Koneb6aHus u nepeBOpOThI XKECTKOI0 MasiTHUKA

byrukos E. .

AnHoTtauusa. B nanHom yue6HOM moco6uu IaHO OnucaHue MOJAeJHPYeMOl (DU3HUECKOH CUCTEMBbI
Y NPUBEJIeHbl TEOPeTHUECKHEe CBeJIeHUs, He0OXOUMbIE CTy/leHTaM JUlsl MOArNOTOBKH K JlabopaTOPHOH
pabore «KoJsiebaHus1 U nepeBOPOTHI 2KECTKOr0 MassiTHUKA». BTopyto yacTb nocoGusi COCTABJISIIOT KOH-
TPOJIbHBIE BOMPOCHI, TEOPETHUECKHE W IKCIIEPUMEHTA/bHbIE 3a/IauH JIJIsl CAMOCTOSITEIbHON paboThl, a
TaK)Ke MaTepuaJl Il BO3MOXKHBIX MHAWBHU/yaJbHbIX 3aJJaHUH CTy/IeHTaM (110 yKa3aHHIo TpernojiaBare-
Jist).
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1 TeopeTuueckue cBeaeHHUS

1.1 dusuueckasa cucrema

Ecau 3anatbes Borpocom, Kakoi pusndeckuii npubop octaBu HauboJiee riyOOKHH Clel B UCTOPUH
(hU3HKH, CKOpee BCEro neppast Mbic/ib OyneT o MasitHuke. Hauunas ¢ onbitoB lanunes B XVI Beke u
BIJIOTb JIO HALUUX JIHEH MPOCTOH MAasiTHUK UCMOJIb3yeTCsl B pa3HO0Opa3HbIX MpUOopax /s U3MEPEHHS
BPEMEHU M HANpPsi?KEHHOCTH MPABUTALIMOHHOTO T0JIsA, H, UTO HE MEHee BaXKHO, CJIYy2KMT POOHBIM KaM-
HeM J/1si MHOTUX (PU3HUeCKHUX TeOpUH. DTa 3HaAMEHUTasi MexaHuJyeckasi CUCTeMa HHTepecHa U 1oJie3Ha
HE TOJIbKO cama Mo cebe Kak HauboJiee 3HaKOMbIHA TPUMEP HEJIMHEHHOTO MEXaHUUECKOTO OCLUJIJIATO-
pa, HO TJIaBHBIM 06pPa30M MOTOMY, UTO MHOTHE 3a7auk B pa3HbIX 06JIACTSX COBPEMEHHON (PU3UKH MPHU-
BOJATCS K qudepeHiiasibHOMY YpaBHEHHIO, OTIMCHIBAIOIIEMY JBUKEHHE MasTHUKA. MexaHuuecKne
aHaJsIorH (PU3MUECKHUX CUCTEM JOMYCKAKT HEMOCPeACTBEHHOE HAOJ0IeHHE JIBUKEHHUS] U 9THM OU€Hb
noJie3Hbl /151 POPMUPOBAHUST UHTYUTUBHbBIX MPEACTABAEHUI O CJ0XKHBIX sIBJIeHHUSsIX. [leTasbHO pa3o-
OpaBILIKCh C MOBEJCHHEM MEXaHUUECKOH CHCTEMbl U UCIOJIb3Ysl aHAJIOTHIO MEXKy KoJebaTe/bHbIMU
cUCcTeMaMH Pa3HON (PU3UUECKON MPUPO/IbI, MOKHO 3HAUMTEJIbHO MPOABUHYTHCS B MOHUMAHWKM Pa3HO-
00pasHbIX 3JEKTPOMArHUTHBIX U ONTHYECKUX HEJMHEHHBIX SBJEHUH, IJle BCE JJaJIeKO He TaK HarJIsiHO,
XOT$I CUCTEMBbI OMUCBIBAIOTCS TAKUMH 2Ke U dhepeHHaNbHBIMH YPaBHEHUSIMH.

Opna u3 nporpamm nakera «Pusuka KosebaHUH» MOJCTUPYET BUKEHHE MAaTeMaTHUECKOro Ma-
SITHMKA B BUJIE TOUCUHOH MACChl B OJHOPOJIHOM [10J1€ TATOTEHHS, 3aKPerJyIeHHOH Ha KOHLLe HEBECOMOTO
CTEPIKHS1, KOTOPBIH MOXKET CBOOOJHO MOBOPAUMBATLCS BOKPYT TOPU30HTa/bHOM ocH. Mbl paccmar-
pHBaeM MMEHHO CTepxKeHb, a He TMOKYI0 HHUTb, UTOObI MOXKHO ObLIO M3y4aTb MOJIHbIe NEPEBOPOTHI U
KoJieOaHUs ¢ aMIIMTy10H, npubanxatoercs K 180°. Ta »xe Moaesnb B paBHOH Mepe NPUMEHUMa U
K MOBEJICHHI0 (PU3HUECKOr0 MasITHHKA, T. €. 3aKPerJeHHOro Ha rOpU30HTaJbHON OCH MPOU3BOJILHOTO
TBEPJOTO Tesa (a He TOJMbKO TOUEUHOH Macchl), TaK Kak 06e CUCTEeMbI OMUCHIBAIOTCS OJHUM U TEM Ke
HeJIMHEHHBIM U pepeHInaNbHbIM yPAaBHEHHEM.

B noJioxkeHuH yCTOHUMBOrO paBHOBECHSI IGHTP MACC MasiTHUKA PACIOJIOXKEH HUKe TOUKH M0J1Beca
Ha OJIHON BepTHKaJHU C Hel. [Ipu OTKIOHEHUH MasiTHHKA U3 9TOTO MOJIOXKEHHUS Ha YTOJ1 © CUJIa TSXKECTH
CO3/1aeT BO3BpallaloUIMi MOMEHT, MPONOPUHOHAJbHBIA sin ¢. [1pu MaabIX yraax oTKJIOHeHHUs ¢ (T. €.
MpU MaJblX KoJeOaHUSX MasiTHUKA) 3HaYeHHWsl CHHyca yryla U CaMoro yrja rnpakTHUeCKH COBMAaaaloT
(sinp =~ @), 1 MaATHUK BesleT cebsi MoJ0OHO JUHEHHOMY OCUMJIATOPY. B yacTHOCTH, B OTCYTCTBHE
TPeHUs] MAsITHUK COBeplIaeT MpoCcToe rapMoHudeckoe Kosebanue. [Ipn 60JbLIMX aMIIUTYIAX KOH-
CepBATHBHBIA MAsATHUK COBEpLLIAET NepuoAnUecKre KojaebaHHs, KOTopble, OJIHAKO, y2Ke He OyyT rap-
MOHHUECKUMH. [pacuku Takux KoseOaHWi 3aMETHO OTJIMUAIOTCS OT CHHYCOM/IbI, a MePUOL KoJleOaHUuH
CYLLECTBEHHO 3aBUCHUT OT aMIIJIUTY/LbI.

Ha puc.[I]ciieBa BBepxy nokasano cxematuueckoe H300pax<eHue MasiTHUKA Ha SKpaHe KOMITbIOTe-
pa. Huxxe npuBenensl rpaduku yriia OTKJIOHEHHS U YIJIOBOH CKOPOCTH MPH KOoJ1e0aHUSAX C aMIIJIUTYI0H
179,99°.

MeTKH Ha LIKaJie BpeMeHH (T. €. BepTHKaJIbHbIE J1e/IeHHs] ) TPOBEIEHbI B COOTBETCTBUH C €CTECTBEH -
HOU /151 MasiTHUKA €/IMHULIEH BpeMeHH, paBHOW Mepuojy KoJieOaHui GECKOHEUHO MaJIod aMIJIUTY/IbI.
Oo6partute BHUMaHHe HA TO, UTO nepuof 1" HeCHHYCOMIAIbHBIX KoJeOaHWi MasiTHAKA C aMIJIUTYI0H
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Puc. 1: MU3o6paxkeHne masiTHHKa Ha SKpaHe KOMIbloTepa U rpaduKH yriia OTKJIOHEHHUS U YIJIOBOH CKO-
pOCTH NpH KoJiebGaHusIX ¢ aMInTy 1ol 179,99° BMecTe ¢ rapMOHUKaMK 3THX KoJieGaHHi.

179,99° noutu B ceMb pa3 Godibliie epuoia MaJbiX KoJeOaHHH.

Bwmecre ¢ rpadukamu Ha puc. [[| nokasan Takixe cnekmp, T. €. CHHYCOMJAJIbHbIE COCTABJISIOLIHE
(rapMoHHUKH ) 3THX KosieOaHui. [lepuoa ocHOBHO ((pyHIaMeHTaIbHON ) TADMOHUKH PAaBEH MEPHOJLY KO-
nebanuit T'. Ee kpyroBasi uactota o6paTHO MporopLroHasibHa nepuoay: w = 2w /7. HacTOThl BbiC-
LLIMX TaPMOHUK 3w, Sw ... KpaTHbl OCHOBHOH yacToTe. CrieKTp KosieGaHU I MasiTHHKAa 00pa3oBaH TOJbKO
HEYETHbIMH TaPMOHHKAMH.

Ecau npu HauabHOM BO3OYKIEHHH MAITHUK MOJYYHUT AOCTATOYHO OOJIbLIYIO SHEPrUI0, CHavaJsa
OH OyzieT coBepulaTh MOJHbIe TepeBopoThl. FI3-3a TpeHHss MasiTHUK MOCTENEHHO TepsieT SHEPTHIO, U C
HEKOTOPOro MOMEHTA BpalllaTe/bHOe IBUKEHHE CMEHSIeTCsl KoJ1ebaTe/bHbIM.

1.2 duddepeHumanbHoe ypaBHeHHe MasiTHUKA

YpaBHeHHe BpalleHust TBEPIAOTro TeJsa BOKPYT HEMOJABUXKHOU OCH [IPUMEHHUTEJIbHO K dDI/I3I/IIIeCKOMy Ma-
SITHUKY B OJITHOPOJIHOM I10JI€ TA2KECTH B OTCYTCTBHUE TPEHUS IIPUHUMAET BUJL:

Jp = —mgasin p. (1)

31echk J — MOMEHT UHEPLIMH MASITHUKA OTHOCHTEJIbHO OCH BpalleHHs], @ — PaCCTOSIHHE OT OCH JI0 LIeH-
Tpa Macc, g — ycKopeHue cBOOOAHOrO majeHusi. JleBasi uacto ypasrenust ([I)) mpeacrasisier coGoit
CKOPOCTb U3MEHEHHsI MOMEHTA UMITyJIbca MasiTHUKA, [paBasi — MOMEHT CHJIbl TS2KECTH. DTOT MOMEHT
paBeH MPOU3BENEHHIO CUJIbl g (MPUJI0KEHHON B LIeHTPe Macc) Ha MJe4o 3Toi cuibl asin . [Tocae



nesiennst o6enx uacreit ypasuenns ((I)) Ha J nosyuaem:

@+ wising =0, (2)

rJie BBeJIeHo o6o3Hauenue wi = mga/J. s npoctoro Masithuka a = 1, J = mi?, unostromy w2 = g/I.
JInist pU3HuecKoro MasiTHUKA wi MOXKHO TPEJICTABUThL B TAKOM Ke BHJIE, €CJIH BBECTH M0 OTPe/IeJIeHHIO
Besinunny [ = J/(ma). DTa BeJMunHHa MMEeT pa3MepPHOCTb JIJIMHbI H HA3BIBAETCS NPUBEOeHHOL OAu-
ot husnueckoro MastHuKa. [TocKobKy (hM3HUECKHI MASITHHK C IPUBEIEHHOM JTHHON [ ONUCHIBAETCS
TeM ke JudpepenHiralbHbBIM YpaBHEHHEM, UTO U MATeMaTHUECKHE MAasITHUK TAaKO# XKe JJIMHbI [, 3TH 1Be
CUCTeMbl IMHAMHUUYECKH SKBUBAJICHTHBI.

1.3 ®Pusnueckue napameTpbl MaATHUKA

[Ipu ManbIX yrjax oTKJIOHEHHS OT MOJOKEHHUsT YCTOHUMBOIO PaBHOBECHSI MOXKHO 3aMEHUTh B ypaBHe-
Huu (2) sin ¢ Ha ¢, u Torna ypastenue (2)) conazer ¢ anddepeHLnaibHBIM ypaBHEHHEM KOJleOaH I
rapmMoHHUYeCKOro ocuusitopa. [Tostomy BesnunHa wy B ypaBHeru (2]) st MasiTHiKa nMeet dusnye-
CKHI CMBICJI YIJIOBOH UACTOThI PEACJbHO MaJblX KoJleOaHUH MAsiTHUKA B OTCYTCTBHE TPEHHUS.

[Tpu HaMunu BA3KOro TPEHHs! B MPaBylo uacTb ypaBHenus ([2]) ciemyer 106aBUTh uJjleH, IPONOP-
LMOHAJbHBIN YIJ10BOH cKOpoCTH . [ToaTOMY ypaBHEeHHe MasiTHUKA C TPEHHEM PUHUMAET CJeAyIOLIHN
BUJL:

G+ 279 + wisinp = 0. (3)

Takum o6pa3oM, MasiTHUK KaK AMHAMHUUECKAs CHCTeMA XapaKTepU3YeTCst BCEro JBYMsi He3aBUCH-
MBIMU TIapaMeTpaMU: YeA080l 4acmMOmoil Maiblx Korebarull wy 1 NOCMOSHHOLU 3amMYyXaHus =y,
KOTOpasi Tak’Ke UMeeT Pa3MepPHOCTb UaCTOThl (MJM YIJI0BoH cKopocTH). Kak u B c/ydae JIMHEHHOTO
OCUMJIIITOPA, BMECTO MOCTOSIHHOH 3aTyXaHHsl y100HO UCMOJb30BaTh SKBUBAJIEHTHbIN Ge3pasMepHblil
napametp — dobpommocme (Q = wy/(27). B cayuae masbix KosieGaHuil BesinunHa () /m paBHa unc1y
TMOJIHBIX LIUKJIOB, HA MPOTSXKEHUH KOTOPBIX aMIJIUTY/la yMeHblIaeTes B e & 2.72 pasa.

[TpunuunuabHoe pasinune Mexy ypaBHenueM ([3)) a/s MasiTHUKA 0 COOTBETCTBYIOLIMM Anpde-
pEeHIMAbHBIM YPaBHEHUEM /15 TPY?KUHHOTO OCLUJITOPA (KOTOPBIH paccMaTpuBaeTcsi B Jabopatop-
Hoil pabore «KosieGaHusi JTMHEHHOrO OCLMIIISITOPA» ) 3aK/I0UaeTcst B TOM, uto ypaBHeHue ([3]) neau-
Hetino. TpyHOCTH HAXOXK/EHUS aHAJIMTHUECKOTO PellleHHsl STOT0 ypaBHEeHHUs KaK pa3 U 06yCJIOB/eHbI
ero HeJIMHeHHOCTbIO. B o61iem ciyuae pelenne ypashenus ([3) B s/ieMeHTapHbIX (QYHKLMSX HE Bbl-
paxcaercsi. B uacTHOM ciyuae OTCYTCTBUsI TpeHHsl pelleHHe ypaBHeHust ([2)) MOKHO BbIpasuThb uepes
crieliMasibHble PYHKUUU (JJUNTHUECKHE UHTErPAJIbI ).

1.4 <da3oBblid NOPTPET MAATHUKA

O6LLI€€ npeacTaBjeHue O BOSMOXKHBIX ABH2KEHUAX MasiTHUKA ITPHU Pa3HbIX 3HAYECHUAX Cco0Ol1LIeHHOH eMy
SHEPTrur AaroT dDaSOBble TPpaeKTOpHH, T. €. KpUBbI€ 3aBUCUMOCTHU YFJIOBOI';I CKOPOCTH OT yIJia OTKJIOHE-



Hust. OcoGeHHO BaXKHO, UTO (Pa3oBblie TPAEKTOPHH MOTYT PacCKa3aTh MHOTOE O BO3MOYKHOM MOBEIEHUH
HeJIMHEHHON (DU3HUeCKOl CHCTEMbI B TeX CJyuasiX, KOrJla aHaJUTHUECKOTO pellieHH s He CYLLLeCTBYeT.

JIs1s1 KoHCepBATHBHON CHUCTEMbI MOXKHO MOCTPOUThL CeMeHCTBO (Pa3oBbIX TPAEKTOPHH, He pellas
i depeHIanbHOrO ypaBHEHHs], OTIMCHIBAIONIETO ee MoBe/leHHe. YpaBHeHHsT (Pa30BbIX TPaeKTOPUH
HerocpeICTBEHHO CJeyIOT U3 3aKOHA COXpaHeHUst sHepruu. [loTeHumranbHast sHeprus MasiTHUKA B 110-
Jie TAroTeHust Epot (@) 3aBUCHUT OT yr/1a OTKJIOHEHHS] MasiTHUKA ¢ U3 M0JI0XKEHHST paBHOBECHSI:

Bpar() = mga(l — cos ). (4)

Ipaduk E,o(p) nokasan B BepxHelt uacTu puc. |2} [lorenuanbuas sHeprust iMeeT MHHUMAJIbHOE
(HyJieBO€e) 3HaUEHHE B MOJIOKEHUH YCTOHUMBOTO PABHOBECHSI, PACIIOJNOKEHHOM Tpu ¢ = 0 (aHO Mo-
TeHIMaMbHOU siMbl). [ToTeHIMabHAST SHEPTHS MasTHUKA UMeeT MaKCHUMaJibHOe 3HauUeHHe 2mga B Tie-
PEBEPHYTOM MOJIOXKEHUH (MPU ¢ = =£7), KOTOPOE COOTBETCTBYET HEYCTOHUMBOMY PaBHOBECHIO. IDTO
BeplIMHA MOTeHLHaMbHOro 6apbepa. [loTeHlManbHAs SHEPrUsl MAsTHHKA TePUOJANUECKH 3aBUCHUT OT
yria ¢ (¢ nepuoiom 27).
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Puc. 2: HOTGHHHaJIbHaH AMa U (bEISOBbII/UI [TOPTPET KOHCEPBATUBHOT'O MasiTHUKA.

[LITpuxoBo# JIMHKEH Ha puC. [2| I CpaBHEHUS MoKa3aHa napaboJiMyeckasi MoTeHUMaJ bHasd aMa
JIMHEHHOTO (rapMOHHUECKOT0 ) OCLIMJISITOPA, MEPUOL KoJleOaHHH KOTOPOTO He 3aBUCHUT OT AMIJIUTY/IbI.
Tak kak BO6JIM3H MUHMMYMa 06€ MOTEHIHAJbHbIE SIMbl HMEIOT OJIMHAKOBYIO KDUBU3HY, MaJible KoJeOaHUs
MasATHUKA UMEIOT TAKOH 2Ke MePHO/JL, KaK U KOeOaHUs COOTBETCTBYIOLLErO JIMHEHHOTO OCLUJATOPA.

