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IBaHO-®paHKIBCHK

META POBOTMU: BuBueHHS OOMIHY EHEPTi€l0 B CHUCTEMi EIEKTPUYHUX, CIabo

3B’A3aHUX M1k CO00I0, KOHTYPIB.

3AT'AJIBHI BIZIOMOCTI

KonuBanpHi mpouecu (OCHWIIALIT) B €IEKTPUYHUX KOHTYpax MaroTh aHAJOTII B
Mmexanini. [ToBeniHka HaWMPOCTINIOrO0 OCHMIIATOPAa — MAaTEMAaTUYHOTO MAasTHHKA, IO
ABJIs€e cOO0K0 MaTepilalibHy TOYKY MAacor M, MiJBIIIEHY HA JOBIOMY HEPO3TSKHOMY

CTEpKHI, J0Ope BUBYEHA: 1I€ TAPMOHIYHI KOJIMBAHHS 3 YACTOTOIO (g .

IcTOTHO CKIAOHIIIMMHM € KOJIMBAaHHSA CHCTEMH JIBOX OJHAKOBMX MAasSTHHKIB,
3B'SI3aHUX MK CO0O0I0 CJIa0KOI0 MPYXKUHOI, K II€ MOKa3aHo Ha puc.l. MasTHuku
OpaTuMyTh  y4acThb B  KOJCKTHBHHUX  KOJHMBaHHSIX, aMIUIITYJHO-9aCTOTHA
XapaKTepUCTUKA SKUX 3aJIeKUTh BiJ 3MIIICHHS MAasTHHUKIB OJIMH BIJIHOCHO OJHOTO

(BimHOCHA (haza).
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Sxio o6uaBa MaITHUKU MAIOTh Y TTIOYaTKOBUI MOMEHT Yacy OJIMHAKOB1 3MIIICHHS,
TO BOHU KOJINBATUMYThCS SIK €JTMHE 1I1JI€ 3 aMILTITYA010 1 YaCTOTOI, SKa piBHA YaCTOTI
1 aMIUTITY/[l KOJIMBaHb OJIMHOYHOTO MasiTHUKA g . Skmio npu t = 0 3MileHHs € piBHI 1
MPOTUJICKHI, TO MAITHUKU KOJMBATUMYTHCS 3 CTAJIOI0 aMILTITY0F0, ajJie YaCTOTOI0 (01
OUTBIIONO Bif wo. L1i 1Ba BUAM pyxXy HA3HBAIOTHhCS HOPMAJbHUMH MOJIAMHU KOJIMBaHb
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CUCTEMHU 3B'SI3aHUX OCHWISATOPIB, NPUUOMY BUJ KOJUBAaHb 3 YACTOTOI (g HA3UBAIOTh
: +

MApHOIO MOJIOF0 HOPMAaJIbHHMX KOJUBAaHb 1 MO3HAYaIOTh 3HAKOM "+" (w = wq), a BHJ

KOJIMBaHb 3 MiJBUIICHOIO YaCTOTOIO (1 HA3UBaIOTh HEMAPHOI MO0 HOPMaIbHUX

" n

KOJIMBaHb 1 MO3HAYalOTh 3HAKOM (w = wg). HopmanpHa MoOJa KOJHMBAaHb - 1€
KOJICKTUBHE KOJMBAHHS, MPHU SIKOMY aMIUTITyAa KOJUBAaHb KOKHOI PyXOMOi YaCTHHKH
CUCTEMHU 3aJIUIIAEThCS HE3MIHHOI. Y CKIAMHINIMX BHUMNaAKax, koiau mpu t = 0, €
JOBUIBHUN BIAHOCHUH 3CyB (a3, pe3ylbTylouMid pyX MOXKHA pO3TISAaTH SIK
KOMOIHaIliI0 (CyHepIio3uIlilo) JIBOX HOPMAJIbHMX MOJl KOJIMBaHb, TOOTO SIK
aMIUTITYTHO-MOJIyJIbOBAHE KOJMBAaHHA. 3 CYNEPIIO3HIIEI0 TapMOHIYHUX KOJIUBaHb
PI3HHMX YacTOT JOBOJUTHCS 3yCTPIYATUCS B HAMPI3SHOMAHITHIIKX siBUIIAX. [Ipukiagom
MOKYTb CIIY’)KMTH 30KpEMa JIBa KAaMEPTOHH 3 PI3HUMH BIACHUMHU YaCTOTaMU, K1 Majo
BIJIPI3HAIOTHCS OJIHA BijJ OJIHOI. B 1IbOMY BUIAJKy JIOJCHKE BYXO HaWOLIbII BUPA3HO

