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OCHOBbI AMHAMMUKN CTEPXHEBbLIX CNCTEM

OCHOBHblEe MOHATUA

B npeapinymux pazaenax ObUT pacCMOTPEH PacuéT CTEP>KHEBBIX CHCTEM MPHU
JIEUCTBUM HA HUX CTAaTMYECKUX HArpy3ok. OHAKO B MIPAKTUKE CO3/IaHUS U
AKCIUTyaTallud TPAHCTIOPTHBIX COOPYKEHHH OOJBITUHCTBO HArPy30K SBIISIOTCS
TaKWMH, KOTOPBHIE BO BPEMEHU U3MEHSIOT U CBOIO BEJIMYMHY, U HAIPABJICHUE
JIEUCTBUSL.

Harpy3ku, koTopbie ABISIOTCS QYHKIUAMHA OT BPEMEHH, Ha3bIBAIOTCS
JVHAMUYECKAMHU. JIMHAMUYECKUE HArpy3KHU MPU TEMCTBUU HA DIIEMEHTHI
KOHCTPYKIIMH BBI3bIBAIOT UX KosieOanus. [loaTomMy B KOIeOMIOMMXCS 3JIEMEHTaX
KOHCTPYKLHH NOSIBJISIFOTCS MHEPLIMOHHBIE CHJIBI, BBI3BIBAIOIE BOSHUKHOBEHUE B
MONEPEYHBIX CEUCHUSIX KOJIEOIIOMUXCS AIEMEHTOB COOPY>KEHHUM T0NOJTHUTEIbHbIE
BHYTPEHHUE YCUJIUSL.

ABToOMnoOe3/a, IBUXKYIIHUECS 0 IOporaM, MOCTaM, MepelaloT Harpy3KH,
U3MEHSIONINECS BO BpeMeHU. TpaHCHOpTHBIE KOHCTPYKIIMU B TIpoliecce ACHCTBUSI Ha
HUX JUHAMHAYECKUX Harpy30K HCTBITHIBAIOT KOJIEOATEIbHBIN MIPOIIECC, BHI3BIBAFOIITHI
MOSIBJICHUE B KOHCTPYKIIUSIX 3HAYUTEIHHBIX HHEPIHMOHHBIX CHI. OCOOCHHO OTIaCHBI
KoJIcOaHUs MPU PE30HAHCE, KOT/1a HAMPSDKCHUS U 1eOpMaIiii MOTYT JIOCTUTATh
OCCKOHEYHOCTH, T.€. HACTYIACT pa3pylIeHHEe KOHCTPYKIMU. HXEeHEp TODKEH YMETh
MPUMEHSTH MEPHI, HAIPABJICHHbIE HA YMEHbIIIEHUE dh(PeKTa TMHAMHUUECKUX
BO3/EHCTBUI.

B npakrtuke pacu€ToB Bc€ MHOrooOpa3ue JMHAMUYECKUX HArpy30K YCIOBHO
NOJIpa3JeNsIOT Ha ISATh BUJOB:

1. BuGparnmonHnas Harpy3ka, ©3MEHSIIOMIASACS BO BPEMEHHU 110 KaKOMY- JINOO 3aKOHY —
CHHyca, KocuHyca u Jp.). Kak npaBuiio, BuUOpanimoHHbIe HAarpy3KU CO3/1aF0TCS
BpallleHHeM HEYpaBHOBEIICHHBIX Macc. Hanmpumep, BpalieHne KoJaeH4aToro Bajia
aBTOMOOMJIS.

2. Y napHas Harpy3ka, BpeMsl I€HCTBUSI KOTOPOW COCTABIISET IECATHIC TOJIU CEKYH/IbI.
XapakTepHBIM MPUMEPOM CO3AaHUS yAAPHOU HArpy3KH SABJsETCS paboTa Kompa Impu
3a0MBKeE CBaM.

3. UmnynbcHas Harpy3Ka, BpeMsi I€MCTBUS KOTOPOH COCTaBISET COThIE I0TIU
CEeKyHJpl. XapaKTEPHBIM MPUMEPOM UMITYJIbCHON HArpy3KH ABJISETCS yaap
JKEJIE3HOJOPOKHOTO KOJIeCa IPU JBUKEHUH II0€3/1a O CTBIK PEJIBC.

4. TlogBrxHas HArpy3Ka, K KOTOPOM OTHOCSIT aBTOMOOMIIN, KEJIE3HOIOPOKHBIC
noe3/a, noe3/1a METPOIOIUTEHA.

5. CelicMuueckas Harpyska, XapakTCpHasa XaOTUYHbIM U3MCHCHUECM BO BPCMCHU U
cBOCH BCJIMYMHBI, 1 HAIIPABJICHU.



B Hacrosiiem Kypce paccmMaTpuBaeTcs I€UCTBHE TOIbKO BUOPALIMOHHOM HArpy3KHU.

OnpeaeneHune yncna cteneHeit ceoboabl

B nunamuke coopy>KeHHI YUCIIO CTENEeHe CBOOO bl paBHO YMCITY HE3aBUCHUMBIX
TEOMETPUYECKUX TTapaMETPOB, OTIPEACIISIONINX MOJ0KEHUE KOJICOIIONTUXCS MacC B
1000 MOMEHT BpeMeHU. M3 mpuBeAEHHOTO ONPEICIICHHS YHClia CTeTIeHEH CBOOOIbI
OYEBUHO, YTO B JUHAMHUKE COOPYIKEHHUM, B OTIIMYUE OT CTATUKH, MOSBJISICTCS €IIE
OJlHAa KOOpAMHATA — BPEMSI.

OmnpeneneHue yncna cTeneHeil cBo00Abl yI00HO MPOBOIUTE MyTEM HATOKEHHUS
cBsizeil. MUHMMaIbHOE YHCIIO CBSI3EH, YCTPaHSIOUINX BO3MOXKHBIE TTepEMEIeHuUs
Mmacc, OyJIeT paBHO YUCIy CTeTeHel CBOOOIbI CUCTEMBI.

[Tpu onpeneneHny yrciia cTeneHeid CB0OO bl MOKHO BBOJIUTH JOMYIIICHHUS,
YIPOIIAOIINE UX HAXO0XKICHUE.

PaccMoTpum npumep ornpeaeneHus Yucia cTerneneld CBOOOIbI 171 MPOCTOM OasKH,
Hecymiel maccy m. Yucio creneneit cBo0oabl Takoit O0anku paBHo 1 (puc. 9.1), Tak
KaK Macca m MOKET KoJIe0aThCsl TOJIBKO B BEPTUKAILHOM HalpaBJICHUU.
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Fuc. 2.1

[TepemenienreM Macchl 1o ropu30HTaNHN npeHedperaemM. [Ipenedperaem Takxke
BpallleHUEM Macchl. Maccy 3aKpersisieM OJIHOM BEPTUKAJIbHOW CBA3bIO, YCTPAHSAIOLIEH
BO3MO’XHO€ BEPTUKAJIBHOE NIEPEMEILIEHUE MACCHI.

Ecnu Ha Ganke pacnonoxeHo n koneOaonuxcest Mace (puc. 9.2), To 4UCiio CTeNeHel
cB00O/IbI TaKOW OAJIKU PaBHO N.

PaccMmoTpum pamy, Ha cTOIKe KOTOpOH MpUKpeIieHa Koeomromascs Macca m (puc.

9.3). VYuursiBas, uto U3ruOHas x€cTkocTh EJ purens ectb KoHEUHas! BETUYMHA,
Macca m MOXET K0JIe0aThCs KaK B TOPU30HTAIBHOM, TaK U BEPTHUKAIHLHOM
HampaBJIeHUsIX. YHUCTIO cTeneHel cBOOO bl pacCMaTPpUBAEMOI CUCTEMBI PaBHO 2.
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PaccMoTpum pamy, Ha cTOMKE KOTOpO# IpUKpEIIeHa Koeomromascs Macca m (puc.

9.3). VYuwutsiBas, uTo u3ruOHas *kECTKOCTh EJ purens ecte KOHEUHAs BEIMYMHA,
Macca m MOXET K0JIe0aThCsl KaK B TOPU30HTAIIBHOM, TaK U BEPTUKAIbHOM
HamnpaBiaeHusX. Yucsno creneneid cBo00bl paccMaTpUBaEMOM CUCTEMBI PABHO 2.

