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HccnenoBanne mogBr>KHOM ONOPHOM HAINPABISIOLIEH
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KocTtpoMcko# rocyiapCTBEHHBIA TEXHOJIOTUYECKUN YHUBEPCUTET

[IpennaraeTcss BapuaHT YJIYYUIEHUS KOHCTPYKLIHUH TPEMNAIbHOW MAalIUHBI
yTEM YCTAaHOBKM BOJIM3M 30HBI 3a)KMMa JIONMOJIHUTEIBHON HAINpaBISIOMIECH —
Oydepa. PazpaboranHas KOMMBIOTEpHAsT MOJENb Mpolecca TPEMaHus
MO3BOJIMJIA YCTAaHOBUTH €€ IMapaMeTphl, oOecrnedynBaromye HauboIbIIee
CHM)KEHME ONAcCHOTO [UIsl BOJIOKHA MHKOBOTO HATSDKEHHSI MPU HEU3MEHHOM,
HEOOXOAMMOM JUIsl Tpoliecca OoO0paOOTKM, CpPEAHEM HATSDKEHMHM MpSaud |
TapaHTHPYIOUIUE aMIUIUTYy €€ KoyeOaHW MEHbIIE MNPeIeIbHON BEIMYMHBI
KOHCTPYKTHUBHO YCTaHOBJIEHHOTO 3a30pa.

(TpemnanbHBIE MAIlIUHBI, MOJICTUPOBAHNE, TUHAMUKA)

Kak wu3BecTHO W3 TeopuM MeXaHWUYeCKux KoseOanuii [1l], moBemeHwme
CUCTEMBI U30JISIUU YJIAPHBIX BO3JCMCTBUM TAKOBO, YTO «UYEM JIYUIIE U3OJISIIUA,
TeM OOJIbIIIE XOA aMopTh3aTopa». Takum o0pa3oM, «OOJBIION XOH SBISETCS
HEJIOCTATKOM JINHEWMHOW CUCTEMBbI U30JIALIUN.

OTOT HEAOCTATOK JMHEWHO YNPYTrol MNOANPYKUHEHHOW HaIpaBIISIIOLIEH
[2] (memomycTrmo Ooubliasi amMIUIMTyJa KOJeOaHW) MOXHO YCTPaHUTH,
OTpaHUYMB XOJ Hampabisitomied | ycraHoBkoil ymopoB 2. CxeMa pelieHus

npejcTaBiieHa Ha puc. 1.

Puc. 1. Cxema ycTaHOBKHU MOANPY>KMHEHHON HAIIPaBJISIOIEH
c orpanuueHuemM xona. (Paspes TpenanbHOM CeKIun)



B kuure [1] mpenctaBieH aHalid3 IOBEICHHUS IMOAOOHBIX CHCTEMBI C
KECTKUMH OTPAHMYUTEISIMUA W YKA3aHO, YTO €CIM OBl MPOBOAWICS pacyeT Ha
OCHOBE JIMHEHWHOW TEOPHH, TO MPUIILIA OBl K JJO)KHOMY BBIBOAY 00 OTCYTCTBUU
KoJIeOaHUM ¢ OOJBITUMM aMIUIUTYJaMHU. HenuHeWHBIM e aHaiu3 IO3BOJISET
BBISIBUTH Ka4eCTBEHHO HOBBIC CBOWCTBA cucTeMbl. Ha pucynke 2 w3 kuurw [1]
MIPEJICTABJICHA CKEJIETHAsg KpUBas aMIUIMTYJAHO-YACTOTHOM XapaKTEPUCTUKHU
CUCTEMBI C YXECTKHMH OTIPaHUUYUTEISIMU. ABTOPOM YyKazbiBaercsa, 4yro AYUYX

TaKOW CUCTEMBbI UMEET JABC BCTBH.

i
Puc. 2. CkeneTHas KpuBasi aMIUIATYJHO-4aCTOTHOW XapaKTEPUCTUKH
CHUCTEMBI C KECTKUMHU OTPAHUYUTEISIMU | 1 ]

«AMIUTUTYBI, OmNpeienseMble TepBOMl  BeTBblO |, cTONb Mamel, dYTO
HEJIMHEWHOCTh CUCTEMBI 3aMETHO He ImpossisieTcs. BersBp Il cooTBeTcTBYET
KojebaHusiM C ynaapamu o0 orpanuuutenb. l[lpu wactore, Oombiiel o,
BO3MOKHbBI KaK YCTOMYMBBIE KOJEOAaHHMS C MalbIMU aMIUIMTyAaMHu, Tak W
KoJiebanus ¢ 6oapMMu amruiutyaamu. [lepexon ¢ oaHOro pexkuma Ha APyrou

