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B cratbe paccmarpuBaeTcs pa3paboTKa KOMIBIOTEPHOH MPOrpaMMBbI AT peaau3allii KOMIUIEKca
MaTeMaTHYeCKUX Mojeled [uid pacu€ToB MapaMeTpPOB BUPTYaJbHOIO IIpoIlecca CBapKH H
TEOMETPHUUECKUX XapaKTEPUCTHUK BHUPTYAIBHOTO CBAPHOTO COCIMHEHHS B PEKUME pPEarbHOro
BpemeHu. Iloka3aHo mpeacTaBleHHE KaXJ0M MoOIend KOMIIEKCa B BHIE JAHArpamMm
YHU(HULIUPOBAHHOTO 53bIKa MOJIEIUPOBAHHUS — COBPEMEHHOTO CPEJCTBA MOJACPIKKU Pa3pabOTKH
KOMITBIOTEPHBIX MporpamMMm. B pesynpraTte OCHOBaHHOW Ha HEM pa3pabOTKH  ITOIYYEHBI
IIPOTPaMMBI, BBIIOIHSIOIINE BU3yaIN3aIMi0 CBAPHOTO COSANHEHNS U IPyTHE 33/1a4H.

Kniouegvle cnosa: mareMaTHueckoe MOJICIMPOBAHHME, CBApPOUYHBIM Mpolecc, TEIUIOBas MOJEINb,
METOJ{ KOHEYHOTO 3JIEMEHTa, WHXKEHEPHSI KOMITBIOTEPHBIX MPOTPAMM, TPEHAXKEP PyIHOH JTyroBoH
CBapKd, YHH(GUIMPOBAHHBIN S3BIK MOAEIMPOBAHUS, AMarpaMma IpeLe/ieHTOB, Anarpamma
KJIaCCOB, TUarpamMMa JIesITeIbHOCTH, BU3yalTH3aLusl.

IToctynuia B pegaxmmio 26.02.2018

Nudopmanmonno uzmeputenbHas cucrema (MUC) ans mopenupoBanus mpoliecca
PY4YHOIi AYrOBOM CBapKH BKIIOUAET ammapaTHbIe U MPOTrpaMMHBIE MOAYIH. MaTeMaTuyeckue
MOJIEJIH, TIOCTPOCHHBIE B X0/ McCienoBaHus [1, 2], mOMKHBI OBITH peaTM30BaHbI C TTOMOIIBIO
METOJIOB 00BEKTHO-OpHeHTHpoBaHHOTO MporpammupoBanus (OOII). IIpu stom pabora ¢
YCTPOWCTBAMH BBOJA-BBIBOJIa OCYIIECTBISIETCS MOCPEICTBOM MOAKIIOYAEMbIX MOy e, Jlis
peammzanmn =~ MMC  HeoOxomuMo  BbIOpaTh  OOBEKTHO-OPHEHTUPOBAHHBIM  SI3BIK
MPOTPAaMMHUPOBAHUS M Cpeay pa3pabOTKH TporpaMM C TMOACPKKOW TOJIKITFOYaeMbIX
Moayned. Pe3ymbraTom pa3paOOTKH SBISETCS OCHOBA I MYIbTUMEIMMHBIX TPEHAKEPOB
PJIC.

Paccmotpum 3amauy peanuzanuu mMojenud GOpMUPOBaHHUsS CBAPHOTO IIBA HA TIPUMEpE
IJIOCKUX JI€TaJIe Ha OCHOBE MOJM(PHUIIMPOBAHHOTO METO/Ja KOHEYHBIX 3emMeHToB (MMKD)
[1]. Moxens Ha OCHOBE MOAM(PHUIIMPOBAHHBIX KOHEYHBIX 3MeMeHTOB (KD) mpencrasnser
o0 00BEM TITUTHI B BUAEC COBOKYITHOCTH CTEP)KHEBBIX JJIEMEHTOB MaJIbIX 00BEMOB, Kak
MOKa3aHO Ha pUCYHKE 1.

