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1 BBEAEHME. OBIUME CBEAEHMA O AMHAMUYECKUX
HAIPY3KAX
METAJNYPIUYECKMX MALLUH

MeTannypruyeckue MalwWHbl XapaKTepuU3yloTCs HENpPepbiBHbIM XapaKTepom
paboTbl C uncnom BkYeHUin o 2500 B Yac 1 gMHaMUYECKUM, BNN3KUM K yAapHO-
MY, XapaKTepoM HarpyxeHus.

Kpome TOro, MHOrMve y3arbl 1 MEXaHW3Mbl NOLABEPralTCs BO3LENCTBUIO BbICO-
kX ObICTPOMEHSIOLLMXCS TEMMNEPATYP, a TakKe UMEIT BbICTPOM3HALLMBAIOLLMECS
(OPVKLMOHHBIE Napbl, YTO MPUBOOMT K BbICTPOMpPOrpeccupyioLLMM 3a3opam ¢ Bonb-
LMK yaapamu Mpu 3amblKaHnm.

MoMUMO 3TOrO Ha [ONTOBEYHOCTb CYLLECTBEHHO BIUSIKOT SBMEHMS, BO3HM-
KatoLLme npu MOBbILLEHUM CKOPOCTW coyaapeHuit aetanen fo 15...20 m/c: npu uH-
TEHCMBHOM COyAapeHWn feTanen ¢ 60onbLUMMKU CKOPOCTAMU NPOUCXOOUT UX paspy-
LUEeHVe BHE 3aBUCUMOCTU OT 3aMmacoB NPOYHOCTM, 3a5TOKEHHBIX B HUX MPW pacyeTe.

KuHemocmamuy4eckue MeTOAbI B 9TOM Cryvae SBRAtTCS He3hMEKTUBHBIMU:

[c]=oy/n, (1.1)

roe [o] — ponycTUMble HanpsKeHns, H/MMZ; ou — Mpeaen NPoYHOCTV MaTepuana (B
HEKOTOPbIX Clyyasx Mcnonb3ayetcs npefen Tekyydectn), Himm?; n — koadduum-
€HT 3anaca NpoYHOCTM, KOTOPbIN Ha3Ha4aeTCs B 3aBUCUMOCTH OT YCNoBuiA pabo-
Tbl, TEMNEPATYpPbl OKPYXKatoLLen Cpefbl, CTeNeHN OTBETCTBEHHOCTM feTanu. Ya-
Lie BCero KoapdmuUmMeHT 3anaca MPOYHOCTU Ha3Ha4aeTCs Ha OCHOBAHMM JKCMe-
PUMEHTArbHBIX JaHHbIX W OMbiTa JKCMyaTaLuum aHanormyHoro obopyaoBaHus.
Ho yacTto 3T0T nyTb Henpuemnem Ans NPUHUMIWANbHO HOBbIX MalvH, pabo-
TaloLMX C Harpy3kamm UM CKOPOCTSIMU, CYLLECTBEHHO OTINYAIOLLMXCS OT Cylle-
CTBYHOLLMX.

CornacHo uccrnegosanuam o 90% BCex paspyLUeHWA HOCSAT YCTanoCTHbIN
XapakTep 1N BbI3BaHbl AMHAMUYECKAMM HArpy3Kamu.

BbilweckasaHHOe NprBOAMT K BbIBOLY O BO3PaCcTaHNW POnu creupnanbHbIX Me-
TOLOB pacyéTa, MO3BOMSIOLMX ONPEAENnsTb AENCTBUTENbHLIA YPOBEHb HArpysok,
AEACTBYIOWMX B [ETaNsX W y3nax MEeTannypra4eckmx MalliuH, To ecTb AMHaMuYe-
CKMX METOZOB pacyéTa.

Ucmopusn pazeumus Hayku o OuHamuke

MHorue y4eHble BHECN BECOMbII BKNaz B pa3BuTE 1 COBEPLUEHCTBOBAHNE
METOJ0B AUHAMUYECKUX PACcYETOB.

Heobxoaumo nogyepkHyTb 0CoBYI0 porb B pa3BUTUN HaYKM O OMHAMUYECKMX
1 konebaTenbHbIX Harpyskax W3BECTHOTO akajemuka Aptobonesckoro MeaHa Mea-
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HoBuya. OH NpoaHanu3npoBan 3afayu, CBA3aHHble C ABUKEHWEM MaLLUH, BKMOYas
BOMpoCkl konebaHuin B MalluHax, MHEBMO, rMOpPO- W 3MEKTPoCMCTeMax, a Takke
BOMPOCHI, KacatoLuecs IKCTpeMansbHOM AMHAMUKA MaLLnH.

MepBble paboTbl MO W3yYEHWIO HArpy30K Ha Tena C Y4YeTOM MepemeLLeHui,
ckopocTeit 1 yckopeHuin nossuuck ewé B XVII Beke. B 20-x rogax XIX Beka Bnep-
Bble NosBUNUCL paboTbl HaBbe 1 Kopronuca no pacyéTty MaxoBblx Macc.

[anee cnepyet otMeTuTL paboTbl ButteHbayapa, KOTOPbIN BbiBEN YypaBHe-
HWe KUHETWYECKON 3Heprun NyTEM NOCTPOEHUS AuarpaMMbl SHeprus-macca:
T=mV2/2; T=10?/2. MNepBble paboTbl N0 AMHAMUKE Ha PYCCKOM A3blke Obinu Hanuca-
Hbl XKykoBCkuM 1 MepLanoBsbiMm.

Kak yxe roBopunocb, ypoBeHb OvHaMUKM Npu paGoTe MeTamnmnyprudeckux
MaluMH BECbMa BbICOK, OfJHAKO KaXabl TWM MallMH MMEeT CBOW Creuduyeckme
0COGEHHOCTH C TOYKM 3PEHNS XapaKTepa 1 PEXVUMOB HarpyKeHUS.

PaccMOTpUM YCIOBMS 3KCMIyaTaLmi TUMMYHBIX METanayprnyeckix MalnH v
XapaKTep WX HarpyxeHus.

Meperpy3oyHbie rpeinchepHble KO3MOBble KpaHbl (pyAHble ABOPbI A0-
MEHHbIX LIeX0B)

TexHnueckue xapakTepucTuku: rpy3onogbeMHoCcTb — Ao 30 T; MKOCTb rpei-
thepa — no 6 m3; obLas macca ¢ rpy3om — o 960 T.

MocT kpaHa yCTaHOBINEH Ha ABYX Onopax — XECTKON M rMOKOiA, kaxaas 13 Ko-
TOPbIX OMWPAETCs Npy NOMoLM BanaHCMpoB Ha BYXOCHbIE TENeXKN. Yncno xomo-
BbIX KONEC — 32, MeXaH13M NepeaBuKeHUs KaXO4oM onopbl UMeEeT 4 WHAVBMAYarb-
HbIX MPMBOAA, COCTOSAILLMX M3 ACMHXPOHHOMO SNEKTPOABUraTenst MOLLHOCTBIO [0
30 KBT Kaxzbln M TPEXCTYNEHYATOrO peaykTopa.

lMyck kpaHa MPOMCXOQUT, Kak NpaBuno, 3a 4 ¢ U CoNpoBOXAaeTCs HOMbLUINMA
AVHAMUYECKUMI Harpy3kami B MPMBOZHBIX Banax MexaHu3ma.

Xogosble Konéca BO BpEMS Mycka COBEpLUAOT MPUMEPHO non-0b6opoTa, npu-
4eM B TeUeHWe 1 C OT Havana BKMIOYEHUs ABUraTens (4To COOTBETCTBYET NOBOPOTY
X0[o0BbIX konéc Ha 20...25°) ckopocTU NPMBOZOB Marbl U HOCAT KonebaTenbHbIi
XapakTep. 3aTeM CKOPOCTb ABWXEHMs Pe3ko BO3pacTaeT, HauMHaeTCs pasroH Kpa-
Ha.

CraTnyeckne Harpysku OT CWI COMPOTUBIEHUS MEPEBUKEHMIO KpaHa Marbl
M0 OTHOLLEHWIO K HOMUHAMBHBIM MOMEHTaM [BuraTene.

CpaBHeHMe OVHAMUYECKMX U CTaTUYECKMX HArpy3oK MoKasbiBaeT, YTO Makcu-
ManbHOE OTHOLLEHUE MOMEHTOB CUN YNpYroCTW Mpu YCTaHOBUBLLEMCS Nepuoge K
cTatmyeckoMmy MoMeHTy goxoaut ao 10. 3To oTHOWeEHWe, 6e3ycrioBHO, He MOXeET
XapaKTepn3oBaTb Harpy)XeHHOCTb ABUraTeneil 1 ux HECYLLYK CnoCOBHOCTb, HO TeM
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HE MeHee OHO NOKa3blBa€T HACKOITbKO BEITMKO pasnuyne Mexay d)aKTW-IeCKVIMVI n
CTaTU4YECKMMM Harpy3kamun TONnbKO OT CMN CONPOTUBNEHUA (plﬂcyHOK 1.1).

M (momeHT npusoaa)

O (yrmosasi CKOPOCTb BpaLLEeHWs KOnéc)

PucyHok 1.1 — lpumep ocumnnorpaMmbl MexaHW3Ma nepegBuKeHns KO3noBoro
kpaHa

MexaHu3M NOBOPOTA KNCNIOPOAHbIX KOHBEPTEPOB

OTOT MexaHu3Mm SBRSETCS OAHWM M3 Hauboree OTBETCTBEHHbIX, K KOTOPbIM
NpenbsBASIOTCS CaMble BbICOKME TpebOBaHUS MO HagEéxXHOCTU M Be30TkasHOCTU B
pabore.

[ns konBepTepos émkocTbto 100-160 T npumeHsiioT 6...8-ABUraTenbHbLIA NpK-
Bog, ans 300...400 T — 12-gBUraTenbHbI ABYXCTOPOHHUA NpuBOA. MMpuMeHsioTcs
ABurateny pnaHueBble NOCTOSIHHOTO TOKAa CO BCTPOEHHbIMI AMCKOBbIMM TOPMO3a-
MW, KOTOPbIE NPUBOAST B ABWXEHWE ObICTPOXOAHbIE PedyKTOpbl, CHAabXEeHHbIe Npy-
XUHHBIMW Jemndepamu, pacnonoXeHHbIMU B Kopryce pegykTtopa. [pyXuHHble
Aemndepbl W ruapaBnMyeckue amopTM3aTopbl MO3BONUIM B 3HAYUTENBHON Mepe
CHU31Tb AMHAMWUYECKUE Harpy3ku U packayusaHue kopnyca.

B craumoHapHbix npusogax 100-TOHHOrO KOHBEpPTEPa B 3aBUCUMOCTU OT Ku-
HemaThyecknx cxem Habniogaetcs Gorbluas HepaBHOMEPHOCTb pacripeaeneHms
HarpysoK Mexay Banamu peayktopoB (kK03GnLMEHT HEPaBHOMEPHOCTN HaXOAUTCS
B AMana3oHe oT 2 [0 3), MHTEHCUBHbIE KonebaTenbHble NpoLecchl B NpuBoge W
konebaHus kopnyca KOHBepTepa, KOTopble MOXHO HabnoaaTtb BU3yanbHO (amnnu-
TyAa Takux konebanui gocturaet 100 Mm).

HenpepbIiBHbIe NPOKaTHbIE CTaHbI

XapakTepHoi 0COBEHHOCTBI HEMPEPBIBHLIX MOMOCOBLIX CTAHOB SBNSETCS TO,
YTO MpU HarpyXeHuu OLHOW U3 KNEeTel AWHAMUYECKWE MPOLECCHl Yepe3 nonocy
nepefatoTcs Ha NpefpblayLLMe KNeTu ¢ NOSIBNEHNEM HArpy3oK, COM3MEPUMBIX C Ha-
rpy3kamu npy 3axsaTe, @ AMHAMUYECKME HArpyski B rMaBHbIX NUHUSX KNETel npu
3axBaTe MeTanmna MoryT NpeBblLaTh MOMEHT NPOKaTKX B [Ba pasa.

Mpn HapyLeHun paBeHCTBa 0OLEMOB MeTanna, NMPOXOASLLEro Yepes KneTu
CTaHa, NMpOMCXOAMUT neperpyska rMaBHOM NIMHUM KakOA-NMOO KNeTu W BO3HMKaeT
npobyKcoBKa BankoB. B aToM cnydyae B npuBogax BO3DYXKOAOTCSA KPOME 0BbIYHbIX




3aTyxarLnx koneGaHuit konebaHmsa ¢ NOCTOSAHHLIMM aMmnnutygamm — aBTokoneba-
HUA.

OGXUMHbIE CTaHbl

OcobeHHoCTY paboTbl 06XKMMHBIX CTAHOB:

AMHaMUYECKOe NPUINOXeEHWEe Harpy3oK B Nepuop, 3axaaTa MeTanna Bankamu;
OyKcoBaHWe BarnKoB;

yAapb! CIIUTKOB O Barky;

yAapbl B 3a30pax rnaBHON JIMHUA;

pes3koe MOBbILIEHWNE TEXHONMOMNYECKNX Harpy3oK BCMEACTBUME YMEHbBLUEHMS
TEMMepaTypbl MeTanna, ynopa npokaTbiBAeMOR 3ar0TOBKW B JIMHENKM, OLN-
604HOE NoBbILLIEHWE CTENEHM 0bXaTUS.

OcHOBHasl MpWYMHA pa3pyLUeHWidi — Harpyski konebaTenbHOro xapaktepa.
Hambonee yacTtbiM paspyLieHusiM noaBepraioTca paboune Barnky, COeauMHUTENbHbIE
LINMHAENW, NOALUMITHUKA.

MHoraa nonomKm LUNUHAENS NPUBOAAT K CPbIBY C (hyHOAMEHTA LIECTEPEHHOM
KNeTu 1 [axe rMaBHOMO aneKTpoaBuraTens us-3a AeicTeus GONbLUMX OCEBbIX CU,
BO3HMKAIOLLMX MPU KOCOM U3NIOME LUNUHAENs.

O6uwue ceolicmea Memannypauyeckux MawuH

HesaBuUCUMO OT Ha3HaYeHUs U KOHCTPYKTUBHBIX OCOBEHHOCTEN BCE MaLLWHBI
W, B Y4aCTHOCTU, MeTannypruyeckne mallmHel, obragalT obwumu csoncTBammn —
ynpyeocmbio 38eHbE8 U CNOCOBHOCMBIO NPU onpedenieHHbIX yerosusx K 803byxde-
HUIO KonebamenbHbIX Npoyeccos. M03ToMy TeopeTMYeckue MeToabl MCCRenoBaHus
AVHaMUYECKMX SBMNEHUI BO BCEX MaLLMHAX SBAAITCA 0BLUMM.

MpvBog NobOoN MaLLUHLI COCTOUT U3 3NIEMEHTOB, KOTOPbIE MOXHO NPUBECTH K
cocpedomoyeHHbIM Maccam (POTOpP 3MEKTPOABUraTens, MaxoByKK, ABIXKYLLMECS
Macchl paboynx opraHoB MalUWHbI W T.4.) U ynpyaum cesi3sam (Banbl, MyTbl, 3y6-
yatble nepegayu, WNuHAenn u T.4.). Moa AencTBUEM BHEWHUX Hagpy30K (MOMEH-
Tbl 3NEKTPOABMraTENeEN 1 TOPMO30B, CONPOTMBIEHNE paboyel MalunHbl) ynpyrue
anemMeHTbl [edOopMUPYIOTCS, @ COCPEAOTOYEHHbIE MACChl BPALLAIOTCS C Pa3ninyHbI-
MW MTHOBEHHBLIMM CKOPOCTAMM, W KaXAas U3 Macc B HEKOTOPbIE MOMEHTbI BPEMEHN
OnepexaeT WK OTCTa&T OT COCEAHEN. YNpyrue 3BeHbS MEXAY HUMMU NEPUOANYECKM
3aKPY4MBAIOTCA W PACKPYYMBAKOTCS C YBEMUYEHWEM WU YMEHbLLEHUEM MOMEHTA
CUN YNPYroCTH OTHOCUTENBHO NepesaBaemMoro CpeAHero MOMeHTa.

MepemeHHas COCTaBAANOWAA MOMEHTa OT KPyTWMbHBIX Konebanuit MoxeT
ObITb HACTONMBKO BOMBLLON, YTO CYMMapHOEe MrHOBEHHOE 3HaueHWe Mepuoanyecky
N3MEHSAIOLLMXCH MOMEHTOB CWUN YNPYroCTU 3HAYNUTENBHO MPEBBICUT CTATUYECKUE W
WHEPLMOHHbIE Harpyskin W MOXET MPUBECTW K Neperpyskam W nosrioMkam fetanei
MaLlmMHbI. Bo3nencTemns nepeMeHHbIX HanpskeHUin KpoMe TOro SBMSIKOTCH OAHON U3
OCHOBHbIX MPWUYMH YCTANOCTHOTO pa3pylwenus getanei. Okono 90% paspylieHui
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Jetaneil MalnH HOCAT yCTaJ'IOCTHbIVI XapakTtep W npoucxogAaT noa JencTBueM ne-
PeMeHHbIX ANHAMUYECKMX Harpy3oK.

OcHoeHble HanpaeneHusi CHWkeHUs1 OuHamuyHocmu
mMemansypeu4eckux MawuH

1 MakcumansHO BO3MOXHOE YNPOLLEHUE KUHEMATUYECKUX CXEM.

PaLuoHansHoe pa3melleHe NpuBOAOB OTAEMNbHbIX MEXaHU3MOB B MaLUKUHaX C
MUHUMATbHOW ANMHON NPUBOAHBIX JIMHUIA.

3 YnpolleHne KOHCTPYKUMIA MEXaHW3MOB MYTEM MPUMEHEHWS WHAMBUAYANbHbIX
NPMBOLOB Ha KaX[blil MEXaHU3M, UCKMIOYas TpaHCMUCCUM U MYydTbl BKMOYeE-
HWS; BHEAPEHWe KOMNAKTHbIX NPUBOJOB TUMA [ABUraTenb-pesykTop; UCromb3o-
BaHWE NnaHeTapHbIX, BONHOBbIX M TOMY NOLOBHbIX Nepeaay; Ucnonb3oBaHue
6e3peyKTOpHbIX NPUBOZOB.

4 bonee LUMPOKOE BHEAPEHME TMAPO- M MHEBMONPUBOAOB, NPUMEHEHNE KOMON-
HWPOBAHHbIX 3reKTPOrnapo- 1 NHEBMONPUBOLOB.

5 T[pumeHeHne MHOroABMraTenbHbIX NPUBOLOB, YMYyYLWAKLWMX LUHAMUYECKME
XapaKTEPUCTUKN 1 NOBbILLIAIOLLMX HAOEXHOCTb.

6 Bbibop Ha OBM elué B cTagmu NPOEKTUPOBaHUS ONTUMANbHbIX AUHAMUYECKUX
napameTpoB CUCTEM MEXaHW3MOB 1 MaLLVH.

7 Pa3paboTka HOBbIX KNHEMATUYECKUX CXEM U MPUBOAOB.

Jlumepamypa [1, ¢.350-403]; [2, c. 71-73, 87-89].

2 OCHOBHBIE NMOMOXXEHUA NPUKNAQHOM
AVHAMMKMU MALUUH

B kypce «[uMHamuka M MPOYHOCTb METANMyPryecknx MawwmH» BymyT pac-
CMaTpUBaTLCS NPEUMYLLECTBEHHO MEXaHUYECKNE konebaHms.
MexaHuveckue konebanus — konebaHns BO BPEMEHU KaKkMX-NMOO MexaHu-

YECKUX BEMWYWH: KUHEMamuyeckux (KOOpAWHaT Touek Tena unn gecdopmauuit) unm
QuHaMuy4eckux (CUn, MOMEHTOB, HaMPSKEHWI).

Korga peyb MAET 0 konebaHusX MexaHUYEeCKUX BENUYMH, HacTo Nonb3ykTes
TepMUHOM gubpauyus. Mpu 3ToM 06bIYHO UMEKT B BUOY NepeMeLleHne TOYeK KO-
nebriowerocs Tena, kotopoe 0bycnoBneHo AeopMaLsM1 1 Marno No CPaBHEHUHO
C pa3vepamu Tena. Hepegko npeactaBneHve 0 BuOpauUusix Takke CBS3bIBAKOT C
OTHOCUTENbBHO BbICOKOM YacTOTOM KonebaTensHOro npoLecca.



MexaHu4eckuii yaap — COBOKYMHOCTb BbICTPOTEUHbIX SIBNEHWUN, BO3HMKaH0-
LMX M3-3a KPAaTKOBPEMEHHOTO AENCTBIS BeCbMa Gomnblumx cun. [ins yoapa xapak-
TEPHbI pe3Kie U3MEHEHMS CKOPOCTEN TOYeK Tena.

MMpobnembl, CBSA3aHHbIE C MEXaHUYECKMMM yaapamu 1 konebaHusmm, BO3HN-
KaloT BO MHOXECTBE Pa3fMuHbIX NpakTu4ecknx cutyauuin. OgHako MeXdy BHELHe
PasnUYHbIMU CUTYaLMSMU CYLLECTBYET UX BHYTPEHHSS OBLIHOCTb, KOTOpas ABnseT-
Csl OCHOBOW ANsi €AMHBIX TEOPETUYECKUX MOAXOLOB.

TeopeTnyeckue NOAXOAbI yKa3sbiBalOT NyTH AMNS CHWXKEHWUS! BDEAHOTO BO3AEN-
CTBUSI koniebaHuii 1 yoapoB Ha paboTocnocobHOCTb MaLLMH.

MoXHO BblAENNTb CNEAYIOLME OCHOBHbIE TUMbI SBNEHNI:

e cBObOAHbIe KonebaHua — konebaHns, COBEPLIAEMbIE MEXaHWYECKOW CHUCTe-
MOW, NTNLLEHHON NPUTOKa 3HEPrM U3BHE, ECIIU CUCTEMA BbIBEZEHA M3 COCTOS-
HWS YCTOMYUBOTO PABHOBECKS, @ 3aTeM NpefocTaBneHa camon cebe;

®  KpUTWUYecKue COCTOSIHUA, CBA3aHHbIE C MOTEPEN YCTONYMBOCTY PAaBHOBECHOTO
COCTOSIHUS MPK OMPEAENEHHbBIX 3HAYEHNSX MapameTpoB CUCTEMbI (HanpuMep,
BpaLLatoLMecs ynpyrie Barbl NpU ONPEAENEHHbIX YIMOBbIX CKOPOCTSIX);

e  BbIHYXAeHHble konebaHua — konebaHWs, BO3HWKAIOLLME BCreacTBuE AeiCT-
BMS Ha MEXaHWYECKYl CUCTEMY BHELUHWX CWM, 3agaHHbIM 06pas3oM MeHsio-
LLMXCS BO BPEMEHU HE3ABUCUMO OT [BMKEHMUS CUCTEMBI (BbIHYXAAKOLLMX CUT);

e napameTpuyeckue konebaHmsa — konebanus, npoucxogsiume B6IN3M paBHO-
BECHOTO COCTOSIHUSI CUCTEMbI BCNEACTBME 3a[aHHOMO MEPUOAMYECKOro M3mMe-
HEHWS e€ napameTpoB;

e  aBToKonebaHus — ycToiuMBble konebaTenbHble MPOLECCH, NoAAepKUBaEMbIe
33 CYET MCTOYHMKOB 3HEPruM HekonebaTenbHOro xapakTepa, Npu STOM CUmbI,
NOABOAMMbIE K CUCTEME OT TakWUX UCTOYHWKOB, MEHSIOTCS BO BPEMEHU B 3aBW-
CMUMOCTY OT [IBWXXEHWSI CUCTEMbI U MPW OTCYTCTBUM ABVWXEHWUS OHU PABHbI HYIHD;

e  ypapHble CKOPOTEYHble ABMEHUS — KMHEMATUKA NX XapaKTepusyeTcs pesku-
MW M3MEHEHUAIMU CKOPOCTEN, @ AMHAMWKA — BO3HUKHOBEHWEM, @ 3aTEM UCYe3-
HOBEHMEM BeCbMa DONbLUMX YAaPHbIX CUI.

