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BseAeHne

SnercpuqecKlre qern f, BJrrK)TCfl ocHoeofi syHrquoHupoB ailvfl' coBpeMeHHbIx

gHeprer'rrrecK ux ugJreKTpoHHbrx cr'creM. B upoqecce rax pa6orbl Bo3HI'IKaIor KaK

ycraHoBlrBrrru ecfl,)TaK Lr flepexoAHbre pexLIMbI, aH€uII43 Koropblx neo6xoALIM AJIf,

rrp aBprJr bH o ro np o eKTLrp o B aH ufl, vr H aAexHofi s rc nnyararlnnn 3JI e KTp orexHLIrI e c Kux

ylrporcrB. Oco6oe Mecro B Teoprrlr 3JreKTpuqecKLIx qenefi 3aHuMaror Ilenu c

p urrrpa4el€uubrMpr flapaMerpaMlr r4 MeroAbI MareMarllrlecKoro orrvrcaEufl'

[epexoAHblx [poqeccoB.

I{enu c pacrpeAen€uHbrMl{ napaMeTpaMpl IUUpoKo rpl'lMeHflIorc A IIpLI

[epeAarre oJreKTp""ar*ofi eHeprr4vr v cvrt*aJroB Ha 6olruu4e paccroflHvrfl" a raKxe

B cprcreMax cBfl3vrrpaAlrorexHr{rrecKlrx rd BblcoKoqacrorHbrx ycrpoficrBax' B rarux

qen{x gJreKTplrqecKr,re [apaMerpbr - 
couporprBneHr{e, LIHAyKTLIBH..$, €utrocrb u

[poBoAlrMocrb - 
pacupeAeneHbr no ncefi AJTLIHe Irvrnvrvr, rrro [pLIBoApIT K

B o3HLrKH oBeHlrro BoJrHoBbIx rrp o qec c oB. finx vlx ailarrvr3a I{ cII oJlb3yrorcfl

ypaBHe Hr4fl,nepeAaqr4, [O3BoJr.iloqre oflpeAeJrurb u3MeHeHLIe HanptxeH'krfl' LI TOKa

BAOJIb ILI4H'IIVI. ,

IIpu r{3rreH r4u AvrHaMprqecKprx pe}KLTMOB gireKTputlecKux ll€Ilefi saxHylo poJlb

rdrp aer M eroA flep eM eHHbrx c o cror ."vtfl, n o3B oJrsro ulufi 
''p 

eAcr aBvrrb

eJreKrpprqe cKyro clrcreMy B BraAe na6opa AraQ 0 epeHIIIaaJIbHbIX ypaBHe lHuit repBoro

,rop"a*a. ,{anHHfi naeroA flBJrflercfl yHr.,rBepcEIJIbHbIM pI UpIpoKo llpllMeHflercfl rIpLI

KoMrrbrorepHoM MoAeJrr4poBaHralr, TaK KaK no3BoJlrer 3SSeKTI4BHo Llc[oJrb3oBarb

q[creHHbre MeroAbr pacu€ra LI coBpeMeHHbIe nporpaMMHble cpeAcrBa'

B AasHofi rypcoeofi pa6ore paccMarpr{Barorcs reoperplqecKue ocHoBbI Ilereu c

pacnpeAendsHbrMlr [apaMerpaMpr, a raKxe MeroAl1,ilKa cocraBJleEvrfl' vrl-rucreHHoro

perrreHlrs AlrooepeHrlr€rJrbHbrx ypaBHenuit repexoAHbrx rpoueccoB MeroAoM

,r.pa*.HHbrx cocrofl:nvtfl,. B pa6ore npoBoAprrcfl anarrus BoJTHOBbIx np:leccoB B

AJII4HHbIX JILIHI4fl X pI M OAe JILIp OB AIF{VI? II epexoAHblx p e XLIMOB

c lIcIIoJIb3oBaHLIeM rporpaMMHolo raKeTa MATLAB'
SJIeKTpuqecKoLI uenl{



Bnetrenne

One*puqe cKlre qerru fl BJrfl rorcfl o cHoeo fi SynrqlloHl'Ip oB aldvrfl' c o BpeMeHHbrx

gHeprerr'rrecKvrxvroJreKTpoHHbrx cracreM. B upoqecce uxpa6orbl Bo3HLIKaIor KaK

ycraHoBr4Brrrg ecfl.)TaK Lr [epexoAHbre pe)KLIMbI, aH€IJILI3 Koropblx neo6xoALIM AJIfl

rrpaBprnbHoro [poeKTprpoBaHufl, 14 HaAexHofi grcnJIyaraIII4I{ gJIeKTporexHLIqecKI4x

yirpofcrB. Oco6oe Mecro B Teopulr eJreKrprrqecKllx qeretrt gannMalor Ileru c

purrp.AerdnsbrMlr napaMerp aMLr Lr MeroAbI MareMarllrlecKoro orwrcaEufl

nepexoAHblx rpoqeccoB.

I{enu c pacrpe4eleuHbrMll IlapaMeTpaMla IULIpOKO npplMeHflIoTcfl' npvr

nepeAarre gJreKTplrqecKoft eneprr4vru cLrrHaJIoB Ha 6olrruL1e paccroflHvrfl', a raKxe

B cr{creMax cBfl3r4,paAnorexHr4qecKlrx r4 BblcoKorracrorHbrx ycrpoficrBax' B rarux

rlerrflx gJreKTplrqecKr.re [apaMerpbr - 
co[porLIBJIeHLIe, LrHAyKTuBHocrl, etvttrocrb LI

rrpoBoAlrMocrb - 
pac[peAeJreHbl rro ncefi AJTLIHO Ifi4ilkrvr,- tITo TIpLIBoALIT K

Bo3Hr{KHoBeHprK) BoJrHoBbIx flpoqeccoB. fittt I4x aHaJI v3a LlcnoJlb3ylorcfl

ypaBHe Hr4fl,nepeAarrr4, [O3BoJrf,rorque oilpeAeJILITb I{3MeHeHrIe Hanprxeldufl' I( TOKa

BAOJIb ILL4IIVIpI. ,

IIpu r{3rreH uvr ALl1aMprqecKprx pexuMoB sJreKTpI4rrecKI4X Ueflefi saxHyIO poilb

r{rp aer M eroA nep eM eHHbrx c o crofl ."krs, n o3B oJrsrc ulufi 
''p 

eAcr aBkrrb

eneKrpprqecKyro clrcreMy B BuAe Ha6opa ALrS$epeHIIrIaJIbHbIx ypaBHelHuit repBoro

,rop"j*a. ,{annrrfi ueroA flBJrrercfl yHr{Bepc€rJrbHblM u Irrl4poKo rlpl4MeHflercfl rlppl

KoMrrbrorepHoM MoAeJrLrpoBaHLru, TaK KaK no3BoJlret sSQeKTrrBHo LlcloJlb3oBarb

qlrcreHHbre MeroAbr pac.rera u coBpeMeHHbre [porpaMMHbre cpeAcrBa.

B 4aHHofi rypconofi pa6ore paccMarpr4Barorcfl TeoperuqecKlle ocHoBbI Ileuefi c

pacnpeAeleuubrMpr [apaMerpaMpr, a raKxe MeroALIKa COCTaBIreHufl' vqvrcreHHoro

perrreHlrfl Ar4ooepeHrlu€rJrbHbrx ypaBHermir, repexoAHbrx upoqeccoB MeroAoM

rrepeMeHHbrx cocrofl:nvrx. B pa6ore npoBoAlrrcfl anafirvrg BoJIHoBbIx npoqeccoB B

AJrLrHHbr x rrvr1vrflx r{ MoAeJrr,rpoB arae [epexoAHblx pexlaMoB SJIeKTpI{qecKofi qen[

c ucIIoJIb3oBaHLIeM nporpaMMHoro IIaKeTa MATLAB'



Inana I .o

oE3 Op rIE rrE trt c pAcrrpEAE Jrfl rrHbrMr4 rrApAME TPAIVilI

I{enn c pacnpeAenduHbrMlr rapaMerpaMl,I 3aHI{MaIor BaxHoe Mecro B

TeoperllrlecKldx ocHoBax gJIeKTporexHrrKI4' TaK KaK LIx ucnoJlb3oB aEvIe [o3Bonf, er

*oppa*"Ho O[UCbIBaTb flpoqeccbl nepeAaqu gHepFI4Vr v\ cvrrH;€LJIOB Ha

3HarII{TeJIbHbIe paccrofl ."v,fl.. B otnFILIe or qenefi c cocpeAoroqe'HblMl'I

gJreMeHTaMrr, rAe co[porrrBJreHple, r,rHAyKTLrBHoc$ u €narocrb [peAcraBJleHbr B

Br,rAe orAeJrbHbrx KoMrroHeHToB, B pacflpeAendn"lo clicreMax gTIa napaMerpbr

He[pepbrBHo pacupeAeJreHbr BAoJrb Jrkr*vrvr. flpu 6onrruLlx AnuHax vfiru BblcoKnnx

rracroru* purnpeabuennnfi xapaKrep flapaMerpoB oKa3blBaer oIIp eAeJlflIoqee

Brrr*"vre Ha 
',oBeAe'ue 

Ha,,psxe'urr rr roKa, rITo rpe6yer npuMeHeHufl BoJIHoBbIx

MeToAoB aH€urpl3a.

