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BBEAEHHUE

Lens kypcoBoi pabOThl — 3aKpeNUTh TEOPETUUECKHUN Marepua,
HAy4YUTh CTYACHTOB IPUEMaM U METOJIaM IMO3HABATEIIbHON AESTENbHOCTH,
yMeHUI0 000011aTh U BhIpa0aThIBaTh HABBIKM TBOPYECKOTO MBILIUICHUS U
CaMOCTOSITEJIbHON paOOTHI.

Jlist pacuera ueneu, mocTpoeHus: rpa@ukoB U oPOpMIIECHUS OTYETA
nenecoobpasHo npuMeHsATh nepcoHanbHbie DOBM (IIDBM). ITlpu stom
MO>KHO TIOJIb30BaThCS TOTOBBIMHM IMPOTpaMMaMU CHUCTEM HH)KEHEPHBIX U
HayuHblXx pacuetoB THna MATLAB, MATHCAD, MICROCAP wu
JPYTUMH WA CaMOCTOSATENIbHO HAMHCAHHBIMU, YTO CIOCOOCTBYET
3aKPETUICHUIO0 HABBIKOB PA0OTHI C BBIYUCIHUTEILHON TEXHUKOWU. YMEHUE
MPAaBUJIBHO MCIOJIb30BaTh KOMIBIOTEP CTAHOBUTCSI BaXKHBIM IMOKAa3aTelieM
pabotel cneumanucra. OTCyTCTBHE y CTyAeHTa naoctyna kK OBM He
SIBJISICTCS] PUYUHOW HEBBITIOJIHEHHSI KYPCOBOM PaObOTHI WM OTIEIHHBIX €€
MYHKTOB.

OIIMCAHME CXEMbI

[Ipenmerom  KypcoBoil ~ paOoTBl  SIBISETCA  MCCIIEOBAHUE
AIIEKTPUYECKON LIENU, CTPYKTYpHass M (PYHKIMOHAIbHASI CXEMBbI KOTOPOM
nokazaHel Ha puc. 1 u 2 cooTBeTcTBEHHO. (CXEMbl aKTUBHOIO
JBYXIOJIOCHUKA — MCTOYHMKA rapMoHudeckux konebanniti (MI'K),
YETBIPEXTOMIOCHUKA WM MapaMeTpbl  UX  3JEMEHTOB  BBIAAIOTCA
IIPENoIaBaTesieM 0 BapruaHTaM B BUJE pa3AaTOYHOr0 MaTepHaa.

Cxema HWCTOYHMKA TapMOHHUYECKHMX KOJIEOAHMII  COCTOMT U3
uctoyHukoB DJIC U TOKa OJMHAKOBOM YacTOThl W MACCHUBHBIX 3JIEMEHTOB
Pa3HOT0 XapakTepa, COeIMHEHHBIX OMpeIeIeHHBIM 00pa3oM (CM. puc. 2).
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Ponp mepBuuHOi 0O0MOTKHM JuHeiHOrOo TpaHcdopmaropa (TP)
BBITOJIHSIET OJHA U3 UHAYKTUBHOCTEN L,, BXOAAIINX B COCTAaB UCTOYHHKA.
[Ipy »TOM mOCHENOBATENbHO C WHAYKTUBHOCTHIO HE JIOJDKEH OBIThH
BKJIFOUEH MCTOYHHMK TOKA, U TOK B 3TOM BETBH HE PABEH HYJIO, HATPUMED
L; Ha puc. 2. Ecau B cxemMe HET TaKOW WMHIYKTUBHOCTH, TO €€ HYXKHO
CO37aTh, BKJIIIOYMB B JIIOOYIO BETBb 0€3 MCTOYHMKA TOKA WHIYKTUBHOCTH
100 M['H u emkocth 10 MK®. VYCTaHOBHBIIMHCS PpEXKUM B CXEME
UCTOYHUKA OT OTOro He Hapymwurcsa. JIuHeWHbId (BO3MYLIHBIN)
TpaHchOpMaTOp UMEET JIBE BTOPUUHBIE OOMOTKU Lg U L.

Hanpspkenue u; BTopuuHoi oOmoTku Lg TP momaercs Ha Bxon
NOBTOpUTENS,, COOpaHHOro Ha onepanuoHHoM ycuinutene (OY) DAL
OpuEHTHPOBOYHBIE MAPAMETPbl TAKOTO YCUJIUTENS clienyromue: Ry>0,5
MOM, R;x<100 OmMm, py > 5-104, £:=20 mI'u , tae Wy — xoahduimeHt



YCUJICHUSI TI0 HANpPSOKEHHIO, a f, — BepXHss pabouas vacrtoTa. Yacto
takoii OY ucnonb3yercss He JUIsl OJYYeHHUS YCHIIUTENBbHOTO »ddekra, a
Ui TpEeAaHusl dJIEKTPUYECKUM LEMsSM OCOOBIX CBOMCTB, IOJIyYUTh
KOTOpble 0€3 HEero CII0KHO MM HEeBO3MOXKHO. s padorel OY k Hemy
HE00X0IMMO TO/IBECTH MOCTOSIHHOE muTatomiee Hanpsokenne U = +10...15
B. llenu nuTaHus Ha cXxemMax 0OBIYHO HE U300paXKartoT.

B OonpmmHCTBE NPAKTUYECKUX pacueToB XxapakTtepuctuku OY
uaeanusupyor. [Ipy 3TOM CUMTAOT, 4YTO BXOJHAs MPOBOJUMOCTH U
BBIXO/IHOE COTIPOTUBIICHUE PABHBI HYJIO, @ KOA(D(UIIUEHT yCUICHUSI UMEET
OECKOHEYHO OO0JIbIIOE 3HAUYCHHUE. BBIXOHOE HANpPSKEHUE NOBTOPUTENS U3
= U, MOILIHOCTh BXOJHOT'O CHUTHaJa paBHA HYJIIO, & MOLIHOCTb BBIXOJIHOTO
MOKET MPUHUMATh J000€ 3HaUYE€HHE B 3aBUCUMOCTH OT HArpy3ku — 3TO
HE DPOTHBOPEUYHUT 3aKOHY COXPAHEHHsS DHEpPruu, TaK Kak OHa
o0ecreurBaeTcsi HKCTOYHUKOM NUTaroiero Hamnpsbkenus OY.

Hanpspkenue u©, co BTopuuHOM 0OMOTKM Ly TP momaercs Ha
MHBEPTUPYIOIIMI  BXOJ KOMIIapaTopa — IOPOrOBOTO  3JIEMEHTA,
npeoOpa3yroIero rapMoHHYecKoe (CHHyCOMAaNbHOE) KojcOaHue B
Pa3HOMOJSPHBIE UMITYJIbCHI MPAMOYTOJIbHOM Gopmbl: Uy =10 B mipu u, <0,
Us;=—-10 B ipu u, > 0. Komnapatop codbpan Ha OY DA2 ¢ pa3zoMkHyTOM
oTpuniatenbHoit  oopatHoit cBsa3pro  (OOC). B wmemm 06e3 OOC
koahduiment ycunenuss OY oka3bIBaeTCsl YPE3BBIYANHO OOJBIIMM U
CUHYCOMJIAJIbHBIM CHUTHAN MpeoOpaszyeTcss B MpsMOyroibHbid. Criemyer
00paTuTh BHUMAaHUE, YTO HAMPSIKEHUS U] U U, HAXOASTCS B MPOTUBO(dA3e,
a HanpspkeHuto u; > 0 coorBerctByer U, =10 B.

Toku Bo BTopuuHbIX 00MOTKax TpaHncopmatopa TP g maeanbHbIx
OY (Rix—> ) paBHBl HyNIIO, TOSTOMY Harpyska TpaHchopmaropa
HUKAKOT0 BJIMSHUS HAa aKTUBHBIN ABYXIOJIOCHUK HE OKa3bIBAET.

[lepexmouarens K 1mo3BOJSET NOAKIIOYUTH 33JaHHYKO CXEMY
YETBIPEXIOJMIOCHUKA JMOO K BBIXOAY TOBTOPHUTENS, JUOO K BBIXOIY
KoMItaparopa. [lepekiiroueHrne u3 0JTHOTO MOJIOKEHUS B IPYrO€ MPOUCXOJUT
MIHOBEHHO. B HCXOJHOM (HayaJlbHOM) COCTOSIHMM mepekioyatens Ki
HaxoAuTcss B monoxkeHud 1 (cMm. puc. 2). M3meHeHHe NOJOKEHUS
MEPEKIIOYATENS] BBI3BIBAET B CXEME YETBIPEXITOIIOCHUKA HW3MEHEHUE
pekruMa paboThl M BOSHUKHOBEHHE MIEPEXOAHOT0 MpolLiecca.

IHPUMEPBI PACUHETA

B yueOHOM mocoOmm He CTaBUTCS 3ajada IMPOBEICHHS pacyeTa
Kakoro-au0o BapuaHTa KypcoBOiH paboThl. PaccmarpuBaroTcst OTACIbHBIC
(parMeHThI BBITOJIHEHHS paOOTHl HA MPUMEPAX, MMO3BOJISFOIINX COCTABUTH
oO11ee mpeIcTaBIeHne 0 XapakTepe U 00beMe HeOOXOAMMBIX PacueTOB.



Pac4yem ucmo4Huka 2apMOHUYeCKUxX KosiebaHul

Ilpumep 1. PaccuntaTh UICTOYHUK TAPMOHUYECKUX KOJIeOaHUM (CM. TI.
1.1) mo cxeMe puc. 2, eciu 3aJaHbl CIAEAYIONIUE UCXOAHbIE JaHHBIE: i =
442 sin(10° £+ 270°) A, e, = 600 sin(10° ¢ + 225°) B, E;= 500 + j500 B, R, =
30 Om, C,=20/3 MkD, R;= 150 Om, L;=100 mI'z, R4= 100
Om, C5=10 MxD, Ls= 100 mI'H, R7;=20 Om.

Pewenue. llpenBaputenbHas TOATOTOBKA CXEMbl K  pacuery
3aKJIIOYAETCSl B BHIOOpE IMOJIOKUTEIBHBIX HAIPaBJIEHUM TOKOB B BETBSIX U
ux o6o3HaueHuu. Kpome Toro, He00X0AMMO 0003HAYUTH BCE Y3JIbI CXEMBI
OYKBEHHBIMH WJIH ITU(PPOBBIMHU UHAEKCaMU. JJ1s mepexo/ia K KOMIUIEKCHOM
cxeMe 3amenieHuss (puc. 3) BCE HE3aBUCHMbBIE MCTOYHHUKUA HYXKHO
MPEICTaBUTh B KOMIIEKCHOU (hopme (B BUE KOMITIEKCHBIX aMIUIATY/I WA
KOMIUIEKCHBIX JICHCTBYIOIIMX 3HAYEHUW) U PACCUUTATh KOMILJIEKCHBIE
COIPOTHUBJIEHUS BCEX BETBEU CXEMbl. TaK, KOMIUIEKCHBIE JIEMCTBYIOLIME
3HAYCHUS HMCTOYHUKOB OoynyT PaBHBI:
in = J; = dexp( j270°) = — j4, ey = E, = (600/~+2)exp ( j225°) = -300
— 7300, a KOMIUIEKCHBIE COITPOTUBIICHUS MPU (O = 10°¢ 7" Z1=R,=30,2,=
X = G/(0C,) =150, Z3= Ry + jX;3= Ry + joL; = 150 + 100, Z4 = Ry =
100, Zs = —jX¢s = 5/(0Cs) = —100, Zs = jX16 = joLes = j100, Z; = R; = 20,
e = — CHUMBOJI COOTBETCTBUS MEXJYy OPUTHMHAIOM U HU300paKEHHEM
byHKIUH.

Puc. 3 Puc. 4

Jlns  yopolleHust pacuera CXeMbl IPUMEHHM SKBUBAJICHTHOE
CTPYKTYpHOE MpeoOpa3oBaHUE MACCUBHOTO TpeyrojibHuka Z,—7Zs—Z¢ B
3Be31y, 0003Ha4Yasi €e CONMPOTUBIICHUS, HATIPUMED, CICAYIOMUM 00pa3oM:
Zss = LaZs/(Zs+ Zs + Zs) = 100(-100)/(100 — 7100 +,100) = —100, Zys = ZsZs
NZs~+Zs+Zs)=100,100/100=;100, Zss=ZsZs/(Z4+ Zs + Zs) =100.

