OCHOBHbIE NMOJTIOAKEHWNA
TEOPUU SJTEKTPOMATHUTHOIO
NOJA



Bektopbl SMI

B cnucrtemax cBA3m coobuweHmna nepeHocatca IMI.

9MI1 nposBnaeTca NnocpeAcTBOM CU/, AENCTBYIOLWMX HA 3aPAXKEHHbIE YaCTULLbl BELLLECTBA.
IMI1 obHapyKMBaAET ABa NPOABNEHUA: INEKTPUYECKOE MONE, OKa3biBatoLLEe CUI0BOE
B/IMAHME HA HENOABUXKHbIE 3apAAbl, ® MAarHUTHOE NoJse, AENCTBYHOLLEE Ha

ABUXKYLLMECA 3apAabl U Tena.

MonHaA cuna, AeNCTBYIOWAA HA TOYEYHbIW 3apas q , Haxoasawmmnca 8 IMIT

F = qE + q|9, B]

—

E - BEKTOp HanpAXeHHOCTU 3neKTpuyeckoro nons, B/m (BonbT Ha meTp);

—

B - BeKTOp marHuTHOM nHAaykumu, T (Tecna).

9MI1 n BewecTBO cpeabl, 3aHMMAA OAUH M TOT Ke 00bem, BAUAIOT APYr Ha Apyra.
B3anmopgencreme npoasnaeTca yepes:

- CMeLleHMne 3apAaa0B B MOJIEKYIAPHbBIX CTPYKTYpPaXx;

- UBMEHEeHWEe OPUEeHTALMM OCU BPALLLEHUA 3/1eMEHTAPHbIX 3apAL0B;

- obpa3oBaHMe TOKOB NPOBOANMOCTMU.



BekTopbl MM (npoaonxeHue)

—

INEKTPUYECKYIO «4ACTbY MO/IA MOMUMO BEKTOPA E xapaKkTepusyloT BEKTOPOM
aneKTpuyeckoro cmelleHma D, K/ m2(KynoH Ha meTp KBaapaTHbIN).

D=¢,E

MarHUTHYIO «4acTb» MONA KPOME BEKTOPA B XapaKTepu3yioT BEKTOPOM
HAMPAKEHHOCTM MarHUTHOrO Mo H , A/m (amnep Ha meTp);

B = u,H

£., L. - MAKPOCKOMMYECKME NapaMeTpbl cpesbl

g, - abcontoTHas guanekTpuyeckas npoHuuaemoctb ( P/m — dpapaga Ha
MeTp)

Ka - abcoNtoTHAA MarHUTHaA NPoHMLUAemMocTb (TH/M — reHpu Ha meTp)
£, = €&y

£ - OTHOCUTENIbHAA ANINEKTPUYECKAA NPOHNLLAEMOCTb

_ —-12
€p = 8,86-10" "7 d/m — aneKTpUyecKkan NoCToAHHaA
Ly = [y

K - oTHOoCcUTeNbHaa marHMTHas NPOHNLUAEMOCTb

[to = 41 - 1077, TH/M - MarHMTHaA nocToAHHaA,



Knaccnopukaumsa cpep,

CBoWCTBa cpebl XapaKTePM3YIOTCA NapaMeTpaMu: &, [y O

MapameTp o - yaenbHasa a/IeKTpuYeckan NpoBoanumMocTb cpeapl (Cm/M — cMMeHC Ha meTp)
MapameTtpbl ¢a Ha 7 pHoraa HasbiBalOT MaTEPUANbHBIMU MAU MAKPOCKOMUYECKMMMU
NNN 3NEKTPODUINYECKMMMN,

Pa3nunuat cpegbl IMHENHbIE U HENUHEWHbIE. B NMHENHbIX cpeaax BCe NapameTpbl He
3aBUCAT OT 3HAYEHUNI INEKTPUYECKOTO U MAarHUTHOrO NONA.

JIHEeNHble A4enAaTca Ha OAHOPOAHbIE M HEOAHOPOAHbIE, @ TAKXKe Ha

N30TPOMHbIE U AHN3OTPOMHbIE.

B ogHOpOAHbIX cCpeaax Bce NapameTpbl HE 3aBUCAT OT KOOPAMHAT U ABNAOTCS
CKaNAPHbIMN BEIMYNHAMM.

B M30TpOnHbIX Cpeaax CBOMCTBA cpeabl OAMHAKOBbI MO PAa3HbIM HANPaB/IEHUAM.

B aHM30TPONHbIX Cpeaax, No KpanHen mepe, 0 AMH N3 NAPaMETPOB ABNSAETCA TEH3EPOM.