A

Puc. 2.3

W3 npuBeneHHOT0 MpUMepa OUYEBHIHO, YTO YMCIIO CTEIIEHEN CBOOOIBI U YUCIIO
KOJIEOITIOIIMXCSI MacC HE BCETa MOT'YT COBIAJaTh.

CobcTBeHHbIe KolebaHMA CUCTeM C OAHOW CTeneHbio cBoboabl 6e3 y4éta cun
COMPOTUBNEHWNS BHELIHEN Cpeabl

PaccmoTtpum HeBecomyto 0anky, BECOM KOTOPOM 10 CpaBHEHHUIO C Maccoil m
npenedperaem (puc. 9.4).

PaccMoTpuM monokeHrne Macchl m B MOMEHT BpeMeHH t. OTKIIOHEHNE MACCHhI
0003HaunM y(t). B OTKJIOHEHHOM MOJI0)KEHUHU HA MacCy m JEHCTBYET CUJla MHEPLUU
J, paBHas1, Kak U3BECTHO U3 Kypca (PU3UKH, IPOU3BECHUIO MacChl HA YCKOPEHHUE.
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HepeMemeHHe MacCCBhI OIIpeACIACM 4CPEC3 CAMHUIHOC IICPCMCIICHNUEC B COOTBCTCTBUH C
BBIPpA’KCHUCM

ye)=J) 8y (g2

& . .
[Mepememenne 11 B (9.2) npeacrasisier coO0i epeMenICHUE, HAWICHHOE OT
nencTBus cuibl F=1, npriio)K€eHHON B TOUYKE NMPUKPEIUICHUST MAacChl M.

C yuetom (9.1) Beipaxkenue (9.2) npuHUMAaET BUT

2

d
O =-m=- 4,
.(9.3)

[TepeHocs Bce ciiaraembi€ B JIEBYIO 4acTh ypaBHeHuUd (9.3), moayuum

¢ depeHmanbHOEe OAHOPOIHOE YPAaBHEHUE, OMMCHIBAIOIIEE COOCTBEHHBIE
K0JIe0aHUs CUCTEMBI C OJJTHOM CTETIEHbIO CBOOOABI O€3 yuéTa CUil CONTPOTUBIICHUS
BHEIIIHEN CPEbI:

2
a7y
yity+moy —-=0
L (9.4)
JUjisl IPUBEEHKSI STOrO YPaBHEHHS K CTAHIAPTHOMY BUJLY Pa3jelIiM BCE CIIaraeMble B

(9.4) Ha pousBeneHue 3y :



dt® Moy (9.5
& = 1
O6o3HaunM B (9.5) Moy . Torma muddepennmansaoe ypaaenue (9.5)
IPUHUMACT CTaHIAPTHBIA BH/T

2
d—f+ mzy =0
dt .(9.6)

[Tonyunnu ypaBHEHHE, ONUCHIBAIOLIEE COOCTBEHHBIE KOJIEOAHUSI CUCTEMBI C OHON
cTeneHbio cBoOoab!. [lapamerp @~ cobcTBeHHast YacToTa KOJeOaHuH.

B maremaruke nonmydeHo peuieHue ypaBHeHus (9.6), KOTOpoe UMEET CIeAyOInii
BU/I:

y=A4 smax+ A, c-:-sc:ﬁj 9.7)

o Ay -

Ipil IMOCTOSAHHBIC HHTCTPHUPOBAHUA.

A LA
Jlnist onpeeneHust ~ 1?72 UCHOIB3yeM Ha4yallbHbIC YCIOBHUS, HMEIOIINE MECTO B
MomeHT BpemeHH t=0. [Ipu t=0 HavaabHBIN TPOTUO Y =Y0 | qavanpuas

ckopocts © U0 Ioacrasum B (9.7) t=0.

y=A -sin0+ A, -cos0=y, 9.8)

U3 (9.8) naxoaum, 4to A = Jlis omipeiesieHus IOCTOSTHHOTO HHTETPUPOBAHUS
A1 HE0O0X0aUMO B3ATh MEPBYIO MPOU3BOAHYIO 110 BpeMEHH OT BhIpaxkeHus (9.7), T.e.

HaWUTHU BBIPpAXXCHHUC, 110 KOTOPOMY B IIPOLICCCC KoJIcOaHUSI NU3MEHSIETCS CKOPOCTH
IEPpEMCIICHUA KOHC6J’IIOHI€ﬁC$I MAacCCBhI.

a_ LU= cosaf — aHl, sinaf
dt .(9.9)

[Toacrasnss B (9.9) t=0, nonyuum

v=amd cos0—md, sin =y (9.10)
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N3 (9.10) Haiigém, 9To @ C y4€ToM HalJICHHBIX 3HAYCHUI ITOCTOSTHHBIX

MHTErpUPOBaHUS pelieHne AuddepeHuanbHoro ypasuenus (9.7) npuanumMaer
OKOHYATEJIbHBIN BUJT

¥ =U—Dsinat+y,] cosal
@ . (9.11)

[Monyuunnu 3akoH nepemenieHust Maccel. [Ipennonoxum, 4To Koaedromascs Macca m
HaXOJUTCS B IOKOE U MBI €€ BBIBEJIM U3 PABHOBECHUS, IIPUIAB €11 HAYaIbHYIO

Uy .
y =L gin af
L .
ckopocth U, Torma & . Ecnu B HauabHBIM MOMEHT BpeMEHU Oalka yxe
ObL1a u3oruyTa (cM. puc. 9.4) 1 oHa cTaja COBEpIIaTh KOJIeOaHus, TO HadaJIbHAas

. vy =0 .
CKOpPOCTh KOJIcOaHUH TIpH ATOM U . Torna ypaBHeHUe KOJIeOaHMI MpUMET

¥y =yqcosar
BUJL . O6a 3TH 3aKOHA OJIMHAKOBHI IO CBOEMY XapaKTepy, TOIBKO

Yy o
= sinai
cMmenieHsl o ¢asze. g aHann3a KojaeOaHuii mpuMeM 3aKOH o "

nocTpouM ero rpaduk (puc. 9.5) corsiacHO 1aHHbBIM, NPUBEAEHHBIM B Ta0. 9.1.

Tao0muma 9.1
t 0 P T 3T 2
20 Fsa) 20 {0
af | 0 oo b/ 37 2
2 2
.F F 3 T
A A
A — -
t
Prc. 2.5

N3 ananu3a rpaduka (cm. puc. 9.5) 04eBUIHO, UTO BCE IUKJIIBI KOJICOAHMIA
onuHakoBbie. HanbosmbIee OTKJIOHEHUE MACChl OT MOJIOKEHUSI CTATUYECKOTO
PaBHOBECHS PaBHO MTOCTOSHHOMN BETMYWHE, KOTOPask HOCUT HA3BaHWE aMIUTATYIbI
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Kosie0aHui €} | Y BOCHHAs BEIMYMHA aMIUTUTYbl KOJICOAHHIA COCTABIISET
pa3max koneOmromieiics Touku. Bpems T, 3a koTopoe 6ajika coBepIaeT MOTHBINA UK
KoJieOaHui, Ha3bIBACTCS MeprUoAoM Kosiebanuii. 13 ananuza rpaduka (cMm. puc. 9.5)

2
y el

MOKHO 3alucaTh, 4TO € Ypcmo MOJIHBIX IIUKIIOB KOJICOAHUH B €TUHUILY
BPEMEHH Ha3bIBACTCS YACTOTOM KOJI€OAHUI; €CIIH B3SITh 32 €IMHUILY BPEMEHH 2T C, TO

27
a}z_

4acToTa COOCTBEHHBIX (CBOOOIHBIX) KOJIEOAHMIA T ¢-1. Yunreisas,
1
@ =
Moy

qTo , 4aCTOTa COOCTBEHHBIX KOJIEOAHNH MOIKET OBITH onpcaciicHa nu3

BBIPAXKCHUA

1
m511

L(9.12)

BbIHYKAeHHble KoiebaHna CUCTeMbI C OAHOM CTeneHblo cBOHOAbI

Paccmotpum Oanky (puc. 9.6) ¢ maccoit m. K macce npunoxxena F(t) — Bo3mymiaromas
CHUJIa, CO3/AI0Mas BRIHYKICHHbBIE KOJICOaHU U U3MEHSIIOIIASCS TI0 TAPMOHUYECKOMY

F(t)= Fj cos & . g
3aKOHY t. HactoTa Bo3MymIatomiei cuibl 0003HaueHa CuMBoJIoM ¥, a
aMIUTUTYIHOE 3HaUYe€HHE Bo3Myaroniei cuibl — FO.

