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INPEAVCIIOBUE

Hacrosiee yuyebHOe mocoOue OXBaThIBaeT MEPBYIO YACTh Kypca
JTUCHUIUTMHBL  «DJEKTPOAUHAMUKA U PACIPOCTPAHCHUE PATUOBOJIHY.
Ono COJIEPKUT OCHOBHBIE pazneinsl, COOTBETCTBYIOILIKE
['ocymapctBeHHOMY  cTaHmapry 1o  cneuuanbHoctTd  210601.65
«PamnosneKTpOHHBIE CHUCTEMBI M KOMIUIEKCHI» M MO TMOJTOTOBKE
OakanaBpoB 1no HampaiaeHutro 210400.62 «Paguorexnuka». ITocoOue
TaKK€ MOXKET OBITh HCIOJIB30BAaHO MO TMOATOTOBKE OakalaBpoOB IIO
HanpasieHuto 010400.62 «IlpuknagHas MatremMaTuka U MHOOpMATHKA»
¥ 00y4YarolmuMHUCS B MarucTparype mo HampaBjeHuio «PagmoTexHuka»
u 1o HanpasieHuto «llpuknagHas wmaTreMatnka W HWH(pOpMaTHKa.
YuebHoe nmocoOue HalMcaHO Ha OCHOBE JICKIIMN, YNTAEMbIX aBTOPOM B
MOCKOBCKOM  TOCYJIapCTBEHHOM TEXHUYECKOM  YHUBEPCHUTETE
PaIMOTEXHUKH, FJEKTPOHUKH U aBToMaTuku (MI'TY MUPDA).

MaremaTuueckuid anmapaT COOTBETCTBYET IPOTpamMMe BY30BCKOTO
Kypca BBICIIICH MaTeMaTHKHU.

B  mocobum  u3yyaroTCcs ~ 3JEKTPOMAarHUTHBIE  SIBJICHMS,
IPOUCXOJAIIME B CBOOOJAHOM MPOCTPAHCTBE, HA TpaHUIAX pasjena
cped, B BOJHOBOJAAX W B pe3oHaTopax. TeopeTuyeckoil 0a3oi,
UCIIOJIb3yEMON MPHU U3YUYECHUU DJICKTPOMATHUTHBIX SIBICHUU, SIBIISIETCS
cucTeMa ypaBHEHMI MakcBellsla U psJi OCHOBHBIX MPUHITUIIOB TEOPUU
AJIEKTPOMArHUTHOTO TOJIS, M3y4aeMblX B mocoOuu. CuuTaercs, 4TO
AJIEKTPOMArHUTHOE TOJE CO3AAaETCA, WM BO30YXKIaeTcsl 3aJaHHBIMU

HUCTOYHUKaMH — CTOPOHHHUMU TOKaMU. XapaKTepI/ICTI/IKI/I
SJICKTPOMArHuTHOT'O IIOJIA B 3aJadax B036y}KI[€HI/IH OIIPCACIAOTCA U3
PCHIICHUA HCOAHOPOAHBIX ypaBHCHI/Iﬁ SJICKTPOANHAMHUKMH,

YIOBJIETBOPSIOILIETO BCEM YCIIOBUSIM TEOPEMBI €IUHCTBEHHOCTH.

IIpy wu3yyeHUM KOHKPETHOI'O 3JJIEKTPOMATHUTHOIO  SIBJICHUSA
BHavaJie (OpMYJIHPYETCs] MOCTAHOBKA 3JIEKTPOJIMHAMUYECKON 3ajaud,
UMeEIoIIen €INHCTBEHHOE pEIICHHUE. 3aTem MPOBOJUTCS
MaremMaTuueckoe pemieHue 3aaadn. [Ipu 3ToM 1OApPOOHBIM BBIBOA
OTZEJIbHBIX (POPMYJI MOKET OBITh BHIHECEH HA MPAKTUUECKUE 3aHATUA. B
3aKJIIOYCHUE JAETCS aHAJIM3 MATEMAaTHYECKOrO pEIIEHUs 3aJadyd M
(U3NYECKOE OCMBICIIEHUE MOJYYEHHBIX PE3YIbTATOB.
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I'/TABA 1. OCHOBHBIE ITOJIO’KEHUA U YPABHEHUSA
QJIEKTPOAUHAMMUKHU

1.1. XapakTepuCcTHKH IJIEKTPOMATHUTHOIO MOJIA.
DJIeKTPUYECKHE 3aPAIAbI U TOKH

OJIECKTPOMarHuTHOE  MOJIE ~ MOXKHO  ONMCAaThb  YETHIPbMS
BEKTOPHBIMU  (DYHKIMAMH, 3aBUCSIIMMHU OT  TMPOCTPAHCTBEHHBIX
KOOPJAWHAT, WJIM OT pajauyca-BeKTopa [, NMPOBEASHHOIO W3 Hayaja
KOOpJIMHAT B IMPOM3BOJIbHYIO TOYKY MPOCTPAHCTBA, U BpeMeHH t. DTH
(GYHKIMH SBIISIIOTCS OCHOBHBIMHU XapaKTEPUCTUKAM DJIEKTPOMArHUTHOTO
MOJIS1 U HAa3bIBAKOTCSL:

1)HanpsKeHHOCTH dneKTprdeckoro mojis E(F,t),
2)unaykuus >nekrpudeckoro nois D(F,t),
3)HanpskeHHOCTh MaruuTHoro nomsa H (F,t)

A)MHIYKIHS MAarHUTHOTO TIOJIS B(F,1).

HNcTouHnKaMu 3JIEKTPOMArHUTHOTO TOJISI SIBIISIFOTCS 3JIEKTpUYEC-
KHUE 3aps/ibl U TOKHU.

IToHsATHS XapaKTEPUCTUK SICKTPOMATHUTHOTO TIOJSA, 3aps0B H
TOKOB PAaCKPBIBAIOTCS MIPU U3YUECHUH 00IIIETO Kypca PU3UKH.

Pacrnipenienienue sneKTpUYeCKHX 3apsAlOB B IIPOCTPAHCTBE Xa-
pakTepusyercs 00beMHOM MIIOTHOCTHIO 3apsifa O :

i AQ
p=Im (1.1)

rae AQ - BenmumHa 3apsiia B o0beMe AV,
IMonuetii 3apsg Q B obactu V onpeaenseTcst BRIPaKeHHEM:

Q=[pdv, (1.2)

Pacnipenienienne  2JEKTPUYECKMX  TOKOB B IIPOCTPAHCTBE
XapaKTepu3yeTcs 00bEMHOM MIOTHOCTBIO TOKA |

j=i"lim — (1.3)
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rae |’ - eJWHUYHBIA BEKTOp, YKa3bIBAIOIIMI HAMPABICHUE IBHKCHHUS
AJIEKTPUYECKUX 3apAaoB, Al- BelInMuMHA TOKa, MPOXOIAIIETO YEpe3
IIOIMAAKY AS, IepHEHANKYISIPHYIO BEKTOPY 1

[Tonnsii TOK I, mpoxoasiuil yepe3 TPOU3BOJIBHYIO IIOBEPXHOCTD S
B MPOBOJAILIEM TEJIE, ONPEAEISETCS BIPAKEHUEM:

I=[jds=[jvds=[jds (1.4)
S S S

~ —’0 _*0 (V] v
rae dS=V'ds, V' - emguHWYHBIH BEKTOP HOPMaiM B KaXIOW TOYKE
—.’_,0 -
MOBEPXHOCTH S, CKaJIspHOE TMPOU3BEACHHE BEKTOpoB JV =],
MPEACTABIISIET COOON HOPMAIBHYIO COCTABIISIONLYIO INIOTHOCTH TOKA.

B MC)KI[YH&pOI[HOfI CUCTCMC CIAMHUIL cu XAPAKTCPUCTUKHU IJICKT-
POMArdiuTHOIO I10JI4, 3apAdbl 1 TOKKM UMCHOT CIICAYOIIUC PASMCPHOCTH!

[ E] =B/M (Bousr Ha Metp) ;[ D]=Kn/n? (KyIoH Ha KBagpaTHBI
MeTp);

[H]=A/M (Awmmep namerp); [B]=T (Tecna)

[Q] =Kn (Kynon); [ p]1=Kiu/m® (KynoH Ha KyOUUeCKuUii METP);

i

[1] =A (Amnep); [ ]]=A/M?> (AMnep Ha KBaJpaTHBIH MeTp).

B snexkTpoMarHuTHOM TOJIe€ Ha 3apsii JEHUCTBYET CuUja, Opese-
JIsIeMasi BEKTOPaMH HAIPSKEHHOCTH JIEKTPHUYECKOro MoNisi E 1 MHIyK-
MM MarHuTHOro momst B . B BakyyMe 3TH BEKTOPBI CBSI3aHBI C
BEKTOPAMH HHAYKIMHA SIEKTPHYECKOr0 MoMsi D M HampsykeHHOCTH

MarHUTHOTO 10JII H CcOOTHOIIEHUAMU:

1

367
MepHOocTh ®D/M (Dapana HA METD);

. -9
rae €o = 10. AJIEKTPUUYECKas TOCTOSHHAs, HMeElIas  pas-

-7
o =47 -107" - mMarHuTHAS MOCTOSHHAS, UMEIOINAS Pa3MEPHOCTH

I'a/m (I'eHpu Ha MeTp).
Yepes 5TH ABE BaKHEHIIHE DJICKTPOAMHAMHUYCCKHUE KOHCTAHTBI
BBIPAKACTCS TPEThS - CKOPOCTh CBETa B BaKyyMe C !
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1.2. YpaBHenuss MakcBe/uia

XapakTEePUCTUKH DIIEKTPOMATHUTHOTO IIOJSA, IUIOTHOCTh TOKA H
IJIOTHOCTh 3apsijla CBSA3aHbl MEXAY COOOM  CHUCTEMON ypaBHEHU
Makcgemia B auddepeHnraibHon Gpopme:

- 5D - —
1. rOtHZE-l-J, 3.divD=p

~ B _
2. rotE =~ 4. divB =0 (1.6)

Bxomsiimue B cucremy muddepeHnuanbabie omnepaTtopbl div (am-
BEPreHIus) 1 ot (poTop) SBISIOTCS MPOCTPAHCTBEHHBIMU (0ObEMHBIMHU )
MPOU3BOIHBIMU, KOTOPbIE ONPEACIIAIOTCS CAEAYIOUUM 00pa3oMm:

ja ffa]

N I AS =~ | AS
diva = AI\I/TO AV ' rota = Al\quo AV ' (1.7)

—

rae [J1@9S - cxanspueii, a Dj[ads]_ BEKTOPHBII IIOTOKM BEKTOpa 4
AS AS

4yepe3 MOBEPXHOCTh AS, OrpaHUYMBAIONIYI0 00JacTh AV. B mekapTOBBIX
KoopauHatax (X, Y, Z) JUBEPreHUUsT M POTOP BBIYUCISIOTCS IO
cleayrouuM Gopmyiam:

da, 0a, oa

diva =div(X‘a, +y'a, +Z°’a,) = + 4+ —2
Xac+ya +za,)="72"+73 T (183)

_ _.oa, 0a,\ _(oa, oda,) _. [0, oOa,
rota = X —— |ty - +Z| —— (1.86)
oy oz oz  OX ox oy )’

rae X, Y ,Z° - eqMHUYHbIE BEKTOPBI, AapajlIelIbHBIE OCIM X, Y, Z .

3aMeTuM, 4YTO MpPHU PEIICHUM SJICKTPOJMHAMHUYECKUX 3a]ad HC-
MOJB3YIOT Ty WIN UHYI0 CUCTEMY KOOpJMHAT, a ypaBHEHUs1 MakcBellia
paclnuChIBAlOT B KoopauHaTHOU ¢opme. Tak, Hampumep, mepBoe BekK-
TOPHOE ypaBHEHHE MakcBemia B JIEKapTOBOM CHUCTEME KOOPAMHAT
MPEJICTABIISIETCS B BUJIE:
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_[oH, oH, ) _(eH  oH,\ _.[oH, OoH,

X —~ +9 - +7 — =
oy 0z 0z OX OX oy
=X’ aDX+' +y° 6Dy+_ +7° 6D2+' |

- 6’[ Jx y Gt Jy 8’[ Jz

KOTOPO€ 3KBUBAJIEHTHO CUCTEME TPEX CKAIAPHBIX YPABHECHUN

oH, oH, oD, .
— — +Jx’
oy 0z ot
oH, oH, dD, .
— — +Jy7
0z OX ot
oH, oH oD

——X=—_4].
ox oy ot

VYpaBHeHnus: MakcBesia MOKHO TPEIACTAaBUTh M B HWHTETPAIBHOM
dopwme. s aToro o6e yactu 1-ro u 2-ro ypaBuHenui (1.6) yMHOKUM Ha

dS wu mpouHTErpHpyeM IO IPOM3BOJIBHON MMOBEPXHOCTH S , OrpaHu-
4eHHOM KOHTypoMm L . [IpumeHuM K uHTErpajsaM B JIEBBIX YacTAX
Teopemy Crokca:

*df=jrot§£, (1.9a)
S

N s

rme  dl =7°dl;ds =V°ds;

KOHTYpy L , V' - eIMHWYHBIA BEKTOp HOpMaH K moBepxuoctH S . Ilpu
UHTETPUPOBAHUM 00X0Jl KOHTypa L mpoOMCXOOUT HOpOTUB YacOBOM

- EIWHUYHBIM BEKTOP, KACATEIbHBIA K

CTPEJIKH, €CJIM CMOTPETh ¢ KOHIIa BeKkTopa V' .
B pesynbrare monyuum l-oe m 2-oe ypaBHeHMss MakcBesna B
UHTETpajabHOU popme:

L fRT=1 e fET=-SfiEE. g
L , L dt S ’
- oD—
I=|jd M—1—=d
rae 'Ij S I -l.at S
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[To ompenenennio Beanunua 17" HaspIBaeTCS TOKOM CMEIIEHMSI, a
9

BEJIMUYMHA | = = 5 00BEMHOM IJIOTHOCTBIO TOKA CMEIICHUS.
4

HNuterpupys o6e udactu 3-ro u 4-ro ypaBHeHHM MakcBenia 1o
IPOM3BOJILHOK obnactu V, OrpaHMYEHHOW TIOBEPXHOCTHIO S, H
NpUMEHSIE K WHTErpajaM B JIEBOM 4dacTu Teopemy OcTporpaackoro-

Taycca _[ divadv = mads , (1.10a)
\Y/ S

noyuum 3-¢ u 4-e¢ ypaBHeHuss MakcBesuia B MHTETpalibHOM (opme:

3. IDds=Q 4 [f]Bds=0 (1.10)
S

S

roe Q= IPdV.
Vv

1.3. OcHOBHBIE 32aKOHBI )JIEKTPOMATHETHU3MA,
BbIpa:kaemble ypaBHeHnsimu MakcBesuia

IlepBoe ypaBHeHue MakcBenna siBigeTcss 0OOOIIEHHMEM 3aKOHA
AmMrepa U BbIpa)kaeT 3aKOH MOJIHOTO TOKa, U3 KOTOPOTO CIEAYET, UYTO
NEPEMEHHOE BO BPEMEHHM MAarHWTHOE IIOJIE MOXET CO3JaBaThCsl Kak
TOKaMH IIPOBOJIMMOCTH, TaK U TOKaMH cMmeneHud. OTcroja ciaeayer, 4To

dD
NEPEMEHHOE DJIEKTPUYECKOE TOJIe (E #0) cosmaer mepemeHHOE
MarHuTHOE ToJie. DTOT BBIBOJ MPUHAJICKUT MakcBemty.

Btopoe ypaBHeHue MakcBenna sBisieTcsi 0000IIEHMEM 3aKOHA
NIEKTpOMarHuTHOM wHAaykuuu Papazges, Kotopwlii ciaeayer u3 (1.9),
€CJIM B KauecTBe KOHTypa L B3sTh npoBoasumii KOHTYp Lmp. VI3 BTOpOTro
ypaBHEHHs MakcBemia Takke CIEQyeT, 4YTO IMEPEMEHHOE MarHWTHOE

dB
(E # 0) orte cosmaer mepeMeHHOE HMEKTPHICCKOE TIOJIE.

Tpetbe ypaBHeHHe MakcBeia sBISIETCS OO0OOIIEHMEM 3aKOHA
["aycca Ha mepeMeHHOe IEKTPUUECKOe MOoJIe.

YeTrBepToe ypaBHEHHE MakcBeiia OTpakaeT TOT (PaKkT, 4yTO B
IPUPOJIEC HET MarHUTHBIX 3apsI/IOB, U CHJIOBBIC JINHUM MarHUTHOTO TOJIS
HEIPEPHIBHBI.
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CunoBBIMH JTUHHUSIMH BCKTOPHOTO IT0JIAA HA3BIBAKOTCS JIMHUHU, KOTO-
pPBIC B KEDKI[Oﬁ TOYKC IPOCTPAHCTBA KACAKOTCA XAPAKTCPUIYIOLICTO HUX
BCKTOpa. HpI/I 9TOM TI'YCTOTa CHIIOBBIX JIMHUH onpeaciICT BCIMYHNHY
I10JIA.

1.4 YpaBHeHMe HENPEPHIBHOCTH U 32aKOH COXPaHEHMs 3apsiaa

Bo3bMeM JuBEpPreHIuio OT 00eux 4YacTel MEepBOTO ypaBHEHUS
(1.6). Yuntsias, uro divrotd =0, nomyuaem:

(oD -
di o ) =0 (1.11)
OTO YpaBHEHHE HA3BIBACTCA YPABHEHHMEM HENPEPHIBHOCTH. OHO

oD -
OoTpakaeT TOT (haKT, YTO CHUJIOBBIC JIMHUU BEKTOpA ot + 1|, npen-

CTaBJISIFOIIET0 CYMMY IUIOTHOCTEW TOKOB CMEIICHUS U MPOBOJUMOCTH,
HETPEPHIBHBL.

. s 8 - =
[lepenumem ypaBuenue (1.11) B Buze leJ+§(d|VD):O.

Hcnone3ys TpeTbe ypaBHeHHE MakcBema u3 (1.6), noiyyaem:

. - Op
divj+—=0
J ™ : (1.12)
OTO ypaBHEHHME BBIPAXKAET 3aKOH COXpaHEHHs 3apsaa B audde-
peHnuaibHoi popme.

HNurerpupyst ypaBHenue (1.12) mo mnpousBonsHOM ob6mactu V u

OpUHUMas  BO  BHMMAaHHE, 4TO IdiV jdv= [ﬁ J0s=1 pomyunm
\Y S
COOTHOLICHUE
dQ
o S
==, (1.13)

KOTOPOE BBIpAXKACT 3aKOH COXpPaHEHUS 3apsija B MHTETPaIbHOU (hopMe:
BEIMYMHA 3apsana B 00nacTu V MOXKET U3MEHHUTHLCS TOJILKO 3a CUET €r0
BBITCKAHWSI U3 3TOH OONACTH, WJIM 3a CUET ero mpuToka w3BHe. llpm
orcyrcTBuM aBroKeHHs 3apsanoB (| =0) Benmnunna 3apsga B oonacta V
OCTAaeTCA MMOCTOSHHOM.
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1.5. MaTepuajibHbIe YpaBHEHHUS U KJIACCU(PUKALMS Cpe/

Cucrema ypaBHenuit Makcsemnia (1.6) B MaTeMaTH4E€CKOM CMBICTIE
HE sBisETCA MOJHOU. IlepBoe M BTOpOE€ ypaBHEHMS ITOM CUCTEMBI
BKJIIOUAIOT TSITh HEW3BECTHHIX (yHKIMK. HemomHora cucremsl (1.6)
OOBSACHSETCS €€  YHHMBEpPCAJIbHOCTBIO:  ypaBHEHHMs  MakcBeia
OMUCHIBAIOT AJIEKTPOMArHUTHBIE MTPOIIECCHI B JIFOOBIX Cpeliax, B TO BpeMs
KaK MMapaMeTphl, XapaKTEPU3YIOLIUE CPely, B HUX OTCYTCTBYIOT.

B 3aBucuMocTH OT BHZA CpEIbI cymeCTByeT q)yHKuHOHaanaﬂ

cBssb  Mexnay  Bexropamu D u E, B u H, ] u E onucsiBaemas
MaTepHalbHBIMU YPABHEHUSIMU:
D=D(E), B=B(H), J=j(E).
B 00miem cirydae Ui IPpOM3BOJILHOM Cpe/ibl MaTepHajIbHbIE ypaB-
HEHUS MOKHO 3aIliCaTh B CIEIYIOIIEM BUJIE:

D=(s)E, B=(u)H, [=(0)E, (1.14)
rae (¢.),(1,),(0) - kBagpaTHBIE MAaTPHUIIBI TPETHETO MOPSAAKA (TEH30DHI).

DJIEeMEHTHI ITUX MaTpuIq IMpcaACTaBJIAIOT coboit ImapaMeTpBhl,
XApPaKTCPpU3YIOIIHUC IMPOU3BOJIBHYIO CPCOY. MaTepI/IaHBHOC YPaBHCHHUC

D = (&,)E - B koopamHaTHOI (OPME 3aIHCHIBAETCA B BHJIE:
D, = &€uEx T €ayEy + €40 E,,
D, =&.,E, +e,,E, +€,,E,,

y
D, =¢, E+g E+8E

azy —y
1€ TEH30D AUBJICKTPUUYECKON ITPOHUILIAEMOCTH (&,) UMEET BULL:

g & g

axx axy axz

(ga) = gayx gayy gayz

& &

azx azy azz

g
AHAJIOTUYHO 3aIlMCBhIBAIOTCS U ABa OPYIruc MaTrCpuaJbHBIC YpaB-

nenns B=(u,)H, [=(0)E uremsops (¢,)u (o).
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Takum oOpazom, Mpou3BOJIbHAS Cpella MOXET ObITh omucaHa 27
napamMeTpamH.

Eciu Bce mapameTpsl cpeabl HE 3aBUCAT OT BEKTOPOB MOJISA, TO
Takas cpe/a Ha3bpIBaeTCs TUHEHHOU. Ecim XoTs ObI OIMH U3 TapaMeTPOB
3aBHUCUT OT BEKTOPOB II0JISI, TO CPE/la HA3bIBACTCSA HEJIMHEHHOM.

Ecnu Bce mapaMeTpbl Cpeaibl HE 3aBUCAT OT KOOpPAWHAT, TO TaKas
cpena Has3bIBaeTCs OMHOPOAHON. Ecim XoTs Obl OWH W3 MapamMeTpoB
3aBUCUT OT KOOPJAUHAT, TO CPE/Ia HA3bIBAETCA HEOJHOPOIHOM.

Cpena, cBOWMCTBa KOTOpPOM HE 3aBUCIT OT HampaBJICHUS B
MIPOCTPAHCTBE, HA3BIBAETCS M3O0TPOIMHOM cpeaou. B m3oTpornHoun cpene

BEKTOP D MapaJIe]IeH BEKTOPY E , BEKTOP B mapaJuieneH Bektopy H
a BEKTOP j napaienieH Bekropy E E

JIns1 aHU30TPONHOM Cpeibl HapyLIAeTCs yC/IOBUE NapallebHOCTH
BEKTOPOB Du E,uwm B u H, wm juE

JIse M30TPOIHON JNHHEHHOW Cpeapl MaTepHallbHbIE YpaBHEHUS
3aIlMCBIBAIOTCS B BUJIE:

D=¢E, B=yH, j=0E, (1.14a)

TIe €1 4,0 - CKAISIPHBIC BEIMYHHBI, HE 3aBUCSINNE OT BEKTOPOB ITOJIS.

Takum 00pa3oM, M30TPOINHAS JIMHEWHAs cpella XapaKTepUu3yerTcs
TOJILKO TpeMsl TTapaMeTpaMHu:

Ey- aOCONIOTHAsA JUAJIEKTPUYECKas MPOHUIIAEMOCTbh CpEbl,

uMeromas pasmepHocte @/m (Papama Ha MeTp); H,- aOCONIOTHAS
MarHuTHasi TPOHUIIAEMOCTh CpEAbl, HMeEIolas pa3MepHOCTh ['H/M
(I'enpu Ha MeTp);

O - yledabHas NPOBOJAMMOCTb CpPEAbI, HMEIOIIAs Pa3MEPHOCTb
1/(Om*Mm) = Cm/Mm (CumeHc Ha METp).

Yacro cpeabl XapaKTEPU3YIOT OTHOCUTEIbHBIMU
IPOHUIIAEMOCTSIMH, COMOCTABJISIE MX AOCOJIIOTHBIE MPOHUIIAEMOCTH C
IPOHUIIAEMOCTSIMH BaKyyMa:

& =&, l& o - OTHOCUTCJIbHAs JOUIJICKTpUYCCKasd IIPOHULIACMOCTH
Cpenbl;
H= U, / Hy- OTHOCUTEJIbHAsTI MarHUTHAasA IPOHUIIAEMOCTh CPEbI.
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B 3aBUCUMOCTH OT BEIMYMHBI O CpEIbl JEISAT Ha MPOBOJHUKH,
JTUDJICKTPUKA W CPEeJbl, 3aHUMAIOIIME IMPOMEKYTOYHOE TIOJIOKEHUE
MEXy MPOBOJHUKAMU U JUIJICKTPUKAMH.

Cpena, y kotopoit ¢ = 0, Ha3bIBa€TCS UACATBHBIM JUIICKTPUKOM,
a cpenia, y KOTOpOd O =0 ,Ha3bIBACTCS UJICATbHBIM ITPOBOTHUKOM.

B wpeanrbHOM NPOBOJHUKE MOTYT CYIIECTBOBAaTH TOJIBKO TOKH

HIPOBOJUMOCTH C IUIOTHOCThIO J=0E. [lpu sToM HampsuKeHHOCTH

AIEKTPUYECKOTO IOJIS B UICATbHOM MPOBOJHUKE paBHA HYIIO0. [loaTOMy
B MJICAJIbHOM ITPOBOJIHUKE OTCYTCTBYIOT TOKH CMEIIICHUS:

zow _ 0D _ CE

J ot a5 -

B uaeanbHOM IUAIIEKTPUKE, HAOOOPOT, MOTYT CYIIIECTBOBATH JIUIIThH
TOKM CMEIIEHHUS, & TOKU MPOBOJAUMOCTH OTCYTCTBYIOT.

B peanbHBIX cpepax MOryT CylI€CTBOBaTh KakK TOKH HPOBOJM-
MOCTHU, TaKk U TOKU cmelieHus. Ecnu B cpene mpeobiagaloT TOKU Mpo-
BOJIMMOCTH, TO €€ OTHOCST K IMPOBOJAHUKY, & €CIU NpeoOJialaloT TOKH
CMEIIEHUSI, TO K INIJICKTPUKY.

PaccMOTpuM 3IIEKTPOMArHUTHOE TOJIE B JIMHEWHOM H30TPOITHOU
Cpene, BEKTOP HAINPsKEHHOCTH DIEKTPUYECKOTO MOJISI KOTOPOro B
KaXJOM TOYKE CpeAbl H3MEHAECTCA IO 3aKOHY TapMOHUYECKHX
KOJICOaHMil:

E(F,T) = E_(F)-cos[w-t+¢(F)], (1.15)
rne @=2xf - xkpyrosas wactora KoneGaHuii.

OHpeI[eJ'II/IM INIOTHOCTHU TOKA MPOBOANMOCTH J ¥ Toka cMmeueHus .

j=cE= aEm cos(awt + @)

+CM oD oE =Y
= — e == ¢ wE sin(wt+
7= T T e Ensintet ),

PaccMoTpuM OTHOIIEHWE AMIUIATYJ 3TUX TOKOB, KOTOpPOE Ha3bl-
BAIOT TAHTCHCOM yTJIa AMIJIEKTPHUYECKHUX MOTeph 190 -
I o

o = =190 (1.16)

I W-&,

ITpu 196 <<I cpeay OTHOCAT K AUIJIEKTPHUKY, a mpu (9o >>1- k
IPOBOJIHUKY.
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Tl MeTaIMYecKuX MPOBOIHUKOB, y KOTopsiXx o ~ 10" [Cm/M], BO
BCEM Juamna3one paguodactoT 19 6 >>1. [ToaTomMy Bce METalIbI SBIISFOT-
Csl XOPOILLIMMH TPOBOJHUKAMU.

DONEeKTPONPOBOJAHOCT, ~ MATEPUAIOB,  HUCHOJB3YIOIIUXCS B
paJMOTEXHUKE B  KA4E€CTBE  JUAJIEKTPUKOB, HMEET  MOPSAIOK
(107 +107°) [Cm/m]. [last oTux cpex tg J <<1.

Cpensl, y KOTOPBIX Ha HM3KHX YacToTax {Jo >>1, a Ha BBICOKHMX
tg 6 <<1 (mampumep, IOYBA 3€MIIH), OTHOCAT K CpefaM, 3aHMMAIOIINM
MPOMEKYTOUHOE MOJIOKEHUE MEXKY TPOBOJHUKAMU U AUIICKTPUKAMH.

1.6. ITostHast cucTemMa ypaBHeHHUIl 3JIEeKTPOAUHAMUKH

VYpaBHenust MaxkcBemnna (1.6) u marepuanbubie ypaBHeHus (1.14)
00pa3yloT MOJHYI CHUCTEMY YPaBHEHMM JJIEKTpOAWHAMUKH. B sToM

CHUCTEME TOJ BEKTOpPHOU (yHKIHEH ] IOHMMaeTes ILIOTHOCTB TOKA
IIPOBOJIMMOCTH, BO3HUKAIOUIETO B MPOBOJAIIEH CpENe MO ICUCTBHEM
anekTpuyeckoro mnoJyisi. OQHAKO MPU PELICHUU 3JECKTPOJUHAMUAYECKHUX
3a7a4 OOBIYHO BBIACIAIOT HEKOTOPYIO 00jacTh mpocTtpancta V', B
KaXJIOW TOYKE KOTOPOU IUIOTHOCTh TOKA MOYXHO CUMTATh HE 3aBUCSIIEU
OT TOJISI U SIBJSIONIEHCS 3alaHHON (DYHKIHMEN KOOpPJIWHAT U BPEMEHHU.
IIpu >TOM dIEKTpUYeCKHii TOK B obmacth V' paccMarpuBarOT Kak
MEPBONPUYMHY BO3HUKHOBEHMS MOJISI. DTOT TOK HA3bIBAIOT CTOPOHHUM
TOKOM, CO3/IAI0IIHNM WJIM BO30YKIaIOIIUM 3JIEKTPOMArHuTHOE MOJIE.
Pacnipenenenue CTOPOHHEro TOKa B 0O0JIACTH XapaKTEpU3YyeTCs

“cm
00BEMHOM IUIOTHOCTBIO CTOPOHHEro Toka J . IIpu 5TOM ILIOTHOCTE

TOKa NPOBOAMMOCTH | BO BCEH paccMaTpUBAEeMOM 00JacTU IpencTa-

BJISICTCS B BUJIC:

- ] =6 obracmu V'
=3 -

oE — gue obnacmu V'
WU J=cE+]™, (1.17)
C BBeJIEHHEM CTOPOHHUX TOKOB MOJIHYIO CUCTEMY YPaBHECHUM
AJIEKTPOJUHAMUKH ISl TUHEMHON U30TPOIMTHOM CPEIBI MOKHO 3aIUCaTh

B CJICAYIOIIEM BUJIE:
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1) rotH =g, %4‘ cE+ ]

2.) rotE:—yaﬁ ,

@ (L.18)
3.) dive,E=p |,
4.) divu,H =0

1.7. 'paHu4HbBIE YCJIOBHS 3JIEKTPOAMHAMUKHA

VYpaBuenus anexrpoanHamuku (1.18) sBistorcs auddepenHimans-
HBIMU YPaBHEHUSMHU B YACTHBIX MPOU3BOIHBIX, KOTOPHIE UMEIOT OECKO-
HEYHOE MHOKECTBO PEIICHUM.

Jlrobas ¢dusmueckn peanuzyeMas SJIEKTPOJMHAMHUYECKAas 3ajada
UMEET €JUHCTBEHHOE PEUICHUE, KOTOPOE IMOJTYyYAETCsS U3 PELICHHS CHC-
Tembl (1.18) mpu HalOKEHUM HEKOTOPHIX JOMOJIHUTEIBHBIX YCIOBUM.
OTH yCIIOBHS HA3bIBAIOTCA TPAHUYHBIMU YCIOBUSIMU 3JIEKTPOJUHAMUKH.

Ecnu mapameTpsl cpenibl €, 4,0 SIBIASIOTCA HENPEPHIBHBIMU (PYHK-
IUSIMU KOOpPAMHAT BO BCEM OECKOHEUYHOM TMPOCTPAHCTBE, TO A
€IMHCTBEHHOCTH PEIICHUsS] YPABHEHUM AJIEKTPOJUHAMUKU HEOOXOIUMO
HaJIO)KUTh TOJBKO I'PAHUYHOE YCIOBUE HA OECKOHEYHOCTH.

Ecnu ke mnapaMerpbl cpedbl TEpISIT pa3pblB HA HEKOTOPBIX
MOBEPXHOCTAX, HAINPUMEP, HAa TPaHUIEC pa3jesia JIBYX Pa3HOPOIHBIX
Cpeld, TO YpaBHEHUS JIEKTPOJMHAMUKHN HYKHO pacCMaTpUBaATh B Kax-
JIOM cpenie, mapaMeTpbl KOTOPOW HEMPEPBIBHBI, & Ha TpaHUIIE pasieia
3a7aBaTh TPAHWYHBIC YCJOBHS, OMNPEACISAIONINE IMOBEJICHUE BEKTOPOB
MOJIsl HA TPaHUIIAaX pas3jena cpes.

Takum 00pa3oM, TpaHUYHBIE YCIOBUS DJICKTPOAMHAMHUKHA ITO HE-
KOTOPbIE MAaTEMATUYECKHUE COOTHOIICHUS CBSI3U JIJI1 BEKTOPOB MOJA Ha
I'PAHULIE Pa3/eiia IBYX CpPELl.

[IpenctaBuM BEKTOpHI MOJISI Ha TPaHUIE pa3jeia Cpel B BHUIE

—

Pa3IOKEHUS Ha HOPMalbHYH0 V', ¥ TaHreHIMaJbHYIO 4,
cocrapisiromue: a=V'a,+ad, rme a - 000 U3  BEKTOPOB,

XapakTepu3ylIIux Imoie; V' - eIWHWYHBIA BEKTOp HOPMAald K
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KacaTtelbHOM TMIockocTd P B mpousBosibHOW Touke O rpaHuyHOM
MIOBEPXHOCTHU S , HampaBlieHHbIN U3 o01actu |l B oomacts | (puc. 1.1).

a
7 I
5 P
I a-varya, S - Il

Puc. 1.1 IIpencraBneHne BEKTOpA MOJIsI HA TPAHULE Pa3leiia Cpel

CkaJsipHO€ MPOU3BEIECHUE BEKTOpa d Ha €AMHHYHYIO HOpMajb V'

— 0 —

omnpezesieT HOpMaJbHYIO COCTABIISAIONIYIO BekTopa d: Va=a,,

BekTopHoe mpou3BeeHne BEKTOpa & Ha €IMHUYHYIO HOpMaib V
OIpe/IeIIsIeT TAHTCHIINATBHYIO COCTABIISIONLYIO BEKTOpA a
[va]=|va |=d rpea'=a , d'Lla,.
BekTopHyro QyHKIHIO & Ha FPpaHUIIE pa3jeia Cpe MPH MOAX0Ie K

—

rpanuae CO CTOPOHBI o6mactu | 0603HaUNM qcpe3 d,,a IpHu rmoaxonc co

croponsl obmactu Il - gepes a,.

Hcnonb3yst ypaBHeHus MakcBesia B uHTerpaibHoi gopme (1.9) u
(1.10), MOXXHO TOJYUYUTHh CJEAYIOIIME COOTHOIICHUS CBS3U JJISl BEK-
TOPOB TOJISI B MPOU3BOJIBLHON Touke O rpaHUYHOMN MMOBEPXHOCTH S’

N3 Ttpethero ypaBuenust Makcpemia (1.10) -

—_— T

1. v'D,-v'D,=¢, (1.19)
AQ

rae ¢ = IM —=_ 1oBepXHOCTHAS IOTHOCTB HICKTPHUYECKOrO 3apsiid B
touke O;

AS - momianka, coaepikamias Touky O;

AQ - BennunHa 3apsia Ha mromanke AS.

N3 uetBeproro ypaBHenust Makcsenna (1.10) -

—

2, V°B,—V°B, =0, (1.20)
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N3 BTOporo ypaBHenus Maxkcsenna (1.9) -

3 [VE]-[VE]=0 (L.21)
W3 nepBoro ypaBaHeHus Makcseiia (1.9) -
4. [vH, |-[vH, |=7 (1.22)
=~ Al
rae 7 =1 L'LT})E MIOBEPXHOCTHAS IIOTHOCTD JICKTPUIECKOTO TOKA,

| © - eAMHUYHBIA BEKTOp, YKA3bIBAIOIIMI HAIPaBJICHUE JIBUKCHUS
MEKTPUUECKUX 3apsiioB B Touke O;

A | - oTpe3ok, nepreHaAnKyIApHBIA BEeKTOPY 1 ;
A 1 - BennuMHA TOKA, epecekarnero otpe3ok A | .

@opMyJMPOBKA IPAHUYHBIX YCJIOBUI

1. HopmanbHas COCTaBIISAIONIAs BEKTOPA DIEKTPUUECKON UHIYK-
LMY Ha TPaHUIIE Pa3lelia CPEel TEPIHUT Pa3phiB, PABHBIN IOBEPXHOCTHOM
IUIOTHOCTH DJIEKTPHYECKOTO 3apsa.

IIpy OTCYTCTBUU IMOBEPXHOCTHBIX 3apAI0B HOPMAjbHAs COCTAB-
JIAIONIAs BEKTOpA DIIEKTPUYECKON MHAYKIMY HenpepoiBHa: Dy, =D, .

2. HopmanbHas cocTaBisoNas BEKTOPa MATHUTHON MHAYKIUHM Ha
rpaHulle pasiena cpel Bcerma HempepbiBHa: B, =B, . Dror daxr
CBS3aH C TEM, YTO B MPUPOJE HE CYILECTBYET CBOOOIHBIX MAarHUTHBIX
3apsI0B.

3. TaHreHIMaabHAs COCTABIAIONIAS HANPSIKCHHOCTH DIICKTPHYEC-
KOTO TI0JIs Ha TPaHuIIe pasjiena cpel Beeraa nenpepoisua: B, = E,

4. TaHreHMaibHas COCTABIAIONIAS HANPSHKEHHOCTH MArHMTHOIO
IOJI Ha TPaHUIE pasjiela Cpel TEPIUT Pa3phiB, BEIUYUHA KOTOPOTO

ONpeeISIETCA MOBEPXHOCTHOW MJIOTHOCTBIO 3JIEKTPUUYECKOTO TOKa (pHC.
1.2).
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Puc. 1.2. Cea3p H. u 77 ma rpanune pasgena cpen

HpI/I OTCYTCTBHM IIOBCPXHOCTHBLIX TOKOB TaHI'CHIOHAJIbHAA COC-
TaBJAKOMIAA HAIIPsS)KCHHOCTH MAIrdvMTHOI'O IIOJII Ha I'paHHUOC pPa3aciia

— —

cpen HenpepsiBaa: H;, =H, 3amerum, 4r0 moBepXHOCTHBIE TOKU MOT'YT
OBITh TOJIBLKO Ha IMMOBEPXHOCTH HACATBHOTO MPOBOIHHUKA.

FpaHI/mHme yCia0oBUsaA HA MOBEPXHOCTH HACAJTBHOTO MPOBOAHUKA.

N3 ypaBHeHun Makcgemna cieayer, 4YTO BCE XapaKTEPUCTUKHU
M3MEHSIOMIETOCS C TEYEHUEM BPEMEHU DIIEKTPOMArHUTHOTO TIOJIS B
UJI€aJIbHOM MPOBOIHUKE PABHbBI HYJIIO.