Exx  Exy €xz
Mpumep pag = =
E=|Ex &y &y D = g,eE
_gzx Ery €1 i




3aaaHue BeKTOpOoB nons

9MI B 0bLLEM CyYae B KaxKAblh MOMEHT BpeMeHU B N1tob60i ToUKe NPOCTpaHCTBa
XapaKTepuU3yTca YETbIPbMA BEKTOPAMMU:
E D H B

) I ’

B npakTUYecKux pacyeTax nonewn, Bo3dyKgaemMblx aHTEHHaMM, 0ObIYHO
MCMONb3YIOT BEKTOpbl £ UH .

3MI onucbIBaeTCA aHaNUTUYECKU U rPpadUUECKN.

AHaNUTMYECKOE ONMUCAHUE NOA — 3aNMUCb HEKOTOPON GYHKLUM BPEMEHU U
KOOpAWHaT.

Mpaduryeckoe onncaHue - NOCTPOEHME CUNOBbIX INHUN.

CunoBas IMHMA — 3TO IMHUA, KacaTe/ibHaA B KaXKA0MW TOUKE KOTOPOWM COBMNAAaEeT C
HanpaBAeHMEM BEKTOPA B 3TOM TOUKe.

JTioboe npeacrasneHme nona TpebyeT 3a4aHNA CUCTEMbI KOOPANHAT.



JdekaptoBa (npamoyronbHaa) cuctema KOOpAUHAT

N

X0, Vo, Zg — 6a3nCHble BeKTOpbI (0pThl)

Ba)xHo! Moaynu Bcex 6a3ncHbIX
BEKTOPOB pPaBHbl eanHULE

MpeacraBieHne BEKTOPA B AeKaPTOBOM
cucTeme KoopamHat

- >

E=E

x+Ey+EZ:YOEx+5;OEy+§OEZ



LinnnHgpuueckan cuctema KoopauHat

ZA = A
A Zg ‘ 4 Ii
__________ % %
/// ) // __________ —__')
4////M(<\_} ,,/ //M<\ P
Lo Ep
y y
O > O >
Rl g ——r ]/

X, X

Po» Po, Zg — DasuCHble BEKTOPbI (OPTbi) NpeacTaBneHME BEKTOPA B LLUANHAPUYECKOM

BaKHoO! cnmcreme KoopanHat

Mogaynu Bcex 6a3MCHbIX BEKTOPOB PaBHbl F_F 4B 4F -
eauHULE =EptEp+E;=Po

—

E,+ @oE, + ZyE,



Chepuueckana cuctema KoopauHar

<<

79, Po, B 6asncHble BekTOpbI (OPTHI) MpeactaBaeHne BeKTopa B chepmnyeckomn
cucTeMe KoopauHaT

-

BaxxHo! Moaynu Bcex 6a3ncHbIX E=E, +E, + Eg =7 E, + $oE, + 6,E,
BEKTOPOB paBHbl eguHuLe |



MepBoe ypaBHeHue MaKcBenna — 0606LeHHbIi 3aKOH NOJIHOro TOKa

Eﬁzf (G+dD/dt)dS = iy + ics
L 5

1o Makcsenna 6b110 U3BECTHO

-2 — . . - oo
i H dl =i lnp = ; Jap dS TOK NPOBOAMMOCTM

Makcsenn seesi NOHATUE TOKA CMeLleHUA

iCH — dﬁ*"{dtﬁ - j}cmE TOK CmeLlleHunA
5 5

NnddepeHumanbHaa Gopma 3anucK nepBoro ypasHeHus Makcsenna
rotH = Jup + Jow = Jup + dD/dt

BakHo !

Pu3nyeckmm cmbiCa NepBoro ypaBHeHna MakcBensia: MarHUTHOE NnoJie CO34aeTcs
HE TO/1IbKO TOKaMM NMPOBOANMOCTU, HO U TOKAMWU CMELLLEHMA, T.€. U3SMEHAILWMMCA BO
BPEMEHMU 3HAYEHMEM HaNPAXKEHHOCTMN 3N1EKTPUYECKOro Noas



K ¢opmynmnposke 3aKoHa NOSIHOrO TOKa

BaxHo! JIMHMK BEKTOpa NNOTHOCTU TOKA CMELLEHMS 3aMbIKatOT IMHUWN NAOTHOCTU
TOKa NPOBOAMMOCTU TaM, TAe OTCYTCTBYET 3/IEKTPONPOBOAHOCTb.
Tak 0bpa3ytoTcs 3aMKHYTbIE IMHUM BEKTOPA NJIOTHOCTU MNOJIHOrO TOKa.



