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1. Obwuue ceeoenusn

1.1. Beeoenue

B ¢usuke 6o1Hoil HA3BIBAIOT PACHpPOCTpPAHSIONICECS B CpeAe HM3MEHEHHE €e
cocTosiHUS (Bo3MyIleHHe). Hanbosee BaKHBIMU M 4aCTO BCTPEUAIOIIMMUCS BUIAMH BOJIH
SIBJISTIOTCSI: YIPYTHE BOJIHBI, BOJHBI HA TIOBEPXHOCTU KUJIKOCTU U 2JIeKMPOMAZHUMHbLE
60.1Hbl. YaCTHBIMM BHUJAMH DJICKTPOMArHUTHBIX BOJIH SIBISIIOTCS. PAOUOGOJIHBL, CBET,
uH(ppakpacHoe U yIbTpadHOICTOBOE U3ITyYCHUE, PEHTTEHOBCKUE JTIyud U Jp. OCHOBHOE
CBOMCTBO BCEX BOJIH HE3aBUCUMO OT WX MPHUPOJBI COCTOMT B TOM, YTO 6 BOJHAX
ocyuiecmennemca nepeHoc Inepzuu 6e3 nepenoca éeuiecmea. VIMEHHO 3TO CBOWCTBO
UCTIONI3YEeTCS. B PAJMOCBSI3M ISl Tepenaud MH(opMalu, a B paJvoJOKalud |
panvoHaBUTaIMK — JJIs1 cOopa MHQPOpMaIK. SIBiIeHus, CBI3aHHbIE C PaCIIPOCTPAaHEHUEM
BOJJH B AaKTUBHBIX W HEJIMHEMHBIX CpEJax, COCTABISIIOT OCHOBY IIIMPOKOIO KJiacca
AIIEKTPOHHBIX MPUOOPOB AUATIA30HOB CBEPXBBICOKUX YACTOT U ONTHYECKOTO.

B meopuu 6onn vz Bcero MHOrooOpasusi BOJIHOBBIX MPOIIECCOB BBIJCISIOT Oojiee
WIM MEHEEe OJIIEMEHTApPHbIE, HO YHHMBEPCAIbHBIC THUMBI BOJH, 4YTO TO3BOJISIET
paccMaTpuBaTh MX TOBEACHUE C OOIIMX TMO3UIMM, HE3aBUCUMO OT WX (DU3NYECKOM
NPUPOJIBL. ITa OOIIHOCTH TPOSIBIISIETCSI, TIPEXKIIE BCErO, B TOM, YTO BOJHOBBIC JBHKCHUS
pa3MMUHBIX (DPU3UYECKUX OOBEKTOB OMUCHIBAIOTCS OJHOTHUITHBIMHA YPaBHEHUSMH WA
COOTHOIIIEHUSIMUA. [[Ji1 CHCTEM € HENpephIBHO paclpeieiCHHbIMU IMapaMeTpaMu 3TO
00brgHO U depeHInabHBIE YPaBHEHHS B YaCTHBIX IPOM3BOIHBIX, CBS3BIBAIOIIHC
U3MCeHeHHs (YHKIWH, XapaKTEpU3YIONMX BOJHOBOE [BIDKCHWE TI0 BPEMEHH U
KOOpAMHATaM. OTU (PYHKIIMM MOTYT OBITh KaK CKaIAPHBIMU, TaK M BEKTOPHBIMHL
PaccmatpuBaemble  31€Ch  OOHOMEPHbBIE  CKAIAPHbBIE  6OJIHbL  IJIEKMPUUECKUX
HANPANCEHUIL U MOKO08 8 IJIEKMPUUECKUX UENAX C PACHPEOe/IeHHbIMU Napamempamu
SIBJISTFOTCS X TIPOCTEHUIIINM TIpruMepoM. J[BIKEHHE 3TUX BOJIH 3aBUCHT TOJILKO OT BPEMEHU
t ¥ OZTHOYM MPOCTPAHCTBEHHOW KOOPAMHATHI X.

Cpenu OJHOMEPHBIX BOJIH BBIACIAIOTCA Oezymue e6oanvt S(t, X), mnpoduinb
KOTOPBIX TIepeMemaeTcsi 0e3 MCKaKEHUW C MOCTOSHHOM CKOpoCThio V. OmmcaHue

OJTHOMEPHBIX CKAIPHBIX BOJH mosicHsieT puc.1.l. 3mece S(X) — ¢yHKIWMS,



XapakTepu3ylollass HEKOTOPOEe HCXOAHOE pachpezaesieHue — MNpo(uiab BOJHBI B
MomeHT BpeMenu t = 0. Ilpu cmemennn (caBure) 3Tol GyHKIIMN BIPABO HWIIU BICBO
Ha BEJMYUHY, PaBHYIO ¢, OHA NMpUHUMAaeT BUA S(XF a), KOTOpHIA B ciydae a = Vi
onuchIBaeT ABe Oerymue BosHBL IlepBas 3 HuUX S(X-VI) mpencTaBisieT BOJIHY,
Oerymyro cieBa HampaBo, Bropas S(X+vt) — BoiHy, OEryliyr crpaBa HaJICBO.
DOKBUBAJICHTHBIMU TPEICTABICHUSIMU TaKUX OETyIIUX BOJH TaKXKe SBISIOTCS

¢dynkun Buaa S(X/Vv) u s(t+x/v).

S(x)

S(x+a) S(x—a)

—a 0 a X

Puc. 1.1. OnHOMEpHBIE CKaNSPHBIE BOJTHBI

BakHbIM 4YacTHBIM cllydaeM O€TYIIUX BOJIH SIBJISIETCS PaCIpPOCTPAHSIONICECS

rapMOHHUYECKOE KoeOaHue:

s(t, x) = Acos(at F X + ¢,) = Acos(a(t F X/ V) + @, ). (1.1)



3neck: A — ammiuMTynga, @ — KpyroBasl 4acTroTa, [3 — BOJHOBOE YUCIIO, (,—
NOCTOSIHHBIA cIBUT (a3bl, V = @/ — CKOpOCTb pacIpoCTpaHeHus. 3HaK IpH
TICPEMEHHOI X OmpenelsieT HanpaBiieHHe pacnpocTpaHeHus: BoiaHbl. Oynkims (1.1)
NepuoMYHa KaKk BO BpeMeHH (¢ mepuonoM | = 27/ @), Tak ¥ B TPOCTPAHCTBE (C

nepuosoM A = 27/ 3).

1.2. Dnekmpuueckue uenu c pacnpeoeieHHbIMU nAPaAMempamu

Bce peanbHble  pagMO3JIEKTPOHHBIE — YCTPOMCTBA — OOJIAJAIOT  pa3MepamH,
SNIEKTPOMATHUTHBIE TIPOIECCHI, TPOUCXOMSAIIME B HUX, SIBISIOTCS BOJHOBBIMH, a
peanbHble KOMIIOHEHTBI, BXOJSIIME B HX COCTaB, YAaCTO SIBJISIIOTCS HEMHEMHBIMH U
U3MEHSIOT CO BPEMEHEM CBOM MapaMeTpbl. B CHITy MCKITFOUMTENTBHOM CIOKHOCTUA TaKHUX
OOBEKTOB MPU UX MCCIIEI0BAaHUN METO/IaMU TEOPUH SJIEKTPUUYECKHUX LIeNel UM CTaBsT B
COOTBETCTBHE MOOeu — YIPOIICHHbIE WICATM3UPOBAHHBIE BJIEKTPUUYECKUE LIETH,
COCTaBJICHHbIE M3 MWICAIbHBIX 53JEMEHTOB. BbIOOp MOAENM JUKTYETCS COCTaBOM
KOMIIOHEHTOB HCXOHOTO YCTPOWCTBA, €ro pa3MepaMu, XapakTepoM MPOTEKAIOIINX B HEM
MPOLIECCOB U LEJSIMU UCCIeA0BaHus. B yacTHOCTH, €Cii pa3Mepbl YCTPOMCTBA CPABHUMBI
C JUIMHOW BOJIHBI A PacCIpOCTPAHSIOIIMXCS KOJEOAHMH WM TMPEBBILIAIOT €€, CIEIyeT
YUHUTBIBaTh pacnpe/iesieHUe 3JIEMEHTOB B IPOCTPAHCTBE U BOJTHOBOM XapakTep MPOLIECCOB.
B Takom ciydae, SeKTpHYECKUE LIENH, MOEIMPYIOIIME MPOIECChl B TAKUX YCTPOMCTBAX,
Ha3bIBAIOT YEHAMU C PACHPedeIeHHbIMU napamempamu (I1emeHmamu).

Ha »stame cocraBneHusi ypaBHEHHMM TakuX LIE€NEH BO3HUKAIOT TPYAHOCTH,
OOyCJIOBJICHHbIE B TIEPBYIO OYepelb TEM OOCTOSTEIbCTBOM, YTO B HHUX HE
BBINOJIHSIOTCSL 3aKOoHbI Kupxroda. Btopas 0coOEHHOCTH COCTOMT B TOM, 4YTO
AJIEMEHTAPHBIMA KOMITOHEHTAMH ATUX IIETICH OOBIYHO SIBJISFOTCS PACIIOJIOKEHHBIC B
MPOCTPAHCTBE TPOBOJHUKU PA3TUYHON (DOpMBI, WHOTZIA CaMO MPOCTPAHCTBO, a
WHOI/IA JIMAJIEKTPUYECKUE U TOJYIPOBOJHUKOBBIE KOMIIOHEHTHl WM ITy4OK
ANEKTPOHOB. JIjisi Takux OOBEKTOB BBIOOP DIIEMEHTApHBIX MOJEJIEW 3aTpyJIHEH, a
ONpe/eNICHHEe WX IMapaMeTpPOB IMPEJCTaBIsET COOON CaMOCTOSTENbHYIO 3a7ady

HpHKHaﬂHOﬁ QJICKTPOJMHAMUKHU WU 3JICKTPOHUKH.
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OCHOBOH /17151 3aIIMCH YPABHEHHI LIENEH € pacrpeieeHHbIMU JIEMEHTaMH BCE e
ABISIOTCS  3akOHBI Kupxroda, a oOmmii moaxoJ K TMOCTPOSHHIO YypaBHEHHUH
3aKJIK0YAECTCS B TOM, YTO LENb pa3feisiercs Ha YYacTKH, pa3Mepbl KOTOPBIX
BBIOMPAIOTCST TOCTAaTOYHO MAaJbIMH, 4TOOBI 3akoHBl Kupxroda Beimonnsiucs. B
pe3ysbTaTe ModydaeTcs Lelb, COCTaBICHHAs U3 2n-TIOJIOCHUKOB, JJIs KOTOPOH
3aIHUCHIBAETCSl CHUCTEMA YpPAaBHEHWM, NPUOJIMKEHHO ONMCHIBAIOIIAs IPOLECCH B
VICXOJTHOM LIENU C PACIPEACICHHBIMA YJIEMEHTAMHU.

B pszme BaxkHBIX Cioy4yaeB YCTpPEMJICHHME K HYJIK Pa3MEpOB YYacTKOB Lenein
OPUBOJIUT K cucTeMaM AU(P(EepeHIMATBHBIX YPaBHEHU B YaCTHBIX IMPOU3BOJIHBIX,
yAOOHBIX JJIsl aHAJIMTUYECKOTO UCCeoBaHus polieccoB. Huxke Takoit moaxo Oyner
IPOWJUTIOCTPUPOBAH NPU TOJYYECHUU YPAGHEHUIl OJUHHBIX JUHUI (menezpaguvix
YPaéHeHui), ONMCHIBAIOIINX IIPOLIECCH] B OIUHHBIX JUHUAX — TIPOCTEUIINX MOJEIIAX
IEKTPUYECKUX LeNed ¢  paclHpeleCHHBIMU  JJIEMEHTAMH, YYUTHIBAOLIUX
pacIpelieJIeHUe 3JIEMEHTOB BJOJb TOJIBKO OJHOW KOOpAMHAThL. HecMorps Ha
IPOCTOTY TAKUX MOJIENIEH, YPAaBHEHUS JUIMHHBIX JUHUN UTPAIOT PyHIaMEHTAIbHYIO
pOJIb B TEOPUM BOJHOBBIX ITpoueccoB. OHM IO3BOJIAIOT OIKCHIBATH BOJIHOBBIE
MPOLIECCHI W SIBJIEHUSA, MPOUCXOIAIINE KAaK B pa3IMYHBIX JIMHUAX [Eepeladu
(IBYXIIPOBOJHBIX, KOAKCHAJIBHBIX, IIOJIOCKOBBIX), TAK U B CHCTEMAaX, OCHOBaHHBIX Ha

PaCIIpOCTPpaHCHUH BOJIH B aKTHUBHBIX U HEJIMHEHHBIX cpcaax.

1.3. Ilepsuunvie napamempol OJTUHHBIX TUHULL
Paccmotpum cuctemy C IJMHHOW JIMHWEH, NpEICTaBICHHYIO Ha puc. 1.2a

IIPUMEPOM JIBYXIIPOBOJHOW JIMHUM TIepefadyd JIMHOM (. 31eCh K€ YyKa3aHbl

BbIOpaHHAs CUCTEMa OTCUYETa KOOPIUHATHI X, Hanpspkenus U(t,X) u Toka i(t,x).
Onektpuueckas SHeprusi oT reHeparopa () B Harpysky (H) mepenocutcs
3JIEKTPOMATHUTHBIM TIOJIEM, PACIIPOCTPAHSIONIMMCS B MIPOCTPAHCTBE, OKPYKAFOIIUM
IPOBOJIHUKH JINHUH, CAMH K€ HPOGOOHUKU AGAIOMCA MOALKO HANPAGAAIOUUMU
IUIS TIepelauyl SHEPTUH K MECTY Ha3HauYeHHs — K Harpy3ke. [loaTtoMy, cTporo roBops,

aHaJIU3 PacCMaTPUBAEMOW CHUCTEMBI JOJDKEH CBOJIUTHCA K PACUETy BEKTOPOB
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AJIEKTPOMArHUTHOI'O MOJIs, HAPUMED, HAIPSLHKEHHOCTER 3JeKTpUYecKoro noiist E u

MArHHTHOTO Toyisi H B KaXIo# Touke MIPOCTPAHCTBA B JItOOOHI MOMEHT BpPEMEHHU.
bynem monarars, 4TO moONEpeYHbIE pa3MeEphl JIMHUM MaJIbl 110 CPABHEHUIO C JIMHOM
BOJIHBI A. [Ipy TakoM yCIIOBUU pacnpeesieHue dIEKTPUUECKOr0 U MarHUTHOTO TOJIeH
B JIMHUM MMEET XapaKTEPHBIM BHJ, HA3bIBAEMBI HONEpPeUHOoll 60aHOU — T-60nHou
wi TEM-eonnou. B cnydyae pacripOCTpaHEHHUSI B JIMHUM TAaKUX BOJIH HaIPSIKECHUE

MCXKOY IIPOBOAHHUKAMH OIHO3HAYHO OIIPCACIIACTCA KpHBOHHHCﬁHBIM HHTCI'PpaJIOM

u(t,x) = j Ed ¢, xoTopbIii BBIUMCISIOT B HEKOTOPOM CCUYCHHH JIMHHUH OT OJIHOTO

NPOBOJIHUKA JIO Npyroro. TOK B NMPOBOJHHMKAX JIMHUU OMPEICISETCS KOHTYPHBIM
uHTerpaioM i(t, X) =<J‘>I:Id@ :

N3 »srux onpeneneHuil Ciaeayer, 4UYTO HPU PACCMOMPEHUU NPOUECCO8
pacnpocmpanenus nOnepeyHsvIX 60JIH 6 ONUHHOU JTUHUU C 0OUHAKOBHIM YCNEXOM
MOIHCHO NONB30BAMBCA KAK MEMOOamu 3J1eKmpPOoOUHAMUKU, MAK U MEmooamu
meopuu 31eKmpuyecKux yenei. ECv TUHUSA BBITIOJIHEHA U3 UICAUTHLHO MPOBOASAIINAX
MIPOBOJTHUKOB — 00a METO/ia MPUBOJIAT K OJITMHAKOBBIM pE3yJibTaTaMm.

B nmanpHelmem Ui BbIBOJA OCHOBHBIX YPAaBHEHWW JUJIMHHBIX JIMHUU
BOCHIOJIB3YEMCSI  METOJIAMU  TEOPUU  DJIEKTPUUECKHX lenerd. EcTtecTBeHHbIMU
bU3UYECKUMH TTapaMeTPaMH AJIEMEHTOB JABYXIPOBOIHON JIMHUM NIEPEeaaun SIBISIOTCS
MHAYKTUBHOCTb U COMPOTHUBIICHUE MPOBOJHUKOB, EMKOCTh MEXY MPOBOAHUKAMU U
MPOBOJIMMOCTb CPE/Ibl, B KOTOPOM OHU PACHOJIONKEHBI. DTUM (PU3UUYECKUM DJIEMEHTaM
JJIMHHOW JIMHUM COMOCTABIISIIOTCS  pacnpeodeieHHble UOealbHble I1eEMEHMbL.
WHAYKTUBHOCTH Lp; eMrocTh Cp; pe3ucTuBHOE COMpOTHBICHHE Rp, yuuThiBaroree
OMHUYECKHE MOTEPH B MPOBOJHUKE; PE3UCTUBHASI MPOBOAUMOCTh Gp, yuUTHIBaAIOIIAS
B3aMMOJICVCTBHE BOJIH CO cpenoi. Kaxapiii U3 3TUX pachnpeleieHHbIX 3JIEMEHTOB
xXapaktepusyercsi nozounsimu napamempamu L, C, R u G, usmepseMbiMu B
COOTBETCTBYIOIIUX €OUHUUAX Ha Memp. DT BEIUYUHBI CIYXaT HepPeUUHbIMU
napamempamu JnuHHbIX JuHUM. [lomoOHBIE pacnpeneneHHble HjiealbHbIC
AJIEMEHTHl U COOTBETCTBYIOIIME KM IIOTOHHBIE MapaMETPhl COMOCTABIAKOTCS WU

JPYTUM Ppa3sHOBUIHOCTSAM JIMHMI nepeAauyd. 3HAYEHUs MOTOHHBIX MapameTpOB



paccuMThIBalOT MO (opMmyaaM, KOTOpble MOMydYalOT s KOHKPETHBIX JUHUHN
nepeladyd METOAaMHM JIEKTPOANHAMUKU. {15 pacnpOCTpaHEHHBIX JUHAN NIepeadn
pacueTHble (opMyIIbl IpuBeAeHbI B [Ipunoxenun 1.

[loronnsie mapameTpbl MIMHHBIX JuHHM L w C mpuHUMAOT TOJBKO
MOJIOKUTEIIbHBIE 3HAYEHMs, Hapamerp R MOXeT ObITh MOJOXHUTEIbHBIM HIIN
paBHATHCA HYNIO, TapameTp G MOXKeT ObITh MOJOKUTEIbHBIM, PABHITHCS HYJIO U

OBITb OTPUIATEIBHBIM.

i(t,0) i(tx) i(tx+Ax) i(t,0)
S > >
r u(t,O)T u(t x) U(t,x+Ax)T TU(t,f) H

QO
S
wd
=
c
~
ol 4

6)

Puc. 1.2. Cucrema ¢ JUIMHHOW TUHUEH:
a) BEIOpaHHAs CHCTEMa OTCYEeTa KOOPIMHATHI X, Hampsokenus U(t,X) u Toka i(t,X);

6) CXCMa 3aMCHICHUA Y4aCTKa JUTMHHOW JIMHUHU

Ecnu moronHsle mapameTpbl COXPaHAIOTCS HEM3MEHHBIMHU BJOJb MPOJOJILHOMN
KOOPJAMHATHI X, JUHUS HA3bIBACTCS OOHOPOOHOU (pe2yaApHOoil), €ClId UX 3HAYCHUS
3aBUCAT OT KOOPJAWHATHI X — HEOOHOPOOHOIU (HepezyIAPHOIl) — U3MEHSIOLIECHUCS B
npocTtpaHcTBe. Eciiv moroHHble mapaMeTphl JIMHUM HE 3aBUCAT OT BpeMeHH t, oHa
Ha3bIBACTCS UHGAPUAHMHOU 60 6PEMEHU, €CIU 3aBUCAT — HAPAMEMPUYUECKOU —

H3M€H$HOHI€IZCH BO BpPCMCHH. Ecnu 3HaueHus MOTOHHBIX mapaMeTpoOB 3aBUCAT OT



BEJIMYMH TOKOB W HANPSIKCHUN B JIMHWUW, €€ HA3bIBAIOT HEAUHEHHOU, €CIIN HE
3aBUCAT — JuHennou. Ecin mapamerp G, XapakTepusys aKTHBHBIE CBOWCTBa
Cpelbl, MPUHUMAET OTPULATEIbHBIC 3HAUEHNS, JIMHUIO Ha3bIBAIOT akmuenou. Huxe

6yzxeM pacCMaTpuBaTb JIMHCHHBIC HMHBAPHUAHTHBIC BO BPCMCHHU JIMHHBIC JIMHHUH.

1.4. ¥Ypaeuenusn Oq1unHbIX TUHUT

PaccmaTpuBas THHEHHYIO OJHOPOJHYIO WHBAPHAHTHYIO BO BPEMEHH JTHHHYIO
JUHUIO, BbIOEpEM B HEM yd4acTOK, pa3Mep KOTOporo Ax yJAOBIETBOPSET
HepaBeHCTBY Ax << A. ComoctaBUM €My CXEMYy 3aMElIeHHUs, COJICPKAIIYIO
yKa3aHHbIE pacripejiesieHHble neMeHThl (puc. 1.26). Mcnons3ys 3akonsl Kupxrodga
JUTSI KOHTYpa, MMOMEYCHHOTO MyHKTUPOM, M JUIsI BEPXHETO y3JI1a, 3aIUIIEM CHCTEMY

YPAaBHEHHM:

u(xt) —u(x+ Aaxt) - LAx——=

Y _ R Axi(x,1) =0,
ot

au( 1)

1(X,t) —1(X+ Ax,t) —-CAx—————= -G Axu(x,t) =0.

Yerpemisis Ax — 0, monyuuM ypaenenus oOaunnvix aunuii (menezpagusie
ypasnenus) — cucteMy nByX auddepeHIHaNbHBIX YpaBHEHHH B  YaCTHBIX
MPOU3BOJHBIX, CBS3bIBAIOIIYIO TOKH W HAIPSKEHUS B MPOU3BOJBHOM CEYCHUU

auHuu. B paccMaTpuBacMOM CJiydac HHBapI/IaHTHOﬁ BO BPCMCHH JIMHUHU OTa CUCTCMaA

HUMCCT BU:
_ aué))((,t) —L ai(xt) +Ri(xt), (1.2a)
_a g(,t) —cMUOD | aiix). (1.26)

JIns  TOCTpOEHMsSI KOHKPETHBIX PEUNIEHWM YpPaBHEHHsS [UJIMHHBIX JIMHUHU
JOTIOHAIOTCS. HAYAIbHBIMU YCI08UAMU — 33JaHHBIMU (DYHKIUSMH, HalpuMmep, B

momeHT Bpemenu t = 0: u(x,0), i(x,0) u spanuunvimu ycnosusmu — 3a1aHHON CBSI3BIO

dbynximit U(0, t) n i(0, t) mus neBo rpanup! (x = 0) U 3a1aHHON CBSI3bIO (QYHKIWH U(/,

t) mi(¢, t) s npaBoii TpaHuUIB (x = £).



Cuctrema (1.2) moxer ObITH JIETKO CBeleHa K OXHOMY au((depeHIaIbHOMY
yYpaBHEHUIO  BTOpOro  mopsinka.  Jmg  3TOoro  JOCTaTOYHO,  HampuMmep,
npoauddepenimposats (1.2a) mo x, (1.26) mo t, a 3areM HCKIIOYUTH YJICHBI,
cozepxkaie ToK. B pesynbrate OyAeT MONy4eHO OAHO YpaBHEHHWE OTHOCHTEIHHO

HaINpPsLKEHUSI, SKBUBajJeHTHOE cucTeMme (1.2).

2 2
cubxl) u()z(’t) =1c? U(Z(’t) +(CR+ LG)aU(X Y s Reu(x), (13)
OX ot
aHAJOTUYHO MOKET OBITh MOTYYCHO YPaBHEHHUE IS TOKA
2; 2
P - D | (o +16) A0 ¢ Ricus) (14)

OTU ypaBHEHHUS OIHKCHIBAIOT MPOIECC BOJHOOOPA3HOTO PACIPOCTPAHCHUS
BO3MYILIEHUN BIOJIb OJHOPOJHOM OJHOMEPHOW HAMNPABISIOMIEH CTPYKTYpPhl H
MOATOMY Ha3BaHbl BOJJHOBBIMHU ypaBHeHUSIMU. OCOOCHHO MTPOCTOM BHJI BOJHOBBIE

ypaBHEHUsI MpUOOpETaIoT, Korja B cUcTeMe He yuuThiBatoTcs motepu (R=0 u

G =0):

'u(xt) _ Lo u(xt o%u(x, t) (L5)
e ot? '
% (xt) _ Lc 2 0% (X, t) (L6)
Y ot? '

B Teopuu BOJIH 4aCTO pacCMaTpUBAETCS UMEHHO 3TOT CIIy4aH, MIOCKOJIBKY Y4ET
MOTEPb XOTS M BHOCHUT JIOTIOJHUTEIBHBIE CBEJICHUS B OOIIYI0 KapTUHY SIBJICHHUS,
OZHAKO 3HAYMUTEIBHO YCIOXKHSET aHaJIU3 U JAEJIAeT Pe3yJIbTaTbl MEHEE HATrJISAIHBIMHU.

Konmponwvnwvie éonpocel u 3a0anus
1. Yro nazpiBaroT BosiHOW? IIpuBenute mpuMepsl BUJIOB BOJH. YKaXUTE€ OCHOBHOE
CBOWCTBO BOJIH, HCIOJb3yEMOE B PAJUOCBSI3H.
2. YKaOXUATE YCIIOBUE, MPU KOTOPOM OJJICKTPUUECKUE IIETH HA3BIBAIOT MEMSIMH C
pacnpeneseHHbIMUA apaMeTPaAMMU.
3. YKaXuTe €CTECTBEHHbIC (PU3MYECKUE DJIEMEHThl JABYXMPOBOJHON JIMHUU
Mepelaul U COOTBETCTBYIOIIME WM PACHPEACICHHBIE HACAJIbHBIE JJIEMEHTHI U

IIOI'OHHBIC MMApaMCTPHEI.
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4. O3nakombrech c Ilpunoxkennem 1. [Ins kaxmoro Ttuma JUHUN Tepeaadu
paccuuTalTe MOTOHHBIC MapaMeTphbl, MoJiaras: B KOAKCHAJIbHOW JIMHUM Tepeayu
a=0,5 MM, 6 =5 MM; B ABYXIPOBOJHON JUHUM mepenaund a = 1 mm, D =20 mMm; B
IIOJIOCKOBOW JIMHUM Tiepenaun @ =1 MM, h=1 mMm. B KkadecTBe MarepualioB B
KOAKCHAJIbHOW JIMHUM TEpeaadu UCIOIb30BaHbl ME/Ib U MOJUATUIICH, B MOJOCKOBOU
— MeJlb U (PTOPOILIACT.

5. YKkaxuTe OCHOBHBIEC PA3HOBUJAHOCTH JJIMHHBIX JTUHUH.

6. YKaxuTe MOJaX0J, KOTOPBIM HCIOJIB3YETCS IS 3alluCH YPaBHEHHH IIENe ¢
pacrpeneeHHbIMA TlapaMeTpamMu. B paboueil TeTpaau il CaMOCTOSITEIbHOM
paboThl TOBTOPUTE BBIBOJ TeJerpaHbIX YpPaBHEHUW U COOTBETCTBYIOIIMX

BOJIHOBBIX YpaBHEHUH.
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2. Cmauuonapuble 60JIHO6blE npoyeccol 6 OJTUHHDBIX TUHUAX

2.1. I'apmonuueckuii 60110601 npoyecc 6 TUHUAX

[Iycth  BOMHOBOW TmpoIecC B  JUHUUM  BO3OYXKTAeTCS  HMCTOYHHKOM
TapMOHHUYCCKUX KOHe6aHHﬁ, PpaCIOJIOKCHHBIM B HCILAX, HOAKIIIOYCHHBIX K JIMHUU.
HOCKOJILKy paccMaTpuBacMasad IJIMHHASA JIMHUA ABJISACTCA JIMHEWHOU I/IHBapPIaHTHOfI
BO BpEMCHM 1OCIbIO, TO B JIIO0OM €€ CeUYeHUUu | HAIpsoKCHUC, M TOK —
rapMOHHYCCKHUC KoJIeOaHusI:

u(x,t) =U(x)cos(at +y, (X)), (2.1)
i(x,t) =1(x)cos(at + v (X)). (2.2)
CornacHo MCTOAY KOMINICKCHBIX aMIUIMTyd COIIOCTaBUM JTHUM q)YHKHI/ISIM

KOMILICKCHBIC IIPCACTABJICHUA:

U(x,t) =U(x)esWelidt —g(x)el, (2.3)
i(x,t) =1(x)e Ml = [(x)el, (2.4)
roe: U(X)=U()e™™® u 1(x)=1(x)e™® - pacnpedenenus komnnexcrvix

AMRAUMYO HANRPAICEHUA U MOKA B JTVHUN.
[Moncrabnsass komriekesl (2.3) u (2.4) B (2.1) u (2.2) nomyyum cucremy

ypaBHEHUH JJIMHHBIX JIMHUN B KOMIUIEKCHOU (popme

du(x) N
- o =(R + joL)I(X); 2.5
di(x) )

=(G + joC)U(X).

dx
BBoast moronHoe KoMiuiekcHoe compotuBieHne Z=(R+jwl) u moroHHyro
KOMILIEKCHYI0 mpoBoauMocTh Y=(G+]wC), npeacraBum cuctemy ypaBHeHui (2.5)
B BUJIC:

_du(x)

=21, (2.6)
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di(x)
dx

=YU(x). (2.66)

Cucrema (2.6) 1OTOTHSACTCS TPAHUYHBIMHU YCIOBUSIMU: U(0) u 1(0); U(() u

| ({), 3amaHHBIMU  OTIPEICIICHHBIM 00Pa30M COTJIAaCHO YCIIOBHUSM 3aJIavH.

Huddepenuupys no x nepBoe ypaBHeHueE B (2.6) u moCcTaBIIsAs Clofa 3HaYCHUE

dl (x
% N3 BTOpPOro, IIOJIYYHMM YPABHCHHUC, KOTOPOMY MOOJDKHA VYAOBJICTBOPATH
KOMIIJICKCHAsA aMrumTy;[a HaHpH)KeHI/IH B OI[HOpOI[HOﬁ JJUHUH,
d2U(x :
7 g )—ZYU(X):O. (2.7)
X

AHayioruyHo u3 (2.6) MOXeT ObITh BbIBEICHO NU(PhepeHIINAIBHOE YPaBHEHHUE,
OTHUCHIBAIOIIEE TPOCTPAHCTBEHHYIO 3aBUCUMOCTh KOMIUIEKCHOM aMIUTUTY/IbI TOKA!
d?1(x)
dx’

—ZYI(x) =0. (2.8)

3amMeTuM, 4YTO HET HeOOXOIUMOCTH periaTh 00a ypaBHeHus (2.7) u (2.8). Eciau

HalJIEeHO pacrpeencHne KOMIUIeKCHOH amrumtyasl U(X), ciykariee pelieHuem

(2.7), To pacmpenenerne |(X) Moxer ObITh HOIydeHO AuepeHIUPOBAHHEM

NEPBOT0 ypaBHEHUS CUCTEMBI (2.6).
B Teopum BOJHOBBIX TNPOLECCOB YpPaBHEHUsS TakOro BHUAA HWIPAIOT
(yHIaMEHTaJIBHYI0  pOJIb, HX  HAa3bIBAIOT  OOHOMEPHLIMU  YPAGHEHUAMU

I'envmzonvya. llpencraBum ypaBuenue (2.7) B BUje:

dU(X) - (2.9
———7U(x)=0.
gz UK )
3nech y=~NZY — nocmoaunaa (koyQppuuuenm) pacnpocmpanenus —

BCIIMYMHA, XapaKTCPU3YIOIIasl KOHKPCTHYIO JIMHUIO IICpCaaqu.

XapaKTepiucTHYECKOE ypaBHEHHUE JIMHEHHOro quddepeHnraabHoro ypaBHEeH s
(2.9) nmeer Bug p° —y*=0. Ero kopun p,, =ty onpenensior oblIee pelleHue,

OIIMCBhIBAIOIMICC PACIPCACICHHUC KOMILJIEKCHOU AMILUIUTYAbl HAIPsSKCHUA BAOJIb

JIMHUHN
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U(x)=Ae7*+Ae™ (21

0)

rie Kommiekcusie Bemmamuel A =Ae" uw A =Ael? — nocrosmmse
HHTCTPUPOBAHUA, OIPCACIIICMBIC C IIOMOIIBIO T'PAHHUYHBIX YCJIOBl/Iﬁ. HCHOHB3yﬂ
IepBOe ypaBHEHHE cHUcTeMbl (2.6), HAXOAMM paclpejeleHHe BOJIb JMHHUH

KOMILJICKCHOM AMILIATYAbI TOKA

|'(X):i(p'&eyx_A2e7x), (211
Z;

)
rie Zg=~Z/Y — napaMerp JIMHHM TIepelayd, HAa3bIBACMbI 60JIHOGbIM

CONPOMUGIEHUEM.

KomrutekcHple BemWYMHBI y W Zg, XapaKTepU3YIOUIUE JIMHUIO Tepeaadu,
CIy)XaT ee emopuunvimu napamempamu. Ilpu pacuetax OOBIMHO MMEHHO UX
UCIIOJIB3YFOT B KAaueCTBE OCHOBHBIX XapaKTEPUCTHK JUHWUK mepemadn. C
nepBuyHbIME mapamerpamu L, C, R u G, paccmarpuBaeMoil JUTMHHOM JIMHUHU, OHH

CBA3aHbI BBIPAKCHUAMM:

y =ZY :\/(R+ joL)(G+ jaC)=a+ B, (2.12
)

ZA:\/Z: R+—ja)L:|ZA|ej(pz. (2.13
A Y G+ja)C A )

®uznyeckuil cMbica Ko3pduiureHToB B BbipaxeHusx (2.10) u (2.11) Oyaer
MOSICHEH HUXKe.

[Tpu TeopeTHUecKOM HCCIEIOBAHUHU TMPOIIECCOB, MPOUCXOIANINX B JIMHEHHBIX
OJTHOPOJIHBIX WHBAPWUAHTHBIX BO BPEMEHH [JIMHHBIX JIMHUSIX, HApSAy C OOIIMM
ciydaeM OylieM paccMaTpuBaTh BaXKHbIE JJISl MPAKTUKU BApPUAHTBI. OJUHHbIE JIUHUU
0e3 nomepv, OnNuHHLIE JTUHUU C MAALIMU HOMEPAMU, OJUHHblEe JUHUU 0Oe3
UCKAIICEHUT CUCHAI06 U AKMUBHbLE OJIUHHbLE TUHUU.

