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KOMMbIOTEPU3UPOBAHHAS METOAUKA NPOYHOCTHbBIX UCMbITAHUA KOHCTPYKLWIA
KOCMWYECKOM 1 MOPCKOW TEXHUKI

B.A. AHnpocos, A.B. MnoTHWKoB

OAOQ «HIL, «Momocy, T. Tomck
E-mail: polus@online.tomsk.net

PaCCMaT,DMBa.‘OTCFI CNEKTPbI peakymm KOHCTPYKLUM U3LENNA 1PN BO37EMCTBUM MEXAHNYECKMX Harpy3oK pa3JindHbIX TUIOB. Hpe,qcrasne/-/
paC’-IETHO-3KCI7€pI/7M€HTaJ7be/V7 MEeTOo/L Nnosly4eHns peasibHbiX ANHAMUNYECKNX XapaKTepnCTuK KOHCTPYKLUMA M3ﬂ€ﬂMM, ObocHoBaHa BO3-
MOXHOCTb 3aMeHbl O4HNX TUIMOB MeXaHN4eCKNX Harpy3oK Ha Apyrne, a TakxXe CHUXeHnsA BOE,[{E‘IZCTB}/IOLL{EVVI Harpysku c npumeHeHnem

Pa3pabarbiBaEMOro npPorPamMMHO-aHaIUTNYECKOro MOAYS.

KntoyeBble cnosa:

MexaHunyeckme BHeLLHWe BOB,HEVICTB}/IOLL{ME d?aKTOpbl, WCTIbITaHWA, CNIEKTP peakuymm KOHCTPyKUnu, MOﬁafleblel aHasnus, ﬂe/\/lndmposa-

Hue, MPOrpamMMHO-aHaIMTNHeCKIA MOLYIb.
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Co3nmaHue KOCMUYECKOM U MOPCKOM TEXHUKU HO-
BOTO MOKOJIEHHsT 00YCIaBIMBAET MPUHIMITUATBHO 00-
Jiee BBICOKME TpeOOBaHUS K €e MPOYHOCTHBIM XapaK-
TEPUCTUKAM.

AxrtyanpHeiimein mpoomemoit HIIL] «ITomoc»
W IPYrUX NPEeANpUSTHii SBJSIETCS UCTIBITAHKUE U3AETUI
Ha MexaHUYeckue BHEUIHUE BO3eHCTBYolIMe (hakKTo-
pbl (MBB®), a uMeHHO BOCTIpou3BelcHHE 3aaHHbIX
napaMeTpoB yJapHOW Harpy3Ku B BHAE YIapHOTO
CTIeKTpa, MaKCUMaJlbHble 3HaUeHMs KOTOPOTO NOCTH-
rarotr 50 xMm/c?, 100 KBUBAJICHTHOIO yAapa KJIacCH-
yecKoi (HOPMBI ¢ YCKOPEHHEM 10 35 KM/C* Y JUTUTENb-
HOCThIO 1 Mc.

C uesblo pelieHus 3Toi MpobieMbl WK €€ MUHU-
MU3aLUU pa3padaThiBaeTCs MPOrpaMMHO-aHaIUTHYE-
CKUI MOJYJIb, KOTOPBIH 6a3upyeTcss Ha HOPMATUBHBIX
JIOKyMEHTaX U BO3MOXHOCTSAX MMEIOLIMXCS Ha Tpej-
MPUSATAN UCTIBITATEBHOTO 000PYIOBAHUS U TIPOrpaM-
MHO-TEXHUYECKUX CPEACTB COBPEMEHHOIO YPOBHS,
MO3BOJISIIOLIMX TPOBOAUTH OTPAOOTKY KOHCTPYKLIMU
AHAJTUTUYECKUM, PACUETHO-3KCTIEPUMEHTATbHBIM TN
3KCIIEPUMEHTAIbHBIM MYTEM.