Fit)
- PI/IO%9.6 _
Jit)
¥
' F(t)

Paccmotpum monoskeHue Macchl m B MOMEHT BpeMeHH t. OTKIIOHEHHE MacCChI
0003Ha4nM y(t). B OTKIIOHEHHOM MOJI0KEHUU HA MacCy IEUCTBYIOT Cuilbl: F(t) —

BO3MYyIIaroIIas cuia; J(t) — cuia uHepIuu. £ _ qacrora BO3MYIIAIOIIEH CUJIBI; y
amruTyaa cuisl F(t).



Cunamu CONpOTHUBIICHHUS], KOTOPbIE BOZHUKAIOT MIPH KOJIEOAHUSX, IPEHEOperaeM.
[lepemernienne Macchl B TF000M MOMEHT BPEMEHH Uepe3 SAUHUIHOE MTEPEMEIICHHE
ONPEIEIIAEM MO BBIPAKEHHIO

y() = [FE)+ 7))y . (9.13)
[ToncraBum B (9.13) BMecTO MHEPIIMOHHON CUJIbI J(t) BEIpaskeHUE, TPEICTABICHHOE
dopmyoii (9.1)

2

y(0) = {F(ﬁ)— m%}al
L (9.14)

ITocne packpbiTus ckoOOK B ypaBHEHHUH (9.14) 1 1eeHUs BCeX cllaraéMbIX Ha
IIPOU3BEACHUE MACCHI U €AMHUYHOTO IEPEMEILECHHUS TT0TyYaeM

diy(t) 1 1
Lyt == F)
gt moy mo(9.15)
1
O6o03HauuM B (9.15) o = moy coOCTBEHHas 4yacToTa KojebaHui. Y paBHEHHE

(9.15) mpuHUMaeT BUL

2
d_y+ m2y=lFD cosf

2
dt i . (9.16)

Kak u3BectHo, nonHoe peuieHue auddepeHnuranbHoro ypasaenus (9.16)

NPEICTABIISIOT B Buje © 70 Y1 O6mee y0 pelreHue npeacTaBiIseT cooou

pemieHre ogHopoAHOTO AudPepeHITnanbHOTO ypaBHeHNs. YacTHOE Y2 pernieHue
dzﬁz

=-C#* costt.
¥ =Ceosd e ©o®

C yuérom

ypaBHeHus (9.16) uiiem B Buje
U3JI0’KEHHOTO ypaBHeHHe (9.16) nmpuMeT cienyromui Bu;

~ CA* cos@t + ' C-cosft = lFD costE.
n (9.17)

N3 ypaBHenus (9.17) cnemyer, 4To mocTossHHAsE HHTETpUupoBaHus C MOXKET OBIThH
HaliJIcHA W3 BBIPAKCHUS

10



T m(w® — 8%) ) . g
mear|1- —
&
.(9.18)
&’ = L
C yuetom Moy MOCTOsIHHAsA UHTEerpupoBanus C nmojiy4aeTcsi paBHOM
_ by Vem
1 il 1 il
) 2
& @ (9.19)

B (9.19) ycr = F0411. 3ameuaeM, 4TO aMIUIMTY/a BRIHYXACHHBIX KOJI€OaHUMN OT
CHWJIBI, U3MEHSIONICHCS 0 TAPMOHUYECKOMY 3aKOHY, OOJIbIIIE, YeM MPOTUO OT CHUITHI,

1
H=
7
1-—
MPUIOKEHHON cTatTndecku. O003HaYNM & _ TUHAMUAYECKUN
kodddunrent. ['paduk U3MEHEHUST TUHAMHYECKOTO KO PHUITMEHTA | B 3aBUCHUMOCTH
7
oT OoTHOIICHUs £ mokasaH Ha puc. 9.7.
F 3
1l
1 >
@/
1 2 3
Puc. 9.7

A

[Mpu & =1 ko3 duLKEHT | paBeH o, YTO 03HAYAET OCCKOHEUYHO OOJIBIINE MPOTHUOBI
B KOHCTPYKIIUH, & 3TO PABHOCWJIBHO €€ pa3pylleHuIo. SIBieHue, mpu KOTOPOM 4acToTa

COOCTBEHHBIX KOJIEOaHUN () COBMAAAET C YACTOTON BO3MYIIAIOIICH CHUITBI 2

11



Ha3bIBaeTCs pe3oHaHCOM. Pe3oHaHC onaceH AJig KOHCTPYKIUH, IO3TOMY HaJ0
CTPEMHTHCS K TOMY, YTOOBI YACTOTHI ( U 2 ue coBnaganm.

[TonHoe pemenue auddepeHmanpHOro ypasueHus (9.16) 1 BIHYKISHHBIX
KOJIEOQHUN UMEET BUJI

¥ = ¥ cos @t + 2L gin o + Ly o, - cos &
2 .(9.20)

Ananuzupys Beipaxenue (9.20), orMmeyaem, uTo MepBbIe ABa CIaraéMble OMUCHIBAIOT
coOCTBEHHbIE KOJIeOaHus U ObICTPO 3aTyXatoT. TpeTbe ciiaraeMoe ONUChIBaeT
BBIHYKJIEHHBIE KOJIeOaHUsI, KOTOPBIE OCTAIOTCS U UMEIOT Ty K€ 4acTOTy, UYTO U
BO3MyIatomias cuia F(t).

CobcTBeHHble KoNebaHnsa CUCTEMbI C KOHEYHbIM YMCIOM CTeNneHen cBoboapl

Paccmotpum Ganky (puc. 9.8) ¢ n cocpe1oTOUeHHBIMUA MaccaMu, KOTOPhIC
COBEPIIAIOT COOCTBEHHBIC KOJICOAHMS B BEPTUKAIBHOM IJIOCKOCTH. Bpamenus,
TOPU30HTAIBHBIC CMEIIEHUS MAcC M CHIIBI COITPOTHUBIICHUS BHEIITHEH CPEbl TIPH
aHaJIM3¢e K0JIeOATEIHLHOTO MpoIiecca He YIUTHIBAFOTCS.

Uucrno creneHeit cBo0OAbI TaKOM CUCTEMBI paBHO n. K Kax10#1 13 Macc MpUII0KEHbI
cuiel mHEpwH J1,J2,..., Jn. B 3TOM ci1ydae HMEIOT MeCTO COOCTBEHHBIC KOJICOAHUS
CHUCTEMBI C N CTETICHSIMHU CBOOO/IBI.

nH 2O wh o v
D ) D) )

- 7 v D
] - | oA
Y - TR
e L T
[ L A e vt

T To & 5 Tu

O0603HauM OTKIIOHEHHE Macc y1, y2,..., yn, a aMIUTUTY 16l KoieOanuii — Al,
A2,..., An.

ypaBHeHI/ISI ABHWKCHHA MAaCC IIPUMEM B BUAC, OITMCAHHOM BLIPpAKCHUAMHA
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¥, = A sin{laf + v
¥, = A, sin{at + v);

B cooTBeTCTBUM C MPUHATHIM 3aKOHOM KosieOanuii (9.21) onpenenum cuiibl HHEPLUU:

dﬁ
S ==y % =m1m‘2}11
di sin(wt+v) =mlw2yl;
dz
R=-m2 dt sin(w t+v) =mlw2yl;
............................................................ (9.22)
4’ .
S, == d;” =m,w A sin{wt +v)=m o'y,

HaﬁIIGM IMEPpEMCIICHUS TOUCK ITPUKPCIIJIICHUA Ka)XJI0M U3 Macc OT BCEX HHCPUIOUOHHBIX
CHJI:

_ 2 2 2
¥l =@y + S, mt Yy ot &, Ty
b

_ 2 2 2
¥o=8yma ¥+ G Bam Y, + o+ G momTy,
b

— 2 2 2
Yn = ﬁnlmlm ¥y + ﬁnﬁmim Ya +.t ﬁnnmnm .y:v:'

Lo
Paznenum B (9.23) Bce cnaraemble Ha ®2 U, 0003HaYas 2 (cobcTBeHHOE
YHCII0), IEPEHOCS BCE CIaraeMbie B OJIHY CTOPOHY, MOJYYHM CUCTEMY JTHHEWHBIX
OJTHOPOJTHBIX AJIreOPaNdeCKUX YPaBHCHHIA, HEU3BECTHBIMU B KOTOPBIX SIBJISTFOTCSI
HIEpEMEIICHHS Y TOUYCK MPUKPETUICHUS Macc.
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Cucrema ypaBHenuii (9.24) umeer nBa pemienus. [lepBoe: korna Hen3BecTHBIE (B
JTaHHOM ciydae y) paBHbI (. Takoe pemeHne He COOTBETCTBYET (DM3HMKE ITOH 3a/1auH,
T.K. OHO 0003HAYAET, YTO paccMaTpuBaeMas Oajika HaXOIUTCSI B COCTOSTHUU TTOKOSI.
Bropoe: otiimuHoe ot HyJis, kKoraa y1# 0; y2# 0; yn# 0 u 1.1. Ho 310 pemienue
BO3MOXXHO JIMIIIH B TOM CJIy4ae, €CJIA €€ ONPeeIUTENh, COCTaBIICHHBIN U3

K02 (HUIIMEHTOB MTPU HEM3BECTHBIX, OyIeT paBeH HYJIIO.

OnpenenuTenb, COCTABICHHBIN U3 KOYPPHUIIMEHTOB IPU HEU3BECTHBIX, TIPEICTABIISAET
co00if ypaBHEHHE, KOTOPOE HA3bIBACTCS XaPAKTEPUCTUICCKUM UITU BEKOBBIM. {715t

omnpenesneHust KopHeit A1, A2,..., An 3TOro ypaBHEHHUSI KaXJOMY 3HAYEHUIO Al
1

b e —
COOTBETCTBYET COOCTBEHHAs YACTOTA KOJIECOaHUI J4 . Uucio 4yacToT paBHO
YHCIly CTeneHel cBoOoAbl paccMaTpuBaeMoi cucteMbl. [lokaxkem nepBbie Tpu popmbl
KoJieOaHuM JU1si pacCMOTpEeHHOU panee Oanku (puc. 9.9).

o — A .. moy M, 01,
my 64 e M0 — A L ML0;
My Gy e MOy e MlpOpy — Al 0 — BekoBoe ypaBHeHue. (9.25)

CB00OOIHBIE KOJIEOaHUsI CUCTEM MOTYT IIPOUCXOUTH KakK M0 OJJHOU U3 hopm
KoJieOaHUH, TaK M 0 COBOKYITHOCTH HECKOIBKHX (hopM. B paccmoTpeHHOM perieHnn
HE YYTECHBI CHJIBI COMPOTUBIICHHUSI, UTO SBIISACTCS MPHUOIMIKEHHBIM pereHueM. s
MPaKTHYCCKUX 3aJ1a4 Pe3yIbTaThl MPUBEACHHOTO pacyeTa CUCTEM Ha COOCTBEHHBIC
KOJIeOaHUS SABJISIOTCA MPUEMIIEMbIMH C JJOCTATOYHOM cTeneHblo TouHOCTU. Kaxkmoi
4acTOTE M1 COOTBETCTBYET CBOS (hopMa KoJIeOaHUH.

14



g = 2 1-51 hopma ey

- S et 2-51 hopma a3

-

2 3-51 hopma o

_ - - -
- . -
- -

- _

BblHV)-I-(,EI,EHHble KonebaHus CMCTEM C N CTENEHAMM CBO60,£I,bI

PaccmoTpum cucremy (puc. 9.10) ¢ n maccamu, Ha KOTOPYIO A€HCTBYET BHEIIHSIS

cnma & e)=F Ocos &, M3MEHSIOIIASCS TI0 TAPMOHUYECKOMY 3aKOHY COS @

Fit)= Fp cos@rt
I, 1 I Iy,

2 2 . >
;H“M_jﬁk}ﬁ(ﬂ 1 ¥2(D) _H'J_}_’iﬂilwii”‘%
[ ¥all)
Ul I3 T I,
Puc. 2.10

[lepemeriennst Macc orpeaessieM B COOTBETCTBUU C MPUHIIUIIAMH CYIEPIIO3UIIH U
Janambepa, HCTIONB3YS IPH TOM €IMHUYHBIC TIEpEMEIIECHUs O.
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-}',?"! = 5?"!1”?1 +§H2J2 + 5”3ur3 + ...+ 5?’!?’!”??"! + F(I)ﬁnﬁ-.

o .
B (9.26) J1,J2, ..., Jn — uHEepLIMOHHBIE CUJIBI; ¥ — MIEpeMElICHUE B HAPABJICHUU 1-1
Macchl OT AeHcTBUS ciiibl F = 1, MpuiioKeHHOM B TOUKE MIPUKPETICHUS J-1

Sp . " _
Maccel; ¥ — mepeMelneHue i-i Maccel ot aekcteus cuiel F(t) = 1. JIBrmkenue mace
BO BPEMEHU OyJIE€T POUCXOAUTH 110 TOMY K€ 3aKOHY, 110 KOTOPOMY MEHSETCS
yy=Acos&t y,=A cosdF |y, =A cos

; ;- :

ey

BHCHIHAA BO3MYIIAOIIasa CHJIa:

Cuitel HHEPUWH, IPUITOKCHHBIC K K&)I(I[Oﬁ N3 MacC, UMCHKOT BH [,

dly
J=—m drjl = m B4 cosBt=m By,
dy
Jo =—m, dizz = m, B A, cosf =m, 0%y,
............................................... 9.27)
42
g, =M, 4

dizn =m B*A4 cos=m By,

[Toncrasnsem (9.27) B cuctemy (9.26) u, cokpaiias Ha cosOt, moxyyaem cleayronyro
CUCTEMY YpaBHEHHIA:

‘_5}111.)?1 + 5”21.)?2 +...+ 5;:?"JJH + an?'!F = ﬂ.

(9.28)

B ypaBHenusix (9.28) rinaBHble 1uaroHaibHble KO3QGUIUEHTHI paBHBbIL:

1
m, 8

1 * 1
m, B8

&y =y - 8y =| 8y -

Crnenyer OTMETHTb, YTO 3TU KOI(PPUIIMEHTHI B OTIUYHE OT TJIABHBIX TUATOHAJTBHBIX
CHUCTEM KaHOHUYECKUX YpaBHEHUH METOJIa CHJI M METOJa MepeMEeIICHUI MOTYT OBITh
oTpulaTebHBIMU. Pemmas cucremy (9.28), HaX0IUM aMIUIUTYIHbIEC 3HAYCHUS
MHEPUHOHHBIX cui J1, ..., Jn. Cunel uHepuuU OyyT MEHSITHCS 0 TAKOMY K€
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CJ ) =Jcos &
rapMOHMYECKOMY 3aKOHY, Kak U Bo3Myiatomas cuia F(t):

LS (t)=Jye0s | J (1) =J, c058

Ol'[pe,IleJ'II/IB HHCPUOHUOHHBIC CHUJIBI, MOKHO OIIPCACIINTD PI3FI/I63IOHII/IG MOMCHTBI
(I[HHaMI/I'-ICCKI/Ie), KOTOPBIC BOSHUKAIOT B IMOIICPCUHBIX CCUCHHAX paCCManHBaeMOﬁ
KOHCTPYKIHUHU B COCTOSIHHUHA HanOOJIBIINX OTKJIOHEHHH MacC OT IOJIOKCHHUS
PaBHOBCCHUA. B coOTBETCTBUM C 3TUM MOKHO 3aIIMCaTh

M, =Mgz+> M, J,
S A Z ! 1(929)

A F
rae R_ U3ruOaroIMil MOMEHT OT JIEHCTBHS aMIUIUTYAHOrO ~ U 3HauYeHus

. .M N . .
Bo3Mmymaronieit cuisl F(t); — M3rudaronui MOMEHT OT JACHUCTBUS cHIIbl F=1,
MPUIOKEHHON K TOUKE MPUKPEIJICHUS 1-i MaCCHI.

