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SKCNEPUMEHTAJIbHOE UCCINIEAOBAHUE XXECTKOCTHU
TEXHOJNIOMMYECKOU CUCTEMbI HA BA3E
NMPOMBILWWIEHHOIO POBOTA KUKA KR 300 R2500 ULTRA

A.X. HypkeHos, B.U. ly3eees, B.B. bBamyees,
E.B. Hecmeptok, C.A. lMaenoe

HOxHo-Ypanbckul eocydapcmeeHHbil yHuUsepcumem, 2. HensbuHck, Poccus

B coBpeMEHHOM MaIIMHOCTPOUTEIBHOM IPOM3BOICTBE CYIIECTBYET MHOXKECTBO
JeTajeid, MMEIOINX KaK 3HauuTeJbHbIC TabapuTHBIE Pa3Mephl, TaK M CIIOKHBIE TPYJHO-
JOCTYIHBIC TIOBEPXHOCTH 11l 00paboTKH. M3roToBneHne Takux Aetaneil Ipou3BOAUTCS
Ha CIIELHAIN3UPOBAHHOM O0OPYIOBAHUH, KOTOPOE MMEET TaKHe XK€ 3HAUUTEJIbHBIC Ta-
OaputHbie pa3mepbl. OJHAKO CIIOKHOCTh KOHCTPYKLMH psiAa JeTaneld, TaKUX Kak Kop-
MyC PaKeTHOTO JIBUTATENsl, EMKOCTH OONBIIOr0 00beMa, Hepa3OOpHbIE METAIOKOHCT-
PYKLMH U T. 1., @ TAKXKE UX TPYZHOJOCTYIMHOCTb, HUBEJIUPYET TEXHOJOTHUECKUE BO3-
MOKHOCTH AaHHOT'O 000PYIOBaHUSI.

B nHacrosimee BpeMst i 00paOOTKH TaKUX JETajlei UCIONb3YIOT IPOMBIIUICHHBIX
POOOTOB, OCHAIIEHHBIX MHCTPYMEHTAJIBHBIMY MINHHACIIMHE. Hann4aue 00abIoro Koiu-
YecTBa CTENeHed CBOOOIBI JAHHOTO OOOPYIOBaHWS, CPaBHUTEIBHO HeOoIbIIHe Trada-
PUTHBIC pa3Mepbl U OOMIMPHOCTH PaboUei 30HBI MO3BOJSIOT UX 3PPEKTUBHO UCIOIB30-
BaTh B JJaHHOH cdepe MammHOcTpoeHusl. OTHAKO HEJOCTATOYHO M3YYEHHAs JKECTKOCTh
JaHHOTO 000pYyIOBaHUs, OTCYTCTBHE KOHKPETHBIX PEKOMEHIAIMN MO MX HPUMEHEHHIO
3HAYUTENFHO OTPaHUYMBAIOT cepy HX MpuMeHeHus. TakuMm oOpa3oM, BOMPOCHI, CBS-
3aHHBIC C B3AaMMHBIM BIIMSIHAEM JKECTKOCTH TEXHOJIOTHUECKON CUCTEMBI, CHIION pe3aHusi
U PEXUMaMM PE3aHUs NMPH W3TOTOBJICHUH KPyNHOraOapuUTHBIX AETaledl NP MOMOIIH
MPOMBIIUIEHHBIX POOOTOB, aKTyaJIbHbI U TPEOYIOT BCECTOPOHHETO UCCIEIOBAHUS.

C wmenslo MccaeoBaHus TUHAMUYECKUX MPOIIECCOB MPU MU3TOTOBICHUH KPYITHOTa-
OapUTHBIX JeTajel ¢ MCIIOIb30BaHUEM IIPOMBIIIJICHHOIO POO0Ta MPOBEACHBI IKCIICPHU-
MEHTHI 110 ONpPEICJICHHIO AMIUIMTYIHO-YaCTOTHBIX XapaKTEPUCTHK BUOpauuii, BO3HU-
KaOIIUX B Mpolecce 00padOTKH.

DKCIepUMEHTAILHOE HCCIEA0BAaHUE TTO3BOJIMIO YCTAHOBUTDH, YTO JKECTKOCTH TEX-
HOJIOTHYECKOH CHUCTEMBI M3MEHSETCS B IIMPOKOM auanasoHe. [lpu sTom xecTkocTh ne-
TaJIA TIPU UMITYJILCHON Harpy3ke OTJIMYaeTCsl OT KECTKOCTU MPH (pe3epoBaHUH HE Me-
Hee YeM Ha MOPSJIOK, a KECTKOCTh HIMUHENS MPH (pe3epOBaHUN OTIMYAETCS OT KECT-
KOCTH JIETaJli HE MEHee YeM Ha 2 MopsiiKa.