JleficTBUTENBHO, U3 TpeThero ypaBHeHus (1.14 a) j=0oE CIEYET,
4TO TPU O =0  HANPSHKEHHOCTh  JJIGKTPUYECKOTO  TMOJigi B
nposoxHuKe E =0
oB
N3 BrOporo ypaBHeHnusi cuctembl (1.6) ciemyer, 4To ot 0,

—

OTcroia 11 IEPEMEHHOI'0 BO BpeMEHU oIl HaxoauM, uyto u B =0.
Hanee, u3 nepBoro u BToporo ypaBHenuit (1.14a) cimemyer, dto

D=0wu H=0.
[Tomaras B OOIMMX TpaHUYHBIX YCIOBHSAX XapaKTCPHUCTHKU IIOJIS B

oomactu |l pPaBHbBIMHU HYJIO, HIOJYYUM TI'PAHUYHBLIC YCJIOBHUA HA
MMOBCPXHOCTHU UACAJIBHOTO ITPOBOIHUKA!
1.D,=¢£;2. B,=0;3 E =0;4, [VH|=7 (1.23)

Takum 00pa3oM, Ha MOBEPXHOCTH HJCATBHOTO MPOBOJHUKA TaH-
TCHIIUAJIbHBIE  COCTAaBISAIONIME  HANMPSOKEHHOCTH W HUHAYKIUH
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ANEKTPUYECKOTO TMOJs YW HOPMAaJbHBIE COCTAaBIISIIOIINE HHAYKIHU H
HaNPsSKEHHOCTH MAarHUTHOTO TOJIS paBHBI HYJIIO.

[Ipy  wucciaegoBaHMM  DJIEKTPOMATHUTHBIX  TOJIeM  BOJM3HU
METAJTHYIECKHX Tell, YeIbHas MPOBOAUMOCTb KOTOPhIX & ~ 107 [Cm/M],
C BBICOKOW CTENEHbIO TOYHOCTH MOYKHO CUUTATh METAIUIMYECKOE TEJO
UJealbHbIM MPOBOJHUKOM M Ha €ro IOBEPXHOCTH HCIOJIb30BAThH
rpaHuyHsble ycnoBus (1.23).

1.8. Teopema IloiiHTHHTA

PaccMoTpuM  mpou3BoibHYI0  oOnactb V.,  OrpaHUYEHHYIO
MOBEPXHOCTHIO S, B KOTOPOM MOTYT HaXOJIUTHCS HUCTOYHHKU TIOJIS,

. ~cem
XapakTepu3yemble 00bEMHOM MIOTHOCTRIO Toka | (puc.l.3).

i

Puc.1.3. CTopoHHHE UCTOYHUKH B TPOU3BOJIBLHOM 00J1aCTH

N3 ypaBHeHuit anexktpoauHaMuki (1.18) MoxkeT ObITh MoJTyueHa
OCHOBHAasl TEOpPEMA TEOPUU IJIEKTPOMATHUTHOIO T10JIS - TEOPEMA
[TotHTHHTa, BBIpa)karomas 3aKOH COXPaHEHUS DHEPTUH:

dw P
FTE (1.24)
g,E* uH?
rge W :_[( 5 + 5 yav . DHEPTHs AJICKTPOMArHUTHOTO TIOJIS,
\%

3amaceHHas B o0nactu V |
P - I10JIHAas1 MOIITHOCTD, KOTOpyIO MOXXHO HpeJICTaBI/ITB B BUJIC:

P=P“ +P, +P;, (1.24a)
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—cm

P””zjj Edv<0
\/

MI'HOBCHHAasA MOIITHOCTD,

BBIpa6aTbIBaCMaH HNCTOYHUKAMMH,

=2
P = jU E°dv>0- wmruoBennas MOLIHOCTB, pacxomyemas Ha
\

HarpeB cpejibl B 00acTu V;

P, :m[EH] dS_  MrHoBeHHAs MOMIHOCTS, IPOXOJSAIIAs 4Yepes
S

MTOBEPXHOCTH S;
11 =[EH ] - BekTOp IlOMHTHHTIA, MPEICTABJISIOIINN IIOTHOCTh

IIOTOKA MOIIIHOCTH.
Ecnu nmonnast momHocTh P = O, TO 3HEpPrus dJIEKTPOMarHUuTHOTO
noJist B o0jactu V' ocTaercs MOCTOSTHHOM.
N3 (1.24) u (1.24a) cneayer, 4TO BEIMYMHA DJIEKTPOMArHUTHOMN
SHEPruu B 001acTu V MOXKET U3MECHHUTLCS B CHITY psiia IPUIUH:

1) 3a cueT nelcTBUA HCTOYHUKOB YHEPTUSI BO3PACTAET:

dW
cm _>O
P" <0 u qt ;

2) 3a cHeT HarpeBa CpeJibl IHPTUsl YMEHbBIIIAETCS:

dw
P,>0 u gt <0;
3) 3a cuer msnyuyenus u3 odmactu V, xorma P >0, smeprus
YMEHBIIIACTCS

4) 3a cyer mpuTOKa SHepruu wu3BHe, Korma Py <0, sueprus

dwW
BO3paCTaeT: ~ .~ >0,

I[OKaElaTeJII)CTBO TCOPEMBI Ilo¥iHTHHIA

YMHOkasi o0e dacTu mnepBoro ypaBHeHHsi cuctembl (1.18)
CKaysipHO Ha BekTop E, a 00e wactu BTOporo - Ha BekTop H , BerumTas
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3aTeM TOWICHHO TIepBOE€ W3 BTOPOTO U HCIONB3YS TOXKIECTBO
BEKTOPHOT'O aHAIIN3a

div[gﬂ =brota —a roth_ (1.25)

MOJy4YuM CICAYIOICC COOTHOIICHUC!

. 2o o[ ¢ E? )7 H?2 .
diviEH |=——| 2—+ =& ~cE* - J"E

(B =5 |75 75 |7 oF - T7E . (126)

Nurterpupys o6e yactu BbipakeHus (1.26) mo mpou3BOILHOMY

oobeMy V ® mpuUMeHSS K MHTErpaly B JIEBOM YacTH TEOpEMy

Octporpanckoro-I'aycca (1.10a), monyunm ypaBHEHHE SHEPreTHUECKOTO
Oananca (1.24).

1.9. YpaBHeHus 3/1eKTPOAUHAMUKHU U Teopema [loiinTHHra
NJIS MOHOXPOMATHYECKOI0 3JIEKTPOMATHUTHOIO IOJIA

MOHOXPOMAaTHYECKUM DJICKTPOMArHUTHBIM TI0JIEM Ha3bIBACTCSI
3JICKTPOMArHUTHOE TI0JIE, BCE XapaKTEPUCTUKH KOTOPOTO M3MEHSIOTCS C
TEYCHHEM BpPEMECHHM I10 3aKOHY TapMOHHYECKHUX KOJICOAHWH, T.€.
KOJICOJIFOTCS ¢ KPYTOBOM 4acTOTON @ .

—

B »ToM ciydae BeIpakeHuss s BektopoB E w H  moxnHO
MPEJICTAaBUTh B BUJIE:

E=Rel E,e H =Rel Hme'

. .
— —

rne E., u H,- xommiekcusie ammmurynsl Bekropos E u H, yno-
BJICTBOPSIIOIINE CIEAYIOUIEN CUCTEME YPAaBHEHUMN:

1). rotHm =iwé, En+ 2"
2). 1ot Em =—iwé, s1, Hnm (1.28)
B KOTOPYIO BXOIHUT KOMIUICKCHAA OJJICKTPUYCCKAA IIPOHHUIACMOCTD

Cpebl
&, =¢,(1-itgo) .
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VYpaBHenus (1.28) Ha3pIBalOTCS YpaBHEHHUSIMH JJIEKTPOJUHAMUKH
Ui KOMIUIEKCHBIX ~ aMIUIMTYJ ~ TOJs,  WIM  ypaBHECHUSIMHU
AIIEKTPOJMHAMUKHN B KOMILJIEKCHOU (hopMe.

Hcnonb3ys ToxAeCTBO BekTopHoro ananusa divrotd =0 u 3axon
coxpanenusa 3apsga (1.12) , u3 ypaBHenuit (1.28) 5erko mnoay4yuTb
TpPEThE U YETBEPTOE YpaBHEHUsI MakcBelia B KOMIUIEKCHOM dopme:

3). divD, = 2,.

4). divB, =0, (1.28a)
B nanpHeitmem OyaeM paccMaTpuBaTh TOJBKO MOHOXpOMa-
TUYCCKUE TIOJISI, UMEsI B BHJLY, UTO JIFOOOW 3JIEKTPOMArHUTHBIA CUTHAI
MOXKET OBITh TIPEJICTABIICH B BUAEC psAna win uHTerpana dypwe 1mo
TrapMOHUYECCKUM COCTABJISIOITUM.
JIJIST MOHOXpPOMATHYECKOTO AJICKTPOMAarHUTHOTO TIOJS Ba’KHBIMHU
IPEJICTABIISAIOTCS CPEIHUE 3HAYCHUS DHEPreTUYCCKUX XapaKTCPUCTHK.
Cpennee 3HaueHue nepuoamueckoi ¢yHknuu f(t) (ckanspHol wim

BEKTOPHOM) OnpeeseTcs mo Gopmyiie:
— 1°
f= ;I f(t)dt, (1.29)
0

rae T - mepuon KojaebaHusl.

Hcnonb3yst 3Ty (Qopmyily, BBIpaXEHHsS ISl SHEPreTHUYECKUX Xa-
PaKTEpUCTUK, PACCMOTPEHHBIX B paszaene [1.6], a Takke BBEICHHBIC
BBIIIIE€ TOHATUS KOMIUIEKCHBIX aMIUIUATY/I, MOKHO MOJYYUTh CICTYIOIINE
BBIPAKECHUS UISI CPETHUX 3HAYCHUW HEPTUU DIICKTPOMATHUTHOTO TTOJIS

W , MOIIHOCTH TCIIJIOBBIX HOTepL PH , MOIIMHOCTHU HCTOYHHUKOB
—CT — -
P MOIIIHOCTHU I/IgﬂyquHH PZ nu BCKTOpa HOHHTI/IHFa Vi

Wazljgaém Edv. W' =1jﬂaﬁmﬁ;dv
4] ’ 4] '

— —5 —M
W=W +W

En ZEJ‘GE‘m E; dv
2v
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1= 5 By Hy |- xoMITIeKCHBII BekTop [lonHTHHTA.

Cpennue 3HAYCHHUS DHEPreTUYECKHUX XapaKTEPUCTUK CBS3aHbI
MEXK]Ty OO0 CIeAYIOITUM COOTHOIICHUEM

i20W " —~W)=—Pn—Ps— P (1.30)
KOTOpOE TPEJACTABIIICT COOOM MaTeMaTHYECKyl0 (QOPMYIHPOBKY
TeopeMbl TToMHTUHTA I KOMIUIEKCHBIX aMILIATYJ IOJIS WU TeOpeMy
[TofiHTHHTA B KOMIUIEKCHOM (hopme.

Joka3zarenbcTBO Teopembl IloiiHTHHTA

[lepenumiem nepBoe ypaBHeHHE cucTeMbI (1.28) 11 KOMITJIEKCHO
CONPSDKCHHBIX 3HAYCHUH BXOISIIIIMX B HETO BEJIMYMH:

;* _ - _.>* _.>* _}Cm*
rotH, =—-lwe, E +ocE_ + ] .
VMHOXKHM 00€ YacTH 3TOr0 YpaBHEHHUS CKAISIPHO Ha BekTop E, a

- %

00e yactu Broporo ypasHenus (1.28) — ckanspuo na Bektop H,, , 3arem,

BBIUMTAsI MIOYJIEHHO MEPBOE U3 BTOPOTO U MCIOIB3Ys TOXkAecTBO (1.25),
MOJYYUM CJIEAYIOIIEE COOTHOUICHUE:

div|E, H, |=iw| & E E -y, H H |-cE E —j" E_
Wuterpupyst 00e YacTH 3TOr0 COOTHOIICHHUS MO MPOU3BOJIEHOMY
o0beMy V, TpuUMeHss K HWHTErpajy B JICBOW YacTH TEOpPEeMy
Octporpanckoro-I'aycca (1.10a) u nucnons3yst BeIpaKeHUS TSI CPETHUX
3HAYCHUH DHEPreTUYCCKUX XaAPAKTCPUCTHK, TMOIYYHM COOTHOIICHHE,
coBnajarotiee ¢ (1.30).
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N3 cootHomenust (1.30) MOKHO MOJIyYUTh YpaBHEHHUE DHEPreTH-
4ecKoro OajaHca IS CpPEeAHUX MOIIHOCTEH, NpPUPaBHSIB B HEM
NEUCTBUTEIbHBIC YaCTH

P =B 4P, (1.31)

@U3NYECKUI CMBICJ 3TOr0 ypaBHEHUSI COCTOUT B TOM, YTO MOIII-
HOCTb, BhIpaOaThiBaeMasi ICTOUHUKOM, B OOIIEM CITy4ae pacxoayeTcs Ha
HarpeB cpenibl B o0nactu V U Ha u3inydeHue u3 31oi obsactu. [lonaras
yACTbHYI0 TPOBOAUMOCTH cpenbl paBHOH Hymo (o =0), MoxHO
ONPEACIUTh MOITHOCTh HICTOUHUKOB 4Y€pPE3 MOILTHOCTb U3ITyYEHUS: €CITU

P, =0, TO —P"=P,.
1.10. Teopema eTMHCTBEHHOCTH /1JIsI BHYTPEHHUX M BHEIIHUX
32129 YJIEKTPOIMHAMUKH

BHyTpeHHss 3a1aua

BuyTpeHHsst 3agada 3JEKTPOJUHAMUKHU (POPMYIUPYETCS CIEAYIO-
UM 00pa3oM.

B npousBonbHOM oOsact V, TpEACTaBISIONIEN JHUHEHHYIO
U30TPOIHYIO Cpeay, 3aJaHbl HCTOYHUKU JJIECKTPOMArHUTHOIO TMOJIf,

Tcem
onpeenseMble Yepe3 00bEMHYIO INIOTHOCTh CTOPOHHUX TOKOB |y

Ha moBepxHoctu S , orpanuumBaromiei odnacte V , 3a7aHbI
IPAHUYHBIE YCIOBUS OJJHOTO U3 TPEX TUIIOB:

1) Ha Bceil MOBEPXHOCTH 3aJaHa TAHTE€HUIHAIbHAS COCTABJISIONIAS
HaIpPSHKEHHOCTH AJIEKTPUYECKOTO TTOJIS;

2) Ha BCEW MOBEPXHOCTH 3aJjaHa TaHTE€HUIHAIbHAS COCTABJISIOIIAS
HaIpPsSYKEHHOCTH MArHUTHOTO TOJIS;

3) Ha 4YacTM TIOBEPXHOCTHM S1 3aJjaHa TaHTCHIMAJIbHAs
COCTABJIAIOLIAS HANPSIKEHHOCTH 3JIEKTPUYECKOTO TOJIsI, @ Ha OCTaJIbHOU
qacTH ToBepxHOCTH Sy  (S1+S,=S)- TaHreHIMadbHAs COCTABJIAIONIASN
HaIpPsHKEHHOCTH MAarHUTHOTO TTOJIA.

TpeOyercst HATH HANIPSYKEHHOCTH JIEKTPUYECKOTO U MATHUTHOTO
mojed B NIPOU3BOJBHOM Touke o0siacTh V, yIOBIETBOPSIOIINE ypa-
BHeHUAM (1.28) 1 3a1aHHBIM TPAHUYHBIM YCJIOBHUSAM Ha MTOBEPXHOCTH S.
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BuyTpeHHsq 3a/1ada 2JIEKTPOJIMHAMUKN UMEET €IMHCTBEHHOE pe-
IIIEHHUE, €CIIU YJIeJIbHAs TPOBOJUMOCTb Cpeabl B 0071acTH V OTJIWYHA OT
nyns (o #0).

JlokazaTeabCcTBO

I[OHYCTHM, 4TO CYIICCTBYIOT ABAa PCUICHUA MMOCTaBJIICHHOMU 3aadu.

— — —

E ,H n E_,H

ml? ml m21 m2

CocraBum PasHOCTh ITUX pemenuiin E, =E , —E_,;

H,=H.,—H,, u sanumem ypaBHeHue sHeprermyeckoro OajiaHca B

obOimactu V

VISl CPEAHUX MOIIMHOCTEW Pa3HOCTHOTO TMOJisA, rmojaras B
P,=0u P" =0:

- 1, =

P ZEJ-GEmEde =0 (1.32)

\Y

(131) P, =

[Tpu o #0noxasiaTerpanbias  ¢yHKIug B (1.32) mosioxKuTeNIbHA.
Orcrona cienyer, uto E,, =0, a u3 Broporo ypasuenus (1.28) cuenyer,

yrou H, =0,
BHemnsist 3agaua

JIns1 BHEIIHEW 3a7auu 3JIEKTPOAMHAMUKH WCTOYHHMKU 3aJaHbl BHE
obmact V, U TpeOyeTcs HaWTH HANPSIKEHHOCTH JJIEKTPUUYECKOTO U
MarHuTHOTO TOJied BHE ATON 00JIaCTH, YAOBJIETBOPSIONIUE CHUCTEME
(1.28) u rpaHUYHBIM YCIOBUSAM OJHOTO M3 TPEX PACCMOTPEHHBIX BHIIIIC
THIIOB Ha TMTOBEPXHOCTH S 3TOM oOnactu (puc.1.4).

BrenHsas 3amaya 3I€KTPOJMHAMUKN UMEET €IMHCTBEHHOE pellie-
HUE B KJacce MOoJel, yObIBalOIMX Ha OECKOHEUHOCTH OBICTpEE YeM

1/r .
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Puc.1.4. BHemHas 001acTh.

Jloxka3arejbCTBO

COCT&BHHH KaK W IPCKAC PA3HOCTHOC PCIHICHHUC, IMOKAXCM, 4YTO
OHO paBHO Hy.]'IIO

—

E., E m2=0, H.=H_,-H_,=0,

C »Tol 1eNbl0 3amuIlleM YpaBHEHHME JHEPreTMYEecKoro OajaHca
(1.31) mas cpeaHHMX MOIIHOCTEH pa3sHOCTHOIrO Iojis B obOmactu Vi,
OTPAaHUYCHHON MOBEPXHOCTHIO S U Cc(EpUYECKOM TMOBEPXHOCTHIO X,
pagnyc KOTOpPOH CTPEMHUTCS K OECKOHEYHOCTH. YUUTHIBAs, YTO MJIs

pasnoctroro noast P" =0, Ps =0, nonyuaem:

m]:Y ds += IGE E dv = 0 (1.33)
z Vi
Ecimm o#0, To Bennuuna Bektopa IloiHTHHra yOBIBAaET ObICTPEE

1 . 1 s s, ]—
ueM 7 . Tlosromy lim Rez |:EmHm:|dS:O, u u3 (1.33) cuenyer, uro

r—oo
X

E,, =0, a u3 BToporo ypasuenus (1.28) caenyer, uro H, =0,
Takum oOpa3om, I TojieH, yObIBarOIIUX Ha OECKOHEUHOCTH

6I)ICTpCC 4qCM 1/r , 4 9TO BCCraa HMMCCT MCCTO BCJICACTBUC IIOTCPL B

cpelie, BHEIIIHSS 3a/1ada UMEET SIMHCTBCHHOC PEIIICHHE.
gaMeTI/IM, YTO BHCHIHAA 3ada4da JJICKTPOAWMHAMHUKU HMMCCT CIAHUHC-
TBEHHOE peIIcHue U B cpeae 0e3 moteph (o =0). D10 pelreHre MOKHO
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MOJIYYUTh, TICPEXOJs K MPEASiay B pelIeHUH, IoxydeHHoM npu o =0,
nojiarasi B Hem o =0,

I'JIABA 2. BO3BY/KAEHUE DJIEKTPOMATI'HUTHBIX
BOJIH B CBOBOJAHOM ITPOCTPAHCTBE

2.1. IlocTaHoBKka 3a1a4u

[Tog  SIEKTPOMArHUTHHIMM  BOJIHAMU  MOHUMAIOT  DJIEKTPO-
MarHuTHOE TIOJIE, TEPEHOCAIIEE AIECKTPOMATHUTHYIO DJHEPTUI0 OT
MCTOYHHUKA B OKPY’KAIOIIEE MPOCTPAHCTRO.

CB00OOHOE TPOCTPAHCTBO HITO JIMHEWHAs, HM30TPOMHAs, OJIHO-

pOJHas cpejia ¢ mapaMeTpaMu &, U U O,
3agava BO30YKJEHUS CTABUTCS CICIYIOIIMM 00pa3oM.

[ [ !
B HEKOTOPOIl KOHE4HOH o0nacTH mpocTpancTBa V' 3amaHBl HC-
TOYHUKH, XapaKTEPU3yEeMble 0OBEMHON MIIOTHOCTbIO CTOPOHHUX TOKOB

—

Tcm

J

marauTHoro H, momeli B mpOM3BONBHOW TOYKE MPOCTPAHCTBA,

Tpebyercs HalTH HANPSHKEHHOCTH dJeKTpuueckoro E ., wu

—

CO3/IaHHbIC JAHHBIMU CTOPOHHUMHU TOKaMH U YJOBJIETBOPAIOIINE
HEOJHOPOIHOU cucTteMme ypaBHeHni Makcsenna (1.28).

3agaya BO3OYXKJEHHUS DJICKTPOMArHUTHBIX BOJIH B CBOOOJHOM
MPOCTPAHCTBE SIBJISETCS BHELIHEW 3a7adyeil 3JIEKTPOJAMHAMHUKUA U UMEET
€MHCTBEHHOE PEIICHUE B KJIacCE MOJIEH, YAOBIECTBOPSIOIINX YCIOBUIO
U3JIy4YeHHs] Ha 0€CKOHEYHOCTH:

Yoo

rae 2., - IOBEPXHOCTh cepsl paguyca I mpu I —> o,
du3n4eCcKril CMBICII COOTHOIIEHUS (2.1) COCTOUT B TOM, YTO TIPHU

orcyrctBud 1oTepb (0 =0) aMIIUTY I BEKTOPOB MOJISI YOBIBAIOT HA

1
OECKOHEUYHOCTH  KaK [ @ TOTOK BEKTOpa [ToitHTHra 4epes

MIOBEPXHOCTH cepsl paguyca I mpu I —> 0 HMEET KOHCYHYIO
IIOJIOKUTENBHYIO BEIUYUHY. [[py HaMunm CKOJIb yrogHO ManbIX MOTEPh
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(oc#0) ammmuTyael  BEKTOPOB IOJISI YOBIBAIOT HA OECKOHEYHOCTH

1

obICTpee, YeM | » @ TIOTOK BEKTOpa [ToitHTHHTra [ﬁn ds=0
Yoo

2.2. BosiHOBBIE YPaBHEHM S 3JIEKTPOAMHAMUKH. BeKTOpPHBIN
MOTEHIUAJ

N3 cucrembl ypaBHeHuil (1.28) MOXHO TOJYYUTH BOJIHOBBIE

— —

ypaBHEHHMS DJIEKTPOJAMHAMUKH OTHOCUTEIBHO BEKTOPOB moist E m H .
BossMeMm poTop oT o0eux yacteit nepBoro ypasHenus (1.28):

rotrotH_=iwé, E _+rot " (2.2)

JIeByto 4acTh MOTYYEHHOTO YpaBHEHUS IpeoOpa3yem, UCTIOIb3Ys

TOXIACCTBO BCKTOPHOI'O aHAJIN3a
Ad = grad diva —rot rota (2.3)

rae A- omeparop Jlamaca, a B mpaByro YacTh mojacraBum FOLE, w3
BTOpOoro ypaBHeHus (1.28). B pesynbraTe MmoaydyuM HEOJHOPOIHOE

BOJIHOBOE ypaBHEHUE oTHOCUTENLHO H., :

AH_+K?H_ = —rofj", (2.4)

rne K=o\/&,4, u yuteno, uto B coorBercTBUH C (1.284)

divi_ =0. (2.5)
C YHCTOM TOXKACCTBA BCKTOPHOI'O aHAJIN3a
divrota =0 (2.6)

U3 COOTHOIIICHUS (2.5) crneayeT, 4To HampsiXKEHHOCTh MAarHUTHOTO TTOJIs
MOYHO TIPEJCTABUTh B BUJIE:

H,, =rotA, (2.7)

r1e BeKTopHas QyHKIus A, , Ha3bIBaeéMas BEKTOPHLIM IOTEHIHATIOM,
YAOBIIETBOPSIET BOJJHOBOMY YPABHEHHUIO:

AR +K2A =—jo (2.8)
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Hcnone3ys (2.7), (2.8) u Toxaecto (2.3), U3 NepBOro ypaBHEHUs

cuctemsl (1.28) momyyum cieayrolnee BeIpaKeHUE 111 BEKTOpa Em )
= 1 .S co >
E. :f(grad dlvAﬂ+k2An) (2.9)
loe, ' '
Takum 00pa3om, pemivB ypaBHEHHE JIsi BEKTOPHOTO MOTEHIIMAIA

(2.8), moxHo mo Qopmynam (2.7) m (2.9) HallTH HaNPSHKEHHOCTH
AIEKTPUYECKOI0 U MAarHUTHOTO T10JI4.

2.3. BeKTOpPHBII NOTEHUMAJ 3JIEMEHTA JJIEKTPUYECKOr0 TOKA

DIJIEMEHTOM 3JIEKTPUUECKOr0 TOKA HA3BIBAETCSA TOUYCUHBIN UCTOY-
HUK, XapaKTEPU3yEMbII MOMEHTOM:

P =1l = [ Jomdv (2.10)

rac | - JJIMHa J2JIEMCHTA, a |§T' KOMIUICKCHAs aMIIINTyJda CTOPOHHCIO

TOKa.

PaccMoTpuM 3amady O HaxXO0XJAECHHM BEKTOPHOI'O IOTEHIMAaIa
AJIEMEHTA JJICKTPUUECKOTO TOKA, PACIOJI0KEHHOTO B HAaYajle CHUCTEMBI
KOOpJIMHAT U HaIlpaBJICHHOT'O BJ10JIb ocH Z (puc.2.1).

Puc.2.1.95meMeHT ¢ TOKOM B COBMEIIEHHBIX KOOPIMHATHBIX
cucremax (X, Y, 2) u (r,0,a)
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Bo Bcex TOYKax MPOCTPAaHCTBA, 34 MCKIOYEHUEM Hadaia
KOOpPJIMHAT, BEKTOPHBIA TMOTCHIHUAT YAOBIECTBOPSAECT OJHOPOJIHOMY

BOJTHOBOMY ypaBHEHUIO (ypaBHeHuUo (2.8) npu ]nfT =0):
AA,+K* A, =0, (2.12)

N3 (2.8) ciaenyer, 4TO BEKTOPHBIM MOTEHIMAT 3JIEMEHTA TOKa Ma-
paJliesieH 2JIEMEHTY, U €0 MOXHO IPEJACTaBUTh B BUJIE:

A, =2°A, (2.12)

[Tpu 5TomM QyHKIMS Am  yIAOBIETBOPSET CKASIPHOMY BOJHOBOMY
YPaBHEHHIO

AA +k*A =0 (2.13)

B cuny neHTpasibHOM CHMMETPUU BEIWYMHA A, 3aBHCHT TOJIBKO
OT BEJIMYMHBI PajJnyca- BEKTopa I M HE 3aBHUCUT OT €r0 HaIpaBJICHUS B
IIPOCTPAHCTBE, ONMPECIICMOro yrioBeIMH KoopauHaTamu 6 u «. [lpu
sToM BeamunHa AA, ¢ YYETOM TOXKJECTBA BEKTOPHOTO aHAIU3a

AA_ =divgrad A (2.14)
B C(hepUIeCKOi CHCTeME KOOPAWHAT MPEACTABISICTCS BBIPAXKECHUEM
AA =——| 2=
A r’ dr dr |-

U ypaBHeHue (2.13) npuBoaUTCS K BUY:

1 d 2 d ATI .2 ) _
Pemraem ypaBuenue (2.15) ¢ moMoIp10 moACTaHOBKHU
. |:'rn
Ay =— (2.16)

r

KOTOpast IPUBOAMT K CIEAYIOIIEMY YPaBHEHUIO M1t pyHKumu F,
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d i I:.m 2 =
i +k“F, =0 (2.17)
OOGriee perieHne 3TOro ypaBHEHUST MOYKHO TIPEJICTaBUTh B BUJIE:

F =C,e’* 4+C,e " (2.18)

Tak kak QyHKIUS el = gllmk) —ghrghr (k>>0, k">0)
CTpeMHUTCSI K OeckoHeuHocTu mpu I — oo, 1o mocrosiHHas Cp; = 0.
[TocTtossHnyo C1 HaiijeM, UCIOIb3Ys HEOJJHOPOJHOE BOJIHOBOE ypaBHE-
Hue (2.8), mpaBas 4aCTh KOTOPOT'O YJIOBJICTBOPSIET YCIOBHIO:

[ dgndv=z°T:m, (2.19)
V-0

rae V - o61acthk B okpecTHOCTH Touku O (puc.2.1.).

[Toncrapnsiss B ypaBHeHUE (2.8) BEKTOPHBIA MOTEHIMAT B BUE
) e—ikr
An=7"C, T, WHTETpHpYs CIEBA U CTIPaBa 10 o0beMy Iapa paamyca
I 1 ycTpemuisisi 3aTeM I K HYJIIO, TIOJTy4aeM:
. gk : e .
[ divgrad| C,=— [dv'+k* [ C,=—dv'=—i7"I (2.20)
V-0 r V-0 r

Bropol uHTErpas B JIEBOW YAaCTU 3TOTO YPABHEHHUS PABEH HYIIIO.
[lepBoIif HHTETpATT TTPEOOpazyeM, UCIIOIL3Ys Teopemy OcTporpaackoro-
I"aycca (1.10a):

. —ikr ) .
j div grad Cler v'=C, [Jj grad (ljfds:cl [Jj (—%)F"F"ds:

V-0 S, —0 r S, —0 r

(2.21)
= Cl (—rizj Arr?| = —Cl A

' _ 'cml
v nonydaem —C 4z =—1"l  orkyna
S
_ m
Cl -
dr

OxoHyaTeabHOE BBIPAXXCHUC JIsI BEKTOPHOI'O IIOTCHIHAJIA 3JICMCH-
Ta JICKTPHUYICCKOI'O TOKAa UMCCT BHU:
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. Icml e—ikr
A =17 P (2.22)

Ecnu aymemMeHT TOKa pacrojioKEH B NMPOU3BOJIBHOW TOYKE MPOCT-

paHCTBa, ompeaelsseMoi paguycom- Bekropom I'(x',y',z") (puc.2.1.), To
BBIpaKEHHE JIJISI BEKTOPHOTO ITOTEHIIMAIa MOXKHO IIPEACTaBUTh B BUJIE:

|cm| e—ik|F—F|
A=t (2.23)

4z |r—r'|’

rae|F —T'|- paccrosnue Mexmy >7I€MEHTOM TOKa M TOYKOM IPOCTpaH-

CTBa, B KOTOPOH ompenensercs A, .

2.4. BeKTOpPHBII MOTEHIIMAJI IMHEHHOT 0, IOBEPXHOCTHOTO M
00bEMHOI0 TOKOB

JINHEMHBIM TOKOM Ha3bIBA€TCS TOK, PACHPEACICHHBIM BIIOJIb HE-
KOTOpOro mpoBojsiiero konrypa L . Pa3ObuBas 3ToT KOHTYyp Ha Oec-
KOHEYHOE€ MHOKECTBO 3JIEMEHTOB TOKA, OMPEIEsAsl BEKTOPHBIA IMOTEH-
nUan KaxkJAoro TAKOro 3JIEMEHTA WU CYMMMPYS ITOTEHLMAIBI OT BCEX
AJIEMEHTOB, YTO CBOJUTCA K BBIUMCICHUIO MHTErpaja Mo KoHTypy L ,
MOJIYYUM CJEIYIOIIEE BBIPAXKEHUE [UII BEKTOPHOTO MOTEHIMAJA
JIMHEMHOT'O TOKa:

J‘ ( 1 e |k|r r
An | (r') —- —dl " _

4z 1T-r | (2.24)
[ToapiHTErpasibHOE BBIpaXXEHUE B (2.24) peACTaBIsIeT BEKTOPHbBIN

MOTEHIMAN dJIEMEHTA JJIeKTpuueckoro Toka c¢ Momentom |In"(F)dl’,

PAacIioIOKEHHOr0 B TOYKE [, a caM HMHTErpaj - IMOJHBIA BEKTOPHBIHI
NOTEHIMAJ TOKA, paclpeieIeHHOro0 Ha KOHType L .
ITOBEpXHOCTHBIM TOKOM HA3bIBAETCS TOK, PACHpPEACICHHBIM Ha

HEKOTOPOM MOBEPXHOCTH S C IMOBEPXHOCTHO IIOTHOCTBIO 77, (puc.2.2.).

PaccmarpuBaeM mockuii 3aement moBepxHoctu ds'=dl’-dh" kak aie-
MEHT 3JICKTPHYECKOT0 TOKa ¢ MOMEHTOM

ldl” = pendhdl* = 77<"ds
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BEKTOPHBI moTeHnuan kotoporodA, ompenensercs  BbIpaKeHUEM
(2.23):

X —>cm —>! 1 e—|k||’ rl |
d A, =75 (F )2 o | . (2.23a)

[ToJIHBIM BEKTOPHBIA IMOTEHIMAJI TMOBEPXHOCTHOTO TOKA OIPEHEIACTCA
UHTETPUPOBAHUEM BhIpakeHUs (2.232a) 10 MOBEPXHOCTH S

1 e—|k|r T
il

A, = j*”%*') (2.25)

Puc.2.2.91eMeHT MOBEPXHOCTHOTO TOKA

OO0BEMHBIM TOKOM Ha3bIBAcTCS TOK, pacnpeneneHHHﬁ B HCKOTO-

 Cm
pom 06beMe V ¢ 00BbEMHOM MIIOTHOCTBIO  J,  (puc.2.3.).Beigensem

3JIEMEHTApHBIN nuIuHApHYecKuii 00beM OV =ds’-dl" u paccmarpuBaem
ero Kak 3JEMEHT 3JICKTPUYECKOT0 TOKA, BEKTOPHBINA MOTEHIIMAT KOTO-
poro ornpeaensercs BeipaxeHueM (2.23), B KOTOPOM HY>KHO MOJ0KUTh:

IC’"I = Jc’” ds'dl’ = jm dv'
[Ipu sTOM
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= . 1 e—ik|r—f'|
d — cm Fl . dV'
An=In ( )47T T

Y TIOJTHBIM BEKTOPHBIA TOTCHITUAT ONIPEACIIICTCS HHTETPUPOBAHUEM BhI-
paxenus (2.236) mo o0bemMy MPOBOJHUKA V :

. R 1 e—ik|r—r'| ]
— cm I—;f . VI
A, JJm( Var e (2.26)

(2.236)

®opmyia (2.26) naet peiieHrue HEOJHOPOIHOTO BOJTHOBOI'O paBHE-
Hus (2.8).

Puc.2.3.91emeHT 00bEMHOIO TOKA

2.5. DJ1eKTPOMATrHUTHOE 10JIe IOBEPXHOCTHOI0 TOKA,
PAaBHOMEPHO pacnpeae/ieHHOr0 Ha 0€CKOHEYHOM MJIOCKOCTH.
Ilnockue ogHopoansbie BoIHbI (ITOB)

BBenem aexkapToBy cucTeMy KOOPAMHAT X, Y, Z, (puc.2.4.), u mycTh
B miockoctd Z=0 3amaH CTOPOHHUU TOK, MOBEPXHOCTHAS IJIOTHOCTH
KOTOPOTO MOCTOSIHHA, U MIPEJICTABISETCS B BUJIC.
cm _0> - cm
Mo ==Xy
(2.27)
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y

Puc.2.4.1ToBepXHOCTHBIA TOK Ha OECKOHEYHOM MIOCKOCTH

Tpebyerca onpenenuts moins E,um H,, B mpoussonbHOM Touke

IPOCTPAHCTBA MO 00€ CTOPOHKI IUIOCKOCTH Z=0 ¢ TokOoM 77",

CHavasa onpeaeanuM BEKTOPHBIN OTeHMan A, , KOTOPBIHA, B CHIIY

MJIOCKOCTHOM CUMMETPHUH 3aJa4M, 3aBUCHUT TOJIbKO OT KOOPJIMHATHI Z U B
COOTBETCTBUU C ypaBHeHUeM (2.8) u mpencraBieHueMm Toka (2.27)

HMeET JIMLIb X-0BYI0 cocTaBsiomyto: A, =X° A, (z).
B mpousBonbHOW Touke BHe twiockoctd z=0 (|z[>0) dyHkMA

Am (Z) YAOBJICTBOPACT OAHOPOIHOMY BOJIHOBOMY YPABHCHHUIO, KOTOPOC

B JICKAPTOBOM CHUCTEME KOOPAMHAT MPU OTCYTCTBUH 3aBUCUMOCTH OT X U
y UMEET BU/I;
d2A. .-, -
—dzzm +k*A, =0 |z1>0 (2.28)
OO6uiee pemienre ypaBHEeHUS (2.28) MOXKHO MpeACTaBUTH (PopMy-
JIOM:

! .« -ikz . .ikz
A =Ce """ +C,e
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Oy € ¢ =e e (k* > 0) crpemMuTcst K GECKOHEYHOCTH

ik K"z ok
npu Z—>—©, a QpyHKuusa € - =e° ‘e‘’ crpeMuTcs K OECKOHEYHOCTH

IpyA Z —> %0 . MO3TOMY BBIPAXKEHUS JJI1 BEKTOPHOTO MOTEHUIHANA MPEN-
CTaBJISIEM B BUJE:

(2.29)

Ucnonwsys (2.9) n yuuteiBas, uro diVA, =0, monyuum cremyro-

1e€ BEIPAXKEHHE IS HAMTPSHKEHHOCTHU DIIEKTPUUECKOTO TIOJISL:
y L ~|ce™ 250
E,=—IWkKA, =—X1Wkq . . (2.30)
C,e™", z<0

rne W =/u,/é, .

N3 ycinoBus HENPEPHIBHOCTHM TAHTCHIMAIBHOM COCTAaBJISIONIEN
HaMpsOKEHHOCTU  AJIeKTpuueckoro monst npu  z=0 ciuemyer, dTO

C:=C.=C.
Ucnonb3ys (2.7), NOTy4dnuM CIEAYIOLIEE BBIPAXEHUE ISl Hampsi-
KEHHOCTU MAarHUTHOTO MOJISL:

.
o< 2 2| oA
ox oy oz oz ,
A0 0
- |y ik Ce ™, 250
H, = (2.31)

y'(ik)Ce™* ,z<0
Ucnonw3yss rpanunuHoe ycioBue (1.22) nms Hanps>KEeHHOCTH
MarHUTHOTO TOJIS, MOJYYHM:

[Zo(ﬁm |z:+0 _ﬁm |z=—0 ):| = XOZIkC = _Xoﬁcm

m
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- cm
Otcroma, C =—% U BBIPpAXKECHUS A HanpsDKEHHOCTEH
[

noss Eqnu H, mpuamMaror cienyrommuii Bu:

oo ﬁcm —ikz
e " z2>0
y 2

- cm )
o M ikz

— e ",z<0
Y 2

E =X %W e (2.32)

DJIEKTPOMArHUTHOE II0JIe, OMpejesiieMoe BhIpakeHusMu (2.32),
ynoBiaeTBopsier npu  |Z[>0  ogHOpOJHOH  CHCTEME  YpaBHCHHUMU

snekTpoauHaMuku  (cucreme (1.28) mpu  j"=0) © IpaHUYHBIM

ycnoBusam (1.21), (1.22) nva mnockoctu 2=0.
Takum o00pa3zoM, BeipakeHus (2.32), B CUIly TEOPEMBI E€IUHC-
TBEHHOCTH, SBJISIIOTCS PEIICHUEM MTOCTAaBJICHHOMN 3a1a4H.
DONEeKTPOMarHuTHOE MOJie, HANPSIKEHHOCTh KOTOPOro OMpeaess-
€TCS STUMU BBIPAKECHUSIMH, IPEACTABIIAECT COOOU MIOCKYIO OJJHOPOAHYIO
AJIEKTPOMATrHUTHYIO BOJIHY, PACIPOCTPAHSIONIYIOCS B IMOJOKUTEIBHOM
HarnpaByieHuu ocu Z nipu Z > 0 u B orpunareiabHoM — 1ipu Z < 0. Ilpu

—

9TOM KOMIUICKCHBIC aMIUINTYIbI Em 141 Hm CBsA3aHbl MCIKIY coboit
COOTHOILLICHUAMMN .

