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1. BBEJIEHUE

Bo MHOIrMX cueremax MOryT HpoMCXOAMTH TPOLECChI, KOTOPBIM
CBOMCTBEHHA HEKOTOPAs NOBTOPAEMOCTL COCTOAHUS CHCTEMBI BO Bpe-
menu. Takue npoueccul HaspiBaioTes koaebammsmu. Ecnu soGeie
COCTOSIHHSt CHCTEMbI IMOBTOPAIOTCSA Y€pe3 OAMHAKOBBIC WHTEpPBAJIbl
BPEMEHH, TO KOJIeOaHus Ha3bIBAIOTCS MEPHOAHICCKIMM,

Ecrny BbIBeIeHHAsA M3 MOJIOKEHUs PaBHOBECHS M Mpe/loCcTaB/IeHHas
camoii cebe cuctema crnocoOHa coBepiuaTh kKonebanus, T0 €€ Ha3bIBa-
0T Ko0JIeOaTe/IbHOH CHCTEMOM WIM OCHMJUIATOPOM, a KojeOaHus
Ha3bIBAIOT cobcTBeHHbIMHU. OCHMILTATOP MOXKET COBepIiaTh Kojieha-
HUS UM 3a CYET BHEIIHEro nepuojinueckoro BozaeicTeus. Takue xore-
GaHMs HA3BIBAIOTCS BHIHYK/IEHHBLIMH.

1.1. TAPMOHUYECKHE KOJIEBAHUS

1.1.1. YPABHEHHUE U XAPAKTEPUCTUKU TAPMOHNYECKHX KOJIEBA HUI

ﬂ..m_uZ_OmS:@O—Q\:SS Ha3bIBAKOT _AO.JGQM::\S, npoucxogsauye 1o 3a-
KOHY CHHYCa WU KOCHUHYCA:

x=Acos(0t+Q,),

r7ie X — MIHOBEHHOE 3HAYeHWe KOJIeONIoIecsl BeJIMUHHbI, HITH cMe-
menue; 4 — aMmmaIHTYAa Kosebanusi; ¢ = (0H+Q,) — daza koseda-
HHA; (O — HaYadbHas da3a Koaedanus; () — NUKJIHYECKAsi 4acTOTa
KoJsieDaHms; f — TeKyllee Bpemsl.

Kpome HazBaHHBIX, €1IE UCIIONBL3YIOTCS CISAYIOUIHAE MapaMeTphl:

T — nepunoj koJebanmii; 5TO BpeMs OHOTO KoslebaHus;

V — 4acToTa KOJIeOAHH; 3TO KOTHYECTBO KONeOaHU# B eIMHUILY
BPEMEHHM.

Jlioboe mnpousBoibHOE KoJeOaHWEe MOXHO TIPEACTABUTH B BUIE
CYMMBI TapMOHUYECKHX.

1.1.2. ®OPMbBI IIPEACTABJAEHUA FAPMOHUYECKHNX KOJEBAHWI
a) AHAJIMTUYECKASI ®OPMA

B ananuruyeckoit dopme koneGaHne ONMMCHIBACTCS BBIPAKEHUEM:
x=Acos(wr+@g).
Bxozsuue B HEro BeJIMYUHbBI

PacCMOTPEHbI BhLILIE. X T >

6) PADHUECKASL ®OPMA LRe,=0 ™

B rpaduueckoii Gopme ko- o5 - A \
nebanue x= >oomA8~ + Gov o \
MpeACTaBiAeTCs B BUAe rpaduka -0 /(K\eon%// '
3aBUCHMOCTH 3HAY€HHsl BeJId- - —

YHHBI X OT BPEMEHH 1.

Ha Bepxnem pucyHke npen-
CTaBJICHbl JBa rpauka rapmo- #
HUYECKMX Koynebanuii ¢ omuHa- w il
KOBBIMH YaCTOTAMH M aMIUTUTY- 05 - g
mamu. KomeGanus omimmyarores \
3HAYEHUSAMM HadalbHOU (assbl. R Y
VBenuuyenne HadabHOM (asbl
BBI3bIBACT CMeINeHue rpaduka
BJIEBO BJIOMb OCH 1.

Ha HuxHeM pucyHke npejcras/ietbl rpauku konebaHuii, y KoTo-
PHIX QJIMHAKOBBI aMIUIMTY/b! M HavalbHbie (a3bl, HO Pa3IMYHbI Yac-
ToThl. U3 rpaduKoB BUAHO, YTO 33 BPEMsi OHOTO MOJHOTO KoneOaHus
C YaCTOTOM (), yCNEET MPOM30MTH JMLIb MOJIOBUHA NOJHOrO Kojeba-
HUS € 4acTOTOU ;. Clie10BaTENbHO, 1) = 2.

B) BEKTOPHASI ®OPMA

B psaze ciyuaeB npezcraBieHue rapMo-
HUYECKUX KOJIeOaHUH B BEKTOPHOM (opme
MO3BOJIAET PEIIUTh 3ajady ObicTpee u
Tpoie.

Bri6epeM HEKOTOPYIO OCh X M HOCTPO-
MM IO YIJIOM @) K HEeH BeKTOp, AAMHA KO-
TOPOTO PaBHA AMIUTMTY/I€ TAPMOHHUUYECKOrO
konebanus A. Ilycte BekTOp paBHOMEpHO
p=(ot+q) BpAIIAeTCsl IPOTHB YACOBOM CTPENIKU € yI-

JIOBOM CKOPOCTBIO, PaBHOW LUKITMYECKOMN
yacTtoTe kosnebanus . B sToM citywae yron meximy Bektopom A u

N, L

/«VA(I\\
/ x=Acos(mt +Q)
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ochio x B M0G0l MoMelT BpeMenn Gyser paneH oHQ, . 1lpoexims
BekTOpa Ha ock X Oyzer pasna x = Acos(w +sov. Ho 310 BhIpaNe-
HHC X ONMMCHIBACT APMOHHUYCCKOC kosiebanmne,

1.13. CJOKEHME FCAPMOHUYECKHX KOJIEBA N

CJIOKEUBE O{MHAKOBO HAIIPABJIEHHBIX FAPMOHUYMECKHX KOJIEBAHHT
C PABHBIMHU YACTOTAMM

[lycts MarepdaibHasi TOYKA YHacTBYET OAHOBPEMCHHO B JABYX
OJIMHAKORO HATPABJICHHBIX ['APMOHMYECKHMX KOJIEOAHMAX, UMEIOLINX
PABHBIE YACTOTHI.

V pagietus, OMACHBAOIKME 5TH KONeOaHus, HMEIOT BH/L:

x, = A cos(®t +Qg;)
Xy = >N OOWASN +€GNV '

Ucrionb3ys BekTopHYO (GopMy HpeCTaBIeHUA KojaebaHui, MOXK-
HO [10KAa3aTh, YTO Pe3yJLTUPYIOUIUNA MPOLECC ABJISETCS TapMOHUYe-
CKMM KosiebaHueM, 4acToTa KOTOPOro paBHa HacTOTe CKIIA/bIBACMBIX
Kose6anuit. AMIUTATYAa pe3yiibTUPYIOLIEro KoneOanus:

A=A +24,4yc05(0y ~ @) +47 .

Hauanbhas asa pe3ysibrupyiomero kojedanmus:

A sin@ + A, sinQ,
A[cos @ + A, cosQ, )

tg@y =

CNONKEHUE O{MHAKOBO HAIIPABJIEHHBIX KOJIEBAHUHA
C PAZHBIMU YACTOTAMM. BUEHAS

MO:KHO 110Ka3aTh, 4TO NP CAOKEHUH OJIMHAKOBO HATNPABJICHHbBIX
rapMOHHYECKUX. KONeOaHMi pasHbIX 4acTOT BO3HUKAIOT HErapMOHM-
YecKue KojeOaHus (CM. pUCYHOK).

*
B moment ¢ = 0 yron paBusuics Q.

OnpenienéHHplii MHTEPEC MpEACTaBNSeT a-
CTHBIH CITy4aH — CHOXKCHHE ONMHAKOBO Hanpas- [T, /" &
NEHHBIX KOJEOaHUI ¢ ONIM3KMMHM YaCcToTaMH (T.  [H—x fwm\li
e. ;=0)). Paccmorpum sToT Cciyuai noapo6- ,\ et
Hee. Bynem nonarath, 4to HavajubHbie (azbl U
aMIUTMTY/Ib] CKJIAIbIBAEMBIX KOJeOaHnit ofuna- |\
KOBbL. B 9TOM Cilydae ypaBHeHWs, ONMCHIBaKO- o et
1€ CKJIA/(bIBAEMbIE KOJICOAHUS, MMEIOT BUJI: /( /\

=Acos®i, X, =Acosyt.