AHanuTHYeCKUii METONl OCHOBBIBAETCS, KaK ITPaBU-
JIO, Ha KOHEYHO-3JIEMEHTHOM MOJEJIMPOBAHUU C UC-
nmoJjib30BaHMEM Takux cucteM, Kak ANSYS, NA-
STRAN, SolidWorks u np. bonee apdextuBer u no-
CTOBEPEH PacYeTHO-IKCMEPUMEHTAIbHBIA METON
BCJIEICTBUE BO3MOXHOCTHU TOJyYEHUS] pPeasibHBIX Xa-
PaKTepUCTUK — AeMII(UPOBaHMUS, PE3OHAHCHBIX (COD-
CTBEHHBIX) YacTOT U (POpPM Mo KojebaHUi B JHOOBIX
TOUKax KOHCTpyKuuu. OH BKJIIOYaeT B cebsl Kak KO-
HEYHO-3JIEMEHTHOE MOJISIMPOBAHUE, TaK U DKCIIepU-
MEHTAJIbHBIN MOJAbHBIA aHAU3 KOHCTPYKIMHU C T10-
CIIEYIOIMM YTOUHEHUEM U TIOATBEPXACHUEM aHAIH-
TUYECKON MOJEIH.

MoganbHoe neMrbupoBaHue MPeaCcTaBIseT COOOM
MPOLIEHT KPUTUUYECKOTO AeMI(UPOBAaHUS U OMpeje-
nsieTcs 1mo popmyite [1]
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rne y(k) — memudupoBaHue k-it Mombl, %; ol(k) —
JeMI(pUpOBaHKUEe B TOUYKAX MOJOBMHHOW MOIIHOCTH,
[i;; w(k) — pemncdupoBaHHasi COOCTBEHHAsl 4acTo-
Ta, [i1.

Pe3onaHcHBIE CBOICTBA TMHAMMIECKON CHCTEMBI
XapakTepu3yeT N0OPOTHOCTh O, CBSI3aHHAs ¢ JIorapud-
MUYECKUM AEKPEMEHTOM 3aTyXaHusi & hopMyinoit [2]

Q _ T
5

Wmest monydeHHBbIE SKCIEPUMEHTAbHBIM ITyTeM
3HaueHMs PeasbHOTo IeMI(bUPOBaHUS M COOCTBEH-
HBIX YaCTOT Pe30HATOPOB KOHCTPYKIIMHN, MOXHO OTIpe-
JeMUTh €€ peakinio Ha BO3MEeHCTBHME HArpy3KW KOH-
KPETHOTO THMIA C 3aIaHHBIMU TTapaMeTPaMH.

Tak, ynapHbIil CHIeKTp peakiy pe3oHaTopa KOH-
CTPYKLUU MPU BO3ACHCTBUM BUOPOMMITYJIBLCHOM Ha-
TPY3KM WM yaapa Kiaccudeckoir popMbl € 3aiaHHbI-
MU IapaMeTpaMy BEIMHCIIeTCs 1Mo popmyie [ 3]
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rie X(f) — yaapHBbIi CIIEKTp peakLMu pe30oHaTopa, M/c?;
Jax — BEDXHSISI YacToTa moAauanasoHa, Iir; ¢ — obiee
BpeMsI BO3IEICTBYS, C; ii (T) — 3amaBaeMoe YCKOPEHHe,
M/C?, ¢ ITUTETBHOCTBIO BO3MEHCTBUS T, C; O — JIOTa-
pubMUYECKHT JeKpeMeHT 3aTyxaHus; 0 — 3HaYeHUe
JOOPOTHOCTH pe30HATOPA; f — YacToTa B pacCMaTpyuBa-
eMoM Jauarna3one, [iI.

B 0CHOBHBIX HOPMATUBHBIX JOKYMEHTAX, YCTaHABIU-
BAIOIINX TPeOOBAHMSA W METOMbI WCIIBITAHWN W3IEIiA
3NIEKTPOTEXHNYECKOM, He(Tera3oBoil OTpacieil u clie-
nuanbHoit Texuuku Ha MBB® (IF'OCT 17516.1-90,