Takke MOXHO [OMONHWTENBHO BbIAENUTL BUA konebaTenbHbIX SBMEHWA B
MEXaHUYEeCKO CUCTEME, HasblBaeMblit mepexodHbiM npoleccom. lMepexoaHblie
npouecchbl HabmoaaTCcs NpU HEYCTAHOBMBLUMXCS pexXuMax paboTbl, Takux Kak
3anyck gBuratens, NpUIOXeHWe u cOpoc Harpysku, a Takke Nepexodbl C OLHOr0
YCTaHOBMBLLErOCS NPOLECCa Ha ApYro.

OCHO@HbIe 3aKOHbI QUHaAMUKU

OuHamuka - pasgen TeopeTUYECcKON MexaHuKK, B KOTOPOM W3y4vatoTcs OBU-
XEeHWA MatepuanbHbIX TeN B 3aBUCUMOCTU OT CUJT, UX BbI3bIBaOLLINX.

B ctaTuke M3y4aloTCA 3afayn O nNpuMBeAEHMU CUCTEMbI CUN K I'IpOCTeI;1LIJeMy
By U OTHOCMTENBHOM NOKOE MaTepuanbHbIX TEN.
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B kuHemaTuke paccMaTpuBalOTCA 3aaus O reOMeTpPUYECKUX XapakTepucTu-
Kax MEXaHU4eCKOro BMXEHNS.

B ocHOBe auHamuku nexart uanyeckue 3akoHbl, NOATBEPXAEHHbIE MHOTOBe-
KOBOW NPaKTU4ECKON LeATENbHOCTLI YenoBeka.

3akoH | (3akoH uHepyuu) — N30NMPOBaHHAs MaTepuarnbHast TOUKa CoXpaHs-
€T CBOK CKOPOCTb HEM3MEHHOM MO abCOMOTHON BEMMYMHE U N0 HAMPaBMEHMIO.

OTOT 3aKOH YTBEPXAAET CYLEeCTBOBAHWE UHEePLManbHbIX CUCTEM.

Cuctema oTCYéTa Ha3blBaeTCS MHEpLManbHOW, ecnu W30NUpOBaHHas maTte-
pranbHas TouKa No OTHOLUEHUIO K 9TOM CUCTEME HAXOAMTCS B NOKOE UMW ABUKETCS
NPAMOSIMHENHO 1 PABHOMEPHO.

/30nMpoBaHHON TOYKa CYMTAETCH, KOrda SEeACTBUAMU Ha HE& BCEX MPOuMX
MaTepmarbHbIX TOYEK MOXHO NpeHebpeuyb.

/HepTHOCTb — CBOWMCTBO MaTepumarnbHOro Tena, NposiBRsoLLEecs B COXpaHe-
HWAW [OBUXEHUS, COBEPLIAEMOro UM NpW OTCYTCTBUM JENCTBYIOLLMX CUM, U B NOCTE-
MEHHOM U3MEHEHWM 3TOTO JBWKEHUS C TEYEHEM BPEMEHH, KOTAa Ha TeNo HauMHa-
10T 1IENCTBOBATH CUMbI.

3akoH Il (ocHosHOU 3aKOH OUHaMUKU) — YCKOpEeHUE, coobLLaeMoe maTepu-
arnbHOM TOUKE MPUMOXEHHON K HEN CUMOM, UMEET HanpaBneHue Curbl U N0 MOZYI0
NponopLMOHarnbHO cure: .

Cuna - konuyecTBeHHas Mepa BO3[eNCTBUI MaTepuarnbHbIX Ten.

Curnbl xapakTepusylTCs He CKOpPOCTAMMU TOYEK, a M3MEHEHUEM CKOPOCTEW
(yckopeHnem) a. M3 aHann3a OCHOBHOTO 3aKOHa AWHAMMKMA criefyeT, yto npu F=0
YCKOPEHME OTCYTCTBYET.

Macca m xapaktepusyeT cTeneHb CONpPOTUBMSIEMOCTU MaTepuUanbHOM TOUKN
M3MEHEHMO €& CKOpOCTU, TO eCTb ABMSAETCS Mepol MHEepPTHOCTU MaTepuanbHoW
TOUKM.

3akoH lll (3akoH paseHcmea delicmeusi u npomueodelicmeust) — CUnbI, C
KOTOPbIMM ABa Tena AeCTBYIOT APYT Ha Apyra, paBHbI N0 MOLYIIIO M HanpaBeHb! B
MPOTWUBOMNOIOXKHbIE CTOPOHBI MO OAHOW NPSIMONA.

3akoH IV (3akoH He3aeucumocmu delicmeusi cus) — Npy OJHOBPEMEHHOM
LENCTBUM HECKOMbKUX CUM YCKOPEHWE MaTepuaribHOM TOUKM @ PaBHO BEKTOPHOM
CyMMe YCKOpEHUit, KoTopble Mena Bbl 3Ta Touka npu JeNCTBAW Kaxaon U3 cun B
OTAENbHOCTY:

a=aj+a,+...+a,, (2.1)
rie a; =F /m;a, =F,/m;..;a, =F,/m .
BaxHbIM aTanom, npeaLlecTByIOLMM TEOPETUHECKOMY U3YHEHUIO AUHAMUYe-

CKMX npoueccos, npoucxoddlimx B peaanon MEXaHW4YECKON CUCTEME, ABNSETCS
cxemaTumsauma 3TOi CUCTEMBI.
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Cxematusauus peanbHOi MeXaHUYecKol CUCTEMbI 3akniyaeTcs B Bbibope
ULeann3MpoBaHHOM (hU3NYECKO MOZenu, NpaBuUnbHO oTobpaxatoLlen noseaeHe
3TOM CUCTEMBI MPU N3y4eHUM ONPEeLENEHHOro Knacca sIBNEHNN.

Pasnuyatot ABa Buga gusuyeckux modesed: AMHAMUYECKME U CTaTUCTUYe-
cKue.

Mpu nccnenoBaHUN (HU3MYECKNX NPOLIECCOB Ha OCHOBE QUHAMUYECKUX MO-
denell npeHebperatoT BCEMU CTaTUCTUYECKUMM SBNEHUSIMU B UCCNEAYEMON CUCTe-
Me:

e  BCe napameTpbl AMHAMUYECKOW MOAENU UMEIT PUKCUPOBAHHbIE, BNOMHE ON-
pefeneHHble 3Ha4eHus:;

e  MaTeMaTMYeCKUM 3aBUCUMOCTAIM (OMHAMMYECKUM 3aKOHaM), NOMny4YaeMbiM Ha
OCHOBE AMHaMW4YecKoW MOAenu, NpuAaércs CMbIC LOCTOBEPHbIX KOMMYecT-
BEHHbIX XapaKTepPUCTUK COCTOSHUS CUCTEMBI.

Cmamucmuyeckue Modenu ucnonb3ylTcs Ans y4éTa NPOUCXOAALLMX B Me-
XaHW4YECKON CUCTEME CryyYalHbIX NPOLeccoB. VX nomyyaloT HenocpeacTBEHHO Ha
OCHOBE AMHaMWUYECKON MOLENN COOTBETCTBYIOLLENA CUCTEMDI.

YUéT Bcex (pakTopoB, BIUSHOLLMX HA AMHAMUYECKUE CBONCTBA CUCTEMbI, NpU-
BOAMT K AMHAMUYECKO MOLENN Takon CNOXHOCTH, YTO MaTemMaT4eckoe onncaHue
TaKom CUCTEMbI HEOCYLLECTBUMO. [M03TOMY Ha MpaKTKe peanbHyl MEXaHWU4ecKyto
CMCTEMY YNPOLLAKT M YYUTHIBAKOT NULLb (aKTOpbI, OKa3blBatoLlme Haubonee cylye-
CTBEHHOE BMUSHWE Ha OWHAMWYECKWNE CBOWCTBA CUCTEMbI. YNpOLEeHUe AMHaMu4e-
CKOW MOAIENM CBA3bIBAIOT C MOHATUEM KOPPEKTHOCTU MOZENM.

KoppekmHas mModesib — MakcMManbHO JOMYCTUMAs Mo MpocToTe MOAENb,
npaBunbHO oTobpaxatoLas Te 0COBEHHOCTU AMHAMUYECKOrO NOBEeEHUs peanbHoi
CUCTEMBI, KOTOPbIE NOAJIEXAT U3YYEHUIO.

[onycTuMoCTb MPUHSATBIX MOeanu3auuii OLEHUBAETCA COMOCTaBMNEHUEM pe-
3ynbTaToB TEOPETUYECKNX 1 SKCMIEPUMEHTANbBHbIX NCCIIEL0BaHMI.

OnbIT  3KCNEPUMEHTANBHO-TEOPETUYECKNX  UCCNENOBaHUA  AMHAMUYECKUX
MPOLIECCOB B MEXAHUYECKMX CUCTEMAX MeTannyprinyeckoro obopyaoBaHus nokasar,
4TO ANS 3TUX CUCTEM YAOBMETBOPUTENLHBIMM SBNSOTCS dea euda cxeMamu3a-
yuu:

1) OMHamMM4eckue MOLENN UM CXeMbl C COCPEAOTOUYEHHBIMM MapameTpamu
(QuckpemHbie modenu);

2) AMHamu4yeckMe MOJEnW WNK CxeMbl C pacnpefeneHHbIMU napameTpamu
(HenpepbigHbIe Modenu).

MMepBbIit BUA CxemaTu3aLmu noapa3yMeBaeT BO3MOXHOCTb Takux upeanusa-
LWi: cocpeoToOYEHHasA Macca — MaTepuanbHas TouKa, MMeloLWas KOHeYHble Mac-
Cy W MaccoBbl MOMEHT MHEpLMK; COCPEAOTOYEHHas cuna — cuna, 4EenCTByio-
llas B TOYKe; ynpyras MexaHuyeckas CBfi3b — CBSi3b, NPEACTABMEHHas B Buae
6e3bIHEPLMOHHOrO COeNHEHUS.
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Bropoit BuA cxematusauuu OCHOBaH Ha AOMYCTUMOCTW MOEanu3npoBaHHOro
NpeacTaBneHuns pearnbHON MeXaHUYeCKon CUCTEMbI B BULE OAHO-, ABYX- UMK TPEX-
MEPHBIX YNPYroMHEPLMOHHBIX CMMOLHBIX CPEA, CBOMCTBA KOTOPOM OMpeaensioTcs
MeTOAaMu TEOPUN YIPYroCTU U MNACcTUYHOCTY.

CnnowHas cpeaa — Hekas cyb6CTaHLMS, HENPepbIBHO 3anonHsLas 00bEM
uccnesyemMon MexaHudeckon cuctembl. CnnowHas cpepa COXpaHsieT OCHOBHbIE
CBOWCTBA CUCTEMbI, KDOME aTOMapPHOrO CTPOEHNS, MUKPO- 1 MaKPOCTPYKTYPbI.

Takas ngeanusaums No3BoONSeT UCMONb30BaTh AudEepeHLanbHoe U MHTe-
rpansHOE UCYNUCTIEHMS.

Mpn nccregoBaHMM AMHAMUYECKNX MPOLIECCOB B MpMBOAAX MeTannypruve-
ckoro 0bopyaoBaHus, kak NpaBuIio, NCMOMNb3yeTCs CXemaTn3aLys NepBoro Buaa.

Mpu nccnenoBaHuM cnrowWwHbIX cped (6anouHble, paMoOYHbIE KOHCTPYKLMW,
0060noYKM 1 T.M.) MUCMOMNB3YETCH CXeMaTh3aLns BTOPOro suaa.

lMpoLecchbl B MEXaHUYECKOM CMCTEME Ha OCHOBE AWHAMMYECKON Modenu onu-
CbIBAOTCS MPK NOMOLLM AndhdhepeHLmMarnbHbIX YpaBHEHUI, CUCTEMa KOTOPbIX Npea-
cTaBnsieT coboii MaTeMaTMy4ecKy Mogenb pearnbHOi MEXaHUYECKON CUCTEMBI.

MaTemaTtuyeckas U auHammyeckast MOLEeN BCerfa OfHO3HAYHO COOTBETCT-
BYHOT APYT ApYTY.

B 3aBUCMMOCTM OT NUHEMHOCTU UMW HENMHENHOCTW MaTEMaTUYECKON MOZENN
pasnuyaloT COOTBETCTBEHHO JIMHEIHBIE U HEMWHEHbIE OUHAMUYECKIE MOAENN.

HenvHenHoCTb AMHaMUYeckux Mogenei obycnoeneHa B OCHOBHOM:

e YNpYriMKU XapaKkTepucTUKaMm SIEMEHTOB CUCTEMbI;

®  HEeNUHEMHbIMW JMHAMUYECKAMU XapakTepucTukamu ABuratenei;

e [OUCCUNATMBHBIMU (PacCevBatOLLMMI) CUMaMU, UMEOLMMI CIIOXHBIA XapakTep
(HEMMHEeNHbIN) 3aBUCMMOCTY OT NAPaMETPOB [BUKEHUS CUCTEMDI.

y . 500 N

CnoXHOCTb TEOPETUYECKOTO aHanu3a konebaHui 3aBUCHT OT YMcna CTeneHen
cBOBOABLI MEXaHUYECKON CUCTEMBI, TO €CTb OT HaWMEHBLUEro Y1Cna KNHemaTude-
CKMX BENUYMH (060BLLEHHBIX KOOPAMHAT), OAHO3HAYHO OMPEAENSIOLLNX NONOXEHNE
BCEX TOYeX.

B auHammueckoir 3agade o konebaHWsX NOMOXEHNe BCEX TOYEK HAXOOMUTCS B
(DYHKLMOHANBHOW 3aBUCMMOCTM OT BPEMEHM, TO eCTb 0DOBLYEHHbIE KOOPAMHATDI
SBMSOTCS HE MOCTOSHHBIMI YMCNamK, a yHKUMAMN oT BpemeHu. OCHOBHas 3agaya
OMHAMUYECKOTO UCCMEe0BaHNS COCTOMT UMEHHO B HAXOXOEHWM STUX (PYHKLMIA, TO
€CTb B ONpejeneHun 3aKoHa ABWKEHUS CUCTEMBI.

lMocne pelueHus aToit 3agaqn 6e3 Tpyaa MoryT BbiTb HaMAEHb! AedopmaLmn,
HaNPSHKEHWS U BHYTPEHHWE CUTbI B CBA3SX CUCTEMBI.

B Teopun ynpyroct Matepuan nofHoCTbI0 3aHMMaeT BeCb 06bEM Aedhopmu-
pyemoro Tena, TO eCTb pacyéTHas cxema (MOAenb) ComepXMT BECKOHEYHO MHOro
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MaTepmarbHbIX ToYek ¢ BECKOHEYHO ManbIMM Maccamu U NpeacTaBnseT B ugeane
cucTemy ¢ 6eckoHeyHo 60mbLIMM YMCIOM cTeneHen ceobospbl.

MMpu peLleHun NpakTU4eckux 3afad UCMornb3yloT YNPOLLEHHbIE CXEMbI C KO-
HEYHbIM YMCNOM CTeneHel cBoboabl. B Takux pacyETHbIX CXeMax HEKOTOpble Hau-
fonee nérkMe YacTi CUCTEMBI CUMTAIOTCA 6E3MAcCOBLIMK M NPELCTaBNATCS B
Buae Oe3bIHEPLMOHHbIX CBA3E. Hanpumep, Npy AMHaMUYECKOM aHann3e npuBOLOB
MeTannypruyeckoro 060pyaoBaHUS TakUMKU YacTMU NPEACTaBMSOT NPOMEXYTOY-
Hble Barbl, MydTbl, 3ybbs U np. OcTanbHble Tena, 3a KOTOPbIMU NPU3HAHO CBOACTBO
VHEpLMM CYMTAIOTCS MaTeMaTUYECKUMN TOUKaMK N abeomnoTHO TBEpAbIMK Tena-
MU,

[IBIKEHME TaKMX CUCTEM MONHOCTBK) OMUCHIBAETCS HECKONMbKMMU 0606LLEH-
HbIMW KoopauHaTamu. [nsg 0gHOM U TOM Xe MEXaHW4YeCcKon cucTembl 0606LLEHHbIE
KOOpAMHaTLI MOXHO BblbpaTh No-pasHoMy. Hanbonee yaayHbin BoIGOp onpesenset
yOOBHY0 CTPYKTYPY YpaBHeHuin. Ho npu ynpoLleHnn cxembl npeHebpexeHune abco-
NKOTHO BCEMMW WMHEPLMOHHBIMM CBOCTBAMW CUCTEMBI HEAOMYCTUMO, Tak Kak B 3TOM
cnyvae 3agava OyaeT He AMHAMNYECKON.

Paccmotpum,  Hanpumep,  6e3MaccoByl0  MIMHEAHO-YMPYTYI0  MPYXMHY
(pnc. 2.1,a), K KOHLY KOTOPOW NpunoxeHa cuna P, 3afaHHas B BUAe yHKUMM Bpe-
meHu ¢. O603HauMM Yepe3 ¢ KOS ULMEHT XECTKOCTUA NPYXMHbI, T. €. CTATUMECKYI0
CUNy, BbI3bIBAKOLLYIO €AMHWYHOE YANMHEHWE NMPYXWHbI. Toraa nepemelleHne x eé
KOHLa onpesenseTcs 0bbIYHON CTaTUYECKON (hopMYnon:

x=Plc. (2.2)
2 AMAMAGPE 2 .%wi ,:, , F F %Fﬁ}
a 6 B r

PucyHok 2.1 — PacyéTHble cxeMbl Ans 04HOMACCOBON MEXaHUYECKOH CUCTEMBI

Takas nocTaHOBKa 3afauw, B CYLIHOCTM, HE SIBNISETCA OMHAMMUYECKOW, XOTH
HaldeHHOE NepemeLeHNe He NOCTOSHHOE, a MpencTaBnseT cobol HeKoTopylo
(YHKLMIO BpeMeHU. [oanuHHas AuHaMuka npoLecCoB B peanbHbIX MeXaHUYeCKNX
CMCTEMax CBSi3aHa CO CBOWCTBOM MHEpLMK, U 3TO CBOWCTBO B TOM UMW WHOM Buae
[OMKHO ObITb OTPaXEHO B PACUETHOMN CXEME.

lMpocTefwnin NpumMep AMHAMUYECKON CUCTEMBbI NMPEACTaBneH Ha puc. 2.1,6,
rOe C KOHLOM MPYXUHbI CBSI3aH Ipy3 Maccoil m. 3ech yxe Henb3s 000ATUCh YUCTO
CTaTUYECKUMM COOTHOLLEHMsIMU. B yacTHOCTW, Hago MMETb B Buay, 4To cuna F,
LENCTBYIOWAs Ha NPYXUHY (puc. 2.1,8) He paBHa BHeLHen cune P.

CornacHo puc. 2.1,r anddhepeHUmanbHoe ypaBHEHE ABWKEHNS py3a B NPO-
eKLWW Ha OCb UMeeT BUf,

F°x — P = mx, (2.3)
rae F°x = — ¢ x — NpoeKuna peakumm NpyxuHbl F°Ha oCb x.
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Takum o6pasom,
mx +cx=P(t). (2.4)

B otnmuve ot BbipaxeHus (2.2), cryxaliero hopmynoi 4nis HEMoCpeaCTBEH-
HOrO BbIYUCIIEHNS X, COOTHOLLEHME (2.4) npeacTaBnseT coboi anddepeHLmansHoe
YpaBHEHWe OTHOCUTENbHO (yHKUMM x. [Ins onpeaeneHus atoil pyHKLUMM Heobxo-
AUMO MPOVHTErpUpoBaTh ypaBHeHWe (2.4), NOOUYMHUB PELLEHNEe TEM WK WHBIM 3a-
[aHHbIM HavanbHbIM ycroBusiM. Mocne pelueHust ypaBHeHus (2.4) no doyHKUuM ne-
peMeLLEeHUs HAXOAAT BHYTPEHHWE YCUIUS, HANPSXKEHUS U T. .

MoXHO CkasaTb, Y4TO B paccMaTpuBaeMoM npumepe OAHOM (oyHKLMENR x nos-
HOCTbIO OnpefensieTcs AedopMUMPOBAHHOE COCTOSIHUE B M0G0 MOMEHT BPEMEHM.
MMonobHble cucTeMbl 06naaaloT 0AHOM CTeNeHbI0 CBOBObI.

Heckonbko Opyrix XxapaKTepHbIX MPUMEPOB CHUCTEM C OLHOW CTEMeHbK CBO-
foabl NoKa3aHo Ha pUCYHKe 2.2,

a §) B

(&

PucyHok 2.2 — Mpumepbl CUCTEM C OHON CTENEHbI0 CBOBOAbI

B nepsoit cucteme (pUCYHOK 2.2,a) BCE aneMeHTbl NOABECKN — CTEPXKHU, 06-
pasywwpe pomb, u ynpyras npyxuHa — nonaraitcs 6e3maccoBbiMu, Tak YTO
€[MHCTBEHHO 0006LLEHHON KOOPAMHATON CMYXUT OpAMHATa KakoA-nbo TOUKM
rpy3a (ckaxem, ero LeHTpa macc). OTMETUM, YTO OTCYET 060OLLEHHbIX KOOpAWHAT
Bcerga ynobHee BECTM OT COCTOSHUSI PABHOBECUS CUCTEMbI: 3TOT €CTECTBEHHBIN
Bblbop Hauana otcyeta obecneumBaeT Haubonee KOMNAKTHYI0 3anucb COOTBETCT-
BYIOLLMX YPaABHEHWIA.

Bropasi cuctema (puc. 2.2,0) npepacrasnsieT coboi ynpyryto 6e3maccoByio
KOHCOIb, Ha KOHLie KOTOPOW 3aKpennieH TOYeYHbI rpy3 ¢ KOHEYHOW maccoil m. Ec-
N, Kak 0bbI4HO, BEPTUKArbHbIE NEPEMELLEHUS TOYEK CUCTEMbI Marbl, TO WX ropu-
30HTanbHbIMM NepemeLLeHnsIMI BooOLLe MOXHO npeHebpeyb. Toraa eauHCTBEHHON
0006LLEeHHOI KoopaAMHATON CNYXUT Nporub KoHUa Banku y (BepTukanbHOE OTKIOHe-
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HWe KOHLIEBOro rpysa). KoHeuHo, U B AaHHOM crnyyae yaobHee BCEro OTCUMTLIBATL
OMHaAMUYECKME NepeMeLLeHMs OT CTaTUYECKOro YPOBHS PacnonoXeHNs rpy3aa.

TpeTbs cuctema (puc. 2.2,8) npeacrasnset coboi ynpyro nogBeLLeHHoe xe-
CTKOe Terno, cnocobHoe MOBOPauMBAaTLCS BOKPYF LUAPHUPHO-HEMOABWXHOW OMOpbI.
3pecb Hanbonee yaobHO M eCTECTBEHHO NPUHSTL 3a 0B0BLLEHHYH KOOpAUHATY Yron
noBOpOTa Tena BOKPYr OCW LuapHupa @. TO e OTHOCUTCS K YETBEpPTOM CUCTeMe
(pnc. 2.2,1), ecru cuntatb Banky abcomoTHO KECTKOI (pasymeeTcs, ymcno besmac-
COBbIX MPYXMH, HA KOTOPbIX NOABeLLeHa Banka, He BIUSET Ha YMCNO CTENEHeN CBO-
Goabl cuctembl). OT TPETbEN U YETBEPTONM CUCTEM MPUHLMNUAMNBHO HE OTNMYaeTCs
naras cuctema (puc. 2.2,4), cOCTosLas U3 MacCUBHOMO AWCKa, 3aKPEMNeHHOro Ha
ynpyrom Bary, KOTOpbIN 3akpy4mBaeTcs npn konebaHusx.