OnpenenuB MauH, MOXHO HaUTH QIUH, UCIIONB3YS ISl ’TOTO U3BECTHYIO U3
AdM s,
Q@un - 4 -
COTPOTHUBJICHHS MaTepruaaoB AU PepeHINATBHYIO 3aBUCUMOCTD
tgol, TIe oL — yroi HakioHa MAuH ¢ 0chio Oanku (pamsl).

Bripesas y3nbl Ha antope QauH, onpenensem NIvH.

aC4dCT paMbl HA THHAMHUYCCKOC I[@ﬁCTBPIG HarpyskKum

PaccmoTpum cratnuecku onpeaenumyto pamy (puc. 9.11), Ha ropu3OHTaTBLHOM
AJIEMEHTE KOTOPON HAXOATCS KOJIEOMIOIINECs MaCcChl.

KH-nc:2 I(H-nt:2

HMcxonnble JaHHBIC: £ =6 M;h=4mM;ml=4 M -m2=3 M -F0)=30xH;
EJ=7000 xH - m2.

[MopAanoOK pacyéra:

1. OnpegeneHmne yncna cteneHen ceoboabl: Kaxkaaa n3 macc ml n m2 moxet
nepemeLlaTbCa TO/IbKO B BEPTMKAIbHOM HanNpaBAeHUM, CNeA0BaATENbHO, YNCNO CTENEHEN
cB0HO/Ibl PACCYMTHIBAEMOM PaMbl PaBHO 2.

2. MocTpoeHne eaAMHUYHbBIX U TPY30BO 3Mtop.

B Touke npunoxenus Macchl m1 npuxnaasieaeM F = 1 u crpoum smopy 4 1,
n300paxkEHHYI0 Ha puc. 9.12.
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B TouKe NpHIOKeHNs Macchl m2 npukiaasiBaeM F = 1 u ctpoum smopy 4 2,
n300pak€HHYI0 Ha puc. 9.13.

B Touke gercTBUsA BO3MYIIAOIIEH CUJIBI PUKIIAABIBAEM AMILIUTYAHOE 3HAYCHUE
stoii cuibl FO u ctpoum smropy MF |, nzo0paxénnyto Ha puc. 9.14.

Omnpenenenue ko3puunenton diK, AiF:

sndM-endM,

5. = = 3.4.2.6+ 1 533, 1 643 34
12~ 2, £ 287~ T3 TR TErz T
1 14,2, 1285
1 1.2 2402
TEI 27T R
& =23Hﬂ3'“?ﬂﬂ3= 1 .3.4.3.3+L.3.5.3+
= EY 2E] 3" EBJ

S, - Sl
6,=3 iy o, 1 .4.5.%.5+L.3.5.5+L.3.3.E.3+
EJ 2ET 3 EJ 2E 3
o (2-6-6+2-3-3+2-3-6)=&;
6 EJ EJ
. g S 1 1 2 1 2 240
= =——-2-2-30-2.3- —-2(2-30-3+30-6)=-"—;
Ar=2, EJ EJ 2 3 EJ 6[ ) EJ
S g - Sndd, 1 1 2
= =_ 230215 -
= 2 EJ 2E7 2 3
12 120

—-Z2{2-3015+30-3)=-
_EJ 6 EJ



e d. d. [,
h/2 2/2 ‘ 242 242
| |
A -——
h2 F(t)
7 3—C§
Frc. 211
F=1
& 3
[ 3 || 3 L 3 )
' ' |
ML E‘Il
3 /i F=13
¥
7 I l/
2 / 3 3 3
A 1.5
2 _
3. M,

Frc. 913
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A
30 KHm 2
« F;=30 kH
2 S Mg
.y
Fuc. 2.14

3. OnpegenerHune COBCTBEHHbIX YaCTOT.
CocraBisieM BEKOBOC YPaBHCHHUC JIsd OIIPCACIICHUA COOCTBEHHBIX YHUCCII, KOTOPOC IJIA
JTAaHHOM 3a/lavuv UMCCT BUJI OMPCACIIUTCIIA BTOPOIr'O IOPsAKa (‘—II/ICHO CTeNeHeHn

CBOOO/IBI PaBHO 2).

Sy my — A S13M; _

1y 8y Sty — A

Packpoem onpezaenuTens U NOIYyYUM alnredpanyeckoe ypaBHEHUE BTOPOTo MOPsIKa
OTHOCHTEIIBHO HCKOMOTO apamerpa .

2
(&) — A Sypmy — A) = Symymyg :'D;
2 2
A —(Sping + Symy YA+ & Sy iy —5122m1m2 =0.

[ToacTaBuM B nOCIIEIHEE YPABHEHUE 3HAUYCHHUS IIEPEMELICHUI 8 u pELINM €ro:

2
7 —[E-3+@-4]A+ 75 246, 1285 _o:

Ef  EJ E; EJ (EJ)

7 1209 a4 204887 ,75 0

EY (EV)*

b

_ 1209 + /642130 1209 + 801,33
Ei-2 2ET

A3
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KOprIMI/I YPaBHCHUA ABJISIOTCA HalICHHbIC 3HAUCHUS /?’

1005 16 407 67
= jQ =

A EY . EY

I1o HalimeHHBIM 3HAUEHUSIM A HAWIEM HUCKOMBIE YaCTOTHI COOCTBEHHBIX KOJIEOAHUH.

1 EJ EJ
@ = |—= _JE = 0,0315
A V100516 317

%=Ji=\/ B —“E”F=n,n495

A, 40767 2019

LR

e BT

OnpeneneHne NHePLMOHHbIX CU.

YacTory 0 Bo3mymaronieit cuibl npuMem paBHoit 0,3mmin. Toraa yacrora

BBIHY>KJICHHBIX KOJIeOaHU ¢=03a =000945 ET .

CocraBuM cuUCTEMY ypPaBHEHHU JUJISl ONPENEIICHHUS] MHEPIUOHHBIX cuil J1 m J2, koropas
B JJAHHOM CJIy4ae PUHUMAET BUJ

5 =5, -1 =240 1 258333
m@& EJ 4.E(000045)° T g7

s _s L 75 1 369744
47" m@ B 3.EJ(0,00945) EJ

[locne moaCTaHOBKYU HAaWIEHHBIX NAPAMETPOB B CUCTEMY YPaBHEHUN HHEPIIMOHHBIX
CHJI HAXOJMM MX 3HAYCHMUSI.

397,44 . 1285 240

EJ EJ EJ

128.5 3697 .44 120
il R ARLARY S Y}

BJ BF i
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—3697.0, +128,5.7, - 240 =10
12857, — 3697 44.7, —120.

J1=-0,074 xH; J2 = - 0,035 xH.

[TocTpoeHne TMHAMUYECKUX S0P BHYTPEHHUX ycuinid ManH, QuuH, NauH.

M
JIMHAMHUYECKYIO 3IMI0pYy ~ “4% MMOCTPOMM B COOTBETCTBUU C BBIPAKECHUEM

Ha puc. 9.15 u 9.16 npuBeneHs! pe3ynbTaThl IPOU3BEACHUS €IMHUYHBIX 3IIOP Ha
COOTBETCTBYIOIIME UM WHEPIIMOHHBIE CHIIBI, @ Ha puc. 9.17 mokazaHa UTOroBast SMMI0pa
Mpaun.

0.444 0.444 0.222

0 11:15j M\
RN -~ %ﬁ;ﬁj@,

a —

0.0525 5 M, T,

E Puc. 9.15

Fuc 916
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0.548 0.327
0.548 —\
) W QWW
\ﬂ

L 30.2 BIL My

=

/

o

£

Fuc. 217

[To mosty4yeHHbIM 3HaYeHUSAM MIuH cTpouM >mropy QauH.

AM 4,
Qdun = ’ = tg[L
ias

QI =tgal =-15,137 xH; Q3 =tga3 = 0,074 kH;

Q2 =tga2 = 14,862 xH; Q4 = tga4 = 0,109 xH.

