B YEProBWI pa3 MiATBEPKYE Ba)UIMBICTh BUKOPHCTAHHS aHAJIOTIH
y dizuui. B upoMy po3aini MU BUBUATHMEMO MEXaHiYHI KOJMBaHH,
ane piBHSAHHA, sKi OyAyTb TYT PpO3MJISHYTi, 3 TOUHICTIO [0
BUKOPUCTAHUX TMO3HAYOK, OMUCYIOTh, HAMPHUKIAA, i eJeKTPUUHi
KonMBaHHS. J[aMo BM3HaUeHHS KOJIMBaHb. L1 — MPOLEC MOYepProBOro
3pOCTaHHA Ta 3MEHIIEHHS BeJWYMHM TEBHOTO  Mapamerpa
JOCITi/PKyBaHOT  (PI3UYHOT CUCTEeMM BIJIHOCHO MWOro CepeaHbOro
3Ha4YeHHS. MeXaHi4uHI KOJMBaHHS BIJPI3HSIOTBCSA BiJ| IHIIWX THIIIB
pyxXy TUM, WO iX, y LIJIOMY, MOXKHAa OXapaKTepH3yBaTH KiJbKOMa
napaMeTpaMu (HanmpuKIIaj, 4acTOTOIO Ta aMILIITYI00) 3a BiJIHOCHO
JOBTHI MPOMDKOK Yacy, TOAI SIK Ajs iHIIMX PpYXiB CJil 3HATH
MOJIOKEHHS CUCTeMHM Yy Oyab-skuid uac mis Oynb-fKOi TOYKH
npoctopy. KpiM TOro, mnpu KOMMBaHHAX Y CepeaHbOMY He
BifOyBa€eThCs MEPEHECEHHS MacH.

3a xinemamuunum NPUHYUNOM KOIUBAHHS 0Y8AIOMb MAKUX
munie. NIepioAnYHI, HeTepioANYHI, anepioauuHi (JTiMiTauidiHuR pyx),
aHrapMOHiuHi (HesiHilHI). /lTaMO BU3HAUYEHHS LIMM THIIAM KOJIMBaHb.

1. MepioAgnYHUMM KONMBAHHAMW ¢izrunol Bemnunnan Y(t)

Ha3uBaroTh Taki, s skux y(t)=y(t+T N), ne N — HatypanbHe 4uco.
[Tpomixkok Yacy, Mo 3aKiHYEHHI SKOTO pyX MOBTOPHOETHCS, 3BETHCS
nepiogom pyxy. Skumo 7' — ue nepion pyxy, To npo camy (izudny
BEJIMUYMHY, a TaKoX 1 Mpo ii MOXiAHy 3a YacoM MOXKHA CKa3aTH, W10
B MOMeHTH 4acy to | to+T BoHM HaOyBalOTh OAHOTO W TOrO CaMoro
3HaveHHs. Hanpuknan, kony WAeThes Mpo KOJWBaHHA KOOPIAMHATH,
TO MO 3aKiH4eHHi mnepiogy cama koopauHata Y(t), a Takox
i mBuakicte Y'(f) noBepTaroThCS 10 TMEPBICHOrO 3HAYEHHH,
y(O=y(to+T) Ta y'(t)=y'(t o*T).

HaiinpocTiluiM ~ BUMagkoM — MEpiOJMYHMX  KOJMBAHb
€ FApPMOHIYHI KOMMBaHHA, TOOTO Taki, MpPU SIKUX BEJUYWHA, IO
KOJIUBAETHCS, HATMPUKIIAJ, KOOPAMHATA X 3MIHIOEThCS 3 YacoM t 3a
3aKOHOM CHHYCa Yd KOCUHYcCa,

X(t)= %ot acos(t+ a). (7.2)

TyT Xo — ue cepeaHe 3Hau€HHS KOOPAWHATH, HABKOJIO SKOTO
BiOYBalOTbCA KOJIMBaHHA. SIK TpaBWIIO, 1Ie TOJOXKEHHS CTIiMKOT
piBHoBarn  Tina. Haii0inpine  BiOXWJGHHS  BEJTUYMHM,  WIO
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KOJIMBA€EThCS, BiJl CEPEeHBOrO 3HAYEHHS HA3WUBAIOTh aMMAMITYy[0H0
KOJMBaHb. Y HaBefeHoMy Bumnaaky (7.1) ammiiTyay mno3HaueHO
Jiteporo a. Y 3arajJbHOMY BHMAJAKY aMIUITya KOJIWUBaHb MOXKe
3ajekaTi BiJl KOOpPIMHATM Ta 4acy. 3a PO3MIpPHICTIO aMIuliTyna
€ TaKOIO caMol0, SK 1 BeJMYMHA, L0 KONMBaeTbes. B HaBegeHomy
BUMazKy [a]=Mm.

KinbKicTb KoMBaHb, sKi BiAOYBalOThHCS MPOTITrOM OJUHULI
4acy, Ha3UBaKOTh YACTOTO KOJMBAHb i O3HAYAIOTH JliTepoto V=1/T
abo f. 3a posmipHicTio [V]=1/c=T'11 (Fepul).

Ockinbku QyHKIIisI KOCHHYCA € TIEPIOAMYHOIO 3 MepioaoM 277
MOpsA 13 YACTOTOIO V 4acTO BXKHMBAIOTh MOHATTS MPO KyTOBY YacTOTY
@ 1 e HAa3MBAIOTh LUKIIYHOIO 4YacToTow, w=27V=271T.
LinkniyHa 4acTtoTa — me KifmbKicTh KOJIMBaHb, SKi BiIOYBatOTHCS
MpOTAroM 277 OAMHULB 4acy. 3a PO3MIPHICTIO LMKJIiYHA YacToTa
(dopmanbHO criBMagae 3 4actororo, [al=pan/c, nmpoTe ii BUMipOIOTH
came B 00epHEHHX CeKyHIax, ane He B ['epuax.

ApPryMeHT KOCHHyca ¢ Ha3uBaioThb (PA30l0 KOJIMBaHb.
VY HalinmpocTilioMy BHINaaKy TapMOHIYHHUX KOJIMBaHb, @=al+ q.
Bumiproetsest haza B panmiaHax. ['apMOHiIUHI KOJMBaHHS OJHAKOBOI
aMIUTITYAX 1 YacTOTH MOXYTh pO3pi3HATHCH (Ha3ol, B ILbOMY
BUMAAKy KaXyTb 1po 3cyB a3, A@=@ —@,. Honanok a B (7.1)
3BeThCs MOYATKOBOW pasoto, ¢(t=0)=a.

3a Teopemoro Dyp'e  HOBINBbHUI NepioaWMYHUI pyX i3

! Tepu (Hertz)Tenpix Pynonsd (1857-1894) -wimerpkuit Buermii. [lepumit
OTpUMaB  €JIEKTPOMArHiTHI ~ XBWJI, ICHYBaHHA SAKHX  TEOPETHYHO
niepeadavdeHo MakxkcBeiom. HocmimkeHHs BIIACTUBOCTEH
@JISKTPOMArHiTHUX XBWIb, MpoBeleHi ['eploM, nokasanau, MmO Li XBHJI
migyAraloTb TUM CaMUM 3aKoHaM, 10 i cBiTioBi. LluM BiAKpUTTAM
MiITBEPIKEHO eJIEKTPOMArHiTHy Teopilo cBiTia. ['eply omucaB BaxiMBe
ABUILE, BIIKPUTE HUM, fKE OTPUMAJIO 3rOoJOM Ha3By (OTOEIEKTPUUHOIO
edexry.

2 ®yp’e (Fourier) Xau Baruct XKosed (1768-1830) —dpaniy3bkuii
Maremartuk i ¢izuk. Bizomuii ThM, o 3amoyaTKyBaB BUKOPWCTaHHS PSAIiB
Oyp'e st po3B'sI3yBaHHSA 3amad MarematuyHoi (izuku. Ha wects @yp'e
Ha3BaHi mepeTBopeHHA Dyp'e Ta OCHOBHE PIBHSIHHS TETJIONPOBITHOCTI —
3akoH Dyp'e.
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nepionoM T MO)KHA MPEICTaBUTH y BUIJISAI CyMHM, B3arajii Kaxkydd,
HECKIHUEHHOT KiJIbKOCTI TAPMOHIYHHUX KOJIMBaHb!
= 2mt
X(t)= X+ Y. a,co ?+anj : (7.2)
n=1

Ile € me onHi€l0 MiJACTABOIO BUBYATH TapMOHIYHI KOJIMBaHHS,
a TakoX crnocodu TIXHbOro JoAaBaHHs. PazoM i3 TuM Teopema Dyp’e
ycyBa€e 0OME)KeHHS Ha 3aCTOCYBaHHS TEOPii rapMOHIYHHUX KOJIMBAHb.

l'apMOHiYHI ~ KOJMBaHHA  ONMCYIOTh, 30Kpema,  Mai
KOJIMBaHHS KOHCEPBaTUBHUX aBTOHOMHHUX CHCTEM.

2. HenepiognyHnmMn KONMMBAHHAMW HA3UBAIOTL Taki, AJIs
skux Y=Yo(t)sin(ci+ @(t)). s Hux 3navenns Y(tp) He MOBTOPIOETHCS
yepe3 sikuiich vac 7, sk 1e OyJo /s MepioJUuHHUX KOJIMBaHb, a iCHY€
KiJIbka MaclITa0iB 4yacy, IO XapaKTepU3yIoTh IXHIO TOBTOPIOBAHICTb.
Jlo HemepiogMUHMX HajeXaTh, HANpHKIAJ, 3aracarydi KOJMBaHHS:
y=YoexpEA)cos(ui+ @o) (B<<aw); CYNepIO3HILis JIBOX
MepiogUYHMX KOJMWBaHb 3 PI3HMMHU aMIUTITylaMd, 4YacToTaMd Ta
MOYaTKOBUMH (ha3amH).

3. OkxpemMHM THIOM  KOJIMBaHb MOXKHa  BBaXKaTh
niMmiTauinHA pyx (anepiognyHi KonmBaHHs). PopMaiibHO ek
pyX B3araii He BiJIMOBiJa€ TaHOMY BH3HAYEHHIO, HOTO MOXKHA i He
BBa)KaTH 3a KosuBaHHA. CripaBa y TOMY, IO MepIIi JBa 3 Ha3BaHUX
Tumid KOJMBaHb € 4acTo OJM3bKMMH 10 TapMOHIYHHMX KOJIMBaHb
(xoua 6 Ha MaIOMy MPOMDKKY 4acy). A JiMiTalliiHUN pyX yXe Io
¢dopmi yke BiApi3HAETHCS Bi FapMOHIYHMX KONHMBaHb. Y BUMAIKy
anepioIMYHUX KOJIMBaHb KOJHMBAJbHA CUCTEMa, SIKY BHBEJIM 3 CTaHY
piBHOBarM Ta 3aJMIIWIM Yy CIHOKOI, NMOYHE pyXaTHCS OO CTaHy
piBHOBaru, He BUKOHYIOUM HaBiTh OJHOTO MOBHOrO KojuBaHH:. [lo
anepioIMYHKUX HaJleKaTh, HATIPUKIIAM, CUIILHO 3aracaroui KOJMBaHHS,
JEKPEMEHT 3aracaHHs SKUX € OiTbLINMM 32 YacToTy: 5> (k.

4. IcHye BenMuUEe3HWl Kjlac KOJWBaHb, SKi HA3UBAIOTHCA
aHrapMOHIYHUMMU. Bonu OMHCYIOThCS HeJTiHIHHUMU
nvdepeHLiaTbHUMU  PIBHSAHHAMY, iX amiulityna (Ha BiAMiHY Bin
rapMOHIYHHX KOJIMBaHb) HE € MAJIOIO, YaCTO HaBITh € JIy)Ke BEJIHUKOIO.
Ipo HeniHiiiHi KOMMBAHHA BA’KKO 3POOUTH 3aralbHUil BACHOBOK. IXHi
aMIUTiTyda Ta YacToTa BHU3HAYAETbCS HE JMLIE TapaMmeTpaMu
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CUCTEMH, iXHI BeJMYMHU 3MIHIOIOTBCA 3 YacoM, BiIOYBaeThCS
reHepariisi BUIIAX FTApMOHIK OCHOBHOI 4aCTOTH.

B zanexcnocmi  6i0 xapaxmepy 30y0dceHHs KOMUGAHMS
MODICHA NOOIIUMU HA MAKI MURU.

1. BnacHi KonvBaHHA BHHHMKAIOTh B 130JbOBaHil Bif
30BHIIIHIX CHJI CHCTeMax MICIAs THMYacOBOTO 30BHILIHBOTO
30ypeHHs. IXHili XapakTep BHM3HAYa€TbCA TPAKTUYHO JIMIIE
BHYTpILUHIMU cuiaMu, (izuuHoro nmodynoBoto cuctemu. EHeprito 10
TaKoi CHCTeM BKJIAJIalOTh O/IMH pa3, MiJ] Yyac MepBiCHOr0 THMYacOBOTO
30BHIUIHBOTO 30ypEeHHS.

2. BrvmyweHi konuBaHHSA BinOyBarOThcs BHACHIIOK il
30BHIIIHIX CHWJI, SKi JIIFOTh HE3aJIEXKHO Bif] KOJIMBAHb CaMOi CUCTEMHU.
Xapakrep BHMYLIEHMX KOJIMBaHb BH3HAYAETBHCS HE  JIMIIE
BHYTPIIIHIMHA BJIACTUBOCTSIMH CHUCTEMH, ajleé iCTOTHO 3aJIeKUTh BiJ|
30BHIIIHBOI cuiau. HalivyacTile came BoHa BU3HAauyae XapakTep LUX
KONMMBaHb. EHepris 10 cHCTeMHM HaIXOOWTh BHACTINOK il
30BHILLHBOI CHJIH.

3. OcoOnuBuii TUN  BUMYLUEHMX  KOJIMBaHb, KU
BIJIPI3HAEThCS BiJl pPEIITH TUM, IO 3OBHIIIHA CUla TEpPiOAUYHO
3MIiHIOE SIKMI-HeOynb (i3MyHM MapameTp cucTeMH (HampuKIIa,
Macy MasTHHUKA, JOBKHHY WOro MigBICYy, Take iHINE), Ha3HUBaIOTh
napamMeTpU4yHVMN KOMMBAHHAMW. Y 1LbOMY BHUIMAAKYy CHepris
HaJAXOAWTH A0 CUCTEMM Yepe3 30BHILIHIO CHITY; alle B 3aJIeXKHOCTI Bif
(a3oBHX CHIBBIIHOLICHb 3OBHIIIHS cuia ab0 BUKOHYE JOJAaTHY
poboTy, TOHI aMIUTITy/la KOJIMBaHb 3pocTa€e, abo Bix eMHY poOOTYy,
TONI aMIUTiTyAa 3MeHuyeTbes. Ha miniliHiA cragil mapameTpuuHi
KOJIMBaHHs € ab0 MapaMeTpUYHO HEeCTIMKUMHU (peasti3yeTbes PeKUM
napaMeTpUYHOro 30y/uKeHHs), abo MmapaMeTpu4HO CTIHKHUMH, TOJI
peaizyeTbcss  pexxuM  3aracaHHs. Ha  HemimiliHid  crapii
napaMeTpuyHOi HecTidkocTi BigOyBaeTbcs 11 HacHYEHHS uepes
HeJiHiHMI 3cyB (a3u KOJIMBaHb BiIHOCHO (ha3u 30BHILIHLOT CHITH.

4. HeniHinHWA KBasinepioAUYHUA pPyX, IO BHHHKAE
Yy CHCTeMi BHACHiOK caMO030yIKEeHHS, 3a YMOB BiACYTHOCTI
30BHIlIHBOI CHJIM, HA3MBAIOTH ABTOKOIMBAHHAMM. IXHiii XapakTep
BU3HAYAETBCS CTPYKTYPOIO KOJMBAJIBHOI CHCTEMH, SIKa YMOBHO
CKJIaJAcThCsl 3 KOJNMBAIBHOIO KOHTYPY, BHYTPILIHBOIO Kepena
eHeprii Ta JaHKW 3BOPOTHOTrO 3B’ 53Ky. Lli KonMBaHHS He 3aracaroThb
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3 4acoM, XOY y CHUCTeMi € CYTTEBI BTpaTH €Heprii, OCKIbKU JIO
CUCTEMHU MOPLIsIMA HAJIXOIUTh €HEpris BiJl BHYTPIIIHBOTO JKepea.

MoxHa BUAUIUTHA JECATb MUNi@ KOJIUBATLHUX CUCTIEM.

3anuinemMo iX Tak, moO IXHi BJIACTHUBOCTI OyJW MOMApHO B3aEMHO
MPOTHIICKHUMHU.
. ABTOHOMHI Ta HEABTOHOMHI CUCTEMW. 3aexHO Bij TOrO,
BXOJIMTh YW HE BXOJMTH Yac SBHUM YHHOM JO JU(EpeHIiaTbHOro
PIBHSIHHSI, 1[0 OMUCY€E KOJUBAJIBHY CHUCTEMY, CHCTEMH MOJIISIOTHCS
Ha aBTOHOMHI Ta HEAaBTOHOMHI. ABTOHOMHI CHCTEMH BHMKOHYIOTh
BiJIbHI KOJIMBAHHS Ta ABTOKOJIMBAHHS, 1XHS YacTOTa BU3HAYAETHLCS
JIMIIe CTPYKTYpOrO cucTteMH. HeaBTOHOMHI CHUCTEMH BUKOHYIOTh
rnapaMeTpuuHi Ta BHUMYIIEHI KOJIMBaHHA. YacToTa Takux CHCTEM
Jy’Ke 3aJeKUTh BiJi YaCTOTH 30BHILIHBOT CWIIM, CHIiBBIJIHOIICHHS
BJIACHOI YaCTOTH KOJIMBAJIbHOI CHUCTEMHM Ta YacTOTH 30BHIIIHBOI
CUIJIH.

. CrauioHapHi Ta HecTtauioHapHi cuctemu. Sk
rnapaMeTpy CHUCTeMHM He 3ajiekaTb BiJ 4acy, TO Iie CTauiOHapHa
cucTeMa, a 'y TMPOTHISKHOMY BHUMAJKy — ILie HecTallioHapHa

KonuBanbHa cucteMa. [[ns HectauioHapHMX cucTeM KoedillieHTH
y IudepeHiianbHUX PIBHAHHIX PyXY 3aexarhb Bif yacy.

. KoHcepBaTMBHI Ta HEKOHCEPBATMBHI cUCTeMM. SIkio
eHeprisi He HAAXOAWTh 10 CHUCTEMHM Ta He 3HMKae 3 Hei, TO Le
KOHCepBaTMBHA cHcTeMa. B Takili cucTeMi JdiFOTh  TiIbKH
NMOTeHLiabHI Ta/abo ripoCKOMivHiI CHIM. 3BHYalHO, 1ie iaeati3oBaHa
Mozesb. HekoHcepBaTHBHI CHCTEMH TMOIUIAIOTHCS HA JUCHUIATHBHI
CHCTeMH, B SKMX TIOBHAa €HEprisi 3 4YacoM 3MEHIIYEThCs, Ta
ABTOKOJIMBAJIbHI CUCTEMH.

