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2.5.4. POBOTbI, MEXATPOHWKA 1 POBOTOTEXHNUYECKNE CUCTEMBI

Hayunas cmamos
Bectauk MI'TY «Crankuny. 2025. Ne 2 (73). C. 8-15.

YK 621.865.8 Vestnik MSUT “Stankin”. 2025. No. 2 (73). P. 8-15.

M.M. Cmeoynanun, /I.B. /lapuues™

OI'AOY BO «MI'TY « CTAHKHH»
™ ABTOp AJ11 KOPPECTIOHIEHIIUH

KPATKUA OB30P PABOT MO TEMATUKE
BE3OMACHbIX TPAEKTOPUIA ABWXEHUA POBOTOB
COBMECTHOIO UCNOJIb3OBAHUA

AnHoTanus

PoGOTBI COBMECTHOTO HCIONB30BaHUS (KOOOTHI) UTPAIOT KIFOYEBYIO POJIb B aBTOMATU3AIMU POU3BOI-
CTBa, paboTasi B HEMOCPEACTBEHHON OIN30CTH OT Jroaei. OHAKO I MOBBIMICHUS UX 3P PEKTHBHOCTH
7 6€301acHOCTH TPeOYIOTCS yCOBEPILICHCTBOBAHHBIE aTOPHTMBI IETEKTUPOBAHHS CTOJIKHOBEHHI M HHTEP-
MOJSIMK TpaeKTOpHid. B naHHO# cTarbe 0003HaUEHBI MEPCIIEKTUBEl NPUMEHEHHS HEKOTOPBIX TAKUX
ANTOPUTMOB.

Anroput™m GJK, n3BecTHBIH cBOEl BBICOKOH CKOPOCTBIO, MO3BOMISAET d(PPEKTUBHO ONPEIeIITh epece-
YEeHUs! CIIOKHBIX TEOMETPHIECKIX (POpM B peabHOM BpeMeHH. B coueTannu ¢ B-cmaiiHamu, obecre-
YUBAIOIUMH TUIABHOCTH M TOYHOCTH ABIIKEHH, OH CIIOCOO€H MUHHUMH3HPOBATH PE3KHE OCTAHOBKH
Y CHU3UTH U3HOC 000pynoBaHus. JJaHHBII TOAX0I HMEET IPEHMYIIECTBA IT0 CPABHEHHUIO C TPAJAULHOH-
HBIMU METOAaMU, TAKUMHU KaK METONbI orpanndnBapmux oo0semMoB (AABB, OBB) u nuneitnas narep-
TTOJISIIIHS.

HccnenoBanus moka3bIBaroT, 4To ncnonb3oBanne GJK u B-cruaifHOB O3BOJISIET COKPATHTE BpeMsT pacyeTa
BO3MOXXHOCTH CTOJIKHOBEHUSI, TIOBBICHTH TOUHOCTD TOIACPKAHHUS KOHTYPHOW CKOPOCTH M CHU3UTH BEPO-
SITHOCTh aBapUAHBIX CUTyaluid. [lepcrieKTHBHBIM HalpaBIeHUEM Pa3BUTHS SBISETCS MHTETPALIUS STHX
QITOPUTMOB C CHCTEMaMH MAIlTHHHOTO O0YyYEeHUSI IS aIaITHBHOTO YIIPABICHHS B TUHAMAYECKUX CPeIax.

KiroueBble c10Ba: poOOTHI COBMECTHOIO UCIOIb30BaHUs, alroput™M I'unbepra-/xoncona-Kupry,
B-crinaiinbl, A€TEKTHPOBAHUE CTOJIKHOBEHUH, HHTEPIOIALUS TPACKTOPHUHA, 0€30I1aCHOCTb.

Jas uutupoBanusi: CreOynsana M.M., Jlapuues JI.B. Kparkuii 0030p pabot 1o Temaruke 6€30MacHbIX
TPaeKTOPHIA ABMXKEHHUSI pOOOTOB COBMECTHOTO Ucnonb3oBanus / Bectauk MI'TY «Crankun». — 2025. —
Ne 2 (73). - C. 8-15.
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2.5.4. POBOTbI, MEXATPOHWNKA N POBOTOTEXHUYECKWE CUCTEMbI

M.M. Stebulyanin, D.V. Larichev™

MSUT “STANKIN”
™ Corresponding author

A BRIEF REVIEW OF WORKS ON THE TOPIC
OF SAFE TRAJECTORIES FOR COLLABORATIVE ROBOTS

Abstract

Collaborative robots (cobots) play a key role in production automation by working in close proximity
to humans. However, improved collision detection and trajectory interpolation algorithms are required to
increase their efficiency and safety. This article explores the prospects of using some of these algorithms.
The GJK algorithm, known for its high speed, makes it possible to efficiently detect intersections of complex
geometric shapes in real time. Combined with B-splines that ensure smooth and precise movements, it is
able to minimize sudden stops and reduce wear on equipment. The paper analyzes the advantages of this
approach in comparison with traditional methods such as bounding volume methods (AABB, OBB) and
linear interpolation.

Research shows that the use of GJK and B-splines can reduce the time needed to calculate the possibility
of a collision, increase the accuracy of maintaining contour velocity, and reduce the likelihood of accidents.
A promising area of development is the integration of these algorithms with machine learning systems for
adaptive control in dynamic environments.

Key words: collaborative robots, Gilbert-Johnson-Keerthi algorithm, B-splines, collision detection, trajec-
tory interpolation, safety.

For citation: Stebulyanin M.M., Larichev D.V. A brief review of works on the topic of safe trajectories
for collaborative robots. Vestnik MSUT “Stankin”. 2025. No 2 (73). P. 8-15. (In Russian)
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2.5.4. POBOTbI, MEXATPOHWNKA N POBOTOTEXHUYECKWE CUCTEMbI

Hayunas cmamos
Bectank MI'TY «Crankuny. 2025. Ne 2 (73). C. 16-20.

YIK 62-83 + 681.5 Vestnik MSUT “Stankin”. 2025. No. 2 (73). P. 16-20.

0./1. Ezopos, B.A. Henampeg ™

OI'AOY BO «MI'TY « CTAHKHH»
™ ABTOp AJ11 KOPPECTIOHIEHIIUH

MATPUYHO-BEKTOPHbIA CNOCOBE PACYETA MOLLHOCTH
ANEKTPOABWUIATENEWN MPOMbILNEHHOIO POEOTA

AnHoTanus

Pa3paboTan MaTpHYHO-BEKTOPHBIH CIIOCO0 pacyéTa MOITHOCTH BCEX AIEKTPOABUTATENCH PUBOHBIX MEXa-
TPOHHBIX MOAYJICH CTENEHEH MOABMKHOCTH MPOMBIIIIIICHHOTO po0OTa OT CTATUYCCKHUX M JMHAMHUYECKUX
Harpy30K, ICHCTBYIOIIMX Ha €r0 UCTIOJHUTEILHOE YCTPOHCTBO. BBEICHBI B pACCMOTPEHHE JMATOHAIBHBIC
MaTpHIsl 0000MIEHHBIX CKOPOCTEH 1 KO3 (UITHEHTOB ITOJIC3HOTO JCHCTBUS IPHBO/IOB B CTETICHSX ITOBHK-
HOCTH poboTa. [Tomyuena hopMya Jiist BRIMUCIICHHS 0000IIEHHBIX CHJI B COWICHSHHUSIX MAHHITYJIAIIMOHHOTO
MeXaHH3Ma.

KJoueBbie ¢JI0Ba: MOITHOCTh, MAaTPHUIIA, BEKTOP, 000OIIEHHASI CHJIa, IIEKTPOABUTATENb, MOIYJIb.

Jas uutupoBanusi: Eropos O./]., rnareeB B.A. MarpuuHO-BEeKTOPHBIH cr1oco0 pacuéra MOITHOCTH
aneKTpoaBurareneil npomeinuieHHoro podora // Bectuuk MI'TY «Crankuny. — 2025. — Ne 2 (73). —
C. 16-20.