CHprIMEIEI PE3YIBTYIOUC KOJIIMBAHHA K FapMOHi‘lHe KOJIMBAHHS 13 3MIHHOIO

aMIUTITY/1010, TOOTO BYXO 4Yy€ MY3WYHUN TOH, IHTEHCHUBHICTh SIKOTO TEPIOAUYHO

3MIHIOETBCSI 3 YaCTOTOK ;=|w1-wo| 1 mepiomom 15 = i—’g’ Takuif BUI Cyneprio3uiii

rapMOHIYHUX KOJMBaHb, PU 01~0 aje 1 w1>wy, BiaoOpaxeHuii Ha puc.2. Lle aBure

HA3UBAETHCS OumMmsM, a BEIUUUHU ;1 T; - BIAMOBIIHO MEPIOIOM 1 YACTOTOIO OUTTH.

QA

puc.2



Y cucreMi JBOX 3B's3aHMX CJIA0KOIO TMPYXKUHOK MAATHUKIB OUTTS MOXKYTh
BCTAHOBHUTHCS, SIKIIO 3MICTUTH OJWH 3 HHUX (HampHKIaa, MasTHUK 1, 3miBa puc.l),
YTPUMYIOUH 1HIIUH Ha MICIli, a TOTIM BIAMYCTUTH iX OJHOYAcHO. B 1mpomy BUMAAKy
MasTHUK | TTOYMHAE KOJTMBATHUCS OJWH, aj€ 3 YaCOM KOJIMBAHHS MasTHUKA 2 TOCTIMHO
HapOCTaTUMYTh, & KOJIMBAaHHs MasATHUKA | - 3aTyxatu. Uepes neskuil 4ac MasTHHUK 2
KOJIMBAETHCS 3 3HAUHOIO aMIUTITY/I010, @ MasTHUK | 3ynmuHSEThCSA. Y pasi mapHOi MOJU
HOPMAJIbHUX KOJIMBaHb, MAsTHUKUA PYXalOThCS pa3oM, TPYKHHA HE PO3TATHYTA 1
yacToTa MasTHUKAa Taka X, SK Y OJUHOYHOTO MasTHUKA. Y pa3l HemapHoi MoJu
KOJIMBaHb MPYXKHWHA PO3TIATHYTA, IO 30UIBIIYE YACTOTY ITi€T MOJM KOJWUBaHb. SIKIO B
AKUACh MOMEHT Yacy 3MIIIEHUN TIIbKKM OJWH 3 MAaATHHUKIB, TO BHUHHUKAIOTH Bl
HOpPMaJIbHI MOJIM KOJIMBaHb, 1110 3HAXOSATHCS B MEBHIN BiHOCHIM (a3i. Ajie OCKUIbKU
4acTOTa HEMApHOTO KOJMBAHHS TPOXHM BHINA 3a YAaCTOTy MApPHOTO KOJWBAHHSA,
BiJIHOCHa (a3a 3MIHIOETbCS B TIPOIEC] KOJIGKTUBHOTO KOJMBaHHSA. AMILIITYyAa
KOJIMBaHb IMEPIIOro MasiTHUKA PiBHA HYJIIO, @ aMILTITYa APYTOro JOCITa€ MAKCUMYMY,
KOJIM JIBa HOPMaJbHI BUJM KOJIMBAHb OMHUHSATHCS B MPOTU(A3i, MOTIM MOYUHAETHCS

30UTBLIEHHS aMIUTITYIM MEPIIOro MAITHUKA 1 TPOLIEC TOBTOPIOETHCS.

