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3anava moBbIEeHUS 3P QEKTHBHOCTH TpoIiecca TOPLEBOTo (hpe3epOoBaHHUs SBISIETCS aKTyaIbHON B CBSI3H
C HEOOXOAMMOCTBIO CHIKEHHSI BUOpAIMi, MOBBINICHNS KadecTBa 00pabOTaHHOW MOBEPXHOCTH U YBEIIH-
YEeHHUSI CTOMKOCTH peXxyliero nHerpymMenTa. OJHUM U3 NepCHEeKTUBHBIX HANPABICHUH peleHus JaHHOU
3aJa4d SIBISIETCS] IPUMEHEHHE PallHOHAIBHBIX TPASKTOPUI ABMKEHHS POPMOOOPAa30BaAHUS PEIKYIIETO
WHCTPYMEHTa, 00SCIIeUNBAIOIINX U3MEHEHHE YCIOBUH (POPMHUPOBAHHUS CPE3AEMOTO CIIOSI IPH TOPLEBOM
(bpe3epoBaHUM 1O KPUBOIMHEHHBIM (CITUPAICBHIHBIM) TPASKTOPHSIM IBIDKSHUSI HHCTpyMeHTa. Llenbio
paboTHI ABIIsIETCS Pa3padOTKa METOIUKH OTIPEeTICHUS BEIIYMHBI IDIOIIAIU CPE3aeMOro CIIOsl MaTepuaia
IpH pe3epoBaHUU TOPLEBBIMHE (hpe3aMu 0 KPUBOJIMHEWHBIM (CITUPATICBUIHBIM) TPASKTOPHSM JIBMKSHUS

Hpezmon(eHHaﬂ METOJUKAa OCHOBAaHAa Ha MaT€MaTU4€CKOM MOICIMPOBAHUN TpaeKTOpI/Iﬁ 3y61>eB HUHCTPY-
MCHTA, YUHUTBHIBAOIIEM BpAIaTCIbHOC U MMOCTYIIATCIIbHOC ABMXKEHHUE, a TAKIKE CIIUPAJIEBUIHYIO TPACKTOPHUIO
(bpe31>1. MeTO,HI/IKa BKJIIOUACT paCy€T HAYAJIbHBIX U KOHCYHBIX TOYCK PE€3aHUA, TIOCTPOCHUC obnacreit
pE€3aHuA U YUCIICHHOC OMNPCACIICHUX IUIOIAaAU € UCIIOJIb30BAHUEM TCOPCMBI FpI/IHa HpOBeHeHO MozIe-
JIMPOBAHUC IIPpOLECCa pE3aHUA NJIA 3aJaHHbIX YCJ'IOBI/Iﬁ O6pa6OTKI/I, nojiydyeHa 3aBUCUMOCTD IJIOIIAaAn

IIpencraBieHHBIH MOJX0/ NO3BOJISIET TOYHO OLEHUTh TEOMETPHUIO CPE3aEMBIX CJIOEB, YTO MOXKET OBITh
WCIIOIB30BAHO IS TIOBBIIEHUS 3()(MEKTUBHOCTHU TIPOIecca pe3aHusl U CHIDKSHUSI H3HOCA HHCTPYMEHTA.
B kadecTBe mpuMmepa B paboTe paccMaTpuBaeTcsl MPOIece TOPLEBOTro (Gpe3epoBaHus O IBOIBBEHTHOM
TpaeKkTopHuu. Pe3ynbraTsl Mcciae0BaHHs [TOKA3all, YTO NP MCIIOIb30BAaHUU IBOJIBBEHTHOMN TPaeKTOPHH
(bopMo0Opa3oBaHusl BEIMYMHA [UIOMAIN Cpe3aeMoro ciost Bozpacter Ha 0,177 mm? 3a 43 cermenra,
YTO MOATBEP)KAAET CHIKEHUE PETYIIIPHOCTH CUIIOBOTO BO3/IEHCTBHSA. DTO CIIOCOOCTBYET YMEHBIICHUIO
BHOpaLyii ¥ MOBHIMEHUIO YQ(HEKTUBHOCTH Mporecca 00paboTku. PazpaboTaHHas METOANKA MOXKET OBITH
HCIOJIBb30BaHa MPU BBIOOPE U aHAJIM3€ CTPATEerHii TOPLEBOro (ppe3epoBaHus U BHIOOPE KOHCTPYKTUBHBIX

