n OKOH‘-IHJ'I comn

{1989). B'1997 roﬁy 6'_'11 u35pcm J:Té cT8
-Aka emnﬁ‘nenqrormecxux\u couucmhL

phuncs 14 Ack 937 road® %‘MocxaeIB 19551ron)c nocrynnﬂ-‘-
Hal-hkype paano‘?exumecmro ¢uxynb1-e1-u M3W} kdropein

: _ﬁrn ‘MGPTe 1961 ‘rbp.u f; i1959%opa, 6yny-m
Ew,e CTygE_!lTUM, 3(.“'“”1 AOJ'DKHOCTB HH)KEHEPU K(‘I Eﬂ.p‘bl OCHOB
panno‘rexunxu, Ha KOTOpPOW: npopcﬁom.n cebiwe 4Froga, nponnn x
yts ot accucrenra {196 1) no aokTopamayk (1985] n npmber_cc:pc: :

“

HTel‘IthIM MIAEHOM & # %

+, T o

BIX Hayx : -

b8 B i 52 : =
prr Haym-.cux uHTepecon :- M bockakasa sxonunn p,n:-mempn
- : nme‘onuo!a*oﬁpﬂmunn MMETPOBOID:

B no

pﬁynen-mo 1 ruu:ulmi,j

%’I ‘HCCDEBOBGHHQ TAC3MBI

apa Kypt:bi (<3IleK‘l'p

he pan SBonH» ' «Panuo’rexr—mue?t
IKCMM 1 Y€ BHbIMM nocaﬁuﬂmu
baymt:ﬂ BCE! tryaeurhl“ sywulomueﬁiuxn Kypcoa no
wbpe‘rmlecxnm ?cuonu p,MO'rexHMKM.

MeTo/isi aHaiikda cTaluuoHAPHBIX rapMo-
HAYECKUX PeMUMOs NUHeRHLIx Uenen

] TEOPHH YeThipexXnonwHUKOB

XapaxrepucTuk YacTorHo uabu-
paTenkHBIX uene# U QUNLTPoOB

¥ OCcHOBL' TEOPHMN HENUHEIMLIX Lenei

B Cnocobbi HaxoicaeHus peakiny nuHen-
HOM LeNW Ha MNYNbCHBIE BO3AEACTBYHA

’ Tecpuﬂ uenew ¢ pacnpegensHHbLIMm
napametTpami

= MeToOb: CHHTE3a NUHeWHBIX
¥ ABYXNOMOCHUKOB

g MpymereHre KOMNBICTEROE OANSA
pacyeTa cnoXHbLIX Ueneu

Katamor wananwid B LlisTepHeTe

htlp i JRSS ru

]

Un["*(l

DYKEHHEIE DNedq ki

EJLLIIn 3aMEYAHIA U TIDEONOKE AR
ByayT YUTEHbBI W OTPAMEHBI

Ha web-c ALE ITOR HHWUTH

B HAWEeM WHTCEHET-MarasnHe

*.'

i

IZEIVE} MMdo_aiou

FEYSIESRT. W

SEEN




bBK 31.211

Backakos Cearocias Mpanoeuy

Jlekuun no Teopun ueneii: YueGHoe nocodiue. W3n.4-e. — M.: KomKnuura, 2005.

280 c.
ISBN 5-484-00178-1

B HacTostueM noco6uu B cooTBETCTRH M C COBPEMEHHO BY3OBCKO#H NporpamMmoii
CHCTEMATHYECKH WITOXKEH MaTepuan Kypca «OCHOBHI Teopuu uenei». Pacemorpenn
METOIBI AHANH3A CTAUHOHAPHBIX TADMOHHYECKHX PEXUMOB JIHHeHHBIX 1enei, Teopus
HETLIPCXNONIOCHHKOB, XapaKTEPUCTUKH Y4CTOTHO-H 30MpaTenbHbix uenci u (br;n ETPOB
OCHOBbl TEODHM HemuHelunx ueneid. Moapobuo WIYIEHN Cnocobm H&’(U)Kﬂel-lﬂ;t
peaKLiH THHEHHON WLeNM Ha WMMIYAbCHBIC BO3NeHCTBHS. l'lpencmunenl’a TEOPHA
UETICH C pacnipeneieHHbiMKM napamerpamu, O6cyxaaores METOABl CHHTE3A NTUHEHHBIX
NBYXNOMOCHHKOB. OtdenvHas rnaga nocesileHa MPHMEHEHHIO KOMILIOTEPOB 14
PAcUETa CAOKHLIX Henei.

Mocobue npennasuaveno CTYIEHTaM
HO MOXET ObITH MOAE3HO NPENOIaBATE M
H KOMMNBIOTEPHBIX TEXHONOTHI,

PagHOTCXHHYECKUX CNenHansHoOCTEH BY30B,
H CNEUHATHCTAM B 0DaacTH PAOIHOTEXHHKH

Manarenscrso «KowKuuras. 117312, 1 Mocksa, np-1 60
Moanncano k newarn 01.07.2005 r. Popmar 60 x90/16.
flew, . 175, 3ax. Ne 133,

Ornevatano 8 000 «IEHAHZ». 117312, 1. Mocksa, np-1 60-

-nernn Oxrabps, 9.
Bymara tunorpadickas.

Aerna Oxmabpa, 4. 1A, crp. 1.

ISBN 5—-484—00178—1 © KomKnura, 2005

HAYYHAR 1 YYEEHAR NUTEPATYPA

E-mail: URSS@URSS.ru 3045 ID 25566
Katanor waganuia & Mkrepuere:
hitp://URSS.ru
Tendaxc: 7 (095) 135-42-18
URSS Ten./daxc: 7 (095) 135-42-48 785484 001781 1>

Ornasnexune

lipeMCIOBHE KO BTOPOMY HM3HAHHMIO . . . . . . o v vh v v i v oo v aa v e vn o

s npeaHCIOBHA K NEPBOMY MIJAHMI0 . . . . . . . . . .. v v v oo v e v nn vn s

[hapa 1,

1=k8
1.2.

L3

I1ana 2.

2.1,
P
2%
24.

28

2.6.

2.7

2.8.
9
2.10.
2115
232,

2.13.
2.14.

I'nasa 3.

3.1
32
3.3
34.
3.5,

OcHoBHbIE TIOHATHA TEOPHH JAEKTPHYECKHX menmeii . . . . . . . . ..

K BASACTAUNOHAPEHIC O s S s s S e sl
SJICK'IPH‘-ICCKEH Lens KaK MaTeMarHyeckas Moaens

KBaJHC'I‘aHHOHapHOﬁ CHRER NI . S e o 5 e A S s Ty A
AAROHBL DR T HNOCKIE BEHO s« - « v bt v aeias

MeTonb aHANN3A THHeHAHBIX CTALRONADHBIX ueneil npu
rapMOHHYECKHX BHEIIHMX BOIMEHCTBHAX . . .. ... . ... ... ..

TapMonuueckne KoneGaAHMSA M UX MAPAMETPBl . . . . . ., . ..«
TMoHSITHE KOMITNEKCHOM AMIUTHTYIBI . . . . v o v v v v v v e vn a s s
CnoXeHHe rapMOHHYECKHX KOMeOaHMH . . . . . .. oo v v nu s
KoMimiekcHBIe aMTITHTYAbI MPOU3BOAHOK W HeornpeaeneHHoro
HIRSTDANE 5o . oossie oo Lo 57 F Fadios o Ve v v b0
KomnnekcHoe conpoTuBieHHEe W KOMIUIEKCHAasn

TPOBOHIMOCTE o 24 i e oivia sl Ao b diaes oete: tou s ToPeaiin s
CoOnpoTHBIEHHE H TIPOBOIUMOCTE 3NEMEHTAPHBIX
TIVHONIEHTIIIE | vl + f > vy el o air b et e
ConpoTHBieHKe W MPOBOAUMOCTE MPOCTERIINX COETHHEHMWIT
DREMOMIGN. | Tl 7 s a v s N Eege W ey o h e T F A
Pacuer mpocreiiiinx RC- u RL-IByXITOMIOCHHKOB . . . .. . . .
MOLIHOCTE FADMOHUYECKHUX KOJeDaHuil B IBYXMOJIOCHHKE :
IMoHATHE KOMIUIEKCHOM MOIIHOCTH . . « « 2« v v s v v n v v s ass
DddeKTHBHBIE 3HAYEHUS HATIPSIXKEHUA M TOKA . ., . .\ v v v s s
JIuneitHbIi ABYXTTONIOCHHK KaK Harpy3ka.

CornacoBaHHe KOMIIEKCHBIX CONPOTHBAGHHH . . . .. . .. ...
Llenu ¢ MHOYKTUBHOM CBAZBIO . . « - -« v v v v v v v v v mv e vn ass
TpaHciopm priolime CBOJCTBA MHIYKTHBHO-CBA3AHHBIX

T i A s R P b gy S e e et

MeTonn! aHaNH3a CIOKHBIX Heme# . . . . . . ... ... ........

TeoMeTpHyeCcKHe 3aKOHOMEPHOCTH B CJIOXKHBIX LIETAX . . . . . . .
MeTOR KOHTYDHSRX TOKOB - 0 0 s i =23 on v s s s e s oo
MeTOI y3IOBBIX MOTEHIMANOB - & & o v v v o v v v oo e v o v nn s o
OKBHBaNEHTHBIE Npeobpa3’0BaHus JHHEHHBIX LeneH
S L RS R80T e e ko e




4 Ornasnexue
Inasa 4. TeopHs YeTBHIPEXTOMOCHUKOR . . . . . . . .. ..o oo, 69
4.1. OCHOBHBIE ONIpEaeIeHUS.
MarpuyHOe ONHCaHHE YETHIPEXTTOMIOCHHKOR . . . . . . . .. ... 69
4.2. CpoitcTBa HarpyXeHHBIX YEThIPEXTOMIOCHHKOB . . . . . . .. ... 80
4.3, AKTHBHEIE H HEB3aHMHbIE YETHIPDEXTOMIOCHHKM . . . . . . .. . . . 84
Iasa 5. YacToTHbie XapAKTEPHCTHKH JHHEHHBIX meneil . . . . . . ... ... 91
I UcHOBIERC CRDRRERRINT o o i, o e Gl o 91
5.2, YacroTHble XapakTepucTHKH npocTeix RC- u RL-ueneit . ... 92
5.3. YacroTHble XapakTepucTHKH Gonee cloXHbX RC-ueneit . ... 95
5.4, TocnenosarenbHsbil KoneGaTeNbHBI KOHTYP . ... ........ 102
5.5. TlapannenbHbIi KOAEGATENBHBIA KOHTYD .+ . . . oo o oo v s s 106
5.6. Cpsi3aHHbIe KONEOATENBHBIE KOHTYDBl .« « « « o 2 v e v s e s s s 110
5.7. YacTOTHBIE XapaKTEPUCTHKH LieNeii C MepHOAHYECcKOi
ENTORINIMHE = . . , . . ., Tl 114
Irang 6, HenMlclmaenenn . 52, . ... .. s i oot s 124
6.1. HenuHeiHbIE 3/1eMEHTbI U MX XAPAKTEPHCTHKH . . . . . . .. ... 124
6.2. AHANIN3 CTATHYECKOTO PEXNMA B LEMH ¢ HeTHHEHHBIM
BHSAHOHIERIKOM . . . , T . vh st e 125
6.3. JIuHeiHbie CXeEMBI 3aMeLIEeHHsA HENMHEHHBIX PE3MCTHBHBIX
SHOMOIECHEREE o . & . . . oS Lol R S e 127
6.4. "Monmenu 3eKTPOHHBIX YCTPOHCTB B PEXHME MAJIoro curHana . . 130
6.5. Ilpeobpa3soBarine KoneGaHUil B HENHHEMHBIX EMEHTAX . . . . . 134
6.6. Llenb ¢ HEAMHENKBIM KOHIEHCATOPOM.
[TapaMeTpHUeCKOe YCHIEHHE . . . . o . v o v e v i s e se s e ns 140
Inasa 7. CoGcrpennbie Koae6ANMA B IMHEHHBIX HENAX . . . . . .. . ..... 149
7.1. CobcrpeHHBIe KoeGaHus B O/IHOKOHTYPHBIX
O NIRRT ... .. TR B 149
7.2. CobcTBeHHbBIE KoebaHUs B MOC/IEJOBATENBHOM
OSBRI REROM KOHTVDE © . . . . ., .. RE e = e e 154
7.3. CobcrBeHHBIE KOEOaHHs! B CBA3AHHBIX KOHTYPAX . . . . ... .. 161
7.4. Ycroituupocts ueneii. CobcTBeHHBIE KoneGaHus
DRI HRRRCINETIRN GG s i . . v > s R ) R 164
Inasa 8. Hecraumonapubie npouecch B mMHeiubix uenax . . . ... ..... 171
8.1. BoazmelicTBHEe MCTOYHHMKA CTYNEHYATOrO CHIHANA
PUHCH MOHROROHOMINR . . . . ... ... .o 171
8.2. BoaaelcTBHE MCTOMHMKA CTYNEHYATOrO CUTHANA
BRI RIOPOIDIHODAIRA . . . 5 5isoo0h o+ e DERTRES i —es 176
8.3. BoaneiicTBHe MCTOMHHKA NMPOW3BONLHOINO BHIA
T T R S R . 184
8.4. OnepatopHbIif METON HCC/IEAOBAHMS HECTALIMOHAPHBIX

MPOLECCOB B JIMHEHHBIX LENAX NPOU3BOILHOIO MOPAAKA . . . . . 189

Lhoaapnenrne

{hperst

H 5. UMnynscHad XapakTepuCTMKA JHHEHHOM UErH.
G IETS 7 b T el e e U
N.6. Meton npeoGpazosanmnsa Jlammaca. . . . . . .00

Linnn 9. AnasmTHyeckKHe cpoiicTea dyHkumii nenu.

CHHTE3 NACCHBHBIX ABYXTOMIOCHHKOB . . . . . . . . . ... ov ...

9.1. AHATUTHYECKKHE CBOMCTBA COMPOTHRIEHUSA W NMPOBOAMMOCTH
NVHEHHOIO ABYXIIOMIOCHMKS ;o « oo v s v viowaanv i s s s s

9.2. YacTOTHBIE XAPAKTEPHUCTHKH YETHIPEXTTOMOCHHKOB . . . . . . . .

9.3, CMHTE3 MACCHBHEBIX ABYXMOMIOCHUKOB . . .« o v v v v v o n o s s

Piuann 10, Lienu c pacnpenefeHHbIMH NAPAMETPAMH . . . . . . . .. ... ...

10,1, PeryaspHast TUHMSA Mepeiayu U ee napaMeTpel . . ... ......
10).2. BonHOBBIE TIpOLIECCH! B IMHUH Mepena4u Oe3 notepb . .. . ...
10.3. TapMoHuyeckue KonebaHusd B IMHHM Mepefadu . . . . . .. .. ..
10,4, SBneHHst B HATPY)XEHHOW JTHHUM MEPEHAYH . . o v o v v v v o o o s

Linna 11, KoMnsloTeprbie METOAB aHAIM3a Henmed . . . . .. ... .. ....

I'1.1. OnmucaHue TOMOJOTHH INEKTPHUECKHX LETEH . . . v v v v v v v o
|'1.2. Tomonornyeckuii METOA COCTABIEHUS YpABHEHMI

VIANOBEIX HANDIDKCHIH . o 050 v vt s sinim v 4 o= ale hs
11.3. MeToA MEpeMEHHBIX COCTOSHMA . . . . .« vt v v v v vt v v oo nn
1.4, Peanuzaumns METOAOB KOMITLIOTEPHOIO aHanu3a uemnei . . .. ..

W PTROG |  Eeamee e  RECeR e B R s e S S e e L

|. Cnyyait KpaTHbIX KOpHe XapaKTepUCTHYECKOrO YpaBHEHH . . .
2. TabGaulia COOTBETCTBUA MEXIY OpUIHHANAMM

W HICOPAREIOMMNE = 0l S T LG e e
3. DT € M D RN . o s T T T s s R e
4. Hekorophie TPHTOHOMETPHYECKME QOPMYIBI . . . . .. o .o o

HTOPATYDR S R e o T T . s e ey o R e e b e e

Plpe/MeTHBIA YKAZATEMb . o . o v o o s o0 o a0 v s oo m s as s s asnsanena




lpeAucnosmy ko sropomy nsgamnuso

Kunura

Tepuanam J‘;;;Ee ?{name]\“ﬂ BHMMAHHMIO YHTaTens, Oblna HamHcaHa no ma-
HH, KOT
cbakynbTeTa Nppi€ ABTOP MpOYEN CTYAEHTAM pasHOTEXHUYECKONO

sepoiigE ﬂeo'i;l'{;‘;“f{;‘:ro DHEPTETHYECKOTO MHCTHTYTA (TeXHHYECKOro yHH-

oToBs [r)wﬁnuxa V€ BLILUIO B CBET B M3natenbcTee MOH B 199]
e wéam-b e ;mﬂ BTOPO€ M31aHWE KHWIM, aBTop CYen Llenecoob-
heHHbiM € OOumMi flawW, YWWCHO TNAB W TIOPATOK

WX Claeaosal
3a HCKJHO‘IEI:::;‘ (r?g:;?: Y MepepaboTka COCTOSIA B TOM, YTO BCE IIABHI,
Sivini ﬂmhoquuunﬂ&keﬁ’ 6bLTH IOTIONHEHb OBIMIMPHBIM MEpeuHeM 3a1ad,

csi TOMECTH], HnpoBeJeHUs YIIPAXHEHHIA 110 Kypey. ABTOD CTPEMMI-
Ha crpaunu-’ Clola KAK 4 nuumoHHbie 3a1a4M, KOTOpbIE MOXHO BCTPETHTH
HaK{)l'UlCHHl::( Pffla KHIny o o0l TemaTiKe, TAK M OPHTHHATBHbIE 3amaun,
moh;:mol)o“ 8 reueHie MHOTONETHEH NEIArOrHYecKo# paGoThL.
HINAHH&
BKJIIOYEH TAKAKE MATEPHAN, KacaolMHCH HCnosib-
JOBAHUA HOwyy gomn

= PRyepHbIX TEXHOMOTHIl IS aHANK3A Pa3HOOGPAIHBIX
MEKTPUYER ) jrenax.

C. d. Bacxaxos
Mocksa

M3 npegHcnoBua K nepBomy H3[ZaHHIO

Jia KHUra sipiasieTcst yyeOHBIM nocobuem Mo Kypey <«OCHOBBI TEOpUM

i1t e JUIA CTYJEHTOB PaiMOTEXHUYECKHX CMELHalbHOCTEH By30B.
P'ons Teopun ueneit B (hopMHpOBaHUH MpodECCHOHANBHOIO cTaTyca pa-
HOMIKCHEpAa MCKIIOYMTENIBHO BEMKA. MeTtonkl TeopuH uenei 6e3 npeyse-
HHHCHHH NPOHM3LIBAIOT BCE CMIEUMATbHEIE PagMOTEXHWYECKHE TMCLUMIUTHHBIL.
FKN TAKKE METOHONOTHYECKaA LIEHHOCTh JAHHOTO Kypca, MOCKONBKY Teo-
Wi 1eNeid CIyXXKHT 3aMedaTeNibHbiM MPUMEPOM HAYYHOTO MOCTPOEHMsA, B KO-
oM OrpoMHOe pasHooBpasue CEACTBUIN BBIBOAMTCH H3 HeBOIBILIOIO YHcaa

Wi wUEHBIX TONIOXKEHHI, MpeXxae BCEro M3 AByx 3akoHoB Kupxroda.
ConpeMeHHass TeopHs Uemneli NMPOYHO omupaercs Ha (yHIAMEHTAIbHbIE
At pest, OHa opraduyecky BRIOYAST B cefn MHOTHE MONOKEeHUS U3 pa3-
e < ICKTPUYECTBO M MATHETH3M» BY30BCKONO Kypca ¢uirku. MHoroob-
L TAKOKE MaTEMaTHYecKHe METOObl, MCMOJB3YEMBIE TeopHeH uened, —
Airehpl KOMIUIEKCHBIX YMCENl, MATPUYHOE WCYMCNeHHe, Teopus GyHKIMil

BUMITICKCHOTO TIEPEMEHHOTO M Teopus audpepeHUMATbHBIX YPABHEHMHIA.
Knura, npeanaraeMas BHUMAHMIO YMTATENA, UMEET CYLIECTBEHHO MEHb~
Wit 0OLEM MO CpaBHEHWIO ¢ COMBUIMHCTBOM APYIMX YYEOHHKOB M Y4eOHbIX

fow 00OMil 10 JaHHOMY KypCY, KoTOpble Obinu onyOnHMKOBaHBl B HALIEH CTpaHe
W HOC/ICIHUE TecHTHNeTHs. 310 ObUTO JOCTUIHYTO HE U3bATHEM KAaKHX-NHOO
J4i 107108 KYPCa M HE TpeaHaMepeHHbIM YIIPOLUEHHEM MaTepuana, a HCKIoYH-

IO NyTeM OTKa3a 0T pacCMOTPEHHS MHOTMX YaCTHBIX, TIOPOil BTOPOCTENEH-
Wiy BONIPOCOR W KOHUSHTPALWM BHUMANKA Ha O0UINX NONOKEHUSX U MeTORAX.
Hpe icTannsercs, 4TO TaKOe HUTOXEHHE yueGHOro MaTepuaia rmoAroToBUT CTY-
ACHTON KAK K CAYIIAHWKIO TIOCHENyIOUMUX KypcoB, T4K W K CaMOCTOSATENbHOI
paboTe ¢ IMTepaTypHBIMH HCTOYHUKAMH.

110 mepe BO3MOXHOCTH Mbl CTPEMMJIMChH MOAYEPKHYTh NPHKIATHYIO Ha-
HpaiicHHoCTL TeopuK ueneil. C 3T0H LENbIO B TEKCT KHUIM BBEAEHO MHOIO
Wi IOBLIX pUMepoB. YuTaTenio ClefyeT BHHMATENLEHO npopaboratk ux, 06-
panid BHUMaHKe HAa MOpANKH (HM3MYECKMX BENHYMH, BCTpeYaloluXcd B pa-
AHOTCXHHMECKOH MPAKTHKE.

Cepuesnan pabora Hag KypcoM 0653aTesibHO AOJDKHA COINPOBOXIATHCH
P LICHHEM 3aa4 pA3HOTO YPOBHSA CIOXHOCTH, HAMMHAA C 3/IeMEHTAPHBIX, Npe-
AV MATPHBADIIMK AKilb pacueThl N0 POpMYyAamM, ¥ KOHYaA HeCTAHAAPTHBIMMK
WULAMM, TPebYIOLMMH HaBLIKOB, HACTOHYMBOCTH, M, INIABHOE, TBOPYECKOi
NLIIYMKH,

Xouercs MckpeHHe mobnarofapuTh Kojuier, rnpenojasatelied W coTpya-
Hitkon Kadenpel ocHoB paguoTexHUkH M3MU, HeonHokpatHo OOCYAIaBLLMX
£ ARTOPOM 1i1aH OyaymieH KHHIM M €€ OTAeNbHbIC IMaBhl.



lhasa 1

OcHoBHbIE NOHATHA
TEOPHH 3NIeKTPHYECKHX LeneH

Kak u3pecTHo, moOGbie 3MEKTPOMATHUTHEIE MPOLECCH B paMKax Mpes-
cTaBieHMH Knaccuueckoil (PM3HKH OMUCHIBAIOTCH YpaBHEHHsMM Makcpenia.
PerinB 311 ypaBHeHus1, MOXHO B KAXIO0i TOYKE MPOCTPAHCTBA HAWTH BEKTOPHI
HaMpsXEHHOCTH 3AeKTpuYecKoro noiasi E u marHutHoro mons H, xortopsie
B OOLIEM ClTy4yae 3aBUCAT OT BPEMEHH.

Onnako cronb moapoGHOE OMMCAHWE Ha MPAKTHKe ARsAETCH Headhek-
THBHBIM. BO-TiepBbIX, /U1l KONHYECTBEHHOTO 3a4aHWUA BEKTOPOB B MPOCTPaH-
cTBe norpeGosBanuck Gbl OrpOMHBIE HHGOpPMAlIMOHHBIE MAcCHBBI, 0603pETH
H COTIOCTABHTH KOTOpblE MPAKTHYECKH HEBO3MOXHO. Bo-BTOpBIX, caMa npo-
LHeaypa pelieHnusa ypaBHeHMH MakcBesina, ONMCHIBAIOIHX 3IEKTPOMArHUTHbIE
Mo/ BHYTPH peaibHOi pallMOTEXHHYECKOH KOHCTPYKLHH, HANIPHMED, BHYTPH
TEJIEBU3HOHHOTO MPHEMHHMKA, BCTPEYaeT HENMpeoJo/iMMbIE BBIYUCIUTENbHBIC
TPYAHOCTH.

Tem He meHee, uMeeTCs OOLIMPHLIH M BECBMA BAXHBIN B NPaKTHYECKOM
OTHOIUEHWH KJIacC 3NEKTPOMATHHTHBIX CHCTEM, KOTOPHIE YAAeTCs NpHOIIDKeH-
HOTro OMMCaTh, HE Mpuberas HENOCPEACTBEHHO K KOHLUENMUMH 3/IeKTpoMar-
HUTHOIO TOJIA, 8 HCMONb3yA Gosiee NMPOCThie HHTETPAILHLIE XaPaKTEPUCTHKH,
TaKWe, KaK HanpsokeHHsi H TOKH,

1.1. KeasncraunoHapHbie nons

B dusmke nokazaHo, YTO NMEPEMEHHOE EKTPOMATHUTHOE TIONE SIBNSETCH
BOJTHOBBIM TPOLIECCOM; 3/IEKTPOMAarHMTHbIE BOJHBI 1000 YacTOTHl pacnpo-
CTPaHAIOTCA B BAKYYMe CO CKOpocThio ¢ = 3 - 10° M/c. B nepemeHHOM mone
NEKTPUYECKUH 1 MarHWTHBIH BEKTOPHI HEPa3pbiBHO CBA3AHBI JAPYT C APYIOM
JAKOHOM 3/IEKTPOMATHUTHOW MHAYKUMM Papanes: KpUBOIWHEHHBI HHTErpan
NO NMPOM3BOJILHOMY 3aMKHYTOMY KOHTYpY L ot BektopHoro nons E paseH ¢ or-
PHUATENbHBIM 3HAKOM MPOM3BOAHON IO BPEMEHM OT MarHMTHOTO MoToka P,
NPOHM3BIBAIOLIETO 3TOT KOHTYP:

do
fEd]:—E. (L.1)
L

1.1. KsasncraynowapHsie nons 9

[pennonoxXuM, 4TO noJjie HIMEHAETCS BO BPEMEHH docmamoyHo MednenHo,
TaK YTO NPHOAMKEHHO

}{Edlzo. (1.2)
L

Takue nossi, Ha3blBAEMbIE KEU3UCMAUUOHAPHbIMY, O0NANAIOT dyHAAMEHTANb-
HbIM CBOICTBOM: 3HayeHHWe MHTerpaia ot Bektopa E Baone xpusoii, co-
cAMHAIOLIEH [BE NPOW3BONIbHBIE TOYKH A U B, 3aBUCHT OT NMOJOXKEHHS 3THX
TOMEK B NIPOCTPAHCTBE ¥ He 3apucuT oF hopmel kpusoit, leiicTautensHo, nycts
HMEETCsl HEKOTOPOE YCTPOHCTBO, 3a-
KioYeHHoe B obseme V (puc. 1.1).

Mexny BHIBOZAMM YCTpOHCTBa
nposefeHbl aBe KpuBble L; n Ls.
[lpu 3ToM Ha ocHoBaHUM (QOpPMY-
et (1.2)

fEdl+fEd]=0.

AL|B BL}A
OTKYaa Puc. 1.1. K onpegenexuio noHaTUA
3INEKTPHYECKOro noTeHuuana
/ Edl = f Ed. (L3)
AL,B AL,B

Paserctso (1.3) o3Hauaer, 4TO KBasucTauuoHapHoe none E smnsercs
NOMEHUUANbHbIM noleM W He3aBUCHMO OT (opMbl Kpusoi L

Edl=p,— ¢z =t (1.4)
ALB

r1e ¢ — 3NEKTPHYECKHil MOTEHUHAN; ¥ — HanpsiKeHue (Pa3HOCTh MOTEHLH-
anos), uamepsemoe B Bossrax (B) u umelomee Gu3MYecKHit cMbica paboTh,
COBEpIIACMOi CHAAMH NMEKTPHYECKOro Mojis NpH nepeHoce 3apsana B 1 Ky-
nou (Kn) u3 toukn A B Touky B. OueBMAHO, YTO €CIM H3MEHUThL MOPAIOK
cnemoBaHus Touek A W B, TO 3HAaK HanpsAXeHHs H3MEHHUTCS Ha MPOTHBOMO-
JIOXKHBIH: Ugy = —U4p.

LlenHsie cTpyKTypsl

MouaTHe KBa3HCTALMOHAPHOTO 3MEKTPOMATHHTHOIC Nonst npHobperaer
COoNepXAaTeNbHBIN CMBICA TOMBKO B TOM CIy4ae, eClii reOMeTPHYECKHE pasMephl
cuctembl [ CYLIECTBEHHO MeHbille IMHB BOAHB KoneGauuit A. ITpu 3rtom
Bpema T = l/¢, HeoOXOIMMOE MUISi PACMIPOCTPAHEHMS BOJNH BAOJNb CHCTEMBI,
rnpeHeBpexXUMO Manio 1o CPaBHEHNIO C XapaKTepHBIM BPEMEHHbBIM MaciiTabom
MPOLECCOB B CHCTEME, HAMPHMEP, MO CPABHEHHIO € MEPHOAOM BO30YKAAIOLINX
KoneGaHuil.
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1"
+
Puc. 1.3. Mpurumnuanbhas cxema LenHON CTPYKTYpbI
a) J)

e s ad et 1 LT CTOIKTPEN NOXHO STy JKCrEpHETLnLO
HOCIpY M AR i #0i0 MX HCKOTOPBIMM BHEILHWMHM WCTOYHHKaMH, HaGmopaembiMu Be-
WM HIVIAIOTCSE TOKM W HANpPAXEeHWs B PasHBIX ydyacTKax CTPYKTYDHL
;) e oA bbaacTix HINESREE HEREEONT Aol B0 1Ko oaxoa nuiieH OBIIHOCTH, TaK KAK 3KCIEPUMEHTATOD Kakabii

obnanalowne uenHoii cmpyxmypoil. B kauectse npumepa Ha puc. 1.2a uoGpa- WMECT 1610 JINLEL ¢ OAHON KOHKPETHON CHCTEMOi

XeHO yCcTpOHCTBO, B KOTOpOM Ha obuieit neyaTHOM naaTe pacnoNoXeHbl HHAYK- ) o :
s : }, v e e e e Hi0hu 13IyuaTh LEMHYI0 CTPYKTYPY TEOPETHUECKH, paCCYMTHIBATE U [pO-
T‘;n:::: ‘g"’y Ka - , KOM::T o~ ina “' Tpa b BgHHblx o%enam ﬁp 5! B Cﬁa’l Wit e, HeoBXOAMMO NPEIIOKHTS CHOCOD MATEMATHYECKOTO ONTUCAHNS,
1 PyKTYypa COCTOl P POCTD feindd POAINTL, MATEMATHYECKYIO MOMENTh TAKON CTPYKTYDBI, HA3bIBAEMYIO 31€K-

(puc. 1.26), KOTOpBIE COeAMHEHB! MeXIy cOBOl MPOBOTHUKAMM.

Hanuuue Takux oGnacTeit yKasbiBaeT Ha NPOCTPAHCTBEHHYIO JIOKAIH3aLHI0
NEKTPOMATHHTHBIX npoueccos. Tak, B HEKOTOPLIX W3 3THX obnacTell MOXeT
3aMAcaThCA 3HEPTHS INEKTPHYECKOTO WM MarHutHoro noneit, B apyrux of-
JIACTAX MPOMCXOAUT HeobpaTHMOe MpeppaLleHne SHePrHU 3IEKTPOMArHUTHOIO
MOAA B TEMUIOTY HAH B MEXAHWYECKYio paGoTy.

Haxonelu, B HexoTopbix 061aCTAX pa3MeLieHbl WCTOYHWKH (reHepato-
phl), KOTOPbIE TPEBPAILAIOT 3HEPTHIO HEANEKTPOMArHHTHOIO MPOMCXOXAEHHS
B SHEPTHIO IEKTPOMarHUTHOTO Noas.

Kol ienovio (B pansHERIIEM AMA KPaTKOCTH MpocTo wensio), Tpu atom
(EN]

LOPMYTHPOBATE W KONMHYECTBEHHO BHIPA3MTD 3aKOHbI (DYHKIMOHUPOBA-
Wi (i IHYeCKOi CHCTEMBI

ANTHCATY IHHAMUWYECKHE CBOICTBa 3neMeHTOB, 00pa3yiolUHX LEMb,

Yanu, BeTeM W KOHTYPBI

H uenn MOXHO, mpexne BCEro, BBUAENIMTH y3qb/. Tak Has3bIBAlOT TOY-
B EOTOPLIX NOMOCH ABYX MAW Gonee 3/EMEHTOB COEIMHAIOTCH BMecTe.

1.2. JnexTpuuecKan Uenb KaK MareMarHyeckas Mofens pie 1.3 yanbl nomeyenst Homepamu ot 1 10 7.
KB!SHCTI“HOH&FHOﬁ cCUCTEMBI Iyt Mexuly aByMst yanamMu, TIPOXOOsUIMIE MO TOMY WKW WHOMY 3/IEMEHTY,

WiioT aemavio lenu. YTobBl YKaszaTh KOHKDETHYIO BETBb, CIEAyeT 3a-
MOMEPI YUIOB H CMMBOJI COOTBETCTBYIOILEro 3/emeHTa. [TpHMeHHTensHO
e, iolpaxeHyoit Ha puc. 1.3, MoxHo roBopute 0 Betax 4C'1, 2D3,
TR :

B Crpykrype uenu OTAenbHbIE BEeTBH NPUHATO OOBLEAUHATD B Konmy-
ROHIYPOM HA3LIBAIOT MHOXECTBO Y3/0B, KOTOPbIE MBICIEHHO OOXoasTcs
Mwosm nubpanHom HanpasneHWH. KoOHTYp HauMHaeTcs M 3aKaHuyMBaercs
M W TOM XKe yuie, 06XOI KOHTypa OOBIMHO MPOBOAAT BAOAL CMEXHBIX
i, KIUKIAN U3 KOTOPBIX TIDHXOAMTCH TONBKO OAWH pa3s M JIMLIL B OJIHOM
wiernn, MmenHo Takumu ABIg0TCS KOHTYpH 1C4B1, 3D2C 1 B4A3,
A7 ura (puc. 1L.3).

[MoTeHUHANBHBI XapaKTep KBa3HCTALMOHAPHOTQ 3MEKTPUYECKOr0 monsd
no3posser abCTparHpoBaThCA OT NrEOMeTPHYECKON KOHMHUTYPALIMK 3/1EMEHTOB,
o6pa3yioumx LUENHYO CTPYKTYPY, M PaCCMaTpHMBATh €€ HarIsaHOe rpaduyeck
TIpEACTABNEHHE, KOTOPOE HA3bIBAETCH 31eKMPUHECKOll WV NPUHKUNUANBHON CXe
moii, Tlpumep Takoi cxemsl n3oGpaxkeH Ha puc. 1.3. MoxHo 3aMeTiTs,
LienHas CTPYKTYPa COCTOMT M3 OTASALHBIX 3/IEMEHTOB, TIOMEYEHHBIX OykBas
mu A,B,C,D n E. Kaxaplit Takoil 3/1eMEHT MMeET HECKONbKO Odocmyn
HbIX 3GXCUMOS, HA3bIBAEMBIX TAKXKE noaocamu. IneMeHT A ABIAETCA WECTH
MOMOCHHKOM, 3/eMeHTel B u C npeactaBasior coGoil YeThIPEXMONIOCH!
a aneMeHTHl D u E — ABYXNOMOCHUKHU.
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3HaKu HanpAXeHHH W TOKOB : . . e ISR P T
[MpeAnosoxuM, YTo MOTEHLIMAN 7 y3na 7 okasancs BhIIIE TOTEHIHANA Qg R L J‘C
yaia 6. B 3TOM ciiyuyae HanpsaxXeHUue & = @7 — (P NMONOKHUTENBHO, YTO NPHHATO - i

OTMEYaTh Ha NPUHLUMNHANLHOW CXEME HEMH OXHMM M3 JBYX CIIOCODOB: > i R — Y i
1) mocTaBMB 3HAK «IUTIOC» OKONO yana 7;
2) u306pa3suB CTPENKY, HATPABJIEHHYIO OT «ILIIOCa» K «MHHYCY», T.€, B CTO- a) ) b

POHY VMEeHBILEHHS MOTeHLUHAIA.

Chesyer uMerh B BUAY, YTO MOTEHUHAN CHCTEMBI B LIEJIOM OIpeensieTcs
€ TOYHOCTBIO 10 MPOU3BOILHOM MOCTOAHHOIM, KOTOPYIO BCErIa MOXHO BhIOpaTh
TaK, 4YToObl MOTEHUMAN OOHOIO M3 YVIOB CTal paBeH Hymo. [MonoGHBIM «3a-
3EMIIEHHBIM» YanoM MoXeT ObITh, HaNpuMep, y3en 5, YTO OTMeYaeTCs Ha cXeMe
YCIIOBHBIM 0003Had9eHHUEM.

Tox B Kaxkao#i BETBH MOXET WMETh OHO W3 ABYX BOIMOXKHbBIX Hamipan-

Puc. 1.4, InemeHTapHbie NaccHBHbIE ABYXNONIOCHHKH!
&) PEINCTHBHBIA 3NeMEHT; 6) HHAYKTUBHBIA INEMEHT; B) EMKOCTHbBIH INeMeHT

geiom (1.5). ConporHBIeHHA PE3HCTOPOB YacTO M3MEpAIOT B KHJIOOMax
B 10" Om) u meraomax (1 MOM=10° Om).

s il onement. fABnsgerca MaTeMaTM4eCcKOH MOJENBIO YCTpPOHCTBA, Ha-

nenuil. ECiM TOK HAnpaBieH B CTOPOHY yGbiBAHWMS MOTEHLMANa BETBU, TO SHIIONICTO IHEPTHI0 MATHUTHOTO TONS B JIOKAAH30BaHHOM oOweme. [lo

roBOPAT, YTO TOK H HAMpsAXEHWE co2racogawbt MO HanpasieHuwo. I[lpu sToM RAEACHHIO, CBA3L MEXAY HarnpsXeHWeM W TOKOM B JAHHOM 3JIEMCHTE

CTPENKH, COOTBETCTBYIOLIHE TOKY M HanpsXeHHIO, HA CXEMe OPHMEHTHPOBAHBI A (puc, 1,40): di

B OIHY M TY Xe CTOPOHY. w=L—. (1.6)
HanoMHuM, YTO B TeopHM ueneid Mo TpaiMLH{ HCMONB3YIOT «TeXHMYe- dt

CKO€» HarpaB/ieHHE TOKa, KOTOpOoe COBMANaeT ¢ OpHeHTALHEeH BEKTOpa CKOpo- g1 I, Ha3biBAIOT MHAYKTHBHOCTBIO M M3MmepsiioT B reHpy (Ih). Ha pa-

CTH YHNOPAZOYEHHOTO ABHXEHHS BOOOpaXaeMbIX MOJOXHUTENLHO 3apKeHHBIX
yactTHl, EcnM Xe TOK cO304eTCs OTPULATENILHO 3apSKCHHBIMU 3IEKTDOHAMH,
TO OH HarpaBlieH B CTOPOHY, NMPOTHBOMOIOXHYIO BEKTOPY MX CKOPOCTH,

B TOTAX, T. €. B IMATA30He 10 HECKONLKHX COTEH Merarepll, HHAYKTHBHBIN
MEHT MOXHO [JOCTATOYHO TOYHO peanu30BaTh C MOMOMIBID HHIYKTHB-
RATyIIKH. MHAYKTHBHOCTh KaTyIIeK, MPMMEHAEMBIX B PajHOTEXHHKE,
B0 omepsior B miuarerpn (1 mfn = 1077 Th) win B MuKporempy

IneMeHTaApHBIE NACCHBHBIE QBYXNONIOCHHUKH Kl = 106 ).

YtoGBl onmcaTh Mpouecchkl B UenW, Tpebyerca yKasaTh OLHO3ZHAYHYIO
OMHAMHYECKYIO CBA3b MEXAY HanpAKeHHEM W TOKOM [nf KAXIOW BETBH.
B obuieM ciyuae TAKAA CBAIL MOXeT OBITh BeChMa CIIOXHOIM.

PaccMoTpum CBoiicTBa pafa TIPOCTEHIONX 3/1€MEHTOB LEeNH, KOTOphIe
HA3LIBAIOTCA 3MeMeHmapHuiMu deyxnotiocHukamu, Bce 3TH 3neMEHTH He CO-

Wi i onement. CIIYXHT MATEMAaTHYECKOH MOAEIBIO YCTPOHCTBA, cnocob-
FIIACATL IHEPIHIO 3NeKTpuyeckoro mous, Jis JaHHOro 3l1eMEHTAPHOro
feiocHnKa, no onpeaeneHmo (puc. 1.46)

IEPXKAT UCTOYHHKOB JHEPTHH U ABIAIOTCH naccusHbimuy 3BeHbAMU. CoeauHsis = Cd;u, (I.?)

3MEMEHTAPHBIE ABYXMOMIOCHHKH Mexay coboif, MOXHO CO3MaBaTh COCTABHBIE dt

3MEMEHTBHI JII060T0 YPOBHS C/IOXHOCTH. i ¢MKOCTb 2JIeMeHTa. EAMHMUEH M3MEpPEHWs CKOPOCTH CIVKMT (ha-
[loayepkrem, YTO BCE TOKM M HANDIXEHWS, DACCMATPHBAEMbIE B Najib- i@ (1) 11poMBILUIEHHO BRIMTYCKAGMbie KOHIEHCATODbl MMEIOT XapaKTepu-

HEIlIeM, CYMTAIOTCA COMNACOBAHHBIMM 110 HATIPABIEHHIO. BHEI, BECLMA CXOXHE C XapaKTEPHCTHKaMM WIealbHOrO €MKOCTHOIO 3jie-

PesuncTussbiil 3nemenT. CyKHT MaTeMaTH4YecKON MOJE/IBIO YCTpOHCTBA, B KO- Mia. Papag — pecbkMa KpynHas €IHHHMUA, MO3TOMY LIS M3MEDEHHA €M-

iRl HPAKTMUCCKY UCTIONR3YeMbIX KOHIEHCATOPOR NpUMeHsIOT nukodapa-
8 (1 n® = 107" ®), HaHodapamsl (1 HP = 107° @) u Mmukpodapaibi
MR = 1070 D),

TODOM 3HEDPTHS 3EKTPOMArHHTHOTO Mo npeobpalyercsa B TErUIOTY. Xapak-
TEPU3YETCA TIPAMOM MPOMOPLHOHANEHOCTEI) MEXIY TOKOM W HATpPSKEHH=
eM (puc. 1.44)

= Rg, (L.5)

rae R — conmporuBieHue snemeHTa, M3MepsieMoe B omax (Om). Bemuuuna
G = 1/R wa3biBaeTCsi MPOBOAMMOCTEIO M HaMepsieTes B chmeHcax (Cwm).

Ha npaktuxe WMPOKG MCTIONLIYIOT PESUCTOPHl — KOMIIOHEHTHE pa-
[MHOYCTPOIHCTBA, XAPAKTEPHCTHKH KOTOPBIX BECHMa TOYHO OMMCHIBAIOTCH Pa-

,ﬂ.MlHTlPH bie AKTHBHbIE ABYXNOAKCHHKH

SNeKTpUdecKHe LIefH, MCIob3yeMbie Ans ob6paGoTku PanHoCHIHANOoB,
SO COACNKAT ONUH WK HECKONEKO UCMOoHuKos. Tak HAILIBAIOT MIEMEH-
8 LEIIM, COVIAIOLIME HANPSXKEHHWS M TOKM 32 cyeT aehcTius Kakux-anbo
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Puc. 1.5. 3nemeHTapHbie aKTHBHbIE ABYXNONIOCHHKM:
3) MCTOMHMK HanpaXeHua; 6) UCTOUHUK ToKa

(hakTOPOB, BHEIIHHX MO OTHOILUEHHIC K paccMaTpuBaeMoil uenu. Hampumep,
TAKUM MCTOYHMKOM SIBIAETCA YCTPOUCTBO ITHTAHKA MUKPOINEKTPOHHBIX LIETEH.
JpyruM NpHMepoM CIYXWT aHTeHHA, KOTOpadA CO31aeT Ha BXOJE NMpHeMHHKa
HAMNpsAXeHHe Mo NeHCTBHEM Majalollel 31eKTPOMArHUTHON BOJHBL.

B Teopun ueneit IpHHATO PACCMATPHBATE B MPOCTEHIINE MOIEIH aKTHR-
HBIX ABYXMOAKCHMKOB, CrneBa Ha puc. 1.5 @ npuBemeHO ycloBHoe obo3HaYeHne
UCMOYHUKA HANPANCEHUA, KOTOPBIH Ha 3a)XuMax J1lo60it BHEITHEH 1IeNH co3iaeT
3aaHHOE HanpsikeHue u. MaeanbHblil HCTOUHHK HaNpSKeHHs GIM30K MO CBO-
MM CBOHCTBAM K peaibHOMY MCTOYHHKY, BHYTPEHHEE CONPOTHRIEHIE KOTOPOTO
npeHebpexXMMO Mano Mo CPABHEHHIO C BXOAHBIM COMPOTHBIECHHEM LISMH,

Ha puc. 1.56 cinesa nsobpaxeH ucmownuk moxa — poobGpaxaemoe ak-
THBHOE YCTPOMHCTBO, TOK i B KOTOPOM HE 3aBMCHMT OT NapaMeTpoB BHELiHEH
ueny, Takas MoIeib JOCTATOYHO TOYHO OMUCHIBAET HCTOYHUK, BHYTPEHHEE CO-
MPOTHB/IEHHE KOTOPOro 3HAYMUTENBHO DO/bIle CONMPOTHBASHHS MOMKITIOYaEMOit
LiernH, Tak YTO BO3HHKAKOLUIMHK TOK HE 3aBHCHT OT CBOMCTB LIEIH.

Mo HCTOPHYECKH COKHMBLLIEHCSH TPANHLIMU YaCTO FOBOPSAT, YTO BHYTPH HC-
TOYHHMKA HANPAXEHUS ASHCTBYET aexmpodauxcyuas cura (IAC), uamepgemas
B BOJIBTAX W HANpaBjieHHas Tak Xe, KaK W TOK, BO3HMKAOLIHI Mo aeiicTBUeM
uctouHuka. BJC xapaktepusyeT coboil HANPSXEHHOCTb CMOPOHHE20 1eK-
mpu4ecko2o noas. 310 nojne obYCNOBACHO BHEWHWMH (HE3EKTPUUYECKHMH)
(paxTOpaMH; BEKTOP €r0 HANPAXEHHOCTH OPUEHTHPOBAH OT HHUXKHETO 3aXNMa,
HMeloIero bonee HU3KUM MOTEHLMAN, 110 HAMNPABIEHHID K BEPXHEMY 3AXKHMY.
Takum o6pa3zoM, BEKTOPBI HAMPSKEHHOCTH CTOPOHHETO W «COBCTBEHHOIO» KBa-
3MCTALMOHAPHOIO MOl OPUEHTHPOBAHBI TIPOTHBOMONOXHO, CTOPOHHEE Moje
COBEPLUAET MOJOXKHUTENbHYIO paboTy Hal 3apsiaMH, NepeMelialolLUMHCS BHYT-
PH MCTOYMHHMKA, H MOCTABMISAET, TAKUM 00pa30M, 3HEPTHIO MO BHEIUHIOW LeMNb.

Cneayer OTMETHTb, YTO HATPARICHHUSA TEKTPOIBHXKYIICH CHIBI € H Ha-
MpsSXEHUs ¥ HA 32KMMAX WCTOYHHMKA MPOTHBOMOIOKHEL (cM. puc. 1.5a).

YnpaBnsembie HCTOUHMKH

Tak Ha3biBAIOT AKTUBHbIE 3E€MEHTHI LIEMH, MAPaMeTPhl KOTOPLIX 3aBHCAT
OT HanNPsSXXEHWH WK TOKOB, CYLLECTBYIOUIMX B APYTHX YYACTKAX 3TOH LEMH.

[lpu cocraBieHny Molenelt panHo3NeKTPOHHBIX YCTPOHCTB HIHPOKO MC-
NoL3YIOT UCMOYHUK Hanpaxcenus, ynpaeasemori Hanpaxcenuem (MHYH), cxe-
MaTHYECKH NpeiacTaBieHHbiil Ha puc. 1.6 a. Ero skBuBaneHTHas cxema H306-
paxena Ha puc. 1.6 6. Bunno, uto co cropons ynpagasioiiero sxona MHYH

1.3. 3akoHbl INEKTPHYECKHX Lenek 15
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Puc. 1.6. MCTO4HMK HANPAXXEHHA, YNPABAREMbIH HANPAXKEHHEM:
a) ycnosHoe oboaHaueHne; 6) IKBUBANEHTHAR Cxema; 8) peanu3aums Ha ocrose OY

‘sxt
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O —0 3 K
Bx |HMTYT| Bemx
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Puc. 1.7. UcTouHMK TOKa, ynpasnsiembii TokaM: a) ycnosroe cbosnauerne;
6) 3KBMBANEHTHAA CXEMA; B) PeaNu3auMA Ha oCHOBE 6HnONAPHOrO TPAH3KWCTOPa

IMeeT BECKOHEYHO BHICOKOE BXOIHOE CONpPOTHBIECHWE, HE NOTpebiseT TOKa
i He HarpyxaeT sHemiHue uenu. Co CTOPOHBI BhIXOAA MHYH sener ce-
(11 MoaoOHO WAeATbHOMY HMCTOYHMKY HAMpsDKEHHWS C npeHebpexXuMo MajibiM
ILIXOMHBIM COMpOTHBIeHMEeM. Bespasmeproe uucio K, Ha3blBaioT Ko du-
{[11EHTOM YCHIEHHA HATIPSKEHMUS, TAK YTO Ugux = Kylu.

Mpaxtuecku MHYH peanusylor Ha Oase OnepaLMOHHBIX yCHIuTene
(V) — HHTErpaIbHBIX MHKPOCXEM, LINPOKO BBIYCKAEMBIX MPOMBILLICHHO-
(110, B cxeme, u3oBpaxkenHoi Ha puc. 1.6 # BXOAHONM CUTHAJ MOAAH HA HEMH-
nepTHPYIOHA Bxoit OY, MoMeueHHbIN 3HAKOM «TLTIOC». Ecnu xe UCcnosb30BaTh
|1 HBEPTHPYIOILMI BXO, TO Ugyy = — KyUsy.

Jlpyrasi BaxHas pasHOBHAHOCTb YNPABIAEMOrO aKTHBHOTO 3/1EMEHTa — UC-
mounux moxa, ynpasasemsii moxom (UTYT), u306paXeHHbIH Ha prC. 1.7a,6.
11KOH MCTOYHMK WMeeT NpeHeGpeXuMo Maloe BXOOHOE W HEOrpaHMHEHHO
HO/BLIOE BHIXOIHOE conpoTusieHue; napametp K, HasbiBaeMbiil Ko3thduim-
¢1ITOM YCHJIEHMS TOKA, OnpefiesieT CBA3b MEXIY TOKAMH Ha BXOAE W BbIXO-

10! Tgpx = Kiin.

Mo ceowm xapaktepucTHkaM K UTYT 61130k GHNONAPHBIH TPAH3UCTOP,
TOYEHHBI Mo cxeme ¢ obwedt 6asoit (OB) (puc. 1.76). BxoanbiM TOKOM
116Ch SIBAIAETCA TOK 3MUTTEPA 15, 2 BHIXOAHBIM — TOK KOJUJIEKTOPA 2.

1.3. 3aKoHbl 3NEKTPHUECKHX LeneH

Bce pa3sHooGpasue MpPOLECCOB B NEKTPHYECKHUX LENAX YAaeTcs onucath
¢ [1OMOILLBIO IBYX dYHIAMEHTANBHBIX MPHHLUKNOB, H3BECTHHIX NOJL HAIBAHHEM
nkonoB (npasin) Kupxroda.
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Mepsbiti 3aKoH Kupxrocpa 3 tenepn II[IHM‘EM BO BHMMAHHE, YTO MEKTPHYECKOE Moae B paccMarpuba-
a i (1 IMICCKON CTPYKTYPE TIOTEHLMANBHO M NO3TOMY BCEra BITIONHACTCA
BSCTCA CNICACTBUEM 3aKOHA COXDAHCHMA 3apsjia M GOPMYITHPYETCs TaK: Heno (1.2). KoHTYpHEIH MHTErpal ecTh CyMMa BKJIANOB OT HalpsiKeHMi

anrebpanyeckas CyMMa TOKOB B BETBSIX, KOTODBIE MOAXOMAT K M0GOMY yany

LUErNH, paBHa HYO:
Z:ﬁ =0. (1.8)

[ns onpeaeneHHOCTH NONAAraioT, YTO TOKH, BHIXOOALIHE U3 yHIa, TIONOXHTEIb-
Hbl, 4 TOKH, BXOISALIKE B y3€], OTpHUATENbHBI (puc. 1.8 a).

L HIHBIX BeTBAX M HA MCTOYHUKax. TakuM o6pa3om, sceraa  (u—e) =0,
Wi fiodiywaeM (bopMyIHpPOBKY BToporo 3akoHa Kupxroda

k n
Y u=)"4q. (1.9)
=

=1

Hpunsro rosopith, 4TO BeIpakeHue (1.9) ycTaHABAHBAET MPUHIIMN 21eK-
SN OC0 paaHoBects BAOIb TIPOM3BOIBHOTO 3aMKHYTOro KoHtypa. Crenyer
Bk YT, uTo paBeHCTBO (1.9) BhinmonHseTcs s A1060ro KOHTYPa, B TOM
i KOrna B oOpa3’ylolIMX €ro BeTBAX CYLIECTBYIOT paswbie MO BENHYH-
Horn

KnnccnuKkayua NEKTPHHECKUX Lienei

s roro, yToGel Ha Gase pasencts (1.8) u (1.9) cocTaBuTh 3aKOHYEH-
3 M TEMATHYECKYIO MOJENE LIEMTHOM CTPYKTYPBI, HE0OX0AMMO yKa3aTh 3aKOH
=i Me#JlY TOKOM 4 B KaX/I0M 3JIEMEHTE ¥ BO3HHKAIOIUHM MpPH 3TOM HATIps-
BheM u. KnaccuWKauWio Lened MpoBOOAT HA OCHOBAHHWH XapaKTEPDHBIX
B HOC T TaKKX CBSI3CH.

LnopiT, YTO 3MEKTPHYECKas Lienb ABNACTCA JZuUHelHol, eci I KaXIoH
v ynkuuu 1 = f(u) yIOBIETBOpsieT YCJIOBHIO

flau; + buy) = af(ui) + bf(us) (1.10)

Mo0LIX uMcnoBbiX 3HauyeHusx a u b. PaseHcTso (1.10) Beipaxaer obme-
MCCKUN npunyun Cynepnosuuuy; peaxkiHa LUEeNH Ha CYMMY BO3OEHCTBHI
e 10N cymmolt peakuwmii Ha oTgenbHbie BosdedcTBMs. Jlerko ybeauTbes
[ 10/1CTBCHHOM TTOJCTAHOBKOW, YTO LieMb, CO3AAHHAS U3 OTIENLHBIX PE3H-

a)

Puc. 1.8. K dopmynuposke 3akonos Kupxroda: a) cyMMHpoBaHne TOKOB B yane;
6) cymmupoBaHKe HanpaXeHwid npu obxoae kowHTypa

CpoGoaHbIe 3/IEKTPHYECKHE 3apsabl HE MOTYT HAKATUIMBATLCS KakK B yaiax,
TaKk M B moObix 3nemenTax uermu. [losromy pasercrso (1.8) crpasemnuso
NMPHMEHHTEIBHO K CHCTEME TOKOB B 3AXHMAX MHOTMONMOMIOCHHKA.

Bropo# 3akoH Kupxroga

PaccMOTpHM KOHTYp, BBLAENEHHBIH B HEKOTOPOIT 1enu U M300paxeHHbIH
Ha puc. 1.8 6. KoHTyp 06pa3oBaH psaoM NACCHBHBIX 2MEMEHTOB C H3BECTHLIMH

{MIX, MIIYKTHBHBIX M EMKOCTHBIX 2IeMEHTOB, ABNSETCS THHEHHOM.
HANPAKEHHAMH %), U, ... , U ¥ HEKOTOPBIM YHUCAOM MIEATbHBIX HCTOYHHKOB Bonn xota 64 IR OnEOK peraw pasercTso (L.10) e BMNONHAETCH, TO
HanpRBxem, AR Komcpgx sazanbl sHavenns SNC e, ey, ... , €n. Wh 11C 1L HASLIBAIOT HeauneliHoi, TIpHMepOM HETMHEHHOTO 3/1eMeHTa MOXET
€M COBEPINATh 0BXO0I KOHTYPA B POM3BONTE HHOM H < ' :
Lo p 3 POHIBGARED BHOPK b e Wil [LNYXITOMIOCHHK, 15 KoToporo § = Au’, tie A — mNOCTOSHHEI
HHMM, CYMMUDY$l BCE HATIDSXKEHMS B COOTBETCTBHH C MPABW/IOM: TepeMenIeH e B oienT. Korma % = auy + b, TOK

OT 3aXHuMa c 0oJiee BHICOKMM MOTEHUHANIOM K 31KAMY C MEHBILIHM MOTEH-
LUHANOM daem 6KAa0 €0 3HAKoM «naocy. TaK, MOJOXKUTENbHBIMH OKa3bIBAIOTCA
HANPSKEHMA %), U3 U U4, CTPENKH KOTOPBIX OPUEHTHPOBAHBI BIONbL Hampasie-
HUA obxoma KoHTYpa. Hampotus, ecid MOTEHLNWA/ BAOIL BeTBH TNMOBLILLAETCH
B HampasjieHWH 00X0Ia, TO COOTBETCTBYIOLIEE HANIPSXKEHHE OEpemca o 3HAKoM
apuryer . UMEHHO TAKHMH OKA3LIBAIOTCH HANPAKEHUA Uy W 1y, WI0GpaKeHHBIS
Ha puc. 1.84.

PaccmMarpBan HanpsokeHHS Ha 3KHMAx HCTOYHWKOB, CJelyeT UMeTh
B BHIY, YTO, KAK YXK€ yKa3biBalnoch, 3HaKH HanpskeHus u C nporusomno-
JoxHbl. [ToaroMy ucrounnk ¢ 3C e, OpPHEHTHPOBAHHOI MPOTHB HaIpaBie-

i= A(azuf + b} + 2abu,u;)

MO KBJIPATUYHBIX ClaraeMbIX COOEPXUT MepPEeKpecTHOE ciaraeMmoe, mpo-
PUHOHAILHOE TIPOU3BEACHHUIO UjU). TakuMm 00pa3oM, B HelMHEHHOM 3ne-
¢ unbiionaercs g3qumodeiicmeue ABYX HaNpsXeHuii. 3T0 MPHBOIMT K CY-
TR HHOMY YCIOXKHEHHIO aHATH3a TaKHX Leneif.

Hpumepamn He/IMHEHHBIX 3NIEMEHTOB, MCMONB3YEMBIX B paniHOTEXHHKeE,
WAT [IOAYNPOBOIHUKOBEIE MpuGOpPs! (THOOBI M TPAH3UCTOPHI), @ TAaKXe
R THIHBIC KATYIIKH ¢ (hepPOMAarHUTHEIMH CEpIEeYHUKAMM.

Lo napaMeTpel BCeX MACCHBHBIX e T OT_Bpe-
HuA obxoaa, AAET MONOKUTELHBIH BKNaa, a uctouHuk ¢ 3JC ez, umelouei . 'm 'rnxl m" E:I:- e em:"::e“; i 3‘“":” .m: f’m 3
MPOTHBOTIONOXHYIO OPHEHTALKIO, — OTPULIATENBbHBIH BKJIaA B OBIIYIO CYMMY. e 1 il ‘("Wi_ AMURPO MMM |
L] ilerfocuinig

i novil raimore e
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cmayuoraprol yenvro. ECau Xe OINH WM HECKONBKO NMACCUBHBIX 3JEMEHTOB
MMEIOT NMapaMETPhl, 3ABUCHIINE OT BPEMEHH, TO T'OBOPAT O UeNU C NEPEMEHHbIMU
napasempamu MM, KOPO'e roBops, O napamempuseckoi wenu. Tlapamerpue-
CKHM SNEMEHTOM CIIYXHT, HanpuMep, KOHAeHcaTop, emkocts C(¢) koToporo
3aBHCHT OT BPEMEHH,

B nanHOM Kypce HauGomnbliee BHUMaHKe ByIeT yaeneHo TUHEHHBIM LensaM
C MOCTOSAHHLIMU MapaMeTpaMHu.

@ Bonpochsi

|, Kakue nons s ¢u3nKe Ha3bIBAIOT KBa3UCTALMOHAPHBIMHK?

2. YTo TaKOe NMPMHUMTMANTEHAA CXeMa LCMH M YeM OHa OTNHYACTCH, HAampHMep,
OT TeXHONOTHYECKOro YepTexa?

3. Naiite onpeneneHue NOHATHI yana, BETBH U KOHTYpa.

B kaKoM ciyyae roBopAT, YTO TOK B BETBU M CYLIECTBYIOLIEE HAa Hell HanpakeHue
COTacoBaHbI Mexay coboii?

5. Yem ommuaores Mexay coboit 3NIEMEHTAPHBIC NMACCHBHBIE H AKTHBHBIE ABYXIO-
JOCHHKN?

6. Cpopmyanpyiite nepssiii 1 BTOPOil 3aKOHBI Kupxroda. Moscuure dusmyeckuii
CMBICIT 3THX 3aKOHOB.

7. Ha OCHOBAHMM KaKMX TMPHHLMIOB NPOBOAAT KNACCH(DHKALIMIO 3MEKTPHYECKHX
ueneit?

@ 3apaum

1.1. Ha puc. 1.94, 6, 8 u306paxeHsl KapTHHB CUITOBBIX JHHUI HEKOTOPbIX 3/1EKTpiYe-
CKHX Moneil. YKaxute, KaKHe U3 3THX NONeH ABNMOTCSH NOTEHUHANLHBIM, A KAKHE HET.

Ml > T

a)
Puc. 1.9

2. Hc =4 H K TO-
1.2. Ucrouynux 3/1C E B nonknioueH K uenu, cocto ey e
fAllielt 13 peauctopos Ry u R,. Yaen, B KOTOPOM BHIBOAb!
PEIUCTOPOB CXOAATCH BMECTE, 3a3¢MJIEH, T. €. HAXOMOHTCH

noA HyAEBbIM noteHuManom (puc. 1,10). Haitaure wanps- 1 2
xeHusa Uy n U; yanos | u 2 OTHOCHTENBHO 3eMIH B cneny-
IOILNX CYHanX: e

a) R = R; =6 xOwm;
6) Ri=3kOm, R;=9kOm; Puc. 1.10

lagadu —— .....1.9

Puc. 1.12
=t o)
|
{ :
' # 3
1 I R, |
I
S o
. | =
Puc. 1.13 Puc. 1.14
n) By =9 kOm, HR; =3 xOm.
1.3, Cxema uenu nipuBeneHa Ha puc, |.11. M3eectHo, uto E=5 B, R, = R, = 2 kOm.

Iliaute Hanpsokenue Uy yana A OTHOCHTENBHO 333€MJIEHHOTO yi/a B CJIEAYIOLMX

Clyvasax:

a) B3 =0,5 kOm, Ry;=2,5 kOm;
) B3 =2,5k0mM, R;=0,5kOm,

I 4. Ilens, cxeMa KOTOpOil TpWBeneHa Ha puc. .12, HAILIBAKOT Pe3HCTHBHLIM ATTe-
nioaropoM (ocnaGutenem), M3BecTHO, YTO HANPSXCHHE HA BXONE LEMH E’Ig = 100 B.
IiouTe HanpsbkeHus Uy u Uy y310B | U 2 OTHOCHTENLHO 3a3¢MIEHHONR TOYKM MpPH

ICAYIOLIMX NapamMeTpax Lemu:

a) Ry =12 xOM, R; =3 kOm;

0) R| = Rg = 6 xOm.

1.5. TlyremM HEMOCpPeNCTBEHHOTO pacyeTa YOeAMTECh, YTO AKTUBHBIH ABYXTONIOCHHK
(puc. 1.13), ofpa3oBanHHBIi MOCAEAOBATENBHBIM COEIHHEHHEM HIEANBHOTO WCTOMHUKA
1C E u pe3sucTHBHOIO 3/IEMEHTA C conpoTuBaeHuem R; = 15 OM, NpakTHYECKH BeaeT
cchsi NonobGHO MCTOUHMKY TOKA, €C/IH COMPOTHBACHUE HArpy3ku R, nexuT B npenenax,
crakem, o1 18 kOm 10 64 xOm.

1.6. TIpHMeHHTENLHO K LIENH, CXeMa KoTopoi uiobpaxeHa Ha puc. .13, uasectHo, 4T0
I =200 B, R; = 360 xOm, R, = 47 xOM. MOXHO 11 CUHTATh, YTO OOBEAHHEHWE
vicMenToB E 1 R; Bener ceba momobHo mcTouHMKY Toka? KakoBo 3HaueHHe Toka
1KOTO HCTOYHMKA?

1.7. Ucrounuk nocrosiHHoro Toka I = 3 MA coemMHeH mapanneibHO C pPe3HcTo-
pom R; = 6 kOM (puc. 1.14). TMokaxute, 4To 0OPA3YIOWKHACA MPH TOM UCTOMHHK,
HhiIENEHHBI Ha PHCYHKE LITPUXOBOI MHHHEH, MOXHO NPHOANKEHHO 3AMEHHTL HEKO-
T0phIM HaeanbHbIM HeToyHHKOM DAC E, €cii H3BECTHO, Y4TO COMPOTHRICHHE HATPYIKH
R, = 100 kOm, Haiinure yncneHHoe 3HaueHue E.




20 lhasa 1. OcHoBHbIE NOHATHA TEOPHH INEKTDHYECKHX Lienen 21
R R R
0_.{_ ——
R R R
G_ - -
Puc. 1.21
Wi, KAKHM JOMKHO ObiTh conpotuanenue myHTa R, (puc. 1.19) mna Toro,
Mo i Onno wamepats 1ok I go 10 A,

Sipeovunii ponpTMeTp (pHc. 1.20) cOCTOMT M3 MHKpPOAMIIEPMETpa, OMMCAHHO-
oy sanaun 1,12, H HEKOTOpOro AcGaBOYHOIO PE3UCTOpa C CONMpPOTHRIE-
WM., laimTe 3HaYeHHWe 3TOTO COMPOTHBIECHHH, KOTOPOE MO3BOJIMT CO3IATH

P C nepxHuM npenenoM uimeperus 400 B.

Ha puc 1,21 naoGpaxeHa cxema JECTHHIHOMN LenH, o6pa3oBaHHON GeCKOHEYHO
MA HHUIOM 0JHHAKOBBIX PEIUCTOPOB ¢ CONMPOTHRACHHEM R:

MUEa#lIC, YTO BXOOHOE COMPOTHRJIEHHE 3TOH HenmH BEIpaXaeTcs OecKOHeYHOMH
Puc. 1.17 Puc. 1.18 |
Ry =R+ 1 I
1.8. Cxema uenu npencrarneHa Ha puc. 1.15. Mamepenns nokasamm, uto I} = 5 A, R i 1 1
IL,=9A, I, = 8 A Haitmure ok I,. §+—1+ I
1.9. Wmeerca uenb U3 YeThipex 3neMeHTOB (pHc. 1.16). HapecTHbl 3HAYEHUS MOTEHLM- R l Fo. o
anos ywioB 1, 2 u 3 oTHOCHTeNbHO 3asemiieHHOM ToukH 0: Uy = 2 B, Uy, = -5 B, R
Uy, = 4 B. Haitmire Hanpaxenus Uy, Us, U, Y6eaurecs, uro ipu obXoae KOHTYpa BRAHTECH B TOM, YTO
0-1-2-3-0 suinonHsieTcs Bropoit 3akon Kupxroga. L+3

1.10. Mimeerca yyactok uenu (puc. 1.17). Hspectro, ywto I = 2 A, R, = 3 Onm, B = 2 ErehblaN,

R, =25 0Om, B, =5 B, E, = 4 B. Haiiaure morenumanst yanos 1, 2, 3 u 4
OTHOCHTENBHO 3a3¢MJICHHOI TOYKH.,

1.11. Cxema uenu npenctarneHa Ha puc. 1.18. MssectHo, uto B, =4 B, E, =9 B,
E; =3 B, R = 6 Om. Onpenenure nokasanue soxstMerpa V. Kax uimenutcs 310
nokasatde, ecn 3C E; cnenars pasHoi 40 B?

1.12. MiMeeTcst CTpeNOuHEIH M3MepUTENbHBIA NpuGop (MUKpOAMNEPMETP) € TOKOM
MaKCHMATBHOTO OTKAOHeHHs 50 MKA W BHyTpeHHum conportusieHuem 0,8 xOwm.

Recs

Puc. 1.19 Puc. 1.20




lhasa 2

Merogpl aHanm3sa

JNIHHEHHbIX CTayHOHapHbIX yeneH
npH rapMoHHYECKHX

BHELWHHX BO3[EHCTBHAX

2.1. TapmoHuueckne KonebaHua M UX napauefpu

ToKH M HanpsAXeHHs B PaIHOTEXHUYECKHX LENAX MPEACTaBnsioT cobo
HEKOTOphie Korefanus. Tak MPUHATO HA3BIBATL MPOLECCHI, MPH KOTOPBIX Te
WK MHble GUIMYECKHE BETHUYNHBEI MIMEHAIOTCH BO BpeMeHH. Ocobo BaxHYI0
pOJib MTPAKOT 2apMOHUMecKue KoaeGanus, NPOUCXOAALIME M0 3aKOHY KOCHHYCa
WK CHHYCa,

Ecnn u(t) — rapMoHuueckoe HanpsKeHHe, TO MaTEMaTHYECKAs MOJENb,
OIHCBIBAIONIAsk er0 MTHOBEHHBIE 3HAYEHUS, UMEET BUI

u(t) = Uy, cos (wt + ). (2.1)

MNapamerp U, Ha3sbiBaloT amnaumydoi xonebanuit. BenwunHa w, HasbiBae-
Masi y210eoi wacmomoil, cBa3aHa ¢ nepuonoM konebaHuit T cooTHOWIEHHEM
w = 27 /T . ApryMeHT KOoCHHYyCa

Y(t) =wt+ ¢ (2.2)

HA3LIBAIOT noaHol asoi (A5 KpaTtKOCTH MPOCTO ¢hazoi) rapMOHMYMECKOro
konebanus. TMonuas dasza Hapactaer BO BPEMEHH 110 JMHEHHOMY 3aKOHY,
UucneHHOe 3HaYeHHe w TOKa3biBaeT, Ha CKOMbKO pafuaH ysenuuupaetcs ¢asa
3a | ¢, Tostomy yriosas yactota w MMeEET HM3MYECKYIO Pa3MEPHOCTL pall/c
unu, kopoue, ¢~ ', TMocrosuueii mapametp ¢ = ¥(0) Ha3LIBAWT Ha4aabHol
ghazoii. HavankHas Gasa onpeaensieT NONOXKEHHUE KaXAOro KojeGaHus Ha ocH
ppemenn (puc. 2.1) u u3MeHsercsa B npeJenax oTpeska [—, 7).

PaccMOTpHM COBMECTHO [Ba rapMOHMYECKMX KoneOaHMA OIMHAKOBOWH
YacTOTH W:

) (2) = Up cos [t + ¢1),

uy(t) = Up cos (wt + ).

2.2, [MoHaTHe KOMANEKCHOH aMnAnTyAb! 23

¢>0 i =g

Puc. 2.1. BpemerHbie AHarpammsi rapmMoHHYecKHx konebanui

Benmuuna @y = @) — pp NpeAcTaBsieT coboit cdeuz dms mexay 3ITUMU
ronebauusaMH, HAcho, uyro d@yp = —dipy. Ecau dgp > 0, To roBopsat, uTo
roneGanme () onepexcaem no aze uy(t). Ecnn xe S < 0, 1o uy(t)
omemaem no gase or uy(t). Npu bz = +7 xonebanus npomusoPaznsl.
Ipu gz = =7/2 oHU HaXOmATCA €0 6pemenndil Keadpamype.

B npakTHdecKuX pacyerax 00bIYHO HCIONB3YIOT YacToTy [ = w/(27), H3-
viepsieMyto B repuax ([ir). Yacto NPUMEHSIOT KPAaTHBIE eXHHHIBI — KHJIOTepLbl

(1 kTMe=10° M), merarepusi (1 MTu=10° Fix) n rurarepusr (1 TTiu=10" ).

2.2, NMoHATHE KOMNNEKCHON aMNAWTYAbl

B Teopuu uemeii npu onucaHWM rAPMOHMYECKHX KOneGaHMii Hapsgy
¢ Mogensio (2.1), npunuMalowei AKiib JeACTBUTEBHBIE 3HAYEHHUS, LINPOKO
HCTIONB3YIOT MOJENb BHAA

v(t) = Up exp {j(wt + @)} = Up, cos (wt + @) + jUp sin (wt + ), (2.3)

ine j = /=1 — MHuMas eauHuua (06o3Ha-
\eHWe, MPUMEHsIEMOe TI0 TPaguiIHK). 3HAYeHU
yroil PYHKLUMM KOMIUIEKCHBI, TPHYEM, OYeBHII-
o, u(t) = Rev(t). @yukumus v(f) orobpaxa- Un
¢TCcA BeKTOpoM MIMHOH U, HA KOMILIEKCHOMH W
10cKocTH. BekTop Bpaliaercs € YIIOBO# CKO-
POCTBIO (# B CTOPOHY YBEIWYeHWS apryMeHTa, o} u(t) Re
I. €. TIPOTHB YacoBoH cTpenku. B xaxawrit mo-
MEHT BPEMEHH TPOEKIIMA BEKTOPA HA TOPH3OH-
ranbHyK OCb 4YHCJIEHHO paBHA MTIHOBEHHOMY
JHaYeHHI0 Konebanus u(t) (puc.2.2).
Tpeacrasum Gopmyny (2.3) Tak:

v(t) = Up, exp {j} exp {jwt}.

KoMmruiekcHoe Beipaxenue exp {jwt} ¢ emm-
HHYHBIM MOIYJIEM M JIHHEHHO HapacTaloLiHM

Im A

Puc. 2.2, MNpeacrasnerve rap-

MOHHUYECKOro KonebaHus C no-

MOLLBIO BPALLAIOLLErOCA KOM-
NNEKCHOro BexTopa
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APryMEHTOM Ha3BIBAIOT (Pa306biM MHONCUMENeM WA (hasopom. JaHHEIH MHO-
XMTENb 0TOOpaXaeT BpallleHNWe BeKTopa.
TToCcTOAHHOE KOMIUIEKCHOE YHC/IO

U = Uy exp {jp} (24)

Ha3bIBAIOT KOMMAEKCHOI amnaumydoli rTapMoHuyueckoro konebanms (2.1). 3mech
M B JaTbHERIIEM KOMIUIEKCHBIE aMIUIMTYABI OTMEYAIOTCH TOYKAMH Hall CHMBO-
namu. J1ns Toro, yToObl nepeiiTH OT KOMIUIEKCHOM aMTUTUTYIbl K MTHOBEHHOMY
3HAYEHHIO FapMOHMYECKOro KoneGaHus ¢ M3BECTHOH YITIOBOH 4acTOTOH w,
caeayeT BOCTONL30BaThes opMyJioii

u(t) = Re [U exp {jwt}]. (2.5)

OTIHC&H'HC rapMOHMYECKHX KonebaHuit ¢ NMOMOLUBID KOMIUIEKCHBIX aM-
MAHTYD HMEET HCKJIIYHTENBHOE IHAYEHHE ANA TECOPHH uerlcﬁ, CYHIECTBEHHO
YIpPOIIAS TEOPETHYECKHH aHAIM3 M pacyeTsl,

2.3. CnoxeHHe rapMoOHM4ECKHX KonebaHui

Paccmorpum dyHKuMio #(t), ONMMCHIBAIOLLYI0O CYMMY ABYX FapMOHWYe-
CKMX KonebaHui ¢ ONHHAKOBOM 4acTOTON w, HMEIOIMX aMIIHTYAB Uy, U
W HavanbHbie asel @), {3, COOTBETCTBEHHO:

u(t) = Up cos (wt + ¢1) + Uy cos (wt + ¢2).

BBens KOMILUIEKCHBIE aMIUTUTYbI

Ui =Unmexp{jpi} n Up=Umexp{jpa},
nepenuiueM 3ty GopMyny caeayiommnM odpasom:

u(t) = Re [fﬂ exp {jut}] + Re [[}'; exp {jwt}] = Re [(L'ﬁ + Uy) exp {jwt}].

Hrak, npy cyMMHPOBAHHY NMOAYYAETCH HO-
BOE€ rapMOHMYEecKOe KonebaHue ¢ TOH Xe ua-
CTOTOH W KOMIUIEKCHOH aMILIMTYIOH, paBHOM
CYMME KOMIUIEKCHBIX aMILTHTY ClAaraeMbiX:

U =0, +U.. (2.6)

[eomeTpHyeckasi MHTEPNpeTalus CIOXe-
HUSE KonebaHWit HA A3bIKE KOMIUIEKCHBIX aM-
manTya M3obpaxena Ha puc. 2.3. B Tpeyrons-
Huke OAB yron npu BepmmHe A paseH
T + @) — ;. [o3TOMy 1O TeOpeMe KOCHMHYCOB
AMIUIMTYIA CYMMApPHOTO KosieGaHus

0

Puc. 2.3. [eometpuyeckan un-

TePHPETEleI CNOMXeHHnA rap- 2 =
MOHHYECKHX Konebanmii Im \/E St + Uy + 2UmiUma €08 (2 21)7)

2.4. KomnnekcHbie amnanTyfsl NPOH3BOAHON H HEONDEAENEHHOrO MHTEr pakb

lloumep 2.1. Ha BXoa cymmaTtopa MOCTYTIAIOT ABA FADMOHMMECKHMX HATPSKCH M
« napamerpamu: Uy =7 B, Upa =9 B, ¢, = 30°, ¢; = 60°. B coorserctsnn ¢ (2.7)
WIUTHTYAA BHIXOAHOTO CHTHANA

Un = V49 4 81 + 126 cos 30° = 15,46 B.

HetpynHo nokasarth, 4yTo HavanbHasa ¢asa ¢ pesyasTHPYIOWEro KonaebaHus yoo-
ICTBOPHET CHCTEME PaBeHCTB

Un cos ¢ = Uy, cos @ + Upy c0s 7,

2.8
U sin g = Uy, sin gy + Uy, sin @y, 28)

TlpumeHATENBHO K IaHHBIM U3 puMepa 2.1 npasbie YacTH (2.8) MONOXHTEAbHBI.
)10 3HAYMT, 410 cosg > 0, sing > (. Pesyastupylommii pektop U pacrionaraeTcs
i |-M KBanpaHTe; MPH 3TOM HavanbHas (a3a
7 sin 30° + 9 sin 60°

P =t 30 T 9cos 60— o -

®Dopmyna (2.6) cBumeTeNnsCTBYET O TOM, 4TO 3aKoHb Kupxroda ocraiores
. 1IPABEUTMBEIMH, ECIIH BMECTO MTHOBEHHBIX 3HAYEHHI TOKOB M HATIDSXEHHI
110ICTABHTE NX KOMIUIEKCHbIE aMIUTHTYIBL.

2.4. KomnnekcHbie aMnAnTYAbl NPOM3IBOAHON
W HeonpepeneHHOro WHTerpana

Mycts w(t) — HoBoe koneGanmue, MonydeHHoe Ub(EPEHLIMPOBAHHEM
I IPMOHHYECKOTO KonebaHus Buaa (2.1):

w(t) = (2.9)

dt’
HecomHeHHO, 4YT0 (yHKuUMs w(f) ABASETCH TAKKe rapMOHMYECKOH. YTo6HI
HAiTH ee KOMIUIEKCHYlo aMrutuTyay W, sanumem (2.9) tax:

d . .
w(t) = 5 Re [U exp {jwt}] = Re [jwl exp {jwt}].
3HauurT,
W = jwU. (2.10)
MuuMBIH MHOXHTENL § = exp {31/2} O3HAYAET, YTO APTYMEHT BEKTO-

pa W Gonsuie aprymenta pextopa U Ha m/2 pan, T.e. konebanme w(f)
onepexaer no ¢ase konebanue u(t) Ha 90°, HAXOMACH ¢ HUM BO BpeMeHHOH
ksanparype (puc. 2.4a).

[ly{)m, J(t) — HeonpenenenHsIil MHTErPaN OT FAPMOHMYECKOTO Koneba-
nust u(t):

f(t) = f u(t) dt = f Re [U exp {jwt}] dt =

=Re [Uf exp {jwt} dt] = Re [J% exp {jwt}].
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Im ﬂ Im A
U
W :
90° /]
3 90°
0 Re 0 Re
a) d) £

Puc. 2.4. Cenaab MeXAy KOMNAEKCHBIMH aMNNHTYAAMM:
a) npw aucbcheperumuposarmm; 6) NPM UHTErPUPOBAHHWM rapMOHKYECKoro Konebanua

KoneGanue f(t) siBnsiercss rapMOHHYECKMM C TOI Xe wactotoit w. Ero
KOMIUIEKCHasA aMIUIHTYaa

F:j_w (2.11)

npeacTasiseT coboi BEKTOpP, MOBEPHYTHIH Ha Yron —m/2 pal OTHOCHTENLHO

sektopa U (puc.2.46). Konebanne f(t) orctaer no dase or Konebawms u(t)
Ha yron 90°.

2.5. KomnnekcHoe conpoTuBneHue
M KOMMNNEKCHAR NPOBOAHMOCTD

[ycTe MMeeTcsa OBYXTMOMIOCHUK, 0Opa30BaHHBIH MPOM3BONBHLIM COEIH-
HeHHeM nuHelHbIX R-, C- u L-3nemeHToB. He3zaBHCcHMBIE HCTOYHHKH BHYT-
P ABYXMOMIOCHHKA OTCYTCTBYIOT. Ha 3axuMax ABYXTOJNIOCHHKA € MOMOUIBIO
BHEWIHUX Lenei co30aHO rapMOHHMYECKOE HAMpsKEHHWe C 3aJaHHOW 4acTo-
Tolt w. Tok i(t) Yepes ABYXIMOMIOCHUK CKNAAbIBAETCA M3 COCTABNAIONIMX, YHCIIO
M XapakTep KOTOpPBIX 3aBHCHAT OT BHYTPeHHel koHbwurypauwn uenu. OmHako
BCEI/a 3TOT TOK OyIeT capmonuveckum Konsebanuem ¢ mou e camoil 4acmomoi.
310 O0OBACHSAETCA TEM, YTO TOK M HAmMpsXkKeHHE B KaXIOM 3JEMEHTE M-
60 nponopuHoHANbHE! Apyr Apyry (R-snement), 1MBO CRA3aHBI ONEpaLMsMy
nudrbeperunpoBatns win wHTerpuposanus (L- u C-31eMeHThl),

Kak u paHee, 6yieM CYHTATh, HTO MONOXHTENbLHBIE HANPABNEHHUS HATIPA-
xenns u(t) u Toka i(t) cornacoBaHsl Mexay coBO.

[1o onpeneneHHIo, OTHOIIEHHE KOMIUIEKCHOM aMITJIMTYAbI MPHIOXKEHHOTO
HanpsxeHUst U K KOMIJIEKCHOH aMIUTHTYIe TOKA | Ha3bIBAIOT KOMMAEKCHbLM
conpomugnexuem TUHEIHOTO ABYXMOMIOCHHKA:

zZ=7. (2.12)

f. ConporusneHue W NPoOBOAHUMOCTb ABYXMOMOCHHKOB 27

310 paBeHCTBO 06G06miaeT 3akoH Oma Ans NMPOWU3BOABHOIO JMHEHHOIO
11y XTIOJTIOCHHKA,
BesnnuuHy, 06paTHYIO Z, HA3LIBAIOT KOMMAGKCHOU NPOBOOUMOCMbIO [BYX-
NiLTHOCHHKA:
3 s l = i (2.13)
Z B
HHOrma KoMIUIEKCHOE COMPOTHUBAEHWE HA3BIBAIOT TAKKE HOAHBIM CONPO-
ad1eHueM WIH uMnedancom IBYXTIONIOCHMKA.
B obmem cnydae kak Z, Tak M Y 3aBUCAT OT YacTOThl Ko/ieDaHMH.
Il KayecTBe ApTYMEHTOB 3THX (PYHKLHII MPUHATO UCMONB30BATh YHCTO MHUMYIO
nepeMeHHyo jw. @yukima Z(jw) win Y (jw) NonHOCTBIO XapaKTepusyer
CBOWCTBA JABYXNOMIOCHUKA B DEXWME FApMOHHYECKHX KonebaHHil.
B pa3zBepHyTOM BHIE

Z(jw) = R(jw) + j X (jw). (2.14)

4'—="IH‘IHH}' R HAa3bIBAOT GKMUEHBIM CONpOMUBAEHUEM, A X — PeaKmuUEHbM
Conpomuetenuem OBYXNMONKOCHHKA.
AHANOTHYHO

Y(jw) = G(jw) + jB(jw), (2.15)
e G — axmuenas nposodumocms, a B — peaxmusnas npogodumocms ABYX-
NHONTHOCHOR LNy,
KOMIUIEKCHBIE COMPOTHRAEHHE W MPOBOANMOCTD CBA3aHbl APYT C APYIOM:
= 1 5 R-3jX B e
" R+jX (R+jX)}R-3jX) R*+X%

OTKYIa
R -X
B=———. 2.16
1 R+ X2 X” R2 + Xx? (248

2.6. ConporuBneHue ¥ NPOBOJRUMOCTD
3NEeMEeHTapHbIX ABYXMNONIOCHHKOB

Pe3nCTHBRHBIH 3neMeHT

31ech MTHOBEHHBIE 3HAYEHMS HATIPSDKEHWS W TOKA CBA3aHBI 3aKOHOM
Oma: u(t) = Ri(t). TaxoBa Xe CBA3b H MEXIY KOMIUIEKCHBIMH aMIUTHTYIAMH,
1103TOMY
1
Zn=R, Yp=—. (2.17)
R
B rapMOHMYECKOM DEXMME TOK M HANPSDKEHHE HA PE3UCTOPE WIMEHAIOMCA
cungpazno (puc. 2.5 a).
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Im4 Im4
7 2 I
0_ 7 U -
il Re ON\/w° Re o“g\sﬂE
i
a) 4) 6)

Puc. 2.5. Baaumnoe nonoeHHe BEKTOPOB, OTOBPAKAIOLIMX KOMNNEKCHDIE aMNAMTYAbI
HanNPAXEHHA W TOKa: a) B PE3UCTHBHOM 3nemenTe; 6) B MHAYKTMBHOM 3INEMEHTE;
B) B EMKOCTHOM 3NE€MEHTE

HUHpyKTHBHBINH 3nemMeHT
3pecs, xak u3sectHo, u = L(di/dt). Bocnonb3osaBumce Gopmymnoi

(2.10), HaxomuM CBSI3b MEXIY KOMIUIEKCHBIMH AMIUTHTYIAMH: U = jwLI.
BHIHO, YTO KOMIUIEKCHOE COTIPOTHBAEHHE MHAYKTHBHOTO 3/IeMEHTa

Z; = i X1, = jwl (2.18)
ABJISAETCA YMCTO MHHMOMH BCIIH‘IHHOﬁ; €CJIH 3aMHcaTh
Zy(jw) = |Zg| exp {jpr},

To Mouyik comnporupieus |Zp| = X; = wL nponopuuoHaneH 4acrote,
a apryMeHT (g, nocrosiHeH ¥ paseH m/2. MNocneaHee 03HA4aET, YTO HATIPSIKEHHE
Ha WHIYKTUBHOM 3JIeMeHTe onepexcaem no (haze mok Ha 90° (puc.2.56).

EMKOCTHbBIN 3neMeHT

Tak Kak 3gech i = C(du/dt), To no ananoruu ¢ npeasiaymum I = jwCU.
3TO 03HA4YaeT, YTO KOMILIEKCHas MPOBOIMMOCTh EeMKOCTHOIO 3JIEMEHTa

Ye = jBc = jwC, (2.19)

OTKYJa KOMIUVIEKCHOE COIMPOTHBIIEHHE

Zo=iXo= ;%C - —:—C. (2.20)
Tak kak —j = exp {—jn/2}, T0 (2.20) MOXHO 3amucaTh B BHIE

Zc(jw) = |Zc| exp {jc}-
Mosynb CONPOTHBIEHHS EMKOCTHOro 3nemeHta |Z¢| = —X¢ = 1/(wC) 06-
paTHO MPOMOPLIMOHANEH YACTOTE, B TO BpeMs KAK ApryMeHT @pc = —m/2

HE 3aBMCHT OT YAaCTOTHI, 3HAYMT, MPH JIOOHIX YaCTOTAX rAPMOHHYECKOTO BO3-
JeiCcTBUSA HAanpskeHHe HA EMKOCTHOM 3/ieMeHTe omcmaem no gaze om moxa
na 90° (puc.2.58).
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2.7. ConpoTuBnexHue U NPOBORUMOCTD
NPOCTeHIINX COEAUHEHHH 3N1€MEHTOB

[lycTs ABYXMOIIOCHHKH C KOMIUIEKCHBIMM COMPOTHBACHUAMU Z; U Z;
coeaHHeHbI rocenoBaTensHo (puc. 2.6 a). Tak kak
U=U +Uy; L=5L=1,
10 KOMIUIEKCHOE COMPOTHRIEHHUE PE3yNLTHPYIOLLEH Lenmu
U] + [}3
Z:—-——j_—:Z['I'Zz. (2.21)

—J-Uf .t e
e = o :

L=
)
.
<=
s
Jr——
Sl

a) g)

Puc. 2.6. lNpocreiiwne coeguHeHHs 3NEMEHTOB Lenu:
a) nocneposarensHoe; 6) napannensHoe

WTak, npu NOC/e0BATENLHOM CONPOTHRIEHHH IBYXIIOMIOCHHKOB MX KOM-
MAEKCHBIE COTPOTHRAEHUA cymmupyiotesi. Ecnu uMeetcs N oC/ieIoBaTENBHO
COedHHEHHBIX OBYXITONMKCHHKOB, TO, OY€BHIHO,

Z=0+Z,+...+ Zy. (2.22)

[lycTh ABYXTIONIOCHHKH C KOMIUIEKCHBIMM MpoBoauMocTaMu Y, u Y5
coellHHEHsI NapawiensHo (puc., 2,66). Tak kak
f=j|+.f1; twr;:Uz:L-!’,
TO KOMIUIEKCHAsA MPOBOAWMOCTb Pe3yNBTHPYIOILEH Lenu
L+1
Y == 7 ¥4+ (2.23)

Jrta ke ¢opmyna, BolpakKeHHaq Yepe3 KOMIUIEKCHBIE COMPOTHRIEHHA, IIPHHU-
MaeT CAeAylolni BUA

VAV
= m (2.24)
Ecin aByxmomocHMKK ¢ nposoaumMoctaMu Y3, Y5, ..., Yy coenuHeHsl
napawiensHo, TO Pe3yILTHPYIOMAsS TPOBOAHMOCTE LIEMN
Y=Y1+%+...+¥y. . (2.25)
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2.8. Pacuyer npocreiwiux RC- u RL-ABYXNONIOCHHKOB

Ha KOHKpeTHBIX NMpUMepax PacCMOTPMM METONBI AHAIH3a ABYXITOIIOC-
HBIX Leneil MpH rapMOHMYeCKHX BHELIHMX Bo3feHCTBMAX. OrpaHHYMMCS lie-
NAMH JOCTATOMHO MPOCTOH CTPYKTYpHl, cobpaHHBIMH JHGO H3 pEe3UCTOpOB
M KOHAeHcaTopoB (RC-uemnu), 1160 W3 PE3HCTOPOB H MHAYKTUBHbLIX KATYILEK
(RL-uenwm).

llpumep 2.2, Halitu komnaekcHoe conpotusienne RC -IByXTOMIOCHHKA, CXeMa KO-
TOpOro uiobpaxeHa Ha puc. 2.7 a.
B naHHOM ciyyae Ha ocHosaHuu hopmysnst (2.21) o —

: T\ 1+ jwRC R
= = e S 0 h
Z=|Zlew {jps} = R+ ;@\Z o %) ]

Cymmy IBYX CONPOTHRIEHHI MOXHO HalTH rpaduye-
CKH, CKIIAIbIBas COOTBETCTBYIOLIME BEKTOPhI HA KOMIIEKC-
Hoit nockocTH (puc. 2.76). B Teopun ueneii Takie uepTe-
KU HAa3LIBAIOTCH geKmoprbimu duazpammamu. Ha ocnoBannu Puc.2.7a
Bbipakenus (2.26) Haxooum, uTo

V1 +wIRIC?
wC :
0 iz M3 aanHbx dopMyn, BO-NIEPBRIX, CAEOYET, YTO
v - =  npu w — 0 Monyns conpotuenenus |Z| = oo, Tak
¢ Re KaK WACATbHBIH KOHACHCATOP HA NOCTOAHHOM TOKE
: IKBMBANCHTeH pasphiBy uenu. Ecnm xe w — oo,
T0 |Zc| = 0, Tak yro |Z] & R. Ha ouenb Bbi-
. * COKHX 4acTOTax JaHHadA Lienb peleT cebd momobHO
pesucTopy. Bo-BTOpbIX, HA BCEX YACTOTAX BEJIHYM-
Ha {pz < 0, T.e. HanpsKeHHe HA 3aXKMMAX MOCTe-
T nosatenbHo RC-uenu orcraer mo ase ot To-
Ka Ha Yroj, 3aBHCAILMIt oT vacToTthl. [OBOpST,
YTO COTIPOTHBIEHHE TakoM IEMH HMEET eMKocH -
HOll xapakmep.

-Irn” flpumep 2.3, Haittu 3naueHns BennyuH |Z| u @z
A nocnenosarenbHoi RO -uenu npH clemyionmx
Puc.2.76 ;‘EC’E}TSIHSMMHHHX: = 15 g, ¢ = 3.5 v,

Yraosas yactota Konebaruii w = 27 f = 6,283:1,5-10° = 9,425.10* ¢! Herpynso
MPOBEPHTL, YTo npoussesesne RC uMeeT (HU3NUECKYI0 PaIMEPHOCTH BpeMeHH (c).
3HauuT, npoussencHue wRC, sxoaswee B (2.27), 6yaer Ge3pasMepHbIM HHCIOM:

wRC =9,425-10°-45-3,5-107° = 1,484,
Hcnonssys dopmynst (2.27), Haxonum
1+ (1a84)
o= = 54,26 Om,
121 = 52510 3,5- 108 =
wz =arctg 1,484 —90° = -34°, wm ¢z = 0,593 pan.

|
Ll

1
== = i b~ —90°, 2.27
|Z] , (g = ~arcig (uRC) arctg (wWRC) — 90 (2.27)

2.8. Pacver npocresiwnx RC - v RL-asyxnoniocHukos i

Taxum obpazom, KOMIUIEKCHOE COTIPOTHBAEHME paccMaTpusaemoro RO -apyxno-
JIHOCHHKA Ha 3alaHHOi yacToTe

Z = 54,26 exp {—3534°} Om.

Mpumep 2.4. MocnenopatensHasd RC-uenb BO30YXKOACTCH MCTOYHHUKOM TADMOHM-

teckoro Hanpsxenus (puc. 2.8 a), 3IC KOTOPOrO HMEET KOMIIEKCHYIO aMILTMTY-

1y E = 180 exp {§75°} MB. Micnob3yst YMC/IOBBIE AAHHBIE M3 IPAMEpa 2.3, BHIMHCITHT

— KOMTUIEKCHBIE AMIUTHTYAB ToKa I, HANDAXEHMS Ha pe-
1] auctope Up u Ha kowaexcatope Ug, a Takxke Haiiti
4 J_ supakenus i(t), ug(t) u us(t), xoropuie onuckBaOT

l COOTBETCTBYVIOLIIHE MIHOBECHHBIC JHAYCHHHA.

KomrnekcHas aMnamMTyna Toka

=7 = e e {75+ 34°)) =3, 32exp{7109') wA.
Puc.2.8a £,

MrHOBEeHHHE 3HA4eHHMS TOKA OMHCHIBAIOTCH
NLIpAXKEHUEM {
Im®

i(t) = 3,32 cos (9,425 10°t + 109°) MA.

KoMmriekcHas aMniMTyaa HarnpsakeHUA Ha pe-
MCTOpE

Ug = IR =332 45exp {j109°} = S
= 1494 exp {j109°} mB. Up.
MrHoBeHHEIE 3HAYEHHMA 3TOTO HATMPAXKEHUA

1 3MEHSAIOTCA CHH(A3HO C MTHOBEHHBIMH 3HAYCHU- 250100

WMH TOKA! 130 Ut‘.'

ug(t) = 149,4 cos (9,425 - 10°t + 109°) mMB. 0 Re

Hakonen, koMIIeKCHas aMIANTYIA HaNpsixe- Puc.286
1ig Ha KOHIeHcaTope

> 5k 3,32
T jwC ~ 9,425-10%-3,5-10

Ue — exp {j(109° — 90°)} = 100 exp {j19°} MB

wMeeT (alosbiit yron, Ha 90° Menblue QA3l0BOro YINa KOMMIEKCHOH aMIIMTYAbl TOKA.
)TO O3IHAYAET, YTO MTHOBEHHBIE 3HAYCHUSA HAMPSUKEHHs Ha KOHACHCATOPE

te(t) = 100 cos (9,425 - 10°t + 19°) MB

o1cTaloT no daze Ha 90° 0T MrHOBEHHBIX 3HAYEHHH HAaNpAKEHHS HA Pe3HCTOpe.
[potiecch NPy rapMoHUuecKOM BO3GYXaeHHM RC -UenH NOACHAIOTCA BEKTOPHO#H
|MarpaMMoii HanpsokeHHi, KoTopas u306paxeHa Ha puc. 2.8 6.
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(=

a)
Puc.2.9. Cxemnbi uenei: a) Kk npumepy 2.5; 6) x npumepy 2.6

lMpumep 2.5. RL-mpyxnomocHUK napaniensHoro tuna (puc. 2.9 @) BosGyxnaercs

HCTOYHHKOM TAPMOHMYECKOr0 ToKa ¢ yactotoit w = 10° ¢~ u ammmtynoit I, =3 A.
Haiitu ammutyay U, BOZHHKAIOLIETO HanpsxkeHus, ecan B = 5 Oum, L = 80 mkIH.

KomniexkcHas npoBoanmocts nem ¥ = 1/(R) + 1/(jwL). KomnnekcHywo am-

FUTHTYAY HAMPAXKEHUS MOXHO HaifTH no 3akowy Oma: U = IZ = I/Y. Mockonsky
MO YCAOBKIO 3afaud TpebyeTcd HallTH JMlbL aMIUIMTYAY HANPSOKEHUH, SBASIOLYIOCH
BElLIECTBEHHBIM YHCIIOM, TO JOCTATOMHO BBHIMMCTHTH Moay/ib |Y| KomrnekcHo#t nposo-
IMMOCTH M BOCNOnb30BaThes hopmynoit Uy, = I, /|Y|. Tlonctasnss nexonHbie JaHHBIE,
HMEEM

| ] 1 1
“VE = Ve = 0200
¥y \/RQ+M1L2 ‘/25+10'-64-|0-w 0,236 Cm,
et
~ 0,236

lMpumep 2.6. Monyuutb (GopMyNY, ONHCHIBAIOLYIO KOMILIEKCHOE CONPOTHBAEHHE Z
IBYXTIOMIOCHHKA C ABYMSA PE3HCTOPAMH M OBYMA KOHAeHcatopaMmu (puc. 2.9 5).

Upn = 12,7 B.

Mckomasn BenHuMHa Z SBAAETCA CYMMO#H comnpoTHEneHwi Z; W Z, apyx Gonee
NPOCTHIX UeAeH, OHA M3 KOTOphix 00pa3oBaHa NOC/EN0BATEbHBIM, & ApYras napan-
JIENbHBIM BEKJTHOMEHHEM 3MEMEHTOB:

1 5 1 +j|‘.JR|C] § =7 R2;(chz)

Z = = =
: R'+jw6‘. jwC, 17 Ry + 1(juwCh)

[TpuBeoas K ODLIEMY 3HAMEHATENIO, MOMyYaeM

: 1 —w*R R,C\Cy + jw(R,C) + RyCy + Ry C))
Zliw) = . 2.28
Ga) JC,(1 + JwRiCy) ey

Chenyer 3amMeTuTh, 4T0 npd w — 0 |Z| = 00, Tak KaK KOHASHCATOPHI Ha Mo-
CTOAHHOM TOKE SKBUBANEHTHHI pa3pbiBam uenu. Eciu Xe w —+ 00, TO B YHCJIHTENE
W 3xamenarene dopmynnt (2.28) cnepyer coxpaHWTh MHUIL WEHLI, MPOMOPUHOHANTR-
Hee w'. Cokpamas, ybexnaemcsi, uto 2 (joo) = R,. 910 obBSCHAETCH TEM, 4YTO
MPH W — 0C KOHIEHCATOPH! 3KBHBANEHTHBl KOPOTKHM 3aMBIKAHHAM.

lMpumep 2.7. HailTi YnCIeHHOE JHAYEHHE KOMILIEKCHOTO COTIPOTHRICHHUA Z llemnH,
paccMOTpeHHOIt B npuMmepe 2.6, nonaras, yto C, = 2 H®; C; = 4 HD; R, = 3 kOm;
R;=1xOw; w=10c".
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Moacrasass ucxoouble nauHele B (2.28), Haxooum

C1-10"-24.107" +410°.1,2.107° 234512
C 1062 107°(1 4+ §10°-4-1076) 32 1073(1 + j4)

Om. (2.29)

Moayas conpoTHBAeHHs ABYXMOMIOCHHKA

V2412
2:1073V1 + 42

Yrobs1 HAliTH apryMeHT Z, ciaeayeT Npekne BCero BHIYMCANTE APryMEHTH YHCIH-
TeNs W 3HaMeHaTens B BHpaXeHWH (2.29), ofpaTus BHMMaHME HA TO, YTO YUCIUTEND
ABASSTCHA KOMIUIEKCHBIM YUCIIOM M3 2-T0 KBAIDAHTA:

|Z] = 3146 Om.