0.109
0.074

N @ D

15.14
14.86
14.86 (D e

o OML. Qe

Fuc 9182
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1o mocTpoenHoM 31ope QauH, NoKa3aHHOW Ha puc. 9.18, ncrnonap3ys MeTox
BBIPE3aHUs y3710B Ha 31. QauH, ctpouM smropy Naud (puc. 9.20).

Bripezaem y3en C Tak, Kak 3TO oKa3aHo Ha puc. 9.19.

¥
N
o Qg J' PI:
I QCT
NCT
¥ Puc. 9.19

N3 cymmbl mpoekuuii Ha
OCH X U Yy HAaXOAUM

Ny = —14,86 kH.

M'!F
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14.86

ML N

=

Fuc 920

[To 3TuM maHHBIM cTpouM 3mt0py NIHMH, TOKa3aHHYIO Ha puc. 9.20.
Crarnueckas MpoBepKa NPaBUILHOCTH NOCTPOEHHUS SITIOP.

CocraBum YPaBHCHUA PaABHOBCCH:A, CIIPOCHMPOBAB BCC CHUIIBI, ﬂeﬁCTBYIOHIHG Ha
PaCcCUUTBIBACMYIO paMy, Ha OCH X U 'y COOTBCTCTBCHHO, 1 YPABHCHNUC MOMCHTOB.

2x=15,137+ 14,862 — 30 = 0;
2y =0,109 -0,074 — 0,035 = 0;
XmA=-30-2+0,074-3+0,035-6-0,109 -9+ 14,862 - 4= 0.

PaBencTBO HOMIO MOCJICAHCTO BBIPAKCHUSA O3HAYACT, YTO CTATHUYCCKAA IIPOBCPKA
BBITTIOJIHACTCA.
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4+ 0.074kH 0.035 xkH

¥ 14.86 KH
—Q'H—Q;J;m ¥ L
F=30 kH 0.074 kH
.‘—

15.13 kH
—FO—‘% — » X

Fuc. 221

YCTOM4YMBOCTb CTEPXHEBbLIX CUCTEM

OCHOBHble MOHATUA

[Tox ycTOMYMBOCTHIO TOHUMAIOT CHIOCOOHOCTD 3JIEMEHTOB KOHCTPYKIIUN COXPAHSITh
NEPBOHAYATIBHOE MOJIOKEHNE PABHOBECHS ITPU ACHCTBUH HA HUX CKUMAIOLIUX
Harpy30K. Y CTOMYHBOCTb SIBIISICTCS HEOOXOIUMBIM yCIOBHEM TSI KAXKIOM
WHXEHEepHOU KoHCTpyKIMH. Korna nepBoHavanbHas opma paBHOBECHS CTAHOBUTCS
HEYCTOWYHUBOM, TPOUCXOAUT MOTEPS YCTOMUUBOCTU KOHCTpYKIMU. [loTeps
YCTOMYMBOCTH MOKET IPUBECTH K Pa3pyILICHHUIO KaK OTAEJIBHOIO 3JIEMEHTA, TaK U
KOHCTPYKIIMH B LIEJIOM.

®u3nyecKuM MPU3HAKOM YCTOMUHUBOCTU (POPMBI PAaBHOBECHS CIIYKUT MOBEICHUE
Harpy>K€HHOW KOHCTPYKIIMH NPU €€ OTKIOHEHUHU OT MOJIO0KEHUSI PaBHOBECHUS Ha
HEKOTOPYIO Majylo BeJIMUYMHY. PaBHOBECHE KOHCTPYKIIUU YCTOWYHBO, €CIIN MOCIE
YCTpaHEHUs IPUYUH, BBI3BABIINX €€ OTKJIIOHEHUE, OHA BO3BPAILACTCS B UCXOJAHOE
nosioxkenue. Ecnu nmocie ycrpaHeHusl TPUYMH KOHCTPYKIHMS HE BO3BpAILlAeTCs B
IIEPBOHAYATIBHOE MOJIOKEHUE, TO €€ NEPBOHAYAIBHOE MOJIOKEHUE PABHOBECHS
HeycTorunBO. HanMmeHbias cxumaroiias Harpyska, pyu KOTOpO MPOUCXOIUAT
NoTepsl yCTOWYMBOCTU KOHCTPYKIIMH, HA3bIBAETCSI KpUTUUYECKOM cuitoi Fkp.

OCHOBBI YCTOMYMBOCTH YNPYTUX CUCTEM ObUIN pa3paboTansl JI. Ditnepom (1744 r.).

WM BriepBhIe pelieHa 3aa4a 00 yCTOMYMBOCTH CTEPKHsI, c:kaToro cuioi F (puc.
10.1).
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F, <Py | Fy=Ty | F,> Fy |
) O—C% N p_cé NI
—
[ Pug. 10'} LJ -
l,f ¢ ;
| ff #x
> : 2 [ o {
| !. |I
1 1 1
IIL ' 1"%
1 5\ y
ET—— 31\_\_'\_ !:: 31\_\_‘.'
el o] 8

s cxaroro cunont F crepxns npu F < Fxp ycronuuBa npsMoarHenHas
nepBoHauaibHas ¢popma paBHoBecusd (puc. 10.1, a). 910 cocTosiHUE XapaKTepuszyercs
TEM, YTO CTEPKEHb, OTKJIOHEHHBIN Ha MAJIYIO BEJIMYMHY OT HAYaJIbHOT'O IIOJIOKEHUS
pPaBHOBECHS, BO3BPAILAECTCSA B IEPBOHAYAIBHOE ITOJIOKEHUE T10CIIE YCTPAHEHUS
BO3MYILLCHUM.

[Tpu cxxumaromeii cune F = Fkp (puc. 10, 6) npoucxoast pa3BeTBiaeHUs GopM
paBHOBECHS, T. €. BO3MOXHBI JIB€ (DOPMBI paBHOBECHUS — MIPSAMOJIMHENWHAS U
KpUBOJIMHEMHAs. B 3TOM ciiyyae cTepKeHb UCIBITHIBAET COCTOSIHUE, KOT' /1A
OECKOHEUHO MaJloe MpeBbIleHne cuiibl F mpuBoauT k notepe ycroituuBoctu. [lpu F >
Fxp (puc. 10, B) ycTOWYMBBIMH CTAHOBSITCSI KPUBOJMHEHHBIE (JOPMBI pABHOBECHSI, YTO
BEJET K pa3pyLICHUIO CTEPKHS.

Ha puc. 10.1 myHKTHpOM TOKa3aHbl HEYCTOWYMBBIE POpMBI paBHOBecHs. OCHOBHOM
3a/1aueid UCCIIEIOBAHMS YCTOMYMBOCTH KOHCTPYKIUH SABIISIETCS ONIPEACIICHHE
KPUTHUYECKUX HArpy3ok. Kpuruueckue Harpy3ku onpeaenstoTcs CTaTHYeCKUMU,
HYHEPreTUYECKUMHU U AUHAMHUYECKUMHU METOIaMHU.

CraTudecknin metos,. MccaeayroT paBHOBECHE CUCTEM B OTKIIOHEHHOM COCTOSTHUU.
[TonyuaroT ypaBHEHUS1, ONUCHIBAIOIINE IEPEMEIICHUSI CUCTEM B OTKJIOHEHHOM
MOJIOKEHUH, U ONPEACIISIIOT BEJIMUMHY CKUMAIOIIEH CUIIbL, IPU KOTOPOU BO3MOXKHO
NOSIBJIEHHE HOBBIX (POpM paBHOBeCHS. MUHMMAaIbHASI BEIMYMHA 3TOW HArPy3KH U
OyJeT SABJISITHCS KPUTHUECKOM CUiIon. [{7s1 mccneqoBaHuii UCTIONB3YIOT JIFOOBIE
METO/Ibl PACKPBITUSI CTATUUECKONW HEOIPEAEITUMOCTH.