OKBUBAJICHTHAass CcXeMa Toclie mnpeoOpa3oBaHusi UMEET  JBa
AJIEMEHTApPHBIX KOHTYpa U ABa y37na (puc. 4). Takxke B cxeme CylIeCTBYET
BETBb C MHJICAJIbHBIM MCTOYHUKOM ToOKa. Jljis ompeneneHus TOKOB
BOCIOJIb3yeMcsl MeToJI0M KOHTYpHBIX TOKOB (MKT). Hucno He3aBuCUMBIX
ypaBHeHu#, coctaBieHHbIX 1no MKT, paBHO uuHcly HE3aBUCUMBIX
KOHTYpoB. Yepe3 BETBb C MCTOYHMKOM TOKa JOJKEH MPOTEKaTh JIMIIb



OIMH W TOJIbKO OJWH KOHTYPHBIM TOK, PABHBIA C y4E€TOM BHIOPAHHOTO
HaIlpaBJICHUs TOKY HCTOYHHKA TOKa. ll03TOMy 4YHMCIO HE3aBUCUMBIX
ypaBHeHUN paBHO 1. DOTO ypaBHEHHE [OJDKHO OBITh COCTaBJIEHO
OTHOCHUTEJIBHO HEW3BECTHOI'O KOHTYpPHOro ToKa /j;. B kaHOHMueckou
dbopme npu BeIOpaHHBIX [1; U [, = Ji= —j4 (cM. puc. 4) OHO UMEET BH]
11 Z + 2, = E\, TIe COOCTBEHHOE CONPOTHUBJICHUE MEPBOTO KOHTYpa £
=2+ Lyt Zys + Zys = —j150 + 150 + j100 — ;100 + 7100 = 150 — j50, a
oO1iee COMPOTHBIICHHE BETBH, MPUHAICKAIIEH MEPBOMY M BTOPOMY
KOHTYypaM, Zi, = H(Z4, + Zg) = —j150 + j100 = —50. 3Hak «wirocy
COMPOTHUBIICHUS Z|; OOYCJIOBJIEH OJMHAKOBHIM HANpaBIECHUEM KOHTYPHBIX
TOKOB [} U [, B CMEXHOU BeTBU Z,; — Z45— E,. Kontypuas DJ1C E;, = E; +
Es = 300 — ;300 +500 + ;500 = 200 +
+7200. U3 ypaBuenus 1,(150 —;j50) + (—4)(—50) = 200 + ;200 naxogum [},
= 2 + j2. KoMIIJIeKCHOE 3HAY€HUE TOKA YKAa3aHHOI'O HAIpaBJICHUSI B BETBU
cxeMbl (CM. puc. 4) paBHO alNredpanyecKko cyMMe KOMIUIEKCHBIX 3HAUEHUN
KOHTYPHBIX TOKOB, IPOTEKAIOIIUX 110 3TOM BeTBU: =111, =2 +j2, L =1 +
I =2 +j2)+ (54) =2 — j2. B o0oux ciy4asx KOHTYpPHbIC TOKH BXOJST B
YPAaBHEHUE CO 3HAKOM «IUIKOC», TaK KaK WX HANpPABJICHUS COBHAJAIOT C
HaITPaBJIEHUEM UCKOMOI'O TOKA BETBH.

OnpenensseM TOku Iy Is, 1 I B TIAaCCUBHOM TPEYIOJBHHUKE I10
M3BECTHBIM M3 pacuera TOKaM B OJKBUBAJIEHTHOW 3Be3ne. llpu stom
YUUTBIBAEM, UTO HANPSHKEHUSI TPEYroJIbHUKA M SKBUBAJICHTHOM 3BE3]IbI
paBubl. U3 cxembl puc. 3 cnenyet, uto Iy = Uy /24, Is = Uy /Zs, I =
= UqlZs. U3 cxembl puc. 4: Uy = — IiZys — LZas = — 400, Uy = 11 Zss —
— Z3Z45 =-200 —]200, (_]dc = _11256 — 12246 =—-200 +]200 CHGI[OBaTeHBHO,
I, = —400/100 = -4, Is = (=200 — ;200)/j100 = 2 — j2, Iy = (=200
+5200)/7100 = 2 + ;2.

[IpoBepum BhINoOIHEHUE TIEPBOTO 3akoHa Kupxroda s y3710B cxeMbl
puc.3. Vsenb: L+ L+ Ls=(-4)+(2+,2)+(2—-j2)=0,y3enc: — Is+ s
tL=-2-j2)+2+2)+ (/A =0,y3end: —L—-Li—ls=—(2—-j2)- (-
j4)— (2 +;2)=0.

AmMriepMeTp, BKJIIOYEHHBIM B BEeTBb C E, (CM. puc. 2), u3Mepser
neiicTByroniee 3Hadenne Toka L: I, = |L|= V22 +2? = 242 =2,82A.

Jns ompeneneHus MOKa3aHUs BOJIBTMETPA V), BKIIOUEHHOTO MEKIY
TOYKAMH d U ¢ CXEMBI pUC. 3, IPEABAPUTEIHLHO PACCUMTAEM KOMILIEKCHOE
JNEUCTBYIONIEE 3HAUCHUE HANpsDKEHUs, BbIOpaB MPOU3BOJIBHO  €ro
Hanpasienue, Hanpumep U,,. U3 ypasuenus — L4, + I¢Ze— 1,27 — U,y = —E>,
COCTaBJICHHOTO TI0O BTOpoMy 3akoHy Kupxroda mis koHTypa a—d—c—q,
naxogum: U,,~ —200 + ;j280. BoabTMeTp, M3MEPSAIONIMN JIEMCTBYIOLICE
3HaYEHHUE HaANPDKEHUS Usgs IOKaXeT Uy =

= /2007 +280*> = 344 B.

OnpenenuM HanpspKEHHE Ha 3aKMMaxX MCTOYHHMKA TOKA, BBIOpAB €ro
HanpasieHue, Hanpumep U;, (cMm. puc. 3). YpaBHEHHE, COCTAaBICHHOE
corjacHo BTopoMmy 3akoHy Kupxroda, MoxxeT ObITh 3aMKMCaHo AJis JTI000T0



KOHTYpa, B KOTOPBIA BXOJUT BETBb C MCTOYHUKOM TOKa. [Ipm o6xoze
KOHTYpa a—d—c—q—f 10 XOJly 4aCOBOM CTPEJIKH MOJYYUM YpaBHeHUE —/1,2,
+ IZo — L4 + Z7) + Uy = —E,, otkyna U, = 200 — j400. bananc
MOIITHOCTEH COCTaBJIsIeM JId MCXOAHOM cxembl (cMm. puc. 3). ITlomHas
KOMIUIEKCHAsl MOIIIHOCTh HCTOYHUKOB JOJDKHAa OBITh paBHA IOJTHOM
KOMIUIEKCHOM MOITHOCTH MTOTPEOUTENECH:

38 =38 S(P+j0), =S(P+j0);
S, =SENH+XUINH+YU,J )
YS =S (EL )+ XUI)+XU,J )+ U2 Z,),

rae [, —naeWlcTBylollee 3HAYeHHWEe TOKa B k-W BeTBU; Z; —
KOMIUIEKCHOE CONPOTUBIICHUE BETBU; | " CONpSDKCHHBII KOMITEKC /.

Jis maHHOW CXeMbl TMPHU YKa3aHHBIX HAIMPABICHHUSX HWCTOYHHKOB,
BBIOPAHHBIX HAIIPABJIEHUI TOKOB B BETBAX U HaNpsuKeHUH Uy, HAa HCTOYHHUKE
Toka umeeM: 2. S, = E, [ 2 +Es I3+ Uy J 1 = (=300 — j300) x (2 +,2) +
(500 +7500)(2 —j2) + (200 — j400)(j4) = 3600 —
JA00; XS= 132y + Zy) T2 2o + 1P 25 + 14 Zy +
1 s Zs + 1 s Zs = 16
x (30 +20) + 8(—j150) + 8(150 +j100) + 16 (100) + 8(-100) +
+ 8(j100) = 3600 — j400. Takum oOpa3om, OalaHC MOIIHOCTEH CXOAUTCS,
a 3HaYUT, pacyeT IPOBEAECH BEPHO.

3anuiieM MrHOBEHHBIE 3HAYEHUs TOKA i3 M HamNpsbKeHUs ups(f) Ha
UHIYKTUBHOCTU L3, MpeAcCTaBisiomEed co0oil NEepBUYHYIO OOMOTKY
Tpancdopmaropa. KomriekcHoit ammntyae Toka L, =+2(2 + j2) =
= 4 exp( j45°) COOTBETCTBYET MIHOBEHHOE 3HAau€HUWE TOKa i(f) =
= 4 sin(10’t + 45°). KOMIUIGKCHOMY [ACi{CTBYIOMIEMY 3HAYCHHUIO
Hanpsoxkenus Ups = L jX;3 = (2 + j2)(j100) = —200 + ;200 = 20042 x
x exp( j45°) cOOTBETCTBYET MIHOBEHHOE 3HAUYEHHME HaIpsOKEHUS u;3(f) =
400sin(10°t + 135"). KpuBble MrHOBEHHbBIX 3HAYCHMI TOKOB i(f) wiH i(®f),
HanpsokeHuit u(f) wim  u(wf), TOCTPOCHHBIE B JIEKAPTOBOM CHUCTEME
KoopauHaT (puc. 5), HAa3bIBAlOTCA BOJHOBBIMH WJIM BpPEMEHHBIMU
JMarpaMMaMmH.




OnpenenuM 3HA4YE€HUST B3aUMHBIX HWHIYKTUBHOCTEW Mizg U My,
HEOOXOAMMBIX MJIg TOJYy4YEHHUS HAa BTOPUYHBIX OOMOTKaxX JMHEHWHOTO
TpaHcopmaropa 3agaHHbiX 3HaueHuit U; u U, (cm. puc. 2). Ilycts
TpebyeTcss monyunuTh Hanpsbkenus U, = 5 B, U, = 10 B. Tak kak U; =
= Xm38 ]3 = O M38 13, a ]3 = 2\/5, TO Mgg = U1 /((013) = 5/(103 2\/5) =
= 1,25J2 = 1,77 wmI'n. Tlpu paccyMTaHHOM 3HAYECHUHM B3aUMHOM
WHIYKTUBHOCTM KOMIUIEKCHOE 3HAUEHUE HAIpsOKEHWST HAa BXOJHBIX
3@XHMMax MOBTOPUTENs Hanpsokerust U, = joMss =710 x 1,252 107 x (2
+j2) = Sexp (;j135°). (11 npoBepKH MPaBUILHOCTH 3alIMCH PABEHCTBA IS
U, HeoOxoauMo 3a/1aThCsl HAIPABJICHUEM TOKa [y B Lg, 3anucaTh ypaBHEHHE
st U ¢ ydeTOM MarHuTHBIX CBA3EH, a 3aTeM NpuHsATh [y = 0, Tak kak OY
CuMTAeTCs MeadbHbIM). MIHOBEHHOE 3HAUEHHE HATPSUKEHMS 1, = 5+/2 sin
(10t + j135°). 3aganHblii KOAhOUIMEHT CBSI3H MO3BOISET OIPELCITHTH
3HAYEHUE WHIYKTUBHOCTH Lg BTOpUYHONW OOMOTKM TpaHchopmaropa. Tak
KakK k3g = M3g/m, TO, HAIIPUMCEP, IIPpH k3g = 0,5 Lg :M238/ / (k 238 L3) =
(1,252 -10°)*/(0,5*100-10) = 0,125 MI'H. Ananorudso: Mse = U,/ (ol5)
=10/ (10°2v2)=2,5v2=2,54 M, 1pst k3o = 0,5 Lo = M *39 / (k *3L3) =
(2,542 -107°)* / (0,5%100-107) = 0,5 M[H, Us = — joMsy I; = — j10° x
2,5¥2-10°Q2 + j2) = 10 exp(—45°) = u, = 10y2sin (10°t — j45°).
Hanpspkenue u, Ha HMHIYKTUBHOCTH Lg HAXOAWTCS B MpoTHBO(daze ¢
HarpsiKeHueM u Ha Lg (cM. cxemy BKiItoueHust oomotok TP Ha puc. 2).