. 23 -

Puuen = 90° + arctg (E)’ Paman = 90° + arctg 4.

OTcIona HAXOAUM, YTO Pz = Puyen — Py = arctg (23/12) — arctig 4 = —13,5°,
HT&IC, Ha 3a1aH HOM YacTOTE KOMILIEKCHOE COMPOTHBACHHE LUETTH

Z = 3146exp {—7j13,5"} Om.

[Tockoneky @z < 0, TO NPUNOKEHHOE HANMDAXKEHHE OTCTAET Mo ¢as3e 0T TOKA M CoMNpo-
THBAEHHE ABYXNOMIOCHHKA HMEET eMKOCTHBIH XapakTep.

2.9. MowHoCTh rapMOHHYECKUX KonebaHun
B ABYXNONIOCHUKE

[Myers Ha 3akuMax JHHEHHOrO CTALMOHAPHOTO JBYXTIOMIOCHHWKA CYLE-
CTBYeT rapMoHHuyeckoe Hanpskenue u(t) = Uy, coswt (HayanbHas (asa s
MPOCTOTHI 3aITUCH TIONMATAETCS paBHOI Hynw). [IpH 3TOM B IBYXITOAIOCHUKE
BO3HHKaET TOK #(t) = I, cos (wt + ), nonoXnTeNbHOE HAMpaBIeH!Ee KOTOPOro
CYMTAETCH COMIACOBAHHBIM C MOMOXHTENbHBIM HaNpPABIEHHEM HAMPAXEHHSA.
Yron ¢ 3aBUCHT OT CBOWCTB JABYXMOMIOCHHKA M MOXET GBITh MIODBIM.

MrHoBeHHAas MOIHOCTE MEKTPOMATHUTHOTO IMPOLIECCa B ABYXNONIOCHUKE

p(t) = u(t)i(t) = Uply cos wt - cos (wt + @) =

= ";Im cos (2wt + ) + g-m;rﬂ cOos @ (2-30)
B PANTHUHEIE MOMEHTEI BpEMEHH MOXET ObITh KaK MONOXHUTENBHOIA, TaK H OTPH-
LIATENBHOM. DTa MOLIHOCTH TIOJIOXMTE/ILHA, €C/IH B PACCMATPHBAEMBIIT MOMEHT
BpeMeHH ¢ HanpaBlneHusl TOKA M HAIPsDKEHHST COBMANAIOT. JIBYXMOMIOCHUK MPH
3TOM noTpebnger 3Hepruio oT BHEWIHUX uernei. Ecnu xe HampasieHus TOKa
M HATpPSXEHHs NPOTHBOMOIOXKHEI, TO MTHOBEHHAsl MOLUHOCTh OTpHUATENb-
HA W TIOTOK MOUHOCTH HAMPABIEH OT ABYXMOMIOCHHKA K BHELIHWUM LErsM.
CxkasaHHoe WimocTpupyetcs rpadukamu dyukmmit u(t), i(t) u p(t), koropwie
npuBefieHsl Ha puc. 2.10 ws cnyyas ¢ = 60°.
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Puc. 2.10. BpemeHHbie Auarpammbl HANPMKEHUA, TOKA
W MrHOBEHHOM MOLUHOCTH B ABYXNO/MIOCHHKE

Yrobel HaiiTh cpedniow mownocme P, xoneGawwit B IBYXTONIOCHHKE,
cneayeT yepenHuTs GyHkunio p(t) 3a nepuon xoneGanuii T':

T
P, = % fp(t) dt. (2.31)
L]

TMepsoe cnaraemoe B npasoit yacTy (2.30) apnsercs kosebaouweica MOWHOCbIO,
KOTOpas H3MEHSIeTCH BO BPEMEHHM C YABOESHHOI 4acTOTOil:

mIm

Pranlt) = cos (2wt + ). (2.32)
Oqemumo, YTO BKJAAA 3TOro CiAaraéMoro B CpeaHiow MOLIHOCTbL paBEH HYIIO,
TaK 4YTO

Ul

2

Ecnu caBur ¢a3 Mexay TOKOM MW HanpskeHHeM JIeXUT B MHTepBane
/2 < ¢ < w/2, 10 Py > 0 ¥ OBYXMOMOCHUK B CpeiHeM MoTpeb/saeT
MOLLHOCTh, ABJISASCH HATPY3KOil [N BHelmHWX uenei. Takoit JBYXMOMOCHUK
HA3BIBAIOT HACCUBHOU UENbIO.

Ecin ¢ = £7/2, 10 cos¢ = 0 u B coorBerctun ¢ (2.33), P, = 0.
JIBYXMOMIOCHHK C TAKHMM CBOMCTBAMH sgBNsieTCs peaxmusHol yenvio. B Te-
YeHHe OTHOTO Mojynepuona konebaHuit peakTHBHas 1enb norpebaser Moul-
Hocts [p(t) > 0], a B TeyeHue ApYroro nonynepHoOOa MOLIHOCTb TOCTYTAET
obpatHo BO BHewHKe uenu [p(t) < 0].

HakoHen, €cid BHIMOAHAETCH OOHO M3 HepapeHCTB —7 < @ < —7/2
wiu /2 < p < 7, 70 cos p < 0 u noaromy P,y < 0. TNonobHbii AByxnomoc-
HHK SABNAETCS aKmueHoil yenvio W JeHcTeyeT TogoOHO reHepaTopy, co3laBas
YCpeAHEHHBIH MOTOK MOLIHOCTH BO BHEUIHHE LIEIMH.

Fyp = COs . (2.33)

2.10. MoHATHEe KOMNNIEKCHOW MOLLHOCTH

Ha OCHOBaHWH OYEBHIHOTO CBOWCTBA KOMILIEKCHBIX YHCEI MTHOBEHHBIE
snauenus Hanpsxerus u(t) = Re[Uexp{jwt}] u toxa i(t)=Re[Iexp{jwt}]

2.11. 3¢pgpextrsHbIE 3HAYCHHA HANDAXKEHHS H TOKA 35

MOXHO 3aMUCaTh CASAYIOMM obpasom:

u(t) = l(U exp {jwt} + U exp {—jwt}),
; : (2.34)
it) = E(I exp {jwt} + I exp {—jwt}),

rI€ 3Ha4Y0K «s» ODO3HAYAET KOMILIEKCHO-COMPSIKEHHyI0 BenuuuHy. Toraa

MTHOBEHHas MOLWIHOCTb p(f) OKA3BIBAETCH CBA3AHHOW € KOMIUIEKCHBIMM aM-
TUTMTYZAMH HaTIPsXEHHsS M TOKa;

p(t) = ut)i(t) = %[Uf +UI + Ul exp {j2wt} + UJ exp {~j2ut}] =
= 5 [Re (U 1) + Re (U exp (j26))). (2.35)

Cpasuusas ¢ (2.33), ybexaaemcs, 4TO He 3aBUCSILLAsi OT BPEMEHH aKmue-
Has MOWHOCHb

1 =
P = Re (1) (2.36)
SIBJISIETCS BELIECTBEHHOH YACTBIO TAK HA3LIBAEMON KOMMAEKCHON MOWHOCM
. P | -
S = 5 Ul = 5 Umrm €xp {J(‘Pn = ‘pi)}: (2'37)
i€ @y M (P; — apryMeHThl (HauanbHble ()a3bl) KOMIUIEKCHBIX aMIUTUTYI

HaMmpsXKEeHWs U TOKa COOTBETCTBEHHO.

DopManbHO MOXHO BBECTH TAKKE PeaKmuGHyl0 MOWHOCMb TIpolecca
B8 ABYXMO/MIOCHHKE

1 ST
Q=3Im (1), (2.38)
rakyio, 4to § = P + jQ.
ABCOMIOTHOE 3HaYeHHE BETHYHHBI S HA3BIBAIOT NOAHOU MOWHOCHIBIO W W3-
MepSIOT B 0COOBIX ENHHHLIAX — BOJMLT-amriepax (BA).

2.11. 3ddexTHBHDIE 3HAYEHHA HANPAXKEHUS W TOKA
[TycTs ABYXNOMIOCHHK MpPEACTABNSET COBON PE3UCTHBHBIN BAEMEHT C CO-

npotusnenuenm R. INo sakony Oma I = U /R; Ha ocHoBaHwuu BipaxeHus (2.36)
n (2.38) aKTHBHAs MOLIHOCTE

L /v o?
= =R Pl ..
£=s B(R) R’
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B TO BpeMs KaK peakTHBHas MOIHOCTh Q@ = 0. Sghdhexmusnsim (delicmayiouium)
3HavenleM TADMOHMYECKOTO HANPSKEHWS HA3bIBAIOT TAKOE 3JHAYEHHE MOCTO-
AHHOTO HANpPSKEHHs, MPH KOTOPOM B DE3UCTUBHOM 3JIEMEHTe BHLIENAETCS
Takas Xe MouwHocTs. Ha ocHoBanuy paBeHcTBa

U,i U2 :
e 2.39
2R R \%:2%)

nosy4aeM, 9To >pdexTHBHOE 3HaYeHWE BhipaXeHUA
Um 3

U=—=0707U,. 2.40)
V2 2 e

Pasmiine Mexay aMIUIHTYAHBIMU M AEHCTBYIOLHMH 3HAYEHHAMH Hanps-
XKeHus HeoOXonMMO YYHTBIBAThL Ha npakTike. Hanpumep, addekTHBHOE 3Ha-
yeHHe HaMpsDKeHHWd B CETH MpoMuinuieHHoi yactorhl 50 i cocrasaser 220 B,

Amnnutyaa storo nanpsikenus Uy, = 220/0,707 = 311 B. [ostoMy noakmio-

2.12. Jlnreiinbii 4BYXNOMOCHHK KAK Harpy3xa 37

a)

o)

Puc. 2.11. Pabora renepartopa Ha Harpy3Kky: a) cxema uenu; 6) 3aBHCHMOCTb
paccerBaemMon MOLWHOCTH OT HOPMHPOBAHHOIO CONPOTHBEHHA HArpPy3KH

4aTh K 33KHMaM CETH KOHMIEHCATOp C MpeaeNbHO HONYCTHMbIM (NPOBHBHBIM)

HanpsixeHueM 250 B Henb3s, OH Heu36eXHO OyneT BbiBENEH M3 CTPOS.
CaenyeT MMeTh B BUJY, YTO IIKATbl BONBIIHHCTBA CTPETOYHBIX BOJIBTMET-

POB MEPEMEHHOrO HANpsXKEeHHs MPOTPALYHPOBAHBI MMEHHO B 3(hMEKTHBHBIX
3HaueHHsIX. YT06BI M3MEPUTDL AMIUTHTYLY HANpsDKeHHs, MOKa3aHHe BOJIBTMETpa

HYXKHO YMHOXHTb Ha 1,414,
AnanornyHo onpenensaior aqpexTHBHOE 3HayeHHWe Toka I = 0,707,

2.12. NluHenHbIH ABYXNONIOCHUK KaK Harpyska.
CornacoBaHHe KOMMNNEKCHbBIX CONPOTHBNEHMH

flycTb renepatop rapMonMuecKiX xonebanuii, cocTosmnmit 13 NCTOYHNHKA
BAC ¢ KomiuiekcHoi ammuuTyroi F M HEXOTOPOrO ABYXMOMOCHMKA € CO-
MPOTUBNEHHEM Z,, HATPYXEH Ha MaCCHBHLI OBYXTIOMIOCHUK C KOMILIEKCHBIM

conporuBneHuem Z, (puc.2.11a).

Haitnem cpenHioio (aKTHBHYI0) MOLIHOCTB F.;., BBIIENSEMYIO B HAarpy3-
Ke. Jlnst 9TOr0 BBIYMCAMM KOMIUIEKCHBIE AMIUTUTYABI TOKA M HATIDIKEHUA -

Ha Harpyske
= 3 EZ,
SRt R T
OTKYyJa KOMIMIEeKCHAaA MOLIHOCTL B HArpy3kKe

BEZ, 1 BA(RakiXy)
2(Ze+ 22+ Z2)* 2 (Re+ R+ (X + X))

CoOTBETCTBYIOLLAA CPEIHsISA MOIIHOCTh

Lo e el
SH-EU,.I—-

1 EXR,
2 (R + R + (X + X,)%

Fon =Re S, = (2.42)

(2.43)

MocrasuM 3ana4y Tak nonodpaTe compoTHBAEHHE Z,, 4TODBI Moml-
110cTh Pepy CTANa MAKCHMATBLHO BO3MOXHOH. TAK KakK peakTuBHasi COCTaB-
11IOLLAA COMPOTHRIEHHSI MOXeT MMeTh JIoDoif 3HAK, TO, OYEBHIHO, CleayeT
(10 1peboBaTh, YTOOB PEAKTHBHBIE YACTH CONMPOTHBIEHWUH HArpy3kM M reHepa-
iopa KOMIMEHCHPOBATH APYT Opyra:

X, =X, (2.43)
ITpu Takom BeIOOpE PEaKTHBHOTO COTPOTHBAEHHA HArpy3ku
= Bn
Pou=3 =y, (2.44)
2 (R: + R,)

BeeaeMm Oe3pa3MepHOe OTHOWIEHHE compoTupieHuit £ = R, /R, w nepe-
B muneM (2.44) cnepyromm oGpasoM:

i

| E% x

Feon =73 § Y

(2.45)

. puc.2.11 6 wusobpaxen rpapuk f(z) = z/(1 + z)’. Buawo, uyro 3ma
i}y HKLIMA HMEET eIMHCTBEHHBII MakCHMYM, paBHElit 0,25 npu 3HaveHun ¢ = 1,
npu R, = R,.

MTaK, 10Ka3aHO, 9T0 MaKCHMAJIBHO BO3MOXKHASI CPEIHAA MOIIHOCTb Bbl-
HeNsIeTCA B HATPY3KE 6 pexcume co21acosanus, Koraa

¢

Z,=2% =R, - jX. (2.46)
pK 3TOM >
E,
1oy = ﬁ. (2.47)
T
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llpumep 2.8. Mycts renepatop, umelowuit ammautyay SIAC E, = 15 B u shyT-
peHHee compotHpneHHe Z, = 3 — 78 Om, MOZKIIOYEH K Harpy3ke ¢ KOMILIEKCHBIM
conpoTHeneHHem Z, = 9 — 72 Om. Haiiti CpeaHiol MOWIHOCTL B Harpyske P,
4 TAKKE MOWHOCTD Prpymay B PEXHME COTNACOBAHHUA.

o dopmynam (2.44) u {2.47) suuncanem

225.9 225
P o AR R ST,
@ = 3(144 + 100) 3BT Foume §27 %

8:-3
Takum oGpazoM, B JGHHOM Ciydae mepeXoll K COrNacoBaHHOMY peXuMYy obecne-
yuBaer Donee yem ABYXKPATHOE BO3PacTaHHe MOLIHOCTH B Harpy3ke.

Paccmorpum 3anauy o KIT/I cucremsl reHepaTop — ABYXno/IOCHHUK. Bymem
nosararb, 4to yciosue (2.43) sbimonneHo. Torza KoMruiekcHas aMmruinTyda

toka I = E/(R; + R,). BuaHo, 4to Tok CHH(aseH ¢ uctouHukom DAC
M MO3TOMY MCTOMHMK pa3BHMBAET TO/ILKO AKTHBHYI0 MOUIHOCTL CO CPEIHHM
3HAYEHHEM
L
2R +R,

Orpuuare/ibHbiil 3HAK YKa3blBaeT Ha TO, YTO HaTNpsXKeHHe Ha HCTOYHMKE H TOK
B HEM MPOTHBOMOMOXHbI MO 3HAKY M TO3TOMY HCTOYHMK He noTpebuser,
a MOCTAaBNAET HEPIUI0 B uenb. Mcmonbays BeipakeHue (2.44), Haxomum,
yro KI11

e = (2.48)

-Pl:p.u = RH
“depr RT+RH
MoxHo 3aMeTuTs, 4to § — | npu R, — 0o. B pexume cornaco-

BaHusi 1 = 0,5, TAK Kak 3[eCb POBHO MOJOBMHA MOLUHOCTH, Pa3BHBaeMOi
MCTOYHHKOM, BBINENISAETCH HA BHYTPEHHEM CONPOTHBACHHM reHepaTopa.

7= (2.49)

2.13. lUlenH C MHAYKTHBHOMW CBA3bBIO

Tak NPUHATO HA3bIBATH LIEMH, KOTOPbIE COAEPXAT WHAYKTHBHBIE 3JIeMeH-
Thi, CBS3AHHbIE OOLIMM MarHUTHBIM MOTOKOM,

Pacemorpum Katymiku | u 2 (puc. 2.12a), HaMOTaHHBIE Ha OIHOM cep-
neuHuke. MoXHO YKa3aTh o0HouMeHHble 3KMMBl KaXI0H KaTyLWIKH, KOTOpbIe
001a1a10T TAKMM CBOMCTBOM: MArHMTHBIE MOTOKH B CEPOEYHMKE, BhIIBAHHLIE
TOKAMM, KOTOpble MOCTYNAIOT M3BHE MO HAMpPaBIEHHIO K OMHOWMEHHBIM 3=

KHUMaM, CKNaaniBaloTCsl B OHOM HanpaBlEHHH. Ecnu B opHON M3 KATYLIeK

M3MEHUThL YEPEJOBAHHE 3AKMMOB, TO 3TH MATHMTHBIE MOTOKH BBIYHTAKTCH.
Jlerko ybeanTscs, 4TO HAYATbHbIE 3aKMMbI KATYLLEK, MOMEYEHHbIE HA PHCYHKE
3HaYKaMu H| " Hz, ABAAKOTCA OOHOMMEHHBIMH.

Ha NPUHHUHNHANTBHBIX CXEMaX OJHOMMEHHBIE 3aXKHMbl KATYLWIEK NMPHHHTO
nomeyats Toukamu. OAMH M3 ABYX BOIMOXKHBIX CMOCOGOB BKAIOMEHHUA KATYIIEK
Ha3BIBAOT cozaacubim (puc. 2,12 6). Tpu ApyroM Nopsiike CAefoBaHHA KIKUMON
OHOM W3 KaTylleK BKIIOYEHHE HA3bIBAKOT BCMPEHHBIM.

13, Uenw ¢ uHAYKTHBHON CBA3BIO 39

M
Ve
2 = ® ;
Ly Ly
0y A
Hy

a) d)
Puc. 2.12. Karywku C HHAYKTHBHOMW CBA3bIO; 8) (hM3MUECKan PeanM3aums;
6) NpPHHUMNMANBHAA CXEMA LierH NPH COTNACHOM BK/IIOYEHHMH

Hy

[lycTs KaTyliky BKIQUeHs cornacHo. Ecau B katymke [y co3mau nepe-
ve i HBIEE TOK 4)(t), 2 3aKuMBl KaTymkh Ly pasoMKHYTbI, TO H2 HMX BOIHHKAeT
1111 1YLIHPOBAHHOE HAMPSDKEHHE

di,
dat’
ine M — xoaghpunuenm e3aumnoil UHOYKUUU, KOTOPLI MMEET PasMEpHOCTb
HiLIYKTHBHOCTH, 3aBUCHT OT YHCJIa BUTKOB KaTyILEK, HX B3aMMHOIO pacnoyo-
Fe1NH 1 MATHUTHOW TIPOHWIIAEMOCTH MaTEpuana CepaeuyHHKa.

B TeopuM 3nEKTPOMAarHeTU3Ma AOKA3BIBAETCH, YTO WHAYKUMOHHBIE SB/E-

1111 He 3aBUCAT OT TOTO, KaKasl U3 KATYIIEK BO3OYXIAeTcs BHELIHHMH HCTOY-
Hitk MU ecln KaTymke Ly u Ly nomeHsTh Mectamu, To u, (t) = Mdi,/dt.

u(t) =M (2.50)

MNocnegosarensHoe coeguHeHHe HHAYKTHBHO-CBA3aHHbBIX KaTylleK
[lycte katyilkM Ly u L, BKnoYeHBl TOCAEI0BATENBHO, MPUYEM HUX

11 OHMEHHBIE 3aKWUMBI COEIMHEHB! TAK, KaK MOKA3aHo Ha puc. 2.13 a. OGiuee
HiipsDKeHHe BRIPASHTCS TIPH 9TOM CeayIOIMM 0Dpa3oM:

di di di di di
u(t)—LlE+LZRE+ME+ME=(L|+L2+2M)E.

Tui v 06pa3om, oBLLas HHAYKTHBHOCTh MPH COMIACHOM BKINIOYEHHU KaTyllek

L=L+L,+2M. (2.51)
AHAJIOTHYHO, ECIM KATYIIKKH BKAOYEHBl BeTpeyHo (puc. 2.136), To
L=L +L,-2M. (2.52)

1M1 MaTeMarHkKH H3BECTHO, YTO CYyMMa JIIOOLIX MOJOXWTENbHLIX Belle-
WOHHBIX YHCEN @ W b He MeHble MX YABOSHHOIO CpPeIHEKBAAPaTHYECKOro
e s a + b > 2veb; 3uak paBeHCTBA MMeeT MecTo nmpH a = b, Hc-
il lyeM 9TO CBOHCTBO s aHanu3za dopmyn (2.51) u (2.52). flcHo, uro
BUIYKTHBHOCTE L HM NPH KakuX YCIOBMAX He MOXET CTaTh OTPHUATCIBLHON,
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e —a
Pt R S e oO—rY " o
L, Ly Ly Ly
a) 5)

Puc. 2.13. lNocneposarentHoe COEBQHHEHHE CBA3AHHDIX HHAYKTHBHbDIX KaTylLeK:
a) cornacHoe skniouenKe; 6) BCTPEMHOE BRNIOUEHHE

Mostomy Beerna M < /L;L;. Mepoit MHAyKTHBHON CBA3M IBYX KaTyLiek
CIIYXHT ﬁeapaauepuuﬁ Ko3ghgpuyuenm caazu

(2.53)

3uaueHus 3roro ko3dpuumenTa sexar B npexenax 0 < k. < 1. Bennuuna K
paBHa EIMHHLIE TIPH NOAHON CBA3U, KOTIA BECh Mammnmﬁ TIOTOK, CO31aBaeMblii
onHON M3 KaTyliek, cueruieH co Bropoit katymkoit. Ha ocuosanmu (2.51)
o61ast HHAYKTHBHOCTL COMMIACHO BK/IIOYEHHBIX KaTYIIEK C MONHOI CBA3BIO

=1 +L2+2‘\/ LyL; = (\/L—l+ \/ITI)I (254)

Orciona caeayer BaXHblil BBIBOL O TOM, YTO MHAYKTMBHOCTb NPHMEHS-
eMbIX HA NpaKTHKE KaTyIIeK, KOTOpble HAaMaTbiBalOTCs NOCTATOMHO IUIOTHO
H MI03TOMY UMEIOT NpeHeOpexXHMO MBI MOTOK PACCEAHNS, MPONOPLHOHANb-
Ha KBagpaTy uyucna BUTKOB. [leiiCTBMTENBHO, MOXHO CYMTATh, YTO KaTyll-
Ka ¢ ODLIMM YHMCIOM BHMTKOB 10 SIBJISETCSA MOC/EI0BATENLHBIM COEANHEHHEM
[ABYX COTJIACHO BKJIIOYEHHBIX KATYIIEK C YHCIaMH BUTKOB W; M W), NpPH-

yeM W = wy + w3, )loﬂycmu, YTO WHAYKTHBHOCTH 3THX Katymiek Ly = azwf
ul,= azwg, e @’ — HeKOTOpPbIil KOMDOULMEHT NPOMOPLHOHATLHOCTH,

Torna pakencTso (2.54) BLIMOMHAETCS TOXIECTBEHHO!

a’w’ = (aw, + awy)’ = a’(w; + wy)’.

2.14. TpancdopmupylOujMe CBOHCTBA
WHAYKTHBHO-CBA3aHHbIX Henen

IInpokoe npuMeHEHHE B PATHO3NEKTPOHHKE LIETE ¢ MHAYKTHBHOM CBH-
360 OOYCIOR/IEHO TeM, YTO C VX MOMOLILIO OCYIIECTBISETCH npeofpa3oBaHue,
WM, KaK 4acTO MOBOPAT, TpaHC(OPMALIMA YPOBHEH KOMIIEKCHBIX COMPOTHB-
NIeHHH, a TaKKe TOKOB M HaNpsKeHMil.

Pacemorpum TpaHedopMaTop, H3obpaxeHHBlH Ha puc. 2.14 a. 3necs Ka-
Tyiika L, HaseiBaemasi nepeuuroll o6momiou TpaHcgopmaTopa, NMOAKIIOYEHA
K BHEIIHUM ULENsM, CO3MAI0NINM B Heil rapMOHHWYECKHI TOK C M3BECTHOM 4a-
CTOTOMH W ¥ KOMIUIEKCHOM amrunTynoit I,. Bmopuunas o6momka (xatyuika Ly)
3aMKHYTA Ha HATPY3KY ¢ KOMIUIEKCHBIM COMpPOTHBAEHHEM Z,.

2.14. TpaHcghopmupyiowme CBOHCTBA HHAYKTHBHO-CBAZAHMBIX LENOH 41

_D.r-\q.._fh Z;
U, 1,,% < i'u, Zay
)

Puc. 2.14, Tpancqoopuarop: a) NpUHUKNHanLHan cxema;
6) K onpeaeneHUIo NOHATUA BHOCMMOTO CONPOTHBAGHHS

YuutsiBasi, 4T0 06MOTKH BKIIIOYEHBI COMIACHO, HA OCHOBAHMM 2-T0 3aKOHA
Kupxroda npu BeiGpaHHOM MONOXHUTEILHOM HANMpPaBIEHWH TOKOB HMEEM 1B
YPaBHEHHS: : :

h= jl‘.dL]I] 5 jwMI;r,
0 = jwLy; + jwMI, + Z,I>.
13 BTOPOTO ypaBHeHHsA CeyeT, YTO TOKH B 0OMOTKAX CBA3AHBI PaBEHCTBOM
—jwM
- jwly + Z,
OTKya Ha OCHOBAHWH MEPBOTO YPABHEHHUS MOJY4YaeM BLIPAXEHHE, ONpeaess-
follee npoueccel B nepBHMHOH 0OMOTKe TpaHcgopmaTopa:

2p02
; w M :
Uy=|jwLlij+ ———— )1,
I (Jﬁ-' 1+ okt ZH)II (2.57)
TpaHcopmauus KOMNNEKCHBIX CONPOTHBACHHH

M3 dopmynsi (2.57) creayert, 4To BXOAHOE COMPOTHBJEHMHE TpaHChOpMa-
Topa ¢O CTOPOHBI MepBHYHON 06MOTKH (puc. 2.146)

w'M?
j'sz + Z,

(2.55)

(2.56)

U ;
Z“ = —l = jWL[ +
L
lpeacTapIfeT coboit CyMMY JBYX COTIDOTHBICHHIL: coficmeeHnnoeo conpomuane-

Huz MIEPBHYHOH 0OMOTKH Z. = jwL; M TaK Ha3bIBAEMOTO GHOCUMO20 CONpPO-
rHuaTeHun

(2.58)

=. wM?
ijz + Zy X
KOTOPOE YIHTBIBAET BAHAHHE KOHTYpa BTOpHUYHOH 0OMOTKH. fAcHO, yTO B 06-
|UEM Crydae conpoTHBaeHus Zu U Z, OTIMYAIOTCS APYT OT Apyra.

oumep 2.9. Tlycrs uavectho, uto w = 108¢™!, L; = 50 MxTH, L, = 200 mkTh, M =
80 mxTH (7. e. k; = 0,8). Harpyakoii sansetcs KoHaeHcaTop eMKocTbio G, = 4 nd, ume-
IOLIMH Ha JaHHOI YacToTe KOMIUIeKcHoe conpoTuaienue Z, = 1/(jwC,) = ~ 4250 Om.
HLIMHCAHTD BXOAHOE CONPOTHRIEHHE TpaHC(OpMAaTOpa.

(2.59)
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Mo dopmyne (2.58) Haxonum

10" .6,4-107°

Fam P b
30+ 5500 - 250)

= 7178 Om.

Takum 0bpa3oM, TaHHBIH TpaHcdhopmaTop, Oyayun HarpyxeH Ha EMKOCThb, HMEET
BXOIHOE COMPOTHBRIEHHE WHAYKTHBHOIO XapakTepa.

HacTHsie cayyau

Iyctk TpaHchopMaTop paboTaeT B pexkUMe X040¢mo2o Xoda Ha evixode, T. €.
npu Z, = oo. Toraa u3 (2.59) cneayet, uro Z,, = 0 ¥ noaroMy Zy, = jwk,.
Ecnu xe Ha BbIXOIE CO3aH PEXHUM KOPOmMK020 3aMbiKanus, T.e. Zy = 0,

TO U
2

= jwL,(1 - k). (2.60)

Zgya = Jwky —
2
BuaHo, 4TO 30€ch BXOOHOE COMPOTHUBIEHMWE WMeeT WHIYKTHBHBIA Xapaktep,
TpUYEM MOIYJb 3TOrO CONPOTHRIIEHHA BCErla MeHblle MOMYJIS CONPOTHRIIEHHA
B peXHMe XOJOCTOrO X014 3a cyeT AeHcTBUs HaNpsDKeHHUs B3aUMHON HHIYKLIMH,
HABOAMMOTO B MEPBHYHON OOMOTKE NMPH BO3HHKHOBEHUH TOKA BO BTOPHYHOMN
obmorke. [Tpn momHO# cBA3M, Kotaa ke = 1, Zy s = 0.
PaccmoTpuM, HakoHel, caydaid TpaHcdopmaropa ¢ MOJHOH CBA3bLIO
(Mz = LyL;), HHIYKTHBHBIE COMPOTHBIEHHS OOMOTOK KOTOPOTO BEIHKH
MO CPABHEHMIO C MOYJAEM KOMIUIEKCHOTO CONpOTHBIEHWS HArpy3KH, B 4acT-
HoctH, wly > |Z,]. Torna dopmyay (2.58) MOXHO nepenucaTsh TaK:

jWLl
1 = jZu/(wLly)

Bocrnionb3yeMcs TeM, 4TO NpH Maskix 2 Apobs 1/(1 — z) = 1+ z. Toraa

Z“ = jf.l.‘L] =

Zy L &
Zox ~ jwky —ij,(l+j ):z =, (2.61)

WLz s Lg

Beenem koagghuuenm mparcghopmayuiu YyCTpoicTea

ity (2.62)

Tak Kak MHIYKTUBHOCTH KaTylleK NpOMOpLUHOHANBHB KBAaJpaTaMm YMCc/ia BUT-
KOB, TO
Zy
Zyiee g_ (2.63)
Hanpumep, ecin w, = 50, wy = 300, 1o ky;, = 6. Takoii TpaHcdopmatop,
HATpyXeHHBIH Ha pesucrop R, = 20 OM, uMeeT 4HCTO aKTHBHOE BXOIHOE
conpotusnenne Ry = 20/(36) = 0,56 Om.

Bonpoce: 43

B Teopuu ueneil uaeanbHbIM TpaHchOPMATOPOM HA3BIBAIOT BOOOpaXae-
MOe YCTPOHCTBO, CBA3b B KOTOPOM SIRSIETCH MOMHOM, 4 HHAVKTHBHOCTH Bec-
hOHeYHO BelMKH. [La naeansHoro TpaHcdopmatopa dopmyiisl (2.61) 1 (2.63)
 TAHOBATCH TOYHBIMH.

TpaHchopMaLuUa TOKOB M HANPAXEHHH

OTHolLlieHHEe KOMILIEKCHBIX AMIUTHTYI TOKOB B OGMOTKaX VCTaHABTHBAETCSA
(opmynoit (2.56): _
I —jf.u‘M -
L jwh+ 2,
O1pHUATENBHBIN 3HAK O3HAYAET, YTO BTOPHYHBIM TOK (DaKTHYEeCKH HanpasieH
' MPOTHBOMOJOXHYIO CTOPOHY MO OTHOWIEHWIO K TOH, KOTOpas MMOKa3aHa
1 puc. 2.14 4.

Ecnu TpaHcdopMaTop Mo CBOMM MapaMeTpaM GIM30K K WAEaNLHOMY, TO
(1 HOLIEHHE TOKOB MEPECTAeT 3aBHCETE OT CONPOTHBICHHUA HArpy3KH:

(2.64)

{—zﬁ-—i{: ﬂ=——-]--. (2.65)
I L, L, ko

Ecin tpaHcdopmatop paboraer Ha HOCTATOYHO BBICOKOOMHMYIO HArpys-
hV, TO BJIMSIHHE TOKa BTOPUYHOH 0OMOTKM Ha pabGory ycrpoiictBa Gyaer
ipeHebpexuMo Mano, B cooTBercTBMM C nepBhiM ypaBHeHHeM u3 (2.53)
I, = U /(jwL;) v NO3TOMY KOMIIEKCHAA aMILTUTY/a BHIXOAHOTO HAMPSIKEHHs
(1, = jwMIy = (M/L,)U,. BuaHo, 4TO Tpy NONHO# CBSI3H B JAHHOM CJIy4ae

v, M L;
ek i Sy e ) 2.66
s > 7 kp (2.66)

Wrak, HaeanbHblit TpaHcOpMATOp, YBETWYWBAsA, HANpPHMED, Hampsxe-
I11e, BO CTOJTBKO Xe pa3 MOHMXAeT TOK M HaoGopor,

(?) Bonpocsi

|. Kax oCyuieCTBANETCS NEPEXOA OT KOMILIEKCHBIN AMTUIWTYA TAPMOHWMECKMX KOne-
OaHHii K MTHOBEHHBIM 3HAYEHHAM?

). Kak, 3Had KOMMISKCHYIO aMIIIMTYLY TADMOHHYECKOrO CHrHANA, HANTH KOMNJIeKe-
HbIE aMIUTHTYBI MPOM3BOOHOU H WHTErpana OT 3Toro Konedbanua?

!, IMepeuncnuTe CBOHCTBA KOMIUIEKCHBIX COMPOTHRIEHHH HHIYKTHBHOTO H €MKOCT-
HOFQ 3/IEMEHTOB.

4. Kak BHIPa3uTh CPEHIO MOLIHOCTb 4€PE3 KOMILICKCHbIE AMILTHTYIbl TOKA W Ha-
npsxennn? [aiite onpeneneHde MOHATHII KOMIUIEKCHON M PEakTHRHON MOLL-
HOCTEMH.

5. Kak ¢opMyAIHpyeTcs YCIOBHE COMMIACOBAHHOIO PeXHMa ABYXMONIOCH KA !
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6. [MoacHuTe QJHSH‘IC{:KHﬁ CMBICJI COrIacHOTD M BCTPEMHOTO BKMIDOYMEHNA MHIYKTHB-
HBIX KaTYHISK.

7. Kakoit TpanedopMaTop Ha3uiBaloT uacanbHeM? Kak npeolGpa3syiorcs KoMnieke-
HblE COTIPOTHBIEHMS, HATIPSDKEHHMSI W TOKH € NOMOUIBIO HASaTbHOIO TpaHchop-
maropa?

@ 3apaum

2.1. Haiiaure MOayab M apryMeHT KOMILIEKCHOTO BEIPAKEHHA
_12exp {j0,6} + 10exp {j0,8}
#= Fexp (=j/10,7) — 3exp (35,3}
2.2. Haitoure OSHCTBHTENBHYIO H MHHMYIO YaCTH KOMIUIEKCHOIO BBIPAXKEHHA
7exp {j45°} — 10 exp {—j120°}
“= Zexp ()365°] + 12exp{—j80°}

2.3. Hdokaxure toxaecteo JleitbHuLa

\/1+jv'§+\ﬁ—jw/§=v’&

JloKa3aTenbCTBO NMPOBeaUTe ABYMA CoCoDaMu:
a) Bo3pona obe yacT¥ PaBeHCTBA B KBAADAT,
6) mepexo/s K MoKa3aTelbHOH (OpMe KOMIIEKCHBIX YHCe.

2.4. WUmeerca GeckoHedHbil Psll, NpeicTABNMIOUWNHA CoGoli cyMMy TeOMeTpHUecKOH
NpOrpeccHu
A=l+z+22+2+....

Haiimure sHauenne A, ecim z = 0,5 exp {jm/4}. BuinonuuTte reoMeTpUIECKOE NOCTPO-
gHME HAa KOMIIEKCHOMH MIOCKOCTH, WTIOCTPHPYIOLLee MpoLece CYMMHPOBAHHSA PAdA.

2.5. W3ob6pa3uTe BpeMeHHbBIC AHATPAMMbI:
a) HEKOTOPOTo rapMoHHuecKoro konebanus u(t) = Uy, coswt ¢ NpOU3BONLHO B3~
THIM 3HAYCHHEM ammanTyasl U,
6) xonebanus u,(t) = Uy, cos (wt + 7/4);
B) konebanus u,(t) = Uy, cos (wt — 7/3).
B kauecTBe aprymeHTa mo ocu afcuuce oTKaanpiBaiiTe GespasMepHmiil napa-
meTp wi.
2.6. HailanTe KOMILIEKCHBIE aMILIMTYIbI CACAYIOUIMX TAPMOHHIECKHX TOKOB (A ):
a) i,(t) = 70 cos (wt + 120°);
6) iy(t) = 12 cos (wt — 60°).

2.7. Tapmoumyeckoe konebaHue u(t) ¢ gacToToll W = 10° ¢! nmeeT KoMmneKcHYIO

ammantyny U = 25exp {—jx/8} B, Haiimure MrHOBEHHOE 3HAUCHHE HATIDIKEHHS U
B MOMEHT BpemeHH fp = 10 MKc.

2.8. B permsix, KOTOpbHiE€ CXONATCH K HEKOTODOMY Y3y LenM, NMPOTEKAIOT TOKH, M3-
MCHAIOUIHECH BO BPEMEHH MO FAPMOHHYMECKOMY 3aKOHY ¢ OIHOH W TOH Xe 9acTOTOM;
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Puc. 2,15 Puc. 2.16 Puc. 2.17

KOMILICKCHBIE aMILTHTYAb 3THX TokoB 1), D, 1y (puc. 2.15). Hanpasiesus TOKOS,
VCTIOBHO MIPHHATHIE 34 MONOXHTENbHEIE, NOKA3aHbl cTpenKamu. Mi3sectHo, yto I) = 25,

I, = 40 exp {jr/6}. Bce Toku BbipaxeHs! B amnepax. Haitoure KOMIEKCHYIO aMILTH-
yny L.

1.9. Ha sxoaw uaeansHoro cymmaropa (puc. 2.16) nogano aga rapMOHWYECKMX Hanpsi-

KEHHS OIMHAKOBO! YACTOTHI C KOMMIEKCHBIMH amMmutynamu (B) Uy = 40, U, = j60.
Haitaure amanutyanoe snavenne Uy, .., HRAPAKEHHA Ha BHIXOZE CYMMatopa.

2.10. [pa uneansHbix uctouHuka IAC co-

enuHeHsl nocnexoparensHo (pue. 2,17). Wa-
BecTHO, 4T0 e(f) = BOcoswt, e;(t) =
55sinwt. Haitmute amMmauTyay BHIXOOHOIO
HanpsokeHus Uy, ., W 3HaueHue hasoro-
To CcIaOBHIra dga MEXKIY HanpfaXeHHeM HC-
TOUHHKA €;(f) M BBIXOOHBIM HaNpPSKEHH-
eM Uu,(f). TMocTpoiite COOTBETCTBYIOLIYIO
BEKTOPHYIO IHArpaMmy.

[

Puc.2.18 2.11. CrpyktypHas cxema JIMHEHHOH uenu,

s comepXailei [Ba yCHIHTENS ¢ KOahdHuLMeH-

Tamu yeuneHus K, u K, , uHTEerpaTtop m cym-

matop, npuBeneHa Ha puc. 2.18. H3eectho, uto Ky = 3, K; = 2000. B Touke |

cyutecteyeT Konebanwe u,(f) = 30cos (500¢{) B. Haiinure KoMmiekcHyio amMmimTy-
ny U, curHana B Touxe 2.

2.12. Wneanshas nuHus 3anepxku (puc. 2.19) npeacrapnser T
cooii ycTpoiicTeo, paboTalolliee B COOTBETCTBHH C ANTOPUT-
moM fo(t) = fi(t—7), tae fi(t) u f,(t) — curnansi Hapxone ©— FH——— 0
W Ha BBIXOAE COOTBETCTBEHHO, T — MOCTOAHHbIA napametp, £
paBHbHl BpeMenu 3anepkku. Ha sxoa Auxun nogan rap- Puc.2.19
MOHMYECKNIt chrHan ¢ yactoroil w = 107 ¢!, umeloumii

KOMMEKCHYIO amnamntyny U = 45exp {—j60°} B. Onpeaenute MMHMMaTsHOE 3Ha-
YeHHe T, MPH KoTOpoM KojacbaHue Ha Beixome Gyzer omepexats no dase BxomHoe
konebanue Ha yron 90°.

2.13. Umecercn nuHeiHBIN ABYXMOMIOCHHK, BO30YXIaeMblit rapMOHHYECKHM HAamMps-
KCHHEM. HBME]}EHHSI NOKalAIH, YTO HANpaXEHHE H TOK B ABYXMOMIOCHUEKE, COrna-
COBAHHbIE TIO HATIPAB/IEHWIO, OnUchiBaloTes pyHkuMaMi u(t) = 15 cos (wt + 45°) B,
i(t) = 3cos (wt + 75°) MA. Halinure ummenanc Z M KOMILIEKCHYIO MPOBOAHMOCTD ¥
3TOND ABYXIIONIOCHHKA Ha BHIOpaHHOMH YacToTe.
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2.14. Ha 3axuMax HEKOTOPOro NMHEHHOro OBYXMOMIOCHHKA CYLUECTBYET HanpsxeHHe
u(t) = 35cos (wt + 15°) B. HasectHo, YTO Ha BHIOPAHHOI YACTOTE MMMENAHC NAHHOTO
npyxnomocHuka Z = 4+ 75,5 kOm. Haiigure ToK i(f) B JaHHOM IBYXMOMOCHHKE.

2.15. TuHeiiHblT JBYXMOMIOCHHMK Ha HexoTopoi paGodveif 4acTOTe WMEET HMIENAHC
Z, = 30 — 745 Om. Haitaute umnenanc 2, npyroro IByXnonOCHHKA, KOTOPLI cieayeT
MOAKTIONHT MAPAUIENBHO HCXOMHOMY Ans TOTO, 4TOOGBI Pe3yBTHPYIOUIHI HMMEAaHC
LEMU OKA3ATICH YHCTO JCHCTBUTENRHBIM i paBHbiM 60 Om. H3obpasuTe cooTseTCTBYIO-
LIYIO CXeMy LIEMH.

2.16. K 3axumam 31eKTPHYECKOI ceTH NpoMbiuieHHO# yactoTsl 50 [t ¢ AeHcTRYOIM
3HauenueM Hanpsokerns 220 B noakmoden koHaeHcatop eMKocTbio 25 Mx®. Haiimnre
MOKA3aHHE aMIepMeTpa, BETHOYEHHOTO MOCTEROBATEIBHO ¢ KOHACHCATOPOM.

2.17. lenb COCTOMT M3 TOCTENOBATENRHONO COedWHeHus pesuctopa R = 2 xOm
W KaTylwikd ¢ WHaykTHBHocToio L = 3 mIl. Hailmmte momyns WMnenaHca Takoro
COCTABHOIO JABYXIIONIOCHHKA!

aj Ha HYNEBOH yacToTE;

6) ma wacrote 6 xIi1;

B) Ha wacrote 15 MTiL.

2.18. JluHeHHBIH ABYXTMOMOCHUK 00pa3soBaH MOCNEAOBATENBHBIM COCIHHEHHEM pe3u-
CTOpa W WHIOYKTMBHON KaTyiuk, Berawcnute 3HaveHus napametpos R u L, ec-
AWM W3BECTHO, YTO Ha 4acrote 5 MILI wmnesauc naHHOTO [BYXIOMOCHHKA Z =
15 exp {70,6} xOm.

2.19. 1llenb COCTOMT U3 NOCNENOBATENBHO COeTHHEHHLIX KaTYIIKH L = 8 MIH U koHzAeH-
catopa C = 5 n®. Haiinute yactoty f, Ha KOTOPOil MOAY/1h PEAKTHBHOTO COMPOTHRIIE-
HHS KATYLIKH B 5 pa3s TpeBbiiiiaeT MOAY/Tb PEAKTHBHOTO COTIPOTHRIEHHA KOHASHCATOPA.
BhblyncanTe UMIEAaHC JAHHOTO ABYXTONKOCHHKA Ha HalineHHOM YacToTe.

2.20. Wwmeetca ABYXIONOCHHUK, 0OPa3ORAHHBIA MAPALIETBHEIM COENHHEHHEM ANEMEH-
ToB R u L. Bumeaute dhopMyny, ONKHCLIBAIOWYIO HWMnedaHe Z(w) maHHOM Lenu Kax
dyrKumMo yactorsl, Hailnnte sHaueHus neHCTBUTENBHOM M MHUMOI YacTel MMIieaaHca

Ha yactote @ = 10* ¢, ecnu wapectHo, uto L = 3 mIu, R = 4 xOm.

2.21. Jina uenw, cxema KOTopoii npuBenena Ha puc, 2.20, BeiauemTe (asoBbiit COBHT
dy mexay TOKaMH B HEPa3BETBICHHOM 4acTH Uenu u B pesuctope. [lapaMeTper uenu:
L=8wla; R=0,5 xOm; w = 10" ¢™'.

2.22. K saxumam ceTM mpombiuicHHOH yactorsi 50 T, 220 B noaxkiwodena uenb
13 pesucropa B = 600 Om u HekoToporo koHneHcaropa. MokasaHus sonstMeTpos V)

.-

1 R
o~
—_— : ~
I L ﬂ ifﬂ l—c—4l

Puc. 2.20 Puc. 2.21

3&,&1&'4’" a7

1 V3 (pue. 2.21) okasannch opiHakossiMu. Kakosa emkocTs koHnercatopa C? Kakosbi
NoOKa3aHMA BONETMETpOB?

2.23. Uens, cxema KOTOPOl noka3aHa Ha puc. 2.22, BosGyxaaeTcs NBYMSi HCTOUHHKAMMH
rapMonuyeckix 3/1C ¢ OnMHAKOBBIMKM EMIUTUTYIAMK H YACTOTAMM tasosbiii capur
Mexay Konebauuamu HCTOuHUKOB coctasnseT 90°: B, = Ey, E, = jE,;. Buseaute

thopmynrl 118 pacyeTa KOMANEKCHBIX aManuTya Toka I u Hanpaxerus ;, yana 1
OTHOCHTENBHO 333eMIEHHOM TOYKH LIENH.

Puc.2.22 Puc.2.23

2.24. Cxema nuneiinoii ueny nokazawa wa puc. 2,23, Masectno, uto B = 40 B,
R =3 kOM, R; = 8 kOM, C = 4 u®, Yacrora Bo3OYXIAIOMEr0o HCTOMHMKA

w = 10° ¢™". Beruncante Komnaekcrbie amnantynst I, Uy, Uy. Moctpoitte B macirabe
BEKTOPHYIO AMATPAMMY HANpsSXKeHUH B Leny,

2.25. HcrouHMK rapMOHMYECKOrD TOKa ¢ 4actotoil w = 10° ¢~ ¢ aAMIINTYA0H
I, = 40 MA nwuTaeT uemnb, cxemMa KOTOpoit M3obpaxena Ha puc. 2.24. WUssectHo, uto
Ly =6 mli, L, =8 mlu, Ry = 3 kOm, R; = | kOm. Haiigure ammautyay U,

HanpsAXeHHs Ha 3aKUMax UCTouHUKA Toka. Kakoil cranet 3ta amnnuTtyaa, ecnu yansi |
H 2 COEIMHUTL HALANTEHO NPOBOASLIEH NepeMbIMKOii?

f l :
2 ]
c
R, e
¢ T

Puc.2.24 Puc. 2.25

2.26. JIByxnoniocHHK C AByMS MApanieNbHbIMM NACCHBHBIMH BETBSMM u300paxeH
Ha puc. 2.25. llenb NHTAETCS WCTOYHUKOM TAPMOHMYECKOTO TOKA C KOMILIEKCHOM
ammumaTynolt f = 2,5 MA w uactotoit w = 10° ¢™', Tlapamerpsi uenn: R = 2.7 kOm,
€, = 320 n®, C, = 850 n®. Haiimire KOMIUIEKCHYIO aMnanTYay Hanpsxenus U,
I TAKKE KOMIUIEKCHYIO MOIIHOCTE S, noTpebaseMyio 1aHHOI Uenbio,

2.27. NpuMEHHTERBHO K YCAOBHAM 3anayn 2.26 Haiimure azonriii capur dip;; Mexay
TOK&MH B NACCHBHBIX BETBAX LIGTMH.
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2.28. Wctounuk rapmondueckoi DAC noakmoueH K 3@8XuMaMm NOCAEN0BaTENbHON
RC-uenu. Jokaxwure, yto abCcomOTHOE 3HAYEHHE PEAKTHBHOW MOLIHOCTH B JAHHOM
BBYXAOMGCHHKE MAKCHMATLHO MPH 4aCTOTE BO30YKIAIOUErs HCTOYHIKA w = [ /(RCY).

2.29. lens ofpasosaHa nocnefoBaTeNbHbIM COeAMHEHHEM pe3uctopa R = 150 Om
W WHOYKTHBHOH kKatywkn L = 0,4 Th. K 3axumam LenH MOZKTIOYEH HCTOMHHMK
FapMOHHYECKOro HanpskeHusa ¢ ammintynoi U, = 310 B u yactoroit f = 50 T
Haitnure akTHBHYI0 MOLIHOCTE P M PEAKTHBHYIO MOLLHOCTE @ 31€KTPOMAarHHTHOTO
MpoLlecca B JIAHHOMH Hen .

2.30. Tenepatop rapMoHWvecknx Konebanuii umeer yactory f = 15 Ml u coctout
13 ucrounnka BC ¢ ammantyaoin E, = 50 B, nocnenoBatesisHO ¢ KOTOPbIM BKJTIO-
YEHO YMCTO PEIUCTUBHOE BHYTPEHHEE COMPOTHBACHHME 3TONO MCTO4HUKA R; = 10 Om
(puc. 2.26).

Harpyskoit cayxut nocnenopatensHoe coeaMHeHue pesuctopa R, = 20 Om
H HEKOTOPOW HHAYKTHBHOI Katymku L, . Haltnute 3HaueHHe HHAYKTHBHOCTH KaTYLIKH,
MPH KOTOPOH B HArpy3Ke BBLAEIACTCA AKTHBHAA MowHocTs P = 4 Br.

Puc. 2.26 Puc.2.27

2.31. Uenb nuraeTcsi MCTOMHWUKOM TAPMOHWMYECKOTO HAMPSXEHHS, KOTOpBIt MmeeT
HEKOTOpOE BHYTpeHHee conpoturneHue Z; (puc. 2.27).

Hspectno E, = 2 B, Z; = 15+ j25 Om, Z, = 80 — j10 Om. Haitanre cpeanioo

MOLWHOCTH .Pcp IEKTPOMATHHTHOTO NPOLECCa B Harpy3ke:
8) MPH 3A0AHHLIX NapaMeTpax Uenu,

0) mpu cornacoBaHWW [EHCTBHTENLHLIX YacTeil MMnNenaHcos, xoraa Z, = 15 —
710 Om;

B) NpH COACOBAHMM MHMMBIX YacTeit umneaancos, xoraa Zy = 80 — j25 Owm;

r) NpH NOJHOM CoFnacoBanuu, Koraa Z; = 15— j25 Om.

lasa 3

Merogbl aHann3a cAOXHBIX yeneH

B pmanbHeiiiem GyaeM HasbIBaTh CAOMCHHIME TAKME 3NMEKTPHYECKHE LIETH,
KOTOpEIE comepxkat Oosee onHoro KoHTypa. [TonHbIA aHanM3 CIOXHOW Ue-
MY 3aKII0MAETC B HAXOXIEHMM TOKOB BCEX BETBEH WM, YTO PaBHOLEHHO,
B OMpeiesieHUH MOTEeHLUMANIOB BCEX ee YIOoB.

HekoTopbie COXHBIE 1eNnH YAaeTcs YIPOCTHTH, BBITIOMHAA, HANMPUMED,
SKBHBAJIEHTHbIE NTPpeobpa3oBaHuA MOCNEA0BATENLHO W MAPAIIEIbHO COeHHEeH-
HBbIX BETBeil, KAK 3T0 ONMUCHIBAIoCh B M. 2. OAHAKO LIS MPOM3BOABHON Lielmu
HeoOX0AUMO MPUMEHATHL 00l e MeTOIbI, BEITEKAIOUIHE U3 MEPBOTO U BTOPOTO
3akoHoB Kupxroda.

3.1. leomeTpuyecKue 3aKOHOMEPHOCTH
B CNOXHBIX Lenax

PaccMOTpHM HEKOTOPYIO CIIOXHYIO 1enb, Kotopas cogepxut N, yanos
v N, perped. DneKTpHYECKH pexXuM uemu OyleT MOMHOCTBIO OMpejefieH,
eCJIM YOacTCA HaWTH TOKW BO BCEX BETBSX.

JokaxeM W3 reOMETPHYECKMX COODpaXXeHHH, YTO YMCIO HE3aBUCHUMBIX
ypaBHeHMil, MOMyYaeMbIX Ha OCHOBaHMM 3akoHoB Kupxroda [cM. dopmy-
ant (1.8) u (1.9)], kak pas 1ocTaToYHO WS PelleHUs NOCTABIEHHOM 3ama4m.

Jlns 3TOTO 3aMETHM, YTo no nepBoMy 3akoHy Kupxroda nonyuaercs N,
anrebpaHvyecKHx ypaBHEHMH oTHOCHTENBHO ToKOB BeTBei. [Mpyu 3TOM Kaxibli
TOK OJHOBPEMEHHO BXOOWT B 1Ba YPABHEHMSA C PasHbIMU 3Hakamu. Kak cnen-
CTBHE, CYMMa BCEX TOKOB IO BCEM Yy3/1aM aBTOMATHYECKH oOpallaeTcs B HYJb.
D710 faeT OHO YCJIOBME CBH3M, HANATAEMOE HA TOKH, TaK 4TO obLiee YHCIO
He3aeuCUMBIX YpasHenuyii o nepsomy 3akoHy Kupxroda cocrasnsier (Ny — 1).

VpaBHeHME NO BTOpoMy 3aKoHy Kupxroda 3anmucheiBalOTCa I HE3a-
BHCHMBIX 3aMKHYTHIX KOHTYpOB. [loKaXeM OCHOBHOE MONOXEHHE TeOMETPHH
CHAOXHBIX LIENeii: YHCII0 He3aBUCHMBIX KOHTYpoB N, onpenesnsiercs no dopmyne

N.=N,-N,+1. (3.1)

Jloxa3aTesibCTBO TMPOBEAeM MO WHAYKUMH. [1A OAHOKOHTYPHOMH LETH
(puc. 3.1a), korza Ny =2 u N, = 2, pasenctso (3.1) ouesuano. Ecan noba-

BHTB e11ie 0auH y3en (puc. 3.1 6), TO YHCIIO KOHTYPOB YBETHYHBACTCH Ha €OUNULY
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Puc. 3.1. K onpegeneHuio 4ncna He3aBrCHMmbix yPaBHEHHHA;
a) OAHOKOHTYpHas Lens; 6) ABYXKOHTYPHaA Lenb

3a cyet aobamieHHs deyx HOBLIX BeTseil. Ouennano, uto dopmyna (3.1) ocra-
ercd cnpaBeaiMBoil no-npexHeMy. dobasnds HOBbIE Y3IBI H BETKH, MOXHO
NOAYYHTh JIOOYIO CNOXHYI0 Lenb, ofliee 4MCIO HE3aBUCHMBIX YPaBHEHWIL
coctaBuT nipu 3toM Ny — 14+ N — N, + 1 = N,, 4T0 KaK pa3 JOCTaTOUHO st
HAXOXAEHHA BCEX TOKOB B BETBSX.

Mpumep 3.1. CocraBuTh ypaBHEHHS] OTHOCHTENILHO TOKOB B BETBAX IS LIEMH, CXEMa
KoTopoit u3obpaxena Ha puc. 3.2. Liens ofpasosaHa peauctopamu R;—Rs W muTaercq
uctounukamu B, u E, (3gech u B panbHeiflieM 3arnaBHBIMK OyKBaMH 0003HA4AIOTCH
BEJIMYHHBI, TOCTOAHHBIE BO BPEMEHH),

3ananumcs HEKOTOPBIMH MPOH3BOABHBIMKM HanpaBneHUAMH TokoB I —Is KoToprie
Ha PHC. 3.2 yKa3aHbl CTPETKaMH.

I Rs 2
—
—
—
15
R, TI. R TIJ Al Tr; &T R,
! i T T
f} k\._/! \"-.._./; \-..___/} fg
Hy oM 3 M
Puc. 3.2

YpasHenuns wis yanos 1 u 2:
—I] —I]+Is‘—_0, —15—14—.(2:0'. {32)

Hna yana 3 nonyswrcs ypaHenue I) + L + I; + Iy = 0, Kotopoe siBnsieTcsi CYMMOii
JBYX NMpeasiyLnx YpaBHEHUH H NO3ITOMY HOMKHO OBITE OTOPOLIEHO.

YpapreHusa mnia koHTypoB K, K; u K3 nmony4aiorcs ¢ MCHONB3OBAHHEM 34KOHA
Oma:

R\l — BRIz = E,, Rilz+Rsls—Ryly=0, Ry—RyL=FE,. (3.3)

CrnenyeT TiaTenbHO NPOCAEAMTD, KAK 3HAKH HANPHAXEHWA HA pe3ucTopax cornia-
CYIOTCH ¢ BRIOPAHHBIMH HanparneHUAMH 00X0Na KOHTYPOB.

Ofuiee uncno ypasHeHuit B cuctemax (3.2) W (3.3) paBHO YMCAY HEM3IBECTHBIX
TOKOB.

OGpaTimM BHHMaHHKE HA TO, YTO HEJABMCHMBIE KOHTYDH MOXHO BbiOHpaTh HHAYE.
Hanpumep, BO3MOXEH KOHTYP, COCTOSMWMA M3 000MX MCTOUHHMKOB H TPEX PE3IHCTO-
pos R,, Rs, R;. Ecrecteenno, uto cucrema (3.3) Gyaetr WmeTs MpH 3TOM JApPYTYIO,
HO MOMHOCTBIO IKBHBANEHTHYIO (hopmy.
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Haiinenuble B pesynerate Toku I) —I5 MOryT OBITH KaK MOJOXKHTENLHBIMH, TAK H OT-
pHLATENbHEIMK. 3HAK KAXIOT0 TOKa YKAILIBAET HA TO, COBMANAET HIIM HET ero MCTHHHOE
HarpaB/ieHKe ¢ TEM, KOTOpOe G0 HCMOMb3OBAHO TIPH COCTABNIEHHH YPaBHEHMH.

3.2. MeTroa KOHTYPHBIX TOKOB

Yncno HE3aBHMCHMBIX YPAaBHEHHH, ONMMUCHLIBAIOLIMX MPOLECCH B CAOXHOMH
LEMH, MOXHO CYLIECTBEHHO COKPATHTB, BOCMOJIL30BaBILMCh METOIOM KOHTYD-
HBIX TOKOB, MPEIIOXEHHBIM B cBoe Bpemsi MakcBesuioM.

CyluHOCTh METOJA 3aKJII0YAaeTCA B TOM, YTO BMECTO (DaKTHYECKHUX TOKOB
BeTBeil HaxXooAT (PHKTHBHEIE KOHMYPHBIE MOKU, 3AMBIKAOIHECH B HE3ABHCHMBIX
KOHTYpax; HalpaBlIeHUd 3THX TOKOB 3aJal0T MPOU3BOJIBHO.

Ha pwuc. 3.3 @ n300paxeH y3el, B KOTOPOM CXOHNATCA TpU BeTKU. KoH-
TYPHBIE TOKH UMEIOT KOMILIEKCHBIE aMIUTHTYIbI f,,, I, L. Kaxabiit u3 310X
TOKOB, BXOAs B y3e1, BBHIXOAMT M3 Hero. [TosroMmy anreGpauueckas cymma
KOHTYPHBIX TOKOB B Y37i€ BCeria paBHa HyJl0, ¥ nepsbiii 3akoH Kupxroda
BBIMOJHAETCA aBTOMATHYECKH.

(ot |
[ ]

r—
.l
AN

d)
Puc. 3.3. Merogn KOHTYPHBIX TOKOB:
a) CyMMUPOBaHHE KOHTYPHbIX TOKOR 8 y3ne; 6) cxema uenu Kk npumepy 3.2

Takum o6pasoM, YUCHO ypaBHEHHI, HEODXOOMMBIX [UTA MOJIHOTO pacuyeTa
CTIOXHOM Len¥y, PaBHO YHCAY HE3aBHCHMbLIX KOHTYDOB.

MMpumep 3.2. Cxema uenu, MUTaeMoil MCTOYHMKAMM rapMoHuueckux DC ¢ KoM-
TUIEKCHBIMH aMniuTyaamMH B, u E,, npencrasinexa Ha puc. 3.3 4. Haittin ananuTHyeckoe
BbIpaXeHWe KOMIUIEKCHON aMruiuTyasl I3 TOKA B LIEHTPaIbHOI BETBH,

O6xons 0ba KOHTYpa B HaNpaBNEHHSX KOHTYPHBIX TOKOB f.“ H fxz, Ha OCHOBaHUH
sToporo 3akoHa Kupxroga uMeeM 18a ypapHeHus

(Z\+ &) — Z:0 = B,

: ; ; (3.4)
~Z3l +(Zy + Z3) ]y = B,
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OTpHuaTe/bHBIC 3HAKM CIAraeMBbIX B JIEBbIX YACTAX 0OBACHAIOTCH TEM, YTO NPH BoIOpaH-
HbIX HATIPABJIEHHSIX KOHTYPHBIX TOKOB HANpAKeHHA, BOIHHKAIOUMKE HA 3neMeHTe Z3
Mos JEACTBHEM 3THX TOKOB, HMEIOT NPOTHBONONOXHBIE NOASPHOCTH.

Pemwas cuctemy (3.4), HaX0AUM KOHTYpHbIE TOKH

_ B\ + %) + By Zs B4 +Z)+EZ

fy= , Ta= .
Lol ¥ R ROy B A A

OTKyAa

E\Z, - By 2,
20+ 2,25+ 2,75 :
WHTepecHO OTMETHTDH, YTo npk B, Z, — E,Z, = 0 1ok I; = 0. D10 06BACHS-

eTCH TeM, 4T0 002 WCTOMHMKA NO OTHOWEHUIO APYT X APYTY BKIOMCHLL COTRACHO
(c oaMHAKOBOIT MONSPHOCTHIC); CYMMApHOE HANPSIKEHHE MAnacT Ha MOCACAOBATENILHO

COENHHEHHBIX 3/ieMeHTax Z; W 2. fAcHo, 4TO eciH EJE'; = Z,/Z;, 10 pasHOCTB
AOTEHLIHAIOB Ha 3aXUMax Z; paBHA HYJO, H TOK B 3TOM 3/IEMEHTE OTCYTCTBYET.

r?- - 'x] s II:I S [35)

O6wwmi cnyvan

AHAIH3 LIENH 13 ipumepa 3.2 ybexaaeT, 4TO OTAENbHbIE KOHTYDHbBIE YpaB-
HEHMA OKA3BIBAIOTCA CBA3AHHBIMH HANMMHMMEM BeTBEH, ONHOBPEMEHHO MPHHAL-
aexamum aByM win 6osiee cMexXHbBIM KOHTYpaMm. [To3ToMy pacuer CIOXHOW
JIMHEHO#H Lenu o0LIero BUAa Mo MeToLy KOHTYPHBIX TOKOB CBOJMTCH K pe-
ILIEHUIO CHCTEMBI N JMHEHHBIX anrebpaMiecKuX ypaBHeHWH, rae n = Ny —
YHC/IO HE3aBUCHMBIX KOHTYPOB.

NeicTBUTENLHO, 3aTIMCHIBas YCIOBHSA 3MEKTPUYECKONO PABHOBECHA B KaX-
[IOM KOHTYPE Ha OCHOBaHWHM BTOporo 3akoHa Kupxroda, nMmeem

Zula + Zuda + o+ Find = E,,
ZlenI +222fx2+-'-+22njxn - E'Es (36)

Znijxl + Z!ﬂjkl e o ZRHI.K?I = En-

B stux ypasHenusx By, Bs, ..., E, — xommiekcHsie ammuiutyasi 3C B KoH-
Typax; 3HaKy COITIACOBAHBI C HAamMpaBieHHEM 00X00B, KoMiiekcHbIE COMpo-
TUBNEHNA Zyy, £, ..., Ly TipenacTaBnAlOT cobOi coficmeennvie conpomueie-
HUA, B TO BPEMS KaK BEMMMHBI Zj; — 63QUMHbIC CONPOMUENEHUR MEXIY i-M
u j-M KOHTYpamu (2 # J).

3HaKM B3AMMHBIX COMPOTHUBIEHUN OYIYT ompuuamensibiMu, €ClH TOKH
B CMEXHBIX KOHTYPAX OpDMEHTHDOBAHEI B OJHOM M TOM XE HanpaBNeHHH,
CKaXeM, TI0 4acoBoii cTpenke, kak B npumepe 3.2, OTpHUATENbHBIE 3HAKH
YKa3bIBAIOT, YTO HAMPSKEHHS, BOIHUKAIIME MOA ACHCTBHEM 3THX TOKOB
Ha J/nemMeHTe Z;;, OyayT MMeTh TPOTHBOMONOXHYIO MOAADHOCTE, Ecam xe
KOHTYPHbBIE TOKH OPHEHTHPOBAHBI B PajHbIX HAMpPAaBNEHUAX, TO BENHIUHB Z;;
JOJKHBI YY4HTBIBATBCA € NOAONCUMEAbHHIMU SHAKAMU.

3.3. Merog yanossix norenynanos y 23

Pemrats crcTemMy ypaBHeHwit (3.6) MOXHO Mo6bIM cOCOBOM, Harpumep,
metonoM Kpamepa, cornacHo KOTOpoMy TOK B TIEPBOM KOHTYpE

By, Zp ... Zi
; 1B Z Z
I —_- — 2 22 e n
TR e (3.7)
En Znp Zon
rae
Zn Zn Zin
A=|?n Zn ... Znm ()
Z“] ZnZ LR Zl‘lﬁ

— OMNpEOeNHTENb CHCTEMBEI.
Y7106bl HAWTH KOMIUIEKCHYIO AMIUTMTYIy TOKAa Iyn B M-M KOHTYype,

BekTOp-cronbew koutypusix IAC (E,, B, ..., E,) B dopmyne (3.7) crenyer
MepeMeCcTUTs Ha M — | MO3HLIHIO BIIpaBo.

3.3. Merop y3nosbix NnoTeHUMaNos

Insg aHanM3a CROXKHBIX 3NEKTPHYECKHMX LIETeH 4acTO MCMONB3YIOT TAKXKe
METOl YUIOBEIX MOTEHLUHATOB (YIOBBIX HATIpsXeHHii). B KayecTBe He3aBHCH-
MBIX MEPEMEHHBIX 31€Ch MPHHHMAIOT MOTEHLIMAE! OTAEAbHBIX Yy3noB, Tak Kak
MOTEHLIHA OJHOTO M3 HMX MOXHO CHENaTh PaBHBIM HY/IO, «333¢MJIMB» 3TOT
y3eJ, TO pacyeT CBOAHTCH K HAXOXIEHHI0 Ny — | HanpsXeHHH, CYLIECTBYIOIINX
MEXIY OCTANbHBIMH YIIaMH U «3eMieiis,

[NpouwmocTpUpyeM ONMHUCAHHbBIH METOX Ha KOHKPETHBIX MIPUMEpAX.
[Tpumep 3.3. Cxema uenn, Bo3DyKaaeMoii IBYMs HCTOYHHKAMH FADMOHMYECKOTO TOKA
¢ KOMIIeKCHBIMM amruiuTyaamu I; u I, npusenena Ha puc. 3.4 a. HafiTi KOMIIeKCHbie

avmnntyas U; u U, Hanpsokermit y3ioB | 1 2 OTHOCHTENBHO «3a3eMIEHHOTO» yana 0.
K kaxaomy u3 yanos | u 2 noaxonart Tpu setBH. Ha OCHOBAHMM MEpBOro 3aKOHA
Kupxroda coctasuM ypasHeHme g yuia |

L+ VW, + YU, -Uy) =0 (3.9)
W s yana 2
-Y(U, -U)+ Kl - L =0. (3.10)
3aeck y4TeHO, YTO TOK, BXOOALIMIA B Y3e/, OTPULIATENCH, @ BRIXOASLIMIA W3 y3na —
nonoxuTeneH. Kpome T0ro, TOKM M HanpskKeHHWS COMIACOBAHBI MO HAMpPaBIEHWIO.
Hanpumep, ecu HanpsokeHre ywia | BeILUe HANPSDKEHHA yana 2, TO TOK B aieMeHTe Y3,
vumelolMit KoMmiekcHyio ammuntyay Y3(U, — U), Hanpasaes B cTopoHy yana 2
i nosromy Geperca B ypasseHuu (3.9) ¢ nonoxurensHeM 3HakoM. IloHsTHO, uTO
TOT Xe camblil Tok B ypaBHeHHH (3.10) UrypHpyeT ¢ OTpHUATENLHEIM 3HAKOM.,
Papesicteo (3.9) u (3.10) MoxHO OGBEANHUTE B CHCTEMY M3 ABYX YDABHEHWI

Y+, -Ysh=1, -HU+WG+%)0h=15h (3.11)
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Puc. 3.4. Merop y3nosbix noveHuuanos: a) cxema uenu K npumepy 3.3;
6) cxema uenu K npumepy 3.4

petieHHe KOTOPOH 31EMEHTAPHO!

(Y, + Vi)l + 31 0= i + (Y, + V)h

i i L L ;
S D e TS T A

(3.12)

{Tpumep 3.4, Tlo MeTtony y310BbIX TOTEHUMAIOR COCTABUTH CHCTEMY YDaBHEHHIl ann
HAXOXKIEHHS KOMILIEKCHBIX aMILiuTyn Hanpsokexuit Uy, U; w U; B yamax 1-3 uenn,
cxeMa Kotopod M3oOpaxeHa Ha puc. 3.4 6. Emxoctu € Bcex Tpex KOHIEHCATOPOB
OOWHAKOBBI, TAK XK€ KaK H CONPOTHBAEHHA R BCEX T‘pex PE3HCTOPOB, ueﬂb noaﬁymae'rcn
ucrounukamu JIC ¢ KOMIUIEKCHBIMM aMnanTyiamu B, By u B;.

ITpu cocTaBNeHHH YpaBHEHMI CEAYET YYECTh, YTO HANPAKEHHE HA KAXKIOM Pe3H-
CTOpE PAaBHO PA3HOCTH MEXKIY HANIPAXKEHHEM YIa H 3HaueHHeM cooTeeTcTryloweit 3J1C.
Hanpumep, HanpsxkeHHe Ha KpalHEM JE€BOM DE3HCTOPE MMEET KOMIUICKCHYIO aMILIH-
Tyay Uy — E,. llpupasHusas Hy 0 anrebpanieckue cyMMbl TOKOB B KAXKAOM M3 y37108 |,
2 1 3, noayuaem

U 1 — B : . = : - -
o + jwC(U, — V1) + jwC(U, — Us) =0,

- B s
L 4 jwC(U, - U3) =0, (3.13)

3 St
ij(Uz—Ui,)“f' 2R

JwC(Us - Uy) + jwC(U; - Uz)+ R 3:0.

[lepeHocs KOMMNEKCHBIE aMIUIMTYAbl UCTOYHMKOB B MpPaBble YACTH, NMPHXOOMM
K CHCTEME anrebpanyuecKux ypaBHeHHH

(2 I )U -U; = B
jwRC )" '~ jwRC’
3 1 ; B

_U 2 —tian. —_ E o 4
.+( + RC) Us oRC’ (3.14)

g | , B
—U|—U1+(2+.— UVy=——
' JwRC jwRC’
PeLIeHHE Kt)‘mpoﬁ MOXHO IIOIYYHTE J00BIM YHCIICHHBIM METOOOM, 3aJaBLIHCL 3Ha4Ye-
HHEM YaCTOThI H HOMHHANIAMM 3EMEHTOB LIEMH.
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O6muin chyuai

PaccMOTpHM METOO Y3/IOBbIX MOTEHUMWANOB B CHEAVIOLIEN MNOCTAHOBKE.
[MycTh OTAENBHBIE Y37ibl LENMH COEAWHEHBI JPYT C IPYIOM MAaCCHBHBIMU JiU-
HEeHHBIMH JBYXMOMIOCHHKAMM, MPOBOAMMOCTH KOTODHIX 0003HA4YE€HLI CHMBO-
namu Yj;, tae 1, j — HOMepa CoeanMHsEMbIX yaioB. Kpome TOro, K Kaxmomy
YTy MOXeT ObITh MOAKITIOYEH MAealbHbIH HCTOYHHMK TOKA fg. rae ¢ — HoMmep
1aHHOTO y3na.

Bo3bmeM KOHKpeTHO k-t y3ei1, CoeIMHEHHbIH MPOBOAMMOCTRIO Yig ¢ Hy-
1eBbIM («3a3eMJIEHHBIM») Y3IIOM, NPOBOAHMOCTEIO Ye ¢ I-M y3noM u T. 1.
[Mepeunicienue NPOJOKAETCS BMIOTE A0 j-rO y3na, KOTOPBIH COENMHEH
¢ BBUIGIEHHBIM Y¥IOM mpoBoaumMocTsio Yj;. Ha ocHoBamuM rnepBoro 3ako-

Ha Kupxroda
YggUk + Ku(['fg - U]) + Yﬂ(gg - U;) + ...+ ij(Uk - UJ) - }.}, =0
OobenuHsas noaobHbIE YneHsl, 9T0 PABEHCTBO MOXHO 3aMMHCATh TakK:
YMI};‘ - Yk;ﬁl - YuUz L. ijb.rj = fk, (3.15)

riae BeaH4YHHa
Yir = Yo+ Yia +...+ij,

Ha3blBaeMas cofcmeentoll npogodumocmsio k-To yana, npeacTapiset coboi cym-
My MPOBOAMMOCTEH BCEX BETBEH, TIOAXOAAUIMX K AaHHOMY yany. TTo aHanoruu,
MPOBOAMMOCTL Y;; Ha3bIBAeTCA 63AUMHON NPOGOOUMOCMbIO BETBH MEXIY i-M
i j-M yiamu. BaanmHble APOBOAMMOCTH CHMMETPHYHEL, T.€. Vj; = ¥,

@opmyna (3.15) no3ponsieT 3amicaTh OGLIMH BHA CHCTEMBI JIMHEHHBIX
ypaBHEeHHii /14 1enu, conepxameil m = Ny — 1 yanos:

Yuli - YU, — ... = YigUn = I,
~YuU, + YU, — ... = YouUp = I,

—lef-][ 2x szﬁz — i YmmUm - fm.

[MomoGHas cucTeMa Obila MOAYYeHA BBILIE U KOHKPETHOH LENH M3 npu-
mepa 3.3,

Cnenyer OTMETHTB, YTO METO[ Y3JIOBBIX MOTEHLHANOB HMEET CYIIECTBEH-
HOE NPEUMYLIECTBO MO CPABHEHHIO ¢ METOJOM KOHTYPHBIX TOKOB, COCTOAILCE
B TOM, YTO 31ecCh He TpebyeTcs IpeABapUTENbHO MCKAThb CHCTEMY HE3aBUCH-
MBIX KOHTYPOB. DTO OOCTOATENLCTBO YNPOLIaeT MPOrpaMMHYI0 DeanH3allHio
laHHOTO METOAA.

(3.16)

3.4. dxBuBaneHTHbie Npeobpa3zoBaHuA NUHEHHBIX UeneH

[Npouemypy aHanu3a CNOXHBIX LENeH B pale CIy4aeB MOXHO CYLIECTBEHHO
COKPaTHTb, 3aMeHsAs ONHM KOHQWIypaluWH 3/IEMEHTOB ApPYrumu, Anubo Gonee
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npocTeiMu, N1bo 6osee ynoGHeiMK Wis pacueToB, CTpyKTypHbie ripeobpa3osa-
HUA LENH, TIPH KOTOPLIX BCE TOKH H HANPSKEHWs! OCTAIOTCA HEM3MEHHBIMM,
NPUHATO Ha3bIBaTh 3KeusareHmMHbIMU npeobpazosanusmu. K vx YHCIY OTHO-
CMTCA TaKasl 3JIeMEHTapHas omepallis, KakK 3aMeHa rpynnel mocjeIoBaTe/bHO
BKJIIOYEHHBIX IBYXMOMKCHUKOB OAHHM 3/IEMEHTOM C CONMPOTHBIEHHEM, paB-
HBIM CYMMe CONPOTHUB/IEHHH 3/1eMEHTOB DYk,

Tpu pacuerax panguoTeXHUYECKHX YCTPOHCTB HACTO MPHXOAMTCH BBINOI-
HATH M DOJlee CNIOXHBIE 3KBHBAIEHTHBIE Npeobpa3oBaHus, psa M3 KOTOPBIX
M3y4aeTcs HMXe.

AxeuBaneHTHbie npeobpasosanus T- W MN-06pa3Hbix yenei

Paccmorpum fBa nuHeliHbIX TMACCHUBHBLIX TPEXMOAKOCHHMKA, H300paxeH-
HBIX Ha puc. 3.5. TpexnomocHuk U3 snementoB Z), Z; u Zy (puc.3.5a) —
9TO TaK Ha3biBaemas T-o0pa3uas lenb («3Be3na»); TPEXTOMIOCHHK M3 e~
MEHTOB Z3, Z\3 u Z3 (puc. 3.50) npeacrasiser coboii [T-obpasHyio uens
(«TpeyroibHUK» ).

Puc. 3.5. JxsusanenTHbie Npeobpa3oBaH1A NACCHBHBIX UeneH;
a) T-obpaanasn uens; 6) M-obpasnan uens

Haitnem dopmynsbl, ycTaHaBIHBaIOLME 3KBUBAJEHTHOCTh 3THX JABYX Le-
nei, MOHUMAaEMYI0, KAK OIMHAKOBOCTE KOMIUIEKCHBIX COTIDOTHUBIEHHN MeXay
meboit Napoit w3 TPeX IOCTVIHEIX 3axuMoB, HanpuMep, conpoTUBieHHE MeX-
ay saxumamu | u 2 B cxeme Ha puc. 3.5a, paBHoe Z;+ Z,, 107KHO BbITh paBHO
COMPOTHBIEHMIO B CXeMe Ha pHc, 3.50, koropoe ofpa3oBaHo 3neMeHTOM Z))
M [apalieNbHO MOAKIIOYEHHOH nOC/TeIoBaTesHOW LHemodkoi U3 Z;3 u Zx.
Taxum obpazom, Luenu 6yayT SKBHBAIEHTHLIMM, €C/IH BbINOJHAKOTCA PABEHCTBA

Zi(Zy3 + Zx)

RN SRl Bl
: o AR R
ZnlZp+ 2
h+2y= fu%nt2n) A (3.17)
Zp+Zi+ Zn
ZnlZyw+ Z
e, i n(Zyg+ Z)

Zu+ 23+ 2y
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Pa3pelliuB 3TH ypaBHEHHs OTHOCHTENBHO Zy, Z> U Z3, HAXOINM

VATYAL
b= —————
Zyp+Zi3+2Zn
ZZxn
Zy= ——m——, 3.18
2T B+ Zn+ B 19
Zady
=
Zyp+Zi+ 24y

Ecnu xe, HaoGopor, paapemuts (3.17) OTHOCHTENBHO COMPOTHBAEHMH
Z12, Z13 n Zy;, TO nonyyaeM creayioliie GopMyibl 3KBMBATECHTHOMN CBA3M:

VAV
Zp=Z+2,+ : 2,
Z
VAVA
Zuy=5+ 2+ ——, (3.19)
2
2 7
Zn=0+Z;+ s 3.
Zy

B Teopuu ueneit yacto rosopst, Yre dopmyns (3.18) u (3.19) onpenensior
KBUBAJIEHTHOE NMpeobpa3oBaHue «3BE30a—TPEYTONIBHUKY,

Jlerko npoBepuTh, YTO €C/iM, Hanpumep, B T-obpa3Hoii uenu 2, = 25 =
Zy = R, 10 3kBHBaieHTHas [1-06pa3Has Lenb MMeeT napaMeTpsl £y = Z;3 =
Z}] =31,

3xeuBaneHTHbie Npeobpa3oBaHA AKTHBHBIX ABYXNONIOCHHUKOB

Mozenblo peajbHOrO MCTOYHHKA, YaCTO MCIONb3yeMON B TEOpHH LIETeil,
CNYXMT AKTHBHBIH IBYXITONIOCHHMK, KOTOPbiH 00pa3oBaH moc/ieaoBaTe/IbHbIM
coeIMHEHHEM MICANBHOrO MCTOYHMKA HAMPSXKEHUs ¢ KOMIUIEKCHOW aMIuiu-
ryzoi E u Hekotoporo BHYTPEHHErO COMPOTHBIEHWs] C HMMeIAHCOM Z;,
Ha puc. 3.6 g 3T ABa 3/1€MEHTA BBIIEIEHBI TYHKTHPHON PAMKOIA.

l'lyc*n; peam;{mﬁ HCTOMHHMK MOOKIKOYEH K HArpyike ¢ KOMIVIEKCHBIM
conporusnenuem Z,. Tox B uenn I = E/(Z; + Z,), oTKyna KOMIUIEKCHas
AMIUIATYAA HAMPsKEHWS HA HArpy3Ke

3 EZ,
Ug= m (320)
PasgenuB H YMHOXHB YHCIWTENE Ha Z;, MOMYYHM
. (E/Z)Z,Z;
Uy=——"—7—. 3.21
Zi + Z“ ( )

MoxHO 3aMeTuTs, YTo BennuuHa F/Z; npeacrasnser coboil TOK KOPOT-
KOro 3aMbIKaHWs, BOZHHKAOILKIA B gaHHOI tenu npu Z, = 0. [Janee cneayer
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Puc. 3.6. JxksupanenTHpie NpeoBpa3oBaHus aKTMBHbLIX ABYXNOMIOCHHKOB: &) WCXOAHanA

UeNnb € MCTOYHMKOM HANPAXEHHsA; 6) 3KBMBANEHTHAaR eH Uenb C WCTOMHMKOM TOKa;

8] HCXO4HaR uenb C HUCTOYMHHKOM TOKa; F} 3IKBUBANEHTHAR EH uenb C HCTOYHMKOM
HaNPAXEHHA

Y4YeCTb, YTO Bhipakenne Z,Z;/(Z, + Z;) onuceiBaeT CONPOTHRIEHHE BAEMEH-
T0B Z; M Z,, COENMHEHHBIX mapanienbHo. OTCIo0a NPUXOAUM K BBIBOLY, MTO
HCXOMIHYIO aKTHBHYIO LIEMb MOXKHO 3KBHBAJIIEHTHO 3aMEHWTD ABYXMOTIOCHUKOM,
KOTOpBIif COIEPXUT HCTOUHMK TOKA ¢ KOMIUTeKCHOi ammumrynoit [ = E/Z;;
a/eMeHT Z;, paHee BKJIIOYABLIMIICA MOCNENOBaTeNbHO ¢ HeTouHukom BAC,
Teneps NPUCOSANHEH NapaeILHO UCTOMHUKY ToKa (puc. 3.6 6).

Takoe xe SKBHBaNiEHTHOE npeoOpa3oBaHHe MOXHO BBINOMHMTL, B3AB
3a MCXOIHYIO 1LI€Mb AKTHBHBIN JBYXIIOMIOCHHK C MCTOYHHKOM TOKa | M HEKOTO-
poii BHyTpeHHe# nposonumoctsio V; (puc. 3.6 6). Ecin BBeCTH B pacCMOTpeHHE
BHYTPEHHEE COTMpOTHBIeHHe HCeTOuHMKA Z; = 1/Y], TO KOMIUIEKCHYIO aMIuiu-
TYAY HAanpsDKeHHs Ha HATPy3Ke MOXHO BHIPA3HTh Tak:

e 12,2, (3.22)
" VYZ+ 12, L+ 2 ;

TNauwuas dopmyna no cBoei cTpykType coenanaer ¢ (3.20) u, cnegoBatensHO,
BO3MOXHA SKBHBaJeHTHas 3aMeHa MCXOAHOH Uenu IpYrod Lenbio ¢ HCTOYHH-
KOM Hanpsixenus (puc. 3.6¢2). KomniekcHas aMIUIMTyia 3TOr0 HCTOYHMKA By-
ner pasua [Z; = f/Yi, T. €. HAMPAXKEHHIO XOJIOCTOTO XOa B CxeMe Ha pHc. 3.6 6,
HabaonaeMoMy Ha BHELUHHX 3aXuMax npu Z, = oco. [locnenoBarenbHO C HC-
TOYHUKOM HATIPSKEeHHs BKIIIOUAETCS 3MIEMEHT C CONPOTHBIEHHEM Z;, KOTOPBIi
B MCXOAHOM Lenu Obl1 NPHCOEIHHEH Mapa/Ule/IbHO HCTOMHHUKY TOKA.

Teopemsi 06 3KBMBANEHTHBIX HCTOYHHMKAX

HMmeerca BOIMOKHOCTE 3KBHBAJIEHTHOIO YNpoLueHus Jiobo#H cKonb yroa-
HO CNOXHOH NHHEHHOH UenH ¢ ABYMSA AOCTYNHBIMH 33KUMaMHU,

Teopema Tepenuna. PopMyIMpOBKA €€ TaKOBa: NPOW3BOJIbHBIH JTMHEHHBIR
JBYXMOMIOCHUK, CONEPXALIMM HCTOYHHK TOKAa W(WIH) HATIPSKEHHS, MOXET
ObITh 3aMEHEH AKTHBHBIM JBYXIIONIOCHHKOM, COCTOSIIIMM H3 OJHOTO MCTOYHH-

ka DJIC F 1 noc/ienosaTebHO BKAIOYEHHOTO BHYTPEHHETO CONPOTHBIEHHUS Z;.
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Puc.3.7. K pokasarenscray teopemsl TesenunHa

JHaueHue F YMCIEHHO COBMANAET C HANpPSIKEHWEM XOJOCTOTO X0Ha HCXOJ-
HOTO ABYXNOMIOCHUKA, ConpoTHBIeHHe Z; PaBHO BXOTHOMY COMPOTHBIEHUIO
'(BYXTIO/IIOCHHKA TIPH OTCYTCTBMM MCTOYHMKOB, T. €. MPH 3aMEHe HCTOMHWKOB
3[C uneanbHbIMM MPOBOAHMKAMM M Pa3phbiBE TEX BETBEH, KOTOpbIE COMEPXKAT
ICTOYHHKH TOKa.

Joka3aTeNkCTBO OCHOBaHO HA MOC/IENOBATENLHOCTH MBICTEHHBIX KCIe-
PMMEHTOB, MOKa3aHHLIX Ha puc. 3.7 a—e.

l. MNogknmouyaeM K 3aXHMaM aKTHBHOIO ABYXMOMIOCHHKA Harpysky ¢ co-
NPOTHBAEHHEM Z,. B 1ienu ycTaHABNWBAETCS HEKOTOPHIN CTALMOHAPHLII
pexum (a).

2. PaspeiBaeM Henb Harpy3ku (6). Ha BeIXOmHBIX 3aXMMax BO3HHKAET Ha-
TIPSDKEHHE XO0JI0CTOIO X0Ia ¢ KOMIUIeKCHO# ammmntynoit U,,.

3. f_lonxmoqaeu Ha BBIXOJ YCTPOHCTBA MCTOMHKMK Hampskenus ¢ DJC E =
U (8). Tipn yxkasaHHO# Ha pUCYHKE MONAPHOCTH MCTO4HHMKA ero DJC
KOMIIEHCHPYETCSH HalpsXeHHeM XOJ0CTOrO X013, M TOK Ha BBIXOAE paBeH
HYJTIO.

4. JlobaBnseM B BLIXOOHYIO Liefb COMpOTHBIEHWe Harpy3ku (2). Tok mo-

TIpeXHEMY PaBeH HYJIO.

. JlobaBisieM Ha BHIXO[ €LIE OIMH MCTOYHHK HATIPSKEHHA ¢ paBHONH H npo-
THBOMNONOXHO HanpanieHHoH BJIC (d). B menu BHOBB ycTaHapIHBaeTCs
pexuM, oTBevaloli KoHdurypauuu (a). [lockonsky uenb JIMHeHHa
H TMOAYMHAETCS MPHHLHKIY CYNepno3uLMK, BOSHHKINHIA TOK €CTh CyMMa

N
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aByx TokoB. OaMH 13 HUX BO3DYXKIEeH BCEMM UCTOYHHKAMH, KOTODBIE TIPH-
CYTCTBYIOT B KOHpurypauun (2). Jpyroit ToK BO3HMKAET NOA AeHCTBHMEM
MCTOYHHKa, aoGaBaeHHOro B KoHdurypaunwo (d). Ho nepswiit M3 3THX
TOKOB pagen Hyaw), U NO3TOMY M3 LEMH MOXHO MCKIIOMHTHL BCE OTHOCS-
uiHecs K HeMy MCTOYHMKM. B pesynbrate npuxoauM K 3KBHBaJIEHTHOM
cxeme (€), orevaomieit GopMyIMpOBKE TeopeMbl TeBeHMHA.

Teopema Hoprona. CornacHO 3Toi TeopeMe, aKTHBHBIN JTHHEHHBIH IBYXNO-
JIOCHHK 0BLIETO BUIA MOXET ObITh IKBHBANEHTHO 3aMEHEH LIENbI0, COCTOALIElH
M3 NapaNIeNbHOrO COSMMHEHMA HICANLHOTO MCTOYHMKA ToKa | M HeKoTopoi
BHyTpeHHell nposomumoctv Y;. Tok I pasen Toky KOPOTKOrO 3aMbIKaHHA
HA BBIXOAHBIX 32KMMAax MCXOAHOM Lienu; MpoBOAMMOCTh Y; coBnazaer ¢ npo-
BOAMMOCTBIO, H3MEPEHHOH Ha BHELTHHX 32)KHMaX MpPH 3aMeHE BCeX BHYTPEHHHX
uctoyHHkoB BC uaeanbHbIMK MPOBOTHUKAMM, a BCEX BHYTPEHHHX MCTOYHH-
KOB TOKa — pa3pbiBaMH.

Jloka3aTeLCTBO 3TOi TEOpPeMbl OCHOBAaHO Ha Teopeme TeBeHHHA M K-
BHBAIEHTHOM TIpeoOpa30BaHHM JBYXMOMIOCHHKA C MCTOYHWUKOM HanpsikKeHHs
B LIeTlh C HCTOYHHKOM Toka (cM. puc. 3.6 4, 6).

Teopemsr Tesennna v HopToHa yacTo Mcnonb3yioTcd B MpakTHKE aHanu3a
uenei A8 YIpoweHus NPUHLUHIHANBHBIX CXeM YCTPOICTB.

lMpumep 3.5. C nomowsio Teopems TeseHWHa HalTH napaMeTpsl IKBHBAIEHTHOM
CXEMbl AKTHBHOTO ABYXMOMIOCHHKA, W306paxeHHoro Ha puc. 3.8 a. Jano: I = 20 mA,

E = 60exp{j30°} B, L = 40 mxTn,
| l
Uy E‘ [

f =20 MI, R =3 kOm.

Yrobsl HaitTn HanpsxeHue U,
BOCTIO/NB3YEMCH YDABHEHHEM MO NepBo-
My 3akoHy Kupxroda nna sepxnero yana
LenH

_o - - .
Un -E Un( =
a) d) B) - e > —I= 0’
Puc. 3.8. Haxowpgenue 3kpvBaneHTHOW jw
CXEMbl aKTMBHOTO ABYXNOMOCHHMKA: 3) HC- OTKYIA
xopHas uens; 6) uenb Be3 MCTOYHMKOB; s JwL(RI + E)
8) 3KBMBANEHTHAA CXema i ok

[MoncraBue YMcnOBBIE JaHHBIE, TTONYYHM
o 35,03[(1 4+ exp {530°}] - 60 2 73018 1,93 exp {515°}
& 3+ 75,03 5,86 exp {7597}
Y7106b OnpeaenuTh BHYTDEHHEE COMPOTHBIACHHE SKBHBAIEHTHOTO ABYXTOTIOC-

HUKA, CENyeT paccMOTPeTh Uenb (e3 MCTOYHMKOB, MpelcTaBleHHYyK Ha puc. 3.8 6
H HMEKLIYIO CONPOTHRIEHHE

_ JwLR _ 15-10° _ jI15-10°(3 - j5,03)
‘T R+jwL 343503 34,3

Cxema 3KBHBAICHTHOrO HCTOUHMKA TPEACTaRieHa Ha puc. 3.8 6.

= 100 exp {j46°} B.

=272-10° 4+ j1,31- 10° Om.
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TeopeMa B3aMMHOCTH

JIMHEHHBIM NACCUBHBIM LEMsM NpHCYllie BAXHOE CBOMCTBO, YCTaHABINBA-
eMoe TeopeMoii [eIBMronbIa: eciu HeKOTOopkIit ucrounnk DJC, Haxonswmiics
B COCTAaBE KOHTYpa | LiemH, BhI3bIBAET B KOHTYpe 2 OIpEeAeNeHHBIH TOK,
TO 3TOT XK€ HMCTOYHHK, MepeHeceHHbIH B KOHTYp 2, BBI3bIBaeT B KOHType |
TAKOii Xe TOK,

Hoka3aTelbCTBO MPOBEAEM MO METOAY KOHTYPHBbIX TOKOB. [IycTh B KOH-

typ 1 BkmoveH uctoyHK DJC ¢ KoMniekKcHON aMruiiTynos E, a Bo Bcex
JAPYTHX KOHTYpax HCTOMHMKH OTCYTCTBYIOT. TOrAa B COOTBETCTBHH € (hopMYJIOit
suaa (3.7) KOMIUIEKCHast aMIUIMTYIa TOKa BO BTOPOM KOHTYpe

Zy E Zy ... Iy, NZn Zy ... Zym

Y120 0 8y ... Zu|_ V|2 Zn ... Zn
gt ames T i)

Zﬂl 0 Zn3 Zrm Zﬂl Zrl3 Zrm

(oTpULATENBHBIN 3HAK CBA3aH C TeM, 4To anrebpaudeckoe JOMONHEHHE 3[leCh
OTHOCHTCHA K 3JIEMEHTY, CTOAIIIEMY HA NepeceyeHHH NepBoit CTPOKH M BTOPOINo
cToNGLA; CYMMa HOMEPOB CTPOKH M CTONOLA HEYETHA).

Ecnu Xe MCTOUHHK E MepeMecTHTb B KOHTYD 2, TO TOK B KOHTYpe | Gyaer
UMETh KOMIUIEKCHYIO aMIUTHTYILy

0 Zp Zy ... 2 %2 Zy ... 2y

. VB Zp Zpn ... Zn|_ E |Zn Zn ... 2y

e T T SN e e i s g
0 an ZnS a4 Znu Zny Zns ... Znn

Teneps MpUMeEM BO BHMMaHHe, 4YTO B3aMMHBIE COMPOTHUBIEHHS M0 Ofpe-
JENEeHUI0 CHMMETPHYHBI OTHOCHTENILHO MEPECTAHOBKH WHIEKCOB: Zj; = Zji.
MMo3tomy cTonbiisl onpefenuTens B (3.23) coBnagaioT co CTPOKAMH ONpeaeu-
tenst B (3.24), 4To OGYCIOBAMBAET PaBEHCTBO ITHX onpeaeauteneif. B pesymns-

TATE ,l"2 =1 15 4TO ¥ TpeGOBaNOCH AOKA3ATE.,

Crnelyer MMeTb B BHIOY, YTO CNOXHBIE PAIHOTEXHHYECKHE LIENH, conep-
JKallue yIpapnsieMble UCTOMHUKH, KaK NMpaBuilo, He NOAYHMHAIOTCA MPHHLMIY
B3aHMHOCTH. JIelicTBUTEIbHO, NOAB HA BXOA TPAaH3WCTOPHOIO YCWIHTENA He-
KOTOpOE HamnpsikeHue, Mbl HabllonaeM Ha BLIXOIE yCWIeHHBIH curan. OnHako
pEXHM, fIPH KOTOPOM BXOI M BLIXOI YCMJIMTE/IS MEHSAIOTCA MECTaMH, He SBJs-
ercst paGoYHM PeXHMOM YCHITHTENS.

3.5. TpexdasHbie yenu

B 2/1€KTPO3HEPreTHKE MOBCEMECTHOE TIPUMEHEHHUE MONY N Tpexdastbie
uenH. TAK NPHHATO HA3LIBATh UENH NMEPEMEHHOTO TOKA, COCTOALIME M1 TPEX
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Puc. 3.9. TpexchasHas CHCTEMA HANPRKEHHH: 4) BEKTOPHAR AMarpamma;
6) coepuHeHHE «3BE3[0MH; B) COSAUHEHHE ¢TPEYrONBHMKOM»

CHMMETPHYHBIX YaCTel, KOTOphie HAa3bIBAIOTCA hazamu (He NyTaTh ¢ MOHATHEM
¢da3w rapmonuueckoro konebaHus) W obosnavaiotes Gyksamu A, B u C.
Kaxnan (haza muTaeTcs OTOENLHBIM HCTOUHUKOM HanpsukeHusi. KoMruieKcHbie
AMIUTMTYIBl 3THX MCTOMHWKOB WMEIOT OIWHAKOBHIE MOOYJH W apryMEHTHL,
orauvaroumecs Ha 120°:

Us=U; Up=Uexp{-j120°};

; (3.25)
Uc=Uexp{—3240"} = U exp {j120°}
(B Hactosem maparpade BCIOAY peYb WieT O JeHCTBYIOUIMX 3HAYEHMSAX Ha-
NpsiKeHHii U TOKOB).
BekTopHas nMarpaMma cUCTeMbl HampsxXeHWi B TpexdasHod uenu u3ob-
paxeHa Ha puc. 3.9a.
DyeMeHTH Tpex(a3Hol Lienu MOXHO COSOMHATL MexXay cobol AByMs

cniocobamu. pu nepsoM crnocobe, KOTOPhIi HadbiBaeTCs «3seana» (puc. 3.96), H

TPH ONHONOJIAPHBIX 3AXMMA HCTOYHWKOB COSNWHAIOTCH BMecTe. IpH ApYrHX
3axuMa 0Bpa3yioT npH 3ToM BoiBoabl A, B u C. [eiicTByiouiune 3HAYeHHA
HAMpPAXEeHHI Mexay BuiBoAaMH ¢a3 W obuleit TOYKOH HasbIBAOTCH PasHbi-
mu nanpaxcenuamu Uy, B cHMMETPHYHON TpexdasHoW cucTeme BCE (hasHbie
HanpsokeHus oauHakossl: Uy = U. Mexay BeiBozamMu (a3 CywIecTBYIOT Ha-
MPSKEHHUST ¢ KOMTUIEKCHBIMH aMILIHTYAamu (eMm. puc 3.9 a): '

Usp=Us—Up; Upc=Up-Uc: Ugy=Uc—U,. (3.26)

OTH TpW HanpsokeHWs Takke obpa3yloT Tpexda3Hylo cHcTeMy, TaK Kak B3a-
MMHBIH cABHr (pa3 mexamy HUMM cocTapmsier 120°. HelicTByloutie 3HaYeHUs

HanpsxeHW Mexiay BeiBogamH ¢a3 B TpexcdasHoi uenu ¢ oduled TOYKOH

HA3LIBAIOT Auxelnbsimu Hanpaxcenusimu U, MOXHO NpOBEPHTE: YTO

U, = 2Uy c0s 30° = V3 Uy, (3.27)

B npakTtHKe 37eKTpocHaGXeHHs MOMYYWIM pacTipocTpaHeHue Tpexdas-
Hble cucTembl 660/380, 380/220 u 220/127. 3nech uucaAHTeNs — AHHEHHOE
HANpsXeHUe, 3HaMeHaTens — asnoe HanpsokeHue (B).
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Tpu apyrom crniocobe coeMHEHUS! MCTOYHHKOB, HA3LIBAEMOM «TPEYIO/ib-
HHK» (pHc. 3.9 8), dasHble HCTOYHHKH BKIKOYAKT NocAeaopaTebHo. TOK B 3a-
MKHYTOM KOHTYDE He BO3HHKaeT, TockoibKy Uy + Up + Up = 0. ®usnyecku
3TO O3HAYaET, YTO TPH UCTOYHHMKA B KAXKIBI MOMEHT BPEMEHU KOMIEHCHPYIOT
apyr apyra. JelcTBHTEBHO, JETKO MPOBEPHTH, YTO

4

2
U coswt + U cos (wt- —;—) + U cos (wt— ?) -

Pacuer TpexdasHbix yene#

Hns aHanw3a TpexdasHbiX cMCTeM NMPUToaeH oboll MeTon pacuera cloX-
HBIX UERei H3 YHCNA ONHCAHHBIX DaHEe,

Ha puc. 3.10 @ uzobpaxeHa TpexdasHas uenb, KOTopas COOEPKHUT TPH
rapMOHHYECKHX MCTOYHHMKA, BKIKYEHHBIX MO CXEME «3Be3na», H TPH (ba;-
HbIX HArpy3KH C KOMIUIEKCHBIMH Mpou3soauMocTaMu Yy, Yp u Y. lems
CONEPXHT BETBb, Ha3bIBAEMYIO HelimpanbhbiM npogodoM, KoTopasi MMEeT IMpo-
BOOUMOCTE Y.