KuroueBnble ciioBa: ppesepoBanue, Topresas Gppesa, 3BONbBEHTHAS TPACKTOPHSL, IUKIOHAATbHAS TPACK-
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APPLICATION OF COMPLEX TRAJECTORIES OF SHAPING MOTION
IN FACE MILLING

Abstract

Improving the efficiency of the face milling process is an important task due to the need to reduce vibrations,
enhance surface quality, and increase tool life. One of the promising approaches to solving this problem is
the use of rational toolpath strategies that ensure variation in chip formation conditions during machining
along curvilinear (spiral) trajectories. The aim of this study is to develop a method for determining the
chip cross-sectional area in face milling with cutters moving along curvilinear trajectories.

The proposed method is based on mathematical modeling of cutter tooth trajectories, taking into account
both rotational and translational motions, as well as the spiral trajectory of the tool center. The method
includes the determination of entry and exit cutting points, construction of cutting regions, and numerical
evaluation of their area using a discrete form of Green’s theorem. Numerical simulation of the cutting
process under specified machining conditions was carried out, and the relationship between the chip cross-
sectional area and the segment number was obtained.

The proposed approach enables accurate evaluation of chip geometry, which can be used to improve cutting
efficiency and reduce tool wear. As an example, face milling along an involute trajectory is considered. The
results show that the chip cross-sectional area varies over time when an involute toolpath is used, leading
to a reduction in the periodicity of cutting forces. This contributes to vibration reduction and improved
machining performance. The developed method can be applied in the analysis and selection of face milling
strategies, as well as in the design of cutter parameters.

Keywords: face milling, face mill, involute trajectory, cycloidal trajectory, machining optimization,
machining strategies

For citation: Petukhov Yu.E., Domnin P.V., Dobyshev P.K. Application of complex trajectories of
shaping motion in face milling. Vestnik MSUT “Stankin”. 2026. No 2 (77). P. §-19. DOI 10.47617/2072-
3172 2026 _2 8. (In Russian)
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OCOBEHHOCTU OCAXOEHUA HATPUOHbIX PVD NOKPbLITUA
HA OETAIA U3 ANTIOMUHUEBbLIX CMNTABOB

AHHOTAIHSA

YMEHBIIUIIO U3HOC 00pa3La.

HU3HOC, HUTPXUJ BaHaausA, TECT ((H.ITI/I(bT-Ha-,Z[I/ICKC»

«Crankuny. —2026. — Ne 2 (77). — C. 20-36. — DOI 10.47617/2072-3172_2026_2 20.

