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'nasa 1: YPABHEHUE OUHAMUKU BPALLUATEJIbHOIO ABWNXEHUA

Iloboe cnoxHoe aBmxxeHne TBepaoro Tena MOXHO NpeacTaBUTb Kak
CYMMY [BYX MPOCTbIX ABWKEHWI: NOCTYNaTeNbHOro U BpawaTernbHOro.
[MoaTOMy paccMOTpeHne AOBWXKEHUsI TBepaoro Tena uenecoobpasHo
Ha4YMHaTb C aHanm3a 3TUX NPOCTbIX ABMXKEHUN.

Llensto  gaHHonm nabopaTtopHonM paboTbl  ABNAETCs  MU3ydeHue
BpalLlaTenbHOro ABWXEHUS TBEepAOoro Tena OTHOCUTENbHO HEenoABWKHOM
ocu. BpawartenbHbiM OBWXKEHMEM Ha3blBaeTCA Takoe [ABWXEeHue, Mpu
KOTOPOM TpaeKTopunm BCEX TOYEK Tena SABMAITCA KOHUEHTPUYECKNMU
OKPYXHOCTSAIMM C LEeHTpaMy Ha OAHOM MpsAMOM, Ha3biBAEMOW OCbHO
BpaLLeHus.

[MycTb YacTMua Am OBWXEHUS MO OKPYXHOCTU paguyca r. OCHOBHON
3aKOH OMHaMUKW BpallaTenbHOro ABWXXEHUS O Hee MOXHO MNOSyuYnTb,
MCNOJb3yHd BTOPOM 3aKOH HblOTOHa:

v —
Am- - = F (1.1)
YMHOXUM BEKTOPHO CrieBa 3TOr0 3TO YpaBHEHWE Ha paguyc-BeKTop

yactuubl 7

dVv - =
PaccmMoTpuM nNpon3BOAHYH BO BPEMEHU OT BEKTOPHOIrO NPOn3BEOEHMS
paanyc-BekTopa Ha CKOPOCTb YacTULbI:

dr-=1dV == |- dV
—|:I"'V:|—:|:I’"V:|+ re— (1.3)
dt dt dt
[MepBoe crniaraemoe B NpaBon YacTu cooTHoweHue (1.3) paBHO HyntO.
dr —
E =V a BEKTOPHOE Npou3BedeHne BeKTopa camoro Ha cebsa paBHO
HYHO.
BTopoe cnaraemoe coBnagaeT C BEKTOPHbIM MPOU3BEAEHMEM B NEBON
yacTtu
YpaBHeHust (1.2), KOTOpOoe MOXHO NpeacTaBUTb Tak:

%[;.Am.ﬂ:[?ﬂ (1.4)

T.K
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Bektop L= [V'Am'V] Ha3bIBAIOT MOMEHTOM UMNynbca. Ero moayrne:
‘Z‘:‘;‘-‘Am-ﬂ-sina

[Oe o — yron Mexay paanyc - BEKTOPOM I' 1 UMMYMbCOM YacTuLbl Am-v.
Bektop M =[r-F|Ha3biBaloT MOMEHTOM cumbl. [ins npocToThl Gyaem

nonaratb, YTO BEKTOP CWUIlbl NEXWUT B MNSIOCKOCTU, NeprneHanKynapHOn ocu
BpaLleHusa. Torga Mmoagynb MOMEHTa CUIlbl MOXHO MPeaCTaBUTb Tak:
M:H-‘f‘-sinﬂ

e B — yron mexay paguvyc — BEKTOPOM, MNPOBEAEHHBIM B TOYKY

NPUNOXEHUs Cunbl, U cunon F .
MOMEHT CuUnbl U MOMEHT UMMYNbCa — BENUYNHBI BEKTOPHbIE.
HanpaBneHne ux onpegensetrcs nNo npaswusly NpaBoOro BUHTA: rOSfioBKa
NpaBoOro BWHTA BpallaeTcs Mo KpaTdyaulemy HanpaBfeHuo OT NepBoro
BEKTOpa B BEKTOPHOM NPOU3BESEHUN KO BTOPOMY, NPWY 3TOM HanpasreHune
NOCTynaTenbHOro
[MepemelleHns BWHTaA coBMagaeT C  HarnpaBfieHMEM  BEKTOPHOro
npov3BeaeHus.
NTak, OCHOBHOW 3aKOH AWHAMUKW BpawaTeribHOro ABWMXXEHUS MOXHO
3anucartb criegyowmm obpasom:

dL

E_M
Paguyc — BEKTOp — YacTuLbl, ABMXKYLLENCS NO OKPYXXHOCTMN,
nepneHauMKynapeH CKOpoCTU, CUHYC yrina Mexay HUMu paseH 1, NoaTomy B
CcKansipHoMm Buae ypaBHeHUA (1.5) MOXHO 3anucaTtb Tak:

(1.5)

%(F-Am-i)zM
YyteMm 9YTtoV =w-r
%(Am-rz-a)):Am-rz-%:M (1.6)

BenuunHy  J=Am-r’> NPUHATO Ha3blBaTb MOMEHTOM UHEPLMN YaCTULbI.
Bpawatowieecsa BOKpYr HenogBWXHOW OCW TBepaoe Teno  MOXHO
npeacTaBuTb Kak COBOKYNHOCTb N Manbix yacTtuy (pa3mepbl UX Marsbl no
CPaBHEHWMIO C PacCTOsSTHUEM OO0 OCU BpaLLEHUs) U ANs Kaxgon vacTtuubl
HanucaTb ypaBHeHue (1.6), a 3aTeM CNoXmTb BCe ypaBHeHusl. B 3akoHe
ABWXKEHNA 0N O4HOM YacTuubl TBepaoro tena HeobxoguMo yyuTbiBaTb
TaKkke MOMEHTbl BHYTpeHHuUX cun. OpgHako npu CyMMUpPOBaHUKM, B
COOTBETCTBUU C TPETbMM 3aKOHOM HbIOTOHA, O0OLMIA MOMEHT BHYTPEHHMUX
CWI OKaXXeTCs paBHbIM HYIIKO U B NMPaBoOW YacTU OCTaHETCHA TOMbKO CyMMma
MOMEHTOB BCEX BHELUHUX CUN:



S Am .92
;Ami }/; dt _;Mi

Cymmy B IeBOM 4acTuU YypaBHEHUS eCTeCTBEHHO HasblBaTb MOMEHTOM
WHepLuMn TBepAoro Terna OTHOCUTENbHO 3aJaHHOM OCW BpalleHus. Torga
ypaBHEHWe MOXHO NpeacTaBUTb B BUAE:
do
J—=J-e=M
dt
'oe J — MOMEHT nHepuun Tena, = — yrrosoe yckopeHue, M - MOMEHT Bcex

BHELIHUX CUI.

Nnaea 2: TMPOCKOI. MPELECCUA TMPOCKOIA.

PaCCMOTpVIM HEKOTOpPblIE TMpuUMeEpPbl BpalaTesibHOro ABMXeHUA TBepaoro

Tena. B COBpEMEHHbIX HaBUTaLUMNOHHbIX I'Ipl/l60an, UCMNOJIb3yEMbIX B

aBMaumMm 1M KOCMOHaBTUKE, LLNPOKOE TMpuUMEHEeHNEe HaxoOAT TUPOCKOIbI.
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[MpockonoM  HasblBaeTCA  ocecuMMempu4yHoe  meepdoe  merio,
gpauwaruweecss ¢ 6onbwol yeroeol CKOPOCMbI B0OKpy2 ceoel ocu
cummempuu. 'mpockon HasbiBalOT ypaBHOBELUEHHbIM (UM CBOBOAHLIM),
€CliM ero UeHTP MacC OCTaeTCs HEMNOABMXHbLIM Npu JOBbLIX N3MEHEHNAX
OpUEeHTauMn ero ocum B nNpocTpaHcTee. VHade roBops, ero LEHTp macc
coBrnagaeTr C TOYKOM Onopbl. TakoW IMPOCKOMN Ha3sbIBAlOT FMPOCKOMNOM C
OQHOW 3aKpernneHHON TOYKOMW.
PaccmoTpyMm aOBWXeHMe ruMpockona C OAHOW  3aKpPEnSIEHHOM TOYKOW,
cxematmyeckm wusobpaxeHHoM Ha puc 1. [Ons onucaHust OBUXKEHMS
rmpockona ygobHo ncnonb3oBaTb YpaBHEHUE OBUXEHUSI B OPME:

dL

E_M (2.1)
Ecrimn mMomeHT BHewHux cun M=0, ocb rmpockona CcoOxXpaHsieT CBO
OpPUEHTaUMIO B NMPOCTPAHCTBE, a caM MMPOCKON BpawlaeTcs C NOCTOAHHOM
YrIi0OBOW CKOPOCTHIO @y - A ero momeHT umnynoca L paseH J-w, rge J-

MOMEHT UHepLnn TMpocKkona OTHOCUTENTbHO OCU CUMMETPUMN.

Puc. 1

Ecnu K ocy rupockona npunoXutb cuny F, HanpaBneHHYH BepTuKamnbHO
BHM3, BO3HMKAET MOMEHT CUMbl M , Nexalluii B ropu3oHTanbHOM MNOCKOCTY

N OPUEHTUPOBAHHLIN NepneHauKynapHO BekTopy L. B cooTBeTcTBMM C
3aKOHOM AWHaMUKK BpallaTenbHOro AsukeHus (2,1) nameHeHue BekTopa

MOMEHTa UMnNynbcaAL, UMeeT Takoe Xe HanpaBreHue, Kak U BekTop M .
Takum obGpasom, B pesynbrate AEWCTBUS MOMEHTA CUMbl B OCHOBHOM
NPOMUCXOOAUT W3MEHeHWe OopueHTauun BekTopa L, T.e. NPOUCXOauT
BpalleHne BekTopa L B ropu3oHTarnbHOMN NIOCKOCTY.

Yron nosopoTa BekTopa L MOXHO NpeAcTaBuUTb B BUAE:

dL dt
do 7 M 7 (2.2)

Ncnonb3ys 3TO COOTHOLLEHNE MOXHO HaWTU YIIOBY CKOPOCTb BpalleHust

OCU rmpockona.

o do_M__M

dt L U, (2:3)
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B3anMHas opueHTauua BEeKTOpoBL, M W Qonpeaensercs BEKTOPHbIM
COOTHOLLEHNEM:

QL|=M

MockonbKy BEKTOp M NoBopaynBaeTca BMecTe C L, a WX B3auMHoe
pacrnosiokeHne He MeHAeTCd CO BpeMeHeM, TO noa AeucTBuem
MOCTOSIHHOW MO BenuWYMHe cunbl F OCb rMpockona GyaeT BpalaTtbCs C
NMOCTOSIHHOM YrrnoBOM CKOpoCTbio (. Takoe [OBWXKeHWe HasbiBalT
npeueccuen, a BenuuuHy Q — yrrnoBoW CKOPOCTbIO npeleccun. Bcee
npuBeLeHHbIe paccyXaeHna cnpaseanusbl ANS rMpockona BpaLlaroLlerocs
C OOnNbLION YrroBOW CKOPOCTLID, T.e. MPU YCNOBUU L=1J,-w,)) AL WA

@, )) Q.

Mnaea 3: MAATHUK MAKCBEJA.

MasaTHuk MakcBenna npeacraBnsieT cobon AUCK, KECTKO HaCaXeHHbIn Ha

OCb, C MOMOLLLIO ABYX HUTEN NPUKPENNEHHbIN K HENOABWMXHOM onope. Hnutu

KpensiTcss K ocn K onope Takum obpasom, 4ToObl OCb pacnonaranach

ropnsoHTanbHo. [nsa npuvBedeHUst MadTHMKA B ABWXEHME HeobXxoammo

Bpallass oOCb, MOAHATb MasiTHUK B BEpPXHEE WCXOOHOE MOonoXeHne wu
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oTnycTUTb. CrOXHOE [OBMXEHWEe MasATHMKA MOXHO nNpeacTaBuUTb Kak
HanoXeHne OBYX ABWXEHMI: NOCTynaTenbHOro ABWXEHUS LiEHTpa Macc U
BpalleHne OTHOCUTENbHO OCU, NPOXOoasLlen Yyepes LeHTp macc. Ha puc.2
npeacTaBrneHa cxema MasiTHMKa MakcBenna v OeicTBYOLUME HA Hero
CUMbI.

30ecb F—aTO CyMMapHasi Cuna HaTsKeHUst OBYX HWTEN, mg —cuna

TSXKECTU. YpaBHEHUE AMHAMUKM NOCTYNaTenbHOro ABWMXEHUS 3anvilleM B
BUAE:

ma=mg —F (3.1)

Ecnun paccmaTpuBath BpalleHne MasiTHUKa

F OTHOCUTENBLHO OCU, NPOXOAALLEN Yepes LLEHTP
Macc, MOMEHT CUMbl TSHKeCTn ByaeT paBeH HyIto, a
MOMEHT CUInbl HATSXKEHUA HUTU M =F -r, rae r—
pagnyc CTEPXHS, Ha KOTOPbIM HaMaTbIBalOTCA
HUTW. [103TOMY 3aKOH AMHAMMUKN BpaLlaTesibHOro
OBWXEeHUA npeacrtaBuUTCcA B BUAE:

J,

O-gzM:F-r (3.2)

Puc. 2 roe JO- MOMEHT MHEPLNN MasiTHMKA OTHOCUTENBHO
OoCK, npoxodsllien 4yepes3 UEHTPp Macc, & —
yrnoBoe yckopeHue. [loCKOMbKy  HUTU  He

NpocKanb3biBalOT OTHOCUTESNIbHO CTEPXHS, 9TU ABa ABWXEHUSI B3aUMHO
cBs3aHbl. CBsA3aHbl Mexay cobon NMHENHoEe NepemMeLleHne LLEHTpa Mace U
yron noBopoTa MadATHUKA, fMHENHast M YyrnoBas CKOPOCTM, a Takke
NMHENHOE W YrNoBOe YCKOpeHus. puyemM yCKOpeHUusi CBsi3aHbl NPOCTbIM
COOTHOLLIEHUNEM:

a=¢&-r

Pewas cuctemy ypasHenun (3.1),(3.2) u (3.3), Hangem yckopeHue ueHTpa
Macc MasiTHuKa:

a=—2_— (3.4)




I'IonyquHoe COOTHOLLUEeHNEe MNoKa3blBaeT, YTO MaATHUK 6yp,eT AOBUTaTbCA C
NOCTOAHHbLIM YCKOPEHUEM LIEHTPa MaccC, NO3TOMY pacCToAHUNE, Ha KOTopoe
onyctutca UeHTp MacC, YCKopeHune ©n BpeMA AOBUXEHUA CBA3aAHbI
M3BeCTHbIM COOTHOLUEHUNEeM:

_ at2

[ — (3.5)
Pewas coBmecTHO cuctemy ypaBHeHun (3.4) n (3.5) MOXXHO HANTU MOMEHT
NHEpUUN MasiTHUKa:
t2
Jo=mr| & 3.6
g=m-r ( Y J (3.6)

B HWKHEM NOMOXeHUN MaaTHUKA, KOorga HUTK NMOSHOCTBLI0 pa3MaTtbiBatoTCA,
NPOUCXOAUT CKaykooOpasHOoe W3MEHEHWE JIMHEMHOW CKOPOCTU MO
HanpaBneHuo. YrrnoBas CKOPOCTb B MOMEHT TMPOXOXOEHUSI HUXKHErO
NOSIOXKEHNS HE U3MEHSIETCA HU NO BENWYMHE, HU NO HanpasneHuto. Nocne
NPOXOXXAEHUST HMKHENO NONOXEHNA MadATHUK ByaeT aBuratbCcs BBEpX. Ecnun
Obl B cUCTEME He AeNCTBOBAaNM CUSbl TPEHUS, MAATHUK nogHancs 6ol Ha Ty
Xe camyl BbICOTY. 3a Takoe Xe Bpemd. [anee ' aToT npouecc bynet
nepmoanyeckn nOBTOPSATCS, YTO WM MNO3BONUMO HasBaTb TaKyK) CUCTEMY
MasATHUKOM.

Mmasa 4 KAYEHUE TEJA NO HAKINTOHHOW NJTIOCKOCTMW.

PaccmMoTpuM KayeHue uunuHapa unu wapa no HaKMOHHOW MNSIOCKOCTMU,
obpasytowen yros a ¢ ropnsoHTom (puc. 3). Ha uunuHaop OencTByOT Tpu

CUMbl: cuna TSKeCTU mg, Cuna HOpManbHOro OaBMEHUst MNOCKOCTU Ha
UMAMHAP N W CUna TPEHWUS! LMIMHAPA U NNOCKOCTU Frp .



3anuvwem YpaBHEHNE ONHAMUKKN MOCTYMNMaTeENIbHOINo ABMXXEHUA, CHNTaA, 4YTO
BCE CUJbl NMPUJTOXKEeHbI K LEHTPY MacC:

N ma=mg -sina — F,, 4.1)

roe mg-sina — MNPOEKUMSI CUMbl TSDKECTH,

HanpasfieHHasi BAOMb HAKITOHHOM MIIOCKOCTW.

[Mlpy ckaTbiBaHWM C HAKMIOHHOW MJIOCKOCTH
UMNMHOP  BpallaeTcss  OTHOCUTESTIbHO  OCMW,
coBnagawowen Cc reoMeTpuMyeckon  OCbl
UunuvHgpa. B ypaBHEHUN ANHaAMUKN
BpaLLaTesibHoro ABVKEHUS uunuHgpa

OTHOCUTESNIbHO OCUK, MPOXOAsLEen Yepes3 LEeHTpP
Macc, Heob6XxoaNUMO Yy4eCTb TOSNTbKO MOMEHT CUSTbI
TPEHUS, paBHbIN

MTP:FT ‘R (4-2)
roe R — pagunyc uunumHgpa. Camo ypaBHEHME AWHAMUKK 3anuiiem
cnegyroLwmm obpasom:

J0'8=MTP=FTP'R (4.3)

rae Ji - MOMEHT MHEPLMM LUNIMHAPA, & - YITIOBOE YCKOPEHKE.