B orcyTcTBHE TpeHHUs MoJiHAS SHEPTUSI MasiTHUKA F, T. €. cyMMa ero KUHeTHUeCKOH SHEepruu %ng2
1 noTeHLHabHOH sHeprud ([]), ocTaercst TOCTOSIHHOM BO BpeMsT ABUXKEHHSI:

1
§ng2+mga(1—cosg0) =F. (5)



DTO ypaBHEHHe CBSI3bIBAET MEXKLY COOOI1 YToJ1 OTKJIOHEHHST (o H YIJIOBYIO CKOpOCTb ¢. [TosTomy ([D])
npejcTanJ/sieT coboil ypaBHeHHe (ha30BOi TPAEKTOPUH, COOTBETCTBYIOLLEH ONpeleleHHOMY 3HAUEHHIO
MoJIHOi sHeprun Masithuka E. Jlas nanbHefilnero yio6Ho npeictaBuTh ypasHenue ([5]) B Heckosbko
uHoit hopme. Benomunasi, uto mga/J = wi, v BBoAs 10 onpesesienuio Besiuunty Ey = Jw?d /2 (KoTo-
pasi uMeeT (PU3UUECKHH CMbICJ KHHETHUECKOH SHEPTHH TeJla C MOMEHTOM MHEPIUH J, Bpallatolerocs
C YIJI0BO CKOPOCTBIO wy ), ypaBHeHHe ([B]) MOXKHO repernucaTh CeyoLnM 00pasom:

22
o421 — == 6
w2 (1= cosp) Ey (6)

Korna nosnast sHeprust MmasitHuka £ MeHbllle, 4eM MaKCHMaJ/bHO BO3MOXKHO€E 3HaUeHHE ero MoTeH-
LMaJibHOM 3Hepruu (koraa £ < 2mga = 4E)), T. €. KOTJ1a M0JIHAsk SHEPTHsl MeHbLIe BbICOThI TOTEHLIU-
aJIbHOrO Gapbepa, MoKa3aHHOro Ha pHc. [2, MasiTHUK coBepliaeT KosieGaHus, Kauasich Tyjia 1 00paTHO
MEKJly CHMMETPUUYHBIMH MOJIOKEHHUSIMH MAKCUMAJIbHOTO OTKJIOHEHHUS Py U —@Py,. B 9TUX KpaliHUX 10~
JIO’KEHUSIX (TOUKAX T10BOPOTA) MOTEHLHANbHAS IHEPTHsl MATHUKA Eot () CpaBHUBAETCS C €ro noJi-
HOH sHeprued E, a 3HaUUT KUHETHUECKasi SHEPTusl U yryioBasi CKOPOCTh oOpallalTcs B Hyqb. Ecan
amrutyaa mana (@, < 7/2), KonebaHus MOUYTH CHHYCOUJAJbHbI, @ COOTBETCTBYIOLIAsk UM (ha3o-
Basl TPAEKTOPHSI UMEET MOUTH SJJIUNTHUECKYIO hopMy. DJuunThHueckas gopma ¢pa3oBoil TpaeKTOPUU
MaJIbix KoJleOaHui roJydaercst u3 ypasnenus ([6)), ecsn nojgcraButh B Hero npuGJ/IMKEHHOE 3HAUEHHE
KOCHHyca: cos ¢ ~ 1 — ¢?/2, cnpaBeuiiBoe JUisi MaJbiX YIJIOB -

22 2
Ly § (7)
EWO/EO E/EO
ITO ypaBHEHHUE OTpeIeisieT JUINC B Pa3oBoOi MJ0CKOCTH (, ¢). Ero ropusoHTasbHast nosyoch paB-
Ha MaKCHMaJIbHOMY YTJIOBOMY OTKJIOHEHHIO MasiTHUKA ¢, = +/ F/Ey. Ecau yriioByo ckopocTb ¢ 0oT-
KJIa/IbIBATh HAa OCH OPJIMHAT B €IMHUIIAX YTJIOBOH UACTOThI MaJIbIX KOJleOaHUH wy, 3aJaBaeMbli ypaBHe-
HueM ([7]) s/11UnC BBIPOXKAAETCS B OKPY?KHOCTb.

Yem Gosblile mosHast sHeprusi £ (T. e. uem GoJibllie aMIJINTyAa KoJeGaHul ¢y, ), TEM 3HAUUTEIb-
Hee JBH:KEHHEe MAasiTHUKA OTJHUYAETCs OT MPOCTOro rapMOHUUECKOro KoJsieGaHus, U TeM CUJbHee (ha-
30Basi TPAEKTOPUS OTJIMUAETCs OT vJutnca. [1pu yBesmueHuu nosiHoit sHepruut E' U PUOIHKEHUH ee
K 3HaueHHu1o 2mga ha3oBasi TPAEKTOPHUS BHITATMBAETCS B TOPU30HTAJBLHOM HarpasJieHUH (B0Jb OCH
) CUJIbHEE, YeM B BEPTHKAJIbHOM (BJ10JIb OCH ). TaK MPOUCXOMHUT TIOTOMY, UTO CKJIOHBI TIOTE€HIIHA/b-
HOM SIMbI MasiITHUKA C yBeJMUEHHEM aMIJIMTY/Ibl KoJieOaHNH MOHUMAIOTCS He CTOJIb KPYTO, KaK CKJIOHBI
napaGoJIHuecKoil SIMbl JIHHeHHOro ocLsisitopa (M. puc. [2]). Tak kak Bo3BpalLaloOLHMil MOMEHT CHJIbI
TSDKECTH y MAsSITHUKA PACTET C YIJIOM OTKJIOHEHHS Me/I/IEHHEee, UeM Y OCLUJIATOPA, MASTHUK HA3bIBAIOT
CHCTEMOH ¢ «MSITKOH» Bo3Bpaluatoleil cusoid. [Tostomy B oT/inume oT ocUM/ISTOPA, TEPUOL KoJieba-
HHH KOTOPOTO He 3aBUCHUT OT aMIIUTY/Ibl, EPUOL KoJieGaHUil MasiTHHKA PAcTeT M0 Mepe yBeJMyeHHs
AMIIJIUTY/IbI.

Korna MasiTHUK OTKJIOHEH M3 paBHOBeCHsl Ha yroJl, 6yM3kuil K 90°, BO3BpallaloUIMi MOMEHT CHJIb
TS2KECTH MOUTH MOCTOsIHEH (¢/1a00 3aBUCHUT OT yrjia ¢ B OKPEeCTHOCTH 90°). DTO MOXKHO YBUIETb U U3
rpacthuka 3aBUCHMOCTH IOTEHLHA/bHON SHEPrUH OT ¢ (cM. puc. [2]), HAK/I0OH KOTOPOro MOUTH HEU3MEHEH




BOJIM3M TouekK neperuba ¢ = +90°. [TosToOMy MasTHUK JABHKETCS 3/1€Ch C MOYTH MOCTOSIHHBIM yIJI0-
BbIM YCKOPEHHEM, a YIJ10Basi CKOPOCTb JIMHEHHO 3aBUCHT OT BPEMEHH, UTO OTUETJIMBO MPOSBJISETCS Ha
rpadukax yrjoBoi ckopoctH. st kose6anuii ¢ 6obiiuMu amnantyaamu (110 — 140°) stu rpacduku
MPUHUMAIOT MUI006pa3Hyio (hopMy € MOUTH MPSIMOJUHERHBIMHU 3yO1iaMu. [1psiMosinHeliHbIM yuacTKam
rpauKoB CKOPOCTH Ha rpapuKax yrja OTKJOHEHHUs] COOTBETCTBYIOT 3yOLbl MapaboiniecKoi (hopmbl.
Becb rpaduk yriia oTkJI0HEHUS p(f) COCTOUT U3 TAKUX MOUTH NapaboJMUeCKUX CErMEHTOB, BbIMYKJ0-
CTH KOTOPBIX [T0OUEPEHO 0OpallleHbl B TPOTHBOIOJOKHbIE CTOPOHBDI.

[Ipu GosibILIMX aMIIMTY1aX MAsITHUK GOJIbILIYIO UACTh NEPHOIa KoJ1eOaHUH MPOBOIUT B OKPECTHO-
CTH TOUEK MAKCHMAJbHOTO OTKJIOHEHHUS (TOUEK MMOBOPOTA), Iie HarpaBJeHHe ero IBHKEHUS] H3MeHs -
ercsl Ha npoTuBomoJoxkHoe. C yBeJuueHreM pasmaxa KosebGaHu# Ha rpacuke yria oTKJIOHeHHs ¢(t)
BEpILMHbI CTAHOBSITCS GoJiee TIJIOCKMMH, a Ha rpaduKe YrjioBoil ckopocTu ¢(t) — Gosiee ocTpbiMu. Ta-
KHe H3MeHeHH s (hopMbl rpadHKOB sICHO BUHBI Ha pHC. [3]
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BpeMst (B MIEPHOJAX MaJIbIX KOJICOAHHH)

Puc. 3: [pacdukn 60sb111ux KoslebGaHUN MasiTHUKA B OTCYTCTBHE TPEHUS ((Prax = 170°).

B HikHel uactu puc. [3|nokasaHsl rpaduKi NOTEHHANBHOM, KHHETHUECKOH 1 TTOJIHON SHepruii Ma-
AtHuKa. [1pu GosblInMX KosieO0aHUAX MAATHUK MTPOBOJUT HA MOJOTHX CKJIOHAX MMOTEHLUHANbHON MBI B
cpeiHeM OoJibllie BpeMeHH Hexkesid BOJIM3U ee AHa. [[oaToMy ¢ yBesuueHueM aMIJIUTYAbl KoJieOaHui
BepLUNHBI TpadvKa NOTEHUNAJNbHOH SHEPrUun Epo (1) pacTArMBaOTCs U CTAHOBSITCS LIKPE, UeM JO0JHHbI
ME2K/ly HUMH, B [IPOTHBOIOJIO?KHOCTb TaPMOHUYECKOMY OCLUJLIATOPY, A KOTOPOTO MAKCUMYMbl U MU~
HUMYMbI rpauKa UMEIOT OIMHAKOBYIO LIMPHUHY. [1poTHBOMOMOKHBIE H3MEHEHHST TPOUCXOAAT Ha rpa-
(rKe KHHETHUECKO SHepruH Eyiy (t). DT0 3HAUMT, UTO MpH KoseGaHHUsX GOJBILIOTO pa3Maxa cpeHee
10 BPEMEHH 3HaUeHHe MOTeHLHANbHON SHEPruh MasTHUKA OOJIblle CPEAHEro 3Ha4eHHs KHHEeTHYeCKOH
sHeprud. Hanomuum, uto npu masbix KoJieOaHUAX MAfATHHKA CPEIHHUE 3HAUCHUS JIBYX BUJIOB SHEPrHH
OJIMHAKOBbI (KaK M y TapMOHHUECKOTO OCLUJLIATOPA).

Ecau nosiHast sHeprusi MassTHUKA MPeBbILLAET NOTEHUHANbHYIO HEPTHIO B IEPEBEPHYTOM 0JI0KE-
HHH, T. €. eCJiM ' > 2mga, TO yryioBast CKOPOCTb MasiTHUKA He 00palllaeTcs B Hy b JaxKe NpH ¢ = £.



B npoTHBOMosoKHOCTL pexxuMy KoJieGaHui 3HAK YIJIOBOH CKOPOCTH TeMepb OCTAETCs HEM3MEHHBIM.
MasTHHK coBepllaeT NoJHble 060POThI, T. €. 8PAULACMCA B ONIPe/IeJeHHOM HarpaBJeHHH. DTO Bpa-
I1leHHe TPOUCXO/IUT HEPABHOMEPHO: KOTJIa OH MPOXOAUT Uepe3 HU3IIYI0 TOUKY CBOETr0o KPyroBoro myTH,
T. €. uepe3 MoJ102KeHHe YCTOHUUBOTO paBHOBECHS, YIVIOBAsi CKOPOCTb MaKCHMaJsibHa. B MOMeHThI npo-
XOKJIEHHS uepe3 BEepXHIOI0 TOUKY (uepes MoJioxKeHHe HeyCTOHUMBOTO paBHOBECHST) YIJIOBasi CKOPOCTh
MasiTHUKa MHHUMaJlbHa.

B dasoBoii niockocTy BpallleHHe MasiTHHKA MPEACTaBJEHO TPAeKTOPHEH, KOTopasi BIXOAUT 3a
npeJiesibl BEPTUKAJIbHBIX JIMHUE ¢ = +7, MPOJ0JKAsICh ePUOUUECKH C KaKbIM HOBbIM 060POTOM,
KaK 110Ka3aHo Ha puc. [2] J1/isl BepXHUX KPHUBBIX, JI€KALLKMX BbILIE OCH (o, 3HaUEHHUs] YIJIOBOH CKOPOCTH
¢ TIOJIOZKUTEJIbHBI U YTOJI (o BO3pAcTaeT CO BpeMeHeM. DTO 3HAUMT, UTO OHM COOTBETCTBYIOT Bpallle-
HHIO MasiTHUKA B M10JIOXKUTEJIHLHOM HarpaBJjieHuH (MPOTUB 4acoBOH cTpesiku). M3do6parkaroliasi Touka
JIBH2KETCS BJIOJIb THX KPUBbBIX CJIeBa HAMpaBo.

st 060l KOHCepBAaTUBHON CUCTeMbl YpaBHeHHe (Da30BOH TPaeKTOPHUH (B UaCTHOCTH, ypaBHe-
nue ([6)) B cityuae mMasiTHHKA) BCera BblpaykaeTcst UeTHOH (DyHKLHMeH apryMeHTa ¢, Tak Kak KuHeTHue-
CKasl SHePTHst 3aBUCHT TOJIbKO OT (%, OTciofa cieflyer, uto (hazoBast TPAEKTOPHsI CHMMETPHUHA OTHO-
CHUTEJIbHO FOPU30HTAJILHOH OCH (. DTa CUMMETPHS 03HAUAET, UTO JIBUXKEHHE CUCTEMbI B OJIHOM HaINpaB-
JIEHUH (CKaxKeM, 110 UaCOBOM CTpeJIKe ) MeXaHHUeCKH S5KBUBaJIEHTHO IBUXKEHHUIO B 06paTHOM HamnpasJie-
HUM (IPOTHB YACOBOM CTpeJsiKK ). [{pyrumu cjioBamu, ABHKeHHEe KOHCEPBATUBHON CUCTEMbI 00 paAMUMO
80 BpeMeHU: eCJIU B TIPOU3BOJILHBIH MOMEHT BPEMEHH 3HAK CKOPOCTH MTHOBEHHO H3MEHUTH Ha MPOTH-
BOIOJIOXKHBIH, H300pazkaioliasi Touka B (0a30BOM MJIOCKOCTH NepeCKaKMBAET Ha Ty »Ke caMyto (pas3oByio
TPAeKTOPHIO B HOBOE M0JIOXKEHHE, PACIION0KEHHOE CHMMETPHUHO 110 IPYTyI0 CTOPOHY FOPH30HTaIbHOH
ocH . JIBurasicb B 06paTHOM HarpaBJieHUH, CUCTEMa MIPOXOJIUT Uepe3 Te »Ke MPOCTPAHCTBEHHbIE TOU-
KM C TOH K€ CaMoil CKOPOCTbIO (M0 MOJYJIO), UTO U B MpsIMOM JBHKeHUH. [Tockosibky obpaliieHue
3HAKa CKOPOCTH (¢ — —¢) SKBUBAJIEHTHO U3MEHEHHIO HarpaBJjieHusl BpeMeHu (t — —t), OTMeueH-
HO€ CBOHCTBO KOHCEPBATHBHbIX CHCTEM HA3bIBAIOT TAKXKE CUMMETPHEH 110 OTHOLIEHHIO K 00pauyeruro
8pemeru.

JonosiHuTeIbHAS CUMMETPHUST (pa30BbIX TPAEKTOPUH KOHCEPBATHBHOTO MasiTHUKA OTHOCHTEJLHO
BEPTUKAJLHONU OCH ¢ (CUMMETPHsI 10 OTHOLIEHUIO K 3aMeHe ¢ — —) CJeyeT U3 CUMMETPHH MO-
TEHUHMAIBHOMN MBI Epot(—9) = Epot ().

[Ipu Bk/IIOUEHUM TPEHHUSI B MOJIe/Ib MAsSITHUKA JBMKEHHE CHCTEMbl CTAHOBUTCS HEOOPATUMBIM BO
BpeMeHu. [ToaToMy oTMeueHHast Bbillle CUMMETPHS (ha30BbIX TPAEKTOPUE CHCTEMbI OTHOCUTEJIBHO KO-
OpJIMHATHBIX Oocell (ha30BOH MJOCKOCTH Hcue3aeT. BiunsiHue TpeHust Ha ¢a30Bblil TOPTPET MasiTHUKA
paccmatpuBaercs B paznede 3.1.10.

Yrabl @ v @ & 27, @ & 4w, ... S5KBUBaJIEHTHbI, TAK KAK COOTBETCTBYIOT OJITHOMY M TOMY 2Ke MOJI0Ke-
HUi0 MasiTHUKa. [To3TOMY 10CTaTOUHO paccMaTpUBaTh TOJBKO YacTh (ha30BOM MJIOCKOCTH, HAITPUMED,
M0JI0CY, 3aKJIIOUEHHYIO MEK/y BEPTHKAJbHBIMH MPSIMBIMU 0 = —7 U ¢ = 7 (cM puc. [2]). DTu npsimMble
MOKHO OTOKAECTBHUTb U CUMTATh, UTO KOTrJa M300paxKatolasi Touka MoKUaeT BblieeHHyt0 06J1acThb,
nepecekasi paBylo ee TpaHULLy ¢ = 7, 3Ta TOYKA OJIHOBPEMEHHO BXOJHUT C MPOTHBOIMOJIOKHOH CTOPOHbI
yepes JIeBYIO IPaHULy ¢ = —m (€CJIM MasiTHUK COBepIIaeT MepeBOPOT MPOTUB UACOBOH CTPEJIKH ).

IIBymepHoOe (ha30Boe MPOCTPAHCTBO KECTKOTO MATHUKA MOYKHO MPEJICTABIATHL cebe He TObKO KaK
YacThb MJIOCKOCTH (¢, ), 3aKJIIOUEHHYIO MEXKY BEPTUKAJbHBIMU MPSIMBIMH ¢ = +7T U (9 = —7, HO U
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KaK HEKOTOPYIO MOBEPXHOCTh, HE UMEIOLILYIO FPAHUIL. DTO BO3MOXKHO MMOTOMY, UTO TIPOTHBOIMOJIOXKHbBIE
TOUKH BEPTHKAJIbHBIX MPSIMbIX, COOTBETCTBYIOLLHE OJJTMHAKOBBIM 3HAUEHHSIM ¢, ONTUCHIBAIOT (PU3HUECKH
9KBHMBAJICHTHbIE COCTOSAHUS MasiTHUKA. [IpMHMMas BO BHMMaHHUe TaKxKe MepUOAUUYHOCTb 3aBUCHMOCTH
MOTEHUHMAJIbHON SHEPTUU MAATHHUKA U BO3BPALLAIOLLETO MOMEHTA CHJIbI TAXKECTH OT YIJIa ¢, MOXKHO Bbl-
pesaTb 3Ty 4acTb MJIOCKOCTH M CBEPHYTb €€ B LMJIMHAP, COCAMHUB IPAHUUHBIC MPAMbBIE @ = +7 U
¢ = —m. O6pa3oBaHHyI0 TaKMM 06pa30M LMJIMHAPHIECKYIO TTOBEPXHOCTb MOXKHO paccMaTpHBaTh Kak
(hazoBoe MPOCTPAHCTBO MasiTHUKA. Pa3oBble TPA€KTOPHH, OXBAThIBAIOLLME STOT LMJIHHIP, COOTBET-
CTBYIOT MOJIHBIM [€peBOPOTaM (HepaBHOMEPHOMY BpalleHHIo) MasiTHHKA. Takoe BpalleHue, Kak yxe
0TMeuaJioCh, MPOUCXOJUT MPH 3HAYEHHUSIX MTOJHON SHEPTUH, TPEBOCXOASLLMX BbICOTY MOTEHLHAJILHOTO
O6apbepa 2mga, pa3iesoLlero CoCeAHHe MUHUMYMbl TOTEHLHAbHON SHEPTHH.