PesynpTupyloiuii nporece OyeT onichiBaTHCS BEIPaKEHHEM

- , + O
oy 25 loosl i L1 02
2 2

x=x+xy, =2Acos t
OTO  BBIpOXEHME TIpell-

crapyisier coOOH mnpousBese-

HUE JIBYX TapMOHMYECKUX X 7

¢yukumi. [uxnueckas vac- Na

TOTa MepBON O4YeHL Maja (1o

YCJIOBHIO (;=(1),;), @ BTOPOH — b
|

NpUOIM3NTEILHO paBHA IMK-
JHUYCCKHM YacToTaM CKJalbl- > }
BaeMBIX KojeGaHuil ; U ,. < <<c
DTO MO3BONSET TPAKTOBATH
pe3yJbTUPYIOIIKMH  TIpoiiecc
Kak konebaHWe ¢ YacTOTOM, g
. O+,
paBHOM %, aMIUIUTY 12

(€))
KOTOPOr0 MEJUIEHHO MEHSETCs MO 3aKoHy 2Acos L!MINA . Takue

KoneOaHus NPUHATO Ha3bIBaTh OHEHUSIMHE.
Yacrota W—,, ¢ KOTOPOH H3IMEHACTCS aMIUIUTY[Ja Pe3yJibTH-
pytomiero kosebanus, Ha3pIBAETCS YACTOTOH OHEHMI.

21

Benuuuna Ty =
0y 0y

Ha3bIBACTCA MEPHOZOM OHEHHH.




CJIOJKEHME B3AUMHO HEPIEHAMKYJISIPHBIX KOJEBAHAI

_‘Hv\o,:u MaTe€pHualibHas TOUKa y4HacTByer OJIHOBPEMEHHO B Ahwv\x
B3aMMHO IEPHEeHIUKYIIAPHLIX konebanmnsx:

X = Acosyt,
y = Beos(mst + ).

Marepuanbnas touka Oyjer oHO-
BPEMEHHO JBUraThCS BJONB JIBYX OCEH —
x u y. [loaromy Tpaektopus eé nBHKe-
o= 20 HUS B OOLIEM ciydyae MOxeT ObITh J10-
BOJIBHO cJOXKHOH. Takasi TpaekTopus
HazbiBaeTcs purypoi Jluceaxy. Harpu-
Mep, €CJIM YacTOThl CKITa/IbIBAEMbIX KO-
— f—r—r—th neGaHnii oTIMYAlOTCS B JBa pasa, TO

/ X  d¢urypa Jluccaxy Oynmer HUMeTh BHI,
, TIOKA3aHHbIA HA PUCYHKE (€CIIH aMIUIH-
TYJBl CKJIAJIBIBAEMBIX KOJeOaHHii paBHbI

\\ \ Y pa3HocTh ux (a3 pasHa 1 paj).
Dbt dth b o @urypsl Jluccaxy no3Boisior onpe-
JENUTh COOTHOLIEHWE YacTOT CKJIAJibl-
BaeMbix konebGanuii. [t aToro neobxo-
JHUMO ONPENeTUTh KOJIMUECTBO MepeceyeHid GUrypbl ¢ ocsiMu Koop-
AMHAT — n, ¥ ny. COOTHOLICHHE YacTOT CKJIA/BIBAEMBIX B3aMMHO-

NEPIIeHAUKYJISPHBIX KoJiebauuii Oyaer paBHo:

! LY
W, n,
Ecnu yacToTel ckia/ibiBaeMbIX Koneba- A
HAM OMHAKOBBI, TO ¢urypa Jluccaxy Oy- i
ner umerts opmy smmnca. JUmmHa ¥ opu- N T T i
EHTALMs T0JTyOCeH DUIUIICA 3aBHCAT OT am- ¢=1pa

IINTY/] U PasHOCTH (a3 @ CKIAAbIBAEMBIX
konebanuii. Hanpumep, mnpu paBHBIX am-
IIMTYAaX W pasHoctd a3 B 1 pajguan si-
JIATIC KMEET BUJL, [OKA3aHHBI! HA PUCYHKE. 7 A i o

Ecnn paznocts daz ¢ = 0, To manas no-
JyOCh 3JUIMIICA paBHA HYJIO U TPAEKTOPHS
OyzaeT mpaMoid, TIpOXo/sLIeil yepes nepBhlii ] \
¥ TPETUH KBaJPaHTbI.

Tpaektopus Touky 6yaeT NpeacTaBIiATh
co00# MpsAMYIO U B TOM CITy4ae, Koraa Q=T. =B Y
Tonbko mnpsivas, BHOJIb KOTOpoH OyayT =0
npoucxouTh Kosnebanus, Oymer pacriono-
’KE€Ha BO BTOPOM M YETBEPTOM KBaJpaHTax.

Ecnu pazHocts a3 @ = 1/2, 10 Tpaek-
TOpHUS OIMKCHIBACTCSA CICAYIOIUM BBIpaXKe- "~ ' | F==
HUEM:

2 2

i i
3710 ypaBHEHME JJUIMICA, OCH KOTOPOIo
COBMAJAOT ¢ OcIMHU KoopauHat. Eciu am-
IUTUTY/Ibl CKJIa/IbIBAEMbIX KosieOaHui OyyT paBHbl, TOuka OyaeT ABU-
rathCs MO OKPYXHOCTH. TpaekTopus Oynuer Takoi xe M B ciy4ae
@ = —7/2. Tonpko Touka OyseT ABUIaTHCSA B MPOTHBONOIOKHYIO CTO-

pOHYy.

1.2. TAPMOHUYECKUI OCIUJIJIATOP

Ecnu cobcrBennbie KoseOaHUsi CHCTEMBI SIBISIOTCA TapMOHHYE-
CKMMM, TO TaKas CHCTeMa IpeacTaBisier co00i rapMoundecKuii oc-
muiisTop. CobcTBenHoe ABMWKeHHE NHOOOr0 rapMOHMYECKOro oc-
ULISTOPA ONMUChIBaeTcs AudQepeHIMaTbHbIM YPaBHEHUEM:

X+ogx=0.

D10 ypaBHEHHE NIPUHATO HAa3biBaTh ypABHEHHEM FapMOHHYECKO-
ro ocumiuisiTopa. Pemenue takoro quddepeHnnanbHOro ypaBHeHUs
umeet BHA x = Acos (gl + @ ).

BenuuuHa , HA3bIBAETCS NUKJIMYECKOH YACTOTOH coOCTBEH-
HBIX KOJ1e0aHMuii rapMOHHYECKOro OCUMLIATOPA WK co0cTBeHHOH

NUKJINYEeCKOH 9acTOTOM FApMOHHYECKOro OCHMLIIATOPA. OHa 3a-
BUCHT TOJBKO OT CBOMCTB CaMOTr0 OCHHUIUIATOpA.

1.2.1. MPYCUHHBIN MAATHUK KAK TAPMOHUYMECKHI OCHILIATOP

Ipy:XuaHbIi MASTHUK — 5TO TPY3 Macchl m, 3aKPEIUIEHHBIN HA
npysxuse, Ko3GGUIMEHT ypyroctd KOTOPOH paBeH k.

Co CTOpOHBI MPY)XKHHBI Ha TPy3 JecTByeT ynpyras cuna Fy = —kx
(31€Ch X — CMeIeHHe rpy3a OT NMOI0KEeHHUs PAaBHOBECHS).
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x . [Ipy>KUHHBIA MasiTHUK sBJISETCS Tap-

Ve . MOHHYECKHM OCLUH/LISATOPOM, €C/IM Y HEro
5 SN \ Hel norepb dHepruu. Llukinyeckas yac-
05 1 // \ t Tora cOOCTBEHHBIX KOJIE€OAHMH MpPYXKHH-
kR e

] \w
% HOro MasiTHHKa (g = ,|— . M3 aToro BbI-
o S

~ PKEHUsI BUJIHO, 4TO (D) PAcTET C YBEIH-
; e YECHUEM YIPYTOCTH [MPYKUHBI M yMEHb-
LISHUEM MAacChl Ipy3a.

Benuunna X =-gAsin (gt +@y) -

&
.
-
M,
—

o

h = U & n =
\

N\

'

o

%

ﬁ 3T0 ¢KOpocTh Kosehmouierocs rpysa, a
1 o .y

05 | \\ Y ¥=—apAcos(yt +@y ) — ero yekopenue.
i 2 N V  [pyKMHHOTO MasTHHKa, COBep-
570 224 S IIAOUIEr0 rapMOHMYeCKHe KkoneOaHus,

et KOOpJIMHATa FPy3a, ero CKOPOCTh U YCKO-

pEeHME M3MEHSIOTCS MO rapMOHHYECKOMY
zakoHy. HauaneHble Qa3pi KoneGaHui cMeenus, CKOPOCTH M YCKO-
PCHMS Tpy3a pasnu4HLL. DTO XOpPOLUO BHAHO Ha rpadukax (cMm. pucy-
Hok). OOparure BHMMAaHUWE HAa TO, YTO B MOMEHT BPEMEHM, KOI/a
CMEIleHHe OT MOJI0KECHUST PABHOBECHA MAKCUMAJIBHO, CKOPOCTH rpy3a
paBHa HYJIIO, & YCKOPEHHE MAKCHMAJIBLHO 10 BEJIHYUHE W HAPABICHO
IPOTUB CMCLICHWSL.

1.2.2. CBA3AHHBIE IIPY)KHHHBIE MASTHHKHA

CBsi3aHHBIE MAsSITHUKH — 3TO

HECKOMHKO MAasSTHHAKOB, KOTO-
psie B3aUMOJCHCTBYIOT MEMIY
co0oji.
Hanpumep, CBAI3aHHLIMA SAB- £,= amw)\.(}\
JIAIOTCS IBA TIPYXKHHHBIX MasiT-
HHKa, KOTOPbIE COEAMHEHBI NpY- X,
JKAHOM (CM. PUCYHOK).