[ins Toro 4tobbl YCTAHOBUTL YMCIIO CTEMEHEN cBOBOALI NOCNeaHEN CUCTEMbI
(puc. 2.2,e), HeobxoaUMO YETKO CHOPMYNUPOBATH YCIIOBUS KaYeHUs YNpyro 3akpe-
MNEeHHOro LMNUHAPUYECKOro kaTka. Ecnn kaueHue npoucxoaut 6es CKoNbKeHUs, TO
CUCTEMa UMEET OJHY CTeneHb CBOBObI (FOPU3OHTArNbHOE NEpPEMELLEHIEe OCK KaTka
O[HO3HAYHO OMpenensieT W yron ero NoBOPOTa BOKPYr OCK); €CAN Xe KayeHue Co-
MPOBOXOAETCS CKOMbXeEHWeM, TO cuctema obrnagaeT AByMs CTeneHsMn cobobl.

Ha puc. 2.3 npeacTaBneHo HECKONbKO CUCTEM C ABYMSI CTENEHsIMI CBOBOAI.

LT

I e
PucyHok 2.3 — Mpumepbl CUCTEM € ABYMS CTENEHSMU CBOOOAb

B nepBoii cucteme (pucyHok 2.3,a) 3a 0606LLEHHbIE KOOPAMHATEI MOXHO MpK-
HSITb MOKa3aHHbIE HA PUCYHKE BEPTMKAmbHbIE OTKMOHEHUS TPY30B OT COCTOSHUA
PaBHOBECHS Y1 U Y2, HO HE JINLLEH CMbICTa W APYroi BbIGOp — HanpuUMep, MpUHATL
3a 06006LLUeHHbIe KoopauHaTbl abCONKTHOE OTKNOHEHWE BEPXHEro rpy3a U OTHOCU-
TenbHOE (MO OTHOLLEHWHO K BEPXHEMY rPY3Y) OTKITOHEHME HUXKHETO rpy3a.

[ns BTOpon cuctemsl (puc. 2.3,6) Hanbornee ecTeCTBEHHO NPUHATL 3a 0606-
LeHHble KOOpAMHATHI NPOruObl ABYX TOMEYHbIX FPY30B Y1 U Y2 U BECTU OTCYET Npo-
MBOB OT COCTOSIHUS PaBHOBECHSI CUCTEMBI.
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ToueuHbIn rpy3, 3aKpenneHHbld Ha KoHLe [-06pas3Horo ynpyroro CTepxHs
(puc. 2.3,8) MMEET BO3MOXKHOCTb MepeMeLLaThes kak no BepTukanm (y), Tak 1 no
FOPU3OHTanM (x), MPUYEM 3TU NEPEMELLEHUS UMEIOT OAWHAKOBbIA MOPSAOK Mano-
CTW.

OcoBeHHOCTbI0 YETBEPTON CUCTEMbI (pUC. 2.3,1) SBRSETCS KOHEYHOCTb pas-
MepOB rpy3a, COBEPLIAIOLLETO MIOCKOE ABWKEHWE 1 CBA3AHHOTO C ynpyroi 6ankon.
B atom cnyyae 3a 0606LLeHHbIe KoopauHaTbl yA0BHO NPUHATL NPOrMb KoHLa Barnku
Y M yTOnN €ro noBopoTa ¢.

[BwkeHne naton cuctembl (puc. 2.3,4) onpeaensieTcs AByMS ropu30HTanb-
HbIMU NEpeMELLEeHUSMI rPY30B, OfHAKO ynpyrie konebaHus onpeaensoTcs OfHON
(DYHKUMEN — M3MEHEHWNEM PacCTOSHUSA MEXIY Tpy3amu, T. €. YANMHEHUEM MPYXu-
Hbl. B 3TOM CMbICne cucTeMa MMeeT TONbKO OaHY (konebaTenbHyo) CTeneHb CBO-
Bopbl. To ke OTHOCUTCS W K nocnepHeih cucteme (puc. 2.3,e), rae ynpyrie koneba-
HWS ONpeaenstoTCs OTHOCUTENbHBLIM (B3aUMHbIM) YTTIOM NOBOPOTA ANCKOB.

CucteMbl, npeacTaBneHHble Ha pucyHke 2.4, obnagaloT Tpems CTeneHsMu
csobogpbl.

Lidda
AARA,
VoY

a
PucyHok 2.4 — lMpumepbl CUCTEM C TPEMS CTENEHSMU CBOGOAbI

K nepBoi cxeme (puCyHOK 2.4,a) NpMBOAATCS MHOMME NPaKTUYECKME 3adaun O
MMockux konebaHusix, Hanpumep, PyHAAMEHTOB NOA MALLMHBI.

3a Tpu 0600LLEHHbIE KOOPAMHATBLI BTOPOM CHCTEMBI (puC. 2.4,6) MOXHO Npu-
HATb, HaNpUMep, YrNbl NOBOpOTa Auckos (konec) 1, 2 u 4 (yron noBopoTa koneca 3
HenocpeACTBEHHO ONpesenseTcs Yepes yron NoBopoTa Aucka 2 ¢ NOMOLLbIO nepe-
[ATOYHOrO OTHOLUEHMS). 3eCh BaXHO OTMETUTb, YTO ynpyrie konebaHus cucTembl
OMpeSensTCs BCEro ABYMS BeNWYMHAMK: B3aMMHbIM MOBOPOTOM AWCKOB 1, 2 1
B3aWMHbIM MOBOPOTOM JAUCKOB 3, 4.

Bo Bcex paccMOTpEeHHbIX NpUMepax YnCro cTeneHel cBoboabl 0kas3arnoch Ko-
HeyHbIM 6narofaps 4onyLieHUsM, YTo AedopMUPYEMbIE HACT MEXaHUYECKUX CUC-
TEM NULEeHbl Macchl (6e3bIHEpLMOHHbIE YNpyrue CBsA3u), a Tena, obnaparoLime
Maccoil, COBEPLUIEHHO HeaedopMUpyEMBI.
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Knaccucpukayus cun

Cunbl, OENCTBYIOLIME U3BHE HA MEXAHWYECKYIO CUCTEMY, @ TAKKE BHYTPEHHWE
Curbl, Pa3BMBaIOLLMECS B €€ CBA3SX, BECbMa pa3Ho00pasHbl kak Mo CBOEH npupoge,
Tak W Mo TOW pOnK, KOTOPYK OHM UrpakT B KornebartensHoM npouecce. Onuiem
CBOWCTBA Pa3n1yHbIX TUMOB CUI1, B OCHOBHOM MPUMEHWUTENBHO K CUCTEMAM C OAHOM
CTeneHbio cBobospbl.

Mo3numoHHbIe cunbl. [103ULMOHHBIE — 3TO Takue CuMbl, KOTOPbIE Onpese-
NAKTCA MTHOBEHHOW KOHCUrypaLMen CUCTEMbI, €e OTKMOHEHUSMU OT HEKOTOPOro
136paHHOTO NOSIOXEHMS], YaLLe BCEro OT NOMOXKEHUS PABHOBECHS.

Ecnu mexaHnueckas cuctema MMeeT OfHY CTeneHb cBobopbl M g — 0606-
LeHHas KkoopauHaTa, To 0600LieHHas NO3WLMOHHAs cura 3anuchiBaeTcs B BUae
F°= F°(q). B cnyJae, korga 3Haku F° 1 ¢ npOTUBOMOMOXHbI, T. €. HanpasneHue
CWMbl NPOTUBOMONOXHO OTKMOHEHMIO CUCTEMbI, Takasi NO3WULMOHHAs CUna HasblBa-
eTcs eoccmaHaenuearoujell. B 4acTHOCTM, K BOCCTaHaBNWBAKOLWMM OTHOCATCS
CUMbl YNpyrocTi, 0bycnoBneHHble AedopMaLmaMi YNpyrux CBA3EH — BHELLHUX Unu
BHYTPEHHUX. B npakTuyeckux 3agayax atn aecopmanmm Yatue BCEro BeCbMa Marbl
W ons npouecca AedOpMMPOBaHUS MOXHO MoraraTb CMpaBefiMBbIM 3akoH [yka.
[Mpu 3TOM BOCCTaHaBMNMBaloLas cuna NHeNHO CBA3aHa C KOOPAMHATON ¢ U MOXeT
ObITb 3anucaHa B Buae F°= - c¢q (cM., Hanpumep, puc. 2.1,r). KoachdomumeHT npo-
MOPLIMOHANBHOCTM ¢ Yallle BCEro HasblBaloT KoIghghuyueHmom xecmkocmu (MHO-
raa nomnb3ylTcs TepMUHAMU 0B0BWEHHBI KO3(hULUEHM XecmKocmu, Koaghpu-
yueHm ynpyaocmu). B apyrux cnyvasix BO3HUKHOBEHWE BOCCTAHABMMBAOLLMX CUM
He CBSA3aHO CO CBOWCTBOM YMPYroCTW, OHW UMEKT UHYK0 npupogy. 310 MoryT ObiTh
CWna NNaBy4ecTu, cuna TSHKECTU UMK CMeLLaHHas cuna.

XapakmepucmukoUl xecmkocmu (ynpyrocTu, KBasvynpyroct) mMexaHude-
CKOW CMCTEMbI Ha3blBaloT 3aBUCUMMOCT F=-F°(q), rie F 0Tnuyaetcs OT BOCCTa-
HaBnMBaroLLel cunbl F° TONbKO 3HAKOM. BennunHy F MOXHO TOMKOBATb Kak BHELL-
HIOK cury, KoTopasi MpW ee CTaTUYECKOM MPUNOXEHUU BbI3bIBAET OTKMOHEHUE g.
[N NUHEeNHbIX CMCTEM XapaKTepuCTHKa NpeacTaBnsieT coboit npsmMyr B KOOpanHa-
Tax q, F.

OuccunatuBHbie cunbl. [pu konebaHMAX MeXaHWYeckux CHUCTEM KpOMeE
BOCCTaHaBMNMBALLMX CUN HEM3BEXKHO Pa3BMBAOTCA CUMbI CONPOTUBNEHUS R°, CBS-
3aHHble CO CKOPOCTAMM TOYEK CUCTEMbI. Yalue BCEro OHW COBepLualoT HeobpaTty-
MYI0 OTpULiaTenbHyt0 paboTy, YTO NPUMBOAMT K AuccuUnaLu (paccesHUIo) MexaHuye-
CKOW 3Hepruu. K Takum cunam OTHOCATCS CUfTbi MPEHUs B ONOPax U COMMEHEHUsIX
MEXaHW4YECKOM CUCTEMbI, Cusbl conpomusnieHus cpedbl (Kuokoi unu rasoobpas-
HOW), B KOTOPOW NPONCXOZAT KonebaHus, Cuslbl 8HyMPEHHe20 MPeHUs B MaTtepuarne
3MEMEHTOB CUCTEMbI W, HAKOHEL, CUIbl, BO3HUKAOLWMe Npn AeopMnpoBaHun cne-
LuanbHbIX NOrnoTUTenen aHeprv (aemndepos).

Kakon 6bl Hu Oblna npupoga TpeHusi, HanpaBneHWe AUCCUNATUBHBLIX CUN B
noboit MOMEHT npoLiecca ABWKEHUS NPOTUBOMONOXHO CKOPOCTW ABWKEHMS, a Be-
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NWYKHBI STUX CUM, KaK NPaBUMo, TEM UINK MHBIM 00pPa30M CBSI3aHbl CO 3HAYEHMSIMM
CKOPOCTM!.

[ccunaTuBHbIE CBOMCTBA MEXaHUYECKUX CUCTEM C OAHOM CTeneHbto CBOOO-
Abl ONUCLIBAKOTCS MPU NOMOLUM XapaKmepucmuK MPeHUsi — KpUBbIX 3aBUCUMOCTY
0600LieHHON cunbl conpoTuBneHns R° ot 060bLueHHoi ckopocTn ¢ . Crnegyert

UMETb B BUAY, YTO NPU NOCTPOEHUN XapaKTEPUCTUK TPEHWUS N0 OCU OpPAWHAT NPUHS-
TO OTKNagblBaTb 3HAYEHNS CUMbl R = - R° (q), NPUNOXKEHHOM K 3NEMEHTY TPEHMS

B mMexaHu4yeckux cucTemax ¢ HeCKOMbKUMI CTeneHsamMm ceobopbl cuna nuHen-
HOrO COMPOTUBIIEHUS MOXET ObITb MPEACTaBNEHA B BULE

R =-bq, (2.5)

roe R° — BEKTOP CUN COMPOTUBNEHUS; § — BEKTOP OBGOBLLEHHBIX CKOpoCTel; b —

K03(hOULIMEHT CONPOTUBIIEHNS.

BbiHyXgawwue cunibl. XapakTepucTVKM BOCCTaHaBNMBAIOLWMX M AMCCUNa-
TUBHBIX CUIN OMPESEnsItoTCS UCKMIYNTENBHO CBOACTBAMW MEXAHUYECKON CUCTEMBI,
a Camu Curbl He TOMbKO BIMSIOT Ha [BIXEHIE, HO, MOXHO CKa3aTb, M YNpaBnslTCs
3TUM ABVKEHWUEM, MOCKOMbKY 3aBUCST OT NEPEMELLEHUIA 1 CKOPOCTEA.

Lpyryto BaxHyto kaTeroputo 06pasytoT BbIHyKgatoLwue cunbl, T. €. Curbl, 3a-
[aHHble B BUAE SIBHBIX (DYHKLMIA BPEMEHWU U NOTOMY HE 3aBUCSILLME OT ABWKEHUSA
CUCTEMbI, K KOTOPOA OHM NPUMOXEHbI:

B(1)

_ P, (1) _

P (2.6)

P, (1)
lMpMepoM MOTYT CRyXWTb CWNbl, NMepegarowmnecs OT BpaLlatoLLerocs He-
YPaBHOBELLEHHOTO poTOpa Ha (yHOAMEHT MalLUHbI. Takue CUnbl SBASKOTCS MpUYm-
HOW BbIHYXAEHHbIX konebaHuii CUCTEMbI, HA KOTOPOW YCTAHOBMEHa MalunHa. JTOT
BMA BO3OYXOEHWS HA3bIBAETCH WHEPLMOHHLIM. B Apyrux criyyasx BblHYxAaoLLme
CUMbl MOTYT Pa3BMBaTLCA BCMEACTBUE APYriX NPUYMH, HaNpUMEp NepuoauHecKuX
W3MEHEHMI JaBNEHNS B LMMWHAPAX ABUraTenei BHYTPEHHETO CropaHns, nepuogu-
YECKOTO M3MEHEHWS CUM MPUTSKEHWS SMEKTPOMArHUToB, MUTAEMbIX MEPEMEHHbBIM
TOKOM, (B anekTpoBubpomalLmHax) v ap.
3aKoHbI U3MeHeHUsI 8bIHYXO0aloWux cui BO BPEMEHM BECbMA pasHOO0b-
pasHbl.
Hanbornee pacnpocTpaHeHHble 3aKOHbI:
e  TapMOHWYecKas BbIHyXJarowas cuna (pUcyHok 2.5,a)—B MalumHax ¢ paBHO-
MEPHO BpaLLALLMMMICS, HE BNOMHE YpaBHOBELLEHHbIMI poTOpamu;
e  nepuoguyeckas BblHyxaatowas cuna (puc. 2.5,6) — B MallMHaX C KpUBOLLMM-
HO-LLATYHHBIMW MeXaHU3Mamu;
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e epuoamnyeck1e KpaTKoBpeMeHHbIe MMNYNbChI (puc. 2.5,8) — B BUGPALMOHHO-
yOApHbIX (hOPMOBOYHBIX MaLUMHAX; B HEKOTOPbIX CMydyasix ANMUTENbHOCTb OT-
AENbHbIX MMMYNIbCOB HACTOSbKO Masia, YTo MX MOXHO CYMTaTb MTHOBEHHBIMM
(KOBOYHbI€ LUTAMMOBOYHbIE MOMOTHI, KOMPOBbIE YCTPOMCTBA U T. .);

e HenepuoamMyeckme BbIHYXAatoLWme cunbl (puc. 2.5, T) — B ABUraTensx npokat-
HOTO CTaHa NPy OJHOM W3 NepBbIX NPOXOAO0B 1 Ap.

P P

AN NN NN
Ua\jtﬁ B ’

g M\ g
|P AV A U

b=

v +

PucyHok 2.5 — 3aKkoHbI M3MEHEHMS BbIHYXAAOLLMX CuI

B HekoTOpbIX Cnyyasx BblHYXAaKLMe CUMbl HE SIBNSKOTCS 3aAaHHbIMK Je-
TEPMUHUPOBAHHBIMW (DYHKLMAMI BPEMEHU, @ NPefCcTaBnalT Cobon CcryyaiHbIi
npoLecc (Hanpumep, BO3AENCTBUE AOPOTA HA ABUXKYLLMIACS aBTOMOBWMb, Harpyska
Ha UCMONHUTENbHbIE OpraHbl FOPHbBIX BEIEMOYHBIX MALUKH W T. 1.).

Cwnbl cmewwaHHOro xapakrepa. B croxHbIx MexaHU4ecknx cucTemax MoryT
pa3BMBaTLCS CUMbl CMELLAHHOTO XapakTepa, He pasnoXuMble Ha CymMMy TUNa

F(9)+R(9)+P().

To eCTb B 3TUX CUNax HEBO3MOXHO BblAENUTb BOCCTAHABNMBAIOLLYIO, ANCCH-
MaTUBHYIO NN BbIHYXAAIOLLYI0 COCTABMSIOLME.

Jlumepamypa [1, ¢.7-13]; [2, c.74-75]; [3, c.4-17].

3 COCTABJIEHME YPABHEHUX ABUXXEHUSl CUCTEMDbI.
ONPEAENEHUE OCHOBHbIX XAPAKTEPUCTUK
MEXAHUYECKUX CUCTEM. YCTOMUYUBOCTDb
COCTOSIHMX PABHOBECUSA U ABWXEHUA

Mpsamon cnocob. Mo 3Tomy cnocoby Macchl MbICNIEHHO OTAENSKT oT 6es-
MaCCOBOrO CUMOBOTO Kapkaca (Ynpyroro CKereta) CUCTEMbI W ANS KaXOON U3 HUX
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3anucbiBaloT AudidepeHynanbHble YpaBHEHUS OBUKEHUS, NpUYeM AeiACTBuE OT-
OPOLLEHHBIX YNPYrUX CBS3EN 3aMEHSIOT UX peakunsmu. IToT cnocob yaobeH B Tex
Ccnyyasx, Koraa peakuum cBs3eit (Cunbl YNpyrocTv 1 BS3KOCTU) HE CIIMLIKOM CHIOXHO
BbIpaXatoTCs Yepe3 XapakTepHbIe MepPEMELLEHNS 1 CKOPOCTMU.

O6patHbIf cnocob. Maes cocTouT B TOM, YTO BCE MacChl CUCTEMbI OTAENS-
loT OT ee Be3MaccoBOro CUIOBOTO Kapkaca W aHanuaupyT ero gedopmauun nog
LENCTBMEM 3ajaHHbIX BHELIHWX CUM (Nap) 1 Cun WHepLu (MOMEHTOB CUI UHEpLIK)
OTZeneHHbIX Macc.

ObpartHbiit cnocob ynobeH npu aHanmae cBOOOAHLIX M BbIHYXAEHHbBIX Kone-
BaHmin MHOTOMAaCCOBbIX CUCTEM.

PaccMoTpuM NpoCTenwWwnid cryyan, TUMMYHBIA ANS CUCTEMbBI C OHOM cTene-
Hbto cBODO/bI Bes auccunaumuy aHeprum (pucyHok 3.1).

m
P(t)

I777777777777777
PucyHok 3.1 — PacuéTtHas cxema NUHENHOM CUCTEMbI

[HonycTm, 4o BO36YXaatowas cuna P(z) OTCYTCTBYET, HO COCTOSIHUE PaBHO-
BeCHs KakuM-inbo cnocobom Bbino HapyLIeHo 1 3aTeM cuctema Obia npeaocTae-
neHa camoit cebe. [IBuxeHMe, NpoOUCXOasLLEe B TakuX YCNIOBUAX, U NPeAcTaBnseT
coboit cBoboaHbIe konebaHus.

[ns onpepenexus aBWKeHUS HEOOXOAMMO 3aaTbCsi HAYasnbHbIM CMELLEHM-
eM X, U HayanbHOi CKOpOCTbIO ¥, (HaYanbHbIMK YCrIOBUSMM):

x=x, V=V, npu t=0. (3.1)
B nto6oi MOMEHT [BMXEHUS HA rPY3 M LEACTBYET ropU3oHTamnbHas peakums
NPYXWUHbI —cx.
I depeHumanbHoe ypaBHEHUE ABKEHNS
mx+cx = P(t) (3.2)

NPUHUMaET BUA

mx+cx=0; Xx+(c/m)x=0;

X+p’x=0, (3.3)

roe p —NoCToAHHas, 3aBucCALLada OT CBOWCTB CUCTEMbI:
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p=~c/lm . (3.4)

PelueHue ypaBHeHus (3.3) MOXHO NpeacTaBUTb B BUAE
x = C,sin(pt)+ C, cos(pt) (3.5)

unm x = Asin(pt + a) . (3.6)
MocTosiHHble C, ¥ C, ONPEeAensioTCs U3 HavanbHbIX YCHOBHiA:
C =V,/p; C,=x,,

TaK 4YTo x =x,cos(pt)+(V,/ p)sin(pt). (3.7)
AHarnormyHo

A=yx.+WV,!p)’; a=arctg(px,/V,), (3.8)

roe A —amnnutyga konebaHuir; o — HavanbHas ¢asa konebaHui.
/3 3akoHa pBxeHus (3.6) BUOHO, YTO ABWMXEHME NpencTaBnseT coboii rap-
MOHWYeckue konebanus (pUcyHok 3.2).

NANVANWAYAW
\/

T

PucyHok 3.2 — lMpumep ocumunnorpamMmmbl rapMOHMYECKNX konebaHui

lapmoHnyeckue konebaHus xapakTepusyroTcs TeM, YTO NOBTOPEHUE npoLiec-
Ca HaunHaeTcs nocne Takoro npomexyTtka BpemeHu T (nepuop konebaHwit), no
UCTEYEHUM KOTOPOTO aprymMeHT (pt+a)(Qa3a KonebaHui) yBenuumutcs Ha 27 .
Otctopa
T=2rlp.

Torga uncrno konebaHuit B eauHULY BpeMeHU, TO ecTb YacToTa konebaHun,
f=1/T=p/27, a PU3N4ECKAil CMbICI MOCTOSHHON p — 4ncro konebaHuin B

27 €AVHULYY BPEMEHM (yrnoBas YactoTa konebaHui).

/3 BbipaxeHus (3.4) BUAHO, YTO YacToTa p 3aBUCUT OT NapameTpoB CUCTe-
Mbl U HE 3aBMCUT OT XapakTepa HavarbHOro BO3MYLLEHUs, BbI3BaBLLero koneba-
TENbHbIM npolecc. 1o 3ToOMy NpusHaky YrnoBylo YacToTy cBOBOAHbIX KonebaHui
Ha3blBaloT COBCTBEHHON YaCTOTOMN.

