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1. IlonsiTHE 0 MEePeXOAHBIX MPoLeccaX. 3aKOHbI KOMMYTALIMH.

[Ipu wW3yyeHUH CBOMCTB 3JIEKTPUYECKUX IEMed IMEepEeMEHHOro ToKa ObUIN
pPacCMOTPEHbl PEKUMbI PaOOTHI TAKUX LIEMEH - aKTUBHO-WHIYKTUBHBIMA, aKTUBHO-
€MKOCTHBIM M pexuM pe3oHaHca. BBeneM MOHATHE pexkuma paboThl B 00IIEM
ciydae Jjisl 1000 AIeKTPUUYECKOU e .

Pescum pabomwvr snexkmpuueckoti yenu - 3TO COCTOSHHE 1€MW B JAHHBIM
MOMEHT WJIM HWHTEPBA BPEMEHM, XapaKTEpHU3yeMOE€ KOHKPETHBIMM 3HAYEHUSIMU
[apamMeTPOB U 3aKOHAMU U3MEHEHHMSI JIEKTPUUECKUX BEIUUHH.

Yemanosuswuiica pesicum B dIEKTPUYECKON LENU - PEXKHUM, IIPU KOTOPOM
O/1C, HampsKeHHUS M TOKH B LIENH SBJISIOTCS MOCTOSIHHBIMU HJIA IEPUOINYECKUMH.

Ilepexoonuviii pescum (npoyecc) B HNEKTPUUECKON 1IENU - AIEKTPOMATHUTHBIN
IpOLIECC,  BO3HHUKAKOIIMKA B 3JEKTPUYECKOM LENH NpH MEpexofe OT OIHOro
YCTAaHOBUBLIETOCA PEXUMA K APYTOMY.

H3menenue pexxuma paboThl MPOUCXOAUT B IPOLECCE KOMMYTAIUH LIETIH.

Kommymayueri nen Ha3pIBaeTcsi  COBOKYIIHOCTb IPHUYMH, BBbI3bIBAIOIINX
U3MEHEHHE YCJIOBUM pabOThl LIEMU U €€ MEepexoj]] OT OAHOrO YCTAaHOBUBILIETOCS
pexnumMa K Apyromy.

[Ipumepbl KOMMyTAIUK:

- NOJIKJIFOYEHHUE LIETU K UCTOYHUKY MUTAHUS;

- OTKJIFOYEHHUE LIETH OT MUTAOLIEN CETH;

- pe3koe u3MeHnenue napamerpos (R,L,C) uenu u ap.

[Ipn ucciaenoBaHMM MNEPEXOJHBIX NPOLECCOB Hayajao OTCYETa  BPEMEHU
oepercs or MomeHTa kKommyTaruu (¢ = 0). MoOMEHT BpeMEHU HEMOCPEICTBEHHO
nepe MTHOBEHHOW KoMMyTanuen obo3Hadaercs «0-» , a cpasy mocie MrHOBEHHOM
KOoMMyTauu «0+».

[lepexoaHpie MpoLECCHl B AJEKTPUUECKUX LETSAX NOTUUHSAIOTCS JBYM 3aKOHAM
KOMMYTAaI1U.



Ilepswiii 3axon KoMMymayuy TIACUT: B JI0O0N BETBU C MHAYKTUBHOCTBIO TOK
U MOTOKOCIIETUICHHE B MOMEHT KOMMYTAIIMU COXPAHSIOT TE€ k€ 3HAUYECHHSI, KOTOphIE
OHM MMEJU HETOCPEACTBEHHO Nepe/l KOMMYTallued, | Janee HaAUMHAIOT U3MEHAThCS
MMEHHO C 3TUX 3HAYEHUH:

i(0-) = i(0) = i(0+);
Y(0-) = y(0) = w(0+).

JIeCTBUTENBHO, HAIPSKEHUE HA WHAYKTHBHOM 3JIEMEHTE ONpENEseTCs
BBIPAKEHHUEM:

(1)

u:Lé
dt

Ecnu ny1ist BeTBM € MHIYKTUBHOCTBIO JIOMYCTUTh, YTO B MOMEHT KOMMYTaI[UU
TOK H3MEHSETCS CKayKOM, TO HampshkeHue OyJeT OECKOHEYHO OOJBIIMM, YTO
HEBO3MOYKHO.

Bmopoti  3axon kommymayuu THacUT: B JI000H BETBU C EMKOCTBIO
HalpsOKEHUE Ha €MKOCTH M DJIEKTPUYECKUM 3apsii B MOMEHT  KOMMYTAalluu
COXpAHSIIOT T€ € 3HAYCHHMS, KOTOPbIE OHU HMEIHU HENOCPEICTBEHHO TMepe
KOMMYTAIUEN, U Jajiee HAUMHAIOT U3MEHSThCS MMEHHO C 3TUX 3HAYCHUM:

u(0-) = u(0) = u(0+); } )
q(0-) = q(0) = g(0+).

I[CﬁCTBPITCJIBHO, TOK B EMKOCTHOM J3JIEMCHTC OIIPCACIIACTCSA BBIPAXKCHUCM!

=
dt

Ecnu nmomycTuTh, 4YTO B MOMEHT KOMMYTAllMM HANpsKEHWE HA €MKOCTHOM
AJIIEMEHTE H3MEHSETCS CKAauKOM, TO TOK OyJeT OECKOHEYHO OONBIIMM, YTO TAKXKE
HEBO3MOXHO.

C pHepreTu4ecKkor TOYKM 3PEHUS HEBO3MOXHOCTh MTHOBEHHOT'O W3MEHEHMS
TOKa U HamnpsoKeHUsT OOBSCHSETCS  HEBO3MOXKHOCTBIO CKaYKOOOPa3HOIO
U3MEHEHHSI  3allaCCHHOW B  MHIYKTMBHOM M €MKOCTHOM DJJIEMEHTAaX SHEPruu
(3HEprUM MAarHUTHOTO TOJII ¥ YHEPTUU AJIEKTPUUECKOTO MOJIs).