B crarbe paccMaTpuBalOTCsl 0COOCHHOCTH OCaXJEHUs Ha 00paslibl U3 ajoMuHueBoro cmiaasa BT6
HUTPHUIHBIX MOKPHITUII ZrN, HAHECEHHBIX C TPABJICHHEM I'a30BBIMH HOHAMH ILIa3MBbl CAMOCTOSTEIIb-
HOTO TJICIOUIETO paspsija ¢ YaCTHYHBIM 3 dexroM nonoro karoga (HCM) npu pa3nuyHbIX Hanpsixke-
HMSIX CMEIICHHS MTOATIOKKH U C HCIIOJIb30BaHHEM HOHHOM 6oMOapanpoBku (IB). IIpodHOCTS ClEIICHUS
C TTOJIOXKKOH OIIEHHBAJIACH C IIOMOIIBIO TECTa Ha [1apanaHue, a U3HOCOCTOHKOCTb — METOJIOM «IITH(T-Ha-
Jucke». Bee o6pasibl ¢ mokpeitieM HCM HpoieMOHCTPHPOBAIH JTyUIIYIO aATe3HI0 ¢ CyOCTpaToM, 4eM
obpaser ¢ mokpeiTHeM IB. McnbITaHHE METOIOM «IITU(T-HA-IUCKE» Ha H3HOCOCTOHKOCTD U TPHOOJIOTH-
yeckue cBoiicTBa 00pa3LoB U3 aloMUHHEBOTO ciitaBa BT6 ¢ mokpeitueM ZrN, HAaHECEHHBIM C UCIIOIb-
30BaHMEM METOMIOB MOAroToBKH noBepxHoctn HCM mium IB, a Takke HenmokpeiToro o0pasia nokasaio,
yT10 00a 0Opasua ¢ nmokpeitueM ZrN obecrnedniy yBeanueHne H3H0COCTORKoCcTH Ha 36—55% 1o cpas-
HEHHIO C HEMTOKPHITHIM 00pa3iioM, pu 3ToM KoddduuueHt Tpenus cuuzuics ¢ ~0,60 a1 HENOKPBITOrO
obpasna 1o ~0,25 s 06pasuos ¢ nokpeiTuaMu ZrN (B 2,4 pa3a Huxke). O6pasen ¢ nokpeitueM HCM
obecrneuns yBeauueHue U3HOCOoCcTORKocTH Ha 11% 1o cpaBHeHHIO ¢ 00pasnoM ¢ nokpsitueM IB. Ilo
K03()(PUIUEHTyY TPEHUs IPAKTHYECKH HEeT pa3innuuii Mexy oopasuamu HCM u IB. CHmxeHue Hampsi-
sxeHus cmetenys ¢ —1200 B 1o —1500 B npu ucnons3oBanuu Merona HCM 3HauUTENIBHO IOMOIHUTEIBHO

KiroueBble ¢J10Ba: KOHTPOJIHPYEMOE YCKOPESHHOE IYTOBOE OCAXKICHUE M3 ra30BOM (ha3bl, MOKPHITHS,

s untupoBanus: Bepemaka A.A., Coroa E.C., [Toranos I1.1O., [IImakos .M., Boposuk T.H. Oco6en-
HOCTH OCaXkIAeHUS HUTPUAHBIX PVD nokpsITHil Ha neTaiy n3 arfoMHHHEBBIX cI1aBoB // Bectauk MI'TY
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FEATURES OF NITRIDE PVD COATING DEPOSITION ON ALUMINUM
ALLOY PARTS

Abstract

This article examines the deposition of ZrN nitride coatings on VT6 aluminum alloy samples. The coatings
were deposited using gas-ion etching in a self-sustained glow discharge with a partial hollow cathode effect
(HCM) at various substrate bias voltages and using ion bombardment (IB). Adhesion to the substrate was
assessed using a scratch test, and wear resistance was assessed using the pin-on-disk method. All HCM-
coated samples demonstrated better adhesion to the substrate than the IB-coated sample. Pin-on-disk testing
of the wear resistance and tribological properties of VT6 aluminum alloy specimens with a ZrN coating
applied using the HCM or IB surface preparation methods, as well as an uncoated specimen, showed that
both ZrN-coated specimens provided a 36-55% increase in wear resistance compared to the uncoated
specimen, while the friction coefficient decreased from ~0.60 for the uncoated specimen to ~0.25 for the
ZrN-coated specimens (2.4 times lower). The HCM-coated specimen provided an 11% increase in wear
resistance compared to the IB-coated specimen. There is virtually no difference in the friction coefficient
between the HCM and IB specimens. Reducing the bias voltage from —1200 V to —1500 V using the HCM
method significantly further reduced specimen wear.