Cuwurast, 410 oreHuHan yaia 0 paBeH HyIO, 3aniilleM ypaBHEHHE, yCTa-
HABIHBAIOLLEE HYIEBOE 3HAYEHUE CYMMBbl TOKOB B y3ne |:

YU, - Uy) + Y(U, = Ug) + Yo (Uy - Ug) + YnU, = 0. (3.28)
OTCioAa HAXOMMM KOMIUIEKCHYIO aMTUTHTYdY HAanmpsaXeHus yana |

U _YA[}A+Y3[}B+YCI}C
= Yo+ Y+ Yo+ VN -

(3.29)

Br1a (opMysa MOMHOCTHEI) PELIAET 3a4adyy aHanu3a paccMaTpuBaeMoit
LIeMH, TaK KaK Ha OCHOBAHHH €e TOKH (pa3 HMEKT KOMIUIEKCHbIE aMIUTHTY/IbI

I-A = YA(I}A - U[), I-B = YB(UB = g[), j{: = YC(UC s U]) (330)

CrefiyeT 3aMeTHTb, YTO NPU CHMMETPUYHON Harpyske, korna Yy =Yp =Y,
nanpskenne U, = 0, ¥ TOK B HeilTpaibHOM MpoBone orcyrcTeyer. Ecim ke
1POBOAMMOCTH (pa3 pavIMYHBL, TO BOSHHKAET HeCUMMEMPUYHLIL pexcum paboTsl
rpexchasHoil cucTemsl; Hanpsikenue U; # 0, B HEATPaNH NOABAAETCA HEKO-
ropsiii TOK, a TOKH ha3 CTAHOBATCA PAMMYHBIMKU MO ammauTyae. Tpu 3ToM
Harpy3ka Ha dasHbli TEHEPATOP 3aBHCHT HE TOJILKO OT MPOBOIMMOCTH AaHHOMH
(ha3bl, HO W OT MPOBOAMMOCTE# ABYX Apyrux ¢a3. Yrobrl caenath pexum pabo-
rbi TpeXtha3HOM cUCTeMbI Oo/iee YCTOHYMBLIM, CTPEMSATCH NpPENeNbHO YBEMTHYHTh
npopogumocTb Yy . [Ipu 3T0M, KaK HETPYAHO 3AMETHTL Ha OCHOBaHHH (3.29),
nanpsokenue Uy — 0 Ha3aBHCHMO OT COOTHOLIEHHS TPOBOAMMOCTEH (a3,

Ha puc. 3.10 6 n3obpaxeHa cxeMma eilie OaHOMH TpexdasHoif 1IenH, B KOTO-
pOi Harpy3ka, CoCTOs1LAasA W3 KOMIUIEKCHBIX COMPOTHBACHUI Z 5, Zpc U Zoa.,
BKJIIOYEHA «TpeyroibHuKoM», HellTpaibHblif NPOBOA 31eCk OTCYTCTBYET.
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]

Puc. 3.10. HarpyxetHbie TpexchadHbie Lenu: a) Harpy3ka BKo4eHa No cxeme
«3B€3a» C HeHTPanoio; 6) Harpy3Ka BKNOHEHA N0 CXEME «TPEYrONbHHK»

EC/tu H3BECTHBI KOMIUIEKCHBIE AMILIMTY/Ib THHEiHbIX Hanpsokennit Uyp,
Ugc v Ucy, TO TOKM B IBYXIOMIOCHUKAX HATPY3KM GYAYT paBHbI COOTBET-
creenno Uup/Zas, Usc/Zpe ffc,q/ch. KoMniekcHbie aMIUIHTYabl TOKOB
B azax A, B n C Haiinyrcs Kak pasHOCTM KOMIUIEKCHBIX aMIUIMTYA TOKOB
B CTOPOHaX «TpeyronbHukas, Hanpumep, Iy = (Usp/Zap) — (Uca/Zca) n T 0.

OTMeTHM B 3aKIIOYEHME, YTO OCHOBHAs NMPHYMHA WHPOKOrO pacnpo-
cTpaHeHHs TpexdasHbIX CMCTEM 3aKTIOYAeTCsl B CNEAYIOILEM: NMoAaB CHCTEMY
Tpexa3HbIX TOKOB B TPY 0OMOTKHM, OCH KOTODBIX pa3MeLlaloTes B IPOCTPaHCTBeE
co caBuroM Ha 120°, Mbl TIONyYaeM BpQIAIOweecs MaeHuMHoe noae. 1o O3B0~
ASieT CO3NaBaTh MPOCTHIE W HANEXKHBIE /IEKTPOJABHIATENHN NEPEMEHHOTO TOKA,

(?) Bonpocst

1. Kak HalTH 9HCIIO He3aBHCHMBIX KOHTYPOB LENH, €CiM M3BECTHH YMCNO BeTBei
W YHCAO0 yanos?

2. TloSCHUTE NPHHLMILL METONOB KOHTYPHBIX TOKOB H Y3A0BbIX MOTEHIIHATIOB.

3. Kakue npeobpazoBaHus cxeM UEMNEH HA3LIBAKT 3KBUBAICHTHBIMH Npeobpasosa-
HUAMH?

4. Mpusenute dopmynupoeku TeopeM Tesenuna 1 Hoprowa.

5. Kak ceaszanbsl Mexay coboii dasHeie M JHHEHHBIC HanpskeHHsa B TpexdalHoH
cucreme?

6. Kakue apneHHs MpoOHCXOOAT B TPEX(asHOH CHCTEME NMPU HECHMMETPHYHOM pe-
xume? TMoyemy uenecoobpasHo AOGMBATECA BHICOKOH MPOBOAMMOCTH LienH Heli-
Tpanu?

BaAaq” S— 6 5

@ 3apaum

3.1. Cxema uen# ¢ TpeMs HCTOYHHKaMH rapMoHndeckux DJ1C uzobpaxena Ha puc. 3.11.
Henonbays METON KOHTYDHBIX TOKOB, MOMYy4YHTEe B OOlIeM BHIE BhIpaXEHHE M1 KOM-
NAEKCHON aMILTMTYALI HanpsokeHus U,

Puc. 3.11 Puc. 3.12

3.2. Cxema uenu MOCTOAHHOIO TOKA TPEACTARNEHA Ha puc. 3.12. [MapaMeTpsl uemnu:
E, =3B, E;=5B, R = R; =4 «Om, R; = R; = 6 xOm. Buuncante 3HaueHus
TokoB I)—1Iy.

3.3. Ha puc. 3.13 usobpaxena cxema LEMH, MHUTAEMOI Tpems MCTOYHHKAMH rap-
mouuteckux JC E,, E,, E,. MMonyuuTe BLIDAKEHUS, OMUCHIBAIOWME KOMILIEKCHEE
ammanTyas Tokos Iy, I, I;. Yoeourecs, 4TO CyMMa 3THX TpeX TOKOB paBHa HYJIO,

= l"_'-'lz!
M Z
; . - R R '
E, k, E, ‘L A £ : [
‘L 2
l’i I i l L U,
1 2 3 Il U1 Iz Uz

Puc. 3.13 Puc. 3.14

—
——

3.4. Ucnonssya yenopus 3amaum 3.3, HaluTe KOMMIEGKCHYIO aMIUMTYAy Toka I,
ccad m3sectHo, uto By = 2exp{j30°} B, E, = 3 B, E; = Sexp{—j45°} B,
Z, = 2exp{—j60°} Om, Z, = 6exp{j30°} Om. O6patHre BHMMaHME HA TO, 4YTO
BenuMHA J; He 3aBHCHT OT 3HaueHHs MMReaaHca Zs.

3.5. Cxema uenms ¢ JABYMS MCTOYHMKAMHM ToCTosHHOro toxka I, u I, wW300paxeHa
Ha puc. 3.14, [Mapametpsr ueru: I; = 6 MA, I = 14 MA, R; = 3 kOm, R; = 5 kOm,
R, = 7 xOwm. Haiinure Hanpsoxenue U, Ha Harpyske, a Takke Hanpsxenus U, u [
Ha UCTOYHMKAX TOKA.

3.6. Cxema nenu ¢ ABYyMs HCTOYHHKAMH TpelcTamieHa Ha puc. 3.15. Ua3sectHo, uto
I = 15exp{j30°} mA, E = 40exp{—j45°) B, Z, = Jexp{j20°} xOMm, Z, =
2exp {—j60°} kOm. HaiinuTe KOMIUIEKCHYIO AMIUTHTYY TOKa 1.
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Puc. 3.15 Puc. 3.16

3.7. Ha puc.3.16 n3oBpaxeHa cxema UEMH € TPEMA HCTOYHHKAMM MOCTOAHHOIO TOKA.
Banano: I, = 8 MA, L =3 MA, [, = 14 MA, R = 6 xOm, B; = 12 xOm, Ry = 5 kOm.
Haiigurte Hanpsaxkerus yanos 1, 2 4 3 OTHOCHTENLHO 3a3eM/IEHHOH TOYKH,

3.8. Cxema nuHeiiHoro T-oBpa3HOro TpexmoniocHUKa npeacrapieHa Ha puc. 3.17. He-
xoagHbie aavupie: B, =9 kOm, R; = 16 xOm, C = 5 mx®d. Haiinute napametpul Z,,
Z13 v Zy; T1-06pasHofi cxeMbl 3aMeLLICHUs AaHHOM ueny Ha yactote w = 10° ¢,

L
1 2
C | Cl |C
3 3
Puc. 3.17 Puc.3.18

3.9. Ha puc. 3.18 nsobpaxena cxema nuHerdHoro tpexnoniocHika [1-o6pastoii cTpyk-
Typel. MasectHo, yto € = 12 u®, L = 8 mIu. Haitnure napamerpn Z,, Z,, Z;,
KOTOpbie onpeaensaioT T-obpa3Hyio cxemy 3amelucHus gaHHoi uend. Pacuer nposeaure
s vacrotht w = 10° ¢ 7.

3.10. MamepeHus MoKa3anH, YTO B PEKMME XONOCTOTO XOHA Pa3HOCTh MOTEHLMANOB
MEXIY BBIXOAHBIMM 3aKMMAMH MCTOUHMKA MOCTOAHHOrO Hanpaxeuus U, = 8 B,
NpH MOAKIIOYEHHH HArPY3KH HanpsxkeHue Ha Heil okaseiaetcd pasHuM U, = 6 B,
a Moc/e TOro, KAk Moc/ienoBaTellbHO ¢ HATPY3Ko#l smioynnn peductop R = 720 Oum,
3TO HanNpsKeHHe YMEHBLINUAOCH 10 ypoeHa U, = 5 B (puc.3.19 4, 6, 8).

Haiiaure BHYTpeHHee CONMpOTHBIEHME reHepatopa R; W BXOAHOE COMpOTHEBIE-
HHue Ry JBYXITONIOCHHKA Harpy3Ku,

a) 6) 8)

3apauu 67

:

|
1
t
l
& )
|
!
|
|

R, L e i e el
Puc.3.20 Puc. 3.21

3.11. Cxema aKTHBHOTO OBYXITOJIOCHUKA, COAEPXKALIETO JIBa HCTOYHHKA FAPMOHHYECKO-
0 TOKA ONHHAKOBOH 4acTOThI, nprBeaeHa Ha puc. 3.20. [MTonyunTe 3HAUEHHA Mapamer-
OB 3NEMEHTOB, KOTOPBLIE BXOAAT B 9KBUBANCHTHYIO CXEMY 3AMELICHHA, MOCTPOCHHYIO
uo Teopeme Hoproma, ecnu wasectuo, uta Iy = 6 mA, I, = 1Sexp{—j70°} wA,
R, =8 xOMm, By =15kOM, C, =4 u®, C; =5 v, w=10° ¢,

3.12. Wcnonbsya Teopemy TeBeHHHA, ONpelenHTe HMIEIaHC ABYXMOMIOCHHKA Harpys-
Kk Z,, HeoOXOOUMBIH I8 AOCTHXKEHHHA COrNA4COBAHHOTO peXHMA B LEMH, Cxema
KOTOpO# npupeneHa Ha puc. 3.21. Busemnre dopmyny wis pacHeTa HanpaKeHHA =
shLIEJIEHHOrO aKTHBHOTO IBYXMOMIOCHUKA. [1apameTpnl Beex 3eMEHTOB, 06pa3yionInx
AKTHBHBIH ABYXTIONIOCHUK, CYHTaTe 3a0aHHBIMH.

3.13. Bocnoap3oBaBince Teopemoii HoptoHa, onpegenuTe napameTpbl 37€MEHTOB,
BXOAALIMX B HCTOMHMK TOKA, 3KBUBATEHTHO 3aMELLAIOLIMA aKTHBHBIH ABYXMOMIOCHHK,
BblACTEHHBIH IITPUXOBOH MuHKel Ha puc. 3.21.

3.14, llens, cXxema KOTOpO# mMpeacTaBicHa
Ha pHc. 3.22, NMUATAETCH MCTOMHHMKOM rap-
vioHuyeckoit C ¢ KoMneKCHOR aMIH-
ryaoit B = 100 exp {j45°} B. Onpepeante
KOMIIeKCHYIo ammuTyay [, Ha Harpyske,
eCnM M3BECTHO, 4T Z, = Z33 = 5 kOm,
le = 3 xOm, Z3q = —Jdt KOM, Zq =
—32 KOM.

3.15. Cxema TpexdasHOH CcHCTEMBI M300-
paxeHa Ha puc.3.23. 3HaueHua GaMbIX :

nanpskeHnit Uy = 220 B; HarpysouHbie Puc. 3.22
IBYXMOMIOCHUKH BO Beex dasax OnHHAaKO-

Bol: Zy = Zy = Z¢ = 6 Om. Onpefenute KOMIUIEKCHYIO aMIUIHTYAY HanpsoKeHus
HelTpasibHOM TOYKH | OTHOCHTENBHO 3eMAH NpH obpbiBe (halul A.

3.16. OcHoBRIBAACH HA YCIOBUAX 3afaun 3,15, BerumcIHTE:

3) KOMIUIEKCHBIE AMILTHTYZbI Iy u Ip, onuceBaoume Toku B dazax B u C npu
obpbise haswr 4;
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Thaea 3. Meroge: anannza crnoxHpix yenen

Puc. 3.23

6) KOMIJIEKCHBIE MOWIHOCTH Sg, Sc., pasBHBacMbIe (asHBIMM MCTOYHMKAMM B 3TOM
pexumMe,

Mposeprte Gananc MowHOCTE! B paccMaTpHBAEMO# LIenH.

3.17. B Tpexdpasuoit cucteme (puc. 324) AO—
ha3Hble MCTOYHHKH COEQMHEHDI 38300
H UMEIOT HanpsikeHus Uy, = 127 B, Harpys-
KamH CNyXaT TPH OAMHAKOBBIX WHIYKTHB-
HBIX KATYLUKK C PEaKTHBHBIM COMPOTHBIE-
HueM 22 Om kaxaas. Onpesennte aeHcTy-  ( Oe————
IOLIHE 3HAYCHIA TOKOB B KATYLUKAX U B thas-

5O L L

HbIX HCTOYHHKAX. Puc.3.24
A o_fYYL_'
L
= Z 2
L '
C Ol Y V"
Puc. 3.25

3.18. KTpexdhazHoMy HCTONHUKY ¢ TMHEHHBIMH HanpsokeHUAMH 380 B (puc. 3.25) gepes
WHIYKTHBHBIE KaTyWku L (X = 23 Om) noakmioueHs: TPeyroabHMK KOMILTOKCHbIX
conpotueieHuit Z = 60 + j60 Om u TpH KOHIEHCATOpa, 0OBEAMHEHHbLIX MO CXeMe
«3Be3na». BeluncnnTe geiicTyiolie 3HaueHus thaHeIX TOKOB Iy, ecnu H3BECTHO, YTO
PEAKTHBHOE CONPOTHRNCHHE KAXIO0T0 KOHAEHCaTopa X = —40 Om.

lhaea 4

Teopmr HeTbipexnomioCHHKOB

PaHee B KauyecTBe CTPYKTYPHBIX 3JIEMEHTOB 3NIEKTPUYECKOH LIEMM pac-
CMAaTPHUBAIUCh, B OCHOBHOM, IACCUBHBIE M aKTHBHBIE ABYXMOMOCHUKH, [MpH
aHANH3e PAIMOTEXHUYECKHX YCTpoiicTB o6paboTKM CHrHaiOB 4acTo ObiBaer
yIODHBIM BBOANTB DO/€e CAOXKHBIE CTPYKTYPHBIE 3/IEMEHTHI, K KOTOPBIM OTHO-
CATCA, NMPEXAe BCEro, YeThIPeXnoTOCHHKH.,

4.1. OcHoBHbIe onpegeneHua.
MarpuuHOoe OnHCaHHe YeTbiPpexnoNIOCHUKOB

[No onpeneneHuio, ¥enbipexnosoCHUKOM HA3BIBAIOT MEMEHT LIEMH, HMEIO-
I [IBE Napbl JOCTYMHbIX 32XMMOB. BHyTpeHHee YCTPOHCTBO YeThIpEXITONoc-
HHKa MOXeT ObiTh M00bIM. T1O3TOMY MHOTEA TOBOPAT, YTO JAHHEIH 2MEMEHT
Lerny npeacTasiser coboi «yepHblil situky». TpeGyeTcs nuib, YTOBLI BCE TOKU
¥ HANpSXEHHs, CYLLECTBYIOLHE BHYTPH YEThIPEXMNONKOCHHKA, YIOBIETBODSUIH
YCJIOBHIO KBa3UCTALIMOHAPHOCTH.

BriaenexHble napsl 3aXKHMOB, KOTopbie Ha puc. 4,1 o6o3HavyeHsl uHbpa-
Mu 1 1 2, Byaem B JaNbHEHIIEM HasbIBaTh nopmamu. [1pH 3TOM OAUH U3 TOPTOB,
Hanpumep, | ABngeTcs éxodom YETHIPEXNONIOCHNKA, KOTOPBI MOAKIOYAETCS
K BHELIHEMY HMCTOYHHKY KoneGaumii. [pyroii nopt, Hanpumep, 2 caywcum
é6iX000M YETHIPEXTTONIOCHUKA; K €10 3aKUMaM MOAKIIOYAETCA HArpysKa.

.i} Iz fr 1:2

= ~ - S Zis

O— ——o0 Oo— —0

a,L pasais l&z :},l : . 1&2

S R e 554

o A o
a) a)

Puc. 4.1, YeToipexnoMiOCHAK KaK «4EPHbIH AWMK»: 3) NONOXKHTENbHBIE HANPAKEHMUS
TOKOB Ha BXOAE W Ha BbIXOAE NPOTHBONONOMKHLI; 6) TOKM Ha BXO/Ie M BbIXOe HANPABEHb
8 OfiHY CTOPOHY
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INeKTPUYECKOE COCTOSHWE JIHHEHHOro YeTHIPEXMOMIOCHUKA 3amaeTcs
KOMILIEKCHBIMM aMIuTHTYIaMu Hanpskenuit U, u Us u tokoe I, u ;. B zaBu-
CHMOCTH OT OCODEHHOCTelH pemiaeMoif 3a1auyM MNOJOXHUTENbHbIE HANPABAEHUA
TOKOB I’, H f;g BbIOMPAIOTCH OOIHHM H3 CTIOCOBOB, NOKAa3aHHbIM Ha puc. 4.1a, 6.

W3 yerplpeX yKasaHHbIX BeIMYMH al00Oble 1Be MOryT paccMAaTpHBaThCH
KaKk HezaBucHMbie. Torma ocTaBuliMecs BeHUMHBLI CBH3aHEI CHCTEMOM [BYX
nuHeiiHbIx anrebpavdeckux ypasHeHWil. KOHKpeTHBbIN BbIOOp He3aBHMCHMBIX
nepeMeHHbIX NMPUBOAHT K PaziMYHbIM CUCTEMAM NMApPaMETPOB YEThIPEXTONIOC-
HuKa. Jlerko NpoBepHTh, YTO BCEr0 BOIMOXHO LIECThb TAKHX CHcTeM (YMCIIO
coyveTaHHit U3 YeThipex no aea). Ha npakTHke yaie BCEro MPUMEHSIOT CHCTE-
MBI, ONHCAHHBIE HUKE.

Cucrema Z-napamertpos

3necs HE3aBUCHMBIMH TNEPEMEHHBIMH CHYXKAT KOMIUIEKCHBIE AMIUIHTY-
asl I} u I, TaK 4TO YpABHEHMA CBSI3H NPUOGPETAIOT BUI

U, = 2yl + 2,15,

: : . (4.1)
U; = Zg|f| + Zufz.
Koadduumentsl ypasHenuii (4.1) obpasyior Z-MaTpHily YeTbipEXTONIOCHHKA,
WMeIoHIy10 paimep 2 X 2:
7= [Zu le] . (4.2)

Zy 2y

YeToipe 31€MEHTa 3TOH MaTpuLbl SBASIOTCA B ODLIEM C/Tydyae KOMILUIEKC-
HBIMU BEJIMYAHAMM, 3aBUCALLMMH OT yacToThl, Matpuua Z cnyxuT noaHo#
MaTeMaTH4ecKOl MOMAEJIBIO JIMHEHHOMO CTAMOHAPHOTO YeTHIPEXTOMIOCHHKA,

DnemenTsl Z-MaTpULil UMEIOT (PU3HYECKYIO Pa3sMEPHOCTL COMPOTHRIIE-
HUsA. X MOXHO HAlTH 3KCNEPUMEHTANIBHO, TAK KaK HA OCHOBAHHM ypaBHe-
Huit (4.1)

U,
Zn= = — BXOIHOE COMPOTHBIEHKHE B PEXRMME XOJOCTOrO X04a Ha Bbl-
Iy |j=0 X0ze€;
U, _
Zp=—— — B3aUMHOE COMNpOTHBAEHWE oOpaTHOIl nepesayd (no Ha-

b li=0  npasnenwio or nopra 2 K nopry 1) npum pasOMKHYTHIX
3axumax nopra |;

U,
Zy = = B3aUMHOE COMPOTUBICHHE TNPAMOM nepesayd NpH paso-
1 16=0 MKHYTEIX 33KUMax nopra 2,
U,
Zyy = — — BBIXOZIHOE COTMPOTHUBIEHME B pPEXHMME XOMOCTOr0 XoAa Ha

I lj=0 BXOJIE,
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Cucrema Y-napamerpos

Tonysaercs B TOM C/iy4at, KOTAa He3aBMCHMBIMM NepeMEHHBIMY Brbpatn
HanpsiKeHuss Ha Bxole M Boixoge. TIpH 3TOM COCTOSIHHE YETHIPEXMOMIOCHUKA
ONpefensieTcs ABYMs JIMHEHHBIMU anrebpaHyecKUMH YpaBHEHHAMM

f; s Y;]U] + ]"126"2, I.g = Y21U| + Ygzvz. (4.3)
Martpuua 3 YeTbipex KOMIUIEKCHBIX KO3(hULHEeHTOB
Y le]
Y= 44
[Yzl Y2 (“44)

Ha3eiBaeTcs Y-matpHue 4eThiPEXTIONIOCHHKA. DIeMeHTEI 3TOi MaTpHIIbI HMe-

10T pasMEPHOCTh MPOBOAMMOCTH. MX MOXHO HaliTH TakuM Xe o6pasoM, Kak
3TO ONMHCHIBAZIOCH BhiLlE NMPUMEHWTENBHO K Z-Mmarpuue. Hanpumep,

I

Hi==

U,

— BXOAHAaA NMPOBOAHMOCTL B PEXMME KOPOTKOTO 3aMbIKAHHSA Ha BhIXOAE.

=0

Cucrema H -napamerpos

3neck He3aBMCHMBIMM NepeMeHHbiMu sanswotes Iy u Uy, a dyHkuus-
mu Uy u I

C’ﬂ - H|1j| + H])I:vrg, Iiz = H2|i—] + HH[}E‘ (45)
Matpuuy
Hy, HI?]
0= 4.6
I:Hu Hy a5

Ha3biBAOT H —MaTtpuueil JUHEHHOro YeThipexnoniocHuka, Pusmuueckas MH-
TEPNpPETALIMA IEMEHTOB ITOH MATPHLIBI TAKOBA:

U
Hy = 7l — BXOAHOE COMPOTHBAEHHE B PEXHME KOPOTKOTO 3aMBIKAHHSA
1 1v,=0 Ha BbIXOZE,
U,
Hpp = — DezpasMepHblit KO3 DHULMEHT Nepeaavn HanpsiKeHHs B 06-
U .
215=0 paTHoM HanpaBineHuu (ot nopra 2 Kk mopty 1) B pexume
XOJIOCTOrQ X04a Ha nopte |;
h
Hy = — — Despa3smepHblit KOADGULUMEHT mnepegaud TOKA B MPAMOM
I "
11th=0 HanpapieHUW TNPH KOPOTKOM 3aMbIKaHHM BBIXOOHBIX 3a-
XKHMOB;
b
Hy = 7 — BbIXO/IHas MPOBOAMMOCTE NPH Pa3OMKHYTOM BXOAE.
2 I]:O
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Cucrema A-napamerpos

OrnuMuaeTcs TeM, YTO B KauyecTBE He3aBMCHMBIX TEpPEMEHHBIX NMPUHUMAa-
IOTCSl KOMIUIEKCHBIE aMIUTHTYAbI HATIPSKEHUA M TOKa B mopTe 2:

Ui =AnU, + Aph, I = AyU + Anl,. (4.7)
M3 cuctemst (4.7) BUAHO, 4TO
U, 1
Ayp=a = —— — BeJIH4YMHA, 0bpaTHaa Ko3(hduUMeHTy nepe-
Ualh=o  U2/U1lj=0 nadd HanpsikeHus oT mopra 1 k mopry 2
B PEXUME XONOCTOrO XOMA HA BLIXOME!
U, 1
Ap—= = — — BeJIMYMHA C Pa3MEPHOCTBIO COTIPOTHRIEHHS,
B = L/U, =0 obpaTHasi B3aHMHOW MPOBOAWMOCTH MEXIY
nopramMu 2 W 1 B pexumMe KOPOTKOrO 3aMbl-
KaHUA Ha BbIXOIE;
I, 1
Ay =— = vir— — BeJIM4KHA, obpaTHas B3aHMHOMY COTIPOTHB-
Uz h=0 Us/1) L=0 JIEHHIO MexXay noptamMH 2 M | B pexume
XO/IOCTOrO X04a Ha BLIXOME;
I |
Ap = — = —F — penuyuHa, obpatHas ko3 ULIHEHTY mepe-
hlg=o Dh/lilg,=0  paun Toka o1 nopta | K nopty 2 B pexXume

KOPOTKOro 3aMbIKaHHA Ha BBIXOME.

IKBMBANEHTHBIE CXEMbl YeThIpPexXnonCHUKORB

Pacnonarasi Toif MAM MHOH MaTpHUEH YeTbIPexXMoICHHMKA, Ha OCHOBA-
HHUW COOTBETCTBYIOLICH CHCTEMBI YpaBHEHMH MOXHO M300pasHTh TaK Hashbl-
BAEMYIO 3K6UEAACHMNYIO CxeMy NaHHOTO 3meMeHTa uenu. B kauecrBe npu-
Mepa Ha puc.4.2 naHbl IBe TaKHe CXEMbl NMPHMEHHTENBHO K cHcTeMe Z-
napaMeTpoB (a) n Y-napamerpos (6).

Zyy = 5
Yol Yol
Il Yy Ga Yaz
(o (o] -0
1 ! 2
g)

Puc. 4.2, 3KBMBANEHTHLIE CXEMDI YETHIPEXNOMOCHHKOB!
a) B cucteme Z-napamerpos; 6) B cucteme ¥Y-napamerpos

Kaxnas 5KBUBANEHTHAs CXeMa COIEPXMT /BA MACCHBHBIX JIBYXITOTIOCHH-
Ka, KOTOphbie BKJIIOYEHBI WIH MOCNENOoBaTesHO (@), wau napamiensHo (6).
KpoMe Toro, B CXEME WMEETCA WM [ABA 3aBUCHMBIX HCTOYHMKA Hampske-
Hus (@), WK 1B 3aBUCHMBIX MCTOYHWUKA TOKA (6). DTH MCTOYHHKH YYHTBIBAIOT

4.1. MarpuyHoe onncaHHe 4eTbipexnoMocHHKOB
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B3aMMHYIO0 CBH3b MEXIY BXOAOM W BhixomoMm. B cxemax Ha puc. 4.2 noso-
KUTE/IbHBIE HANPABAEHHA TOKOB M HarpsKeHHil MPUHATHI TAKUMH, KaK 3TO
ripeacTasfieHo Ha puc.4.1a.

Hannyne B 3KBHBAJIEHTHBIX CXEMax 3aBHCHMMBIX MCTOMHHKOB OTHIOOb
He CBHAETENBCTBYET O TOM, YTO 3TH UENH ABAAIOTCA akKTHBHLIMH. Bompoc
O CBOHCTBaX aKTHBHbBIX YETHIPEXTIONIOCHUKOB OYIET U3yYeH nosaHee.

MarpHubl B3aUMHBIX YeTHIPEXNOAOCHHKOB

Paxee ObLIO MOKAa3aHO, YTO MaccHBHbIE uenu, obpasoBaHHbie R-, C-
u L-3neMeHTaMu, ABNAIOTCA B3AUMHBIMU CUCTEMAMH, DTO CBOWCTRO NpHCYILE
H COOTBETCTBYIOLIMM YEThIPEXTIOMIOCHHKAM.,

PaccMOTPHM B3aMMHBIH YETHLIPEXMOMIOCHHK € KOPOTKO3AMKHYTBIM TOp-
ToM 2; K 3aXKMMaM nopra | noakmoueH uerodnnk DC ¢ Hanpsxenuem Uy. Uc-
MOJIb3ys BTOPOE YpaBHEeHMe W3 cucTeMbl (4.1), momyuaem, 4To B JAHHOM cay4ae

0 = Zyl, + Zph, (4.8)
OTKyIa
h= _In I. (4.9)
Zy
B COOTBETCTBHH C MepBbIM ypaBHeHneM 13 (4.1)

. ZnZn\; Az .
—. - I =— 10
% (Z” Zy ) 'T Zn A Sy

rne Az = 2,23 — Z31Z), — onpeaennTeib Z —MaTpHLbl YEThIPEXTTOMIOCHUKA.
O6venuuus (4.9) u (4.10), HaxoauMm CBA3b MeXIy TOKOM B BBIXOAHOM
NopTe ¥ HaNpsXKeHHEM Ha BXOJE:
- o
I;g:*Un*—. 411)
Az (
AHanoruuHeiM o00pasom, pasmectdB HCTOYHHK 3JIC ¢ KommiekcHOMH
aMmIuTya0i Hanpsikenua Uy Ha 3axumax nopra 2 M 3aMKHYB HakopoTKO
3aKMMbI 110pTa 1, HaxoouM, YTO

_Uuzlz
Az

[To MPHHUMMY B3aHMHOCTH, KOMIUIEKCHBIE @MILINTYAbI TOKOB, Onpeaes-
embix opmynamu (4.11) u (4.12), nomkHbl GBITE paBHbLL. 3TO BOZMOXHO JHLIB
B TOM ciyyae, eciiu

= (4.12)

o= 2n; (4.13)

Mrak, Z-MaTpuua B3AHMHOTO YETHIPEXTIONIOCHUKA CHMMMETPHMHA OTHO-
CHTEJBHO TJABHOW JHArOHAMH.
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Heckosnbko no-uHoMy GopMmyiupyeTcsi yCIOBHE B3aHMHOCTH YEThbIPEXMO-

JIIOCHHKA, OMUCAHHOTO cucteMoil A-napamerpos. TomkiouyHB MCTOYHHK U,
K nopry | M 3aMKHYB HAaKOPOTKO 3aXMMbl MopTa 2, Ha OCHOBAHHH (4.7)
HaXOOWM KOMIUIEKCHYIO aMIUIHTYAY TOKA

L3

L=—. 4.14
e (4.14)

Eciu xe uctounuk Uy moakiiouuTh K MopTy 2, a Ha 3aXumax nopra |
co31aTh KopoTkoe 3ambikanue (U; = 0), To u3 ypaBHeHHs

0= A];{;Tu + A];I}
cHeayer, 4To B LIENH MOpTa 2 BOIHUKAET TOK ¢ KOMIUIEKCHON AMIUTHTYIOH

- AU,
Lh=—-———. (4.15)
Ap
Torna, OBpaTMBILMCL KO BTOPOMY YpaBHEHHMIO M3 cHcrems! (4.7), Haxomum
KOMIUIEKCHYIO aMIUTHTYIy TOKA B L nopra |

. Andn . U
Ii= (Agl =4 22)Uu = (Andp - AHAR)‘_O- (4.16)
A Ap

an HUCNMOAB3OBaAHHH AwManHLl B Ka4decTBEe MONOXMUTE/bHLIX Hamnpaeie-
HUIi TOKOB BHIGMPAIOT Te, KOTOphIe M306paxeHsl Ha puc, 4.146. [Nosromy eciu

B MEpBOM W3 OMHCAHHBIX 30€Ch MBICICHHBIX KCNIEPUMEHTOB TOK Ha OCHO- _

BaHnK (4.14) MMeET MONOXMTENbHBI 3HAK, TO 3TO O3HAYaeT, YTO COOTBET-
CTBYIOLIAsl 3TOMY TOKY CTP@/Ka HarpaBjieHa OT BEPXHE20 3aMUMA K HUNCHEMY.
[Mo NpUHUMNY B3AUMHOCTH TAKUM Xe NOMKeH GuiTh TOK B Uenu nopra 1,
HaboaaeMblii BO BTOPOM MBICIEHHOM 3KcnepuMeHTe. Ho, NMOCKOABKY NpH

BBeneHNn A-napaMeTpoB CTPENKA TOKA J) HAMPABNEHA OMm HUNCHE20 3aXcuMa

K @epxHemy, TO JOJKHO BbINONHATHCA papedctso [; = —I, 4TO Ha ocHOBa-
Huy (4.14) 1 (4.16) BO3MOXHO JHILD MPH YCTOBUH
Andp — AnAp=4,=1 (4.17)

Taxum oOpasom, uyeThipe 3M1eMEHTa MaTPHMLbl B3aUMHONO YETHIPEXTO-
JNHOCHUKA CBA3AHBLI OAHWUM JAOMONHHTEIbHBIM YCIOBHEM. TeM caMbIM 4YMCIIO
HE3aBHCHMBIX 2/IEMEHTOB MATPUILIBI COKPALIAETCH 10 TPEX.

Cea3b MEXAY Pa3nUuHbiMKW MATPHLAMMK YeTbipeXnNontOCHHKOB

3Has ONHY W3 MATpHIl YeThIpexrnoiocHukoB, Hanpumep Z, Y wim A,
MOXHO MOJYMMTh MOyl apyryilo matpuuy. [lokaxeMm 310 Ha KOHKPETHBIX
npuMepax.

Tycrs fAaHa cHCTeMa YpaBHEHHI

Uy = Zuhy + Zuh, Uy = Zyd, + Znh,

4.1. Marpuuroe onncanme 4eTbipexnonOCHHKOB 75

Ko3durLMeHTaMH KOTOPO# CIyXKaT 3MeMeHTsl Z-Matpuiibl. JaHHYIO CHCTEMY
MOXHO peluTh oTHOCHTENBHO I; U I ¢ nomoiubio dopmyn Kpamepa:

=
e

— _ I
Ay

¥ P g

Az

Zy) (:1'1
Zy U,

U Zn
Uy Zp

PackpblBas 3TH BbIPAXKEHMS, MOTyYaeM CUCTEMY YpaBHEHHii

L=YU0,+YpU,, ©=YU, +Yylh,
rioe

Zy Zyp Z3) Z
P R S T % 1
1 A 12 A, Yz:———:z, Yo = —:?- (4.18)

Buipaxenus (4.18) npencrasnsor coGoit gopmyast nepexoda Mexay sne-
MeHTaMH Z-matpulibl H Y-MaTpHLL! YeThIPEXMOMIOCHHUKA,

B xauectpe BTOpPOro npuMepa paccMOTPUM CBA3b Mexay Y- M A-mat-
puuamu. [px 3TOM YYTEM, YTO B CHCTEME Y-mapameTpoB MONOKUTENbHBIE
HamnpasieHHs TOKOB MPHHATO 0003Ha4aTh CTPeNKaAMM TaK, KaK 37O MokKa3za-
HO Ha puc.4.1a. [lin A-napaMeTpoB MoJOXMTENbHOE HanparieHWe Toka [,
H3IMEHSAETCA Ha MpOTHBONONOXHOE (pHC.4.16). Mo3aToMY YpaBHEHUA YEThIPEX-
MOJIIOCHHKA B CHCTEME Y-napaMeTpoB A0JKHBI GbITh 3aMHCAHBI TAK:

L=YaU,+Yul,, -—5=YyU, +Ynlh (4.19)

Yrobbi nmepeilTH K A-napamerpam, DaHHYIO CHCTEMY c/ieayer npeobpa-
joBaTh B JBA ypaBHeHMs ortHocurensHo U, u ). Paspemms a1y cucrtemy,
110/IY4YHM YPABHEHHA COCTOSTHUS Lenu B (opme (4.7).

M3 nepsoro ypaBHenus (4.19) noayyaem

YU, =Y\ U, - I, (4.20)
OTKYaa
. L -,
" e 11 4.21
¥, (4.21)
Moncrasus (4.21) Bo BTOpoe ypaBHeHHe cucTeMsl (4.19), HaxoaHM, YTO
; LW\, .
-5 = (Yg] - )U + —I,. 4.22
7 1 Y, (4.22)
Pasencrsa (4.20) u (4.22) obpasyior Tpebyemyio cHCTeMy ypaBHEHMit
L ONpeneuTeIeEM
YuYs Y5 Y,
e 22+Y;1— 22 ”=Y2|-

Y12 le
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Peuienua naHHOM cHCTeMBbl;

1 —Y12U2 -1 Y, U )
T _ 2l -1
A= =1 ¥a Ya ? (4.23)
Y
Y, -Y,U ; :
fie . s At LD (4.24)
Yo |y, - 2; Lt 67 ' :
12

Ha ocrosannu (4.23) u (4.24) nomywaem dopmynsi nepexona or Y-
napaMeTpos Kk A-napamerpam

Y 1 A ¥Y;
Ay =l e e 2 2K i L
Y 12 Y 2 e Y (4.25)

CocrasHbie 4eThIPeXNONIOCHHKM M MX MaTPHLibI

[Jpa JBYXTIOMIOCHHKA MOXHO COSOMHMTH HITH NOCJIEIOBATE/ILHO, WIH Ma-
paniensHo. Yucno cnocofoB, KOTOPLIMH COEAHHSIOT Mexay coboii aBa 4eTh-
PEXNONIOCHHKA, 3HAYMTENLHO Bonblue.

Ha puc. 4.3 a—z u306paxeHsl CXeMBI COCTABHBIX YETHIPEXNOAIOCHHKOB,
0o0pa3oBaHHEBIX YeTkIpexnomocHukamu 1 u I1.

.

e)
Puc. 4.3, Hexotopeie cnocobbi coeauHennn asyx YeTbIPEXNONIOCHUKOB: a) nocnejoBa-
TeNbHOE coeauHenne; G) napannenHoe CoefiuHerue; 8] NOCNeACBaTENbHOE coeaMHe-

HHE Ha BXOAE W NapannenbHoe Ha BbIXOAE; r) KACKAAHOE COSAMHEHME

4.1. MartpuyHoe onucan1e YeTbipexnomMOCHHKOB 17

B cnyuae (a) ONHOMMEHHBIE TOPTHI YETHIPEXMOMIOCHHKOB COEAMHEHbI

nociefsoBaTeibHO. Tak Kak U’, =Un+ U;. 1, @ B Ka&X/IOM TOPTE OAMH M TOT Xe
rOK TIpOTEKaeT Mo OGOMM HETHIPEXTOAIOCHUKAM, TO YPaBHEHMS COCTOHHMS
IAHHOH LIETIH MMEIOT BUI

Uy = (Zin + Zyn)hi + (Zi2 + Zu )b,

. . . (4.26)
Uy =(Zin + Zun)li + (Zi22 + Zun)l.

()Tcroma BUAHO, YTO NpH NOCIeI0BATENEHOM COEAHHEHH N YETHIPEXITOMOCHUKOB
X Z-MaTpHilbl CYMMHPYIOTCA!

L= Ly + Zyy. (42?)

AHanorMuHbiM 06pa30M JOKa3bIBAETCA, YTO COCTABHOW YEThIpPEXMonoc-
1K, ROTY4EHHBIE napanieasto coemnrennes anementos 1 u 11 [cayvait (7))
imeer Y-MaTpHily, paBHYIO CYMME COOTBETCTBYIOILIMX MATPHLL

Y:Y] +Y]|. (428)

Ecnu xe snemenTthl | ¥ 11 co cropoHbl nmopra 1 coenuHeHbl Mocieno-
HATeIbHO, @ CO CTOPOHBI NopTa 2 mapamnensHo [cnyyaii (6)], To H-maTpuua
COCTABHOIO YEThIPEXTONIOCHHKA

H= H, + Hy;. (429)

Ha puc. 4.3 2 npuBeaeHa cxema xackadhozo coedunenus TOMOCHHKoB 1
w I, MrpalolMx ponb 38eHbed WAW cmyneHei. Takoil cnoco® coeanHeHus
#€CbMa pacnpocTpaHeH B palMOTeXHHYECKHMX YCTPOHCTBaX, HanpHMeEp, npu
CO3NaHUM yCHIUTeNeil. 31ech HANpsKEHWe M TOK Ha BbIXOAE Mpeablayliero
JBEHA CJ1YXKAT COOTBETCTBEHHO BXOJHBIM HaNpPAXEHHEM H BXOAHbLIM TOKOM JUis
MOCAEAYIOLIero 38EHa.

PacyeT KacKalHBIX CXeM YIOGHO TMPOBOANTE C MOMOWIBI0 A-MaTpHu uX

3BeHbeB. JIeHCTBUTENRHO, 30eCh
Dtl = 4 HL:r! + 4 lzj:rz, (4.30)
I = 412Uz + Ainds.

Ho, B cBOIO OYepenb,
U = AuuUs + Ay,

I = AynUs + Aunls.

Moxcrasnssn (4.31) B (4.30) u npuBoAs TMOZOGHBIE WIEHBI, MOAYyaeM
OTHCAHHE COCTABHOID YETHIPEXTIOMIOCHNKA B cHCTeMe A-napaMeTpoB

Uy = AulUs + Aphs,
b Azlffa + Anl;,

(4.31)

(4.32)
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rae
Ay = Avndnn + Arpdna,

Ap = AinAnn + Anpdn o,
Ay = A A + A An,
Apn = Am_Au n+ Ammdun.

(4.33)

Kak u3BecTHO M3 Kypca MmaremMaTuku, (opmynsl Biaa (4.33) omuceisa-
0T MPOM3BENCHUE MATPUL] OTHENLHEIX 3BEHLEB, BbIMOJHAEMOE 1O AITOPHTMY
«CyMMa MPOM3BEIeH Il 2EMEHTOB CTPOKH MEPBOrO COMHOXMTENS Ha 3/eMeH-
THI CTONBLIA BTOPOrO COMHOXKHUTES»:

A=AAy. (4.34)

Crenyer OTMETHTB, YTO MATPUYHOE YMHOXEHMe HEKoMMyTaTHBHO. [lo-
3TOMY, €CIM HM3MEHHMTb NMOpHNOK BK/IIOYEHMs cTyneHeld, 1o B obleMm cay-
vae AjAn #F AnAr.

Marpuubl HEKOTOpBIX HETbIPEXMONIOCHUKOB

Ha puc. 4.4 a npuseneHa cxema T-oOpasHoOro 4eThIPEXTIONIOCHHMKA, KO-
TOpbIif 06paloBaH TpeMsi ABYXMOMIOCHUKAMH Zy, Z; ¥ Z3. YToObl NONYYHTH
Z-MaTpuLly 3TOH Lenu, 3anu- ; 3 < -
eM ypaBHeHusi No Bropomy —DI 2 G— —>1; I 4—
3akoHy Kupxroda, BeinonHsis
obxox snemeHTOB Z, M 73
CO CTOpPOHHI mopra | W ane-
MEHTOB Z; W Z3 CO CTOPOHbI
nopta 2:

Ui = ZiI) + Z3(1) + L), ®
: : 5 A Puc. 4.4, Cxema HEKOTOPbIX YeTbiPEXNOMIOCHH=
Uz = Zo0h + Z3(1 + L), Kos: a) T-o6paanas cxema; 6) M-obpasHan cxema

WA

U, = (2, + 231, + Z;1,

. 2 ; (4.35)
U, = Zx1, -+-(Z;+Z3)Ig. .
3HAYMT,
+Z % '
7= : 4.36
[ Z Zy+ Z;] { )

Ecmm Z, = Z, = 0, 1o onpeaenutesns Marpuubl Az = 0 1 mostoMy
cuctema (4.35) He uMmeeT emHHCTBEHHOro peuieHus. [OBopaT, yto Z-Marpuua
TAKOTO YETHIPEXTIOMIOCHUKA HE CYLIECTBYET.

Ha puc. 4.4 6 n3o6pakeHa cxema I1-06pa3HOro yeThIPEXONIOCHHKA, B CO-
CTaB KOTOPOrO BXOJAT THHEHHbIE ABYXITOMOCHUKH C KOMIUIEKCHBIMHU NMPOBOAN-
moctaMu Y, Y3 u Y;. Haitnem Y-Mmarpuiry naHHo# uen#. JUia 310ro 3anuiiem

4.1. Marpuuroe onncan1e YeTbipexnoaioCHHKOB 79

/lBa YpaBHEHMA 110 MepBoMYy 3akoHy Kupxroda, KoTophie YCTaHABIMBAKOT npa-
niia pacnpeneieHust Tokoe Iy u I, B obfoux noprax:

L=YU+Y(U -1,
I = YhU, - Y3(U; - Un)

WIH
I = (Y, + 1)U, - vz,

: . : (4.37)
L = -Y3U, + (Y2 + 3)U,.
Orciona
¥l = =D
Y= ! 3
[ -Y; K+ Yl] )

Kak W B npesslIylleM ciyyae, Y-maTpulla Takoil LeMM He CyLIeCTBYeT, ec-
i Yr=lG=0

—>1 /ﬁ\jz‘ﬂ— —pi Z; Lg—
—0

a

. Zz
Yy I lﬂ, Zp \gz
Zf b
D—E iJ-——-o
a) 5)

Puc. 4.5. Cxema HEKOTOpPbIX YeTbIPEXNONIOCHMKOB: @) TpacHopmatop 6e3 noreps;
6) cummetpuunan X-obpasxan uenb

Jlerko ybeouThest, YTO YPABHEHHSA 3/1EKTPHUYECKOrO PABHOBECHUS TPAHC-
(jopmaropa Ge3 noteps (puc. 4.5 @) UMeIOT BUA

Uy = Zi0, + Zy by,
U) == ZMIII + Z}i},
e Z| = ij;, Z} = ij;, ZM = jwM
Orciona nonyyaercsa Z-marpuua TpaHcdopmartopa
Zy Zum
L= 5 4.3
[ZM Z:s] )

HakoHell, pacCMOTPHM TaK HA3bIBAEMYI0 CHMMETPHUYHYIO X-00pasHyio
(MOCTOBYIO) CXEMY, NPEACTABNEHHYIO HA PHUC. 4.56. [lns BBIYHCICHHA 1CMEH-
ton ce Z-Marpnibl OyaeM CUWTaTh, YTO NOPT 2 HAXONUTCA B PEXUME XONOCTOTO
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xona. Buaro, 4ro 1ok I, B mopte I ecth CyMMa ABYX OAMHAKOBBIX TOKOB B Lie-
nAx, 06pa30BaHHBIX MOCHeIOBaTelLHEIM COeIHHEHUEM /IEMEHTOB Z; U Z;!

- = U, e
o (Z[ +Z;!)/2 i Z, +Zg'

[Mo3ToMYy, cOrTacHO OTpeneneHuIo,

(4.40)

e

7 : (4.41)

Yr1obul HaliTH mapameTp Z;, TpeGyeTcs Mpexie BCEro ONMpemennuTh KOM-
TUIBKCHYIO aMIIMTYLY Hanipsokennsi Uy B PEXHME X0n0CTOro Xona. ins at1oro
CJIEYET 3aMETHUTh, YTO MOTEHLMANLL y3NoB @ U b onpenensioTcs conpoTHie-
HUAMH Z| U Z;, KOTOpEIE 0Bpa3yioT ABa AeUTENS HANPSDKEHUS !

U, = Z}U] = Z]U|
B_Z]-}-Z;’ b_-—Z|+Z2’
Toraa
5 : : Z,—Z .
= — = —
U, =U, - Uy 7t 2, "
oTKyaa, uenonbays (4.40), monyyaem
U, 2,-2
T = o= — 442
n == (442

[IpyHAB BO BHUMaHUue CHMMETPHIO JIAHHOI UeNW, HAXOIUM OKOHYATEebHO

L1+ 2Zy Zy- 2,

2
Z= 2 ; (4.43)
ZH -2 L +4
2 2

AHANOTHYHBIM 06pa3oM MOXHO BEIMHCAHTE Z-MATpHUILy MOCTOBOH LIETTH
€ TIPOU3BOJILHLIMM COMPOTHBISHMAMI IBYXIOMIOCHHKOB.

4.2. CpoiicTBa Harpy)XeHHbIX YeTbipeXnonloCHUKOB

Ha puc. 4.6 nsobpaxeHa cxema, cogepxalias 4eThIPEXMOMOCHUK, K Bhl-
XOJHOMY MOPTY 2 KOTOPOTrO MOAKNIOYEH TACCUBHEINH IBYXTONIOCHUK Harpy3ku
C KOMIUIEKCHBIMH CONpOTHBAEHWAMM Z,. BxonHoit nopt 1 Bo3byxaaerca uc-
TOYHMKOM rapmoHuyeckoii DIC ¢ kommuiekcHoi amrntynoi U;. Mayuum
NpoOUEcCHl B JAHHOMH LIEMM, UCTIONE3YA (DOPMATHM3IM MaTPHYHOIO OMHCAHMA.

4.2. CBo#CTBa Harpy»XeHHbIX HETbIPEXNOMOCHHKOB

DyHKUMK LenH

Tak NpUHATO HA3bIBATH PAM YWCIOBBIX XAPAKTEPHCTHK HArpyXeHHOro
4YeThIPEXMOMOCHHKA, KOTOphIE ONMpeaensioTcs COOTHOLIEHHAMH MEXIY KOM-
niekcHbiMu ammanryzamu Uy, U, j i
Iy n I. Tlepeuncaum HEKOTOPBIX BN F
W3 HHUX. :

Koagduument nepesays roka — } lb‘r g 2 ”zl Z
De3pasMepHOe KOMIUIEKCHOE YMCIIO
K; = L/I,.

KoadipuumenT nepenayn Hanps-
wenms — Oe3pa3MepHOe KOMILIEKC-
noe uncno Ky = Uy /U,.

Kommnuiekcroe Bxoauoe conporusienne Zy, = U, /1.

KomniiekcHoe B3auMHOE CONPOTHB/EHME nepenaun Z,; ., = U /1.

INomyepkHeM, 4YTO BCE 2TH MapaMeTpbl ONpeaensioTcss NpH 3aJaHHOM
Harpy3ke Ha 3akumax nopra 2. Eciu ucmonb3oBaTh TE€ HanpasieHHs TOKa
M HATIPAXEHHS, KOTOpEIE HA pHC. 4.6 NMPHHATHI 33 MONOXUTENbHbIE, TO

U, = -2, (4.44)

Puc. 4.6. HarpyeHHbiH YeTbIpEXNONIOCHHK

KomniexkcHoe BbiX0aHOE COnpoTHRIeHne 7., = U, /1, onpeiensieMoe npu
YCJIOBHM, YTO MOPT | HArpyXeH Ha BHYTPEHHEee CONPOTHBRIEHHE reHepaTopa Z,;
3C HCTOYHHMKA HA BXOJAE OTCYTCTBYET.

Pacuer pexumMa B cHicTeme Z-napameTpos

Monyuum dopmynsl ans onpeneneHus GyHKUMA UeNH B ciyyae, Koraa
MATEMATHYECKOH MOJIENBIO YETBIPEXNOMOCHNKA CIYXKHT ero Z-MaTpuua.
Moncrasus pasenctso (4.44) B cuctemy (4.1), mepenuiuem ee Tax:

Znh + Zph = U,

. . (4.45)
22!1’] + (Zn + ZH)Iz - 0.
Pelienns 3THX ypaBHEHUH OTHOCHUTENBHO I | M fg HMEIOT BUI
o Ui %n+ Z
= Ui(Zy + “), (4.46)
Az + 212y
; -U,Z
I = AL S (4.47)
Az + 212,
Orciona HaxonuM Ko3GhdHUKMEHT nepeaadyn ToKa
Z
Kr= 3 (4.48)

_Z;2+ZH'




82 nasa 4. Teopus 4eTbIPEXNOMOCHHKOB

Y7106b1 BEIYHCINHTE KO3 OMHULIHEHT Nepesayd HanpakeHus, crenyer obn-
ennHnTb (4.44) 1 (4.47):

['}—]ZHZZI
U=-2,1
? 2 &Z + Z]IZH
OTKyJa
ZuZy
Ky = T 4.49
A el 7 (§49)

Hcnonssys seipaxenue (4.46), nomyuaeM (GOpMyNy Uis pacyeTa BXOTHOIO
COMPOTHBAEHHA HATPYXKEHHOTO YeThIpeXNOMIOCHHKA

_E AZ+Z[]ZH

gy = — = ————— 4.50
o I] 222 7+ ZH ( )
[To aHANOTHH, BHIXOIHOE COMPOTHBIEHHE
Az + ZnZ;
{ s e e S R 4,51
s Zn + 4; (450

lloumep 4.1. B T-obpasHoM wuethipexnomocHuKe (puc. 4.4 a) snemeHtsl Z, u 2,
NpeacTaBnsior coboi KATYIIKHM ¢ OAMHAKOBIMH HHOyKTHBHOCTAMM L = 80 mkTH.
DneMeHTOM Z; CIYXKMT KoHgeHcatop emkocThio C = 3 H®. Yucto pesucTHBHasn
Harpy3ka uend umeer conporusnexue R, = 600 Om. Haiith uncneHHbie 3HaueHHs
dyuxunit uenu Ky, Ky w Z,, npu 9actoTe UCTOYHHKA Ha Bxone f = 0,4 Ml
BbluncngeM CONpOTHBIEHUS! 3NEMEHTOB, 00PasyIOUIHX YETHIPEXITOTOCHHK:

1
i == =7 s = = —q]3 3
i 2= jJwL = j201 Om; 23 =0 133 Om
B cootBetcTBHM C (4.36) Z-MaTpHLa YeTHIPEXTTONIOCHHKA
7= J68 ~3133]
-j133 g8 |’
onpenenuTens MatpuLbl Ay = —68% 4 133% = 13 065.
[To dopmyne (4.48)
4133 133(600 - j68)
600+ 568 6007 + 682
Takum 06pa3oM, TOK B HATPY3KE M0 AMILTHTYIE TPHMEDPHO B TISThL Pa3 MEHbILIE YEM

Ha BXO[e; BLIXOAHOW TOK ONMEpeXkaeT no (ale BXOIHOM TOK Ha yrona, Gnmskmii k 90°.
B cootsetctBun ¢ (4,49) Ko3(MDUUMEHT NEpenadn HAMPSKEHHS

_ —j600-133 —479 800
T 13065+ §68 - 600 42 840exp {472,2°}

AMNINTYAa HanpsOKeHWS HA BbIXOAE MOYTH B 1Ba paida Donblle, yeM Ha BXOAE.
Hcnons3ys (4.50), Haxoamm BXOIHOE CONMPOTHRACHHME LIEMH

42480 exp {572,2°}
By W ey =
600 + 768

2 = 0,025 + j0,219 = 0,22 exp {j83,5°}.

Ky = 1,863 exp {—7162,2°}.

= Tlexp {j65,7°} Om.

4.2. CsoricTsa Harpy»KeHHbIX YETbIDEXTOMOCHHKOB 83

DyHKynHM uenu B cHcTeme A-napamerpos
[puBegemM g cnpaBokK (GOpMy/bi, MO3BOMAIOIINE HAXOAHTL BEJIHYWUHEI
K;, Ky, Zg M Zyy,, N0 M3BECTHBIM 3€MEHTaM A-MaTpHLBl HEThIPEXTONIOC-
HHKa!
1

e e (4.52) |
re = AuZuZ:' Ap’ =

T = %, (4.54)
Loax = %—gﬁ. (4.55)

lMpumep 4.2. Ha puc.4.7a,6 n306pakensl cXeMbl OOIHO3IBEHHOTO (@) H OBYX3BEHHOTO
(6) RC-punsrpos. Ilapamerpst ueneii: R = 2 kO™, C = 5 u®, R, = 15 kOm.

Puc.4.7. Cxemni RC-bunorpos: a) ogHO3BeHHOro; 6) AByX3BEHHOrO

Yacrota BXoaHoro curiana w = 3- 10* ¢ ~'. Haiiti u cpapuuth KoadhuumMeHTHl
nepesayy HanpsxkeHus oboux GUILTPOB.

A-marpuuy oaHosserHoro RC -buasTpa nerko HaiiTi, nposest MLICNIEHHO ONbITh!
KOPOTKOTO 3aMBIKAHHS H XOJIOCTOTO XOAa:

g Tyl
[MoncTaBus yncnoBkie 3HAYEHHA NAPAMETPOB, HAXOAUM, 4TO
_[1+403 2:10°
“lins-0t
Io dopmyse (4.53)
15 10° 15 ,

= = = 0,85 —-j14,8°}.

1710 +§4.5- 107 17,58exp{jla 8} exp {—714.8°}

Jng aByx3seHHOro GUIETPa A-MaTpHLIa NOAYUMTCA NyTeM BOIBEIEHUS B KBAOPaT
A-MaTpuubl OIHO3BEHHOTO (GHILTPA; SNEMEHTEI MEPBOit CTPOKH

Ay =1 -w'R'C* + j3wRC = 0,91 4 50,9,
A = 2R+ jwRC =4-10° + j6- 10°.

Ky
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Torna

15-10° 15
= - = — = 0,66 exp {—738,6°}.
17,65-10° + j14,1- 10° _ 22.6exp {738.,6°) BA=185
‘Plrax, NpH 3a0aHHOW 4acTOTe aMmIUIMTYAA CHMrHala Ha BbiXo#e IBYX3IBEHHOTrO
dunvtpa 8 1,3 paza MewbUIe, YeM HA BLIXOMIE OHOIBEHHOMD YCTPOHCTRA, [IByXaneHunit
unsrp sBAgeTcs Gonee MHEPLMOHHLIM YCTPOHCTBOM H BHOCHT moaTtomy Gomsmimi
(ha30BhIit CABHT B CTOPOHY 3aMa3abiBaHMsI,

Ky

4.3. AKTHBHbIE U HEB3aWMHbI€ YeTbipeXNONIOCHUKH

B pamHoTexHMKe WHPOKO HCMONB3YIOTCS aKTHBHBIE 3BEHbS, HANPUMep,
yveuwnurend. Takue 3meMeHTH TpeoGpasyioT IHEPrui0 BCMOMOTraTelbHBIX HC-
TOYHMKOB B 3HEPIHIO NMOJIE3HOTO CUTHAA.

ByneM paccMaTpuBaTh HEABMOHOMHbE AKTHBHEIE YeTHIPEXTIONIOCHUKH, KO-
TOPbIE HE COMEPXKAT BHYTPH Ccebs HeynpaeIsieMblX HCTOYHHKOB (reHepaTopOB).
B cocTap HEABTOHOMHBIX YETHLIPEXTIOAOCHUKOR BXOasT MUGOo ynpasagemuie (3a-
BHCHMbIE) HCTOMHUKM, JTHOO PE3NCTHBHEIE IBYXTIOMIOCHHKH € OTPHLUATENBHBIM
AKTHBHEIM COMNMPOTHBAEHHEM.,

PaccMOTpHM HarpykeHH&I YeThipexnomocHuK (puc. 4.6), Mo onpenene-
HHIO, TaKoH YETBIPEXMONIOCHUK SBASETCH AKTUBHBIM, €CJIH CYMMA CPEIHHX
MOUIHOCTEH B 00OMX NMopTax OTpHlIaTe/IbHA:

Hp} +PCD2 % 0

3TO HepaBEHCTBO O3HAYAET, YTO MOTOK MOLIHOCTH HAMNpAaBAEH M3 YEThIpex-
MOMIOCHWKA BO BHewHMe lenu. lNoayepkHem, 4To Ta MOUIHOCTL B PaBHOH
MEpe MOXET HalpaBiATbCA KaK B HATPY3KY, TaK H B reHeparop. B mocneaHem
CHy“ae TOBODST, YTO aKTVBHbBI YETHIPEXTIONIOCHWK OCYIECTBAAET pezenepayliino
HCTOYHHKA CHTHaNa, MoJKMIYeHHOro K BXOJIHOMY NMOPTY.

[Tony4um ycnoBus, KOTOPbIM JOKHBI VAOBIETBOPATL JMEMEHTHI MATPHIIE]
COMPOTUBNEHHI aKTHBHOIO YeThIpEXMOIOCHHKA. [Ina 3TOTO BO3bMEM CHCTEMY

ypasHenuii (4.1), ymHOXMM nepBoe ypaBHeHwe Ha I, BTOpoe ypaBHeHHeE
*
Ha I, a 3aTeM PE3YJBTAThl CAOXHM:

0,1, + bk = 2y 0k + Zyhh + 21, }2 + Zzzfzfz- (4.56)
B cootsetcTBuM ¢ (4.48)
o ¢ 1,2,
ZIn+2,
no3TOMY
5 1,23 2 _ L)z

7 0 e

= > 4.57
(Zn + Zu)(z*gg + Z‘u) |22 + Zl? e
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ante L
ka2, (4.58)
Zn+ 2y :
: . ‘ilflzﬂ
i (4.59)
o In+ 2,

CyMMa cpeiHMX MOIIHOCTeH B 0BOHX noprax
1 . i
Pept + Py = 5 Re (U| I -I—szg).

Bocnonb3osasumcs Gopmynamu (4.56)—(4.59), npuxoauM K crefyloLIEMy yc-
NOBHIO, KOTOpOE 06GeCneyMBaeT aKTHBHBIH XapakTep YeTHIPEXNONIOCHUKA:

(4.60)

+ 3
Z12223(Z4Z0) + | 221 Zu] 0
|2y + 2,

B psle chyuaes UCCMEIOBAHUE AKTHBHOCTH YETBIPEXITOMIOCHHMKA yaaeTCA
BHITIOJIHMTH Ha OCHOBE MPHHUMNHANBHOM cxeMbl LienmH. PaccMOTPHM, Hanpu-
Mep, YETBIPEXTIOMIOCHHK, MMEIONIHIT AaKTHBHOE BXOAHOE COMPOTHRICHHE R,
1 BHyTpeHHee conpotusiexne R; (puc.4.8a).

Re [zn -

Puc. 4.8. AxtusHbie LUENK: 3) CXeMa C YNPABNREMBIM WCTOMHWKOM HANDMKENNR,
6) cxema C OTPULATENbHBIM CONPOTHB/IEHUEM

[lenb comepxuT MaeanbHbli ynpaBaseMslii HCTOUHHK THNA HWHYH c Be-
LIecTBEHHBIM KO3MMHIIMEHTOM nepefaun Hanpskehus Ky, Harpy3Koi CIyXHT
NACCHBHBIA ABYXNOMIOCHHK, MMeloWit uMnesane Z, = Ry + 7 Xu.

BxoaHas uens MoTpednser oT HCTOYHUKA CPEdHIoKD MOILIHOCTD

2
Ui

P = 52— (4.61)

KoMruieKkcHasa aMIuIMTyaa TOKa B Harpyske
- KyU, :
(Bi + Ry) + j X,

BBHIXOAHOE HaTIpSDKEHHE
_ KyUi(Ru +3X),

Ui (R+R)+jX’
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CpeaHAA MOLUHOCTDL, BhlaenaeMas B HAIPV3Ke,
KEFUFEI]RH
2[(& + R,) + X3

YeTbIpexnomoCHHK ByaeT aKTHBHBIM, €ClH FPpy > Py, T. €. DU YCIOBHH,
41O

1 =S
j 3 Re (UL h) = (4.62)

|Ri + Zﬂl
R.Ry

CxeMa Apyroro YeTHIPEXTNONIOCHHKA, KOTOPBIH MpH OnpeNeneHHbIX YClo-
BHSIX MOXET CTAaTh AKTHBHLIM, M300paxeHa Ha puc. 4.8 4. 3nech aneMeHTH Ry
u R, o6pa3yioT pe3MCTHBHBII JeIHTeNsL HANPSDKeHHA; conpoTHeneHue Ry > 0,
a conpotuBieHne By = — Ry < 0.

Cpentsas MOIIHOCTE B NopTe 1, MOCTYMNA0as OT HCTOYHHKA B YEThipeX-
MOIIOCHHK,

Ky > (4.63)

P Um(Ri=Ro)

TSy ]
" 2[-RiRy + Ry(R, - Ry)]
B 3aBHCMMOCTH OT Bhibopa napamerpos Hg u R; MoXeT OBITb KaK MOJOKHU-

TENLHOM, TAK H OTPULATENLHOM.
KommiekcHaa aMIUIMTYA2 BBIXOJHOTO HAIPAKeHMSA

g~ URR/(Ra+R) _  —UiReR,
2SR+ NR/RTR) -RiRy+R.(R -R)

(4.64)

MomHocTh, pacceHBaeMas B pesucrope Ry, Bcerna nojnoxuTenbHa:
Urfzz - UfsﬂRéﬂﬂ
2Ry 2[-R,Ro+ Ry(R: - Ry)]’

Pcpl?:

(4.65)

Axmudin.

ol |

Puc. 4.9, 3asncumocTh pexxuma paboTsi HEThIPEXNONIOCHMKA OT 3HAYEHHA MOAYNS
OTPHUATENDHOrO CONPOTHBABHHA
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370 03Ha4aeT, YTO MO OTHOLIEHHI0 K HATPY3KE YeTBIPEXMONIOCHUKA CIYKHT
HCTOYHHMKOM, T. €. aKTHBHAH MOLIHOCTD €ro oTpuuarenbHa: P = —P,;. O6n-
emuHaa (4.64) u (4.65), HaxoaHM YCJIOBHE, TIPH KOTOPOM YeThIPEXMOIOCHUK
QymeT aKTHBHLIM:

Rn = R(] & RgRu
~RiBy+ Ru(Ri — Ro)  [~R,Ry + Ry(R, — Ro)]
Ha puc. 4.9 usobpaxen rpaduk dyukunn F(R;) — neBoii yactu Hepa-
percTBa (4.66) npu pukcHUpoBaHHBIX 3HaveHnsx Ry = 1 Om u R, = 10 Om,

MoXHO BHAETH, 4TO B nonybeckoHeuHoMm uurTepeane 0,839 < Ry < oo maHHas
Lienb aKTHBHA.

5 < 0. (4.66)

Hes3anmMHbie yerThl PeXNONIOCHHKH

Hcnons3ys ynpasiisieMble HCTOYHHKH TOKAa WIH HamMpsSXeHWs, MOXHO
CO3JaBaTh HEB3aUMHLIE YETHIPEXNOMIOCHUKH, MMEIoIIHE PAl UEHHLIX B MpakK-
THYECKOM OTHOLUEHHH CBOMCTB.

B kauectBe npumepa Ha puc. 4.10 @ u3obpaxeHa cxema cupamopa, KO-
TOPLIA O0Pa30BaH ABYMS WMACANBHBIMU UCTOUHMKAMM TOKA, YOPARASSMBIMU
HanpsokenueM (UTYH). EquHCTBEHHBIM NapaMeTpoM TAKOTO MCTOYHMKA CIy-
XKHMT KpPYyTH3Ha S C pasmMepHOCTBIO mpoBoguMocTH., Mctounmuk 2 ornnuyaercs
OT MCTOYHHMKA | TeM, YTO MHBEPTHPYET, T. €. H3MEHAET HA MPOTHBOMOIOXKHbIH
3HAK BBIXOAHOTO KojebaHus.

Puc. 4.10. Hekotopbie HEB3AWMHbIE YETbIPEXNONIOCHHKH:
a) ruparop; 6) KOHBEPTOP CONPOTHBAEHKS

HMcrounuk | cosnaer B BRIXODHOM TOPTE TOK 1"2 = SUI. B TO BpeMs Kak
TOK BO BXOAHOM TIOPTE, CO31aBAEMbIil HCTOUHUKOM 2, ONpPeNenaeTcs BLIXOTHBIM

HanpsokerneM: I = —SU,. Takum o6pajom, Y-MaTpHLia THPaTopa UMeeT BHA

=5 3

Mockoneky ¥Yj3 # Y3, TO THpaTOp HEB3aUMEH.
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Mycts nopt 2 ruparopa Harpyxex Ha umneaauc Zy, T.e. Us = —2,1. 310
o3Havaer, yto U = —S2Z,U,; npu 310M Ha BXOJle BO3HHKAET TOK C KOMIJIEKC-
Hoit ammmrynoit I, = S°2,U,. Torna BxomHoe COTIPOTHBNIEHUE THPATOpa

U, 1
g == =, 4.67
S (467)

TpumeyarenbHO, YTO €CTH HATPY3KA eMKOCTHAS, T. €. Zy = ;%c , TO BXO-

HOE COMpOTHBIEHWE rHPaTOpa MMEET HHAVKTHRHEIH XapakKrep:

Zigy = jwLyy,
rae
C
Ly = 3 (4.68)

— 3KBHBAJIEHTHAs WHIYKTHBHOCTB.

[Hparopsl O6EIMHO BHITIONHIIOT HA 6a3e CNOXKHBIX HHTEFPATbHBIX MHKDO-
CXEM, Ha3blBAEMBIX OIEPALHOHHBIMH YCUITUTENAMH, U MCIONL3YIOT UIH HMH-
TaUWH WHOYKTHBHBIX 3/IEMEHTOB B MUKDOJEKTPOHHBIX Lensx. [Ipu 3atoM
YAAeTCH peanu3oBaTh BechbMa OONBILME HOMHHANLl HHAYKTHBHOCTelt. Tak,
npu C =1 Mx® u § = 1 MA/B umeem L,, = | Th. CoorsercTByiomas
Katyliika uMena Oul Henpuemaemo GonbliMe Maccy v raGapuThi.

Ecan o6a UTYH onunakoewl (puc. 4.106), 1o ruparop npespaiaercs
B KOH6epmop conpomueneHis, TaK KaxK ero BXOOHOH WMnegaHc

1
Sz,
TMonkno4KuB K KOHBEPTOPY PE3UCTHBHYIO HATPY3IKY R, ITONYUHM 3MEMEHT C OT-

PHUATEIBHBIM BXOOHBIM CONPOTHBIEHHUEM, KOTOPEI MOXET MCIONB30BATHCH,
HanpHMep, B aBTOKO/IeDaTeNIbHBIX YCTPOHCTBAX,

ZBJ;:_

@ Bonpocsi

l. Kakop ¢uiandeckuil cMbica Ko3(OdHUMEHTOB, 06pasyiommux marpuubl Z U A
HEKOTOPOro JIHHEHHOTO YeThIPEXMOMKCHUKA?

2. Kakomy ycioBHIO JOMKHBI YAOBJIETBOPATE 3NeMEHTH A-MaTpHUBl B3aUMHOTO
YETRIPEXNOMIOCHUKA?

3. Kak HallTH pe3yneTHPYIOLIYIO A-MaTpHLY ABYX KACKAAHO BKIIOYEHHBIX YEThipeX-
MONIOCHHKOB?

4. Yro taxkoe dyskums uenu?
Kakum cpoiicTeoM 06/1a0a€T HEaBTOHOMHBIH AKTHBHBIIT Y THPEXMOMIOCHHUK?

6. Kak paGortaior KoHBepTOp CONpPOTMBACHHA K rupatop? [losicHuTe HarismHo,
noYeMy rHpaTop ABNAETCH HEBIAMMHBIM YEThIPEXMOMIOCHHKOM.

bt

(4.69) A

fagasd

D) 3agaun

I 1. Cxema YeTHIPEXMOMIOCHWKA TpencTasneHa Ha puc. 4.11. Monyuute opMybi,
» OTOPBIE ONMMCHIBAIOT 3NeMeHTH Y -MaTpHIIBl JAaHHOH LeTH.

- I,

Puc.4.11 Puc.4.12

4.2. HaiiauTe 3MeMeHThl A-MaTpUIibl YETHIPEXTIONIOCHHKAE, CXeMa KOTOporo naobpaxe-
na wa puc. 4.12.

4.3. TlyTem MpsAMBIX BbIYHCIEHHH IOKAXWTE, HTO [BA KACKALHO BKIIOUEHHbIX HEThi-
NeXMOMIOCHUKA, PACCMOTPEHHBIX B 3aiade 4.2, HMEIOT MaTpHLY Nepeaatin

4] = [2;’ (1'] :

4.4, Hailoure yncieHHEIE 3HaueHWA anementos Yy u ¥y, Bxoaaumx B Y-marpuuy
‘1eTHIPEXMOMIOCHHKA, CXEMA KOTOPOTro MpeicTaBneHa Ha puc. 4.13. Hacrora KoncOhaHui
f=17 M@

50 Om

Puc. 4.13 Puc.4.14

4.5. Haitaure sneMeHTH Z-MATPHIEL YETHIPEXTIONIIOCHHKA, CXEMA KOTOPOTO H30Dpaxe-
Ha Ha puc. 4.14.
4.6. Umeertcs mpyxspeHHbil RC-duastp (puc. 4.15), pabotalounii B peXXHMe XOJIOCTOrO

4 -1
xona Ha suixoze. Mapamerpei uenu: B = 2 kOm, C = 0,5 Mx®, w = 3-10" ¢™' . Haiiaute
YHCNEHHOE 3HaYeHHe KoxhuLUMEHTa Nepenaun HanpsokeHua Ky Ha 3a0aHHON 4acToTe,
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4.7. YerbipexnonocHUK, ONMCAHHBIE CHCTeMO Y-napameTpoB, CO CTOpOHH MOp-
Ta 2 HarpyXeH Ha NMHEeHAHbIH IBYXMOMIOCHHK € KOMIUIEKCHOM nposoaumMocTsio ¥
(puc. 4.16). Moayuure hopmyny, KOTOPAs ONHCHIBAET BXOAHOI HMIEIAHC LIETIH CO CTO-
pOHB nopra 1.

O S <>
(o=
Bxog 5
Puc.4.17

4.8. Ha puc. 4.17 u3oGpaxeHa cxema rupatopa. KpyTnsHa XapakTepHCTHK 3/1IEMEHTOB
HUTYH B nmanHom ycrpoiictee § = 0,4 MA/B. Haiiaure 3Hauenme emxoctu C,
KOHIOEHCATOPA HArpY3KH, KoTopas HeobXomuma anda Toro, uytobbl CO CTOPOHB BXOIA
3TOT FHPATOp Obi IKBHBANCHTEH MHAYKTUBHOMY 3AeMeHTY ¢ napamerpom L = 20 Th,

HacrorHbie xapaKTepHCTHKH
NIMHEHHBIX yeneH

5.1. OcHoBHbie onpegeneHHs

WU3yyeHHble paHee npumepbl MOKa3bIBalOT, 4T0 QYHKUMM Lenei, Takue
KaK BXOQHbIE, NMEPEAATOMHBIE W BBIXOIHbLIE COTIPOTHBICHHA W MPOBOAMMOCTH,
a4 TaKke KoahdHUIMEHTH epeaad HATIPSOKEHHWSA WA TOKA 3aBHCAT OT YaCTOTHI.
Ha 3ToM ocHOBaHa paGoTa pamHOTEXHHYECKHX LieneH, KOTOpBIE BBITONHSIOT
4ACTOTHYIO (DMABTPALIMIO MOJNE3HOTO CUTHANA, BhIIENASA €I0 U3 CMECH C NoMe-
XAMH W IIYMaMH.

@DYHKIHIO, ONKCHIBAIOIIYK) YAaCTOTHYIO 3aBUCHMMOCTb OTHOLUEHMS JABYX
1106BIX KOMIUTEKCHBIX aMIUTMTYJl, MOXHO Ha3BaThb Yacmomubsim Ko3gguyuenmom
nepedawu K (jw). XapakrepHbiii BUI apryMEHTa CBA3aH C TeM, YTO B JaHHYIO
(PYHKIIHIO BXOIAT padIH4YHbIE CTETIEHH BBIPAXEHHA jw.

B obuiem cayuae dynkuns K(jw) npuHHMAaeT KOMIUIEKCHBIE 3HAYEHMA
H MOXeT ObITh MpEJICTaB/IcHA B fIOKa3aTebHON dopme

K(jw) = |K(jw)| exp {jox(w)}. (5.1)

YactotHylo 3asucumocts Moayns |K(jw)| wnasemBalor amnaumyono-a-
cmomnoii xapaxmepucmuxot uenn (AYX), dyHxuma pg(w) npeacrasnser
coboM ghazonacmomuyio xapakmepucmuxy (®YX) uermm; AYX ycraHaBnupaer
CBA3b MEXIY aMILUIMTYAaMH KoneGaHuil Ha BXOJE M BBIXOME UeNH MPH pasnHy-
HbiX YacTorax, PYX onuchIBaeT YACTOTHYK 3aBMCHMOCTh (Da30BOrO COBHra
MeXAy BXOTHBIM M BHIXOAHLIM CHTHAIAMH.

B paauoTexHHKe YacTOTHHIH KO3 DHULMEHT Mepefayy yallle BCEero npea-
craBiser coboil GespasMepHOe OTHOLUEHWE HAMPSKeHWIt WiH Tokos. [ns
13MepeHHs 3HaveHni Takux AYX yaroGHO Mcnons30BaTh ocobele Torapudmu-
yecKUe eHHHMIB — Aeunbenst, [ns 3TOro BBOAAT MOHATHE YCUieHUA LETH

A(w) = 2012 |K (jw)| nB. (5.2)

B Teopum ueneii monyuua pacnpocTpaHeHHe ellie oauH cnocob rpaduue-
CKOTO TIPEACTABASHMSA UACTOTHLI CBOWCTR ueneit — duaepamma Hatwaucma.
Ona npeacragasier coboit rogorpad (reoMeTpHYecKoe MECTO) KOHLIA BEKTO-
pa K (jw) Ha KOMIUIEKCHOM IDIOCKOCTH MPU PA3AHYHBIX SHAYCHHAX YACTOTH W,
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KOTOpas UIMeHseTes B nipeaenax o1 0 no oo. Auarpamma Haliksucra oGvenuns-
eT B cebe cpoiictpa AYX n @YX, nosromy uHOrAa ee Ha3BIBAIOT AMNAUMYOHO-
gazoeon xapaxmepucmuxoil (ADX).

5.2. YacToTHbie XapaKTepHCTHKH
npocreix RC- u RL-uenein

Ha puc. 5.1 @, n3oBbpaxena cxema mpocreiliueit RC-uenu. Onpegenum
ANs Hee YacTOTHHI Ko3(bduumMeHT nepenaun Hanpsikerns K (jw) = Ug/U,.

%
= S
R A i
(D&, czzlﬂc it J, L ‘L
a) 6)

Puc. 5.1. Cxembl HEKOTOPLIX NPOCTBIX UENEH:
a) nocnegoearensian RC-uens; 6) napannensHas RL-uens

[To OTHOWEHHIO K BBIXOAHBIM 3aXKHUMaM nanHas RC -1enb SBASETCH TPOCTHIM
NEeNWTENEM HAMNpPsDKEHUst M TO3TOMY

Lol 2 e
R+1/(jwC) 1+ jwRC 1+ jwr’

3nech peeleH napamerp 7 = RC ¢ pasMEpHOCTHIO BPEMEHH, KOTOPBIH Ha3bl-
BaeTCst HOCMOAHHON 8peMeny TaHHON uenwu.

[pu paccmatpuBaemMoM BioyeHnn RC-uenb umeer AUX

K(jw) = (5.3)

|K (jw)| = W (5.4)
u DUYX
¢ (w) = — arctg wr. (5.5)

Eciiy BRIXOOHBIM CHTHANIOM CAYXWT HampsDKEHHE HA PE3UCTOpE, TO Ya-

cToTHBI K03ddULMeHT nepeauu Hanpaxenus K(jw) = Ur/U,. B nanHom
ciydae

SN = R = Jer
) = e G i L)
K (jw)| = ——= (5.7)

Vi+wir?

-
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pxlw) = % — arctg wr. (5.8)

Ha puc. 5.1 6 n3obpaxena cxema napaanensHoii RL-uenu. BxogHoil cur-
Hal CO30AeTCqd MCTOYHMKOM rapMOHMYECKOTO TOKA ¢ KOMIUIEKCHONH aMILUIMTY-

noiit I;. PaccMoTpiM yacToTHbi#H Ko3(duumeHT nepenaun Toka K (jw) = I /1.
Mo nepsomy 3akoHy Kupxroda I, = Ix + I,. Hanpaxeuue Ha sneMenTax R
w L ofHO M TO Xe, a 910 3HaumT, yto RIp = jwLl;. Otciona nonyuaem

paBEHCTBO
5 jwL\ .
L= (1+J—)IL, (5.9)
R
W3 KOTOPOTO CHEIYET, YTO

1
1+ jwL/R | + jur’

K(jw) = (5.10)

rae 7 = L/R — nocTosiHHAaA BpeMeHH JaHHOMN Lenu.
Takum xe criocobom Haxonum KosdduumenT nepenayy Toka K (jw) = %
JUIS CyYast, KOTAA BBIXOAHBIM CHTHAIOM CIIYXHT TOK B PE3UCTHBHOH BETBU:
JwL jwr
R+ jwL 1+ jwr’

K(jw) = (5.11)

Crnenyer o6paTHTL BHUMAHHE Ha To, uTo dhopmyna (5.3) copnanaer ¢ (5.10),
a dopmyna (5.6) c (5.11), T.e. COOTBETCTBYIOLIHE LIEMH SBASIOTCH IKBUBANEHT-
HBIMM.

Ha puc. 5.2 a n3obpaxen rpaduxk AYX ans RC-uenu, y KOTOPOH BbIX0Oa-
HBIM CUTHAIIOM CIYXKMT HanpsiKeHue Ha KoHaeHucatope. B paBHOH Mmepe 3TOT
rpadpMK ONMWCHIBAET 4YACTOTHBIE cBoficTBa RL-uenu, Y KOTOPOH BLIXOZHBIM
CHTHANOM ABASeTCA TOK B MHAYKTHBHOCTH, CootsercTByiomias @YX npuse-
geHa Ha puc. 5.3 4. 3aeck ¥ B JanbHERNIEM YACTOTHBIM APTYMEHTOM CHAYXMT
Ge3pa3MepHOE NMPOU3BENCHHE WT.

BuIHO, Y4TO JaHHbIE LENH Mano ocnabaaioT HHIKOYACTOTHRIE KOAeDaHHA
W CHJIBHO TOJABAAIOT KonebaHus ¢ BHICOKMMH yacToTaMu. [OBOpAT, YTO Takue
uenu spasoTes guasmpamu nuxcnux wacmom (PHY). TpuHATO BBOANTE 2pa-
HUMHYIO HACMOmY WK wacmomy cpe3a w, punsrpa. Ha 310l yactore 3HaueHue

AUX yMeHbLUaeTCsl 10 YPORHSA 1/\/5 = (0,707 OoT MAKCHMANLHOTO 3HAYEHHS.
W3 dopmynsi (5.4) caeayer, uto w.7 = 1, oTKyIa

we = —. (5.12)

T
OrmeTHM, YTO YCHIeHHe BHILTPa Ha YacToTe cpesa A(w.)=201g0,707=—-3 ab.
U3 rpaduka Ha puc. 5.3 a BuaHo, uro B paccmarpibaeMoM @HY asa sei-
XOAHOIO CUTHANA OTCTAET OT (ha3bl CUTHANIA HA BXOae; (Da3OBBIH CABUI COCTARNS-
eT —45° Ha yacToTe W, U cTpemuTcs K —90° Ha GeckoHeyHo Goabioi yacrore.
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IX] I

10 10 g

0.8 a8 —-+2
--)tf-’,ﬂﬂ —-—7(&71?7

0,6 ] 0.6 f

0,4 .\\ 04 /

42 =l 02

g 1 2 F %o 0T 7 ¥ %

a) a)

Puc.5.2. AMnamryaHO-4acToTHble XapakTepucTuku RC -UuenH: 4) NpH Cheme BbIXOAHOro
HANPAKEHWA C KOHAEHcaTopa; 6) NPH CheMe BbIXOAHOMO HaNPAXKEeHWA C pesucTopa

I A e T Y

\

maly

= &
4

e

P, P

T \-.,.\1

—

L g —d 2 3 4wt
a) d)

Puc. 5.3. @asouactoTHbie xapaktepuctuku RC-Uenu: a) npu Cbeme BbIXOAHOMo
HanpMKEHUA C KOHAEHCaTopa; 6) Npu CbeME BLIXOAHOIO HANPAXKEHHA C PE3WCTOPA

~[Y

JAuamMeTpanbHO MPOTHBOMONOXHBIMI CBOWCTBAMH 0DNafaeT noc/ienosa-
TenbHas RC-uenb co CheMOM BLIXOAHOTO KOebaHuaA ¢ pe3ucTopa WIK napai-
nenvHasg RL-uens, y KOTOPO#t BHIXOAHBIM CHIHAIOM SIBJISETCS TOK B PE3HCTOPE.
Tpacdukn AYX u DYUX Takux ueneit, nocrpoeHHbie 10 dopmynam (5.6) u (5.8),
H306paxeHbl Ha puc. 5.26 u 5.36. Takue uenu ABNAIOTCHA PuUAbMPamu 6epxHux
wacmom (PBY). Yactora cpesa dunktpa no yposHio 0,707 OT MaKCHMANLHOTO
3HaueHus mo-npexHemy naetca dopmynoii (5.12); @BY sHocuT onepexaio-
winii pa3oBelit caBUT, paBHEI + 45° Ha yacToTe W,.

Yrobbt noctpouTh muarpamMMy HaiikBucTa NpHMEHHTENBHO K (YyHK-
unn K (jw), Beipaxaemoit dopmynamu (5.3) uau (5.10), BBeaem rnepeMeHHbIe
z=Re K(jw) n y =Im K(jw): b

. wr
1+a2r? Mt atrt

K(jw)=z+jy=

(5.13) %
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i
0,5
a) o)

Puc. 5.4. lnarpamma Hadixsucra: a) pna OHY; 6) ana ®BY |

2

”pDHSBE,I[CHHC w TI CIeAVET BHIPA3HUTL ABHO 4YEPE3 T:

I=%
= ‘
T

a 3aTeEM MOICTABHTE 3TOT pPE3YALTAT B BHIPAXKCHHE LA y2 H NONYYHTE

¥’ =z(1 - z). (5.14)
ToxaecTBeHoe npeobpasopaHne dopmyasl (5.14) NMpUBOANT K YpPaBHEHHIO
rogorpacda Halikeucra

|
2 2 =%
¥y +z :E+4 2

= 2+ e ) : (5.15)
o il et :
TMony4eHo ypaBHeHHe OKPYXHOCTH pammycoM 1/2 c LEHTPOM B TOUYKe

(1/2,0). CoorsercTyloniuii rpadMK MpeAcTaBleH Ha puc.5.4a. -
Tonorpad Haiiksucra mns ®BY [cm. dopmynst (5.6) win (5.11)] m306-

paxeH Ha puc. 5.4 6. Ha oboux rpacukax yka3aH psll YMCAOBbIX 3HAYEHHI

napamMeTpa wr.

WIH

5.3. YacroTHbie XapaKTepuCTHKH
6onee cnoxubix RC-uyenen

KoMOGHHHpYA Heckonbko 3nemeHToB R u C, yaaeTcs nonyyath pa3Hoob-
pasHble popmbl AYX u @YX, PaccMOTpHM psll KOHKPETHBIX MPHMEPOB.

3seno ¢ 3anaspsisaiowen PYX

Cxema uenw mpuBeleHa Ha puc. 5.5 a. YacToTHbli koadpuiHeHT Mepe-
Na4K HATPSKeHUA

Kp(i) = T EMGUO) L+ juRC
v R TR+ 1JGwC) 1+ ju(R + Ra)C




o L-S2:43-W
R, |Ku| J ¥ ¥ T 1

)
a)
Puc.5.5. 3seno c 3anaagpisaowein OUX: a) cxema yenu; 6) AYX; 8) DYX

Bsenem GespasmepHyio 4acTOTHYI0 mepemeHHyi0 w = wR,C u napameTp
m = R;/R,. Toraa

1+ jw

Ky(jw) = l—m,

(5.16)

- .
|Ky (jw)| = \/ F’ll;?-:(-]ti_f;l?‘ (5.17)

r(w) = arctg w — arctg [w(1 + m)]. (5.18)

Ipapuxku AYX u ®UX ws cayyas m = 4 usobpakeHsl Ha puc. 5.56
u 5.5, 6. Ecnm yactora mocTatoyHO BHICOKA, MOOY/Ib CONPOTHBIEHWUA KOH-
ASHCaTopa Man M LeNb NMPeBPaaeTcs B Pe3UCTUBHBIN JeJMTeNb HANDSKEHHS
C MOCTOAHHBIM KO3(duuMeHTOM nepenayu. BHocuMBIN (hasoBhIl CABHT BCe-
rla OTpUUATENIEH M 3aBHCHT OT 4acToThl, [aHHYIO Lefb NPUMEHSIOT KakK
YacTOTHO3aBHCHMBIHA (hazoBEIT KOppekTOp.

3seHo ¢ onepexaiowei DYX

Cxema uenu usobpaxkena Ha puc. 5.6 a. KosdduumenT nepemaun Hanpsi-
KEHHs

Ky (jw) L Ry(1 + jwR,C)
o = R]f(ij = - =
AleC) + R, Ri+Ry(1+ jwRC)
Oosnauns w = wR,C u m = R,/R,, nonysaem
: 1+ jw
) = ’ 5.1
ey (5.19)

2
|Ky (jw)| = 1/(1—:%)%?. (5.20)

(W) = arctgw — arcts (wlm) (5.21)
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RLA ¥x» 2pad

m=4% 40

wr m=4

Uy W w
h | 1 1 L 1 [

- %23 %18 1 e
a) 7) )

Puc. 5.6. 3seno c onepexaioweit DUX: a) cxema uenu; 6) AUX; 8) BUX

e

Ha puc. 5.6 6, ¢ npeacrasnenst rpadukn AYX n ®UX, nocrpoeHHble
ipu m = 4. Uens sener cebs nogobHo ®BY, Tak Kak npu w — 0O MOAYIb
COMPOTHBIEHNA KOHAeHcatopa ymeHbiuaetcs u |Ky| — 1. [JdaHHyio uemb
|ICTTO/IB3YIOT KAK YacTOTHO3aBMCUMBIH (ha30Bbiii KODPEKTOP C OMEpPeXaloLiHM
(pa30BBIM CABHIOM Ha BCEX YacTOTax.

@®unetp Buna

Cxema 3TOM LeMH, NPELTOXKEHHOH HEMELKHM ydeHbiM BuHom, H3obpa-
KeHa Ha puC. 5.7 a. BeeeM MMNEAaHC MOCNEAOBATENEHON BETBH

| 14 jwRC
jwC ~ jwC

Zi=R+

11 HMTEaHC TAPALTENBHOIO coeiuHenns anemeHToB R u C

5o BIGWC) _ R
2~ R+1/(jwC) ~ 1+ jwRC’

Wcnions3ys Ge3pasMepHylo nepeMenHyio w = wRC, nonyyaem

Z |
jw) = = . 5.22)
Ky(jw) Z+Z 3+jw-1/w) (
q.g;—lﬁ,,l .,’%._S’x
R lc -r\
&28 s T w
| ap L) :
U T U,
o- b O -’E" -

L L i Jd

1 Z F W
a) g) f)

Puc.5.7. @unbtp Buna: a) cxema uenu; 6) AHX; s) DUX
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1
Ky(j(w)| = : - 523
Ko (0)] = s (5.23)
w—1/w '
¢k (w) = — arctg TR (5.24)

Kpusele, paccumranusie no gopmynam (5.23) u (5.24), usobpaxeHsi
Ha pHc. 5.7 0, 6. Dunerp Buya MMeeT Mankie 3HaYeHMst MOOYISA 4YacTOTHOTO
Ko3(pdHLKHeHTa Nepenaun HaNPSXEeHHsT KAK HA HU3KHX, TAK M HA BBICOKUX
uacrorax. Makcumym, pasusiif 0,33, nocturaetcs npu w = 1. Tosopsar, yto
TaKas uens Apnsercs nogocossim puasmpom (IP), Pazopwiil CABUT, BHOCHMBIH
HAaHHBIM (DUALTPOM, Ha Pa3HEIX YACTOTAX MOXET OBITh KaK NMOJOXHUTEIbHbIM,
TaK W OTPHLATELHBIM.

«lMepexpouiToiit» hunbrp

Ha puc. 5.8 a nzo6paxena cxema «MepekpLITOro» YETRIPEXTONIOCHHKA, 00-
pa3oBaHHOIO umnenaHcamu Zi—Z4. Halinem yacToTHEIl Ko3hduLUMeHT nepe-
aaun Hanpsixenus Ky (jw) = Uy /U, cunras, 4o nopt 2 HaXOOUTCS B peXMMe
XOJIOCTOrO X0aa, a K nopty 1 noakmoyen uctounuk SAC U,.

Bocnonb3oBaBineh METONOM KOHTYPHBIX TOKOB, 1Sl TIEDEMEHHBIX I
u I», NOKa3aHHbIX Ha PHCYHKE, MMEEM CHCTEMY ABYX ypaBHEHHit

(21 + Za)l — Z)1p = U,

- 5 (5.25)
—Z\ I+ (2 + Z,+ Z)1,, = 0,
pelieHHs KOTOpok
; Zy+ 2, + Z)U
Ea (%) + 2, + Z)U : (5.26)
DIy + 2223+ 2\ 27+ 2124 + Z 24
. Z\U
L = (5.27)

= ZiZs+ Tads + Zi% + %1 + Bas

BrixoaHoe KonebaHue MMEET KOMILTIEKCHYIO aMIUTUTYAY Ug = Z;Ll -+ ngxg.
TMoncraBue cioza Beipaxenua (5.26) u (5.27), nonyyaem

223+ ZaZy+ 2374+ 2,2,

= : 5.28
D N BT Bl i (535
Hna cummerpuuHoro RC-uetsipexnoniocHuka (puc. 5.84)
1 - w + j2w
Ky(jw)= ————. 5.29
v(jv) I —w? + j3w .29
AMIUTMTYJHO-4aCTOTHas XapaKTePUCTHKA JaHHOH Lenu
2 1 — w?)? + 4w?
|Ky (jw)| = ( ) (5.30)

(- w)? + 90
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et =

o O— =
. Z, l R R
1 ) Z3 ¢
Uy Iyt Uy T
o— Qo © L —0
1 2t 2
n) &)
K, Pir 2pad
[#ul 1
10 S
| 1 1
3571 45 2w
075 +
o
r-‘, - : 7 =10
0 1 2 J w
B) 2)

Puc.5.8. «lepekpbitbiiis punbTp: a) cxema yenu; 6) peand3aums C NOMOLIbIO
anementos R u C; 8, r) AYX n @UX ann counserpa, cobpanHoro no cxeme 6

Da304aCTOTHAS XAPAKTEPHCTHKA SBJISIETCS PA3HOCTHIO APTYMEHTOB YMC-
AuTeNs ¥ 3HameHatens B BupaxeHuu (5.29). Boiwucass PUX, cneayer umers
B BHJIY, YTO YMCAHTENb M 3HAMEHATENb NPH w < 1 JieXar B MepPBOM KBaJpaHTe

KOMILTEKCHOI MIOCKOCTH, a MPH w > | — BO BTOPOM KBAAPAHTE. Torna
2w Jw
arctg (——-2-) —arctg( 2), w<l,
| —w l—w
px(w) = ; (5:31)

w — 1 w’ -1
= e S
arctg ( T ) arctg ( e )

Coorsercrayiomue rpaduxu npeacraBiers Ha puc, 5.8¢,2. lpu w =1
HabmonaeTcs MuHUMYM 3HaveHuit AUX, pasHbiit 0,66. MakcuManbHoe 3Ha-
yenne AUX, pasHoe eamHumie, mocturaetcs npu w = 0 (ofa KoHzeHcaropa
IKBHBANEHTHBI PA3PBIBaM) M TIPH W — 00 («MepeKpPLIBAIOLINI» KOHIEHCATOP
JKBUBANICHTEH KOPOTKOMY 3AMBIKAHWIO).

Mono6Hbie GUIBTPHI, YMEHBILAIOIINE AMIVTTY/Ibl KONeOaHHi B npeaenax
HEKOTOPOTO KOHEYHOrO WHTEPBANA YACTOT, HA3BIBAIOT PENCEKMOPHbIMU (hutb-

mpamu (P®).
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CuMmeTpruHan MOCTOBaR Lensb -

Ha puc. 5.9 g usobpaxeHa cxema cuMMeTpHyHoro RC-mocra. YTo6Hl
HailTH Koadduument nepemaun Ky = U /Uy, vurem, uto U, = U, — Us.
IMoTeHunansl y10B @ W b ONpemeneHsl, CKaXeM, OTHOCHTENLHO TOYKH C.
OvuesuaHo, 4TO

3 1/(jwC) . U,
U, = : U= =E 3
R+1/(GwC) '~ 1+ jur
: R j
Ub = JwT

- — V== .U,
R+ 1/(jwC) : 1+ jwr

OTciona HEMOCPeNCTBEHHO CIIEAYeT, YTO

1 - jwr

1+ jwr’

Ky (jw) = (5.32)

AUYX Takoro ¢unbTpa nocrofiHHa Ha BeeX yacrtorax: |Kiyl
kak @YX

1, B TO Bpemst

gk (w) = —2arctgwr. (5.33)

)

Puc.5.9. Cummerpuynas moctosan RC-uenn:
a) npuHuMnHancHas cxema; 6) @YX (3gece w = wr)

Ipaduxk ®YX usobpaxeH Ha puc. 5.96. Ha HH3KHMX yacToTax BIHAHHE
KOHIEHCATOPOB MPeHeOPeXXMMO Mano, BXOAHOM MOPT COSOWHEH C BBIXOAHLIM
4yepe3 PEe3HCTOpbl, U BHOCHMBIH (ha3oBeiii caBur 61u30K K Hymo. Ha Beico-
KHMX 4acTOTax BXOHN COEOMHEH C BBIXOAOM <«IIEPEKPEeCTHO» Yepe3d eMKOCTHRIE
/IEMEHTBI, HMeIOUIMe Maisiii uMneaanc. PasoBwlil CABHT QIIIETpa IPH 3TOM
6mu3ck Kk 180°.

CHMMETPHYHYIO MOCTOBYIO LIEMb C ABYMSI OAMHAKOBBEIMH MEPEMEHHBI-
MH pE3NCTOpAMH MOXHO HMCMOJb30BATh KAK peryiupyeMsbiii dasospamaress,
KOTOPBIii COXPAHSET HEM3MEHHOH aMMANTYAY BHIXOAHOIO CUTHANA.
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Dsoitroi T-o6pasunit punerp

Cxema 3TOil LiemH BMECTE C HOMMHaaMHM 3JEMEHTOB MpPEACTaBjeHa
1 puc. 5.10 ¢. BeruucauM 4acTOTHBIA KO3(MUUHMEHT nepenati Hamnpske-
wist Ky (jw) = U, /U, , BOCTIONB30BABIIMCE YPABHEHUSMH T10 TICPBOMY 3aKOHY
kupxroda aist y3ios a, b H ¢

0i-Us_ U-U,

2wCU, =0, 5.34
R 5 Hiw (5.34)
i SRR, 20,
—(U, = Up)jwC — (U; — Up)jwC + il 0, (5.35)
ey U,-U:
(Uy - UD)juC + — 2 =0 (5.36)
R a R [t !
0,75
: 50
C l C o
R 2C R
e S U,
Sl
a)

Puc. 5.10. [lsoiivon T-06paanbiii RC-mnbrp: a) cxema uenw; 6) AYX

Morenumany U, u Uy Haxomum U3 ypasuenuit (5.34) u (5.35) cootset-
CTBEHHO:

Vs = 31+ juRC)’
g, = JWRCT: +U3) (5.38)

2(1+ jwRC) ~

Bsomsi 6e3pa3MepHyl0 YacTOTHYIO TEPEMEHHYI0 W = wRC M noncras-
a1 (5.37) u (5.38) B ypasHenue (5.36), mocne HeCHOXKHbBIX npeobpa3oBaHHi

HMEEM

1 - w?

jw) = ———. 5.39)
Kt} 1 —w? + j4w (
Tpaduk AYX uemu, paccunThiBaeMblit o (opmyse
2
2k 4 (5.40)

|Ky(Gw)| = oo iow
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npeacrasaeH Ha puc. 5.106. BuaHo, 4To n1aHHas Lenk SBASeTCH PeXeKTOPHBIM
¢dunsTpom; AUX obpaiiaercs B HyJIb Ha YacTote wy = 1/(RC). ®uanuecku 310
CBSA3aHO C TEM, YTO HA JaHHOMH YacTOTE NOTEHUHANB YIIOB @ M b OTHOCHTENBHO
«3EMJIH» PABHbI 10 MOLYJIO M MPOTHBOMOIOXKHEI no (ase. Touka ¢, KoTopas
ABNsAeTCs cpelHed Toukod RC-Uenoyku, COeNMHAWLIEH TH yabl, HMEET
HYJEBOH MOTeHLMAN.

5.4. MocneposartensHbiit KoneGaTenvHbih KOHTYP

Konebate/bHbIM KOHTYPOM Ha3bIBAIOT JIMHEHHYIO LEMb, KOTOPas OJHO-
BpemMeHHO conepxkut L- u C-anementsi. Bymer nmokasano, 4to KonedatenbHbii
KOHTYP MOXET HMETh JIOCTaTOYHO COBEPLIEHHbIE YAaCTOTHBIE XapaKTEPHCTHKH,
NO3BOJAIOIINE BBITOAHATH € €r0 MOMONIBI0 (PUABTPALIHIO TTOJNE3HOIO CHIHANA.

Ha pwuc. 5.11 a u3o6paxeHa cxema nociefoBaTeibHOIO KojebaTenbHoro
KOHTYpa, B KoTopoM 3nemeHTsl L 1 C coegnHeHsl nocaemosartenbHo. Ha cxe-
Me MOKa3aHbl TaKKe aKTHBHOE COMpOTHBAeHHMe R, yuuThiBawlliee MOTepH
B KATyWIKE, U conpotHeieHue R,, Hanu4He KOToporo oGyC/IOBIEHO HECOBED-
WIEHCTBOM M30JIALIMH KOHIEHCATopa.