[ToBeniHKy 3B'sI3aHUX OCIUJISATOPIB JIETKO MOSICHUTH 3 CHEPTETHYHOI TOYKH 30PY:
npu t = 0 Bcs eHepris 3ocepemkeHa B MasTHUKY 1. OCKITBKM MasTHUKH 3B’si3aH1
MPY)KHUHOIO, TO Yepe3 MPYKUHY SHEprisl MOCTYMOBO MEepPeaacThCs Bia MasTHUKA 1 10
MasTHUKAa 2 J0 TUX Mip, TIOKK BCS €HEPTisl HE 30CEPeIUThCS B MAATHHUKY 2, MOTIM,
SKIO CHUCTEMa OCIWIATOPIB ITDKHUBIISETHCS 330BHI CHEPTi€r0 IS KOMIICHCAIIl
3raca”Hsl 4yepe3 TepTs, Mpolec OOMIHY €HEPri€r0 MOBTOPIOETHCS BiJ MasTHUKA 2 0
MasTHuka 1 1 1.1, Takum ymHOM, "OWTTA" - mporec OOMIHY EHEpri€r0 MK JIBOMa
TapMOHIYHUMHU OCIHWJISTOPAMHU, BIIACHI YACTOTH SKHX BIAPIZHSAIOTHCS Majo, a Mpu
t = 0 cnoocrepiraerbcsi BIJHOCHMM 3CyB (a3. burrts MoxHa crnocrepiraTd 1 B
CJIEKTPUYHIA cHCTeMi - B ABOX oaHakoBux LC -koHTypax, 3B's3aHUX MIX COOOO

cnabKUM €MHICHUM 3B'Si3KOM Ci, , 10 € aHaJOoroM MEXaHIYHOIr'O 3B'SI3KY Y BUIJISII



npyxkunu. KonuBanHs B koHTypax (puc.3) 30ymIKyIOTbCS 3a JIOMOMOTONO

nepeTBoproBaya imiyiascis (I11).
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JUis TEOpeTUYHUX PpO3paxyHKIB PpO3IVISIHEMO CIPOLICHUM BapiaHT Ii€i cXeMu
(puc.4), ne Mo3HAYEHI 3HAKYU 3apsAiB B KOHTYpax 1 MO3UTUBHUI HampsM cTpyMy. s
CIIOCTEPEXKEHHSI OUTTS BaXJIMBO, OO cTpymu |1 1 |, Oynu HampsiMieH! OJIMHAKOBO.

JI71st TBOX KOHTYPIB, CIIOJYYEHHUX IO CXeMI puc.4, MO>KHA 3alKMCaTH JBa PIBHSIHHS, IO
ONMKCYIOTh KOJIMBaHH 3apsiAiB Q:

dy | Q@ | @-Q _
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[MigcraBnstoun | = dTQl I, = 19 OTPUMYEM
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JlongaBmu 11i piBHSHHSA (2), 0IEPKYEMO:

d®(Q+Q,) Q
Lt =g, (3)

a pI3HULS PIBHSHB:

2 (@) . QqQ  2(Q-Q)
L dt22 - Cz_ (3122 (4)

3a 0OMOr010 MPOBEICHUX MAaTEMAaTUYHUX OMEpalliil BAaocs piBHAHHSA (2)

3ancaty yepe3 3minHi (Q, +Q,) 1 (Q, —Q,). Sxmo npu t = 0 3minHa (Q, +Q,) Mae

3naueHHs (Q, +Q,),, TO po3B’s30K piBHIHHSA (3) Ma€ BUTIISI

(Q+Q,)=(Q, +Q,)q -cosm’t (5)
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qacToTa @' = ﬁ piBHA YaCTOTI BIACHUX KOJMBAaHb OKPEMOTO KOHTYpa. aHAJIOTT4HO,

PO3B’SI30K piBHSAHHSA (4):
(Q-Q;)=(Q —Q;)q -cosat (6)
ne o = t(c+&), (Q+Q,), —3Hauenns sminnoi (Q —Q,)mput=0

JlBa BUIM pPyXy, IO OMHUCYIOTHCA PIBHAHHAM THIy (5) 1 (6), HA3UBAIOTHC
HOpMaJIbHUMHM MOJIaMU KOJIMBaHb CHCTEMHU 3B'A3aHUX OCHWIATOpiB. B nmanomy
BUIIAJIKY BOHM ONUCYIOTh KOJIMBAHHS BEJIMYMHU 3apsAy B CHCTEMI JIBOX 3B'SI3aHHMX
€JIEKTPUYHUX KOHTYpiB. HopManbHa Moa KOJIMBaHb — 1€ KOJIEKTUBHI KOJIMBaHHS, IPU

SAKUX aMILTITy[a KOJMBAaHb KOXKHOTO 3apsily 3aJIMIIAETHCS HE3MIHHOIO.