Keywords: controlled accelerated arc PVD, coatings, wear, vanadium nitride, pin-on-disk test

For citation: Vereshchaka A.A., Sotova E.S., Potapov P.Yu., Shmakov I.M., Borovik T.N. Features of
nitride PVD coating deposition on aluminum alloy parts. Vestnik MSUT “Stankin”. 2026. No 2 (77).
P. 20-36. DOI 10.47617/2072-3172_2026 2 20. (In Russian)
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PA3PABOTKA OCHOB METOAOJ10I'nN
KOHCTPYKTOPCKO-TEXHONOIMNMYECKOIO MNPOEKTUPOBAHUA
BONHOBbIX MEXAHU3MOB

AHHOTAIUS

B pabote paccMOTpeHBI 001acTH MPIMEHEHHSI BOTHOBBIX PELYKTOPOB HAa KOHKPETHBIX TpuMepax. OnrcaHsl
MIPUMEHEHNS BOJTHOBOM Tepefadl BO (ppe3epHOii TONIOBKE MOPTAIBEHOTO (pe3epHOro CTaHKa, BO BXOTHOM
MEXaHH3Me TOPTAILHOTO po00Ta, B KOCMUYECKOM arnapare. [IpuBeieHbl cOCTaB MpOCTeiIIei BOITHOBOM
repeiady, MOJeNTb-CXeMa BOJTHOBOW mepenauu. [IpencraBieHsl mepenadn, HCIOIb3yeMble B BOTHOBBIX
MexaHu3Max. [IprBeieHbl KHHEMAaTHIeCKIe XapaKTePUCTHKU BOIHOBBIX Nlepead U HX KOHCTPYKTUBHEIC
ocoberHocTH. OnHCaHBl JOCTOMHCTBA U HEIOCTATKH BOJHOBBIX MEpPEaad, dTaIbl KOHCTPYHPOBAHUS
1 pacdeTa BOJHOBBIX MEXaHM3MOB. AKTYaJIbHOCTh PabOTBl COCTOUT B COBEPUICHCTBOBAHUU METOJHKH
ABTOMATH3UPOBAHHOTO IIPOSKTUPOBAHHMSI BOJHOBBIX II€peiad, YTO MOTPeOOoBaIO pa3pabOTKH COOTBETCTBY-
ronreit GYHKIIMOHAIBHOM CXeMBI, ONTPECISIONIESH TTOPSIOK, CPEICTBA U HAIIPaBICHNE HH()OPMAITHOHHBIX
IIOTOKOB IIPH KOHCTPYHPOBAHUH U TEXHOJIOTHUECKOM IIPOSKTHPOBAHHH, @ TAKKE pa3pabOTKH clienralb-
HOTO MTPOTPAMMHOT0 00eCIICUeHUs U METOIUK puMeHeHHst oTeuecTBeHHbIX CATIP ¢ 1ienbio yMeHbIleHus
TpPyZIO3aTpar Ha dTarax KOHCTPYUPOBAHHS U TPOU3BOICTBA B PAMKaX )KU3HEHHOTO IIHKIIA PaCCMaTPUBASMBIX
B pabore u3nenuii MammHOCTpoeHUsI. OMUCAHBI ATAIBl JKU3HEHHOTO UKJIa KOHCTPYKTOPCKO-TEXHOJIO-
THYECKOW MTOATOTOBKH IPOM3BOICTBA BOJTHOBBIX MEXaHW3MOB. ONHCaHbI IPOrpaMMHBIE HHCTPYMEHTEI,
MIpUMEHSIEMBIE JIJIsI KOHCTPYHPOBAHUS M TEXHOJIOTMIECKOH MOATOTOBKY U3TOTOBIICHUS IeTajIel BOHOBBIX
niepeaad. [IpeokeHo UCTIONB30BaTh AMEKTPO3PO3UOHHYI0 00padoTky UITY 11 U3roToBICHHUS 3y0UaThix
KoJlec BOMHOBBIX nepenad. VcmonszoBanne MKD B aBTOMAaTH3mpoBaHHOM MPOESKTHPOBAHIH BOTHOBBIX
MEXaHH3MOB CYIIECTBEHHO YCKOPHJIO IPOBEICHNE HEOOXOIUMBIX CIIOXKHBIX pacueToB. PesynsraTamu
arpobanuu pa3padoTaHHON METOIUKH aBTOMAaTH3UPOBAHHOTO TPOEKTHPOBAHKS SIBHJIACH TAMMa BOJTHOBBIX
PEIYKTOPOB M KOPOOOK CKOpOCTeii, paspaboranHas Ha kadenpe craHkoB. [IokazaHo, 4TO METOHKA aBTO-
MAaTH3UPOBAHHOTO ITPOSKTUPOBAHMS BOJTHOBBIX MEXaHM3MOB HalJeT CBOE NPHMEHEHHE B COBPEMEHHOM
y4eOHOM TIpoliecce YHHBEPCHUTETA.