[lepexogubie TpoIecchl B DJIEKTPUUYECKHUX IIETSX HEOOXOANMO YUYUTHIBATH,
MOCKOJIBbKY:

- IEPEXOIHBIE MPOLECCHl YaCTO COMPOBOKIAIOTCS MOSABICHUEM HA OTAEIbHBIX
y4acTKaX IEMU MOBBIIIEHHBIX BEIMYMH HANPSHKEHUNA U TOKOB (aBapuu U KOPOTKHUE
3aMBbIKaHHUSI ), ONTACHBIX JJISI )KU3HU,

- B psAlle YCTPOWCTB NEPEXOAHBIE MPOLECCHI 3aTyXalOT OYEHb MEJIEHHO U Ha
JIEMEHTAaX 1MW JIOJTO€ BPEMS COXPAHSIOTCS OOJIbIINE BEIMYHMHBI 3apSI0B H
HaIpsKeHUH, omacHble JUIsl JKU3HU (TEJNEBU30p, PA3OMKHYTHIM Kabelb
BBICOKOBOJIbTHOM JIMHUM JIEKTPONEpEiauu U JIp.);



- MIEPEXOJIHBIE PEKUMBI JIUIS psifa dJIEKTPOTEXHUUECKUX YCTPONCTB SIBIISIOTCS
HOPMaJbHBIMU Pa0OYUMHU peXKUMaMH  (MCIIOTHUTENIBHBIN 3JIEKTPOIIPUBO]] CHCTEM
aBTOMATHKH JIp.);

- JUTATEIHHOCTh TEPEXOIHBIX IMPOIIECCOB HEMOCPEICTBEHHO BIMSECT Ha
BHITIOJIHEHHE OoeBoi  3amaun  (OBICTPOJCHCTBUE CIEIANIMX CHUCTEM U CHUCTEM
yIOpaBlIeHUs  BbIXOJa Ha  paboyWe  PEXUMBI  MOTOPOB  THPOKOMITACOB,
THPOABTOIMIIOTOB, aMITYJIbHBIX OOPTOBBIX OaTapeii u Jp.)

2. AUITOPUTM KJIACCHYECKOI0 MEeTOa pacueTra nepexoaHbix
MPOLECCOB.

Haubonee HarmsimHBIM METOJOM pacyeTa MEePEXOMHBIX IMPOILECCOB SIBISICTCS
KJIACCMYECKH MeTOA. B OCHOBE KJIACCHMYECKOTO METOJa JICKHUT COCTaBJICHHE
cuctemMbl AUQPQPEpEeHIINATbHBIX YPAaBHCHHA IEMA M CBEIEHUS MX K OJHOMY
YpaBHEHHIO, Ha OCHOBE KOTOPOTO oOIpenemseTcss Tpebyemas mepexoaHas
AIIEKTpUYECKas BEIMYNHA.

[Tyctp mana mocnenoBarenbHas RLC-1ienb, KOTOpasi MOJAKIIOYAETCS K CETH C
MOCTOSTHHBIM HanpspkeHueMm U (puc. 1).
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Pucynok 1. I[Tonkmouenue RLC-11eny K UCTOYHUKY
MOCTOSHHOTO HANPSKEHUS

OnpenenuM nepexogHblii TOK, T.€. TOK B LIENH, UMEIOLIUN MECTO BO BpeMs
IIEPEXOIHOTO MpolLiecca.

Ha ocnoBe 3akonoB Oma u Kupxroda ams cocTossHMS UENU MOCHe
KOMMYTAIlMH 3aIHCBIBAECTCS CAEAYIOIIAs CHCTEMA YPaBHEHU:

u, +up +uc =U; )
u,= R i;

di (3)

dt’ ~

Uc =%J‘idt,

u, =L




[logcraBuB BBIpAKEHUS JUISI MIHOBEHHBIX 3HAUYCHUM HANPSOKCHUM HA
AJIEMEHTAaX B MEPBOE YpPaBHEHUE, MMOJIYUUM:

di 1
Ri+L—+—\idt=U
TR cjl ' 4)

Takum oO6pa3om, cuctema ypaBHeHUH (3) CBOAUTCS K OAHOMY HEOJHOPOJAHOMY
uHTerpo-nuddepeHmaibHOMy ypaBHeHHIO. [lOTHBIM HHTErpasioM (perieHueM)
JTAHHOTO YyPaBHEHUS SIBIACTCS NepexoOuvlii MOK i, KOTOPBIA MOXET OBITh
MPEJICTABJIEH B BUJIE CYMMBI JBYX CJIara€MbIX:

1= 1yt Icg.

rae Iy - yCTAHOBUBLIMMICS TOK;
Io5 - CBOOOHEIN TOK.

Yemanosuswuiica mok - TEPUOAWYECKUN WM MOCTOSHHBIM AJIEKTPUYECKUN
TOK, YCTaHABJIMBAIOIIUMCSA B AJIEKTPUUYECKOU LIETH MOCJIE OKOHYAHMS NEPEXOIHOTO
npouecca. Ero cymectBoBaHue 0O0YCIOBIEHO SHEPrHEl MOJKIIOUEHHOTO K IIeNH
VICTOYHHKA [TUTAHUS.

C600600HbIlI  MOK - BNEKTPUYECKUN TOK, PaBHBIM Pa3HOCTH NEPEXOIHOTO U
YCTAaHOBUBLIETOCA TOKOB, OH CYIIECTBYET B LIENM TOJIBKO B TEYEHUE BPEMEHU
IEPEXOIHOTO Mpouecca U 00YCJIOBIEH 3allacOM SHEPTUU B PEAKTHBHBIX AJIEMEHTaX
IIPY OTKJIFOUYECHHBIX MCTOYHMKAX MUTAHUS LIETH.

Ilo mepe yMeHbIIEHMsS 3TOTO 3amaca BCIEACTBHE IIPEBPALICHUs DHEPrUU
ANIEKTPOMArHUTHOIO MOJII B TEIUIO HA  AKTUBHBIX  CONPOTUBICHMIX  LENHU
YMEHBILIAETCSl M COBCEM HCUE3aeT CBOOOIHBIN TOK.