E =W|H_ °|. H =L[F,Em}, (2.33)

—_—

0 v o
rape 7 - CAMHUYHBIM BCKTOP, YKa3bIBAIOIIWMK HAIIPABJIICHHUE pacIpoCTpa-
HEHUA BOJIHbI

— |2, npuz>0
7T - - L]
-2, npu z<0
Takum o00pa3oMm, MOBEPXHOCTHBIM 3JIEKTPUUYECKUM TOK, PaBHO-
MEPHO pachpeieNIeHHbIH Ha 0eckoHeYHOU miockocTr Z=0, Bo30yx)aaeT
MIJIOCKUE OJHOPOJIHBIC BOJHBI, PACIIPOCTPAHSIONINECS B 00€ CTOPOHBI OT

3TOU IIJIOCKOCTH.
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ITocTosiHHBIC k= a)\/éa,ua )51 W= SABIIAKOTCA BaXHBIMHU

QJICKTPOINMHAMHUYCCKHUMHU IIapaMCTpaMH. [TocTrossauass K HaspIBaeTcd

BOJIHOBBIM YHCIIOM, a moctosHHas W - BOJHOBBIM COIPOTHUBICHHUEM
CpE/Ibl.

Hcnonw3ysa popmyny (1.28a), mpeacTaBUM BhIpaXKEHUS JIs K uW
B BUJIC:

K =wyé,u, =k1-i-tgs =k’—ik”,(k'>0,k" > 0)

: U, W o
W= 7= go=—v, (2.34)

s Jl-itgs we,

&g

k W = &
rac =a)\/5aﬂa )51 - c - BOJHOBOC YHUCIO HW BOJHOBOC
a

conporuBienue mpu o =0.

2.6. OcHoBHbIE XapakTepuctuku I1OB

Paccmorpum 1IOB, pacnpocTpaHSIOMIYIOCS B TOJOXUTEIHBHOM

—

HaIIpaBJICHUH OCH Z. Och X COBMECTHM C HaIIpaBJICHUCM BCKTOpPa E.
BI)Ipa)KCHI/IH AJIs1 KOMIIJICKCHBIX aMIIIUTY MOJICU npcacTaBuM B BUJIC:

E =x°E,, H, = y‘)%e—‘kz (2.35)

rne E,=|E,|€” - koMmiekcHas KOHCTaHTA.
3anuieM BbIpaKeHUs I MTHOBEHHBIX 3HAYEHUI BEKTOPOB ITOJIS:
E =Re(E, e")=x"|E,|e ™ cos(wt —K'z + ¢,)
E | ., (2.36)
||V\/0 le‘Ik cos(wt —Kz+ @, —,)

I[a)II/IM HCKOTOPBIC BAKHBIC OIIPCACIICHUSL.

H = Re(H, &™) = y°
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1.AMHJIHTV,Z[OI>1 BOJIHBI Ha3bIBACTCA MAKCHUMAJIbBHOC 3HAYCHUC

~ —k"z
HaprDKéHHOCTI/I BJ'IGKTpI/I‘{eCKOFO I10JI4 Em - ‘ Eo ‘ e NN
MAKCUMAJIBHOC 3HAUCHUC HaHpH)KéHHOCTI/I MArgumuTHOTI'O ITOJIA

1
H, :W'Em. Kooddunuent K" naspiBaetcs xosdduumenrom

3aTyXaHH.
Ecmu aMIIMTyda BOJIHbI HC 3aBHCHUT OT IIOIICPCUHBLIX KOOPAHMHAT

(X,y), TO Takas BOJIHA Ha3bIBACTCS OJHOPOJIHOM.
2.  da30¥i BOJHBI HA3BIBACTCS APTYMEHT KOCUHYCOMIAIbHOU (PYHKITUN
B BhIpakeHUAX (2.36) s HanpsHKEHHOCTH SJCKTPUYECKOrO IO MU

mareutHOro monst: @D =wt—kz+¢, @7 =" —¢,, . Kospduument

k'=Rek masbBaeTcs koobduimenTom hasbL.

3.DpoHTOM BOJBI HA3BIBACTCS MOBEPXHOCTH, B KaXKJO0H TOYKE KOTOPOU
¢da3a BOJHBI OAHA W Ta XKe. B paccmaTpmBaeMoM HaMH Cilydae TaKOU
MOBEPXHOCTBIO SBIISICTCSA INIOCKOCTH Z=CONSt, MOATOMy M BOJHA
Ha3bIBACTCS MJOCKOM.

4, ®a30BOW CKOPOCTHIO BOJHBI HA3BIBACTCS CKOPOCTh IEPEMEIICHUS
(pOHTA BOJIHBI:

v, = lim 22
¢ A0 At (2.37)
rae Az - mepeMelneHue GpoHTa BOIHEL 3a Bpems At
[IpupasuuBas ¢aszer D(t,2) = D(t+At, z + Az) M UCIOJB3YA

BhIpakeHHEe (2.37), MOJydyuM CIEAyIoIyto Qopmyldy sl pacdéra
$ha30BOM CKOPOCTH:
@
Vyp = K (2.38)
5. JlirHOM BOJIHBI Ha3bIBAETCS PACCTOSIHHE, HA KOTOpoM (ha3a BOJIHBI
MU3MCHSCTCS Ha BEIMINHY 277

O(t,2)-D(t,z+ 1) =27 (2.39)
OTtcrozia, UCHONb3ysl BBIpAKEHUE I (asbl, MOJIy4aemM
CIIeIYIONIYI0 (GOpMYyy s pacuéTa A .
27
A= o (2.40)
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Xapakrtepuctutuku IIOB, pactipocTrpansiionieicsi B uieaJJbHOM
AUIJIEKTPUKE.

st uneanbHOro AudnekTpuka: o =0,

tgo=-2-=0, k'=k = o fepu, K" =0 W =W =_|“2
ga

&

a

AmruiuTya BoiHbl E, = const (He 3aBHCHT OT Z) , H,=—".

®aza o P =" =wt—kz+¢,, (g, =0).
v 0 _ o _ 0]
daszoBas ckopoCcTh: Yo — 1,7
P k' k a’\/goluo \/glu \/81u
1
C=—— ~3x10%M

TJIe - CKOPOCTh CBETA B BAKYVYME.

A Lﬁ‘oﬂo 4 P Yy

JIJIMHA BOJIHEI:

/1_272_27z_ 2 C A
K"k aJeu, fisu Jeu

C )
rae A, =5 a 4Jacrora fzg-

Xapakrepuctuku [1IOB, pacnpocTpansiroiencs B HeuaeaJlbHOM
amiekTpuke (tgo <<1).

K =k I—itgo k(1—|tg5) K=k k" = kt925

W :sz,quzo_

Jl—itgé

AMIUIUTY A BOJIHEIL: E., = Eoe_k”z = Eoe_ 2, (2.41)
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OcTanbHble XapaKTEPUCTUKU PACCUUTHIBAIOTCS MO TeM ke Gopmyliam,
YTO U JUISl WUJICATBHOTO JUAJICKTPHUKA.

Xapakrepuctuxku I1IOB, pacnpocTpansirommecs B NIpOBOJHUKE

(tgo >>1).
- tgo i n tgo
k:k,/*l_ngazk,/%(l—o;k ~k =k,/97;
J—itgs  Jigs 4
i —kEZ
AMILIATY 18 BOJIHEL: E,=Eeg "~=Ege : (2.42)
da3a BOJIHEL: b :a)t—k'z+€001‘DH =pf -2,
) ) C
®a3oBasi CKOPOCTB: Yo T T tgo 95
K 92 \/a go
2 2
27
2 Kk

JUIMHA BOJIHBL: A= k' [@ '
2

O‘leBI/IJIHO, 49TO Ba3oOBasd CKOPOCTb U JIMHA BOJIHBI B IIPOBOJHHUKE

ropasio MeHbIIe, YeM B AHAIEKTpHKE (B A/100/2 pa3).
CpaBHMM 3aTyXaHHE BOJIHBI B JUIJICKTPUKE W B IIPOBOJHHKE Ha

paccrosiun Z =4 = h
B awsnekrpuke (180 <<1) Bonma c¢ ammaurymoii E,, mpoiims
pacCcTosiHUE Z= 1, UMEET aMIUTUTYAY:

p (99525 s
E. =Ese =Ee " = Ey(1-7-19d) = E; (3mech ucnonb30BaHo

pa3NIOKEHUE B CTENEHHON psan GyHKumu € mpum Manslx X). Takmm
00pa3oM, aMIUTUTY/1a BOJIHBI MPAKTUUYECKH HE MEHSETCSI.
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B mpoBogumke (tgo>>1) Bomna ¢ ammaurymoii  E,, mpoiigs
paccTosiHue Z= A, UMEET aMILTUTY Ty

—k"(27/, on
£ —Ee %) ZE e?% ~0.001867E,.
T.o., ammnTyna BOIHBI yMeHbIaeTcst 6osiee uem B 500 pas.

2.7. T1IOB ¢ 1uHeliHOH, KPYTOBOM U JIJIMNITHYECKOI
MoJIApu3anuel BEKTOPOB MOJIsl.

BBeném noHsiTHE MIIOCKOCTHU MO PU3AIUU.
[110CKOCThIO MOJSPU3ALMKU  HA3bIBAECTCS ILJIOCKOCTh, KOTOpas
MPOXOJIUT YEpPE3 HAMNPABICHHUE PACIHPOCTPAHEHHS BOJHBI U BEKTOP

HaMPSKEHHOCTHU AJIEKTPUYECKOro mojs E.

B oOmem ciydae BBIpOKEHUS [JI1 KOMIUIEKCHBIX aMILUTATY]]
BeKTOpOoB 1Mo [IOB SBASOTCS 4YacTHBIM pELIEHUEM OJHOPOIHOU
CHUCTEMBI YPABHEHUU AIEKTPOJAUHAMUKH, 3aBUCSIIIAM TOJBKO OT OJHOMU
JIEKAPTOBOU KOOPAUHATHI Z, U IIPEJICTABIISIETCSA B BUJIE:

E, = (X°E,, +Y°E,, A)e ™, Eoy =|Eqy |

= 1 - e‘ik‘Z e s . . i (243)

Hm =W|:ZOEm:| = W_.(yOEOX _ XOEOy)1 E()y — ‘Eoy‘e Poy
3JI€KTpOMaFHI/ITHOC I10JIC, COOTBCTCTBYHIOIIICC OTHUM

MPEJICTABIICHUSAM, MOXHO paccMarpuBarh Kak cymmy 1Byx [IOB,
IIPUYEM TUIOCKOCTH MOJISIPU3ALMU OJHOW COBIIANAET C IUIOCKOCTBIO XOZ,
a BTOPOM — € INIOCKOCTHIO YOZ.

3anuineM BBIPAXEHUE [JI1 MTHOBEHHOTO 3HAYEHUsS BEKTOpA
AIEKTPUYECKOTO OIS E:

E = X°|E,, e cos(at —Kz +¢,,) + 7° |Eyy e

cos(ot K2 +g,,). (2.44)

O003HauUM 4Yepe3 oL yroy MEXAy IJIOCKOCThbIO mossipusanuu P u
IJIOCKOCTBIO X0Z (puc. 2.5.) PaccMOoTpuM BBIpaXeHHE:

E, |Eoy|cos(et—kz+4)

tga ) Ex B ‘EOX

cos(wt —KzZ+¢,,) (2.49)
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y [
| |
E R
¥ f//: E
Voo
a |
-0 |5=I f

e
P
pd
Lz

Puc.2.5. IInockocTe nomsapusanuu P B 1eKapTOBBIX KOOPAWHATAX.

Eciu dasel AByX BOJIH COBIAMAIOT (¢0x — ¢Oy), TO yroil o He

MEHSETCS C TEUEHUEM BPEMEHH, U IUIOCKOCTH MOJISIPU3ALMUA COXPAHSET
CBOE MOJIOKEHUE B MPOCTPAHCTBE. Takas BOJIHA HA3BIBACTCS BOJHOU C
JIMHEWHOM TOJIIpU3ALMEeN BEKTOPOB MOJIS.

BonHa, y KOTOpOU IIJIOCKOCTH TOJISIPU3ALIMK C TEYEHUEM BPEMEHU
BpalllaeTcsi BOKPYT OCH Z (COBIAJAIOUICHd C HANpaBJICHUEM BEKTOpa

[lolinTHHTA), @ KOHEl BekTopa E omuckiBaeT OKpy>XHOCTh B IJIOCKOCTH,
MEPHEHANKYISIPHON HAIPaBJICHUIO pacpoCcTpaHCHUS BOJIHBI,
HA3bIBACTCA BOJIHOM C KPYTOBOW IMOJIsIpM3aliMer BekTopa mnoiis. llpu
3TOM, €CJIM BpAIIEHUE I[UIOCKOCTHA MOJSPU3ANUA ITPOUCXOAUT MO
4acoBOM CTpEJIKE, eCIH CMOTPETH BJ10JIb HaIpaBJICHUS
pACIIPOCTPAHEHUSI BOJIHBI, TO TaKasi BOJIHA HA3bIBAETCS BOJHOW C_IIPaBOU
KPYTOBOM MOJISIPU3ALMEN, @ €CIIA MPOTUB YAaCOBOM CTPEIKU — C_JIEBOW
KPYTOBOU MOJISPU3ALMEN BEKTOPOB MOJIS.
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Bonna ¢ mnpasou KPYTrOBOM TOJNSPU3ALUEN  OIPEIEISIETCS

:‘EOy‘: Eqor @5y :gOOX_%. [Tpu

BeIpakeHusIMU (2.43), (2.44) npu ‘on

E|=\E2+EZ =Ee™;
TOM (2.46)
tga =tg(wt —k'z+ ¢,,)

OTtcroga BUJIHO, YTO YTOJd & C TEUCHUEM BPEMEHHM YBEIUYUBACTCS, U
IJIOCKOCTh MOJISIPU3aLlMU BPAIIA€TCs C KPYTOBOM YacCTOTOU @ .

BonHa ¢ 71€BOM  KPYyroBOM  MOJISIPU3ALIMEN  OIPEAEIACTCA

:‘EOy‘: Eqr @0y :¢Ox+%. [Tpu

—k'z [
3TOM |E| = Eoe , tga=—tg(cot—k2+(pOX) . (247)
Takum o0Opa3om, BOJIHA C KPYTOBOM MOJISpU3aIIUE€ BEKTOPOB MOJIS
€CThb pPEe3yJbTaT CIOXEHUS JBYX  BOJH, MOJSPU30BAHHBIX B JBYX

OPTOTOHAJBHBIX IUIOCKOCTAX (X0Z W YO0Z) C paBHBIMU aMIUIUTYyAaMu

T
(1)3351 KOTOPbIX OTJIUYAIOTCA Ha E .

BeIpakeHusIMu (2.43), (2.44) npu ‘E.OX

B oOmem ciyyae, 0pu CIOXKEHUHM BOJH C Pa3IWYHBIMU
aMIUTUTYJJaMU M TIPOU3BOJIBHBIM CABUIrOM (a3 Mojgy4aeM BOJIHY C

IUTANITUYECKON Tosspu3anueii BekTopoB mois. Koner Bektopa E
TaKOW BOJIHBI OMHUCHIBAET SJUIANC B IUIOCKOCTH, MEPHEHIUKYISIPHOU
HaINpPaBICHUIO PACIIPOCTPAHEHUS BOJIHBL.

BonHbl ¢ AaaunTHYECKOW — MOJISIPU3AlMEN  BEKTOPOB  MOJIA
omnpenessitoTcsi  BeIpakeHusmu  (2.43), (2.44) npu mOpouU3BOJIBHBIX

COOTHOIICHUSX MEXAY AMIUIATYIAMU ‘EOX 17| ‘Eoy‘ u dazamu ¢0X 151

¢Oy-

2.8. DJIeKTPOMATHUTHOE T10JI€ 3JIEMEHTAPHOT 0
IJIeKTPUYECKOro u3iayuaresisi. OCHOBHbIE XapaKTEePUCTUKH.
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BekTOpHBIN MOTEHIMAJ

DJIEMEHTapHbIA DAJICKTPUYECKUN H3IydaTellb — 3TO KOPOTKHUM
OTPE30K TOHKOI'O0 MPOBOJA, MO KOTOPOMY TEYET JJIEKTPUYECKUU TOK C
MOCTOSIHHOM aMIuiuTygol u ¢azoit. (puc.2.6.). Ilpu sTOoM nnuHa

npoBoga | MHOro MeHbIe pacCTOSHUS I 10 TOYKH, B KOTOPOI

27
onpeaenarcs nojue (puc.2.6.), © MHOIO MEHbBIIE JAJIMHBI BOJIHBI A= "

rae K'- koaddunuent dasel, a paanyc NpoBoga @ MHOTO MEHBIIE €ro
I' cm

JJINHBI | . Komruiexcuas aMIUIUTYyAa CTOPOHHCIO TOKa B Ka)KI[Oﬁ

TOYKC H3JIyHaTeJisd SABJIACTCA MMOCTOSIHHOM BeIWYMHOM. Takum O6p330M,
YCJI0BUA 3JICMCHTAPHOCTH MOKHO 3aI1MCATh B BUC!.

a) I<<r; 0) I<< 4 ; B)a<<l; 1) | =" =const. (2.48)

4

r/y!
K—-

Puc. 2.6. DneMeHTapHbBIN 3JIEKTPUYECKUI U3ITYUYaTEb.

PaccmarpuBasi sneMeHTapHBIM W3JIy4yarellb Kak MPSMOJWHEUHBIN
OTPE30K JIMHEMHOTO TOKA W WCMOJIb3ys BhIpaxkeHue (2.24), npeacraBum

BCKTOpHBII?'I IMOTCHIOHUAJ B BUJIC:
’—l .
I "2 T

Am=z°4 .\r— ‘ (2.49)
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=

rae [ - paanyc-BEKTOp, NPOBEAEHHBIM W3 Hadajla KOOPAWHAT B

44

| |
o/ !
IPOU3BOJILHYIO TOUKY M3nydarens Z2' naocuz: ' =22 1(_5 SRS E)-

W3 ycnoBuit snementapuoctu (2.48a,0) cienyer, 4ToO MOJbIHTErpalibHAS
GyHKIMS OpaKTUUYECKU HE MEHSETCS Ha MHTEpPBaje UHTETPUPOBAHUS, U
€€ MOJKHO BBIHECTH 3a 3HAaK HHTerpama, mojoxuB B Heit z'=0.B
pe3ynbTaTe IOJIYyYUM CIHEAYIOIIEE BBIPAKEHHUE JJI1 BEKTOPHOIO

. " cm —ikr
= _ 17le

OTeHIMAaA: A, = Az 1 (2.50)

Kak BuIHO, OHO COBMAAAE€T C BBIPAXKECHHUEM JJII BEKTOPHOTO
MIOTEHITMAJIa DJIEMEHTa JJICKTPUYECKOro Toka (2.22).

Hanpsizk€HHOCTD 10151

HaHpH)KéHHOCTI) QJICKTPHUYCCKOIo I10Jd HaXO0AUM, HCIIOJIb3ys

bopmyny (2.7) Hm IFODB\m U TpEeJICTaBIICHUE I’Ot:&m B chepruueckoit
cucTeme koopaunar (I,0,a):

FO é’o C_io

r’sin@ rsind T

O R )
" or 00 oa |, (2.51)

A, A, Tsing-A,

— 0

rae F°,0°,a" - opThl cheprueckoit cucTeMbl KoopauHaT (puc. 2.6.).
BeKTOpHBIN TOTEHIMAN IPEIACTABIAEM B BHIE PA3JIOKEHHS 10

3THUM OpTaM: ;‘;m = FOAmr + éoAme +07°Ama ; (2.52)
I'cml e—ikr . Icml e—ikr .
A, =————C0s6- =——"———sinf- A =
rac mr A r , A\ne Ar , 'A\na 0.

PackpeiBas onpeaenutens (2.51) mo snemMeHTaM NEPBOU CTPOKH,
MOJYYUM CJICAYIOIIEe BBIPAKEHUE I KOMIUICKCHOW aMIUIUTYIbI
HaNps>KEHHOCTA MAarHUTHOTO TOJIA:
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—ikr

- "kl . 1.e
H =a t—sinf(i+—)—
"= ( |(r) . (2.53)

Hcnonb3yss  mepBOo€  YpaBHEHHUE  DJICKTPOAMHAMHUKH IS
KOMIUIEKCHBIX —amruinuTya  (1.28), MOXXKHO TOJYy4YHUTh CJEAYIOIIEe
BBIDQXKEHHE U1  KOMIUIEKCHOM  aMIUIUTYAbl  HAOPsHKEHHOCTH
IEKTPUUECKOTO MOJIS:

N 2(. 1 |
. . . il K r coseﬁ I+ﬁ + i
EmzfrOthZ L . —
lwe, Ar \wé, | =, . [ 1 r - (2.54)
+60°sin0 -1+ —+——
i kr  k°r< )]

B 3aBucumoctu ot Benmunnsl mapamerpa Kt (K’ =Rek) Bcé mpo-
CTPaHCTBO JIEJIAT HA TPU 00JIaCTH:

1) o6macTh mpoCTpaHCcTBa, it KoTopoit K'r >>1 (r >> 1),
Ha3bIBaeTCs AanabHe# 3000 (/1.3.);

2) o6aacTh mpocTpaHcTBa, st KoTopoit KT <<1 (r<<A),
HaszbpIBaeTcs OmmkHel 30H0# (b.3.);

3) ocTtaibHas 4acTh MPOCTPAHCTBA HA3BIBACTCS MPOMEKYTOYHOU
3oHoi# (I1.3.).

Hawnbomnee crnoxHyl CTPYKTYpy IOJIE UMEET B MPOMEKYTOUHOU
30He. [{ns pacu€ra mosisi B 3TOM 0OO0JACTU HCHOJB3YIOTCS (HOPMYIIBI
(2.53), (2.54).

s pacuéra nosst B B.3. u /[.3. MOXKHO MOJMy4uTh 00Jiee MPOCTHIE
dbopmynbl. Habonbimuil npakTUUYECKU WHTEpPEC MPEJCTABISET MOJie B
JaJbHEU 30HE.

2.9. DileKTPOMarHuTHOE MoJie B 1ajIbHel 30He.
Cdepuyeckas BoJIHA

[Ipu pacuére mons B [.3. B 00mux BeIpakeHusx (2.53), (2.54)
MO’KHO OCTaBHUTh JIMIIb T€ YJICHBI, KOTOPhIE MpHU I —> © yOBIBAIOT Kak

—ikr
€ / . B pesynbraTe @OAYYMM CIEAYIONIME BBIPAKEHUS IS

KOMIIJICKCHBIX aMIUIUTY I I10JIA:
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Cem, —ikr
Hm=&°i|m K sing® ,

A r
- " cm —ikr (255)
g _ G kI e

47r r

Y /Ja
rne W =7 - BonnoBoOE COTIPOTHUBJICHHUE CPEJIBI.
a
DIIeKTPOMarHuTHOE noJie, HaNPsHKEHHOCTD KOTOPOTO
ompenensaeTcs  BbIpakeHusmu  (2.55),  mpenctaBisieT  coOoi

C(bepnquKy}o OJICKTPOMAIrHUTHYKO BOJIHY, PaCIPOCTPAHAIOIIYIOCA B
padvaJIbHBIX HAIIPABJICHUAX OT HU3JIYyUaTCIIsd, PACIIOJIOXKCHHOTO B HA4YAJIC

. .

koopaunar. Ilpu stom BekTopel E,m H, y chepuueckoil BoIHEI
CBSI3aHBI MEXIY COOOM TAKUMU K€ COOTHOIIECHUSIMU, KaK U JJIsI TIJIOCKOU

OJHOPOIHOM BOJIHBI:
il |h, =L
W

rne [°- eAMHWUYHBIM  BEKTOp, YKa3bIBAIONIMN  HAMpPaBJICHUE
pacupoCTpaHEHUS BOJIHBI.
3anuiineM BbIPa)K€HUA JJIi MTHOBEHHBIX 3HAYEHHUN BEKTOPOB E U

F"Em] (2.56)

H:
. = . e"‘”r
E =60°|C|sind——cos(wt —K'r +¢,),
r
p kT (2.57)
’W‘sme—cos(a)t K't+@, — @),
Y
C=1—W
rae A

OcCHOBHBIE XaPAKTEPUCTHKHU C(hepruuecKOil BOJTHbI

1) Awmmiuryna BOJIHBI - MaKCHUMaJIbHOE 3HAYCHUE
HANPsHKEHHOCTH 3JIEKTPHYECKOr0 U MarHuTHOro mostei ( E,mmu H ):
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- Cl g

_\c\sme— H, Wsmé’— (2.58)

2) aza BOJIHBI — apTyMEHT KOCHUHYCOMIAIbHOU (DYHKITUU:

D" =t —k'r+q,; D" =D —q,. (2.59)
3) DpoHT BOJHEI — chepruyecKas MOBEPXHOCTh I' = CONst.
4) a3oBas CKOPOCTh pacCUUThIBacTCs 1o opmyire (2.38):

L
Yy =1 (260)
5) JlauHa BOJHBI — paccuUMThIBaeTcs 1o dopmyie (2.40):
2r
A=t (2.61)

N3 BbipaxkeHuil (2.58) BUJIHO, YTO aMIUIUTYAa BOJIHBI 3aBUCUT OT
paccTossHus ' W oT yrua 0. IIpu OTCYTCTBHM TOIJIOMICHUS, T.C. MPH
o =0,aMmnTy1a BOJHBI H3MEHSCTCS OOPaTHO MPOMOPIIHOHAIBEHO
paccrossHuro . Eciau aMiuidtyaa BOJIHBI 3aBUCUT OT IONEPEUHBIX
KOOpAMHAT ¢ Wau & , TO BOJHA HA3bIBACTCS HEOIHOPOTHOM.

Ecmu amnnuryna BOJIHBI HE 3aBUCHT OT a3MMYTAJIbHOTO yrila & ,
TO TaKasi BOJIHA HA3bIBACTCS a3UMYTAIBHO OJTHOPOJHOM.

2.10. IlmarpaMmma HaAnpaBJIEHHOCTH

Jlnarpamma HaIpaBIE€HHOCTH — 3TO XapaKTEPUCTUKA U3ITydaTeNs,
MOKa3bIBAIOIIAs] 3aBUCUMOCTh aMILUTUTYbI TTOJIS B JaIbHEN 30HE OT
HaIPaBJICHHS B IIPOCTPAHCTBE, MJIN YIJIOBBIX KoopauHaT 6 u & .

JAuarpaMmmMa HanpaBJIeHHOCTH B MEPUAMOHAIBLHOMN
miaockoctu (MII)
MepuanoHanbHas INIOCKOCTh — 3TO INIOCKOCTh, IPOXOIAIIas Yepes
OCb Z. YpaBHEHHE OTOH IUJIOCKOCTH B CHEpPUUECKUX KOOpAMHATAX
3aIlMCBIBAETCS B BUJIE:

a=a, a=a,+180" e 0<a, <360 (2.62)
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JlnarpamMa HampaBJI€HHOCTM B MEPHUAMOHAIBHOM IUIOCKOCTH
MPEJICTABIIET KPUBYIO, ONIMCHIBAEMYIO YPABHCHUEM:

o E.(0,a) |&=0
Enmex |0 =0, +180°

rae I — JJdHa paauyc-BEKTOpa, MPOBEAEHHOTO B MEPHUIMOHAIBHOU
IUIOCKOCTH U3 Havajla KOOPJUHAT MOJ YIJIOM @ K OCH Z;

=sing, 0<6<180°, (2.63)

Em (9) = EmEm - AMIININTy a4 HaHpH)KéHHOCTI/I SJICKTPHUYCCKOI'O II0JIA B

nanbHel 30He; B -MakcHMalbHOE 3HAYEHHE aMILIATY/IbL.
JlnarpaMma HampaBIE€HHOCTH 3JEMEHTAPHOTO 3JIEKTPUYECKOTO

U3JIy4yaTels B MEPUAMOHAIBHOW IIOCKOCTH MPEACTAaBISIET COOOW JBE
OKPY’KHOCTH, KacaroIllecs OCH Z B Hadajie KoopauHat (puc. 2.7).

Z i
o’

Y s

r r 0
ﬁ: 3] 3] =
22 N S
2 o— o = =
2+ 0 2%
=% (=1
= /:'
=) VAR
5% 7 |g
= - =

_ ] A |

Puc.2.7. lnarpamma HampaBiieHHOCTH B MI1

JAnarpaMmma HanpaBJIEHHOCTH B YJKBATOPUAJIbHOMN
miaockoctu (II1)

DKBaTOpHAIbHASA IUIOCKOCTh — 3TO IIOCKOCTh, MPOXOIAIIAs Yepes3
HA4YaJl0 KOOPAMHAT MEPIEHAUKYJISIPHO OCU Z. YPaBHEHUE OTOU
IUIOCKOCTH B CPEpPUUYECKUX KOOPJAMHATAX 3alUChIBAETCA B BHJE:
6 =90",

JuarpamMMa HampaBJICHHOCTH JJIEMEHTAPHOI'O JJIEKTPUUYECKOIO
u3JydyaTesnsi B OKBAaTOPUAIBHOW IJIOCKOCTH TMPEACTaBIsAE€T COOOM
KPUBYIO, 33/1aBAEMYIO YPAaBHEHUEM:

o E.(6,a)
E

mmax  [g=gp°

=1, 030{S360°’ (2.64)
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rae - IIMHA paguyca-BEKTOpa, MPOBEAEHHOIO B 3KBATOPUAIBHOM
IJIOCKOCTH M3 Hayajia KOOPJIUHAT MOJ YIJIOM & K OCH X.

Tak Kak aMIUIMTyJa BOJIHBI HE 3aBUCHUT OT yTJla & , TO JAarpaMmma
HaIPaBJICHHOCTHU MPEICTABIAECT COO0M OKPYKHOCTh C LICHTPOM B Hayaje

KoopauHar (puc. 2.8.).
y

T

e

r=1 o X

Puc.2.8. Ilnarpamma HanpasiieHHOCTH B Ol 1.
IIpocTpaHCTBEHHAS JUATPAMMA HANPABJICHHOCTH

HpOCTpaHCTBCHHaﬂ auarpaMma HaAIIpaBJICHHOCTHU IIPCACTABIISACT

c00011 TOBEPXHOCTH (pHUC. 2.9.), ONUCHIBAEMYIO YPABHECHUEM:

r=E0l9) _ginp, 0<0<180, 0<a<360  (265)

mmax

Puc.2.9. [IpocTpancTBEHHAs AMarpaMMa HalpaBJICHHOCTH.

JlnarpamMa HanpaBjI€HHOCTH CTPOMUTCS CAEAyIOIMM obpazom. B
3aJJaHHOM HaIpaBJICHUH, ONpeae/sieMoM yriaMu ¢ W o , IPOBOJUTCS

paauyc-BekTop I - 1 Ha HEM OTKIAIBIBAETCA OTPE30K, IJIMHA KOTOPOTO
MPOINOPIHOHATBHA aMIUIUTYAE TIOJIS B 3TOM HaIlPaBJICHUH.
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[Ipy  u3MEHEHHM  YIJIOB 0 U a B Ipeaernax
0<60<180°,0<a<360° komemm paamyc-BeKTOpa I ONMHCHIBAET
MOBEPXHOCTH, 33JJaBAEMYI0 YpaBHEHUEM (2.65).

[IpocTpancTBeHHasl AuMarpaMma HAmpaBICHHOCTH 3JE€MEHTApHOTO
NIEKTPUUYECKOT0 M3ITydarelsis MpeAcTaBiIsieT co00il MOBEPXHOCTh TOPA,
00pa30BaHHYIO0 BpalICHUEM OKPY>KHOCTH, Kacalllelcs B Hadale
KOOPJIMHAT OCH Z, BOKPYT 3TOM OCH.

2.11. MOIIHOCTB ¥ CONPOTHUBJIEHNE U3JTyYeHH s

HSJ’IY‘I&GMYIO MOIOIHOCTH MOZKHO HaﬁTH, HCIIOJIb3Yysl YPAaBHCHHC

sHepreruueckoro Oamanca (1.31) , momaras P, =0 (ymenbnas
IPOBOIUMOCTH cpeibl o =0):
P, =[[J{1ds =—P"" >0, (2.66)

S
r7Ie cpeaHee 3HaueHue Bekropa llovitunra

= 112 =.
II = Re(E lEmHm:b’ (267)
S — 3aMKHYTas IIOBCPXHOCTb, OI'paHUYMBAIOIIAA 06J'IaCTI>, B KOTOpOfI

PacloJIOKCH  U3J1Yy4aTCllb. HpI/I 3TOM BC€JIMYHHA Pz HE 3aBHCUT OT

(GbopMBI U pa3MeEPOB MOBEPXHOCTH S.

B kauecTBe moBepXxHOCTU S yA0OHO BBIOpaTh cepy ¢ LIEHTPOM B
Hayaje KOOpAMHAT, panyC KOTOPOM CTpEeMHUTCS K OecKOHeuyHOCTH. B
3TOM cllyyae BbIpaxkeHue (2.66) g uU3IydyaemMoil MOIIHOCTH
IPUBOAUTCS K BUAY:

T 2T __
[

6=0 a=0

#°r?sin@dfda. (2.68)

r—o0

IIpu BeIYMCIICHUYT 1o dbopmye (2.67) uCrionb3yem BbIpaKECHUS
(2.55) nns moJist B 1alibHEN 30HE:
om |2 2
= |la| (k)

: 1
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[ToncraBnss (2.69) B (2.68) 1 uHTErpUpys, HOJTYUUM CICIYIOIIEE
BIpaxkenue s P

_ W .12

P. =—(kD?|1"

3 12ﬂ( )l (2.70)
WJIn

D 1  om |2

P =§RZ Il (2.71)
rjae KodhpuuueHT

W

R, = — (kl)®

. 67[( ) (2.72)
Ha3bIBACTCS CONIPOTUBIICHUEM U3JTYYEHUSI AJIEMEHTapHOTO

3EKTpHYECKOTo W3daydaTens. Ilo BemumumHe Ry MOXHO CyauTh 00
sbdexTuBHOCTH M3TydeHus. Yem Gombiue Ry, Tem Gombire n3myuaemas
I' cm
m
W3JIy4YE€HHUS IIOBBIIIAECTCA C POCTOM YacCTOTHl M YBEJIWYCHUEM JIJIUHBI
W3JTy4daTers.

MOIIHOCTh TNPU 33JaHHOU aMIUIUTYyJE€ TOKa . O (DEeKTUBHOCTH

'JIABA 3. OCHOBHBIE TPUHIUAIIBI, UCTIOJIB3YEMBIE B
TEOPUHU DJIEKTPOMAT'HUTHOI'O ITOJIA

3.1. llpyHUOMN cynepno3uuumn

3HCKTpOMaFHI/ITHOC I10JIC, B036Y)I(I[a€MO€ HECKOJIBKNMHN
HNCTOYHUKAMH, MOZKHO NpcaACTABUTDH B BHUJC CYMMBI HOHCﬁ,
B036Y)KI[aeMBIX KaXXIAbIM NCTOYHHUKOM B OTACJIIBHOCTMU.

—

Ecimn 00bEMHYIO IUIOTHOCTH CTOPOHHETO TOKAa J,  MOXHO
IPEICTABUTH B BUJIE CyMMBI

I = *+Jme (3.1)
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TO HaHpH}KeHHOCTB SJICKTPOMArduTHOT'O I1OJIA, B036Y)K,Z[aeMOFO TOKOM C

Tem
IJIOTHOCTBIO Jml MOYXHO Hpe,Z[CTaBI/ITB B BUJIC CYMMBI:

Em:Em1_|_Em2’H _Hm1+Hm2’ (32)

rne  En Hp- HampsoxkensocTs 1o, BO30Y)KIaeMOro TOKOM €

=cm — =
IIOTHOCTEIO J1 , @ EpoyH - HanpskennocTs moss, Bo36yxaaeMoro

TOKOM C IIJIOTHOCTBIO 7 .

[IpyHUIMN Cynepno3ulUMy CIEAYET W3 JMUHEMHOCTH CHCTEMBI
ypaBHEHUN oanekTpoauHamMuku (1.28). DT ypaBHEHHs sl TOJIeH

. . . .
— — — —

E. H.,uE.,,H,, cranossarcsa TOJK/CCTBCHHBIMH PABEHCTBAMH:
1) rotH =lwe, E 1 2) rotE ——Ia),uaHml, (3.3)
1) rotH,, = ia)gaémz jor 0y rofE,, =—ieu,H,,:  (3.4)

CxknanpiBas nowieHHo (3.3) u (3.4), HOJIy4yuM CJIeIYIOIIue
TOX/ECTBCHHBIC PABCHCTBA:!

rOtH =lwe, E_+ Jm .- TotE_ :—iwuaﬁm; (3.5)
OTKy 12 cleLyer, 4TO BEKTOPHBIE GyHKIMH
E,=E,+ Emz, H, =H+ H ABJIAIOTCA  PEUICHUAMH  CHCTEMEI

YPaBHEHHH 3JIEKTPOJUHAMUKH.

3ameuanue. [IpuHOMI Cyrnepno3uiuyu HE PACHPOCTPAHSETCS Ha
SHEPreTUYECKUE  XAPaKTEPUCTUKH, SABJSIONIAECS  KBAJIPATUYHBIMHU
XapaKTEPUCTUKAMMU TTOJISL.

3.2 D1eKTPOMATHUTHOE T0JI€ 3JIEMEHTAPHOT0 PaAMOYHOI0
u3Jayvyarens

Bocrone3dyeMcss TPUHUOUIIOM CYNEPIO3ULUU I HAXOKICHUS
AIEKTPOMArHUTHOIO IOJISI PaMOYHOI'O H3JydaTells, MPEICTaBIISIOLIETO
coOO 3aMKHYTHI MNPOBOJAIIMN KOHTYp, IO KOTOPOMY TEUET
NEKTPUUYECKUM TOK C MOCTOSAHHOW aMIUTUTyAou u ¢azoil. Paszmepsl
KOHTYpa MaJlbl IO CPAaBHEHUIO C JUTMHON BOJHBI A W paccTosHUEM I 110
TOYKHM HaOmroaeHus (puc. 3.1.).
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Zi 7o, To
— P " -
A o
—-— T -rpl r — -
4 o
9 ©
3L -

=
r
r
s
=
e

Puc.3.1.OmemeHTapHBI PAMOYHBIN U3JIY4aTEND

st mpsSIMOYTOJIBHOTO KOHTYpa TOKa YCJIOBHUSI 3JIEMEHTapHOCTHU
3aIUCHIBAIOTCS B BUJIE:

a) I, =const; 6) |, <<r;p) |, << 1 (i=1234). (3.6)

HUcnonb3yss  OpuUHUUI ~ CYyNEpPHO3UIMU, MOPEACTAaBHUM  IOJE
AJIEMEHTAPHOTO PAaMOYHOTO M3JIydaTesisi B BUJAC CyMMBI TOJEH YEThIPEX
AJIEMEHTAPHBIX JIEKTPUUYECKUX U3ITydaTeIeH, paciol0KEeHHbIX B TOUKaX
1,2,3,4 (puc.3.1.)