BTtopoe ypaBHeHne MaKcBenna — 0606LeHHbIV 3aKOH 31eKTPOMArHUTHOM MHAYKLUUN
dapapen

Edi=—d|| BdS)/dt
L 5

1o MakcBenna noa KOHTYPOM MOHMMAJICA UCKAOYUTENIbHO NPOBOASALLMIMA KOHTYP.
MakcBenn nocTyanpoBan cnpaBeannsoctb popmynbl Papases AnA COBEPLUEHHO
NPOM3BOJIbHOTO 3aMKHYTOIO KOHTYpPa, KOTOPbIN MOXKET ObITb M BOODparkaembiM
KOHTYpOM, NnpoxoaaLinm vyepes ntobbie cpeabl. C yuetom atoro popmyny Papaaes

CTa/In Ha3bIBaTb BTOPbIM ypaBHeHnem Makceenna nnm obobueHHbIM 3akoHoM Papases.

AnddepeHuymanbHaa dopma 3anmcm BTOPOro ypasHeHus Makceenna
rotE = —dB/dt

BarkHO! ®n3nyecknin cmbicn BTOpPOro ypaBHeHUsa MakcBenna -

M3MEHAoLLEeecss BO BpeMeHM MarHMTHOe nosie co3faeT U3meHalueecs
B NPOCTPAHCTBE 3/1eKTpMYECcKoe none



Unnoctpauma K 1-omy n 2-omy ypasHeHnam Makceenna

A - —
i, +90/
(?j:(_sﬁﬁk\

\ _—’ ’ I:i

-

—

3aMKHyTbIe cnoBble NIMHNMN MarHUTHOIO MNoJiA o6pa3y+0T C
BEKTOPOM MJIOTHOCTU MOJTHOIo TOKa npaBoOBUHTOBYHO CUCTEMY

3aMKHYTble CUITOBbIE NIUHUWN SNEKTPUYECKOro nonisi obpasyoT
C BEKTOPOM MarHMTHOro noToka NpaBOBUHTOBYHO CUCTEMY



TpeTbe ypaBHeHue MakcBenna — 0606weHHas Teopema OcTporpaacKkoro-raycca
. 5

DdS =g 5
s 5

MaKcBenn nocTyinpoBaa cnpaBea/IMBOCTb 3TOM TEOPEMbI A1 NPOU3BOJIbHbIX Cpea, U
NobbIX 3apAS0B U MNOJIEN, KaK YTOAHO U3MEHAIOLWMXCS B MPOCTPAHCTBE U BPEMEHM.

NndpdepeHumnanbHaa popma 3anmcu TpeTbero ypasHeHnsa Makcsenna
. —
divD = p

BakHo! ®nsnyecknn cmbicn TpeTbero ypasHeHma Makcsenna —
[MonoxuntenbHble 3apAabl ABAAOTCA MCTOYHUKOM CUNOBbLIX IMHUN, A
OTpULATENbHbIE - CTOKOM



YeTtBepToe ypaBHeHue MaKceBenna

f BdS = 0
X

HeT cMnoBbIX NTMHUI MarHUTHOIO NOA, KOTOpble Bbl BXOAWIN B 06 beM U He BbIXOAUAU U3
Hero, T. €. CUN0Bble JIMHUM MAarHUTHOIO NOJIA BCeraa NPOHU3bIBAOT 06bEM.

AnddepeHunanbHaa popma 3anmcu TpeTbero ypasHeHMs Makesenna
. —_—
divB =0

BaxkHo! dusnyecknin cmbicn 4eTBepTOro ypaBHeHMA Makcsenna —
B NPUPOAE HET MAarHUTHbIX 3apA40B.



Cuctema ypaBHeHuii MaKcBenna TpaguuMoHHO AONONHAETCA YPaBHEHUAMM:

1. 3aKOHa COXpaHEeHUs aNeKTpUYecKoro 3apaga B AnddepeHumanbHOM

dopme
divj,, = —(dp/dt) i = —(dq/dt)

Ecnum ToK oTcyTcTBYET, TO 06bEMHAN NAOTHOCTb 3apAAa NOCTosiHHA. M obpaTHO,
€C/IM He NPOUCXOANT N3MEHEHUA 06 bEMHOM NIOTHOCTU 3apAaa B obbeme V,

TO TOK NPOBOAMMOCTU, NEPECEKAIOLWMIN €ro rpaHunLLy, PaBeH HyAIo.
3TO 3HAYMUT, YTO MO0 TOK OTCYTCTBYET, NMOO YMCNO CUNOBLIX IMHUIA NNOTHOCTU TOKA,

BXOA4ALLUX B O6'b€N\, PaBHO YHUCAY BbIXOOALWNX, TO €CTb OHU HENPEPbIBHbLI.

2. YpaBHEHMsA HENpPepbIBHOCTU TNHUIM NONHOTO TOKA

div(Jop + Jeu) = 0

JINHUM NNOTHOCTU NOJIHOFO TOKa BCerga HenpepbIBHbI!