Ecnn kadeHne uunuHOpa MO HAKMOHHOM MAOCKOCTU npoucxogut 6e3
npockanb3blBaHUs, TO JIMHEWHOE W YINIOBOE YCKOpPEeHuMe CBA3aHO
COOTHOLLEHNEM:

a=¢&-R
Pewasa coBmecTHO ypaBHeHus (4.1), (4.3) n (4.4) Haxogum yCKOpPeHue
Tena:

_mg-sina _ g-sina

7 7 (4.5)
m+—9 1+—02
R mR

byoem cumtaTtb, YTO UMNUHAP CKaTbiBaeTca 6e3 HayanbHOW CKOPOCTU C
HaKITOHHOW MNOCKOCTU AfIMHOW /. Torga NMHEnHas CKOPOCTb LieHTpa mMacc
B HMXXHEW TOYKE HaKMOHHOW NISI0CKOCTU OyaeT paBHa:

= ! \J2gl-sinax (4.6)




AHanuanpyss Mony4YeHHoe BbIpaXeHne MAns CKOPOCTU Tera MOXHO
y6eauTbCsl B TOM, YTO Mpu (PUKCUPOBAHHBIX 3HAYEHUSIX yrna HakoHa U
AJIMHbI HAKNMOHHOW MMOCKOCTU, OHa He 3aBUCUT OT MaccChl Tena, a 3aBuCUT
TONbKO OT pacnpefeneHns mMaccbl OTHOCUTENbHO ocu BpaleHus. [pu
BbIYMCMEHUN CKOPOCTU CMNMOLLHOrO OAHOPOAHOIO UMNMHApa cneayeT 6paTthb

MOMEHT MHepLun JO:%-mRZ, Ana wapa Joz%mR2 TOHKOCTEHHOrO

Momoro uunuHapa J, = mR* .

Nmaea 5: KPYTUJIbHbIE KOJIEBAHUA.

Mpu BpallaTenbHOM [OBWXKEHUW TBEpOOro Tera €ero Mepor MHepuuu
SIBNSETCA MOMEHT WHEpUMM OTHOCUTENbHO OCWU BpalleHus. Ona Ten
npocTo OpMbl: AWUCK, UWNUHAP, LWap, CTepXeHb, MOMEHT WHepLumu
MOXHO CpaBHUTENbHO MPOCTO paccuuTatb. [ns Gornee CroXHbIX Ten

MOXXHO MNCMNOJIb30BaTb  3KCMeEpuUMeEHTalrlibHbleé MeTOoAdbl onpegeneHns
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MOMEHTOB WHepuun. OOHUM K3 HUX SBMSETCA METOoO KPYTUIbHbIX
KonebaHun.

Teno, nogBelleHHOE Ha OTPE3Ke YMpYyroro CTanbHOro MNpoBoAa, MOXET
coBepLlaTb rapMoHu4eckne konebaHmsas OTHOCUTENbHO OCU, NPOXOAsLUEN
yepe3 UEHTP WHepumn Tena. 3anuwem YypaBHEHWE  AWUHAMWKU
BpawaTeNbHOro ABMXEHUS ANsi HEro:

d2
JEL M
dt
foe J — MOMeHT uHepuuu Tena, ¢ — Yron noBOpOTa, OTCYMUTAHHbLIN

OTHOCUTENbHO MONOXEHUS paBHOBeCUsi, M —MOMEHT curnbl, co34aBaeMbli
ynpyrum nogsecom'. NMpu HeGonblmMx yrnax 3akpyydMBaHUsi MOMEHT CUMbl
nponopLmMoHareH yriy nosoporTa:

M =-Dg (5.2)

rae D — nocTodaHHaa noaBeca, 3aBucAlWas OT  YNpyrmx CBOWCTB
MaTepuana, guameTpa u AnvHbl NpoBoaa.

C yyetom cpopmynbl (5.2) OCHOBHOE ypaBHEHNE ANHAMUKN BpaLLaTesibHOro
ABWXKeHUs npuobpeTeT BUA:
d’g

J —
dt*

J-$=—-Dg (5.3)

[NMepeHocsa Bce cnaraemble B J1ieBYyKO 4YaCTb 1 nogesfine Ha MOMEHT NHEePLUUN,
noJiy4yMm COOTHOLLUEeHWNE, KOTOpOEe Ha3biBalOT ypaBHEHUEM NAPMOHUYECKOIo
ocuunnndaTtopa:

p+ay =0 (5.4)
roe
D
a)g=7

Mcnonb3ys M3BECTHYIO CBA3b MeXAy LUKINYECKOM YacTOTOW U Nepuoaom,
nonyymMm dpopmyny onga nepuona KpyTusibHbIX konebaHum

T:27z-\/% (5.5)

Ecnu unsBectHa noctosiHHasi nogaBeca D, 1o ucnonb3ysa dopmyny (5.5)
MOXHO onpeaenntb MOMEHT uHepuun Tena J. OgHako, He Bceraa MOXHO
paccumTatb NocTtosHHy noaBeca D. lNoatomy ypaBHeHue (5.5) MOXHO
ncnonb3oBatb ANS  OnNpedeneHust MNOCTOSHHOW nogBeca [Ans  3Toro

11



HeobXoOMMO 3KCMepuMEHTanbHO onpegenutb nepuod konebaHun Ti.
Tena c Hem3BeCTHbIM MOMEHTOM J1.

J
T :27:-\/% (5.6)

3ateM Kk Teny ¢ HeM3BeCTHbIM MOMEHTOM MHEPLUN NPUCOEANHUTL TENo C
N3BECTHbIM MOMEHTOM WHEpPUUW, Hanpumep, CMJIOWHONW OOHOPOAHLIN

LMnMHAP,

1 o
MOMEHT UHEepPL N KOTOPOro paBeH JO ZEmR2' Mepuoa konebaHum Takoro

COCTaBJ1IEHHOIO TeJ1a TakKKe Haao onpenenntb 3KCrnepmMmeHTarnibHO

L+;mR2
Ezz”'__iﬁ__ (5.7)

[Ba ypaBHeHusa (5.6) n (5.7) MOXHO UCMONb30BaTb 4SS HAXOXOEHUS
noctosiHHon noaseca D n MomeHTa uHepummn J,. 3TOT e NpuemM MOXHO

NPUMEHNTb aarnee Ansa onpeaenieHnsi MOMeHTa MHepLMn Tena CRnoXHoM
dopmbl:

T, =27 [ w0 (5.7)

Masa 6: KPYTUIbHbIW BANNIMCTUYECKUA MAATHUK.

KpyTunbHbole  konebaHus  MaaTHMKA  MOXHO  MUCMonb3oBaTb  ASs
ornpegeneHns ckopocty nynu. [ng peweHna 3TON 3aJayuv BpallaroLancs
YaCcTb MasiTHMKa BbINOSIHEHA B BMAE JIErkKOro KOpPOMbICIa, Ha KoHuax
KOTOPOro CUMMETPUYHO 3akpenneHbl ABa rpysuka. K ogHoOMy 13 rpy3vKoB
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npukKpenneH crnon nnactunuHa, B KOTOprVI nonapgaeTt netdwad
rOPMU3OHTalrIbHO NyJid U 3aCTpeBaeT B HEM.

PaCCMOTpVIM 3aKOHbl ABMXEHUA MadATHUKa MNocrne nonagaHunda nysim B HeEro
Ons npouecca coygapeHud nynm ¢ MadTHAKOM MOXHO NMPUMEHUTb 3aKOH
CoXpaHeHnAa MOMeHTa nMmnyrbca:

m-v-1=(J,+ml)-g, (6.1)

rae m — Macca nyru, vV — ee cKopocTb, | — pacctosHne oT ocum
MaAaATHUKa, OO0 TOYKM YyAdapa ﬂyﬂM,¢0— yrnosasa CKOPOCTb [AOBWXEHUA

MasiTHUKa, J,— €ero MOMEHT uHepuuun. .[Ina OABWXKEeHWs MasTHUKa nocne
Heynpyroro coygapeHusi MOXXHO NPUMEHNTb 3aKOH COXPaHEHUS1 SHEPTUN:

1 ) 1

COrMacHO KOTOPOMY KMHETUYeCKasi SHeprusi MasiTHUKa nepexoauT B
NOTEHLUManbHy0 3HEepPruo ynpyroro nogeeca. B nocrnegHeM CoOOTHOLLEHMM
@, - MakcumarnbHbIN yron noBopoTa MasTHuka, D — noctosiHHas ynpyroro

noaseca, 3aBuUcAdllada oT OJinHbI, TOJIWWHBbI NPOBOJIOKN U YNPYINX CBOMCTB
MaTtepunana, M3 KOTOPOro MHU3rotToBsieHa 3Ta MPOBOJIOKa. [anbHenwwee
OBMXeHne MadATHUKa OrNncbiBaeTcA 3aKOHOM AMHaMUKX BpallaTesibHOro
OBUXEHNA:

(J,+ml*)-¢,=-Dg (6.3)

roe ¢ — yron noBopoTa MasiTHMKa. OTO ypaBHeHMEe nocre HebonbLimnx
npeobpa3oBaHWin NEPEXOANT B YpaBHEHME raPMOHUYECKOro OCuUInaTopa:

P+Q-9=0 (6.4)

peweHneM KOTOpOro SBMSIETCS YpaBHEHWE TapMOHUYECKMX KorebaHui.
Mepuoa konebaHnnm MaaTHUKa onpeaenseTca COOTHOLEHNEM

2
7;:2_”:27; Jy+ml” (6.5)
o N
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[Onsa wncknio4veHnst HeEM3BECTHOW BernnYuMHbl D MOXHO M3MEHUTb MOMEHT
WHEPUUN MasiTHUKA, CUMMETPUYHO MEepemMecTMB MNOABUXKHbIE TPY3UMKU Ha
KopoMblIcrne MasTHUKa. Torga nepuog konebaHum masTHUKa byaoeTt paBeH

/J +ml’

[No Teopeme LLTenHepa MOMEHTbI MHEPLUN MasTHUKa J, U J, paBHbl
J,=Jy+2M -R} ; J,=J,+2M -R; (6.7)
[oe J, — MOMEHT MHepuun MasaTHWKa B criydae, ecriv Obl LEeHTpbl Macc

NOABWXXHbBIX FPY3MKOB Haxoaunucb Ha ocu BpauleHusi, M — macca ogHoro
MOABWXHOTO rpy3nka R, U R, paccTOsHUSA OT LieHTpa Macc rpy3vkoB B

nepBoM' 1 BTOPOM rnonoxeHun. Bossoas ypaBHeHus (6.5) n (6.6) B ksagpat
N BbluMTas. 13 NepBoro ypaBHEHUS1 BTOPOE C Yy4eTOM COOTHoweHus (6.7)
nosy4yaem

7T =S (R )
D:8M-7z2(Rf—R§)

6.8
-1 ©4)

N3 ypaBHeHUs (6.5), ¢ y4€ToM cooTHoLweHus (6.8) ana D, nonyvyaem

b 2T (R -E)
pTmi = 2 2 2
4z -1,

Ncnonb3ys ypaBHeHMe (6.2) Hangem

: / D @, 27
D, =, - — 6.10
o J, +ml’ 1, ( )

MoacTaenssa B ypaBHeHue (6.1) HalnaeHHble BblpaxeHusa ansa J, + mil’
nosiydaemM pacyeTHyo opmMyny Ond HAXOXOEHUS CKOPOCTU Nynun

(6.9)

V:47z'-M.¢O.Tl.(R12—R22) (6.11)
ml(le—Tzz)

SKCNEPUMEHTAJIbHAA YACTb

1.NPOBEPKA OCHOBHOI'O 3AKOHA AJUHAMUKU BPALLATEJIbHOIO
ABUXEHUA.

14



OnucaHue yCTaHOBKU U MeToAuKa U3MepeHUMn.

[MpoBepka OCHOBHOMO ypaBHEHUS OMHAMMUKMA BpawaTeNlbHOro ABUXEHUS, a
Takke Teopembl LLITenHepa ocyliecTBnaeTca ¢ NOMOLLBbI YCTAaHOBKM - Tak
HasblBaeMoro masiTHMka Obepbeka, MaatHuk Ob6epbeka npeacraBnseT
cobon BpaLlalolWyoCcss BOKPYr TrOpPU3OHTaNbHOW OCUM  KPECTOBUHY K3
yeTblpex B3auUMOMNEPNEHOMKYNAPHbIX  CTEepPXHEeW, 3akpensieHHbIX B
HacakeHHOW Ha OCb BTyrKe. Ha cTepXHsiX pacnonaratotca 4eTbipe
OAVHAKOBLIX MO Macce Trpy3uKka, KOTOpble MOXHO nepemMewarb WU
3aKkpennaTb B NOOOM MecTe Ha cTepkHe. Ha ocm masTHMKa mnmeeTcs
TakkKe LUKMB C HAMOTAHHOM Ha HEro HUTBLIO, K KOHLy KOTOPOW MnpuBsi3aHa
nnatgopmMma c rpysvkamui. Bpawasi KpecToBUHY, NpUBOAAT MasiTHUK B
ncxodHoe MosiokeHne, Korga nnatgopma C rpysvkaMmm HaxoauTca B
BEpPXHEN 4acTu, HEeCKOSIbKO Bbllle doTtodaTtyuka. Haxumaa knasuwy
«MYCK» npepoctaBnsaT rpysnky BO3MOXHOCTb onyckaTtbcs. Bpems
ornyckaHuna rpysvka na 3agaHHoe pacCTosiHUue onpenesniieTcsl ¢ NOMOLLbH
dooTO4aTUNKOB.

[BMXeHne rpy3Mka Ha HUTU ONUCbIBAeTCA YpaBHEHUEM OUHAMUKK
BpawaTeNbHOro ABMXEHUS:

ma=mg—T (1.8)
roe T - HaTaKeHne HUTU. BpalleHne KpeCToBMHbI C rpy3amMun ONUChIBaeTCS
ypaBHEHNEM OMHAMUKM BpallaTenbHOro ABMKEHNS:

J-f=M=T-r (1.9)
roe J - NonHbIN MOMEHT MHEpLUUU CUCTEMDI, S - YrioBOEe YCKOPEHME, I -
paguyc WKuBa, Ha KOTOPbIM HaMmOTaHa HWUTb. [MOCKOSbKY cuyuTaeTcsl, 4To
HUTb HEe pacTsxmMa W He npocKanb3blBaeT, JIMHEWHOE W YrnoBoe
yCKOpeHMe CBsA3aHbl COOTHOLLEHNEM:

a=r-f (1.10)
[lBurasicb  paBHOYCKOPEHHO, FPpy3MK Ha HUTW 3a Bpems t onyctutca Ha
BbICOTY

2
h:% (1.11)

Pelwaa HanucaHHylo Bbille CUCTEMY YpaBHEHUN, MOXHO HaWTWU YrnoBoe
yCKOpEeHVe MasTHUKA:
2h

2

i (1.12)

rt
MOMEHT HaTAXeHNd HUTU.

Mzmr(g—a)zmr(%j (1.13)
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MOMEHT MHEPLNN MaATHUKa

J==-= (1.14)

U3mepeHue n o6paboTtka pe3ynbLTaToB

3agaHue 1

CornacHo 3akoHy AMHaMUWKW BpallaTesibHOro ABWXEHUA Mpu NOCTOAHHOM
MOMEHTE MHEPLMM YIIIOBOE YCKOPEHUE MPSIMO MPONOPLNOHANBHO MOMEHTY
Cun. OENCTBYIOLWNX Ha Bpallatoeecda Teno. Takum obpasom, OTHOLLEHME
MOMEHTA CUJTbl HATSXXEHUSA HUTU K YIITOBOMY YCKOPEHWUIO MaATHUKA JOIMKHO
ocTaBaTbCA MOCTOSAHHBLIM. JTO MOSIOXKEHWEe onpeaenseTca cnegyrowmnm
obpa3oM. [py3snkm Ha CTEpPXHAX KPEeCTOBWHbI YCTaHaBNUBAKOTCA Ha
OOMHAKOBbLIX PACCTOSAHMAX OT BTYIKM (3-5 CM.) (OMKCUPYIOTCA B OTOM
nonoxeHun. KpectoBnHa npuv 3TOM [OMMKHaA ObiTb ypaBHOBeLlleHa, T.e.
ocTaBaTbCA HENnoABMXHOW npu fobon opueHTaumm cTepxHen. Ha
nnatgopme, NPUBA3AHHOW K KOHLY HWUTW, YCTaHaBnMBaeTCA OBa rpy3uka.
3aTeMm, Bpallasa KpecToBMHY, MOAHUMAIOT NraTtgopmMy € rpy3vkamMmmn B Takoe
NONIOXXEHNE, MPU KOTOPOM HWXKHUIA Kpawn nnatdopMbl Haxoguncs Obl Ha
HEeCKOflbkO MM Bbllle Jfiyda cBeTa poTtogatyuka. HaxumatloT knasuwly
«MYCK» 1 namepstoT Bpems ABMXKEHUSA rPY3MKOB Ha 3aaHHOE pacCTOsSHUE
h. Heobxoaumo nNoBTOpPUTb 3TOT IKCMEPUMEHT 4-5 pa3 U HanTu cpegHee

Ml
BpeMa aswxeHus. Mo gpopmyne (1.14) paccunTbiBaeTcs OTHOWEHNE —- 1~
1

AOBEPUTENbHbLIN  WHTEpPBAN 3HA4YeHW 3TOro OTHOLUEeHMs. 3aTemM Ha
nnatopMy YyCTaHaBMMBAKOT e€lle [OBa [py3nka M MNOBTOPSIOT Te Xe

M
AKCNepuMeHTbI, Mo pe3dyJyibTaTaM KOTOPbIX pacCYUTbIBAOT OTHOLLEHNE —2
2

N COOTBETCTBYIOLMN OOBEpUTENbHbLIN MHTepBasn. Ecnn 3HadeHne ogHoro
OTHOLLUEHUs nonagjaeT B OOBEPUTESIbHbIA UHTEpBasli 3HaA4YeHUn Lpyroro
OTHOLWEHUS, nnn XxoTse 6bl OOBEPUTENbHbIE MHTEpPBanbl MMEKT obLne
TOYKM, MOXHO cuUMTaTb MNPOBEPKY Yyaaswencs. Ecnu xe atoro He
Nnosly4nsiocb, Heo6XoANMMO HaMTU OLIMOKY B NpOBEAEHUN IKCNEPUMEHTOB U
npogenaTb X NOBTOPHO.