KarueBrblie cjioBa: BOIHOBOMH PEAYKTOpP, BOJIHOBAA mepeaada, 3y6ana$1 nepeaada, 3JICKTPOOPO3NOHHAA
06pa60TI<a, ABTOMATU3UPOBAHHOC NPOCKTUPOBAHUEC, MOACIIMPOBAHUEC

Jas nurupoanus: Cobones A.H., Hexpacos A.Sl. Pa3paboTka 0CHOB METOH0JIOTUN KOHCTPYKTOPCKO-
TEXHOJIOTMYECKOTO NPOEKTUPOBAHUS BOIHOBBIX MexaHu3MoB // Becthuk MI'TY «Crankuny». — 2026. —
Ne 2 (77). — C. 37-52. - DOI 10.47617/2072-3172_2026_2 37.
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Original article

Alexander N. Sobolev, Alexey Ya. Nekrasov

Moscow State University of Technology “STANKIN”
Moscow, Russia

DEVELOPMENT OF THE FUNDAMENTALS OF THE METHODOLOGY
FOR DESIGN AND TECHNOLOGICAL DEVELOPMENT OF HARMONIC
MECHANISMS

Abstract

The paper considers the application areas of wave gearboxes using specific examples. Applications of wave
transmission in the milling head of a portal milling machine, in the input mechanism of a portal robot, in a
spacecraft are described. The composition of the simplest wave transmission, a model diagram of a wave
transmission are given. Transmissions used in wave mechanisms are presented. Kinematic characteristics
of wave transmissions and their design features are given. The advantages and disadvantages of wave
transmissions, stages of design and calculation of wave mechanisms are described. The relevance of the
work consists in improving the methodology of automated design of wave transmissions, which required
the development of an appropriate functional diagram that determines the order, means and direction of
information flows in the design and technological design, as well as the development of special software
and methods for using domestic CAD systems in order to reduce labor costs at the stages of design and
production within the life cycle of the mechanical engineering products considered in the work. The
stages of the life cycle of design and technological preparation for the production of wave mechanisms
are described. The software tools used for design and technological preparation for the manufacture of
parts of wave transmissions are described. It is proposed to use electrical discharge machining of CNC
for the manufacture of gear wheels of wave transmissions. The use of FEM in the automated design of
wave mechanisms significantly accelerated the implementation of the necessary complex calculations.
The results of testing the developed automated design methodology were a range of wave reducers and
speed boxes developed at the machine tool department. It was shown that the automated design method-
ology for wave mechanisms will find its application in the modern educational process of the university.