. NiHiMHI  Ta  HeniHiMHI  cucTemn. 3 Bursdy
mvdepeHiaTbHUX PiBHSAHD, L0 ONMUCYIOTH KOJMBAIBHY CHCTEMY,
MO’KHA BHU3HAYMTH, Y L€ JIiHiiHA, 4M Lie HemiHiliHa cuctema. J{ns
JMiHIMHUX CHCTEM TMpalioe TPUHLMI CYNeprno3uiii po3B’ sA3KiB.
AMIIITYAM  JIHIAHKX ~ KOJIMBaHb €  MAaJIWMH  TOPIBHIHO
3 XapakTepHUMH MaciutabamMH 3aadvi, a aMmIUliTYAu HEeTiHIHHUX
KOJIUBaHb, SIK MPABUIIO, € TyKEe BEJIUKUMH.

. Cnctemn 3i CKIHYEHOK KiNbKICTIO CTyneHiB Boni Ta
KOHTUHYyanbHi cuctemn. KosmBaibHi cuctemu OyBarOTh 3 OJHI€lO,
nBOMa Ta GaraTbMa CTYTEHAMH BiTbHOCTI. IXHe uMCiI0 3aeXuTh Bin
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BHOOpY MoOfeNi KOJWBAJIBbHOI CHCTEMH Ta CHCTEMH Yy3aralbHEHHX
KoopauHat.  Jnd  KOHTMHyaJlbHMX  CHCTEeM  XapaKTepHUM
€ HermepepBHUH pO3MOALT MapamMeTpiB CUCTEMH, PiBHSIHHS IXHBOTO
pPYXy OIMCYETbCA 3a JOMOMOror (YyHKUii KiTbKOX 3MiHHUX
y UacTMHHMX TNoOXigHMX. HaBememo s mpukiamy wmopxeni
KOHTHHYaJIbHUX CUCTEM: OJTHOBUMIpHI (CTPHIKHI, ISl LIbOTO BUMAKY
€ TUIbKM JBI 3MiHHI — OJHa KOOpAMHATa Ta 4ac); IBOBHUMIipHI
(o6osoHkM); TpuBUMIpHI (MPY>KHi Tina, ra3, piauHa).

Le#t Po3min cknamaerbes 3 OCHOBHOT yacTuHu Ta JlongaTka,
SKMA MOJXKHa TIpM TeEpIIOMY YWTaHHI NPOMYCTUTH 1, B3aralmi,
MOBEPHYTUCS 0 HbOTO MpPU BUBYEHHI KypCy TEOPETUUHOI MEXaHiKH.
Takox BiH MOXe CTaTW B HAroji JJisi CTYJEHTIB MaricTepchbKoi
MiArOTOBKHM B pa3i BUBUEHHs MEBHUX CMELKYPCiB, 30KpeMa, 3 Gi3uku
MUIa3MH.

7.1. Mani konueaHHs1

PosrnsHeMo MexaHiuHy cHcTeMy, CTaH SKOi MOKHa 3a/1aTh
3a JIONOMOTOIO OJIHI€T y3araJlbHEeHOI KOOPAMHATH, Ky MU MTO3HAYUMO
x. [Ipo Taki KOJNMBaJbHI CHMCTEMH KaXyTh, IO BOHHW MAalOTh OJHY
cTyniHp BinbHOCTI. [loTeHIiaNbHa eHepris Takoi CHUCTEMU €
byukiiero oaniel 3minnoi x: U=U(X). Hexaii cucrema wmae
MOJIOJKEHHs1  CTilikol piBHOBark. Y 1poMy monoxeHHi U(X) mae
MiHiMyM. ByseMo paxyBaTH KOOpAMHATY X i MOTEHIIATBHY €HEepriio
U Bia nosoxkenns pisaosaru, toai U(0)=0.

Poskmamemo U(X) B psg 1O CTymeHSX X, MPUUOMY
O0OMEXHMMOCh MaJlIMMH KOJIMBaHHSIMH, TaKk L0 OUIbII BHUCOKUMHU
CTYNEHSIMH X MO)KHA 3HEXTYBaTH:

2
VU BY W 20U 10U s o
dX|x=0 2 dx"|x=0 6 dx®|x=0

Ockinbk nipu x=0 TOTeHLiaNbHA ESHEprisl cArae MiHIMyMy, TO ii
nepua noxiaHa B Wik Touui popisHioe Hymo, U’ (0)=0, a apyra
noxizgna e goparnoro, U" >0. Tosnauumo apyry noxigny: U" (0)=k
(k>0), Toni notenuianbHa eHepris (7.3)HaOyBae MPOCTOro BUTIISLY:
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U(x)= % k. (7.4)

Lleit BUpa3 € 3aCTOCOBHMM, SIKILO KOJIMBAHHS € MaJIMMH, TOOTO, SIKIIO
BIAXWJICHHS CHUCTEMM BiJl TOJOKEHHS pIBHOBAarM € MalliM.
KonuBaneHy cuctemy, B SIKOT MOTeHIliaJlbHA €HEPris 3aJIeKUTh Bif
KOOpAHHATH KBaJapTU4HO, Ha3UBalOTh rapMOHIYHUM
ocumnATopoM. Hackinbku mamum Mae OyTH BiIxXuiieHHsS X, abu
Bupa3 (7.4) 6y cnpasemuBum? J[ns uporo tpeba, abu yeTBepTHA

1d% 5

3 X, SAKUM 3HCXTOBAHO, 6YB MaJIUM
6 dX ‘x:O

TOPIBHSHO 3 TpeTiM goaaHKoM, Kx*/2, iKuii 3aHILIeHO:

momaHok B (7.3),

-1

|x|]<< 3k % : (7.5)

dX ‘x:O

Lei#t Bupaz (7.4) cniBmagae 3 BUpa3oM Ui MOTEHIIAbHOI eHeprii
nedOopMOBaHOT MPYKUHM, YWIO MOBEPTalOdy CHJy MOPaxoBaHO 3a
3akoHOM ['yka:

_u

F=
0 X

=—kx. (7.6)

Hamamo yacTuHLU 3MILIEHHS X=@, IICJId 4YOro 3ajUILIHUMO
cuctemy camy no cobi. Ilig mieto cunm Fy yacTHHKa pyXaTUMeEThCs
BiJIMOBIZHO J10 Apyroro 3akony HeroToHa:

mX=—Kx. (7.7)
Beeagemo nozHaueHHs
w=k/m. (7.8)
Ockinbku k>0, To apy — e ailicHa BeTMUMHA;

X +ap*x=0. (7.9)
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B piBHsiHHI (7.7) BpaxoBaHO JiMIlle TIOBEPTAIOYYy CHIIY i 3HEXTOBAHO
JMcUIaLli€to, 30KpeMa, cuiioro Teptsa. KonvBaHHS, SKi BUHUKAIOTh B
CUCTEMi 3a LIMX YMOB, Ha3uWBaiOTb BMACHUMW. BracHi KoJIMBaHHS
BHHUKAIOTH B 130JIbOBAHUX BIJ 30BHILIHIX CHJI CUCTEMAX 31 CJIa0KUM
3aracaHHAM Micas THUMYAacOBOrO 3OBHIIHBOTO 30ypeHHs. IxHiii
XapaKkTep BM3HAYAETHCS MPAKTUYHO TUIBKK BHYTPILIHIMH CHJIAMH,
¢dizuuHOIO TOOYHOBOKO cuUcTeMH. EHeprito B Taky cucCTeMy
BKJIQIalOTh OJIMH pa3, MiJ Yac TUMYAacOBOTrO 30BHILIHBOTO 30yPEHHS.

Po3p’s3kom piBHsHb (7.7) i (7.9) € cuHyc abo KOCHHYyC,
HanpuKian, Woro MokHa 3amucatd y surisiai (7.1). Tlpu upomy
amIUTiTyJa a Ta novaTkoBa (paza @ BimirparoTh poib JABOX KOHCTaHT
iHTerpyBaHHs IU(epeHLianbHOro PiBHAHHS IPYyroro Mopsuky.

Buxoasun 3 mnepiogM4HOCTI TPUTOHOMETPUUHOI (QYHKLIT
KOCHHYCa Ta BU3HAYECHHs mepiony, (a3u KoarMBaHb B MOMEHT 4acy t,
@(t), Ta yepes nepion, P(t+T), po3pizHstoTees HA 27T

[ap(t+T)+ a]  wpt+ al=271 (7.10)

Otmxe T=2m/«yy — ue mepiol BIACHUX KOJUBAHb, SIKi OMUCYIOTHCS
piBHsHHSM (7.7).

3a Bimomum 3mimeHHsaM x(t) (7.1) mopaxyemo IIBHIKICTb
pyxy U(t) sik moximHy 3a 4acom:

u(t)= —awsin(wt+ a). (7.12)

3HaiiieMo 3B'A30K KOHCTaHT IHTErpyBaHHA a i a i3
no4aTkoBUMM ymoBamu. [punycTumo, 110 BiIoMi KOOpAMHATA Xo,
B sKil mepeOyBaio Tijio B nmoyatkoBuii MomeHT, x(0) = Xo, a TakoxkK
HIBUIKICTB pyXy Tina B 1eid MomeHt, U(0) =uy:

Xo= @ cos(@), U= —awsin(a). (7.12)

JInst 3HAXO/KEHHST aMIUTITy 1M KOJIMBaHb @ oTpuMaemo 3 (7.12) sina
Ta COS, a TaKOX CKOPHUCTAEMOCS OCHOBHOIO TPHUTOHOMETPUUHOIO
TOTOXKHICTIO:
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2
U,
+ Y

o= 525

[MopinuBuIM CMHYC MOYAaTKOBOT (a3u Ha KOcUHyc, 3100yTi 3 (7.12),
no30yIeMOcCs aMITTITy 11 Ta 3100y 1eMO TaHT'€HC MOYaTKOBOT (ha3u:

(7.13)

tga= ——20_ (7.14)
XOWO

Hanmpukiiag, sKmo TiloO BUBENM 3 TIOJOXKEHHS pIiBHOBard B
KOOPJIMHATY Xo 1 BIAMYCTHIN 6e3 Mo4aTKOBOT WIBUIKOCTI, Up=0, TO 3
(7.13) aicraemo, o ammaityaa a =, i 3 (7.14) —uo nouatkopa
¢aza a=0.

[Topaxyemo nmoBHY MexaHiuHy €Heprito KonueaHb Ey (cymy
kinetuunoi, 0.5mu?, Ta norenuiansHoi, 0.5, eHepriif):

Eo= 0.5mu?+0.5¢ =0.5ma ap?sinf( at+a)+0.5kalcos(wt+a).
(7.15)

CKOpHCTAaEMOCS THM, 1110, 32 BU3HAueHHsM (7.8), ay’=k/m:
Eo= 0.5ka?=0.5 maa? =0.5kx>+0.5 muy?. (7.16)

[Tinkpecnumo, 110 eHepris KOJKWBaHb € MPOMOPLIHHOI0 10 KBaApaTy
amrutityan, Eql] a.

[IpsMUM po3paxyHKOM MOKaKEeMO, IO CepeaHs 3a 4acoM (3a
nepioa) KiHeTWuHa eHepris koauBaHb, (K), mopiBHIOE cepenHiii 3a
nepios noTeHuiabHii eneprii, (U). 3a BU3HAUYEHHIM CepeIHbOTO

T

josmoidt
_ 2_0 _ My 2. _
(K)=(0.5mu?)= T—‘EJ“ dt=
jdt 0
ma 2 T
=Tjsm (copt +ar)at,, (7.17)

0
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;
[ 05kt

(W=(0.5k)= & :% [x%dt=
[dt 0
0
2T
= % [cos? (apt +a)dt . (7.18)
0

Cepenni 3a mepioJl 3HAuUeHHS KBajpaTy CHHyca Ta KOCHHYca
nopiBHioTh 0.5:

.
(sinz(abt+a)>=(co§(abt+a))=% [ sin? (apt +a)dt =

T T T
-1 Food2uyt +2a) 2 Tt £ [cod2apt + 2a)dt =
Ty 2 ary 2Ty
=0.5% cjo = sin(2at + 2ar) | =0.5. (7.19)

TyT BepxHiii 3HaK BiAMOBiae cepeAHBLOMY 3HAUEHHIO KBajapaTta
CUHyca, HWXKHIA — KocuHyca. [lincTaBUBLIM cepeiHi 3HAYCHHS
KBaJIpaTiB CcHHyca Ta KOCHHyca o piBHsHb (7.17) ta (7.18),
JiCTaeMO:

m“ba ek (7.20)

(K)= 2

3 ypaxyBaHHsM Bu3HaveHHs (7.8) kBajpara BJIaCHOT 4aCTOTH BUPa3H
(7.20) € Toroxkuumu: (K)=0. 25ma)2 2 =(U)=0.2%a’. Tum camum

JOBEJICHO, O CepeaHE 3a 4YaCoM 3HaYEeHHA KiHETUYHOI eHepFII
FapMOHi‘-IHOFO ocUnnATopa ,D,OpiBHI-OG cepeHbOMy 3a 4acoMm
3HAYEHHI0O noTeHUianbHOi eHeprii. Tobro MMoBHa MexaHidHa
eHepris rapmoHiuHoro ocmumsTopa Eo= 0.5k&, sky 3m06yTo
B (7.16),B cepeqHbOMY MOPIBHY PO3MOALISETHCSA MiJK KIHETUUHOIO Ta
MOTEHL1aJIbHOIO.
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7.2. JodaeaHHs1 KonueaHsb,
siKi ei06byearombcsi 8 0OHOMY HarnpsiMKy

OnuH i3 METoAIB B
JOJaBaHHS KOJMBAaHb, SKi
BinOyBalOTbCS B OJHOMY
HamnpsMKy, TIPYHTY€TbCS
Ha BEeKTOPHHUX Jliarpamax.
BektopHa giarpama —
e cxema, IO rpadiuHa
300paXky€e KOJIMBaHHS, 1110

OalOThCd, a  TaKoX A HC

€3yJIbTYIO4YE KOJIMBAHHS .
PE3YIIbTYIO . Puc. 7.1.BekropHa miarpama
Y BHUIJISIAI BEKTOPIB Ha

mionyHi. TexHika BEKTOPHHMX [iarpam IOJIATa€ B HACTYITHOMY.
BizbmeMo Bichk, mozHauuMo 11 x (puc. 7.1). SIKIo BEKTOp JOBXKHUHH d
obepraTi 3 KyTOBOI WIBHKICTIO GJ TO TPOEKIlis KiHIA BEKTOpa
MepecyBaeTbesl B3IOBXK OCi X Bil —a A0 d, NPUUYOMY KOOpIAMHATa
3MIHIOEThCS 32 FTAPMOHIYHUM 3aKOHOM: X=acoS(al+ Q).

[lokaxkemo, sK JOJAIOTbCA JBa TapMOHIUHI KOJIMBaHHS
(x;=acos(t+ ay) Ta x,=a,COS(wpt+ @,)) OAHAKOBOrO HAMpsIMy Ta
JOBUTBHUX aMIUTITY [ (a1 Ta ap) i 9acToT () i ap). Pesynbryrounii pyx
Tina, o Oepe y4acTb BOAHOYAC y LIMX ABOX KOJMBAIBHUX pyXax,
€ CYyMOIO 3MillleHb X7 Ta Xp. Lli konuBaHHS 300pakyBaTMMEMO 3a
JIOTIOMOTOI0 BEKTOpIiB & 1 dp. PesynbTyroumii pyX OmuUCyeTbCs

NPOEKLIIEI0 CyMU BEKTOpIB & 1 &p Ha HampsIMOK OCi X! Xo=X1+X».
JloBxxuHy BekTOopa &g=aj+ 8y BU3HAYAIOTh 32 TEOPEMOIO KOCHHYCIB

(abo, mo Te came, MopaxyBaBILH CKaIIpHUI 100yToK (&g, dg)):
002: a12+ 022 —2a1a2cos(7T—( ¢2 _¢1)):a12+a22+23132005(¢2 _¢1) . (7 . 21)

Tyt ¢= wit+a — daza konuBaHb X1, $,= wt+ Q, — daza konuBaHb
Xp. TanreHc kyra @ MK BeKTOpOM &y 1 HampsIMKOM oci

X BU3HA4YaeEMO 3 TNPIMOKYTHOro TpPUKyTHHKa ABC 4K YacTKy
nporunexkHoro  karera BC  (IBC|=|BD|+|DC|=|BD|+|HE|=
=|BE|sing,+|AE|sing ;=a;sing;+a,sing,) no mnpuiexHoro AC
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(JAC|= |AH|+|HC|= |AH|+|ED|= |AE|cos¢,+|EB|cosp;= a,Cosp -+
a,c091):

ay sing, +ay sing,
a8 COSPy +a, COSPy -

t9do= (7.22)

Takum 4YMHOM, JOJAaBaHHS KOJMBaHb MOYKHAa 3BECTH [0
JOAaBaHHSA BEKTOpIB. 3ayBaKMMO TaKOX, LIO METOA BEKTOPHHX
JiarpaM He 0OMeXyeThCsl TOJJaBaHHSAM JBOX KOJMBaHb, a MOxe OyTH
y3arajibHEeHW Ha BUMAJOK JOBIIBHOI KiILKOCTI KoJuBaHb. [ onoBHe,
HaeTbes Mpo KOJIMBaHHS, SKi BiIOyBalOTHCS B OTHOMY HarpsMKY.

7.3. Bumms

PosrnsiHeMo  BaknMBHMI 3 TOUKM 30py  NPAKTHYHUX
3aCTOCYBaHb OCOOJIMBUI BHWMAJOK JIOJAaBaHHS JBOX TapMOHIYHHX
KOJIUBaHb OJIHAKOBOTO HAMpPSIMKY, SKi Mallo BIAPI3HAIOTHCS 3a
4yacToTol. Pe3ynabTaT Takoro JoJaBaHHS MPUWHATO Ha3WBATH
ourtam. BUTTA moxHa po3rnsgaTv sK TrapMOHIYHE KOJMBaHHS,
aMIUTITy/Ia SKOTO TMOBUIBHO 3MIHIOETBCS 3 YacOM 3a TapMOHIYHUM
3aKOHOM.