Hcxons u3 3Toro B mporecce NpoeKTUPOBAHUS MEXaHUIECKOH 00paboTKH KpyIHO-
rabapuUTHBIX HEKECTKUX JIeTallell pH IMOMOIIU MPOMBIIUICHHBIX POOOTOB HEOOXOIMMO
YUUTHIBaTh HauXyIIIHE YCJOBUS MO >KECTKOCTH. LlenecooOpaszHo nmanpHeiiine pexo-
MEHJIALMY 110 Ha3HAYEHUIO PEKMMOB PE3aHMs NPH U3MEHSIOLINXCS YCIOBUIX 00paboT-
KA OCHOBBIBATH Ha YYeTe MATEMaTHUECKOTO MOJEIMPOBAHHS YKECTKOCTH JIJIEMEHTOB
TEXHOJIOTHUECKOH cHcTeMbl. Takxke JJIsl aBTOMATH3alMU Ipoliecca cheMa MapameTpoB
JKECTKOCTH TEXHOJIOTHYECKOW CHCTEMbI aKTyaJbHOW 3ajauyell CTaBUTCS OIpEIeTICHHUE
MyTeM TECTOBOTO ONpeleNeHUs] BUOpAlMii Ha INMUHJENE MPOMBIIUIEHHOTO podoTa U
KOCBEHHOM OLIEHKOW MUKpOTNIEPEMEILIEHUN HA JIETAIIU.

Knioueswie cnosa: sicecmkocmos mexnonrosudeckol cucmemsl, 6UOpayus, npomoi-
JIEHHbIL pobOm, MUKponepemeujenus, 0opadomra KpynHo2abapumHslx 0emalell.

BBenenune

B coBpeMeHHOM MAaIIMHOCTPOUTEIHLHOM IPOU3BOICTBE CYIIIECTBYET MHOKECTBO JETalCH, UMEIO-
IIMX KaK 3HAYUTCIBHBIC I‘a6apI/ITHBIe pa3MepLI (JIO HECKOJIbBKUX IOCCATKOB MeTpOB), TaK U CJIIOXHBIC
TPYJIHOJOCTYITHbIE TOBEPXHOCTH JiJIsi 00paboTKu. M3roToBIIeHNE TaKuX JeTalel MPOU3BOUTCS Ha CIie-
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[MATA3UPOBAHHOM O0OpPYIOBAaHUH, KOTOPOE MMEIOT TaKhe K€ 3HAUYMTENIbHbIE ra0apuUTHBIE pa3Mephl.
OnHaKo CIOKHOCTh KOHCTPYKLHMH psifa AeTayled, TaKuX KaKk KOPIYC PakeTHOTO IBUTATeNsi, EMKOCTh
OonpIoro oobemMa, Hepa30OpHbIC METAIUIOKOHCTPYKIKH U T. 1., & TAK)KE UX TPYIHOJOCTYITHOCTh, HUBE-
JTUPYET TEXHOJIOTHIECKHE BO3MOKHOCTH TAHHOTO 000PY/TOBAHMSL.

B nacTosmee Bpemst 11 00pabOTKH TaKUX JeTaleld MUCIONb3YI0T MPOMBIIINIEHHBIX POOOTOB, OCHA-
LICHHBIX WHCTPYMEHTANbHBIMU mmuHAeAsIME [1-9]. Hanuuue Gonpmioro xoiamyecTsa cTeneHed cBobo-
1Bl JaHHoTO 00opynoBaHus (Oonee 6), CpaBHUTENBHO HEOONbIINE TabapuTHBIE pa3Mephl U OOIIMPHOCTh
paboueii 30HBI MO3BOJISIOT UX d(HPEKTUBHO MCIOIB30BaTh B JaHHOW chepe MammHOCTpOoeHH. OqHAKO
HEIOCTaTOYHO M3y4YEeHHAasl )KECTKOCTh JaHHOTO 000PYAOBaHHSA, OTCYTCTBHE KOHKPETHBIX PEKOMEHIAINN
MO UX MPUMEHEHHIO 3HAYUTEIEHO OTPaHUYUBAIOT Cepy UX TPUMECHEHHSL.

B mporiecce mpoekTHpoBaHuUsl Onepaiuii TEXHOJOTHYECKOTO MpoIlecca U3rOTOBIEHU JeTalel mpu
TTOMOIIH MTPOMBIIIUIEHHBIX pOOOTOB BO3HUKAIOT TPYAHOCTH MPY Ha3HAUYECHUHM PEKUMOB pE3aHUs U MPH-
MyCKOB Ha Pa3JIMYHbIC CTAJUU MexaHHueckoi o0padotku [10-14]. [TockoiabKy JHaHHBIM BUA 00paOOTKU
OTHOCHTEIHHO HOBBIM, TO OTCYTCTBYIOT HAayYHO-OOOCHOBAaHHBIE METOABI M METOAVKH OMpEICIICHUs U
Ha3HAYCHHS PAIlMOHAIBHBIX PEXMMOB PE3aHUs, KOTOPHIE YUYUTHIBAIOT MHOXKECTBO MEPEMEHHBIX TaKHX
(akTOpOB, K HUM OTHOCHTCSI U YKECTKOCTh TEXHOJOTHMYECKON CHUCTEMBI, 3aBUCSIIAsl OT MOJIO0XKEHUS, 3a-
HUMacMOro nmpoOMbIIIJICHHBIM pO6OTOM, BBUICTOM U ITOJIOKCHUEM €0 MCIOJIHUTCIIBHBIX OPraHoB, OTHO-
CUTENFHO TIOJIOKEHHUS 3arOTOBKH W T. . 3a4acTyI0 PEKUMBI pe3aHUsl HA3HAYAIOTCS B COOTBETCTBHHU C
PEKOMEHIAIMSIMUA CHPABOYHHKOB, KOTOPBIE HE MOAXOMAST Il JAHHOTO MeToa 00pabOTKH U B TOCIIe-
JYIOIIEM TOJBEPraloTCsl 3HAYMTEIBHOW KOPPEKIMU yKe Ha OCHOBE CYOBEKTUBHOT'O OIBITA TEXHOJIOTA,
YTO CKa3bIBAETCS HA MPOU3BOIUTENIFHOCTH OTIEPAIMH U Ka4eCTBE M3rOTaBINBAEMON PO YKIIHH.