[lycts rpy3sl  MasTHUKOB
UMEIOT OAMHAKOBLIE MacChl 1, >
[PY>KAHBI UMEIOT OIMHAKOBbIH 5
KO QHIMEHT YIpyrocTn k ¥ x=x,
OJIMHAKOBYIO JUIMHY M B CHCTE-

Me HET MOTepb MEXaHHYECKOH
IHEPIUH. .

— Y= P~
ku..m
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[pyxuHa, cBA3bIBAKOIAs] MASTHUKH, SBISETCSA SJIEMEHTOM, Tepe-
JAOIIKM BO3/IEHCTBHUE OJHOT0O MasTHHKA Ha Apyroi. Ilosromy crs-
3aHHbIe MAasSTHUKM MOTYT COBEpLIaTh KoIeOaHHs, OTIHYalomecs ot
KosiebaHui JTHX JK€ MasTHUKOB 0e3 COeNUHSIOMEH HX NpPY)KUHBL
PaccMOTpUM HECKOJILKO YACTHBIX CilyyaeB KoJleOaHUH CBA3aHHBIX
MAasITHUKOB.

Cmectum ofa MasTHMKA B OJIHY CTOPOHY Ha OJIHO M TO )K€ pac-
CTOSIHUE OT TIOJIOXKEHHUs paBHOBecHS (x> = x;). B aTOM cityuae Goko-
BbIE MPYKHHB!I A€DOPMUPYIOTCA Ha OAMHAKOBYIO BE/IMYHMHY, MPHUYEM
OJlHa W3 HUX pacTAruBaercs, a apyras — cxumaercs. CpeaHss npyxu-
Ha He aedopmupyercs. [loaToMy OHa He OKa3piBa€T BO3AEHCTBYS HA
rpy3bl U MasgTHUKA BeXyT ceOs Kak ABa HezaBMCUMBbIX. OHu coBep-
warT cuH(azHbe rapMOHHYEcKHe KoJlebaH!s ¢ HIKITMYeCKOH 9acTo-

- k
TOM Wy =, |—.

m

CsmectuM 00a MasgTHUKA B DPOTHBOIOJIONKHBIX HAMPABICHHIX Ha
OJIMHAKOBBIE PACCTOSIHHSA OT TOJIOKEHUA paBHOBECHs (X = —X;). B
3TOM ciiyyae OOKOBBIE NPYXKHHBI Ae(OPMHUPYIOTCS OJMHAKOBO, a
cpeHss npykuHa neGopMUpyeTcs B [Ba pa3a CuiibHEe, 4eM OOKOBBIE.
Cuna, ¢ KOTOpO# JBe MpYy>KUHbI OyayT AEHCTBOBATh Ha Ipy3, OyleT B
TpHU pasa OGonblue Cuiibl, AEHCTBYIOINEH Ha Ipy3 HECBA3aHHOTO MasT-
HHMKa (JIPH TaKOM K€ CMELIEHHH Ipy3a OT TNMOJIOKEHHS PaBHOBECHS).
[Tosromy yckopenue rpysa Oyzner B Tpu paza Oonbiue. Masthuku Oy-
IyT coBepiraTh NMPOTHBO(MA3HBIE MAPMOHHYECKHE KOyeOaHHs C LMK-

5 5 3k
JMYECKOW YaCTOTOU Wy, = ,[— .

m

CobcTBeHHbIE KONCOaHMS CBA3aHHBIX MAsTHUKOB, NPOUCXOAIINE
[0 rapMOHMYECKOMY 3aKOHY, HA3blRalOT HOPMAJBHLIMM KoJeda-
HHSIMH.

B cucreme w3 ByX CBSI3aHHBIX MasSTHUKOB MOXET OBITh TOJBKO
JIBa PACCMOTPEHHBIX BH/Ia HOPMAJILHBIX KOJICOAHMIA.

MoskHO moxazarh, 4ro JgKboe
[IPOU3BOJIBHOE COOCTBEHHOE KOJle-
Ganue HBYX CBA3AHHLIX MasTHHKOB x| 0540
npeacTasaserT coboi Cynepro3HLUIO i \ X P
HOpMaJIbHBIX Kkonebanui. Ilockos- \ 3 x \ \\ Yoz
Ky YacTOThl HOPMalbHBIX Kojeba- _, Y \.. f‘ ﬁk_, 1% ,_ \ V¢

4

HUH  pasu4Hbl, Pe3yJbTHPYIOIIEE
Kosiebanue  SIBJISIETCS  HErapMOHM-
YECKHUM.
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Hanpumep, ecin cMelenye JICBOTO MasiTHUKA PaBHO HYJIIO, @ mpa-
BB} MasSTHHK CMEIIEH HA HEKOTOPOE PACCTOSHUE OT MOJOKEHHUS PaB-
HOBECHS, TO TpaduK, ONMCHIBAIOLINMA KOJIEOAHHS OIHOTO W3 MasTHH-
KOB, OyJleT uMeTh BHJI, MOKa3aHHbIN HA PHUCYHKE.

1.2.3. DHEPI'UA TFAPMOHHYECKOI'O OCHWLISTOPA

I'apmonnueckui ocumuistop objianaer sHepruei, 3a c4eT KOTO-
po# OH u coBepuiaet koneGanus. Hailném BeIpaskenus 1s KUHeTHYe-
CKOM, NOTEHLMAIBHON M MOJHONW MEXaHUYECKOW SHEPruM MeallbHOro
NPY>KUHHOI'O MasiTHUKA.

Kunernueckas Heprus, cBA3aHHas C JABHWKEHHUEM Ipy3a:

2 22

my mx® m 5 .2 .2
W= =——=— A" sin” (W + @y ) -
) 5~ 3% (ot + @)
[MoTeHumanpHas SHEPrus, CBA3aHHas ¢ AehopMaLiiel Py KUHbI:
B
U Hun»\»N cos” (@t + @y ).

[TonHas MexaHuueckas SHEPTrHs OCHMIIIATOPA:

1 2

E=W+U = m\»m ASSO sin” (gt +@g ) + & cos (gt +ecvv =

2
=L a2 7.:% (gt + @y )+ cos” (@t + @y vv dy's i
% )

IonHas mMexaHWyeckas SHEPrus WICAILHOTO MPYKUHHOTO MasdT-
HHMKa nocrosHHa. Kuneruueckas W noTeHLUabHas SHEPrus B Mpo-
necce KoneOGaHUH W3MEHSIOTCHA, MPUYEM B MOJOKEHHH pPaBHOBECHS
KMHETHYECKass YHEPrus AOCTUraeT MaKCUMaIBHOTO 3Ha9YeHus, a Mo-
TEHLMA/IbHAS JHEPrus YMEHBUIAETCS /0 HYJIA; NPU MaKCHMAaNbHOM
OTKJIOHEHWH T'py3a, HA000POT, — KMHETHYECKAs SHEPrus paBHa HYJIO,
a NoTeHLMaIbHas MaKCUMATbHA.

B rpaduyeckoii hopme 3aBUCHMOCTH MOTEHIHANBHOM, KUHETHYE-
CKOM M MOJTHOM SHEPTUH OT X UMEIOT BHJ1, IOKA3aHHBINA HA PUCYHKE.

3aBUCHMOCTH MOTEHIMAILHOM, KHHETUYECKON U MOJHON DSHEPrin
OT BPEMEHM M1OKa3aHbl Ha Clle/lytomeM pucyHke. OOpaTute BHUMaHUE,
YTO KMHETHYECKAs M MOTEHUHAIbHAS SHEPIUst U3MEHSIOTCS ¢ YJIBOSH-
HOM 4aCTOTOH, T. €. C YaCTOTOM 2.
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[ToaydeHHbIe BBIBOBL MIPHU-
MEHHMBbl HE TOJIBKO K IIpy- E-
KUHHOMY MaaTHUKY. [lomHas
SHeprust JobOro rapMoHUue- dv/
CKOro OCLHUISATOpA ONpeaeIs-
eTcs aMILTUTYIOM KoneOaHuit
W YIOPYrdMH CBOHCTBAMH OC-
LAIIATOPA U HE U3MEHSIETCS C
TEeYeHUEM BPEMEHH. w3

B cnydae konebaHuil cBs-
3aHHBIX MAasTHUKOB 3aBUCHUMO-
CTSAM DHEPryud MasTHUKOB OT
KOOp/IMHATBI W OT BPEMEHHM
TIPUCYIL(M HEKOTOpbIe OcOOeH-
Hoctu. Kak ormedeHo B rmpe- J
JbILynieM pasjelie, B o0OLeM e 7 t
ciryyae (T. €. pH X; # Xz) Kax- ,
JIBIA M3 CBA3aHHBIX MasSTHUKOB
COBEpLIACT HErapMOHUYECKUE
kojebanHua. MOMHO CKa3aTh, YTO aMIUIUTYAa KOJeOaHUH KaKAOro U3
MAasITHUKOB 3aBUCHT OT BpeMeHH. [IOCKOIbKY 9Heprus ocuuuisTopa
NpAMO [POTIOPLHOHAIBHA KBAAPaTy AMILUIMTY/IbI KoJieOaHuH, noiHas
IHEPTHs KaXKAOr0 M3 MAasTHHKOB M3MEHSAETCA C TEYECHHEM BPEMEHH.
[Tpryém sHeprus MasTHUKA, aMIVIMTY/1a KOTOPOro YMEHbIIAeTCH, ne-
penaéTcsl Npy)KUHOW BTOPOMY MasTHUKY, aMIUIUTYJa KOTOpPOro yBe-
nauuuBaercs. [Ipy 5TOM IMOJTHAs YHEPTUs CBA3AHHBIX MAasTHUKOB OCTa-
8TCA [MOCTOAHHOM (€C/IH CBA3aHHBIE MASTHUKW UI€TbHBL).