B obLyem cnyyae cobcTBeHHas yacToTa CUCTEMbI ONpeaenseTcs no opmyne
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p=Avcla, (3.9)

roe a — KodgUUMEHT NHepumu (MHOTAA Ha3bIBAKT NPUBEAEHHONW Maccoh); ¢ —
0006LLEHHBI KO3DPMLIMEHT KECTKOCTM.
Ecnn ynpyras cBssb o6pasoBaHa HECKONMbKAMM MPYXWUHAMK, TO 0OWMA Ko-
ahhuLMeHT KECTKOCTM NOABECA ANS CXeM C nocredogamesibHbiM PacnoNoXeHem
MPYXWH (pucyHok 3.3,a)

ci C2 Ci
M

a 0
PucyHok 3.3 — Mpumepbl CUCTEM C pasnyHbIM PacrionoXeHUeM NpyXuH

c=-5% (3.10)
[ +(32

[ins cxem ¢ napannenbHbIM pacnonoxeHuem NpyxuH (puc. 3.3,6)
c=c +c,. (3.11)

KoadhdpuumeHTbl XKECTKOCTU € ONpedensioT MeToAaMu TEOPUW CONpOTUBIE-
HWSt MaTepuarnos.

y . .
_OdeuwxeHus

PasnuyaloT ycToMuMBOE U HEYCTOMYMBOE COCTOSHWE PaBHOBECUS CUCTEMBI.
[ns pelwexuns Bonpoca 06 YCTONYMBOCTM COCTOSIHUS HYXHO UCCNeaoBaTh nocneq-
CTBUSI BOIMOXHOCTW HapYyLUEHUs 3TOT0 COCTOSHWSA, TO €CTb U3y4nTb 0BLUME CBOMCT-
Ba [IBIKEHMSs, KOTOPOE BO3HWUKAET Nocre Kakux-nbo ManbiX HavanbHbIX BO3MYLLE-
HWi1 COCTOSHUS paBHOBECKS. Takoe COCTOSHWE Ha3blBAeTCs 803M YW EHHbIM.

HeycToitunBoe cocTosiHue — COCTOSIHUE, NMPX KOTOPOM CHUCTEMa, COBEpLUast
BO3MYLLEHHOE ABWXEHNE, YOANSAETCS OT COCTOSHUS PaBHOBECHS.

CocTosiHIe CYNTaeTCs YCTONYUBLIM ECTIN NPY BO3MYLLEHHOM [BUXEHUN CUC-
TemMa OCTAéTCs B HENnocpefCTBEHHOW BMM30CTM OT PABHOBECHOTO COCTOSHUS W
MOCTENEHHO K Hemy npubrnimkaeTcs.

B mexaHuyeckmx cuctemax 4acTo HOpMasnbHbIM COCTOSIHMEM SBASETCS CTa-
LMOHAPHBIN PEXMM ABWXEHWS. [N Takux CUCTEM YCTOMYMBOCTb Onpesensercs
3aTyXaloLLMM XapakTepoM [OMOMHUTENBHOIO ABUXEHUS, BbI3BAHHOMO MIHOBEHHbIMM
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BO3MYLLeHWsMU. ECnn fononHUTENbHOE ABUXEHWE YBOAUT CUCTEMY OT CTaLuMoHap-
HOrO pexXuUMa OBUKEHNS, TO PEXUM CYUTAETCS HEYCTONUMUBBIM.

[ins KoHCepBaTUBHLIX MEXaHUYECKUX CUCTEM C KOHEUHLIM YMCTIOM CTENEHeN
cBobogbl yYCTOMYMBOCTL onmpegenisieTcs no meopeme Jlaepanxa-Qupuxne. Co-
rMacHo 37O TeopeMe cuUcTemMa YCTONYMBA, ECAM B COCTOSIHUM PaBHOBECUS €€ Mo-
TEHUManbHas 3Heprus UMeeT MUHUMYM.

[MpUMeHMTENBHO K KOHCEPBATUBHBIM CUCTEMAM C OJHOMW CTENeHbI cBoBoabI
MPU3HAKOM MUHUMYMa MOTEHLMANBHON SHEPTUN SBMSETCS MONOXMTENBHOCTb KO-
aduLmeHTa KXECTKOCTH C.

[ns KoHCepBaTMBHBIX CUCTEM CO CTeneHbto cBoBoabl 6onblue eauHNLbI Mu-
HAMYMY MOTEHLMarbHOW SHEPrM OTBEYaeT CUCTEMA HEpaBEeHCTB (Kpumepull
Cunbeecmpa):

c]l c12 cln
¢, ¢ ¢,y €y ... C
11 12 21 22 2n
¢, > 0; >05...3 >0. (3.12)
c, €y
€y Cop o Cpp

Ecnn cuctema He obnapgaet CBOMCTBOM KOHCEPBATWUBHOCTH, TO ANS UCCMERo-
BaHWS YCTOMYMBOCTM HEODXOOMMO MCCNEAOoBaTb XapaKkTep BO3MYLLEHHOMO ABIKe-
Hus. OBbIYHO AN MPOBEPKM YCTOMYMBOCTW HET HeoBXO4MMOCTM W3yyaTb BO3MY-
LWEHHOE ABWKEHME BO BCeX nogpobHOCTsX. [JoCTaTOYHO OrpaHWM4MTLCS aHanu3oMm
Hauarna npoLecca BO3MYLLEHHOMO ABWXKEHUS (KOr4a B CBSA3W C MAnoCTbIO OTKMOHE-
HWN ypaBHEHUE NIMHENHO).

Jlumepamypa [1, ¢.13-50]; [3, c. 22-46; 124-131].

4 DMHAMMYMECKME HAFPYXKEHMA U UX BIIUAHUE HA
FNABHYIO IMUHUIO NPUBOAA U PABOYYIO KNETb
NMPOKATHOIO CTAHA

Mpu NpokaTke B Bankax 3a4acTyo BO3HUKAET fBNeHne GykcosaHus. Mpu aTom
BykcoBaHWe BblBaeT YaCTUYHBIM UMK NOSHBIM.
MpUHATO pasnuyaTh CreayloLme TUnbl GyKCoBaHHs:
e  KpaTKOBPEMEHHbIE, C MOCTEMYIOWMM MEPEXoaoM K YCTOMYMBOMY MpOLECCy
npoKaTky;
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e HTEHCUBHbIE, C YacTo YepeayloLMMIC 3axBaTaMu MeTanna v npockarnb3bl-
BaHMAMY;
e MONHbIE, C MpeKpaLieH1eM MiacTuyeckoin fedopmaLuu MeTanmna 1 ero octa-
HOBKOW MpU BpaLLAIOLMXCS Barkax.
Kak npasuno, npu GyKkcoBaHWM Ha MOBEPXHOCTM MeTanna ocTalTcs cnefpl,
0[1HAKO MOBEPXHOCTb MOXET OCTaBATHCS 1 MMaIKON.

OcCHOBHasi NpuYMHa HEeYCTOMYMBOrO MpoLecca npokaTtku (ByKCoBaHWS) — 3TO
CHWKEHWE BENMMYMHBI KOI((MULMEHTA TPEHNS HA KOHTAKTHBIX MOBEPXHOCTAX MEXAY
paboummu Bankamu 1 NpokaTbiBaEMbIM METASIIOM.

Kakue xe haktopbl Oka3bIBalOT BRMSHME HA BEMUYMHY KOI(DULMEHTa Tpe-

HWA? B OCHOBHOM 3TO CrieaytoLLee:

OKanuHa Ha MoBEepXHOCTU MEeTanna;

COCTOSIHWE NOBEPXHOCTY BaNKOB W MaTepuar, U3 KOTOPOro OHW U3TOTOBNEHbI;
OKPYXHasi CKOPOCTb BPALLEHMS BAmKOB;

BEnM4MHa 06xaTus B Npoxoge;

TeMnepaTtypa Harpesa MeTanna;

XMMUYECKII COCTaB NPOKaTbIBAEMOr0 MeTanna;

yaenbHoe faBnenune (Mpy XONOAHOM NPoKaTKe);

HecobnogeHne 3akoHa NocTosHCTBA 0BbEMa MeXay KNeTaMu (4Nns Henpepbis-
HbIX CTaHOB).

PaccmoTtpum Gonee nogpobHo BRvsiHUE, HAaNpUMep, OKanHbI.

OkanuHa obpasyeTcs Ha MeTanse npu BbICOKOW TemMnepaType 1 CoOXpaHseTcs
Ha CnMTKe Npu ero TpaHcnopTupoBke. OkanuHa MOMHOCTLI0 yaanseTcs TOMbKO Mo-
Cre HECKOMbKIX NPOXOZ0B.

Mpouecc paspyLieHns OKanuHbl MPOUCXOAMT MOCTENEHHO, MO3TOMY MO AMNWHE
packaTa COCTOsIHWE M KONMYEeCTBO OKanuHbl HEOAWHAKOBO. BcrepcTaue aToro Ko-
3 PMLMEHT TPEHNS B pasHbiX MECTax 3aroToBkW OydeT pasnuyHbIM, Y4TO W NPUBO-
JVT K BO3HUKHOBEHWIO NMPOBYKCOBOK C YePeayIOLLMMICS 3aXBaTamy.

YacTiyHas kpaTkoBpeMeHHasi NpobyKCOBKa BankoB MOXeT ObiTb 0ObsCHEHa
TEM, 4TO MO Mepe MOBOPOTa BaslkOB OKanMHa paspyLlaeTcsl, M3MEHSEeTCS XapakTe-
pUCTUKa NMOBEPXHOCTW MeTanna, YBenuuneaeTcs KoahNLUMEHT TPEHMS, @ 3HAUMNT,
MOBbILLAETCS CiMa CLEeNeHns MeTansa ¢ Bankamu u npobykcoBka 3akaHuMBaeTCs.

MpekpalueHus npoliecca bykcoBaHus, kak nNpaBuno, 40OWBAKOTCA NYTEM CHU-
XEHUS CKOPOCTM NPOKATKMU.

BykcoBaHWe BecbMa 0NacHO, ero BO3HUKHOBEHWE NPUBOAWT K CrIefyIoLLEMY:
B030yKOaeT ANHaMUYECKVe Harpy3Ku B raBHON JIMHUM CTaHa;
cnoco6CTBYeT BBICTPOMY M3HOCY BarlKOB;

YMeHbLIAET NpPOM3BOAUTENBHOCTb CTaHa;
HapyLLaeT LK NpoKaTKW, YTO 3aTPyAHSET aBTOMaT13aumio cTaHa.
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OyeBuaHO, YTO Npy BYKCOBAHWM BO3HWKAIOT GONbLUME AMHAMUYECKIE Harpy3-
Ku, T.K. ByKCOBaHWE NPUBOLUT K CIEAIOLLEMY:
®  N3MEHEHMIO CKOPOCTM TEYEHUs MeTanna;

e  [IepUOAMYECKOMY 3axBaTy;

®  W3MEHEHMO (YMEHbLLEHNID) NMONE3HOMO COMPOTUBIEHUS MALLWHBI;

e BO3HMKHOBEHWIO NEpPexoaHbIX MPOLECCOB B ANEKTPOABMraTeNsX npuBoga CTa-
Ha.

[ins npokaTHbIX CTaHOB OCOBEHHO OMacHbl AMHAMUYECKIE Harpysku, Mpoxo-
JAle Yepes HOMb M M3MEHsIIOWME CBOe HampaeneHue. [pu 3ToM npoucxoaut
packpbITUE 3a30POB B MPUBOAHbIX FIMHUAX C NEPUOLMHECKAMM YNIPYTUMU YAapaMm U
Pe3KMM MOBbILLEHNEM ODLLE HANPSKEHHOCTW NPUBOAHON TTUHUN.

XapakTep konebaTenbHbIX NPOLECCOB B [MTaBHOM NMPUBOAHOM NIMHUM NPK He-
YCTOAYMBOM MPOLECCE NMPOKATKN OMPEAENnseTcsl XapakTepoM U3MEHEHUS KPYTALLNX
MOMEHTOB Ha Basikax, KOTOpbIA 3aBUCUT OT HaNM4MA U Xapaktepa npobyKCOBKM, a
Takke HEKOTOpbIX Apyrux (aktopoB (bueHue BankoB, pa3bpoc MexaHU4eckKux
CBOWCTB, Pa3HOTOMLLMHHOCTb U T.4.).

Kak nokasbiBalT 3KCMEPUMEHTarbHbIE WCCREAoBaHMs, Npu NpoOyKCoBKe
MOXHO BbIZENNTb CrieayloLie XapakTepHble cryyan konebaTtenbHbix NPOLEeCccoB B
MPUBOAHbIX NIMHUSX:

e konebaHWs HU3KOW YacToThl;
e  aBToKonebaHws, brmakne K rapMOHNYECKAM;
e  pernakcaluoHHble aBToKonebaHms.

Kone6aHusi HU3KOM YacToThl

KonebaHus H3Kko! 4acTOTbl BO3HWKAKT B OCHOBHOM MPU Hanuyuy Ha nogkare
NEYHOI OKanmHbI, korga eé paspyLUeHre MPOUCXOAMT Mo Mepe NOBOPOTA BarkoB.

Mo Teopun Anekcangpa MeTposnya YekmapeBa 06HOBNEHME KOHTAKTHOI No-
BEPXHOCTW NPOWCXOAMT MPONOPLMOHANBLHO Yy MOBOPOTa Barka ¢ W 3akaH4nBaThb-
Cs MpW yrie NoBOPOTa (, PAaBHOM YrIly 3axBaTa o.

To ecTb npu @=o. ByAeT HOBbLIN CPbIB.

Mpwv 3TOM AaBNEHWe MeTanna Ha Banku 6ygeT U3MeHATLCS OT MUHAMAILHOTO
(6:m3Kkoro Kk Hyrio) 3HaYEHNs [0 MaKCUMAanbHOMO (OM3KOro K [AABNEHMIO NPy yCTa-
HOBMBLLIEMCS MPOLECCe), a 3aTeM AaBfIEHNE CHOBA YMEHbLINTCS.

B npouecce paspylweHnst okanuHbI MPOMCXOAWT YepefoBaHWe 3axBaToB U
CpbIBOB, NO3TOMY NpK NPOOYKCOBKE M3MEHEHWE MOMEHTA CUIT CONPOTMBIIEHMUS Y-
POLLIEHHO MOXHO NPEACTaBMTL B BUAE (DYHKLMM yrna NoBopoTa:

M, =M, +M_9,/a, 4.1)

roe Mc — HavanbHbI MOMEHT (04eHb HEBEMWK MO BENMYMHE W PacxogyeTcs Ha Xo-
nocToe BpalleHne paboumnx BankoB); Mnp — MOMEHT NPOKaTKM; (s — YrON NOBOPO-
Ta paboyero Banka; o, — yron 3axsara MeTanna Bankamu.
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CocraBum [BYyXMacCoBYl0 CUCTEMY, NpuesoaA eé K pa60‘-i|/1M Bankam, Toraa
©2=(s.

ﬂMd)d)epeHumaanble YPaBHEHUA ABWXEHUA AKOpPA ANeKTpoaBuraTena u pa-
BOuMX BarKkoB By/1yT UMETb BIAA:

dz(p
I 21+012(¢’1_€02):M1§
r dt (4.2)
—(’;2_012(‘?1 _¢72):Mc+Mn&~

I
2dt a

byoem paccmatpueatb OTHOLWEHWE Mn/ow Kak AOMOMHUTENBHYIO YNpYryto
CBSi3b CUCTEMbI (T.€. B HaLlen ABYXMaccoBOW cucteme DydeT He ogHa, a ABe ynpy-
rue cBa3n). Hasosem oTHoLeHne Mn/oL TEXHONOMMYECKOM XKECTKOCTbLIO NpK 3axBaTe:

= Mr/aL. (43)

Peluenue cuctembl (4.2) (TpexmaccoBas cucTeMa) CBELETCS K PELIEHNHO CUC-
TEMbl ABYX OuddepeHumanbHblX HEOAHOPOAHBIX YPaBHEHWA, OGHO W3 KOTOPbIX
COAEPKUT JOMOMHUTENBHBIA YneH, coaepxaluuii B cebe Bpems (yron noeopota).
Kpowme Toro, criefyet 0TMETUTb, YTO B HalleM cryyae ByAeT Takxe ABe CobCTBEH-
HbIX YacToTbl konebaHui: p1 (rnaBHasi) u p2 (BTOpasi), MOCKOMbKY YNPYriX CBS3en
aBe.

PelueHune cncTeMbl ypaBHEHMIA NPU YCMOBAM MHAMBIX (KOMMIEKCHBIX) KOPHEN
OWKBagpaTHOrO YacToTHOrO ypaBHeHWs OyaeT MMeTb BUL (MO OTHOLLEHWIO K nepe-
MELLEHWO BasKOB)

@, =C,cosp;t+C,sinp;t+C;cosp,t +Cysinp,t + (M1 - MC)/ Cpp-  (44)

Myctb M1-Mc=Ma, TOraa ypaBHeHWe MOMEHTOB cun ynpyrocTu ByaeT Bbirns-
[ETb CreayioLLM 06pasom:

2 2
P2 1— I, p;
p22 _pl2 Cn

2 2
1
+Ma[ 2p1 2}{1— 2pz)cospzt,
Py~ D Cn

rae 4actotbl p; U p, MOXHO HanTy, ncnonb3ya cnegyowne 3aBUCMMOCTH:

(e e

n1=1 Il] ;HZZIIZ » Po = _C12(I—1+12 ;V:c_n- (4.6)
L+ +1 \/ LT, Ci2
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Mpw ByKcoBaHUM NUHUW CTaHa B Hel BO3BYXKOAKTCSA ABYXHYACTOTHbIE Koneba-
HWS1 — C HU3KOM U BbICOKOW YacToTaMm (pUCYHOK 4.1), KOTOpbIE 3aBUCST OT KO-
LIMEHTOB pacnpepeneHms KECTKOCTH Y U Macc CUCTEMbI N1 1 Nz

M &

M — MOMEHT cun yNpyrocTu B yHUBEPCANbHOM LUNUHAENE;
i — TOK 9NeKTPOABUraTeNs; ¢ — YrNoBble NEPEeMELEHUS LUNNHAENS
PucyHok 4.1 — Mpumep ocumunnorpaMmbl CrOXHbBIX konebaHuid ynpyrux MOMEHTOB C
[BYMSs1 YacToTamu npu BykcoBaHuUu

MrHOBEeHHbIE AMHaMUYecKue Harpysku B cucteme Moryt npuHMMaTtb Makcu-
ManbHble NONOXWUTeNbHble, MakCUMarbHble OTpULaTenbHble UKW HyneBble 3Haye-
HWA, YTO, KaK yXe roBopunocb, MOXeT NpuBoAanTb K pasMblkaHWO 3a30p0B U AWHA-
MUYECKMM yOapaM U MOXET CNYXUTb I'IpVNVIHOIZ paspyLleHna MallnHbl.

ABTOKONE6aHus, 6rm3kne K rapMoHUYECKUM

OKCnepuMeHTarnbHbIe UCCREN0BaHMS NoKa3anu, Y4To B MallMHaX, B HaCTHOCTH
B NPMBOJAX NPOKATHbIX CTAHOB, MOrYT BO3HUKATh KonebatenbHble NpoLecehl ¢ no-
CTOSIHHbIMM aMNAMTYAaMU MPU CTALMOHAPHBIX PEXUMAX HarpyXeHust n OTCYTCTBUM
NepUOAMYECKNX BHELLHMX CUTT.
Takoe iBNEHME NMPUHATO Ha3blBaTb aBTOKONEOaHNAMY.
AsTokonebaHns 0bnagatoT cregyoLwyMm XapakTepHbIMU 0COOEHHOCTAMM:
e  OCTOSIHHOWM He3aTyxalolen amnnuTygon konebaHuit, nopaepXuUBaEMOoN
BHELUHUMM CUNaMmK;
e TOMOMHEHNE 3aTPAYEHHON SHEPTMN Ha KonebaHus NpouCXoauT 3a CYeT NocTo-
SHHOrO UCTOYHMKA SHEPruM (B HaLLEM Cny4yae anekTpoasuraTens);
e  BENMYMHA amMNIUTYL 3aBUCKT OT konebaTenbHbIX XapaKTepUCTUK CUCTEMbI U
He 3aBMCUT OT HaYasnbHbIX YCIOBUN;
e nepwof konebaHui, kak  aMnNnMTyAa, onpegensercs CobCTBEHHbIMU XapakTe-
PUCTUKAMW CUCTEMBI;
®  HeT NepuoanYeCcKOro M3MEHEHUS BHELLHWX Cur, T.€. NEPUOLAMYECKUIA XapaKTep
konebaHui CO3AaeTCs 3a CYET HEMEPUOONYECKOTO CTOYHIKA BHELLHWUX CUIT;
e  aBToKONebaHus UcYesaloT cpasy ke Mocrne UCYE3HOBEHWS MPUYWH, UX BbI3bl-
BaOLLMX.

28



[JononHuTenbHble Harpysku oT aBTokonebaHuid, kak NokasbiBatoT UCCNEAOoBa-
HWs, MOTYT JOCTUraTb 3HAYUTENbHBIX BENUYMH U UX CTIedyeT yYnTbIBaTb Npu pacyé-
Te [ieTanei NpUBO4OB Ha YCTaNOCTHYH BbIHOCIMBOCT.

HabntogaeTcs ABa OCHOBHbIX BUAa aBTOKONEebaHui:
e rapmoHuyeckue (unu 6nmskme K HUM) (pUCyHOK 4.2,a);
e penakcaluoHHble (pa3pblBHbIN xapakTtep) (puc. 4.2,6).

/\/a\/\m/\AéWW\/\M

PucyHok 4.2 — TpuMepbl 0CLMNNOrpamMmm rapMOHUYECKIX U penakcaLyoHHbIX Kone-
HaHuin

Mpy HeBOMbLIOM M3MEHEHMM CUM TPEHUSI B cMCTeME BO3byxaatoTcs koneba-
Hus, Bn3kne K CMHycomganbHbIM, C YacTOTOM, Mano OTMMYaloLLencs oT coBCTBeH-
HOM YacToTbl konebaHui cucTeMbl (PUCYHOK 4.3).

==

M — MOMEHT Ccun yNpyrocTu B yHUBEPCANbHOM LUNUHAENE;
i — TOK aNeKTPOABUraTens; @ — CKOPOCTb BPALLEHUs SMeKTpoaBUraTens;
« — YINoBbIE NEpeMELLEHMS LUNNHAENS
PucyHok 4.3 — TMpumep ocuunnorpammbl aBTokonebaHui, Grinskux K rapMoHuye-
CKUM

Ecnu nepemeHHOe TpeHWe 3HauNTenbHOe, TO BO3HMKAKOT aBToKonebaHus pe-
NaKCaLNOHHbIE (MMM pa3pbIBHbIE), CYLLECTBEHHO OT/INYAIOLLMECS OT rapMOHUYe-
ckux. YactoTa atux konebaHuit Gonblue, yeM coO6CTBEHHAs YacToTa CUCTEMbI (pu-
CyHOK 4.4).

EgnHol yeTkoit TeopuM O MpUYMHE BO3HWUKHOBEHMSI aBTOKONEOAHWA B Ha-
crosiuiee Bpems HeT. OCHOBHbIMU M3 TaKNX TEOPUI SBNSIOTCS CREAYHLLMeE:

Teopus Kaipawesckoro H.J1. n Xaittuta C.9. — aBTokonebaHus BbI3bIBaOTCA
nagatoLLei XapakTepucTMKOi CUn TPEHUS B 3aBMCUMOCTM OT OTHOCUTENBHOM CKOpPO-
CTV CKOMBXEHUS;
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Teopus Mwnunckoro A.KD. n Kaprenbckoro W.B. — npuunHa BO3HWUKHOBEHMS

aBTOKONebaHu 3aKnio4aeTcs B 3aBUCMMOCTU CU TPEHUA OT NPOAOCINKUTENBHOCTHU
HEMNOABMXHOIO KOHTaKTa TPYLUNXCA I'IOBerHOCTeI;L
' w

PucyHok 4.4 — Tpumep ocuMnnorpamMmbl penakCaumoHHbIX aBTokonebaHuin onro-
muHra 950

Hu ogHa 13 Teopuit He OaeT NOMHOM KapTUHBI M TOYHOrO 0BbsicHEHUS. Kak
MPUHSTO FTOBOPUTL, TEOPUM AOMONHSIKOT APYT Apyra.