Ha mpoMmpIlieHHBIX TPEINIpUATHSIX TEXHOJIOTH H3-32 OTCYTCTBHS BO3MOXHOCTH y4YECTh BCE BO3-
MOJKHBIE (PAKTOPBI, BIUSIOMINE HA 00pa0OTKY, 3aHIDKAIOT PEKUMBI PE3aHUS JJIsi CHUKECHHUSI BEPOSATHOCTH
MTOJIOMKH PEeXYIIer0 MHCTPYMEHTa, YBEIMYEHHUSI pecypca ero paboThl m obecriedeHus TpeOOBaHUN K
TouHOCTH 00paboTku. OTCI0/Ia BOZHUKAIOT MPOOIeMbl CHIKEHHS TPOU3BOIUTENFHOCTH W KadecTBa 00-
paboTKH, CBSA3aHHBIE C HETOJHON peanu3anueii MoTeHnrana MPOMBIIUICHHBIX POOOTOB, HCIOIb3YEMBIX
JUI U3TOTOBJICHUS JACTAJICH.

DKOHOMHYECKHU MIPUEMIIEMBIH BEIOOP pPEKMMOB 00paOOTKHM OCHOBaH Ha COOTHOIIEHHH TTOKa3aTese
TOYHOCTU U IMMPOU3BOJUTCIIBHOCTH. DTH MoKa3aTein HaxogATCA BO B3aMMOCBA3U APYT C IPYyTroM U 3aBU-
CAT OT MHOXXECTBA pas3JIMYHbIX (baKTOpOB, BIIWAIOIINUX HA TOYHOCTh U KA4E€CTBO O6pa6OTKI/I, HO IIpH 3TOM
OJTHUM W3 OCHOBHBIX SIBJISIFOTCSI CHIIBI PE3aHMsl, BOSHUKAIOIINE B TIpoIiecce 00padOTKH, KOTOPhIE TTO3BO-
JIAT B TATBHEUIIIEM ITOCTPOUTH KOPPEIISAIIUIO ITON 3aBUCHMOCTH.

Taknm 06pa30M, BOIIPOCHI, CBA3aHHBIC C B3AMMHLIM BJIMAHUEM KCCTKOCTH TEXHOJOTUYECKON CHC-
TEMBI, CHJIAMH PE3aHHs U PSKUMAMHU PE3aHUs IPU U3TOTOBJICHUH KPYIMHOTA0APUTHBIX JIETallel MpH 1o-
MOIIIU TIPOMBINUIEHHBIX POOOTOB, aKTyaIbHBI H TPEOYIOT BCECTOPOHHETO HccieaoBanust [ 15-19].

Ileny uccnedosanus: uccnenoBaHue JMHAMHYECKHX MPOIECCOB MPU M3TOTOBJICHWH KpyHmHOrada-
PHUTHBIX JIeTaJlell ¢ UCTIOJIb30BAHNEM MPOMBIIIIEHHOTO POO0Ta, a TAK)KE MPOBEJCHUE IKCIIEPUMEHTOB 110
OTIPEICTICHHUIO AMILTUTYAHO-9aCTOTHBIX XapaKTEPUCTUK BUOpaIliii, BOSHUKAIIINX B TIporiecce 00padoT-
KH.

IKCcNepuMeHTATbHOE HCC/IefOBAaHHe BUOPAMii B TEXHOJIOTHYECKOI cucTeMe

Llenpr0 3KCIIEPUMEHTA SIBISUIOCH HUCCIENIOBAHME aMIUIMTYAHO-4aCTOTHOW XapaktepucTuku (AUX)
MIPOMBIIIUIEHHOTO poO0Ta M 3arOTOBKU C MOCIEAYIONUM ONpeAeseHHeM MHKpOIepeMelleHnil 1 mnapa-
METPOB KECTKOCTU TEXHOJIOTMYECKON CHCTEMBI.

i mocTrKeHus TOCTaBIEHHOH ey B paboTe PelIaInch CIeayIonue 3a1auu:

— DJKCHepUMeHTallbHas 00padoTKa u3ienus ¢ uamepenrneM AUX;

— 00paboTka pe3ynbTaToOB M3MEPEHHM I ONpeneeHns COOCTBEHHBIX YacTOT JIEMEHTOB TEXHO-
JIOTUYECKON CHCTEMBI,

— pacuér NpHUBEAEHHON KECTKOCTH TEXHOJOTUYECKON CUCTEMBI.

Jis mpoBeJieHUsT SKCIIEpUMEHTa OBLTH CMOJICITUPOBAHBI PeajbHbIe YCIOBUS 00pabOTKH, MCIOb-
3yeMble Ha MPOU3BOACTBE, UTO MO3BOJIWIO NMPOU3BOJUTH aHAIN3 U OLEHKY MOJYYEHHBIX PE3YyJIbTATOB C
Y4€TOM HX NMPAKTUIECKON MPUMEHUMOCTH.