3. 3aKoHa Oma
Jop = OF L= u/R



MonHana cuctema ypasHeHuit Makcsenna

HNurerpansHas popma Aud¢pepenuuanbuas popma
#; H di = f (Jup + dD/dt) dS rotH = ju, + dD/dt
L S
% Eﬁ:—d(f §d§)/dt rotE = —dB/dt
L S
4; 5 = g divD = p
5
£ BdS =0 divE = 0
3aKOH COXpaHEHHUS 3apsiaa divfnp — _(dp/dt)
YpaBHEHHUE HENPEPBIBHOCTH div(f T j ) =0
op cM
3akoH Oma S =
Jup = OF
BakHo!

YpaBHEHUA B UHTErpasbHon popme onumcbiBatoT IMI B HEKOTOpPbIX 06bemax,
a ypaBHeHuUA B andpdepeHumnanbHon popme xapaktepusytotr IMI B ToUKax




CTOpOHHUE TOKM

B 601bLIOM YMCe peLlaeMbIX 3NEKTPOANHAMUYECKMX 33434 NPUXOAMNTCH
PacCMaTPUBaTb TOKW, Bbi3bIBAEMbIE BHELUHUMM UCTOYHUKAMMU.,

OpAHa u3 BaXKHeMwWmnx 3aga4 — 3agada pacyeta IMI1, co3gaBaembix aHTEHHOM BO
BHELLHEM NPOCTPaHCTBE. Pellan 3Ty 3aa4y NosaratoT, YTO TOK B aHTEHHE LLE/IMKOM
onpeaennerca BO36yXKAaOLWMM UCTOYHUKOM U HUKAK HE 3aBMCUT OT BO3bYKAaemoro
9MIM. MoaobHbI TOK NPUHATO Ha3blBaTb CTOPOHHMM M 0603HAYaTb KaK icr , @ BEKTOP

ero NJIOTHOCTU KaK J.r . AHaNOrMYHO BBOAATCA CTOPOHHME 3apaabl Ter Y X NNOTHOCTM Per

MNonHasa cucrema ypasHeHU MaKcBenna ¢ y4eTom CTOPOHHUX TOKOB

HMurerpanasHas popma Ju¢ppepenunanbuas popma
% H di= f (up + dD/dt + j.;)dS rotH = jup + dD/dt + J..
L 5

j; E_Ez—d(f §d§)/dt rotE = — dB/dt
L S

f DdS=q+ Qe divD = p + per

s

i Bds =0 divB = 0




Cratnyeckue u CTalMOHapPHbIe nonAa

Cucrema ypaBHeHuil

Cucrema ypaBHeHU#

AJIEKTPOCTATUKH MAroHuToCTaTuKMN
rotk =0 rotH =0
divD = P divB = 0
D=¢e,F B = ,uaﬁ

Cucrema ypaBHEHHUI CTAIIMOHAPHBIX MMOJIEH

rotE =0 rotH = oy
divD = p divB = 0
D=¢,F

B =u.H




dHeprua IMI

9MI obnagaet sHepruen. 3Ta sIHEPrnsa MOXKET reHepPUpPoBaTbCA, PAaCNPOCTPAHATLCA U
npeobpas3oBbiBaTbCA B Apyrve Gopmbl.

515, -MOBEPXHOCTHU, pasinyarowmeca CBonmu CBOI\/JICTBaMM;

S¥ - NOBEPXHOCTb, NpeacTaBaAoLWas coboi oTBeEpCTHE,
Yyepes KOTOPOe 3Heprus BbIXoguT U3 obbema Uam
BXOAWT B HEro;

Jer - NTNOTHOCTb TOKOB CTOPOHHUX UCTOYHUKOB.

[Mpon3BONbHbIN 06bEM V, 3aMKHYTbIN
COCTaBHOM NOBEPXHOCTbIO S =5; + 5, + Sy



banaHC MrHOBEHHbIX 3HAYEHUI MOLLLHOCTHU

JHeprua W B obbeme MOMKET U3MEeHATbCA co BpemeHem (dW /dt ): ysennumsatbea 3a
CYeT MOLLHOCTU CTOPOHHMX UCTOYHMKOB P.. , yBbIBaTb 3a CYET TEM/OBbLIX MOTEpPb B, ,
y6bIBaTb MM BO3PACTaTb B CBA3M C ABUMKEHNEM 3HEPrMM Yepes OTBEpCTUE B TY UK
MHYIO CTOPOHY Fr.