Ucnonb3yss  dopmyny (2.23) pans  BEKTOPHOTO IMOTEHIMAJA
AJIEMEHTA BJIEKTPUYECKOTrO TOKA, MPEACTaBUM  BBIPAXKEHHE IS
BEKTOPHOTO MOTEHIMaJIa 3JIEMEHTAPHOIO0 PaMOYHOTO H3JIydaTess B
BUJIC:

- I'cm 4 e_iKRi
SR .
472- i=1 Rl .
rl :_ioll;rz :_yolz;g = XOI&E =yl,;
1 |3 Ix7|2 I4 Iy’
R =(x=x)% +(y-y)? +(z-2)7, (3.9)
Xi»Yi»Z; - KoopauHATHI TOUekK 1,2,3,4;
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X, =0, xzz—EX, X, =0, X4:§X
I I

y1=5y, y, =0, ysz—Ey, y, =0,

z, =0, z, =0, =0 . =0.

Hcnonb3yst ycioBue »sieMmeHTtapHoctu (3.60) u mpenctaBisis
soipaxkenne (3.9) ma R; (1=12,3,4) B Buge pasnoxkenus B CTEIEHHOM
PAI TIOJTydaeM:

ly 1x
R =r—==I,; R,=r+——I;
' 21’ ? 2r
B ly, . . 1x,
RS_r+§FIy, R4_r—§FIX, (3.10)

r=yx2+y’+2°
ikR

[Toncrasmsss (3.8), (3.10) B (3.7), pasnaras QyHkuuto € B
CTENEHHOM psifl, UCTOJB3Ys MPU FTOM YCJIOBHE 3JIeMeHTapHOCTH (3.6B),
MOJIyYUM CJIEAYIOIIEE BBIPAKEHUE 1JI1 BEKTOPHOTO MOTEHIMAA!

An |ka| | VA O VA | gk
K24y |+ | 3.11

C4r r (3.11)
Hcnonb3yss  COOTHOINEHUS — CBA3M  JEKAPTOBBIX M CEPUUECKHX
KoopauHarT X=TrsSin@cosa,y =rsin@sina u yyurteiBas IpH TOM, YTO

a’ =Yy’ cosa—X"sina , npuseném Beipaxkenue (3.11) x Bugy:

- I cm kS 1 e—ikr
=a =—sinf|i1+— |—,
A 4r kr ) r (3.12)

rae S =1, - mromane, orpannuennas KoHTYpOM paMKH.

Tak kak BekTopHas QyHKuusS A, ompeneiseMas BBIPAKEHUEM
(3.12), uMeeT TOJIBKO OJHY ¢ -BYIO COCTAaBIISIONIYIO, HE 3aBHUCSIIYIO OT

yrna «, 1o div A, =0. Vuuresas 310 06CTOATENBLCTBO, U3 (POPMYJIBI
(2.9) mnomyumm cheAymomiee BBIPAKEHHE I HANPSHKEHHOCTH

sIeKTprYeckoro mons E,:
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. 2 . "cm, 2 —ikr
E. ZK—AH =—i070—|m K SWSinH(iJr.ije— (3.13)
o, Ar kr ) r '

CpaBHUBasi 3TO BBIpaXEHHUE C BbIpakeHueMm (2.53), BUAUM, YTO
HaMpPSKEHHOCTh JJIEKTPUYECKOTO TOJIs 3JIEMEHTApHOTO PaMOYHOIO
U3JIy4aTessl ¢ TOYHOCTBIO J0 MOCTOSSHHOTO MHOXHUTENS COBHAAAeT C
HaNpsHKEHHOCTHIO MATHUTHOTO MOJISE 3JIEMEHTAPHOIO 3JIEKTPUYECKOTO

H3JIy4aTciid, MOMCHT KOTOPOI'O NICPICHAUKYIIAPCH IITIOCKOCTHU PaMKHM.

o IScmC) _ IScmP
[Ipu 3TOM paBEHCTBO MOJIEW MOJNy4YyuMm, Korma F, = —F, ., rme

Semd  {em Iy
P =1.""l - MOMEHT PJIEMEHTAPHOIO SJIEKTPUYECKOTO M3JIydarTels, a

P — kWIS
m = m - MOMEHT JJIEMEHTAPHOI'0 PaMOYHOI'0 U3J1y4YaTelis,

npuuém | US
HanpsokéHHOCTH  MArHUTHOTO IIONSL DJIEMEHTAPHOIO PAMOYHOIO
M3IydaTess HAXOAUM U3 BTOPOTO ypaBHEHHUS dieKTpoanHaMuk (1.28):

=~ rotE :
H,=—==2

. “E, , (3.14)

_la)ﬂa ﬂa *cm\').:F'-,cmP.

rie E, - HaNpsKEHHOCTh  JJIEKTPUYECKOTO TOJISI  3JIIEMEHTAPHOIO
AIEKTPUYECKOTO U3ITyUYaTesl.

3anuiineM BBIPAXKEHHUS IS TIOJIEH B JAJbHEN 30HE 3JIEMEHTApHOTO
PaMOYHOTO U3JTy4YaTelIs:

. femy, 2 —ikr
E. g I K ging®
A r
- _ femy, 2 —ikr ' (315)
H,=-6° kS Ging
Az r

N3 »Tux BbIpaXeHUHM BHUAHO, UYTO IMOJE€ B JalIbHEl 30HE
OpeAcTaBiIsieT  CPEepUUecKyr0 BOJIHY, pPAacOpOCTPaHAIOUIYIOCA B
paauanbHBIX HAMPABJICHUSX M3 Hauaja KoopAauHaT. [Ipu »ToM BeKTOpHI
OJISI CBSI3aHBI MEXK1y COOOM COOTHOIICHUSIMU:

ém =W [I:ImFJ ﬁm :i.[?°ém} (3.16)
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3.3. IlpuHuMn u3ay4yeHust HA 0eCKOHEYHOCTH

ITycts B orpaHudeHHoi obmactu mpocrtpanctBa V' (puc.3.2.)
3aaHbl MCTOYHUKUA DJIEKTPOMArHUTHOIO TIOJIsA, XapaKTepU3yEeMble

. o Tcm
00BEMHON IUIOTHOCTBIO CTOPOHHHMX TOKOB J,, . Torma Ha GOJbLIMX

PaCCTOSIHUSIX OT MCTOYHHUKA (I —> °0) 3JIEKTPOMArHUTHOE II0JE€ UMEET
XxapakTep cpepuueckoil BOJHBI, PACXOIAIICHCSs B  pagualibHBIX
HAaNpaBJEHUSIX  OT  MCTOYHMKA. Ilpy >TOM  HaANpPsHKEHHOCTH
AIEKTPUYECKOTO M MArHUTHOTO TIOJEHd CBSI3aHBl MEXAY COOOoM
COOTHOIIICHUSIMU:

= = . 1 =
Esz[Hm*"}; 6Hm=—.[*°EmJ.
a) r ) Wl (3.17)

.~ BOJIHOBOC COIIPOTHUBJICHUE CPECIIbI,

Puc.3.2. UcTOYHHK M3ITyYEeHHS

Jnsg  ;mokazaTrenbCcTBAa  A3TOTO  COOTHOILICHUS — HCIOJIB3YyEM
npeactaBieHus mnoner (2.7), (2.9), rAe BEKTOPHBIM MOTEHIIHAT

—

A, ompenensiercs BeipaxkenueM (2.26). Ycrpemisis ' — o0, BoIpaKeHUe
JUTSI BEKTOPHOTO MTOTEHIIMAIa MOXKHO MPUBECTH K BHUJY:
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K\ﬂ =[F°Ifr(0,a)+§°lig(9,a)+&°lia (9,0{)]% (3.172)

Wcnonb3yst popmyisl (2.7), (2.9), B KoTOphIX omeparopsl rot, div,
grad TIpencTaBIAIOTCS B cPepUUECKON CHCTEME KOOPAMHAT, YCTPEMIIS

—

I — 00, OJIYYMM CIIEXYIOIUE BeIpakeHus 1uist moneit E, u H

rne A, =0°A,+a A, - nonepeunas (OTHOCHUTEIBLHO paJUyca-BEKTOpa
I') cocTaBmstoNIas BEKTOPHOTO TTOTCHIIHATIA.

®opmys (3.170) mo3BoISAIOT HauOOJIEe TPOCTO OMPEACIUTH MO
B JalbHEH 30HE Yepe3 BEKTOpHBIM moTeHIMana. Kpome Toro, M3 HHUX
HEMOCPEJICTBEHHO  ClEeAYIT cooTHomeHus (3.17), Belpaxkaromue
IPUHITMIT W3JIYyYeHUS Ha OECKOHEYHOCTH, CMBICI KOTOPOTO MOXHO
BBIPA3UTh CJCAYIOMIMUM 00pa3oM: eciu TOJy4YeHHbIE B pe3yJbTaTe
pelieHus ypaBHEHUM SJIEKTPOJMHAMUKY 3a/1aud TOJs B JaJbHEH 30HE
yIOBICTBOPSIOT ycioBuio (3.17) , 3HAYWT IOJY4YEHO  PCIICHHE

BHCKTPOHHHaMquCKOﬁ 3agadu B KJIACCC HOHeﬁ, Y6BIBaIOIHI/IX Ha

1
OECKOHEYHOCTH Kak [ » UTO COOTBETCTBYET CIy4al0 OTCYTCTBHSA

noriomenus (o =0),

3ameuanune. Hapsany c¢ pemennem (2.22) st BEKTOPHOIO
NOoTeHIMajga »dJEMEHTa JJIeKTpuueckoro Toka u  (2.50) pgng
AJIEMEHTAPHOTO JJIEKTPUUYECKOTO U3JIy4yaTels CYIIECTBYET JpYyroe

peleHue:
. " cm +ikr
R A =7 1"l e
A r

KOoTopoe Tipu oOTcyTcTBuUM Toteph (o =0) TOXe yObIBaeT Ha
1

r 2
nu3nydeHns Ha OeckoHeuHoctd (3.17). Ecom ke o#0, To pemenue

k'r
e

(3.18) mpu r — oo Bo3pacTaeT IO 3aKOHY T, W, CIIeNOBATENbHO, He

, (3.18)

OECKOHEUYHOCTH KaK . , OJJHAKO IIPU 3TOM HE YJIOBJIIETBOPSIETCS YCIOBUE

uMeeT GU3NYECKOTO CMbICIIA.
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3.4. lIpuHIMII B3AaUMHOCTH

[IpyHIMIT B3aUMHOCTH YCTAHABJIMBAET CBSI3b MEXKIY IOJAMHU JIBYX
CHCTEM MCTOYHHUKOB, pabOTalOIIMX Ha OJIHOM 4YacTOoT€ B JIMHEHHOM

M30TPOITHOM CPEJI€ C MapaMeTpamMu &€, H,,0 .
[lycTh mepBas cucTeMa UCTOYHHMKOB, XapakTepuzyemasi 00bEMHOM

s Cm
IIIOTHOCTEIO TOKa Jn1, pacmoioxkeHa B obmactd Vy, a Bropas,

. o = cm
XxapakTepuzyemas OObEMHON IUIOTHOCTBIO TOKA J,o, PACHONOXKEHA B

obnactu V,, u nycts obiactu Viu V, He nepecekarores (puc. 3.3.).

EqrHar O

Puc. 3.3. /IB€ cucTeMbl HCTOYHUKOB B TUHEMHOM U30TPOITHON CPEE

T =CT

e
DJIEKTPOMArHUTHBIE TIOJISI TOKOB C IUIOTHOCTAMH |, Jin2

XapakTepusyrorcs — Hanpskémnoctamu E H,,  owm E,,H,,

COOTBCTCTBCHHO.
OTH HOJIS1 U TOKU CBI3aHBI MCIKIY co00¥ COOTHOIIICHUEM

.
-

J‘ Tnir EmZdV - j Jrﬁg E>mldv' (319)
\A V,

PEACTAaBISIOMUM COO0M MaTeMaTH4YecKylo (GOpMYJIHUPOBKY MPUHIIUIA
B3aMMHOCTH.
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M3 npuHuMNa B3aWMMHOCTH CJIEAYET, YTO YCJIOBUS Iepeaadu
AJICKTPOMArHUTHON SHEPrud B TPSMOM U OOpaTHOM HamNpaBICHUU
COBEPIIECHHO OJWHAKOBHI.

CootHomienne (3.19) B cioywae  OBYX — BJIEMEHTapHBIX

_ I cm cmr

SJIEKTPUYECKUX u3nmydaTeneii ¢ momentamu P =17lu P =171,

.
—

qcmE . F_ScmE . P_.’cm _ pcm
npuHUMaeT BUA M B = P Eqq - [puuém, ecnn Fyp = Py, TO
Eml - Em2 (320)

B uactroctH, u3 (3.20) ciaexyer, 4To e€ciiu M3MEPHTH moie E, B

MPOU3BOJILHOM TOUYKE 2 JIMHEMHON U30TPOIMHOW CpeJbl, BO30YXKIaeMOE
M3JIy4daTeaeM, HaXOIAIMMUMCS B Ipyrod NpOU3BOJILHOU TOYKE 1, a 3aTeM

HEPEHECTH M3JydarTesb MapaleIbHO B TOUKY 2 U U3MEPUTH mone E, B

Touke 1, To okaxercs, uto E, =E,; .

[IpyHIMN B3aMMHOCTH IIMPOKO MCHOJIB3YETCA MPU PELUICHUU
TU(PpaKIIMOHHBIX 3a]1a4.

Ha ocHOBe mpuHIMIIA B3aMMHOCTH, M3 KOTOPOrO CIEAYET, YTO
JWarpaMMa HaIpaBJICHHOCTH aHTEHHBI B PEXHUME IMEpPENayd U Ipueéma
OJIMHAKOBAa, IOCTPOEHA COBPEMEHHAsI TEOPHS TPUEMHBIX AaHTEHH.

I[OKaZ}aTeJII)CTBO INPUHIOUIIA B3AUMHOCTH

3anuiiem YPaBHCHHUA JJICKTPOAWMHAMUKU JIsI OBYX CHCTCM
HCTOYHUKOB:

a)rotH , =iws,E_ + j.' |8)rotH , =iweE ,+ j

- . - Sz (3.21)
o)rotE,, =—iou H_, e)rotk, , =—iou,H, ,

—

PaccmoTpuM nonapHo ypaBHEHUs a), T) U 0), B).
VMHOKXUM 00€ 4acTH ypaBHEHMs a) CKalspHO Ha Bekrtop E.,, obe

—

YacTH ypaBHEHHs T') — Ha Bektop H ., u Berumraem a) us r). Mcmons3ys
pu ATOM TOxAeCTBO (1.25), momyunm:

div|:ém2|__im1j| = _ia)/ual__imzl:iml o iC()‘\(;"aE.>m1E.>m2 o Trizn E.>m2' (322)
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AHaJIOTUYHO, YMHOXHUM 00€ 4YacTU ypaBHEHHsS B) CKAJIAPHO Ha

— —

BekTop E,, 00e yactu ypaBHenus 0) — Ha Bekrop H, u BeuTeM B) U3
0). B pesynbrare nomyuum:

— — —

d|V|: EmlH m2 j| = ia):ua H mlH m2 ia)éa Em2 Eml - Jncwrg Eml' (323)
Beruuras nowienHo (3.22) u3 (3.23), noay4yum:
diV {Ii EmlH m2 :| - |: Em2 H ml:l} = Jnc:ln Em2 o Jrrc:g Eml' (324)
CootHomenue (3.24) ycTaHaBIMBAET CBSI3b ABYX CTOPOHHHUX TOKOB
C BO30YXIa€MbIMH HMH TOJSIMH M TIPEACTABISET MaTeMaTHYECKYIO
dhopMyIupoBKY JieMMbl JIopeHna B nudgepeHiuanbHoi hopme.
HNuterpupys o6e dactu cooTHomieHus: (3.24) mo mpou3BOJBLHOMN
obmactu V W mpuMeHsS K HUHTETpaly B JIEBOM YacTU TEOpeMy
Octporpaackoro-I'aycca  (1.10a),  mogydyum  MaTeMaTUYECKYIO
dbopmynupoBKy JeMMbl JIopeHiia B HHTErpaibHON hopme:

Eﬁ{[émﬁmz}—[émﬁm}}% = j[( T;;”E*mz)—(i;'géml)}dv. (3.25)

S \

Ecou pacnpoctpanuts wuHTerpupoBanne B (3.25) Ha BcE
OCCKOHEUYHOE MPOCTPAHCTBO, TO IMOBEPXHOCTHBIM HMHTErpaji B JIEBOU
4acTH OOpaTUTCA B HOJb B CWIy TMPUHIUIA H3IYy4YCHUS Ha

oeckoneunoctd (3.17). Ecaum npu stom obmactu V, wum V, He

nepecekarorcs (puc.3.3.), To u3 (3.25) HEMmoCpeACTBEHHO ClieyeT
cootHotieHue (3.19), Beipaxaroniee NIpUHIKUI B3aUMHOCTH.

3.5. IIpuHUIMN 1BOICTBEHHOCTH

[IpuHIMT ABOWCTBEHHOCTH IMO3BOJISIET HAUTHU 3JIEKTPOMArHUTHOE
noyie, BO30YyXKJaeMOo€ CTOPOHHUMH MArHUTHBIMM TOKAaMH, €CJIH
U3BECTHO DJJICKTPOMArHUTHOE T0Jie, BO30yXKJAaeMO€ CTOPOHHUMU
ANEKTPUUYECKUMH TOoKamMu. CTOpPOHHHME MAarHUTHBIE TOKH (HOpPMabHO
BBOJISITCS BO BTOPOE YPAaBHEHHUE SJICKTPOAUMHAMUKU ((PopmanbHO, Tak
Kak B IIPUPOJIC HET MATHUTHBIX 3apsloB, a CJIEHOBATENbHO, U
MarHuTHBIX TOKOB). [Ipu 3TOM cuctema (1.28) 3anmuckiBaeTcs B BUE:
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rotH;m =lwe, ém + ]’”
(3.26)

Mcm

rotE, =—iou H_—j\
PaCHpeHeHCHI/IC CTOPOHHHUX MAIrHUTHBIX TOKOB B IIPOCTPAHCTBC

. o M.
XapaKTepu3yeTcss 00bEMHOM IIOTHOCTBIO Jp

dopManbHOE BBEJACHUE MAarHUTHBIX TOKOB YIIPOIIAET PEUICHUE
HEKOTOPBIX 33/1a4 JIEKTPOIUHAMUKH.

Tak ¢ momMomBbIO NpUHLOKNA JBOWCTBEHHOCTH MOXHO IOJYYHTh
BBIDOXKEHUS Uil XapaKTEPUCTUK  AJIEKTPOMArHUTHOTO  TOJIA
JIEMEHTAPHOIO PaMOYHOIO M 3JIEMEHTApHOIO IIEJIEBOr0 H3JIy4aTesei,
KOTOpbIE SBIISIIOTCS (PU3MYECKUMH pealn3alusMH  3JIEMEHTapHOTO
MAarHUTHOT'O U3JTy4aTes.

Hcnonp3ysd NOpUHIUI CYNEpPHO3ULIMM, TPEACTABUM PEIICHUE
cucteMsl (3.26) B BUAeE CYMMBI:

E —E3+EM H =H’>+HY (3.27)

. .
— —_

3 )
rne E,, H, - xapakTepucTuKy >IEKTPOMAarHHTHOIO IIOJS, BO30YK-
Jae€MOTO CTOPOHHUMM 3SIIEKTPUYECKMMH TOKAMH, YIAOBIIETBOPSIOILINAE

CHCTEME YPaBHEHUH DIIEKTPOANHAMHUKH (3 26) mpu |, e =0:

rotH3 iwe, E9+ o,
(3.28)

=5 - 50
rotg, =—-lowu,H,,.
M _'.
E , H,' - XapakTepHCTHKH 3JIEKTPOMArHUTHOTO OIS, BO30YKIaEMOTO
CTOPOHHUMU MAarHUTHBIMH TOKaMH, YJIOBJICTBOPSIOIINE CHUCTEME
. =CT
ypaBHEHMH dj1eKTpoauHaMuku (3.26) npu J, =0:
M L =M
rotH | =lwe, E_, 3,29
- - 3.29
M M +M.cm '
rotg,, =—-top,H, -], ".
Ecnu u3BectHO pemienue cuctemsl (3.28), TO pelieHue CUCTEMBbI
(3.29) MoxkeT OBITh OJIYYEHO U3 pelieHus: cucTeMbl (3.28) ¢ MOMOIIbIO

MPUHIIMIIA TBOMCTBEHHOCTH, MaTeMaTH4eckasi (opMyJIHUPOBKA KOTOPOTO
BBIPAYKAETCS CHAEAYIOMIMMHA COOTHOIICHUSIMU:
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EY =—H?
]’ncqm_>]’r1T\]4 em !
ﬁM :&éa : (3.30)
m
/Lla ]’r;m_)]’é\]/[ .cm

[Toncrapmsist Beipaxenus (3.30) B cucremy (3.29) u yuuTthiBas, 4TO
npaBble 4yacTu BbIpakeHU (3.30) SIBISAIOTCA PELICHUSIMH CUCTEMBbI
(3.28), yOexxmaeMcsi, 4TO B pe3ysibTaTe KaKJI0€ U3 YpPaBHEHUU CUCTEMbI
(3.29) oOpamaercs B TOXISCTBEHHOE PAaBEHCTBO, 4YTO JOKa3bIBaeT
NpaBWIbHOCT,  cooTHomeHut  (3.30), BbIpaKalwOIMMUX  OPUHIUI
JIBOMCTBEHHOCTH.

3.6. DJ1eKTPOMATHUTHOE M0JI€ 3JIEMEHTAPHOT0 MATHUTHOI' O

nU3jgaydarteis.
3HeMeHTapHLII>'I MElFHI/ITHLII‘/’I HSquaTeHB — 9TO QJICMCHT
JII/IHGP’IHOFO MAardmuTHOI'O TOKa XapaKTepI/ISyeMBII?'I MOMCHTOM.:
_.’M .cm M cm ‘M.cm (M 10
P = j Jo AV =111 = const, (3.31)

V-0

-

0 v v
rac |- CANHUYHbBIN BCKTOD, YKaBI)IBaIOIIII/II/I HaITpaBJICHUC IINIOTHOCTH

CTOpOHHEro MaruuTHOro Toka Jo ;1M - JIUHA 3JIEMEHTA
MarHUTHOT'O TOKa.

Paccmorpum 3JIEMEHTAPHbIN MAarHUTHBIN W3J1y4YarTelb,
pacIlojioKEHHbI B Hauvalie cepuveckoil CHUCTEMBI KOOPAMHAT W
HaIpaBJICHHBIN BA0JIb NTOJSIpHON ocu Z (puc. 3.4.). CorjlacHO MPUHIIUITY
JBOMCTBEHHOCTH, XAPAKTEPUCTHUKH TOJSA BJIEMEHTAPHOTO MArHUTHOIO

U3JTy4daTesas MOKHO OIPEIENNTh, UCIoNb3yst cooTHoweHus (3.30), rae

H, u E_- xapakrepucTuku moas >5JIEMEHTAPHOIO DIIEKTPUYECKOIO
U3IIy4arelis ¢ MOMEHTOM

P = I jcmdv Irf]mr (3.32)

V-0
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Puc. 3.4. DnemeHTapHBI MAarHUTHBIN U3JTy4YaTEb.

[ToncraBnsist B cootHoueHus (3.30) Beipakenus (2.53) u (2.54) u

ﬁcmT — I. cml ISM.cm _ IMcmrM
Acjlasd B HHUX 3aMCHY m m Ha m = In , HOJIYy4YuUuM

. M M
BLIpEDKeHI/ISI IJIs1 IIOJICU Em u H m 3J‘IeMeHTapHOFO MArdovuTHOI'O
I/I3ﬂyaneﬂﬂ. I[J-IE[ HaﬂBHeﬁ 30HEBI O THU BBIpa>KeHI/I$I HUMCHKOT BU.

. 'M.cm'. M —ikr
Er'r :_a°i¢.sin0.e_,
dr r
- N "M .cmy, M —ikr (333)
Ay —gitn K L Gnp &
dr W r

CpaBHuBasi d3TH BBIPAKEHUS C BBIPAKEHUSIMU JUIS  TOJIS
AJIEMEHTAPHOTO pamMo4HOro wuzayuarens (3.15), BuauM, 4YTO OHU

COBIIAIAIOT IIPH | Mem M — kW - TS, (3.34)

" cm
rac I m -~ TOK B paMKe, S - IJ1011aab, OrpaHI/IquHaﬂ KOHTYpOM paMKI/I.

Takum oOpa3zoM, 3JeMEHTApHBINA PaMOYHBIA HU3JTy4YaTesb SBISICTCS
bu3nUecKor peanuzanyend AJIEMEHTAPHOTO MArHUTHOTO U3JIydaTels,
IPUYEM UX MOMEHTBI CBSI3aHbI COOTHOILICHUEM:

ot ik S B [ (aas)
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3.7. DJIeKTPOMATrHUTHOE T0JIe JIEMEHTAPHOIO 111eJIEBOT0
U3JIyqaTesis.

DneMeHTapHbIN IeJIeBON U3ITydaTeNb MPEACTaBIsACT COO0N Y3KYIO
KOPOTKYIO II€Jib, IPOPE3aHHYIO B OECKOHEYHOM HACaIbHO MPOBOISIICH
miockoctu  (puc.3.5.a). K kpasm 1mienaum NOpUI0KEHO HampshKeHUe
CTOPOHHETO  HMCTOYHMKA, CO3Jal0lIee B  WIEJIM  [OINEPEYHOE

SJICKTPHUYICCKOC II0JIC.
| 7 Z

Puc. 3.5. DnemeHTapHBIE ENEBON U AIICKTPUUECCKUMN U3TydaATENH.

DIEKTPOAMHAMHUYECKAS 3a7a4a O MOJIE AJIEMEHTAPHOTO IIEJIEBOTO
U3JIy4yaTells CTaBUThCS CIEAYIOIIUM 00pa3oM: TpeOyeTcs HaWTu

—_ —

XapaKTepUCTHKH  dIeKTpoMarHutHoro moms En wu  H) B
nonynpoctpanctBe | mepexg mpoBomsmiel miockocTeio (x>0) npu
3aJIaHHBIX TPAHUYHBIX YCIOBUAX Ha rmtockocty x=0.

B obnactu x>0 5JIE€KTpOMarHWUTHOE TOJE  YAOBIETBOPSET
OJIHOPOJHOM CHUCTEME YpaBHEHUW 3JIEKTpoauHaMuku (cucreme (3.26)

pu J,f]m =0y jY =0):
rotH™ =iwe,EM,

rotﬁnﬁ” =—iou, Hr“n” , (3-30)

Y TPAaHUYHBIM yCIOBUAM TpHu X=0:
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a)E,|,=0; 6)E,|;=-V'Es. (3.37)
IlocraBnennas 3aa4da ABJISICTCA I[BOI‘/’ICTBGHHBIM dHAJIOT'OM 3aJa4yiu

O T0JIE PJIEMEHTAPHOTO AIEKTPUUECKOTO U3TydyaTes B BUIE OECKOHEUHO
TOHKOT'O MOJIOCKOBOI'O MPOBOJHUKA S ¢ TOKOM (puc.3.5.0).

Mons E;, HZ B otom Cllydae SIBISIOTCS PEIICHHEM OTHOPOIHOMN
CHCTEMBI YPaBHEHMI DIIEKTPOJUHAMUKH
rotH’ =iwé, E2;
rotE’ = —iwu, H?, (3:38)
N YAOBJICTBOPAKOT I'PAHUYHBIM YCIIOBUSM IIPH x=0:

), |,=0, 6)H, |s=yHs. (330

BeipaxkeHuss 711 MOJIEH  BJIEMEHTApPHOTO  AJIEKTPUYECKOTO
U3JIy4yaTesis B JajbHEH 30HE ONPEACSIOTCS BhIpaKeHUsAMH (2.55):

. " cm . —ikr
H> :&Oiu-sine-e—,
A r
- - Cemy, . ) —ikr (340)
E> =¢9°i&-w sing-S—.
A r

cm
Hcnonw3ysa rpannuHoe yciosue (1.22), BbIpa3uM TOK |m yepes

—.’cm
IJIOTHOCTH TOKa 1]y

ﬁ;m — Vo (Hml o HmZ) — 2>OZHmS
) d/2 d/2 )
= #Ardy'=2 [ Hdy" (3.41)
y'=d/2 y'=—d/2

Pemienue 3amaum (3.36), (3.37) moaydyuM W3 peIICHUS 3aJadd
(3.38), (3.39) no popmynam:

X X X g =
M _ 3 M _ “a g2
EM =_H’ HY =Za g2

Hms_)EmS, m /’la
3anuiieM BBIPAKEHUE JJIs1 TOJEH BJIEMEHTApHOrO IIEJIEBOrO
u3JIyyaTelis B JalibHEH 30HE, MUCTHOJIb3ys BbipaxkeHus (3.40), (3.41),

(3.42):

Flns = s (3.42)
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- o 2 Irl;/lcmk N . e—ikr

EY =—-a ne-—
A r
. ‘M.cmy, . —ikr (343)
H =<9°i—2|’“ K| -i.-sine-—e
A W r
dr2
M.cm - '
rIe Iy = J Esdy" (3.44)
y'=—d/2

CpaBuuBasi BbIpaxeHus (3.43) C BBIpOKEHUSIMHU ISl TOJS
AJIEMEHTAPHOTO MAarHuTHOro wu3nydarens (3.33), BUAUM, UYTO OHU

COBIAJAIOT IIPHU
d/2

‘M.com M __ - '
em =21 [ Edy" (3.45)
y'=—d/2
Takum 06p3,30M, 3H€MCHTapHBIﬁ HICHGBOﬁ H3JIy4aTCJib SBJISACTCA
(I)I/ISI/IIIGCKOI;'I peanmaul/leﬁ 9JICMCHTAPHOI'O MAruvMTHOTO H3JIy4aTclisd C

MOMCHTOM:
d/2

21 J. Emsdy'=2Umsr, (3.46)

y'=—d/2

= M.cm
Pm

rae U s - HanpsbKeHKe B IIEIH.
3.8. IIpyHUMN Y3KBUBAJEHTHOCTH

[TpyuHLMIT 3KBUBAJICHTHOCTH IO3BOJISET ONMPEACIUTh JJIEKTpOMar-
HUTHOE TI0JIE BHE TTOBEPXHOCTH S, OXBATHIBAIOIIEH 00J1aCTh CTOPOHHUX
MCTOYHUKOB,  4Y€pPe3  DKBUBAJICHTHBIE  IIOBEPXHOCTHBIE  TOKH,
pacrpeneEHHbIE HAa ’TOW TOBEPXHOCTH.

ITycTh CTOpOHHHE TOKH pacnpeneiaeHsl B obmactu V' ¢ 00bEMHOIM

Hl
IUIOTHOCTBIO ], , a IOBEPXHOCTH S, oxBaThIBaromias obmacte V',

nenuT Bcé mpocTtpancTBo Ha obnactu | u Il (puc. 3.6.), mpuuém obnacth
| — mpousBoabHas, a obnacts || mpeacTaBiaseT MMHEHHYO, H30TPOITHYIO,
OJTHOPOJIHYIO cpeny, XapaKkTepUu3yeMyIo napaMeTpamu
g=const, wu=const, o=const; V' - eqMHUYHBIA BEKTOp HOPMAJU B
KaXJIOH TOUKE TTOBEPXHOCTH S.
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I

& = const
1L = const
o = const

Puc.3.6. K TpakTOBKE IPUHIIMITA S3KBUBAJIEHTHOCTH.

Ha IHOBCPXHOCTH S 3alaHbI ITOBCPXHOCTHBIC IIJIOTHOCTHU

=>"3KB-D S"3KBM
OKBHUBAJICHTHBIX BHGKTpI/IIIeCKI/IX 77m U MAr"duTHBIX 77m TOKOB,

BbIPAKAOIHUCCA qcepe3 TAHI'CHIINAJIBHBIC COCTABJIAKOIIINC
HaHpH}KéHHOCTH MAramTHOI'O U BHGKTpI/I‘—IeCKOI‘O IIOJIA.
= OKB.D
i <, | (3.47)
s
~OKB.M o
M - _|:V Em:L . (348)

Tpebyercs onpenenurs nonst E,(F) m H,, (F) B nmpoussonsroii TOuke P

obsactu |l Ha paccTosiHUM ' OT HaYasia KOOPAUHAT.
HckoMble TI01s1 yIOBIETBOPSIOT oz[HOpoz[HOﬁ CHUCTEME YpaBHEHUI

AEKTPOJUHAMUKH (CI/ICTeMe (3.25) TIpH Jm =0, JM " =0):

rotH —m)gaEm, rotE =—iwyaﬁm (3.49)

U TpaHUYHBIM yciaoBusMm (3.47), (3.48).
HpeIICTaBI/IM PELIEHHE CHCTEMBI (3.49) B BHJIE CyMMBL:

= = M = C) M

E.=E. +E H. —H +H! (3.50)

E>H? , EM AM
rae moiast £, u Eq P YyIOBIETBOPSIOT OJHOPOJHOU CHUCTEME
YPAaBHEHUM  DJIEKTPOJAMHAMUKH W ONPEACIAIOTCA W3  PELICHUS
«OQNEKTPUYECKON» U «MAarHUTHOW» 3a]ad.

s «3IeKTpUYecKOW»  3aJaud  HYKHO HAUTU  PEIICHHUE
OJTHOPOJHOM CUCTEMBI JIEKTPOJUHAMUKH:
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rotH? =iwe,E2; rotE’ =—iau,H> | (3.51)
YJOBJICTBOPSIOILIEE CIACAYIOIIMM IPAHUYHBIM YCIOBUSIM:

—o 153 )
a) [v Em} =0, 0) [v Hm} (3.52)
S
JInd «MarHUTHOW» 3aJayy HY>KHO HAWUTH PEIICHUE OJHOPOIHOU
CHCTEMBI DJICKTPOMHAMHKH:
rotH" =iwe, E'vI rotEM =—iu HY | (3.53)
YJOBJIETBOPSIOIIEE CIACAYIOIMIMM IPAHUYHBIM YCIOBUSIM:

a)[wﬁnﬁ”} 0 5)—[?157;”]
S

Pemienune «3JjieKTpHUYECKOD» 3a1a4H.

= JKB. 3( r).

_77m

=3KB.M

=T (3.54)

S

Tak kak TaHTeHIMAIbHAS COCTABJAIONIAS  HANPSHKEHHOCTU
IEKTPUYECKOTO TMOJsl Ha MOBEPXHOCTH S paBHa HYIO (3.52.a), To mpH
pelIEHUM STOM 3ajlaud TOBEPXHOCTh S MOXKHO paccMaTpuBaTh Kak
MOBEPXHOCTh  HUJEATBLHOIO HpOBOI[HI/IKa Mo  KOTOpPOM  TEUET

MOBEPXHOCTHBIA TOK C MJIOTHOCTHIO 77m (r ) (3.52.0).
Ucnonb3yss  Qgopmyny (2.25), 3anuiieM BbIpaXX€HUE IS

AD
BEKTOPHOTO ToTeHInana A, 3TOro Toka:
—ikr=r’

K33 d /’

= JKB.D o
rae T [V H }
Hampsok€HHOCTH ~ MAarHUTHOTO U DJIEKTPUYECKOTO IO
BBIpAXKaeTCs Yepe3 BEKTOPHBIN MoTeHIual no dopmynam (2.7), (2.9):

a)ﬁn? =rot;1£; 6)E3 Iaj-g (gmd dsz9 +k Aa) (3.56)

S
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Penienue «MarHuTHoOMW» 3aJ1a4M.

OTa 3aJ1a4a ABJSAETCS JBOMCTBEHHBIM aHAJIOTOM MPEBIAYILIEH, U €€
pellleHue MOXKHO TPEJICTaBUTh YE€Pe3 BEKTOPHBIM moteHuuan (3.55) B
Buje (3.56), nmpousBeas 3aMEHBI:

=M (39. M _ €a £9.  29KBD . 3KB.M
E, =—H H, = E ™ — Ty y (357)

a
B pe3yJbTaTe MOMYYMM CIENyIOUME BBIPAKEHHS JUIs BEKTOPHOIO

M E M H M
IIOTCHIO HAJId Am n HaHpH)KeHHOCTI/I I1OJIs1 m H

—|k\r—r\

—>3KBM d [
[ﬁ " e (3.58)

a)EY :—rotj{n'\:'; 5)H L (gradleA +k AM) (3.59)
Ia),ua (3.

3.9. DyiekTpOoMarHuTHOe MoJie jaeMeHTa ['oiirenca.

o _ {4
Beipaxxenus (3.55), (3.58) MOKHO IIpeJICTaBUTh B BUJIC A, —§
S

YOIl 3y . .
51 A\n _[ﬁdAn ' TIe dA,ﬁ 5 dA:f - BEKTOPHBIE MOTEHIIUAJIbI
S

SJICMCHTAPHOT'O IMMOBCPXHOCTHOT'O MCTOYHHUKA, ITPCACTABIIAIONICTO coboit
9JICMCHT IOBCPXHOCTH, Ha KOTOpOﬁ 3aJaHbl TaHI'CHIIMAJIbHBIC
COCTAaBJIAIOIIINC HaHpH)KéHHOCTI/I SJICKTPHUYICCKOIO U MArHUTHOTI'O HOHeﬁ,

qcpe3 KOTOPBIC BbBIPAKAKOTCA IMOBCPXHOCTHBLIC IJIOTHOCTHU

= JKB.D = JKB.M
9KBHUBAJICHTHOT'O 3JICKTPHUYCCKOI'O 77m U MAariuTHOI'O nm TOKa.

Ecin  osjaement moBepxHoctd  0OS  mpencraBiusier  coboi
DJIEMEHTApHBIM ydacTOK (poHTa chepuueckoil (JIOKaJbHO ILJIOCKOMH)
BOJIHBI, TO B 3TOM CJIy4a€ 3JECMEHTApPHbIM MOBEPXHOCTHBIM HWCTOYHUK
Ha3pIBAlOT  3JeMEeHTOM  ['rorenca. BekTopbl  HanpsyKEHHOCTH
BJICKTPUYECKOI0 ¥ MAarHUTHOI'O TIOJIEM HA 3JIEMEHTE | toMreHca CBsi3aHbl
MEX 1y co0oi cooTHoIIeHUsAMH (3.16):

KoBanenko A.H. OcHOBBI 25IeKTpOIMHAaMUKH. Y4eOHoe mocooue. — M.: MUPOA 2014



Ompenenum  mone  osneMenra  ['wiirenca  (ds=dx-dy),
pacIooKEHHOr0 B Havalie koopauHat (puc.3.7.).

