIuil BUA - ypasHenud (1, 5, 8) yunpormarorcs, a ypasuenus (6, 7) ¢
yaeToM (9) 3aMeHATOTCA HILKEIPUBEACHHBIMA ypapHeHuAME (1.3, 1.4):

e"(r)+e;(r)—L(r)a=0, (1.1)
h (r) e )+ (12)
% h(r) =, (r) a3
L ()=, 0, t9

5y () h()+h(r) - 0.

(1.5)

AHAAOTIYHO AOKA3BIBACTCH

Aemmva 2. Tlpu e (r)=0 cucrema ypasuenuii (1-5, 10)
COBMECTHMA TOABKO CAy4ae, Koraa upu h_(r)=0.

[Ipu srom arasormaao dhopmyram (24, 28) moayaaem HGOPMYABI

%’ﬁ)+e;(r)—e"#(r)a:0, e
e,(ry=- % h () (22)
e () = %hw(r), 2.3)
%(r)+e;(r)—e’—(r)-a:0, 2.4)
L (r) ANRAG) 25)

M3 aemmbr 1 i AeMMED 2 CAGAYET
Aemma 3. Cucrema ypasuenuii (1-10) coBmecTrMa TOABKO IIpu

h(r)=0, e (r)=0. 3.1
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CaeaoBareAbHO, HCXOAHAA cucrema ypapHeHui (1-10) mpuamMaer
BUA YPAaBHEHHH, ITEPEIUCACHHBIX B AeMMax 1 i 2. OOBEAMHUM HX AAA
YAOOCTBA 9UTATEAS:

& gy g o0, 04
r r
e, (Ny= —%hr(r) (25)
w
e(r)y = ;h(,, (), 26)
L(r)+e;(r)—e’—(r)-a:0, 27)
r r
hr—(")+ B (r)+ "), =0, 28)
r r
®
h,(r)y = ;er(r) (29)
w
—h () = —€¢(V), (30)
()+h()+ () a=0. (31)
r
Vmuoxum ypasaernusd (26, 29). Toraa moaydmm:
2
- Oz =2 € 0,0
HAR
y=afc. (32)
IToacrasass (32) B (20, 29), moaydgaem:
h,(r)=e.(r). 33)

Takum o6pasom, upum ycaoBunm (32) ypasuenusa (26, 29)
SKBHBAACHTHBI OAHOMY ypaBHeHHIO (33). AHAAOIHMYHOE COOTHOIIIECHUE
caeayer u3 (25, 30):

h(r)=—e, (), (34
Wrak, cucrema ypaBHenuii (24-31) skBUBaAEHTHA CHCTEME YPaBHEHHIT
(24, 27, 28, 31-34).
Aanaee BBIIIOAHAETCA perieHue ypasueHui (24, 27).
[IpeABapHUTEABHO PACCMOTPUM YPABHEHHUE BHAQ

ﬂ-’-y':o, (ﬁ)

X
Pernenne storo YPpaBHCHUSA NMCCT BHA!
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y=x"wnam y=0. ()

Caoxnm ypasuenus (24) u (27):
( +

(er+e¢)+(e’764’)(l—a)=0, (35)
Berarem ypasnenne (27) us3 (24)

e —ej+ "% X1+ a)=0, (36)
B coorsercrBuu c (a, B) u3 (35) HAXOAHM:

(er +e, ): Ar ) pan (e,, +e, ): 0. (37
B coorsercrum c (a, B) u3 (36) HaxOANM:

(er -e, )= Cr*) upm @r -e, )= 0. (38)
CkaaapBas u Berantas ypasaenus (38) us (37), naiiaem 4 perreHus:

e, =, =2y t) (39)

72
er = _eqz) = %r_(lﬂl)’ (40>

e, (I’): % (Ar*(lfa) + Crf(Ha))
(41)

e, (r)z % (Arf(l”’) - Crf(”“)]

e =e,=0. 42)

B aaapmeiimmem mour pacemorpum perrenne (39). Takum o6paszom,
ncxoAHas cucrema ypapaeHuil (1-10) mmeer permeHne CAGAYIOIIEro BUAA:

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

y=0fc. (32)
A

er:ewzz”ﬁ ), (39)

h,(r)=e, ). (33)

h,(r)="—e,(r), (34)

ITpusroxenue 2.
B (3.11) moxaszano, 4Yro IIOTOK SHEPIHH, IIPOXOAAIIMH dYepes
ceYeHUE BOAHBI,

§=77”[(ef+e;)si-co]ir-d(0. (1)
r.e

HyCTI) CKOpOCTb paCHpOCTpaHCHI/IH BOAHBI ITOCTOAAHHA M paBHa C. TOFAa
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z=ct. )
Toraa us (2, 2.11, 2.12, 2.30) moay4aem:

co = cos(ap + yz + wt) = cos(ap + Qw/c)k) 3)
M, AHAAOTHUYHO,

si = sin(ap + Qao/c k). “

Wwmes B Buay (3, 4), nepermmrem (1) B Buae:
< 1 .
S = 577” [(ef +e, )51n(2(a¢> + (2a)/c)z))}7rd(p : ®)
e

Takum 0Opa3oM, IAOTHOCTD ITOTOKA SHEPTHH HA OKPYKHOCTH AAHHOTO
paamnyca onpeaeaserca OYHKITHEH BUAA

Sr = (ef +e; )sin(2a(p +4az/c). (52)

ITpu 7z=0 na ocu 0z nmeem:
S= %7]” [(ef + e; )sin(2a(0)]v’rd¢). ()
e

Aanee u3 (6) HAXOAUM:

S= g![(ef + e; {J sin(2a¢)d¢}dr} . @)

4

Vmeem:
2z
J.sin(2agp)d¢) = J.sin(2a¢))d(/) =2L (1 - cos(dra)). ®)
[ 0 a

W3 (7, 8) moayuaem:
S = 4l (- cos(4a7r)).|. ((ef +e; )Jr) )
a
[ToacraBass croaa (3.2), OKOHIATEABHO ITOAYYAEM:

S = @ (- cos(4a7z))_[ ((ef +e; )ir) (10)

Ouesnano, npu Arobom Bebope Toukn z=( Ha ocn 0Z nocaeanee
COOTHOIIICHHUE COXPAHACTCH.
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MaBa 2. PeweHune ans guaneKkTpu4ecKom Lenu nepeMeHHoOro Toka

I'AaBa 2. Perrenque YPaBHCHUU
MakcBeAAd AAS A,I/ISACKTPI/I‘ICCKOI;'I
LIEIIN IEPEMEHHOTIO TOKA

OraaBAeHnune
1. Beeacnune
2. Pemmenne ypaBuennii Makcseana
3. Hanps:keHHOCTH U IIOTOKH 9HEPTHU
4.006cyxAeHME
ITpruroxenne 1
[Ipuaoxenne 2
[Tpunoxenue 3

1. BBeaenue

B TAABC 1 paCCManI/IBaCTCH 3ACKTPOM3.FHI/ITHOC IIOAC B BaKyyMC.
O“ICBHAHBIM 06pa30M HOAWCHHOC TaM pCLHeHI/IC paCHpOCTpaHHeTCH Ha
HCHpOBOAfHL{y}O — AI/ISACKTPI/I‘ICCKYI'O CPCAY C OHPCACACHHBIMI/I &, /U -

AM9AEKTPUYIECKON M MATHHTHOH HPOHHUIIAEMOCTBIO. (CAEGAOBATEABHO,
SACKTPOMATHUTHOE IIOAEC CYIIECTBYEeT M B KOoHAeHcatope. OAHAKO
CYIIIECTBEHHBEIM OTAHYHEM KOHACHCATOPA fABAACTCA TO, YTO €ro IIOAE
IMEET HEHYAEBYIO JSACKTPHYECKYIO HAIPAKEHHOCTh IO OAHOH U3
KOOPAHHAT, CO3AABAEMYIO BHEIIIHUM HCTOYHHKOM. [Ipu paccmorperumu
SACKTPOMATHUTHOTO IOASl B BAKyyME OTCYTCTBHE BHEIITHETO HCTOYHHKA
ITOCTYAHPOBAAOCE.

TodHO TaKiKe MOMKHO TOBOPHTH O AHMIACKITPUYECKON Il
IepeMeHHOro Toka. Aasee paccmaTpuBaeTcAd CHCTEMa ypaBHEHUI
MaxkcBeara AAfl Takom 1rerrdt. IlokaswiBaeTcs, YTO B TAKOW ITEIH TAKKE
BO3HUKACT SACKTPOMATHHTHAA BOAHA. BaKHEIM OTAMYHEM 3TOH BOAHEI
OT BOAHBI B BaKyyMe ABAAETCA TO, YTO B IEPBOH HMMEETCA IIPOAOABHAA
SAEKTPHYECKAS HAIPHKEHHOCTb, CO3AABAEMAfA BHEIIHHM HCTOYHHKOM
3HCPFI/H/I.

3aech paccmarpuBaroTcs ypaBHenusa Maxcseasa B cucreme CI'C
CAEGAVIOIIIETO BHAA (KaKk M B raaBe 1, HO C OTAMYHBIMH OT EAHHHIIBI
BEAHYHNHAMH &, fI):
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maBa 2. PeweHne gnsa AnaneKkTpu4eckomn Lenu nepeMeHHoOro Toka

rot(E)+ 49 o, M
c Ot
e oF
rot(H )—-——=0, 2
( c Ot @
div(E)=0, 3
div(H)=0, Q)
TAC H B E - MATrHUTHAA " 3A€KTpI/I‘I€CKaH HaHpH)KCHHOCTI/I
COOTBETCTBEHHO.

2. Pentenue cucreMsl ypaBHEHUN
Paccmorpum perrrenne cucremer ypasaenmii Makcseasa (1.1-1.4)

[37]. B cucreme MUAMHAPHUYECKUX KOOPAUHAT 7, (), Z O9TH ypaBHEHMA

HMCIOT BHA:

TAC

I

OE
E +6E’+l- ‘”+6E2=O, @
r or r Op Oz

OE
L 0B, 0,  dH, 2
r 0p 0Oz dt

- — ==V B (3)
oz or dt
E, OE, 1 OE dH
T et aniar- @)
r or r Op dt
OH
H’+6H’+l- “’+8HZ=O, ©)
r or r Op 0Oz
1 0H, ©OH dE
2. z _ ¢ _ qg— (6)

fe_t=q—t, )

®)

v=—yu/c, ©)
qg=¢fc, (10)

® oaekTpudeckne Hanpsikennoctn E ., E, E,

® MarHWTHbIEC HaupsxenHoctn H,, H . H._.
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MaBa 2. PeweHune ans guaneKkTpu4ecKom Lenu nepeMeHHoOro Toka

Pemenne AOAKHO OBITH HAUAEHO upu HEHVAEBOU

HanpsskeHHOCTH E .

AASL COKpAIlleHHSI 3aIECH B AAABHEHIIEM OYAEM IIPHMEHSTH
CACAYIOIIITIE OOO3HAYCHHUS:

co =cos(ap + yz+ wt), (11)

si =sin(a@ + yz+ wt), (12)

TAC &, Y, WO — HCKOTOprC KOHCTAaHTHI. HPCACTaBHM HEMU3BECTHBIC
(DPYHKIIHH B CACAYIOIIIEM BHAE!

H,.=h(r)o, (13)

H,.=h,(r)si, (14)

H._.=h(r)si, (15)

E.=e(rki, (16)

E,=e,(r)co, 17)

E_.=e_(r)co, (18)

rae h(r), e(r)- Hekoropeie (DYHKIIE KOOPAUHATEL 7 .

HemocpeAcTBeHHOIT  IIOACTAHOBKOM — MOKHO — YOEGAHTBCA, 9UTO
dyukun (13-18) npeobpasyror cucremy ypasaenuii (1-8) ¢ gersippms
apryMeHTaMH 7, @, z, | B CHUCTEMY YPAaBHEHHI C OAHHM apPryMEHTOM F

u meusBectHbiMu pyaxuusamu A(r), e(r).

Tabaumna 1.
raasa 1 raasa 2
e, Are! A~kh(a, Ve r)
1 '
e Ar®! ;(e¢(r) +r- e(p(r))
e, 0 A-r- ew(r)i
a
cw
h, —e,(r) Aae(p r)
h, () ~ 4% (r)
4
h, 0 0
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maBa 2. PeweHne gnsa AnaneKkTpu4eckomn Lenu nepeMeHHoOro Toka

B mpuaoxennn 1 mokasaHo, 9TO TaKOe peIlleHHE CYIIECTBYET.
DTO pereHne NMEET CACAYIOIITHUIT BUA!

e, (r)= kh(a, 2 r), (20)
e (r)=é(e¢(r) +r-e(r), 1)
e.(r=re,n, @2)
h()———e()— 23)
h (r)——e r)l 24)
h.(r)=0. g 25)
rae kh() — chyHKIIIA, OTPEACACHHAR B IPIAGHKEHITH 2,
q=(z—”gf’2} 26)
¢’y

CpaBHHM 3TO peIlIeHHe U PeIleHHue, IIOAYIEHHOE B TAaBax 1 u 2 —
cM. TaOA. 1. BUAHO cyIlecTBEHHOE OTAHYNE STHX PEILICHIH.

x 10°

1 x 10°
) 5000 2

= 05 J &
0 -5000 -
0 , 005 0.1 0 005 0.1 0 005 0.1
x 10 3
5 x 10
2000 l 2
£ % 1000 o1
0 0
0.05 0.1 0 005 0.1 0 005 0.1
x 10°
1 2000 | 0
N 0 N 1000 N2
-1 0 4 |
0 005 0.1 0 005 0.1 0 005 0.1

Fig.1. (SSB6(3).m)
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MaBa 2. PeweHune ans guaneKkTpu4ecKom Lenu nepeMeHHoOro Toka

3. HanpsskeHHOCTH U IOTOKU dHEPIUM
Ta}oxe, KaK M B TIAAaBC 1, IIAOTHOCTH IIOTOKOB BHCpFI/H/I II0
KOOpAI/IHaTaM OHPCACAHIOTCH 110 (bOpMyAC

S, s, - si°
S = S_(p =77H s,-si-co|dr-dg. 1)
S "N, si-co

z
TAE

s = (e(phz - ezh{p)

S, = (ezh,, —eh, ) ©

s, = (erh(p - ewhr)

n=clir. ?3)
Pacemorpum dyaKIIIN 2) u e.(r), e,(r), e.(r),

h.(r), h,(r), h.(r). Ha puc. 1 mokasamel, manpumep, rpacuku sTux

dyrkmmit ipu A=1, a =55, u=1, ¢=2, =50, @=300.

4. O6GcyrxaeHmE

AaAbHENIIIE BBIBOABL AHAAOTHYHBI TEM, KOTOPBIEC IIOAYYEHEI B
raage 1. Mrtak, B AHMIAEKTPHYECKOH IIEMM H, B YACTHOCTH, B
KOHAGHCATOPE, BKAFOYEHHBIX B  IIEIIb  CHHYCOHAAABHOTO  TOKa
PACIIpOCTpaHAETCA ~ SACKTPOMATHHTHAA BOAHA, 4 MaTEMaTHYECKOE
OIIMCAHIE 9TOM BOAHBI ABAACTCA PerieHneM ypasHeHn Makcseaaa. [Tpu
3TOM  HAIPMKEHHOCTH, TOK CMEIIEHHA H  IIOTOK  3HEPTHH
PACIIPOCTPAHAIOTCA B AUSAEKTPUKE 110 CIIMPAABHOM TPACKTOPHUU.

ITpuaosxenune 1.
PaccmarpuBaercsa perrenne ypapaenuii (2.1-2.8) B Buae dyHKIumit
(2.13-2.18). Aaree mIpOHU3BOAHEIEC TIO 7' OYAEM OOO3HAYATH IIITPHUXAMH.

ITepermummem ypasuenus (2.1-2.8) ¢ yaerom (2.11, 2.12) B BuAe

—e’(r)+e;(l”)—e(p—(r)0!—l'ez(”)=0’ 2
d r
_l.ez(r)a-kew(r);(—#—wh,. =0, @
% C
e, () —el () +£2h, =0, ¥
C
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maBa 2. PeweHne gnsa AnaneKkTpu4eckomn Lenu nepeMeHHoOro Toka

L(I") + e’ (I")

o ( - h =0, )
h@)h()+ a+1h(ﬂ 0, 5)
—-hz(r)a—h(p(r))(——wer =0, ©)
r C
~h @) =)+ e, =0, a

( 8D L)+ 2 (r) a+2%e (r)=0. ®)
C

COOTBCTCTBI/IC MEKAY HOMepaMI/I dopmya B pasaeae 2 U 3AECh TAKOBO:
Pasaea 2 | 2.1 |22 |23 [24 |25 |26 |27 |28
ITpua. 1 |1 5 6 7 8 6 7 8

Aaaee Oyayr BbimoAHATCA mpeoOpasoBarmud dopmya (1-8). Ilpm
5TOM HyMmeparnua (OPMyA IIOCAE IIPEOOPA3OBAHHA OYACT COXPAHATHCA
(rak yAOOHEE IIPOCAGAHTH IIOCACAOBATEABHOCTH IIPEOOPA3OBAHMIM) K
TOABKO HOBBIE (DOPMYABI OYAYT IIPUHUMATD CACAYIOIIUI HOMEP.

[Tpumem, garo

h.(r)=0. ©)
W3 (6, 7) moaygaem:
h (r)———e r)— ©)

h()——e()— )

Cpasanm (1, 8):
$O 49~y =0, W

! () e )+h(r) +524 (r)=0, ®
r C

N3 (6, 7) caeayer, garo (1, 8) cosmaaaror. Toraa (8) mokHO
nckArounThb. Aasee cpasauMm (4, 5):

L(r)+e;,(r)—e’—(r)-a=0, @
r r

h’—(r)+hr’(r)+ma=0. ©)
r r

Wz (6, 7) caeayer, uro (4, 5) cosmaparor. Toraa (5) momxmHO
nCKAFOUnTh. OCTArOTCA ypaBHCHUS:
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MaBa 2. PeweHune ans guaneKkTpu4ecKom Lenu nepeMeHHoOro Toka

M+e;(r) ( )a y-e.(r)=0, 1)
r

—l-ez(r)aJreq)(r);(—ﬂhr =0, @
r c

e, (W —e(r)+E2h, =0, ®

¢
%#0’)4_6;(]/)_6,_(7)‘0!:0’ 4
h()———e()— ©)

h, (r)— == r); %

IToacrasmm (6,7) B (2, 3):
1
-— e(r)a+e (r);(—’u—w@e ()—— @

e(r);( e(r)——— ()— 0, 3

AN
%o (=e (r)[z—”—”@l] ®
c ¢y
el(r)= er(r{z—ﬂg—wlj ©)
c X
OCTaAHCh CACAYIOIITHE YPABHEHHSA:
$O 4 )~y =0, 0
1
g-ez(r) =e¢(r)(z—”—”@—j ®
r c ¢y
e(r)= er(r{;( _,u_w@l} 3
c
L(r)—l—e;)(r)—e"—(r)-a=0, @
r r
B, =—2e,(r iy (©)
c Z
h,(r)=@e(p r)l. @
¢ V4

32



maBa 2. PeweHne gnsa AnaneKkTpu4eckomn Lenu nepeMeHHoOro Toka

O6o3maynM:
q:(l_”_a’@lj (11)
c ¢y
Wz (1, 2, 11) maxoaum:
M+e;(r)—e";(r)oc—;(r'e@(r)q/a=0, (12)
r r
W3 (4) maxoamm:
1 :
e,_(r):;(e¢(r)+r-e¢(r)) (13)
/ 1 ! "
er(r):;(2e¢(r)+r-e¢(r)) (14)

W3 (12-14) maxoanm:
(e o | (r)JJr el (r)+ - e"(r)} )92, ., (=0 (5
(04 r (04

Pemrenne m amaAm3 3TOro ypaBHEHHA AAHO B IIPHAOKEHUH 2.
IToayaerHOE TaM peEIIEHHE HE HMEET AHAAMTHYECKOTO BBIPAKCHHS.
Hazosem ato perrenne dyHKmmeit

e, (r)= kh(a, 7> r], (16)
a ee IPOU3BOAHYIO — (PyHKIIHEH
e,(r)= khl(a, 7 r). 17)

[Npyr wmssectrmbx dyskmuax (16, 17) moryr ObTh  HaFAEHBI
ocraspHble yHKIMU. Mrak, Aad ompeaeseHHA BceX (DYHKIIMI HMeEEM
ypaBHEHUS:

h.(r)=0, ©)
e, (r)= kh(a, 7> r), (16)
e,(r)= khl(a, ya r), 17)
er(r):l(ew(r)+r-e;(r)), (13)
a
1
e (r)= p (26;) (r)+7-e, (r)) (14)
e.(ry=r- e(p(r)i, )
a
e(r=e ). ©
h,(r)= ——e r)— (©)
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MaBa 2. PeweHune ans guaneKkTpu4ecKom Lenu nepeMeHHoOro Toka

h (r)——e r); @

TOYHOCTD IOAYIEHHOTO PEIEHUA AHAAUZUPYETCA B IIPUAOKEHIH 3.

ITpurosxenne 2.
Paccmorpnm ypasuenue (15) u3 npuaoxenns 1:

(ev) (ﬂ+ Qe () +r-el(r) -2 () _9E e (1)=0. )
(04 (04

prOH_IaH €Io, IIOAYYIAEM:

(e(p ") +e, (r)J +
.

—a’+1 , ,
e(p(r)(T—q;(rj+3e¢(r)+r~e¢(r) =0,

"

eam=%v{“

x 10°

-1 3,
— qxj e (r). @

10

ef2
(9]
i

i
0 0.01 0.02 003 0.04 005 006 007 0.08 0.09 0.1
2000

1000

ef1

2000

1000

ef

0 001 002 003 004 005 006 007 008 009 0.1
Fig.2. (SSMB6.13)

Vpasuenne (2) He wmmeer amaAnTmdeckoro pemrenusa. Ho
YHUCACHHO MOKHO HAWTH (PYHKIIHH

e, () =khle, 7, r) ©)
e;(r):khl(a, X r) “
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maBa 2. PeweHne gnsa AnaneKkTpu4eckomn Lenu nepeMeHHoOro Toka

Aaf  mpumepa Ha pHC.

e, (r) :khZ(a, Z, r)

(a =55, = SOJ Ha paanyce R =0.1.

uu

log(N(alfa))

2 IIOKa3aHBI

®)

ot pyHKIHH IIpH

0.8

0.6

0.4

0.2

/

__~

"

0.02

0.03

0.04 0.05 0.06 0.07

Fig.3. (SSMB6.14)

0.08 0.09 0.1

Fig.4. (SSMB6.333)
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MaBa 2. PeweHune ans guaneKkTpu4ecKom Lenu nepeMeHHoOro Toka

ITpuaorxenue 3.

[ToAcTaBAsIA HAFIACHHBIE B IIPUAOKEHHH 1 (DYHKIINK B ypaBHEHUA
(1-8) MOxKHO HAHTH CPEAHEKBAAPATHYHYIO HEBA3KY 9THX ypapHeHHE. Ha
puc. 3 moxasan rpadpuk ato# Hepasku upu \@ =35.5, y = SOJ HA paAnyce
R=0.1.

Mo:XHO HAWTH CPEAHEKBAAPATHYHYIO HEBA3KY 3THUX YpPaBHCHUI,
Kak (DYHKIIMIO Kakoro-amoo mapamerpa. Ha puc. 4 mokasan rpaduk
HEBA3KN B 3aBucuMocTH OT @ nupu y =50 Ha pasuyce R=0.1. 3aecs B
BCPXHEM OKHE IIOKA3aHO 3HAYCHHE HEBA3KM, a4 B HIDKHEM OKHE —
3HAYEHHE AOTApH(Ma HEBAIKH.
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MaBa 3. PeweHue gns MarHUTHOM Lieny NepeMeHHOro Toka

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

OraaBaenme
1. Beacume
2. Pemenmne ypasaeHnii Makcseana
3. HanpakeHHOCTH B IIOTOKH SHEPTUU
4.0O0cyxacHIE

[Tpuaoxenue 1

1. BBeAeHue

B raaBe 2 paccmarpuBaercd  9AEKTPOMATHHTHOE IIOAE B
AHDIAEKTPUYECKON IIEIM IIEPEMEHHOIO TOKAd. TOYHO TaKKe MOXKHO
PAcCMOTPETH IACKTPOMATHUTHOE ITOAE B MATHHTHOM IIEITH ITEPEMEHHOTIO
Toka. IlpocreiimmM npumepoM TAakOM IENH  ABAAETCA COAEHOHA
rmepeMeHHOTo ToKa. OAHAKO, €CAM B AMIACKTPHUYECKOM ITEITH HMMEETCA
IIPOAOABHASl IAEKTPHUYECKAasd HAIIPAKEHHOCTb, CO3AABACMAsA BHEITHUM
HMCTOYHUKOM 3SHEPTHH, TO B MATHHUTHOH IIEITM HMMEETCH ITPOAOABHAA
MArHUTHAA ~HAIPAKEHHOCTb, CO3AABACMafA BHEIIHUM  HCTOYHHKOM
SHEPIUH U IIEPEAABAEMAsA B IIEITb OOMOTKON COACHOHUAA.

3AECh TaKiKe pacCMaTpUBAIOTCA ypaBHeHHA MakcBeaAa B cucTeme
CI'C caeayroIIero BUAa C OTAMYHBIME OT EAMHUIIB BEAWYUHAMU &, AL :

ror()+ £ O _y, M
e OF
rot(H )~ PR 2
div(E)=0, 3)
div(H)=0, @)
rae  H, E - MarHUTHasg W DACKTPHYECKAd  HAIPHKEHHOCTH
COOTBETCTBEHHO.
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MaBa 3. PeweHue ans MarHUTHOM Lienv NepeMeHHOro Toka

2. Pemmrenue cucremMsl ypaBHeHI/Iﬁ
Paccmorpnm pemrenne crucremer ypasHenuii Maxcseasa (1.1-1.4).
B cucreme mmAMHAPHYECKHX KOOPAMHAT 7, (), Z O3TH YpPaBHEHHA

HNMCEIOT BHA:

r

OE
E OB L 1.9% [OE _,, 0
r or r Op Oz

OE
1 0E % _,dH, @
r Op 0Oz dt

OE. OE. dH
- =V ) €)
oz oOr dt
E, CE, 1 CE, dH .
—t - =V ) S
r or r Op dt

H, 0H, 1 0H, oH.
+—- +

- =0, ®)
r or r Op 0z
1 0H, OH dE,
. z _ 14 — q li (6)
r Op oz dt
OH., OH. dE,
- =q 5 %

®)
rAe
v=—pfe, )
q=¢lc, (10)
® oaekrpudeckue Hanpskennocrn E ., E , E,
® MarHUTHBIEC HaupssxenHoctn H,, H o H._.

Perrenne AOAKHO OBITB HAMAEHO upu HEHVAEBOUI

Hanpsxkersocra .

AAf  COKpalneHus 3aliCH B AAABHEHIIIEM OYAEM IIPHUMEHATH
CACAYFOIINE OOO3HAYCHHA:

co=cos(ap+ yz+wt), (11)
si =sin(a@ + yz + wt), (12)
TAC O, Z, w — HCKOTOPBIC KOHCTAaHTHDI. HpCACTaBI/IM HEM3BECTHBIC

(PYHKIIHH B CACAYIOIIIEM BHAE!
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MaBa 3. PeweHue gns MarHUTHOM Lieny NepeMeHHOro Toka

H,=h()o, (13)
H,.=h,(r)si, (14)
H_.=h_(r)si, (15)
E . .=e (r)si, (16)
E, =e,(r)co, 17)
E .=e(r)co, (18)

rae h(r), e(r)- mekoropsie (PYHKIIHMH KOOPAHHATEL 7.