3agaHue 2

CornacHo 3akoHy AMHAMUKW BpallaTenbHOro ABWXEHUS Npu NOCTOSHHOM

MOMEHTE CUIbl YrIIOBOE YCKOPEHWe obpaTHO MPOMOpPLMOHANbHO MOMEHTY

nHepuun. CrnegoBaTenbHO NOCTOSIHHLIM OCTAeTCs NPOU3BEAEHNE MOMEHTA

MHEPUUN Ha YrnoBoe YckopeHue. [ns npoBepKkn I3TOro MONoXeHUs
16



ncnomnb3yemMm [AaHHble, MONy4YeHHble MpU BbINOSIHEHUN MEPBOro 3ajaHus.
BbIno ycraHoBneHo, 4To

MZ ~ Ml —

N/
3mMeHnM MOMEHT MHepunn MasTHUKA, nepemMeltas rpy3nkn Ha CTEePXKHSAX
Ha MakcumaribHOe paccTosiHue OT BTYNKW. Ha nnatdopme ocrasnsem Te
Xe Tpy3uvKn, 4TO M BO BTOPOW YacTu MepBOro 3agaHus. AHanornyHo
nepesoMy 3adaHuUl0  U3MepAT BpemMd  OnyckaHua  rpy3mka Ha
JoMKCMPOBaAHHOE PpacCTosiHUE MNOBTOPAA 3TOT 3KCcnepumeHT 4-5 pas. [lo
9TUM [aHHbIM paccyYuTbiBaeTca npousseaeHne J,B, =M., a TaKke

AOBEpUTENbHbIA  UHTEpBan 3Ha4YeHUM 3TOM BenuuuHbl.  [lonyyeHHoe
3HayeHue npousBeneHus J,B, cpaBHUBaeTCHA C npousseneHuemJ, S, u3

nepeoro 3agaHusi. [lpu BbINOMHEHUMM BTOPOro 3adaHUs  YyCrioBME
MOCTOSIHCTBA MOMEHTA CUIbl B TOYHOCTU He cobntogaeTcs, NOCKOsbKy Mo
YCINOBMIO 3KCNEPUMEHTA OCTaeTCcs MOCTOSIHHOM NULbL Macca rpysvka Ha
HUTW. ECnn MeHATb Npu 3TOM MOMEHT MHepuuu, TO B obLLEM cry4ae u
MEHSIETCS NIMHENHOE YCKOPEHWE Fpy3nka Ha HUTWU, N HaTSHKEHUEe HUTKU, a
3HAYUT N MOMEHT HaTsKeHUs HUTU. Ho NuHenHoe yckopeHue rpysnka Ha
HUTW a,N a, CyWECTBEHHO MeHblle YCKOpeHust cBo6OAHOro nageHus g,

no3TOMY ﬂpVI6J'IVI)KeHHO pPaBeHCTBO M, = M ,BbINONHAETCA.

Jl

3agaHue 3

[Mony4yeHHble NpW BLINOMHEHUWU Npeabiaywux 3agaHui OaHHble MOXHO
ncrnonb3oBatb Ana npoeepku Teopembl LUTenHepa. CornacHo Teopeme
LLITeMHepa MOMEHT UHEepLUM OOHOrO rpy3nka Ha CTEPXXHE paBeH:

_ 2
Jrp=Jorp +may

roe J,,, - MOMEHT MHepUUM rpy3vka OTHOCUTENbHO OCM, NMpOXoAsiLLeil
yepes LIEHTP Macc rpy3uka, a,- PacCTOsiHUE OT OCU BpalLeHUs A0 LeHTpa

Macc rpysmka Ha cTepXHe. Takmm o06pas3oM, MOMEHT WHepuUn BCEW
KPeCcTOBWHbI B NEepBOM 3aJaHNN MOXeET BbITb NpeacTaBneH B BUae

J=J+4J,, +4ma12 +4-§méT

1
roe J - MOMEHT MHEepPLMM BTYIKM C OCbIO U MKMBOM,4-§méT- MOMEHT

MHepLun YeTbipex cTepxHen. MoOMeHT nHepuum J, BO BTOPOM Cryyae

MOXET ObITb NpeACcTaBleH B BUAE:
17



J, =J+4J0FP+4ma22 +4%méT

rae a, - PacCcTosiHME OT OCY A0 LieHTpa Macc rpy3vika Ha CTepXHe.

CnepoBaTteribHO, TEOPETUYECKN YBENNUYEHNE MOMEHTA UHEPLIN PaBHO:
AJ = 4m(a22 - af)

CpaBHVITb 3TY BEJINYMNHY C SKCrNepunMeHTalribHbIM 3Ha4eHUeMm J2 —Jl.

TexHnyeckne xapakTepucTmukn yCTaHOBKM:
1. Macca nnatdopmbl 53 1
2. Macca ctepxxHa 53 r

2. ONPEQENEHUE YINOBON CKOPOCTU NPELLECCUM TMPOCKOINA

OnucaHue YCTaHOBKM

[MpuHUUNUaneHas cxema yCTaHOBKW U3obpaxeHa Ha puc. 4.
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Puc. 4

Ha ropusoHTanebHon nnatgopme 1 npubopa 3akpenneHa MaccuBHas
BepTuKanbHasi cTonka 2. Ha aTonM CTonKe pacnonoXeHbl KPOHLWTENH 3 C
doTtogaTynkomM 4 1 BHELWHAS BTyNKa BpaljaloWerocd coeauHuTens 9,
Bpawatowmmncsa coeanHUTeNb MO3BOMSIET [MPOCKONY MNOBOpayMBaThCs
BOKPYr BepTMKanbHOM OCU C MarnbiM TpeHuem, obecnedmBasi npu 3TOM
nMTaHMe SNEeKTPUYECKMM TOKOM (POTO3MeKTpuyeckoro patumka 6 WU
anekTpoasuratens 7. OnekrpoasuraTesl CMOHTUPOBaH Ha KPOHLITENHE 8
Takmm o006pa3oMm, 4YTO €ro OCb MOXET MOBOpayMBaTbCA BEPTUKANbHOM
NOCKOCTM Ha Hebonbwon yron. Ha Bany pgBuratens 3akpenseH
MaccuBHbIN MeTannuyecknin auck 9, sawuuieHHbIn koxkyxom 10, K kopnycy
anekTpoasuratens npukpenneH poldar 11 ¢ rpysom. lNepemeryasa rpysmnk no
pbldary MOXHO ypaBHOBELUMBATb M'MPOCKOM, UK co3faBaTb MOMEHT CUMbI,
AencTByrowen Ha ocb rmpockona. [loBopoT rvpockona  BOKPYr
BepPTUKarbHOW OCU N3MepPHAETCH C NMOMOLLIbIO YCTponcTBa 12 B BUAE OnCKa C
yrrnoBown Lwkanon. [na aBToMaTUYeCKOro U3MepeHus yrria nosopoTa Ocu
rmpockona Aguck 12 mmeeT HebosnbliMe OTBEPCTUS, PacnofioXXeHHble MO

OKpy>HoCTK Yepe3 10°. Mpu noBopoTe OcK rMpocKomna MOoACYUTHIBAETCS
4YMCIO OTBEPCTUM (M TEM CaMbiM Yrof NOBOpPOTa OCK), a TakkKe BpeMs, 3a
KOTOpOE OCb MnoBOpayMBaeTcsl Ha 3agaHHbin yron CooTBETCTBYHOLLAA
MHopMauus BbIBOAUTCA Ha Tabno 6noka ynpasneHus 13.

N3mepeHne n o6padboTka pe3ynbLTaToB

Ha nuueBon naHenn 6noka ynpaBfieHUs pPacnosioXeHbl cregyoume
anemeHnTbl: knaeuwen «CETb», «CBPOC», «CTOI», a Takke pydka
noteHunomeTpa «PEIN CKOPOCTW». BHumaHune! [lepen BkIOYEHUEM
npubopa B ceTb 0653aTeNbHO BLIBECTU PY4YKY perynsaropa CKOpOCTU B
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KpanHee neBoe nonoxeHne! Haxatne knasuwm «CETb» BbI3biBaeT
BKNIOYEHNE nUTalowero HanpsbkeHus. [lpy 9TOM  [OMMKHbl  CBETUTLCS
uMdpoBble MHOMKATOPbLI Ha MaHenuM 6noka ynpasfeHuUss U NaMnoydku
doTOo3aNeKkTpuyecknx gatyinkos. MeaneHHo Bpallaa pyyky noTeHumomMeTpa
«PEl. CKOPOCTW», npoBepuTb paboTaeT nu anektpoaBurateib W
OTKINOHSETCA N1 CTpenka npubopa Ona m3MepeHust 4ucrna obopoToB.
[Mepemewas rpyauk, yctaHoBUTb pblidar 11 rmpockona B ropuMsoHTanbHOe
NONOXeHne.

[MnaBHO (B TeyeHne 1.5-2 MMH) Bpalas pyyvyky noTeHuMomeTpa
YCTaHOBUTb CKOPOCTb BpalleHus anektpogsuratens 6000 o6/MuH.
OTmeTnB npeaBapuUTENbHO HavanbHOE MOMNOXEHME rpy3nka (NP KOTOPOM
HeT npeLeccun), NepemMecTuTb ero Ha 2 CM OT MONOXEHUS PaBHOBECUS.
[Mpy 3TOM OCb rMpocKona HayYHeT paBHOMEPHO MOBOpPaAYMBaTLCS B
ropuMsoHTanbHoM nnockoctu. Haxatb knasuwy «CBPOC», 3atem, nocne
nosopota ocu Ha yron He MeHee 30°, HaxaTtb knasuwy «CTOIM» un
3anucaTb MNoKasaHWa WUHOMKATOpPOB: Ag W At. Haxumas cHoBa KnaBuLly

«CBPOC», noBTopuTb 4-5 pa3 U3MepeHus MNpu Tex Xe CKOPOCTU
BpaLLEHMs anekTpoasuraTens u nomoXeHun rpysmka. PaccumtaTb yrnoByto

A
CKOpOCTb NpeLeccun QzA—(p. MNepemellas rpyauka nocrnegoBaTenbHO Ha
t

2 CM, nNpPOBECTM WU3BMEPEHMSI CKOPOCTM Mpeueccun npu pasfindHbIX
3Ha4YeHUsIX MomeHTa cunbl M, BenuMyMHa KOTOPOro pacCYUTLIBAETCS MO
dopmyne
M =mg - Ax

roe m ,— macca rpysmka, Ax - CMeLleHune rpysmnka rno ropu3oHTasnibHOM ocu
OTHOCUTESTbHO MNOSIOXEHUsT paBHOBecUSA. [Nnsa Kaxaoro nosioXXeHus rpysmka
paccuuTaTtb YrroByK CKOPOCTb npeueccun Q, MOMeHT cunbl M u,
ncnonb3ya opmyny (2.3), MOMEHT NHEPLINN pOTOpa aNeKkTpoaBuraTesns ¢
ANCKOM.

TexHu4yeckne gaHHble YCTaHOBKU:

* Bpems 3anycka rupockona 2 MUH
* Macca nepemeLlaemoro rpysa 375r
* MOrpPeLIHOCTb U3MEPEHUS BpEMEHN He Bornee 10° ¢

* NOrPELLUHOCTb M3MEPEHNS CKOPOCTN BpaLleHNsa asuratensi He bonee
2.5%
KoHTpoOJNbHbIE BONPOCHI

1. CdopmynupoBaTb OCHOBHOW 3aKOH AWHaAMUKM  BpaljaTeribHOro
OBWKEHUA.
2. YTo Takoe rmpockon, Kakoe ABMXEHME Ha3blBalOT nNpeueccnen?
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3. BeiBecTn dpopmyny Ans yrinoBow CKOPOCTU Mpeueccun.

4 Kak un3MeHUTCs  OBWXKEHME  TMpOCKoNa, ecnu N3MEHUTb
HanpaBrieHne BHELLUHEN CUnbl, AeNCTBYOLLEN Ha OCb, Ha
NPOTUBOMOSIOXKHOE?

5 Kak no u3MepeHHOMY 3HayeHWIo YrroBOM CKOPOCTU npeueccuu
onpenennuTb MOMEHT MHEpPLMX rmpockona?

3. USYHYEHUE OBUWXEHUA MAATHUKA MAKCBEIJJA.

OnucaHne yCTaHOBKU
Ha ropnsoHTanbHOM OCHOBaHUM YCTAaHOBKM pacnosioXXeHbl YHUBEPCanbHbIN
cekyHOoMep W BepTuKanbHas CcToMka. Ha BepTukanbHOM CTOWUKe
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CMOHTUPOBAHbI:  BEPXHUMA  KPOHLUTEWH, HA KOTOPOM  pacrosioXeH
9MNEeKTPOMAarHUT U KpenexHble AeTtanu O HUTEN, BEPXHUN U HUMKHUN
doTogaTyMkM Ons M3MEPEHUSI BPEMEHU AOBMXKEHUS MasiTHuKa. Cama
BepTuKanbHasi CToMKa CHabXeHa NWHEMHOM LWKaron ang onpegeneHus
BbICOTbl, Ha KOTOPYKD OMNyCKaeTCs LEeHTP MacC MasiTHUKa. [Buxyuiasics
yacTb MadTHUKa npeacraBngeTr cobon rnerkyio AropanesByld OCb, Ha
KOTOPOW XECTKO HacaxeH [awpanesbin ponuk. Ha ponuk nomewiaetcs
MacCMBHOE CTalflbHOe KOJIbLO C Npopesbio And Hutewn. llepen Hayvanom
9KCnepMMeHTa OOHO W3 CMEHHbIX Konel [OOMKHO OblTb HaOeXHo
YCTaAHOBNEHO Ha POSnKe.

MapameTpbl YCTAHOBKMU:

AnamMeTp ocu MasiTHMKa 10 mm
BHELLUHUW AMaMeTp posiMka 86 MM
BHELLUHUW AnaMeTp Konew 105 mm
Macca pornuka ¢ OCbH 123 r
259r
mMacca cTarnbHbIX Kornel 388
522 r

[ns BbLINONHEHUA 3KCNEPUMEHTa Heobxoaumo BKMOYMTL npubop, AaTb
eMy 3-5 MUH nporpeTbes, HaxaTb knasuwy «CBPOC» 1 omxaTb KnaBuwly
«MYCK». Y6eamnBwmncb, YTO HATU HE NEPEKOLLEHbI U UX AnnHa nogobpaHa
TakMm obpas3oM, YTO NPU ONMYCKaHUN MAsITHUK B HUXKHEE MOSIOKEHUE He
Oyoet ypapsatbcs o poTogaTuMK, HAQO MNOAHATbL MasiTHUK B BeEPXHee
NCXOLHOE MOSIOXEHNe, BpaLlas oCb U HaMaTbiBas Ha Hee HUTb. Npu aTom
Hago cneguTb, YTOObl BUTKM HUTEW YyKNnagblBanucb OOWH K OogHOMY ©Oes
nepexsiecrta B HanpasfeHun K ponnky. MasiTHUK onkcmpyeTcs ¢ NOMOLLbIO
MarHuTa B BEpPXHEe MosioXKeHne, a 3ateM HaxumaeTtca knasuwa «MYCKy.
ABTOMaTUYECKN BKINOYaeTcs MUNINCEKYHOOMED. N3mepeHus
NoBTOPSATCA 5 pa3 C KaxabiM CTanbHbIM KONbuoM. o dopmyne (3.6)
paccynMTbiBaeTCd MOMEHT MWHEpUMN MasiTHAKA C TPemsl CcTalibHbIMU
KoSfibLlamu. B aTon popmyne nog m noHMMaeTCa Macca BCEW OBUXYLLENCSA
4YacCTu: KorbLa M pornuka ¢ OCbHo: r - pagnyc Ocu.

[ns npoBepkn npaBUIIbHOCTM MNOMYYEHHbIX pe3ynbTaToB Heobxoanmmo
OUEeHNTb MOMEHT MHepUuM KakOoro Kosfibua, cyuTas, 4YTo BCA Macca
KOJSibLla cocpefoTo4eHa NO OKPYXXHOCTU, paganyc KOTOPOU paBeH cpeaHeMy
pagnycy Konbua. CpaBHUTb MNOMyYeHHble [daHHble C pesynbTaTamu
9KCrnepuMeHTa.
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KoHTpoOnbHbLIE BONPOCHI

1. Kakoe gBmkeHne HasbiBaeTCs NIOCKUM?

2. BoiBecTn coopmyny ong JIMHENHOrO YCKOPEHNA MadTHUKA.

3. BblBecTn Ty Xe popmyny, paccMmaTpuBasi OBWXEHWE MasiTHMKA Kak
NOBOPOT OTHOCUTENBHO MIHOBEHHOM OCY BpaLleHUS.

4. BoiBecTn coopMyny Ana pacyeta MOMeHTa MHepLUUU MasgTHUKa

4. N3YYEHUE KAYEHUA TEN NO HAKIMOHHOW NMMOCKOCTMW.

OnucaHue yCTaHOBKU, MeTOAUKA USMEHEHUMN.

HaknoHHas nnockocTb, o6pasytoLlas ¢ ropusoHTom yron o =10°,
onMpaeTcsa Ha YeTbipe BePTUKanbHbIE CTONKKU (pUC.5), yCTaHOBNEHHbIE Ha
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MaccuBHoOWM nnartgopme. Ta 4acTb NnaTdopMbl, HA KOTOPYHO NagatoT Tena
nocrie ckaTtblBaHUA C HAKNMOHHOW MMOCKOCTU, MOKPbITbI CNoem peauHbl. Ha
Hee, B CBOK o4vepeb, HaknaabiBalT YUCTbIM NIUCT Bymarn n ouKCupyroT C
NMOMOLLbIO MeTannmnyeckon pamku. I HakoHew, ceBepxy KnagyT JiucT
KonuposanbHon 6ymaru. B mecte nageHus npegmeTa Ha Bymary octaetcs
yeTkun cnepn. Takum ob6pa3om, OCyLLECTBNSETCA perMcTpaunsa mecta
nageHua Tena. Metannuyeckas pamMmka, UKCUpYoLWas NnoroxXeHue nicrta
Bymaru, 3akpensieHa Tak, YTO ee CTOpOHa, obpalleHHas 'K HaKNoHHOW
NSIOCKOCTU, HAXOANTCHA HAa OAHOW BEPTUKASIM C HXKHUM KpaeM HaKNoOHHOM
NNOCKOCTN DTO ynpoLlaeT n3aMepeHne ganbHOCTK noneTta Tena.

CKopocTb Tena V' B HKHEN TOYKe NSTOCKOCTM MOXXHO HauTW Cneayowmm
obpasom. Nocne ckaTbiBaHUS C HAKITOHHOW NSIOCKOCTU TENo OBUXETCS Mo
KPUBONMHENHOW TPaeKTopun. ITO ABMXKEHME MOXHO paccMaTpmBaTb Kak
CNoXeHue ABYX OBWXKeHUN; cBOboaHOe nageHne C HavyaribHOM CKOPOCThLHO
V, =V -sinan paBHOMepHOe NpsIMOnnHeiHoe ABWKeHE B

rOPU30OHTasIbHOM HanpaBfeHNN CO CKOPOCTbIO V=V -cosa

Puc. 5

YpaBHeHme OBNXEHUA NO rOpU3OoHTar M U BepTuKanun anda aaHHoro criy4yad
MOXXHO BbINMUCaATb TaAK:
x=V_-t
gt2 (4-7)

y:Vy't'i‘T

Ncnonb3ys nepBoe ypaBHEHUE cUCTEMbI (4.7) BTOPOE MOXHO MPUBECTU K

TakoMy BUAY:
2

y:x-tga+% (4.8)
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OTctoga Bpemsi ABUKEHUSA

t:\/z-«/y—x-tga (4.9)
g

BennunHa ckopocTn B HXKHEN TOYKE HAKITOHHOW MIOCKOCTU ByaeT paBHa:

pote o X (4.10)

CoSx t-cosax
MoacTtaBnsas ciofda  BblpaXxeHue 4N BpeMeHu  OBukeHus  (4.9)
OKOHYaTESIbHO MNOSYyYMM

g

y=22 -1 (4.11)

cosa LJy—x-tga
3agaHwue 1.