[lepuon BpaiiieHnst GbICTPO YMEHbIIAETCS TPU YBEJMUEHUH SHEPTHH. ACHMIITOTHUECKOE TIOBE/IEHHE
nepuoja npu £ > 2mga MOXKHO HAUTH CJIEAYIOLIUM 06pa3oM.

Korna nosnast sHeprust MasgTHUKa £ 3HaYUTEBbHO PEBOCXOAUT BBICOTY MOTEHUMAIBbHOTO Oapbepa
2mga, MOXKHO MPUOJIMIKEHHO CUMTATh, YTO BCS SHEPrHsl MAsSITHUKA — 3TO KHHETHUECKasl SHEepPrusi ero
Bpaulenus. MiHbiMu cioBamu, B 3TOM cjlydae MOXKHO MpeHeOpeub BJHSIHUEM [10J1s1 TS?KECTH Ha MoBe-
JIeHHe MasiTHUKA U B TIepBOM MPUOJIMKEHUH CUMTATh, UTO OH COBEpILIaeT paBHOMepHOe BpallleHue. Ec-
JI1 BO30Y K/IeHHe MasiTHMKa COBEpLIANoCh COOOLLEHHEM €My B M0JI02KEHHH YCTOHUHBOIO PABHOBECHS
HEKOTOPOH YIJIOBOH CKOPOCTH 2, TO JaJjibHellllee BpallleH’e U MPOUCXOIUT MPUOJIU3UTEJIBHO ¢ 3TOH
yrJI0BOk cKopocThio. [Tostomy npu E = JO?/2 > 2mga nepuoj Bpaliennsi 06paTHO MPONopLUHoHa-
JIEH YTJIOBOH CKOPOCTH €2, COOOIIEHHON MasiTHUKY TpH Bo3Oyxaenuu: T = 27 /.

UToObl y/yULIUTh MMOJYYEHHYIO OLUEHKY 3aBUCUMOCTH MepHojJa OT HauaJbHOH YIrJIOBOH CKOPOCTH
T'(2), HY>KHO TIPUHSATH BO BHUMaHHe BapHallMd YIJIOBOHW CKOPOCTH BpallleHHsl MasiTHUKA M3-3a Jiei-
CTBHS CHJIbI TS2KECTH. ¥YTJI0BAsi CKOPOCTb OCLMJIIMPYET MEXKJLy MAKCUMaJIbHbIM 3HaUeHHeM §) B HUXK-
Hell TOUKe U HEKOTOPbIM MUHUMAJIbHbIM 3HaUeHHeM §1y,;, B BepHel Touke TpaeKTopuu. MUHUMaIbHYO
YIVIOBYIO CKOPOCTb MOXKHO HAWUTH C TTOMOILIBIO 3aKOHA COXPAHEHUS SHEPTHH:

2
Qi = \/92—4%2)%(2(1—2%).

[Ipu cpaBHUTENBbHO OBLICTPOM BpaLLEHUM MAasiTHUKA OCUMJISLMH YIJIOBOH CKOPOCTH MOYTH CHHY-
COUJIAJIbHBI. DTO MOXKHO YBHJIETb U3 rpaUKOB YIJIOBOH CKOPOCTH, KOTOPbIE CTPOUT MOJIEJUPYIOLIAS
nporpamma. [Tostomy B caenytoiieM NpubJIHKEHUH Cpe/iHee 3HaYeHHEe YIJIOBOH CKOPOCTH MOXKHO 10~
JIYUUTb KaK MOJyCYMMY MaKCUMaJIbHOIO U MMHUMAaJIbHOTO 3HaUEHHH:

Qay = (2 + Qi) /2 = Q1 — w3 /Q?),

UTO JIs1 TEpUOJia BpallleHHUsd MasiTHUKA Ja€eT CJAEAYIOULYI0 OLEHKY:

_2m L wo w?
T(Q)_QaVNTO O (1+QQ).



C nomoliibio 0kHa nporpaMmbl «PazoBast TpaeKTOPUsI MASTHUKA» MOXKHO MOJIyUUTh oblilee npeji-
CTaBJICHHE O BO3MOXKHBIX JIBU2KEHHUSI MAsSITHUKA B OTCYTCTBHE TpeHHus1. 1151 3Toro npu BBojie HaYaJIbHbIX
YCJIOBUH CJIe/lyeT M0C/e10BaTe/bHO PUAABATh MOJHOH SHEPTUH MAasiTHUKA Pas3JMuHble 3HaueHus. [1pu
BBIMIOJTHEHUH SKCTIEPUMEHTA MOXKHO, OTHOBPEMEHHO C MOCTPOEHUEM KaxK/10i U3 (ha30BbIX TPAEKTOPHH,
MU3MEPUTh MEPHOJL COOTBETCTBYIOIMX KOJIeOAHHUI UK TIePEeBOPOTOB. BhINOJIHSAS TaKue U3MepeHUs /151
pa3HbIX 3HAYEHHUH MOJIHOW HEPTUH, CO0O1IIaeMON MAATHUKY IPH HAUaJIbHOM BO30YK/1€HUH, MOXKHO T10-
JIyuuThb 3aBUcUMOCTb T'(E) nepuoja oT MoJiHOM sHepruu E.

B ToMm ke okHe HaJ (a30BOH MJIOCKOCTbIO MOKa3aH rpaduk MoTeHIHAIbHOW SHEPTUH MasiTHUKA
(noTeHumanbHas sma). OTHOBpEMEHHO ¢ 0TOOpaKeHHeM JABHKEHHUS H300parkaiollel TOUKU B pa3oBoil
MJIOCKOCTH, B TOTEHIMAIBHOH IMe CTPOUTCS rparK MOJHOH SHEPTHH B 3aBUCUMOCTH OT yTJ1a OTKJIOHE-
Hust. [Ipu 10CTHKEHUM TOUEK TOBOPOTA KHHETHUECKAs SHEPrust 00palllaeTcsl B HyJb M MOJHAST SHEPTUsl
COBIIAJIAeT ¢ MOTeHLMa bHON (6epera NoTeHUHMaNbHON sIMbl), a (ha3oBasi TPAEKTOPHUSI MepeceKaeT oCh

@.

1.5 [Ilepuopn Manbix KoJiebaHUI MaATHUKA

Ot/inure MasiTHUKA OT JIMHEHHOTO OCLUMJLIATOPA MPOSIBJASIETCS MPEXK/Ie BCEr0 B 3aBUCHUMOCTH ME€PHO-
Ja Koje6aHui oT aMInuTyabl. YToObI MOMYUYHTh MPUOIMKEHHYIO TEOPETHUECKYIO (OpPMYJTy ISt ITOH
3aBUCHMOCTH, HY?KHO yJIepKaTh CJIEYIOLIUH UJieH B Pa3jioxKeHuH sin ¢ B anddepeHiransbHOM ypaB-

Henu ([2)):

1
sinp ~ @ — ~¢°,

: (8)

W B pe3yJibTaTe MnoJiydyaeM CJeayloliee HpHéJIH)KeHHOE HeJIMHEHHOe ILH(I)(bepeHU.I/Ia.HbHOQ YpaBHEHHE
JJ11 KOHCEPBATHBHOI'O MasiTHUKA C 7y = 0:

b+l — el =0, (9)
[Tpubimkentoe petenue ypasHenust ([9)) MoxkHO HCKaTb B BUJE CYNEPO3ULIMH CHHYCOUAIBLHOIO KO-
nebanus p(t) = @ coswt U ero TpeTbel TaPMOHUKHU €y, oS 3wl, YacToTa KOTOPOH paBHa 3w (Mbl
NPUHUMAEM, UTO MOMEHT ¢ = () COOTBETCTBYET MaKCUMaJIbHOMY OTKJIOHEHHIO MasiTHHKa ). Takoe pelie-
HHe MPUBEJICHO BO MHOTHX yueOHHUKAX, cM., Hanipumep, U. Kurtens, ¥. Haiit, M. Pynepman, Mexanuka
(Bepkanesckuti Kype dusuky, 1. I), ctp. 224 — 227, Mocksa, «Hayka», 1971. OTHocHTe/NbHbBIH BKIA
TpeTheli TaPMOHHKH € OKA3bIBAETCS PABHBIM (2 /192, TJIe (o, - AMIUIMTY/a OCHOBHOK FapMOHHKH, Ya-
CTOTa KOTOPOH IM0JIydyaeTcsl MeHbLIeH, YeM 4acToTa wy MpeleslbHO MaJjblX KoJeOaHUH Ha BEeJIHUMHY,
NPONOPLUHOHAJBLHYIO KBAPATy aMILJIHTY/IbI (02 :

wmw(l — 2 /16), T =2m/w = Ty(1+ 2 /16). (10)

Pekomenayercs noJyuutb 3TO pelieHne CaMOCTOSATEIbHO, JIMOO 10 KpalHeld Mepe MpoCJ/IeIuTh 3a
BCEMHU JIeTaJISIMH BbIBOJIA, IPUBEICHHOTO B y4yeOHUKAX, UTOObI COCTABUTL MpeJCTaBJeHHe O MPUOJIU-
’KEHHbIX METOJ1aX, HCIOJIb3yeMbIX B Teopun KoJsebanuit. Ty xe camyto npubmkennyio dopmy.y ([10])
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JUIS1 3aBUCUMOCTH TepHrojia KosieGaHuH MasiTHUKA OT aMIIMTY bl MOYKHO TTOJIYUHTh U3 TOYHOTO pellie-
HHUS1, BBIPAXKEHHOTO Uepe3 3JJIMITHUECKHEe HHTerpaJibl, pasJsarasi TOUHoOe pelleHHe B psijl [0 CTereHsIM
AMIJIUTY/Ibl Oy,

Ypasuenue ([I0]) noxassiBaert, uto, Harpumep, npu aMmIuTye @, = 30° (0.52 paa) orHoCUTeIbHOE
yBeJIMUeHHe Nleprosia KosieOaHui (10 CpaBHEHUIO C NIePHOIOM KosleOaHHH OECKOHEUHO MaJIod aMIlIH-
Tyanl) coctabaser 0.017 (1.7 %). OTHOCHTeNbHbIA BK/IA TPeTheil FapMOHMKH B 3TO HECHHYCOUIAIbHOE
Kosie6anue coctanasier 0.14%, 1. e. ee amnauTyna papHa auwb 0.043°.

Mogeupyloliiast porpaMma rno3BoJisieT POBePUTH NPUOJIHKEHHYI0 TeopeTrnuecKyto dopmy.ty ([I0])
JUis iepuoa Kosebauuh. B caenytoiiert tabaunie npuBeieHbl 3HaueHus nepuoaa 1" (1 HECKOJNbKUX
3HAUeHHI aMILIUTY /bl ), paccuuTanHble 110 hopmy.ie (10) u n3mepeHHble B BbIUMCIUTEIBHOM SKCIIEPH-
meHTe. CpaBHHBAsi 3TH 3HAUEHHST, IPUXOAUM K 3aKJ/I0UeHHI0, uTo npubJkerHast dopmy.a (10) ais
aMIUITY/Ibl 45° 1aeT 3HaueHue reprojia ¢ OTHOCUTENbHOM onOKoi ik (1.0400 — 1.0386)/1.04 =
0.0013 = 0.13%. Onnaxo npu 90° own6Ka coctaJsieT yxke 2.24 %. Owmbka He npesbiaet 1 % s
aAMIIJIMTY /L BIUIOTD J10 70°.

Awmnauntyna T/Ty T/Ty
©m (Teopusi) | (3KCNEpUMEHT)

30°  (7/6) 1.0171 1.0175

45°  (m/4) 1.0386 1.0400

60°  (7/3) 1.0685 1.0732

90° (7/2) 1.1539 1.1803
120°  (27/3) 1.2742 1.3730
135°  (3m/4) 1.3470 1.5279
150°  (57/6) 1.4284 1.7622

1.6 JlumurauuMoHHoe ABUKEHHE MAATHUKA

dazoBasi TpaeKTOpPHs, COOTBETCTBYIOLLAS IBHKEHHIO KOHCEPBATUBHOIO MasITHUKA C MOJHON SHEepru-
el I/, paBHOH MakCUMaJ/JlbHO BO3MOXKHOMY 3HAUEHHIO MOTEHUMANbHOW SHEPrMHd MasiTHUKA, 8 MMEHHO,
Epot(w) = 2mga = Fyax, NpeacTaBseT ocobblii nHTepec. OHa OT/eseT LeHTPasbHYl0 06J1aCTh
(ha30BOI TJIOCKOCTH, 3aHATYIO 3aMKHYTBIMH TPAEKTOPUSIMH KoJieGaTe/bHbIX JBUXKEHUH, OT BHEIIHUX
obJiacTel, 3aHATHIX ()a30BbIMU TPAEKTOPHUSMH BpalllaTebHbIX JBHXKEHHH. DTa rpaHulla HAa3blBaeTCsi
cenapampucolii. Ha puc.[2 ona Bbinesnena xxupHoit munueit. Cenapatpuca pasjessiet hasoBylo mioc-
KOCTb MasiTHHKa Ha 00JIaCTH, COOTBETCTBYIOLIIME PA3HBIM THIAM JBHKEHHS. YpaBHEHHE cenapaTpUChl
caenyet uz ypasrenns ([B]) uan (6), ecin nopcrasuts tyna E = 4E, = 2Jwi:

$ = F2wq cos(p/2). (11)

JIumuTaumonHoe JABHU2KEHHE KOHCEPBATHUBHOI'O MasAATHUKA (ILBH}KQHHG C MOJIHOH 9H€pI‘H€ﬁ E= nga)
3aCJy2KHBA€ET 1€TaJIbHOI'O OGCY)K[[eHI/Iﬂ. B stom cJyyae n306pa>{<a}omaﬂ TOUYKAa B (baSOBOﬁ [TJIOCKOCTH
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JIBUZKETCS BJI0JIb cenapatpuchl. Korna masiTHuk ¢ sHeprueil £ = 2mga npubJnKaercs K rnepeBepHy-
TOMY TOJIOXKEHHIO (0 = T WJIM (¢ = —T, €r0 YIJI0Basi CKOPOCTb CTPEMHUTCS K HYJI10, 00pallasch B HyJ/lb
npu ¢ = +m. B a3oBoil MJ10CKOCTH 3TO COCTOSIHUE MPEACTABAEHO CEJIOBBIMH TOUKAMH (o = =T,
¢ = 0, B KOTOPBIX BCTPeUAIOTCs! BepXHsis U HIKHsAs BeTBU cenapaTpuchl ([[1]). OGe stu Touku cooTet-
CTBYIOT OJIHOMY M TOMY K€ MEXaHUUECKOMY COCTOSIHHIO, B KOTOPOM NTePEBEPHYThIA MaATHUK HAXOIUTCS
B [10KO€ B HEYCTOHUMBOM I0JI0KEHUH paBHOBecHs. Mauielilliee cMellleHHe MasiTHUKA U3 3TOrO M0J0-
JKEHHUS] B TY WJIM JIPYTYIO CTOPOHY NMPUBEJET K KOJIeOAHUSAM C aMIIMTYI0H, NpUOJHKatoLLelics K m, a
MaJieHIIHMH TOJIUOK MPUBEJIET K BpalllaTebHOMY JABHKEHHUIO (K MOJHBIM NepeBopoTtam). [1pu Takux Ko-
Jebanusix (KaK ¥ Mpu MepeBOpoTax ) MasiTHUK HAJIOMTO 3a7€P2KUBAETCS B OKPECTHOCTH MEPEBEPHYTOTO
MOJIO2KEHHUS.

3ameuaTesbHO, UTO JI/Is1 IMMUTAUMOHHOTO JIBUXKEHHST MASITHUKA, T. €. JIBUXKEHHSI C MOJIHOU 3Hep-
el B/ = 4Fy = 2mga, CyleCTBYeT aHAJIUTHUECKOE PeLEHHE, B KOTOPOM 3aBUCUMOCTbL OT BPEMEHH
JUIs yrJ1a OTKJIOHEHHUs (t) 1 JUist yIJIOBOM CKOPOCTH ((t) BbiparkaeTcsl uepes3 aJieMeHTapHble QyHK-
unn. Mnrerpuposatne auddepentmanstoro ypasternst (1)) ¢ nauanbhbv yeaosuem p(0) = 0 (npu
MOJI02KUTENIbHOM 3HaKe KBAJPATHOTO KOPHS ) JIA€T:

—wot = In tan[(m — ¢)/4], (12)
¥ Mbl TIPUXOJIUM K CJICTYIOLIEMY BbIpAXKEHHIO 1151 (1 ):

o(t) = m — 4arctan(e”“°"). (13)
DTo pellleHHe OMUChIBAET IBUKEHHE MasiTHUKA B HAaNPaBJIeHHH MTPOTHB YaCOBOI CTPEJIKH, HaunHa -
forteecs Mpu ¢t = —oo U3 MoJioKeHust ¢ = —m. [Ipn ¢ = 0 rpy3 MasTHUKA MPOXOJUT Uepe3 HUKHIOK0

TOYKY CBOEH KPYrOBOH TPAEKTOPHH, U 3aTeM NPOL0JKALT IBHKEHHE, aCUMIITOTUYECKH NPUOJIHKAACD
K MepeBepHyTOMY T0JIOKeHHI0 ¢ = +7. [paduk (t) 1uist 3Toro IBUXKEHHS TTI0Ka3aH Ha pHC.

Puc. 4: [paduku nBHKeHHS MasgTHUKA C sHepTHeld F = 2mga = F. = 4Ey.

Bropoe pelieHue, COOTBETCTBYIOLLEE BPALLEHUIO MATHUKA 110 YaCOBOH CTpeJIKe (T. €. IBUIKEHHIO
BJ10JIb BTOPOil BETBH cenapaTpuchl B (ha3oBofi MIOCKOCTH ), MOYKHO N0JyunTh U3 ypaBHenus ((13]) npe-
o6pasoBaHueM oOpalleHHsl BpeMeHH, T. €. 3aMeHol ¢ — —t. Pellenusi, COOTBeTCTBYIOLIME APYTHM Ha-
yaJIbHbIM YCJIOBHSIM, MOXKHO MOJIYUHTb U3 ypaBHenust ([13)) mpocTbiM c1BUrom Hauaja oTcueTa BpeMeHH
(T. e. 3ameHoM t HA t — t).
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YT00bI MOJYUHTh 3aBUCHMMOCTD YIJIOBOK CKOPOCTH OT BpeMeHH ((t) JJIst IMMUTALIMOHHOTO JIBUXKE-
HUSI MAsiITHUKA B OTCYTCTBHE TPEHHS, MO2KHO BbIPasuThb cos(y/2) B ypaBHenut (|1 3|) caiemyronmm obpa-
30M:

cos(p/2) = cosh(anl)’

[Tocsie moncranoBKH 3Toro 3Haduenus B (|1 1)) mosyuaem:

2&]0 4w0

o(t) = £ =+ . 14
#(t) cosh(wot) ewot + e~wot (14

DTa 3aBHCUMOCTb YIJIOBOH CKOPOCTH OT BpeMeHH ((t) JUist JJUMUTALIMOHHOTO JIBU2KEHHSI TaK¥Ke Mo-
Ka3aHa Ha pucC. [pacduk ¢(t) uMeer BU yelIMHEHHOTO MMIYJbca. XapaKTepUCTHUeCKAs ILIHPH-
Ha ero npoguJs, T. €. NPOJOJIKUTENLHOCTb UMITYJIbca CKOPOCTH, MO MOPSIIKY BEJUUUHBI paBHa 1 /wy.
ITO 3HAUMT, UTO BpeMsl, HEOOXOMMOE MASITHUKY /ISl TPOXO2KAEHUS TOUTH MOJHOTMO KPYroBOro MmyTH
B JIUMUTAUMOHHOM JIBU?KEHUH, U3 OKPECTHOCTH MEPEBEPHYTOTO MOJIOKEHHUS Uepe3 HUKHEe MOJI0KEHHe
pPaBHOBECHSI BHOBb TOUTH JI0 EPEBEPHYTOrO MOJIOKEHHS, 110 MOPSIJIKY BEJHUMHbI PABHO MEPUOLY Ma-
JbIX KoJiebanuit Ty = 27 /wy. B camom jene, n/isi MoMeHTOB BpeMenu ¢t = T/2 1o 06e CTOPOHBI OT
NKa 3HaueHue YrJoBoi ckopoctH, Kak caenyer u3 ((14)), cocrasasier smtub 0.17wy. Menonbays ana-
Jsutiueckoe Beipaxkerne ((13]) wist (), MOKHO TOUHO pacCUHTATh IPOMEKYTOK BPEMEHH T, B TEUCHHE
KOTOPOT0 MasiTHUK MPOXOJUT Uepe3 HUKHee M0JI0KEeHHe PABHOBECHS OT OJIHOIO FOPU30HTAJILHOTO M0~
Joxenusi (¢ = —m/2) no apyroro (¢ = w/2). 7 = 0.28Ty. Ha npotsizkeHuu 3TOro npomexyTKa
BpPEMEHHU KMHETHUYeCKasi SHepPrusl MassiTHUKA OoJiblie NoTeHura bHol. [TosToMy Bpems 7 paBHO mnoJy-
HIMpUHE (LIMPUHE HA TOJIOBHHE BbICOTHI) OJIMHOUHOTO UMITYJIbCa HA rpaduKe KHHETHUECKOH SHEPrUH
JUIs1 IMMHUTaLlUOHHOTO JIBUKEHHSI.