HemocpeACTBeHHON  ITOACTAHOBKOM ~ MOXKHO — YOGAHTBCH, dUTO
dyukun (13-18) npeobpasyror cucremy ypasuenuii (1-8) ¢ gererppms
ApIyMEHTAMH F, ¢, z, | B CUCTEMY YPaBHCHUI C OAHHM apPIyMEHTOM F

n zHensBectHbiMu pyrxumsvmu A(r), e(r).

Tabaumna 1.
raaBa 1 rAaBa 2 raaa 2
e | ar A-kh(@, 7, r) ~E2 5 ()
xc
1 , w
e, | ar — () +r-¢,() -%;hxn
q
e. 0 A-r-e,(r)— 0
a
1 :
n| —e 4226 () —— (o, () + 7 (1))
cy o
EW khile, 7, r
h, —h,(r) —Aaqﬂ e z.7)
h. 0 0 r-h,(r)g/a

B mpuaokenmu 1 1mokasaHo, 9TO TaKoe peIleHHE CYIIIECTBYET.
DTO pelleHre NMEET CACAYIOITHUIT BUA!

e.(r) =0, @0
h,(r)= kh(a, 7> r), 1)
h ()= —é (e, () +7- 1)), 22)
h()=r-h(q/a, 23)

39



MaBa 3. PeweHue ans MarHUTHOM Lienv NepeMeHHOro Toka

e, =22 h.(r), (24)
xc
UO
e, (r)=—"—h,(r), 25)
xc
rae kh() — dymkims, onpeAeAcHHAsA B IPHAOKEHHH 2 TAABBI 2,
2
q=(z—ﬂ€2w J 26)
cx

CpaBHHM 9TO peIlIEHHE U PEIIeHHE, IIOAYIEHHOE B raaBax 1 u 2 —
cm. TaOA. 1. BuaHa cxokecTp 9THX peleHuil B raasax 2 u 3.

2000 x 10°

hr

-2000

-4000 -1 ‘
0 .

2000

0.05

0.1

0.05

0.1

ef

ez

0 005 0.1
Fig.1. (SSB6.703)

Sf

Sz

-2

0.1

4

0.05

0.1

3. HanpsokeHHOCTH ¥ IIOTOKU 3HEPTUH

TaK}KC, KaKk M B TAaBC 2, IIAOTHOCTH IIOTOKOB OSHCPTHH IIO
KOOPAI/IHaTaM OHPCAGA}HOTCH 10 CpOpMyAC

S, s, - si°
S = S_¢ =77“ s, si-co|dr-dg. 1)
S| "s.-si-co

N

TAC
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MaBa 3. PeweHue gns MarHUTHOM Lieny NepeMeHHOro Toka

S, = (e(phz _etho)

S(p = (ezhr - erhz )’ (2)

s, = (erh(p - e(phr)

n=clir. 3)
Pacemorpum JyHKIIN 2) u e.(r), e,(r), e.(r),

h.(r), h,(r), h.(r). Ha puc. 1 mokasamei, manpumep, rpacdpuku ormx
dyuaxkumit npn A=1, a =55, u=1, e=2, y=50, ®=300. Dm

HapaMCprI BbI6paHbI TAKHMH KC€, KaK B TIAaBC 2 — ANAA CpaBHCHI/IH
TIOAYYICHHBIX PC3YABTATOB.

4. O6cy>xAeHmE

AaapHeNIIIEe BBIBOABI AHAAOTHYHBI TEM, KOTOPBIE ITOAYYICHBI B
raaBax 1 wm 2. Mrak, B MarHHTHOH IIeIM CHHYCOHMAAABHOIO TOKa
PACIIPOCTpAHACTCA  9ACKTPOMATHHUTHAs BOAHA, 24 MATEMAaTHYECKOE
OIIFICAaHHE TOH BOAHBI ABAACTCA perrenueM ypaBHennii Makcseaaa. [Tpu
3TOM HAIPAKEHHOCTH U ITOTOK 3HEPIMH PACIPOCTPAHAIOTCA B TAKOM
IIEITA 10 CITUPAABHOU TPACKTOPHH.

ITpuaosxennue 1.

Paccmartpusaerca perrenue ypasuerui (2.1-2.8) B BuAe pyHKIImIA
(2.13-2.18). Aasee mpomsBOAHBIE IO ¥ OYAEM OOO3HAYATH IITPHXAMH.
[Mepermmmenm ypasuenus (2.1-2.8) ¢ yuerom (2.11, 2.12) B BuaAe

@Jre;() ()a x-e.(r)=0, @
—1-ez(r)a+e¢(r);(—ﬂh,,=o, @)
r c
e,(r)y—e.(r)+ ”Tw h, =0, ©
e”’T(r)+e;(r)—e“—(r)-a+’u—th:O, @
h(’") w2 ok yon =0, )
;-hz(r)a—hq)(r);(—Ta)er =0, ©)
b =)+ e, =0, )
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MaBa 3. PeweHue ans MarHUTHOM Lienv NepeMeHHOro Toka

h() i)+ (r) + 2 (r)=0, )
C

COOTBCTCTBI/IC MEKAY HOMCpaMI/I dopmya B pazaese 2 U 3AECh TAKOBO:
Pazpea 2 | 2.1 |22 |23 |24 |25 |26 |27 |28
IIpua. 1 |1 5 0 7 8 6 7 8

Aanee OYAyT BBIIOAHATBCA IrpeoOpasoBanud dopmya (1-8). Ilpum
aTOoM HyMmepanua (POPMyA IIOCAE IIPEOOPa3OBAHUA OYACT COXPAHATHCA
(Tak yAOOHEE IIPOCACAHTH ITOCACAOBATEABHOCTH IIPEOOPA3OBAHUI) M
TOABKO HOBBIE (DOPMYABL OYAYT IIPUHUMATH CACAYIOIIIUI HOMEP.

ITprmvem, aro

e (r)=0. ©)
W3 (2, 3) moaygaem:

e,(rx =ﬂh,. (r) @

e.(ry=-"— 3)

Cpasuum (4, 5):
e(’;(r)_i_e’ (r)_er—(r).a_{_ﬂ_a)hz =0’
r r c

4

“

h(r) h()+ a+y-h(r)=0, 5)

s (2, 3) caeayer, uro (4, 5) cosmaparor. Toraa (4) moxHO
nckArounte. Aasee cpasuaum (1, 8):

—e’ () +e(r) ——e‘”ir) a=0, )
h(r) h()+h(r)a=0, ®)

N3z (2, 3) caeayer, gro (1, 8) cosmaaaror. Toraa (1) moxzO
ncKArOUnTb. OCTaroTCs ypaBHEHHSA:

e, () =221 (r). @
xc
e,(r)= —”—whq,(r) , o)
xc
h(r) h()+ 0(+Z h.(r)=0, ©)
l-hz(r)a—h(ﬂ(r) ;(——a)e,, 0, ©)
r C
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MaBa 3. PeweHue gns MarHUTHOM Lieny NepeMeHHOro Toka

—h@k—@@ﬂfﬂe:a

h() h<)+h@) + 5% (=0,
C

[ToacTaBum (2,3) (6, 7):
l-hz(r)a—hw(r) L2, (=0
r c Jc

—h () - h(r)+g 2O h () =0,
xc

AN

g~moo=mv{z—ﬁ9591j
r C

hxm=—m0{z—€?fgij

OcTaAnCch CAEAYIOITHE YPABHECHHUSA:

e,(r)= HO h.(r),
xc

e&kiﬁmm

h (r)+h()+ )a+;( h(r)=0,

r

O06o03HAYNM:

o ew 1
c cy

W3 (5, 6, 11) maxoaum:

h(r) h()+ a+;(rh(r)q/a 0,

W3 (8) maxoamm:

)

®)

©)

)

©)

)

)

6)

®)

©)

)

®)

1

(12)

43



MaBa 3. PeweHue ans MarHUTHOM Lienv NepeMeHHOro Toka

h )= () + 1) "~

! 1 ! n
()= —;(2% (") +r-h(r) (14)
N3 (12-14) maxoanm:

[h o () o ' )j__(zh (r)+r h"( ))+ a+;{r h,(r)g/a=0,015)
o

( &) | o (r)j+ e, () +r- e"(r)} ) - 9%, ¢ (=0 (5
(04 (04

MoKHO 3aMETHTB, YTO 3TO YPaBHEHHUE COBITAAAET C YPaBHEHHUEM
(15) B Ilpmaomkenmm 1 raaBel (KOHA B IIEPEM IIOAE), E€CAH 3AEChH

nepemennyio /1, (r) samenuts Ha mrepemennyio e, (r). CaeaoBaTeApHO,

perrrenne ypaBHeHHA ABAACTCA (PYHKITHEH

h,(r)=kha, z, 1), (16)
a €€ TPOU3BOAHAS— cpyHKL[I/Ief/'I
n(r)=khile, z, r) (17)

IMpu wmsBectmbix dyuxmmax (16, 17) moryr Obrte HaHACHSBI
ocraApHbie pymkimn. Mrak, aaf onpeaeaeHus Bcex (pyHKIMA mMMeeM
ypaBHEHUS:

e (r)=0, ©)

h,(r)= kh(a, 7> r), (16)

n(r)=khile, z, r), 17)
1

h ()= —;(@,(r) b)), (13)

()= —é(Zh;(r) b)), (14)

h(r)y=r-h,(r)qlea, ©)

W.(ry=—h()q. 0

e, (=221 (r). @

xc

e, ()=~ h,(r). ©

xc
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naBa 4. PelleHue ansi HU3KOOMHOIO NPOBOAA NePEeMEHHOro Toka

['AaBa 4. Pemrenue ypaBHEHIN
MakcBeAAa AAFT HU3KOOMHOTIO
IIPOBOAA IEPEMEHHOIO TOKA

OraaBAenue
1. Beeacume
2. Permrenne ypasuennii Makcseasa
3. HampsxeHHOCTH B TOKH
4. IloTokn sueprun
5. TOK ¥ IOTOK 9HEPIUU B IIPOBOAE
6.0O0cyAeHIE

[Mpuaoxenne 1

1. BBeaenue

Vpauenna MakcBeara B obrmem caygae B cucreme CI'C mmveror
BHA (cMm. BapuanT 1 B raase "[1peaucaosue"):

rot(E )+~~~ =0, 1)
c Ot

rot(rr)-£2E 47 5 o, @)
cot ¢

div(E)=0, 3

div(H)=0, S

J=1E, ()

Yol
TAC
J, H, E - TOK, MarHUTHasg M 3AEKTPUYECKAA HAIPMKEHHOCTH
COOTBETCTBEHHO,
g, U, P - AU3AEKTPHUYCCKAs IIPOHUIIAEMOCTD, MATHHTHAS
IIPOHHUIIAEMOCTD, YAEABHOE COIPOTHUBACHHE  MaTEpHAAQ
ITIPOBOAA.
Aaree T ypaBHEHHA IIPHUMEHAIOTCA AAA AHAAN3Aa CTPYKTYPBI
IIEPEMEHHOTO TOKa B IIPOBOAE. I1pn cuHycOMAaABHOM TOKE B IIPOBOAE C
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maBa 4. PeweHue ansi HU3KOOMHOIoO NPOBOAA NePEeMEHHOro Toka

VACABHOH HHAYKTHBHOCTBEO L M YACABHBIM COIPOTHBACHHEM P
HAIIPSKEHHOCTD U TOK CB3AHBI COOTHOILICHUEM BHAQ

1 _ p—iol
p+iol p*+(wL)
Orcropa mpu p << WL HaxoAnM:

J= E.

Jz_—lE.
oL

CAeAOBATEABHO, AASl AHAAU3A CTPYKTYPBI CHHYCOUAAABHOIO TOKA B
IIPOBOAE IIPH AOCTATOYHO BBICOKOHW dacTOTE yCAOBHEM (5) MOMKHO
npenebperars. [Ipu arom HEOOXOAMMO permath cuctemy ypapHeHHH (1-
4), TA€ M3BeCTEH TOK J_, IPOTEKAIOIIHH BAOAB IIPOBOAA, T.€. IIPOEKITUA

Bektopa J Ha Och 0z (cMm. BapuaHT 4 B raase '[Ipeaucaosue”).

2. Pemrenne cucremMbl ypaBHEHMIMI
Paccmorpum perienne cucremer ypasuennii Makcseasa (1.1-1.4)
AAS TIPOBOAA. B cmcreme HMMAMHAPHYECKMX KOOPAMHAT F, (9, Z 9TH

ypaBHCHI/IH HMCIOT BHA:

E. OE 1 OE, OF.
+ +—- +

»

=0, @
r or r O0p Oz

o
1 0B 0%, _dH, @
r O0p Oz dt

OE. OF, dH ,
- =y 5 ©)
0z or dt
E, OE, 1 OE, dH .
—+ - =V ) )
r or r o0p dt

H, 0H, 1 0H, 0oH
+ +—- +

I

= =0, 5)

r or r Op Oz
l.aHz_ﬁHw dE

_ — r 6
F e o la ©
oH oH. dE,

- = q s (7)
Oz or dt

H, 0H, 1 6H, dE. 4«
+ - =q +—

r or r O dt c

J.. ©)

z

TAC
v=—yujc, ©)
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naBa 4. PelleHue ansi HU3KOOMHOIO NPOBOAA NePEeMEHHOro Toka

g=¢fc, (10)
JAVY: COKpAITICHHA 3aIlUCH B AAABHEHIIIEM OYAEM IIPUMEHATH
CACAVIOIIIHE OOO3HAYCHUSA:
co=cos(ap + yz+wt), (11)
si =sin(ap+ yz + wt), (12)
TAC &, Z, w — HCKOTOPI)IC KOHCTAaHTHI.

[IpeacraBum HensBecTHBIE (DYHKIINH B CACAYIOITIEM BHAE!

H.=h()o, (13)
H,.=h,(r)si, (14)
H_.=h_(r)si, (15)
E.=e/(rki, (16)
E, =e,(r)co, (17)
E_.=e(r)co, (18)
J,.=j.(r)o, (19)
J = J,(r)si, (20)
J..= j.(r)si, e

rae h(r), e(r)- mekoropsie (PYHKIIHH KOOPAMHATEL 7.

HerocpeACTBEHHOIT  IIOACTAHOBKOM — MOMKHO — YOEAHTHCA, HTO
Pyukuu (13-21) npeobpasyror cucremy ypasueruil (1-8) ¢ uererppmsa
apryMeHTaMH r, ¢, z, | B CHCTEMY YPaBHEHHH C OAHHM apIyMEHTOM F

n "HenssectabivMu dyukuamu A(r), e(r), j(r).

Aaree TIpPEAIOAATAETCA, 9YTO CYIIECTBYET TOABKO TOK (21),

HAIPABACHHBI BAOAB OCH Z . OTOT TOK CO3AACTCS BHCIITHUM
UCTOYHUKOM. [lOKaspiBaeTcsa, YTo HAAMYHUE 3TOrO TOKA ABAAETCA
IIPUYHHON CYIIECTBOBAHHA SACKTPOMATHUTHON BOAHBI B IIPOBOAE.

B npuaoxennn 1 moxasaHo, 9TO y TaKOH CHCTEMBI CYIIIECTBYET
pEIIeHne, MMEIOIIEE CACAYIOTITHIT BHA:

e,(r)=Ar"", (22)
e (r)=e,(r), 23)

e.(r) =2“‘j——ﬂ;”%re¢(r), 24

h(r)=% Miﬂew(r), (25)

hy(r)=—=h,(r), (26)
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maBa 4. PeweHue ansi HU3KOOMHOIoO NPOBOAA NePEeMEHHOro Toka
h.(r)=0, 27)
gV |
jn= e =" (28)

rae A,c,o,® — KOHCTAHTHL.

CpaBHHM 3TO peIleHHE H PEIIEHHE, IIOAYYEHHOE B TAABE — CM.
TaOA. 1. Buamo, 49ro (HecMOTps HAa HMAEGHTHYHOCTD YPaBHEHHH) 9TH
PEeIIeHHs CYIIECTBEHHO OTAHYAIOTCA. DTH PA3AWYHA BEI3BAHBI HAAMIHEM
BHEIITHEH 9AEKTPOABIIKYIIEH CUABL, B KoTOpoil e (r) # 0. Ona BeI3bBacT
IIPOAOABHBIH  TOK, KOTOPBIM  CYIIIECTBEHHO H3MEHAET  CTPYKTYPY
9AEKTPOMATHHTHOM BOAHEIL.

Tabaumna 1.
raasa 1 raasa 2
~ Q) ~ D A
X X—AEU X—Meu, y==1
C C
J. 0 e (r)
A
er
Are? Are™?
2
e 0 QMC"_\'@” re,(r)
: M ac ?
~ &
h, —e,(r) X M—ﬂew(r)
hgo —hr(l") —hr(l")
A 0 0

3. Hanps>KeHHOCTH B TOKHU

Aanee ™Mbl OyaeM paccMarpuBath TOABKO —pyHKuun j_(7),
e.(r), e,(r), e.(r), h.(r), h,(r), h.(r). Ha pnc. 1 mokasams,
HaIIPHMED, rpaduKI STUX dysKImit pu
A=1, =3, u=1, e=1, ®=300. Beamumna j (r) mnokasana B
EAMHHAIIAX (A/ MM"2) — B OTAMYHE OT BCEX OCTAABHBIX BCANYHH,

mokaszanuelx B cucreme CH. VBeamuenwme dyHKImn . () upu

VBEAMYEHUH DAANYCA OOBACHAET CKUH-9DDEKT.
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naBa 4. PelueHne AN HU3KOOMHOIO NPOBOAA NEPEMEHHOr0 TOKa

x 10
4 2
= 2 A/ = 1 >
® = /,
0 0 ™
0 0.5 1 1.5 2
X 10'6
4 0
5 2 g 1 ]
0 -2
0 0.5 1 1.5 2
0.1 2
E 0.05 i 1
0 . H O ]
0 0.5 1 1.5 2 0 0.5 1 1.5 2

Fig.1. (SSMB)

[TAOTHOCTD SHEPIUU SAECKTPOMATHUTHOM BOAHBI OIIPEACAACTCA KAK
cymma Moayaeil Bekropos E, H onpeaeasercs us (2.13, 2.14, 2.16,
2.17,2.23,2.24) n paBHa

W=E>+H"= (er (r)si)2 + (e(p(r)si)Z + (hr (r)c0)2 + (h{p(r)co)
W= +6,0) 0

- oM. rtakke puc. 1. Takum 00pa3oM, IAOTHOCTb _SHEPIHH
9ACKTPOMATHUTHON BOAHBI ITOCTOSIHHA Ha BCEX TOYKAX OKPYKHOCTHU
AAHHOI'O PAAUYCA.

AN

Ha puc. 2 aas aeMoHCTparum cABura a3 MEKAY KOMITOHEHTAMU
BOAHBI [IOKA3aHBI (DYHKITHH

co=cos(ap+ yz+wt), si=sin(ap+ yz+wt)
HAM 9KBUBAACHTHBIE UM IIpu ycAoBuH (2.19) u z = ¢t dynkiun

20 . 20
co=cos| ap+—z |, si=sin| ap+-—z (4)
¢ c
UAU
co = cos(ap +2x2), si =sin(ap+2yz) (48)

I[Mpu ¢=0, 2w/c=0.1 >ru GyHKIHE TPHHUMAIOT BHA CO =COS(Z),

si= sin(z) 1 ITOKA3aHBI HA PHC. 2.
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maBa 4. PeweHue ansi HU3KOOMHOIoO NPOBOAA NePEeMEHHOro Toka

1

0.8 ’
0.6 e ff- 4
A \\
0.2

: \

20

N

§ \

© 02

-0.4
/ \
-0.8 / \
- \./
0 1 2 4 5 6 7 8 9 10
Fig.2. (SSMB)

Hatinem cpeaHee 3HAYEHME ITAOTHOCTH aAMIIAMTYABI TOKa B
IIPOBOAE ¢ paauycoMm R:

1

—= [ Yr-do. ®
re

C yuerom (2.21) maiiaem:

12 ”[L(”)Yi]dr'dw (52)

7R

J. =

J, =
Aanaee HaliceMm:

7=l (”ﬁ(s" - d(p)jdr-

C yuerom (2) maiiaem:

R
o= Ijz (”(COS@OM + 2—wz) - cos(2—a) z)jdr
anR 0 c c
AN
J_z = ! 3 (cos(2a77)—1)- J.., ©)
anR
TAE

I, =]j.xr. )

C ygerom (2.28) Haiiaem:
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naBa 4. PelleHue ansi HU3KOOMHOIO NPOBOAA NePEeMEHHOro Toka

7, = A2 oYy ©

2ra
AN
Aysw
_ a+l
L =———=R"". (10)
2ra(or +1)
45
<
L4
.0
4 .‘
L 4
L4
.D
3.5 >
g
*
*
g ° Ky
= -
s .
N . .0
= 25 t‘ ’o
% "‘
*e R
e o8
2 Ya | 0d
\ "saguuns®®
1.5 /
\ /
1

1 15 2 25 3 35 4 45 5 55 6
Fig.3. (SSMB)
Ha puc. 3 nokasana Qysxms J_Z(a) (6, 10) mpur 4 =1, y=0.03.
Ha osroM pucyHke NIyHKTHpPHAA M CIIAOIIHAS KPUBBIE OTHOCSTCS
coorserctBeHHO K R=2 u R=1.75. 13 (6, 8) u puc. 3 caeayer, 41O

HpI/I OHpCAﬁACHHOM paCHpCAGACHI/II/I BEAMYITHDBI jZ (l") CPEAHCEEC

3HAYEHUE HAOTHOCTA AMIIAUTYABL TOKA J_z CYILIECTBEHHO 3aBHCHT OT (X .
Tox onpeaeadeTcs Kak
¢ OE
Tcot’
nAm, ¢ yaerom (2.13-2.21):

Jr.:@er(r)co,
c

EW .
J, .= Tew(r)sz ,

4

1

J..= (ﬂez(,,) +j2)si. (12)
C
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maBa 4. PeweHue ansi HU3KOOMHOIoO NPOBOAA NePEeMEHHOro Toka

MOKHO TOBOPUTH O AHHHSAX 3THX TOKOB. Tak, Harmpumep, TOK J .

TEeYeT MO NPAMBIM, HAPAAACABHBEIM OCH ITIPOBOAA. MBI paccMoTpuM
AMHHIO CYMMApHOTO TOKA.

Fig.4. (SSMB)

Mo:XHO —IOAAraTh, HUTO CKOPOCTb  PACIPOCTPAHCHHA TOKA
CMEIICHNsA HE 3aBHCHAT OT HAIPABACHHA TOKa. B wactHOCTH, IIpH
PHUKCHPOBAHHOM PAAHYCE ITyTh, IPOUACHHBII TOKOM II0 OKPYKHOCTH, U
IIyTh, IIPOMACHHBIH KM IO BEPTHKAAU OYAyT paBHEL (CAEGAOBATEABHO,
11pu (PUKCHPOBAHHOM PAAHYCE MOMKHO IIOAATATH, UTO

z=r9 (13)
A€ Y — KoHcraHTa. Ha OCHOBE 3TOTO IIPEAITIOAOKEHHUSA MOMKHO
11peoOpazoBath MyHKINU ( 4B) K BUAY

co = cos(a(p + 2)(7@), Si= sin(ago + 2;{;/(0) (14)
1 IIOCTPOUTH COOTBETCTBYIOIIYIO TpaekTopuro Toka. Ha prc. 4 mokasaner
ABE BUHTOBBIC AHHHH CYMMAapPHOIO TOKA4, OIIHMCHIBAGMBIC (DYHKIIUAMU
BHAQ

co =cos((a +2)p). si =sin((a+2)p).
Ha puc. 4 toacras amnmsa nocrpoena npu & =1.8, a ToHKas AMHHA -
mpu o =2.5.

M3 (2.19-2.21, 14) caeayer, 9TO TOKH OYAYyT COXPaHATH CBOIO
BEAHYNHY IIPU AAHHBIX 7, ¢ (HE3aBUCHMO OT Z ) B TOM CAyYae, €CAU

ITOCTOSTHHOM SIBASIETCS BEAMYMHA

B=(a+2xr). (15)
Aanee Ha ocuose (14, 15) 6yaem nmpumeHATs POPMYABL

co = cos(ﬂgp), Si = sin(ﬂgo). (16)
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naBa 4. PelleHue ansi HU3KOOMHOIO NPOBOAA NePEeMEHHOro Toka

4. IToroxu anepruun

[TAOTHOCTD IOTOKA 3AEKTPOMATHUTHOI 9Hepruu — Bexrop IloiiHTnHra
OIIPEAEASIETCS B 9TOM CAyYae TOYHO TaKxe, Kak 1 B raase 1, pasaea 4. Ho 3aecn
MBI AASL JAOOCTBA YHTATEAS IIOBTOPUM HepBEIe 6 (popmya oTryAa. MTak

S=nExH, M
TAE
n=clir. 2)

B OIUAUHAPHYICCKIX KOOPAHHATAX [, Q, Z IIAOTHOCTH IIOTOKa

SAEKTPOMATHHTHOM OHEPIHM HMEET TpH Kommnonenrtsr S,, S,, S_,

HAIIPABAGHHBIE ~ BAOAB  PAaAUyCa, IO  OKPYKHOCTH, BAOAb  OCH
cootBeTcTBeHHO. OHH OIIpeAeAdroTcd 110 POopMyAe

S E,H -EH,
S = Sw = U(E X H): 77 EzHr - Eer : (4)
S. EH,-E,H,

W3z (2.12-2.17, 3.4) caeayer, 9TO TIOTOK, IPOXOAAIIUI Yepe3 AAHHOE
CeYeHHNe IIPOBOAA B AAHHBI MOMEHT BPEMEHH,

S, s, - si°
S= S_(p :77” S, si-coldr-dg. ©)
S| "s.-si-co

TAE
s, = (€th —e.h,
S, = (ezhr —erhz). ©)
s, =\eh, —ewhr)
DIUM  BEAMYHHAM p’dBHa ITIAOTHOCTBb TOIO IIOTOKa SHCpI‘I/H/I,
KOTOprfI HpI/I AaHHOM paAI/IYCC paCHpOCTpaHHCTCH I10 paAI/IYCY, I10

OKPY?KHOCTH M BAOABb ocu OZ paseH. Ha puc. 5 mokasansr rpaduku s1ux
pyHKITII B 3aBUCIMOCTH oT paamyca pu

A=1, a=3, u=1, ¢=1, @=300.

53
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-7

x 10
1
= //
= 0.5 r
—
0 —
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
x 107

\
\
\

0 ——
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
x 10°
0
z \\

0 02 04 06 08 1 12 14 16 18 2
Fig.5. (SSMB)

TTorok SHCpFI/H/I BAOAB OCH OZ " pﬁBCH

S_Z:n”[sz -si-cofir-do. ©
r.e

Haitiaem s_. W13 (6, 2.22, 2.23, 2.26) moay4aem:

A &
s, =-2e,h, = —ZW/M—ﬂef,(V) ©)

s =0r*?, (10)

~ &
Q=A% |—— (11)
My

B mpuaosxennn 2 raaser 1 mokaszano, uto us (7) CAGAyET, 9TO
§=—°2 (- cos(4a7r))_" (5. )r). (12)
l6ar g

[Tyctre R — paamyc nmamsApudeckoro mposoaa. Toraa ms  (12)

AT

TAE

IIOAYYACM, KaK B I'AABEC 1,

16,0 pr)=—2—
Sint = Sz r r)= Rza_l 5 (1 3)
io 20 -1
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naBa 4. PelleHue ansi HU3KOOMHOIO NPOBOAA NePEeMEHHOro Toka

alfa (1 cos(4a7r)) (14)
— c
S= 167 SalfaSint' (15)
7000
[ ]
6000 :.-'.
» L ]
5000 -
- n
- i
§4ooo o :-:
& S N
3000 =
R}
2000 e : 1\
SR I HE R
] |
1000 AN 0_ :.‘_ :A-‘ :A- : : .
WVAVATATA'A:
0 : ;

N
»
[$)]
(&)

1 15 2 2.5 3 35
Fig.7. (SSMB)

O06beannss (bopMyAbI (11-15), moayuaem:
S, = 1-cos(dan 4> |- _ X e
167r ( ( ))A Mu 2a 1

5 = A c(l cos(40m)) & pra
: 87aQa-1) | Mu

DTOT TOTOK SHEPIUHM HC 3aBHCHT OT KOOPAMHATHI M IIOTOMY COXpPaHSCT

CBOC 3HAYCHUC HA IIPOTAKCHUN BCEM BOAHBI.