B kauectBe 0OpabarbiBaeMoii JieTany BbIOpaHa MPUOOpHAs MaHellb KAOMHBI MAIIMHKICTA DIIEKTPO-
noe3na «Jlactouka» mpencraBieHHas Ha puc. 1. [abapuTHble pasMepbl JeTaqd COCTaBISIOT
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3000x800x400 MM, TonmMHA CTEHKH — 6 MM. 3arOTOBKa M3TOTABIMBACTCS ITyTEM HANbUICHUS CMECH,
COCTOSIIICH M3 KOPOTKUX CTEKJIOBOJOKOHHBIX HHUTEH M CBS3YIOLIETO MOJUI(DUPHOTO HAMOJHUTEIS Ha
3apaHee IMOAr0oTOBJICHHYIO (opMy (MaTpuity). Jlanee mocie OTBep)KACHHUS MaTepHaa, MOIy4eHHYIO 3a-
TOTOBKY ITO/IBEPTAIOT MEXaHUIECKOH 00paboTKe: CBEPIIEHUIO, Ppe3epOBaHUIO U MIITH(OBAHUIO.

4 5
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Puc. 1. MpubopHas naHenb KaOMHbI MalWWMHUCTA aneKkTponoesna «JlacTouka»

O6paboTka pou3BoAKMIaCk Ha poMbInieHHoM pobore moaemn KUKA KR 300 R2500 Ultra.

Tpebyemast TOUHOCTH 00pabaThIBaEMBIX 3JIEMEHTOB JIEKHT B IpeAenax 12—15 kBanurera TOUHOCTH,
910 NpH pazmepax ot 56 g0 580 mm nomyck cocrasisier 0,3-2,8 mm. Ilpu 3ToM ToyHOCTH 00PAOOTKH HA
npomeiinienaoM podbore KUKA KR 300 R2500 Ultra B cOOTBETCTBHM € TTACTTOPTHBIMHU JaHHBIMH TAKKE
MOJKET U3MEHSTHCS B IIMpoKoM auanasone (0,1-1 MM) 1 3aBHCETh OT BbUIETa CBOUX PA0OYMX OPraHoB.

[TockonbKy OTCYTCTBYIOT THIIOBBIE METOIMKH IO ONPEICICHHIO MapaMeTpPOB TEXHOJIOTHYECKOM
CHCTEMBI 110 BUOPALIUSIM U MUKPOTIEPEMEIICHUSM JIJIsl TIPOMBIIUICHHBIX POOOTOB, UCTIOJB3Ysl U3BECTHBIC
MeToabl onpexaeneHuss AUX u METOIMKK M3MEpEeHUH, MpeiaraeTcst pa3padoTaTh TECTOBYIO METOJUKY
Ha OCHOBE MOJAJILHOTO aHAIIN3A.

st mocnenytonield 00pabOTKK MPH OMOIIM MPOMBIIIJICHHOIO po00Ta JIeTalb yCTaHABIMBAJIAChH B
CHenuanbHOe CTaHOYHOE Mpucnocobienue (puc. 2) Ha TOBOPOTHOM CTOJIE.

Puc. 2. CneunanbHoe npucnocobnexHue

JlaHHOE MPHUCITOCOOICHUE COCTOUT M3 MYCTOTENBIX MPOQIIICH KBAJAPATHOTO U MPSMOYTOIBHOTO Ce-
YeHUs!, COeTMHEHHOIO MEXAY COO0I METOJOM 3JIEKTPOLYroBOi cBapku. JlaHHOE mpucmocobienue yc-
TaHABJIMBAETCS HAa MOBOPOTHBIA CTOJI MPU MOMOIIN TPEX Pa3bEMHBIX COEAUMHEHUM, cocTosmuX u3 T-
00pa3HbIX IMa30B, IIMWIEK, I1ali0 U raeck. basupopaHue oOpabaThIBAEMOW AETANIM B MPUCIOCOOICHUH
MPOUCXOJIUT TI0 HIKHEH MIOCKOCTH W OOKOBBIM MOBEPXHOCTSIM. 3aKpeIUisieTCsl MeTalb MPU MOMOIIN
TpEX BUHTOB, M0 U TaeK MO0 BEPXHUM TOBEPXHOCTSM. JleTaylb, yCTAaHOBIIEHHAS B MPHUCIIOCOOJICHHH,
MpeIcTaBjIeHa Ha puc. 3.
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Puc. 3. JeTtans, yCTaHOBJ1€eHHaA B npucnocoGneHMu

Jns onpenenenust COOCTBEHHBIX (OPM U aMIUIUTY] KoJeOaHMH TEXHOIOTUYECKOH CUCTEMBI OBLTH
OIpesieNIeHbl MECTa M YCTAHOBJIEHBI akceaepoMeTpsl (puc. 4). C LeNblo UCKIFOUEHHS AOTIONHUTEIbHbBIX
HCTOYHUKOB BHOpALMi MPOM3BOAMIACH 3alIUCh (POHOBBIX IIyMOB Oe3 Harpy3ku TC mpoaomKuTenabHO-
ctrio 30 c.