MOJKET OBITh CJICACTBUEM CIyYallHbIX UMITYJIbCOB, IOJy4aE€MbIX CUCTEMOM Y.
JInst Toro, 4ToObl MCKITIOYUTH KOJieOaHUs C yJapaMy HampaBisolieil 00
OTPaHUYMUTEIb, HAMUA MPEAJIAracTCsd BapUAHT pPeajv3alld YMEHBUICHHUS XOJa
IIOABIKHOM HAIIPABIAIONIEM 3a CYET YIPYroro DJJEMEHTa C HEJIMHEUHOU
xapaktepuctukod. Ha puc. 3 mnpencraBieHa cxemMa MOJICIH TMOJBUKHOM
HaIpaBJISIIOLIEH ¢ HeTMHEeWHOW amoptu3auueit. Hampasnstomas 1 3akperieHa

Ha HEJIMHEHHO yIPYroM 3JIEMEHTE - MpPYKUHE 2.



Puc. 3. Cxema yCTaHOBKHU MOJIBUYKHOW HAIIPABJISIIONICH C HETMHEHHOM
amopTtu3anueit. (Paspes3 TpenaiabHON CEKINN)

Bun XapakTepucTUKHM MPYKUHBI MOJ0EpPEM TaKUM 00pa3oM, 4TOOBI MpPH
HE3HAYUTENbHBIX CMEILEHUSAX OHa MpuOIMXKalach K JMHEWHOH, a cC
YBEIMYEHHEM CMEIICHHSI CTAHOBWJIACH BECbMa 3HAYUTENBHOW, YTO IMO3BOJUT
MOJICJIMPOBATh JIBJKEHHE TOJBM)KHOW HANpPAaBISIIONIEH € OrpaHUYEeHHEM
aMIUIUTYJbl  KosiebaHui. [lpumemM XapaKTepuCTUKY TMPYKUHBI B  BHJIE
Fy :§1X+§2X3-

HudbdepennmansHoe ypaBHEHHE COOCTBEHHBIX KOJIEOAHUW KPOMKH C
YYETOM CONPOTHUBIICHUS CPEAbl KaK OJHOMACCOBOM CHUCTEMbI C HEJIMHEUHOU

YIIPYTOM XapaKTEPUCTUKON UMEET BU:
mx+,6>(+§1x+§2x3:0, 1)
rae m— macca;
S — k03P GULMEHT BA3KOCTH CPE/IbI;
F, =4&X+¢ ,X°— yIpyTast BOCCTAHABJIHBAIONIAs CHIIA.

Kak wm3BecTHO, Ba)KHOM OCOOECHHOCTBHIO HEJIMHEHMHBIX CHCTEM SIBIISIETCS

3aBUCHUMOCTD IICpHUOaa COOCTBEHHBIX KOJIEOAHHH OT AMIUIMTYABI.

Onpegeanm 3aBMCMMOCTb aMIIAUTYAY COOCTBEHHBIX KO/AeOaHM KPOMKI
Yucnennoe pemieHue ypaBHeHus (1), peaqn3oBaHO C WCIOJAb30BaHMEM

MareMatudeckoro makera Scilab nBymst meromamu: HexEcTKUM MeTOAOM

nporuo3a-ucnpasiienus  Agamca (predictor-corrector  Adams  method) u

KECTKUM  MeTojoM  obOpatHoil  muddepenumnansHoin  popmynoi (OAD)



(Backward Differentiation Formula (BDF) method), 4ro mno3BoAMAO
IIOAYYUTh M300pa’keHNe 3aKOHa ABVKEHMUsI CHUCTeMbl Ha (pa3oBOIl
naockoctu (dasoseit noprpet). Ha puc. 4 mpeacrasaensl ¢pasosble
IIOPTPEeTHl CUCTEMBI IIPM CAeAylomux 3HadeHmsx: m = 0, 02 kr,
S = 0,1 He/m. & = 1000 H/m. HavasbHbie yclIOBUS IBHKEHHSI TAKOBBI, YTO
CMEIleHHEe PaBHO HYJIIO, a HadaibHas ckopocTs 2,5 m/c. [Tpu sTOM pasosbiin
ropTpeT 1 cOOTBeTCTBYeT 3aKOHY ABIUKEHUS AVHEeMHOM cucteMsl (E2=0),
a asoBpll HOpPTpeT 2 — HEAMHENHON cucrteMbl. Ilpu uem 3HaueHue