SKIIO 3MICTUTH 3 TOJIOKEHHSI PIBHOBAaru OJIMH 3 KOHTYPIB, TO PE3yJbTaTOM
OyIyTh KOJMBaHHA JBOX HOpMajdbHUX MOJA KoiuBaHb. [Ipu Q = 0 3 (5) 1 (6)

OJICPIKYEMO:
Q = %Qlo (cos(w™t) + cos(t)) (7)

Q; =3Qu(cos('t) - cos(t)) (8)

BukopucToBy0UYHM BIJIOM1 TPUTOHOMETPUYHI TOTOXKHOCTI:

cosA + cosB = 2cos 5 (A+ B) - cos 5 (A—B)
cosA — cosB = 2sin 1 (A+ B)-sin1 (A-B)
Mooxna 3anucaty piBHsSHHSA (7) 1 (8) y BUTIISIAL:
Q = Qlo[cos% (0" — a)‘)t]- cos3 (o +w )t 9)
Q =Qpbini (0" — )t sini (0" +a )t (10)

I'padixu Q; 1 Q; (piBusHHA (9) 1 (10)) mokazaHi Ha puc.2, e y NOYaTKOBUA MOMEHT
yacy amiutityaa Q; piBHa Hymro. Amiutityaa Q, 30ublryeThes, a ammnityaa Q; cnagae

JI0 TUX ITip, TIOKK Y MOMEHT 4acy, 1110 BU3HAYAETHCS 13 CITIBBITHOIIICHHS
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amrutityna Q;, He CTaHe PIBHOIO HYJIO, a aMILIITyaa Q, JOCATHE MAKCUMYMY.
Curyaiiiro, Mmoka3aHy Ha puc.2, MOKHA PO3TIIIHYTH 3 €HEPreTHYHOI TOUKH 30PYy.

IIpu t = 0 Bcsa enepris 3ocepemkeHa B KoHTypi 1. B pesymbrari 3B'si3Ky uepes
kouaeHcarop Ci, €Hepris MOCTIHO NepeaaeTbes Bi KOHTypa 1 10 KOHTypa 2 10 TUX
mip, TOKK BCS €HEprisg He 30epeThcss B KOHTYpi 2. Yac, HEoOXITHMM ISl TIEpeXxory

eHeprii 3 KoHTypa 1 B KOHTYp 2 1 Ha3aJl, MO>KHA OJIEP>KaTH 3 PIBHSIHHS

L( 't - _
s@" - ), =7,
a 4acToTa, 3 IKOI0 KOHTYPH OOMIHIOIOTHCSA €HEPTiEr0
_ 2r _ 3t -
Ooon = t 0 —w (11)

0oM

Jns mapHOi MOJU KOJMBaHb, TO3HAYEHOI 3HAKOM "+", CTpyMHU TE€UyTh B OJIHAKOBOMY

HarpsMi, ToJ1 Ha KoHaeHcaropi Ci, HeMae 3apsay. [Ipu nboMy yacToTa 3aIHIIAETHCA

1

TaKOK K, AK JUIA HE3B'A3aHUX KOHTYpiB, TOOTO @' = Tic

. 'Y pa3i HenmapHoOi MoIu

HOpPMaJILHUX KoJIMBaHb (3Hak "-"), koHmeHcarop Ci, 3apsDKCHUN, MO 30UTBIIYE

4acTOTY KOJIMBaHb, TOOTO

-_ 11,2
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Cnin 3a3HayuTH, 10 AJI1 3aCTOCYBaHHS JI0 3B'A3aHUX KOHTYPIB PO3IJIIHYTOI BHILE

1

Teopii, BOHM MOBHMHHI MaTH OJHAKOBY pe3oHaHCHy yactoTy @ = 7 c i, kpim ToroO,

nependavaeThes, Mo eMHicTh C;, Benuka ("'cnabkuit 38's130k"). Tomi Bupas (11) moxHa