B saunusax 6e3 nomepws moronneie mapamerpel R m G, xapakrtepusyromme
notepH, cuutaroT paBHbIMUA HYII0, (R =0, 1 G =0). B 3TOM ciydae mocrosiHHas

PacIpoCTpaHCHUA 14 INPUHUMACT MHUMOC 3HAUCHUC
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y = joNLC. (2.1
4)
Takum o6pasom, 3aeck o =0, S =w~LC . BomHoBoe conporusnenue Zg B

JTUHUSX 0€3 IMOTCPb NIPUHUMACT BCIICCTBCHHOC 3HAYCHUC, 0003HayaemMoe 6YKBOﬁ ,0

Z, = p=+JLIC. (2.15
)

B naunusx c¢ manvimu nomepamu BHIIONHAIOTCS ycioBusi R <ol wu
G < aC . Ilpeobpazyem popmyny (2.12) u ucnosib3yeM paslioKEHUE pajuKania B

CTETIEHHOU PSANI:

B o S [ S

zijE[1+ R j[l G j

- t =
2 jolL 2 jaC

PaCKpBIBaSI CKOOKH W YACPKHUBaA CYHICCTBCHHLIC CllaraCMbIC, IIO0JYYHUM

K02 PUIIMEHT pacripoCcTpaHEHUs ) B BHUJIE
RI|C G (L . R Gp .
~—, |—+—,|=+ joJLC =—+—"+ joLC.
PEoNL T2\ 2, 2 ¢

TakuMm 00pa3oM, B JUHUAX C MaJLIMU MOTEPSIMH COCTABJISIFOLINE MOCTOSHHOM
pacrpocTpaHeHuss o W [ W BOJHOBOE CONPOTUBIICHHE  OMPEACIAIOTCS

NPUOMKEHHBIMU BBIPAKCHHUSIMU .

RGP powiic,
2p 2

B naunuax 6e3 uckaxcenuii curnanos gpa3zoBasi CKOPOCTb HE JIOJKHA 3aBUCETh

a
(2.16)

OT 4acTOThl. Takoe BO3MOXHO, Koraa BeinonHsercs ycnosue L/R=C/G. B srtom

ciyuae ¢popmyna (2.12) nis NOCTOSHHON pacpOCTPAHEHUsI ) MPUHUMAET BUJ:

7/:«/@+ ja)x/E (2.17
)
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Takum oOpa3oM, B TUHUSIX 0€3 UCKAKEHUN o = JRG; L= o~ LC. BoxHoBoe

COIPOTHBIIEHUE B 3TOM CJIy4yae NIPUHUMAET BEIIECTBEHHOE 3HAaUEHUE Zg = p.

B axkmuenvix nunuax noronHsld napamerp G NpUHUMAET OTpULIATEIBHOE
3HaueHne (G <0), ykaszplBas TeM CaMbIM Ha CIIOCOOHOCTHh JIMHUH YBEIHMYUBAThH
DHEPIUI0 PACHPOCTPAHSIIOIIMXCS B HEMl BOH. Huke 3TOT citydail Oyner paccMOTpeH

0c000.

Koumponwvnwie gonpocel u 3a0anus

1. Ilpy KakuxX YCIOBUSX MCHOJB3YETCd METOJ KOMIUIEKCHBIX aMILIUTY1?
KaxkoBa ero cyrs? [10SICHUTE CMBICI IOHATHUS «KOMILIEKCHAS aMILUIATYIa».

2.B paboueli TeTpagu AN CaAMOCTOSITENIBHOM  pabOThl  MOBTOPUTE
IIOCJEA0BATENBHOCT  IEUCTBUM, HCIIOJIB30BAaHHBIX JUISI BBIBOJA YPaBHEHUM
['enbmrossna.

3. Kaknie mMOHSATHS WCHONB3YIOTCS B KadeCTBE BTOPUYHBIX MapaMeTpoOB
JUTMHHBIX JTAHANA?

4. YKkaxxuTe  pa3HOBUAHOCTU  JUIMHHBIX  JIMHUHM, HCIOJIb3yeMble  TpHU
TEOPETUYECKUX HUCCIAeAOBaHUAX. [ Kaxk10i yKa3aHHOW Pa3HOBUIHOCTH B paboyeid

TETpaau JJIsl CAMOCTOSATEILHON pabOThI OMPEETUTE BTOPUUHBIC TTAPaAMETPHI.

2.2. Ilpamvie u oopammuvie ¢ nunuAX

OcymiecTBUM IEpexoj] OT PacHPEACICHUH KOMITIEKCHBIX aMILTATY/] U(X) u
I.(X) K paclpeiesicHUsIM MTHOBECHHBIX 3HAYEHUN HANPSIKCHUSA ut,X) u Ttoka
1(t,x) :

u(t,x)zRe{U(x)ej“"}:

(2.18)
=Ae"cos(at - fx+y, )+ A,e“cos(at + fx+y,),
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i(t,x)zRe{I'(x)ej“"}:
A ax A,

=—1lg Cos(a)t - Xty — @, )——e‘”cos(a)t + X+, — @, )
Z; Ao Z, "

(2.19)

OTH BBIpOXCHHUS TOSICHSIIOT (PU3NYECKHA CMBICT TOJYYEHHOTO permieHus. B
dbopmynax (2.18) u (2.19) nepBbie cinaraeMbie OMUCHIBAIOT TAPMOHUYECKHUE BOJHBI B
JVHAH, OETYIIHe B MOJIOXUTEILHOM HampaBIeHUHN ocH X (ClieBa HampaBo). HazoBem

UX npameimu 1 0603HaumM U; (X,t) u i; (X,t). BTophle cnaraemble OMUCHIBAIOT

TapMOHHWYCCKUC BOJIHBI B JIMHUMU, 661"}’1].[146 B OTpULOATCIIbHOM HaIIPpaBJICHHUH OCH X

(cpaBa HaneBo). HazoBem ux oépammuvimu w ob6ozHauuMm U (Xt) u i (Xt).

CnenoBarenbHo, (2.18) u (2.19) MoxHO 3anucath B BUJC

ut,x)=u; (t,x)+u (t,x), (2.20)
1, x) =1; (t,x)+1; (t,X). (2.21)
Taxoit sxe CMBICT UMCIOT pacipeieeHUs KOMIUIEKCHBIX aMmmuTy 1 (2.10) u (2.11):
U(x)=U, (x)+U; (x), (2.22)
I(x)=1; (X)+1: (x). (2.23)

Takum 00pa3oM, TMOJYyYEHHbIE PEIICHUS YPaBHEHUW JUIMHHBIX JIMHUMA
OMHCHIBAIOT SIBJICHUE HAJOKEHHUSI BOJH, OErymMX HaBCTpedy Jpyr Jpyry.

Breipaxenus (2.10) u (2.11) onpenensitoT KOMIUIEKCHBIE aMITTUTY/IbI 3TUX BOJIH:

U, (x)=Ae 7", (2.24)
U, (x)=Ae’, (2.25)
o=, (2:26)
()= (2.27)

A
3amerum, uto mpu X =0, U, (0)=A,, U,(0) = A,. CiieoBaTensHo, BETHUMHBI
‘Alz‘ =A, u argA , =y,, ONpPelNenslOT 3HA4YCHUS AMIUIMTYJ] M HadalubHbIX (a3

KOMIIJICKCHBIX aMIIJIMTY HpﬂMOﬁ 141 O6paTHOI>’I BOJIH HAIIPSXKCHUA B HAYAJIC JIMHHUH.
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B paccmarpuBaemoii nuHuu comHoxutenmn Ae “ u A,e” B BBIpOKCHUSX
(2.18) 1 (2.19) onKCHIBAIOT YMEHBIIIEHNUE aMILUTATY IbI IIPSIMOM ¥ 0OpaTHOM BOJIH MPHU
UX PpACIPOCTpAaHEHHWH B JIMHUM. BemuunHa € “° MOKa3bIBaeT, BO CKOJBKO pa3
YMEHBIIAIOTCA AaMIUIMTYJbl BOJH MPU HUX TMPOXOXKIECHUU 4Yepe3 BCIO JIMHHUIO.
[loronnHslii mapamMeTp JIWUHUUA @ Ha3BIBAIOT Kodhuyuenmom (nocmosannoii)
3amyxanusa. OH ONpeNesseT CTENeHb 0CIa0IeHUsI aMILTUTY] BOJIH B JIMHUU MIPH UX
pacnpoCTpaHEHUH Ha E€IUHUIlY IWMHbL. EnuHunei uszmepeHus kosdduimeHTa
3aTyxaHusl ciaykatr Henep Ha memp (Hn/m) unmu odeyubenn na memp (nb/m). Tak,

HaIMpUMeED, JUIsl IPSIMON BOTHBI

a=In|(U; (%,)/U; (%,))|, Hom (2.28
)
niin
o =20ig|(U; (%,)/U; (%))], 1B/, (2.2
9)

riae x; —x1 = 1 M. M3 atux cootHomenuii cnemyet, yto 1 1b = 0,115 Ho unu 1 Ho =
8,686 1b. Ha pwc. 2.1 mpexacrtaBiaeHbl paclpeacieHus] MTHOBEHHBIX 3HAYCHHM
HaMPsHKEHUN TIPSIMOM M OOpaTHOM BOJIH JIJISi TPEX MOCIJIETOBATEIBHBIX MOMEHTOB
BPEMECHHU.

CMbICI BeMMYMH @ ¥ [, BXOAAIMX B apryMEHTHl TPHTOHOMETPHYECKHX
byukuuii B popmysax (2.18) u (2.19), cxoneH:

W — Kpyzoeasn (8pemeHHdsn) wacmoma BOJHOBOTO MpOIECCa, uU3Mepsemas B
paouanax 3a cexyndy (pan/c). C Hero cBsizaHbl yactota f =w/27, usmepsiemas B
eepyax (I'n), u nepuood konebanuin T =1/ f =27/ w, usmepsiemslii B cexynoax (c);

S —6onnoseoe  uucno - (Koygppuuuenm  gpazer).  dDaktuuecku S —

npocmpancmeennas Kpyzoeaa uacmoma BOJIHOBOIO IIpOHCCCa, HU3MEpsICMasl B

paouanax na memp (pag/m). C HEl0 CBsi3aHa OIUHA 607IHbL A =27/, NU3MepsieMas B

mempax (M), SBIAIOIIASICS HPOCMPAHCMEEHHBIM REPUOOOM BOIHOBOIO Ipollecca.

[Tpu pacyerax BOJHOBOE YMCIIO ff yIOOHO BBIpAKATh Yepes JAIMHY BOJIHbI £ =27/ A.
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CKOpOCTb pacHpOCTpaHEHUsT B JIMHUU COCHOAHUA PAGHOU (haszvl GOJIHbI

Ha3bIBAIOT  pa3060ii ckopocmplo W 0003HA4YalOT Ve. Ee ompenensior
maddepenmmposannem  Beipaxenns Wt — BX+y, =CONSt. B pesymsrate

IMOJIy4YUM

Vg = dx/dt = w/ . (2.3
Oa)

Jns nuHuit 6e3 motepb KoddduimeHt ¢as3pl onpenensercs (GopMyon

L =wNLC , u B3TOM ciyyae ¢a3oBasi CKOPOCTh paBHA

v, =1/-/LC. (2.306
)

W3 cootHomienuit (2.26) u (2.27) cienyer, 4TO 60.71HO60E CONPOMUGEHUE
aunuu Ly ceazvieaem 6 MUHUU KOMNIEKCHbBIE AMNIUMYObL RPAMBLX U 00PAMHBLX

GOJIH HANPAINICECHUA U MOKa.:

U (®__Y (9 (2.31

Z, == 1)
l; (6) l; (6) )
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Puc. 2.1. BonHbI B [IINHHON JINHUH:
a) cucTema C JIJTMHHOMN JIMHHUEH,
0) mpsimasi BOJIHa,

B) oOpaTHas BOJIHA

Paznuune 3HakoB B mociegHel (GopMylie CBSI3aHO C MPOTHBOIOJOXHBIM
HampaBJICHUEM TOKOB MIPSMOM U 0OpaTHOM BOJIH.
Haitnennble pacnpeneneHus KOMIUIEKCHBIX aMIUIUTYJ HampsHDKEHUST M TOKA

MO3BOJISIFOT ONPEACTUTh MOTOKH MOIIHOCTH, MEPEHOCHMbIE OETYIMMH BOJIHAMH.
st mpsimoii Bomubl mmeeM  U; (X) =Z;l; (X). C ydeTomM 3TOro COOTHOLICHUSI

cpenHsisi (aKTHBHAs) MOIIHOCTh, TIEPEHOCHMAs TMPSIMOM Oerymieil BOJHOW,
OIIPEAEIACTCS BBIPAKCHUEM:
1 -

P (x)= ERe(UT (x)h (X)) - %Re(ZAItr (X)k (X)) - %l'l'z (X)ReZ,, (2.32)



3/IeCh YepTa HaJ KOMIUICKCHOW aMIUIMTYJIOH HMMEET CMBICI KOMILICKCHO-
conpspkeHHOW BenmuuuHbL. Jlns oOparHoit BomHbl umeeM U, (X)=-Z;k (x). C

YU4CTOM 3TOr0 COOTHOIICHUA IJIA CpCI[HCﬁ MOIIHOCTH, HepCHOCI/IMOﬁ O6paTHOﬁ

oeryuiei BOJHON, UMEEM:

1 : = 1
P (x) =—5Re(Ui (X)) ):—Elf (x)ReZ,. (2.33)
Paznuyue 3HaKkoB B BeIpakeHMsIX (2.32) u (2.33) cBA3aHO ¢ MPOTHUBOIOI0KHBIM
HaIpaBJICHUEM TIOTOKOB SHEPTHUH B OCTYIINUX TPSIMOM U 0OpaTHOM BOJIHAX.
OcobGeHHo mpocTol BHJ uMeeT ¢opMmyia Al CpeaHed NepeHOCUMOM

MOIIHOCTH AJIA ITNHHNHN oe3 IIOTCPb:

p=L2 _2p :iu.l? —iUf. (2.34
2 2 2p 2p )
Koumponvnwie éonpocwel u 3a0anus

1. Ucnonp3ys pe3ynabTaThl NpeAblAyLIero naparpada, B padoueld Terpaau ais
CaMOCTOSITEJIbHOM pabOThl MOJIYYUTE BBIPAKEHUS, ONPEACIIAIONINE pacipeieseHus
MTHOBEHHBIX 3HAUCHWM HANpPsDKCHHWS W TOKa B JUIMHHOW JuHUU. llosicHuTe
(U3UYECKUI CMBICI CllaraeMbIX U KO3(PUIMEHTOB, BXOIAIUX B 3TU (POPMYJIBI.

2. Onpenenure NOHATUE «KKOIDGDUYUEHN 3AMYXAHUS).

2.1. PaccumnTaiite ero BenMYuHY, €ciu: AnuHa JuHUM paBHa 20 MeTpoB,
aMIUTMTyAa NPsIMOM BOJIHBI B Hadaje JuHUM paBHa 50 MB, a B KOHIE JIMHMM OHA
paBHa 45 MB.

2.2. PaccumnTaiite aMIuMtyny OOpaTHOM BOJHBI B KOHIE JUHUM JUIMHON 50
METpPOB, €CJIM B Hayaye JUHUM OHa paBHa 35 MB, a koaduieHT 3aTyxanusi paBeH
0,3 n1b/m.

3. Koakcuanpneiii kabenbp PK-75 na uacrore 100 MI'1i umeer 3aryxaHue
0,105 nb/m. PaccuuTaiite amMrmiuTyay KojieOaHHMH HANpsOKCHHS B KOHIC KaOels,
ecnu B ero Havane oHa paBHa 10 wMB. Vkaszanuwe: wumelite B Buxy, 4ro
a[lih |=0115[4A0 |.

4. OnpenenuTe MOHITHS «KPY208as 4acmoma U «nepuoo KoaeoOaHui .
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5. Onpenennre NOHATHUS «BOTHOBOE YUCLO» U KOTUHA BOTIHBDY.

6. Onpenenute moHATHE «pazosas ckopocmovy. Ucnonw3ys Gopmyiy (2.300) u
dbopmynsl (1) u (2), npuBenernsie B [Ipunoxenun 1 11 mapaMeTpoB KOaKCHATbHOMN
JMHUYU TIEpPEeIadu, NOJyYUTE BhIpAXKEHUE Ul (pa30BOM CKOPOCTH M pAaCcCUUTAMTE ee
BEJIMYMHY, €CJIM B Ka4eCTBE TUAJICKTPHUKA UCIOJIb3YyEeTCs MOIUCTUpoi. Kak B aToMm
ciaydyae ¢aszoBasi CKOPOCTb OTJIMYAETCS OT CKOPOCTH DJIEKTPOMArHUTHBIX BOJIH B
BakyyMe? Paccuuraiite ais TOTO € Ciaydas BOJHOBOE YHCIO W JJIMHY BOJIHBI B
JIMHUY TIepe/iadyM, eClIM OHa BO30Y»maaercs kojeOanusmu ¢ dactoroi f =900 MIw.
OOparuTe BHUMaHUE Ha CXOACTBO BhIpaxkeHus (2.300) ¢ hopmyoil, onpeaensrone
CKOPOCTh PacIpOCTPAHEHHs HIEKTPOMArHUTHBIX BOJH B BaKyyMe.

7. OxapakTepu3yiTe MoHATHE «80.1H080€e conpomuenenue aunuuy». C TOMOIIbIO
dopmya (1) u (2), npuBeaeHHsix B [Ipunoxenun 1, npoBepbTe NPUBEACHHOE TaM e
BbIpakeHHE (5) W paccuuTaiiTe BOJIHOBOE CONPOTUBJICHHE KOAKCUAJbHOW JMHUU
nepenauu, eciau: a = 0,5 MM, 6 =5 MM, a B KauecTBE AMDJICKTPUKA HCIOIb3YETCS
MOJIUCTUPOIL.

8. Ompenenute TOTOKU MOIIHOCTH, MEPEHOCUMbIE OErylnuMyd BOJIHAMU B

JJUHHUH.

2.3. Ompasicenue 601H 6 TUHUU

2.3.1. Koagpghpuuyuenmor ompasricenusn
[TycTh reHepaTop TapMOHMYECKHX KOJICOAHWH, PACIOJIOKEHHBIM B Hadale
maHuK (puc. 2.2), Bo30yxkmaeT B Hel mpsmble Boiabl U, (X) u |, (X). Jlrobas

HEOJTHOPOJHOCTh HAa NYTH PACIPOCTPAHEHUS 3TUX BOJH, KOTOpPBIE B TaKOW
IIOCTAHOBKE 3a/laud HAa3bIBAIOT HAOAIOW{UMU, BBI3BIBACT WUX OmMpajrceHue —
MOSIBJICHUE  OOpAaTHBIX  BOJH, KOTOpPHIE  HA3bIBAIOT  OMPANCEHHLIMU.

XapakTepuCTUKOW  SIBJICHUS  OTPAKEHUSI BOJH  CIYXUT KOIpppuuyuenm

ompaxcenus [",  cBs3bIBalOMII  MPOMOPIUOHAIBHOW  3aBHCUMOCTBIO
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KOMITJICKCHBIE aMILTUTY bl OTPaXKEHHBIX S, o (X)) u mamarommux SI A (X)) BONH B
TOM CEYEHHH JIMHUKM X', TJ€ HAXOIUTCH HEOTHOPOIHOCTh

S o (X) =AS; 45 (X) (2.35)

[To106HO KOMILIEKCHOMY Ko3bduimenTy mepeqaun K JIHMHEHHBIX cHCTEM

MOAyIh Kod(hduimeHnTa oTpakeHUs ‘A‘ = /[ ompemensieT CBA3b AMIUIATY/]
NaJaroIel U OTPAKCHHOM BOJH S, op =AS; ,; (ITOKa3bIBas, KaKk IPH OTPAKECHUN

U3MEHSAETCSl aMIUIUTYZa), a apryMeHT — CBA3b UX (a3, ¥, p =W +argA

(moka3pIBasi Ha KaKyl0 BEJIMYHMHY IIPU OTPaKEHUU U3MeHseTcs (a3za).

I(x) I(¢)
>

>
Tow — wol [z

u,i

SﬂAﬂ 3 ¢ SOTP

0

~ =4
=

Puc. 2.2. Cucrema ¢ JUIMHHON TUHUEN

B 1IMHHBIX JTUHUSX MOKHO OMPEIEIUTh ABE PA3HOBUIHOCTH KO3 dUIIMEHTA

~N ~N

OTpakeHHs — 110 HanpsukeHnio Ay 1 o Toxy A .

X
3 (2.36)

() (2.37)

(X)
Onu cBsA3aHBI IPOCTHIM OYEBUAHBIM COOTHOLICHUEM A = —A,, CIeayomum

u3 popmyi (2.10) u (2.11).

o (¥)= T ()= I

lo

B paccmarpuBaemom  ciydae JIMHUSL  SABJISIETCS  OJHOPOJHOW, A
HEOJHOPOJHOCTH MOTYT pacrojaratbCsi TOJBKO Ha €€ KOHIAaX — MecTax

COCAMHCHUA JIMHHNHN C BHCIITHUMM LCITAMMU. B JaHHOM CJIy4dac — 3TO HpaBBIﬁ KOHC1]
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(X'=1{), rae K NUHUM MOACOEAMHEHA HArpy3Ka — KOMIUIEKCHOE COMPOTHBIICHHE
Zy. Kos(dumueHnt oTpakeHHs MO HANPSHKEHUIO OT 3TOr0 KOHIA JIMHUU

OIIPCACIIACTCA OTHOIICHUCM

Uo(0)_ Ae” .

v UI (f) - Ale—ﬂ'

JUI OTBICKaHMs BBIPAKCHHS, ONPEACIAIOIIErO CBsA3b A, U ZH, UCIIOIB3YyEM

I'paHUYHOC YCIIOBHC [JIA IIPABOI'0 KOHIA JIMHHUHA x=/L. OHO OIIPCACIIACTCA

(dbopMyIT0ii, CBA3BIBAOIIEH B Harpy3Ke KOMIUICKCHBIC aMILUIATY bl ITPHIIOKEHHOTO
HanpspkeHuss W nportekatomero Toka U(()=Z; 1(¢). IloxncraBmsist B Hee

BeIpaxkeHus (2.10) u (2.11), umeeMm

Ae7" + A" = (Ale 7t Azey‘)

Zi
Z;
:>A2e7{ j Ale‘”( —1]:

. -
rt (ZA } 7 .
= Aze_ﬂ: . :ZI ZAZ/_U'
Ae [zi+1] Z +Z;
ZA

Takum o0Opa3om, s O0OIIEr0 ciiydyas KOMIUIEKCHBIE KOd(DPUIIUEHTHI

OTpaKXCHU:A OIIPCACILACTCA BBIPAKCHUAMM:

A, = % (2.39)
A=-A = ; ; (2.396)
Jliist muHMA 6e3 ToTeph M HCKaKeHUH 3TH (OPMYITbl IPUHUMAFOT BH/T
A, = 2 ;g , (2.40a)
A - 2 ;’; . (2.406)

24



I[J'I}I JIMHUMU C MaJIbIMU IIOTCPAMH IIOCJICAHHC BBIPAKCHUS BbIIIOJIHAIOTCA

IPUOIMKEHHO.

[Tpumeuanue. OOpaTuTe BHUMaHHE Ha CXOZCTBO IMOJYYEHHBIX BBIPAXKEHUH ¢ (hOpMysaMH, ONHCHIBAIOLIIMHU

OTpaKCHUEC MI0CKOM SHGKTpOMaFHHTHOﬁ BOJIHBI 1P HOPMAJIbHOM IMaJICHUU HAa I'paHUIly pa3aciia Cpea.

2.3.2. Biuanue nazpy3xu JuHUU HA XAPAKmMep NPOmMeKarouux 6 Heil

npoueccos

Hcnonw3ys popmyiry (2.39), paccantaeM KO3(PPHUITUCHTH OTPasKCHUS AU : AI

U TMpPOBEAEM AaHAJIW3 TMOJIYYEHHBIX BBIPAKEHUW U1 psia 3HAYEHUU
COTNPOTUBIICHUN HArpy3ku Zp, OTPaHUYMBASICh BAXKHBIMU JUISI TPAKTHUKU
BapHaHTAMU JUIMHHBIX JIMHUN: 0€3 OTEeph, C MAJIBIMU MOTEPSAMU U 0€3 UCKa)KEHUHN

CUTHaJIOB, monaras Be3fe Z; =p. I'paduku, XapakTepusylolUe BOJIHOBBIC
IPOLIECCHI JJI1 PACCMOTPEHHBIX CIy4aeB, OyyT MpeCTaBIEHbI MO3XKe Ha puc. 2.4

1.Ecom  Z; =Z; Ttorma AU :A =0. Takyro Harpy3ky Ha3bIBaIOT

coznacoeannoii. Otpaxenne BoiaH orcyrctByeT, Uy =0, |, =0. B nnunHON

JUHUU PEAU3YETCS pedcum 0Oecyujux 60H, TaK KaK CYLIECTBYIOT TOJIBKO
najarolye BOJIHBI, MEPEHOCAIIME OHHEPryui0 CJeBa HampaBo. OJTO clydai
UJICIbHOTO MepeHoca YHEPTUU U HHHOPMAIIHH.

2. Ecnin Z; =0 (xopoTKO€ 3aMbIKaHUE HA KOHIIE JIUHUM), TOT A

~

A, =-1=18"", (2.41a)
A =+1=18" (2.416)
B sTom ciyuae momynb kKodduimenTa oTpakeHust 1mo HanpsokeHuro (2.41a)
paBeH eAWHMIIEC, a apryMeHT paBeH 7. CJemoBaTelbHO, BOZHUKAOIIAS HA KOHIIC
JMHUU OTPa)XCHHAsl BOJTHA HAMPSDKCHUSI, UMEsI Ty Ke aMIUTUTYy, poTUBO(da3Ha
nagaromen. B pe3ysbrare Hal0KEHUS 3TUX BOJIH HAIPSXKEHUE HA KOHLE JMHUU
pasHo nymo: U () =0.
Monyns koaddunrerTa oTpakenus o Toky (2.410) Takke paBeH eIUHUIIE, HO

aprymeHT 37ech paBeH 0. CremoBaTenbHO, BO3HUKAIONIAS HA KOHIE JIMHUU

25



OTpaXKCHHas BOJIHA TOKa, MMes Ty JK€ aMIUIMTyAy, cuH(a3Ha manatomeii. B

pe3ysbTaTe HaJOKEHUS 3TUX BOJH aMIUTUTYy1a Toka ynBauBaercs: |(0) =2l, ({).

PaCCManHBaCMBIﬁ PECKHMM BOJIHOBOTO IIpoHecCa B JIMHHMU HA3bBIBACTCs
perxcumom cmoauux 60/iH, TaK KaK HAJIOKCHHC IMaJal0IIMUX W OTPAKCHHBIX BOJIH
(l)OpMI/IpyCT B JIMHUH HCIOABHWXHBIC — «CTOAYHC) — PaACHPCACIICHUA aMILINTY/Q

Hanpsbkenus. U(X) u Toka |(X). UepenoBaHre MaKCHMyMOB U MUHHUMYMOB B 3THX

«CTOSTYUX» PACHpPEICNCHUSAX SBIISETCS CIEICTBUEM HHTEp(EpeHLInU BOJH, KOTOpas
OyneT paccMoTpeHa nozxe B 1. 2.4. OTMETUM, 4TO B pacCMaTpPUBAEMOM PEKUME B

KOHIIC JIMHHM HMeeTcs MHHMMyM Hanpspkenus. U(()=0 um MakcumMyMm Toka
() =2l; (¢). 3ameTM TaKke, 4TO OTPaKEHHBIC BOJIHBI HANpPSDKEHHS W TOKa B

JIMHUM TICPCHOCAT CIIpaBa HAJICBO TAKYIO KC JSHCPIUIO, KaK W IIagaromnue CJICBa
HallpaBo, T. C. HUTOTOBBIM IICPCHOC SHCPIU B JIMHUHU OTCYTCTBYCT.

3. Eciu Z; — oo (xonocToit Xo1), TOraa

A, =+1=18", (2.42a)

A =-1=18", (2.426)

B stom ciaydae momaynb kod(h(HUIMEHTa OTpaKeHHs MO HanpsbkeHuio (2.42a)

paBeH €OuHULE, a apryMeHT paBeH Hymo. OTpakeHHas BOJIHA HaIpsKEHUS,

BO3ZHMKAIOIAsl HA KOHIIE JIMHUM, UMES Ty K€ aMIUIMTYAyY, cuH(a3Ha majnawoiei. B

pe3ysibTaTe HAJOXKEHHUs ATUX BOJH aMIUIUTYJa HANpsDKEHUS Ha KOHLE JIMHUU
yasauBaercs U (() =2U; ({).

Monynbs ko3pduunenta oTpaxkeHus Mo TOKy (2.420) paBeH eauHuLEe, a

apryMeHT paBeH 7. [loaTomy, BO3HHMKaromiasi Ha KOHIIE JUHUM OTPa)KCHHAsl BOJIHA

TOKa, UMes Ty K€ aMIUTUTYyay, poTuBo(da3Ha nanaronieil. B pe3ynbrate HamoXeHUs

9THIX BOJIH TOK Ha KOHIIE JIMHUHU paBeH Hymo: |(()=0.

31ech, Kak ¥ B MPEABIIYIIEM CIydae, B JIMHUHU PEATUYETCS PeHCUM CHIOAYUUX

60.1H. PactipeniesicHus B TMHUM aMIUTATY 6l HanpspkeHus U (X) W aMIUTATYABI TOKA
| (X) Tak:ke UMEIOT MAaKCUMyMbl 1 MUHHUMYMBI, HO TETIeph B KOHIIC TUHUHM HAXOIUTCS
makcumyM HanpspkeHus U(()=2U; () u muaumym Ttoka |(£)=0. Wrorossri

MEPEHOC DHCPTIHUU B JIMHUU OTCYTCTBYCT.
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4. Ecmm Z,, = jX,, (Harpy3Ko# CIy)HUT pEaKTUBHOE COMPOTHBIICHKE), TOTa

. 2 2

AU _~Pt 1% = \/@éJZarCtg(x. /P) —1§~12arct9(Xi /p) (2.43a)
p+I1X pe+X{

A, :_AU :1éj(7r72arctg(xi /P))_ (2‘436)

B srom ciydae Moaynu Ko3(pQHUIMEHTOB OTpa)XC€HHUsl paBHbI €AMHHUILIE, a
apryMEHTBl 3aBHCAT OT COOTHOmieHus BenmuunH Xy U p. CremoBareibHO,
BO3HMKAIOIIME HA KOHLE JIMHUM OTPAKCHHBIE BOJHBI HAIpPSDKEHUS U TOKa,
COXpaHsisl aMIUIMTYJy MaJalolluX BOJH, OTIMYAIOTCI OT HUX Mo (¢a3e Ha
BEJIMYMHY, ONPEAEIISIEMYIO 3HAUCHUSIMU apIYMEHTOB KO3 (DUIIMEHTOB OTPaKEHUs
(3.43).

3nech, Kak M B MNPEABIAYIIUX CIy4asiX, B JIMHUU PEATU3YETCS peHcum

cmosayux 60aH. PactipenencHus B IWHUM aMIUATy HanpsbkeHus U(X) u Toka
|(X) Tak)ke MMEIOT MaKCUMyMbl U MUHUMYMBI, HO TETEpPh B KOHIIC JIMHUUA OHH

IIPUHUMAIOT IMPOMCIKYTOUHBIC 3Ha4YCHUA MCKIY MaKCHUMaJIbHBIMHA u
MUHUMAJBbHBIMU BCJINYHMHAMU. TaK, B YaCTHOCTH BCIMYHMHA AMILIUTYIbI

HaIpsHKEHUST Ha KOHIIE JIMHUM, OTIPENICTISIETCS BRIPAKEHUEM
U(0)=U; (O+ 7). (2.44)
Owno BeIBOAMTCS U3 Gopmyi (2.22) u (2.39), nonaras X'=1. ITepenoc snepruu B

JIMHUU OTCYTCTBYET.

5. Ecmn Z,, =R,, (Harpy3Ko# CiIy>kKUT aKTUBHOE COIIPOTUBIIEHUE), TOT/AA

AU:RI —p
Ri +p’

A =-A,. (2.456)

B oarom cayyae Ko3(QPUIMEHTH OTPAKEHHUS MPUHUMAIOT  TOJIBKO

(2.452)

BEIIECTBEHHbIC 3HAUCHUs B nipenenax —1< /, <1. B nuuuu peanusyercs pesrcum

CMEWaHHbIX 60JIH — CYLIECTBOBaHHE OETryIMX M CTOSYMX BOJH OJHOBPEMEHHO.
Takoll peXuM XapakTepusylT KoIhuuuenmom cmoaueii (dezywieit) 60.iHbl,

KOTOPBIN OYJIET OIpEeNIeH MO3Ke.
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Korma R, > p, Torna ko3¢ ¢unueHT orpaxkeHus no Hanpsbkenuto A, >0, T.

€. arg,&u =0, cruemoBarenbHO, OTpa)XCHHAs BOJHA HAMNpPSOKCHUS CHHpA3HA
najaronieil. HanpsbkeHue Ha KOHIE JIMHUM MTPUHUMAET MAaKCUMaJbHOE 3HAYCHHE
U)=U; (0)+U; (¢). IIpn yka3aHHOM YCIOBHH KOI(PPHULUUEHT OTPaKEHHs IO
Toky A <0, T.e. argA =/, CJEJ0BaTelIbHO, OTPAKEHHAs BOJHA TOKa
npotuBoazHa mangaromeli. TOK Ha KOHIE JUHUW TNPUHUMAET MHUHHMAIbHOE
snauenue |(0) =1, (0) -1 (£).

Korga R; < p, Torga ko3¢ GuuueHT oTpaXeHus 10 HaNpsKEHUIO AU <0, T

e. argA, = 7, creIoBATENBHO, OTPAKEHHAS BOIHA HAIDPKCHHS MPOTHBO(A3HA
nagatomei. HanpsokeHne Ha KOHIE JIMHUM NIPUHMMAeT MUHMMAIbHOE 3HaueHHUE
U)=Y; (0)-Y,; (¢). IIpu ykazaHHOM yCIOBHU KO3(D(UIMEHT OTPaKeHUS IO
toky A >0, T.e. argA, =0, cremoBaTenbHO, OTPaXKEHHAS BOJNHA TOKa CHH(ba3Ha
nagatomeii. Tok Ha KOHIE JMHMM NPHHUMAET MAaKCHMAajJbHOE 3HAuYCHHUE
1(0)=1; (0)+1; (0).