He3aBucMMO OT NpUHUMAEMON TEOPUM MPUYKMHA BO3HUKHOBEHMS aBTOKOsE6a-
HWi1 3aKNKOYeHa B NPUPOLE CUN TPEHMS.

PenakcaunoHHble aBTOKONe6aHusA

Bo3HWKHOBEHWE MX MOXHO OnmMcaTh Tak:
®  MOMEHTbI B NIMHWM BO3PAcTalT NpU OTCYTCTBUM OTHOCUTENBHOTO ABWMXKEHUS
MeXzy Barkamu 1 MeTansnom;
e  MOMEHT CUIT YNpyrocT AOCTUraeT BENUYMHBI MOMEHTA TPEHWS MOKOS, MpouC-
XO[WT CpbIB BasKOB;
e 107 AEUCTBIUEM CUM YNPYrOCTU U TPEHUS NPOUCXOAST konebaHus Bankos;
e MEXZy MeTannom M Bankamu MosiBNSIETCS NepeMeHHas OTHOCUTENbHAas CKo-
poCTb;
e Cpa3y nocne cpbiBa Banku ABMXYTCS B HANPaBMEHUN MOMEHTa SNeKTpoaBura-
TEns;
®  CKOpOCTb MEHSIETCS, @ C UMEHEHNEM €€ U3MEHSIOTCS W CKOPOCTb CKOMBKEHMS
1 MOMeHT cun TpeHusi. Korga oHu ctaHyT pasHbl (M12 1 Mrp) — cHoBa cTon u
HOBbIN LMK,
AHanuTUyeckoe onucaHue 3Toro MpoLecca NpakTUHECKN HEBO3MOXHO — HET
ONMUCaHWSA TPEHUS, a UCTIONb30BaHWE AKCNEPUMEHTAMNbHbLIX AaHHbLIX UMEeT Nokanb-
HbI XapakTep.
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TOYHOCTb reOMETPUYECKUX XapaKTEPUCTWK rOTOBOTO METannonpokata onpe-
[EnseTcs BO BPeMs NpokaTku. V3veHeHne pasmepoB Nofockl MPOMCXOAMT BCnea-
CTBME M3MEHEHMs ynpyrnx AedopMmaLuii HarpyXeHHbIX 4Yacten pabouyen knetu,
KOTOpble SBMSIOTCA pesynbTaTaMu U3MEHEHWS JABNEHUs MeTanna Ha Banku U au-
HaMWUYECKOr0 HarpyXeHus ynpyroi cucTeMbl paboyeit kKnetu.

daKTopbl, BIVSIOWME HA M3MEHEHWe OABNEHUs Mpu npokaTke, a CneaoBa-
TEMNbHO, yNpyroi aedopmauuu KneTu:

M3MEHeHMe TemMnepaTypbl METaNna;

HEOHOPOLHOCTL MEeTanma (XMMUYECKUA COCTaB U CTPYKTypa);
HenoCTOSIHCTBO pa3mMepoB MOAKaTa;

HaTshKEHWe Nonocsl;

TPEHWE MexZy Bankamu 1 Nonoco;

OueHve BanKkoB u T.[.

WTak, BCe NpUUMHbI, BbI3bIBAKOLLME UBMEHEHWE JABNEHWS MeTanna Ha Banku,
ByayT OHOBPEMEHHO OKasblBaTb BNUSIHUE U Ha W3MeHeHue aedopmaLium paboyei
KNneTw, a crefoBaTenbHO, U Ha TOYHOCTb FEOMETPUYECKUX XapaKTepPUCTUK NoAKaTa.

Mpw 0BbIYHBIX pacyéTax BEMMUMHbBI NPYXWHBI KNETU HE YYUTLIBAKOT XapakTep
M3MEHEHMS Harpy3Kku BO BPEMEHMU, T.€. 3a[ia4y PacCMaTpPUBAIOT Kak CTaTUYECKY!O.

OpHako B peanbHOCTW NEPEXOAHbIE U HEYCTAaHOBMBLUMECS NMPOLIECChI, NMEl0-
LuKe MeCTO NMpY NpoKaTke, MOrYT MCMOMNb30BaTLCS AN CTAaTUYECKUX PACYETOB TONMb-
KO C 04Y€Hb HONbLUMM AOMYLLEHUEM.

PaccmoTpum pabouyto kneTb NpoKaTHOMO CTaHa.

CucTema SBNSIETCA JOCTATOYHO CIOXHOWM, OQHAKO €€ MOXHO NMpeacTaBuTh B
BMAE OOHOMACCOBOW PaCYETHON CXEMbI (PUCYHOK 4.5).

PucyHok 4.5 — PacuétHas cxema ans onpefenexus ynpyroi gecopmasumn paboden
KneTu
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OudpdepeHumnansHoe ypaBHEHUE [BMXEHMSI MacChl Takoi cucTembl Gyaet
UMeTb CefyoLnil BUA;

m—-—+cS=Flr
dr*

re m — npuBedeHHas mMacca BarkoB C MoAyLIKaMu, YpaBHOBELLMBAIOLLETO Mexa-

HW3Ma M ApYrvX SNemMeHToB; S — ynpyras aedopmaums paboven Knetu; ¢ — xeé-

CTKOCTb CBSA3N (kneTu); F(t) — Bo3MyLLaoLwas cuna, UIMEHsIoLLascs BO Bpeme-

HU.

PaccmoTtpM npouecc 3axsata MeTanna Bankamu. B HayanbHbIl MOMEHT

BpemeHu (t=0) Harpysku OTCYTCTBYIOT. B 3TOM crnyyae pelueHne ypasHeHus Byaet
UMeTb BUA

2
5 (c), @)

1 .
S= —_[F(r)sm p(t—t)dt, (4.8)
mp
rae t — nepemerHas, uamenstowascs ot 0 o t; p — cobetBenHas yactoTa koneba-
HUI yNpyro cuctembl paboyeit KneTu.
[ns aHanw3a npouecca 3axBata MeTanna Bafikamu npuMeM JIMHERHbIN xa-

paKTep HapacCTaHusl Harpysku B cCUCTEME (OaBMneHWe MeTanna Ha Bankw) (pucy-
HOK 4.6):

t
Flt)=P— —nput=0...t,;
) w o r 0 4.9)
F(r):P — nput>tg,
roe P - nonHas cuna NPOKATKK; to — Bpem4d 3axBaTa MeTanna Bankamu.

A
F

Lt’c

!

to
PVIOyHOK 4.6 — 3akoH HapacTaHMA Harpysku npn 3axsaTe MeTanna sankamu
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MopcTaswe 3HaueHue F(t), umeem:

P P sinpt P 1- ty .
S=—3-— ST P cospt, +—2&smpt0 . (4.10)
mp- mp- Pty mp pty
BbIpasiB Yepes ofiHy TPUrOHOMETPUYECKYHO (DYHKLMIO, BYAEM UMETb:
S=S. +Sq sin 7 sin(pt +7v), (4.11)

. t
rae S, = P/mp2 — cTatuyeckas aedopmauust paboyei knetu; A :?0 — OTHO-

LIeHMe BpeMeHW 3axeaTa K nepuopy KoneGaHuii ynmpyroil CuCTeMbl KNeTw;

p=+c/m - yacToTta CoBCTBEHHbIX konebaHuit CUCTEMBI;
sin 27TA .
y = —arctg———  — BCriomoratesbHbli napameTp; T =p/2rn — vactota
1—cos2mh

konebaHuit cUCTeMbI.

/3 BblpaxeHnust (4.11) cnegyeT, uto B 06LLEM Cryyae Npu AUHAMUYECKOM 3a-
XBaTe ynpyras fedopmaums paboyen Knetu COCTOWUT M3 CTaTUYECKON aedhopmaLm
¥ AMHAMWUYECKOW cocTaBnsiowen (pucyHok 4.7). AmMnnutyaa konebavuit gecopma-
LW 3aBMCUT OT NapameTpa A: YeM MeHbLue A, TeM bonblue AuHamMuyeckas amniu-
Tyaa n obwas aedopmauus Knetm B MOMEHT 3axBaTta (pucyHok 4.8). TMpu A>=5
AVHaMu4eckas cocTaBnsiolas Aecdopmaumii He npesbiwaeT 5% OT CTaTUYeCKO.

0 LJ LJ LJ LJ

0 0,02 0,04 0,06 0,08 0,1

PucyHok 4.7 — Xapaktep W3MeHeHWs ynpyron aedopmauun KneTu npu 3axsate
MeTanna Bankamu

33



KonebaHus cymmapHoi ynpyroit gedopmauum paboyeir Knet MoryT cka-
3aTbCs Ha TOYHOCTW pa3MepoB Mpokata, OCOGEHHO MPW CPaBHUTEMBHO BOMbLUMX
Aedopmauusx U manoi TonwmHe nonockl. COOTBETCTBEHHO nepemMeLleHunio S by-
BYT U3MEHATLCS HANPSHKEHWS M YCUNNS B YNIpYrux CBA3AX paboyen knetu, Yto He-
00x0aMMO yunTbIBATL NPK pacyeTax.

S/SCT2

1,75\\
1,5 \
1,25

PucyHok 4.8 — 3aBUCUMOCTb AMHAMUYECKON COCTaBNSOLLEN AedhopmaLn OT napa-
MeTpa eé HarpyxeHus

B kauecTBe mpumepa pacCMOTPUM KrneTb KBApPTO HEMPEPBLIBHOTO CTaHa Xo-
nogHon npokatku 500/1300x1200. Ynpyryto cuctemy pabouyeit KneTu MOXHO npeg-
CTaBMTb B BKMOE OOHOMACCOBOW PACYETHOM CXeMbl, NPEACTaBMNEHHON Ha
pucyHke 4.9, rae m - npuBefeHHas Macca paboyero Banka, ¢ - CymMMapHas XecT-
KOCTb CTaHUHbI paboyeit KNeTu ()XeCTKOCTb KNeTH) 1 KoHTakTa paboyero 1 onopHoro
BasKOB.

m

PucyHok 4.9 — SkBMBaneHTHas cxema ynpyrow cuctembl KneTu

YKecTkoCTb OTAENbHbIX AIEMEHTOB CTaHUHbI YAOBHO BbIpa3uTh Yepe3 obpat-
HYIO BENMYMHY - MOAATIIMBOCTD.

[lns paccMaTpuBaemoro cTaHa:

NpuBeAeHHas XeCTKOCTb
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1
c=—— =97510°H /M,
e +e,+...+e

roe e ...e; —NOAATNIMBOCTY OCHOBHbIX 3IEMEHTOB KIETH (NpunoxeHue A);
npuBeaeHHas mMacca
m=23150 Hc* | m.
COoOTBETCTBEHHO YacToTa U Nepnog konebaHui CUcTeMbl:
p=~c/m=650c""; T=2x/p=0,0097 c.

MuHMManbHas NPOJOIKUTENBHOCTL 3axBaTa MeTanna Bankamu nocrnegHen
KNneTu (Mpu yCrOBWM POBHOMN KPOMKM 33at0LLEr0 IUCTA AMNst CTAHOB XONOAHOM Npo-
KaTKu) npu CKOPOCTM NpokaTkn 15m/c n anuHe ayru koHTakTa SMm pasHa 0,00033 c.
Torja MWHMManbHas BenMuYMHA napameTpa MPUNOXKEHWS HarpyskM COCTaBUT
Min=0,034. Mpu atom cornacko rpadpuky S/Scr=f(A) (cM. puc. 4.8) peicTauTens-

Has fechopMaLums KneTu paBHa B NepBbIA NEPUOA 3axBaTa MeTanna Bankamu yaBo-
€HHOMY 3Ha4eHuio cTaTidyeckon aedopmaumn. 3atem konebaHns 3aTyxatoT v ae-
thopmauys npubnmxkaeTca K cTaTUieckon. Ang Apyrux KneTei ¢ MeHbLueid CKopo-
CTbio 3axBaTa 1 GonbLueit ANMHOM oyara AechopmaLiti OTHoLLEHHe /T ymeHblua-

eTCst U Mpu A>3 OuHaMWYeckasi COCTaBnsoLasl ynpyron aedopMauuy Knetu He
npesbiwaeT 10% OT cTaTnyecko.

Jlumepamypa [1, ¢.84-106; 232-238]; [4, c. 26-50].

5 AMHAMMMYMECKME NPOLIECCbHI B HEMPEPBLIBHbIX
NMPOKATHBIX CTAHAX

B HenpepbIBHbIX rpynnax Kneten cocefHWe KneTu cBs3aHbl Mexay coboi ku-
HeMaTM4eCKon (OBWKYLLENCS) CBSA3bI — MPOKATLIBAEMON NONocon. Mpy 3ToM Ha-
pyweHue paboTbl OHOW KNeTW NPUBOANT K HapyLieHnto paboTbl BCEW NUHWN npu-
BOJa CTaHa.

CyLLecTBeHHy0 ponb B (hOPMUMPOBAHUM XapakTepa 3TWUX konebaHui urpaet
ynpyras CBsi3b NPoKaTbIBAEMON NONOCHI.

Mpn KOMMMEKCHOM M3yyeHun konebaHuid cucTeMbI MPMBOAA CTaHa U MOMoCh
HeobX0aMMO yumnTbIBaTL CrIEAYHOLLME OCHOBHbIE (PaKTOPbI:

e 10JaTNMBOCTb MONOChI W FABHOW JIMHUM KIETEN HEMPEPBLIBHOTO CTaHa;
e XapaKTep HarpyxeHusl paboumx kneTew;
e B3aNMOCBSI3b MEXAHWNYECKNX konebaHni C aNeKTpoABMUraTeENsMU 1 T.4.

PaccmoTpum cxemy ABYX KneTel, CBA3aHHbIX Mexay coboii ynpyror nonocomn
(pucyHok 5.1).
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PucyHok 5.1 — PacuéTtHas cxema HenpepbIBHOMO NPOKaTHOMO CTaHa

[lonyctum, pesko yBenuunsaeTcs MOMEHT BO BTOPOi KneTu. Mpu 3ToM nosno-
ca mexgy knetamu OGyaeT WUCTbITbiBaTb LOMONHUTENbBHYI Aedopmaupio (HaTsxe-
Hue). Mpuyem BeNMYMHa LOMONHNTENBHOTO HATSKEHUS MOMOCH

T'=c193, (5.1)

rie c¢; — KoaPMULMEHT XECTKOCTM MONOCHI MEXay KNeTsMu (TexHororuyeckas
xéctkocTb), H/pag:
EFR
g =—-,

I
E - Mogynb ynpyroctn matepuana nonocel, H/mmZ;, F - nnowaab NonepevHoro
CeyYeHMs nonocsl, MM2, R — paguyc paboumx Bankos, MM; [ — paccTosHUe Me-
Ky COCEIHUMM KNETAMU, MM; ¢, — YroJl NoBopoTa BTOPOW KMeTy, pag.
Bo BTOpOM Knetn nosiBreHne AOMOMHUTENBHOTO HATSKEHWUS BLI3OBET nepe-
XOZHbIW NMPOLLECC, NPX 3TOM BENNYMHA JOMNONHATENBHOrO MOMEHTA OT HATSKEHNS
MY =TR. (5.2)
YunTbiBasi BpaLlEHUe Barkos,
T=ci(pa—01)=ci(02 —yt), (5.3)
rhe m; — yrnosas CKOpOCTb BaNKOB B MEPBOW KNeTW, paa/C; ¢ — Bpems nosopoTa
BankKos, C.
Takum 06pa3om, JOMONHUTESNBHBIA MOMEHT
1
M3 = Rey(op —oyt). (54)

B nepexoHOM NpoLIECCE CKOPOCTU BUXEHIUS MeTanna Ha BbIxofe W3 nepson
11 BXOAE BO BTOPOO KNeTb HEOAMHAKOBbI, TaK KaK Mpu U3MEHEHUM BENNYMHbI HaTS-
KEHWs! U3MEHSETCS 1 BENUYMHA ONepexeHns MeTanna.

[nst ynpoLueHust peLueHust IPUHMMaEM BENMYMHY OMEepeKeHist OCTOSIHHOM.
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Onpe,qenMM O6LI.I,VII7I MOMEHT C/INn CONPOTUBNEHNA Ha BalKax BTOpOI;i KneTu:
My=M,+M)}, (5.5)

roe M — cTaTuyeckuil MOMEHT Ha Barikax npy CTaLMOHapHOM MPOLIECCE MPOKaTKM,

H wm.

MepexofHble NMPOLECChl NMPUBOAA, BO3HUKAKOLLME BCNEACTBUE AMHAMUYECKMX
konebaHui cMCTEMbI, CONPOBOXAAKTCS 3HAYMTENbHBIMU KonebaHusMI Toka B SIKO-
pe anekTpoaBuraTens.

3anuwem ypaBHeHWe GanaHca aneKTPOABMKYLLMX CUM B Lienu SIKOPS arek-
TpOABUraTeNs:

U=1% Rive, (5.6)
dr

roe U - HanpshkeHue, NPUBOAMMOE K sIKOPH, B; L — KoathdhnLMEHT CaMONHAYKLMM
Lienu sikopst; i — cuna Toka, A; R — conpoTuBneHue Leny sikopsi, OM; e — npo-
TUBOINEKTPOABMXKYLLAA cina akops, B.
[nsi cucTeMbl ynpaBneHus «reHepaTop-aBuraTenby MOXHO 3anucaTh:

2. .
d—U:L£+R£+@. (5.7)
dt dr? dt  dt

Yuutblgas, 4to M| =c,,i U e=c,®, AnddepeHunansHoe ypaBHeHne Mo-
MEHTa 3NeKTpoaBMraTens MOXHO 3anucaThb B CrefyloLlemM Buae:
dU L d’°M; R dM, do
—= + +c,—,
dt ¢, d* ¢, dt dt

(5.8)

rae c,,,c, — NOCTOAHHbIE anekTpofsuratens; dw/dt =d 2(p/dt2 .

CocraBum anddepeHUmancHoe ypaBHEHNE [BWKEHWSI ABYXMACCOBOM CUC-
TEMbI (O4HOM KNeTh):

{[1¢1+012((P1—(P2)=M1; 59)

Loy —cpa(0) —92)=M,.

[nHamnyeckue npoueccbl B cucTeme NpuBOAa C YYETOM AENCTBUS 3MEKTPO-
ABUraTens 1 ynpyrow Nonockl Mexay KNeTsMy ON1ChIBaOTCA CrieaytoLLe cucTemon
YpaBHEHMI:
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d’e
I dtzl +epa (0 —02)=My;

L d’M, R dM, d*p, dU
7 " T2 T a 5.10
Cy dt c, dt dt dt (5.10)
d2(p
I dtzz—clz(%—(Pz):Mz;

Mz =MC+Cn((|)2—0)1f).

lMpeHebperast MHAYKTMBHOCTBIO Lienw sikopst anektpoasuratens (L=0) u npu-
HUMasi NPSAMONUHENHbI XapaKTep W3MEHEHUS HANPSKEHMS, NOABOAMMOrO K arek-
TPOABUraTENI0, NOSY4MM

Ly +epa(@) — )= M

iMl +co =U;
Cy (5.11)

Ly —cip (@1 =9y )= My;
Mz =MC+Cn((|)2 —(le).

Pewas CUCTEMY OTHOCUTENBHO oy NOmNy4nm

5 4 3 2
d ¢ +cecM d o J{Clz L +1, _c_an (o)) +cecM(clz—cn) d o 3
> RL art L, 1) a? RLI, dt’
Uy ¢,

_C12Cy 9y Cy (e -, ) L2
n )

LI, dt Rl t, Ll

(5.12)
rge UH — HOMUMHaAnNbHOE HanpaXeHne AKopA dneKTpoaBuraTens, B; tp — Bpema

pasroHa anexTpoaBuUraTens.
Mpu aTOM cooTHOWeHne dU /dt=U, /t,, OMUCHIBAET MNHENHbII 3aKOH U3-

MEHEHWS HanpSDKEHS BO BPEMEHM.
B ntore umeem anddepeHunansHoe 0AHOPOAHOE YpaBHEHWE NATOMO NOpasa-
ka. [ins ynpoLLeHus opmbl 3anuci ypaBHEHUS NPUMEM:

a=c,c, /R (yrnoBoi KO3MPMULMEHT MEXaHUYECKON XapaKTepUCTUKM 3SMeKTpo-
Asuratens); ag=ally; 12 =p2—c,,/12; n=alc;, —c,)/(L115);
d =cyze, [(I15),
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roe p —vactota cobCTBEHHbIX KonebaHuil ABYXMaCCOBOM CUCTEMbI FMIABHOM NUHMK.
XapaKkTepucTuyeckoe ypaBHeHWe, NonyyeHHoe W3 auddepeHumansHoro oa-
HOpOAHOro, ByAeT MMETb CeAYHLLMIA BUA:

Y+ad+ 23 +m? —dn=0. (5.13)

OyeBMIHO, 4TO OAMH W3 KOpPHEW 3TOr0 ypaBHEHUS paBeH Hyn. B atom cny-
yae CTaH COBEpLUAET [BMKEHME Kak XECTKas cuctema.

KonebatenbHas cucTema C ypaBHEHMEM 4acTOT YETBEPTOM CTeneHu Oypet
YCTOYMBOM MPK YCMOBMM, YTO BCE KOIPMUUMEHTI MPU A NOMOXUTESNBbHBI U BbINOS-
HSIETCS YCNoBYUe

aonf2 >n? —a%d , (5.14)

roe f —yactota konebaHui CUCTEMbI; N — KO3MMULMEHT 3aTyXaHus; a( — HaKIMOH
XapakTepucTuK anekTpogsuratens; d — KO3hULMEHT CBA3WN MEXOY XapakTepu-

CTWKaMU 3NEeKTPOLBUraTeNs 1 CUNaM1 CONPOTUBNEHNS MaLLWHBI.
ObLwee pelenve ypaBHeHus (5.12):

¢ = et (Cl cos pit+C, sinplt)+ eTZ’(C3 cos pot +

- (5.15)
+ Cysin pyt) + Mﬁ—ml t

RCIZCn tp

roe Ty, Tp — AUCKPUMUHAHTbI PELLEHUS KOPHEil BUKBaPATHOTO ypaBHEHMS.

CnepyeT 0TMETUTb, YTO CODCTBEHHBIX YacTOT Y cUCTEMbI BydeT ABe, Tak kak
NMErTCA ABE YNpYrue CBA3N C XECTKOCTAMU ¢jo U ¢, .

YpaBHeHe MOMEHTa M |, UCXOLS U3 PELLEHNS yPaBHEHUS ABXKEHWS, —
My =M,+M', (5.16)

roe M' — COOTBETCTBYIOLLEE W3MEHEHWNE BENMYMHBI MOMEHTa NPUBOAA B 3aBUCK-
MOCTU OT N3MEHEHWS YrMOBOI CKOPOCTH.