Ry L R L

G b~ |
Ry CT 1 £ i # l £
I
q—_ 'T
O ' los :

a) &)

Puc. 5.11. MocneposarencHbiii konebarenbHoiit KOHTYP: 4) NONHAR NPHHUMNHANBHAR
cxema; 6) cxema 6ea yuera manbix noTepsL 8 KOHAEHCATOPE

[lna KOHTYPOB, MPHMEHSIEMEIX B pANHOTEXHHKE, R; MMEET MopsAaoK eaH-
HHUIL WK JECATKOB OM, B TO BpeMsi Kak R ~ 10° Om u Bhiue. IMoatomy
Ha MpaKTHKE BIMSHMEM COTIPOTHBAEHHA R; MOXHO npeHebpeub M paccMmaT-
pUBaTh cxemy Ha puc. 5.116, B xotopoit R = R,.

YacToTHeIM KoadhdUIIHEHTOM Nepesayn NocieIoBaTe/bHOro Konebarteb-
HOTO KOHTYpa MOXeT C/yXHTb KOMIUIEKCHasi MPOBOIAHMOCTh

I 1
Y lw e e T e
Gw) U R+jX(w)
KOTOpYIO YI0OHO NMpeacTapuTh B HOPMHUPOBAHHOM BHJe
| 1
Yu(jw) = (5.41)

1+jX@)/R 1+ jéw)

Be3pasmepHoe ornoulenne £(w) = X (w)/R Ha3uIBAIOT 0606wiennol pacempoii-
Koil KOHTYpa. B aBHOM BHE

R wL - 1/(wC)

! (5.42)
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Im Im Im |

a) ) b)

Puc.5.12. BextopHbie AHarpamMmbi HANPFKEHUH B NOCNEROBATENBHOM KonebatenoHom
KoHTYpe: a) w < wy; 6) w = wy; B) w > wy

Tpu yacToTte

s (5.43)

HA3BLIBAEMOMH PeIOHaHCHOU “acmomou KOHTYpa, 00o0OlIeHHas paccTpoiika
£(wp) = 0. MpoBOAHMOCTb KOHTYPA OKA3BIBAETCS YHUCTO AKTUBHOW M MaKCH-
MajibHOM o moaymw, Kak cieacTeue, TOK B KOHTYPE, IMHTAEMOM OT HCTO4YHHKA
3]IC, Ha JaHHO YacTOTe U B e OKPECTHOCTH PE3KO BO3PAcTaeT. IT0 ABIEHHE
1 HA3BIBAIOT PeIOHAHCOM.

Ha pwuc. 5.12 g, 6, 6 TIpeCTaBIcHB BEKTOPHbIE AMArpaMMbl KOHTYpa MpH
pa3HBIX 4Yactotax. EciM w < wy (cmyyait a), TO KOMIUIEKCHas aMMUIMTYAa

Hanpsokenns Ha konaeHcarope Ue = I/(jwC) no Moayo npesocxoIuT KoM-

MEKCHYIO aMILIMTYay Uy, = IjwL nanpsxenus wa Katywke. [pn 3ToM TOK
B KOHTYpe omepexaeT mno dase npuiokeHHoe HampskeHue, Ecam w = wy
(cnywaii 6), TO MPOMCXOIUT KOMMEHCALNA HANPAXKEHUH HA PEaKTHBHLIX 3J1e-
MEHTAX; TOK W MPHIOXEHHOE HamnpsbkeHWe cHHbasHbl, Mexay eMKOCTHBIM
¥ MHIYKTHBHBIM 3/IeMEHTAMH NPOMCXOIUT PeakTHBHbIit 0OMeH sHeprued. Ha-
KOHell, MpH w > wy (cnydait g) pesyabTHPYIOLIee COMPOTHBIEHHE KOHTYpa
0KAa3bIBAETCA MHAYKTHBHBIM, W HANpsKEHHE OrNepexaeT Tok o dase.
Mopmyny (5.42) MOXHO npeobpa3osaTh:

BeoasaT Ge3pa3MepHbIil MapaMeTp

Q _l WQL o | =t \,"L/C (5 45)
R wyCR How

HA3BIBAEMbII JOGpOMHOCME0 KOHTYPA, XapaKTepH3YIolMH KauecTso Koneba-
TelbHONH CcHcTeMbl. YHcnuTenem 34ech CNYXUT PEAKTHBHOE CONPOTHBICHHE
anemenToB L uanw C Ha pe30HAHCHOW 4acToTe, KOTOPOE Ha3biBAlOT Xdpaxme-
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PucmuMeckum conpomuesenuem KOHTypa

1 L
p = wol e o (5.46)
 Ha uacTorax 10 HECKONBKMX COTeH MErarepu HCrnojb3yloT KOHTYDbI,
y Kotopbix p = 0,1-1 kOm; 106pOTHOCTL TAKHX KOHTYpoB @ = 20-200.

Ecnu @ > 1, 10 gaxe camoe Manoe OTKIOHEHME YACTOTHI OT PE30HaHC-
HOTO 3HAYCHHsA BBI3BIBAET PE3KOE YBe/MueHWe 0DOOLLEHHOH paccTpoiiku u,
KaK CIEACTBHE, CYLUECTBEHHOE yMeHbiueHHe Toka. Ha 310M ocHOBaHO mnpH-
MEHEHHE NOCIEN0BATENBLHOIO KOJIeBaTeIbHOIO KOHTYPAa B KaYeCTBE YaCTOTHO-
M30MpaTeNbHOH Lienu.

IycTh w = wy + Aw, NpuyYeM YacToTHas paccTpoiika JoCTaToMHO Mana,
T.e. Aw/wy < 1. Toraa bopmyay (5.44) MOXHO 3anmucaTh TaK:

= wu+Aw_ wp =

)= Q[ Wy wo+Aw] =
= Aw Aw\™'  2QAw
—Q[”:;‘(‘*E;) . o

nockoneky 1/(1+z) =1 -z npu |z| < 1.

Mrak, BOnu3u pesoHaHca 06o6imeHHas paccTpoiika £ npaMo NponopuHo-
Ha/bHa aBCONIOTHOMH YaCTOTHOI paccTpoiike Aw. TMpu Q > | bopmy.oii (5.47)
MOXHO MOJTB30BaTCA 15l NPUGTHKEHHOTO BLIYHCIEHHSA HOPMUPOBAHHOI npo-
BOAMMOCTH KOHTYpa

Yi(6) = Gu(€) + iByu(€) = |V, ()| exp {ieu(®)},

rae

I
Yu(é)| = —H:?. (5.48)

Pul6) = - arcigé. (5.49)

CootsercTByioue Kpubbie U3006paxeHbl Ha puc.5.13 q, 6. Buano, yro npu
FPAaHMYHOM 3HaYe€HWM §p = *1 Moayas HOPMHMPOBAHHOI MPOBOAHMOCTH

CTaHOBHTCA paBHbIM 1/v/2 = 0,707. Ha ocHoBaHUM (5.47) nonyuaem 3HaueHue
NOOCE! TIPOMYCKAHHWA KOHTYpa no yposHio 0,707 (wnu no cmamy ycuiaeHus
uenu Ha 3 ab);

ZAWQJQ? = g (550)

Brlpaxas 4acToThl B repuax, umeem

o707 = 2A fo 707 = g (5.51)
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Puc. 5.13. HopmuposaHHbie 4acTOTHbIE XapaKTEPHCTMKK NOCNENOBATENBHOTO
konebarensHora KoHtypa: a) AUX; &) PUX

£ ()

-05
a)

Puc. 5.14. Hexotopsie cnocobbi rpachuyeckoro npeacTaBnesns 4acToTHo-uabuparens-

HbIX CBOWCTB nocnegosarencHoro KonebatenbHOro KOHTypa: a) 3aBUCHMOCTH Bewe-

CTBEHHOW M MHHMMOM 4acTeil HOPMMPOBAHHOW NPOBOAMMOCTH OT obBobwenHol pac-
crpowkw; 6) rogorpad Havkeucra -

lMpumep 5. 1. MocnenosatentHulii KonebaTeNbHbI KOHTYD HMEET NapaMeTpsL:
L=6mkIa, C=140nd, R=30m

BLIuMCAHTE pe30HAHCHYI0 YacToTy (Tir), XapaKTepHCTHYECKOE CONPOTHBICHHE p U 106-
pOTHOCTL KOHTYpa @ . HaliTi monocy npornyckanus, a TAKKE YCHICHHE MPH PacCTPOFKe,
B TPH pa3a NpeBbIlIaIoNel rpaHULLY MOA0CH MPOMYCKAHHA.

Ha ocHoBamum npuseaeHHbIX Bbime dopmyn fo = 1/(2xVIC) = 549 MIi;
p=+L/C =207 Om; Q@ = p/R = 69. Tonoca nponyckanusi Iy g7 = 5,49/69 =
0,08 MTIi = 80 kIi1. Tak kak A0BPOTHOCTH KOHTYpA BEJIMKA, TO MPH 3a0aHHOH paccTpoii-
Ke 3Hayenue £ = 3. Moaynb HOpMHPOBaHHOI nposonumocTH Y| = | /10 = 0,316,
Orciona ycunenne A = 201g 0,316 = —10 ab.
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Ha puc. 5.14 @ npeacraBnedsl rpaduku 3aBUCMMOCTEil BELIECTBEHHOI
yacti Gy(€) w mHuMoii wactn B,(£) HOpMHPOBAHHOMN MPOBOIMMOCTH MO-
CNeNoBaTeAbHOTO KOHTypa. Cleiayer 3aMeTHTh, YTO MOOYTb MHHMON 4YacTH
JAocTHraeT MakcumyMa npu £ = £1, 1. e. Ha rPaHUIIAX MOAOCH MPOMYCKAHHA.
Ha puc. 5.146 n3obpaxen romorpad Hajikprcra is naHHoil 1enM, nocTpo-
eHHblit Mo dopmyne (5.41). MoxHo y6eauTnes, 4To rogorpad mpeacTaBasier
coBoit 3aMKHYTYIO OKPYXKHOCTB (Cp. ¢ pHc. 5.4).

Ha npakTike nociesoBatenbHbIi KonebATENBHBIH KOHTYP 4acTO MCIONb-
3YKT KaK YEThIPEXNOMOCHUK, CHUMAas BBIXOMHOH CHUIHAI C ONHONO M3 pe-
AKTHBHBIX IEMEHTOB, Hanpumep, ¢ koHaencaropa. Ilycte Uy, s — amiuin-
Tyla HanpsikeHHs Ha Bxode, TOK B KOHTYPE MNpPH DE30OHAHCE HMEET aM-
umtyay Iy = Ups/R. Toraa ammautyna peixogHoro Konebauus Uy, g, =
Un s/ (woCR) = QUpp, 5. UTaK, KoneBaTenbHblil KOHTYD OCYLIECTBASIET TPaHC-
hopmaumio aMIUIUTYAB! curHana, [TockonsKy Lenb NacCHBHA, TpaHChOopMaLus
HE COMPOBOXAAETCA YCUIEHMEM MOLLHOCTH.

5.5. MNapannensHbit KonebarenbHbi KOHTYP

Cxema 3700t BeckMa pacnpoCTpaHeHHOI YaCTOTHO-H3OHPATENLHOM Lenu
n3obpaxeHa Ha puc.5.15a. Kax ykaseiBanoch Bbille, CONpOTHRNEHHe R,
Ha MHOTO MOPSAIKOB MEHbLIE CONPOTUB/IEHHS MOTEPL B KOHIEHCATOPE, KOTOPOE
MPaKTHYECKM MOXHO He yuuThiBaTh. [locnenosatenbHas BerBb LR, uMeer
MPOBOAHMOCTE

| = R] _?LIJL
R +jwl R +w'? R +w’L?

Y'(jw) = (5.52)

o o 5 *
L —L
R, L i bl .
o o :

a) &)

1l
1
=

Puc. 5.15. MNapannenbHbiit konebatensHbii KOHTYP: 3) NONHAA NPUHLUKNHANBHAR
cxema; 6) IKBHBANEHTHAN CXEMA 3AMELUEHHA B OKPECTHOCTH PE3OHAHCHOH YaCTOThi

B paGoueit oGnacTH 4acTOT MOIY/b PEaKTUBHOTO CONDPOTUBIECHUS KATYLIKK
3Ha4YNTENBHO Gonbllie conportHeaeHus norteps: wL > R;. MNoaroMy npubau-
KEHHO

5 R, .1
Y S S S
(Jw) =Si7 (5.53)
CymMapHas MpoBOAMMOCTB KOHTYpa
: R, I s
Y = —_— = — A §
(jw) 0 o + jwC (5.54)
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Ha pesonancHo# uactore wy = 1/(vVLC') peakTHBHas 4acTb MPOBOAHMOCTH
0OpAIIAETCSA B HY/b, H KOHTYD CTAHOBHMTCH 3KBHBANEHTHBIM YHCTO AKTHBHOMY
| 30HAHCHOMY COMPOTHBIEHHIO (pHc. 5.156)

272 2
wyL p
= = — = pQ. 5.55
By R, R, e i

Y10 COTMPOTHRJIEHHE JOCTATOYHO BenHKo: npu p = 0,5 kOm u @ = 100 umeem
R, = 50 kOmM.
KoMriekcHOe COMpOTHBIEHHE MAapaUIebHOTO Ko/iebaTeIbHOTO KOHTYPa

Ry = R,
14 jR,[wC — 1/(wL)] ~ 1+ jwCRy(w/wy — wo/w) 45:56)

Z(jw) =

Vurs, uto wyCR, = R,/p = Q u ut0 06b14HO Q > 1, B nocneaHiow Gopmyay
MOXHO BBECTH 06061IeHHYI0 paccTpoiiky £ = 2QAw/wy H NOTYYNTh

RP
1+ j€
Ipaduku AYX u GUX misi HOpMHUPOBAHHOTO COMPOTHBIEHUS Mapaie/b-
inoro KoHtypa Zu(€) = Z(£)/R, MONHOCTBIO COBMANAOT C TEMH, KOTOPbIE
nioBpaxensl Ha puc. 5.13. YacToTHBIE 3aBHCHMOCTH BEILECTBEHHOH W MHH-

MOIf yacTeil BXOOHOrO COMPOTHBIEHHA, a Takke rojorpad Haiikeucra s
11apanIeIbHOTO KOHTYpa aHANOTHYHBI H300paXeHHBIM Ha puc. 3.14,

Z(¢) = (5.57)

Tpumep 5.2. 3anaHbi napaMeTphl NapauleibHOTO KonebarenbHOro KoHTypa: @ = 70,
(' =45 n®, L = 0,8 mxl. HaitTu conpoTuBieHMe UMK MPH PEIOHAHCE H HA Y4CTO-
re w = 1,02 w,.

XapakTepucTHueckoe conpotuBaerne p = +/L/C = 133 Om. PesonaucHoe co-
ipoTHBAeHUE KOHTYpa R, = pQ = 0,133 - 70 = 9,31 xOm. OBobwenHas paccTpoiixa
H1a 4acToTe W coctaBuT £ = 2QAw fwy = 2-70: 0,02 = 2,8. KoMmnjiekcHOe COTIPOTHB-
ICHHE KOHTYpa Ha 3a0aHHOH 4acToTe

SER 0
T 1+528 0 1+ (287
= 3,13 exp {—j1,23} = 1,05 — j2,95 xOm.

exp {—jarctg 2,8} =

flpneHne B Napa/IeIbHOM KOHTYpE Ha YAacTOTe Wy MHOTIA Ha3bIBAIOT pe3o-
nancom mokog. TIpudHHA 3TOro COCTOMT B cnenyiomem. Ecau I, — aMmnTyaa
BXOJHOTO TOKA B HEPa3BETRIEHHOM YaCTH KOHTYPA, TO NMPH W = Wy Ha KOHTYpPE
co3naercs Hanpsokenue ¢ ammautynoit Uy, = InR,. Tlox aeiicreueM 3TOT0
HANPSKEHHsA B PEAKTHBHBIX BETBSIX BOIHHKAIOT TOKH C OAMHAKOBBLIMM aMILIH-
viaMA Ipe = Imp = Un/p = 1,Q. WUTtak, peakTuBHEIH 0OMeH sHepruei
MEXIY KAaTYHIKOH W KOHIEHCATOPOM CONMpPOBOXIAETCH PE3KHM YBEIHYeHHEM
TOKOB B BETBAIX. DTH TOKM, ONHAKO, 3aMbIKAIOTCS BHYTPH KOHTYpa,
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Bauanue BHEWHHX ueneH Ha XapaKTepMCTHKM KOHTYpa

B pamHOTeXHMYECKMX YCTpOWCTBAX KoseGaTenbHbiil KOHTYP BCErga moa-
KJTIOYEH K BHEITHMM LIEMsSM, TAKMM, KaK MCTOYHMK CHrHANa M LeMb HarpysKu.
Ytobel yuecTp MX BIMsAHME, MapanieNbHO KOHTYPY MBIC/IEHHO I00aBAsiiorT
PE3UCTHBHYIO BETBb C conpotunieHueM R, . Tlpu 310M 3KBHBANEHTHOE pe3o-
HAHCHOE COMpOTHB/IEHHE

R,R,

Rp.alc -t m

(5.58)
OKas3bIBAETCS MeHbllE, YeM K.
Apyroe BaxHoe cneACTBHE — PACLIMPEHHE NOMOCH TIPONYCKAHMS KOHTYypa

Nnoa AeiicTBHEM pPe3UCTHBHOM Harpysku. Ha camom mene, dopmyny (5.58)
MOXHO MNpeAcTaBUTh TaK:

R, Q -
% — = - 5.59
R, pQRp+RH P TTRJE, (5.59)
BBojar skeusasenmuyio dobpomuocme HarpykKeHHOro KOHTypa
Q
R e 5.60
Q | + R,/R, .03

KOTOpast majgaer ¢ ymeHbiueHuem R,. B pesvisrate mnonoca npomyckaHus
KOHTYpa pacLUUpseTcs,

flpumep 5.3. MapannensHrii xonebatenbHblil KOHTYD, PAcCMOTPEHHbIH B TIpHMe-
pe 5.2, HarpyxeH Ha pesuctop R, = 6,3 kOm. Haiith nonocy MPOMYCKAHUA KOHTY-
pa Ilg 77 Ge3 HArpY3KH H C MOAKNIOYEHHOT HAFPY3KOIL.

PesoHancuas vactora fy = 1/(2rVLC ) = 26,53 MIi He 3aBucut or COmpo-
TuBneHus Harpysku. Monoca nponyckanns Ges warpysku Iyzp = fo/Q = 379 kI,
TMo popmyne (5.60) onpenensiem Q. = 70/(1 + 9,31/6,3) = 28. Orciona nosoca npo-
NycKaHHs HarpykeHHoro koutypa Iy, = fo/Qs = 947 k. Bumno, uTo nonoca
NpPOMyCcKaHMs pacuiipuiacs B 2,5 pasa.

lNonkmioueHHe NApaNIENbHO KOHTYDY MIHMLIHE HUIKOOMHOM HAarpy3Kd Hesony-
CTUMO H3-3a NOTepH QUILTPYIOLIMX CBOHCTB.

ChoxHbie napannensHbie KOHTYpbI

Tak HaswiBaloT KoNeGaTENbHBIE KOHTYPbI, OTIHYAIOLIMECH TEM, YTO WH-
JAYKTHBHEI M €MKOCTHBIH 31€MEHThl OIHOBPEMEHHO BXOIAT XOTSA GbI B ONHY
u3 ero eTeeil. [IpUMepLI TaKuX KOHTYPOB H306paxeHsl Ha puc. 5.16 a, 6, 6.

Myets Z, = Ry +j X, u Z; = Ry+ jX) — KOMIIEKCHbIE COMPOTHBAEHHUS
BETBEH; BEIHYHHbI X ; 3aBHCAT OT YacTOTHI. BXoaHOe conmpoTHBetne KOHTYpa

% (B +jX))(R, + j X))
(R, + Ry) +j(X; + X))

z (5.61)
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Puc. 5.16, CnoxHbie napannennHbie KonebarensHbie KOHTYpbI: . :
/) C ABYMA MHAYKTHBHBIMM KaTylukamu; 6) ¢ ABYMA KOHAEHCATOpaMmu; 8) obluni cayuai

Ha paGounx yactotax seerna | X,| > Ry, |X,| > Ry, nosromy npuGiu-
+CHHO

-X: X
2=

R+3X
e R =Ry + Ry, X = X, + X; — peliecTBeHHas ¥ MHHMas YacTH KOM-

11 1EKCHOTO COMPOTHRIEHHS MO0 OOXOAY KOHTYpa.
Moayas BXOAHOTO COMPOTHBIEHHS MAKCHMAJEH HA YacToTe Napajiefb-
|0TO pe30oHaHCa W, Takoii, yTo Ha Heit X, + X, = 0. Orciona monyyaercs,

17O JUIA CXEMBI @

(5.62)

1

W T e

1
~ IO

Kak BugHo u3 (5.62), 4acTOTHbIE XapaKTEPMCTMKH CIOXHOTO KOHTY-
pa B OKPECTHOCTH TOYKHM ) OMpEJeAHIOTCH, B OCHOBHOM, 3aBHCHMOCTBIO
OT YacTOThl peakTMBHOro compoTueieHus X no obxomy KOHTYpa, TaK Kak
nennumMiel X ) MEHSIOTCA C YacTOTON NOCTATOYHO MELIEHHO. Mostomy AUX
CIOKHOTO M TIPOCTOTO KOHTYPOB coBnazaioT no ¢opme. OnHAKO pe3s0HAHCHOE
COTMPOTUBJIEHHE COXHOTO KOHTYpa

(5.63)

115 cxeMbl O
(5.64)

Wy

_—XiXp _ 1X1,2
H=""p R
Gyner MeHsblue. JefcTBUTENLHO, UTA CXEMbl 4
272 2
R :_|X1|2 5 woLy = L 4 (5.65)
Bt R ~ R(L,+ L,)C
Ecnu BBECTH TaK HA3BIBAEMbIH K03ghduyuenm exa04eHua KOHTYpa
L
= : £ (5.66)

S —
L+ Ly
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1O (5.65) MOXHO 3amHMCcaTh B TAKOW (opme:
L+ L

2 Ly 2

By = Koa=pe—

Tle XapaKTepHCTHYECKOoe ConmpoTuBieHue p = /(L + Ly)/C.
s KOHTYpa ¢ IByMs KOHIeHcaTopamy (cxema 6)

= kpapQ, (5.67)

| X, 1

Ry=— = ———. 5.68
SR Ok (569

3meck TaKKe MOXHO BBECTH KOS(DMHUMEHT BKITIOUEHHA

G,
kgn = ————— < 1; 5.69
Tt (5.68
TpPH 3TOM

= 8.0Q. (5.70)

e p = /L(C\ + C3)/(C,C,).

WUcnonb3ys HEMoNHOe BKIIOYEHHE, MOXKHO M3MEHSATH YPOBEHD PE3OHAHC-
HOTO COMpPOTUBJICHNS, OCTABNAS HEM3MEHHBIMHI PE30HAHCHYIO HYaCTOTY M OO~
cy nponyckatiusi. Henonvoe sxmouenne KOHTYpa Nos3sosisieT TAKKe CHUXKATH
3bdexT BIHAHUA HATPY30YHOrO COMPOTHRAEHHMS Ha MOJOCY MPOMYCKAHHs,

CienyeT OTMETHTB, YTO B CIIOKHBIX KOAeBATENBHBIX KOHTYPAX WUMEIOT
MECTO TOC/Ie0BATENLHBIE PE3OHAHCH HA YAacTOTaX Wg,. BXOAHOE COMPOTHB-
NleHWe CTAHOBHTCS TIPH 3TOM MaibiM. JUsi CXeMBI C JBYMSI WHIYKTHBHOCTS-
Mu Wy, = 1/VL,C, T.e. wyn > wy. B cxeme ¢ ABYMS KOHIEHCATOPAMH 4aCTO-
1a Wy, = 1/+/LC; OKa3siBaeTcs HIDKEe YacTOThI MAPAUIENLHOTO PE30OHAHCA.

5.6. CeasanHble KonebaTenbHbie KOHTYpHI

[MocnenoBaTensHelil M NApALIENbHbIH KOHTYPBI ABAAIOTCA ONMHOYHBIMM
koneGaTenpHBIMU cucTeMaMu. [Ipucyiumii UM HEOOCTATOK — CPaBHHTEIBHO
Manoe ociabieHue CHrHaaoB, YacTOTHl KOTOPHIX JIEXAT BHE MOAOCH MPOIyC-
KaHusi. JIydiiue YacTOTHbIE XapaKTepPUCTHKM MMEIOT MHOTOKOHTYDHBIE KoJje-
DaTte/bHbIE CHCTEMEI.

Ha puc. 5.17 a, 6, 6 NpUBEIEHBE HEKOTOPHIE CXEMBbI IBYXKOHTYDHBIX CBSi-
3aHHBIX Hernei. 115 ¢BA3M HCTIONB3YIOTCS PEAKTHBHBIE 3/IEMEHTH — TpaHcdop-
marop (cay4aii @) wnmn koHpercarop Cg, (cayuaw 6, ¢). Koutyp, comepxauimi
BXOIHOi HCTOUHMK rapmonudeckoil DJIC E, HAIBLIBACTCA nepEUMHBIM KOH~
mypoa; BBIXOMHBIM CHTHAJIOM MOXET ObiThb TOK BO 8mopuyHoM KOoHmype WIH
HamNpsXEHWE Ha OHOM M3 €r0 PEaKTUBHBIX 3/IEMEHTOB.

PaccMOTpUM IBYXKOHTYDHYIO CHCTEMY C WHIYKTHBHOW CBA3bI0 (pHcC.
5.17 a). TlapaMeTpbl OGOMX KOHTYPOB WISl NPOCTOTHl WAEHTHHYHBI; BEIXOIHOM
CHTHAT CHHMAETCH C KOHIeHcaTopa.

5.6. Ceazannbie konebarenbHbie KOHTYDS! 1

Puc. 5.17. Cenaszanvbie konebarenorble KOHTYPbI: 2) HHAYKTHBHAR CBA3D;
6) emrocTHas T-o6pa3sHas csa3b; 8) emrocTHas [-06pa3nas cesab

[lycTh KOHTYpHBIE TOKM, HMEIOMIHe KOMIUIEKCHbie aMmmanTyanl I) u I,
OPHEHTUPOBaHbLI 10 4acoBo# cTpenke. TOKH yIOBIETBOPSAIOT CHCTEME ypaBHe-
HHUH

inl . chlil = E-

: E (5.71)
—'ZC;I] o fog = 0,

rne Zy = R+ jwL + ;Tlé — COMPOTHRIIEHHE TIO OOXOMIY KaXIOro KOHTypa be3

y4yeTa BAMAHHSA CBAIM; Zcz = jwM — peakTHMBHOE COMPOTHBRICHHE CBA3M.
Pernsast 5Ty CHCTEMY, TIOAYYAEM AMAAWTYAY TOK2 BO BTOPUUHOM KOHTYpE

Z E

ii= Av

(5.72)

rie A = Z2 — Z2, — onpenenurens cucremst (5.71).
YacroTHeli Ko>phHULMEHT Nepeaayl HanpsaKeHna
Zw M
jwCA  CA’

K(jw) = (5.73)

Yno6HO BBeCTH 06OOLIEHHYIO paccTpoiiky £ (cM. § 5.4) 1 sanucaTh

2
1 2
A= [R+j(wL - E)] + WM =R(1+j&) +w’M.  (5.74)
PaccmaTtpuBas CBOMCTBA CHCTEMBb! B MAJOI OKPECTHOCTH PE3OHAHCHOW YacTo-
T Wy = | /v LC, MOXHO NPHOMMKEHHO MONOXKHTh

M?
2 ~ 2 = —_—
WM~ Wi M o
Toroa
M/(CR?)

(15 76) + M2/ (LCRY) (3:7)

K(§) =
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Tak kak koabduumeHT HHAYKTUBHOH cBasu k. = M/L, yucautens
MOXHO npeobpa3oBaTh Tak:
M kL ko kO
e e s
B 3TOM Ciiy4ae BTOpOe ciiaraeMoe 3HaMeHaTens
2
M e k2 Qz
Lep T
BBonat BaxHbIN mapaMeTp CBA3aHHON KOAEOaTENBHONW CHUCTEMBI — TaK
HasplBaeMBId gaxmop ceazu

A=k0O. (5.76)
[Mpu 3TOM
AQ
K& ———.
(©) (1 + 7€)? + A2
Ypasuenue AYX cpsazaHHOit Kone®aTebHON CHCTEMBI
AQ
V(14 A2 —€2)° +4¢

Y1061 onpenenuTh 3KCTpeMaibHble TOYKUM AYX, cneayer HaiTH KOPHH

npou3ssomHoit dyukuun F(€) = (1 + A% — £°)% + 4£? [cm. (5.78)]. HerpyaHo
NpOBEPUTL, YTO MPOM3BOAHAA obpamiaeTcs B Hylb npu & = 0 u npu &3 =

4/ A% — 1. Touxa £, sBAseTcs TOMKOW Makcumyma, ecim A < 1, w Touxol

muHuMyMa, ecidi 4 > 1. B Ttoukax £;,3, KOTOpPLIE HMMEIOT CMEIC] JIMIIb

npu A > 1, AUX nocruraer MakcMMaibHOrO 3HaueHusl, pasHoro /2.
YnoGHo BBeCTH HOpMmUpoBaHHYIo AYX, KoTopas onpezaensercs GopMyJIoii

Rty RN e :
§. SyUsd =ty i
CootsercTBYIOImKe rpadvku npuBeaeHsl Ha puc, 5.18a,6. Ecan 4 < 1,
TO CHCTEMa paboTaeT B pexuMe crafod ceasu. Pe30HaHCHBIE KPUBBIE UMEKOT
eaMHCTBEeHHBI MakcumyMm npu £ = 0, T.e. Ha PEe30HAHCHOH 4YacToTe OJM-
HouHOro KoHTtypa. Cnyuaii 4 = | Ha3bIBAIOT PEXUMOM KPUMU4ECKol c8A3U.
Ipr A > | peanusyercs pexuM cuabHoil cazu. Pe30HAHCHEIE KpHBBIE CTAHO-
BATCSA «IBYTOPOBIMU»., DTO OOBACHIETCS TEM, YTO KOMIEHCALIMS CYMMApHOrO
pPeaKTHBHOTO COTIPOTUBIEHMS, CKIANLIBAIOIErocs W3 COBCTBEHHOIO M BHOCH-
MOTIO CONPOTHBAEHUH, NMPOUCXOAUT HA YACTOTE, OTAHYAIOIEHCA OT HCXOMHON
pe3oHaHcHo# yacToTtel. C poctom dakTopa cBa3d A MakCHMYMBI KDMBBIX BCe
Gonee OTXOOAT OT LHEHTPANBHON YaCTOTHL
EciM MCTOYHMK BXOJHOTO CHrHala MMeeT 4acTory wy, T.e. £ = 0, 10
aMIUTHTYZia CUTHAJa HA BBIXOHe OKAa3bIBaeTcs Mano Kak mpu A < 1 (uHIyK-
THBHAA CBSI3b MEXIY KOHTYpaMM CAMIIKOM criaba), Tak u rpu 4 >> | (cwibHas
CBfI3b CYLIECTBEHHO PACCTPAHBAET KOHTYPHI).

(5.77)

(5.78)

(5.79)

5.6. Ceraanusie konebarensHosie KOHTYPLI 11

08 0,8
/ / \«-A =7 A=4
0.6 a6 i,

CA=0,5

\ /
04 \ « 0,4 \
VAN
Z A7 K )
A=0,2 =
4 ~f B:. . § =h =~ @ 2 &
a) a)
Puc. 5.18. HopmuposanHbie AYX cucTembl ABYX CBA3AHHDLIX
KonebaTenbHbix KOHTYpOB: a) cnaban cA3b; 6) CHAbHAA CBA3b

MMpumep 5.4, Cuctema ABYX UHAYKTHBHO CBHA3AHHBIX KOHTYDOB HMéCT napameTpoi:
wy = 108 ¢!, L = 1,5 mxTh, M = 0,028 mxlu, @ = 80. Haittu Hopmupo-
BaHHBI Ko3¢duuseHT nepenaun K, W ycuwieHde A MNpH YacTOTHOH paccTpoii-
ke Aw =2,5-10° ¢”'. CpaBuuts ocnaGneHus TaKOro CHIHANA CBA3AHHON CHCTEMOH
H OIMHOYHBIM KOHTYPOM C TEMH Xe TapaMeTpaMi.

Kosdduunent cazu k, = 0,028/1,5 = 0,018. Pakrop cBssu A=0,018-80=15.
ObobienHas paccrpoiika £ = 2-80-2,5- ‘% = 4, Jina ceA3aHHOMH cucTeéMbl 0 Gop-
myne (5.79) HaxoouM, uto |K,| = 0,2 unu A = 201g |K,,| = — 14 1b. Jlna onnHouHOrO
kouTypa |K,| = 1/+/1+ € = 1/V17 = 0,24 wm A = —12.3 1b.

Px

90’

=E=b=t 012 T §
AV
A

=N
SR
Puc. 5.20. Da3oyacToTHble XapaxTe-

pHCTnKM CHCTEMDI AB)‘X CBARIAHHDBIX KO-
nebarensHbix KOHTYpPOB

Puc.5.19. [narpammor Haiksucra cu-
CTeMbl fByx cBA3aHHbiX Konebarenn-
HbIX KOHTYPOB
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—

Mpu aaHHoM GakTope CBA3ZH BLIMIPHLILL B 0CNAGAEHMM PACCTPOCHHOIO CHrHAMA
Hepenuk, OoHako ciemyeT MMeTs B Buay, yto AYX ceazaHHOlN cHcTeMB MMeeT Bonee
NJI0CKY10 (DOPMY BEPLUINHEL, Y4TO GIArONpHATHO AT HEMCKAXEHHO# NEpeiaun CUrHANIOB,
YaCcTOThl KOTOPBIX pacnonaraloTcs BbBaH3M MakcHMyma AUX.

Harnaanoit winiocrpauneii YaCTOTHBIX CBONCTB CBA3aHHOM KonebaTenb-
HOWH cMcTeMbl siBiieTcs rogorpag Haiikeucra. YToGbl MOCTPOKMTE €ro, ciaemyeT
NPOHOPMUPOBATE hopmyiy (5.77) Ha eIMHMILY, BEIIETHE 3aTEM BELIECTBEHHYIO
W MHHMYIO YacTH:

Kof6) = 24(1 + A? - €%) — j4A¢
B i (1+A2_£2)2+4£2

Ha puc. 5.19 u3obpaxeHsl mBa Takux rogorpada npy 4 =05 u A = 4.

BaXHO OTMETUTb, YTO KOMIIEKCHbIi BekTop K, (£) ¢ u3meneHneM £ or —o0

0 +00 COBEPIIAET HA KOMIUIEKCHOW IUIOCKOCTH MOBOPOT Ha yroa 360°,

MMeHHO TaKMM OKa3bIBaeTcA AHana3oH uameHenuss @UX gaHHONH CHCTEMEL
Orta dyHKUMA onuckiBaeTcH hopMynoit

px(€) = —arg [(1 + j€)* + 47]. (5.81)

CootseTcTBYIOLLIHE rPadHKH MPH IBYX 3HAYeHUAX (HAKTOpPA CBA3ZM U300PaXKEHBI
Ha puc. 5.20.

(5.80)

5.7. YactoTHble XapaKTepUCTHKH Lenen
C NepHoOAHYECKOH CTPYKTYpOH

MHorue 4acTOTHO-H3OHPATE/ILHEIE LEMW HMEIOT IEPHOTMYECKYIO CTPYKTY-
Py, HaMpUMep, COCTOAT U3 MOCAEAOBATENLHOCTH HAGHTHYHBIX YETHIPEXMOMIOC-
HHKOB, COeMHEHHLIX KackagHo. Ha puc. 5.21 ¢ usobpaxeH ¢parMeHT Takoit
GECKOHEYHOH LETIOYKH; 7 — HOMEpP IEMEHTA.

Inﬂ'

a) a)

Puc. 5.21. Uens c nepuoguyeckon cTpykTypom:
a) xondurypauus uenw; 6) cxema 0gHOrO 38€HA

byneM nonaraTk, YTO KaXIoe 3BEHO MNpelcTariseT coDOoi B3AUMHBIH CUM-
METPUYHBIN YETBIPEXMONIOCHHK, T-00pa3Has 3KBHBaNEHTHAA CXEMa KOTOpPOTO
npeacrasieHa Ha puc. 5.214. Jlerko npoBeputh, 9T0 A-MATPHLIA TAKOTO YeThI-
PEXTIONIOCHHKA MMeeT KO3(DhULIMEHTbI
Z)

Ay =49 = — ;
I 7 |+Z.2 (5.82)
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3BeHO ¢ HOMepOM n + | ABNAeTCA HArPY3KOH WA 3BEHA C HOMEPOM 1.
[aK Kak lienoyka OecKoHeYHa M MepPUOIHYHA, TO OTHOLUEHHE KOMILIEKCHBIX
AMIUTMTY/ HanpsxXeHWil H TOKOB Ha BXOJAX M BbIXOAAX 3BEHBEB JOKHO ObITh
OJIMHAKOBO:

Urn+| fn+l
— =——=...=exp{—7}, (5.83)
s I
11e 4 — B obuieM ciy4yae KOMIUIEKCHas, 3aBUCHILAsA OT YACTOTH BEJIHYHHA,
Ha3blBaeMas NOCMOAHHOU nepeda4u OIHOTO 3BeHa GEeCKOHEYHOH LIEMOYKH.
OTHOLIEHHE KOMIUIEKCHOH aMrinTyasl HanpsokeHusa U, K KOMTUieKCHO#M

ammumTyae Toka I,, ONMHAKOBOE IS BCEX 3BEHBEB, HA3BLIBAIOT XAPAKmepu-
crudeckum conpomuaneruem Z. TIepUOANYECKOit CTPYKTYpbl. UTo6ObI HAHTH 3TO
COMpPOTHBJIEHHE, CIeAYET BOCIIONbB30BaTLeA (hopmyoi (4.54), MpuHsIB BO BHU-
MaHHE, YTO BXOAHOE CONMPOTHRIEHHE TOCIEAYIOLIEr0 3BeHa CIYXKHT HArpy3KOoH
UIst peabiayiiero 3seHa. Toraa, Tak Kak Ay, = Ay, UMeeMm

_ApnZ.+ Ap
T AnZo+ Ay’

OTKYIa

A
Zc = =B =W Zu.uzm.n s (584)

Ay

e Zpxxa U Zaxxx — BXOMHOE COTPOTHBIEHHME 3BEHA B pPeXHMax KOPOTKOro
IJAMBIKAHHMA H XOJOCTONo Xoda no BeIXOOY.

Yro6rl BBIPA3UTL MOCTOSHHYIO NepeaayH Yepes napaMeTpsl A-MaTpULBL,
CieyeT BOCTIONb30BaThest hopmynamu (4.53) u (5.84):

1 1
= =exp {-7},
An Ay +VApR4y

A e
g=r 7

¥ (5.85)

OTKyHa

¥ = In [An Hent A|3A2|] =In [A“ o5 V A%] s 1] = &l‘ChA“ 2 (586)

IOCKOJNBKY U1 B3aMMHOTO YETHIPEXTOMIOCHHKA BHITIONHAETC PaBEHCTBO
(4.17).

TakuM o6pasoM, YTOGEI MCCIIENOBATH YACTOTHBIE XAPAKTePHUCTUKH MepH-
ONMYECKOl LEMOYKH YeTHIPEXMOMIOCHUKOB, HOCTATOMHO pacToNaraTh eIuH-
CTBEHHBIM KO3hduumneHToM A,;.

B obeM ciy4ae

Yy=a+3jB, (5.87)

rae & — nocmoakkan ocrabaenus, B — nocmoannas gassi OOHOTO 3BeHa,
H3yuuM CBOICTBA NepUOAMYECKHX CTPYKTYP Ha KOHKPETHBIX NMpHMepax.
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PeaucrueHas necTtHH4YHan uenb

Ha puc. 5.22 @ niobpaxeHa cxeMa OJHOH SYEHKM NECTHWYHOM Lenu,
obpa3oBaHHO# Tpems pesuctopamu. 3pecs Z, = R/2, Z; = R. 3muauur,
Zy s = 5R/6; Zy = 3R/2, Tak uto 10 hopmyne (5.84) xapakrepucTuueckoe
conporuBnenne Z, = R+/5/2 = 1,118R.
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Puc. 5.22. 3seHbA uene# C nepUOAMYECKON CTRYKTYPOIH: 3) PeancTMBHAR Lenb;
6) pe3suCTHBHO-EMKOCTHARA LENb; B) HHAYKTHBHO-EMKOCTHAS LiENb

OnemeHT A;; = 3/2, ecrecTBeHHO, He 3aBHUCHT OT YacToThl. Mcnonbays
(5.86), Haxoaum, yro

3 5
Yy=a=I [ +2\/_j| = 0,962.

O"DC]DIIH cleayer, 4TO aMIUIMTYa CUrHana Ha BbIXOHE AYeHKH paBHa aMILTHTYOe
CHTHA/A Ha BXoJe, YMHOXeHHOW Ha koaddumment exp {—0,962} = 0,382,
Yeunenue Ha onHo 3seHo A = 201g 0,382 = —8,36 ab.

HanpsixeHusi Ha BXOJAax KAaCKAIHO BKIIOYEHHBIX 3BEHBEB 00pasyioT reo-

METPHM4ECKYIO Mporpeccuio. [1o3T1oMy HX YCHIEHMSA, BRIpAXeHHbIe B Aeunbenax,
cxknaneiBatores. HanpuMep, npu yersipex 3peHbax A = —33,14 ab.

Mepuoanueckan RC-uenw

Ha puc. 5.22 6 npencrasneHa cxema OQHOTO 3BeHa, SICHO, YTO JaHHAs
uenb CAYXHT (QHIBTPOM HIDKHMX Yactor. 3meck Z, = R/2; Z; = 1/(jwC).
Toraa Ay =14 jwRC/2. Ecin BBecTH Ge3pa3sMepHYIO NepeMeHHY0 w=wRC),
10 A); = 1+ jw/2. Ha ocHopanuy (5.86) nocrosHHas nepenaya 3seHa

LW ; LW
7=ln(l+25+\/j‘w ]+jj4-).

TMpumem Bo BHUMaHue, uTo \/j = exp {j7/4} = (1+35)/v/2. Kpome toro,

OyaeM MHTEpecOBAaTHCA MOBENEHMEM LIEMM HA JOCTATOMHO HH3KMX YacToTax,
T.€. npH w < |. BTO MO3BONUT NMPUMEHNTE IPHOMIDXKEHHOE PaBEHCTBO
Jw Jw
l+—= 14—,
4 8
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TaK uYTo

y=In [1 +j3;—+ %(lﬂ')»@(l +J%)] =

culie 5= 35505

H3eectro, uto In(1 4+ z) = z npu ¢ < |, Torna

o \/g (1- e (5:88)
ﬂ=%+‘/%(l+%). (5.89)

Hanpumep, nycte R=3 O™, C =2 H®, w = 10* ¢!, Torma w = 0,06;
Ha ocHoBaHMH (5.88) u (5.89) nonysaem a = 0,17; f = 0,20. 310 o3Hauaer,
YTO MPH 3aNaHHON YacTOTe aMIUTHTYIa KoinebaHMH HA BLIXOJE 3BEHA COCTaB-
nser exp {—0,17} = 0,84 or ammmTyasl Ha Bxoge (ycunenne A = —1,48 1B).
azoBbIif COBMI BHIXOOHOMO CHIHANA 3BEHA MO OTHOUWIEHWIO KO BXOTHOMY
coctasiser 0,2 pag. C pocToM 4aCTOTHI KaK &, TaK W 3 yBeIHYHBAIOTCH.

LC-dwasTp HHKHHX HYACTOT
OnHo 3BeHO Takoro (uastpa (puc. 5.226) comepXHT ABE MOCAEA0BATENb-

HBIE KATYIIKH ¢ HHAyKTHBHOCTRI0 L /2 Kaxnas u kouaencarop C. 3necs Z) =
JwL/2; Z; = 1/(jwC). Koapduumenr A-matpuusl A, = 1 - w’LCY2.
Beomsi wacrory wy = +/2/(LC) m GespasMepHOe OTHOWEHHE T = W/wy,

nonydaem A;; = | — 2%, OTKyaa MIOCTOSHHAS NepeaayH OTHOTO 3BEHa

y=1In[1-2*+jev2-2]. (5.90)
Ananus nocienHei GopMynibl TOBOPHT O TOM, YTO XapaKTEPHCTHKH (DHIb-
TpPa 3aBMCAT OT YacTOTHI.

OGaacTs HM3KHX 9acToT. 3anaetcd HepaseHcTBoM 0<z<v2, T.e. 0 < w < w,

rme we = 2/y/(LC) — wacmoma cpesa dunrrpa. TloaKopeHHOE Bbipaxe-

Hue B (5.90) monoxurensHo; apryMeHT Jnorapudma mnpeacrtasiser coboit

KOMIUIEKCHOE YHCIO C eIMHHYHBIM MomyneM. Tak Kak, Mo onpefeteHHIo,

Inz = In|z| + j arg 2, T0, OYEBUAHO, B 0OJACTH HU3KHX YACTOT, Ha3bIBAEMOH

ofisacmoio npo3paynocmu, «« = 0, T.€, QUALTP HE BHOCHT ociabiieHus.
IMocTosHHAas (a3bl OAHOTO 3BEHA

V2 — 22
arctgﬁ, e,
B =ag[(1-2")+jz\V2-27] = e (5.91)
1+a;ctg—-——, |g-ﬁ‘3<\/§.
2 zV2-z?
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Obaacrs ssicoknx wacror. Ecau z > V2, 10 aprymeHT sorapucdma B (5.90),

paBHBid 1 — 2 -2Vl =2 — BELIECTBEHHOE OTPULIATENLHOE YMCIO, T. €.

KOMIUIEKCHOE 4YHCJIO, HMMEIONIEe MOCTOAHHLIN aprymMeHT T pam 3HauMT,
3necs § = T, B TO BpeMs Kak

a=In(e’ +zv22-2-1). (5.92)

O6nacTh BLICOKHX YacCTOT SIBISIETCH 06Aacmblo pexcekiyuis, 30ech ocnabne-
HHME YBEJIMYHBAETCHA C POCTOM YacTOThI.

Ha puc. 5.23 npencrasnensl rpadmki YaCTOTHEIX 3aBUCHMOCTEN napaMeT-
poB a M 8 s paccMarpHBaeMoro (hwikTpa.
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Puc. 5.23. HactotHbie 3aBHCMMOCTH NOCTOAHHON hasbl (a)
M nocTosHHOU ocnabnenus (6) ans LC-thunbTpa HHKHUX YacToOT

lMpumep 5.5. Tpexspeunmit ®HY umeer napamerphi: L = 5 mli, C = 35 u®. Haiitu
hasoBelil CABMT @, BHOCHMEIT GUALTPOM Ha uacTote w; = 8- 10* ¢, u yCHIeHHeE,
obecneunpaemoe Ha gacTote w, = 3- 10° ¢!,

3necs wy = 1,07 10° ¢™*; w, = 1,51 10° ¢™'. Yacrora w, Haxomutes B 06NaCTH
npo3payHocty; napamerp z = 0,748, ITo dopmyne (5.91) 8 = 1,11 pan, otkyma
¢ =38 = 3,33 pan.

Yacrota w; npuHagnexut obiactu pexekuun; napamerp z = 2,8. ITo dopmy-
ne (5.92) moctosHHan ocnabnenus a = 2,6. 3nauut, A = —3-2,6-8,69 = —68 1b.

Cnemyer MMeTh B BHIY, YTO HA MPAKTHKE GECKOHEUHBIE LIEMOYKH Hepea-
Au3yeMbl. OHAKO NPOLIECCH B CHCTEME W3 KOHEYHOTO YMC/A 3BEHBEB GYIyT
TaKHMH X€, KaK H B 6ECKOHEUHOH LEMOYKe, eClU ee HATPYIUTE HA UMIEIaHC,
paBHBINA XapaKTEPHCTHYECKOMY COMPOTHBIEHHIO. B maHHOM ciyvae

EcnH w < w,, TO HaHHOE COMPOTHBIEHHE aKTHBHO. MU3NYECKH 3TO
CBA33HO C HEMPEPLIBHEIM MOTpeGaeHHeM SHEPrHA OT MCTOYHHKA JNA BO30YX-
JEHWsT BCE HOBBIX U HOBLIX 3BeHbEB OeckoHe4yHOi cTpykTypsl. [lpn w > w,
XapaxkTepHCTHYECKOE COMPOTHRIIEHHE ABNAETCA PEAKTHBHBIM,

(5.93)

Jagavm 119

CoazaTs ABYXMOMIOCHHK C BXONHBIM COnpoTHBAeHHeM Buza (5.93), pac-
rioiarasi JIMiub wemenTamu Buaa L, C u R, MOXHO JIHIIb IPHOIHXKEHHO.

® Bonpocei

|. Mpupeante ONpeAENEHHs HMACTOTHOID KoaddDHULHMEHTa Nepenasy, aMIAHTYAHO-
yacTOTHOH H (Pa304aCTOTHON XapaKTepUCTHK LETH.

2. Kakumu ceoiicteamMu o61anaioT GHABTPBL HHXHUX uactor? KakoBo ycuneHue
dbunETpa Ha YacToTe cpe3a?

3. TosickuTe, nodeMy AYX neoiiHoro T-obpasHoro dmnsipa ofpauiaercd B Hylb
Ha HEeKOTOpOW HacToTe.

4. Yto Takoe obobueHHas paccTpoiika KonebarensHoro koHTypa? Kakos THIHYHbIA
MopANOK NOBPOTHOCTH KOHTYpa Ha paanodacTorax?

5. B yem npoaRIAeTca BIMAHKE BHELIHMX LiEMei Ha XapaKTepuCTHKH NapauieibHOro
KonebatenpHOro KoHTypa?

6. Yto Takoe KOMDOUUMEHT BRIIOUEHHS COXHONO KOHTYpa?

7. Haiite onpenenexnue caaboi, KPHTHYECKOH M CHIBHOW CBA3K MEXIY KOHTYPamH.
Kak saunser dakrop csasu Ha AUX xonebateNbHON CHCTEM bi?

8. Kakos QM3IN4ECKuil CMBICA MOCTOAHHOM MEPE/iaii GIHOTO 3BeHA B DECKOHEYHO
HEMoYKe YeThIPEXNONIOCHUKOB?

@ 3apaum

5.1. Ha puc. 5.24 n3o0paxeHa cxema AHHEIHOTO YaCTOTHOrO (UALTPA ¢ ABYMS pedu-
CTOpPaMM W AByMs KOHAeHcaTopamu. Haiinute BhipaxeHHe, OMHUCLIBAIOLIEE YACTOTHBITH
koadubrunent nepesaun K(jw) = T / U, KOTOpbIii ABASETCH MepeaaToOuYHOl POBOIN-
MOCTBIO JAHHOH Hemn.

i

Puc.5.24 Puc.5.25 Puc.5.26

5.2. Cxema RL-¢wuibtpa ¢ ABYMA WHIYKTUBHBIMH 3/IEMCHTaMH TIPEACTABICHA Ha
puc. 5.25. Monyante HOpMyNy, KOTOpas OMHCHIBAET YACTOTHAIR KO3QKPULINEHT NEpeayH

suma K(jw) = U/I.

5.3. Peumre sagady, AHANOIHMYHYIO 3agade 5.2, mis UenH, CXeMa KOTOPOH NOKalaHa
Ha pHc. 5.26.
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5.4. OcHOBbIBafick Ha YCTIOBHMSX 3aMauu 5.2, Haitaure
MOnyib KO3(h(pHLUHEHTa Mepenayu LemH Ha YacToTe
w = 10° ¢, ecan u3mectHo, ut0 L, = 5 MIH, L, =
8 mI, R = 3,6 xOm.

5.5. Cxema uenu mokasaHa Ha puc. 5.27. Bmisemute
(hopmyITy, OMMCHIBAIOLIVIO YACTOTHEIH ko3hduumeHT

nepenauu suaa K(jw) = I/U.

5.6. Ha puc. 5.28 npencraeiena cxema RC-punsrpa
€ ABYMS PE3MCTOPAMH M ONTHHM KOHImeHcatopoM. [lo-
Jiyuute (hopMyny, KOTOpast ONnpeNensier YacTOTHAI KO-
aduLnenT nepenaun Hanpsxenus K (jw) = U5 /U, .

5.7. Haiiaure yncneHHoe 3HAaYSHHE YACTOTH Cpe3a £
(rparnyHOit wactoter) mna RC -UALTPa, OMHCAHHOTO
B 3agaie 5.6. MssectHo, uto R; = 2,7 xOm, =
5,6 kOM, C = 240 nd.

5.8. Wcnoneayn naHHble 3 venosuit 3a1ay 5.6 u S
HAAIUTE 3HAYEHHE YaCTOTHl CHrHAna f, mpw KOTOpO#H
ycHneHue uenu coctasut — 15 ab.

5.9. Wmeercs vactotHBii BT, cxema KOTOpO-
ro u3obpaxena Ha puc. 5.29. Moy 9acToTHOrO
Ko3(pduHeHTa nepenaun HaNPsXEHHS HA YacToTax
Ji = 10 k[t u f, = 100 kI pasum K, = 0,8
u K; = 0,2, cootsercTBenno. Onpenenute 3HAYeHUs
napameTpoB R; u C, ecnn u3sectHo, yto R, = 2 kOmM. Puc.5.29

5.10. KoneGaTeabHEIl KOHTYD HACTPOEH Ha pe30HaHCHYIO 4actoty 6 MILI u umeer
XapaxkTepHCTHYECKOe compothaienue p = 800 Om. Haitmute napametpst L u C
[IAHHOIO KOHTYpa.

5.11. KoneGarensHBIH KOHTYp BO3BYKAAETCA MCTOMHEKOM rapmMoHuyeckoii B/1C. Pe-
30HAHCHasA YacToTa KOHTYpa f, = 6 MTu, no6potocts Q = 55. Haitaute 3HaveHue
HACTOTbl HCTOYHUKA, MPH KOTOPOI TOK B KOHTYDE OIEPEXAET NPUIOKEHHOE HATIPEKE-
HHe Ha yron 30°.

5.12. TlocnenoBarentHelii Konebatenshblii KOHTYp 6e3 noTepb WMEeT pe3OHaHCHYIO
qacTory 5 Ml K 3axumaM KOHTYpPa TOOKITIOYEH MCTOMHMK rapMoHH4eckoi 3C
¢ amMnuTya0i By, = 80 B u yactoroii 3,5 MTu, Onpenennre AMINIMTYIBE HATIPSKEHWH
Ha KOHAEHCATOPE H HA KATyLIKe.

5.13. Onpenenute pOGPOTHOCTH KOMe6aTeTLHOIO KOHTYpa, €CIH M3IBECTHO, YTO ero
NON0Ca NMPOMYCKAHHA NO YPoBHIO 0,3 OT MAKCHMANLHOTO 3HAYEHHS cocTamiseT 5 Kii iI,
a pe3oHaHcHas Yactora 100 kI

5.14. Cxema uenu mszoBpaxena Ha pwuc. 5.30. Yactora BO30YKOAIOLIETO FADMOHHYE-
CKOro MCTOYHHKA COBNANAeT ¢ PE3IOHAHCHOI 4acTOTON KOoHTYpa. Haiimute aMIUIMTYLY
HATNIPAXEHUA Ha KOHIEHCATOpe.

5.15. JlokaxuTe, 4TO B LENH, CXeMa KOTOPOH npencranneHa Ha puc. 5.31, KommiexcHas
AMITHTYNA TOKA Yepe3 pe3ucTop fp HE 3aBUCHT OT 3HAYEHMS! COMPOTHBNECHWS R
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120 kOm 10 Om 8 MKlH

I.’m:. 5.30 Puc.5.31

it clydae, KOTAa 4acTOTa MCTOYHHMKA PAaBHA PE3OHAHCHOM yactote wy = (LC). na atux

VCIIOBMEL TIOTy4HTe (hOPMYJY, CBA3BIBAIOLLYIO BenHunHbl E u Iy,

5.16. Llenb nepemeHHOTO TOKA (pHc. 5.32) cOmepXUT TP NaMITbl HAKATHBAHHMSA MOLIHO-
1610 60 BT kaxnas, paccuMTAHHEIE HA HOMMHANBHOE HanpsxkeHue 220 B. OcHoBelBasch

1a pesynbrate 3amauu 5.15, peibepute napamerpel L n C' Takiim obpaioM, 4TO Bce TPH
1aMITEL OYIyT TOpeTh MOMHBIM HakanoM. [IpM BOIMOXHOCTH NMPOBEANTE COOTBETCTBYH)-

LIHH BKCNIEPUMEHT.

R o' ' W O~ g
L fr : | :
s L D
2208B :
50 My £ P 4 l
o | o o ca—

O

Puc.5.32 Puc.5.33 Puc. 5.34

5.17. Cxema LCR-uenu nokazaHa Ha puc.5.33, B xaxayio M3 BeTBeill BKIIOUEH

PE3HCTUBHLLIA 2/IEMEHT ¢ conpoTuineHueM R = p = 4/ L/C. JlokaxuTe, 4T0 BXOLHO
MMNENAHC NaHHOH uenH Z,, = p Ha BCeX JacToTax.

5.18. IlapannenpHbiii koneGaTenbHbI KOHTYP, CXema KoToporo uilobpaxeHa Ha
puc. 5.34, conepxuT pelncTHBHYW0 Harpysky R,. Ilapametpwi wmemn: E, = 4 kB,
R; = 40 xOm, L = 8 mIH, C = 2 u®. Hailgnte 4acToTy MCTOYHMKA W M 3HAuYE-
HHE COMpPOTHBAEHUA Ry, NpH KoTophiX GydeT peanuioBAHO COMMIACOBAHHE MCTOMHHKA
¢ Harpy3koil. Beraucaure mowHocTh Py i, BHUIETAEMYIO B HAIPY3Ke.

5.19. Ha sxon panuonpuemuoro yctpoiictsa (puc. 5.35) BKIOMEH napanteNbHBIH
LC-KoHTYp ¢ XapakTepucTHueckiM compotunieHuem 200 Om u no6potHoctbio 120.
KoHTYp uMeeT pe3oHaHCHY10 yactoty 1,5 MIIL, koTopast coBnanaeT ¢ 4acToToil curHana
B AHTEHHe. DKBUBAICHTHAS CXeMA AHTEHHBI BRUIEJIEHA INTPHXOBBIM NMPAMOYTOIBHHKOM;
oHa cocTouT 13 rereparopa 3JIC ¢ ammuntyaoit By, = 30 MKB H eMKOCTHOTO 3/1eMeHTA
C, = 6 n®. Haitnure amnnutyay Uy, HanpskeHWs Ha 3aTBOpPE MOJEBOTO TPaH3MCTOPA
VT, umeloLIero HeorpaHHIEHHO BBICOKOE BXOIHOE conpoTusienue. Yemy Gyazet pasHa
3Ta aMIUIATYAa Ha gacrote curnana 1,55 MIU? O6cyaute Bompoc o TOM, nouemy
1S JOCTHXEHMWA BLICOKOH YacTOTHOI M30MPaTeTbHOCTH EMKOCTh KOHIEHCATOPA CBA3H
¢ AHTEHHOH JOKHA OBITH MANOH,

5.20. Cxema CIOXHOrO KoefaTeTbHOTO KOHTYpa H3ofpaxeHa Ha puc. 5,.36. MisectHo,
uyto L) = 6 MmxlH, Ly = 14 mk[H, C = 150 n®. [JobpoTHOCTS KoAehaTe/IbHON CHCTEMBI
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Puc.5.35 Puc.5.36

@Q = 80. Haiiaute pesonancHywo uactory f,, monocy nponyckauns Ilpzz, a Takxe :

pe3oHaHCHOe conpoTHBieHHe R, AaHHOrO KOHTypa.

5.21. IlpuMeHuTeNbHO K YyCTOBHAM 3afayyu 5.20 BHMMCIHTE, KakoW CTaHeT monoca
TIPOMYCKaHHs PACCMATPUBAEMOrD KOHTYDA, ecliH OH OVAeT MUTAThCH OT TeHEpaTopa,
COCTOSAILErO M3 HACATBHOTD HCTOUHMKA FAPMOHHYECKOTO mxa. NapanneabHO KOTOPOMY
BKJIIOYEHO YHCTO PE3UCTHBHOE BHYTPEHHEE CONPOTHB-

NeHUue ¢ HOMHHATOM 4 KOM. J' 3
COMPOTUBAEHHE pe3ucTopa Harpysku R, = 0.4 xOwm.

CuuTaeTcs, YTO KOHAEHCATODH M KAaTyLIKA HE MMCIOT

oMuueckux noteps. Haitnure nobporHocts @ naHHOlM Puc. 5.37
KoneDaTeTbHOH CHCTEMbI.

5.22. Ha puc. 5.37 u3obpaxeHa CXema CIOXHOTO fa-
PA/UIENLHOTO KOHTYPa ¢ ABYMs KoHdeHcaTopamu. [Tapa-
Metphl uenu: ), = 2 H®, C, = 300 n®, L = 16 mxlH,

5.23. Cxema ABYXKOHTYpHOI konebarenbHoil cu-

CTEMbI C MHAVKTUBHOHA CBS3bK) MPENCTABIEHA HA ﬁﬁl

puc. 5.38. O6a KOHTYpa OINHAKOBB W MMEIOT crle-

Ayiowue napametpul: f, = 25 MI (mpu orcyt- C i
ctBuu casu), C = 50 n®, @ = 60. Monbepure 3 L L € !
KO3(DMULUHEHT B3aMMORHAYKIMN M Takum obpa- I3

30M, 4TOOHI obecrieynTh 3HaYeHue dakTopa CBA3M
A=25. Puc.5.38

5.24. Ha puc. 5.39 uzobpaxen rpadux AUX cucTeMbl OBYX ONMHAKOBBLIX CBA3AHHBIX
KOHTYPOB, COOTBETCTBYIOIWMI cayuaio A > | u onichBaeMslii cooTHoweHuem |K| =
[Ussix|/ B . TIpHMeHHTENLHO K yCIOBHAM 3amaun 5.23 OnpeaenuTe 3HAYEHNUS YacToT fo,
Ji 1 f3, COOTBETCTBYIOILMX IKCTPEMAIBHBIM TOUKaM TpadHKa.

11
o

K1

o |

0 h Kk
Puc.5.39 Puc. 5.40

3anaum 123

= fTTTq
Soyioe sl =0 B

Puc. 5.41 Puc.5.42

5.25. Ha puc. 540 npeacraBneHa cxema IABYXKOHTYPHOH KoseDaTeibHOH CHCTEMBI
¢ EMKOCTHOH cBa3bi0. [lokaxurte, YyTo A1 JaHHOH uend (DAKTOp CBA3M ClenyerT
BRIMHCIATH 110 (opmyne 4 = QC/C.;.

5.26. Cxema OIHOFO 3BEHA PEIUCTHBHOIO ATTEHIOATOpAa M306paxeHa Ha puc, 5.41.
KakuMH JOMKHH GBITH MOCTOAHHASA NMEPeayn Y W conpotusiexue R ais toro, ytobst
ycunenue 3peHa A cocrasuno — 10 gb?

5.27. ®parMeHT cxeMbl GeCKOHEYHOIT TECTHUHHOMN LENY W3 KOHACHCATOPOB H300paXeH
Ha puc. 5.42. 3HayeHUA eMKOCTeit ykazaHw B HaHodapanax, Haiigure xapakrepucTu-
YECKO€ COMPOTHRICHME TAKOH LENMM Ha 4acToTe W = 10¢ ¢! , @ TAKXKE MOCTOAHHYIO
nepenayn . Kakoso ycuneHne, NpHXOAAIIEECS HA OIHO 3BEHO LEMH?

a

B 3 L
ot

Puc, 5.43

5.28. Wmeerca GeckoHeunas nepuoandeckas RC-uenp (puc. 5.43). M3pectHo, 4TO
R =2 xOm, C = 2 u®, Haiimure uactory koneGaHuM, TIpH KOTOPOit HanpsxeHHe
B ya1e b oTHOCHTENBHO OBLIEH TOUKH OTCTaeT no gase

OT HanpsxeHnd B yane a Ha yron 20°, Kakusm Gyzer npu 0—1 l—‘o
ITOM OTHOLICHHE AMTUTMTY HANPAKEHHH B YKa3aHHbIX

ToyKax?

5.29, Cxema oHOro 3BeHa auHeHHoro gunsTpa Bepx-
uux yactor (PBY) npencrapneHa Ha puc. 5.44,
Haitaure peipaxeHune uacTotsi cpe3a f. Takoro © —_0

(huastpa. Puc.5.44




masa 6

HenuredHbie yenu

6.1. HennHeliHbie 3neMeHTbI M MX XapaKTePHCTHKH

B paanoTexHMYECKHX YCTPOHCTBAX HCKTIOYHTENLHO BAXHYIO PO HIPAIOT
pasHoobpasHbie HelMHEHHbIE ANeMenTH ueneit. TIpuMepaMH TaKHX 3MeMeHTOB
CNyXaT NOAYINPOBOAHUKOBBIE AHOABI, GUMONSPHEIE U MONEBbIE TPAH3UCTOPHI,
BXO[sILLIME B COCTAB WHTEIPATbHBIX MHKPOCXEM M T. 1.

Mo onpeneneHuio, HeHHEHHBLIM ABYXTIONIOCHHKOM HA3BIBAIOT 3JEMEHT
LeT, BOIBT-aMMepHast XxapakTepucTuka (BAX) kotoporo umeer sun I = F(U),
rae F' — dyHKuus, TeM WIH HHBIM 06pa30M OTIHYAIOMASCA OT 32KOHA NpAMOH
NPOMOPUHOHATEHOCTH. 31€Ch U B anbHeiueM cumponamu I u U oBo3HaueHsl
TNPOM3BOJIEHBIC MTHOBEHHBIE 3HAYEHHs TOKOB H HanpsXeHHH,

Eciu Bua dynxkunu F(U) oauHakoB Kak npu MOCTOSIHHBIX BO BPeMEeHH
HANPSXEHUsX, TaK ¥ B AHHAMHYECKOM peXHME, TO TOBOPAT, YTO COOTBET-
CTBYIOLIMH SMEMEHT MpeacTasiser coboit HenuHelHBIN pesucmuenbiii (Ge3si-
HEPUUOHHKbI) ABYXTOMIOCHHUK. CospemeHHbIe MONYNPOBOAHUKOBBIE TIPHOOPEI
XapaKTepH3YI0TCs BECbMAa MATBIMM UIHTEILHOCTAMH BHYTPEHHHX MEPEXOMHBIX
npoueccos, aoxomsummi 10 10~° ¢ i meHee. IToatoMy npocTeie pe3uCTHBHEIE
MOJEIH HOCTATOYHO TOYHO OMMCHLIBAIOT paboTy TakHX NpuOOpPOB Ha 4acToTax
JI0 HECKOJNBKMX JECATKOB Merarepii.

Baxueiiinaa oTIHYMTENbLHAS OCOGEHHOCTh HEMHEHHOrO 3MeMeHTa —
HapyLeHHe NPUHLMNA cyriepno3numu [em. dopmyay (1.10)]

F(aU, + bU,) # aF(U)) + bF(Uy). (6.1)

HMEHHO 3TO CBOMCTBO NO3BOJSET, MPUIOKHUB K TAKOMY IBYXTIONIOCHUKY CYM-
MY IIBYX HaNpsDKEHWH, MONYYUTh TOK, COfepXaliuii B ce6e psl KOMIIOHEHTOB,
OOYCNOBNEHHBIX HEJMHEHHBIM B3aMMOLEHCTBHEM 3TMX curHanoB. Ha Takom
NIPHHIIMIE OCHOBaHA paboTa MHOIMX YCTPONCTB Wisi npeobpa3opaHus paguo-
TEXHUYECKUX CUTHAJIOB.

TunnuHwme BONbT-aMnepHbie XapaKTepMCTUKH
Kak npasuno, BAX HenMHEHHBIX ABYXNOMOCHHKOB HAXONAT 3KCMEpH-
MEeHTaNbHO H oTtobpaxaioT rpaduxkamu.

Ha puc. 6.1a, 6, 6 nzoGpaxensl npumepsi BAX HEKOTOPBIX pacrpocTpa-
HEHHBIX HETMHEHHBIX ABYXITONIOCHUKOB,
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I I I

a) d) 8)

Puc. 6.1. Bonor-amnepHbie XapakTepUCTHKH HEMHERHBIX ABYXNONIOCHHKOB!
a) NonynpoBOAHHKOBLIH AHOR; 6) TyHHENbHbIA AUOA; 8) AMHWCTOP

TonynposoaHuKoBbIit muoa (cayuyait @) umeeT MOHOTOHHYI0 BAX, cymie-
CTBEHHO OTJIHYHYK OT HyIA Juiis B obnactu U > 0, T. €. npu CMeUIEHHH
p-n-Tiepexoga B MpAMOM HanpaeneHuu; ecnu xe U < 0, To aMon 3anept
H MpaKTHYECKH He MpoBOOMT TOKa, HauanbHbiii ysactok BAX Takoro anona
(BIUIOTH 10 MPSMOTO HAMPSKEHHSA OKONO OXHOTO BOJIBTA) XOPOLLIO ONMHCHIBAETCS
TEeOpeTHYECKOI 3aBHCHMOCTRIO

0, U <0,

U
o— = x
Is[exp{UT} l], U=0,

roe I. — TaK Ha3biBaeMblil O6PATHBIN TOK HACHILLEHMSA, COCTABAAIOUINIA JTOIH
HaHoaMriepa /Ui MAIOMOLLUHBIX AHon0B; Uz — TenioBoil noTeHUMan nepexoaa,
paBHblii 26 MB npu komHaTHo# Temnepatype 300 K.

TyHHenbHbli coiyyail (cnyyaii 6) umeer HEeMOHOTOHHYIO BAX ¢ HEKOTOpbIM
nagawomum ysactkoMm. MHoroa BAX tako# ¢opMbl Ha3hIBalOT XapaKTepUCTH-
kamMu N -tuna, TyHHe bHbIe IMONLI HAULIA MPHMEHEHHE B BbICOKOYACTOTHEIX
YCHIIUTENSX M TeHepaTopax.

HakoHell, YeTEIPEXCIONHbIH NoayNpoBOIHHKOBEIH TPUOOP, Ha3bIBAEMBbIi
NMHUCTOPOM, MMEEeT HEMOHOTOHHYIO BAX, y KOTOpO#i HEKOTOPBIM 3HAUYEHUAM
OTBEYAIOT TPU 3HAUeHHs TOKa (cayuait ). TosopsrT, yto Takue BAX apnsiorcs
xapakTepucTHKaMHu S-tuna. JAMHUCTODP WMPOKO MPUMEHAIOT B aBTOMATHYe-
CKMX TIepeKIIoyaTeIbHbIX YCTPOHCTBaX.

I= (6.2)

6.2. AHanK3 CTaTM4eCcKOoro pexxuma
B LenH C HeNWHEHHbIM ABYXMNONIOCHHKOM

PaccMOTPHM OZHOKOHTYPHYIO LIEMb, COAEPXKANIYI0 MCTOYHMK IMOCTOAH-
Hoit BJIC ¢ HanpsxeHHeM FE, Oe3niHepUMOHHBIH HeIMHEHHBIH ABYXMOMOC-
wiik N ¢ BAX siaa I = F(U) n guneitusiii pesucrop ¢ conporupaeniem R
(puc. 6.2 a). TpeGyercs HaiiTh Tok B uemm Iy, a Takxe Hanpaxehus Uy
Ha snemeHTe N u Uy Ha snemeHTe R.
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Puc. 6.2. CratucTHuecKuit pexnm B Lenu ¢ HeNHHEeRHbIM ABYXNOMOCHHKOM:
a) cxema uenw; ) NOCTPOEHHE HArPY30YHON NPRMON

Bocnonbayemcs Tem, 4To Hanpsxenus mo obxony KOHTYpa CyMMHpYIOT-
ca: Ug + Uy = E. Toraa, nockonbKy TOK B OGOMX NACCHBHBIX 3NMEMEHTax
OIHHAKOB, HMeeM OBa YPaBHEHHA COCTOAHMHA UEnMH

-y
L=F@), Ih==2—. (6.3)

PewmB 3T 1Ba ypaBHeHHs COBMECTHO, NMO/y4aeM MCKOMBIE MApameTphbi CTa-
THYECKOTO pexuma Iy, Uj.

Tak kak obwiuxo yHkuns F(U) 3anaHa rpaduuecku, nocrynaior cie-
Ayioumm obpasom (puc. 6.26). Ha miockoctn ¢ koopaunatamu U—1 crposr
KpuBylo I = F(U), a TaKkxe Hazpy304Hyi 0 npamyio, OUCHIBAEMYIO yPABHEHHEM

E-U

Ll il (6.4)

Ecan BAX HenMHEHHOro 3neMEeHTa MOHOTOHHA, TO MMEeTCsi eIMHCTBeHHAs
TOYKA NepeceyeHus g 3ThX ABYX IMHUA. Ee koopaunare Iy, U naot nckomoe
pelueHHe.

TMpakTHyecKH HArpy30MHYI0 TIPAMYIO CTPOSIT TaK: Ha ocu U 0603HaYaloT
TOYKYy ™ C xoopauHatod E, a Ha och I — Touky n ¢ Koopauuaroit E/R,
YHC/IEHHOE 3HAYEHUE KOTOPOW pPaBHO TOKY B LEMH NMPH KOPOTKOM 3aMBIKAHHH
HEJIMHEHHOTO J/IeMeHTa. 3aTeM IaHHbIe TOYKH COSAMHSIOT TIPAMOIl IMHHEIH.

Hanpsaxenue Ha pesucrope MOXHO ONpPENENUTb M3 OYEBMIHOTO paBeH-
crea Up = E - Uy,

Ecin BAX HenuHeiiHoro asyxnomocHuka 3anaHa $hopmyioii, To ypaBHe-
g;m Buna (6.3) MOXHO PelIMTh aHATUTHYECKHMH WIK YMCICHHBIMH COCO-

MH,

lpumep 6.1. B uenu, cxema KoTopoii n306pakeHa Ha puc. 6.2 a, TIPUMEHEH HEMH-
HeitHbIH asyxnomocHuk ¢ BAX suna

_}0 U<0,
32007 mxkA, U 2 0.
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WM3pectHo, yto E = 2,7 B, R = 5,1 xOm. Onpepenuts 3Hauenue Hanpsokenus Uy
Ha HEJMHEHHOM 3NIeMeHTe.
Ha ocHosaniu Qopmyn (6.3) B DaHHOHN LEMH NOAXKHO BbIMONHATLCA PABEHCTBO

2.7-~1
3,2-1{]_‘U§=5’—lW2, wim  1,632U08 + Uy —2,7=0.

[TonoxuTenbHblil kopess 31oro ypagHenus Uy = 1,01585 B = | B, OrpuuarensHuiit

KOpeHb He uMeeT GHM3MHecKoro cMbicna, Tak kak npu U < 0 1ok B uenu gonkeH Obith
PABEH HYAK.

CrieyeT 3aMeTHTb, 4TO B C/lyuae HEMOHOTOHHOH BAX Bo3MoXHA CUTY-
AUMS, KOTAa HarpysouHas mnpsiMast mepecekaer BAX He B 0aHOI, a B Tpex
roukax. JIeTanbHLIH aHanu3 MOKa3blBaeT, YTO OAHA M3 3THX TOYEK 00s3aTeNbHO
COOTBETCTBYET (MU3MUYECKH HEpealu3yeMOMY HEYCTOWYMBOMY DEXHMMY LETH.
Jlpe Opyrue TOUKHM YCTOWYMBBHI; IUIABHO M3MEHSs COTpOTHBIEHHe R, MOXHO
CKAYKOM MEPEBOANTE lIEMb W3 OAHOTO YCTOMYMBOrO COCTOSIHMS B apyroe. Ta-
Kasi LeMmb MOXET CAYXHTh IeMEHTAPHON SYEKOH naMsTi (Tpurrepom) wis
XpaHeHUsd OOHOW ABOMYHON eAMHMLIbLI HHpOPMALIHH,

6.3. luHelHbie cXeMbl 3aMeleHHnA
HENWHEMHBIX PE3UCTUBHBIX 3/1EMEHTOB

B panHOTEXHUYECKHX YCTPOHCTBAX HEJIMHEHHBIE 3/IEMEHTHI YacTo paboTa-
0T CJIENYIOIIMM O6pa3oM: HANMPsiXKeHUs, TPHIOXKEHHBIE K 32KMMAaM 3JIEMEHTOB,
COCTOSAT M3 HEMIMEHHbLIX YPOBHEH, OMpPEAEHAIINX PEXHM MO MOCTOsIHHOMY
TOKY, M MEPEMEHHBIX BO BPEMEHMW MONe3HbIX cHrHanos. Hanpumep, K anomy
MOKET OBITh MPUIOKEHO HANPSIKEHHE

U(t) = Uy + u(t), (6.5)

rne Uy — NOCTOSIHHOE HGNpAXCeHUE CMeweHus, KOTOPOe 34/laeT MONOXeHUe
paboueii Touku Ha BAX nuona; u(t) — HanpsxeHnwe curHana, Tok B muome
COCTABHT TPH 3TOM

I(t) = I, + i(?), (6.6)

rae Iy — TaK HA3BIBAGMBIH MOK NOKGA TIPW OTCYTCTBMM CMrHama; i(t) —
COCTARIAIOLIAA TOKA, 00YCIOBNEHHAA CHTHANOM.

lMpu onpeneneHHbIX YCAOBHAX Mexay BeanmuuHamu u(f) wu i(f) mox-
HO YCTAHOBHTBH CBf3b, KOTOpas MPHOGAMKEHHO OKa3blBaeTca JHHEHHOW, 3710
06CTOATENBCTBO CYIIECTBEHHO YNPOLIAET AHANN3 HEIMHERHBIX LENei.

NuHelHaR cxeMa 3aMeLleHHA HeIMHEHHOro ABYXNONKWCHHUKA

Mycrs I = F(U) — Boasr-aMnepHas XapaKTepUCTHKA HEAMHEHHOTO pe-
3UCTHBHOIO AByXnoniocHuka (pHc. 6.3 @), K KOTOPOMY TIPHIOKEHO HATPsIKEHHE
suna (6.5).
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7)

PHc. 6.3. OgHospemerHoe BOIAEHCTBHE HANPAKEHHI CMELLEHHA W NONE3HOTO CHrHANa
Ha HENMHEWHBbIM OBYXNONIOCHWK: @) NuHeapu3auna BAX psyxnoniocHuka; 6) axeusa-
JIEHTHAA CXEéMa 3aMEeLLeHHA

a)

[pencrasus xapakrepucTuky psgom Teitiopa B oKpectHocTH Touku Uy,
NOJYy4YUM

I(t) = F(Up) + F'(Up) u(t) + %F"(Uu) W) *... . (6.7) ‘_

bygem cuyutath Hanpsxenue curHana wu(f) AOCTATOMHO MANLIM B TOM
CMBIC/IE, YTO BCEBOMOXHBEIMM WIEHAMH npasoii wactH dopmynsr (6.7), co-
AEpXAlUMMH cTereHu curHana u(l), MOXHO TpeHeOpedYb 3a HCKIIOYEHHEM
JIHMHeHHOrO wieHa, Torga, OMEBHAHO,

i(t) = F'(Us) ult) = S(Us) u(t). (6.8)

rae S(Uy) — BenmumHa © PasMEpPHOCTBIO MPOBOAMMOCTH, HA3BIBAEMAs Kpy-
musnou BAX B BeiGpanHoii paboueit Touke,

Onucannas npoueaypa nAnHeapH3auun BAX HelMHEHOTO ABYXMOMOC-
HHKa COOTBETCTBYET NMPHONMKEHHON 3aMeHe peankHOM XapaKTepMCTHKMU Kaca-
TENBLHOH, KOTOpas u300paxeHa Ha YepTexe MyHKTHPOM.
flpumep 6.2. Haiith 3aBucumocTs kpyTH3Hsl § ot HanpmxeHus Uy w1 monynposon-
HuKoBoro muona ¢ BAX suaa (6.2).

Breruncass NPOH3IBOAHYIO, NMOTYHAEM

1 Uy
S(Uy) = = expq — §.
(Us) Uy P { Uy }
TMonoxus, nanpumep, I, = 0,5 HA, Uy = 0,3 B, Ur = 26 MB, Haxoaum

=l Uil - =
- 2__,6 102 exp {W} = 1,97 - 107" Cm = 1,97 MA/B.

Takum 0Opa3zom, NHHeHAas CXEMA 3AMEILEHHS HEMTUHEHHOIO pe3NCTHB-
HOTO IBYXTONOCHHKA (puc. 6.3 6), onuceIBalol@asA NpHPALIEHHS TOKA CHTHANA
(pexum mo nepemeHHOMY TOKY), cocToMT M3 Mctounuka SJC curnana u(t)
W IKBHBAJIEHTHONO JIMHEHHOTO DE3MCTOpa C npOBOnﬂMocrhlo S, 3uavyeHue
KOTODOH 3aBHCHT OT BblﬁpaHHUrO CMELIeHHA.
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YacTo MONb3YI0TCS TaKKe oOpaTHOH BeJINTHHOMN

1
Rua = —, 6.9
and g ( )
KOTOPYIO HA3BIBAIOT Jugbghepeniuanvnbim conpomueneHieM JIeMeHTa B BBIOpaH-
HOM paboueil Toyxe.

JinHelHas cxeMa 3aMelleHH HENHHENHOTO YETEPXMNONIOCHHKA

Vitpaniisiembliit HETHHEHHbIH 3NMEMEHT — TPAH3UCTOP MOXHO MPEACTABUTh
K4K YETHIPEXMOMOCHUK, Y KOTOpOro nopr | sIBIseTcs BXOXOM, a mopT 2)
BeIxofOM (pHc. 6.4). Ha 3axumax noproB cyUIECTBYIOT HANPAXEHUSA W TOKH,
CBA3aHHBIE Mexay CODOH IByMS HENMHEHHBIMHM YPABHEHHMAMM COCTOSTHUA

L =F(U,U0); L=HFRU,U). (6.10)
K I, S ST AR T QIi
o— .—o0
VT
Uy Uy
B
0

Puc. 6.4. TpaH3ucTOp KaK YeTbiPpeXnoMNOCHHK

ByaeM, Kak W paHee, CYUNTaTh YTO BXOASLIME CIOA BEIMYMHBI NPEACTABIg-
10T cOB0#H CYyMMBI MOCTOAHHBIX YPOBHEH, 3a0aBAEMbIX HCTOYHMKAMH CMELLEHNA,
M MaJbIX OTKJIOHEHH, 00yCIOBIEHHBIX CHIHa/IAMH HAa BXOJE W BhIXOIE:

L=+, Uy=Ug+uy,

(6.11)
L =L+, U=Up+u.

IMpuMeHUB MpaBWIO pasnoxeHus B pan Teinopa QyHKUMM HECKONBKHMX
nepeMeHHBIX, 3anuiiemM ypaBHeHus (6.10) caenyiomum o6pa3oM

3 dF,
= F(Uy, Uzn)+ Ly + (‘?Ul
: aF ar,; {542}
L = F5(Uyg, Uy) + av, —; + ﬁ

3neck oTOpOLIEHB] BCE ClaraeMble, MPOMOPLUMOHANBHBIE CTEMEHIM CHIHAIOB U
H % C MOpAaKamM Bbillie MEPBOrO; YacTHHIE MPOM3BOIHBIE BBIYMCIAKTCH
B paboueii Touke ¢ koopauHatamu Uyg, Uyp.
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M3 pasercts (6.12) HeMoCpeaCTBEHHO BHITEKAIOT YPABHEHMs JTHHEHHOM
CXeMbl 3aMEILEHHS HEHHEITHOTO YeThIPEXTIONIOCHHKA MO mepeMeHHoH (cHr-
HATBHOMN) cocTaBnsoLLEH

i) = Yu + Yu,,

: 6.13
1 = Youy + Yoous. (619

Bxogamue ciona versipe Ko3(QduLHEHTa MMEIOT pPasMEpHOCTh MPOBO-
AMMOCTH M ONpEeNeNsioTcs KaK OTHOLIEHWS TNpHpalleHuii TOKOB K MalibiM
NpHPAaLIEHHAM HanpsiXeHWil OTHOCUTENLHO YPOBHeH B paboueil Touke:

y aF, o Al
i e R

8U] AU] U1:U2|j
— BXOAHas NPOBOAMMOCTD JJIA MAJOr0 CHTHANA B PEXHME KOPOTKOIo 3aMbi-
KaHMs NO NEePEMEHHOM CocTapiAlonieil Ha Brixoje, T.€. npu u; = 0;
aF, Al
v, ~ AU,

(6.14)

Yis = (6.15)

U=t

— B3aMMHas MPOBOAMMOCTb OOpaTHOIl Mepegayd NMpU KOPOTKOM 3aMbIKAHMH
HCTOYHHWKA CHTHANAa Ha BXOJE;

JdF AT
Yo = ot % ot

U, ~ AT, (6.16)

Uy=Ux

— B3aMMHadg NMPOBOAMMOCTL MPsMOIl MepeJayd NpU KOPOTKOM 3aMblKaHMM
HCTOYHHKA CHTHAJIA Ha BLIXOIE,

e E Al

— BBIXOAHAA MPOBOAHMOCTb B PEXHME KOPOTKOTO 3aMblKAHHWS HA BXOME.

Ha npakTtike sce 3TH KO3 DHUUMEHTH HAXOOAT rpaHUYecKH W3 XapakTe-
PHCTHK 3JIEKTPOHHBIX MOMYTPOBOAHHKOBLIX MPUMOOPOB, NPHBOLUMBIX B Cripa-
BOYHMKAX.

Cucrtema (6.13) onucbiBaeT HeIMHEHHBIH YETHIPEXTONIOCHHK B CUCTEME
Y-napamerpos. [Ipu HeoGxoauMOCTH BCerna MOXHO NepeiTH K moGoii Apyroit
cucteme (rn.4).

(6.17)

U, =Uy

6.4. Mogtenu 3neKTPOHHBIX YCTPOHCTE
B peXXMMe Manoro curHana

B saknioueHue Ha ABYX KOHKPETHBIX NMPHMEPAX PacCMOTPHM HCIOMB30-
BaHWE TIPWHLIMMA JIMHEAPH3ALIHH XapaKTEePUCTHUK YIPABAAEMbIX HEJMHEHHBIX
YETbIPEXMOMIOCHHKOB [UTA MOCTPOEHHS MOJeNei LIHPOKO pacnpoCTpaHEeHHBIX
/IEKTPOHHBIX paJHOTEXHHYECKHX YCTPOMHCTB. ;
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3nexTPOHHLIH YCHAKTENs MANBIX CHTHANOB

Ha puc. 6.5 @ u3obpaxeHa cxeMa OfHOM CTYNeHH TPaH3HMCTOPHOro YCHIH-
reid, B KOnneKTopHyo uenbs TPaH3UCTOPA BKIIOYEH IBYXMOMIOCHHK HArpy3kH
¢ umnepavcom Z,. Mcrounnk HanpsaxeHus Uy obecrnieyHBaeT HYXHOE MOJO-
xeHue paboueii Touku TpaHaucTopa. [eneparop exoaHoro curHaia umeet SC
¢ KOMILIEKCHO# ammuanTyno#t E u BHyTpeHHee conpoTusnenue Z;. BeixonHoe
HaMpPsKEHHE CHHMAETCs ¢ KoJuleKTopa TpaHsuctopa. [lonasipHocTh 3TOrO Ha-
NpsiKeHWs, MPHHUMAaeMas 32 MOJOXMTE/bHYIO, MOKa3aHa Ha DUCYHKE; cleayer
UMETh B BHIY, YTO YCU/JIUTENb MO MOCTOAHHOMY TOKY MHMTAe€TCA OT HCTOYHMKA
HAMPSKEHHSA C HY/NEeBBIM BHYTPEHHHM COMPOTHURIEHHEM H MO3TOMY MMOTEH-
LUHAIBl BEPXHEN W HIDKHEH IIMH YCWIWTENS MO MepeMeHHOH COCTaRsMIoLIeH
OJMHAKOBHI H PABHbBI HYJIO,

e

Puc. 6.5. 3neKTPOHHbIN YCHAHTEND MaNbix CHrHanos:
a) NPHHUMNMANbHAR CXeMa YCTpoicTea; 6) cxema 3aMelleHns

Ha puc. 6.5 6 npeacrasieHa MajJOCHTHANbHAA CXEMa 3aMEIUEHMs OaH-

HOFO YCHJIUTENS, B KOTOPOI MONOXEHO, YT0 Uy = U;. MMoctaBum 3amady
OnpeaeNHTh YaCTOTHEIR Ko3bdHUHEHT nepelayd HanpsAXKeHHS

U, U;
Kip=— = o 6.18
v="%" =% (6.18)
[ns 3TOrO 3aMETHM, MpeXie BCEero, 4To
L= %ﬂ, U, = -5h2Z,; (6.19)

3HAK B NOC/eaHel GopMysie CBA3aH C TeM, YTO MOMOXUTENbHbIE HAMPARIEHHA
penuunH [, u Uy cunTaoTcs npoTHBOMONOXKHBIMM.
Mcrionb3ysi cucTeMy YpaBHEHMIl YEThIPEXIOMIOCHHKA B TApMOHHYECKOM
peXHMme .
I = YauU, + Yilh,

: . . (6.20)
L =YqU, + Yol
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M NOACTaRnsAA B Hee paseHcTsa (6.19), noayyaem
E-U,

Z. = YU, + YU,

. (6.21)
U, : 2
£ Yo,U, + YU,

Ecnu Temeph WCKMIOYHTL OTciofa Benmuuny U, To cuctema (6.21) cpenercs
K OIHOMY YPaBHEHMIO

[_(1 + YuZ) (¥ + 1/ 2.)

P=
Yo

+lezr] U5,

M3 KOTOPOIO B COOTBETCTBHU C onpeneneHueM (6.18) numeem

= YZIZH
C YoYaZ.Z, - (1 + YuZ)(1+ YnZ,)

Ky (6.22)
Ora dopmyna COAEPXKUT NMONHOE PELUEHHE 3a1a4YH O YACTOTHBIX CBOHCTBaxX
Ko3(puuHeHTa nepeaul HanpsKeHUs Ui TPAH3UCTOPHOTO YCWIMTENIS MalbIX
CHTHAJIOB.
OcobeHHO NPOCTHIM OKa3biBaeTcd CiTyyaii MpUMEHEHHs TONEBOTO TpPaH-
3MCTOpa, KOTOPLIi He morpebnser Toka Ha Bxofe (¥, = 0) U B KOTOPOM HeT
ofipaTHOro Bo3deiicTsHs ¢ Bbixona Ha Bxox (Y); = 0). IMpu s1OoM

ot _Yﬂlzn
e I+Y'222H.

MHoOrHe nosieBbie TPAH3UCTOPLI HMEIOT CTO/b MANyl0 BBIXOAHYIO MPOBO-
JHMOCTE, YTO NPHOIHXKEHHO MOXHO CHHTaTh Yy = 0. B 31OM Cnyuae

KU - ‘-Y;,ZH - _SZ“., (6.24)

Ko (6.23)

rie S = ¥5; — Tak HasbiBaeMas KPYTH3HA MPOXOJHON XAPaKTEPHCTUKH TOJie-
BOTO TPaH3UCTOPA, COCTABNSIOLIAs OOBIYHO HECKONBKO MHJLTHAMITED HA BOJIBT.
Moayns koabdHLIMEHTa NMEpenayd YCHIMTENA MOXeT GbITh 3HAYMTENb-
neiM. Tak, ecin § = 5 MA/B, |Z,| = 20 xOmM, 10 | K| = 100.
OTMETHM, YTO B COOTBETCTBHMH ¢ hopMynamu (6.22)—(6.24) yacToTHas xa-
PaKTEPHCTMKA YCUIMTENsA OMpEIeNsieTcsi YaCTOTHEIMM CBOMCTBAMM HMMeaaHca
HarpysKu.

neKTPOHHBIH NOBTOPHTEND

Harpy3ouHblil ABYXMOMIOCHHK MOXHO COEIMHHMTH C TPAH3MCTOPOM M MO-
ApYromy, nojyyasi B pe3yjibTaTe YCTPOWHCTBO C COBCEM HHBIMH CBOWCTBaMH.
Ha puc. 6.6 @ nzobpaxeHa cxemMa IMHUTTEPHOrO MOBTOPHTENSA, ¥ KOTOPONoO Ha-
rpy3Ka BKIIOYEHA B IMHUTTEDP TPAH3HCTOPA H ABASETCA OOLUMM 3NEMEHTOM ANs
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Puc. 6.6. SMUTTEPHDINH NOBTOPHTEND:
a) NPUHLUMNKHANBHAR CXEeMA YCTPOHCTEa; 6) Cxema 3ameLteHHs

ueneil Ha BXOAE M HA BHIXOZE. DKBHBAJIEHTHAA CXeMa T0 NepeMEHHOM cocTas-
nsoleit npeactasneHa Ha puc. 6.6 6. s ee aHanmu3a 3anuileM OYEBHIHbBIE
paBEHCTBA

32 T, _Unum E - l::rl + L.rnwcs Unm = (II + IlI)ZH'
HUcnons3ys ati GopMynsl COBMECTHO ¢ cucTeMoii (6.20), nanyyaem
gnux - [(YII 55 Y!l) L.ﬁ . (}rll i 1’22) UI)] Zy, =
= [(YII 3 Yll)(E = 'jnux) - (Y2 + Yn) (;ruux] Zy.

Orcioga HENMOCPEACTBEHHO C/IEAYET, YTO YaCTOTHHIH Ko3dpuUMEHT nepenayn
IMHTTEPHOIO MOBTOPHTENA

Umx = (}rli +}r?l)zn
E l+{Y|1+Yu+Y21+Yn)ZH.

Bta dopmyna ynpoimaercd, ecau Y-MaTpHIIA 3NIEKTPOHHOrO npHGopa
HMMeeT eNHHCTBEHHBIH HeHyneBoi aneMmeHT Y5, = S. Torma

P
- 1+ 82,

BunHo, npexiae Beero, uto |Ky| < 1, T.e. Takoii nosTopHTENE HE yBe-
JIMYMBAET, a YMEHBIIAET HanpsxeHue curHana. Kpome toro, ecnn |SZ,|> 1,
10 Ky & |1 He3aBHCHMO OT HMTICAaHCA HATPY3KH.

Cnenyer UMeTb B BWAY, YTO 3MHUTTEPHbIH MOBTOPHTENb CMOCODEH Cylie-
CTBEHHO VBEJIMYWBATH MOUIHOCTH CHMFHana, noTpebaseMylo Harpyskoi, T.e.
paboTaTk B peXMMe YCIWIHTENS MOIHOCTH. JIaHHOE YCTpOMCTBO HMEET TaKke
BLICOKOE BXOIHO€ M HM3KO€ BBIXOOHOE COMpOTHBACHHA. [102TOMY SMHTTEpP-
Hbl€ MOBTOPUTEN HA OMMONSIPHBIX TPAH3MCTOPA M MX aHANOrH — HCTOKOBHIE
MOBTOPUTEJIH Ha MOJEBLIX TPAH3MCTOPAX — YacTO MPUMEHSAIOT KAK 3/IEMEHTHI
pa3BA3KH B CJIOXHBIX PAIMOTEXHHYECKHX YCTPOHCTBAX.

KU=

(6.25)

Ky (6.26)

. !:

T b Foge i Pl PR Wi SRR TN T L
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6.5. Mpeobpazosanue konebanui
B HE/IMHEHWHBIX 3NeMeHTax

Meron nuHeapu3aluK, pasBuTHA B § 6.3, NPH ONpPEIENEHHBIX YCIOBHAX
CBOOMT HENMHEHHbIH 3JeMEHT LenM K HEeKOTOPOMY 3KBMBAJIEHTHOMY JIH-
HeliHOMY aneMmeHTy. B psge ciyyaes, HampuMep, MPH pacyeTe 3TEKTPOHHBIX
YCHIIMTENIEH MaNbIX CUTHAIOB, TAKOH MOAXON BMOJHE OTBEYaeT NMOCTABAEHHOH
3apave. OHAKO MPH 3TOM M3 NMONS 3peHNs HEH3IOEXHO MCYesalnT creuHdu-
4YecKue ABfieHuA, 06yCIOBIeHHbIe HelHHeHoCcThI0 BAX M nexamue B ocHoBe
paboTel MHOTHX PATMOTEXHHYECKHX YCTPONCTB — JETEKTOPOB, MOAYJIATOPOB,
npeobpa3oBaTeneil YacTOThl H T. II.

PaccMOTpUM KpaTKO HEKOTOpHIE TMOAXOAbI K aHAIH3y NpeoGpaszoBaHus
CHIHAIOB B HEAMHEHHOM Oe3bIHEPLUHOHHOM (PE3HCTHBHOM) ABYXTOMIOCHHKE,
[yers I(U) = F(U) — BonsT-aMnepHas XapaKTePUCTHKA TAKOTO JBYXIONIOC-
HUKa, K KoTopoMy npunoxeHo Hanpsxeuue U(t) = Uy + u(t), cocrosmee
M3 MOCTOSHHOIO HamnpsikeHHs cMeuleHus Uy M MepeMeHHOTO HanpsxXeHns
nonesHoro curHana u(t). Byaem cumtath, 4TO B OKPECTHOCTH paGoueit Toy-
ku Uy dyuxuns F(U) ssngerca J0CTaTOYHO MMAAKOH M TMOITOMY €€ MOXHO
pax1oxuTh B paa Teitnopa [cM. dopmyay (6.7)]. [Ipu 3TOM 3aKOH U3MeHeHHs
TOKA BO BpeMeHH BYIET Takos:

I(t) = ag + ayult) + ayu’(t) + a;u’(t) + as’(®) + asu’®(t) +... . (6.27)

Koadduumenrtsl 6ecKoHEUHOro CTeneHHOro psana, CTOSILIEro B paBoil YacT
3TOTO PABEHCTBA, BRIYHCIAIOT NO obumeH dopmyne

£ k3 (6.28)
Oy = — —— . ;
n! dU™ |y _p,

Jlerko nmoHATL Gu3MYECKHil CMBICA NEpBbIX TpeX KO3(MhUIMEHTOB 3TOrO
paga: ay = F(Us) — Tok mokost B oTcyTcTBME CHTHANA, A; @) = F'(Uy) —
kpyrhaHa BAX B paboueii Touke, A/B; a; = F"(U;)/2 — xpusnsHa BAX,
T. €. BeIMYHHA, XapaKTepuayowas ommmyre BAX ot npsaMoi JTHMHUM.

MpeobpazopaHue rapMoOHHYECKOTO CHrHANA

PaccMoTpuM npocTeitiinii ciayyaid, Koraa
u(t) = Uy, coswit

— TapMOHHYECKHII CHTHAN C M3BeCTHLIMH aMruiuTynoit U, M yacTorod w.
Ipyn 3TOM Ha OCHOBAaHWH BbipaXeHHd (6.27) TOK B ABYXTONIOCHHKE

I(t) = ag + a,U,, cos wi + ﬂzU,E—, cos’ wt +

+ a3U;), cos® wt + ayUp cos® wt + asU cos’ wt + ... . (6.29)
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Bocnonb3yemcsa H3BECTHBIMM TPHTOHOMETPHYECKUMHU hopmynaMy
- : i I 2z
cos" z = -+ -~ cos 2z,
2 2
1

cos’ z = 3c:os.":+ cos 3z
s 4 ;

1 | 6.30
cos4z=§+-2-cos2z'+§cos4r, ( )
5
cos’ ¢ = gcosm+ Ecos3:c+ Tﬁmsm’

u 3anuineM paBeHcTBO (6.27) cneayiomum obpasom:
I(t) = Iy + I coswt + I, cos 2wt +
+ I3 cos 3wt + I cos 4wt + Is cos 5wt + ... . (6.31)

BaxHo OoTMETHTB cleayloLiee.

1) Tox B ABYXIOMIOCHHKE MpeacTaBaser coboil CyMMY nocmosnHol co-
cmasnsoweiz Iy u, Boobuie rosops, GeCKOHEYHONO YMC/Aa rFapMOHHYECKHX
COCTABISIONIMX ¢ aMrnuMTyaamu I, n = 1,2, 3, ...; 4acTOTkl 3TUX COCTABAAIO-
IWMX W, = NW HAXOAATCA B LEJOKPATHOM OTHOIIEHHH C YacTOTOH NMPHIIOXKEH-
Horo HampsixeHus, CocTapnfouIyl0, KOTOPOil oTBEYaeT 3HayeHuwe n = |, Ha-
3bIBAIOT OCHOGHOU WIH nepeoil apmorukoii Toka. Cocrapnsiomimec n=2,3, ...
HAa3bIBAIOT EHICIUMY 2APMOHUKAMY TOKA.

2) AMMOAUTYIE FAPMOHUK TOKA 3aBUCAT OT KOMPOULMEHTOB dg,d),02;- - -
onuceipalomux BAX nByxnomocHuKa, a Takxke or amruutyasl Uy, Bo3byxiaa-
jo1ero HanpsokeHus. JelcTBUTENBHO, PACKPLIB CTENMEHH KOCHHYCOWAaNbHBIX
(YHKLUMIt, BXOISIINX B TIPABYIO YaCTh Bbipaxenus (6.29), no dpopmynam (6.30),
nony4aem

I =ay+ %azU,fl + %mU;, .. (6.32)
I =aUp+ %a;Uﬁ, + ga5U3, Fe (6.33)
Iw %azv;‘; W %340;:1 It . (6.34)
L = %agrf,%, Y ]iﬁasv,i sts (6.35)

Hrak, nogaya Ha HelHHeHHBIH Ge3biHEPUMOHHBIN ABYXIOIIOCHUK rapMo-
HHYECKOr0 HamnpsDKeHWs TPHBOAMUT, B obLUEM chaydae, K MOABIEHWIO Herap-
MOHMYECKOr0 TOKA. DTOT Mpoliece Npeobpa3oBaHUs CHUrHama MWIIOCTPHPYET
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Puc. 6.7. BospeicTane rapMOHHUECKOrO HANPSKEHHA Ha HENHMHEHRHbIY [BYXMONOCHHK

BPEMEHHBIC MarpamMMbl HanpskeHHs H TOKa, HBOﬁDa)KEHthe Ha DHC.G.?.
BuuHo, uto u3-3a HenuHeiiHocTH BAX BpemenHas AMarpaMMa TOKa OKasbipa-
€TCH HCCHMMET[JH‘-IHoﬁ OTHOCHTE/IBHO TOID YPOBHA, KOTOPOMY COOTBETCTBYET
3HaueHue U = Uy,

[Tpumep 6.3. Boner-amnepHas XapakTepHCTHKA HENHHEHHOrO ABYXNOMIOCHUKA NpH
HEKOTOPOM Bblﬁope paﬁoqeﬁ TOYKH OMHCHIBAETCA MHOTOWIEHOM 4-i CTenenu ¢ KOBd}-
dHuHeHTaMH Gy = 6 MA, @, = 15MA/B, a; = IMA/B?, a; = 2mMA/B?, g, = | MA/B*.
Bee octanbHele koadduumneHTr pasnoxeHdus BAX B paa Teiiiopa pasrnl Hynio,

[Momumo HATNIPAXCHHA CMELICHHA K NBYXTIONICHHKY NPHAOKEHO NEepeMeHHOe
rapMOHHUECKO¢ HanpsbkeHHe NOoNe3Horo cHrHana ¢ amnautyaod Uy, = 1,5 B. Haiitn
MOCTOSHHYIO COCTABAIOWYIO TOKA Iy M aMnauTyay nepBoil rapMoHuky I,

B coorsetctBun ¢ dhopmynoit (6.32)

1 3
I =6+5 3.(LS)P + =1 (1,5)" = 11,27 mA.
AH4710THYHO, BOCTIONB3OBABIINCE BEipakeHueM (6.33), nonyuaem
3
L=15-15+7-2 (1,5)° = 27,56 mA.