B oToM pexume >Heprus, HepeHOCHMas B JIMHUU TPAMBIMU BOJIHAMH,
IPEBBIAECT DHEPIHIO, IEPEHOCUMYIO OOpAaTHBIMM BOJHAMH, T. €. UMEET MECTO

YaCTUYHBIN TEPEHOC DHEPrMU CUTHAJIA OT UCTOYHMKA B HArpys3ky. ToybkO mpu

YCIIOBUHA Ri =00 OTpa)XCHUC B KOHLOC JIMHHU OTCYTCTBYCT, W OHCPIUI,
NnepeHoCcumMasa BOJIHAMH, MaKCMMaJIbHA.

6. Eciu Zy — xommiekcHoe conportuBnenne Z; =R, + ] X, , roraa

2

. 2

_ RH —p+ Xy \/(RH _p) + Xy ej(arctg(xH/(RH—p))—arctg(xH I(Ry+p)))

U= - =
R, +p+ jX, \/(RH +P)2+Xﬁ

, (2.462)

IT=1T;. (2.460)
B sToMm ciayuyae Mmoaynu ko3hGuIeHToB oTpakeHus (2.46) MeHee eTuHHIIbI,
a apryMEHTBI ONPEEIISIOTCS COOTHOIICHHEM BeIMYuH XH U p. Bo3Hukaronme Ha
KOHIIE JIMHUHM OTPaXCHHBIC BOJIHBI HAIPSDKCHUS W TOKA WMEIOT aMIUIATYIBI,

BCJIMYMHA KOTOPbLIX MCHBIIC IIO0 CPAaBHCHUIO C aMIUIMTydaMHM IIaJarOlInuX BOJIH.
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®da3bl OTPaKEHHBIX BOJIH OTIMYAIOTCS HA BETUYUHBI, ONPEACIISIEMbIC 3HAUYCHUSIMU
apryMeHToB ko3¢ dunmenToB orpaxkenus (2.46). Kak u B nmpeapiaynieM ciydae, B
JMHUU PEATU3YETCS PeHCUM CMEUIAHHBIX 60IH. DHEPTUS, IEpeHOCUMAas B JIMHUU
MPSIMBIMH BOJTHAMHU, TIPEBBINIACT YHEPTHIO, IEPEHOCUMYIO OOpAaTHBIMU BOJIHAMU,
T. €. UMEET MECTO YaCTUYHBIH IEepPeHOC SHEPrHMHM CHUTHajda OT HWCTOYHHKA B

Harpy3Kky. /laxe npu BBIIOJHEHUU YClIOBUS R; = p TOIHBIN NEepeHoC 3HEPIuu B

JIMHNH HCBO3MOKCH.

Konmponwvuwsie 6onpocel u 3a0anus
1. Onpenenute ABIECHUE «OmMpadiceHue 60aH» B JUHUM nepenadu. Yem oHO
xapakrepusyercs? UTo CBA3BIBAET MOMYJb, & UYTO aPTYMEHT 3TOM XapaKTEPUCTUKH
SIBJICHUSI?
2. KakuM COOTHOIIEHHEM CBsI3aHBl KOA(DPHUIIMEHTH OTpaKEHUS IO
HAOpsDKEHUI0 U 1o ToKy? B paloueil TeTpamu uid caMOCTOATEIbHONH pabOTHI

MOBTOPUTE TOCIIEIOBATEIHHOCTD JEHCTBUN TIPH BBIBOJIE (hOPMYJI, ONIPEACIISIONINX
cea3b Ay, Z, u A2, Z;.
3. B pabGoueit Terpaam UIE CaMOCTOSITENILHOM pabOThl paccyuTaiiTe

KOdQPUIIMEHTHI OTpaKEHUS [UJII PACCMOTPEHHBIX paHee Pa3sHOBUAHOCTEH

Harpy3oK:

ZI' :ZA’ Zl' :O, Zl' —> 00, ZI :ijxl ) ZI :RI >0, ZI :RI <p,

Z; =R, £ jX; . [na xaxmoro ciaydas OCMBICINTE BIHMSHHE HArpy3KH JIMHUH Ha

XapakTep NPOTEKAIOIINX B HEH MPOLIECCOB.

2.4. Humepgepenyus 601u ¢ nunuu

2.4.1. Ananu3 aenenus unmepghepenyuu

Hanuume B nuHHU rapMOHHMYCCKUX BOJIH, 6GFYH.II/IX B IIPOTHUBOIIOJOXKHBIX
HallIpaBJICHUAX, O6YCJIOBJ'II/IB8,CT nXx unmequepenumo — HaJIOKCHHUEC BOJIH, IIPHU

KOTOPOM B OJHUX CCUCHUAX JIMHHUU NPOUCXOJNUT YBCINYCHNUC aMIIJINTY I(OJ'IG63HHI>1,
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a B Ipyrux — UX yMeHbIIeHne. UToObl HaliTH 3aKOH paclpeelICHUs] aMIIUTY
HanpsKeHus, 3anuuem (2.18) B ynpoiieHHOM BUE
u(t, x) =U,; cos(at +y; ) +U cos(at +y). (2.4
7)
3nech:
U =y, (X) = 'A&e_ax y Vi =Y (X) ==X+ 4%
U =U (0=Ae™ , y =y (X)=px+y,.

Bripakenue (2.47) mokasbIBacT, YTO B JFOOOM CEUYCHHH JHMHHH IPOUCXOIUT
CYMMHUPOBaHHE TApPMOHUYECKUX KOJCOaHUM, MEPBOE M3 KOTOPHIX COOTBETCTBYET
IpsIMOM BOJIHE HANpPSDKEHHs, BTOpoe — o0paTHOM. OTMETHM, YTO TapMOHUYECKUM
KOJICOAHHSM OJTMHAKOBOW YaCTOTHI MPHUCYIE BAXXHOE CBOMCTBO — MX CyMMa TaKXKe
SBJIIETCSI TapMOHMYECKUM KojebaHuemM Tou ke 4dYacToTel. (CrenoBarenbHo,
BbIpaxeHHe (2.47) MOKHO MPEACTABUTH B BUJIE

U, cos(at +y; ) +U cos(at + ) =Ucos(at +y). (2.4
8)

Tl HaxoxxaeHus pacnpeneiacHus ammmatyn U =U(X) ydrem, 4To paBeHCTBO
(2.47) BBIMONHACTCS TOXKJIECTBEHHO, T. €. B JII000H MOMEHT BpeMmeHH. [lomaras
wt = 0, nonyuyum

U, cosy; +U,cosy, =Ucosy .
[Monaras wt=7/2, umeem

U, siny; +Ugsiny, =Usiny .
Bo3Benem o0a mociieTHUX paBeHCTBA B KBaApaT U CIIOKHUM uX. [Tomydum

U? +U§ +2U; U, (cosy; cosy, +siny; siny, ) =U?.
31ech BeIpaXKEHUE B CKOOKAX €CTh KOCHHYC PA3HOCTH JABYX apTyMEHTOB:
COSY; COS Y, +Siny; siny, =cos(y, —v; ).

C ydyeTom 0003HaueHUH, BBEICHHBIX B (hopmyne (2.47), pacupeneracHrue aMITUTY/IbI

konebanuit U =U(X) BIOIb JIMHUU ONIPEAEIIAeTCS BRIPAKCHUEM:

U(X) = JUZ (X) + U2 (x) + 2U; (x)U; (X)cos(28x — Ay, (2.49)
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rne Ay =y, -y,
[Monmydyennas Qopmymna (2.49) xapakrepusyeT WHTEP(EPECHIUIO B JIMHUH

npssMoii U oOpatHOil BoH. COMHOXHTENb COS(2[/X —Aw) B 3TOM BBIpaXKCHUU
ompeneNnsieT YepeloBaHue MAaKCHMYMOB U MUHUMYMOB. [Ipu ycrnoBun:
2% — Ay =27Nn, N=0;x1;+2; ... (2.50)
Ha0JII01al0TCsl MaKCUMyMsI, paBHble U,,,, =U; +U; , a npu ycnosuu:
2% un — AW =7(2n+1) (2.51)
— MUHUMYMBI, paBHbie U, :‘U-,- -U; ‘

W3 nmonydeHubix cootHomeHnuid (2.50) u (2.51) BugHO, 4TO paccmosanue
MedHCOY COCEOHUMU MAKCUMYMAMU U COCCOHUMU MUHUMYMAMU 6 TUHUU DAGHO
/2. ]JlefictButenbHo, monokuM Ay =0, o6o3Hauum dYepes AXpaccrosHue
MEXKJIY COCEIHMMH MaKCUMyMaMH U 3alulieM YpaBHEHHE, KOTOPOMY OHO
YIOBAETBOPSACT: 2 3AX = 2/x. N3 3TOro BBIpaXEHUS] C YYETOM TOTO, 4YTO
[=2r/A, cnenyer: AX=A/2.

OtMeruM, dYTro mpu HUHTEPPEPEHIIMH BOJH OTCYTCTBYET MPOCTOE
CYMMHUPOBAaHME€ UX MOIIHOCTeH. B  uHTEpPEpPEeHIIMOHHBIX  MaKCUMyMax
WHTEHCUBHOCTbH BOJTHOBOTO Tporiecca 00JbIlIe CYMMbl HHTEHCUBHOCTEH MPSIMON U
00paTHOM BOJIH, a B MHTEP()EPEHIIMOHHBIX MUHUMYMaX — MEHBIIIE UX CYMMBI, T. €.
unmepgepenyus  60aH  NPUOOUM K nepepacnpedeieHur)  MOouyHocmenl
Koneoanuit Bronb JuHUKA. OJHAKO B CpeaHEM I BCEW JIMHUU MOIITHOCTH
BOJIHOBOTO TpOIlecca paBHAa CyMME MOIITHOCTEH MPAMOM U 0OpaTHON BOJIH.

B cayuae nunuu 6e3 noteps (a = 0) unTephepeHIIMOHHOE pacTpeeIcHe
U(X) — nepuoanueckas GyHKIUS X. 31€Ch BCE MAKCUMYMBbl U BCE MHHHMYMBI

OAMHAKOBBI, a WX oTHoueHue U,,,, /U, OIpenenser BaKHBIH IOKa3aTeib

BOJIHOBOTO Mpollecca B JUHWUM, Ha3bIBa€MbIl Kodghpuuuenmom cmosaueii 60nHwl

HANPAICECHUA

KNAI :UMAX — UT +UT )
UMIN ‘U'I' _UT ‘

(2.52)
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B pexume cmoauux éonn B muHUAX 0€3 MOTEph MpsMas U oOpaTHas BOJHBL,
pacmnpocTpaHsIOUIecs B JIMHUU, UMEIOT ofuHakoBble aMmmuTyasl Un =Uo. B sTom

ciaydae BeIpakeHue (2.49) npuBOaUTCS K BUY

U(x)=2U, \/1+ cos(ZéBx -Ay) _ 2

cos(fx — ATW)‘ (2.53)

1
371eck HCTIONB30BaHa GopMyTa COS 6 = E(1+ COSZH).

B  pexume cmewannvix 6onn  mpsMas U oOpaTHas ~ BOJIHBI,
pacmnpocTpaHsomecss B JIMHUM, WUMEIOT  HEpaBHbICE  aMIUIUTYAbL, U
uHTepdepeHionHoe pacnpeaeiacane U(X) ompenensercs moydeHHONH GpopMyIioit

(2.49).

2.4.2. IlIpumep uccneoosanus unmepghepeHyuu 6 TUHUU

B kauectBe mpuMepa, MOACHSIIOMIETO BOJHOBBIE SIBIICHUS B JUIMHHBIX JIMHUSX,
mpeajiaraéM — IPOBECTH  YUCIEHHOE  HCCIIeIOBaHUE  MHTEPHEPEHIIMOHHOTO
pacnpeneienns U(X) mpu 3aqaHHBIX MMapaMeTpax JMHUU W Harpysku. s aToro
3aMaCUTECh YACTHIM TETPAIHBIM JINCTOM B KJIETKY, KAPAHIAIIOM U JIMHEUKOM.

[Tonaraem 3a7aHHBIMHU (B YCJIOBHBIX €JMHUIIAX):

— nnuHa auHuu ( = 20 (KJIETOK);

— JJMHA BOJIHBI B IUHUU A = § (KJIETOK);

BOJIHOBOC COIPOTUBJIICHUEC JUHHUHU p,

3aTyXaHWE B JIMHUH, XapaKTEPU3yeMO€ BEIUUYNHOMN e =0,8;

— CONMPOTHUBIICHUE HATPY3KU Z; :(1— j2)p;

— CONPOTHBIICHHE T€HEPATOPA, BO30YKIAIOMIETO B JUHUN IPSIMbIE
BOJIHBI, Z5 = p;

— aMIUIATY/a npsMoit Bonubl B Havase smaun U; (0) =10.

Hcnonp3ys clHeayromui alropuTM, BBIIOJHUM BCE NPEAJIOKECHHbBIE
pacyeTsl, 151 MMOCTPOCHMUS, nojyuas B pe3yibpTare rpaduk

uHTepdepenimonnoro pacupenenenus U(X).
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1. Ha nucte Oymaru B KJIETKYy CTPOUM cHCTeMy kKoopauHat x, U(X);
OoTMEYaeM 3HadeHHE X = /; OTKJAaJblBAaEM BEJIWYUHY AaAMIUIUTYAbl MTPSIMOU
BOJHBI U, (O)=10 npu x = 0.

2. llpsimast BOJTHA TIO Mepe pacIpOCTpaHCHUS B JUHUH 3aTyXaeT.

PaccunThiBaeM M OTKJIAABIBAEM IPHU X = / €€ aMIUIUTYy — BEJIUYUHY
U,(2)=U, (O)e‘”’t =U, (20) =10-0,8 =8.
3. PaccuutsiBaeM MoOAyJlb M apryMeHT Ko3(d@uIMeHTa OTpaxeHus

7 _
' B . B nanHOM

AU = ‘Au‘eiargfu . B o0mem cinyuae wucrnonaszyem GopMyiny AU :ﬁ
1 + B

npuMepe

AU:ZI —P:(l_jZ)P—P: -] _ 1 o-irl4
Zi+p (1-j2)p+p 1-j 2

4. PaccunThiBaeM aMIIUTYAy OTPaXKE€HHOUN BOJIHBI B KOHIIE JUHUU

U (0)=U; (0| 75| = Uy (20)=U 4(20)| 7,| = % ~5,6.

OTknansiBaeM 3Ty BEJIMYUHY Ha rpaduke npu x = 7,

5. PaccuuTeiBaeM aMIUINTYyAy OTPaXEHHOW BOJHBI B Hadale JMHUH
U (0)=U; (e * = U, (0)=5,6-0,8=4,48. OTkIagsiBaeM 3Ty BEIHUHHY
Ha rpaduxe npu x = 0.

6. Jlns Havana W KOHLA JMHUM paccuuTbiBaeM BeauuuHbsl U; U, n

OTKJIaJpiBaeM uX Ha rpaduke npu x = 0 u mpu x = /, TEM cCaMbIM OTIpEEsAA

o0siacTh Bo3MOxHBbIX 3HaueHui U(X) Ha konnax nuauu. [lpu x = 0 umeewm:
U +U;, =145, U, -U; =5,5. Ilpu x=/¢ umeem: U; +U; =136,

U -U ~2,4.
7. COC,ZII/IHHCM JIUHUAMHU TOYKHU, COOTBGTCTBYIOHII/Ie BCINYHUHaAM U'I' +UT

u U —U; mpu x=0 u npu x =/, onpenenss o6nacTh, B KOTOPOMH
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pacnonoxurcs rpadpuk  U(X). (3mech wucmoiab3yeTcss NPHOIMIKCHHOE

npeaCcTaBlIcHUE DKCIOHEHIHanbHOW QyHknuun a*° ~1+ad+.. — rpadpux a°

anmnpOKCUMHUPOBAH JUHEWHON 3aBUCUMOCTHIO).
8. Ha komnnexkcnoii niaockocmu CTPOUM BEKTOPHYIO JHarpammy,
COOTBETCTBYIOIIYI0 KOMIUIEKCHBIM ammiautynam BoaH U; (0) un Ug(Y).

Cnauana BAOJIb I[CﬁCTBPIT@J'IBHOﬁ MOJOXKUTEJIbHOMU IMIOJIYOCH OTKJIaIdblBACM

BEKTOpP, COOTBETCTBYIOIHNNA KOMIUIEKCHOW aMIJIUTYAE Najarouei (mpsamMoit)
sonubl U; (/)= U, (20)e’® (BeIOpaB €ro apryMeHT paBHBIM HYJI0). 3aTeM
OTKJaJbIBa€M BEKTOpP, COOTBETCTBYIOIIHH KOMIUICKCHOW aMIUIATYIe
oTpaxeHHOH (06paTHoit) Boanbl U, (£) =U,(20)=5,6e %, opuentupys ero

noJ  yrjiom p=arg = Q= —% =-45°., CrpouM CyMMapHBI BEKTOD

U(()=U(20). Ero wmoxyns (mamma) U(20) ompemenser aMIUIUTYyLy
HanpsokeHuss npu  X=/(=20 (B KOHIlE JHHHUH) — KOHCYHYIO TOUYKY
uHTephEepeHIIMOHHOTO pacnpeneinenus U(X). DTy BeIUYUHY HU3MEpsIeM
U(20)~12,6 u orknaasiBaem npu X ={=20.

9. OnpenensieM BHUI JKCTpeMyMma, OJNMKaWIIero K KOHIY JuHWUHU. [[ms
3TOr0 PEKOMEHIyeM CHauajga HOCTPOUTH OMCCEKTpUCY yriaa ¢. B maHHOM

npuMepe @ = —% =-45" = % = —% =-22,5°. 3atem ompeaensieM, KaKuM OyaeT

OMMKaWIIUP K KOHIYy J3KcTpemMyM. Jljasg 3TOro yduTbiBaeM, 4TO, CMeH[as
paccMaTpuBaeMyl0 TOUYKY X OT KOHIIA JIMHUM K €€ Hadajlay, BEKTOP UI (x")
pa3BopayMBaeTCS Ha BEKTOPHOHM nuarpamMme IO 4YacoBOUM cTpenke (mpsmas
BOJIHA JOCTUTAET TOYKU X PaHbIIE), a BEKTOP UO(X') — MPOTHB YaCOBOU

cTpesnku (oOpaTHas BOJIHA AOCTHraeT TO4Ykd X mo3ke). Takum oOpasowm,

ONM>KaMIIUM K KOHIIY SKCTPEMYMOM MOXKET OKa3aThCs, B MEPBOM clydyae —

maxcumym, (ecmum Bektopel U, (X)) m Ug(X') mnepBoHayadbHO CTaHyT

KOJUIMHEAPHBIMHU), BO BTOpOM ciydae — munumym (eciau Bextopel U; (X') u
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U, (X) mepBOHauanbHO CTaHYT NPOTHUBOIOJOXHO OPHUEHTHPOBAHHBIMH). B

paccMaTprBaeMOM TpUMeEpe ONMKAWIIUM K KOHITY dKCTPEMYMOM SIBISETCS
MakcuMyM. Ilpu »3TOoM cymMmapHbIi BEKTOp Ha jauarpamme Oynaer
OPUEHTUPOBAH MOJ YTJIOM, PaBHBIM OUCCEKTpHCE yTiia ¢, T. €. ¢/2 = — 7l8.

10. OnpenensemM paccTosiHME A0 ONMXKAWIIEro dKCTpeMyMa, YUYHUTHIBasd,
4YTO MOBOPOTY BEKTOpa Ha JUarpaMMe Ha yroJi, paBHBIA 27, COOTBETCTBYET
OTPE30K JIMHUHU, PaBHBIA JjIMHE BOJHBI A (A =27 pan.). B mepBom ciyuae
paccTossHHe Ha TpaduKe A0 MaKCHUMyMa OMPEIEIUT YroJ, OTCUMUTHIBACMBI U
OT  JCUCTBUTEIBHOM  IOJOXHUTEIBHOM  TOJYOCH O  YIOMSHYTOU
ouccekTpucel. Bo BTOpoM ciydae paccTrosiHue Ha Tpaduke IO MHUHUMYyMa
ONMPEIEIUT YroJ, OTCUUTHIBAEMBIA OT JACHUCTBUTECIBHOU MOJOKUTEIbHOU
MOJIyOCH 10 JHHHUU, MEPHNEHAUKYISAPHON K yHNOMSHYTOW Ouccektpuce. B
JaHHOM MpuUMepe ONMKaWIINi K KOHIY JUHUUA MaKCUMYM PacloJIOKUTCS Ha
paccrossuuu 7/8 pan, T. €. Ha paccTOssHUH A/16 (MOJIOBHHA KJIETKH OT KOHIIA
JVHUN).

11. PacnonoxxeHne HaWJEHHOTO SKCTpeMyMa OIpeNessieT MOJOXKEHUS
BCEX OCTaJbHBIX. YUYHUTHIBAsA, YTO PACCTOSIHUE MEXKAY COCEIHUMHU
MakcuMyMmMaMu (MUHUMyMaMu) paBHO A/2 (4 KJIeTKHW), OTKJIajJbIBacM Ha

maausax U; +U; m U —U; TouknM MakCUMYMOB U MUHUMYMOB.

12. CoenuHsieM TOYKH IKCTPEMYMOB JIMHHEH, MpeacTaBiastone rpadpuk
U(x).

PaccMoTpeHHBIE TIpUMEp YMCICHHOTO HCCIEIOBaHMUsI HHTEP(PEPEHIIMOHHOTO
pacrpesieieHns B JIMHUM aMIUIUTY. Konebanuii Hanpsokenus U (X) mpu 3aganmbix

napamMerpax JIMHUM H Harpy3kud WUIIOCTpupyeT puc. 2.3. BekropHas
IrarpaMMa B HIDKHEH 9acTH PHCYHKA IMOSICHSET XapaKTep HAJIOKEHUS KoJeOaHui B
KoHite juHuu (X = = 20).

Puc. 2.4 nwmmroctpupyet pacnpezaeneauss U(X) B OKpeCTHOCTH KOHIIA JIMHUU

JUTsl BCEX CITy4aeB, PACCMOTPEHHBIX paHee B 1II. 2.3.
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uA 1=8 ;I

U,+U,=15,5 E
U,(0)=10
U,-U,=5,5
Us(0)=4,5
0

Uy(1)=8e”
0 ~ /8 ,\\\\ I,R’e
8 TSI N : .
ST UO=U () + U0
Uo(ﬁ):5’6efin/4 S~
6)

Puc. 2.3. Pacnipenenenne U (X) u BekTopHas quarpaMma paccCMOTPEHHOTO MpUMepa

Z,=p AUl u,i Z,—00 AU,
E >x >x f >)C
Z,=jX, AU \ U Z,=R,<p AU
-~ -
Sl o N_o
e = = =
¢ X ¢ ¢ x

U()C)_ I(x)— —_——

Puc. 2.4. Pacnpenencaust U (X) B OKpECTHOCTH KOHIIA THHHN
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Koumponvuwie éonpocwl u 3a0anus

1. Onpenenute siIBNCHUE «UHMep@epenyuyu 6oaH» B JUHUM mepeaadu. B uem
OHO BBIpa)kaercs?

2. B paboueli TeTpagu AN CaMOCTOSITENIbHOM pabOThl MOBTOPUTE BBIBOJ
BBIPQXEHUS, ONPEICIAIOIIEIO pPACIPEAEICHUE aMIUIUTYAbl KoJeOaHUI BJOJIb
auaud. OmnpenenuTe yclIOBUS, IHPU KOTOPBIX (OPMUPYIOTCS MaKCUMyMbl H
MUHUMYMBI paclpeAeNeHus] aMIUUTYA Kojebanuii. OnpeaenuTe pacCTOSIHIE MEXKIY
COCETHUMH dKCTPEMYMaMH.

3. Jlokaxxute, 4TO0 B HUHTEP(EPEHIMOHHBIX MaKCUMyMaX HWHTEHCHUBHOCTb
BOJIHOBOT'O Mpolecca 00Jibllle CyMMbl HHTEHCUBHOCTEN MPSAMOM U OOpaTHOW BOJIH, a
B UHTEP()EPEHIIMOHHBIX MUHUMYMaX — MEHbBIIIE UX CYMMBI.

4. Onpenenute MOHATHE «KOIPDuyuenm cmosuelt 6ONHbl HANPAICEHU.

5. Oxapakrepu3yiTe peKUMbl BOJJHOBOT'O IpoIECca.

6. B paboueil TeTpagu UIsI  CaMOCTOSITENIBHOM  paOOThl  BBIIOJIHUTE
npemiokeHHoe B 1.2.4.2 ucclieIoBaHUE HWHTEPPEPEHIIMOHHOIO pacIpeiesieHus
aMIUIMTYJ, HallpsDKEHUs B JUIMHHOW JIMHUW C 3aJaHHBIMHU INapaMeTpaMH JIMHUM U
Harpy3ku. [locTpoiiTe COOTBETCTBYIOIIME CXEMY, BEKTOPHBIE AUArpaMMbl U rpaduk
pacnpenesieHns aMILTUTY 1.

7. [ToBTOpUTE HCCeA0BaHNE HHTEP(PEPEHIIMOHHOTO pacpeeiIeHIs, I3MEHUB
rapamMeTp JIMHUU e B npeaenax ot 0,5 mo 1 BKIIOUMTENBHO MW BHIOpaB

CONPOTHBJIEHUE Harpy3ku u3 cmmcka: Z; =0, Z. -, Z; =np, Z; =pln,
Z =%xjnp, Z; =xjpin, Z; =(m* jn)p, rae n u M — uensie uncna. ITocrpoiire

COOTBETCTBYIOIINE BEKTOPHBIE AUArpaMMBbI U rpaduK pacrpeaesieHrs aMILTUTYI.

2.5. 3amyxanue u oucnepcus 60,11 6 TUHUU

Hanuuve B JAMHUM TOTEph SHEPIrUM, MPEACTABICHHBIX NEPBUYHBIMU
noroHHeiMu mnapamerpamu R u G, o0ycnoBiauBaeT CyuiecTBOBaHHME B HeEH

3amyXanusa 60JiH, 3aKII0Yarolicrocsa B Y6I>IB8,HI/II/I HUX aMIUINTY O KoJIcOaHU I Ipu

pacnpoCTpaHeHUH, U QUCHEPCUU 801K — SIBIICHUS 3aBUCUMOCTU (Da30BOM CKOPOCTH
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@
BOJIHBI Vg =— OT YaCTOTBHI. BaMCTI/IM, qTo JUCIICPCHUA BOJIH OTCYTCTBYCT, KOT'Jad

BOJIHOBO€ YHUCJIO /3 IIPOIMMOPIHHUOHAIIBHO YaCTOTC @ .

Oopatumcs x popmyiie (2.12), onpenessioniei MOCTOSHHYIO PacpOCTpaHEHUs

7

a+jB=yR+ joL)G+ jaC).
B »Tom BBIpAKCHUHN & OIPCACILICT 3aTyXaHHMC BOJIH, a ﬂ — JUCIICPCHUIO BOJIH.

Haiinem niist HUX sIBHBIE BBIPAXEHHS BEIIECTBEHHOW U MHUMOM COCTaBISArOIIEH. JJis

ATOr0 00€ YacTH 3TOM (pOpMyJIbl BO3BEAEM B KBAJIpaT:
o’ + j2af — p? =(R+ joL)(G + joC),
OTcroa BbIICTUM BEIIECTBEHHYIO YaCTh:
a’ - f* =RG-w’LC.

KpOMC 9TOI'0, 3alIMIICM BBIPAKCHUC IJISI KBaJApaTa MOAYJIA V.

" = a? + B2 = J(R? + 0?L2)(G? + 0’C?).
PaccMoTpeHre cyMMbl M Pa3HOCTH JBYX MOCIEIHUX (POPMYN MNPUBOAUT K

MOJIYYCHUIO BEIIECTBEHHOM 1 MHUMOW YacTeu ) :

o= \/%(RG — ’LC) +%\/(R2 + &’L%)(G? + ’C?) (2.54)

ﬂ:\/%(szC—RG)+%\/(R2 +0’L*)(G? + »’C?). (2.55)
N3 stux dopmyn cienyet, uTo KO3 UITMEHT 3aTyXaHUs & C POCTOM YaCTOTHI

yBemmunBaerca oT 3Hadenns (0)=+RG, crpemsacs B mpemene @ —>© x

R Gp

3HAa4YCHHTIO + a BOJIHOBO€ YHCIIO TOJIBKO NIPU D —> 0 U3MECHICTCA
2p 2°

nponoprmonansho yactote =~ LC . Xapakrepusie rpaguxu 3aBucumocty o

u f ot yactoTel, noctpoeHusle no Gopmynam (2.54) u (2.55), u300paxeHsl Ha

puc. 2.5.
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Puc. 2.5. 3aBucumoctu KOB(b(i)I/II_[I/IeHTa 3aTyXaHUA U BOJIHOBOT'O YHCJIa OT YaCTOThI

CraenyeT oTMeTUTh, 4TO B opmyinax (2.54) u (2.55) He yuTeHa 3aBHCHMOCTH
nepBUYHBIX MapamMeTpoB R u G oT 4acToThl. DNEKTPOJUHAMUYECKUN aHAIU3 ATUX
apaMeTpoB IOKA3bIBAE€T, YTO C POCTOM YAaCTOThl TIOTOHHOE PE3UCTHUBHOE
COTPOTHBIICHUE TIOTEPh B NPOBOJHNKE R yBeTMUMBaeTCs MPONOPIHOHATEHO V@ , a
MOTOHHAsI PE3UCTUBHAS MPOBOAUMOCTD cpeibl G — MPOMOPIMOHAIIBHO @ .

HccnenoBanue 3aBucuMoctu Kodduimenta 3aryxanus o 1 (pa3oBoil CKOPOCTH
Vo OT 4YacTOThl BOJIHBI MMEET OOJIbIIOE MPAKTUYECKOE 3HAUCHHE, 00YCIOBJICHHOE
ciaeayronmMu  ooctositenbcTBaMu.  CHUTHaIbBl, TepeJaBaeMble BAOJb JIMHUU
nepeiadn, XapakTEepPU3yIOTCS CBOMM CIEKTPOM — Ha0OpOM TapMOHHYECKUX
COCTaBIIIOUINX, W3 KOTOPBIX CKJIAAbIBAETCA 3aBUCALIMNA OT BPEMEHH CUTHAI.
Hanuuue 3aTtyxaHuss ¥ AUCIEPCUU BOJIH B JIMHUM MPUBOJUT K TOMY, YTO BOJIHBI
OT/CJIbHBIX CIEKTPAIbHBIX COCTABISIONIMX MEPEMENIAIOTCS B JIMHUU C Pa3HBIMHU
($ha30BBIMU CKOPOCTSIMU U 3aTyXalT B pa3HOM creneHu. B pe3ynbraTe CcurHan
ucKkaxaercs: GopMa MNPUHUMAEMOTrOo CHUTHajda (B KOHIE JIMHUHM) TIOJTy4aeTcs

OTJAMYHOUW OT GopMBI MepeaaBacMoro (B Hadaje JIMHUM). 3aBHCUMOCTh (@)

MPEACTABIAET HEPABHOMEPHOCTh AMIUIMTY/IHO-4aCTOTHOM xapaktepuctuku (AUX)
JUHAU U OMNpeaeseT WCKaXEHUsl CUTHAJIOB, Ha3BaHHbIE aMIUIUTYIHBIMHU.

HenuueitnocTh 3aBucuMoOCcTH (@) BiedeT 3a COOOH HETMHEWHOCTH (ha3oBO-

JacTOTHOW XapakrtepucTuku (DPUX) IMHUM W ompenessieT MUCKAXCHHsI CHUTHAJIOB,
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Ha3BaHHbIE (Da30BBIMH. JIJIs1 yMEHBIICHHS UCKAKEHHSI CUTHAJIOB MCITOJIB3YIOT JIMHUH
¢ mapamerpamu, yaoBieTBopsionumu  yeioBuio L/R=C/G. Takuwe nunHMH,

Ha3BaHHBLIC JIMHUSIMH 0O€3 HMCKa)KeHUH CUTHAJIOB, YIIOMHWHAJINCH BBIIIC. I[J'ISI HUX

a=+RG, B=woLC =V, =1/JLC, Zs = p. JIpyruM CPEICTBOM YCTPaHEHHs
HCKQ)KCHUI CHTHAIOB TPH Iepeade IO JIMHUSIM CIY)KUT —HCIOJIb30BaHHE

KOPPCKTUPYIOINUX YCTBIPCXIIOJHOCHUKOB, KOMIICHCHUPYIOIIUX HCPABHOMCPHOCTD

AUYX u HenuHeitnocth OUX nmuHUM.

Koumponvnwie éonpocul u 3a0anus

1. Onpenenure SIBIECHUS «3amyXxaHue GOAH» N «oucnepcus 6oan». Uem OHH
00ycIIOBIICHBI?

2.B paboueii TeTpamu JUIS  CaMOCTOATENBHOW  pabOTBl  MOBTOPHUTE
NOCJIEI0BATEIbHOCTh  JIEUCTBUM,  MCIOJNB3YEMbIX IpU  BbIBOAE  (HopMydl,
ONpeaesomuX KO3PPUIUEHT 3aTyXaHUsI U BOJIHOBOE YHCIIO.

3. Kakoe BinusHUME Ha CHUTHAJIBI, TpeJaBacMble BJOJIb JIMHUW, OKA3bIBAET

HaJM4yue B HEW 3aTyXaHUs U JUCIIEPCUH BOJIH?

2.6. Komnnexkchnoe 6xo0Hoe conpomuenenue JTuHuU

PaccmorpuM smHuMI0 jutMHOM { , HarpyxkeHHyio Ha npaBoM KoHie (X=/()
KOMILIEKCHBIM CONIpOoTUBIIeHUEM Z; (puc. 2.6). Ilapamerps! muHuM ¥y u Z; 3a1aHbl.

Ilo oTHOWIECHHIO K BHEIIHUM oersiM, IMOAKIHYCHHBIM K JICBOMY KOHLY JIMHHUHA

(x=0), onHa sBIAETCA MABYXIOJIOCHUKOM H XapaKTCPU3YETCS KOMMNIEKCHbIM

6XO0OHbBIM CONPOMUGIEHUEM NUHUU Z ;5 PABHBIM OTHOIICHUIO

_VO

Lig =~
[0)

(2.56)

W KOMNAEKCHOU 6X00HO0IL npo6ooumocmuvio Y, =1/7;5 .
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Puc. 2.6. PaccmaTpuBaemas cuctemMa ¢ JJIMHHOW JIMHUEH

Haiinem xomrurekcuple ammumryast U(0) u 1(0), mpucyrcrByromue B
dopmyne (2.56), onpenensromied Z,5. g atoro ucnonssyem ¢opmyisl (2.10) u
(2.11) mpu X=1:

U =Ae” +Ae",
Zl(0)=Ae”" —Ae".