Ha kpbuibsix rpacduka o(t), T. e. npu t — =00, yIjioBasi CKOPOCTb CMAaAAeT SKCIOHEHIIHATbHO.
B camom nese, npu 60/1bLIMX MOJOKUTEIbHBIX 3HAUEHUSIX ¢ B 3HaMeHaTeJsie BbipaxkeHus ((14]) moxHo
npeHe6Gpeub BTOPbIM cJlaraeMbiM exp(—wygt), UTo Jaet

(t) ~ Fdwoe ™" (15)

Takum oGpasom, B cjyuae JJUMHTAUMOHHOTO JIBUXKEHHUSI, KOT/IA T0JIHAsT SHEPTUsl MASITHUKA B TOU-
HOCTH paBHa BbICOTE MMOTEHUHMAJNIBLHOrO 6apbepa 2mga, CKOPOCTb MAATHUKA HEOTPAHHUEHHO yMeHbLIa-
eTCs 110 Mepe ero NpUOJIHKEHHS K EPEBEPHYTOMY MOJI0KEeHHI0. MasTHUK aCHMIITOTHUECKH JIBU2KETCS
K HEyCTOHUMBOMY PaBHOBECHIO, 3aTpaulBasi Ha 3TO JBHKeHHe 6eCKOHeUHO 60Jbliioe BpeMsi. 3HAUMT,
npu F = 2mga 1BUKEHHE KOHCEPBATUBHOTO MasITHUKA He OyJIeT MepUOAHUYECKHM.

Ecain sHeprust MasiTHHKa 6J1M3Ka K 3HAUEHUIO 2mga, ero IBUKEeHHe MTOUTH BCloly Oy/1eT 0UeHb MaJlo
OTJIMUATHCS OT JIMMUTALMOHHOTO. [paduku ¢(t) u H(t) 1uist IBUKEHUI MasiTHUKA C SHEpPTHel, HEMHOTO
MeHblIel 1 HeMHOro GoJIbLiel 2mga, nokazaHbl Ha puc. 3]

3amMeTHble OTJIMUMS B XapaKTepe JABHKEHHUS MPOSIBJSAIOTCS JIMIIb B HEMOCPEACTBEHHOH GJIM30CTH K
NIEPEBEPHYTOMY TOJIOKEHHIO, IS JOCTHXKEHUST KOTOPOro Npu F = 2mga notpeboBaioch Obl 6eCKO-
HeyHo Oouibliioe BpeMsl. Ec/ii sHeprusi npeBblllIaeT 2mga Ha CKOJIb YTOJIHO MaJylo BEJIHUHHY, MASITHUK
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Puc. 5: Ipaduxu p(t) u H(t) npu KoseGaHUsIX U IEPEBOPOTAX KOHCEPBATUBHOIO MasiTHUKA C SHEPrUei,
OJIM3KOH K 3HAUCHHIO 2mga.

JIOCTHUTHET MEePEBEPHYTOrO MOJIOKEHHUS 3a KOHEUHOe BpeMsl U OyleT MPOoJ0JKaTh JABHXKEHHE JaJjee B
NPEeKHEM HanpaBJ/IeHUH, HAOUPask CKOPOCTD M0 Mepe NMPUOJIMKEHHS K HUXKHEMY 110J102KeH 0. Ecan xe
SHEprusl MeHblle, ueM 2mga, MasiTHUK 3a KOHEYHOEe BPeMs JOCTUTHET TOUKH CBOEr0 MakCHMaJbHOro
OTKJIOHEHHMS, U 3aTeM HAauyHeT JABHUratbcsl o6patHo. 1 B TOM, U B Ipyrom cJyuasi ABU2KEHUE MasiTHMKA
NepHOIMUECKOE, [IPHUEM €ro MePHOJL HeorpaHHueHHO Bodpactaet npu £ — 2mga. Puc. [p|nokasbisaer
3aBUCHMOCTb T1€PHOJIA OT MoJIHOH 3Heprin T'(F), moJiydeHHyo ¢ TTOMOIIILI0 MOJIETUPYIOIIEro SKCTepPH-
MEeHTa.

HauasnbHblill yuacTok rpaduka nokasbIBaeT MOUTH JIMHEHHBIH POCT MepUoJa C SHEPrueH, UTo CoOT-
BercTBYeT npubsmKkennoi hopmy.ie (10)), Tak kak npu Masbix KosieGaHUsIX MOJIHAS SHEPTUS MAsiTHHKA
NPUOIH3UTENBLHO MPOMOPIMOHAJIbHA KBAApaTy aMIIHTYabl: E ~ @2 . Takylo 3aKOHOMEPHOCTD, Cripa-
BEJVIMBYIO JUI1 KOJIeOaHUH CO CPABHUTEALHO HEOOJ/bUIMMHU aMIIJIMTYIaMH, MOXKHO TIPOBEPHUTD, IKCIIe-
PUMEHTHPYS C HACTOSILIMM MasiTHUKOM, He rnpuberasi K KOMIbIOTepPHOMY MoJie/IMpoBaHuto. Ho coBcem
MHOE JIeJI0, €CJIM HAC UHTEPECYIOT KoseOaHUs ¢ aMIINTy1aMu, NpuOJaHKaomuMucs K 180°, 1. e. 1BU-
»KeHue, OJIM3Koe K JUMUTAaUMoHHOMY. [Ipn E =~ 2mga TOHKHE AeTaji 3aBUCUMOCTH MepHOJa OT aM-
MJIMTYIbl B HATYPHOM KCIIEpUMEHTE YCTaHOBUTb HEBO3MOKHO. HanpoTus, Moe/iMpoBaHue no3BoJisieT
BBITOJIHUTb TOUHbIC H3MEPEHHUS MePUOJa U B TO XK€ BPeMs YBUACTb BO3MOXKHBINA MYThb /11 TEOPETHUE-
CKOTo pacyera rnepuoja (cM. caeaylolui pasiedn).

PaccmoTpeHHble Bblllle MaTeMaTHYECKHE COOTHOLLIEHH S, OTHOCSLIMECS K IMMHTALlUOHHOMY JIBU2Ke-
HUIO MasITHUKA, UTPAIOT BaXKHYIO POJIb B COBPEMEHHOMN TeopeTHUeCKOH (pu3KKe, B YaCTHOCTH, B TEOPUH
COJIUTOHOB (yeMHEHHbIX BOJHOBBIX UMIYJIbCOB, PACTIPOCTPAHSIONIUXCS B HEJMHEHHOH cpejie ¢ JUC-
nepcuen ).
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Puc. 6: Ilepuon kak hyHKIMs MOJHOH 3Heprun F 17151 KosieGaHUH U 1epeBOPOTOB MasiTHUKA B OTCYT-
CTBHE TPEHHUS.

1.7 Koaeb6aHusi MasiTHMKA ¢ 60JbIIUMU AMIIUTYAAMU

[IpeniecTByOLIMI aHAIN3 TUMATALMOHHOTO IBUXKEHHUS (T. €. IBUKEHHSI BJIOJIb CernapaTpuchl B ¢haso-
BOM TMJIOCKOCTH ) Ia€T KJIIOU K TTOHUMAaHHIO XapakTepa KojebaHui MasiTHUKA C aMIJIUTYaMu, TPUOJIH-
)arolmmucs K 180°, Koraa sHeprust MasgTHUKA JIHLb 4yTh MEHbIIE BbICOThI 2mga MOTEHIHANIbHOTo Oa-
pbepa. DTOT aHaJ U3 MO3BOJISIET TAKXKE MOHSTh XapaKTep MepeBOPOTOB MASITHUKA MPU MOJIHON HEPTHH,
uyTh O0JIbllIeH, YeM MOTeHIMaNbHAST SHEPTUs 2mga MasiTHUKA B NIepeBEpPHYTOM MoJioxkeHuH. FimeHnno
NpU TaKUX SHEPrusix 0OHAPYKUBAIOTCS HauboJiee HHTEpeCcHble 0COOEHHOCTH 3aBUCUMOCTH M€PUOJIa OT
SHEPTUHU.

BhlinosiHsist MofenupoBaHue KojebaHui MasiTHUKA C aMIJIUTYIAMU @y, TPUOJIHKatoMUMucs K 180°,
Hanpumep, paBHbiMU 179.900°, 179.990° 1 179.999°, npu cpaBHEHUH rPpaMKOB CKOPOCTH MOXKHO YBH-
JI€Th, UTO JUIMTEJIbHOCTb UMITyJIbCOB B 3TUX CJydasX NMPAKTHUECKH OJAMHAKOBA, HO HHTEPBAJIbI MEXKILY
NMUKaMH (T. €. MepUo/ibl KoJieGaHui ) BO3pacTaloT Mo Mepe NpubJnKeHHUst aMIIUTY bl K 180°. dkcnepu-
MEHTAJIbHbIE 3HAYEHUS MEPUOJOB TAKUX HEOOBIUHBIX KOJeOaHUHA COCTABJSAIOT COOTBETCTBEHHO 5.5 T,
6.8 Ty u 8.3 T). M3 rpadpukoB X0pol110 BUJHO, UTO BCE ITO pas3jnude B MepPUOJIaX HaKalJUBaeTcs Mpu
OYeHb Me/IVIECHHOM JIBM?KEHHH MasiTHUKA B HEMOCPEACTBEHHOH OJIM30CTH NEPEBEPHYTOTO MOJIOKEHHS, B
TO BpeMsl KaK 60JiblIasi 4aCTb KPYroBOro MyTH uepe3 HUXKHEE M0JI02KEeHUEe PaBHOBECHS OMMChIBACTCS
NPaKTHUEeCKH HEOTJIMUUMbBIMU TpacuKaMu, MOUTH COBMAAAIOIIMMH C PaUKOM JUMUTALIMOHHOTO JIBU-
YKeHHsI. DTO 3HAUHUT, UTO BECh MyTh MASTHUKA OT HUXKHETO MOJI0XKEHH ST PABHOBECHS 10 TOUKH HAHOOJTh -
111€r0 OTKJOHEHH ST MOYKHO MBICJIEHHO pa3Jie/IuTh Ha JIBE XapaKTepHble YaCTH: OJIHA UaCThb (O MHAKOBAS
JUIsl BCeX TpeX paccMaTpPUBAEMbIX CJIyuaeB) MPOCTUPAETCS OT HUXKHEH TOUKH ¢ = 0 10 HEKOTOPOTo
MPOMU3BOJILHO BEIOPAHHOTO yIJya ¢ (Hanpumep, ¢. = 175°), a BTopasi 4acTb — OT ¢, 10 MAKCUMaJb-
HOTO OTKJIOHEHHUSI (o, PA3HOT0 B Tpex caydasix). C Xxopolliel TOUHOCTbIO BPeMsl JIBUKEHHSI MAITHUKA OT
¢ = 0 110 ¢, (0603HaUMM 3TO BpeMs uepe3 ty) MOXKHO HAUTH, CUUTAsA, UTO PACCMATPUBAEMOE JIBHXKE-
HMEe COBMAJIAaeT C JIMMUTALIMOHHBIM. J[J1s1 TOr0 BOCMOJIb3yeMCsl MU3BECTHbIM aHAJIUTUUECKUM pellleHueM
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(13]), noncrapasisi B Hero p(t) = @ Mpu t = ty:

wotoz—lntanmz—lntan%, (16)
4 4
1€ BBEIEHO 0003HAUEHHE O, = T — . IS YIJIa, HA KOTOPbIA CTep:KeHb MAATHHKA NPH © = @
OTKJIOHEH OT BepPXHero (HeycTOHUMBOro) noJoxKeHust paBHoBecusi. Korna yros ¢, 6J1M30K K 7, yToJl o
Mau1, TaK uTo B ypaBHeruH ([16)) MoxkHO m0/103KHTb tan(ae/4) ~ ac/4, 1 woty ~ In(4/ac).

Bpewmst £y 3aBUCHUT, KOHEUHO, OT 0; = T — (¢, T. €. OT MOJIO?KEHHSI TOUKH, KOTOPYIO MbI BBIOPAJIH /151
JleJIeHUs1 BCero MyTH Ha JBe yacTH. [lanbHeillllee ABHKEHHE MAITHUKA OT ¢ = (. 10 MaKCUMaJbHO-
IO OTKJIOHEHHUS (0 = ©p,, IPOUCXOJIALLEE B MAJIOH OKPECTHOCTH MEPEBEPHYTOrO MOJIOKEHUS B TEUEHHE
HEKOTOPOro BPEMEHH t1, MOKHO pacCMaTpuBaThb C MOMOLIBIO AUHEapU308aHHO20 YPABHEHUS JIBU-
kennst. [list atoro B Tounom ypastenu ([2]) nepeiiiem K HOBOH nepemeHHOl o = T — . Jlpyrumu
CJIOBAMH, MTHOBEHHOE M0JIO?KEHHE MAsATHHKA OyJ1eM OTCUMTBIBATL HE OT HUXKHErO, a OT BEPXHEro I0-
JIOXKEHHs1 paBHOBecHs. Torjaa B ypaBHeHHH () MOKHO MOJIOKHTDb sin v & «, U ypaBHeHHe s at)
NPUHUMAET BUJL:

& —wia = 0, (17)

O6H_I,€€ pelieHue 3Toro JINHEHHOTO YpaBHEHHUA UMEET BUA CYIIEPIIO3ULIMH IBYX KCIIOHEHT:

a(t) = C1e*" + Cye 0" (18)

[Toctosinuble C 1 Cy HAXOAATCS W3 HAaUaJIbHBIX YCJIOBUH. 3/1eCh Y106HO, TOJb3ysich 06paTUMO-
CTbIO JIBUXKEHUSI MASITHUKA, BLIOPATh HAYaJ 10 OTCUeTa BpeMeHH B TOUKE MOBOPOTA (v, T. €. BMECTO JIBU-
JKEHHUS1 BBEPX OT (e JI0 (v, IPOUCXOJISILLEIO B T€UEHHe HCKOMOIO BpeMeHH t1, paccMOTpeTb oOpaTHoe
JIBU2KEHHUE OT TOUKH MTOBOPOTA Qv 110 . SICHO, UTO OHO MOTPebyeT TOUHO TAaKOTro XKe BpeMeHH tq. Torna
B HauasbHbIl MOMeHT &(0) = 0, otkyna Cy = Cy. M3 Broporo HauasbHOro yesnoBust o(0) = ay, Haxo-
M Cy = oy /2. lanee noacrasisieM B (|18]) a(t;) = ave W yuutbiBaem, uto exp(—woty) < exp(woty).
[TocsienHee HepaBeHCTBO CIpaBeVIMBO MPU YCJOBHH, UTO BbIOPAHHBIH HAMH YTOJ (v YAOBJIETBOPSIET
HEPABEHCTBY (. > ayy (BpeMsl JIBUXKEHMs t; Ha BTOPOM y4yacCTKe COCTaBJISIET HECKOJbKO MepPHOI0B
MaJibix Kosiebanuit Ty = 27 /wp). OKOHUATEbHO /st BpEMEHH JIBUXKEHHS {1 HA yuacTKe OT (v JI0 (i
noJiyyaem cJejytoliiee npubazKeHHOe BblpaKeHue:

2
thl =1In Oéc. (19)

Oy

[TosiHoe BpeMsi IBUKEHHUS tg + t1 OT HUZKHETO MOJI0XKEHHUSI 710 TOUKH [TOBOPOTA Py, HAXOIUM, CKJa-
nbiBast nipasble yactd ([16]) u (19). [Tpu cooxkennn ua Beipakenust Juist ty + t1 NPOM3BOJILHO BbIOPAHHDII
HAMH YTOJl . = T — (p. BbIMaJaeT. ATO 3HAUUT, UTO Pe3yJbTaT He 3aBUCHT OT BbIOOpA TOUKH Jie-
JICHUS (p.; BAXKHO JIMLb, YTOOBI /I MPOU3BOJLHO BHIOPAHHOIO yIJ1a (. BBINOJIHAMMCH HEPABEHCTBA
am K a. < 1. Tak Kak Bpemsi ty + t; COCTaBJISIET YeTBEPTh Mepuoja KojeGaHui MasiTHUKA C aM-
MJIUTYAOH (Op,, VIS IEPUOJIA KOJEOAHUH C aMIIUTYAAMHU Py, OMU3KUMU K 180°, moJiyuaem cJieytoliyto
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TECOPETUYECKYIO OLICHKY:

4 8 2 8
T=4(to+t1) ~ —In— = =Tyln ——. (20)
wWo (7% ™ T — ¥Pm
Jast amrumry 179.900°, 179.990° u 179.999° pacuer no dopmyute (20)) naer sHauenus neproios
5.37Tp, 6.83T n 8.301Ty COOTBETCTBEHHO, XOPOLLIO COMVIACYIOLIHECH C H3MEPEHHBIMU B MOJCJUPYIO-
LeM 3Kcnepumente 3Hauenusimi (5.5 Ty, 6.8 Ty u 8.3 Tp). ITpudamxkennast gpopmy.a (20)) rem Tounee,

ueM OJIMKe aMIVIUTYa ¢, K 180°.