Puc. 4. MecTta ycTaHOBKU aKkcenepomMmeTpoB

Jns monydennss AYX ocymiecTBisiiach UMITyJIbCHAs Harpys3ka JMHaMOMETPHUYECKUM MOJIOTKOM B
MecTax KpervleHusl JaTyukoB. Vimmynec ynapHo#t cuibl coctaBun nopaaka 120-210 Hrc. B pesynbrate
M3MEepeHMs BUOpAIIUi MOJTydeHbl TpaduKy 3aTyXarInuX KonebaHui mo ocsiM X U Y ¢ 4eThIPEX UCTOYU-
HUKOB (puc. 5). YHacToTa omnpoca ¢ garuuka coctasiser 1000 n3mepeHuii B cCeKyHIy.

Jns naneHeimed paboTbl MCXOOHBIM CUrHan ImpeoOpa3oBbIBajics NpH moMmoum merona Dypoe.
JlaHHBIM METOJ MO3BOJIMIJI BU3YaJbHO OLEHUTH CcOOCTBEHHBIE KOJE€OAHUS B BUJE CHeKTpa KoneOanu
(puc. 6).

Amnanu3 rpapukos 1o ocsiM X 1 Y IOKa3al MOBTOPSAIOIIMECS] TUKOBBIE aMIUIUTYAbI, KOTOPBIE SIBIIS-
10TCS1 COOCTBEHHOM YaCTOTOM JIETalH.

B nmanpHeHIeM MpoU3BOAMINCH UCCACIOBAHUS BHOpAIMK TEXHOJOTHYECKOH CHCTEMBI B IIPOLIECCE
MexaHnueckol o0paboTku aeranu. [y cioKHON M HEXKECTKOM KOHCTPYKLWH, 00pabaTbiBaeMoii jeTa-
7, ObUIa OmpesesieHa MOCeI0BaTeIbHOCTE 00pabOTKH OKOH C TEXHOJIOTMYECKOW TOUKM 3PEHUS U C
TOYKH 3pEHUS KPETICHU JaTYNKOB.

C nensio QukcupoBanus kKonebaHuii B HampaBineHusx X, Y Kak C 3arOTOBKH, TaK U CO LIMHUHACI
MPOMBIIIJICHHOTO po00Ta, MPUMEHSUINCH JBa akcenepoMeTpa. [lepBriii 3akpemisics Ha 3aroTOBKe, BTO-
POii Ha IIMKWH/IETE MPOMBIIIIIEHHOTO po0oTa.

BecTtHuk KOYplY. Cepus «MawmnHocTpoeHue». 51
2022.T. 22, Ne 1. C. 48-58



KOHTpOHb n ncnbiTaHusA

,.,

o 3

=

MHEpoOTIepeMeIe T, MM

MI»IKp OIICPCMEINCHIA, MM

50

21 Ocp X
1
0 -
1
-2
BoeMi. cek

MHKPOI'Iep EMEIIEHHA, MM

10

-10

Ocp Y

Boems. cek

Puc. 5. N'pachmkm 3aTyxarowmx kone6aHunin no ocam X 1 Y npm yaape

0 o ] Ll

YactoTta, I'il

Oce X

MHuKponepeMeIeHus, MM

wssn OChY

0 400 &0

YacroTa, I'il

Puc. 6. NMpeobpasoBaHus Pypbe no ocam X n Y

PesxxrMbl pe3aHusi HA3HAYAHCH B COOTBETCTBHU CO CIIPABOYHBIMU JAHHBIMH TPOU3BOUTENS HHCT-
pymenta Cerlin (ta6u. 1).

Pexunmbl pe3aHbsA cornacHbl HOpMmaTuBam

Ta6nuua 1

Ne n/mt Haunmenosanue napamerpa o6paboTku Bennunna napamerpa o0paboTku
1 CkopocTts pe3anus — V C 160 m/mMuH
2 ITomaua — F 800 mM/MuH
3 I'nyOuna pezanus — t 3 MM

®pesepoBaHne U U3MEpeHHe BHOpAIMii OCYIIECTBISIINCH NIPH HOCIEI0BaTeIbHOW 00paboTKke pas-
JIMYHBIX DJIEMEHTOB JeTanu. | paduKu n3MepeHHbIX BUOpaluii pecTaBIeHbI Ha puC. 1.
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Puc. 7. — namepeHue BMbpauui Ha pa3HbiX yyacTkax, obpabaTbiBaemMomn getanm
SEES _ nokasaHus 4aTYMKOB Ha WNUHAene; ™= _ noka3aHUA OAaTYMKOB Ha 3aroToBKe

[lo pe3ynbraTaM U3MEpEeHHs YCTAHOBJIECHO CYLIECTBEHHOE OTIMYHE BUOPOYCKOPEHUH LIMHMHACIS B
nporecce Gppe3epoBaHus OT BUOPOYCKOpeHHH AeTanu. [Ipu 5ToM BU3yalbHO NPU HAJIOKEHHU TPaduKOB
AXY Ha mMMUHAETs U JeTallb MOKHO CJeNIaTh BBIBOJ O BO3MOXXHOCTH BBISIBJICHHS KOPPEISALMH MEXIY
3HAYECHUSIMH MUKPOIIEPEMEIIECHUH Ha eTaIy U IIHHICIH.