Jlns crnpouieHHs] TPUTOHOMETPUUHUX (OPMYIT PO3TIISTHEMO
JETabHO TPaHUYHHUM BHUMAMOK [OJABaHHSA JBOX KOJIMBaHb, SKi
BiIOYBAIOTHCA B OJHOMY HAMNpPSAMKY 3 OJHAKOBUMH TMOYATKOBUMH
(dazamu Ta aMIUTITYJaMH,

X1=acosud, X=acos(wt+Awt, Aw<<w (7.23)

Lle cnpoueHHs na€ MOXIMBICTh MPU OOUMCIEHHI pe3yJbTYIOHOro
KOJIMBAHHS X=Xx;+X, BHHECTH CIUIbHY aMIUNTYyQy 3a IyKKH |
CKOPHMCTAaTUCh BIJOMHM 3 TPUTOHOMETpil BHpa3oM JUIs CyMH

B-a Bra.
2 2

KOCHHYCiB, COSO+COSS =2C0S coS

X=X1+Xo= [2acosﬁ7m Jcos(wt+ %dt ). (7.24)
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3aBnsku ymoBi Aw<<w 3a

yac, 3a KM MHOXKHUK COSwt o RS
poouTh oJlHe MOBHE X
KOJIMBaHHS,  MHOXHHUK Yy |
KBajJipaTHUX nayxkax B (7.24)

Maibke He 3MiHIOeTbes. Lleit \[WV U

—-
[
\
-

Ak

MHOKHUK, [2acos—], K

2 ‘ ‘ yeet
Ha3MBaIOTh aMILTITY/I010 T T
6urri aGo ornHarouoio (puc. Puc. 7.2.burT4 B pa3 1ogaBaHHA
7.2). OruHarouy MoKa3aHO Ha KOJIVIBaHb i3 OJTHAKOBHMHI
pHuc. 7.2 WITPUXOBOIO JIHIEO. aMIUTITY 1aMU
Iepion PE3YNBTYIOUUX
KOJIMBaHb MPUOIM3HO
30iraeTbcs 3 nepioaoM ¥ Y
KOJTMBaHb (7.23), o R
nonaroThbes, T=271(wt %))z /\ ]\ ]\ {\ I ;

A A

2mlw Tlepion Owurtie Ty \j "
BU3HAYAIOTh SIK HAWKOPOTILMH L NI
MPOMI>KOK yacy MiX i 1 T
MOMEHTOM t, KOJIA 4
pesynbryroue konuBaHHs X(t) Puc. 7.3.burts B pasi monasaHHs
Jocsrae MaKCUMAaJIBHOT KOJIMBaHb 13 PI3BHUMHU aMILNITY AaMU

aMIUTITYyJ¥, Ta HAaCTYMHUM MoMeHToM t+ T}, konu amrutityaa X(t)
. Aat .
3HOBY CTaHe MaKcHMallbHOWO. 3a Leill uac dasa > aMIUTITy I

AaT
b = OTXKe, AKIIO IOJAFOTHCS [IBa

OUTTIB 3MIHIOETBECA Ha

KOJIMBAHHS 3 UUKJIIYHUMH YaCTOTAMH &) 1 G, TO Tiepioa OUTTiB 1) =
21T

W~

AMIIITYAM 8; i @ KOJMBaHb, IO JOAAIOTLCS, MOXKYTh He
crmiBmazaTH, Xx;=aiCOSd, Y=a,cos(tAawt. Tomi (puc. 7.3)
MiHiMalbHe 3HAueHHS OrvHaruol, |y—ap|, otpumyemo 3 (7.21) 3a
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YMOBH, IO KOJIMBaHHA BiAOyBaloTbcs B mpoTudasi, a,=a+7T, a
MakcumasbHe, (83+8), — KONMM KOJIMBaHHSA X1 i Xp BifAOyBarOThCS y
(hazi, a,=ay. SIBHUI BUpa3 AJI1 OTMHAIOYMX, SIKi 300pakKeHO Ha puC.
7.3 1UTPUXOBUMHM JiHisIMH, 3000yBaemMo 3 piBHsHHS (7.21):

i\/ a12 + a% +2&ay cos(dat ) . Ilepion pe3ynbTyrOuMX KOJIMBaHb, SIK

i mepion OWTTIB, y LbOMY 3arajJbHOMY BHUIMAIKy BM3HAYAETHCS TaK
camo, K i B YaCTUHHOMY BUTIAJKY, 83=8yp, PO3MJITHYTOMY BHILE.

7.4. [JoOaeaHHs 83a€MHO neprneHOUKYISPHUX

KoJsiueaHb
Hexait MaTepiajbHa
Touka  Oepe  ywacTb Yy b — -
KOJIMBAILHOMY PYCi B3JIOBXK OCi ] )
X 1 omHOYacHO — Yy 1 ;

KOJIMBAJILHOMY PYCi Y3/I0BX OCi /
v (MepreHauKyIApHOT 0 OCi X). ]

Bu3HaYUMO TPAEKTOPIIO pyxy -b1 —

MaTepiaJbHOI TOYKH B IHOMY -a a
BUIAJKY. Tounemo 3 Puc. 7.4.TIpAMOKYTHHK, ycepeauHi
HaWMpOCTIIIOrO BUMANKY, KOJIN SIKOTO MICTUTBCS TPAEKTOPIs PyXY,
obunsa KOJIMBaHHs sIKa BUHUKA€ BHACIIIOK JOaBaHHS

BiIOYBalOTbCS 3 TIEKD CAMOK  JIBOX MEPIEHANKYJAPHUX KOJUBAHb
4acToTOlO.

x=acoSat, y=bcost+ a), w= w. (7.25)

B (7.25) yac t paxyerbcs Tak, abu moyaTkoBa (ha3a MepIIoro
KOJIMBAaHHSI IOPIBHIOBAJIa HYJIIO B TIOYATKOBUI MOMEHT. 3 3arajibHUX
MipKyBaHb, BPaXxOBYIOUHM OOMEXEHICTh (PyHKIIIT KOCHHYyca, MOXKHA
onpady ckaszaT, 1o Tpaekropis (7.25) nexuTe BcepenuHi
NpsSIMOKYTHHKA 3i cropoHamu 2a Ha 2D (puc. 7.4).

g 3HaXOHKEeHHS TPAEKTOPIi pyXy MaTepialbHOI TOUKH CITif
BUKJIIOYMTH 4ac i3 piBHaHb (7.25). 3 piBasnnas (7.25) mis
KOOPJMHATH X MAEMO:
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X . X2
coswt=—; (7.26)sinwt=%,[1-— . (7.26)
a

a2

CKOpHCTAaEMOCSI TPUTOHOMETPUYHOIO (POPMYJIOI0 IJIsl  KOCHHYca
CyMH B Jipyromy piBHsHHi (7.25):

%:cosa)t coxr —sinwt sing. (7.27)

[TincraBumo Bupasu uis COSwt i sinawt 3 (7.26) 10 (7.27):

2

=Zcosa¢ 1-X_sina. (7.28)
a az

o<

AGu mno30ytucst nBo3HawyHOCTI B piBHAHHI (7.28), mepeHecemo
nepiIni T0AaHOK 3 MPaBOi YaCTUHM [0 J1iBOT Ta MiJIHECEMO PiBHSIHHS
B KBaJIpar:

2 2
(X—Zcosaj =|1-%_|sin?a. (7.29)
b a a2
3n06yTte piHsiHHA (7.29) TpaekTopii pyXy marepialibHOI TOUKH, sSKa
Oepe ydvacTb BOJHOYaC Yy JBOX B3a€EMHO MEPHEHIUKYIISIPHUX
KOJIMBaHHSAX 3 OJTHAKOBUMH YacTOTaMH, — Lie PiBHSAHHS eJjirca, Bici
SIKOTO JIOBUTLHO OPi€HTOBAHI BiTHOCHO KOOPJAMHATHUX OCEH X Ta ).
Po3rnsitHeMo 4acTUHHI BUMAJKW TPAEKTOPIi, SKi BTIKAIOTH 3
(7.29). Ilepwmii yacTUHHMIT BUNagok orpumaemo 3 (7.29), skuio
posrisaaTuMeMo cuHdpa3Hi konrBaHHs, a=0:

2
X_ Y| =
(a b) 0. (7.30)

Pisustanst Tpaektopii (7.30) —iie € piBHAHHS NPAMOI, sIKa MPOXOIUTh
Kpi3b MOYAaTOK KOOP/IMHAT:

252

yZE X. (7.31) b
a 4

TobTo, TOYKa, 10
KOJIUBAETHCS,  3MILIYEThCS
o i MPSIMiiA,
BiIJAJIIFOYUCH BiJ] TIOYATKY
KOOpJMHAT Ha BiICTaHb

—a a
=4 X2 + y2 , sika
. . Puc. 7.5.MoxnuBa TpaexkTopist pyxy
MEPIOJUYHO 3MIHIOETBCH 3 . .
MarepiajbHOI TOUKH, fKa Oepe y4yacTb y
HacoM, IBOX B3a€EMHO MEPHEHINKYJIAPHUX

KOJIMBAHHAX 3 OJHAKOBOIO YaCTOTOIO

r=
\/a2 co at +b? cof et =/ a2 +b2|cosa1|. (7.32)

Uepe3 oOMexeHicTh (QYHKLIT KOCHMHYyca TPaeKTOpis TOYKH, LIO
KOJIMBAETHCS, SABJIE€ COOOK He MpsiMy, a BiApi3oK wiel mpsmoi (puc.
7.5).

Jpyruii yacTHHHUN BHIAJOK TPAEKTOpIl pyxy 3700yaemMo 3
3aranbHOro piBHsAHHS (7.29), SKIIO pO3rJsigaTd  KOJMBaHHA B
npotudasi, a=#1T.

b ]
X 'y 2
(— +—j =0. (7.33)
a b
B HbOMY BUIMAJKY
MaTepiajabHa TOYKA b
pyXaeTbcs B3IOBXK BiApizka ‘ ‘ ‘ ‘ ‘
npsiMoi —a a

b PI/IC'. 7.6.]%apiaHT TpaexTopii pyxy
y=——x, (7.34)  MarepianbHoi TOUKH, sika Gepe y4acTb y
a JBOX B3a€EMHO MEPIEHINKYIIPHIX
KOJIMBAHHSX 3 OJHAKOBOIO YaCTOTOO
TOOTO, pPYXa€eThCsl B3/IOBXK

Jpyroi aiaroHaiti npsMokyTHHKa (puc. 7.6), Biamansiouuck i3 yacoMm
BiJl OYATKy KOOpPAMHAT Ha BifacTaHb (7.32).
Tperiii npocTuid 4YacTUHHUN BUMAAOK OTPUMAEMO, SKILIO
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po3risiHeMo 3cyB (a3 KoJMBaHb Q=2£7712. Y 1bOMY BUIMAJKY 3arajibHe
piBHSHHS TpaekTopii (7.29)HabyBae BUTIISALY

2 2
o= (7.35)
a“ b

Pigusitns (7.35) —iie piBHsHHS edinca 3i ctopoHamu a i b. Bunaakw,
IO BIINOBIJAIOTH pi3HUM 3HakaM 3cyBy a3z a=+712 i a=-712
BiPI3HAIOTECS HANpPSAMKOM pyXy 4YacTHHKM Mo enincy. Y pasi
a=+712 cnocrepiraeTbCsi pyx 3a CTPUIKOIO TOJMHHHKA; SKIIO
Q=712 — pyX NpOTH CTPIJIKK FOJUHHUKA.

SKIo YacToTH B3aEMHO MEPHEHIWKYJISIPHUX KOJIUBAHb €
ONMM3bKUMH, W=+ AW, TO TX MOXKHA PO3IJSIATH SK KOJMBaHHS
OJIHAKOBOT 4YaCTOTH, aje 3 TOBUIBHO 3MiHHOI pi3HMLE (a3,
a(t)= apt+ Aat. Toxi pe3ynbTyrounii pyX BigOyBaeThCs MO KPHBild, sKa
nociinoBHo HaOyBae (opM, 10 BiANOBIAAaOTH BCIM 3HAYCHHSAM
pizHuni Qa3 Big —7700 + 71T
SIKIO 4acTOTH B3a€EMHO MEPICHAMKYJIIPHUX KOJIMBAHb BITHOCATHCS
SK HaTypajbHi 4YMCIa, TO TPAEKTOpil pe3yJbTyIOuOro pyxy €
3aMKHEHMMH 1 MaloThb BHUIJISA AOCUTH CKJIaAHUX Qiryp, ski
nasuBarote pirypamm Jliccaxy®. Ha puc. 7.7 maBeneno ¢irypu
Jliccaxxy gns  Bumaaky  /ap=n/m=3/2. BkaxkemMo cCHilbHI
BiactuBocTi iryp Jliccaxy. Ilo-mepie, sk yxe OyJio 3a3HaYEHO
BHUIIIE, 1i Qirypu MIiCTAThCS BCeperHI MPSIMOKYTHHKIB 31 CTOPOHAMH,
110 € MapajieIbHUMH 10 KOOPAMHATHHUX Ocei, TOBKUHOI 2a (Yy310BiK
oci abcuuc) Ha 2D (y3m0Bxk Oci opauHAT). ['eOMETpUYHHIA ICHTP 1IUX
NPSMOKYTHHKIB CHIBMagae 3 TmoyaTkoM KkoopauHat. [lo-mpyre,
ockiibku N/MF3/2>1, To MarepiajibHa TOYKA IIBHIIIE PyXaeTbhCs
B3OBK OCi X 1 yacTillle TOPKAaeTbCs CTOPiH, MapajiebHUX OCi
OpaWHAT: Ha puc. (.7 y 3araJbHOMY BHWNAJAKYy TpaekTopii Tpudi
TOPKAIOTbCSl BEPTHUKABHUX CTOPIH 1 JABiYi — TOPHU3OHTANbHUX.
BuHsATOK cklaaroTh BUMIAAKH, KOJIM 3CyB (a3 JOpiBHIOE HYJHO (pHC.
7.7 a)) Ta 712 (puc. 7.7r1)), ToAi BinOyBaeThcs BUPOMKEHHS (KOpeHi
CHIBMAAIOTh).

% Jliccaxy (Lissajons)ions Autyan (1822-1880),ueH-KOPECTIOHAEHT
[Mapwmsbkoi AH. Binomwuii Takox cBOiMM poOOTaMM 3 aKyCTHKH Ta ONTHKH.
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oi=3m22
MAip=m/4

. o Ap=pz—
Ap=m/2 Ap=5m/8 Agp=3m/8

Puc. 7.7.®@irypu Jliccaxy y Bunaaky c/ay=3/2 nis pizHux 3cyBiB ¢a3

7.5. 3acacaHHs KonueaHb 3a paxyHOK
@HYympiwHbL020 mepms

PosrnsiHeMo B 1bOMY MiJIpO3/iJi 3aracaHHs KOJWBAaHb 3a
pPaxyHOK BHYTPIIIHBOTO TepTs, SKe CYNPOBOIKYE, 30KpeMa, pyx
MaTeMaTHYHOTO MasTHUKAa Kpi3b TMOBITpA. Y HalmpocTimomy
BUMAJIKY CHJIa BHYTPILIHBOTO TEPTS € MPOMOPLIHHOIO 1O HIBUIKOCTI:

F= —r X, (7.36)

ne >0 — crajma, sKy Ha3uBalOTh KoedillieHTOM omopy. 3a
posmipuicTio [r]=kr/c. Bupas (7.36) MoskHa MOSCHUTH, BUXOJAYHU 3

255



MPOCTUX AKICHUX (i3UYHUX MIpKyBaHb. 3 JIOCBiy BiJIOMO, IIIO CHJIa
BHYTPIIIHBOTO TEPTA 3aJICKHUTh Bil IIBHUAKOCTI, 3 SKOIO TiJIO
pyxaetbes Kpizb cepeposuiie, F,= F,,(X). Skuo mBuakicts pyxy €
JIOCTaTHRO MAaJIOI0, MO 3aJIEKHICTH MOXKHA pO3KJIacTh B psd |
BiJIKHHYTH JOJaHKH OiJIbIIl BUCOKOT'O TIOPS/IKY MaJIOCTi:

Fo(x)= F,,,(@+di'rn X+... (7.37)
dX |x=0

[Mepmmii  nomaHok B pany (7.37) mopiBHioe Hym0, 60 cuia
BHYTPIIIHBOTO TepTs BiacyTHs, F,(X)=0, sKio Tino He pyxaeTbes

Fin = —I npu Apyromy
X |x=0

BiTHOCHO cepenoBHina, X=0. MHOXHHK

noaanky B (7.37)mae OyTH B’ eMHUM, 060 CHITy BHYTPILIHBOTO TEPTS
3aBXKJU HAMpaBJIeHO TPOTWICKHO JO IIBUAKOCTI Tima. AOH
poskiaaanHs B psa (7.37)0yo cripaBeyTUBUM, HIBUIKICTh Ma€e OyTH
MaJIOK0 TOPIBHAHO 3 SIKOIOCh XapaKTepHOW IIBHIKicTiO. bes
JTIOBEJICHHSI BKa)KEMO, IO I[I€}0 XapaKTePHOK HIBUIKICTIO Mae OyTH
HIBUJIKICTH 3BYKA.

3a HajgBHOCTI CHJIM BHYTPILIHBOIO TEePTS IPYyrHid 3aKOH
HetoTona HaOyBae Burmisny:

mX=-kx -rX. (7.38)

3 Touku 30py Teopil AudepeHIiabHUX pIBHSIHb 1€ PIBHAHHS €
JiHIAHUM  OOHOPINHUM OWdepeHLiaJbHUM  PIBHSAHHAM  APYroro
MOPSIIKY 31 cTANMMU KoedillieHTaMu, po3B' 30K SKOTO 30BCIM He
BAKKO 3HAWTH, CKOPUCTaBIIMCH CTaHJAPTHOKO  ITiJCTAaHOBKOIO
Eiinepa: X(t)=aexp@t). IMokaxemo, Ik MOKHA JIHTH LBOTO K TaKu
BHUCHOBKY, CNHpalo4uch Ha Qi3udyHi MipkyBanHsa. Jns 1poro
PO3IJISIHEMO J1Ba IPAHWUYHI BUTTAKH.