]

AN

(16)

Ha pumc. 7 moxasama  dynxuus  S(a)  (16)  unpm
A=1, M =10M3, u=1, ¢=1. Ha puc. 7 nyHKTUpHAS W CIIAOIIHASA
KPUBBIC OTHOCATCS COOTBETCTBEHHO K R=2 u R=1.8.

[TocKOABKY IIOTOK 9HEPIMM M 3HEPIHUsS CBA3AHBI COOTHOIIICHHEM
S=W-c, 1o m3 (15) MOKHO HANUTH SHEPTHIO B EAHHHIIE AAUHEBI
IIPOBOAA:
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maBa 4. PeweHue ansi HU3KOOMHOIoO NPOBOAA NePEeMEHHOro Toka

W:is

167 oS

17)

int *

Kak caeayer m3 (7, 3.16), IIAOTHOCTH IIOTOKA JHEPIHH HA
OKPY/KHOCTH AAHHOTO PAAHyCa OIIPeAeAdeTC (DYHKIIMEH BHAA

S =s.sin(2fp). (18)
Ha puc. 8 mokazama dyaxrmsa (18) mpu s, =77 - cm. (10).

[Tokasanusr ABe KpuBble IIpu & =1.4 m AByX 3HadeHHAX paamyca: ¥ =1
(roacras AuHUA) U 7 =2 (TOHKAsA AMHUSA).

Fig.8. (SSMB)

Ha puc. 9 nmokazanma dpyukmusa S (18) Ha Bcell TAOCKOCTH CedeHHSA

20-2
nposoaa ipu S, =7 m a =1.4. [Ipn 3TOM B BEPXHEM OKHE IIOKA3aHA

Ta vactb rpadpuka pyakun S, rae S >0 - Splus, a B mHmkaem okue
rokasana Ta 9acte rpadura pyuxkunn S, rae § <0 - Sminus, npuuem
3Ta YaCTh AASl HATASAHOCTH IIOKa3aHA C OOparHBIM 3HakoM. Ha stom
PHCYHKE BUAHO, 9TO
S = Splus + Sminus > 0,

T.e. CYMMAPHBIH BEKTOpP IIAOTHOCTH IIOTOKA HAIIPABACH B CTOPOHY
yBEAMYCHUs Z - B CTOpOHY Harpyskn. OAHAKO CYILECTBYIOT ABE
COCTABASIFOILIUE 9TOTO BEKTOpa: cocraBasrornas Splus, marpaBacHHas B
CTOPOHY HATPY3KH, 1 COCTABASIFOIIAS SMINUS, HAIIPABACHHAS B CTOPOHY
HCTOYHUKA TOKA. DTH COCTABASIFOIIME ITOTOKA IEPEHOCAT aKTUBHYIO U
PCAKTHUBHYIO SHEPIHIO COOTBETCTBECHHO.
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Nraxk,

Sminus Fig.9. (SSMB)

ITAOTHOCTDH ITOTOKaA HCpﬁBHOMCpHO pacnpeAeAeHa IIO0 CCYCHHIO
IIOTOKa — CYIOECTBYET KapTHHA PACHPCEACACHUA ITAOTHOCTHU
IIOTOKA ITO CECYCHHUIO ITPOBOAAQ;

9Ta KapTHUHA COXPAHACTCA ITPU IIEPEMCITICHUH II0 OCH 0Z;

rrotok suHepruu (15), IPOXOAAIIHIT Yepe3 IIAOIIaAb CEYEHHSA, HE
3aBHCHT OT [, z W 3TO COOTBETCTBYET 3aKOHY COXPaHCHHS

SHCPIMH,

IIOTOK 9HEPIUH HMEET ABE IIPOTHBOIIOAOKHO HAIIPABACHHBIC
COCTABASIFOIIINE, KOTOPBIE IIEPEHOCAT AKTUBHYIO M PEAKTHBHYIO
SHEPINM; TAKAM OOpa3OM, OTCYICTBYET HEOOXOAMMOCTb B
OPEACTABACHUH MHHUMOIO BekTopa [loiimTrHra.

5. Tok ¥ IIOTOK 3HEPIUH B IIPOBOAE
MOKHO CKa3aTh, 9TO IIOTOK MACCOBBIX HYaCTHI[ (MACCOBBIH TOK)

14 o M o
Hecen? IIOTOK KHHECTHYCCKOH BHCPFI/II/I, KOTOpaH BBIACAACTCA HpI/I

-~ ~ 4 A
CTOAKHOBEHHUH C IIPErpasoil. TOUHO TakkKe SIACKTPUYIECKUI TOK  HeCen!

/

IIOTOK 3ACKTPOMATHHTHOW SHEPIHH, KOTOPAsA BBIACAACTCA B HATPY3KE.
D10 yrBepiKACHHE OOCyKAaeTcA n obocHOBEBacTcA B [4-9]. Oranmume
MEKAY STHMH ABYMS CAYYAfAMU COCTOHT B TOM, YTO BEAHYHHA MACCOBOTO
TOKA IIOAHOCTBIO _OIPEACAACT BEAMYHHY KHHETHYCCKOH SHEPIHM.
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OAHaKO BO BTOPOM CAyYa€ BEAHMYHMHA JAEKTpHYeckoro Toka HE
OIIPEACASICT ~ BEAHUYHHY  SAEKTPOMATHUTHOM  SHEPTUH,  KOTOpad
BEIACAAETCA B Harpyske. (CAEAOBATEABHO, II€PEHOCHMAs BEANYIHHA
S9AEKTPOMATHUTHOM  SHEPIMM — IIOTOK SHEPIMHM  OMNPEAECAAETCA
CTpyKTypo# TOKa. ITokazxkem at1o.

2500
2000
1500
2
<
=
o ARTLEY ™
1000 .“‘--- Wiy weal.
““ Talh,
.
N
500/
0 ‘\\u/, \\N/, \\} \

1 1.5 2 2.5 3 35 4
Fig.10. (SSMB)

Kak caeayer u3 (3.10), cpeanee 3HaYEHHE ITAOTHOCTU AMIIAUTYABI
ToKa J, B IIPOBOAE C AAHHBIM paAuycoM R 3aBHCHT OT ABYX ITapaMeTpOB:

o u A. Ilpu AAHHOH IAOTHOCTH MOXKHO HAITH 3aBUCHMOCTB MEKAY
3TUMU ITapaMeTpaMu, Kotopas caeayer u3 (3.10):

2 +1

A= MR_’Z_IJ” ) 1)
YE®

Kax caeayer m3 (4.16), maoTHOCTB ITOTOKA BHEprur S BAOAD

IIPOBOAA TAaKKE 3aBUCHT OT AByX mmapamerpos: & u A. Ha puc. 10
rokaszauer 3asucumocta (1) m (4.16) upu aamssx J, =2, R=2. [lpn

3TOM HpAMAs AHHHAA H300paKaeT IIOCTOAHHYIO IIAOTHOCTH TOKa (B
macrrrabe 1000), cmaormHas AMHUA — IHAOTHOCTD IIOTOKA, IIYHKTHPHAs
AmapsA — mapamerp A (B macmrrabe 1000). 3aece A Boraucasercs o (1),
IIAOTHOCTB IOTOKa sHepruu S 1o (4.16) mpu aamsOoM A . Buano, urto
IOpU_OAHOW M _TOM ’K€ IAOTHOCTH TOKAd ITAOTHOCTH ITOTOKA MOKET
LIPUHIMATH COBEPIIIEHHO PA3ANYHBIC 3HAYCHU .
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Beire u3 dopmya (4.7, 3.16) Obira HaWACHA ITAOTHOCTH IIOTOKA
SHEPIUHU Ha OKPY/KHOCTH AAHHOIO pasuyca B BuAe dyukuun (cm. (4.18)):
S, =s.sin2fp). @
Amansormano u3 dopmya (3.5a, 3.16) moxker ObITH HaHAcHA
IIAOTHOCTD TOKA Ha OKPY/KHOCTH AAHHOTO PAAUyCa B BUAE (DYHKIIHH

J = j.sin(Bp). 3)

%
AN
"I‘t‘f‘t’:’&

Sminus

@Oyuxrma (2) Opraa mokaszana Ha puc. 9. Ha puc. 11 B AeBpIX okHax

ITIOBTOPEHBI I'papUKu 9TOH (PYHKIIHH S- (2),as MPABEIX OKHAX AAf
COIIOCTABACHHA ITOKA3aHBI ITOCTPOCHHBIE AHAAOIMYHBIM OOPA3OM IIPH

A=1, a=14, f=1.6, R=19 rpaduxu pynxumn J . (3).

Ha puc. 11 BuAHO, 9TO B IPOBOAE MOIYT CYIIECTBOBATH TOKH U
IIOTOKH SHEPIHH, PA3ACACHHBIC HA IIPOTHUBOIIOAOKHO HAIIPABACHHBIC
"CprI/I"_

CyIecTBYIOT TaKHE COYCTAHUSA MAPAMETPOB, IIPU  KOTOPBIX
CYMMApHBIC TOKH IIPOTHBOIIOAOKHO HAIIPABACHHBIX '"CTPYH" paBHBI 11O
aDCOAFOTHOH BEAMYHHE H, OAHOBPEMEHHO C 9THM, CYMMApPHBIE IOTOKU
DHEPIUU IIPOTHBOIOAOKHO HAIIPABACHHBIX ''CTPYH' TAKXKE PaBHBEI IIO
abcoarornoii Beamumae. Ha puc. 13 moxasan Tako# cAydail: mpu

A=1, a=18, f=2, R=19 paBubl cA€AyIOIIME HHTEIPAABL  IIO

naomaau cederns (J mpoBOAa (3A€Ch BXKHO, 910 [ KpaTHO 2):
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j Splus dQ = — .[ Sminus - dQ,
0 0

.[ Jplus dQ = —I Jminus - dQ.
0 0

6. O6cy>xaeHHE

ITokazano, 9To B IIPOBOAE HEPEMEHHOIO TOKA PACIIPOCTPAHACTCA
SAEKTPOMATHUTHASl BOAHA, 2 MATEMATHYECKOE OIIMCAHUE 3TOH BOAHBI
ABAAETCA perenne ypapHeHU MakcBeaaa.

DTo perreHHe BO MHOIOM COBIIAAA€T C TEM, KOTOpOe paHee
HAACHO AAfl DAEKTPOMATHUTHOM BOAHBI, PACHPOCTPAHAIOIIEHCA B
BaKyyMe — CM. TAaBy 1.

Oxa3aA0Ch, 9TO TOK PACIIPOCTPAHACTCA B IIPOBOAE ITO CITMPAABHON
TPAEKTOPUHN, a4 IIAOTHOCTb CIIMPAAM 32aBHCHT OT IIAOTHOCTH ITOTOKa
9AEKTPOMATHHTHOM 3HEPTUH, IIEPEAABAEMOII ITO IIPOBOAY B HATPY3KY, T.C.
oT  mepeaaBaeMoil  MomHOcTH. [Ipm  sTtomM  moTOK  3HEprHmM
pacIpocTpaHAeTcss BAOAb H BHYTPH IIPOBOAA.
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ITpuaorxennue 1.

Paccmarpusaercs perenne ypasuenuii (2.1-2.8) B Buae dyHkiumii
(2.13-2.18). Aasee mpousBOAHBIE IO ¥ OYyA€M ODO3HAYATH IITPHUXAMH.
[Tepenummenm ypasuenus (2.1-2.8) ¢ yuerom (2.11, 2.12) B BuAE

CAG N &), x-e.(r)=0, M
r r

—l-ez(r)a+ew(r);(—'u—a)hr -0, @)
r C

er(r);(—e;(r)+ﬂh(p =0, 3)

C
L(r)+e;(r)—e’—(r)-a+ﬂhz =0, @)
C

h(r)+h()+ )a+;( h(r)=0, 5)
.

1-hz<r>a—h¢(r)z——“’e,. ~0, ©

r C

—h, () —h.(r) +@e¢ =0, %
( LAGIYHRENLAD (r) +%ez(r)=47”jz(r), ®

Vmuoxnwm (5) Ha (— ’U—COJ . Toraa moayaum:
cx

@ h ® h (V) @

_ ko h () _u n()-H2 _HCh (1)=0. O
cy r cx cy r c

Cpasrmsas (4) n (9), 3amMedaem, 9TO OHH COBITAAAFOT, ECAN

h #0

R NOETAQ) o
cx

ELh,)=e, ().
cx

UAU, CCAUT
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h =0,

B8 () =e()
X

M La)hr )= e,(r),
74

rae - M - xoncranTa. Aasee OYAEM ITOAB30BATHCA (POPMyAAMMU

~ME2h () =e,(),
cx

Mﬂhr (r): e,(r),
cx

rAae - M =1 aast cayuas (9a). [epenmmenm (2, 3, 6, 7) B BuAe:

e.(r) =% e, () - =21 ()

a a c
, @

eLr)=e, (N + 50, (1)

e, ()

B =—h, (Y + e, (1),

[Toacrasmm (10, 11) B ypasaenns (12, 13). Toraa moayumm:

ez(r)z(z j e, ()= (M_l)’”e(r)
e(r)= (z —ﬁje, ()= )ze ()

[Toactasnm (10, 11) B ypasuenus (14, 15). Toma ITOAYIHM:

e [0
h(r)= [z M—“—]—hwm: :
c ¢y a ac’y

B(r) = ( prM =2 “’jh ()=,

Aunddepentupys (16) u cpapaubad ¢ (1 7), HAXOAHM:
(M—l)}(( ()) (M D

h() =2 h ()+=E
a o

2.2

— e, (r)
AN

(e, () = e, ()

AN

(cz;f ~ Meua? i, (1),

©m)

(10)
an
(12)
(13)
(14)
(15
(16)

17

(18)

(). 19)
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(ew (r)+ r-e, (r))z ae, (r). (20)
W3 (1, 16) maxoamm:
A +e (r)— e‘”(r)a— M -1 zzie{p(r)zo (23)
r r M a
13 pusmgecknx cOOOpaKeHHH CACAYET IPUHATD, UTO
h (r)=0. 24)

Toraa u3 (18) maxoanm:
@2;(2 ~Meuw’ ): 0
AT
~ ~
X=Xx—~Meu, y==1. 25)
c
W3 (16, 25) maxoaum:
M-1) .o r
e = DL e ()=TD 52 g e ()
a M c o

AU

e.(rn =% (%1) w;{:—# re,(r) (254)

Ilpn w << c¢ wn3 (25) HAXOAHM, YTO
7| <<1. 26)

Toraa B ypasHenmu (23) BEAHUHHONH J° MOKHO TpeHeOpeds u

IIOAYYIHUTD ypﬁBHCHI/IC BHAQ

a-e,(r)=e.(r)+r-e.(r). 27)
W3 (27, 20) B cuAy CHMMETPUH HAXOAUM:

e (r)=e,(r), 28)

a-e,(r)= e(ﬂ(r)+r-e('/,(r). 29)
Perrrenne 5TOro0 ypaBHEHUS UMEET BUA:

e, ()= ar, 30)

YTO MOXKHO IpoBepuTh oAcTanoBkoi (30) B (29). 13 (11, 25) Haxoanm

h(r)=% Miﬂ%(r), Gl

a u3 (10, 28) maxoanm
h,(r)=—h.(r). (32)

Haxomnen, us (8, 32) Haxoaum

jz(r)=i(—m—h;(r)+h’—(r)-a+ﬂez(r>j o9
4 r r c
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C ygerom (30,31) 3ameuaem, 9T0 CyMMa IIEPBEIX TPEX CAATA€MBIX PaBHA

HYAIO, I TOI'AQ

(=52
Jr)=5 e ).

I/ITaK, OKOHYATCABHO ITIOAYIACM!

ew(r)z Are,
e.(r)=e,(r),

M- o

ez(r):/% \/ﬁ

h(r)= chMiﬂew(r),

By (r)==h, (),
h(r)=0,

(=5
J(r)=22e. ().

e re, (r)
ac

TouHOCTB pereHus
AAfl aHAATI32 TOYHOCTH PEIICHHA MOKHO ITPH AAHHBIX 3HAYECHHAX
BCEX KOHCTaHT HaWth HepAskn ypasHenmi (1-7). Ha pumc. 0 mokasana
Aorapudma

mapamverpa @ - InN = f(a) nupu A=1, ®=300, u=1, ¢=1.

3aBHCHIMOCTD

-10

-15

-20

-25

log(N(alfa))

-30

-35

-40

45

(349

(30)

(28)

(252)

3D

(32)
(24)

(349

CPEAHEKBAAPATHYHON HeBAskH N OT

/

AN

/

N

5 6
Fig.0. (SSMB)
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MnaBa 5. PeweHune ypaBHeHun Makcsenna ans nposoga NOCTOAHHOIO Toka

['AaBa 5. Perrenne ypaBHEHIN
MaxkcBeAAa AAfl IIPOBOAQ
IIOCTOSHHOTO TOKA

OraaBAenue
1. BeeacHue
2. MaremMaTu4aeckass MOAEAb
3. IloToku sueprun
4. ObcyxaeHTE
[Tpuaoxenne 1
[Ipuaoxenne 2
[Tpunoxenue 3
[Tpuaoxenne 4

1. BBeAaeHue

B [7, 9-11] Gbir0 1mOKa3saHO, YTO IIOCTOAHHBIA TOK B IIPOBOAC
IMEET CAOKHYIO CTPYKIYPY, a4 IIOTOK 3AECKTPOMATHHUTHOI 3HEPIHH
pacrpocrpaHferca — BHYTpM  1posoaa.  Ilpm  srom  mortok
9ACKTPOMATHHTHOM 3HEPTHHU

®  HANPABACH BAOAB OCH IIPOBOAA,
®  PaCHPOCTPAHAETCA BAOAD OCH IIPOBOAA,
®  PACIPOCTPAHAETCA BHYTPH IIPOBOAQ,

L KOMHCHCI/IpyeT TEIIAOBBIC HOTCpI/I OCeBOM COCTaBAﬂI—OH.ICfI TOKa.

J
A B C
Rn
D
——

J
Puc. 1.

B [9-11] Obira mpeasokeHA U PacCMATPUBAAACH MATEMATHYECKAS
MOAEAB TOKa M ITOTOKA, ITOCTPOEHHAA MCKAIOYHUTEABHO HA YPAaBHEHHUAX
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MaxcBeara. OcraAcs HEBBIACHEHHBIM CACAYIOIIHIT BOIIPOC — CM. pHC. 1.
Daekrpryeckuii J TOK M IIOTOK 39ACKTPOMATHHTHOH 9Heprum S
pacupocrpansercsa sayrpu upososaa ABCD u npoxoant uepes Harpysky
Rn. B oroif Harpyske pacxoAyercs HEKOTOpas MOIIMHOCTH P
CaepoBaTeAbHO, TOTOK 9Heprun Ha yuactke AB aoaxen Obrrb OoAbIIE
rotoka sHeprun Ha yuactke CD. Tounee, Sab=Scd+P. Oanaxo cuaa
TOKA ITOCAE IIPOXOKACHUA HAIPY3KM HE H3MEHHAACh. Kak AOAKHA
HU3MEHUTBCA CTPYKTYPA TOKA, YTOOBI YMEHBIIIHMAACH COOTBETCTBYIOIIIAA
€My 9AEKTPOMATHUTHAS S9HEPIHA? DTOT BOIIPOC PACCMATPUBAACH B [7]

Hike paccmarpusaerca 6oaee obmas (o cpaBuenuro c [7, 9-11])
MATEMAaTUIECKaA MOACAD. DTa MATEMATHYECKAA MOACAD TAKKE IIOCTPOCHA
HCKAIOUNTEABHO Ha ypaBHeHuAx Makcseara. B [12] ommceBaerca
9KCIIEPUMEHT, KOTOPBI OBIA BBITIOAHEH Ipymmoi asropos B 2008 r. B
[17] mokaszaHO, 9YTO 9TOT OSKCIEPHMEHT MOMKET OBITh OOBACHEH Ha
OCHOBAHUU HEAMHEHHON CTPYKTYPBI IIOCTOSIHHOIO TOKA B IIPOBOAC H
MOJKET CAYKHTH KCIIEPUMEHTAABHBIM AOKA32TEABCTBOM CYIIIECTBOBAHUSA
TAKOH CTPYKTYPHL.

2. MaremarnuyeckKkasa MOAEADB

Vpasuenus MakcBeAaa AAf IIPOBOAQ IIOCTOSHHOIO TOKA AQHBL B
raase "Ilpuaokenus” — cm. BapuanT 6. B cucreme CH oM mMeroT BUA:

rot(J)=0, @)

rot(H)—4—”J—JO =0, ®)
C

div(J)=0, ©

div(H)=0. C)

3Aech B 9TH ypaBHEHNA AOOABACHA H3BECTHAA IIAOTHOCTH TOKA J
IIEPEAABAEMOTO I10 IIPOBOAY B HArPY3KY.
IIpx mMoAeAmpOBaHHH OYAGM HCIOAB30OBATDH ITHANMHAPHYCCKUC
KOOPAMHATBL V', (), Z W PACCMATPUBATH
e toxu J,, J " J,, mpryem cpeaHee 3HAYEHHE ITAOTHOCTH TOKA
J, AOAKHO OBITB 3aA2HO,

® wvaranTHblC Hanpsokennocn H,, H,, H_,

° I-)ACKTPOCOHPOTI/IBACHI/IC p

B pemrennn HEOOXOAMMO HAWTH IIAOTHOCTH PACIPEACACHUA BCEX
HAITPAKEHHOCTEI 1 TOKOB.

Vpasuenns (1-4) AASl TIAMHAPHYECKIX KOOPAUHAT UMEIOT BHA!
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”

OH
H +8H’+l- “’+8HZ=O, M

r or r Op 0Oz

OH
1 oH, 0H, =J, @)
r O0p 0Oz
OH oOH
F——"=J 3
0z  Or 7 ©
H, OH
_e _ﬁ"_l.ai:]z_kjw @

Ly—L 4+ — ——4+—==0, ©)
r oOr r Op Oz

oJ
l.ai__‘/’z(), )
r 0p Oz
VYo, 0
oz or
J, dJ
_¢’+_‘P_l.a‘]’=0, 8)
r or r 0@

Moaeap ocHOBaHA HA TOM, 9TO
OCHOBHAfl S9ACKTPUYECKAA HAIPAKEHHOCTh £ HAIIPaBAEHA BAOAD

OCH IIPOBOAQ,

OHA CO3AA€T OCHOBHOM TOK J, — BEPTUKAABHBIN IIOTOK 32PAAOB,
BEPTUKAABHBIA TOK J, (POPMHPYET KOABIIEBOE MATHHTHOE ITOAC
C HATIPAKEHHOCTBIO H | ¥ PAAMAABPHOC MATHUTHOE IOAC H, - cm.

@,

MarHUTHOE IOA€ [, OTKAOHAET cuAamMu AOpPEHIA 3aPAABL
BEPTHUKAABHOTO IIOTOKA B PAAMAABHOM HAIIPABACHHUH, CO3AABAA—
PAAMAABHBIN IIOTOK 3aPAAOB - PAAMAABHBIN TOK J

MATHUTHOE IIOA¢ [, OTKAOHSET cuAaMu AOpeHIa 3apsABI
PAAMAABHOTO IIOTOKA IIEPIIEHAMKYAAPHO PaAHyCaM, CO3AaBas
BEPTUKAABHBIN TOK J_ (AOIIOAHHTEABHO K TOKY J, ),

MarHuTHOE mOoAe H, oOTKAOHAeT cumAamu AOpeHIa 3apAABI
BEPTHUKAABHOTO ITOTOKA IEPIEHAHKYAAPHO PAAHYCAM, CO3AABafd
KOABIIEBOM TOK J >

MAarHuTHOEe IoAe H, OTKAOHAET cuAamu /\OpeHIa 3apAABL

KOABIIEBOTO IIOTOKA BAOAL PaAHYCOB, CO3AaBas BEPTHUKAABHBIN
TOK J, (AOIIOAHHUTEABHO K TOKY J, ),
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8. Tok J, dopmupyer BepTHKaABHOE MarHHUTHOE IIoAe H_  u

KOABLICBOE MATHUTHOE T10AC H | - cM. (2),
9. toxk J, ¢dopMupyeT BEPTHKAABHOC MAarHUTHOE HOAe H_ H

paAmaAbHOE MarHUTHOE 1ToAe H, - em. (3).

Takum 0Opa3oM, OCHOBHOM TOK J, CO3AA€T AOIIOAHUTEABHBIE
toku J,, J,, J. wm maramtaeie noas H,, H,, H_. Oun AoAKHBI

VAOBAETBOPATH  ypaBHeHHAM Maxcseara. Kpome Toro, morokm
3AEKTPOMATHUTHOH 9HEPIUU AOAMKHBI OBITH TAKHUMH, ITOOBI

A. BepTukaAbHBI IIOTOK JHEPrUM OBIA PaBEH IIEPEAABACMOI
MOTITHOCTH,

B. Cymma Bcex ITIOTOKOB 9SHEPIMH  AOAKHA  OBITH  paBHA
IIEPEAABAEMOIT MOIITHOCTH B CYMME C MOIIHOCTBIO TEIIAOBBIX
IIOTEPD B IIPOBOAE.

Takum 0Opa3oM, TOKH U HAIIPAKEHHOCTH AOAKHBI YAOBAETBOPATD
ypaBHeHHAM MakcBeara u ycaoBua A m B. Aad momcka perrennsa Mer
pasoObeM 33Aa9y HA TPU CACAVIOIIHX 32Aa9U (ITO MOKHO CAEAATH B
CHAY AMHEMHOCTH ypaBHEHNH MakcBeAAa):

a) mowuck pemeHusa ypapHeHuil (1-8) mpu orcyrcrsum Toka J ; 21O
peIlIeHIe OKa3bhIBAETCA MHOTO3HAYHBIM;

b) mOMCK AOIOAHHTEABHBIX  OIPAHMYCHHI, HAAATAEMBIX  Ha
[IEPBOHAYAABHOE  pelleHHe ycAroBuamMu A n  B;  3aece
YIHUTBIBACTCA TOK J, M CO3AaBACMAsl M HAIPSLKCHHOCTD H .

IIpeae Bcero, HCOOXOAUMO AOKA3aTh, UTO perreHue cucremer (1-

8) cyIrecTBYeT IpU HEHYACBHIX TOKAX J,, J, i J..

AAf  COKpaIlleHHs 3alrCH B AAABHEHIIIEM OYACM IIPHMEHATH
CAGAYIOIIIHE OOO3HAYCHHUS:

co=—cos(ap+ yz), (10)

si =sin(ap+ yz), 11

TAC &, Z — HCKOTOprC KOHCTAaHTHI. B HpI/IAOH(CHI/II/I 1 IIOKA3aHO, Y9TO

CYIIIECTBYET PEIIECHIE, HMEIOIIIECE CACAYIOIITHIT BUA:

J,.=j.(r)o, (12)
J .= Jj,(r)si, (13)
J..=j.(r)si, (14)
H,.=h(r)o, (15)
H,.=h,(r)si, (16)
H_.=h_(r)si, 17)
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rae j(r), h(r)- mekoropsie PYyHKIIHHE KOOPAMHATEL 7.