C 1enpio BBISBICHUS KOPPESLUU MEXYy 3HAUSHUIMU MUKpOIIEpEMEeIlleH!I Ha AeTaau U IINUHIe-
nie ObIJI0 TIpou3BeieHO ObIcTpoe peobpazoBanne Oypre u MoaydeH nopsaok 3HadyeHnit AUX Ha neranu
U mmuHaend (puc. 8).

s nanpHeHIIero pacyera >KECTKOCTH IO MOJTy4eHHBIM napamerpaM AUX Oblia mpuMeHeHa METo-
nuka B.A. KynuHoBa, cchllka KOTOPOM TO3BOJIMJIA Ha OCHOBE 3KCIEPUMEHTAIBHBIX XapaKTEPUCTHK
paccunuTaTh 3HAYEHHUS IMOCTOSHHBIX, XapaKTEPU3YIOIIMX KECTKOCTh TEXHOJIOTHYECKOH cucTeMBbl. Pacuer
3HAYEHMs TOCTOSHHBIX, XapaKTEPH3YIOIUX JKECTKOCTh TEXHOJIOTMYECKONW CHCTEMBI, OCYLIECTBIISIICA
npu oMoty nporpammbl MathCAD ¢ npuMeHeHreM MeTOoa HHTEPIOISIINY CIUIAHOB JIJIsl alpOKCH-
Maluu SKCICPUMCHTAJIIbHBIX aMIUIUTY /.
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st manpHe#mero pacuera mapaMeTpOB JUIS OINPEACICHUS JKECTKOCTH MPUMEHSIIACh METOIUKA,
npemtokernas A.X. Hypkenoseim [20], 3akitrouarommasicst B ONpeecHUH MUKPOIIEPEMEIIICHUIN B 30HE
pe3aHus Ha OCHOBE OIPEJICIICHHS TIPUBEICHHOM MKECTKOCTH TEXHOJIOTHUECKONW CHCTEMBI Yepe3 omperie-
JIEHWs e COOCTBEHHOM YacTOTHI KojeOaHuil. Pe3ynpraTer pacueTa npuBeneHs! B Tabm. 2 u 3.

Tabnuua 2
PacueTbl VIMI'IyanHOFI Harpy3ku MOJIOTKOM No 3arotoBke
Howmep | HanpaBnenue | PesonancHas | JlekpeMeHT Awmriaryna [IpuBenenHas
JIaTInKa yaapa aMIUTATY A 3aTyXaHus A KoJeOaHuil CHITBI xecTkocTh C,
Ayaxs MM P0, H H/m

1 1o ocu X 0,0444 0,32 164,339 3,61-10

2 1o ocu Y 0,0652 0,58 172,506 1,44-10’

3 1o ocu X 0,0057 0,57 136,815 1,33-10’

4 o ocu Y 0,0268 0,26 172,506 7,84-10

W3 Tabnuipl yCTAaHOBJICHO, YTO JKECTKOCTh MPH UMITYJIBCHON Harpy3ke U3MeHseTcs 0ojee 4eM B 5
pa3 Ha pa3HBIX MecTax 00pabaThIBAEMOIl 3arOTOBKH.

Ta6bnuua 3
Pacuetbl npu chpesepoBaHUM 3aroToBKMU
Pacnonoxe- | Homep | Ocb | Pe3onancnast | [IekpeMeHT AmMnnutyna IIpuBenennas
HHE JaTYdKa | OKHa aMIUIATya | 3aTyxaHus A | koneGaHuWi cwibsl | xecTKocTh C,
Aax, MM Po. H H/m
7 X 0,070 0,85 14 0,79-10°
— Y 0,039 1,12 14 0,99 102
13 X 0,045 0,87 14 1,13-10
Y 0,036 0,94 14 1,28:10°
7 X 0,035 0,08 14 5,57-10°
Y 0,015 0,01 14 3,92:10°
1000050501 (SH0S 8
13 X 0,09 0,01 14 0,88-10
Y 0,05 0,03 14 2,37-10°

W3 TabauIlbl YCTAHOBIICHO, YTO KECTKOCTD MPU (pe3epOBaHUU M3MEHSIETCS: Ha JeTanud B 1,62 pasa;
Ha InuHAee 0oJiee yeM B 6 pas.

BriBoabI

OKCIEPUMEHTAIBHOE HCCJIEAOBAHHE MO3BOJIMJIO YCTAHOBUTBH, YTO JKECTKOCTh TEXHOJIOTHYECKOU
CHUCTEMBI U3MEHSETCS B IIUPOKOM Jauana3one. [Ipyu 3ToM KECTKOCTh JeTalId IPY UMITYJILCHOW HAarpy3Ke
OTIIMYAETCS OT )KECTKOCTH NpH (Ppe3epoBaHNN HE MEHEe YeM Ha IMOPSAJOK, a KECTKOCTh IIIMUHJIENS TpH
(hpe3epoBaHNH OTINYAETCS OT )KECTKOCTH JeTall He MeHee YeM Ha 2 TIopsKa.