B pacuérax ucnone3yrorcs ciemyrounye BenuduHbl: O, U O — KOIMYECTBO TEIUIa B
pacmiaBe U TBepJoH yacTu crepxkHs ([Ix); cp, U cpue — 00bEMHAA TENTOEMKOCTD paciulaBa U
tBepnoit uactu crepxus (Jpx/(m>-°K)); [ — pasMep KICTKH CeTKH (M); h, ¥ hye — BBICOTHI
pacruiaBa M TBEPAOW YaCTH CTEPKHSA COOTBETCTBEHHO (M); ), O, n O, — TeMIIEpaTyphI
BEpPXHET0, HUKHETO U CPETHETO CJIoeB cOOTBETCTBEHHO (°K).

[lepen nawamom MopgenupoBaHust Bo Bcex KD 3amaioTcsi HadallbHbIE YCJIOBHS:
TeMIlepaTypa, paBHas TeMmIepaType OKpYXKalollell cpenbl, W COOTBETCTBYIOIIee €M
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terocoqepkanue. [Ipu TermoBoM BO3neWCTBUM ayrHw XOTss Obl Ha omuH KO B HEM
MU3MEHSIETCS KOJIMYECTBO TEIUIOThI, CJIEIOBATEIbHO, W3MEHSIETCs ero Ttemmeparypa. s
orpeziesieHus: 30HbI BIUSHUS AYTH HEOOXOIMMBI IaHHBIE O €€ MPOCTPAHCTBEHHOM OJIOKEHUHU
U TEIUIOBOM MoOIIHOCTU. VX mpenocTaBisieT MOAENIb pacu€Ta OCHOBHBIX KOHTPOJIUPYEMBIX
rapaMeTpoB cBapoyHoro mponecca [2]. Ha oTaenpHOM 1are MOJETUPOBAHMS KaX bl
AJIEMEHT MOKET HaXOAUTHCS B MOJTHOCTBIO TBEPAOM, YACTUYHO PACILIABJICHHOM U MOJIHOCTHIO
pacIuiaBI€HHOM COCTOSTHUH.
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Puc. 1. — [Ierrenne Ha cTepKHEBBIE KOHEUHBIE 3NIeMeHTHI [ Division by rod end elements]
KonmuecTBo Teria B pacIuIaBIeHHOW U TBEPJIOW YaCTSIX CTEPXKHS PaBHO:
2 .
0, =cp,I’h,(©,+©,,)2; (1)
2
Qe =CPmel hnm(@me +0,, )/2 . (2)

ITpu n3MeHeHun TeMIeparyp CTEp>KHEW BO3HUKAET TEIUIONEpe aya MEXy HUMU. DTOT
JTan B MOJIEIM HA3BaH HTAllOM TOPHU3OHTANBHOM mepenauu. [Ipm 3TOM paccmaTtpuBaroTcs
TEIJIOBBIE IIOTOKH CIEAYIOIIEro BUA:

OO G

rae AQ;; — TeIo nepegaHnHoe oT cTepkHs 1 k crepxHio 2 (JIx);
At — BpeMEHHOM 11ar MOIETMPOBaHus (CeK);
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70 KPUBUH u ap.

/Jp — TEIIONPOBOAHOCTD paciuiasa (Br/(m-°K));

Ah — ToAMMHA pacCMaTPUBAEMOTO CJI0s (M);

0, — TemIiepaTypa BEpXHeil OBepXHOCTH paciiasa B crepxkHe 1 (°C);
0, — TemIIepaTypa BEpXHei MOBEPXHOCTH paciuiaBa B crepxkue 2 (°C).

TeriooOMeH MeXAy HIKHUMHM YacTAMH CTEpXKHEH ONUCHIBACTCS aHAJOTUYHO, B
COOTBETCTBYIOIIUX (OpMyJIax U3MEHSIIOTCS TOJIbKO (pU3MUecKre CBONCTBA.