3
kodpdunuenrta & = S5TH/mM OblAO  OIpeseleHO IIyTeM YHUCICHHOTO
MOJICTUPOBAHUS M aHamM3a (Pa30BBIX MOPTPETOB JABIIKEHHUS paccMaTpUBACMOM
CHUCTEMBl M3 YCJIOBHUS HEOOXOJAMMOCTH OTPAHMYCHHS aMIUIMTYIbl KoJeOaHW

HEO0OXOIMMBIM KOHCTPYKTUBHBIM 3a30pOM MEHEE 3 MM.

dx
dt’

M/c
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Puc. 4. ®a3oBbie TPACKTOPUH IBUKEHUS OMTOPHOU KPOMKH:
1 — ¢ nMHENHON XapaKTePUCTUKOMN IPYKUHBIL;
2 — C HEJIMHEWHOMN XapaKTepUCTUKOU MPY>KUHbI

OnpenenuM aMIUIUTYAY KojeOaHUM BBIHY)KJIEHHBIX KOJ€OaHUI KPOMKH C

BbINICYKA3aHHBIMH  XAPAKTCPHUCTUKAMMU, npeacTaBuB Cuiy BOSHGﬁCTBHH



F = Fy sin(wt), rae ® — yacToTa BO3JCHCTBHIA Ha HAIIPABJISIOIIYIO CO CTOPOHBI
IPSIIA B TIpOIecCce Tpenanwus, Fo — aMIuIMTy1a CHITBI TaBJICHHUS.
JuddepeHnmanbHOe YpaBHEHUE, JIBHKCHHUS MAcChl M, 3aKPEIUICHHON Ha

HEJIMHCHHOM MPYKUHE ¢ YKa3aHHOM BBIIIC XapaKTCPUCTUKOM, HIMEET BHUI:

MX + B+ & X+ &,x° = Fysin(at + y) 2)

3/1ech YYTCHO, YTO IIPH HAIMYUHW COTIPOTUBJICHUS CMEIeHUE X U cruta F
MMEIOT paccoriiacoBanue no ¢asze (yroa casura das y). [lpudbmxenHoe
peIIeHNE YpaBHEHHUS UIIYT B BUJC:

X = Asinat 3)

[ToncraBinss BepakeHue (3) B ypaBHEHHE (2) U IpeHeOperas ciaraeMsi-

MU BTOPOTO MTOPSAKA MAJIOCTH, TTOTyJIacTCs:

(—-maw’ A+, A+0.75£,A° — F, cos y) sin at + (A — F, sin y)cos at = 0 (4)

[Tockonbky GyHKIMK SINwt U oS wt TMHEHHO HE3aBUCHMBI, TS

PaBEHCTBA HYJIO ypaBHEHUS (4) HEOOXO0IUMO, YTOOBI
—maw?A+¢,A+0.75£,A° ~F,cos y =0

{ﬁa)A— F,siny =0 )

Cuctema ypaBHenuit (3.32) onpeaesieT aMIIMTyAy KojieOanuii A u
caBur a3z v.

Uckmrouas u3 (5) y, moiayvaercs:

[(é’l—ma)Z)A+O.75§2A3]2 +(BaP)® + F02 (6)

Yucnennoe perienne ypaBuenus (3.33) peanuzosano B cpeae MATLAB.
Ha puc. 5 npencrasiena moyyueHHas coryiacHo ypaBHenuto (6) npu Fo =4 H
aMILTATYTHO-4aCTOTHAs XapaKTepucTuka A(w) OydepHoii onopHoit kpoMku. Ha

TOM K€ PUCYHKE IpuBeleHa mia cpaBHeHUs] AUX nuHelHON ynpyroil Moaenu

HAIPaBJISAIOLIEH.
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Puc. 5. AMIUIUTYTHO-4aCTOTHAs XapaKTEPUCTHUKA:
IIYHKTUPOM — JIMHEMHOMN YIIPYTOW MOJEIN ONIOPHON KPOMKHU;
CIUTOLITHOW JIMHUEN — HeTMHEeWHON Oy(depHO# OOPHON KPOMKH

B pesynprare aHamm3a IMOJYyYEHHBIX PACUYETHBIX JAHHBIX YCTAHOBJIEHO,

o . . _ 3
yro Oydep C HeTMHEHHON XapakTEPUCTHUKON BHAA Fy =0 X+E,X" n

BBIIIICYKA3aHHBIMU ~ 3HAYEHUSIMU  KOX()(PUIIMEHTOB  TO3BOJIIET  CHU3UTH
aMIUTUTYAYy BBIHYXKJICHHBIX KoJieOaHuil 10 1 MM, mpu 3TOM HaIpaBIsrOIas
KpoMKa Oyner paboTaTh B /0 pPE30HAHCHOM pexuMme (YIJioBas YacToTa
BO3MYIIAtomell cuasl mopsiaka 100 ¢b). Bo3MoxHas cyMMapHas aMILIHTYZAA
COOCTBEHHBIX U BBIHYXJEHHBIX KOJIEOaHUN KPOMKH COCTAaBUT He Oonee 4 MM,
YTO MEHbIIIE KOHCTPYKTUBHO HEOOXOIMMOTO 3a30pa.