DHEpPreTUYeCKuii METOA. DTOT METOJL OCHOBAH HA OIPEIECICHUN KPUTHUECKOU
Harpy3Ku M3 yCJIOBUs PaBEHCTBA HYJIIO IPUPALICHUS IIOJIHOU YHEPTUU CUCTEMBI IIPU
repexozie €€ B HOBOE HEYCTOMUMBOE IOJI0KEHNUE paBHOBeCUsA. Eciy noreHunaibHas
DHEPrusi CUCTEMBI IIPHU 3TOM BO3PACTAET, TO NIEPBOHAYAIBHOE MTOJI0KEHNE PABHOBECUS
YCTOWYUBO.
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JlmHaMuYecKuii MeTod. DTOT METOJ OCHOBAH Ha UCIOJIL30BAHUU KOJICOaHUN CUCTEM.
Ecam xonebanust cucTeMbl MPOUCXOIAT ¢ YMEHBIICHHUEM aMILTUTYIbI KOJICOaHHM, TO
IIEPBOHAYAIBHOE MTOJI0KEHUE CUCTEMBI YCTOWUNBOE. [Ipn noCTHKEHNN HArpy3KOu
KPUTHUYECKOTO 3HAYCHUS BHEITHEE BO30YKIEHUE IPUBOIUT K HEOTPAHUICHHOMY
POCTY aMIUTUTY/ KOJIeOaHUH.

OnpeaeneHne yCuamin B CKaTO-M30MHYTbIX CTEPMKHAX MPU CMELLEHUMN X OMOPHbIX
3aKpenieHnn

HpI/I HCCICOJOBAHNUUN YCTOﬁqHBOCTH CTCPKHCBLIX CUCTCM HeO6XOI[I/IMO OIIpCACIINTD
KOHICBBLIC YCUIINS B CTCPIKHAX ITPH CMCIICHUAX UX OITIOPHBIX BaKPGHHGHHP'I.

Paccmotpum crepkeHb IMHON £ sxéctroctsio EJz , cxarsiit cuoii F (puc. 10.2).

[Ipennonoxkum, 4To B pe3yJibTaTe MOTEPU YCTONUNBOCTH CTEPKHS, CKATOTO CUIION

F, neBblIii kpaii ero cmectuics Ha BenuuuHy y0 , a monepeyHoe ceueHue MoBEepHyI0Ch
Ha yros ¢0 . B nepemecTuBIIEMCS] IPUOMOPHOM CEUEHUH CTEP>KHS BO3HUKIIU YCUITUS
MO (u3rubaromuit MmomenT) u QO (monepeunas cuna). Hanpasnenus Q0 u

MO BbIOMpaeM B COOTBETCTBHH C MPUHSATHIMH HAMPABICHUSMU ISl TIOTIEPEYHON CHUITBI
¥ U3ru0aroIIero MOMEHTA.

X ?-X L
0 |
v F v 0 F
X
¥o My
F T
i —. FEI__}_F
q)DV Qo 2 L
|

B IIPONU3BOJILHOM CCUCHHUU X CTCPIKHA SHAUCHHC H3rn6a}0mero MOMCHTAa
OIIPCACIISICTCS BBIPAXKCHUCM

Mx)= 1My + 0y 'x_F(}’_J”D). (10.1)

W3 teopun uzruda, pacCMOTPEHHOTO B Kypce COIPOTUBIICHUSI MaTEPHUAJIOB,
ypaBHEHHE U30THYTOM OCU CTEPKHS 3alHCHIBACTCS

BTy =-M ) 102
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N3 paBenctsa Beipaxkenuii (10.1) u (10.2) monydaem

Mg+ Ogx = F(yg - ¥)

y ()=~
B . (10.3)
o i
O603nauyuM B (10.3) B/, . Torna ypaBHeHHE U30THYTOU OCH CTEPHKHS

INPUHUMACT BHU

(M +Cpx = Fyg)

y )k () =
By L(10.4)

Pemenuem HeomnopoaHoro nuddepennunansuoro ypapaenus (10.4) BToporo nopsiaka
sBnsgeTca pyHKIUSA

(Mg + Cgx — Fyg)
kBT,

y(x)=Csinkx + O, coskr —
. (10.5)
®Oynkius (10.5) npeacrasnser co0oil ypaBHEHHE U30THYTOM OCH CKATOTO CTEPIKHSI.

CornacHo u3BecTHOM Au(depeHIINaNIbHON 3aBUCUMOCTH, MTOJIyYUM BBIPAXKEHUE IS
yria MmoBopoTa:

| . QD
D)=y (x1=kC, coskx — 5, sinkx —
Px) =y (x)=kC 2 =T

.(10.6)

Jlns onpenenenust nocToAHHbIX HHTErpupoBanus Cl u C2 ucnoib3yeM rpaHUYHbIe

yeaoBus: ipu X =0y =y0, a Y =70 Honcrasum st ycious B (10.5) u (10.6),

M, - Fy ! &
yEI:CE_ Dg : J”Dzkcl_ gn
A k1ET
nojrygyacm 1 COOTBETCTBCHHO . OTCIOI[a
kAR, ko K EJ,
IMOCTOSSHHBIC UHTCTPUPOBAHUS nu .

[Tocne moacTaHOBKY HalIGHHBIX 3HAUEHHUU MOCTOSTHHBIX MHTErpupoBanus B (10.5) u

(10.6) BEIpaskenns 11st y(X) ¥ ¥ (X) MPUHAMAIOT BHJI, COOTBETCTBYIOLIHIA
BbipaskeHusM (10.7) u (10.8).

yotypsinks My -coskr) gk —sinkx)
k KA BT, BT

yix)=
.(10.7)
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Mysinkx (1 - cosix)
KEJ, k1B,

¥ (x)= y, coshr -

.(10.8)

[TponuddpepenurpoBaB 1o IJIMHE CTEPHKHS, TOTYUUM BBIPAKEHUS [IJ1s1 ONIPEACIICHUS
BHYTPEHHUX CUJIOBBIX (PaKTOpPOB.

M, () =— EJy (x) = kEJy, sinkec + M, coske + 50
ko .10.9)
_ .2 ' B )
Q},(I)—k EJy, coskx — kM sinkx + & CDSH.(lO.lO)

OnpeaenexHune n3rmbatowx MOMEHTOB 1 MOMNEPeYHbIX CU B ONOPHbIX CEYEHUAX

[Tosy4yeHHbIE BBIPAKEHUS MOXKHO UCIIONB30BATh ISl ONIPEIeTICHUsl yCUIIUN B
MPHUOIIOPHBIX CEUECHUAX CTEPKHSA MPU €AUHUYHBIX CMEUIEHUAX 3TUX ceueHU. [1is
ctepxkua (puc. 10.3), 3amemMnéHHOro ¢ 00eux CTOPOH, IPU MOBOPOTE JICBOU 3a1€TTKH

f
Ha yroji Y0 =1 umeror mecto cJIelyIoLIie KpaeBble yciaoBus — npu X = 0 mporud y =

0 u yron HOBOpOTa‘y 0=1,ampux= £ nporu6 onopsl B Yt =0n yroJI MOBOpPOTa Ve
=0.

Puc. 10.3

[ToacraBnsisg atu ycaoBus B (10.9) u (10.10), monyyaem

_4ET Kl(igkt— kL)
¢ Stgkf[tg k—;— @

MEI
2].(10.11)
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e

2
& (e 15~
0T T
£ 12 tg@—@
2/ (10.12)

Hcnonb3yst HaiiiIeHHbIe 3HaYeHUsT HauanbHbIX nmapameTpoB (10.11) u (10.12),
HAXOJUM 3HaY€HUE U3ruOaronIero MOMEHTA MpH X = £

L 2ET (ke —sinkf)

Mﬁ_
4sinkf tgﬁ—E

27 .(10.13)

N3rubaroniye MOMEHTBI U IONIEPEYHbIE CUJIbl, BOSHUKAIOLIUE B OMIOPHBIX CEUEHMSIX
IpU IPYTUX NEPEMEUICHUSAX OMOPHBIX 3aKPEIUICHUM, IPUBEAEHBI B IpuUI. 3.