L.l O6ulaf xapaKTepIIcTIIKa JIIIHnfi c pacrpeAe"nennblMlr rapaMeTpaMII

[enrro c pacupeAerenHbrM'r flapaMerpaMr,r Ha3brBaercfl gJreKTpruecKafl 
'rvI''r.'

AJrr{Ha Koropofi ,o"3MepI{Ma c AJrLrHofi sonHbr nepeAaBaeMoFo cLrrHaJIAVfirr4 ./

HacToJrbKO BeJruKa, rITO pacnpeAen€ssas €urocTb I{ LIHAyKT}IBHOCTb oKa3bIBaIoT

cvurecr"'""::*-#,::iffiX"H.lfr3#;ffi ;TJffffS:ffiTffi :KoroLr

'**l""TlT#HfffdiJ;:'J,h 
Aaqrrou""",* ;

. ;XT#'#-fffffJ"ffiffiH"'Hf'l[Tlf; '\4*v'IvI

pacnpeAeneunbre [apaMerpbl lrvrilvru oupeAeJlflrorcfl Ha eAHnu{Y AJII4HbT I4

BKIIOqAIOT:
o aKTEBHoe co[poTI4BJIeHue [poBOAHLIKoB R' Ornr/n'r;

: ffiflHr"J.TfiXi::ffiffi"6,?H"'
[poBoAltMocTb Il3oJlflUuu G' Cu/u'

Bce gTLr Beruqnurr SopMtrpyrcT 
gJIeKTpI4qecKoe [oBeAeHI'Ie ilvInvrrl npl4 repeAarle

repeMeHHOrO TOKa H OnpeAeJrf,ror xapaKTep pacnpocrpaH eilrFeneKTpoMarHlrfirofi

BOJIHbI.
f., : 

i|?" Y'

'I r-: -
l.2SnnIIBaJIeHTHafl cxeMa gJIeMeHTapHOrO yqacTKa JIIIHIIII

AsyxnpoBoAg€ur 1rrrlr4fl. - eTo ABa AJIuHHbIx [ap€uJIeJIbHbIx npoBoAd' B Koropbrx

reHepaTopoM MoryT nos6yx4 aTbcfl' T9KLI BblcoKofi qacrotu'



f-k-

Fuc. 8.. .f]eqlxlrylTJ I fiflcl{$lw rlul;pil.Mtrf$'he

*gE3'1( rlll {}.ffi/I}l qli{ ;n'ffi t't l't

F.nc- -I. .3wen &aliffi'r{Trq$s {3{{ffi1{n'

b"ri Atr:fT{&' "::llrI'}ll'l|' I

fitn aftaJrvrsa AJTLTHHOfi qrzriluvr ee upegcraBJItIOT B BLIAe [ocJIeAoBareJIbHOCTU

6ecroneqHo M€urbrx yqacrKoB AnLrHofi Ax. 3rB[BaJIeHTHas cxeMa sJIeMeHTapHoro

yqacrKa t"oT#;;oBarerrbHo 
BKrroqe'Hbre aKrLrBHoe corporplBrleHl.e RAx u

r,rHAyKTI{BHOCTT LAx;
, rrapaJrJreJrbHo [oAKJto.reHHHe €urocm CAx u npoBoAplMocrb

I{3OJIflUIAU GAX.

flper ycrpeM rreilr4vrAx+O noryqarcT MOAeJrb JTLIHLILT KaK o6rerta c HerIpepbIBHbIM

pacnpeAeJreHr,reM rrapaMerpoB. TaKoe rrpeAcraBJleHvte flBnrflercfl ocHoBofi [ns'

BbIBoAa reJlerpaS nux yp aBHe Ht4ir.

l.3YpaBHeHufl nepeAaqn oAHOpoAHofi luHlln

llepnn.rHbre rapaMerphr. finuuHbre JruHt4r4 M0ryr l4Merb caMyIO pa3nnqHyro

KoHcrpyKrl,lo. Tax, AByxrpoBoAHafi Bo3AyruHafl 
'rr,'*ufl,(p'c. 

13.1, a) cocro'r r{3

IIap anneJr bHbrx H e r43 OJrtlpo BaHH btx npoBoAo B, yKp enJI eHHbIX C n oMolrlbro

pt3orqropoB Ha cnequ€utbublx oflopax. C uuMerpl'rq ]Frafl, ra6ell ]Hafi' Ilenb

npeAcraBJtfler co6ofi ABa H3OJrHpoBaHHbtx cKpyqeHHhrx Apyr c ApyroM npoBoA€l'

obpuryloull{x raK Ha3blBaeMy}o napy (petc' 13.1 ,6). CrpyleHHble MexAy co6ofi

,rup"r (unH qerBepKra), 3aKJrloqeHHhre B MeraJlnuqecKylo I{JIH nJlacrMaccoBy}o

3aIrIIlTHylo o6oIottKy, o6pa:yaT cuMMeTpplatsltfi ra6enl'

KoaxcuaJrbHar rrapa flBnflercr ocHosofi KoaKcuaJlbHoro ra6enfl H cocroHT I13

BHyTpeHHerO IIIIJIHHA pa - npOBOAa CIrJIOIIIHO|O CerIeHHrI, IIOMeIIIeHHOTO s noJlrtff

qunuHAp fuerc. 13. I , B).

6)

Pnc. 13. 1

I

\



conporHBJreHlre R - 3TO coilporprBneHHe npoBo,,{oB JrHHr4]n eukftru'IHOfi AnI',IHbr'

Hanpuuep, Anfl AByxnpouol"ofi rtHHuI4 conporHBJleHue (ona/ru)

R= ttj:e#'
l{u^yruaBHOCTr L onpeAenfieTcs OTHOIIIeHHeM MarHI{THOro [oToKa,

cuennfirorqero afl c KoHTypoM eAr,rsHquofi AJI'4H'I, K Tolqy, Bbl3bIBaIouIeMy STor

rroroK. I4U^ylcrr4BHOCTb JrllHr{r.r cKnaAbrBaerc fl' r43 BHeruH efi, u B'yrpenuefi

r{HAyKTHBHocrefi. rJepBafl onpeAenrercfl reoMerpHrrecKHMlr pa3MepaMpl lrr4Ewkr vr

He 3aBr.IcHT OT qacrorbl; BTOpa{ 3ABktcwr or Marepnura npoBoAoB' HX Al4aMerpa H

qacroTbl.

L = 4[(4ln(I*/r) * fr"" )F] 1o-4,

Ervrxocrr C onpeAemercf, orHotueHueM 3apqAa, IlpuxoAflIrleroct Ha eAHHll[Y

AwIHbIIIw:HkIw,KHaIIp.flxeHI{}oMe)I(,{ynpoBoAaMHJII,rHuH.

Ans AByxnpoBoAHoit twftrurr eMKocrr (O/KM) /

f

-= - s'10-"
ssln ( Lo lr\'

Brr4ennM sJreMeHrapuufi yqacroK Jrr.rHHH Anr4Hofi Dx, HaxoAflurllficx Ha

paccro 
''vrilx 

or HaqaJra Jrr,rHHr4 (p,c. 13.2). Ero oKBHBaJIeHTHyIo cxeMy MoxtHo

npu6nuxeHno [peAcraBr{Tb B Br4Ae [ocneAoBareJlbHo BKJIIoqeHHbIX

co[porHBJreHHs RDx H wHayKTprBHOCTrr LDX H rrapanJreJlbHo BKnrOqeHHbrx

u*t"""ofi npoBoAuMocrr{ GDx I4 eMKocrH cDx

LAx RAx

u+4'n

A,r'

-Au - LL,tt#. 'RAre
:

3Aecr r,r Aarree HcnoJrb3yrorcfl qacrHble npoH3BoAHble' TaK KaK Hafipflx(eHpte I{ ToK

,BJrflrorcx $yHKuHflMH rrepeMeHHbrx t u x. yiuenurreHrae roKa Ha yqacrre Dx

npoucxoAr{T 3a cqer orBerBJreHr{s roKa qepe3 eMKoc* cDx H rlpoBoAr{Mocrb

r43onfluHra GDx. fJpeHe6peraa H3MeHeHr4eM Hanpfl)I( eilvrfr KaK Berl4r{Hsofi BToporo

rloptAKa MaJIOCTH, MOXHO Hanl{caTb

f+Ai

Pr'rc. 13.2



,At=cA.r**GA.uuat (13.1 6)

PagAennn o6e qacru ypaBHenwfi (13.1 avr 6) ua Dx u nepefi4n K npeAeny npn Dx
0, nolyq r,rM Ar{S q} epeHuuan bHbre ypaBHe :c.vrfl, ITHHWtI:

a" - LY* Ei: Idraft
di 

- trftr* co. Ifrxflt)
3rra ypaBHeunfl" Ha3brBalorcs reJrerpaSubrMn TaK KaK BrrepBbre 6rrnn nonyrrenbr

Anfl rfi4nn:a rexerpaSnofi cB,rr3n.