VY mepuiomMy BHUMaAKy BBaXKaTUMEMO 3aracaHHs MajliM — Lie
Jla€ MOXKJIMBICTb CKOpHCTaTHCSl pe3ynbTaramu maparpady 7.1, B
SKOMY JIOCII/PKEHO Majli KOJMBaHHS Oe3 3aracaHHs. HasBHicTh
3aracaHHsi TpPU3BOJWTH JIO PO3CISHHS eHeprii KoyiMBaHb (OMB.
dopmyay (7.16)), omke, 10 3MEHIIEHHS aMIUTITYAX KOJIMBaHb. SIK
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aMIUTITY/la 3aracalounX KOJIMBaHb 3MEHINYEThCs 3 YacoM? Binmoeins
Ha 11 MUTaHH] MOYKHa 3100yTH, CIMPAIOYMCh Ha 3aKOH 30€peKeHHs
KiHeTH4HOi eHeprii (nuB. maparpa¢ 3.3, popmyny (3.21)).ITporsarom
OJTHOTO TIepioay eHepris komuBamb, 0.5MU% ., cTabKo 3MeHITyeThCS
3a paXyHOK POOOTH CHJTU TEPTS:

T
0.5M[ U2l T) = UZma0)] = [Fdx. (7.39)
0

. o 2 2 .
Ockinbku fneTbes npo ciadke 3aracaHHs, UmadT)= U mad0), niBy
yacTuHy piBHsAHHA (7.39) MOXKHa MPUOIM3HO MepernucaTd B TaKHid
crnoci6:

0.5M 02 nalT)— Umax0)] =0.5m limax(T)— UnmaskO)] [ Umak T) # Umax(O)]

=M UnaUmax (7.40)

TyT AUnax — le Masia 3MiHa aMIUTITYJHOTO 3HAYEeHHS IIBUAKOCTI
npoTsaroM nepiony, Atmax= UnadT) = UnaX0).
[Topaxyemo poboTy cuit TepTs:

T T T dx
[Fmdx=[(= rjdx=—r Xt (7.41)
0 0 0

OCKiJIbKH MU BB@)KA€EMO BIUIMB 3aracaHHs Ha KOJIMBAaHHS MPOTITOM
OJTHOTO TMepiofay MaiauMm, ckopucraemocs B Qopmyni (7.41) mis
sanexHocTi X (t) Bupazom (7.11):

T T
[ Fndx=-r [a2af sin? (cpt + a)dt . (7.42)
0 0

BisbMeMO 10 yBard, 00 KBagpaT aMIUIITyIHOrO 3HA4YEHHS
mBuakocti B (7.42) w? =0% i CepellHE 3HAYEHHs KBajpara
cuHyca 3a nepioa gopisHioe 0.5 (@us. (7.19)):
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T
[ Fndx==r0%nax 0.5T. (7.43)
0

BizbMeMo 110 yBary, 1o eleMeHTapHUi MpoMixkoK Yacy dt, mporsarom
SKOrO B KOJMBaIBHIM cucTeMi BigOynaucs Mami 3MiHM aMIUTITYAd
KOJMBaHb, — Le nepiod, T— dt IlincraBuBum pesynsratu (7.40) 1
(7.43) nmo (7.39), 3nobyBaemo nudepeHiiaabHe pPIBHAHHS IS
aMILTITYIH IIBUAKOCTI Unay

MUnaxdUmai= =T U%max 0.5, (7.44)
Beenemo no3HaueHHS
B=rl(2m), (7.45)

SKe CTaHe B HArofi TakoX i B MOAaNbLIOMY. 3 ypaxyBaHHSM LbOTO
no3HaueHHs piBHsHHs (7.44)Ha0yBae TAKOro BUIIISIY:

Dmax — i (7.46)

Umax

Po3B’ s3xoM piBHsiHHSA (7.46)cayrye eKcrioHeHTa:

UmaXt)= Una{0)eXpEA). (7.47)

KoedivieHT 3aracaHHs [S3a posmiphicTio [B]=1/c. Moro e inkonu
Ha3WBaKOTh JeKkpeMeHToM (Bix aHrjiiickkoro mieciioa t0 decreasp
®i3nuHmii 3MIiCT JeKpeMeHTa MosArae B TOMY, 1o [ JOpiBHIOE
qacy, MPOTATOM SKOTO aMIUTITyAa KOJMBaHb 3MEHILYETHCS BiX
MOYaTKOBOTO 3HAYECHHS 710 3HAYEHHS, MEHILIOTO B € pasiB.

Buxonsun 3 pesynbrary (7.47), skuii Tmokasye, 110
aMIUTiTyJa KOJMBaHb, SKi 3aracaroTh 4Yepe3 BHYTPILIHE TepTH,
3MEHLIYETbCS 3 YacOM 3a EKCTMOHEHTOI, LIYKaTUMEMO pO3B’ 30K
piBHsHHs (7.38)y BUrIAni

x(t)=ae™cos(t+ a). (7.48)

[lIBuaKicTh X 1 MPUCKOPEHHs X MaTepialibHOT TOYKH, SKi
BXOJATH A0 piBHAHHSA (7.38),10piBHIOIOTH:
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x ()= —yage™cos(ut+ a) —ane sin(at+ a), (7.49)
% (t)= YPage Mcos(ut+ a)+ 2ayae sin(at+ a) —afae cos i+ a).
(7.50)

SIKIO CKOpHMCTATHUCh BW3HA4YeHHsMH BiacHoi uactotd (7.8) i
nekpementa (7.45), To pieasHHs (7.38) 3aracaroumx KOJHBaHb
Ha0yBa€e HACTYITHOTO BHUIJISLY:

X+203 X+ ay’x=0. (7.51)

[MincraBumo no (7.51)sieui Bupasu (7.49)i (7.50) mis mBuaKocTi Ta
TIPUCKOPEHHS, BUHECEMO 3a Jy’KKH CITUIbHAN MHOXKHUK 808 ", skuii
JTIOPIBHIOE HYJIIO JIMIIIE 32 YMOBH t — c0; Ta 30epemMo Mo1ioHi:

ae"{ cos@t+a)[ ¥ ~f —2By+ay’l+ sin(at+ a)[2wy-2Baf}=0.
(7.52)

PigusiHast (7.51) MOokHa 3a0BOJBHUTH UIsS JOBUTBHOTO MOMEHTY
Yacy, JIMIIe SIKIIO BUPa3H B KBaJpaTHHUX JyXKax nepex COS(t+ a) i
Sin(ai+ @) BogHOYAC AOPIBHIOIOTH HYJIHO:

v=B, F=w>-pB>. (7.53)

Takum 4MHOM, SIKIIO 3aracaHHs Yepe3 BHYTPILIHE TepTs € He
HAaATO CWIBHUM, (<), TO MaTepialbHa TOYKa KOJIMBAETHCS (pHC.
7.8) 3a 3akoHom (7.48) i
BCTHrae  3poOWTH  KiJbKa

KOJIMBaHb MepeJl TUM, sKa TXHs e

amMIuTiTYAa MOMITHO -
3MeHINUThea. Ilpm  mpomy /\f\ ;
gactora KomuBaHb (7.53) € \/ PVARNZ
MEHILOIO 32 BJIACHY 4YacTOTY, [
weeyBlRaw)< @, Ha

BEJIMUMHY, KBaJpaTU4Hy 3a
KoedilienToM  omopy  [.

Awmnnityna KOMMBAHD,  p, 7.8 3anexHicTs KOOPJAMHATH Bif

—q A ; .
a(t)=ace™, excroHeHUiaNMbHO 4acy B pa3i 3aracaHHs KOJIMBaHb Yepe3
3MCHIIYE€TbCA 3 qyacom, BHYTpILIHE TEPTA
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nekpement (7.45) € niniliHum 3a koedimientom omopy. Ha puc. 7.8
OrMHAIOUY MOKa3aHO ITPUXOBOKO JIHIEHO.

B ekcriepyMeHTi 3pydyHO BH3HAYUTH 4YAaCTKy aMIUTITY]
alt) _
at+T)
Jlorapudm 1iel yacTku Ha3UBAIOTH NOrAPUPMIYHUM AEeKPEMEHTOM
(3aracanns):

KOJIMBaHb B JIOBUTHHHMI MOMEHT Yacy i 4epe3 mepiof,

_alt) _
ﬁr—lnm—/‘. (754)

B Tepminax rorapudMidyHOro JAEKpEMEHTY aMIUTiTyJla KOJIHMBaHb
3aMKMCYEThC  Tak: a=aeXp(-AUT). @DisuyHuii 3MicT MOHATTS
«rorapuMidHUil JeKpeMeHT» ToNiirae B HacTynmHoMmy. Benuumna
1//\ Bu3Hauae, CKibKM KOJIMBaHb Ma€ BiAOYTHCh, abM iX amIuIiTyaa
3MEHILMWIACh B € pa3iB.

3  norapudMiyHUM  JEKPEeMEHTOM  TIOB's3aHa  Taka
XapaKTepUCTHKA KOJIMBAIBHOI CHCTEMH, 5K 1T JOBPOTHICTE Q. BoHa
BU3HavyaeTbess Tak: Q=77/1. AGu mnposicHuTH (i3MYHHMI 3MicT
JNOOPOTHOCTI, HAraJaeMo, 110 EHepris 3aracarouuxX KOJHBaHb
3MEHLIY€EThCS 3 YaCOM MPUOIM3HO 32 €KCMOHEHTOIO!

2 2 2
E= k)z( + m;’ = kgo e 2Bt < g2t (7.55)

3BifcH JicTaEMO, 1110 IIBHIKICTh 3MEHIICHHS €Heprii KoJIWBaHb, SKi
3aracarOThb 3a MEXaHi3MOM BHYTPIlIHBOIO TepTd, MNPHUOIU3HO
JIOPIBHIOE

dE

E :—Zl[gEoe_zﬂt: —ZIBE (756)

IHIIMMK crioBamU, SIKIIO 3aracaHHs € A0CTaTHbO ciabkum, /1<<1,
3MEHILEHHs eHepril KOJMBaHb 3a Mepiof € MPONMOPLiHHUM 10 eHeprii
KOJIUBaHB,
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—AE=2BTE=2/E=27EIQ a60 =23. (7.57)
T

-AE
Takum unmHOM, Mpu c1abKOMY 3aracaHHi KOJIUBaHb, JOOPOTHICTH i3

TOYHICTIO JI0 MHOXKHUKA 277 JOPIBHIOE 4YacCTIi eHeprii, 110
HaKONMUYEHA B CHCTEMi B JIaHUI MOMEHT, JI0 ii BTPATH 3a Mepio/.

IMpu (= nepion konuBaHb T — 0o, TOOTO pyx TMepecrae
6ytu nepionuunum (nus. (7.53)).

SIKIO BHYTPILIHE TepTs € HeMaluM, 5> ap, Bupas (7.53) s
BJIACHOT YacTOTH BTpayae ceHc. Y IbOMY pasi CIyIIHO 3BEPHYTHCh
JO TPaHWYHOrO BUMAAKY, LIO € MPOTHJIEKHHUM A0 PO3MIISHYTOrO
BHILIE, a CaMme, JI0 BUIMAAKy CHIIBHOTO 3aracaHHs: 5>> ap. [1pu upomy
PIBHSIHHS 3aracaro4ux KojuBaHb (7.51)cnpouryerbes:

%+20 x=0. (7.58)

Po3p’s30k piBHsHHA (7.58) 3anmcyeTbcsi B TepMiHaxX €KCHOHEHTH:
x(t)=ae®. Taka sanexmuicts Bigxunenns X(t) martepianbHOI TOUKH
BiJl TIOJIO’KEHHSI PiBHOBAry cepejl iHIIOro 30iraeThCs 3 MOBCAKICHHUM
noceigoM. ToMy mykaTuMeMo po3B’ 30K MOBHOTO piBHsAHHA (7.51)y
sursni X(t)=a exp(t), sk Toro it Bumarae Teopis TudepeHIiaTbHIX
piBHsHb. [lincraBuBmm Ttakuii Burasa X(t) mo pisasuas (7.51),
JiCTaEMO KBaJIpaTHEe PiBHIHHS Ha A:

A2+2B+ ay’=0. (7.59)

Pigusinns (7.59)mae nBa po3B’ s3ku:

M=\ B% - . (7.60)
Tyt iHmekc «1» B KOopeHs BiANOBiAae 3HaKy «+» Mepen paguKalioM,

==L+ 2 a% , Ta iHAEKC «2» —3HaKy «» A=~ 52 _“‘6 :

HasiBHicTh came aBOX po3B’s3kiB KBampaTHoro piBHsHHsA (7.59)
BiJIMOBIZIA€ TIOJIOXKEHHIO Teopii JUdepeHLialbHUX PIBHAHL TPO Te,
o JiHiliHe audepeHLiabHe PiBHIHHSA APYroro MOpsAKY, SIKUM €
piBusiHHA (7.51),Mae nBa MiHIHO HE3aIeXKHI PO3B’ A3KH:
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X(t):a1 eXp@lt) +a, expﬂgt). (761)

3a3HauuMo, 110 APYruil AoaaHoK B cyMi (7.61) mBuamie 3a nepuuii
3MEHIIY€eThCs 3 YacoM, A; >A,. Pi3HUIS MK TeMrnamu 3MEHIIECHHS
LMX JAOJAHKIB TUM OUTbIIE MPOSBIISETLCS, UMM Oijibllie 3aracaHHs. B
HaOMmKeHHI S>> @) A JgekpeMeHTiB  A;, MaeMo  HaCTyIHI
MpuOIN3HI BUpas3u:

A==a’l(2P), 1:=-2B+ w*l(20). (7.62)

Skumu 6 He Oynu aekpemeHtH, cyma (7.61) mo3basneHa Oyab-IKUX
03HaK KOJIMBAJILHOTO XapakTepy — i y >KOMHOMY pa3i He BIACTUBUH
HISIKMIA TIepioJl, TOMy TakMd pyX Ha3WBalOTh anepioguyHuMm (puc.
7.9).

3anexHo Bif
MOYaTKOBUX YMOB MOXJIMBI
JBa MPUHLIUIIOBO pi3Hi
XapakTepu anepioguuHOro
pyxy. ko, Hampukiaz, !
BHUBECTH CHCTEMY 3 CHJIbLHUM
BHYTPILIHIM TePTAM 3
MOJIOKEHHS ~ piBHOBarM  Ta
3aIMIIMTA Yy  crokoi  (abo
HECWJIPHO  INTOBXHYTH), TO
BOHA TMOBUIBHO TOBEPTATUMETHCS 1O PIBHOBAKHOTO TMOJIOXKEHHS
(cyuinbHa kpuBa Ha puc. 7.9). Skimo >k micas BHBEJACHHSA 3
MOJIOXKEHHS1 piBHOBAark CHUCTeMi HaJaTH BEJMKOrO 3Ha4yeHHS
WBUIKOCTI Yy  HampsAMKy  JIO  TIOJIOKEHHS  piBHOBAarw,

| Uo|>|Xo|(B+ y B2 - ), TO BOHA MOKE OfIMH pa3 MPONTH MOJNOKEHHS
piBHOBAr# i MOBIJILHO MOBEPTATUMEThCS 0 HHOTO (IITPUXOBA KPHBA
Ha puc. 7.9).

L
==

Puc. 7.9.Anepiognuannii pyx

7.6. 3acacaHHs1 KonlueaHb 3a paxyHOK mepmsi
KO@3aHHS

PosrnsiHemMo 3aracaHHsl JIIHIWHMX KOJMBaHb 32 PaxyHOK
TEpPTs KOB3aHHs, SKE CYMNPOBOKYE, 30KpeMa, pyX Tina Ha

262

TOPU3OHTAJIbHINM TMOBEPXHI TMijJ i€ CUIIM TpYKHOT Jedopmartii
npyXMHd. B 1poMy BUMaAKy CHIy TepTs KOB3aHHs, SK 3aBXKIH,
CTPSIMOBAHO MPOTHJICIKHO BEKTOPY LIBUAKOCTI:

mX=—kx —umg sign(x). (7.63)

Tyt ¢dyHkuis Sign Bu3Ha4YeHo Tak, mo SIgN(X)=+1, skwmo Tino Ha
NpYXHHI pyXaeTbcs B3IAOBXK oci x; 1 Sign(X)=-1, skmo Tino
pyXaeTbcs POTH OCI X.

Konwu Tijto pyxaerbes B3A0BXK oci X, piBHsHHS (7.63)Ha0yBae
BUIJISLY

mX=—kx — umg. (7.64)

Pigustinst (7.64)3BoauThes 10 cTaHAapTHOrO BUrisay (7.7)3aMiHorO
Q1=X+Xo, ae Xo=tMg/k mcy = —kap. [Inst HoBoOT 3MiHHOT g PO3B’ A30K:
J1=a;Cos(t+ a1), — € nobpe Bimomum. OTKe, KOOpIHHATA LLOTO
TiJIa 3MIHIOETHCS 3 YACOM 32 3aKOHOM:

X(t)=ascos(wpt+ a1) Xo. (7.65)

3a3HaurMo, 10 HAABHICTh TEPTS KOB3aHHS HE BIUTUBAE HA 4YACTOTY
KOJIMBAHb Tilla HA NIPYXHHi, (b =K/m

PosrnsitHeMo ans  BM3HAYEHOCTI 3a/ayy 3 HACTYIMHUMH
MoYaTKOBUMH yMmoBamH. Tino Oyno BHUBEOEHO 3 TOJOXKEHHS
piBHOBaru i BinmymeHo Oe3 HajaHHS HOMY MOYATKOBOI INBUAKOCTI,
X(0)=-A, Xx(0)=0. Ab6u
3aJI0BOJIbHUTH o0paHuM 1
MOYaTKOBUM yMOBaM,
KOHCTAHTH IHTerpyBaHHA &
i ap ciig oOpaTH B HACTYMHUI
cnoci6: =0, a;=X,—A4 (puc.
7.10) Konu MUHAE
MIiBMEPIOy, TUIO 3yMUHAETbCS
B Toutli X(T/R2)=A-2x,. Tlpu

pOMY TUIO BIAJAJICHO BIN Puc. 7.10.3aj1exHICTh KOOPAMHATU

noJ10’keHHs piBHoBark x=0 Ha BiJ 4acy B pa3i 3aracaHHs KOJMBaHb

BiJICTaHb, 1[0 € MEHLIOK, HIX 3a PaXyHOK TEPTS KOB3aHHS
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Ta, Ha fAKii BOHO mMepedyBajo Ha IMOYATKy CBOTO pyXy, a caMme, Ha
BEIMUMHY 2Xo.

Micns uporo, T/2<t<T, nouuHaeThCs pyX Tina Hazaj, TOOTO
npotu oci x, sign(X)=—1. Ilpu upomy piBusHHA (7.63) HaOyBae
BUIIISLY

mX=—kx+ umg. (7.66)

Pigusiinst (7.66)3BomuThes 10 cTaHAapTHOrO BUrsAay (7.7)3aMiHOIO
0o=X—Xo. st 3MiHHOT ( pO3B’S30K. (p=a,COS(t+ ad»), € mobpe
Bitomum. KoopanHara marepialbHOT TOUYKHM 3MIHIOETHCS 3 4acoM Y
JOpyruil MiBMepion 3a 3aKOHOM:

X(t)=acos(wpt+ az)+xg. (7.67)

AOM 3aOBOJBHUTH OOpPaHWM TOYATKOBUM YMOBaM, KOHCTaHTH
iHTerpyBaHHs cnmif obpatu Tak: =0, 8,=3%—A4. [lo 3akiHueHHi
nepiogy Tino onuHseTbes B Touli X(T)=4X—A 1 3ynuHs€TbCS.
3a3HauMMoO, IO BIJACTaHb 1O PIBHOBA)KHOTO TOJIOKEHHS 3a Tepion
3MEHILYEThCS Ha 4Xo.