Mo:KHO mOAAraTh, YTO CPEAHAA CKOPOCTb SAEKTPHUECKUX 3aPAAOB
HE 3aBHCHT OT HAIIPaBACHHUA TOKa. B wactHOCTH, Ipn (DHKCHPOBAHHOM
paAuyce ITyIb, IIPOMACHHBIM B EAUMHHILY BPEMEHH 3aPAIAOM  IIO
OKPYKHOCTH, U IIyTh, IIPOHAECHHBIM MM IIO BEPTHKAAH, OYAyT PaBHEL
CaepoBateapHO, Ipu (DUKCHPOBAHHOM PAAUYCE MOKHO IIOAAraTh, YTO
Ap=Az. Ha ocHOBE 3TOr0 IIPEAIIOAOKEHHUS MOKHO IIOCTPOHUTD
TPAEKTOPUIO ABIKEHNS 3apsAAa B cootserctBun ¢ pyukumamu (10, 11).

Ha pumc. 2 mokasamsl Tpu BHHTOBBIE AHMHHU Ipu A=Az,
onuceBaembie pyukumamu (10, 11) Toka: TOACTAA AMHHA HpH
a=2, y=0.8, cpeaussa aunnsa upu o =0.5, y =2 u ToHKAA AHHHA

mpu a =2, y=1.6.

) K
Fig. 2. ! (TokPotok33.m)

B mpumaoxennn 1 moxasano, uro y cucremsr (1-8) cymecrByer
perrerre. OHO NMEET CAEAYVIOITHUIT BUA!

jw(")Zkh(a, 2 7). 25)
)= —%(I’,ﬂ(?) +r j;(r)), 26)

j.(a=r j¢(r)§, @7
h(r)=0, 28)
h,(r)=—=j, () 1. (29)
h()=—j,) x. (30)

Cive} pCLHCHI/IC QlHaAI/ISI/IpyeTCH AaA€e.
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ITpumep 1. Ha puc. 3.1 mnoxasamer rpacdukn  yHKIHH
7.1y J, (1), j.(r), h.(r), h,(r), h.(r). D dbynxnum BeraucasroTes

npu AasEbx @ =1.6, ¥ =50, j(0)=10 u pasmyce mposoaa R =0.1.
B mrepBoit koronke mokasansr dyuknmm j, (1), j,(r), j.(r),Bo Bropoit

KoAomke Tokasambl  bymkmuw  h.(r), h,(r), h.(r), a dynxuum,

ITIOKAa3aHHBIC B TPCTBCI;‘I KOAOHKE, 6yAyT paccMOTpPEHEL AaAee.

0 0
= -0.2 )
-0.4 -10
0 0.05 0.1 0 0.05 0.1
x 10™
0.1 0
4
£ «= 0.05 /5 2
2 / /
() e 0 = 4
0 0.05 0.1 0 0.05 0.1 0 0.05 0.1
x 10"
1 0.4 0
N O N 0.2 N2
-1 0 el 4
0 0.05 0.1 0 0.05 0.1 0 0.05 0.1

Fig.3.1. (TokPotok33.m)

Ha puc. 3.2 noxasamsl dysxknmm (12-14) npm  z =const. B
YETBEPTOM OKHE ITOKa3aHa (PYHKITHA

J (r,p), if J (r,p)>0,

Jp_(r,p)=
P20 i g () <0,
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50 50 20 50 Fig 32

Haiiaem 3HAYEHHE IAOTHOCTH TOKA B IIPOBOAE € PaArycoMm R:

T = [0 Yir-do. o
re

C yaerom (14) mariaem:

— 1 e (o Lt o
T = e JiObrdo= 15 6) [rdo)ar o2
C yaerom (11) mariaem:
— 1 f 2w 2w
J. = 5 jjz(r{cos@om+—z)—cos(—z)}dr. (33)
anR” c c

Orcroaa cAeAyeT, 9TO CyMMapHBIN TOK J, HM3MEHAETCA B 3aBHCHMOCTH
OoT KOOpAMHATH Z . OAHAKO CYMMapHBIH 33AaHHBIM TOK C IAOTHOCTBIO

J, ocraercs mOCTOSHHBIM.

3. IToroku sHepruun
HAOTHOCTI) IIOTOKAa SACKTp OMaFHHTHOfI 3HCPFI/II/I — BCKTOp
ITorinrnara
S=ExH. )
TOKaM COOTBCTCTBYIOT OAHOMMCHHBIC 3A€KTPI/I‘I€CKI/IC HaHp}DKCHHOCTI/I,
T.C.
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E=p-J, @
rae O - aaexkrpoconporusserue. Copmemmad (1, 2), moayuaem:

S=p/xH. 3)
Maruuraas cuaa Aopenma

F=JxB, S

CAEAOBATEABHO, B_IPOBOAE C HOCTOSHHBIM TOKOM MATHHTHAA CHAA
Aopenna nponopumonaabaa BekTopy [lorigTuara. Tounee,

F=S/(up), ©)

AAfl BOSHUKHOBEHHA TOKA B IIPOBOAHHKE KPOME CHABI AOPEHITA AOAKHO
BBIIIOAHATBCA CIIE OAHO YCAOBHE: IIPOBOAHUK AOAKCH OBITH 3aMKHYT.
CAeAOBATEABHO, MOKHO YIBEpPKAATh, 9TO Bekrop llofiHTmHIa co3aaer
3.A.C. B IPOBOAHHKE. DTOT BOIIPOC C APYTOH CTOPOHBI paccMoTpeH B [19],
rA€ TaKkas 9.A.C. Ha3sBaHA YETBEPTHIM BHAOM JACKTPOMATHHUTHOM
HMHAYKIIAN.

B I_[I/IAI/IHAPI/I"ICCKI/IX KOOpAHMHATaX 7, (D, Z IIAOTHOCTH IIOTOKaA

OAEKTPOMATHHUTHOM oHeprun (3) mmeer Tpu Kommonentst S,, S,, S_,

HAIIPABACHHBIC ~ BAOAB  PaAHyCa, II0  OKPYKHOCTH, BAOAb OCH
COOTBETCTBEHHO.

3.1. B xa)KAOl TOYKE IIMAMHAPHUYIECKON ITOBEPXHOCTH CYITIECTBYET
AB2 IIOTOKA 3AEKTPOMATHHUTHOI 3HEPIHH, HAIIPABACHHBIX IIO PAAHYCY, C
IIAOTHOCTAMH

Srlzla](sz’ SrZZ_NzHga (6)

- CM. pI/IC 5. CYMMapHaH IIAOTHOCTBb IIOTOKa B KaH(AOI}'I TOYKC
L[HAHHAPI/I‘ICCKOIZ HOBCpXHOCTI/I, HAIIPaBACHHOTO IIO paAHycy,

Sr :Srl +Sr2 :p(J(sz _']zH(p) (7)
J, H .
Srl
>
Puc. 5.

3.2. B kaxKAOH TOYKE CEYECHHA IHMAUHAPA CYIIECTBYET ABA ITOTOKA
9ACKTPOMATHHUTHOH  9HEPIWH,  HAIIPABACHHBIX  BEPTHKAABHO, C
IIAOTHOCTSIMU

Szlz_p](pHr’ SzZ=p"]rH(p (8)

- cm. puc 6. CymmapHas IIAOTHOCTD ITOTOKA B KAKAOW TOYKE CEUCHUA
LITAMHAPA, HAIIPABACHHOTO II0 BEPTUKAAH,
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S =85,+8,= p(J},Hw —Jer) )
H ASzZ J(/’
4
/“\ Hr
fr =
J

r

Puc. 6.

3.3. B xaKAOM TOYKE CEYEeHMA ITHMAMHAPA CYIIIECTBYET ABAa ITOTOKA
SAEKTPOMATHUTHON 9SHEPIHH, HAIPABACHHBIX IIO OKPYKHOCTH, C
ITAOTHOCTAMH

Sa=p.H,, S,,=-pJ H_, (10)
- om. puc 7. CymmapHas IIAOTHOCTb IIOTOKA B KAKAOHM TOYKE
IITATHAPHYECKOH ITOBEPXHOCTH, HAIIPABAEHHOTIO 110 OKPY/KHOCTH,

S,=S,+8,,=p(J.H -J,H,) (1)
s, 1 s 7.

z

P2 ol

~—

C y4erom BBIIIEH3AOKEHHOIO 3aIUIIeM (DOPMYAY ITAOTHOCTH
ITOTOKA SAEKTPOMATHUTHOH SHEPIUH B IIPOBOAE ITOCTOAHHOTO TOKA:

J, H,
> >

Puc. 7.

S J,H —J.H,~JH,
S=|S,|=pUxH)=p|J.H -JH +JH, | (12
S JH,-J,H +JH,

z

Tperbu caaraemere B (12) moABAAIOTCA B CBA3KM C TEM, YTO Ha IIOTOKH

SHEPIUHU BAUAIOT TAKKE IAOTHOCTD TOKa J, M HAIIPSIKEHHOCTD
H, =J,r (13)
- oM. (2.4). U3 (2.12-2.17, 12, 13) caeayer, uto
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S, . —jzh(/,)si2 —Jfr
S=|S,|=p|[[| G.h, = jh.)si-co+ T hsi  ldr-dp-dz. (4
S e (jrhw —j(phr)si-co+jrco-Jor

z

Ha puc. 3.1 B mpaBoii KOAOHKE HOKa3aHbI (DYHKIIAN

S| [Goh. =ik,

S,0)|=| G, = j.h.) | a5
5.¢)) LGh—ioh)
Ha puc. 3.3 moxasansl pyHKIHm
5.0.0)| [Goh—ih, )si

S_q)(r, (0) = (]'Zhr —Jj.h, ) si-co |. (150)
_S_Z(,,’ ) (jrh{p —Jh ) si-co
pu z = const . B gerBeprom okHe 1OKa3aHa PYHKITHA

S.(r,p), if S_(r,9)>0,
Sp.(r,¢) ={

0, if S_(r,¢) <0.

x10° ) x10°

Szr
Szmp
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C yaerom obosuauennii (15) u Berpaxenus (2.28) us (14) moayuaem:

51 [5)sr-sn
S=|S, :pﬂj S_w(r)-sﬁco dr-deo-dz . (16)
S, r#”z_S_Z(r)- si-co+ j.co-J,r
AN
S_,-(’”)_ [ si? Jr -1
S=p J S_w(r)dr . H si-co |dpdz |+ p J. 0 dr |- J.J. 0 |depdz |-(47)

r

r| — 0,z ;. . 0,z
Sz(”) | si-co JJr co

B npuaokenun 4 HpHBEACHBI OLEHKU ABOMHBIX HHTEIPAAOB H3
dopmyasr  (17). IlpumeHHM HX U IOAYYIUM AAfl EAMHUIIBL AAMHBI
mposoaa z, = 1:

S.(r) D, Jr -V
Szp_[LS”_(/J(I”)afr~D2 +pJ‘0 r|-10 )
’ S_z(}") D2 ' jr‘]ur Dl
TAE
V:”dwdz:bz-za =2r, (19)
(/%4
D, ~ L, 20)
ox
~ 2 ~
D ~—=2D,, 1)
ax
53 zﬂf)—L:ﬂb—O.Sﬁz, (22)
2ay

b — KOAMYECTBO BUTKOB CIIMPAAW HA EAMHHIIE AAMHBL.
O6beannss (18-22), OkOHIATEABHO ITOAyYaEM:

D,S,.(r) —27J2r
S=p|| [| D,S,()ar |+| | 0 |- @3)
’ EZSTZ(F) 12D, J,j.r

AN
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53IS_r(r)dr—7szJf
S=p 52J.S_¢(ryr : 24

52.[ (S'_Z(r)+ 2J0j,,r)1’r

Bropoe caaraemoe B mepBom uaeHe HopMyAH! (24) MMeeT BEAUIHHY

S, =—paR’J’, (25)

w =

B TOYHOCTH PAaBHYIO MOIITHOCTH TEIAOBEIX IIOTEPh B IIPOBOAE
CAMHUYIHOI AAMHEBL. HO 1O cyImiecTByrommmM npeACTaBACHIAM B CAUHHITY
AAUHBI IIPOBOAQ IIOCTYIAET BHEIIHHI ITOTOK SHEPIHH, HAIIPABACHHBII
II0 PAaAHyCy K OCH IIPOBOAA M mMeromui BeAamdmHy (25). 3Aech ML
BHAHM, 9TO 3TOT ITOTOK ABAAETCHA BHYTPEHHIM.

Ouesnano, mpu Arobom Beibope Toukn z=0 ma ocu 0z s1m
COOTHOIIIEHHUA COXPAHAECTCA.

Wrak, B mpoBoAe 1upkyaupyror mortokn (23). Omm ABAdroTCA
BHyTpeHHUMH. OHH  HOpPOKAAIOTCA  TOKAMH WM MATHUTHBIMHU
HAIIPAKEHHOCTAMH, CO3AABAEMBIE STHMHU TOKaMH. B cBoro ouepean, atu
ITOTOKH BO30YKAAFOT TOKH, Kak cHABI Aopenma. Ilpm stom cymmapnas
SHEPIUsA 3TUX IHOTOKOB YACTHYIHO PACXOAYETCA HA TEIIAOBBIE IIOTEPH, HO
B OCHOBHOM IIEPEAAETCH B HATPY3KY.

ITpumep 3. Paccmorpum  caeayrommii  cayuaii. B rtada. 1
IIPUBEAEHBI MCXOAHBIE AQHHBIE M PE3YABTATHI BeramcAeHmi. Ha pmc. 8
ITOKa3aHBl 3aBUCHMOCTH OT PAaAHyCa IIAOTHOCTH ITOTOKOB SHEPTHH H3
(23). Toumnee, B AEBBIX OKHAX ITOKA32HbI dpyHKIIITI

Sr:S_r(r) Sf=5_¢(r), SZZS_Z(I"), a4 B IPaBBIX OKHAX IIOKA3aHBI

dyHKIIII

_53J.S_r(ryr
Sr2 <
52 DZ:[Sw(r)ir

st |~/ b [5G
Sz2 r

(26)

D,[27,jrdr

Ha ocHoBe o1ux (DyHKIMI PACCYUTHIBAIOTCA ITOAHBIC HOTOKHM 3HEPIHH
(momuocTn) Sr2full, Sf2full, Sz1full, Sz2full.

V aBropa B HacTOflIIIEe BpeMA HET PETryAAPHOIO METOAA pacdera.
IIpr OIIpEACACHHBIX KOHCTPYKTHBHBIX IIAPAMETPAax (CM. KOAOHKY
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"AaHO") AAf MOACAMPOBAHUS IIPUXOAUTCSH BAPHUPOBATH 3HAYCHUAMIN
mapamerpoB (cM. koAonky '"Haiiaeno"). Koneuno, mpu sroM MOKHO
TOABKO TIOKa3aTh, YTO IIPHEMACMOE PEIICHIE CYIIECTBYCT.

Tabamuma 1 (Vm=11, fig8=1)

AaHo Haiiaeno Beraucaeno
R |[1wmm (CYZ) 100 | Mommocts Sw 0.22 Br
oTeps B
IIPOBOAE
b 100 o -1.6 Sr2full 5:10° Br
J, 2A\mm? | X -63 Sf2full 6-10°10
Br
j;) 0) |2 Sz1full 4-10? Br
MomnocTs, Sz2full 2000 Br
HepeAaBaeMaﬂ
B Harpy‘BKy
x 10*
0
0 \
» 2 S 005 \
4 -0.1
0 0.05 0.1 0 0.05 0.1
x 10

Sf
o N
Sf2
o
o
S
o ]

0 0.05 0.1 0 0.05 0.1
x 10 x 10

N
N

Sz-b, Sz22-r
N,
Sz21-b, Sz22-r
N,

o
o

0.05 0.1

o

0.05 0.1
Fig.8 (TokPotok33.m)

o

M3 1abA. 1 caeayer, 9TO OTHOIIEHUE IIEPEAABAEMON MOIIHOCTU K
MOIIHOCTH TenAoBBIX motepp Sz2full/ Sw = 10*. Urak, npu Aammoit
IIAOTHOCTH TOKa J, IIepeAaBacMas MOIIHOCTh MOMKET IIPUHHIMATH
IIPAKTUYECKH AFOOO€ 3HAYCHHE B 3aBHCHMOCTH OT 3HAYCHHH BEAUIHH
X, O, T.e. OT IIAOTHOCTH CIIHPAaABHOH  TPAaeKTOPHUH  TOKA.
CAEAOBATEABHO, HOTPEDOASiIeMAs MOIIHOCTh HE€ 34BUCHUT OT BEAWYMHBI
TOK2, 4 OIPEACASCTCSA IAOTHOCTBIO CITUPAABHON TPACKTOPUHU TOKA.
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4. OGcyrxaeHmE

I/ITaK, IIOTOK SHCPFI/II/I BAOABb OCHU HpOBOAa SZ CO3AACTCA TOKAMU U
HaHpH)KCHHOCTHMI/I, HaHpaBACHHI)IMI/I I10 paAHycy u OKPY)KHOCTI/I. E)TOT
IIOTOK 3H€pFI/II/I paBCH MOIITHOCTH, BbIACAHCMOfI B HarpysKe RH U B
COHPOTI/IBACHI/II/I HpOBOAa. TOKI/I, TCKYH_[I/IC BAOADB paAHyca u
Opr)KHOCTI/I, TAKXKE CO3AAXOT TCIIAOBBIC HOTCPI/I. MX MOIITHOCTD paBHa

HOTOKaM 9Hepruu S,, S, HAITPABAECHHBIM IO PAAHYCY U OKPY/KHOCTH.

Bompoc o rtoM, kakum 00OpasoM IIOTOK 3AEKTPOMATHHUTHOMN
SHEPIMH CO3AAET SAEKTPUYECKHH TOK, paccmarpusaerca B [19]. Tam
IIOKA3aHO, YTO CYIIECTBYET GYETBEPTasd DSACKTPOMATHHUTHAS HMHAYKIIHA,
CO3AaBaEMasd M3MEHEHHEM ITOTOKA JACKTPOMATHHTHON SHEPruu. 3areM
OIIPEAEAACTCA 3aBUCHUMOCTD 3.A.C. TOH MHAYKITUH OT IAOTHOCTU ITOTOKA
SAEKTPOMATHUTHON 9HEPIHH M IapaMeTpoB IIpoBoAa. V3Becren
OKCIICPUMEHT,  KOTOPBI  MOMKET  CAYVKHTH  9KCIIEPHMEHTAABHBIM
AOKA32TE€ABCTBOM CYITIECTBOBAHHA 9TOH MHAYKIHH [17].

IToxasaHo, YTO HOCTOAHHBIM TOK B IIPOBOAE HMEET CAOKHYIO
CTPYKTYPy M pPacHpOCTpaHAEeTCA BHYTPH IPOBOAA HO coupain. [Ipm
IIOCTOAHHON BEAMYHMHE TOKA ITAOTHOCTb CIHPAABHOM TPAEKTOPHHU
YMEHBIIIAETCA 110 MEpPEe YMEHBIIECHHA OCTAaBIIEIOCH CONPOTUBACHUA
Harpysk. Vmeerca ABe cocraBadromme Toka. llaoTHOCTH IEepBOIt
COCTAaBAAIFOITIEH J, ITOCTOSHHA HA BCEM CeUeHHH IIpoBOAa. IIaoTHOCTH

BTOpOfI COCTaBAHIOLT.ICfI HU3MEHACTCA II0 CCYCHHIO IIPOBOAA TaKHM
o6pa30M, 9TO TOK paCHpOCTpaHHCTCH II0 CHI/IpaAI/I. B LII/IAI/IHAPI/ILICCKI/IX
KOOPAHHaTaX r, @, Z 9Ta BTOpaH IIAOTHOCTb HMMECT TpI/I KOMIIOHCHTDBI

J,» J,, J.. Onn Haitaensl Kak perrenue ypasaennit Makcseaaa.

[Ipn Hem3aMEHHON IIAOTHOCTH OCHOBHOIO TOKA B IIPOBOAE
IrepeAaBaeMas 110 HeMy MOIIHOCTD 3aBHCHT OT IapaMeTPOB CTPYKTYPHI (
O ,)), KOTOpPBIE BAHAIOT HAa IAOTHOCTb BHTKOB CIIMPAABHOIT
TPAEKTOpHUU TOKA. TakmMm 0Opa3soM, OAHMH H TOT K€ TOK B AAHHOM
IIPOBOAE MOJKET IIEPEAABATH PA3ZAMYHYIO MOIIHOCTH (3aBHCAIIYIO OT
HATPY3KH).

CuoBa paccmorpum  puc. 1. Ha yuactke AB 1mo mposoay
mepeaaercss sHeprua Harpysku P. Eif coorBerctByer ompeaeacHHOE
3HAYEHHUE IIAPAMETPOB CTPYKTYPHI (& , ¥ ) U, KAK CAGACTBHE, IIAOTHOCTD
BUTKOB CIHIpaAbHON Tpaekropun Toka. Ha yuacrke CD 1o mpoBoay
IlepeAaeTca He3HaYHTeAbHasd osHeprusa. Eif  coorBercrByer maaad
IIAOTHOCTD BUTKOB CIINPAABHOI TPAEKTOPUU TOKA.
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EcrectBenHO, HArpysko#l ABAAETCA M COIPOTUBAGHHE CAMOTO
mpoBoAa. CAEAOBATEABHO, IIO MEPE IIPOXOKACHHA TOKA IO IIPOBOAY
CIIUPAAD TPACKTOPHH TOKA BEITPAMAACTCH.

3aBHCHMOCTh  IIAOTHOCTEH TOKOB M  HAIPMHKEHHOCTEH  OT
IIepeMeHHOIl @  moApobHO  pacemorpena B [10].  Boobie,
pearokeHHYIO B [10] MaTeMaTHdeckyro MOAEAD MOKHO PacCMATPHBATH
KaK CACACTBHE AAHHOI MoAeAn ripu ¥ — 0.

TaxuM 00OpasoMm, IIOKA3aHO, YTO CYIIECTBYET TaKOE peIIeHIe
ypaBHeHNI MakcBeAAa AAfl TIPOBOAA C ITOCTOAHHBIM TOKOM, KOTOPOMY
COOTBETCTBYET IIPEACTABACHHUE O

® 32KOHE COXPAaHCHMUA SHCPIUU,
® CIIHPAABHOM TPAEKTOPUH ITOCTOAHHOIO TOKA B IIPOBOAE,
® 1epeAade SHEPTUH BAOAB M BHYTPH IIPOBOAA,

® 32BHCHMOCTH HAOTHOCTH CIHPAABHOM TPAEKTOPHUH OT
IIEPEAABAEMOIT MOIITHOCTH.

ITpusosxenue 1.

PaccmarpuBaerca permenne ypasuenuii (2.5-2.9) B Buae dyHkImii
(2.10-2.17). Aaree mpouU3BOAHBIEC IO 7' OYAEM OOO3HAYATH IITPHUXAMH.
Ilepenmmimenm ypaBuennus (2.5-2.9) B Buae

20, ()+J‘”()a+;tj(r) 0, 0
h(’") s+ 2D oty =0, ®
;-hz<r>a—h¢,(r)z =, () ©)
—h (Y = h(r) = j, (1), @

()+h(>+ ()a J.(r) =0, ®
L a0z =0, ©
—j, (- ji(r)=0, 0

—]“’fr) +jy )+ 220 ’r(r)- a= ®

Vmuoxnwm (5) Ha (— ;() Toraa moAyganm:

x-h,(r) , h )
_+—Z‘h¢(r)—ZTM‘a+Z‘JZ(”):0> ©)
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Cpasumsas (1) u (9), 3amedgaem, 4TO OHI COBIIAAAFOT, ECAT
~h,(Nx =) 10
—h )=, (11)
BaxxHO OTMETHTB, YTO TAKOE CPaBHEHHE CIIPABEAAUBO TOABKO IIPU
J.(r)#0. Vpasuenns (10, 11) cosmapaaror ¢ (3, 4) upu h (r)=0.
Caeaosareasto, upu j_(r)#0 u h (r)=0 ypasuenune (1) moxer ObITH

HCKAIOYECHO ¥ CHCTEMA ypaBHeHHI‘/'I (1-5) ympormaerca 1 mpuHIMAET BUA

h, r(r)+h )+ ’f Do, (ev. ) (12
—h,(Ny =], (r) (em. (10)) (13)
_ h.("))( = jw(’”) i (em. (11)) (14)

()

+h (r )+ (= j.(r). (v (3) (15)

PaCCMOTpI/IM Terephb CAyT—IaI?I, korpaa j_(r)=0.Ilpu satom ucxoanas

CHCTEMA IIPUMCT BHA!

Jr (V)+ ()+J“’() =0, (16)
L (r)+h'( )+ —2 )a+;( h(r)=0, (17)
r
;-hz<r)a—h¢,(r>z=j,(r) 18
—h, )y = h(r)= j, (), (19)
()+h()+—h()a 0. (20)
IToacTaBrm (18, 19) B (16). Toma IIOAYYHM:

b= by (7 a1 2~ + ) =0
r r r r

AT

1 1 ,
r—z-hz(r)a—;-hq,(r);(—hw(r);(—hr(r)%=O 1)

HpI/I 3TOM AAA BBIYHMCACHUA TpCX HaHpH)KCHHOCTefI IIOAYYIHNM TpI/I

ypasuenns (17, 20, 21). Vickarounm A, (1) us (20, 21):

iz-hz(r)a—l-hw(r);(+( h(r)+h(r)—];( h(r)— 0
r r

AT
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1
5 h(Na=0.

Taxum oOpasom, u pu j, (r)=0 AOAKHO CODAFOAATBCS YCAOBHE
h_(r)=0. Wrak, cucrema ypasuenwuii (12-15) Berroansiercs npu Aro60om
J.(r) u npu aTom

h.(r)=0. 22)

Wrax, ypasuenus (1-8) Moryr ObITb 3aMEHEHBI HA YPABHEHHUA BHAQ

(22, 12-15, 6-8). Ilepernurrem ux AASL YAOOCTBA UNTATEAA:

h(r)=0, 22)
h (r) + 1 (r )+ 23)
- h¢, ("N =], (r) (24)
—h (Y =Jj, (). (25)

()+h o (r )+— h(r)e=j.(r). (26)
%-jz(r)a—j(,,v)z -0 @
- =) =0 29)

C (r .
—]“’( )+j;,(r)+—]’(r)-a:0 (29)
r r
IToacraBass (24, 25) B (29) 3amedaeM, 9TO IOAYIEHHOE YPaBHEHHE
coBraaaer ¢ (23) u mosromy ypasaeHue (23) MOKET OBITh HCKAIOYEHO U3
AAHHOM CHUCTEMBI YPABHEHUH.

W3 (206, 27) Haxoanm:

O >+a’“’() 2 o
r a
W3 (29) maxoanm:
J )= —l(/;(r) AGY (36)
J0)=== Qi)+ j3 () @
W3 (35, 36, 37) HaxoAmM:
Dy o >+a]‘”() L) o9
a

2

_é[h’r(r) ()j__(2]¢(r)+r JHE) J“’() =%, (N ey
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Pemmenne m aHaAm3 3TOro ypaBHEHHS AAHO B IIPHAOKEHHH 2.
[ToayuenHoe TaM peIleHHe HE HMEET AHAAHTHYECKOTO BBIPAKEHHA.
Hasosem st0 perienne dyHKImer

j,(n=khla, 7 r) (39)
a ee IMPONU3BOAHYIO — cpyHKuHeﬁ
jo(n=khile, z, r) (40)

[Ipu wusBectuerx dyakmuax (39, 40) wmoryr ObITh HaHACHBI
ocraspuble dyukmmm 1o (22, 27, 28, 36, 37, 24, 25). Mrak, Az

OHPCAGACHI/IH BCEX (bYHKHI/II}'I HNMCCM ypaBHCHI/IHZ

h.(r)=0. (em. (22)) @1)
j,(n=khle, 7 r) (o, (39) “2)
jo(n=khile, z, r) (om. (40)) 43)
J.(a=r-j, (r)f (o 27) (44)
Jir) == (cm. (28)) (45)
. 1. ,

. )=—= (zq,(r) N AG) (. (36) (46)
()= ——(21¢(r) +re ) (. (37) 1)
h,(r)=—], (r)/ 7, (cn. (24)) (48)
h(r)=—j,(r)/ 1. (on. (25)) (49)

TOYHOCTD TOAYIEHHOTO PEIIEHUA AHAAUSUPYETCA B IIPUAOKEHIH 3.