Fy4ena cqr,rrarb, r{To B JrHHprH HMeer Mecro pe)rfl4M ycraHoBnBrur4xcx
mpMoHr4qecKnx xone6asuia.IfocronbKy 3aKoH r{3MeHeHHfl" Harrp"s)Keuufi rr roKoB
Bo BpeMeHH H3BecreH, ro us gu$$epeHrluarrbnbrx ypaBHeHnfi (13.2) ocraercs
rtaftrw JrHrub 3aKoHbr H3MeHeH:afl aMflJruryl,n Sag Hanpfl]r(envit pr roKoB c
paccTo.f,HueM x

I4cnonmyfl cnMBoJrraqecxufi MeroA au€Lnr43a rapMoHr4qecKux KoJr e6anuft, n
KOTOpOM

- rlu:_. rr_ di.u=Ui i=!; 
=+lrnU;dt ' -1 dt:-lcol'

npeo6pa3yeM ypaBHenr4n (I3 .2) K BHAy

dU trt -.r\rl- :- - (R* irnt)J; 
Idx \-- -f --l= 
L

dI tn _. .-\r- r- ; [G+.ir'rC)q Idx \ 'r '- )

Tax KaK KoMnJIeKcHbre 4eficrnyrcu{ne 3HaqeHwxTJ x I ssrsrorcfl Synrcquarvrn
TOJIbKO X, ypaBHeHHfl 3anHChIBaIOTCfl He B r{aCTHbIX, & B nOJIHbIX [pOH3BO.{HbIX.

flpoantp$epenurapoBaB rrepBoe ypaBneHr4e rc (13.3) no x 14 noAcraBr{B B Hero
BTOpOe ypaBHeHr4e,nonyquM

: 
zufdxt = (R+ 10]L)tc+ io#)U

BseAx o6ogHarreHne

T= r

repenHrrreM 9To ypaBHeHHe B BHAe



d'u
dx"-ItU=o'

Kopun xapaKrepucrl4qecKoro ypaBHeHI4s p2-! 2 -1paBHhI pl'2- - a 1

,routo*y oo,u.e perueHre ntas$epe'IlplarlbHoro ypaBHe ."vrn' ( 1 3' 5 ) AJI'

Hallptxtenvlfr'B TOTIKe x I{ilIeM B Br{Ae

Ux : A.e-Yn + Areln '

IrIs nepBofo ypaBue rrfin cprcreMu (13.3) I{MeeM

!* = - 1 
= %: -., :Ir:j I a' e-:* - Azrr* ).

^R+jffif dx R+-icltr-1 - -'4' '(13.66)

BseAs elqe oAHo o6oruaqegne

lF4ffi: a-l

!G + 1mC'
Z" =

-R + irrlt

3anu[reM pelueHl4e Anfl ToKa B ToqKe x r Sopnae

I*= +( '{,"-r* - 4r'!* )' ,. ^ t -\2u (13.7 6)

flocroxHgbre HHTerpLrpoBaHHs A1 vt AZ Mox{Ho Haiaru I{3 HaqarbHblx yclonufi:

IIpH x:0 ux: ul u Ix: [1, r4e ul ra tl - Har]psxeHr{e Ir roK B Har{aJIe JII4HHH'

Tbrta Ia3 ( 13.6 a u 6) AIInx : 0:

Ut=dt*
IE, = A1

Azi 1
- Ar.J

Orxyga

'{1 = ( U, + L Z--) 12; Az = ( Ut - !r4-"J12'

fIoAcraHoBKa nonyqenubrx 3Harrenufi nocroflHnblx HuTerpnpoBaHvrfl B (13'6) Aaer

cneAyrorqrre ypaBHe Hvfl Anfl onpeAeJre'r{{ HanpffKeHr4x ux N ToKa Ix n

fipol43Bonrsofi ToqKe x Aill4nrlofi rvrnvlrz'

t, 
'

TJ n -rJ' 
+ !F-= e-!* *Vt - !tZ*'rY;
2v2

I 
= 
:Vr !- !E-" o-,n -Vr:!rZ-" '!n -2Z* 2Z*



oro ecrb ypaBHe 1,1rfrrrepeAarrr4 oAHopoAuofi Annnllofi rvrur4kr.llapan'rerpbl ! n zs

flonyr{HJrg Ha3BaHUe xoe$$Hrlr4eHTa pacnpocTpaHeHgfi 14 BOJ1HOBOTO

co[porHBJle HI4 fl. IrVrHr4Vl.

1.4 flagarou1ne H orpa]KeHHble BoJrHbI

C yueroM 3TLrx o6ogg araelnft3artrcb ypaBHe uuitrrepeAaql4 oAHopoAHofr Anunnofi

rtwnwuyilpocrnTcs H 6yger prMerb BHA

fJ * = IJ oE-I* + (J oe\* = U *o*o * U *o* i

u -]r - $- "v = r"r,*o + !*orp,I*: tt zu

rAe

U*rr*o

J*rr.o

: U n7-Itr. U*o* - (J o6r*;

:+e-\*i r*o* = -+eYx.Z* ' Z=

llouHx, rtro B ( 13. 1 0) BCe BeJrnrruHbl s o6ueM CnyLIae KoMnJIeKcHble

: lqn lei+"; qo : luo lstso'
= 0f,+ .i F;

: = lz_*l *r*= ,

MolKHo no H3BecrHbrM rpaBrrnaM nep ei,tru or ( 1 3 . 1 0) anx KoMnJIeKcHhIX 3HaqeHHI'r

K ypaBHeHrf,M [epeAaqx Anf, MrHoBeHHbtx 3HatIeH vfi' rtunpq]KeHHfr la roxon' [nr
npocrorbl roJIox{HM jtt : j0 : 0. Torla

lu*( f ): lE" lt-* *io(rof - F-tr )* lUol"* *io(cof + FH)'

I Iu t -- '$t'-Ftr-.g)-l+l u*=io(cor+ Fr-$')'
lt,(f 

) = 
Hiu-*=io($t'- 

Br - t+ r- lZ. l"

Ec'u B MOMeHT BpeMeHr{ tl cAelarr $ororpa$urc pacrpeAeneH.r4f.' HarpHMep,

HarpffKeHr4" uxnaA BAoJrb ,kr'r4vr,ro oHa 6y4er HMerb BLIA rcpranofi 1 (puc' 13'3)'

B cneAyroulufi MOMeH r t2 o*SU Hanpf,xreHHfl B Ka)K,{Ofr ro'{re JTIaHHI4 rr3MeHI4TCt

Ha BeJrr{rrHHy w(t2 - tl), H ncx Kapr?IHa KaK 6rr cnaeo'rHTcfl BAOnb ocl{ x BnpaBo

(xpuna x 2 t\,apllc. 13.3). AHalor vrqftafr curyaq un 6yAer saonloAarbc fl vr B MoMeHr

BpeMeHu t3 > t2 (xpuna x 3 uapnc. 1 3'3)'

<Da:onyro cKopocrb pacilpocrpauenktfr (nnn/c) HafiAepr KaK orHoIueHLIe paccroflHHfl

x2-x1-, npofiAenHoro roqKofi A, KO BpeMeHH t2 -t|

[/n

I=
Z,U

0# = (*, - #1)/(t, - f1 ) = */F.



Taxpru o6pa:oM, ypaBHeHHr (13.12) onHcbrBaror BoJIHII Hanptx(eHufl H roKa?

pacilpocrpaHflarrlnecfl or Haqara K KoHrry nI,IHI{u. Tarcne BoJIHrI Ha3blBalorcfl

rraAa]olllvril4vr

O6parr.rMcfl Ko BTophrM cJraraeMbrM Bhrpalrenptfi ( 13. 1 1), Koropbre o6ogHaql4M

ur,,p(f ) : lUolt* sin(rof + Fff) 
'

i*oro(f ) = - ?l '." sin(orf+F.tr-tg").