Hcrnonb3yst cyMMy U pa3HOCTh 3TUX BBIPAKEHUM, HAXOIUM KOA(POUIIMEHTHI Al

uA,:

A - u(0) +22A|'(f) -

U(0)=ZA(0) e
2
[ToacraBmnsist atu kodppuruenter B popmynsl (2.10) u (2.11) npu x=0

A, =

MOJTYYUM:

U(0)= U () +22A|'(g) o, U (f)_zzAI.(f) .

[(0)=2 [U(f)ﬂ/ﬂ'(f)eﬂ _U(f)—ZAI'(f)eﬂ].

2 2

[TocpencTBoM (hopmyi, onpeaesItonuX runepooInIeckue GyHKIINN:

X —X

e —e€

shx= — TunepOoIMYECKUil CHHYC,
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ef+e™ .
ch Xx=——— — runep0OoanYecKuii KOCUHYC,

IMPUBCACM 3TU BBIPAKCHHUA K BUTY:

U(0) =U(0)chyl+Z,1(0)shyt,

i0) :%U(ﬁ)shﬂﬂ'(f)ch 3

A
Bepst ux oTHOMEHHE, yauThiBasi, 4to U (() = Z; [(¢) (rpaHHYHOE yCIOBHE [UIs

sh x
NpaBOro KOHI[A JIMHWM), a TaKke UCHoias3ys Qopmyny th X=h—,
ch x

ONPEIEHAIONYI0  THUNEpOOJIMYECKH  TAHI€HC, II0Jy4aeM  OKOHYAaTEeJIbHOE
BBIDAKEHUE, [UISl KOMHAEKCHO20 6X00H020 CONPOMUGIECHUA HAZPYIHCEHHOU

OJIUHHOU TUHUU

Zis =Z; .
RO A Z thyt + Z,

(2.57)

N3 a0l (hopMmynbl ciemyeTr 3aBHCUMOCTh Z;s OT 3HAYCHUH MapaMeTpoB:
0,2, Zy, y=a+jf, a 4epe3 UX MOCPEACTBO — OT YaCTOTHl () BOJIHOBOTO

nporecca.
Wcnonp3ys monydeHHoe BhIpakeHHe (2.57), pacCMOTPUM HECKOJBKO BaXKHBIX
JUTSI IPAKTHYECKUX MPUIIOKESHUN CTy4aes.

1. Ecim Z; =Z; (cormacoBaHHas Harpy3ka), torga us3 (2.57) mnomydaem
Z;x =Z;. B 3TOM ciiyuae oTpakeHHME BOJH OTCYTCTBYET, B JIMHMU peaU3yeTcs
PSKUM OCTYIIMX BOJIH, KOMILICKCHBIC AMIUTUTYIBI TMPSMBIX BOJIH HAIPSHKCHHS
U-, (X) u Toka I, (X) B MO6OM CeueHMH, B TOM 4HCIE W MpH X = 0, €CTECTBEHHO
CBSI3aHBI BOJIHOBBIM COIIPOTHUBIICHUEM Zj .

2. Ecmn ol >>1, 3aTyxaHue BOJIH B JMHHWH CTOJIb BEJIHMKO, YTO TPU JFOOOM
CONPOTUBJICHUN HArpy3Kd JUHUU Z,,, OTPaXCHHBIC €10 BOJHBI, BO3BPATHBIINCH K
BXOJY, Mallbl, [0 CPAaBHCHHIO C BCIMYMHOW MPSMBIX BOJH, W HE OKAa3bIBAIOT
3aMETHOTO BIIMSHHS HAa BOJHOBOM MPOIIECC B HaYaJIe IMHUUA. TO €CTh BBITIOIHSIOTCS

nepasencrea: U; (0) >>U_(0), I; (0) >>1,(0). Torma, npenedperasi OTpaKeHHBIMH
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BosiHaMu npu x =0, wumeeM, Kak M B  TpEAbIAYIIEM  CIyd4ae,
Z;s =U; (0) / l; (0)=Z;. ToT e pe3yabTaT MOKHO MOIYYHTh, HCHOIB3YS POPMYITY
(2.56). B meit ipu ycnmoBun «af >>1 BenuMYMHA TUNEPOOTUICCKOrO TaHTEHCA MAJIo
otiauuaercs ot eauHuusl (th(al + jBC) =1), u cnenoBaTenbHoO, Zs ~Z; .

3. B nmuHusAx 6e3 moTeph W C MajbIMU MOTEPSIMU BIHMSHHE OTPaKCHHBIX BOJIH

TEM 3aMEeTHee, 4YeM 3HAYUTeJbHEH OTIMYME CONpPOTUBICHMUS Harpy3sku Z; OT
BOJIHOBOTO CONPOTUBICHUS JMHUU Zg. HauOospmiero 3Ha4eHUs aMIUIMTYBI
OTPaKE€HHBIX BOJH JocTUrampr, korma Z; =0 (kopoTkoe 3aMblkaHue), Z; —> 0
(xomocroit xom) u Z; = jX; (peaKTUBHOE COMPOTUBIICHHE HATPY3KH).

Jlis pexXMMOB JIMHUH TIpU KOpOTKOM 3amblkanuu (K3) u Ha XoiocToM xomy
(XX) bopmyna (2.57) npuHumaet BU:
Zpoec =Zathyl, (2.58)

Z 3
Zioos = hA =Zfthy( . (2.59)

3.1. JIns nuauu G6e3 noreps umeem: @ =0, S=w\LC, Z;=p. Vurem, uTo0
thyl=thjp(=jtgpl. B sTom ciy4ae BXOIHBIC CONPOTHUBJICHHS 3aMKHYTOW W

pa3OMKHYTOﬁ JIMHUU OIIPEACIIAIOTCA BBIPAKCHUAMU

Zioec = IPONLC@0) = [ Xj0c (2.60)
Zroxx == JPClOWLCO0) = [ X5« - (2.61)

3amMeTuM, BO-TIEPBBIX, YTO B OOOUX CiIy4dasiX BXOJHOE COINPOTHUBIICHHUE
OJIMHAKOBO 3aBHCHUT KaK OT JJIMHBI JTUHUU { , TAK U OT YACTOTHI BOJIHOBOTO ITpoiiecca
®. Bo-BTOpBIX, BXOJHOE CONPOTUBIICHUE JIMHU SBISIETCS YHUCTO PEAKTUBHBIM
(motepu B JIMHUU W HArpy3ke OTCYTCTBYIOT). B-TpeTbHX, BXOIHOE CONPOTUBIICHUE
JIMHUU TIOOYEPEIHO HOCUT TO MHAYKTUBHBIA, TO EMKOCTHOW XapaKTep, CTPEMSACH TO

K OECKOHEYHOCTH, TO O0Opallasich B HOJIb Yepe3 MHTEpBallbl, paBHble A/4. I'paduku

ATUX 3aBUCUMOCTEHN TpE/ICTaBIICHbI Ha puc. 2.7.
3.2. Jlnst nmuanm ¢ MansiMu iotepsmu umeem: al <<1, f=w~LC, Z, =p.

Hcrnonb3yst TPUTOHOMETPUYECKOE PABEHCTBO
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th(x + y) = %

¥ IPUOJMKEHHOE PABEHCTBO, BBITIOHIEMOE TTpU X <<1,
thx = X,

3amumieM Gopmyisl (2.50) u (2.51) B TakoMm Buje:

tha!+ jtgpl al+ jtgvLC /!

Zone =7 _ ~ , 2.62
ROEC A1+ jthattgpl Ply jaltgJLCw! (2.62)
1+ jthattgpl 1+ jaltgyLC ol
Aoxx =ZLa . ~p . : (2.63)
tha! + jtgpl al + jtgVLC ol
XBX. K3’\ | | XBX. XX/\ | |
| I | |
I | | |
| I | |
I |
| |
I |
| |
0 V) | /s 0 1) : >
A/4 31/4 Lw 20 /4 a/4 1w

;
|
:
| T T T T

Puc. 2.7. 3aBucumoctn Xx. k3 1 XBX. xx OT 4aCTOTHI M JUIMHBI OTPE3Ka JIMHUU

[} ] ]

I | I

I | |

I | |

I | I

1 L 1 [ L |

| | |

| I | |
M3 3TuX BBIpQKEHHWH CIIEAYET, YTO U TeX 3HaueHWd ¢ wim @ 1pu

KOTOPBIX 3HaueHne X gy JUHHMU 0€3 IOTEPh 00pamanocs B 0 WM CTPEMUIOCH K

00 | B cilydae JIMHMU C TIOTEPAMHU BEIUYUHA (MOILYJIb) BXOAHOIO COMPOTUBIICHUS
‘ZBX‘ JOCTUTAaCT MUHHUMAJIBbHBIX NN MAKCUMAJIbHBIX 3HAYECHUU:
Zionn =Zathal = pal, (2.64)
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CooTBeTcTBYIONIME TPAQUKH 3aBUCHUMOCTEH |Zs5ec| ¥ [Zag00| OT AMiHBI THHIH

( , mpencrapieHHbIe B JorapupMUUecKoM MaciuTade, MoKa3aHbl Ha puc.2.8.
3aBUCUMOCTH BXOJHOT'O COMPOTHBJICHUS OT YaCTOTHI BOJTHOBOTO TIpoIiecca @ B
o0IeM ciy4ae OINpeaeiseTcss JIOBOJABHO TPOMO3JIKMM BbIpaxkeHneM (2.57).

HepennmeM €TI0, YKa3aB 3aBUCHUMOCTDb BXOIAIINX B HCT'O BEJIMYUH OT @

7. (@) = Z, () 2@ + Za(@)th(a(0) + jS(@))! (
AG A Z, (o)th(a(®) + jf(@)! +Z; (o) 2.66)

B mpakTthuyecku Ba)KHBIX Cly4asx JIMHUN O€3 MOTEph U C MaJbIMH MOTEPSIMHU

Zioec(®) v Zzsa0(w) onmewiBarores mpocThiMu BhIpakeHusmu (2.60) — (2.63), a

TAaKXKXC COOTBCTCTBYIOIIIMMH HM I’pa(l)I/IKaMI/I, IMpCaACTAaBJICHHBIMU Ha PHC. 27, Hn Ha

puc. 2.8.

/

Zox
10°
10
10°
102
10’

Puc. 2.8. 3aBucumoctu Zgx. k3 U Zgx. xx OT 4aCTOTHI U JTMHBI OTPE3Ka JTMHUH

Konmponwsnwvie 6onpocel u 3a0anus
1. Onpenenure MOHATUE «KOMHUJIEKCHOE 6XOOHOE CONpOmMueieHue ONUHHOU
aunuu». B pabouel TeTpamu AN CaMOCTOSITEIBHONW pa0OThl MOBTOPUTE BBIBOJ
bopMmyIibl, ONpeeIIONIeH ATy XapaKTEPUCTUKY CUCTEMBI C ITTMHHOW JTIMHUCH.
2. [louemy mpu CcOTJIACOBAaHHOW HArpy3Ke BXOJHOE COMPOTUBIICHUE JIMHUU
PaBHO €€ BOJIHOBOMY COITPOTUBJIEHUIO?
3. PaccmoTpuTe BXOAHOE COMPOTHMBICHWE JHWHUW Tpu ycioBuun ol >>1.

[ToueMy OHO MaJIO OTJIMYAETCSI OT BOJIHOBOI'O COMPOTUBIICHUS JIMHUU?
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4. PaccMOTpUTE BXOJHOE CONPOTUBJIEHUE JIMHUA B PEXUME KOPOTKOIrO
3aMbIKaHUs €€ paBoro KoHia. s cimydast TuHUM 0e3 moTeph MoIydute Gopmyy,

OIIPCACIIAIOIMIYIO €€ BXOJHOC COIIPOTHUBIICHUC. PaccuwnTtaiite BCIIMYUHY XBX.K3,

nostarasi: p = 50 Om; A = 16 cm; ¢ npuaNMaeT 3HadeHus: 2, 4, 6, 8, 10 cm. Onenure

BO3MOKHOCTh MCIIOJIb30BaTh OTPE3KHU TaKOW JTMHUU B KaUY€CTBE MHAYKTUBHOCTH WU
E€MKOCTH.

5. PaccmoTpuTe BXOAHOE CONPOTHBIEHUE JUHUM B PEKHUME XOJOCTOrO XOAa
(pa3oMKHYTOTO TIpaBoro KoHma). s ciaydas JuHUM 0O€3 TMOTEph IMOIYYUTE

bopmyiy, ONpEenessIonlyl0 €€ BXOAHOE CONpOTHBIIEHHE. PaccuuTtaiiTe BETUUUHY

XBx.xx, nonaras. p = 75 Om; A = 32 cm; ¢ npuHuMaet 3HaueHus: 4, 8, 12, 16, 20 cm.

OrneHnTe BO3MOKHOCTH MCIIOJIB30BaHUS OTPE3KOB TAKOW JIMHWW B KAYECTBE EMKOCTH
VIV WHIYKTUBHOCTH.

6. PaccMoTpuTe BXOJHOE COMPOTUBIICHHE JUIMHHOW JIMHUHM C MaJIbIMU
MOTEPSIMH B PEKMMaX KOPOTKOTO 3aMBIKAHUS M XOJIOCTOTO X0J1a, TIOBTOPHUTE BHIBOJ
dbopmyn (2.62) — (2 65). Paccuuraiite MakKCUMaJbHOE€ U MUHHUMAJIBHOE 3HAYCHUSI

BXOJIHOTO COIMPOTUBIICHUS, KOTOPBIE MOTYT OBITh JOCTUTHYTHI, Koraa p = 100 Owm, a

ol = 0,001.

2.71. KomnnekcHulit Ko3ghpuuuenm nepeoauu u nepedoamoyHas

dynKkyua cucmemul ¢ OJTUHHOU JTUHUEU

2.7.1. Ilocmanoexka 3aoauu

PaccmorpuMm  cuctemy, B KOTOPOM  TMOCPEACTBOM  JUIMHHOW  JIMHUM
OCYIIECTBIISIETCS TIepeadya CUTHAJIOB OT MCTOYHWKA K ToTpeduTento (puc. 2.9a).
HcuepnpiBaronield  XapakTepUCTUKOM, OPUEHTUPOBAHHOW HA aHaIU3 TaKoro
Ipolecca B JIMHEUHBIX CUCTEMaX CIIEKTPajIbHBIM METOJOM, SIBISIETCS KOMIUIEKCHAs

nepenatounas GyHkims cucremsl K(m).
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MerogoM KOMIIIEKCHBIX aMIUIMTYJ HCCIELYyeM CHCTEMY B pEXHME
rapMOHHYECKUX KOJIeGaHMil, HalileM KOMIUICKCHBIH Kod(@uIment nepenaun K u,
paccmaTpuBas 4YacTOTy (@ B KadeCTBE HE3aBHCHMON IIEPEMEHHOM, IOIyYHM
dynkuuo K(w).

[IpencraBuM reHepaTop rapMOHMYECKHX KOJIE€OaHUI B BHJE MOCIEIOBATEIHLHO
COCIMHEHHBIX HCTOYHMKA HanpsmkeHus  €;(t)=Eze’ u  xommiexcHoro
conporuBiaeHuss Z; (puc.2.9a). IlapamerpaMu JMHHM TIepefadyd  CILy’KaT
IIOCTOSIHHASL PACIIPOCTPAHEHUS. ¥ U BOJIHOBOE CONPOTHUBIICHHE Z .

Harpysky nuHUM nepenayu MpeiacTaBUM KOMILIEKCHBIM COIIPOTHUBICHUEM Z,, .
3HaueHUs CONpOTHBIEHMN Zz,Z;,Z, B 0o0LieM ciydae pasnu4Hbl. B kadecTse
BXOJJHOTO KoJjeOaHHus OyAeM paccMaTpUBaTh HAIpsDKCHHE HCTOYHHMKA €4 (t), a B
Ka4eCTBE BBIXOJHOIO — HANpsDKEHHE HAa CONPOTHUBIICHHM HArpy3KH, T. €. Ha KOHILIE

auHuM U(t, () . OxapakTepu3yeM 3TU CUTHAJIbl KOMIUIEKCHBIMM aMIumuTyaamMu Ex u

Uu(r).
OnpenenuM KOMIUIEKCHBIA KOA(DPUITMEHT nepeaui Hanps>KeHUs OTHOIIICHUEM
Krero. = M (267
TE, )

Nmeercss naBa crocoba moayduTh  GOPMYIY, ONPEACISIONIYyI0  3TOT

koa(ppurent. Huxe nokaxxeM oba rnpuema.

2.1.2. Cnocob, ocHOGaAHHBLII HA NPEOCMABIEHUU PACCMAMPUBACMOU

cucmemul CO60KynHOCHbI0 PYHKUUOHATIbHBIX Y3/108

[IpencraBuM paccMaTpuBaeMyr0 CHUCTEMY COBOKYIHOCTHIO (DYHKIMOHAJIBHBIX
y370B (puc.110), kaxabli M3 KOTOPBIX OMNpENesieTcss CBOUM KO3 PUIMEHTOM

nepeIadm.
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a)
Er_) KBJ'.' A > e'w > KB.H._>U(E)
\
I € CEE I
6)
KBH = Ze KBJ'I = 22
L+ 2, T Lyt Z,
: Z., —Z
. [ = ZrH B :
£ |< Y Z,+Z, >| £
EK,, —> >
. X
EFKBH err f
. fy(?..ﬁ'x) EFKB.H. KB.H. e—yé’
E,—Ks.ﬂvr;e
E‘FKB.,?_ /:/;e‘ﬂyﬁ
EKsnKsnli ;€
B)
EFKB.H. KB.H. I1-2 IZZ ésy;
: : ¢
KCMCT. = KBJ'I. 'e—'MKB.H.
1-Irle

Puc.2.9. K BeiBoy KO3 (dulIMeHTa Tepeauu CUCTEMBI ¢ JUTMHHOMN JIMHUEH:
a) cXxema paccMaTpUBaeMOU CHCTEMBI;
0) pyHKIIMOHATBHAS CXeMa CUCTEMBI;

B) rpaduK, NOSICHSIOMINNA pacpoCTpaHEHHE U OTPAKEHUE BOJIH B CUCTEME

48



[lepBriit y3emn nposiCHSIET, Kak TeHepaTop Bo30yKAaeT B Hadyalle IMHUU MPSMYIO

BosHY. CooTBeTcTBYyIOIMI KO3(puuueHT mnepexaun nepBoro ysna K, HazoBem

Koappuyuenmom 6030yscoenusn nunuu K, - . Tak KaK nenb, MOJIEIUPYIOIIAs 3TOT

oporecc  —  JeNWTeNb — HAmpsUKeHHs,  OOpa30BaHHBIA  KOMIUICKCHBIMU
COINIPOTUBIICHUAMU Z; U Z;, UIMEEM
K =Ko =522 ‘
Zi+Zg 2.68)
Btopoii y3en mpencTaBisieT PacIpOCTPAHEHWE NPSIMOM BOJIHBI OT Hayana
maann (x =0) k ee koHmy (X=/), u onpenensercs mo ¢opmyie (2.24)
koa(hpuIeHTOM nepeaaun
:w: 37 (
* U, (0) 2.69)
Tperuit y3en npeacraBisieT OTpaXEHHE MPSIMOM BOJHBI OT MPABOTO KOHIA
auHUM ¥ onperenseTcs mo Qopmyne (2.34) KOA(pOUIMEHTOM OTpPaKEHUS OT
Harpy3Kku
K, =A, =228 (
Z, +2Zg 2.70)
UeTBepThlid y3e€1 MPEACTaBISET PACIPOCTPAHEHHE OOpaTHOM (OTpakKeHHOM)
BOJIHBI OT KOHIIA JUHHU K ee Haudany (x = 0) u ompenensercs mo dopmyie (2.26)

ko3 pUIIIeHTOM nepegadn

—M:K _ 87 (

4 7 2 '
Us(0) 2.71)
[IaTeIit y3en mpencTaBiseT OTPaKEHHE OOpaTHOW BOJHBI OT JICBOTO KOHIIA
muann (x = 0), u onpenensiercs 1o dpopmyiie (2.32) ko3hHUITUESHTOM OTpaKEHHUS
K, =A =%"% (
St Za+Z,
AT 4B 2.72)
OOpaTHast BOJIHA, OTPa)KasiCh OT JIEBOIO0 KOHIIA JIUHUHU, CTAHOBUTCS MPSIMOUN U
CKJIQJBIBACTCS C BOJIHOM, BO30YXACHHOW TeHeparopoM. OUeBHIHO, 4YTO B

paCCManI/IBaeMOfI CHUCTEMEC HMCCTCA 06paTHa51 CBA3b, 06p8.30BaHHa}I BTOPbIM,
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TPETbUM, YETBEPTHIM U MATHIM y31aMu. [Ipu 3ToM BTOpOIi y3ea GaKTUIECKH CIIYKUT
366HOM NPAMOU nepedayu, a TPETHUM, YETBEPTBHIA U IATBIA — 00pa3yiom 36€HO
oopamnoil ceazu. Pe3ynpTupyronmii KoaQpGUIUEHT Nepeiadl ITUX Y3JI0B CUCTEMBI
OTIpe/IeNsAeTCsl U3BECTHBIM IS LIeTIel ¢ OOpaTHBIMH CBSI3IMHU BhIPAKEHHEM
Ki = Key L : (
1- K(;.'l‘ i A<;| . 2-73)

rae Kepy. 1 Agp y. — KOMIUIEKCHBIC KOO((QUIHMEHTHI TIepe/iadn 3BEHBEB MPSAMOi

nepenaun u oopaTHoi cBs3u. Mcnonb3ys 3Ty hopmyny, Moaydyum

K K A (
1-K KKK, 1-AA& 2.74)

[Iectou Y3CJI IPOACHACT, KdK IIpsAMasA BOJHA B KOHIC JIMHHH B036Y)KII36T

KoJiebaHus B Harpy3ke. COOTBETCTBYIOMIUM KOIDOUITMEHT TIepeadyu MIeCTOro y3ia
K, HazoBeM Koapdpuyuenmom 6o030ysncoenuna mnacpysku K;; . Jnsa ero

onpcaciICHUA TMPCACTAaBUM JJIMHHYIO JIMHUIO JOKBHUBAJICHTHBIM TI'CHCPATOPOM C
HCTOYHHUKOM HAIIPSAIKCHUA. Ero 3aJal0IIcC HAIIPSIKCHUC OIIPCACIIICTCA PCKHUMOM
«XOJIOCTOTO XOJa», TO €CThb HAIIPsS)KCHHUEM Ha KOHIC paSOMKHyTOfI auHuu. PaHee

ObLIO MoJy4eHo, 4to oHo paBHO U(()=2U; (). ConpoTuBieHne 3KBUBAJIECHTHOIO
reHepaTopa paBHO BOJIHOBOMY CONPOTHUBIEHUIO JTUHUU Zg . Llens, Monenupyromas

9TOT IIpoOecC —  ACIUTCIIb  HAIIPAXKCHUA, O6paBOBaHHBIﬁ KOMIIJICKCHBIMH

conporusiieHusiMu Z, u Zg. C yd4eToM yKa3aHHOIO YABOCHUS AaMILIUTY/bI

HaMPSHKSHUS TIaIaf0IIe BOJIHBI, UMEEM
. 27

Ke =Ean = o (

Zy+ 7, 2.75)

PesynpTupyromuii  KOMIUIEKCHBIM  KO3((UIIMEHT Tmepegayd CUCTEMbI B

COOTBETCTBHUH C €€ PYHKIIMOHAIIBHON CXEMOW ONpeIeNsieTCsl BEIPAKEHUEM
: L. : K : : a7t :
Kiere = KK, K. =K —2 K. =K; p ——+—K;
NENO. 1" *2-5" %6 1 6 A.E. AN -2y0 “Al.C
1- KKK, K, 1-AA&"

C y4yeTOoM BBIPOKEHUW, TOIYYEHHBIX M1 KO3(PQPUIMEHTOB TMepeaadu

OTACJIbHBIX Y3JIOB, OKOHYATCIIbHO UMCCM:
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Hee Zy+2g | 1_'&1A2é_zyc | Ly + 2, | 2.76)

2.7.3. Cnocob, 0cCHOBAHNBLIL HA UCHOIb308AHU ZDAHUYHBIX YC1OBULL

Btopoit croco6, mno3BossomMi  HaWTH 3Ty GOpMyIy, 3aKiIloydaeTcs B

WCIIOJIb30BAHUW  TPAHWYHBIX  YCIOBUW  JUIA  ONPENCICHUS  KOMIUIEKCHBIX
ko3pdunuentoB A u A,, Bxoaamux B obmee pemenue (2.10), (2.11) ypaBHeHus

I'enpmronsia. I'paHudHOE yciioBUE A JIEBOTO KOHIA JIMHUHU (x = 0) ompenensercs

BBIPpA’KCHHUCM

U(0) =E; — Zx1(0). (
2.77)
[Monaras B popmynax (2.4) u (2.5) x = 0 momyuum

A+ A =E - 22 (A - A)

Otcrona crienyer

Al[1+éJ+A2[1—éj:E'A. (
Zy Zy 2.78)
['panndHOE yca0BUE JUIsl TPABOrO KOHIA JIMHUU (X = /) OoNpeaensieTcs BhIpa)KeHHEM
U() =Z,1(0). (

2.79)

[MTonaras B popmynax (2.10) u (2.11) x=/, noay4um
Ae’' +Ae" :é—H(Aie‘” —~Ae™).
B

Otcrona crienyer

i 1L e, L ot _ (
Al[l Zsje +A2(1+Zsje = 2.80)

Bripaxxenus (2.79) u (2.80) npencraBuM cucteMon aareOpandeckux ypaBHEHUN
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1+é 1—é | _
I < Za. | |A|_|Ex (
CZi e (1.4 e | LA LO 2.81)

[TocpencrtBoM mpasmiia Kpamepa u, UCHIONB3ysl BBEJICHHbBIE BbIIE KOIPDUIIUEHTHI,

HaXONM
: K,.E. S (
A= —hEA ~ Ak
1-AAe™" A =AR 2.82)
[IpencraBum KOMIUIEKCHBIN K03 GUIIMEHT Tiepeaadn cucteMsl (2.51) B Bue
uw) Ae”' +Age” (
Kigno =—=—= - -
Ex Ex 2.83)

[MoncraBnss croga HalieHHele kodg¢unuentel A u A,, nomyduMm Qopmyiy,

COBIMA/IAIOIIYIO C BEIpaskeHHEeM (2.76), BIBEICHHBIM MPEIBIIYIIUM CIIOCOOOM.

OcymectBuM mpeoOpazoBanue 3Tod ¢opmynsl. Bxomsumii B ee cocras

COMHOXKHTEIb ——=—=——— C Yy4CTOM HEPaBEHCTBA ‘AlAzé_zy C‘<1 IIPEICTABUM
1-AAa™
OECKOHEYHBIM paIoM o bopmyie r€OMETPUUECKON IIPOTPECCHH

1
1—x =14+ X+X*+...,r1e ‘X‘ <1. ITocne moacTanoBkH psifa B (2.37) morydum
—X

(2.84
)

[locnennee BhIpak€HUE HMEET NPOCTOM (U3MUECKUU CMbICT. BrIixomHoi

Krena = KaeKa €7 Q+AAe ™ + AlAZe ™ +..).

curHal (OpPMHUpPYETCS B PE3yJIbTaTe HAJOKCHHUS MHOTOKPATHBIX OTPaKCHHM
BXOJIHOTO CHWTHaja OT KOHIIOB JUIMHHOW nuHWU. WumrocTpamus 3TOro mporecca
npejacTaBiieHa Ha puc 2.9B.

BrelpakeHrEM, ONpENeNsiomnUM KOMIUICKCHYIO —IepeaTOuHyr0  (YHKIIUIO
paccMaTpUBaEeMOl CHUCTEMBI, SBISIETCS MOdy4deHHas ¢opmyna (2.76), B KOTOpOii
CIEIyeT HWCIOJb30BaTh KOHKPETHBIE YAaCTOTHBIC 3aBHUCHUMOCTH  BBIPKCHHUS

KOMIUIEKCHBIX CONPOTUBIEHUN Z-,Z;,Z,, . B 0011eM ciyyae oHa IPUHUMAET BUJL
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Kae (@)Kai (@)e7"
1-A (@A, (w)e "

Kiena (@) = (2.85)

Konmponwsnwie sonpocwt u 3a0anusn
1. Onpenenure NOHIATHE «KKOMNAEKCHBIU KOIDGDUYUeHm nepeoaiu CUCHEMbl.
2.B paboueit TeTpamu I CaMOCTOSITENIBHOW pa0OThl HAYEPTHTE CXEMY
CHUCTEMbI, B KOTOpPOH MOCPEICTBOM J/JIMHHOW JIMHUK OCYIIECTBISIETCS TMepenaya
CUTHAJIOB OT HUCTOYHHMKA K mnorpedutemo (puc. 11a). Ilomyuute BbIpaxeHue,
OTIpe/IeTIsAoNIee KOMIUIEKCHBIH KOA((OUIIMEHT Mepeaadyn CUCTEMBbl, UCTIONb3ys o0a
IPUBEJICHHBIE paHee MOAX0/1a.

3. PaccumTaiite BenmuuHy ko3 dunmenra nepenaun, nonaras Z- = R; =100

Om, Z, =p =100 Om, Z,, =100-j100 Om, & =0,9.

2.8. OcHo6Hble pexcumbl UCNONB308AHUA TUHUIL NPU nepedaue

CUCHA/106
Bo3bMmeM 3a ocHOBY BbIpakeHus (2.68) — (2.76) m wuccienyem xapakTep
nporiecca rnepeaadd CUTrHajga B JIMHUU M YaCTOTHBIC XapaKTCPUCTUKUA CHCTEMBI IS

ABYX BAKHBIX CJIy4acB.

1. CompoTuBiieHME HArpy3Kd COIJIACOBAHO C BOJIHOBBIM COIPOTHBIIEHUEM
mmann, T.e. Z =Z;. Torma A, =0=Kgry=Kie€7'. B osroM ciyuae
OTpaXKCHHasl BOJIHA HE BO3HUKAET, U B COIIACOBAHUU COIIPOTUBIIEHUS TeHepaTopa ¢
BOJIHOBBIM COIIPOTHUBIIEHHEM JIMHUM HET HeoOxoauMocTH. Ecim npu atom Z; < Z;,
10 Kyp =1=Kieno =€ 7', 4TO COOTBETCTBYET MAKCHMAIBHOMY KO3((HIHEHTY
mepemaun curHama, a ecmn Zz=Zy, 10 Kip =1/2=Kexe =0,5€7", uro
COOTBETCTBYET YCJIOBUIO MAaKCHUMaJbHOM Iepefjaud MOIIMHOCTH IpH 3aJaHHOM
BeJIMUMHE Zj .

2. ConpoTHUBIEHUE TIEHEPATOpa COIJIACOBAHO C BOJHOBBIM COIPOTUBIIEHHEM

maann, T.e. Z; =Z;. Torma A =0=>Kgeqy =0,5K;; €7°. B sToM ciydae, eciu



Z; #Z;, IPOUCXOAUT OJHOKPATHOE OTPAKEHUE CUTHAIA OT HArpPy3KH. DTO "3X0"

CUTHAJIa TIOTJIOIIACTCS TEHEpaTOpoM, T.€. HE BO3BpaIacTCs K HArpy3ke W He
MeEIIaeT HAOIOICHUIO BBIXOIHBIX KOJICOaHUIA.

PaCCMOTpI/IM YAaCTOTHBIC XAPAKTCPUCTUKU OJIA TAKUX BAPHAHTOB JUHUN: 0e3

Gp

R ,Gp
2!

2 S =aw~LC); Ge3

noreps (=0, f=w<LC); ¢ MmanbiMu niotepsamu (o =

uckaxennii (a=+RG, [B=w<VLC). Bo Bcex »3THX ciydasx BOJHOBOE

COINPOTHUBJIEHUE JUHUU Z; =p U KOIPPUUUEHT 3aTyXaHUsl @ OT YacTOThl He

3aBHCAT, BOJHOBOC YHCIO [ =@+LC wu3MeHseTcs NpsSIMO MPOMOPIHOHATIBHO
yacTtoTe (AMcrepcrs BOJH B JIMHHM OTCYTCTBYET), a IepeaaTovHast (pyHKIHUS,
OIHCHIBAIONIAS PACIIPOCTPAHEHHUE IPsIMOii BoHbl € 7' =e *e 1/ = e g ioVC!

XapakTepU3yeT Mepeaady CUTHAIOB 110 JHHUU C COXpPaHEeHHEM (OPMBI U 3a1EPIKKOM

BO BpeMeHu Ha Benmuuny 7 = (+/LC = (/v . IIpeanonoxum K Tomy xe, uto Z; W

Z; ABISIOTCA AKTMBHBIMHM COIpPOTHBJIEHUSAMH, paBHeIMHU Rr u Rp. Ilpu

~

OTOBOPEHHBIX YCIOBUAX KOA(P(UIMEHTHl oTpaxeHus A, U A, — BEIIECTBEHHBIE
4KClla, TPUHUMAIOIIME 3HadeHus B npemenax —1<A , <1, xosdpdunuent
BO30yxaeHus JuHNN K, . — BemecTBeHHOe monoxutensHoe unciao 0<Kj.: <1, a

nepeaaTrodHas (bYHKL[I/IH I[HHHHOi/'I JIMHHUU OIIPCACIISACTCS BBIPAKCHUCM
_KaeKa e el (

Monynb uucnuTenss 3TOM (QYHKIMM OT 4YacTOThl HE 3aBHCHUT, a MOAYJb

Kiero (w)

3HaMEHATeNsl IEPUOJIMYECKU U3MEHSIETCSl ¢ YacTOTOM 2, Ompenesisis yepeoBaHue
MOJIOKHUTEIIBHOW M OTPUIIATENILHON OOpaTHOW CBSI3M B JTOM CHCTEME IMepeaadu

CUrHAJIOB. B coorBeTcTBUU ¢ KpuTepuem HalikBucra cucrema ycTOMYMBa, TaK Kak B

JVHMSIX € TOTEPSIMU IIPU JHOOBIX 3HAaUeHUAX A 1 A, BeIW4MHA ‘AlAz‘e_zac <1. Ecin

OHa OnuM3Ka K EJUHHIE, TO aMIUIMTYJIHO-4acTOTHas xapakrepuctuka (AUYX)

CUCTEMBbI HUMEET TaKOM e BUJ, KaK y rpeOeHdYaToro puibTpa, Npu €€ YMEHbIICHUN

~ ~

AUYX BbIpaBHUBAETCS, CTAHOBACH PABHOMEpPHOM, kKoraa A, uiau A, paBHbBI HYIIO.

54



I'padpuxkn AYX mnepenaTtouHoil (yHKUMM AJIUHHOW JMHUM TIPU  Pa3IMYHBIX

3HAYCHUSAX BEJIMUMHBI \AlAz\e‘Z“‘ npezacrasieHsl Ha puc. 2.10.