[Tpennoxxenuplii HaMu MeTo pacuéra [3] KMHEMATHYECKMX M CHIIOBBIX
napaMeTpoOB HarpyKeHus IpsAei B MpoIecce UX B3aUMOACHCTBUS ¢ OUIIOM MpH
TpENaHuM MO3BOJISIET BO-TMIEPBBIX, ONPEACIINTh HATSKEHHUE NPSIAN 110 €€ JJIUHE. U
, BO-BTOPBIX, HArPy3KH Ha pabodrie OpraHbl TpenajabHON MAIlIMHBI, B TOM YHUCJIE
U Ha JIOTIOJHUTEIBHYI0 pPab04Yyl0 KPOMKY, HYTO IIO3BOJUT PACCUHUTATh €e
napaMeTpbl U MPOAHAIU3UPOBATH MX BIMSHUE HA HATSHDKEHUE MPSICH.
BennunHa mara mo BpPEMEHHM IMpU pacdy€rax IO NPEAJIOKEHHOMY METOAY

COCTaBJIAACT IIOpsAKa ,HGCHTHMHHHHOHHOﬁ AO0JIM CCKYHJBI. OTO TO3BOJSACT



ompenensTh U (QUKCUPOBATh, KpPOME  MEJIEHHO  HM3MEHSIIOUIMXCS
KMHEMAaTUYECKUX U CHUJIOBBIX MAPAMETPOB MPSIIU U pabOUYNX OPraHOB, BETUUHHY
MTHOBEHHBIX CWJI, B TOM YHCJIE€ YCUJIUSA NPU YIApHBIX (KPaTKOBPEMEHHBIX )
BO3JEUCTBUSIX.

Pacuér ObU1 MCHONB30BaH MPH OMPEICIICHUU W3MEHEHUS CWJI HATSDKEHUUH
CJIOSI B 32KUME JIJISI CITy4a€B KOMIIOHOBKH C HEMOJBHXKHOW W MOJANPYKUHEHHOU
nuI000pa3Hoil KpoMKoW (puc. 6) ¢ BBIICYKa3aHHBIMU XapaKTEPUCTUKAMHU, a
TaKKe CWI JIaBJICHUS Ha 3Ty KpoMKy. Kpome Toro Oblia ompesesieHa BeIMYMHA

OTKJIOHEeHUs1 Oy(pepHOI HANPaBJIAIOIICH B MPOIIECCE TPEaHUsL.

100.00 mc, 105.00 mm

Puc. 6. OKHO KOMITBIOTEPHOI MPOTPAMMBI
JUTSI BU3YAJTH3alliU TIpoIiecca TpenaHus
(BHU3Y PHCYHKa BEpPTHKAJIbHAS YePTa YKa3bIBACT HA MECTOIOJIOKEHUE TIPSIU
0 JJIMHE MUJI000pa3HOoN ONMOPHOM HAMpaBJISIONICH
PacueTsl nmpoBeACHBI IPH CIEAYIOMIMX UCXOTHBIX JAHHBIX: MAKCHUMAJILHO
JOTTYCTUMOE CMEIIICHUE OMOPHOM KPOMKHM OTHOCHUTEIHHO JIMHUHU 3aXHMa,
ONPEJICIICHHOEC KOHCTPYKTHBHO HEOOXOIUMBIM  3a3apoM, 5 MM; paauyc
TpenanbHoro Oapabana 0,37 M; wMexoceBoe paccrosHue OapabanoB 0,55 wm;

HMIMpUHA TUIAHOK MOAOUIbHON peméTku 40 MM; pacCTOSIHHE MEXAY COCETHUMHU

1 :
mankamMu 20 MM; dactota BpaimieHusi 6apadbaHoB 300 mMuH ; yuciao Oun 3;



BBUIET KPOMKHU OMJIBHOM IJIAaHKU 35 MM; 3aKpyIJIEHUE KPOMKHU OMJIBHOM IJIaHKU
1 mm; Pacuérel mpoBoaMIM A1 JIMHBI cBUCcaronieit npsaau 0,5 m.

