IF'nmapa 2. CBObBO/JJHBIE
N BBIHY XJIEHHBIE KOJIEBAHUSA

Teneps, ucnonb3ys 3akoHbl Hpl0TOHA, PUCTYNIUM K U3y4eHUIO KoneOanuil. B
KayecTBe IPOCTEHIIEro IpUMepa PaCCMOTPUM JIBIKEHHE CUCTEMBI, COCTOSILEN U3
IpYXKHUHBI ¥ IHONBEIIEHHOrO K HeWl rpy3a (rpy3 — mpyxuHa). B oOmem ciydae
NIBIKEHUE BO3HUKAET 3a CUET BHYTPEHHNX 1 BHENIHNX ciil. Kak GyjeT mokasaHo B
Cefytolel IaBe, JaHHbIA IPUMEp MOJIe3eH s MOHMMAaHUS MPOLECca PaclpocT-
paHeHus BonH. KpoMe Toro, Mbl 0OCYAMM 31€Ch TaKHE BaXXHbIE BOIPOCHI, Kak
3aKkoH ['yKa 1 MeTofibl U3MEPEHNs] CMEILCHNS U YCKOPEHHUS Tena.

2.1. 3AKOH I'YKA /IS IIPY2KUHbI

ITpennomnoxum, 4TO NPyXMHA NOABELICHA K TeNy A TaK, YTO €€ BEPXHUA KO-
Hell OCTaeTcd HEMOABIXKHBIM (puc. 2.1). HuxHuil KOHen NIpyXuHbI, COENUHEH-
HBIl C TPYy30M Macchl 71, HAUMHAET JABUTAThCS BHU3 IIOJ] AEUCTBUEM IPaBUTALMOH-
HOM CHJIbI

P=mg,

rjie g — rpaBUTaloOHHOE noje, P — Bec rpy3a.

ITo mpoutecTBun BpeMeHM ABMXKEHHE Ipy3a MpeKpaIiaeTcs U yCTaHABINBACTCS
paBHOBecHe. [10CKOIBKY B COCTOSIHMM PaBHOBECHS CyMMa CHJI, JICHCTBYIOIMX Ha
TPY3, PaBHAETCS HYII0, MOXKHO 3aKIIOUHTb, YTO PACTSKEHHE MPYXKUHBI TIPHBONUT
K MOSBIICHUIO CUMIbI, PABHOM 1O BelnyKHe Becy P 1 HanmpaBleHHON BepTHUKANBHO
BBEpX:

F=P nm F=-P. (2.1)

1o sBneHue Obu10 OTKpbITO Pobeprom I'ykoM. PesynbTaThl BBINOJTHEHHBIX
UM 3KCIEPUMEHTANbHBIX UCCIENOBAHUI, ONyOIMKOBaHHbIE B 1678 T., MOKa3ainu,

YTO IIPA MAalbIX CMELIEHMAX CYIIECTBYET NPAKTHYECCKM JIMHEWHAS CBSA3b MEXHTY
BECOM I'PYy3a U pacTsKEHUEM IIPYKHUHBI B IOJIOXKEHUN PAaBHOBECHS, T.€.

s~P. 2.2)
B atom u cocront 3akoH I'yka.
[Mo3pnee Tomac IOHr mpoBen uccienoBaHms, MO3BONUBIIKAE €My OOOOIINTH

9TOT 3aKOH ¥ HAlTH €ro aHaJIuTH4IecKyto dopmy. Tak, Hanpumep, I IPYKUHBI
3akoH ['yka npuoOpen cnefyronmii BU:

F=ks umu F=-ks. (2.3)
3necs F¢ 0003HaUaeT BHEUIHIOW CHITY, MPUJIOXKEHHYIO K Ipy3y. B uacTHOCTH,
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Puc. 2.1. CucteMa, cocrosimiasi u3 TPYXUHbI W Tpy3a. 3akon — LLLLLLLLLLLL
I'yka A

npuMepoM Takoll cunsbl siBisercs Bec P. Cuna F — ato
yIpyrasi CUjla, BbI3BaHHAs PACTSDKEHMEM MM CXaTHEM
TpPYXHUHBI, T.e. ee fedopmanueil. Bemmauna s — 3T0
CMEILCHUE HUXKHETO KOHIA MPYKUHBI OT €r0 HaYalbHOTO
HOJIOKEHHU. Of~"""

Koagumuent k Ha3bIBaeTCs XKECTKOCTBIO MPYKUHBI.
OH xapakTepusyeT CHOCOOHOCTb NMPYXKUHBI YAEPXKUBATH

Maccy, H €To BeJIMIMHA 3aBACAT OT MaTepuana, 3 Koto-  of F== 1|
POrO M3rOTOBNIEHA IPYXKUHA, a TAKKE OT ee JuIiHbl. Ha- Lo -
IpAMEp, TPH YBEIMYEHHH KECTKOCTH TPYKUHBI JaXe P

OTHOCHUTENILHO HEOONBIIOE €€ PacTSLKEHUE MPUBOJUT K
HOSIBICHUIO YOPYTOf CHIIbI, CIOCOOHOH TNPEKpaTUTh
JIBIKEHHE TPY3a.

31ech NONE3HO OTMETHUTD CIIEMyIOLIee:

a) COOTHoLIeHHE 2.3 TIpefiCTaBisieT coO0il MPOCTEHIy0 (hOPMYIUPOBKY 3a-
koHa ['yka. B janbHeiiiieM aHanoruyHble, HO ropasfio 0ojiee ClOXHbIE BbIpaxke-
Hus OyfiyT IOJIy4EHbI [JIs KUAKOCTEH M YIOPYruxX Tell. DTU BbIPaXXEHUS UIPAOT
(byHIAMEHTAbHYIO POJb B TEOPHH PACHPOCTPAHEHMSI aKyCTHYECKHX U YHPYTHX
KoJeOaHu;

0) Kak IoKa3aju IKCIEePUMEHTANbHbIE MCCIEeNOBaHUs, KO3(D(PULMEHT XKecT-
KOCTH IIPYKMHBI k 00paTHO MPOIOPLMOHAJIEH €€ IEpPBOHAYAILHOM [AIHE

k~ 1/
Ortciopa, ¢ yaetom opmyansl (2.3), oayunm
s=Flk~1F°,

T.€. CMEIIEHUE § MPSMO IPOMNOPLUOHATBHO NEPBOHAYATIBHON [JIMHE NMPYXKUHBI /,
TIpU YCIIOBUY, YTO cuiia F* sBseTcs NOCTOSHHOM. B yacTHOCTH, Tpy3, NOABELIECH-
HBII K HIXKHEMY KOHIY IIOJTyOECKOHEYHO! NPYKKMHBI, OYAET UCIBLITHIBATH OECKO-
HEUHbIE CMEIIEHUs. DTO O3HAuaeT, YTO CUNIA, BOSHHUKAOWIAS HPU PACTSLKEHUU
NPYXHUHb], HE B COCTOSHHUM NPEKPATUThb ABIKEHHE rpy3a. Takas 3aBUCHMOCTb
CMEIIEHNUs Ipy3a OT NEPBOHAYANBHOMN JIMHBI IPY>KUHBI 03HAYAET, UTO €€ HIXKHU
KOHEI “3HaeT”, KaK JIaleko OH HaXOAuTCs OT BepxHero Kouia. OTcrofa crefyer,
YTO 3Ta MH(OpPMALUs PacIpOCTPaHAETCsl BOMHAMH, OEryIUMU BJJOJb IIPYXUHBI.
MbI nogpoGHO 00CYUM 3TO BaXKHOE CIIE[ICTBUE MO3XKE;

B) 3aKOH I'yKa BBINONHSETCS IIPH YCIOBHUH, YTO CUIIbI F* HE CIUIIKOM BEIUKU
¥, COOTBETCTBECHHO, BEIMUMHb] CMEIEHNH, BbI3BAHHBIX 3TUMU CHJIAMU, JEXaT B
TaK Ha3blBaEMOM YIpPYroM fuamnasoHe. [locnepHee o3HauaeT, 4yTo ecnu yopaTh
CUNbI F¢, IpyXKMHA BEPHETCS B CBOE NIEPBOHAYAIIBHOE MOJIOKEHHE;

I) NpeamnosaraeTcs TakKe, YTO Macca INPYXMHBI NPEHEOpEeXuMO Mana IOo
CPaBHEHHUIO C Maccoyl Ipy3a, U, TAKUM 00pa30oM, IPyXHHA MOXET CUMTATbcad Oe3-
MaccoBoi. VIHbIMY CI0BaMU, y IIPYXXKVHbBI HET MHEPUUH, U CUJIA, IIPUIOKEHHAS K
OJIHOMY U3 €€ KOHI[0B, MTHOBEHHO TIEpPEaeTCsl BO BCE TOUKH.
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2.2. CBOBOJHBIE KOJTEBAHUSA CUCTEMBI I'PY3 - IIPYXXKTHA

Teneps, Korja Mbl FOTOBbI PACCMOTPETh PA3NIMUHbIE TUIbI IBIKEHUI, €CTeCT-
BEHHO OyfIeT HayaTh C IPOCTEHILIEro ciydas KoneGaHuil B OTCYTCTBUM BHEIIHEH
CHJIBI.