K@)l
Z(xx 0’9
—2(xx 0,3
Z(xx -0
0 : | ;
IS 3n
T T

Puc. 2.10. I'papuxun AUX nepenatoyHod (QyHKUMH JUIMHHOM JIMHUM TIPU PA3IAYHBIX

X A —2al
3HAUYEHUSIX BETMYUHBI ‘AlA2 ‘ e

O6patumcs k Gynkupn €7@’ comeprxameiics B unMciuTelle ¥ 3HAMEHATENE
oOmiero  BbIpaXeHHMA mepenarouHorl  Qynkumm (2.85) w  ommchIBaromiei

pacmpocTpaHeHue B JIMHUM MPSMOW M OoOpaTHOW BOJH. B nuHUM C 3aTyxaHueM u

nucrepereii ee AUX, pasnas |K(w)| = e *@)! y ®YX, paras argK (w)=—L(w)!,
OTIPECIISAIOTCS YaCTOTHBIMHM 3aBHCHMOCTIMH Kod(dummeHra 3atyxanus o(w) u
BOJIHOBOTO uncia f(w), pacCMOTPEHHBIMU paHee. XapaKTep 3THX 3aBHCHMOCTEM

MOXKET OKa3aTh CyIIeCTBeHHOE BiMsHHE Ha (popmupoBanne AUX n OUX niamHHOMI
JUHUU U TIPUBECTU K aMIUIMTYJIHBIM U (PAa30BBIM HCKKCHUSIM TEpeIaBaeMbIX IO

HEW CUTHAJIOB.
Koumponvnsie eéonpocel u 3a0anus

1. Kakoe YCIIOBUC COCTaBJIICT OCHOBY pPaCcCMOTPCHHBIX PCKUMOB

HCIIOJIB30BaHUA NJIMHHBIX JIMHUHA IIpH 1I€pcaayc CHUT'HAJIOB?
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2. Kakoe siBIeHHe yCTpaHseTCsl B pAaCCMOTPEHHBIX pexkuMax? Kakoit Bua numena

061 AUX, ecu OBl 3TO sIBIICHHE HE OBLJIO YCTPAHEHO?

2.9. Ilpumenenus ONUHHBIX TUHUTL

2.9.1. Ilepedaua cucnanos

OcHOBHOE Ha3HAY€HUE JUIMHHBIX JIMHUKW — mepedadya wuHpopManuu Ha
PAcCTOSIHUE ITOCPENCTBOM JJIEKTPUYECKUX CHTHAIOB. DopMa 3THX CUTHAIOB M
CIIEIOBATENIbHO, HX CHEKTp OBbIBAlOT CcaMbIMU pa3HOOOpa3HbIMU. [ JaBHBIM
TpeOOBAHHEM, MPEABIBISIEMbIM K JMHUSAM B TAKOM KauecTBe, SBJIAETCS Iepenaya
CUTHAJIOB C MUHHUMAJIBHBIMU HCKaKEHHUAMH. CXema CUCTEMBI C JUIMHHOW JIMHUEM,
IIPEIHA3HAYEHHOW JUIsl IEpeladl CUTHAJIOB, IIpeIcTaBlieHa Ha puc. 2.11. Ee pexuMsl

WCIOJIb30BaHUs OINPEICIICHBI paHee B 1. 2.8.

Z
| —
—

U . . . .
. QD V,Zg Z, T U(ﬁ ): Usox=K cuer Usx

Puc. 2.11. Cucrema ¢ JyiiHHOM TUHUEH, TpeAHA3HAYCHHAS IS TIEpeJayll CUTHAJIOB

Ha mpaxTuike Ui mepeaadd y3KOMOJOCHBIX CUTHAJIOB MCIOJB3YIOT JIMHUU C
MUHUMAJIBHBIMHU TOTEPSIMH, JUIS TIepeiadl MIUPOKOMOIOCHBIX CUTHAIOB — JTMHUH
0e3 uckaxxeHuil. B o0oux cimydasx o0ecrneuyrnBaroT COTJIACOBAHUE CO CMEXHBIMU
LEMsIMU ¢ 00eux cTOpoH: Zr=Z1=Zp. B 3TOM ciyyae:

Kiero = 0,56 *e 17, (2.87)

Hcnonpe3ysi CrieKTpalbHBIN METOJ| aHaIW3a TepeJayd CUTHAJIOB, YUUTHIBAS
TEOpeMy 3amas[bIBaHus npeodpazoBanust Oypbe, MOKHO TOIYYHUTH BBIPAXKCHHE,
OTIpEe/ICIISAIONIEee BBIXOJHOM CUTHAN MPHU YCJIOBUU COTJIACOBAHUS CO CMEKHBIMU

HEISIMUA

UAUO(t) =0,5efaCUAO_ (t —T) (288)
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2.9.2. Jlunuu 3a0eprcku

JUTMHHBIE JIMHUM MOKHO HCIIOJIB30BaTh B YCTPOMCTBAX 3aJ€PKKU CUTHAJIOB.
Bpemss 3ajgepxku curHaza B JIMHMA 7 OMpENESeTcs  OTHOIICHHEM
T :ﬁ/ Vg =(yJLC. CooTBeTcTBytOIIasl cxema IMpeAcTaBieHa Ha puc. 2.11,

OCHOBHOM pe3yJIbTaT onpeaeiisaeTcs: BeipaxenueM (2.88).

2.9.3. Dnemenmovt UHOYKMUBHOCMU U eMKOCIU

N3 dopmyn (2.60) u (2.61), ompenensronux BXOAHOE COMPOTUBJICHUE
KOPOTKO3aMKHYTOM M PAa30OMKHYTOW Ha KOHII€ JJIMHHOW JIMHUM O€3 MOTeph, U
COOTBETCTBYIOIIIMX UM TrpaduKOB, TMPUBEACHHBIX Ha pHC.2.7, CcIeayer
BO3MOXXHOCTh TPUMEHEHHSI OTPE3KOB TaKUX JIMHUW B KaU€CTBE MHIYKTHUBHOCTHU U
eMKOCTH. BenuumHa 5THX DIEMEHTOB 3aBHCHT OT JUIMHBI OTpe3ka nuHuu L .
Jnmuny, oOecreunBaroyo 3aIaHHYI0 BEIUYMHY UHIYKTUBHOCTH Lo Miin eMKoCcTH
C5, MOXKHO HAaWTH, IPUPABHUBAS BXOTHOE COMPOTHBIICHUE (IIPOBOIUMOCTD) JIMHUU

BXOJIHOMY COINPOTHUBJICHUIO (IPOBOAMMOCTH ) SKBUBAJIEHTHOT'O 3JIEMEHTA.
= L, N —l— Cs

.l .
a) 6)

Puc. 2.12. OTpe3KI/I HHHHﬁ, 9KBUBAJICHTHBIC 3JICMCHTAM MHAYKTUBHOCTHU U EMKOCTHU

B xauecTBe mepBoro npuMepa HaiieM IIUHY £, KOPOTKO3aMKHYTOTO OTpe3Ka

auHuu 0€3 MoTephb, SKBUBAJICHTHOTO UHAYKTUBHOCTHU La (puc. 2.12a). [{ns oTpeska

ik Oe3  noteph umeeM (2.60)  Zgyeo = jotgBl,, s cONpOTUBIEHHS

SKBHBaJICHTHOW MHAYKTHBHOCTH UMeeM Z = ol . [IpupaBHseM 3T BbIpaKSHUS

iptapl, = jolL, . Otkyna cnenyert
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l, =£arctg o, __1 arctg oby
p  oyLC yo,

AHaJOTHUYHO HaiieM UIHHY {; Pa30MKHYTOTO OTpe3Ka JIMHUU Oe3 MOTepb,

skBUBajieHTHOro emkoctd Cs  (puc. 2.126). B  pesymbrate cpaBHEHUS
KOMILIEKCHBIX MIPOBOJAMMOCTEH JIMHUK U eMKOCTH C3 MoJyuynm
aC, aC,

Y arctg—~.

1
Yo, N w\JLC Yo,

0, = larctg

2.9.4. Pezonamoput

KopoTko3aMKHYThIE W Pa30MKHYTHIE Ha KOHIIE OTPE3KH JUIMHHOW JIMHHUH C
MaJIBIMH TTOTEPSMH JTUHOM, KpaTHOW A/4 , HCIIOJIB3YIOT B KAYECTBE PE30HATOPOB
MOCJIEIOBATEILHOTO M TapajliebHOro THUIOB. OCHOBOM Jii PacuyeToB TaKUX
pe3oHaTopoB sBISItOTCS (opMynbl (2.62) u (2.63), omnpenenstomme BXOIHbBIC
COTPOTHUBIICHUS JUTMHHBIX JINHUU.

[ToxaxkeM, HampuUMep, KaKk PaCCUYUTHIBAIOTCS MapaMeTphl YETBEPTHBOJTHOBOTO
OTpe3Ka KOPOTKO3aMKHYTOW JIMHHUH, MCIOIB3YEMOTO B KadeCTBE MapajuIeIbHOTO

pe3onatopa (puc.2.13). N3 dopmynsl (2.62) HaxoguM, dYTO Ha YacTOTE
Wy = 7[/ (2@\/5 ), COOTBETCTBYIOIICH JIMHE BOJHBI A9, BXOJHOE COMPOTHUBJICHUE
OTpe3ka JIMHON A,/4 sBNSeTCS aKTHBHBIM M JOCTHIaeT MAaKCHMAJIBHOTO
3HAYEHHsl, IPUOJIMKEHHO PABHOTO BENMYMHE Zynecpax p/al. lllupuHa TOIOCH
MIPOITYCKAHUS Ha YpOBHE Zs5ecmax / J2 MIPUOIMKCHHO paBHa

AWy 107 = Wsp 5 — Wsp y 2a/\LN . Comnocrasnsist 5T naHHBIE ¢ XapaKTEPUCTHKAMM

L C-pe3oHaTopoB, HAXOUM, YTO YETBEPTHBOJIHOBBIN KOPOTKO3AMKHYTBIA OTPE30K
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|ZBX_K3|/\
T R
Re[}] Ca_l_ l—a — : :
Zgy (0)=R,N(w) Z g3 () i i
0p =1/\JL,C, wp =n/20JLC 0 o, 20, >o
Q=0,C,R, Q=~nr/do/

Puc. 2.13. OTpe30k TMHUH, S5KBUBAJICHTHBIN NapaJICIbHOMY PE30HATOPY

JUHUYU, TPUMEHSEMbIi B KauyecTBE MapajuIeIbHOrO pe3oHaTopa, o0JamaeT
napaMeTpamu: @ =7Z'/ 2(\JLC, Q=~r/4al . 3Hauenus HOOPOTHOCTH PE30HATOPA,

BBIYHMCJIICHHBIC 110 HOCJ'I@I[HCfI (I)OpMy.TIC, MOIr'yT JOCTUT'ATh HCCKOJIBKUX TBICAY, YTO
IMO3BOJIACT HCIIOJIB30BATh TAKHUC OTPC3KU JIA YaCTOTHOM I/I36HpaTCJII)HOCTI/I B

nuamnaszonax 10° <10 I'w.

2.9.5. Memannuueckue u3onamopul

BxoaHoe compoTuBlIeHHE YE€TBEPTHBOJIHOBOTO KOPOTKO3AaMKHYTOTO OTpE3Ka
JUHUU C MaJIbIMU TIOTEpsiMHU, ompenensemoe (opmynoit (2.62), mpuOAMKeHHO

paBHO BemuunHe Zzsec(4,/4) = p/cl. TIockosbKy OHA 3HAYMTENBHO TIPEBBIIACT

BEJIMYUHY BOJIHOBOTO CONPOTHMBICHUS JUHUM p (Zssec >>p), TO HA HaCTOTE

KoseOaHu @, =7r/ 2(\JLC Takme OTpe3KH UCIOJB3YIOT B KaueCTBE H30JISTOPOB,

KOTOPBIE Ha3bIBAKOT METALINYECKUMU. VIX IPUMEHSAIOT, HAIPUMED, AJIsI KPEIJICHUS
JBYXIPOBOAHBIX BO3IYIIHBIX JUHUHA (puc. 2.14a), Ay KperyieHus BHYTPEHHETO

MIPOBOJTHUKA KOAKCUATBHOU TuHUM (puc. 2.140) u T. 1.
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a) 6)

Puc. 2.14. Metannuueckue U30isITOpbl

2.9.6. Yemeepmub6o1106blil MPAHCHOPpMamop cOonpomueieHuil
PaccMoTprM BXOJTHOE COTPOTHBIICHHE YETBEPTHBOIHOBOTO OTPE3Ka JITTMHHOM
nuHUM  0e3 TOTepb, HArpyKEHHOTO aKTHBHBIM comportuBieHneM R; . B
cooTBeTcTBHU C (opmynoit (2.57), korma =0 u (=A,/4, oHO SBISETCS YUCTO
AKTUBHBIM M PaBHSCTCS BEIIMUNHE
Rio =Zao =P°/R; . (2.89)
OTcroma BHIHO, YTO M3MCHCHHEM BEIUYMHBI BOJTHOBOTO COINPOTHUBIICHUS p
TAKOTO OTpE3Ka MOXXHO B IMUPOKHX TIpeleiax peryjIupoBaTh €ro BXOJHOEC
conportuBieHne R;5. DTO CBOMCTBO YETBEPTHBOIHOBBIX OTPE3KOB UIMHHBIX

JUHUN C MaJbIMH TOTEPSMH IHPOKO HCIOJB3YIOT B TEXHUKE CBEPXBBICOKHX
gactot (CBY) ayis nmpeobpaszoBanus (Tpanchopmaiium) COpoTUBICHHM.
[TocpencTBOM  4YETBEPTHBOJIHOBBIX  TPAHC(HOPMATOPOB  COMPOTHBICHHM
0OBIYHO COTJIACYIOT JIMHUU TIEpelaud U WX HArpy3KH, €ClU TocjeaHrne 00IaaaroT
YUCTO aKTUBHBIM COMPOTHUBJICHUEM. [lycTh, HammpuMep, BOJTHOBOE COMPOTHBIICHHE

JVHUM NEpEefadu paBHO Qg , a CONPOTHBIEHUE Harpysku R. # p. (puc. 2.17a).
Hcnonb3ys bopmyny  (2.89), HaleM BOJIHOBOE COMPOTHUBJICHUE

YETBEPTHBOJIHOBOIO TPAHC(HOPMATOPA CONPOTUBICHUN ppp =+/R; Pk -
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a) 6)

Puc. 2.15. YcTpoiicTBa, HCMOJB3YIOUIME CBOMCTBA IJIMHHBIX JTUHUMN:
a) TpanchopMaTop COPOTHBIICHUH;

0) TMHENHBIN BOJBTMETP

Jpyroii mnpuMep NOpPUMEHEHHS YETBEPTHBOJIHOBOIO  TpaHcpopMaropa
CONPOTUBJICHUA — €ro MCIOJb30BaHHME B u3MepuTeabHOM TexHuke CBUY.
N3meputenbHblii npubOOp € MajbiM BXOAHBIM CONPOTHUBJIECHUEM (Tepmomapa,
TEPMUCTOP) MOJKIIOYAIOT K H3MEPSIEMOMY OOBEKTY Yepe3 YeTBEPThbBOJHOBBIM
oTpe30ok JauHuu (puc. 2.176). Takoe H3MEPUTEIBHOE YCTPOMCTBO HA3BIBAIOT

JTVHEHHBIM BOJBTMETPOM. Ero BxoaHoe compoTuBieHHE R;y TeMm BbIIE, 4eM
00JIbIlIE BOJTHOBOE COIPOTUBIIEHUE TpaHCHOPMATOPA Oy U YEM MEHBIIE BXOJHOE

— A2
COMPOTHBIICHHE U3MEPUTENBHOTO TIprbopa R, ;, Tak kak Rig = p& /R 5 -

[Tocnennsiss  ¢opmyna aHaJOTMYHA HW3BECTHOMY M3 ONTUKM COOTHOLICHHIO  JUIS
K03 duIMeHTa IPeIOMIIEHUS YETBEPTHBOJIHOBOM IUIEHKH, «IIPOCBETIISIONICH» IpaHULly pa3jiena
JIBYX pa3lnyHbIX cpea. B o0oux ciydasx NOPOMCXOAUT B3aMMHAas KOMIIEHCAIUsl BOJIH,

OTPAKCHHBIX obenmu HCOAHOPOAHOCTAMU.

2.9.7. H3mepumenvhas 1uHus

JIns n3MepeHnsi KOMILUIEKCHBIX CONPOTHUBIIEHUHM YCTPOMCTB B nuanazone CBY
UCIIONB3YIOTCA JIMHUM C MajblMM IIOTEPSMM B BHIE TAaK Ha3bIBAEMBIX
UMepumeabHolX JuHui. B M3MEPUTEIIBHON JIMHUU C JIMHEWHBIM BOJIBTMETPOM
coderaercs ABYXIPOBOJHAS JUHUS (BO3AyLIHAS WIHM MOJIOCKOBast). M3mepss EN Af
U PACCTOSIHUE X| OT KOHIIA M3MEPUTENbHON JMHUU 10 ONIKalIIero MUHUMyMa
HaIpsSDKEHMS, TI0 M3BECTHOMY 3HAYEHHIO BOJHOBOTO CONPOTHUBIICHUS JIMHUHA L
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BBIYUCJISIOT 3HAYEHUE KOMILJIEKCHOTO CONPOTHUBIICHUS Z; , HOIKIIOYEHHOTO K HEH
yCTPOMCTBA, UCTIONB3YS GOPMYITY

_ p— JKysi 196%,)
Kiai — 1198%
KOTOpas  SIBISETCA  CIHEACTBUEM  BblpaxkeHuss  (2.29) u  paBeHCTBa

Zao (D ioy, = P/Kai

(2.90)

C nmoMOImBIO M3MEPUTEIIBHOW JIMHUM, 3aKOPOYEHHOM HA KOHIIE, MOYKHO
OTPEICIISITh YacTOTy (JIJIMHY BOJIHBI) T€HEpaTOpa TapMOHHYECKUX KOJICOAHUHU MO

paccTosiHuI0 A MeXay IByMsl COCETHUMH MUHUMYyMaMH HanpspkeHus (A, = 2A4).

PaccMoTpeHHBIE Ciydan HE MUCYEPIBIBAKOT BCEX BO3MOYKHOCTEM ITPUMEHEHHUS
JIUHHBIX JTUHUA. B TexHnke CBY MOXHO BCTPETUTh HEMAJIO JAPYIHUX YCTPOMCTB,

IMOJIC3HBIC KAYCCTBA KOTOPBIX OCHOBAHBI HA CBOMCTBaX JJIIMHHBIX JIMHUH.

Koumponvnwie éonpocel u 3a0anus

B paboueii TeTpanu uisi CaMOCTOSATENBHOM PaOOThI BBIMOJHUTE YIPAKHEHUS:

1. Curnan uUgx(t) va gactore 100 MI'n nmepenaercs (cxema Ha puc. 2.11) mo
kabemto  PK-75,  koropelii  XapakTtepuszyercs  mapameTpaMmH:  BOJHOBOE
conpotunenue 75 Owm, 3atyxanue 0,105 n1b/m, ckopocTh pacnpocTpaHeHHUs! BOJIH
185 m/mMkc. Haitnute Uswix(t), paccuntaB KO3(pOGHUIMEHT Mepenadyd U BEIHMYUHY
3a/IepKKU CUTHANA B IMHUU niepefadn. ConpoTuBieHne Harpy3ku 75 Om.

2. [Ipn KakuX yCIOBHSX OTPE3KH IJIWHHBIX JTUHUH HCIOJB3YIOT B Ka4eCTBE
AJIEMEHTOB UHIYKTUBHOCTH U EMKOCTH?
Hcnonp3ys yciaoBre paBEHCTBA COMPOTUBICHHUM BYXITOIFOCHUKOB:

a) monmyuute GopMyny Uil pacdera JJIMHBI 3aKOPOYCHHOTO OTpe3Ka JIMHHH,
UMEIOIIETO BXOHOE COMMPOTUBIICHNE, PABHOE 3HAYCHHIO 33/IaHHON MHIYKTHBHOCTH;

0) monyuute GopMysy IS pacyeTa JJIMHBI Pa30OMKHYTOrO OTpe3Ka JIMHHH,
UMEIOIIETO BXOJAHOE COIIPOTUBIIEHUE, PAaBHOE 3HAYEHHIO 3aJJaHHON €MKOCTH.

3. [Ipu kakux yCIOBHUSX OTPE3KH JJIMHHBIX JIMHUW WCIIONB3YIOT B Ka4eCTBE

pezonaropo?  ComoctaBisis  napameTpbl  napaiienbHoro  LC-xkonTypa U
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KOPOTKO3aMKHYTOTO OTPE3Ka JIMHUH, MOTydnuTe (POPMYJIBI [IJIs pacueTa pe30HaHCHOM
YaCTOTHI U IOOPOTHOCTU PE30HATOPA.

4. IIpu KaKuX yCIOBUSX KOPOTKO3aMKHYTBIE OTPE3KH MCIOJIB3YIOT B KAUECTBE
METaJUTMIeCKNX U30JaTopoB? Kakue sBIeHUs 00yCIOBIMBAIOT 3TY BO3MOXKHOCTH?
YKaXuTe MpuUMeEpPHI UCTIOIH30BaAHUS METAJUTMUECKUX H30JISTOPOB.

5. PaccmoTpuTe  4eTBEpPTHBOJSHOBBIA  TpaHCcHOpPMATOpP  COMPOTUBIICHHIA.
[Tomyuute Qopmyy, OINPEAETSIONUIYI0 €ro BXOAHOE COIMPOTUBICHHE. YKaXUTE

IMPpUMCPBI UCITOJIb30BaHUA YCTBCPTHBOJIHOBBIX PC30HATOPOB.

2.10. Boinvt ¢ akmueHblx OJIUHHBIX JTUHUAX

B aKkTMBHBIX [JIMHHBIX JUHUSX TOTOHHBI mapamerp G mnpuHHMaeT
orpuniatenbubie 3HaueHHus (G <(), yduTbiBass TeM CaMbIM CIIOCOOHOCTH JIHHUU
KOMIICHCUPOBAaTh MOTEPU U YBEIUYMBATh SHEPTUIO PACIPOCTPAHSIOMIMXCS B HEU
BOJIH. TakuMu JAIUHHBIMA JIMHUSIMH ~ MOJEIUPYIOT BOJHOBBIE IPOIIECCHI,
MIPOUCXOMSINNE B SJIEKTPOHHBIX CHCTEMaxX, OCHOBAHHBIX HAa PACTPOCTPAHEHUH BOJIH
B aKTHUBHBIX cpeaax. K HUM OTHOCSTCS, HapuMep, pPa3InYHOrO poJa YCHUIMTEIU U
TeHepaTOphl OEryIIei BOJTHBI, UCTIOIB3YIOIINE B OJHUX CIyJasX aKTUBHBIE CBOMCTBA
HJIEKTPOHHBIX MTYYKOB, a B IPYTUX — Pa3JINYHbIE KBAHTOBBIE SIBJICHUS B Cpejiax.

[TpencraBum morouusiii napametrp G B Bune G =— g, rae g > 0. YpaBHenus
(2.7) m (2.8), ommchiBaromMe TApMOHUYECKHI BOJHOBOM MpOIECC YACTOTHI @,
pemieHust 3tux ypaBHenuit (2.10) m (2.11), a Taxke OKOHYATEIbHBIC BBIPAKCHUS
(2.18) m (2.19) coxpaHsOT CBOM BHI UIsi aKTUBHBIX JuHUi. [locTosiHHAS
pacipoCTpaHeHUs] Yy U BOJHOBOE COMPOTHBIICHHWE Zg OMPEIACISIOTCS (GopMyIaMu

(2.12) u (2.13), kOTOpBIC B 3TOM CiTy4ae IPUHUMAIOT BU/I:

y=yJ(R+joL)(-g+jaC) =a+ jB, (
2.91)

Z;, = (

2.92)
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[Tpu BemonHenun ycnoBuili R << wL, g<<wC xo3pdunuentsr a, f u
BOJIHOBOE CONPOTHBIEHHE Zp, MOJOOHO CIIydalr0 JHMHHUU C MajbIMU IOTEPSAMH,

pPaccMOTPEHHOMY B II. 2.1, onpeaensitorcs NpuOIMKEHHBIMU BHIPAKEHUSIMU

azi—g—p, =w\LC, (
2p 2 2.93)
Z, = p=A/LIC. (
2.94)

U3 (2.93) cnenyer, uro npu ycnosun R/p >(Qp, BenmuunHa o MONOKUTEIBHA

(x>0). B stom cnydae pacmnpeeicHHs] MIHOBCHHBIX 3HAYCHUN HaNPSOKCHHS
u(t,x)um toka i(t,x) onpenenstorcs popmyiamu (2.18) u (2.19), onuceiBaronmmMu
npsiMbie ¥ OOpaTHbIE BOJHBI, 3aTyXalOIIHe MMPH PACIPOCTPAHEHUH, KaK B OOBIYHOM
nuHuM (puc. 2.1).

[Ipu  BemonHenun ycnoBus R/p<Gp  BeamunHa o CTAHOBHUTCS
orpunarenbHoit (o < 0). B atoMm ciryuae popmyst (2.18) u (2.19) npuaMMaroT BU:

u (t, X) — Ale""“‘xcos(a)t — ﬂx + [//1) + Aze_‘a‘XCOS(a)t + ﬁX + Y, ), (295)

i(t,x)= %e*“xcos(wt - BX+y, -, ) _
A

" (2.96)
_Z—e“”cos(a)t + X+, — o, )

A

OIIMChIBAsA IIPAMBIC U O6paTHBIC BOJIHBI, Hapacmarouiue npu pacnpocmpaHenuu.

WX aMmnTyibl IO MEpe JIBUKEHUSI BOJHBI YBEIUYUBAKOTCA MTPOMOPIHUOHAIIBHO el
(puc. 2.16). U B cootBerctBUU ¢ (opmynamu (2.32) m (2.33) yBeIMUUBAIOTCS
MOTOKH MOIITHOCTH, IEPEHOCUMBIC STUMH OETYIITUMHU BOJTHAMMU.

CnenoBaTenbHO, aKTUBHBIE JIMHUM MOTYT ONMCBHIBATH MPOLIECCHI, CBS3aHHBIE C
YBEJIMYEHUEM MOIIIHOCTH KOJEOaHUN — yCUJICHUEM U I'eHEpUPOBAHUEM KOJCOaHUM.
MCTOYHUKOM SHEPruu 3/1eCh SIBISCTCS BHEITHUN HCTOYHHK, OOCCIICUYMBAIONIUN M
MOJJEPKUBAIOIINN COCTOSIHUE CPEAbl C OTPULIATEIBHBIM 3HAYEHUEM MONEPEUYHOU

IMPOBOJAUMOCTH.
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Puc. 2.16. IIpsimast BoiHA B aKTUBHOM JTMHHOM JIMHUU

2.10.1.Ycunenue xkonrebanuil 6 akmueHvlx JIUHUAX

O0600111eHHOM CcXeMOM yCWIHTENsl Oerylieil BOJIHBI MOXKET CIIYXKHUThb CXeMa
CUCTEMBI Tepeiaydl CUTHAJIOB, MpecTaBieHHas Ha puc. 19a. OnpenennM ycaoBHs
YCTOMYMBOCTU TMPOIIECCOB B AKTUBHOW JIMHUM, TOKa3aHHOW Ha puc. 2.17a,
NpeIHa3HAYeHHONW Ui YCWICHHS CHUTHAJIOB. PaccMOoTpuMm ee Kak Ccucremy c
obpatHoit cBa3pio (OC) (puc. 2.96), xapakTepuzyeMyro NepeaaToyHor (QyHKIHeH

(2.73). B cooTBeTcTBMM C KpUTEepHEeM ycToWYMBOCTH HalikBrcTa 3akirodaeM, 4TO

Cucrema
R LLCR-G =a<0 L,CCR-G =a<0
~ S I o
Usx v.p R”Ij TU(f):UBb,X :I' ‘P R, TU(f)=Usbfx
rret? < e
a) 6)

Puc. 2.17. CxeMbl, MOAECTUPYIOIIHE IPUHIUI PAOOTHI ANMEKTPOHHBIX YCTPONCTB!
a) YCUIIUTEIb,

0) aBTOr€HEpaTOp

. XK a2t
yCTOWYMBa, KOIJa ‘AlAze“ ‘<1. DTO yCIOBHE JIETKO BBINOJHAETCSA, HampUMmep,
kornra R; =p=>A,=0 wmm xorma Rz;=p=A =0. B mnepBom cay4ae

OJTHOBPEMEHHO  00eCIeunBaeTcsl MaKCUMAJIbHBIH  KOA(D(HUIMEHT  TMOJIe3HOTO

I[CﬁCTBI’IH YCUIIUTCIIA, TaK KaK cCp€aa HE pacxoAyCT OHCPrur0 Ha YCHIICHUC
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OTPa)KEHHOM BOJIHBL. BO BTOpOM cCilydae, eCliu JMHHUSA ABJIIETCS B3auMHOMU, a R; =0
wm R, >o0o= |A2| =1, ycuIuBaeMblii CHUTHal JBaXAbl B3aUMOJIECHCTBYET CO

CpeIoif, 4TO MPUBOAUT K YBEIMYEHHIO KOXPPUIMEHTA YCUJICHUS CHCTEMBI, HO
BBI3BIBACT TPYIHOCTH, CBSI3aHHBIE C PA3[CICHUEM HA BXOJE JMHUUA IPAMOU H

00paTHO# BOJIH.

2.10.2. I'enepuposanue Konedanuii 6 AKMUBHBLX TUHUAX

[Ipu BBIMOTHEHUU YCIOBUSA
‘AIAZ‘eZ\a\KZl (
2.97)
cUCTeMa SIBISIETCS HEYCTOMYMBOM. B 9TOM ciiydae B akTUBHOM JIMHUM BO3HUKAIOT U
YCTaHABJIMBAIOTCS aBTOKOJIeOaHms. X MCTOUHUKOM DHEPTUH, KaK U B MPEABITYIIEM
cily4ae, SBJISIETCS Cpela, AaKTUBHOCTh KOTOPOH TMOJICPKUBACTCS BHEIIHUM

WCTOYHUKOM SHEPTHH.

N3 nHepaBencTBa (2.97) ciemyeT, 4To TpU TOCTPOSHUHW aBTOTCHEpaTopa Ha
AKTUBHOW  JIMHUM  BBITOJHO  OOECHeYWBaTh  MaKCUMaJbHBIE  3HAYCHUS

K02 (PUIIMEHTOB OTpa’KeHUS |A1| u |A2|. [TosToMy Ha OIHOM W3 KOHIIOB JIMHHUH
Harpy3Koil CIIy’)KUT KOpoTkoe 3amblkanue R;; =0, a Ha Apyrom 10CTaTO4HO Mayloe

comporusieHue R;, < p. O000mEeHHas cXxemMa Takoro aBTOTE€HEpaTopa Ha pHC.

2.176.

3HaueHUs 4YacTOT aBTOKOJEOAaHMH ;, BO3HUKAIONIUX B OTOM CXEME,
OIIPENEIAI0TCS yCI0BUEM OanaHca (a3, UMEIOLIEro 31eCh BU PaBEHCTBA!

argA, +argA, +2p3(=2zn, (n=0;1,2...). (

2.98)

W3 Hero npwu '5‘1 =-1= argAl =7T wu Ri < Pp= argAz =7T craemyer

IPOCTOE BBIPAKCHHE
(=ni;12, (
2.99)
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MOKa3bIBaIOIIee, YTO Ha AJUHE AKTUBHON JMHUU JOJDKHO YKIIAJbIBATHCA IIETI0€
YHCJIO MOTYBOJIH TeHEPUPYEMBIX KOJIEOaHHIA.

OnHOBpEMEHHOE BBINOJIHEHUE YCIOBUW OanaHca aMIUTUTyn W OanaHca Qa3
ompezenseT CHeKTp aBTokoseOaHuil. CyIIeCTBEHHYIO pOJb 37€Ch HIpaer

3aBUCUMOCTDB 0[(0)), T. €. 3aBUCUMOCTbH OTpPIHaTeJ]LHOfI IMPOBOAUMOCTH CpCAbl OT

YaCTOTEI.

K qUCIIY aBTOICHCPATOPOB, AJIA KOTOPBIX AKTHBHBIC JIMHHUHW MOI'YT CIIYKHUTbH
MOJCIIEIMHU, OTHOCATCS KBAHTOBBIC TI'CHCPATOPBLI OIITHYCCKOIO, I/IHquaKpaCHOFO u
CY6MPIJIJIHMGTPOBOFO AHUAIIa30HOB, ad TaAKXC TI'CHCPATOPHI CBY Juaria3oHa

(KIUCTPOHBI, JaMIIbl OOPATHON BOJHBI, TEHEPATOPHI AUPPAKIUOHHOTO U3ITYUEHU).

Koumponwvnsie gonpocel u 3a0anus

1. Kakue nMHUY Ha3bIBAIOT AKTUBHBIMM ?

2. B paboueil TeTpamu MOJY4YUTE BBIpAKEHHUE, OMPEIEIAIONIEee MOCTOSTHHYIO
pacupoCTpaHEHHs] aKTUBHOW JIMHUM. Y KAXKUTE YCIOBHUE, IIPU KOTOPOM aMIUIUTYbI
pacupoCTPaHSAIOIIMXCS BOJIH HAPACTAIOT.

3. Ucnonb3yst kputepuii HalikBHCTa, pacCMOTPUTE PEXUM HCIIOIb30BaAHUS
CHUCTEMBI C JIJTMHHOM JIMHUEN B KAYECTBE YCUIIUTENS KOJIeOaHUM.

4. Ucnions3yst kputepuii HailikBucra, pacCMOTpPUTE PEXKHUM HCIOJIb30BAHMS
CHUCTEMBI C JJIMHHOW JIMHHUEN B KaueCTBE aBTOreHeparopa. /JJokaxure, 4To Ha JJIMHE

aKTUBHOM JIMHUU AOJDKHO YKIIaABIBATHCA LEJI0€ YMUCJIO ITOJTYBOJIH.