I'paduk M3MEHEHMsI CUJI AABJIEHUS Ha KPOMKY B IIpOLiECCE TpenaHus,
BBI3bIBAIOIIME €€ KoJieOaHMs, IIOJyYEHHBI IO pe3yJbTaTaM pacuera,
MpEJCTaBIICH HA puUcC./.
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Puc. 7. I3meneHue cui 1aBlieHUs B MPOIECCE TPETIaHUs
Ha KpoMKY OyhepHOIl HampaBIArOIIeH

B pesynbrare aHanm3a IOJIYyYEHHBIX pPAaCUE€TOB YCTAHOBJIICHO, YTO
aMIUTMTYZAa CUJIbI JaBJIICHUS HA | MOTOHHBIN CAHTUMETP KPOMKHU cocTaBisieT 4 H,
P 3TOM BEJIMYMHA MAKCHUMAaJIbHOTO FOPU30HTAJIBHOTO CMEIICHUS KPOMKH HE
MNPEBBIIAIOT 3 MM, 4YTO MEHbIIE MPEACIbHON BEJIMYUHBI KOHCTPYKTHBHO
YCTaHOBJIEHHOTO 3a30pa.

Tak ke aHaJM3 pe3yibTaTOB PAacUETOB IMO3BOJHWI KOHCTATUPOBATH, YTO
MMUKOBOE 3HAYEHHWE CWJI HATSHKCHUS NOpPSAd B 3QKUME IPU  HAIWYUAU
MOAIPYKUHEHHON KPOMKH C YKa3aHHBIMH XapAaKTEPUCTUKAMU CYIIECTBEHHO
HIDKE, YeM B CJIy4yae C HENOABWKHOM KPOMKOM NpPU OJAWHAKOBOW CpEIHEMN

BEJIMYMHE CHIIbI HATsDKEHUs (puc. 8).
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Puc.8. Harspkenue npsiau B 3axumMe (10 pe3ysibTaTaM pacuera)
1) npu HaIMYUH TOANPYKMHEHHOW OMOPHOM KPOMKH
2) TpY HAJTMYMW HETIOJABHYKHON OMOPHOU KPOMKH

BriBoibI.

1. AHanu3 pe3yJbTaTOB pacyeTa Mo MNPEAJIOKEHHONW HAaMU MOJIETU CHIJIOBOTO
Harpy>keHHs ¥ 00CCKOCTPHUBAHUS JbHA B IPOICCCe TPEMaHMs TOKa3al, 4To
NPUMEHCHUE TMPEIara€MOd HaMHM HaNpaBISIIOMIEH KPOMKH  ITO3BOJIUT
YMEHBIINUTh 3aKOCTPEHHOCTh BOJIOKHA B €ro cpeauHHo yacth. OpHako,
OBLIO YCTAHOBJICHO, YTO TPHMEHCHHE IIOABIIKHOM JIMHEHHO YIpPYyromn
HANpaBJAIOIIEH JUII  MOAEPHU3ALUMM  CYHIECTBYIOIIEHM  KOHCTPYKLHMH
TpEenmajJbHOM MAIMHBI HENEIeCOO0pa3HO BCICACTBUE IPUHIMITHAIBLHOMN
HEBO3MOYXHOCTH TapaHTUPOBAHHOT'O OOECIICUCHHS BEIIMYMHBI HEOOXOIUMBIX
KOHCTPYKTHBHBIX  3a30pOB,  4YTO  MOJTBEPKAACTCS  pe3yJbTaTaMH
JTUHAMUYECKUX PACYETOB HAMPABJISIOIICH.

2. Jlng oOecredeHUs: COXPAaHHOCTH BOJIOKHA TMPEIJIOKEHO pelIeHrue 1o
CHIDKCHUIO IIMKOBBIX 3HAYEHUM HATSXKCHUS NOPSAEH IYTEM YCTAHOBKHU
MIOIBYKHOM MOIPYKUHEHHOU HaMpaBJISIONICH C HEJIUHEMHOU
XapaKTEPUCTUKOM. Onpenenensl napaMeTphbl HanpapJIAOLLIEeH,

O6€CH€‘—II/IB3IOIHI/IC HauOOJIbIIEe CHIDKEHHE IMMKOBOIO HATSHKEHMS Inpur
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HEM3MEHHOM CpEIHEeM HaTsHKEHUWH TpsSad B TMpolecce TpenaHusd u
rapaHTUPYIOIIUE aMIUIUTYly €€ KoyieOaHui MeHee MpeAeibHON BEIUYHHBI
KOHCTPYKTHUBHO YCTAHOBJIEHHOTO 3a30pa.
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