O.D. Egorov, V.A. Ignatiev ™

MSUT “STANKIN”
™ Corresponding author

MATRIX-VECTOR METHOD FOR CALCULATING THE POWER
OF ELECTRIC MOTORS OF AN INDUSTRIAL ROBOT

Abstract

A matrix-vector method has been developed for calculating the power of all electric motors of drive
mechatronic modules of the degree of mobility of an industrial robot from static and dynamic loads acting
on its actuator. Diagonal matrices of generalized speeds and efficiency coefficients of drives in the degrees
of mobility of the robot are introduced into consideration. A formula for calculating generalized forces in
the joints of the manipulation mechanism is obtained.

Keywords: power, matrix, vector, generalized force, electric motor, module.

For citation: Egorov O.D., Ignatiev V.A. Matrix-vector method for calculating the power of electric motors
of an industrial robot. Vestnik MSUT “Stankin . 2025. No 2 (73). P. 16-20. (In Russian)
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__ 255 TEXHONOTV5 M OBOPYIOBAHNE MEXAHWYECKOW W ®U3NKO-TEXHUYECKOW OBPABOTKM

Hayunas cmamos
Bectauk MI'TY «Crankuny. 2025. Ne 2 (73). C. 21-35.

YIK 621.922.3 Vestnik MSUT “Stankin”. 2025. No. 2 (73). P. 21-35.

C.H. I'puzopyves’, B.A. Kopomkog*™

' ®TrAOY BO «MI'TY «CTAHKUH» ; 2 ®I'BOY BO «Ky3['TY um. T.®. Topbauesar
® ABTOp /1JIs1 KOPPECIIOH/ICHIINN

OLIEHKA BNTUAHUSA OPUEHTALUU ABPA3UBHBLIX 3EPEH
HA SKCTNNYATALUMNOHHBIE NOKA3ATENN
LWITM®OBAJIbHbIX KPYITOB

AHHOTaIUSA

IIpoBeneHbI KOMILIEKCHBIE UCTIBITaHKS MITH(OBAILHBIX KPYTOB, [IPU H3rOTOBIEHHH KOTOPBIX a0pa3UBHbIE
3€pHa 1leJICHAPaBICHHO OPUEHTHPOBAIM B TEJIe HHCTPYMEHTOB IIOCPEICTBOM 3IEKTPOCTATUUECKOTO
nosst (mareHt PO Ne2369474). UccenoBaHo BiIMsiHHE OpUEHTUPOBaHUs aOpa3uBHbBIX 3€peH B nuU(o-
BaJIbHBIX KpyraX: B YaCTHOCTHU, yCTaHOBJIEHO BO3/IeiCTBHE OPUEHTALUH 3EPEH Ha PEXYIIYIO CHOCOOHOCTD,
ko3 duruent mnudosanus 1 3¢pGEKTUBHYIO MOIHOCTb pe3aHus IMIIKU(OBAIbHBIX KPYIOB, a TAKXKE Ha
IEPOXOBAaTOCTh 00pabaThIBAEMBIX MU IIOBEPXHOCTEN IPU 00pabOTKE 110 CXEME C IOCTOSIHHBIM yCUIIUEM
IPUKaTUs. MHCTPYMEHTA U 3arOTOBKHU IIPU KPYIVIOM BPe3HOM HIIH(OBaHUU.

YcTaHOBIEHO, YTO YIIpaBlIeHUE TeOMETpHUEl 3EpeH OCPEICTBOM HX LIEJICHAPABIEHHOIO OPUEHTUPO-
BaHUS B IUIM(OBAIBHBIX MHCTPYMEHTAX MO3BOJSIET CYLIECTBEHHO NOBBICUTH 3()(EKTUBHOCTD IpoLecca
numgosanus. C yBeIMUeHHEM BETMYHH MIEPEIHUX YITIOB 3EPEH MPH UX pagnuaIbHON OpHEHTAIMY B MITH(O-
BAJIBHBIX KPyTax IOBBIIIACTCS PEXKYyINas CIOCOOHOCTh HHCTPYMEHTOB, CHIDKAIOTCA JedopMmaruu oopa-
6aThIBAEMOro MaTepualla U TeMIeparypsl Ipu HuindoBaHUHU. A YMEHbLICHUE NEPEIHUX YIIIOB 3EpPEH
IIPU UX TAaHT€HLUAIbHOM OPUEHTUPOBAHUU B KPYrax MO3BOJLIET CYIECTBEHHO CHU3UTh LLIEPOXOBATOCTD
nuIA(yeMbIX HOBEPXHOCTEH U yMEHBIIUTH H3HOC HHCTPYMEHTOB.

KnroueBble c10Ba: opueHTAIA aOpa3sUBHBIX 3EpEH, FeOMETpPHs 3EpPeH, PeXyIlas ClIOCOOHOCTh, KOdd-
¢unment mnudosanus, 3¢GEeKTUBHAS MOLUIHOCTh PE3aHUS KpyraMu, TEMIIepaTypa U IepoXoBaTOCTh
00paboTaHHBIX IOBEPXHOCTEH.

Jas uurupoBanusi: I'puropses C.H., Kopotkor B.A. OlieHKa BIUSHUS OpUCHTAIMH a0pa3HBHBIX 3EpeH
Ha 3KCIUTyaTal[HOHHbIC MoKa3arenu nuidoBanibHbix KpyroB // Bectauk MI'TY «Crankuny. — 2025, —
Ne 2 (73). - C. 21-35.

BECTHUK MI'TY « CTAHKWH» Ne 2 (73) - 2025 / VESTNIK MSUT «STANKIN» No. 2 (73) « 2025



2.5.5. TEXHONOTUA 1 OBOPYJOBAHME MEXAHUYECKOW U ®U3NKO-TEXHUYECKOW OBEPABOTKM

S.N. Grigoriev', V.A. Korotkov’ =

" MSUT “STANKIN”; 2 Kuzbass State Technical University named after T.F. Gorbachev
™ Corresponding author

ASSESSMENT OF THE INFLUENCE OF THE ORIENTATION
OF ABRASIVE GRAINS ON THE PERFORMANCE OF GRINDING

WHEELS

Abstract

Comprehensive tests of grinding wheels were conducted, in the manufacture of which the abrasive grains
were purposefully oriented in different directions by means of an electrostatic field (Patent of the Russian
Federation Ne 2369474). The efficiency of abrasive grain orientation in grinding wheels, the effect of grain
orientation on the cutting ability, grinding coefficient and effective cutting power of grinding wheels, as
well as on the roughness of the surfaces processed by them during processing according to the scheme
with a constant pressing force between the tool and the workpiece and during round plunge grinding were
investigated.

It was found that controlling the geometry of grains by means of their orientation in grinding tools allows
to significantly increase the efficiency of the grinding process. With an increase in the front angles of grains
due to their radial orientation in grinding wheels, the cutting ability of the tools increases, deformations
of the workpiece and temperatures during grinding are reduced. Reducing the front angles of grains and
stresses in them during operation by means of tangential orientation of grains in grinding wheels allows
for a significant reduction in the roughness of grinding surfaces and a reduction in tool wear out.

Keywords: abrasive grain orientation, front angles and stresses in grains, cutting ability, grinding ratio,
effective cutting power of grinding wheels, temperature and roughness of machined surfaces.

For citation: Grigoriev S.N., Korotkov V.A. Assessment of the influence of the orientation of abrasive grains
on the performance of grinding wheels. Vestnik MSUT “Stankin”. 2025. No 2 (73). P. 21-35. (In Russian)
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Hayunas cmamos
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YIK 67.02 Vestnik MSUT ““Stankin”. 2025. No. 2 (73). P. 36-47.