KOJEBAHUSA BE3 3ATYXAHUSA

ITpepmonoxum, 4TO TOJ AEACTBHEM HEKOTOPOH CHIIBI IPY3 IEPEMEIACTCH
BHHU3, Ha PACCTOSHUE S OT €r0 MEPBOHAYANBHOTO NONoXeHud (cM. puc. 2.1). Ilo-
CJle 3TOro, B MOMEHT BpeMeHH ¢ = 0, BHEIIH:A cuna ucye3aetT. B pesynbraTe us-3a
nedopMaluy NpYKUHBI BO3HUKAET yrpyras cuna F, HanpapieHHas BepTHKANBHO
BBEpX, U, B COOTBETCTBUH C 3aKOHOM ['yKa,

F = —ks. 2.4)

ITockoneKy rpy3 HaXOUTCS MOJ BIUSHUEM YIIPYTO# CHJIbI, OH HAauMHAET JBU-
raThCs BBEpX. B MOMEHT BpeMeHHU, KOrfia Ipy3 JOCTUIAeT CBOETO INEpBOHAYAIBHO-
T0 N0J0XeHus s = 0, ynpyras cuna CTaHOBUTCS PaBHOM HYJIIO, OHAKO I'py3 IIpo-
JIOJKAET JBUraThCA B TOM K€ HaIpaBIE€HUU. JTO NMPOMCXOAUT M3-3a TOTO, 4YTO
TPy3 MMEET HEeHYyJNEeBYI0 CKOPOCTb M, CIEJJOBaTeNbHO, OONafaeT KUHETUYECKOM
sHeprueil. [lanbHelilee IBIXKEHNE TPy3a NPUBOAUT K CXKATHIO NMPYKUHBI, U, Cle-
IOBaTEeNIbHO, BEKTOP CKOPOCTU U CHJIa HAIPABJIEHBI TENEPh B pa3Hble CTOPOHBI.
CxopocTb Ipy3a U3-3a 3TOr0 NaJaeT, U B KOHLE KOHLIOB I'py3 OcTaHaBnuBaercd. B
9TOT MOMEHT KUHETUYIECKAs QHEPTU NEPEXOJUT B MOTEHIUATBHYIO SQHEPTUIO CXKa-
TOW MPYXWHBI, a YIOpyras cuja HalpaBieHa BEpTUKAJbHO BHHU3. ['py3 HauMHaeT
JIBUTAThCS B HANPaBJIEHUH CBOETO NEPBOHAYANLHOIO MOJOXeHus s = 0, MHUHyeT
€ro, ¥ BO3BpaIaeTcs B TO MOJIOKEHNE, TJie BCS MeXaHU4YecKasi JHeprusl 3amaceHa B
BUJIe TIOTEHLMAJILHON 3HEPruM pacTsaHyToil npyxuHel. [locne atoro rpys cHosa
HAYMHAET J[BUTATHCS BEPTUKAIBHO BBEPX mof efictBueM ciibl F. Takum o6paszom,
MbI HaOJIOlaeM CBOOOJIHbIE KONleOaHus Ipy3a, BO3HUKAIONIUE TONBKO TOJ JEHCT-
BHEM BHYTPEHHEN CUJIbI CUCTEMBl. BbIpaxeHue “cBoOofiHbIE KONEeOaHUs” O3Haya-
€T, YTO BHEILIIHUE CUIIbI BO BpeMsl IBIXKEHHS OTCYTCTBYIOT. TeM He MeHee, B HallleM
cllyyae UMeeTcsl BHEIIHSA cina, a MMeHHO Bec rpy3a P. OHa BbI3bIBa€T HEKOTOpPOE
HayalabHOE PacTsKEHUE NPYXKUHBI S, 1 HaYanbHyto yupyryto cuity F¢. TTockonbky
CyMMa 3THX JIBYX CHJI PaBHSETCS HY/IIO B NIOOOH MOMEHT BPEMEHH, Mbl MOXEM
IpeHeOpeyb UX BIUSHUEM M TPAaKTOBATh ABMXKEHUE IPy3a Kak CBOOOJHbIE KoJe0a-
HUs, IPU YCIOBUM, YTO HAyano orcyeTa s = O HAXOOUTCS HA PACCTOSIHUM S, OT
HCXOJIHOTO MOJIOXKEHNS HIXKHET0 KOHIA MPYXKUHbI.

[Tonyyum Teneps ypaBHEHNE IBUKEHNS IPy3a, UCIONb3Ys 3aKOHbI HbloTOHA 1
I'yka

2

% —F u F=—ks. 2.5)
t

Wckmrovas u3 atux ypapHennit cuny F, nmeem
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d
m—2s+ks=0
dt

nim
dzs

dr2

+wys=0, (2.6)

Ife s = § (f) — paccTOsiHUE MEXy TEeKYLIMM M HayajbHbIM IOJOXEHUSMU IPy3a,
t — BpeMsl, a BeJIMUMHA

0, = Vk/m 2.7

ABISETCS TAPAMETPOM CHCTEMBI.
Pemenue ypaBHeHns (2.6) iMeeT cnegyronmi Buj| (CM. IPUIIOKEHHE 5):

s (t) = C sin wyt + D cos w, . (2.8)

3pech C 1 D — Heu3BeCTHbIE KO3(P(UIUEHTD], 3aBUCAILME OT BpeMeHU. Takum
00pa3oM, cBOOOAHbIE KONEOAaHUsl pacCMaTPUBAEMONl CHCTEMbI IPOUCXONAT CUHY-
COMJIANIBHO, C 4ACTOTOM (), KOTOpast 0ObIYHO HA3bIBAETCS €CTECTBEHHON 4acTOTON
CHCTEMBL.

ITeprop aTuX KoneOaHui, T.e. HHTEPBAN BPEMEHH, B TEYEHHE KOTOPOTO IpPY3
BO3BPAIAETCS B MICXO[JHOE MOJIOXKEHUE, ONPENENsIeTcss KaK

]B=2_n=2n\/£. (2.9)
w, k

Baxno OTMETUTD, 4TO NEPUOJ CBO6OIIHI)IX KOJIeOaHUA 3aBUCHT TONLKO OT IIa-

PaMETPOB CHCTEMBI 71 1 k,  UIMEHHO OT MX KoMOWHamuu ~ m/k . B wactrocth,
nepuoy, T, He 3aBUCUT OT IOJIOXKEHUS U CKOPOCTH IPy3a B HayajbHbIl MOMEHT
BpeMeHu. MHbIMU c10BaMu, KOJIEOAaHUsl CUCTEMBI IIPOUCXOMAT € IIOCTOSIHHOM 4Yac-
TOTO! ), HE3aBUCUMO OT NOBEJICHUS BHELIHEH CUIIbL. YTOOBI OLEHUTH 3HAUCHNE
3TOro (hakTa, MpeficTaBbTe ceO€, YTO MOMNO Obl CIYYMTBCS, €cld Obl 4acToTa
3By4aHHsAd MY3bIKATLHBIX MHCTPYMEHTOB 3aBHCENA OT CHIIbI, TNPHUKIAJbIBAEMON
MY3bIKaHTOM.

W3 Boipaxenus (2.9) ciegyet, 4To nepuop Konebanuil T, yBeIMuuBaeTCs IIpU
YBEJIMUEHNN MacChl IPy3a, a Takxke INpU yMEHbLIEHNH KO3(h(HUIUEHTa KECTKOCTH
npyxuHbl. Takas 3aBUCHMOCTB JIETKO OOBsICHUMA. [[€ACTBUTENBHO, IOCKOIBKY C
YBEIIMYCHUEM MACChl BO3PACTAET €€ MHEPLHMs, CKOPOCTD ABIDKCHUS IafacT, a Ie-
PHUOJI, COOTBETCTBEHHO, YBEIMUMBAETCS. TaKas Xe TEHJEHLUs HAOMIONAeTC MpU
YMEHBIIEHN K0o3(ppuieHTa XKECTKOCTU NPYXKUHBI, IOCKOIbKY B 9TOM Clyyae
NPYXUHY HEOOXOAUMO Ae(hOpMUPOBATH CUIbHEE, YTOOBI MPEKPATUTh ABIKEHIE
rpysa.

B oTnmuune OT ecTeCTBEHHO! 4acTOThI CUCTEMBI (), KO3(huuuenTel C u D B
BbIpaKeHUH (2.8) 3aBUCAT OT HavaibHbIX ycnosuid. IlpepmonoxuMm, 4ro B Ha-
YaJbHbI MOMEHT BpeMEHH ¢ = () CMEIIEHNE ¥ CKOPOCTD IPY3a MU3BECTHBI U
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s =s, un §(0)=V, (2.10)

3pech TouKa Haj CHUMBOJIOM s O0O3HauaeT AucpdepeHurpoBaHHE MO Bpe-
MEHH.
IToxcranoBka ¢ = 0 B BeIpaxenue (2.8) faer

D =s, @2.11)

3arewm, fucdepeHIupys o BpeMeHu o0e yacTu opMynsl (2.8) 1 cHOBa IO-
narag t = 0, momy4nm

C = vi/w,. (2.12)

Takum 00pa3oM, paBeHCTBO (2.8) EpPENUChIBAETCS B BULE

s(l):V—Osin Wt + 8, COS Wt. (2.13)
®o

BBops 0603HaucHus

sop=Asing U Vy/w,=A cos g (2.14)
U NOfiCTaBIs UX B (2.13), nonyyum

s (f) = A sin (0, 1 + @). (2.15)

Awmmityna A n HavanbHas (paza KonebaHuil ¢ JTETKO BBIPAXKAIOTCS Yepe3 Ha-

YaJlbHBIE YCITOBHSI.
W3 cootHomennii (2.14) ciexyer, 4to

5, 5 -
A=\s+V2/w) u cp=tg'%. (2.16)
0

Tak, HanmpuMep, ecli HayaJbHOE CMEI[CHHE PaBHIETCS HYJIIO, TO
s (1) =A sin g t, 2.17)

e
V,
A=="=vIm/k.

®g
Takum obpa3om, ¢ XapakTepusyeT ciBUT (pa3bl ABIKeHHs (2.15) oTHOCH-
TENbHO KONEOaHWil CHCTEMBI, NMPOUCXOASAMIMX B TOM CIydae, KOIJja HayaJbHOE
CMEIIEHUE OTCYTCTBYET.
B cootsercTBun ¢ hopmynoit (2.15), ckopocTb U YCKOPEHHE Ipy3a Ompefiens-
I0TCS CIIEAYIOLIMMHU BbIPAXKCHUSMU

=B _ w,A cos(wyt +P) (2.18)
dt
)il
_ d2S 2A .
a= % =~y A sin(wyf + ).

36



OueBHIHO TaKXke, YTO YIpYyras Cuiia ONpefiesnseTcs Kak
F=-ks=-kAsin (0, + ). (2.19)

PaccmoTpuMm Teneph moBefieHHE SHEPTUM NMPU TAKOM JBWKEHHH. Y UMTHIBAs
(2.18), KHHETHYECKYIO SHEPTUIO IPy3a ONUIIEM CIENYIOLMM BbIPAXKEHUEM:

2 2
E="__ %Az cos?(w,f + ). (2.20)
2

[To onpepenennto, MOTEHIMANBHAS SHEPTUS, 3alaCCHHAS IPYKUHOM, €CTh

ks2

U(s)=—fF‘ds=fksds= - (2.21)
0 0

Takum 06pa3oM, NOTEHIMATbHAS SHEPIUsl PYKUHBI MPSMO MPONOPIIOHATb-
Ha KBaJIpaTy cMellieHus. B anbHeiimeM Mbl OyfieM 4acTo MCIOJb30BaTh 3Ty 3aBH-
CHMOCTb, YTOOBI XapaKTepHu30BaTh MOTEHIMATLHYIO 3HEPTHIO, 3aMaceHHYIO B MpY-
SKMHE WM B YIPYTO#l cpefe.