Hcxonast u3 3T0ro B mporecce npoeKTUPOBAHUS MEXaHUYECKOW 00pabOTKH KPYITHOTAa0APUTHBIX He-
JKECTKHX JeTalleld MPU MOMOIIM POMBIIIICHHBIX POOOTOB HEOOXOANMO YUUTHIBATh HAMXY/IINE YCIIO-
BHUS TI0 JKECTKOCTU. TakuM o0pa3oM, Iiesiecoo0pa3Ho JabHEHIIHe PeKOMEHAAINY TT0 HAa3HAYCHHIO pe-
JKUMOB PE3aHUs MPU M3MCHSIOIIMXCS YCIOBUAX 0Opa0OTKM OCHOBBIBATH HA YYET€ MATEMaTHYECKOIO
MOJICITMPOBAHUS JKECTKOCTH JJIEMEHTOB TEXHOJOTHYECKON cHCTeMBI. Takxke UIsi aBTOMAaTH3aIMH IIPO-
Lecca chemMa MmapaMeTpoB KECTKOCTH TEXHOJOTUYECKOM CUCTEMbI aKTyalbHOU 3a7aueil CTaBUTCS Ompe-
JICJICHUE TyTeM TEeCTOBOTO ompeneieHus BuOpanuii Ha mmuHene PTK n KocBeHHO# OIEHKOW MUKPO-
NepeMenIeHUui Ha JeTau.

BaaronaprocTh
HccienoBanne BbINOJHEHO NPU (puHAHCOBOW moaiep:kke MUHHCTEPCTBA HAYKH M BbICHIEr0
oopazoBanus Poccuiickoit ®enepaunu (rpant Ne FENU-2020-0020)
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In modern machine-building production, there are many parts that have both significant
overall dimensions and complex hard-to-reach surfaces for processing. The manufacture of such
parts is carried out on specialized equipment, which has the same significant overall dimensions.
However, the complexity of the design of a number of parts, such as the body of a rocket engine,
large volume tanks, non-separable metal structures, etc., as well as their inaccessibility, level the
technological capabilities of this equipment.

Currently, industrial robots equipped with tool spindles are used to process such parts. The
presence of a large number of degrees of freedom of this equipment, the relatively small overall
dimensions and the vastness of the working area allow them to be effectively used in this field of
mechanical engineering. However, the insufficiently studied rigidity of this equipment, the lack
of specific recommendations for their use significantly limit the scope of their application. Thus,
the issues related to the mutual influence of the rigidity of the technological system, cutting forc-
es and cutting conditions in the manufacture of large parts using industrial robots are relevant and
require a comprehensive study.

In order to study dynamic processes in the manufacture of large-sized parts using an indus-
trial robot, experiments were carried out to determine the amplitude-frequency characteristics of
vibrations that occur during processing.

An experimental study made it possible to establish that the rigidity of the technological sys-
tem varies over a wide range. At the same time, the rigidity of the part under an impulse load dif-
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fers from the rigidity during milling by at least an order of magnitude, and the rigidity of the
spindle during milling differs from the rigidity of the part by at least 2 orders of magnitude.

Based on this, in the process of designing the machining of large-sized non-rigid parts using
industrial robots, it is necessary to take into account the worst conditions for rigidity. It is advisa-
ble to base further recommendations on the appointment of cutting conditions under changing
processing conditions on the basis of mathematical modeling of the rigidity of the elements of the
technological system. Also, to automate the process of removing the parameters of the rigidity of
the technological system, an urgent task is to determine by test determination of vibrations on the
spindle of an industrial robot and indirect assessment of microdisplacements on the part.

Keywords: technological system rigidity, vibration, industrial robot, micro-displacements,
processing of large parts.

References

1.Kuchina O.B. Design of machine-building production: a textbook for practical exercises
[Proyektirovaniye mashinostroitel'nogo proizvodstva: uchebnoye posobiye k prakticheskim zanyatiyam].
Chelyabinsk: SUSU publ. 2007, 63 p.

2.Melnikov G.N., Voronenko V.P. Design of machine assembly shops: textbook [Proyektirovaniye
mekhanosborochnykh tsekhov: uchebnik]. Moscow, Mechanical engineering pybl., 1990, 352 p.

3. Yampolsky E.S. (Ed.) Design of machine-building plants and workshops: a reference book: in 6
volumes [Proyektirovaniye mashinostroitel'nykh zavodov i tsekhov: spravochnik: v 6 t.] Moscow, Me-
chanical engineering pybl., 1974, vol. 4.

4. Voronenko V.P., Skhirtladze, A.G., Bryukhanov, V.N. Engineering production:; textbook
[Mashinostroitel'noye proizvodstvo: uchebnik] Moscow, Higher school, 2001, 304 p.

5.Huynh H.N., Assadi H., Dambly V., Riviére-Lorphévre E., Verlinden O. Direct method for up-
dating flexible multibody systems applied to a milling robot, Robotics and Computer-Integrated Manu-
facturing. 2021, no. 63.