FOCT  20.57.406-81, IoCT  P51371-99,
['OCT 16962.2-90, TOCT 30630.0.0-99, TOCT
30630.1.1-99, TOCT 30630.1.2-99, TOCT PB

20.39.304-98, TOCT PB 20.57.305-98, TOCT B
24880-81, TOCT PB 20.57.416-98), KOHCTpyKUMS
paccMaTpMBaeTCsl, B YACTHOCTU, KAK COBOKYITHOCTb
PE30HATOPOB BO BCEM JTMAIa30He YaCTOT C OTHOM cTe-
MeHbI0 CBOOOBI U 106poTHOCTRIO 0=10.
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3aaHHbIe PO BO3AEHCTBIS: H3meHeHne poI0KUTEIbHOCTH UCTIBITAHUM,
—  yIapoM IO 33JJaHHOMY CIIEKTPY 4
(SRS); . H3menennnie
) Biok BeruncacHui
—  yIapoM KJIacCHYECKOH (hOPMBI Y npoq)y{nn
(Shock); BO3JIEHCTBUSA:
> v
—  LIMPOKOIOJIOCHOM CIly4aiiHOM VY HapHbI CIIEKTp peakiuu —SRS;
suGpaueii (LLICB); A pe3onaTopoB X(f). — Shock;
— aKyCTHYECKHM /JIABICHHEM; OTHOCUTEIIEHOE CMEILICHUS - 1ICB;
—  CHHYCOMIAJbHOM BHOpaunuei KOHCTPYKIINH 05(1)' —Sine
(Sine); AMIUTATYTHBIH CTIEKTP
b
— JINHCWHBIMA YCKOPECHUSIMHU peakiun pe3oHatopos A(f)
v
i N 3amMeHa
Biok cpaBHeHus nmpoduie o —
o o Lad
i CTEIEHH KECTKOCTH BO3IEHCTBUI
bnoxk BeIunCcaeHUM it THIIOB HATPY30K
OKBHUBAJICHTHBIC TIPOQILTH BO3CHCTBU:

PacuerHbie 1 SMOEpHUEcKUe _ Sine ~ IIICB;

3HAYEHMS: 1 _I1ICB ~ Sine;

— AemnpupoBanys &; (O®] — 11ICB ~ akycTHueckoMy JaBIEHHIO;

— nobportHocTH Q; — Shock ~ SRS;

— JTIorapu(HhMUIECKOT0 — Shock ~ ITICB;

}IereMeHTa 3aTyXaHUs — SRS ~ IIICB

KoJiebauuii d;

— KECTKOCTH KOHCTPYKIIHH K; —» [IukoBas yactoTta Shock F,

— MacChl KOHCTPYKIUH 1

Puc. 1.

Anroput™M pa3pabaThIBAEMOI0 IPOrpaMMHO-aHa-
JIUTAYECKOro Moay/s (puc. 1) GasupyeTcs: Ha pUMe-
HEHMU MHHOBALIMOHHBIX METOIOB KOHEYHO-3JIEMEHT-
HOTO MOJIEIMPOBAaHUSI M SKCIIEPUMEHTAIbHOTO MO-
JIaJIbHOTO aHajiM3a, TO3BOJSIOIIUX OMpPEeNessITh MO-
JlaJIbHbIE YaCTOThI, IeMI(pUpoBaHue, paboure (HopMbl
MOJI KoJIeOaHU I 1, KaK CJIeCTBUE, peaibHble TUHAMU-
YeCKME XapaKTePUCTUKU KOHCTPYKIIUY U3MEIUS.

Slapo mporpaMMHO-aHAJIUTUYECKOTO MOMAYNIS OC-
HOBBIBaeTCs Ha BHeApeHHOM B 2006 T. M yCITENTHO ¥C-
MOJIb3YeMON YHUBEPCAILHOW TMporpamMMe MnepecyeTa
MapaMeTpoB MEXaHUYECKUX U aKYCTUUYECKUX Harpy30kK
B 9KBUBaJICHTHBIE (puC. 2).