Wcnone3ys Beipaxenue (2.15), 3anumeM

2
U=kA

sin® (Wt + ). (2.22)
CoOTBETCTBEHHO, TIOJHAS MEXaHHUECKasl SHEPTHsl CHCTEMbI
kA®
W = E(t)+ U(t) = £4° (2.23)
2

HE MEHSIETCS B TPOIiecce IBUKEHHS M MONHOCTBIO OMpefeNseTcs] HaualbHbIMA YC-
JIOBUSIMH ¥ TTapaMeTpaMH CHCTEMBbI. JTO O3HAYaeT, 4To KonebGaHus OymyT Ipo-
JIOMKATHCS HEOTPAHUUEHHO JIOINTO.

KOJEEBAHUS ITPU HAINYNU 3ATYXAHUA

Jo cux mop MbI TpeAnoiarany, 4To ABMXKEHNE IPy3a U MPYXUHBI MPOKCXO-
MUT 6e3 CONMpOTHMBIEHHS M, CIEOBATENbHO, aMIUIUTYAA CBOOOAHBIX KojeOaHWI
ocTraeTcsl HocTOIHHOM. OfIHAKO B peabHbIX YCIOBHUSX BCEITla MPUCYTCTBYIOT BHEII-
HHE W BHYTPEHHME CUIIbI TpeHus. TpeHue MOXKeT BO3HUKATh, HANPUMEP, MEXY
BIKYLIUMCS. TPY30M ¥ OKPYXAIOIMM €ro Bo3fyxoM. [Ipu u3ydeHHd BAUSHUS
TpeHusi MbI OyfieM HCIoNb30BaTh 3akKoH Kymona — Mopa m mpepamonaraTh, 4To
CHJIa COTIPOTHBIIEHHS TIPSMO MPOTOPIMOHANIBHA CKOPOCTH JIBUKEHUS, T.C€.

F,. =-qov, (2.24)

e o — KO3(UIMEHT MPONOPLUUOHATILHOCTH, 3aBUCSILINI, B YAaCTHOCTH, OT
CBOIICTB Cpefibl, OKpY:Katollleil cucteMy. 3HaK MUHYC B hopmyne (2.24) ykasblBa-
€T Ha TO, YTO HAIPaBJICHHUE CHIbI CONPOTHBICHUS F, IpOTHUBONOIOXHO CKOpO-
CTH V.
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Kak u panee, mpeAmonoxuMm, 4To Tpy3 O HAvama JBIXKEHHS HAXOAUICA B
paBHOBECHH, T.€. €ro Bec ObLT KOMIIEHCHPOBAH CHJION HATSKEHHS NPYXKUHBI.
Torpa, B cooTBeTcTBUM ¢ 3aKOHOM HBIOTOHA, ypaBHEHWE JBVKCHMS, OMICHIBAO-
1iee cBOOONHbBIE KOJIeOaHus, IMEET BHJ]

2
md—zs =—ks - ad—s,
dt dt
WK
2
L v wis =0, (2.25)
dt dt
e
w(z) =k/m u 2n=a/m. (2.26)

Kak moka3aHno B MpUIIoKeHNn 5, CMEIEHHE § (f) MOXHO IIPEACTaBUTh KaK
sty =Ace", (2.27)

Tfie A U p — He 3aBUCSIIME OT BPEMEHH NMOCTOSIHHbIE.
ITopcranoBka BeIpaxkeHus (2.27) B ypaBHEHHE (2.25) faeT XapaKTepuCTHYEC-
KOE YpaBHEHHE

p>+2np+w; =0. (2.28)

Takum obpazom, yHKIMS s (7), 3aaaBaemast popmynoit (2.27), yI0BIETBOPSIET
nudepeHmaIbHOMY YPaBHEHHIO IBIKEHNUS TIPK YCIOBHMY, YTO 3HAYEHUS [TapaMe-
Tpa p ABIAIOTCSA KOPHAMHE YpaBHEHUS (2.28).

Pemas ypaBHenue (2.28), nonyuum

p=-n+n’-0; u p,=-n-n"-o,. (2.29)

OO0ree pemieHue ypaBHeHud (2.25) 3anuieTcs B BAe
s(t)=Ce""'+De", (2.30)

e Koo dunuenTts! C 1 D ONpefensoTes U3 HayalbHbIX YCIOBUIL.
YToObI U3YUYUTh MOIYYECHHOE PELICHUE, MONE3HO BBIIENUTDL CIEAYIOIUE TPH
CIyvast:

1) n > wy; 2)yn=wy 3)n <o,

KOTOpBIE MBI PACCMOTPHUM OTJENBHO APYT OT ApyTa.

Ilepsblit cyyaii: 7 > o,

W3 cootHomenwii (2.26) ciefyer, 4To

0L>2\5km,
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1, COOTBETCTBEHHO, CUJIA TPEHHUS HACTONBKO BENMKA, YTO HUKAKUX KOJeOaHUi He
BO3HMKAeT. [leficTBUTENbHO, 002 KOPHS, p, U p,, SBIAIOTCA AEHCTBUTEIHLHBIMHU.
[TockombKy B 3TOM cllyyae OHU SIBISFOTCSI TaKKe OTPHUIATENBHBIMHA, CMEIICHHE
CHCTEMBI JIaTCS BHIPASKCHUEM

s()=Ce My perl 2.31)

P>

U3 KOTOPOro sICHO, YTO CMHYCOUIAIbHBIC Kojie6aHus B CUCTEME OTCYTCTBYIOT.
H.Hﬂ AJUTIOCTPpallui paCCMOTPUM NIBMKEHUE MPU [IBYX Pa3IUYHbIX HaYaJIbHBIX
YCIIOBHUSIX. ITonoxum CHavama, 4To

s(0)=0 u dsydt=v,.

Kak 0b1710 MOKa3aHo B r71aBe 1, 3TH YCIOBHS COOTBETCTBYIOT CIIy4aro, KOTa B
HayaJIbHbIIl MOMEHT BPEMEHH Ha CUCTEMY JIEIICTBYET BHEIIHSIS CUla B BUIE KPaTKO-
BPEMEHHOrO UMIyIbca. Bocnonb3oBasimuch BelpaxeHueM (2.30), moayuuMm cie-
Qytoluye ypaBHeHus Anst Koauruentos C u D:

C+D=0
u
P1C+p, D=V,
Orcrona
D =v/(p,-p), C=-V/(p,-p))
u
s(t)=—20 _[e-ni—e-r1], (2.32)
P1=P2

Bravane m3-3a JEHCTBUS MCXOJHOTO MMIIYJIbCA TPY3 ABIZKETCS OT IIOJIOXKEHHS
paBHOBeCHs, M cMeleHne s (¢) pacrer. ITockonpKy HampasiaeHHs BO3BPAaTHOU CH-
JIbI A CUJIbI TPEHUS TPOTUBOMOJIOKHBI HAITPABJIEHNIO CKOPOCTH, OHa YMEHBIIACTCA
CO BPEMEHEM U, B KOHIIE KOHIIOB, ABIDKEHHUE IpeKpamaeTrcd. B aToT MoMeHT 1o-
TEHLUANbHAS SHEPIUs, 3allaCeHHasl IPYXKUHOM, MEHbIIE pa0oThl, IIPOU3BEECHHOM
MMITYJICOM BHEIIHEN CHJIBI, TaK KaK YacTb MEXaHHYECKON SHEPIHH Ipy3a Iiepe-
11a B TemIo. B cnepyromuit MOMEHT BpeMEHH T'PY3 HAauMHAET JABUraThcs B 00paT-
HyI0 CTOPOHY, M B MOMEHT [JOCTIDKEHMSI MCXO[JHOTO IIOJIOKECHMS €TI0 CKOPOCTb
CTAaHOBUTCA 9KCIIOHCHIMAJIBHO MaJjon BCJII/I‘H/IHOfI, MOCKOJIbKY BCS MEXaHMYECKas
9Heprusd Nepeluia K 9ToMy BpeMeHu B Temno. [losenenue ¢pyHkuuy s (f) Mokasa-
HO Ha puc. 2.2, a (xpuBas /).

ITpennonoxuM Teneps, 4To

s0)=sy uw Vv (0)=0.

OO6pamasch cHOBa K BbIpaxeHuio (2.30), monydnm

s(f) = SOPZ [e"’z’—%zle"’*’ ) (2.33)
1-22

Py

39



0

Puc. 2.2. CBobopHbIe KomeOanust

Kpusas /I Ha puc. 2.2, a wumoCTpUpyeT moBeficHrne (QYHKIME § (f) B 9TOM
ciydae.

Bropoii cayyaii: n = o,

ITOT cnyyail 00bIYHO Ha3bIBAaETCs KpUTHUECKUM 3aTyxaHueM. Kak cnenyer u3
BbIpaxXeHui (2.29), o0a KOpHs B JAaHHOM CJy4ae PaBHbI IPYT PYTY:

P1=py=-n. (2.34)

CoOTBETCTBEHHO, IpaBast 4acThb (hopMyIbl (2.30) COREPsKAT TOIBKO OfIMH 3KC-
MOHEHIMATLHBIA WICH W, CIEJOBATENbHO, OHA HE ONKCHIBAET OOIIETO PEIICHNS.
Tem He MeHee, B 3TOM 0COOOM ci1ydae (PyHKIUs

Dt e—)lt

TaKXe yJOBJIETBOPSAET YpaBHEHUIO (2.25), MOCKONBKY 1 = ®,. Takum o0pa3oM,
o0lee pelleHNe 3TOr0 YpaBHEHHS JAETCsl CIEAYIONIIM BbIpaXkeHHEM:

s()=(C +Dr)e™. (2.35)
Ecnu, Hanpumep,

s(0)=0 u v () =v,
TO JIETKO HaXOJAM

s () =Vt e, (2.36)

CHayana cMelleHHe pacTeT U B HEKOTOPBI MOMEHT BPEMEHH JIOCTHTAeT CBOE-
r0 MaKCHMAlIbHOTO 3HAYeHHs, OfHAKO 3aTeM Ipy3 MOCTENEHHO BO3BpalLIaeTcs K
CBOEMY NIEPBOHAYATILHOMY NOJIOXKEHHIO, KaK 3TO ObLIO B IIPEAbIAYLIEM IPUMEPE.