M3mepeHne CKOPOCTU CTallbHbIX LUIAPUKOB pPa3fiM4HOro paguyca.

1. MopobpaTb 3-4 cTanbHbIX WapuKa pasnMyHoro gnameTpa.

2. [logrotoBuTb YCTAHOBKY K W3MEPEHUAM: YCTaHOBUTbL €€ CTporo
rOPM30OHTaNbHO, NOL MEeTaNMYECKYD paMKy MOAMOXUTb JIUCT YUCTOW
Oymarn, cBepxy MOSIOKUTb  KOMMpoBanbHy  Bymary, Kpacsaiien
NOBEPXHOCTbIO BHU3.

3. YcTaHOBUTL LIAPUK B BEPXHEN YaCTU HAKMOHHOW MIOCKOCTU, NpUXaB ero
PYKOW K yrnopy, n oTnyctntb ero. Llapuk ynaget Ha konnposarnbHyto 6ymary
N, Taknm o6pas3om, OCTaBUT creq Ha YACTOM nncte Bymarn.

4 WMNamepuTb panbHOCTb noneta wapuka. OHa paBHa PacCTOSHUIO OT
HapPY>XHOMN KPOMKWN MeTanimyeckon pamMku 4o LeHTpa creaa nageHus.

5 .3mepuTb, C KOTOPOW WApPUK NagaeT Ha Bymary.

6. I3amepuTb OnNHY HAKITOHHOW MIOCKOCTU, YYUTbIBasA NpuU 3TOM paaunyc

7 lNpounsesectn namepeHus 8-10 pas ang Kaxgoro wapuka n pesynbTaTbl U
namepeHunin odopmM1Tb B BUae Tabnmupl.

3agaHue 2.

M3mepeHne CKOPOCTU CNJIOLWHOro 1 NOJIoro LWMNMHAPOB.

1. Mo wmeToamke, onucaHHOWM B 3agaHum 1, onpegenuTb CKOpPOCTU
CAMNOLWHOr0 M MNONoro UMIMHOPOB B MOMEHT OTpblBa OT HAKIOHHOM
MIOCKOCTMW.

2. NlamepeHuns npoBoanTb ANS KaXXAoro unnuHapa He meHee 8-10 pas u
pesynbTaTbl U3AMEPEHUI Takke 0OPMUTL B BUae Tabnuupl.
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3. Mo dopmyne (4.11) paccumTatb ISKCNEPUMEHTANbHOE 3HA4YeHUe
CKOPOCTW CMMOLIHOMO U NOIOro LUIMHAPOB.

4. Mo dopmyrne (4.6) paccumtaTb TeOpeTUYecKoe 3HadyeHue CKOpPOCTU
LUMAMHOPOB M CONOCTaBUTb pe3ynbTaTbl 3TUX PacHETOB.

5. CpaBHUTb C  3HA4YeHMEM TEOpPEeTUYECKNX pacyeToB n
9KCNepuUMeHTarbHbIX BEMNYMH CKOPOCTU LLIAPUKOB.

KoHTpONnbHbLIE BONPOCHI.

1. BoiBeCcTU doopMmyny Ans yckopeHuss Tena (uunuvHgpa uwnu  wapa),
CKaTbIBaKOLLErocs no HaKfoHHOW MIIOCKOCTH.

2. KakoBa posib Cuin TPEeHUS Npu KaYeHUU Ten no HaKIoOHHOW NTOCKOCTN?

3. MNMonyunTtb bopmMyny Ond CKOPOCTU Terla B HWKHEW YacTU HaKMOHHOM
"NNOCKOCTN, UCMOSb3YHA 3aKOH COXPaHEHUS 3HEPIUN.

4. PaccmoTpeTb ABWXeHue Tena, bpoLeHHOro nog yriiomM K ropusoHTy.

5. KakoBa makcumaribHas BbicOTa nogbemMa U JanbHOCTL rnoneTa Tena?

5. ONPEAENEHME MOMEHTOB UHEPLIUU TEN METOAOM
KPYTUJIbHbIX KONNEBAHUN

OnucaHve ycTaHOBKM.

[ns akcnepumeHTanbLHOro onpeaesieHna MOMEHTOB MHepLUUK TesT CIOXKHOM
KOH(purypaumm MeTogomM KpyTurbHbIX KonebaHum ncnonb3yetcs Tak
Ha3blBaeMbI YHUPUNAPHBIA NOABEC, MPUHLUMNMAaribHas cxema KoToporo
npeacrasrieHa Ha puc. 6.
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Puc 6.

Ha BepTukanbHon cTomke 1 npubopa pasmMelleHbl BEPXHUA N HUXKHUN
KPOHLUTENHBbI 2, MeXAy KOTOPbIMW Ha CTanbHOW MPOBOSIOKe 3 noABeLleHa
pamMka 4, npegHa3HadYeHHas ONna YCTaHOBKU W 3aKpernreHus nccrnenyemMmoro
Tena 5. Ha noBepxHOCTW wuccrnegyembiXx Ten wumelTcs Hebonbluve
yrnybneHus Ons HagexHoro 3akpenrneHna ux B pamke. Ha cpegHem
KPOHWTENHe 6 pasMelleHbl: LWkana 7, npefgHasHadeHHas [Ons
ornpefeneHns HavasnbHOro. yrra noBopoTa paMku, 3fIeKTpoMarHuT 8 Ans
dukcaumm pamkm B 3agaHHOM NOMOXEHUN, POTOINEKTPUYECKUN AaTUMKy 9
n 6nok nutaHua anektpomarHuta 10. Ha ocHoBaHum ycTaHoBku 11
pacronoXxeH MUNNNCEKYHOOMEP KOMOUHMPOBaHHBIV A5 OTCYETa BPEMEHU
N yncna konebdaHuin pamMmku.

N3mepeHUe n obpaboTka pe3ynbLTaToB.

1. BknounTb B ceTb LWHYp nuTaHua npubopa. Haxatb knasuwy «CETb»
Ha §WMUeBOW MaHenu, npu STOM [JOSKHbI  3aropetbCd UM pPOBbIE
WMHOMKaTOPbI.

2. [atb cekyHoomepy 2-3 MWH TMPOrpeTbCad W BKIKOYUTL MNUTaHME
anekTpomMarHuta. Haxatb knasuwy « CBPOC».
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3. 3adwmkcmpoBatb pamky 6e3 rpysa B OTKIIOHEHHOM COCTOSHUW C
MOMOLLIbIO MarHuTa, a 3aTeM BbIKMYMTb NuTaHune. Mameputb Bpems t, 3a
KOTOpOEe pamKa COBepLUMT n konebaHui u onpegenntb nepuog konebaHum

T, :1. Yao6Ho n 6patb 10.
n

4. 3aKkpenuTb B paMKe rpy3uK LUIMHOPUYECKOM (POpMbl U onpeaenntb
nepuop konebaHmn pamku ¢ rpysom 7,. Vicnonb3ysa dopmynsl (5.6) u (5.7)

paccyMTaTb MOMEHT MHEpLUMM paMKu J, u NOCTOsIHHYIO noAseca D.

5. 3akpenuTb B pamke rpy3 B Buae NPsSIMOYrofilbHOro napannenenunena
Takum obpasom, 4Tobbl OCTb BpalleHus bbina nepneHankynspHa ogHon ms
ero 60KOBbIX rpaHen.

6. Onpenenutb nepuon konebaHun nepuoga pamku c rpysom. cnosnbays
dopmynbl  (5.7) (3aMeHMB B HEW MOMEHT WHepuMnm uUUnMHOpa Ha
HEeN3BeCTHbI MOMEHT WHepuuu rpysa), paccumtatb MOMEHT WHepuuu
rpysa J_ OTHOCUTENbHO BbIOpaHHOM OCK.

7. Takum e obpa3omM onpeaennTb MOMEHT MHepUUX rpy3a OTHOCUTENBHO
ABYX OpYrMx ocel, neprneHAuKYnsipHbIX APYrMM rPaHsaM MpPsiMOYrofbHOro
napannenenuneaa.

8. PaccuntaTtb norpeluHocTb B onpeaeneHm MOMEHTOB UHEPLIMN.

KOHTpONbHbLIU BONPOCHI.

1. BeiBecTn oopmyny onga nepmoa KpyTurbHbIX KonebaHui.

2. [latb onpefeneHve MoMeHTa uHepuuu TBepgoro Tena.

3. CoopmynumpoBatb Teopemy LLTenHepa.

4. Kakoe fBWXeHWe coBepLluaeT pamka? Hanucatb ypaBHEHME OBWKEHUS.
5. Kakumn dpaktopamu onpegensieTcst BennmyinHa nocTosaHHoOW nogseca?

6. ONMPEOENEHUE CKOPOCTU NyJjin C NOMOLLbIO
BAJJIMCTUYECKOIO MAATHUKA.

OnucaHue YCTaHOBKMW.

O6wuin BNg, KpyTUNbHOro BannmMcTM4eckoro MasiTHMKa nokasaH Ha puc.”’.
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Ha ropusoHTanbHon nnatgopme 1 npubopa 3akpenneHbl MacCuBHas
BepTuKanbHasa ctonka 2 u munnucekyHgomep 3 ona MamepeHna dmucna
KonebaHnin MadTHUKA U BPEMEHU, 3a KOTOPOE 3TN KonebaHus NponcxoasT.
Ha cpeoHemM KpOHLWTENHE 3akpensieHbl: MNPYXWHHbIM - nuctonet 4,
Npo3payHbin 3KpaH CO LWKarmon 5 M (POTOSNEKTPUYECKUN JaTymk 6.
[MoagBwxkHas 4YacTb MasiTHAKA COCTOMT M3 OBYX MIIOCKMX MNactuH 7 C
BbleMKaMu, 3anoSIHEHHbIMU MMACTUIIMHOM, >KEeCTKO 3aKpensieHHbIX Ha
KOHLUAX ropu3OHTarnbHOro CTepxHs 8, a Takke OBYX NOABWXHbLIX MPYy3MKOB
9. lopusoHTanbHbIA CTEepXXeHb MasiTHAKa C MOMOLLbI0 [OBYX OTPE3KOB
cTarbHOM MNPOBOSIOKM 3akpennaeTca mexay BepxHuM 10 u HuwxHuM 11
KpoHWwTeMHamn. Takmm obpas3oMm, CTEPXEHb MOXET coBepliaTb
KpyTuUnbHble KonebaHus BOKPYr BepTUKanbHOW Ocu, nepuoq konebaHuu
MOXHO N3MEHUTb, NepemMeLLasa NoABMKHbIE FPY3UKN MO CTEPXKHIO.

N3mMeHeHUe n obpaboTKka pe3ynbLTaToB.

1. NogBWXHbIE rPy3nkKn pa3gBunHyTb Ha MakCMMalsibHOE paCCToOAHNE OT OCU
R,.

2. YCTaHOBUTb MAaATHUK Ha Hynesoe pAeJyieHne LwWwkKarnbl Orid y,EI,O6CTBa
oTcHeTa YyrjiioBoro oTkiioHeHuUA.
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3. BctaButb nNyno (KOPOTKUA OTPE30K NaTyHHOW TPYOKW) B MPY>KUHHbIN
nnucroner.

4. [lpousBecTn BbICTPEN U U3MEPUTb MO LWKane MaKCUMarbHbIA Yrosn
@, OTKITOHEeHNSA MasaTHUKa. [oBTOpUTL N3MepeHus 4-5 pas n HanuTu cpegHee

3Ha4vYeHune an4d ¢, .

5. Bkntountb npmnbop B ceTb U aaTb eMy 2-3 MUH nporpeTtbcs . HaxaTb
knasuwy «CBPOC», undpoBble MHOMKaATOPbl AOSMKHBI MPU 3TOM AaBaTtb
HyneBble NoKasaHus.

6. lNocne nocnegHero BbICTpena nyn HeobXoAMMO OCTaBUTb B MECTE;
nonagaHusa. Ecnv nyna ynana Ha cTton, Hago yCTaHOBUTL €€ Ha MeCTO B
cnoe

nnacTunvHa.

7. OTKNOHUTb MAATHUK PYKOW Ha HebornbLon yron ¢ n nameputsb Bpems 10

. . t
konebaHun. Paccuntatb nepuoa konebaHum 7, =—.
n

8. llepemecTnTb MNOABWXHbLIE TPY3UKM MO CTEPXHIO HA MUHUMarbHOEe
paccTosiHue OT ocu BpalleHusa R,. lsmeputb nepuopn konebaHun 7, npu

9TOM MOJIOXKEHNE IPY3UNKOB.
9. o dopmyne 6.11 paccumtaTb CKOPOCTM nNynu, paccymTaTb
NOrpeLHoCTb.

KoHTpOonbHbLIE BONPOCHI.

1. NaTb onpefeneHne MOMeHTa UMMynbca MatepuasibHou TOYKU TBepaoro
Tena.

2. [lpn KakuMx YyCrioBUSIX BbIMOMHAETCA 3aKOH COXpaHeHUss MOMEHTa
nMmnyneca?

3. [llpoaHanuaupoBaTb W3MEHEHUA SHeprMm B TevYeHwe BCero
SKCnepuMeHTa.

4. Beectn oopmyny nepuoga konedaHum masiTHUKa.

5. BeiBectn dpopmyny ans ckopoctu nynn 6.11

JINTEPATYPA
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3. MatBeeB A.H. MexaHuka n Teopusi oTHocutenbHocTU. M: Bbicwas
wkona, 1986.
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3.MasaTtHuk Makceenna
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[MpoBepka OCHOBHOrO 3akOHa [OWHAMWKMA BpallaTenbHOro
ABWXEeHNsa

OnpepneneHne yrnoBon CKOPOCTU NpeLeccun rmpockona
N3yyeHune aBmxeHna masatHuka Makcsenna

N3yyeHne kadeHna Ten no HakmoHHOM NIOCKOCTH
OnpeneneHne MOMEHTOB MHEPUUN Ten MEeTOAOM KPYTUITbHbIX
konebaHun

OnpepneneHne CKOPOCTU Mynv C NOMOLWbLI 6anfiMCTUYecKoro
MasaATHUKA
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1. TAPMOHHYECKHE KOAEBAHHUSA
KoaebaHUS IITUPOKO PACIPOCTPAHEHBI B IIPUPOAE U TEXHUKE.
[TpoCTEHIIIUMU SIBASIIOTCS TapMOHHYECKHE KoAeOaHUS, T.€. TaKue
KoAebaHUsI, IPU KOTOPHIX HEKOTOPAsd BEAUYNHA,
XapaKTepUusyollas 3To ABUXKEHHE (HaIlpuUMep, CMEIIeHHe
MadTHHUKA OTHOCUTEABHO ITOAOXKEHHUA PaBHOBECHS) U3MEHSIETCH CO
BpPEMEHEM I10 CUHYCOUaAbHOMY 3aKOHY. KnHeMaTuueckue
COOTHOIIIEHUSI, OITUCHIBAIOIINE TapMOHHUYECKHe KoAeOaHUsI, AETKO
IOAYYUTh, AaHAAU3UPYS CAEOYIOILyI0 Monaeab (puc 1,1). [Iycts
paauyc-BeKTop R paBHOMeEpHO BpamaeTcss ¢ IOCTOSSHHOM yTAOBOHM
CKOPOCTBIO o IIPOTHUB YacoOBOM cTpeAKU. B MoMeHT Havaaa
HabOAIOIeHUS paIlyCc-BEKTOP 00pa3oBaa yroa a ¢ ockro OX.
KoopanHaThl KOHIIAa paguyc-BeKTopa (Touka A) COOTBETCTBEHHO
PaBHBL:

x(0) = Rcosa
y(0) = Rsina

B Aro6o#t faanbHEHIITNY MOMEHT BPEMEHH KOOPAMHATEI X U Y OyayT
OIIPENEASITHECS COOTHOIIIEHUAMU:

X(t) = Rcos(wot + a)
y(t) = Rsin(wyt+ a) (1.1)
T.€. KOOPAUHATHI X U Y TOYKH A MEHSIIOTCS 10 TapPMOHHUYECKOMY
3akoHy. CooTHouieHus Buaa (1.1) Ha3siBaroTcsa ypaBHEHUSIMU
R FapMOHHUYECKHX KOAEOaHUH.
Beanuuna, crodiniad repen
CHHYCOM HAU KOCHUHYyCOM, R
Yo Do\ 4 HAa3bIBAETCS aMIIAUTYIOH,
i (ot+a) — daza KoaebaHuUsd, A -
! HagaabHadg dasa, o -
! IIUKAWYEcKas 4acToTa,
Xo X T=21n/wo — nepuox
KOoAeOaHUH.
IlycTh MaTepuasbHad TO4YKA
CcoBepIaeT KorebaTeAbHOE
JABUKEHHE BIIOAb OCH X.
Torma 3aBUCHUMOCTE
Puc. 1.1 KOOPAUHATBI X OT BPEMEHHU
OyzmeT orpeneAdaTbCs
BeIpazkeHnueM (1.1), rme R mmeaecoobpa3Ho 3aMeHUTh Ha Xo —
MaKCUMAaAbHOE CMEIIeHNE OTHOCUTEABHO TTOAOKEHUSI PABHOBECHSI.

v
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[pyrue KuHeMaTHU4YeCKHE BEAUYUHBI (CKOPOCTh U YCKOpPEHUe)
ONIPeneAdIOTCS KaK OOBIYHO B MEXaHUKE IIyTeM
andepeHITUPOBaHUs KOOPAUHATHI 10 BPEMEHHU:

dx

v(t) = i = X = —wyXg Sin(wyt + a)
dx_ (1.2)
a(t) = qz - %= —w§Xo cos(wet + a)

I'paduknu x(t), X(t), X(t) B 3aBUCUMOCTU OT BPEMEHHU IPEACTABAECHBI
Ha puc 1.2.

A

™
)
:

v

\/ \/

./.\./\t

A Q

v

N N :

OueBUIHO, YTO CKOPOCTh U YCKOPEHHE KOAEOAIOIIEHCH TOUYKHU

TaK K€ MEHSIIOTCS 110 TapMOHUYECKOMY 3aKOHY. 13 aHaamn3a
dopmya (1.2) 1 COOTBETCTBYIOUIUX UM I'padUKOB pHUc.1.2 caenyer,
4TO CKOPOCTh CMeIlleHa 110 dpa3e Ha I1/2 OTHOCUTEABHO
KOOPAWHATHI, a yCKOpPEHUE CMEIIEeHO I10 pa3e Ha IT/ 2 OTHOCUTEABHO
CKOPOCTH U Ha IT OTHOCUTEABHO KOOPAUHATHI TOYKU.