JHepreTnyeckune senmunHol: W, Fr, K, Pz BbipaxatoTca Yepes BekTopbl IMIT:

W = (1/2)[(5352 + uaH?)dv P.= —f j Ed
i %
P”:f Jop EAV PE:% [Erm%}:f Tias
v . s s
E

Il = [E,H| -BexTop MoiHTMHra

. (BEKTOP N/IOTHOCTM NOTOKA SHEPIUMN)
H

JHepreTnyeckmne BenndmHol: W ,P.., P, , Ps cBA3aHbl Mexxay coboli ypaBHEHMEM

6anaHca MrHOBEHHbIX 3HAYE€HUIM MOLLHOCTU

dW/dt + P.+P, + Py = 0

BaxkHo! [Mo cywecTBy 3TO 3aKOH coXpaHeHua sHeprumn gna SMI.



FapmoHunyeckmne pyHKUUMU

E(t) = ZyEpcos (wtF ¢)

X, - €AMHWYHbIN BEKTOP (0PT), YKa3blBaloLWMIA HanpaBaeHne Bektopa &
E,, - amnanTyaa GyHKUMM (MaKCMManbHOe 3HaYeHne moayna BeKTopalE,,cos (wt T @) |)
wt F @ - da3a PyHKuuK (Ppasa 3HayeHMA BEKTOpA) B paAnaHax nuam rpagycax
@ - Ha4vanbHas ¢asa (B pagmaHax Uau rpagycax)
w = 27f - Kpyrosaa (UMKAMYecKan) yacToTa (pa3mepHocTb 1/c)
f - nnHenHana yacTtoTa (B repuax)

E(t)4
E = E,, cos(wt)

— T
E =E,, cos(amt + A)



MeTtog KOMNNEKCHbIX aMNANUTYA, ANA CKaNAPHbIX FAPMOHUYECKUX QYHKL U

CkanapHasa yHKUMA P b= ¥ cos(wt + )
Komnnekc GyHKummn ¢ b =P, ell@tte) — ) plwt
KomnieKkcHasa aMnanTyaa GyHKUmMm ¥ Y, = P, e

Nepexon OT KoMnieKca GyHKUMU ) K OYHKUMKU Y OCYLLECTBASAETCA C
ncnosib3oBaHnem Gpopmynbl Innepa

ei@t+®) — cos(wt + ¢) + isin(wt + @)

[MpaBnno nepexoaa Y = Reyp = Re(i,,e?)



MeTtoa KOMNIEKCHbIX aMNANTYA AN BEKTOPHbIX rApMOHUYECKUX QYHKLUIA

BeKTop — rapMOHMYECKOe NpeacTaBaeHue

= XoExm cos(wt + @;) + YoEym cos(wt + @;) + ZyE,,, cos(wt + ¢3)

1l

Komnnekc BekTopa E.|
Zmis-.

E — EDEmEi(mt+§f?1} _I_ ﬁDEymEi(mt+q¢?2} _I_ EDEmEi({dt+q:?3} \\\\
E

N/

E fewt
u— E‘
m Eym

KomnneKkcHaa amnantyaa BeKTopa

Em = Eﬂgmgml + ﬁﬂEymElqaz + EDEszHﬂg X

NMepexon, OT KOMNJIEKCa BEKTOPaA K €ro rapMOHUYECKOMY NpeacTaBieHNIo
E= Re (Emeim) = ReE

BAXHO! OuddepeHumnpoBaHmne no BpeMeHN KOMNAEKCHON GYHKLMN NO BpeMeHMU
PaBHOCW/IbHO YMHOMEHUIO €€ Ha iw: dy dE z
= Ll

EZL{UHJ E—

WHTerpnpoBaHne nNo BpeMeHn KOMNIEKCHOW QYHKLMM NO BPpEMEHM PaBHOCU/IbHO
AeNeHnto eé Ha lw : . - 5 5
Ydt = P /iw Edt = E/iw



BakHoO!

KomnneKkcHble amnanTyabl NO/IEN BCErAa BbICTYNAOT KaK TPEXMEPHbIE BEKTOPbI.
MHOXNTENN BUAA pi¢ , BXOAALWME B BbIPAaXKEHMUA KOMIMJIEKCHbIX aMMNINTYA,
XapPaKTEPU3YIOT UCKIHOUYNTENBHO HavyanbHYyO $Gasy nonen.