1.8 Kosnebanus ¢ npeneibHo 60JbIIMMU aMIJIUTYAAMU U NEPEBOPOTHI MasIT-
HUKa

MurepecHo cpaBHUTb MexKy COOON IBUKEHUST MAITHUKA JI/151 IBYX 3HAUEHUH MOJIHOK 3Hepruu F, Ko-
TOpbIE CJIETKA OTJIMYAIOTCS OT MAKCUMAJbHOIO 3HAUEHHMS MOTEHUHUANBbHON HEepruu E.. = 2mga B
CTOPOHY MEHbIIIHUX U OOJILILIUX 3HAUEHHH HA OJIHY U Ty 2Ke BeJIMUUHY, Hanpumep, 1ist F/ Fy .. = 0.9999
U E/FEnax = 1.0001. ®a3oBble TpaeKTOPUH STHX JBHKEHHI IPOXOAST BIVIOTHYIO K cenapaTpuce, Mpu-
yeM nepBast JIXKUT BHYTPH, a BTOpasi — BHE cernapaTpuchl. BHyTpeHHAs 3aMKHyTast KpUBas COOTBET-
CTBYeT KoJsleOaHUAM € O0JIbLIOH aMIJIMTYA0H 178.9°) BHELIHSS KpUBasi — MepeBOPOTAM C Me/JICHHbIM
NPOXOKJIEHHEM Uepe3 BEpXHIOI0 TOUuKy. Fiamepsisi B Moie/IMpytollleM SKCIepuMeHTe Meprojibl STUX 1BU-
YKeHWH, Mbl 1oJiydaeM 3HaueHust 3.814 Ty u 1.907 Ty COOTBETCTBEHHO. 3aMeuaTesbHO, UTO MePHOJL KO-
Jebanuii ¢ sHeprueil F/Fy.. = 0.9999 poBHO BBOe GoJiblile MepHo/ia MEPEBOPOTOB, MPOUCXOSIIUX
npu sHeprun E/ Ep. = 1.0001. Ipaduxu ¢(t) n H(t) ais STUX IBHKEHHI TTOKa3aHbl Ha PUC.

N3 moaenupyommx sKCnepuMeHToB MOXKHO CeJaTh BBIBOJ O TOM, UTO Ha OOJIbLUIEH YacTH KPyro-
BOTO MyTH MasiTHUKA rpadyuKy paccMaTpUBaeMblX KosleGaHUI U 11epeBOpPOTOB (M. puc. [J]) mourn cos-
NajaloT: B cyyvae KoJeOaHUH MAasATHHUK, IBUTasiCb OT HHXKHEH TOUKH, Uepe3 KOHEUHOE BpeMsl OCTaHAB-
JIMBAETCSA B TOUKE CBOEr0 MAKCHMAJIbHOIO OTKJIOHEHHS, a 3aTeM JIBUXKETCS B 0OPAaTHOM HallpaBJICHHH;
B CcJlyuae [epeBOPOTOB MAATHUK JJOCTUraeT BEPLUMHbI Oapbepa TaKKe 3a KOHEUHOEe BPeMs U 3aTeM Ipo-
JIOJKAeT IBU2KEHHE B ITPeXKHEM HarnpasseHHd. [Ipu KoseOaHUAX MasITHUK JIBHKETCS Tyla U 00paTHO,
T. €. TIPOXOJIUT MOUTH BeCh KPYroBOH MyTh JABaK/bl 3a nepuol. B (aszoBoil naockocTn naobparkaio-
11ast TOYKa MPHU 3TOM MPOXOJIUT BJOJIb BEPXHEH W HUXKHEH BETBEH CEnapaTpucChl, MPUKUMAACH K HEeH
u3HyTpu. [Ipu nepeBopoTax MasiTHMK MPOXOAUT KPYroBo# MyTh OJMH pPa3 3a MepHoj, a Touka B hazo-
BOM MJIOCKOCTH MPOXOJUT BI0JIb OJTHOH U3 BETBeH cernapaTpUchl, PHKUMAasICh K Hell cHapykH. UToObl
O0O'BSICHUTB, OYEMY NepHoJL KosleOaHUi BABOe OOJibLIE TepHOIa NEPEBOPOTOB, JOCTATOYHO J1I0KA3aTh,
YTO MasITHUK ¢ 3Hepruedl F = 2mga — AFE 3aTpaunBaeT Ha JBHKeHHE OT ¢ = () 10 TOUKH HAWBBICLIETO
MolbeMa POBHO CTOJIbKO K€ BpEMEHH, CKOJIbKO MAasITHUK ¢ sHepruei £ = 2mga + AE 3aTpaunBaer
Ha ABWXKEHHE J10 IePEBEPHYTOTO MOJI0XKEHHUS.

[TpubsnKeHHbIH TeOPETHUECKUI pacueT BpeMeHH JIBUKEHUST MAsITHUKA /10 TOYKH [TOBOPOTA MPH KO-
JieGaHUsIX ¢ aMIUTUTY 01, pubJ/nKatoleics K 180°, npuBesieH B MpeiblyllieM pasese. AHaJOrHUHbIH
MOJIXOJL MOXKHO HCIOJb30BATh U U pacyeTa BPEeMEHH JABUXKEHHS 10 NEPEBEPHYTOrO MOJOKEHU NIPH
nepeBopoTax.
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MBI BHHM, UTO rpaduKi paccMaTpUBaeMbIX KoJieOaHHIl 1 1epeBopoToB (cM. pHc. [B)) moutH cos-
NajaioT ¢ rpaukaMu JTMMHTALKOHHOTO ABHKeHHUst (eM. puc. [[.6]). OTunuus OT JIMMUTALHOHHOTO JIBH-
»KeHHs1 06HAPYKHUBAIOTCS TOJIBKO B HEMOCPEACTBEHHOH OKPECTHOCTH MePEBEPHYTOrO MOJIOKEHHS Ma-
stHuKa. [losToMy Bech MyTb MasiTHUKA OT HUXKHETO TMOJIOYKEHHST PABHOBECHS 10 TOUKH HAMOOJIbIIIEro
OTKJIOHEHHUS B c/ydae KosieGaHUH U J10 TePeBEPHYTOTO MOJI0KEHHS B C/Iydae epeBOPOTOB MOXKHO MbIC-
JIEHHO pa3/ie/ITh Ha JIBe XapaKTepHble UAaCTH: OJIHA YacTb (OJMHAKOBAs JJIsl IBYX pacCMaTpPUBaeMbIX
cJlydyaeB) MPOCTHPAETCsl OT HUKHEH TOUKH ¢ = 0 10 HEKOTOPOIro MPOU3BOJILHO BLIOPAHHOIO yIiia (.,
a BTOpasi 4aCTb — OT (. JI0 MAKCUMaJIbHOTO OTKJIOHEHHUSI oy, B TIEPBOM CJIydae u JI0 ¢ = T BO BTOPOM
cayuvae).

Bpewmsi ty nBrxKeHnst Mmasitiuka ot ¢ = 0 10 . (0JlMHAKOBOE /15 IByX PACCMATPUBAEMbIX CJIyuaeB )
MOXKHO HalTH, CuuTas, 4To pacCMaTpUBAeMO€e JBHKEHHE COBMAJAET C JMMHUTALMOHHBIM. DTO ObLIO
CJIeJIaHo B NpejiblaylieM pasjese: cMm. ypaHerue ([16]). Tenepb Mbl paceMoTpim nasibHeidiee IBHKeHHE
OT (. U JIOKaXKeM, UTO BpeMms ti, HeoOXOMMOe MasiTHUKY ¢ 3Heprueil 2mga — AFE (KosnebaTesbHOE
JIBUXKEHHE ) 1151 IOCTHKEHUSI TOUKH TTOBOPOTA ¥, PABHO BPEMEHH to, B TeUEHHE KOTOPOTO MAsiTHUK C
sHepruel 2mga + AFE (BpauiaTte/ibHOE JIBUXKEHHE ) TOCTUTAET MePEBEPHYTOTO MOJOKEHHUS (p = T.

JIBrm>keHHe MasiTHUKA B MaJloil OKPECTHOCTH MEPEBEPHYTOrO TOJI0KEHUST MOXKHO, KaK U B MPe/bl-
JyLeM pasjiesie, pacCMaTpUBaTh C MOMOLLbIO JIHHEAPU30BAHHOTO YpaBHEHHUs 1BHKeHHUs1. 1151 3TOTO B
TOYHOM ypaBHeHuH ([2)) mepexoaum K HOBOJI NepeMeHHOl o = T — ¢, 3a1aBasi MTHOBEHHOE MOJI02Ke-
HHe MasiTHUKA OTHOCHTEJIbHO BEPXHET0 MoJIOXKeHUs1 paBHOBecHsl. [loTeHlma bHast sHeprust MasiTHUKA
3aBUCHT OT (¢ CJIelyIOLLIUM 00pa3oM:

1
Eoot(a) = mga(l + cos ) = 2mga(l — Zaz). (21)

[Tocsiennee BblpakeHue crpaBe/IMBO TOJNbKO JIJI1 CPABHUTEBHO MaJIbIX v, KOTJIa MasiTHUK HAXOJUTCS
BOJIM3U MepeBepHyTOro nosoxkeHust. [Ipn o < 1 MOMEHT CHJIbl TSI2KECTH MPUOJU3UTEIBHO MPONOPLH-
OHaJIeH YTy «, HO B OTJIHUHE OT CJ1yuast yCTOHUMBOrO paBHOBeCHsI 3TOT MOMEHT N = —dE, () /da =
mgao CTPEMHUTCS YBECTH MAAITHUK B CTOPOHY OT MOJIOKEHHUS HEYCTOHUMBOTro paBHoBecHs o = 0.

da3zoBble TpaeKTOPUHU JBUKEHHH ¢ 3HeprusaMu E = 2mga + AFE B6JIU3H CeIJIOBOH TOUKH ¢ = T,
¢ = 0 (B HOBBIX epeMeHHbIX v = 0, & = () MO2KHO HAWTH U3 3aKOHA COXPAHEHHS SHEPTUH, HCTTOJb3YS
npubJKeHHoe Bbipazkenue (21]) st noteHma bHON SHEPrUu:

2
lJézQ — 1mgaa2 =+AFE, wm a_2 — o’ = +4e. (22)
2 2 wy
3/1ech Mbl BOCIO/Ib30BaMNCh 0603HaueHneM ¢ = +AFE/FEy .. = £AE/(2mga) nas manoi 6e3pas-
MepHOH BesInunHbl (¢ < 1), XapaKTepu3ayIollleidl OTHOCUTEJbHOE OTKJIOHEHHE MOJHON SHEPTHH MasiT-
HuKa E oT 3HaueHus: Ey,, COOTBeTCTBYIOLLEr0 cenaparpuce. M3 ypasuenus (22]) cienyer, uto da-
30Bble TPAEKTOPUH BOJIU3H CEVIOBOK TOUKH MPEACTABJSAIOT OO0 rUMepOOJIbl, ACHMIITOTAMH KOTOPbIX
CJIy2KaT JIBe BETBHU CcerapaTpuchl, BCTpeyatolyecs B ceyioBoil Touke (¢ = m, ¢ = 0). ®asoBblii nop-
TPET B OKPECTHOCTH CeJIJIOBOM TOUKM MoKasaH Ha puc. [/l KpuBasi / cOOTBETCTByeT BpallleHHIO Ma-

SITHUKA ¢ sHeprued F = 2mga + AFE, kpuBasi 2 onucbiBaeT KoJiebaTesbHOE JIBUXKEHHWE C SHEPTHel
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E = 2mga — AE B 0OKpeCTHOCTH TOUKH MOBOPOTA ¢y, DTa KPUBaAs NepecekaeT och abClUCC Ha pac-
CTOSIHUHU Qtyy = T — Py OT CEJVIOBOU TOUKH.

Puc. 7: ®aszoBnie TPaeKTOPUHU B OKPECTHOCTHU CeJJIOBOH TOUKH.

[Tonarast 8 ypasHennu (2)) sina ~ «, npuxoaum k ypasrenuto (17]) mist a(t), obuiee peluenue
koroporo ([18) umeer Bux cyneprosutmn aByx skcroneHt. [Tocrositbie Cp n Cy B HEM HaXOAATCS U3
HavasbHbIX ycJaoBHi. J1J1si Kose6aTeIbHOro IBUKEHHUS 9T MOCTOSIHHbIE OblJIM HAHIeHbI B TIPE/IbIIyLLIEM
pasjesie. Bpewmsi ¢1 IBHKEHHs MASITHHKA OT (e = T — Q¢ 10 Qi = T — Py Aa€TCst popmyanoii ([19)), B
KOTOPOH vy, TENepb YA0OHO BbIPA3UTL Uepe3 €, MOJb3ysCh COOTHOLLICHUEM () ca=0: a, =2y/-¢
(3nech € < 0). Takum o6pasom,

200, Q.
=In .
O V—¢e

Paccmotpum Tenepb cayuail BpalliaTesbHOTro ABHKeHUsI ¢ sHepruel 2mga + AE. Hac untepecyert
BpeMsi ty, B TeUEHHE KOTOPOTO MAasITHUK JBHXKETCS OT . JIO EPEBEPHYTOr0 MOJoXKeHHst ¢ = w. Ha
(asoBoit naocKocTH (cM. puc. [7]) sTOMy JABHMKEHHIO COOTBETCTBYET OTPE30K KPUBOH / OT (v, 10 TOUKH
repeceueHusi ¢ 0Cblo OpMHAT. B 3TOM ciyuae /15 HaX0XKeHHS to TakKe yloOHee paccMoTpeTb 00-
pallleHHO€e BO BpEeMEeHHU JIBUKEHHe, MPUHSB 3a t = () MOMEHT TepeceueHusi MasiTHUKOM MepPeBEPHYTOro
nosiozkenust: «(0) = 0. 3HaueHue yrioBoi ckopocTH mpu ¢ = 0 nosyuaercst U3 cootHouennst (22)) ¢
a = 0: &(0) = 2y/cwp. C nomolibio 3THX HauaibHbIX yeaoBui (a(0) = 0, &(0) = 2v/cwp) Haxoaum
nocrosiuible unterpuposanusi Cy u Cy B obuem petennd ([I8)) mneapusoantoro nuddepenimans-
HOTO ypaBHEHHsI, CIIPABEUIMBOrO B OKPECTHOCTH MepeBepHyToro nojoxenust: Cp = /e, Cy = —4/c.
[Tpono/KUTENIbHOCTD &y paccMaTPUBAaEMOro JBHKeHHUs HatiieM U3 ypaBHenus ([[8)), moxcrasssist B Hero
HaiiieHHble 3HaueHns1 C 1 Cy, v nosarast a(ty) = ag:

(23)

wot1 = In

. = \/E(ewotz o e—W0t2> ~ \/gethQ'

[1pou3Bo/IbHO BHIOPAHHBIK HAMH YTOJ (v, C OJHOH CTOPOHBI JOJ/KEH ObITh MaJjbiM (10 CPaBHEHHUIO C
7/2), 4T06bl MO2KHO OBIJIO UCMOJIb30BATh JHHEapH30BaHHOe T epeHIianibHOe ypaBHEHHE, HO C IPY-
Ol CTOPOHBI MPH € < 1 BCeryia MOXKHO BbIGPATh €r0 JOCTATOUHO GOJIBIINM 110 CPABHEHHIO C /€, UTOObI
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BBIMOJIHSIJIOCH YCJIOBHE ™2 < e¥<’2 Takum o6pasom,

aC
NG

CpasuuBast Bbipaxxenust (24)) u (23)), mbl Buaum, uto ¢y = ¢y, ecin aGCOMOTHAS! BEJTMUHHA OTHOCH-
TeJIbHOTO OTKJIOHEHHUS SHEPTHH MasTHUKA |¢| = AFE/Fyax OT KPUTHUECKOTO 3HAUEHUS Fyay = 2myga,
COOTBETCTBYIOIIETO CernapaTpuce, OJIMHAKOBA B JIByX pacCMaTpPUBAaeMbIX CJydasix. YUWTbIBasi, 4To H
BpeMsi IBUXKEHHS ty OT MOJI0XKEHHsT paBHOBecHS ¢ = 0 10 ¢ = T — (. C BBICOKOH TOUHOCTbIO OJIU-
HaKOBO, TIPUXOJIUM K BbIBOJLY, UTO MePHOJL KoJieGaHUi BBOe GOJIblile, UeM MEPHOL COOTBETCTBYIOIINX
MepeBOPOTOB.

[Tepuon nepeBopoTOB T}t PABEH YIBOEHHOMY BPEMEHH JIBHKEHHUS to+1to 0T o = 0 10 p = 7. Ckila-
JIbIBasi HalileHHOe paHee BpeMmst o (M. BoipaxkeHue (|16]), 13 kotoporo cienyer, uto woty ~ In(4/a.)) u
to U3 ypaBHeHUsI (), 51 T IOJTyUaEM:

(24)

u)()tg =In

Trot = Z(to + tg) =—In—= _TO In —. (25)

Maublii yron ae = ™ — ., pa3neasIolMi ABe CTauH ABHAKEHUS MAsSTHUKA (MTOUYTH BJOJb Cera-
patpuckl oT ¢ = 0 10 ¢, U 10 runepooJe B OKPECTHOCTH CEIJTOBON TOUKH OT (. JIO (¢ = T ) BbIMAaeT
u3 dopmyisl ([25)) st nepuoaa nepesopotos. Takum 06pa3oM, H3BECTHBIH POU3BOJ B BLIOOPE . HE
CKa3blBAaeTCsl Ha TeopeTHUeCcKoit oleHKe (25]) neprosa nepeBopoToB (HO pH STOM JUIst (., IOJKHbI Bbl-
TMOJIHSITBCST HepaBeHCTBa /e < . < 1). [lepuosa nepeBopoTOB CTPeMHUTCsT K GECKOHEUHOCTH MPH
e — 0, T. e. Korjia sHeprusi CTPEMUTCSI K KpUuTHUeCcKoMy 3Hadenuto 2mga. [1pu ¢ = 0.0001 (xorna
E = 1.0001E\ax ) popmyana ([25]) naet Tyor = 1.907 Tp, uto cOBNanaeT ¢ NpUBEIEHHBIM Bbillle 3HAUECHH -
€M, MTOJIyYEHHBIM B MOJC/HPYIOLLEM SKCIIEPUMEHTE.

UtoObl cpaBHUTB NPUOJIHKEHHbIE aHATHTHUECKHE BbIPAXKEHHUs JI/Is [lepruojia nepeBopoTos (125) ma-
SITHUKA ¢ sHeprued F = 2mga + AE v nepuoja koJjebanuil ¢ sHeprueil £ = 2mga — AE, B noJyuyeH-
HOW paHee hopmyJie () CJIEJlyeT BLIPASHTD (y, uepes ¢ = —AFE/(2mga): ay, = 2/~ = 2,/[¢[. B
pe3yJibTaTe MPUXOJUM K CJleytoliel opMyJie st 3aBUCUMOCTH Meprojia Koaebanui 1 ot |e|:

4 4 2 8
T:4(t0—|—t1):—ln—:—T01n

wo QT \/E

Ara dopmyJia, KaK U CJEI0BAJO 0XKHJIATh, OTJHUAETCS OT BbIpaXKeHH st /IS TIepHOia ePEBOPOTOB (@)
MHOKHUTEJIEM 2.