C TouKH 3peHUd JUHAMHUKU, KorebaTeAbHbIe BUKEHUS BO3SHUKAIOT
B CUCTEMAax, UMEIOIIUX [IOAOKEHUE YCTOMYUBOTO paBHOBecUud. [Ipu
HeOOABIITUX OTKAOHEHUSIX OT 3TOTO IIOAOKEHUS B CUCTEME
BO3HHUKAIOT CHABI, CTPEMSIIUECST BEPHYTH €€ B IIOAOXKEHUE
paBHOBecHs. [IpruMepoM Takoi CHCTEMBI MOXKET CAYKUTH I'PYy3UK
Ha Ipy>KUHE.

PaccMoTpuM KoAebaTEABHYIO CUCTEMY, COCTOSIIYIO U3 IPy3uKa
MacChl m, MIOABEUIEHHOTO HA HEBECOMOM MIPYy>KHUHE C

Ko PpunmenToM yrupyroctu k. MoxkHo nmokasaTtp, 4TO CHAA

6
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TAXKECTH A9 KOAeOaTEeABHOTO ABUKEHMS IPy3HKa CyLIeCTBEHHOH
POAU HE UTPaeT. YpaBHEHHE BTOPOro 3aKoHa Hel0TOHA nag rpy3uKa
MMeeT BUL!

mX = —kx (1.3)

TZIe X — CMEIIeHNe IPy3UKa OTHOCUTEABHO ITOAOKEHUSI PaBHOBECHS,
k

-kx — cuaa yripyroctu npy=KuHbl. [IpuMeHsas obo3HadeHUue —= w3,

IIPUBEAEM ITO YpaBHEHUE K BULY:

X+ wix =0 (1.4)

3aech, Kak OOBIYHO ITPU PACCMOTPEHUU KOAEOATEABHOTO

ABUKEHUs, TOUKaMu Has X o00o3HadeHO auddepeHIInpoBaHue

d?x

II0 BPEMEHH (T.€. X = d_yz)' HeTpynHo ybeauTbca HEIIOCPEACTBEHHOM

TI0/ICTAaHOBKOM, 4TO 00Ilee perreHue audppepeHITHasbHOTO
ypaBHeHUs (1.4) nmeeT BUA:

x = acos(wt + a) (1.5)

TZIe a U A — HEKOTOPhIe IIOCTOSTHHBIE, 3aBUCHIIME OT HaYaAbHbBIX
ycaoBuii. Ob11iee perteHue nuddepeHITnasbHOr0 ypaBHeHud (1.4)
MOKeT OBITH IIPEACTaBACHO TaKXKe B BUIIE:

x(t) = A;sinwyt+ A, coswyt (1.6)

rae A1 U Az TIOCTOSTHHBIE, TaKXKe OIIPEeNeAdeMble U3 Ha4aAbHBIX
ycaoBUi. HeTpynHo nmokasats, 4TO 3TH ABa IIPEACTABAEHHBIX
petieHud quddepeHIaAbHOTO ypaBHeHUS (1.4) 9KBUBAA€HTHBI.
B kaugecTBe Apyroro npuMepa CUCTEMBI, KOTOpPas MOXKET
coBeplIaThb
rapMOHHUYECKHEe KoaebaHUs, MOXKHO
//////////// B34Th CIIAOIITHON OMHOPOAHBIN AUCK,
IIOABEIIEHHBIM HA HEBECOMOM YIIPYTOM
npoBoAOKe (puc. 1.3). CmernieHue gucKa
OTHOCHUTEABHO ITOAOKEHUA PABHOBECHUH
?  ommcChIBaeTCs YTAOBOM KOOPAMHATOM (.
[ad onmcaHusS JUHAMUKU ABUXKEHUL
JMCKa BOKPYT BEPTUKAABHOM OCH
€CTECTBEHHO B34Th 3aKOH JUHAMUKU
BpalllaTEAbBHOTO ABUXKEHHMI:

Puc. 1.3
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Jp=M (1.7)

rae J - MOMEHT MHEPLIMU AHUCKA OTHOCUTEABHO BEPTUKAABHOU OCH,
IIPOXOOAIIEN yepes LeHTp Macc, M - MOMEHT CHABI, AEUCTBYIOIIEHN
Ha JUCK CO CTOPOHBI yIIpyroro rnoaseca. CoraacHo 3akoHy ['yka
M=-@D. Torna ypaBHeHHE AUHAMHKH BpPalllaTEABHOTO ABUXKEHUS
MOZKHO IIPUBECTHU
K BUOY:

Jo+Dp =0 (1.8)
UAU

+wop=0 (1.9)

e wy =+/D/] - IUKANYeCKas JyacToTa KoArebaHuii. PeneHuem
9TOro AU PepPeHIINAABPHOTO YPaBHEHUS SIBASIETCS OYHKITUS

@(t) = @, cos(wyt + a) (1.10)

TakuM oOpa3oM, eCAU JUCK BBIBEIEH U3 IIOAOKEHUS PABHOBECUS U
IIpeICTaBAEH caMoMy cebe, OH OyaeT coBepIIaTh KPyTHABHBIE
KoAebaHUS 110 TapMOHHUYECKOMY 3aKOHY C IIEPHUOIOM

T=i—:=2n J/D (1.11)

rae D - mocTossHHAasI, 3aBUCAINAasd OT YIPYTUX CBOUCTB, JAUHBI U
TIOTIEPEYHOr0 CeYeHUs I10IBECA.

AHaAu3upys 9TU ABa IpUMeEpa, MOXKHO YCTAHOBUTH CA€AYIOIIHE
dyHIaMeHTaAbHbIE 3aKOHOMEPHOCTU. ECAM 3aKOH NUHAMUKH
KaKo#-Anbo cucTeMbl ITpeobpa3oBrIBaeTCs B AU PepeHIITasbHOe
ypaBHeHue Buga (1.4) uau (1.9), To ABUKEHHE B CUCTEME
coBepIIaeTcd B BU/le TapMOHUYECKUX KoaebaHmui. CaMa cucreMa B
5TOM CAy4Yae Ha3bIBA€TCsI TaPMOHUYECKHUM OCIIHAASITOPOM, a
auddepeHIaAbHOE YpaBHEHUE — YPaBHEHUEM FrapMOHUYECKOTO
ocruasgaropa. Ero peimeHueM gaBaseTcd ypaBHEHUE
rapMOHHYECKUX KOAeOaHUH.

Takxke ogHON M3 BaKHEHUINTUX (PU3NIECKUX BEAUYUH SIBASIETCH
sHeprud. Ecan MmaTepuasbHad TOYKa m COBepIIaeT rapMOHUYECKOe
KoAebaTeAbHOEe OABUIKEHHUE I10 3aKOHY (1.5), To ee KMHeTHYeCcKas
SHEPTHUS onpeaesdeTcd POopMyAOH

ma?

96 gin? 1.12
5 sin (wot+ ) (1.12)

.2
Ex(t) = m2x =



[ToTeHIIMaAbHAS S9HEPTUS OoIIpeaeAdeTcd POPMYAOH
sz kaz 2
Ep(D) = —~ = —,cos (wot+ a) (1.13)
y4UTBbIBad, 4To o = km, mw = k, 3ameyaem, uyro amrautyael E1 u E,

-OAUHAKOBBI:
Ex = E; sin?(wot + o) = E; E—%cosZ(ooot+a)] (1.14)

1,1
Ep, = E; cos?(wot + @) = E, [E+Ec052((o0t+a)] (1.15)
X Ha puc. 1.4 nokazaHa 3aBUCHUMOCTbD
a X'““ ‘\“' CMEILEHUS X OT t 1 COOTBETCTBYIOIIUE
0 » ¢ 3TOMY CMEIIIEHHIO
U e e R KUHETHYEeCKasl U MOTeHIIHNaAbHAasI
E I 0 I sHepruu. HerpynHo ybeauThCs, 4TO
E/2 X / \ / \ IIOAHAs 3HEPTUd IIPU 3TOM OCTAETCS
0 . IIOCTOAHHOM.
E
Ek-PA-l-A-F-
E/z\ [X [\ / Puc. 1.4
0 > ¢

2. PUBHYECKHHN H MATEMATHYECKHHN MASITHHKH
PU3nYECKUM MadgTHHUKOM Ha3bIBAETCH TBEPIOE TEAO, KOTOPOE
MOKET COBepIlaTh KoAeOaHUs BOKPYT HEIIOABUXKHOM
FOPU30HTaABHOU ocH. Touka nepecedeHud ocu "O" ¢ BEpTHUKAABHOU
IIAOCKOCTBIO, IIPOXOSIIEN yeped LeHTP Macc "A" Teaa, Ha3bIBAETCH
TOYKOH mnoaBeca MadTHUKA. [ToaoskeHHE Teaa B KaKIBIH MOMEHT t
MOXKHO OXapaKTE€PHU30BaTh YTAOM OTKAOHEHUS €TI0 U3 IIOAOKEHUH
paBHOBecHs @. BpallleHue Teaa IPOUCXOOUT IT04 AEWCTBUEM CHABI
TAXKECTH, MOMEHT CUABI M fas1 Hee paBeH: M = —mga; sin@ , rae ai

- paccTodHHE OT OCH BpallleHUS 10
LlerTpa Macc Teaa. YpaBHEHUE
| AUHaMHWKH BpalllaTEABHOTO JIBUXKEHUS

NIAST PU3UUIECKOT0 MasITHUKA

3aITUCBIBA€TCd B BHIC!

J1p = —mga; sinp (2.1
rae J1 - MOMEHT UHEPILIUU TeAa
OTHOCHUTEABHO OCHU BpallleHUd,

9
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IIPOXOMSIIIETO Yepe3 TOUKY MoABeCca MagTHUKA.
[Tpu MaabIxX KoAebaHUAX MadTHHKA Sin @ = ¢, 1 ypaBHeHUe (2.1)
peoOpasyeTcs K BUAY:

LI 22
1

[ToaygyeHHOE ypaBHeHUE gBAdeTCd AUdPepeHIITHNAABHBIM
ypaBHEHHEM BTOPOTO IMOPSAKA C TOCTOSHHBIM KO3(PPHUITUEHTOM
rrepen @. O6G03HAYMB €T0 3a W3 MPUXOAUM K IIIUPOKO U3BECTHOMY
YpaBHEHUIO TAPMOHHUYECKHUX KOAEOaHUH.

@+ wip=0 (2.3)

[ToncTaHOBKOM AETKO yOEeOIUTHCS, YTO pPellleHUeM 3TOT'0 YpaBHEHUS
aBadeTcd PyHKIIUI

@ = @g sin(wot + 8) (2.4)

JlaHHOE COOTHOIIEHNE aHAAUTHUYECKH OIIHMChIBAET rapMOHHUYECKHE
KoAebaHUsI, KOTOPhIE COBEpIIaeT (PU3UYECKUN MasTHUK 0e3 ydeTa
CHA COIIPOTHUBAECHU4I cpenpl. BeanynHa @o oripeaesdgeT
MaKCHUMaAbHOE OTKAOHEHHE KOAEOAIOIIETOCS TeAa OT ITIOAOXKEHUS
pPaBHOBECHUS U Ha3bIBaeTCs aMIAUTYI0M KoaebaHuda. BeanyuHa o
Ha3bIBaeTCd IIUKANYECKON JacToTou. BeanynHy wt+ 0 Ha3bIBamOT
dazoit koarebaHUd, a ee 3HadyeHue Ipu t=0, T.e. BEAUYUHY O -
HadaabHOU azoii. HauyaabHaga dpaza onpeaeadeTcs: TOAOKEHUEM
TeAa, B KOTOPOM OHO HaXOAVAOCH B MOMEHT HadaAa OTcCUeTa
BpeMmeHHU. Ecau nipu t=0, @=0; T0 6=0 1 @ = @ sinwyt. Ecau xe
npu t=0, @=@o; TO 6=I1/2 U @ = P, CcOS Wyt.

[TeprooM rapMOHUYECKOTI0 KOAEOATEABHOTO NBUKEHUS
Ha3bIBae€TCd HaUMeHbIIlee BpeMd T, 110 UICT€UYEHUH KOTOPOTO BCE
BEAWYHHBI, XapaKTEePU3YIOIIHE 3TO ABUXKEHNE IPUHUMAIOT
IIepBOHAYAABHOE 3HAUEHHE. YUUTBhIBAL, YTO IEPUOL
CHHYCOUOAaABHON (OyHKIIMU PaBEH 24, U3 (2.4) caexyeT, 4To 3a
BpeMd T daza KorebaHUM qoAKHA U3MeHUThcd Ha 211 T.e.

[we(t+T) + 8] — (wet+8) = wyT =21

(2.5)
wo = 21/T
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mga
[TOCKOABKY 32 ®wi MBI 0603HAYHAN BEAUYUHY %, TO IIEPUOL,
1

KoAeOaHUM (PU3UIECKOr0 MassiTHHUKA

T = 2m,/];/mga; (2.6)

Ecanu Iepuon KoAeOaHUM He 3aBUCHUT OT aAMIIAUTYObI, TO TaKHE
KoAeOaHUdg HAa3bIBAIOTCS HN30XPOHHBIMHA. Meg1 B UM, 9TO MaAbI€
KOAEDaHUS CI)I/I?;I/I‘ICCKOI‘O MadTHHKa, C aMHAHTYZ[OfI Imopdaka
HECKOABKHX YTAOBBIX I'paAyCOB M30XPOHHEI.

MATEMATUYECKUU MAJTHUK

MaremMaTH4eCKUN MasgTHUK ABASIETCH YaCTHBIM CAYYaeM
dusnyeckoro MagTHHUKA. Tak Ha3bIBaeTcd MagdTHHUK, BCSd Macca
KOTOPOr0 IIPaKTUIECKH COCpeAoTOoYEHA B onqHOoM Touke. [IpumepomMm
MaTeMaTHU4YeCKOT0 MadTHUKA MOXKET CAY>KUTH IIapUK,
IIOABEIIEHHBIN Ha JAMHHON HUTHU. B cAydyae MmaTeMaTH4eCKOro
MadgTHHKA a; = |, J; = ml?, rme | - manna magaTHuka u popmyaa (2.6)
IIEPEXOIUT B

T =2mn/l/g (2.7)

CpaBHuBag QopMyAbI (2.60) u (2.7) 3akArogaeM, 4To PU3NIECKUH
MadTHHK KOAEOAETCHd TaK 3XKe, KaK MaTeMaTHYECKHUH C JAMHOM

Lip = J1/may (2.8)

KOTOpad Ha3bIBacTCd HpHBCZ[CHHOfI JAUHOMU (1)I/ISI/I‘ICCKOI‘O
MadTHHKAa

T =2m/l,,/8 (2.9)
OBOPOTHBIN ®PU3NYECKUN MAATHUK

[TpuBeneHHasa IAMHA (PU3HMUYECKOT0 MasiTHUKA AETKO HAaXOMUTCS
JASI TaK Ha3bIBAEMOTO 000POTHOTO MagTHUKA. OTAOKUM OT TOYKHU
noaseca "O" Booabs mpsamoii OA otpe3ok OAO;1, IaAMHA KOTOPOTO
paBHa IIPUBEAEHHOHN AAMHE PU3NYEeCKOoTo MasgTHUKa. Touka "O1"
Ha3bIBaeTCd LEHTPOM KadaHUs. LleHTp KkayaHusg MOXKHO
OIIPENEAUTh KaK MaTEMATUYECKYIO TOYKY, B KOTOPOU HAIO
COCPEIOTOYUTH BCIO MaCCy (PU3UUECKOTr0 MagTHUKA, YTOOBI ITIEPUOLT
ero KoAebaHmuil octaacsa 0e3 U3MEHEHHIH.

[TokaxxkeM, 4TO AeHcTBUTEABHO, ecAU Hatinenrs! Touku "O" 1 "O1"
A€KalIlle Ha OQHOU IPsIMOM C TOYKOH 1ieHTpa macc "A" u
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HaXOSIIHECH 10 pa3Hble CTOPOHBI OT TOYKHU "A", TO paccTosHHUE
OO: paBHO l;,, TPUBENEHHON NAMHE (PU3UIECKOTO MAATHUKA, ECAU
TIePHUOIBI KOAEOAaHUS €ro OTHOCUTEABHO OCEH BpallleHUsd,
npoxoaanwmx yepes3 To4ku O u O, OKaXyTCsd OANHAKOBBIMU.

[Tpu KoaebaHUU MasITHHUKA OTHOCUTEABHO ocHu "O" coraacHo (2.6)

Ty = 2m/Jymga; = 21y/(Jo +maf)/mga, (2.10)

a OTHOCUTEABHO ocH "O1"

T, = 2m\/],mga, = 2m/(J, + ma3)/mga, (2.11)

rae Jo - MOMEHT UHEPILIUU T€Aa OTHOCUTEABHO OCH, IIPOXOAAIIEN
4yepes LIEHTP Macc.

BosBoauwMm ypaBHeHue (2A0) u (2.11) B KBagpaT ¥ NIPpUBOAUM K
obmeMy 3HaMeHaTeAlo, rmoaaras T1=Ts

TZ * mga; = 41?(J, + ma?) (2.12)
TZ * mga, = 41%(J, + maj) (2.13)

BLIauTasg M3 IEPBOro yPaBHEHUS BTOPOE, IOAYIAEM
T? » mg(a; — a,) = 4n°m(af — a3); T? = 4n(a; +a,)/g (2.14)

ComocraBasieMm (2.14) u (2,9) Buaum, 4to [, =a; +a, ,YTo U
TpeboBaAOCh JOKA3aTh.

3. SATYXAKOIIIHUE KOAEBAHUSA
B Ar0601#1 peaabHOM KoAeOaTEABHOM CUCTEME BCETIa UMEIOTCSI CHUABI
TpeHUd, NeHCTBUE KOTOPBIX IIPUBOAUT K YMEHBIIIEHUIO SHEPTUHU
cucteMbl. PaccMoTpuM ABUXKEHHE TaKOU KoAeOaTeARHOM CUCTEMBI,
KoTopasi 6bira BhIBEZIEHA BHEIITHUMU CUAAMU U3 COCTOSHUS
paBHOBeCHUS U IIpenocTaBacHa caMol cebe. Takue kKorebaHUs
Ha3bIBAIOTCsI CBOOOMHBIMHU (MAM COOCTBEHHBIMU). OTpaHUYUMCS
paccMoTpeHueM MaAbIX KoaebaHUul Teaa. ByzmeMm cuuraTh, 4TO crAa
TPEHUS MIPONOPIIMOHAABHA BEAUYUHE CKOPOCTH f,, = —rv = —T%,

rae r - KoadpdpuipeHT 3peHusa. C y4eTOM CHABI TPEHUS YpaBHEHHUE
BTOpPOTO 3akKoHa HbloTOHA MMeeT BUL:

mX = —kx — rx (3.1)
12



k r
Hcrioab3ys 0603HAYEHUT W3 = —u 2B = —, TIEPEMUIIIEM ETO

CAEYIOIIUM 0O6pa3om:
X+ 2Bx+ wix =0 (3.2)

EcAau cuaa TpeHUd CYIIECTBEHHO MEHBIIIE CHUABI YIIPYTOCTH, TO
KoAeOaHUs B TaKOM cUCTeMe MOXKHO OIHucaTh PyHKIIHNEH

x = age Pt cos(wt + a) (3.3)

BaTyxarlme KoaeGaHus COBEPIIAIOTCS C YaCTOTOU w = /w3 — B2,
OoTAWYAaoUIeHCcs OT YaCTOThI Mo, KOTOPYIO HA3bIBAIOT COOCTBEHHOM
yacToTol KoaebaTeabHOM cucTeMbl. ['paduk pyukimu (3.3) mad Ha
puc.3.1.