Tpernit ciyvait: o > n,

B aToM cnyvae u3 BbipaxkeHnuit (2.29) cieayet, yTo 00a KOPHS SBISIOTCS KOM-
IJIEKCHBIMU:
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pi=-n+ip, U p,=-n-1p,, (2.37)
e
Py = w2 —n’. (2.38)
IMopcranss Beipaxkenust (2.37) B (2.29) u ucnons3ysa gopmyny Jiiepa (cM.
NpuIoXeHue 4)
ef’* = cos x +i sin x,
HaXOJIUM
s()=e" (Asinp,t+ B cos p, ). (2.39)
[onaras
A=Aycos@ u B=A,sin @,
BbIpaxkeHue (2.39) MOXHO NepenucaTh Kak
s(t)=A e " sin (py t + Q). (2.40)

Takum 00pa3oM, B OTJINYME OT ABYX NPEABIIYIINX CIy4aeB, [BIKEHHUE TIpy3a
Tenepb ONUCHIBAETCS OCHMILTUPYIONIEH (DYHKIMEH, aMIUTATYAia KOTOPO# yMEHbIIa-
ercst co BpemeHeM (puc. 2.2, 6). MHbIME CIOBaMH, MaKCHMAJbHOE CMEIECHHE
Tpy3a CO BpEMEHEM YMEHBIIAETCS, ¥ B KOHIIE KOHIOB OH NEPECTAET JBUTATHCS U
3aMupaeT B IONOXeHWH paBHOBecus. PyHkums s(¢), 3amaBaemad hopMynoi
(2.40), Ge3ycnOBHO OTIMYAETCS OT CHHYCOWbI, OHAKO Mbl OYIeM MPOROIKATH
UCIIONIb30BaTh IS 9TOH (PYHKIMU MOHATUS aMIUTUTY/bI U (Da3bl.

Yacrota p, Takux KojeOaHWH CBS3aHa C MApaMETpaMil CHCTEMBI, BKIOYAs
K03(D(UIMEHT TPEHHS O, 4 €€ 3HAUCHHS MEHbIIIE, YeM

Do < 0.
OnHako ¢ yMEHBIIEHNEM CHIThI TPEHUS YacToOTa p, CTPEMHUTCS K
Do —> W,, ecau o — 0.

B panbHefimem ygo0HO MPeACTaBUTh 3KCIOHEHIMANBHBINA YIeH B BbIpaXKeHUH
(2.40) cnepyromum 00pa3oM

-nT— - —a, L
ent=¢e T =¢fT=¢ 'T, (2.41)
e
a,=nT=2="2" wm n=oa,f (2.42)
o 2mf

a f — vacrora. IlapameTp o, Ha3bIBaeTcs JorapuMUIECKUM AekpeMeHToM. OH
yKa3bIBaeT Ha TO, YTO aMILTUTY/AA KOJeOaHuil yMEHbIIaeTcsl B e ** pa3 3a HHTep-
Ball BpeMeHH, paBHbIA nepuofly T'. [leficTBUTENBHO, Oepsl OTHOLICHHE CMEIECHUI
s (¢) 1y ABYX paccTOSHUI, pasnuyarouxcs Ha nepuoy T = 2m/p,, uMeeM

41



s(t) _ e ! _ e—nTell*

s+ T) e "D

Jines

SOy (2.43)

In= =
s(t+T)

Hanpumep, MoxHO B34Th cMemieHnst s (£) 1 s (¢ + T), COOTBETCTBYIOLIKE TO-
ClefoBaTeNbHbIM MaKCUMYMaM OCLUJIIIAPYIOLIEH KPUBOL.

PaccMoTpuM OfIHO MHTEPECHOE CBOUCTBO KONEOAHNUIl B IPUCYTCTBUM CHIIbI CO-
IpOTHUBNEHKS. B ciydae IpocTOro rapMOHMYECKOTrO IBIKEHUA, T.€. npH o, = 0,

yHKUs
|s(t)| = |A sin(wyf + cp)|
MIMeET MAKCUMAJIbHbIE 3HAUCHNUS B CIEAYIOLIIE MOMEHTh! BDEMEHH:

T2 - 3n/2 - 5m/2 - @
=7, t,=—, ty=—7mm,...,
Wo Wy Wo

a rpy3 NpOXOAUT uepes nojoxeHue papHosecus s = (0), koraga

T - 2w - 3 -
P e L i L S
Wo Wy Wy

3TO 03HAUaeT, YTO BPeMsl, 3aTPAUMBAEMOE Ha JIBIKCHUE B MPOTHBONOIOKHbBIX
HalpaBJIeHUSAX OT TOYKU PABHOBECHS], ONMHAKOBO.

YroObl onmpefienuTb MOMEHTHI BpeMeHH, B KOTOpble (hyHKUUA s (7), 3aiaBae-
Masl BbIpaxkeHueM (2.40), NprHUMAeT MaKCUMAaJbHblE 3HAYEHHS], PELUM ypaBHe-
Hue

ds (t)/dt = 0.
Hucdepenuupys npasyio yacts (2.40), noaydnm

0 - n?

P
tg=(Pof+CP)=70=\g‘n—2

Haiing KopHU 3TOro ypaBHEHMS, MOXHO YBHAETb, YTO MHTEPBAJ BPEMEHH, B
TeYeHUEe KOTOPOTo IPy3 ABMXKETCS OT ONOXKeHHs1 paBHOBecus s = 0 K TOuke co-
OTBETCTBYIOIIETO MAaKCHMAJIBHOTO VJIMHEHNs MPYKMHbI, MEHbIIE MHTEpBaa Bpe-
MEHH, TpeOYIoIIerocs s BO3BPAILLCHNS! B MCXOJHYIO MO3ULHMI0. JTO NMPOMCXOAUT
BCIIEJICTBUE TOTO, YTO B MPOLECCe JBIXKEHUA YacTh MEXaHHUECKON IHEpriu nepe-
XOJIUT B TEILIO.

ITo onpepenennto, mapameTp 7, CTOSIINA B paBeHCTBaxX (2.26) W XapakTepusy-
IOIINI 3aTyXaHue KonebaHu, mpsiMO TIPONIOPIMOHANEH KOI((DUIIUEHTY TPEHHS O
1 00paTHO MPOMOPIMOHANEH Macce CHCTeMbl. [IeCTBUTENBHO, C YBEIMUECHUEM
Macchl CHCTEMa CTAaHOBUTCS Oolee MHEPTHOH M, CIEf0BATENLHO, TpedyeTcs OOlb-
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1Ie BPeMEHH, YTOObl OCTAaHOBUTD JBIDKeHHE. OUEBUIHO, UTO MHTEPBAT BPEMEHH,
HEOOXONMMBIH JUT TOTO, YTOOBI BCS MeXaHW4YecKas SHeprus npeoOpa3oBajiiach B
TEINIO, MOYTH BCerja KOHedyeH. [ OMMCaHMs 3TOTO MpPOLEcca MOXKHO BBECTH
HEKOTOPYIO IOCTOSHHYIO T, KOTOpast Ha3bIBaeTCsl BpeMeHeM pernakcarmy. O4eBuf-
HO, 4YTO C YBEJIMYCHUEM 3aTyXaHUsd KoJie0aTebHBIH XapaxkTep NBUXKCHUSA UCUE3ACT
¥ BMECTO HETO HaOIIOfaeTCsl 3KCIOHEHINABHOE 3aTyXaHNe.

B cnyyae ¢ npyxuHO#l KO3(p(UIEEHT o ABIAETCS MOCTOSHHBIM, a Jorapug-
MITYECKHIT IGKPEMEHT 0L, IPSIMO MPOIIOPIMOHAJIEH MepHoAy KoneGanui. B To xe
BpeMsl TEOPETHYECKHE M OIKCIEPHMEHTAILHbIC HCCIEOBAaHMS MOKA3bIBAIOT, UTO
JIIS HeTIPEPBIBHBIX CPEJ| O, YaCTO HE 3aBUCHT OT YacCTOTHI B IIMPOKOM JMAIa30HE
o. ITpu atom u3 paseHcTs (2.41) cnenyer, 4ro KoneOaHus Oonee BBICOKOH yac-
TOTBI OYAyT 3aTyXaTh ObICTpeEe.

ITone3Ho NPOAEMOHCTPUPOBATh, KaK M3MEHEHNEe MEXaHMUECKON HEPIHH CBS-
3aHO C MapaMeTpoM o.,. OUeBHIHO, UTO B OTCYTCTBHE 3aTyXaHUs MAaKCHMYM MeXa-
HITYECKOI 9HEPTHH CO BpeMeHeM He MeHseTcs. B JacTHOCTH, B MOMEHT BpeMEHH,
COOTBETCTBYIOIIH MAKCHUMAILHOMY CMEIIEHHIO S, TOJHAS 3HEPIHUSI COCPEOTO-
YCHa B BUJIC HOTCHHI/IEUILHOﬁ QHEPTHUHU N PABHACTCA

W=U=ks> /2. (2.44)

max

OHHaKO Opn HAJIMYUKU 3aTyXaHUS IaCTb 3TOM QHEPruM IMEpPEeXOauT B TEIUIO.
YT0o06mI O0XapaKTE€pU30BaTb ITU MNOTEPH, E€CTECTBEHHO PACCMOTPETL CIIEAYHOMICE
OTHOLICHHE:

AW _Wi-W,
W W

, (2.45)

e W, u W, — MakcnMainbHble 3HAYEHNUS TOTEHIMANBHON YHEPTUH, COOTBETCTBY-
IOII[He TOCTIENIOBAaTENbHBIM neprofiaM. OTcrofia mMeeM

AW U -U,
WU
OrpaHndInMcs paccCMOTPEHNEM CT1abOoro 3aTyXaHus:
U, =U,.
Torna, npuHIMas BO BHUMaHUE COOTHOIIEHNE (2.44), MOTy4ynM

ﬂ= slz —sg _ (5; = 5,)(sp +5,) z2§
W 312 Slz $2
YuureiBas, uto (cM. 2.43)
In-L = ln(l +£) -~ a,,
S2 S2 S2
AMEEM
AW/IW = 2a.,. (2.46)
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OrtHommenne AW/W 00bIYHO Ha3bIBAIOT YAEAbHBIME HOTEPSIMH, U NIPU MaJoM
3aTyXaHUW OHO PaBHSETCS IBOHOMY JTOrapu(hMUUECKOMY AEKPEMEHTY.

O6a mapamerpa, AW/W 1 o,, HCIONB3YIOTCS TIPH M3YYEHNUN 3aTyXaHUS Kole-
OaHHil, a TaKXKe 3aTyXaHUs BOJH B PA3IIMUHbIX CPEfiAX.

CrieiyeT Takske OTMETUTh, UTO HApSAY ¢ yAeabHbIME nmotepsmu AW/W dacto
npuMeHsieTcs: 6e3pa3MepHbIil Koa(guimeHT Q, onpefenseMblil Kak

Q = TW/AW.