Hanpumep, ecnm 3agaHbl AB€ KOMMNAEKCHbIX aMNAUTYAbI:

T

=

_:..
Eml — Iﬂ Eme

iﬂ. o = = L

TO 3TO rOBOPUT HE O TOM, YTO 3TM Z,Ba NOJA B NPOCTPaHCTBE 06PasyioT yron 2
(NpocTpaHCcTBEHHAA OpMEHTaLUMA NOJEe OAUMHAKOBA M 334a€eTCA eAUHUYHbIM
BeKTOpom o), a NNLLb O TOM, YTO NPKU U3MEHEHUW BO BPEMeHM none E,
onepexaet none L1 Ha BennumHy, paBHylo yeTBepTU Nepmosa



YpaBHeHuAa Makcsensa gna rapMoHUYECKOro nons

Jna MrHOBEHHbIX 3Ha4yeHun 1-oe YpaBHEHUE MakKceenna

—

rotH = Jap + dD/dt Jap = oF D=c¢FE

[Nns KOMNaeKcHbIX 3HayeHn 1-oe ypaBHeHne MaKcsenna

-, X X g\ 5 5
rotH = oF + iwe B = iwe, (1 — —)E = jwé&E
WE,

La o o
£ =c¢, (1 _ _) - KOMMNIEKCHOE 3HaYeHne abCcoNOTHOM ANINEKTPUYECKOW
@€’ npoHuuaemocTu

[Na MrHOBEHHbIX 3Ha4YeHUM 2-0e ypaBHeHne Makcsenna
rotE = —dB/dt
[NA KOMNNEKCHbIX 3HaYeHU 2-oe ypaBHeHMe MakKcBenna
‘rotE_.} = —im§ = —im,ﬁ;ﬁ
3pecb [i; - KOMMNJIEKCHOE 3HaYeHne abCoNOTHOM MAarHUTHOWM
NPOHNLLAEMOCTH

BaxHo! 1-0e u 2-oe ypaBHeHMs MaKcBenna Ana KOMMNJIEKCHbIX 3HaYeHu obpasytoT
NOMIHYIO CUCTEeMY, TaK KaK gpyrmve ypasHeHUA MaKcBenia BbITEKAOT U3 HUX.



KomnneKcHblii BeKTop MoiiHTUHra. KomnaneKcHble MOLLHOCTH
(1/2) [E,H*] - KOMMJIEKCHbIN BeKTOp [MOMHTUHra

I1dS - KomnneKcHbIN NOTOK aHeprumn

RE‘% M dS = Py, = P& - ewyecTBeHHas 4aCTb KOMMIEKCHOTO NOTOKA SHEPrUM 3TO CpeaHMii
> 33 Nepuog, NoTOK IHeprumn Yepes NoBEePXHOCTb S MK
COOTBETCTBEHHO CPEeHMIA 33 Nepmnos, aKTUBHbIN NOTOK SHEpPrum
yepes 3Ty MOBEPXHOCTb

gmf I dS - MHMMaA 4acTb KOMMNAEKCHOro MOTOKa 3HEPrum 3TO amnanTyaa PeakTUBHOro
S MOTOKa 3HEPruUm Yepes NoBepPXHOCTb S

—

For = ReFr + LIMFr _ yomnneKcHasn MOLLHOCTb CTOPOHHMX UCTOUHUKOB

RePr = Frep = BT - BELLLECTBEHHAA YaCTb KOMMNNEKCHOM MOLLHOCTU CTOPOHHUX NCTOYHUKOB
paBHa cpeaHen 3a Nnepmos MOLWHOCTU CTOPOHHUX UCTOYHMKOB
N COOTBETCTBYET CPEeAHEN 33 NepMNOoL aKTUBHOM MOLLHOCTU
CTOPOHHUX UCTOYHUKOB

ImP.. - MHMMas 4aCTb KOMMNAEKCHON MOLLLHOCTU CTOPOHHUX UCTOYHUKOB PaBHa
aMnAuTyae peakTMBHON MOLWHOCTU CTOPOHHUX UCTOYHMKOB

Frep - BelwecTBeHHan Be/MUMHA, PaBHAA CPEAHEMY 3@ NEPMOZ, 3HAYEHMIO MOLLHOCTY
TennoBbIX NoTepb B 06beme V



BanaHC KOMNAEKCHbIX 3HaYEeHUN MOLLHOCTU

Ferep = Prep + Fucp - Ganamc cpegHmx 3a nepros mowHocTed

Jm;ﬂm§ﬁ3+m@@—m@
5

Pna

Prep#0

Pncp < Pcrcp

PEcp(Sl) >0

S,
// \\/

/ \\ =<

/// = \ / NP

/ HZ \\ /”Vg \\\

‘ I

VvV, [ > D/: Py

l\ /' H2 \\‘ /

™ —~ N /

\\ // I, S I
. A 3
\\\ e SH

- 2
Ferep =10 Forep =0
Biep =0 Picp > 0

PE cp(SIEJ = PE cp(sg)

PEcp(Sz){‘{] PEcp(SE){‘{]



npﬂMble nu 06pa'er|e 3a44d4YUm IN1EKTPOANHaAMUKHN

MpAamas 3agaya - 3a4aya aHanAu3a (onpegeneHna) noneii E(t,x,y,2) n H(t,x,2)
MO 334aHHbIM CTOPOHHUM UCTOYHUKAM J(t, x,y,z) Vp.(t, x,¥,Zz).