A X

Puc. 3.1

[BuzkeHre Takol KoaebaTeAbHOM CHCTEMBI MOKHO YCAOBHO
paccMaTpuBaTh KaK rapMOHHUYECKoe KorebaHue C 4acTOTOU ® U
aMIIAUTYOOHU a, 3aBUCHIIEH OT BPEMEHU I10 3aKOHY:

a(t) = age Pt (3.4)

CKoOpoCTh 3aTyXaHusd "KoAeOaHUM ONpeneAdeTcs BEAMYUHOHN 3 =

r
7> KOTOPYIO Ha3pIBAIOT KO2(PpPUITMEHTOM 3aTyXaHUS.
BeAI/I‘{I/IHal/B = T [aeT BpeMs, 3a KOTOPOoe aMIAUTYIa KoaeOaHUH

YMEHBIIAETCA B € paas.
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KoAangecTBEHHO CKOPOCTD 3aTyXaHHd OITHChIBA€TCA OTHOIIIECHHUEM
MaKCHUMAaABHBIX OTKAOHEHUH B OMHY U Ty K€ CTOPOHY:

A _2_ 3O _ g (3.5)

a, aj Ca(t+T)

OTO OTHOIIIEHHE HA3bIBAIOT AEKPEMEHTOM 3aTyXaHUs, a €ro
aorapudm — AOTapUPMUUECKUM AeKPEMEHTOM 3aTyXaHU4:

a(t)y 8T (3.6)

=T n

CreneHb 3aTyxaHUs KoreOaHUY MOXKHO OIHCATH TAKKe YHCAOM
KoneOaHul Ne, coBeplIIaeMbIX CUCTEMOM 3a BpeMs, KOTaa
aMIIAUTyda YMEHBIIaeTCcd B € pas3. Ero MoXHO HaliTH Kak
otHoIeHue 1/ T. [lag XapaKTepUCTUKHU KoaeOaTEeABHON CHUCTEMBbI
4acCTO HCIIOAB3yeTCd BEANYHHA

Q=-=mN, (3.7)

>1A

Has3bIBaeMas JOOPOTHOCTBIO KOAEOATEABHOH CUCTEMBI.

4. HAKAOHHBIN MASITHHK
B npenpiaymieM pasaese pacCMOTPEHBI 3aTyXalolle KoaeOaHUs
IIPU HAAUYUH CHUA BI3KOI0O TpeHUs B cucreMme. CyliecTByeT U
APYTOM BHU CHA TPEHUS - 3TO CHUABI MEXKY ITOBEPXHOCTSIMHU ABYX
COITPUKACAIOIINXCS TBEPABIX TEA IIPU OTCYTCTBUU MEXKAY HUMH
KUOKOU MAU ra3000pa3Hod nmpocaoiiku. Takue CUAbI HA3bIBAIOT
CHAaMU CyXOro TpeHHd. B 3aBUCHMOCTH OT XapaKTepa ABUKEHUI
COTIPUKACAIOUIUXCH TE€A APYT OTHOCUTEABHO APyTa PasAndyaroT
TPEeHUE CKOABXKEHUA U TPEeHHe KadyeHUs.
Cyxoe TpeHHe BO3HHKAET He TOABKO IIPU CKOABXKEHUHU OTHOTO TeAa
10 TIOBEPXHOCTHU APYTOT'0, HO ITPU BCAKOM IOTBITKE BHI3BATH TAKOE
CKOABXKEHUE.
B 3TOM cAydae TpeHre Ha3bIBAaIOT TPEHUEM ITOKOS MAU CLIETIACHUS.
[Ipu HAAMYUH CyXOT'0 TPEHHUS TEAO MOXKET HAXOUTHCS B COCTOSHUH
TI0OKOsI, JasKe €CAM Ha HeTo AefcTByeT cuaa f , He mpeBbINIaoniad
MaKCHUMAaABHOT'O 3HAYEHUS CHUABI TpeHUs Iokod frp. Haanume cuabl
TPEHUS ITIOKOSI - XapaKTepHas 0COOEHHOCTh CYyXOTO TPEHUS,
KOTOpPOE He HcYe3aeT IPU O0palleHUN B HYyAb OTHOCUTEABHBIX
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CKOPOCTEH COIIPHKAaCAIOIINXCS II0OBEPXHOCTEH, B IPOTUBHOM
CAy4dae TPEeHHUE SIBAFETCS KUIKUM.

Kak skcnepumeHTasbHO ycTaHOBUA KyaoH (1736-1806), BeanunHa
CHABI TPEHUSI CKOABXKEHUS HE 3aBHCUT OT BEAHMYUHBI
IIAOIIIAIU COIIPUKOCHOBEHUS TBEPABIX TE€A U IIPOIIOPIIMOHAABHA
CHA€ HOPMAaABHOTO AaBAeHUA N, ¢ KOTOPOM OHO TeAO AeHCTByeT Ha

pyToe:
Frp = UN (4.1)

TZie TIOCTOgHHAs | Ha3bIBaeTCs KO3 (PUIIMEeHTOM TPEHUS
CKOABXeHUd. Haan4yue cyxoro TpeHUd IPUBOAUT K U3HOCY AeTaAei
MAalllUH, C HUM IPUXOIUTCH OOPOTHCS.

Hauboaee paauKasbHBIM CIIOCOOOM YMEHBIIIEHUS CHA TPEHHUS
dBAdETCd 3aMeHa TPEHUSI CKOABXKEHHUS TPEHUEM KadeHUs
(imapuxkonogmUITHUKY). [loa TpeHneM KaueHUs TIOHUMAaIOT TPeHUE,
BO3HUKIIIEE, HAIPUMEDP, MEKTY IIapoo0bpas3HbIM UAU
HMUAUHIPHUYIECKHUM TEAOM, KATSIIIIUMCH 0€3 CKOABXKEHUS I10 TTAOCKOH
HAU U30THYTOU IIOBEPXHOCTU. TpeHue KadeHUsT POpPMaAbHO
IIOTYUHSAETCSI TEM K€ 3aKOHaM, YTO U TPeHUe CKOAbXKeHUd. CHUABI
CYXOT0 U BSI3KOT'O TPEHHUH OTHOCATCH K AUCCHUIIATUBHBIM CHAAM, T.€.
K CHAaM, IPU AeHWCTBUHU KOTOPBIX IIOAHAS MeXaHU4YecKas dHeprusd
CHUCTEMBbI YObIBaET, IIePexXo/is B APyTrue, HeEMeXaHu4eCKue (PopPMbl
9HEPTUH, HAIIpUMED, B TEIIAOTY.

PaccMmoTpuM, KaK MOXKHO OLIEHUTH KOAMYECTBEHHO AVCCHUIIAIIHIO
(paccessHME) MEXaHUYECKOH SHEPTHUH KOAEOAIOIIIETOCS TBEPIOTO
TeAa IIPU HAAUYHH CYXOT'0 TPEHUSsI, TPEHUS CKOABXKEHHUS U Ka4eHUd,
C TIOMOIIIHbI0 HAKAOHHOTO MasiTHUKAa. HaKAOHHBIY MadgTHUK
IpeacTaBAsgeT cOO0M IIUAMHAP WAM IIap, IOABEIIeHHBIH Ha HUTH,
TIAOCKOCTB KOA€OaHUST KOTOPOTO MOKET MeHAThCs. O003HaAYUM
YTOA, MEXKIY IIAOCKOCTIMH KOAeOaHU U BepTHUKaAbio 3a 3. B
TaKOM CAy4Yae CHAa HOPMaABHOTO JaBA€HUS IIapa UAU ITUAUHIpPA
Ha IIAOCKOCTbB, II0 KOTOPOM KaTHUTCsS UAU CKOAB3UT, OyIEeT paBHA

N = mg Sin 8 (4.2)
rae m - macca masgTHUukKa Ha ocHoBamu (4.1) umeem

F = pmg Sin 8 (4.3)
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T.€. MEHSIHI YTOA [3 MOXKHO
MEHATH U CUAY TpeHUd. B
3aBHUCHUMOCTHU OT XapakTepa
JABUIKEHUS I'Py3UKa I10
OIIOPHOM ITAOCKOM
L I[IOBEPXHOCTHU TBEPAOU
IIAQCTHUHBI - Ka4€HHUE UAU
CKOABXKEHUE - CHUABI
TpEHUd, AEHUCTBYIOIINE HA
I'PY3UK, OyAYT CyIIECTBEHHO
oTau4datbcd. Ilpu KayeHUHU
CHUABI TPEHUS MaAbl U
MadTHUK OyaeT coBepIllaTh
3aTtyxarlime Koaedbanus. [Ipu
CKOABXKEHUHU rpy3uKa
Puc. 4.1 10 OTTIOPHOM ITAOCKOCTH CHABI
TPEHUS CYILIECTBEHHO
BO3pacTaioT, U ABuxkeHue u3 KoaebaTeAbHOTO MOXKET
I[IPEBPATUTHCA B allepruoAUYECKUN ITpolecc. Paccmorpum
OBUXKEHHE MasiTHUKA IIPU CKOABXKEHUHU ITUAUHAPUYECKOIO
rpy3uKa II0 OIIOPHOM ITAOCKOCTH.
3aK0H COXpaHEHUd 3HEPTUU C YYETOM AUCCUIIATUBHBIX CUA TPEHUS
IpU KorebaHUM MadgTHUKA 3aIllUIIeTCs B BUIE:

([
8

h,

mv? . mv? .
B = mgh, + A‘%‘S; mgh; = B + A%ls (4.4)

rae h; - HadaapHad BbICcOTa rpys3uka (puc. 4.1), h, -
MaKCHUMaAbHad BbICOTA, Ha KOTOPYIO IIOAHUMETCH I'PY3UK 4Yepe3d
T/2. 3nayenue h; u h, M0OXXHO BbEIpa3uTh Yepe3 IAUHY MadTHUKA [
U YTOA OTKAOHEHHUS @ OT IIOAOXKEHUS PaBHOBECHUS.

h,, = 1(1 — cos a) = 2lsin? (%) (4.5)
3 cootHonteHud (4.4) paboTa AUCCUIIATUBHBIX CHA paBHA
ATS + AZ® = mg(h; —h,) (4.6)
[Ipu MaAbIX yTAaX OTKAOHEHHSI MasTHHUKA MOXKHO CUHUTATh, UTO

Sin %/, = %/, (4.7)
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C apyroii cTopoHbI paboTy CHUA TPEHUS MOXKHO HalTH Kak
IIPOU3BENEHUE CHUABI TPEHUS Ha NAUHY IIyTH, IIPOUAEHHOIO TEAOM:

ATS + AS = F Uy + ay) (4.8)

C yuetom dhopmya 4.3, 4.6, 4.7, 4.8 moaydaeM BbIPaKEHUE OAS
9KCIIEPUMEHTAABHOTO 3HAa4YEeHUSI K03 PHUIIMEHTA TPEHUS
CKOABXKEHUS

1 al - az (49)
2 sinf

IR

U

Hcroab3ysl Te 3Ke caMble SKCIIepUMeHTaAbHbIE JaHHbIE MOXKHO
OLIEHUTD CTEIIeHb JUCCUIIAIIUN MEXaHUYEeCKON SHEPTUN MasTHUKA
3a CUYET CHA TPeHUs CKoabxXeHud. Koaddunuent auccunanuu K
MOZKHO ITPE/ICTaBUTh TAKHUM 00pa3oM:

AT +AS hy—h, of —of (4.10)

mgh, h; O‘%

YBeandmuBasi yTOA HAKAOHA OCHU MasiTHUKA [3, MOKHO MEHATDH
Ko3(pduitmentT auccunaimu K nmoutu ot O mo 1. [Ipu HEKoTOpOM
3HAQUEHUU yTAa HAKAOHA Pgp CMEIEHHBIM OTHOCUTEABHO
IIOAOXKEHUS PaBHOBECUM I'PY3UK YK€ HE ABUXKETCH B CTOPOHY
IIOAOKEHUS PaBHOBECHA. ITO O3HAYAET, YTO BO3BpAllAIOIas CUAQ
mg tga cTasa PaBHOU CHAE€ TPEHUH ITOKOH.

PaccmoTpum xapakTep ABUXKEHUI MassTHUKA [IPU Ka4eHUU
HIapyuKa UAU IIUAWHAPA 10 OIIOPHOMN ITAOCKOM ITIOBEPXHOCTU. B 53TOM
CAy4Yae TPy3UK Ha HHUTH COBeplIaeT 00Aee CAOKHOE OBUKEHHE,
KOTOPOE MOXKHO pacCMaTpPUBATh KaK BpalllaTEABHOE ABUXKEHUE
BOKPYT COOCTBEHHOM OCH C YyTAOBOM CKOPOCTBIO w; U
KoAebaTeAbHOE MIBUXKEHHE C YTAOBOM CKOPOCTBIO 0 OTHOCHUTEABHO
ocu noaseca. [luccunanug SHEPTUU B 3TOM CAy4Yae 3HAYUTEABHO
MEHBIIIE, CUABI TPEHUL CLIETIA€HUS BBIHYXK/IAIOT IIIapPUK UAU
LIUAUHAP KaTUTHCS 110 IIAOCKOU OIIOPHOM IIOBEPXHOCTU. B miporiecce
OBUXKEHUS [NOTEHIMaAbHAd SHEPrUs [1€PBOHAYAABHOTO
OTKAOHEHUH OT IIOAOXKEHHS PAaBHOBECHUS T€AA IEPEXOAUT B
KUHETHUYECKYIO S9HEPTUIO ABUKEHHUS I'PY3UKa OTHOCUTEABHO OCH
IIoABeca U KMHETUYECKYIO SHEPTUIO BPalllaTEABHOTO ABUXKEHUS
BOKPYT COOCTBEHHOH OCH.
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3akoH COXPaHEHHA SHEPIUH JAd JAaHHOI'O ABHU2KECHHA MOZ2KHO
IIPEOCTABHUTE B BU/EC

11w2+low%+AdiS (4.11)

mgh ==—+=

34€ECH mgh - IIOTEHIHAABHad OHEPIrud OTKAOHEHHOTI'O IIIapHrKa. ]1
-MOMECHT MHEPIIHH IIapHKa OTHOCHUTEABHO OCH IIOoABECa, W - €ro
yraoBad CKOPOCTHE BpalllEHUAA, ]0 U Wy - MOMEHT MHEPIIUHU U

yrAOBasi CKOPOCTH BpallleHHUs IIIapuKa OTHOCUTEABHO COOCTBEHHOM!
_2 2 _1 2

OCH. [ada mtapuka J, = EmR OASI LIUAUHAPA, Jo = EmR , rme R

- paguyc mapukKa uAu nuAnHapa. Ecau orcyrcrByeT

IIPOCKAAB3bIBAHUE ITPU KAYEHUU U BBINIOAHAETCH YCAOBUE | >> R, TO

w; = wl/R, J; = inl? Torma 3aKoH COXpaHEHMU SHEPTHUU MOXKHO

3alTucaTh Kak

mgh = 0,7ml?w? + A% nas mapuka  (4-12)
mgh = 0,75ml?w? + A4S OAST LUAUHApA  (4.13)

[Tpu BEpTUKAABHOM PACIIOAOKEHHH ITAOCKOCTH KadeHUs MasgTHUKA
(6 = 0) m1apuK UAU ITUAUHAP HE KacaloTcd TBEPAOU ITOAAOKKH.
[IpeHebperasg cuaaMu COIIPOTUBAECHUS BO3ayXa, KOACOaHUS
MasgTHHUKA MOXKHO CYHUTATh COOCTBEHHBIMU C YaCTOTOHU w, =

l/g 3akon

COXpPaHE€HUA SJHEPTHUHU A BEPTHUKAABHOI'O MadTHHKAa MOXKHO
3alticaThb B BHAE

J1 w3 (4.14)

mgh =

YuyutbsiBaa cooTHoleHus 4.12, 4.13, 4.14 noayyaeMm:

0,5ml?w?3 = 0,7ml?w? + A%S gag mapuka  (4.15)
0,5ml2w? = 0,75ml2w? + A%s AL UAMHApPa  (4.16)

CrernieHnb JUCCHUIIallU MEeXaHHUYEeCKOM OQHEPIruu K AAd [TTapHuKa
MO2KHO ITPEACTaBHUTb KakK

_ A% 2(0,5ml*w§ — 0,7ml*w?) _ 40)2 (4.17)
~ mgh ml2w? a " wl
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AHAAOTUYHO OAS LIUAMHIPA
w? (4.18)

2
o)

K=1-1,5

VAn, BeIpazkasi 4acTOTy KoAeOaHUM dyepes Mepuo/I 1o PopMyse w =
2m
—> ToAydJaeM

K=1-14— [AS ITIapUKa (4.19)
2
K=1- 1,4%0 JIASL ITUAMHAPA (4.20)

CremneHb AUCCUIIAIINH YHEPTUH MagTHUKA OyIeT CHABHO 3aBHUCETH
OT yraa HaKAOHA [, TaK KaK IIPH U3MEHEHUU yTAa HaKAOHA
CYILIECTBEHHO MEHSETCHd CHAA HOPMAABHOTO JaBA€HUS IIapa UAU
IIUAUH/IPA Ha OIIOPHYIO ITAOCKOCTb.

[Tpu maawrix B (= 5°) Bca paboTa CHA TPeHHUd KadeHUs AT Ha
Jow?