Caenyer 3aMeTHTh, YTO B OTCYTCTBHE FAPMOHMYECKOIO CHTHANA NOCTOSHHAs CO-
crapisiiomas Toka Iy = ag = 6 MA, a nocnie BKIIOYIEHHA NepeMeHHOT0 HanmpAXeHHA 31a
COCTABfIOLAs BO3pAcTaeT nouTH BaBoe. Takoe npeobpasoBaHKE UIMEHEHKI AMIUIUTY-
Abl MEPEMEHHOrO HAMPAXEHHA B HIMEHEHHH YPOBHSA NOCTOAHHON COCTaRNAIOLLIEH TOKa
HMECT NOJNE3HLIC TCXHMYCCKHC NMPHIOXKEHHH. H&HpHMCp, Ha 3TOM MPHHUHKIIE MOX-
HO, pacronaras ik MPoCThiM W3MEPMTENLHLIM MPHBOPOM MArHUTO3INEKTPUYECKOI
CHCTCMbI, MOCTPOHTL BOJBTMETD NMEepeMeHHOr0 HaANpPAMXMEeHHA, NPHNOOHBIA L4 paﬁom
Ha YacToTax B NeCATKH W Jaxe COTHH Merarep.

MonynposoagHWKOBEIE BHNPAMUTENH

Tak HaskiBalOT ycTpoiicTBa Ans npeoBpa3’oBaHUs MEPEMEHHOrO TrapMo-
HUYECKOTO HANPSKEHUs B MOCTOAHHOE HamNpsXeHue. Brmpsawmmurenu ciyxkar
WCTOYHHKAMH MUTaHHs PaaHOTEXHHYECKNX NPHOOPOB, YCTPONCTB aBTOMATHKH,
KOMTMBIOTEPOR W T. 11
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Puc. 6.8. OgHononynepuoaHbiv BoINPAMHTEND! 3) BONBT-aMNEPHAR XaPaKTEPUCTHKA

aMopa; 6) cxema Lenw; B) BPEMEHHAn AMarpaMma HanpsXKeHWs Ha Harpyake

L__.“.{?.J

t

OCHOBHBIM 3/71€MEHTOM BBINPAMHTENSL ABISETCH [MOJYTPOBOIHUKOBI
auox (cxemHoe 0603navenne VD), cocTosimimii U3 ABYX COSAMHEHHRIX BMe-
cTe 00Opa3sUOB MONYNPOBOOHHKA, OOBIYHO KpeMHHS p- M m-THNOB. Bonbr-
aMIePHYIO XapaKTePUCTHKY Takoro auoaa (puc. 6.8 a) B neppoM npubiixeHnu
MOXHO 3alHCaTh TAK:

I(U) = ==t _ (6.36)
50, U >0

3neck § — kpyruszHa BAX, cBa3aHHas ¢ NpAMBIM COMPOTHBJIEHWEM AMODA
COOTHOLLIEHHEM
|
Rl'ﬂJ S'
OGBIYHO 3HAYEHHE NPAMOro CONMPOTHBIECHUS THIMMYHOIO AHoAa Konebiercs
OT eNIHHHLI 0 JECSTKOB OM.

Ha puc. 6.8 6 uzobpaxeHa cxema NMpocTeiiiiero OMHONOIYIIEPHOIHOTO Bbl-
MpsAMUTeNs, paboTalolero Ha Pe3UCTHBHYI0 HArpy3Ky ¢ CONpoTHBAEHHeM R,,.
B coorsercTBMM C paBeHcTBamM (6.36) AMOI B TeYeHHE TOAOXMTEILHOTO
MOJAYNepHoaa BXOTHOTO HAMpSDKEHHs JKBUBANEHTEH AKTUBHOMY COMpPOTHB-
neHuo Rqp, a B TeYeHue OTPULATENBHOTO MOJYNEPHONA — paspbiBy LEMH.
Cuiran, 9T0C Ha BXOJE BHBUIIDAMHTENR ZEHCTBYET HCTOMHHK TapMOHMYECKOit
DC e(t) = Ep sinwt ¢ BHYTPEHHUM conpoTuBieHueM R, HaXOmWM Hamnpsi-
KEHHME Ha HarpysKe

j-R"— sinwt, 0wt < m,
uﬂ(t) = R" + Rr + Rnp (6.3?)

0, T <wt < 2m.
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CootpercrByiownii rpaguk npeacrasned Ha puc. 6.8 6. BrinpsamieHHoe Ha-
MPsKEHHE UMEET BUA MEPHOAMYECKON NOCNEN0OBATENBHOCTH MONOKUTENRHEIX
«TIOJTYBOMH»;, KAK MPaBUIIo,

R,
TERE 2N

R, Rop

H [OITOMY AMILIHTYAR NOAYBOAH MpUGIU3NTEBHO paBHa amMiLiHTyae £y
MCTOYHHMKA Ha BXOJE.

YacTo MHTEPECYIOTCA MOCTOAHHOW COCTABISIOIIER BHINMPAMIEHHONO Ha-
IpPSDKEHUS, T.€. CPeIHUM 3HadeHHeM 3a mepuon T';

L f Bn | E,
e f/u,.(z) dt ~ ﬁ/s'm:cd:c = T’" (6.38)
0 0

[lycTb, Hampumep, BrMpsiMuTeNb paboTaeT OT CETH MPOMBILLIEHHOMN Ya-
cToTbl NpH 3(EKTUBHOM 3HaueHWH Hanpsxenmus 220 B. Torma ammautyna
HaNpPsXeHWs HCTOuHKKA E, = 220v/2 = 311 B, a nocTosiHHas coCTaBsoWmAst
BLIXO/IHOTO Hanpsaxenus Ug,, = 311/3,14 = 99 B.

Kak npaBuio, my/ibCUPYIOILEE BHIMPSMIEHHOE HAMPSKEHHE HEMPHIOAHO
WA MTHTaHUA GONMBIIMHCTREA pagHOyCTPOHCTB. YTO6H! CrIaguTh 3TO HANpsXe-
HHE, NapaUIeNbHO HATPY3KE BKIKOYAIOT eMKOCTHBIH HAKOMHWTENb — KOHIAEH-
carop C,, TOKa3aHHBIH Ha puc. 6.8 § mynkTtupom. EMKOCTH KOHaeHcaTopa
J0/KHA OBITH JOCTATOYHO BONBIION, YTOOHL B May3e MEXIy MMITY/IbCAMM pas-
panka ero uepe3 pesuctop R, Owina npeHebpexXuMO Maloii.

bonee addexrusHa pabora ABYXIOAYNEPHOAHOrO BRINPAMHUTENS, cobpaH-
HOTO MO TaK Ha3bIBAEMOil MOCTOBOH cxeme (puc. 6.9 @). 3mecs Bo Bpewms
MONOXKMUTENLHOH MMONYBOMHEI BXOAHOTO HAMpPAXEHMs, KOrja NoTeHuMan 3a-
Kuma 1 Beilne, 4eM 3axuma 2, nuomsl VD; m VD, OTKpEITBI M 4Yepe3 HHX
MPOTEKAET TOK, CO3NAIONIMI HA pe3ucTope R, HANpsDKeHWE Uy, C TOM Mmonsp-
HOCTBIO, KOTOpas yKa3aHa Ha pucyHke. Jduoabi VD3 u VD4 B 3T0T MHTEpBAI
BPEMEHH 3aKPLITEHL, T. €. HAXOAATCH B HEMPOBOMSIIEM COCTOSHHH,

1 VD, u,
Ly
vD; |+
[Jow
VDs T
2 vD, < 0 & wf
a) 7)

Puc. 6.9. [lsyxnonynepuogHoii BoinpAMUTE b,
a) cxema uenu; 6) BpeMenHan AMarpamMmma BobINPAMNEHHOTO HANPSYKEHHA
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[pu cMeHe NONAPHOCTH BXOMHOTO HampskeHus, HaobGoport, auoan VD,
u VD, 3akpbiTei, a Yepe3 NEpPEKPECTHO BKIOYeHHble auoasl VD3 u VDy
rOK MPOTEKAET B TOM K€ HalpaBleHWM, 4YTO U BO BpPeMSH TMOJOXMUTENLHOMH
rmonyBofHbl. BpemenHas auarpaMma BBIXOAHOIO HanpsxeHua H3obpaxeHa
Ha pHc. 6.9 6. fcHo, YTO 3Meck cpelHee 3HAYeHHE BHIMPAMICHHONO HATIPHXKEHUS

2E;
Upn = ?r' (6.39)

BABOE BBILIE, YeM B OIXHOMOJYNEPHOAHON| CXeMe.

NpeobpasosaHue CyMMbl ABYX rapMOHHYECKHX CHIHANOB

Emie pasHoobGpasHee OKa3biBalOTCA SBJIEHHMS B HENHHEHHOM PE3UCTHB-
HOM ABYXMOJOCHUKE, KOTOpPHIH BO30yXIaeTcs CyMMOR [ABYX rapMOHUYECKUX
HanpsaXeHWH ¢ painuyHbIMU yacToTaMmu. [ NpocToThl MoAoXuM, yto BAX
HEIMHEHHOIO 3/IeMEHTA B OKPECTHOCTH pabo4ed TOYKH OMMCHIBAETCH MHOTO-
YJIEHOM BTOPO# CTENeHH

I(t) = ag + ayu(t) + a6’ (2). (6.40)
Ecnu CYHTATh, 4YTO K 3aXHMaM 31EMEHTA NPHIIOKEH BBICOKOYACTOTHBIH CHUTHAN
u(t) = U,y coswit + Upy coswit

C HECOBMAJaloUIMMKM YACTOTAMM ) M G, TO NYTEM NpsAMOH MOACTAHOBKH
3TOTO BhIpaXeHus B hopmyny (6.40) Haxomum

I(t) = ap + a Uy coswit + a,Up coswyt +
+ agU,fﬂ cos’ wit + agU,i,g cos’ wht + 2a9U 5 Upyy cos wyt cos wst.

Jlerko 3aMETHTH, YTO B COCTAB TOKA NOMHMO KOMIOHEHT € YacTOTaMH W) U Wy,
a TAKKe MX BTOPBIX TAPMOHMK, OOYCIOBNEHHBIX KBaApaTAMH KOCHMHYCOWIAIb-
HBIX (DYHKUMI, BXOAMT «MepeKpecTHas» COCTABJAIOLIAs

I5(t) = 2a,U, 1 Upyp coswyt cosant =

U Uz [COS (l‘.rJ] = w;’t -+ cos (l‘..lJ] e wz)t] 5 (641)

koTopas obpa3zoBaHa KonebGaHWAMH CYMMapHOW M pa3sHOCTHOW 4acTOT, Ha3bl-
BaeMbIX B PANHOTEXHHKE KMﬁHHﬂMHOHHNMU yacmomamu,

Hrak, B pe3ynsTaTe HeTHHEHHOTO MPeoGpa30BaHis CyMMBI ABYX rapMo-
HUYECKMX KoJebaHMii BO3HHKAET CHIHaN, COCTOALMIT M3 Gosbuioro 4ucia
OTAEIBHbBIX I'apMOHH‘{ECKH}( COCTaB/TAKOILHX. l'onopn‘r, YTO TAKOW CHTHAI MMEET
CROXNCHBIE crnexmpanshbiil cocmaé. XapakTepHasi OCLMUIOrpaMma TOKa, BO3-
OyXnaeMoro B HelWHEHHOM 2/MEMEHTE MOA JEHCTBHEM ABYX FapMOHHYECKMX
HanpsHkKeHMit, yacToTa OMHOTNO M3 KOTOPLIX Mana, a APYyroro Be/lMKa, NokKas3aHa
Ha puc. 6.10.

HenuneitHoe npeoGpazoBaHHe CyMMbl IBYX CHTHANOB ABYXMOTIOCHHKOM
¢ BAX npoM3iBoibHOrO BMAA paccMaTpHBaeTcs B Kypce <«PanuorexHuveckue
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Puc. 6.10. HenuneiiHoe npeocbpazosaHmue CyMMbl 1BYX rapMOHMYECKHX CHMrHANOB

uenu u curdansi» [4]. TMoxaszano, uto NpH 3TOM BO3HWKaeT GecKOHeyHas
COBOKYIHOCThE KOMOMHaLUMOHHBIX 4acTOT BWAA

w = |mw; + nwy, (6.42)

me m=0,3]1,32,...; 0 =0,%],F2,... — 7106ble MONOKHTEABHBIE H OT-
PHUATENBHLIE LIENBIE YUCA, BKIKOYAA HYb,

Sdrpexr oboralieHus cneKTpa TOKa NpU HEAMHEeHHOM npeobpaloBaHWK
CYMMBbI TADMOHMYECKHX CHTHAIOB JIEXWMT B OCHOBE paboThi MHOFHX BAXHBIX
PANMOTEXHHYECKHX YCTPOIICTB.

6.6. Llenb ¢ HenHHEHHBIM KOHAEHCATOPOM.
Mapamertpuueckoe ycunewune

PaccmoTprm nonynpoBoIHUKOBbIA Anox (puc. 6.11 @), BKIloYeHHBII B 06-
parxoM Hanpapaenyy. Ilpy 317oM noteHuHan n-0bAICTH BbIE NOTEHUHAA P-
obnactu. [locTOAHHBIH TOK Yepe3 TAaKOH MMOA HE MpPOXONMT, a HAa TPAHMLIAX
obyiacTi nepexona BOIHMKAET pajie/ieHHBII aeKTpHyeckuii 3apsan. B Teopuu
NOYNPOBOIHMKOBEIX NPHOOPOB HOKa3bIBAETCA, YTO JTOT 3apsan

Q=AVU+U, (6.43)

rie A — HexkoTopas MOCTOsHHAsA, 3aBHCALIAsN OT KOHCTPYKUMM auona; U —
fpuiokeHHoe Hanpaxenne; Uy = 0,2-0,8 B — KoHrakTHas pa3HoCTh fo-
TEHLHANTOB, 3HAYEHHWE KOTOPOH CBA3aHO ¢ TeMMAepaTypoi M KoHUeHTpauuei
HOCcHUTeNIel B m- U p-06nacTax.

@opmyna (6.43) ycTaHaBIHBAET BMA 60AbM-KYAO0HHOU XApaxmepucmuiu
o6paTHOCMElLIEHHOTO p-n-niepexoga (puc. 6.11 §). [IpuHUMNUMATBEHO BaXHO,
YTO 3Ta XapaKTEPUCTHKA OKa3biBaeTcsd HenWHeiHoit. [losToMy roBopar, yto
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Puc.6.11. MonynpoBOoAHWKOBBIH AMOA KaK HENWHERHBIN KOHAGHCATOP: 4) CXeMa BKMO-
YeHuA AHOa; 6) BONLT-KY/NIOHHAR XAPAKTEPHCTHKA; B) BONLT-(hapafHaR xapaKTeprCTHKa

Takoif IHOA BeleT cefs KaK HenuHeilHb KoHaeHcartop. [MapamerpoM storo
KOHIEeHCATOpa cayur anddepeHunanbHag eMKOCTh
Cas(U) aQ A
AR R e

KpHBYi0, ONMCHIBAIOLLYIO 3aBUCHMOCTD BEIMUNHBI Chyg OT MPUIOKEHHO-
ro obpaTHoro HanpsokeHus U, Ha3bIBalOT Goabm-lapadnod XapaKTepUCTHKON
KoHjeHcatopa (puc. 6.116). MoxHO 3aMeTHTb, YTO C POCTOM abCOMOTHOTO
3HayeHua U eMKOCTh nepexofa ymeHbuiaercs. B coBpeMeHHBIX paaHOTeXHH-
YeCcKMX YCTPOMCTBAX UIMPOKO NMPUMEHAIOT CrelHalbHO pa3paboTaHHbBIE MoTy-
MpPOBOIHUKOBkIE THOIBI, HA3BIBAEMbIC BAPUKANAMY, KOTOPBIE BLIMIONHAIOT POib
MEKTPUYECKH TIepecTpanBaeMelX KOHIEHCaTOPOB.
loumep 6.4. W3pecTHO, 4TO HEKOTOPDIA BAPHKAT ¢ KOHTAKTHOI PASHOCTDIO MOTEH LM~
anos U, = 0,64 B npit U = 0 umeet auddepeHunHansiyc eMkocTs Cyq(0) = 50 n®.
Onpenenutb 3HaveHne ouddepeHUHaTLHO eMKOCTH NPH nojfaye Ha Bapukan obpart-
Horo Hanpskeuus 20 B,

TMoncrasus B (6.44) snavenue U = 0, noayuacm

4

24/0,64°
orkyna napavetp A = 80 n® - B'2, MMostomy
80

C“@(ZO) = 2——"— w = 8,8 ﬂd’.

Taxum o6paszom, JaHHBIH BApHUKaN obecreYMBACT IHANA30H H3MEHEHHS eMKOCTH ¢ Gonee
HeM MATHKDATHBIM [TEPEKPhITHEM.

(6.44)

50 =

MpHHUKN NapaMeTpUHECKOTo YCHACHHA

Ecnu Ha ofpaTHocMelIeHHbIH MOAYApOBOAHUKOBLIH THOA TMOAATL HEKO-
TOPOE TAPMOHHYECKOE HANnpAdcerue HAKayky C 4acToTod W, W aMILTUTYIO#
B HECKOJLKO BONBT, TO E€MKOCTh TAKOTO HE/JIWHEHHOro KOHIEHCcaTOpa Cra-
HOBHUTCA TNepHoanueckoil dyHxkuueil BpemeHH. [TonoXuM, 4TO €€ MOXHO
¢ JOCTATOYHOW TOYHOCTHIO onucark GopmMyioi

Cun(t) = Cy [1 + B cos (wyt + tp,,)] : (6.45)
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rae Cp — Hexkoropas nocrosHHas; § < 1 — KO (DUIIMEHT, XapaKTepH3yio-
LI OTHOCHTENIBHOE M3MEHEHHE eMKOCTH, (0, — HauanbHad $hasza Konebanuii
HAKa4yKH,

Ecan noMHMO Hakayku K BAPMKAmNy NPIIOKEHO rapMOHHYECKOe Hanpsi-
KEHUE MONE3HOTO CHTHANa ¢ Malnoi aMIUIMTYIOH, HE TpPEeBBILIAONIEH, KAk
MpaBuio, KECHATKAa MHKPOBOJILT, TO MO OTHOLIEHHIO K 5TOMY CHTHATY BapHKan
BesieT cebs NOA06HO JTHHEHHOMY KOHAEHCATOPY, EMKOCTE KOTOPOrO H3MEHSETCH
BO BpeMEHH, Konebasick BOKpYT yposHs Cp
B npeaenax ot Co(1—F) mo Cy(1+ B). Dne- 7 Siiia G
MEHTEI LIefH, MapaMeTphl KOTOPBIX 3aBUCAT & i/ g
OT BPEMEHM, TIPHHSITO HA3LIBATL nApamMem- @9 _'7'1— []
PUHECKUMU IREMEHMAMU.

PaccMoTpum uens (puc. 6.12), obpaso-
BAHHYI0 UCTOYHUKOM TapMOHWYECKOTO TO-
Ka I. C 4acTOTOM MOME3HOro CHrHaNa we;
napauielbHO HMCTOYHWKY BKIIOYEH mapa-
METPHYECKUH KOHIEHCATOp, EMKOCTb KOTOPOTO M3MEHSIETCS B COOTBETCTBUH
¢ BeipaxerueM (6.45). MimeeTcsi Takke pe3UCTHBHAs Harpyska ¢ fnpoBoauMo-
CThI0 G, KOTOPAS YYMTHIBACT KaK HAIMYME BHEUIHMX LEMei, TaK W mpuCyT-
CTBHE BHYTPEHHEH NMPOBOIHMOCTH MCTOYHUKA CHIHAMA.

ITpeanonoxum, YTo HA 3aXHMax UENH BO3HUKAET HAMPSKEHWE CHTHANA
BHZIA

e

Puc. 6.12. Mpocredwnit
napamMeTpMYECKHi yCHarTeNb

ue(t) = Up sin (wet + @) (6.46)

C NPOU3BONLHOM amMruiTyaoi Up, . M HekoTopoil HayanbHoii dazoi .. Torna
TOK 4Yepe3 napaMeTpUYecKuit KOHIeHCaTop

_dQ _ dQ du,
T dt T dU dt
= w.CoUnc [1 + B cos (wut + ¢y,)] cos (wet + @) =

du,
1(t) ~ Cualt) = =

1
weColUm ¢ cos (wct + ) + EﬁwcCOUmc Cos [(uu + we)t + py + ‘Pc] ¥*

1
g EﬁwcCOUmc cos {(wu — we)t + @y — Sc"c] . (6.47)

lMepBoe cnaraeMoe B Npasoit yacTH MpenacTapisaer coboid OOBIYHEBIR eM-
KOCTHBIH TOK, OMEpeXaloluuii NPUIOKEHHOe HanpsokeHue mo ¢ase Ha 90°,
Bropoe M TpeThe chiaraeMble ONMMCHIBAIOT KOAEOAHHSA ¢ KOMOGHHALHOHHBIMU
4acTOTaMM — CYMMAapHOI# YacTOTO# Wy + W, U PA3HOCTHO# YaCTOTON Wy, — W,.

IMpennonoxuM, 4TO 4acToTa HAKaYKM MpPEBBILAET YACTOTY MOJIE3HOTO
CMTHaJIa POBHO BIBOE:

wy = 2w, (6.48)

Tipu 3TOM TpeTse cnaraemoe B hopmyne (6.47) onuceiBaer konebaHue, npouc-
Xoisiluee B TOYHOCTH Ha YacToTte curHana. HasopeM, Kak 3T0 NpUHATO, AaHHYIO
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KOMIIOHEHTY HOAE3HBIM MOKOM:
1
Tty = EﬁwcCgUmc cos (wet + Yy — Pc)- (6.49)

3areM, BbHITIOJIHHB 3eMEHTapHbleé TPUTOHOMETPHYECKHE npeobpa3oBaHHsl,
npeactasum dopmyny (6.49) Tak:

1 _—
Littr= iﬁwcCuUm cos (et + e + @n — 2¢0c) =

= %ﬁwcCoUmcos (o — 2¢c) cos (wet + pc) —

— %ﬁwcCuUm sin (@u — 2¢c) sin (Wt + @c). (6.50)

TlepBoe caraeMoe B MPaBOW YaCTH, M3MEHSIOLLIEECA BO BPEMEHH CO CIBH-
roM (a3 90° MO OTHOWIEHMIO K TNPHIOKEHHOMY HANPXEHHIO, Ha3bIBAIOT
KeadpamypHol KoOMnoHenmoi TONEe3HOro TOKa, O:IBBHJJHO, YTO 3Ta KOMMOHEHTA
NO-NpexXHEMY TIPEICTaBAsAeT cOO0H PEaKTHBHBIH TOK.

CoBepLIeHHO HHOH XapaKTep UMEET BTOpOe CaraeMoe, Ha3biBaeMoe cui-
dasnoii komnonenmoi. Ecou sin (g, — 2¢c) < 0, 70 cHH(pA3HAs KOMMOHEHTA
TOKa MMEET TOT Xe 3HAK, YTO H HampskeHWe CHTHata Ha papukane, 370,
B CBOIO OYEPEb, OIHAYAET, YTO BAPHKATI MO OTHOLIEHHIO K UCTOYHHKY CHrHAMA
pejeT cebsa nonobHo o6bIYHON AKTHBHON HArpy3ke; MpoBOJAMMOCTb, BHOCHMAS
B LIeMb, NOMOXHTEIbHA:

Gon = e _ L 5 Galsin (pu - 200)] > 0. (6.51)
Ui e 2

Ecnu ke HadanbHbie caBurd ¢a3 @, M . noaobpaHbl TaK, 4TO
sin (@, — 2¢.) > 0, To BapyKar, ynpaBisieMblii HCTOUHWKOM HAaKa4KH, BHOCHT
B 1I€Mb OTPULIATENLHYIO AKTHBHYIO TIPOBOAWMOCTD

G = _% BuwCq sin (g — 2¢c) < 0. (6.52)

TIpH 3TOM NPOMCXOAMT YMEHBILEHHE PE3YNBTUPYIOLIEH AKTHBHOW MPOBOAHMO-
CTH, PaBHOI CYMMée NMPOBOAMMOCTENH HArpy3kKu H BapHkamna.

ByneM CuYMTaTh, YTO PEAKTHBHbLIE TOKM MMOJHOCTBIO CKOMMCHCHPOBaHbI
3a cueT MOAKMIOYEHHSI TAapaie/lbHO BapHKamy HEKOTOpPOro HHAYKTHBHOIO
sneMeHTa. Toraa npy OTCYTCTBHH MapaMeTPU4ECKOro KOHIEHCaTopa B HArpy3ke
OyneT BBLAEAATHCS AKTHBHAS MOLIHOCTh

55
il
TMocne MONKIIOYEHHs BapMKamna, BHOCAIIEro OTPHLATENBHYIO aKTHBHYIO Npo-
BOIHMOCTb, aKTHBHAS1 MOLLIHOCTb B Harpy3ke BO3pacTeT.
A
53 Qi+ G

=B
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Cootsercryiomumii KoaduiumneHT YCHIIEHHSI MOIITHOCTH
P, Gy

Kp=—= .
PH GH + GBH
MTak, paccMaTpuBaemas Lems npu onpeeseHHbIX YCNOBUAX MOXKET CTATh
NapaMeTPHYECKHM yCHIIMTeNleM. Bapukan HIpaeT pomb mpoMexyTodHoro pe-
3CDBYapa SHEPIHH, KOTOPasi OTOMPAETCA OT HCTOYHHKA HAKAYKH M MEpeaeTcs
B HATPY3Ky CHHXPOHHO C KONe6aHHsIMH MOJIE3HOTO CHIHANA.

(6.53)

Tlpumep 6.5. Mapamerpuyeckuii yeunurens paboraer Ha yactote w, = 10" ¢~!; xo-
adxpuunent f = 0,01, HayansHas emKocTs Bapukana Cj = 3 nd, npoBoauMoCTs
Harpysku G, = 2_— 107 Cwm, wauansuas (asa uctounuka curHana @, = 0, aHage-
Hue @, =7/ 2._ Haiitit koadipuumenT yeunenus momtocts B IAaHHOM YCTPOHCTBE,

Tak kak sin (g, — 2p.) = 1, 10 OYEBHAHO, YTO CBOHCTBA MapaMeTpH4ecKOro KOH-
ACHCATOPA HCITONBIYIOTCS MAKCHMATLHO 3(ipekTBHO, Ha 0cHOBAHMM dopmynnt (6.52)

1072 10" . 3. 10712
Gnu oy 3] ) =-—1,5- 10"3 Cwm,

OTKyna ¢ nomouubio (6.53) Haxomum Kp = =z = 4.

Cnenyer 3aMeTuTh, 4YTO napaMeTPHYECKHil YCHIINTE/Ib CKJIOHEH K CaMo-
Bo36yxneHuio. TNoTeps yeToiumsocTH MPOHCXOOUT NPH BEIMOJAHEHWH PAaBEH-

crBa Gy + Gy = 0, 1. €. Npy noAHOM KOMIEHCaLMH aKTHBHOI NPOBOIMMOCTH
HAarpy3Ku.

floumep 6.6. MpumenutensHo MCXOQHLIM JAHHBIM, YKa3aHHBIM B npumepe 6.5,
HalTH KpUTHYECKOE 3HaYeHHe f,,, Npu KOTOpoM paccMaTpHBaeMblil TapaMeTpHUECKMii
YCHAHTENIL OKa3HLIBACTCS HA TIOPOre CAMOBO3GYKIEHU,

Mckomoe suauenue napamerpa f spnsiercs KOPHEM YpaBHEeHMUs

Bep10" 3. 1071

2107 = *
2

oTKyza fy, = 0,0133,

Taxum 06pasom, eMKOCTE BapHKana B YCTOIYHBO paBoTaIomeM YCHIHTeNRe T0/BKHA
H3MEHATLCH BECHMa HE3HAYHTENBHO.,

[MapameTpuueckue yeuwnurenu, HECMOTPS Ha HEKOTOPYIO KOHCTPYKTHBHYIO
CIIOXHOCTD, UIMPOKO UCMOJBIYIOTCS B PANHOTEXHUYECKUX CHCTEMAx CBEPXBbI-
COKHMX 4acTOT. X OCHOBHOE NOCTOMHCTBO — HM3KMi YPOBEHB CODCTBEHHBIX
LWYMOB, MO3BOJAIOLMA CO31aBaTh BBHICOKOYYBCTBUTE/ILHbIE pamHonpHeMHbie
YCTpPOHCTBA.

® Bonpochbi

. Kak onpeaensercsa nouste Oe3bHEPUMOHHOrO HellHeHHoro IBYXTIONMIOCHHKA?
TMoueMy MHOTHE NONYNPOBOAHMKOBbIE NpubOopsl B psifie CY4aes AEHCTBHTENBHO
MOCYT CYMTATHCS GE3bIHEPUHOHHBIMH 3NEMEHTAMH?

2. Cdopmyaupyiite cnocob MOCTPOEHHA HArPY304HOI NpaMoit,

3agaqn : ﬂ

3. M3 xakux 371€MeHTOB COCTOMT IKBHBACHTHAS JTHHEHHAs CXeMa 3aMELLICHHA pe3t-
CTHBHOTO HEeIKHENHOro aByxnomocHuka? Yto Takoe kpytuana BAX s seibpaHHOH
pabodeii TOUKe W KaKoBa ee (u3nyeckas pasMepHOCTL?

4. Kak cTpoHTCcs NHHEHas cxeMa 3aMellieHUs HETMHERHOTO YeThIPeXnoniocHHKa?

5. Hapucyiite 31eKTpUHECKHe CXEMEI W CXEMbl 3AMELLEHHA 3/IEKTPOHHOIO YCHIM-
TeNA C OJHMM AKTMBHLIM 3]CMEHTOM, A TAKXKE 3NeKTPOHHOTO MOBTOPHTENA.
MoXeT AM 3NMeKTPOHHLII MOBTOPHTENb CYKHTh YCHIIHTENEM HANPSKEHUA? YCH-
JIHTENEM MOLIHOCTH?

6. KakoB cnexTpambHbLIf COCTAB TOKA, BO3HMKAIOWICTO B HETHHEHHOM Ge3biHEpLM-
OHHOM JBYXMOJIOCHHKE MO OEHCTBHEM MPUIOXEHHOTO rApMOHHYECKOTO Hamnpsi-
KeHua?

7. TMovyeMy NOCTOSIHHAS COCTABNAIOMIAA TOKA B HENWHEHHOM ABYXMOTIOCHUKE 3aBHCHT
OT aMIUIUTYIEI MPUNOXEHHOTO FAPMOHHYECKOTO HANPSKeHHA?

8. 3a cuer yero BO3HMKAIOT KoNebaHHA ¢ KOMBHHALMOHHBIMHA YaCTOTAMK?

9. Kakosa dmsuyeckas npupona HenMHEHHOH eMKOCTH, HabmIONAeMOil B MONYNpO-
BOIHHKOBOM JHO/E NPH Nnosaye Ha Hero o6paTHOTO HATIPSAXEHHA CMeLeHUA?

10. Kakum ycnoeueMm MPOAMKTOBAH BHIBOP YACTOThI HAKAYKH B MapaMeTPHUYECKOM
ycunurene?

11. Tlpu KaKuX YCIOBHSX MapaMeTpPHUECKHI YCUAHTENL camoBo30yxnaeTca?

@ 3agaum

6.1. B uenu, cxema kotopol u3obpaxena Ha puc. 6.13, ucTouHUK noctosHHOM DIC
E = 2,5 B sxnoueH nocnefoBaTeNbHO € JHHEHHBIM pesuctopom R = 5,1 kOwm
1 HenmHelHbIM aByxnomocHukom N. Masectro, 4to BAX 3T0ro asyxnoniocHHKa HMeeT
pua I(U) = 0,480, rae nanpskeHue M3mepaercs —_—D I,

B BOJLTAX, @ TOK B MUAAHAMNEpax. AHATUTHYECKHM

crnocobom HainuTe Hanpsaxenue Uy Ha HelMHEITHOM

anemeHTe H ToK Iy B Lenu. R

6.2. MUmeetcd uens, cxema KOTOPOH NpeACTaRieHa Ha E N

puc.6.13. HiasectHo, uto E = 1,5 B, R = 0,33 kOm.

DkenepumeHTANLHO cHaTag BAX snementa N noka- U

3aHa Ha puc. 6.14. 0
BeinoaHus noctpoeHue HarpysouHol npsiMoii,

onpeaenute 3HaveHus eennuuH Uy u 1.

Puc,6.13

6.3. Teopernueckas BAX, onuceiBaolias CBOMCTBA p—1i-Niepexoa, MMEET B!

I(U}:Is[exp{%} - I]‘

3nece I, — oOpaTHBIH TOK HachllleHHs nepexoja, Ur — TemnoBoil noTeHuMan
nepexofa, cocrapnsomnit 0,026 B npu crangaptHoit temneparype 300 K. Haitaure
YUCIEHHOE 3HaUYeHUe napameTpa I, eciy No pe3ynsraTaM H3MEPEHHH NPH HanpaXeHUH
Ha nepexoze 0,6 B Tok paseH § MA.

6.4. Cxema uenu MOCTOAHHOIO TOKA, COAEPXALICH JMHElHbe peanctops R, u R,
a TaKkxe DEIMHEPUMOHHBIA HEMHMHEHHBIH aByXxmomocHUK N, u3obpaxeHa Ha puc. 6.15,
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I mA

/
1 pd
J/
s uB
0 0,5 1,0 15 2,0
Puc.6.14
O

N‘.I.

UD NZ
Puc. 6.15 Puc.6.16

[pu 3Havenusx HanpsokeHns U > 0 XapakTepucTHKA HENMHEfHOTO 3/1eMeHTa OMnk-
CHIBAETCHA KBAAPATHYHOIN 3aBUcHMOCTHIO Buia I(U) = AU?, rae A — HekoTopsiii
NOCTOAHHBI KoapuuneHT. [Jokaxure, 4To 3HayeHue Hanpskenus Uy asasercsa mo-
JOKHTEJIHEIM KOPHEM KBalpaTHOTO YpaBHeHHA

1 | E
AU + U, (— —) -—=0.
A "\ R, 2 R, R;
Haiimute uncaedroe 3Hauenue Uy npH CAEOyiOMMX HCXOOHEIX JAHHKIX:
R, =3xOM, R;=2xOm, A=0,5mA/B, E=6B8B.

6.5. CocraBHoll HeIMHEHHEIN IBYXNOMOCHMK 00pa30BaH MOCNENOBATENBHBIM COSLH-
HEHHEM OE3BIHEPLHOHHBIX HETMHCHHbIX neMeHTOB N, u N, (puc.6.16). Mpu U > 0

BAX snementa N, onuchiBacTcs KBanpaTHuHO 3asucumocTtbio Bupa I(U) = AU?,

B TO BpeMst Kak BAX anementa N, umeer sun I(U) = BU?, 3nech A u B — ue-
KOTOpbIe NOCTOsSHHBIE Yieaa. Jokaxute, uto BAX cocTaBHOro IBYXNOMOCHHKA TAKKe

KBanpaTuyHa:
a1 35
) =0 — 5=t
@) (V’Z JB)

3apaum 147

6.6. besbHEpUMOHHBIH HENMHEHHBIH ABYXMOMOCHUK umeeT BAX Buaa
IU) =15+ 7,50 - 2,5U°%,

[oK BBIpAXEH B MIUUIHAMIEpAX, 3 HANPSKEHHe — B BonbTax. OnpenenuTe HanpsxXe-
HHE TIOCTOSIHHOTO cMeleHus Uy, npu KotopoMm AudidepeHLHATEHAR KDYTH3HA Sng
00pallaeTcs B Hylb.

6.7. Henumeiinbiii gpyxmnomocHuk, BAX Kotoporo onucaHa B ycnoBusix 3amayu 6.6,
COCNMHEH MapamieNsHo ¢ NuHeliHbiM peauctopoM R = 0,43 kOM. Brumcnure and-
(hepeHUMANBHOE CONMPOTHBAEHHE Ry,e JAHHONO CNOXHOTO ABYXMOMOCHKKA B paGoyeit
rouke Uy = 0,8 B.

6.8. Hokaxure, yto aMduhepeHLUHANLHOE CONpoTHRACHNE Ry, (p — n)-nepexoaa ob-
PATHO NPONOPLHOHANBLHO NOCTOSHHOM COoCTaBNAIOIIEH ToKa yepes nepexon I (oM. 3a-
nauy 6.3) W Moxer GbiTb BbINMCAEHO Mo dopmyne Ryge = 0,026/I) kOm, roe Tok
13MepAeTCA B MHILTHAMITEDAX.

6.9. Ha puc. 6.17 npeacrasneHa cxema OfHOW CTyme-
HU YCHIWTENd, BemonHeHHas Ha monesom MOTI-tpan-
3MCTOpE.

B puibpaHHOH paBoueit TOUKe NAHHBIH TPaH3UCTOP
HMEET CNEAYIOLIMe 3neMeHTHl Y -MaTpHIIbl, KOTOpasi OnH-
ChIBAET MANOCHTHAIBHYIO MOHE/b 31EKTPOHHONO nprbopa:
Yu=0,Y,=0 Y, =6 MCwm, ¥;; = 8 MCm. Harpy3-
KO CIYXHT PE3HCTOp ¢ comnpoTHBieHHem R = 56 kOm.
Borumcnure 3Hadenue napametpa Ky — xosdpuunenTa
YCHGHHS HANPSXeHWs Ha HYIEeBOil YacToTe. Puc. 6.17

6.10. Harpy3koit ycHnuTenbHOI CTYNEHH, paccMOTPeHHOM B 3amade 6.9, cayxuTt pe-
suctop R = 6,8 xOm, 3amrynmupoBanHblit koHgeHcatopom C = 20 nd. Haitaure

zl!
O
—
/-‘ 03| &
-t
02
i I-0ima,
Uﬁ:'B UH'B
0 02 04 06 08 0 10 20 30
a) 6)

Puc.6.19
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3HAYCHHE YACTOTHOTO KOIPOHHUMEHTA mepesaddl HANpPEXEHHs IAHHOTO YCTPOHCTBA
Ha vacrote 15 MTI.

6.11. Ha puc. 6.18 n306pakeHa SKBHBATEHTHAA CXEMa OXHOM CTYTIEHH ycunm‘lﬁ

Ha GMNONAPHOM TpaH3MCTOpE, KOTOphI# BKNIOYEH MO CxeMe ¢ OGLIHM 3MHTTepOM. I'na.Ba 7
TpanaucTop onucas cuctemoit H-napameTpos 6es yueTa THGPY3IHOHHOH eMKOCTH
OTKPHITOro nepexona 6aza—aMUTTED M eMKOCTH 3aNIEPTORO NEPEXoaa KOIEKTop—Basa,
Haiinute BbipaxkeHue, KOTOPOE OMUCLIBAET koadduuMenT nepenaun uanpmrl:m Ky CO6CTBEHHH€ KOﬂE6aHHﬂ
L4
6.12. Kpemnnesniit Gunonspusiit Tpanaucrop Tuna KT312A MMeeT BXOIHYIO ¥ Bbi- B IMHHEeHHbIX yensax

XOOHYIO XapAKTCPUCTUKM, MPEACTABIEHHBIE Ha puc. 6.19 g, 6. Haitmure H-napamerpn
B paboyeit Touke Uy, = 0,6 B, U, = 10 B.

[epeiizeM K pacCMOTPEHMIO TMNPOLIECCOB B JIMHEHHBIX 3MEKTPHYECKHX
1eTIAX, HE CONEPXALIUX BHEIIHHX HCTOYHHMKOB. nDHﬂTHO, YTO TOKH W Hamnps-
KeHMs B TAKHMX Hengx CyLIEeCTBYIOT JIMIIb NpH YCAOBHUU, YTO B HaYanbHBIH
MOMEHT BpEMEHH, CKaxeM, npu ¢ = () Lens WMEET HEeKOTOPLIH 3amac 3Hep-
riu. [MogoBHbIE poliecCchl MPHUHSTO HA3KIBATh cOGCMBEHHLIMU WK C0T00HBIMU
wonebanusmu. Byner mokasaHo, YTO M3YYEHUE TAKUX Koae0aHWl OCHOBAHO
Ha pelieHUH JIHHEeHHBIX ONHOPOAHKIX AuddepeHIMANBHBIX YPaBHEHMI,

7.1. CobcrBeHHbie KOnebaHna
B OHOKOHTYpHbIX RC- u RL-yensx

TMpocTeliliMMM 3MEKTPHYECKHMH CHCTEMaMH, B KOTOpPbIX HallliomaioTcs
cobcTBEHHBIE KonebaHud, ABRAAOTCA ONMHOUYHbBIE 3AMKHYThIE KOHTYDHI, 0bpa-
30BaHHbie 1160 anementamMd R u C (RC-uenu), nu6o anemeHtamn R u L
(RL-uenu). Kak B 01HOM, TaK M B APYIOM CJIY4Yae 31eChb WMEETCH 3IMEMEHT,
3aMacaioUitit IHEPTHIO SNEKTPOMATHHTHOIO HOM.

RC -yens

PaccMOTpHM uLENb, CXeMa Kotopoil H3obpaxewa Ha puc. 7.1. [Monoxum,
yro npu £ < 0 kmou K pasomkuyr. B momeHT Bpemenu £ = 0 Knioy 3a-
MBIKAET LeMNb, U KoHaeHcatop C, npeipapHTENbHO 3apsiKeHHBIH 10 W3BECT-
Horo Hanpsikenwus Uy, HAUWHAET pa3psKaThCH YEPE3
peauctop R. I10T NpoLecc paspsaaKH KOHAEHCaTo-
pa W npeacraBaseT coboii cobcTeeHHOe KonebaHHe
RC-uenu.

Ha puc. 7.1 cTpenkoit ykasaHo BeiGpaHHOE Ha-
npasjieHue 06xona KOHTYpa. 3HAKU HanpsiKeHWH uq
M %p COrNacoBaHbl ¢ 3THM HanpasneHueM. [1pumem
VCJIOBHO B Ka4ecTBe MONOXHUTENBHOrO Takoe Hampas-  Puc. 7.1. Pa3spsagka kok-
NEHHE TOKAa 1, KOTOPOE COBMANAET C HANpABIEHHEM  ASHCATOpa Yepes pedu-
obxona. crop
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Mo propomy 3akoHy Kupxroda B KaxIbiii MOMEHT BPEMEHH BHINOJIHAETCH
YCIIOBHE 3IeKTPHYECKOro paBHoBecHs uenu up+uc = 0. Tok Buemu i = C %C

H MO3TOMY HalpsAXeHHe HA PE3HCTOPE Up — RC%‘E. Orciona cneayer, 4To co6-
CTBeHHbIe KonebaHua RC-Uend OMUCHIBAIOTCH pelieHWAMH CIEAYIoLIero au-
HeiiHoro nTuddepeHLIMATEHOIO YPABHEHHSA C TIOCTOAHHBIMH K03 b HIHEHTAMM:

du
RC?C+uc =0. | (7.1)

Kaxk wuasectHo [6], ofilee pemeHne 0OQHOPOAHOIO, T. €. HE COAEPXKALLETO
npaBoil YacTH AndibepeHIMATBHOTO YpaBHEHHs MEPBOro MOpANKa, COAEPXKHT
OIHY NMPOM3BOLHYIO MOCTOAHHYI0. YT06HI MONYYHTH EAHHCTBEHHOE PELIEHMHE,
KOTOpPOE OTBEYAET PEaNbHOMY MPOLIECCY B LEMH, CIeayeT NPHHATE BO BHUMAHHE
HAYa/IbHOE YCIIOBUE

uc(0) = Uy. (7.2)

B maremaTike roBopdT, 4To AuddepeHUMansHoe ypaBHEHHE BMECTE ¢ CO-
OTBETCTBYIOIMMM HAYATIBHBIMI YCIOBHAMM 0ODPa3yioT Havassiyio 3ada4y (3a-
davy Koww).

Merton pemeHus HavanbHoii 3amaun (7.1)—(7.2) Takos. Muem obmee
pemieHue ypaBHenus (7.1) B Buae

uc(t) = Aexp {7t}, (7.3)
rie A — HeMu3BeCcTHOE 3apaHee MOCTOSAHHOE YMCNO, 7 — (QOpMaTbHEIH Mapa-

MeTp ¢ pasmepHocThio ¢ . TMoacrasus peueHne (7.3) B andpepeHmansHoe
ypaBHeHue (7.1), MPUXOAHM K BHIBOZY O TOM, YTO BETHYMHA ¥ HOMKHA GBITh
KOPHEM TaK HA3bIBAEMOIO XAPAKMEPUCIMUMECKO020 YPAGHEHUR

RCy+1=0. (7.4)
QueBuaHO, YTO B AaHHOM ciydae ¥ = —1/(RC), noatomy mipu ¢ > 0
HanpsXeHWe Ha KOHJIEHCATOPE OnMChiBaeTcs (opMynoH
t
uc(t) =4 -, 7.5
e =ew{-2-1 7.9)

Yrober Teneps HaiiTH BenmuuHy A, monoxum B pewieHuu (7.5) 3Ha-
yenue ¢ = 0. O6paTMBLIMCE K HayanbHOMy yoiosuio (7.2), ybBexmaemcs,
yto 4 = Uu.

Hrak, npu ¢ > 0 HanpsxeHHe Ha KoHaeHcaTope RC -uenu ymeHbiuaercs
BO BPEMEHH O 3KCTIOHEHIMATILHOMY 33KOHY

S = o {-I:—C}. (7.6)

Tok B uenu

i(t):C?—f:—%exp{——t-}. (7.7)
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OTtpuuatensHpil 3HaK MpaBoit Yactv opMyasl (7.7) obycnosneH KOH-
KPETHBIM BEIOOPOM TONOXUTETBHBIX HANpaBneHUIA TOKA H HANPAXEHHIL. Yeno-
sue Uy > 0 ozHadaer, 4YTO MOTEHIHAN HIDKHEH TUIACTHHBI KOHIOeHcaropa,
u306paxeHHOro Ha puc. 7.1, nonoxurenen. PaspsaHbiit ToK () daxTuuecku
HallpaBieH npotus BhIGpaHHOro HampasaeHus 00X0Aa KOHTypa. 910 06CTOs-
TEILCTBO M YUMTHIBAET 3HaK B topmyne (7.7).

3ametHM, yTo abCOMIOTHOE 3HAYEHHWE TOKA B HAYAIBHBIH MOMEHT BpeMe-
uu [#(0)] = Uy/R He 3aBMCHMT OT eMKOCTM KOHIAEHCAaTopa. DTOT pa3pagHbIi
TOK MOXET OKasaTeCd BecbMa 3HauuTenbHBIM. Hanpumep, ecnu Uy = 2 kB,
R =15 Om, 70 [£(0)] = 400 A.

MocroanHan spemedu RC-uyenu

Dopmynsi (7.6) u (7.7) yeTaHaBIMBAIOT, YTO KAaK HATIPSKEHME Ha KOH-
OeHcaTope, Tak M TOK B UENH crpeMarca K Hymo npu £ — oo. [paduk
3aBHCHMOCTH oTHomeHus uc /Uy or GespasmepHo napamerpa ¢/(RC) u306-
paxeH Ha puc. 7.2. lpoussenenme 7 = RC. yXe BCTpeuaBineecd B I 5,
HAa3bIBAIOT MOCTOAHHOW Bpemenu RC -ue- Iy
MH. 32 NPOMEXYTOK BPEMEHH JUIHTENBHO-  4o¢" ¢ —
CTBIO T HANpAXEHHWE HA eMKOCTHOM 3ie- \

MEHTE yMeHbluaerca B € = 2,718... pa3

M0 CPaBHEHWIO C Ha4albHBIM 3HAYEHUEM =7
u coctasngeT 0,368 Uy K KOHILY 3TOr0 npo- \

MexyTka. [locTosHHAas BpEMEHM T CHYXHUT 0,5 i
YHUBEPCANIBHBIM BPEMEHHBIM MacHITaboMm x

15l OUEHKH CKOpPOCTH TMPOTEKaHWA Mpo- Kﬂ"m’

ueccoB B RC -uenu. 025
Kak Bumno u3 dopmynst (7.6), cob- \
cTBeHHBbIEe KoneGanuusa B RC-uenu, cTporo
roBOpPA, MMEKOT HEOIPAHUYEHHYIO JUTHTENb- g ? 2 t/T
HOcTh. OHAKO 3KCIMOHEHUMATbHAS (DYHK- Puc. 7.2. Bpemenras auarpamma
LIMA C OTPHIATENBHAIM BELLIECTBEHHBIM NO- HaNPSKEHMS Ha KOHReHcaTope ’
KasaTesieM BhICTPO CTPEMMUTCS K HYJTIO € PO- e RC-uenu
ctoM £. CnycTs OTPE30K BPEMEHH MPOTA-
KEHHOCTBIO B HECKONbKO 7 HAampsKeHHWE HA KOHAEHCATOpe MpaKTHYECKH
CTAHOBHTCA paBHEIM HYMO, H Mpolecc CODCTBEHHEBIX KojeGaHHH 3akaH4YM-
BaeTcA. Bpemsi yctaHOBneHus #y.; CTAUMOHAPHOTO cocrosinug B RC-uenu
OTpENensaioT KaK NMpOMEXYTOK BpEMEHH, MO HCTEYEHUH KOTOPOTO HATIPSKEHHE
Ha KOHOEHCATOpe CHUXAETCA B JECATH pa3 MO CPAaBHEHHIO C NMEPBOHAYAIEHBIM
yposHeM. U3 dopmynsl (7.6) nonyyaem cooTHOLIEHHE

1
exp {—ﬂ} =101,
T

tyer = (- In0,1) 7 = 2,303 7. (1.8)

OTKYZAa
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REL-yens
B OIHOKOHTYpHOW Henu M3 pesucropa R u MHIYKTHBHOIO 3/eMeHTa

TaKXe MOTyT CyUIeCTBOBaTh COGCTBeHHbIE KONneGanua. [lna 3toro anemeHt I

BOITKEH UMETh HEeKOTOPLIH HAYaAbHLIl 3anac SHEPIM MarHWTHOTO TIONNA,

n PaccMOTpuM uenb, cxema KOTOpOi mpen-

crasneHa Ha puc. 7.3. [Ipu ¢ < 0 mepexnioua-
£ I Tesib [1 HaxoauTcs B IEBOM noaoXeHuu. Ye-
it PE3 MHOYKTHBHBIH 3NMEMEHT TIPOTEKAET MOCTO-
T 1 | 1 AHHbE ToK Iy = E/r B sanpapieHuu, yka-
S 3aHHOM CTpeiKoi. B MoMmeHT BpeMenu £ = ()
MepeKmoYyaTeib MTHOBEHHO, 6e3 pa3peiBa TOKa
nepeGpaceIBaeTcst BNpAaeo, U B RL-uenu Hauyu-
HaeTcsd npolece cOBCTBEHHBIX KoneGaHuit,
bynem Meicnenno obxomute RL-xoHTYp B
HanpasleHUH CTpesiki, H300paxeHHOH Ha pH-
CyHKe. YpaBHeHWE paBHOBeCHs LielH 4z, + % = () ¢ y4ETOM TOTO, YTO Uj, = Ld'
H up = Ri npnobperaeT BuA ONHOPOAHOTO AHbepeHIHATEHOIO ypaaneﬂm

r 2 P &

Puc.7.3. Boabyxaenue
cobcreenHbix Konebarwii
8 RL-uenm

di
L— i =10, 5
T R (7.9)
KOTOPOE JO/LXKHO OBITh NOMONTHEHO OYEBHAHBIM HAYANBHLIM YCIOBHEM
i(0) = I,. (7.10)

Hauanbnasn 3amava (7.9)—(7.10) pewaercs Tem xe METOIOM, KOTOPbIii GBI
HCTIONB30BaH MpH aHanu3e coBcTBeHHBIX KosnebGaumit 8 RC-uenu. IMpopens
BBIKJIANKH, JIETKO YOENUTBCS, YTO TOK B RL-uemu uaMeHseTca no 3aKoHy

i(t)::.!’uexp{—%—}, t>0. (7.11)

HanpsikeHHe Ha MHAYKTHBHOM 3JIeMEHTe

ur(t) = —IHR exp {—%} (7.12)

B MOMEHT BpeMeHH ¢ = ( ckayKoM mameHsieTcd oT uyad o —IpR. IMpuunxa
3TOFO CKayka — BO3HHKHOBeHHE BJIC caMOMHIYKUHH, KOTOpas B COOTBET-
CTBHH C M3BECTHBIM M3 (PHM3WKH 3aKoHOM JleHIla HampaBieHa Tak, 4To6bi
NpenATCTBOBATh YMEHBLUEHHIO HAYAILHOTO TOKA.

Creayer obpaTHTh BHEMAHKE Ha TO, YTO abCOMIOTHOE 3HAYEHWE HAMDS-
xeHns Ha snemeHTe L mpu ¢ = 0 pasno IjR. B peaibHBIX CHUTYaLMAX 3TO
HanpaXeHue MOXeT OuiTh OFPOMHO — Tak, ecau Iy = 1| A, R = 2 MOmw,

10 |u(0)] = 2 MB. BO3HWKHOBEHHE BBICOKMX MMMAYNbCHBIX HAMpPSKEHHil
npu PE3KHX KOMMYTaUUsiX MHAYKTHBHbIX 3/IEMEHTOB HMEET GOIBIIOE TeXHH-
YECKOe 3HauyeHHe (CHCTeMBI 32XHTaHUs B IBUTATESAX BHYTPEHHETO CrOPaHHs,
HCTOYMHUKH BBICOKOBOJNBTHONO NMUTAHHA B TENEBHIHOHHBIX npHeMHHKAaX H T.I.[.).

T
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MocrosnHas Bpemenn RL-uemu, Kak 3to BuaHO W3 cpopmyn (7.10)
win (7.11), ects Benuunna 7 = L/R. B Tunuuxom caydae, koraa L = 100 mxIi,
It = 5 Om, 3HaueHne T = 20 MKc.

TMpouecc cOGCTBEHHBIX Konebanuii B RL-uenu NpakTHyeckH 3aKaHIHBa-

¢TCA 33 BpeMs YCTAHOBICHHA by, = 2,303 7.

3ueprerwueckue cootHowenun B RC- w RL-uenax

ToBopar, YTO yKa3aHHBIE LN OTHOCATCA K LENSAM nepsozo nopsoka,
IIOCKOJIBKY MMEHHO TakoB MOPANOK OMHUCHIBAIOMIMX MX Av(depeHUHATbHEIX
paBHEHMi. B [JaHHBIX LEMAX MPOMCXOIHT HeoGpaTHMoOe npeoGpa3oBaHue
s11aCEHHOI 21EKTPOMATHHTHOM IHEPTHH B JHEPTHIO APYTHX BUIOB.

O6pawasch K caydaio RC-uenu, 3aMeTHM, 4TO 31ech 3HAKH Toka i(t)
| HATIPSDKEHUS Ha peancTope Ug(t) OMMHAKOBBL. ITO 03HAYAET, YTO MTHOBEHHAA
\OILIHOCTH TpoLiecca B pe3ucTope pr(t) = ug(t)i(t) nonoxurenpHa. Pesucrop
i KaXAblii MOMEHT BpeMeHM sBJIAeTcs TONMbKo norpebutenem sHepruu. Ha-
||pOTHR, MTHOBEHHAasl MOIIHOCTb Mpoliecca B KoHaeHcatope pelt) = uc(t)i(t)
1 KAXIbI MOMEHT BDEMEHM OTPHUATENIbHA, TAK KaK COTNACHO BBIPAXEHU-
i (7.6) u (7.7), 3uaxu semmunH uc(t) W i(2) nporusononoxusl. Konnexca-
rop CAYKUT UCTOYHUKOM 3HEPTUM B TeMEHUEe BCEro BPEMEHM CYLLECTBOBaHMS
cOBCTBEHHBIX KONeBGaHUH.

MakTHuecKHd CKa3aHHOEe 3fech O03HAYaeT, YTO B PE3UCTHUBHOM 3JIEMEH-
re IHEPrUs ABIKVUIMXCA HOCHTENEeH 3apsla nepefjaeTcs aTOMHOH peleTke
npoBoaHuKa. M3-3a coyaapeHHii 3AEKTPOHOB C aTOMaMH YBETHYHBAETCSA BHYT-
peHHAS 3HEpPrus peLIeTKH, M TEeMIeparypa pesucTopa nossimiaerca. B KoH-
1eHCATOpe CHIbl 3NEKTPHYECKOrO MOJis COBEPIIAIOT MOJOXHUTENbHYIO paboty
HaJl HOCHTENAMM 3apsana, KOTOpHIE MEpEeMelIaoTes BAO/b LenH W MepeaanT
uM 3Hepruio. OIHAKO TeopHs Lieneit HE PACCMATPUBAET 3THX MOApodHocTeil
M JTHIIL KOHCTAaTHPYET (haKT, MOATBEPXAAIOLIHIT 3aKOH COXpaHEHUsA DHEPTUU —
CyMMa MTHOBEHHBIX MOLIHOCTE B 0GOMX 3/1EMEHTAX PaBHO HYMIO:

pr(t) + pe(t) = 0. (7.13)

[Tpumep 7. 1. Koxnexcatop eMKocTbio 100 MK®, epBOHAYANEHO 3apskKEHHBIH 10 Ha-
npaxenns Uy = 15 kB, B MOMEHT BpemenH ¢ = ( HauuHaeT pa3psxaTbCa Yeped pe-
3ucTop conporuaieHneM 75 OM. HaiiTi HauanbHbiil 3anac 3Hepruu B cucteme W(0),
a TaKke 3HaveHHe Ppo(0) — MOLIHOCTH, OTAABAEMYIO KOHAEHCATOPOM B HAYaNbHbIH
MOMEHT BDEMEHM.

3uavenne W(0) = CUZ/2 = 11250 Ax. WUcnonsays dopmyan (7.6) u (7.7),

noNy4aeM
- 2%
PC(‘) = R exp { RC }‘

otxyaa, onoxus ¢ = 0, vaxogum pe(0) = ~3- 10° Br = —3 MBr.

KOHZeHcaTop, 3apsikeHHBI 10 BBICOKOTO HAaNPAKeHUs, Y4CTO HCTIONBIYIOT Kak
MCTONHHMK 3HEprHH IS MMTAHHA MOIIHBIX MMMYTbCHBIX A3EPOB, NMEPENATIHKOB pa-
IHONOKALUHOHHBIX CTAHIIWHA U T. 1.
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[poseneHHBIH aHAINU3 LEAMKOM MEpeHOCHTCS W Ha cayyait RL-uenu,
3mech MCTOUHMKOM 3HEPrHM SABIACTCS MHIYKTHRHBIA 37M€MEHT, a pe3HCTOp

WrpaeT ponk norpebutens.

7.2. CoBcreennnie konebanun
B NOCNefoBare/bHOM KonebarenbHoM KOHType

bonee cnoxHO# Lenblo, B KOTOPOH MO- (755
ryr OBITH M300paXeHbl coOCTBEHHbIE Koneda-
Husi, SIBNISETCS YXE paccMaTpHBaBluasics pa- R u,
Hee oaHokoHTypHas LC R-uenbk, npeacrasisio-
wias coboi nocneOBATE/NbHBIH KonebaTenbHeIi I Tc L l

koHTYP (puc. 7.4), OmnnuutensHas yepra 31O
uenH — OAHOBpPEMEHHOE HANHYHE HHAYKTHB-
HOro H EMKOCTHOTIO 3JIEMEHTOB. nﬂBTOMY KO-
neGaTebHblil KOHTYP OAHOBPEMEHHO 3amacaer  PHC- 7.4. Cxema nocnepo-
SHEPHIO KaK 3MeKTPUECKOro, TAK M MarHuT-  BarenbHoro koneGarensHoro
HOro Monaeu. i

AudgdepenymansHoe ypasHeHHe COOCTBEHHBIX Konebanuii

Ha puc. 7.4 ctpenkamu o0003HaueHO HampasieHue TOKa i(l), ycnoBHO
NPUHUMAEMOE 32 MONOXUTENHHOE. bylem oOXODMTH KOHTYD B HanpaBleHHH
crpenok, Ecnu 3HAKM HanpsikeHHWH Up, up M Ue BRIOpaTh Tak, TaKk 3TO MO-
Ka3aHO Ha puc. 7.4, TO 3TH HanPsSXeHWs OyayT cOrnacoBaHbl C HanpaBIeHUEM
obxona. Torna, Kak M3BECTHO,

¢
di : 1 _
Uy = Ld_t; gr=RE uo= c f 1(£) d€.

[To Bropomy 3akoHy Kupxroda B 11060l MOMEHT BpeMEHH

up + g+ uc =0,

oo +R:+C/ (&) d¢ = 0. (7.14)

Huddepenunpys obe uactu paseHcrsa (7.14) mo spemeHM, momyyaeMm JH-
HElHOE Ou(pepeHUHANTEHOE ypaBHEHME, KOTOPOE ONMCHIBAET COOCTBEHHBIE
KoneGaHusa B KOHTYpE
di _di 1

+R—+—=i=0. 7.15
dt? at e
70 ypaBHEeHNEe WMEET BTOPOH nopsinok. ModToMy TOBODHT, YTO KonebaTeabHBIi
KOHTYP SIBISIETCS Wensio 6mopo2o nopada.
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KonebarenbHbitt KOHTYp Ge3 noreps

PaccMOTpUM WIEANM3UPOBAHHBI KOHTYp 0e3 moTtepb, Wid KOTOPOro
it = 0. Tox B HEM OMKCBLIBAETCA BCEBO3MOXHBIMH pEILIEHUAMH YpDaBHEHHA

%
— 4+ == 7.16
L p7e ! 0 (7.16)
WITH ¥
di
dt2 + wgi =0 (717)
BaxHbIii napameTp
|
W= — (7.18)
Ve

HA3LIBAIOT ¥acmomoil cobemeennyX Konebanuil B XOHType ©e3 notepe. Benu-

WHHA Wy MMeeT (PU3HYECKYIO pasMEepHOCTh pa,_ﬂ/c WIH, KOopoue i
Ecnu uckathb petieHne ypasHewus (7.17) B Buge i(t) = Aexp {yt}, rue

A — nocTosiHHOE YHCIO, TO NPAMOI MOACTAHOBKOH ybexnaemcs, 4TO 7y
10MKHA ObiTh KODHEM XapaKTEPUCTHYECKOTO yPaBHEHUA
2
7 +wi=0. (7.19)

3TO ypaBHEHME MMEeT [Ba MHUMBIX KOPHSI 712 = *jwy, [Mostomy obuee
pewienue ypasHeHus (7.17) Takoso:

i(t) = A, exp {Jwot} + 4; exp {—jwyt}. (7.20)

JIpa nocTosHHBIX Ko3dhduumueHTa A, u A; creayer seibUpaTh TaK, YTobbl
BeipaxeHue (7.20) npu ¢ = 0 yaopneTBopsin® (pU3NUUECKi OOYCIOBIEHHBIM
HaYaibHLIM YCJIOBUAM. DTH VCIOBHSA CONEpPXKAT CBEJEHHA O 3HAYEHHAX QYHK-
uuu i(t) u ee npoussonHoii di/df npu t = 0.

ByneM nonaraTh H3BECTHBHIM 3HAYEHME TOKA B KOHTYDE B HayaibHBIH
MOMEHT BPEMEHH

i(t)],o = 1(0). (7.21)

YroObl MONYYMTE HAYANLHOE YCJOBHME, HANaraéMoe Ha MPOM3BOAHYIO TOKa,
3aMEeTHM, YTO BO BCE MOMEHTBI BpEMEHH, B TOM 4YHcre u npu £ = 0, B KoHType
IOMXHO Habmonarsea anekTpuyeckoe pasHoBecue. Tloaromy

di
LE + uC(G) == 0\
oTKYyna
ol g _;'@, (1.22)
B 1

rae uc(0) — 3anaHHOE HAYATbHOE HANPAXKEHHE HA EMKOCTHOM 3/IEMEHTE.
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lNMonctaBue 3HayeHue ¢ = ( BHAuane B MPaBYI0 YACTh pELICHHS (7.20),
a 3aTeM B MPOM3BOHYIO OT 3TOrO BhIpaXeHMs, Ha ocHoBaHuu (7.21) u (7.22)
NojiydyaeM CHCTEMY JBYX IHHEHHBIX anrebpanyuecKix ypaBHEHHIt OTHOCHTENLHO
HEU3BEeCTHBIX A; U A;:

Ay + 4, = i(0),
; . 7.23
JWDAI“.?WOA2:_EC"IQ- ( )
Pewerue 3T0i CHCTEMEI 3IEMEHTAPHO;
i(0) uc(0) i(0) uc(0
AEmitls : FLUES (7.24)

2- —Djanl =2y el

IMoactapus gaHHble KO3hdUUMEHTH B opMyny (7.20), HAaxoaAMM BBIpaXEHHE
TOKa B KOHTYpe, YHOBIETBOpAOIIEee KaK AH(depeHLATEHOMY YPaBHEHMIO,
TaK M HaYaIbHBIM YCJIOBHAM

uc(0)

i(t) = i(0) cos wyt — 7 sin wot. (7.25)

3pmect MCMONB30BaHbI H3BECTHBIE H3 MATEMATHKX (opMynsl Sitnepa
exp {jwot} + exp {—jwot} sinwnt < ZXPLjwnt} — exp {—jwit}
2 : e 2j ;

O6a cnaraembIX B 1paBoii yactTu paseHctsa (7.25) orobpaxaioT rapmo-
HHYEeCKHe KoneGaHuA ¢ OOMHAKOBOH 4AacTOTOW Wy, MMEIOLIHE MOCTOAHHbIE

coswyl =

amrautyasl. CyMMa ClaraeMbiX TAKXe SIBISIETCS TAPMOHHYECKOW (yHKuMEH

€ TOH Xe yacToTol. JeHCTBUTENBHO, MONOXUM, YTO

uc(0)
Wy

1(0) = I, cos ¥;

rae I, 1 ¥ — BeMUMHBI, CBA3AHHBIE C HAYANBHBIMU YCIOBHAMM;

uZ.(0) uc(0)
Im = 4[i%(0) + —S—; ¥ =arctg ———
\ ke A L

Moactapus dopmynst (7.26) B Belpaxenue (7.25), HaXOAUM, YTO
i(t) = I, cos (wgt + 9). (7.27)
Wrak, I, npencrarnser coboil aMILTHTYIY TOKa COGCTBEHHBIX KoleGaHui
B KOHTYpe, a ¥ — HavyambHYO (asy.
Bocnions3opaBmncs opMynoii (7.2?), HalJIeM 3aKOH M3MeHeHHs BO Bpe-
MEHH HaIpsDKeHUS HA MHAYKTHBHOM DJIEMEHTE:
di

ur(t) = L
) =15

= —woLIy sin (wyt + 9) = wy LI, cos (wot + 9 + 90°). (7.28)

= I, sin 9, (7.26)
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D74 BETMUMHA W3MEHAETCS MO rApMOHMYECKOMY 3aKOHY C TOM Xe 4acTo-
roil Wo; BHAHO, 4TO MO (pa3e HAMPSKEHHE 1) OMEPEXKAET TOK Ha yron 90°.
AMIUTUTYa HANPSKEHWS HA WHAYKTHBHOM 3/1EMEHTE

U = WLl (7.29)

(YEBMIHO, YTO TAKOBA XKe U AMIUTMTY/IA HAMPSDKEHHST HA EMKOCTHOM 3JIEMEHTE.

UHTepeCHO OTMETHTD, YTO OTHOLIEHHE AMILTHTY/IB JIK0OOr0 HAMpPSKEHHs
K aMIUIMTYie TOKA YHCNEHHO PaBHO YXXe BCTPEYAlOIIEeMYCsi paHee XapaKTepH-
CTMYECKOMY COMPOTHBICHHIO KOHTYpa (cM. 1. 5):

U, [L
p= Tm"l =wL=1/5. (7.30)

3HeprerudecKue COOTHOWEHNA
8 xonebavensHoMm KoHType 6e3 noreps
Ha ocuosanuu dopmya (7.27) u (7.28) MrHoBeHHas MOIIHOCTH Koneba-
TENILHOTO MpOLecca B HHAYKTHBHOM 3/IEMEHTE
2

pr(t) = ug(t)i(t) = - (%ﬂl) sin 2wyt + 29). (7.31)

D14 MOLIIHOCTb H3MEHSETCS BO BPEMEHH MO rapMOHUYECKOMY 3aKOHY C 4acCTo-
TO# 2wy. 3a mepuo coGCTBEHHBIX KONebaHHi KOHTYpa abCOMIOTHOE 3HAYCHHE
BEJIMUMHBI Py, YEThIPE pa3a JAOCTUraeT aMIUIUTYIHOTO YPOBHA

2
B =D (1.32)
2

B Te oTpe3ku BpeMeHH, koraa py > 0, HHAYKTHBHBIH 3J€MEHT 3anacaer
suepruio. Ecnu xe pr < 0, TO 3T0 0O3HAYAET, YTO SHEPrUsl, HAKOIUIEHHAA
B WHIYKTHBHOM 2/IeMEHTE, MePefaeTcsi KOHIEHCaTopy.

TOCKONBKY % = —1f,, TO MTHOBEHHAs! MOIIHOCTb B EMKOCTHOM 3/IEMEH-
Te pe(t) = —pr(t). UHBIMH CIOBaMK, B COOTBETCTBHH C 3aKOHOM COXDAHEHHS
3HEPTHHM MPOMCXOINT HENPEPLIBHBIN SHEPTeTHUYECKHI OOMEH MEXIY /eMEH-
tamu L u C.

B onpeleneHHble MOMEHTbI BPEMEHH MOLIHOCTb KONEOATENBHOIO Mpo-
llecca B KOHTYpe CTAHOBMTCA DaBHOM HYmO. YCIOBHEM 3TOTO SIBNAETCH pa-
eHcTBO i(f) = 0 (BCS SHEPrusi COCPENOTOYEHA B KOHIEHCATOPE), a TAKKe
paBeHCTBO tc(t) = 0 (BCsi BHEPTHS COCPENOTOYEHA B HHIYKTUBHOM 3/IEMEHTE).

CobcrBeHHble KonebaHuA B KOHTYPE C MOTEPAMH

Ecan R # 0, To ana aHanu3a coGCTBEHHBIX KojeGaHMH B KOHTYpE He-
o6xoauMo pemnTh auddepeHumansHoe ypasHenue (7.15), kotopoe yaoGHO
niepenucaTh Tak

&% di
ok 2%—; +wii = 0. (7.33)
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3necs @ = R/(2L) — napamerp ¢ pa3sMepHOCTBIO C

Ko3huyuenmom 3amyxanusn Koumypa.
Tpumensia K ypaBHeH#Io (7.33) noacraHoBky ¢ = A exp {yt}, y6exnaem-
€1, YTO 7 MOJKHA ObITh OAHHM M3 KOPHEH XapaKTepUCTHUECKOTO YPaBHEHHS

, KOTOpHIl Ha3bIBAIOT

Y 4 2ay+wi =0, (7.34)

M2 =-—ax/o? —wg. (7.35)

IMockonbKy ypaBHeHue (7.33) siBnsieTcs NuHeiiHbiM, ero obliee pemie-
HHE, ONMUCHIBAIOLIEE BCIO COBOKYITHOCTE (DU3HUYECKH BO3MOXKHBIX COOCTBEHHBIX
KonebGaHuii, npeactasasier coboii cyMMy IBYX cliaraeMbIX:

i(t) = Ay exp {mt} + 4y exp {12t} (7.36)

KonkpeTHait BbiGop kKoahduuueHtor A; 1 A; muxTyeTcd HadanbHBIMH
yenoBusiMu — HanpskenHeM e (0) u Toxkom (0).

TMonoxuM Uis ONpeJeeHHOCTH, YTO HayalbHOe 3HayeHue Toka #(0) = 0,
B TO Bpemsi Kak HanpsxeHue uc(0) = Uy — Hekoropadg u3BECTHAs BeH-
yuna. TakuM oOpa3oM, M3ydyaeTcsi siBlCHME pa3psANKW KOHIeHcaTopa depes
MoOC/IeA0BaTENbHOE CoellHeHHe BneMeHToB R u L,

HauanpHoe ycnoeue (7.22), 04eBHIHO, CNPABEIKBO H [UTS KOHTYpA C T0-
TepsaMH. BoCNONB30BaBIIMCH 3THM YCAOBHEM, a TakKke OOLMM pELICHUEM
Buaa (7.36), MPUXOAMM K CUCTeMe ABYX anreGpaHdyecKuX ypaBHEHHH OTHOCH-
TensHo A; 1 Aj:

KOTOpOE MMEET pelleHNs

A] + Az = 0,
U (7.37)
714 + A = —f-

31'3 CHCTEMA MMEET pELIEHHE

Uy U
S A e
Ly —m) Lin —72)

Moncraenss dopmynsl (7.38) B seipaxenue (7.36), monydaeM CremylOLini
3aKOH M3MEHEHHMS TOKA TIPH CBOBGOIHBIX KONEOAHUAX B KOHTYDE

53 (7.38)

Uy

i (y2=m)L

(exp {mit} —exp {1at}), t>0. (7.39)

KonebarensHbii KOHTYP € MafbiMKH NOTEPAMM

B panMO3NeKTPOHHBIX YCTPOHCTBAX YaCTO NPHMEHSIOT KosleGaTe/lbHuie
KOHTYphl, ¥ KOTODBHIX CONpPOTHBIEHHE TOTePh R 3HAUMTENbHO MEHBILUE Xa-
PaKTEPUCTHHECKOTO CONpPOTHBIEH s p. JoOpOTHOCTh TakKMX KOHTYPoB (ri. 5)
nocratouno Bbicoka: @ = p/R > 1. lNopobHble 1enu NpPUHATO HA3BIBATE
KoJieGaTeIbHBIMU KOHTYPAMH € MATBIMH TIOTEPSIMH.
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[peobpaiys HepaseHCTBO R < /L/C, ybexnaemcsi, 4T0 Ui AaHHBIX
ueneit (R/L) < 1/(LC) wwm
a’ € wi. (7.40)

Orciona ciefyer, YTO KOPHH XapaKTepMCTHYECKOrD ypaBHEHMs, 3a/aBaeMble
(opmynoit (7.35), 0Ka3eIBAIOTCA KOMILIEKCHO-COMPSIKEHHBIMMU:

M2 =—axjy/wi-a=-atju, (7.41)
2

rie W, = y/wj — @’ — TaK Ha3biBaeMasi 4acToTa COBCTBEHHBIX KoneGaHwil
B KOHTYpE C MOTEPAMH.

Moncrasus xopHu (7.41) B o6umyo dopmyny (7.39), BeiHecss 3a cKOBKH
OGIIMIA 3KCTIOHEHUWATLHLII COMHOXHMTENL W NpuMeHHB dopmyny 3iinepa,
nojayyaem

: Up :
i(t) = ——exp{—at}sinwt, ¢t>0. (7.42)
we L

Ipadux w3MeHeHHS TOKA BO BpPEMEHHU, TMOCTPOEHHBINI HA OCHOBaHUH
1aHHOH chopmynsl, u3obpaxkeH Ha puc. 7.5. [Npouecc pa3psaakv KOHIEH-
catopa 8 LCR-uenmu ¢ ManbiMH NOTePsSIMA MpeacTaBaser cobol 3arty-
xalouiee KonebaHue. IKCMOHEHLUH- ;|
ATbHBIIH COMHOXHTENL exp {—at} N
OMHCBHIBAET TAK HA3LIBAEMYIO O2uU- ﬂ
Aaowyro xonebaHus, KoTopas HMe-
eT (U3UYECKUH CMBICH MepEMEHHOM ~
AMIUIMTY OB, Orubaloniad H3MeHs-
cTCSl BO BPEMEHHU ropaino MefieH-

Hee, Y4eM BbiCOKouacToTHOE 3anon- U Uuu U_U__U VMV ¢

HeHHe Buaa sinw.t. OrpuuaTens-
HbI 3HAK B mpaBoii uacTu op- -
myinbl (7.42) oGBACHAETCA TaK Xe, L
KAK W JUIS Cllyyas yke pacCMOTPEH -
Hoi RC -uenu.

Ecnu mobporHocth () Koneba-
reIbHOTO KOHTYpa AOCTAaTOMHO BbI-
coka (@ > 1), To vacTora cob-
CTBEHHBIX KOJIeGaHMif B KOHTYPE C MOTEPAMH JIHLIb HE3HAYMTEIBHO OT/IHYa-
¢TCAl OT YaCTOThI COOCTBEHHBIX KonebaHuil B HaeanbHOM KOHTYpe 6e3 morepb.
JleficTBUTENIBHO, B JAHHOM Clydyae

wczwg\/l—(?:wo”l—r;yxwu(l—é) (7.43)

(vcnions3oBaHo 1o, uto @ = R/(2L), a Takke NPHONMKEHHOE PABEHCTBO
VI—z = 1-— /2, umeouiee MecTo nipH 2 < 1).

Y

Puc. 7.5. Coberserirbie konebanun
B KOHTYpE C ManbiMu NOTEpAMM
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lpumep 7.2. Haiitu yactoTy coGCTBEHHBIX KONeGamii B KOHTYpe, HMEIOLIEM Criedy-
lowue napamerpsl: R =8 Om, L = 30 mxTH, C = 150 n®.

XapakTepHCTHHECKOE COMPOTHBIEHHE KOHTYpa p = 4/L/C = 447,2 Om. [Io6-
potHOCTh ) = p/R = 55,9, B cooTsercTBHH ¢ dopmynoii (7.43), otHoweHue wfwy =

1 — 1/(8Q%) = 0,99996. [ToaTOMy B GONBIUIMHCTBE MHXEHEDHBIX DACYETOR MOXKHO
© GONbLIOH TOYHOCTBIO MOAArATH, YTO YaCTOTHi W, M Wy COBMANAIOT.

MocrosnHan BpeMeHH KonebarensHoro KOHTYpa

AnHanuaupysi opmyny (7.42), moxHo 3ameTwTs, uTO CNYCTA OTPE30K
BPEMEHH Ty, Ha3bIBAEMBIN MOCMOAHHOU GpeMeHu KoaebamenvHo2o Koumypa
1 YIOBNETBOPSIOUINI COOTHOLEHHIO Ty = |, MrHOBeHHas aMILTMTYIa TO-
Ka B KOHType yMeHblLuaeTcs B e = 2,718... pa3 no cpaBHeHHIO ¢ HAYATBHEIM
3HaueHHeM. [locTosHHAA BpeMeHM KOHTYpa CBA3aHa napaMeTpaMi LenH
CleayuM 0bpa3oMm:

Tk = =

1 2L

a R’

YMHOXHB YHC/IHTENb M 3HAMEHATENb B MPABO YACTH MOCAEIHEro paBeHCTBA
Ha BETHYUHY Wq, MONYYAEM, 4TO

2 2
e A (7.44)
wy R Wp

Bpems ycraHOBNeHUS COCTOSHUS PaBHOBECHS B KOEBATENLHOM KOHTYpe
C MaTbIMK MOTEPAMH

tyc‘r Fs 4.606;0 (745)
[cp. ¢ dopmynoii (7.8)].

Hanpumep, nycrs koHTyp umeer napamerpbl: @ = 130, wy=4-10" ¢,
Bpems ycraHoBneHus tyer = 14,97 mkc. Tlepuon coBCTBEHHBIX KonebaHui
KoHTypa Ty = 27 /wp = 0,157 Mkc. Yncao coBCTBEHHbBIX NEPHOIOB 33 OTPE30K
BPEMEHU JUIMTENIBHOCTLIO fy; COCTABHT npu 3ToM N = tyer/Ty =~ 95. DroT
PE3YNETAT KOJIMYECTBEHHO MOATBEPXIACT MOMOXKEHHE O TOM, Y4TO B KOHTYpe
€ MAIBIMH MOTEPsiMU OrHGAIOIIAS H3MEHAETCS BEChMa MELIEHHO 10 CPABHEHMIO
€ BBICOKOYACTOTHBIM 3aMOTHEHHUEM.

Kone6arensHsiit koHTyp ¢ Gonbwmmu NoTepAMH

[IpunsTo cumTarth, 4TO MOTEPU B KONEBATENLHOM KOHTYPE BEJIMKH, eC/iH
@ > wp. B 3TOM ciryyae KOpHM XapakTepHCTHYECKOTO YPaBHEHHWA 7)) OKa-
SbIBAIOTCSA YUCTO BELUECTBEHHBLIMH W OTPMLATENLHBIMM. B KayecTse npUMepa
Ha pHC, 7.6 npeACTaBieHA OCLMIOIPAMMA TOKA B KOHTYpE €O CHEAYIOLMMH
napametpamu: L = | M, C = 1 u®, R = 4 kOm, Uy = 10 B. Xapakre-
DUCTHYECKOE YypaBHEHHE AAHHO LIENH UMEET KODHH T = —2,679.10° ¢!,
1Y =-3,732-10°¢"". CpaBHuB KpHBbie Ha puc. 7.5 u 7.6, 3aMeqaeM, YTo Mpu
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GONBIIOM COMPOTHBIASHHH MNOTEPh g 2 1 5t mne
npoLecc UMeeT He KoebaTenbHbIH, gaes
a anepHONHYECKHIt XapakTep, Tak <

KAK 3HAK TOKA OCTAaeTCA HEH3IMEH- =
HbIM, @UINYECKH 3TO O3HAYAET, YTO —] \ : /4

B KOHTYype C DOJNBIUHMM IMOTEPAMM
HET MepHoIHYecKoro obMeHa 3Hep- \ 2
THell MeXIOy €MKOCTHRIM H WHIYK- -2 ‘,/
THBHBIM 3/IEMEHTAMH.

Tpanuueii Mexny konebaresb-
HBIM U AMEPUOIHYECKHM PEXHUMAMH
CNIYXKHT TaK Ha3blBaEMBIH Kpumuye-
ckull pexcum coGCTBEHHBIX Koneba-
HMif, TpU KOTOpOM & = wy. Jlerko
BHETh, YTO 3TOT PEXMM BO3HMKAET MPH KPUTHYECKOM 3HAYEHWM COTpPOTHB-
neHusi noteps Ry, = 2p; KOPHH XapaKTEPHCTHYECKOIO YPaBHEHHS CTAHOBATCS
paBHbIMH ApYT APYTY.

HUtaxk, ecam nobpotHocTs KOHTYpa @ > 1/2, TO npouecc pa3psiiku KOH-
JeHcaTopa siBsieTca KonebatenvHbiM, a ecnu @ < 1/2, To 3TOT mMpouecc
sBNAeTcd anepuonuyeckuM. KpuTHYECKOMY peXuMYy OTBEYaeT TOUHOE paBeH-

e Q= 1712,

L,mA

Puc.7.6. Cobcreennbie konebaHus
B KOHTYpe ¢ BonbluMMKM NOTEPAMM

7.3. CobcrBeHHble KOnebaHun B CBA3AHHBIX KOHTypax

Bosiee COXHBIMH CHCTEMAMU ABISIOTCA CBA3aHHBIE KoebaTe/ibHbIE KOH-
typsl. Ha puc. 7.7 @ u3obpaxkeHs! ABa ONMHAKOBEIX KOHTYpa: | u 2 6e3 noreps,
HMEIOLLHE HHIYKTUBHYIO CBA3b. BHEIIHHE HCTOYHHKY B KOHTYPax OTCYTCTBYIOT.

Ecnu ¢, ¥ i — TOKM B KOHTypax, TO Mo BTopoMy 3akoHy Kupxroda
HMEIOT MeCTO PaBeHCTBA

t
dl:| 1 c di;
—— ] M_ = 01
L¢+cf“@+ dt
- (7.46)

i
di, 1 f ; diy
L— + — ] +M— =0,
A e dt
-
OTKyla caeayer cucrema ABYX nH(depeHIManbHBIX ypaBHEHMI BTOPOro no-

psika
d¥; 1 d’i

e s i T
2 d!
N 0
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Puc.7.7. CeazanHbie konebarennHbie KOHTYPbI: @) CXEMA LEMH;
6) HanpaBneHus TOKOB YETHOM MOJBI; B) HANPABAGHHA TOKOB HEYETHON MOabI

He npencrasnsier Tpyna, ckaxem, BeIpasuTh 1 4epe3 i; M MONYUHTb OAHO
anddepeHuMATEHOE YpaBHEHHE YETBEPTOro MOPANKA, FKBUBAJEHTHOE 3TOi
cucTteme. TakuMm 00pa3oM, IBa CBA3AHHBIX KONEGATENBHBIX KOHTYpA ABAIOTCS
HenbIo Yemeepmoeo nopsaoka.

OnHako HHTepecHee BRIGPATh APYroii MyTh aHANN3a, OCHOBAHHBIA Ha yue-
T€ CHMMETPHH NaHHOI uernu. [Ins 3TOro pacCMOTPHM PEXHM, MPH KOTOPOM
B O0OMX KOHTypax BO3OYXIEHbl OJMHAKOBbie TOKM i; = iy = Z, ODHEHTH-
POBaHHbIE B COTJIACOBAHHOM Hanpasnenuu (puc.7.76). Torna cucrema (7.47)
NPEeBPALIaeTCs B ONHO YPaBHEHIE BTOPOro MopAika

d’z 1
L+M)—+ —x=
Sl =t
WM
d’z 3
az Tenz =0, (7.48)
rae

1

O T

— 4acToTa COOCTBEHHBIX KONEOAHUI B JaHHOM DEXHME, KOTOPbIH Ha3biBaeTcs
HeMHOU NITH CUMMEMPUYHOU MOOOI,

Bo3moxeH u Apyroil YacTHIA pexum, IpH KOTOPOM 4, = =y =g ae
TOKM B KOHTYpax OIMHAKOBHI 1O abCOMIOTHOW BENMYMHE, HO OPHEHTHDOBA-
Hbl BCTpeuHo (puc. 7.7 g). [oBOpAT, YTO Takoi PeXHM npeacTaBnfeT coboii
HEHeMH1YI0 WIH GHMUCUMMEMPUYHYI0 MOy, KOTOpas onuckiBaeTcsa andipepen-
UHANTBHLIM YpDaBHEHHEM

(7.49)

dy 1
BN Sl S
e e R b

d’y :
=7 Hwy =0, (7.50)
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rae

S SRR (7.51)

BT i

— 4acTOTa COBCTBEHHbIX KONeGaHUit B pEXUME HEYETHONH MOZHI,

Hrak, B cHcTeMe ONMHAKOBbIX CBA3AHHBIX KOHTYPOB 0€3 notepsk WMEKTCs
JIBE YAcTOTH COOCTBEHHBIX KoneGaHMil. PazHMlla MEXIy 3THMH YaCTOTAMH TEM
Bonblue, YeM CHIIbHEE CBA3b.

lMpumep 7.3. Cuctema OnMHAKOBBIX KOHTYPOB 6€3 MoTepb ¢ MHOYKTHBHOH CBA3LIO
umeeT napametpsl: k. = 0,05, L = 85 mxTh, C = 0,6 u®. HaiiTt yacToTh cOGCTBEHHBIX
konebaHuit ANA YeTHOH W U HeYeTHOH MOIbL.

Koadduument psauvonnaykumn M = k.L = 4,25 mxha. Tlo dopmynam (7.49)
1 (7.51) BorumcaseM wo, = 4,321-10° ¢™', wyy = 4,515-10° ¢ ™. OanHouHLIH KOHTYD Ge3
CBA3H HMEET YacTOTY COOCTBEHHBIX Konebanuit wy = 4,428 10% ¢!, Tax uTo yeTHas Moaa
oKa3bipaeTca Donee HM3KOYACTOTHOM, @ HeYeTHas Mona — Bosiee BBICOKOYACTOTHOM.

Kaxnaasi M3 Moa sIBNsAeTcA HEe3aBHCMMOR M MOXET BO30YXIOATBCA CE1eK-
muexo, T.e. B unMcTOM BHue. Hanpumep, utobbl BO36GYOUTH YETHYI0O MOAY,
MOXHO B MOMEHT BpeMeHM [ = ( MOAKNIOYHTL K CBSI3aHHBIM KaTylIKam
IBa KOHOEHCATopa, 3apsiKEHHbIE 0 OJWHAKOBOTO HAMPSXEHHA H MMeloLMe
OfHY M TY X€ TONAPHOCTb BEPXHUX OOKANOK (NMpH COIMACHOM BKIIIOYEHHH
Karymek), Ecii monsipHOCTE HaYaIbHOTO HATIPAXKEHHs! HAa OHOM M3 KOHACH-
CaTOPOB M3MEHWTh Ha MPOTHBOMONOXHYIO, TO OyACT CENEKTHBHO BO30YXIeHa
TONBLKO HEYeTHas Mola.

HHTepdepeHuyun MOA B CHCTEME CBA3AHHBIX KOHTYPOB

B obuieM chayyae konebateibHblii mpouecc GyaeT npeacTapnsTs cobo#
NHHERHYI0 KOMOHHaLMIO 06enx MOI:

i,(t) = A, cos (wnit + ¢1) + Az cos (woat + ¢2),

: (1.52)
lz(t) = A] cos (l'.l.?mt B !p|) — A;cos (U{]Qt S (P})

Yerrnipe Bxoasiumx cioga yucna A4,, 4z, ¢,y 3aBUCAT OT BhIDOpa HaYaNbHbIX
YCAOBMIH, KOTOPBIE HAKIAABIBAOTCS, CKAXKEM, HA [Ba TOKA W Ha JBE MPOU3BOA-
HbIE OT TOKOB.

[Mono6Hele mpolecchl B GH3MKE HA3LIBAIOT uHmepghepenyieli TapMOHIYe-
CKHX KoJiebaHHIi ¢ HECOBMANAIOIUMHI YacTOTAMH.

PaccmotrpumM, HanpuMmep, ciay4aii, Koria Ha4aibHbie TOKH B ODOUX KOHTY-
pax paBHBEI HYIO, KOHIEHcaTop B KoHType 1 umeer npu ¢ = 0 Hanpsxenwne Up,
a HampsKeHWe HAa KOHIEHCATOPE B KOHTYpe 2 B HAYAIBHBIH MOMEHT BPEMEHH
paBHO Hy/i0. YiopaaoueHHas napa (BeKTop) HAYANBHBIX YCIOBHI MOXET ObITh
OueBHAHLIM 00pa3oM NpeACTaRIeHa TaK:

(Us,0) = (% %) - (% —%) (7.53)
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Puc.7.8. BpemenHsie guarpammbl HanpsxeHHH
Ha KOHAEeHCaTOpax Nepsoro M BTOPOrO KOHTYPOB

3710 paBeHCTBO 03HAYAET, YTO B paccMaTpHBaeMoOM ciy4ae ofe Mombl Oymyr
BO30YXKIeHkR! C OAHHAKOBLIMM AMIUIMTYJaMi HaTPAKEHHH HAa KOHIOEHCaTopax,
pasubiMu Up/2. Tloatomy

1
Uc) (t) = EU{)(COS wpit + cos W{)zﬂ) =

= Uy cos (ﬂ’l-;ﬂc) cos (@‘——’g—wﬁt) (7.54)

|
uc(t) = EUg(cos wyt — cos wat) =
= U sin (qugﬂt) sin (ﬂ";ﬂt) (7.55)

Cootsercrayiouine rpacduku (puc. 7.8) oTobpaxalor Guenus, T.e. Cy-
Neprno3uLMI0 OBYX ONMHAKOBBIX MO aAMIUTMTYIE TapMOHWYECKHUX KosieOaHUM

¢ yacToTaMM wqy M wgy. [lpu cnaboif CBA3M OTHOCHTENIBHAS PAaccTpoHKa

MEXIV 3THMH 4YacTOTAMM HEBeJMKAa U MO3TOMY 4actora orubaiomeil GueHuit
ws = (wpy — wpy)/2 CYIECTBEHHO HWXE YACTOTHl BHICOKOYACTOTHOrO 3amof-

HeHusi wy = (Wg; + wp2)/2, Gamskoit K yacTore COBCTBEHHBIX KoneOaHwif |

OIMHO4YHOro KoHTypa 6e3 cBsi3u.
C ¢wusnyeckoil TOYKH 3peHHWsi KapTHHA OHMEHHWii roBOpUT O TOM, 4YTO
NePUOAMUECKH NPOMCXOAHT 06MeH 3Hepauell MEXIY KOHTYPAMHU,

[Ipy HanWuMH Manbix NoTepb OBLIKHE 3aKOHOMEPHOCTH Mnpouecca cob-

CTBEHHBIX KoneBaHUW OCTaHYTCA NpPEeXHWMH, ONHAKO Orubaioilme KpHBBIX
6yNyT YMEHBIUATECH BO BPEMEHH MPOMOPUMOHAIBHO MHOXHTEMO exp {—at},
e & — KODOHUHEHT 3aTyXaHus.

AHanornyHeiM cnocoGoM MOXHO paccMoTpeTh Gonee o6Mil cmyvai,
KOrd MHIYKTUBHOCTH W €MKOCTH KOHTYPOB PamINYHBI.

7.4. YcroMunBOCTL LieneX.
CobcTeernbie Konebanus B aKTUBHBIX Henax

PaccMOTpeHHbIE paHee YacTHbie MPUMEPHL MO3BOJSIOT BHICKA3aTh Mpel-
MOMOXKEHHE, M €r0 MOXHO TIOATBEPAHTh COBEPLIEHHO CTPOTO, YTO IMPOIECE

7.4. Yerosumsocte yenei 165

CcOOCTBEHHBIX KOonebaHuil B 11000 NTHHEHHOM CHCTEME OMHUCHIBAETCH PELIEHH-
SIMH JIMHEHHOro auddepeHUHANBHOTO YpaBHEHHA BUIA

d"u d"'u e
%F+QH_IF+...+a|E+aﬂu=O, (7.56)
roe n — nopaloK CHCTEMBEI.
Yr1o0Gbl monyunTh OBIIEE PELUIEHHE TAKOTO YpPaBHEHMWS, CHeayeT Mpexie
BCETO HAWTH M KOPHEi XapaKTePHCTHHECKOTO YPaBHEHMHA

a,Y" + a,,_rr"_' +...4+ay+a;=0, (7.57)
a 3aTeM, MOJMOXKUB IS NPOCTOTHI, YTO KPATHBIE KOPHH OTCYTCTBYIOT, 3alHCaTh
u(t) = A exp {7t} + drexp {1t} + ... + A, exp {1at}. (7.58)

Bribop koadhduumeHtos A4, 4;, ..., A, IUKTYeTCA HaualbHBIMH YCIOBHAMM.

CrentyeT OTMETHTB, yTO BCe Ko3(dduumenTs! ypasHenuii (7.56) u (7.57)
ABISIOTCA HEKOTOPHIMH KoMOHHauusiMu napametrpoB L, C, R, M U nosromy
NpeacTaBasioT coboi sewecmeennbie wucra. B anrebpe noka3miBaeTcs, 4YTO
MPH 3TOM KOPHHM 7Yi,72,...,7%n MOIYT ObiTh AHOO BelleCTBeHHBIMH, MHOO
rPYNMHPYIOTCA B KOMILIEKCHO-CONpsiXkeHHbIe napsl. CornacHo dopmysne (7.58),
KaX/Iblil BELIECTBEHHBI KOpeHb NaeT B peuleHue Bkaan Buaa exp {yt}; mape
KOpHeil BUia ) y = a+jw, oTBeuaer Bkian Biaa exp {at}(a cos wyt+bsin wyt)
C HEKOTOPBIM KOHKPETHBIM Habopom Koa(h¢pHLIMEeHTOB a u b.

Jliobas naccHBHasi Uenb HE CONEPXKUT HCTOMHUKOB JHEPrdH H MO3TOMY
BCErNA SIBNSETCHA yemoilyueoil) COBCTBEHHBIE KonebaHusi B TAKOH UMM npu
M00bIX HAYANBHBIX YCAOBUSX IMBO OCTAIOTCA OTPAaHUMEHHBIMH MO AMTUIMTYIE,
1100 IKCMOHEHLUMOHANBHO CTPEMATCA K HYJIIO C pocTOoM BpemeHH, Heob-
XOAMMBIM M JOCTATOYHBLIM YCJIOBHEM YCTOHYMBOCTH JIMHEHHOW LIEMU CHYXHT
creayioiliee TpeGoBaHME: HU OIMH M3 KOPHEH XapaKTepUCTHYECKOro YPaBHEHHs
HE JOJDKEH MMETh MOAOXKHTENbHYIO BELIECTBEHHYIO YacThb.

JIuHeliHble aKTUBHBIE LIEMH MOIYT OKa3aTkCs HeyctoWuuBbiMM. PaccMot-
DHUM, HaNpUMep, NOCAeA0BaTENbHBIH KonebaTenbHbIH KOHTYP, B KOTOPOM Ma-
pametp R npencrasnseT coboi cymMmy conpoTHBaeHus noteps R, > 0 u otpu-
LaTeabHoro conpotusneHus Ry < 0, yuutsiBaouiero aHepreTuyeckuit oomMer
BHELIHEr0 HCTOYHWKA C IAaHHOH LIETBIO;

B =B+ Rum. (7.59)

Ecnu nobuteca pasexcTa R = 0, To B KOHTYpe HabGnonaeTcs pesenepayus co-
POTHBIEHUSA MOTEPb, H LIENb OKA3bIBAETCA HAa rPaHHLIE peXHMMa yCTONYMBOCTH.
IIpu R < 0 umeer MECTO HEPABEHCTBO

R = = R>O
eEN2=—a= 5L

cM. dopmyny (7.41)]. Takoii KOHTYP CTAHOBUTCS HEYCTOWUMBOMH UENblo. AM-
nauTyaa KonebaHMi B HeM HapacTaeT MO 3KCMOHEHUHOHANBHOMY 3aKOHY
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1O Tex rop, Mnoka He MPOU3OKIET «HACHIIEHHE» TTOJ ACHCTBHEM TEX WIH HHBIX
HENMHEeHbIX (haKTOpOB.,
HeyctoituuBele KonebaTeNbHBIE LENH CIYXAT MOIENSMU BAXHBIX paniuo-
TEXHHYECKHX YCTPOMCTB — ABTOTEHEPaTOPOB MAPMOHHYECKUX KONeOaHHil.
AKTHBHbIE LIETMH YacTO CTPOAT Ha Ga3e onepaLMOHHbIX yeunuTene(0Y) —
MHKDOD/IEKTPOHHbIX SJIEMEHTOB C ABYMsi BXOZAMM: HHBEPTHDPYIOHKM (1) U He-
uHBepTHpyOUUM (2). BeixonHoe Hanpspkenue OY

Upnx = Kﬂ(“nx! — Ugyx I);

rae Ky — xoadduuneHT yeunenus anemenrta. Cospemertsie OV, nmes Bhico-
KO€ BXOAHOE M HH3KOE BLIXOOHOE CORPOTHBJEHMS, NPHDIEXAIOTCS NO CBOHM
cBojicTBaM K uaeanbHbiM MHYH; obriuno K > 1.

1 HceneayeM ycTOHYMBOCTh AKTHBHOH menu ¢
OY, cxema Kotopoii npuseseHa Ha puc.7.9. nd
3TOrO 3alMllIEM BHauane TPH YPaBHEHHS COCTOA-
HHS1, KOTOpbIe CBA3LIBAIOT MeXIY cobO0il Hanpsxe-
HHA BYy3nax 1,2 u 3:

u3 = Ko(uy — uy),

dﬂg, du1 u
Ci—-C — =—,
e = (7.60)
Puc.7.9. Cxema uenu c duy Uy -y
ONePaUMOHHDIM YCUNUTENEM C e = Seoes
2

BTopoe u TpeThe ypaBHEHMs B 3TOH CHCTEME OTOBPAXAIOT TOT (haKT, YTO BXOABI
QY He notpebnsiioT TOKa # MO3TOMY TOK B C) paBeH Toky B Ry, aTtok B C) —
TOKY B R;.

Ecnu o0beAMHUTE NEPBOE M TPEThe YPaBHEHHSA, TO MOXHO 3aMHCaTh

dﬂz (Ku A l)uz &t Ku‘ll]
==
dt R,

H BbIPA3HTh MEPEMEHHYID U 4YEPE3 U;:

R,C; du Ky—1
2ala g% | Ko

= :
1 K & X U, (?6[)
IHAYHT
du RCy d*u; Ko—1 du
e T e (1.62)
dt Ky, dt Kyt
O6reaHHMM NEPBOE M BTOPOE YpaBHeHMs U3 cucTeMst (7.60):
du; du, Uy
CKy—-C —_—= ;
1Ko — (Ko + 1) ) (7.63)

3agauu 167

Moacrasus cioaa Beipaxenusa (7.61) u (7.62), mocne snemeHTapHbiX npeobpa-
30BaHMI nojydum muddepeHUHANIBHOE YDABHEHHE OTHOCHTENbHO HaripsKe-
HUS U3:

dz‘uz dus
nn(Ko+1) =5 +(n+7) = ~ (Ko — Dua = 0. (7.64)
di dt
3mech BBeNEHE TocTosHHbIE BpemeHu 71 = R\C) n 1 = Ry Cs.
BuaHo, Yto paccMartpyBaemas LEMb ABNSETCS CHCTEMOI BTOPOro NMOpsika,
TAK KAK JONYCKAeT ABA HE3aBMCHMBIX HAYAJILHBEIX YC/IOBMA — HalpsDKEHUS
Ha 0BOUX KOHIeHCATOpax.
CootseteTBYIONIee XapaKTEPHCTHYECKOE YPaBHEHHE

nn(Ko+1)7 +(m+m)y— (K —1)=0. (7.65)

B 3TOM KBalpaTHOM ypaBHEeHHH KO3(HULHEHTHI NpH 72 M TIpH 9 BCeraa mno-
NOXHTeNbHBL. CBODOAHKIN WIEH TMOJOXUTENEH, ecnn Ky < 1, v OTpHLIATENEH,
ecan Koy > 1.