Ha omemente dS 3agaHbl TaHTEHIMAIbHBIC COCTABJISIOIINE
HaIPSHKEHHOCTH AJIEKTPUYECKOTO M MAarHUTHOTO TIOJISI B BUJIE:

E _X°E: ﬁmzwi.[vf’ém} Vt[z'f’( EO)]=V°%- (3.60)

Z |

Puc.3.7. Dnement I'roiiredca

Ucnonwizys dopmynsl (3.47), (3.48), 3anuiieM BbIpaXEHUS IS
MJIOTHOCTEN SKBUBAJICHTHBIX AJIEKTPUUYECKOTO U MArHUTHOTO TOKOB:

= JKB.D —>0 =0 E
7 { (y )} W
7Y =-| I (X°E,y) | =-V°E, (3.62)

HepeHI/ICBIBaH IMOABIHTCTPAJIBHBIC BBIPAXKCHUA JISI ITOTCHIHUAJIOB

— —

A, u Ay tpu F'=0 B popmynax (3.55), (3.58), ¢ y4ETOM BBIPaKEHHUI

(3.61)
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(3.61), (3.62), moayuuMm BBIpAKEHHS IS DICKTPHUECCKOTO Aﬁr 1

.
—

mr o
MAar"gauTHOI'O Ah BCKTOPHBIX NOTCHIHAJIIOB 3JICMCHTA I'toiirexca:

- E ds e"kr

oI —>o

A =W a (3.63)
- . dS e—ikr

3M:_—>0E R

A, VE. - (3.64)

IIpencraBum nouie anemenrta ['roireHca B BUAE CyMMBI:
= A A= ¥/ T 7ol = MT
a)E, =E +E_ o)H,=H_—  +H, . (3.65)
Hanee, orpaHM4YMBasCh ONPEIACICHUEM NOJIEM B JAJIbHEN 30HE, B
COOTBETCTBUU C MPUHIIMIIOM H3TYyUYECHUSI Ha OECKOHEYHOCTH, UCIIOIb3YS

.
—

(3.170), npeacraBuM Erﬁr B BUJIE:
E2 = _iKWA (3.66)
Hcnone3ys (3.59.a), npeacraBum éMr B BUJIE:
EA = ik[F° Wf} (3.67)

IIpencraBisisi eTMHUYHBIE BEKTOPHI X, §°, BXOASAIINE B BHIPAXKECHUS

(3.63), (3.64), B BHjE pa3iokKEHHUS IO opTaM CHEPUUYECKON CHUCTEMBI
KOOpPAMHAT:

a)x° = (7° sin@+6° cos Q)COSa —a°sina,

0)y° =(;7° sin@+6° cos@)sina+&° cosa, (3.68)
npeodpazyeM BeipakeHus (3.66), (3 67) K BUIY:

Edse
W47rr

E 3F

(§° cos@cosa —a° sin a)
=M — _JKE, ——[f (67° cosdsina +a’ COSQ)J =

= —ikE,.—-=——(&"cos@sina— 0" cos ).
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Ucnonb3yst (3.65), mnomyuuM CHEAYIOLIEE BBIPAKEHUE A
HANPSHKEHHOCTH 3JIEKTPUYECKOTO TI0JISI dJIeMEeHTa ['ToreHca B JajibHEU
30HE:

S Zop e - EK-ds =, L e
Ef=E +EM =|°—(1+cose)-(6? cosa —a’sin a)-—. (3.69)
4r r
BeipaxkxeHue miis HanpspKEHHOCTH MArHUTHOTO TIOJISL DJIEMEHTa
['folireHca B JajabHEH 30HE MOJYyYHM, UCIIOIB3Ys hopmyiy (3.17):
. 17..2;7 .Ek-ds = . e ™
H! :—.[r Enf}=|°—.(1+cose)-(0 sina+a COSa)-— .(3.70)
W A7\ r

Huarpamma HAIIPABJIIEHHOCTHU DJIEMEHTA ['rorrenca B

MEpPUJIUOHAIBHOM  TUIOCKOCTH  MPEACTaBIsiIET  COOOM  KPUBYIO,

CE,(0) 1

r =—(1+cosf) 4

OIIKUCbIBACM YO YPaBHCHUCM E
mmax

KpUBas Ha3zbIBaeTcs Kapauouaou (puc.3.8.). MznydyeHrne MakCUMaJIbHO B
HaNpaBJICHUU PACTIPOCTPAHEHUS BOJIHBI (9 = 0), AJIEMEHTAPHBIN y4aCTOK
dbpoHTa KOTOPOW MPEACTABISIET COOOM paccMaTpUBAEMbI DJIEMEHT

Ta

['tolirenca. B oOpaTHOM  HampaBlIeHUH (t9=180° U3IIyYEHHE
OTCYTCTBYET.
- tz
; = & 4180 o =dl,
1
TXee/r )
0,5 0,5 j
P T M

Puc.3.8. [IlnarpaMmma HanpaBJICHHOCTH 3JIEMEHTa [ toireHca.

3.10. U3ayuyenune yyacTka GpoHTA NJIOCKON OTHOPOIHON BOJIHBI

B kauectBe nprmepa npruMeHeHus PUHIIMIA SKBUBAJIEHTHOCTH PACCMOTPUM
HOpPMAJIHOE TafIeHNE TUIOCKOM OHOPOIHOM BOJIHBI M3 MOMTyMpocTpaHcTBa Z < 0
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Ha WJICATHHO TPOBOMSIIMN SKpaH S C€ OTBEPCTHEM IPOM3BOJIBHON (POPMBI
S, (puc.3.9.).

I IpencraBum BbIpaXKeHVst 151 [0S TIAJIALOIICH BOJTHBI B BUJIE:

éo . )—(OE e—ikoz P;IO :,)7 ﬂe_ikoz
m 0 S hm W, : (3.71)
Wcnonb3yst TpUHLMI SKBUBAJIEHTHOCTH OMpEleMM ~ [OJie B IO-
JynpocTpaHcTBe Z > 0, cuurasi, YTO HA TEHEBOM CTOPOHE dKpaHa, OOpaIlieHHON
B 3TO NOJYIPOCTPAHCTBO, TOJIE PABHO HYJIKO, a B PACKPBIBE OTBEPCTHS So PABHO

TIOJIFO TIATAFOIIIEN BOJIHEI.

0 & 5S, g0
Z=0:X E . Hm0 —Hm

éso _ éo

(372

?
ﬁ?

Lo

.

r 70 r70 ® y
EOiI/H /////

Puc. 7.6. Tlanenue I1OB Ha otBEpCTHE B 3KpaHe

\\‘Qs'

o

4

MO>KHO CUMTATh, YTO TO TIOJIE (WA COOTBETCTBYIOIIHE EMY SKBUBATICHTHBIC
TOBEPXHOCTHBIE TOKK) B Kakroit Touke Q(X', y',0) otBepetust S 00pasyror wic-
TOYHMK FIRTy9eHHsI B IIPOCTpaHCTBO Z > 0 B Bujie AemenTa [ ToiireHca, 1, TaKuM
oOpazoM, TIOJie B IPOM3BOJIBHOM TOuKe HaOmoneHus P(X, Y, z) ompenensercs

CYMMapHBIM M3ITy4YeHHEM BCEX 2JIeMEHTOB | folreHca, HaXOIAIIMXCS B OTBEPCTHM.
Ucnonezys (3.69) , npeacraBuM 3MIEKTPUYECKOE TIONE KayKIOro JIEMEHTa

~ , o
TroifreHca , 3aHMMAFOILIETO BIIEMEHT HoBepxHocTH otBepetus US') B mambheit

sore (|F —F|>> 1) crenyroumm sbipaxervem:
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. ) E k R ) —ikq|F—T|
dE, =i 40—7;0(1+ cos0)(0° cosa —a’ sin a)mdS’_ (373)
Ecmm pasMepbl  OTBEpCTHSI MHOTO MEHBIIIE PACCTOSIHES /IO TOUEK JATbHEH
30HBI, TO MOYKHO CUHTATh, YTO TIPSIMBIE, IPOBEIEHHBIC 13 JIFOOOH TOYKH OTBEPCTHSI B
TOYKY HAOMIONCHMS, TPAKTHYeCKH MapawienbHbl [losToMy mpu ompenereHnm
NoJisi B TOUKE HAOMIOJCHUS MyTEM MHTEIPUPOBaHUS  BbIpakeHusl (3.7/3) mo
IUIOLIAM OTBEPCTUS S, MOKHO (DYHKIMHU YIVIOBBIX KOOPMHAT ¢ M ¢ BBIHECTH

3a 3HaK MHTErpaia. B pesyssrare nomyunm:
KX - E k _
E =|dE_=i—2(1+cosd)(8°cosa—a’sina)d
m S{ m 4ﬁ( )( )0 (3.74)

—iky|F—F
®=|——ds’
e g (3.75)
S
Paccrosiue aneMenta Iroiirenca, Haxomserocs B Touke Q(x', y',0), 1o

Touku HaOmozaeHus P(X, Y, Z) onpenensercs: BHIPaKEHUEM
TP (=X ) +(y—y') +2* =
/ / /\2 N2
=r\/1— 2(xx jw)+(><) +(y) , (3.76)

r r?

e I = \/ X* + y2 +2°- PacCTOsIHUE OT Havajla KOOPMHAT JI0 TOYKH HaOJrOzIe-
HIISL
C yueroM cootHOIIEHHit I >> X', I >> Y| pasnaras KopeHb B CTEIICHHON
DS, TIONTYYHIM:
_xayt ()0
r 2r

~
~

(3.77)

()" + (')’
2r b

BblpakeHUM (3.//) TpaKTUUeCKW HE BIMSIET Ha BeMUMHY D, TO 00JacTh

TMPOCTPAHCTBA, B KOTOPOH BBITIOJIHSIETCS 3TO YCJIOBUE, HA3bIBACTCS NATBHEN 30HOU

MRITYYarOILEr0 OTBEPCTHS.

Ecm paccrosHre ' HACTONBKO BEJMKO, YTO ClIAaraeéMoe

KoBanenko A.H. OcHOBBI 25IeKTpOIMHAaMUKH. Y4eOHoe mocooue. — M.: MUPOA 2014



76

xx' + yy’
Ipn orom — <P, u B 3navenarene NOJBIHTErPAILHOrO

BbIpakeHYs (3.75), BIMSIIOIIEM Ha aMIUTMTY Ty MoJist AriemMeHTa [ toireHca, MoHO
nonoxkuts |F—T'|=r u Bemecrw 1/r 3a 3Hak wHTerpama. B mokasarene
SKCTIOHEHTBI  ATOTO JIeflaTh HENB3Sl , TAK KaK apryMEHT — MOIBIHTErPATBHOTO
BBIDLKEHUSI MOMKET CYIIECTBEHHO MEHSThCA OT TOYKM K TOYKE OTBEPCTUS
(ocobeHHO, KorJia pa3Mephl OTBEPCTHSI COMBMEPUMBI  WJIM OOJIBIIIE JUTMHBI  BOJIHBI

A).
C y4eToM CKa3aHHOTO BbIpaykeHue (3.7/5) mpUHUMAET BUI:
e—ikor ik, xx/+yy/ /
P=——]e " d5 (377a)

So

PaccMOTprM ~ MPSMOYTOJIBHOE ~ OTBEPCTHE B DKpaHE  pa3MepoM
axb(puc.3.10.).

g

-

1%
N

Puc. 3.10. IpsiMoyrosisHOE OTBEPCTHE B SKpaHE

: e” —e”
Ucnomssys  opmynny Diimepa SINY = T v B besymmare
VHTETPHPOBAHUS TIOTYUaEM :
e " sinU sinV
d=ab
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k,a k0b
U=-—x V=—7
e o % or Y. (3.78)
Bripakast ieKkapToBble KOOpAWHATHI X , Y depes cepuueckue I,0, a
X=rsin@cosa;y=rsinfdsina, (3.79)
npenctaBuM  (3.78) B BHE:
ka kb . .
U= °2asmecosa, V:%smesma_ (3.80)
[pu s1OM BbIpKeHue Ui mons (3.74) MpUHUMAET BUI:
= Ek,ab e _ . .sinU sinV
E =j—2° 1+cos8)(0° cosa —a° sinar) —— ——
m . Ir( ) a-a a)U v (38

[TonmydyeHHOE BBIpDKCHHE IIOKA3bIBAaCT, YTO TIOJIC B JAIbHEH 30HE
TIPEZICTABIIIET COOOM ChePHUUIECKYTO BOJIHY.

MarauTtHoe 1oJie B JTATHEH 30He ONPEIeISIeTCs] I3BECTHBIM COOTHOIIICHAEM
(3.17):

_ m
KOTOpOE, ¢ yueroM (3.81) u [TO (6° cosa — @’ sin a)] =@°sina + a° cosa,
TPYHUMAET BUJ;

2 _ i Egkeab g o'

5 sinU sinV

1+cosO)(O°sina +a’ cosa) —— >——
LRLET ( ) a+a a) U v (3.82)

JluarpaMMbl HANIPABJIEHHOCTH.

HaroMHIM, 9TO 3aBUCHMOCTh AMIUIATYIbI HANPSHKCHHOCTH IOJISE KAKOTO-
MO0 WICTOYHMKA B TATGHEH 30HE OT HaIpaBlICHUs B IPOCTPAHCTBE T.C. OT YIJIOB
0 1 ¢ , Ha3bIBACTCS AUArPAMMOI HAPABIICHHOCTH JAHHOIO MCTOYHNKA M3TYYCHYISL.
ITpu mccenoBaHuK quarpaMMbl HAPABICHHOCTH OOBIYHO JIENIACTCS HOPMHUPOBKA
TI0 MaKCHMATTHOMY 3HAYEHHIO TTOJTSL.

JlparpaMMy HarpaBlIeHHOCTH MPSMOYTOJBHOIO OTBEPCTHS B OKpaHE
PacCMOTPHM B JIBYX IVIOCKOCTSIX:

1. «a =0, a=180°(E - mwiockocTs) — Wi cocTaBstomeii E

me !

2. a=90°, a=270°(H - IWIOCKOCTB) — IS COCTABIIOLICH Epy .
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B nepBom ciydae jierko mokasaTh, YTO

i kob ) ]
sinV/ _sm(zsm fsina) 9
a=0180° a=0180°
v kozbsin dsinx

¥ HOPMUPOBAHHAsI JarpamMma HarpaBJIeHHOCTH ¢ ydeTtoM, uto Eq, o =B, (o0,
OIMCBIBAETCS BLIPKEHUEM

. kea .
E(0) ‘Eme‘ _1+cos6 s|n(25|n<9) "o
‘Er;lémax‘ 2 @sine (383)
2
sinU
AHATOTHYHO BO BIOOM CTYHae HMEEM: ;| a=o0 27 =1,

Mamax = Ema |¢9:O ’

W HOPMHPOBAHHAS WA pPaMMa HAITPABJICHHOCTH OITMCHIBACTCS BBIPAXKCHUCM:

. kb .
‘En_wa‘ 140086 sm(zsmé’)

‘Ef;amax‘ ) 2 @sine
2

F1(9) =

(384)

B dopmynax (3.83), (3.84) mepBblii MHOKHTENb TPEACTARISIET COOOM
HOPMHMPOBAaHHYIO JarpaMMy HAllPaBIICHHOCTU JieMeHTa [tOMreHca, a BTOpou
YUUTBHIBACT PACIIPEICIICHUE JIEMEHTOB [ FOMIeHca B OTBEPCTUM 10 KOOPIUHATAM
XU Y , COOTBETCTBEHHO, ¥ HA3bIBAETCSI MIHTEP(PEPEHIIMOHHBIM MHOKUTETIEM.

JlnarpaMMa HarpaBIICHHOCTH WMEET MHOTOJIETIECTKOBYIO CTPYKTYPY C
IJIaBHBIM MAKCHUMyMOM W3ITy4deHust B HanparsieHnn 6 = 0.

B ywactHOM cityyae, korja pa3Mepbl OTBEPCTHSI BEJIUKU 110 CPABHEHUIO C
JmHOM BoiHb! (8 >> A,b >> 1), B oonactu manbix yriioB & (COS 6 ~ 1) iepBbie
muokuTemd B popmyiax (3.83), (384) (1+cosd)/2~1, u mmarpammy

HAIpaBJICHHOCTH (PAKTUYECKH OMPEIESIOT MHTEP(EPEHIMOHHBIE MHOYKHUTEIH.
[ loaToMy MOKHO TIOJIararh, 4To:
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sin( k°2asin 0)
°-sind
2

sin( k;bsin 0)

kobsin@
2

F'(4) = (3.86)

sin X

["padruecku dhyHKIWS npezcTaniieHa Ha puc. 3.11a, a cooTBercTByIO-

A € rarpaMMa  HarpapJieHHOCTH B TIOJSIPHOM CHCTEME KOOpIMHAT - Ha
puc.3.116.

OrnpenenyM MMpHUHY TYIABHOTO JISTIECTKA JAMarpamMMbl HAMPaBlIeHHOCTH B
E - miockocTit 26, Kak yroi Mexy OmmKaHIMK HarpasiieHusMu 6, u 0,, B
KOTOPBIX M3ITy4eHHE OTCYTCTBYET.

M3 puc3.lla  cremyer, 4TO HYJEBOMY YPOBHIO IVIABHOTO JIETIECTKA
JarpaMMbl HAIpaBIeHHOCTH B HanpasieHun 6, (puc.3.11 0) coorBeTcTBYET

TIepBbI KOpEHb (YHKIMM SN X / x . ITpu 3toMm, ¢ yderom (3.83), yrom 0F
ONPEEISIETCS. U3 CIIEAYIOIIETO YPABHEHMS :

k.a .
—sinéy =7 (387)
Orc singE =2 0F —arcsin
10Id T1I0JIyYdacM: 0 a’ a ~o a-
JUist oTBepCTHst, Y KOTOpOro & >> A, MOXKHO CUHTaTh, uto 6 z&,n
a

NIMPYHA TJIABHOTO JIETIECTKA JIMarpaMMbl HAIPaBJICHHOCTY “TIo Hy/sM B E -
IUIOCKOCTH  OIIPENIENSIETCS BBIPAKECHHAEM :

205 ~ 24 (388)
a
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Sinz
Zz

Ve

/A = @ JF I

8-0°

270°

Puc. 3.11. Jlparpamma HarpaBIeHHOCTH TPSIMOYTOJIHOTO OTBEPCTHS

AmarorndHo, eci b >> A, To ImMprHa TIIaBHOTO JICTIeCTKA /TarpaMMbI Ha-
TMPAaBJICHHOCTH TIO HYJISIM B H - IJIOCKOCTH OTPENIENSeTCs BEIPOKEHUEM:
20" ~ 24
b
[Ipu yBemyeHn pasMepoB OTBEPCTUS U (M) YMEHBIIICHUH JJTUHBI BOJIHBI U3
(388), (3.89) cmemyer, uYro IMpHHA IJIABHOTO JICTICTKA JIHArpaMMbI
HarpaBJICHHOCTU CYKaeTCsl.

(389)
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I'TIABA 4. BO3bYJK/IEHUE IJIOCKOM I'PAHUIIBI PAS/TEJIA
CPE/Jl IVTIOCKOHU OAHOPOIHOU BOJIHOU

4.1. IlocTanoBka 3a5aun
CoBMeECTMM TpaHMIYy pazziena cpel ¢ TWIOCKOCThIO z=(), KOoTopas JEIUT BCe

MPOCTPAHCTBO Ha ABe oonactu: oomactk I (z<0) u oomacts 11 (Z>0). O6mactu [ u 1l
SBISFOTCS.  OJHOPOIHBIMKM  CPellaMd M XapaKTePU3YIOTCST BOJHOBBIM  UKICTIOM

k= W~ E U, W BONHOBBIM  compoTuBicHmeM W = 'Z— , IIe
& =¢,(1-itgs), 1ws=——  w=2xf, - gacron,

(2>

€ ,- abCOMoTHAs JMAIEKTPHYECKasl MPOHULIAEMOCTb Cperibl, A, - abcomoTHas
MAarHUTHas MPOHULIAEMOCTH CpeIbl, O - yIIeNbHAs IPOBOAMMOCTH CPEIbL.

M3 obnactui | Ha rpanuity pasaerna AByX Cper NajiaeT IIoCKask OTHOPOAHAS
BoyHa ([TOB) non yritom @ x ocu z . HazoBeM 3Ty BOJIHY 1a/T1Af0IIEH BOJHO.

=0) 170
O6oznaunmM uepes £, , H,’ KOMIUIEKCHBIE aMIUTUTY (b1 HAIPSHKEHHOCTH
SNEKTPUYIECKOTO M MATHUTHOTO TI0JIs TIAJAOLIEH BOJIHBL

B o6mem cinydae 11OB ¢ mpousBosbHOM Momspy3aliell BEKTOPOB MO
MOXKHO TIpEIICTaBUTHL B Buae cymmbl JByX [IOB: ¢ neprieHAMKyIsIpHOM

nomsprsargeii (£, H'")) (sextop E TeprieHmwiKyss[peH [UIOCKOCTH TajIeHus) 1

. o (0 LT =
¢ napaensHol nonsprsatmeit (E,,, H ') (Bextop E mapawiesnieH miockoct!

m|| 2 m
TIaJICHMS), T.C.
0) 0, 0 gy _ £ | £7(0)
Em - EmJ_ + EmH 2 Hm _HmJ_ + HmH (41)
IDIOCKOCTBIO  MMAfeHUs HA3bIBACTCA IUIOCKOCTh, IIPOXOIAIIAS  Yepe3
HAIPABJICHUE PACTIPOCTPAHEHHS BOJHBI M HOPMAIIb K TPAHUIE pasaena cpe. Ecmm

(0) o
[TOB pacmipoctpansieTcss BAOIb OCH f , PaCTIONIOKEHHOW B TUIOCKOCTH yOz
(puc. 4.1), To 3Ta IWIOCKOCTH SBIISIETCS MIOCKOCTHEO TIAZICHUSL.
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O6nacts |

kW,

Obmacts I
ks, W,

Puc. 4.1. I1anenne [10OB Ha rpanuity pazzena cpen

Hcnomssys (2.31), (2.33) , npeactaBuM BbIPRKEHUS JUTsI TTOJIS A aroIen
BOJIHBI B BUJIE:

= 0 ik O X 1 |- X

E)=XCe™  H, =W—[f o | 42)
1

7(0) _ =04 ik EY 0 _ iy |7 E00

Hm|| = C||e 1 , EmH _WJ_|Hm||9§ J, (4.3)

: . £ (0)0 o
| DI (¥ C 1 CH - 3aJaHHbIC KOHCTAHTHI, 5 - CINHNYHBIN BGKIOp BIOJIb
HaHpaBJ'IGHI/ISI paCHPOC’IpaHCHI/ISI Haz[a}omeﬁ BOJIHBI:

ED =35%sinp+Zz° cosg }

EP =0A+ AB = ysinp+zcosp (44)
C yuerom (4.4) npuenem Bbipaskenus (4.2), (4.3) Kk BUy:
E’;(? _ ~0CJ_e—i/€1(ysin¢+zcos¢))
;(0) CL 50 =0 _: —il%( sin@+z cos @) [
H, :W(y COSQ—Zz sing)-e ' "TRITEERON (4.5
1 J
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ﬁ[(o) _ XOC e—il'€1(ysin¢>+zcos¢))
B I

m||

- N 1T - =0 _: —i k1 (ysing+zcos y 46
Ey =C W, (—=y’ cosp+Z"sing)-e k1 (ysingtzcos ) (46)

m||
Beipaxenus (4.5), (4.6) yIOBIETBOPSIOT OJHOPOIHOM CHCTEME ypaBHEHHUIA
anexTpotrHaMuky (349) pu €, = €, 1, = U, :

rotH =iwé E

- CO 4.7

rotl =—-iou H

Takum oOpazoM, 3amada o naaeHny 110B ¢ mponsBonbHOM mossipr3atmeit
BEKTOPOB TIOJIS1 HA TPAHHULLY PA3IENa CPEell CBOAWTCS K PEILICHUIO JIBYX 337a4: O
maneHnt  [IOB ¢ mepneHIMKymspHOMT W ¢ HapauieIbHON MOJSIpU3AICiA
BEKTOpOB TOJs. PeltieHrie 00enx 3a1ad JODKHO YJIOBJIETBOPSTH OHOPOIHOM
CHCTEME YPaBHEHHH NIEKTPOMHAMUKA B 00nacTsix I, Il v rpaHnuHbIM yCIoBUSIM,
OOCCTICUMBAIOIIMM ~ HETPEPHIBHOCTh ~ TAHTCHIMAIBHBIX ~ COCTARJISFOIIIMX

HAIPSHKEHHOCTEN IEKTPUYECKOr0 M MArHATHOTO TTOJIEH HA TPAHUIIE pasJiesia CPefl,

4.2. Pelienue 33124y Py HOPMATHLHOM NAJICHUH

PaccmotprM HopManbHoe nanieane [TOB, y kotopoii Bextop £ napamienen
ocu X. Ilomaras B (4.5) ¢ =0, NOIy4MM CJICAYIOIIME BBIPOKEHUS IS TIOJS
TIaJIAFOIIICH BOJIHEL:

- =0/ —i..lz .(0): _
E© =3Ce™= H, Wle , (4.8)

e C - 3anaHHast KOHCTAHTA,

[IpencraBum mone B oOnacty [ B BUzie CyMMBbI TIEPBUYHOIO TIOJIST — TIOJIS

y 50 770 ) 77
nagaromeii  Bomeel (E,',H,’)u  Bropumaworo mnoma (E,,H,"),
BO30YKIIAEMOTO  SKBUBAJICHTHBIMU TTOBEPXHOCTHBIMM TOKAMH, PAaBHOMEPHO
pacrpeieNieHHbIMU 110 TiockocTd Z=0:

B B0 ED B A+ 09

KoBanenko A.H. OcHOBBI 25IeKTpOIMHAaMUKH. Y4eOHoe mocooue. — M.: MUPOA 2014



84

BropuyHoe morne, Tak ke, KaK W IEPBUYHOE, YOBJIETBOPSET OITHOPOTHOM
CHCTEME YPaBHEHHI AEKTPOAUHAMUKY (4.7).

PacriuchiBas crucremMy (4.7) B IeKapTOBBIX KOOPMHATAX (X,Y,Z) U YUUTHIBAS,
YTO, B CHJIY IUIOCKOCTHOM CMMMETPHHU 33a4H, TIOJIE 3aBUCUT TOJILKO OT OTHOU

KOOPIMHATHI Z, MOYKHO TIOJTYYHTh CIICYFOIIES YPaBHEHHE TSI OMPEICIICHIST E o
d 2E.: (_) * 2 _.’(
m -)
=t ki E, =0 (4.10)

Tak kak Bextop £'* mapamienen ocm x , 10 u Bektop £ Taroke
TapaJuIesieH OCH X , U peltieHue ypaBHeHwsI (4.10) mpeacTapisiercs B BUJIE:

= _ -0 - _.k . k - .
E;sz) =X (A( e + B¢’ IZ), e A7 u B - nocrosmmbie.

—ik, z
Tak kak QyHKIMA € ' He yIOBJIETBOPSIET YCIOBUIO IIpu Z—> (— %0), TO

A7 =0 u, crenoBaresbHO:

= (- =0 p(-) ik z
E, =X"B7e"" @4.11)
W3 BTOporo ypaBHEHUs cUCTEMBI (4.7) HaXomiM:

. () 5 ()
7O rotkl _ =0 B
_la)lLlal VI/I
ITomle B obmactu II: E ,f =E ,(,f) MOKHO pPacCMarpuBarh Kak MO,

BO30YKIIAEMOE  AKBUBAICHTHBIMM  TOBEPXHOCTHBIMH  TOKAMH, PABHOMEPHO
pactipefielieHHbIMA  Ha  TUIOcKocT z=0. JTO TONie TAaKKe  YAOBJIETBOPSIET
OJTHOPOIIHOM CHCTEME YPABHCHUM OJIEKTPOJVHAMUKHM, W3 KOTOPOM MOYKHO

TOJTYHHTH CIICIYIOLLCE YpaBHEHHe st onpeencemst £,
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d E(+) L (+)
dZ )+ k E =0 , (4_13)

oOI1Iee peleHre, KOTOPOro MOYKHO IPE/ICTABHTH B BUIC:

E(+) _ —’O(A (+) +B(+) lk Z).

Tak kak QyHKIES ™ HE YJIOBJICTBOPSICT YCJIOBHIO TPH Z—> 90, TO

nocrosiHHast B paBHa HyImO 1 BRIp@KEHHE [T HANPSHKEHHOCTH HICKTPUYECKOro
noJist B oonactu [l nipezcrapisiercs: B BUJIE:

EU :E(ﬂ _ 30 40 ik @14)
HanpspkeHHOCT MAarHMTHOTO TIOJSl ONPEJIENISeTcs M3 BTOPOTO YPaBHEHUS
cuctemsl (4.7)pr 1 =y

7 (+) G
H‘” _ % o A -

R A (@19

IocrostHAbIe KOADhHIFICHTH By A® TIPE/ICTABUM B BUJIE:
B”=Cp, AY=Crz. (4.16)
E(—)
Koappumenr P = E}?O) HazbIBaeTCsl KOA(DMUIIMEHTOM OTpaXKEeHMS;
m 1Z=0
£

koo drment ¢ = ETO) Ha3bIBACTCS KOA(PMUIIMEHTOM MPOXOKICHHS.
m 1Z=0

Wcnone3yst rpaHWuHble  YCJIOBUS HA  TpaHWIE  pa3iena  Cpen:

Eifl‘[ z= OzErfzIr z= 0; Hrfn z= OZHH z=0»9 HOHYLIHM CHeIlyIOHIyIO CI/ICTGMY
YPaBHEHHI OTHOCHTEIIBEHO KOA(DW(PHUIIMEHTOB O U T !
I+p=7
= p=Dasr (4.17)

2

Peras 9Ty CUCTEMY, HAXOIUM.
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20, T
_W'/z_i_w'/l, p_m (418)

Taxum oOpazom, ToNne, BO30YKIaeMOe SKBUBAICHTHBIMU TTOBEPXHOCTHBIMU
TOKaMH, PaBHOMEPHO pacrpeielieHHbIMU Ha TUIOCKOCTU Z=(), TIPEICTARIISET JBC
[TOB, pacnpoctpassiroliecs: OT IWOCKOCTH Z=0) B TOJIOKUTEIILHOM M OTpU-

IaTenbHOM Hanpanieniv ock Z. Bomxa (E)  H ), pactpoctpanstorasics B

obnactu | B OTpHIaTeNIbHOM HAampaBleHWH OCH Z, Ha3bIBACTCS OTPaKCHHOM
. = (+) =

pomeoit. Bomma (E)” H.”), pacnpoctpamstomasics B obmacu 11 B

TNOJOKUTELHOM — HATIPABICHAM OCH  Z, HasbIBAETCA IIPOLLUEIIIEH BOJHOM.

AMITIATY]TBI OTPOKEHHOW W TIPOLICANIEH BOJHBI OINPEIEISIFOTCS BBIPAKEHUSAMU
(4.16), (4.18).

4.3. PerieHue 3a1a4M 1py HAKJIOHHOM TIAJICHUH

[lons manarorieil BOJMHBI  ONPEACSIOTCS  BbIpakeHus MU (4.5) s
MEPIICHIKYJIIPHOM TIOJSIpU3ALMK W BhIpakeHsMUA (4.6) U1l mapajviesibHOM
NOJISIPH3ALHNL.

Pemenrvie 3a1a4um CTpoMM aHAJIOTHYHO PELLICHUIO 331491 TPY HOPMATBHOM
niafennd. [lone B obnactv | mpezcraBiM B BUzie CyMMBI IBYX BOJH - TIAJAIOILIEH U
OTPAKEHHOM

BroB0sEO A SAYSAD .
Iosne B oOnmactu 1l peicTaBuM B BUJIE IPOITIC/ITICH BOJTHBL:

E'=EY H"=H (4.20)

ITone oOTpakeHHOM BOJHBI MOXKHO MOJMYYWTH W3 Bpra>KeI-H/II/I 4.5), (4.6),
3AMEHHB B HUX yron ¢ Ha yron v (pucd.1), C, ma C P, , CH Ha C‘,OH, DI
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P = - Ko3(b(UIMEHT OTpayKeHUsl Il BOJIHBI C TIEPIICHUKYIISIPHON
7 (0)
E m |z=0
HO
MOJISIPU3ALMEN BEKTOPOB TIOJIS; P~ . - KO3(PUIIMEHT OTpaXKEeHUs st
H(O)
m |z=0

BOJIHBI C IAPAIUIETBHOM MOJAPU3ALEN BEKTOPOB MOJISL.
Iomne mportemel BOJHBI TakKe MOYKHO TOJMYYWTh U3 BbIpaykeHuid (4.5),

(46), savermB B mux: k, nak,, W, wa W,, 9 wa ©, C, wa C,7,, C na

B

Cr T, =—
Wb . Toe . - KOO(P(MUIMEHT MPOXOXKIEHUSI ISl BOJHBI C

E(O)

m 1Z=0
A
. § T, =—

TEPHICHIVKYIIAPHON  TMONApW3aLell  BEKTOPOB  TOJIS, I go| -
m 1z=0

Kod(pDULTEHT TPOXOXKIIEHNS /1151 BOJTHBI C TIApAJUIEIILHOM MOJISIPHU3AIIC BEKTOPOB
TIOJIL.

Tak Kak moJie TATArOIIE BOJHBI YAOBIIETBOPSIET OJHOPOIHOM CHUCTEME
YPaBHEHUI DJIEKTPOIMHAMUKY, TO 3TOM CHUCTEME TAKKE YIOBIIETBOPSIOT TIOJIS
OTPAYKECHHOM Y IPOLLIEAIIEN BOJH.

3akonb1 CHe/LHyCa

I[J'ISI BBIIOJIHCHUA I'PAHUYHBIX YCJ'IOBI/II;'I H606XOI[I/IMO, YTOOBI BCE TPH BOJIHBI
VMEJTN OBl OIMHAKOBYIO 3adBUCUMOCTD OT KOOPAWHATBI Y IIPU z=0:

—i/qysimp _ —iklysiny/ _ —ikzysin@
e =e —e . (4.21)

N3 (421) cnenyer: sing =siny . Owcioma Y =7—¢, wm
p=r—-yY= (0/ (puc. 4.1). Yron (0/ Ha3bIBAIOT YIJIOM OTPOKEHHS.
TakuM 00pa30M, YTON OTPKEHHS ¢ paBeH YIIly AICHHA (@ :
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o =0 422
CootHorieHue (4.22) BbIpaXacT W3BECTHBIM W3 OIMTHMKH ITIEPBBIA 3aKOH

CHerumyca.
N3 (4.21) Taxoke criemyer, 4ro:

ki sing =k»sin® . (4.23)
CootHortieHue (4.23) sisieTcs: 0000I1IeHHEM BTOporo 3akoHa CHeIUIyca, 13
KOTOPOT'0 MO>KHO OMPE/IENUTH YToi © , KOTOPbI HAa3bIBAIOT YTJIOM MPETIOMIICHHSL.

DopmyJibl DpeHeist
Hcrions3ys rpaHAYHbIE YCIIOBYSL:
lj?’

;I[ = =
=E,| H,| =H,| | (4.24)
Z=0 Z=0 Z=0 Z=0

TIOJTyYHM CHCTEMY U3 JIBYX JIMHEWHBIX YpaBHEHMI OTHOCUTEIHHO KOX((PHUIIEHTOB

PLuT uwmPuly.

Pemas o1y cucreMy, TIONyduM  CJICAYIOIME  BBIPOKCHUS  JUIA
KOO PUIEHTOB OTPKEHS U IIPOXOXKICHHS:

: W, cosp —W, cos® : 2W, cos
a) PL = - , 0) 7L = : : (4.25)
W,cosp +W, cos® W,cosp+W, cos®
. W cosp—W,cos® . 2W cosg
8 P == : 0) 7y 1 (4.26)

W cosg +W,cos®’ - W, cosg+W,cos®
Dopmyiel (4.25), (4.26) HazbBatoT (hopmyaamu DpeHerts.
Tomaras B opmynax (4.25) ¢ =0, ®=0, nomyduM BbIpaKeHus Ui 0 U T

1py HopMaTbHOM TiazicHnn 1 IOB Ha rpanuily pazzena cpell, KOTOpbIe COBIAIAIOT C

TOJTy4YeHHbIMU paHee (4.18).
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4.4. AHa/u3 peleHust

N3 Broporo 3akoHa CHemyca (4.23) ciemyer, 4Tto yroi npeioMiIeHdsT ©
MOJKET MPUHUMATh KaK JCHCTBUTEIBHBIC, TAK M KOMILIEKCHBIEC 3HAUCHVISL.

3aBucuMOoCTb ToNst B oomactut I oT koopmuHaT y,z, Kak ciemyeT u3 GopMyI
(4.5), (4.6), onmcbiBaeTcst (DyHKIIUECH:

/4 (y’ Z) _ e—ik2 (ysin®+z cos O) | (427)
KOTOpasi MpH JEHCTBUTENBHBIX 3HAYEHMSX BOJHOBOIO uncia k, =K, u yra ©
onpenesietr [ IOB, pactipoctpassttoryrocs moa yriioM ©® kocu  z (puc. 4.1.).

N3 (4.23) crienyet, uto yroia © MpUHUMAET JCHCTBUTENbHBIC 3HAUCHMS TIPU
OOOM YIJIe TIAJICHHS TOJTBKO B TOM CJTydae, eCid k k, k =k, nk,>k,.
[Tpu atoM O < @.

[pu ananmse cTpyKTypbl Tojst B obnacty 11 npn KOMITICKCHBIX 3HAYCHHSIX
yra @, ucnosns3ys (4.23), npenactaBum QyHKIMIO " (v, z) TPU JSHCTBUTEIBHBIX

SHAUCHIMSIX BOJIHOBOI'O 4K CJIA k (k k ) B BUJIC:
—i(ksinp)y —if

v'(y,z)=e e e” (4.28)

2
: : k, . :
e ks cos®:k2\/1—[k—lsmgoJ =p-ia,  B>0,a20. (4.29)

2

B stom citydae dyHKims w' (y,z) npu a =0 onpeaessieT HeOTHOPOIHYHO
IUIOCKYFO BOJIHY (€€ aMITTUTY/Ia 3aBUCHUT OT KOOPAWHATHI Z), paCPOCTPaHSFOLILYFOCS
IO YIVIOM 'Y K OCH Z, KOTOPBI HAXOIAWTCS U3 CIIEAYFOIIETO BEIPAKEHH:

k, sin
1gy = 17¢ , (4.30)

IHosiHoe oTpa:keHue. 110BepXHOCTHBIC BOJIHBI

Paccmorprm nanenve [IOB Ha rpaHuily pasaena cpen mpu kz =k, u

k,>k,. B stom CiIydae TIpy HEKOTOpoM yriie maneHus P = @* = arcsin ?2
1
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YIOJ MpesioMyIeHnst O , Kak crenyeT u3 (4.23), craHoBurcst paBHbM 90° . [Ipu 3TOM
KOO PUIEHT OTpakeHus, onpeaesieMplii Gpopmyamu Openens (4.25), (4.26),
CTAHOBHICS PaBHbIM €IMHHIE. TO €CTh IpU ¢ =@ ™ NPOUCXOOUT MOJIHOE
OTp@KEHHUE OT JUICKIPUYECKOM TpaHMIBGL — YTOI (™ HasbIBaeTcs YIVIOM
NOJHOTO ~ BHYTPEHHETO  OTpaxkeHws.  [lpu Qo>@* BCJTMUMHA

.k
sin © = . SIN @ CTAHOBUTCS OOJIBIIE EIUHUILIBL
2

Ucnons3yst hopmyitel (4.29), (4.30) ,Haxoaum, 9To:
2
=0 a=k ﬁsingo -1 —9()°
- ) 2 k2 ’ 7/ .

B atoMm crydae noste B o6nacta 1l mpecraBiseT miocKyro HEOTHOPOIHYEO
BOJIHY, PaCMpOCTPAHSFOLIYIOCS BIOJb OCH Y, T.€. BIOJb TPaHMIIBI pas/ieiia Cpel.
AMITIMTYa BOJIHBI YOBIBACT TIO AKCIIOHCHIMATLHOMY 3aKOHY B HAIPaBIICHUH
HOPMAJIH K TPaHHMIIE pasziesia Cpel.

Tak xak mpu @ > @ * sin®>1, 10 cos® = —i+/sin’ @ —1 TIPYHUMAET
YHCTO MHHUMbIC 3HAUCHMsI U, Kak cienyeT 3 (opmyn @penens (4.25), (4.26),
MOMyTb KOX((HUIEHTa OTPOKCHUS PaBEH CIMHHUIE. [akuM OO0pa3oM, IIpH
®Q=Q *  HUMeer MeCTO SIBJICHHE TIOJHOTO BHYTPEHHETO OTpaKCHUS OT
JJIEKTPIYecKor rpanuiibl. [ Ipu 3mom nosie B obract |, Taroke Kak v B oomactu 11,
NPEZICTARIET TUIOCKYIO HEOHOPOIHYIO BOJIHY, PaclpOCTPaHSIOIIYIOCS B
HalpaB/ICHUY OCH Y, a aMIUIATYyJa MOl M3MEHSIETCS  BJIOJIb KOOPMHATHI Z TI0
3aKOHY CTOSIMEM BOJHBL Tak Kak BOJIHA PACIPOCTPAHSEICA BIOJb TPAHULIBI
paszziena cpes, TO €€ Ha3bIBAIOT IIOBEPXHOCTHOM BOJTHOM.