Onpez[eneHHe YCTAHOBHBIICTOCA TOKA.
COCTaBH}IIOH.Ia}I iy €CTb YaCTHOC PCIICHUEC HCOAHOPOAHOI'O YPAaBHCHUA BU/A:

di, 1
. y . _
Ri,+L—" +—Cjzydz_U, 5)

B MaremaTuke 3Ty COCTaBISIONIYIO OMPEAEIAIOT METOIOM MoAO0opa PyHKIHUU
10 BHJY MPaBOW YacTH TaKUM oOpa3oM, 4YTOObl €€ TOJCTaHOBKAa B ypaBHEHHE
oOpaijasia mocjieaHee B TOX/IECTBO.

B snexTporexHuke Takoi moJi00p yNnpoIiaeTcs, Tak Kak YCTAHOBUBILUNCS TOK
MOKET ObITh HalJIeH Ha OCHOBE MOHUMaHUs (U3MUECKUX MPOLECCOB B LEMH WU
OOBIYHBIM PACUYETOM IIETIH B YCTAHOBUBILIEMCS PEXKUME €€ paOOTHI.



OrpenesieHre CBOOOIHOTO TOKA.
CocTaBisromas I.; €CTh pEIICHHE OJHOPOIHOTO YITPABICHUS:

: di l¢.
RZCB +Lf+EJ-ZCBdt:0' (6)

Takum 00pa3oM, anroputMm pacuera MNEPEXOAHBIX IPOLECCOB B IMPOCTHIX
AJIEKTPUYECKUX LENAX KJIACCUYECKUM METOJOM  BKJIIOUAeT B ce0s cCleayrolue
JTaIbI:

- COCTAaBJICHHE CXEMBbI 3aMELIEHUs LENN U ONPENEIICHUE HAYaJIbHBIX YCIOBUHI
KOMMYTAal1H.

- cocTaBlieHHE cucTeMbl U epeHINaTbHbIX YPaBHEHUI HA OCHOBE 3aKOHOB
Owma u Kupxroda st cxeMmsl 1ienu, 00pa30BaHHOM MOCIe KOMMYTAIIUU;

- mpeoOpa3oBaHHME TMOJYYEHHOM CHCTEMbl ypaBHEHHUH K  OJHOMY
HEOJHOPOJHOMY YPAaBHEHUIO;

- pelIeHHE HEOJHOPOAHOIO YpPaBHEHHUsI, TO €CThb HAXOXKICHUE IEPEXOAHOU
(YHKIIMM TOKa WM HAIIPSDKEHUS 110 YCTAaHOBMBILEHCS U CBOOOIHOM COCTaBIISIOIINM;

- AaHAJINA3 XapakTepa U IAapaMeTpoOB IEPEXOJHOT0 Ipouecca B LENH 110
rpavkaM 3aBUCUMOCTEN NEPEXOJHBIX TOKOB U HANPSKEHUN OT BpEMEHHU.

3. IlepexoHble NPoLecchl B MPOCTHIX LENAX MEPBOro MopsiaKa.

PaccmoTpum mpuMeHEHHE KIACCHYECKOTO METO/a pacdera  MepeXOHBIX
MIPOIIECCOB Ha TPUMEPE MPOCTEHIIEH CXEMbI, OMUChIBaeMOil auddepeHInaTIbHbIM
ypaBHEHUEM TIEPBOTO TOPSIKA.

[oakmoueHue RL-11eNu K NCTOYHHUKY MMOCTOSTHHOTO HAIPSHKCHMSL.

Karymka WHAYKTHBHOCTH C W3BECTHBIMHU IapaMeTpamMH - aKTHUBHBIM
COMPOTHUBIIEHUEM OOMOTKH R U €€ WHAYKTUBHOCTBIO L - TIOAKIIOYAETCS K UCTOYHHUKY
noctosiHHOro HanpspkeHuss U (puc. 2). Jlo MOAKIIOYEHHS 1IeNU K UCTOYHUKY TOK B
IIENTN OTCYTCTBOBAJ.

OmnpenenuTh MEPEXOIHBIN TOK B IETH.
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Pucynok 2. Cxema 3amenienust RL-nienu



[To ycnoButo HayanabHBIE YCIOBUSI KOMMYyTaluu HyJieBbie. Ciae0BaTEIbHO 0
1-My 3aKOHY KOMMYTaIUU:

i(0) = i(0-) = 0.

Cucrema nuddepeHInaNbHbIX YpaBHEHUH, OMUCHIBAIOIIMX MPOILIECCHl B LIETH
UMEET BUL!

Z/la_|_ML :Ua

u,= R i; (7)
Lo di
L di
Ota cucTeMa CBOAUTCS K OJHOMY HEOAHOPOIHOMY Aud(depeHIHaTbHOMY
YPaBHEHHUIO:
di
Ri+LY-U. (8)
dt

[lepexoaHblil TOK, SBISIOIIMNCS pelleHueM ypaBHeHUs (4.8), ompenensiercs
KaK CyMMa YCTaHOBUBILEHCS U CBOOOJIHON COCTABJISIFOIINX TOKA:

i =iy + i

Y CTaHOBUBIIMKCS TOK B PACCMaTPUBAEMOM LIENU - €CTh IIOCTOSHHBIM TOK I10
OKOHYAaHMH IIEPEXOJHOTO IIPOLECCa, TO €CTh

iy =1=U/R.