[MpsiMbIM pacueToM JIErko yOeaMTLCH, YTO KOPHH YpaBHEHHSA 72+a7 +b=0
UMEIOT OTPHLATE/bHbIE BEHIECTBEHHBIE YacTH npu a > 0 u b > 0. Ecin
xe a > 0,Ho b < 0, To BeLileCTBEHHAA YACTh OAHOrO M3 KOpHEeit NoNoXuTenbHa.
OTcioaa cpa3y cienyeT yeloBHe YCTOWYHBOCTH M3y4aeMOHW LIETMH:

Kq < 1. (7.66)

OTMETHUM B 3aKJTIOYEHHE, YTO MOUCK KOPHEH XapaKTePUCTHYECKOTO ypaB-
HEHUA BBICOKOH CTEMEHH HaXe YMCASHHBIMM METoAaMM — HEenpocTad 3ana4a.
TemM He MeHee, ymaeTcs, MCROAb3Ys CHEUHANbHO pa3paboTaHHbIE KPUTEPHH
VCTOHYMBOCTH, CYAUTh O XapakKTepe pacnoioXeHus KOPHEN JIULIbL MO COBOKYT-
HocTH Ko3dbduuuenToB ypasHeHus. [TonpobHo 3TOT BOnpoc niyyaercs B Kypce
«PaguoTeXHHYeCKHE LIeNH W CHrHanbI» [4, 5].

(?) Bonpocwi

1. Kak dopmyavpyerca 3amasa Koww ans maddepeHunanbHoro ypapHeH!, OMH-
ChIBAIOLIETD COCTOAHME JTHHEHHON INeKTPHYECKoi uenu?

2. Kakon dmanueckuii CMbICA MOCTOSHHO BPEMEHM A5l LIETH NMEpBOro nopsaaxa’
3. Y7o Takoe koa(duULIHEHT 3aTyXaHusa KoaebaTeabHoro KoHTypa?

4. Kak BAMsiOT MOTEPH Ha YacTOTy COOCTBEHHBIX konebaHuii koHTypa? Kak ceazaHbl
MEXIY CODOH moBGpOTHOCThL, 4acToTa COOCTBEHHBIX KonebaHWil W MOCTOAHHAS
BPEMEHM KoHTypa?

5. YeM OTAHMYAOTCA APYT OT APYTa YETHHIE U HEYETHBIC MOB B CHCTEME CBA3AHHbIX
KonebarebHbIX KOHTYpOB?

6. Kakue 3nexkrtpuueckue UEMM HAILIBAIOT yeTOHuyuBbiMH? Kakumu 10/mKHB ObITh
KOPHM XapakKTepHCTHYECKOTO YPABHEHHS s ycToiiuuBoil uenu?
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<!> 3apaum

7.1. Kounencarop eMxocTsio 4 Mk®D, uMelowmmii GymakHo-Macas HYIO H3ONHIHIO, B Ha-
HAAbHBIH MOMECHT BPEMEHM 3apsXeH N0 Hanpskenus 3 kB. Yepes 2 yaca Hanpsikenue
Ha obknagkax KoHaencatopa majaetr mo | xB. Haitamre conporupieHue M30MSLHN
[aHHOTO KOHAEHCATOPA.

7.2. B uenu ¢ [BYyMs KOHIEHCATOPAMM H PE3HCTOPOM R

(puc. 7.10) xonmencarop C; mNepBOHAYATBHO 3APSIKEH
1o HanpsokeHus Uy, a koHgeHcatop €, NOAHOCTBHIO pal-

paxeH. Kmou K cpabateiBaer B MOMeHT Bpemeru £ = 0,

o

Hafuune_ 3aKOHBI HIMEHEHH BO BDEMEHH Be/IH4MH tcy(t), E-
uca(t), i(t) B npouecce cobcTBeHHbIX KoneBawwit mpu U t

> 0. 7{ ‘G
K

7.3. Uens, paccMoTpeHHad B 3anaye 7.2, COMEPKHT KOH-

JeHcaTopsl ooMHakoBoi emkoctH: C) = C; = C. Ha- Puc.7.10
YanbHBIH 3amac sHeprum B uenu W(0) = CU?/2. Hokaxurte, 410 npu { — oo
KOHEYHbIH 3aMac IHEPruM COCTABNAECT POBHO MONOBHHY MepBOHAYATLHOTO 3anaca. [ly-
TEM HEMOCPEACTBEHHOrD noacyera yOeIUTeCh B TOM, 4TO 3IHEPrusl TPATHTCH UMEHHO
Ha HarpeBaHUe Pe3UCTHBHOIO 3IEMEHTA LGN,

7.4. B uenu, cxema xotopoit u3oGpaxeHa Ha puc.7.11, koHaeHcatop € mpeaBapH-
TENbHO 3apsikeH A0 Hanpsokenus Uy, B momeHT BpeMenn ¢ = 0 samuikaercs kmou K,
a 3aTeM B MOMEHT BpeMeHH &) > 0 3ambikaercs kmou K,. M3oGpasute rpaduuecku
MpeanonaraeMelif XapakTep HIMEHEHUA HANPAKEHHS HA KOHIEHCATOPE BO BPEMEHH,

+ s
- R, N G o R

Puc. 7.11 Puc.7.12

7.5. Hueen:su( RL-uens (puc.7.12) ¢ napamerpamu: L = 8 M, R = 0,3 xOwm.
B nauansHbii MomenT Bpemexu ¢ = 0 Tok B uenu i(0) = 0,7 A. Haitnte 3nauenue
TOKa B MOMEHT BpemeHu £ = 40 MKc.

7.6. Cocrasbte muddepeHUHaTBHOE YPABHEHHE,

OMMChIBaIOWIEE Tpouece cobBCTBeHHBIX KonebaHui Ry

B RC-uenu, cxema KOTOPOil npuBeseHa Ha puc. 7,13, { :
B KayectBe MCKOMONH AMHAMMUYECKOil NepEeMeHHOMH
BhibepHTe HanpsokeH#e u(f) Ha napanaenbHO BKIKO-
YeHHBIX snemenTax K, C,. sl R, l

W

o
Ll
=

7.7. Jokaxute, 4T0 TpPH NIOOBIX MOMOKHUTENbHbIX
3HaycHHEX nmapameTpoB R, u R, xapaktepHcTHue-
CKO€ ypaBHEHME, OTHOCALIEECA K 3anade 7.6, uMeer
YHMCTO ACHCTBUTENbHbIC OTPHUATENbHbIC KOPHH.

Puc.7.13

3agaun 3 = 169

7.8. TIpHMEHHUTETLHO K YCTOBUSAM 3a0a4i 7.6 HAMINTE YMCIEHHbBIE 3HAUCHUA KODHCH
Y12 XApAKTEPHCTHYECKOTO YPaBHCHUS, EC/IM M3BECTHO, “TO C, =5 ud, C, =7 ud,
R, = 3 xOm, R; = 9 xOMm. IloscHuTe, KaKOMYy (H3IMYECKOMY TIPOLECCY B LCMH
COOTBETCTBYET KaXIbIH M3 KOPHEH.

7.9. KonebatenbHuiit KOHTYp uMeeT nobpotHocts @ >> 1. Haiaute N — uncno noj-
HEIX TIEPHOIOB COBCTBEHHBIX KOAe0aHMi, KOTOPbIC COBEPLIAIOTCA HA OTPE3KC BPEMEHH
or £ = 0 Do TOro MOMEHTa BpeMEHM, KOTHa aMIiMTyaa kKonebGaHuil yMeHbLIacTCd
B 10 pa3 mo cpaBHEHHIO C HAYATLHBEIM YDOBHEM.

7.10. TlocnenopatenbHEIH KonebaTebHEI KOHTYP HMEET ciielylolie napamerpsl: L =
I8 mxTi, € = 60 n®, R = 5 Owm. Haiinure yactoTy w. COBCTBEHHBIX KonebaHHIi
B JAHHOM CHCTEME, 3 TAKKE PA3HOCTh Aw = Wy — W, TIe Wy — YacToTa COOCTBEHHBIX
xoneGanHuil B aHATOrHYHOM KOHTYpe 6e3 noteps (npu R = 0).

7.11. Wmeetca konebarenbHbii KouTyp ¢ napamerpamu: L = 12 mxTw, C = 0,7 n®@,
R = 10 Om. B HauansHbiit MoMeHT BpemeHu £ = 0 TOK B KaTylike OTCYTCTBYET,
a KOHIEHCATOp 3apsikeH Ao Hanpsaxewus Uy = 400 B. Haitnute senuumuy I, —
HAYATBHYIO aMIIMTYAY TOKA B fpoliecce cOBCTBEHHBIX KoneOaHHil.

7.12. Cocrasere audpepeHUHANBHOE YPABHEHHE, ONH-
chiBalollee cobcTBeHHBIE KonebaHua B napaiielbHOM
KonebatenbHoM KoHType (puc.7.14). B kauecte mm-

HAMMYECKOH NMEpPeMEHHOM WCTONB3YIHTE HANPIAXKEHHE U E_L' L
Ha KOHTYpE. s 7
7.13. Haiigute uacroTy cOBCTBEHHBIX KOneOaHMH w,

B MapavleNbHOM KoneGaTe/bHOM KOHTYpE ¢ moTeps-
mu (puc. 7.14). Tlapametpel koHTypa: L = 8 wMklIh, Puc.7.14
C = 100 n®, R = 30 xOm.

7.14. Cxema uenu mpeactasieHa Ha puc. 7.15. BripeauTe xapakTepHCTHYECKOE YpaB-
HEeHHe, KOTOPOE OTHOCHTCA K MpoLeccy cOBCTBEHHbIX KonebaHuuil B 1aHHON LieTTH.

R M

—
i
1
|

Puc.7.15 Puc.7.16

7.15. Ha puc. 7.16 u3obpaxeHa cxeMa IByXKOHTYPHOH KojicOaTebHOH CHCTEMbI C HH-
nykTiBHOH cBasbio. 3nech L = 8 mkTH, € = 65 nd, xo3apdHUHEHT HHIYKTHBHOM|
cesiau k., = M/L = 0,15. Haiiaute BeTHUMHBI Wy W Wy — YacTOThl COOCTBEHHBIX
KonebaHuit 1A YeTHON W HEeYeTHOI Mo,

7.16. Cxema ABYX KonebaTe/ibHbIX KOHTYpOB 0€3 noTeph ¢ €eMKOCTHOH CBSI3bIO Mpel-
cranneHa Ha puc. 7.17. [lokaxute, 410 COGCTBEHHLIE YACTOTHI YETHOH M HEYCTHON MOA

BHIPAKAKOTCH Tak:
I

|
Wy = ——=; g = t==—————
NTVIC T e i)
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Co ‘C_‘ H ¢
L -,— L g o }_13 c . L
[ T S S

Puc.7.17 Puc.7.18 Puc.7.19

7.17. Ha puc. 7.18 n3obpaxeHa cxema ABYX OAHHAKOBBIX KOAeGATENLHBIX KOHTYPOB,
B KOTOpO# 31eMEHT eMKOCTHOH ¢Bamm Cy; ONHOBPEMEHHO MPHHALIEXKHT ODOHM KOH-
Typam, CUHTaeTCs, YTO OMUYECKHE NMOTEPH B LENH OTCYTCTBYIOT. BriBeaute dhopmynsi,
M0 KOTOpbIM CNEAYET pacCYMThiBaTh YacTOThI COBCTBEHHBIX KONebaHmil wy W Wg L4
YETHOI W HeueTHOH Moz, B Kaxyio CTOPOHY CASAYET HAMEHATE EMKOCTh 3REMEHTA CBAIN
IUist TOro, YTOOBI paccTpoiika MeXAy 4acTOTAMM MO COKpaIlanach?

7.18. B gucTeme cBA3aHHBIX KOHTYPOB, paccMOTpeHHOI B 3anade 7.17, Hcnonh3osaHsl
KOHaeHcaTophl emkocTeio C = 400 nd, IMoabepute eMkocTb KOHaeHCaTOpa CBA3H Cy
TaKHM 00pa3oM, 4TODBI OTHOCHTENbHAS PacCTPOHKA MeXay COOCTBEHHBIMH 9aCTOTAMH
mMoa pasusnace 0,005.

7.19. Ha puc. 7.19 uzobpaxeHa cxema konebaTebHOro KOHTYPA ¢ ABYMS NOCNEIOBa-
TENRHO COCAHHEHHbIMH HHAYKTHBHBIMU 37IEMEHTAMH; KO3(WDHIIMEHT B3aMMOHHIYKLIHH
M = 0. Oaxa u3 KaTywek 3aIIVHTHPOBAHA PE3MCTOPOM ¢ conpotuicHueM R. Cun-
Taercs, 410 R 3> p, roe p — xapakTepuCTHUECKOE CONMPOTHBICHHE KonebaTenbHOro
KoHTypa 0e3 norepb. Beipeante opmyny ans pacdera foGpoTHocTH @ naHHOH Kone-
BaTenbHOM CHCTEMBI.

7.20. HacTpoiiKy pamMOnmpHEMHHKA YacTO OCYIIECTBASIOT
€ MOMOUIBIO NEpeMeHHOro KoHAgHcaTopa. Jlna paborw B y3-
KOit monoce YacTor TpeGyeTcs, uToflbl OTHOCHTENBHOE H3-
MEHEHHE EMKOCTH KoneDATeNbHOH cucTeMbl ObUIO Hese-
Juko. C 3TOH UeNblo MpHMEHAT cxemy, H3o0paxeHHy
na pwic. 7.20.

CuuTas, 410 Cpip = 20 n®, Cp = 480 nd, non-
6epute xoHaeHcartopul C; M C, Tak, yToOBl KOHTYpHas
eMKOCTh MIMEeHANACh B mpeaenax ot 60 go 67 nd.

lmasa 8

HecraymorapHbie npoyeccsl
B /IMHHEeHHbIX yensax

BaxHoif o6nacTeio NpHMeHeHHs JMHEHHBIX ueneil sBagercs ofpaborTka
pa3sHoo6pa3HBIX CHTHANOB B PafIMOTEXHHYECKHX YCTPOMCTBAX, CHCTEMaX aBTO-
MATHKM M KOMIbIOTEpaX. TaK, C MOMOILBIO THHEHHBIX LENeH OCyLecTBAA0T
YacTOTHYIO (PHIIBTPALINIO MONE3HOTO CHrHaJla, HCKAXKEHHOTO IeHCTBHEM MOMEX.
TpuMenss TUHEHHEIE HENW, YAASTCH TAKKS UIMEHATE QOPMbL CUTHANOR.

OBBIYHO CHTHAIBI MPEACTABNAIOT CODOM wmnyascsl, T. €. KojebaHHA KO-
HEeYHOll wHMTeIbHoCTH, [Toa AeficTBHEM BHEIIHHX CHTHAIOB B IHHEHHOW LenH
B0O36YXIAI0TCH KaK COBCTBEHHBIE, TAK M BHIHYXIeHHBIE KoneGanusi. Hano-
XKEHME 3THX ABYX KoneGaHWi onpenenser coboii HecTallHOHApHEBIA Mpouecce
B LIEMH,

HcenenoraHue HeCTALMOHAPHBIX MPOLECCOB POBOAAT, ONHpasAch Ha Ma-
TEMaTHYeCcKylo Momenb uernmd B (opme ee anddepeHUHATLHOTO ypaBHEHUS.
Teopus ueneit npegocraBnsieT GOraTeiii MaTEpHal, WUTIOCTPHPYIOIIWA TEXHW-
YecKue NPUIoKeHHsd 3Toro (pyHAaMEeHTAILHOIO pa3iena MaTeMaTHKH,

8.1. BoapeiicTBHe HCTOYHHKA CTYNEHYATOro CHrHana
Ha Lenu nepsoro nopsaxa

TpoCTeHINUM CUTHANIOM, WTPAOIIMM MPH 3TOM BECbMa BaXHYIO POJlb
B TEXHMYECKMX NPHIOKEHHMAX, ABNACTCH (VHKWUA @KAOYeHUA, Ha3bIBaeMas
Takxe (hynkuueit Xesucaiion

_fo, t<o,
a(t)_{l, £>0. L

Takylo MaTeMaTHUYECKYI0 MOJAE/b YaCTO MCMONB3YIOT IS OMHCAHHWSA WMITYIIBC-
HEIX KonebaHuil.

HecTaunMoHapHBIiL MPOLECC, BO3HUKAIOWMH B TMHEHHOM Lenu 1ox aei-
CTBMEM TAKOTO CTYMEHYaTOro CUrHania, MoAaHHoro Ha BXOJ, MPHHATO Ha3blBaTh
nepexodnbtm npoueccom. ITOT TEPMUH MOIYEPKUBAET, 4TO B cucteme Habmona-
€Tcs MepeXol W3 OJHOro CTALMOHAPHOrO COCTOSHHA B APYroe,
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Bo3sgeiictene ckauka 3[IC Ha nocnegosarensHyw RC-uens

Cxema u3yyaeMoii uenu npueegeHa Ha puc. 8.1 a. Tok B LenmH cornacoBaH
MO HanpamieHuio ¢ HanpsxeHusmu. [losToMy M3 paBeHCTBa Ug + Uc = €
chnenyet auddepeHunansHoe ypaBHEHHE LEMH

du
RC—=X + uc = e(t). (8.2)
dt
K 3tomy ypasHeHHIO HeoOXonHMO 100aBHTh HaYaJibHOE YCJIOBHE

uCl.f’:O == Uﬂ’ (8‘3)

rae Uy — MCXOIHOE HAMPSDKEHHE Ha KOHIEHCcATope, 3aBUCHAIIEE OT MpPEIbiCTO-
pun npouecca npu £ < 0.

R
3 £y
Ug
C>e(t) l-"-|
Ue
0 t 0 3
a) &) 8)

Puc.8.1. MNepexogHbiit npouecc 8 HC-uenwu: a) cxema uenw;
6, 5) BpEMEHHBIE AMArPaAMMbl HANPRXKEHWA HA KOHOEHCATOPE W pe3ucTope

Bynem u3yuath nepexoiHbiil npoLecc B JaHHO LENH, MOMOXKHB, UYTO
e(t) = Eyo(t), (8.4)

rae Ey — HeKOoTOpasi W3BEeCTHAas BEJIMYHHA.

WUrak, pasercrsa (8.2)—(8.3) onpenensior 3amauy Kowmm mns HeomHo-
poaHoro auddepeHLHabHOTO YpaBHEHHA TIEPBOrO MOPsAKa € MOCTOSHHBIMH
koathduLMeHTaMK; 3a1auy Tpebyerca pemnTs nipu £ > 0.

Yepes BCclo TeopHio JiMHelHbIX audepeHLIHaNbHBIX YpaBHEHHA Kpac-
HOM HUTBIO NPOXOAWUT (PYHIAMEHTANbHbLIN MPHHLMI: PELIEHHE HEOAHOPOIHOIO
YpaBHEHMS, YAORIETBOPAIOIIEE 3alaHHBIM HaYa/ibHBIM YC/IOBMAM, BCErja cie-
LYET HCKATh @ 8ude CyMMbl KAK020-AU00 HACMHO20 peuwerus 3TON0 HEOIHOPOAHO-
ro YpaBHEHHs u 00ujeeo peuieris COOTBETCTBYIOLIETO OAHOPOAHOTO YPaBHEHHS,
Y KOTOpPOTO npapas 4acTh paBHa Hymio [6].

B ¢usnyecknx 3amadyax mnpasas 4acTb auddepeHUHaNbHOIO YpaBHEHHS
OMUCHIBAaeT HeiicTBHE BO30YXKIAlONIET0 MCTOYHMKA. PewieHue HeoXHOpPOIHOro
ypaBHeHHA OOBIYHO HA3LIBAIOT SLIHYNCOEHHbIM Koaebanuem, a pellieHHe OJHO-
POAHOTO YPABHEHHsI — colcmeenHbmM Korebanuem. TakuM oOpasoM, B HallleM
ciyyae

g (t) = tc mnlt) + ve coslt)- (8.5)
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Yacro BRIHYXIEHHYI0O COCTABIAKIIYI0 PEINEHMA YIAeTCHd OnpeleiiTb HEno-
CPEACTBEHHO, HE HCMOAbL3yA KaKHUX-1HDbO OGIIII{X MATEMATHYECKHX NMpPHEMOB.
Hanpumep, ypasHenue (8.2) ¢ mpasoit yacteio Buaa (8.4) ymosneTsopsercs
TOXAECTBEHHO, €CAH CUNTaTh, YTO MpH £ > 0

Uc BHII(t) = Ej = const. (8.6)

ﬂeﬁCTBHI'EJ[hHO, MpH 3TOM KOHOEHCATOD 3apaXeH 10 HaNpsaXxcHHA HCTOYHHKA,
TOK OTCYTCTBYET M LieNb HAXOOIUTCHA B pPaBHOBECHN.
Toraa

t
uc(t) = Ey + Aexp {_ﬁ}’

npu4YeM MocTosiHHYo A cieayer nmomoOpaTh Tak, YTOGBI BREIMTOJHANOCE YCIO-
Bue (8.3). Ona storo HyxHo, ytobm Uy = Ey + A, 1.e. 4 = Uy — Ey.
OKOH‘IaTCJIbHOC pPELLIEHHE UMEET BHI

uc(t)zUuexp{~%}+Eg[l—exp {——Ric—}] (8.7)

BuaHo, 4TO npouecc B LENH CTh CYMMa IBYX HE3aBHCHMbIX KOMTIOHEHTOB
no YMCHy craraemelX B mpaBoil yactd dopmynsl (8.7). Tlepsoe cnaraemoe
OMMCHIBAET CBOBOMHYIO Pa3psiiKy KOHASHCATOpA B LienH 6e3 Hertounuka. Bropoe
ClaraeMOe OTBEYAET BBIHYXIEHHOMY MpOUEcCY — 3apsAlke KOHIEHCaTopa,
WMEIOLIEro HYJIEBOE HAYalIbHOE HamMpsKeHWe, OT HCTOYHMKA nocTosiHHoi 31C
Yyepes pesucTop.

Ha puc. 8.1 6 w3o6paxeHa OCUWIIOrpaMMa HeCTallMOHADHOTO HarpsoKe-
HHSI Ha KOHIEHCATOPE, MMEILIasi MECTO MPH HYJEBbIX HAYANbHBIX YCIOBH-
six (Up = 0). Kpuas paccuutana Ha dopmye

uc(t) = Ey [1 — exp {_};—C}] (8.8)

JanHoe HampsoKeHWe CTPeMUTCS K CTALMOHAPHOMY 3HaueHHio uc(oa) = K.
Bpema ycTaHOBNeHHA, 3a KOTOpOe HanpsxeHue aocturaer yposus 0,9 Ep,
coctapnsier ty; = 2,303RC (rn.7).

Yrobbl cO31aTh MMMYALCHBIE YCTPOHCTBA C BHICOKMM OBICTPONEHCTBHEM,
HYXHO CTPEMMTLCH COKDAlaTh KaK 3HAYEHMS [MApa3MTHBIX EMKOCTEH, Tak
W HOMMHAIBI TE€X PE3UCTOPOB, Yepe3 KOTOpbIE OCYLIECTBAAETCH MX 3apsaiKa.
Tycrs, Hanpumep R = 0,68 kOm, C = 25 n®. Torna

tyer = 2,303-680-2,5-107" = 3,9-107% ¢ ~ 0,04 mkc.

fAcHo, 4TO Takas lieMb HEMPUTOAHA AT HEUCKAXKEHHOTO BOCIPOM3BEIEHHS
MUMMYALCOB HAHOCEKYHIHOM JTHTETLHOCTH.

Eci¥ HayanbHOE YCJIOBME HY/IEBOE, TO HANPXKEHHE Ha Pe3UCTOpE NnpH
t>0

#:ll) = B - ol L B I {—R‘—C} (89)
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Coorsercrpyioumii rpadgux npusegeH Ha puc. 8.1 6. JlanHoe HanpsxeHHe
NPONOPIHOHANLHO 3aPATHOMY TOKY KoHaeHcaropa i(t) = ug(t)/R.
HeofXxonuMo OTMETHTBH, YTO HAMPSKEHHWe Ha KOHIEHCATOpe MpH He-
CTALUMOHAPHOM TIPOLIECCE BCETNA HeNpepbigno BO BpeMEHH. Jleno B TOM, YTO
CKaYK00OPaIHOEe M3MEHEHHE ITOTO HATIDSKEHHA B COOTBETCTBHU C PABEHCTBOM

w5t =z [i©d

norpe6oBao Obi GeCKOHEUHO GONBLIOro HMITYIECA TOKA 33 HCYE3alolle Maikli
WHTepBaNl BpeMeHH, YTO HUINYECKH HEpeaTH3yeMo.

Bnuanue HauansHOro ycnoeua
Jns caygas Uy # 0 dopmyny (8.7) ynobHo nepenmucats Tak:

uc(t) = Ey + (U — Ep) exp{—%}. (8.10)

3mech u B gansHeiimeM T = RC — nocToAHHAA BPEMEHM JaHHON LEMH.
BuaHo, uro npu n060M 3HauYeHHM U BHIXOJHOE HANpsXEHWE HA KOH-
JIEHCATOPE CTPEMMTCSH K cTauuoHapHomy ypoeHio Ey. Kpusas | Ha puc. 8.24
coorsercTRyer cayyaio Uy > Ey, xpusas 2 — ciyudaio Uy < Ey.
ToK B LIENH TAKKE CBA3AH ¢ HAYANBHBLIM YCIOBHEM:

d _U t
i(t)zC—:szD—R—ﬂexp{—;}. (8.11)

s

Ug

a) 4 g)

Puc, 8.2, MepexoaHbik npouecc 8 RC-uenu npu HEHYNEBOM HauabHOM
YCNOBMM: @) BPEMEHHbIe AMarpaMMbl HanNpPAXXEHWA Ha KOHAeHcartope;
6) BpemenHbie AHarpammbl TOKa

CoorsercTpyiomue rpaduku u3odpakessl Ha puc. 8.26. Eciu Uy > Ey (kpu-
Bas 1), TO TOK BO BCceé MOMEHTHI BPEMEHH OTPHUATE/IEH. BTO 03HAYaeT, YTO
NpeaBapUTENbHO 3apSKEHHBIH KOHIEHCATOp B XO[€ HECTAIMOHAPHOIO Mpo-
tiecca pa3pspxaercs yepe3s ucrouHuk AC. Ecau xe Uy < E; (kpupas 2), 10
TOK MONOXMTENEH; HMEET MECTO 3apsika KOHAeHcaTopa.
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BozpeiicTeHe ckauka 3/IC Ha nocnegosatensHyo RL-yens

M3yuum npoliece B uenu, cxemMa KOTopoit u3obpaxena Ha puc. 8.3 a, npu
HeiiCTBUM HA BXole ckauykoobpasHoro umcrounuka SJC euna e(t) = Eyo(t).
B xayecTse He3aBMCHMOIf TNepeMeHHO# 3aech yaoGHO BbiGpath Tok i(t);
Ha OCHOBAHMM PaBeHCTBA Uy + Up = € HMeeMm cieayoulee auddepeHuu-
aIbHOE YpaBHEHUE

di =
LE + Ri = E{)O‘(l‘,), (8.12)

KOTOpOE CIIEOYET JOMOJHHUTE HAa4YaNbHBLIM YCIOBHEM

il =k, (8.13)

rae Iy — TOK, KOTOpblit OnpeaensieT HayanbHBIH 3aMac SHEPIUM B HHAYKTUBHOM
JIEMEHTE,

a) 7)
Puc. 8.3. MNepexogumit npouecc 8 RL-uenu:
a) cxema uenw; 0) BpeMeHHAs gHarpamma Toka

Metoauka peurenus HadanbHOM 3amaun (8.12)—(8.13) octaerca npex-
Heif. BBIHYXAEHHAas cocTaBnsolIas TOKA — 3TO TOK, KOTOPBIH YCTAHOBWTCH
B CTAUMOHAPHOM pexuMe, korna S C caMOMHAYKLUHK CTAHET npeHebpexXHMo
majioi. [lonaTHo, yro

? E
tprnlll = EO = const. (8.14)

CpobonHan cocTaBsionIag TOKA MPEACTABAseT coboii obiliee peleHue
OIHOPOAHOro NH(pepeHUIMANLHOrO ypaBHeHHs

dic, .
L dt +Rt¢, :0,
uMelollee BUI
; t
ics(t) = Aexp {—;}, (8.15)
rie 7 = L/R — nocroaunas spemenn RL-uenu; A — npou3BonbHas

NOCTOSHHAA.
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Ina Toro, 4To6BI (hyHKIHA
A E, t
t(t)_E+Aexp{ 1‘}

yIorneTBopsiia yenosuio (8.13), Heobxomimo Bbibpats A = Iy — Ey/R. Tlo-
3TOMY OKOHYATENbHBIA BUA pelleHus nocTapleHroi 3anaum Komm takos:

i(t) = Ly exp {—%}+%[l—exp {-%}] (8.16)

Ha puc. 8.3 6§ npuBeneHa oclUiorpaMMa Toka, Habmiogaemoro B RL -ue-
1 Npy NEPEXOIHOM MpOLECcce ¢ HYJIEBBIM HauanbHbIM yenosuem (fy = 0). Tok
M3MEHAETCA MOHOTOHHO M mocturaer yposus 0,9 Ey/R 3a Bpems ycTaHOBne-
Hust tyer = 2,3037 = 2,303 L/R.

C KOHEYHOIi [UIHTENBHOCTBI0 MEPEXOAHOro npouecca B RL-uenu npuxo-
IOWTCA CUMTATHCA, CO3aBas BEICOKOCKOPOCTHbIE HMITYILCHBIE YCTpOHCTBa. [le-
JI0 B TOM, 4TO PeabHEIE LeNmH UMEeIOT HEeKOTOPYIO NMAPa3HTHYIO HHAYKTHBHOCTE,
KOTOpasl BIMAET HAa IIHTETbHOCTh (PPOHTa MUMITYJILCHOrO KojaebaHus B LEMH.
Ecnu, Hanpumep, L = 0,1 MxTi, R = 20 OM, T0 ty; = 2,303 1077/20 =
1,15 - 1078 . SlcHO, YTO TAKYI0 UEMb He CACOYET MPUMEHATL B KOHCTPYKUHH
GLICTPOAEHCTBYIONIETO KOMITBIOTEPA € TAKTOBOW 4acToToil mopsaka 10 MIix
WIH BHILLE.

OTMETHM B 3aKJIIOYEHWE, YTO B HECTAl[HOHADHOM DEXHME TOK B MHIYK-
TUBHOM 3JIEMEHTe BCErJa HempephiBeH. DTo CBA3AHO C TEM, YTO CKauyKoobpa3-
HOE W3MEHEHWE TOKA MpHBENO 6b1 Kk GeckoHeuHo GombiioMy 3Hasexuio 3AC

CaMOMHIOYKIIHH.

8.2. Bo3feHcTBME MCTOMHMKA CTYNEHYATOrO CUrHana
Ha Lenu BTOPOro nopagka

bonee pazHooOpa3HbIMH OKA3bIBAOTCA MEPEXONHBIE TPOLECCH B LIETAX,
OMNMUCHIBAEMBIX JIMHEHHBIMU A depeHIHAIEHBIMH YPpaBHEHHAMM BTOPOro Io-
psIKa ¢ NOCTOSHHLIMH KO3(DdHLIHEHTAMH,

Boapedicreue ckauka 3[1C
HA nocnegosarensHbii KonebarensHpH KOHTYp

PaccMoTpuM KosebatenbHblii KonTyp LCR-xoHTYp (pHc. 8.44), BO3GYX-
naembiii ncrounnkom DIC suna e(t) = Eyo(t).

VCnemHoCTh aHANN3a HECTAIHOHAPHOTrO TIpOlLiecca B LIEMM 4YacTo Ompe-
[enseTcs yaauHbIM BIGOPOM TOil IUHAMHYECKOH TepeMeHHOH, OTHOCHTEIEHO
KoTopoii coctamnsercs mudpepeHunansHoe ypasHeHue. B maHHOM chyvae
enecoobpa3HO B KAYECTBE TAKOW NMEPEMEHHOI B3ATh HANIPSKEHUE tic HA KOH-

neHcarope Koutypa. [Ipu atoMm 10K ¢ = C ‘%‘—f, a HanpAXeHHS Ha OCTANbHBIX
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Puc. 8.4. MepexoaHbiii npouecc B nocneaosaTenbHoMm KonebarenbHoM KOHTYpe:
a) cxema uenu; 6) spemeHHAR AHMArpaMMa HanpMKEHUA Ha KOHAeHcaTope

INIEMEHTAX
d
wp = Ri=RO=S;
dt
di d*uc
=g el

HuddepeHunansHoe ypaBHEHHE PacCMaTpHUBAEMOIl LEMW 3arHChIBAETCH
B BUJE

duc duc
e SR T e =
LC 75 + RC 7 + Uuc Eﬂg(t_)’
HIIH
dzﬂc dﬂc 2 2
i + 2a T + wyue = wyEyo(t), (8.17)

rae wy = 1/v/LC — uactora cobCTBeHHBIX KoneGanmit B KOHTYpe 6€3 norepe;
a = R/(2L) — koa(dHLMEHT 3aTyXaHus.

HMcxoaHoe cocTosinue HenH 3a1aHO, eciii U3BECTHBI 3HaveHus uc(0) = U
u i(0) = I,. Takum o6pasom, ypaBHeHHI0 (8.17) IOMKHBI GbITH COMOCTARMAEHBI
JIBA HAYaJbHLIX YCNOBUS, HAKNANBLIBAEMBLIX HAa HMCKOMYI0 (DYHKUMIO H Ha ee
MPOH3BOAHYIO:

“CL:O = UCI: (Slg)
dﬂc Iu
3L (8.19)

PapeHcTBa (8.17)—(8.19) dopmyaupyior sanauy Kowuu, pemeHie KOTopoi
MOJIHOCTBI0 OMMCHIBAET MEPEXOIHBLH MPOLECC B MOCAEIOBATENBHOM Kojieba-
TENLHOM KOHTYpe.

CryneHuaTsiif Xapaktep BXOZHOTO CHMTHaja MO3BONAET cpa3y 3anucarth
OIIHO M3 YaCTHBIX PelieHHH HEOTHOPOAHOTO ypaBHeHus (8.17)

e san(t) = By = const. (8.20)
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JdeiicTBHTENbHO, TI0 HCTEYEHHH JOCTATOYMHOrO MPOMEXYTKA BpeMEHH Jobbie
HeCcTalMoHapHbIe KonebaHus B KOHTYPE C OTEPAMH 3aTyXHYT, U KOHIEHCATOP
OKaXeTcsl 3apsiKeHHBIM OO0 HAMPSDKEHWS! BXOJAHOIO MCTOYHHKA.

3anaua 0 coOCTBEHHBIX KONeOaHMAX B KOHTYpe C MOTEPAMH paccMar-
puBaiach paHee B ri. 7. lNonyyeHHBIE pe3ynsTaThl MO3BOMAIOT MCKaTh obuiee
pelueHre onHoponHoro auddepeHHaIbHOrO ypaBHeHHs B BHIE

ucca(t) = Aj exp {mt} + A, exp {7:t}, v (8.21)

rae Ay, — NPOU3BONBHBIE TIOCTOSIHHbIE, 7)) — KOPHH XapaKTepHCTHYECKOTo
ypaBHeHMA 3a0a4u,
lNMpencrasus uckoMoe pelnenue 3anauu Koun B opme

uc(t) = Ep + Ay exp {7t} + A; exp {7t}

W BOCMOML30BABLUIHCE HAYANBHBIMH YCIOBHAMM, NIPHXOIMM K CNEIyIOIIeH cH-
cTeMe anrebpanyecKux ypaBHEHHH OTHOCUTENBHO Hen3BecTHhIX 4) u A;:

Ey+ A+ A; =T,

1 + (8.22)
14 +MA = E'q

OTKYI4 JIETKO HaxoauM

_ 1o~ By) -~ L/C coae 1(Uo — Ey) — Ih/C
BN )

Ay (8.23)

B npuknazHoM OTHOWweHHH Hanbonee 3HagHM cayyait KonebarenbHOTo

KOHTYpa C MaIbIMH MOTEPAMM, KOTAA V12 = —a + jw,, M€ W, = vV ‘”5 =0l

YacTota cobCTBEHHbIX KojebGaHuit ¢ yyerom 3atyxanus (ra. 7). Tipu s1oM
Y1 — Y2 = j2w,, TaK 4TO

(a+ jw)(Us — Ey) - I/C
J2we :

(—a+ jw)(Us — By) — I/C
J 2w, :

A|=

A =

Boinonnue HekoTopsie anrebpanyieckue npeodpasoBaHus ¢ UCMOIb30Ba-
HHeM ¢opmyn Diinepa, noayyaeM OKOHYATENbHOE PEllieHHe 3a0auH

uc(t) = Ey + exp {—at} x

P {(U{; — Eg) coswt + wlc[% + a(lUy — En)] sin wct}. (8.24)
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OcoBeHHo mpocToi BMA gaHHas (opMmyna HMEET MPU HYJIEBBIX HAYAJbHBIX
yeaoBusax, korma Uy = I = 0:

uc(t) = Eg [l — exp {—at}(cos wet + wg sin wct)] . (8.25)
C
MoOXHO 3aMETMTh, 4TO BBICOKOYACTOTHBIH COMHOXHWTENb, CTOALIHH B
KPYITIBIX CKOOKax, CONEPXKWT JBa ClaraeMbiX, KOTOpBIE CABMHYTH Mo ¢ale
Ha 90° mpyr oTHocuTeNnkHO apyra. [pH 3ToM, eciiM JOOPOTHOCTE KOHTYpa
JOCTATOYHO BENHMKA H «/w, € 1, TO CHHYCOMIAIBHBIM C/araeMbIM MOXHO
npeHebpeub M 3aMKCATh, YTO

uc(t) = By[1 — exp {—at} cos wt]. (8.26)

CoorpercTylomiuii rpagpux uzobpaxen Ha puc. 8.4 6. UHTepecHo 1 BaXHO
3aMETUTh, YTO B HAYANE TIEPEXOAHOTO MpoLieccal koraa coMHoxXuTens exp{ —at}
BechMa GIM30K K eAMHILE, aMNTHTYAA (pa3Max) BBICOKOYACTOTHOTO KoseGaHus
MpakTHYeCKH paBHA 3Hauenuio Ey.

Jnsi OLEHKM LAMTEIBHOCTH TNMEPEXOAHOro MNpOLIECCA B KOHTYpPE BBOASAT
TIOHSATHE BPEMEHH YCTaHOBeHWs by, = 4,606 Q/wq (rn. 7).

fMpumep 8. 1. TlocnenorartensHblii KonebaTeILHBIH KOHTYDP HMeeT napameTpsi: @=125,
wy = 5,5+ 10% ¢, Kontyp BosGyxnaercs 3a cueT CKaukooOpPa3HOrO BK/OYEHHS MC-
toyuuka DJIC Ep = 15 B. HayanoHele ycnonus Hynesbie. Onpenenuth NpoMexy-
TOK BpeMeHHM fy, MO MCTEYSHHH KOTOPOTO aMILTHTYIA BbICOKOYACTOTHOro KofehaHus
Ha KOHOEHCATOpE cTaHeT pasHo 3 B.
[MocTosiHHAA BPEMEHH 1aHHOTO KOHTYpa
2Q 250 = 8

Tx - 5108 454107 ¢;
koa(upuLtHeHT 3aTyxauus a = 1/7, = 2,2 10" ¢~'. B cootseTcTBMM ¢ hopmynoit (8.26)
MICHOBEHHBIE 3HAYCHWS amMnnuTyas (oruBaowei) npouecca MIMEHSIOTCA MO 3aKOo-
Hy Epexp {—at}, otkyaa caeayet ypasuenue 15exp {—2,2- 10*%,} = 3. Pemms 3o
ypaBHEHMWE, HAXOAUM, YTO

=i 0,2
=T

3a 2T0 BpEMS NMPOMCXOIHT npuMepHO 64 MOAHBIX NEpHONa CODCTBEHHBIX KoneGaHuil
KOHTYpa.

0 =7.31-107% ¢ = 73.1 mke.

Boagelicteue ckauka I[IC Ha rpaHcopmarop
C Pe3HCTUBHOH HAarpysKow

Eile oHWUM NPUMEpOM LIEMH BTOPOTO MOPSIKa CIYXXHMT TpaHcdopMartop,
HArpyXeHHBIH Ha Pe3ncTop ¢ conporuameHuem K, (puc. 8.5). Bymem camuTars,
4TO reHepaTop curHana Ha exoze umeet IAC suna e(t) = Eyo(t) n aktusHoe
BHYTPEHHEE coOnpoTHBieHue R, .

[lycTb TOKW: 1} W i; OPUEHTHPOBAHBI BIOJbL KOHTYPOB TaK, KaK 3TO MO-
Ka3aHO Ha pUCYHKe, a Karywku L; u L, BKuoueHs! cornacko. Mo Bropomy
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LA
e . =
D) b %Lz []Rn
e ——

Puc.8.5. TpancdopmMatop c pe3ncTMBHONH Harpy3kon 3

3akoHy Kupxroda MOXHO 3amHcaTh CIeIyIOlIyI0 CHCTEMY THHEHHBIX audde-
PEHLUMANBHBIX YPABHEHHWI OTHOCUTE/ILHO TOKOB, CrpaBe/TuBYIO npu ¢ > 0

di, diy
T it +R,1+ME—E0,

L di; +R + M di 0.
i i e
A7 R dt
[MTepekpecTHEIE YIEHB! B KaXI0M W3 ypaBHEHUI 3TOi CHCTEMbI quuaalor
B3aHMHOE BJAHSAHHE OQHOro KOHTYpa Ha ApYyroi.
Bribepem cneaylowiMii nyTb MCCASOOBAHHA NAHHOMN LienmM — CBEOEeM CH-

cremy (8.27) K oaHomy muddepeHUHANBHOMY YPABHEHHIO BTOPOrO MOPSIKA '

OTHOCHTEJIBHO TOKA §; B nepeBoM KoHType. [Lnsi 3T1oro cHayana npoauddepeH-
uMpyem o6a ypaBHEHHUS MO BPEMEHH

d’i di d’
I 2 By MEE}:{),
: (8.28)
d-i; di; %,
Lg == —_ — = (.
LRt T g =0
W3 nepeoro ypasHenns cucteMmsi (8,28) onpenensem
d’i Ly d% R, di
g lidh - R E 6.29)

a T M d? T M dt
a M3 TepBoro ypaBHeHHsl cucTeMbl (8.27) Haxogum
diy Ey L diy R

d_t_ E—EE—EII- (830}

Moacrapnss BeipaxeHus (8.29) u (8.30) Bo BTopoe ypaBHEHHE W3 CHCTE-
mbl (8.28), nonyuaem mudibepeHIMATEHOE YPaBHEHHE, SKBHBAIEHTHOE UCXO-
HOH cucTemMe

d? di
(L = Mz)d—; + (LR, + Ler)ﬁ + R.R.i, = R E,. (8.31)
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(827)

LlenecooGpa3Ho BBECTH BerioMoraTenbHele napamerpsl: k, = M//LyL; —
ko3(puuneHT ceasu TpaHcdopmaropa, 1, = Ly/R; u m» = L,/R,, — nocto-
SIHHBIE BPEMEHH MEPBUYHOrO i BTOPHYHOIO KOHTYPOB COOTBRETCTBEHHO. Torma
ypaBHenue (8.31) npumer creaylowuii Bua

d%i EIER Y 1 E,
e Sl i g e U
( k dtz = (T[ 3 T}) dt = T[Tzal L[Tzl (832)

Ilia Toro, utoBel copmyruposaTe 3amady KoM, npeanonoxum, 4To
HAYadbHbIH 3aMac SHEPruH B CUCTEME 0Tciyrc*rayer H MO3TOMY

Gy hl =0, (8.33)

Toraa B coorBeTcTBHHM ¢ paBeHcTBaMu (8.27) B momeHT Bpemenu ¢ = 0 mMexay
NMPOM3BOAHEIMH OT TOKOB MMEIOT MECTO COOTHOIIEHHA

d![ d‘!)
L! s e = Ey,
dlz dh
Ly—+M— =0,
R
H3 KOTOPBIX BHIHO, YTO
é| _ B

i 8.34
dt t=0 Ll(l—ké) ( )

Hrak, 3agaya Kouniu 3amaetcs dopmymamu (8.32)—(8.34).

Kak u paHee, Leiecoobpa3HO HayaTh C MOMCKA TAKOTO BBIHYXIEHHOTO
pemienus ypasHenus (8.31) wim (8.32), KOTOpOE OTBEYAET CTALIMOHAPHOMY
COCTOSIHHIO cHeTeMbl. OGpaTHBLINHCE K CXeMe Ha pHuC. 8.5, nerko BUAETh, YTO

Fath) = E = const, (8.35)
R,
TAK KaK MMEHHO TAKOH MOCTOSHHBIK TOK YCTAHOBHTCA B MEPBHYHON LIEMM
TpaHc(OPMATOpPa CITYCTs JOCTATOYHOE BPEMSA TMOC/E MOMEHTA BKIIOYEHMH.,

CobcrBeHHbIe KoneDaHusi B LenH OMMCHIBAIOTCH pelleHMAMH YpaBHeE-
Hus (8.32) ¢ HyzeBoil MPaBOil YACTBIO H UMEKOT B

i1c06(t) = Ay exp {1it} + 4z exp {2t} (8.36)

3meck A;; — NPOM3BONBHBIE MOCTOAHHBIE, Y7 — KOPHU XapaKTepHCTHYE-
CKOTO YPABHEHMHS

(1—k3)72+($+-1—)7+L=0. (8.37)

T =t

Rt N —
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[pumenuB Havansubie ycaoBust (8.33) u (8.34) x pasencrsy (8.36),
MOAyYaeM CEYIOIYI0 CHCTEMY IMHEHHBIX YDABHEHHH OTHOCHTENLHO MOCTO-
AHHBIX A; 1 A;:

hedar!

i 2 i Rr >
sty
Li(1 - k)
JlaHHasi CHCTEMA HMEET OYEBUIHOE pelleHHe
1
Gors T g
7 =72 LLi(1-k) R

Ey [ 1 ’h]
Ay = e
P - L -%) "R,

Moacraeus 214 peaynsrarsl B ¢opmyay (8.36), Haxonum OKOHYATENLHOE BhI-
paXKeHHe ond TOKa B NMepBOM KOHTYPE:
Ey Ey

F e
16 R m-m

{[L_ﬁl——kl) 7]6){9{%} [ﬁ 7]exp{‘rzt}} (8.38)

s Toro 4robnl M3y4uTh M3MEHeHHe GOPMEI CHTHANA TIPH MPOXOXE-
HUU ero 4epe3 LEMb ¢ WHIYKTHBHOH CBA3bIO, CEOYET, Mpexie BCero, HaWTH
TOK i, BO BTOPOM KOHType. Bocnonb3osasuinck dopmyinoit (8.30), nocraBum
€e BO BTOpoe ypaBHeHue u3 cucTembl (8.27). TMpu 31oM noayuum

R Lg LZEU
MR.H M.R,,'

Ecnu Teneps HAiMTH NMpPOM3BOAHYIO MO BpEMEHHW OT TOKa i, ONpeleiseMoro
paseHcTBoM (8.38), TO nocJie IOBOALHO FPOMO3NKHX BHIK/IANOK ByneM HMETh

.o RelaEy I "2 i
1‘2(![’)_ﬂ‘fRn('}‘l—‘Yz){[Ll(| kz) R]exp{'nt}

714+ 4 =

b4 i

di
(LL;—M) “

i(t) =

! T LiLy(1- k) Ey
[L (l—kl) +R ]e"p{'f?.t}} MRH(71_72) X

x{"’l[ﬁ : ]exp{mt} ’h[#‘j Rr]exp{'rzt}}- (8.39)

Monyuerne dopmyn (8.38) 1 (8.39) morpe6GoBano HACTOHYHBOCTH M M3~
BECTHOIM0 HABLIKA MaTeMaTH4ecKHMX npeobOpa3zoBaHuil. AHanu3 3Tux dopmyi
B 00lIeM BMIE HOBOJBHO 3aTpynHMTENeH. [Toaromy oBpaTHMCs K MCCieaoBas=
HHIO KOHKPETHOH LENH. 3
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flpumep 8.2. Umeercs uenb ¢ IBYyMA HHAYKTHBHO CBA3AHHBIMU KaTywkamu (puc. 8.5).
B moment Bpemenn i = ( uens BO3GyXJaeTcs CO CTOPOHBI NEPBUUHON OOMOTKH
MCTOUHUKOM ¢KaukooGpasHoii SJ1C Buna e(t) = 100a(t) B. IMapamerpur uenu: L, =
L; = 3 mIH, R, = 50 Om, R, = 600 Om, k, = 0,5. Paccuntath H NOCTPOUTh rpaduku
TOKOB 1, (t) 1 15(t). Haittit aMmmuTyly MMIYJIhCa HANPSOKEHHs! HA PE3UCTOPE HATPY3KH.

Tpexze BCETO, HAXOAMM 3HAUEHWE MOCTOSHHBIX BpeMeHu 73 = L) /R, = 6-10 ¢

= L,/R, = 5-107% ¢. O6pauiaem BHMMAHHE HA TO, YTO 3TH MOCTOSHHBIE BPEMEHH

PaNTHYAOTCA NPHUMEPHO HA MOPANOK.

Tlpu 3anaHHbIX napaMeTpax LelH XapakTepHeTHYeckoe ypasHerHe (8. 3?) npHot-
peTAST BUN

7! 42,888 10°y + 4,444 - 10° = 0.

DT0 YpaBHEHME HMEeT [BA BELIECTBEHHEIX OTPHUATENLHAIX KOpHA: 7= —1,63-10% ¢},
¥, = —2,725- 10° ¢!, Tlomcranopka uncnenHbIX 3HaueHuit KopHeii B (hopmyns (8.38)
u (8.39) NpHBOAKMT K CAEAYIOMIMM pACYETHBIM (hopMynaM (Bpemsi HIMEDSIETCS B CEKYH-
[ax, a TOK — B amrnepax):

ii(t) =2 -39 10" [5005,5exp {—1,63 - 10°¢} + 118,4exp ]—2,725 - 10°£}];
i5(t) = 8,67 107 [exp {—2,725- 10°t} — exp {—1,63- 10%¢}].

Ha puc. 8.6 u300pakeHa pacCUMTAHHAA OCLMAAOrpaMMa TOKa i, Ha puc. 8.7 —
OCHMIIOrPAMMA TOKA §;. BuaHo, YTO TOK 1) TUIABHO CTPEMHTCA K CTALIMOHAPHOMY
IHaAYeHHIO 2 A. HOEBI[CHHE 3TOro TOKa Mano OTaIH4YacTCsd OT MOBCOCHHMA TOKa B Mpo-
ctoit RL-uenu mpH TOM Xe WCTOUHMKe BO3OyxiaeHus, [Opa3no MHTepecHee Kpubasd,
OIMHCHIBAKOLIAY TOK &7 — 3ACCH MMEETCH YIACTOK OLICTPOTO H3IMEHEHUA (tbpou‘r HMIYb-
ca). BCJIED 33 KOTOPBIM pacnmarac*rcu obnacth CPABHHTEIBHO MELTEHHOIC H3MEHEHHSA.
ITpu 3TOM BHICTPOE ABMKEHHE B LIETTH HMeeT XapaKTepHbIil BpeMeHHOH macwmad, pas-
HBbIH s OLEHKOR LTHTENBbHOCTH MEILICHHOR CTaguu npolecca ABMACTCA NMOCTOAHHAR
BpeMenu 7. Tok ¥, oTpuuarTenes; 3o 03Hayaet, yro 3AC, HHAYUMPOBAHHAS BO BTOPOM
KOHTYpe, 0BycnoEniBaeT Gosee BLICOKWH TIOTEHLMAN gepxHe2o 3axcuma KATyiuku L,
MO CPABHEHHIO C MOTEHLIMAIOM HHXHENO 3axuma. B pesynsrate dakTHIeCKH TOK 1; Ha-

L‘pﬁ
2 ——
L 0 40 80 10 Mitme

15 4 /"""
=20 /

1
—40

& = _ﬂjlv/

[ 40 80 120 150 t,mec Ly HA

Puc. 8.6. Bpemeuuin.guarpamma 1o- Puc. 8.7. Bpemenudna puarpamma
Ka B nepeuuHON 0bMoTKE Tpanctop- TOKa BO BTOPH4HOM 06MOTKE TpaHC-
martopa chopmaropa
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TIPaBieH B CTOPOHY, MPOTHBOMOIOXHYIO TOH, KOTopasd BuOpaHa M3HAYANLHO B KavecTBe
MONOXUTELHOMH, &

H3 puc. 8.7 BuaHO, 4TO MMITYIBCHOE 3HAYEHUE MOY/A TOKA COCTABISET MPHOIH-
auTensHO 70 MA , mo3TOMY Ha pe3ncTope ¢ conpoturieHHeM 600 Om Gynet HabnoaaThea
HMIYNLC HANDsDKEHUs ¢ aMmauTyaoi 42 B.

8.3. Bo3gelicTBMe MCTOUHMKA NPOU3BONBHOIO BHAA
Ha NHHEHHYIO Uenb

W3yyeHHbie B NpesIyIIuX naparpadax 3ana4yd o BOINEHCTBUM HA JIHHEH-
Hbl€ LeNH HCTOYHHMKOB CO CKa4yKoOoOpasHbiM M3MEHEHHMEM MIHOBEHHBIX 3Ha-
YEHMI BBOIAT B KpPYT METONOB aHANH33a HecTAalHOHAPHLIX MPOLIECCOB B LIETAX,
ONHAKO HHMKAK HE HCYEpNEIBAIOT BCEro pa3HOOOpa3HsA CHUTYaLMii, BCTpeuaio-
LIUXCA B PANMOTEXHHKE M CMEXHBIX obfnacTax.

OaMH M3 KIIOYEBLIX 3TANOB MCCAEA0BaHHA — MOMCK YACTHOIO peiieHus
HEOHOPOAHOIO YPaBHEHHH, BRIMOMHAICA 10 CHX M0p, MO CYTH A€/Na, BHEMa-
TEMATHYECKHMH TPHEMAaMM, OCHOBAHHBIMM Ha (DH3UYECKHMX TIDEOCTABIEHMSX
O XapakTepe ycTaHOBMBLIerocst pexuma B mer. OfHako B Teopuu audibepen-
IHANBHLIX YDABHEHUH CYLLIECTBYET PeryispHbIA METOM, Ha3biBaEMbIH sapuayui
NPOU3EOIBHBIX HOCMOAHHBX, KOTOPHIH MO3BOMSET HAXONHTh PEIIEHUS HEOAHO-
POOHBIX YpaBHEHMH B camoH obuleit mocTaHOBKE.

PaccMOTpHM 3TOT METON M €r0 KOHKPETHHIE MPUMEHEHHS.

Boage#icreue ucrounuka 3[1C npon3BoNbHOro BHAa
Ha nocnegosarensHyio RC-uyens

Ipeanonoxum, yto B RC-uenu, cxeMa KOTOpoii Obina mnpuBeneHa
Ha puc. 8.1, BJIC HcTOMHMKA HAnpsDKeHMsl M3MEHSIeTCH BO BPEMEHH HEKO-
TOPBIM NPOH3BOJIBHEIM 06paszoM. Y1obrl noayduTs YacTHoe pelieHue augde-
PEHLMAIBLHOTO ypaBHeHUs Takoit uenu [cm. dopmyny (8.2)]

d‘uc
T— + uc = e(t), (8.40)
dt
MOMBITAEMCH MCKaTh 3TO pElIeHHE B BHJE TPOM3BEJEHUS HEW3BECTHOM Moka
dyukunn F(t) Ha dynkumio exp {—t/7}, xoTopas 3aBeIOMO CAYXHT peile-
HHEM COOTBETCTBYIOLUETO OAHOPOAHOIO YPaBHEHUS!

uc(t) = F(t) exp {—é} (8.41)

B 3TOM npHeMe M COCTOMT CYLIHOCTb METOIA BapHallHH,
Ecau Boipaxenue (8.41) noacrasuts B ypaBHeHue (8.40), To cnaraemsie,
conepxatiie camy dbyukumio F(t) B nesoii yacti, cokparsarcea, TaK YTo

dF i
T 3f OP {—1—_} = e(t).

3HauuT,

dF—l(t) t
PR e Y |

OTKyZa

F(H) = - f e(€) exp {5} &, @)

rae a — moboe GHKCHPOBAHHOE YMCNO, BEIGOP KOTOPOTo JHKTYETCA yIOOCTBOM
pacyeToB. SICHO, OIHAKO, YTO eciiH e(f) — HMMYIbCHOe KoneGaHHe, TO TOUKa
C KOODAMHATON @ Ha OCH BPEMEHM He O00AMCHA 0Ka3amuCs npasee mMo4Ku
Ha4ana umnyasca. B 4acTHOCTH, €C/IM BXOAHOH CHMrHal HauMHAeTcs B MOMEHT
BpeMeHH £ = 0, To cneayer NonoXuTh a = 0.

Takum 006pa3oM, B COOTBETCTBUHM ¢ (opmyuoil (8.41) uckomoe peLieHHe
TAKOBO:

i
wl) =+ [ et@ew {5} ac. (549
0

Baxuo OTMETHTD, YTO €CAH HILETCH pELlIeHUE NMPH HYNIEBOM Ha4YaJIbHOM YCIO-
BuH, T0 hopmyna (8.43) yaornerBopsier STOMY TPeGOBAHUIO GeMOMAMUYECKL.
PaccMOTpHM HEKOTODEIE NPUMEpHI.

Bosbymnenne RC -uienu HCTOMHHKOM JHHeHRo napacrawmei DIC. ByaeM no-
naratb, yto e(t) = Vio(t), rne V — napamerp c pasmepHocTsio B/c, koTopbiil
XapakTepH3yeT CKOPOCTh HApacTaHWA BXOOHOTro curHana. Bocmosb3oBaplUIMCh
dopmynoii (8.43), HaxoauM 3aKOH M3MEHEHHS HAMPSXEHWS HAa KOHIEHCATope
NPH HYJIEBOM HAYAILHOM YCJIOBHM:

o= [ feon (£} en {5}
0

B uHTerpae none3Ho caenath NOACTAHOBKY T = £/T W 3ammcaTh
tiT "
uc(t) = V'r[fz:exp {z} d:c] exp {—;} (8.44)
0

HHrerpupys no 4actam, HMeeM

; I/{‘r:«:ex;:o{.:':}d:a:= (:—_ - l) exp{%} + 1.
0
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Puc. 8.8. Bpemennsie anarpammbl HanpskeHui Ha anementax RC-uenu, so3bympaae-
MOW UCTOYHMKOM NuHeRHo HapacTaowen I[1C: a) Ha koHgeHcatope; 6) Ha peaucTope

Ecnu Tenepb noAcTaBUThL 3TOT Pe3YNALTAT B BRIDAXKEHHE (8.44), TO MPHXOOUM
K crenyiouiei dopmyne

uc(t) =Vr [:—_ =1=-exp {-;}] (8.45)

Ha puc, 8.8 ¢ u3zobpaxeHa 3aBUCHMOCTb HOPMHPOBaHHOTO HANpPSAXE-
nus uc /(V7) or 6espasmepHoro otHoweHus £/7. OTmeTnM, yto ecm t/7 > 1,
TO IKCTOHEHUMANLHLIN WieH B paBeHcTBe (8.45) cTaHOBHTCH MpeHeBpeXUMO
manbiM. HanpsokeHue Ha BBIXO[E H3MEHSETCA MO JIMHEHHOMY 3aKOHY

uc(t) ~ V(t - 1) (8.46)

C TO# Xe CKOPOCTHIO, YTO U HANPSAXKEHHE Ha BXoje, OYIyuH, OTHAKO, CABUHYTHIM
Ha T C B CTOPOHY 3ana3ibiBaHMI.
HanpsixeHne Ha pesuctope RC-uenu

Stl) =l = il U [1 & {-é }] (8.47)

Ipaduk orHowenuns ugr/(VT) npencrabnen Ha puc.8.84. Ecomu t/7 > |,
To g = V7 = const. BT0 3HAYWT, YTO MO OKOHYAHMM HAYATBHOW CTAAHH
HECTALHOHAPHOrO Mpollecca B LUEeNH YCTaHABIHBAETCH NMpaKTHYECKH NMOCTOAH-
HBIt TOK 1 = ug/R = V C, 3HaueHKe KOTOPOrO HE 3aBUCHT OT CONMPOTHRIEHUSH
pe3ucTopa.

Bo3byxnenne RC -nenu sxcnosennpansubivM mmuyiscom DJC. Ha npakruxe .

HYAaCcTO NPUXOOHTCA MMETH OEM0 C BXOOHBIM CHMHAIOM BHOA
e(t) = Egexp {-pt}o(t),

rae f > 0 — HekOTOpast MOCTOAHHASA C pasMepHOCTHIO ¢ | . [Tono6Hoe Koneba-
Hue (puc. 8.9 a) HA3BIBAIOT IKCTIOHEHLMANBHBIM HMTYTECOM, HAYMHAIOMINUMCSA
B MOMEHT BpemMeHH £ = 0.

uMnynbcom JJIC: a) BxoaHOM curHan; 6) BpEMEHHBIE AMArPaAMMDI HANPAXEHHA HA KOH-
JEHCaTope NpK pasnuuHbix 3HaueHWsx napametpa A7

Y1o6bl HAWTH HANPSKEHKUE Ha KoHaeHcaTope RC -uenyu npu nojaye Ha ee
BX0oA Takoro umnyjbsca BJ1C, oGpatumes cHoBa K (opMmyne (8.43):

wel)=2 [ew(-peren |-} ae-
0

= / oo (7 -0)¢] ac} e {7}

BhiNoJHUB 3/IEMEHTAPHOE HHTETPHPOBaHHE, NMPUXOAMM K CIEAylolieMy pe-

3YNIBTATY;
exp {—t/7} — exp {-ft}

Br—1 :

Crienyer 3aMeTHTh, 4T0 npu § = 1/7 B Bepaxenuu (8.48) BOo3HMKaeT

HeonpeaenedHocTs Tuna 0/0. PackpeiBas ee no npasuiy Jlonurans, Haxoaum,
YTO B 9TOM YACTHOM Cly4ae

uc(t) = By :—_ exp {— ; } (8.49)

uc(t) = By (8.48)

Ha puc. 8.96 u3obpaxeH psai KpUBbIX, OCTPOEHHBIX 1O Gopmyaam (8.48)
u (8.49) npu paanuuHbIX 3HaveHusx napamerpa fr. Caeayer obpaTuTh BHH-
MAHHE HA TO, YTO M3-3a MHEPLMOHHBIX CBOIicTB RC-Uenu MpOUCXOOMT cria-
KHBAHME MMMYJbCA, 4 TAKKE 3al€PXKA €0 BO BPEMEHH MO OTHOLUEHHIO
KO BXOZHOMY MMIY/ILCHOMY KONEGaHHIO.

Moumep 8.3. Umeetcs RC-uers ¢ mocToanHo# Bpemenn T = 3 - 107° ¢, Ko sxoay
LUeN¥ TPWIOKEH 3KCNOHEeHUManbHbH umnynse 3J1C, nnuTensHOCTH 7, KOTOPOrO,
onpeneisieMan Mo Cnaly MrHOBEHHOTO 3JHaueHHs curHata B 10 pa3s OTHOCHTENBHO
MEPBOHAYANBHOIO YPOBHS, COCTABASET 5 - 107% c. Onpeneants MOMEHT BpeMeHU £y,
B KOTODBIA HANPAXCHHE HA KOHACHCATOPE AOCTHTAET MaKCHMYMA.
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Mapametp § Haxoaum u3 paeeHcTBa 1 = 2,303, otkyna g = 4,606 - 10° ¢!,
B Touke i, nmpousponHas ot QyHkumm, crosuell B uncnantene dopmynsi (8.48),
ofpauiacTca B HYNb, MOITOMY BelIMYHHA £ n0MXHA GRITE KOPHEM YpaBHEHUA

| ¢
—;cxp{—-;o} + Bexp {—fBty} =0.

TMoncTaBHB €01 YHCIOBbIE 3HauYeHus f W T, HAXOWUM, 4TO f5 = 2,53 107 ¢ =
2.53 mxc. TakuM 06pa3om, MakcHMaTbHBI OTKIMK Ha Bexone OyaeT Habmopatbes
MPHOMH3NTENBHO B CepeliMHE OTPE3KA BPEMEHH CYLIECTBOBAHMS CUTHA/IA HA BXOIe.

Bosbyxnenne RC -nenu nmnynscom 3/IC KoHeunoii LmTebHocTH. ToNBKO YTO
PacCMOTPEHHBIH 3KCNOHEHLUMANBHBIN HMIY/IBC, CTPOTO FOBOPS, MMEeT Heorpa-
HHYEHHYIO MPOTSKEHHOCTL BO BpeMeHH, MMNyAbCHBIM KoneGaHHEM B Y3KOM
CMEICTIE HA3LIBAIOT CUTHAN KOHeYHOoU OdAUMessHocmu, KOTOPHA HauMHASTCH,
cKaxkeM, nMpu ¢ = 0 M okaHYWBAaeTCs B MOMEHT BpeMeHH { = 7;,. MHbIMH
cinoBamu, pyHkuus e(€) B cdopmyne (8.43) obpataerca B Hynb nmpu £ > T,.
370 naer BO3MOXHOCTh 3anucarh JaHHylo GopMyny tak: npu 0 < t < 7,

t
wolt) = + [ e@ew{-=4} e (8.50)
0

npu i > 7,

(8.51)
2
Ep
0 P’
a)

Puc. 8.10. Boapeiicteune npamoyronsHoro umnynsca 3[AC Ha RC-yens: a) curxan
Ha Bxofe; 6, 8) BpEMEHHDbIE AMArpaMMbl HANPAKEHUM HA KOHAEHCATOPE W pe3ucTope

IMycte Hanpumep, RC-uens Bozdyxaaerca umnynscom 3C npsmo-
yronbHoi dopmbl (puc. 8.10a), xoropsiii npeicTasaseT coboil pa3sHOCTH ABYX
(YHKLUMI BKIIOYEHHs, CABHHYTHIX MO BPEMEHW HAa OTpe3oK T7,. HMcnonbsys
copmy:ei (8.50) u (8.51), monyyaem, uto npu 0 < t < 7,

wt=2] [aofs}a]snf{-t} -mfi-so{-t]] as

8.4. OneparopHbisi METOL MCCNEROBAHUA HECTAUHOHAPHBIX NPOLECCOB8

&
T :u} =
=Ey [l —exp{—%H exp {_t;'r" } (8.53)

CootetcTByOmHi rpauk H3obpaxeH Ha puc. 8.106.
Hanpsxenne Ha peanctope ug = eff) — uc(t), 1.e. npn 0 <t < 7

TMocre okoHYaHUA HMITYJILCA Ha Bxoae, npu & > 7,

o T {{ }; (8.54)

ug(t) = Ey [exp {—2’} - 1] exp {—t n_rf" } (8.55)

Pesynsrathi pacuetoB no dopmynam (8.54) u (8.55) mpencraBreHsl Ha
puc. 8.106.

Creayer OTMETHTB, YTO HANPSKEHWE HA PE3UCTOpe MPEACTaBifgeT coboil
pa3peIBHYIO GyHKIMIO. B MOMEHTHI Havyaia ¥ OKOHYAHUS BXOAHOTO HMMYNBCa
3TO HamNpsKeHHWe CKAYKOM M3MEHAETCA Ha BenuuuHy Fy; npu ¢ > 7, Hanpsxke-
HHE %y OTPHUATENBHO, TAK KaK HAMpaBNeHHs 3apsAAHOTO H paspsuIHOIO TOKOB
KOHIEHCATOPa MPOTHUBOMNONOKHEL.

8.4. OneparopHbiH MeTOf HCCNeOBaHUA
HeCTaUHOHaPHbIX NPOLECCOB
B NMHEHHbIX LUenaXx NPOU3BONBHOIO NOPAAKa

OGo6iias npeabioyiMe pe3y/ibTaThl, MOXKHO YTBEpXKIaTh, 4YTO 1A aHa-
JIW3a HEeCTALMOHAPHOTO Mpoliecca B JIMHEHHOM 1enu n NnopsaaKa HeobXonumo
pPeLINTh HeOAHOPOIHOE TH(rpepeHIIManbHOEe ypaBHEHHE BHAA

d'z &z dr

_dt"' =+ aﬂ_l—"—dtn_] =+ e @ E + ayxr = f(t) (856)
OTHOCHTENBHO HEKOTOpO#H BLIGpaHHON AuHaMuYecKol riepeMeHHol z. Takoii
MEPEMEHHON MOXET CNYXKUTb, HAMpHUMEp, TOK WAH HANpsXEHHE HAa KaKOM-
Aubo yd4acTKe LENW, a Takxe aiobas JHHedHas KoMOWHALWS TOKOB M(Hau)
HAMPAXKEHUH.
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Koadduumentsl ypasHeHust {@y—y, ..., a4y, G} SBASIOTCH NOCTOAHHLIMHU
BeLLIECTBEHHEIMU 4MCNaMu. Ypasuenuio (8.56) HYXHO CONOCTAaBHTR N Ha-
YaIbHBIX YCIOBHMM, KOTOphIe 3a1aloT 3HayeHue OyHkuumu () M ee n — 1
nipouspoaHblx npu ¢ = 0. [Npasas yacts f(t) ypaBHeHus onuceiBaeT neHCTBHE
BO36YKIAI0MEro HCTOYHHKA cHrHana. YacTo MOXHO hojiaraTe, YTO 40 Hayana
IefcTBUSA MCTOYHMKA LieNb HAXOOWJIACh B COCTOSIHMM nokos. [Ipu 3toM Bce
Haya/ibHBIE YCIOBHUA JO/DKHBI ObITh HYJEBLIMM.

Yro6rl HaliTi pemeHHe 3anayv Kowu wis ypasHeuus (8.56), MoxHo Boc-
MOJB30BaTCA OMMCAHHBIM paHee METOAOM BapHauMM nocTosHHbIX. OgHako
TpoLieaypa pereH s NOAYYaeTCs MPH 3TOM A0CTAaTOYHO rpoMo3nkoii [6], Topas-
Io GeicTpee TIPUBOIMT K LIENH onepamopHbiit Memod PeleHusi NHHeHHbIX aud-
(epeHIMANBHBIX YPABHEHUH C NOCTOAHHBIMH KO3MIUIMEHTAMH, CO3IaHHBIN,
FaBHBIM 00pa3’oM, KPYITHEIM aHTIHACKUM yueHbiM Onusepom XeBHcaitnom.

B ocHOBe 3TOr0 METONA NEXHUT NOHATUA AuddepeHIHaTbHOTO onepaTopa

d

dt’
KOTOpBI BBICTYIAeT KAK HEKOTOPBIl abCTpakTHuI cumBson. TosopaT, 4to
oneparop p deiicmeyem Ha Ty hyHKLMIO, KOTOPasi 3aNichiBAETCH TIpaBee Hero.
Hanpumep, pz = dz/dt. Onepatop p aBAseTCs NAMHEHHBIM, H €ro AeHCTBHS
COUETAITCA MeXIy coB0i M ¢ NMOCTOAHHBIMK BETHYMHAMH TAKMM Xe TOYHO

obpazoM, Kak OyATO 3TH CUMBOJILI SABASIOTCH OGBIYHBIMM ANTeOpandecKUMK
MHOXHTEIAMM, TakK, B YACTHOCTH,

p= (8.57)

d
(p+3)z=pz +32 = — + 3z;

di
(p+ 1)(p+ 2)xz = (p+ [)(pz + 2z) = p(pz + 2z) + px + 2z =
d’z d
=p12+23’3+pz+2-’5=a~;+3§+2z

HTA
HuddepenunansHoe ypasHeHue (8.56), 3amucaHHoe B CHMBOJTHYECKOH
onepatopHoii (hopMe, NMpUOGpeTaeT BII

(" +an " + ...+ ap+ag)z = f(F) (8.58)
H opmanso CTAHOBUTCS AnrebpaiiecKiM paBeHCTBOM
@n(p)z = f(1), (8.59)

tie ®,(p) — MHOrOWIEH M -if CTENEHH MO CTENEHsM OrnepaTopa p. DTOT CIIOK-
HBli nuddepeHUHANbHBII OnepaTop AeHCTBYET HAa HEM3BECTHYIO (DYVHKIIHIO a:(t)
TakiM 00pa3oM, YTO B pe3ybTaTe MoxydaeTcs 3amaHuas dyukums f(t).

Hapany c onepatopoM p BBOAAT Takke oBpaTHBI onepaTop p" , TAKOH,

? ' (pz) = p(p'z) = =.

HTO
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SlcHo, uTO neiicTBMe OnepaTopa P~ CBOAWTCH K BHIYMCJIEHHIO HEOMPEAENEH-
HOTO MHTErpana

t
p £ ()] = f fOydt+C= f £(6) de, (8.60)

rie C H 8 — HekoTopble NOCTOAHHEIE YHCAA.
HonycTus CyluecTBOBaHHE CNOXHBIX AUd(pepeHLIMaNbHBIX OIEpaTopoB,
COCTARMAEMBIX KaK PallHOHANLHBIE BhIPAXEHUS MO CTEMEHAM P, MOXHO (op-

MAILHO pelnTh ypashenwe (8.59), npumenns obparHbit onepatop &;'(p)
K ODEHM 4acTsM 3TOro paBeHCTBA:

3. (p)®a(p)z(t) = ' (p) £ (t),

OTKyIa
z(t) = ;' (p) £ (t), (8.61)

1
o' (p) = :
n () pPrHanp" + .. +ap+ag

IMocTapaemcs Teneps NPUAATh onepatopy &, ' (p) conepxaTebHEIi CMBICI.
[nis aTOTO, CNEqys XeBHcaiay, pacCMOTPHM NMPOCTEHILHIT onepaTop TaKoro Bu-
na, HMelolmi 3anuce (p — ac)‘I , TIE @ ~— HEKOTOpPOE YHC/IO. 3TOT oneparop,
GYIy4M TIPUMEHEH K pe3y/ibTaTy AeHCTBHS onepatopa (p — @), BOCPOH3BOAUT
HCXOAHYIO (DYHKUMIO:

rie

(8.62)

p-a)'p-a)z =1z

3naumT, aeiictare (p— )~ f(t) paBHocHIBHO peweHMIo IHMGEPEHUMATEHOTO
ypasueHus (p — a)z = f(t), koTopoe B 06bIYHOIT (hOPME 3aNMCHIBAETCS TaK:

e az = f(t). (8.63)
dt

YacTHOE penieHKe TAKOro HEOMHOPOAHOTO YpaBHEHMSI HAXOAT yXe ONMUCaH-
HbIM paHee METOJOM BApHALMH TOCTOSHHBIX. YUMTaTeNb JIETKO MPOBEPHT, YTO
penieHue ypasHenus (8.63), yIORIETBOp#IOLIee HYJIEBOMY HaYalbHOMY YClO-
BHIO, HMEET BHIT

t
z = (p- @) f(t) = exp {at} f f©exp(—alde.  (8.64)
0

Crnemyomuit mar aHanusa — MpHBeaeHHe 0OpaTHOro ofeparopa BHIA
(8.62) x nuHeiiHo# KoMOUHAUKMH GOJee NPOCTHIX ONepaTopos. BTO OCyINECTB-
nsercsa cuneayroium obpasom. TTycts

‘}'n+an_|"fn_l+...+ﬂ1"f+tlu=0
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— XapaKTepHCTHYECKOE YpaBHEHHME OAHOPOOHOM 3ama4u, [MoaoxuMm A onpe-
DENeHHOCTH, YTO BCE KOPDHH 71, Y2, ..., Tn ITOIO ypaBHeHMs pazivyHbl. He-
CKOJIBKO GoJiee CNOXHBIH H, K TOMY XK€, Pe€Xe BCTPEYaloIIMiiCa Ha MpPaKTHKE
ciyuail KpaTHbix kOpHe#i paccMotpeH B [punoxenusx. Toraa

S haly 1
e

WK, TIOCTIE PadNoXEeHUA Ha npocThie ApooH,
. : A A A

=i I 2

&; ' (p)=———+ Fooit ——,

= P ey el

rne A, As,...,A; — HekoTopble MOCTOsIHHBIE KoadduuueHTh. OTtciona

Ha OCHOBAHHMH paBeHCTBA (8.64) MOXHO Cpasy 3anucarh OKOHYATEbHOE pe-
IIEHHE, YIOBIETEOPSIOLLEE HYJIEBHIM HAYANBHBIM YCIOBHSM;

(8.65)

t
o= 4 v ind) f 76 exp {~71€} d€ + Ag exp {1t} x
(1]

t t
Xff(E)cxp{—7z§}d§+...+A,.exp{‘rnt}ff(&)exp{—'rnﬁ}d&- {8.66)
0 : 0

Takum oOpaszoM, pelueHue 3amauv KouwiM omepaTtopHbiM METONOM CBO-
IHTCH K Habopy cTtaHmapTHbIX npouexyp. Creayet, OAHAKO, UMETL B BHIY, YTO
TMOHCK KOpHEH XapaKTepHCTHYECKOro ypaBHEHUs! JOCTATOYHO BBLICOKOIO MO-
pAIKa MOXET 0Ka3aTbCs HErnpocToii mpobieMoil, Tpebylomei HCMONb30BAHNA
KOMMBIOTEPA.

OnucaHHBIi 3/1eCh ONEPATOPHLIA METOL pelreHud 3amaun Kol ouews
BaXeH B WACHHOM OTHOIIEHMH Kak MpHUMEp MeToga, OCHOBAHHOTO Ha de-
KOMRO3UKUU, T. €. HA MBICIEHHOM MpPEICTABIEHHH CJO0XHOH CHCTeMbl B BHIE
obbeauHeHHs Gonee MPOCTHIX CHCTEM.

PaccmoTpum pellieHue KOHKPEeTHOM 3a1a4yy OTiePATOPHBIM METOIOM.

Bo3ge#cTeHe 3KkcnoHeHuynansHoro wMmnynsca 3[1C
Ha nocnefosaTeNbHbii KonebarenbHbiH KOHTYD

[lyets nocnenoratentHbil KoneGareNsHeLl KoHTyp (puc, 8.4 @) Bo3Bywaa-
€TCsH MMMYABCHBIM UcTOYHUKOM JJC Buaa

e(t) = Egexp {—Bt}a(t).

HavaneHele ycnopusi cuMtalorcs HynesbiMH. [duddepeHunansHoe ypabHe-
HHe IAHHOI LeNH, 3aIMHCAHHOE OTHOCHTENBHO HanpsXeHus uc [cM. dopmy-
ny (8.17)], umeer sua

d*u, d
—d?C: + 20%19 + w%uc = wj Eq exp {-pBt3, {(3.67)

rae
R 1

Y i 7 o
B onepatopHoit Gopme ypasuexue (8.67) sanuiiercs Tak:

a=

(* 4 20p + W)uc = wy B exp {—pt}.
OGparHbiii onepaTop paccMaTpUBaeMOH 3afauu

= 1 A A,
8;'(p) =

o T L

pP+2ap+a p-m P-M

3nech ;3 = —@ * jw. — KODHU XapaKTepHCTHYECKOTO ypaBHEHUsA

72+Za7+w§ =0
Haitns obbidHBIM CIOCOGOM 3HAYEHUA MOCTOAHHLIX
1 1
—— i A? =
TG =T

W BOCTIONB30BaBUIMCE o6wiei dopmynoit (8.66), monyyaeM

A

uc(t) =

: -
2
5 exp {11t} f exp {~(8+ 1) €} d€ +
A=Y 4

2

¢
& woFo exp {12t}fexp{~(ﬁ+'rz) £} dE =
9 Fs 2 ¢

_ wyEy [exp {1t} —exp {-Bt} exp{y:t} —exp {—ﬁt}]-
2w B+m B+
Boinonuus paa anrebpandeckux npeobpasopaHuid, HAXOIUM, YTO
wiEy
T G-
x [(8-a)exp {—at} sinwct+w, exp {-pBt} —w, exp {—at} cos wct]. (8.69)

MHTepecHO OTMETHTB, uTO eci # — 0, TO 3KCNOHEHUHAIBHBIH HMITY/IBC
B Mpejie/ie npeBpalliaeTcs B CTYNeHYaThii HMITYJIBC BKJIIOYEHHA. Ecnu k TOMy Xe
NOGPOTHOCTb KOHTYPA BENHKA, TO W — Wo, @/wg < | ¥ N3 BEIPAXeHNUs (8.69)
CHeflyeT, 4TO

uc(t)

uc(t) = Ep[1 — exp {—at} cos wt].
D10 peaynbTat, eCTECTBEHHO, COBMANAET C TeM, KoTophli naerca dopmy-

nott (8.26).
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8.5. MMnynbcHas xapakrepucTHKa AHHEWHOM Lenu.
HUurerpan ioamens

DnekTpUYecKHe LeNH MepBoro U Gojiee BHICOKOTO NnopaakKa ciayxXar rnpH-
MEPAMH OuHaMu1eckux cucmem, T. €. (HPUIMUECKUX 0OBEKTOB, 06NANAIOLINX U3~
BECTHOH MHEPUHOHHOCTLIO, Hanpumep, npocreiiimas RC-uenb UMEET eIHH-
CTBEHHBIH XapakTepPHBIH BPEMEHHON MaciuTah — TOCTOSHHYIO BPEMEHH T.
B npeznenax oTpe3ka BPEMEHH [UTMTENBHOCTHIO T WIH MEHEe OTHOCHTENLHOe
HU3MEHEHHE HANpHAXEeHUA Ha KOHIEHCATOPE HEBEIHKO,

[Ipencrasaser GOBIIONH HHTEPEC PaCCMOTPETh Bo3aeiicTsue Ha RC-uenb

HCTOYHMKA TAaKoH MMMynbcHON BIC e(t), AIMTENLHOCTE KOTOpOH T, & el

M storo obpatumest K dopmyne (8.43). Tonaras, uto ¢ > 7,, 3amuiIeM ee
CAeAYIONIHM oDpa3oM:

uc(t) = %cxp {—;} fe(t’) exp {é} dé. (8.70)
0

Ho, Tak kak Ha nporsxeHuM pcero orpe3ka spemenu [0, 7,] umeer mecro
HepaBeHCTBO £/7 < 1, T0 exp {£/7} ~ 1. TT03TOMY NPUBAMKEHHO

u(t) = %exp {—;—}fe(g)dgz%exp {—;}, (8.71)
0

T

1, = [ e de

0

rae

— IJIOLAAb WMITYJIbCA.

Ota ¢dopMyna MMEET NMPUHUMNUANLHOE 3HadyeHue. OKa3elBaeTcs, peax-
UMA HHEPUMOHHOH LENW Ha KOPOTKOE HMMIYILCHOE BO3ACHCTBUE 3aBUCHUT
He om (hopmbl XOOH020 UMNYALCQ, @ AUWL OM €20 NACWAON.

fpumep 8.4, Tocnenosarensas RC-uens ¢ napamerpamu R = 2,7 kOm, C =
0,03 Mx® Bo3byxnaerca umnynscom BJ1C, kotopbiit uMeer anuTEnBHOCTH 0,5 MKC
v amMmHTYRY Eo = 50 B, Haliti MruosenHoe 3Ha9eHHE HANDSKEHNA HA KOHJEHCATOPE
B MOMEHT OKOHYaHHSA BXOIHOIO HMTYIbCA.

3nech nocTosHHas BpeMeHH T = RC = 8,1:107% ¢, YenosHe 7, € 7 BbiNONHACTCA.
IMnowans Bxoaxoro ummyasca I, = 50-5- 1077 = 2,5 10~° B-c. 3nauut, uc(0) =
I,/r =031 B.

O6wmi cayvai

[lycTe nuHeiiHAas UeNb N-T0 NOpsAAKa, ONUCkIBaeMas AHbdepeHIMATEHBIM
ypapHenye (8.56), HaXOZWTCS Non AEHCTBHEM HMITYBCHOIO HCTouHHKa f(2).
bynem cuutath, YTO [UIMTENBHOCTE 7, 3TOTO CHTHANA 3HAYMTENLHO MEHBIIE
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BCEX XAPAKTEPHBIX MACIITAOHBLIX WHTEPBANOB BPEMEHM, MPUCYLIMX JAHHOM
Lenu, T.e,
1
T = - (8.72)
[yl

JUIsE BCEX KOpHeil ¢ HomepaMmH ot | mo n. Toraa 3KCMOHEHUHATbHBIE COMHO-
XHTEH BO BCEX MOOBIHTENPATBHLIX BHIPAXEHMAX U3 hOpMys (8.66) MOXHO
NPUOMIDKeHHO CYMTATh paBHBIMM enuHMUe. [Ipu 3TOM peakums Lernd n-ro
MopAIKa Ha KOpPOTKOE HMNOYAbCHOE BOflﬂeﬁCTBHE

L
z(t) =T, > Apexp {1t} (8.73)
=
roe II; — njomaas BXOAHOTO CUrHana. .

@usuyeckuii cmpicn dopmynsi (8.73) npocT M HAIIEH — KOPOTKHH
UITY/IEC TIPEACTABISET COGOM «TONYOK», BO3DYKIAlOMMi Bce KonebatelbHbIe
MOkl, CBOMCTBEHHbLIE pacCMaTpuBaeMOil Lienmy. AMIUIMTYIRI BO3OYXIEHHBIX
MOJI TIPOTIOPLMOHANEHBI [IOWANH BXOTHOTO CHIHANA W Kod(bduumeHTam Ay,
KOTOphi€ MOMY4aioTCs TIPU padiokeHHH 00paTHOTO OoNeparopa 3a1ayyl Ha npo-
CThIE IPOOH.

MoxaTHe penbra-hyHKUMU

B 30-x rofax Haiuero Beka n3pectHeil Gusnk [Nons Jupak, oouH U3 co31a-
Teseii KBAaHTOBOH MEXaHMKH, BB B HAyYHEIH 00MX01 HOBBINH MaTeMaTHYECKMil
06BEKT — TAaK Ha3LIBaeMyIo Aeista-hynkuuio d(t). [No onpeneneHuio, aeabra-
dyHKUNA npeacTasisier coboil abcTpakTHYIO MOJEb OECKOHEYHO KOPOTKOro
MMITYJIbCa, BO3HMKAIOLIETO B MOMEHT BpeMeHu { = (), paBHOTO HYNIO BCIOZY
33 MCK/IIOYEHWEM 3TOH TOYKM, HO, TeM He MeHee, MMEIOLIEro eIHHHYHYIO

TUIOLAb:

f o(tydt = 1. (8.74)

Harnaguo dyuxumio 6(f) moxHo npencraButh TaK. TTycTh umMeeTCs nps-
MOYTOJIBHBIE HMITYJILC [UIHTENbHOCTBI0 A W ammauTymoit 1/A. Ecan teneps
BBIMOJMHUTE NIpeac/ibHbii mepexon A — 0, TO BO3HMKAOWMIL NpU 3TOM bec-
KOHEYHO KOPOTKMi 1 GECKOHEYHO BHICOKMII MMMY/ILC M TIpecTaBiseT coboi
OIMH W3 cnocobOoB peau3auuH aensra-QyHKUHK

Ba)KHO OTMETHTB, YTO B COOTBETCTBHH ¢ (hopmyIoii (8.74) dyukums 5(t)

umeer (PU3HYECKYI0 PA3MEPHOCTh ¢!, T.e. pazmeprocms uacmomsi. TloaTOMY
ec/IW MBI HCIIO/b3YEM CHMBOIMYecKyio 3amich wid BJ1C HMITYIBCHOIO HCTOY-
nuka Buna e(t) = (t), To 370 03Hayaer, 4TO B MPABON YaCTH NOAPA3YMEBAETCS
eTHHWYHBII MHOXUTEL C PA3MEPHOCTBIO B - .

Touka Ha OCH BpEMEHH, B KOTOpPOH BO3HHKAeT AenbTa-(pyHKLHH, MO-
xeT 6erTe moboit. Tak, cumsoiom 6(¢ — fp) obGosHauawT AensTa-HYHKLHIO,
BO3HMKAIOUIYID B MOMEHT BpeMeHu £ = &j.
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Mo onpenenenwio Tak HaspiBaloT QyHKuHKO h(l) — peakumio uenu
Ha BXOIHOE BO3MNEHCTBME BMAa nesibTa-(QyHKLUMH, BO3HMKAIOLIEE B MOMEHT
BpeMeHH ¢ = () MpH HYIEBBIX HAYANBHBIX YCAOBHSIX.

O6imas hopMmyna /Ui BEIYMCIEHHS] MMITY/IbCHOM XapaKTepHCTHKH MPOM3-
BOJIBHO# JIMHEHHOM LIEMM R-T0 MOPAIKA BHITEKAET H3 BeipaxeHus (8.73)

0, t<0,
h(t) = ¢ (8.75)

> Avexp{ut}, t>o0.
k=1

Tor daxr, 4o 3uaueHusn dynkunu h(t) obpawmaiorcs B Hyab Ha momyGecko-
HeyHOo#M ocu t < 0, cBA3aH ¢ 0OuedH3HIECKHM MPHHLIMIOM TPHYHHHOCTH:
Peaxyus na 8uxode He Moxcem 603HUKHYmb do mozo, kak Gydem nodaro eo3deil-
cmaue na 6xo0. 3

Haiinem siBHBle Bhipakenus dyukuuu h(t) mis asyx npocTsix Henei.

Hvmynancuas xapakrepucTxa mocienosatensiod RC -uemw. B cooTseTcTBUM
¢ paBeHcTBOM (8.71), monoxus yucieHHoe 3HaYeHue romanu 11, = 1, uMeeM

0, t <0,
) ;cxp {——}, t>0. (8:76}

=|

g a) i g)

Puc. 8.11. Bpemennsie gnarpamMmbl HMNYNbCHBIX XapPaKTEPUCTHI,
a) RC-uenu; 6) nocneposarenstoro konebarensHoro KoHTypa

CootsercTByoumii rpaduk npeacrasieH Ha puc, 8.11 a. UmmynscHas xa-
pakTtepucTHka RC-1enH OKa3sIBaeTCs pasphiBHON MyHKIMEIl; CKAYOK OT HY/IS
110 YPoBHS 1/T TIPOMCXOMHT B MOMEHT BpeMeHH £ = 0,

Himnyischas XapakTepuCTHRA NOCIEA0BATENBHOIO KONeGaTebHOTO KOHTYpA.
Hna xoutypa, u3obpaxentoro Ha puc. 8.4 a (c. 177), uMny/ibCHas XapakTepH-
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ctika h(t) npeicrasiser coboif YaCTHOE pPellieHHEe YPABHEHMS

d’h dh b

&t_z 1 2(‘13{ + wyh = wy 5(3) (8.77}
[cm. dopmyny (8.17)] npu HyneBbix HaganbHbix ycnoBusx. Kospduumentn

| 1 1 1

A = —— P — e >
Tn-m 2w i 2jw;
1UIS paccMaTpuBaeMoil Lenu GbUTH OMpefielieHbl paHee NMPH DELICHHU ypaBHe-
tust (8.67). Moacrapus ux B opmyay (8.75), Haxomum

0, <ty

at) =<4 W2 (8.78)
© = exp {—at}sinwt, t>0.

C

]

[paduk 310# hynkuuu (puc. 8.11 6) ABIAETCA HEMPEPHIBHOH OCLMILTHDYIOLIEH
KPHBOIA.

Unrerpan [ioamensn

Bpeasi MOHsiTHE MMITYJILCHOM XapakKTepHCTHKH LIEMH, MOXHO TONY4YHTh
O4YeHb MOMNE3HYl (opMy 3alMCH BBIXOAHOTO cHrHasa npu moboi Bo3byx-
paomeit Gy, JdeiicTeutensHo, KoMOuHupys paseHcTsa (8.66) u (8.75),
a TAKKE M3MEHsA MOPSANOK CNEeAOBAHMSA OMepaluii CyMMHPOBAHHUS M WHTErpH-
pOBaHU, MOMYyYaeM

t
2(t) = f £(6) bt — €) de. (8.79)
i}

B MareMaruke roBopAT, YTO TaKOil MHTerpan nmpeacrasiseT coboii ceepm-
ky dyuxumii f(2) u h(f). B Teopum ueneif, a TAKXe BO MHOIMX O0/IACTAX
dusuku opmyny (8.79) HasuiBaOT unmezpasom oamen uau uHmezpansoMm
Cynepno3uyuu.

Y1066l MOHATH CMBIC] 3TOr0 BHIpAXeHud, obpaTuMcs K puc. 8.12, JTioGoii
Bo36yxnatowmmit curHan f(f) MOXHO TpeactaBuTh Kak ofbeaHHeHue (cym-

Puc.B.12. K sbisogy uHrerpana [ioamens
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MHPOBAHHE) GECKOHEYHO KOPOTKMX MPAMOYIONBHEIX MMMYNBCOB UTHTENBHO=
CTBIO dl KaXablil. AMIUTHTYIBI 9THX MMINYJIBCOB PABHBI f(t), a coorpetcTByIO-
lHe TIoLany npeacTaBasioT coboit npoussenenus f(t) dt.

Ecnu mbl MHTEPHCYEMCH 3HAYCHHEM DeakuMu uemn T(t) B HekoTOpIif
bHKCHPOBaHHbLIH MOMEHT BpeMeHH {, To 61aroqaps IMHEHHOCTH ey 3Ta pe-
akuus Gynet cymmoii (B npenene — MHTETPA/IOM) BCEX JEMEHTAPHBIX peaKiiuii
OT HMITYJTECOB, CYIIECTBOBABLINX «B MPOLLIOM» Ha oTpeske [0, £]. Umnyascuas
Xapakrepucthka h(t — £) urpaer npu atoM pos Becoroit dyHkumMK. Eciu 1a
tb)_rm(u]m yObiBaeT, kKak B ciydae RC-uenu, TO BKIamsl oT Goiee PaHHHMX
Y4aCTKOB BXOIHOTO KOJI€OaHUsI CTAHOBSATCS BCE MEHEE OLIYTHMbBIMH,

PaccMOTpHUM KOHKpeTHbIit mpyuMep BolYMcaeHHUs HHTerpana Joames.

Bozpgeiicreue rpeyronsHoro (nuaoobpasmoro)
umnyneca 3[jC va RC-yens

IMycTh BO3OYXIAIOIIMIT CHIHAT HMEET BHI

0, t <0,
t
e(t) = En(l = 1_—“) Qs ten (8.80)
0, S

[Mono6Hblif TpeyrobHLIH HMNYALC M306paKeH NYHKTHpOM Ha puc. 8.13. Eciu
BBLIXONHLIM CHTHAJIOM LIENH CAYXHT Hanpskenue uc(t) Ha KoHaeHcaTope
TO MMITYJIbCHas XapaKTepucTika gaetcs (opmynoit (8.76). Toacrasasis ee’
BMecTe ¢ Mozenbio curHana (8.80) B dopmyny unterpana Jioamens (8.79)
Ha otpeske [0, 7,,] monyuaem o

Ha nony6eckoHeuHom unreppane £ > 7,

The

w-E[] (- o (G o -4} -
wffofe} el Y e

Ha puc. 8.13 npuBeaeHbl KpHBbE, MOCTPOEHHBIE MO dopmynam (8.81)
u (8.82) wra mByx 3HayeHmit napametpa b = T /Ty, YMCNEHHO paBHBIX 0,25
1 0,5. Buaro, yro RC -uens OCYLIECTBAAET «CrIaKHBAHHES BXOIHOrO CMTHaa,
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up/Ey

AN ]

\\
ek elty
075 \\
.
\
85 F ; X
S b=05
825t N
\
.
1 \\0'25 !
0 05 7 L/

Puc. 8.13. Bosbywaerne RC-uenu umnynscom I[1C tpeyronbHoi topmbl

KOTOpOE TEM 3aMeTHee, 4eM OOoNblie MOCTOAHHAA BPEMEHH MO CPaBHEHWIO
C JUTHTENILHOCTBI0O BXOOHOTO MMITYJIBCA.

WHTepecHO OTMETHTh, YTO B HAYalbHOH CTaauu Ipolecca e > Uc.
D10 03HAYAET, YTO HANpSKEHWE U Ha PE3UCTOPE TAKXKE MNONOXHTEIbHO,
TIPOMCXONMT 3aps/ika KoHaeHcaTopa. HayuHasi ¢ HeKOTOPOro MOMEHTA BDEMEHH
BHINOIHAETCA 0BpaTHOE HEPABEHCTBO U > €. [1pn 5TOM NMPOMCXOIUT paspsaka

KOHJIEHCATOpa.

8.6. Merop npeobpasosaHua Jlannaca

Pa6oTsl XeBUcaiiaa W JIPYTHX yYeHBIX, B KOTOPBIX Gblla 3a10XEHA OCHOBA
onepatopHoro Metona peiienus auddepeHIHanbHbIX YpaBHEHHH, HAMHOTO
onepeaunyu ceoe Bpems. Mx obiuereopeTHdyeckoe 3HAYEHHE CTANO MOHSATHBIM
ML B nocnennue gecatunetus. CoBpeMEHHMKAM XK€ MpeICTaB/IsIoCh, HTO
OnepaTopHhIil MeTo, XOTs U obecrieuHBaeT GesymnpeuHbie Pe3ynbTarTsi, 000C-
HOBaH HeJaocTaTo4uHo cTporo. [1oaroMy ObLia NPeANPHHAITA eLle OHA NOoNbITKA
CO31ATh BADMAHT OMEPATOPHOrO MeToaa Ha Ga3e TeOpHH JIMHENHBIX HHTErpab-
HEIX TIpEOOpa30BaHMIL

MNpeobpazosauue Jlannaca

Huke npuBOIMTCH P (HAKTOB, KaCAIOMIMXCA 3TOM0 HHTErPabHOIo npe-
o6pa3oBanusi. Boiee MOJPOBHBIE CBEAEHMUSI MOKHO HaiTH, Hanpuwmep, B [7].

Mycts f(t) — dyHKUMSA, TOXIECTBEHHO obpamiatowascs B Hynb npu ¢ = 0
u Bospactaomas npu t < 0 He GbicTpee, uem 1o 3KcnoHeHTe exp {ct},
rae ¢ > 0 — HEeKOTOpblil MOCTOAHHEBIN NapaMeTp, HA3biBAEMBIH MMOKa3aTeNneM
pocta. B MareMaTike (hyHKUMH C TAKUMH CBOMCTBAMI MPHHSTO Ha3bIBATh OpU-
eunasamu. TTOHATHO, YTO MpAaKTHYECKW NIOOBe (pyHKUMH, BO3HUKAIOLIKE NPH
HCCNEXOBAHMN HECTALIMOHAPHBIX MPOLECCOB B PeabHbIX LENsiX, MpHHaLIeXaT
K 3TOMY KJaccy.
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Conocrasum opurunany f(t) ero usobpaxcenue
Fo) = [ 10 exo {-pt) at. (883)
0

Hawnas dopmyna onpeaesier coboit npamoe npeobpasoeanue Jlansaca. U306-
PaXeHHE sARNACTCA (PYHKLUMEH KOMILIEKCHOH MepeMeHHOM p. Dra dyHKuMs
AHATUTHYHA, T. €. 6ECKOHEYHO AH(pdepeHLIMpPYEMa B TONYIIOCKOCTH Re p > ¢.
Kpatkas sanuce f(¢) <+ F(p) o3Hauaer B3aHMHO-OTHO3HAYHOE COOTBETCTBHE
MEXIY OPHTHHAJIIOM U H300paxeHHeM.

lpeobpasopanue Jlannaca — ynoGHBIH HHCTPYMEHT WISk DELUEHUS K-
HEHHBIX THDPEPEHUMATLHBIX YPaBHEHHUI C NOCTOSAHHBIMH KO3(MdpULHEHTAMH,
AeitcTBuTeNbHO, MYCTh MMeeTcs npou3soaHas g(t) = df /dt o1 HekoToporo
opurunana f(t). M3obpaxenue G(p) ¢ g(t) BeuMCAsETCS TaK:

G(p) = - ¢ exp {—pt} dt =
/ dt

= 100 {-pt}[ + [ 1@ e (-pt dt = pF ) - 0. (889
0

Ecnn nonoxute ans npoctorsl, yro f(0) = 0, To MOXHO yTBEpXAaTh
caenyiouee: audpdepenunposanue Gyukunn f(t) no spemenu (B mpoctpas-
CTBE OPHIMHAJIOB) PaBHOCWILHO yMHoMcenuo ee 3obpaxenus F(p) Ha me-
pemenHylo p. [loaTomy mepeMeHHasi p, CTOALAA KAK COMHOXHTENb, CIYXKUT
onepaTopoM K hepeHUMPOBAHIA B NPOCTPAHCTRE u300paxeHHii.

Hanutuo (opmanbHOe CX0ACTBO TAKOH CHMBOMKH C TOH, KOTOPast HCTIOJb-
3yetcs B Metone Xesucaiina. OnHaKO colepXaTebHas TPAKTOBKA oneparopa p
3A€Ch PasnHyYHA, W 3TO pasIM4ME BCETNA MOXHO YCMOTPETh H3 KOHTEKCTa
pelaeMoif 3aJaum.