ITpusroxenue 2.

Paccmorpum ypasuenue (38) u3 npuaoxenns 1:
2

——("”()+ ()]——(2J¢<r>+rj<r>)+ 1) =Ly o

o

Vmpormas ero, moAygaem:

—(“r(”w;(r)] Q)+ 7l o L2 ’w() 7).

2

mr)[ ler—sW) re () =0,

Ji(r) = J(,;(’”)( vy ]—%j;m. ®
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Fig.13 (forFig13.m)

Vpasaenme (2) me wmmeer aHaAmTHYeckoro pernennd. Ho
YHCAEHHO MOKHO HAWTH (PYHKITHH

j,(n=khle, z, r) )
jo () =khlle, z, r) @
jrrn=kn2le, z, r) ©)

Aast mpumepa Ha puc. 13 mokasamsl oTH  (DYHKIHH IIpH
(0{21.5, ZZSOJHapaAI/IyCC R=0.1.

ITpusosxenue 3.

Aasee Hymeparma ypaBHEHHH B3fTa U3 IPHAOKEHHA 1.
Paccmorprm TounOCTD permenus cucteMsr ypasHeHni (1-8). [ToacTaBads
dyHKIIII (41-49) B ypaBHEHHA (1-8) MOKHO  HAWTH
CPEAHEKBAAPATHYHYIO HEBA3KY 9Tux ypapHenmil. Ha puc. 14 moxasanm
rpaduK 9TONH HEBA3KU IIPH (0{ =15, y= 50} Ha paauyce R=0.1.

MoxHO HANTH CPEAHEKBAAPATUYHYIO HEBA3KY ITUX YPaBHEHUIA,
KaK (PYHKIIHIO Kakoro-amOo mapamerpa. Ha puc. 130 moxasam rpadumk
HEBA3KU B 3aBUcHMOCTH OT ¢ upu y =50 Ha pasmyce R=0.1. 3aece B
BEPXHEM OKHE IIOKA3aHO 3HAYCHHE HEBA3KM, a4 B HIDKHEM OKHE —
3HAYEHHE AOTraprdMa HEBAKH.
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ITpuaorkenue 4.
BHa"IaAC HaﬁACM CACAyI—OH_[I/IC BEAMYMHDI:

% 1|2 .
A4, = J. cos(—a;)" + ){Zjdz =— s1n[—a;p” +ZZJ =
220 /’{ z=0

_1 sm( P, ;@Oj—sin(%j :lcos( 0 4 jsm(;(z )
4 2 2 2

4

)
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MnaBa 5. PeweHune ypaBHeHun Makcsenna ans nposoga NOCTOAHHOIO Toka

A,= fsin(agoa + 2;(2)912 = LN cos(agoa + 2;ﬂ)=
z=0 2Z =0

Z:

@)
- _%(008(0«00 +22,)-cos(ap, )= ——sin(ag, + 22, Jsin(zz,)
X X
A4, = 'fcos(a(po + 2;(2)%2 =L ! sin(a% + 27(2):
=0 2% |0 ©)

B 2L (sin(ap, + 272, )-sin(ap, ))=—cos(ap, + 2z, Jsin(z,)
x X

Hatiaem ABOITHBIE HHTETPABI:

D, = J [ TCOS(O«D + ZZ)W}ZZ = f [:0(2105 sin(ap + ﬁ)j]dz =

z=0\ =0 z=0

= I (1 (sin(ag, + 12)- Sin(ZZ))de _2 J‘ ([Cos{a% +XZJ sin(a%DJdZ _ @
z=0 2a 0!2:0 2 2
2sin(a<oo/z)]ﬂ( (a% D 24, .[a%j
= cos| —=+ yz | |[dz =—sin| —=
a z=0 2 (24 2

z (0 B %
D, = [| [sinQap+222)p |d== | _—lcos(Zaw +272)||dz =
g0\ 20

z=0\ ¢=0 z=0

Z
9

= j (2_015 (cosQap, +24z)-cos2 z )))dz z_al ]_ﬂ((sin(a(po +2 2 Jsin(ap, )Yz =

z=0

__sinlap,) ]”(Sin(a% 2 )M = 4,sin(ag, )
a 0 a

W% o 1.
D= | [ [sin’ (g + ;ﬂ)d(p]dz = | LO@—ESIH(MW 2){2))}12 =

z=0\_@=0 z=0

=2 L [ (inap, +22)-sinC.z s -
2 4o’ ©)
?,

_%_ 1 f(cos(a(po + 2;52)5in(ag00 ))flz =
2 2a z=0

_p, sin(ap,)} _9p, 4sin(ap,)
S a—— IO (coslag, + 272 )Mz =2 - ==
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IlIpn memssecTHBIX @,, z, Hailiaem onenkn BeanmunH C, D. M3 (1-

3) cAeAyer, 9TO aDCOAIOTHBIC CPEAHHE BEAHYNH A HMEIOT CACAYIOIIHE
3HAYCHMUA:

i~1 )
X

W3 (4-7) matiaem onenku BeanydnH D:

N 221 sin(at(po/2)~ 2

B, ®)
a ay
p, ~Asinen)_ 1 .
a ay
53 P A4, sm(ozgz)u)z [ 1 ' (10)
2 2a 2 2oy
[Tycre
@, =27, (11)
TAC b — KOANTYECTBO BUTKOB CHI/IpaAI/I. TOFAa
D, ~ 7b— L (12)
2oy
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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. MIsaygennme mpoBoaa
2. OAHOIIPOBOAHAA TIEPEAAYA SHEPTHH
3. O0OcyxAeHNE 9KCTIEPUMEHTOB

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-dop. ®
re

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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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

89
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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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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 €ITIe, YTO SHEPIUA IOCAE IIEPETOPAHHA AAMIIA ITOTPEOAAET eIre
OOABIIIE SHEPIUH, AOCTATOUHOH AAfl IIEPETOPAHUA CACAYVIOIIETO YIACTKA
CIIIPAAM.

PaccmarpuBas ypaBHEHUA 3AEKTPOMATHHTHON BOAHBI B IIPOBOAE,
HEBO3MOYKHO BBIABUTH (DU3HYECKYIO IIPUYHHY CYIIECTBOBAHHUA BOAHBL:
AfOOafd KOMITOHEHTA HAIIPSIKEHHOCTH, TOKA M IIAOTHOCTH IIOTOKA
SHEPIMH MOIYT PAacCMAaTPHBATHCA, KAaK BHEIIIHHE BO3ACHCTBHA, OT
KOTOPBIX 3aBHCAT BCe OCTaAbHBIE. [IpHHATO CcYUTATH, YTO BHEIIHUM
BO3ACHCTBHEM ABASICTCHA IIPOAOABHASA YACKTPHYECKAs HAIIPAKEHHOCTD.
VkazaHHbIE BBIIE (PAKTBI CBHACTEABCTBYIOT O TOM, YTO MOIYT OBITH
HCKAFOYEHHUSA — BHEIIHHM BO3ACHCTBHUEM ABAAETCA ITOTOK 3HEPIHH HA
BXxOAe IpoBoaa. B [19, 17] mokazamo, 49TO IIOTOK SHEPIHH MOIKET
paccMaTpHUBATHCA KAK YETBEPTAS IACKTPOMATHUTHAS MHAYKIIUA.

WMrak, BXOAHOM IOTOK 3HEPIUH PACHPOCTPAHACTCA IO IIPOBOAY U
MOKET (IPAKTUYECKH, Oe3 IOTeph - CM. BBIIE ILIL 2, 3, 4) AOCTHraTh
APYIOrO KOHIIA IIPOBOAA. Bmecrte ¢ IIOTOKOM 9HEPIHHM  MOKET
pacrpocrpaaareca Tok. Ho Takas B3anMOCBA3b MOKET U OTCYTCTBOBATH
(cm. Bpmmre 1r. 2, 3). BaxHO OTMETHTB, YTO BBIXOAHOW ITOTOK SHEPIUHU
MOKET OBITh 3HAYHTEABHBIM H HCIIOAB30BAThCA B Harpyske. OTcyrcrBre
B3aMMOCBSAI3 MEKAY IIOTOKOM 3HEPIMH U TOKOM YK€ OOCYKAAAOCH U
0DOCHOBBIBAAOCH B pasaeae 2.5.

3. O6cyxaeHIE IKCIIEPUMEHTOB
Bepnemcs caHOBa K aHTEHHE «AAMHHEBINA IIPOBOA». OHA M3AYYAET BO

Bce croponsl. Kak caeayer u pasaeaa 1, msaygaemslii moTok sueprun S,

ABASCTCS 9YaCTBIO IIPOAOABHOrO mortoka smeprum S, — com. (1.11).
Koaddumnuent nponoprnuoHasbHOCTH §  MEKAY HUMH, B CBOKO

OYCPCAD, 3aBHCUT OT YACTOTHI @ - CM. IpuMep 1. CACAOBaTCAbHO, apu

YMCHBITICHII 9aCTOTBI w HSAY"'I?ICMI)IIZ IIOTOK 3H€pFI/II/I Sr

YMCHBIIIACTCH.
B pasaeae 2.5 paccmarpuBaAmMCh M COIOCTABAAAUCH TOKH U
IIOTOKH JHEPIUH B IPOBOAE. [lOKasBIBAAOCH, 9TO, KAaK IIPABHAO, B
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IIPOBOAE  CYILECTBYFOT TOKHA M IIOTOKA OSHEPIHH, Pa3ACACHHBIC Ha
IIPOTHBOIIOAOKHO — HAIIPaBACHHBIC 'cIpyn’'. DTO  COOTBETCTBYET
CYIIIECTBOBAHUIO ITOTOKOB AKTUBHOM M PEAKTUBHOII SHEPTHUIL.

MOKHO HIPEATIOAOKUTB, YTO B "AAMHHOM IIPOBOAE" OOpasyroTcs
takue "crpyn". Ecan "AAMHHBI IPOBOA" HM3AyYaeT BCIO ITOCTYIIAFOIIYEO
B HEIO SHEPIHMIO, TO IPEBAAUPYET OAMH M3 3THX IIOTOKOB (IIOTOK
AKTHBHOHM MOIIHOCTH) M ICHEPATOP PACXOAYET OHEPIHIO HA €ro
noaaepkanne. BEeanm "aammbbeimi mnposoa" HE wmsaywaer, to mortok
SHEPIUH IIPOXOAUT B OAHOM HAIIPABACHUH U BO3BPAIIACTCA B APYIOM —
rereparop HE pacxoayer sHepruro (LUPKYAHPYET IIOTOK PEAKTUBHOI
MOIITHOCTH), 4 TOK B IIPOBOAE OTCYTCTBYET. CyILeCTBYIOT, €CTECTBCHHO, 1
IIPOMEKYTOUHBIE CAYYaAH, KOIAA "AAMHHBIH IIPOBOA'" H3AyYACT HE BCIO
IIOCTYIAFOLIYFO B HETO SHEPIHIO.

CyIlecTBYIOT M TaKde COYCTAHUA I1APAMETPOB, IIPH KOTOPBIX
CYMMApPHBIC TOKH IIPOTHBOIIOAOKHO HAIIPABACHHBIX 'CTPYH" paBHBI 11O
aOCOAFOTHOI BEAMYHHE H, OAHOBPEMCHHO C 9THM, CYMMAPHBIC ITOTOKH
SHEPIUHU IIPOTHBOIIOAOKHO HAIIPABACHHBIX 'CTPYH' TAKKE PaBHBI IIO
aOCOAFOTHOI BeAnmunHe. Brime (AAfl yAOOCTBa YHTATEAA) IIOBTOPEH PHC.
13 wu3 raaBer 2. Ha Hem wn300paxeHBl (DYHKIHHE IIPOTHBOIIOAOMKHO

HAIIPABACHHBIX CTPYI:
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naBa 6. N3anyyeHne 1 nepegaya aHEPrvn No ogHOMy NpoBoay

Splus - crpys moroka sHepruM, HAUPABACHHAS OT HCTOYHHKA
SHEPTHH,

Sminus - CTpyd IIOTOKAa 3HEPIUM, HAIIPABACHHAA K HCTOYHUKY
SHEPTHH,

Splus - crpys TOKa, HapaBACHHAs OT UCTOYHNKA SHEPIUN,

Sminus - crpys TOKa, HAIIPABACHHAS OT UCTOYHIKA SHEPIUHL.
I'pacbuknr DyHKIHI AAS HATASAHOCTU ITOKA3aHBI C OOPATHBIM 3HAKOM.
3AECH CODAIOAAIOTCA CACAVIOIIHE COOTHOIIECHUA MEKAY HHTEIPAAAME
110 raomaAn cedeHus J mpoBoaa:

[ Splus dQ = [ Sminus - dQ,
o o
ijlus dQ = —I Jminus-dQ .
0 9]

Bosmoxen, kak CAGAYET M3 SKCIEPHUMEHTOB (PACCMOTPEHHBIX
ITOAPOOHEE AAAEE) CAyYal, KOTAA TOKH M ITOTOKH 3aMBIKAFOTCA Ha
oOpbIBe IIPOBOAA — CM. puC. 3, rae 1 — poBoA, 2 — mpsmas "crpys”, 3 —
obparrast "crpya", 4 — Tok 3amblkaHuA. B 3TOM cAydae IpexAe Bcero
BO3HHUKAET BOIIPOC O IIPHPOAE 3.AC., 3ACTABASIOIICH TOK IIPEOAOAEBATH
nckpopoit mpomexyTok. B [19, 17] mokasano, 4ro moTok sHeprau Moxer
pacCcMaTPUBATHCA KAK YETBEPTasd SIACKTPOMATHUTHASA HHAYKIIHA.

Puc. 3.

Paccmorprm ot skciepumentsr. SIpkue sxkcrnepumentsr Kocnrosa
[35] ABHBIM OOpa3sOM IOATBEP/KAAIOT IIPEAAOMKEHHYIO IHITOTE3Y: AyIa,
BO3HUKAIOIAAd Ha OOPBIBE CIIUPAAH, AOAJKHA HMETh HAYAAO U KOHCIL
MeKAy HUME AOAMKHA OBITH IIPUAOKEHA 3.A.C. Koraa Ayra, pacimupsasace,
AOCTHIAET CACAVIOIIEIO VYACTKA CIIHPAAH, ITOT Y9IaCTOK BMeECTe C
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naBa 6. ManyyeHue 1 nepegadya aHeprum nNo ogHoMy nposoay

COCAMHAIIEH AYTOM BKAIOYACTCHA B AAMHHYIO AMHHIO U T.A. KocumHOB
HAOAIOAAA 8 TAKHX Y9ACTKOB

Braka ABpaMeHKO IPEACTABASECT COOOH KOHTYP, COACPIKAIIINIL ABA
ITOCACAOBATEABHO COCAMHEHHBIX AMOAA M HATPY3Ky — CM. puc. 1. DToT
KOHTYP CO3AA€T Ty AyIYy, KOTOpasd m300paxeHa Ha puc. 3. Harpyskoit
MOKET OBITh BOSAYIIHBIN IIPOMEKYTOK PA3PAAHHKA 7, ITO SKBUBAAECHTHO
Ayre B akcriepumenTax Kocnuosa. Harpyskoi mozxker ObTh pesuctop 6 -
IIPUEMHHUK SHEPTHH B CHCTEME OAHOIIPOBOAHOM II€PEAAYN SHEPIUM.
[TpoBoA 1 B 3TOH KOHCTPYKIIHME MOKHO OTOMACCTBHUTH C 'AANHHBIM
HpOBOAOM". B aamnOM cayduae (mpm Huskon vacrore 8 kl'm) mposoa 1 me
n3Aygaer. CAGAOBATEABHO, B HEM CYIIECTBYIOT ABA IIPOTHUBOIIOAOKHO
HAIIPABACHHBIX ITOTOKA S9HEPIUU U OTCYTCTBYET TOK.

Takum 00Opasom, IiepeAada SHEPIHH II0 OAHOMY IIPOBOAY HE
IIPOTUBOPEYHT ypaBHEHUAM MaKCBEAA], A, HAIIPOTHB, CACAYET U3 HUX.
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MaBa 7. PeweHue ansa KOHAeHCcaTopa B uenu NnoCToOAHHOIo TokKka

I'AaBa 7. Perrenne ypaBHEHUN
MaxkcBeAaAa AASL KOHAEHCATOPA B
LIEIIN IIOCTOAHHOIO TOKa. [lpupoaa
IIOTEHIIMAABHOU SHEPIUU
KOHACHCATOPA.

OraaBAeHue
1. Beacume
2. Pemenwne ypasuennii Makcseaaa
3. Hanpsa:keHHOCTH U IIOTOKH SHEPIUU
4.06cyxAeHME

5. Komaencarop ¢ Maruurom

AHHOTAITHA
HOKaBI)IBaCTCH 910 B 3apAKacMOM KOHACHCATOPE
bl
paCHpOCTpaHHCTCH SACKTPOMQ.FHI/ITHH.H BOAHAQ, a

MaTEMATHYECKOE OITMCAHHE 3TOH BOAHBI ABAACTCA PEIIICHHEM
ypasHeHuii MaxkcBeanra. IlokaseiBaerca, 9TO B 3apAKEHHOM
KOHAEHCATOPE CYILIECTBYET CTAITHOHAPHBII IIOTOK
5ACKTPOMATHHTHOM  9HEPIMH, a4 Ta SHEPIHUd, KoTopad
COAEPKUTCA B KOHACHCATOPE M KOTOPYIO HIPHUHATO CYUTATH
3AEKTPUYIECKOM ITOTEHITUAABHOMN SHEPTIHUEH, ABASIETCS
3AEKTPOMATHHTHOM JHEPIUEH, XPAHAIIEHCA B KOHACHCATOPE B
BHAE CTAITMOHAPHOTO ITOTOKA.

1. Beeaenue

B raaBe 2  paccmarpuBaeTCi — 9AEKTPOMATHHTHOE  IIOAE
KOHAEHCATOPA B IICIH IIEPEMEHHOTO TOKA. 3AECh PACCMATPUBACTCA
SACKTPOMATHUTHOE IIOAEC B 3aPMKAEMOM KOHACHCATOPE U TO IIOAG,
KOTOPOE IIPOAOAKAET CYIIIECTBOBATD B 3aPHKEHHOM KOHACHCATOPE.

3Aech TaKKe paccMaTpHUBAarOTCA ypaBHeHusA MakcBeAaAa B cucTeMe
CI'C cAeAyIOIIIero BUAA C OTAHYHBIMUA OT CAMHHUIIBI BEAUYNHAME &, A :
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MaBa 7. PeweHue ana KOHAeHCcaTopa B uenun noCToAHHOIo ToKa

rot(E)+ 49 _, (1)
c Ot
e OE
rot{H )—-——=0, 2
(H)-== @
div(E)=0, 3)
div(H)=0, Q)
TAC
H, E - 710K, MarHUTHAg ¥ 3AEKIPUYECKAA HAIPMKEHHOCTH
COOTBETCTBEHHO,
g, U - AMSAEKTPHYIECKASA ITIPOHHUIIAEMOCTb, MATHUTHAS
ITIPOHHUIIAEMOCTb.

1.2. Pemrenue cucremMbl ypaBHEHHUM
CHOBa paccMOTPHM pEIIIEHHE CHCTEMBI ypaBHeHHIT MakcBeara
(1.1-1.4). B cucreme IHMAMHAPHYECKHX KOOPAMHAT F, (0, Z O9TH

ypaBHCHI/IH HMCIOT BHA:

E OE 1 0E, OE.
+ +—- +

=0, )

r or r Op Oz

OE
l . aEZ — id =y dHr 5 (2)
r 0p oz dt

OE  OF, dH ,
- =V ) €)

oz or dt

E, OE, 1 OE, dH .

—+ - =V ) O
r or r o0p dt

H, oH, 1 0H, @&H.

+—- +

r or r Op Oz
1 oH, OH dE
S e 5 ©)
r O0p 0z dt

oH, oH_  dE,

=0, ®)

= s 7
oz or 1 dt @
H, 0H, 1 8H, dE
o A ®)
r or r O dt
TAE
v="—ulc, )
qg=¢lc, (10)
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MaBa 7. PeweHue ansa KOHAeHCcaTopa B uenu NnoCToOAHHOIo TokKka

® >AEKTpHYECKHe HanpsikeHHOCTH E , E . E_,
® marnuTHbIC Hanpsekennoctu H ., H ,, H_.

Pemmenne AOAKHO OBITH HAWAEHO upu HEHVAEBOU

HanpskeHHoCcTH E_ .

AAfl cOkparieHHs 3almucH B AAABHEHIIIEM OYAEM IIPHUMEHATDH
CAEAYIOITIHE OOO3HAYCHIA:

co =cos(ap + yz+wt), 11)
si =sin(ap + yz + wt), (12)
A€ Q, ), @ — HEKOTOpbIC KOHCTAHTHL [IpPEACTABHM HEH3BECTHBIC
(PYHKIIMH B CAEAYIOIIIEM BHAE!
H,.=h(r)o, (13)
H,.=h,(r)si, (14
H. .=h(r)si, (15)
E . =e, (r)si , (16)
E,=e,(r)o, 17
E .=e(r)co, (18)
rae h(r), e(r)- mexkoropeie yHKIME KOOpAnHATH ». [Ipu aTom TOK
CMCIIICHMA
d
J. =—FE =-w-e(r)co-exp(wt) (19)
dt
1 T T SmpEERW
H H ----.-.llll|lllll
g 05 “‘-‘-II 13
N .t [ 3
= v®
OO
% 05 \
-1 S——— |
0 0001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
400
Na a,
= 200 ..""-..--.
E . llll...........
8 200
-400 5

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
Fig.1. (SSMB6.1)
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MaBa 7. PeweHue ana KOHAeHCcaTopa B uenun noCToAHHOIo ToKa

Ha puc. 1 mokasaner 31 1iepeMeHHEIE, KaK (DYHKIIIN BPEMEHH, H

UX IPOU3BOAHBIE 110 Bpemenu npu @ =—300: H_ - crAomiHbele AHHHM,

E_ - nysktupuele AmEnm, J, - TodewHas AmHmA. MoxHO yOeAnTbCH,
49TO B cucteme ypaBHeHHI (1-8) aMITANTYABI BceX HANIPAKEHHOCTEH IIPH
! => 00 OAHOBPEMEHHO CTPEMATCH K IIOCTOSHHOMY 3HAYEHHUIO, 4
AMITAUTYAA TOKa CTPEMHTCH K HYAIO. ODTO COOTBETCTBYET 3apAAY
KOHAEHCATOPA Y€Pe3 IIOCTOAHHOE COITPOTUBACHHE.

[Tocae 3apssa kOHAEHCATOpa TOK mHpekparmaercd. OAHAKO, Kak
ITOKA3bIBACTCA HIKE, CTAIIMOHAPHBINA ITOTOK 9AEKTPOMATHHTHON SHEPIun
COXPAHAETCHL.

HemocpeAcTBEHHOR  ITOACTAaHOBKOM — MOKHO — YOGAHTBCH, UTO
dyurumn (13-18) mpeobpasyror cucremy ypasaenuii (1-8) ¢ uersrpbms
apryMeHTaMH 7, @, z, ! B CUCTEMY YPaBHEHHI C OAHHUM apryMEHTOM F

n HenssectabiMu (pyHKIsIME A(F), e(r).

Dra cucreMa YpaBHEHHH HMEET BHA!

er(r)+e;(r)_efﬂ(r)a_l.ez(r)=0, 21)
r
_%‘ez(r)a-‘re(ﬂ(r)l_%hr :O’ (22>
er(r)z—ei(r)+ﬂ7wh¢ =0, @)
&) (r)_er(r),mﬂ_wh -0, @4
r v c -
h(”) @y =0, @)
;.hz(r)a—h(ﬂ(r) Z—%e,. =0, 26)
b =)+ e, =0, @
h
() h()+h(r) +=2e (=0 2
C

Ona MOAHOCTBIO COBITAAQET C AaHAAOTHYIHOM CHCTEMOM ypaBHEHUI
AAf KOHAEHCATOPa B IEH IIEPEMEHHOIO TOKa — CM. TAaBy 2. Perrenme
3TOU CHCTEMBI TAK/KE IOAHOCTBIO COBITAAAET C ITOAYYEHHBIM B TAaBe 2 U
HMEET CACAYIOIINIT BHA!

eq)(r):kh(a, 7 rJ, (30)
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MaBa 7. PeweHue ansa KOHAeHCcaTopa B uenu NnoCToOAHHOIo TokKka

1 .
er(r)zz(e¢,(r)+r-e¢(r)), (31)
q
e.(ry=r-e, (r);, (32)
h,(r) = —@er (r)l (33)
c X
h(r)= @ew r)i, (39
c X
h(r)=0. (35)
rae kh() — dymxkims, ompeaeacHHas B raase 2,
2
g=| x-22|. (36)
cx

hr
o
(6] Y
Ny, |
er
wn
o
o
o o
Sr
o N
x
N
| .

0 / -5000 2
. 0.1 0 . .

2000

&

hf

o
\_
N N

5 \ 5 1000 %
-10 0 0
0 0.05 0.1 0 005 0.1 0 005 0.1
x 10°
1 2000 | 0
N0 N 1000 N2
-1 0 -4 |
0 005 01 0 005 01 0 005 o041

Fig.1. (SSB6(3).m)

Takum  oOpasoM, permreHume  ypaBHEHHII  MaxcBeara — AAA
3apMIKAEMOIO  KOHACHCATOPA U AASl  KOHAGHCATOpa B IICIH
CHHYCOMAQABHOIO TOKA OTAHYAOTCSH TOABKO TEM, YTO B IIEPBOM CAy4ae
IIPHUCYTCTBYIOT SKCIIOHEHIIMAABHBIC (DYHKIUH BPEMEHU, 4 BO BTOPOM -
CHHYCOHMAAABHBIE.
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MaBa 7. PeweHue ana KOHAeHCcaTopa B uenun noCToAHHOIo ToKa

1.3. HanpsaskeHHOCTH U IIOTOKU 3HEPTUH
Taxke, kKak U B [1], IAOTHOCTH ITOTOKOB 9HEPIHH 110 KOOPAHUHATAM
OIIPEAEAAIOTCA IO POpMyAE

S, s, - si°
=77“ s, si-co|dr-dg. 1)
r,p S

-Si-co

z

S =

C4| SUJ|

TAE

s, = (e(phz - ezh(p)

s, =(e.h, —eh.), )

s.=\eh, —eq)hr)

n=clar. 3)
Paccmorpum dyHKIHI 2) u e.(r), e,(r), e.(r),

h.(r), h,(r), h.(r). Ha puc. 1 mokasamer, manpumep, rpacuku sTHX

dyHKIHH TpH A=1, a=55, u=1, ¢=2, y=50, @=300.

VcaoBus o100 IIpEIMEpPa OTAHYAIOTCA OT YCAOBHI aHAAOTHYIHOIO
IIpIMEpPA B TAaBe 2 AAfl KOHAGHCATOPA B IIEIH IIEPEMEHHOIO TOKA TOABKO
snavenneM mapamerpa @ =—300 (8 raase 2 @ =300). Buano, uro stn
PYHKIIIN OTAHYAIOTCA TOABKO 3HAKAMIL

Erme pasz HAAO TOAYEPKHY T, YTO 3TU (DYHKIIUN HE PABHBI HYAIO B
AFOOOI MOMEHT BPEMEHH, T.€. IIOCAEC 3apfAda KOHAEHCATOPa TOK
CMeITIeHUA IIpEKPAIIAeTCH, 3AEKTPHYECKHE u MarHATHBIE
HAIIPS/KEHHOCTH OCTAFOTCH, IPUHAMAA CTAIIHOHAPHOE, HO OTAMYHOE OT
HYAf 3HAYCHUE.