B camom obuem crnyvae, MOMEHT anekTpogsuratens CoCTOMT U3 [BYX CO-
CTaBMAIOWMX — NOCTOSAHHOMO CTATUYECKOr0 MOMEHTA W AOMOMHUTENbHBLIX Koneba-
TenbHbIX COCTABMAOLMX C ABYMSA Pa3HbIMM YacToTamu:

e Hu3KoM (konebaHus ynpyroii NoNoCkl MeXay Bankamm);
e BbLICOKOW (9Ta YacToTa YyTb HWXe COBCTBEHHOW 4acToTbl konebaHuin NMHUM
craHa 6es nonockl).

B uenom AnHamuuyeckue Harpysku B fMHUM CTaHa (B MpUBOAE) 3aBUCAT OT
MHOTMX TEXHONOMMYECKMX M 3NEKTPOMEXaHNYECKMX (PaKTOpoB:

e pasMepoB W ynpyrux CBONCTB NOMOCHI;
e PACCTOSHUS MEXLY KNeTsmu;
e  [/ameTpa BarKos;
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®  XECTKOCTM 3BEHLEB IMaBHOM NMNHWN;
e  pacnpegeneHns Macc B CUCTEME;
e BENWNYMHbI ANEKTPOMEXAHMYECKMX MOCTOSHHbIX ABUraTens npueoaa.
OKCMEPUMEHTamNbHO YCTaHOBMEHO, YTO B MEPEXOAHbIA Mepuos HaTsKeHue
Monochl M3MEHSETCS MO rapMOHUYECKOMY 3aKOHY C 3aTyXaloLuMu amnauTyaamu.
XapakTtep M3MEHeHMs TOKOB B SiKOpe ABUraTens NOSHOCTLI0 NOBTOPSET U3MEHEHMS
HaTSXKEeHWs NONock.
MMpy NPOYMX paBHbIX YCINOBUSIX 3HAYEHUS YaCTOT KonebaHuin CUCTEMbI 3aBu-
CAT OT KECTKOCTM nonockbl. Yem MeHbLUE XECTKOCTb MOMOChl, TEM HIke MepBas
yactota p,. Bropas yactota cTpemutcs k cobeTBEHHON YacToTe konebanuil cuc-
TeMbl 6e3 nonockl p, — p . Mpu otcyTcTBM nonockl p; =0, py =p .
PaccmoTpum rpadmkn 3aBUCUMOCTN YacTOT COBCTBEHHbIX KonebaHuit cucte-
Mbl OT OTHOLLIEHWS XECTKOCTEN CUCTEMBI ANS Pa3nMYHbIX 3HAYEHUI pacnpeaeneHus
macc ny =1y /(I +1,) (pucyHok 5.2).
VccnenosaHus no3sonstoT cAenaTtb BbIBOA: HEYYET YNpyron CBSA3W MexXIy
KNneTaMM unu npeHebpexeHne NoAaTnMBOCTLI0 9NEMEHTOB rNaBHOW MUHUM MOTYT

CKa3UTb (DU3MYECKYIO KapTUHY NEpPexoaHbIX MPOLLECCOB B MEXaHUYECKON cucTeme
11 MPMBECTY K OLINGOYHBIM pesyribTaTam B pacyéTax AMHAMUYECKUX Harpy3ok.

4.4
4 Py A /A
28 =
! N
\\ n=48
a8 -
g Bop
L ‘3,5 T~ 495
™ ) ]
92 L
£1Py
A 25 0y

PucyHok 5.2 — pacuky yacToT KonebaHWi rmaBHOM NWMHUM CTaHa MpU Hamuumm
YNpyromn cBA3W Mexay KreTsMu

Jlumepamypa: [1, ¢.226-232]; [4, c.52-54].
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6 CNOoCOBbl CHMXXEHUA ANHAMMUYECKUX HAIPY30K

3agaun, peLleHne KOTOpbIX MO3BONIAET CHU3NTb BEPOATHOCTb MOJSIOMOK Me-

Tannypruyeckoro 060py/J,OBaHVIHZ

1

B obnacmu mexHonoauu:

nonyyeHne 6onee TOYHbIX BEPOSTHOCTHBIX 3aBMCMMOCTEN Ans pacyéTa cpej-
HWX, MaKCUMarbHbIX 1 3KBUBANEHTHBIX TEXHOMOMYECKNX AMHAMMYECKUX Harpy-
30K Ha paboyne opraHbl MaLUMH C YY4ETOM PaccenBaHWs TEXHOMOMMYECKUX na-
paMeTpoB MPOLECCa U HEPABHOMEPHOCTW PacnpeaeneHns CUMOBbIX MOTOKOB B
TPaHCMUCCHSIX.

B obnacmu obopydosaHusi:

CO3AaH1e PacYETHBIX CXEM U METOZI0B PACcYETOB MEXaHM3MOB M MalLWH, COOT-
BETCTBYIOLLMX pearbHbIM YCMOBUSIM WX HAarpyXeHusi B CTaLMOHapHLIX 1 nepe-
XOAHbIX PeXMMaX;

MPOEKTUPOBAHME MALLMH CO CTATUYECKUMU OMPEAENsSeMbIMU CXeMaMn N M-
HUManbHbIM NPUBEOEHHBIM MOMEHTOM MHEPLM, WCKMIOYeHUe W3DbITOYHbIX
CBSI3€M W LMPKYNALMM MOLLHOCTY B cucTeme «pabounil opraH — TpaHeMuceus -
Np1BOLY;

co3naHue ObICTPOAENCTBYIOLLMX NPEAOXPAHUTENBHBIX M aMOPTU3ALMOHHBIX
YCTPOWCTB 1 ONpefeneHne Mecta X YCTAHOBKM B KMHEMATUYECKON LIEMN.

B obnacmu asmomamu3zayuu:

pa3paboTka Haf&XHbIX ObICTPOAEACTBYIOLLMX AATYMKOB TEXHOMOTMYECKUX Ha-
TPy30K, TeMnepaTypbl, CKOPOCTH, YCKOPEHUS U T.4,.;

CO3AaHNe anropuTMOB pacyéTa TEXHOMNOTMYECKUX Harpy3oK No napameTpam,
NOAAAIOLLMMCS ONPeSEneHNto U KOHTPOSTIO Ha BXOLE METanmyprinyeckoro arpe-
rata;

CO3AaH1e aBTOMATU3MPOBAHHBIX CUCTEM AMArHOCTUKM 0BOpYLOBaHMS M onpe-
[eNeHuUst ero COCTOSIHMS.

B ocHOBe [jaHHbIX YCTPOICTB NexaT CNeaytoLe TeopeTUYEeCcKNe NONOXEHNS:
aMNAMTYAbI BbIHYKAEHHBIX konebaHuin MoryT 6biTb JOCTATOMHO ManbiMW, eCnn
coBCTBEHHAs YacToTa CUCTEMbI 3HAUUTENBHO MEHbLLE YacTOTbI BO3BYXAEHWS;
TPEHUE NMPUBOAUT K MOTMOLIEHNIO KonebaTemnbHOM SHEprin, 1 BbIHYXAEHHbIe
konebaHusi NPOMUCXOLAT C MEHbLUMMI aMMINTyLaMKM, YEM MpK OTCYTCTBUM Tpe-
HWS (3TOT 3chhekT 0COBEHHO 3aMeTeH B pe30HaHCHOM 0bnacTm);

Bnarogapsi cunam TpeHus cBoOOAHbIE konebaHusi MOCTENEHHO 3aTyxakoT.
Ha nepeoM nonoxeHun GasvpylTcs BUOPOU3ONATOPLI, TO €CTb Ynpyrue

3M1eMEHTbI, CreunanbHO BBOAMMbIE B MEXaHUYECKYH0 CUCTEMY ANS 3alWTbl OT KO-
nebaHuit NyTém 3HAUUTENBHOMO CHUKEHUS| COBCTBEHHOM YacTOTh.
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Bropoe nonoxeHue NexuT B OCHOBE AENCTBUS MOrNOTMTENel konebaHui
(nemndpepos). MMaBHOM YacTbio M06Oro NOrNOTUTENS SBNAETCS ANEMEHT TPEHNS.

[ins 3aw4MTbl OT TONYKOB W YAAPOB NPUMEHSKOTCS aMOPTU3ATOPbI — YCTPON-
CTBA, KOTOpble NPEACTaBNSOT CODOA KOMOMHALMKM BUOPOM30NATOPOB M MOrMOTUTE-
nen.

Bubpousonsartopsi.

Pa3nuyatoT akTUBHbIE W NaCCUBHbIE CUCTEMBI BUOPOU3ONALMN.

B akTuBHOWN cucteme BMOPOM3ONATOPbI YCTaHABNMBAKT MEXZY WCTOYHWUKOM
BMOpaLMM 1 OCHOBaHWEM ANS 3aLMThl OCHOBAHWS OT BbIHyxatowwmx cun P(t) (pu-
CYHOK 6.1,a).

[MaccuBHag cuctema, Hao60pPOT, CAYXUT AN 3awuTbl 06bekToB (MPUBOpPOB,
CTaHKOB) OT BO3AENCTBUS konebaHus 0CHOBaHMS f(f), TO €CTb OT KMUHEMATUYECKOrO
B030YyxpaeHus (puc. 6.1,0).

P(t)

a 6
PucyHok 6.1 — Tunbl BuGponsonsTopos

Bo Bcex cryyasix Heobxoaum pacyét Bubponsonsumu. MpumeHsTs BUBpou-
30N15ILMOHHbBIEe YCTPOWCTBA HEAOMYyCTUMO 6€3 pacyéTa, Tak kak CryvanHasi, Heoboc-
HOBaHHas yCTaHOBKA yMPYriX SMIEMEHTOB MOXET NPUHECTM Bpes.

MMpu akTMBHOM BUBPOM3ONALMN BbICTPOXOAHBIX MaLUKH TpebyeTcs, YTobbl OT-
HOLLIEHWE YaCTOThbl BbIHYXOEHHbIX konebaHui k Yactote COBCTBEHHbIX KonebaHuil
cuctembl ap>4, npu atom K, <1,5, a TuxoxoaHbix (¢ <500 06/M1H) — a/p>3 1
K, <0,125.

Ha npakTike NpUMEHAIOT NPUHLMNIUANBHO PaBHOLEHHbIE BapUaHTbl YCTaHOB-
ki BUGPOMU3ONATOPOB: OMOPHBIN (PUCYHOK 6.2,a); NoaBeCHOM Ha cxaTtue (puc. 6.2,0)
1 pacTskenme (puc. 6.2,8). Ecriv B n3onupyemoil mawwuHe npeobnaparT ropusoH-

TarnbHble BbIHYXOALWMEe CUMbl, TO WCTONMb3yeTCs MasTHUKOBas NoABecka
(puc. 6.2,1).
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Mornotutenu konebaHuit (gemndepbi)

B HekoTopbIx Criyyasix nornotutenu konebaHnin NpUMEHSIOTCS B YNCTOM BU-
Ae, 6e3 napannensHO BKIKYEHHbIX YNPYTUX 3NEMEHTOB. Tak, CyLecTBYKT pasnuy-
Hble CXEMbI NOrNOTUTENEN: XWUAKOCTHOTO TPEHMUS, CYXOro TPEHWS U TMCTEPESNCHOTO
TMNa.

B nornotutensx xudkocmHo2o mpeHus AemndupoBaHue cosaaéres cunamu
BAI3KOCTM, BO3HWKAIOLLMMU MPU OTHOCUTENbHBIX MepeMeLLeHusIX ByX JeTanei, me-
QY KOTOPbIMM €CTb HEKOTOPbIA 3a30p, 3anOSHEHHbIN BA3SKOW XMAKOCTbIO (Hanpw-
Mep, CUITMKOHOM) (pUCYHOK 6.3,).

Mawuna Mauranag

H

pLks 1\\\\\
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PucyHok 6.3 — Buabl nornotutenei konebanui

B nornotutensx cyxo20 mpeHus AemndupoBaHne CO3agTca cunamu Tpe-
HWSsl, BO3HWUKAIOLWMMM NpY NPOCKamnb3blBaHWA OLHOM LETanM OTHOCUTENBHO ApPYrow
npu ONPeAenéHHON curne nomkaTus, KoTopas COo3naéTcs CUCTEMOM MPYXMH
(puc. 6.3,6). Ecru cuna nomxatua BygeTt cnuwwkoMm Benuka, To obe getanu byayt
ABUraTbCs BMECTE W 13-3a OTCYTCTBWSI MPOCKanb3biBaHWs aHeprust He OypeT pac-
cemBatbcs. Ecnv xe nomxatue Byaet oyeHb cnabbiM, TO paccenBaHue MexaHuye-
CKOW 3Hepruu OygeT Mano n3-3a HesHaunTenbHOW cunbl Tpenus. MoaTomy Takue
KOHCTPYKLM TpebytoT BbiBOpa ONTUMarbHOM CUIlbl NOAKATHS.
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B nornotutensx sucmepe3ucHo2o muna (BHyTPEHHEro TpeHus) npu koneba-
HWSIX NPOMCXOLNT UHTEHCUBHOE PACCESIHWE SHEPTM B MPOKIAZKe MeXay LeTansmu,
nepegaroLwwmMmMm Harpysky (pucyHok 6.3,8). Mpoknagky BbINOMHAKT M3 MaTepuana ¢
60MbLUIMM BHYTPEHHUM TPEHWEM (TUMA PE3MHbI).

Konebanus MoryT 6biTb yMEHbLUEHbI UM MOMHOCTBIO YCTPAHEHbI C MOMOLLbO
noeniomumenel ydapHoeo deldcmeus.

Mnasarowutl  ydapHbili demngbep npeacTaBnsetT coboi AONOMHUTENBHBIN
rpy3, KOTOpbIA CBOBOAHO, C HEKOTOPbLIM 3a30pOM MOMELLAETCS B AeMNUPyEMbIil
o0bekT (pucyHok 6.4,a). Wcnonb3ayetcs anst raweHws konebaHuil TAr opraHoB
ynpaBneHns MaLmHamu.

MasmHukoebili ydapHbili demnchep (pucyHok 6.4,6) npegHasHaveH ans ra-
LeHWs konebaHuin BbICOTHBIX KOHCTPYKLMIA (BalleHHbIX COOpYXeHui, Tpyb).

Y0apHbie npyxuHHble deMngepsbi B Pa3NMYHOM KOHCTPYKTUBHOM WUCMOMHEHWM
MCMOMb3YIOT ANsl YCTPaHEHUs! BbICOKOYACTOTHLIX BMOpPALMA M ANs YMEHbLUEHWS!
konebaHuii BUBPOM3ONMPOBAHHBIX MALUUH MPY MPOXOXAEHUM Yepe3 Pe3oHaHC (pu-
CYHOK 6.4,B).

Z.-.n—«g
7

: AA U ///
AT TR O NN

a 6 B
PucyHok 6.4 — Mornotutenu ygapHoro AencTams

AwmopTu3artopsbl.

Kak npaBuno, B MeTannypruyeckux MaluuHax poflb amopTM3aTopoB BbIMof-
HAKOT PE3MHOBbIE, MHEBMATUYECKIE U NPYXMHHbIE Bydepbl. Ho, oaHako, OHU umetoT
pAd HeJoCTaTKOB, Tak Kak B nMpouecce paboTbl HAKAMIMBAKT SHEPTUK, MPUBOAAT K
BO3HMKHOBEHWIO BO3PACTAOLLMX CUIT TOPMOXEHUS! ¢ BOMbLUMMM MUKOBBIMW 3HAYe-
HusiMK. B HacTosiee BpeMms B Ka4ecTBe aMOpTM3aTOPOB NpuMeHsoTes bonee ad-
(PeKTMBHbIE rMOPaBIMYECKUE TOPMO3HbIE UMIMHAPLI, B KOTOPbIX ANS NOBbILEHMS
MNaBHOCTU X0fja aMopTU3aTopa WCMONb3YHTCS BMECTO OAHOMO APOCCENUPYIOLLEro
OTBEPCTUS HECKONbKO. B pesynbTaTe Takoro TEXHUYECKOro PELUEHNs BO3HUKALOLLMIA
nepes NopLUHEM AMHAMUYECKWA HAanop COXPaHSAETCS MOCTOSAHHBIM BO BPEMST NOJTHO-
r0 X04a, a 3Ha4NT, COXPaHSETCS NOCTOSHHON NPOTUBOAENCTBYIOLLAs cuna.

Jlumepamypa [4, ¢.198-219].
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7 OCHOBHBIE NPEAMNOCLINIKM U METOAbI PACUETA
HA NMPOYHOCTb. PACYET HA NMPOYHOCTB NPU
CTATUUYECKMUX HAIPY3KAX. MAJIOLIMKITIOBAA

YCTANOCTDb

Bua paspylieHus aeTaneit MaliMH 3aBUCUT OT TWMa MaTepuana, xapaktepa
W3MEHEHWs! Harpysku BO BpeMeHM, (hopMbl M pasMepoB [eTanu, Temnepatypbl,
BHeLLHell cpefbl 1 Apyrux (akTopos.

Harpy3ki IenaT Ha cTaTiyeckie, nepeMeHHbIe 1 yaapHble.

CraTuyeckue Harpyski — Harpyski, KOTOpble MENEHHO U3MEHSIIOTCS OT Hyns

[0 CBOETO KOHEYHOTO 3HAYEHMS 1 3aTEM HE U3MEHSIKOTCS UM U3MEHSIKOTCS HE3HAYM-
TENbHO B TEYEHWE BCETO CPOKA SKCMMyaTaLm.

YaapHble Harpysku — Harpyski, XapakTepuayemble BbICOKUMU CKOPOCTSMI UX
BO3pacTaHus.

[epemeHHble Harpyskm — Harpy3aku, U3MEHSIIOLLMECS BO BPeMs dKCMyaTaLmm
Mo kakomy NMbo 3aKoHy.

OCHOBHbIE MapaMeTpbl, UCMOMb3yeMbIE NPU aHanM3e NEPEMEHHbIX Harpy3ok:
®  Grax>Omin — MaKCUManbHoe M MUHUManbHOE Mo anrebpanyeckomy 3Haye-

HUIO HaMPSXXEHNS LMKIa;
e o,= (Gmax —cmm)/z — aMMINTyaa HanPsXKeHUI LKIa;

e o,= (Gmax +Gmin)/2 — Cpe[iHee 3HaYeHNe HaNpsSXKeHUA LuKna;
¢  R=0ux/Omin — KOIPDULNEHT aCUMMETPUM LIMKNA HArPYXEHNS.

PasnuyatoT cneayioLLe BUab 3aKOHOB U3MEHEHNS NEpPEMEHHbIX Harpy3ok:
1 CUMMETPUYHBIA LMKM: Opax = Omin =045 R =—1 (nogumHAOTCA n3meHe-

HWSI HOPMarbHbIX HAaMPSPKEHWIA B Barax 1 0CsX).
2 OTHyneBoW (MynbCALMOHHBIN): G, =6, = Omax / 2; Omin =0; R=0 (13me-
HEHMS M3rnbaroLLMX HAMPSHKEHWIA Y KOPHSI 3y6a LecTepHM).
3 ACMMMETPUYHBIA LMKN (MI3MEHEHWUSI PacTArMBatOLLMX HANPSHKEHUI B 3aTSHYTbIX
BonTax, HanpsbKeHWI B KnanaHHbIX NPYXuHax).
4 CnyyalHblid NPOLIECC M3MEHEHWS HArpy3ku (M3MEHeHue MOMEHTa B rNaBHOM
NWUHUK NpK 3anycke NPOKaTHOro CTaHa).
[Mpv OQHOKPATHOM MPUMOXEHUN CTAaTUYECKONA HArpy3KN MOXKET BO3HUKATb BSA3-
KO€, XPYMKOE MIu KBa3nXpynKkoe paspyLueHe.
Bsaskoe - paspyleHue, koTopoMy npeAlecTByeT 6onbluias nmactuyeckas
LedopmaLius 1 Ha KoTopoe 3aTpaunBaeTcs bonbluas pabota.
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Xpynkoe — pa3spyLleHue, nNpoTekatoLiee NpakTudeckm 6e3 3amMeTHbIX NnacTu-
Yeckux gedopmaLmii Npu Manbix 3aTpatax aHepruu.

KBaauxpynkoe - paspyLlieHue, 3aHUMatOLiee NPOMEXYTOYHOE MONOXKEHWE
MeX[y BA3KUM M XPYMKMM, TO eCTb NPOTEKaloLLEee C HEKOTOPOI HEBOMbLLON nnacTu-
Yecko aedopmauiyeit 1 ¢ 3aTpaToil onpeseneHHoN 3HEPrM Ha paspyLUEHVE.

Meprog paboTbl MaLMHBI (Yackl, Toabl U T.M.) OT MOMEHTA BO3HWUKHOBEHUS
nepBOi MakPOCKONUYECKOW TPeLUMHbl ycTanoctn (0bbluHo anuHoi 0,1...0,5 Mm) oo
OKOHYaTENbHOMO Pa3pyLLEHUS HA3bIBAETCS KUBYYECMbIO.

Mpyn 3y4eHnn pocTa TPELMH UCIIONb3YIOT METOABI M MOHSATUS MEXaHWUKW pas-
pYLUEHMS.

[ns onpegeneHnst X1BYYECTH KOHCTPYKLMM HEOOXOAMMO 3HaTb 3aBUCUMOCTb
MEXAY LMMHOA TPELLMHbI 1 OCTATO4YHOM NPOYHOCTLIO.

Mog ocmamoyHOU NPOYHOCMbIO NOHWUMAIOT HArpy3Ky UI HanPSBKEHMS, Ko-
TOpble MPUBOASAT K Pa3pyLLEHUO AeTanu C 3aAaHHOM TPELWHOI NpU UX OfHOKpaT-
HOM MPUIOXEHNW.

[ns OLEeHKM xapaKTepucTUK COMPOTUBIEHUS MaTepuana v getanei ycrano-
CTHOMY pa3pyLLEHWNO MPOBOLSAT YCTanoCTHbIE UCTbITaHWs nabopaTopHbIX 06pasLoB,
MoZeneit u getaneil HaTypHbIX Pa3MepoB Ha CneLnarbHbIX YCTanoCTHbIX MaLUHaX,
KOTOPbIE pasnMyaloT No BUAY HarpyxeHus (13rmb B OLHOM MNOCKOCTH, M3rMb npu
BpaLUEHMM, KpYYeHWe, PacTsKEHUe-CKaTUe, CHOXHOE HarpyxeHue). Tunbl ucnbl-
TyeMbiX 06pasL0oB, METOAbI MCMbITaHWA 1 00paboTka pesynbTaToB PernameHTupy-
totcs TOCT. Yueno nenbityembix 06pa3sLoB AOMKHO ObiTb He MeHbLue 15.

lpedenom ebiHocAugOCMU NMpY CUMMETPUYHOM LIMKNE HArPYXEHWUs Hasbl-
BaeTCs TO HanbonbLlee 3HaYeHWe amnIuUTyabl NEPEMEHHOMO HAMPSHKEHWS, HUXE
koToporo oBpasLibl He pa3pyLuaioTcs 4o Baskl ucnbiTaHus. basa ucnbimaHus N g

— YMCTIO LMKIMOB, MPW JOCTVIKEHUW KOTOPOTO WCTbITAHWS MpeKpaLLatoT, ecnu obpa-
3el He paspywwmncs. [Ans  yrmepoaucTbiX U HU3KOMErMpoBaHHbIX — cTanem

Ng = 107 uvknos. Kpueas ycranoctu (kpueas Benepa) npeacraBneHa Ha pucyH-
ke 7.1.
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lg c, A

Ng Ng

PVIcyHOK 71 - Pe3yanaTb| YCTanoCTHbIX CnbITaHNN npn CUMMETPUYHOM LIUKNE
Harpy>xeHus

[ns cranei paspyleHue obpasuoB 06bl4HO HabMoAAETCA Npu KONUYECTBE
UMKnoB Ng =1...3-10°.
YpaBHeHuWe KpuUBOI yCTanocTu:

o/ N=c" N, npuc,>c_; (7.1)

N =00 npuc,<c_,

re nokasartesb CTENEeHN m XapakTepusyeT HaknoH NeBON BETBM KpVIBOIZ yCTanocTtu.