A.A. Bepewaxka', C.B. @eoopoé’, E.C. Comosa’™,
K.M. Makapeeuw’, .M. IlImaxoé’, I1.1O. I[lomanoe*

'UKTU PAH; 2 ®ITAOY BO «MI'TY «CTAHKHWH»; * PTY MUPDA; + AO « THUMUMAIII»
™ ABTOp J1 KOPPECIIOHAEHIMH

NOBbIWEHWE N3HOCOCTOWKOCTW OETANEN
U3 TUTAHOBLIX CMNTABOB NYTEM OCAXAEHUA
HA UX PABOYME MOBEPXHOCTMU NOKPbITUMA DLC

AHHOTaN U

B crarbe npencraBiieHbl pe3yabTaThl cpaBHeHHE cBoicTB OkpeiTus DLC, ocaxneHHoro Ha cyOcTpar
tuTanoBoro cmiaBa Ti—6A1-4V, ¢ uurpugabiMu nokpeitusiMA ZrN u (Zr,Hf)N. C uenpro moBbIIeHHS
aJire3uy ¢ cyoCcTpaTtoM IpH ocaXxaeHuH NOKpBITHsI DLC pOBOIHIIOCH IPEABAPHUTENHHOE TPABICHNE HOHAMHI
Xpoma, 9To obecrednio GopMHUpOBaHUE B cyOcTpare An(pPy3HOHHOTO MOBEPXHOCTHOTO CJIOSI, HACHIIICH-
HOTO XpOMOM, 3ateM ocaxaaics cioi Si-DLC, nocie koroporo ocaxaaincs cioit unctoro DLC. Beuia
oIpenieNieHa TBEPAOCTh HCCIeYEMBIX MOKPBITHIA, HCCIIeJOBaHA MOP(OIIOTHS KX IIOBEPXHOCTH, IPOYHOCTh
pa3pylIeHHs IPU CKPETY-TECTE, B TAKKE — TPHOOIOTHYESCKHE CBOMCTBA M H3HOCOCTOMKOCTD TIPH TECTE
pin-on-disk B koHTakTe ¢ uHAeHTOpaMu U3 AL, O, 1 cTanu. C TOMOLIBIO TPAHCMUCCHOHHOH MUKPOCKOIIHH
(TOM) uccnenoBanack crpykrypa nmokpbitis DLC. Bbuio ycraHoBieHo, 9To B TecTe pin-on-disk B koHTaKTe
c unaentopamu AL O, u AISI 52100 o6pasew ¢ nokpsitiem DLC neMOoHCTpHpYeT HaMHOTO Gojlee HU3KMi
K09 PUIHEHT TPEHHUS 1 CYIIECTBEHHO JIYYIIYIO H3HOCOCTOMKOCTH 10 CPABHEHUIO C 00pa3aMu ¢ HATPHI-
HBIMU TIOKPBITHAMH U 0€3 MOKPBITHIA.

KuroueBsble ciioBa: HUTpHUIHBIE MTOKPbITHS; DLC; H3HOCOCTOMKOCTD; KOAQ(UIIMEHT TPEHHS; TUTAHOBBIC
CILIaBbI

Ja nutupoBanus: Bepemaka A.A., ®enopos C.B., Corosa E.C., Makapesuu K.M., IlImaxkos .M.,
IMotanos I1.1O. IToBbImIeHHE H3HOCOCTOMKOCTH ACTANCH U3 THTAHOBBIX CIUIABOB ITyTEM OCAXKACHUS HA UX
pabouue nosepxHoctu nokpeituii DLC // BectHuk MI'TY «Crankuny». —2025. — Ne 2 (73). — C. 36-47.
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INCREASING THE WEAR RESISTANCE OF TITANIUM
ALLOY PARTS BY DEPOSITING DLC COATINGS
ON THEIR WORKING SURFACES

Abstract

The article presents the results of comparison of the properties of the DLC coating deposited on the
Ti—6A1-4V titanium alloy substrate with the ZrN and (Zr,Hf)N nitride coatings. In order to improve
adhesion to the substrate during deposition of the DLC coating, preliminary etching with chromium ions
was carried out, which ensured the formation of a diffusion surface layer saturated with chromium in the
substrate, then a Si-DLC layer was deposited, after which a pure DLC layer was deposited. The hardness
of the studied coatings was determined, their surface morphology, fracture strength in the scratch test, as
well as tribological properties and wear resistance in the pin-on-disk test in contact with A1203 and steel
indenters were studied. The structure of the DLC coating was studied using transmission microscopy
(TEM). It was found that in the pin-on-disk test in contact with A1203 and AISI 52100 indenters, the DLC
coated specimen demonstrated a much lower coefficient of friction and significantly better wear resistance
compared to the nitride coated and uncoated specimens.

Key words: nitride coatings; DLC; wear resistance; friction coefficient; titanium alloys
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NMPOrHO3MPOBAHWUE SHEPIOMOTPEBNEHUA
NMPU MEXAHUYECKOW OBEPABEOTKE HA OCHOBE
YOENBbHOIO NAPAMETPA

AHHOTaIUSA

BBaenieHO OHSTHE YIETBHOIO SHEPrONOTPEOIEHHS KaK OTHOIIECHUS SHEPTUH, 3aTpauuBacMoi Ha 00paboTKy
3a1aHHOH TOBEPXHOCTH, K IUIOLIAAX IOBEPXHOCTH pe3aHusl, GOpMUPYEMOi pexXyIIHM JIE3BUEM B IIPOLIECCe
00paboTku. Briienena ynansemas 4acTb HOBEpXHOCTH pe3anust. [loka3aHo, 4To pU pa3nuuHbIX cIocodax
00paboTKH 10715 yKa3aHHOH yaanseMoi yactu pasznuuHa. [IpuBenens! rpaduku 3aBucUMocCTeil 3Toil 1oau
OT IapaMeTPOB pexuMa pe3anusi. Ha ocHOBe anmpokcuManyu JaHHbIX S9KCIEPUMEHTOB, 0000IEHHBIX IO
ITU crioco6aM 06paboTKY, MOTyYeHa 3aBUCUMOCTD JA0JIU yIaIseMOl TIOBEPXHOCTH PE3aHUs OT YAEIbHOTO
SHEpronoTpedieHus ¢ ko3hGUIUEHTOM Koppesiuy, npessimatonum 0,99.

KuaroueBble ci10Ba: 3HepronorpediaeHne, MexaHudeckasi 00paboTKa, yaesbHas CHila Pe3aHusl, MOBepX-
HOCTb pe3aHus

Jas uurupoanus: Manskosa JI.J[. IIporaozupoBanue 3HepronoTpebaeHns Ipu MEXaHU4eCKol oOpa-
00TKe Ha OCHOBe yaenbHoro napametpa // Bectauk MI'TY «Crankuny. — 2025. — Ne 2 (73). — C. 48-57.

L.D. Malkova

Bauman Moscow State Technical University

FORECASTING OF ENERGY CONSUMPTION DURING MACHINING
BASED ON A REDUCED PARAMETER

Abstract

The concept of specific energy consumption is introduced as the ratio of the energy spent on processing
a given surface to the cutting surface area formed by the cutting blade during processing. The removable
part of the cutting surface is highlighted. It is shown that the proportion of the specified part to be removed
varies with different processing methods. Graphs of the dependences of this fraction on the parameters of
the cutting mode are given. Based on the approximation of experimental data generalized by five processing
methods, the dependence of the proportion of the removed cutting surface on specific energy consumption
with a correlation coefficient exceeding 0.99 was obtained.