ITporpaMMHO-aHATUTMYECKUIA MOIY/Ib BBITIOIHSET
CPaBHUTEJIbHBII aHAIN3 3HAYEHUI eMITI(UPOBAHMS JTIO-
00ro M3 pe30HATOPOB, MOTYYEHHBIX B PE3YJIBTaTE MPOBE-
JIEHUS1 SKCTIEPMMEHTATBLHOTO MOAATBHOTO aHaM3a KOH-
CTPYKLMH, CO 3HAYEHUSIMU JeMII(UPOBAHUS, 3aJaHHbI-
MU B TEXHUYECKOM 3aIaHWM, TOCYIAPCTBEHHOM U OTpa-
CJIEBOM CTaHIapTax M T. [I. Ha pa3padaTbIBaeMoe U3MEIIE,
a TaKKe OIMpeIeNsIeT CIIEKTP peakiuy Pe30HATOPOB KOH-
CTPYKLMM MPU BO3AEUCTBUM Ha Hee ylapa KIacCUYecKon
(bopMBI M IMPOKOIIONOCHOM CITy4aifiHO BUOPALIAHL.

Pesysbrar cpaBHEHUS YIAPHOTO CIHEKTpa Peakiun
PE30HATOPOB KOHCTPYKILIMU C PACYETHBIM Tpoduiiem
yaapa 1o 3alaHHOMY CIIEKTPY IT03BOJSIET CAeIaTh Bbl-
BOJA O JOMYCTUMOCTH KPaTHOTO CHMXEHMsI BO3/Iei-
CTBYIOLIEH yIapHOW HAarpy3Ku, 4To, B YACTHOCTH, MU-
HUMM3HPYET U3MEHEHME pecypca dJeKTpoMexaHuye-
CKUX U3IEITUA.

@yHKUMOHaNbHas CXeMa MPOrpamMMHO-aHanNTNHeCKOro Moay s

Ha npennpusituu ¢ 2008 . mpoBoauTCs ompenee-
HUE pEATbHbIX JMHAMMYECKUX XapaKTEPUCTUK KOH-
CTPYKUUHI u3ae1nit (MOIaJTbHBIX YaCTOT, IeMI(UpoBa-
HuUst 1 popM MoJ KojiebaHMit) METOOM KCIIepUMEH-
TaJbHOTO MOIAJbHOTO aHalu3a C MPUMEHEHUEM CHU-
crembl PULSE tima 3560, mpy 5TOM KOHCTPYKLIMS Ha-
XOJMTCS B COCTOSIHUM CBOOOJHOTO MOjBECa € cO0-
CTBEHHOM yacToTol KojiebaHuit Hieke 2 Iir.

Ha HauanbHOM 3Tame pa3pabOTKU MPOrpaMMHO-
AHAJIMTUYECKOTO MOJIYJIS C 11EJIbIO MOATBEPKIEHUS pe-
3y/IbTATOB, MOJYYaEMbIX METOIOM 3KCIEPUMEHTab-
HOTO MOJJIbHOTO aHau3a, MPOBENEHbI KCIIEPUMEH-
TaJIbHBI MOJAIBHBIN AHAIN3 U ONpeleSICHUE aMIUTU-
TYAHO-YaCTOTHBIX XapakTepucTUK (AYX) KOHCTpyK-
LU MATY KOPITYCOB 3apsiTHO-Pa3psiTHOTO YCTPOKCTBa
(3PY) kommiekca aBTOMaTMKU M CTAOMIM3aLUM Ha-
MPSDKEHMSI CUCTEMbI JIEKTPOITUTAHUSI.

Kopnyca ycraHaBnuBaiuch B Oe3pe30HaAHCHOE
(B paboyeM aMama3oHe 4acTOT) MPUCIOCOONIEHUE ISt
npoBeaeHus ucnbiTaHuit Ha MBB®, nobpoTHOCTS pe-
30HaHCHHIX Konebanmii Ha AUX ompenensiach B of-
HUX M TeX Xe TOUKaX KOHCTPYKLMU Ha OIHMX U Tex
K€ PE3OHAHCHBIX YacToTaXx (B TOYKAaxX IOJOBMHHOI
molrHocTtr) AUX kopmyca o dopmyie [4]

o
b
fz _f 1
Iie f, — LeHTpalbHas YyacToTa MuKa; f;, f, — 4acTOTHI,

ornpefe¢HHbIe Ha ypoBHE 3 1B (TOYKM MOJOBMHHOMN
MOITHOCTH) HMKE YPOBHS LIEHTPAJIbHOI YaCTOTHI.
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OCHOBHOE MEHIO 1 HHTep(eiic TporpaMMbl
R —— o ,
1
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I
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1
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' | cpenHeKBaapa- Sine B KECTKOCTH aKyCTHYCeCKOr0 JaB/ICHHS OT | !
! THYECKOTO rapamMeTpsl JIMHEIHOTO HECKOJIbKUX HCTOYHHUKOB !
| 3HAYECHHUS B aicB BO3AEUCTBHS C aKyCTUYECKHX CHI'HAJIOB '
i | cnextpanbmyro IIICB u Shock !
1