DTO JIerKo MpPOBEPUTH MOACTAHOBKOW B ypaBHeHue (4.8). Ilpu moacraHnoBke
ypaBHeHUE oOpamiaeTcsi B TOKIECTBO:

u . d.uy
R—+1LEY)-U. y=y
R dt R ’ '
CBOOOIHBI  TOK  OMNpEAeNsieTcs]  UHTETPUPOBAHUEM  OJHOPOIHOTO
¢ depeHIaTbEHOTO YPaBHEHUS
di
Ri,+L—£=0
dt

N3 xypca MaTeMaTUKH U3BECTHO, YTO PEIICHUE TAKUX YPABHEHUM UMEET BUJ:



t

iCB =A€ T. 9)

rae A - noCTOSAHHAsA UHTErPUPOBAHUSL.
T=L/R - nocmosunas épemenu Lenu.

OyHKIMSA  MEpPEeXOJHOr0 TOKa € YYETOM HaWJIEHHBIX (QYHKUUNA €ro

COCTAaBJISAIOIINAX iy U I,z UMEET BUI:

i =U i ge~
R
IlocTosgaauas HHTCTPUPOBAHUSA A ONnpcACIBEICTCA M3 Ha4YaJIbHOI'O YCIIOBUA
KOMMYTalluu:
0
i(0)=Y 1 4e =0
R .
Otcrona
4=-U
R

CrnenoBatenbHO, (GYHKIIUU CBOOOAHOTO U MEPEXOJTHOTO TOKOB COOTBETCTBEHHO
IPUMYT BUL:

=-—e ", (10)

i=Y%1-e7) (11)

u =U(l-e "

a

IlepexonHoe HaNpsKEHNE HA NHIYKTUBHOCTH:
t

— e *
u, =Ue 7.

Ananuz XapakKTepa MNEPEXOJHOro Iponecca MOKET OBITH BEITIOJIHEH Kak

HEMOCPEACTBEHHO MO0 YPaBHEHUSM TMEPEXOAHBIX TOKAa W HANPSIKEHHM, TaK U 1O
rpadukam 3tux Qynkuumii (puc. 3).



[To pe3ynbratam aHanu3a ypaBHEHUH U Tpa)MKOB MOXKHO CAENATh CIEIYIOIINe
BBIBOJIBI O XapaKTepe MePeX0oJHOro Mpolecca Ipyu NOAKIYEHUH TOCIEI0BAaTEIbHON
RL-nieny 1oz MOCTOSIHHOE HANPSKEHUE:

a) MEpPEeXOJHbI TOK B LENMU M IEPEXOJHbIE HANPSDKEHUS Ha €€ dJIeMEHTax
U3MEHSIOTC 110 DKCIIOHEHIIMATIBbHBIM 3aKOHAM;

0) HepexoHbI TOK B IIENM B MOMEHT KOMMYTAllUH HE UMEET CKauKa U MOCIIe
KOMMYTAallud HA4YMHAECT HapacTaTh IUIABHO OT 3HAYEHHUs, IPEAIIECCTBOBABIIETO
HEIOCPEICTBEHHO MOMEHTY KOMMYTAlIHH;

B) B 1Iend HAOMIOJAeTCsi MTHOBEHHBIM CKayOK HampsDKEHUs Ha
UHAYKTUBHOCTH  3a cueT nposiBaeHus wuHaykrupoBanHoit JJIC B oOMmoTke,
IIPONOPLMOHAIIBHOW CKOPOCTH U3MEHEHUS TOKA;

I) OT MOCTOSHHON BpeMenu uenu T = L/R 3aBUCAT KpyTU3HA KPUBBIX U BPEMS
UX HapacTaHWsi [0 YCTAHOBHUBIIErOCs 3HAYEHMS,  CJIEIOBATEIbHO, OT 3TOrO
napameTpa 3aBUCUT U BPEMS IEPEXOAHOTO MPOLECCA.
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Pucynok 3. IlepexoHble TOKH M HANPSKEHUS NIPU NOAKIIOYEHUH RL-11enu
K ICTOYHHUKY MOCTOSIHHOTO HAIIPS)KEHUS

[TocTostnHass Bpemenu nenu B coorBerctBUM ¢ ['OCT ompenensiercs Kak
BEJIMYMHA, XapaKTepU3YHIOLas 3JEKTPUUECKYIO ILIeNb, B KOTOPOH CBOOOJHBIA TOK
SBJIIETCSL KCIIOHEHIMAIBHON (YHKIMEN BpPEMEHM, paBHAas WHTEpBaJlly BPEMEHHM, B
TE€YEHHE KOTOPOIo 3TOT TOK YOBIBA€T B e-pa3 (IA€ e - OCHOBaHME HATypaJbHOTO
jorapudma).

T
ip(T)= —%e T = —%e"l ~—-0.37- e

| <



3a TO ’Xe€ caMoe BpeMs NEepPeXOJIHbId TOK B IIEMH =1 —I—iCB JIOCTUTHET

3Hauenus i(7)=0.63-U /R (puc.3).
OOBIUHO HA NPAKTUKE JUIMTEIBHOCTH  IEPEXOAHOIO IpOoIlecca B LENU
OIIEHUBAIOT C ITOMOIIBIO T CIIEAYIOIIAM COOTHOLIEHHEM:

ton=(4...6) 1.

I[JI?I COKpalCHusA BPCMCHH IICPCXOJHOTO IIpoHecCa HYKHO YMCHBIOUTL T,
qTOo AO0CTUTACTCA YMCHBIICHUEM HWHAYKTHBHOCTHU OCIM HWJIKM YBCINMYCHHUEM €€
QJICKTPHUYICCKOT'O COIIPOTUBIICHUA.

4. Ilpumenenue npeodpazoBanuda Jlamjiaca k anajausy uemneu.

Knaccuueckuil MeTos pacuera nepexoHbIX MPOLECCOB C (PU3NUECKON TOUKU
3peHus SABJISAETCS HauboJiee HarIsAHbIM, OJHAKO OH HAXOJIUT IMPHUMEHEHUE TOJIBKO B
TeX Clay4asX, KOTJa MOPSI0K MOJy4aeMOro HEOAHOPOAHOro Au¢(depeHIHaTIbHOTO
ypaBHEHHUs He IpeBbIIaeT AByX. s 6oJee cloKHbIX 3a/1a4 pelIeHne KIaCCHYECKIM
METOJIOM KpaiHe 3aTpyIHUTEIbHO.