3rN CJIAIACMbIE OIII4CbIBATOT BOJIHbI TOI1HO TAKOTO X(C XAPAKTCPA' KAK H NAAAIOIIIHO'

Ho pacnpocrpaHrroulprecfl B o6patloM HanpaBJteHvM) T. e. or KoHIIa JIHHI4H K

Haqany. 3rra BoJrHbt Ha3brBalorc.rl orpa)KeHHhrMH BOJIHaMI4 Hanp,sx(eHllfl I{ ToKa.

AunwrryAbr orpaxeHHbrx BoJrH y6slaaror or KoHIIa nrwnwki K Harrary, nauioJlbllrafl

aMnnury [a nalxtoAaercfl B KoHIIe nHHHn.

Ir* orl
l 
r,,l e 

-"*

xI H2

PHc 13.3

ltZ' = U 2nas + Ulorp' lzZ*-Ut'as -Vtorp.

1.5 BropHrIHbIe napaMeTpbl oAHopoAHoH JIITHI{H

Bogrosoe conporgBJleHne. OAnprru H3 BTopr4rrHbIX napaMerpoB oAHopoAuofi

rrunkruflBr.fleTc,f, BOIHOBOe COnpOTI4BJleHI4e JII4HLIX, OnpeAe.TlfleMoe alepe3

repBl4t{Hbte rapaMerpbl {loprurynofi (13 .7 )

IIpu w: 0

ra js : 0, T. e. BonHoBoe

xapaKTep I,IMeer Z; rIpH

ZE = '

Zu= Fu = Vffi
ConpoTt4BJIeHHe qucTo aKTuBHoe. TOqHo TaKofr rxe

w-6ecrcoHeqHocrb;

12
3

Z*: Ps = JW, ft:0



r{ro6sr BbrqcHurr $usrdqecKufr currcJl BoJIHoBoro conporrrBJleHHfl ' 
Bocrronb3yeMcfl

BbrpaxeHr{f,MH AJrfl KOMnJreKcHbrx aMnnr{Ty.q naAaIouIIdX BOJ1H Hanpflx{eH.t fl' pI TOKa

e13 (13.10):

tr :At * Z"I-r e-:*
=trra{ 2

vl

Vr * Z"h e-r*
28"

f:: .f nefl

Zu=

Pnc. 13.4

Zu = V*n oII-*rHru

lU*,,*u l*r**"* - lbal ertqilrEEq-+ito+ ) - lZ_*l nr*=,m=lilT" '

orKyAa

lu*_^-l
I r I -= l,;*"'r*.1 I[ tp* : eurne* Si*reA.r"_"r_]tr;l .

AHanoruqHhrM o6pasoM MO)r(HO CKa3aTb, qTO

Z*: -Usorp fi-orp '

Boffrosoe conporr'BJreHr{e He 3aBr4cHT or AnHHbr JTHHHI4 * oHo nocroflHHo B

mo6ofr TorrKe lwrlr.Hvr.

corlacoBauuoe BKJrroaregpre Trnuuvr.PaccnaorprlM pexuM pa6oru lrvrnwl,xargaz*t

: Zs.B erou cryqae rcoo$$urluegrbr orpax(euvrfr su - si - 0 u orpa)KeHHhle

BoJrHhr HarpflxeHr{r r4 roKa6ynyr or.ytitBoBarb (uxotp : 0 n Ixorp - 0)'

HanpxxeHge H ToK s nlo6ofi ro.rrce lrvrl:llrr4, B ToM tlncre v Ha BXoAe (x : 0), 6yayr

onpeAeJlf,Tbcfl roJIbKo IIaAaloqI{MH BoJIHaMu' CgruacHo (t 3' 1 4)



7 = L/l,,*o /f r',** = Vt lh = Z 
=*2s - u lnag / :rnaA :L t -_ 

)

T. e. BXoAHoe cofipor]rBJreHue raKo fi xnrrwl paBHo ee BoJIHoBoMy co[porHBJIeHI4ro'

Tarrarra o6pa:oM, BoJrHoBoe conporI4BJIeHI4e JILIHI4I4 flBrffercfl' ailaJroroM

xapaKTepr4crr{rrecKoro corrporuBJreHr.rfl cHMMerpHtrHoro qerblpexnorrccHl{Ka'

ypanne ."nflnepeAaqlr oAuopoAuofi Jrr4Hr4lr B pex(uMe coHracoBaHHoro BKrroqeEufl'

roryr 6rrtr JIerKo nonyqe'bl H3 (13.9 6 u u), ecJIH yqecrb, rlro rpl4

COTJIAC OBAHHOM BKJITOqEH NLI

Vz = I-zZ"

Ur = Ltz*

a rarcKe qro

U*=(J1e-!* H I*= Irt-!*.(13.156)

chII + sh Tl = etli

Vt= Ur rtt,l Vz: ul 
"1t,1

1-Irnlt,J Iz-rre-I'. J

D,nn nro6ofi ToqKI4 JII4HIIIH

KosS$plrrHeHT pacnpocrpaneHufr,.Ko BropHrrHhrM napaMerpaM lrvrnnrl orHocHTct

raKxre xoossurl'eHr pacnpocrpaHe ."vrfi,)BBeAeHHrrfi B paccMorpe'r{e $opnnynofr

(13.a):

I: =n+iF.

B pexnMe cofJracoBaHHofo BKJIIOqelf|f1lfl, nv:Hvrvr I',13 (13.15) raueeu:

UtJUn:I:lI.:Eln
vfill4

lflf 
rtt-ur-sr,r ) = 

l*l*,t**-$" 
) - ed - siFx .

enn=lfll=l*l H Fg-Sr.r1 -Sas:S1 -fts'

lu !

Otqo,qa

finx oTpe3Ka JrHHr4Lr eAHHU.IHOfi ,.qnHHbI (1 rvr, t rrn u r. l.) MO}KHO 3a[HcaTb:



Qf,:t"l#l= F = tPor - So-r : (P'dl - Sir'
'"1*l'

MHnnras rracrb xos$$rultreHTa pacnpocrpaHenvrfl. b xapaxreprr3yercfl [3MeHeHI4eM

HanprxeH1afl " 
to*u no Sa:e. OHa Ha3brBaerc.tr roe$SrullaeHTorvr $a:hl lrnldu,vr v

r.r3Mepflercfl r paglrm r4rrrpal/rrn. Brraecro paavrar MoryT HctloJrb3oBarbct rpaAycbl'

Puc 13.5

I
flpoqecc H3MSH e*r4fr,Harpsx enufl,(roxa) BAoJIb coruIacoBaHHo Harpyx(eHIlofi

rrw1r4vrMo)Kgo npounnlocrpupoBarb BeKropnofi N11rarpaunnofi, roKa3aHnofi Ha pl4c'

13.5 , avrlrvtraK Ha3brBaevrofi rtt"punrnofi AuarpaMuofi, npl4BeAeHnoft Ha pl4c. 13'5,

0

BloprauHbre rrapaMerpbr aub 3aBr4cflT or qacrorrl cJIox{HbrM o6pason'1. Ha pEc.

13.6, a n 6 AaHbI rpaQuxl{, KarIecTBeHHo oTpaxamlllue 3Ty 3aBncl{MocTb'

:-ffi)ra'-'^i;'t' w

a)

6)

6)
Puc. 13.8

I4s $opMyrl (13.15 a) cneAyer, rlro

lUt Jr

la,h

urt r,
ffix: Unz

U*s /

Itl =eil =eA"; += EzA" ,



rAe S 1 u 52 - rroJrHbre MorrlHocra Ha BXoAe H BbIXoAe lrunun.

1.6 Jlnnus 6es norepb

Bropuunbte napaMerpbr H ypaBHeHHfl nepeAarru. Pealbnafl" Irrrnnfl, BceIrAa

o6laAaer rrorepflMlr. OAHaxo B pflAe cryqaen ygo6llo ct{plTarb JIt4HH}o l4Aealtnofi,
T. e. He HMeroqefi norepb . ilvtmnn 6es norepb - sro JIHHlaff, y Koropofi pacceflHue

SHepflrlr oTcyTcTByeT, qTo uMeeT MecTo tIpH 3HarteHHflx IrepBLIr{HhIX [apaMeTpoB

R-0uG:0.

IT:{c:Pr

.f Zuf 2 sinpr
vz sinBr.z_* ,

Paccvrorpt4M pa3nflqHhle pe)KHMn pa6orbl JltlHwvt 6ez norepb.