2.11. Boinvt 6 He0OHOPOOHBIX OTUHHBIX TUHUAX

2.11.1. ¥Ypasnenusn nHeoOHOPOOHBIX TUHUIL

B HEOAHOPOHBIX ATMHHBIX JIMHUAX 3HAYEHUS OTOHHBIX mapameTpoB L, C , R
u G 3aBUCAT OT NPOAOIBHOM KOOpAMHATHI X. Takas 3aBUCUMOCTb MOKET OBITh
maBHoOW (puc. 18a) uiM, TpU KacKagHOM COCIUHEHUH OTPE3KOB OJIHOPOIHBIX
JUHUHM, CckadkooOpasHou (puc. 2.180). Hammume B KOHCTPYKIIMU JUHUHU
HEOJHOPOJHOCTEN MOJKET IPUAABaTh €U MoJie3Hble cBoWcTBa. [Ipumepom 3mech
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MOJKET CIY>)KUTb PAacCMOTPEHHBIII paHee YeTBEPTHBOJIHOBBIA TpaHchopmaTop
conpotusieHui. HeoqHOPOIHbIE JIIMHHBIE TUHUN HAXOJAT IUPOKOE NPUMEHEHUE B

KaueCTBE COIJIacyloluX YCTpoicTB B paguoTexuuke CBY auanazona.

a) 0)
Puc. 2.18. HeogHopoaHble JUIMHHBIC JINHUH:

a) TUIaBHas,

0) ckaukooOpa3Has

3aMeTUM, YTO pacCMAaTpUBAEMBIE JIMHUM OTHOCATCS K KJIacCy JIMHEWHBIX
WHBAPUAHTHBIX BO BPEMEHM LIENIEW C paclpeleseHHbIMA napamerpamu. lloaxon,
UCIIOJIb30BaHHBIM B 1.3 mpu BbIBOAE TenerpadHbix ypaBHenuit (1.2) s
OJIHOPOJHBIX JIMHUM, NPHUEMJIEM U B paccMaTpuBaeMoM ciydae. B pesynbrate

MOJIYYUM CUCTEMY YpaBHEHUH € NepEeMEHHBIMU KOdDPuiimenTaMmu

_ou(xt) _ 8|(x t) :
" =L(X)——=+ R(X)i(x,t), @
_ai(xt) _ _ au(x t) .100)
o =C(x)————= p +G(X)u(xt).

[lopkaroueHWe HEOAHOPOJHOW JIMHMM K  WCTOYHHKY T'apMOHUYECKHX
KOJeOaHU MNPUBOAUT K BO30YXKJIEHHIO B HEW TapMOHHUYECKOTO BOJHOBOTO
nporuecca. B mo0oM cedeHnH Takoil JIMHUW HANpSHKEHHE M TOK — rapMOHUYECKHE
kojieOanns. OHM, KaK ¥ paHee B M. 4, MPEJCTABISIOTCS BeIpakeHusamMu (2.1) — (2.4).
[TocpencTBoM MeTOZa KOMILJIEKCHBIX aMIUIUTY YpaBHEHUS JUIMHHBIX JTUHUH (2.100)

MIPUBOJATCSA K CHCTEME YPAaBHEHHU I

ILICRPTN -

di) .101)

=Y (x)U (x),
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rae Z(x) u Y(x) — IOroHHbIe KOMIUJIEKCHBIE COMPOTUBIIEHUE U MPOBOJUMOCTb.
Cucrema (2.101) MOKET OBITH CBEJICHA K €IMHCTBEHHOMY
nuddepenninanbHOMy ypaBHeHHto. st aToro npoauddepeHuupyeM BHavaie obe

9aCTH IICPBOT'O0 YPABHCHUA CHCTCMBI

d2U(x dZ(x dl(x
V0 _ 82059799100
X
HS TOT'O K€ ypaBHeHI/IH cneayeT, qTo
: 1 dU(x)
[(X) = ——— ) 2.102
(x) 700 dx ( )
I/ICHOHBS}/}I TOXKACCTBO
1 dzZ(x) dInZ(x
9219 _ dinz(x) (2.103)

Z(x) dx dx
u dopmyny (2.101), moayyuM OKOHYATEIbHOE BBIPAKEHHE, KOTOPOMY JOJIKHO
YVAOBJIETBOPATh  pachpeiecieHue KOMIUIGKCHONM aMIUIMTYJbl HampsDKEHUs B

HEOJHOPOJHOM JUTMHHOW JIMHUU

dZUgX) (d InZ(x )jdu(x) Z(X)Y(X)U(X):O- (2.104)
dx dx

Ananornyno u3  (2.101) moxker ObITh TONydeHO auddepeHITnaATLHOS

ypaBHEHHE, OIMCHIBAIOIIEE paCMpeeSICHUe KOMIUIEKCHOM AaMIUIUTyAbl TOKa B

HEOIHOPOAHOM JunHHOM auHuH | (X)

di(x) (d di(x) Co (2
™ —(&I Y (x )) L Z0Y (910 =o. 105

OpHako, Kak W paHee, HET HEOOXOAMMOCTH pemiaTh obOa ypaBHeHUs. Ecim

HaAlJICHO pacrpe/e/ieHne KOMIUICKCHOW aMrmmuTyasl U(X), ciayxkariee pemieHHeM

(2.104), To pactpenenenue |(X) MoxKeT GHITH MOJIYYCHO TMOCPEACTBOM (HOPMYIIBI

(2.102).
BBezieM nmepeMeHHyI0 TIOCTOSHHYIO pacnpoctpanenus ¥ = y(X) =+/Z(X)Y (X) u
IepeMEHHOE BOIHOBOE conpoTuBinerne Z, =Zg(X) =/Z(X)/Y (X) . [loacrasuss ux
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B ypaBHeHus (2.104) u (2.105), moay4yuM CUCTEMBI ypaBHEHHIl C NEPEMEHHBIMH

K03 dUIuEeHTaMH
d?U(x) (d dUX) 5 pn
T_(&WZB) —— 7009 =0, (2.106)
d’(x) (d di(x)
— (—dxln yj ™ 72(x) =0. (2.107)

MaTteMaTH4ecKux NpPUEMOB, KOTOpBIE IMO3BOJSIM Obl MONy4YaThb 3aMKHYTBIE
BBIPXEHHUS JUIsI PEIICHUN TMPOU3BOJIBHBIX AU @epeHnanbHbIX ypaBHEHUN ¢
NEPEMEHHBIMU KO3 pUIIMeHTaMH, He cyluecTByeT. CTporue penieHus U3BECTHBI
TOJNBKO JUUII HEKOTOPBIX YACTHBIX CIy4aeB, OJHMH U3 KOTOPBIX MPOAEMOHCTPUPOBAH

HMIKC.

2.11.2. Heoonopoouasa nunus nepeoavu IKCHOHEHUUAIbHO20 MUNA
PaccmoTpum  kimaccnuecknid  NpUMEP  aHAIW3a HEOJHOPOJHOW  JIMHMH,
JOMyCKaromui crporoe pemieHue. IlycTp mepBUYHBIE TIOTOHHBIE MapaMETPHI

HHHHHOﬁ JJMUHHUHN 3aBUCAT OT HpOI[OJ'II)HOﬁ KOOpOAHWHATBI X II0 3KCIIOHCHIHAJIbHOMY

3aKOHY
L(x) =L,e 7*;C(x) =C,e", (2.108)
rne L,,C, — 3HaueHHs COOTBETCTBYIOIIMX HapaMeTpoB mpu x=0, a 0 —

KO3 GUITUEHT, XapaKTePU3YIONIUH UX H3MEHEHHE OT KoopauHaThl x. [TycTh Takxke B
ATOU JTUHUU OTCYTCTBYIOT OMHUYecKue morepu, T. €.: R = 0, G = 0. CnegoBatenbHO
Z(x) = joL(x) = joL,e ",
Y (X) = joC(x) = jaCoe™;
= joLOC(X) = joyLC,. (2.109)

r e -z

IIpu 5THX yCIOBUAX
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d d 1 djele™

—InZ(X) =—InyZ, = -0,
ax "= M = e T gy o110
: —-oX :
Jypy=LinZe-__ 1 deCe ™ |
dx dx y joCye? dx
Torna ypaBaenue (2.106) 115 SKCIIOHEHITMATBLHOMN JTMHUH 3aUIIETCS TaK:
o :
GV, 50 254 0. 2.111)
dx dx
Oomiee pemierue 3Toro auddepenimaibaoro ypasuenus (2.111) umeer Bua
U(x)=Ae™* +AeP* (2.112)

rae P1 1M P2 — KOPHU XapPAKTEPUCTHYCCKOI'O YPABHCHUSA

p’+op—-y>=0, (2.113)

2 2
O o) (o} o)
S (5) o :_Ei\/(ij ~C =

Ilpn ycnosun @,/L,C, > o /2 xopuu ypaBHenus (2.113) — KoMmIJIeKCHBIC

gnca
2
o . o .
pl,z:—zila)xll—oco 1—m=a+lﬂ’ (2.115)

o o)
A€ ACUCTBUTCIIbHAA COCTaBIAIOIIAA & :_E OoNnpcACisICT 3aKOH HW3MCHCHUSA

AMILIUTY O KoJeOaHHuil BOJH 1O MCPC UX ABHIKCHUA, a MHUMAasA COCTaBJIAIOIIAsA IB —
BOJIHOBOC YHCIIO BKCHOHCHHHaHBHOﬁ auHud. B uTore wuckomoe pPCUICHUC

npuoOpeTaeT BUj
. . 9 . 9 .
U(X):Ale 2 .e_JﬂX+AZe 2 .e+JﬂX. (2.116)
B stoM BeIpakeHHH, MOM00HO MOTy4YeHHON panee B 1. 3 ¢opmyne (2.10),
NEepPBOC M3 CjaraeMblX COOTBETCTBYET MIPSAMOM BOJIHE, BTOpPOE€ — OOpaTHOM.

[TomoGHBIM pe3ynbTaT OBLT paccMoTpeH B 1. 4 (popmyisl (2.20) — (2.27)). Ognako

311ech nMeeTcs cymiectBeHHoe oTinune. [Ipeacrasum (2.116) cnemyronum odpazom:
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o
U()=U; ()+U; (x) =(Ae 7" + Ae)e 2 =
o (2.117)
=(U, @& +U; (0)e)e 7.

Orcroma ciemyer, 4TO, XOTS OMHYECKHE IIOTEPH B HEOJHOPOJHOW JIMHHUH
HKCMOHEHIIUAJIBLHOTO THMA OTCYTCTBYIOT, AMIUTUTYJbl KOJEOAHUN HaMpsLKEHUs
npssiMOM M OOpaTHOM BOJIH MO Mepe UX IBMKEHHS H3MEHSoTCA. Tak, aMIuuTyaa
KoJIe0aHUI HaNpsKEHUS IPSAMOM BOJIHBI [10 MEPE CBOETO JIBUKEHUSI YMEHBIIAETCS, a
aMIUIATYy1a KOJIeOaHW HaNpsHKEHUsT 0OpaTHOM BOJIHBI 10 MEPE CBOETO JIBHXKEHUS
YBEIUYHUBAETCS.

Uro06sl pa3o0Oparbcst B 3TOM SIBJIICHUH, HAWJIEM pacIpeaeseHue KOMILJIEKCHOM
aMIUTUTYAbl TOKa B paccMarpuBaeMoi mauHuu. Hcmonb3ys (2.105) u (2.117),
HOJIyYUM

I'(x) = |'.|. (X) + |'T (X) = Al(o'_/z'*‘ 15) e ifx

. o (2.118)

ATI220P) ipx |77
Jol,

N3 (2.118) cnexyet, uTo Tenepb HA0OOPOT aMIUIUTY/A KOJIEOAHUM TOKa MPsIMOit

BOJIHBI [0 MEPE CBOETO JBMKECHHS YBEJIMYUBAETCS, a aMIUTUTYyJa KOJeOaHUN TOKa
00paTHO BOJIHBI 110 MEPE CBOETO JIBHXKEHHSI YMEHBIIIAETCS.

[TockonbKy W3MEHEHMsI aMIUIUTY]l KOJICOAHWW HAampsOKeHUsT U TOKa IpH
IBWKCHUU BOJIH HMEIOT IPOTUBOIIOJIOKHBIE 3HAKH, CPEAHAS MOLIHOCTD,

NNepeHOCUMaA BOJIHAMHU, PACIIPOCTPAHATOIIUMUCA BAOJIb JIMHHUH, ITIOCTOSSHHA

1 . -
P o= ERe(U-, ST 6 (x)) — const. 2.119)
N3 mnonyyenHoro BoeipaxeHus (2.119) cnemyer BakHOE€ CBOMCTBO — B

HKCIOHEHIIMAJIBLHON JIMHUM MPOUCXOAUT TpaHCc(opmalus ypOBHEW HANpsKEHUW U
TOKOB. B oTinuune ot 00bIYHOTO TpaHcpopmaTopa, H3BECTHOTO U3 DIEKTPOTEXHUKH,
ATOT IIPOLIECC HOCUT IIPOCTPAHCTBEHHO-PACIIPEACIIEHHBIN Xapakrep. B 3aBucumMocTu
OT 3HaKa MapaMeTpa G TakKOil BOJIHOBOM TpaHC(OpPMATOp MOXKET OBITh Kak

ITOBBIIIAIOIIMM, TaK U IOHMKAIOIINM.
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Ucnonb3ys kodddumuent das3er S, comepxkameiicas B (2.116), ompemenum

($ha30ByI0 CKOPOCTH BOJIH B JIMHUW AKCIIOHEHITNATLHOTO THIIA

, 2
120)

Otcroga ciemyeT, 4YTO OJKCIOHEHIMAIbHOW JIMHUM TPHUCYIIA YacTOTHAs
JUCTIEPCHS], HECBOMCTBEHHAS! OJTHOPOIHBIM JIMHUSIM 0€3 TOTEPh.
Hcxoas w3 Belpakenudd (2.117) wu (2.118), ompeneauM  BOJHOBOE

COIIPOTHUBJIEHNE HEOAHOPOIHOM JTUHUU. [[151 TpsAMOM BOJIHBI MOJIy4YHM:

i 2
2, (=S ok, o (
l, (X) ol2+jp 121)
Jy1st 0OpaTHOM BOJTHBI TTOJTY4HM:
] i 2
ZB.O (X) — uo (X) — JwLO e—O'X . (
,(x) ol2-jp 122)

CpaBHEeHHE STHX BBIPAKCHUH IMOKA3bIBAE€T, YTO BOJHOBBIE COIPOTHUBIICHUSA
SKCIOHEHIIUAJILHOW JIMHUU JIJIs IPSIMOM M 0OpaTHOM BOJIH, BO-TIEPBBIX, OTJIMYAOTCS
JIpyr OT Apyra, BO BTOPBIX, SIBJISIOTCS KOMIUIEKCHBIMM BennuuHamu. [locimennee
00CTOSITEILCTBO YKa3bIBAE€T HA TPYAHOCTHU COTJIACOBAHUS SKCIIOHEHIIUAIBHOW JIMHUU
C AaKTHUBHBIM COINPOTHUBJIECHHEM Harpy3ku. B wacTHOCTH, mpUCOETUHEHUE
OJHOPOJTHOW JIMHUU C TIOCTOSSHHBIM BOJIHOBBIM CONPOTHUBJIEHHEM K KOHILY
SKCIIOHCHIMAJIBHOM  JIMHUU  BBI3BIBAET  OTPAXKEHHE, TAaK KaK  BOJHOBOE
COIPOTUBJIEHUE  OJHOPOJHOW JIMHHWH, COTJIACOBAHHOW CO CBOEM HArpy3kou —
BEIlIECTBEHHAs] BelnunHA. M ToNbKO Korga Kod(PhUIMEHT o, XapakTepU3YIOIIUi
AKCTIOHEHI[MAJILHOE M3MEHEHHE MapaMeTpoB, Majl 10 CPAaBHEHUIO C BEIIMYHUHOU f,
TOr1a

2
2.0~ % — ci - (
0 123)

[Tocnennsisi  ¢opMyna yKka3plBaeT Ha MNPUHIUNHAIBHYI0 BO3MOXXHOCTh
UCIIOB30BaTh OTPE3KU OKCIOHCHIUAIBHBIX JIMHUM IIepelayd B  KayeCTBE

COTJIACYIOIIMX YCTPOMCTB, MO3BOJISIONIMX MPAKTUYECKU H30€XKATh OTPAKEHUU TpPU
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YUCTO AaKTUBHOM CONPOTUBJICHMHM HArpy3ku. [l 3TOro A0CTaTOYHO BHIOpaTh
napameTp Qo AKCIIOHEHUWAJbHON JIMHUM PABHBIM BOJHOBOMY CONPOTHBIIEHUIO
OCHOBHOI ATAIOLIEH JUHUU ZB /1.

ITyct, Hampumep, HEOOXOJUMO COTJACOBATh BOJHOBOE COMNPOTHBIICHUE
OCHOBHOI OJZHOPOJHOW NUTAIOIIEH JMHHUUA Zg/1= O W CONPOTUBIEHUE HArpy3KH
R#. Bribupaem HavyaJbHOE 3HAYEHUE BOJIHOBOT'O COIPOTHUBJICHUS

HSKCIOHEHIMAIBbHOW  JUHUU  Pr—=Po. Cuurtas  3aJaHHBIM  TapaMmeTp O

9KCIIOHCHIOHNAJIIBHOT'O Y4aCTKa, OIIPpCACIIACM CIro AJINHY 14

(2.124

c R )

E—lln&.

Koumponvnwie éonpocwel u 3a0anus

1. Kakue nmMHUM HA3bIBAIOT HEOHOPOIHBIMU?

2. B paboueit TeTpaau JUisi CaMOCTOSITENIbHONW pabOThl MPEICTABLTE CUCTEMY
TenerpadHbIX ypaBHEHUNW HEOJHOPOAHBIX JUHUM. CBeAUTE €€ K ypaBHEHUSIM
(2.106) u (2.107), onpenensitoniuM UCKOMbIe (HYyHKIIUU.

3. PaccMoTpuTe HEOTHOPOAHYIO JIMHUIO TIEpeaui YKCIIOHSHIIMATFHOTO THUTIA.
[TonyunTe BBIpaKeHMs, OMPENEISAIONIME PACIPEACICHUs] B JIMHUM KOMILJIEKCHBIX
aMIUTUTYJ] HanpspkeHus U Toka. [lomyuuTte GopMyiibl, OMpenemnsonne BOJTHOBHIE
CONPOTUBIIEHUSI JIMHUM Il TOpsAMOM W oOpaTHOM  BosHBL.  OcCMBICIHTE
MPUHIUNHAIBHYI0 BO3MOXHOCTh UCMOJb30BaTh OTPE3KHU IKCIIOHEHIINATbHBIX JIMHUI

B KaU€CTBE COIIACYIOLIUX YCTPOUCTB.

2.12. Boinwl ¢ ceéa3aHHBIX OJIUHHBIX JTUHUAX

JINMHHBIC JIMHWM HA3bIBAIOT CEA3AHHLIMU, KOTJAa OHU pa3MEIICHBl B
MPOCTPAaHCTBE  TakuM  oOpa3oMm, dYTO  00JacTd, TJE€  COCPEAOTOUYCHBI
AJICKTPOMArHUTHBIC MOJIS, IEPEHOCUMBIE STUMU JTUHUSMH, B3aUMHO TIEPECEKAIOTCS B
TOM uiu uHoM Mepe (puc. 2.19). B aToM cilydae TUHUH BIMSIOT APYT Ha APYyra, U UX

CBOMCTBA OTJIMYAIOTCS OT COOTBCTCTBYIOIINX CBOMCTB OAMHOYHBIX JIMHUNA B
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OTCYTCTBHE CBS3U. B3amMHas CBsI3b JIMHAW 3]IeCh HOCHT TIPOCTPAHCTBEHHO-
pacmpelielieHHbId  XapakTep, ¥ €€  aHaJIM3  OCYMIECTBISIOT  METOJaMHU

QJICKTPOAHAMMUKH.

2a
@ﬁo__ d
" o
111/, ///A?

O O+
. D |
a)

0)
Puc. 2.19. Css13aHHbBIE JIMHUU
a) JIBYXIPOBOJIHBIC;

0) MOJIOCKOBBIE

MartemaTudeckuii aHaiu3 SBJICHUN B CBSI3AHHBIX JJIMHHBIX JIMHUSX B OOIEM
Ciaydae 4Ype3BbIYAWHO TPOMO3IOK. lloaToMy 34ech OrpaHMdyuMcs MPOCTEUIIUM
CIIy4aeM, KOIJa CBSI3aHbl JIBE€ OJWMHAKOBBIC OJIHOPOAHBIC JIMHUU Pa3MEIICHbI B
IIPOCTPAHCTBE MAPAIUICIIBHO APYT APYTY.

B pexume BO30YyXKACHUS CHUCTEMbl TapMOHUYECKHUM BO3ACHCTBHEM BCS
COBOKYITHOCTh BOJIHOBBIX SIBJIEHHUW B CBSI3aHHBIX JIMHUSIX OMMCHIBAETCS CIIEAYIOLIEH

cucTeMoil TenerpapHbIX ypaBHEHUI:

du, (x : :

—%zZIl(XHZCBIZ(x),

dI,(x : :

_%:Yul(x)—kYCBUZ(X)’ (2.125
du, (x : :

—%=Z|2(X)+ZCB|1(X), )
dl, (x : :

_% =YU, (X) +YcgU, (X).

Bmec: Z=(R+jwl) u Y=(G+jwC) — T1OroHHbIE KOMILIEKCHbIC

COIPOTHUBJICHUE U MPOBOAUMOCTD JuHMI, Zce = jowlLce M Yc = jwCcs — MOTOHHBIC
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napamMcCTphbl BHCKTPOMaFHHTHOﬁ CBA3HU, HOCAIIHNEC YHCTO peaKTHBHBIﬁ XapakTep.
OTMeTI/IM, 4TO B COOTBCTCTBUHU C IMPUHOWUIIOM B3aMMHOCTH TCOPUHN IBJICKTPHUUICCKUX

Hened CBA3bL  MEXKAY JIMHUSMHU  SIBIIsIETCS  B3auMHOW. YpaBHeHus (2.125)
nononHsaiores rpanuudeivMu ycnosuamu: U ,(0) u 1,(0); U, (0) u 1,(0),

3aJaHHBIMA HCKOTOPBIM OIIPCACICHHBIM 06pa30M.

Cucrema ypaBHeHuit (2.125) MoxeT ObITH pacuielieHa Ha JIBE HE3aBUCUMBIC
cucteMmel. Jlnst storo ot mepemenHsix U,,(X) u | ,(X) mepelimeM K HOBBIM

nepemeHHbIM &, ,(X) u 77,,(X) mOCpeaACTBOM TMHEHHOTO IPe0Opa30BaHMUS

gl(x) = Ul(x) + Uz (),
£,(x) =U, (0 ~U,(x), (2.126
771(X):|.1(X)+|.2(X)1 )
7,(x) =100 =1, (%).
HoBble mnepeMeHHBbIE, BBEACHHBIE 3THUMHU  BBIPAXKEHUSIMU,  SBISIIOTCS
HOPMAIbHBIMU KOOPOUHAMAMU JIJISl CUCTEMBI JIBYX CBS3aHHBIX JIMHUMH.
CxanpiBass ¥ BbIYMTass COOTBETCTBYIOIINE YpaBHEHHWs, BXojsiue B (2.125),
MOJIYYUM JIB€ HE3aBUCUMBIE CHUCTEMbI Tu(dpepeHIInaNbHbIX YPaBHCHUM, KaXaas U3

KOTOPBIX MOJ00HA ypaBHEHUSM (2.6), MOITYyYEHHBIM U PACCMOTPEHHBIM paHee:

_% :(Z +ZCB)77 1(X):

2.127
_%:(Y +Yea ) E,(X); :
_%:(z ~Zes )1 (%), (2.128
_%gﬁzw_ng@uy :

Pemienust cuctem (2.127) u (2.128) Ha3bIBalOT HOPMAIbHBIMU BOJIHAMU.
He3aBUCMMOCTh HOpPMAaJIBHBIX BOJH JPYr OT Jpyra yKa3blBaeT Ha TO, YTO JIBE
CBSI3aHHBIC JIMHUU TIepeaadyu 00JIalatoT JABYMs TUIAMU BOJH — ABYyMs Moodamu. B
00111eM cydae BOJTHOBOM MPOIECC B CUCTEME CBS3aHHBIX JIMHUI TIEpeIauu SBISICTCS

HAJIOKCHNCM HOPMAJIbHBIX BOJIH.
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Hepexozm OT HOPMAJIbHBIX KOOPJMHAT K HCXOAHBIM PaCIpPCACICHUAM

KOMIIJICKCHBIX aMIIJIMTY HaprDKeHI/Iﬁ U TOKOB B JIMHHUAX, HMCCM

U, = 2(£,09+ £,09).

' 1

UZ(X):E(gl(X)_gz(X))’ (2.129
00 = 20100 +7,00), )

00 =5 (1,00 =7,09).

3aMeTHM, 4TO €CJIM JIMHUHU BO30YyXKAeHb! Tak, urto &,(X)=0 u 7,(x) =0, Toraa
KOMILICKCHBIC aMIUTUTY/bl KOJIeOaHW HANpPsHKECHWH W TOKOB B JIMHUSX CHH(A3HbI:
U (x)=U,(x) u I (X)=1,(x). Takyro Moy Ha3bIBAIOT YemmHOl HOPMAILHOM

BostHOM. Ecim ke &,(X)=0 u 7,(x) =0, TO KOMILICKCHbIC aMIUIUTYIbl KOJICOaHHH

HANpsHKCHUH W TOKOB B JIMHUSIX MPOTHUBO(A3HBL: Ul(x) =—U2(X) u I;(X) =—|.2(X).

Takyro MOy Ha3bIBaXOT HeYentHOil HOPMAIbHOW BOJHOM.
PaccmatpuBast ypaBHenus (2.127) u (2.128), BBe7ileM MOTOHHBIE KOMIIJIEKCHBIC

COIIPOTUBJICHUA U ITPOBOAMMOCTH JJIA YETHON M HEUETHOM BOJIH

Z.o=Z+Z,,
Y, =Y +Y,,, (2.130
Z,.,=2-Z, )
Y., =Y -Y,.

B cooTBeTcTBUM C OmpeaeIeHUsIMH, U3JIOKECHHBIMU paHee B II. 2.2, HaXOJIUM

JUIS1 KQKJIOM U3 BOJIH MIOCTOSIHHBIE PACIIPOCTPAHEHHUS:

7><O:\/Z><OYXO :axO+jﬂxO! (2131
yl'x:\!ziinx :aHx+jﬂHx )

M BOJIHOBBIC COIIPOTHUBJICHUSA:

Z.
ZA.XO = Y © J
0 (2.132
Z; )
Zii, = [—=
Al x Y|’



Jlnis nuHMi 6€3 MoTeph 3TH BHIPAKEHUS TPUHUMAIOT BUJT

06 =0; Bo=\(L+Le)(C+Cep), (2.133

Ay =0, S :a)\/(L_LCB)(C_CCB); )
Zixo =P = ﬂ

' C+C,, (2.134

L_LCB _
C-Cu

ZA,[ x — pHx =

Paznmuune koaddunuentoB ¢daspl a8 YETHOM M HEYETHOM  BOJH
CBHUJICTEJILCTBYET O TOM, YTO HOpPMaJIbHbIE BOJHBI 00JaAal0T pa3HbIMH (Pa30BBIMHU

CKOPOCTSIMH

B 1
VO'XO_\/(L+LCB)(C+CCB)’ (2,135
1 )
\/(L_LCB)(C _CCB).

Paznmuune ha3oBbIX CKOpOCTEN YETHOM U HEYETHOUM BOJIH MPUBOJUT K TOMY, UTO

Vo x

B CBSI3aHHBIX JIMHUSIX TIepeAadyr HaOII0JAI0TCS HPOCHPAHCHIBEHHbIE OUEHUA DTUX
BOJIH. [losicCHUM 3TO SIBIICHUE CIICIYIOIIUM IIPUMEPOM.

PaccMoTpuM  cucTeMy U3 JIByX  CBSI3aHHBIX  MJCHTUYHBIX  JIMHUM,
npencraBieHHylo Ha puc. 2.20a. CrmeBa kK JWHWUM | TMOJKITIOYEH WMCTOYHUK
HaIpsDKCHHS, BO30YKIAIOIIMI B HEH rapMOHHYECKHE KoJIeOaHHS ¢ KOMIUICKCHOM
aMILTUTY 10U A, BXoJ JMHUU 2 3akopoueH. CrpaBa K KOHIIAM OO0eWX JIMHUN
MOAKJIFOUEHBI COTIACOBAaHHBIEC HArpy3KH, 0OE€CIeYuBasi B JIMHUSAX PEXKHUM OCTYIUX
BOJIH.

FpaHI/I‘-IHI)Ie YyCJIOBH JJIA IIpaBbIX KOHIIOB JIMHUU OIIPCACIIAIOTCA

BBIPAXKCHUAMMU:

E,

umngaa«»+5xm) (2.136

0. )

U,(0)=5(£,(0)-£,(0)
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Hcnonb3ys (2.134) B kauecTBE CUCTEMBI YPaBHEHUI OTHOCUTEIBHO HAYAJIbHBIX

amrututy HopmaibHbiX BosH &, (0) u 77,(0) nmomyunm

£,(0)=¢£,(0)=E. (2.137)
I/ITaK, B paCCManHBaeMOﬁ CUCTEMC HpI/I 3aJaHHbBIX HaA4YaJIbHBIX yCJ‘IOBI/ISIX
CYHIGCTBYIOT 066 HOpMaJ]LHBIe BOJIHBI, paCHPOCTpaH}IIOHlI/IeC}I CJICBa HaHpaBO, T. €.
SBJISISICH IPAMBIMU BOJTHAMHU. OOpaTHBIE BOJIHBI B CUCTEME OTCYTCTBYIOT, TOCKOJIBKY
HpaBLIe KOHIIbI O6eI/IX JII/IHI/Iﬁ corjijaCoBaHbl C Harpy3KaMH. Pacnpez{ene}me
KOMIIJICKCHBIX aMl'IJII/ITy,Z[ HEal;I)KeHl/If/'I IOTUX Hp;IMBIX BOJIH BJOJIb JII/IHI/II71

onpenensieTcs: GopMyiamu:

U,(x) = .(e ot 1 g h-Y), (2.138

UZ(X):%(e—Jﬂon_e—jﬂixx). )

Otnnuue B (2.138) kospdunrenToB ¢da3pl YeTHOU S, U HEYETHOU £, BOJH,

CBA3aHHOE C OTJINYMEM HX (Pa30BBIX CKOPOCTEH, 00YCIOBIUBAET IPOCTPAHCTBEHHBIE
OMEHHs BOJIH, BBIPAKAIOLIUECS B HEPAaBHOMEPHOM paCHpPENEICHUU aMIUIUTY]L

KOJIeOaHWI HanpsbKeHUH BIOJIb TUHUM. Haiinem 3akoHbI pacnpenesieHus aMILTUTY T
Ul(X):‘Ul(X)‘ u UZ(X):‘UZ(X)‘. Jlnst aToro B BeIpaxkeHusx (2.138) meperimeMm k
pacrpeneneHussM  MTHOBEHHBIX 3HAQUEHUM  HANPSOKEHWH W BOCIOJIb3YEMCS

npeoOpa3oBaHUAMH TIOJYYCHHBIX BBIPRKEHUN TMOJAO0HO TOMY, Kak 3TO OBLIO

CIEJIaHO paHee MPU HCCIIeIOBAaHUU siBJIeHUs uHTepdepenuuu B n. 7. B pesynbpraTe

MIOJIYYUM:
Boo— P (2.139
U,(x) = \/_\/1+cos BeoX— B X) = cos( 5 ) : )
: Beo— B (2.140
U, (x) = \/1 CoS(BoX — S X) = sm( - ) . |

CootBercTBytonue rpadukud  TpeacTaBieHsl Ha  puc. 2.200. Ilepuon
MIPOCTPAHCTBEHHBIX OMEHUH, onpenenseMblid u3 ¢popmyn (2.139) u (2.140), nomken

YAOBJICTBOPATb COOTHOIICHHIO
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(%j/\/&m =7,

OTKyIa UMCEM
27 (2.141

ﬂxo _:BHX . )

PaCCMOTpCHHoe ABJICHUC B CBA3AaHHBIX JIMHUAX HAXOJUT HIUPOKOC IIPUMCHCHHC

AAEAI’ =

IpU KOHCTPYUPOBAHUU YCTPOUCTB, paboTatoux B quanazone CBY.

EQD 1 I_Il_lRH—p

Puc. 2.20. IIpocTpancTBEeHHBIC OMCHHSI BOJIH.

a) cxXeMa paCCManI/IBaCMOI\/'I CHUCTCMBI,

6) pacrnpeaciCHus B JIMHUAX aMIIJIUTY BOJIH

Koumponvuwie éonpocwl u 3a0anus
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1. Kakue TMHUM Ha3bIBAIOT CBSI3aHHBIMU?

2. B paboueit TeTpaam Isi CaMOCTOSITEIBHON pabOTHl MPEICTABETE CUCTEMY
YpPaBHEHUI [JIs1 IBYX CBA3AHHBIX [JIMHHBIX JUHUNA. CBEAUTE €€ K YpPaBHEHUSIM
(2.127) u (2.128), onpeAensitoiiuM HOPMaJIbHbIEC BOJIHEI.

3. Omnpenenure YETHYI0O M HEUYETHYI0 HOPMallbHYIO BOJHY. [[ns kaxkmoW u3
HUX MOJay4yuTe (OpPMYJbl, ONpPEAEISIONIe IOCTOSIHHYIO —PpaclpOCTpaHEHUs,
BOJIHOBOE COMPOTUBJICHUE U (DA30BYIO CKOPOCTb.