2.3. BBIHY XTEHHBIE KOJTEBAHUA CUCTEMBI I'PY 3 - IIPYKUHA

Ho cux mop Mbl M3yYalld TOJBKO CBOOOAHbIE KOJEOaHWsI Tpy3a, BbI3BaHHbIE
BO3BPATHOW CHJION TIPYXuHBIL. PaccMoTpnM Temeps Golniee CIOXHBIN Cydail JBu-
KEHNUd, KOrja K rpy3y IPUIOXEHa TakkKe BHEIHsA cuiaa F(t) (eMm. puc. 2.1).
[TpeanonoxuM cHayama, YTo 3aTyXaHUE OTCYTCTBYET. TOrja ypaBHEHUE JBIKEHHUS
3aMMIIeTCs Kak

m dzsi“ = F(t)—ks(t)
dt
nim
TS0, 25(t) = 1), (2.47)
e
f(t)=F (ty/m. (2.48)

Takum 00pa3oM, Mbl NPHXONUM K HEOJHOPORNHOMY mudepeHInanbHOMY
YPaBHEHHIO BTOPOTO TOPSKA € TOCTOSHHBIM Ko3(duiuenToM ;. CymecTBeH-
HO, YTO JIaHHOE YpaBHEHHUE SIBIAETCA JHUHEHHBIM. Ero pelienue coCTOMT U3 JIBYX
yacTet (CM. IPUIIOKEHue S):

S(t)=s, (1) +5, (D). (2.49)

Oynkius S, () SBISETCS PEIICHHEM DPACCMOTPEHHOTO paHee OfHOPOTHOTO
ypaBHEHHSI
d’s, (1)

o +wps,(t)=0.

B cooTBeTcTBIH C BhIpaxkeHueM (2.8),
S, () =Csinwy,t+ D cos w,t.

B ornmuame ot ¢yukiun S, (t), BTopoi uneH, S, (t) mpencrasnser cobor vacT-
HOe pelieHne ypasHeHus (2.47). Ero nosefieHre MOMHOCTBIO ONPENENIETCS BHEII-
Hell cuioil 1 mapameTpamu cucteMbl. [loaToMy mpeficTaBnsieTcss eCTECTBEHHbIM,
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YTO 3Ta YaCTh PEILECHNS HAa3bIBACTCS BHIHYKJICHHBIMY KOneOaHusiMU. Takum oOpa-
30M, JIBIKEHHE CHCTEMbI B IIPHCYTCTBHME BHEIIHEH CHJIbI ONKMCBHIBAETCS CYMMOW
CBOOOJIHBIX W BBIHYXJICHHBIX KOJeOaHmil. B manbHeiiieM ynoOHO paccMaTpvBaTh
OTJEIbHO [IBa THNA BHEIIHKUX CUl. [IepBblil TUII — 3TO CHUJIbI, UMEIOLUE TAPMOHHU-
YECKYI0 3aBUCHMOCTb OT BpeMeHH, HanpuMep, F = F sin ot umu F = F; cos wt;
a BTOpOIi — Ipou3BObHbIE (DYHKIMA BpeMeHn F (1).

CylIecTBYIOT MO KpaiHe#dl Mepe fBe MPUYMHBI ISl TaKOW KIacCU(pUKAIMH.
[lepBast npuynHa 3aKII0YAETCS B TOM, YTO, €CIU BHEIIHSAS CHJIA SIBISETCS CHHYCO-
WanbHON (PYHKIMEN, TO U ABIKEHHUE S, (f) — Takxke CHHycOMAaNbHas (QYHKLHS
TOW XK€ 4acTOThI (cM. npuioxenue S5). [Ipyrumu cnosamu, Bxop F (t) u BbIXOR S,
(t) Takoit cucTeMbl BCerja UMEIOT OfIHY U Ty K€ 3aBHCHMOCTb OT BpPEMEHH. JTO
OfIHO M3 CaMbIX 3aMEYaTeJbHbIX CBOWCTB JIOOBIX JMHENHBIX CHCTEM, MMEIOIUX
CHHYCOMJIANbHYIO (DYHKIIMIO HA BXOJIE.

Hpyrad npuyuHa Takoil KinaccupuKaluy CBA3aHa ¢ TEM, YTO NMPOM3BOJBHYIO
¢yHkumo F (t) MOXHO NpefcTaBUTh B BHJIC MHTErpaja WM CyMMbI CHHYCOM,
MMEIOIMX Pa3iuyHble aMIUTYABL, (ha3bl U 4acTOThI. Takum 00pa3oM, 3Has, Kak
JIBIZKETCS Macca MOJ| AeHCTBHEM EJUHIYHON CHHYCOMAAIbHON CHJIbI, U TPUMEHSS
3aTeM TPUHIUI CYNEPIO3UIIN, MOKHO ONPENEINTD ABIXEHHE S (1), BO3HMKAIO-
Iiee MOf ieCTBIEM IPOU3BOJIBHON cuitbl F (1).

ITo aTofi mpu4MHE MbI CHayajia NOAPOOHO PACCMOTPUM BBIHYKIEHHbIE CHHY-
coufiaJIbHbIe KoeOaHus rpysa.

[Tpennosnoxum, 4To Ha CUCTEMY, HAXOAAIIYIOCS B COCTOSHUU IIOKOS, B MOMEHT
BpeMeHH t= 0 HauMHAET fieficTBOBATH CHJIa

Fy=1 t<0, (2.50)
Fcosmt, t=0,

IJle YacToTa (0 OTIMYAETCS, B OOIIEM ClTyyae, OT 4acTOTbI CBOOOJHBIX KOJIeOaHUI
.
CooTBeTCTBEHHO, BMECTO ypaBHeHus (2.47) nMeeM

d?s(t)
dt’

+ws(t) = f,coswt (2.51)

f, = Fo/m. (2.52)

[MTockomnbKy cmna, AEfiCTByIOlas Ha Maccy, ONMCBHIBAETCS TapMOHUYECKOM
(ynKumei, OyeM UCKaTh YacTHOE pellleHne ypaBHeHus (2.51) Takxke B BHJE rap-
MOHIYECKOH (PYHKIMHN (NMPUIOKEHHE 5):

S, (1) =L cos w t, (2.53)

rfie L sBiseTcs HeM3BECTHBIM KO3(D(UIUEHTOM.
IMoncrasnsa Belpaxenue (2.53) B ypasHeHue (2.51), nonydaem

—0’L+oiL = f,
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L= (2.54)

1 YacTHOE peleHue S, () 3ammucbiBaeM Kak

5,(t) = —2—cos wt. (2.55)

Wy —

Takum 00pa3oM, Mbl YOEWINCh B TOM, YTO Tpefmoioxenue (2.53) okasa-
JI0Ch BEPHBIM, U MOKA3aJH, YTO BHELIHAS CHIIA U BBIHYKJeHHbIe KoneOanus S, (t)
MMEIOT OIMHAKOBEIE YaCTOTHI. B To ke Bpemst amrumnTyfa u ¢a3a fBmKeHns S, (1)
3aBHCHUT KaK OT aMIUTHTY/bI U (pa3bl BHEIIHEH CUIIbI, TaK ¥ OT MApaMETPOB CHCTe-
MBl.

B cootBetcTBuE c BbIpaxkenueM (2.49) monHoe peineHue ypaBHeHms (2.51)
UMEET BUJ]

f
S(t) = cos wt+ D cos w,t + ———cos wt, (2.56)
(DO -

T7ie IEPBOE 1 BTOPOE CIIaraeMble OMMCBHIBAIOT CBOOOJHBIE KONEOAHNS C €CTECTBEH-
HOWl 4aCTOTO! ), a MOCNENHUI YWIEH XapaKTEPU3YET BbIHYKAEHHbIE KONEOAHUs C
TOY XK€ YacTOTOM, KOTOPYIO MMEET BHEIIHSS CHJIA.

He 3aBucsimue ot Bpemenn koapguiuentsl C u D onpefensitoTes: cemyrommy-
MH (pakTOpaMu:

a) HAYaJIbHBIM CMEIEHNEM U CKOPOCTBEO MACChI;

6) yacToTO¥ CBOOONHBIX 1 BHIHYKJICHHBIX KOJNEOAHNIT;

B) aMIUTATY/IOM BHEIITHEW CUITbI 1 MACCON CUCTEMBI.

Takum o0pa3zoM, BHemHsAs cuna (2.50) BbI3bIBAET JIBIKEHUE CHCTEMBI, KOTO-
poe ONKCBHIBAETCS JIBYMS TAPMOHMYECKUMH (DYHKUHMAMH, OOBIYHO HMEIOLIMMH
pa3HbIE YaCTOTHI.

B peanbHBIX crcTeMax MPUCYTCTBYIOT TaKXe CHIIBI TPEHWS, MO3TOMY CBOOONI-
HbIe KOJIeOaHNs! OMTHOCTHIO HCUE3HYT, €CIM OHM BO3HUKIH 3aJ[0JIT0 10 paccMart-
pUBaEMOT0 MOMEHTA BpeMeHH. TeM He MeHee, B 3TOM cilydae MO-MpekHeMy OyfyT
HaOIONaThCsl BHIHYKJICHHBIE KOTe0aHus S,(t), MMEIoIye YacTOTy BHEIIHEN CUIBI.
W3yunum renepb, Kak NpoMCXOAAT Takue fABumkeHus. PyHkimio L u3 ¢opmyssl
(2.54) MOXHO IIpEACTaBUTh KaK

Lo—To __h (2.57)

wg(l—wz/mg k(l—mz/wg

TaK Kak
f,=F/m u w;=k/m.
CornacHro 3akony I'yka,
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F, =K,

rae | o6o3HayaeT cMelleHre Macchl OT TOJOKEHHS PaBHOBECHS IOJ| AEHCTBHEM
noctosiHHON cunbl . Takum oOpa3om, BbIpakenue (2.57) MOXKHO TepenmcaTh
Kak

L=I(1-0®/02)". (2.58)

Ortcrofa BUTHO, YTO MaKCUMajbHOE CMellleHHe L BBIHYKAEHHBIX KoseOaHui
OTIMyaeTcs OT craTmyeckoro cMemenns |. Ha puc. 2.3, @ mokazaHa yacTOTHas
xapakrepuctuka otHomenus ILI/I. Ha HU3KuX vacroTax amIuiTyna BbIHYKIEH-
HbIX KoneOaHuil OM3Ka K CTaTHYECKOMY CMeLIeHHuIo |:

ILI = I, ectm o — 0.