Jr J* Jz

Koe$SHIIHeHr pacrpocrpaHe Hr4fl" IrLrHLrn 6e: norepr

y= ct+7p: : ffiE: /Ghre'

OrcroAa xoe$SuUl4eHr ocna6nenr4fl. &: 0, a rcosSSplql4eHr $a:u
b : w "ttr luHefino 3aBr4cI{T or rracrorbl.

Bolnonoe conporllBrenue lrvruwvr 6es norepb

Zt =

qBrflercfl rrucro aKTHBHrIM (peaucrunHlttra).

V* = [.I, cos Fr +

!* = J2cosFr+.i

IJpN aHaJrrr3e npoueccoB, nponcxo,{firrll4x B JIHHwm6eg norepb, o6ulenpnuflTo
pacnono)KeHr{e rofr vrru pruofr Tor{KH Ha JTHHHU xapaKTepu3oBarb ee yAaneHHeM He

oT HasaJrarruilvrr.r, KaK 3To AenAilvr npexAe, a oT KoHIIa Lamvrn(p"c. 13.8). B erorvt

cnyqae ypaBHeHvrfl. [epeAaqr4 rnHnu 6es florepb, BblpilKarolrlne KoMnJIeKcHhIe

geficrnyrorrlue 3narreHnfi HarrpsxeHnfl H ToKa B rrpou3BoJlbnofi ToqKe JIHHHH x,

orcqnTanuofi or ee KoHua, 3anl4cbtBalorcfl B BrI,{e:

Fuc. 13.S



A*
I*

= tlz (cosBr +.isinFff) - {J2eiq' = (J *neg,

- J2 ( cosFsr + .i *ioFlr) - I2ei1x - I*en.

3aMeH,s.rr KoMnJreKcHbre aMrrJrHTyAbr ux MoAynflMI,I u $asaMu, T. e.

U.-=lt/rls/suz
t-s I

T4

Iz: l{el ti+iz

JTr4 ypaBHeHHs. oilrrcbrBaror naAa}orqne BoirHbr, pacilpocTpaHf,rolrll4ect B JrvlHuu

cneBa HanpaBo, T.e. or HarraJra K KoHrIy nHHHn (puc. 73.9, a). Ha HanpaBJIeHI{e

pacnpocrpanenkrfl, BoJrH yKa3brBaer 3HaK (rrJrroc) [epex bx (HanovrHHM, rrro

paccroflHr4e x orcrtr4TbrBaercfl or KoHrIa nuHura).

Taxnna o6pasoM, rrpu corJracoBaHHoM BKrroqenilkr lrnnuvr 6es norepb B r-refi

cyuecrBylor roJrbKo naAaloIr1ne, krrrw 6eryune, BoJrHbr Hanp{x{eHr4s H ToKa. llpu
sroM aMnnnTyAbr Konelattui,t ilocroffHnbr no ecefi AnHHe rr:anvrkt (puc. 13.9,6). '
[annrrfi pexr,rna pa6orbr Jr]rHHr4 Ha3brBaror raKx(e pexuMovr 6eryqefi BoJrHbI.

CAsur Sa: Me)KAy Harprx{eHr{eM HX H roKoM ix panen Hyn}o, nooroMy oueprrrfl
6eryrqefi sonHbr HocHT aKrr4Bnufi xapaKrep.

Koporxoe 3aMbrKaHHe xvruu:a.IlpH Zn:0 nanpxxeHr4e B KoHrIe JTHHI,IUU2 - 0.

Ypanueukx. repeAaqn (1 3.19) AJrff AaHHoro pelrffilvra pa6orbr rrwnur4 npr.,IHI,IMalor

BH.{:

A* - .{ZJrsinBrt I* = {2cosBr

Ecnu noJroxfl,rrb Anr npocrorbr Haq€rrbHylo $azy ji2 ToKa B Konqe JIHHHu panHofi
HyJrro, To MfHoBeHHbre 3Harrenvfl, HanpflxeHlr,fl H ToKa n mo6ofi roqre nuwur4

OIILIC bIBa]OTC.f, BhIpaX(eHHfl MI,I :

Pnc 13.9

fr * tz*

a)

u* ( f ) = l{, I 
pu sinFr sin( cof + n/2);l

tr(*) = l{r lcos$rsinc}f. I



IJpu K3 luHlrH Ko3$$nUHeHrbI orpaxe H]{Ifl, IaMelor 3Har{eHIIfl

g'n = l4r- zE)/( A- * z*) : -1, 9i - -Gil = 1'

T. e. ,,poucxo.u'T noJrHoe orpaxe'He SHeprHHrBpe3ynbrare rrero s Jrro6ofr ro'rxe

Uenr4 pe3ynbrnpylouee Hanpfl)IteHlIe (rox) oKa3blBaercn pu"l:* cyMMe

,,aAa]oilr vrx r4orpaxeHlrbrx BoJrH. ,{eficrnl4TeJlbHo, I43 ypaBHettnia B KoMfilercsofi

$oprnre ( I 3.20) cneAyer:

{J * = -iZuJ2 siuB r( = +si!' ' Z-*I, 
e- lpr =

2

-U*o*o*U*o*,- 4*!, sitx * 44, e-i(Fs-")

J^ r'r T

f* = J, cosFrr = ]erFr + ]e-lFs - I.:f,re{ + !rorp.
z

naAal0lIlvx p|oTpaxeHHbIX BOJIH BO

&
?rl4

Iorn
r+[aA lo"p t ,- -
I u lrlnap, - r r-naA 0

T-
. Jo"R

-t- r7rl4 rotl '- 
-- J"# I = to'o 

r
lJ

PHc. 13.10

Berrop HaflA,afpaMMa, rrpr4BeAe'H afl, Ha puc. 13.10, llnlrocrpl'Ipyer coor'orleH,e

$a: *.rnny 
'aAalou 

efi, worpalKelluofi B'JTHaMU TOKa B pa3nurr'hrx ro'{rax K3

IIVIHKTH.

pacupeAeneHrre Mo,qynefi KoMnJreKcHbrx aMrrnl{ryA HanptxeuHfl luxl u rora llxl

rro Anr4He Jrr{HHH ,,pe.u,craBneHo Ha p,c. 13.1 1 . PaccroflH]Ie MexAy coce.q'vl*t

y3xaMl4 (ny'*rocrnrvru) pan;no ll2'

TarHnn o6paroM, B K3 nuHH!{ BO3HUKa}OT BOJIHbI Harlpfi)KeHl',Ifl 14 TOKa' KOTOpbIe He

pacnpocrpaHflrorcq BAonb rrr4*r4^, HaxoAflTcfl Ha oAHoM Mecre. Taxue B'JIH'I

llocrolbKy rloTepb B JrHHr4r{ HeT, aMnnl4Ty.qbl

BCeX TOqKax Jll,lHI{H OAI4HaKOBbI.

IX

I*
Iz

lq-l.ll-l

l" 3?,,14 ]"12

PHc. 13.11



Ha3brBarorcff croflrrlrMr4 a ypaBHeHur ilepe,{aq' (1 3,2a) I4 (13'21) - ypaeHeHI{tMIa

crorrrHx BOIH. onucsrnaeMHfi pex(uM pa6oru ilw$Hkr llonyarnJl TaKXe Ha3BaHHe

pexlrMa cTofr{I4X BOJIH

Pnc. 13.13
Puc. 13.12

r{s pnc. r3.r3 srrAHo, rrro orpe3oK 3aKopoqe'Hofit nutwrr4 AnHHofi rrleuuwell4

r4Meer BXoAHoe conpor'BJre'He r,rHAyKTHBHoro xapaKTepa' floeronny Bcer^a '
MOxrHo no4o6paTb raKyro AJllIHy orpe3rcal(', npl4 Koropofi ero BxoAHOe

corporrlrBJre'r4e p aBHfl Jroc b 6 lr g aAaHHoMy c o''porttBJleHld rc zY' 3 au esptu

r{HAyr$raB'ocr" L" orpe3Kou K3 Jrr{Hr*r (pnc. 1 3,1 6, d).3ra 3aMe'a ro3BoJlfler

npnMeHlrrb reopr4lo Ki nun vrkr vrcpa3y x(e ilocrpor4Tb Kpr{Bbre pacnpeAeileHl4fl