CreneHp pacmaBlIeHHUs MOJAEIUPYETCS IMEPEMELICHUEM [0 BEPTUKAIU TI'PaHULIBI
pasnena (a3 — cpenHero cijos ¢ temmneparypoil ©,,. llepememienue paccuuThiBaeTcs Ha
BTOPOM 3Talle BEPTUKAJIbHOH TEIJIoNepeiadun:

2,00, -0,,) 1, + 2,,(0,,—©,,)/ h

Cc

Ah, =—At

me . (4)

nin
3
TJIe Cp; — YIICMbHAS TETJIOTA TUTABIICHUS (JK/M”).

CraTtudeckylo CTPYKTYpY KOMIIBIOTEPHOM MOJEIM MOXKHO TPEACTaBUTh B BHJE
yarpamMmbl KJIACCOB YHU(UIIMPOBAHHOTO si3bika MoaenupoBanus UML. Mexny kinaccamu
MOKHO ONPEJENIUTh OTHOLIEHUE KOMIO3UIMM, KOTOPOE O3HAYaeT, YTO BMECTE C OOBEKTOM-
LEIbIM YHHUYTOXKAIOTCA €r0 OOBEKTHI-KOMIIOHEHTHI [3]. DTO OOOCHOBAaHHO Te€M, YTO MPHU
ynanennn u3 namsatu OBM oObekrta kmacca «llnmmra» NeMCTBUTENBHO YAAISIOTCS BCE
cocraBistonie ero KO. Kpome storo, Ha nuarpaMme KiaccoB M300pa)aroTcsl CBOWMCTBA H
Metoabl kiaccoB [4]. CBoiicTBaMH IUIMTHI B II€JIOM SIBIISIIOTCS pa3sMepbl U (PU3HUECKHUE
BEJIMYMHBI, UcHojib3yemble B (opmynax (1+4). Knaccy «lnura», moMumMo peannsyemMoro
CpeACTBaMHU Cpelbl MPOTrPaMMHUPOBAHMS METOAA-KOHCTPYKTOpa, TpPeOYIOTCS MeETOIbl
«MHULHAIU3UPOBATH MOJIENbY U «BBIIOJHUTH IIal MOJEIUPOBAHUSI.

Ha pucynke 2 npexncrasineHa numarpamMma kiaccoB UML, oTpaxkaromas onucaHHbIE
CBOMCTBA U METO/IbI KJIACCOB U OTHOLIEHUS MEXKIY HUMMU.

#5tructs
DMEMYELHHE CEORCTEA

HDEEMHAA TENMOEMBOCTE PACHA

KoHeuHEIH 3nemeHT

+DEBEMHAAR TENACEMEDCTD TEERY, HLLaEr CETHM
+TENNONPORCYHOCTE PAC +BRCOTA TRE[,
+TennonpoBecygHOCTE TEERSD, +BRICOTA pacnn

HTENAATA NRABASHMA YOENBH

MawTa

-LLlprHa
-fnkHa
-BolcoTa
-LLlar ceTHIA

+H HHL A IHPOEATE(B IWIHPWHA, B OnkHa, 8 Bescora, & War)
+BERNOAHKTE WA MOaenHPoERHHAE KoOpRAKHATS 4y, 8 MOWHECTs ByH]