4. Tlpoananu3upyite NpOCTPAaHCTBEHHbIC OMEHUs YETHOM M HEUYETHOM BOJIH B

CHUCTEMC, COCTOHHIGI\/'I M3 IBYX CBA3AHHBIX UACHTUYHBIX JIMHUH.
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3. Hecmauuonapuble 60JIHO6blE npoyeccol 6 OJTUHHbBIX JTUHUAX

3.1. ¥Ypasnenus onunnvlx nunuil @ ycinosuax HecmayuoHapHovIX

60JIHO6bIX npoueccos

3.1.1. Ypaeuenusa onunnvix nunuii 6 onepamopuoi gpopme

Marepuail, u31araBIIMiics B PEIbIAYIIEH IT1aBe, OTHOCUIICA K CIIy4aro, KOT/1a B
paccMaTpuBaeMoOu CHCTEME€ C JUIMHHOM JIMHUEW JICMCTBOBAJl  HMCTOYHUK
FApMOHMYECKUX KOJeOaHUM, OOYCIOBIMBAIOIIMNA B JIMHUU  CTAllMOHAPHBIN
TrapMOHUYECKANA BOJHOBOW mpouecc. OCHOBHBIM HMHCTPYMEHTOM HCCIIEAOBAHUIM
ABJISUICS METOJl KOMIUIEKCHBIX aMIUIMTY/, IMO3BOJIMBIIMI IOJYYUTh MHOTO BayKHBIX
pe3yJbTaTOB, IPEACTABICHHBIX BBILIE I OJHOYACTOTHOIO pexuMa. XOTs Takou
PEXUM B PAJAMODIEKTPOHHBIX YCTPOMCTBAX HMCIOJIB3YETCA PEAKO, BCE K€ 3HAHUE
NOBEJICHUSI CHCTEMbl B pEXHUME TapMOHMUYECKHX KOJIeOaHUH B COYETaHUU C
KJIACCMYECKHUM CIIEKTpaJIbHBIM METOJIOM, OCHOBAaHHBIM Ha mpeoOpazoBanun dypoe,
MO3BOJIAKOT HMCCJIEAOBATh HECTAMOHAPHBIE NPOLIECCHI B CHUCTEMAaxX C JJIMHHBIMH
JUHAAMHU. TpyAHOCTH 37€Ch BO3HMKAIOT IPU YYETE HAYAIBHBIX YCIOBUM IS
JUIMHHOM JIMHUM W TP Y4Y€TE€ OTPAKEHUM BOJH OT €€ KOHILIOB. B pamkax eauHOro
NOJXO0/JAa TaKWe 3aJauyd Tropa3lo yAoOHee pelarb ONepaTOPHBIM METOAOM
(omepalMOHHBIM ~ METOJIOM), OCHOBaHHBIM Ha mpeoOpa3oBanuu Jlammaca.
HeobOxoaumbie cBeneHus o0 omeparopHOM MeToAe u3noxeHbl B [lpunoxenun 2.
Hwuwxe 5ToT MeTon OyAeT HCNONb30BaH MPU HCCIEIOBAHUMHM HECTAllMOHAPHBIX
BOJIHOBBIX IPOLIECCOB B OHOPOAHBIX JJIMHHBIX JINHUSX.

bynem ucxoauTh U3 OCHOBHBIX ypaBHeHMH (1.2), BbIBEJEHHBIX paHee st

OJHOPOJHOW MHBAPUAHTHOW BO BPEMEHU JJIMHHOMN JIMHUA

_ou(xt) _ L ol (x,t)

+Ri(X,0),
_ai (ax)ft) —c GU(Z[(,t) L GU(x) (1.2)
ox ot o).
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[Tpumensist npeoOpazoBanue Jlamnaca mo BpeMeHHON EPEMEHHOM, MOTy4YuM

_Wz(pL+R)I(p,X)—Li(O’X),

(3.1)
-AUPX _ (o) (p. ) -Cu(o,x),
rne U(p,X) u [(p,X) — pacupeacicHus oHEpamopHoz0 HANPANCEHUSA WU

Onepamopnoz0 Moka BIOIb JIUHUH, SBJISIOUIUCCS U300PANCEHUAMU WCKOMBIX
¢ynakmuii; U(0,X) m i(0,X) — HavambHBIC YCIOBHS — 3aJaHHBIC (DYHKIIHH,
IIPEJICTABIISIFOIINE PACIIPEICIICHHS HAPSDKESHUS U TOKA B JIMHHH B MOMEHT BPEMCHHU
t=0.

Beenem g QIMHHOW  JIMHAM — TIOHSTUA  [IOTOHHOE  OnepamopHoe

conpomugnenue Z=2(p)=pL+R, morounywo onepamopuyio npoeooumocmio

Y =Y (p) = pC +G u nepenumiem (3.1) B BUjC

_dURX) _ 7 1(p.x)—Li(0,%).
dx

_MzYU(p,x)—Cu(O,x).
dx

3amevaem, 4ro ypaBHeHHs (3.2) cojaepXaT HayaldbHbIE YCJIOBUS —

(3.2)

pacnpenenenus U(0,X) u 1(0,X) ¥ TONOJHSAIOTCSA TOJBKO TPAHUYHBIMH YCIIOBUSMH,

COOTBETCTBYIOIIIMMH MOCTaBICHHON 3anaye. JuddepeHuupys nepBoe ypaBHEHHE

di(p,x)

cucteMsl (3.2) 1Mo X ¥ MOJCTaBIIsAA CIOjIa 3HAUeHHE —-—— W3 BTOPOTO, MOJydaeM

dx
HeOI[HOpOI[HOG ypaBHCHI/Ie FGJ'II)MFOJ'IBI_[a, OITUCBIBAKOIIICC pacnpez[eneHI/Ie B JIMHHUU

OTIEPATOPHOIO HAMPSHKEHUS

BUOX9 2 (p, 1) =Fo(p,x) 33

rac
7 =1(p) =NZY = (AL +RY(sC +G) 3.4
— onepamopHas NOCHOAHHAA PACHPOCMPAHEHUA — BTOPUYHBIA HapaMeTp

JUTMHHOM JIMHUU B ONEpaTOPHOM PopMme;
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FJ(p.x) =L

d '(?( X) _7Cu(0,x) (3.5)

— u3BecTHas QYHKIINS 3aJaHHBIX HAYAJIbHBIX YCIIOBHM.
AHnanoruydo u3 (3.2) MoKeT OBbITh MoaydeHo auddepeHImaibHoe YpaBHECHHE

AJI1 paclIpCacICHUs B JIMHHUU OIICPATOPHOI0 TOKA

d?l(p,x

—Ofxg )_2Y1(p. ) =F2(p.¥). (3.6)
rac

Flo(p,x):(_‘,

W— LY i (0,X) (3.7)

— u3BecTHas! QYHKITUS 3aJaHHBIX HAaYaJIbHBIX YCIOBHIA.

Pemenne HeogHopoansix ypaBHeHu#t ['enbmronsia (3.3) u (3.6) cocrout us
o0LIMX peumeHud OJHOPOAHBIX YPABHEHHM W YACTHBIX PEUICHUH, OINpPEAesIeMbIX
OpaBbIMU YacTSIMM MCXOJHBIX YypaBHeHHH. Kak u paHee, HET HEOOXOAMMOCTH
pemats 0b6a ypaBHeHus. Ecnu HaiiieHo pacnipeiesieHue onepaToOpHOro HalpsKEHUs

U(p,0), cayxamiee periennem (3.3), To pacnpeaeiaeHne onepatopHoro toka I( 0, X)

MOXET OBITh MOJYYEHO MOCPECTBOM (PopMyJIbI (3.2).

3.1.2. Pewuenus u cneocmeus 00HOPOOHbBIX YPAGHEHUIL OJIUHHBIX JIUHUIL
IIpu HyneBbIX HauvambHbIX ycaoBuax F°(p,x)=0 ypasuenue (3.3)
CTAaHOBHUTCSA OJHOPOAHBIM U ero pemenune U(p,0), momoOHO MoydeHHO#H paHee
dbopmyse (2.10), mpuHUMAET BH]T
U(p,x)=Ae ™ +Ae7*, (3.8)
rae omepatopusle BemmumHel A =A(p) umw A=A, (p) - TOCTOSHHBIC

WHTETPUPOBAHUS, ONIPEACIISIEMbIE C TTOMOIIBIO TPAHUYHBIX YCIIOBUH.
Ucnonb3ys nepBoe ypaBHEHUE cUCTEMBI (3.2), HaXOAUM pacHpeicsicHUE B

JIMHUM OIICPATOPHOI'0 TOKA:

I(p,x)z%(ﬁe‘yx—&eyx), (3.9)
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rac

pr+R [z
Z" :Z" = —_— JE—
A =25 (P) G \y (3.10)

— onepamopHoe 601H080€ CONPOmMUGIEHUe — BTOPUYHBIA TapameTp JIMHHOU
JIMHUH B oTiepaTopHoii popme. B ciryuae nunun 6e3 noteps Z, =+/L/IC = p.

Comnocrapmsist (3.8) u (3.9) ¢ MOMy4YEeHHBIMHU WM HCCIICIOBAHHBIMU paHEe
aHanoruaapIMu Gopmyamu (2.10) u (2.11), mpuxoauM K BBIBOIY, YTO ClIaraeMbIe B
(3.8) u (3.9) onuceIBaIOT pacmpoCTpaHSIOMIUECS B JUHUM MPSMble U OOpaTHBIC
BOJTHBI HaIIPsHKCHUS M TOKA.

OTUM BOJHAM IMPUCYUIE OTPAKEHUE OT KOHILOB JIMHHUHM, KOTOPOE MOXKHO
XapaKTEpU30BaTb ONEPAMOPHBIM Ko3Igguuyuenmom ompadxcenusn. VIcnonb3ys
paccyXJeHus W BBIKJIAJKH, BBINOJHEHHbIE paHee B M.2.3 TMpuU BBIBOJE
kod(dpuIeHTa OTpaKeHHS TI0 HAIPSHKEHUIO B cXxeMe puc. 2.4, noiayuuM hopmyiy,
aHAJIOTMYHYIO BhIpAXKEHUIO (2.39) 11si KOMIUIEKCHOTO KO3 (DULIMEHTA OTPAKEHHUS 110
HaTPSHKCHUIO
Z, -7, .

[ = =
/(p) Z,+2Z,

(3.11)

Tor »xe mnoaxod NPUMEHUM M K JPYTUM BBIPAKEHHSM, IOJYYEHHBIM B
MpEIbIAYIIEH TJ1aB€ METOAOM KOMIUJIEKCHBIX aMIUIMTY1. Tak, mpu pacCMOTPEHUH B
. 2.6 BXOJHOTO CONPOTHBIICHHUS HArpyXCHHOW MJIUHHON auHHUK (pHC. 2.8) ObLIO
MOJy4yeHO BbIpaxkeHue (2.57). 3ameHsis B HEM KOMIUIEKCHBIC COMPOTUBIICHUS
ONEePATOPHBIMU, MOTYYUM (POPMYILY ISl OnEpamopHo2o 6X00HO20 CONPOMUBIEHUS
Harpy>K€HHOW JUTMHHOM JIMHUH

Z, +Zthyt

Z,, =2 =Z :
BX ax (P) =Zg Z thyl+2,

(3.12)

[Ipu paccMoTpenuu B 1. 2.7 KOMIUIEKCHOUM mepeaaTouyHON (PyHKIIMM CUCTEMBbI
C JIUHHON nuHuer (puc.2.9a) ObUIM mMosydeHbl Bbipaxkenus (2.67) — (2.85),
XapaKTEPHU3YIOLINE OTAEIbHBIE 3BEHbSI CUCTEMBI, & 3aTEM U BCIO CUCTEMY LIEIIUKOM.

3aMeHssI B HUX KOMILIEKCHBIC BEJIMUYMHBI OIICPATOPHBIMH, IIOJIYUUM aHAJIOTUYHBIC
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bOopMyIIBI, OTPENEISAIONIMEe B HUTOTE OHEPAMOPHYI0) NepeoamoyHyro QyHKyuio
CUCTEMBI C JUTMHHOU JIMHUEH.

_Z, &' 2z,
Z:+Z, 1-AA&?" Z,+Z,

g7t (3.13)
=Kge. WKA_HJ
rae K L kod(ppunmeHT Bo3OykAeHUA JMHHH, K _ %4
Sy R T 7 vz,

K03 PUIIMEHT BO30YKIEHUS Harpy3KH.

Koumponvnwie éonpocel u 3a0anus

1. O3HaKOMBTECH CO CBEICHUSIMHU OO OMEPATOPHOM METOJIE, U3JI0KEHHBIMU B
[Ipunoxenun 2.

2. B pabGoueli TeTrpamu I CaMOCTOSTEIBHOM pabOThI MOBTOPHUTE BBIBOJI
OTICPAaTOPHBIX YPaBHEHUH, OMUCHIBAIOIINX HECTAIIMOHAPHBIC MPOIECCH B JJIMHHBIX
JUHUSX.

3. PaccmMarpuBas  pemieHHs]  OJHOPOJHBIX  ONEPATOPHBIX  YpPaBHCHUH,
OTIpEICITUTE MTOHATHS: «onepamopHuiil K03 puyuenm OMPAAHCEHUY,

«onepamopHoe 6X00HO0e conponmueieHuey, «onepamopHas nepedamouﬂaﬂ

DyHKYUS.

3.2 Hpoueccm 6 JlUHUU, 05yCJ106JleHHble HEéH)Jle6biMU HAUAIbBHbIMU

pacnpedeﬂeuuﬂmu HaANpAJXICeHUA U mokKa

3.2.1. O6wuii cnyuai

PaccMOTpuM JIMHEHHYIO OJHOPOJHYIO WHBAPHUAHTHYIO BO BPEMEHH JUIMHHYIO
JMHUI, K KOHIIAM KOTOPOW MOJKIIOYCHBI JIBYXIIOJIFOCHUKH, OO0JIaJaroIue
OIlepaTOPHBIMU BXOJHBIMU compoTusieHusMu Z,(p) u Z,(p) (puc. 3.1). Beibepem
CHCTEMY OT4YeTa HANpsHKCHUS M TOKa B JIMHHU. IlycTh B pe3ynbraTe IeHCTBUS

HCKOTOPBIX BHCHIHMX HMCTOYHHMKOB K MOMCHTY BpPCMCHU t=0 B JuHUH
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chopMHUpOBaHbI onpeelieHHbIe pactpenencaus Hanpspkeaus U(0, X) u toka i(0,X) .

Ecnu B MoMeHT Bpemenu t=0 3Th HCTOYHUKH MPEKpaIIatoT CBOE JECHCTBUE, B TMHUU

HAYMHAETCS EePexX0OHOU nPOoUecc, 3aBEPIIAIOIINIICSI COCTOSTHUEM MTOKOSI.

~

o O
l | > ~ : :
Zo|] Tuey S uen | [Jze)
I ! : I
_____ L,CR,G -
u,l
0 ig >x

Puc. 3.1 Cxema paccMaTpuBaeMoi CUCTEMBI

PaccmoTpum HeonmHopogHoe ypaBHenue ['enbmronbia (3.3). 3amedaem, 4To

OHO yXe coaepxuT HadajdbHbie pacnpeaencHus U(0,x), 1(0,X) u momosmHseTCs

TOJBKO TPAHUYHBIMU YCJIOBUSIMH. PellleHHe 3TOro ypaBHEHMS, MPEICTaBIISIONIEE
pacrnpeiefieHde OMNEpaTOPHOro HAMpPSDKEHWS B JIMHUM, COCTOUT W3 HU3BECTHOIO

pellleHusT OJAHOPOJHOrO ypaBHeHMs ['embmroisibiia (3.8) WM YacTHOTO pEIICHMS
ypasuenus U°(p, X)

U(p,x)=Ae ™ +Ae™+U°. (3.14)

Pemenne mis pacmpenencHus omneparopHoro Toka |(p,X) Haxomum w3

NEepBOTO ypaBHEHHUs cuctemsl (3.2), mojactaBisst B Hero pactpexaenenue (3.14). B

pe3ynbTaTe Moay4yuM

I(p,x):z—lA(Ale” —Ae™)+1°, (3.15)
rac
1°(p,x) = —|(O x)—%ddi (3.16)

— U3BECTHAs onepaTopHas (PyHKIMS HAYAJIbHBIX YCIOBHUH.
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Kosdppummentsr A =A(p) u A, =A,(p) B dopmynax (3.14) u (3.15)
ompesieIsieM IMOCPEICTBOM TPaHUYHBIX YCIOBUUA. B BeIOpaHHO# cucteme oTdera
HaIpsHKEHUS U TOKA B IMHUKM UMEEM JIJIs1 €€ JIEBOTO KOHI[a

x=0=U(p,0)=Z,(p)I(p.0), (3.17)

IS €€ TIPaBOro KOHIA
Xx=0=U(p,0)=Z,(p)I(p,?). (3.18)
C yuerom 3Tux BeIpaxkeHuil (3.14) u (3.15) npuHUMAIOT BUJI CUCTEMBI JIBYX

anreOpanvecKux ypaBHEHUM, ONPEeaeAIomel KoohduuuenTsr A ,,

1+£ 1—i

| ; P}{ﬂ} (3.19)

Pemenne 3TOM cUCTEMBI YpaBHEHUM 3alMCHIBACTCA HA OCHOBAaHWM IPABUIIA
Kpamepa. Ilocne SKBUBaJE€HTHBIX NPeoOpa30BaHUN MOJYYEHHBIX BBIPAKEHHM

peLIeHUs] IPUMYT BUJL

U+ ZIOK, +(U°+Z,J K, [

= y 2
Al 1— /1_/;8_2}/[ (3 0)
A - (U°-Z 1K, e +(U° +ZIO)K, Le?" (3.21)
1- he? ’ |
rac
z,-2
/— — 1,2 B
12 Z,+7, (3.22)
— KOB(l)(l)I/II_II/IeHTBI OTPAXCHUS BOJIH HAIIPSIKCHWA OT KOHLIOB JIMHUM;
. Zl,2 + ZB .

— KOB(I)(I)I/ILII/ICHTBI B036Y)KI[€HI/IH JIMHUU JIBYXIIOJIFOCHUKAMH, ITOAKIIFOYCHHBIMHA K €€
KOHIIaM.

IToncrapnsas Haiinennsle Kodhpuuuentor A , B Gopmyisl (3.8) u (3.9), MOKHO

INOJIYUHUTH I/I306pa)K€HI/IC paCHpe,ZICJIGHI/Iﬁ B OKOHYAaTCJIbHOM BHJC.
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[TosicauM cmbicn cnaraembix U KodddummentoB B ¢opmynax (3.14) u (3.15).
[lepBbie crmaraembie 371eCh MPEACTABISIOT M300paKEHUS MPSIMBIX BOJH B JIMHUH,
Oerymmx clieBa HallpaBO; BTOpBIC ClIaraeMble — H300paKCHUS OOpPATHBIX BOJIH,

Oerymmx cmpaBa HayneBo. OnepaTopHOE BOJIHOBOE cCONpoTHBIeHUE IuHUH Zg(P)

CBA3BIBAET M300pakeHUs MpsAMbIX (0OpaTHBIX) BOJIH HAIpPSDKEHUA U ToKa. Tperbu

claracMbIe MPEACTaBISAIOT HavainbHble ycinoBus — pacapeaenenus U(0,x) u 1(0,X),

TIOPOXKJAOIIUE TIPSIMBIE M OOpaTHBIC BOJIHBI B JIMHUH. Hallo)xeHHWe STHX BOJH B
JUTMHHOW JIMHUM  SIBIISIETCS  (OPMOM  TPOSIBIICHUSI  MEPEXOJHOTO  Ipoliecca.
Kosddummentsr A(p) u A,(p) xapakTepusyloT 3aJaHHbIC HadaJlbHbIC
pacnpenenenus U(0,x), 1(0,X), pe3ynbrar pacnpocTpaHCHHsS BOJH B JIMHUU |

3aJIaHHBIC T'PAaHUYHBIC YCIIOBH:A, OIIPCACIIAIOIINEC OTPAKCHUA BOJIH OT KOHIIOB JIMHUU.

Oo0patHoe nipeoOpa3oBanue Jlamiaca, BoccTaHaBIUBaroIIee opuruHaibl U(t, X)
1 i(t,X), MOXHO OCYIICCTBUTh IOCPEJACTBOM (OpPMYJ, TNPUBCACHHBIX B

HpI/IJIO)KeHI/II/I 2. O,Z[HaKO OKOHYATCJIbHBIC BBIPAXCHUA YIACTCA HAWTU TOJILKO JJIsA

YAaCTHBIX CJIYYacB. PE[CCMOTpHM HCKOTOPLBIC UX HUX.

3.2.2. JIunusn 6e3 nomepo

B stom cinysae R=0 u G=0= y(p)= pvLC, ZBz\/g:p U TOSTOMY

pacnpenenenus (3.14) npuHUMAIOT BUJ

U(p,x) =A(p)e ™ + A, (p)eP S +U°(p,X), (3.24)
(P =~ (AP P~ A (pe” ) +17(p. ) (325)
Hcnons3ys Teopemy 3anasasianus (5° B [Ipunoxkennn 2) Haxoqum
u(t,x) = al(t —§]+a2 (t +§j+u°(t,x), (3.26)
: 1 X X .0
|(t,X):;|:a1(t—vj—az(t+vj:|+| (t,X), (327)
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1 ~ n
rae V=V, = —, t)=L , u’(t,x) =L *{U°(p,x)!,
o= Jic a,(t) =L *{A,(p)} (t,x)=L"{U°(p,x)}
1°(tx) =L {1°(p,x)}.
B »Tux pCHICHUAX IICPBBIC U BTOPBIC CJIAraCMbIC IIPCACTABIIAIOT IIPAMBIC U
1
06 ATHBIC BOJIHBI, KOTOPBIC PACTIPOCTPAHAOTCS CO CKOPOCTBIO V4 = ———, COXpaHsIa
P PBIC PACIIPOCTP P o x/ﬁ p

cBolo BenuuuHy M dopmy a,,(t,X). Tperen cnaraembie ul(t,x) m i°(t,x) —

(GyHKIUY HaYyadbHBIX YCIOBUH.

3.2.3. Tunus 6e3 uckasrcenuii

B ostomM cinyuae Bemoadasiorcs —cootHomenns R/L=G/C. Torna

7(p) :\/pZLC(1+ R/pL)1+G/pC) = pJLC +VRG, Z,=p u pacnpeneienus

(3.8) u (3.9) npuHUMaIOT BUJ

U(p,X) =A(p)e PRy A (p)elMeROx 4 yo(p, ), (3.28)
1(p.) = A(p)e PRI A, (p)eMEE RO ] o (p, ). (3.29)
o

Ucnonb3ysa, Kak W B NOpEAbUAYIIEM cilydae, TeopeMy 3anasibiBanust (5° B

[Ipunoxxenuu 2), HAXOAUM

u(t,x) = ai(t —é]e‘“x +a, (t + éje“x +u®(t, x), (3.30)

. 1 X\ _ox X\ ax i0
|(t,x):;{a1(t—vje —az(t+vje :|+I (t,x). (3.31)

3neck @ =+RG — BenuumHa, aBnsromascsa Kod3(GQHUIUEHTOM 3aTyXaHHs BOJIHEL, TaK

KaK OYEBUIHO, YTO COMHOXMTEIM €% ONHUCBIBAIOT OCIa0IEHHE IPAMBIX
(oOpaTHBIX) BOJIH B IIPOIIECCE UX PACIPOCTPaHEHUsI BJIOJIb JUHUKU. Dopma BOJH MpU

WX pacOpOCTPAHEHUH COXPAHSAETCS.
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3.2.4. Jlunusn ¢ manvimu nomepamu
B »tom cnydae R<<‘p‘L, G<<‘p‘C. Hcnons3yem  npuOAMKEHHBIE

IMpCaACTAaBJICHUA

2 R G R G |
7(p) =\/p LC(1+EJ£1+EJ p\/E(l-F Z—FJI_](lJFRj_

R G RG _p £
= pJLC + +=2£ + o +
P 2p 2 p4«/LC

1, R.CGp __RG

JLC' 2p 2 4LC’

Torz[a, B CHUJIYy YyCJIIOBHA MAJIOCTH IIOTCPb U TOT'O, YTO

rae v=

pacnpenenenus (3.14) u (3.15) npumyT Bua:

U(D,X)=A1(|D)e_ b (1——} Az(p)e v (1+g—:j+U°(p,X), (3.32)

|(p’x):£|:Al(p)ep\),(ax[l—g_xj—AQ(p)ep\); ax []_+—]:|+| (p X) (333)
P P p

Hcnonw3ys Teopembl uHTerpupoBanus (4° B [Tpunoxenun 2) u 3ama3apBanus (5° B
Y.

[Tpunoxenuu 2), HAXOIUM:

u(t, x) {a{t—éj—gxia{r—é}dr}e“x +
J{az (t+§)—ng‘a2(r+§Jdr}e‘“ +u°(t, x),
v ’ v
i(t,X) :%{ai(t —éj—é‘x-j;ai(f—éjdz}eax —
—l{az (t+§J—8xja{f+§)dr}e“X +i%(t, x).
o v ! \

(3.34)

(3.35)
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OTH pelieHns ONMUCHIBAIOT 3aTyXalolIie MpsiMble U 00paTHbIE BOJHBI B JIMHUH,
U3MEHAIOIIME CBOIO (OopMy B MpPOLIECCE PACHpPOCTPAHEHUS BCJEACTBUE SIBICHUS
JUCIIEPCUU BOJIH.

Yder OOIbIIEr0 KOJIMYECTBA ClIAaraeMbIX B Pa3OXKEHHSIX, MPEICTaBIISIONINX

dynxuun y(p) u e’ P* npupomut k Hammumio B pacupenenenusx (3.32) u (3.33)
cllaraeMbIX, MPOIMOPIMOHANIBHEIX P, a B MTHOBEHHBIX pacipeneneHusx (3.34) u
(3.35) — n-kpaTHBIX MHTErpajnoB oT a,(r,X). Takoil yyer mo3posuseT Gojee TOYHO

OIMKUChIBATh U3MCHCHHUC Cl)OpMBI BOJIH B JIMHHUU BCJICACTBUC UX JUCIICPCHU.

Konmponwsnuie sonpocwt u 3a0anusn
1. Jlaifite ompezeneHue MOHATHS «NepexoOHOU Npoyecc 6 ONUHHOU JUHUU.
YTO0 Cciry>KUT IPUYMHOM 3TOr0 BOJIHOBOTO Mporecca?
2.B pabouell TeTpaau A CaMOCTOSITENBHOM pabOThl MOBTOPUTE BBIBOJ
BBIPXCHUM, OMPECIIAIONINX MEPEXOAHON Mpoliece B JIMHHOW JTUHHUM: a) B 00IIEeM
ciydae; 0) B TuHUU 0€3 MOTEPh; B) B JIMHUM 0€3 UCKAXKEHUH; T) B TUHUU C MAJBIMU

IIOTCPAMU. OcmMmpIcTuTE IIOJIYUCHHBIC PC3YyJIbTAThI.

3.3. Ilpumepeol ananuza nepexoonsvix RPOUECcO8 8 OTUHHBIX TUHUAX

[Ipu pemieHun 3amay4 aHaIM3a MEPEXOIHBIX MPOLECCOB B JIMHHBIX JIMHUAX
OTIEPATOPHBIX METOAOM IIEIECO00Pa3HO UCIIOIB30BaTh CIACAYIOITUN aJTOPUTM.

1. Omnpenensiem HavanbHbIe pacnpeneienus U(0,X) u i1(0,X).

2. 3amuceiBaeM HeomHopoaHoe nuddepennnansioe ypaBHeHue (3.3) s

KOHKPETHBIX HaYaJIbHBIX PaclpeacICHHUIA.
3. Haxomum ero pemernne U°(p, X).

4. Ha ocHoBanmm oOmiero pemienus auddepeHimanbHoro ypaBHeHus (3.3)

3anuchiBaeM pacnpenencaus U(p,X) u 1(p,X).
5. TlocpencTBOM TpaHWYHBIX YCIOBHHA HaxomuMm koddduuueHter A (p) u

A, (p) petenwii (3.14) u (3.15).
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6. [logcraBmsem A(p) u A (p) B (3.14) u (3.15), 3amuceiBaeMm
pacnpenenenus U(p,x) u 1(p,X) B OKOHYATCIIEHOM BHJEC B IPOCTPAHCTBE

U300paKeHHI.
7. TlocpenctBom  obOpaTtHOTO  mpeoOpazoBanus  Jlammaca — Haxoaum

pacrpenescHuss MTHOBEHHBIX 3HaueHuid U(t,X) u i(t,X) B mpocTpaHcTBe

OPpUIMHAJIOB.

8. AHanu3upyeMm MoJy4eHHBIH pe3ysbTar.

3.3.1. Pa3pao pazomkuymoil 1unuu 6e3 nomeps uepe3 akmueHoe

conpomueienue, pagHoe 0 IH060MY CORPOMUGIEHUIO TUHUU

[Iycts ogHOpoAHas IiuHHAs JUHUS Oe3 motepb (puc. 3.2a), mpaBblii KOHEI]
KOTOPOH DPa30MKHYT, 3apskeHa 10 HanpsbkeHus E, u B MomeHT Bpemenu t=0
3aMBIKAETCs JIEBBIM KOHIIOM Ha CONpoTUBIeHME R =p, rme p — BOJHOBOE
compotuBiieHue JuHUM. MHccaenyem nmpouecc paspsaa  JIUHUM,  ONPEIesisis
3aBHCHUMOCTH U(t, X) B pa3IMYHBIX €€ CCUCHHUSX.

B cooTBeTCTBHU C MPEATIOKEHHBIM allTOPUTMOM UMEEM:

1. Hayansnsle ycnous: U(0,xX)=E,, 1(0,x)=0.

2. YpaBHenue (3.8) mpuHUMAaET BUJT

%— p’LCU(p, x) =—pLCE,. (3.36)
3. Pelrenne HEOJHOPOIHOTO YPABHEHHUS
F° =const = U° :E—p". (3.37)
4. Pactipenenenus U(p,x) u 1(p, X)
U(p =A™+ AP oo, (3:38)
1(p, %) :%(Ale-pﬁx —Aze”@). (3.39)

5. Onpenenenue koapduuentos A ,(p):
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x=0=U(p,0) =—RI(p,0),
X=0=1(p,£)=0, (MUHUSI pa30MKHYyTa).

CnenmoBarteibpHO,

E_ _(a_ 5
K02 A A+ =—(A-A) S AR =2,

(3.40)
x=(=Ae7 - A =0= A(p) = A(p)e "
6. OKOHUYATENBHBIN BT PEIICHUS B TIPOCTPAHCTBE N300paskeHUI
B, 1 -»% 1 o3z
U(p,x)=—2|1--e V-=e ' , 3.41
(p) p{ e ] (341
rae 7 =/{/v — BpeMs 3aJep)KKH CUTHAJIA B JIMHUH.
7. OKOHUYATENIBHBII BUJI PEIICHUS B IPOCTPAHCTBE OPUTHHAJIOB
1 x) 1 X
ut,x)=g,|oct)——o|t——|—=c|t+—=-27||. 3.42
(=6, o) So[t-2] 2ot X2 3.42)
8. AHaNM3 MOJTy9YEeHHOTO pe3ybTara;
a) Onpenenum popmy HanpspKkeHus B ceueHusax X =0; X = E; x=20.
[Tpu X = 0 umeem u3 (3.42)
E
u(t,0) = 70(0'(t) —o(t-27)). (3.43)

3aBucumocthb U(t,0) siBisieTcst pe3ysibTaToOM CIEIYIOIIEro mpoiecca. B MmoMeHT

BpeMeHH t =0 B HavaJie JIMHUU BO3HUKAET MpsAMasi BOJIHA HANIPSKEHUS CTyNIEHYaTON
(GopMBI, paspspKaromas JMHAIO A0 BEIMYMHBI HampspkeHus E,/2. OrpasuBmmuch B
MOMEHT BPEMEHH t =7 OT pa3soMKHyTOro KoHna juaud ( /, =1), BoiHa HAaNpsHKEHUS
cTyneH4yaToi ¢hopmbl, cTaB 0OpaTHOM, pazpsikaeT JUHUIO 10 HyJsa. OOmiee Bpems
pacnpocTpaHeHUs MPSIMON U OOpaTHOW BOJIH paspsija JWHUU paBHO 27 . [loaTomy B
HayaJie JIMHUM HAOJIIOJAETCS WMMIYJIbC HAMPSHKCHUS MPSIMOYTOIBHOU (DOPMBI,

MMEIOIIEH JITNTeNFHOCTE 27 1 BenmunHy E,/2 (puc. 3.20).

[Tpu x=10/2 umeem u3 (3.42)
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1 3r
Ea(t —7H (3.44)

—/
a) E, Q\ R=p 7P
A u(t); x=0 A ux);t=1/2
| -
) Ey .
0 T L 0 g/l2 / R
AU(D); x=L/2 P ux); t=3c/2
E,
B 1 e
) [ b ) E0/2 e L ~
0 T n 0 g/l2 é B
Au(t); x=/
E,
r)
0 T n t

Puc. 3.2. Pa3psin pa3oMkHyTOM JTUHUH 0€3 MOTEPH:
a) CXeMa paccMaTpUBaeMOl CUCTEMBI,
0 — I') 3aBUCHMOCTb HalpsDKEHUS OT BPEMEHHM JUIs yKa3aHHbBIX CeUeHUH JTMHUY,

I — C) pacnpeaciIiCHUC HAIPSKECHUA B JIMHUHA JJI1 YKa3aHHBIX MOMCHTOB BPEMCHU

B ceuenue nuHMM ¢ KoopauHaTol X = (/2 mpsimMas BOJIHA pa3psja NPUXOIUT B
MOMEHT BPEMEHH t = 7 /2, IOHIKast HaNpsDKeHUe 110 BenmuuHbl E, /2, a emme coycts
IPOMEKYTOK BPEMCHH, PaBHBIH 7, OTpPaKCHHAs BOJHA B JTOM CCUYCHUH JIMHHH
MOHIKACT HaNpsDKEHUe 710 Hys (puc. 3.2B).

[Ipu X=/( umeem u3 (3.42)
u(t,’)=E, I:G(t)—G(t—T)]. (3.45)
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HampspkeHrne Ha KOHIE JTMHUMA MMEET CTyNeH4aryio gopmy (puc. 3.2r) BeITUUHHBI
E, # mmrenbHOCTM 7, TaK Kak BOJHA pas3psfa JOCTUIaeT KOHLA JIMHUU 3a
IPOMEKYTOK BPEMEHU, PABHBIN 7 .

0) PaccmoTpum pacnpezeneHne HanpsHKEHUs B pa3IMyHbIe MOMEHThI BPEMEHHU.

[Tycth t=7/2, Torma u3 (3.42) (c yuerom o(t) =1 npu t >0) umeeM

T E r X)) E X 3r
ul —,x|=E,-=20¢c| ——= |-=0o| ———|. 4
(2 j 0 20(2 v) 20(v 2] (3.46)

371ech MEepBOE CIIAraéMoe OINUCHIBAET MOCTOSIHHBIA YPOBEHb HAIPSIKEHUS, PABHBIN

E,, BTOpoe ciaraemoe — MpsIMyI0 BOJHY CTymeHuYaTo Qopmsl BeicoTor E /2,

TpeThe — OOpaTHYI BOJIHY CTyNeHYaTol (OpMBbI, SBISIONIYIOCS 3€pPKaJbHBIM

9 o T
0TOOpaKeHHEM TPSIMOI BOJIHBI. B paccMaTpuBaeMblii MOMEHT BPEMEHH t = > dbpoHT

0oOpaTHOW BOJHBI HAXOAUTCA B CeYEeHUU X>(, T.€. B «3a3epKaibe», U
pacIpeieieHHE HaNpsDKEHUsS  ONPENENSIETCsl  IEPBBIMU - JBYMSI  ClIara€MbIMU

(puc. 3.2m).

[Tycts t= 3?7 , Toraa u3 (3.42) umeem

3.47
u(ﬁ,szeo_50(31_5)_50(5_2) (3.47)
2 2 2 v 2 v 2

3/1ech MEepBOE ClIaraéMo€ MMEET TOT K€ CMBICH, BTOPOE€ — OMHUCHIBAET MPSIMYIO
BOJIHY, YIIEIIIYI0O B «3a3€pKajibe», TPEThe — OOpPaTHYIO BOJIHY, BBIIICAINIYIO W3-3a
«3a3epkanps». PacnpeneneHne HanpsyKeHHUs, COOTBETCTBYIOIIEE 3TOMY MOMEHTY

BPEMEHHU, IPEICTaBICHO Ha puc. 3.2€.