Jlig pacueta  TMEPEXOTHBIX IMPOLIECCOB B JMHEHHBIX ILIETSIX, OMUCHIBAEMBIX
nuddepeHIMaTbHBIMA  YPAaBHEHUSIMH BBICOKOTO MOPAJIKA pa3padOTaH CHEIHaIbHBIMN
onepamopubiti memoo. OH OCHOBAaH Ha W3BECTHOM CMOCO0€ MHTETPUPOBAHUS
JUHEHHBIX Ou(depeHIalbHbIX YpaBHEHUNH C TOCTOSHHBIMU KO3((dUIIMEeHTaMHu C
OMOIIbIO TipeoOpazoBanus Jlamaca.

OT1oT cnocol BHepBble ObLT MOKa3aH pycckuM marematukoM M.E. Bamenko-
3axapueHko B 1862 rogy. B konue XIX Bexka anrnuiickuili ydenwsii O.XeBucaiin
BIIEPBBIE MPUMEHUJ ONEPATOPHBIA METOJA K pacyery IEepeXOAHbIX IPOLECCOB B
DIIEKTPUYECKUX LIETISAX.

CyIIHOCTh ONEPATOPHOTO METOAA 3aKJIIOYAaeTCs B TOM, 4YTO (YHKUHUAM
NepexoIHbIX TOKOB, HanpspkeHuit u DJIC i(1), u(t), e(t) Ha3bIBAEMBIM OpUSUHAIAMU
cTaBiT B coorBerctBue (¢yHkuuu I(p), U(p), E(p) HEKOTOpOro mapamerpa p,
Ha3bIBAEMbIC U300padcenusmMu UCXOAHBIX (HYHKIUH.

VYKka3aHHOE  COIOCTaBJI€HHWE  MPOM3BOAUTCA 1O  (opMmysne  IpsIMOTO
npeobpaszoBanus Jlamnaca:

I(p)=i(t)edt (12)
0

CootBercTBUEe Mexay ¢yHkuusmu I(p) w  i(t) B KpaTkoi dopme
3aMHUCHIBAETCS CIIEAYIOUIIM 00pa3oM:

I(p)=L {i(t);p}.

[Ipu stom QyHKIIMU i(1), u(?), e(t)  MOIKHBI yAOBIECTBOPATH YCIOBHIM
Jupuxiie, 4TO HA MPAKTUKE MTOYTH BCETJA BBITIOTHSAETCS.



OTMeTMM HEKOTOpBbIC W3BECTHBIE CBOMCTBa TmpeoOpa3zoBanus Jlammaca,
HA3bIBAEMbIE TAK)KE TEOPEMaMH, KOTOPbIE UCIIOJIB3YIOTCS MIPU PacyeTe MepexoIHbIX
IIPOLIECCOB .

A. TeopeMa 0 CJIOKEeHHMH:

L {a,i(t)+a,i,(t);p}=al {i(t),p}+al {i,(t);p}, 13)

r1€  ay, d - TOCTOSIHHBIE KOA(P(UIIMEHTHI.

b. Teopema 00 MHTErpUPOBAHVH:

L] idpi=—icp) (14)

B. Teopema o nuddepeHIIMPpOBAHNN:

di(t)

{ ,p} pl(p)=i0) (15)

rne i(0) B :—)JIeKTpOTeXHHKe - 3HAY€HHE TOKA B MOMEHT KOMMYTallUU.

PaccmoTpennsie  cBoiicTBa mpeoOpasoBaHus Jlammaca 00yciaBiuBaroT
CIIEYIOIINNA pPe3ylbTaT: 3aMeHa pealbHbIX MEPEXOAHBIX TOKOB M HANPSHKEHUH HX
n300paxkeHus MU (TOJOOHO TOM, KOTOpask OCYUIECTBIAETCS MpPU pacyeTe Iemnei
CUHYCOUJIAJILHOTO TOKA B YCTAHOBUBIIMXCS PEXHUMAX CHUMBOJIUYECKUM METOJIOM)
OPUBOJUT K aneeOpauzayuu 1uddepeHINaTbHbIX YpaBHEHUI LIENH, OTPa)kalolux
3akonbl OMa u Kupxroda.

[Ipu »TOM naHHBIE YypaBHEHHS OYIyT OTHOCHTCA K ONEPAMOPHOU cXeme
3ameweHuss yenu (aHATOTHYHO KOMIUICKCHOW CXEME 3aMEIIEeHHs B CHMBOJIHYECKOM
MeTojie). Pacuer omepaTopHOW CXEMBbI 3aMEIICHHUS BBITIOTHSIETCS METOJaMH,
aHAJIOTUYHBIMA METOJAaM pacyeTa Ilerneil MOCTOSHHOIO TOKa, B pPE3yJbTaTe 4ero
HAXOJATCSl ONepaTOpHble TOKM M HampsokeHus. PeanpHble mepexojHble TOKU H
HanpsoKeHUsT  (OpUTHHANBI)  ONPENENSIIOTCS 1O  HAaWJIEeHHBIM — H300pakeHUsAM
pa3IMYHBIMH ~ ClIOCOOAaMHU, HampuMep ¢ T[OMOLIbI0  Tabnull  0OpamHo2o
npeobpaszosanus Jlannaca [3].

B Tabmune 1 mpuBeaeHBI MPUMEpPhl OPUTHHAIOB U M300paKeHUN HEKOTOPHIX

byHKIUH.



Ta0mumna 1

N3ob6paxxenus OpuruHaibl

A A
p
W sin wt

pZ +a)2
1 e—at

pta
Ap + 1 Q=M ot PA—H i
(p+a)(p+ ) a-p B-a

B rtabmuue 1 nmapamerpel 4, ®, o, B, 1 - KOHCTaHTHI, HE 3aBUCAILIUE OT
IIEPEMEHHOM 1.

5. 3axkonbl Oma u Kupxroga B oneparopuou popme.