EW,U

>N

o Mdg
E
L~
/

1.3. 3BATYXATOIIUE KOJIEBAHWs1

B npempiayiiem paszesie Obula paccMOTpeHa HieanbHas Koseba-
TeJibHas CHCTEMa — FapMOHMYeCckui ocLuiaTop. beuto nokasano, 4ro
HoJMHAs dHEeprus coOCTBEHHBIX KojieOaHUH TAaKOro OcLUUIATOpa Mo-
CTOSIHHA, BCJIEICTBHE Yero aMIUIUTyJa KosieOaHul He uameHsiercs. B
000N peasibHOM CUCTEME CYLLECTBYIOT MOTEPH IHEPIUH KoneOaHUIA.
Hanpumep, Npy>KUHHbBIA MasTHHK MOXXET HCIBITHIBATL BO3/CHCTBHE
CHUJIbl COTIPOTHRBJIEGHHUS CPEIbl, BCIASACTBHE YEro MEXaHU4eCcKast dHep-
Ul MaSTHUKA YMEHBILIACTCS.

IToCKONBKY IHEPrUsl peanbHOW KosiebaTesIbHOH CHCTEMBI YMEHb-
[AeTCs, J0JDKHA YMEHBILIATBCA M aMIUTUTYAa e€ konebanumid. 510 03-
HauaeT, 4To cOOCTBEHHbIC KOJeOaHUst peanbHOro OCLIMIIIATOpA 3aTy-
Xarouue.
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1.3.1. 3ATYXAIOIUE KOJEGAHUSA HPYKHHHOI'O MAATHHKA

Ecii na rpy3 kpome ympyrow HNeHCTBYeT CHWjla COMPOTHBIICHUS
Cpe/ibl, TO CKOPOCTh [[BH)KEHHA Ipy3a YMEHbIIACTCA — BEAb CHJla CO-
MIPOTHBJIEHKS BCET/Id HAMpaBJieHa NMPOTHUB CKOPOCTH. 3HAYMT, peasib-
HbIH MAsSTHUK COBEPLIUT OJIHO MOJIHOE KoseGanue 3a Gonbilee Bpems,
yeM mieadblblil ¢ TakuMm ke Ko3dduimenToM yripyroct. Coorser-
CTBEHHO Nepuoj KoJeOaHU peanbHOro MPYHHMHHOTO MasTHUKA
Gosblie, YeM HeaTbHOro, a yactora MeHsmie. [Tepuon xonebanuii
Bo3pacTaer Tem Gosblile, YeM CHIbHee conpotusiienne cpenbl. M npu
HEKOTOpPOM COMPOTHUBIEHUH Cpejibl Konebanus MoryT BooOuie mpe-
KparTuThes. BbiBegeHHas U3 MOJOKEHUS PABHOBECHS CHCTEMA MPOCTO
MEJIIEHHO BEPHETCS B MOJIOKEHUE PABHOBECHS.

Ionaras, 4ro CHJIa COIMPOTHBIICHUS CpPeZibl MPSAMO [POMOPUHO-
HaJIbHA CKOPOCTH I'Py3a, MOXHO MOy4uTh JuddepeHimanbHOe ypaB-
HEHHE, ONMChIBaoLee COOCTBEHHOE ABIKEHHE PEALHOIO MpY>KHH-
HOIO MasiTHHKA:

%+ 2Px+opx=0

k r

(mecs W, =,|—, P=——, rae r — KOIDDUIHECHT CONMPOTHBICHHS °
o p

m 2m
cpeibl).
Pelllenue 3T0r0 ypaBHeHus IPH o> AMeeT BUjL

x = Age P cos(r + ),

rae en/\em -p2.

W3 peureHus BUIHO, YTO MasTHAK COBEPLIACT KoJieOaHus, aMIUIu-
Ty/ia KOTOPBIX ¢ TeUeHHeM BPEMEHH YMEHBIUAETCs IO IKCHOHEHLH-
X ] ¥ anbHOMY 3aKony Age P, T e.

: TaKOM MasTHUK COBEpLIAeT 3a-
Tyxaomue Kojxedanus. [pa-

WK 3aryxaiouiero kosebaHus
L > ?) > D : :?m_.( Wuomcmvzmz Ha PUCYHKE.
c <<< < ,_k < YVt Yem Oonbiie KodpUUAEHT
B, Tem ObicTpee yMeHbIIACTCS
amruiaryaa xomebanuii. Ilosro-

My €ro HassiBaloT Kod(dumnu-
CHTOM 3aTyXAaHHS.

Ecnu BBECTH T — BPEMsl, 3@ KOTOPOE aMILTUTY/1a KojneGaHuH yMeHb-

B E 1

I|TCS B € pas, TO € Br—¢! u B=—. Takum obpasom, B ects
T

Be/IMUMHA, 00paTHAS BPEMEHH, 32 KOTOPOE aMILIATY/A YMEHBIIACTCs

B e pa3. Bpems T Ha3pIBaeTCA BpeMeHEM pPeIaKCAIMH .
B kauecTBe XapaKTePUCTHKH 3aTyXaHMs KOJieOaHUH HCHIOMb3YeTCs
TaKke JorapapMHUecKni JeKPEMEHT 3aTyXaAHUsT:

Bt
I U T

A(1+T) ! Age PO

rae A(f) — ammMrysa koneOaHusi B HEKOTOPBId MoMeHT £; A(t+T) —

AMILIMTY/1a KonebaHus Yepes OJIFH MepHO/ 3aTyXatomiero konebanus.

U3 mocnieaHero cooTHolenus cieayer, uro A = BT.
[enecoobpa3zHOCTh MCTIONB30BAHMS TAKOW XapaKTEPUCTUKH BHHA

/4
w3 cnenytomero. Tak kak A = BT, a f = 1/r, To A=—. Ho T - 310
T
BpeMs, 32 KOTOPOE COBEpIIAETCs OJHO KonebaHue, a T — BpeMs, 3a
KOTOpOE MPOU30MAET B OOIEM Cllydae HECKOJIbKO KojeOaHui
Torpa

o
YT N,’

rne N, — aucno kosnebaHuid, B X0/ie KOTOPbIX aMILIATY1d YMEHbLIUTCS
B € pas.

Takum o6pazom, B U A SBISIOTCA XapaKTEPUCTHKAMM 3aTyXaHHs,
JOTOMHAIONUME APYT Apyra: [3 mokassiBaeT, Kak ObICTPO KosebaHus
3aTyXaloT BO BPEMEHH, HO TIPH ITOM He COJAEPXKHT MH(pOpMALMH O
KOJIMYIECTBE KoseOaHuit; A Jke MOKa3bIBaeT, 3a CKOJIBKO KoseGaHuii
aAMIUIMTYa YMEHBLIUTCS B € pa3, HO HUYErO He rOBOPHT O BPEMEHHU,
3a KOTOPOE NMPOM30MIAET 3TO YMEHbIICHHUE,

U3 peenns auddepeHiManbHOro ypaBHeHUs CIelyeT, YTo Jac-
TOTA 3aTYXAlOWHMX KosieGaHHuii (O MEHBLIE HacTOThI COOCTBEHHBIX

Ko/e0aHri WAeaBHOTO MasTHUKA Wy EH,\SW = i pocToMm co-
NPOTHBJIEHUS CPE/Ibl YaCTOTA 3aTYXAIOMIMX KO/IeOaHui yMEHbLIAETCS .

A

* O nar. relaxatio — ocnaGrerme
B xoj1e 3THX KOJeGaHHii aMIUTHTY/Ia KAk a3 M yMEHBIIUTCS B € Pas.
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MAO.:m@E:\:—. OOwwﬁENOZEO _umm.:—umvzs MNPY>XKUHHBIM MassTHUKOM,
fie SBJIOTCA rapMOHMYeCKUMH. OHM TAKOKE HE ABJIAIOTCS U MEpUOH-
deckumu. OHaKo B GUINKE IIPUHSTO HCTIONB30BATH TaK HA3BIBACMbIH

TR

(epuoj 3aTYXAlomuX Kojebaumii 7 =— (cM. PUCYHOK); TpH
[0}

yrom noft T noapasyMeBaroT Bpems, 3a KOTOPOe COBEpLIaeTcs OHO

konebarue.

1.3.2. KPUTHYECKOE 3ATYXAHUE

Panee GbUI0 MOKA3AHO, YTO MPH JIOCTATOYHO OOJILIIOM COMPOTUB-
JIEHUM CPe/ibl KojlebaHHs CTaHYT HeBO3MOXKHBI. Takol pexum HacTy-
f1aeT, eCIIU BBITIOIHAETCS yCIoBHe P> 0.

B 71OM Cilyuae cucTeMa, KOTOPYIO BBIBEJIM U3 MOJIOKEHUS PABHO-
BECHS, TIOCTENEHHO BO3BPALIAETCA B HETO, He copepmias kosebanmit
(cm. pucyHok). Mmeer mecto
anepuoaMUecKnii nponecc.