Ilpumep 2. Paccuutath TOK [3 B TEPBUYHOM OOMOTKE
TpaHchopmaropa (CM. puc. 2) METOJI0M SKBUBAJIEHTHOTO HCTOYHUKA.
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JlaHHBII METOJI pacueTa OCHOBAaH Ha TeopeMe 00 SKBUBAJICHTHOM
HUCTOYHMKE (MCTOYHUKE HampspKeHus wiv Toka) [1-4]. B cooTBercTBHM C
ATOM TEOpeMOl TOK B JHOOOM BETBH m—# CKOJb YIOJHO CIIOXHOM
AIIEKTpUUECKOM 1ienu (puc. 6, a) He UBMEHHUTCS, €CJIU JIEKTPUUYECKYIO 1IETIb,
K KOTOpOM TOAKJIIOYEHA JIaHHAs BETBb, 3aMEHHUTh OSKBHUBAJECHTHBIM
UCTOYHUKOM  DHEPrHM,  KOTOPbIH  MOXET  OBITh  IpEACTaBIICH
MOCJIEIOBATEILHON (MCTOYHUKOM HAIPSHKEHUS — PHC.

6, 06) WM MmapaiebHON (MCTOYHUKOM TOKa — pucC. 6, 8) cXemou
3aMEILCHUS.

OJIC wuaeanbHOr0 HCTOYHMKA HAMNPSDKEHUS B TMOCIEIOBATEIBHOM
CXEM€ 3aMelleHUsl JOJKHA OBbITh paBHA HAMPSKEHUIO HA Pa30MKHYTBHIX
3KUMax m—n CXEMbI; TOK UJEaJTbHOI0 UCTOYHMKA TOKA B MapasuiesIbHOM
CXEME€ 3aMEILICHUSI PABEH TOKY, MPOTEKAIIEMY MEXIY 3aKUMaMu m—H,
3aMKHYTBIMM HAaKOPOTKO; BHYTPEHHEE COIPOTHUBJIICHWE W BHYTPEHHSA
MPOBOJAMMOCTh  SKBUBAJICHTHOTO HMCTOYHHMKA JOJDKHBI OBITh pPaBHBI
COOTBETCTBEHHO BXOJIHOMY COMNPOTHUBJICHUIO M BXOJHOW MPOBOJAUMOCTHU
MACCUBHOM 3JIEKTPUUYECKON 11enu (MCTOYHUKHU 3aMelIeHbl UX BHYTPEHHUM
COIIPOTHUBJICHUEM) CO CTOPOHBI PA30MKHYTBIX 32)KUMOB m—71. ITa Teopema
JISKUT B OCHOBE METO/a SKBUBAJICHTHOIO HCTOYHHKA.

Peuwienue. Pacuer HEM3BECTHOrO TOKa [3 I MCXOIHOM CXEMbI (CM.
puc. 3) BBINOJHUM METOJIOM, HANpPUMEP, SKBUBAICHTHOTO MCTOYHUKA
HanpspkeHust. Havimem mapametpsl £ 5 ¥ Z 4y, YYUTBIBASI, YTO OOMOTKA
TpaHchopmaTtopa ¢ WHAYKTUBHOCTHIO L3 =100 MI'H BKIIFOUeHA MEXKIY
TOYKaMH a—e.

A. Cxema mis onpenenenusi E,r nokasaHa Ha puc. 7. Hanpasnenue
HanpsokeHust Uy, xx COBNAAAET C HANIPABICHUEM HEW3BECTHOIO TOKa [3. U3
ypaBHEHUSI, COCTABJICHHOTO 110 METOy KOHTYPHBIX TOKOB, [\((Z4+ Zs+ Z
6) — L2 Z¢ =0 npu ycnoBuu, uto [ ,, =J | =—j4, onpenensem Toku [;; = 4,
I'y=1=4,1,=1»n=—54. Teneps u3 ypaBueHus U, xx + ['4Zs+1[2 2, = E;
+ E 3, COCTaBJIIGHHOTO COTJIACHO BTOpoMy 3akoHy Kupxroda mms mpaBoro
KOHTYpa, HaXoauM E5r = U, « = 400 + ;j400.

éaeBx
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b. Cxema nnst onpesiesieHus BHYTPEHHETO COPOTUBIIEHUS TeHepaTopa
Z i = Z 4 sx TIOKa3aHa HaA pHUC. 8 - 3]1€Ch MUCTOYHUKH 3aMEIICHBI HX
BHYTPEHHHUM COIPOTUBIICHUEM: Z oy = Ry + Ry + Z 4 (L 5 + Z ) /
[(Z4s+Zs+ Ze)=150—;150.

Ha ocHOBanumm wmeroa SKBHBAJICHTHOTO HCTOYHUKA HaIPSKCHUSA
onpenensieM: [ 3 = E 5r/(Z o + Z13) = (400 + j200)/(150 — j150 + j100)
=2 +j2, 4TO COOTBETCTBYET paHEe PACCUNTAHHOMY 3HAUYCHHUIO TOKA.

Pacyem yembipexnosiroCHUKa

Ilpumep 3. Jlnga cxembl puc. 9 paccuutaTth TOKM M HaIPKCHUS
METOJIOM  BXOJHOIO  COINPOTUBJIEHUS, IIOCTPOUTh HUX BEKTOPHBIC
aMarpaMmel. B cxeme 3amaHbl: u 4, = 4042 sin(103t +n/2) B, R) = X¢| =
:XCZ :R3 :XL3 =10 Om.

Pewenue. O003HaUNM TOYKH COSIUHEHHUS DJIEMEHTOB CXEMBI U TOKH.
BriOepem yCI0BHO MONOKUTEIbHBIC HAIIPABICHUS TOKOB B COOTBETCTBHUU C
puc. 9. Tox B Hepa3BeTBICHHOU YacTH CXeMbl [| = U y / Z oy, THE Z ox —
KOMIIJIEKCHOE BXOJIHO€ COMPOTHUBJIIEHHUE CXEMbl, Z 5 = Ry — jX¢o + [T
Xoa(Ry +j Xp3)]/ [Rs + j(Xp3 — X2)] = 10 10 + [710(10 + j10)] / [10 +
j(10-10)] = (20 —;20) Om.

KomriekcHoe neicTByrolee 3HaueHue BXOAHOro HanpsikeHus: Uy, =
j40 B. O6uwmii Tok [; = j40/(20 — j20) = —1 + j = J2expl135°. Toku B
napajulebHBIX BETBSIX BbIpazuM uepe3 Tok [ L = 143 /| (4, +
+ Z3) = (-1 + )10 + j10) / (10 + 10 + j10) = — 2 = 2exp(+jn), L3
=012/ (L + Z5) = (-1 +j)(=10)/10 =1 + j = V2 exp(jn/4).

[TocTpouM BEKTOpPHYIO AMArpamMmMy — COBOKYITHOCTh BEKTOPOB TOKOB
WM HANpPSDKEHWHA HA KOMIUIEKCHOM IIJIOCKOCTHM C YYE€TOM HMX B3aUMHOU
opueHTamu 1o ¢asze. Toxk B HEpPa3BETBICHHOM YacTH CXEMbl paBeH
FEOMETPUYECKON CyMMe TOKOB /| = [, + [ ;. BekTopHas nuarpaMma TOKOB C
y4eToM BbIOpaHHOro mMacirada m; = 0,5 A/cm npeacrasieHa Ha puc.10, a.

s moCTpOeHUsT BEKTOPHOW AMarpaMMbl HANpPSKEHUH pacCcuuTaeM
HalpspKeHUST  Ha  OTACJIBHBIX — dJieMeHTax  (y4acTKax)  CXEMbI
(cMm. puc. 9). HampaBneHusi HanpspKEHUM TPUHUMAEM COBIIQJIAIOIIUMU C
HamnpaBJICHHUEM TOKOB B COOTBETCTBYIOIIMX OJJeMeHTax. Paccunrtaem

MAJCHUE HANpPSDKEHUsT Ha diieMeHTax cxembl: Up = U,y = Ry [} =
= 1042 u coBmamaer no ¢aze ¢ TokoM Ij; Uey = Uy = Xy I} = 1042, HO
orcraer mo ¢asze or Toka [ Ha yron w2; Uy = U, = R35 =

= 1042 u coBnagaer no ¢asze ¢ TokoM I3; Ups = 14,1 u onepexaer 1o ¢ase
TOK /3 Ha yron 71/2; nanpsikenue U, = X, [, = 20 u otcraer no dasze ot
ToKa [, Ha yromu /2.
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Puc. 9

I'eomerpuueckas cymma Uy + Uy + Ugs + U3 = Uy = U,y, @ cyMma
Upgs + U;; paBHa 10 MOJIYJIO MAICHUIO HANpsiKEHUs HA eMKOCTH C; — Ul,.
Kpome Toro, sTa BEKTOpHas CyMMa paBHA BBIXOJHOMY HAIPSHKEHUIO
YETHIPEXITOTIOCHHKA.

BekropHas nuarpamMma HampsbkeHUM mokazaHa Ha puc.10, 6 (my
= 8 B/cM). MrHoBeHHBIE 3HAUYCHUS TOKA i} M BBIXOJIHOTO HATIPSAKEHUS Uyyy:
I = Vzexp( j3n /4) = i; = 2 sin(10°t + 31/4), Upn = j20 = ity
= 2042 sin(103t + m/2). Caur no ¢asze MeXIy BBIXOJHBIM U BXOIHBIM
HaMpSDKCHUSIMA O = WYeyx — Wpx = T2 — w2 = 0, a OTHOIICHHE
nercTBytonux 3HadeHui Uy, / Uy = 20/40 = 0,5.

Pac4yem nepedamo4HolU ¢hyHKyuUU
U YaCcmMOMHbIX Xapakmepucmuk yenu

JIlnvHaMu4YecKkue CBOMCTBA JIMHEMHBIX YCTPOMCTB MOXKHO OITUCATh
NEepeNaTOYHOM, TNEPEXOJHOM WA HUMITYJIbCHOM XapaKTEepUCTUKAMM,
KOTOpBIE, B CBOK OYEPENb, OMUCHIBAIOT MOBEACHHUE Lieneil (yCTpOHCTB)
COOTBETCTBEHHO B YaCTOTHOM W BpeMeHHoW obOmactsx. [Ipu stom ob6a
MPEACTABICHUS] COBEPIIEHHO PAaBHOCWIbHBI U B3aHMMHO JIOMOJHSIIOT YT
Ipyra, a mepexol OT OAHOTO K APYroMy OCYLIECTBIIETCS C IOMOILIBIO
npsiMoro u obparHoro npeodpazoBanusi Pypre u Jlamnaca. YacToTHbie u
BPEMEHHBIE  XapaKTEPUCTHUKUA  YAOOHO  ONpeAeNtsiTh C  IOMOIIBIO
orepaTopHOro meroaa. [lns 3TOro HaxXoAsT MEepeAaTOvHyI0 (DYHKIIHIO
LETIH.