C nomompio npeoOpazoanusa Jlammaca (12), yuuteiBas cBoiictBa (13)-(15),
MOJIy4YMM  COOTHOIICHHMS  MEXAY H300paKEHUSIMU  HaNpsDKEHUs U TOKa
(omepaTOpHbIMU HAMNPSHKEHUEM U TOKOM) JUIsl PE3UCTHUBHOTO, WHIYKTUBHOIO U
€MKOCTHOTO 3JIEMEHTOB.

N3o0pakeHne HaNpsHKEeHUS U,(t) = R i(t ) Ha pe3UCTUBHOM DJIEMEHTE:

U,(p)=L{Ri(t);p}=R[i(t)edt=RI(p)

di(t)
dt

N300paxenne Hanpsokenus Y (t)=L HAa UHIAYKTUBHOM DJIEMEHTE:

di(t)’,p} =Lpl(p)-Li(0) 7

U,(p)=L{L i

HaHpH)KeHI/Ie Ha EMKOCTHOM 3JICMCHTC OIPCACIIAACTCA BBIPAKCHUCM !

uc(t)zéji(t)dt_



B Oonee mnonnoit ¢opme (¢ ykazaHueMm TMpeAesioB HHTETPUPOBAHUS IO
BPEMEHH) 3TO BBIPA)KEHHE MPUMET BU/I:

t

uc(x)=uc(0)+%ji(z)dt_

0

Takum 06p8,30M, I/I306pa}KCHI/IC HaIrpsKCHUA Ha C€MKOCTHOM OJJIEMCHTC!

Uelp) =Lt ittt p)=—10p)+ L2

Takum oOpazom onepauun guddepeHIUpPOBaHUST U MHTETPUPOBAHUS
OpPUTHHAJIOB CBOJISTCSI COOTBETCTBEHHO K aJIreOpanvecKiM OIeparusiM YMHOXKEHUS U
JeJICHUs] UX U300paKEeHUI Ha apameTp p.

Paccmorpum  mocnenoBatensHyro  RLC-uenb  (puc.4), mmig  KOTOpOU
CIPaBEJIUBO ypaBHEHUE (4):

Ri+Lﬂ+ijidt=U
dt C

' —

Pucynok 4. I[Tonkmouenue RLC-11enu Kk HICTOUHUKY
MOCTOSIHHOTO HAIPSKEHUS

C yuetom cootHomeHu# (16)-(18) u Tabmuiel 1 3T0 ypaBHEHHE MOXKET OBIThH
3aMmucaHo B onepamopHou ghopme:

”C(O):g
X

RI(p)+LpI(p)~L i(0)+——1(p)+
pC



Bmecro auddepeHnmanbHOr0  ypaBHEHHS — IOJYYEHO — alredpanveckoe
ypaBHEHHE OTHOCHTEIBHO ONEpPaTopHOro Toka I/(p). Beipasum u3 3Toro ypaBHEHUS

I(p):

P P P P
I(p)= =
pC

rne Z(p)=R+L p+1/(pC) - nornoe onepamoproe conpomusnerue NETH.

3aMeTHM, 4YTO CTPYKTypa TIOJHOTO OIEpPAaTOPHOIO COMPOTUBIIEHUS IENU
aHAJIOTMYHA CTPYKTYpE MOJHOIO KOMILJIEKCHOTO COMPOTUBIIEHHUS TOM K€ LENu, ecllu
P 3aMEHUTH Ha j@ .

VYpaBuenue (19) HazbiBaeTcs szakonom Oma 6 onepamopHoil ¢hopme TpU
HEHYJIEBBIX HAYAJIbHBIX YCIOBHSX, TO €CTh €CJIA BBITIOJHSIOTCS YCIOBHUS:

i(0) =0, u(0) # 0.

Cnaraemoe L i(0) B 3HameHatesne (4.20) mpexncrtaBiser cobonr D]IC,
O0OyCIIOBJICHHYIO 3allacOM JHEPrHM MAarHUTHOTO TMOJsI B MHAYKTUBHON KaTyIIKe
BCJIEJICTBUE TTpoTeKaHus yepe3 Hee Toka i(0).

Cnaraemoe u.(0)/p mpeacraBnsier coboiri D/IC, 00yclOBIEHHYIO 3amacoM
DHEPTrUU DJIEKTPUUECKOTO TIOJIsI B KOHJEHCATOPE BCIEACTBHE HAIWYWS HA HEM
HanpsoxkeHus u(0).

[Tpu HyJIeBBIX HAYaIBHBIX YCIIOBHUSX:

u

l(p)=Zs.

B oOmem ciydae, korna HampsiKeHHE UCTOYHUKA MOXET OBbITh MEpEMEHHBIM
3TO YpaBHEHUE IIPUMET BUJ:

utr)

I(P)=Z(p). (20)

[lepexon OT peaJbHBIX TOKOB W HANPSHKCHUH K WX H300pOKCHHUSIM B
orepaTopHO opMe O3HAYAET MEPEeX0]] OT CXEMBI LIeTH, N300paXeHHOU Ha puc. 1 u
ONHUChIBAaEMOM YypaBHeHHUEM (4) K oOIepaTopHOM cxeme 3amenieHust (puc. 5),
onuckIiBaeMoi ypaBHeHueM (19).
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Pucynok 5. OneparopHas cxema 3amenienus RLC-uenu

Jliist pacdeTa nepexoAHbIX MPOIECCOB B CIOXKHBIX HEMsAX KpoMe 3akoHa Oma B
dbopme (19) unu (20) HEOOXOAMMO COCTABIIATH YPaBHEHUS MO MEPBOMY U BTOPOMY
3akoHaM Kupxroga. B mnepexogHbix pexumax Jro0asi 1Lenb SBISETCS UEMbIo
MEPEeMEHHOTO TOKa, I KOTOPOM, Kak OBUIO yKa3aHO B pasnueiie 3, 3TU 3aKOHBI
CIIPaBEIUBHI TOJIHKO /I MTHOBEHHBIX 3HAUYEHUN PEATbHBIX TOKOB M HATIPSHKEHUN.