Puc. 2. — JInarpamma xmmaccos st moaenn mtsl [Class diagram for the plate model]
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JlaHHbIl BHA JAMarpaMM I03BOJIIET ONMCHIBATH TOJIBKO CTAaTHYECKUE CTPYKTYpbI
MOJICTTMPYEMON CHCTEMBI. B TaHHOM cilydae 3TO OopraHu3anus XpaHeHHs] OOBEKTOB B AMSITH
OBM. [IloBegenue cuctembl B UML wd4ame Bcero ONUCHIBAETCA JuarpaMMamu
B3aMMOJEMCTBUM, MocaenoBareabHocTel M aearenbHocTted [5]. Ilpm 3TOM aAmMarpammbl
NESTENIbHOCTe MMEIOT MHOTO OOIIero ¢ OJ0K-CXeMaMu alropuTMOB, HO 00namaroT Oosee
IIMPOKMMHU BO3MOXHOCTSIMU BHU3yaiu3aluu. Mcnonb3yem 3TH aAuarpamMMmbl JJisi ONUCAHUSA
METOA0B. MeTOoJl «MHULHUAIM3UPOBATh MOJIEIb» COOTBETCTBYET JIMHEMHOMY aJrOpUTMY H3
HECKOJIBKMX MPOCTBIX ACUCTBUM: CO3MaETCs ceTka KOHEYHbIX aneMeHToB (KD) 3amaHHbIX
pa3MepoB U B KAKJIOM U3 HUX 3a/aéTcs MOJIOKEHHE TpaHullbl (a3, COBMaaroliee ¢ BepxHei
MOBEPXHOCTBIO. Takoe MOJIOKEHHE O3HAYAET OTCYTCTBUE PACIUIABICHHOM 4YacTu. Takxke
BBIUMCIISIETCST TeriocoAepxanue no Qopmysie (2) mpu TeMieparype BcexX CIOEB paBHOM
TeMneparype okpysxkatomieit cpeast 20° C u BbicoTax h, = 0 ¥ hyye = h, h — BBICOTA IUTUTBHIL (M).

Metoa «BBIIOJIHUTH LIAI MOJEIUPOBAHUSY BBIITOIHIET BCE MAaTEMAaTUYECKHE PACUYETHI,
3aJI0)KEHHBIE B MOJIeIb. JJaHHBIA METOJI CJIOXKHEE, TaK KaK MOJIENb padoTaeT UKINYECKH, Ha
Ka)KIOM IlIare BHIMOMHSS pacuét no ¢opmynam (1+4). Kpome obmena TemioBoii sHeprueii, B
MOJIEJIA TAKXKE PACCUUTHIBAETCA NEpeHoC paciuiaBa Mexay KO. JluarpamMmma nesTebHOCTH HA
OT/ICJILHOM IIIare MOJCIMPOBAHUS MPEJCTaBICHA HA PUCYHKE 3.

Ga:uhnmameuunma,qwm — —{ JaHHuie npeas) wara : Mnvra {— —_— ~.
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Puc. 3. — JlnarpaMma nesTeI-HOCTH Ha Ka)KJOM IIare MOJASTUPOBAHUS
[Diagram of activity at each simulation step]

Ha nanHO# nnarpamme yKpynmHEHHO OTpPa)KE€HbI OCHOBHBIE ATaIlbl PACYETOB IO MOJIEIH.
IIpy 5TOM CIUIOIIHBIMH CTPEJIKAMH ITOKa3aHbl IIEPEXOAbl OT OJHOU NEATEIBHOCTH K IPYyrou, a
NYHKTUPHBIMH — B3auMoJeicTBus ¢ oObekramMu B mamstu OBM. IlepBbie Ha3piBaroTCs
MOTOKaMU yIPaBIIEHUs, BTOPbIE — TOTOKaMu 00BEKTOB |3, 6].