MNEPETBOPUTH TaKUM YNHOM:

@5 =T~ T T =T AL 8 = (- 1= &)
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OTprMaHe 3HAYEHHS YacTOTH OOMIHY @

0bMm

(MaeThCa Ha yBa3l OOMIH eHeprii),

" " _ : :
a0o yacrotu "OuTTA" @,/ = (W, MOXKHA 3MIHIOBATH, HACTPOIOIOYN CUCTEMY KOHTYPIB
NUIXOM 3MiHM HoMmiHamiiB pasioeneMeHTiB C, Cip, L, R moGuBatounch Toro, mo6
4acToTa @,;, = @ —@ Oyna MiHIMAIBHOIO.

JlocmimkenHs: OUTTS, TOOTO OOMIHY €Hepriil B 3B'SI3aHUX KOHTypax, 1 € OJHUM 3

NPAaKTUYHUX 3aBAaHb JaHOI POOOTH.

HOPATOK BUKOHAHHSA POBOTH

1. O3HallOMHUTHCS 3 OMMCOM YCTAHOBKH 1 METOJOM BUMIPIOBAHHS.

2. Bxmtountn xuBneHHs kacetu OIIE-13m. 3anyctutu nporpamy ®@IIE-13Mm.exe.
Ha expani BipTyanapHOro ocruiorpaga MmoBUHHA CIOCTEpiraTucs ctabiibHa KapTUHA
npoiecy "OUTTA" B KOHTYypax.

3. BcTaHOBUTH 4YacTOTy PO3TOPTKU BIPTYaldbHOTO ocuujorpada, 3pydHy s
MIPOBENICHHS IOCITII>KEHb.

4. OCumcnutu T, UIA OOHOTO 3 KOHTYpIB (PE30HAHCHI YacCTOTH KOHTYPIB
0sm3bKi) 3a popmynoro Tomcona T, =27VLC . leL=, C=

6. 3MIHIOIOUM €MHICTh KOHJeHcaTopa 3B'si3ky Ci, Ha kaceti ®IIE-13 BumipsaTu
nepioaun "OuTTa" Ta 3amucaTH JaHi B Tabimio 1.

Tabnuus 1.

Cia, ,UF

N

Ts, ¢ excr.

Ts, ¢ TEOD.

[Tepion "OuTTs" BU3HAYAETHCS TAKUM YHHOM: MiJIPaXOBY€ETHCS KUIBKICTh MEPIO/IB
(KUTbKICTh MAKCUMYMIB), 10 YKJIaJatoThesl B oaHe "outtsa" (uucio N), pucl.
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A N=5 xinvxicmo max

v
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puc.1

oumms

[ls BenmMuMHA MHOXUTHCS Ha 3HA4YEHHsA IiepioAy oOuuciiene 3a (popMyroro

Tomcona, tobto T, =T,,N. OtpumMaHi pe3yJbTaTh 3alUCYIOThCS B TaOJMIO. 3a
OTPUMaHUMHM TaKUM YHHOM 3Ha4YeHHsAIMU 7; mnoOyayBatu rpadik 3aJeKHOCTI
T; = 1(Cyp).

7. llpoBectn pospaxyHok I; 3a (Gopmynow T, :%Tm nodyayBatu rpadik

3aJIEKHOCTI 1 MOPIBHATH MOTO 3 €KCIIEPUMEHTAIBHUMH 3HAYEHHSIMU.

KOHTPOJIBHI IIUTAHHA

1. [losicHiTh, YoMy cTpyMHu |y 1 |, (1UB. puc.4) NOBUHHI MaTH OJIHAKOBHUI HAMIPSIM.
2. Yomy nmoBUHHA BUKOHYBaTUCh yMOBa Cp, << C ?

3. ITokaxiThb, IO ICHYE JABAa MAKCUMYMHU CTPYyMY, IO MIPUIIAJAI0Th HA YaCTOTH

HOPMAJIbHUX MOJI KOJIUBAHb.
4. TlosicHITh KapTUHY OUTTS (AUBUCS PUC.2) 3 EHEPTETUYHOT TOUKH 30PY.

5. Homy piBHa yacTOTa OOMIHY €HEPri€l0 MiXk JBOMA 3B'SI3aHUMH OCLIJISITOPAMH.