C yBenuueHWeM YacTOThl (0 aMIUIUTYA KoneOaHWil TakKe YBEIMUMBAETCS U
CTpeMUTCS K 6ECKOHEUHOCTH, KOTJIA (0 CTPEMHUTCS K 0. ITO SBJIEHHE HA3bIBAET-
Csl Pe30HAHCOM, a COOTBETCTBYIOIIAS YAaCTOTa BHEIIHEN CHJIbI — PE30HAHCHOM.

KoHeuHo, B peajbHbIX CUTYalUHsIX aMIUIUTYAA BbIHYKAEHHBIX KoJeOaHuil u3-3a
3aTyXaHWs BCerja UMeeT KOHeYHoe 3HayeHne. Kaxk cinenyer u3 (2.58), mpu o < o,
BHEIIHSS CIIa W CMelleHue S, (f) U3MEeHsIOTCsl CMHXPOHHO, T.e. (pa3oBblil CIBAT

a 0
LI @ _
T ¥
1 1 ] ]
Jj o 0 1 o
[N ®o
8
2fu /// \\
02- 2 \
S y
/
Vd
So //
! 1 ! I T 1 1
T* !
Ty
2

Puc. 2.3. AmnnutyzHas u a3oBasi YaCTOTHBIE XapaKTEPUCTHKN BLIHYKAEHHBIX KoneOanuil (a,
6 ); Ouenus (6)
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MeXJy HUMH OTcyTCTBYeT. Hampumep, B MOMEHT BpeMeHH, Korjla cuna F(t) ume-
€T MaKCHMAJbHOE 3HaUeHHe, Macca OyfleT HaXOUThCs B Hambolee HIM3KOM TOUKE,
TPH YCIOBHH, 9TO 3(PeKT CBOOONHBIX KONIeOaHNT TPEHEOPEKIMO Mal.

[Ipu panbHEMIIEM yBEIMYEHMM YacTOThI, KOrga > m,, ammiurypa |LI
YMEHBIIIAETCS ¥ CTPEMHUTCA K HYJIFO HA BBICOKHMX YAcTOTaX  >> m,. B aTom mpe-
fiene uMeeM

L—0, eciu w/w, — .

Takoe moBefieHme IeTKO 00BACHUMO. [IeficTBUTENBHO, YMEHBIIIEHHE Tieprofa T
BHELIHEH CUIIbI 03HAYAET, YTO UHTEPBAN BPEMEHHU, B TeUeHHe KoToporo cuna F(t)
COXpaHsET CBOE HAIPAaBIEHUE, CTAHOBUThCS KOpode. COOTBETCTBEHHO, CMEILECHHE
Macchbl P M > @, YMEHBILIAETCS, H HAa JJOCTATOYHO BBICOKHX YacTOTaX M >>
JUTMHA TPYXUHbI IPAKTHYECKH HE U3MEHAETCS. DTO SIBIEHHE MMEeT OOJbIIOe 3Ha-
YeHKe [y U3MEPEHNS] KHHEMaTHYeCKHX TapaMeTpOB [ABILKEHUS.

Kak cnenyer u3 (2.58), capur a3 mexay ¢yHkmmsMu S, (1) un F(t) npn o >
w, pasusiercst T (puc. 2.3, 6). B yacTHOCTH, B MOMEHT BpEMEHH, KOIJ[a CHJIA
MMEET MAKCUMANbHOE 3HAYCHUE U HAlpaBleHA BHU3, Macca HAXO[UTCS B CBOEW
BEPXHEN TOUKE.

Pacemotpum ganee nonmnoe cMemienue S (t). IIpenmonoxkum, B KavyecTse Mpu-
Mepa, YTO B HAaYallbHbIl MOMEHT BPEMEHM CMEILEHHE U CKOPOCTh MAcChl PaBHSI-
10TC4 HYJIIO, T.€.

s=0 umu S0O)=0 opu t=0.

W3 BeIpaxkennd (2.56) nonyuum

0=-D+—2"— u 0=w,C.
W, —®
Orcrona
fO
D--—%— u Cc=0 (2.59)
(DO_(D

IToxcranoBka (2.59) B (2.56) maet

s(t) = %(cos o t+cos w,t). (2.60)
W, —®

HOCJIGJIHCC BbIPAXKCHUE MOKA3bIBAET, YTO BHEIIHAA CHAJIa BbI3BIBACT CBO6OHHLIC
1 BbIHYXJICHHbIC KoJieOaHust OHHHaKOBOfI AMIUINTY]IBI. HO3TOMy opu ONU3KUX
YacToTax W U HaGIIIOJIaIOTCS[ TaK Ha3biBaeMble OmeHus. YToOBI OpONJUIIOCT-
PUpPOBATH 3TO SABJIEHUE, BOCIIOIB3YEMCA PABEHCTBOM

-0t . (w+wy)t
( o) sm( 0).
2

coswt—cos w,t=-2sin

Hanee, ¢yaKImIo S(t) MOKHO 3amicaTh KaK
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s (1) = A (1) sin ot 2.61)
e

0 =(-0,)/2

n
26, .
A(t) = — 5 sinot. (2.62)
(1)0 -
3nech
0, = (0, —w)/2. (2.63)

B cootBetcTBuu ¢ BbipakeHueM (2.61), ABIKEHHE Macchl ONMCHIBAETCS MPO-
M3BEJICHAEM JIBYX rapMoHMUecKuX (pyHkumit. [lepnop ofHol 3 HUX, sin w‘t, pas-
HSIETCS

T = 2n/w* = 4n/(w, + ®).

Muoxurens A (t) Takke BefieT ce0st KaK CHHYCOMAaIbHas (PYHKIHSI ¢ YaCTOTON
wy. Iepuon aTux KoneOaHui, paBHbi

T, = 27/w,,

Ha3bIBaeTCs HEPUOROM OueHui (puc. 2.3, ) 1 3HAUMTEILHO NPEBbILIAET T, €Clu
Pa3HOCTh MEXJY YacTOTamMu Maja. B moo6HOM ciyyae 4acToThl ®* U @ ONU3KH
MeXJy co00li, a aMIVIUTya KojeOaHuil U3MEeHseTCs Ha UHTepBajie T,/2 OT cpas-
HHUTENBHO BBICOKHX JI0 MallbIX 3Ha4YeHmi (puc. 2.3, 6 ).

Korga 4acToThl ®* 1 @ mpuOAMXKAIOTCS APYr K ApYyry, nepuof OueHmin T
CTpeMuTcs K OECKOHEUHOCTH 1 NIPH HACTYIIEHUH pPe30HaHca (0, = ) CMEIEHHe
S (t) cTaHOBUTCS paBHBIM

s(t) = 12 gin wt, (2.64)

20

a €ro aMIuTyga HEOrpaHMYC€HHO BO3PACTAET CO BPEMEHEM. KOHC‘IHO, B peaJIbHO-
CTHU, U3-3a HaJIAYU 3aTyXaHUs, TAKOE IMMOBEJCHUE HUKOI']a HE HaGHIOlIaCTCH.

BJINSAHUE 3ATYXAHUA

Tenepb MbI CHOBa IIPEANOIOKIM, YTO CHIIA TPEHHUS MPSIMO TPONOPIEOHATIBHA
ckopocTy ABIXeHus (3akoH Kynona — Mopa):

F =-av.
[Mpumensis BTOpo#t 3aKoH HBIOTOHA, TONMyYMM CIIEAYIOIIEE YpaBHEHHE ISt

cMenienus S (t):

2
md—25= -k S(t)—a$+ F,cosm t
dt
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I

2
Lo m® s st = fycosot, (2.65)
dt dt
e
2n=a/m, w;=k/m, f,=Fym. (2.66)

YpaBuenuss (2.65) u (2.51) coBmAgAOT OpH OTCYTCTBHM  3aTyXaHMS
(muccunanym), T.€. Korga o = 0.

[MTockonmbKy BHEIITHSIS CAITA TTO-TIPEXKHEMY SIBISIETCS] TAPMOHITIECKOH (PYHKIIMEH,
€CTECTBEHHO OXHJ[ATh, UTO BBIHYKJIEHHbIE KOJEOAHMsI TaKXe OMHUCHIBAIOTCS rap-
MOHMYECKOIl (pyHKUMEH TOH Xe 4acTOThl w (CM. mpunoxeHue 5). Iloatomy va-
CTHOE pelleHne ypaBHeHus (2.65) MOXKHO NPECTaBUTh KaK

S, (t) = A sin ot + B cos wt. (2.67)
ITopcraBnss nocnegnee BbIpaXkeHue B (2.65), moayuum

L sin ot + M cos ot = f, cos wt, (2.68)
e

L= (wé —0’)A-2nwB,

M=(0; -o°)B+2nnB.

ITockonbky cooTHoMIEHHE (2.68) CIpaBeIMBO AJIs1 MPOU3BOJIBLHOIO MOMEHTa
BpeMeHH t, KO3(hhUIMEHTBI JOJKHBI YOBIETBOPATD CIEAYIOLMM YCIOBHSIM:

(0; -0 )A-2nwB =0,

(2.69)
(w; —w*)B-2nwA= f,.
Penienyem 3TuX ypaBHEHUH SBISAETCA
A= 2nw f,
(w% -0?)? +4n%0?
n

2 2

B-— (@000 (2.70)

(w% —0?)? +4n’0?
Takum 06pa3oM, OBEJICHHE CUHYCOMATbHBIX BbIHYKJIEHHBIX KOJeOaHN! OMUCHI-
BaeTcs hopmyon

2nw sinw t+(m2 —u)z)cosu)t
Sz(t)= fo 0 .

(oo(z) —0?)? +4n%w?

2.71)

B oTnnune oT cBOOOMHBIX KOJeOaHUil OHM HE YMEHBIIAIOTCA CO BPEMEHEM, a
UX TIEPHOJ] paBHSETCS IEPUOAY BHEIIHEH CHITBI.
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Ha orrocuTensHO HeOonbumx BpemeHax (2.50) BaXHYIO pojb UrparoT Kak
BBIHYXJICHHBIE, TaK M CBOOOJHbIE KoneOaHus. OJHAKO C YBENMYEHNEM BPEMEHH
CBOOOJIHbIE KONEOAHMsSI YracaroT, M IIONHOE CMEIIEHHE OMNPEleNseTcs] TONBKO
yukimeit S, (t) . UToObI ympocTuTh AabHEIIee H3T0XKEHIE, BBEIEM CIIEYIOIIHe
0003HaYEeHHUS:

A=s,singp u B=s;cos . (2.72)
Torpa Beipaxkenue (2.67) gaet
S, (t) = s, cos (ot — @), (2.73)

Tfie S, 4 (p 0003HAYAIOT, COOTBETCTBEHHO, AMILTUTYNY M a3y KoneGaHuil.
U3 (2.72) cnenyet, 4TO

So = fom fo (2.74)
~\/(w6 -0%)? +4n’w?
)il
@=tg 210 (2.75)
Wy -

Yron ¢ (w) XapakTepu3yeT cABUT (a3 Mexjy KoneGaHusMu S, (f) U BHeIIHel
cunoit F (t).