Harpflx(eHr'fl r{ ToKa B Jr{Hr4H, Harpyxeuno;i,tyaHHAyKTHBHocrl (puc' 13'16' n)' B

paccMarprrBaeMofi lunur{ BO3Hr{Ka}or croflrr'e BOJrHbr. Sror pexl{M OTJIIAqaerct or

p.,,."*aK33aMb'IKaHv.IflTeM,IIT0l,nlaxailrunfiy3exnnytlHocTbcABIlHyTbI.oT
KOHUa IrvrHvTM Ha HeKoropoe paccrotHHe'

lg.l lqJ,lI,.l
Eee5n41s BofiHq

trnosqas EoIIttQ

Pr,rc. 13.17



IJIAB A2 V

o6uaq MeroArrKa cocraBJre'rfl crrcreM Au00epe'rlraJrbHblx ypaBHeHrIIr

[epexoAHoro npoqecca MSTOA9M IIepeMeHHbIx cocToflHnfi'

pacqer nepexoAHbrx [poqeccoB gneKTplrqecKlrx qenefi MeroAoM

nepeMeHHbrx co crot lg'vrfl' rlpeAlloJlaraeT :

a) cocraBJreHue ro 3aKOHaM Kupxro 6a u ypaBHeHLrrrM OTAenbHbIx eneMeHTOB

qenefi eAusofi cprcreMu auQoepeHrlr{€urbHbrx ypaBHeErulr- ypaBHeEuir cocroflH.rlfl;

6) arrpoKc'rMarluro ypaBHe*ruit cocrofl."vrfl. Ha KaxAoM Irrare pacqera

pa3HOcrHbIMLI ypaBHeH.uflI['.[u; v

irl qlrcJreHHoe pe[reHr{e nonyaIeHHbIX cLIcTeM pa3HocTHbIX ypaB'e"'",'

B KaqecrBe rrepeMeHHbrx cocrosnvrfl, nrt6upator ToKlr LIHAyKT[BHbrx

KaryrrreK ,u Harrpflx e'."fl, KoHAe'caropoB. BuAeleHLIe orplx BeruqnnH B KaqecrBe

ilepeMeHHbrx, xapaKTepr43yroqux gHeprerr{qecKoe cocroflHlle gJleKTpuqecrofi

qeru, no3BoJrrer Qoprvrnpo"ut" au$SepeHrllr€rJrbHbre ypaBHe*vrfl' B HopMarlruofi

Qopnre, TaK KaK ToJIbKo B 9TI4x gJIeMeHTax roKLI I'I Harlpfl>Keldvlfl' cBfl3aHbl MexAy

co6ofi qepe3 rPoI{3BoAHbIe.

MeroAvIKa cocraBJleHr4fl'

cJleAyroq[e 3Ta[bI:

1) BblAenf,ercfl KaxAbrfi greNdeHT

AI{S Q ep e HIILIaJIbHbTx ypaBHe:nuir srnur6et

cxeMbl B OTAenbrrylo BeTBb;

2) HyMepyercn KaxAbIfi Yeel;

3) nH6rpaeTcfl HarrpaBJreHr{e ToKa B KaxAofi nernu;

4) crpol,Ircfl HoPMaJIbHoe AePeBo;

fepeeou Ha3blBaercf, coBoKytlHocrb sereefi, coeALIHtIo[ryIx Bce y3JIbI' Ho

ne o6pasyrcqux HLI oAHoro KoHrypa'
- 

HopN,ranbHoe AepeBo co craBJI fleT cfl. cneAyloql4M O6pasoru :

B nepByro orrepeAb BKrroqaroTctr Bce BeTBLI C I4CTOIIHUKaMI{ 3AC;

-BOBTOpynoqepeAbBKJIIOqaIoTcf,eMKOCTHbIegJIeMeHTbI;
ecJr'r TaKoe AepeBo erqe He cBfl3blBaer Bce y3Jlbr' To rIocJIeAoBareJIbHo

BKTIOqAIoTCfl:

- BeTBLI C pe3I{CTLIBHbIMI4 SJIeMeHTaM[;

ecJII{ LI TaKoe AepeBo He cBf,3blBaeT BCe y3JIbI' TO:

- BKJIIOqaIOTCf, BeTBLI C I',IHAyKTLIBHbIMLI SiIeMeHTaMLI'

B Kattecm*e nepevvteHHbtx cocmofltlry cledyem 6pamu

eJilKocmHdxgleJweHmo7'6em7uKomopbtxomHocflmcflK.6emgnr|4

HAnpflJtceHun

depeea.

5) BKrloqalorcfl BerBE cBfl3LI:

Bemean cufl3u (xopdou) Ha3brBaercr rto6as, r43 sereeft He BxoAflrrlafl B

AepeBo. Bce BeTBLT )Bfl3:r-AOIIOJIHSK)T AepeBo Ao fpaoa cxeMbl'

Bereu cBfl3u AonxHbr 6rrrr BKJrrorreHbr B rya0 cxeMbl B cJleAyrouefi

[ocJIeAOBareJIbHocrI4 :



BCC I{CTOIIHIIKLI TOKA;

BeTBLI C I4HAyKTLIBHbIMLI gJIeMeHTaMu;

BerBrI c pe3LICTLIBHbTMLI gJIeMeHTaMI4;

BETBLI C EMKOCTHbIMI4 9JIEMEHTAMLI'

B rcaraecm*e nepeJvreHHbtx cocmoflH,n cnedyem 6pamu moKu uudyrcmu^Hbtx

gneJv,eHmo6,6em6uKomopwxomHocnmcflK6em6flJv|c6n3u.

rloarpas cocraBrenn'fi ro oroMy rpaBllny, Ha3blBaercfl HopManbHbrM'

fpas 3neKTpr.recrofi qeru, coAepx a'lntfr HOpMaJrbHOe AepeBo 14 HopMarlrsrtfi

noArpaQ cnrsefi, cuutaror HopMaJIbHbrM'

6) orMeqarcTcfl He3aBPIcIrIMbIe ceq envrfl;

HopuanbHbt^t Ha3blBaercfl ceqeHLte, 
''epeceKaroulee 

ToJIbKo oAHy BerBb

AgpgBa u HeKoropoe qLIcJro ggrgefi cBf,3LI' 
^^h^ ^n,rai^,1r.qrrr\rrn eMKo( v

H es aeucurlo e c etteHue [epeceKaer BerBb AepeBa, coAepxa[ryrc eMKocrHoI'I

gJIeMeHT, I{ HeKoropoe qrrcro setsefi cBfl3pl'

Tor eMKOCTHOTosJIeMeHTa n j-ofi BeTBLI BblqllcJlfleTcfli

CocragJltercfl

CEIIEHI4':

=ci+

c ,du=', - -f ,ro"j dt fi
k+j

(1.1 s)
icj

ypaBHeHI{e danasca ToKoB AJI' TaKOro r-ro He3aBrrcI4MOro

(1.1 6)

rle / - tIIdcJIo BerBeit cr'g3u'

Ecnu B TaKoM ypaBHe .'r4vr flpucyTcrByror T'KLI He tBnf,rolqvecfl'

lepeMeHHbrMlr cocrofl .HVrfl.)TO rrpoBOALrTCfl AO[oJrHr4TeJrbHOe HOpMaJrbHOe ceqeHple

14 grrr ToKLr BblpaxaroTcfl qepe3 ToKLI' Koropble tBJlflrorcfl rIepeMeHHbIMLI

cocTofl HV1fl.'.

7) orMerlarcTcfl He3aBI/tcLIMbIg KoHTypa; 
.------ r,^ y,a,r,DA

Hesasuc'rMbrM Ha3brBaercfl KoHTyp, cocrost\uit Lr3 BerBefi lePeBa14 ToJIbKo

oAnofi BeTBrr cBfl3r{, coAepxaulYrc LIHAyKTUBHHfi sJIeMeHT'



Ilpurvrep I . 1. Cocranlrrb AlrsQepeHrllraJrbHbre ypaBHe Hlvlfl, repexoAHoro rpoqecca

AJIfl cxeMbl, noKa3aHnofi na prac. 1'5'

ryft.-Mst Ls

l' *n

irr

+

,,r[t

tL2

lrl

r4

I

Lz

o
I

I
Tc'
f
tI

ir3

I

CTT

lcl

d
t

E,l
I

ff
i12

I

4t
T

Puc. 1.5. CxeMa SJIeKTpLIqecKoft qenu'

1) KaxAufi eueueHT CxeMbr BbrAeJlterct B OTAeJIbHyIo BeTBb.

2) Hynrepyercn KaxAbIfi Ysel.
3) HanpanJltrorcfl ToKLI B KaxAofi setsu'

4) Crpourcs HopMarlbHoe AepeBo (p"c'l'6):

'1

I

lc2 es(t)

t2 4 r 3

!.n
--7., tu

u l''
\u'

BeTBb AepeBa

BETBb CBfl3H



e O ceqeHlle

I, U KoHrypbr

7

Prc.1.6. HopM€ulbHufi rpaS cxeurr.