AHanoruyHeiM obpasom, ecim f(¢) ¢ F(p), To npoussoamas
d'f

o) = =3

UMeeT H3oOpaxeHHe

Q) =p"F(p)-p" ' £(0)- " (0)-...~ps®D(0) - £ V(0). (8.:85)
[Tonoxum, uro Tpebyercs pemuts auddEpeHIHANEHOS YPaBHEHUE BTO-
poro nopsiaxa
dz de
g T taz= f(t) (8.86)
C HAYAILHBIMK YCTIOBUAMM, KOTOpHIE ONpenensiorT 3Hauenus z(0) u z'(0).
IMpumennm npeobpasosanue Jlarnaca Kk ob6enM YacTsaM 3TOr0 paBeHCTBa, MMes

8.6. Merog npeobpa3sosanua Jlannaca

8 Buay coorsercteusa z(t) & X(p) u f(t) & F(p):

(9* + a1p + a0) X (p) — pz(0) — £'(0) — a1z(0) = F(p). (8.87)
W3o6paxeHne HEM3BECTHOH (DYHKLIMM MOMYYAETCA OTCIOAA YHCTO anreGpanye-
CKMM MYTEM:

F 0 ‘(0
p+ap+ap

Ecnu Tenephb yAAcTCs TEM WM MHBIM CIIOCOOOM BBIMMCIUTE OPUTHHAN z(t), To
nocTaBieHHas 3afaya Gymer pelieHa NOJHOCTBIO, TIPHYEM, W 3TO CIEAYET MOA-
4yepKHYTh, METON TpeobpasoBaHus Jlaniaca 1aeT BO3MOXHOCTb aBTOMaTHYECKH
yUecTh HaualNbHEIE YCIOBHUsI, TAK YTO OTNAJAET HEOOXOMMMOCTh N0GABAATH pe-
MIEHHE OXHOPOAHOTO YPaBHEHHS.

PapencrBo (8.83) MOXXHO paccMaTpHBaTh KakK uHmMezpanbHoe ypasHerie oT-
HOCHTE/ILHO HEM3BECTHOTO opuriHana. B matemaTuke 10Ka3aHO, YTO PEIUEHUE
3TOTO ypaBHeHHs aaetcs GopMYIoi

a+joo

10=5= [ Fo)ew (ot} ap (8.89)
2ty J
a—joo
onpexensiouieit ofpamuoe npeobpasosarue Jlansaca. VIHTETPHPOBaHUE MpO-
BOAMTCH MO JI0GOit BepTHKanbHOW ocu, abcumcca KOTOPOi YAOBIETBOPAET
HEpPaBEHCTBY @ > C.

[lpu pelieHHM MHOTHX 3a1ay, BCTPEYAIOLIMXCH B TEXHWKE, YIAETCHA MPH-
MEHHTb JIeKOMIO3HIIMOHHBIH MOAXOL — Pa3NOXHTh MONYYEHHOE H300paXeHHe
Ha NpocThie APOGH W MOTYYHTH HCKOMbIA OPHTHHAL KaK CYMMY Bonee MpocThIX
xoneGanumii. Yanie ke BCEro MOMb3YIOTCA TOTOBLIMM Tabauuamu Tnpeobpa3o-
pauuii Jlannaca. B MNpunoxenusix uMeeTcs Takas Tabnuua, MO3BONAOLIAsA
pelaTs JOCTATOYHO WIMPOKMHA KpYT 3afay U3 0ONacTH TEOpHUM LIENei.

MpuBeneM KpaTkuil nepedyeHs npeobpasopanuii Jlanaca or 4acTo BCTpe-
YAOMMUXCA QYHKIIUH.

a) TpeoGpasosanume ot geasra-ynkuuu, Tak Kak UIMTEIBHOCTD J€/LTa-
UMITYJIbca GECKOHEYHO Maja, a MoLiadb paBHa eAUHULE, TO

it —ty) & f a(t — to) exp {—pt} dt = exp {-pio}.
0

Ecmu xe g =0, 10
a(t) + L. (8.90)

) TpeoGpa3zosanme OT NOCTONHHOH BeJMTMHbI, HernocpelaCTBEHHBIM pac-
yeToM ybexmaeMcs, uto ecau Ey = const, TO JUisi TaKoit MOCTOSHHOM (byHKUHH

Ey
E, —. 8.91
0 P ( )
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8) [lpeoGpazosanne or 3KcnoHenunaasHOH (ynxuun. [ToacTasiss sKcno-
HEHTY B OCHOBHYIO thopmyny (8.83), HAXOZHM COOTBETCTBUE

1
— .92
exp{at}(—}p_a, (8.92)

rae a — nwdoe KOMMAEKCHOE YHCIIO.

—T) [peobpazosanne or muTerpana. INpumeHus npUeM HHTErpHPOBAHNS
MO 4acTHAM, MOIy4aeM CAeayIOLInii 3aKOH COOTBETCTBHUSA:

3
f f(€)dé & %F(p), (8.93)
0

e f(£) & F(p).

TEOPEMH 3ana3fibiBaHHA H CMEeLWeHMA

[TycTb ycTaHoB/IEHO COOTBETCTBHE MEXY opurkHanoM f(t) u ero n3obpa-
xerueM F(p). Haitaem usobpaxenne Q(p) byuxumn q(t) = f(t —1)o(t —7),
KOTOpast MOMY4aeTCA W3 MCXOAHOM MyTeM CABUra BNpaBo (B CTOPOHY 3ama3ibi-
BaHMSI) HA UHTEPBAL T. B JaHHOM ciiyuae

Qp) = f f(t—T7)exp{—pt}dt =

= exp {~pr} f F(§) exp (~pe} dE = exp (~pr}F(p).  (8.99)
0

PapencTBo (8.94) HasbiBaloT meopemoii 3anasdweanus. B cOOTBETCTBUM ¢ 3TOH
TeOpeMOi MHOXHUTENb exp { —prT} npeacTasiser coboit onepamop 3anazdsieanus
B MPOCTPAHCTBE M300pax)eHUiA,

Ananory4yHeIM 00pa3oM ybexnaemcs, UTo GyHKUHH

q(t) = exp {-At}£(t)
oTBevaeT u3obpaxeHue
Q(p) = F(p+ A). (8.95)

Hannyio dopMyny HasbIBAIOT Meopemoil CMeeHus.

OneparopHoe conpoTHBAeHUE H oneparopHas NPOBOAHMOCTh

B pamkax merona mpeoGpasoBaHus Jlarnaca ymaercs Haiit NpoCTyio
CBA3b MEXIY HanpsiKeHWEM M TOKOM Ha 3/IEMEHTE THHEHHOH Uenu.

[lycTe mMeeTcH MHAYKTHBHBIH 37€MEHT ¢ mapameTrpoM L. Hanpsixe-

wue u(t) u Tok i(f) ca3zaHbl MexXmy cOBOI M3BeCTHOI (BOPMYIOH % = L%.

Tlpeobpa3osas obe yacTH 3Toro papeHeTsa no Jlamacy, nonyuaem ceyommii
3aKOH CBSI3M MEXIY U300paKeHHAMH

U(p) = pLI(p) — Li(0). (8.96)
Tpu HyneBoM 3HAYEHHH HAYaILHOTO TOKA
U(p) = pLI(p). ~(8.97)
AHANOTHYHO, U KOHAEHcaTopa uMeeM dopmyny ¢ = C i—‘t‘, TIO3TOMY
i I(p) = pCU(p) - Cu(0), (8.98)
win, ecu u(0) =0,
I(p) = pCU (p). (8.99)

OTHOWWEHHE H300paKeHHs HANIPSKEHUS K M300paXeHHI0 TOKA NPH Hyne-

BbIX HAYANTBHBIX YCIOBHSIX HA3BIBAIOT ONEPAMOPHEM COnpomueenues (umnedan-

com) Z(p) neyxnonocHnka. U3 opmynsi (8.97) BunHo, 4TO 1St WHAYKTHBHOTO
JIEMEHTa

Z(p) = pL, (8.100)

B TO BpeMs KaK /15l KOHAEHCATOpa Ha OCHOBaHMH BhipaxeHus (8.99)
Z(p) = p_ (8.101)

Beanuuny Y (p), obpaTHyio Mo OTHOIIEHHIO K ONEPATOPHOMY COMpPOTHB-
NEHUIO, HA3kIBAIOT ONEPamopHoi npogodumocmsio. i HHIYKTHBHOTO 3/IEMEHTa

Y(p) = — (8.102)

Ui KOHAgHCAaTopa
Y(p) = pC. (8[03:]

VCK/TIOUMTENBHO BAXHO OTMETHTH, 4TO dopmyisi (8.100)—(8.103) nepe-
XOJAT B 0ObIYHbIE (POPMYIBI METOAA KOMIUIEKCHBIX aMIUIHTYA, TIPUMEHSAEeMbIE
JU1A FTApMOHHYECKHX KoNeGaHuii, ecliH ONepaTopHYIO NEPEMEHHYIO P 3aMEHHTh
HA MepEMEHHYI0 jw. VIMEHHO 3TO OOCTOATENHLCTBO CHENANO ONMEPATOPHBbIIH
METOJ CTOJIb MOMYIAPHBIM CpPedM CreuMaaucToB B 00MACTH PaIHOTEXHUKM
H CBA3IM.

OnepatopHble XapaKTePHUCTUKH CAOXKHBIX JHHEHHBIX ABYXMOMIOCHHKOB
HAXO/AT, MOAB3YACh OOBIYHBIMH MPaBWIaMH Npeobpa3oBaHHA COMPOTHBAEHUH
H NpPOBOAMMOCTEH NpM MOCAEIOBATEIBHOM W TMApPaNIeibHOM COCIMHEHHMH.
Hanpumep, mia uenu, cxeMa KOTOpoil npuseieHa Ha puc. 8.14 a, Bxonvoe
OMepaTopHOe COMpPOTHBIEHHE

pL:Ry  p’LiLy + plLy(R, + Ry) + L iRy + Ry R,
ply+ Ry pLy + Ry :

Z“(p) =pLi+ R, +
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Mepeparounsie hyHKUKK yenei

Ipu uccnenoBaHUM HECTALMOHAPHBIX TIPOLIECCOB B MHOTOMOMIOCHUKAX
Gonbiioe 3HaYeHHe NpHOGpeTaloT Ge3pasMEPHBIE BETHYMUHBI — OTHOLIEHHS
H300paXeHUil NIBYX HarnpaXeHWil WIH ABYX TOKOB B PadIMYHBIX Y4ACTKaxX
Lernu, HanpumMep, Ha BbixOge M Ha BXone. Takue OTHOLUEHHMA HA3LIBAIOT nepe-
0amo“HMY (DYHKRUAMU UETTH.

Tak, 1s YETHIPEXTIONIOCHUKA MOXHO BBECTH MEPENATOYHYIO (DYHKLMIO
MO HATIPSIXKEHUIO

Uﬂhﬂ(p)
Ky(p) = 8.104
Unlp) -
HIH NO TOKY
L.x(p)
Ki(p) = : 8.105
1 L. 0) ( )
B KkauecTBe npHMepa pacCMOTPHM YETHIPEXMOMIOCHUK, M300paxeHHbIH
Ha puc. 8.14 6. 3neck
Zy(p)
Kplp) = woramn,
)= 20 + %)
rae
1 1+ pRLC'
VA =R e —
i(p) 15 »C »C
PLR;
Zilp) = ——2—.
2(p) R, +pL
i R & B
el | = o
10 L8 Ay [j 1u,, L3 A, L] b
(o, O O
a) 4)

Puc.8.14. K BbiMucneHHIo onepaTopHbiX XapaKTepUCTHK Lenei:
a) AByXNOMOCHHKA; 6) YETbIPEXNOMOCHHKE

BoinonHuB HECNOXHbIE npeobpa3oBaHus, HAXOIUM, YTO /IS JAHHOMH LEnu
szCR)
szC(Rl + Rg) +p(L =je RIRQC) + R -

3Has IepeIaTOYHYI0 (PYHKLMIO LIEeMH, a TAKXKE pacnoaras niobpaxeHueM
curHana Ha Bxone, no dopmynam (8.104) u (8.105) Haxoaum m306paxeHHEe

Ky(p) = (8.106)

BBIXOIHOIO CHIHANA, KOTOPOE OJHO3HAUYHO CBA3AHO € BLIXOAHLIM KoseDaHHEM .
MPH HYJIEBBIX HAYANBHBIX YCIOBHAX. i

Ipu HEHYNEBbIX HAYATBHBIX YCIOBHAX MOTPEOyeTCA YYECTh AOMONHHTENb- !
Hble WIeHB B W300paXeHMSX TOKOB M Hanpsokewmii [cM. dopmymst (8.96) | 'J
u (8.98)]. [IpMHUMMHANBEHO HOBBIX MOMEHTOB B ITPOLIEYPE PELLEHNs TIPH 3TOM f
He BO3HMKAeT. i

MmnynecHan xapakTepucTuka cnoxHow RC-yenu

Kak npHMep MCronbp30BaHuA MeTOAa npeobpaszopaHud Jlannaca, pewium ‘|
zanadyy 00 MMnNyIsCHOW XxapakTepucTuke RC-uenmu ¢ AByMs pe3HCTOpaMM 5 !
W IBYMsi KOHAGHCATOpaMH, Bo3byxaaemoit ucrounuxom DJAC (puc. 8.154a). \

[a%)
=
|

e

a) )

Puc.B8.15. Cnoxnana RC-uenb:
a) npuHUMnManbHan cxema; 6) HMNYNbCHaA XapaKTepUCTHKa

Tak kak nensra-(yHKIHMA HMeeT eAMHHYHOE H300paXeHue, TO Ha OCHO-
BaHuu dopmynsl (8.104) H3oOpaxkeHUe HCKOMOI MMIYJILCHON XapaKTepHCTH-
KM coBnazaer ¢ nepenarouHoit ¢yukuneit Ky(p). 3Hauwt, 3a3auya CBOAMTCA
K MOMCKY nepegaToyHod (YHKIMM Lend U HAXOXKIEHHIO COOTBETCTBYIOLLETO
OpMrHHANA.

PaccMaTpupaeMas Lefb SBASETCS PE3MCTHBHO-EMKOCTHBIM JEJIHTENEM
HanpsikeHus. [103TOMy, BBOIA BCIOMOTATENbHbIE BEMYMHBI — HMMEAAHCH
OTHENBHBIX COCTABHBIX YacTel LENnH

1 | +PR]C|
Z e
i(p) 1 7C; 2C,
R,/(pC) R,

Zlp) = R+ 1/(pCy) 1+ pR:Cy’

NONAYy4aeM TepesaTouHyo PyHKINIO N0 HaNPAKEHUIO

pR,C,

: 8.107
pRzC| + (I +pR,C1)(l +PR202) ( )

Ky(p) =
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Ans cokpallleHHs 3anHCH ueecoo6pasHo BBECTH NMOCTOAHHBIE BPEMEHH
i =RC, Tm=R0, t'=R0C,.

Toraa

T
K = =
v(p) pr' 4+ 1+ p(r + 1) + pP1ima

= pr'/(nm)
TP+ +n+T)/(nm) + 1/(nm) (8.108)

Hcnons3yst Tabanuy npeobpasosanuii Jlannaca, MoOXHO 6bi10 Obl nony-
YHTh PE3YABTAT HEMOCPEACTBEHHO OTCI0NA. TeM He MeHee, ¢ MEeTOAHYECKOH
TOYKH 3pEHHA Lieecoobpa3HO NMPOBECTH no3rtanHoe peuiexue, OHO BKIIOYA-
eT B cebs mpeacrapneHue nepematouHoit dyHkuuu Buma (8.108) kak cymmbl
MpoCThIX Apobeit:

A B
Ky(p)=—+ A 8.109
®) P—-m P—m ( )
rae
E TRy (m+n+7) 1
Py 2 4rirs N

— KOpHH 3HaMeHaTeNs repeaaToyHoM (DyHKLMH,
He onpenenenxsie 3apaHee koadduunertol 4 H B HaxoaaT no o6bIYHbIM
npaBHiaM

_nt'/(nn) __pr/(nn)

pi—-p PP

Mepexon or paseHcTsa (8.108) x dopmysne (8.109) npenctasnsier coboit,
MO CYTH Aena, JEKOMMO3HIUIO NEPEaaTOYHONR PYHKUNH.

Bocnonbe3oBaBIiuch 3aKOHOM cOOTBETCTBMs (8.92), npuxogum K OKOHuYa-
TENBHOMY Pe3y/bTaTy

A

0, t <0,
h(t) = ! (8.110)
e [prexp {pit} — prexp {pat}], t>0.

Ha puc. 8,156 u3obpaxeH rpaduk, paccyMTaHHBIN MO JaHHOH dopmyne
ans uenu ¢ mapamerpamu Ry = B = 3,6 xOm, C, = C; = 5,1 u®, Tlpu
oM 7y =T =7 =17 = 18,36 Mxc, p; = —2,618/T, p; = ~0,382/7. Cpap-
HHMBasl 3Ty KPHBYIO C TO#, KOTOpasi OTHOCKTCS K ciydaio npoctoil RC -uenu
(puc. 8.11 @), BuaMM, YTO IS NaHHON LEMH BTOPOrC TMOPSAIKA MMIY/IBCHAS
XapakTepHCTUKa ABJIAETCS 3HAKOMEepeMeHHOH (DYHKUMEH BpeMeHH.

8.6. Merog npeobpasosarmna Jflannaca

Bo3pgeHcTBHE MMMYABCA BKNIOYEHHA
rapmonnsecko IJAC Ha RL-uens
B kauecTBe MOCAEIHErO MpUMEpa, WILTIOCTPUPYIOLLEro MeTol npeobpaso-
paHus Jlamnaca, W3yYMM 3ajady O BO3JEHCTBHM MCTOYHHWKA rapMOHMYECKON
3IC

e(t) = Ey sinwt o(t),
HauuHalouerocs geiictBopatk B MomeHT BpemeHd £ = 0 na RL-uens
(puc. 8.16 a). TIpeanonaraeTcs, YTO HAYANbHBIA TOK B LIETH paBeH HYJIO.

G/t

e REA

gbem . ‘:‘lgw 7 \:r/ 7 S:rr/ wi

2 AR
6)

Puc. 8.16. BoabywaeHue RI-uenu uMnynbcom skniouenus rapmonuueckoi AC:
a) cxema uyenu; 6) BpEMEHHAR JUarpamMMa BbIXOAHOTO HANPAKEHHA

Tpu naHHON KOHGUTYpPALMK LENH NiepeaaToyHas (QYHKLMA MO Hanpsxke-
HHIO

pL P
K (p) = = - 8.111
v(p) R+pL p+a ( )
rae napamerp =
1
O‘.’—;—‘E‘.

M3o6pakeHne BXOIHONO CHIHANA HAXOAUM IO Tabanue:

E,w

t e 8.112
et) & o (8.112)
H306pakeHne BLIXOAHOrO CUrHana
Enw
Upis(p) = K (9)Uns(p) = e (8.113)

(p+a) (P +?)
BHoBs 00paTHBIUIMCE K TabiHlle COOTBETCTBMI MEXIy H300paxeHMsA-
MM M OpHTHHANaMmu, noayyaeM (OPMYITY, ONPEAesAIOLIYI0 BLIXOAHOMW CHTHAN
npu t > 0:
Enw -
2[—aexp{—at}+acosut+wsmwt]. (8.114)

Uppx (t) = m




208

lnasa 8. Hecraymoraprbie npoyeccer 8 auHeinbix yensx

Ha puc. 8.16 0 n306paxeHa ocLWLIOrpaMMa 3TOFO CHTHANIA, PACCYHTAHHAS
no dopmyne (8.114) mns yactHoro ciyyas a = w. BHaHo, 4To B Hayane
TIEPEXOHOTO MPOLIECCa KPHBAsk HECHMMETPHYHA OTHOCUTE/IBHO OCH BpPEMEHIH:
CIYCTS HECKOJIbKO MEPHOMOB B LEMHU YCTAHABIMBACTCS CTALIMOHADHBIIH PEXMM.

@ Bonpocsi

. B kakom Buie crenyeT WCKaTh oblLuee pelieHHe HEONHOPOLHOTO JHHEHHOTO
IupdepeHIHaATBHOTO YpasHeHHA?

2. TloyeMy npu HECTALMOHADHBIX TPOLIECCAX TOKH B WHAYKTHBHEIX 3IEMCHTAX U HA-
NPAKEHHS HA EMKOCTHBIX 3/IEMCHTAX JOKHB H3MEHATLCSA HENpPEpPBIBHO?

3. OmuwuTe OCHOBHBIE 3TaMnbl NPOUENYPH! PelIcHUS NHD(EPeHUHATEHORD ypaBHe-
HUA OTIEPATOPHBIM METOIOM.

4, YT0 Takoe MMNynbCcHas XapakTepucTuka NuHeiiHoi uenm? [aiite HarmamHoe
onpejieieHHe TIOHATHA AenbTa-(PYHKUHH,

5. Kakoe orpaHHueHHe HAKJIANBIBAET MPHHUKM MPHIMHHOCTH HA BOIMOXHBIA BT
HMIYILCHOH XapaKTepHCTHKH?

6. Kak onpenensiorcs onepatopHLIe CONPOTHRIEHHE W MPOBOONMOCTh OBYXITOTIOC-
HMKa?

@ 3apauu

8.1. Ha puc.8.17 a npencrasnena cxema npoctoit RC -uemnu, BO30YKAaEMOi HCTOUHH-
KoM umnynbcHoit 3/1C e(t). Bpemennas auarpamma SIC u3obpakena Ha puc. 8.17 6.
Mapametpn uenu: R = 20 kOwm, C = 0,03 mx®. HaiinnTe 3aK0H H3IMEHEHMS BO Bpe-
MEHH HAMpsSXKEHHA U HA KOHOeHcaTope uenu. Yiazanue: oBpaTHTE BHUMAaHHE HA CO-
OTHOUICHHE MEXAY UTUTENBHOCTHK) MMITYNIbea e(f) M 3HAYEHHEM MOCTOSHHOIM BpeMeHN
uenun 7= RC.

Ble
10
B
. t
0 5 10 MKC
a) 6)

Puc.B.17

8.2. Ko sxony RC-uenu (puc. 8.17 @) npunoxen HMNyanc BKIHOYEHUS MOCTOAHHOMN
DJIC e(t) = Eyo(t). Cumras, 4T0 HAYAIBHOE IHAYCHHE HANDSDKEHMSA HA KOHACHCATOPE
npu ¢ = 0 pasHO Hy/i0, noayYHTEe GOPMYITY, OMHCHIBAIOUIYIO HIMEHEHHE BO BPEMEHU
Hanpsxexns uc(t). Henonssysn napameTpsl Lenu, npuBeacHHbIe B 3a1ave 8.1, HaitouTe
napamerp fy, — AANTENBLHOCTH OTPE3KA BPEMEHHM, B TEYEHHE KOTOPOTO KOHAEGHCATOP
3apaamurces 0o ypoeHa 0,9 oT ycTaHOBMBIUErOCS 3HAYEHMUS,

1

i(t) L
1 .
A | Q7 s

Puc.8.18 Puc.8.19

8.3. Ha puc. 8.18 uzoGpaxeHa cxema RL-uenu, BO30YKIAEMOR MMITYILCHbBIM HCTOYHM-
koM TOKa §(2). [TonyymTe aHATHTHYECKHE BHIPAXEHUS 11 HMITY.ILCHOM XapaKTepHCTHKH
h(t) w nepexoaroit xapaktepucTnku g(¢) naHHOM LeNH.

8.4. HaiianTe mepexOHYI0 XapaKTepucTHKY g(f) MocrenoBaTensHOro Konebare/IbHoro
KoHTYpa (puc. 8.19). BHIXONHOH CHTHAN CHUMAETCS ¢ GMKOCTHOTO 3/IEMCHTA KOHTYPA.

TMpeanonoxute, 910 10GPOTHOCTb KOHTYPa @ > 1.

8.5. Ko mxony nocnenosatenbHoit RC-leny NMPUIOKEH HMIY1bC BIC elt), Bpe-
MEHHAS AuarpamMma KoToporo mokasaHa Ha puc. 8.20. Wiobpasute TpeArnonaracMulif
BHI BPEMCHHBIX IMArPaMM HATIPSKCHUA HA KOHACHCATOPE UEMH B CACAYIOLINX HACTHRIX
cnyuasx: a) RC € 7,; 6) RC = 7,; B) RC > 7.

e(t)
Eoih e(t) e

0 t

-E 3 0 Ty
Puc.8.20 Puc.8.21

8.6. Mocnenopatenshas RC-uens (puc. 8.17 a) Bosbyxnaercs umnynscom JJ1C tpe-
YroAsHOM (OPMBL, BPEMEHHAS AMATPAMMA KOTOPOro H300pakeHa Ha pHC. 8.21. Mo me-
Tony uHTerpana Jioamens, 3Has BLPAKCHUE UMIYIBCHOH XapaKTCPUCTHKH h(t) naunoii
Leny, MONYUHTE BHIPAKEHHE, KOTOPOE OMMCHIBAET 3AKOH W3MEHEHHHA BO BPEMCHM Ha-

npsaxeHus uc(f) Ha KoHOcHcaTope.

8.7. Haitaure nepenatounyio dyukunio K(p) = Usn(p)/Us(p) mns seThipexnosioc-
HUKA, CXEMa KOTOPOTro n3otpaxeHa Ha puc. 8.22.

G Re
—0
R, ———
u o Cz Umﬂ
: o 2]
Puc.8.22 Puc.8.23

8.8. JlokaxuTe, Y4TO 4eTHIPEXMOMOCHHK, COOPaHHbBIH MO CXeMe, KOTOpas MpeACcTaBlIeHa
Ha pic, 8.23, MMeeT TaKylo Xe nepeaTounyio pyHkuno K (p), KaK ¥ 4ETBIPEXMOMOCHHK
13 3amaum 8.7, ecnu Bhinonuserca yenosie R C; = R,C,.
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R
C R h
l 5
y

Puc.8.24 Puc. 8.25

8.9. Ko Bxony RL-uenu (puc. 8.24) npunokeH HMIYILC BKIIOYEHHS MOCTOSHHOM
BIC e(t) = Eyo(t). Haiiaute 3aK0H H3MEHEHHS BO BPEMEHM Hanpskerus uy(t) npu
HYAEBBIX HAYABHBIY YCIOBHSX.

8.10. B onHokoHTypHO# RC-uenu (puc. 8.25) BBIXOAHBIM CHTHAIOM C/IYXKHT Hanps-
KeHue Ha peaucrope. Halinure umnyascHyio xapakrepuetuky h(f) nanmoil uenu.

8.11. B uenu, cxema KoTopoii u3obpaxkeHa Ha puc, 8.26, mexay asymsa RC -3BeHBpAMH
BKIIOYEH MOEANBHBI Pa3BAIBIBAIOLIKIT YeThiPEXMOMOCHHK (TAK Ha3bBaeMblil Hoamopu-
mejp) ¢ eOMHHYHBIM KOIPDHUUHEHTOM nepenavd HanpsokeHHs, HeckoHeuHo BonbuIuM
BXOOHBEIM M GECKOHEYHO MANBIM BHIXOIHBIM coNpoTHRIeHueM. [TonyunTe BhIpaxeHue
LU UMIOYABCHOW XapaKTePUCTHKH TAKOH LIernH.

Puc. 8.26

8.12. HaiiauTe mMnyAIbCHYIO XapakTepUCTHKY h(f) uenu, cxeMa KOTOpO# npeacTapneHa
Ha puc, 8.27.

8.13. Pewnte 3amauy 8.9 mpu ycnoBHH, YTO BXOOHBIM KOJeDaHHEM CIIYXKHT UMITYIbC
BKJO4eHUA rapMonmtieckoit 3J1C Buaa e(t) = By, coswgl - at).

8.14. Ha sxope RC-uenu (puc. 8.17 a) aciicTByeT HCTOSHUK IHHEHHO H3MeHAOWECa
BIC suna e(t) = Vio(t), tne V — napamerp ¢ pasmepHocTaio B/c, xapaktepu-
3YVIOLIMH CKOPOCTh pOCTa HanpsxeHus Bo BpemeHd. B momeHT £ = (0 koHIeHcatop
sapaxeH 10 Hanpsokenus ue(0) = Uy. Halinure 3aKOH u3MeHeHUs BO BpeMeHH Hanps-
wenua uc(t).

Puc.8.28 Puc.8.29

8.15. TIpuMeHHTENBHO K YCIOBHAM 3anauM 8.14, nonarad, 4T0 HanpsXeHHE Uy > 0,
HailaMTe MOMEHT BPEMEHH lpmin, KOTIA HANPAKCHME HA KOHACHCATOPE OKAKETCA MH-

HHMaNbHBIM.

8.16. Haitmite MMITYTbCHYI0 XapakTepueTHKy h(t) u nepexonnyio xapaxtepuctuxy g(t)
aMneiinoi ek, CXeMa KOTOPOi nokalana Ha puc. §.28.

8.17. BuiuucnuTe MMAYILCHYIO XapaKTepHcTHKy h(f) M MEpexOmHYIO XapaKTepuCTH-
xy g(t) cummerpuyroro RC-mocTa (puc. 8.29).




lasa 9

AHanuTnyeckHe cBOHCTBA
PpyHKynH yenn. CHHTE3
NaccHUBHbIX ABYXNONIOCHHKOB

Kak yka3bisanoce B ri1. 8, HCUEpMEIBAIOLIHE CBEIEHHS O HECTALIMOHAPHEIX
npoleccax B JIMHEAHBIX LENSX MOXHO MOAYYMTh, Pacronaras NMoIXONsSLIMMM
@yukuuamu yenu. Tak, 18 OBYXMOMIOCHHKA HEOGXOAMMO 3HATH COMPOTHBIIE-
nue Z(p) wmu mposomumocts Y (p). TIpHMEHMTENBHO K CYYai0 YeThIpex-
MOJIOCHUKA TMONHA# MaTeMaTH4YecKas MOAETb 3aKII0YEHA B 3/EMEHTax €ero
MaTpHLBl, Hanpumep, Z;(p) (4, § = 1, 2), paccMaTpHBaeMbIx B 3aBUCHMOCTH
OT napamerpa p. BaxHo oTMeTHTb, 4TO BCe 3TH (DYyHKLHM MOXHO M3ydaTh
0e30THOCUTENLHO MeToja rnpeobpaszosanus Jlannaca, Mepexoas OT YacTOTHOM
nepeMeHHOH jw, urypupoBaBmieil paHee B paMKaX METOJA KOMILIEKCHBIX
aMILTUTYI, K HOBOH nepeMeHHOI

p=0+jw, (9.1)

NONAYYMBIIEH HA3ZBAHWE KOMNAEKCHOU Yacmomul,

Cnenyer, KOHEYHO, HMETh B BHAY, YTO TIOMTHHHBIH (DHIHUECKUH CMBICT
HMEET JHLIb KPYropas 4acToTa w, BLICTYMAKOIIAA KaK MHMMAA 4acTh KOM-
IUIeKCHOH YacToTsl. OIHAKO Nepexon OT mapaMeTpa jw K mapameTpy p, WiH,
KaK roBopaAT B MareMaTHKe, anaaumuyecxkoe npodoaxcenue GYHKUMIE LenH
C YUCTO MHHMMOH OCH jW Ha BCIO KOMIUIEKCHYIO MIOCKOCTh P, UMEET ray6o-
KO€ 3HayeHue. JTOT MPHEM NaeT BO3MOXHOCTh W3Y4YaTh YacTOTHBIE CBOMCTBA
NMEKTPUUECKUX LIEMEH ¢ MOMOILLUBIO XOPOLIO pPaspabOTAHHKIX M 0YEHB MOLIHBIX
CPENCTB TEOPUH (PYHKLIHIT KOMIUIEKCHOTO MEePEMEHHOTO,

9.1. AHanuTHYeCKHe CBOWCTBA CONPOTHBNEHUA
W NPOBOAHMOCTH NIMHEHHOrO ABYXNOMIOCHMKA

Ipeanonoxum, 410 MMEETCH ABYXMOMIOCHHK — JWHEiiHAs NaccHBHAA
uenb J1o6oro ypoBHSI CHOXHOCTH C OJHWM TOPTOM, T. €. ¢ OAHOH napoit
nocTynHeix 3axumos. Eciu U(p) u I(p) — usobpaxenus HanpsKeHUA | TOKA
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B 3TOM MOpPTE COOTBETCTBEHHO, TO MOXHO 00pa3oBath ABe (DYyHKUHH LETK:
conpoTueneHue (MMMneaHc)

_Uw)
I(p)

Y(p)= 12

U(p)
ABHbIe m;lpaxceunn 9TUX (PYHKUKIT KOMIIEKCHOH YacTOThI MOXHO MOMYYHTh,
HanpuMep, 3aMMcaB YpaBHEHMS TIO METOJY KOHTYPHBIX TOKOB B TDENNOJO-
EHUM, 9TO MCTOMHMK Hanpsxeuust U(p) BKIIOYEH B MEPBbiA HE3aBHCHMBbIi
KOHTYP, @ BCE OCTANbHbiE KOHTYphl C HOMepamu 2,3,...,7 HCTOUHUKOB
HE cOogepXar:

Z(p)

H HDOBOI[H MOCTh
=Z"\(p).

Znh +Zplh + ... +Ziniln = U,
Zz;f['l'ZnI}"'...“f—Zann:O, (92)

Zaidy + Zpaly + oo+ By Iy = 0.

CornacHo JaHHo#i cucreme, Tok I = I, B aByxnomocHuke [cM. dopmy-
abi (3.8) u (3.7)] onpenensiercs Tak:

UDH
I=—-, 9.3)
lﬁ (
rae A — onpeaenuTeNb CUCTEMBI YPABHEHMIA (9.2), D), — anreGpanueckoe

[IONOAHEHHe 3neMeHTa Z;, T.€. MHHOp, MOAY4aeMblil MyTEM BbIYEPKHBAHUA
NepBoii CTPOKM M NMEepBOro cTonbia onpeaeauTens.
3HauMT, 1A NaCCHBHOTO ABYXTOIOCHHKA

A D
2 =5 Y@ =7 (9:4)

ANTOpPUTM BHIYMCIEHHS ONpeIenuTeei TAKOB, YTO OHU 0BpA3yloTCs KakK
CYMMBI BCEBO3MOXHBIX MPOU3BEAEHUH COMHOXHTENEH BUAa

|
Zij = R;‘j + p(L.-j =k M,'j) B T
Plij
OTCIOfa CIeAyeT, YTo, HanpHMEp, BXOAHOE COTIPOTHRIEHHE MOXHO MPeACTaBHTh
KaK OTHOILEHME JBYX MHOTMOUWIEHORB MO CTENEHSIM KOMIUIEKCHOi YacTOTHI
2() amp" 4 @1 p™ '+ ...+ ap+ag
T b b . bip b

TAE M U 7 — HEKOTOpPHIE MOJIOKMUTENbHBIE LEJbIE YHCIa, OnpelenseMble BHYT-
peHHell KoHdHrypauuei cxembl IBYXAOMIOCHHKA M XapaKTEPOM BXOAAIIMX

(9.5)
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B Hero aniemenToB. CoBokyrmHocTH KoshduumentoB {a;} u {b;} HexoTOpHIM
ofpa3oM BEIPAXAIOTCS Yepe3 BellecTBeHHble napamerpul R, L, C, M u noato-
MY TAKXKE MpeacTaBiaioT coOoi BelIeCTBEHHRBIE YHCA.

Oynxkuny Buaa (9.5) B MateMaTvke Ha3bIBAIOT OPOOHO-PAUUOHANBHBIMU
@yuxyuamu. Ilo ocHOBHOI Teopeme anreGpsl KAXIbII MHOTOWIEH Nn-i CTETIEHH
HMEET POBHO 7t KOPHeil, KOTopbie B 00LIEM cjlydae ABIAIOTCH KOMIUIEKCHBIMH
yncnamu. Takum oBpa3oM, Ha ocHOBaHUH (opMysl (9.5) MOXHO 3amucaTh

(p—z)(p—2)...(p— 2m)
-p)p-p).--(P—pn)’
rae Zy — HeKoTopas MOCTOAHHAsA COOTBETCTBYIOIUEH pasmepHocTH. MHOXe-
CTBO KOPHEH YMCIHTENA 2; TIPEACTaBsieT coBoH COBOKYITHOCTD KY€l BXOAHOTO
COMPOTHRIEHUA ABYXMOMocHHKA. KopHH ke 3HaMeHartens p; o6pa3yioT MHO-
KECTBO MOMOCOE BXOAHOTO CONPOTHRACHUSA. B COBOKVITHOCTH HYNU W [OMIOCKHT
Ha3bIBAIOT ocobbmu moykamu. OYEBUAHO, YTO HYJIH CONPOTHBIEHHS CAYyXaT
MOAKCaMH NMPOBOAMMOCTH M HaoBopoT.

H3BecTHO, uTO ApO6HO-pauMoOHaNbHble GYHKUHH SIBASIOTCH aHANMTH-
YeCKUMU (DYHKLHSAMH, KOTOphie MOXHO auddepeHunpoBaTs moboe YHCIO
pa3 Ha Bcell KOMIUIEKCHOH TMIOCKOCTH P, 33 HMCKIIOYEHHWEM TOYEK MOJo-
coB. M3 dopmynsi (9.6) cheayer, 4TO /It HOAHOTO ONMHCAHHS AHATMTHYECKOH
byHkuM Z(p) HYXKHO 3a1aTh MOCTOAHHYK Zp, 4 TAKKE COBOKYMHOCTH YH-
CeNl 21422y vvvsZm U P P2y ooy Pns

Z(p) = 2o (9.6)

Pacnonoxenne H,’Beﬁ H NONCOB BXOAHOIO COMPOTHBAGHMA

Oco6bie TOYKM BXOMHOTO COMPOTHBIEHHS IBYXMOMIOCHHKA JO/IKHbI GBITh
TaKWMM, 4TOObI JaHHasi Uenb, MO YCIOBMIO HE colepxkaiias BHYTPH cebsa
HCTOYHHKOB, HEMPEPLIBHO MOABOASALIHX HEPTHIO, ObLIA YCTOHYHBOI.

IMycTh 3aXHMbI ABYXTOMOCHUKA PAa3OMKHYTBI (XONOCTOI XO1) H HAa HMX
HMeeTCA HeKoTopoe HanpsukeHHe. [TockonbKy TOK B LENH OTCYTCTBYET, TO
MOBEAEHHE NBYXIMOAKCHHKA OMKMCHIBAETCH XapAKTEPHCTHUYCCKHM YpaBHEHHEM

8 Lty
v zZo)

KOPHAMM KOTOPOTO C/IyXaT MOJIOCH BXOIHOTrO conpotusienus Z(p). B coor-
BETCTBMH C NDUHLIMIIOM ONEpPaTOPHOTO METOMa II060E HANPsKEHHE HA 3aXHMaxX
JBYXMONIOCHMKA, HAXONAIIErocs B PEXHMME XOJIOCTOTO Xoia W obrazaiouiero
HEKOTOPHIM 3a1acoM 3HEPIH B PEAKTHBHBIX NEMEHTaX, OnuchiBaeTcs Gop-
MYJIOH

©.7)

u(t) = A exp {pit} + Ay exp {pst} + ... + A4, exp {pnt},

rae A, A;, ..., A; — xo3ddHLHEHTHI, 3aBUCALINE OT HAYAILHEIX YCIOBHIA.
YcnoeueM ycToHYMBOCTH JBYXTIONMIOCHMKA B peXMME XOJOCTOTO XOHA CIIYKMT
HEPaBEHCTBO

Repy <8, 4=17 ...,8 (9.8)
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AHaJ'IO]'H'{HO, paccMaTpHBas TOT XKe JBYXNMOAKCHHK B PCAKHME KOpOTKOro
sambikaHus, koraa U = 0, wo I # 0, nonyyaeM BTOpOE XapaKTEPHCTHYECKOE
YpaBHEHHE

Ulp) ;
I(p)
Er0 KOPHM — 3TO HVAH COMPOTHBAEHUs (T.e. MOmochl TpPOBOAMMOCTH),
KOTOpbIE JIOJKHBI YIOBAETBOPATh YCJIOBHIO
Rezoc=0, §=1.2.....m (9.10)

M1ak, KaK NOMOCHl, TAK W HYJIH COTPOTHBAEHMS! YCTOHYMBOro JNHHEi-
HOTO ABYXIOMIOCHMKA HE HOJDKHBI PACTIONIaraThCd B MPAaBOi MONYMJIOCKOCTH
KOMIUTEKCHOH 4acToThl p. Tak Kak KO3(ppHIMEHTH MHOIOWIEHOB, BXOAA-
LMX B YHCAUTENR M 3HaMeHaTenb dopmynsl (9.5), npeacrasasior coboit Be-
LIECTBEHHLIE YHC/IA, TO OCODbiE TOUKH COMPOTHB- o AIm |
NeHus Bcerga MO0 BelIeCTBEHHBI, MO0 obpasy- z,
0T KOMITJIEKCHO COmMpaxXeHHbie napsl. [paduyecku
ocobble TOYKH M0GLIX YHKUHI Liend otobpaxa- -
0T HAa TAK HA3bIBaeMO# KapTe HyJeH W MOJIOCOB;

OGBIYHO MOMIOC U300paXxaloT 3BE3M0YKOI, a HYJIb — plo Re

KPYXKOM.

lMpumep 9. 1. TloctponTs KapTy Hyjelt U NOAOCOB Ans Z

conpoTHBiaeHus Z(p) nocneioBaTeNbHOrO KoneGatenb- o

Horo KoHTtypa ¢ napametrpamu L = 0,8 mTh, C = 2ud, 2

R =30 Om. Puc, 9.1, Kapra Hyned u
3nech NONKOCOB ANA CONPOTHE-

fIeHHA NOCNe[OoBaTeNbHO-
p’LC 4 pRC + 1 ro KOHTypa

1
Z(p)=pL+R+ — =
P =p o0 oC

BuaHo, 4TO HMEeTCH OIHH NMOIC B Toyke p = () M nBa HYAS 2| 7, KOOPAMHATH KOTOPBIX
ONpeseNsiTCa KOPHAMK KBaIPAaTHOTO YPaBHEHUA

2’LC + 2RC + 1 =0,

1. 8.
22 4+3,75.-10' 2+ 6,25- 10" = 0.

Peluast 370 ypaBHEHHE, HAXOIHM
z.2=—1,875-10* £57,903- 10° ¢™".
BCKH3 COOTBETCTBYIOLUEH KapThi HY/NEH W MOIOCoB npuseneH Ha puc, 9.1,

[MpenensHBIM MICATH3IMPOBAHHBIM CITy4yaeM ABJIASTCS YMCTO pPeakTHBHBIA
JABYXMOMocHUK. M3-3a OTCYTCTBMSA OMUYECKHX MOTEPh HYJIH M MOMIOCH pacro-
JIAraloTes 31eCh TOALKO Ha MHUMOIt OCH jw.
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Teopema o uncne Hyned W NONIOCOB

JononuuTenbHbie cBeaeHus 0 xapakrepe GyHKuuH Z(p) naer cienyiomas
TEOpeMa: Yucjaa Hyneil W MoJIOCOB CONMPOTHBIEHHA YCTOHYMBOTO IBYXIIONIOC-
HHMKa He MOTYT OT/IHuaThcs 60/iee YeM Ha eIMHMILY.

,IIJ'UI JOKAa3aTeNbCTBA 3alMMHIIEM COMPOTHRIIEHHE OBYXNMOMIOCHHKA HA HEKO-
TOpo#l (pU3UYECKON YacToTe w B BUIE

Z(jw) = |Z| exp {j arg Z}. (9.11)

OtobpasuM 3Ty (hopMy/aly TeOMETPHYECKH, TONOXHE B paseHcrse (9.6)
P = jw UM mpoBeAs W3 BCeX HyNed M TMOMIOCOB BEKTOPbI, KOHIIBI KOTOPBIX
CXOAATCH B TOYKE TEKYLIEH YacTOTH HA MHUMOM OCH
(pwc. 9.2). Mpu 310M, Kak Jierko BUAeTh, (halosbiii
YIoM CONMpPOTHRAEHHUS

m n
h 3IBZ=Z‘Pzr-Z§0pJ,

e k=1 =1
a Re

Im

T. €. HYIM YBEJIUYKBAIOT, @ TOMIOCHE YMEHbIIAKOT 3HA-
Wzq YeHHE apryMeHTa CONMPOTHRIECHHS.

z, [MaccuBHBII IBYXNOMOCHHK Ha M060i yacToTte

B CPEIHEM BCETNA MOMIONMIAET SHEPTHIO OT BHEILHIX

cTay TeopemHoOcsys | ICTOUHUKOR, IC4 (3] 3HaYMT, YTO BEUIECTBEHHAs YacTh

neii W nomocos sxogHo-  COTIPOTHBIEHHS Z(jw) nonoxurenbHa, OTKYIA clie-

ro conporusnenus asyx- UYET HEPABEHCTBO
NONIOCHKKA

Puc. 9.2. K pokasarens-

™
-—<agZ< -, (9.12)
2 2
YeTpeMUM Tenepb 4acTOTY w K GeckoHeuHocTH. [IpH 3TOM aprymeHTHI
BEKTOPOB, NPOBEIEHHEIX KAK U3 TIONIOCOB, TaK M M3 HYJE, BYIyT CTpeMHThLCH
K w/2. Takum obpaiom,

PP ek S

w—00 2

(9.13)

TloaTomy umcna m U n MoryT TM60 COBNANATH, IMGO OTINYATECH HA EAWHHLLY,

B teopun ueneil dyHkuusi Z(p), aHANMTHYECKAs B MPABOil MOAYMIOCKO-
CTH U MMEIOIIas HEOTPULIATEBHYIO BEILIECTBEHHYIO YACTh HA MHUMOM OCH jw,
HOCHT CHELHANLHOE Ha3BaHWE noaodcumenshoil geuecmeaennoii gyuxyuu [8).

Harnsaaxas GopMyaHpOBKa JOKa3aHHOH TEOPEME! COCTOUT B CIIEAYIONIEM:
NPy HEOrpaHHYEHHOM YBENMYEHHH YacTOThl /11000 MAacCMBHBIH NBYXMOMIOC-
HUK BegeT ceGa JimbGo Kak pe3HcTop (CTeneHH YMCAMTENs M 3HaMeHaTtens
B dopmyzne (9.6) coBnanaior), 1160 KaK KOHAEHCATOp (CTeneHb 3HameHaTens
Ha eUHHLY TIPEBbILLIAET CTENEHb YMCITITENS ), MO0, HaKOHel, KaK WHIYKTHB-
HBI 2NIEMEHT, €C/IH MMEET MECTO 06pPAaTHOE COOTHOLIEHHE.

9.1. CaosicTsa CONPOTHBAEHHA H NPOBOAHMOCTH Vic [

Cea3s MeXAYy BelWecTBeHHOW W MHHMOH YacTAMH BXOAHOIO

CONPOTHBNEHHWA ABYXNOAKWCHHKA

PaccMOTpHM MacCHBHbLIH ABYXTIONIOCHUK, 00pa3’oBaHHbIH NMapauielbHBIM
coeauHeHueM anementos R u L (puc. 9.3). Jlerko nposeputs, 4TO MnpH
BellleCTBEHHOM YacToTe W BXOOHOE COMPOTHBIEHHE JaHHOH Lenu

w’RL? . wLR?

R+l R+ uiE

O6Gpamaer Ha cebd BHHMaHHE TO, YTO napaMeTpsl R
u L ONHOBPEMEHHO BXOMAT KaK B BCLUECTBEHHYIO, TakK
W B MHMMYIO YaCTH BXOOHOro conpotusieHus, Llenu, co-
CTABJEHHbIE TaKUM 00pa3oM, YTO KaXIblii M3 BXOOALINX
3/IEMEHTOB BIHAET HAa 0D€ 4YacTH BXOAHOIO conpoTHBae-
HuA Z(jw), NPUHATO HA3bIBATb UENAMU MUHUMAABHOZO CO-
ApomMueIeHun. CMeIca TEPMHHA COCTOMT B TOM, YTO TaKHe
Henu, no ofnpelneieHu10, HE COAepXaT HHKaKHX nocneno-
BATE/IbHO BEJIIOYEHHLIX PE3UCTOPOB HIH PEAKTHBHBIX 37€-
MEHTOB, KOTOpLIE MOITIH Obl BAMATEL Ha OAHY M3 4acTed
BXOOHOro CONpoTHBACHHA.
bIm Jnsa veneifi MMHUMATBHOTO COMPOTHBIEHWA yla-
eTCsl YCTAHOBHTH OJHO3HAYHYIO CBA3b MeEXIy (YHK-
uusmMu R(jw) u X (jw). 3adukcupyem uactoTy w
M paccMOTPHM WHTEerpa

Z(jw) = R(jw) + j X (jw) =

Puc. 9.3. MNapan-
nenbHas RIL-uenb

Z
- f 20 g,
0 Re p—jw
c B3ATHIA MO 3aMKHYTOMY KOHTYpY B MpaBoi Moaynioc-

koctH (puc. 9.4). MMomioc, BO3HKKAOWMI NpU P = jw,
ofXoMTCa Mo TMoayokpykHoctd C) Manoro paguy-
ca. Uurerpan no ayre €, HeorpaHWuyeHHO GONbILIOTO
Puc. 9.4. Boibop KOH-  panyvea npeHeBPeXHMO Mal B CHITY aHATHTHYHOCTH
TYPa MHTETPMPOBARMA  gyoukumu Z(p) cnpasa ot MEMMO# ocH. [MoaTomy

/ 15)d§ Z@dp _
p—jw
Cy
[MoaviHTerpanbHas MyHKLMA Z0) o OKPECTHOCTH TONIOCA P = jw CTpe-

p—jw
MHUTCA K GeckoHeuHOoCcTH paBHoMepHO. [loatomy cornacHo Teopeme Koiuu,
MPHHAB BO BHHMaHue, yTo ayra C) €CThb NOJYOKPYXXHOCThb, a8 BHIYET B TOYKE
nonioca paseH Z(jw), MOXHO NepenucaTh MOCAenHIo GopMyny B Buae

[ 7(j¢) dt
W

o + jnZ(jw) = 0.

=0
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Orciofa, pa3iesss BEIECTBEHHYI0 ¥ MHHMYIO YACTH, MOAy4aeM

xGo) = [ B,
et (9.14)
R(jw) = % %Xff) :'E.

Haiinennsle dopmynbl B MaTeMaTHKe HA3LIBAKOT AAPOil UHMEZDAALHBIX
npeoOpasoeanuil luasbepma.
lpumep 9.2. Naua napanneasuas RC -uens, mis KOTopol

: R

RGw) = = TSRO (9.15)
: -wRC

X(w) = T oo (ae

Y6enUTBECH B TOM, 4TO, 3HAs BEUIECTBEHHYIO YacTh COMPOTHRACHNS 3TOI LETH, MOXHO
BOCCTAHOBUTE MHUMYIO 4acTh NOCPeAcTBOM npeobpasopauus Hunbepra.
Beeas o6osnauenue a = 1/(RC) n nocrasus (9.15) B (9.14), nonyuaem:

X(Jw) = (9'7)

o0
1 €
rRC? ,[ (> + &) -w)’
lMoanHTerpanbHan GpyHKUMSA PACKIALBIBAETCS B CYMMY 3/IEMEHTAPHBIX Npobeii:
1 —-at 40 c
@+ O)E-w) a+8 E-w'

rie
| b w
al+wt' T al+tw?’
OtaenbHbIC HHTETPaNbl HMEIOT BUI

e e e
S~ faeme Jea=t

-0 -0 -0

Moacrasis ux B Boipaxenue (9.17), npuxonum k dopmyne (9.16), uto 1 TpeGosanoch
JOKa3aTh.

c=—4a.

Ceoncrea CONPOTHBNEHHA PEaKTHBHOMO ABYXNOAIIOCHHKA

BaxHoe monoxenue Teopuu Lenei, HassiBaeMoe Teopemoit ®ocrepa [8],
KacaeTcsl YACTOTHBIX CBOHCTB CONPOTHBAEHMS YHCTO PEAKTUBHOTO ABYXNONIOC-
HiKa. DOpMYIHPOBKa NaHHOH TeopeMmbl Takosa: ecin Z(jw) = jX(jw), 10
peakTuBHOe conporusieHue X (jw) annsercs HeyGwbipatowiel (GyHKLMell ya-
croThl, T.€. dX/dw > 0. TlpuMeps YaCTOTHBIX 3aBHCHMOCTEH CONMpOTHBIEHMI
HEXOTOPBIX PEAKTHBHEIX ABYXITOJIOCHHKOB M30bpaxeHsl Ha puc. 9.5a, 6.

9.2. YacrorHsie xapaKTepHCTHKH YETbiPexXnoMOCHUKOB 219
I
=) Al
| ' '
i ! I
{ ! !
(] ! /
0 | i gt i : w
| 1 |
| I |
| 1 !
I | I
a) 6)

Puc. 9.5. YactoTHbie 33BUCMMOCTH CONPOTHMBNEHWH PEAKTMBHbLIX [ABYXNO/MOCHUKOB!
a) HYNW CONPOTHBNEHWA Ha Hyneson W GeckoHeuHo BbICOKOW yactotax; 6) nomochi
CONPOTHBNEHHA HA YKa3aHHbIX 4ACTOTax

IMpumep 9.3. Nana dyHkuns

_plBr+1)
==

TIpoBepHTh, MOXET JIM OHA OMHCHLIBATL CONPOTHRICHHE HEKOTOPOTO YUCTO PEAKTHBHOTO
IBYXAONIOCHHKA.

@yukuus Z(p) umeer Tpu Hynst: z) =0, 2; = j, 23 = —J, a TaKke JBa NOJIOCA:
P = 2j B p; = —2j. Ocobbie TOUKH PAcNONOKEHB HA MHUMOIL OCH (XapaKTEpHO
IS PEaKTHBHLIX Leneii); YHCIO TIOMOCOB HAa CAMHHULY MeHbile uucna Hyneid. Tem
HE MEHee LeMnb, ONUChiBAeMad TIPHBEACHHOM (PYHKIIMEH, He CYLIECTBYET H3-3a TOTO,
9TO HAa MHMMON OCH MOApPSI PAacnoOKeHB! TpH Hyas. B mpoMexyTke mexay HHMH
PCAKTHBHOE COMPOTHBAEHHWE JOMKHO JOCTMraTh TMO0 MMHMMYMa, 1HOO MakcHMyma.
[MousTHO, yT0 TpeboBaHKe Teopembl PoOCTEPa BHITIOAHEHO ObiTh HE MOXET.

MTtak, Ans peakTHBHOIC COINPOTHBAGHMS CIPABELIUBLI CNEIYIOLINE MO-
NOKEHUS:

a) ToukH p = 0 U p = OO ABNAWTCA OCOOLIMM TOYKAMM (HYTAMH WK
nomocamu) byukuun Z(p);

6) Ha OCM jw HYIH W TOMOCH CONMPOTHBJIEHHS! PACTIONOXEHb B HEPeayio-
1IeMcsi NOPAKE.

9.2. YacToTHbIe XaPAKTEPUCTHKH HeTbIPeXNONIOCHHKOB

Jobpie GyHKUMM LenH A5 YeTbIPEXMOJNIOCHUKA, TaKHE, KaK BXONHOE
conpoTupienue Z, = U, /I, nepenarounoe conporusnerue Z, = Uy/I; wnu
nepeaaTouHylo GyHKUMIo no Hanpsokenuio K = Uy /U; MOXHO NOAYYMTH,
3Has TY WIK HHYIO MAaTpHLY 4YeTeipexnomiocHuka. Hanpumep, ecnu BbIXOIHOH
MOPT JHHEHHOIO YETHIPEXMOMIOCHHKA C M3BECTHOH A-MaTpuueif HarpyxeH
Ha JIBYXMOMIOCHHK C CONPOTUBJIEHUEM Z,,, TO

A
7 _AnZy+ Ay

USR] 9.18
ANZ, + Ap (345
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T AnZ.+ An’

Kak 3/1eMEHTEI MATPHLE!, TaAK W COIPOTHBIEHHE ABYXIONIOCHUKA Mpel-
CTaBigl0T coboif NpoOHO-palMOHANEHEIE (DYHKIHH KOMIUIEKCHOH YACTOTHI,
TMostomy, HanpuMep, nepenartouHas ¢byukuua K (p) Moxer GuiTh 3amicaHa
B HY/Nb-NOMIOCHOM TPENCTABIEHUH:

(P-2)p—-2)...(p— 2n)
(p-p)p-p2)...(0—pn)’

rae Ky — HeKoTopas MOCTOAHHAH BEIHYMHA.

YTobbl BBISICHHTB, KaK BIMAET DACHONOXEHHE OCOOLIX TOYEK Tiepena-
TOYHOH (DYHKUMH HA YCTOHYMBOCTB LIENH, MPEAMNOIOKHM, YTO BXOIHOMH MOPT
YETBIPEXTIOIIOCHUKA 3aMKHYT HAKOPOTKO, T.€. U} = 0, B To Bpemsi Kak U, # 0
H3-33 HEKOTOPOTO 3anaca 3HEPTHM B PEAKTHBHBIX d7eMeHTax. JaHHbIi pexum
OMMUCHIBAETCH XapaKTePUCTHUECKUM YpaBHEHHEM

(9.19)

K(p) = K, (9.20)

U, 1

—_——— 9.21

U; ) 024
H3 KOTOpOro Cleayer, YTO MOMIOCHL Pi, P3, ..., Pp NEPENATOMHOH (DYHKIUMH

ABJISIOTCS KOPHAMM XapaKTEPUCTHYECKOTO ypaBHeHus. [ yCTORYMBOCTH -
HEHHOTO YETHIPEXTIOMIOCHHKA TpeGyeTcs, YTOBL! MOMIOCH €ro MepefaToOMHOMN
dyHKLMM pacrmonaranuce B JIEBOI ToNyriocKocTH. Kak KpaitHmit ciayyai,
MOMIOCH MEePeNaToOYHON (PYHKUWM HACATH3UPOBAHHOTO YMCTO DPEAKTMBHOTO
HETBIPEXMOMIOCHHKA MOTYT Pa3MeIliaThcss HA MHMMOI OCH jW TIOCKOCTH KOM-
TUIEKCHOM YacTOTHL

B omimuue or nomocos, Hynu dynkumu K(p) MOryr pacnonaratscs
B 00enX MOAYIIOCKOCTAX TepeMeHHOH p. elCTBHTENBHO, XapaKTepHCTHYe-
ckoe ypasHenue K (p) = 0 o3Hayaet, uto npu Hekotopom U; # 0 n3obpaxenne
BBIXOAHOTO HanpsikeHusa U; = 0. D10 HHKAK He NMPOTHBOPEYMT TPeBOBAHHIO
VCTOHYMBOCTH LIEMU.

Jlna 4eThIPEXIIONIOCHHMKA XKEeCTKOTO OFPaHHYEHMS HA YMCIO HYTel U no-
JIIOCOB HE CYINECTBYET. 3T0 CBA3aHO € TE€M, YTO Ha ()a30Bbli Yro/l YaCTOTHOrO
koa(hdhHUMEHTa nepefaYl HeNb3si HATOXKHTh KaKHX-THO0 SHEPreTHYECKUX CO-
orHomenui. OnHako YacToTHble KO3b(HUIHEHTH Nepeadd peaTkHbIX Lemneit
BCETA CTPEMATCH K HYJNK0 TIDH HEOrpaHHYEeHHOM pocte yacToThl. [Moaromy
06bI4HO TpeGyioT, yToGsl uncno nomocop Gyukuuu K (p) npesbimano yucno
HyNei, T.€. B 6ECKOHEYHO yIaNeHHOM TOYKe KOMIUIEKCHOH MIOCKOCTH MOMXKeH
CYHIECTBOBATE HE MMOJIOC, 4 HY/b MepenaToYHOH (DYHKIMH,

MuHumanbHo-hazoBbie H HEMHHHMaNbHO-(a30BbIe LenH

ToBOpAT, YTO YETHIPEXMOMIOCHHK, HE MMEIOMMN HyJell nepenaTouHoN
(YHKLUHHM B MpaBoOi MONYILUIOCKOCTH, ABJISETCH MUHUMANLHO-(DA3080H Henbr).
Ecnu ke Hy/M B MpaBoif NONYMAOCKOCTH UMEIOTCH, TO TAKOI YeThIPeXIIOmoc-
HUK Ha3BIBAIOT HEMUHUMAABHO-A306801 Uensio.

9.2. YacrorHbie XapaKTEPHCTHKH HETbIPEXMOMOCHHKOB

JlaHHasA TEPMHHOIOTHA CBA3aHA CO Cleny-
IOLMM OBCTOATEILCTBOM. [TpEAnonoXuM, YTO w
HY/U 2| B 23 HEKOTOPOW MEpefaTo4yHON dyHK-
LMK pacrionaraloTcsl B 00eHX MOJIYIUIOCKOCTAX

(puc. 9.6). TMycTs p = jw, T.€. LENb HAXOMMUT- h V2

CA MOJ TapMOHMYECKHM BO3meiicTBUEM. YKa- ) >S‘ Re
3aHHBIM TOYKAM COOTBETCTBYIOT 1BA BEKTOPA ,?(

Ha KOMIUIEKCHOW miockoctH: V) = jw — 2 S 7,

u V» = jw — 2z, KOTOpble OTBEYAOT HEKO- !

TOpPHIM COMHOXMTETsAM B uucautene Gopmy- Puc.9.6. Bnusnue nynen co-
abi (9.20). TMpu u3MeHEHMM 4acTOThi W 00a  MPOTMBIIEHWA, PACNONArAIOWMX-
BEKTOpA MOBOPAYMBAIOTCH M M3MEHSIOT CBOK  CA B IEBAK U NPABOH nonynnoc-
amuHy. Pasnuiia Mexay HHMH COCTOMT B TOM, e S

yTo BeKTOp V| ¢ M3MEHEHHEM YacTOThi OT —00

A0 +0o yeenmuuBaeT (a30Bblit Yron HAaCTOTHOro KoabduiMeHTa nepejayu
Ha T pal, B TO BPeMs KakK BekTOp V3 MpH TeX Xe YCHOBHSAX YMEHBLIACT yron
Ha Ty xe BequuuHy. KoaddHlLHEHT nepenaydu HETLIPEXTIONIOCHHKA SBASETCH
JpoGHO-pALHOHATBHOM (QYHKINEH, HIMEHEHHE APTYMEHTA KOTOPOH

Aarg K(jw)|' =" = Aarg (uuciut.) — A arg (3Hamenar.).

[Mo3TOMYy TPH OIMHAKOBOM YWC/AE HYAeH W MOMIOCOB HEMHWHMMATBHO-
¢dazopas uens obecrieynpaeT Oonbilee MO aBCOMIOTHOMY 3HAMEHUIO 3MeHe-
Hue dasel KoapduLMeHTa Nepeayn Mo CPABHEHUIO C MHHHUMaIbHO-(ha30BoM
LEMBIO.

Pacnionoxenue Hyneit dynkunn K(p) cBA3aHO € TOMOIOrMYECKOI CTPYK-
Typoii Leny. bpUIo MOKA3aHO, YTO MUHUMANBHO-(a30BBIM OyaeT M06oi YeThi-
PEXMO/IIOCHHK, Y KOTOPOro MPOXOXAEHHE CUTHANA CO BXOAA HA BBIXOI MOXHO
MOMHOCTBIO MPEKPATUTH TIYTEM paspbiBa TULIbL ONHOMH BeTBU. Hampumep, Mu-
HUMANbHO-(Da30BbIMK LIETAMH GYAYT TIOOEIE YETHIPEXTIONIOCHHKH JIECTHUYHGHA
cTpykTypsl (puc.9.7).

HemuHHMaIbHO-(DA30BBIE YETHIPEXTONIOCHUKH HMEIOT, KaK TMpaBMIO,
CTPYKTYPY MOCTOBBIX (CKpEILEHHBIX) lerneif, B KOTOPbiX CHIHAl Ha BBIXO
MPOXOAUT MO ABYM Wik Gonee He3aBHCUMBIM KaHanawm, [Mpocreliniag HeMuHH-
ManbHO-(ba3oBas Lens — CUMMETPUYHBIH MOCTOBOM RC -4YeTHIPEXMOMOCHHK

C

+ b G

Puc. 9.8. Cummerpuunbii
mocTosoK RC -4eTbipexnoniocHHK

Puc.9.7. Lenb necTHWUHOM CTPYKTYPBI
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(pwc. 9.8). Mnsa 370l uenu nepenaToyHasn (yHKLNS IO HaNPSKEHHIO

pRC -1
K(p)=—— 9.22
() PRC+1 .( )
MMeeT eAMHCTBEHHBI Hynb z = 1/(RC), pacnonaraiomuiicss B npasoi mony-
IIOCKOCTH.

Ceaze mexay A4HX u PUX
MHHHMaNbHO-()A30BOr0 YETLIPEXNONIOCHHKA

TepenatouHas GyHxuns K (p) 1106010 yeTOHYUBOrO YETHIPEXTIONIOCHHKA
B MpaBoif MONYIUIOCKOCTH MEPEMEHHOW P He HMeeT MOMIOCOB M MO3TOMY
ABAsETCA aHAIMTHYecKoi dyHKuUMed B 3Toit obmactH, Eciu K TOMy Xe 3TOT
YEThIPEXNOAIOCHHK MPENCTARNAET CO00H MHHMMAIBLHO-(a30BYI0 LENb, TO ETO
nepegaToyHas GYHKUIMS B PABOH MONYIIOCKOCTH HE HMEET M Hyneif. 3HauuT,
aHaIUTHYeCKOH oKa3eiBaeTcs (hyHKIHMA

In K(p) = In |K(p)| + j arg K (p).
IMo3TOMYy MOXHO HCHOIBb30BAaTh, KAK M B CyYae ABYXNOMIOCHHUKA, GopMynbl

npeobpazonatius [ManGepra u 3amucaTh CBH3L MEXIY MOIYASM ¥ apTYMEHTOM
yacToTHOro Ko3gduineHTa nepenaun:

arg K (jw) = % %Ii(i-f—)l dt, (9.23)
i Gl = 5 [ X0 g

Takum 06pasoM, ecim AUX YeThIpexnofiocHHKa MUHHUMANbHO-(a30Boro
THMa 3anaHa, To ero @YX xectko cea3zaHa ¢ Helt. Ecu Xe YEThIPeXmToNOCHUK
NPUHALIEXHT K K1accy leneil HeMHHUMaNbHoit dasel, To AYX u ®UX MoxHO
BLIDKHpaTE HE3aBUCUMO APYI OT ApPYra.

9.3. CuHTe3 NaccHBHBIX ABYXNONIOCHUKOB

Knaccyveckas 3anaya CHHTE3a ABYXTIOMIOCHHKA (OpMYIHDYETCH Cleayio-
LM 06pa3oM: 3aiaHa onHa u3 GpyHkumii uenu, Z(p) win Y (p). Beinonusiores
BCE YCJIOBHS, FAPaHTHPYIOLHE MPUHALIEXHOCTE e K (YHKUMAM (H3nuecKH
peanu3yeMplX YCTOHUMBBLIX IBYXMOMIOCHUKOB, TpebyerTcs HAMTH CTPYKTYDY Lie-
M4 ¥ HOMHHaIBI BXOOAIIHX B HEE 3/IEMEHTOB.

OO6bIYHO, MPOBOIA CHHTE3, 3aNAKOTCA TOH WM WHOI CTPYKTYPOH LEMNH.
lMpouenypa cHHTE3a HEOMHO3HAYHA, W MOXET OKa3aThCsd, UTO OOHY H TY Xe
(YHKUMIO MOXHO pealu30BaTh HECKONBKMMHU crmocoGamu. Torma mpemmoure-
HHE OTAAIOT TOMY BApHAHTY, KOTOPHIH Tpefyer, Hanpumep, MEHBIIEr0 Yucaa
JEMEHTOB,

OcHoBHAR MAeA CHHTE3a

Jlio6oii METON CHHTE3a OBYXMOMIOCHMKA OCHOBAH Ha TOM, YTO 3aJlaHHas
dyuxums Z(p) wan Y(p) nomsepraetcss psury noc/iefoBaTelbHBIX Mpeobpa-
soBaHMil., Ha kaxmoMm 3Tane BeIAENAIOT OINpele/ieHHOE BRIpAXKEHHE, KOTOPOE
MOXHO OJHO3HAYHO COTIOCTABUTB C TEM WIH HHBIM (DH3HYECKHM 3/E€MEH-
TOM LienH. XapakTep npeobpa3opaHuil 3apaHee YCTAHABNMBAETCA BBIOPAHHOM

cTpykTypoii uenu (puc. 9.9a-2).

Puc. 9.9. Hexotopbie BakHeMluMe CTPYKTYpPbl Lenew: a) nocnefoBaTenbHan;
6) napannensHas; 8) nectHuuHas ¢ T-0BpasHbiMH 3aeHbAMM; I') NECTHUYHAA
¢ N-o6paaHbiMu 38EHBAMM

Jlerko BMOETH, YTO 1A CXEMBI @

Zp) =21+ Zy+ ...+ Zy; (9.24)
JUIA CXeMBI O
Y(p) =Y +Ya+...+ Yy (9.25)
JUISE CXEMBI @
Z(p) =2, + I : (9.26)
e e
1k i+ ...
IS CXEMBI 2
Y(p) =Y + 0 (9.27)
e i
Fa e
Bripaxenus suaa (9.26) u (9.27) Ha3uIBaOT yennsimu WIN HENpepbiGHbIMU
dpobamu.
Ecnu Bce KOMNOHEHTH 2y, 25, ..., 4, u ¥}, Y5, ..., Y, wieHTHDUUKHPO-

BaHbl C HEKOTOPBLIMM M3BECTHBIMM 3IEMEHTAMM, TO 3aJaya CHHTE3a IBYXIMO-
JIIOCHHKOB pellieHa.
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CuHrea pPeaKTHBHbLIX ABYXNONKCHHKOB

M3y4nM OCHOBHEIE IMPHEMBl CHMHTE3a pPeaKTHBHBIX ABYXTIONIOCHHKOR, 06-
pasylommuxcss 43 sneMmeHTOB THHa I W C. PeakTUBHBIE IBYXNOMIOCHHKH
CO CTPYKTYpaMHM a M 0 MPHHATO HasuiBate uenamy Pocmepa. JlecTHUUHBIE
LeMH BHIA & W ¢ Ha3eIBalOT uenamu Kayspa.

O6paTHMcsa K KOHKPETHBIM TIpHMepaM CHHTE3a.

floumep 9.4, Bxonsoe CONPOTHBNEHNHE 3a0aHO B BUIE

Z(p) = (P + 1)(p*+25) p*+26p°+25
. e T

[MocTpouTh ABYXNOMOCHHK THIa DocTepa, MMEIOWLHIE TaKOE COMPOTUBICHHE.,

Pasgenus B dopmyne (9.28) uMcauTens Ha 3HaMeHATENb, BHUIEIAEM MEDPBHIE
JMICMCHT LIeIM:

(9.28)

22p* + 25
Zp)=p+ ——— = Z'(p),
(p=p e +Z'(p)

KOTODBIH OKa3kIBAETCH MHAYKTHBHOM KaTymikoit ¢ mapamerpoM | [ (3,uac1, H B Jalh-
HEH1IeM YMCI0BBIE 3HAYeHNS BEIGPAHE! H3 cOODpaXKeHHs HAIMIAIHOCTH PacueToB),

[anee BxoaHoe conpoTHBAEHHE Z'(p) MOXHO Pa3OXUTE HA NPOCTHIE APOGH;

oo 25 63p/4 25
ZLp)—4P+P1+4—4P+Z"(p)-

IlepBoe cnaraeMoe B MpaBoii YaCTH COOTBETCTBYET KOHAEHCATOPY € eMKOCTLIO 4/25 @,
Jlns Toro, 4TOOLl HAHTH MOCTEIHHN INEMEHT
1 4725 uenu, oTsevaowmii conporusneHuio Z'(p), ue-

o_rvv'\__{

BOJIHMOCTH!

63/16 I pPP+4 4 16

4/63 "
T W= e i o o
o - MoOXHO 3aMETHTh, YTO 3TOi TIPOBOAMMOCTH
Puc.9.10. Cxema COOTBETCTBYCT MNapa/LNEIbHOE COCOMHEHHWE KOH-
ABYXNONoCHUKa Tvna Pocrepa neHcatopa ¢ eMxocToi0 4/63 @ | KaTyiiku ¢ uH-
OYKTUBHOCTBIO 63/16 [H. Cxema uenu npuseseHa
Ha puc. 9.10.

[ns cuHTe3a peakTMBHOTO [BYXMOMKCHHMKA To Metomy Kayspa HyxHO
MpeNCTaBUTh 3a0aBAEMOe CONPOTHBIEHHE (WIH NPOBOAMMOCTSL) B BHIE LEHOM
npobn. CooTBeTcTBylollas BHIYHCAWTENEHAA MpOLEIYpa MOJYYMIa HA3BAHUE
deaenue — obpawenue ocmamxa.

[lpumep 9.5 Haittw cxemy Kayapa, peanusyiomyio conpoTtusieHue Buma (9.28).
byneM OenuTh YMCIHTe b HA 3HAMEHATE/Ih, HAYHHAA CO CTAPLUMX CTETIEHEH:

p' +26p" +25(p° +4p

p'+ 4p’ P (9.29)
22p* +25
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Neco00pa3Ho mepedTH OT CONPOTHBICHUS K MpO-

Kax 1 B cxeme QocTepa, NepBbiM 3EMEHTOM OYIeT MOCACA0BATENLHO BKIKOUEHHAS
KATYLIKA ¢ MHIYKTHBHOCTEIO 1 TH.
3anuceipas I
Zp)=p+-———5—>
(r)=p ps +4p
22p* + 25

pUIMM, 4TO 3HameHatenb B (popmyre (9.29) AOmkeH ObITh pasIENcH HA OCTATOK.
B 370M M 3aki0uaeTcs npolenypa obpaiieHHs octatka, ManbHeiillie 3Tarbl CHHTE3a

Ye penyioTcs
denenue:

obpawerue ocmamia:

denenue; &
p
=t 2
22 :
63p
550

OGbenHHB BCE 3TH PesyiIsTaThi, sanuieM dyHkuuio Z(p) B puse UETHOH Apobu

1
Z(P} =p+ ) 1 s
2 T B .
R
550
KoTopoit oTeeuaeT cxema Kayapa, npusesexnas Ha puc. 9.11 cresa.

Jlpa TIpeAbLAYLUMX MPUMEpPa HATIANHO MOKA3bIBAKOT, YTO CHHTES ABYXNO-
JMIOCHUKOB OCYILECTBISETCA HEOAHO3HAYHO, MOXHO HaliTH emie OAHY Uenb
¢ TaKMM XE BXOIHBIM CONPOTHRIEHUEM, NpUMeHHB MeTon Kayspa M HauuHas
AejieHHe He ¢ BBICIIMX, @ ¢ HU3LINX CTEeflEHEH.

Mpumep 9.6. Haitrv uenb ¢ BXOAHBIM CONPOTHRACHHEM Biaa (9.28), HCHOABIYS METOL
Kayapa u HauMHas Ae/ieHHe ¢ HH3LIHX CTen¢HEel MHOTOMICHOB.
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7 4£84/63
/25 5241
R 252/
rzz 53/550
1= T 79/16 79/63
e e

Puc. 9.11. Cxembl geyxnomocHukos Tvna Kayspa

3anuceiBag - 2
25+ 26p° +p
#p)=—mr,
p+p
BRITIONHAA JefeHHe H o0palleHHe OCTaTKa, Moaydaem
25 1
Z(p) = E + 6 = I
79p ' 6241 )
252p 63

JauHoit uenHoit apo0u OTBEYAET PEAKTHBHBIH ABYXMONIOCHHK, CXEMa KOTOPOro
npuseieHa Ha puc. 9.11 cnpasa.

Meron Kayapa ocobenHo ynobeH TeM, YTO 3Ta NPOLEIYPAa OTHOCHTENLHO
JErKQ IrOpUTMU3IHPYETCH W MOXKET MOCHAYXMTb OCHOBOM coamaHms 3dubek-
THBHBIX MPOrpamMMm i KoMmneioTepa. OMHAKO HEOGXOMMMO UMETH B BHIY, YTO
Ha KakoM-1ubo arane NpOLLCCa NOCACIOBATENLHOO ALAEHWA OCTATOK MOKET
OKA3aThCs OTPULIATEILHBIM. POpManbHO 3TO 03HAYAET OTPULIATEIBHOE 3HAYE-
HHE COOTBETCTBYIOLLETO PEAKTUBHOIO 2JEMEHTA LENH, a (hakTu4ecKH roBOPHT
O HEpPeaIM3yeMOCTH CHHTE3HpyeMoO# CTPYKTYphl. MHorma ymaerca usbexaTh
3TOMH TPYAHOCTH, Ha4aB, Hanpumep, NefeHHe He C BhICIIUX, @ C HU3UIHX CTemne-
Heil. B obuiem ciydyae npuxoaHTCs UCTIONB30BaTh GoMee CAOXKHBIE MPOLIEAYDSI
CUHTE34, ONMMCaHHBIE B CHICLMANLHON JMTepaType.

(? Bonpocsi

1. Kak onpezaensieTcd MOHATHE KOMILTEKCHON YacToThI?
2. Kakos ofuiuii BUL NIPOH3IBONLHOH yHKIHK Uenn?

3. [lepequcnuTe OCHOBHEIC 3AKOMOMEPHOCTH PACHONOKEHUS HYTLH U TIONIOCOB WM-
MefaHca YCTOM4UBOro NHHEHHOro IBYXIIOMOCHHKA.

4. [aiite onpenencHue MOHATHS TIONOXKHTEILHOMN BEILECTBEHHOMH yHKIIHH,
. Kakue IBYXTIOMOCHHKY HAaIBIBAIOT UEMAMH MHHHMATBHOIO COMPOTHR/ICHNHA?

6. Kak BurnsamiT GOpMy/bl CBA3H MEXIY BEIUECTBEHHOW W MHMMOI YacTAMH CO-
MPOTHBIEHHA NHHEHHOTO ABYXMOMIOCHHKA?

7. KakoBbl OTTMYUTEIBHBIE CBOHCTBA MEPENaTOYHON (DyHKUMM MHHHMANEHO-(A30-
BOTO YETHIPEXTIOMOCHHKA?

8. Ilepeuncnute STanmeEl CHHTE3a ABYXIOMIOCHUKA IO MetonaM ®octepa i Kayspa.

w

<';> 3apaun
9,1. Cpemu pyHKUHIH, ONMHCHIBAIOUWIMX BXOAHYIO MPOBOAHMOCTD ABYXTIOMOCHHKA:

24025
a) de):%lti_)’

P +9
5 %)= G @)
p(p* +1.44)
B) Yi(p) = 73 0.81)(p2 + 2,56
' 4+2p+0.5)
) Yalp) = %m

HaiinuTe Ty, KOTOpas oTBeuaeT (hH3NYeCKH peanusyeMoil LC-ueny.

9.2. CunTeaupyiiTe ABYXMOMIOCHHK, HMEIOUIHH BXOIHOM HMNEIAHC (Om)

_ lep’+4p
T2+ 1)(6pr+ 1)

9.3. OcyuiecTeUTe CHHTE3 IBYXITOMIOCHUKA C BXOAHBIM COMPOTHBICHHEM (Om)

3.10°
40) =5 0p+ 1

Z(p)

9.4. TMonyyute AHATHTHYECKOE NPEACTABNEHHE 15 BXOAHOTO COMPOTHRICHHS MTOCCA0~
patensHoro L -KoHTypa Ge3 notepsb. Ha 370 0cHOBE CMHTE3UPYHiTE Lenb CO BXOAHBIM
conpotusnesuem (Om)
Z(p) 8 _ lo-llpz i 104
LAl

9.5, Buienute OPMYY, KOTOPas OTIHCHIBAET BXOAHOE COMPOTHRIEHHE NAPALACIBHOTO
KonebarebHOro KoHtypa 6e3 norepb. Mcnonbys ee, CHHTE3UPYHTE LieNb, MMEIOLIYIO
BXoaHoe conpotHBieHue (OM)
2-107%p

1,5 10-1p2 4 10°
9.6. Haitaute cXxeMy ABYXTOMIOCHHKA, HMEIOLIETO BXONHOE conpoTuieHne (Om)
7 1,5-1077p* + 2,5 107*p + 300

(o) = 5.10-19p2 4 :

9.7. HMcnonb3sys meton Kayapa, mposeaure CHHTES ABYXIIOMIOCHHKA € BXOAHBIM CONPO-
THBAeHNEeM (OMm)

Z(p) =

8p’ +4p
p*+ 1
9.8. Cunrtesnpyiite cxeMy IBYXIOMIOCHHKE, BXOIHOE COMPOTHBICHHE KOTOPOTO YKa3aHo
B 3anade 9.7, Takum 00pa3om, YTOOLL MEPBLIM INEMEHTOM CNYKIUIA MOCACNOBATEIBHO
BKJTIONEHHAS WHAYKTHBHAA KATYILKA ¢ HHAYKTHBHOCTBIO 2 TH,
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9.9. Hailaute cxemy uenw, BXonHOE COMpOTHRNEHHE (OM) koropoit omuchiBaeTcs
dbopmynoi

1 1
@)= s——+ :
2-10°%p 3.10-—61,_!_;
0,125p

9.10. Hailnure CXeMy LieNH, KOTOPAs HMeeT BXOAHYIO nposofuMocts (Cm)

Y(p)=6-10"% + :

6-10"7p + :

T
1,310 4ot e
T

B et b St P na gl sk S st B 4 S s

fmasa 10

Uenu c pacrnpegeneHHbiMu
napamerpamMu

Cpeau 3MEKTPUYECKHX Lieneil, MPHMEHSEMbIX B PATHOYIEKTPOHHKE, OCO-
foe MecTo 3aHMMAIOT AUHLU nepedavi — CHCTEMbI, NpeNHa3HAYeHHbIE s
COEMHEHMS] MCTOYHMKA CUTHANOB M MPHEMHMUKA, Da3HECEHHBLIX B MPOCTPaH-
cree. Jlunueidl nepemauyu CAYXHT, Hanmpumep, Mapa MPOBOIHWUKOB JUTHHOMN [,
MPOTAXEHHAA BAOAL OCH 2. B npakTHYecKi MHTEPECHBIX CIIyUasiX MONEpeyH b i
pasmep muHuKM d < [,

M3necTHO, uTO CKOpOCTH cBeta ¢ = 3- 10° M/c spnserca npeneabHol cko-
POCTBIO PACHpPOCTPAHEHHS 3NEKTPOMATHUTHBIX BO3MYILEHUH. 3Ta CKOpPOCTh
BECHMA BEAHKA, OOHAKO YACTO BCTPEYAIOTCA CHTYaUHH, KOTAA BpeMs PacHpo-
CTpaHEHHs CUTHaNa BOOMb JNMHMH © = [/c cOM3MEpUMO C WIMTENBHOCTHIO
nepeaapaemMoro Konebawusa. [Tpu 3TOM yxe Helb3s CYWTATH, 4YTO MPOLECCHI
B PazTMuYHLIX CEUEHMAX JIMHUM MPOTEKatoT MO OQHOMY M TOMY X€ 3aKOHY.
Takum 66pa3oM, AHHHA THEpeRadit AOCTATOMHO BOABINOI AAHHBI HE RBAAETCA
KBA3UCTALMOHAPHOI uernbio (. 1),

Teopust AMHKI Nepefa4yH nomkHa OLITE MOCTPOeHa TaKUM 06pa3oM, YTOObI
YYHMTBIBATH 3D (hEKT KOHEUHON CKOPOCTH pacrnpocTpaHeHusi curHanos. Cnenyer
HCXOAUTH H3 TOTO, 4TO B HEKBA3HCTAUHOHAPDHBIX UENAX HEBOSMOXHO BbLICAHTH
06MacTH NpPOCTPAHCTBA, B KOTOPLIX MTOKATH30BAIUCE OBl TONEKO 3HEPTHA 3/IeK-
TPUYECKOTO NOJA WK TONLKO 3HEPrisi MAarHUTHOTO nond, BMecTo aToro Beoaat
MpeNcTap/eHHe O pacrpefelieHuH HANpsKeHusl U Toka Booas ocu. Ha srom
OCHOBaHWH THHHK Mepeiad, [LTHHbl KOTOPBIX COMIMEPHMBI C ITHHOH BOHEI,
HA3BIBAIOT UENAMU C pacnpedeneHnbimMu NapamMempanu,

10.1. PerynapHas nunusa nepeflauvM ¥ ee Nnapamerpbl

Tak npUHATO HA3LIBATEL JIHHHIO, ¥ KOTOPOH NMomepeuHas KOHMUIypaims
MPOBOOHWUKOB HEN3MEHHA MO MHHE, a MapaMeTphl 3aMnONHAONMIEH Cpembl,
TAKHE, KaKk OTHOCHTENbHAA NW3IEKTPHYECKasdA MPOHUIIAEMOCTL &€ M OTHOCH-
TeNbHAA MarHWTHasg NMPOHWLIAEMOCTb f¢, MOCTOAHHBI B TIpOoCTpaHcTBe. Bynem
BHAYaE TIONIAraTh, YTO MCTOUMHHKH, CO3NAIONIME TOKH M HATIPAKEHWUS B JIMHUM,
HAXOHOATCS BHE paccMaTpuBaemoil oOsiacTH npoctpaHcTBa. B 3TOM CMbicne
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Thasa 10. Llenu ¢ pacnpesenenHsimu napamerpamu

MOXHO FOBODUTE O TOM, 4To GyAyT M3y4aThcs CBOGOIHEIE KonebaHus pacrpe-
OEJIEHHBIX CHCTEM.

ﬂepsmmue napaMeTpsl AMHWHK NepegauM

YroObl onucaTh pacnpefieNieHHYIO CHCTEMY B TEPMHHAX TEODHM Liemeif,
IIPHHATO BBOAHTE NMOTOHHBIE XapaKTEPHCTHKH JIHHHUI nepeaavuu.

Hamiite TOKOB B MPOBOAHMKAX CBA3aHO C CYIIECTBOBAHHEM MArHHUTHOTO
nofist. [T03TOMy OTPE30K JIMHUM MMEeT HEKOTODPYIO MHIYKTHBHOCTh TPH Kac-
Ka[IHOM COEIMHEHUH OTPEe3KOB UX MHAYKTHBHOCTH cknansiBalotes. [ycrs Ly —
MOroHHasA MHAYKTUBHOCTH (TH/M) peryisipHOii TMHUY, KOTOPas YHCIEHHO PaB-
Ha WMHIYKTMBHOCTH OTpe3Ka NHHMH MiHHOH | M. Torga GeckoHewyHO Manblii
OTPe30K MIMHOI dz Oymer umeTs WHAYKTHBHOCTD L) dz.

[TopobHO KOHEHCATOPY, NMHMA Mepelaid CcrnocobHA TAKKe 3anacarh
SHEPTUI0 3NIEKTPHYECKOro mossg. BTo CBOMCTBO XapakTepH3ylOT MNapamer-
poM C| — MOTOHHON eMKOCTbIO iMHUH (D/M); KaXIOMY OTpe3Ky WIHHON dz
orBeyaet eMkocTh Cdz.

TMpoBO/IHMKK DeabHON NMHHH HMEIOT HEKOTOPOE AKTHBHOE CONMpPOTHB-
JIEHHE, KOTOpOE YYMTHIBAIOT, BBOIS MMOTOHHOE CONPOTHBIEHHWE noteps R,
(Om/M). Hakonew, creneHb HeMIEATBHOCTH H30MATOpA JIHHUH XapaKTepH3y-
10T MOrOHHOM MPOBOAMMOCTBIO yTeukU G (Cm/m).

B Teopuu pacripeiesieHHBIX LeNeld MOTOHHLIE XAPAKTEPUCTHKH JMMHHIL
MPHHATO HA3BIBATb MX NEPEUYHbBIMU NADAMEMPAMY.

3HayeHHA MOTOHHLIX MAPAMETPOB 3aBMCAT OT KOH(MHUIYpPALWH TIPOBOI-
HUKOB B MOMEPEYHOM Ce4EHMH W OT CBOMCTB 3aTOJIHSIOLIErO AMINEKTPHKA,
PopMyaBl ISl pacyeTa STHX MapaMeTpoB MOAYYAlOT METOJAaMU TEOPHH 3NeK-
TPOMAarHUTHOTO MOA.

KoakcuanbvHas nuuus nepefauu

Perynsipsas koakcuanvHas nuuus nepemaun (puc. 10.1a) — 310 cH-
CTeMa M3 [BYX METAUTHYECKMX LWIHHIDPOB, TIPOCTPAHCTBO MEXIY KOTOPBIMM
3aMONHEHO NM3NEKTPHKOM. KoakcuanbHble TMHHH MIMPOKO MCMONB3YIOT IS
Nepefiayd CHMIHA/IOB B IMANA30HE YAacTOT OT HECKONBKUX lepil [0 HecsTKOB
rurarepu. PacnpocTpaHeHsl rMOKME KOAKCHANIbHbIE KAGenM, B KOTOPBIX OM-
3/IEKTPHKOM CIYXHT nonuatunet (¢ = 2,25) wn dropomnacr (¢ = 2,08).

TTOroHHY10 HHAYKTHBHOCTb KOAKCHANBHON JMHKUM OMNpelensiorT no dop-

MyJe
= B b
Li= o n (a)' (10.1)

rae a v b — paaMychl BHYTPEHHETO M BHELIHETO MPOBOAHMKOB, jiy = 1,2566 x
1078 [H/M — MarHWTHas NOCTOSHHAS BaKyyMa.

YToOBI HAlTH MOTOHHYI0 €MKOCTh KOAKCHANBLHON JIHHHM, cHelyeT BOC-
NOMB30BaThCA H3BECTHOM M3 Kypca PU3NKKU POPMYIIOH EMKOCTH LIMIHHAPHYE-

L A D 0 B S0 S0 400§ SRS T g SR

10.1. Perynspras nnHna nepenayu

Zb

a)

Puc. 10.1, KoHCTpyKuWy HEKOTOPbIX NHHUA Nepeaayu:
a) KoakcHanbHas nuHMs; 6) MUKPONONOCKOBARA NHHHA

CKOTO KOHIIEHCATopa
2meeg
O = sy (10.2)
In (b/a)
roe g = 8,842 - 107" ®/m — dyHaaMeHTaNbHas KOHCTAHTa, Ha3biBaeMmas
3MEKTPUYECKOI MOCTOSIHHOMH Bakyyma.
[MoroHHOE CONPOTUBRIEHHE NOTEPh KOAKCUATBHOH JIMHHH 3aBHCHUT OT ya-
CTOTH. DTO CBA3aHO C TEM, YTO Ha BBICOKMX YAcTOTaXx TOK MPOBOAMMOCTH
«BBLITECHHETCS» Ha TOBEPXHOCTH MPOBOAHKKA (MOBepXHOCTHBIN 3hdexT). Pac-

yeTHas opmyna MMEET BHI
1 Jwp [ 1 ])
= e o oS S 10.3

1= %V 20 (a ik (o3}

roe o — yaenbHas 0GbeMHas NPOBOAHMOCTD MeTanna. TokoBeayuile noBepx-
HOCTH OOBIMHO BhinOAHsOT M3 Memu (0 = 5,7 - 107 Cm/m) W cepebpa
(o =6,1-10" Cm/m).

[MoroHHy® NpPOBOAUMOCTL YTEYKH Ans 060l JHHMHW PACCYMTHIBAIOT
no dopmyne

G, =wC) 1gd, (10.4)
roe § — yroJi JM3JeKTPHYECKHX MOTeph 3amnoJHAIOIIEro MaTepHana, Juanex-
TPUKH, TPHMEHAEMBIE B PAIHO3JIEKTPOHHBIX LETSIX, HMEIOT JOCTATOYHO MATLIE
—4

yIIBI ToTeps, Tak, Uis NONM3ITHICHa Ha panMoyactorax d &~ 2- 107" pan.

Muxpononockosan NHHHA nNepeaauM

B uurerpanbHeix ycrpokcteax CBY-ananasoHa MpPUMEHSIIOT MHKpOMO-
JIOCKOBBIE IMHUK Tepegayu. [TonepeyHoe ceyeHne TaKoi JIMHUH HI06paxXeHo
Ha puc. 10.1 6. JIuHus npeactasnser coboi MOMOCKY XOPOIIO MPOBOAALIETO
META/I1a WIMPHHOM b, pacnonoXeHHyI0 Hal MpPOBOIALIMM OCHOBAHMEM M OT-
IENEHHYIO OT HEro C/I0EM BbICOKOKAYECTBEHHOTO AMANEKTPUKA TONMHOM h.
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lhasa 10. Lenwn c pacnpegenenHbimu napamerpamu

JAM3NeKTPUKOM Hallle BCEro CYXHT ABYOKHCh amoMuHus (candup, noaukop)
¢ napamerpami € = 9,5, 6 = 107,

3anaya B pacueTe MEPBHYHBIX MApamMeTpOB MHKDPOMOIOCKOBOH NHMHUA
Tiepeaaydyl ABASETCH BECbMa CIIOXHOI, TaK KaK NPUXOIUTCH YYMTHIBATH MCKA-
JKEHHE CTPYKTYpbl MOJis BOIM3U Kpaes noaockH. [IpubnuxeHnsie Gopmyisl,
MO3BO/IAIOIIME MPOBOAMTE PACYETHI € ToYHOCTRIO 10-20% u npuroaHsie npH
yenoeuu h < b, uMe0T BUA

h
L = ’%_, (10.5)
gggb
G = 5= (10.6)
1 [2wpy
R, = b\/ o (10.7)
G =wC1gd. (10.8)

llpumep 10. 1. DAeKTPOHHBIH BONBTMETP NOAKMIOYCH K MAPANNEABHOMY KONEbaTe b
HOMY KOHTYpPY OTPe3KOM KOaKCHANBHOro Kabensa minHoi 1,5 M. IMapamerper kabe-
na: a = 0,25 mm, b = 2,5 MM, € = 2,25. Konatyp umeer emxocte C = 250 nd
M HacTpoeH Ha yactoty f = 3 MIu. Ouenuts pansuue kabens Ha paboty yeTpoilcsa.

Hanna xaGens 3HAYUTENLHO MEHbLIE IIHHE BONHbL [Toatomy kabenb npubmm-
KEHHO BeAeT cebd Kak KBasucrauMoHapsas uens. IMo dopmymam (10.1) u (10.2)
HaxomuM L) = 0,46 mklh/M, C) = 54,3 n®/mM. Orpesok kabens MoXeT ObITh 3KBMBA-
JIEHTHO npezacTasneH I'-00pasHBIM YeTHIPEXNOMOCHUKOM, KOTOPBIIA COCTOMT M3 mocie-
HOBAaTeIbHO BKIKYEHHOIO HHAYKTHBHOrO 3ieMeHTa ¢ L = 0,69 Mkl u napannensHo
BKJTIOYEHHOTO eMKOCTHOTO 3neMeHTa ¢ C = 81,45 n®. Monynu peakTHBHBIX COMPOTHB-
nenwit | Xp| = 2n fL = 13 Om, |X¢| = 1 /(2w fC) = 651 OM. B nepsoM npubanxeHnn
BAMAHMEM MHIYKTHRHOTO COMPOTHRICHUSA NHHHH MOXHO NpeHebpeds U CUHTATh, 4TO
kabenb 106apnseT K eMKOCTH KOHTYpa npuMepHo 80 nd, [1o3tomMy KOHTYPHYIO eMKOCTE
HYXKHO OyIET cOKpaTHTb, YTOOBI MOMLIEPKATH PE3OHAHCHYIO YACTOTY HEM3IMEHHOIH,

PaccmoTpeHHEIH NPHMEP NEMOHCTPHPYET ONpelc/CHHBIE TPYAHOCTH, BOIHHKAK-
lIMe TPY H3MEPEeHHAX HA BBHICOKHMX 4acToTax.

TenerpadgHpie ypaBHeHun

Ha puc, 10.2 usobpaxeHa cxema, 7 7 +dz
OIHCHIBAIOLIAsA ABIEHUS B GECKOHEY-
HO MaJIOM OTPE3K¢ PErvispHOH JH-
HUM nepegaun. [laHHas cxema cogep-
KUT B cebe BooOpaXaembie ABYXNO-
mocauku thna L, C, R u G v nosto-
MY MOXET aHanuW3upoBaThcs 00BIY-
HLIMM METOZaMM TEOPHH LIETei.

Hnst Toro 4rofbl NONYYUTH mu-
depeHuaNbHbIe ypABHEH WA peryasp-
HOH THHUM Nepeadu, CENyeT 3aHcaTh YCIOBHS SEKTPHYECKOrO PABHOBECHS
B IEMEHTAPHOM OTPE3Ke IHHOH dz, a 3aTeM nepeiTy K npeneny npu dz — 0.

Puc. 10.2
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Ha ocHoBauuu Broporo 3akoHa Kupxroda HanpsikeHHe B CEYEHHH € KO-
OPOMHATOMN 2 CK/IANbIBAETCH W3 HATPSKEHHs B CEYEHHH C KOOPIHHATO#H z4dz
M HATIpSKEHMs Ha TOCTIeIOBATE/IbHOM COETHHEHNU BIIEMEHTUB Rydz v Lydz:

iz + dz, 1)
Y Sy

Ha ocHoBaHuH TiepBoro 3akoHa Kupxroda TOKH B yi/ie ¢ KOOPAWHATON 2
YAOBJIETBOPAIOT COOTHOLUEHHIO

u(z,t) = uw(z +dz,t) + R dz -i(z + dz,t) + L, dz (10.9)

Ou(z, t
i(z,t) =i(z+dz2,t) + G dz - u(z,1) + C, dz%. (10.10)
Creayer 0BpaTHTh BHMMaHHME Ha To, 4to B Qpopmynax (10.9) u (10.10) uc-
MO/B30BAHBl YACTHBIE MPOH3BOIHLIE MO BPEMEHH, TaK Kak (QyHKUMH u(z, t)
# (2, t) 3aBUCAT OT ABYX apTYMEHTOB.
Tlepenuiien A8a NOCAEAHHX YPABHEHHs! CIEAYIOUIHM 00Gpasom:

u(z + dz,t) — u(z,t) ) =S di(z +dz, t)
= = —Ryi(z + dz,t) — L, —
i(z +dz,t) —i(z,t) - du(z, t)
dz = —Glu(z, t) C] -—“at .

IMepexona K npeneny npu dz — 0, monay4ynum OTCIOAA CHCTEMY ABYX JIUHEHHBIX

au(depeHLIMATIBHBIX YPABHEH it B YaCTHBIX MPOM3BOIHBIX MEPBOTO NOPsAKA
B cpoup ¥ 00 0 ol (10.11)
0z at’ - oz at

D1 ypaBHeHus BbiBea aHrnuiickuit dusnk B. Tomcon (nopa KenbsuH) B ce-

peauHe XIX B. NpH M3ydEeHHU 3NEKTPOMArHUTHBIX MPOLECCOB B TPAHCKOHTH-

HEHTAIBHBIX KabeabHbIX THHUAX TenerpadHoi cBasu. [To3ToMy OHH NOAYUHIH

Ha3BaHMe menezpagdneix ypasHenuil.

Cuctemy (10.11) HeTpyaHO cBeCTH K OfHOMY An(dEePeHUHATBHOMY YpaB-
HEHMIO BTOPOTO TOPSAKA OTHOCWTETHHO HATIDSDKEHMA WM Toka. s 3Toro
JOCTATOMHO, Hanpumep, npoandpepeHUMpOBaTL MEpBOE YpPaBHEHHE MO Z,
BTOpOE ypaBHeHue 1o ¢, a 3aTeM W3 JBYX MOMY4eHHBIX PaBEHCTB HCKTIOUMTDH
CMEILAHHYIO MPOH3BOAHYIO. B pesynsrate nony4yaeM ypaBHeHHE OTHOCHTENBHO
HATIPAKEHUs B IMHUH

#’u

&u du ;

— = G\)— + LCi—. 10.12

322 R[G|U+(R]CI+L| ')Bt + 4 1a£2 ( )

CoBeplileHHO aHAIOTMYHO BHIsLAMT AHdxpepeHIanbHoe ypaBHEHHE OT-
HOCHTEJIBHO TOKA

@i

i &%
'@ =R Gt + (R[C] -+ LlGl)é o L;C[

o (10.13)
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10.2. BonnoBbie npouecch:
B IMHWM nepegadu 6e3 norepb

Tenerpadurie ypasuenus (10.11), a Takke SKBMBANEHTHBIE MM ypaBHe-
Hus (10.12) uan (10.13) onuceiBaKT Bce MHOroOOpasue ARIEHMI, KOTOpbie
MOXHO HabGmoaaTh B IMHUAX Nepenayd. Haitnem ofuwmit Bua peiueHuit Taxmx
YPaBHEHUH 018 CilyyaeB, 4acTO BCTPEYAIOLIMXCH B PATHOTEXHWYECKHX TIPH-
JIOXEHHsX, KOrja nepBHYHbie napamerpel B, u G, yUuTHIBAIOUIHE NOTEPH
SHEPrUHM B IMHMM, MOXHO NMOJIOXKHTE PABHBIMH Hy/MI0. [laHHOE npeanonoxeHne
MO3BOMISIET CYLIECTBEHHO YnpOoCTHTDb ypaBreHue (10.12) u 3anucarts ero B Buzge

9’u 8%u
e iy

[MonobHbie ypaBHEHHSA B MaTEMaTHYECKOI DU3MKe HAIKIBAIOT €0IHOBBIMU YPaG-
HEHUAMU,

H3anineri criocod momyueHHs OGLLEro pelieHHsi BOJHOBOTO YpaBHEHMs
OCHOBAH HA MCIIONb30BAHMM OMNEPATOPHOro Metoda. CYHIHOCTL €ro 3aKo-
yaetcss B caeayioweM. [TpuMeHMM wuHTerpansHoe npeofpaszopaHue Jlamnaca
1o nepeMeHHol ¢ k obeum yacTam ypasxenns (10,14);

(10.14)

2 e ] 0
32 / u(z, t) exp {—pt} dt = L,C\p’ f u(z,t)exp {—pt}dt.  (10.15)
0 0

3neck Ge3 orpaHMYEHUA OBLIHOCTH TIONOXKEHO, YTO HAYANBHbIE pacrpeaeneHus
Hanpsxenust #(z, 0) u npoussonHo# Au(z,0)/dt obpawaoTcsa B Hyab. Jeit-
CTBUTEJ/ILHO, BCEFIA MOXHO CYMTATh, YTO HAYANBHBIN 3anac SHEPrUM B THHUH
O0YCOB/IEH HE HANpPSXEHHEM, a TOKOM i(z, 0).

Huterpansr B dopmyne (10.15) siBnsiorcsa M306pakeHHSIMH HCKOMOIQ
pelueHus1, KOTOphIE B nanbHeHleM 6ynem obozHavats cumsoiaom U(z, p).

3aMeTHM, YTO BENMHMMHA P CAYXHT He NEPEMEHHOM, Mo KoTopoii npo-
soaurcs audubepeHunpoBaHKe, a CBODOIHBIM napamerpoM. ToaToMy MOXHO,
3aMEHAA 3HaK YaCTHOW NMpPOM3BONHON Ha 3HAK ODBIKHOBEHHOW TPOM3BOAHOM,
3anucatek creayouiee InphepeHUHANEHOE YPABHEHUE OTHOCHTENBHO W306pa-
KEHHS HANpsXeHUd B THHUM

d?