PaccmoTpum, mpexpe Bcero, 4acTOTHBIA OTKIUK S, (), KOTOPBIA YHOOHO
TPEJCTaBUTh KaK

Sy =S¢t @ (w/wg, ®), (2.76)
e
f F F
ol e
Wy Mog

SBJISIETCS CTATUYECKUM CMELIEHUEM MacChl, IapaMeTp
@ =2n/m, 2.77)

3aBUCHUT OT 3aTyXaHU, 1
-1/2

o) [l o) e
q)(w_o)=Ll_EJ +Y2g . (2.78)

O‘ICBI/IJIHO, YTO aMIUINTYyJJa CMEIICHUS HpI/I6III/DKaeTC$I K Sy B HU3KOYACTOTHOM
YacCTH CIICKTpa:

s— Sy, ecmm w/w,— 0.
JTO 03HAYAET, UTO CMELIEHHE S, (t), BEI3BAHHOE CHIION
F, cos mt,

MOKHO B KaXJ[blil MOMEHT BPEMEHH BBIHCINTH HEMOCPENCTBEHHO M3 3aKoHa [y-
Ka, T.K. ® <<®,.
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B 10 Xe Bpems, €Clin W 3HAUUTENBHO OOJbIIE W, AMIUIATYyJa NBY2KCHUSA
CTPEMHUTCA K HYJIIO. BaMeTI/IM, YTO TaKO€ K€ aCUMIITOTHYECCKOEC ITOBEICHUE KOJEC-
OaHun Ha6JIIOHaIIOCL 1 B OTCYTCTBUEC 3aTyXaHU:. Ilo MEpPE NOCTUKECHUSI pPE3OHAHC-
HOM YacTOTHI ) —> )y, aMIUTATY/A S, YBEMMIUBACTCS, M TOT 3(eKT pe3oHaHca
CTaHOBHTCS OoJiee 3aMeTeH MpH yMeHblleHun 3aTyxanusi. [loBefenue yHKIUH
@ (i y) MOKa3aHo Ha puc. 2.4, a. JIyst Kak[oil KPUBOI YKa3aHO COOTBETCTBY-

Wy
OUIEC 3HAYCHUE ITapaMeTpa .

Kak BupHO W3 mpefcTaBleHHbIX KPUBBIX, MaKCHMalbHas aMIUIHTYAa Koneba-
HIT YMEHBIIACTCA C YBEIUYCHUEM 3aTyXaHUsl. MoxHO Takxke YBUJIETh, 4YTO, MO
CPpaBHEHUIO CO CBO6OJIHI)IMI/I KOHe6aHI/I9[MI/I, 9TOT MAaKCHUMyM CMCIIEH BJICBO, B
CTOPOHY HU3KHUX YaCTOT. B CJIyqa€ OTHOCUTEIBHO cnabon JUCCHIIaI CMCIICHUC
MakCuMyMa Majio.

a
)

10

0 0 t

Puc. 2.4. AmmmaryaHas u pa3oBasi JaCTOTHbIE XapaKTEPUCTHKE (d, 6 ); BHemmHsst cita F(t)

(6)
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W3 npuBeficHHBIX BBIKIAJIOK BUIHO, UTO BIUSHAE 3aTyXaHUS CKa3bIBAeTCS Hau-
Oonee CUIBHO BOMIM3M PE30OHAHCHBIX 4acTOT. V3-3a IEACTBUS CUMbI TPEHUS, KaK
Obl Mana OHa HU ObLA, AMIUIMTYA [BIDKCHHS BCEINiA UMEECT KOHEUHOE 3HAUECHHUE.
OpHako BHE YKa3aHHOTO YACTOTHOTO MANa30Ha BIUSHUE AUCCUIALMKE CTAHOBUTCS
MEHBIIIE, a B HIKHEN ¥ BEpXHEll 4acTsIX CIEKTpa OHO NIPAKTHYECKH UCYE3aeT.

[puctynum Temepb K Hu3y4eHuto pa3bl KoneOanui. M3 Belpakenust (2.75)
CIE[yeT, UTO

ptg— 1 (2.79)

b
l—mz/m(z) Wo

U, CIEOBATENbHO, MEXY KONeOaHUSIMU M BHELIHEH CUJIOH BCErja CyLIeCTBYET
cBuT has.

B HmM3KouacToTHOM YacTu cmekTpa (w <<w,) ¢a3a pacTeT MOYTH JUHEHHO C
YBENIMYEHUEM YacTOThbl. BONM3M pe30HAHCHOR 4YacTOThl ®,, (ha3a CTAHOBUTCH
paBHOW /2. ITO O3HAYaeT, YTO B MOMEHT BpeMeHH, Korfa cuiaa F () mmeer
MaKCHUMalbHOE 3HAUEHHE, Macca HAXONUTCS B cpefHedl Touke. [Ipu panbHeiiem
YBEJIMYEHUHU YaCTOThI (0 >>m,) (pa3a MPOAOIKAET YBENMMUMBATHCS U NMOCTENIEHHO
HocTHraeT 3Hauenus v (puc. 2.4, 6).

Jlo cux mop MBI W3y4Yanu ABMXKEHHE MACChl MOJ JEWCTBHEM CHHYCOUAANBHON
cunbl. PaccMoTpuM Temneph COBEpILIEHHO Ipyroil cnyuvaif, korja cuna F (t) Bemer
cebs Kak (puc. 2.4, 8)

F(t)= FO{ 0, t<0, (2.80)

_ 0
e VT t=0,

TI€ T ABIACTCA KOHCTaHTOfI, XapaKTepI/By}OHISfI U3MCHCHUE CUJIbI BO BpEMEHU.
HpC]IHOJ'IO)KI/IM, 4TO BbIHYXJICHHBIC KoJie6aHusI HMEIOT Ty XK€ 3aBUCHUMOCTb OT
BpPEMCHU:

s, = Ae™VT, ecmn t=0. (2.81)

YroObl POBEPUTH ITO NPEAINOIOXKEHNE, OACTABUM INOCIENHEE PABEHCTBO B
ypaBHEHHE JIBIKECHHS

2
4% L on® 4 25 = et (2.82)
dt? dt

3pecy f, = Fo
m
_t/c

ITocne COKpalllCHUs HAa MHOXKHUTEJD € ', TIOJIy4YUM
A 20 L A=,
12 T
nin
A fo (2.83)
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Takum 00pa3oM, Halle MPEAIIONOKEHNE 0Ka3al0Ch BEPHbIM U YaCTHOE pelle-
Hue ypaBHeHUs (2.82) ecTb
t<0,

0
=1 2.84
50 {Ae"” t=0, (254)

ITonHOE cMemEeHne Macchl 3aNMChIBAETCS KaK
s =s, ) +Ae, (2.85)

rme A ompepeneHo B (2.83), a s,(t) npefcraBisteT co0oil cBOOOJHBIE KONEOaHUs
cucremMbl. M3-3a HaNMuKsl [UCCUNalNyU, KOJeOaHus 3aTyXaloT CO BpeMEeHeM, He3a-
BHCHMO OT TOT0, KaKOe 3HaueHHe NMEET NapaMeTp T.

[Tone3Ho paccMOTpeTh TpEAENbHBIN Cyyail, TP KOTOPOM CHIIa BEET CceOst
Kak cTyneHyartas (DyHKIUs U, CIefloBaTeNbHO, T—> . VI3 opmyinel (2.83) umeeM

s () =s, (t) + S (2.86)

Takum 00pa3om, MOJTHOE CMEIEHNE MACChl MPEICTABISET COO0M CyMMY JBYX
cnaraeMblx. IlepBoe u3 HUX — cBOOOAHbBIE KOJIEOaHUs, 3aTyXalOIUE BO BPEMEHU.
Jpyroe cnmaraemoe mpefcTaBiseT co0OH CMEUIEHHS S, BbI3BAHHBIE IMOCTOSHHOMN
cunoit Fy. Ml BUUM, YTO BHAYaje ABMXKEHUE CUCTEMbI IPOUCXOAUT AaHATIOTUYHO
CBOOOJHBIM KONEOaHNsIM, a 3aTEM OHO TOCTENEHHO NPUOMIKAETCS K ACHMITOTH-
YECKOMY 3HAUEHHIO S,,.

B 3akmrouenue cinefyer [o6aBUTb, 4TO B CIy4ae, KOTJa BHELIHSS CHIA SIBIISETCS
IPOU3BONILHOM (DYHKIMEH BpeMEHH, (PyHKIMIO S(t) MOXKHO ONpEeNuTh, UCIO/b-
3ysi uHrerpan ®ypbe (cM. IpUIOXeHUE 7).

2.4. TIPMHIIATIBI U3MEPEHNA KOJEBAHIN

B mpeppimymiux pasgenax Mbl M3yvand [IBIKEHHE CHUCTEMbI, COCTOSIIEH 13
TPYXUHBI ¥ TOBEIIEHHOTO K HEell Tpy3a, MpH YCIOBHH, YTO TOYKa mopiseca O
ocTaBanach HemofBIKHOM. OnuieM Tenephb ABUKEHHE MAcChl sl ciiyydasi, KOrja
BEPXHUI KOHEI| PYKIHbLI TAKXKE BOBIEUCH B IIPOIECC IBIKEHUS CHCTEMBI (PHC.
2.5, @). DToT ciyJail mone3eH s MOHUMaHUsT paboThl TPHGOPOB, TO3BOJISIONINX
3amuchIBaTh Konebanns. Takue mpuOOpsl MOTYT U3MEPSTD ABIXKEHHE KOpabiel u
Pa3NMYHBIX MEXaHU3MOB, & TAKKE BEPTUKAJIBHYIO U TOPH30HTAILHYIO COCTABIISIHO-
II1e JIBIXKEHNS 3eMHOIl TIOBEPXHOCTH, BBI3BAHHOTO 3eMJICTPSICEHUSIMHU, B3PhIBAMU
1 IPYTUMHI HCTOYHUKAMH.