BatyxaHue, NMpU KOTOPOM
B=w,, Ha3bIBAIOT KpHTHYE-
ckam. [lpu Takom (M 60ib-
meM) 3aTyxaHuu COOCTBEH-
\ Hple KoyieDaHuss B CHUCTEME

N HEBO3MOXKHBL.

% |

1.33. SHEPTYSI 3ATYXAIOIMX KOJIEBAHIUA

OcoOeHHOCTHIO PEATBHOIO OCIMILIATOPA ABJIACTCA TO, YTO aMILIH-
Ty/Jia €ro KOJICOaHHH ¢ TeYEeHHEM BPEMEHN YMEHBIIACTCS . Ilockosbky
[1OIHAS YHEPrUs OCLIWLIATOPA NPONOPLHOHAIEHA KBAIpaTy aMILIATY-
JIbl, OHA TaKKe Oy/eT YMEHBIIATHCA ¢ TeUEHUEM BPEMEHH.

JIis Npy>KHHHOTrO MasTHUKA

2
U umpl\.mn\xwmxm?.\m.
2 2

O6patuTe BHUMAHWE — CKOPOCTh YMEHBLICHHS SHEPIrHM OCLIAILL-
TOpa B /1B pa3a BhilIe CKOPOCTH yMEHBIIEHHA aMILIUTY IbI KonebaHuii
OCLMUIATOPA.
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1.4. BbIHY)KAEHHBIE KOJEBAHUA

Jx000H OCLMIIIATOP MOMKET MCHBLITLIBATH BHEINHEE BO3LEHCTBHC.
Ecnu Breninee BozneiicTBie NepuognIecKkoe, TO BOSHUKAIOT BhIHYHK-
JAeHHbIe KoJeOanus ocnuaasTopa. Xapakrep koneGanuii onpeens-
€TCsl KAK BHEUIHMM BO3J€HCTBMEM, TAK M CBOMCTBAMHU OCHMIUISATOPA.

1.4.1. BBIHYKJIEHHBIE KOJIEBAHUA ITPYXKNHHOT O MASITHUKA

_PaccmoTpym moBe/ieHHe TIPYXKHHHOTO MaATHUKA, HA KOTOpbIN
JCCTBYET BHEIIHSS CHWila, M3MEHAIOAACA MO [APMOHHYECKOMY 3a-

kony: F' = Fycoswt. JlnddepennuansHoe ypaBHEHHE, ONKUCHIBAIONIES
JBHIKCHUE MAsTHHKA, UMEeT TaKOM BHJI:

Ky

m

X+ 2Bx + wgx = —2cos ot
e p=——, Wy Hh.
2m m

9710 HeogHOpoAHOE AUP(EPEHIIMAIBHOE YPARHEHHE BTOPOTO T10-
panxa. Obuee pelueHHe TakKoro ypaBHeHUs SBISETCS CyMMOM 001ero
peLICHMs. OJITHOPOIAHOIO YPABHEHHS U YACTHOTO PELICHHs HEOAHOPO/-
HOT'O YPaBHEHHUS.

OOuiee peweHre OQHOPONHOTO YPAaBHEHMS YXKE PACCMOTPEHO.
Ono onmceiBaeT WM 3aTyxaromiee kosiebanue, Wik anepHoIMYecKuil
npouece. B mobom crydae ¢ TedeHnMeM HOCTATOMHOIO MPOMEXYTKa
BPEMEHH 3TO pellieHue (M COOTBETCTBYIONIEE ABHIKEHNE OCIMIIITATOPA)
CTAaHOBUTCS MPEHEOPEIKUMO MAILIM.

HactHoe penieHne HEOQHOPOAHOIO YPAaBHEHHS OINUCHIBAECT yeTa-
HOBHBIIEECH BbIHYKACHHOE IADMOHHYECKOe KoJieDaHme 1 MOXKeT

@T—‘H—u 3arnmrcaHO B BUEC:
x = Acos(wr —9),
Ycranousmeecs konebanue GyeT IMETh aMILTMTY Ly, PABHYIO:

Fy 1

A
& /\Asw tsmvm +4p%w?
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Benuunna @ npencrasmser coboit pasHocTh a3 konebaHui

BHELIHEH CHIIbI U YCTAHOBMBIIMXCS BBIHYKIEHHEIX KONEOAHMH MasT-
HHKa:

10
Bz -
Wy —®
Yacrora ycranosuBierocs koneGanus Gyaer paBHa wYacToTe
BHELIHETO BO3JICHCTBUSL.
Amrutyia 4 v pasHocts das @ koneGanuit 3aBHCST OT napamer-
POB ocuuIsATOpa (M), B) M OT YACTOTHI BHEMIHETO BO3AEHCTBHS ().
X Kak yxe ormeuanocs, obiiee

voEw::@ _omoozm%:wmo_so_,o
> ) > ; ) : AU (epenanbHOro ypaBHeH s
c>c>= <_ q c : < c / nonmovon:o_dvﬁmmzo::m::moa-

paBHO cymme o0wiero pemeHus
HOT'O  pelleHUs] HeoaHOPOAHOTO
YPaBHEHHMSI, TOSTOMY Cpasy I10-
cjie Hayaja BHEUIHEro BO3AeHCT-
BUs Konebanus ocimistopa 6y-
AYT MPEACTAaBIATE COOOW PE3yNbTaT CIOKEHHS [BYX KojeOaHuii —
3aTyXaromero Kojebanus ¢ 4actoroil o M rapMoHHYECKOro Koneba-
HHSl C YacTOTOW BHemIHero BozaeicTeus . ITocrenenno amMnauTyna

3aTYXAKOWMUX KOJIEOAHHH CTAHOBUTCS MpeHeOPEekKUMO MO U Kojie-
GaHHe CTAHOBHTCS TrapMOHUYECKMM (CM. PHCYHOK).

1.4.2. 3ABUCUIMOCTb AMILIATY JbI BBIHYKTEHHBIX KOJIEBA HUN
OT YACTOTBI BHENIHEI'O BO3/JEHCTBUSL.
SIBJIEHME PE3OHAHCA

PacemoTpim 3aBHCHMOCTE aMTUTHTY b1 BBIHY KJICHHBIX KosieOanuii
OT HaCTOThI BHEWIHETO BO3JCHCTBHA H NMAapaMeTPOB OCLMINATOpA 6o-
Jjiee noapodHo.

N3 eipakenus

L f) .

m 2 9
/\Aem |8J +4B%w’
BUJIHO, 4YTO aMIUIMTyja BBIHY>KJICHHBIX —AO.:Omm.mlz\—W— 3aBUCHT OT 4acTo-

Thl BHEIIHETO BO3CHCTBHS (0. MOXHO mokasats, 4To 5Ta (yHKIms

MMCCT SKCTPEMYM, T. €. [IPU ONPEACIEHHON YacToTe AMIUIMTYa Bbi-
HY KJICHHBIX Kojiebanunii OyaeT MaKCUMalibHOM.

A
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2710 ABJIEHHE HA3bIBAIOT PE30HAHCOM, a HaCTOTY BBIHYXAECHHBIX

KoJIebaHui, pH KOTOPOH aMIUTUTY/1a MAKCMMAJlbHa, — Pe30HAHCHOM
YacTOTOM.

Pesonanchas wacrora pasna Wpe; = Joi -2p% .

AMIUIMTY/Ia BBIHY)KIEHHBIX KONEGaHMH Ha 3TOM wacToTe Oyner
MakcumalbHa. E€ 3HaueHue

A =fo ! =

e /\Aem -} +NvaN +4p2 Asw immmv

K

m 2B, Jwl - B2 :

OBpatnTe BHUMAaHKE, YTO yBeTHYCHHE AMILTUTY/IbI [IPH Pe30HAHCE
00YCITOBIEHO HE POCTOM AMIUIMTY/IBI BHEIIHErO BO3ICHCTBHS, a ero
4acTOTOH. MakcuManbHOe yCHIe, PUKIAABIBAEMOE K OCLMILISITOPY,
OCTa€Tcsi MOCTOAHHBIM. OIHAKO [0 Mepe MPUGIIKEHHS YaCTOTHI K
PE30HAHCHOH CHCTEMA pacKaYMBaeTcs BCE CrulbHEE!

[Tpu cnabom 3aryxanum >

|

ADAASO v PE30HAHCHYIO aM-

UIMTYly MOXKHO CHWTATh paB- 25+
HOWM

2 N...O m 2+

m 2Bw, 151
OGpatvte BHHManMe Ha
TO, 4TO 3Ha4yeHue 3 jocratoy- 14
HO CHWIBHO BJIMSET Ha aMILIH-
Tyay INpU pe3oHaHCe (CM. pu- 05+
CYHOK) — 4eM 6osiblue norepu,
TEM MEHBLIE pe30HAaHCHas am- O
TUIUTY 1a.

ITpu oTkIOHEHHU YacTOTHI
BHCLIHETO  BO3JCHCTBHS  OT
PE30HAHCHOM aMIUIATY[a Bbi-

HY K/ICHHBIX KOJIeOaHHH yMEHBIIACTCS (CM. PUCYHOK).

Haiiném ammiutyny BbIHYXIEHHBIX KoneOaHMAd ais  HU3KUX

(W<<®,) ¥ BBICOKHX (>>1),) YACTOT BHELIHETO BO3JEHCTBHIL.