1.9 CpenHue no BpeMeHH 3HAaUYE€HHUS MOTEHLMAJIbHOM U KHHETUYECKOI dHep-
r'Md MasiTHUKA

Manble KosiebaHust MasiTHUKA MTOUYTH CHHYCOHWJAJIbHbI, U CpeAHHE 3a ITEPHOJ 3HAaUCHH A MOTeHLHUAIbLHON
U KHUHETHYECKOH 9Heprm°4 MasiTHHKa OJJHHAaKOBbDI. le/l KoJieOaHusIX O0JIbLIOro pasMaxa, Kak yxKe 0T-
MedaJioCb, MasiTHHUK OoJibliie BPEMEHH IMTPOBOJHUT HA IMOJOIHX CKJIOHAX MOTeHLHAaJbHOH SIMbI, TO9TOMY
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B CpeJIHEM MOTeHIMa bHast SHeprus npeobJanaer HaJl KWHETHUeCKOH. B ciyuae 1BHKeHUs ¢ sHepruei
E =~ 2mga, pacCMOTPEHHOTO B MpebliylleM pasjese, O0JblYy0 4acTh Nepruoia MasiTHUK MeJIeH-
HO JIBU2KETCSl B OKPECTHOCTH MEePEeBEPHYTOrO MOJ0KEHHS, T1e NMOTeHIHalbHasl SHEPrUs UMeeT MOUTH
MakCHMaJ/ibHOE 3HaueHue 2mga = 2Jw?2, U TOJbKO Ha CPABHUTEIbHO KOPOTKOE BPEMSsT, [IOKA MasITHUK
OBICTPO MPOXOJUT HUAKHIOIO YACTh CBOETO KPyroBOrO MyTH, MOTEHIMAJNbHAS SHEPTUS MPEBPALLAETCs B
KHHETHYECKYIO.

Jla1s1 TeopeTHUeCKON OLEHKU OTHOLLEHHSI CPEAHUX 3a MEePUOJL 3HAUCHHUH MOTEHUHANTbHON U KUHETH-
UECKOH 9HEpruil MasTHUKA NpU E =~ 2mga MOXKHO NPUHATH, UTO OOJbIIYIO0 YAaCThb BPEMEHH YIJ10Basi
CKOPOCTb MasiTHHKA MPAaKTUYECKH PaBHA HYJIIO, 4 HA MPOTSKEHUH CPABHUTEIbHO KOPOTKOTO Bpeme-
HH JIBU?KEHHUST YIJI0Basi CKOPOCTh (1) 3aBUCHT OT BPEMEHH TMOUTH TaK Ke, KaK U MPH JMMHTALHOHHOM
JIBUXKEHHH, T. €. B cooTBeTcTBHH ¢ ([14]). [TosTomy st ocTporo ummny/ibca KUHETHUECKOH SHEPTHH Ha
rpacuke Ey, (t) MOXKHO B35ITh aHAJUTHUECKYIO 3aBUCUMOCTh OT BPEMEHH, XapaKTePHYIO JUisl JIUMHUTA -
LIMOHHOTO JBUKeHHUS1. Tak KaK Kpbl/ibsl 3TOT0 UMIlyJ/1bCa CMalalnT SKCIOHEHUMAJIbHO, Cpe/iHee 3a Me-
pUOJL 3HaUEHHE KMHETHUECKON SHEPTHH MOXKHO BBIUMCIATD, PACTIPOCTPAHSIS MPeie/ibl HHTETPUPOBAHUS
J10 £00:

J [T J [ J [T

EBa) =3 [ Poisy [ gaa=1 [ e (26)
T ) 1) T/ T

3J1ech yuTeHo, UTO Ha Mepuojl KojebGannil T MpUXOISATCS iBa HMITYJIbCa KUHETHUECKOH sHepruu. MH-
TerpupoBaHue 1o Bpemen B (26]) 3ameneHo uHTErpHpoBaHieM Mo yrily oTKJAOHeHHs!. V13 BbiparkeHust
(26))cienyer, uro cpennsist knunernueckasi sHeprust (Ein) B 3TOM JBHXKEHHH MPOMOPLHOHAJBHA 10~
aa S GazoBoii MJI0CKOCTH, OrpaHHUeHHOM cenapaTpucoil: 2(Eyy,) = J.S/T. ns ¢(¢) MoKHO BoC-
nosib3oBatbest BbipaxxenueM ([TT]), cnpaBeniuBbIM 1151 IBHAKEHUS 110 CenapaTpUCe:

J T (2 4 TO
FEyin) = =2wy cos —dp = = Jw2=. 27
(Exin) T 9 ¥ Ry (27)
[Tpunumasi Bo BHUMaHHe, UTO B pacCMaTpPUBAEMOM JABUKEHUHU TOJIHAS SHeprus £ npubJIU3UTENbHO
b
aBHa 2mga = 2Jw2 uuto Eooy = F — Fiin, /U151 OTHOLLEHUS CPEeHUX SHEPrUil MoJyyaeM:
g 0 p

—Tr

<Epot> . 2Jwg 1— T T
(Exin)  (Fin) 2Ty
B cayuae ¢, = 179.99° nepuon konebanuit paset 6.83 Tj. M3 ([20]) Haxoaum, uTo Npu KosieGaHUsX
C TAKOW aMIVIUTYJ0M OTHOLICHHE CPEIHEH MOTEHUHMAJNbHON SHEPrUM MAasiTHUKA K CPeAHEeH KMHeTHue-

CKOM Hepruu paBHoO 9.7.

1. (28)

1.10 BuausgHue TpeHus Ha (Da30BbIM NOPTPET MaATHUKA

[1pu Ha/Muun B3KOro TpeHust (ha3oBblil MOPTPET MasiTHUKA MpeTeprieBaeT KaueCcTBeHHbIe H3MEHEHHSI.
CraHOBUTCs IPYroi TOMoJorust ha3oBbIX TPaeKTOPHil — cpaBHUTe pUCyHKH [§]1 [2]
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Puc. 8: ®as3oBblil mopTper MasiTHUKA C TPEHHUEM.

[Ipoxonsiuias Beillle cenapaTpuchl pazoBasi TpaeKTOPHUS, COOTBETCTBYIONIAS BPALLEHUIO MasiTHUKA
MPOTHB YAaCOBOH CTPEJIKH, C KAXK/IbIM TMPOXOJIOM (C KaxKAbIM 000POTOM MasiTHUKA ) CHU2KAETCS U MPHU-
Oszkaercs K cernapaTtpuce. TpaeKTopusi, KOTopasi y KOHCEPBATMBHOIO MasiTHUKA IMPOXOJUJA BJOJb
BEPXHEH BETBU CeNapaTpUChl, Terepb He JOCTUraeT cellloBoi ToukHd (7, 0), U npeBpallaeTcs B Cru-
paJib, HaBUBAIOLLyIOCS HA (DOKYC, pacroJioKeHHbIH B HayaJsle KOOpAMHAT. BHyTpeHHsisl yacTb 3TOMH Cru-
paJii, COOTBETCTBYIOLAsI MAJIbIM 3aTyXaloLKUM KosiebaHusIM, o106Ha (Pa3oBOH TPAeKTOPUH JIMHEHHOTO
OCLIMJIIATOPA C BSI3KMM TPEHHEM.

B cayuae 10cTaTouHo ¢1a60r0 BA3KOrO TPEHUST MOXKHO C/Ie/1aTh HEKOTOPbIe TeOpeTHYeCKHe Tpeji-
CKazaHusi, Kacaiollecst pasoBbIX TPAeKTOPHH, MPOXOAALMX BOJIU3K cenapaTpuckl. Hanpumep, Bo3-
MO2KHO OLICHUTb MHUHHUMaJIbHYIO YIJIOBYIO CKOPOCTb, KOTOPYIO HEOOXOIMMO COOOLLIUTD MAATHUKY B HUK-
Hell Touke (UM B JIIoOOH APYroil Touke) it TOro, 4ToObl OH JOCTUT MePeBEPHYTOro noJioxKeHust. s
pacueTa pabOTbl CHJIbI TPEHHSI B 9TOM CJlydae MOXKHO MPHHATb, UTO JBHXKEHHE MPOUCXOJUT M0 cerne-
paTpUcCe U CUUTATh, YTO 3aBUCUMOCTb YIJIOBOH CKOPOCTH OT yIJla OTKJIOHEHHS NMPUOJHKEHHO BbIpa-
»kaetcs ypaBHenneM cenaparpuchl (T1]). MomeHT cuiibl TpeHHst TPONOPLHOHAIEH YIIOBOH CKOPOCTH:

Ng = —2~J . [loacrasass ctoa yriaoByio ckopocTh ¢ u3 (|1 1)), monyuaem:
2
Ny = FldvyJwy cosg =F nga cos g

STHM Bb[pa)KeHHeM BOCHOJIbSyeMCﬂ JIJ1d BBIUUCJIEHUA pa6OTbI CHJ1 TpeHI/Iﬂ Wfr an JBU2KEHHUHU Ma-
ATHHUKA U3 HAUYaJIbHOI'O ITOJIO2KEHH A g B KOHEUHOE HepeBepHyToe [TOJIO2KEHHE © = +7:
+7
mga . 0
Wi = [ Npdp = —4"9¢ (1 ¥ sin ﬁ) . (29)
¥0 Q 2

HauasbHyto cKopocTb §2, HE0OOXO0IMMYIO U151 IOCTHKEHHUS] TePEBEPHYTOr0 MOJIOKEHUS, MOXKHO Hali -
TH C NTOMOLILbIO 3aKOHA COXPAHEHHUS SHEPTUH, YUUTLIBAS B HEM pa0dOoTy CUJI TpeHUus Wy, :

1
§JQ2 + mga(l — cos g) + Wi = 2mga.
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[Toxacrasasisi ciona W, u3 Eq. (29)), nosyuaem rckomoe Beipaxkenue st €

02 = 2w |:1—|—COSQOO—|—% (1$Sin%>] : (30)

ITpu o # 0 3uak B Boipazkenuu (30]) 3aBrucuT OT HanpaBJ/IeHUst HauabHOM ckopocTd. HyKHO B3SITh
BEPXHUE 3HAK, €CJIH MASITHUK JIBUXKETCSI K TIEPEBEPHYTOMY MOJIOXKEHHIO 10 KpaTuailieMy MyTH, 1 HHXK-
HUIl 3HaK, eCJIM OH CHauaJia MPOXOJIUT uepe3 HiXKHee MOJI0KEHHe YCTOHUHBOTO paBHoBecHst. J{pyrumu
CJIOBaMH, MPH g > 0 HY>KHO B35Tb BEPXHUH 3HAK IS TOJIOKUTEIbHBIX 3HAUEHHUH {2, U HHKHHUI 3HAK
B MPOTUBHOM cJiyuae. Koria aBr:keHne MasiTHUKa BO30YXKIAETCsl U3 HUXKHEr0 noJsioxkKeHust (¢o = 0),

ypastenue ([30]) naer ciemyroliyto oLeHKY HEOOXOAUMOI HAUaJIbHOI CKOPOCTH:!

0= :l:sz\/ 14 2/@ =~ ﬂ:QWO(l + 1/@)

TouHoe 3HaueHue €2 GyneT HEMHOTO GOJBLIMM, UTO JIETKO MOHSATH, TaK KaK JIBUXKEHHE MasTHUKA K
nepeBepHyTOMY TMOJIOXKEHHIO TPOUCXOAUT B ha30BOM MJOCKOCTH XOTb U OJIM3KO K cenapaTpuce, HO BCe
JKe BHE ee, TJIe YIJI0Bast CKOPOCThb UyTh OoJibliie. [TosToMy akThuueckas paGoTta Cul TpeHHsI HECKOJIbKO
Goubliie paccuntanHoro 3Hauenust (29)). Hanpumep, nist Q = 20 BbilenpuBeieHHast OLieHKa 1aet §) =
+2.1wy, a 60J1e€ TOUHOE IKCIIEPUMEHTAJIbHOE 3HAUEHHE, MTOJyUeHHOE METOJIOM MPob U OLIMOO0K, PABHO
+2.10096 wy.

Ha puc. [9| nokasanbi rpaduku ¢(t) n ¢(t) ast aHaJIOTHYHOTO Clydast, Kora coobiaemast B HuxkK-
Hell TouKe HauaJbHasi CKOPOCThb BbIOpaHa Tak, 4YToObl MASTHUK JOCTUT MEPEBEPHYTOTO MOJIOKEHHUS (U
HAaJI0JITO TaM 3aJepaKaJicsl ) MocJie COBEPIIEH s MoJyTopa 060POTOB.

180° —
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BpeMsI (B IICPHOJIAX MAIIBIX KOJICOaHUH)

2.3347 ,

T

—_
\\

i \Ky//n
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Puc. 9: [TepeBopoThl U nocseaytolye KoseOaHHs }KeCTKOro MasiTHUKA ¢ TpeHueM (¢ = 20), KoTopomy
B [10JI0’KEHUH paBHOBeCHS cooO0llleHa HaualbHasi CKopocThb €2 = 2.3347 wy.
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2 KoHTpoOJbHbIE BOMPOCHI U 3aa4M

2.1 MaJble Koaeb0aHUus MasiITHUKA

1.1 Amnautyna, pa3oBasi TpaeKTOpPUSl U IHEPrUsi MaJbIX KoJebaHui. [1pu Masbix yriax oTkio-
HeHHs], KOTJa sin ¢ & , BO3BPALLAIOLIMHA MOMEHT CHJIbI TS2KECTH MPUOJIU3UTENLHO MPONopUUOHAJIeH
YTy OTKJIOHEHHS! OT MOJIO?KEHUS] YCTOHUMBOIO paBHOBECHS, U MASITHUK BefleT ceOs1 o0OHO JJUHEHHOMY
OCLIMJIIATOPY. B OTCYTCTBHE TPEHHUS OH COBEpLLAET NPOCTbIE rapMOHHYeCcKHUe KoseOanusd. [ 1pu Hannunn
c/1aboro TpeHUs IBHKEHHE MATHUKA MOXKHO paccMaTpUBATh KaK MOYTH rapMOHHUECKOe KoJebaHHe
C MeJJIeHHO yObIBatollell aMIINTy10i. BbibepuTe nosHoe OTCYyTCTBHE TPEHUS U 3alailTe Kakue-su60
HauaJibHble YCJA0BHUS, obecrneynBaiolye kojaebanus Manoi aMnanTyasl. Hanpumep, nyctb HauaabHOe
oTkJIoHeHHe OyneT paBHo 30 rpaaycam, a HayaJsbHasi yrJjoBasi CKOPOCTb paBHa HyJit0. B Takom cjyvae
amIMTya KosebaHuii coctaBut 30 rpajiycos.

(a) Uemy paBHO MaKcHMaJIbHOE 3HaUeHHE CKOPOCTH B 3THX KoJeGaHusix? [IpoBepbTe pedyJ/braT B
MOJICJIUPYIOLLEM KCIIEPUMEHTE.

(6) Kakyto HauasbHy10 CKOPOCTb HY>KHO COOOIIUTL MAasITHUKY, HAXOSIIEMYCS B MTOJIOKEHUH PaB-
HoBecusi (¢(0) = 0), uToObl MOJYUUTh KoJIeOaHust TOH ke aMmruTy bl (30 rpaaycos)? [IpoBepbTe cBO
pesyJibTaT B MOJIeJIMPYIOLleM 3KcniepuMenTe. HanomuHaem, uto HayasibHas yryioBasi CKOPOCTh JI0J/KHA
3a/1aBaThCsl NPH BBOJE B €AMHULAX YIVIOBOH UACTOThl Wy COOCTBEHHBIX MaJlbIX KOJIeOaHUI MasiTHUKA.
Yem orsiMuatoTest Takue KosiebaHus OT KosleOaHUH TOH »Ke aMIIJIMTY/bl, BO30YK/1aeMblX HauaJbHbIM
OTKJIOHEHHEM ?

(B) Y6enutech, UTo MPU MaJsbiX aMIJIUTYAaX rpauKd 3aBUCUMOCTH OT BPEMEHH yrJyia OTKJIOHEHHS
1 YIJIOBOH CKOPOCTH UMEIOT opMy, OJIH3KYIO K CUHYCOUJIAIbHON. YOenuTech TakKe, 4To KoseOaHust
CKOPOCTH OIepezKatoT Mo ¢ase KosebaHUsl yrjia OTKJIOHEHHUs Ha 4eTBepThb nepuoja. Cornocrabbre rpa-
(bUKH yr/ia OTKJIOHEHHS U YTJIOBOH CKOPOCTH C JIBUXKEHHeM M306parkatolilleld ToukH 1o ¢pa3zoBoi mnJaoc-
koctu. Kakyio popmy nmeet cazoBasi TpaekTopusi MaJbix Kosebannk mastHuka? [Ipu kakom maciira-
6e 1Mo ocu opauHAT a3oBasi TPAEKTOPHUS MaJibIX KoJebaHui OyneT u300pakaTbCsi OKPYKHOCThIO Ha
(ha30Bo¥ TJIOCKOCTH?

(r) YTo MOKHO CKa3aThb O 3aBUCUMOCTH OT BpEMEHH KHHETHUECKOH U MOTeHUHAJNbHOH SHEpruil Ma-
SITHHKA, COBepLIalollero Majble Kojebanus? Jlokaxkute, 4To cpeaHue Mo BpeMeHH 3HaYeHHsl KHHEeTH-
YecKOW M MOTeHUMaJNbHON SHeprui (3a rnepuoj) NpubJAMKEHHO OJMHAKOBBL. Ecau ammuutyia paBHa
30 rpamycam, To ueMy paBHO OTHOIII€HHE TIOJHOH YHEPTHH MasiTHUKA F K MaKCHMaJibHO BO3MOYKHOMY
3HAUEHHUIO TTOTEHIHANbHON SHEPTUH E [ Fypyax ?

1.2* Tlepuoa ManbiX KoJeOaHUid.

Ha rpadukax 3aBUCUMOCTH OT BpEeMEHH yrJla OTKJIOHEHHUS M YIJIOBOH CKOPOCTH, MOJy4aeMblX B MO-
JIeJIUPYIOLLEH Mporpamme, AeJieHUsl Ha LlKaJje BpeMeHH (MeTKH BpPeMeHH) MOoKa3aHbl B €CTeCTBEHHbIX
JUIsl MasiTHUKA €IMHULAX, 4 UMEHHO, B €IMHULAX Tepuoaa KoJeGaHui NpeaesbHO MaJoi aMIIUTY/bl
To =27 /wy = 27r\/l/_g). Takum 06pazom, MpoMexKyTKH MexK/1y METKaMHi BpeMeHH Ha 0Cs1X paBHbl 1.

(a) O6paTuTe BHUMAaHHUE, UTO MPHU MaJiblX, HO KOHEUHbIX aMILIUTYAaX (cKaxKeM, 0koJ1o 30 rpaiycoB)
nepuo KosiebaHui HeMHOro npesbiiaer 3HaueHue Ty, CyauTh 06 3TOM MOXKHO JIMOO Mo rpacukam

24



Ha 2KpaHe, 16O 0 NMoKa3aHUsIM TailMepa. B nocJsieaiHem ciryyae MOKHO OCTAHOBUTb MOJICIUPOBaHHE
KHOMKOH «[Tay3a» u npounTtaTh nokasanue TailMepa B MOMEHT, KOI/1a MasiTHUK COBEPLINT LIEJ10€e UUC-
J10 1MKJ0B. HToOBI ObLI0 y106HO CHUMATh JaJjibHellINe oKa3aHus TaliMepa, BO BpeMsl ay3bl MOXKHO
cOpocuTh Mokazauus Tarimepa kHonkon «Copoc Taitmepa». [Tonbitatitech u3meputs (B eaunuuax 1y)
nepuos KoaeOaHuil MagTHUKA 1 HECKOJIbKUX YMEPEHHbBIX 3HAUEHUH aMIJIMUTY /bl

(6) Kakue MmoMeHTbI cyielyeT BbIGHPATh /151 CHSITHSI OKA3aHUH TafiMepa (/11 OCTaHOBKH M MyCKa
MOJIe/IMPOBAHMS1 ) IPH SKCIIEPUMEHTAJIbHBIX H3MEPEHUsIX leproia KoseOaHui: Korna MasiTHUK Mpoxo-
JIUT uepe3 MoJoxKeHHe PAaBHOBECHsI MJIM KOrJla OH JOCTHUTaEeT MOJ0XKEHUH HauOOoblIEero OTKJIOHEHHUS ?
Motusupyiite cBoii otBeT. [Ipu BbIMONHEHHH U3MEPeHHIl eproia KoueOaHUH HY»KHO CHATb MOKa3a-
HUe TaliMepa MpH MPOXOKACHUU MAITHUKOM OIpPeIeJIEHHOT0 MOJIOXKEeHUs (Hanpumep, MoJIozKeHUs paB-
HoBecwusi). Ho mpakTHueckn HeBO3MOXKHO 3a(DUKCHPOBATH TOKa3aHue TakiMepa (0CTaHOBUTb MOJIEJIH-
poBaHHe) TOYHO B HY>KHbIH MOMEHT. B 3TOM 3akitouaeTcst HeusOexKHasi MpUUMHA MOMPELIHOCTH H3Me-
penuil. [Ipensioxkure cnoco6 uamepenusi nepuoja KoseGaHui, NpU UCIOJIb30BAHUU KOTOPOrO MOXKHO
JOOUTHCS 3HAUUTEJIBHOTO YMEHbLUEHHUS TIOrPELIHOCTH, KOTopast 00yCJIOB/IeHA YKa3aHHON MPUUMHOM.