PaccmoTtpum ypaBHeHue mo nepBomy 3akoHy Kupxroda mis HekoToporo ysna
AIEKTPUYECKOUN LEMH, B KOTOPOM CXOIATCS TOKH I1,..., I

> i, =0,

[Tpumennm mipeoOpazoBanue Jlammaca K 5TOMY BBIpRKEHHIO. Toraa, ¢ y4eToM
cBoiictBa (13), momyuum:

L i(t)hp=) L{i(1):;p}=>1L(p)=0 @

VYpaBuenue (21) BeipakaeT coOolt nepewiti 3akon Kupxeoga 6 onepamophoii
gopme.

AHaJIOTUYHO MOKHO IMOJYYUTh BhIpaKEHUE U JIJIs1 BToporo 3akoHa Kupxroda B
omnepaTopHori (opme. Jns  HEKOTOpOoro KOHTypa AIIEKTPUYECKON  IIeTH,
COAEpXkaIlero 2JIeMEHThl ¢ Ry,..., Ry, Ly,..., L, Ci,..., C;, B BETBIX KOTOPOIO
MPOTEKAIOT TOKU I1,..., [y U AUCTBYIOT D/C ey,..., e; monyyaeMm:

U (0)

ZEk(p):Z[Ik(p)Zk(p)_Lk ik(o)_"T], (22)

rae Zk(p):Rk‘FLkp"‘l/(pC]J.



VYpasuenue (22) Boipakaetr co0oit eémopoti 3axon Kupxeoga 6 onepamoproii
¢opme TpU HEHYNEBBIX HaYaJIbHBIX yCIOBUAX. [Ipy HYyNEBbIX HaYaJbHBIX YCIOBHSIX
ypaBHeHHE (22) TpUHUMAET BUJ:

SE(p)=Y1.(p)Z(p). (23)

3ametuM, 9YTO (OPMYIMPOBKH 3aKOHOB DJJEKTPUUYECKUX IeNed U BUJ
pPaCUETHBIX COOTHOLIEHUW MPU HYJIEBBIX HAYAJIbHBIX YCIOBHUSX B ONEPATOPHOU WU
CUMBOJIMYECKOH (hopMax 3arucu aHaJTOTUYHBI.

Ucnons3ys 3akonsl Oma u Kupxroda B omepatopHoil gopme U METOHbI
pacyeTa Ieneil, BhITeKAloUUe U3 3TUX 3aKOHOB (METOJI KOHTYPHBIX TOKOB, METOI
Y3JIOBBIX HAIpSKEHUH U JAp.), MOKHO HAWTH M300pa’K€HHE HCKOMBIX MEPEXOIAHBIX
TOKOB WJIM HANpsHKeHUH. 3aTeM BO3HUKAET OOpaTHas 3ajladya OIepaTOPHOI0 METOoJa
- HaliTU 0 U3BECTHOMY U300paXEHUIO COOTBETCTBYIOIIUN €My OpUTHHAIL.

6. AHaju3 nepexoAHbIX MPOUECCOB ONMEPATOPHBIM METOA0M.

Pacuer mepexomHoro mporiecca OnepaTOpHbBIM METOJOM IPOU3BOAUTCS 10
CIEAYIOIIEMY aJITOPUTMY:

1) BbuepumBaeTcs OOBIYHAS WCXOJHAS CXeMa 3aMElICHHWS Ienu |
OTIPEJIETISIOTCS HadabHBIE YCIOBHUS KOMMYTAITUH;

2) BCE M3BECTHBIC DJEKTPUUCCKHE BEIMYUHBI M TIAPAMETPHI M300paKaroTcs B
OTIepaTOpHOU (HOPME M OCYIIECTBISIETCS MIEPEXO0T K ONMEPATOPHON CXEMe 3aMEeIICHUS
1IETIH;

3) Ha ocHoBe 3akoHOB Oma, Kupxroda B COOTBETCTBHH C BbIOpaHHBIM
METOJIOM pacuera i IeNud T0oCjIe €€ KOMMYTAIluh COCTaBJseTCS CHCTeMa
OTIEPaTOPHBIX YPABHEHUHN C YUETOM Ha4YaIbHBIX YCIOBUM;

4) HaXOJIUTCS pPEIICHUE TMOJYYEHHOW CHCTEMBI ONMEPATOPHBIX YpPaBHEHUMU, TO
€CTh ONPEACIISIIOTCS ONEPATOPHBIE TOKU WJTU HAIIPSIKCHMUS;

5) HaiieHHble HM300paKEHUS MCKOMBIX TMEPEXOJHBIX TOKOB M HaIPSHKEHHM
npeodpa3yroTcs K BUY, YIOOHOMY IS ONpEEICHUs OPUTHHAIOB;

6) MPOU3BOAUTCS aHAJIM3 XapaKTepa MePEX0IHOT0 Mpolecca.

PaccmoTpyM mnpuMeHEHHE ONEepaTOPHOrO METOJIa pacyeTa  MEePEeXOJHBIX
MIPOIIECCOB HAa MPUMEPE CXEMbI, OMUChIBaeMOi auddepeHInaIbHbIM YPaBHCHHEM
BTOPOTO MOPSIIKA.

Ionkmouenne RLC-nieny K UICTOYHUKY ITOCTOSTHHOTO HANPSHKCHUS.

Paccmorpum mocnenoBatenbHyo RLC-uiens (puc.4). Jlo KoMMmyTanuu TOK B
e OTCYTCTBOBaJ, KOHJIEHCATOP pa3psbkeH. llenmb moakitoyaeTcss K MCTOUHUKY
NOCTOSIHHOTO HampspkeHust U. OnpenenuM  OnepaTOpHbIM  METOJAOM  (DYHKIIMH
NEPEXOAHOTO TOKA W HAIMPSKEHUS Ha 3JIEMEHTAX IEIH.

Hauanbusle yenosus kommytaiu mysesbie: 1(0) =0, u.(0) = 0.