[lepenarounas ¢GyHKOUS JUHEWHOM  DJIGKTPUYECKOM IIEMU  C
COCPENOTOYEHHBIMU napaMeTpamu W(s) paBHa OTHOLLIEHUIO
npeodpazoBanus Jlamtaca Y(s) peakuuu 1enu y(f) Kk u300pakeHu0 X(s)
BXOJIHOTO BO3JE€UCTBUS X(f), BBI3BABIIEMY 3Ty PEAKIMIO, MPU HYJIEBBIX
HAYaIbHBIX YCIOBHSX: W(s) = Y(s) / X(5) = (by 8" + by 8™ + ... +by)
/(ap " + a1 S + ... + ap). IIpu 5TOM YCIOBHO MPEANOIAraiOT, YTO B
CXeMe JIeWCTBYeT OJIMH UCTOYHHUK. [lepenaTounas GpyHKIUS TpeCcTaBIseT
co00il aHAMUTHUYECKYIO OPOOHO-PALIMOHANBHYIO (PYHKIIMIO KOMILJIEKCHOTO
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aprymMeHTa § = G +jm, Iie m U n — CTeneHu (MOpsAI0K) MOJUHOMOB
qucauTens U 3HameHatens (m < n). Buag nmomuHOMOB B(s) u A(s) U ux
KO3 GUIIUEHTHI 3aBUCAT OT CTPYKTYPBI LIEMH U NTAPaMETPOB €€ AIEMEHTOB.
Ecnu TpeOyercsi omnpeAenutb 4YacTOTHbIE XapaKTEPUCTHKU LIEMH,
nepexoAsT otT mnpeoOpa3zoBanus Jlammaca k mnpeoOpaszoBanuio Dypse,
OPUHSAB § = j®, U MOJYy4YalOT KOMIUIEKCHYIO MEpeAaToyHyr0 (DYyHKIIUIO
(xoadpdunment nepenaun) W( jo) = Y( jo) / X(jo) = Y.(jo) / X.( jo),
OTpEeNEsIEMYI0 KaK OTHOIIEHHWE KOMIUJIEKCHBIX aMILUTUTY]l (KOMIUIEKCHBIX
JNEUCTBYIOUIUX 3HAUEHUN) SJIEKTPUUYECKUX BEIUYMH HA BBIXOJE M BXOJIE
Hend B 3aJaHHOM pexuMe paboThl. Pa3MepHOCTh KOMIUJIEKCHOTO
kodpdunmenta nepenaun W(jm) onpenensiercs CXeMol U COOTHOIIEHHUEM
peaKkuy Lenyu U BXOAHOIO BO3JEHCTBHUA. Tak, Hampumep, nepenaTodHas
byaknus 1o HampspkeHuto paBHa Wy ( j©) = Usyx / U W SBISIETCS
0e3pa3MepHO BETUYMHOM.
B o6mem Bune W(j®) MOXHO MpEACTaBUTh B BUJIE OTHOIICHUS JABYX
KOMITJIEKCHBIX TIOJTMHOMOB B aJIr€OpandeCcKoi WU TIOKa3aTelIbHON hopMme:
M N
W(jw)=b(jo)/a(jo)= Zobm(iw)m Zoan(j@)" =
= =

= [Bi(w) +jBx(0)]/ [A1(®) +jAx(0)] =
=B} +B; exp[jarctg (B,/B))] /{\J 4] + 4; exp[j arctg (4,/4,)]} =
= B(w) exp [jys(0) ] /{4(w) exp [(jya(®)]} =
= [B(w) /A(w)] exp jlys(0) — yw)] = W(o) exp [jo(o)],

rae Bi(o) =Re [b( jo)], 4i(w)=Re [a( jo)], By(®) = Im [b( jo)],
Ar(®) =Im[a( jo)], W(w) = B(w) / A(w) — ™Moaynb mnepeaaToqHOM
(GYHKIIMM, HaA3bIBa€MbI  aMIUIMTYIHO-YaCTOTHOM  XapaKTePUCTHKOM
(AYX); o(®) = yp(®) — yy(®) — apryMeHT nepeaaTouHor pyHKIINH, UK
dazouactoTHas xapakrepuctuka (OUX).

[lepenatounass QyHKIUS MOXET OBITh NPENICTABIIEHA TAKXKE B BUJC
CyMMBbI JIBYX mnojuHoMoB: W( jo) = P(®w) + jO(w) = P*+Q* X
x exp [ jarctg(Q/P) = W(w) exp [ jo(w)], tne P(®w) — BemiecTBEHHAs, a
O(®w) — MHUMAas 4YacTOTHblEe Xapaktepuctuku. Ho sToT myTh Oomee
TPYAOEMKHI, 0COOEHHO TIpu ompeenennu 3naka GUX.

IIpn pacuere @OUX cruenyeT NOMHHTb, YTO €CJIM 3HAYCHHE
JNEHCTBUTENFHOM YacTH KOMIUIEKCHOTO TOJIMHOMA OTPULATENbHO, TO
BEKTOpP Ha KOMIUIEKCHOW IUJIOCKOCTH PACIOJOXKEH WM BO BTOPOW €€
YeTBEPTH, WM B TPETbeM — 3TO 3aBUCUT OT 3HAKa MHHMOW YacTu
KOMILJIEKCHOTO TOJIMHOMA: TMpPH TMOJOXKUTEIbHOM — BO BTOPOH, Mpu
OTPULIATETTLHOM — B TPEThEH.

st 0003HaueHUsI MEepeaaToOYHbIX (PYHKIUN MCHOJB3YIOT TakXkKe U
npyrue obo3Hauenus, Hanpumep K( jo), H( jo).

[Ipu ompeneneHHOM 3HAYEHUU O = )y KOMIUIEKCHAsI MepenaTovHas
byukiusa W(jwy) npencrapisieT co00i BEKTOP Ha KOMIUIEKCHOM TIJIOCKOCTH
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§ = O+ jm u Xapakrepusyercs amruutynoi W(wy,) u dazoit ¢(wy). [pu
W3MEHEHUU 4YacTOThl  ammudtyaa u ¢daza Bektopa W( jo) OymyT
U3MEHATBCSA, a €ro KOHeIl OyJeT ONMUCHhIBaTh Ha TUIOCKOCTH KPHUBYIO,
NPEJCTABISIONIYI0O  COOOW  aMIUTUTYAHO-(Pa30BYI0  XapaKTEPUCTHKY.
['eomeTpriueckoe  MECTO  TOYEK HA  KOMIUIEKCHOW  TUIOCKOCTH,
COOTBETCTBYIOIIMX KOHITy BEKTOpa KOMIUIEKCHOW TepenaTouyHor (pyHKITUH
W( j®) npyu WU3MEHEHUH YacTOThI OT HYJSA 10 OECKOHEUYHOCTH, HAa3bIBACTCSI
rogorpadom (aMIUUTy THO-(Pa30BOM XapaKTEPUCTHKOMN ).

YacToTHbIE XapaKTEPUCTUKU TO3BOJISIIOT KOCBEHHO, T.€. 0€3 pemIeHus
mudpepeHInanbHbIX  YPAaBHEHHM, OINMKCHIBAIOIIMNX CXeMy (CUCTEMY),
CYIUTh O MPOXOXKIACHUU CUTHAIA, 00 YCTOWYNBOCTU CXEMBI U PSiie APYTHUX
moKa3aTeleld KayecTBa, a TaKXKe ONpeNeiuTh €€ peakuud Ha
rapMoHHMUYEcKoe BoznaelicTBue. l[Ipm momade Ha Bxoa curHama x(f)
YCTaHOBUBINASICS TapMOHHWYECKas BEIMYMHA HA BBIXOJE OIMPEACIAETCS
MPOW3BENCHNEM BXOAHOW (YHKIIMM HAa KOMIUICKCHBIH KOX(PQOUIIUEHT
nepenaun, T.€. Y(jo) = W(jo) X(jo), otkyna |Y | = W)X |, v, =y, +
+ (), TIe Y, — HavdanbHas ¢daza rapMOHHYECKOTO BO3ACHCTBUSI.

Ilpumep 4. ]I cxembl YETHIPEXIOJIOCHUKA (CM. pucC. 2) HaWTH
BBIp@XEHHUE TIEpeAaTOYHON (QDYHKIIMU MO HAMPSHKEHUIO TIPH PA30MKHYTHIX
BBIXOHBIX 3a)KUMaXx. [TocTpouts aMIUIATYTHO-4YaCTOTHYIO,
($ha3049aCTOTHYIO XapaKTEPUCTUKU U Togorpad.

Pewenue. [Ins omnpeneneHus nepenaToyHON (PYHKIIMH COCTaBUM
ypaBHEHHE TENU: Uy, = Ldi/dt + Ri + uy,, wim B onepaTopHori (popme
(He3aBUCUMbIE HayajdbHble YCIOBUS HyleBbie) U (s) = sLI(s) +
+ RI(s) + Ugx(s). Tak xak I(s) = Ugn(s) / (1/sC) = sCU,(s), TO
Un(s) = szLCUBHx(s) + SRCUg(s) + Ug(s). Torma omeparopHas
nepenatoudas QyHkius Oyner umeTb BUI Wiy(s)=Ugx(s) /Us(s) = 1/
/(s*LC + sRC + 1)=(1/LO[1/(s*+ (R/L)s + 1/ (LC))]. Beeaem
o6o3nauenus: 1 /LC= o), R/(2L) = 6. B cooTBeTCTBMU ¢ 0003HAYCHUSIMHU
Wy (s) = o/ (s° + 285 + of). XapakTepucTUyecKoe ypaBHeHHe s° + 28s +
w,=0 umMeer KOpHH S§;; = — 0% 8¥-of= — R/Q2L) =
+ JR/a)-1/Lc. Tlpu R = 0 (8§=0) s, = * jJI/LC= * jwy,, rae
o = 1/4/LC — 9acToTa He3aTyXarIMX KOJICOaHUI.

KoMmmiekcHyto mepefaToynyro (QYHKIHMIO JIETKO TIONYyYUTh U3
omepaTopHOil mpH 3aMeHe s Ha jo: W( jo) = ot/ [(o} — )+ 28].

[TonuHoM 3HameHaTensl 3amuileM B TMoOKa3aTeiabHou ¢opme: W( jo) =
=,/ {\/ (@2 —?)? +452 exp [arctg 28/( w2 — )]} = W(w)exp [ jo(o)]. Otciona
M) = o} /(@ —0*) +45> = 1/{J(1-0’LO)’ +(@RCY — AUX, ¢(m)=—arctg
[28/(w? — )] = —jarctg [@RC/(1 — ®’LC)] — DUX.

IIycte B cxeMe (cM. puc. 2) 3amanbl napametrpbl: R = 50 Om, L =
= 250 MI'n, C = 80 Mk®. 3anumeM BBIPAKECHUS ONEPATOPHOU U
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KOMIUIEKCHON MepelaTOYHbIX (PYHKIHMNA C Yy4ETOM YHCIECHHBIX 3HAYEHHI
koddduumentos: Wi(s) = 5-10%(s*> + 200s + 5-10%), W( jw) = 5-10* /
/ [(5-10* — ©))+ j 2000. Otciona AYX u ®UX: W(w) = 5-10* /
IJ(510* —0?)? +4:10°0, @(m) = —arctg [2000/(5-10" — °)].

IIo monmydenneim BelpaxkeHHsM AUX u PUX paccuutaem wux
3HAYEHUs] B KOHTPOJBHBIX TOUKAX [JJs (PUKCUPOBAHHBIX YACTOT

(0; ®/10; ®/2; ®; 3w; 50) U w®), TAC ®= 10° — wyacrora uCTOYHHMKA
rapMoHnuecknx Kojebanmii. Omm paBubl: ® =0, W(0), ¢0) = O;
o= 100 ¢, W(100) = 1,2; ¢(100) = —26,5% ® = m, = 1005 ¢,
WA0035) = 112; ¢(100v5)=-90 = 1000 c', W(1000) = 0,0121;

¢(1000) = —168°. Ha puc. 11 moctpoenst AUX, ®UX u romorpad.

w

Puc. 11

Ilpumep 5. ]l cxembl YeTHIpEXIOIOCHUKA (puc. 12) omnpenenuth
AYX nu OUX xodrdduirerTa nepenadu Leru no HampsHKeHUIO.

Puc. 12

Pewenue. Onpenensiem W(jw) = U, /U, = j0,5wLl / U, = jO,50LU, /
/{U, [JoL + R/(joC) / [R + 1/( joO)]} = jO,5wl/[jol + R/(1 + joRC)] =
= j0,50L(1 + joRC)/[ joL/(1 + joRC) + R] = j0,50L(1+ joRC) / [(R —
— 0)2RLC) + jwL]. 3anuceiBaeM KOMILJIECKCHBIC MTOJTHMHOMBI YUCIUTEIS U
3HaMmeHatens W(jo) B mokazaTenbHOU (hopme:

W(jo) =[0,50L exp(jm/2)]{ 1+ (oRC)* exp [ jarctg (wRC)]} /
/{\(R-*RLCY +(wL)> exp [jarctg (oL / (R — o’RLC))]}.
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Orciona AUX W(®) = 0,50L |1+ (0RC)’ //(R-’RLC)Y +(oL)* , a ®UX
o(®) = 2 + arctg(wWRC) — arctg [oL/(R — o’RLC)] = w2 +
+01(0) + Qx(®).

YacTtoTHbIe XapaKTEPUCTUKHU M300pa’KeHbl KaueCTBEHHO Ha puc. 13. B
3aBUCHUMOCTH OT MapaMeTPOB 3JIEMEHTOB cXeMbl W(®) MOXKET UMETh BUJ |
uin 2. Crnenyer oOpaTuTh BHUMaHUE Ha BBIPAKEHHE IS @o(®): s
® >1/JLC 3HaueHWs umMcIUTENs U 3HaMeHaTelns (yHKIUM arctg OymayT
OTpULIATEIBHBIMU, U B 3TOM JIMANa30HE YaCTOT AJIEKTPUUYECKHUE YIJIbI
cleayeT ONpeLeIATh o dbopmyre 0,2(®) =
= —q+arctg [oL /(0’RLC — R)] =-=n + arctg(owL / |R — o’RLC)).