-———pL C\U =0. (10.16)
dz?

Wrax, npumenus npeobpasosanue Jlannaca, yaaercsi CBECTM Npodnemy
pellieHHsA C YACTHBIMH MPOH3BONHBIMU K ropa3fo GoJiee nNpocToii 3ajayue pere-
HHs IHGdepeHIIManbHOTO YPABHEHHS ¢ OGBIKHOBEHHOI MPOU3BOIHOI BTOPOrO
nopsaxa.

Tak kak koadduumentsl ypasuenua (10.16) mng perynsipHOH JHMHHK
Nepefayn He 3aBHCAT OT z, TO obllee pellleHHe STOr0 ypaBHEHMS HaXOIWTCH

10.2. Boswossie npoyeccsi 8 nxrHmuu nepegaun 6es noreps

3IEMEHTApHO:

U(z, p) = Ai(p) exp {=pv/LiCy 2} + Ax(p) exp {p\/L Cri}. . (027

3nech A,(p) n Ay(p) — mpon3BoNbHEIE QYHKLMM NEPEMEHHON P.
TTycTh OpUTHHATIOM N0 OTHOIIeHMIO K A\ (p) saBnsieTcs HeKoTOpas PyHK-
uns f;(2). Ha ocHoBaHMM TeopeMbI 3ana3ibipanus (1. 8) nepBomy craraeMomy

B nipaBoii yactH dopmyasl (10.17) orsevaer opurunan f(t — +/I,C) z). Ana-
NOTHYHO, ecait f() — OpUrMHan o OTHOWIEHWIO K w3oGpaxenwio Ax(p), T0

BTOpOE ciiaraeMoe oruchiBaeT dynkumio fr(t + VvI,C; 2).
TakuM 06pa3oM, PeLLeHNE BOIHOBOTO YPaBHEHUsA 1A AMHUM 6e3 moTeph

npu t > 0 uMeer BuI
:f;(t—\/LICI Z)+fz(t+ VvV LiC, Z). (1018)

MoHaTHe OQHOMEPHOro BONHOBOrO Npouecca

Aprymentsl Gyuxumit fi u f» B dopmyne (10.18) umelor BeckMa Xxa-
pakTepHbIil BHA, BTO MO3BONAET BbIACHHTH HATTSAHBIH CMBICH MMOMYYEHHOTO

peuenus. Hanpumep, apTyMEHT NepBOro ClaraeMoro

{=t—y‘L1(le

OCTaeTcd TMOCTOAHHEIM, €CAH NpH VBEJIHYEHHH I 3HayeHue 2z BO3pacTaeT
CO CKOPOCTEIO

(10.19)

Bro o3Havaer, uto eciu npu L = 0 3adbuKcHpPOBATH HEKOTOPHIH <«npoduib»
fi(z,0), 1o cnyctsa ¢ ¢ aT0oT Npodunb 6e3 1epopMauui NEPEMECTHTCS B CTOPOHY
yBENTHYEHHs KOOpIMHaTHl z Ha pacctosHue | = vt (puc. 10.3a).

AHANTOrH4HO, pacCMaTpHBas apryMeHT BTOPOIO C/laraéMoro

n=t+vLC z,

y6exaaemcs, yto npoduns f(z, 0) ¢ pocrom ¢ Gea aedopMauny nepemeniaeTcs
B CTOpPOHY YMEHBIIEHHs 2 C TOWH Xe ckopocTeio v (puc. 10.36).

G
|

72

e

a) &)

Puc. 10.3. Bonwbl 0Buwiero aaa 8 AMHKK nepeaadm:
a) npamasn sonHa; 6) obpartHas sonHa
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ToBOpAT, 4TO BhIpaXeHWe BUAA

u(z,8) = fi (t = S) iy (t + E) (10.20)

C TMPOM3BOJIBHBIMH QYHKUMAMU f; M f, ONMCHIBAET 0OHOMEPHbITI BOAHOBOL
npouecc obuero Buaa. PyHkuns f; xapakrepusyet npamyio, a GyHkums f —
o0pamuyio 6041y (TEPMUHBI CBA3aHBI ¢ KOHKPETHBIM BRIGOPOM MOMOXHTENLHOIO
Harpap/ieH!s BIOJb OCH PACIIPOCTPAHEHHs Z W MIOITOMY, KOHEYHO, YCIOBHBI).
B cootsetcTeum ¢ dopmynoii (10.9) ckopocts pacnpocTpaHeHHs NPAMOit
M OOpaTHOM BONH 3aBMCMT OT 3HAYEHWIl MepBMYHBIX mapametpoB L, u C|.
Obparuwince K popmynam (10.1) u (10.2), a Taxxke (10.5) u (10.6), Mox-
HO 3aMETHTb, YTO U1 M3YYEHHBIX DaHee PeryispHLIX JMHHMI nepemauu 371a
CKOPOCTb COBNANAET CO CKOPOCTBIO CBETA B 3aMOJHSIOLIEM AHIIEKTPHKE.

BonHoBsoe conporHBneHHe nMHKMU nepegauu Hes noveps

lMpuMeyaTenbHO, YTO HAMPsKEHHWE % M TOK § BXOAAT B TenerpadHbie
ypaBHeHus (10.11) BecbMa CUMMETPHYHBIM O6PA30OM. DTO HABOAMT HA MbIC/H
O TOM, YTO MEXIY pacnpeieNieHUsMH HANpSKEHHWA M TOKA BOOAb JHHUH
JIOJIXKHA CYLIEeCTBOBATh TECHAas CBA3b.

JeicTBUTENLHO, NPEICTABUB HAMPSKEHHE B BHle

u= fi(€) + fr(m), (10.21)
Oymem Mckats TOK no dopmyne
i = Afi(§) + Bfa(n), (10.22)
e A u B — HeH3BECTHbIE 0K NOCTOSHHbIE KOS(DUIIMEHTHI.
IMonoxus B ypaBHeHusax (10.11) Ry = G, = 0, momcTaBuM Bbipaxe-

wus (10.21) u (10.22) B nepBoe ypaBHeHUE MONYUEHHOH CHCTEMBL:
a1 af? 3f| 8)'

S T et A T8 A RS LA bl 4]

1 1@‘E i '31} LA o L;Ban.

Tak kak dyHkumy f; ¥ f) NONTHOCTBIO NIPOM3BONBHBI, JAHHOE PABEHCTBO Gyaer
BHITIONHATECA TOXIECTBEHHO JIMIIL B TOM CIY4Yae, eCiH

|C, /C
A=4/—; B=—4f{—.
L L

Takum 06pa3oM, TOK M HamnpsKEHHe NMPAMON BOMHAL MPONOPLHOHANBHBI
IpyT ApYTY:
Unp LI
e AR i 10.23
C] » ( " )
rie Z, — pa3MepHas BEMYMHA, TIONYYMBLUAS HA3BAHUE B0.HOB020 CONPOMUA-
AeHus PerynsApHON JIMHUH Nepeiaqu.

1

ke A BRSO SRR L8RS S
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AHANOIMYHO, MEXIY TOKOM ¥ HampsoKeHHeM oOpaTHOH BOJNHBI MMEET
MECTO Ceaylollas CBA3b!

Nt it of (10.24)
to6p Cl

Pavnuue 3uakoB B dopmynmax (10.23) u (10.24) mMeeT NpHHLIMITHATb-
Hoe 3HayeHue. Ecnu 3adMKCHpOBaTh HEKOTOPOE CEYEHHE JIMHUMU € KOOpAHHA-
Toil z = zy, TO TOK, BTEKAIOILIHIA CO CTOPOHBI 0G/ACTH € KOOPIHHATAMH 2 < Zg,
COMIACOBAH TIO HAMNpPAaBAECHUIO C TeM HanpsKeHHEM, KOTOPOe CYLUESCTBYET B Bbl-
GpaHHOM CeueHMH. DTO O3HAUAeT, YTO NOJAYGECKOHEUHAs JIMHUA, pacnoniara-
JOLUASICS MpHt z > 29, B C/Iydae NPAMOM BOJIHBI BeleT cebsi MOJIOOHO Harpyske,
a B cTydae oBpaTHOI BONHBI — MOAOGHO TeHepaTopy. 3HA4YMT, NpsAiMasl BOITHA
MepeHOCHT MOIIHOCTh B CTOPOHY YBEJIMYEHMS KOODAWHATHI 2z, a obpaTHad
BOJIHA — B MPOTHBOMOJOXHOM HAMPABICHHH.,

PacuerHble (GOPMY/TBI, TIO KOTOPHIM HAXOMAT BOJIHOBBIE CONpPOTHBIE-
Hus (Om), TaKOBBL:

KOakcHANTsHAadA JHHHA

60 b
= 2X. 10.25
Z 7 In (a) (10.25)
MUHKPONOAOCKOBaA JIHHHA
1207 h
Z,= —— —. 10.26
VE b ( )

JIMHMM, TIpUMEHsieMble B DAaAMOTEXHMKE, MMEIOT BONHOBBIE COTPOTHB-
JIEHHSI OT HECKONbLKHX IECSTKOB OO HeCKoabkmx coteH oM. Chenyer ocobo
OAYEPKHYTD: BOJIHOBOE COMPOTHBIEHME ABIAETCA KOIPHULUHECHTOM MpPOnop-
LHOHATBLHOCTH MEXIY HATPSOKEHMEM M TOKOM B Gerymieii BoiHe. DTOT mapa-
METp HMKAK HE CBSI3aH C OMHYECKUMM MOTEPSMU B JIMHUH MEPEAAYH.

Pewenue 3agaun Koww

Ilnst perynsapHoi IMHUH TiepeJaul MOXHO chopMy/IMpOBaTE 3anauy Komum,
O3BOAIOLIYIO YYeCTh BIMSHME HayaibHbIX YCJIOBHIl Ha MPOLECC CBOGOAHBIX
KonebaHwuii B pacnipeneneHHoi uemny (cpashute ¢ r. 7). [lns 31oro Heobxonumo
pacrionarath dyuxkunamu u(z,0) u i(2,0), KOTOpbIe ONMUCHIBAIOT HAYAIbHbIE
pacnpeneneHus HanpsoxeHus 1 Toka npu ¢ = 0.

B obi1eM c/iy4ae MPOMCXOAMT BO3OYXKIEHHE KaK NMPAMOM, TaK U obpatHO#
BONHEL [lefcTBUTENLHO, UMEIOT MECTO Ba OYEBWIHBIX DABEHCTBA

fi(z,0) + fa(2,0) = u(z,0),
fi(z,0) = fa(z,0) = Z,i(z,0).

M3 KOTOpBIX C/IGYeT, YTO HaYalbHblil MPO(WIb NPAMOI BOTHBI

fi(2,0) = %[u(z, 0) + Z,i(z,0)], (10.27)
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B TO BPEMs KaK HAYIbHbIIH Mpoduiib 06paTHOM BOMHBI

|
f(z,0) = E[u(z, 0) — Zyi(z,0)]. (10.28)

HonGupas sonxwbl obpasom dyukumuu u(z, 0) u i(z, 0), MoXHO cenex-
TUBHO BO36yxnaTh 16O mpaMmylo, 1160 o6paTtHyio BonHY. B 3ToM cmbicre
JaHHBIE BOMHEI MONOOHB! IBYM HE3aBMCHMBIM MOJAM B CHCTEME CBA3AHHBLIX
KoJlebaTenbHBIX KOHTYPOB (1. 7).

OTMeTHM, YTO 3a1a4a O PACIPOCTPAHEHHH HMITY/ILCHBIX KONeOaHuil BAOIb
pacripeieieHHbIX LETEii CTAHOBUTCA TOPA3/io CIAOXHEE, ECAM YUMTHIBATD BITHSI -
HHE MOTepb. 3AeCh 10 MEPe PACMPOCTPAHEHHS NMPOUCXOANT HE TONBKO YMEHB-
LICHHE aMIUTMTYObl MMIYNBCA, HO M TpaHcgopmauus ero dopmsl. Bonee
noapoGHO 3TOT BONPOC oceeleH B [9].

10.3. lfapmoHuyeckue KonebaHua B NMHHUK NepepayH

OueHb 4acTo MPUXOINTCA UMETH €O C FADMOHHYECKHM PEKHMOM JTHHUH
nepeiayl NpH U3BECTHOH 4yacToTe KonebaHui w. B srom cnyuae

u(z,t) = Re [U(z) exp {jwt}],
i(z,t) = Re [I(z) exp {jwt}].

INoxgcraBus 3TH paBeHCTBA B CHCTEMY TeerpadHbIX YpaBHeHUI (10.1 1), mocne
COKpallieHHsi Ha OOIHA MHOXHTENDb exp {jwi} MMeeM CIeayiomylo cuctemy
YPaBHEHHH

(10.29)

dU .
S pm
o : (10.30)
a = —YIU

OTHOCHTEJIBHO KOMIUIEKCHBIX ammutya U(z) u I(z). 3mecs BBeaeHbi KoM-
MJEKCHEIE, 3aBUCALLIME OT YacTOThl MEPBUYHLIE napaMeTphbi

Zi=Ry+jwLl;; Y, =G, + jwC;.

Ecin npoauddepeHumporats no z obe 4acTH ypaBHEHMIl, BXOASLIMX
B cuctemy (10.30), To nonydaercst onHo auddepeHIHATEHOE YpaBHEHHE BTO-
poro nopsiaka JHG0 OTHOCHTENBHO HANpsXKeHW:A, 1160 OTHOCHTEILHO TOKA'

d’U .

a7~ HhU =0, (10.32)
&’1 :
a2~ anhl =0 (10.33)

B Teopuu BonHOBHIX mpolieccos ypasHenus suza (10.32) wn (10.33)
HOCAT Ha3BaHWe ypaenenuii leabmeonbya MO UMEHH BHIAAIOLIErOCH HEMELIKOTO

(10.31)

. 9 B L et L T L e e L T rrrenre—
B L L —

10.3. fapmonmyeckue konebanus B uHWH NEPesadH 239

yueHoro npouuioro seka. [lo cpoeil CTPYKTYpe 3TH ypaBHEHMA AHANOTHY-
HBI TeM, KOTOpbI€ OITHCHIBAIOT cOOCTBeHHBbIe Konebanua LC -KOHTYypa (rm. 7).
[MpUHLKIHATEHOE OTAMYME COCTOUT B TOM, YTO ypaBHeHHs [enbmrosibua onpe-
[ENSIOT He BPEMEHHKIE, 4 TIPOCTPAHCTBEHHbIE XAPAKTEPUCTHKH NMPOLIECCOB.

B ypasnenuu (10.32) Boipasum koadduumueHt Z;Y, yepe3 HOBbIK napa-
METp 7, ONpefenseMblil CIeayIOIHM obpa3om:

T = AV Z|Y|. (]034)

JlaHHY10 BeMYHHY, B ODIEM Cllydae KOMIUIEKCHYIO, Ha3biBaloT Ko3gguyu-
eHmoM pacnpocmpanenus TApMOHHYECKOH BOHBI B PACCMATPHBAEMOH JIMHHM
nepenayn Ha 3ajaHHOi yactote. B passepHyToil (opme

y=a+jp. (10.35)

3nechk a — KosgPuuuernm ocrabaenus, B — Kospduuuenm gassl. 06e a1

BEJIMUMHB UMEIOT OAHHAKOBBIE Pa3MEPHOCTH M_I.

O6uiee pewexde ypasHeHus [EnbMronbla OTHOCHTENBHO KOMIUIEKCHOIA
AMIVIHTYIbI HATIDSDKEHHS B IMHUH MMEET, OYEBMAHO, CIEAYIOUNH BUIL

U(z) = Aexp {—yz} + Bexp {7z}, (10.36)

rae KOMIUIEKCHBIE YHCa A u B ciayxar Npou3Bo/ibkHBIMH NMOCTOAHHBIMMU.

FapmoHuuecKne BONHB B NWHWK Be3 noreps

WayynM BHauane YAacTHbIM clydal JuHUM Ge3 OMUYECKUX MOTEpb, s
xotopoit Z; = jwk,, Y, = jwC,. U3 dopmynsi (10.34) caenyer, uto 31eCh
BEJIMYMHA Y OKAXETCH MHUMOH:

PaccMOTpHM TIEPBOE ClIATAEMOE B PELICHUH (10.36), NONOXUB AMIUTHTY-
Hblil KO3DULMEHT PaBHBLIM BellecTBeHHOMY yucay Up,. [1pu sToM

U(z) = Un exp {—jpz}, (10.38)

WIH, nepexoas oT KOMITJIEKCHOH aMIUTMTYAbl K MTHOBEHHOMY 3HAYEHHIO Ha-

TPSOKEHHS,
u(z, t) = Up, cos (wt — Bz). (10.39)

Buipaxenus una (10.38) wan (10.39) onuCHIBAIOT 2apMOHUMECKYIO B0AHY,
PACIIPOCTPAHSAIOIIYIOCA BAO/Mb JIMHUM Tiepegadyd Ge3 3aTyxaHus B CTOPOHY
BO3pacTaHUA KOOPAMHATH Z.

JleiicTBHTE/NBHO, W300pa3uM rpaMuecKH TO pacnpeiencHUe HanpskeHHs
BIONb TMHHUM, KOTOPOE CYLECTBYeT B MomeHT BpemeHy £ = 0 (puc. 10.4). Sra
«MrHoBeHHas Gotorpadmsi» MPeACTABAAET COOOH KOCHHYCOWAANBHYIO byHK-
o u(z, 0) = Uy, cos Bz, MPOCTPAHCTBEHHBIA NEPHOI KOTOPOH

_21r

=3

(10.40)
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Puc. 10.4. [apMoHMuecKan BONHA B NHHHH Nepeaaqm

Ha3blBAIOT QAUHOI 80K B IMHUH Nepenadn. Eciin Tenepb Ha 3TOM Xe yepTexe
U300pa3nTE KPUBYIO U(2, £), OTBEYAIONIYIO MOMEHTY BpeMeHHM ¢ > 0, TO MOXHO
3aMETHUTD, YTO OHA PAaCNONOXMUTCH npasee MCXONHOMH.

ApryMeHT rapmonmnueckolf ¢yHkuun Buma (10.39) masmiBalT noAHO
pasoi:

® =wl - Bz. (10.41)

Yenoeue Buia ¢ = const ABIAETCA YPAaBHEHHEM, KOTOPOE OTPEENSIET NMONOXKE-
HHE TOYEK paBHBIX (Da3 BO BPEMEHH M MPOCTpaHCTBE. CKOPOCTEL NMEpeMellieHHA
TOYKH paBHO (a3bl vy HA3BIBAOT (ha306oii ckopocmbio. IINg TOro, 4To6hl
HalTH ee, cheayeT BhipasuTh 2 U3 Gopmynst (10.41), a 3aTem pesyisrar npo-
aubdepeHUHPOBAaTh:

SR (10.42
=—. 4
0= 73 )

Ins nunun 6e3 noreps § = wv/L,C, 1 nosromy
1
b= (10.43)

?Tg, e)crec‘raeﬂuo, COBMajsaeT C pPe3ynbTaTOM, KOTOpbIA naetcs ¢opMynoi
10.19).

AHaIOTHYHO HCCAENYIOTCA TapMOHUYECKUE BOJIHEL, KOTOPbIE COOTBETCTBY-
10T BTOPOMY ciaraeMoMy B dpopmynie (10.36). Tpu stom

U(z) = Un exp {jB2}, (10.44)
u(z,t) = Uy cos (wt + Bz). (10.45)
TonoxeHue Toyek paBHbIX (Pa3 onpeaensercs 31eck ypaBHEHHEM
wt + Pz = const,

H3 KOTOPOro BHAHO, YTO C POCTOM { KOOpAMHATA z NOJ/UKHA YMEHbLIIATHCA.
[ostoMy dopmynsi (10.44) u (10.45) cooTBeTcTBYIOT BoHAM, KOTOPbIE PACIIpO-
CTPAHSIIOTCS B OTPHLATENLHOM HAMpPARNICHHH OCH 2 C TOH Xe CKOPOCTBIO Ug.

WTax, ponus! Buaa exp {—jfz} annawores npaMmbivK, a Buaa exp {jfz} —
obpaTHEIMM.

B L L R B B L T e R LR

10.3. lapmonuveckmne konebanna B nuHHH Nepesaim

TapMoHMUECKHE BONHB B NHHWK C NOTEPAMU
Ec/M CuMTaTh, YTO Y — KOMIUIEKCHAsA BEJIMYMHA, TO aMIUIMTY/a Hanps-
XKEHHS TIPAMOH BOJHBI

U(z) = Up exp {—az} exp {—jBz}, (10.46)

~oTKyza

u(z,t) = U, exp {—az} cos (wt — Bz). (10.47)

BHaHO, 4TO AMIUTMTYIA FAPMOHUMECKHX KONEDaHHH B IMHHM € NOTEPAMHU
9KCMOHEHIIMAIBHO YMEHBLIASTCH 1O Mepe PAcIpOCTPaHEeHHA BOMHAL

[U(2)| = Uy exp {-az}. (10.48)
Orciona BhITeKaeT crnocob n3MepeHus kosdduimenta a. Myets | 1 2 —
TOUKM HA OCH JIMHHMM, PACCTOSIHME MeXAy KoropbiMu pasHo . Eciu BonHa

pACMpPOCTPAHSAETCA MO HATPABACHUIO 1—2, NpHYeM || u |U,| — ammmaryast
HaNpsXeHWI, U3MEPEHHBIE B TAHHBIX TOYKAX, TO

e it
L |0

Benuuuua o M3MeEpseTcs B 0COOBIX Jorapu(MIYecKHUX eIHHHLIAX — Henepax

Ha memp (Hn/rd). B paanoTexHH1Ke Yyallie UCTIONB3YIOT H020HHOE 3amyXanue Aper,

usmMepsiemoe b deyubenax na memp (n16/m). CBsA3b Mexay 3TUMHM NapaMeTpaMH
TaKoBa:

(10.49)

Apor = 8,686 a. (10.50)

flpumep 10.2. Nwuus nepenauw umest noroHHoe jatyxauue 0.4 nb/m: amnauTyia
FapMOHMYECKOr0 HATIPAXeHHA B Hauane auany |U)] = 250 B. Buiuncauts koadduuu-

€HT 3aTyXaHWs, A TAKXKE BLIXOAHYIO aMIUIUTYAY |U| mipu mamsax auaun 3 M 1 400 M.
Mo dopmyne (10.50) maxomum a = Ay, /8,686 = 0,046 Hn/m. Ecmn winna

svnn | = 3 M, T snasenue al = 0,138 Hn. 3uawn, |U;|/|U;] = exp {0,138} = 1,14
¥ |U2] = 219 B, YMeHbLIeHHE AMIUIHTYIEL 32 CYET 3aTyXaHUs CPaBHHUTENbHO HEBEIUKO.

Ecm xe | = 400 M, 10 al = 18,4 Hn. 3uaun, |U,|/10,] = exp {18,4} = 9,79-10’,
tak uro |Up] = 2,55 MxB. AMminTyga HanpsKEHMS Ha BHIXOME OKaIBIBACTCH CTONb
Manoif, 9TO 3TO MOXET KPaiiHe 3aTPYAHUTE MPHEM CHTHANOB Ha BRIXOZE.

BonHoBo€ CONPOTHBAEHHE NHHHMH

Cummerpuunbiii Bun ypasHenuii (10.30) maeT ocHOBaHME CHYMTATh, YTO
KOMITIEKCHBIe aMTUTHTYIbI HATIPSOKEHHS M TOKa NPAMO BONTHBI 3aBHCAT OT KO-
OpOMHATHI Z OOMHAKOBEIM 06pasoM:

Unp(z) = Up exp {=72}; jnp(z) = I,y exp {—yz}.

[loACTaBHB 5TH PABEHCTBa B NEpBOE ypapHeHHe 13 cuctemsi (10.30), Haxommum,
yro —yU, = —Z,I,, otkyna cinemyer (opmyna s pacyera BOJHOBOFO
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COMPOTHBACHHsA
U =4 Z
Zy= 2 =—=4]—. 10.51
=7 ; Y. (10.51)

B oGuiem cnyyae napamerp Z, ABnasercSi KOMIUIEKCHEIM. DTO (DH3MYECKH
O3Ha4aeT, 4YTo B (PUKCHPOBAHHON TOYKE JTMHUH MEXIY TOKOM H HanpsDKeHHEM
CYILECTBYET HEKOTODLIH (hasoBslil capur. ECIM NMOTEpH B IMHUM OTCYTCTBYIOT,

TO, Kak M paHee [cMm. dopmyny (10.23)], Z, = /L/C,.
Jlerko yGeauThesi, uTo opMyna CBA3H MEXAY KOMIUIEKCHBIMH aMILUIUTY-
OaMH HampsXeHHsa M Toka obpaTHOIf BOMHBI OTAMYAETCSH JHILL 3HAKOM:

U,
el ST & (10.52)

JiuHua ¢ mansiMu notepamMu
B obmeM ciyyae koagdHULUHEHT pacnpoCTpaHeHHA

¥ = \/(Ry + j0L)(Gy + jwCy) (10.53)

CNOXHBIM 06[]330M 3aBUCHUT OT 4acTOThl M MEPBHYHLIX MApaMeTpOB JIMHHM.
Pacuer no 3toit dopMyne MOXHO CyHIECTBEHHO YNPOCTHTh, €CJIH TOTEPH
B JHHHHA Manml, T. €.

R] < lb‘Ll; G] < WC]. (1054)

Yrobel yGeautses B 3ToM, npeactasum dopmyiy (10.53) cneayiomum obpasom

—jwm\/ 1+——- (l-!-.i).

JwC,

a 3aTeéM BOCTIONB3YEMCH NEPBHIM YWIEHOM DPaiNOXeHHWS KBaJApaTHOTO KOpPHS
B psanx MakiopeHa, npeHeOperas B MOAKOPEHHOM BbIPAXEHWHM BETHUHHOM
BTOPOTO MOPAAKA MAJIOCTH. Torma

: 1 R, G,
~ L et
1 ‘”9“[ 5 2(ij1 UwC.)}’

rie By = wyL;C, — xoabduumeHt ¢asbl B HICANM3MPOBAHHOW JTHHUH
nepenayu 6e3 noreps. BoineuB BeneCTBEHHYIO M MHHMYIO YacTH, HAXOAHM

G R
- _ﬁo(wLIu ﬁJCf']) = 5(:‘2—1 + G]Z,o) (1055)
A = b, (10.56)

Tie Zy — BONHOBOE COMPOTHRNEHHE NHHHU De3 moTeps.
HHTepecHO OTMETHTB, YTO B TIEPBOM NMpHOMIKeHHH KoadhduLKMeHT hasbl
HE 3aBMCHT OT 3aTyXaHWUsA B JIHHWH.
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lMpumep T70.3. Umeercs KoakcHanbHbiil Kabenb ¢ mapamerpamu: a = 0,45 mm,
b=3wmm, =225 o =57-10 Cu/m, tg d = 3-10"*. Haitru noroxnoe 3a-
TyXaHMe BONH B 3ToM Kabene npu vactore 50 M.

Henoneays dopmynst (10.1)—(10.4), Haxoaum YHUCAEHHBIE 3HAUEHHS MEPBUYHBIX
napamerpos munun: Ly = 3,79 1077 I/m, €, = 6,59 107"! ®/m, R, = 0,76 Om/m,
G, = 6,21 - 107 Cm/M. Yoexnaemcs, yto Hepaserctsa (10.54) neHCTBHUTENBHO Bbi-
noausiores. CornacHo opmyne (10.25) BonHoBoe conpoTHBiIeHME JHHHH Oe3 mo-
Teph Zy = 75,9 Om. TIpumerins paseHcTso (10.55), Haxonum xoadhuumeHT ocnabne-
Hig a = 5,236 107 m~', otkyaa Age = 8,686a = 0,045 aB/M.

MouwHocTs, nepeHocuman Geryuweid BonHOH

O6Go3HauuM mocpeactsoM Uy, aMmauTyny HanpsxeHus Oeryuieii son-
Hbl B JIHHUM niepegauu Ge3 noteps., Torna akTuBHas (CPEAHAS) MOLIHOCTS,
MEepeHoCHMas 3TOH BOJTHOH,

Unl U’
pP=4-""_4 7 (10.57)
2 2Z,

BriGop 3Haka MOIUHOCTM 3aBHCHT OT HarpapjeHHs pacnpocTpaHeHus
BOJHBI: NPAMOit BOJIHE CNEAYeT COMOCTABMATE MONOXUTENbLHEIH, 2 o6paTHOH —
OTPMUATE/IBHBIH 3HAK.
lMpumep 10.4. Haiiti aMmiMTyIy HANPSDKEHHA MEXKLY NPOBOAHHKAMH THHHUH C BOJ-

HOBBIM conpoTHeacHHeM 50 OM, eciM BIOAL THHWK NepeHocHTCA MolHocTh 4 KBT.
Ha ocHosanuu copmyast (10.57)

Un=V2PZ,=V2-4-10°-50 = 632 B.

- 10.4. fiBneHus B Harpy)>xeHHOH NHHUHU Nepeaay

TpeanonoxumM, 4YTO MOJYOECKOHEYHAsi DPeryasipHas JIMHHA TNepeaayu,

HMMEIOlIasi BOJTHOBOE COMPOTHBIEHHE Z,, MOAKIIOYEHA K JIMHEHHOMY [BYX-
MOJIOCHUKY HATPY3KH C HMMENAHCOM Z S
(puc. 10.5). Hauano orcuera KoOpaMHa- S}
Thl Z COBMAjaeT ¢ 3aXKUMaMM Harpys-
k. HanpasneHusi ToKa M HampsoKeHus,
YCJIOBHO MPHHATBIE 33 MONOXHTENbHbIE,
NOKAa3aHhbl ¢ MOMOLIbIO CTPENOK.

M3yuum mpouecchl B TaKo# JH-
HUM, BO3OYKIaEMOH BHELIHHM FapMOHH-
YECKHM MCTOYHHKOM C 3aJaHHON 4acTo-
TOH .

) |
(=1

Puc. 10.5. HarpyxeHHan
NWHKA Nepeaayn

Koadppuumuent otpaenun

bynem HasbiBaTh nadawuiedl TY BOJNIHY, KOTOpas pacrpocTpaHdeTcs OT MC-
TOYHHKA K Harpy3ke. Beryuiyio BoHY, MepeMellalonyiocsd oT Harpy3ku K Mc-
TOYHUKY, HAZ0BEM OMPANCCHHOU GOAHOIL.
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AMIUTHTYIBI HATIPSDKEHUH 3THX BONH pacnpefeneHsl BIoAb KOOPAHHATEL 2
cleaylowum obpasom:

Unm(Z) = Uﬂnan exp {7‘1}’
Uorp(2) = Unorp exp {72},

r3€ UpnauuZz M Uyopz — HEKOTOpble KOMIUIEKCHBIE YMC/A, OTOGPAXAlOLLMe
HamnpmKeHHs1 06erX BONH B TOUKE MODKIIOYEHHS HATPY3KH,
KoMmnekcHele aMIIHTYAL TOKOB

(10.58)

: U
Leal®) = ——”E'i“—" exp {yz},

0 (10.59)
Lalz) = ;m exp {—yz}.
BonHORGit npoliece B THHUM €CTh CYNMEPNO3HINA O6EHX BOJIH, T. €.
U(2) = Unaa(2) + Uprp(2),
nan oTp ) (10.60)

1(2) = Inaa(2) + Top(2).

Oka3sbiBaeTcsi, aMIUIMTYABI MANAIOUIEH M OTPAXEHHOW BOJH XECTKO CB-
3aHbl Ipyr ¢ gpyroM. Ytobbl ybeauTsCA B 3TOM, ODPAaTHMCs K rpaHHuYHOMY
YCIOBMIO Ha Harpyske

U(0)

—— =—Z,. 10.61

Tor =~ (1061)
OTpuLaTeNnbHbIH 3HAK MPaBOii YACTH CBA3AH C TEM, YTO MPH Tex HanpasJieHHsX
TOKa M HanpsKeHUs, KOTOPbIE NMPHHSTHI 33 NONOXMTENbHEIE, YBEJIHYEHHE TOKA
BEJIET K TOBLILICHHIO TIOTEHUMANA He BEPXHE20, 4 HUNCHE20 3AMCUMA HA2PY3KU.
Moncrasnss ciona sbipaxerns (10.58)—(10.60), nonyuaem

ZH = Z Uﬂm +U[)crrp

= i 10.62
Uﬂmm - UDo-rp ( )

BBenem Baxuulii napameTp — Koaguuuenm ompaxcenus om nazpysxu

Ugorp
p= 2 10.63
o (10.63)
 3anuiueM popmyny (10.62) cnenyrommum obpazom:
Zy l+p
Ak e (10.64)

Orciona monyyaem pacyerTHyio (GOpMyNy, YCTAHABIMBAIONIVIO CBA3b MEXIY
KO3(PULMEHTOM OTPaXKeHHs W MAapaMeTPaMH LIEMH

Zy— 2y

= m v ( 1065)

L L T S R ILT EeTy

TTTT T
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Ecnn Z, = Z,, TO rOBODPST, YTO JUHHA coaracosana ¢ Harpyikoi. Ilpu
atoM p = 0, T. €. OTpaXeHHas BOJHA OTCYTCTBYET M BCS MOIUHOCTL Maga-
joieii BonHel nopiomaercs B Harpyske. CornacoBaHHbli pexuMm HauGonee
faaronpusTeH UIg Nepefayd MOIHOCTH OT TEHEPATOpa K Harpyske.

Ecan Z, = 0, TO HMEET MECTO pexcuM KOPOMK020 3aMbikaHus. B 3ToM
ciydae p = —1, 1. e. OTpakeHHas BOJIHA MO aMIUIMTYIAE COBMAAaeT ¢ naganume
BOJHOM, Syayuu B TO Xe BpeMsl CIBHHYTOMH no ¢a3e Ha 180°.

Cnyyaii Z, = 0O COOTBETCTBYET pexcumy xoaocmozo xoda. 3ueck p = 1,
T. €. KOMIUIEKCHAsl aMIUIMTYIAa OTpPaXeHHOW BOMHBI B MecTe MOMKIIOYEHUH
HArpy3KH B TOYHOCTH paBHA KOMIUIEKCHOH aMIVIMTYIE Nafalouiei BOJIHBI.

Haxkowell, eciy AMHHSA HATPYXeHa Ha YHCTO PeaKTHBHAIH ABYXIOMIOCHUK
¢ umnenaicom Z, = jX,, T0 B cooTBeTcTBHU ¢ (opmynoii (10.65), |p| = 1.
Onuako tazosblit yron ko3(pUlLMEHTa OTPAXEHMS, a, 3HAYMT, M (a30BhIH
CHABMI MeXIy Taiaiolleil M OTPAXEHHOH BOJIHAMM 3aBUCHT OT COOTHOILEHHA
napameTpoB Z, u X,

MuTepdepenuua najaouwen ¥ OTPAKEHHON BOAH

Mycts B oBuieM ciydae KOIPPHIMEHT oTpaxeHus p = |p|exp {jpu} —
KOMIUTEKCHOE 4icio. Toraa 3aKoH pacnpeeieHus HanpsXeHHs BIONb JTUHUH
6€e3 noteps, I KOTOpoid 7 = jf, TAKOB!

U(Z) = Uﬂua.u exp {jBz} + [;r{]m-p exp {—jfz} =
= Upnan xp {jB2}[1 + pexp {—j2B2}].

Orciona HEMoCpeaCcTBeHHO chaeayer dopmyna, KOTopas ONMCHIBAET OTHOCH-
TENLHOE HW3MEHEHWE aMIUINTYAbL HaNpAXKEHHA BIOIb Harpyxcenuoﬁ JHHHH
nepenavn

) -
Uonaal — ‘FJF 2lpl cos (282 — pu) + lpI%. (10.66)

TunuuHbli rpadMK, NMOCTPOEHHBIH B COOTBETCTBHM C JaHHOH (QOpMYIOii,
u3obpaxen Ha puc. 10.6. PacnpeneieHHe HaNPAXEHUS BAO/Ab THHUM OKas3biBa-
eTCsi MEPHOAMYECKUM C nepuoaoM A/2. OTHOCHTENbHBIE 3HAYEHUS AMIUIMTY/IBI

101

z A/2 0

Puc. 10.6. Untepdeperuyun nagaloel ¥ OTPaXeHHOM BONH




246

Mhaea 10. lenu c pacnpegenenHbimu napamerpamm

koneGniores B npenenax ot | + [p| mo 1 - |p|. B ciyuae, ecnm |p| = 1, amromi-
TYAAa HanpPAXEHWS B MHUHUMYMaxX CTAHOBMTCS PABHOH HYIO W BIONE AWHUH
YCTaHaBJIHMBACETCH CMoa4ans eoqHd.

Cy11ecTBYIOT NPHOOPLI, HA3BIBAEMBIE UIMEPUMENbHBIMU NUHUAMU, C IOMO-
b0 KOTOPHIX MOXHO 3KCMEPHMEHTAbHO M3YYaTh MPOCTPAHCTBEHHOE pac-
MnpeacicHHE HaMNpsKEHHA H Noay4aTe NMpH 3TOM CBEINEeHMA 06 HMIENaHCE
HArpy3Ku.

Marpuuuoe OonHCcaHHWe OTpe3Ka NMHKHH nNepefauM

PaccMoOTpHM KOHEYHEIH OTPE30K pery- T i
JAPHOM JIMHKHKU nepeaaun 6€3 NoTeph WIHM- —{> T
O —0

U

Hoit | (puc. 10.7). Haiinem snemeHTH A-
MaTpULibl TAKOro YeTHIPEXMOMOCHUKA, 00- =
pasyloliie MaTeMaTH4ecKylo Mozenb (ra. 4) Yy
U, = AyUy + A,
j| = AﬂU} e Azzfg.
Bocnonw3yemca Tem, uto obuiee pe-
LieHWe ypaBHeHUs [ebMroibla HMEeT BHI Puc. 10.7. Orpesok nunuu

CYMMBI JBYX BOJH, pacrpoCTPaHSIONIHXCH nepenayMd Kak 4etblipexnooCHUK
B MPOTHBOMNOMOXHBIX HANPARTCHHAX.

U(z) = Cy exp {—jBz} + Cy exp {jpz},

I(z) = g—: exp {—jfz} - gz o li82), (10.67)

HeussectHrie moka kosdduumentsr C; u C> MOXHO CBS3aTh C KOM-
TIEKCHBIMH amruinTyaamMu Uy 1 I, B BRIXOJHOM MOpPTE YEThIPEXMONIOCHHKA

C) exp {—jBl} + Cy exp {jBl} = Us,
C exp {—jpl} — Cyexp {jpl} = 1, Z,,

O 0
= |
ol iz

oTKyna
2 4
C= E(Uz + 0, Z,) exp {jpl},
: (10.68)
C; = E(Uz — LZ,) exp {—jpBl}.
3}{3‘4“']', KOMILIEKCHEIE AMIUTHUTYAE HanpAXeHHA M TOKA B NpPOH3BO/bL-

HOM CEYEHWM JIHHMU MOXHO MOJNYYMTb, NMONCTAaBUB Ko3dduumenTs (10.68)
B cucremy (10.67):

U(z) = %(vl + b Z,) exp {jB(l — 2)} + %(Uz - hz,) exp {—jB(l - 2)},

exp (81 ~ 2} = 17222 exp (B - 2).

10.4. Asnenns 8 Harpy»KeHHOH NHHHK NEPEAAYH

HanpsixeHue ¥ TOK Ha BXOJ€ COOTBETCTBYIOT 3HayeHulo z = (:
4 1 . 1 X | S ; .
U= E(U; + LZy)exp {381} + E(Uz - LZ,) exp {—jBl},

%L U, + L2,

. ) IL=EZ, :
S T —iBl
I, 7 {38t} A exp {—jpl}

U, = Uy cos Bl + 5jZ,sin B,
L=U, % sin Bl + I, cos L.

O1cioa BUAHO, YTO A-MaTpHlida OTPE3Ka DEryIapHOH JHHHH MepefadyH
HMEET BHO
cos 1 jZysin Bl

o : 10.69
& 2 sin Bl cos (i ( )
Zy

onm-loe COonpoTHBNeHHMEe HarpyxeHHoro oTpe3Ka NMHUM

Wcnionbaya dopmyast (4.54) u (10.69), HaitneM BXoIHOE COMpPOTHUBIE-
HHE OTpe3Ka NIMHHH, ¥ KOTOPOro BBIXOAHOW MOPT 2 3aMKHYT Ha M3BECTHOE
CONMpOTHBIEHUE Z,,:

g o Zuc0sBltiZysinBl 2.+ jZstefl
™ j(24)Zy)sin Bl +cos Bl 1+ j(Zu/Zs) tg BU

BuaHo, 4To OTPE30K IMHHH OCYLUECTRIAET TpaHCHOPMALIHIO COTIPOTHBIIE-
HUA HarpyskH, npudem 3akoH TpaHcdhopMauuu onpeaensercs GespasMepHbiM
napamerpoM ¥ = Al = 2xl/A, KOTOpEIl HA3BIBAIOT 34eKMpu4ecKoli OAuHOU
oTpe3kKa.

fpumep 10.5. Haiitu BxoaHOe COMPOTHBIEHHE OTPE3KA JHHHM MEpeayd ITMHOH
I =0,5 M, HarpyXeHHOro Ha JBYXNOMIOCHHK C YHCTO AKTHBHLIM COMPOTHBACHHEM
R, = 110 Om. Bonnosoe compotumieHue Z, = 75 Owm, ¢dasoBas CKOpOCTb BOMH

B MHHH Vg = 2 - 10° m/c, yacTora konebamnit f = 80 MIiL.

Koadduument daser f = 2nf /v, = 2,513 m~', anekTpuueckas IIMHA OTpe3Ka
9 = Bl = 1,2565 pax. Ucnonbiya dopmyay (10.70), Haxonum

= 110 + 5230,7
™ 144,51

Ecmd=nr,rmen=1,2,...,70 Zg = Z,. Ecin xe 9 = 2n+ 1)7/2,
TO TaHreHcH B popmyne (10.70) obpamaiotcsi B GeCKOHEUHOCTb H MOITOMY
T = 2%,

Ocobo npoctoit Bua hopmyna (10.70) npuobperaeT B TOM Ciy4yae, KO-
raa Zy = 0. Tpu stom

(10.70)

= 53,91 — j12,44 Om.

Zox = jZ5 12 9. (10.71)
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Puc. 10.8. BxogHoe conpoTHeneHHe OTpe3xa NuHUM
KaK (PyHKLUMA INEKTPHYECKOH DNHHDI

Ecnu xe Z, = 00, 10
S = —JZpctg P, (10.72)

CoorpercTByiomne rpaduku W3obpaxensl Ha puc. 10.8. BxoaHele conpotus-
JIEHHS KOPOTKO3AMKHYTBIX M PA30OMKHYTBIX HAa KOHLE OTPE3KOB THHUM BCEraa
YUCTO PEAKTHBHBI W ONUCHLIBAKOTCH AEPHOIMYECKUMM (DYHKILIMAMH YaCTOThL

YeTnepThBONHOBLIIH OTPe30K KOPOTKO3aMKHYTOMH JMHMH HAH MOTYBOIHO-
Bbiii OTPE3OK JIHHMM, Pa3OMKHYTHIM Ha OJHOM KOHLE, MOXET CIYXHTh Pe30-
HAHCHOH CHCTEMOM, aHANOrMYHOMi MApPALIENLHOMY KOIeGaTeIbHOMY KOHTYPY.
KoneGarenibHble CHCTEMBI, TOCTPOEHHbBIE [0 3TOMY NpPHHIMIY, B paaHOTeX-
HHKE Ha3biBAlOT pesoHaropamMu. OHH MOBCEMECTHO HCMONB3YIOTCA B LIEMSX
CBEPXBBLICOKHMX YACTOT.

@ Bonpocwi

. Kakue nepeudHbie napaMeTpsl HeOBX0AMMBI LIA OMUCAHMS CBONCTB JHHHH Me-
penaun?

2. Kakosa mateMaTHuecKas (opMa 3allHCH OIHOMEPHOTO BOMTHOBOTO mpomecca?
Kakoii (u3uueckuii cMbICA MOHATHS BOJHOBOTO COMPOTHBICHHA JTHHUM Nepe-
naayu?

4. Kak onpenensiores nonstus KoahduunenTa ociabnenus, kosduunerTa hasbl,
IUTHHBI BONHBI U (ha30Boi ckopocTH?

5. Kak Haitti Ko3(puuneHT OTPaXeHHS B JIMHHH, €CNH H3BECTEH MMMNENAHC Ha-
TPY3KH W BOJHOBOE COTPOTHBAEHHE?

6. HTo TaKoe 3neKTpuyeckas ITHHA OTPE3Ka NHHHUH mepenaun?
7. Kakumu HyHKUNAMH ONUCKIBAIOTCS BXOIHBIE CONPOTHRIEHHSA KOPOTKOIAMKHYTHEX
H Pa3OMKHYTBIX OTPE3KOB NHHHH Nepefayuu He3 noreps?

8. Kak cneaver BmiGupaTh WIHHY KOPOTKO3AMKHYTOTO OTPE3Ka JMHMH MNepenayw
st TOro, 4To0Ll 3TOT OTPE3OK C TOYKHM 3PEHHS YACTOTHOH 3aBHCHMOCTH BXOM-
HOTO COMNPOTHBICHMA OBbUI CXOX C MApanieibHBIM KoneGaTeNbHbiM KOHTYPOM,
00pa3oBaHHLIM OObIYHBIMH COCPENOTOYEHHBIMH NEMeHTAMH?
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10.1. HekoTophiii M3MepUTENBLHEIH NPUOOP MONKMIOYEH K MCCICAYEMOMY YCTPOHCTBY
OpH MOMOLIH OTPE3Ka 75-OMHOTG KOSKCHRIbHOrG Kabens ¢ MOAH3THACHOBOH H30-
nsauMeit, OTHOCHTENbHAS MHANEKTPHYECKAas TMPOHMLIAEMOCTh MOAH3TWIeHa £ = 2,25,
HaiinuTe DONONHUTENLHYIO EMKOCTE, BHOCHMYIO B Lenb npubopa 3THM Kabenem, eciu
ero [UinHa cocTaeaseT 1,5 M.

10.2. HecumMeTpHYHaSA MT0JIOCKOBAA IHHUA NCPEaYM BRIMOMHEHA Ha NOMIOKKE H3 No-
nuxopa (Al 0;), y xotoporo € = 9,6. lllupuna nonocku b = 0,75 mm, TomumHa cnos
muanekTpuka b = 0,5 mm. Hailoute BOMTHOBOE CONpOTHBNEHWE TakoH NuHUM Z,
o npubnuxeHHOH hopmye.

10.3. TMonaras A79 TIPOCTOTHI, YTO €NHHCTBEHHLIM MCTOYHUKOM MOTEPL B KOAKCHANb-
HOIt THHUH TIepeaady CAYXHT KOHEYHOE CONPOTHRNSHHE METATHYECKHX ITPOBOIHHKOB,
HAHOMTe OTHOLIGHHE palMyca BHYTPEHHEro NMPOBOAHHKA 8 K PAIMyCy BHEWIHEro npo-
BoAHMKA b, npH KoTOpOM OBECTeuHBAeTCH MHHHUMYM TIOTOHHOTO 3aTyXaHUsS B JTHHHH.
KaKOBO BOMHOBOE CONPOTHB/ICHHE ONTHMAIBLHOH TMHUK ¢ H3ONALMe U3 MONUITHIEHA
(em. 3anauy 10.1.)? A

10.4. BoluMcIHTE TIOFOHHOE 3aTYXaHWe BOMH B KOAKCHAJIBHON TMHUH Nepesady ¢ Bo3-
AYUIHEIM QH37EKTPHKOM, HMelowei pasmepsl a = 3 MM, b = [0 mm. TIpoBoaHMKH
BHIMOAHEHBI H3 MeNM ¢ yIenbHoi mpoomuMoctbio 5,7+ 107 Cwm/m. Yactora kone6a-
Huit 750 MI.

10.5. Onpeaenute KoadduuneHT Gaibl 3NEKTPOMArHUTHON BO/THBL, PAcIPOCTPAHSAID-
weiicst BIOMb THHIH NEPENaYH, ClTH U3BECTHO, Y4To YacToTta paHa 400 MU, a dasopan

cKkopocTs BonH B auknu 1,7+ 10° m/c.

10.6. [Ipu couneHeHUM OBYX OTPE3KOB /TMHUH EPEAAYH C BOJHOBBIM COMPOTHBICHH-
eM 150 OM Mcnonb30BaH BRICOKOYACTOTHBIA paibeM, TPYLIMECSH KOHTAKTHI KOTOPOro
IOMYCKAalOT TOK He 6onee 22 A, KakoBa npelenbHO JOMYCTHMAas MOIIHOCTb, NEPeaBa-
eMas Mo Takoi NHHUKH?

10.7. Daekrpudeckuii npoGoil B HEKOTOPOH THHHM MEPENayd HACTYNAeT MpPH Hanpsa-
KeHHH Mexny npoponHukamu 14 kB. BonHosoe conpornsnenne nuHuy 35 Om, Kakosa
BEIMYMHA MNPEAEABHO JONYCTHMOM MepeaBaeMoit MOLIHOCTH?

10.8. OmHopoaHas NHHMA TMEPenavy C BOAHOBHIM conpoTusinexnueM 75 Om Harpyxe-
HA HA NWHEHHBN NBYXMOMOCHHK, KOTOpPHIH Ha pabouyedl yacTore HMeeT HMMIENAHC
Z,, = 30+ j45 Om. Onpenenure Moaynb W (asy koaddHLHEHTA OTPAXEHUA P OT Ha-
rpysku. Kakosa 6yner npu 3tom sennuuna KCBH B nunun?

10.9. JIueua nepesayd ¢ BONHOBLIM conpoTHeaeHHeM 50 Om HarpyXeHa Ha KOH-
neHcarop emkocteio 25 nd. Yacrora konebanmit 300 Ml Onpenennre paccTosHue,
BBIDAKEHHOC B AOMSX JUTHHBI BOJHbBI, MEXIY Harpy3koil u Gnuxaillumm K Hell yinom
cTosYeH BOJTHBEL

10.10. Haiiaure ko3pPUUMEHT OTPAKEHUA MOLIHOCTH OT CTHIKA ABYX OJHOPOIHBIX
NHHHI NEpesayu ¢ BOTHOBLIMK conpoTHBaeHHAMK 50 H 75 Om.

10.11. JIuHua nepesayu ¢ MATBIMH NOTEPAMH HAEANTBHO 3aKOPOYEHA HA OHOM KOHLE,
Ha pacctosruu | OT KOPOTKOTO 3aMbIKaHHS € MOMOUIBIO H3MEPHUTEIbHOH JHHHH
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onpenensior senuuuHy KCBH. [dokaxute, yro KoadduineHT ocnabieHus @ CBA3AH
¢ KCBH ¢opmyaoit
1 KCBH+1
am i
2 KCBH-1
HveHHO Takoii TMIpHEM YacTOo HCNONLIYIOT i 3KCNEPHMEHTANLHOIO HAaXOXICHHSA
KO3 pHLUHEHTA 3aTYXaHHA BOMH B PATHYHLIX JTHHHAX NEPeiavm,

10.12. Orpesok nuHuKM nepesaun mnuHoi 0,17\ HarpyxeH Ha NHHEHHBIN IBYXTO-
JIOCHHK ¢ HOPMHPOBAHHBIM UMMenatcoM Z, = 4,5 — j0,8. Halinure HOpMHPOBAHHOE
BXOZHOE COMpPOTHBICHUE OTPEIKA IMHUH.

10.13. Mcrounuk rapmonnyeckoit DAC ¢ ammmmtynoi 70 B noaxmodeH K KopoTko3a-
MKHYTOMY OTPE3KY THHHH nepeaayuu winHoi 0,8 M. JIuHKA MMeeT BOTHOBOS COMPOTHB-
nenue 150 Om; OM3NEKTPHKOM B THHWH ABIdeTcs Bo3nyx. Haitoure amnnutyny Toka
B KOPOTKO3aMBbIKAIOLIEH nepeMbluke Ha vactote 90 Min.

10.14. PazomMkHyTHIl Ha KOHLE OTPe30K OOHOPOAHOI JMHHMH MEPENayd ¢ BOJTHOBBIM
conporuaieHHeM 450 Om monkmoyeH K HCTOYHHKY rapMoHuyeckoit 3 C. AMmmuTtyna
Hanps:keHua ucrouHnka 180 B, pabouag wactora 60 MIi1, nnuxa otpeska auHun 3,2 M.
BoiyHciuTe aMIUTMTYLY HANPSXKEHHA HA KOHLIE JMHUH, 4 TAKKE aMIUTHTYIY TOKA Yepesd
HCTOYHHK.

B L o L TR Y

hasa 11

KomnbiotrepHbie MeTogbi
aHann3a yeneu

TMpuembl pacyeTa 3/IEKTPHYECKUX LieTeif, TaKkue, KaK METOI Y3IOBBIX NO-
TEHIHAJTIOB WM METON KOHTYDHBIX TOKOB, B IIPHHIMIE HO3BOISIOT MPOBECTH
TIO/THBIH AHAIN3 CTALIMOHAPHOTO peXuMa Ti06oii snexTpHiecKoi uenu. OnHako
HA0 UMETh B BUIY, YTO PATMOBNIEKTPOHHBIE YCTPOHCTBA YaCTO MPEACTARIAIOT
coGO0i IOCTATOUHO CHOXHBIE LEMNH ¢ YMCIOM KOMIIOHEHTOB, MpPEBBILAIOMNM
HECKOJIbKO COTEH. BT0 06CTOATENLCTBO CYMIECTBEHHO OCHOXHACT MX aHATH3,
TAK KAK [UIS pelieHHs CHCTEMBI JIMHEHHBIX YPABHEHHIH C HECKONBKMMH COTHS-
MW HEM3BeCTHBIX TpeGyercs orpomHsiii o6sem BeiuncieHuii. Mccnenosarens
MOXET BCTPETHTH GOJIbLINE 3aTPYIHEHHS TaXe Ha Mpe)BapHTENbHOM 3Tane —
MPH COCTABIEHHH TAKOW CHCTeMsl ypaBHeHwuit. [TpakTiKa NOCNEAHUX NECATH-
JIETHIA 1IOKA3a71a, YTO YCHElIHO CIIPABUTHCH C MOJOOHBIMM 3a1a4YaMH MOXHO
TOMBKO MPH NMOMOLIH KOMITBIOTEPOB.

Jpyras oyeHs BaxHas cdepa NpUMEHEHUsI KOMMBLIOTEPOB B 3a1ayax Teo-
pHU LETIei CBA3aHA C YMC/IEHHBIM peieHneM audibepeHIMATbHBIX YPaBHEHHIA,
KOTOpbi€ OMMCLIBAIOT HECTALMOHAPHBIE IBNEHUS B CIIOXKHBIX Lensax. Tako# noa-
XOII 1aeT BO3MOXHOCTh ITOJIHOCTBIO HCKJTIIOYHTH MAccy TPYAHOCTEH, CBA3aHHBIX,
HANpUMEp, C MIOUCKOM KOPHEH XapaKTepHCTUYECKOrO YPABHEHHS.

HeocrnopuMoe JOCTOMHCTBO YHCIEHHBIX METONOB AHATH3A LiENel COCTOUT
B TOM, 4YTO MpH 3TOM yaaetca 3heKTHBHO HCMONb30BaTh Oorarbiii apceHan
XOPOIIO OTIAXEHHBIX CTAHJAPTHBIX MOATIPOrPaMM.

B HacTosuieii riase 6YAyT pacCMOTPEHB! NHIUbL HEKOTOPHIE MPHHLMITH-
ankHBIE ACTEKThl AAHHOW TemMaTWKH. bonee moapo6Hble CBENEHWS! YMTATeNlb
MOXET TIONTY4HTb W3 TUTEpaTYPHBIX HCTOMHMKOB, Hanpumep, u3 [10] u [11].

11.1. OnucaHMe TONONOrMH INEKTPUHECKHX Lienen

Kaxnoii ueny npucyila onpefesieHHas reoMeTpuyeckasi KoHQHrypauus
WM, 4TO ONHO M TO XE, HEKOoTOpas monodozus. [OBOPA TakK, HMEIOT B BHAY,
YTO AL XapaKTEPUCTHK — YHCJIO YUIOB, YWCIO BETBEH, a TAKXKe cnocob MX
COEHHEHHS! HHKAK HE CBA3aHbl HH C TeOMETPHYECKMMH pa3Mepamu, HU ¢ du-
3UMECKHMM CBOMCTBAMH TEX JBYXIOMIOCHHKOB, KOTOPKIE MOMELLEHBI B BETBAX.



252 lnasa 11. KomneiorepHsie metogsr aHanuza yenes

B maremarnke moapoGHO pa3paboTaHbl TMPHEMBI OMMCAHMS TOMOJOTMM pa3-
JIHYHBIX 06BEKTOB, OBJIaNaloUX UEMHON CTPYKTYPOii,

Hanpasnenusiti rpag uenw

PaccmoTpuM Uemnb, MPHHLUMMHANBHAS CXeMa KOTOpOH M306pakeHa Ha
puc. 11.1 4. Dr1a uens comepxuT 3a3eMNIeHHBIH y3en, noMeYeHHEIH HoMepowm 0,
a TaKXKE TpH He3a3eMIIEHHBIX yana ¢ Homepamu |, 2 u 3. 3mech M B gadb-
HEHLIEM HOMEpa Y3/I0B Ha cxeMax OyayT H3obpaxathcs UM(paMu B KPYXKKax.
Umeetcs Takke miecTs BETBEH, B KAXIO0MH M3 KOTOPBIX BKAIOYEH JHGO MACCUB-
HEIH, M0 aKTHBHBIH ABYXIIOMIOCHHK; BETBH NpPOHYMEpPOBaHbl Liudpamu ot 1
£0 6. CTpenku MOKaseIBalOT HAMpPAaBAEHHS TOKOB M HAMDSXEHHI, NPHHATHIE
33 MONOXHTENbLHbIE,

&

p——y

P
——

Puc. 11.1. Tononoruyeckas CTPYKTYpPa 3neKTpHUEcKOn Lenu:
a) npuHymMnuanchan cxema; 6) HanpasneHHbii rpacg

Ha puc. 11.1 6 wzoGpaxeH wanpasiennsili epagh NaHHOM LENM, KOTOPBIH
rnpeAcragnser cofoH uYepTeXX MPOH3BONLHOIO BHIA C TEM XE YMCIOM YIIO-
BBIX TOYEK, KOTOPHIE MPHUHATO Ha3bIBaTh gepuunamu rpacda. feomerpuueckumMmm
00pa3ami BeTBeH 3MEKTPHYECKON LIEMM CAYXKAT TMHWM, COSIHHSIOUIME Bep-
IIHHBl W Ha3biBaeMble pefpamu rpada. Kaxinoe pe6Gpo OpHEHTHPOBaHHOIO
rpaa cHaGXeHO CTPeJIKOii, KOTOpasi HAMPaBIEHa TaK Xe, KaK M CTPeNKa ToKa
(HanpsbkeHns) Ha MPUHUMMHANLHOM CXeMe LieTH.

Martpuya uHuMgeHUWH

HanpapnenHsiit rpad, cogepxaumit noiHyo WHGOPMALMIO O TOMOMOTHK
IEKTPUUECKON LIENH, ABASETCA reoMeTpuyeckum obpasom, YTobnl BBECTH
€ro B KommnsioTep, Tpebyercs npeobpa3osarb rpad B uuciosyio Gopmy. s
3TOH LENM MCMONB3YIOT TaK Ha3biBAEMYIO MATPUILy MHUMAEHUMH (MaTpuily
COeIMHEHMIH).

ITycts HanpapneHHbIt rpag MMeeT M peGep M N BEPUINH, KOTOpbIe
OTBEYAKOT HE3a3eMJIEHHLIM yanaM uernd. Matpuua vHummeHuuit F paHHOro
rpada npeacraeaseT coGoH MPAMOYTONbLHYIO TaGiauuy (IBYMEpPHBIH MaccuB),
MMEIONLYIO M CTOIGLOB H 7 CTPOK. DNEMEHT f;; MaTPHLIbI, PACTIONATAIOIIHIICS

TR R

R T
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HAa TIEpeCeYEHHN i CTPOKHM u j-ro croabua, onpenensercs Tax:
0, ecau j-e pebpo He MOAXOMMT K i-# BepmMHe rpada;
fij = —1, ecau j-e pebpo HanNpaBIeHO B #-10 BEPIIHHY;
41, eciu j-e pebpo HAMPABIEHO U3 i-if BEPLIMHbI.

Hanpumep, n1s uenu, n3o6paxeHHOI Ha puc. 11,1, MaTpHLia HHLMAEHLIHA

I e e -1
E=it=f o=t 0= 1= 0] (11.1)
e =1 i)

Crnenyer o6paTuTh BHUMaHHE Ha TO, YTO B KaXIOM CTO/OLE 3TOM MaTPHMLBL
MOXET COIEpPXaThesl He BoMee IBYX HEHYAEBLIX IEMEHTOB, Napa aneMeHTos —1
W +1 pacnionaraercs B 11060M cronblie, KOTOPBIH COOTBETCTBYET BETBH, COCAU-
HAIOLIEH [Ba HE3a3eMJISHHbIX y3/1a. YKa3aHHOoe OOCTOATENLCTBO BEIET K CHITb-
HOI pa3peXeHHOCTH MATPULibl HHUKHOSHUWW IS JOCTATOYHO CJIOXKHOH UeMu.

Tononoruueckan hopmynupoexa 3akoHos Kupxroga

B naneueiimem cumBonamu U u I cooTBercTBeHHO 0603HAYa0TCA H300-
paXxeHWs HAMpPSDKEHWs! M TOKA, XOTH BCE PE3y/NbTaThl B PABHOW MEpe cripasen-
AUBHLI IPUMEHMTENBHO K KOMIUIEKCHBIM AMIUIMTYAaM, a TAKXKE K MFTHOBEHHBIM
snaueHusaM. [Moatomy Benuuunp U M I Gyaem Ha3biBaTh NMPOCTO HAMPAXKEHH-
AMH ¥ TOKaMH,

Tycts B wenu ¢ m Bersamu cyuiectsyioT Toku Iy, Iy, ... . I,. Ecaun
UMEETCA T HE3a3eM/IEHHBIX YI0B, TO B COOTBETCTBHM C MEPBBIM 3aKOHOM
Kupxroa gomxHbel GbITE Cnpapef/iMBEl PaBEHCTBA, OTHOCAULIMECH KO BCEM
yanaMm ¢ HOMeépamu oT 1 1o n:

anli +aph+...+aypln =0,
ayly +anh+...+ apl, =0, (“2)

ooy + apah + ... + Qg = 0.

Ipu 31oM KO3DOHUNEHT Qi paBeH HYNO, €ClH j-f BETBb HE NMPHMBIKAET
K i-my yany. Eciu Xe j-si BeTBb HampapiieHa M3 £-TO y3ia, TO a;; = +1;
B CJIy4ae MPOTHBONONOXHON OpHeHTAUWM J-BeTBH aj; = — 1.

TakuMm 06pa3om, MaTpuia koddduumentos cuctemsl (11.2) B TouHocTH
coBmanaer ¢ Matpuiei uHuuaeHumii F, orHocauleHcs K rpady NaHHOH Lenu.
Marpuunas 3anuch cuctembr (11.2) umeer BuA

FI=0. (11.3)

Bpeck 1 = [}, I, ..., Im_l,I,n]T — BEKTOp-CTONGEll TOKOB B BETBSX, Npel-
crapasouMii coboit MaTpHLly pasmepom m X 1. DTa MaTpULIa UMEET M CTPOK
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Mo YHCHY BETBEH UENH M eIMHCTBEHHHI cronbeu. [Lna ymobcTa BeKTODHI-
CTONOLBI MPHHATO 3aTNHCHIBATE B OAHY CTPOKY, CHAOXKEHHYIO MHIEKCOM T, ko-
TOPbIi YKa3LIBAaET Ha OMEPALMIO TPAHCTIOHMPOBAHMA, T. €. BIANMHON 3aMeHbI
CTPOK Ha CTO/OLBI.

Teneps nonycTHM, 4TO BCE BETBM LIEMM pa3fefieHbl HA OBe TPynner —
naccushbvie eemsu ¢ Homepamu 1,2,...,k W axmusnsie semeu, comepxaliue
JHIIB HACANBHEIE HCTOYHHKH TOKA M HMEIoMe Homepa k+ 1, k+2,...,m.
IMpw 3TOM MaTpHLly HHUMIEHIMH MOXHO 3aNmHcaTh B GJ0YHOI dopme

F=[F, E
AHaNIOrMYHEIM 06pa3oM MpPeACTaBUM BEKTOP-CTONGEL TOKOB B BETBAX
I= [I"]. (11.4)
Ly

HiKHHe WHIEKCHI «M» W «H» YKa3bIBAIOT Ha TIACCHBHBIA WIM aKTHBHBIH Xa-
pakTep BetBeit. BnouHblil BUA MaTpuil no3sonser chopMynIHPOBATE YpaBHEHHE
nepBoro 3akoHa Kupxroda B cnenyiomieM Buae:

[F, F.] [” —0. —

Ha ocHoBaHnu npasun MaTpuuHOM anre6ph (cMm. TMpunoxenus), nesywo
yacTh paseHctBa (11,5) MOXHO TpakTOBaTh KaK MPOU3BEACHHE ABYXKOMMO-
HEHTHOTO BEKTOPa-CTPOKM HA NIBYXKOMMOHEHTHBIH BekTOp-cTon6ell, [MosTomy
NAHHOE paBeHCTBO MepenuChiBaeTCA TaK:

Fal, = —F,I,. (11.6)

Ypasuenus (11.6) npencrapnsier coGoit MaTpHYHO-TONONOrMYECKYIO Hop-
MYJIHPOBKY nepsoro 3akoHa Kupxroda.

lpumep 11.1. Hanpasnexnsiit rpacp Lenu ¢ TpeMs HedalemIeHHLIMU yanamu |, 2, 3
npeacTasied Ha puc. 11.2. Betu 1-5 SBNA10TCH MACCHBHBIMM, a BETBL 6 COAEPAUT
HE3aBUCHMbIil MCTOMHUK TOKa. HanpasneHus TOKOB, NMPHHATHIE 33 MONOXUTENBHBIE,
0003HAaYEHBI CTPENIKAMHK. 3anucaTh B SBHOM BHIe
YpaBHeHus No nepBoMy 3akoHy Kupxroda, phite-
Katoume u3 dopmynsr (11.6).

IlonHas maTpuua MHUMACHUHWI JAHHOTO

rpaga

] S U e RS ey |
F=10 1 SR e R
=B T R AR SRS

COCTOHMT M3 fBYX GnokoB. OAMH M3 HMX OTBE4aeT
MAacCHBHBIM BETBAM:

Puc. 11.2, Hanpaenenubiit =lhewli=ge e
rpad uenm

e LT TR R
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vt

EAMHCTBEHHON aKTHBHON BEeTBM OTBevaeT G/OK, MpencTaBnsiowuii coboil BekTOp-
cronbeu
F.=[1 0 -1]".
Bextop-cTonbell TOKOB B MACCHBHBIX BETBAX HMEET MAThH CTPOK:
L= 0,55 L L]
BEKTOP-CTOA0EL TOKOB HCTOYHHKOB XADAKTEPU3YETCH CAMHCTBCHHBIM 3TIEMEHTOM

L.=1.
- PackphniBast NEBYI0O M MPAaBYyI0 4acTH (11.6), ybexmaemcsi, 4TO OHA CBONMTCH
K PaBEHCTBY [BYX BEKTOPOB-CTONOLIOB

=L - I I
L+L+L|=—-1]10 |,
-5L -1 e
OTKYAA BRITEKAIOT TPH YPaBHEHMS, YCTAHABNMBaloLIKe BanaHC TOKOB B yanax 1, 2 u 3
~L-L+I=0,
L+L+L=0,
-L+L-L=0.

TlepeiizeM Teneps K MATpH4YHOIt (OPMYTHPOBKE BTOpOro 3akoHa Kupx-
rodpa. Kax Bcerna, GyneM cuuTarTh, YTO MMEETCS 1M BETBEH, XapaKTepU3yeMbIX
HanpsxeHusimu Berseit Uy, Uy, ..., Usm ¥ N HE3a3eMJIEHHBIX Y30B, B KO-
TOPBIX CYIIECTBYIOT yaioBbie Hanpskewus U;,Us, ..., U,, orcunThiBaeMmbie
OTHOCHTENLHO HYJIEBOTO (3a3€MJIEHHOrO) Y.

B cooTBeTcTBHM CO BTOpbIM 3aKOHOM Kupxroda, HanpsokeHHe Kaxmaow
BETBW SIBJISIETCS Pa3HOCTBIO HATPSDKEHMH TeX Y3NOB, KOTOPBIE COOTBETCTBYIOT
ABYM ee KoHiam. Eciv MonoxuTh, YTO 3HAKW HATIPSAXKEHWI BETBEH OTBEYAlOT
HanpaBleHUsAM CTPENOK Ha rpade, TO MOXHO 3aMMcaTth CAEAYIOLIYIO CHCTE-
My M3 1 paBeHCTB, KOTOpbie CBA3BIBAIOT HalpsikeHWe BEeTBEH W YIOBbie
HANPSOKEHUS:

Uni = Buli + BUz + ... + BinUs,

U = Bl + Pl + ... + BonUs, (11.7)
Um‘! o ﬁmlUi +ﬁm2U2 FieoF ﬁanny

roe :
0, echau i-f BETBb HE COGNMHEHA C J-M YUIOM,

Bij =< -1, ecm i-51 BETBb HanpaeieHa B j-i y3en,
+1, ecnu i-g1 BETBb HAMpPAaBNeHa U3 j-To yiaa.
Takoe croiicTBo koadhduumentos cucremsi (11.7) o3Hayaer, 4To ee MaT-
pHlia npencTasaseT coboif TPAHCHOHHPOBAHHYIO MATPULY HHUMAEHLMIA, OTBe-

yalouIyio HanpasieHHomy rpady uenu. Eciu BBecTH BeKTOp-cTONGEL HANps-

XKeHWH BeTBei ¥
UB L [Un]s UﬂZs sasy Usm]
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M BeKTOp-CTONOEL y3/IOBBIX HATIPSXKEHMH
U = [U]' Uz, seay Un]T,

T0 cucteMy ypasenmii (11.7), oToBpaxaiomylo Bropoit 3akoH Kupxroda,
MOXHO TNpeACTaBUTH B MATPH4YHOI dopme

U,=FU. (11.8)

llpumep 11.2. Inn uenw, nanparneHHbil rpad xotopoil M3oGpaxen Ha puc. 11.2,
3aNaHHBIMH ABASIOTCA y3noBeie HanpsokeHua Uy, U, u U;. Tloayuuts yparHeHu,
CBA3LIBAIOIIME HAanpsxeHus seteeH Uy — Uy C© Y310BBIMU HAIPSIKEHHAMM.

Matpuua uHumneHuuit F Obina nonyyena B npumepe 11.1. Tpancnonupya aty
MaTpHILY M BHIMHCIAS TPaBylo yacTh paseHctsa (11.8), monyuaem

-1 0 0 -U,

£1" 0 -0+,
0 1 -l g‘ | -b
=405 UJ 10
03 . U,
1 0 -1 e ;3

Tak, B wactHoetv, Uy =U, - U, HT.1L

11.2. TononoruyecKHi MeTof COCTaBNEHUA
YPaBHEHHH y3N0BbIX HaNPAXKeHHH

IMocnenosarensHoe npuMeHeHKe 3akoHOB Kupxroda maer BO3MOXHOCTH
NPEeACTABHTL YPABHEHHS 3JIEKTPHYECKOTO paBHOBECHS JIHHEeHHOH UENMH C N
yinamu B (opme, oTBeyalouleil MeTONY Y3NOBBIX HanpsKeHHit [cu. thopmy-
ny (3.16)]

=3 (11.9)

3nece Y — MaTpuuia yanoseiX npoBoguMocTeii pasmepom n x n; U — Bek-
TOp-cTonGell Y3noBLIX HanpskeHHi; J — BexTop-cronbel MCTOYHMKOB TOKA,
MOAKITIOUEHHBIX K Y31aM LEMH.

YpaBrenue (11.9) MOXKHO DEILIMTL OTHOCHTENBHO HEM3BECTHOl 3apaHee
COBOKYTIHOCTH YUIOBBIX HanpaiXKenn

U=y, (11.10)

rne Y™! — marpuua, o6parHas orHowenuio Y. Ecau K03(dHUMEHTH ypaBHe-
HMs UMEIOT YHCHOBYIO (hopMy, TO peIIEHHE MPOBOMAT, KAK NPAaBHIO, METONOM
uckmoverus Taycea [10] ¢ ucnonb3oBaHKeM CTAHAADTHBIX MOAMPOTPAMM.
PaccMoTpuM cnocob, no3soisiomuit noayyats Matpuiy Y, Beipaxas ee
4yepe3 Matpuuy uHuMaeHuwit F u npoBomumoctu Berseii uenu. [ns 3roro

B e A LN
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BBEEM HHATOHATBHYIO MATPHLY MPOBOAHMOCTEH BeTBEH

Y,
%= = / (11.11)

0 Y.
KOTOpas CBA3BIBAET BEKTOp-cTONGEl TOKOB BerBel I, M BEKTOp-cTOnbel Ha-

npsokennit peTBei Uy:
I = Y,Us. (11.12)

[pumem BO BHMMaHue ypaBHeHue (11.6), omuceiBaloluee NepBbIil 3aKOH

Kupxroda
F.I, = —FI, =J; (11.13)

(BeTBH LENM CUMUTAIOTCS MACCHBHEIMH, TI03TOMY Iy = I,). O6veaunss dopmy-
abt (11.12) u (11.13), Haxomu, 4To

EYU, =% (11.14)
TMoncrasus ciona pektop U, u3 pasexctsa (11.8), nonyyaem
F.Y,F.U = J. (11.15)

Cpasuupas dopmynsl (11.9) u (11.15), Haxoaum BeipaXeHHe, NO3BOSAIOIICE
BBIYHC/ISATE MATPULLY YAIOBBIX TIPOBOAHMOCTEH

Y = F,Y,F.. (11.16)

lMpumep 11.3. Vcnonb3ys TOMONOrHYECKHUi MOAXOA, TOMYIHTH MATPHLLY Y mna uenu,
cxéMa KOTOpOii aHa Ha puc. 11.3a.
HanpasneHHbii rpad) MacCHBHOH YaCTH UENM TPEACTARNCH Ha PHC. 11.36. Ipad

MMeeT TpH pebpa: MaTpulia HHUMICH UHH
e 35=%0
Fem [1 -1 I] :

1T %
1
0 0

TPaHCMOHMPOBAHHAA MaTpULA

FT

I

Marpuua NpoBOAMMOCTEH BeTBEH

Y .0 -0
Yh=[0 3 b

0 0 X
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®— @
; ©
a) g)

Puc. 11.3. K pewennio npuMepa 11.3: a) cxema uenu; 6) HanpaeneHHbi rpacg

ITpoBomsa yMHOXEHHE MATPHL, HAXOIUM

e Yy s S0
FNY!_[O =¥3 1’3]

H+¥ %
Y=F11YBT: : -
. [—13 Y;+Y;]

TMonyueHue MaTpHLLI YTOBBIX NposoauMocTeii no dopmyne (11.16) obec-
MEeYUBaeTCA TeM, YTO B OMONMOTEKAX CTAHJAPTHBIX MPOTPAMM KOMITBIOTEPOB
006513aTeIbHO HMEKOTCH NPOrpaMMbl TPAHCIOHMPOBAHUS H TIEPEMHOXEHUS MaT-
puu. IMpaBaa, Kak yxe NOBODWIOCH, B DAAE CAYYAEB MATPHLIbI OKA3BIBAIOTCH
CHJIBHO pa3peXxeHHBIMH, YTO CHUXAET 3()peKTHBHOCTb HCNIOJIB30BAHHA BHIYMC-
NUTENBHEIX pecypcop. UMeloTes cneuuansHbie NpHEMEB! paGoThl C Pa3peXeH-
HBIMK Matpuuamy [10], nossonsionive B 3HAYMTENBLHON CTEMeHH TPEOIONETh
3TY TPYIHOCTb.

Bo3MmoxkHa Takke KOMNBIOTEPU3alHs METOAA KOHTYDHBIX TOKOB, OJHAKO
nporpaMMbl aHalu3a Uenei nonyyaiorcs 6onee MIMHHBIMH, TaK KaK WCIO/b-
30BaHME OaHHOTO METOJA COTPSDKEHO C TPOMO3IKOM MpoLexypod noucka
HE3aBHCHMBIX KOHTYpOB uenu [11].

11.3. Merop repeMeHHbIX COCTOAHMUA

Panee, u3yuas HecTaLIMOHAPHBIE ABAEHAA B THHEHHBIX LIETAX, MbI HCITOTb-
30BaJIM MOAXOA, OCHOBAHHBIN HA TOM, YTO MATEMATHYECKOH MOJENBIO LIETIH
apdercs AnddepeHIHANEHOS YpaBHEHHE 12-T0 TTopanka. [Tpu KoMITBIOTEPHOM
M3YYEHHH TaKHX MPOLIECCOB XENAaTeNbHO HECKONBKO BUIOU3MEHHTh METOIMKY,
CBOIA 3ajadyy K peLIeHMI0 CUCTeMbl JMHeHHBIX auddepeHIMaNbHBIX ypaB-
HEHUH MEPBOro Mnopsika, Tak Kak pa3pab0TaHO MHOXECTBO MPOrpaMm g
YHCIIEHHON0 HMHTErpHpOBaHHA HO,I!OﬁHhIX CHCTEM, TpOrpaMMbl pPa3zTH4aOTCAa
KAK CIOXHOCTBIO alroOpUMTMOB, TaK H ,IIOCTH)I(HMOﬁ TOYHOCTBHIO pE3YIBTATOB.

Cocrapnenue cucteMbl AHbdepeHUMATEHBIX YpaBHEHHH LENKH OOBLIMHO
OCHOBAaHO Ha TOM, YTO BBOAMTCH BeKTOp-CTONOEL X nepemMenHbiX COCMOA-
HUA, B Ka4YeCTBE KOTOPBIX BbIGHpaI-UT TOKH BO BCEX HHOYKTHBHBIX 3JIEMEHTAX
W HanpsoKeHWsl Ha BCeX EMKOCTHBIX 3NMeMeHTaX LEmnu:

X= liL| ’ iLz) teny iLm! Uc,y Ucyyennn ﬂCH]T' (] 1'17)

13 .
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Ry Ry

L

a) 7) )

Puc. 11.4. Metoa nepeMeHHbix COCTOSHWA: 8) ABYX3BEHHAR R(f-uenh; 6) nocnegosa-
TenbHbIN KONEBATENBHBIN KOHTYP; 8) CNOXHbIK KoneBatenbHbii KOHTYp e noteps

M3yaiM METOMMKY TONYYEHMS YDABHEHMUIl OTHOCHTENEHO NEPEMEHHBIX

COCTOSIHMA HA KOHKPETHBIX IpUMEPaXx.
[TycTs MMeeTcsi LieMb C ABYMSl KOHIEHCATOPAMH M ABYMA PE3NCTOPaMH,
po36yxaaemas HerouHukoM BAC e(t) (puc. 11.4 a). 3nech BeKTOP NMEPEMEHHBIX

cocrosuus X = [tc,, uc,|”; TOKH Yepe3 KOHIeHCaTopsI:
: dﬂc; dﬂcz

i =1y -*—dt ; =0 i

C nomoisio Broporo 3akoHa Kupxroda nomyuaem [1Ba ypaBHEHUA ek~
TPHYECKOr0 PABHOBECHS

(11.18)
duc,
uc, = Hzcz—dt; + U,
Kotopeie Oe3 Tpyda NpHBOIATCH K CTAHJAPTHON CHCTEME ABYX JIMHEHHBIX

muddepeHIIHATLHBIX YPABHEHUMA MEPBOro NMOpAAKaA. B marpuuHoii chopme 3Ta
CHCTEMA UMEET BUI

l (1+R') : &
4 fug, & R,C, R, R,C, [HC:]+ RCi|. (11.19)
di Uc, L E 1 Uc, 0
Rng RICI

Jlnsi ToCAe0oBaTeNBHOO KosebatenbHoro koHtypa (puc. 11.4 6) MOXHO
HO0XKHUTb, yTo X = [if, uc]". JIpa OYEBUIHBIX YPAaBHEHHS

. 7 '
LRl i e (11.20)

SRS dt
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MOTYT GbITh 3KBUBA/IEHTHO NMPEACTABNEHL! B CTAHAAPTHON MaTpu4yHOH (opme
: 11 e
= [“’ SPet ["‘ b Bl (11.21)
dt |uc 1 0 Uc 0
C
OGpatuMcs, HaKOHEll, K CJy4alo HECKONBKO GOJIee CIOXHOTO Koseha-

TEILHOTO KOHTYpa 6e3 noteps (puc. 11.4 ), 3aech BEKTOp MEPEMEHHBIX COCTO-
suus X = [ig,, iz, uc]". Tou ypaBHenns anextpuueckoro paBHoBecHs

diy, di, TS
L]E" + U = e(t), L.'!_dT Sl C? + i‘L; = :L| (11‘22)
CBOOATCA K CHAEOyOLIei cucteme
1
0 0 —-——
i L (=
d |'h 1 L |
E} tn,] =1 0 0 L_ i R (11.23)
Uuc 2| |uc
1 1 ; 0
C

PaccMOTpeHHEIe Bhille IPUMEPBI TO3BOMSIOT CENIaTh BLIBOA O TOM, YTO B paM-
Kax METONA MEPEMEHHbIX COCTOSHMSA 3a7a4a O HECTALMOHADHOM TIPOLIECCe
B 3NIEKTPUYECKOH LIENU CBOAMTCH K PElIEHHIO BEKTOPHOro auddepeHinans-
HOTO YpaBHEHHs MEPBOTrO MOPAAKA

dX
& —AX+B. (11.24)

KsanparHyio MaTpuity A Ha3sIBaIOT cucmemnoii Mampuyeii uemu. Bekrop-cron-
6eu B zanaer nelicTBHE BHELIHMX MCTOUHUKOB. s monyyeHus: eAMHCTBEHHOTO
pelieHus fo/mkHa OuiTh chopMynuposaHa 3agaua Kouu, T.e. 3a1aHO YHCIeH-
HOE 3Ha4YeHHe HauansHoro sekTopa X(0) = Xj.

B marematuke mudpbepeHumManbHie ypaBHeHUs BUAA (11.24) wassiBaior
600K UOKHOIMU ypasHenusmu. [1porpaMMel 19 YHCIEHHOIO PeLIeHHUs TaKMX
ypanuelu Hii PCATM3YIOT TOT WIIH HHOM alropUTM, HANMpPUMep, anropuT™M Pynre—
Kyrra |10].

MarpuuHas akcnoHeHumansHan QyHKUHA
PaccmMoTpuM ogHOMEpHOe ypaBHeHuUe
dz
@ = azx + b(t), (11.25)

KOTOpOE SRIACTCA MPENCNbHBIM CIYy4aeM JBOMIOLUMOHHOM cHcTembr (11.24).
Mapametp a = const; dyHkuus b(t) onucripaer BHemHee Boamelicteue. Ha-
YabHOE 3Ha4YeHHe UCKOMOI (yHKunu z(0) = z; nonaraercs 3aIaHHBIM,

11.3. Merog nepemeHHbIX COCTOAHHA 261

TIpUMEeHHB METOI BAPHALIMM MOCTOAHHOM, OMMCAHHbIH B 1. 8, 6e3 Tpyaa
HAXOIWM peLIEHMe, CTipaBeIuBoe 1A 3HadeHui ¢ > 0:

t
z(t) = zy exp {at} + exp {at} [ exp {—a¢}b(£) dE. (11.26)
0

Tak kak anrebpaMuecKkue OEHCTBMA C YMCIAMM W MaTpHUAMH MOJIHO-
CTBi0 aHanorinyHel, opmyny (11.26) MOXHO 0BOGLIMTL U MOMTYYHT pELICHHE

BEKTOpHOTO ypaBHeHusa (11.24),
t
X(t) = exp {At}Xo + exp (At} f (-AB(E) . (1127)
0

Bxogsiuas cioa MaTpHYHAs KCNOHEHIHANBHAA (YHKIMSA eXp {At} npen-
CTaBIAeTCs B BHAe GECKOHEYHOro psaa no CTerneHsAM CHCTEMHON MaTpHILIbL:

1

7
A+ (11.28)

exp {At} =1+ AL +

3neck

— eQMHWYHAA MATPHLA PasMEPOM .t X M.
Pan (11.28) cnyxuT MatpuuHeiM oGoOuIeHHeM psaga MaknopeHa s
3KCMOHEHTHL. [aHHbBIH pAd CXOOMTCS NMpPH MI000M 3HAYEHHH § M OMMCHIBAET

'HEKOTOpYIO MATpHIIy pa3MepoM 7t X ..

fpumep 11.4. BorucauTs MATPHYHYIO SKCTIOHEHUHATLHYIO yHKuMIO exp {At} npu
) Egs
A= [2 0] -
Tocne0BaTEIBHO HAXOAWM CTENEHH MATPHUE A:

o e s a8 3]
A‘[z 0] [2 0]‘[2 6]°
A=|?3 13=132|]

128 2= . . 1
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Noncrasnas 314 ganHbie B Gopmyay (11.28), Haxoaum

7 13 a2
l+t+§t’+?t3+... 3t+5t’+5t’+...
exp {At} = 2
2t+t2+§t3+... B 2 oS

CrenyeT OTMETHTD, YTO € TOYKH 3peHHs 3 beKTHBHOCTH BEIYHCACHUIH Me-
TOA, OCHOBAHHLII Ha MCIONB30BAHHH MATPHYHLIX 3KCMOHEHIHANBHLIX DYHK-
UHH, KaKk MpaBUao, YCTYNAeT METOAAM, KOTOPhIE CBSA3aHbI C HENOCPEACTBEHHbIM
YUCAEHHBIM MHTErpHPOBAHHEM 3BONIOLUHOHHBIX YpaBHEHUH.

11.4. Peanuzayna metonos
KOMNbIOTEPHOro aHanM3a uenem

Ellle CpaBHMTENIBHO HEAABHO peanH3alius airopHTMOB KOMMLIOTEPHOTO
aHanM3a 3MEKTPHYECKHMX M PaAMOTEXHUYECKMX Liened Heu3beXkHOo cOMnpoBO-
Xaanace BeChbMa TPYAOeMKOH Tpouenypoil NMporpaMMHpOBaHHA 3THX 3aiad
NPUMEHUTENILHO K NOCTaBAeHHOH ueny. HecMoTps Ha COBEpLIEHCTBO anro-
PHTMHYECKUX 5i3bIKOB BBICOKOIO YpOBH#A, Takux Kak ®optpan wnu [lackans,
3T1a paboTa 3aHMMala Maccy BpeMmeHH, TpefoBana MHOrOYHCIIEHHbIX MPOBEPOK
W, caMoe [/1aBHOe, He OfecrneyHBaia YHMBEPCATEHOCTH MPUMeHeHHA pa3pa-
OoTaHHBIX NMporpamMM. B HacTodulee BpeMs CHMTyallusi B KODHE H3MEHMJIACh.
Ha peiHke nporpaMMHoro obecrneyeHu osiBIIHCh pa3HOO0pasHbie NpOoayKThl,
KOTOpBIE MO3BOMSIOT HHXEHEPY ¢ MMHUMAJIBHOH 3aTpaTOM HENMPOW3BOAMTEb-
HbIX YCHIHII aHANM3UPOBATh LeNmH MPakKTHYECKH JII0GOr0 YPOBHS CIOXHOCTH,
B kauecTse npuMepa MOXHO NPUBECTH BECbMA MONynsApHYyIo nporpammy Elec-
tronics Workbench, pazpaborannyio ¢upmoii Interactive Image Technologies.

JlaHHbpIH MpOrpaMMHbIi KOMIIEKC LIETHKOM OPMEHTHPOBAH HA HCIOJb-
joBaHue rpaduueckoro MHTepdeiica, yro xapakrtepHo wig Windows-npuno-
keuuid. [loab3oBatenb H30aBNeH OT HEOOXOOHMOCTH COCTaBIAThL KakHe-NUbBO
ypaBHeHMs, a TeM Gosee MpeBpatlaTh MX B MporpaMMHbii koa. Bmecto 3toro
B €r0 PacmopsoKeHWe npelOocTaBneH OOIUHPHLIE Habop rpadhMuecKux CHMBO-
NOB, KOTOPhIE MOTYT TPAHCIOPTUPOBATHECH HA JKPaH MOHHTOPA W COEMHUHSATHCH
MexXay cob0oH B COOTBETCTBUHM C MPUHLMIMTHANLHOR CXeMOM UCCIeayeMOi LIENnH.

B xauectBe npumepa Ha puc. 11.5 npuBeaeHa cxeMa UEMH, colepXallei
TPH ucTOyHHKA noctosHHbX 3JIC M TP Pe3UCTHBHBIX 3neMeHTa. B uenb
BBE/IEHE! TPH aMnepMeTpa, HHIUIHMPYIOLIHX TOKH B BETBAX.

Cneanyer 00paTHTh BHHMaHMe Ha TO, YUTO MOKA3aHUA AMNEPMETPOB B BETBAX
B TOYHOCTH COOTBETCTBYIOT NepBoMy 3akoHy Kupxroda.

Ewte oaHuM NpuMepoM MCMONB3OBAHWSA JAHHONO MPOrpaMMHOrQ NMakera
MOXET MOCAYXKHTb pacyeT peXHMa B CXEME JABYXTIONYTIEPUONHOTO MOCTOBOTO
BhInpsiMutens (puc. 11.6).

3nech Ha BXoje Lenmy BKAKYEH HCTOYHUK rapMoHunyeckoii BC V1 ¢ ad-
dexTusHmM 2Hadenvem 220 B u npomsitinenHol yacroroit 50 My, Peaucrop

— 4V o i

Puc, 11.5. Cxema uenH ¢ Tpema ucrourukamn 3/1C

= R 2973V
T 100uF 1000 Q

i«

Puc. 11.6. [lsyxnonyneproaHblii esinpamutens ¢ RC-cpunbTpoM

Harpy3ku R1 %auuyHTHPOBAH KOHIEHCATOPOM C'1 3Ha4YHMTENLHOH EMKOCTH; 06a
YKa3aHHBIX MICMCHTA B COBOKYITHOCTH OOpasyioT craakusaiownit Gunsrp.

Kak cnenyer w3 matepuana M. 6.5, npH HeOrpaHHYEHHO BGonbuoM CO-
MPOTMBACHHH PEINCTOPA HATPY3KH BHITIDAMIEHHOE HampskeHHE 6bino OBl
B TOUHOCTH PABHO AMIUTHTYZHOMY 3HaY€HHIO BXONHOTO HanpsXeHUs U cocTa-
B0 661 311 B. B peanbHOH Lien# KOHIEHCATOp (PMLTPA YCTIEBAET HEMHOTO
PAIPAMMTHECA B NAy3AX MEXKIY HMMYIbCAMH TOKA, YTO NPUBOJMT K HEKOTOPOMY
CHIDKEHUIO YPOBHS BbIMPAMICHHOTO HaNpPsKEHHKA. E

Monpo6Hoe ofucaHue nNpHeMoB paboTel ¢ NAaKETOM Electronics Work-
bench notpe6osano 6l oTaENbHON KHHIH. K CYacTbIO, TAHHBIH NporpaMMHbIi
NPOAYKT CONPOBOXIAETCA XOPOLIO MPOAYMAHHOH CUCTEMO# MOMOLIH, KOTOpas
AOCTYTIHA TIO/ib30BaTENI0 HA 06oM 3Tane paGoThl H OPraHU30BAHA MO obiue-
NPHHATHIM MPUHLMITIAM,

W 3BeCTHBIM HEIOCTATKOM MPOrPaMMbl ABNAETCA TO, YTO AETAIH BbiYHCIC-
HMii, B YaCTHOCTH, HCNOAb3YEMble MATEMATHYECKHE MOZIENIM H METOAbI, CKPBITHI
ot rofb3oBatens. Kpome Toro, rpaduueckue ofGO3HAYEHHs 3MEMEHTOB JEK-
TPUUECKHX 1IETIEN COOTBETCTBYIOT CTAHIAPTAM, NPHHATHIM B CILIA, 1 J10BOJBHO
CYIECTBEHHQ QTANYAIOTCA OT TeX, KOTOphIe MCTIONB3YIOTCS B Halueil cTpaHe.
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@ Bonpocni

Kaxue 13 XapaKTepHCTHK 3/IEKTPHYECKUX Lieneil MPMHATO HAILIBATL TONOJIOTHYE-
CKHMMH XapaKTePHCTUKAMH?

. Kak onpenensierca noustHe HanpasneHHoro rpada nenu?
. Mepeuncimre neiicTBHS, KOTOPhiE HYXHO NPONENATH U1 TOTO, YTOGH! MOCTPOHTH

HampasneHHbIH rpad Mo ero MaTpHLE HHLUMIEHLIHA,

. Tlpusemute Tononoruueckue HGoPMYIHPOBKM MEPBOTO M BTOPOro 3akoHoB Kupx-

roda.

. 3anuiumre GopMymy, CBAIHIBAIOLIYIO MEXIY COBOH MATPHLY YINOBBIX TIPOBOHMO-

CTeil, MaTpHLly MHUMACHUNH M NATOHABHYIO MATPHLY NPOBOAHMOCTER BETBEit.
Kak onpenenserca nMoHATHE BEKTOPA NepEMEHHBIX COCTOSAHMHNA?

Kak BhlpaxaeTcs MaTpH4Has 3KCMOHCHUMATRHAA (QYHKLMSA YEpe3 CHCTEMHYIO
MaTpULy uenu?

lMpunoxerns

1. Cayuait KpaTHbIX KOpHeH
XapaKTepHCTHYECKOro YypPaBHEHMUA

Mpeanonoxum, 410 B NpeACTaBAeHHH 06paTHOrO onepaTropa [cm. dopmy-
ny (8.65)] onun M3 KOpHe# ABISETCH ABYXKPATHBIM, HAanpuMep,

=A==l

[Mpu 3TOM CpemH HacTHbIX Apobei, Ha KOTOpble pacKilaibiBaeTcs Oreparop
®,'(p), Gyaer apobb G_‘—T);, KOTOpOI OTBEYAET CHMBOIHYECKOE AeHCTBHE

2(t) = (p - 7))
BhINOMHUM CJIEIVIOLINE TOXAECTBEHHBIE MpeobpasopaHus:
(p-7z=@-7"1#) =exp {1t}p"" [exo (-1t} (2)].
3Hauur,

2(t) = exp {yt}p~ [p7" exo {1t} £(1)] =

= exp {yt}p " [exp {—7t} F()] = exp {7t}

o\““

n
dnfexp{—"f{}f(&)dé-
0

WUcnonb3yss M3BECTHBIH MpPHEM, MO3BONSIOUIMNI CBOANThL KPATHBII MHTE-
rpan K npocThiM, HAXOOHM

t
2(t) = exp {1t} f (£ £) exp {~7€}£(6) dE.
(1]

JlanHas dopMyna OOGBIYHBIM MyTem 0606LIAeTCS HA cy4ail KOpHA n-if
KpPaTHOCTH:

(P-7"1(t) =exp (v} " [exo {1t} (t)] =

=0 it Of (t - )" exp (~16}1(6) dé.
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Oxonuarue rabnuipi

(lpunoxerns
2. Tabnuuya coorsercrems
MeXAY OPHrHHAaNaAMKH W H306parkeHHAMM
F(t) F(p)
o(t) i
o(t -
; 1
P
exp {—at} :_
P+a
d(t) — aexp {—at} i
r+a
1 — exp {—at} -4
»(p +a)
1
i (exp {~at} - exp {~4}) T
1
P (bexp {—bt} —aexp {~at}) m
texp {—at} m
sin wi .
P +w?
cos wt =
P+ w?
exp {—at} sin wit —e AR
»+a)’ +w?
exp {—at} cos wi Gl 42
(p+a)+uw?
at — (1 — exp {—at}) ———az
£ P(p+a)

10 &
I ! :
E[l +a—_—£(bcxp{—at}—ﬂeXD {'M})} plp+a)p+b)
: 1
Frira [1 — exp {—ﬂt}(cm”t"' Ssinwt)] pl(p + a)’ + 7]
‘ 1
-y (exp {—at} - coswt + S sin w«‘.‘) m

3. lekicTBus ¢ MaTpULlaMH

[No onpeneneHu0, MaTPULIEH HA3LIBAIOT NPAMOYTONABHYIO Tabnuiy BMAA

a) an Qin
a a a

s 12 22 2n ,
Gy Gm2 Amn

rie YUCHa Gy; (1 <i<m,1<j < n)ssisores 1Mbo BelleCTBEHHLIMU, THEO
KOMIUIEKCHbIMU. TOBOPSIT, YTO TaKas MaTpuiia HMEET pa3Mep m X n,

Kaxmoit m x n-marpuie A ¢ 31€MEHTAMHM @;; COOTBETCTBYET 1l X Mi-MaT-
pHlA C 2/IEMEHTAMM @j;, Ha3biBaeMasd TPaHCMOHWPOBAHHON MaTpulei u 06o-

3Hayaemas kak A’

MatpHiibl MOXHO CKJIa/iblBaTh, YMHOXATH Ha BELLECTBEHHBIE U KOMIIEKC-
HbI€ YHCNA, A TAKXKE YMHOXATh IPYT Ha Opyra.

Ecim A 1 B — Be m X n-Matpuibl C JNEMEHTAMU Gi; H bi; coor-
BETCTBEHHO, TO MOXHO OOGpa3oBate m x n-matpuuy C = A 4+ B, Takywo, 4to
Cij = @i + byj.

Jhobyio MaTpuuy MOXHO YMHOXHWTH Ha MOCTOAHHOE YMCIO @, Bellle-
CTBEHHOE MJIM KOoMIUIeKkcHoe. 3anuck B = aA 03Hayaer, 4TO BCE 3NEMEHTHI
MATPHLBI A YMHOXAIOTCA Ha OIHH M TOT Xe KoadHiineHT:

bij = Ct(l{j.

VYMHOXWTL MaTpUIy A Ha MaTpuuy B BO3MOXHO Nuiib B TOM Clyuae,
ecnit A mmeer pamep m x I, a B — pasmep ! x n, T e. uHCHo cronbuon
MEePBOr0 COMHOXWTENS COBMANAeT C YHMCIOM CTPOK BTOPOrO COMHOXHTENS.
BosHuKalouiaa npu ymHoxenuu Matpuua C = AB Hmeer pa3Mep m X n; ane-
MEHTBl MATPHULLI-TIPOU3BEAEHNS HAXOAAT MO MPHHUHKNY «YMHOXEHHe CTPOKH
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lMpunoxenns

Ha cTonbeLpy:
I
Cij = Z Gigby;.
k=1

B obuiem ciryyae yMHOXEHHE MAaTPHIL HEKOMMYTAaTHBHO, T.e. AB # BA.
Oco60 BaxHYI0 pPONB B NPHIOXEHWSX HMEIOT MaTpHIILI-CTONOLBI pa3-

MEpoM mi X | M MaTpHULI-CTPOKH paimepoM | X n. Takue MaTpHIEL YacTo
HA3BIBAIOT MPOCTO BEKTOPAMHM.

HHoraa BeIKIaaKy ¢ NPOM3BEIEHUAMY MATPHULL GOTBIIHX pa3MepoB yaaeT-
CHl CYLIECTBEHHO YIIPOCTHTH, pa3buBas MAaTpHIIBl Ha Gioxku, Hanpumep, 3anuch

A i Ay A

B KOTOpOH Aj—As MPEACTABASIOT COBON HEKOTOpHIE NMOAMATPULIBI MEHBLLIETD
pasMepa, O3HauaeT BhLIE/EHMe ueThIpex 610koB: [A;], [A2A;], [As] u [AsAq].

Kaxapiit 610K MOXET paCCMATPHBATECH KAK OTAEBHBIH 2/IeMEHT CJIOXHOI
MaTpuusl. [Mpasuna gedcTBril ¢ 6JI0KaAMHU TOMHOCTBIO AHATOIHYHBI npasuiam
HeHCTBUH C YUCNAMH, 06pa3yIOIMMH OOBIYHEIE MATPHLILL.

Te:[)priﬂ MaTpHll MOAPOGHO MINOXKEHa BO MHOTHX PYKOBOACTBAX, HaNpH-
Mep, B |12].

4. Hekotopsie TpuroHomerpuueckue opMynsi

: 1
sin’z = 5(1 - €08 2z),

2 1 :
cos“z = 5(1 + cos 2z),

sin’ ¢ = %(3 sinz — sin 3z),

cos’ & = %(3 cos = + cos 3z),

sin*z = %(cos%- — 4 cos2z + 3),
cos'z = %(cos 4z + 4 cos 2z + 3),

sin’ z = %(10 sinz — 5sin 3z + sin 5z),

1
cos’ ¢ = E(IOcosm+5cos3z + cos 5z).

Lol b e—
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ucnb akTHBHad 84

— Kayspa 224

—, Knaccuduxaums 17

— NecTHuyHas 221

— nuHeiHas 17

— MHHHMA/IBHOTO conpoThsaeHus 217

— MHHHManbHO-(azosas 220

— HenwWHeitHas 17

— C pacnpeacieHHbIMH NTapaMeTpaMH
229

— TpexdaiHas 61

— ®ocTepa 224

Yacrora kombunaunonHas 139
— KOMILIeKcHada 212

— pe3oHaHCHas koutypa 103

— coberBeHHbIX KONehaHi KOHTYpa
155

— — — — Bea noteps 155

— — — — ¢ notepamu 159

— cpe3a ¢guasrpa 93

— yrnopas 22

YeThIpexnomnocHuk AMHEHHBIH aKTHB-
Hblit 84

— B3auMHBIH 73

— —, MATPUYHOE oftucaHue 69
HearTOHOMHBIM 84
HeB3auMHBIH 87
, onpeaeneHue 69

— — COCTaBHOH 76

— —, 3KBHBA/ICHTHAIE CXEMEI 72

Dnexrponsuxymas cuna (31C) 14

DeMenT uenu eMKOCTHLIR 13

— — HHAYKTHBHEI 13

— — napamerpuyeckHii 142

— — pesucTupHbI 12

BddexTnnHoe 3HAUCHHE HaNPIXKEHHS
(Toka) 36