MpUMEHUTENBHO K MPAKTUKE MPAMYIO 334,34y MOXHO NMOACHUTb, Hanpumep, Tak.
3afaHa reoMeTpua n3nyyatoLLei CTPYKTYpbl (aHTeHHa) n amnanTygHo-das3osoe
pacnpegeneHune ToKa, npucyLllee AaHHON CTPyKType. Hy>KHO onpeaenuntb

3HaYeHUA BEKTOPOB NO/A B NPOM3BO/IbHOM TOYKE NPOCTPAHCTBA.

O6paTHas 3agaua - 3agava cuHTtesa (onpegenenus) 1(6%Y,2) y pe(t%,5,2) no
3a4aHHbIM NOMAM E(tjx,y,z)m ﬁ(t,x,y,z).

MpUMeEHNTENBbHO K NPaKTUKe 0O6paTHYIO 33434y MOXKHO NMOACHUTb, HAaNPUMEp, TakK.
3aaaHa NPOCTPAHCTBEHHO - BpEMEHHAA KapTUHA BEKTOPOB NonA. TpebyeTcs
CMHTE3MPOBATb TaKYl0 FEOMETPUIO U3NYYAIOLWEN CTPYKTYPbI (QHTEHHbI) U TaKoe
amnanTyaHo-$a3oBoe pacnpeaeneHme no Hen, Kotopble 6bl obecneymBanu
dopmmrpoBaHMe 3a4aHHOM KapTUHbI NOAS.



BonHoOBbIE ypaBHEHUA A8 MFTHOBEHHbIX 3HaueHu BekTopos IMI

ypaBHEHllle MaKcsenna cBogAaTca K APYrmMmMm ypaBHEHUAM, KOTOPblE 3aBEAOMO OMUCLIBAOT

BO/THOBOM npoLecc.
MycTb 06nacTb NPOCTPAHCTBA ABAAETCA naeanbHbim gnsnektpukom 9 =0y He umeer

CTOPOHHWX UCTOYHMKOB: Jer =0 Y Per =0
M3 nepBoro ypaBHeHUA MaKcBenna rotH = dD/dt MOHO MOAYYUTb
V2H — e, 02H/8t2 = 0
13 BTOpPOro ypasHeHnsa Makcsenna rotE = —dB/dt MO3KHO MOAYYUTb
V2E — e,u,02E/0t2 =0
OnepaTop V?(unTaeTca Kak «Habna KsagpaT») - 3To onepatop flannaca. Popma 3anucu

onepaTopa onpeaenseTca UCNosb3yemMon CUCTEMOMN KoopanHaT. Hanpumep,
B A€KapTOBbIX KOOPAMHATaX V2= 92/3dx2 + 3%/dy? + 92/0z?

MpuseaeHHble auddepeHumanbHble ypaBHEHUA 2-T0 NopAAKa ABAAKTCA BOJIHOBbIMMU
ypaBHEHUAMM, TaK KaK OHM OMNUCLIBAIOT BOSIHOBOM npouecc. lMpu atom e, = 1/v?
NapameTrp v =1//e.ts  xapaKTepusyeT CKOPOCTb 3TOro npotecca.

BakHo!

1. W3meHeHMe BEKTOPOB Mos B NPocTpaHcTee (V2 ) Bceraa cBA3aHO C U3SMEHEeHUem
BEKTOPOB BO BpemeHu (92 /at2).

2. Ha xapaKkTep BO/IHOBOrO MpoLecca oKasbiBaeT BAnAHUe cpeaa (€a Ha).



BonHOBbIE ypaBHEHUA ANA KOMNJIEKCHbIX 3HA4YeHUit BeKTopos M

V2E + w?EiE = 0 V2H + w?EfiH = 0
310 ogHOpOoAHble AndPepeHUManbHblie ypaBHEHUA 2-T0 NOPAAKA — BOJIHOBblE YPaBHEHMUS.
OHM onncbIBatOT BOTHOBOM NpoLecc..

BarkHo!

1. N3meHeHMe BEKTOPOB NoA B npocTpaHcTBe (V2 ) 3aBUCUT OT YacToTbl (w? )

M napameTpoB. cpeapl ( €alla).

BaxkHo!