[TpenmonoxuM, 4TO MIAT(hOpMa ABMKETCS B BEPTHKATHLHOM HANPABICHNH, a
ee cMerienne S (t) OMAChIBACTCS CHHYCOMIANBHON (DYHKIMEH

s (t) = b cos wt. (2.87)
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) =>b t
s(t) COS ® C
o
B
p
m A
I |
8 2
Ag() v (w)
R 7.[
2_ ..............................
n/2
]_ .......... :
20 .
) i J
0 1 20 [0)
o 0 1 2 o

Puc. 2.5. KoneGanusi BepXHero KOHIA MPYKUHBI (a); M3MepeHue KomeOaHuil (6); 4acTOTHbIE
XapaKTEPUCTHKE Ay(w) 1 p(w) (8, 2)

Hama 3aa4a cocTout B TOM, YTOObI U3MEPUTH aMIUTATYY M 4YacToTy Koneba-
HHUI Maccbl M 1 3aTeM NONYYUTh UH(OpManmto o ¢pynkuua S (t). C 3Toil uensto
TpefcTaBuM cede MpocTermii IprOop, pa3MeIleHHbI Ha miaTgopMe U CocTosl-
Ui U3 CIIEAYIONINX JIEMEHTOB (pHC. 2.5, 6):

a) pamsl A;

6) Bpamatorerocs bapabana B ¢ Gymaroii, CBI3aHHOTO € pamoit A;

B) BEPTUKAJBHO MOJIBEIIEHHOH MPYKUHBI C TPY30M Macchl M, BEPXHUN KOHEIl
KOTOPOI KeCTKO 3aKpeIlieH Ha pame A,

) caMONKCLa P, NPUKPEINIEHHOTO K IPY3y U 3alUCHIBAIOIIETO JBIKEHUS Ha
Bpamaromiemcst 6apabaHe.

CyluecTBEHHO IpHU 3TOM, YTO pamMa A npubopa JBIDKETCS BMECTe C I1aTdop-
Moit. [Ipyrumu cioBaMu, Bce TOUKH paMbl, BKIIOYas TOuky C, JABUraroTCs TOYHO
TaK Xe, KaK U cama miatgopma. ITo YCIoBHeE SBISAETCS HEOOXONUMbIM MPH H3-
MEpEHNH KOJIeOaHNI.
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PaccmoTpuM Teneps ABIKeHUE Macchl S, (f) M YCTAHOBUM CBS3b MEXAY 9THM
JIBIDKCHIEM ¥ JIBIDKEHHEM IIaT(OpMBI, 337aBaeMbIM BbIpaxkeHHeM (2.87). 3to
03HAYaeT, YTO, 3aMKChIBasl IBIKEHHUE MACChI HA BpaIlaoleMcst 0apabaHe, Mbl TeM
CaMbIM IIBITAEMCS ONPENEIUTh 3HauUeHust pyHkuun S (t). SIcHO, 4TO CKOpOCTbH
BpaleHus 0apabaHa BIUAET TOJIBKO HA BDEMEHHON MAcIITa0 3aIiCy.

Ecnmu mnatdopma He fiBIDKETCd, IpHOOp, BKIIOUAs IPy3, TakKe MOKOUTCS X,
CIIE0BATENBHO, CAMOICELl PUCYET TOPU3OHTAJBHYIO JIMHUIO HA Oymare, HajieTou
Ha 6apabaH. [Ipegnmonoxum, 4to miargopma BMecTe ¢ paMoil A HaUMHAIOT JBU-
raThCsl, HAIPEMED, BHU3. Takoe ABMXKEHUE MPUBONUT K CKATHIO IIPYXUHBI, B pe-
3yJIbTaTe YEro BO3HMKAIOT YIpPYrHe Cuibl. Macca Takke HA4MHAET [BUTAaThCS U
pacTarusath NpyxuHy. Takum o0pa3oM, CUITy PYKUHBI, JEHCTBYIOLIYIO Ha Maccy,
MOKHO IIPECTaBUTh KaK

F=k(s-s,),

e S (t) u s, (f) — cMeleHns: COOTBETCTBEHHO PaMbl MPUOOpa M MacChl, MMEIOIIHE
B OOLIEM Cllyyae pa3InyHble aMIUIUTYABI U (hasbl.

Crneptyer 3aMETUTB, YTO YIpYyrasi Culla BO3HUKAET BCIECTBHE JIBIKEHUS 000MX
KOHIIOB NPY>KUHBI. YUWUTBIBAs, YTO CHJIA TPEHMUS, BbI3BAHHAS OKPYXKarolleh cpe-
JIO¥1, TIPSIMO NPONOPIMOHANBHA CKOPOCTH ABMKECHUS MAacChl OTHOCHTENBHO PaMBbl,
nMeeM

d
F =-a—(s, -9)
) .
' dt
Hanee, npuMenss Bropoil 3akoH HbloToHa, moiydum Anst (pyHKUME S, (t)
YPaBHEHHUE, ONNCHIBAIOLIEE IBIDKEHUE MACChL:

d”s
m—2 =—ai(82—5)—k(52—8)
dt dt

nim

2
d (s, - s d(s, - s

(8 79)  pn 32 )+w§(32—5)=——,
dt’

TIOCKOIIbKY
wok/m.
BBopist HOBYIO IepeMeHHyI0
A(D) = s5(t) - s(D), (2.88)
TepeTnIeM YpaBHEHHE JIBIKEHNS B BUJIE

d’s)
dt’

2n
dt*

dA(t) + (D(Z)A(t) - (2.89)
dt
B cnyuae cunycounanbHbIx Kosebanuit (2.87) nmeem
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2
LR UM 2n—di(t) + 0 A(t) = w’bcosw t. (2.90)
dt t

9T0 ypaBHEHHE COBIANAET C ypaBHeHueM (2.65), npu ycnosun, uto f, = w?b.
[TosTomy, B mpuHIAIE, MOXHO OBIJIO ObI UCMIONL30BATh PE3YJbTAThI MPEABIIYILE-
ro pasgena. OfgHako 3uech ynoOHEee MPUMEHHUTh KOMILIEKCHYIO (hOpPMY CHHYCOM-
NATbHBIX (PYHKIMHA.

Janee Mbl OyfeM paccMaTpuBaTh TOJIBKO BbIHYXkJIEHHbIE KoneOanus S,(t). Pa-
Hee ObLIO TOKA3aHO, YTO 3TH KoneOaHus BefyT ceOsi Kak rapMOHMYecKas (hyHK-
ust

A=A, cos (ot — )
WM, UCTIONB3Ys (hopMyay Dlinepa (npunoxeHue 4),

A Re (D e'®Y (2.91)
me

D = Aje'”. (2.92)

ABISIETCS KOMIUIEKCHON aMIUTATY/Ol CMEIICHUI.
ITopcrasnsst (2.91) B ypasHenue (2.90) n BbIpaxast IIPaByr0 4acTb 3TOTO ypaB-
HEHUS Yyepe3 KOMIIEKCHYIO aMILIUTYAY (CM. IPUIIOXKEHUE 5), NOTyIUM

2
D-—ub_ (2.93)
0y -0 -2inw

Jines

D - A() (Dzb

\s““(w% —0?)? +4n’0?

n

p=tg 200 (2.94)

u)(z) —w?

OueBuiHO, 4TO, €caM pamMa A M Macca M HCIBITHIBAIOT OMHAKOBBIE CMEIIle-
HUs, TO 3aIUCh Ha OapabaHe HE MOKaXeT KaKOro-1u0o CMEIEHNs OT HaualbHOrO
nonoxeHus. VIHbIMU c10BaMu, aMIUTHTYA 3aIMCH IPSIMO TTPONOPLMOHANBHA pa3-
HOCTH CMEILEHHI Macchbl U paMbl, T.e. QYHKIUH A(t). DTO ABISETCS BaXKHBIM
CBOHCTBOM BUOpPOrpacoB — puOOPOB, U3MEPSIOLIUX BUOPALUH.

Kak cnegyer u3 Beipaxennii (2.94), Ha BBICOKOYaCTOTHOM KOHIIE CIEKTpa (o
<<m,)

Ap—b u ¢—m,

MOCKOJIBKY Macca MOYTH He IBIKETCS. DTOT AUANa30H YacToT OE3YCIOBHO SIB-
JAETCS CAMBIM JTYULIMM ISl I3MEPEHUI CMeIeHuit Tprdopa.
B ornnyue oT npefbIAyIero ciayyas, IpyU HU3KKUX 4acToTax (0 <<m,)
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Ay — %b n ¢ — 0.
Wo
3OTO0 03HAYAET, UTO IO 3aMUCH MOXKHO ONPENETUTH YCKOPEHHUE PaMBl.
IToxoxee moBefeHUuE HAOMIORAETCA, KOINA ABIXKEHHME IpUOOpa OMUCHIBACTCS
MPOU3BONBHOM (pyHKIMeH BpeMerH S,(t). [leficTBuTeNnbHO, eciu KoneGaHus u3mMe-
HSIOTCA OBICTPO, TO IIEPBOE CIaraeMoe B JIEBOU 4acTd ypaBHEHU: (2.89) sBisieTcs
NOMUHUPYIOINUM. B cooTBETCTBIN C 9THM

d2A(t) _ d2s(t)
dt? dt?

)

1 pyskmms A(t) XxapakTepu3yeT IBIKEHIE MprOopa.
B mpoTHBONONOKHOM Ciyyae, KOTJa ABKEHHS SIBJISIOTCS MEICHHBIMHE, Ipe-
BaJIMPYET MOCIEAHEE CIIaraeMoe, U IO3TOMY

A L d%st)
0 2 2
wy  dt

T.€. 3aIUCh ONPENIENACTC YCKOPEHUEM.

®ynkun A, (w) # P(w) MOKa3aHbl Ha puc. 2.5, 8, 2.

B nanHOM paspeine Mbl IPOMILIIOCTPUPOBANY OCHOBHBIE IIPHHIUIBI M3MEpe-
HUsl BUOpAUWil, MCMONb3ysl MPOCTON MEXaHMYECKHi MPUOOp C MAalodl YyBCTBU-
TENBHOCTbIO. B JefiCTBUTENBHOCTH, TakMe NMPUOOpPBI SBISIOTCA ropasfo Oonee
cnoxHbiMi. Hanpumep, aneKTpoMarHuTHbli NpeoOpa3oBaTeb, YCTAHOBIEHHBIN B
OOJBIIMHCTBE TeO(DOHOB U TIPe0Opa3YIOMINI MEXaHUYECKYIO SHEPTHIO KOJeOaHui
B 2JIEKTPOMArHUTHYIO 3HEPIUIO, IIO3BOJISET M3MEPATH MNBIKEHHUS UPE3BbIYAHO
ManbIx ammmatyf nopsigka 107° — 107 m.
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