Keywords: energy consumption, mechanical processing, reduced cutting force, cutting surface
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BJIMAHME OBPABOTKU AE®OPMUPYIOLLUM PESAHUEM
HA NPOYHOCTb OPEBPEHHbIX TEMNJIOOBMEHHbIX TPYB,
HAIPYXEHHbIX BHYTPEHHUM [JABNEHUEM

AHHOTALUSA

B crarbe paccMOTpeHB! TEII00OMEHHBIE OpeOpeHHbIE TPYObl, N3TOTOBIEHHBIE C HCIIOJIB30BAaHUEM METOa
nedopmupytomiero pesanus. OpedpeHre Ha TpyOax yBesnduBaeT d3PPEKTHBHYO MUIOMIAb TEII000-
MEHHOW NMOBEepXHOCTH. MeTon AeopMHUPYIOIIETro pe3aHus Mo3BoiIsieT GOPMUPOBATh HA IOBEPXHOCTH
TpyOBbI opeOpeHue 0e3 OTAEICHUS CTPYKKH, YTO MOBBIIIACT KOA(PPULIMEHT HCTIONL30BaHKUS MaTepraia
IpY UX W3TOTOBJIEHHU. B cTarhe mpuBeneHs! GOpMyIbl LI pacyeTa HapaMeTpoB OpeOpeHus, BKIIIOYa-
IOIHMX BBICOTY M TONIIMHY (OpMHUpYEMbIX pedep, B 3aBUCMOCTH OT IIapaMeTpoB 00pabOTKH, a UMEHHO,
HO/Iau¥l MHCTPYMEHTa Uil Ae(opMHUpPYIOIIETro pe3aHus U ITyOuHbI pe3anus. Ha ocHOBe npHBeAEeHHbBIX
3aBHCUMOCTEH pa3paboTaHbl pacueTHbIC MOAEIH TeMI000MEHHBIX TPYO. [y pa3IuyHBIX BapHaHTOB
opeOpeHus MPOBeeH pacyeT HapsHKEHO-1e(hOPMUPOBAHHOTO COCTOSIHUS METOIOM KOHEUHBIX JIEMEHTOB
TEJI0O00MEHHBIX TPyO M3 MEAU, HArpy>KCHHBIX BHYTPEHHUM JaBieHreM. CpaBHEHHE OpeOpPEeHHBIX TPYO
C IIaIKOK HeopeOpEeHHO# TPyOOii OCYIIECTBISIIOCH MO 3HAYSHUSIM CPEJHET0 SKBUBAJICHTHOTO HANPSKEHHUS
Ha BHYTPEHHEH MOBEPXHOCTH TPyOBL. B pe3ynbrare paboThl MOKa3aHO, YTO IPH IITyOHHE pe3aHus MEeHbLICH
OIIPEIeICHHOTO 3HaU€HHsI MPOYHOCTh TEINIOOOMEHHBIX TPyO He cHmxkaercs. [Ipu 6onpmunx rmyOouHax
pe3aHusl MOBbIIIEHUE YKBUBAJICHTHBIX HaNpsHKeHUH He mpesbiiaet 14 %.

Kaouessle cioBa: nedopmupyroliee pe3anue, opeOpeHHas Tpyda, TeII000MeH, KOHSYHO-IJIeMEHTHBIH
aHau3.

Jas uutupoBanusi: [lynsk .M. Bausaue 00paboTku A1eQOpMHUPYIOIIAM pe3aHHEM Ha MPOYHOCTH
OpeOpEHHBIX TEMIO0OMEHHBIX TPYO, HArpY>KEHHBIX BHYTpeHHUM naBienueM // Bectauk MI'TY
«Crankun». — 2025. — Ne 2 (73). — C. 58-65.
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Ya.l. Shulyak

Bauman Moscow State Technical University

EFFECT OF DEFORMATIONAL CUTTING TREATMENT
ON THE STRENGTH OF FINNED HEAT-EXCHANGE TUBES
LOADED WITH INTERNAL PRESSURE

Abstract

The paper studies heat-exchange finned tubes manufactured using the method of deformational cutting.
The finning on the tubes increases the effective heat exchange surface area. The method of deformational
cutting makes it possible to form finning on the tube surface without chip separation, which increases the
material utilisation factor in their manufacture. The article contains formulas for calculation of finning
parameters, including height and thickness of formed ribs, depending on processing parameters, namely,
tool feed for deforming cutting and depth of cutting. On the basis of the given dependences the calculation
models of heat-exchange tubes have been developed. For different variants of finning the calculation of
stress-strain state by finite element method of copper heat-exchange tubes loaded with internal pressure
has been carried out. Comparison of finned tubes with a smooth unribbed tube was carried out by the
values of the average equivalent stress on the inner surface of the tube. As a result of work it is shown
that at depth of cutting less than a certain value the strength of heat-exchange tubes does not decrease. At
greater cutting depths the increase of equivalent stresses does not exceed 14 %.

Keywords: deformational cutting, finned tube, heat transfer, finite element analysis.
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UCCNEOOBAHUE TEXHOJIOTMYECKOIO NPOLIECCA
NMPUTUPKU LLAPOBbIX LUAPHUPOB:

Noaxofabl K CO30AHUIO UMUTALIMOHHOW MOJENN
PABOYEIO NMPOLIECCA

AnHoTanus

TexHOIOTHYECKHUH MPOIECC MPUTUPKH SIBIIACTCS OJHUM M3 CaMbIX PaclpOCTPaHEHHBIX METOIOB OKOH-
YyaTeJbHON MEeXaHHUYECKOi 00pabOTKK BHICOKOTOUHBIX CHEPUUCCKUX COCAMHECHUU. J[Is MOBBIICHUS
3¢ GEKTHBHOCTH Mpolecca NPeAiokeHa HMUTAIMOHHAS MOJIEI b TEXHOJIOTHYECKOTO Mpoliecca B3aUMHOM
cheprueCKOil MPUTHPKH, KOTOpasi 0000111aeT HEKOTOPHIE CYLICCTBYIOIINE MOCIIH U PACIIUPSET UX 00JIaCTh
MPUMEHEHHUS VTS YCIIOBHH ceprueckoil moBepxHOCTH. [loyueHHas HMUTAMOHHAS MOJIEbh TEXHOJIO-
THYECKOTO MPOoIecca B3aUMHON ChepuuecKor MPUTUPKH MpeIHa3HAUCHA [Tl UCCIICIOBAHMUS 3aBUCH-
MOCTH M3HOCA KOHTAKTHBIX MIOBEPXHOCTEH KOMIIOHEHTOB HIAPOBOTO IIAPHUPA OT CTPATETUH JBHIKCHHS
TTOJIBMYKHOTO KOMIIOHEHTA Mpy 00paboTKe. B MpeiokeHHOM alrOpUTME HMUATAIIMOHHOTO MOJICITHPOBAHHUS
pacuert pacrpe/ieseHNs] KOHTAKTHOTO JaBJICHHUS 0a3UpyeTCst Ha MOJICIN THIPABIHUSCKOTO B3aUMOICHCTBHS
CIUTOIIHBIX CpeJl METAJUTMIECKOW IJIOTHOCTH. B kKauecTBe paccMaTpuBaeMoro o0beKTa MOJICITUPOBAHUS
BBICTyIHAeT TPEXKOMIIOHCHTHBIH MIAPOBOH IAPHUP, COCTOSAIMNA U3 KPBIIIKH, TTOAMATHUKA U IIIAPOBOTO
nanbia. Kpeliika v MOAMATHUK SBISIFOTCS 0a30BBIMH JICTAJISIMU, KOTOPBIE COMMKAIOTCS B TIPOLIECCE U3HOCA
cepuueckux nmosepxHocteit. [llapoBoii manery IBIsSETCs MOABIKHBIM KHHEMAaTHIECKUM 3BEHOM, KOTOPOE
coBepIaet cepryeckoe ABMKEHNE BOKPYT 1eHTpa miapaupa. CHopMupoBaHHBIH MPOrpaMMHBIE KOMILIEKC
TTO3BOJISICT MPOBOUTH SKCIICPHUMEHTATBHBIC HCCIICIOBAHHUS C IIMPOKKUM JHUAIa30HOM TUIAHUPOBAHHSI TeOMe-
TPUYECKHX, TEXHOJIOTHUECKUX, IMHAMUYECKUX U KHHEMAaTHIeCKUX ()aKTOPOB Mpoliecca B3auMHOM chepH-
YECKOM MPUTUPKU B aBTOMATH3UPOBAHHOM peyKUMe. [IepBHYHO MOTyUeHHBIE Pe3y/IbTaThl HUMHTAIIMOHHOTO
MOJICITUPOBAHUS KAYECTBEHHO CXOXH C Pe3yJIbTaTaMH HaTYypPHBIX UCCIICIOBAHHMA.