®a3oBasi CKOPOCTh TOBEPXHOCTHOM BOJIHBI ¥, OMPENENAETCS BBIPAKEHUEM:

@ @

Ve

0]
= . = . : V, <—=vy i}
ksing k,sin® [Tockonbky sin®>1, TO b k) , TIe V

ckopocTh cBeta B ooract I1. Takimv 06pazoM, hazoBasi CKOPOCTb TIOBEPXHOCTHOM
BOJIHBI MEHBITIE CKOPOCTH CBETa V.

BoHbl, y KOTOpBIX (ha3oBasi CKOPOCTh MEHBIIIE CKOPOCTH CBETa , HA3bIBAIOT
MeIJICHHBIMU BOJTHAMIL.

SIBneHre TOJIHOTO BHYTPSHHETO OTPAKCHUSI HCTIONB3YETCS B TCOPUH
JIWRICKTPUYCCKHX BOJTHOBOJIOB M JIMRIICKTPUYCCKHX aHTCHH.
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IosiHoe mpesiomuieHue. Yrou bprocrepa

Anamupyst BelpaxeHus (4.25a), (4.26a), MOXKHO YCTaHOBUTb, YTO TIPH

HEKOTOPOM  yIUIe masieHust P = (P, KOTOpbIM Ha3bIBAacTCSA YITIOM bprocrepa,

KOO(DQHUIMEHT OTpakKeHUs £, WM o, oOparaeTcst B HOJb. I Ipy 31oM nporcxonur
TIOJTHOE TIPOXOXKIICHHE BOJHBI BO BTOPYIO cpeny. [IprpaBHuBast HyJHO YUCIUTENH
BbIpakeHui (4.25a), (4.26a), omyurM CIIEYFOLIME BHIPAKEHUS JTSI HAXOMKICHUST
ymia bprocrepa:

& M Hh_&
. & - U &
sin” (DEJ_ZI—/JI’ SN ngIl:#‘

oM _%

Hy  Hy g, &

Ilpu 4, = 4, B ciyyae napaviebHOM MONSPU3ALK TTOTYYUM CIIEYHOILIEe

/ £
BBIpaKeHYE JU1s yrita Bproctepa: Py = Arclg —=

1
B ciydae neprieHIMKYJSIpHOW TIOJSIPY3ALMA TIPU AL, = A4, TIOJHOIO
MIPOXOXKIICHUSI HE TIPOMCXOMUT HU MPU KaKMX 3HAYCHWSIX yrvia najeHus ¢. OHo
BO3MOXKHO TOJIBKO ITPU €, = €|, TO €CThb B OMHOPOIHOU CpezIE.

CkuH-cJ10if ¥ TIOBEPXHOCTHBIN 3 dexT

Paccmorpum nanienne 110B Ha mpoBoasIiyro rpaHuily paszena cpes npu
tgo, >>1.

1

B oM cityuae 7 <<1 1113 (4.29) Haxomim, uto

2

B—ia=k =k J1-i-tgd, ~k,|—i-1g5, =k2,/%(1—i).
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ltgs
Orciona p=a=k, % . (4.31)

Ioacrarisist (4.31) B (4.30), mosmydmm:

oy = k sing
(g0, - (4.32)
k, Y

0-2
3 (4.32) cnenyer, wronpu €90, =

we,,

>>1  pesaBucumo or yria

NaJICHUA (P BCIIMYMHA YITIa IPCJTIOMIICHUA )/ OmM3Ka K HYJIO:

~y
"~y

(433)

[Ipu sroMm none B obmactu 11 npencrasisier 110B, pacnpoctpassitoriytocs
TI0 HOPMAJTK K TPaHUIIE pazzienia cpe ¢ KOdDPUITMEHTOM 3aTyXaHUS:

a = k tg : a)\/ aZILlaZ

7/‘ 1g6,>>1

2a)8 4.34)

Beenem B paccMOTpeHME Mapamerp A = ; , KOTOpBI HAa3bIBACTCA

[JTyOMHOW TPOHMKHOBEHMS TOJII B TPOBOJIHUK, WM TOJNIIMHOW CKUH - CJIOSL
Avoryia TI0OB Ha paccrosHue A’ OT TIOBEPXHOCTH IPOBOJHHMKA
YMEHBIIIACTCS B

€ pas. Harpimep, ot memporo mpoBommmka: A'[mm]=66- f 2[Iy] u
npu f=101Ta (A=3 cm) A’ =6.6-10" Mm

Orcrona BUIHO, 9TO 2ekTpoMarauTHoe Tiosie Ha CBY cocpenorodeHo B
HEOOJBIIIOM TIOBEPXHOCTHOM CJIO€ TPOBOIHMKA TOMIMHONW B HECKOJIBKO CKUH-
CIOGB U YK€ HAa paccTosiHMM SA’ aMIUIMTya  BOJHBI  YMEHBIIAETCS
npromBuTenbHO B 150 pas, a Ha paccrosiaru 7A° — B 1000 pa3. 310 siBeHue
Ha3bIBACTCs TIOBEPXHOCTHBIM A((PEKTOM, T CKMH-3(PEeKTOM.
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IpuOmkeHHoe rpan4yHoe yciosue Jleonroiuya

Kak ObUIO OTMEYEHO BbIILIE, MOJE B IMPOBOJHUKE, HE3ABUCHMO OT YIia
nianenus ¢ npencrasisier [10B, pacrpocTpassronyrocs MPAKTUYECKH 110 HOPMAA
K TIOBEPXHOCTH MPOBOJTHYKA (puC. 4.2).

‘/éz‘ >> k, §(+)
z

Puc. 4.2 Tlanenune [T10OB Ha OBEpXHOCTH POBOTHHKA

HanpspKeHHOCTH  2JIEKTPUYECKOr0 M MarHUTHOro mnosieid B oOmactu 11
CBSI3aHbI MKy COOOI M3BECTHBIM COOTHOILICHUEM:

E" :%[ﬁj{,zo‘, (4.35)
W, = Haz ~ [ (14 i) = —— (1+i)
Vé‘az 1_i o, 20, o,A ,
C()gaz

(4.36)
Z°=V" - eIMHWUHBIA BEKTOp HOPMAM, HAIpPABICHHON BHYTIPh IPOBOIHUKA
(puc42).

B obmacti || BekTOpHI HANMPSHKEHHOCTH 3JICKTPUYECKOTO M MAarHUTHOTO
MOJIe  MPaKTUYECKH TapajUleIbHbI TpaHuIle pasziena cpen (mwiockocts z=0).

[TosTOMy MOXKHO cumTath, 90 Tpd Z—>(0 OHM TEpPEeXOIAT B TaHTCHIMATIBGHBIC
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COCTABJISIFOIIIME HAPSLKEHHOCTH TTOJIs1 Ha TIOBEPXHOCTY MPOBOTHYKA IPH TIOJIXOIC
K Hell co ctoponbl ooactu 1l

Eyl =El Hpy =H!
Z—0 Z—0
Hcrons3ys cootHolitieHue (4.35), nomydaem
E! =w )i | (437)

Tak KaKk TaHTCHIMOHAIBHBIE COCTAR/LIIOIIME HAMPSHKEHHOCTH  TTOJIS
HENPEPBIBHBI HA IPAHMLIE PA3Iesia CPEN:

i/l o T 7 r 7 7
E l =E, =E,_  H, =H, =H,_ 10w (437) notyawm cremyroree
COOTHOITICHHE :

Emz’ = Wz[ﬁmr |Snp 9170] y (438)

e V' - eMHUYHBIN BeKTOp BHYTPEHHEH K IOBEPXHOCTH IIPOBOTHHKA HOPMAJTH.
Cootrorrieare (4.38) Ha3bIBArOT MPUOIMDKEHHBIM TPAHUYHBIM YCJIOBHEM
JleonToBHYA.

B cmydae wumpeamsHOro nposomHMKa (O, =)  €ro  BOIHOBOE
COMpPOTUBJICHUE, KaK BUIHO W3 (4.36), paBHO Hymo U u3 (4.38) momydaem
M3BECTHOE TPAHNYHOE YCIIOBHE: TAHTCHIIMATIBHAS COCTABIIFOIIAS HAIMPSHKCHHOCTH
IEKTPUYECKOrO TIOJIs Ha TIOBEPXHOCTU UIICATTHHOTO TIPOBOTHHKA PABHA HYJTFO.

I'JIABA 5. BO3BY KAEHUE SJIEKTPOMAI'HUTHBIX BOJIH B
HOJIBIX BOJTHOBOJAX

5.1. TlocranoBka 3agaun

[ TombIid BOJTHOBOJ MPEJICTABISIET COO0M METALTUUYECKYHO TPYOY € IPOU3BOSTH-

HOM (hOpMOI TONEPEUHOrO CEUEHMs, MPEIHA3HAYCHHYI0 Ui Tiepenadun
AEKTPOMArHUTHOU SHEPI UK.

Byznem paccMatprBath BOTHOBO/ OECKOHEUHOM JJMHBI, (hopMa IMONEPEYHOTO
CEYCHMsI KOTOPOI0 OCTACTCS HEM3BMEHHOM BIOJIb HEKOTOpOM ocu z . Illomocts

BOJIHOBOZIA MOYKET OBITh 3aIlOIHEHa OHOPOIHBIM JIMJICKTPHKOM C TapamMeTpamMu
E,,0,.
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Ecrm  ynenmbHast MpoBOIMIMOCTH  JWJIEKTpUKA O, = 0, a yICIbHAs
MPOBOJTMIMOCTh  METAUTMYECKOM OOOJIOUKM BOJHOBOMA O, =, TO TaKoM

BOJIHOBOJ, HAa3bIBACICA HWICAIIBHBIM BOJIHOBOIAOM. B NACAUIBHOM BOJIHOBO/C

OTCYTCTBYIOT MOTEPH AEKTPOMArHUTHOM SHEPI M.
3amaya BO3OYXKICHUSI HWJICAUTHHOIO BOJHOBOAA CTABUTCS  CIIETYHOLLMM

V) ! [
obpazom. B HexoTopoii obmacti V', orpaHndeHHOM MOMEPEYHBIMH TUIOCKOCTIMHI
Z\ | Z, (puc.5.1), 3a0aHbl ANMEKTPUUECKUE U MArHUTHBIE CTOPOHHUE TOKH, PacIipe-

~om s Mcm o
JIeTICHHBIC C TUIOTHOCTSIMH  J,, W J, . TpeOyeTcst HaiTH 37IeKTpOMarHUTHOE

Toie B OONACTH 7< Z, <z, ; Z>z,>Z, (puc.5.1), yIOBICTBOPSIOLIIEE:
1) HEOTHOPOTHOM CUCTEME YpaBHEHHH NIEKTPOIMHAMUKH (3.26) Tipy E,=&,:

rotH =iwgE + " (5.1)

rotk =—iou H, —jY".

2) TPaHUYHOMY YCIOBHIO Ha TOBEPXHOCTH S MIECATLHO IPOBOISAILEH 00OIOUKH
BOJIHOBO/IA:

E, |,=0; (52)
3) ycnoBuo Ha OeckoHeUHOCTH: Tipyu Z—>(£ 00) mojie JO/DKHO MMETh XapakTep

PACIIPOCTPAHSTFOLIMXCS. OT UCTOYHMKOB (007acTy V') aneKTpOMAarHHUTHBIX BOJH,
WA CTPEMUTHCS. K HYJTIO.

/ MeTauIYecKast 000JI0uKa

A, AL, 7
BT E
St I
oy TFem “Mem |
A / Z
1% AT, AT, 7] >
Z ! !
1 2 2 5

Puc. 5.1 [IponossHOE cedeHue Mosoro BOJIHOBOIA
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Takum 00pazoM, 3amada BO3OYKICHMS TIOJBIX BOJHOBOJOB CBE/IGHA K
PEILICHUIO TPAaHWYHOM 33Ja4M  SJICKTPOJVMHAMUKH, WMEIOIICH €IUHCTBEHHOES
pemienre. Pemienne 310K 33a4M MOXKHO TIOJNYYHWTh METOIOM  PAIOKEHUS
HICKOMOTO TIOJISI B PSZIBI [0 CHCTEME COOCTBEHHBIX BOJTH.

Cobcreennbie Bomubl (E, ,H ) SBISIOTCS pelleHMAMM OTHOPOIHOM

mc?

CHUCTEMBI YPaBHCHHH AICKTPOIMHAMHKH (cricTeMbl (5.1) pu ]nﬁm =0, ]nﬂ””" =0):

rotH w =1 a)gaEm , (5.3)

rotEm =—iou,H

m

YJIOBJIETBOPSIFOLLIMY TPAaHUIHOMY YCIIOBHIO (5.2):

E, |s,=0. (5.2))
3amaya 0 coOcTBeHHBIX BoiHaX (5.3), (5.2°), kak Oyder MokazaHo, UMeEeT
OECKOHEYHOE MHOYKECTBO PEILICHHI.

5.2. Co0cTBEeHHDBIE BOJIHBI ITOJILIX BOJTHOBOIOB
DJIeKTpU4YecKHe 1 MATHUTHBIE BOJTHbI

Hmwxke Oyzmer mokazaHo, 4To cucTeMa ypaBHeHWi (5.3) MMeeT 1Ba Tura
pelIeHNH, YIOBJICTBOPSIONIMX TpaHWuHOMYy ycnoBuio (5.2°): 1) pereHue

— —

2 €]
anexTpudeckoro trrna £, , [, , 'y KOTOpOro mpoaoibHas COCTABISFOIIAS Ha-

. =9
IpsOKEHHOCTH AnekTprdeckoro nons £,. #0 | a mpononeHas cocraBisromas

—

2
HanpsbkeHHocT MarautHoro nionst /4, =0 ; 2) pellieHMe MAarHUTHOrO THIIA
9

—

=M M oM M
Em ’Hm >yKOTOpOFOHm2¢073EmZ =0.
Pernienne SJICKTPUYCCKOI O THIIA ITPESACTABIIACTCS B BUC:

—

mz

E)=E, +Z'E, H)=H] (54)
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4 pCHICHUC MAaIrHUTHOIO TUIIA B BUJIC:

=

- =M _ £M
H HM OHZZ ) Em - EmL ’ (5-5)
.M 2,M
e E? . ,H - IOTIEPEYHBIE COCTABIISIOILME HAMPSHKEHHOCTH TI0JIS, JIEKAILHE

B [IOTIEPEYHOM CEYEHMM BOJIHOBOA Z=CONSt.
CoOcTBeHHBIC BOJIHBI, KOTOpbIE MOXKHO IIpe/CTaBUTh B BuIe (5.4)
Ha3bIBAIOTCSl  JICKTPUYSCKUMK  BOJIHAMM, WM E-BojHaMuM — OTHOCHTENIBHO

MPOAOJIBHOM KOOPAWHATEI Z .
CoOCTBEeHHBIC BOJHBI, KOTOpPbIE MOXHO TIpEICTaBUTHL B Buie (5.5),
Ha3bIBAIOTCS] MArHUTHBIMU BOJTHAMU, Wi H-BorHamuL

Vcrionn3ys IIPEICTABRNIEHHE TIONs Yepe3 BEKTOPHBI roTeniman A, (pasnen
2.2), MPE/ICTABHM PEIIICHHE CHCTEMbI (5.3) B BUzIE:

—

H =iws,roll, E —gmddleY +k’ H (5.6)

r7ie BeKTOpHast (QpyHKuMs 1., Ha3bIBacMas WIEKTPUYECKMM BeKTOpoM [epiia u

CB3aHHAs C BEKTOpHBIM ToTeHmmanioM A, coornomennem: A4, =iwe 11,

yIOBIeTBOpsicT ypapterHio (2.8) pu J" = 0:

AIT, + KT, =0, (5.7)
0’ N 0’ N 0’
ox* oy’ oz’

e A= - onieparop Jlarmaca.
Ecrm BekTop [ UMeeT TONBKO OITHY TIPOJIOJIGHYIO COCTARIISTFOLITYO:
i =30’ (58)
TO (l)opMyJIBI (5.6) onpenersirot E- BOJHBIL, Tak Kak
H =iwe (than) =0, a E_#0
HOI[CIHBHSIH (5.8) B (5.6) u B (5.7), mosmyumm:

.
—

E, =E. =grad divzZ'U)+Z°k°U,,
H =H’= iwe rof(z°U?), (5.9)

mc m
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71 QYHKIHS U’ YIOBJIETBOPSIET OTHOPOHOMY BOJTHOBOMY YPaBHEHHIO:
AU> +k°U> =0 (5.10)
W3 mnpuHimna aodicrBeHHOCTH (pazaen 3.4) ciemyer, 4To Hapsy C

perenneM (5.9) cucrema ypaBHeHuH (5.3) IMEET TakoKe PELLICHHE, PEICTARIISIEMOE
B BUJIE:

KX s X KX U, =
H =HY=E’ Em:EM:——aH
mc m m Una]:Ur]T‘]/I , c m ga m Ur?:U-nA]/[ (511)
Ioxacrasmsist (5.9) B (5.11), momydmm:
HY =grad dinz'UY)+z°k*UY,
EM =—iaw ro(Z°U™M). (5.12)

OyHKLWA U VY, Kak U (QyHKIMS U ,i , YIOBIIETBOPSIET OIHOPOIHOMY
BOJIHOBOMY YPAaBHCHHIO.
AU" + kKUY =0 . (5.13)
Pernenme O/THOPOAHOI'0 BOJTHOBOI'0 YPABHCHUS

[Ipu pelieHn OIHOPOAHOINO BOJHOBOIO YPABHEHHSI HCIIONIB3YEM METOM

pas3JiesieHus TIePEeMEHHBIX. B COOTBETCTBIM € 3THM METOIOM TPE/ICTABUM PEITICHHES
ypasHenuii (5.10), (5.13) B Buze:

UM =T"(x,y) 27" (2) . (5.14)

3amedanvie: B nanbHelieM rmpy 0003HAYEHHH KOMIUIEKCHBIX TapameTpoB
U (YHKIMIA MOYKy , KaK TpaBuiio , OyJeM OITyCKaTh .

Ioacrasum (5.14) B (5.10), (5.13) u paznenmm Bce WiEHbI HA POU3BEICHUE

T7>Y.Z7>" B pesynsrare MOIydiM:
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1 S 1 d*z7>"
rour T A St =0 (5.15)
o> 0 5
e A, = o + oy’ - IBYMEPHBI orieparop Jlaruiaca.

Paccmotpum niepBoe craraemoe B (5.15). OHO MOXKET 3aBHUCETh TOJIBKO OT
nonepeyHbIx koopauHar (X,Y). C npyroii CTOpOHBI OHO OIPENENAETCS Yepe3 1Ba
IPYIUX CllaraeMblX, KOTopele oT X U Y He 3aBucar. ClieoBarelbHO, MEPBOE
CJlaraéMoe€ HE 3aBHCUT OT KOOPAMHAT W SIBJISETCS KOHCTAaHTOM,  KOTOPYIO
0003HAYMM
apes — (")

1 o,M o,M
WAJ_T = —(Z )2 (5.16)
AHAJIOTMYHBIC PACCYKICHMSI PUBOMIAT K BBIBOJTY, YTO M BTOPOE ClIaracMoe
SBJISIETCS] KOHCTAHTOM, KOTOPY!O 0003HaumM uepe3 — (177)?
1 d 2 Z 2,M
O,M \2
o 1 -, (5.17)

N3 (5.15)+(5.17) momyurM crietyroiiiee ypaBHEHHE, YCTaHABIIMBAIOIIIEE CBSI3b

MEXTy KOHCTAaHTAMU:

(M) =k> ="y (5.18)
Paccmotpum ypasHenue (5.17), KoTopoe repenuiiieM B BUJIE:
2r70,M
dsz+(F9’M Jz* =0 (5.19)
z

OTO ypaBHEGHME HWMECT [BA JIMHEMHO HE3ABUCHMBIX  PEILCHUS:

ZIS,M :e—iFS’MZ’ ZZS,M :eifa’Mz.
IM —ir2M;

IIpy MOJNOKUTENBHBIX 3HauYeHHAX [ byHkips € OIPEAETSAET

TUIOCKYEO BOJIHY, PaCIPOCTPAHSIIOLIYIOCS B MOJIOKUTEIIHBHOM HAIPABJICHUN OCH Z |
. FG,M
a pyskims € tr OIPENIESIET TUIOCKYKD BOJHY, PAaCIPOCTPAHSIOLILYIOCS B
OTPUILIATEIIGHOM HapaBJIeHNN OCH Z .
—ilz
B nampHeifiiieM BOJHBI, COOTBEICTBYIOIIME pelleHMI0O €  , OyaeM

Ha3bIBATh BOJIHAMU IIOJIOKUTCIIbHOIO HAITPABJICHMS, a4 BOJIHBI, COOTBETCTBYIOLINC
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PELLICHUIO elrz, Oy/ieM Ha3bIBaTh BOJIHAMH OTPUILIATEILHOTO HarpasiieHus. [Ipu
3TOM JIOCTATOYHO PACCMOTPETh BOJHBI TIOJIOKUTENIBHOTO HAIPABJIEHHS], @ YTOOBI
MOJYYNTh BBIPLKCHUS VI BOJH OTPULATEIBHOIO HAIPABJICHUS, HYKHO B
BBIPOKEHUSIX 151 BOJH IOJIOKATELHOIO HAIpaBiieHUs 3aMeHUTh [ Ha —1.

OrmMeTrM, 4TO NOCTOSIHHAS | Ha3bIBAETCSl TTOCTOSIHHOM pacpOCTPaHEHUs], a
TIOCTOSTHHASA ), HA3bIBACTCS MONEPEYHBIM BOJIHOBBIM YHMCIIOM.

JIy1s1 BOJH TOJIOMKUTENBHOTO Hanpasyenwst Gyukipst U | onpenersiemast
BhIpkeHreM (5.14), npeacTarisieTcss B BUJIE:
U2 =77 (x,y)e™ "7, (5.20)
Hcnomszys (5.9), (5.12), (5.20), npencraBum Bbipaxkenus 411 E- Bonn 1 H-
BOJIH TIOJIOXKUTEIILHOIO HAIPABIICHHUS B BHJIC:

E2 =(—ilPgrad, T +2°(3°)’T?)e™ *,

= = 1 ., =
Hj:HZL:W[ZO’EZJ_], (5.21)

HYM = (—igrad 7" + 2°(4" > T")e "™,
EM _ EM [Hz] (5:22)
_ WK,

M
me W = W - BOJIHOBOE COIpOTUBRIIEHHE H-BOTH.

I

Oyuxums 17" Haxomares w3 pewermss ypasmenws (5.16), kotopoe
TIEPETINILIEM B BHJIE:

AT +("y 17" =0 . (523)

Ecm dymkimst 7 oOpal@ercst B HOMb HA KOHTYpe L, IIOMEpedHOro
Ce4eHus BOJTHOBOIa (puc. 5.2):

7’|, =0, (5.24)
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TO E-BonHBL, onpezersieMble BbIpaXeHUsIMU (5.21), yIOBIETBOPSIFOT TPAHUYHOMY

yenosro  (5.2): E ,,,3 . |50 =0 U, CICIOBATEIBHO, SIBISIFOTCS COOCTBEHHBIMU
BOJIHAMM T10JI0T0 BOJIHOBO/IA.
Ecmm nporsBonsast pysxipm 7" 110 HOpMAaIH K KOHTYPY L, paBHA HYIIO:
T _,
oV R (5.25)

Ly

To H-BomHBL, onpenensiemMble BeIpOKeHSIMU (5.22), YAOBIETBOPSIFOT TPAHUYHOMY

= M .
yenouto (5.2): k. o 0 Y TaKKE SIBJISTFOTCS COOCTBEHHBIMM BOJIHAMH T10JIONO
0

BOJIHOBOZA.

Puc. 5.2 Tlonepednoe ceueHve Mosoro BOIHOBO/IA

Ha vactHpIX mpumMepax Oyzer nmokasaHo, 4to ypaBHeHue (5.23) ipu yCII0BUM
(5.24), wm (5.25) wMeeT HEHYJICBOE PEIlCHHE TOJBKO TIPH OMNpeeeHHBIX
3HAYEHUSX TIOCTOSIHHOM ( x" )2 :

(2" Y =(z>"f >0, r2103....

DOTW 3HAUCHWs HAa3bIBAIOTCS COOCTBECHHBIMH 3HAYCHUSIMH JIBYMEPHOTO
oneparopa Jlammmaca A, . CoOCTBeHHbIE 3HAYEHUSI OOpa3ylOT OECKOHEUHYIO
TIOCIIEZIOBATEILHOCTD urcell. [ Ipr 3ToM KakIoMy cOOCTBEHHOMY 3HAYEHHEO MOYKET
COOTBETCTBOBATh OJTHO WM HECKOJBKO pelieHud ypaBHeHUs (5.23), KOTopbIe
Ha3bIBAIOTCSI COOCTBEHHBIMU (PYHKIIMAMU JIByMEpHOTO orieparopa Jlaraca. Ecim
KaKOMY-JIMOO COOCTBEHHOMY 3HAYEHHIO COOTBETCTBYET HECKOIBKO COOCTBEHHBIX
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(GYHKIHH, TO COOTBETCTBYIOIIME WM COOCTBEHHBIC BOJHBI —HA3bIBAFOTCS
BBIPOYK/ICHHBIML.

3amMeTM, YTO aHAIUTUYECKUE BBIPAKCHMS JUIT COOCTBEHHBIX 3HAYEHUM U
COOCTBEHHBIX (DYHKIMI JBYMEPHOIO orieparopa Jlarmiaca MOKHO MOTYYHTh JIMIIb
TS TIPOCTBIX (POpM MoTiepeuHoro ceveHust BOHOBoa. Hibke Oy tyT paccMOTpeHbI
COOCTBCHHBbIC ~ BOJHBI TPSIMOYTOJIBHOTO BOJIHOBOZIA, y  KOTOPOTO KOHTYD
TIOTIEPEYHOrO cedeHnst L, - IpsIMOYTONIBHHUK, ¥ KPYIVIOrO BOJIHOBO/IA, Y KOTOPOIO
KOHTYP TOTEPEYHOIO CEYEHHSI - OKPY>KHOCTb.

Oo01e cBolCcTBA COOCTBEHHLIX BOJIH MOJILIX BOJIHOBOIOB

B monoM BOJHOBOJIE CYITIECTBYET OECKOHEUHOE MHOKECTBO COOCTBEHHBIX
BOJIH 2ekTprieckoro Tuma (E-BonH) 1 OECKOHEYHOE MHOMKECTBO COOCTBEHHBIX
BosiH MarauTHOro Tuna (H-BommH). Kaxnast cobcTBeHHAst BOJTHA XapaKTepH3yeTCst:

o.M
a) TIONepedHbIM BOTHOBBIM umciom X = X, >0 (/ — Homep BomHBL
HyMeparwsi POBOIUTCS B TOPSIIKE BO3PACTAHKS YnCiIa ¥, );

6) TocTosHHOM pacripocTpaneHust 1 M=r ,, KOTOpas omperersiercss M3
ypaBHeHusI CBsi3H (5.18) :

r=\k =z ; (5.26)
B) KPUTUYECKOW JJIMHOW BOJIHBI
2r
Ap =" 527
T 20

Ucnomszys (5.21), (5.22), MPE/ICTABAM BBIDKEHHS 115t COOCTBEHHBIX BOJIH

E( ) H( )
TTOJIOYKUTEIIBHOI'O HAITPABIICHMS ml B BUJIC:

E(” =E0) (x,)-e"", HY =AY (x, )" (5.28)

BI;Ip&)KGHI/ISI JUIT  COOCTBEHHBIX BOJIH OTPHLIATEIILHOTO — HaIpaBIICHUS

(E( : H( ))nonyqynmeblpamemM(S.28),3aM6m4BBm/m Iy ma—1:
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E) =E ) (x,y)-€"" H,)=H(x,y)-€"" (529

[pu 310M, Kak cremyer u3 (5.26), IOCTOSIHHBIE pacpOCTPAHEHUS J1sl BOJH

TIOJIOKUTENIPHOTO ~ HAIMPABJIEHHUST MOTYT MPUHUMATH JIMOO —TOJIOKUTEIBHBIC
3HAYCHMS TIpH ¥, < A~ , MO0 YMCTO MHMMBIE 3HAYCHUS:

Iy=—iJx Kk (upu y, > k7). (530)

OrmernM, 49to JOOas COOCTBEHHAs BOJHA YIIOBJIETBOPSET CHCTEME
YpaBHEHUI 3MEKTpoAMHAMUKH (S5.1) U rpaHryHbIM yenoBusiM (5.2). OmHako HU
OJTHA 13 COOCTBEHHBIX BOJIH HE YJIOBJICTBOPSIET YCIOBHIO Ha OECKOHEUHOCTH MpU
Z—>(* 00). TlostoMy HHKakas JMHEHHAs KOMOWHAIAS COOCTBCHHBIX BOJIH HE
MOJKET OBITh PEIICHHUEM 33/1a4k BO30Y>KIICHHSI BOJIHOBOJIA.

Ucnome3ys  (5.27), TpeACTaBUM — BBIpOKEHHE I TIOCTOSIHHBIX
PacIpocTpaHeH st COOCTBEHHBIX BOJIH TOJIOYKHUTEIIFHOTO HAIPABIICHHS B BUJIC:

, (5.31)

2r A

0

e A= T @ - wmHa [IOB, pacnpocTpasstoleicss B HWICATHHOM

JIRNIEKTPUKE C IapamerpaMul &, 4. [Ipy BO3MyIIIHOM 3amlofIHEHUH  BOJIHOBOJIA
€~1,u=1) A=4,=c¢/f ,rme c- ckopocth cBeTa B Bakyyme ,a f - yactora
BOJIHBL

CoOcTBEeHHBIE BOJIHBI, Y KOTOPBIX ﬁ,{p s A, MMEIOT TIONOXKUTCIBHBIC
TIOCTOSIHHBIE PACIPOCTPAHEHVS] U TIPEZICTABIIIOT TWIOCKUE HEOITHOPOIHBIE BOJHBL,
PaCTIPOCTPAHSIOLIAECS B TIOJIOKUTEIIHHOM HaIpaBJIeHUH OCH Z . AMILTUTYIa 3TUX
BOJIH, B OTJIMYKME OT OJHOPOIHBIX, 3aBUCUT OT IOINEPEYHBIX KoopamHar X,Y.

CoOcCTBEHHBIE BOJHBI, y KOTOPBIX ﬂkp ;< A, IMEIOT YHCTO MHHMBIC

3HAUCHMS TTOCTOSIHHBIX PACIpOCTPAHCHUS U MPEICTABIISFOT TIOJIS, 3aTyXAarOIHE B
TIOJIOYKHUTEIIFHOM HAIpPaBICHHH OCH Z TIO SKCIOHCHIMATHHOMY 3aKOHYy. Takue
MOJNIST  TAIOKE HA3bIBAIOT 3aTyXalOIMMH, WIM 3alpe/Ie/TbHBIMU COOCTBEHHBIMU
BOJIHAMH, XOTsI OHM M HE IMEHFOT BOJTHOBOTO XapaKTepa.

OrMeryM, 4YTO SKCHOHCHIMATHHOE 3aTyXaHWe 3arpefefbHBIX  BOJH
UJICATTFHOTO BOJTHOBOZIA HE CBSI3aHO C IMOTEPSIMU SHEPI UM,
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Ecm coOcTBeHHbIE BOJIHBI TIPOHYMEPOBATH B TIOPSUIKE BO3PACTAHUS X

(X=X, = X;---=...),10 BorHa ¢ HomepoMm £ =1 nmeer, Kak crenyer u3 (5.27)
, MAKCUMAITLHOE 3HAYECHUE KPUTHMUYECKOM JUTMHBI BOJIHBL JTa BOJHA HA3bIBACTCS
OCHOBHOM BOHOH. OCTaIbHBIC COOCTBCHHBIE BOJHBI HA3BIBAIOTCS BBICIIMMH
BOJIHAMH.

lO.Ecnn

O003HaUMM KPHTHYECKYIO [UIMHY OCHOBHOM BOJHBI 4epes 4,

A> 2,0 , T0 Bce COBCTBEHHBIC BOJHBI SBISOTCS 3aTyXarOLMH.

[lpu ykopoueHrr JyIMHBI BOJHBI A (TP pocTe 4acToThl f) OCHOBHas — BOJIHA
MEPBOA  TIEPEXOUT W3 3alpPENEibHOM B PaCHpPOCTPAHSIOLIYIOCS  BOJIHY.
Cnemyromas BomHa (¢ HoMepoM £ =2), mepexofisiuas U3 3anpelelbHOA B
PactpOCTPAHSIFOLLYFOCS, HA3bIBACTCS IEPBOM BBICIIEA BOJIHOM.

O603HAaYMM ~ KPUTUYECKYIO JUIMHY TIEpBOi BBICIEH BOMHBI Yepe3 A1, . Ecim

BBIIOJIHACTCA YCJIOBUC:

A

kple

< Z’ < ﬂ“KpO > (532)

TO BIIOJIOM BOJIHOBOJC PACIIPOCTPAHACTC TOJIBKO O/IHA OCHOBHAS BOJIHA, 4 BCC

BBICIIIME BOJIHBI SIBJISFOTCS 3alpeebHBIMU. Takoi pekuM paboThl BOJHOBOJIA
Ha3bIBACTCS OJTHOMOJIOBBIM PEKHIMOM.

OT™MeTHM, YTO ANIEKTPOMArHUTHAS SHEPIHsS IO BOJIHOBOIY INEPEHOCUTCS
TOJIKO PACIIPOCTPAHSIFOIIMMUCSA BOJIHAMU U B CIIy4ae OIHOMOOBOIO PEXHAMA
TIEPEHOCUTCS TOJIIBKO OCHOBHOM BOJIHOM.

JI71s1 pacripoCTpaHsFOIIXCSI COOCTBEHHBIX BOJHH (MX BCET/Ia KOHEYHOE YHCIIO)

MOYKHO BBOCTH TIOHSITHS (Da30BO CKOPOCTH ¥/ W JUTMHBI BOJHBI B BOJHOBOZE
A, . Onu onpernersorcs Tak e, Kak 1 i [IOB B CBOGOIHOM MPOCTPAHCTBE

(pasmen 2.6) . TTpu 91oM pacuerHbie dopMyisl it Ve u A,

10 27
quf Ea— A/

MOYKHO TIPEJICTaBUTEL B BUJIC: Ja = F . Iloxcrasisg B ot (I)OpMyJIbI
l 4

BuIpakerre i [, (5.31), nomyqnm:
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(5.33)

(5.34)

c=3100 2

c
rac V‘@; c

3anpernebHble  COOCTBEHHBIC BOJIHBI (ﬂv > /1,([,,) HE MMEIOT BOJHOBOTO

XapakTepa, TI09TOMY TOHSTHS (PAa30BOM CKOPOCTH M JUIMHBI BOJHBI JUTSI HHIX
JMIIeHb! (pu3rdeckoro cMbicia.  Pacdets mo dopmynam (5.33), (5.34) mpu

A> A, naror uncro Munvsie spaverms Vg u A

5.3. CoOcTBeHHBIE BOJIHBI MPSIMOYTOJILHOTO BOJIHOBO/IA

Honepeque CCUHCHUC IIPAMOYTOJIBHOI'O BOJIHOBOLA ITIOKA3daHO Ha pI/ICS 3.

KoHTyp nornepedroro cedenrst L, - mpsiMOyTrobHIK CO CTOpoHamMu & b

Ay O-M = ®©
S s S
% b %
b 5jk )70 \,/
0 x' X
* R o >
-t a -

Puc. 5.3. Toniepeunoe cevyeHrie mpsiMOYTOIbHOTO BOJIHOBO/A
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BomHoBogrz MokeT ObITh  3amOHEH ONHOPOAHBIM  JMDJICKTPUKOM  C
napamerpamu €, . Tak kak yzenabHas MPOBOIMMOCTH OOOJIOYKM BOJHOBOJIA
NPETIONAracTCsl PaBHOM OECKOHEYHOCTH, TO TIOJIE B BOJTHOBOZE HE 3aBUCUT OT
TOJIIIMHBI CTEHOK / .

CoOcTBeHHbIe BOJHBI OrpeneNstorcs BbipakeHwsmu (5.21), (5.22), rne

oynxms 1 oM yaoBIeTBopsieT ypaBHeHuto (5.23). Ilpenctarisis 1BYMEpHbIiA
oneparop Jlaruiaca B JeKapTOBbIX KOOPIMHATAX, MIEpErMIIeM ypaBHeHue (5.23) B
BUJIC:
OZTC),M OZTS,M b s 9
+ +(x”")Y'T" =0
N o (¥ . (5.35)

s E- Boma dynxims T ° nomksa YJIOBJIETBOPATH KPACBOMY YCIIOBUIO
(5.24), xotopoe, ¢ yderoM (hOpMBI TTOTIEPESIHOTO CeUeHHsS BOJIHOBO/A (pHic. 5.3.),
3aIMCHIBACTCS B BUJIC:

_ 2
x=0 _076)T xX=a

_ 2 _ 2 _
=0,57° =077 =0 (530)

a

Tt H-Bomu dyrxepst 77 MOIDKHA y/IOBIIETBOPSITE KPACBOMY YCIIOBHIO
(5.25), koTOpOE 3aMMCHIBACTCS B BUJIC:
oT" éT " oT" oT"

a)?LC: 6) | ZO,B)yb_o:O,r)wL_b:O.

(5.37)

3ajaya HaXOXKICHWS pelieHuid ypaBHeHHs (5.35), yIOBIIETBOPSIFOLIMX
KpaeBbIM YCIIOBHSIM (5.36), Ha3bIBaeTCs TIEPBOM KpaeBOM 3a/1aueii Ha COOCTBEHHBIC
3HAYCHMS ¥ COOCTBEHHbIE (PYHKIMM oreparopa A | .

3anaya HAXOXKICHUS pelieHuid ypaBHEHUs (5.35), yIOBIIETBOPSIFOIIMX
rpaHiuHbM  ycrioBusiM  (5.37), HasbIBaeTCs BTOpOM KpacBoM 3ajadeil Ha
COOCTBEHHBIE 3HAYCHNS M COOCTBEHHBIC (DYHKIHH orieparopa A | .

PelieHe  KpaeBbIX 3a/lad MOXKHO TIOMYYHTh METOIOM  pa3ZIelicHs
nepeMeHHbIX. Criemys 9ToMy Meromy, mpeacraBum ¢yrxipno 1" B Bume
TIPOM3BENICHYIS:

77" (x, )= X" ()Y (). (5.38)

IMoncraBuMm (5.38) B ypaBHeHue (5.35) U pa3ne/MM BCe WICHBI YPaBHCHHS
Ha nporseeaeHre XY. B pe3ynsTare mosyurM CIeayroIiee COOTHOIIEHHE:
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1 d*x7" 1 d’y>v

X3,M dx2 + Y3,M dyz
ITepBoe u Bropoe cnaracmble B (5.39) moryT 3aBrceTh Toibko oT X u 'Y,
COOTBETCTBCHHO, HO MX CyMMa €CTh BEJIMUMHA ITOCTOsHHAS. [1o3ToMy 1 miepBoe 1

+(x7")?* =0, (5.39)

BTOpOe crtaraeMble B (3.39) — koHcranTsL. OG03Hauast riepsoe yepes — (K f ) ,a

2,M N2
Bropoe uepes — (K, )", momy«mm cremyrormyie ypaBHeHH:

9,M
EX w2y X o, (540
d2y3,M
0 + (k1Y =0 (541)
I oncrassist (5.38) B kpaeBbie yeinosus (5.36), (5.37), momyunM:
D) X7 1,0=0,60 X" 1,,=08 Y | ,=0pY’| =0 (0
ax" dXM dy" dy"

a)WLc: 6) | :O,B)Wh:o:o,r)Wh:b:O.