B Hactosilee Bpemst BCE 6onbluee pacnpoCTpaHeHWe nonyyvarT MeTombl
pacyéTa Ha NPOYHOCTb C MCMONb30BaHWEM KO3h(ULIMEHTOB 3anaca NPOYHOCTY Mo
HanpsXKEHUAM 71 , 110 MPEAENbHBIM HArpy3kam 7 1 10 AONTOBEYHOCTH 7 .

1 PacyéT koahpuumeHTa 3anaca NPOYHOCTM MO HaMPSHKEHNAM:
N = Olim /G3K8 2 [nc]’ (7.2)
r€ Oy, — NPeAenbHOe HanpsKeHne, o, — SKBUBANEHTHOE HaMnpsikeHne, onpe-

[ensiemMoe no OHOW U3 TEOPUIA MPOYHOCTH.
2 Pacyét no npeaenbHbIM Harpyskam:

no = Qtim/ Opas 2 [”QJ (7.3)
rae O — NpenenbHast Harpyska, npu KOTOpPoW NpoucxoauT notepst pabotocno-
cobHocTH; O, — paboyas (akcrnyataLyoHHast) Harpyska.
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3 Pacyét no gonroBeYHoCTU:
ny =L/ Lpgs 2[n ], (7.4)

roe Ly, — NpedenbHas HapaboTka AeTanu B Xo4e aKcnmyaTaumu, No AOCTYKEHUM
KOTOpOV HacTynaeT notepsi €€ paboTocnocobHoCTH; L 5 — paboyast unn Hop-

MaTuBHasi HapaBoTka, NpUHsTas B kayecTae AONYCTUMON Mpu 3KCMyaTaLuy.
HopMmaTvBHble KoadhdMLMeHTbI 3anaca NpoYHoCTH [ng [nQJ, [n,] ycramae-

NWBAOTCA Ha OCHOBE OMbITa PACYETOB M NPOEKTUPOBAHUS MALLUH W CONOCTABMEHMS!
WX 3HAYeHUI C pesynbTaTamu HabnigeHuin 3a MoBegeHUEM MalUMH B XOLe 3KC-
nnyartauum.

OTW 3HAYEHWs 3aBUCAT OT OTBETCTBEHHOCTU KOHCTPYKLMM, YPOBHS TEXHOMO-
T U3rOTOBMEHUS, OQHOPOAHOCTM CBOWCTB MaTepuana, Biuaa Harpy3ok, xapakrepa
1 CTEeneHn onacHOCTW paspyLUEHUs, TOUHOCTM ONpeaeneHns Harpy3okK 1 xapakTepu-
CTUK MPOYHOCTM M psiga Apyrix hakTopoB.

B HekoTOpbIX y4ebHUKax pekomeHayeTcs anddepeHumansHeIn MeTog onpe-
[ENEHNs HOPMATMBHOTO KO3(duLmMeHTa 3anaca MPOYHOCTM, COrMacHO KOTOPOMY
9Ta BennuuHa NpeSCcTaBnseTcs B BUAE NPON3BEAEHNS KOIPPULIMEHTOB, KaXabli U3
KOTOpbIX Y4NTbIBAET OTAENbHbBIA (haKTOp W BbIBUPAETCs Takke B HEKOTOPbIX Npeae-
nax. lNpu npou3BonsLHOM Bbibope KOIPEULMEHTOB B 3afaHHbIX Npeaenax MOXHO
nonyyntb Gonbluve konebaHus BEnM4YMHbI HOPMATMBHOMO KO3(duUMeHTa 3anaca
NPOYHOCTW. B pesynbTate nosmyyeHHOE 3HAYeHWe HOPMATMBHOMO KOduuMeHTa
3anaca NPOYHOCTN MOXKET HE COOTBETCTBOBATL ONTUMANLHOMY.

[Mpu cTaTM4ecKMX Harpyskax pacyéT Ha MPOYHOCTb AeTanen U3 NAacTUYHbIX
MaTepuanoB MPOM3BOANTCS MO MPeAerny TekyyecTn matepuana. Jonyckaemble Ha-
NPSOKEHNS B 3TOM Cryyae

[G] =GCp /[nm] ) (7.5)
rae [n,,]=1,5...2,5 (HeBonblune 3Ha4eHMs HOPMATHBHOTO KodthdHLMEHTa 3anaca

NPOYHOCTN ODBACHAKTCA TEM, YTO JOCTUXEHWE PaboUMMM HANPSKEHUSIMU Npe-
[ena TeKy4ecT/ He NPUBOANT K PaspyLLEHMIO AeTanu, a NMPUBOANT K NOSIBMEHUIO
nnacTuyeckoi gedopmauun vactm eé obbéma N BO3MOXHBIM OCTATOYHBIM 13-
MeHeHUsIM hOPMbI 11 pa3MepoB).

B cnyyae HeobxoaumocTH pacyéT BeayT no NpeaenbHbIM Harpyskam, BblYuc-
NsieMbIM C Y4ETOM J0Mycka ONpeaenéHHbIX NNacTuyecknx aedopmaLyii.

CnepyeT uMeTb B BMAy, YTO C POCTOM Pa3MePOB AeTanu npegen TekyvecTy
CHWKAETCs1 BCNEACTBME YXYALIEHWUS KAayecTBa METasia U3-3a CHUKEHWS CTENeHU
nnacTuyeckoin aedopMaLym npy 3aroTOBUTENBHBIX ONepauusix, YXyALWeHus yeno-
BUW TEPMUYECKO 06paboTKM, NOBLILLEHWS HEOAHOPOAHOCTM MeTanna.

48



Ecnu npegen TekyyecTn onpeaenéH Ha obpasuax, Bblpe3aHHbIX U3 3aroTOBOK
ManbIX pasMepoB M HET [aHHbIX O BMWUSHUKM MaclUTabHOro dhaktopa, MOXHO onpe-
LenuTb Npegen Teky4ecTy no npubnuxéHHoi opmyne:

6, =K, , (7.6)

roe o,, — NPeaen TekyyecTu, onpeaenéHHbin Ha obpasuax; K| — MaclTabHbIi
cakTop.
[ns yrnepoaucTbix cTanen K| =1, a ans nernpoBaHHbIX:

Ky =1-0,21g(d/7,5) - npn anametpe aetanu d<150 mm;

K, =0,74 - npn anameTtpe getanu d>150 mm.

Pacuét Ha NPOYHOCTb NPK CTaTUYECKNX Harpy3kax aetanei u3 XPYNKuX mate-
puanoBs npoM3BOAMTCA NO npeaeny NPOYHOCTU NpU PaCTAXEHUUM N CXKaTUW. I'IpM
3TOM [onyCKaeMble HanpAxXeHua

[0 ]= 0K a5 [y K5 ), (7.7)
rae [n,,] =2,5...4,0 — ko3athnLMeHT 3anaca NPOYHOCTM NO Npeaesy NPOYHOCTM Ans
fetanei U3 Xpynkux marepuanos; K, =(oy), /(c4),, - KoahduuumenT

BMWSHUS AMameTpa obpasua Ha npeden MPOYHOCTM XPYMKMX MaTepuarios;
(cp) ; — NPEefien NpoYHOCTM MaTepuana AeTani HaTypHbIX pasmMepoB 6e3 KoH-

LieHTPaTOpOB HanpsikeHui; (G, ), — MPEAEN MPOYHOCTU MaTepyana rmaaKkoro
o6pasua Avametpom 10 mM; K =(c;), /(0 ), — ahtbeKTuBHbIN KOADULM-

€HT KOHLIEHTPALMM HaNPSKEHWIA NP CTaTUYECKUX Harpyskax ans Xpynkux mare-
pu1aros; (cb )D — npegen NPOYHOCTU MaTepuana feTanm HaTypHbIX pa3vepoB C
KOHLIEHTpaTOpaMiu HanpsHKEHNHA.

[ns getanei, HaxoQsALWMXCA B XPYNKOM COCTOSHWW, HOPMaTUBHBLIN KO3ddu-
LIMEHT 3anaca NPOYHOCTM BbIGUPAIOT 3aBbILLEHHBIM, YYNTHIBAS BHE3AMHOCTL TAKOro
paspyLUeHust pu JOCTIKEHWUM HaNPSLKEHUAMU NPEAENbHOro YpoBHS 1 bonee cyLe-
CTBEHHOE paccesHUe XapakTEPUCTUK NPOYHOCTY XPYMKUX MaTeprUanos.

Jlumepamypa: [2, ¢.89-101]; [5, c.23-34].
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8 OLIEHKA PACUYETHbIX XAPAKTEPUCTUK
CONMPOTUBIIEHUA YCTANNIOCTU M
9KCNMNYATALIMOHHOM HAMPY)XXEHHOCTU MALUUH

B pesynbtate npoBefeHNA MHOIOYUCIIEHHbBIX 3KCNEPUMEHTOB MO onpenene-
HUIO CONPOTMBNEHUA YCTanoCcTn c_, Ansa petanei HaTYPHbIX Pa3MepoB 0Ka3anochb,

4YTO COMPOTUBMEHWE YCTaNOCTV [Nt AeTaneil HaTypHbIX Pa3MEPOB G, OObIYHO B

2...6 pa3 meHblUe, Yem Ans rmagkoro nabopatopHoro obpasya mManoro guamerpa
(okono 7,5 mm).

[Ins oueHku 3TOi pasHMUbl Mcnonb3ayetcs KoaduumeHT K, yunTbiBaoLWmit
BNUsiHWE BCEX (PaKTOPOB, CBOWCTBEHHbIX AETanM HaTypHblX pasmepos, paboTato-
LLeit B ONpeaeneHHbIX YCNoBusIX, Ha CONPOTUBNEHME YCTanocTu:

K=0c,/c,,.

B obwem cnyyae Ha cOMpOTMBREHWE YCTANOCTV OKa3blBAKOT BRMSHWE Crie-

AytoLLme dakTopsl:

®  KOHLEHTpaLus HanpsiKeHui;

e  macwTabHbIN (hakTop (BNUSHWE pa3MEpPOB MONEPEYHOTO CEYEHUS);

e  Ka4ecTBO 06PabOTKM NOBEPXHOCTH;

e 3KCMNyaTauuMoHHble hakTopbl (BMMSHWUE TemnepaTypbl, KOpPPO3WM, 4acToTbl
W3MEHEHMS HarpysKku1 1 ap.);

e  TEXHONOMYeckne MeToabl MOBEPXHOCTHOMO YNPOYHEHUs aeTanei (MoBepxHo-
CTHOe nnacTuyeckoe AeOPMUPOBAHME, XUMUKO-TEPMUYECKME METOAbI, NO-
BEPXHOCTHasl 3akanka u ap.).

B cBapHbIx COEAMHEHMSIX CYLLECTBEHHYIO POSTb UFPAIOT Takke LedeKTbl cBap-
kv (HempoBapbl, NOAPE3bl, TPELLMHbI, BKIIOYEHNS) U OCTATOYHbIE HAMPSKEHMS.

KoHLeHTpauusa HanpskeHUn

Ecrv ceyeHne geTanu MeHsieTcs B KakoM-nubo MecTe (Hampumep, B MecTe
CTYMEHYaToro nepexoaa, B KaHaBke, pe3bbe, Y KPOMKM OTBEPCTHS, Y LUMOHOYHOTO
nasa), To MakcuMarbHble HanpskeHUs B 3TOM MecTe 6yayT NpesbilliaTh HOMUHANb-
Hble HamnpskeHusi, onpeaensemble no TPAAULMOHHBIM (hOPMYTaM COMPOTUBNEHNS
MaTepuarnos:

Cpo =M ye 'Wsi O ey =P/ Fr 1, =M, /W,,.

use use uze

flBneHne MeCTHOTO MPEBbILIEHNS HAMPSXKEHWA NO CPABHEHMIO C HOMWHAIb-
HbIMM B 30HAaX PE3KOro W3MEHEHWS Pa3MePOB M OYepTaHuil JeTanu Ha3bIBaKT KOH-
LleHTpaLeil HanpsiKeHN.
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[ns xapakTepucTuku 3TOW pasHULbl B HaNPSKEHWSIX BBOAMTCA TeopeTuye-
CKMI KOS DULMEHT KOHLIEHTPALMM HANPSKEHUIA:

(8.1)

%o A BernunHel o, ans pas-

MMYHbIX AeTarnei HaxomsaT unu
MeTogamn TEOpuM  ympyrocTy,
WNM - creupanbHbIMKA - 3KCTiepu-
MeHTanbHbIMM  MeTodamn. Ko-
3PPULMEHT o, CYLIECTBEHHO

3aBUCUT OT MMABHOCTW MEpeXxo-

P [10B NPU U3MEHEHNN CeYeHUA p
PucyHok 8.1 — 3aBUcMMOCTb KoaddpuumeHTa  (prCyHok 8.1).

KOHLIEHTPALIMM HanpsbkeHnii o, OT paanyca daKTU4eckoe  CHUXeHue

KPUBM3HbI MOBEPXHOCTY P npegena BbIHOCIWBOCTU AeTanm

BCMEACTBME KOHLEHTPauun Ha-

NPSKEHU xapakTepnsyeTcs 3P heKTUBHLIM KO3DMUUMEHTOM KOHUEHTpaUUU Ha-

NPSHKEHMI:

0,=0,,/0

HOM ©

K. =oc_,,/06p, (8.2)

rie o_,, — Nnpefen BbIHOCIMBOCTU 0Bpa3sua 6e3 KOHLEHTpaLMKU HanpskeHuin ¢

pas3Mepamit NONEPEYHOro CEYEHUs!, paBHLIMIU pa3Mepam MOMepevHoOro CeveHms
JeTanu (ons oTAeneHus BNUsHUS MaclTabHoro daktopa).

MacwTabHbIi hakTop

BrusHue MaclTaGHOro chaktopa NpOSBMSETCS BO BANUSHMM aBGCOMIOTHBIX
pa3MepoB NONEPEYHOTO CeYeHNs rnaakix 00pasLoB Ha Npeaes BbIHOCIMBOCTH. s
XapaKTePUCTHK 3TOTO BIMSIHWS MCTIONb3YeTCs KO3DULIMEHT

K,=0,/0,. (8.3)

OCHOBHbIMI NpUYMHAMM NPOSIBNIEHUs MaclTabHoro addhekta SABNSAIOTCS Me-
Tannypruyecknin, TEXHONOMMYECKUIA 1 CTAaTUCTUYECKUIA (DAKTOPbI.

MeTannypruyeckuin akTop CBA3aH CO CHKEHUEM MEXaHWYECKUX CBOWCTB
MaTepuana ¢ pocToM pasMepoB OTNIMBKW MM MOKOBKW. [1pn yBenuyeHnm guameTpa
3arotoBku ¢ 10 go 500 MM npeaen BbIHOCIMBOCTW AN YINEPOAUCTLIX CTanen CHu-
xaetcs Ha 10%, a ans nerupoBaHHbIX — Ha 15...20%. 3T0 CHWXeHWe npeaena Bbl-
HOCTIMBOCTW CBS3aHO CO CHIDKeHMEM AedhopmaLyi npu KOBKe, YXYALLEHWEM ycro-
BUI TepMMyeckoit 00paboTki GOMbLUMX 3arOTOBOK, MOBbLILLEHMEM HEOAHOPOAHOCTY
MeTanna.
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[ina npegena BbIHOCMMBOCTM BMWSHWE MeTannypriayeckoro daktopa B
FOCT 25504-82 oueHuBaeTcsa koapuumeHtom K, : o, =K,c_, .
[ing yrnepoauncTbix cTanei K, =1, a Ans NerMpoBaHHbIX:

K, =1-02Ig(d /d,) —npn d <150 mn;

K, =0,74 —npu d >150 mm, (8.4)

rae dy =75 mm.

[ns netanein 13 ceporo YyryHa BnusiHUe MeTanmnypruyeckoro gaktopa 6onee
CYLEeCTBEHHO. Tak, Mpy YBENUYEHUM AnameTpa 3aroTOBKM UMK TOMLUMHbI CTEHKM [0
50 MM npeaen NPoYHOCTM W Npesen BbIHOCIMBOCTH yMeHbLuatoTes Ha 50...80%.

TexHonornyeckuin daktop. Ero BnusHue CBA3aHO C TeM, YTO MpU MeXaHude-
CcKol 0b6paboTke B MOBEPXHOCTHOM Crioe 0Bpa3sLioB CO3alTCS Haknen 1 0cTaTouy-
Hbl€ HaNPSHKEHUS.

Cratuctnyeckuit_chaktop. C noBbILLEHMEM NOCTOSIHHOM Bapuauuy Hanpshxe-
HWI, XapaKTepu3ytoLei YyBCTBUTENBHOCTb MaTepuana K KOHLEHTpaLuM Hanpshxe-
HWUA 1 MacluTabHOMy hakTopy, MacLuTabHbIA S deKT yBennimBaeTcs.

BnusHue atoro paktopa, Kak 1 BNUsHUE KOHLIEHTPALMM HaNpsKeHuit 1 Buaa
HarpyxeHusl, 06bACHAETCA CTATUCTUYECKON Teopuen nopobus yCTanocTHOro pas-
PYLUEHWS!, OCHOBAHHOW Ha WCMOMb30BAHWMM CTATUCTUYECKOW TEOPUWM MPOYHOCTY
«Haubonee crabozo 3geHa» Belibynna. CMbICT NOCNEAHEN CBOANTCS K TOMY, YTO C
POCTOM 4YWCNa 3BEHLEB, TO €CTb pasmepa Lienu, BEPOSTHOCTb paspyLueHus Lenm
BO3pacTaeT Npu HeU3MEHHOI BEPOSITHOCTU Pa3pyLLEHUs OLHOTO 3BEHa.

®peTTUHIr-KOpPpO3MSA

B mecrax 3anpeccoBku Ha Ban wiu 0Cb AeTanei (LeCTepHu, NOLLIMMHMKA,
BTYNKW) W B psiie ApYriX CryyaeB KOHTaKTa Conpsraemblx JeTanen BO3HUKAET pes-
koe CHuxeHue (B 3...6 pa3) npeaena BbIHOCIIMBOCTW. [1Ns Takux COMPSHKEHMI 3apo-
XAEHWe YCTanoCTHON TPeLLWHbLI BO3HWUKAET Y Kpasi HanpecCoBaHHOM AeTanu.

lMocne pacnpeccoBKM COEAMHEHNS HA MOBEPXHOCTW KOHTaKTa MOXHO 06Hapy-
XUTb Crnefbl KOPPO3UM B BUAE 3aTEMHEHHbIX MATEH, a NPU KOHTAKTE CTamnbHbIX Ae-
Tanenm — W KpacHbI MOPOLLIOK, COCTOSILUMIA M3 OKMCMOB Xenesa. [laHHoe siBneHue
Ha3blBaeTCA DPETTUHI-KOPPO3MEN.

Mpu4nHaMn CHUXEHMS npegena BbIHOCAMBOCTW NpU (OPETTUHT-KOPPO3UK SIB-
NSETCS KOHLEHTPALMS HaNpsPKeHUA Y Kpast KOHTaKTa U CNIOXHbIe MeXaHU4eckue
(PM3MKO-XMMUYECKME MPOLIECChI, NPOTEKALME Ha CTbIKE [ABYX COMpsSraemblx AeTa-
Nein Mpu MarnbiX B3aMMHbIX LMKITMYECKMX NPOCKanb3bliBaHUSIX BCIEACTBUE YNpYriX
Jecdopmauuii getanei.

[ns BanoB ¢ HanpeccoBaHHOW AeTarbio, Nepefatllux CUny U MOMEHT, OT-
HoweHne K /K, , xapaKkTepusyloiee CHUXeHne npefena BbIHOCINBOCTYM BCRef-
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CTBME KOHLIEHTpaLuun Hal'lpﬂ)KeHMIZ 1 macwTabHoro d)aKTopa, MOXET ObITb pacc4yu-
TaHo:

Ko/Kig=0,/0.p=(K,/K,) &€ (8.5)
r€ COOTBETCTBYIOLLME COOTHOLLEHNS 1 KOIMDULIMEHTLI MOXHO HalTL:
(K,/K,),=038+148lgd —npn d <150 mn;

(K, /K, ), =36 -npn d >150 mum;
&€'=0305+0,00139c,;

£"=0,65+0,014c, -npu p<25Mla; &"=1-npn p>25Mlla ;

p — [aBneHue nocagkv (Mpy HanpeccoBke KonbLia onpenensetcs no opmyne
Nsve).
Ecrnu B coegnHeHM Harpysku OTCYTCTBYHOT, TO BhipaxeHue (8.5) Heobxognmo
YMHOXUTb Ha 0,85.
[ns ymeHbLUEHNS BNUSHUS (PETTUHT-KOPPO3UKA Ha NPeden BbIHOCIMBOCTM
MPUMEHSIIOT Pa3NyHble KOHCTPYKTUBHbIE W TEXHOMOTMYECKME MEPONPUSTHS.
KoHCTpyKTMBHbIE MeponpuaTUs
PasrpyxatoLias BbITOUKa Ha TopLe (pucyHok 8.2,a).
Mosicok Ha Topue (puc. 8.2,6).
YTonLeHne NoAcTyniHoN Yactu (puc. 8.2,8).
PaarpyxatoLas BbITouKa y Bana, HaHeCeHHas HakaTkom (puc. 8.2,r).

S |

MM%

a 6 B r
PucyHok 8.2 — KOHCTPYKTUBHBIE Mepbl MO CHKEHMIO BISHWS (DPETTUH-KOPPO3UNN
Ha npegen BbIHOCIMBOCTH
K TeXHOMorMyeckum MeponpusTMaM OTHOCSITCA Pa3nunyHble MeTOdbl MOBEPX-
HOCTHOTO YNPOYHEHNSI.

EES VNN \ G R

i)

KayecTBO 00paboTkn NOBEPXHOCTH

MUKpOHEPOBHOCTI Ha MOBEPXHOCTH, OCTAOLLMECS MOCMe MeXaHUYecKoin 06-
PaboTkK, ABNAKTCA UCTOYHMKAMM KOHLIEHTPALMK HaMPSHKEHUA, CHXAOLMMU npe-
[Aen BbIHOCMMBOCTM, MpU4eM Tem B GOMblUei CTENEHM, YeM Bblllie Npeaesn NpoYHo-
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CTW cTanu. 370 CBA3aHO C TEM, YTO C POCTOM Npeaena NpoYHOCTU YBENMYUBAETCS
UyBCTBUTENBHOCTL CTanW K KOHLEHTpauuu HanpsbkeHun. KoadhuumeHT BnnsHuS
kavecTBa 06paboTKu NOBEPXHOCTY:

Ky, =6 5 /6 e =1-0221g Rz[lg(c, /20)~1] —npu Rz >1 e ;
K. =1-npn Rz <1 mxm . (8.6)

Kopposusa

Koppo3usi npu 04HOBPEMEHHOM JEACTBUM NEPEMEHHBIX HaNPSHKEHUA YCUnu-
BaeT WHTEHCMBHOCTL 06pa3oBaHNs 1 pasBUTUS YCTANOCTHbIX TPELLMH. OTO ABMNEHNE
Ha3blBaETCA KOPPO3NOHHOI YCTanoCTbio. KpuBas KOPPO3MOHHOW YCTanocTn He uve-
€T FOpU30OHTarnbHOro yyacTka. Mpeaen BoIHOCIMBOCTU MPU 3TOM MOCTOSHHO CHIKa-
€TCS C TEYEHUEM BPEMEHMU.