KiioueBble ciioBa: IMpUTHpPKa, B3aUMHas cq)epnqecxaﬂ MNpUTHUPKA, UMUTAIITMOHHOE MOJCIMPOBAHHUEC, aJIT'0-
PUTM MOIACIINPOBaHUA, MATEMATHUICCKUEC MOJCIIN.

Jas nutupoBanus: Kinaukos B.A., XynsxoB M.IT. MccnenoBanne TEXHOIOTMUECKOTO MpoLiecca MPUTHPKH
[IAPOBBIX IAPHUPOB: MOAXOBI K CO3/IaHUI0 HMUTAIIMOHHOM Moieu pabouero nporiecca / Bectauk MI'TY
«Crankun». —2025. — Ne 2 (73). — C. 66-79.
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INVESTIGATION OF THE TECHNOLOGICAL PROCESS
OF BALL JOINT LAPPING: APPROACHES TO CREATING
A SIMULATION MODEL OF THE WORKFLOW

Abstract

The lapping process is one of the most common methods for final machining of high-precision spherical
joints. To improve the efficiency of the lapping process, a simulation model of the technological process
of mutual spherical lapping is proposed, which generalizes some existing models and expands their scope
for spherical surface conditions. The obtained simulation model of the technological process of mutual
spherical lapping is intended to study the dependence of the wear of the contact surfaces of the ball joint
components on the movement strategy of the moving component during processing. In the proposed
simulation model, the calculation of the contact pressure distribution is based on the model of hydraulic
interaction of continuous media of metallic density. The modeling object under consideration is a three-
component ball joint consisting of a lid, a bearing and a ball pin. A lid and a bearing are basic parts that
move closer together as the spherical surfaces wear. A ball pin is a movable kinematic link that performs
spherical movement around the center of a bearing. The developed software package allows conducting
experimental studies with a wide range of geometric, technological, dynamic and kinematic factors of the
process of mutual spherical lapping in an automated mode. The initially obtained results of simulation
modeling are qualitatively similar to the results of field studies.

Keywords: lapping, mutual spherical lapping, simulation modeling, modeling algorithm, mathematical
models.
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FMMNEPrPA®OBbLINA NOOXOM K MOAENUPOBAHUIO CEOPOYHbIX
MPOLIECCOB: CUHTE3 C HOOOBbIMX CUCTEMAMU
N UMNNEMEHTALUA B CPEOE CMELUAHHOW PEANIbHOCTH

AHHOTAUUSA

B nmanHO#t crarthe npeacTaBiIeH MHHOBALMOHHBIN IOIX0 K MOAGIUPOBAHHUIO IIporiecca COOPKU U3eIUi
B MallIMHOCTPOCHUH C HCIONB30BaHUEM TEOPUH TUneprpadoB 1 TEXHOIOTUHM CMEIIaHHON PeanbHOCTH.
IpennoxkeHa MeTOAUKA CTPYKTYPUPOBaHHS COOPOUHBIX YepTekel Ha OCHOBE ruIeprpadoB ¢ HOCIEAYIOIIUM
npeoOpa3oBaHUEM B HOMOBYIO cucTeMy Juis miargopmel Unity. Paspaborana matemMaruueckas MOJEb,
OIHICBIBAIOILAS IIPoLECC TpaHC(HopMaLuy runeprpadoBoro NpecTaBlIeHUs COOPOUHBIX EUHUI] B HOTOBYIO
cTpykrypy. [IpencraBieHsl pe3ynbraTsl SKCIEPUMEHTAIBHOTO UCCIEN0BaHUS, IEMOHCTpUpYIoIue 3 dek-
THUBHOCTb IPEATI0AKEHHOIO OAX0a B IIOCTPOESHUH MIOCNIEI0BATENBHOCTY COOPOUHBIX onepanuit. OnucaHa
IIporpaMMHas pean3amus pa3padoTaHHONH MOJIEIH, BKIIFOYAIOIIAs AITOPUTMEI IIpeoOpa3oBaHs runeprpada
B HOzb! Unity. PesynsTars! necieioBaHys TOKa3bIBAIOT SHATUTEIFHOE MOBHIMICHHE 3()(EKTHBHOCTH Mporecca
COOpPKH M CHIDKCHHE BEPOATHOCTH OIIMOOK IIPU UCIOIB30BAHUH Pa3pabOTaHHOH CHCTEMBL

KuroueBble ciroBa: runeprpad, HoOIOBasi CHCTEMa, CMELIaHHAsI PeabHOCTh, COOPOYHBIHA YepPTeIikK, MAIIIH-
HocTpoeHwue, Unity, npouecc cOOpKu.

Jos murupoBanus: Jlum A A., Kyt A.A. TuneprpadoBblii TOIX0M K MOACTHPOBAHUIO COOPOTHBIX
TIPOIIECCOB: CHHTE3 C HOMOBBIMH CHCTEMAaMH M IMIDIEMEHTAINS B CpeJie CMENIaHHO! pearbHOCTH // BecTHnk
MI'TY «Crankun». —2025. — Ne 2 (73). — C. 80-89.
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HYPERGRAPH APPROACH TO MODELLING ASSEMBLY PROCESSES:
SYNTHESIS WITH NODE SYSTEMS AND IMPLEMENTATION IN MIXED
REALITY ENVIRONMENT

Abstract

This article presents an innovative approach to modeling the assembly process in mechanical engineering
using hypergraph theory and mixed reality technology. A methodology for structuring assembly draw-
ings based on hypergraphs with subsequent transformation into a node system for the Unity platform is
proposed. A mathematical model describing the process of transforming the hypergraph representation of
assembly units into a node structure is developed. The results of an experimental study demonstrating the
effectiveness of the proposed approach in optimizing the sequence of assembly operations are presented.
The software implementation of the developed model, including algorithms for converting a hypergraph
into Unity nodes, is described. The results of the study show a significant increase in the efficiency of the
assembly process and a reduction in the probability of errors when using the developed system.

Keywords: hypergraph, node system, mixed reality, assembly drawing, mechanical engineering, Unity,
assembly process.
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NMEPCNEKTUBbI NPUMEHEHUA CENEKTUBHOIO

NA3EPHOIO NNABNEHWUA (SLM - SELECTIVE LASER MELTING)
B U3FOTOBJIEHUN CJITOXXHOMPO®UIBbHBLIX

TOHKOCTEHHbIX AETANEWN

AnHoTanus

JanHast paboTa mpeAcTaBIsieT cOO0H aHAIN3 TEXHOIOTHIECKAX BO3ZMOXKHOCTEH TexHoJIoTHu Selective
Laser Melting (SLM) — ceIeKTUBHOTO JIa3epHOTO TUIABJICHHUS, B KOHTEKCTE TIeYaTH CI0KHONPO(UITBHBIX
TOHKOCTEHHBIX JeTaliei. TeXHOIOT S CEeNeKTHBHOTO JIA3ePHOTO IUTABICHHS ITO3BOJISIET CO31aBaTh KOMITO-
HEHTBI C BBICOKOH TOYHOCTBIO U CIIOKHOHM T€OMETPUEH, UCTIONB3Ys Ja3epHOE IUIaBICHAE METAIUTTIECKOTO
MTOPOIIIKA.