Keywords: harmonic reducer, harmonic transmission, gear transmission, electrical discharge machining,
automated design, modeling

For citation: Sobolev AN., Nekrasov A.Ya. Development of the fundamentals of the methodology for
design and technological development of harmonic mechanisms. Vestnik MSUT “Stankin”. 2026. No 2 (77).
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NMPUMEHEHWE OONOJIHUTENDBHbIX AJIEKTPOAOB AJ1A NPOLIECCA
MNA3MEHHO-3IEKTPOJIMTHON OBPABOTKHU

AHHOTANUSA

B naHHOH cTaThe NMPEACTaBICHO KOMIUICKCHOE MCCICJOBAaHHE 0COOCHHOCTEH MPUMEHEHHUS JOIOJIHH-
TEJBHBIX EKTPOIOB ISt BEIPAaBHUBAHUS (POPMHUPYEMBIX Ha TOBEPXHOCTSIX M3/ICIHIA TIOKPBITHH IPH I1a3-
MEHHO-3/1eKTpoIUTHON 00padoTke (IID0). PaccMOTpeHbI CYIECTBYIOLINE METOAIBI YIIPABIECHUS IPOLIECCOM
JUIsL PABHOMEPHOCTH MOJTy4aeMBIX MOKPBITHIH, BKIIFOUast YIETPa3BYKOBBIC M AJICKTPOMArHUTHEIC BO3/ICH-
CTBUSI, THAPOJMHAMUYCCKHE (AKTOPHI, a TAKIKE UCIIOIb30BAHUE JIOMOIHUTEIBHBIX KaTOIOB Pa3INIHOI
KoHCTpyKumH. Ocoboe BHUMaHKE YACICHO MpobieMe HEPaBHOMEPHOCTH CBOWCTB TIOKPBITUH MPH OIHO-
BPEMEHHOIT 00paboTKe IPYMIBI JeTaneil co CIOXHOIT TeoMeTpUeH, BKIIoUasi BHYyTPCHHHUE U BHEIIIHUE
HOBEPXHOCTH. IIpeUI0KEeHO TEXHUYECKOE PEIICHHE B BHIE KOHCHCATOPHOTO HCTOYHHIKA TEXHOJIOTHYECKOTO
TOKa C MHIUBHAYAJIbHBIM KOHTPOJIEM MapaMeTPOB 00pabOTKH JUIs KaX10i MOoBepXHOCTH. [IpuBeneHs!
Pe3yNbTaThl aHATH3a (P (GEKTUBHOCTH PA3INYHBIX KOHCTPYKIMH JONOIHUTEIBHBIX JICKTPOIOB U ITePCICK-
THBBI HX IPHUMCHECHUS B IIPOMBIIIICHHOM IIPOU3BOJICTBE.

Ki1ro4eBble ¢J10Ba: MIa3MEHHO-3IEKTPOIUTHAS 00pab0OTKa, MUKPOIYTOBOE OKCHIMPOBAHUE, HOKPHITHS,
KaTof

Jlost uutupoBanus: ['anonos B.A., Loit /1., Cymunos U.B. [IpumeHenrne TONOTHATEIHHBIX AIIEKTPOAOB
JUTSI TIpOIecca MIa3MeHHO-3IeKTpoIuTHOH 00paboTku// BectHuk MI'TY «Crankun». — 2026. — Ne 2
(77). — C. 53-60. — DOI 10.47617/2072-3172_2026 2 53.
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' Moscow State University of Technology “STANKIN”
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USE OF ADDITIONAL ELECTRODES FOR THE PROCESS OF PLASMA
ELECTROLYTE TREATMENT

Abstract

This article presents a comprehensive study of the features of using additional electrodes for leveling
coatings formed on the surfaces of products during plasma-electrolyte treatment (PEO). Existing methods
for controlling coating uniformity are considered, including ultrasonic and electromagnetic effects, hydro-
dynamic factors, as well as the use of additional cathodes of various designs. Special attention is paid to
the problem of coating property non-uniformity during simultaneous processing of a group of parts with
complex geometry, including internal and external surfaces. A technical solution in the form of a capacitor
technological current source with individual control of processing parameters for each surface is proposed.
The results of analyzing the effectiveness of various designs of additional electrodes and prospects for
their application in industrial production are presented.