A

pe3
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[Tpr <<y aMIUIHTYa BBEIHYXIEHHBIX KosieOaHui Oyner mnpu-
OAU3UTENLHO paBHA:

eciu 3aryxauure mano (B(w, ), To

m, m,
A=—0 =0
mo; kK

rie k — K03 DUIMEHT YripyrocTu Npy>KUHbL.

B nony4eHHOM BBIp2KEHUM OTCYTCTBYET 4aCTOTa BHELIHErO BO3-
ACHCTBHA. DTO 3HAYMT, YTO [PU MATLIX YACTOTAX BHEIIHErO BO3JEH-
crTBUs KosiebaTensHas cucTeMa pearupyeT Ha rapMOHUYECKYIO BHELI-
HIOIO CWITY TIPAKTHYECKH KAK Ha CTATHYECKYIO, T. €. HE M3MEHSFOLLYIO-
Csi C TEUCHHWEM BpeMEHW. AMIUINTY/a BBIHY/KICHHBIX KosieOanui on-
peeSeTcs BEIMYMHOM BHEIIHEIO BO3ACHCTBUS M yNPYrHMH CBOACT-
BAMU OCLIWLIATOPA.

Ilpy BBICOKKMX 4acTOTax (W>>0)). U NpH P << aMIUMTY/Ia Bb-
HYIKJIEHHBIX KoneOanuil npubiIn3uTenbHO paBHa

a=to ! s o_.

m /\SA +m_,mN8N mo-

Takum 06pa3oM, TIPU BBHICOKOW 4aCTOTE BHELIHEro BO3/ICHCTBIS

MaKCHMAIEHOE OTKJIOHEHHE OT TIOIOXKEHHs PaBHOBECHs A onpejeris-

ercs BEJMIMHOM BHENIHEr0 BO3JEHCTBUS, MHEPTHOCTBIO OCHHILIATOPA

M MACTOTON BO3AeHcTBUs. Vipyrue cBoicTBa KonebaTesIbHOM cUCTe-

Mbl € UMEIOT HUKAKOTO 3Ha4YeHUs ([TOCKOJIbKY B BBIP&KEHHH OTCYT-
CTBYET Wy).

1.4.3. JOPOTHOCTD OCOWLIATOPA

JIo6pOTHOCTL UCTIONB3YETCH Ul XapPaKTEPUCTUKHM PeajlbHbIX KO-
nebarelbHBIX CUCTEM.

Ilpu aHanuze BBIHYKICHHBIX KoNMeOaHWH JOOPOTHOCTEL ONpese-
JMIOT KAK OTHOIICHWE AMIUIATY/BI BBIHY)KAEHHBIX KosleOaHuil mpu
PE30HAHCE 4, K AMIUIMTY/IE IPH HU3KOM YacToTe 7y bl

dows
A
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m“

Hcnonb3ys nonydeHHbIe B IPEABIIYLIEM pa3jielie BhIPaKeHUs 1Is
A ey W Apyr , TIOTYHAEM

2
m”>ﬂs Nﬂo ESOIL@.” 27 T ¥

A 2moB Fy 2B 28T BT A

JIoGpOTHOCTH MOKa3bIBAET, BO CKOJIILKO pa3 aMILTUTY/ia TIpH pe3o-
HaHce OOMblIe aMIUIMTYAbl BBIHY)KIEHHBIX KOleOaHui NpH HHU3KHMX
yacrorax. CreoBaTensHo, YeM Ooibie J00pOTHOCTh, TEM CHIILHEE
TPOSIBIISIET ce0sl PE30HAHC TPH BBIHYKICHHBIX KOJIeOaHNX.

1.4.4. 3ABUCUMOCTDb ®A3bI BBIHYK/IEHHBIX KOJIEBAHUA
OT YACTOTBI

BbIHy>KIeHHbIE KONeGAHHs ONUCHIBAFOTCS YPABHEHHEM
x=A(w)cos(wr - @),

26w
rae @=arctg———, T. €. KO-
My —W P
nebanHus OCHWLIATOpPA OTCTAOT % e
1o ¢aze ot koneOaHWH BHELITHErO \\
BO3AeHCTBHS F)y COSOY. N\
Hetpyaso nomyunts, yro npu = A
o =0 @ = arctg0 = 0 papuan. 2 /
Ipy ® = 0, ¢ = arctgeo = /2. i BBy
Ipn >0, 9—7.
Takum oGpasom, mpu peso- O =
HaHCe KoJiebaHHWd X OTCTAIOT I10 @,

(haze OT BHEIIHEro BO3JCHCTBHA

Ha 7/2. JIpyrumu ciioBamu, Cuiia JOCTHraeT MaKCHMaJIbHOTO 3HAUSHWA
B T€ MOMEHTBHI, KOI/Ia CMEIEeHUE OT IOJIOKEHHSI PAaBHOBECUS PABHO
Hymo. [lpu 5TOM B OJMHAKOBOW (aze OKa3bIBAIOTCH KojebaHue
BHEINHEN CHJIBI M KOJeOaHHWE CKOPOCTHU MAsITHHKA, 9TO MPHBOJAUT K
MaKCUMAaJILHO BO3MOXKHOMY 3HAYEHHIO paboThl, COBEpPIIAEMOH BHELI-
Hel CHTOM 3a OJJUH Nepuo| Kosebanui.
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2. OIMMCAHHUE KOMIIBIOTEPHBIX DKCITEPUMEHTOB

2.1. CTIO)KEHME TAPMOHUYECKUX KOJIEBAHUI

MOJAEJIUPYEMASA CUCTEMA

Mopenupyercs CHOXKEHHe BYX IapMOHMUYECKMX KosiebaHui c
IIPOM3BOJILHEIMI AMIUTHUTY/IaMH, 9acTOTaAMU YU HAYaIbHBIMU (hazamu.
Bo3smoxkHa peanusanms ABYX BapuMaHToOB: 1) ciokenue kojeOanui
OJMHAKOBOTO HAMPABIIEHHS ¥ 2) CIOKEHUE B3AUMHO TEPIEeHIUKYIAP-
HBIX KOJeOaHHH.

HMmutupyercs criiokeHHe KosicbaHuii Ha akpaHe ocumuiorpada.
H3obpakeHne Ha 3KpaHe MOKHO HACTpamBaTh, M3MEHsSS 3Ha4YeHHE
1IEHBbl JIEJICHUSI MaCIITAOHOW CETKH 1O FOPU30HTAIBHON M BEPTUKAIb-
HOHM OCSIM.

B cnydae ciokeHust KonebOaHUH OAMHAKOBOTO HaNpaBIeHHs LeHa
JleJIEHUs. TOPU3OHTANLHOH OCH BBIpAXKAETCH B €UHMLIAX BpEeMEHM
(c¢/pmen), BepTUKANBHOM — B enmHKuLaX HanpsokeHus (B/pen). B ciyuae
CJIOXKEHHS B3aWMHO MNepIeHIMKY/ISPHBIX KoJeOaHuil IieHa JeneHus
K)XJIOM OCH BBIpaXKaeTCs B eiMHUINAX Hanpsbkenus (B/nen).

3AJIAHUE /LISt MOJEJIMPOBAHUS

1. M3yuenne cioxxeHnsi OIMHAKOBO HANPABJIEHHBIX FApMOHH-
YeCKHX KoJie0anmii ¢ paBHBIMH 4aCTOTAMHE.

1. 3apaiire odunakogsle amnaumyOsl U 0OUHAKOGHIE YACHIONbI
CKkJazibiBaemMbIX KoneOanuil. 3ajaiite HavajibHble (aszbl CKilaJbiBac-
MbIX KOJleOaHU# paBHBIMH HYJIIO.

2. llponabmopaiiTe pe3yabTaT CIOXKEHHs KojaeOaHUH B Cilyyae ux
O/IMHAKOBOTO HampapieHus. CaenaiTe BBIBOABI OTHOCUTENIBLHO BHJA
pe3ybTHpyIolero konebanus, BEMUUHBl €r0 aMIUTUTY/b], MepHojIa
Y YaCTOTHI.

3. Ilopropure nn.l u 2, 3anaB HavyaiabHble ¢a3bl KoneOaHuil pas-
HBIMU T/2.

4. Tloproputre mn.l m 2, 3anaBasi NPOU3BOJILHYIO pa3sHOCThL (a3
CKJTaJIbIBAEMBIX KONEOaHUM.

5. IlponabmonaiiTe pe3yJibTaT CIOXKEHUS VI MPOU3BOJILHBIX aM-
TUIMTY /L ¥ pa3sHOCTH (a3 CKIaAbIBAeMbIX KOJICOaHMI.

6. Cnenaiite ob1ye BBIBO/IBI U3 Pe3yJbTaTOB MOJEIMPOBAHUS.
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II. Mizyuenne c/I0)KeHHsI OAMHAKOBO HANPABJICHHBIX FAPMOHH-
YeCKHX KOJICOAHUH ¢ PA3HBIMH YaCTOTAMH.

1. 3apnaiire oounaxogvle amnaumyoOst u PA3HbIC YACMOMbI CKITa-
JbIBaeMbiX Konebanuit. 3ajgaiite HavaibHble (a3bl CKIAJAbIBACMBIX
KoneOaHui paBHBIMU HYJIIO.

2. Tlponabioaaiite pe3ybTar caoxeHus kojebaHul B ciayyae ux
oauHaKoBOro Hanpasienus. Crenaiite BbIBOJIbI OTHOCHTENLHO BHJIA
Pe3yJIbTUPYIOLIETO KojieOanus.