JIns naHHOM LenM Mociie KOMMYTAIUU CIIPaBEJIMBO ypaBHEHHE (3), KOTOPOE
B OIIEpaTOpHOI (hopMe TIPH HYJIEBBIX HAYAIBHBIX YCIOBUSX MMPUMET BHI:

RI(p)+LpI(p)+——1(p)=2
pC p

Bripasum onepatopHsbIi TOK:

U
U 1 7
I(p)=="
PR+Ip+— p’+=p+—
pC L LC

[TpuBenem nzobpaxeHune Kk TabaMIHOMY BUAy (cM. Tabu. 1):

Ap+u
I(p)=
P = ey )

rne A=0;
uw=U/L,
o, B - B3ATEIC C HpOTI/IBOHOJ'IO)KHLIM 3HAKOM KOpHH ypaBHCHI/I}I
R 1
2
p +—p+—=0,
L7 LC (24)

Kaxk HN3BCCTHO, KOPHU KBAJIPATHOTO YPABHCHHA OIIPCACIIAIOTCA BBIPAKCHUAMMU

RZ_ 4
I’ LC’

ﬂ__R+ /RZ_ 4
2L \L' LC-

B o6mem ciaydae, opurnHai mepexoaHoro Toka:

R
a= -
2L

N
L(f~-a)

Hepexoz[HLIe HaIIpPsAKCHUS Ha 3JICMCHTAX:!

i(t)

(e—at . e—ﬂt) |



ua(t):Ri(t):%(e‘“l _e_ﬂl);

_ ﬂ: U _ —at -pt
uL(t)—Ldt —(,B—a)( ae ' +pe”")

uc(t)=U -u,-u, =U[l !

—W(—ae_at +ﬂ€_ﬂt)(§+

+1)].

XapakTep NepexoIHbIX MPOIIECCOB B LIETH 3aBUCUT OT BUJIa KOPHEWU YpaBHEHUS
(24). PaccmoTpuM TpH BO3MOKHBIX CITy4as.

1. KopHu BemieCTBEHHBIE M Pa3HbBIE.

R°y 4
L’ " LC

9T1oT BapUaHT UMCCT MCCTO IIpU

Takoe cOOTHOIIIEHUE BO3MOKHO, €CJIM BBIIIOJIHACTCS YCIIOBHC:!

R>R,, =2 %,

rac RKP - KpumudecKkoe conpomueijiernue.

[lepexonHplil mpolecc MpU JAaHHOM BapuUaHTE HA3bIBACTCS anEpuUoOUUECKUM
3apsi0oM KOHOeHcamopa.

['padmkn TEepexONHBIX TOKOB U HANPSOHKCHWH W300pa)keHbl Ha pHC. 5.
OTIUYUTENEHON 0COOEHHOCTHIO TAKOTO IEPEXOTHOTO MPOoIIecca IBISETCS TO, UTO TOK
U HampsDKEHHE Ha KOHACHCATOpe HE M3MEHSIOT CBOM 3HAKH. [Ipu 3TOM HampsikeHme
Ha KOHJEHCAaTOpe MOHOTOHHO BO3pacTaeT 10 BenwuuHbl U, a TOK TMepBOHAYAILHO
IUTABHO YBEIMYMBAECTCS 10 HEKOTOPOTO MaKCHMaJIbHOTO 3HAUEHUS, a 3aTEM CIajacT
710 HYJIS.

Pucynok 5. Anepuonnueckuii 3apsi KOHIAEHCATOpa



2.KopHH BeliecTBeHHbIE H PABHbIE.

R4
L’ LC-

2T10T BapUaHT UMCCT MCCTO IIpHU

B 3TOM citydae BBITIOJIHSETCS YCIOBUE R=R,,.

[lepexonHplii mpouecc HpU JAaHHOM BapUaHTE HA3BIBACTCS MPeOebHbIM
anepuoouyecKuM 3apsao0om KoHOeHcamopa.

I'paduky mepexogHBIX TOKOB M HANPSDKEHUM NMPUMEPHO TaKue, Kak U s
OPEAbIAYIIEro Cayyas.

3. Kopuu MmHUMBIE.

L
L’ LC-

OToT BapUaHT UMCCT MCCTO IIpU

B 3TOM citydae BBITIOJIHSAETCS YCIOBUE R<R KP -

[lepexonHplil mpoiecc MpH JaHHOM BapHaHTE HA3bIBACTCS KO.1e0aAmenbHbIM
3apsi0oM KOHOeHcamopa.

['paduku mepexonHbIX BeIMYMH H300pakeHbl Ha puc. 6. Tok coBepiiaer
3aTyxaromme KoieOaHus OTHOCHUTENbHO HyJeBOro 3HaueHud. Hampsokenue i
KOJIEOJIETCSI OKOJIO CBOETO YCTAaHOBUBIIErOCs 3HaueHUsl U, HE MpeBbIlIasi BETUYUHBI
2U. AwmminTtyasl  KojeOaHMi  TOKa M HANpsDKEHUS  YMEHBIIAIOTCS 10
HKCTIOHEHIIMATILHOMY 3aKOHY.

[IpeumyiiecTBa OmepaTopHOr0 MeETOJAa, TaK K€ KaKk M CHMBOJIMYECKOTO,
0COOEHHO 3aMEeTHBI IIPU pacyeTe CIOXKHBIX LeMeil.

e, )

Ue

v

Pucynox .6. KonebaTenbHplil 3aps KOHAEHCATOPA

OnepaTopHbIii METOM,  SBISASACH METOJOM YHCTO  alreOpanyecKkum, IO
CpPaBHEHHUIO C KJIACCHYECKMM METOJOM 0ojiee MpPOCT U YHUBEPCAJEH, YTO
00€ecreunsio ero MCKIYUTENbHO IIMPOKOE MPUMEHEHHE B  AJIEKTPOTEXHUKE,
PaIUOTEXHUKE, TEOPUU aBTOMATUYECKOT'0 YIIPABICHUS.