B xozne ananmu3za onpeneneHbl ONTHMABHEIC TTapaMeTpsl meyaty uis cioiaBa AlSil0OMg npu medatn
TOHKOCTEHHBIX JIeTajel ¢ TOMMHUHON cTeHkn Meree 0,5 MM: MontHOCTh nazepa 215-220 BT u ckopocTs
ckanupoBanus 1500 Mm/c, 4TO 0OECTIEeUNBACT IEPOXOBATOCTH MOBEPXHOCTH 4,5—5,2 MKkM. MHUHIMAaIbHAS
JIOCTUTHYTast HopucTocTh cocraBuina 0,255% npu momuocTH nasepa 340 Bt. YBenuueHue ckopoctu
ckarupoBanus ¢ 1000 go 1500 MM/c TOBBINIAET CKOPOCTh 0OPAOOTKH U yAydIIaeT CTAOUIBLHOCTh
TpoIiecca: TONIIHUHBI CTEHOK CHIKaeTcs ¢ £69.62 mxkM 10 £41.88 MKM Ipu COXpaHEHHH MOPUCTOCTH
Ha yposHe 0.373-0.404%.

OcraroyHble HaNpsDKEHUsI B TOHKOCTEHHBIX CTPYKTYpax, MOTy4eHHbBIX MeTooM SLM, nocTuraroT npeaena
TeKy4eCTH MaTepualia, 0COOCHHO B HAIIPABJICHUHU IIOCTPOEHHS feTanr. KpoMe Toro, ObIIO yCTaHOBIEHO,
YTO NPH YBEIMYESHUH TOIIIMHBI HY)KHEH YaCTH KOHYCHON TOHKOCTEHHOW CTPYKTYPbI OCTaTOUHBIE HATIPSI-
JKEHUsI PacTyT, HO MOCIe TOCTH)KEHHS TONIIMHBI 1,5 MM HX YPOBEHb CTaOMIM3HPYETCs U AajbHeiee
YBEJIMYECHUE HE MPUBOJMT K CYLICCTBEHHOMY U3MEHEHHUIO HAPSHKEHHH.

PaccMarpuBaroTCs KITIOUEBbIE JOCTOMHCTBA TAaHHOHW TEXHOJOTHH, TAKHE KaK CHIDKEHHE Beca U3/IeNui,
YMEHbBIIIEHNE pacxoia MaTepHata U BO3MOXXHOCTh pealli3aliuil BHYTPEHHEH CTPYKTypBI, HEJOCTYITHOM
IUTSL TPAIUIIMOHHBIX METOIOB MPOM3BOACTBA. Pe3ynbTaTsl HCCIeaoBaHHS TOTIEPKUBAIOT 3HAYUMOCTD
TEXHOJIOTHH CEJIEKTHBHOTO JIa3epHOTO IUIABIECHHS B COBPEMEHHBIX ITPOM3BOACTBEHHBIX NPOLIECCax, IIe
MIPEABSBILIOTCS BBICOKHE TPEOOBaHMS K Ka9€CTBY U (DYHKIMOHAIEHOCTH JeTaNeH.

KuroueBble ci1oBa: aJiTMTUBHBIC TEXHOJIOTNH, aJANTUBHOC IIPOU3BOACTBO, TPEXMCPHAs Me€4aTh (3D-He‘IaTI:),
CCJICKTUBHOC JIa3€PHOC IIJIaBJICHUEC, CJ'IO)KHOHpO(i)I/IJ'H)HLIe JCTajii, TOHKOCTCHHbIC ACTAJIN.

Jst muTupoBanusi: Makcumos 1O. B., Baiikun [I. C. [lepcneKkTHBBI TPUMEHEHUS CEIIEKTUBHOTO JIa3ep-
noro masneHus (SLM — Selective Laser Melting) B M3roTOBJIEHHH CIOKHOIPO(PHUIBHBIX TOHKOCTEHHBIX
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Yu. V. Maksimov, D. S. Baykin™

Moscow Polytechnic University
™ Corresponding author

PROSPECTS FOR THE APPLICATION OF SELECTIVE LASER MELTING
(SLM - SELECTIVE LASER MELTING) IN THE MANUFACTURING
OF COMPLEX THIN-WALLED COMPONENTS

Abstract

This study presents an analysis of the technological capabilities of Selective Laser Melting (SLM) in the
context of printing complex thin-walled components. SLM technology enables the production of highly
precise components with intricate geometries by using laser melting of metal powder.

Through the analysis, optimal printing parameters were determined for the AlSil0Mg alloy
when printing thin-walled parts with a wall thickness of less than 0.5 mm: laser power of 215—
220 W and a scanning speed of 1500 mm/s, ensuring a surface roughness of 4.5-5.2 um. The minimum
achieved porosity was 0.255% at a laser power of 340 W. Increasing the scanning speed from 1000
to 1500 mm/s enhances processing speed and improves process stability: wall thickness variation decreases
from £69.62 pm to +41.88 um while maintaining porosity in the range of 0.373-0.404%.

Residual stresses in thin-walled structures produced by SLM reach the material’s yield strength, especially
in the build direction. Additionally, it was found that as the lower part thickness of a conical thin-walled
structure increases, residual stresses also rise, but after reaching a thickness of 1.5 mm, their level stabilizes,
and further increases do not lead to significant changes in stress levels.

The key advantages of this technology are discussed, including weight reduction of components, lower
material consumption, and the ability to create internal structures that are impossible to achieve with tradi-
tional manufacturing methods. The study results highlight the significance of SLM technology in modern
manufacturing processes, where high demands are placed on the quality and functionality of components.

Keywords: additive technologies, additive manufacturing, 3D printing, selective laser melting, complex-
profile parts, thin-walled parts.
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BAPUAHT TEXHONOIMMU LUTAMMNOBKWU COBOEHHbIX
TOHKOMONOTHbIX MOKOBOK U3 ANKOMUHUEBOIO CMNJTABA
WU ErO BNUSAHUE HA CTOMKOCTb LUTAMMNOBOW OCHACTKU

AHHOTALUSA

B crarbe 00cy>K1atoTcs pe3ynbTaThl HCCIEN0BaHMs BIMSHHS Ha CTOMKOCTD IITaMIIOBON OCHACTKU TEXHO-
JIOTHH IITAMIIOBKH CIIBOCHHBIX ITOKOBOK, IMEIOIINX TOHKUE IOJIOTHA, MAaTEPUAJIIOM KOTOPBIX SIBISETCS
aFOMHUHHUEBBIN nedopmupyemsblii criaB Mapku AK4-1. ITpuBeneH cpaBHUTENBHBIA aHAIH3 OCHOBHBIX
TEXHOJIOTHYECKHX MAapaMeTPOB, MOJYYSHHBIX KOMIBIOTEPHEIM MOAEIMPOBAHUEM IIpOIiecca ropsyeit
00bEMHOH IMTAMIIOBKH COIVIAaCHO IIPOM3BOJCTBEHHOMY U IPEAJaraeéMoMy BapHaHTaM, YTO MTO3BOJHT
OCYILIECTBUTH BBIOOP HAaHOOJIEE MPEATNOYTHTEILHOTO.

KaroueBnble ciioBa: ropsvas HITaMIIOBKa, MOACIINPOBAHUE, IIITAMII, CTOUKOCTb.

Jost uutupoBanus: [lapeikua M.B., Cocenymkun E.H. BapuanT TeXHOIOTHH MITaMIOBKY CIBOCHHBIX
TOHKOIIOJIOTHBIX TTOKOBOK M3 QJIIOMHHHEBOTO CIIaBa M €T0 BIHSHHE HA CTOMKOCTH IITAaMIIOBOM OCHACTKH
// Bectauk MI'TY «Crankuny. — 2025, — Ne 2 (73). — C. 99-106.

M. V. Sharykin, E.N. Sosenushkin ™

MSUT “STANKIN”
™ Corresponding author

A VARIANT OF THE TECHNOLOGY OF STAMPING DOUBLE
THIN-BLADE FORGINGS FROM ALUMINUM ALLOY AND ITS
INFLUENCE ON THE DURABILITY OF THE STAMPING TOOLING

Abstract

The article discusses the results of the study of the influence of the stamping technology of double forg-
ings with thin blades, the material of which is aluminum deformable alloy of the ENAW-2618A brand, on
the durability of the die tooling. A comparative analysis of the main technological parameters obtained by
computer modeling of the hot volume stamping process according to the production and proposed options
is given, which will allow choosing the most preferable one.