P,

Puc. 13

Pacyem nepexodHoOU u uMnysbCHOU xapakmepucmuk
uyenu

YtoObl CyAHTh O BO3MOMKHOCTSIX DJIEKTPOTEXHHUYECKUX YCTPOICTB,
OPUHUMAIOIIMX M TEepPeJalolINX BXOJHbIE BO3ICHCTBHs, MPUOEralT K
WCCJICIOBAHHIO MX TIEPEXOTHBIX M UMITYJIbCHBIX XapaKTEPUCTHK.

[lepexonHas xapakTepuctuka /() TUHEHHOW IENH, HE COACpIKAIICH
HE3aBHCHUMBIX HCTOYHHUKOB, YHCIEHHO paBHAa peakuud [enu Ha
BO3JICHICTBHE €IWHUYHOTO CKadyka TOKa WM HampsOKEHUS B BUAC
eAUHUYHON cTynenuarod ¢yHkuuu 1(£) wmu 1(¢ — ) Opu HYJIEBBIX
HavYalbHBIX  ycloBUsX  (puc. 14).  Pa3mMepHOCT,  TEpexoIHOM
XapaKTepUCTHUKU paBHA  OTHOIICHUIO  Pa3MEPHOCTH  pEaKIuh K
pazMepHocTH Bo3AeicTBus. OHa MOXKET ObITh Oe3pa3MepHON, HMETh
pazmepHocTh OM, CumeHnc (Cm).

1(t)
1 0§t
0 : 1t=0
1(t-to)
1=~ 0 t<t0
1(t-to) = {
0 . t
Puc. 14

NmnynecHast XxapakTepucTuka k() TUHEHHON LenH, He coepKalien
HE3aBUCUMBIX HMCTOYHUKOB, UHCJIEHHO pPaBHA pEakUUH Lenu Ha
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BO3JICHCTBHE €IMHUYHOTO MUMIyJbca B Buae O(f) unmu O(¢f — ty) GyHKIIUU
IIPYU HYJICBBIX HaudaJbHBIX YCIOBHSX. E€ pasMepHOCTh paBHA OTHOIICHUIO
Pa3MEpPHOCTH PEAKIUU K MPOU3BEACHHUIO Pa3MEPHOCTH BO3JCHCTBUSA HA
BpEMsl, IO3TOMY OHA MOKET UMETh Pa3MEPHOCTH ¢!, Omc ', Cmc .

NmnynbcHyro  ¢yHKIuio  O0(f) MOXHO  pacCMaTpuBaTh  Kak

NPOM3BOJAHYIO €IMHUYHOW cTyneHuato ¢yukuun O(f) = dI(¢)/dt.
CoOTBETCTBEHHO, HMITYJIbCHAasE ~ XapaKTEpUCTHKAa  BCErJa  SBISETCS
MIPOM3BOHOM IO BPEMEHH OT NEPEXOTHOM XapaKTePUCTHKU:
k(t) = h(0.)0(¢) ++ dh(f)/dt. ITy CBA3b HCHONB3YIOT AJIA OMNpESICHUS
UMITYJIbCHOM XapakTepucTuku. Hanpumep, eciu it HEKOTopoi uenu A(t) =
0,7¢ """, To k(f) = 0,78(f) — 70e """, TlepexoaHyIO0 XapaKTEPHCTUKY MOKHO
OTpEACIUTh KJIACCHUECKUM WM OINEPAaTOPHBIM METOAOM pacueTa
TIEPEXOTHBIX TPOIIECCOB.

Mexny BpEeMEHHBIMH W YaCTOTHBIMH XapaKTEPUCTHKAMHU IICTIH
CYIIECTBYET CBsA3b. 3HAS OMEPATOPHYIO MEPEAATOUHYIO (DYHKIIUIO, MOKHO
HalTh u3o0paxenue peakuuu uenu: Y(s) = W(s)-X(s), 1.e. nepenatouHas
(GYHKIUS COAEPKHUT TOJHYIO HWH(MOPMALMIO O CBOMCTBaX MLENH Kak
CUCTEMBI Tepelayll CHUTHAJIOB OT €€ BXOJa K BBIXOIY TPU HYJIEBBIX
HaYaJbHBIX YCJIOBUAX. [Ipum 3TOM XapakTep BO3JICHCTBUS M PEAKIUH
COOTBETCTBYIOT T€M, JJIsi KOTOPBIX OIpe/esieHa nmepeaaToyHas QyHKIUS.

[lepenaTtounass GyHKIMS ISl TMHEWHBIX IENEH HE 3aBUCUT OT BHUJA
BXOJHOTO BO3JICHCTBHUS, TIOPTOMY OHa MOXET OBITh TMONy4YeHa U3
MEPEXOAHON XAPAKTEPUCTUKHU. Tak, MpU ACUCTBUM HA BXOJI€ €AMHUYHOU
cryneHuyatoi ¢yHknuu 1(¢) nepegatouynas GyHKIHMS C YYETOM TOTO, YTO
1(¢¥) = 1/s, paBua W(s) = L[h(t)] / L[1(¢¥)] = L[h(?)] / (1/s), tae L[f(t)] —
obo3naueHue mpsMoro mnpeobOpazoBanms Jlarumaca Hax dyakmmeit f (1).
[lepexomnasi  XapakTepHCTHKA MOXET OBITh  OMNpEJeieHa  4epes
nepeIaToyHyr0 (YHKIHIO C TIOMOIIBI0 OOpaTHOTO TpPeoOpa3oBaHUS
Jlammaca, T.e. h(f) = L '[W(s)(1/s)], tome L '[F(s)] — o6o3HaucHue
obpatHoro mpeoOpasoBanus Jlammaca Hax Qyakmuen F(s). Taxum
o0pa3om, TMepexojaHasi XapaKTepucTuka A(f) TpeacTaBiIsIeT CcoOoi
byHKIUI0, U300paKeHNE KOTOpOo paBHO W(s)/s.

[Ipu nevicTBUM Ha BXOJ LM €IUMHUYHOU MUMMYJIbCHOU (PyHKIUM O(f)
nepemarounas ¢yakuus W(s) = L[k(t)] / L[o(®)] = L[k(®)] / 1 =
= L[k(f)]. Takum o0pa3om, HMIYyJbCHas XapaKTepucTuka Ienu k(¢
SBISICTC ~ OpUrMHaioM  mepenatoyHod  ¢yakmuu. [lo  w3BecTHOH
oreparopHoi (DYHKIIMM IEMU C TMOMOIIBID OOpaTHOTO MpeoOpa3oBaHUs
Jlanmaca MOXKHO OMpeNenuTh UMITYJIbCHYIO XapaKTepUCTUKY: k(f) = WA(s).
DTO O3HaYaeT, YTO UMIYJIbCHAS XapaKTePUCTHKA MU €IUHCTBEHHBIM
0o0pazoM ompeensieT YaCTOTHbIE XapaKTEPUCTHKHU e U Ha00OpOT, TaK
kak W( jo) = W(s); - jo Ilockomeky 1O  W3BECTHOM
UMITYJTECHOU XapaKTePUCTHKE MO>KHO HalTH NIEPEXOTHYIO
XapaKTepUCTHKY Ienu (M HaoO0OopOoT), TO TMOCIEHHsS TOXE OJHO3HAYHO
OTIpEEIACTCS YACTOTHBIMU XapaKTEPUCTUKAMH IISITH.
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Ilpumep 6. PaccuntaTh NEpexXOJHYI0 U UMITYJIbCHYIO XapaKTEPUCTUKU
uenu (puc. 15) A BXOAHOTO TOKa M BBIXOAHOTO HAMPSHKEHUS TIPY 33JaHHBIX
napamerpax aiemeHTtoB: R = 50 Om, L, = L, = L = 125 wlH,
C =80 MxD.

Puc. 15

Pewenue. [Tpuménnm KJIACCUYECKUM METOJ pacyera.
XapaKTepUCTUUECKOE ypaBHECHHUE 7 = R + pL +
+ 1/ (pC) = 0 npu 3aaHHBIX TapaMETPAX JIEMEHTOB UMEET KOMILIEKCHO-
COMNpPSKEHHbIE KOPHU: p1, = — 0+ jo,, = — 100 £ ;200, uto onpenenser
KOJIeOaTENbHBIN XapakTep MEePexXoaHOro IMmpolecca. B 3ToM cirydae 3aK0oHbBI
W3MCHCHUS TOKOB WM HAINPsDKCHWH W WX MPOW3BOIHBIX B OOIIEM BHJE
3aMMChIBAIOT TaK:

W(£) = (M cos®et + N SIN0ut)e ™ + Vous dV(£) / dt = [(-MS + Nedey) %
X COS ezl — (McoCBJrNB)sincoCBt]e_& + dVpw / dt, THE ®; — YaCTOTa
CBOOOJIHBIX  KONEOAHWUM;, Vpyy —  BBIHY)XKJIEGHHAs  COCTaBJISIOLIAs
NepPeXoaHOTr0 MpoIecca.

Bnauane Hnaiinem pemenune s uc (¢) v ic (¢) = C duc (t) / dt,
BOCIIOJIb30BABIIUCH BBIINICIPUBEJACHHBIMA YPABHEHUSIMU, a 3aTe€M [0
ypaBHeHusiM Kupxroda onpenenum HEOOXOIUMBIE HANPSKEHUS, TOKU H,
COOTBETCTBEHHO, MIEPEXOHBIE U UMITYJIbCHBIE XapaKTEPUCTUKH.

Jlist  ompeneneHuss TOCTOSHHBIX HWHTETPUPOBAHUS  HEOOXOIUMBI
HAaYaJIbHBIC ¥ BBIHYXKJCHHBIE 3HAYCHHs YyKa3aHHBIX (QyHKud. Hx
HavabHBIC 3HaUeHUs U3BeCTHHL: Uc (0.) = 0 (u3 onpenenenus h(t) u k(?)),
Tak Kak ic (f) = iy(¢¥) = i(¢), 10 ic (0;) = iz(0+) = 0. BeiHyX/IeHHbIE 3HAUYCHUS
OTIpENIETIUM W3 ypaBHEHUS, COCTABJICHHOTO COTJIACHO BTOPOMY 3aKOHY
Kupxropa mms ¢ > 0.0 wy = R i(6) + (L, + Ly) i(¢) / dt +
+ uc(t), uy = 1(¢) = 1 = const, orcrona uc(®) = uc gy = 1, ic () = ic g =
= i(0) = 0.

CocraBum ypaBHEHUS LTSI onpeeaeHus MOCTOSIHHBIX
unterpupoBanus M, N: uc(0+) = M + uc 3 (04), ic (04) =C(—MS + Nw,) +
+ ic g (04); mmm: 0 = M + 1; 0 = -M 100 + N 200; orcroma: M = —1,
N =-0,5. Ilony4yeHHbIe 3HaYEHUs MMO3BOJISIOT 3aMUCATh peleHUs U(t) u ic
() = i(?): uc (f) = [-c0s200t — 0,5sin2008)e '™ + 1] B, ic (1) = i(f) =
= [80-10 °(100 — 100)c0s200¢ — (=200 — 50) sin2007)]e "1 = 0,02 x
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sin200f)e " A. CormacHo BropoMmy 3akoHy Kupxroda, u, () =
uc (t) + ups (1), ugy (1) = uy (1) = Ldi(¢) / dt = (0,5c0s200¢ — 0,25s1n200¢) x

' B. Torma u, (f) = (-0,5¢08200¢ — 0,75sin200f) ¢ '™ + 1 =
[ —0,901sin(200¢ + 33,69°) g1y 1] B.

IIpoBeprM NMpPaBUIBHOCTH MOJIYYEHHOI'O PE3YJbTaTa M0 HAYAIbHOMY
3HAYEHUIO: C OJTHOW CTOPOHHI, U, (0) = —0,901 sin (33,69°) + 1 =0,5, a ¢
npyroii croponsl, u, (05) = uc (02) + u; (05) = 0 + 0,5 — 3HaueHUs
COBIIAAkOT.