! 1
! IIJIOTHOCTB [Tepecuer napamerpos LICB |
! YCKOpEHHUs Pacuer ITepecuer B mapameTps Sine :
! ICB SRS apaMeTpoB i
1

' aKyCTHYECKOI0 C !
| pPaBHEHHE CTCTICHH |

JIaBIICHUS B

| | Coxpanenue u sarpyska ADAMETDLL sxkectkoctu IIICB n Shock :
! napaMeTpoB pameTp !
: Sine i
1

L v ___________________________________ 1

BriBozx otyera B Microsoft Excel

Puc. 2. (DyHKUMOHaﬂbHaﬁ cxema }/HVIBepCaﬂbHOIﬁ nporpammbl repecyera rapameTpoB MexaHn4eckmx v akyCtm4eckmix Harpy3ok B 3K -

BWBaJleHTHble

AUX sty koprycoB 3PY onpeneneHsl Ha Bubpa-
nnoHHoi cucteMe LDS V8—440T LPT1220C.

Ilanee mpoBefieH CpaBHUTENbHBIN aHaIu3 100pOT-
Hoct Q u pemn¢upoanusi C Ha OIM3KMX 4acTOTaX
KopiycoB 3PY (tabnuua).

Tabnuua. 3HayeHns [eMMHUPOBaHUS 1 OBPOTHOCTU HA Ya-
crote neppovi moab! (f~200 )

Yacrota 1-ro | [Job- Yacrota 1-ro nuka  [demndu-
Ne kop-
nvka Ha AYX, | poT- | no ctabunmzaumoH- |poBaHve,
nyca _
My HOCTb | HOW Amarpamme, I, %

1 212 42 160 0,70
2 178 89 190 0,46
3 191 64 170 0,65
4 236 40 170 0,86
5 198 198 170 0,19

B ycnoBusix oTcyTcTBUS pacCY€THBIX UM CTaTUCTH-
YeCKMX JaHHBIX MO0 AeMII(DUPOBAHUIO WISl Pa3IMYHbIX
TUINOB pa3pabaTbiBAEMbIX KOHCTPYKLIHUU W3AENMiA
3a 0A30BbIl OLICHOYHHIM KPUTEPUIl XECTKOCTH KOH-
CTPYKIIMU TIPUHSITHI peabHble 3HAYeHMS IeMIupo-
BaHMs, TOJYYCHHBbIE B PE3yJNbTaTe €€ IKCIEPUMEH-
TaJbHOTO MOJAJBHOTO aHAIM3a W MOATBEPXAEHHbIC
3HAYeHUsIMU 10OpOTHOCTH Ha AUX.

3aBUCUMOCTD 100pOTHOCTH Q OT AeMII(UPOBAHNUS
C BoIpaxaetcs (popMyIoii [5]

0~ i,

TJie k — XEeCTKOCTb, a m — Macca KOHCTPYKIIMH.

Takum 00pa3zoM, CHIBHO AeMII(UpPOBaHHAS KOH-
CTPYKILIMS UMEET HU3KYIO TOOPOTHOCTD, a /1200 AeMII-
(bupoBaHHAsT — BBICOKYIO.
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[To 3HaueHUsAM A0OpPOTHOCTH ( (MONYyYEHHBIM
u3 AUX) u nemnduponanust C (MOJTYYEHHBIM DKCIIe-
PUMEHTANBHEIM MOJAIBHBIM aHAIM30M) Ha 9acToTe
nepBoii Moabl f~200 Ii1, MOXHO YCTAaHOBUTH CJIEIYIO-
niee:

* JMHAMUKa 3HaYeHUWil AeMrdbupoBaHus, ornpee-
JIEHHBIX Ha MOJIAJIbHBIX YaCTOTAX, MOATBEPKIAETCS
JUHAMUKON 3HAYeHWII JOOPOTHOCTH, OIIPEHEICH-
HbIX Ha AYX KOHCTPYKLIMHM, a IPU YCIOBUM YTO
JeMIpupoBaHue U JOOPOTHOCTb KOHCTPYKLKU
3PY nonyyeHa Ha pa3HBIX UCIIBITATEILHBIX U MTPO-
IPaMMHO-TEXHUUYECKHUX CHUCTEMaX, MOXHO YTBep-
X1aTh O JOCTAaTOYHOM NOCTOBEPHOCTH MOJYYEH-
HBIX JaHHBIX. WMMelommiics pa3dpoc 3HaYeHWUi
JeMIrpoBaHys ¥ JOOPOTHOCTH Ha PE30HAHCHBIX
YacToTax OOYCJIOBJIEH MPUCOEAMHEHHOM K KOH-
CTpyK1Mu Kopryca 3PY nonofHuTebHON Maccoit
npucrnocobieHust (mpu omnpeaeieHun AYX)
1 yIapHBIM METOIOM BO3OYXIEHHUS CJOXHON KOH-
CTPYKIMH (TIpH TIPOBEICHNH SKCITEPUMEHTATBHOTO
MOJAJIbHOTO aHAIN3a);

*  HM3KOe 3HaueHue JeMII(upoBaHusl, BEICOKas 100-
POTHOCTb U (hopMa «IBOIHOTO MUKa» Ha MepBOi
pe3oHaHcHOI yacToTe AUX xopmyca Ne 5 (1o cy-
IIECTBY JABOMHON PE30HAHC B Y3KOM YacTOTHOM
JIMAITa30He) CBUIETEbCTBYIOT O HATMYMHU TedeKTa
(TeXHOJIOTMYECKOTO MM TPOU3BOACTBEHHOIO)
9TOr0 KOPITyCa;

* TIpU OTPabOTKE CIOXHBIX MM TSKENBIX KOHCTPYK-
LMii BO30Y:KAeHHE HEOOXOAUMO OCYLIECTBIISITh CITy-
JaHBIM HEKOPPEITUPOBAHHBIM CUTHAJIOM OITHOBpE-
MEHHO TI0 TPEM OpPTOTOHAIBHBIM HAIPABICHUSM,
TPUMEHSIS VTSI 3TOTO MOJIAJIbHBIE BUOPATOPHI.
CoueraHue aHATUTUYECKON M IKCIIEPUMEHTATb-

HOI yYacTell MpOrpaMMHO-aHATUTUYECKOTO MOIYJIS
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00€ecTieunBaeT pealn3aluio ero ajaropuTMa, 4ro Io-
3BOJISIET OMPENENSTh peaibHble TMHAMUYECKUE XapaK-
TEPUCTUKM KOHCTPYKLIMU C JOCTATOUYHOW CTEMEHbIO
JIOCTOBEPHOCTH, 3KCIEPUMEHTATbHBIM TIyTeM MOJY-
YyaTb HeoOXoAMMyl0 HMHMOpMalLMIo IS MPOBEASHMUS
KOHEYHO-3JIEMEHTHOTO MOJIEIUPOBAHUS KOHCTPYK-
LM, a npyd TMPOBEACHUU IMPOYHOCTHBIX MCIBITAHUIA
KOHCTPYKIIMM U3AEAUI 000CHOBAaHHO 3aMEHSITh THUITBI
1 YPOBHM HArpy3ox.

ITporpaMMHO-aHATUTUYECKUIT MOIYJIb pean3yeT-
csl ¥ paboTaeT B OIepalMOHHON cucteMe Microsoft
Windows, uMeeT MOAYJIbHYIO CTPYKTYPY, OTKPBITYIO
JUIS BKJTIOYEHUS CTEUUATM3UPOBAHHBIX MPOTPaMM;
COBMECTUM I10 (hopMaTaM HMMIIOPTUPYEMBIX TaHHBIX
¢ nporpamMmMHbIM obecrieueHueM DACTRON Shaker
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