Ocraerca  Takke CTAIMOHAPHBIA ITOTOK — 3AEKTPOMATHHUTHOMN
saepruu. CyIecTBOBaHHME CTAIIMOHAPHOIO IIOTOKA HE IIPOTHBOPEUNT
cymectByroruM  pusugeckuM 1peActaBaeHuAM [3].  CyrmecrBoBanue
TaKOI'O IIOTOKA B CTATHYECKOM crcreme paccmarpusaeT Peitnman B [13].
OH IpHBOAUT IIPUMEP ITOTOKA SHEPTHH B CHCTEME, COACPIKAIIEH TOABKO
SAEKTPHYECKHUH 3aPAA U IIOCTOAHHBIA MATHUT, ITOKOAIIIHECH PAAOM.

Cy1mecTByrOT 1 APyIHE 3KCIIEPHMEHTHI, ACMOHCTPHPYFOIIIUE TOT Ke
acpdexr [38]. Ha puc. 2 mokazan 5A€KTPOMArHHUT, COXPAHAIOIIUN CHAY
IPHUTAKEHAA IIOCAE OTKAFOUEHHs ToKa. lIpeamoaararor, 4ro Takmmm
3AEKTPOMATHATAMH ITOAB30BAACH DA AEEACKAAHHH IIPH CTPOHTEABCTBE
sgameruToro Kopasooro 3zamka — cm. puc. 3 [38]. B rTaxmx
KOHCTPYKITHAX B MOMEHT OTKAIOYEHHA TOK SACKTPOMATHUTHAA SHEPIUA
IMEET HEKOTOPOE 3HAYEHHE. DTa SHEPIHA MOKET PACCEATbCA ITyTEM
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MaBa 7. PeweHue ansa KOHAeHCcaTopa B uenu NnoCToOAHHOIo TokKka

H3AYYEHHS M TEIAOBHIX IToTepb. OAHAKO, ecAm 3TH (PAKTOPH HE
CYIIECTBEHHBI (IO  KpaliHell  Mepe, B  HAYaABHBIH  IIEPHOA)
SAEKTPOMATHHUTHASl SHEPIUfA AOAKHA coxpaHATbca. [lpm  Haamgmm
3AEKTPOMATHUTHEIX KOAEOAHMIT AOAKEH BO3HUKHYTb u
PACIPOCTPAHATBCA TOTOK IAEKTpOMarHUTHOI sHepruum BHVYTPH
KoHCTpyKIuu. [IpepbBaHmE 9TOr0 IOTOKA MOMKET OBITH AOCTHUIHYTO
paspyiieHreM KOHCTpykiuu. [Ipm sTOM B CHAY 3akOHa COXpaHeHUA
SHEPTUH AOAKHA OBITH COBepIIeHa pa0OTa, SKBHBAACHTHAS TOH
SAEKTPOMATHUTHOH SHEPIHH, KOTOpAafd HCYE32eT IPH Pa3PyIICHUN
KOHCTPYKIHHU. DTO O3HAYACT, YTO 'PA3PYIINTECAIO" HYKHO IIPEOAOACTD
HEKOTOPYIO CHAY. FIMEHHO 5TO M AEMOHCTPHUpPYETCA B YKa3aHHBIX
skcriepumenTax. B [39] paccmarpuBaroTcs MareMaTHYECKHE MOACAHT
TAKUX KOHCTPYKIIUI, ITOCTPOCHHBIE HAa OCHOBE ypaBHeHHI Makcpeaaa.
BeisBAfIFOTCA  ycAOBHA,  IpH  COOAIOAGHHH  KOTOPBIX  ITOTOK
9AEKTPOMATHUTHON 3HEPTUH COXPAHACTCA CKOAB YTOAHO AOATO.

..F" ., - -
Puc. 2. Puc. 3.

WMrax, B xoHaeHcaTope OPMHUpPYETCA CTAIIMOHAPHBIN IIOTOK
SAEKTPOMATHUTHON 9HEpruu. PaccMOTpuM IOAPOOHEE CTPYKTYPY 3TOrO
nortoka. M3 (2.11, 2.12, 3.1) caeayer, 9TO B KaiKAOI TOYKE AMIACKTPUKA
ITPOEKIINN IIOTOKOB SHEPIHH OIIPEACAAFOTCA ITO POPMYAE:

S s, - si° s, -sin’(ap + yz)

r

S=|S,|=|s,si-co|=|s, 0.5sinQ(ap+ z))|. @
S, s, -Si-co s.-0.5 sin(2(a(p+;(z))

TA€, Kak caeayeT u3 (2.30-2.35, 3.2),
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MaBa 7. PeweHue ana KOHAeHCcaTopa B uenun noCToAHHOIo ToKa

s, = (—ezhw):%%r-e(p(r)-er(r)

cw
S€0 = (ezhr):i_r.e;(r) (5)
a yc

s, =\eh,—e,h, ): _&@ (er2 (r)+ e; (r)]
xc

PaccmorpnM, Hampumep, pasBepTKy IHAHHAPA C  AAHHBIM
paanycom 7. Ha OkpyKHOCTH 9TOro paAmyca BEKTOp S, HaIIPaBACH

BCEIAA B CTOPOHY YBEAUYCHHS PAAUYCA U KOA€I6/:€TCH IO BEAMYUHE, KaK
sin’(a@+ yz). Cymmapubiii BekTOp , T 5., HaKAOHEH K AWHHH
paAnyca BCErAA IIOA YIAOM arctg(sz /S(p), a BEAMYHMHA 9TOIO BEKTOPA
KoAeDAeTCs Kak Sin(2(a(0+ ;(Z)) Ha puc. 4 mokasaHo BEKTOPHOE ITOAE
6'(/) + éz ] mpu a =135, y=50. 3aech TOpPH3OHTAAD H BEPTUKAAD

COOTBETCTBYIOT KOOPAUHATAM @, Z .

20

o _b_o 4 € F 4 0_b0 ¥ T ¢ _b_o b @
18 o
PP EEE I IR A PR NN it S RN
16 o v e -
o 4 e - P (/(o//oa e
14 |0 - e - v s o - o
° (c/f—o//o f/fa// o & o
12} 4 Fad i . L 4 . o
LR . D BN ik ik JP R S Lk g P )
10 o o
e b 0 &t T e b0 b ¢ T ke e
8 -

e _A_o A € T b _o_b 0 & T o b0 b

P RPN Sl 2P PR N AR it ik ST WP N

P (/(4/0/4(/(4//04(/(
2o >
o/o/fA//c //(4/0/0(/1'4
0
0 2 4 6 8 10 12 14 16 18 20
Fig.4. (SSMB.88)

1.4. O6cyxaeHHE

[Toxasano, 94TO B 3apAKAEMOM KOHACHCATOPE PACHPOCTPAHACTCHA
QACKTPOMQ_I‘HI/ITHZIH BOAHA, a2 MATEMATHYCCKOC OIITHMCAHHE 9TOM BOAHBI
ABAACTCA pCH_[CHI/IC ypaBHCHI/Iﬁ Maxcpeaaa. HPI/I 9TOM B TE€AE

AMSAEKTPHKA (T.€. TaM, TA€ CYIIIECTBYET HAIIPAKEHHOCTb €, ) CYIIECTBYIOT

BACKTPI/I‘—ICCKI/IC 1 MATrHUTHDBIC HAITPAKEHHOCTH. CYL[ICCTBYIOT TAaKKE
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®  KPYIOBOM IIOTOK SHEPIHH S 0> MEHSFOTIITHH 3HAK,

®  BCPTUKAABHBIN IIOTOK SHEpruu S, MCHAFOIIUI 3HAK.

®  PAAMAABHBIM IIOTOK 3HEPIUN Sr, BCErAa HAIIPABACHHBIM OT
IICHTPa; 3TO O3HAYACT, YIO 3aPMKEHHDBIN _KOHAEHCATOPD

H3AYYIAET Yepe3 DOKOBYIO HOBEPXHOCTD.
ITorox sHEprHmM IPOAOAKAET CYIIECTBOBATE M B 3aPAKECHHOM
KOHAGHCATOPE KAK CTAIIMOHAPHBIN ITOTOK 9ACKTPOMATHUTHOM 3HEPIHUM.

VMimeHHO B 3TOM IIOTOKE ITUPKYAHPYET ISACKTPOMATHHTHASA OSHEPTHA,
3armaceHHas B KoHAeHcatope. CAEAOBATEABHO, Ta 2HEPIUA, KOTOpPAs
COACD/KHTCA B KOHACHCATOPE M KOTOPYIO HPHHATO  CYHTATH
9ACKTPUYIECKOM ITOTEHITNAABHOII 9HEPIUEH, ABAACTCA IACKTPOMATHUTHOMI
SHepruen, XPAHAIIEHCI B KOHACHCATOPE B BUAE CTAIIMOHAPHOIO ITOTOKA.
V3BecTHBI 9KCHEPUMEHTBI II0 OOHAPYKEHHIO MATHHTHOIO ITOAA
MEHKAY OOKAAAKAMU 3aPA/KEHHOIO KOHAEHCATOPA C ITOMOIIBIO KOMITACA
(49, 50]. B coorBerctBUM € HM3AOKEHHBIM B KPYIAOM KOHAEHCATOPE
AOAJKHO HAOAIOAATBCH TOABKO PACIIOAOKCHHE CTPEAKH —KOMITACA
HIEPIICHAUKYAAPHO PAAHYCY KPYyraoro koHAeHcatopa. Habaroaaemoe
OTKOHEHHE CTPEAKH OT OCH KOHAGHCATOPA MOKHO OOBSACHUTD
HEPaBHOMEPHOCTBIO PACITIPEACACHHUSA 3aPAAA ITO KBAAPATHOH ITAACTHHE.

5. KonaeHcaTop ¢ MarHuTOM

Boirre  GBIA  PAaCCMOTpPEH  3aPSUKCHHBI  KOHACHCATOP, MEKAY
OOKA2AKAMH KOTOPOIO CYILECTBYET DACKTPUYCCKAA HAPAKCHHOCTb.
PaccmoTpuM Terepb HE3apKCHHBIH KOHACHCATOP, MEKAY OOKAQAKAMU
KOTOPOI'O PACIIOAOKECH IIOCTOSHHBI MATHHUT. DTO O3HAYACT, YTO MEKAY
OOKAAAKAMU KOHAECHCATOPA CYIIECTBYET MATHHUTHAS HAPHKECHHOCTb. B
CHAy cuMMeTpuH  ypaBHeHHE ~MakcBeara B "sasope"  Takoro
KOHACHCATOPA ~ AOANKHO  CYILECTBOBATH ~ SACKTPOMATHHUTHOE  IIOAE,
AHAAOTHYHOE IIOAFO B 3a30p€ 3apPSIKEHHOIO KOHAeHcaTopa. Oramdnme
MEKAY STHMH IIOASMU 3aKAFOYACTCA B TOM, YTO B YPABHCHUSAX IIOAS
SACKTPHYCCKUE U MATHHUTHBIC HAIIPSKEHHOCTH MEHSIOTCA MecTamu. B

YACTHOCTH, B 3aPHKEHHOM KPYIAOM  KOHAGHCATOPE  CYIIECTBYET
SACKTPHUYECKAA HAIIPAKEHHOCTD (EZ # 0) U OTCYTCTBYET MAarHHTHAA
HAIIPAKEHHOCTD (HZ = 0). B mesapmxeHHOM KPyrAOM KOHAEHCATOPE C
MAarHUTOM  CYIIECTBYET MATHHUTHAsg HAIIPAKEHHOCTD (H L # O) u
OTCYTCTBYET 3ACKTPHYECKAA HAIIPAKEHHOCTD (EZ = O).

VIsBeCTHBI 3KCIEPUMEHTBI IO OOHAPYKEHHIO 3AEKTPHYECKOIO
ITIOAfl MEKAY OOKAAAKAMH HE3APAKEHHOIO KOHAGHCATOPA C MArHUTOM

[46-48].
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naBa 8. PewwieHue ansa cepuyeckoro kKoHgeHcaTopa

I'AaBa 8. Pemtenue ypapHeHUI
MakcBeAAa AAS ccpequGCKoro
KOHAEHCATOPA

AnxHOTAIIIA
Ilpeanaraercs pemrenne ypaBHeHmin Makcseara  AAf
3AEKTPOMATHUTHON BOAHBI B C(DEPHUECKOM KOHAEHCATOPE
KOTOPBIE ~ BKAIOWEH B  IIelb  IEPEMEHHOIO  HAH
IIOCTOAHHOIO TOKA.

OraaBAeHue

1. Beeaenwue

2. Vpasuenusa Makceara B chepUHuecKIX KOOPANHATAX

3. Pemenne ypasuennii MakcseaAa AASl BaKyyMa

4. DAEKTpHYECKHE I MATHUTHBIE HAIIPAKEHHOCTH

5. DAEKTpOMArHUTHAA BOAHA B 3apHKEHHOM CEPHIECKOM
KOHAEHCATOPE

6. MarHITHOE M 3AEKTPHUYIECKOE TTOAE 3EMAH

ITpunoxenue 1. Permenne ypapaeHHE MakcBeAAa AAS CPEABI

[Ipunroxenne 2. Pemenme ypaBHeHHE MakcBeAra AAf
9AEKTPOIIPOBOAHOIO AUIACKTPHKA

Awreparypa

1. BBeaenue

B raaBax 2 wm 7 paccMoTpeHa 9AEKTPOMATHHUTHAA BOAHA B
KOHAGHCATOPE, KOTOPBIM BKAIOYEH B II€Ib IIEPEMEHHOIO KA
ocTosHHOro ToKa. Hinke paccmarpuBaercs cpepruyeckuii KOHAEHCATOP
B LN CHHYCOHAAABHOIO TOKA HAHM IOCTOSHHOroO TOKa. OOKAaAKamMu
TAKOI'O KOHAEHCATOPA ABAAIOTCA ABe cdepel € OOIIUM IIEHTPOM U

paamycamu R, > R, .

2. YpaBHenma MakcBeara B cepHUeCKHX

KOOPAUHATAX
Braware paccmoTpmm  cpepudeckmii  KOHAGHCATOP B IIEITH
cuaycomaasbHOoro Toka. Ha pmc. 1 mokasama cmcrema cdepudeckux
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maBa 8. PeweHune ans ccepryeckoro KoHgeHcaTopa

KoopAnHAT (0, 0,9). B taba. 1 IIPUBEACHBI BBIPAKCHHUA AAA POTOpaA U

AauBeprennnu Bekropa E B atux koopaunarax [4]. 3aech u aanee

E - HaHpH)KCHHOCTI) BACKTPI/I‘-ICCKOFO ITIOAA,

H - manpsxernocts MmaranTHOTO 1M0A,
M - aDCOAFOTHAS MarHHTHAA IIPOHMUIIAEMOCTD,

& - abcoAroTHas AI/IZ—)ACKTpI/I"ICCKaH HpOHI/II_IaCMOCTb.

e \ N
/ / _ \ | N
B A Y ,>}
/// / p o\ ((D \\\
/ / .\9 "\ \
7~ / ' | N
A e x| —
\\\ \ /’ /
Puc. 1 (Sferal55.vsd).
Tabanma 1.
1 2 3
1| rot,(E)| E, CE, OE,
+ -
pg0) pod  psin(0Pe
2| rot,(E) OE, E, OE,
psin(@Pe  p  op
3| rot,(E) &+%—8Ep
p__Op  pop
41 div(E) | E, JOE, E, OE, ‘aEw
p_ dp pg@) pod  psin(0Pg
Vpasuennsa MaxcBeana B cdepHUecKHX KOOPAMHATAX —IIPH
OTCYTCTBHH 3aPAAOB UM TOKOB MEKAY OOKAAAKAMU CPEPHIECKOrO

KOHACHCZ{TOpa HNMCIOT BHA, HpHBCACHHbIﬁ B Ta0A. 2.
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TabAuna 2.
1 2
1 OF
rotpH—f 2 =0
c Ot
2
ot,H — 29y _ 0
c Ot
3 OF
rot(pH—i 2 =0
c Ot
4. OH
rotpE+ﬂ 2 -0
c Ot
5
rot9E+ﬁaH9 0
c Ot
6. OH
rot, E + K _ 0
c Ot
7.| div(E)=0
div(H)=0

Aaree mMbl OyaeM wmckars pernenue B BuAe dynxuuin FE, H |

IIPEACTABACHHBIX B TaOA. 3, rae (DYHKIIMH BHAA EW(p) IIPEACTONT
BBIYHCAHUTE. ACCH BAKHO OTMETHTD, YTO

® ST q)yHKI_[I/II/I HEC 3aBHCAT OT aprMCHTa Q,;
o 1pu E(6)=sin(@) sopaerme
tgL(H)JrZ_g: 2cos(8). (11)
Tabanma 3.
1 2
E,=E, ()cos(@ )sin(ar)
E,= Egp(p)sin(e)sin(a)t)
E,=E W(p)sin(&)sin(a)t)
H, = pr(p)cos(e)cos(a)t)
H,=H gp(p)sin(ﬁ)cos(a)t)
H,=H wp(p)sin(ﬁ)cos(a)t)
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[Moacrasum dyukimu E, H wus taba. 3 B 126A. 1 1 yarem (11).

Toraa TOAYIHM TaOA.

Tabamna 4.

4.

1 2

3

1 rot,(E)

2 cos(0) sin(wt)

2| rot,(E) B [E

L _ ¢

0

OF j . .
sin(#f) sin(wt)
op

3| rot,(E) (

£,
Yo,

+ %J sin(d) sin(wt)
op

4| div(E) (

E OF 2F
(—p + —”J + —@"J cos(@) sin(art)
P

p op

Brrpaxenns

AAL poTOpa

nu

AVBEPIEHITNH

dyuxun H

OTAMYAIOTCA OT IOKA3aHHBIX B Ta0A. 4 TOABKO TEM, YTO BMECTO

MHOKUTEAEN

sin(at)

CTOAT MHOXHTCAN

TToAcTraBAsis

BBIPAKEHHUA AASl POTOPOB M AUBEPIEHIINN B ypaBHeHHA MakcBeaaa (CM.
Ta0A. 2), AudpdepeHITHpy IO BPEMEHN 1 COKpAIas OOIINE MHOKUTCAH,
ITOAy4YaeM HOBYIO popMy ypaBHeHHH MakcBeaAa — cM. TaOA. 5.

Ta0amna 5.

%

Yo,

Op 4y

c PP

P

op

c

2 _(%JFGE_W] _PH

Gp =

N (B OB op,
D 5,0 c vp
4 ((Epp+aEppJ+2E9pj:O
p  Op p
5|2H,, s, o
D c 7
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6 _(HW +8H¢pj_ﬁE9 0

e, op c 7
7 H9p+8H_6.p _0E g
,0 ap c op

3. Pemenue ypaBHeHHN MakcBeara AaA

BAKyyMa

Bragare paccMOTpHM 3TH YpaBHEHHUS AASl BAKYYMa, TAC B CHCTEME
CI'C umeem: & = g =1.IIpu 510M TabA. 5 IPUHIMACT CACAYFOIIUIT BHA:

TaoAwuma 5a.
1 2
1] 2E
(74 —
-qgH =0
D PP
2 E_ OE
_[ % 4 pr_qup_O
p Op
3\ (E, @E
(ﬂ'i' ng —qHW:
p  Op
4 H E, , O, j L 2By ] I
p  Op p
5] 2H
p(pp _qup =0
6 H,& ©oH
( o 4 (ﬂp)_qup_O
p  Op
7 (ng angJ_q 0
,0 8,0 op
8 ([pr N aprjJr 2H€PJ=0
p  Op p
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nmaBa 8. PeweHune ans ccpepryeckoro KoHgeHcaTopa

rAe
()
q9=— 12)
c
Toraa ypasuerua MakcBeAAa CTAHOBATCA IOAHOCTBIO CHMMETPHYIHBIMU
otHOCHTEeABHO Hanps:xeHHocrell E n H. Caoxum momapHo ypaBHEHUA

(1-4) u (5-8). Toraa moayunm:

2W
-qW,, =0, (13)
o
w,, oW
Lt — 4+ qW,, =0, (14)
p  Op
w, oW,
2o —gpj_qW“”’:O’ (15)
p  Op
w ow 2w,
(pp+ 'Dpj-f- HPJ—O, (16)
p  Op p
TAE
W=E+H. (17

Cucrema 4-x ypasuennii (13-16) ompeaeaser 3 HeEHM3BECTHBIX
pyHKIIIE — 9Ta CHCTEMa SABAACTCHA IEPEOIIPEACACHHOM. MBI ITOKakKeM,
9TO CYIIECTBYET PEIIEHHE, YAOBAECTBOPAIOIIEE BCEM 4-M YPABHEHUSAM.

HemocpeAcTBeHHOIT  TTOACTAHOBKOW — MOMKHO — YOGAUTHCA, YTO
ypasuenus (14, 15) mmeror caeayrormee pereHue:

W,, = A~_;le><p(iq(p—R)+ ). (18)
w,, = —A%exp(iq(p—R)+ B), (19)
rae A, R, o, ,3 ¢ — xoHcrauTeL 13 (13, 18) maxoaum:
2W 24
W, = p‘"” ; =- —R)+f), 0)
Wy _ A( 20 —%jexp(iq(p—ze)w). o
op qp° P

[MoacraBasa  (19-21) B (16) ybOemaaemca, wuro ypasaenue (10)
upesparmaerca B ToxaectBo 0=0. CaeaoBareasno, tpu Ppyukimu (18-20)
yAOBAETBOPAIOT 4-M ypaBueHUAM (13-16), aro 1 TpeOOBAAOCH ITOKA3AT.

Pemrenne e mamenurses, ecan BMecto (17) OyAeT HCIIOAB30OBAHO
ycAOBHE
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W:(E+H)(l%i).

Aasee OyAeM HCKaTh PEIIEHHE, IIPH KOTOPOM
E=iH.
W3 (76, 77) HaxoanM:

W:(1+i)1-[(l%i):2H

501058
H=W]2.
W3 (77, 79) maxoanm:
E=Wi/2.

M3z (18-20, 79, 80) maxoanm:
— Ai ‘
Hy, = 2—;exp(lq(p—R)+ A).

H,, =~ explia(p-R)+ ).
Y2

H ;ﬁ explig(p—R)+ ),

e

E,, = expliglo-R)+ ).
P

E,, =~ expliglo- R}t ).
Y2

A oxplig(p-R)+ ).
qp

Epp =

(22)

(23)

(24)

(25)

(26)

27

(28)

(29)

(30)

€2))

(32)

HaiinenHoe permenue fABAfETCA KOMIIAGKCHBIM. FI3BectHO, dUrO
peaAbHas YaCTh KOMIIAGKCHOIO PEIIEHUA TAaKKe ABAACTCH PEIICHUEM.
CAEAOBATEABHO, B KAYECTBE PEIIEHUA BMECTO HKIA (27-32) MOXKHO

bl

HpI/IHHTb X pCaAbeIC 9acTH:

H,, = 2sin(g(p-R)+ B),
2p

HW == A cos(q(p — R)+ ,B),
2p

4 cos(g(p-R)+ p),
qp

pr:

(33)

(34

(35
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A
E,, =——cos(g(p—R)+ ). (36)
2p
A .
E(pp :Zsm(q(p—Rﬁ ﬁ), (37)
A .
E, = = sin(g(po - R)+ ), (39)

AAA IIPOBEPKH 3TOIO PEIEHUA MOKHO IIOACTABUTD 9TH (DYHKIIUH B
ypaBHEHHA TAOA. 5 1 YOEANTCA, YTO OHH IIPEBPAIIAIOTCA B TOKACCTBA.
Wrak, pemenne ypaBHenmii MaxkcBeara AAA  cepHUIECKOTO
KOHAGHCATOPA B BAKyyMe MMeeT BUA ypasHeHnH (33-38).
AAA HaxomAeHHA 3TUX (PYHKIIMH AOCTATOYHO 3HATH 3HAYCHUA

koucraut A, R, o, [, c¢. Iloaydennoe perieHue O3HA9acT, 4TO B

chepruecKOM  KOHAEHCATOPE, KOTOPBLIA BKAIOUEH B IE€Ob
CHHVCOHAAABHOHIO TOKA, CYIIIECTBYET IACKTPOMArHUTHAS BOAHA.
Pemrenne ypasmenmii MakcBeara AAA CAydvasd, KOTAA AHUIAEKTPUK
HE ABAAETCA BaKyyMOM, AaHO B Ilpmaomenmm 1, a AAA cAydas, Koraa
AMIAEKTPHUK IMEET HEKOTOPYIO IAEKTPOIIPOBOAHOCTE — B [Ipuaokenum 2.

4. DAEKTpHUYIECKHAE U MATHUTHBIE HAIIPAXKEHHOCTHU

PaCCMOTpI/IM Ha ccpepe paamyca L TOYKY T ¢ KOOpAHHATAMHI
1 \

@, 0. Bexropsr H, n H,, ucxopsmme ns s10il TOUKH, AcKAT B

aockoctu P, kacareApHOM K 31O cchepe B atoit Touxe I (g), 6’) - CM.

pI/IC. 2. Dt BCKTOpr HCpHCHAI/IKyAHPHbI ApyT Apyry. CACAOB’&TCABHO, B

Ka:KAOH Touke \p, 6 | cyMMapHBIil BEKTOP
1 1 1
H,=H,+H, (39)
AEKHT B TAOCKOCTH P 1 HAITPABAEH TTOA YTAOM I/ K AMHUH ITAPAAAEAM.
1

HE 32aBUCAIIAN OT P,

b

Kak caeayer ns (33, 34) u taba. 3, sexrop H

I
MOAYAb 3TOrO BEKTOPA ‘H (p@‘ U YTOA Y/ OIIPEAEAAIOTCA CAEAYIOIIMMU

dopmyaramu: :
H, = ‘H W‘sin(@)cos(a)t) , (392)

r A
‘H W‘ = Z (40)
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AN

T
=~——(p-R)-$. @)
2 ¢

A

®»

Puc. 2 (Sferal10.vsd).

1 1
IToAoOHBIE COOTHOIIIEHUS CYILIECTBYIOT U AASl BEKTOPOB E(/) uk,.

B xaaoit TOUKE (g), 9) CYMMApHBIH BEKTOP
1 1 1

E,=E,+E, (42)

AEKHT B TAOCKOCTH P 1 HAnIpaBA€H HOA YTAOM I/, K AUHUH HAPAAAEAN.