3. Tosropute mit.1 u 2, 3agas ¢aspl KoseGanui paBHbIMA /2.

4. Tosropute mm.l W 2, 3ajaBas MPOM3BOJBHYIO Pa3HOCTh (a3
CKJIa/[bIBAEMBIX KOsIeOaHHUH.

5. Iponaburoaiite pe3ysibTaT CIOKEHHUS /IS TIPOU3BOJIBHBIX aM-
TUTUTYJL M HAYaibHBIX (a3 CKiiaaplBaeMbIX KOeOaHMH.

6. [TponabiofaiTe pe3yibTaT CIOKEHHUA NPU PABHBIX aMIUIATY-
aax ¥ OAM3KMX 3HAYEHMSX YacTOT CKJIa/biBacMbIX konebanuii. Ilpo-
BEphTE BBIMNOJIHEHHE COOTHOIIEHHA Vg =V, — V.

6. Cnenaiite ob1mue BbIBOJABI U3 PE3Y/IbTATOB MOAEIMPOBAHMS.

I11. Usyuenne c/jiojkeHHsl B3aHMHO IePHEHIHKYISAPHBIX rap-
MOHHYECKHX KOJIeOaHu.

1. 3anaitre odunaxosvle amniumyosl U 0OUHAKOGHIE YACHIOMbL
ciUtajpiBaeMblx KoneGanui. 3ajaiite HauayubHble (aszbl CKIaAbIBae-
MbIX KOJIeOaHui paBHBIMHU HYJIIO.

2. Tponabmofaite pe3ysbTaT CAOKEHUS B3aUMHO TEPIIEH/IUKY-
napHbIX Konebanuid. Caenakite BBIBOJbI OTHOCHTEIBHO BUA Pe3yJib-
THPYIOILETro KoneOaHus, BETMINHBI €r0 amMIUTATY/Ibl, MEpHOJa U 4ac-
TOTBI.

3. Tlosropure mim. 1 u 2, 3anag dasel koseObaHuit paBHBIMU 71/2.

4. Topropure nm.l u 2, 3aj7aBas MPOM3BOJIBHYKO Pa3sHOCTh (a3
CKJIa/ibIBaeMBbIX KoseOanuii (Boiienire ciaydan AQ=n/2 u Ap=1).

5. [Mponabnioaiite pe3yabTaT CIOXKEHHUS UL MPOU3BONIbHBIX aM-
WIMTY/1 ¥ (a3 CKIabIBaeMBbIX KOIEOaHUH.

7. IlpoaHanu3upyire CUTYalMIO V|V, =m:@n, TAe m U n — Uelble
quca.

6. Cpaenaiire o0miye BHIBOJIBI 3 PE3YJIBTATOB MOJAETHPOBAHUS.
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2.2. CObCTBEHHLBIE KOJIEBAHUA UIEAJILHOIO
MNPYXNHHOI'O MASITHUKA

MOJEJIMPYEMAS CHCTEMA

Moenupyiotest coOCTBeHHBIE KONeOaHUs HIEaTbHOTO NPYKUHHO-
ro MasTHUKA.

B kauecTBe HCXOMHBIX JAHHBIX 3a/(al0TCS:

m — mMacca rpysa,

k — xoadduimeHT ynpyrocty npyxKuHsl,

Xop — HAYAJIbHOC CMCICHUE I'py3a U3 I10JIOKEHU paBHOBECHS,

Vo — HavdajibHasd CKOPOCTH Irpy3sa.

B npoutecce paboTel MOJIenMpyIOLIEH MporpaMmbl MOryT ObITh
AKTMBU3MPOBAHBI [IBa OKHA. B MepBOM OKHE MPOU3BOAUTCS YCTAHOBKA
MapPamMeTpoOB M HAOIIOAAETCs NPOLECC COOCTBEHHBIX KOTeOaHui masT-
Huka. Bo BTOPOM OKHC BOCIIPOH3BOAATCA _J—UN%_\:AS 3aBUCHMOCTCH
CMEUIEHMST M CKOPOCTH Ipy3a OT BPeMEHH. B 1epBOM OKHE HMeeTcs
TaiMep, perucTpUpYIOLHIA TeKylee BpeMs HabJF01aeMoro rnporecca
U CpeJCTBa YIIpapJIeHus mponeccom (IycK, OCTAaHOBKA, YCKOpeHHe-
3aMeJIIeHre, CMeHa rapaMeTpoB). B nporecce konebanuil rpy3a Bbi-
BOAMTCS TCKYILEEC 3HAYCHHUE €10 KOOpAWHATEI.

SAJAHME VISt MOAEJIMPOBAHW S

1. 3apaliTe napaMeTpbl CUCTEMBI M €8 HAYaTbHOEe COCTOSTHUE.

2. Ilponabmronaiire coGCTBEHHbIE KONEOAHUS MPY>KMHHOIO MasiT-
HHKa.

3. Hcnons3ys TakimMep, onpeaesuTe Nepruos U COOCTBEHHYIO LMK-
JIMYECKYIO YaCTOTY MasiTHUKA. )

4. AxruBuupyiire okHO rpaduxoB. CBepbTe pe3yibTaThl pacuéra
NeprUo/a ¢ NepHoIoM Kosebanni Ha rpadukax.

5. Onpepenure $a3oBblii cABUr KOMeOaHUl cMelieHus U Koieba-
HUl cxopocTi. Hailiure MakcMMalibHBIE 3HAYSHUS CMELIEHHUS U CKO-
poCTH B ripouecce koneGanui.

6. Ormnpenenure MaKCUMAaIbHYIO KUHETHYCCKYIO, MAKCHUMaIbHYIO
NOTEHUHANBHYIO U NOJIHYIO DHEPruto KonedaHuil mastHuka. CpaBHU-
T€ TOJIyYeHHbIe 3HAYSHUS ME3C1y COOOM.

7. HccnepyiTe 3aBUCUMOCTB NIEpHOJIA KoJIeOaHHil OT MacChl Tpy3a.

8. Hcenenyitre 3aBucumocTs nepuoja konebaHui ot koddduiiu-
€HTa YUPYTOCTH MPY>KUHbI.

9. Hccnenyidte 3aBHCHMMOCTb IOJTHOH 3HEPrMM OT aMIUIMTY/ABI
Kos1e6aHuii.

10. Cpuenatite BbIBO/LI U3 pe3ybTaTOB MOJICTHPOBAHUS.
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2.3. BATYXAIOIUUE KOJEBAHUSA MPYKUHHOIO MASITHUKA
MOJEJMPYEMASI CACTEMA

Mopnenupyercs coOCTBERHOE [BIKEHHE NMPYKUHHOTO MAsSTHHKA ¢
NOTEPSAMU SHEPTHH.

B kauecTBe UCXOHBIX IAHHBIX 3aJ10TCH:

m — Macca rpysa,

k — KOS PUIMEHT YIPYTOCTH TIPYKUHBI,

r — KOO (HULUMEHT CONPOTUBIEHUS CPE/TbI.

Xo — Ha4aJIbHOE CMEINCHHUE I'Py3a OT NONTOKEHHUA PABHOBECHS.

B npouecce pabotel Moaenupyromel nporpaMMEl MOTYT GbITh
AKTUBH3MPOBAHBI /IBa OKHA. B mepBoM okHe NpoM3BOAMTCS YCTaAHOBKA
napaMeTpoB M HaOJIIONAETCS MPOLECC ABMKEHUS MasTHUKA. Bo BTO-
pOM OKHE BOCHIPOH3BOAATCS rpadMKu 3aBUCHMOCTEH CMENICHHS, CKO-
POCTH W MOJHOW SHEPru¥ MasTHMKA OT BPEMeHH. B nepBoMm oxue
HMEETCs TaiiMep, PerucTpUPYIONIMI TeKyIiee BpemMs HabmomaemMoro
MpoLEcca 1 CPE/ICTBA YIPaBJICHAs NPOLECCOM (ITyCK, OCTAaHOBKA, yc-
KOpeHHe-3aMeJUIeHne, cMeHa napameTpoB). B npouecce konebanriii
Fpy3a BBIBOAUTCS TEKYLIEe 3HAUYeHHe ero KOOPUHATHI.

3ANAHME JJIsSt MOJEJIHPOBAHU S

1. 3ajaiite napamMerpsl CHCTEMbI M €8 HAYAIBLHOE COCTOSHMUE.
2. Ilponabmoaiite coGCTBEHHOE ABHKEHHE MPYXKMHHOTO MAasT-
HUKA.

3. VI3MeHsis TONBKO BETMUMHY r , MOMYYHTE PEKUM 3aTyXAIOUMX
KoneOaHuH.

4. Hcnone3ys Tafimep, onpenesuTe Nepuoa M IMKIHYECKYHO Yac-
TOTY 3aTYXalOMX KOjeOaHHi.

5. Axrneusupyiite okHo rpadukos. CepbTe pesysbraTsi pacuéra
NEpHoJa ¢ NepPHOJIOM Kolebanuil Ha rpadukax.

6. Ompenenure xosdduument 3aryxanus u jorapudmuueckuii
JACKPEMEHT, MCTONEB3Ys rpaduKu.

7. Wcnonbsys rpaduku, onpenenvre BpeMs pelakcauMd s
CMCILEHHS ¥ 1A MOJIHOM dHepruu kojiebanuit. CpaBHUTE 9TH BpeMe-
Ha MEXKITY COOOH.