(5.43)

I IpencraBum oOrtiee pertieHye ypaBHenuii (5.40), (5.41) B Bue:
X7 =AY cosk x+ B> sink " x,

OM DM 2,M IM _+  1.OM
Y7U =A7" cosk," y+ B sink "y

Hcnone3ys kpaeBbie ycroBust (5.42a), (5.42B), (5.43a), (5.43B), HaiineM, 4TO
Af =0, Ay9 =0, Bi” =0, B;” =0,
Takum 00pazoM TOIYYMM CIIEAYIOIME BBIpaKeHUs it QyHKimin X 7 |
YoM
2 P 1.0 I > I e
X =B sink;x, Y =B smk y. (5.44)

X" =4"cosk'x, Y" =A4"cosky. (5.45)
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Hcnonb3yst kpaesble ycroBust (5.420), (5.42r), Haxomum, 4To:

k. =k, = LI F R (5.46)
k) =k, =%n, n=12...... . (5.47)
k' =k, = gm =012 ... . (5.48)
k) =k, = %”, n=0)12.. ...... (5.49)

Jlns H-BomH Of1HO M3 4Mcell M WIM N MOXKET OBITh paBHO HYJIFO. JTO
OTMEUEHO B (hopmyriax (5.48), (5.49) B3siTrieM HyJIsI B KPYIJIbIE CKOOKHL.

Hcnomssys (5.39), (5.40), (5.41), (5.46) - (5.49), peacTaBiM BbIPOKCHKC IS
TIOTIEPEYHOrO BOJIHOBOIO uncia y " B BUJE:

27N = g2 = J2M) (kM) = \/(ij +(%nj . (6550)

a

Hcnomsys  (5.38), (5.44)-(5.49), npenctaBuM BbIpOKSHHS TS (PyHKITHIA
T° uT" BBuge:

/A . T
r’=1,=C,, SN SIS Y mpel2 L (850)
a
T 7T
™=r, =C,, COS™ /X -COS— Y mp=(O0)12......., (552

o.M
rre C." - nocrosHHbIe KO ULIAEHTBL

TTOCTOSIHHBIE PaCcIpOCTpaHeHHst cobCTBeHHBIX BOH 1" onpenersrores m3
ypaBHeHws1 CBs3H (5.18):

oM — FZnM _ \/kz _(ZZ;;M)Z | (553)
BbipaykeHvist [T IIOCTOSIHHBIX PAacPOCTPaHESHHUSI MOYKHO TAKOKE TPE/ICTABUTH
B CJIC/TyIOIIIEM BHIC:
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2
M A
an =k |1- L/»LS,M , (554)

om 27 2

e Apn = M - \/(mjz (”T : (5.55)
N + -
a b

Ioacrapmmsis (5.51), (5.52), B (5.21), (5.22), momyurM CIIETyFOILIIE BEIPOKESHUS
151 COOCTBEHHBIX BOJIH TIOJIOYKUTEIIHHOTO HAITPABIICHIST:

-

7 T (7 ]
. . X —m-cos(— mx)-sm(g ny)+
P-p —cloir| a +

m m(mn) I T - T T
+ ¥y gn-sm —mx |-COS zny

a
L

+ EO(ZZn )2 Sm(z mxj . Sm(% ny)} . e—ifznz
a ]

L. 1 N
2 _ 2 _ 2 _ —0 ¢}
Hm - HmJ_ _Hm(mn)J_ - W3 z ’Em(mn)J_ y m,nzl,z,...,... ) (556)
9 2
2 mn lua ﬂ'
W Eq a Kpmn
| __>0 7Z- ! (72. j (72- j W
X = m-sin| = mx |-cos| —ny |+
= s a a b

=C"ar" +

m Hm(mn) mn
+y° . cos(z mxj : sin(z nyj
L b a b ")

+Z2°(yry? cos(Z mxj : COS(% nyj} e
a ]
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E}i/[ - E:l/j_ - r[r‘l/[(mn)J_ — VVmA};{ Hr}r‘z/[(mn)J_’ ZO y m, n:(O),l,z,. ey (5.57)

.M w ILI a
e Won = T / / :
Kpmn

XV, z"- €/IMHUYHBIE BEKTOPBI, napaJmem,HbIe ocsm X\Y,Z.

BOJIHbBI mo n — BOJIHBI m B SAMO JIbHOM
E - (E)H)) n H (EyH} Y8 npavoyro

BOJIHOBOZC 0003HAYAIOTCS KaK E mn H H mn » COOTBCTCTBCHHO.

E- u H-Bombl pH OOUHAKOBBIX 3HAYCHISIX YUCCTI M W N HMMCHOT
OIMHAKOBBIC 3HAYCHMA ITOCTOSIHHOM PacIipoOCTPaHCHUA F, HOMCepeIHOI O

BOJIHOBOIO YWCJa ¥ M KPUTUYSCKOM JUIMHBI BOJHBI A, orpesesieMble

BeIpakeHrsIMU (5.50), (5.54),(5.55),u, crenoBaTelbHO, SBISIFOTCS — BBIPOXKIICH-
HbIMA BOJHAMA. Kakmon mape 3HaueHMii M W N COOTBETCTBYET OIHA
cOOCTBEHHas BoJTHA AriekTpudeckoro Tura (E- BoHa) 1 oiHa coOCTBEHHAS BOJTHA
MarautHoro Tvra (H- BonHa).

Hucno M onpenenser Yuclio MOMyBOJHOBBIX BapHALIMIN OIS IO OCH X, a
Yucio N - moocHu Y .

PaccmoTpriM OCHOBHYHO BOJHY.

N3 anamza BblpakeHust  (5.55) BWIHO, YTO MaKCUMAIbHOE 3HAYCHHE
KPUTUYECKON UIMHBI BOJHBI MMEET Ta BOJHA, Y KOTOPOM uucia M u N
MPUHYMAIOT MUHAMATHHO BO3MOKHBIE 3HAUCHYIS.

Mrummvareaple  3HadeHus it E-Bom: m=1, n=1,a gmg H-Bom: m
=1, n=0,wm m=0, n=1

Taxum 00pa3oM , OCHOBHOM BOJIHOM MPSIMOYTOJIBHOTO BOJTHOBOJIA SIBJISIETCSI
M

7100 BOJHA /|, , KpUTHYECKasl JUTMHA KOTOpor  pio = 2a | mGosomma H,,,
M —
KPUTAYECKAsA JUIMHA KOTOPOU kOl — 2b Ji OnpenesieHHOCTH TIPUHSTO

CUMTATh, 410 a > b . Ilosromy mpu @ > b OCHOBHOM BOJHOM SBISETCS BOJIHA
H,,,anpu a=>b - 1Be OCHOBHBICBOJIHBI: 1,, u H, .

OO003HaUMM KPUTHYECKYIO UTMHY OCHOBHOM BOJIHBI Uepe3 ﬂ’xpo . Ecrm

A> ﬂ’xpo , TO OCHOBHAsI M BCC BBICIIMC BOJIHbI ABJEIHOTCS 3aTyXaArOIIUMU .
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Ecm ﬂ'Kpl@ <A< ﬂ'KpO , TIe ﬂ’rkple - KPUTHYCCKas UIMHA TIIEPBOM
BBICIIICH BOJIHBL, TO OCHOBHAS BOJIHA SIBIISIETCS PACTIPOCTPAHSIOLLIEKICS BOJTHOM, a BCE

BBICIIIFIE BOJIHBI SIBIISTFOTCS 3alPE/ICTbHBIMU. TakoM peXnM, Kak ObIIO OTMEYEHO
BBIIIIC, HA3bIBACTCS OJHOMOIOBBIM.

IlepBoii BBICIIEH BomHOM (pu @ > D) sensercs mibo Bomma H , , mito

M
BomHa 5, KpyTudecKast JUIMHa KOTOPOit /?”KpZO =da.

a e o o
JIyist rimpoKoro BostHoBoza (b > 5 ) IEPBOIA BBICILIEN BOJIHOM SIBJISIETCSI BOJIHA
a L L Ll
H,, , ms y3xoro BormHOBoza (b < 5 ), TIEPBOM BBICITIC BOJIHOM SIBJISICTCS BOJTHA
H 20 -

Hcnonmssys opmyibl (5.57) , MpeacTaBUM BbIpaKEHUE TSI TTOJs OCHOBHOM

BOMHBI 1 (Emo ,Flmo) B BHJIE:

= e . L TTX -
E ., =Y E,sin(~—)e ",
a

= E ~0 .= = —ilyz
H o =——2| X°sin(Zx) - 2°——cos(Z x) e |, (5.58)
. a I'ya a
2
A
e Lo = k(1 (Z - TIOCTOSIHHAS! PacIPOCTPAHEHHUST OCHOBHOM BOJIHEI,
7 VHalE §
0~ = BOJIHOBOC COIIPOTHUBJICHUC OCHOBHOU BOJIHbI,
1-(4/2a)

E, =-Cil W, z. AMIUTHTYTHBINA KO3(ULIEHT.
a

W3 anammza BblpakeHui (5.58) clemyeT, 4To CWIIOBbIC JIMHUKA BEKTOpA
HAMpsDKEHHOCTH  AJIEKTPUYECKOTO TIOJNsSI — TpsIMBIE, TIapaUlefibHbe OCH Y.
AMIUTMTY/Ia 3JIEKTPUYECKOrO TIOJNSI MaKCUMaIbHA B CEPEIMHE IIMPOKOW CTEHKH

(x=a/2)npasna |4].
CwioBbIE JIMHMM MAarHATHOT'O TIOJIS IPCACTABIEAIOT IICTIIN, PACIIOIOKCHHBIC B
IIIOCKOCTH XOZ. HpOGKI_[I/II/I CWIOBBIX JIMHUA MAarHUTHOIO IIOJIS HAa IUIOCKOCTh
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TOTIEPEYHOT0 CEYCHHSI — TIPSIMbIC JIMHWM, HE 3aKAHUYMBAOIIMECS Ha OOKOBBIX
crerkax (X =0 u X = a),

5.4. CoOcTBeHHBbIE BOJIHBI KPYIVIOTO BOJIHOBOJIA

[ToriepeyHoe ceueHre KPyIvioro BOJIHOBOMA MOKa3aHO Ha puc.5.4. KoHryp
TonepedHoro cedenust L - okpyskHocTs (7 = @),

[lpy  mocTpoeHMM  CHUCTeMbl ~ COOCTBEHHBIX  BOJH  HCIOJB3YeM
IWTMHAPUYECKUE KOOpIMHATHI V', &, Z . B IIMHAPUYECKON CUCTEME KOOpMHAT

seipake HAe 11 A | T'u grad| T nipencrapistorcs B BULE:

10 oT 1 0°T
AT=——r
. r@r( Grj r* oo’ (5:59)
8T o 10T
grad T—I/' a]/- CZO;% (560)
\Y
" 70
LJ_
R
0 z -

2a

Puc.5.4. IlonepedHoe ceueHrie Kpyryioro BOJIHOBOA
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CoOcTBeHHbIe BOJHBI OnpeeisitoTes BolpakeHusiMu (5.20) — (5.22), rae

byt 77" ynosmersopsier ypasrermo (5.23), kotopoe ¢ yderom (5.59)
3AIACHIBACTCS B BHJIC:

1o( aT*\ 18T | o v

r Or or r’ oa’

Jiit E - Bome dyukumst T yHOBIETBOPSIET KpacBoMy yCIoBrio (5.24),
KOTOpOe, € YyderoM (OpMbI TOMEPEYHOrO CEYeHUs BOJHOBOMA (puc.54.),
3aIMCHIBACTCS B BUJIE:

=0 (5.62)

Tt H — o yexumst T ynoemersopsier kpaesomy yeroBuro (5.25),
KOTOpOE JjIsl KPYIVIOrO BOJIHOBOJIA 3aIMCHIBACTCS B BHJIC:

or"
or

VYpapuenue (5.61) pellaeM MeETOOM  pazneriieHUsl TMepeMeHHbIX. B

r=a

=0 (5.63)

r=a

.M
COOTBEICTBHM C JTHM METOJOM TpencTaBmsieM (GyHKmpro 1 ' B BUIE
TIPOM3BENICHMIS:

7" (r,a)=R>™ (A" (o) . (5.64)

YMHOXUM 00€ yacT ypaBHeHus (5.61) Ha 7, 3aTeM TIOJICTABIM B HETO

BolpakeHre (5.64) 1 pasnermmM Bee wieHsl Ha mpomssenerne ROV A7Y | B
pE3yJIBTaTe MOTYYrM CIIEIYFOIIEE COOTHOITICHHE:

1 d*4™" 1 d, dR7"

+ r +72 (") =0
VEC P Ra’Mrdlf'( dr Y+r(x™) . (5.65)

[lepBoe crmaraeMoe MOKET 3aBUCETh TOJIBKO OT OHOW TiepemeHHou & . C

JIPYTOi CTOPOHBI, OHO PABHO CO 3HAKOM *“ MMHYC ~ CyMME JIBYX JIPYTHX CJlaracMbIX,
KOTOpble OT (Y HE 3aBHUCAT. JTO BOSMOXKHO JIMIIIF B TOM CJIy4ae, €CIIM TIepBOC

CITAraeMoe PABHO HEKOTOPOi KOHCTAHTE, KOTOPYEO 0003HaM uepe3 (— 7). Ipu
3TOM W3 COOTHOIIICHUH (5.65) momy4yaeM /1Ba OOBIKHOBEHHBIX TU(hEpeHIMATBHBIX
YPaBHEHUS:
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2 49.M
—d A +n*A°M =0

1d( drR> a2 1| ou
—— + M ——|RT" =0
rdr (r dr ] {(Z ) r’ } ' (567)

Kak cnenyer m3 (5.62) — (5.64) ¢dyHkims R’ yIOBIETBOPSET KPACBOMY
YCIIOBHIO

R, =0, (569)
M
adyaxips R ynoBieTBopsieT KpacBoMy YCIIOBHIO:
drR"| 0
a O (5.69)
Yparuenue (5.66) IMeeT J1Ba JIMHEIHO HE3aBUCHMBIX PEIICHHS:
A" =cosna; A)M =sinna | (5.70)

[Tpy v3MeHeHMM yrila & Ha 277 IPUXOIUM B Ty 7K€ TOYKY BOJIHOBOJA,
.M
TI09TOMY (DYHKIIIH A7;" nomkHbI GbITh TIEPUIO/TMYECKUMU C TIEPUOIOM 27T
cosna =cosn(a +2x);sinna =sinn(a +27) . Orciopa  crenyer,

410 N - 1esoe uncno (n=0,1,2,...).
VYpaBHenve (5.67) wMeer [Ba JIMHEMHO HE3aBUCHUMBIX — PEIICHUS:

R =J,(7" R = N, (™" r)  raeJ, (X) -bysaws Beccersin -
Or'o TIOPSIIKA; N, (x)- ¢dynxims Heiimana n - oro nopsiika.
Tak kax dyrxis 1V, (X)‘ 0 > %, TO B KauecTBe PEIICHUS YPaBHEHNA
(5.67), u3 pr3IUIECKUX COOOPKEHHI , HY»KHO B3SITh (PyHKITMIO beccerst:
R™M(r)=J,(x™"r). (6.71)
Ucronms3yst  kpaeble ycioBus  (5.68), (5.69), momyurM  Ciemyrolme
VPABHEHFIST JUTs1 HAXOYKICHIISI [IOTEPEUHON0 BOJHOBOIO Uncyia ¥ ' :

J,(’a)=0, (572
J,(x"a)=0, (5.73)
e J, (¥ Ya) - pou3BOIHAS (PYHKIMK beccers 1o ToJTHOMY apryMeHTYy.
N3 ypaBHeHust (5.72) HaxomiM:

KoBanenko A.H. OcHOBBI 25IeKTpOIMHAaMUKH. Y4eOHoe mocooue. — M.: MUPOA 2014



115

Za _ Bnm

- , (5.74)
e B,,, - kopuu pynkipm beccenst:
J,(B,)=0. (5.75)
N3 ypaBHeHust (5.73) HaxomM:
A
M nm

Kom = , (5.76)

a
IJIe Anm - KOPHH MpoM3BOIHOM (pyHKIMM beccerst:

J (4, )=0. (5.77)

Oyaxims  beccens, kopan ¢yHkimm  beccent m ee  mpow3BOIHON
TaOy/IMPOBaHbBI, a TAkKEe MOTYT OBITh BBIMHCIICHBI C MPUMEHEHHEM YHICIICHHBIX
MeTo10B Ha OBM.

[pu Gombimx 3HaueHUsIX aprymenTa X misi pyHkiwm  beccenmst MOKHO
TIOJTYYHTh MPOCTYIO AaHATTUTHYCCKYFO (hOpMYyIIy:

2 V4 1
Jn(x)‘X>>1 - /; cos(x—E(n+5))’ W3 KOTOPOH BHIHO, 9TO (hyHKIHS

beccensi u ee TpoM3BOJHAs WMEIOT OGCKOHEUHOE MHOYKECTBO —KOPHEH:
B,,,A4,,((n=01,2,..- nopsnox ¢pysxmm Beccens; m=1,2,...- Homep kopus1). Hroke
TIPUBEJICHBI HECKOJIBKO TIEPBBIX 3HAUCHMIA KOPHEH B IOPSIKE MX BO3PACTAHUS:

B, =2.405,B, =3.832,B =5.136, (5.78)
A =1.841,4 =3.054,4, =3.832 . (5.79)
Ucnomsys  (5.64),(5.70).(5.71), mpencraBuM BblpaKeHWe B (DYHKIMA
T>M B BUJIE;
cosno
T3,M — T3,M — CQ,M J .M
”m{i} "’”{E} n(%nm r){sinna}' (5'80)

o.M o.M
41 T2

Beipaxerne (5.80) oobemvHsieT 1Be GyHKIMM 1|
M3MEHSIETCS OT YIVIa ¢TI0 3aK0Hy COS 71X | BTopasi —I10 3aKoHy SInna.,

: TiepBast
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[oncrarmss (5.80) B hopmysbt (5.21),(5.22) 1 vcrionb3ys NP BEIMUCIICHUN

grad, T dhopmyity (5.60), MOXKHO HOTYUHTh BEIPLKEHUSI 7151 COOCTBEHHBIX BOJTH
KPYIJIOrO BOJIHOBOJIA.

[locTosiHHBIE pacMpOCTpaHEHUsI COOCTBEHHBIX BOJIH OMPEICIIIOTC U3
ypaBHeHws1 CBs3H(S.18) :

2
A
OM _ OM 2 AMAN2N
Kpnm
oM _ 27
rje “xkpnm T 9.M - KPUTUYECKAS JJIMHA BOJHBI i1 E- 1 H -BoyH.

nm

M
Ucnonwaysi (5.74), (5.76) , ipeacTaBiM BbIPOKEHUE IS /lkpnm B BUJIE:

22 = 2ma
Kkpnm Bnm , (582)

-40-

2ma

M _—
Ao =~ (5.83)

nm
B kpyriom BosHoBoze E- Bosb! obosnavatorcst £, , a H-ommer -H,,, , B
OTIMYKE OT IPSMOYIOJIBLHOTO BOJHOBOMIA, B KOTOpoM E- BOMHBEI 0003HAYAIOTCS
E,.  a H-soms -H,, .
N3 Beipaxkenuit (5.78), (5.79), (5.82), (5.83) ciemyer, 4T0 OCHOBHOM BOJIHOM
KpYIJIOrO BOJIHOBOJA SBIISETCA BOHA 7, , Tak Kak OHA MMEET MAKCUMAIILHYFO
2ma

A =—=341a

KPUTUYECKYIO JIUHY BOJHBL: *~xp0 , & TIEPBOM BBICILICH BOJIHOM —
11

BomHa £ , y KOTOpOit KpUTHHecKast ITHHA BOJHBI PABHA:

_ 2 26la
B .

01
B jmanazone BomH: 2,6la<A<34la B KpymIOM  BOJHOBOJE

pactpoCTpaHsieTCs TOJIbKO O/THa OCHOBHAS BOJTHA.

kple
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Puc. 5.5. Crpykrypa mons BojiHsl /7, B onepeyHoM CeYeHHH KPyIIoro
BOJTHOBOJIA

Crpykrypa moisi OCHOBHOM BOJHBI B KPYIVIOM BOJIHOBOJE AHAJIOIMYHA
CIPYKTYpE IOl OCHOBHOW MOJIHBI B IPSIMOYIOJIBHOM BOJHOBOZE. Ha puc.S.5.
TMIOKa3aHbI CUJIOBBIE JIMHUM HIEKTPUYECKOTO MOJISI (CIUIONIHBIE KPUBBIE) U IMPOSKIAU
CHJIOBBIX JIMHWI MArHUTHOTO MOJIS HA TUIOCKOCTB TIOTIEPEYHOTO CEUEHHSI BOIIHOBO/IA
(myHKTUpPHBIE KpUBble). CWIOBBIE JIMHAM TIOCTPOEHBI MPH  HWCIOJIB30BAHUA

M .
byHKIMN T, mmensmomeiics ot yia @ 1o 3akoHy COS . Ilpu

M :
ycrons3oBaiuy GyHkimm 1, wsMeHstomascs oT yma & 1o 3akoHy Sine,
v ) 0
KapTUHA CUJIOBBIX JIMHHI OCTAHETCS TPEKHEH, HO moBepHeTcst Ha 90 .

5.5. Peiienue 3a1aun Bo30YKIeHHS TOJILIX BOJIHOBOIOB

ITpencrasum perrierie crcteMsl (S.1) BHe o0nacTi KICTOUHKMKOB V- (prc.S.1.),
B BHJIC PAIOKEHUS TI0 COOCTBEHHBIM BOJIHAM TOJIOMKUTEIIFHOTO HAIPABJICHHIS

(528) mpu  Z > Z, , ¥ TI0 COOCTBEHHBIM BOJTHAM OTPUIIATENLHOTO HATPABIICHHS
(529)npu z <z,

o0 o0 _-»

E,=XC"E] H,=3C"HJ ;.z, 584
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LS N TN () O
E = IZ_;CI( "E H, = ECI H, <<y (5.85)

Boipaxenus (5.84), (5.85) ynoBlIeTBOpsOT ypaBHEHUSM IEKTPOAMHAMUKI
(5.1), rparmuHOMY yCOBHIO (5.2) M YCITIOBHIO Ha OSCKOHEYHOCTH : COOCTBEHHbIE
BOJHbI  TOJIOKUTEIBHOTO ~ HAmNpaBleHWs] ~ WMEIOT  JIMOO  Xapakrtep
PaCHPOCTPAHSIONIMXCS, JIMOO 3aTyXarolMX BOJH MPU Z — oo, @ COOCTBEHHBIC
BOJIHBI OTPHULIATENIHHOTO HAMPABJICHHSI IPEICTABIISIFOT JIMOO PaCIPOCTPAHSFOIIECS,
MO0 3aTyXarOIYe BOIHBI IIPH Z — (—o0) . [Ty BBINOIHEHNH 3THX YCIIOBUI 3a/1a4a
BO30Y)K/ICHHSI MMEET €IMHCTBEHHOE PEICHHE W CBOIUTCS K HAXOXKICHHIO
koopuimentos  paznokenus C B pamax (5.84), (5.85), KoTOpBIE MOYKHO
TIOJTY4HTh, UCTIONB3Ys1 JiemMMy JIopeHiia B uHTerpaibHOM opme (3.25).

Jlemma JlopeHIla yCTaHaBIMBAECT CBS3b MEXKIY  KOMIUICKCHBIMU

AMIUIMTyIaMU oJICH JBYX CHUCTCM HCTOYHMKOB H, C YYCTOM CTOPOHHHX
MAlrHWTHBIX TOKOB, IIPCACTABIEICT CJICAYHOIICC MATEMATICCKOC COOTHOLICHHUEC:!

FA B g |=| B, |b-70ds -

ml? m2 m29°
S

=[G Epa= s B ™ Hon ¥ Jos" H,)dv (5.86)
14

r7e V- por3BoIIbHAs 00JIACTh, OTPaHNYEHHAS 3AMKHYTOM ITOBEPXHOCTHIO S;

¥ - BHEILIHSIS 110 OTHOLLICHHIO K 00/1acTH V eIMHIYHAST HOPMAIb K TIOBEPXHOCTH S,
[Mpuvennm  niemmy JlopeHiia K oOnacty V, TIPEACTaBISIOIICH OTPE30K

BOJIHOBO/IA, OTPAHUYEHHBIN ABYMsI ITONIEPEYHBIMU TUIOCKOCTSIMU:

S\(z, < z)u S,(z, > z,) (puc. 5.1).

Ionaras B (5.86):

5 S om M Ly e
=i g =ie, E =E H =H

ml m ml m
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. .
— —

rae E H - IOJIC B BOJIHOBOZEC, B036}’)KI[€HHO€ CTOPOHHMMH TOKaMH C

m? m

W cm

HJIOTHOCIM] " ] ;] =0 ]mm 01Em2:E;Z)1Hm2:H;;)1

m?2

E® H®
e L, {1, . -coOCTBeHHAs BOJIHA IIOJIOXKHUTEILHOIO HAIPARJICHHS C HOMEPOM
k , iomy4mm criemyroltiee COOTHOIIICHHE:

m? mk mk 2 m
i | (587)
o = | 5o B e B v

e A m (5.88)

WHTerpan 1o MOBEPXHOCTM S MPEACTABAM B BHUIE CyMMBI TPEX
yHTerpatoB: o S;, mo S,, mo S, , 1me S,- NOBEPXHOCTb WICATBHO
TIPOBOJIAIIICH OOO0JIOUKH OTpe3Ka BOJIHOBOAA (z, < z < z,) (puc. 5.1.). HTerpan mo

S, B CrTy IpaHA4HOTO yerosus (5.2), paBeH HyJIo:

Hlém’ﬁ;e?J_[E;?aﬁmkods =
= {lﬁoaﬁm Jﬁ;}? — [17°,F?,§;> Jﬁ }ds —
- j{l‘?0>EmTJH(+) lV E,E;ZJH }ds =0

Ioncramsist B (5.87) BeIpaKeHUs TSI E m H » B BUIE paziokenun (5.84),
(5.85) u Boipaxermst wii ES),HS B Baze (5.28), nomyanM clieyroree
COOTHOILICHHE:
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0
ml?»
=

1 S,

(+) —i(Iy+T)z ORI 26 g [Ls0 50 A
[=1 S, ,
e S| - MONEPEYHOE CEYEHHE BOIHOBOA.

Ucnons3yst nemmy Jlopeiia (5.86) Uit 1ByX COOCTBEHHBIX BOJIH OJTHOIO

. . . .
— — — —

E(i) H(i) E(i) H(i)

HaIIpaBJICHY: m 2" ml (A mk 57" mk " IBYyX COOCTBCHHBIX BOJIH PpasHbIX

-

EO gOU JE® g©
HAlpaBJICHUM: |~ ml >" " ml [y | " mk >" " mk { MOMKHO ITOKA3ATh, YTO:
[l | B 2as=0 oo
S, |
o - o iy O,npu l+k
f{-| Bt |+ Bt iy feras= [ s
3 N,,npu Il=k - :
Coornomiesnst ~ (5.90), (5.91)  HaspBaAOTCA  COOTHOIIICHUSIMU

OPTOTOHATBHOCTH COOCTBEHHBIX BOJIH B BOJTHOBOJIE.

N3 COOTHOIIEHUI OPTOrOHAIBHOCTA CJIEAYET, 4YTO B JIEBOM YaCTd
cootHorIeHus1 (5.89) He paBeH HyMO TOJBKO OJIMH WIEH B IEPBOM CymMME C
HoMepoM [ = k . Orcrona vaxomam, 4ro:

1
G e 162
G = N, 9 (5.92)

.
—

[lomaras B (5.86) B KauecrBe IIONA E m2>H .,  COOCTBEHHYIO  BOJHY

= . _'>(7) = _ = ()
orpuratensHoro Hampasnenns (E,, = E,),H, , =H,') u wucnomssys
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OPTOTOHANIFHOCTh  COOCTBeHHBIX BOMH (5.90), (5.91), momydnm cremyroree
BBIpaKEHHE 1 KOo(puiweHToB pazioxenus C O

1
+) _ (=)
G = N—k v (5.93)
e I(J E;k) S H ) v (5.94)

DopMyJIbI (5.92), (5.93), coBmectHo ¢ hopmynamu (5.88), (5.94), (5.91),
(5.84), (5.85) maror perreHre 3amaurl BO3OYXKICHHS BOJHOBOAA CTOPOHHHMH
AIEKTPUYCCKIMI 1 Mar HUTHBIMU TOKAMH.

56. Anamms pelieHust

PaCCMO’IpI/HVI BO36Y)K,Z[€HI/IG BOJIHOBOJA OJICMCHTAPHBLIM  SJICKTPHUYCCKUM

v3IydaresieM ¢ MoMeHToM P | pacnionoskeHHsIM B TouKe: 7y (Xo, Vo> Z,)  (pHC.

5.6).
Ucnomsysa (5.88), (5.92), (5.93), (5.94), MOKHO TONYYUTh CJICMYIOIIICE
BBIpKEHHE T KOD(PHUIEHTOB PAIOKEHIS:

| it - 1 =
() _ Lom g1 F) r=1 _ an (+)
=y [ @ ED Fhay =y BRI, e
V —(x9,¥0,20)

e IV, - Hopma cOOCTBEHHBIX BOJH, OnpeersieMast BlpaxkeHneM (5.91).

|
X
55 S, S, |
pcm pMcem
P, P
=04 = =
X I”O v
E2 A T 7 =7

~0
A

Puc.5.6 . Bo30y»ieHre BOJIHOBO/IA AIeMEHTapHBIMHU MRTy4daTeIsIMU
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N3 anammpa BblpakeHus (5.95) ciemyer , 4T0 MpU  PaCHONIOKEHUN
WIEMEHTAPHOTO AJIEKTPUUECKOr0 M3ITydarTelisl B ITyYHOCTH AEKTPUYECKOTO MOJIS

BOJHBI C HOMEPOM ! TMapamiebHO CHVIOBBIM JIMHHSM IEKTPUUECKOTO IO 3TOM
BOJIHBI (Pcm IE, (X05Y0520)) aMIDIMTYTHBIT KODDHUIHCHT Cl(i) oyzer
MaKCUMaTGHBIM.  Ecri ke m3iydaresib TTOMECTHTb B Y3€l AICKTPUYECKOTO MO
WM TCPICHIUKYJIPHO  CWIOBBIM  JIMHMSIM ~ DJICKTPHYECKOrO  TIOJIS
(Pcm LE, (x4, 0520) ), TO COOCTBEHHas! BOJHA ¢ HOMEpoM | He BO30YXKIaeTCsL.

[Ipr BO3OYKIEHNM BOJTHOBOJIA YIEMEHTAPHBIM MAarHUTHBIM H3ITydaTesieM C

. B .
momentoM P 7" | pacnionoskeHHbIM B Touke 7o (X,,V,,Z,), AMIUIATY/IHBIA

(+) .
koa(dument C,~ coOCTBEHHOM BOJHBI C HOMEPOM | PABEH:

1 = o
C(i) - _ PMcm H(+) =
! N, ey . (5.96)
113 (5.96) crenyer, uro kosddurmenr C l(i) MMeEeT MaKCUMATTEHOE 3HAYEHHE,

CCJIM M3JTYYATCilb PACIIOIOKEH B ITYYHOCTH MAIHUTHOIO IIOJEI BOJIHBI U MOMCHT
H3ITyHdareirst HapaJuICIICH CUJIOBbBIM JIMHVSIM MardmuTHOIro T1I0JI51

(PMcm | H1(+) (%05 Vo> Zo))-

Ecmu ke u3iydarenb MOMECTUTh B Y3€J MArHWTHOIO TOJSL WIM MOMEHT
M3IyJaresl  [EPICHIMKY/SIPEH  CWIOBBIM  JIMHKSIM —~ MAarHWTHOIO  ITOJIA
(}3 Mer ) H l(i) (X0, Y0520 )) , TO paccMaTprBaeMasi BOJIHA HE BO30Y>KIACTCSL.

TaxrM 00pazom, MOXXHO C(hOPMYJIUPOBaTh OOIIME MPUHIUIIBI, KOTOPHIMU
CJIeITyeT PYKOBOJICTBOBATHCS TIPU MPOCKTUPOBAHMH BO30YKIAIOIIMX YCTPOICTB, B
KaueCTBE KOTOPBIX MOTI'YT UCIIONB30BATHCSl  IITHIPb, METIST WK ILIETb B 000JIOUKE
BOJHOBOAA. [lpy 3TOM ITBIph (KOPOTKMM OTPE30K TOHKOTO — IPOBOJIA)
paccMaTpuBacTCsl KaK JIEMEHTAPHBIM JJICKTPUUECKUI M3ITY4areslb ¢ MOMEHTOM

pcm rem7y
P" =1l tne!- mmnanrmsps.
[letis W INEMb PACCMATPUBAIOTCS KaK 3JIEMEHTAPHBIC MArHUTHBIC
1 M
yRITydaresy ¢ MomeHToM P | TIpu 3ToM st eTIH:

prom _; [He o3
(C" )

a
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o }
rae S =V"S, v’ - HopMaIb K IIOMAIKE S, OrPAHNUEHHOM KOHTYPOM IETIIH; T
Y3KOM IIEIIH:

ISMcm:Ucmr - U'cm_ ]
m m 1, toe Y, -HanpsbkeHve B e, / - IyIMHA IS

[Ipr BO3OY>KIEHMM BOJIHOBOJA TIETVIEH €€ HYXKHO MOMEIaTh B ITyYHOCTb
MAarHATHOTO TIOMsI BO30OY KIaeMOi BOJIHBI, TIPIICHAMKY/IIPHO CHJIOBBIM JIHUSIM
MAarHATHOTO TTOJSL.

[Ipr BO3OYIEHMM BOJTHOBOJIA ILEJBIO €€ HY)KHO TPOpEe3aTh B Iy4YHOCTH
MAarHATHOTO TTOJIS1 BIOJTb CHJIOBBIX JIMHUI MAarHATHOTO TIOJISL

OrMeTM, 4YTO Ha JOCTAaTOYHO OOJBIIMX PACCTOSIHUSIX OT H3ITydaress

A
(TpaKTIYecKuy, TIpU |7 =7y | > 5) B pazyiokeHusIX (5.84), (5.85) HY)KHO YyUUTBIBAThH
TOJIBKO PACTIPOCTPAHSFOIIECS COOCTBEHHBIE BOJIHBL, @ B CITy4ae OJHOMOJIOBOTO

PpEeXIMa, KOTOPBIH, KaK MPaBUJIO, M UCIIONIB3YETCS, TOJIHKO OJTHY OCHOBHYHO

BOJIHY.
CrpykTypa 1O OCHOBHOW BOJHBI  NPSIMOYTOJIBHOIO — BOJIHOBOIA,
onpeiersieMoi BbIpakeHusMH (5.58), okazaHa Ha puc. S.7.

A — Hmz
y
— Emy,me
55 S
7 I I I 1 1 O O
S Ry P Sy ) N S A —_— - H
- -} -F--}FF--F-1---1 - «— me
~ T 17 T Emy
A T H X
S, S, >

Puc. 5.7. C1pykrypa nojist Bomas! /7 B rionepeusom
CEYEHUH NPSIMOYTOJIBHOT'O BOJIHOBOJIA

Ha puc. 5.7. nokazaHbl CUJIOBbIE JIMHUKM AIEKTPUYECKOTO MO (CIUIOIIHbBIE
JIVHVW) Y TIPOEKLIMK CHJIOBBIX JIMHUI MAarHATHOTO TOJS (IITPHXOBBIE JIMHAM) HA
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IUIOCKOCTh ~ TIOTIEPEYHOTO  CEYEHWs, a TaloKe TMPEACTaBIeHbl  IpaduKu
pacpeeNieHIst aMIUIUTY T COCTABILOLIMX 0Jst BAOIb ocell X U Y.

JI71st osmy4deHnst MAKCUMAITBHOM aMITTUTYTbI IOt TPH BO30Y>KICHAM BOJTHBI
H |, mmeIps J0IDKEH PacIioNararkCs B CEPEIMHE IMPOKOM CTEHKH BOJIHOBOJIA,

napawienbHO ocu Y. ITpy Bo30y»IeHNN NEmIel ee HaJlo pactioaraTb B CEPEIHE
IIMPOKOM CTEHKM TAaKUM 00pa3oM, 4YTOObI IUIOCKOCTh TMETIM  ObUIa

TIEPIICHAVIKYIISIPHA OCH X , WM Y Y3KOM CTEHKH IEPIICHIUKYIISIPHO OCU Z |
IIpu BO3OYKIeHMH BOMHBI 1), IIEIBIO B INMPOKOM CTEHKE €€ HYXKHO

pope3aTh B CEpeMHE BAOb Ock X (TIoTepeyHast 11eSb), WM B Y3KOM CTEHKE BJIOJb
ocH Z (poosbHas IIETh).

OrMeTyM, 4YTO TIPOJOJIbHAS IIEMb, MPOPE3aHHASI B CEPEAMHE IIMPOKOM
CTeHKH, BOlHY /1, He BO30yKIaeT, U 310T (hakT UCTIONB3YETCS NPU  M3MEPEHUN
TIOJI1 B BOJIHOBOJIC: M3MEPUTESIbHBIN 30H, BBOAWUTCS B TOJIOCTh BOJTHOBOJIA Yepe3
Y3KYO MPOAOIILHYEO IIETb B CEPEIMHE IIIMPOKOM CTEHKH BOJTHOBOJIA.

He Bo3Oysxaercst BoiHa £, Taroke TOnepedHoi melbio (BIoib ocd Y),
TIPOPE3aHHOM B Y3KOM CTEHKE BOJIHOBOJIA.