BnusiHue kopposum Ha npefien BbIHOCANBOCTM rnaakux 0bpasLoB yunTbIBaET-
8 K03ahhuLMeHTOM

K,y =0 140y /O 15 (8.7)

K

rae O iwopr O ~ npenenbl BbIHOCIMBOCTU TNMaaKux na6opaToprlx 06p83LlOB B

YCIOBUAX KOPPO3WM W Ha BO3[YXE COOTBETCTBEHHO.
OhEKTMBHLIMA METOLAMM MOBBLILLEHNSI CONPOTUBIEHNSI KOPPO3WOHHOM YC-
TanocTn SBMSETCH MPUMEHEHWE TEXHOMOTMYECKUX METOLZOB MOBEPXHOCTHOMO Y-
POYHEHNS.
TexHonoruyeckue MeToabl NOBEPXHOCTHOIO YyNPOYHEHMA
B MalLMHOCTPOEHWM HALIMK LWMPOKOE NMPUMEHEHNE METOAbLI NOBEPXHOCTHOMO
YNPOYHEHUS, KOTOPbIE MO3BONSIOT B 1,5...3 pasa NoBbICMTbL Npeaen BbIHOCIMBOCTH
1B 5...10 pa3 — 4ONrOBEYHOCTb.
K ykasaHHbIM MeTOZAM OTHOCATCS:
e  [IOBEPXHOCTHO-MACTUYECKOE AedopmmupoBaHue (0bkaTtka ponmkamu, 0bayBka
Apobbto, YekaHka v ap.);
XUMUKO-TEPMUYECKNE METOBI (230TMPOBAHNE, LIEMEHTALMS], LMaHNPOBaHWe);
MOBEPXHOCTHas 3aKkasika HarpeBOM TOKaMu BbICOKOW YacTOThl Ui fy4oM na-
3epa;
e  KOMBUHMPOBaHHble MeTOAbI (LeMeHTaLus ¢ nocneaytoLlein 06ayBkon Apobbio
uT.0);
e MpoyMe MEeTOAbI, KOTOPbIEe MPUMEHSIOTCS B UCKITIOYNTENBHBIX Cryyasx (mnas-
MEHHOe HarblfeHne, NOBEPXHOCTHOE NlerMpoBaHue U T.4.).
BnmsHue NoBEPXHOCTHOTO YNPOYHEHUS YUUTLIBAETCS KOIDDULMEHTOM

Kv = Gleyyn /Gle' (88)

rae o — npeaen BbIHOCNUBOCTK AeTanu ¢ ynpqueHHoﬂ NOBEPXHOCTbHO.

—1Dyyn
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Jlumepamypa [5, ¢.47-132].

9 PACUYETBI HA NMPOYHOCTb U AIONIFTOBEYHOCTb NPU
HANPAXXEHUAX, NEPEMEHHBIX BO BPEMEHMU

MeToabl pacyéTa Ha NMPOYHOCTb MPY MEPEMEHHbIX HANPSKEHWSX OCHOBaHbI
Ha KpUTEpUM NOSIBNIEHWS NEPBOM MAKPOCKOMWYECKOWM TPELLMHbI YCTanocTh npoTs-
XeHHocTblo 10 0,5...1 mm.

PacuéT no koacdurumeHTam 3anaca NPoOYHOCTH

nyCTb B AeTanu BO3HMKAOT HOPMarbHble HanpsxeHnsd, U3MeHAlLlmeca no
ACUMMETPUYHOMY LMKy C amnnmyaom G, W CPpeOHUMW HanpskeHuaMn o, npu

yucne LMKMOB 3a CpoK cnyxbbl N >N, rie N, = 2-10° umknos — abeumcca

TOUKM Nepenoma Kp1BoM yCTanocTy.
SKCrepUMEHTaNbHO YCTaHOBMEHO, YTO MO MOBPEXAAOLEMY AEHCTBUIO TaKoM
LMKIT HAMPSOKEHWI SKBUBANEHTEH CYMMETPUYHOMY LMKIY C aMMUTyaoi

Gaa = Ga +\V0'D6m ’ (91)
roe ., =W,/ K —Koa(hULMEHT BNIUSHWS aCMMETPUN LUKIa HarpyXeHns ans
[eTanit HaTypHbIX PA3MEPOB C KOHLIEHTPATOPaMI HAMPSKEHNS.
I'Ipe/:len BbIHOCIMBOCT OeTanu npun CUMMETPUYHOM UKUKNEe HarpyxeHua
G ,, =0,/ K SBNSETCS NpeaenbHbIM HanpsikeHnem B popmyne
nry = Glim /Gaxe : (92)

MoatoMmy k03hhMLMEHT 3anaca NPOYHOCTY NPU NIMHEHOM HaNPSKEHHOM CO-
CTOSHUM onpeenseTcs no hopmyne

o o,/K c
ny = 1D _ = = = . (9.3)
Gﬂ3 GH + (\VG /K)Glﬂ KGH + \VUGTH
Ecrm s Aetanu BO3HUKaKT TOJTbKO KacaTellbHble HanpsXXeHus, T0
_Tap _ Ty
n,= = . (94)

T KTa +WTTH1

as
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Ecnm ,D,eVICTBleT W HOpMalbHble, U KacaTesnbHble HanpsXeHus, TO COornacHo
rmnoTe3e MakCUMarnbHbIX KacaTernbHbIX Hal'lpﬂ)KeHMIZ ycrnosue npo4YHOCTH 6yneT
BbIMMAAeTb CneayrLwmm o6pasoM:

Joo, +4t, =c ,,/n. (9.5)

lMpeobpa3oBaB 310 ypaBHEHWE NOMyYUM

2 2 2 2
Sw +(2Ta3) _L. O + (2Ta3) _L.
2 27 2 2 -2
Slip n O6,p O.,p n
1 1 1

+ =—. (9.6)
(5—10/54” )2 (G—ID/Ztao)z n’

Ecnu y4ectb, 4to no atoi runotese o, /2=1_,, @ TakKe y4uTbIBas
ypaBHerus (9.3) n (9.4), nonyunm:

L e 1
n2 nl on’ onlnl on?’
n=—2r>[n]=15...25. (97)

[ 2 2
ng+n;

®opmynbl (9.3), (9.4) n (9.7) 6binu npepnoxeHbl CepeHceHOM 1 KuHacowwBu-
I B COPOKOBbIX FOAAX 1 UCMOMb3YHTCA B HACTOSILLEE BPEMS.

Ecnu konnyecTBo LIMKMOB 3@ CPOK Cnyx6bl feTann MeHblue 6a30B0ro, TO MO-
XET ObITb YYTEHO B pacyéTe Ha MPOYHOCTb HEKOTOPOE MOBGLILLEHWE MpefenbHbIX
aMNAMTYA HaNPSHKEHWA B NEBOW YaCTW KPUBOW YCTANOCTU NO CPABHEHMIO C Npege-
1IOM BbIHOCIINBOCTU G _, , . M3 ypaBHEHMS KPMBOI YCTanocT AeTanu MOXHO Momy-

YNTb 3HaYeHne npeneanoM amnnuTyabl CAMMETPUYHOIO UMKna o _, ,,, , COOTBETCT-

BYIOLLEI YMCY LUMKNIoB N :
G_ipy =6 1p}Ng /N .

B aTom cnyyae B hopmynax creayeT Ucronb3oBaTb BMECTO 3HAYEHUS G ;)
3HauYeHne G,y -

Pacuér BEPOATHOCTHU YCTanocTHoro paspyuieHunsa npu
perynapHomM MHOrounMKrioBOM HarpyxeHuu

AMNNUTYOa HanpsKeHWi Npu PEryNIsiPHOM PEXMME HArpYKeHWs MOXET UMETb
paccesiHns Ha MHOXECTBE BCEX [eTarneil paccuMTbIBaEMOro Tuna, BCIeACTBUE Yero
[OMKHa paccMaTpuBaTLCA Kak CryyanHas BennunHa. Mpeden BbIHOCIMBOCTY AeTa-
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N TaKkKe ABNAETCS Cry4alHON BEMAYMHON. B 3TOM Criyyae MOXHO rOBOPUTHL O Be-

POSITHOCTY paspylueHns o N = N, KOTopasi paBHa BEPOSITHOCTM OCYLLECTBNEHMS!
HepaBeHcTBa

M=c6,,-0,<0. (9.8)

Bbluncnenme aton BEPOATHOCTM OCYLLECTBNAETCA IEerko, e€Cnn BENNYUHbI

G_p W G, HEPENMPOBaHbI (TO €CTb Npn U3MEeHeHUn OAHON M3 BENUYUH — G_ip

WM G, — 3aKOH pacrpefernieHusi BTOPOil BENMUMHBI He MEHSIETCS) U pacripesene-

Hbl 110 HOPMAIbHOMY 3aKOHY CO CPEAHUMM 3HAYEHUSIMA G ), G, U KO3(DULMEH-

Tamu Bapuaumm v, v, .

B atom Chy4ae Benn4mHa M TaKke pacnpegeneHa no HOPpMalbHOMY 3aKOHY

CO CpedHuM 3HaveHveM M v pucnepcueil S7, (ancnepcus xapakTepuayet cre-

NeHb PACCEHNA Cy4alHON BENMYMHBI OTHOCUTENBHO CBOEIO CPEHEro 3HAYEHMs):

M=5,,-G,; (9.9)
Sy =S +82. (9.10)

BenuunHa M wmoxeT ObiTb NpefcTaBneHa B Buae
M =M +u,S,, (9.11)

TAe u, — KBaHTUMb HOPMANLHOMO pacnpeaeneHus, COOTBETCTBYHOLIEro BEPOATHO-
cM p.
BenuumHa u, SBNSETCA HOPMUPOBAHHBIM OTKIIOHEHMEM CIy4aitHOR BENMYM-

Hbl. BennunHa p(%) SBNSeTCA BEPOATHOCTLIO TOMO, YTO CMyvanHas BenuuuHa He

npeBbILIAeT 3a4aHHoe YnCno.
BeposiTHOCTb pa3pyLueHnst AeTanu paBHa BEPOSITHOCTM OCYLLECTBMNEHUS He-
paBeHcTBa (9.8) 1 COOTBETCTBYET KBAHTUMM 1, B YPaBHEHM

M=M+u,S, =0. (9.12)
Ortctopa ¢ yyétom BoipaxeHni (9.9) u (9.10)
u,=-M+u,S, =0.
Beens obosHayeHus n=G_,,/G, (YCMOBHbIA KO3dULMEHT 3anaca Mo
CPeAHUM 3HayeHusm), v, =S, /G ,, v, =S, /G, Nony4aem:

G,

n_
S = E— (9.13)
P 222

C-1D Oq
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BbluucneHHoe 3HaueHMe u, COOTBETCTBYET BEPOSTHOCTU pa3pylleHus
(%) , KOTOPYI0 HAXOAAT B TabNMLAX N0 HAaNZEHHOMY 3HAYEHMIO u b

Pacyém Ha npoyHocmb u dojnzoeeyHocmb  npu
HepecynApPHbIX PEXUMAX HacpyKeHuu

Hanbonee pacnpocTpaHeHHbIM TUMOM HEPETYNSIPHOTO HANPSKEHWS SIBNSETCS
cnyyaitHoe. lpu MCMOMb3oBaHMM METOAOB CXemartusauun CriybyanHoro npouecca
pearbHOE HarpyKeHue 3amMeHsIIoT BI04YHbIM, SKBUBANIEHTHBIM MO CTEMEHN BHOCUMO-
FO YCTanoCTHOrO NOBPEXAEHMS.

PaccMoTpim Bro4HOE Harpy)xeHue COBMECTHO C KPWBOI YCTanocTu fetanu,
MOMyYeHHON NpKU PErynsipHOM (Hanpumep, FapMOHUYECKOM) HarpyxeHun (pucy-
HoK 9.1).

B ogHom bnoke HarpyxeHusi, COOTBETCTBYtLLEM HapaboTke npu akcnnyara-

U I, (4ackl, TEXHOMOTMYECKME LIMKMbI), aMAAUTYAbl HanpsiKeHuiA Gai(z’ =1...r)
noBTOPSAIOTCS Vv, pa3 (Lmknos). Cpoky cryxBbl AeTanu A0 NOSBAEHNS YCTanoCTHON
TPelmHbl cooTBETCTBYeT A OrokoB Harpykenus. onHas HapaboTka 3a CpokK
cnyxBol L=2Al, .

KonuuecTBo LMKknOB 3a cpok CnyxObl, COOTBETCTBYlOLLEE aMnIUTyae o
OYeBWHO, COCTABNAET: 1, =V, A.

B 1945r. PeweTtoBbim, Metpycenyem, CepeHceHOM Obina npeasioxeHa fiu-
HellHas eunome3sa CyMMUPOBaHUS ycmanoCmHbIX NO8PeXAeHUl Npu HeperynsapHoM
HarpyxeHuu.

CornacHo 3TOW rMnoTe3e ycmanocmHoe nospexdeHue, 8HOCUMOE amniaumy-
damu o, cocmaensem donwo n,/ N, om nosHo20, coomeemcmeayouje2o
NosIBNEHUI0 ycManocmHol mpeujuHbl,

roe N, — 4ucro LMKIOB MO KPUBOW YCTAnocTu AeTanu Npu PerynspHoM Harpyxe-

ai’

HUK, COOTBETCTBYKOLLEE aMNNUTydE G, .
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JIOK HACPYIHCEHUS

N, Ng N
PucyHok 9.1 — PacyéTHasi cxema
3 ypaBHEHUS KpUBOW YCTanocT NonyyaeTcs:
N,=¢",Ns;/cl, —npn 6, 26_,,; N;=00 —Npn 6, <G_, . (9.14)

TpelynHa ycTanocTit CornacHo rmnoTese [OMKHA MOSBUTLCH TOrAa, Koraa
cymma poneit n, / N, no BCcem aMniuTyaaM CTaHeT PaBHOM efiuHMLE, TO eCTb

Sn, /N, =1. (9.15)
i=1
B BbipaxeHun (9.14) cymmupoBaHue pacnpoCTpaHseTcst TOMbKO Ha aMniuTy-
Abl, NPEBbILLIAoLLME Npeen BbIHOCIAMBOCTH, TO CTb G, 2 G_, ) .
lMpoBepka NWUHENHOM MMNOTE3bl OCYLLECTBNANACh, HauMHas ¢ 50-x rogos. Mo-
NyYeHMe OLHO3HAYHOrO pesyrbTaTa 3aTPYAHSeTCs TeM, YTO YCTanoCTHble 4OMro-
BEYHOCTU n; W N, SBNAKOTCA Cry4alHbIMWA BENUYUHAMM, TaK Kak yCTanocTHoe
paspyLUeHue UMEET CTaTUCTUYECKYIO NPUPOLY.
Ob6obLeHre 60MbLIOrO YMcna AKCNEPUMEHTarbHBIX AaHHbIX C YY4ETOM pac-
CesHust n, U N, NoKasarno, 4To SKCMEepUMEHTamNbHO OnpeerneHHbIe CyMMbl OTHO-

CUTENbHbIX AONTOBEYHOCTEN a, =Y 71, /N, B GOMbWMHCTBE CllyyaeB nexar B

1
npegenax 0,1<a, <1. pu 3TOM GbINO YCTAHOBMEHO, YTO BEMMYMHA a, UMEET

TEHAEHLMIO K YMEHBLUEHWIO C YMEHbLUEHWEM NNIOLLAAN NOA KPUBOIA pacnpeaenenus
amnnuTys B OTHOCUTENbBHBLIX KOOpAuHatax o, /o, ,.. — 2.t (pucyHok 9.2). 3a

a max
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BbIYETOM aMnMTyA o, < 0,56, , Kak He BNUSIOMX Ha HaKoMNeHWe ycTanocT-
HbIX NOBPEXAEHNHA, 3Ta NNoLyaab paBHa:

Y= Ou ti(Gai > 0’5040)’ (9.16)

i=1 0O

a max

rae r; —4ucno cTyneHei B 6rioke nocne otépackiBaHus cTyneHen o, < 0,56, .

A Gai/camax

1,0

>

1 t2 t3 ta ts te >t

4> e »le »le »le »le »
<€ < < < <€ <€

PucyHok 9.2 — Kpusasi pacnpefeneHns aMmnnnTys B OTHOCUTENbHBIX KOOpauHaTax

C y4éTOM 3TOr0 KOppPeKmMuposaHHas uHeliHas 2unome3sa CyMMUPOBaHUS yC-
TaNOCTHLIX NOBPEXAEHMIA (47151 KPUBOW YCTANOCTM C MPaBLIM FOPU3OHTANbHLIM y4a-
CTKOM):

-

n/N =a,; (9.17)

i=1

a,= (csa max¥ — 0,50 )/(csa e —O,SG_ID) -npn a, >201;

a,<01-npn a,=01. (9.18)

AHarmnormyHo MOXHO NOMYYMTb YpaBHEHME KOPPEKTUPOBAHHOM AWMHENHON -
noTe3bl B Cryyae KPUBOIA YCTanocTu ¢ ABYMS HAKMOHHbIMW yyacTkamu. B atom cny-
yae npu noacyéTe a, Crepyer uUCnonb3oBaTb BCE aMMNUTYabl, Tak Kak HEorpaHu-

YeHHbI NPeaen BbIHOCTIMBOCTU NP N —> o MPUHUMAETCS PaBHBIM HYTHO.
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PacyéT Ha NPOYHOCTL NPU HEperynsipHOM NepemMeHHOM HarpyxeHuu no
KoadhchuumeHTam 3anaca NPOYHOCTU

PaccMoTpum criyyait KpuBO YCTanocTh, MMELOLLEN rOPU3OHTaNbHbIA YHaCTOK.
MopcTaBnsas HavanbHble yCnosus N, :(csﬁ’lDNG)/ oo, 1, =V,A B BblpaXeHue
(9.17), nonyyum

Av oo
oo d—g (9.19)
m P
(64i20_1p) G_1DNG
Ortcioga nonyyaem copmyrny ans pacyéra ycranocTHOM A0NrOBEYHOCTH, Bbl-
paxeHHo Yncnom BriokoB 0 NOSIBNIEHWS NEPBON YCTANOCTHON TPELLMHBI
a c” N
A= LDMG ) (9.20)
zcaiviﬁ
(0aiz0-1p)

OOHOBPEMEHHO MOXHO BbIMONHUTL PACYET HA MPOYHOCTb, MCMONb3YS KOH-
Lenumio 3anaca npoyHocTu. Ycnosue (9.16) saBnsietcs npegenbHbIM, NPy KOTOPOM
MnosiIBNSIETC YCTanocTHas TpewuHa. [ins npenoTBpalleHus 3Toro Heobxoammo,
4TOBbI BCE aMNAUTY/AbI HAMPSHKEHWUIA BbINN MeHbLLE NpefenbHbiX B 1, pas. C aToi

Lenbto B ycrosne (9.16) HeoBxoaMMo MoacTaBUTb NPOU3BEAEHNE 1 G, BMECTO
(¢

ai*

z }“Vz‘ﬁ(ncscai) :ap. (921)

m
(n504i20_1p) G_mNG

113 3TOr0 BbIpaXKEHUS MOXHO 3anucaThb

n, =—22>n], (9.22)

e P T (9.23)

ap(SNG(S (”ncaiZG—ID)

AHanorn4Ho ans KacartenbHbIX Hal'lpﬂ)KeHMIZI

n, =2 >[x]; (9.24)
T?KK
Toke =11 L T:znitviﬁr : (925)
aprNGt (netai2ip

I'Ipm BO3HMKHOBEHMM B AeTanu U HOpMarbHbIX, U KacaTeNbHbIX Hal'lpﬂ)KeHVIVI
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n.n

n=—=—=o"_>[n]=15...25. (9.26)
Jni+n?

BennunHbl HopManbHbIX U KacaTembHbIX 3KBUBANEHTHBIX HAMPSKEHWA npu-
XOQMUTCSH HaXOAMUTb C MOMOLLbIO MOCNEe0BATENbHbIX NPUBNMKEHMI B CBA3N C TEM,
YTO OHM 33BMCAT OT KOSMULMEHTOB 3anaca NPOYHOCTH, ONPEAENAOWWMX npesens
CyMMMpoBaHus B 3aBucumocTsix (9.23) u (9.25).

Jlumepamypa [4, ¢.54-62]; [5, c.161-211].
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NMPUNOXEHME A
ONPEREJNEHME NOAATNIUBOCTEMN 3NIEMEHTOB
PABOYEM KJIETU

MopaTnMBOCTL CTaHMHbI OT JeNCTBUS U3rnbatoLLMX MOMEHTOB

2
oo tn [ Llevdld, | A1)
8EI, | 12(1,1, +1.1,)

roe 1,,l. — pnuHa nonepeunHbl U cToek; [,, I, — MOMEHTbI UHEPLUN CeyeHuit

ronepeymHbl 1 cToek; E — Moaymb ynpyrocTu.
MoaaTnMBOCTb CTaHWHbI OT AECTBIS NoNepeyHbIX U NPOLOMbHBIX CHM

1 l l.
e, =—| k——+—|, (A2)
2\ GF, FF,
roe F,, F, nnowaau ceyeHuit nonepeynHsl u croek; G — mogyns casura; k=1,2 —

ko3 uLMeHT POPMbI CEHEHNS NONEPEUMHBI.
[NogaTnMBOCTL HAXWMHOIO BUHTA

2
ey = 22 2 =D 1 (A3)
nEd h]

rae d — BHYTPEHHWIA UaMeTp HaXMMHOTO BUHTA; h — BbicOTa CBOOOAHOI YacTu BUH-
Ta; h1 — BbICOTA ranku; t — war pe3b0bbl; N — YACNIO BUTKOB rankMu.

MoaaTnMBOCTL NOANSTHUKA HAXUMHOIO BUHTA 1 NOAKNAAKN NOL NOANSATHUK
ey = 4h, /(d2E), (A4)
rae hp, dn — BbICOTa M AMameTp NOANATHMKA.
MoaaTnuBOCTbL NOAYLUEK BANKOB
es = h/(EF), (A5)

rae h, F — BbicOTa 1 nnoLagb ceveHus nogyLLku B HanpaeneHny aedopMayn.
[logaTnnBOCTb ramkn HAXUMHOTO BUHTA

4h
e =—F 3, (A.6)
‘ ”[E(df _dez)JfEl(de —dji)J
rae hq — BbicoTa ranku; dy, dg, dy .1, dg.1 — COOTBETCTBEHHO HaPYXHbINA U BHYTPEH-
HWN gyUaMeTpbl CTanbHOM 1 OPOH30BOI YaCTen raiku.
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KoHTakTHas nogaTnmBoCcTb pa6oqero W OMOPHOro BaJIKOB, @ TakXe PONMMKOBbIX
NOALUNNHNKOB Ka4YeHUs

e;=6/P, (A7)
roe P - nonHoe AaBrneHue MeTanna Ha Banku;, & — COnmKeHne LEHTPOB KOHTaKTU-
PYIOLLMX NOBEPXHOCTEN (CMITOLLMBAHNE):
Ans OMOPHOTo U paboyero Bankos —
In3,51-10°(D, + D,)/ q
3,63-10°
roe q=P/L - pacnpegeneHHas Harpy3ka no AnivHe 6oukum Banka; D1, D2 — anameTpbl

paboyero 1 ONOPHOro BarKoB;
ANS PONMKOBbIX MOALUMMHUKOB —

, (A8)

d=¢q

1

ql2/d, +1/R,\2/d,~1/R,)|' A9)

5=61-10"%¢,|15,7+1g

rae q1=P/lp — pacnpeaeneHHas Harpyska no AnuHe ponuka; dp — AMaMETp ponuka;
Rg, Ry — BHYTPEHHUA 1 HApYXHbIA pagunycbl KonbLia NOALIUMHMKA.
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