(B) CpaBHHUTE 3KCMIEpUMEHTAJILHO H3MEPEHHbIe 3HaueHus nepuosa 1’ /s 3alaHHOTO 3HAUEHHST aM-
MJIUTYAbI KoleOaHUH ¢y CO 3HAYEHUSIMHU NIEPUOJIa, PACCUMTAHHBIMHU 10 MPUOJIHAKEHHON TeOPETHUECKOH

hopmyJie

T = To(1+ ¢5/16), (31)

TJle aMILIUTY/A (g BbipaxkeHa B pajnanax. CoctaBbTe TabJ/UIYy KCTIEPUMEHTAbHBIX U TEOPETHUECKUX
3HaueHuit nepuona s ammutya 30, 45, 60, 90, 120, 135 u 150 rpanycos. Haiinure makcumasbHoe
3HaueHHe aMIUIHTY/Ibl g, BIVIOTh JI0 KOTOPOTro OLIKOKa Teopernueckoil popmydsl (31]) He mpesbita-
eT ojHoro npouenra. Kakyio oumin6Ky naer sta dopmyJsa npu amnintyie 45 rpaayco? Kak MoxHO
MOJIYYHTb 3Ty NPUOJNHKEHHYIO TeopeTHuecKyto (hopmyay? (I1puBeanTe ee BbIBOA B OTUETE. )

1.3 3aryxaHue mMaJjbIX KoJeOaHUH.

(a) [Tokaxkute TeopeTHUECKH, UTO MaJIO€ TPEHHUE TPUBOUT K SKCITOHEHIIMAJbHOMY 3aTyXaHHIO CO0-
CTBEHHbIX KoJsiebaHui MasiTHUKA. [ [pr KakoM 3HaueHUH 10OPOTHOCTH () aMIJIUTYIa YMEHbIIAeTCs BIBOE
3a yeThipe TMOJIHBIX 1IMKJa KoJieGaHuil? BBenure paccuntaHHoe 3HaueHHe TOOPOTHOCTH U MPOBEPbTE
pe3yJibTaT B MOJIEJIUPYIOLIEM SKCIIEPUMEHTE Ha KOMITbIOTEpE.

(6) Y6enurech, uTo B cjyyae OueHb CHJBHOTO BSI3KOTO TPEHHS, XapaKTepU3yeMOro 3HAUeHUSIMU
JTOOPOTHOCTH () HUXKe KpuTHuecKoro sHaueHusi 0.5, BbIBeIeHHbIH U3 TIOJI0XKEHHUST PABHOBECHST MasiTHHK
BO3BpalllaeTCsl B [10JI0YKEHHE paBHOBECHS, He coBeplliasi Kosiebanuii. MoKeT Jin MasiTHUK Tepeceub 1o-
JIOXKeHHe paBHOBecHs? B uem 3akiitouaeTcsi OCHOBHOE KaueCTBEHHOE pasJiune (a3oBbIX TPaeKTOPHH
MasiTHHUKa B CJiyyasix cJ1aboro ¥ oUeHb CHJIbHOTO 3aTyXaHHsI?

2.2 Koseb6aHus ¢ 60JblIMMH aMIIUTY1IAMHU

2.1 CpaBHeHHe MAasITHUKA C JJUHEHUHbBIM OCLUJJISITOPOM.
[1pu GosbIlIMX yrjax OTKJIOHEHHS OT TOJIOXKEHHUsT PABHOBECHS CUJIbHEE TTPOSIBJSIETCS HEJIMHEHHBIH
Xapakrep 3aBUCHMOCTH BO3BPAILlAIOIIIEr0 MOMEHTA CHJIbI TSXKECTH OT Yrjia OTKJoHeHHUs . [TockosbKy
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sin ¢ < (, yBeJIMUEHHE BO3BPALLAIOLLIEr0 MOMEHTA C POCTOM YIJa OTKJIOHEHHS y MasgTHUKA POUCXOUT
B MEHbLLUEH CTENeHH, YeM Yy JHMHEHHOro ocuuanaTopa. [1o3ToMy MasTHUK OTHOCHTCSl K HEJIMHEHHbIM
KoJie6aTeJIbHbIM CUCTEMAaM C «MSITKOH» BO3Bpallatollei CHJI0H.

(a) Kakum o6pazom ynomsiHyToe pasinure MexXay MasiTHUKOM M JIMHEHHBIM OCLHUJJITOPOM TPO-
siBJisieT ce6si B rpadpukax 3aBUCUMOCTH OT BPEMEHH yrJia OTKJOHEHHs U YIJIoBoi ckopocTu? Kak stu
pasJsuust nposiBasiioTcst Ha dasoBoil Tpaekropun? [IpuBenuTe KauecTBeHHOE (hU3HUECKOE 0O bsICHE-
HHE 3THUX PA3JIUUMH.

(6) Kakue passnuunst MexK1y MasiTHUKOM M JIMHEHHBIM OCLIMJJIITOPOM MOXKHO HabJ110J1aTh B Xapak-
Tepe MpeBpallleHuH Hepruu npu Kosnebanusx? ConoctaBbTe (ha30BYyI0 TPAEKTOPHIO MAITHUKA C rpa-
(hbMKOM TOTEHIMAJIbHOH HEPTHH OT YIJia OTKJIOHEHHS (C MoTeHIMa bHON IMOH MasiTHUKa ). O6paTture
BHUMaHHe Ha B3aHMHOE pacroJ/ioyKeHHe ToueK MoBOpPOTa (ToueK MaKCUMaJIbHbIX OTKJIOHEHHH ) Ha pa3o-
BOI TJIOCKOCTH U B TOTEHIHA/LHON siMe MasiTHHKA. [1pu 3a1aHHBIX HauasbHbIX yeaoBusix (¢(0) = ¢,
»(0) = ), ueMy paBHbI 3HAUEHHUS TTOTEHIMATLHON W KUHETHUECKON SHEPTUil MasiTHUKA B KpalHUX
TOUKAX U B TMOJI0KEHHUH PABHOBECHS (B OTCYTCTBHE TPEHHUS )?

2.2* Kose6aHus1 MasiTHMKA ¢ 60JbIIMMH aMIJIMTYJaMU.

(a) Uccaenyiite skcnepuMeHTasbHo Godibline KojeGaHusi MasiTHUKA B OTCYTCTBUe TpeHusi. O6pa-
TUTE BHUMaHKHe Ha CTPOTO MEPUOMUECKHH XapaKTep rpauKoB TMHAMUUECKHX TIePEMEHHBIX MTPH ITHX
OTUETJIMBO HECHHYCOMAAJbHBIX KOJNIeOAHUAX B KOHCEPBATUBHON HesMHEHHOH cucTeme. Korna amniu-
Tyna KosiebaHui HecKosibKo npesbiiiaet 90 rpaaycos, rpaduk 3aBUCUMOCTH YIJIOBOH CKOPOCTH OT Bpe-
MeHH UMeeT MUJI006pa3Hyto (hopMy C MOUTH MPSIMOJUHEHHBIMH PABHOCTOPOHHUMHU TPEYTOJIbHBIMU 3y0-
namu. O6bsicHuTe, oueMy. B 3ToM ciiydae coOTBETCTBYIOLIMH IpadrK 3aBUCUMOCTH yTJia OTKJIOHEHHS
OT BpEMEHH COCTOUT U3 3yOLIOB MOUTH NapaboJiMuecKoi (popMbl, B TPOTUBOMOJ0XKHOCTb CHHYCOUIA/b-
HOl hopMme npu KoseOaHUsIX ¢ MaJol aMmniutynoi. O6bsicHuTe napabosnueckyo ¢opmy 3yOLOB B
3ToM cJjydae. O6paTuTe BHUMaHUe Ha Bo3pacTaHue Mepuoja KojebGaHuil Mpu yBeJUUeHUH aMILIHTY-
bl (Coce/iHMe JIeJIeHns Ha 1IKaJie BpeMeHH pasfiesieHbl HHTepBaJioM 1j, paBHbIM MEPUOLY MpelebHO
MaJbIX KoJieOaHUH MasiTHUKA ).

(6) O6paTnTe BHUMaHHE HA TO, KAK 3aMKHYTbIe (ha30Bble TPAEKTOPHH KOJie6aHUH KOHCEPBATHUBHO-
0 MasiTHUKA BBITATMBAIOTCS B TOPU30HTAJbHOM HAIPaBJIEHHH 110 Mepe YBEJIHUCHUS SHEPIrHU MasTHUKA.
OO0bsicuuTte, nouemy HabJo1aeTcst (BogpacTatolilee ¢ SHepPrue ) oTJiMuue 3THX (PA30BbIX TPAEKTOPHH
OT SJJIMITHUECKHUX (MK KPYTOBbBIX ) Pa30BbIX TPAEKTOPHH JIMHEHHOTO ocluATopa. s Takoro o6b-
SICHEHHS BOCIOJIb3YHTECh CpaBHEHHEM NMapaboMUeCKON MOTEHUHMANbHON IMbl IMHEHHOTO OCLUJIIIATO-
pa ¢ CUHYCOUJIa/IbHOU MOTeHUMa bHOH IMOI MasiTHUKA. [ IpumMuTe, uTo BOJIM3H 1HA 00€ NOTeHIIHabHbIe
SIMbl UMEIOT OJIMHAKOBYIO KPUBH3HY, T. €. UTO Mepuoi Tj MaJblX KoJeOaHUH MAasgTHUKA paBeH MEPUOLY
KoJIeOaHUH COOTBETCTBYIOLLETrO JIMHEHHOTO ocLu/IsATOpa. Hanomunm, uto nepuoa KosiebaHui JUHEH -
HOTO OCUUJLISATOPA HE 3aBUCHT OT aMIIUTY/Ibl (M SHEPTHH ).

(B) [Ipn GosblMX aMIINTyaX MasiTHUK CPABHUTENBLHO OBICTPO MPOXOIUT OKPECTHOCTD MOJIOKE-
HUS1 paBHOBECHSI (JIHO MOTEHUMAJbHOM sIMbI), 3aTeM MeJIeHHO B3OMPAeTCsl Ha MOJIOTHH, MOUTH TOpH-
30HTaJIbHbIA CKJIOH BEPXHEH Y4acTH CHHYCOMJIAJbHOTO Oapbepa, pasiessiollero coce/Hue MoTeHIH-
aJlbHble IMbl, @ 3aTeM TAKXKe MEJICHHO CIOJ3aeT ¢ Hero. Takum oOpas3oM, MassTHUK MPOBOJIUT MPH
60JIbLLIMX OTKJOHEHHUSIX Topa3io 6oJiblie BpeMeHH, UeM JIMHEHHbIH OCLMILIATOP, Napaboandyeckue Oe-
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pera noTeHlMaJbHON IMbl KOTOPOIO UMEIOT HEYKJOHHO BO3pacTalolyto KpyTuaHy. OCHOBbIBasiCh Ha
CpaBHEHHMH (POPMbI 3TH MOTEHLHMANBHBIX 5IM, 00bSICHUTE, TIOUEMY CpeJiHHe 3a NepHoJL KoseOaHHi 3Ha-
UeHHUs TOTEeHLMANbHON U KUHETHUECKOH SHEePTrHH MasiTHUKA He paBHbI APYT JAPYry (B TO BpeMs Kak y
JIMHEHHOTO OCUMJIISAITOPA CPEeIHUE 3a MEePUOJ KOJeOAHUH 3HAUEHUST KUHETHUECKOU U MOTEHIUAIbHON
SHEPrUH OJIMHAKOBBI ).

(r)* TiaTesibHO U3YUHTE SKCIIEPUMEHTAbHO HHTEPECHbIH cJydyal KosleOaHUi ¢ aMIJUTY10#, 6113 -
Kol k 180°. 3anaiite HauaJbHOE OTKJIOHeHHe 179.999° npu HyJseBOH HauaJbHOM cKopocTH. MasiTHUK
JIOBOJIHO JI0JITO HAXOJUTCS C OJHOH CTOPOHBI MEPEBEPHYTOr0 HEYCTOMYMBOIO MOJIOKEHHUS paBHOBE-
CHS$l, 3aTe€M TOCTEINEHHO YCKOPSACTCSA U CPABHUTEJIBHO OBLICTPO MPOXOJIUT Yepe3 JHO MOTEHLUHANbHON
sIMbl (4epe3 YCTOHUMBOE MOJIOXKEHHE PABHOBECHST ), 3aTeM MEJICHHO MOJAXO/AUT K MepeBepHYTOMY M0-
JIO?KEHHIO C JIPYrod CTOPOHBI, U HAJIOJITO 3aCTPEBAET B TAKOM M0J10KeHUH. CpaBHUTE BPeMsl, B TeUeHHe
KOTOPOTr0 MasiTHUK MPOXOJMUT MOUTH BeCb KPYroBOH MyTh (3a UCKJIOUEHHEM MaJIOi OKPECTHOCTH Mepe-
BEPHYTOTO T0JI02KEHHS1 ) OT OIHOK CTOPOHbI [TEPEBEPHYTOTO MOJOKEHUS 10 IPYTrOM, C TePHOIOM MaJIbIX
Kosie6aHu# MassTHUKA. J{pyruMu cj0BaMu, OlleHUTE AJUTENbHOCTb YeIMHEHHOTO UMITyJIbCca Ha Tpaduke
3aBUCUMOCTH YIJIOBOH CKOPOCTH OT BpeMeHU. M, uTo To ke camoe, OLUEHUTE JUIUTEJbHOCTb KPYTOro
MOUTH BEPTUKAJIbHOTO YUacTKa (pa3MbITHE CTYTEHbKH ) Ha MOUTH MPSMOYTOJIbHOM rpadrKe 3aBUCHMO-
CTH yIvia OTKJIOHEHHS OT BPEeMEHH.

(n)* TlonbiTatiTech onpeaesuTb, KakuM (GakTopoM OmnpeessieTcsi LHPHUHA (JVIUTENbHOCTb) STHX
MOUTH NPSMOYTOJbHBIX 3yO1I0B Tpaduka BpeMeHHON 3aBUCHMOCTH yrjia OTKJIoHeHus. Kau, uto To ke
camoe, KaKuM (paKTOpOM OTIpeNiesIsieTCsl HHTePBaJ BPEMEHH MEXKIy JABYMS MOCJeI0BATEIbHBIMU M-
nyJbCaMi Ha Tpaduke 3aBUCHMOCTH YIJIOBOH CKOPOCTH OT BpeMeHH. KHaue roBopsi, momnbiTaiTech
onpenesuTb (PU3UUECKYI0 MPUUHHY, OMPENENsIOULYI0 MOJHbIH MePUO TaKUX HEOObIYHbIX KoseOaHuH
KoHcepBaTHBHOro MasiTHuKa. ([loackaska: uamepbre nepuo KojebaHuil mocjae10BaTebHO s 3Ha-
UEHUH HAuasbHOro OTKJAOHeHHs 179.999°, 179.990°, u 179.900° rpamycoB, KaxKabli pa3 Mpu HyJeBOH
HavyaJIbHOU CKOPOCTH.

(e)*™ IlonblTaiiTech OUEHUTb TEOPETHUECKH MPOMEKYTOK BPpEMEHH, B Te€UeHHEe KOTOPOro MasiTHUK
JIOCTHTAeT MOJIOXKEHHUS KpakHero oTKJAoHeHus 179.99° npu Bo30yK/I€HUH U3 MOJI0KEHHS PABHOBECHS
COOOILIIEHHEM HAuaJbHOH YIJIOBOH CKOPOCTH, HEOOXOJMMON JUJIs1 JOCTHKEHHsSI TAKOrO0 MAaKCUMaJIbHOTO
oTKJIoHeHHus. [ToJryueHHbIN pe3ysibTaT UCTIOJIb3YHTE /ISl OLEHKH Nepruoia KosieOaHUui MasiTHUKA C aM-
nuutynon 179.99°. Cpasuure Balily TeopeTnueckyio OlLeHKY ¢ TepHOJIOM KoJieOaHui, H3MePEHHbIM B
MOJCJIHPYIOLLEM SKCIIEPUMEHTE.

(k)™ OO6paTuTe BHUMaHKWE HA XapaKTep MpeBpalleH’il SHePTUd B PACCMOTPEHHOM Bbllle JIBUXKE-
Huu. [lonHaa sHeprus masiTHMKa £ B 9TOM JBMXKEHUH MOYTH PABHA BLICOTE 2mga MOTEHLHANBLHOTO
6apbepa, T. €. 3HaUEHHIO MOTEeHIMAIbHON SHEPTUH MAasITHUKA B MEPEBEPHYTOM IMOJIOXKEHUH (p = =£7).
Bosbliyto yacTh nepuoaa Takux KosiebaHUH MAITHUK NIPOBOJUT B OKPECTHOCTH MEPEBEPHYTOr0 MoJI0-
JKEHHS, TaK KaK OH OYeHb MEJJICHHO JBWXKETCH U MEIJIEHHO YCKOpsieTcsl BOJIM3H MePEeBEPHYTOrO MO-
Joxkenusi. [TosTomy cpeaHee 3a MoJIHbIN MePUOJL TaKUX KosleOaHUH 3HAUeHHe MOTEHIHAJTbLHON SHEePTUU
MasiTHUKA MHOTO OOJIblle CPEIHEro 3HaUeHHsl ero KHHeTHUECKOH sHepruu. B Takux KosebaHUAX 1M0-
TeHIHA/bHAs SHEPTUsl MAATHUKA MPEBPALLACTCH B KHHETHYECKYIO SHEPTHIO JIMILIb HA KOPOTKOE BpeMsl,
M0Ka MasiTHUK ObICTPO MPOXOAUT Uepe3 HUKHee MOJIOKeHUe PaBHOBeCHs (uepe3 MUHUMYM MOTEHLH -
aJbHOM sHeprun ). [lonbiTatiTech caenaTh TEOPETUUECKYIO OLIEHKY OTHOILIEHHS CPEHUX (3a MepHoJI KO-
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Je6aHui ) 3HaUEHHUH MOTEHIHAJTLHON U KHHETHUECKOH SHEePTruu st aMinuTy bl 179.99 rpaaycos.

2.3* JIBMKeHue B1OJb cenapaTpuchl.