Kak caeayer u3 (36, 37) m 1aOA. 3, MOAYAB 9TOIO BEKTOPa U YIOA ¥/,

OIIPEAEATFOTCA CAEAYIOIITUMU cpopM}anMH:

‘]EW‘ = % @3)
COS(l//e )= —|E"9—p = cos(g(p - R)+ ﬂ’)
Bl \e

AN

v.="(p-R)-p 4

A
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=z 45
Ve=Z V. #5)

Vroa mexay sexropamu H ,, u E,, B mnaockocrn P spasercs

HIPAMBIM.
CaepoBaTeAbHO, B C(OEPUYUECKOM  KOHAEHCATOPE  MOKHO

paccMaTpUBATP TOABKO OAHUH BEKTOP BACKTpH‘{CCKOﬁ HAIIPAKEHHOCTH
1 1

E, W TOABKO OAMH BEKTOp MarHHTHOH Hanpsxennoctn H ,.
[TockoABKy 9TH BEKTOpBI AckaT Ha cdepe, OYAGM HA3BIBATH UX

chepuyecknMu.
u

s A
72
it
I u
| b
| 72
| 72
u
1. o) i
Puc. 3 (Sfera3a.vsd).
1 1
Ha puc. 3 mnokasampt sextoper H, n E,, Aexamme Ha

1 1
naockoctn P, n sexroper H , m E |, Aexarie Ha paAmyce.
3aMeTHM, YTO CYIIECTBYET MHOKECTBO PEIICHHH, OTANYAFOIINXCH
3HadeHneM dvucAa L. Dror dakr orpaxaeT IPOH3BOA B BhOOpE

MATEMATUYECKIX OCEN KOOpAI/IHaT.
1

Vroa ¥ (30) ABAAETCA MOCTOAHHBIM AAA BCEX BEKTOPOB H o0 TIPH

AAHHOM papnyce Q. DTO O3HAYaeT, 4To Ha cdepe C pasuycom pP
1

HaHpaBACHI/I}I BCEX BCKTOPOB H(p& COCTAaBAAOT CO BCEMH HﬁpaAAeAHMI/I

OAHH U TOT K€ YTOA V. Dr1o O3HA9aCT, B CBOIO O9YCPCAD, ITO CYILCCTIBYCT

MarHHMTHAaA 3KBATOPHAAbHAA ITAOCKOCTh, HAKAOHCHHAA K MATEMATHYIECKOM
3KBaTOpHaAbHOﬁ IIAOCKOCTH Ha YTOA l// , MAarHUTHAA OCb, MArHUTHBIC

IIOAIOCA W MArHUTHBIC MCPUAMAHBI, ITO KOTOprM HaHpaBACHI)I BCKTOpI)I
1

H,,

MEPUAMOHAABHAA CE€TKaA, TOACTBIMHM AMHHUAMI — MargauTHasda

- CM. pHC. 4, TA€ TOHKUMU AWMHHUAMHI 0003HAYEHA MATEMATUYECKAS
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MEPUANOHAABHAA CETKA, ITOKA3AHBI MATEMATHYECKAsA /#//// , MATHUTHAA dd

U osAekTpuueckas Db ocu. BakHO OTMETHTB, UTO MATHUTHAS dd 1
1 1

saekTpuueckas  bb  ocm  m, BOOOIIE,  BEKTOPHI E, unH,

IIEPIIEHAUKYASPHBI.

2 .
HPI/I —=0n ,B = (0 marHHTHAA OCH COBITAAA€T C MATEMATHYECCKOM.
C

Puc. 4 (Sferal33.vsd).

Ccpeppmecme BEKTOPHI 3aBUCAT OT Sin(e). PaanasbHBIE BEKTOPEI

3aBHUCAT OT COS(H) - cM. 120A. 3. IToaromy B TOUKAX, TAe cepryeckue

HAIIPSYKEHHOCTH  PaBHBI  HYAIO, CYIIECTBYIOT TOABKO PaAHaAbHBIC
HAIIPSAKEHHOCTH.

5. DAeKTpOMAarHUTHAA BOAHA B 3aPAKEHHOM

cpepraecKkoM KOHACHCATOPE

Pemmerme ypasHenmii MakcBeAAa AAfl 32PSAIKAEMOIO  ITAOCKOTO
KOHACHCATOPA [2] ABAAETCA CACACTBHEM PEIICHHA 3THX YPABHEHHUH AAA
ITAOCKOTO KOHAEHCATOpa B IIENN CHHYCOMAAABHOTO TOKa [1]. 3aech MBI
BOCIIOAB3YEMCSl METOAOM, U3AOKEHHBIM B [1], Ipu perenun ypaBHeHUI
MakcBeAAa AAS 3aPAKAEMOTO CPEPUIECKOIO KOHAEHCATOPA.
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Taoawuma 6.
1 2

E,=E, (p)cos(@ 1 —exp(at))
E,= Egp(p)sin(HXI —exp(ar))
E,=E, (0 )sin(@ X1 —exp(at))
H,=H, (p)cos(8 Xexp(at) —1)
Hy=H,, (p)Sin(QXeXp(C’)t) - 1)
H,=H, (p)sin(¢\exp(et)-1)
PaccmoTpumM HanpsiKeHHOCTH B BHAE (DYHKITHIA, IIPEACTABACHHBIX

B TA0OA. 0. DTH (PYHKIIMU OTAHUYAIOTCA OT IPUBEACHHBIX B TaOA. 3 TOABKO
BHAOM 3aBHCHMOCTH OT BPEMEHH: B TaOA. 3 9TH 3aBHCUMOCTH Y (PYHKITHIL

E, H wnmveer Bup dynmkumit sin(@r), cos(@t) coorsercTBeHHO, 2 B

Ta0A. 6 51H 3aBucmMoctu v dbyvekmmit £, H wnmeer sua dvaKImMIT

(1 - exp(a)t)), (exp(a)t )— 1) cooTBeTCTBeHHO. HecMoTps Ha ykazaHHYO

3aMEHy, ITIPH 3TOM peIleHHe ypaBHeHHH MaxkcBeara ocraercs

HECU3MECHHDBIM.
| ' | aEpuEEENERY
lllllllllllli mEuR
n
g Lyansn®®
g 00 Ctia
—~ “‘
£ 0
I
£ .05
w o
S——

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

1
....

-200 / o

-400

"sawig
Yuw .lll.l.ll...l Lo NN H

Er1(t), Hr1(t)
o

i
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)

Tok cMmereHus

d
J,= EE ,=—0F (p)cos(8)exp(ar) (46)

yel
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Ha pumc. 6 mokasaHbl HAIIPSIKEHHOCTH W HX IIPOU3BOAHBIC IIO
BPEMEHH, 2a TaKiAKe TOK CMEINECHHA, KaK (YHKIIHH BPEMEHH, IIPU
o=-300: H , - cmaommble anany, E - nynkrupasie aunum, J,

TodeuHas AMHHA.  MOKHO  yOCAHTBCH, 9YTO  AMIIAMTYABI  BCEX
HAIPAKEHHOCTEH IIPA § —> 00 OAHOBPEMEHHO CTPEMATCA K IIOCTOAHHOMY
3HAYCHHUIO, 2 AMIIAUTYAA TOKA CTPEMHUTCA K HYAIO. DTO COOTBETCTBYET
32PAAY KOHAEHCATOPA YEPE3 HOCTOIHHOE COIIPOTUBAECHHE.

ITocae 3apsaa koHAeHCATOpa TOK Hpekparmaerca. OAHAKO, Kak
ITOKA3BIBACTCA B TAaBe 7, CTAITMOHAPHBI ITOTOK 3ACKTPOMATHHUTHOI
SHEPIUHU COXPAHACTCH.

ITo amanorum c (39a, 40, 41) sammmmem pOpMyABI AAF  BEKTOpa

H ,,, MOAYASl 9TOTO BEKTOPA ‘H ‘ nyraa Y :
H, :‘H W‘sin(&’Xexp(a)t)—l), @7)
r A
‘ @9‘ = E (48)
w=%—2 ~R)-5, (49)
c

rae A, R, @, [, ¢ — KOHCTaHTBI, KOTOPBIC MOIYT OBITH OIIPEACACHBI

QKCHCPI/IMCHTHABHO, R - paAI/IYC BHEIITHEHN C(pepbl KOHACHC’&TOPZ_.

Koucranta o =——
T

, TA€ T - IIOCTOSAHHAA BpCMCHI/I B IICIIHN 3ap;1Aa

KOHACHCATOPA.

Takum  oOpasom, perreHue  ypaBHeHHH — MakcBeara — AAA
3apMKAEMOIO  KOHACHCATOPA M AAf  KOHACHCATOPA B IEIH
CHHYCOHAAABHOIO TOKA OTAMYAIOTCHA TOABKO TEM, UTO B IIEPBOM CAyYae
IIPUCYTCTBYIOT SKCIIOHCHIIMAABHBIC (DYHKIIHH BPEMEHH, 4 BO BTOPOM -
CHHYCOHAAABHBIC.

Crpykrypa 9ACKTPOMATHHUTHOH BOAHBI OCTACTCSA IIPEKHEH — CM.
pasaea 3. Kax mokasano Tam, B cpeprdeckoM KOHAEGHCATOPE CYIIECTBYET
OACKTPOMATHHTHAA BOAHA, ¥ KOTOpOI/I CYILECTBYIOT TOABKO C(PEPHIECKIE

E

00> H o0 T PAAHIAABHDIE E s H , BEKTODBL
Takum  0OpasoM, MOMKHO  TOBOPHTB, 9YTO  CPEPUUCCKHIA
KOHACHCATOP IIPEACTABAACT CODOH yCTPOHCTBO, S9KBUBAACHTHOE MATHHUTY

", OAHOBPEMCHHO, 3ACKTPETY, OCH KOTOPHBIX IICPIICHAUKYASPHBIL.
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ITpusoxenne 1. Pemenune ypaBHeHUN

MaxkcBeaAa AAAL CPEABI
Bslrtie OBIAO PACCMOTPEHO PEIIICHHE YPABHEHUN AAS BAKYyMa, TAC
B cucreme CI'C, ¢=pu=1. 3aece M paccmorpum Goaee oOmmit

CAyYaH, TAC & # U.
Paccmorpum cHOBa TabA. 5. O603HAYIM

E=gFE', (60)
g= ﬁ (61)
&

Toraa Taba. 5 mpumer BuA TaOA. 7. BemoanmMm mpocrtsie
IIpeoOpa3oBaHuA B TaOA. 7 U IIOAYIHM CHOBA TaOA. Sa:

e B crpokax 1, 2, 3, 4 ypaBHEHUA ACAATCA HA g,

e 1pu 3TOM B cTpoKax 1, 2, 3 mepea mepemennoi H mosBAsieTcs

koappurmeHT
[0) (0]
=C” g="ue. (624

e B crpokax 5, 6, 7 koapduimeHT mepeA IIEPEMEHHON E'

3aMCHSACTCA HA

e @
q =7g Z;\/ﬂg- (628)

CAeAaoBaTEABHO, M B TOM CAy4ae perreHue nmveer BHA (33-38).
OTrAmgme cOCTOUT TOABKO B 3HaueHHHU koaddunmenta g - cpasuu (12)

u (62). Aaree mo (60) ompeaesirorcs HanpsmkeHnoctd . Takum
oOpasom, ypasHeHus (33-38) B AAHHOM CAydae IPHHUMAIOT BHA!

A4

H,,=——sin(g(p-R)+ B), (63)
2p
—4

H, = Ecos(q(p —R)+p), (64)
—4

pr =— cos(q(p—R)+ ﬂ) (65)
qp
A

E, = iCOS((JOO ~R)+p), (66)

Ag .
EW :ism(q(p—R)+ ﬂ) (67)
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naBa 8. PewwieHue ansa cepuyeckoro kKoHgeHcaTopa

Ag .
E, = qu sin(g(p—R)+ ). ©8)
Tabaumna 7.
1 2
VI2E,  ou, _,
D c
2 E(:)p +6E(:)p _a),UH -0
p  Op c
3 (Ey OB\ _ou,
D op c 7
4 {( E,,  OE, ] L2, Jg —o
p  Op p
| 02 o
D c 7
0 H, O0H, _gE,gZO
Yol op c 7
T\ (H oH
(i + Op j _%E;pg =0
Yo, op c
8 ((pr N aprjJr 2H1‘,p]:O
p  Op p

ITpuaosxenune 2. Pemenume  ypaBHeHUN
Maxkcseaaa AAS 3AEKTPOIIPOBOAHOIO

AAIACKTPUKA
B mpuaoxennnl OBIAO PaCCMOTPEHO PEILICHHE YPABHEHHH AAfA
AUSAEKTPHKA, Y KOTOPOro & # . Aaree IIPEATIOAOKHM €INe, dTO

AMSAEKTPHK HMEET HEKOTOPYIO 3AEKTPOIIPOBOAHOCTE O . B aTOM caygae
YpaBHEHHUE BUAA

rotH ———=0 71)

3aMCHACTCA Ha ypaBHCHI/IC BUIAQ
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nmaBa 8. PeweHune ans ccpepryeckoro KoHgeHcaTopa
& OE
rotH -————-oF =0 (72)
c ot
Bmecto Taba. 3 B aTOM cAaydae OyaeM mCIIoAb3oBatb TabA. 9, rae @ -
yron  caBura a3 MEKAy ~ MArHUTHOM W 3AEKTPHYECKOM
HAIPSKEHHOCTAMI — cM. puc. 11.
H=J= cos(a)t)
A
AE—)cos(a)t) if (¢—>O, o-—>oo)
'
]
[}
. E =cos(owr —¢)
E = cos(wt)cos(¢) : ¢
[
! . . T
] .....-_.-VE%sm(at) 1f(¢»5, o-aoj
""" > .
E, =sin (a)t)sin (¢) Sin (a)t )

Puc. 11 (Sharl.vsd)

Tabauma 9.
1 2

E,=E, (p)cos(@Xsin(¢) sin(awt) + o cos(4) cos(a)t))
E,=E,, (p)sin(&Xsin@)) sin(at) + o cos(¢) cos(a)t))
E,=E, (p)sin(@Xsin(¢) sin(awt) + o cos(¢) cos(a)t))

H,=H, (0 )cos(@ )cos(wr)
H,=H ap(p)sin(H)cos(a)t)
H,=H, (0 )sin(8 )cos(ar)

ITpu atom cucremy ypapHeHHE MaKcBeAAa MOKHO 3aMEHHUTH Ha

ABE HE3aBHCHMBIX CHCTEMbl YPABHCHUIL: B LEPBON M3 HUX HCIIOAB3YCTCS
caaraemoe  Sin(@)sin(wt) w3z Taba. 9, a BO BIOpPOH - cAaraemoe

ocos(g)cos(wt) us taba. 9. Ilocae perreHns oTUX cHCTEM OOIIEe
pEIIIEHNE OIIPEACACTCA KaK CyMMa HAWACHHBIX pPEIIeHHN (B CHAY
Perrenne 1epBOil  CHCTEMBI IIPHBEACHO B

AMHEHHOCTH CHCTEM).

nprAoKeHun 1.
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naBa 8. PewwieHue ansa cepuyeckoro kKoHgeHcaTopa

TabA. 5 AAst BTOPOH cHCTEMBI IIPHHUMAET BHA TaOA. 10 (M3MeHeHBI
dopmyasr (5-7)). Aasee OyAeM pacCyKAATh TAKKE, KAK U B IPUAOKEHUH 1.
O0o03Ha9IM

E=gFE". (73)

_ H
&7 \ &0 -cos(p) ™

Toraa T1aba. 10 mnpmmer Bma TabA. 11, Bemoamumm mpoctsie
rpeobpasoBanus B Ta0A. 11 (amasormdnsre rpeoOpasoBaHuAM B TaOA. 7)

TAC

U IIOAYYHM CHOBA TabA. 5a:
e B crpokax 1, 2, 3, 4 ypaBHEHHUA ACAATCA HA g,
e 1pu 3TOM B cTpoKax 1, 2, 3 mepea mepevennoi H rmosBasercs
KoapurmeHT
a, w
q=’u/ =—w/ygo'-cosi¢i, (75)
c c

e B crpokax 5, 6, 7 koapduImEHT IEepeA IIepPEMEHHOMI E'

3aMCHACTCA Ha

q= O"COS(¢)'g = quﬂgG'COSi¢ ) (76)
c

CAeAOBaTEABHO, B B 3TOM CAy4ae perreHme mmeer BHA (33-38).
OrAmdpe cOCTOUT TOABKO B 3HaueHHH Kodddunuenrta g - cpasuu (12)
u (75). Aaree mo (73) ompeaeastrorcs nanpsikeHroctu . Takum
00pazoM, M B AAHHOM CAy4Yae MBI IIOAy9aeM ypaBHeHus (63-68).
OrAmdpe cOCTOUT TOABKO B 3HaYeHHH Koa(pdurmenta g - cpasuu (61)
u (74).

OOvpeaunsias  perneHus AAA  IEPBOH M BTOPOH  CHUCTEM
OKOHYATEABHO ITOAYYAEM:

Ag .
g2 sin(g(o - R)+ f3). 77)
qp

ng=%(Sin(ql(p—R)+ﬂ1)+sin(qz(p—R)+ﬁz)), 8)

HW:g@os(ql(p—R)+ﬂ1>+cos(q2<p—ze>+m), 79

H, :;—f[icos@l(p—ze» B)+~coslg, (p - R)+ ﬁz)j, 50
q,

1

Epp =
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nmaBa 8. PeweHune ans ccpepryeckoro KoHgeHcaTopa

E, %(gl cos(q,(p— R)+ )+ g, coslg, (o~ R)+ /). (&)

. :%@1 sin(g,(p— R)+ B+ g, sin(g, (0 - R)+ ). 82)

E, = i2(Wl Sin(%(p_R)"' 21 )+ W, Sin(‘]z(p_R)"' B, ))’
e,

TAC

@

q, ::\/ﬂg,

q, :qu,ugo“cosid).
c

g = ﬁ»
&

_ H
2= V g-o-cos(p)’
o2
gz
V -0 cos(¢ / ,ugO' cosly

- weo- cos(¢)

TabAmia 10.
2
2F )
23 H
-2y =0
0 c
2
[ ) “’”H =0
3
5 J o
4
( VO, 2B, ] i,
5| 2H
ﬂp_o

®3)

84

(85)

(86)

87)

(88)

(89)
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MaBa 8. PeweHue ans crepryeckoro KoHgeHcaropa

6 H OH
—(ﬂ+—‘”’j—acos(¢ﬁ?gp =0
p  Op
7| (Hy, aﬂgj
% % | _gcos(g)E,, =0
(p 8p (22
8 ([HPP+8H””]+2H"”J=0
p  Op p
Tabanma 11.
2
1| 2E, By =
P c
2l %JﬁE_@p e -#p =g
p  Op c 7
(B %), oy
D op c

4
(Epp L, j L 2y, Jg =0
p  0Op p

5
My, —acos(¢)Eppg =0
P

6 H oH
- (—”’p +— ) - acos(¢)E€pg =0
p  Op

7 H H
(i + a—‘g”J - acos(¢)Eng =0
p  Op

8 ((pr +aprj+2ngJ=0
p  Op p
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Mnasa 9. MNpupoaa 3eMHOro MarHeTnsma

I'aaBa 9. [Ipupoaa seMHOTO
MarHETH3Ma

AHHOTAITHA
Ha ocmoe pemenns ypapHeHmiI MakcBeara AAf
5AEKTPOMAIHUTHOH BOAHBI B C(PEPHYECKOM KOHAEHCATOPE,
KOTOPBII ~ BKAIOYEH B IIEIb  IIOCTOSHHOTO  TOKa
IIPEAAAraeTCA TUIIOTE3a O IPUPOAE 3EMHOTO MATHETH3MA.

M3BecTHO,  9TO  9AEKTPHYECKOE  IIOAE  3EMAH  MOMKHO
paccMaTpuBaTh, Kak IOAE 'MEKAY OOKAAAKAMH  C(hepHUYECKOro
kouAcHCaropa" [51]. DTuMu 0OOKAAAKAME ABASFOTCSA IIOBEPXHOCTD 3EMAHN
3apsKEHHAA OTPHUIIATEABHO, H HOHOC(hEPa, 3apAKCHHAA ITOAOKUTEABHO.
3apsia  9THX ODOAOYEK IIOAACPIKHBACTCHA IIOCTOSHHBIM —IPO30BOM
AEATEABHOCTBIO aTMOCKEPHI

M3BecTHO TaKixKe O CYIIECTBOBAHUM MATHUTHOIO ITOAA 3EMAML
OAHAKO B 3TOM CAyYae OTCYICTBYET OOINCIPHHATOE OOBACHCHHE
HCTOYHMKA 9TOro moAf. "[lpoOAemMa IIPOMCXOKACHHA U COXPAHCHUS
ITOASI He pelriena 1o ceil Aeup” [52].

Aasee MBI PACCMOTPHM IHIIOTE3y O TOM, YTO MATHHMTHOE ITOA€
3eMAHN ABAAETCA CAGACTBHE CYIIIECTBOBAHUA IAEKTPHUYECKOIO IIOAA
3emawn.

B raaBe 8 OblAO TOKA3aHO, YTO CYIIECTBYET MATHUTHAsA

9KBATOpPHMAABbHAA IIAOCKOCTb, MATrHHUTHAA OChb, MArHHTHBIC IIOAIOCA H
|

MAarHHMTHBIC MEPUAMAHBI, IIO KOTOpI)IM HaIIPpaBACHBDI BCKTOPBI H(p@ - CM.

puc. 4 B raaBe 8. YrOoA MEKAy MarHUTHOM OCBIO M MATEMATHYECKOI
OCBIO MOAEGAU HE MOJKET OBITH OIIPEACAEH M3 MATEMATHYECKOI MOACAU.
Tem OoAee, HE OIPEAEAEH YTOA MEKAY MATHUTHOH OCBIO M (PU3HYECKOI
OCBIO BpaIleHuA 3eMAH.

Cdpepryeckrie BEKTOPBI 3aBHCAT OT sin(H). PaamasbHBIE BEKTOPBI
3ABUCAT OT COS(H) - cM. TaOA. 6 B raaBe 8. [lostomy B TOUKax, TAe

CCpepI/I"ICCKI/Iﬁ HaHpH)KCHHOCTI/I paBHI)I HYAIO, CYIIECTBYIOT TOABKO
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masa 9. Npupoga 3eMHOro MarHeTnama

paAnaAbHble HaupskeHHOCTH. Haliaem yroa HakAoneHust @. 13 taba. 6

u dopmya (47-49) B raase 8 caeayer, 4TO

r 4 .
—sin(@
12($)= H""g‘ _2p © _-p-1g0) 50
‘H‘ Ac 5 : (50)
p Zam@)
wp

V3 BBIIIEH3AOKEHHOIO CACAYET, YTO MATHUTHOE IIoA€ 3eMAH
ABAJAETCA CAEACTBUE CYILECTBOBAHUA ACKTPUUYECKOIO IIOAT 3EMAU.

PaccmoTtpuM aTOT BOIpocC oApobHEe.
1
Ha puc. 8 mokasano sekroproe moae H, B AnamerpasbHOI
IIAOCKOCTH, IIPOXOAMILIEH dYepe3 MArHUTHYIO OCb. [lpm  asrom
I '
‘H¢9‘=0.7; p=1.Ha puc. 9 noxasano sekropnoe mnoae H, B

AHaMeTFaAbHofI ITIAOCKOCTH, IIPOXOAMIIEH Yepe3 MArHUTHYIO OCb. [lpu

9TOM ‘H p‘ =0.4; p=1. Haxosner, na puc. 10 1mokasaHo BEKTOpPHOE ITOAE
1 1 1

H =H,,+H, B AnamMeTparbHON IAOCKOCTH, IPOXOAAIIEH Yepes

ﬁA:OQ;p:L

i
MATHHTHYIO OCb. [ Ipu aTOM ‘H (pg‘ =0.3;

-1.5

[=g .
=2
in
-

0.5
FIG. 8. (5fera.88)
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Mnasa 9. MNpupoaa 3eMHOro MarHeTnsma

15 T T

0.5F-- \ ------------------- -

..........................................

Y
£n

FIG. 10. (5 &ra 88)

AHAAOTHYHO MOKHO OIIHCATh SAEKTPHUECKOe ImoAe 3eman. Baxuo

OTMCTHUTH, YTO ISACKTPHYCCKOC IIOAC IIEPIECHAHUKVAAPDHO MATHHUTHOMY
ITOAXO.
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masa 9. Npupoga 3eMHOro MarHeTnama

Erre pas moAdepkHeM, 94TO CaMO CYIIECTBOBAHHE 3AEKTPHYIECKOIO
IIOASl HE BBI3BIBACT COMHCHHSA, 4 3apsA ''CHEPHIECKOTO KOHACHCATOPA
3eMAn" TOAACPIKUBACTCA TPO3OBOM ACATEABHOCTBIO [51].

PaccmotpuM  emme  CpaBHHUTEABHBIE KOAHYECTBEHHBIEC — OICHKH
MaTHUTHOU U 9AEKTPUYECKOHN HAIIPAKEHHOCTEH ITOAA 3eMAM.

B Bakyyme, rae € = g =1, u B cucreme CI'C MeKAY MATHHTHON H

SACKTPHYECKOH HAIPMKEHHOCTBIO B AIOOOM HAIIPABACHHH CYIIECTBYET
COOTHOIIICHHE BHAA

E=H. ©9)
DTO  COOTHOIIEHHUA  CIPABEAAHBO, €CAM  9TH  HAIPHKEHHOCTH
m3mepsrorcss B cucreMe CI'C B AQHHOHM TOYKE B OAHOM H TOM K
HanpasAeHun. AAd riepexoaa B cucrtemy CH Hapo yaects, 91O

At H: 1 CI'C = 80 A/m

aat E: 1 CT'C = 30000 B\m

Takum obpasom, cucreme CU Berpazkenue (9) mpuHIMaeT BHA:

3000F =80H (10)
AN

E=0.03H. 11
A

H =30E-tg(f). (12)

AOIOAHUTEABHBIM ~ APIYMEHTOM B IIOAB3y  CYIIECTBOBAHHA
3AEKTPHYECKOIO IIOAfl YKA3aHHON CTPYKIYPBI ABAACTCA CYIIIECTBOBAHUE
TeAAypHIecKHuX TOKOB [53]. OrcyTcTByeT OOIIEIPHHATOE OOBACHEHIE UX
npuyanHbL. VICXOAA M3 BBIIIEM3AOKEHHOTO, CAEAYET IIOAAraTh, YTO 3TU
TOKH AOAKHBI IMETh MAKCUMYM B HAIIPABACHUH ITAPAAACACH.

Bosmozkno, saexTpudeckoe moAe 3eMAH MOKET OBITH OOHAPYHKEHO
C TIOMOIIBIO CBOOOAHO ITOABEIIEHHOTO 39AEKTPHYECKOTO AHITOAM,
BEIITOAHEHHOTO B BHAE AAHHHOIO H30AMPOBAHHOIO CTEPKHA C
METAAAMYECKUMH IIApaMHA Ha KOHIIAX. BO3MOXKHO Takike, 49TO IIpH
HI3KOH YacTOTe HM3MEHEHHA 3aPAAOB AHIIOAA OYAYT 3a(UKCHPOBAHEI
KOACOAHHSA CTEPIKHA.

Mcxoas 13 IPEAAOKEHHON THUITOTE3BI, MOKHO ITPEATIOAOKHTD, UTO
MAarHUTHOE IIOA€ AOAKHO HAOAIOAATBCA y  IIAQHET, HMEFOIIHUX
armocdepy. AeHCTBUTEABHO, MATHHTHOE IIOAE OTCYTCTBYET y /AVHBI U
Mapca, aurreHHBIX aTMOCdepsl. OAHAKO MATHUTHOE IIOAE OTCYTCTBYET U
y Beneprr. BosmoxknO, 910 OOBACHAETCA BBICOKOI IIAOTHOCTBIO U
IIPOBOAUMOCTBIO  atMOcepsl  —  armocdepy  Beneper  HeaAwss
paccMaTpUBATh KaK H30AUPYFOIIHH CAOH C(PEPHUIECKOr0 KOHAEHCATOPA.
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MagBa 10. PeweHue gnsa wapoBOoW MOJTHUN

I'aaBa 10. Permmreraue YPaBHEHUI
MaxkcBeaAa AAS maPOBofI MOAHHUU

OraaBAeHUe

—_

. Beeaenue

. Pemmrenme ypaBuenuii MakcBeara B cdpepryaeckux
KOOPAHHATAX

. DHeprus

. IToTok smeprun

. O6 ycTOMYHMBOCTH IIAPOBON MOAHHUH

. O cBedyeHHUN MAPOBON MOAHIH

. O BpeMeHH CyIeCTBOBAHUSA MAPOBOH MOAHUHI

. O BO3MOKHOM MEXaHHU3ME OOPA3OBAHUA IIIAPOBOI
MOAHUH

[\

0 N O\ Ul AW

1. Beeaenue

Beuckasanmvie — cunomeser o npupode  wmaposoir  moanun
HenpueMaeMol, maK Kak OHU Npomusopedan: 3axKory coxparerus
IHepeun. Dmo  npoucxodum nomomy, umo ceeuerue waposol
MOSHUU 00BIUHO OMIHOCANI 34 CHem SHepeutl, 6b10e/9eMotl npu
KaKoM-1ubo MOSEKYAIPHOM UAU XUMUHECKOM npesparyeruil, U
MAKUM 00pasoM npeonosazarons, umo Ucmounux smepeut, 3a cuem
KOmIOpO20 CEeImumcs iaposas MoAHUL, Haxo0unia 6 reil camol.