K BeTBflM AepeBa [ocJIeAoBaTeJIbHO BKIIOqaIOTCfl:

- BerBr4 c r4cToqHLIKaMu 3AC Et Es)

- BeTBI{ c KoHAeHcaTopaMI{ Ct, Cz, Cs)

- BeTBI,I C pe3LICTOpaMpl f 1, 12, 13;

BerBb c IIHAyKTrIBHrTM gJleMenrou It. ,
Hanprxegug, KoHAeHcaropoB ttct, Itc2, Itc3 f,BJIf,Iorcg nepeMeHHbIMLI cocroflIJvlfl.

10 1'0 I

11,1

5) ,{epeno AonoJrH flercfi, Ao HopMarrbHoro rpaQa cxeMbl, BKrIotIafl BerBI4 cBfl3l4

(1.20)

(puc. 1 .6) B cJleAyroqefi rocJIeAoBareJIbHocrLI:

- BerBr4 c T4HAyKTIIBHrIMIa SJIeMeHTaMI4 Lt, Ls)

- BeTBb c pe3l{cTopoM 14;

ronyquJll,I HopM€IJIbHbIfi rpa$ gJleKTpl4qecKofr Ilenu.

Toru KaTyIIIerc iu, irs flBIIflIoTC.fI [epeMeHHbIMLI cocTotlJvrfl'.

6) OrMe.IarcTcf, He3aBrrcLIMbIe ceq erl;zfli

- rrepBoe ceqeHr.re [epeceKaer BerBb AepeBa c KoHAeHCaropoM C t u BerBb cBfl3vr

c Karyrrrrcofi Li
BTOpOe CeqeHlre nepeceKaer BerBb AepeBa c KoHAeHCaropott czl4 BerBI',I CBf,3LI C

KaryrrrKaur4 Lr Ls)

- Tperbe ceqeHlre lepeceKaer BerBb AepeBa c KoHAeHcaroponr C: LI BOTBLI cBf,3LI c

KaryIIrK oit Ls LI pe3I'ICTOpOM ra.

3anu111ervr I 3aKoH KupxroSa 4lr KaxAoro He3aBI4cpIMofo ceqeHl4fl:

- AIrfl 1-ro cerreHl4rl:

ict_itt:0
du",

Lt + =lLt'dt
- AIrfl 2-ro cerleHufl:

icz*irt-irs:0
du"c,+--irr*i^'dt

- Anfl 3-ro cerreHl,It:
ics*irs-irt:0

(r.2r)



B ypaBH enuunpLrcyrcrByer roK irt, Koropnfi He flBJIflercfl. [epeMesnofi cocrotEvrfl,

Bbrpa3LIM STOT TOK qepe3 IIepeMeHHOe COCTOflH,Idfl':

ir4 : ucs/ rt, TorAa Cr+ = in - Lur, (l'22)
'dtLJ14

7) Otnle.Iarorcs He3aBucLIMbIe KoHTypa.

3anume1a II 3aKoH Kupxro$a 4rrr KaxAoro He3aBprclilMoro KoHTypa:

- AJIfl I-ro KoHrypa:

Et*urr*urt*ur,r*uurt*uuzr-ur,z-ur2-uurz-ucz=0, (I'23)

B ypaBHeilvrv [pprcyrcrByror nepeMeHHbre, He flBJItTOUIIiieCfl' nepeMeHHbIMLI

cocrof, :HvrA) Bbrpa3r{M STriI nepeMeHHbre qepe3 uepeMeHHbre cocroflHvls':

llrl:ftiU,

ur2 : rz irz : 12 (iu- ir) : - rz iu + rz iu,

ttLr=Lr+, ,,

r-ndi" = L-,di" - L.di".uL2=). 
dt . dt-rJ2 dt'

uurz = Mtz+,

uuzr=Mzr+=Mzr+-Mr,+,
s;

uuzr = MtrT,
Er = -ut'

- ut * ucr * rrir, + L,+- * M r,+ * M r,+ - M r,+ - L2+ + Lr+ + rrir, - rzi^ -

- M,r+-ucz =0,'L dt

(L, + Lz -zM,^\di" + (-L. * Mr, * M,,r)+ = -uct *ucz -(r, + rr)ir, + rrir. +u,
t2/ 

dt 
\ z

(r.24)
- AIrn II-ro KoHrypa:

Ucz*Urz*.UrzIUutz*Urz*Uutz*Urr*Urz:Er:"9:. Q'25)

B ypaBHeHW flpprcyrcrByror [epeMeHHbre He flBJIflrOIqVIecfl' rIepeMeHHbIM[

cocrofl :g{vrfi,- Bbrpa3LIM 3Tr4 nepeMeHHbre qepe3 rIepeMeHHbIe cocroflH'vIfli

1lr3:fSin,

ur3 = L' 
di" 

''t dt'



uurs=M*+,
Es : - tt3t

ucz*rrirr-rrirr* Lr+- Lz+* Mrr,+* Lr++ I - di"
rJL . dt . dt ,L dt 

-r dt 
W"7*uct+r'i"*u'=0'

(-L, * Mr, * Mn)+ + (Lz * Lr)+ = -ilcz -uct + rrir, - (r, + rr)ir, -u3,-t5/ dt 
\ z rr dt

(r.26)

flonrr vswr cr{creMy vrs ALrOOepeHIILriurbHbIx ypaBHenufl (1.20) (I.22),

(r.24), (1.26):

/1 dur, 
-,"t dt - tLl

cr%- -in*i^'dtu'

C,% = iLt -Lur, ( L'27)
JdtuJ14

(L, + Lz - 2M rr)+ + G L, * M rz * M r)+ = -u ct * u cz - (rt + rr)i r, + rri r, + ut

(- L, * M r, * M rr)+ + (Lz * Lr)+ = -u ct - u cz + rri r, - (r, + rr)i r, - u,

Qopvre:

(1.28)

(1.2e)

dxd
-=-dt dt

(1.30)

3annruena ery cr{creMy Ar{OSepeHrIr{aJrbHbIX ypaBHenvir B MarpI'FIHofi

dx

H- :Kx+Ca
dl

rAe: x=fucr ucz ucz i^ irrf'

lua ucz ucE irr, irrl'

u =f\ url'



ct 0 0 o

0 c2 0 0

0 o c3 0

0 0 0 (Lt+Lr-2Mrr) (-Lr+Mrr*Mtt)
0 0 0 (-Lr*Mrr*Mrr) (Lr+Lt)

00010
0 0 0 -1 1

0 0 -llro 0 1

-l 1 0 -\-rz 12

0 -l -1 12 -rz-rz

00
00
00
10
0 -l

cprcreMy ypaBH erlvrir (1.27)npI,IBeAeM K BI4Ay:

0

0

0 (1.31)l{=

!{ --

Q=

(1.32)

(1.33)

(1.34)
I
.

dx*: 
= Ax+ Bu,

dt

rAe A: H-\ K, B - H-| C.

Au$SepeHIruaJIbHoe ypaBHeHI'Ie laMeer BnEi

fic-:. - f(t;x) - Ax(t)+ Bu(t), rAe x(to) = xo,
clt



.r = lrr..Jr]' ) tt --fur qft

Peruenze:

1) -flnnnfi uetol 3filepa:

x(t,*,) = x(t,)+ Lt(Ax(t,)+ Bu(t,))

x(t n*r) = (/ + ALt)x(r,) + B$tu(t,)

2) HessHHfi uero.q 3filepa:

x(t n+r) = x(t,) + Lt(Ax(t n*r) + Bu(t,*t))

)c(t n+r) - x(t,) + LtAx(t,*r) + LtBu(tn*r ))

(I + LtA)x(t n*r) = x(t,) + LtBu(t,*t)

| ' LtB ,t \
x(t,+r) = 

O+ NA)x(t,)* 11 * 6r11u\t'a)

3) MetoA tPanequfi:

x(t n+r) = x(t n> * fVx(t n+r) + Bu(t,.u) + Ax(t,) + Bu(t,)l

x( t,a) - x(t n). + Ax(t n*,). + Bu(t n*'). + AxQ ). + BuQ')

g -+A)x(t,*,) = (/ .+A)x(t,).+B@Q)+u(t,*,))'2

tt +4,q\
x(t n+r) =" 

- 
?^' x(t,). +(uQ ) + u(t,*r))

u -;u, 2(I -;A)

t.; PesylrTaTbr MOAeJrr'pOBaHLIfl M.TOAOM-, P"ynre-Kyrra qeTBeprofi cTe''eHU

[oKa3aHbI Ha rpa$urax rp. 1.3., rp' 1'4'

fpa$nrl.3.



l-pasnr HsMeHeHHH HanpFDl(eunfi Ha KOHASHCaTopax c1. c2, c3

(f,(J
C'.i
L)

--(J
ml-c)s
+(t}
iFr,(].
E
$l
-

10

I

6

4

2

0

-2

-46

(r,
J

J
(E-
=cF

Ocu epeMeHH t

l-pa$ltt HBMeHeHHFI roKCIE Ha KaryulKax L1, Lg

Ocu apeMeHH t

fpaQur 1.4.