CO3IaHWE KMHETUYECKOU 3HEPTHUU
A% =0
IIpu maabIxX f:

, T.€. MO2KHO CHHUTaATh, 94TO

w? = %w% vau T = Ty\/1,4 = 1,18T, mas mapa (4.21)
u w?= gwé uau T =Ty4/ 1,5 = 1,22T, pag upuauHOpa (4.22)

5. BBIHYX X AEHHBIE KOAEBAHUSA

OmgHUM U3 caMbIX PACIIPOCTPAHEHHBIX TUIIOB KOACOaHUN SIBASIIOTCS
BBIHYXKIEHHBIE KoAeOaHusa. OHU HaOAIOMAIOTCH KaK B
MeXaHUYEeCKUX KOAeOATEABHBIX CUCTEMAX, TaK U B dAEKTPUUECKUX
U HaXO[dT IITUPOKOE IIPUMEHEHHE B TEXHUKE. B HEKOTOPBIX
CAyYasiX BbIHYZKIIEHHbIE KOA€OaHUA IBASIIOTCS HEXKEAATEABHBIMU U
OT HUX HEOOXOAHUMO HU30aBASITHCS.
BbIHY>K 1€ HHBIMU KOA€OaHUIMH Ha3bIBAIOTCA TaKue KoaebaHud,
KOTOpPbIEe BO3HUKAIOT B KOAEDOATEARHOM CHCTEME MO AeHCTBHEM
TIEPUOANYECKH U3MeHsomIeica cuabl f(t) = Fycosa
PaccMoTpuM ABUXKEHUE TPy3UKa MacChl m Ha IIPYKUHE C
K023 (PUITMEHTOM KECTKOCTH K. YpaBHeHUe ABUKEHUS MOXKHO
3arucaTthb B BUIE:

mX = —kx — rx + F; cos wt (5.1)
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TIIE —TV = —I'X CHAQ BI3KOTO TPEHUS. DTO yPABHEHHUE MOKHO
IIPUBECTH K BUAIY:
X+ 2Bx + wix = f cos wt (5.2)

TZie BBEIEHBbI CAeAyIONIHEe 0003HAYEHUSI:

k

F,
2 — , 268 = _0
®o m B m

r
m’ fo =
YpaBHeHuUe (5.2) mpeacTaBageT COO0H HEOMHOPOIHOE
auddepeHIasbHOe ypaBHeHue. 3BecTHO, 4TO 00liiee perleHre
HeogHOpoaHOTo AuddepeHIINaAbHOTO YPaBHEHUS PaBHO CyMMe
o0111eT0 pelIeHUs OJHOPOMHOT0 YPaBHEHUSI U YaCTHOTO pPeIleHNs
HEOIHOPOAHOTO ypaBHeHUsI. OTHOPOAHOE YpaBHEHUE:

%+ 2B%x+ wix =0 (5.3)

KaK HU3BECTHO, OIIHMCBhIBACT 3aTyXarolluec KoAebaHUd B CUCTEME U
€I'0 PELIICHHUEM ABAAETCA (1)YHKI_U/IHI

x' = ape Pt cos(w't + ) (5.4)

rme o =, wi—Pp%, a ayud — HEKOTOPBIE TPOU3BOABHBIE
TIOCTOSIHHBIE, 3aBUCSIIME OT Ha4aAbHBIX YyCAOBU. Hamo HadiTk
JacTHOE (T. €. coziepkalliee IPOU3BOABHBIX IIOCTOSTHHBIX) PEIIeHUe
HEOTHOPOMHOTO ypaBHeHUd. ECTeCTBEHHO ITPEaITOAOKHUTE, YTO OHO
HUMEET BU/]

x(t) = acos(wt — @) (5.5)

TZle a aMIIAUTYIa BBIHYKIEHHBIX KOA€OAHUH, ¢ CABUT pa3 MEXKIY
CMEIIeHUEM I'Py3UKa U BBIHYKAAIOLIEN cUabl. AuddepeHnupyd

dyHKIHIO (5.5) OAUH U ABa pa3a IIOAYYUM COOTBETCTBEHHO:

2Bx = —2wasin(wt — @) = 2facos(wt —p + w/2) (5.6)
X = —w?a cos(wt — @) = w?acos(wt— @ + ) (5.7)

TpeTbe caaraemoe B A€BOM 4aCTU ypaBHEHUHI(S.2) UMeeT BU!
w3x = wiacos(wt — @) (5.8)

TakuM obpa3zoM, f, coswt IBAIETCH CyMMOH Tpex KoarebaHUM ToH
K€ 4aCTOThbl w, OIIUCBhIBAEMBIX YpaBHEHUSIMU (5.6), (5.7) u (5.8),
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npuyeM KoaebaHue (5.6) cMelleHo o dpa3e OTHOCUTEABHO (5.8) Ha
n/2, a (5.7) Ha .

CaozkeHUe TpexX rapMOHUYECKHUX KoaebaHui (5.6), (5.7) u (5.8)
MOKHO BBITIOAHUTH METOZIOM BEKTOPHBIX AHUATrPaMM.

CoraacHo 3TOMy MeTony KoaebaHMe n300paskaeTcss B BUIE
BpalllalolIerocd BEKTOpa, Paauyc KOTOPOTO paBeH aMIIAUTY/],
KoAebaHUS , a yrAOBasd CKOPOCTh — ITUKAMYECKOM 4acToTe.
[TOCKOABKY 9acCTOTBI BCEX TPEX KOAEOaHUH ONMHAKOBEI, BO
Bpalammneicd cucreMe oTcyeTa 3TU KoarebaHua OyayT
n300paXkaThCd HEMOABUKHBIMHU BeKTOopaMu 1, 2, 3, KOTopkIe
COOTBETCTBYIOT KoAaebaHUusaM (5.8), (5.6) u (5.7). B arobott MmoMeHT
BpeMeH cyMMa AeKTOpPOB 1, 2, u 3 moAKHAa ObITH paBHA BEKTOPY 4.
W3 BeKTOpHOU AuarpaMMbl HAXOAUM, YTO 3TO BO3MOIKHO IIPU
YCAOBUH:

2 4
-
2Pwa |
|
|
|
hf |
|
|
|
|
|
|
|
K o ,
w?a (wi — w?)a wia
Puc. 5.1
(0§ — w?)?a? + 4p*w?a® = f¢ (5.9)

OTcroga MOXKHO HaUTHU aMIIAUTYAY BBIHYKIEHHBIX KoAeOaHUH

fo (5.10)
@t — o7 T 4w

o= Q(w) =

13 BCKTOpHOfI AarpaMmMbl MO2KHO ITOAYIHUTDH TaK>K€ COOTHOIIIECHHE
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Takum obpazoM, cooTHoureHue (5.10) u (5.11) moAHOCTHIO
OIIPEOEASIOT YaCTHOE PeLIeHUE (5.5) HEOHOPOLHOTO
audpdepeHINaABHOTO YPaBHEHUL:

x(t) = Jo cos (wt — arct 2'B—w> (5-11)
_\/(w(z, — w?)2 4+ 4p2%2w? gwg — w?

OOG111ee pelreHUe HEOJHOPOTHOIO YpaBHEHHd (S5.2) UMeeT BU/L
Xoow = X' +x

CobOcTBeHHbIE KOAEOAHULI B CUCTEME, OIIUCHIBAEMBIE CAATA€EMbBIM X',
3aTyXaloT CO BpeMEHEM I10 SKCIIOHEHIIMaAbHOMY 3aKOHY, TaK 4YTO
caaraeMoe X' UT'paeT 3aMbITYIO POAb AHIIIb B HAYaABHOM CTauH
npotiecca. Ha puc.52 npeacraBaeH Bua pyHKIUHU X(t).

A x |

—_ - —_———— =

v

I
I
|
|
N\ |
I
I
I
|
I

~ L N
I
I

[lepexoaHbBIN peXUM X =X
X =x +X
Puc. 5.2

PESOHAHCHELIE KPUBLHIE

3aBHUCHUMOCTb aMIIAUTYAbI BEIHYKAECHHBIX KOTIAHUM OT 4aCTOThI
BBIHYZKIAIOIIIEN CHUABI IIPUBOAUT K TOMY, YTO IIPU HEKOTOPOH
OIIPEEAEHHOMN A JAHHOW CUCTEMBI 4aCTOTE aMIIAUTyAa
KOA€OaHUHN MJOCTHUraeT MAKCUMAABLHOIO 3HAa4YeHUd. [Iad

22



ompeeAeHUS PEe30HaHCHOM YacTOThl HEOOXOIUMO HAUTU
MaKCUMyM (QYHKIITUU

. (5.12)
Q(w) = -
V(@§ — w2)? + 4p%w?
T.e. MUHUMYM byHKIMH (0i — w?)? + 4% w?
[TpomucddepeHIIUPYEM IO @ U IIPHUPABHIEM K HYAIO:
—4(w3 — w?)?w +8B%w =0 (5.13)

YpaBHeHue (5.13) uMeeT TpU pellleHud

(l)1=0

(5.14)
Wy3 = i"wg —2p2

[lepBoe pelieHHEe COOTBETCTBYET MAKCHUMyMYy 3HAMEHATEAd B
dopmyae (5.13). U3 aByx APYTUX pelieHUud PU3UUEeCKUN CMBICA
HMeEEeT TOABKO ITOAOKUTEARHOE pelleHue. TakuMm obpazom

5.15
wp = /a)g—Z[)’Z (515

3aBuUCHUMOCTS (5.12) aMIIAUTYAbI BBIHYKAEHHBIX KOoAeOaHUM OT
qyacToThl Q(w) m300pazkeHa Ha pHUC.5.3, ee 0OOBIYHO HA3KIBAIOT
aMIAUTYIHOM pe3oHaHCHOM KpuBoH. [Ipu masom KoadpcpuiieHTe

A .81 T %

a

wpe31 Wo

Puc. 5.3 Puc. 5.4
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3aTyxaHUs [ pe3oHaHCHas KpuBas UMeeT 00oAee OCTPBIH
MakcuMyM. [Ipu masom 3atyxanuu (f <K w,) aMIIAUTyOA [IPU
pe3oHaHce OyaeT paBHaA

. = fo (5.16)
* 28 Jw? —2p2

Pazngeaum 5TO BhIpaxke€HUE Ha CMEIIEHUE TPy3UKa IIOCTOSAHHOMN
CHUABI

Qp fo wi w, 2 m (5.17)
xo 2Bwy fo _2[>’_2,8T_A_Q
Fne BT = A — aorapudmMuydeCcKUu JeKPEMEHT 3aTyXaHUsd. TakuM
o0pa3oM, MOOPOTHOCTE KoAeDbaTeAbHOM cucTeMbI Q MOXKHO
OIIPENEAUTH KaK OTHOIIIEHUE aMIIAUTYAbl CMEIIEHHUS IIPU
PE30HAHCE K CMELIEHUIO IO AEUCTBUEM IIOCTOSIHHOMN CHABI.
BoeiHy>k1eHHbIE KOA€OaHUSI OTCTAIOT 10 pa3e OT BbIHYKIAIOIEH
CHUABI Ha @, IPUYEM 3TO CMEIIEHUE 3aBUCUT OT 4aCTOThI U
onpeneaseTcsa popmyaoit (5.11). 'paduk 3TOr0 COOTHOIIEHUS
IpeACTaBAE€H Ha puC. 5.4 ¥ Ha3pIBaeTcd a30BOM pe30HAaHCHOM
KPHUBOM.

6. SKCIIEPHMEHTAABHASA YACTDH

6.1. OIIPEAEAEHHE YCKOPEHHS CBOBOAHOTI'O ITAAEHHUSA
C ITIOMOIITBIO OBOPOTHOT'O H MATEMETHYECKOTI'O
MASITHHUKOB

OKcrepuMeHTaAbBHOE OIpeaeAeHHe YCKOPEHUs CBOOOTHOTO
HaICHUA OCYLIECTBAIETCS C IIOMOIIBI0 YHUBEPCAABHOT'O MasITHUKA
FRM - 04, ob1uii BuA KOTOPOTO IMOKa3aH Ha puc. 6.1.1. Ha
BEPTHUKAABHOU CTOMKE OCHOBAHHS 1 KPENMUTCS KPOHUITEWH 2,
KOTOPBIM UMEET BO3MOXKHOCTD ITIOBOPOTa BOKPYT CTOMKHU Ha 360°. C
OOHOUW CTOPOHBI KPOHUITENHA 2 NOABEIIIEH MaTeMaTUIECKUU
MasTHHK 3, a ¢ APyro¥ - Pu3ndYeCKUii 000POTHBIN MasTHUK 4.
PHU3NYIECKUH 000POTHBIN MadgTHHK IIPEACTaBAsIeT COO0H CTaABHOM
CTEpP2KEHb S C AByMS Ipy3aMu 6, IOABEIIEHHbBIN HA OIIOPHOHU
npusMe. CTepKeHb S UMEET KOABLIEBbIE ITPOTOYKM, HAHECEHHbBIE
yepe3 10 MM, KOTOpPbIE CAYZKAT OAS HAEXKHOM (pUKCcAIIUU I'Py30B U
OIIOPHBIX IIPU3M, & TAKXKE AL OTCUYETA PACCTOSHUAMU MEXKIY
HUMH.

DOTOIAEKTPUYECKUN OATYUK 7, [I03BOAIET U3MEPUTH BPEMSI
BBIOPAaHHOI0 3KCIIEPUMEHTATOPOM YHCAA KOAEOAaHUM C TOYHOCTBIO
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10 0.001 cek. C 3TOM 11€ABIO JATYUK yCTaHABAUBAETCA Ha TaKOU
BBICOTE, YTOOBI KOAEOAIOIITUHICH MasTHUK IIPU CBOEM JIBHXKEHUU
IIEpPEKpPbIBaA AydY cBeTa natduka. [Ipm Haxkatun kHonku "[lyck"
Ha4YUHAaETCHd OTCYeT BpeMeHHU. YToObI JaTUYHUK 3apUKCHPOBaA
BpeMsi, cooTBeTCcTBYIOIee 10 KorebaHUAM, HEOOXOAUMO HaxKaTh
KHomKy "CTorm" Korza Ha IU(PPOBOM HUHAUKATOPE YHCAA IIEPUOIO0B
nogaBuTcd 1udpa "9".

Hcrioab3oBaHME MaTeMaTUYECKOTO U (PU3NYECKOTO MagITHUKOB
OCHOBAaHO Ha TOM, YTO IIEPHUO] UX KOAEOAaHUN ITPU MaAOH UX
aMnAuTyae (6°— 8°) 3aBUCHUT TOABKO OT IAWHBI MasiTHUKA U
YCKOPEHHUS CBOOOHOIO ITaAeHUSs, TO3TOMY MOXKHO C XOpOoIleH
TOYHOCTBIO HAXOANUTh 3HAYEHUSI YCKOPEHUsI CBOOOMHOTO MMaeHUsd

./ 3

[ d|
(v \v
Puc. 6.1.1
g = 4m?l/T? — pasa caydad MaTeMaTHYECKOTO MasgTHHKA (6.1.1)
g =4n®l,,/T? — naa HU3NIECKOro MasTHHKA (6.1.2)
rae l,, — IpUBeIeHHAas JAMHA (PU3UIECKOTO MasTHHKA.
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H3mMmepeHnre 1 o0paboTKa pe3yALTATOB.

[as pacyeTa yCKOpeHUsI CBOOOMHOTO MTageHud HO popmyae (6.1.2)
HeoOXOAUMO HAaUTH NPUBEAEHHYIO JANHY (PU3UYECKOTr0 MasTHUKA
U COOTBETCTBYIOINH 3TOMY Iepuod KoarebaHmM. [lag orrpeaeAeHUs
3TUX BEAUYUH HUCCAEQYETCS 3aBUCUMOCTD IIepUosia KoaeOaHUH
MasTHHKA B IIPSIMOM (YCAOBHO) U IepeBepHyTOoM Ha 180 rpaaycoB
IIOAOXKEHUU MadTHUKA IIPU U3MEHEHUU [TOAOXKEHUL ITOABUKHOTO
rpy3a 1 (cMm. puc. 6.1.2)

Puc. 6.1.2

B HayaabHOE ITOAOXKEHUHU ITOABUKHBIN I'py3 1 pacroaaraercd y
OIIOPHOM IPU3MEI 2. MasgTHUK ycTaHaBAUBaeTCs B pabouee
TTIOAOZKEHME Ha YCTAaHOBKE U OTKAOHSIETCS Ha HEOOABIIOHN yTOA (5°—
8°). OrcueT yncaa KorebaHUM n U BpeMeHHU, 3a KOTOPOe 3THU
KoAeDOaHUs coBepIllaoTCs t HAUWMHAIOT, IpornycTuB 8 — 10
HadYaAbHBIX KoaeOaHui. [1o n3aMepeHHBIM BeAUYHHAM
paccuuThIBaeTCs nmepuoa Koaebanuit t = t /n. 3aTreM MagTHUK
nepeBopauyuBaroT Ha 180° u TakKe U3MePSIOT IIePUo KOAeOaHUH.
IIocae aTOro rOABUKHEIN I'py3 1 ycTaHABAUBAETCHd B HOBOE
IIOAOKEHUE U U3MEPEHUS ITOBTOPAIOTCS. 110 MOAyY€eHHBIM JaHHBIM
CTPOUTCS 3aBUCUMOCTD ITepuoga Koae0aHUY MadgTHHUKA B IIPSIMOM U
IIEPEBEPHYTOM IIOAOKEHHUHU OT BeAWYUHBI X. HaxoaaTt Touky
IepecedeHus AByX AMHUN Ha rpauke U COOTBETCTBYIOIINHN 5TOH
Touke nepuon T,. [To popmyae (6.1.2) paccUUTHIBAIOT YCKOPEHUE
CBOOOIHOTO ITaecHUd.
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[Tocae sKCIIEPUMEHTOB C OOOPOTHBIM MasiTHUKOM KPOHIUITEHH 2
IIOBOPAYUBAIOT U YCTAHABAUBAIOT B pabouee IMOAOKEHUE
«MaTeMaTHU4YeCKUN MadgdTHUK». I3MepuB [AMHY MadTHUKA 1 U
nepuoa Koaebauuit T, mo popmyae (6.1.1) paccuuTeIBaIOT
YCKOpeHHe CBOOOIHOTO NaaeHus g.

KoHTpOABHBIE BOIIPOCHI

1. Ucrioab3yd 3aKOH AUHAMUKU BpallaTEAbHOTO ABUKEHUS
[IOAYYUTH YPaBHEHNE TrapMOHHUYECKOTO OCITUAASTOPA.

2. IToayuuTh POopPMyAy IAS IEpHUOaa KOAeOAHUH MaTeMaTHYEeCKOTr0O
MadgTHUKA U3 (POPMYABI IAs IIeproaa KoaebaHuM PpUu3nIecKoro
MasTHHKA.