3.3.2. Pa3psao nunuu 6e3 nomeps uepe3 CONpoOmueieHus, noOKI0UeHHble K

€€ KoHuam

Paccmotpum  Hambonee oOmmiA ciaydaid paspsjga  JUHWH, TTO3BOJISFOIIHIMA

TIOJIYYMTh TOYHBIC KOHEYHBIC BRIPAXKCHHUS, ONpeaestomue pacupeneneaus U(t, X) u
i(t,x). Ilyctb onHOpOAHAs [UIMHHAS JIMHUS O€3 TOTEepb, 3apsDKEHHAs JI0

HaIpsHKCHUSA EO’ B MOMCHT BpPCMCHHU t=0 3aMBIKacTCd JIEBBIM KOHIIOM Ha
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conporuBinenue Z, =R, a BropsIM — Ha comporuBienue Z, =R, (puc.3.3a).
Hccnenyem mporecc paspsiia JMHUH, onpeaeisis 3aBucumoctsh U(t, X) . Mcnons3ys

HpeI[HO)I(eHHBIﬁ AJITropruT™M, 3aMCHacM, 4TO ICPBBIC CI'0 YCTHIPC IMO3UMIHNH TC KC, YTO

u B mepBoM mpumepe. OmyckaeM UX M TIPOJOKAEM PACCMOTPEHHE 3a/1auu,

HAYMHAS C [ATOM MO3UIMU aJITOPUTMA.
5. Onpenensem koapdunuentsr A ,(p):
x=0=U(p,0)=-Z]I(p,0)
—
X=L=U(p,)=2Z,1(p,!)

1+4 1-4 =y
Zy Zy ﬁ P N
(1—éje-7‘ £1+ = jef‘ A] |5

B Zy i P )

A, E, /Ke' +K, _E, Ke"'+ LKe™"

== = ° y 34
A1,2 A Al p 1— /—/—e =2yl ! AZ p 1— /1—/;672;/[ ( 8)
Z Z ., -7
e K. =—==28__ y [ ==22_"8 _ koohduiueaTsl BO3OYKICHUSI WU
1,2 21’2 N ZB 1,2 lez N ZB b Yy

otpakenust. [Tonaras | / /, |<1, ucmosnb3yem pa3noxeHue B psii COMHOKHTEIS

1

W:“ [ e s + ([ D) e + ([ [)e®"
L

1 NIPEICTaBUM KOO(P(PULIUEHTEI A , B BUIIE

n=0

AIZ_E?|: li(/—/—) e 2npr+ /—Kzi(/l— Z)ne—(2n+1)pr:|’
n=0
(3.49)
E N n o-(2n+1) pr S n o-2(n+l) pr
B kS Sy e |
n=0 n=0

6. OKOHYATEIbHBIN BUJ PEIIEHUS] B IPOCTPAHCTBE N300PAKEHUIA:
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u(p=Ae "+ A S
EO ® . —p(é—anj oo 0 —p(§+(2n+l)7)
-~ 1-K Y (1) e - [K, ) ([ ])"e - (3.50)
n=0 n=0
® . p[%—(Znﬂ)rj © 0 p[é—z(”ﬂ)fj
_KZZ(/l_/;) € - 2Klz(/1_/;) €

n=0 n=0
JlanbHelinee MOCTpOCHUE PEIICHUI BO3MOXKHO Ipu ycioBud, uto K, u [,
JeWCTBUTENBHBIE BEJIMUMHBI, TaK Kak 00paTHOe npeoOpasoBanue Jlamnaca pyHkuuii,

UMEIOIINUX BHJI MPOU3BEICHUN HM300paXeHU, CYIIECTBYET TOJBKO B MPOCTEUIINX

qacTHeIX ciydasx. Ilostromy momaraem, 4ro Z,,=R ,=>K, ,= R P 17§
, , , +p
1,2

R,-p .
L, = — IEUCTBUTENLHBIE BEJIMYNHEI.
© Ry, tp

7. OKOHYATENbHBI BUJl PEUIEHUS B MNPOCTPAHCTBE OPUTHMHAIOB IMpHU

OFOBOpeHHOM YCJ'IOBI/II/II
u(t,x) =, {a(t) —K, D /;/;)"GLt X 2nrj -
n=0 \Y

1K, /:/;)”JKt—é—(Zn +1)rj—/(zi( /I/;)”a(t +§—(2n +1)rj—

n=0 n=0

- LK /;/;)"a(t + X on +1)rﬂ.

n=0 \Y
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i)

__/
E.® _[le ~9p TU(I,x) Y.p

a)
[=0,8 ux,t) ™ 0<t <t/2
f;=-08 SR
K,=0,1 —l—
K,=0,9 ;X
U L) 1/2<t, <t
e
T .
é X
u(x,t)d T <t;<3t/2
A m—
noX
s ¢
uCe,t) 3t/2<t, <2t
1 ~
- 7
A <_|
u(t,0) 6)
I
—
. . . . 107 ———— S
0 2T 4t 67 &r L_—— 127 t
I
B)

Puc. 3.3. Pa3psan pa3oMKHYTOH JIMHUM 0€3 OTEPb:

a) cXxeMa paccMaTpuBaeMON CHCTEMBI,

0) pacnipeenieHuE HANPSKEHUS B JIMHUU JJIs1 yKa3aHHBIX MOMEHTOB BPEMEHHU;

B) 3aBUCHMOCTb HANPSHKCHUS OT BpeMeHH B Havase uHuH (x=0)
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Jlnig yno6cTBa aHaan3a HalIEGHHOTO PEIICHUS MIEPETHILEM €T0 B BUJIE

u(t,x) =
e fo-k[ot-XJerrai-2-zc)eryo{t-2oa)s. |

IK, {a(t X rj n I_ll_ZJ(t X —3T) n (rlrz)za(t X 5Tj n } -
Y Y

v

(3.51)
—K{G(t+§—rj+/_ll_20'(t+§—37J+(I_ll_z)za(t+§—5rj+..}—
\' \' \"
X X ) X
—I_ZK{O'(t+——21j+/_1/_20'(t+——4rJ+(l_1l_2) J(t+——62’\)+...:|
\' Vv \"

8. AHanu3 NOJYYEHHOTO pe3yJibTaTa.

Haiinennoe Beipaxenue (3.51) mokaspiBaeT, YTO pacipeiesieHue HalpsKEeHUS B
JUHUU — PE3yJbTaT MHOTOKPATHOTO OTpa)XE€HUs BOJIH CTyreHdatod (opmbl. Mx
BEJIMYMHA C TEUYEHHEM BpPEMEHU YMEHBIIAETCA MPONOPIUOHAIBHO BEJIMYHHAM

koddpurmentos K, u | /,|. TIpuunHONW yMEHBIICHUS BEJIUYUH CTYIECHEK
SBIIIETCSL PACCEsIHUE 3aIIaCCHHOM B JIMHUM DHEPrUM Ha compoTuBieHUsX R, u R,,

MOJIKJIFOUEHHBIX K €€ KOHIIaM.

B neransx STOT mpoliecc BBITJAIUT CIASAyIOUMM oOpa3oM. B HavaibHBIM
MOMEHT BpeMEHM t=0 y KpaeB JIMHUHA BO3HUKAIOT JBE BOJIHbI HANPSKCHUS
CTyneH4aToi (opMbl, OCTyIIMe HaBCTpedy APYT JPYry, pa3psKaroliue JHUHHUIO.

Bennuuns! crynenek nponopuuoHanbssl K, u K, . K MOMEHTY BpeMeHHU t =7 JUHUS
paspspkaercst 1o 3HaueHus HampspkeHus Ej(1-K, —K,). B moment Bpemenu t=r

Ha KOHIAX JIMHUHA MPOUCXOJUT OTPaXEHUE BOJH C COOTBETCTBYIOIIMMH
kodduenramu /, u /,. Bo3HuKaromme B pe3ylibraTe OTPAKEHHs CTYIICHYATHIC
BOJIHBI MEHBUIEH BEJIMYUHBI PACIPOCTPAHSAIOTCS HABCTPEUY APYr APYTY, paspshkas
maanio, ecmu />0, wim nepesapsbkas ee, ecnmi /[ <0. B MOMEHT BpemeHH t =27

CTYIICHBKH JOKAaTBIBAIOTCA O KOHIOB JIMHHHK, IMPOUCXOJAUT HUX OTPAXKCHHUC, U
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nporecc moBTopsiercs. [Ipyu KakaoM ouepeaHOM OTPAKCHUU BEITWYUHBI CTYIECHEK
BOJIH YMEHBIIAIOTCS IPOIopIHoHansHo | /7.

Takum o00pa3zoMm, B oOmeM BelpakeHun (3.51), mpeacrarisiomeM Habop
Oerymux BOJH HAmpsDKEHUS CTYNMEHYaTol ¢GOpMbI, B TEUEHHE KaXJOTO U3

UHTEpBaJIOB BpeMeHn Nz <t<(n+1)z, rme n=0, 1, 2, 3, ..., peaabHO CYIIECTBYIOT

TOJIBKO JIBE€ BOJIHBI, OJIHA U3 KOTOPBIX IpsiMas, Ipyras — oOparHas. Bce octaibHbie
BOJIHBI OTCYTCTBYIOT, HaXO/SICh KaK Obl B «3a3€pKaJIbe», T. €. BHE MPEACIOB JIUHUM.
[Toatomy BblpaxkeHue (3.51) MOXKHO TpPEACTaBUTH B BHJAE Pa3JIOKECHMUS,

UIUTFOCTPHUPYIOIIETO IPUBEIECHHBIE PACCYKICHHM,
u(t, x) =y (t, X) + U, (t, X) + Uy (t, X) +...= DU, (t,X), (3.52)
=1
rAc:
X X e
u,(t,x) =E, {1— Kla(t _Vj - Kza(t + v Tﬂ, aeyo<t<r;

uz(t,x)zE{l—Kl—K2— /jkza(t—f—rj— G/QG(HE—ZTH, 48y 7 <t<2r;
Y Vv

u, (t, ) :E{l—Kl—KZ — [K, - [;K, - K, /;Kza(t—f—zr)—/(z /;/;a(t+5—3rﬂ,
\'} \'}

aey 2r <t <3r;
u,(t,x)=....... :

Tenepsr BUIHO, 4TO B I0OOOM (PUKCHUPOBAHHOM CEUYCHHUH JIMHUH HAIPSHKCHHUE
CKayKkOM M3MEHSETCS BO BpPEMEHH Uepe3 MPOMEXKYTKH, paBHbBIE 7. OITO
CKayKoOOpa3HO H3MEHSIOIIeeCs HalpsHKEHHE U €CTh NPOSBICHUE MEPEeXOHOrO
nporecca B JaHHOM CEYCHHUH JTUHUH. Tak, Hampumep, Ul JIEBOTO KOHIIA JIMHUH U3
(3.51), nmonmaras X=0, moxyuaeM Gopmyay s TEPEXOAHOTO IMpoIecca B ITOM
CEYCHUH JINHUH

u(t,0) =E,[1-K, -K,(+ /ot -7)- K /,(1+ [)o(t—27)—
K, [+ Do(t-3)- K LA+ Do(t-47)-...]. (3:53)
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I'paduxu, wnnmoctpupyromme — pacnpenenenus U (6, X) u  u,(t, X),
COOTBETCTBYIOIIIME TEPBBIM cjaraeMbiM pasiiokeHus (3.52), m konedbanme U(t,0),

nocTpoeHHoe 1mo dopmyre (3.53), npencraBieHsl Ha puc. 3.3.
B 3akmtoueHne BepHEMCsl B 3TOM MpuMepe K OoJiee o0meMy ciaydaro, Koraa

Z,=2,(p), n, cnenoparensuo, K ,=K,,(p) u /,= /,(p). Honaras p= jo,

BUJIUM, 4TO KOA(GOUIMEHTHI BO30YKJEHUS W OTPAKECHUS 3aBUCAT OT YacCTOTHI U
MO03TOMY XapaKTEPU3YIOTCA HepaBHOMEPHbIMU U HeMHEeMHbIMU DUX. [IpencraBisis
NaJarolyl0 BOJIHY Ha0OpOM TapMOHUYECKHUX COCTABIISIIOUIUX, 3aMEYaeM, 4TO IpPH
OTPAXKEHUU MCKAXKAIOTCS €€ aMIUIMTYAHBIA U (Pa30BBIM CHEKTp, T. €. U3MEHSETCS
dbopma BoiHBL. [Ipu MHOTOKpAaTHBIX OTPAKEHUSIX BOJIH OT KOHIIOB JIMHUU
MPOUCXOJUT HAKOIUICHHE HWCKAXEHUW. B JMHEHHBIX CHCTEMax 3TOT NPOILECC
BBIPAKAETCS TMPOU3BEJCHUEM NEpeNaTOYHON (YHKIIMM CHUCTEMBI U CIEKTPaJIbHOU
byHkiuu curHana. UMeHHO O3TOMY YCI0XKHSETCS TOCJICIHUM 3Tan JaHHOM 3a7ayu
aHanu3a — oOpatHoe mpeoOpazoBanue Jlammaca uzobpaxenus (3.50) mckomoro

EO

pacrnpeaeneHus. Hanuuue 3]1eCh MIPOU3BEACHUI byHKIUH —,

r,(p), ,(p), Ki(p) u K,(p) BBIHYXIaeT HUCIOIL30BAaTh TEOPEMY YMHOXKECHHS

(11° B Ilpunoxenun 2). PeimeHue B IPOCTPAHCTBE OPHUTMHANIOB IIEPETPYKAETCS
CBEpPTKaMHU (PYHKIIMH, CTAaHOBSCh BCce O0oJiee TPOMO3JIKUM C YYETOM KaxKIOTo
OYEpPEAHOTrO AKTA OTPAXKEHUS BOJH OT KOHLOB JIMHUH.
Konmponwvuwie 6onpocel u 3a0anus

1. YcBoilTe airopuTM pelieHHs 3aqad aHajn3a MEPEXOJIHBIX IPOLECCOB B
JUTMHHBIX JIMHUSIX ONIEPATOPHBIX METO/IOM.

2.B paboueil TeTrpamu JIE CaMOCTOSITETbHOM pabOThI  PacCMOTPHUTE
NEPEXOIHBIE MPOIIECCHI: a) Pa3ps]l PAa30MKHYTOHN JUHUM 0€3 OTeph Yepe3 aKTUBHOE
CONPOTHUBJIEHUE, PABHOE BOJIHOBOMY COMPOTHUBIICHUIO JTUHUM; 0) pa3psl JIUHUM Oe3

IMOTCPb YCPEC3 AaKTUBHBIC COIMPOTUBJICHU A, IIOAKIIIOUYCHHBIC K €€ KOHIAM.
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3.4. Ilepeoaua cuznanos 6 yenax ¢ ONUHHBIMU TUHUAMU

3.4.1. O6wuii cnyuan

BepHemcsi Kk paccMOTpeHHOW paHee B M. 2.7 CHUCTEME, OCYILIECTBISIONMICH
nepeadyy CUTHaJIOB OT HMCTOYHMKA K mnotpedutento (puc.2.9a). B pexume

TapMOHHMYECKUX KOJeOaHWH WCUEPIBIBAIONIEH XapaKTEPUCTHUKON ASTOW CHCTEMBI
CIY>KUT KOMIUICKCHBIN KO3 UIMEHT Tepeaadn KNENO (2.76), B cHEKTpaIbHOM
MeToJie — KOMIUIeKCHas mnepenartoynas OQyHKOUS Kgeqo (@) (2.85), Temeps B
OIlepaTOpHOM MeToje — omeparopHas mepenatodnas GyHKus Kgego (P)=Kgero

(3.13)

[IpuBenennyo Gopmyiy MOXKHO TpeoOpa3oBaTh, MPEICTABUB OMEPATOPHYIO

NepeIaTouHy0 (PYHKIMIO CUCTEMBI B Oosee ynoOHOM BHae. Bxonsdmuii B ee cocTas

2yl —2y(

comuoxurens 1/(1— / /,e7") ¢ yuerom nepasenctsa | /[, |<1 pasznoxum B

CTENEHHOM PAJT ¥ TIOCIIe TTOJICTAHOBKH 3TOTO psifa B (3.13) morydum BeIpaKeHUE

() sk S 17 -
n=0

=Ky Ky (1+ [ e+ [ e + [P e +)

1 72

(3.54)

OIMCBHIBAIOIIEE SIBJIEHUE MHOTIOKPATHOTO OTPAXEHHS CHUTHAJIA OT KOHLIOB JIMHUH.
OTO sBIICHUE, CyIIECTBYoMIee, Koraa [1 u [ OTIMYaroTcs OT HYJIS, WILTIOCTPUPYET

ayarpamma, IpuBeiIcHHas Ha puc. 2.9B.

3.4.2. Ilepeoaua npamoy2016H020 uMnyabea 6 yenu ¢ OJTUHHOU TuHUel Oe3

UCKAICCHUIL.

PaccMOTpyM MIIMHHYIO JIMHUIO 0€3 MCKAKEHWM € 3aJaHHBIMU TMTOTOHHBIMHU
napamerpamu L, C, R u G, BKIIIOYeHHYIO B LIETb NepeJaul UMITYyJIbCHOTO CUTHaja

€;(t) ot renepaTopa ¢ BHyTpeHHUM conpoTuBIeHHEM Rj; K Harpyske, oOiamaromeit
BXOHBIM conpoTuBieHreM R, . CooTBeTCTBYyIOIAs CXeMa NpuBe/ieHa Ha puc. 3.4a.
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€r 7P RH fl] T UEb.'X

0 J >
a) ¢ g
er/\
E,
0 ¢ >t
UBbrxA H
=
0 TT+O 3t 5T Tt
6)

Puc. 3.4. [lepenaya npsiMOyroJbHOTO UMITYJIbCA B MU C JUTMHHOM JIMHUCH:

a) cXeMa paCCManHBaCMOﬁ CUCTEMBI,

6) HUMITYJIbChI Ha BXOJEC U BbIXOJC JIMHUU IIEPpCAAYN

Bo3bMem 3a ocHOBY moJiydeHHOE paHee BbipaxkeHue (3.13) miist mepenarouHoi

(GYyHKUMHM CHUCTEMbl C JUIMHHOW JIMHUEH U ONpeleiauM Bce KO3(DPUIUEHTHI,

BXOAIIHUC B 9TO BBIPAKCHUC!

y="JRG+pJLC; JRG=a; 1LC=vs; llvys=r=pl=al+pr;
Zy=p=Kge =plRx+p); Kiy =Ry/(Ry+p)
I, =Ry —p)(Ry +p).

3amMeuaeM, 4YTO 3a HUCKJIIOUYEHUEM cllaraeMoro prz B y{, BC€ BEJIWYUHBI

SABJIAIOTCA I[CﬁCTBHT@J]BHBIMH.

Jlanee nenaem Tak:

1 K( )_KBE,KA,H,eW kK. i(/_ e (@t pn)
' P)= 1— /l-/;e—zyc ~ “BE. A.H.nzo 112 :
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2. &;(t)=E,[o(t) -0t —Q)J%EA( D)= E_F)O(l_e_pg)
3. Usys(p) = KAE.KA.H.Z( /;/Dne—aé(2n+1)EA( p)e” pr(2n+1)
n=0
4. Uy (t) = i( [[)"e Ve, (t—z(2n+1)) =
n=0

= EOKAEKAHi( L) e gt -r(2n+1) - ot -0-z(2n+1)].
n=0

IIpy ycloBHHM HepaBEHCTBA CONPOTUBIEHNH p U Ry , T.e. korma /,/,#0, a
TaKk€ NpU 7 >0, BBIXOJHOM CHTHAJ MPEACTaBISAET COOOM MOCIEeN0BATEILHOCTD
UMITYJIbCOB, BEJIMYMHA KOTOPBIX YOBIBAET B TE€OMETPUYECKOM MPOrPECCHH CO
3HAMEHAaTeleM, PaBHbIM /| /,€7°*" 1 ONHCHIBAIOIMM OTPaKEHHE CUTHAJIA OT KOHIIOB

JUHUM, a TakkKe ero ocinabiieHne u3-3a 1morepb B JMHUHM (puc.3.40). IlepBoiit
HUMITYJIbC — COOCTBEHHO CHUTHAJ, BTOPOW U MOCIEIYIONINE — «3X0» CUTHAJIA.

EciiM CONpOTHBIEHHE HA OJJHOM M3 KOHIIOB JIMHUH coryacoBaHsl, To /; /, =0
M TOT/Ia
—al
Usgs () =EKe ™ [o(t—7)-o(t—-0-7)],
T.e. Ha BBIXOJEC HAONIONACTCA CUTHAJN, 3a[CPKAHHBIA HA BEIMUMHY 7 .

Koaddumment K npuHrMaer mMakcUMallbHOE 3HA4Y€HHE, paBHOE 1, MpU yCIOBHH

Rz =0 wm npu yciaoBun R, —> o0 B 3aBHCUMOCTH OT TOrO, KaKOW M3 KOHIIOB

JIMHHH COI'JIaCOBAH.

Konmponwvnsie 6onpocel u 3a0anus
1. B pabGoueit TeTpamu JUisl CaMOCTOSTEIBHOW pabOTHl PAacCMOTPUTE 3aJlayu
aHanuM3a TMepeJayd CUrHajioB B oOmEeM clydyae W B cllydae Iepeaada

IPSIMOYTOJIBHOT'O UMITYJIbCa B CUCTEME C IJTMHHOM JIMHUEH 0e3 UCKaKEHUH.
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Hpunoxenue 1

Pacuemmnvie hopmynvl pacnpocmpaneHnvlx TUHUIL nepeoavu

Ha puc. 1 npuseaens! popmbl MONEpeUHbIX CEYEHUN PACTIPOCTPAHEHHBIX JTUHUN

nepenaun. Hioke npeacTaBieHbl COOTBETCTBYIOLINE pacueTHbIC (HOPMYIIBI.

Puc. 1. Ilonepeunsie ceueHus TUHUM Mepe1adn:

a) KOaKCHaJIbHas;
0) cuMMeTpUYHAas JBYXIIPOBO/IHAS;
B) MOJOCKOBasi HECUMMETPHUYHAS;

r) IMOJIOCKOBAasA CUMMCTPUYIHAsA

1. Koakcuanvnasa ntunus nepeoauu

OnnoponHas koakcualibHas JUHUS mnepenayu (puc. la) mpeacraBiser coOoit
CHUCTEMY U3 JIByX XOPOIIO MPOBOISIIMX METALINYECKUX UJIUHIPOB, TPOCTPAHCTBO
MEXTy KOTOPBIMH 3aIlOJIHEHO AMAJIEKTPUKOM. B paanoTexHuke HauboJee MMPOKOe
pacrpoCcTpaHeHUE TMOJIYYHIN THOKUE KOAKCHaIbHBIE KaOeIH, Y KOTOPhIX BHYTPEHHUN
MPOBOJIHUK — OJHO- WJIM MHOTO>XWJIbHBIA MPOBO/I, & BHEIIIHUI TPOBOIHUK BHITTOITHEH
U3 TOHKOHM TTPOBOJIOKH. B KauecTBe quasieKTpruka OOBIYHO UCTIONB3YETCS TTOJIUITUIICH
(TudyIeKTpUYUecKas MPOHUIaeMocTh € = 2,25) uiu ¢propormact (€ = 2,08).

[TapameTppl KOakCHaNbHBIX JIMHUM I[E€PENAYd MOXKHO PACCUUTATH IO
npuOIMKEHHBIM (hopMyIam:

[ToronHas eMKOCTB

27ee
C=-2"%0_ ppy,
n(b/a)’ )
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rae g = 10°%/(36m) = 8,84:10712 ®/m — anexkmpuueckas nocmosnnas.

IToronnas HHAYKTUBHOCTDb

L= 002 . 2)
27 a

rae po=4mn107=12,56'10" I'n/M — maznumuas nocmosunas, |t — OTHOCUTEIbHAS
MarHuTHas MPOHMUIIAEMOCTb, KOTOPYIO [UISl JIUAJICKTPUKOB TMOJAaraloT paBHOU
CIMHULIE.

IToronHoe conpoTUBIEHUE IOTEPH

R=1 ,/“’””0(1 1} Om/M, 3)
27\ 2 a b

rae ¢ — yjenbHas oObeMHas MPOBOAMMOCTH METallla, paBHas i meau 5,81°107
Cm/m.
[ToronHast n(pOBOAMMOCTH MTOTEPH
G =aC tgo, Cm/Mm, 4)
rne tgo — TaHreHc yria MoTepb B JUDJEKTPUKE — Mayias BETUYHHA, KOTOPOM

00b1yHO TIpeHebperatot, noyaras G = 0.

BonHoBOE cornpoTuBiieHuE

z, L 138 b Om (5)

J_ a’

KoakcuanbHbie Ka6eJ'H/I, BBIITYCKACMBIC ITPOMBIIIJICHHOCTBIO, UMCIOT BOJIHOBEIC

conpotusiienus 50, 75, 100, 150, 200 Owm.

2. CummempuyuHnas 08yxXnpo6ooHaA TUHUA nepeoauu

DOta JWHUS Tiepeaadyd  oOpa3oBaHa JIByMsl KPYTJIBIMH  MPOBOJAHUKAMH,
UMEIONIUMU  JTMaMeTp 2d, PAcCTOSHHE MEXIY LIEHTpaMHu MPOBOJHUKOB paBHO D
(puc. 10).

[TapameTphl ABYXIPOBOAHBIX JUHUHN TIepeadul ¢ BO3AYIIHBIM JTUAJIECKTPUKOM B
npennonoxeHuu D >> a MoKHO paccuuTaTh 10 MPUOIMIKEHHBIM (popMyiaM:

IloronHast eMKOCTb
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g, 10°°

C= = , D/
In(D/a) 36In(D/a) ©)
[ToroHHast HHAYKTUBHOCTb
=102 _anP107, ram. @)
7T a a
IToronHoe conpoTUBIEHUE IOTEPH
R _ L e , OM/M. (8)

ra\ 20
[ToronHast MpOBOAMMOCTB ITOTEPh HE yUUThIBacTCs, T. €. G = 0.
BoaHOBOE compoTHBIICHHE

Z, - \Ezlzolng, Om. ©)

a

3. ITonockoevie tunuu nepeoauu

B aTux nmHUAX nepenayd HanpapiSIOMMMU IPOBOJHUKAMU CIYXAaT IOJOCKU
MeTajla, OTAEICHHbBIE APYT OT JApYyra MOJJI0KKOW — CIOEM JUAIEKTPUKA C MAJIBIMU
norepssMu. PasznuyaroT HecummeTpuuHble (puc. 1B) u cummerpuussie (puc. 1r)
IIOJIOCKOBBIE JINHUU.

[lapameTpbl MOJOCKOBBIX JIMHUWA TEpelayd MOXKHO  pacCUUTarTh IO
npuOIMKEHHBIM (hopMyam:

IToronnas eMKOCTb

C=¢gg,b/h, O/m. (10)

JI71st CHMMETPUYHOM JTMHUM 3TOT PE3yibTaT JOJIKEH ObITh YIBOEH.

IToronnas HHAYKTUBHOCTb

L=1/(V4C), Tu/m. (11)

3mech Vo — ha3oBast CKOpOCTh Vg =C/+/&, Tie ¢ — CKOPOCTh CBETA.

IToronHoe cOnpoTUBIIEHUE TTOTEPH

R=1 [29%%% O, (12)
b o
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[ToronHast mpOBOAMMOCTH MTOTEPH HE yUUTHIBaeTcs, T. €. G = 0.
BonHoBo€e comnpoTuBiieHue

1207 h
=————, Om.
B ~ b M (13)

Z

OOBIYHO IMPUMCHACMBIC ITOJIOCKOBBIC JIMHUU UMCIOT BOJTHOBBIC COIIPOTUBJICHUA OT 25

110 100 Owm.
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Hpuinoxenue 2

OcHogbl onepamopHozo Memooa

B ocHOBy omnepaTopHOro MeToaa IOJIOKEHO npeodpazoeanue Jlannaca —
UHTETpaJIbHOE  TpeoOpazoBaHue,  KoTOpoe  (GYHKIUSAM  JACHCTBUTEIHHOTO

nepemennoro f(t) — opuzunanam, no popmyie
F(p):jf(t)e*"dt (1)
0

CTaBUT B COOTBETCTBHE (QYHKIMH F(P) KOMIUICKCHOrO MEPEeMEHHOro P=a + jo —

uzoopancenusn. J{ns cessu f(t) u F(p) ucnons3yroT pasaudHbie 0003HAYCHUS, B TOM

quclie Takue, kak F(p)= LA[f (0] wm f(t);F(p), e L — oTIepaTop MPsIMOTO
npeoOpa3oBanus Jlamnaca.

YKkakeM OCHOBHBIC CBOWCTBA JTOr0 TPeoOpa3oOBaHUs, BBITCKAOIINE U3
COOTBETCTBYIOIIHUX TECOPEM:

1°. Eouncmeennocms npeobpazosanus (meopema eOuncmeennocmu)’
aro0or GyHknuu — opuruHany f(t) cooTBeTcTByeT eIMHCTBEHHAs QYHKIUS —
nuzoopaxenue F(p) u Ha0OOPOT.

2°. JTuneiinocms npeodpazoeanus (meopema auneiinocmu):

U Sah0|-Xare) @

3°. Hzo6parcenue npousseoonoii (meopema oupdepenyuposanusn):
L[ f9()]=pF(p)-f(0), (3a)
L[ f®@)]=p"F(p)—p"*f (0)—...— pf "2(0)— f "2(0). (36)

4%, H3o06parncenue unmezpana (meopema uHmezpuposanus):

U ﬁf(r)dr}:%F(p), U Kjdrj f(r)}%F(p). ()
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5°. Hzo6pasicenue gpynkyuu c 3anazoviéarouium (onepexicarouium)

apzymenmom (meopema 3anazo0vléanHus - ONEPENHCeHUs):
L[f(t£6)]=ePF(p) (5)
60. H306pa.7fceuue d)ymamu C 3Kcn0HequuaJleblM COMHOICUmMe iem

(meopema cmeuienusn).
L [e*f(t)]=F(p-a). (6)

7°. H300pasicenue pynxyuu ¢ usmenennvim macuimadoom (meopema

noooous).
) _1g(p
L[f(at)]—aF(aj. @)
8°. Hzo6pascenue nepuoduueckoii (npu t>0) ynxyuu:
~ F
L[ f®)]= 1_°épp)T , )

]
rxe T — nepuon, F,(p) = j f (t)e Pdt.
0

Oopammnoe npeobpazosanue Jlannaca onpenensieTcss THTETPaJIOM:

L E(pendp. ©)

a—jo

fO=L [F(P]=5,;

B 3agadax, CBA3aHHBIX C UCCICAOBAHUEM Koe0aTeJIbHBIX IMpoueccCCOB, 3HAYCHHC

ATOTO MHTETpasia YA0OHO ONPEEIsITh M0 TEOPEME O BbIUETAX, T. €.

f ()= Res| F(p)e™, p, | (10)
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AKcuomsl meopuu yeneii 6 onepamopHoil hopme.

[Ipu Kcnonb30BaHUM ONEPATOPHOTO METOA ISl PEIICHUs 3a]]a4 TEOpUH 1ienei
yA00HO TpPUMEHATh mpeoOpazoBaHue Jlammaca st OCHOBHBIX COOTHOIIEHHUM,
COCTABJISIIOLIUX AKCMOMATHKY Iened. DTO MO3BOJIMT MHHOBATh 3TAll COCTABJICHHUS
uHTerpoaudhepeHIManbHbIX ypaBHEHUU. [[ns ciiydas JNHHEHHBIX SJEMEHTOB C
NOCTOSSHHBIMU MapaMeTpaMy aKCMOMAaTUKa TEOpPUMU LIETIE B omepaTopHOil (opme
IPUHUMAET BUJ, IPEICTABICHHBIN B TaOIHIIE.

N300pakeHre TOKOB M HaIpsKEHUM, pUrypupyromee B akCuomaTuke, 0yaem
Ha3bIBATb OHEPAMOPHBIMU  HARPANCEHUAMU W  ONEPAMOPHLIMU  MOKAMU.
Jluneiinas cBsi3b oneparopubix BeanuuH U(p) u I(p) B akcromax siemenToB R, L u
C ciy>KuT OCHOBOW JIJIsl BBEJICHUS TTOHITUN Onepamopnozo conpomuenenus Z(p) u
onepamopnou nposooumocmu Y (P) = 1/Z(p) kak /19 3TUX OCHOBHBIX DJICMEHTOB,
TaKk M JJId pa3IMYHbIX HMX coeauHeHud. B mnocimegHem ciywyae mpaBuia,
ONPENEIAOIIME PE3YyIbTUPYIOIINE 3HAYEHUS ONEPaTOPHOTO  CONPOTUBIICHUS
(MpOBOAMMOCTH) COEIMHEHHUI 3JEMEHTOB, MOJOOHBI MpaBUIaM JJIsl aHAJIOTHYHOTO
COEIMHEHMsI PE3UCTUBHBIX CONMPOTUBIICHUN. B yacTHOCTH, pHU MOC/IeI0BaTEIHLHOM
COEIMHEHMH DJJIEMEHTOB CKJAABIBAIOTCS HX ONEPATOPHBIE CONPOTUBJIECHUS, IIPU

HapajuIe)IbHOM — OIEPATOPHBIC MPOBOAMMOCTH. MOKHO 3aMETUTh, YTO TIPU P = |@

OTiepaTOpPHBIC COMPOTUBIICHUS (IPOBOJIUMOCTH) JIBYXITOJIOCHUKOB COBIAJAIOT C UX

KOMILUIEKCHBIMU CONIPOTUBIICHUSIMU (ITPOBOIUMOCTSIMH).
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Tabmuia

u(r)\ A
2l e u(t) SU(p).
I(\t) )
2l i i©-1(p)
——
uNr
] |
~E(P) u(t) =e(®)->U(p) =E(p).
Up)~=
T~
~ < . L
2 o~ o) ©=10519)=(p).
4@_)_
Ly
"Z\l u > u:Ri<:>i:Gui>
5 ) 5U(p)=RI(p) > 1(p) =RU(p)
up) |
CII L
l u \\ g -
£ —.C i—cdu 1 Y
Y(p)“pC - i=C dtau_cgldt+u(0)
(Yo Ty 519~ pCU(P)-Cu) & U(p) = 1 (p) +4)
)
—“—@—(—
LfYY\ P
R u \.; . ‘ 5
vfll( Z(p)=pL ) u:L%@izﬁludt+i(O)—>
_NY‘\_®+
Up) . A |
— e - 1 i(0)
Yo)RIpL SU(P)= pLI(P)-Li(0) € 1(p) = U(p) + 1)
— t<—
_@_
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di di
p =L L, |
ogl di di ;
4 u, ==L, I1+in.
le dt dt
5|2 c { Uy(P) = PLL(P) Pl (P) ~ L (0) 7L, (0), }
bl U, () = £pL1(p)+ PLL, (P) T Luis () ~ Ly, 0).

Si, =05 Xl (p) =0

S =05 XU, (p)=0
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