Hacrynni mienepiony, T<t<3T/2, naHe Tino pyxaerbcs 3a
3akoHOM, monionuM a0 (7.65): X(t)=(5%o—A4)cos(t) Xo. Hani,
3T/2<t<2T, — =3a 3akoHoMm, cxoxkuMm H©Ha (7.67): Xx(t)=
(7xo—A)cos(t)+Xo. Pyx 3ynuHSETBCS, KOMU IOCHTIIKYBaHe TiJIo
3YMHUHSAETbCS BCEPEOUHI CMYTH 3aCTOI0, —Xo<X<Xp, ii Moka3zaHO Ha
puc. 7.10 ropu3oHTaIbHUMU UITPUXOBUMH JiHisiMH. J[71s1 BUMAAKy,
SKWi Toka3aHo Ha puc. 7.10, 3ynuHka BiOyBaeTbes Michs JBOX
niepionis, t=2T. MarepiajibHa TOUka HE MOXKE 3PYIIMTH Jai 3 MiCLd,
00 cuna npykHOI AedopmManii NpyKUHU BUSBISETbCS MEHIIOKO 3a
cuity TepTs Koe3aHHs, |KX|<fAMQ i KOMMEHCYeTbCS CHIIOK TepTs
CTIOKOIO.

Otmxe, KOJMMBaHHA, IO 3aracaloTb 3a MEXaHI3MOM TepTs
KOB3aHHS, BiIOyBalOThCS 3 Ti€0 CaMOK YAacCTOTOK, IO 1 BJIACHI
KOJIUBaHHs, IXHSA aMIUliTyJa 3MEHLIYEThCS 3 YacoM He 3a
EKCTIOHEHTOI0, a 3a JIHIHHUM 3aKOHOM: TIPOTATOM KOXKHOTO
niBMepioy aMIuliTy1a KOJMBaHb 3MeHIIYyeTbes Ha 204mg/k
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7.7. BumyweHi KonueaHHs1 3a yMoeU 3a2acaHHsl 3a
paxyHOK 6HympiwHL020 mepmsi

PosrnsiHemo Terep KOMWBaHHS, SIKI BiIOYBArOThCS il €O
30BHILIHBOI NepiognyHOol cuiH. JIisi CripoleHHs] BBaKATUMEMO, IO
sl crJla 3MIHIOETBCS 3a rapMOHiIuHUM 3akoHOM, F(t)=Fcos@t+ a).
VYpaxyBaBilld B 3aKOHi JIMHAMIKA HAsSBHICTh I[i€] CWJIH, TO 3aMiCTh
(7.51) micraemo:

x+28x+abx = fco{ @& +a). (7.68)

Tyt koHcTaHTa f=F o/M 3a po3MipHICTIO € MPUCKOPEHHSIM.

B Teopii audepenuianbuux piBHsAHb piBHAHHA (7.68) —ue
niniiiHe (HeBimoma ¢yHkuis X(f) Ta ii moximHi BXOAATH 10 LBOTO
PIBHSHHS JIMIIe y BHIUIAAI JTOJIAHKIB, MPOMOPLIMHUX TepuIoMy
cryneHro wiei ¢yHkuii abo i MOXigHMUX), HEOTHOpiAHE (IO LBOrO
PIBHSIHHS TOPSA i3 TOJaHKAMH, IO MICTATh HeBiioMy (GyHKIiO X(t)
Ta 11 MOXiJgHi, BXOAWTh HEOMHOPIAHICTL — aomaHok fCOS(@t+ a))
nudepeHiianibHe PiBHSIHHS APYroro mopsaaky (10 1mporo piBHAHHS
BXomATh moximHi Big X(f) mopsiaky, He Buime apyroro). 3 Teopii
po3B’s3aHHS JUdEpeHIlialbHUX PIBHAHb BIJOMO, IO 3arajlbkHUM
PO3B’I3KOM TaKOro PiBHSHHS € CyMma 3arajbHOro po3e’s3ky (ToOTO
po3e’si3ky (7.48)) BiAMOBIMHOrO OMHOPIAHOrO piBHSIHHS (TOOTO,
piBusHHa ~ (7.51)) Ta  Oynmp-KOro  YacTHMHHOTO  PO3B’SI3KY
HeoHOpigHOTro piBHSAHHSA (7.68).

[lepexmagemMo 3micT momepegHHOro ab3ally Ha MOBY
3arajibHOi  (isuku. [l 1bOro po3MNISHEMO pyX MasTHHKAa B
nabopatopii (¢pizuyHoro abo MaTeMaTHYHOro — Lie He MPUHLIMIIOBO),
JI0 SIKOTO TIPUKJIAZCHO 30BHIIIHIO MEPioaNyHy cuily. Mu nobaunmo,
10 BIAcCHI KOJMBAaHHA MasTHMKA (<@arajbHU  PO3B’ 30K
OJIHOPIMHOTO  PIBHAHHS»),  SKIIO BOHW  ICHYBald  mepeq
3aCTOCYBaHHSIM 30BHILIHBOT MEPIOAMYHOT CHJIM, 3 YacOM 3aracaioTb,
HATOMICTh KOJIMBAHHS Tl Ji€l0 30BHILIHBOT MEPIOJANYHOT CHITU
TpuBatoTh. 1li BUMYyIlIeHI KONWBaHHS BiAOYBalOThCSA 3 YacTOTOK (2
30BHIIIHBOT CHJIM, BOHU BiJICTalOTh 32 (pa30r0 BiJ| 30BHILIHBOT CHITH
yepe3 HassBHICTb IHEPTHOCTI KOJIMBAIbHOI CUCTEMH.

BigmoBimHo 10 ©mBOro  LIyKaTUMEMO  YaCTUHHUM
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(Bumyinenunit) po3p’ 30k piBHsHHS (7.68) y BUIIIAAI rapMOHIYHHMX
KOJIMBAHb i3 YaCTOTOIO 30BHILIHBOI CHITH,

X(t)=Acos(t). (7.69)

ITpu upoMy @ HaOyBae 3MICTY 3CYBY (a3 Mixk 30BHIIIHBOKO CHIIOIO Ta
BUMYIICHUMH  KOJIMBAaHHSIMH, CHPUYMHEHHMH L€  CHIIOIO.
[TinctaBumMo  BHpa3W s WIBWAKOCTI  MartepiajbHOI  TOYKH,
u(t)=-QAsin(@t), i ii mnpuckopenns a(t)= —Q*Acos@t), mo
piBHsiHHS pyXy (7.68):

cos@t)[ —Q°A+ w’A-fcosa]+ sin(Qt)[ 2B2+fsina]=0.  (7.70)

Pigusitns (7.70)mMae BUKOHYBaTHCs Oyb-KOTO MOMEHTY 4acy, TOMY
o0uABI cyMH B HbOMY B KBaJpaTHUX OyXKKaxX Mepel CHUHYCOM i
KOCHHYCOM MarOTh TOTOYKHO JJOPiBHIOBATH HYJIIO:

—-Q°A+wp’A-fcosa=0, -2BQA+fsina=0. (7.71)

Po3B’ s3anHHs cuctemu piBHsHb (7.71)1ae Bupas asist 3cyBy a3 a mik
30BHILIHBOIO CHJIOI0 Ta BUMYIIEHMMH KOJIMBAHHSAMHU Ta aMIUTITYAH
KoJMBaHb A

2
260 A2 = f

g -0Q%’ _4,82!22+(w§—!22)2

tgar = (7.72)

3cye a3z a
MOHOTOHHO 3pOCTa€ BiJl
Hyns go 712 i3
301JBLIEHHAM  4YaCTOTH
30BHIIMHBOT cviA 2 Bif
Hynsa g0 ap. I[lopanbie
30inepIneHHs yactotu (2
BiJ 2 10
HECKIHUYEHHOCTI
CYIPOBOKYETHCS
MOHOTOHHUM

4 .Q/a)o

Puc. 7.11. AMIuIiTY IHO-4aCTOTHA
3pOCTaHHAM 3CyBy (a3 XapaKTepPHUCTUKa 3aracarourX KOJIMBaHb
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BiJ — 7712 10 Hy.

AMILTITY THO-4aCTOTHY XapaKTePUCTUKY 3aracaroumx
KOJIMBaHb (3aJI€XKHICTh aMILTITY 1 KOJIMBaHb A, HOpMoBaHOi Ha f, Bin
4acTOTH, HOPMOBAHOT Ha BJIACHY YacTOTY BUIBHUX KOJMBaHb, (2/t)
HaBelleHO Ha puc. /.11 cyninbHum miHismu. [Ipu moOymoBi uux
rpadikiB BBaxkasocs, 1o <<, a came: ,82/01)2=O.l, 0.03, 0.01.

[IpoananizyeMo 3ajexHICTh aMIUTITYAH KOJHWBaHb Bij
4acTOTH 30BHIIHBOT cwin 2. Skumio uwacrora 2 =0, To ammityna
HabyBae 3HAYCHHS, Ke HE 3aIEKHTH Bix AekpemenTa, A =f/ay’. 3a
Manux 3HadeHb 2, (<< ap, ammmityma 3poctae Bim A =flay’ 3a
KBaJIpaTHYHUM 3aKOHOM, A =f(1+.(_72/ abz)/ abz. 3a BEJIMKUX 3HAYEHb
qactotd 0, (2>>@p), ammulityna 3MEHIIYEThCS  OOEpPHEHO
niporopiiiHo 10 kBaapaty Q, A =f(1+a?/ Q27 Q7 Komu uactora Q
€ GJIN3BKOIO 10 BIIACHOT YaCTOTH G, AMIUTITY/Ia I0CATAE MAKCUMYMY.
3HaueHHs YacTOTH 30BHIIUHBOT CHWIHM, 3a SKOrO JOCSraeThes
HaWOIbIIa ~ aMIUTiTyna  BHMYIIGHMX  KOJIMBaHb,  Ha3WBalOTh
pe3oHaHCHUM. PesonancHy 4acroty, (2, 1 BianoBigHe
MaKCHUMallbHe 3HAYeHHs aMIuTiTyad, Max@), Mo)kHa BW3HAYHMTH,
B3SBINM TOXiJHY BiJl aMIUTITYJM 3a YacTOTO i MPHUPIBHABIIM IIIO
MOXiAHY HYJIIO!

O =k —28% , max@)= m (7.73)

Dopmynu (7.73) MiATBEPMKYIOTh 3aJI€KHICTh XapaKTepy KPHUBHX Ha
puc. 7.11 Bix BeNUYMHM JEKPEMEHTY. IO MEHIIUM € JeKPEeMeHT,
L 0, To GinIbIIO0 € MaKCUMaJIbHA TOCSKHA aMILTITYAa, Max@) - oo;
TO OMKYOIO € PEe30HAHCHA 4YacToTa [0 BJIACHOI YacTOTH, D, — (.
Manuii nekpeMeHT [ Bifirpae posib MiBLUMPUHU PE3OHAHCY: mpu
BiXUJIEHHI YacTOTH (2 Bijl BIACHOT YaCTOTH G Ha BeiauuuHy [, Q =
b — [, KBajpat aMIUTITYAM HaOyBae 3HAYeHHs, BIBIYi MEHIIOro 3a
(7.73).

Pe3oHaHCcOM (Bim saTMHCBKOrO re€SONO —BiATryKyBaTHCh)
Ha3WBalOTh  pi3ke 30UIbIIEHHA  aMIUTITYAM  KOJMBaHb,  sKe
CIIOCTEPIracThbes 32 MEBHUX YMOB. Y BUIAJKy BUMYLICHUX KOJHMBaHb
i YMOBU TMOJIATalOTh B HAOJWKEHHI YacTOTH 30BHIIIHBOTO
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MepiOAMYHOrO BIUIMBY /O BJIACHOI YacTOTH KOJMBHOI CHCTeMH. 3
eHEepreTHYHNX MipKyBaHb PE30HAHC TMOSCHIOETBCS THUM, LIO TpH
HaOMKeHHI  4vactoTh (2 710 G) mominuryerbess  (aszose
CMIBBIJHOIIEHHS MDK  30BHIIIHBOIO  CWJOKO i  LIBHIKICTIO
MaTepiajibHOI TOUKH, BHACIiOK YOTO 3pOCTa€ eHepris KOJMBaHb, a
omke, i IXHa amrutityna. [logasnbuie 3poctaHHs amrutityau (moHan
3HaueHHs Max(@)) He BinOyBaeThcst, 00 BTpaTH eHeprii Ha Bix eMHY
poOOTY CHIM BHYTPILIHBOTO TEPTS MOYMHAIOTH KOMIIEHCYBAaTH
Ha/IXOKEHHS eHeprii 3a paxyHOK poOOTH 30BHILIHBOT MepPiogUYHOI
cunn. Pe3onanc Moke OyTH sSK KOPHUCHMM, HampuKIan, TpH
pO3roiilyBaHHI TUTUHHA HA TONAANI, TaK i IIKIJUIMBUM, HAMPUKIA,
KOJM BiH TPU3BOAMTH [0 pYyHHYBaHHS MEXaHIYHOI CHUCTEeMHU
(nanpukian, MocTiB i TypOiH). 3a3HaYMMO, IO PE30HAHC MOXKE
CTaTHCh 1 3 IHIIMX TIPUYWH, MPO fKi WTUMeThcs nami. PesonaHc
CIIOCTEpIracTbes K y Yaci: MpHU JOCATHEHHI pe30HAHCHUX YMOB Majia
CIIOCTEpPEeXKYBaHa MOYATKOBA aMILIITyla KOJIMBaHb CTPIMKO 3pOCTac 3
gacoM (mpoTsrom iHTepBany nopsaky 1/0); Tak i y BUMipi 4acTor:
Mpo  aMIUTITYTHO-YaCTOTHY XapaKTePUCTHKY KaXyTb, IO BOHA
HOCUTh pE30HAHCHHMH XapakTep, KOJIM MaKCHUMallbHe 3HAuYeHHS
aMIUTITYAX 3HA4YHO TIEPeBMILYE Ti 3HAYEHHs, SIKUX HalyBae
aMIuTiTYyia mo3a nuMu ymoBamu. Hampuxian, Ha puc. 7.11 BepxHi
KPHBI, 1[0 BiJMOBIAaI0Th JOCTaTHBO cllabkomy 3aracaHHio ([ ’= 0.03,
0.01), HocATh SICKpaBO BHpa)KCHWM PE30HAHCHUM XapakTep; TOMi SK
Ha HIWKHIA KpUBii, 10 BiINOBiNa€E BUIMAAKY ,32= 0.1, pe3onanc
Maiike He TIOMiTHHH.

CyMa yacTUHHOTO po3B’ 13Ky (7.69)Ta 3aranbHOro po3B’ 3Ky
(7.48) BignoBinHoro omHopinHoro piBHsHHS (7.38) mae 3arajbHuii
po3B’ 130K HeomHopinHoro piBHsAHHA (7.68),skuii onucye MOBEIiHKY
CHCTeMH TPH BUMYILLICHUX KOJHMBaHHSAX. Posib 3araibHOro po3s’si3Ky
(7.48) € momiTHOIO JUIIE CIIOYATKY. 3 TUIMHOM 4acy yepe3 MHOKHHK
exp(-4t) posb LBOro YeHa Bce OiblIe 3MEHIIYEThCS, 1 HUIM MOXHA
HEXTyBaTH. TakWM YHHOM, YacTHHHUU po3e’ 30k (7.69) omucye
BUMYILICHI KOJMBAHHS, 110 BCTAHOBWJINCH. SIKIO BUIBHUX KOJIMBaHb
BiJ moyaTky He Oyso, TO Yac BCTAHOBJIEHHS BUMYIIEHHX KOJIMBaHb
BCce 011HO opiBHIOE 1/0.

ACHMINTOTHKM  aMIUTITyJJHO-4aCTOTHOI ~ XapaKTEePUCTHUKH
MOXkHa 3100yTH 3 piBHAHHA pyxy (7.68), YHUKHYBIIM MPSIMOro
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obuucnenns Gopmyiu (7.72).Po3riissHeMo 1Ba rpaHHYHI BUIMAIKH.

1)Konu 30BHIilIHS MepioMyHa 3MYIIYIOYA CHJIa € MOBUIBHOIO,
Q<<wp, nepumii momaHok y JiBid 4actuni (7.68) 3a mopsakom
BEJIMYMHU € HabaraTo MEHINUM 3a TPeTiii: K~0Qx<< abzx, TOOTO
NPUCKOPEHHS € MaluM, TOMY LIMM TMepUIMM J0JaHKOM MO)KHA
3HexTyBaTu. Jlpyruii n0ofaHOK 3a MOPSIKOM BEIWYMHHM TaKOXK €
MAIAM TOPIBHSHO 3 TpeTiM: 28 X~2BQX<< (X, TOMY LHM JPYrUM
JOZIAHKOM TaKOX MOYKHA 3HEXTYBATH:

w*x=fcos(Qt+ a). (7.74)

3 npubauzHoro piBHsHHs (7.74) micTaeMoO aMIUTITYAy BHUMYIIEHHUX
KOJIMBaHb Y BHMAJKY HW3bKUX YacTOT 30BHILIHBOTO BIUIMBY: A
=f/ep?, mo B TOUHOCTI 36iracThes 3 NPOBE/ICHUM BHIIIE AHATI30M
dopmyau (7.72).Y upomy BHUIMaIKy 30BHILIHS cWia Jli€, Ha4Ye cTaia
CTaTH4Ha cuia. MarepiaibHa TOYKa pyXa€eThes TIOBUIBHO, TOMY CHIla
TepTs € HEXTOBHO MAaylol0, i Tpy)KHa CHJa Maibke BPiBHOBaXye
3MYLIYIOYY.

2)SIKIo K 30BHIIIHS CHJIa € JOCTATHBO IMBHUAKOI, 2>> ), TO
NepIInii 1oAaHOoK y JiiBid yacTuHi (7.68)3a mopsIkoM BeJIMYMHU €
Habarato GinbuM 3a TpeTiit: X~Q°X>> ay’X, TOGTO MPUCKOPEHHS €
BEIMKUM, TOMY TIPYXHOK CHJIOI0 MOKHa 3HexTyBaTu. J[pyruii
JOJAHOK 32 MOPSAKOM BEJIMYMHM TAKOXK € MaJIMM TMOPIBHSHO 3
nepumm: 28 X~2BQX<< X, TOMy UMM APYTUM I0JAHKOM TaKOK
MOJKHA 3HEXTYBATH:

i=fcodQt+a). (7.75)

3 npubnuzHoro piBHAHHA (7.75) micTaeMo amIuTiTYAy BHUMYLICHHX
KONMBaHb y LbOMY rpaHuuHOMy Bumaaky: A =f/ Q% mo Takox
Y3rOJUKYETBCS 3 aHalli3oM TouHOT opmynu (7.72), skuii mpoBeaeHO
BUIle. 32 BUCOKHMX 4YacTOT 30BHILIHBOI CHJIM MpYXKHa Cuia i cuiia
TepTs € 3aMaJIMMHU TIOPIBHSHO 3 30BHILTHBOIO.