(a) Korna madTHUKy 3a1al0T Haua/ibHOe OTKJIOHeHHe, 6au3koe K 180 rpajgycam, npu HyJeBoH Ha-
yaJbHOH CKOPOCTH, (ha30Basi TPAEKTOPHUS Pe3yJIbTHPYIOIIETO JBHKEHHUS MTOUYTH COBMAJaeT ¢ cenapa-
TpUCOH Y = F2w cos(p/2). Touka, nzobpaxkaroliasi MEXaHHUECKOE COCTOSIHHE MasiTHUKA B (pa30BOH
MJIOCKOCTH, OBICTPO MPOXOJUT BJIOJIb HHXKHEH BETBH CeMapaTpUChl, HAJIOJTO 3aCTPEBAET OKOJIO JIEBOH
cel1oBol ToukH (—7, 0), a 3aTeM Bo3BpalllaeTcsl B/10JIb BepXHel BeTBU cenapatpuchl. Kak Hy»kHO 3a-
JlaTh HauaJsibHble yCJI0BHsI, 4TOObI H300pazkatollasi Touka cHavyaJa npoxojuJa Obl BJ10Jb BepXHel BeTBH
cernapaTrpuchl, a 3aTeM BJI0JIb HxKHeH BeTBU? TosibKO BOJIb BepXHeill BETBU ?

(6) Kakyto HauasibHy10 CKOpPOCTD € (B €IMHHUIIAX W) HY?KHO COOOIIUTL MASITHUKY B HU2KHEM T10JI0-
YKEHWW paBHOBECHS JIJIs1 TOTO, yToObl 300paxkatolllasi Touka JBUrasach BI0Jb cernapaTpuchl pa3oBoit
nyiockocT? Kakyto HauasbHYI0 CKOPOCTb HYXKHO JIJIsi 3TOTO COOOILIUTL MASTHUKY, OTKJIOHEHHOMY M3
noJioxKeHusl paBHoBecust Ha yroJ 60 rpamycos? 90°? —90°? 120°? IIpoBepbTe CBOM pe3yJbTaThl B
MOJIEJIUPYIOLLEM SKCTIepUMEHTE.

(B) 151 iUMHUTALIMOHHOTO JABMKEHHUS (JIBU2KEHHS TI0 cerapaTpuce) pacCuMTanTe MHTEpPBaJ BpeMe-
HU T, Ha TPOTSKEHUH KOTOPOTO KUHETHUECKAsi SHEPTUSI MASTHHKA MPEBOCXOJUT €ro MOTEHIIHAJbHYIO
sHepruto. Mum, uto To »Ke camoe, HalIUTE BPeMsi, B TeueHHe KOTOPOTO MasTHUK MPOXOJUT OT OJHOTO
FOPU30HTAJILHOTO MOJI0XKEHHUS J10 IPYroro, coBepuiasi KpyroBoi MyTb OT OJHON CTOPOHbI [IepeBEPHYTO-
ro MoJIOXKEHHUSI 10 IPYrok uepe3 HuxKHee MoJioXKeHne paBHoBeCHs. Bbipasure 3TOT MHTEpBaJ BpeMeHH
B eMHUIaxX 1j neprojia mMaJjbix KojebaHuil MasTHUKA. [IpoBepbTe CBOM TeOpeTHUECKUI pe3yJibTaT B
MOJIEJIUPYIOLIEM SKCTIePUMEHTE Ha KOMITbIOTEpE.

2.4 Kone6aHus ¢ 60JbIIMMU aMMJIUTYJAMHU MPU HAJTUUYHUU TPEHMUS.

(a) Mceaenyiite BaMsIHME BA3KOTO TPeHHs HA KoJleOaHHsl ¢ OOJIbILIMMHU aMIauTy1amu. Haunure co
cJlyyasi CpaBHUTENbHO cJ1aboro TpeHusi (cKaxkeM, @ ~ 20). O6paTure BHUMaHKWe Ha U3MeHeHHe (hOpMbI
rpadKOB [0 Mepe TOro, Kak MexaHuuecKast SHeprust MasiTHUKa M aMIJIMTY/1a TOCTeNeHHO YMeHbIaloT-
csl u3-3a TpeHusi. B uactHocTH, 06paTuTe BHUMAaHKe HA TO, KaK MepBOHaUYa bHO NMHJI000pasHas KpuBas
rpaduka yriioBoi CKOPOCTH (C €e OCTPbIMU MOUTH TPSIMOJIMHEHHBIMH TPEYroJIbHbIMK 3yOLAMHU ) U TIep-
BOHAuaJibHasi KpUBasi rpacuka yryia OTKJIOHeHHs (C MouTH napabosnuecKuMH 3y6lamu) MoCTeNneHHO
9BOJIIOLIMOHUPYIOT, NMPHOJHKAsICh 0 (PopMe K CUHYCOUAJlbHbIM KPUBbIM, XapaKTepPHbIM 15l FapMo-
HHUECKOTO OCLMJIIATOPA.

(6) [Ton BMsiHHEM BSIBKOTO TPEHUSI U3MEHSIETCS TOMOJOTHS (ha30BbIX TPAEKTOPHUI MasiTHHKA. Bme-
CTO 3aMKHYTBIX KPHMBbBIX, COOTBETCTBYIOIIMX CTPOTO MEPHOAMUECKHM KOjieOaHHSM KOHCEPBATHBHOTO
MasiTHUKa, Mbl BUJIMM CKPYUHBAIOLIMECS CIMpaJH, COBepllalide 6eCKOHEUHOe YHUCJ/IO0 MOCTENeHHO
C2KMMAIOLLIUXCSl BUTKOB BOKPYT (pOKyca, pacnoJio;KeHHOro B HauaJsie KOOpAHHAT ha30Bo# MJIOCKOCTH.
Oo6partute BHUMaHHE HA TO, KaK MOCTENEeHHO H3MeHsieTcst popMa BUTKOB (ha30BOH TPAEKTOPUH MO Me-
pe TOro, Kak OHH OTAAJSAIOTCS OT cenapaTpuchl. [ IpuBenuTe KauecTBeHHOE 06 bsICHEHHE HAGI01aEMbIM
M3MeHeHusiM. Hanomuum, uto B c/ydae JIMHEHHOTO OCLMJIATOPA BSI3KOE TPEHHE MPUBOJUT K CKATHIO
BUTKOB (Pa30BOH TPAEKTOPHHU, TPHU KOTOPOM COXPaHSIETCsI FeOMETPHUECKOe 101001e BUTKOB B MPOLEeC-
ce npubrKeHust pa3oBoi KPUBON K HauaJsly KOOpMHAT.

(B) Paboras B okHe nporpammbl «IIpeBpaliienusi sHepruu», o6paTute BHUMaHHWE Ha TO, KAK CKO-
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pPOCTbh JMUCCHIALIMKM MEXaHUYECKOH SHEPTHUU 3aBUCHUT OT MOJIOKEHUsT U300paxKatollel TOUKH B MOTEH-
LMaJIbHON sIMe MasiTHUKA. B Kakoi MOMEHT Ha NMPOTSKEHUH LMK/ KosleOaHUH CKOPOCTb AUCCHIIALMN
MeXaHUUueCKOoH SHepruu MakcumaJsbHa? MoTUBUPYITe CBOH OTBET.

(r)* C nomoliibio 3aKOHa COXpaHeHHs] SHEPTUH paCCUUTaliTe MUHUMaJIbHOE 3HAUeHHe HAauaJbHOH
YIJIOBOH CKOPOCTH, KOTOPYIO HY?KHO COOOLLIMTH MAaATHUKY B HU2KHEM MOJIO?KEHUH PaBHOBECHS LISl TOTO,
uyT0Obl OH JJOCTHT MT€PEBEPHYTOr0 M0J0KEHHS (HEYCTOHUMBOIO paBHOBECHS ) B CJlydae MOJIHOIO OTCYT-
CTBHSI TPEHHUsI, M MIPU cJ1abOM TpeHHUH, Koraa 106poTHoCcTb () paBHa 20. Kakyto Haua/bHyt0 CKOPOCTb
HY?KHO COOOLLUUTb MAsITHUKY J/151 IOCTHXKEHHS TIePEeBEPHYTOrO MOJIOKEHUS, €CJIH TlepBOHAaYalbHO OH
OblJ1 OTKJIOHEH U3 TI0JI02KEHUS] yCTOHUMBOTO paBHOBecHsi Ha yroJ 60 rpaaycos? Ha yros 90 rpamycos?

2.3 [lepeBopoTbl U BpallleHUSI MasATHUKA

MasiTHuK Bpalaetcst (coBepliaeT MnoJiHble 000POTHI), €CJAU €ro MoJiHask SHeprusi MPeBbIlIAeT 2mgya,
T. €. NIPeBbILIAeT MAaKCUMaJIbHOE 3HAU€HHUE MOTEHLIMAJbHOH HEPrUH, COOTBETCTBYIOLLEE MepeBePHY-
TOMY TOJIOXKEHHIO. BJaIMsiHMe MOJIst TAKECTH CKa3blBaeTCs B TOM, UTO BpallleHHe MasiTHMKaA B BEPTH-
KaJIbHOH TJIOCKOCTH MPOUCXOJUT HEPAaBHOMEPHO: YIJIOBasi CKOPOCTb MaKCHMaJbHa (MpH MOJHOM OT-
CYTCTBUM TPEHHS) B T€ MOMEHTHI, KOTJIa MAsSTHUK TMPOXOJIUT yepe3 HUKHee M0J0KEeHHEe YCTOHUUBOTO
pPaBHOBECHS, U MUHUMAaJIbHA, KOTJIa OH MPOXOJIUT Yepe3 BEPXHee M0J0KEHUE HEYCTOMYMBOTO PABHOBE-
cHsl.

3.1 ¥raoBasi ckopocTh Npu nepeBoOpoTax MasiTHUKA.

(a) BoiGepuTe nosiHoe OTCYTCTBHE TPeHHUs. Paccunraiite MUHMMa/bHOE 3HaU€HHE HaualbHOM yrio-
BOH CKOPOCTH, KOTOPYIO HY?KHO COOOILMTb MASITHUKY B HHXKHEM MOJI0XKEHHH PAaBHOBECHST, UTOOBI MasiT-
HHK COBEPILWJI MOJIHbIH nepeBopoT. O6paTuTe BHUMaHKWe Ha XapaKTep rpaduka 3aBUCUMOCTH YIJI0BOH
CKOPOCTH OT BPEMEHH IMPHU JABUAKEHUH C HAUAJbHOH CKOPOCTbHIO, MPEBBILIAIOLIEH 3TO MUHUMAJIbHOE 3HA-
yeHHe: KoJla MasiTHHK COBEPIIAET IePEBOPOTHI, €r0 YIJI0Basi CKOPOCTb H3MEHSIETCS TTEPUOIMUECKH (T. €.
YIJI0Basi CKOPOCTb OCLMJIIUPYET CO BpEMEHEM ), HO 3HAK YIJIOBOH CKOPOCTH (HarpasJ/ieHHe BpallleHHs1 )
He U3MeHsIeTC s, U rpauK He repecekaeTr 0Cb BpeMeHH.

(6)* Kak nameHuTCs epuoi 3TUX KosileOaHUH YrJIOBOH CKOPOCTH, €CJIH YBEJIMUUTD HauaJIbHYI0 CKO-
poCThb, coo0lllaeMylo MasiTHUKY NpH Bo30y:kaeHuu? PaccuutaiiTe MUHUMaJsbHOE 3HAUeHHE YIJIOBOH
CKOPOCTH MPH MePEBOPOTAX MasTHHKA /15 3aJlaHHOT0 3HaUeHHs 2 HauaJibHOH yryioBo# ckopocTu. Haii-
JIUTe aCHMITOTHUECKOE MOBEJeHHe Mepuojia BpallleHHsl OT HauaJbHOU yrioBo# ckopoctd T'(€)) st
3HAUYEHUH MOJIHOK SHepruu F, 3HaUNTE/IbHO MPEBbILLIAIOIIMX NOTEHUHANbHYIO HEPTHIO T€PEBEPHYTOrO
MasiTHUKa (£ > 2mga). Cnenaiite TeopeTHUECKY!IO OLIEHKY MTepHO/ia BpallleHUsl MasTHHKA, KOTOPOMY B
HH2KHEH TOuKe co0b11eHa yryioBasi CKOPOCTb, paBHAs 3 €IMHHUIIAM YTJIOBOH UaCTOThI MaJIbIX KOJIeOaHUH.
[IpoBepbTe pesyabraT pacueTa B MOJIEJUPYIOIIEM SKCIIEPUMEHTE.

(B) Kakue HauasibHble yCJIOBHSI HY?KHO BBECTH B MOJEJIUPYIOLLEM SKCIIEPUMEHTE ISl TOTO YTOObI
MoJyYnuTh (ha30BYI0 TPAEKTOPHIO, MPOXOSAILYIO HaJl cenapatpucoil? PacrosoxkeHnHyto H1Ke cenapa-
Tpuchl? COBMAAOILLYIO C BEPXHEH UJIH C HUXKHEH BETBbIO CenapaTpuch?

3.2* [lepuoabl NepeBOPOTOB U 6OJbIIKUX KOJEOAHUN.
(a) Oco6eHHO HHTEePECHO CPaBHUThL MEPHO/I TEPEBOPOTOB MAasiTHHKA B OTCYTCTBHE TPEHHUS C MepH-
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0JIOM KoJieOaHHI TOTO K€ KOHCEPBATUBHOIO MAsITHUKA B CJlydae, KOrja MnoJiHast sHeprus F OJiM3Ka K
MaKCHMaJbHO BO3MOXKHOMY 3HAUEHHIO MOTEHUHMANbHONH SHepTuu F.c = 2mga. B s3Tom cayuae da-
30Bbl€ TPACKTOPHH MEPEBOPOTOB U KOJeOAHUH MPOXOJASAT B OKPECTHOCTH cenapartpuchl. Henosbays
MOJCJHUPYIOLIMH SKCITIEPUMEHT, BBINIOJHUTE U3MEPEHHEe NMepruojia I IBYX 3HAYCHHUH MOJHON SHEPTUH
E, KoTopble cyierka OTJIMYaloTCs OT Eiay HA OJIHY U Ty 2K€ BEJMUYMHY B OOJIBILIYIO U MEHBLIYIO CTOPOHY.
Hanpumep, BosbmuTe cHauana £/ Ep.x = 0.9999 a 3ateM E/Eya = 1.0001.

(6)" Uemy paBHO OTHOLUEHHE U3MEPEHHbIX Bamu nepuoJoB ABHKEHUSI MAsITHUKA /IS STUX JBYX
cayuaeB? Kak M0XKHO 06bsICHUTh HAOJ/I01aeMO€e OTHOLLIEHHE TTePHOI0B?

(B)** TlonbiTaiiTech MoJIyuuTb TEOPETHUECKYIO OLIEHKY MepHroja KojeOaHUi MasTHUKA C MOJHON
sHeprueil F/ Fyax = 0.9999, 1 neprosa BpallleHust MasiTHUKA C MOJHOH ¢ sHepruel F/ ., = 1.0001.

(r)™ Korna nosiHasi sHeprust MasiTHikKa £ npeBbllIaeT BbICOTY MOTEHIMANbHOTO 6apbepa K. =
2mga, nepuop BpaileHus 1" ObIcTpo yObIBAeT MPH YBEJMUYEHHH MOJHOH SHepruM MasTHuka. Haraure
acUMIITOTHUEeCKoe NoBeeHue nepuosa T'(E) npu ctpemyieHnu sHeprun F K 6eCKOHEUHOCTH.

3.3* lepeBopOTbl MAATHUKA MPU HAJTUYUU TPEHHUS.

(a) M3yunte sKCcnepuMeHTa/bHO BpallleHle MasiTHUKA MPU HAJIMUUHK cJ1a60ro B3Koro Tpenusi. O6-
paTuTe BHUMaHHe Ha TO, KaK ha3oBasi TpaeKTOPHUsi MOCTENeHHO NpUbJnKaeTes K cenaparpuce. Kakoe
3HaueHHe UMeeT MoJIHASI SHEPTUsl MasiTHUKA B TOT MOMEHT, Koria pa3oBast TPAeKTOPHSI lepeceKaer ce-
naparpucy? O6pature BHUMaHHe Ha TO, UTO JI0 MlepeceyeHus cernapaTpHchl, oKa MasiTHUK COBepLLIaeT
MOJIHbIE IEPEBOPOThI, KHHETHUECKAsl SHEPrHs U YIJIOBAsk CKOPOCTb HUTJIE He 00palllaloTCsl B HyJlb.

(6)"* Mcnosbaysi 3aKOH COXpaHeHHs] SHEPTHH, OLIEHUTE MUHUMAaJIbHYIO HaYaJlbHYIO YIJIOBYIO CKO-
pPOCTb, KOTOPYIO HEOOXOAUMO COOOLIUTh MAaATHUKY B HUXKHEM TOJIOXKEHUH PABHOBECHS JIJIE TOTO YTOObI
OH COBepUINJI MoJIHBIH 060poT. Jlo6poTHOCTb MasiTHUKA () = 15. Kakasi HauaJ/ibHasi yrjioBasi CKOpOCTh
HY?KHa 151 TOrO UTOObI MasiTHUK COBepLInJ J1Ba o60opoTa? [IpoBepbTe CBOM pacueTbl B MOJEIHPYIOLLEM
skcnepumente. Meroom npo6 U OLIMOOK YTOUHUTE TOJYUEHHYIO OLEHKY HEOOXO0AUMON MUHUMAJbHON
ckopocTu. O6bsicHuTe HabMo1aeMoe HeOOobIIOEe PA3/IMUHe TEOPETHUECKOTO U IKCIIEPUMEHTANbHOTO
3HAYEHUH MUHUMAJIbHOW HAYaJIbHOH CKOPOCTH.

2.4 Tlpunoxenue: CBoaka 0CHOBHbIX hopmy.
Juddepenumanbioe ypaBHeHHe IBUKEHUST MasSTHUKA:

G+ 27 + wisinp = 0,
IJle wy — YacToTa KoseOaHUi Mpeie/ibHO MaJsloi aMIJIUTY/Ibl:

L2 mga 9. l:i
0 J I’ ma’

31ecb m — Macca MasiTHUKA, @ — PAaCCTOSIHUE MEXKly TOPH30HTa/IbHOH OCbI0 (TOUKOMH M0j1BeCa) H LeH-
TpoM Macc, J — MOMEHT MHEPLMH OTHOCHTEJbHO OCH BpallleHus, [ = J/ma — TpuBelleHHas JUIMHA
(bU3HUeCKOro MasiTHUKA U ¢ — YCKOpeHHe CBOOOJIHOTO MaJleHHs.
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YpaBHeHue ha3oBol TPAaEKTOPUH B OTCYTCTBUE TPEHUSI:

22
» E
To42(1— ==
o+ 21— cos) = &
rae FE — noJsHas 9HEPTHsI MasiTHHKa, a
1 1 1
EO = §Jw§ = imga = Z(Epot)ma)r

3nech (Epot)max = 2mga — MAKCUMaJbHO BO3MOXKHOE 3HAUEHHe MOTEHLHANbHON SHEPIUH, KOTOPOe
MasiTHUK UMEET B IePEBEPHYTOM BEPTHKAJIbHOM IMOJIOXKEHHHU.
YpaBHeHue cenapaTpuchl B a30BO#H MJIOCKOCTH UMEET BUJL

¢ = F2wp cos(p/2).

3aBUCHMOCTb YIJa OTKJIOHEHHSI ¥ YIJIOBOH CKOPOCTH MasiTHUKA JJist JUMUTAILMOHHOTO JIBUXKEHHUS
(JIBU2KEHMSI 110 cenapaTtpuce):

_ . 20&)() 4(,(}0
t) =7 — 4arct wot )=F———— =t ————.
90( ) @ arc an<€ )7 QO( ) COSh(WOt) (@wot + e—wot)
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