Take HEOOXOAWMO YIOMSHYTh MOZENb KamelbHOro IepeHoca TpU  CBapKe
IUTABJICHUEM. XapaKTEPUCTUKH U MTapaMeTphl IIPOLECCca IEPEHOCA OKa3bIBAIOT CYLIECTBEHHOE
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BIUSIHUE Ha (OpMHpOBaHME CBAapHOrO coeAuHEeHUs. [lodToMy Uis MOJTy4YeHUS MOJAETH
KaIeJbHOr0 MEPEeHOoCca MPU CBapKe IUIaBIEHUEM ObLIO MPOBEACHO OTAEIbHOE UCCIEI0BAHUE
[7]. B pe3ymbrare 3TOro HCCIEAOBaHUS C IOMOUIIbIO YHCIECHHBIX 3KCIEPUMEHTOB
YCTaHOBJIEHO, 4YTO JUIMHA MEXKaIlEIbHBIX IPOMEXYTKOB (IIpU KamlelbHOM IIEPEHOCE) B
npouecce PJIC kak ciy4ailHas BeJIMYMHA TOJUYUHSETCS 3aKOHY PpaCIpelesIeHMUs,
SIBJIAIOILEMYCSI CMECBIO IKCIIOHEHIIMAJIBHOTO PACIIPENEIeHHs U pacupeaeneHuil Panes. 3to B
CBOIO OYepe/lb, AAET BO3MOXKHOCTh OIPENEIUTh MOMEHTHI OTPbIBA Kalelb U, Kak CJIEACTBUE,
copMHpOBaTh MOTOK KOMAaH] YNpPaBJIEHUS HPUBOJOM HMUTAIMH IUIABJICHUS HIIEKTPOAA.
JlnarpaMma 1eAT€IbHOCTH IIPEICTABIIEHA HA PUCYHKE 4.
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Puc. 4. — luarpaMma feSTeIbHOCTH U1 MOJEIUPOBAHUS KalleIbHOTO MepeHoca
[Activity diagram for drip transfer modeling]

[Ipumep BH3yanu3allid CBAapHOTO IIBa CpPEACTBAMH KOMIBIOTEPHOH rpaduxu
npeacTaBieH Ha pucyHke S [8, 9]. [Iporpamma peanuszoBana Ha s3b1ke C [10].

Hcnonk3oBanue yHUGUIMPOBAHHOTO s3bika MopaenupoBanus UML B mporecce
pa3paboTKH MPOrPAMMHOTO OOECTICUEHUs SIS KOMITBFOTEPHOTO TpeHakEépa pyIHOH JTyroBOiH
CBapKH MO3BOJIUJIO PEIIUTH Psif 3a7a4. Bo-nepBhIX, UCTOIB30BAHKE ITOM HOTALIUK OOJeryaeT
O0CYXKJIeHHEe TEXHMUYECKUX pEIIeHUH OTAECTbHBIMU HWHKEHEepaMH-TIporpaMMHucTaMu. Bo-
BTOPBIX, pPa3paOOTaHHbIC paHEe MaTEeMaTHYECKHE MOJETH COCTABJISIONIMX CBapOYHOTO
mpolecca mepeBeficHbl B 3HAKOBBIE MOJICH, OTPAXKAIOIINEe OCOOCHHOCTH UX MPOTPAMMHOMN
peanu3anyu. B-TpeThHX, MOTyYCHHBIE AMArpaMMBbl MOXXHO H3MEHSATh M YTOYHSATH METOJIOM
JEKOMITO3UIIMH JJIS abHEH el MoAu(pUKaLUK MPOrPaMMHOT0 00EeCTICUeHHUS.
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53.90 fps Vsync off (800x600), XBR!
wp): NVIDIA GeForce 6600 GT

Puc. 5. — [Tonepeunslit pa3zpe3 Bu3yanuzanuu ceapHoro mBa [Cross section of welded joint visualization]
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Abstract — The article deals with computer program development to realize the complex of
mathematical models for real-time calculations of virtual welding parameters and virtual welding
joint geometric properties. The representation of each model of complex as unified modeling
language diagram, this modern support tool for computer program development, is shown. The
development based on it causes the result as programs for visualization of welding joint and other
purposes.

Keywords: mathematical modeling, welding process, thermal model, finite element method,

engineering of computer program, manual arc welding simulator, unified modeling language, use
case diagram, class diagram, activity diagram, visualization.
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