AMIUTITYJTHO-4aCTOTHA XapaKTePUCTHKA CHJIBHO 3aracaroyvmx
KONMBaHb, >y, He nepeuulye piHs A/ f =1 y nianasoni 2<wp

Ta IBUAKO crajae 1o Hydas npu 2>ap. Ilpuknan ammiityaHo-
YACTOTHOT XapaKTepPUCTHKH A Bunanky B/ ay’=1 nokasaHo Ha puc.
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7.11 wTpuxoBoto JiHiero. Hepe3oHaHCHI aMILIITyTHO-4aCTOTHI
XapaKTepPUCTUKH,  SKi  BIJMNOBIAAIOTH  CHJIBHO  3aracarodyuM
KOJIUBAHHSM, >, Te)KaTh HIKYE LI€T LITPUXOBOT JIiHII.

Skuo 3HexTyBatu 3aracanHsM, =0, To eHepris ocLMIATOpa
HE BUTpavyaTHMEThCS Ha MOJOJAaHHS cuid TepTsa. B upoMy Bumaaky
OCLIMJIATOP Ha3WBalOTb KOHCEPBATUBHWM. BumyuieHi KoJWBaHHS
KOHCePBaTUBHOIO OCLWIIATOpa omucye piBHsHHA (7.68), B skomy
[=0. Ixniit ananiz Mae 3HAUYEHHS 71 JOCHTiIKEHH KOJIMBAHb iHIIMX
THIIIB.

Po3B’s30k piBHsiHHS (7.68) y 11bOMY BHMaaKy Mae BHIJIST

Cynepro3uuii, x(t) = x(99) 4 x(4) 3arajabHOTrO pO3B’ 3Ky
x(%0) =acos(at+ @) BIAMOBIAHOTO OMHOPIAHOTO pIBHAHHA Ta
YaCTUHHOTO  PO3B’ A3KY x(*) =Acos(@t) (7.65) HeomHOpigHOTO

PIBHSHHS. AMIUTITYly YaCTUHHOTO PO3B’ SI3KY 3HAXOAMMO 3 PiBHSHHS

f
(7.72): A=———
ag - Q2
KOJIM 3CYB Ta LIBUJIKICTh 3CYBY Ha MOYaTKy CIIOCTEPEIKEHb BiICYTHI,
X(0) = x(0) =0, piBHSHHS BUMYILICHUX KOJIMBaHb MAlOTh HACTYIHHUI

. Y BHUMagKy TpHBialbHUX MOYAaTKOBUX YMOB,

SIBHUM BUTJISA
x(t) =ﬁ[cos(_(2 t) - codet)]. (7.76)

Cam mo cobi Bupa3 (7.76) He € HIUMM LIKaBUM, BiH € MPOCTO
rpaHUYHUM BHIIAJIKOM BHMpa3y, WO OMHMCYE BUMYILIEHI 3aracarodi
KOJIMBaHHs. AJie BajXJIMBHUM € aHami3 Bupasy (7.76) y Bumaaky
criBMagaHHs BJACHOT YacTOTHM Ta 4YacTOTH 3OBHILIHBOI CHIIH,
Wy~ Q=2Aw<< Q. Tomi 3 Bupazy (7.76) 3a a0MOMoOrow

TPUTOHOMETPUYHHX CHiBBIHOMIEHb 3100y1€MO:

X(t) = 2f sin[( 2 + Aw)t ] sin(4at) -

(ab + Q) - @)
fsin(Aat) ori o+ Aw] . (7.77)
2anAw

270

Orxke, 3a oOpaHoi ymoBM (2=a} BHMYLIEHI KOJMBaHHs

KOHCEPBaTHBHOIO OCLIMJISITOPA BUIIISIAAIOTH sIK OUTTs (quB. maparpad
7.3).

Posrasnemo pe3oHaHc (4w - 0) JiHiiHOTO
KOHCEpBAaTUBHOIO OCIMIATOpa. Y [bOMY BHUNanky Bupazom (7.77)
KOPUCTYBAaTHUCS HE MOXKHa, 0O MOro YWCENbHUK Ta 3HAMEHHUK
npsAMYIOTh 10 HyJisl. [1030yTHCs i€l HeBU3HAUCHOCTI MOXKHA Y YKCTO
MaTeMaTHYHHI croci0, 3acrocyBaBiin mpaBuino Jlomitansa. Tomi,
OOYMCIMBIIM TOXI/IHI Bil YMCeIbHHKA Ta 3HAMeHHHUKA BUpasy (7.73)
3a Aw , 3HaX0TUMO:

X(t) = %sin(abt) . (7.78)

Otxe, 32 yMOB Pe30HAHCY B JIIHIHHUX KOHCEPBATUBHUX CHCTEMaX He
peaizyroTbCs KOJMBAHHS, IO € OJM3bKUMH 10 TapMOHiYHMX. B
peXuMi pe3oHaHCy amrutityaa (To0To, MHOXKHHMK mepen Sin(apt))

KOJIMBaHb 3pocTae JiHidHO. Takuii TUO pO3B'S3KIB HA3MBAIOTh
cekynapHUM (Bin auriidicbkkoro secular,sikosuit). 3po3ymiso, 1o
KO0 O Major He Oynia MoYaTKOBa aMIUTITYJa KOJHMBaHb, BCE OJTHO
Yyepe3 TEBHUH Yac BOHA CTaHE TAKOIO BEJIMKOIO, IO MepecTaHe
BiJMOBIAaTH YMOBaM 3aCTOCOBHOCTI MOAEJi JIIHIHHOTO OCLUIATOpA.
ToOTo A MOAANBIIOr0 aHATITHYHOTO JOCIPKEHHS [IbOTO BUMAJIKY
CJiJT BPaXOBYBATH HeJNiHIWHI MeXaHi3MU. Sk MUTaHHA BUHUKHEHHS
CeKYJSIPHUX PpO3B’A3KIB BHUPILIYETbCS Y BHIAAKY HENiHIHHUX
KOHCEpBATHBHUX OCLMJISATOPIB, MOKA3aHO Y KiHLi LIbOTO PO3Miy.

7.8. 3e’s13aHi KkonueaHHs

IcHyIOTh TpWU TNPHUHIMIIOBO Pi3HI BapiaHTH 3B’ SI3aHUX
KonmuBaHb. [IpomeMoHCTpyeMO 1X Ha TpPUKIaZi [BOX OJHAKOBHX
(GI3MYHMX MAasATHHKIB, SIKi SBISAIOTH COOOIO JKOPCTKI OOHOPIAHI
CTEpPIKHI.

Ha puc. 7.12a) noka3zaHo KOJMBaHHS MasSTHHKIB, 3B’A3AHNX
NPUCKOPEHHAM. OJIWMH MasTHUK 3aKpIilUIeHO OJHUM KiHIEM [0
CTesli; IPYrui MasTHUK 3aKpirieHO Ha nepuomy. SKio nepni
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MasTHUK  cro4atky  OyB
HEPYXOMMUA, a  Japyrui
BHUBECHO 3  MOJIOXKEHHS
piBHOBaru, TO 3 Yacom
Opyruii MasTHUK TIOYMHAE
po3roiayBaTu MepLIOoro,
BTpayae Ha Lie CBOIO EHEpriio
i Tmepectae  KOJHMBATHUCH.
ITicas BOTO TPYTHA
MasTHUK OMUHSETHCS
B TMOJIOKEHHi, KOJu Horo
TOUKa MiJBICY MepioAUHO
pyXaeTbes, BHACTIIOK YOro

BiH MOYHHAE
po3roiayBaTucs 3HOBY,
BiIOMpAIOUM  EHeprito  Bij
MepIoro MasTHHKA.
B uinomy e Burisgae Tak,
HEMOBOH eHepris

MEPIOUYHO  TMEePEeTUBAETHCS
BiJ OJHOr0 MasSTHHKA J0
immoro.  BigmosigHo  mo
LIOTO pyx KOKHOI'O
MasiTHUKa OKPEMO BUIJIAJAE
SIK OUTTA.

Ha puc. 7.12. 6)
MOKa3aHO JiBa MAasTHHUKH,
KOJIMBaHHA SKHX 3B’A3aHi
cunow. MDK MasTHHKaMU
HATATHYTO TMPYXHHY, sKa
nepe0yBae
B HeleOpMOBaHOMY CTaHi,
KOJIU MasTHUKH BHCATH Y
MOJIOMKEHHI piBHOBaru.
ko omHOMY 3 MasTHUKIB
HajJaTH €Heprii, BiH MOYHE
KOJIMBATHChH, BHACIIIZIOK YOro
MpYKHUHA MOYHE MEPIOTUUHO
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y<

Puc. 7.12a). KonuBauHs, 38’ s3aHi
MPUCKOPEHHSAM

%

%

Puc. 7.126). Konusanss, 3B’ s13aHi
CUJIOKO

T

Puc. 7.128). KonuBanHus, 38’ s3aHi
TepTIM

CTUCKATMCh i pPO3TATYBATUCh,
po3roiayrouun Ipyrui
MAasITHUK. Len Apyrui
MasTHUK MOYHE KOJIMBATHUCH i3
yce OUIBIIOK aMILTITYIO ax
JI0 TIOBHOI 3YNUHKH TIEPLIOTO
MasITHUKA. KonuBanus
MAasITHUKIB, 3B’ 3aHUX CHJIOIO,
TaKOoX MalOTh BUTJIS OUTTIB.

Ha puc. 7.12. B)
MOJAHO CXeMY KOJHMBaHb JBOX
MAasTHHKIB, 3B’A3aHUX
TepTaAM. Jlerkuil crepiKeHb,
HIAPHIPHO  3aKpiluieHWH Ha
MepuIoMy  MasiTHUKY, MOXKe
KOB3aTH 3 TEPTAM Y BYIIKY, 3aKpIiIVICHOMY Ha JIpyroMy MasTHHKY.
UYepe3 TepTs eHeprisi KONMBaHb 3MEHIIYETbCS, NPOTE IpPyrHid
MasSTHUK MOYMHAE KOJIMBATUCH CHHXPOHHO i3 MEpLUMM MasTHUKOM.
PesynpTarom Takoi B3aeMomii € TapMOHIYHI KOJMBaHHSA 000X
MasTHHUKIB 3 OJTHAKOBUMH aMIUTITYaMH Ta (azamH.

IcHye myke Bpaxkaro4ya JAEMOHCTpAllis KOJUBaHb, 3B’ S3aHUX
npuckopeHHsM. s nporo obuparoTh ABa MaTeMaTW4Hi MasTHUKH
OJTHAKOBOI JOBKHMHH 1 CyTTeBO pi3HOi Macu (puc. 7.12r)). Jpyrwuii
(merkwii, Macoro M) MasITHUK KPITUISTh MPSIMO 110 TIEPIIOro (BayKKOro,
macoro M). Crouatky nepiiuii MasTHUK TPOXH BHUBOJSATH
3 TMOJIOKEHHS piBHOBard (Ha HEBEJNMKHN KyT), a JIPYTWid JIMIIAIOThH
HepyxoMuM. Pi3HMII® B Macax NpPU3BOAMTH /O TOTO, IO KOJIH
nepunii MassTHUK 3YMMHSETbCS, APYTUil NpuiiMae Ha ceGe BCio Horo
EHEPrilo, U0 MPOSBIIIETHCS HAOYHO Yy HabaraTo Oiblmii aMInTiTymdi
KOJIMBaHb (aMIUTiTyZa KOJMBaHb JIETKOro MasTHHMKa Oinblia 3a

Puc. 7.12r) Konupanus
MaTEMaTHYHUX MasTHUKIB, 3B’ 13aHi
MIPUCKOPEHHSIM

aMILTITY/ly KOJIMBaHb BAXKKOTO B 4/ M /M paszis).

HaBeneni MipkyBaHHsS JalOThb MOXJIMBICTH O3B’ SI3yBaTH
3ajadi npo 3B'sA3aHi KonuBaHHA. Hampuknan, onuimemo pyx
MeXaHi4HOi KOJIMBAJIBHOI CHUCTEMHM, SIKa CKJIAAA€TbCs 3 Tijla Macoro
My, siKe MPUKPITJIEHO A0 CTIHU MPYKHUHOKO 3 JKOPCTKIicTIO Ky, Jlpyre
TIJIO Macol Ny, TPHUKPIMUIEHO [0 TMEepIIoro Tila MPY>KHUHOIO
3 )KOpCTKicTIO Ky (prc. 7.13).BBaxkaeMo [yis CIIpOLLEHHS, 110 Tijia

273



KOB3al0Th 1o rankii -

MOBEpPXHi, TOOTO HEXTYEMO k, k,
TEPTAM.

p o\ . m A m

B LA cucremi

BiIOyBarOThCS KOJIMBaHHA, v / 7
3B’ s13aHi MPUCKOPEHHSM. Z
Iosnauumo _ BIAXHJICHHA Puc. 7.13.Jlo 3anaui npo 3B’ s13aHi
nepmoro Tia BIJ KOJIMBaHHS JBOX OCLIWIISITOPIB,
P1BHOBA>XHOI'O TMOJIOXKEHHA AK 3B’ I3aHUX CUJIOKD

X1, a gapyroro sk Xp. Ilepme
TiJIO B Uil cHCTeMi pyXaeTbes MiA Ai€l0 CUI MpYXHOT Aedopmartii
obox npyxuH. Cuna npykHoi Aedopmaliii, ska i€ Ha apyre Tino 3
OOKy Apyroi MpYy>KWHHW, BU3HAYAETHCS BIIXWICHHSAM 000X TiT Bif
MOJIOXKEHHS PIBHOBArM:
{mlxl = —kpxg + ko (X2 ~ ), (7.76)
mMa%p = —Kp(Xp = %).

Lo cuctemy piBHSIHb MOYKHa TPOXW CIPOCTHUTH, MPOBIBIUIM 3aMiHy
3MIHHUX. X=X, Xp—x;=Y. J[ng uporo B niBili i1 mpaBiii uyacTHHAX
Apyroro piBHsHHS cuctemu (7.76)BigHiMeMO My ¥

{ my X+ kg x —koy =0, 7.77)

MY+ moX+Kkoy = 0.

BeeneHHs 3rajgaHoi 3aMiHM 3MEHIIWIO KUIBKICTh JIOJIaHKIB Y
MepiioMy 3 PpiBHSHb pPO3B’s3yBaHOi CHCTEMH 10 TpboX. AOHU
PO3B’ A3aTH IO CUCTEMY PiBHSHB, TOOTO a0M 3HANTH 3aJICXKHICTh BiJ
yacy KoopauHaT X; Ta Xy (abo, mo Te came, x(f) Ta Yy(t)),
CKOPHCTAaEMOCS MiJKa3KOK TMpOo Te 10 KOJHWBaHHA, 3B s3aHi
MPUCKOPEHHSIM, OMMCYIOThCs K OWTTH, TOOTO, SK CymMa JBOX
KOJIMBaHb 3 pi3HUMH yacTotaMu. Came TOMy HIyKaTUMEMO PO3B’ 30K
cvcteMu piBHsHB (7.77)y BUTIS AL

X(t)=Aexp[H wt)+Bexp(H ax), y(t) =
=Cexp(Hat)+Dexp(Hwt). (7.78)
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ToOTo mIykatMmMeMo KOXHY 3 KOOPIMHAT SIK CyMy IBOX KOJHBaHb,
TyT A, B, C Ta D — 116 KOMIUIEKCHI KOHCTAHTH IHTETpyBaHHS, IKUX Y
IBOX Av(epeHLiaTbHUX piBHSAHb OPYroro Mopsaky ¥ Mae OyTu
qoTupH: 2%2=4. TakuM 4MHOM, 33734y 3BEJCHO JIO TOUIYKY JBOX
YacTOT KOJIMBaHb. () Ta (. BHUKOpHCTaHHS EKCMOHEHT y 3aJadax
NpO KOJMBaHHS € 3PYyYHHUM, OCKUIbKH JU(EPEHLIIOBaHHS 32 4acoM
Bi/l €KCIIOHEHTH € PIBHO3HAYHMM MHOXKEHHIO Ha —i ) 2. [lizcTaHoBKA
koopauHat y Buriisiai (7.78) 1o cucremu piBHsiHb (7.77)na€:

— el Ae A - myBBe Ut + AeTA +

+ kBe @t —k,Ce Ul —k,De ! =,
—myafCe At - myaDe @t — myef Ae Al -
~mpesBe @ +k,Ce U + Kk, De W =

(7.79)

A6wu piBHsHHSA (7.79) BUKOHYBAJIMCh [UTS TOBIIBHOTO MOMEHTY 4Yacy,
MalOTb TOTOXHO JOPIBHIOBATH HYJIO KoedilieHTH npu 000X
€KCIOHEHTaX B 000X PiBHAHHSIX CUCTEMH:

- mlwle+ klA— k2C =0,
~masB+kB-k,D =0, (7.80)

—mzwlzC—mza)le+ k2C =0,
~ My D — My’ B +kyD = 0.

Sk BimoMo 3 Kypcy JiHilHHOT anreOpu, cucteMa OAHOPIAHUX JiHIMHUX
piBHSIHB, sikoIO € cuctema (7.80), Mae HeTpuBiaIbHUI PO3B’A30K 3a
YMOBH, 10 JETEepPMiHAHT, MOOYJIOBaHWI 13 KoedillieHTiB mpu
HeBigomux BenmunHax A, B, Ci D, nopisHtoe Hyt0:

kl - mlaf 0 - k2 0
0 ky — My’ 0 —ko | _
2 2 0. (7.81)
- My 0 ko — Moy 0

0 - mza}g 0 k2 - m2a}§

Sk BimOMO, SKIIO TOMIHATH MicIAMUA psSAKHA abo CTOBITYMKH B
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JIETepMIHAHTI, BiH JIMIIA€TbCS piBHUM Hymto. LluM mpaBuiiom MoxHa
CKOpHCTATHCh, abu HafaTH aetepMiHaHTy (7.81)6104HOrO BUIIISIY:

kl - mla)f - k2 0 0
"Mt ko -mpef 0 0 |=0 (782
0 0 ky — My’ ~ky

0 0 - mza.% k2 - mza)%

bnounuit  merepminant  (7.82) gmopiBHioe  10OyTKY  JBOX
JIETePMIHAHTIB, SIKi CHIiBMAAIOTh i3 TOYHICTIO JI0 3aMiHU () (!