5.7. 3aryxaHue 3JIeKTPOMATHUTHBIX BOJIH B BOJIHOBOJAX

B wumeamsHOM — BOJHOBOIEC COOCTBEHHBIC BOJIHBI  TIOJIOXKHUTEIIBHOTO
HarpapjieHusi mpenacrapsoress B Bume  (5.28). Ilpy STOM  TOCTOSIHHBIE
pactipoctpadenus [,  npuHMMaroT: MO0  TOJOKUTEILHBIE — 3HAYEHUS
(pacrpocTpaHsoIecs: COOCTBEHHBIE BOJHBI), JIMIOO YHCTO MHHMBIE 3HAYCHUS
(3aryxarolye, WIM 3anpeieiibHble  COOCTBEHHBIC  BOJHBI).  AMIUTUTYIbI
PaCTIPOCTPAHSFOIIXCSL BOJIH HE 3aBUCST OT Z ¥ OCTAOTCS MOCTOSIHHBIMHU BJIOJTH
BOJIHOBOJIA. AMIUTATY/IbI 3aIPEIETIbHBIX BOJIH 3aTyXat0T TI0 SKCIIOHEHTE BIOJb OCH

Z . OHaKo 3aTyXaHHe 3aNpeAebHBIX BOJIH B UICATIBHOM BOJIIHOBOJIE HE CBSI3aHO C
TIOTEPSIMU 3HEPTHNL.
Kak ObUI0O OTMEUEHO BBIIIE, SHEPIHS MOXKET TEPEHOCUTHCS TOJBKO

PacIpOCTPAHSFOIIMMHUCS BOJTHAMH.
B uneansHOM BOJHOBOZE SHEPIUWS, MEPEHOCUMAsi COOTBETCTBYIOIIEH pac-

MPOCTPAHSTIOITICHCST BOJTHOM dYepe3 JIFOOOE TIONEPEeUHOE CEUYCHHE BOJTHOBOZA
Z = const, ocTaeTcsl MOCTOSIHHOM.
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B HewpeansHOM BOJHOBONE TMPOMCXOAWT TIOIVIOIICHWE JSHEPrUd B
HECOBEPIIEHHOM JMIEKTPUKE (O, # 0), 3aromHsromeM rnojocTh BOIHOBOA, U B
TPOBOJIAIIICH META/ITNUYECKOM 000JIOUKe BOJIHOBOZA (T ,, # ),

PaccMoTtpym BHavasie COOCTBEHHBIC BOJIHBI BOJHOBOJA C HEHMICATHHBIM
mmnexrprkoM (0, # 0) | Ho ¢ naeansHO TpoBosIIEl 000MI0uKOM (O, = ). B
3TOM CITy9ae COOCTBEHHBIE BOJTHBI OMPEIEIISFOTCS BEIPOKSHUSIMHU JTSI COOCTBEHHBIX
BOJIH MjeabHOro BosHOBozAA (5.21), (5.22), B KOTOPBIX HY)KHO 3JIEKTPUYECKYIO

MPOHUIIAEMOCTD JIMJICKTPUKA €, 3aMEHUTh HA KOMIUIEKCHYIO 3JIEKTPUYECKYIO

IpOHULIaEMOCTh &, = &, (1-itgo,). [lpu »>ToM BOMHOBOE umCiIO K
CTAHOBMTCS KOMIUIEKCHOM BEJIMUMHOM A U MPEICTABISICTCS B BHJIC:

k=k\1-itgs, (5.97)

&

CobOcTBeHHBIE BOJHBI TOJIOKUATEIIFHOTO HAIPABJICHHS B 3TOM CITydae MOYKHO
npezicTaBuTh B BUie (5.28), re MyHKIMU TONEPEUYHBIX KOOPIMHAT

EY(x,»),H(x,y) taxue e, kak ¥ 8 WICATBHOTO BOTHOBOMA, &
TIOCTOSHHBIE PACIIPOCTPAHEHUS OIPENEIISIOTC M3 BhIpawKeHus (5.26), B KOTOPOM
HY’KHO ClIeNIath 3aMenbl : kK —> k; I, — '), 1o ecth

Ii=v\k*= 7. (5.98)

Ioacrarmsis (5.97) B (5.98), nomydmm:

~

: k’ted
FIZFI\/I—Z.%%F l—lltg5a 2
k — X 2 1 , (5.99)
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e I m A, -TIOCTOSIHHAA PACTIPOCTPAHEHMS] M KPUTHYECKas JUIMHA BOJIHBI

COOCTBEHHO# BOJTHBI C HOMEPOM / HIeabHOTO BOTHOBOJIA.
JUis  sampelenbHBIX  coOcTBeHHBIX  BoMH (A >4,,)  MoxHO

ronoxuts: 1 , = I} a ayi pacipocTpansonmxcst co0CTBeHHbIX BomH (4 < 4, ):
I =T,—ill I''<<TI",
me I,=T,,

, (5.100)

I - kooddrment dasel, 1 - KOP(PULIEHT 3aTyXaHWSL.

Takum 00pa3oM, yd4er mMOTeph SHEPIUM B BOJHOBOJC CBOIMTCS K
HAXOXKIEHNT0 KoourmenTa 3aryxanust .

Ipu mansix notepsx (17 << 1)) He3aBUCHUMO OT TOTO, IJie TIPOMCXOIUT
TIOTJIOIICHKE SHEPIUN (B JMAIICKTPUKE, 3AMOJTHSFOIIEM BOJTHOBOI, WA B METaI-
JIYECKON  OOOJIOUKE  BOJHOBOZQ), IS HaxokmeHus 1 , UCTIONB3YETCS
SHEPreTUUECKUI METO/T OTpeiesieHusT KOd(HUIMeHTa 3aTyXaHusL.

TTpyMeHIM YpaBHEHHE SHEpreTHyeckoro Oanarca k oomactu AV (prc.5.8)
VTS PACTIPOCTPAHSIFOIIICHCS] COOCTBEHHOM BOJIHBI TIOJIOKUTEITLHOTO HAITPABJICHHS C

HOMepoM ! .

55 : S 7 T %
| AV \ i
S, ! AS,
. 0,#0 i / o, #®© yA
7 A A A T -
Z v v’ Z+AZ

Puc.5.8. [IpononsHoe ceueHre HenaeaaTbHOIO BOIIHOBOA
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P(z+Az)— P(z) =—-AP,, (5.101)
e AP, >0- CpEIHss MOIIHOCTB ToTeph B oOmacti AV, KOTOpyro MOYKHO
TIPE/ICTABUTH B BHJIC CyMMBL:

AP, = AP + APy, (5.102)
rnie AP - CpPEJTHSIS. MOIIIHOCTD TIOTEPh B IMYJIEKTPUKE Ha ydacTke AZ ; AP, -
CpelHsis MOLIHOCTh IOTEPh B METALIMYECKOM 00O0ImOuKe BoHOBoma AS,Ha
yuaactke Az .

Paznemiv 06e yactu ypaBHeHus (5.101) Ha Az 1 pacCMOTpUM HX TIPEICIThI
npu Az —> 0 . B pesyrsrare HomyumM CIeIyroIIee COOTHOLIEHHE:

dP  _,
dz P (5.103)
_, .. AP
me Pn = gg}) A~ TIOTOHHas MOLLHOCTB IOTEPb, (5.104)
P — cpempsis Mommocts, mepeHocHMas COOCTBGHHOM BOMHOM uepes

MOICPECYHOC CCUCHNC BOJITHOBOA.

— 112 =, L s | ES O A =
P= jRe[— Eml,HmlDzods =7 | Re(— Eml,HHﬂDzods = Poe”"!
2 2 ’
(5.105)
TIe P 0 - CpCaHsl MOIIHOCTD, IICPCHOCHUMAA BOJTHOM gepe3 NOMNCPEHHOC CCHCHNC

Z=0.
Ioacrarmsis (5.105) B (5.103), nomyunm:

—2I P(z)=~p,,
OTKy/1a:
«_1p,
I = R (5.106)

ITpn manbix notepsix (1] << I"}) Belpakenmie i P nipencrasum B Buze:
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_ 1 . 1 = S
P=—— jEmliEmlLdS = EVVZ '[HmlLHmlLdS , (5.107)
Sy

rac

[pu 31OM HanpsbkeHHOCTH oM B (5.107) onpenenstorcs st UIeaTbHOIO
BOJIHOBO/IA TPU UCTIONB30BaHMU (hopmyit (5.21), (5.22).
Ucnonezyst (5.104), (5.102), BbMUCIUM IMOTOHHYKO MOIIHOCTH TIOTEPh B
JIDTIEKTPHKE.
5 =lm 22 i L (6 B dv=
Az—0 Az Az—0 D) A7 o

ml 2 5 ml . (5108)

Uctomezyst  (5.106)(5.108), monmyunm  clemyrolee  BbIpOKEHUE YIS
Kkod(huimieTa 3aryxanmst 1, , 00YCIOBICHHOO IOTEPSIMH B JMNICKTPHKE:

| jémlE;ZdS
an :EVVIO-() Sl_'. =
jEmllEmlldS . (5109)
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.
—

Jlns H-BomH: E w=E  um (5.109) momyurM cretyroree BbIpayKeHUE
st Ly

A

J) 2, KOTOpOE COBNANIACT ¢ BhIpakeHHeM (5.100), HomydeHHbIM
2./1—
xpl
paHee IPYTruM CIIOCOOOM.

MoxxHO noKa3aTk, uto U [yt E- BosH BeipaxkeHue (5.109) npuBoauTest K BUILYy
(5.100).

Ucnomssys (5.104), (5.102), BbMUCIMM TOTOHHYIO MOIIHOCTH TOTEPh B

METAITMYECKOM 000JIOUKE BOJTHOBOIA AS, -

p:m hm AP}’LM _ hm L J- Re(% = I—"{*ID‘—}OCZSZ

B Az—0 AZ Az—0 AZ 5, LA

oL (1, s el ), o, ox le. )., (G110
- hrn N j j Re(_ [VO ? Emlr ]Hmlr \JJZ dl ~ A JRG([VO ’ Emlr ]Hmlr pl ( )
Az—0 AZ 2 2 ;

LLZ:Z

rze L, - KoHTYp IorepedHoro ceueHst S| BoMHOBOTA.
Ucnone3ys  tpanmudoe  ycioBue JleontoBmda  (4.38), mpencraBuM

bl 4
BbIpaKeHHE UL P ,,,, B BULE:

B | - g
Po,==R,[Huw H,dl (5.111)
2 77 ’
_ L (M0
e =R, V2o, o, A
A= |2
O_M C(),Llo - TOJIIIMHA CKUH-CJIOsA.

Uctomesyst  (5.106), (5.107), (5.111), momyunM BbIpaKEHUE VIS
koarimenTa 3aryxanus 1, , 0OYCIOBIEHHONO MOTEPSMU B METAUTHUECKOI
000JI0YKE BOJTHOBOA:
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[ Hoe H, di

MLL

n R
FZM :l
2 W,

= o : (5.112)
J‘H milL H milL dS
Sy
TTonHbiit kodddrmpeHT 3aryxarmst /', OMpPEIeSIoT CyMMOIA:
I =1, 0,
3ameruM, yto B Qopmyie (5.112) mpu BbMKCICHUM HAMPSHKEHHOCTH

MAarHUTHOTO TIOJSI MCHONB3YroTCsl BhipakeHust (5.21), (5.22), momydeHHbIe st
UJIEATTEHOTO BOJIHOBOZIA.

I'JIABA 6. BO3BYXKJIEHUE OFbEMHBIX PE3OHATOPOB

6.1. IlocranoBka 3a1a4un
OOBEMHBIM ~ PE30HATOPOM  HazbIBaCTCS 007nacTb  V,  OrpaHUuYeHHAs

TNIOBEPXHOCTBIO O  METAUIMYECKOH OOONOYKM pesoHatopa Y, ¢ yJeabHOH

MIPOBOAMMOCTEIO O ,, (puc. 6.1).

Puc. 6.1. O0beMHBII pe30HaTOp
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[lomoctes pezoHatopa V' MoKeT OBITh 3allOJIHEHA JUICKTPUKOM C
napamerpamu: €, 4,0, .

Ecm  ynenbHas mpoBOmmMOCTh  Jponekpuka O, =0, a  ynenbHas
MPOBOJIMMOCTH OOOJIOUKH O, = %0 TO TaKOW PE30HATOP HA3bIBAIOT WJICATHHBIM
pe3oHaTopoM. B HieaibHOM pe30oHaTope HET MoTeph 3Heprvu. 1lore B naeaibHO

IPOBOSAILEH OOONOUKE pe3oHaropa /), paBHO HymO, W IIODTOMY IIONE B
PE30HATOPE HE 3aBUCHT OT TOMIMHBI 000JI0YKH 1 .

3amaga BO30YKIACHUS PE30HATOpPA C HACATHHO TPOBOIAINCH OOO0IOUKON
CTaBUTCS CleyronmM oOpazoM. B HekoTopoii oOnactu V' (puc. 6.1.) 3amansl

— Mcm

“om
WIEKTPUYUECKUE U MarHUTHBIE CTOPOHHHE TOKW C IUIOTHOCTHIO: J,, H. J,
TpeOyercst HaifTh SNEKTpOMAarHATHOE Tiofie B obOmact V, orpaHrYeHHON

TIOBEPXHOCTBIO S, YIOBIETBOPSIOLIEE CHCTEME YPABHEHMIA SIEKTPOIMHAMUKK
(3.26):

.
—_ —

rotH =iwé,E_+ ]
= : = = Mem 6.1)
rotE, =—iou H_—j
me &, =¢,(1-i1go,), 186, = Zg ,
U TPaHAYHOMY YCIIOBHIO: E,.l =0 6.2)

SO

I'panmunas  3amada (6.1), (62) sBisieTcss BHYTpEHHEW —3aadeid
WISKTPOIMHAMUKA M MIMECT SIMHCTBEHHOE PEIICHHE MPU CKOJIb YIOAHO MaslbIX
3HAYEHUSIX YIEIBHON MPOBOIUMOCTH JuieKTprka (0, # 0).

Pemenve 3amaum (6.1), (6.2) MOXXKHO TIOMy4UTh B BUJIE PAIOKEHHS IO
TIOJIHOM CHCTEME COOCTBEHHBIX , I CBOOOTHBIX TTOJIEH HICATbHOTO PE30HATOPA.

CobOctBeHHbIe  (CBOOOMHBIC) TOMS HIICATHHOTO PE30HATOpa  SIBIISTFOTCS
PEIICHUSIMUI OJTHOPOJIHOM CUCTEMBI YPaBHEHUH JIEKTPOAMHAMUKHA (CUCTEMBI (6.1),

< Mcm

mu J =0,7Y"=0) mpn €. =¢,, YHOBNETBOPSIOUNE TIPAHUIHOMY
yCITOBHIO (6.2).
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6.2. CoOcTBEeHHBIE 110J151 BOJTHOBOHOIO Pe30HATOPA

BoOJMHOBOIHBIM  pE30HATOPOM  HA3bIBAETCSI OTPE30K  BOJIHOBOA JUIMHOM
L, orpanmueHHbnii ¢ obomx — KoHHoB (z=0, z=L) MerammuecKuMu
wiacTuHamu (puc. 6.2.).

—_

CoOCTBEHHBIE TIONS  MIEAITHHOIO BOIHOBOMHOrO pesonaropa (E,.,H . )
YIOBJICTBOPSIIOT CJIC/TYFOITICH CHCTEME YPABHCHUIA:

rotH ,. =iwe E .

rotEmc - —ia),uaﬁ - 63)
Y TPAHUYHBIM YCJIOBUSIM:
a) Emcr s, :0,6) Emcr 0 :0 ,B) Emcr ] :0. (64)
by
i, / i,
O, = S,

0 \ LE Lz

A e o

Puc. 6.2. T1IpononeHoe ceueHre pe3oHaropa

3anada (6.3),(6.4), Kak v Ay1s TOJIOr0 BOJIHOBO/IA, IMEET JIBA THITIA PEIICHHIA:

1) peleHne AMEKTPUYIECKOrO THTIA (E,iaﬁ,i ), Y KOTOpOoro Emz 70,

H, =0;

2) pelIeHMe MArHUTHOIO THIIA (Ef,ﬁ,f),ymmporo Hmz 70,
E, =0.

KoBanenko A.H. OcHOBBI 25IeKTpOIMHAaMUKH. Y4eOHoe mocooue. — M.: MUPOA 2014



133

PelieHre 3meKTpuyecKoro THIa MOpeacTaBisiercss B Bune (5.4), pericHue
MarautHoro Tura—B Brje (5.5). CoOCTBEHHBIC TIONISL, KOTOPBIC MPEICTARIISFOTCS
B Buae (54), wHazpmBarorcs E- momsivu. CoOCTBEHHBIE TMOJs, KOTOPbIC
NpeICTaRIsIOTCS B BUjIE (5.5), HasbBarorcst H- momsivm.

E- mosst BbIpakaroTcs uepe3 (PyHKIHIO U m ’ 1o dhopmynam (5.9); H- noms
BBIPKAIOTCS Yepe3 (DYHKIIMIO U ,,,M no opmynam (5.12). OyHxImM U ma’M
YJIOBJIETBOPSIFOT OJTHOPOTHBIM BOJTHOBBIM ypaBHeHMsM (5.10), (5.13).

Tak e, Kak ¥ JyIsI TIOJIOTO BOJIHOBOJIA, PEILICHHE OTHOPOIHOTO BOJIHOBOTO
ypaBHeHMs TpeicTaRisieTcs B BuE (5.14):

U, =T (0, )27 (2). 65
Oyuxuwst Z " (2) yronersopsier ypasternio (5.19):

27 3O,M
d czzz +(1—13,M)229,M :O (6.6)
zZ
Y KPAeBbIM YCIIOBHSIM:
dz’ dz’ 0
- Y - Y, 6.7
dz o dz . 6.7)
o M _ > M _
Zo|. =V Z,|_, =0 (68)

[lpu BemomHeHnK ycinoBuit (6.7), (6.8) BBINOMHSIOTCA TAKOKE TPAHUYHBIC
ycroust (6.4 0),(6.4B).

Oynxips 1 M (x, ), VIIOBJIETBOPSIFOILIas ypaBHeHHIO (5.23):

AT?M 4 (2" 7o =0 (6.9)

U KpaeBbiM ycioBusiM (5.24), (5.25), obecrieunBacT BBINOIHEHUE TPAHMYHOIO
ycioBws (6.4 a).

2 2
[TocrosiHHbIE (T 3’M) 51 (Z 9’M) CBS3aHBI  MEXITy COOOW ypaBHEHHEM
cBs3u (5.18):
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(ro2 ) =k (7). 6.10)

Pemenvie ypaBHeHus1 (6.6), yIOBIIETBOPSIFOIIEE KpacBbIM yciioBUsM (6.7),
(6.8), mpecTaBIseTCs B BUIE:

7’ =cosl’z (6.11)
T
rie I’ = zp,_p =0,1,2,... : (6.12)
Z" =sinl" z | (6.13)
M _ _
e [’ = Zp,_p = 1,2,... . (614)

13 (6.10), (6.12), (6.14) cemyert, 910 COOCTBESHHBIC TIONSI PE30HATOPA MOTYT
CYITIECTBOBATh TOJIbKO Ha OMPE/ICIICHHBIX YacTOTax:

i 2
0=, = oM = -, g \/(ZQ’M )2 +(%pj , (6.15)

KOTOpbIE Ha3bIBAIOTCS COOCTBEHHBIMH, WM PE30HAHCHBIMHU YaCTOTaMH PE30HATOPA.
CoOcTBEHHOE TMMOJIE, MMEIOIIEE MUHUMATBHYEO COOCTBEHHYIO YacTOTY,
Ha3bIBAacTCsl OCHOBHPIM ToNieM. OCTajbHbIE COOCTBEHHBIE TMOJISI HA3BIBAFOTCS
BBICIIMMHU TTOJISIMM.
Takum 00pazoM, cOOCTBEHHBIE MOJIS MIEATHHOTO BOJITHOBOAHOIO PE30HATOPA

onpenerstorest BolpakeHwsMua (5.9), (5.12), B koTopbIx @ = ™"y

. 7T
U’ =7"(x,7) COS(Iij,p =012.. (6.16)

. i 7T
Un'\]/' =7V (x,y)Sln(Eij,pZLZ,B---, (6.17)
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.M
riae  (pyHKIps T (X, Y) - (pyHKIMS TIOMEPEUHBIX KOOPIAMHAT IS

COOTBCTCTBYIOLICTO BOJIHOBO/IA.

Ncnons3yst Beipakenus (5.9), (5.12), (5.80), (5.74), (5.76), (6.16), (6.17) u

dopMyibl I BBIUKCICHWSI TpaeHTa, JMBEPICHIMA W poTopa B IH-
JIHIPUYECKUX KoopauHatax (7', &, Z ), PUBEIEM BBIPOKEHUSI /Il COOCTBEHHBIX

TOJIE IWJTHHIPUYECKOro pe3oHaTopa (puc. 6.3.).

Yy o
sk oo o e
D ?
r
0 L Z
2a
‘ 0
% %
ﬁ:?'/ e .
Puc. 6.3. TlonepeyHoe u NpoIONBHOE CEYEHHUS
ITMHAPUYECKOTO Pe30HaTopa
E —nomsa (EZ z O;HZ ZO)Z
. o°U? o’U; :
E)=F"—2+a"—2+2°(y")U,,
Oroz roaoz
= 18U, ouU;, .
szl'a)aé'a FO_ m _&0 m ! (618)
r oa or
: cosna T
U, =CJ \x’r co§ —pz|,_p=012..
e m n(Z {Sinna} {L p j _p , (619
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w9=\/g:7a\/(f)2+(%pjz ,

2 nm

X = o = g , B,,,, - xoprn dyrxrym Beccerst (J, (B, ) = 0),

E- N0/ B LATHH/IPHYECKOM Pe3oHaTope 0003Hadarotest £, .

H—noma (H, #0,E,=0):

_ 21 M o i M
HY =r° oY, +0‘50%+Z°(1M)2Uf,
oroz roaoz
B — iy [0 1Ym0 OU (620)
; U r oa or )
. cosnc /4
UM =cMJ \y"r sinl —pz |, p=123..
T7Ie m n(Z {sinna} (Lp j _p , (6.21)
1 2 Y
R IR ES
£, L-J
M M Anm
X =X = P A,,- xopuu mpomsBomHONW (yHKIpM bBeccens

(/, (4,,)=0).

H- ros B LuMHIpHYEcKoM pe3oHaTope obosHadatorest 1, .

Uucno n it E u H noneit onpenensier 3aBUCUMOCTh COOCTBEHHBIX TTOJIEH
OT yriia & ¥ paBHO YMCITY TIOJTYBOJTHOBBIX BapHaIIvii IOJIs BIOJb KOOpAMHATET (X
npu mmeHerr & ot 0 1o 77 .

Uucno M onpenersier 3aBUCMMOCTb COOCTBEHHBIX TIOJIEH OT paIMalTbHOM

koopmuHartel I .
Yucno p ompenersier 3aBUCMMOCTh COOCTBEHHBIX TIOJIH OT MPOJIOJIBHOM

KOOpIMHATBI Z W PaBHO YMCITYy IIOJTYBOJHOBBIX BApPHAUMKA TOJS IO JJIMHE
pe3oHaTopa.
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3aBUCHUMOCTh COCTAaBIIIFOIIMX COOCTBEHHBIX TMOJIEH OT &Y OmpeserisieTcs

QyHKIWIIMUI COS nar W SINAC .
3aBHCHMOCTE OT I ompegensiercs GpyHkipeii beccens J, (}( oM V) WM €

npomsBoRHON J,, (}( 9’Ml’). 3aBHCHMOCTh OT Z OMNPENEIETCS (PYHKIMSIMU

cozz sinzz
LP WA LP .

OCHOBHBIM COOCTBEHHBIM TIOJIEM B IIIMHAPHYECKOM PE3OHATOPE SIB-
nsercst oo none /1, (i mHHOrO pesonaropa, L > 2,03a), miGo mone
E 1o (51 kopoTKOTO pesonaropa , L < 2,03a),

6.3. Pemenne 3a1aun Bo30Yy KIeHNs BOJIHOBOJHOTO PE30HATOPA

PaccMoTpym BO30Y>K/IEHHE BOJHOBOTHOIO PE3OHATOPA AMEKTPUUECKHMU U
MAarHUTHBIMA ~ CTOPOHHMMH  TOKaMH,  paclpeiejieHHbIMA B 0OJacTH

f ' 1 ' ‘-cm _:Mcm
V(0<z <z <z, <L)cmorHoctsto J,, U J, ,COOTBETCTBEHHO.
TIpencraBiM SMEKTPOMATHUTHOE TIOJIe BHE o6ﬂacm V' B Bume c I
KIpO YMMBb

TIEPBUYHOIO TIOJIS (Em , H )u BTOPHHHOTO 11071 (E . H . ):

E =E"+E" H =H" +H (6.22)

m
r7e TIEPBUYHOE TMOJiE — OTO TMOJie, BO30YKICHHOE CTOPOHHUMH TOKaMU B
OECKOHEYHOM BOJTHOBO/IE, OTpeiesisieMoe BhIpakeHusMHU (5.84), (5.85).

BropruHoe norie npecTaBiM B BUJIE PA3IOKEHHH TI0 COOCTBEHHBIM BOJTHAM
BOJTHOBO/IA TIOJIOKUATEIIFHOTO M OTPHIIATETIHOTO HAITPARJICHH:

BT NO (OB ihz (B iz
E’ —Z(al EWe™* 1+ a7E e )

I=1

"7 BT _ OTY() —iTz | (LY () iz
H, _Z(az H,'e”" +a "H /e ) : (6.23)

=1

o0
/

(+) .
Koadriments! pasnokeHust ¢, MOXKHO HAWTH, UCTIONB3Ys TPaHUYHbIC

YCIIOBYSI HA TOPLIEBBIX MIICATTHHO MPOBOJISIIIMX CTEHKAX Pe30HATOpa:
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.
—

yEnl =0 gL, =0 (6.24)

a
z=0 ’ z=L '

rac E m1 ~ HOIICPCHYHAS! COCTABJEAHOIIAS HAIMPSLKCHHOCTH TTOJIHOTO TTOJIA.

['pannunbie  ycnoBusi (6.24) OymyT BBINONHEHBIL, €CIIM 3TUM  YCJIOBHSM
YJIOBJIETBOPSIET KAK/IBI WieH OECKOHEUHOT'O Psifia sl CyMMApHOTO TIOJISL.
Co0OcTBEeHHBIE BOJIHBI MOYKHO IIPOHOPMHUPOBATH TAKKM 00Pa30M, UTOOBI.

a) Bl =E,, 6 El=-E.. (6.25)
Hcnone3ys paznoxenys (5.84), (5.85), (6.23), rpannunble ycoBus (6.24) u

YCIIOBUE HOPMUPOBKHM (6.25a), TOMyurM CIIEAYIOIIYF0 CHCTEMY JIMHEHHBIX
YPaBHEHHI OTHOCUTEILHO KOA(PMHUITMEHTOB Pa3IoKEHHS a™

CO +a +a =0

Cl(+)e—zr, +a(+) —~ilL +al(—)eiF1L ol (6.26)

Perrrast crictey (6.26), Oy <M CIICIYIOLIE BBIPOKCHIS [T 4, -

(=) iL (+) —il;L
4 = C, e —C, !
a, .
—i2sinl’,L
o =—(a + )

[Tocrosbas pacrtpoctpadenyst /', CBf3aHa C TIONEPEYHBIM BOJHOBHIM

(6.27)

YUCIIOM ¥; W BOJIHOBBIM YHCIOM K ypaBHeHHeM cBsi3H (5.26):

ry=yk* =y (6.28)
re k:a)\/ga,ua .
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6.4. Anasms pereHust

N3 BbipaxkeHust (6.27) BUIHO, 4TO TpU

T
sinl7L=0, I')y=—p,_p= 0,1,2... (6.29)

(+
K02 (UITEHTBI pazIoKeHus 4, )

[oxacragnsist (6.29) B (6.28), moimy4yrm ypaBHEHUE OTHOCUTEIBHO BOJTHOBOTO

—> O |

unca K,mpukotopom  Sin /L =0:

2
k= ;512+(%p] =k, =, E M,

Orcrona yacrora

2
1 , (7
O, =—=—=,|X; T zp (6.30)
861 ILI a

SIBIISIETCS] COOCTBEHHOM YacTOTOM Pe30HATOpa.
Taxkmm o6pa30M, nmpu @ — @, aMIDMTyJa COOTBETCTBYIOLLIECIO
COOCTBEHHOTO TIONISI MCAILHOIO pPE30HATOpa CTpeMUTCS] K OSCKOHEUHOCTH.
[TosToMy Tipu yactoTe BO3OYKAeHUST (¥ , ONMIMBKOM K COOCTBEHHOM yacTote @, ,

NpHU pacyere Moisi B pe3oHarope 1o gopmynam (6.22) B pazioKEHUSIX MOMXKHO
OCTABUTH JIMIIIb OAWH 4WIEH NPEICTABISIOIIMI  COOTBETCTBYIOIIEE COOCTBEHHOE
ToJie.

CrnenoBarenibHO, TpU @ = @, CTPYKTypa BO30Y)KIaeMOr0 CTOPOHHUMH
TOKaMU TIOJIsI COBIAZIAET CO CTPYKTYPOM COOTBETCTBYIOIIIETO COOCTBEHHOTO TTOJISI.

OtmeTnm, UTO MpU @ = @, 3a7a4a BO30YKICHHUSI HIICATTHHOTO PE30HATOPA
MeeT OSCKOHEYHOE MHOMKECTBO PEIlICHHH, TaK KakK K TOMyYeHHOMY PEIICHHIO
MOXKHO TIPHOABUTH JTFOOYIO JIMHEHHYIO KOMOMHAITMIO COOCTBEHHBIX TIOJIEH Pe30-
naropa. OnHAKO, NPY HAJMYMKM CKOJIb YTOIHO MasbIx noteps (0, # 0 ) 3amaua

BO30YK/IEHHSI MMEET E€IMHCTBEHHOE PEILICHUE, TaK KaK COOCTBEHHBIE YaCTOTHI
HEUJCATHHOIO PE30HATOpa WMEIOT KOMIUIEKCHbIE 3HAueHWs, a 4YacToTa
BO30Y>KIEHHS] IMEET BCETA IEUCTBUTEILHOE 3HAYCHYIE.
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6.5. IlomiomeHue 3Hepruu B pe3oHarope. /[ooporHocTL
CoOCTBeHHBIE 4acTOThl pesoHatopa mpu O, =0 onpenemnsores

BhIpakeHHeM (6.30), B KOTOPOM AMAJICKTPUYSCKYIO TPOHUIIAEMOCTh €, HY)KHO

3aMEHUTH HA KOMIUIEKCHYIO JUAJIEKTPHYECKYO IPOHUIAEMOCTh &, .

¢, =¢,(1-i1gs,). (631)
[Tpu 31O0M
O =0, +io, = wf ~, 1+itg5@ 632)
J1—itgo, 061 '
' " 180,
Orcroma: w7, w =0, (6.33)

3ameTnM, 9TO MPH KOMITTEKCHBIX COOCTBEHHBIX YaCcTOTaX COOCTBEHHBIC TTOJIS
pE30HaTOpa 3aTyXaroT ¢ TEYECHHEM BPEMEHH IO SKCIIOHEHIMATTEHOMY 3aKOHY:

T I ot | —ot I~ io,t

E = Re(Emce )— e Re(Emce ) . (634)
rie  E,.- KOMITIeKCHas aMITITY/la HANPHKEHHOCTH IEKTPUYECKOro ToNs
COOTBCTCTBYIOLICTO COOCTBEHHOIO TOJIS.

[Ipy MambIX morepsx , Kak cuemyer w3 (633) , @, << @, a
= N ;u N ;u()
E,.~E, e E, - xoMuekcHas aMImryma cOOCTBEHHOTO TIOJS
MJIEATLHOTO PE30HATOPA.

TakrM 00pazom, MPU MaIbIX MOTEPSIX COOCTBEHHOE MOJIE B PE30HATOPE
MIPEZICTABIISIETCS B BUJIE:

—

Ot Tu0 0t TTUO
E ~e “E° H, ~e"™H], (6.35)
HpI/I B036Y)K,Z[€HI/II/I pe30Haropa CrTOpOHHMMH TOKaMHM Ha HaCTOTAX, OJIVBKIX K
COOCTBEHHBIM (@ = @), TIOJIE B PE30HATOPE MOYKHO IPEJICTABUTH B BUJIC:

= A = = B =
E _ m Eud H — m Hua
" " sinl L™ (6.36)
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rne A, > B,, - xoucransy, Bemrmza KOTOPBIX 3aBUCHT OT KOA(PHHUIMEHTOB cr :
onpeaersieMbix BblpaxeHusMu (5.92), (5.93), (5.88), (5.94). Orcrona cnemyer
BBIBOJI, YTO TIPU BO3OYKICHMH 33JJAHHOTO COOCTBEHHOIO TOJS B PE30HATOPE
TIEMEHTAPHBIM IEKTPUUECKUM WM SJIEMEHTApHBIM MAarHUTHBIM U3ITydarTesieM
UCTIONB3YIOTCS T€ YKE TPUHLIMIIBL, YTO U TPH BO30Y>KIEHAN BOJTHOBOIOB.

MoxkHO TIOKa3aTh, 4To pu @ ~ @,.
ILsinI| L~ Clo* —?), (6:37)

rne C-koHcranra, @, = @, "‘l'a):.

YactoTHas ~ XapaKIEpUCTHKA PE30HATOpA B OKPECTHOCTH COOCTBEHHOM
YACTOTHI MIEATBHOIO Pe30HaTopa @, , MPE/ICTABIEHHAs Ha PUC.6.4., ONpeersercs
BBIPOKEHHEM:

"

E 0]

m C

E \/(w_wc R (6.38)

c

BakHbIMU XapaKTepHCTHKAMH pe30HATOpA SIBJISFOTCS TI0JIOca MPOITYCKaHMS
2Aw (puc. 6.4.) n 1o6potHOCTE O | CBA3aHHBIE MEXKTY COOOM COOTHOLLICHHEM:

Q_ a)c _ C()c

Takum 00pa3oM, JOOPOTHOCTH PE30HATOpa € MAIbIMU  MOTEPSIMU

OnpenersieTcsl Yepe3 COOCTBEHHYIO YacTOTy WICAIHHOIO pe3oHaropa @, U

MHHMYHO YaCTh KOMITIEKCHOM COOCTBEHHOM YacToThl .. .
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=

l

ve

4 4
o —w,| W o+,

— 2Aw [—

Puc. 6.4. YacToTHast XapakTeprucTHKa pe30HATOpa

Ucnomsys  (6.33), (6.39), mnomyunM  Clemyroimiee BbIpOKEHUE IS
JIOOPOTHOCTH PE30HATOpA C WICATTHHO TPOBOJIAIIICH 000JIOUKOM M HECOBEPIIICHHBIM
miextpakom (O # 0):

1
Q)= s (6.40)

B o0riem citydae, ¢ y4eTom NoTeph B METATUTMYECKOM 000JIOUKE PE30HATOPA,
TIPY BBIMKCIICHUH T0OPOTHOCTH TI0 (hopmyrie (6.39), Cromb3yeTcest S3HePreTHUeCcKHiA
METOJ1 OMPEIEICHHSI MHIMOM YaCTH KOMIUIEKCHOM COOCTBEHHOM YacTOThI COC :

Hcnonms3yst (6.35), mpenctaBuM BbIpOKeHWE i ToiHOM sHeprun W
BO30YKJICHHOTO B PE30HATOPE ANEKTPOMArHATHOTO TIOJISI [pU @ = @, B BUJIE:

W=W,e " (641)

e W= j(% €, (Ecm) )2 + %ﬂa (cha )2 j”"’ - DHEPrUsi COOCTBEHHOIO IOJI
V

UJICATLHOTO pe30HaTopa. , V- oJocTh pe3oHaropa (puc. 6.1.).
[Ipu sTOM
dVI/u() _ O
dt : (6.42)
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te. W, =const .

C yderoM moTeph ypaBHEHHE SHEPIEeTHUECKOrO OalaHca 3alvchIBacTCs B
BHJIC:

aw
= =-F, (6.43)

e P CYMMdpHas1 MOIIIHOCTb IOTCPb B JMDIICKTPHUKE P no U B HpOBO,Z[H]J_[CI/I
METAUTMYECKON 000JIOUKE Ppe30Haropa P
})n :PnM +})n()- (644)

[ Ipounrerpupyem obe yactu ypaBHeHus (6.43) no Bpemenu t or 0 10

2 "
T, = P _[ dt = _IBzdf , e I, - nepron koneOanws .
c 0
Orcroma

W(T,)-W(O0)=-PT, (6.45)

e

— 1 %
Pn = F J‘Pn (t)dt-cpez[ﬂgﬂ MOITHOCTB IIOTCPb.
c 0

Ioncrarisist (6.41) B (6.45), OTy4rM CIIETyIOIIEE YpaBHEHHE:

W (e—za)QTC _ 1) = —]3” T, (6.46)
Tak kag @, << @, 10 e 20T 1 Za)'c'Tc , ¥ 13 ypaBHeHus (6.46)
ONpeIeIsIeM @,
@, = b (6.47)
2W

Tak xak W,, we 3aBucur or Bpemenu t, o W, =W,

=0 M
e W, =W, +W,, -cpensee 3HadeHNE SHEPTHL;

— 1 R — 1 EEA
Wug - Z I ga Emc Emc dv , WM? - Z J‘ ﬂa Hmc H
14 Vv
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—_ —_

E,.,H .- cobcrsentbie nomst nieansHOro pe3oHaropa.
3 Teopemst Iofirmarra (1.30), cremyer, wro W,, =W,,' , modtomy

BBIPAKCHUC JIA 7,y MOZKHO IIPCACTABUTL B BUJIC:

— — 1 -
— 9 _ *
Wud - 2Wu0 - EjgaEmcEmcdv ’ (648)
14

— ] = s
W() :2VVuf)M - J.lLlaHmchcdv
Vv

WM B BUJIC: u - 5

Cpemssisi MOITHOCTh TIOTEPh B JIMDJIEKTPHUKE OMPEETSETCS  CIIETYFOLLIM
BBIPOKCHHUEM:

(6.49)

— ] O
})nd = _jadEmcEmch
25 '

(6.50)
Ucnionszys (6.47), (6.48), (6.50), osmydnM BbIpaKeHHUE 15 CU:() B BUJIC :
o, = P _ la) tgo
€0 2Wu0 y e 89 . Orcroma, B cootBerctBuM ¢ (6.39) ,

TIOJYYNM CIIEIYFOIEE BBIPAKEHUE U1 00poTHOCTH (J,, KOTOpPOE COBIAJAET C
BhIpakeHreM (6.40), moTy4eHHbIM paHee:
0, 1

0 = 20)20 B 1go0, -

Cpermssisi MOIIHOCTh TIOTEPh B TPOBOJSIIECH METAUIMUECKOM 000JI0UKe
PE30HATOPa ONPEAEIIIETCS CIIEAYFOLIM BBIPAKECHAEM:

— | |:; = o
P = | Re(g Ene- mDV ds. (651)
So

rae S - MOBEPXHOCTH METAUINYECKOM 00OJIOUKHU PE30HATOPA,

V" - BHEIIHSISI OTHOCUTEJIHHO 00M1acTi V' €IMHUYHASI HOPMATh K TIOBEPXHOCTU
Sy (puc.6.1.).
[ TpuBenem Beipaxkenue (6.51) k BuIy:
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mcrt

— _1 |}0 = |, _1 I}O = =
PnM _ERGJ-V ’Emc mcdS_EReg!.V ’Emcr dS, (652)

B ciyyae uieanbHO TPOBOSIICH OOONIOUKM PE30HATOpA TAHTCHIMATHHAS

= —uo
COCTABJEAIOLIAA SJICKTPUYICCKOIO ITOJIA E mer = 0 H, CJICOBATCIILHO, P nm = O .

[lpu O, #© g1a onpeneicHUs TAHTCHIMATIBHOM —COCTABIISHOLICH
HaMNPsDKEHHOCTH JIEKTPHYECKOTO TOJIST HA METATMUYECKON 000JIOUKE PEe30HaTopa
MOXKHO BOCTIOJIB30BATHCS TpaHM4YHbIM ycioBreM JleontoBuua (4.38). Tlpu 3tom

BbIpakeHue (6.52) mist P MPUBOAWTCS K BUITY:

— | . - . 1 = L
P =—ReW |H_ H _ds= H H _ds
nm 9 Mé[ mer™ " met ZO'MAO 5[ met=— met ) (653)
A° = °
e - TOJIIIMHA CKHH-CJIOS.
a)C GM ﬂaM

Ucnomsys (6.47), (6.48), (6.53), nomydum CIIeIyIOIIEe BhIpAKEHHE
s @,
- I ﬁmc T ﬁ;c T dS
P nm 1 So

W 20N [u, i dv (6.54)
V

m

Ha wdactorax BO30yXKIeHMS @ OMM3KUX K @, TpPU BbMUUCICHUH

HAIpSDKEHHOCTM  MarHUTHOrO Tionist B (6.54) UCHONB3YIOTCS  BBIPAKEHMS,
HOJIyYEHHbBIE IIpU O ,, —> ©,

Toncrairsts (6.54) B (6.39), nmomyunm pu. 44, = 44, CIIEITYIOLLIEE BBIPYKEHHE
it O,

— —

HmCHmCdv
. 2 3
QM — T 0 = N
2, A I H _H' ds- (6.55)
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[lpu ydere moTepp M B JMDJIEKTPUKE, U B METAUIMYECKON O0O0OJIOUKE
PE30HaTOpa MHMMasl YacTh KOMIUIEKCHOM COOCTBEHHOM YaCTOTBI —OIPEAETSETCS
BBIPOKECHAEM

" Fnd + FIIM

a)C
2w,

¥ TTOJTHAsT TIOOPOTHOCTH pe3oHaTopa Q' HAXOAWTCS U3 CIIEIYIOIIETO COOTHOIICHYS:

Q.

1. 656
00, 0. (6:56)
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pacrpoctpanenvie paaroBoiH. — M.: Co. Pauio, 1979. —374c¢.
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