Keywords: hot stamping, modeling, stamp, durability.
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ANTOPUTM PELLEHUA 3A0AYN MHOTOCTAHOYHOIO OBCNYXUBAHUA

AnHoTanus

B crarbe paccMaTpuBaeTCsl aNrOPUTM PELISHUs 3a/1a4H COCTABICHHS TPOU3BOACTBEHHOTO PACTIHCAHHMS
JUTSt MHOTOCTaHOYHOTO 00CTy)XHBaHUs. Jl0CTONHCTBOM MPEITIOKEHHOTO alrOPUTMa SBISIETCS €ro MOJH-
HOMUAJIbHAS BBIYHCIUTEIBbHAS TPYIOEMKOCTh, YTO MO3BOJISIET IPUMEHSTH €T0 JJIsl ONTHUMH3ALUH 32124
BBICOKOH pa3MEpHOCTH.

[pemmoxena gekoMIo3uLKst 0CHOBHOI 3aauit MCO Ha OTenbHbIe He3aBUCUMBbIE O13a1a49H (JUIs OTHOTO
CTaHKa), PEIeHHUsI KOTOPBIX UCIIONIB3YIOTCS HTEPAIIMOHHO JUIs IPHOIMKEHUS K sKeTaeMoMy 3 hekTHBHOMY
pemrenuto. [Tpu aToM TpebyeTcst npeaBapuTeNbHO ONPENEIUTh YUCIO ONTHMHU3ANNOHHBIX MO13a1a4, Ha
KOTOpBbIE HEOOXOIUMO JEKOMIIO3UPOBaTh HCXOAHYI0 3a1auy MCO.

TIpuBoIUTCS TPUMED MPAKTHUECKOTO IPUMEHEHHS pa3pa00TaHHBIX AITOPUTMOB C HCIoIb30BaHeM MES
CHCTEMBI JIJISl pacdeTa MPOU3BOICTBEHHOTO pacmucanus 1y 3axaan MCO.

KuroueBsble ciioBa: MHOrocTanouHoe oociyxubanne, MCO, MES, nmpon3BoacTBEHHOE paciucaHue.

Jis murupoBanus: E¢ppomees H.M., @ponos E.b. Anroput™ penreHns 3a1a4u MHOTOCTaHOYHOTO 00CITy-
sxuBanus // Bectauk MI'TY «Crankuny. — 2025, — Ne 2 (73). — C. 107-115.

N.M. Efromeev *, E.B. Frolov

MSUT “STANKIN”
™ Corresponding author

ALGORITHM FOR SOLVING THE PROBLEM OF MULTI-MACHINE
MAINTENANCE

Abstract

The article discusses an algorithm for solving the problem of creating a production schedule for multi-site
maintenance. The advantage of the proposed algorithm is its polynomial computational complexity, which
allows it to be used to optimize high-dimensional problems. The decomposition of the main task of the
MSM into separate independent subtasks (for one machine) is proposed, the solutions of which are used
iteratively to approach the desired effective solution. In this case, it is necessary to determine in advance
the number of optimization subtasks into which the initial MSM task must be decomposed. An example of
the practical application of the developed algorithms using the MES system for calculating the production
schedule for the MSM task is given.

Keywords: multi-site maintenance, MSM, MES, production schedule.
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WCCNEQOBAHUE ADEKBATHOCTU MATEMATUYECKOW MOLENN,
OMUCBLIBAIOLLEN NPOLIECC YHUOUKALIUM KAOPOB AAHHBIX
CTAHOAPTOB BECMPOBO[HbIX CEHCOPHbIX CETEX

C NPUMEHEHMEM TEOPUU MACCOBOI'O OBCITYXKUBAHUA

AnHoTanus

B nanHo# paboTte paccMaTpUBaeTCs BO3MOXKHOCTh IIPUMEHEHHSI TEOPUH MAaCCOBOTO 00CITY>KUBAHUS C TIETTBIO
OMHUCaHUs Tpoliecca obecreueHuss HHTEPOTepadeIbHOCTH U YHU(PHUKAINU KaJAPOB JaHHBIX CTAHIAPTOB
0OeCIIpOBOTHBIX CEHCOPHBIX CETel Ha KaHAJTbHOM ypOBHE. TeopHs MaccOBOTO OOCITYKMBaHUS H3ydaeT
¥ MOJICJTUPYET TPOIECC OXKHUIAHUS B OUEPEIH U MPUMEHICTCSI BO MHOTHX 3HAUUMBIX cepax jKU3HH,
B TOM YHCJIC TEJICKOMMYHHUKAIMSX U CeTSIX. B KOHTEKCTe YHU(DUKAIMY KaIpOB TAHHBIX TPOLIECC IMYIISAIIUH
obecrieueHus] YHU(PHUKAUU U HHTEPONEepadeIbHOCTH KaIpOB JaHHBIX OCCIPOBOTHBIX CEHCOPHBIX CETei
MOYeET OBITh MPEJICTABJICH KaK CHCTEMa MacCOBOTO OOCIYKMBaHHUSI, TJIC KIIMEHThI — 3TO JIaHHBIE, TOCTY-
naroriye Ha 00paboTKy, a 00CIyKMBAIOIIUE YCTPOHCTBA — 3TO MPOLIECCHI, BHIIOIHSAIONINE YHUDUKAIIHIO
nmaHHbIX. ClieZi0BaTeNbHO, MPEIoKEHa cieayomas Moaeas M/M/1 — PS, kotopast pacinpoBbiBacTCs
KaK MYJBTHKIIACC OUePeeil ¢ COBMECTHBIM HCTIOIB30BAHUEM MIPOIECCOPA C OAMHAKOBBIM MTPHOPHUTETOM.
IIpennoxennas moxens cucteMbl MaccoBoro oocmyxuanust (CMO) cCOOTBETCTBYET MpoLeccy IMYISLIUN
obecrieueHus yHU(HKAIMU KaJAPOB JAaHHBIX. MOIeb paCCUMTaHa B CTAIIMOHAPHOM PE)KUME U MPUMEHEHA
VTS OLICHKH MapaMeTpa BpEMEHHU YHU(DUKAIIUHU TIPH Pa3HbIX 3HAYCHHUAX KOIDPHIIUCHTOB 3aTPy3KH CUCTEMbI
¥ CKOpOCTH oOciyxuBaHus. B mensx uccienoBanus 3Q(HEKTHBHOCTH BEIOPAHHON MOJEIH HPECTaB-
JICHBI aHATUTHYEeCKHE pacuéTel BpeMeHH oxuganns B CMO u BpeMeHH 00paboTKH KaapoB (TI0JTyYeHHBIC
SMYJISTOPOM) B 3aBUCHMOCTH OT UHTCHCUBHOCTH MTAKETOB, KOJIMUECTRA y3JI0B, KOO ()UIIMCHTOB 3arpy3Ku
CHUCTEMBI U CKOPOCTH OOCITyXHMBaHUS. Pe3ynbraThl UCCISI0BAHMS TPEIIOKEHHON MOJICIN MTOKa3bIBAOT,
YTO AaHATUTUYECKUE PAaCcUeThl BpEMEHHN OKHUIAHHS COBIIAZAIOT C MOMYyUYEeHHBIMU PE3yJIbTaTaMy IMYIISLUN
B 3HAUUTENBHOM CTETIEHH, U 9TO B CBOIO OYEPEh IPUBOAUIIO K TOMY, UTO IPETIOKESHHAS MaTeMaTndecKast
MOJIENIb OKa3ajach aJcKBaTHOM.

KiioueBble ciioBa: MaTeMaTnieckas MOACIb, CUCTEMA MAaCCOBOT'O 06CJ'Iy)KI/IBaHI/I$I, yHI/I(l)I/IKaIII/II/I KaJapoB,
6eCHpOBOZ[HLIe CCHCOPHBIC CE€TU, BpEMS OXKHUAAaHUS.