T ke Hﬁ‘ k2 10 (7.83)
—mpal  ky—mpak| | —mpah  ky —mpah

Po3kputTsi 000X JeTepMiHaHTIB Jae onHe W Te came OikBajaparHe
piBHSAHHS Ha of,

C()fz— _(21 +_(22 +— CL}_LZ +_(21 QZ =0. (784)
my

. 2 .
Tyt BBeneHo mo3HadyeHHs: 2 ;= Ky /My o Omke, pyX KOJMBaIbHOI
CUCTEMH, IO CKJIaJaeThCs 3 JABOX Tl Ha MPYXKMHAX, OMHCYETHCS
cyneprosuii€o (7.78)1BoX rapMOHIYHUX KOJIMBAHb 3 4aCTOTAMH

2
_Ql +_Q2 _(212 +_(222 +Q —4_012.(222
my

wW,2= ™ 5 . (7.85)

ko |

[Mpoananizyemo 3100ytuii Bupas (7.85). Bin € BipHum 3a
po3MipHicTIO, [&h,2]=1/c. BiH He 0bepTaeThbcs B HECKIHUYEHHICTH 3a
JKOJTHMX YMOB. 3 3arajlbHUX MipKyBaHb 3pO3YMLJIO, IO SKIIO Tepiie
TIJIO € JTy’Ke BKKHUM, M>>M,, TO BOHO € Maibke HepyxomuMm. Tofii B
CUCTEMi CIIOCTepiraloThCsl KOJMBAHHS, OJHA 3 YaCTOT KUX Ma€ OyTH
ONM3BKOI0 0 YacCTOTH KOJIMBaHb Tijla MacH IMp, sKe NPUKPITUIEHO
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MPYXKHHOKO 3 KOPCTKICTIO Ky 10 Hepyxomoi cTiHku. J[iCHO, B LIbOMY
pasi ¢opmyna (7.85) nae i, =(2,,. ToOTO B 1bOMY BHIAIKY B
KOJIMBHIM CHCTEMi CTIOCTepIraloThesl ABa KOJIMBAHHS: <«IIOBUTbHE» —3
YACTOTOK () =2 1 «IIIBUIKE» —3 YACTOTOK () =(HL>>w).
PosrnsiHeMo iHIIWI rpaHUYHUN BHIIAIOK, KOJIH JIPYTe TiJO €
JIOCTaTHLO BAXKKUM, Mp>>My. Tofi 1ie apyre TiT0 MOXKHA MPUOIIH3HO
po3ryIsiaaTh K HepyXoMme, a Meplie Tijlo — K Take, MO KOJIWBAEThCs
MiX JIBOMa CTIHKaAMH, JIO SKUX KPIMUThCS MPYKUHAMH 3 HKOPCTKICTIO
Ky i ko. I3 po3B’si3aHHs Takoi crpoLIeHOI 3a7avi BiOMO, IO Mepiie

TIJIO Ma€ KOJIMBATUCS 3 YacTOTOO 1/ikl +ky )/ my . [iiicHo, B oMy

rpann4HOMy Bumanky dopmyna (7.85) mae HacTynHi po3B’ s3KH:

kqk .

w =4k +ko )/ >>ap — L2 To6ro, pyX KOJMBHOI
my (ky + ko)

CUCTEMH € CYMNEpHO3MLI€l0 [BOX KOJIHMBAaHb. <«IIBHUIKOrO» — 3

4aCcTOTOKO m_ i <<1'IOBiJ'II>HOFO» —3 4aCTOTOKO @.
7.9. AemokKkonueaHHs1

[Tpm 3aracaroumx KOJIMBAHHSAX €HEPris CUCTEMH BTPAYaEThCS
Ha MOJI0JIaHHA OTIOPY CepeAoBHIIA. SIKIIO L0 BTpaTy KOMIICHCYBaTH,
TO KOJHMBaHHA He OynyTh 3aracatd. MokHa 3poOMTH Tak, wLIO0
KOJIMBaJIbHA CHCTeMa camMa O KepyBajla HaIXO/KEHHSM HaJIeKHOI
MopIiT eHeprii 3 BHYTPIIIHBOTO JKepesia y HajekHui 4vac. Taka
chUcTeMa  3BEeThCS  ABTOKOJIMBAJIBHOKO, A  KOJMBaHHA  —
aBTOKONMMBAHHAMM.

['onoBHa BIIMIHHICTE aBTOKOJMBAIIBHUX CHCTEM Bij THX, IO
BUKOHYIOTh 3BUYaliHI BUMYILEHI KOJUBAHHSA, SKI peayi3yeTbes i
BIUTMBOM 30BHILIHBOT MEPiOANYHOT CHIIH, MOJISITAE B TOMY, 110 10 HUX
eHeprisi  330BHI He MiABOAWTBCA. THWIOBUMHM  TPUKIAIAMU
ABTOKOJIMBAIBHUX CHUCTEM € MY3WYHi IHCTPYMEHTH, KOJMBaHHS B
reHepaTropax pamioOXBWIb, KOJMBaHHS TOJMHHHUKOBOTO MasTHHKA,
3BY4YaHHs JIFOACBKOTO rojiocy i 6araTo iHIoro.

KoprcHO BHMIIMUTH y aBTOKOJMBAIBHUX CHCTEMaxX TpH
OCHOBHI enieMeHTH: 1) BiacHe KOJMBAJbHUN KOHTYp, KU OWU B
i30J1bOBaHOMY CTaHi OyB 371aTHHUI Ha 3aracaroyi KOJMBaHHS; 2) TaHKY
“3BOPOTHOrO 3B’513KYy”, sIKa Kepye BHYTPILUIHIM KEPEnoM eHeprii Ta
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3B’SI3y€ KOJHMBAJIbHY CHUCTEMY 3 JDKEpesaoM eHepril; 3) BHyTpilHe
JOKepeJo eHeprii.

['oBopsiuM MPO OCOOIMBOCTI aBTOKOJIMBAJILHOTO MpOLECY,
MOXKHA ~ BHAUIMTH TpU HacTymHi  geranmi: 1)  MoxiuBicTh
camM030y/DKeHHs; 2) dacToTa Ta aMIUTITyJla aBTOKOJIMBAaHb
BU3HAYAETBCS MMapaMeTpaMu cuctemu; 3) (asa aBTOKOIMBaHb €
noBUTBHOIO. [[ikaBO TIOpIBHATH BJIACTUBOCTI aBTOKOJIMBAaHb i3
BJIACTUBOCTSIMH IHIIMX KOJNWBaHb. J{11s BnacHUX KosimBaHb. 1. BlacHa
YacTOTa TaKO)K BU3HAYAETHCS MapaMeTpaMy CHCTeMH; 2. aMIUTiTyna
Ta (haza BU3HAYAIOTHCS TMOYATKOBUMU yMoBaMH. J[is BUMYILIEHHX
KOJIMBaHb TMPO BHLIE 3a3HayeHi TMapaMeTpu MOXKHa CKa3aTu
HacTtynHe: 1. iXHf yacToTa BM3HAYa€ThCs 30BHILIHIMU culiamu; 2.
iXHi amruiiTysa Ta ¢a3a BU3HAYAIOTbCA SK CaMOIO KOJMBAIIBHOIO
cHCTeMOIO (MEHIIIOK MIpOK0), Tak i 30BHIIIHBOK CUIOK (OiTbLIO
Miporo). OTKe, aBTOKOJIMBAHHS MalOTh TaKWid XapakTep, 110 poOUTh
X CXOXXHMMH SIK Ha BJacHi KoiuBaHHs (y TUIaHi BU3HAYEHHS TXHBOI
YacTOTH) TaK 1 Ha BHMYLIEHI KOJMBaHHSA, 00 aMIuliTyaa
BU3HAYAETHCS, B OCHOBHOMY, 30BHIIIHIMA YAHHUKAMHU.

Camo30ymKeHHs] aBTOKOJMBAHb OIMUCYETHCS  HETIHIMHAM
nudepeHiliaibHUM PIBHSHHAM /s 3CYBY Tapamerpa X (Hexail e
Oyme, HampuKiIam, KOOpAWHATA MAsSTHHKA) KOJMBAIBHOI CHCTEMH
BITHOCHO PIBHOBaXXHOTO 3HaueHHS. BOHO Bilpi3HAETbCS  Bif

niHitHoro piBHAHHS (7.47) HaSBHICTIO HENIHIAHOIO MOIaHKA: y>'<3,

KU XapakTepu3ye poOOTY JIAHKH 3BOPOTHOTO 3B’ SI3KY:
K+ afx—ax+ysS=0. (7.82)

Lle piBusnns Ban-nep-lIlons s aBTOKONmWMBaHb, SKi 374aTHI A0
camo30yKeHHs. J[Ba ocTaHHI J0JaHKKM y HBOMY OIMCYIOTh CHITY
BHYTPIIIHBOTO  TEPTH, AKy po3kjgageHo B pap  Teinopa
3 ypaxyBaHHSAM KyOI4HOTO JI0AaHKY. Mu He OynemMo po3B’ si3yBaTH 1ie
pIBHSHHS, aje 3a3HauMMoO, IO 32 YMOB CJaOKOCTI JHUCHUMATUBHUX
npoiuecie, TOOTO MaJIOCTI JBOX OCTaHHIX JIOJaHKIB IOPiBHSIHO
3 TepuMMH JBOMa, HOro HaOMWKEHWH pO3B’A30K CJIifl UIyKaTH
Y BUTJISAIL:

X(t) = A(t) cost) (7.83)
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ne amrutiTyaHuid MHOKHUK A(t) € MoBiIbHOIO (QYHKIIE Yacy, 10
CIipaBeUIMBO TP BUKOHaHHI HepiBHocTi AA/dt<< Aagy. Toni us

nijicTaHOBKA JT03BOJIsAE 3100yTH Habmmxkene piBHAHHS a5 A(L):
2dA/ dt - aA+ 3y A3 14=0. (7.84)

3 amamizy pisasaHg  (7.84) BHOHO, IO aBTOKONMBAHHA, SKi
XapaKTepU3ylOThCs  JIOJaTHUM 3HavyeHHsM @ >0  3patHi 710
camo3bymkeHHA. Omke, cTapTyBaBIIM 3 OyIb-IKOTO CKiHUEHOTO
MOYaTKOBOTO 3HAYEHHS A aMITTITY THOTO MHOYKHHKA,

AaBTOKOJIMBaAHHSA INOYHMHae€ 3pOoCTaTu.

Ap)O[L- (1—40'/(3}/&6/03)) exp(—at)]'llz, a TIOTIM BUXOIWTH Ha
KBazicTalioHapHuii ctan: Ag =44 /(3ya§) .

3i WKIIBHOrO Kypcy TEPMOIMHAMIKH BiJJOMO, IO CTaH Ta
PIBHOBaKHI MPOLECH TEPMOJUHAMIUHOI CHCTEMH 3PYYHO ONMUCYBATH
3a JonoMoror (a3oBUX Jiarpam, Ae MO OCSIM BiJKJIaJatOTh TMEBHI
MakKpornapaMeTpy JOCTiKYBaHOT CHUCTEMH, HANpPUKIAJ, THCK Ta
00’em. CraH TepMOJUHAMIYHOT CHUCTEMH Yy 1bOMY BHUIMAJKY
MO3HAYAOTh TOYKaMHU Ha (Ha30Biil TJIOMIMHI, a TIEBHI TPOIECH —
BiAMOBITHUMHU JIHISAMUA. AHaJoriudi Jiarpamu HIUPOKO
BUKOPHUCTOBYIOTh 1 B TeOpii KOJIMBaHb, OCOOJIMBO HENIIHIMHUX, KOJIH
He 3aBXKIW BAAETHCS aHAJITUYHO PO3B’s3aTH BIAMOBIIHE HEJiHiHHE
nudepeHLiaibHe piBHAHHSA. B Teopii KonMBaHp 1i Jiarpamu
Ha3uBaloTh (Pa3oBUMHU MopTperamMu. BoHu ckiamarotees 3 (azoBol
TUIOMIMHHU, JIe¢ B SKOCTI y3arajlbHEeHHMX KOOpauHAT oOpaHO 3CyB
JOCITIHKYBAHOTO TlapaMeTpa KOJIMBAJIbHOI CHCTEMH BITHOCHO HOTO
PIBHOBa)KHOTO 3HAYeHHs Ta IIBUKICTh LBOTO 3CYBY, (pa3oBuX
TpaekTopiit (ue JiHil Ha (a30Biil MUIOLIKMHI, IKUMH 300paKylOTh PyX
CHCTEMH), Ta OKPEeMHX TOYOK, sIKi MO3HA4YalOTh CTAHW PIBHOBArd
cucremu. llpu w©BOMY XiJi TOYKH, IO UIFOCTPYE TMPOTIKAHHS
KOJIMBAJILHOTO TPOLIECY, B3AOBXK (Pa3oBUX TPAEKTOpili BU3HAYAETHCS
OJTHO3HAYHO: Yy BepXHIM HAMIBIUIOMMHI 1[I TOYKH PYyXaroThCs
NpaBopy4 Mo (a30BHUX TPAEKTOPIAX, a Y HHIKHIN — TPaBOpPYY.

Otxe, y pexumi caM030yKEHHS aBTOKOJIMBAHHS Ha
(hazoBiit TUTOIIMHI TIPECTABISIOTHECS Y BUTIIAI 3aMKHEHOT KPHUBOT, 10
SKOT NP BEIMKUX 3HAUYEHHSIX Yacy MpsAMYIOTh yci (a3oBi TpaekTopil
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(Puc. 7.14). BoHa Ha3uMBaeThCs TPaHUYHUM LUKIOM. LirocTpyroua
TOUKA yCepelluHl LMKy pyXaeThCsl MO CHipaji, MO PO3KPYUyeThCH,
i HaOIMKAEThCS IO LIUKITY, a 3 30BHIIIHBOTO OOKY TPAHUYHOTO LIUKITY
LSl CIipajib HAaKPY4Uy€eThCs Ha TPAHUYHUMN LIUKII.

[TokaxkeMo, K 3HAXOMUTHCSA TPAHUYHUI LUKJI Ha (a3oBiii
rotuHi. 3 piBHsaHH (7.83)3Haiinemo Bupas s noxianoi dA/dt. Ha
rpannyHomy nukiai dA/dt=0, omke MaeMo TaM cTallioHapHUN PEKUM
aBTOKOJIMBaHb, SKOMY MOJKe Biamomigath abo cTaH piBHOBaru
x=dx/dt=0, a Tomy i ammmityma 4=0, abo cTaH reHeparlii
aBTOKOJIMBaHb 3 CKiHUEHOW amrlitynor A= Ag. Ilpoananizyemo
rpaHMYHUN LMK Ha cTilikicTh. Hexaii amrutiTyna aBTOKOJIMBaHb
3MIHIOETbCA Ha Majly BEIMYHMHY |604 << Ag, 10010 A=At +OA,

Toji 3 piBHsAHHA (7.83)mMaemo:

u=2 1—%/15% M. (7.85)
T2 e

dA_a o A_3_sz A3
dat  20A 4y
Crarionapawii ctaH € criiikuM, ko dAA/dt<0, 60 B MpOTHIEKHOMY
BUIIAJIKy MaTUMEMO €KCITOHEHIliajbHe 3POCTaHHS aMITITyau. SKIIo
nifictaButd 0 Bupasy (7.84) HyibOBe 3HAUEHHS CTalliOHAPHOT
ammtityqn Ag = 0, To orpumaemo: doA/dt>0, 3HaumTh, 1 TOUKa

€ 0co0nMBOIO, 1€ TOYKa HECTiWkoi piBHOBarw. ToOTO HOCTaTHHO
OyIb-SKOT0 MaJIoTo 30ypeHHS TaHOT aBTOKOJIMBAIBHOI CHCTEMH, 100
BOHa 3 1OrO0 CTaHy pIBHOBAard TMepeHiuia JI0 PEeKUMY
KBa3iMepioAUYHOro  pyxy  MoOjau3y  TPaHUUHOTO  IHMKIY.
A B pe3yJbTari TiICTaHOBKH 3HAYEHHs aMIUTITy 1A

A =+4a /(3}/646) 3 piBasaas  (7.85) OTPUMYEMO:

doA/dt=-adA< 0. 3uauuts, came 4a/(3ya§) i € aMmIuTiTy 1010

CTaLliOHAPHOTO IPAaHUYHOTO LMKJTY JaHUX aBTOKOJIMBAHb.

Otxe, micns TepexiHOrO peXMMy B aBTOreHepaTopi,
BITbHOMY BIJI YCSAKMX 3OBHIIIHIX BIUIMBIB, BHWHHWKA€ CTIHKWHI
cTarioHapHUH KBa3iNepionIHui PEKUM. Ockinbku
B aBTOKOJMBANbHIM cucTeMi Ha QUIyKTyauiiHOMY piBHI iCHY€E
HECKIHYEeHHA KIJIbKICTh KOJIMBaHb 3 PI3HUMH (hazaMH, TO XOU OJTHa
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X

Puc. 7.14.®a30Buii MOPTPET OCHMISATOPHUX aBTOKOJIMBaHL, & = 0.2, y= 3.0,

af =1, v=dx/dt.

3 HUX BiMOBiZaTHME PE30HAHCHUM yMOBaM ITiJIBOJY €HEprii, TOMYy
Npy  aBTOKOJHMBAJIBHOMY TMpoleci ¢aza KoJMBaHb MOKe OyTH
JIOBITBHOKO.

B posrnsHyTOMYy BHIQJIKy 3aracaHHs B CHCTEMi BBa)KaJuCs
ciabkuM, TOMy [AJsi HMX aBTOKOJIMBAHHS BUHUKAIOTH TPHU Oymb-
AKOMYy To4YaTKoBoMy 30ypeHHi. Takuii pexuM aBTOKOIMBaHb
Ha3WBalOTh PEXKUMOM “M’'SKOro 30Yy/DKeHHs, abo pPEeXUMOM
CcaMo30y>KEHHS KOJIMBaHb.

SIKIo 3aracaHHsi aBTOKOJIMBAJIBHOT CHCTEMH € JIOCTaTHbO
CWJIBHMM, TaK MO JJIs BUXOAY CHCTEMH Ha CTalliOHApHUH PexUM
HeoOximHO, a0u mnovaTkoBe 30ypeHHs TMEepPEeBUIYBAJIO TEBHE
kpuTuuHe  (OpOroBe) 3HAYEHHS, TO  PEAli3yETbCS  PEKUM
“XOPCTOKOro 30y/KeHHS. A Ti KOJMUBaHHS, SIKI XapaKTepU3yIOThCS
MaJIOKO TOYaTKOBOIO aMIUTITY/I0K0, MEHIIOK 3a TOpOroBy, OyayTh
3aracaru.