Ol‘[pCI[CJII/IM NEPEXOAHBIC N UMITYJIbCHBIC XAPAKTCPHUCTUKU CXCMBbI: h,-
() = i(t) / w() = i(t) / (1 B) = 0,02 sin200t ¢ Cm; k (1) =
= h(0.) 8(¢) + dh; (1) / dt = (4 c0s200¢ — 2 sin200¢) e '™ Cwm/c; hy, () =
= u,(£) / uy(f) = ur (£) / (1 B) = [-0,901sin(200¢ + 33,69°) ¢ " + 1] 6/p, kuo
() = hp (0)) 8(t) + dhy () / dt = 0,58(1) + (~180,2 c0s200¢ +
+90,1sin200¢) e ' ¢ .

X

I X

Pac4yem nepexoO0HbIX npoyeccos

[Ipumep 7. Paccuntarh M3MEHEHHE TOKA 1; U HAMPSHKEHUS U, B CXEME
YETHIPEXIOIIOCHUKA (puc. 16, a) 11 pexuMa X0Ja0CcToro xoaa (Z, = «©) Ha
uHTepBasie tp < t < tp + T mpu NOAKIIOYEHMM €ro K KIeMMaM C
HaIpsDKEHUEM Uj, B MOMEHT t), KOTJIa HanmpsikeHue u(ty) = 0, duy(ty)/dt >
0, T.e. B MOMEHT Mepexo/a OTPULIATEIBHON MOJYBOJHBI HAIPSKEHUS B
MOJIOKUTEIBHYIO (pUC. 16, 0). 3HaueHHs] mapaMeTPOB AJIEMEHTOB CXEMbI U
BXOAHOTO HanpspkeHus: Ry =45 Om, R, =8 OM,R3 =10 Om, L =50 mMI'H, C
=250 Mx®D, uy(t) = 14,1sin(10’t + [1/4) B, ujp(t) = [20, to: <t <ty + T/2_; —
20, to+ T/2. <t<ty+ T_], T=6,28-10"c.

i (]llm ulz r-
/2 |\T

Puc. 16

Pewenue. 11oaroToBUM cxemy — BBIOEPEM YCIOBHO MOJIOKUTEIbHbBIE
HaIpaBJICHUS TOKOB M HanpspKeHu. Onpeenim He3aBUCUMbIC HadalbHbIC
ycinoBust uc (to+) U if(fp+) U3 3HaAYeHUM uc (f) u i7(f), paCCUNTAHHBIX [0
KoMMmyTaluu: uc (to+) = uc (Lo ), ir(tor) = ir(ty ). 3Hauenue uc () u i(f) =
i1(f) paccunuTaeMm € UCMOJb30BAHUEM METO/IA KOMIUIEKCHBIX aMIUTUTYA: 1,
= le / ZBxa (_jlm = 14,16 jTE/4, ZBX = Rl +
+jol, + Ry + Ry(—/ 0C)/ (R, —j/ oC) =45 + ;50 + 10 + 8(—4)/ (8 — j4) =
= 56,6 + j46,8. Torma [;,, = (10 + ;j10)/(56,6 + j46,8) = (0,1917 +
+ j0,0182) = 0,193exp( j5,42°) = i1(f) = 0,193sin(10°t + 5,42°).
HaHp}I)KCHI/IC l_]Cm = Zbc llm = [RZ(_] / (DC) / (RZ _j / O)C)] llm = (1a6 -
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- j3,2) x (0,1917 + ;0,0182) = 0,365 — ;0,584 = 0,68%exp(-j58°) =
= uc (1) = 0,689sin(10°t — 58°).

Onpenenyim BpeMsi KOMMYTallUU fy U3 3aJaHHOrO ycloBus uy(4) = 0,
duy(t) / dt > 0: uy1(ty) = 14,1sin(wty + ©/4) = 0, orcrona ty = —1/(4w), wty =
= —m/4 = — 45°. CooTBeTCTBEHHO, i;(t).) = ir(tp+) = 0,193sin(— 45° +
+5,42°) =—0,123; uc(ty+) = uc(to) = 0,689sin(—45° — 58°) =—-0,671.

B nocnenyroieM pacuere Hayano oTcuera fy MPUMEM 3a HOJb, TOT/Ia
iL(t0+) = lL(O+) = —0,123 A, Uc (t()+) = Uc (O+) = —0,671 B.

XapakTep  TEpPeXOAHOTO  MpoIecca  3aBHCHUT  OT  KOPHEH
XapaKTEPUCTHUECKOTO  YPaBHEHUSA. XapaKTEPUCTUUYECKOE YpaBHEHUE
COCTaBUM METOJOM BXOJIHOTO compoTuBieHus: Z(p) = R, + pL + R3+ (R, /
pC ) /
/ (R, + 1/ pC) = 0. Ilociae mpeobpasoBauust momydum Z( p) = p° +
+ pl[(RIR,C+ L)/ (R,LC)] + (R + Ry)/ ( R,LC) = 0. BBenem o003HaueHUS
u paccuutaeM 0 = (RiR,C + L)/ 2R,LC ) = 800, o; = (R + Ry) /
/(R,LC) = 630000: p*+28p + o = p* +2800p + 630000 = 0, KopHH p; , =
— 0%y8-w;=— 800 =£.,640000-630000= — 800 =£100, p;, =
=-700c", p,=-900c".

Ha ocHOBaHMY TOJTy4EeHHBIX KOPHEW 3aIHUIIIEM BBIPAXKEHUS IS TOKOB,
HaIMpsSHKEHUH W WX TPOU3BOJHBIX (TaK KaK CHCTEMa BTOPOTO MOPSIKA) B
oO1eM BHE:

V(@) = Yes T Yun=A1€Xp(p11) + A2exp(pof) + Vaums
dy(t)/dt = p1Aexp( pit) + p.Arexp(pat) + dyBHH/dt.(l)

Jis  ompeneneHuss — 3aBUCHMBIX ~ HAYalbHBIX  YCJIOBUM U
YCTaHOBUBIIUXCS 3HAYEHUN TOKOB M HAIPSHKEHMH COCTaBUM CHCTEMY
ypaBHEHHUH cornacHo 3akoHam Kupxroda, kotopast OyJeT crpasejiviBa Ha
uHTepBaie 0, < ¢ < oo:

u(t) = Rty +up + Rty T ue, uc— Ry, =0, i) =1 + i3. (2)

llepswiii unmepean 0. <t < T/2_: up(f) =20 B.

Haiinem 3aBucHuMble Ha4aJIbHBIE YCIOBUS JJIsI MOMEHTa KOMMYTallUH
KIo4da fyy, ana koroporo i;(0.) = i(0;) = — 0,123 A, uc (05) =
=—-0,671 B: i5(0,) =—0,0839 A, i5(0,) =-0,207 A, u; (0,) =27,436 B.

OrnpenenuM BbIHYXEHHbIC 3HAUEHUS (¢ = 00) TOKOB U HANPSXKEHUH U3
ypaBHeHu# (2), 3Has, YTO OPHU MOCTOSIHHOM (HE M3MEHSIOIIEMCS BO
BpEeMEHH) BO31eUCTBUU U (00) = 0, i3(00) = i (00) = 0. [omyuum: i;(o0) = uy,
/(Rl + R2 + R3) = 0,317 A, I/lc(OO) = 11(00)R2 = 2,54 B.

CocraBum ypaBHEHUS LTSI onpeaeaeHus MOCTOSIHHBIX
WHTETpUpOBaHus BbipaxeHui i1(f) u u(¢) cornacuo (1): i;(0;) =4, + A, +
il(OO), ML(O+) = L(dll/dt)(0+) = L(p1A1 +p2A2) + ML(OO), —0,123 = Al =+ A2 +
+ 0,317; 27,436 = 0,05[(—700) A; + (—900) 4,] + 0. Pemas ypaBHeHus,
Haiinem 4, = 0,761, A, = —1,202. OxonuarensHO penieHue s i(f) u u(?):
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i) = (0,761 ™" — 1,202¢ + 0,317) A, w,(f) = (-26,635¢ " +
+54,1202¢ ) B.

AHaNOrWM4YHO, WCMOJB3ysd HAYAJbHBIE W BBIHY)KICHHBIC 3HAYCHUS,
Haiifem pemtenue s uc () u i3(f) = ic (f) = Cduc/ dt Ha nepBoM MHTEpBase
BXOJHOTO Bo3zeiicTBus: uc (f) = (— 15,24 ™™ + 12,02¢ ™ + 2,54) B; i %t) =
(2,665¢ 7 — 2,704¢ ™) A; w(t) = udl) + L(ORs = (— 7,63¢ " +
+5,715) B.

Bmopoti uumepsan T/2. <t <T_: up(t)=-20 B.

CkaukooOpa3HO€ H3MEHEHHE BXOJHOTO HANPSIKEHHUS B MOMEHT
t = T/2 co3nano HOBbIE YCJIOBHS JIJISl MPOTEKAHUSI EPEXOTHOTO MpoIecca.
Meroanka pacueTa aHAJOTMYHA METOJIWKE JUIsl TEPBOTO HMHTEpBAJIA.
[IpesxxHUMU OCTaOTCA TOJILKO KOPHH, TaK KaK CTPYKTypa M IMapamMeTpbl
AJIEMEHTOB CXEMbl HE M3MEHWJINCh, a HANPSHKEHWE WCTOYHHKA BXOJHOTO
BO3JICHCTBHS HA KOPHU HE BIIUSIET.

HezaBucumbie Hawanbnable ycnoBus uc (1/24) wu i(7/2+) = i1(T/2+)
onpenenum u3 uc (1) u iy(f) nepBoro untepBana: uc (1/2+) = uc (7/2.) =
= (=1524¢ 7" + 12,02¢°" + 2,54) = 1,56, i\(T/2,) = i)(T)2.) =
=(0,761e "7 —1,202¢ 7" + 0,317) = 0,331, T/2 =3,14-10c.

3aBUCHMbIE HAYAJIbHBIE YCIIOBUS U BBIHYK/ICHHBIC 3HAYEHUSI TOKOB H
HaIpPsHKCHUN BBIYMCIIUM, BOCIOJB30BABIIUCH ypaBHEHUSIMU (2): ir(7/21) =
0,195 A, i5(772,) = 0,136 A, u;(T/2+) =—39,765 B; u;(0) = 0 B, i3(0) =0 A,
() = (o) = up / (R + R + R3) = — 0,317 A, uc(o0) =
= Rzlz(OO) = —2,54 B.

Pemenne nnsa i;(¢) u u,(f) Haiimem, ucnonwidys uc (t) u ic (f) u
ypaBHeHus1 (2). C ydeToM CMENIIEHHS NPOIECCOB IO OCU BPEMEHHU
OTHOCHUTEJIPHO Hayaja oTcueTa MOJAYy4uM: Uc (f) = Ucey T Ucpm = A1 X
x exp[pi1(t — T72)] + A, exp[p.(t — T/2)] + ucpems ic(t) = Cduc (¢) / dt =
= Cp1Aiexpl(p1(t — T72)] + Cpadsexpl(pat — T/2) ]+ icuum.

Hpu t = (T72+): uc(T/2+) = Ay + Ay + ucpu(T724); ic (172+) = Cpi4, +
+ Cprd; + iceuw(T/2:). TloacTaBisis B 3Ty CUCTEMY HadallbHbIE H
BBIHY)K/ICHHBIE 3HAUYEHHUS TOKOB W HAMpPSOKECHUH, HAWIEM MOCTOSHHBIC
uHTerpupoBanus: — 1,56 = A, + 4, — 2,54; 0,136 = 0,05(-~ 700)4, +
+ 0,05 x (= 900) 4,; 4, = 21,17; A, = —17,07. CaenoBatenbHo, uc (1) =
= {21,17exp[-700(¢ — T772)] — 17,07exp[-900(r — T/2)] — 2,54} B;
id(?) = i3(¢) = {-3,705exp[(—700(¢ — T72)] + 3,841exp[(-900(t — T72)]} A; ix(?)
= uc (H)/R, = {2,646exp[-700(t — T/2)] — 2,134exp[-900(t — T72)] —
— 2,54} A; i1(t) = i(9) + i5(6) = {— 1,06 exp[-700(¢ — T/2)] + 1,71 x
x exp[— 900(¢ — 772)] — 0,317} A; ux(t) = u ) + i1,(H)R; = {10,58 x
x exp[—700(¢ — 772)] — 5,715} B.