Jast uutupoBanus: 0ced @., Cocenymikun C.E. ccnenoBanue aekBaTHOCTH MAaTeMaTHUECKOM MOJICIH,
OIIMCHIBAIOLIEH MpoLecC YHUPHUKALUK KaIpOB JaHHBIX CTaHAAPTOB OECHPOBOIHBIX CEHCOPHBIX CeTeH
C MPUMEHEHUEM TeOpuH MaccoBOro odciyxuBanus // Bectauk MI'TY «Crankuny. —2025. — Ne 2 (73). —
C. 116-125.
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THE STUDY OF THE ADEQUACY OF A MATHEMATICAL MODEL
DESCRIBING THE PROCESS OF UNIFYING DATA FRAMES

OF WIRELESS SENSOR NETWORK STANDARDS USING

THE QUEUING THEORY

Abstract

In this paper, the possibility of applying queueing theory is discussed in order to describe the process of
ensuring interoperability and the unification of data frames of wireless sensor networks standards at datalink
layer. Queuing theory studies and models the queuing process and is applied in many important areas of
life, including telecommunications and networks. In the context of data frame unification, the process of
emulating the unification and interoperability of wireless sensor network data frames can be represented
as a queuing system, where customers are data incoming for processing, and service devices are processes
that perform data unification. Therefore, the following M/M/1 — PS model is proposed, which stands for
multiclass queues with shared processor usage with the same priority. The proposed model of the queuing
system (QS) corresponds to the emulation process of ensuring the data frames unification. The model is
calculated in stationary mode and applied to estimate the unification time parameter at different values of
system utilization and service rate coefficients. In order to study the effectiveness of the chosen model,
analytical calculations of the waiting time in the QS and frame processing time (obtained by the emulator)
are presented, depending on the packet intensity, the number of nodes, system utilization and service rate
factors. The results of the study of the proposed model show that the analytical calculations of the waiting
time coincide to a large extent with the obtained emulation results, and this, in turn, led to the fact that the
proposed mathematical model turned out to be adequate.

Keywords: mathematical model, queuing system, data unification, wireless sensor networks, waiting time.
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POJlb ABTOMATU3UPOBAHHOW CUCTEMbI
BbIBOPA KOMIMOHOBOK AIPErATHbIX CTAHKOB
HA CTAOUN 3CKU3HOIO NPOEKTUPOBAHUA

AHHOTALUSA

Pesynpratsl Hccae0BaHUS B CTaThe MOCBSIICHBI YTOUHEHUIO POJIM aBTOMAaTU3UPOBAHHON CHCTEMBI 110
BBIOOPY KOMITOHOBOK arperaTHbIX CTaHKOB TI0 apameTpaM o0padaTbiBaeMoii etany B OU3Hec-npolieccax
HpennpusATHs-u3roToBuTeNs. [IpemiaraemMas aBTOMaTH3UPOBaHHAs CHCTEMa PU3BaHa COKPATUTh TPYHO-
€MKOCTb IPOEKTHPOBAHUS Ha CTAAMSIX CHHTE3a CTPYKTYPHI U CO3OaHuUs TBepAoTenbHOH 3D Moxenu arpe-
raTHOTO CTaHKa. B crarbe mpemmaraeTcst K paCCMOTPEHHUIO THIIOBAas CXeMa MpoLecca MPOSKTHPOBAHUS
arperaTrHbIX CTAaHKOB, onMcaHHas B pamMkax HoTauuu BPMN 2.0. OTMeueHbI KITI04eBbIe CTAINH IPOEKTH-
pOBaHus, TakHe Kak (HOPMUPOBAaHUE TEXHHMUYECKOTO 3aaHMs, CHHTE3a CTPYKTYPhI U MOJEIH arperaTHoOro
CTaHKa, CBEpKa C UCIIOIb3yEeMOI MaTeMaTHUEeCKON MOAENBIO U YTBEPKICHUE TIOATOTOBICHHOTO BapHaHTa
craHka. B cTarbe 1aHb! HOAPOOHBIE ONUCAHNS IEMEHTOB CXEMBI, HCIIOIb3yEMBIX UL JOPMUPOBAHMS IPe-
CTaBJICHHUS O CTPYKTYpe IIpoLiecca NPOSKTUPOBAHHS TEXHOIOTHYECKOT0 000pyI0BaHUS AT KPYITHOCEPUii-
HOTO ¥ MAaCCOBOT'0 IIPOU3BOACTBA. YKA3aHO MECTO aBTOMAaTH3UPOBAHHOM CHCTEMBI KOMIIOHOBOK arperaTHbIX
CTAHKOB Ha CTaJIUH SCKH3HOTO MPOEKTHUPOBAHUS B IPOLIECCEe IPOSKTUPOBAHNUS TEXHOIOTUUECKOTO 000Py-
JIOBaHUS, OTMEUEHO €€ BIMSHHUE HAa COKPAIEHHE TPYAOEMKOCTH MIPOSKTUPOBAHMS CTAaHKOB. PaccMoTpeH
JTal CHHTE3a CTPYKTYPbI arperaTHbIX CTAHKOB U MOArOTOBKa 3D MoAEnH B 4aCTH MCIOJIb30BaHHS 0a3bl
JaHHBIX arpe€raTtoB CTaHKOB. Hpe}lCTaBHGHO OIIMCAaHUEC MHOXKECTBA yHI/I(l)I/IL[I/IpOBaHHBIX U KHHEMAaTH4YCCKH
HE CBSA3aHHBIX MEXy cOOOH y3/I0B, BXOAAIIMX B COCTAB arperaTHhIX CTaHKOB, B Buze aepesa M-NJIN.
HO}IFOTOBJ'[@HBI BBIBOJBI O H606XO}II/IMOCTI/I HCIIOJIB30BAaHHUA 63.3[)1 JaHHBIX yHI/I(l)I/II_[I/IpOBaHHBIX DJIEMCHTOB
JUIs1 YMEHBIICHUA TPYAOCMKOCTH NPOCKTUPOBAHNA CTAHKOB HAa HAYaJIbHBIX CTAAUAX IIPOCKTUPOBAHUA.

KuarwueBsle ciioBa: arperaTHbi€ CTaHKH, BBI60p KOMIIOHOBOK, 6I/ISHGC-Hp0HeCC, aBTOMaru3anus, apToMa-
TU3UPOBaHHAA CUCTEMA.
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THE ROLE OF AN AUTOMATED SYSTEM
FOR CHOOSING THE LAYOUTS OF TRANSFER MACHINES
AT THE DRAFT DESIGN STAGE

Abstract

The research results in the article are devoted to larifying the role of an automated system for preparing
machine tool assemblies according to the machining part parameters of in the business processes of a
manufacturing company. The proposed automated system is designed to reduce the complexity of design
at the stages of structure synthesis and creation of a solid-state 3D model of a transfer machine. The article
suggests a typical scheme of the design process of transfer machines, described in the framework of the
BPMN 2.0 notation. The key design stages are noted, such as the formation of technical specifications,
synthesis of the structure and model of the transfer machine, reconciliation with the mathematical model
used and approval of the prepared version of the machine. Detailed descriptions of the main elements used
to form a structure concept of the designing process of technological equipment for large-scale and mass
production are provided. The place of the automated assembly system of machine tools at the draft design
stage in the process of designing technological equipment is indicated, and its impact on reducing the
complexity of machine tool design is noted. The stage of the structure synthesis of transfer machines and
the 3D model preparation regarding the use of a database of machine units is considered. A description of
a set of unified and kinematically unrelated nodes that make up transfer machines is presented in the form
of an AND-OR tree. Conclusions have been prepared about the need to use a database of unified elements
to reduce the complexity of machine tool design at the initial stages of design.

Keywords: transfer machines, choosing of layouts, business process, automation, automated system.
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