PacyéT cTaTnyeckn HeonpeaeMMbIX PamM Ha YCTOMYMBOCTb METOA0M NepemeLLeHui

Kak u mo00i1 pacuét, pacy€T cTaTuuecKu HEOMPEAETUMbIX CUCTEM HA YCTOMYUBOCTD
HA4YMHACTCA C IPUHATHUSA PsAa JONYLUIEHUN, O3BOJIAIOIINX C JOCTATOYHONW TOYHOCTHIO
IIPY BBINIOJIHEHUN UHKEHEPHBIX PACYETOB ONPENEIIUTD BEJIMYMHY KPUTUUYECKOU CHUIIBI,
IIPU KOTOPOU MPOUCXOJUT MOTEPS yCTOMUMBOCTH. OnpeiesieHre nNoTepu
YCTOMYMBOCTH PaM BBINIOJIHSIOT B CIIy4asix, KOTJa B CTEPKHAX 0 IOTEPU
YCTOMYMBOCTH BO3HUKAIOT TOJIBKO IPOJOJIBHBIE CHIIBI. DTO BO3MOKHO, KOTJ[a pama
Harpy>ke€Ha TOJIbKO y3JI0BOM Harpy3koi. Eciu pama 3arpykeHa cuiiamu,
MIPUJIOKEHHBIMY BHE Y3JI0B, TO TaKas Harpy3Ka 3aMEHSETCS y3JI0BOW Harpy3KOu.

B sTOM citydae KpUTHYECKHUE CUITbI ONPENIEISIOTCS MPUOIMKEHHO U HAXOAATCS JTUIIb
HauOOJbIINE 3HAUCHUS IPOAOIbHBIX cuil. [ pacuéTa paM Ha yCTOMYMBOCTD
IIPUMEHSIOT METOJ CUJI U METOJI IIEPEMEILICHU M.

PaccmoTpum 0cobeHHOCTH pacuéra CTaTUYECKH HEONPEACIMMBIX paM Ha
YCTOWYUBOCTH METOJIOM mepemMenieHnii. Kak u npu oObdHOM pacuére, cHavana
OTIPEEIISIFOT IO U3BECTHOM opMylie n = ny + nJI CTENeHb KHHEMaTH4YeCKOU
HEONPEACIMMOCTH. 3aTEM B COOTBETCTBUU C 3aIaHHOM CUCTEMOM BHIOMPAIOT
OCHOBHYIO CHCTEMY. [[7151 3TOr0 BO BCE KECTKUE Y3716l BBOAAT YCIOBHBIC 3a/ICJIKH, A B
HaIIPaBJICHUH BO3MOYKHBIX JINHEWHBIX MTOJABUKEK DJIEMEHTOB 33JJaHHON CUCTEMBI
CTaBsT YCIIOBHBIE ITPOCTBIE KHHEMATUUECKUE CB3U. [lanee 3anuceIBaloT CUCTEMY
KAHOHMYECKUX YPaBHEHUMN, KOTOpasi UMEET BUJ
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Hlo) +ent i 2 o+ 2y, =0

Pl 21 F et s ot By, =00 (10.14)

OTnuunTenbHas 0COOCHHOCTh cucTeMbl ypaBHeHuUH (10.14), Bo-1iepBbIX, OTCYTCTBHE
CBOOO/THBIX WICHOB. DTO CBSA3aHO C TEM, UTO BCS BHEITHSS Harpy3Ka IpH pacuére Ha
YCTOMYUBOCTH CBEJICHA K y3i1aM. [103ToMy B OCHOBHOU CUCTEME METOIA

o
NepeMeIeHUd OTCYTCTBYET I'py30Basi SII0pa MOMEHTOB M . Bo-BTOpBIX,
K03 (HULMEHTHI IPU HEU3BECTHBIX, IIPEJICTABIIAIONINE COO0N peaKTUBHBIE YCUIHS B
YCJIOBHBIX CBSI3X M 3aJ€JIKaX OT €IMHUYHBIX MEPEMEIICHUIN dTUX CBSA3EH U 3a/1€TT0K
(cM. mpuiL. 3), yIUTHIBAIOT MOSBIICHUE AOMOJHUTEIFHBIX MOMEHTOB Ha CHKAThIX
AJIEMEHTaX OCHOBHOU CUCTEMBI.

Cucrema ypaHenuii (10.14) sBnsietcs ogHopoHOil. [loaTOMY HEHysIEeBOE pelieHue
¢€ BO3MOIKHO JIMIIIh TOT/a, KOT/1a ONPEASIUTENb, COCTaBICHHBIN 3 KO3(PPUIITHEHTOB
MIPU HEU3BECTHBIX, OyAET paBeH HYO. [I0CKOIBKY B TaHHOM pacyéTe HeT
HEO0OXOUMOCTH HAXOJAUTh 3HAUCHUS TIEpeMeENIeHUN Z, a He0OX0UMO HAUTH

K

v=/f |—=

napameTp b7 , B KOTOPOM MPUCYTCTBYET UCKOMasi KpUTHUYECKAs CHUJIA U
KOTOPBIH COAEpKUTCA B Kod(puimeHTax rij, To opMupoBaHue ykazaHHOTO
OIPEICIUTEIIS PEACTABIISIET OJIHY U3 3a/1a4 JAHHOTO pacyéra. Takou onpeaennTenb,
Ha3bIBa€MbIN YpaBHEHUEM YCTOMYMBOCTH METOJa IEPEMEIIEHUM, TTPEACTaBICH

BBIPpA’KCHUCM

A1 A An
fi1 Fir Fin =0
rnl amn .rn!' - ?‘nn . (10-15)

B pesynbTate packpeitus onpeaenurens (10.15) monyyaeTcs anredpanyeckoe
TPAHCIIEHJICHTHOE YPAaBHEHUE OTHOCUTEILHO HEU3BECTHBIX (DYHKIIMM, 3aBUCALINX OT
MCKOMOTO napameTpa ¥ . DTu (yHKIUH IIPeICTaBIEHBI CIeAyIONMMU BHIPAKEHUAMU:

v(tgv — v)

@)= v

2
(v)= 8 Stgv tg%—% m,0)=n| -

3i{tgv —v) 2

>
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V(*u‘ — 8in *u')

3
v

3(tg1u' - v)

@ (v)= T )
dsint|tg ~ - L v)=g| - =
sin U gz 5 .‘?’4 @ 5 .Tﬁ(*")

[Tony4yeHnHoe anredbpandeckoe ypaBHEHHE PEIIAIOT METOIOM MO00pa, 33/1aBasiCh
sHayeHueM napamerpa ¥. Io 3a1aHHOMY HayalbHOMY 3HAa4YeHHIO ¥ 1o npui. 4 wiu
10 MPUBEAEHHBIM TOJIEKO 4TO (JOPMYJIaM HAXOIAT 3HAUCHUS (DYHKITUH, BXOISIIUX B
perraemoe anreOpandeckoe ypaBHEeHHE. Y TOOHO CTPOUTh Tpaduk, MO OCH OpAUHAT
KOTOPOTO OTKJIAJBIBAIOT PE3YJIbTAT PEUICHUSI ATOTO YPaBHEHHUS, a TI0 OCH a0CIHce —
BEJIMUMHY TOTO 3HaueHus Y, mpu KOTOPOM TOJTydeH 3TOT pe3ysbTaT. ICKOMbIM
SIBJSICTCS TO 3HAUCHUE MapamMeTpa ¥, mpu KoTopom peraemoe anredpanveckoe
ypaBHCHHE OKa3bIBAETCS PABHBIM HYJII0. Toraa nmpu HaiiiecHHOM 3HaueHnH ¥ u3

v=4{ |-
BbIPpAKCHUA Ej HaxoIsT BCIIMYNHY KpI/ITI/IquKOﬁ CHUJIbI.

Ecnn Ha paccMaTpuBaeMyro CTATUYECKU HEONPEACIUMYIO CUCTEMY JIEHUCTBYIOT
HECKOJIBKO CKMMAIOIINX CUJI, HEOOXOAMMO 3HATh BEJTMYMHBI COOTHOIICHUN MEXKIY
HUMU. McXoas U3 Takux COOTHOILICHUM HAXOAT apaMeTpbl YPaBHEHUS
YCTOMYMBOCTH U MPOBOJIAT €0 PEIICHUE TOYHO TaK K€, KaK U MPU ACHCTBUU HA
CHUCTEMY TOJIBKO OJTHOM CKMUMAIOIIEH CHIIBI.
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