UroOsl yOenuTbcsi B MPABWIBHOCTU TOJYYEHHBIX pE3yJibTaToB,
BBITIOJTHUM TPOBEPKY:

1. Onpenenum U3 HaljeHHBIX pemieHuit 3HadueHus i1(7/2_) u i;(7/2.).
CornacHo 3akOHY KOMMYyTauuu, Ij(f) = i;(f) HE MOXET HU3MEHUTHCS
ckaukoM, T.e. [|(772.) = i1(T72:): i(T/2)) = 0331 A, i(T2,) =
=0,3305 A — paBeHCTBO cOOJIIOIAETCS C JOCTATOYHOM TOYHOCTHIO.

2. VI3meHeHne BXOAHOTO HAMPSIKEHUS Uir(f) B MOMEHT ¢ = /2 Ha (—
2U},) = —40 B MoXeT ypaBHOBECHUTh B JAHHOW CXE€ME TOJIbKO HAIPSKEHUE
HAa MHJIYKTUBHOCTH, TAK KaK OCTaJbHbIE HAMPSKEHHS] CKAYKOM M3MEHUTHCS
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HE MOTyT, ciuenoBarenbHo, u;(7/2:) — u;(17/2.) = — 40. IlpoBepum,
UCIIONB3ysd  HaugeHnuele  pemenus:  u (7/2y) = up(72y) -
—uc(172) — i(T2)(Ry + R;) = —39,765 B, u,(7/2°) = 0,248 B, u,(7/2.) —
— u(T/2°) = -39,765 — 0,248 = —40,013 B — pe3yabTaThl COBNAJAIOT C
NOCTATOYHOM  TOYHOCTBIO. IIpm mepBoM KOMMyTalMM  W3MEHEHUE
HaANpPSDKEHUsT Ha WMHIYKTHUBHOM 3jieMeHTe A U; nomkHO paBHsThes 20 B
(nposepvme!).

Pacuyem anekmpud4eckoli yenu e Kea3uycmaHoeueuwemMcsl
pexume

Ilpumep 8. ]l cxembl 4eThIpexmnonatocHuKka (puc. 17) paccuurtarh B
KBa3WyCTAaHOBUBIIEMCS PEXHME PaOOTHI 3aKOH H3MEHEHHs HaIpSKEHUs
Ha  BBIXOJIE  YETBIPEXIIOJIOCHUKA, €CJIM HAa  BXOJE  JIEHCTBYET
NOCJIEIOBATEIBHOCTh PA3HOIOSIPHBIX UMITYJIBCOB (pHcC. 18, a).

Puc.17

Pewenue. Ilpu KBa3MyCTAaHOBUBIIEMCS pEXUME HaOIIOAACTCs
YCTAHOBHUBIIMMCSA NEPEXOIHBIM IMPOLECC, T.€. NEPUOAUMYECKHNM IIPOLECC,
obmamaromuii 111 BCeX ¢ CBOWCTBaMHM TiepuogudHoctu f () =

=f(t+T).
[TonsspHOCTH BXOJHOT'O HAMPSDKEHUS HM3MEHSETCS B TOYKax ! =
= nT/2, tne n = 1, 2, 3 .. HazoBeM MOMEHT KaKIOTO H3MEHCHMUS

MOJISIPHOCTH HANPSHKEHUST MOMEHTOM KOMMYyTauuu. B TeueHue mepuoaa
OPOUCXOJAT JBE€ KOMMYTallMM, TO3TOMY TEPEXOJHBIA  MPOIlecC
pa3ouBaeTcs Ha IBa BpeMEHHBIX uHTepBaiia: nepBbii — [0 7/2_], BTOpOH
— [7/24; T_]. Tak kak mporecc MOBTOPSETCS depe3 MEPHOJl, TO MOMEHT
Bpemenu [n1 | cootBerctByet [0 ], a [(n+ 1)1 ] — [T4].

Pemenne cuctemsl muddepeHMaibHbIX YpaBHEHHH BHYTPU KaKIOTO
WHTEpBAJIA COJEPKUT HEKOTOPOE YHUCIO HEU3BECTHBIX IMOCTOSHHBIX
WHTETPUPOBAHUA. IJTU TIOCTOSIHHBIE WHTETPUPOBAHUSI OMPEACIISIIOTCS
NyTeM COMpPSOKEHUs! («IPUIACOBBIBAHUS») pEHICHUWH Ha TpaHMIax
CMEXHBIX UHTEPBAJIOB C yYE€TOM HaYaJIbHBIX yCIOBUMU. Pelienust nsis TokoB
B MHAYKTHBHBIX 3JIEMEHTAaX M HANpsDKEHUM Ha KOHAEHCATOpaxX CXEMbl
«CILIMBAIOTCS» HA FPAHMIIAX UHTEPBAJIOB O€3 pa3pbIBOB, COTJIACHO 3aKOHAM
KOMMyTaluu. Pemienuss 1js JOpyrux HampsokeHUM, TOKOB U HX
MPOU3BOIHBIX, KOTOPbIE MOTYT UMETh Pa3pbiBbl B MOMEHT KOMMYTAllUH,
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«CHIMBAKOTCA» Ha TI'paHUIAaX HMHTCPBAJIOB C Y4YCTOM HUX HW3MCHCHUS B
MOMCHT KOMMYTall1uH.
CocraBum CUCTEMY ypaBHCHI/Iﬁ COCTOAHUA CXCMBI.

Ml(t) = Rlil(t) ++ Mc(t) + ML(t),

0 =uc(?) + Riii(?) — Raix(2), io(2) = i1(2) + ix(2), )

rne R, = R5 + R%. Cucrema ypaBHenuii (3) B oOmem Buie
CIpaBeIMBa Ha MHTepBane BpeMeHM oT 0 1o oo. Tak Kak B MOMEHTHI
KOMMYyTaluu ¢ = nl/2 CTpyKTypa CXEMbl U 3HAUCHHUS €€ MapaMeTpoB He
U3MEHAIOTCS, TO XapakTep MepexXOoJHOro IMpolecca, OMNpeAeiseMblil
KOPHSIMH XapaKTEPUCTHUECKOTO YPaBHEHHs, OCTA€TCS HEHM3MEHHBIM Ha
BCEM HHTEpBAJE NEPEXOJHOro Impouecca. V3meHeHue 3HaueHus u(f)
OPUBOJUT K MW3MEHEHHUIO 3HAYCHUH TIOCTOSIHHBIX HWHTETPUPOBAHUS B
BBIp@XEHUSAX JJI1 TOKOB U HampsbkeHuil. Hanpumep, eciau KopHH
NEHCTBUTENbHBIE, OTPULIATEIbHBIE U PA3JIMYHBIE, TO PEIICHUE B OOILIEM
BUJIE JJIs JIFOOOr0 TOKA WM HANPSKEHMSI B 3a/laHHOM cXeMe JTOJIKHO OBbITh
3aMMCaHO TaK:

Ha NEPBOM MHTEPBANE Vi = A1eXp( 1) + A2eXp(Pat) + Vitowms 4)
Ha BTOPOM yio = Biexp[ pi(t — T/2)] + Baexp[ pa(t — T/2)] + yiosos  (5)

Bropoii wHAexkc B 00O3Haue€HWH ), yKa3plBaeT Ha  €ro
IPUHA]IKHOCTh K HHTEPBAIY.

OnpenenrM WU3MEHEHHWs TOKOB M HANpPSsDKEHWH Ha TpaHUIE MEPBOU
kommyTanuu ¢, = 0. Ciemyer mOMHHUTH, YTO BCE TOKU M HAMPSIKCHHSI TIEpe]]
BpEMEHEM KOMMYyTalMM f;, oOo3HayawTcs )(f;), a cpazy Tocie

koMmmyTtaiuu — Y(#+).Ha ocHoBanum 3akoHOB koMmyTauuu uci(0s) =
= I/lcz(T,), i01(0+) = l'()z(T,) H, CJICO0BATCIIbHO, AI/lCl = uc1(0+) — I/lcz(T,) = 0, Ai01
= 001(0y) — i(7T) = 0. Beiurem u3 ypaBHeHUU cucteMbl (3) mis

t = 0. ypaBHEHHUS cCUCTEMBbI JUisl ¢ = T W TMOJy4YUM Pa3HOCTH TOKOB U
HaIpsHKEHUH, XapaKTepU3yIolue UX U3MEHEHHUS:

B up (0,) = Ry (0,) +ue, (0,) +uy,(0,)
U (T2) = Ryipy (T2) + ey (T2) + 15 (T7)
20 =iy (0,) =i (TOIR, +[uy, (0,) —uy, (TO)],
_0=ue (0,)+ R (0,) = Ry (0,)
0=upy(T )+ R, (T )= Ryiry (T)
0 ="[i1,(0,) =i (TOIR, —[11(0,) =iy (T)]R,,
i (0,) =14,(0,) +1,,(0,)
(T =in(T) +i(T)
0 =[i1,(0,) =i, (TO)]+[i5,(0,) — iy (T0)].
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O603naunmM nomydennbie pasHoCTH: u;1(0:) — u(T) = Auyy; i11(04) —
—012(T) = Aiyy; i21(04) — io(T0) = Adyy.

3anuieM CUCTEMY YPaBHEHUM B PA3HOCTSX JIJIsl IEPBOM KOMMYTAIIUH:
2U:AML1 + RlAill; 0= RlAill — RzAiZI; 0= Aill + Ai21. W3 nHee OoIIpCaACINM

Pa3sHOCTH TOKOB W HAIIPSHKEHUM — 3aBUCUMBIC HAyaJlbHbIC 3HAYCHUS
PA3HOCTEN TOKOB W HAIIPS)KEHUM IIPU EPBOM KOMMYTALIUU:
Ai11=0; Aizl :0; AML1:2U. (6)

Haiinem takum >xe 00pa3oM H3MEHEHHE TOKOB U HANPSKECHUNA Ha
TpaHUIIe BTOPON KOMMYTAINH ¢ = 7/2, MOMHS, 9TO AU, = 0w Aig =0:

up(I'12,) =Ry (T/2,) +ucy(T/12,)+u,(T/2,)
u (T12)=Ri\,(T/2)+uc (T/2)+u, (T/2.)
—2U =[i,(T/2,) = iyy (T /2R + [up (T /2,) =y (T/2)],
O0=ucy)(T/2,)+ Riiy(T/2,) = Ryiy (T/2))
O=uo (T/2)+Ri | (T/2_)—R,yir, (T/2.)
0=[ix(T/2_) =i, (T/2 )R —[inn(T/2,) =1, (T /2_)]R,,
in(T12.) =i (T'12.) + iy (T12.)
iy(T/2_)=i,\(T/2_)+i,(T/2.)
0="[i,(T/2,) =i, (T/2)]+ [0 (T/2,) =i, (T/2_)].

O6o3naunm pazHoctu: up(1/2:) — up(7/2) = Augy; i12(7/24) —
— l11(T/2_) = Ailz; lzz(T/2+) — 121(T/2_) = Aizz.

3anuiieM CUCTEMY YpaBHEHHUH /I BTOPOH KOMMYTAIlMU B Pa3HOCTSX:
22U = AuLz + R]Ailz, 0= R]Ailz — RzAizz, 0 :Ailz + Aizz. OTCIOI[a HaljeM
3aBUCHUMBIC HAYaJIbHBIC 3HAYCHUS paBHOCTCﬁ TOKOB U HaHp}DKCHI/Iﬁ Ipu
BTOPOIl KOMMYTAIIVH:

Ailz = O, Aizz = 0, AMLZ =-2U. (7)

[lomydyeHHble pPa3HOCTH TMO3BOJSIOT  OMPEACIUTh MOCTOSHHBIC
WHTETPUPOBAHUS JIJI1 TOKA B MHAYKTUBHOCTH U HAMPSDKCHUS HA €MKOCTU
3aJaHHOW cxeMbl. [lns ompeneneHus TOCTOSHHBIX HMHTETPUPOBAHHUS
ApPYrMX TOKOB H  HANpsDKEHUH HEOOXOJMMO HAWTH  HM3MEHEHHE
MPOU3BOJHBIX ITUX BEJIMYHH B MOMEHTHI KOMMYTAIIMH. DTO MPHUBEIET K
YCIIOKHEHUIO U YBEIMYEHUI0 00bema pacueToB. [loatomy B aTOM MeTOzIE
1eJIeCO00pa3HO ONpeNeanuTh TOKM M HANpsHDKEHUST Ha PeaKTHUBHBIX
JJIIEMEHTaX, a 3aTeM, €Clu 53TO BO3MOXHO, TOo 3akoHam Kwupxroda
ONPENIETUTh BCE APYTrHe TOKU U HAMPSIKEHUS.