8. Hcenenyiire 3aBMCHMOCTH NEpHOA 3aTyXAIOMHX KOmeOaHuii
OT KO3()(pULIMEHTA CONPOTUBIIEHNS CPEIBI.

9. Mcenenyiite 3asucumocts kosdduumenta 3aryxanus koneba-
HHH OT KO ULKMEHTA CONPOTUBICHHSA CPEIBI.

10. U3mensin kooddument saryxanus, onpenenure YCIIOBUSE Tie-
peXo/a CUCTeMbl B aNepHOUUECKHH PEXHM.

11. Cnenatite BBIBO/IBI M3 pe3ybTaTOB MOJIEITUPOBAHUSI.
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2.4. BLIHYKJIEHHBIE KOJEBAHHS NPYXKUHHOI'O MASITHUKA
MOJEJIAPYEMASI CACTEMA ;

Moaenupyercs ABHKEHHE NPYKUHHOTO MasTHHKA MOJL AeHCTBHEM
BHELITHEH rapMOHHYECKOM BLIHYXK/IAIOLIEN CHITBL.

B KauecTBe HCXOJIHBIX JAHHBIX 3aJAt0TCHA:

m — macca rpysa,

k — koadUUEEHT YIIPYTOCTH NPY>KUHEI,

r — KO3 QUUMEHT CONPOTUBIIEHHUS CPEbI,

X — HAYaJbHOE CMEIIEHHE IPy3a OT M0JIOXKEHHs PaBHOBECHS,

Fy — aMIUTMTY{a BBIHYKIAIOWEH CHIIBI,

V — 4acTOTa BHIHYKAAIOLIEH CHIIBI.

B npouecce paboThl MOAETUPYIOIIEH MPOrpaMMbl MOTYT OBITh
aKTHBU3UPOBAHBI JIBa OKHA. B mepBoM OKHE NPOU3BOANTCS YCTaAHOBKA
napameTpoB M HaOMOAACTCS MpOLece ABMKEHUS MasTHuka. Bo BTO-
POM OKHE BOCTIPOU3BOISATCS IpadMKH 3aBUCUMOCTEH CMELeHHs, CKO-
POCTH ¥ TOJHOM JHEPrMHM MasTHHKAa OT BpemeHu. B nepsom okHe
MMeeTCs TaliMep, PeriCTpUpYIOLIMA TeKyliee BpeMst Hab/01aeMOoro
npolecca M CpeJcTBa yNpapiieHus npoueccom (IyCK, OCTaHOBKA, yc-
KOpeHue-3aMe/UleHe, CMeHa rnapameTpos). B mponecce konebanuii
rpy3a BBIBOJIUTCS TeKylliee 3HAYEHHE ero KOOPIUHATI.

3ANAHME JIUTA MOJAEJIMPOBAHWSA

1. 3ajaifte mapaMeTpsl CHCTEMbl M TNapamMeTphl BbIHYXKIAIOMIEH
CHITB.

2. TlponabmropaiiTe TpoLEece YCTAHOBJICHHs BbIHYX/ICHHBIX KO-
Oanuii MasTHHKA.

3. Hcrionb3ys TaiiMep, OmpeaenuTe NEepUoA M 4acToTy YCTaHO-
BUBIIMXCS KojeGanwid. CpaBuuTe 4acToTy KonebaHmii ¢ 4acToTOH
BO3/IEHCTBHUS.

4. AxtuBH3UpYyiiTe OKHO rpadukoB. CepbTe pe3yabTaThl pacuéra
nepuo/a ¢ MePHoJIOM YCTAHOBMBLINXCS Kojiebannii Ha rpadukax.

5. Tlpoananusnpyite Xapaktep rpaduKos.

6. Hccneayiire 3aBUCUMOCTD aMIUTHTY/bl BBIHYKICHHBIX Kose6a-
HUI OT YacTOTHI BHLIHY)KIAOIIEH CHIbI, 3a(UKCHPOBAB TapaMeTPhI
MasTHUKA U aMIUTUTY/AY BBIHYXAIOLIEN CHIIbI.

7. Onpepenure pe30OHaHCHYHO YaCTOTY CHCTEMBI.

8. Mccmenyiite 3aBUCMMOCTD aMIUTMTY/IbI BBIHYKJICHHBIX KoneOa-
HUM OT aMIUIATY/Ibl BHIHYKIAIOUIEH CHIIBI, 3a()MKCHPOBAB MapameTpbl
MasTHHKA ¥ YaCTOTY BBIHYK/AFOILECH CHITBI.
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9. Hcromb3ys nojiydeHHBIe JaHHbIE, OLIEHHTE J0OPOTHOCTL KOJIE-
0areNibHOW CUCTEMBI.

10. Cgenaiite BHIBOBL U3 PE3YJIHTATOB MOAETUPOBAHHUS.

2.5. COBCTBEHHBIE KOJIEBAHUS CBA3AHHBIX
[PYXXUHHBIX MASITHUKOB

MOJAEJTUPYEMAA CUCTEMA

Moenupyitores cobcTBeHHbIe KoebaHus JBYX OJMHAKOBBLIX HJle-
AJTbHBIX CBA3AHHBIX NPYKHHHBIX MasTHUKA.

B kauecTBe HCXOAHBIX JAHHBIX 3aJal0TCA:

m — macca rpysa,

k — k02 PULMEHT YIPYTOCTH NIPYKUH,

Xo1, X1 — HAYAIbHBIE CMEILEHHS TPY30B OT MOJIOKEHHUS PABHOBECHS

B npouecce paGoThl MOAENMPYIOIIEH TPOrpamMMbl MOTyT OBITH
AKTUBM3MPOBAHbI J(Ba OKHA. B repBoM OKHE MPOM3BOANTCS YCTAHOBKA
napameTpoB W HabuoaeTcsa mpouecc coOCTBEHHBIX KOjleOaHHH CBA-
3aHHBLIX MasTHUKOB. BO BTOPOM OKHE BOCHPOM3BOAATCS rpaduku 3a-
BHCHMOCTEHM CMELIeHUst U CKOPOCTH I'py3a OT BpeMeHH. B nepBom ox-
HE UMeeTCs TaliMep, PErucTPHPYIOIIUI TeKyluee Bpems Habmo1aemo-
rO NpOoIecca W CPeJCTBA YNpPaBJieHNs nMpoueccoM (IyCK, OCTaHOBKa,
yCKOpeHHe-3aMeUIeHIe, cMeHa napamerpoB). B npouecce koneGanuii
IPY30B BBIBOJUTCS TEKYLIHE 3HAYEHMS UX KOOP/HHAT.

3ATAHME /I8 MOJIEJIMPOBAHUSA

1. 3apaiite 3Hauenus maccsl ¥ ko3 puLmenTa ynpyroctd. Beise-
JMTE MAsSTHUKKM W3 MOJIOXKEHHUsT PaBHOBECHUS, 3a/iaB OJJHHAKOBbLIE MO
BEJIMYHHE U 3HAKY CMeIeHHs].

2. Tlponabmopaiite mepBoe HOpMAAbLHOE KoJebaHue CBsI3aH-
HbIX MASTHHKOB.

3. Mcrions3ys Taiimep, ONpeeuTe NepHo/l U LIMKIMYECKYHO yac-
TOoTy KONeGanui Kaxaoro MmastHuka. CpaBHHUTE 3HAYEHHE YacCTOThI
KosiebaHuii ¢ COOCTBEHHOM YaCTOTON HECBA3AHHOIO MasTHHUKA.

4. Axruusupyire okHo rpaduxo. CepbTe pe3ysibTaThl pacuéra
nepuoJia ¢ nepuoIoM Kostebanuii Ha rpadukax.

5. OcTaBuB MPEKHME 3HAYCHUS MACChl U KO3 UIMEHTa ynpyro-
CTH, BLIBEJUTE MAATHUKY K3 TOJIOKEHUSI PABHOBECHS, 32/1aB OJUHA-
KOBbIE 0 BeJIHYMHE, HO NPOTHBONOJI0KHBIE N0 3HAKY CMEI[eHHS .

6. IMoeropute nm.2-4 i BTOPOr0 HOPMAJALHOIO KoJebaHus
CBAI3AHHBIX MASITHUKOB.
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7. OCTaBMB IPEXHME 3HAYEHHS MACCH U kospdrmenra ynpyro-
CTH, BLIBEIIUTE M3 MOJIOXKEHHS PABHOBECHS TOJLKO OAHH H3 MASIT-
HHKOB.

8. IlponaGmopaiite kone6anus cBszaHHBIX MasTHHKOB. [lpoana-
JIM3UpYHTE MpoLiecc 06MeHa SHeprrei MasTHHKAM.

9. AkTHBM3MpYiiTEe OKHO rpadukos. TMpoananusupyiire NOJTY9eH-
HOe Konebanwe.

10. Uccnenyiire noseneHne cucremr TIPY PA3JIMYHBIX 3HAYEHUSX
apaMeTpOB M pa3IMYHBIX HAYATBHBIX CMEHICHHSX M3 MOJIOKEHUS
paBHOBeCHS.

I'l. Cnenatite BBiBO/IBI M3 pesynbTaTOR MOJICTHPOBAHMS.

KOJIEBAHUA

JlaGopaTopHelii npakTHKYM 110 usuxe
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