0.25

4.2

0.15

0.1

0.05

0

-0.056

Ilporpavrrvra pa3pa6arblB€IJlacb

Tercr nporpaMMbl npI4BeAeH HLIxe.

t;

clear

rI:20:,

12:20;

13:15;

3BM c rloMorrlbro naKera MATLAB.



r4:100:'

Ll:0.2;

L2:0.I;

L3:0.5;

c 1:0.001 ;

c2:0.001;

c3=0.0009;

mI2:0.01;

ml3:0.021,

w-314;

t

t

H:[1 0000

01000

00100
I

0 0 0 Ll+L2-2*ml2m13+m12-Lz

0 0 0 -L2-mL2-mI3L2+L3l;

K-[0001/c1 0

000 -Llc2 llcT

0 0 -ll(c3*r4)0Ilc3

-1 10-r1 -r2r2

0 -1 -L 12 -r2-r3l;

.fa. ":l,:

C=[0 0

00

00



10

0 -rl;

x=[o

0

,0

0

0l;

Yo dt:input('Beo,q dt:') ;

% N:input('Bno4 Nt');

I dt-o.oo5;

I
;

t

I if i<N

N:200;

a:inv(H)*K;

b-inv(H)*C;

for i:l:N

u:[ 1 0 sin(w* i*dt+ 1 0)]';

k1:a*X(:,i)+b*u;

k2:a*(X( :, i)+ dtl 2*kl)+b * u ;

k3 :a* (X( :, i) + dt/ 2*l2)+b* u ;

k4-a* (X( :,i)+dt*k3 )+b*u;



:i

i

'I

I'I

s{*dq

xl:X(1,:)';

x2:X(2,:)';

x3-X(3,:)';

x4:X(4,:)';

x5:X(5,:)';

plot(s,x1 ,s,x2,s,x3)

title('fpaSnr r.r3MeHe nr4fl, Harpsx eHulr Ha KoHAeHcaropax c 1, c2, c3')

xlabel('Ocr BpeMeHI'I t')

ylabet('HanpmKeHrle na C t, C2, C3')

grid

pause

plo(s,x4,s,x5)

title('fpaQur I{3MeHe lnun roKoB Ha KaTyruKax Ll, L3')

xlabel('Ocr BpeMeHI'I t')

ylabel('Torn na Ll, L3')

grid

t-a :
'lrl,



f"rrana 3
KoiunuoTep'oe MoAeJrl'rpoBa'lre qenefi c pacrpeAeJre'HbrMrr [apaMerpaMrr crroMorrlbro cncTeMbr Matlab;

Cocrasr'serc'f, MareMarar{ecKuur MoAenb LrccneAyenaofi qenu MeroroM
TICPEMEHHbIX C O CTO.tr ]HVIfl , KOTOPbIft UP C4[OJIA| ACT :

- cocraBJreHl4e rlo 3aKoHaM Klapxro bu ^ 
ypaBHeHI,r.f,M or.4enbHhrx gJreMeHToB

qeuefi e4nuofi ckrcreMbr ari66.peHrlr4airbHbrx ypaBHeruuft ypaBHeuufr
cocTotHr4fl.;

- amIpoKcI4MaIIHa ypaBHeuwft cocro.flHufl. Ha KaxAoM ruafe pacrreTa
p a3HO CTHbrMrr yp aBHe HLrflMvr;

- ql'IcreHHoe pelreHl{e [onyqeHsofi c?IcTeMbI p€I3HocrHbrx ypaBHe nufi.
B KarrecTBe nepeMeHHhrx cocro.f, Hkrs., nrr6uparorca Ha,,pflx e*us. Ha

eMKocr'f,x L'I1e t'I2t "'t un I4 TOKH Ha HHAyKTI4BHocrgx ir, i2) ..., in. BngeJreHl4e gTldx

BeJrHrrI'IH B KarrecrBe [epeMeHHrix, xapaKTepll3yrolrkIx gHepferprqecKoe cocro,rHr{e
sJleKTpvqecKofi qenH' no3BoJr-'er SopnaupoBarb Ar,r66epeHrlra€rrbHbre ypaBHe Hkrfl" B
HopMaJBHofi Soprvre' TaK KaK ToJrbKo B gTlrx gJreMeHTax ToKLr vr Hanp,flx .,,un
cB'fl3aHhr Me)KAy co6ofi rrepe3 rpoH3BoAHhIe. 

.focra pyl,;- ypaBHe :nkrfl, ro 3aKoHaM
KapxroSa als IIefIkI, roJrr{I'IM cJreAyroqyrc cr{creMy ALIOOepeHrlr4arrbHhrx
ypaBHeuuit:

!,. C
"1. ,lr,



C#=-it*io-Gour;(t) c+-- iz-ir..Gour;(2)

c +- - i2 - i, - Gour;(3) c +- 
: iz - Gouo - ir, - irr)(4)

_ di^ .:

toi-e-ur-Roio;(5)

_ di"toi--l,h*uz-Roir;(7)

L, 
di,, 

* M.. 4'. dt zr #=u4-Rirr;(9)

_ di,to 
a,--n2*ur-Ro4;(6)

_ di"toi--tt4*uz-Rorr;(8)

Lr+* Mrr+ = u4 Rrirr.(l0). dt tz dt 
--1+

0 c0 0

0 o o 0 Olat

00c000
0 0 0 c0 0

;;; ;CO
0 0 0 0 olaL0 0 0 0 0

: : : '. : :

0000L1
0000M12

00

00

00

000
000

M21 ;;
L200

00
00

Itt
:
.ra

1-1 00
0 -1 1 ... 0

0

0

0:

-G0
0

0

;

0

0

0

0

0

0

0

I

0

00

;;
-R0 0

0

;0 1 -1
000

-t

0

0

0

00
-R2 0

I -1 ... 0 0

-1 0

o l'u"'^

0

0

0

0

0

0

0

0

0

in

in

\dxc

lanwan c LI creMa AI,I 0 S ep eHrlu €ulbHbrx yp aB He wwir, B M arpr.r.rgofi S opvre :

00000
000
000

;;;

0 -R0 0 0 0

0 0 -R0 0 0

-R0 0

0 -Rl

0 L0 0 0 0

0 0 L0 0 '0
000L00

\-
x

000
-G0 0 0

-G0 0

::
0 -c0



H#-K.x+c.u,"., 
#-fl-l .K.x+H-t.c.uu"m,

(2.r2)

A_H_| .K, B_H_l .C.



I

,

i
tt\

PeanHsarlrrfl MoAeJrrr B crrcreMe MATLAB

clear
. "';;

R0-20;

Rl:40;

R2:15;

I0:0.0035;

L1:0.03;

L2-0.017;

C0:0.000001;

G0:0.000000015;

M12:0.008;

MZI:0.008;

ts200;

W:2*3 .14*f'

dt-0.0001;

N-500;

H:[000000C0000

0000000c000

00000000c00

000000000c0

L0000000000

0L00000Q000
tt

.l'

00L00000000

000L0000000

0000LL \/121 0000



0.000Ml2L200001;
'.ti

K:[1 -1 0000-G0000

0-1 10000-c000

001-1 0000-c00 ':;

0001-1 -1 000-c0

-R0 0 0 0 0 0 -1 0 0 0

0 -R0 0 0 0 0 1 -1 0 0

00-R00q001-1 0

0 0 0 -R0 0 0 0 0 1 -1

0000-Rl 00001

00000-R200011;

c:[0000100000]';

x:[0000000000]';

A:inv(H)*K; B-inv(H)* C ;

fbr i:l:N

U:1000*sin(W*dt*i);

K 1 :A* X( :,i)+B * U; K2:A * (X( :,i)+ dtl 2*K1 )+B 
* U;

K3 :A* (X( :, i)+ dtl 2*K2)+B * U; K4-d* (X( :, i)+dt t K3 )+B 
* U;

if i<N

X( :,i+ 1 ):X( :, i)+dtl6 * (K 1 +2*I<2+2*K3+K4) ;

end
.!j:"

S(1,i;-i.

end

t-S'*dt; E( 1 ,:):U';



tl1:X(1,:)'i I0-X(5,:)';

U2:X(2,:)';

U3:X(3,:)';

U4:X(4,:)';

IL1:X(9,:)';

I1:X(6,:)';

I2-X(7,:)';

13:X(8,:)';

IL2:X(10,:)';

subplot(2,1, 1), plot(t,U I ),

xlabel('t'), ylabel('U1'), grid, pause