—_—

— —>

3. Kak ompeneAsroTcs HallpaBAEHHS BEKTOPOB (@, ¢, @, M, oHn
B3aUMOCBI3aHbI?

4. Yro Takoe nmpuBeleHHad JAMHA (PU3NYECKOT0 MadgTHUKA?

6.2 H3YYEHHE 3ATYXAIOIIHUX KOAEBAHHUH

[As1 ccaeTOBaHUS 3aTyXaIOMIUX KOA€OaHUH UCIIOAB3YEeTCS
yCTaHOBKA YHUBEPCaAbHBIM MagTHUK FPM-04 ¢ HECKOABKO
M3MEHEHHON KOHCTPYKIMeH pusmdyeckoro MagarHuka. O6Lmi Bu,
YHHUBEPCaABHOTO MadTHHUKA II0OKa3aH Ha puc. 6.2.1

OcHoBaHMeE 1 OCHAILIEHO PETYAUPYEMBIMH HOPKaMU, KOTOPbIE
IIO3BOALIOT YCTaHAaBAUBATh OCHOBAHUE B FOPU30OHTAABHOM
IIOAOXKEHHWU. B OCHOBaHUHM yCTAaHOBKHU 3aKpEIIACHA BEPTUKaAAbHAA
CTOMKA 2, Ha KOTOPOH YKPEIIACHBI BEPXHUUN KPOHIITEHWH 3 U
HUXXHUMN KPOHIIITENH 4 C POTOSAEKTPUIECKHUM OATUYUKOM O.
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\ 6
Puc. 6.2.1
| 9
4 5
h |_| /I/ 10
11
2 //
[\ :
l /]
\ \V

dusnyecKkuii MagTHUK BBIIIOAHEH B BUE CTAABHOTO CTEPXKH4A 6, Ha
KOTOPOM YKPEIMAEHBI OTIOpHAasI pu3Ma 7, JOTIOAHUTEABHBIN I'py3 8
U IIAAQCTHUHKA U3 OIOPAAIOMUHUL 9 nAd YBEAUYEHUS CHA
COIIPOTHUBAEHUS, T.€. AL TIOAYIEHHUS OBICTPO 3aTyXAaIOIIIHUX
KoaebaHu. C 11oMOINbIO ITKaAbl 10 MOKHO OIIPEeaeAdTh CMEIIeHUS
MasTHUKA IIOCAEIOBATEABHO 4YepPe3 KaxXKAbIU IIEPUOL a, Ay, d3z U
T.[. U IO HUM pacCuUuTaTh AeKPEMEHT, a 32 HUM AOTapU(PMUIeCKUH
JEKPEMEHT.

CurHaa ¢ pOTO3AEKTPUYECKOTO AAaTYHUKA S IIOCTyIIaeT Ha
MHUAAUCEKYHIAOMED 11, KOTOPBIN ITO3BOAIET U3ZMEPATH YUCAO
KoAeOaHUH n (YUCAO IEPUOI0B) U ITOAHOe BpeMs t. [To aTum
JaHHBIM MOXKHO paccyuTaTth nepuon koaedbauuii (T =t / n).

H3mMmepeHne u o0paboTKa pe3yALTATOB.

[Tepen HawasoM paboThl HEOOXOAUMO IPOBEPUTD: ITPABUABHO AU
YCTaHOBAEHA OIOpHad IIpHU3Ma Ha BEPXHEM KPOHIIITENHE,
COBIIQIAET AU IIOAOXKEHHUE YKA3aTeAd CMEIIEHUN C HYAEBOU
OTMETKOM HIKaAbl. 3aTeM MadgTHHUK OTKAOHSIOT 10 MAaKCHUMAaAbLHOTO
TI0AO3KEeHUd 110 11Kase 10 u oTyckaroT. MadTHUK OyaeT CoOBepIlaTh
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3aTyxarole KoaebaHusl, B IIpollecce KOTOPhIX HEOOXOIUMO
U3MEPSITh MAKCUMaAbHbIE 3HAYEHUS II0CAEI0OBATEABHBIX
OTKAOHEHHH B OJTHY U Ty K€ CTOPOHY a;, a,, a3 U T.A. [Io KOTOpPhIM
pacCcYuUThIBaETCHd AEKPEMEHT 3aTyXaHU:

_ 1, — 2, — 4
Kl—_, Kz—_, KB—_I/IT.I[.
az as Ay

Haxoagutca cpenHee 3HadyeHre K U pacCYUuThIBaAEeTCd
ArorapuPMUUYECKUN IeKpeEMEHT 3aTyXaHusd A, 1o dopmyae (3.7 )
paccuutbsiBaeTcsd Q . [JJo6bpoTHOCTE KoaebaTeAbHOM CUCTEMBI MOKHO
onpeneAuTsb, uamepss Ne. [Ias 3TOro HEOOXOIUMO BKAIOYUTH
MHAAUCEKYHIOOMED U OATh €My IPOTPETHCI 3 — S5 MUHYT. 3aTeM
OTKAOHUTH MasTHHUK [0 MAKCUMaABHON OTMETKHU 110 InKaae 10 u
OTIIyCTHUTH €r0o, HaxkKaB KaaBully "[lycK" OfHOBpPEMEHHO.
HeobxoauMo U3MEPUTHh YHUCAO KOAEOAHUH Ne , IIOCA€ COBEPIIEHUS
KOTOPBIX CMEIIIEHHE MasgTHUKA OTHOCUTEABHO HadaAa IITKaAbI
YMEHBIIIUTCS B € pa3 (oo cuenuasbHOM oTMeTKHU Ha mikaae* 10). Ilo
dopmyae (3.7) paccuuTbIiBaeTCs JOOPOTHOCTD ( ,
AOTapUPMUYUECKUN NEKPEMEHT 3aTyXaHHUs. MICIIoAb3yd IToKa3aHUSI
MUAAUCEKYHIOMEPA, PACCUYUTBIBAIOT IIEPUO KOAeOaHUH:

T_t
_Ne

dopmyay (3.5) MOKHO HUCIIOAB30BaTh A pacdeTa KoaduilneHTa
3aTyxaHusd [, purypupyromero B tuddepeHIInasbHOM
ypaBHeHUU. B KauecTBe J3KCIEPUMEHTAABHBIX  PE3YALTATOB
paboTbl HIPUBOAATCH AEKPEMEHT 3aTyXaHUd, AOTaPUPMUIECKUHN
JeKpeMEHT, KO3(PPUIHMEHT 3aTyxXxaHud f U JOOPOTHOCTDH C yIEeTOM
IIOTPEITHOCTEN SKCIIepUMEHTA.

KOoHTpOABHEIE BOIIPOCHI:

1. BeiBectu nudpdepeHIInasbHOE YpaBHEHHE OAS 3aTyXaIOIIUX
KOAEOaHUMH.

2. KakoBo pellleHre 3TOro ypaBHEHUS B aHAAUTUYIECKOM
IIPEeACTABACHUH U rpaUiecKoM BHUE?

3. YeMm oTAMYAIOTCSA 3aTyXaloIre KoAeOaHUS OT He3aTyXaroIIHUX
FapMOHHUYECKHUX KOAEOaHUH?
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4. [1aTp oIpecA€HUE BEAUYNHAM, XapaKTEePU3YIOIIIUM
3aTyxarolme Koae0aHUus: IeKPEMEHT, AOTaPUPMHUIECKHUH
JEKPEMEHT, MOOPOTHOCTD.

6. 3 HSYYEHHE CYXOr'o TPEHHSA C ITOMOIIIBIO
HAKAOHHOI'O MAATHHKA

OKcrepuMeHTaAbHAs YaCTh PabOThI BBIIIOAHSIETCS Ha CTaHOAPTHOH
yCTAaHOBKE, B Ka4eCTBe KoAeOaTeAbHOU CHUCTEMBI UCIIOAB3YETCSI
rpy3uK Ha HUTU. [loroKeHUE CTOMKU MasiTHUKA MOXKET
U3MEHATHCSI OT BEPTUKAABHOTO 10 TOPU30HTAABHOI'O, YTOA HAKAOHA
f ompeneaseTcs II0 COOTBETCTBYIOIIEH IIKAA€, HAXOOAIIEUCS Ha
IIpaBOM CTOPOHE YCTAaHOBKH.

[To mKase pacroAOKEHHOM Ha AHUIIEBOM CTOpPOHE IIpubopa,
OIIPENEASIETCH YTOA OTKAOHEHHS MadTHHUKA OT IIOAOKEHUS
paBHOBecHsI @ B Ipolecce koarebanus. C moMoIpsio poTomaTdyuKka
U MUAAUCEKYHIOMEpPA OIIPeAeAsdeTCs IIepPHuoa KOAeDaHUH.
YcraHoBKa cHaOxKeHa HaOOpOM IPy3UKOB: IIAPUK U ABa IIUAUHAPA,
OIVH M3 KOTOPBIX KPEITUTCHA TAKHUM 00pa3oM, 4TO B IIPOIlecce
KoAeOaHHUSI OH CKOAB3UT 10 OIIOPHOM ITAOCKOCTH, BTOPOH —
KaTUuTCd.

Samauue 1.

1. [ToBecuTs Ha HUTU MadATHHUKA MUAUHAP TaK, YTOOBI OH MOT
CKOAB3UTD I10 OTIOPHOM IMAOCKOCTHU (CMeHHasd IIAACTUHKA U3
JaHHOTO MaTepHaaa).

[To mKase Ha OOKOBOM CTOPOHE YCTAHOBKHU YCTAHOBUTDH YT'OA
HakKAOHa [; = 5°.

2. OTKAOHUTHL MAasaTHUK Ha yroAa a; = 10° u npenocTaBUTH
TPY3UKY

BO3MOYKHOCTD JIBUT'ATHCS.

3. Ilpu ogHOM U TOM XK€ a; U3MEPHUTH He MeHee S pa3 a, U HalTHu
cpenHee 3Ha4YE€HUE.

4. Paccuurath KOO PUITUEHT TPEHUS CKOABXKEHUS U
KO2(PUIIHMEHT AUCCUIIAIINN SHePTUHU 1o popmyaam (4.9 ), (4.10).
S. BeITOAHUTE NTIEPEYUCAECHHBIE BBIIIIE U3MEPEHUI OASI YTAOB
HakaoHa [=10°, 15°, 20° u T. 1.

6. ITocTpouTh 3aBUCUMOCTb KO3(pPUIIUEHTA AUCCUTIAIIUU OT yraa
HakAoHa. PaccunTatTh KOOPUITUEHT TPEHUS CKOABXKEHUMN JIAS
Pa3AMYHBIX YTAOB HAKAOHA.
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3aganue 2.

1, [ToBecuTh HA HUTU LIUAUHAP, KOTOPBINM MOKET KaTUTHCS I10
OIIOPHOM ITAOCKOM ITAACTHHKE.

2. YcTaHOBUTE YyToA HakAoOHA ff = 0 Tak, 4TOOBI ITUAUHIP HE
KacaACsd OIIOPHOM ITAOCKOCTH.

3. BKAIOYHUTE MHUAAUCEKYHIOMED U U3MEPUTH BpeMs 10 KoaebaHUi,
paccuuTath nepruon Ty cp.

4. YcTaHOBUTH YTOA HAKAOHA ff = 5° 1 U3MEPUTH IEPUOL
koaebauull T naa 3amanHoro . [IpoBepuTh CIIpaBeIAUBOCTD
cooTHouieHUud (4.22) gag masoro p. OIEHUTH 3HAYEHUE
KoadpunmeHTa guccunanuu mno gopmyae (4.20)
5. Mensga yroa f 4depes 5° U KaxXabpId pa3 usmepds nepuon T
KoAeOaHUM, paccuuTaTh KOAQMUIIUEHT AUCCHIIAIIUYU U [TOCTPOUTD
3aBUCHUMOCTE K(f).

a,—

6. Ilo popmyae u = a_az paccuutaTh KO3((PUIINEHT TPEHUT
1

KadyeHUs A Pa3AUYHBIX yrAoB ff. ComlocTaBUTH C
KO3(pPUITMEHTOM TPEHUS CKOABXKEHUSI.
7. Takue ke U3MepeHUsd BBITIOAHUTD [IAL IIIapUKa.

KOHTpOABHEIE BOIIPOCHI:

1. BeiBectu popMyay nast KoopPHUIIMEHTA TPEHUI CKOABXKEHUS.
2. Yto Takoe Ko3pPUITHEHT AUCCUTIAITUU P

3. B uem oTAnYHMe CHA BSI3KOTO U CYyXOT'O TPEHUS?

4. PaccMmoTpeTh nmpeobpa3oBaHue SHEPTUHN IPU KoAeOaHUIX
MadTHHUKA C YY€TOM KadeHUs Ipy3HUKa I10 OIIOPHOM ITAOCKOCTH.

5. Ilpoanaau3upoBaTh CIIpPaBEOAUBOCTE (POPMYA JAS pacdeTa
Koo dumreHTa TpeHud U KooppUuIleHTa JUCCUIIAIIUU B cCAydae
00ABIINX YTAOB [f, KOT/Ia TPY3UK HE JOXOAUT A0 IIOAOKEHUS
paBHOBecUd a, < 0.

6.4 U3YYEHHE BBIHYXIEHHBIX KOAEBAHHH

JAst n3yueHus: BBIHY2KIEHHBIX KoA€OaHUH HCII0OAB3YETCs YCTaHOBKA
FRM-13 u3 cepuu Aab0paTOPHBIX YCTAHOBOK I10 MEXaHUKeE.
Hccaempyemoit KoaebaTEABHOM CHCTEMOM IBASIETCS T'PY3UK Ha
CTep3KHE, COBEPIIAIONINY KoAeOaHUd B BEPTUKAABHOU ITAOCKOCTH.
Ha crepskeHb C I'py3UKOM OEUCTBYET IIEPUOANYECKU MEHAIOIIATICA
BBIHYZK/JaIOIlad CUAQ, KOTOpad CO34aeTcd YCTPOUCTBOM,
coZiep3KalllM SAEKTPOABUTATEADb, IKCIIEHTPUK, CTEPIKEHD C
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KpenexkHoU CKoOOoM u nmpy:KuHaMu. Bropble KOHIIBI IPYKUH
PUKPETIACHBI K CTEPKHIO I'py30oM. C IIOMOIIBIO 3TUX HIPYKUH U
CO30A€eTCsI MEHSIOIAsCH 110 TaPMOHUYECKOMY 3aKOHY
BBIHYKarolllad chuAa. AMIIAUTYAY BBIHYXKIAKOIIEN CUABI MOXKHO
H3MEHITH 34 CYET U3MEHEHUId BEANYHHBI CBA3U MEXKAY ITPUBOIHBIM
YCTPOHUCTBOM U KoAeOATEABRHOM cUCTeMOM. BeanynHa CcBA3U
PETyAUPYETCH IIyTEM CMEIIEHUS MECTa KPEIIACHUS NPYKUH. [lag
ompeaeAeHUsd aMIIAUTyda KoaebaHuM pubop CHaOXKeH IITKAaAOH B
auamnasoHe ot 0 mo 30° . i3aMepuTeAbHBIH OAOK ITO3BOASIET
U3MEePATh YUCAO KOoAeOaHUH U BpeMs, 3a KOTOPOE 3TU KoAeDaHUd
COBEPIIUAUCE. [I0 3TUM AaHHBIM pacCUYUTBHIBAETCH IIEPUOL
koaebaHutt T =t/n uam yacrora f= 1/T = n/t.

B niporiecce BbITToAHEHHUS pabOThI HEOOXOAUMO IIOCTPOUTH
PE30HAHCHYIO KPUBYIO HA OCHOBE U3MEPEHHBIX aMIIAUTYIbI
KoAeOaHUM ¢; U COOTBETCTBYIOIIEH 4YaCTOTHI f;, T.€. IO
9KCIIEPUMEHTAABHBIM JJAaHHBIM ITOCTPOUTH I'paduK PYHKIIUU @(f).
H3MepeHusa MpoBOAATCH caeaylonmm obpasoM. [lepesn
BKAIOYEHHEM YCTAaHOBKH HEOOXOOUMO PYKOSTKY "JacroTa
KoAeOaHUM'" TTOBEPHYTH 10 yIIOopa IPOTUB YaCOBOM CTPEAKH, ITO
3HA4YUT, YTO ABUTATEAb BBIKAIOYEH. [locae BKAIOYUEHUA YCTAHOBKU
HEOOXOAUMO BKAIOYHUTH SAEKTPOABUTATEAD U YCTAHOBUTH MAAYIO
JacToOTy KoAebaHU, U3MepUTh Iepuod 1 yacToTy. [Tocae Toro, kak
KoAeDaHUS CTEPIKHS C TPY30M YCTAHOBATCS HAI0 ONPENEAUTH UX
aMIOAUTYAY @;. 3aT€M 4acCTOTy YBEAHMYHBAIOT U CHOBA IMOBTOPHIOT
nu3MepeHus. A ITOCTPOeHUs PE30HAHCHOH KPUBOM HEOOXOIUMO
IOAYYUTH He MeHee 10 — 12 sKCcrepuMeEHTAABHBIX TOYEK.
OcobeHHO TIIATEABHO ITPOBOAATCH U3MEPEHUS BOAN3U
PE30HAaHCHOM YaCTOTHL.

[To pe3oHaHCHOM KPUBOH HEOOXOIUMO OIIPEAEAUTDH JOOPOTHOCTD
KoAebaTeAbHOM cucTeMbl. CreAaThb 3TO MOKHO ABYMS CIIOCOOaMU.
[To mepBOMY criocoby u3MepsieTCsd aMIIAUTYAa [IPU Pe30HaHCe U
yraoBoe cMmeleHue rnpu f —> 0. B coorBeTcTBUM ¢ popMmyaoii (5.17
) OTHOIIIEHUE TUX BEAUYUH PaBHO NOOPOTHOCTH KOAeOaTeAbHOMU
cucteMsbl. [IpyruM criocobomM H0OPOTHOCTE OIIPeNeAdeTC KaK
OTHOIIIEHHUE PE3OHAHCHOMN YaCTOTBI fje; K ITOAYIIHPUHE
pe30oHaHCHOM KpuBOU Af. OnpeneAeHUE HOAYIIIUPHUHBI
PE30HaHCHON KPUBOH OCYILECTBASIETCH CAEAYIOIIMM 00pa3oM.
OnpeneadgeTcsa MaKCUMaAbHAs aMIIAUTYA IIPU PE30HAHCE Py qy -
[IpoBoouTCa Ha rpaduKe TOPU30HTAAbPHAS AMHUS Ha YPOBHE
0.707pmax (0.71¢4y ). Onpeneadgrorcda o rpaduKky fi U fy,
COOTBETCTBYIOIIHE [IE€PECEYEHUIO TOPU3OHTAABHOU IIPAMOH C
pe30oHaHCHOM KpuBoH. [loayminprHa pe30HaHCHON KPpUBOU Af =
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fo — fi. I1o TUM JAaHHBIM PaACCYUTBIBAETCS TOOPOTHOCTE Q =

foes/Af .

KOHTpOABHBIE BOIIPOCHI.

1. [ToAyuuTh nudpdpepeHIuarbHOE YPpaBHEHUE AT BBIHYKIEHHBIX
KoAaeOaHUH.

2. C nmoMoIIp0 BEKTOPHOM AuarpaMMbl BEIBECTU (DOPMYAY AL
3aBUCUMOCTHU aMIIAUTYAbI BBIHY>KAEHHBIX KOAeOaHUM OT YaCTOTHI.
3. [MoAyuuTh BhIpaKeHUE OAS PE30HAHCHOM 4aCTOTHI.

4. YTo Takoe nepexomHbId Ipolecc?

S. [laTh pasAndHbIE ONpPeneAeHUs JOOPOTHOCTU KoArebaTeAbHbIE
CHUCTEMBI.
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