3anuiieM perieHue sl Toka ig(f) = i (f) u ero mpou3BOgHON u;(f) =
= Ldi;(t)/dt na uHTEepBaaX B COOTBETCTBUHU C BhIpakeHUsIMU (4) 1 (5).

Ilepeviii unmepean [0+ T/2_]: uy = U,
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{im = A exp(pyt) + A, exp(P,t) + gy
uy =L p A, exp(pit) + pyd, exp(pyt) + vy

i018em = U/Ra, Up gy = 0 — 3TH BBIHYXJICHHbIE 3HAUECHUS MTOJIYUYEHBI U3
CUCTEMBbI YpaBHEHHUH (3) 1u1sl ¢ = 0 PU YCIIOBUH, YTO U = const.

Bmopoii uumepsan [T/2+; T_]: u;,=-U,

{i02 = Bl exp[pl(t_T/2)]+ B2 exp[p2(t _T/Z)]+i02BLIH’
Up, = L{plBl eXp[pI(Z—T/Z)] + p2B2 eXp[p2(Z_T/2)]} T U
iOZBLIH = —U/Rz, Uropepm — O

IIpoBenem conpspkeHUE pElIeHMH HAa MHTEpBaNax Uil TOKA Iy H
HaIpPsDKEHUS Uy, UCTIONB3Ys 3HaUeHUs pazHoctei (6), (7):

i01(0,) =i, (T"); u(0,)=u, (1) +2U;
in(T12,) =i (T12.), \upa(T72,) =0, (T12.) =20,

A+ A, +U/R, =B exp(pT/2)+ B,exp(p,T/2)-U/R,;

B +B,-U/R, = A exp(p,T/2)+ A, exp(p,T/2)+U/R,;

P+ prdy = piBiexp(p T /2) + pyByexp(p,T/2) +2U 1 L (8)
A+ Lp, A, = Lp A exp(p,T/2)+ Lp, A, exp(p,T/2)=2U/ L.

[Tomyunnm cuctemy anredpandeckux ypaBHEHHH (8) B 001ieM BHE C
HEW3BECTHBIMH IMMOCTOSTHHBIMU MHTETPHUPOBAHUS.

Pacuer iy(f), u;(f) ¥ BBIXOAHOTO HANPSDKEHUS U,(f) TpOBEIEM JIst
3HAUYCHWM MapaMeTpoB 3aJlaHHOM cxembl (cM. puc. 18): Ry = 15 Owm,
R, =10M, RI =40mM,L=(100/21) M['s, C=(5/21)-10° MD.

Jns  omnpeneneHuss  KOPHEM  COCTaBUM  XapaKTEPUCTUYECKOE
ypaBHenue: p° + (R\R,C + L)/ [(R, + R)LC]p + Ry / [(R, + R,)LC] = 0.
Bsenem o6o3nauenus 6 = (R R,C + L)/ [2(R, + R)LC] =500, o} = R,/
/ [(R, + R)LC] = 21-10*. Omnpenennm KOpHH: Dia = — 5+ (8 - o) =
=-500 +200, p; = — 300 c_l, p, = — 700 ¢ KopHuu nelicTBUTENBHBIE,
pa3MuHble, OTpHULIATENIbHBIE — TMPOLECC alepuoJUYECKUil, T.e.
3anucaHHbie penieHus (4) u (5) B o0mEeM BHAE COOTBETCTBYIOT ATHUM
KOPHSIM.

[logctaBuM B ypaBHEHUsS cuCTeMbl (8) 3HauYeHHsS KOpHEH W
apaMeTPOB CXEMBI:

A + 4, — B, exp(-0,942) — B, exp(-2,198) + 8 = 0;

— A exp(—0,942) — 4, exp(-2,198) + B, + B, -8 =0;

—3004, — 7004, +3008, exp(-0,942) + 7008, exp(-2,198) — 8400 = 0;
3004, exp(—0,942) + 7004, exp(—2,198) — 3005, — 7008, + 8400 = 0.

Pemass sty cucremy otHocutensHO A;, A, By, B, Haigem A; =
=5,0365, 4, =-13,501, B, =5,0365, B, =13,501.
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Tenepp MOXeEM 3anucaTh OKOHYATENIbHOE peleHue s io(f), u () Ha
WHTEpBajax:

iy; =5,0365exp(—300¢) —13,501exp(—700¢) + 4;
u,, =-7,195exp(-300¢) + 45,003 exp(—700¢),

iy, =—5,0365exp[=300(¢ — T'/2)] +13,501exp[—700(¢ — T/ 2)] - 4;
u,, =7,195exp[-300(¢ — T'/2)]— 45,003 exp[-700(¢ — T/ 2)].

Hanpsokenne uy(f) Ha BBIXOJE YETHIPEXIIOIIOCHUKA HAWIEM COIJIACHO
3akony Kupxroda: u,(f) = (u(¢) — ur(£)) Ry /Ry = 0,8[uy(£) — ur(9)]:

1y, (£) =16 + 5,756 exp(—300¢) — 10,8 exp(—700¢) + 16;
Uy (1) = —5,756 exp[~300(¢ — T/ 2)] + 10,8 exp[~700(¢ — T/ 2)]  16.

JIns mpoBEpKM pe3yJIbTATOB pacyeTa M3 HAWJICHHBIX pELIECHUU
OmpeAeNuM 3HAaYeHHE PA3HOCTH HampsDKeHUs i (f) Ha TpaHUIE MEPBOI
koMmyTatuu: A uyy = [u;1(04+) —u(7)] = 38,808 — (—2,186) = 39,994 = = 40
B, 4TO COOTBETCTBYeT C JOCTAaTOYHOW TOYHOCTHIO  3HAYEHUIO
NeUCTBUTEIBLHOM pa3HocTu (6) Auy =40 B.

Ha puc. 18 ¢ cobmoneHuem macmraba moctpoeHbl rpaduxu u(f),

iO(t)a Mz(t) 2t uL(t)' io >

5A115B 0)
u a)
111 uHT. 2 UHT. 0 2
] + t
U == y 72\ T
nT m+DT 't  -5AL-15B
) 2 |T u B)
-U. 20B 1

WI-st TP-N2-51 rp. 1-1 rp.

-20B

Puc. 18

Pacuyem annekmpu4eckolU yenu 4acmomHbIM MemMoOoOM
npu HecuHycoudasibHOM 8030elicmeuu

Pacuer JMHEWHOM OJJEKTPUUECKOM MLENU MPU NEPUOAUYECKOM
HECHHYCOUJIaJIbHOM BO3JE€HCTBUM HA OCHOBAHWH MPUHIIMINA CYyNEPHIO3ULIUN
MPOBOJUTCS JUIsl KaXA0W COCTABIISIONIEH BO3IEUCTBUS (MOCTE pa3I0KEHUS
ero B psa ypbe) oTAeNnbHO, TaK, KaK €Ciiu Obl B IIENU JASHCTBOBANIA TOJIBKO
Ta cocraBisomas. Pacdyer menu s TOCTOSTHHOM —COCTaBIISFOLLIEH
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MPOBOJUTCS TaK K€, KaK B CiIy4yae, KOorja K e MOAKIIOYEH MCTOYHHUK
MOCTOSIHHOT'O HAIPSKEHUS.

[Ipu pacuere nenu A OTAEIbHBIX FAPMOHUYECKUX COCTABIISIOLIUX
CJIelyeT MO0JIb30BaThCSl CUMBOJIUYECKUM METOJOM (METOAOM KOMIUIEKCHBIX
amMruTyn). Jnst k- TapMOHUKHM KOMILJIEKCHOE CONPOTHBJICHUE BETBH,
coaepkKallle MOCIe0BATENBHO COCIMHEHHbIE 3JIeMEHTHI R, L u C, 7% =R
+ jkowL — j/(kw,C), tne o, =2n/ T =21 f — 4yacToTa OCHOBHOMU (TIEPBOIA)
TapMOHHKH, k — HOMED rapMOHUKHU (k =
=1,2,3,..).

BriOpannbiii  Meton pacdeta 1enu (mo 3akoHam  Kupxroda,
KOHTYPHBIX TOKOB M T.J.) JJI1 OJJHOM rapMOHHUYECKOW COCTaBIIAIONICH He
3aBUCUT OT METOJa pacyeTa TOHM e Lenu i Apyroi rapMoHuku. U3
BBIpQXKEHUS JUISI KOMIUIEKCHOM TiepenaToyHor QyHkuuu W( jo) =
= Y(jo) / X( jo) = Y jo) / X,( jo), onpenensieMoil Kak OTHOIICHHE
KOMIUIEKCHBIX ~ aMIUIUTY]l (KOMIUIEKCHBIX  JIEUCTBYIOIIMX  3HAYEHUIN)
AIIEKTPUYECKUX BEJIMYMH Ha BBIXOJE U BXOJE LIETIM B 33JaHHOM PEXHUME
paboThl, CcleayeT, 4YTO MpH 3aJaHHOM TapMOHHUYECKOM BO3ICHCTBUU
Uy = UppsSin(of —+y,) BBIXOJHOE HAINPSHKEHUE MOXKHO OIPEIACIUTh
cnexyrormM 00pazoM: Upux = W(JO)Usx = W0 YU,usx€Xp[ J(Wosx + 9)]-

Tak kak NepUOIUYECKOE HECHUHYCOMAAIbHOE BO3JIEHCTBHE HMEET
JUCKPETHBIN CIEKTP ¢ YaCTOTaMH k@i, TO MpU IEUCTBUM Ha BXOJl LIETIH k-1
TAPMOHUKHU TIOSIBUTCS PEAKIUS C YacCTOTOH k®;, aMIIUTYI0N U,pux =
W(kw)U,zx 1 Ha9anbHON D30 Y,k = [Wiex + O(ho))]. 3aecs W(kw,) —
Monyinb, O(k®;) — aprymMeHT K03 uiueHTa nepeaadn o HarpsHKeHHIO
LIENH Ha 9acTOTE kM.

CymMupyst Bce BBIPQKEHUS JJII MTHOBEHHBIX 3HAUCHUN TapMOHUK,
BKJIFOYAsl TIOCTOSIHHYIO  COCTAaBIISIIONIYIO  BBIXOJHOTO  HAIPSDKEHUS,
COTJIACHO TPHHIUIY CYNEPHO3Uluu OyJeM HWMETh BBIPAKCHHUE IS
BBIXOJTHOTO HAMPSHKEHMUS.

Ilpumep 9. JInsi cxeMbl YETHIPEXIIOIIOCHUKA (CM. pUC. 2) pacCUUTATh
Up(f) TP BXOJAHOM BO3JICUCTBUU Uy (f) B BHUIE PA3HOIOJSPHBIX
NPSIMOYTOJIBHBIX HMITYJIbcOB (pHC. 19), psg @ypbe KOTOPOTO COIACPIKUT
TOJILKO CHHYCOUJAbHBIE COCTABIISIFOIINE HEYETHRIX rapMoHuK (k= 1, 3, 5,

L) tn(t) = = S [8U k)] sin(kot)
k=1

/)
U —

12 T

Puc. 19
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Pewenue. bynem cumtatb AUX wu  OUX  3amaHHOrO
YEeTBIPEXIOIIOCHUKA U3BECTHBIMU (CM. Tipumep 4):

Mo) =1/ [0 - oL +  (@ROT?, o) =
= —jarctg[oRC/(1 — ®’LC)]. Ha puc. 11 mokasaHsl rpadukd >THX
XapaKTePUCTUK.

3amenuM B AUX n @YX Tekylyr 4acToTy ® Ha JUCKPETHYIO k®:
Who) = V(1 — Fo'LO® +  (hoRCYT”,  olko) =
= — jarctg[koRC/(1 — K w,*LC)].

BbeIxonHOE HampspkeHHME B OOLIEM BHJIE MOXET OBbITH 3alMCcaHo
CIIEMYIOIUM 00pa3oM:

OE ki_{(wm/kn)/[(l ~ KLY + (ko RCY1 2 sinkeo + plke )1}

Herpyano 3amerutb, 4TO  YETBIPEXIIOIMIOCHUK  OCYLIECTBIISET
M3MEHEHHE CIIEKTPa BXOAHOTO HaIpsDKEHHUs. Benencreue 3Toro BBIXOAHOE
HaNpsDKEHUE OTINYaeTcs Mo (opMe OT BXOJHOTO BO3ACHCTBHS.
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