1. Echm B uccnegyemon o61actn NnpocTpaHCTBa MMEHTCA CTOPOHHUE TOKU U
3apAaapl, a cpeaa obnagaet KOHEYHOM NPOBOAMMOCTbLIO, TO U B 3TOM C/1Y4a€ MOXKHO
NONYYUTb BO/IHOBbIE YpaBHeHUA. OHM ByayT 6onee CNOXKHbIMMK, TaK KaK NpaBas
4acCTb M3-3a HA/IMYMA CTOPOHHUX UCTOYHMKOB OKAXKETCA OTZIMYHOM OT HYAA.

2. B obwem cnyyae gns onpeneneHna BEKTOPOB NoAA MO 3a4aHHbIM UCTOYHMKAM
0bObIYHO NPUMEHAOT UCKYCCTBEHHbIN MPUEM: CHaYaa HAaXo4AT BCMOMOraTe/ibHble
bYHKLUMKM, @ MOTOM Yepes HUX BbIYUCAAIOT BEKTOPbI MONA. ITU BCMOMOraTe/ibHble
GYHKUMM NPUHATO HA3bIBaTb 3/IEKTPOAMHAMUYECKMMUM NOTEHLMANAMMN.

OHM TaKKe ONMUCbIBAIOTCA BO/IHOBbIMU YPABHEHMAMM, HO UX NMPaBan 4YacTb UmeeT
6onee NpocTon BNA M NOSTOMY OHW OKa3biBatoTcA bonee yaobHbIMM AnA pelueHun
KOHKPETHbIX 3a4au.



rpaHM'-IHbIe ycnosuma

YpasHeHua Makcsenna B agnddepeHumanbHom dopme cnpaseanBbl B C/Iy4ae JIMHENHbIX
cpea, NnapameTpbl &, U o KOTOPbIX MO0 He 3aBUCAT OT KoopAMHaAT, IMbOo ABNAOTCA
HenpepbIBHbIMU PYHKLUMAMKU KOOPAUHAT. Ha NpaKTUKM nMmetoT mecTto 06n1acTu

coctoawme u3 Asyx (Mnm bonee) pasHopogHbIX cpea.
PaHMUa pa3gena

Cpeﬂa 1 €a1sHa1, 01 / Cpe,ﬂ.

Cpe'ﬂla 2 €az, Haz, 02

Onepauna anpdepeHUMPOBaAHMA B TOUKAX, NPUHAANEXKALWMX TPAHULLE pa3aena,

He 3aKOHHa, 1 ypaBHeHUa Makcsenna B gubdepeHumanbHom Gpopme B 3TUX TOUYKAX

TepAOT CMbICA.

[103TOMY Ba*KHO 3HATb rPaHMYHbIE YC/I0BUA, TO €CTb COOTHOLLEHUA, NOKa3bliBatoLWwme
CBA3b MeXAay 3HavyeHnAMU BeKTopoB IMI1 B pa3HbIX cpena y NOBEpPXHOCTU pasgena.



lPaHWYHbIE YCNOBUA ANA BEKTOPOB lPaHWYHbIE YCNOBUA ONA BEKTOPOB

ANEKTpUu4yecKoro nona MAarHUTHOro nonda
E, = Ey, +Ei; E; =ngE, +ToE; H =Hy, +H,; H =ngH, + ToH,
E —
€31, Ma1,07 . ; €31, Ma1,07 H;
o _
7,
Tg .
Ty
€az2, Haz, 02 €az2, Haz, 02
HOpN\afIbele CcoCTtasnarwme HOpN\afIbele cocTaBasoLLme
€a1E1n — €2Eon = Ps Hin M2
Dlﬂ _ Dzﬂ = Ps HE]"[ tHaq
Blﬂ — Bzﬂ
KacaTtesibHble cocCtasadarwowmne KacaTtesibHble cocCrtasnarowme
El’: - EZI le _ HEI - js
Dir _ &n Bi: Ba: .
_ — = Js

DET £az a1 Haz



lPaHMUHbIE YCNOBUA Ha rpaHuLe pasaena
nAeanbHbIV AUINEKTPUK - UaeaNbHbi NPOBOAHUK

NpeanbHbI AN3NEKTPUK

-y
Ea1 = Eg,Ha1 = Uo, 01 = 0 Ey
f—

Eﬂ fﬂ H 1
>

NpaeanbHbln NPOBOAHUK

Caz — 99, g = g, 0 = 2

El*r — {] Elﬂ — ps/fﬂ Hl?l — U le :js

BaskHo! Ha noBepxHOCTM nAaeanbHOro NPoBOAHUKA KacaTelbHas COCTaBAOLLLANA

HanNnpAXeHHOCTU 3/IEKTPUYECKOIO Noaa U HOpMaJibHaA COCTaB/1AKOWAA HAaNPAXEHHOCTU
MarHMTHOro noaA O6paLLI,alOTCF| B HY/1b.