3 npuBoay (OPMHU aBTOKOJIMBaHb MOYKHA CKa3aTH HACTYITHE.
SIKIIO OCHOBHA CKJIA/IOBA YaCTHHA aBTOKOJIMBAJIBHOI CHCTEMH SIBIISIE
co00l0  BHUCOKO  JIOOPOTHHUH  KONMWBAJBHWHM  KOHTYp,  TOJI
ABTOKOJIMBaHHS € OJIN3bKUMU 10 TapMOHIYHOT0. BracTMBOCTI JlaHKK
3BOPOTHOTO 3B'I3KY JIMIIIE HE3HAYHOIO MIpOKO BIUIMBAIOTH Ha (opmy
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KOJIMBaHb — B OCHOBHOMY, BOHA CIY>KWUTb JUTS TIOTIOBHEHHSI €Heprii
KOJIMBAJIbHOI CHUCTEMM TPOTATOM BHKOHAHHS AaBTOKOJIMBaHb. Taki
CHCTEeMH OJIepKaJld  Ha3By OCLMIIATOPHMX  aBTOKOJIMBAJIBHUX
cucteM. B HUX BTpaTH eHeprii 3a nepio, a OTXke, i BeTMYUHA SHeprii,
IO JIOJAEThCS 3 BHYTPIIIHBOTO JDKEpeNa, € 3HAYHO MEHIIUMH, HiXK
3amac eHeprii, SKWii HAKOMUYEHO B KOJUBAILHOMY KOHTYPI.
OcCUMIIATOPHI  aBTOKOJMBAJIbHI CHCTEMH CKJIQJAIOThC 3 Maibke
JHIHHOTO KOJMBAJbHOTO KOHTYPY 3 BEJHMKOIO NOOPOTHICTIO, KM
0e3 3BOPOTHOTO 3B’ 513Ky MOXKE KOJMBATHCS i3 clIaOKUM 3aracaHHsM.
[lpy ocumMmATOpHOMY THII aBTOKOJIMBAaHb camMe KOHTYp BH3Hayae
yactoTy Ta (opMy KONMBaHb, a 3BOPOTHIH 3B'A30K 3a0e3mneuye
nojiladyy eHeprii J0 CUCTeMH Y HaJleXHHMHA 4Yac Ta B MOTPiOHIH
KiJIBKOCTI.

SIKIIO OCHOBHA CKJIQJIOBA YacTHHA  AaBTOKOJIMBAJIBHOT
CHCTeMHU SBJIsiE COOOIO anepioJuuHUi KOJMBAIBHUNA KOHTYp, TO
(¢opMa aBTOKONMBAHb ICTOTHO 3aJIEKUTh BiJ| BJIACTHBOCTEH JIaHKH
3BOpPOTHOro 3B'3Ky. Tonmi 3a ymoB camMo30ymkeHHs Qopma
aBTOKOJIMBaHb € JaJeKOK BiJ TapMOHIYHOI, a MepioJ KOJIMBaHb
BU3HAYAETbCA YacoM penakcaiii cucteMd. Taki aBTOKOJIWBANIbHI
CHCTEeMH Ha3MBAaIOThCS PenakcauinHuMn. B Hux BinOyBaeTbes
Maiike TOBHa BTpara eHepril (BeJIMUMHA HAKOMMYEHOI eHeprii
MPaKTUYHO JIOPIBHIOE BEJIWUYWHI €HEpril, MO pO3CIOEThC) 3a
XapakTepHUl MaclTad 4Yacy KOJMBaHb, TOMY eHepris Mmae OyTu
MOMOBHEHA 3 BHYTPILIHBOIO JDKepesa MPOTAroM KOXKHOTO Mepiomy
ABTOKOJIMBaHb.

Penakcaniifini KonMBaHHA Ha3WBalOTh 1€ PO3PUBHUMMU
KoJMBaHHAMHU. [le Taki aBTOKOJIMBAHHS, MPU AKHUX Ma€ MicIle CTpiMKa
3MiHa y 4Yaci MeBHHUX BEJIMYMH, IO XapaKTepH3YIOTh KOJMBaIbHHN
npouec. SKIO cTaBUTHCA OO HUX JyXe MPHUCKIIUTUBO, TO MOXHA
TOBOPUTH, IO L€ i He KOJIMBaHHS, B3araji, a MOYeprosi pi3ki 3MiHU
(cTpubku y 4aci) meBHHX mMapaMeTpiB CHCTeMH. Ajie 3a BEJIHUKHAM
paxyHKOM 16 TaKd aBTOKOJMBAHHS, XO4Y 1 He OCLHJISATOPHI.
VY Bumaaky penakcaliifHUX aBTOKOJIMBAaHb y KOJMBAJIbHOMY KOHTYpIi
BiZIOYBArOTbCS CHIIBHO 3aracarodi (amepioauuHi) KOJMBAHHSA, TOMY
JaHKa 3BOPOTHOTO 3B’S3Ky TIpa€ BU3HAYaJbHY pOJIb B TpoLeci
reHepailii [IbOro TUITY aBTOKOJIUBAHb.
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[IponemoncTpyemo 11e Ha npukiani piBHsIHHS Ban—nep-Ilons
(7.82), me s cripoleHHs WOro aHamizy mokiagemMo @ =y =£. [pu
IbOMY B 00€3p03MipeHOMY JIWHAMIYHOMY pIBHSHHI, IO OIUCYE
penakcalliiHi  KOJIMBAHHS MapamMeTp HeJliHidHOCTI Mae OyTH
BemukuM: &£>> 1. 3a uux ymoB piBHsHHS (7.82) 3amuineTbcs
Y HACTYTHOMY BHIJISIII:

s+z=e(l- 2z (7.86)

Tyt yac { e GezposmipHoro BenuuuHoo. Ha nepumii nornsm mMosxe
BUJIATHCS, III0 MU HE 3MOXKEMO Hi pO3B’sI3aTH 1ie PiBHSHHS, Hi HaBiTh
noOyayBati ¢$a3oBUil TMOPTPET periakcalifHuX KOJHWBaHb, 00
B piBusaHi  (7.86) Hemae wmanoro mapamerpa. AJsie Hacrpapi,
BUKOPHCTOBYIOUYHM METOJ1 3aMiHU 3MIHHOT 1€ PiBHSHHS MOJKHA 3BECTH
JI0 Takoro, B sKoMmy Oyzae Manuii mapametrp. BBoauMo HoOBuil uac
T: t=¢r, £€dr=dt; Ta HoBy 3MiHHY: X = Z/€& Toni piBHsiHHS (7.86)
nepenuuieThes Tak:

Rle+elk=(1- %) FX. (7.87)

o

1.5

i
P A

-1.5

Puc. 7.15.®a30Buii mopTpeT penakcaiiinux konusanb, £ =10, v

=dx/dt.
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2

Tenep B HbOMY BiKE MOKHA BBECTH Mallvii mapamerp: B =& < <<1.

®da3oBuii MOPTPET PO3PUBHUX KOJMBAaHb MpeacTaBieHo Ha Puc.7.15.

3 aHamizy (ha3oBMX TpaeKkToOpik (HaragaeMo, IO LTFOCTPYIOYa TOYKa
fine mpaBopydY y BepXHiil HAmMiBIUIOLIMHI Ta - JIBOPYY y HHKHIM)
BUJIHO, IO MOYAaTKOBI KOJIMBAaHHS, SIKi ICHYIOTh B peJiaKcalliiiHuX
ABTOKOJIMBAJILHUX CHUCTeMaxX Ha (pykTyaiiiiHOMy piBHi (B cepenuHi
IPaHUYHOrO MKIY, NMo6au3y V=x=0), mBHAKO 30iIbIIYIOTh CBOO

aMILTITY/1y 10 TPAaHUYHOTO 3HAYCHHS (|X| = 4 Tta |v|=1). Bigznauumo,

IO peJaKcalliiiHi KOJMBaHHS BHUXOJATh HAa TPAHUYHUN UK
HE3aJIeKHO BiJl moyaTkoBUX yMoB. 3 Puc. 7.15 105 naHoro Bumaaky
BU/IHO, SIKIIO MMOYATKOBHM 3CYB, YM HMOr0 IIBUIKICTb OYJIM 3HAYHO
OinpIIi 3a BWINE BKa3aHi 3HAYEHHS ISl TPAHWIHOTO ITUKIY, TO
HIBUJKICTh CTPIMKO Majae 70 3HadeHb |V|=1, ski BiAmoBimaroTh
3HAYCHHSAM TPaHUYHOrO IIMKIY, a Jaii 3CyB  TOCTYTIOBO

HaOJIMKAETHCS A0 CBOr'o rpaHUYHOTO 3HAYCHHS |X| =4, Z[J'lfl KOXKHOTI'O

OKpEMOro BHIMAJIKy MNapamMeTpu TPaHUYHOrO [MKIY CBOI, BOHH
3a/1al0ThCSl  JIAHKOKO ~ 3BOPOTHOTO  3B'SI3KYy  Ta  MOTYIXKHICTIO
BHYTPIIIHBOTO JiKepena eHeprii. ['paHnyHuii UK, K BUAHO 3 Puc.
7.15, cknamaeTbes 3 JABOX JUISHOK. <TIOBIJIBHOTO PYXY», SKHMA
UTIOCTpYE MOBIIBHY 3MiHY 3HAUSHHS 3CYBY HABKOJIO PIBHOBa)KHOTO
MOJIOKEHHS, Ta <IUBHMAKOTNO PyXy», AKMH IMOKa3ye CTPIMKY 3MiHy
HIBUIKOCTI 3CYBY.

B skocTi mpuknany penakcamiiHUX KOJIMBaHb HABEAECMO
MpUKIaz 3 rigpoMexaHikd. PosriisHemMo pesepByap 3 perysibOBaHUM
BMiCTOM BOJM. Boma kpizb TpyOy Majoro aiamerpy NOBIJIbHO
HATIOBHIOE pe3epByap, 00 €M BOJU KOHTPOJIIOE TMPUCTPid, KW 3a
JIOMIOMOTOI0 Ba)KeJIsl BiAKPHBAE (3a yMOBH, 10 pe3epByap HalOBHEHO
MOTPIOHUM 00’ €MOM BOZM) 3JMBHY TPYOy BEJIMKOTO JliamMeTpa, Kpidb
Ky BOJia CTPIMKO BUTIKae 3 pedepByapy. [licisa Toro sik maiixke Bes
BOJa BUJUIETLCS 3 pe3epByapy, 3/IMBHA TpyOa 3aKpUBa€TbCs 1 MPOLEC
HaOMpaHHS BOAM MOBTOPIOETHCS.
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7.10. MNapamempu4Hi KonueaHHs

IcHytOTH Taki KOJIMBaJbHI V/ A
CHCTEMH, B STKUX BITJTUB — //‘\E ~
30BHIIIHBOTO YUHHUKA Ha \
KOJIMBAJIbHY CHCTEMY TOJIArae B \
TOMY, MO 3a TEBHHM 3aKOHOM
3MIHIOETbCS OJIMH 13 TapameTpiB
cvcTeMu 3 yacoM. TyT ineTbest mpo \
Ti mapaMmeTpH, sKi BU3HAUAIOTh \
BJIACHY 4YacTOTy Yy BiAMOBiIHIM 1.
cucteMi Oe3 3aracaHHs 3i CTATUMU : -
napameTpamu. Taki KOJMBaHHS
Ha3uBarOTHCA MaApPaMETPUHHUMMN,
BOHH MOXYTh OyTH K
HapOCTalOYMMHU Tak 1 3aracaiounMu B 4vaci. OcoOnuBuil iHTepec
NpPEe/CTAaBIISIOTh  HApOCTalO4yi KOJMBAaHHA Ta YMOBH IXHBOTO
BUHUKHEHHS. SIKIIO Taki YMOBM BHUTPUMAHO, TO B KOJIMBAIbHIH
CHCTEMi  CrocTepiraetbCst MapamMeTpuUyHUA  pe3oHaHc  (abo
napamMeTprUyYHa HECTIMKICTb).

Jlocniukyroun KOJIMBaJIbHI CHUCTEMH 3 OIHHUM CTyIEHEeM
BIJILHOCTi, 0OMEKUMO 3a71a4y BUBUCHHS MapaMETPUYHOTO PE30HAHCY
BUMAJIKOM  TEpIOJMYHOT  MOJYJALIl  TEeBHOro  mapamerpa.
Haiinpocrimmim NPUKJIAIOM napaMeTprUYHOro pe3oHaHcy
€ KOJIMBaHHS MaTeMaTUYHOrO MAasTHUKA 3 TepioJMYHO 3MiHHOIO
IOBKUHOIO (muTsua “rovimanka”). Hexait mosxwna | roiimamkm
3MIHIOEThCS 3@ rapMOHIYHUM 3akoHOM (Puc. 7.16),m11d 11boro Touka
A KpinieHHs MOTY3KH KOJIMBA€ThCS 3 YACTOTOI (J Ta aMILTITYI00
a. Y npunyuienHi a<<ly (lo — e cepenHs 10BKHHA MOTY3KH), TOOTO,
3MiHa JIOB)KMHM MasTHUKA € Majol0 MOPIBHSHO 3 HOr0 CEepeaHBbOIO
JIOBXKUHOIO, Ta SiN@ =@, TOOTO, aMmIIiTyla KOJIMBaHb MasTHHKA
€ MaJIol0, KOJIMBaHHSI OTIMCYIOThCS PiBHSIHHAM XiJuia.

Hexait dactora 3MiHM JOBXMHM MasTHUKA ) YIBiYi

Puc. 7.16.

MEePEeBHUILYE BIACHY YaCTOTY MaTeMaTHUYHOIO MasTHUKA ah =,/g/lg , @

(daza 3MiHM JOBXKHHU MasTHHKA € TaKOO, fK IIe MokKa3aHo Ha Puc.
7.17.Ha HpoMy NOKa3aHO KOJIMBaHHs TOYKH MinBicy Y(t) i konuBaHHS
masTHHKa @(t). Kosin MasSTHUK pyXaeTbest MOBiLIBbHO (MpH
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MaKCUMaJbHOMY BiJXHJIEHHI MasTHUKA BiJ MOJOKEHHsS PIBHOBAru),
Mi/IBIC TIOIOBXKYETHCS, @ KOJM MasTHUK pyXaeTbcs WIBUAKO (moOisis
TOYKM PiBHOBArM), TO MiABIC yKOpouyeTbes. Cuila MpyKHOTO HATATY
MOTY3KH TIpU MiJIHIMaHHI BaXXKY € OiJbIIOIO, HIK MPHU OMYCKaHHI.
OTxe, 30BHILIHS CHCTEMa, L0 3MiHIOE JOBXHHY MasTHHKA, BUKOHYE
nonatHy poboTy, TOOTO mepenae eHepriio MasaTHUKY. [lpw mpomy
aMIUTITy/1a KOJMBaHb MasTHUKA 3pPOCTa€, SKIO TepTs BiACYTHE. 3a
HasBHOCTI TEPTs B KOJIMBAIBHIN cHcTeMi, IKIIO poOOTa 30BHIIIHBOT
cucteMu Oyne Oinpuior0 3a BTpaTH eHeprii uepe3 TepTsd, TO
aMIUTiTYyAa KOJMMBaHb Takoxk Oyzae 3poctaru. lle siBuie Ha3MBarOThH
napaMeTpUuHUM PE30HAHCOM.

PosrasiHemo HaiinpocTily cxemy, y sIKili JOBXKHMHA MasTHUKa
3MiHIO€ThCs cTpudkom (Puc. 7.18.).

EnemeHTapHMii po3paxyHOK MOKa3ye, 10 3a Mepioji eHepris
KOJIMBaHb MasTHUKA 30iIbIIMTbCS Ha BeJIWYMHY AE =6aE/ |y,
MPOTOPIIiiHY TIOBHIN eHeprii KonvMBaHb. BTpaTu eHeprii 3a mepiof
BHACITIJIOK TEPTs MPU FAPMOHIYHUX KOJUBAHHIX TaKOXK MPOTMOPIIiiHI
eHeprii KonWBaHb AE,=27E, ne /1 - nekpemeHT (MOXe,

norapumMiYHUN???) s3aracaHHs LUX KOJHWBaHb. TakuM YHHOM,
KpHUTEpieEM PO3BUTKY MapaMeTPUYHOT HECTIMKOCTI € yMOBa!
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MpYU BUKOHAHHI SKOT aMIUTiITy/la MEXaHIYHUX KOJNHBaHb HEOOMEXKEHO
3pocTae HaBiTh 3a HasBHOCTI TepTs B cuctemi. OpjHak Lie
€ CIpaBeJTUBUM JIMIIE B JIiHIHHOMY HaOnwkeHHI. 31 30UIbIICHHAM
aMIUTITyqM TapaMeTpUYHUX KOJIMBaHb ICTOTHY pOJb TMOYMHAIOThH
rpaTd HeNiHifiHI eQeKkTH, 3aBIJKM YOMY aMIUIiTyJa KOJHMBaHb
HacTpaB/li 3aJMIIaeThcsi oOMexeHoro. HacuuenHs mnapameTpudHOl
HEeCTiIWKOCTI BiIOYBa€eThCs, 30KpeMa, 3a paXyHOK HEJHIHHOTO eeKTy
3CYBY 4YacTOTHM LMX KOJIMBaHb. [lapaMeTpuuHi KOJMBaHHS € JyKe
YyTJIMBUMHU [0 peajiizauii (a3oBOro CHHXPOHI3MY, TOMY MpH
MopymeHH1 YMOB 10710 PEe30HaHCHUX CITIBBiTHOIIIEHb
criocTepiraeTbcss  OOMEXKEHHs — SBHMIIA  3POCTAHHS  aMILTITYIH
napaMeTpUYHHUX KOJMBaHb.

VY po3risHyTOMY NpHKJIai JOBXKHWHA MasTHUKA 3MiHIOBAaBCS
NBiui 3a mepion 30ymKyBaHWX KoOJWBaHb. OJHAK MOXXKHA BHOCHTH
EHeprilo 10 KOJMBalbHOI CHUCTEMHM HE TaK 4acTo, ajie TaK w00
BUKOHYBaslacs yMmMoBa G=2ah/N, ne n — uine 4ucio. 3BUYAiHO,
BHECEHHSl €Heprii A0 KOJMBaJbHOI cUCTeMU 3a mepiof Oynae TUM
MeHIuM, 4uM  Oinbme  n.  [lapamerpuunmii  pe3oHaHC
y HEKOHCEpBATHBHI cHUCTeMi Mae TOPOTOBHI XapakTep, depe3 IO
icCHye OOMEXeHe YMCI0 YaCTOTHHX IHTepBaliB MoOausy w=2ay/n,
ycepenuHi SKUX Mae Micle Lei pe3oHaHc.

Cnig 3a3HauuTH, WO B JIHIMHMX CcHUCTEeMaxX 3a YyMOB
napaMeTpUYHOTO PE30HAHCY BifOyBaeTbcs HEOOMEKEHE 3POCTaHHS
amrutiTyau 30y/[DkeHUX KonuBaeb. Lle 3B'I3aHO 3 TWM, O BTpaTH
i BHECOK eHeprii € NpONOpUidHHUMH 10 BEJIMYMHH KOJMBAIBHOT
eHeprii cuctemu. Haranaemo, 1o BUMyILIEHI KOJUBAHHS B JTiHIMHIA
CUCTEMi MalOTh CKiHUGHHE 3HAYeHHS AaMIUTITYAHd, OCKUIbKH
BKJIaJJaHHS €Heprii € MPOMOPLIHHUM MEepPIIOMY CTYMEHIO aMIUTITYAH
KOJIMBaHb, a BTpaTH, SK 1 paHille, € MPONMOPUIHHUMH KBaApaTy
aMILTITYAH.
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