Kammuma [T.A. 1955 [41]

D10 yrBEpKACHHE (HACKOABKO H3BECTHO aBTOPY) CIIPABEAAUBO U
ceropHA. OHO yCHAMBAETCA €IIe U TEM, YTO IO COBPEMEHHBIM OIICHKAM,
TUITHYHAA IMTapOBasi MOAHHUA COACPAKHT ACCATKH KHAOAKOyAeH [42],
BBEICBOOOKAAFOIIINXCA IIPH €€ B3PHIBE.

OOmmenpusHano, d9ro IHapoBas MOAHHA Kak-TO CBf3aHA C
9AEKTPOMATHUTHBIMU ABACHUAMH, OAHAKO HET CTPOTOrO OIMCAHHSA 9THX
IIPOIIECCOB.

B [56] ma ocnoBe ypaBHenmii MakcBeara ObIAd IIPEAAONKEHA
MAaTEMATHYECKasd MOAEADb IIAPOBOM MOAHHH, KOTOpPasd ITO3BOAHAA
OOBACHUTH MHOTHE CBOICTBA IIIAPOBOH MOAHHH. DTa MOACAB OKAa32aAACh
CAOKHOH B MaTeMaTWdeckoM ommucanun. Aasee ObIAA IIPEAAOKEHA
APyrasg — MaTeMaTHYeCKas  MOAEAb  ITApOBOI  MOAHHH, OoAaee
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Masa 10. PeweHue ansa wapoBoW MOJTHUMU

ODOCHOBAHHAA W IIO3BOAAIOINAA  IIOAYYHTH  MEHEE  CAOKHOE
MaremaTudeckoe onmcanue [56]. Kpome Toro, ata MOAEAB coraacyercs ¢
MOAEABIO C(DEPUIECKOTO KOHAEHCATOPA — CM. TAaBY 8.

[Ipu mocTpoeHHN MaTEMATUYECKOH MOAEAH MBI OYAEM ITOAAraTh,
YTO IAPOBAA MOAHHSA IIPEACTABASCT COOOI ITAA3MY - a3 3apMKCHHBIX
YACTHI[ - SACKTPOHOB U IIOAOKHUTEABHO 3aPHKEHHBIX HOHOB, 4 AOAA
HEHTPAABPHBIX ATOMOB B HEH IIPEHEOPEKHMMO MaAd, TO €CThb IIAA3Ma
ITapOBOM  MOAHHH  IIOAHOCTBIO  HOHM30BaHa. Kpome  Ttoro,
IIPEAIIOAAIAEM, YTO B 9TOH IIAA3ME€ YHCAO IIOAOKHUTEABHBIX 3aPAAOB
PaBHO UHCAYy OTPHUIATEABHBIX U B IIEAOM OSAEKTPHYCCKHI  3apsA
ITAPOBOM MOAHHH paBeH HyAIO. B Iaasme npuHATO paccmMarpusarth
CPEAHHE II0 HEKOTOPOMY 3AEMEHTAPHOMY OOBEMY IIAOTHOCTH 3apfAAd U
TOKA. DAEKTPUYECKHE U MATHHUTHBIE IIOAfl, CO3AABAEMBIC «CPEAHEID
IIAOTHOCTBIO 3apfAAd M «CPEAHHM» TOKOM B IIAa3M€, IOAYMHAOTCA
ypaBHeHnAM MakcBeara. DP@EKT CTOAKHOBEHHII YACTHII IIAA3MBI
O6BI"IHO OIINCBIBAXOT HpI/I IIOMOIITN (t)yHKHI/II/I paCHpeAC/\CHHH JaCTuIil B
maasme. Hroke mer ot apdexrer OyAeM ydanTBIBATE B YPABHEHHUAX
MaxkcBeAAa, ITOAAras, 9To IAa3Ma OOAAAAET HEKOTOPBIM SAEKTPHIECCKIM
COIPOTHUBAEHHUEM HAU IIPOBOAUMOCTBIO.

WMrak, Aanee Ha ocHOBe ypaBHeHHM MaKcBeAAd T IIPEACTABACHHSA
00  9AEKTPOIIPOBOAHOCTH  TE€Ad  INAPOBOH  MOAHHH  CTPOHTCA
MaTeMaTU9IECKasd MOAEAB IITAPOBOIl MOAHHH, IIOKA3BIBACTCA CTPYKIYpa
SAEKTPOMATHUTHOTO IIOAf M AEKTPOTOKOB B HEH. AaAsee ITOKa3bIBacTCA
(kak CAEACTBHE OSTOH MOAEAH), YTO B INAPOBOH MOAHHH MOKET
LHUPKYAHPOBATH ITOTOK JAEKTPOMATHHUTHOI SHEPIUU U TAKUM 00pPasoM
MOJKET COXPAHATHCA SHEPIHA, IOAYYECHHAA IIAPOBON MOAHHEH IIPH ee
BO3HHUKHOBEHUHN. KpaTKo paccMaTpHBAIOTCA TaKKE YCTONYIHBOCTD,
CBEUYECHUE, 3aPAA, BPEMS CYIIIECTBOBAHUA, MEXAHU3M OOPa30BaAHUS.

2. Pemenme ypaBHeHuit MaxkcBeara B

cpepugecKnx KOOPAMHATAX

Ha puc. 1 nokasana cucrema cepudeckux koopausar (0,0, 9).
B TabA. 1 mpuBeAeHsI BBIpaKeHUA AAA POTOPA M AUBEPICHIIMH BEKTOPA
E's stux koopauHartax [4]. 3aech 1 aanee

E - manpsxenrocts sAeKTpIYIECKOTO TTOA,

H - manpszxennocts MArHETHOTO TOAS,

J - HAOTHOCTD TOKa,

M - aDCOAIOTHAS MATHUTHAA IIPOHUIIAEMOCTb,

& - aDCOAIOTHASI AUDACKTPUUECKAS IIPOHUIIAEMOCTb,

O = 9ACKTPOIIPOBOAHOCTB.
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_ / N r\\\
/ / o/ O\
/ .\e E \ \\\
b 7 | ~NJ
A N ‘ A
\\ / /
Puc. 1.
Tabaumna 1.
1 2 3
1| rot p(E ) E OE OE,

o 7o _
ptg(0) pod  psin(0pe
2 rote(E) OE, E, OE,

psin@Pp p  op
3| 1ot (E) | £, 0B, OF,
p_Op pop
4| div(E) | E, OE, E OE, OE

L4+ 4 + ?
p dp pg@) pod  psin(0Pg

VpaBuennsa MaxcBeara B cepUIECKHX KOOPAHMHATAX B CHCTEME
CI'C mpm OTCyTCTBUM HECKOMIICHCHPOBAHHBIX 3aPAAOB IIOKA3AHBI B TAOA. 2.

TabAuma 2.
1 2
: rot H—gaEp—J =0
P ot P
2. OE

rot, H—e—%—-J, =0
l at 0

8E¢
rot(pH—g Py —J(p =0
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Masa 10. PeweHue ansa wapoBoW MOJTHUMU
* t E o, 0
rot E— =
o H ot
5. oH
rot E — -0
6 H or
6. K OoH °_0
ro - =
oM ot
div(£)=0
div(H)=0
H=J= cos(a)t)

A

E —>cos(ar) if (¢—>O, o-—>ooJ

E= cos(a)t - ¢)

4

E, = cos(wt )cos(p)
. = 9 E —sin(ar) if [¢—>§, 0—)0)

> .
E, =sin(@)sin(p)  sin(@r)

Puc. 2 (Sharl.vsd)

Aasee MBI OyAe€M HCKaTh MOHOXPOMATHYECKOE PEIICHUE 3TUX
ypaBHeHHI. AAsi 3TOrO BO BpemMeHHOI 0OAaCTH IIpeAcTaBUM (DYHKIINN

E, H, J B caeayromem Buac:
H=H, cos((ot),
E = E, (sin(et )sin(p )+ cos(ar )cos(4))
J = E, o cos(wt )cos(¢)
rie @ - yroa capura paz MEKAY OSAEKTPHYECKOH M MarHHTHOM
HAIPSDKEHHOCTSAMH - cM. puc. 2. C yaeTom 310ro 6yAeM HCKaTh pELIeHne
ypaBHenuii MakcBeaaa B BuAe pyukumit £, H, J | npeacraBaeHHBIX B

TabA. 3, tAe yHkuum Bmaa FE (pp(p) IIPEACTOUT BBIUYHUCAHUTB. 3AEChH

BaXXHO OTMETUTDH, YTO 3THU (t)YHKL[I/II/I HC 3aBHCAT OT aprymMCcHTA Q.

TabAuna 3.
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1 2
E =E, (p)cos(@Xsin(¢) sin(wt) + o cos(¢) cos(a)t))
E,=E, (p)sin(&Xsin(qﬁ) sin(at) + o cos(¢) cos(a)t))
E,=E, (p)sin(HXsin(¢) sin(at) + o cos(¢) cos(a)t))
H,=H, (0 )cos(@ )cos(wr)
H,=H ep(p)sin(ﬁ)cos(a)t)
H,=H W(p)sin(&)cos(a)t)

B raase 8 moxaszano, 9TO TaKOE pEIIEHUE CYIIECTBYET IPU

Hyy =2 Gin(a, (o= R+ )+ sinlgs (0= R)+ 4.))
Y2

H,, = =2 coslg, (o R)+ )+ cos(a,(o— R)+ 3,)).

2p

pr = 4(LCOS(%(:D_R)+ B )+LCOS(Q2(/0_R)+ B, )j’
D

q, q,
Eap = %(gl COS(QI(IO_R)+ b )+ 8> COS(%(:O_R)"' b ))’
E, = %(gl Sin(ql (p—R)+ b )+ 8> Sin(q2(p—R)+ b, ))’

E, = %(wl Sin(%(p_R)“' V21 )+ W, Sin(%(p - R)+ B, ))

TACE

%:Q\/E»

c
q, =21/,u8c7-cos(¢i.

c
& = ﬁ’

&

_ / H
&2 g-o-cos(g)’
c

W, ==—

)

(®)

©)

(10)

(11
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c
"= e cos(p)’ 12

A, B, B, - HEKOTOPBIE KOHCTAHTHL.
I v
B raase 8 noxasamo, uro Bmecro mape sextopos H, u H,

MOKHO PaCcCMATPHUBATH OAUH CYMMAapHBIH BEKTOP

1 1 1

H¢9:H¢+Hg, (13)
KOTOprfI ACKHUT B IIAOCKOCTH, KaCﬁTCAbHOfI K C(pepe paAI/IYCOM p, n

HAIIPABACH IIOA YTAOM I/ K AMHHH IapaAAeAn. MOAYAB 3TOTO BEKTOpa U

YIOA ¥/ OIPEAEASFOTCA CAEAVEOITUMH (DOPMYAAMHE:

r A
H (p&‘ = Z , (14)
Y/ ()]
w="-—(p-R)-p. (15)
2 ¢
rae R - paauycmmapau f = f, = f,. 13 (14) u 1aba. 3 caeayer, uto
. A .
H,= ‘H W‘sm(ﬁ)cos(a)t) = Zsm(@)cos(a)t) , (16)
1 1
AHAAOTIMHBIC COOTHOIICHMA CYIIECTBYIOT AAf Bektopos E, m E,, a
MMEHHO:
r A
E,| = 2 (17)

Wezg(p_R)_lB (18>

uAn
z 9
=—_—y. 1
Ve 5 4 19)
N3 (17) 1 1abA. 3 caeayer, 9TO
E,= %sin(&Xsin(qﬁ) sin(wt) + o cos(¢p) cos(a)t))_ (20)

1 v 1 1 1 1
Ha puc. 3 noxasaus sexropsr H,, H,, E, E, H, E,,
ucxoadime u3 Toukn T € KOOpAMHATAMH ({0, 6?). Vroa MemAy
1 1
sexropamu H ,, u E,, B irockoctn P spasiercst mpsaMbim.
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WMrak, B 1m1ape MOXKHO pPacCMATPHBATH TOABKO OAHH BEKTOP
1

BACKTPI/I‘{CCKOI;‘I HaHpH)KCHHOCTI/I E(pH H TOABKO OAMH BCKTOP MATHHUTHOKR

1
manpsixennoctn H ;. TTockoabky a1i BekTOpHI AekaT Ha chepe, Gyaem

HaspBaTh uX cepuuecknmu. Takum 0Opa3om, B IMape CYIIECTBYIOT
1 1 1 1

TOABKO  cpepuueckne  H E n  papmaspHeie , H E »

HaHpH}KGHHOCTH. Ha pI/IC‘ 4 IIOKA32aHBI BCKTOpr H(p@ nu E(pg,

00> @0

AEKATITHE
1 1
Ha aockoctu P, n sexroper H , u E |, Aexartue Ha paAmyce.

A

Y wa H¢9
|
| %
T, 0\ __ __ H, o

EH

|

|

‘E(p E(p@

Puc. 3 (Sferal10.vsd).

HammomumM, 9TO 9TO  pEIIEHHE IOAYYEHO IIPH  CAEAYFOIIUX
IIPEATIOAOKEHHUAX: cpepa IACKTPOIIPOBOAHA M HEHTpaAbHA (HE HMEET
HECKOMITEHCHPOBAHHBIX 3aPAAOB). DTO PeIIeHHe, OYEBUAHO, HE ABAACTCA
CAMHCTBEHHBIM. Hro cymecrBoBaHme O3HaYa€T TOABKO, 4YTO B
SAEKTPOIIPOBOAHOM M HEHTPAABHOI cdepe MOMKET CyIIeCTBOBATh
9AEKTPOMATHUTHAA BOAHA U IUPKYAHPOBATH TOKM.
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b,

u 4|
HpT 72'/2
| | E,,
| 72
| Nﬂ/ 2 )
76, 0) > o

Puc. 4 (Sfera3a.vsd).

3. Oneprus

M3 TabA. 3 cAeayer, ITO B IITAPOBOM MOAHUN UMEFOTCA
® akruBHAA OSHeprua 1orTepp W, — cM. BrOpoe caaraemoe
3AEKTPHYECKOHN HAIIPAKEHHOCTH:
peakTUBHAA dAEKTpHUecKad sHeprua W, — cm. mepBoe caaraemoe
SAEKTPUYIECKON HAIPAKEHHOCTH,
® peakTWBHAd MarHWTHad oHeprua W, — CcM. MarHHTHYIO

HAIIPAKEHHOCTD.

3arnmimnem 3T BEATYUHEL:

W, = (o cos(¢) cos(er) H

X

{(Epp(p) cos(&)) +
sinONE, (0)) + €, (0))

(Epp (p) cos(é’)) +
W — (1 1 d H,
) (51n(¢)Sm(wt))zg{sinz(e)((@p ) +E,(»)) P @

B (pr (p) cos(H)) + J ’
= o t))zg{smz(e)((%(p))+(Hw(p)))dpde. >

OueBHAHO, YTO aMIIAHTYABI 3Hepruii W, u W, moryr Obrtb paBHSBI

dpd@ ,(21)
j

P HEKOTOPBIX 3HAYeHHsAX KoHcraHT A, [, B, - HekoTopsle

koHCTaHTH — cM. (1-6). Ilpu stom smeprun W, u W, npeobpasyrorcs

APYT B APYT'a — CM. MHOMKHTCAH (sin(a)t ))2 u (Cos(a)t))2 B (hopmyaax (22,
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23). CAeAOBATEABHO, B _IIOAYYCHHOM PEIIICHUM BBITOAHACTCA 3aKOH
COXPAHEHUS SHEPIUU AAS IITAPOBOU MOAHHHU B IIEAOM.

Bmecre ¢ Tem 13 TabA. 3 cAeAyeT, UTO B KaKAOH TOYKE IIapa 3TOT
3aKOH He BHITOAHACTCA. (CACAOBATEABHO, CYIIECTBYFOT —IICPETOKH
SHEPIUU MEKAY TOYKaMu Irapa. Hrmke Mer AOKakeM 3TO CTporo.

4. ITorok sHeprun

4.1. PaaAnaAbHBIN IOTOK SHEPIUH.

B xaxaoi Touke cdepbl CyIIECTBYET IIOTOK 3AEKTPOMATHUTHOI
SHEPIUH, HAIIPABACHHBEIA IO PaAHyCy — CM. pHC. 5. Bekrop maorHOCTH
9TOTO MOTOKA PaBEH

S,=E,,xH,. (24)

=y
=

o) o8

Puc. 5.

1 1
[Mockoabky Bexropwr E,,, H ,, nepnemaukyaspusr, To ns (16, 20)

HaAXOAMNM:

g p‘ = ‘15 WHIr{ w‘ = 4A—22 (sin(6 Ysin(g) sin(wr) + o cos(4) cos(a)t))Xsin(H)cos(a)t))
P

g’ p‘ = 4A22 sin’ (9)00S(&)Z)(Siﬂ(¢) sin(awt) + o cos(¢) cos(cot))
2,

AN

r A2 ) 1 . . 2

S,|= 4—/)2sm (9 5 sin(¢) sin(2mt) + o cos(¢) cos” (wt) 25)
B uacraocry, npu o =0 nmeem: sin(@) =1 u

r 4 . .

S,|= ws1n2(0)51n(2a)t), (26)
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4.2. Cpepuueckuii IIOTOK SJHEPIHUU.

B kamaoil TOuKe cdpepsl CYIIECTBYIOT TAK/KE ABa IIOTOKA
SAEKTPOMATHUTHOH SHEPTHH, HAIIPABACHHBIX 10 KACATEABHOH K cdepe —
cM. puc. 6. B?KTOE MAOTHOCTH STHX IOTOKOB PaBeH

S, =E,,xH, 27
ézzﬁlwxifp. (28)
A o Al
Hp Ep u
u S,
u E¢7¢9

C

™ ol
7(p, 6) T(p, 6)

Puc. 6.

[TockoABKYy yMHOXKaEMBIE BEKTOPHI IIEPHEHAUKYAAPHBI, TO n3 (14, 16, 20)
U TA0A. 3 HAXOAUM:

‘LIS:I‘ = Er(pg r o= Zi sin(&’Xsin(¢) sin(@t) + o cos(@) cos(a)t))o
P
°H,, (0)cos(8)cos(ar)

5| |- 22 sn@eoston

°E,, (p)cos(9X51n(¢) sin(@t) + o cos(@) cos(a)t))

r sin(¢@)sin(wt) +
‘Sl‘ (p)sm(&)cos(@)cos(a)t)( cos(d) cos(a)t)]
r A . sin(¢@) sin(wt) +
‘Sz‘ =2 E,, (p)s1n(t9)c0s(t9)cos(a)t)(o_ cos(d) cos(a)t)] .

HOCKOAI)KY 5T IIOTOKH HGpHCHAI/IKyAHprI, TO MOAYAb HX CYMMBI
OHpCACAﬂCTCH 10 QDOPMYAC
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A 2 2
A (o) o)
L+ Sz‘ T sin(¢) sin(ax) + -
o sin(0)cos(@ )eos(er )[0 cos(p) cos(wt)]

B wacrrocry, npu 0 =0 nmeem: sin(@) =1 u

‘S +S‘— 2 \/(H o)+ E pp(/o))

. s1n(6’)cos(9)cos(cot) sin(at)

AN

\/Q{ o)+ E? ﬂp(P))

‘S +S ‘ (30)
J sm(2(9)sm(2a)t)
Vaureas (3, 6) npu ¢ =0, moaygaem:

A\/_

1

S, = s1n(26’)s1n(2a)t) 31

4.3. IToAHBII IIOTOK 3HEPTUH.
N3 (26, 30) HaliaeM AHBEPIEHIIMIO IIOTOKA 9AEKTPOMATHHUTHOM
3H€prI/II/I HpI/I O = 0

div(s, +5 ) MLV

op 00
, 2
- i[ A > Si 2(6’)Sin(2cot)J + i[A 2/5 sin(249)sin(2a)t)J =

06\ 8
2
= 24 sin” (@ )sin(2at) + 24 \/_cos(2¢9)sm(2a)t)—
8p° 8p°

1

(32)

ot @20 sncen

4p’
2

VanreBai (7), 3amedaem, uto — >> 1. Toraa us (32) Haxoaum:
4

1

dlv(S +S )— cos(2<9)sm(2a)t) (33)
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DTa AUBEPTEHITHA CYMMAPHOIO ITOTOKA SACKTPOMATHUTHOM 3HEPIHH
HE paBHA HYAIO BO MHOTIHX TOYKAaX INapa. DTO O3HAYAET, YTO IOTOK
SHEPIUH, IIPOXOAAIIHUIT Yepe3 TOYKY, HE PABEH HYAIO B OOIIEM CAydYae.
CAEAOBATEABHO, MEHKAY TOYKAMH IIIapa CYIIECTBYET OOMEH 3HEprHeil.
OAHAKO AAS IITAPa B IIEAOM COOAFOAAETCA (KAK YKA3BIBAAOCH BBIIIIE) 3aKOH
COXpaHeHNA 9HEPrur. Takum 0Opa3oM, B IITAPOBON MOAHHIH

® cOoDAXOAAETCH 3aKOH COXPAHEHHA SHEPIHUH,

° CYIIIECTBYCT ITIOTOK BACKTPOMEIFHI/ITHOEI BHCPFI/II/I.

5. O0 ycToMunBOCTU IIAPOBOM MOAHUU

Bompoc 006 ycrodamBocTH TEA, B KOTOPBIX HHPKYAHPYET IIOTOK
3AEKTPOMATHUTHOM 3HEPINUH, PACCMOTPEH B [43].

3A€Ch MBI PACCMOTPHM TOABKO CHAY, KOTOpas AEHCTBYET IIO
AMAMETPY W Pa3phiBa€T IMAPOBYIO MOAHHIO IIO AHAMETPAABHOI
IIAOCKOCTH, IIEPIEHAUKYAAPHOH 3TOMy Amamerpy. B mepBerii momenT
OHA AOAKHA COBEPIIHUTH PAOOTY

dR
A=F—. 34
dt (34
Dra paboTra M3MEHAET BHYTPEHHIOIO SHEPIHIO IITAPOBOI MOAHHUH, T.€.
aw
A=—— 35
dt 35)
Paccmarpusas (34, 35) coBMECTHO HAXOAUM:
dW |dR
F=—wn/—. 36
di | di 09
EcAn sHeprus mapoBoi MOAHIHI IPOIIOPIIMOHAABHA OOBEMY, T.€.
W =aR’. 37)
rae d — koapuIHEHT IPOIOPIIUOHAABHOCTH, TO
aw , dR
—=3aR" —. 38
d di 9
Toraa
dW |dR w
F="/""=3aR*=— (39)
dt | dt R

TakuM 0Opa3oM, BHYIDEHHSAA 9HEPIUA IIAPOBOM  MOAHHH
SKBUBAACHTHA CHUAE, CO3AAFONIEN VCTONYUBOCTD IIIAPOBOU MOAHUU.
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6. O cBeyeHNH MAPOBOM MOAHUM

Beime  3apawa Oblaa  permreHa € YYETOM  SAEKTPHYECKOIO
COIIPOTHUBAEHUSA ITAPOBOM MOAHUH. E.cTECTBEHHO, OHO HE PABHO HYAIO H
IIPU IIPOTEKAHUH TOKOB IIO 9TOMY COIPOTHBAEHHUIO B HEM BBIACAACTCA
TEITAOBASl SHEPTHA. DTa TEIIAOBAA SHEPIHA H3AYIACTCH, UYTO M ABAACTCHA
IPUYNHOMN CBEYEHUA ITAPOBOU MOAHUM.

7. O BpeMeHH CyIIeCTBOBAHUA IIIAPOBOU

MOAHHNH
MoKHO TIOAAraTh, YTO JHEPTHA IIAPOBOII MOAHHH paBHA
AMIIAUTYAHOMY 3HAYEHUIO SACKTPUYECKOM SHEPIUH, T.€., KAK CAEAYET U3

(22),
E,,(p)cos@)) +
W sin? op
sin (@}[j{; in? (HX(EH/J )+, (P)})

MOH_IHOCTI) TCITAOBBIX HOTCpb paBHa HPOH3BOAHOI‘/‘I 110 BpEMEHHU OT

dpd@ . (40)

SHEPIMH TEIAOBBIX MHoTepb. B (23) Iokasama MrHOBEHHAs SHEPIusA
TeIAOBBIX TTOTEp. CAEAOBATEABHO,

~ (Epp (p) cos(é’))Z +
P=+2(ccos(p)) J jg (0 )((Egp(p)} ) (Ewp(p)))dpdﬁ.

BpCM}I CYyIIIECTBOBAHMS I.HapOBOfI MOAHHNHM paBHO BpCMCHI/I
HpCO6pa3OBaHI/IH SACKTquCCKOﬁ 3HCpFI/II/I MOAHHH B TEIIAOBBIC HOTCPI/I,

(41)

T.C.

T=—. 42
P (42)

N3 (40-42) maxoanm:
L Sin@) _ig'@) .
N(cos@)) V20" w

8. O BO3MOKHOM MexaHm3Me OOpa3oBaHUA

IIapOBOM MOAHUU

AI/IACP AMHEHHON MOAHHH, BCTpedasd KaKOe-AHOO IIPEIATCTBHE,
MOKET M3MEHHIb TPACKIOPUIO ABIKEHHA C HIPAMOAMHEMHON Ha
KPYIOBYIO. DTO MOMXKET CAYKHUTH IIPUYHHON BO3SHUKHOBEHHA TEX
3AEKTPOMATHUTHBIX IIOAEH B 9AEKTPOTOKOB, KOTOPBIE OITHCAHBI BHIIIIE.

Bot kak ormmceBaercs sTot mporiecc B [44]
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Ouepeoroti  cunvreliountl  paspad MoaHul, O00HOBPEMEHHBIL ¢ ZPOXONIOM,
oceemua 6c¢ npocmparcmeo. H euony, xax oaurniviil ocaenumenssiil Ay yeema
conmya nmpub.aucaenica Ko Me npamo 6 coareuroe cnaemerie. Koney ezo ocmpui,
uem danvute, mem moane, npumepro 0,5 mempa 6 oauny. Aasvue 7 e 6uncy,
1OMIOMY 4110 CMOIIPIO 1100 Y2/0M 61US3.

Mznosernas  moican, om0 xowey. A cMompro,  Kax  ocmpue  Ay4a
npubauncaenes. Bopye ono ocmarnosunocy u mendy ocmpuem u meaom  navan
secnyxamn wap, pasmepom ¢ boavuodl cpedngpym. Pasdasca xaomox, xax npu
wraeme  npobKu  u3  Gymeiaxu  wamnarckozo. yu  eqemen 6 wtap. A sumy
OcAenuneabHO APKUL  wap, yeema coqnya, Komopuid Gpamjaenica ¢ beuteriotl
ckopocmvto, nepemansisan ayy enympu. Ho a ne uyscmesyro nu npurocrosenus, ru
mena.

lap nepemanvisan ayu u ysesuunsanca 6 pasmepax. ... Lllap ne usdasan
nuxaxux 36yk0s. Cratasa on 0via APKUM U HEHPOSPAUNBIM, a 3ameM Hada/l
myckrenty U A ysudes, umo o nycm. FEeo oborouxa usmennuaace u on cman noxose
Ha  movravnvi nysvpe.  Obosouxa  epamanace, Ho ee Ouamemp — 0cmasanc
CIMAOUNBIHBIM, d NOBEPXHOCING OMAUBANG MEMNANNOM.
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