6.Enikeev B.A., Saiduganov A.R., Akmaev O.K., Kudoyarov R.G. [Experimental Studies of the
Rigidity of the Machine-Robot] Machine Tool Building and Innovative Mechanical Engineering: Pro-
ceedings of the All-Russian Scientific and Technical Conference. Ufa, UGATU publ., 2019, pp. 273—
276. (in Russ)

7.Butenko V.1., Davydova L.V., Atoyan N.V. [Influence of the Dynamic Rigidity of the Technolog-
ical Robot on the Quality of the Machined Surface of the Part] Bulletin of BSTU, 2019, no. 2(75),
pp. 21-27. (in Russ)

8.Dudarev A.S. [Innovative Application of Robots for the Production of Products from Polymer
Composite Materials] STIN, 2018, no. 10, pp. 2-6. (in Russ)

9.lvanova A.V., Ponomarova B.B., Savilov A.V. [Robotic complex for deburring after milling
parts] Bulletin of IRNITU, 2013, no. 11 (82), pp. 49-53. (in Russ)

10. Kudoyarov R.G., Fetsak S.l., Basharov R.R. [Method for Measuring the Vibration Resistance
of a Robot Machine] Machine Tool Building and Innovative Mechanical Engineering: Proceedings of
the All-Russian Scientific and Technical Conference, Ufa, UGATU publ., 2019, pp. 292-296. (in Russ)

11.Nubiola A., Bonev I.A. Absolute calibration of an ABB IRB 1600 robot using a laser tracker.
Robotics and Computer-Integrated Manufacturing, 2013, vol. 29, no 1, pp. 236-245.

12.Nguyen V., Johnson J., Melkote S. Active vibration suppression in robotic milling using optimal
control. International Journal of Machine Tools and Manufacture, 2020, no. 152.

13.He F.-X,, Liu Y., Liu K. A chatter-free path optimization algorithm based on stiffness orienta-
tion method for robotic milling. International Journal of Advanced Manufacturing Technology, 2019,
vol. 101, no. 9-12, pp. 2739-2750.

14.Mamedov S., Popov D., Mikhel S., Klimchik, A. Increasing Machining Accuracy
of Industrial Manipulators Using Reduced Elastostatic Model. Lecture Notes in Electrical Engineering,
2020, no. 613, pp. 384-406.

15.Klimchik A., Pashkevich A., Chablat D. MSA-technique for stiffness modeling of manipulators
with complex and hybrid structures. IFAC-Papers OnLine, 2018, no. 51, vol. 22, pp. 37-43.

16.Guo Y., Dong H., Ke Y. Stiffness-oriented posture optimization in robotic machining applica-
tions. Robotics and Computer-Integrated Manufacturing, 2015, no. 35, pp. 69-76.

BecTtHuk KOYplY. Cepus «MawmnHocTpoeHue». 57
2022.T.22,Ne 1. C. 48-58


https://www.scopus.com/sourceid/19700186822?origin=recordpage

KOHTpOHb n ncnbiTaHusA

17.Gabitov A.A., Kalyashina A.V. [Analysis of Ensuring Positioning Accuracy of Industrial Ro-
bots], Bulletin of the Kazan State Technical University. A.N. Tupolev, 2018, no. 4, pp. 49-54. (in Russ).

18. Enikeev B.A., Banirov R.R., Saiduganov A.R., Krasnikov I.P. [Comparative Analysis of the
Quality of the Machined Surface in Terms of Roughness on a Robotic Machine and a Classic Machine],
Machine Tool Building and Innovative Mechanical Engineering: Proceedings of the All-Russian Scien-
tific and Technical Conference, Ufa, UGATU publ., 2019, pp. 266-272. (in Russ)

19. Gaimalov A.F., Enikeev B.A., Tipeev A.N., Fetsak S.I., Idrisova U.V. [Measurement of Natural
and Forced Frequencies of the Robot-Machine and Machine Tool Mod. 500V/5], Machine Tool Building
and Innovative Mechanical Engineering: Proceedings of the All-Russian Scientific and Technical Con-
ference, Ufa, UGATU publ., 2019, pp. 318-224. (in Russ)

20. Nurkenov A.H., Gerenstein A.V., Mashrabov N.M. [Technique for Simulating Cylindrical
Plunge Grinding Taking into Account the Actual Rigidity of the Technological System], Materials of
the LIV international scientific and technical conference “Achievements of science — agro-industrial
production”’, Chelyabinsk, CHSAA publ., 2015, no 3, pp. 92-98. (in Russ)

Received 15 March 2022

OBPA3ELl HUTUPOBAHMUS

OKCIEepHUMEHTAIBHOE MCCIIEJOBAHUE )KECTKOCTH TEXHO-
JIOTUYECKOH CHCTeMBbl Ha 0a3e MPOMBIIIIEHHOTO poOoTa
KUKA KR 300 R2500 ULTRA / A.X.HypkeHos,
B.. I'yzees, B.B. Baryes u np. / Bectauk FOYpI'Y. Ce-

FOR CITATION

Nurkenov A.H., Guzeev V.l., Batuev V.V,
Nesteryuk E.V., Pavlov S.A. Experimental study of rigidity
of a technological system on the basis of industrial robot
KUKA KR 300 R2500 ULTRA. Bulletin of the South

pus «MammHocTpoeHuey. — 2022. — T.22, Ne 1. — C. 48— Ural State University. Ser. Mechanical Engineering
58. DOI: 10.14529/engin220104 Industry, 2022, vol. 22, no. 1, pp. 48-58. (in Russ.) DOI:
10.14529/engin220104

58 Bulletin of the South Ural State University. Ser. Mechanical Engineering Industry.
2022, vol. 22, no. 1, pp. 48-58