Keywords: plasma-electrolyte treatment, microarc oxidation, coatings, cathode

For citation: .Gaponov V.A., Tsoy D., Suminov I.V. Use of additional electrodes for the process of
plasma electrolyte treatment Vestnik MSUT “Stankin”. 2026. No 2 (77). P. 53—60. DOI 10.47617/2072-
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OMPEOENEHWE BITUAHUA OUHAMUYECKUX XAPAKTEPUCTUK CTAHKA
HA TPAEKTOPUIO PABOYEIO OPIF'AHA

AHHOTAIUSA

B pabote uccnenyercs BIusHAEC TUHAMUYECKUX XapaKTEPUCTUK CTaHKA Ha TPAEKTOPHIO pabouero opraxa.
OnucaH aHanu3 TpaeKTOpUH pabodero opraHa Npyu W3MEHEHUH HampapieHus IBIbKeHus Ha 90°. Tawoke
IPOBEICH aHAJIN3 YACTOT TPACKTOPUH U COOCTBEHHBIX YAaCTOT IS ONIPEICIICHUSI KOPPETALIMU MEX Ty HUMH.

KuarwueBsle ciioBa: MeTaJIJ'IOO6pa6OTKa, JAUHAMHUYCCKUE XapaKTCPUCTHUKU, TPACKTOPU A pa60qer0 Opraxa,
AHAJIN3 TPACKTOPUHN

Jnst murupoBanusi: Xa6upos B.P., Cabupos ©.C. OnpenesneHne BIUSHHSA JHHAMHYSCKHX XapaKTePUCTHK
CTaHKa Ha TpaeKTopuio pabdouero oprana // Bectiuk MI'TY «Crankuny. —2026. —Ne 2 (77). — C. 61-65. —
DOI 10.47617/2072-3172_2026_2_61.
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Vadim R. Khabirov, Fan S. Sabirov

Moscow State University of Technology “STANKIN”
Moscow, Russia

DETERMINING THE INFLUENCE OF MACHINE DYNAMIC
CHARACTERISTICS ON THE TRAJECTORY OF THE TOOL

Abstract

This paper investigates the influence of the dynamic characteristics of a machine tool on the trajectory of a
working body. It describes the analysis of the trajectory of a working body when the direction of movement
changes by 90°. An analysis of the trajectory frequencies and natural frequencies was also performed to
determine the correlation between them.

Keywords: metalworking, dynamic characteristics, trajectory of the working body, trajectory analysis

For citation: Khabirov V.R., Sabirov F.S. Determining the influence of machine dynamic characteristics
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BJIIMAHMUE NAPAMETPOB CBOPHOIO UHCTPYMEHTA
C PAOUANBHO-NOABUXHbIMA BIIOKAMW HA TOYHOCTb
BHYTPEHHEIO LUNTM®OBAHUA ANNUNCONOHbIX NOBEPXHOCTEWN

AHHOTALUSA

B craTbe nccienyercs BIUsSHIE KUHEMAaTHUECKUX U CHUIIOBBIX ITapaMEeTPOB HAa TOYHOCTH BHYTPEHHETO
MM (GOBaHMS HEIMINHIPUIECKUX MOBEPXHOCTEH Ha MpHUMepe HUINICOUTHBIX OTBEPCTHH KOPIIyCOB
IUTACTHHYATBIX HACOCOB. AKTYaJbHOCTb pabOThI 00yCIOBIE€Ha NOBLIIICHHBIMU TPEOOBAaHUAMH COBpE-
MEHHOTO MallIMHOCTPOSHHUS K Ka9eCTBY 00pabOTKH CI0KHON reOMETPUH X HEOOXOINMOCTHIO HCKITFOUEHHS
TepMuueckux aedexron. [IpemnoxkeHo npuMeHeHre cOOpHOro abpa3suBHOTO HHCTPYMEHTA C PAAHaIbHO-
MOABKHBIME OJIOKaMH, 00€CIIeUHBAIOIIETO aAalTHBHOCTh (hOPMOOOpa30BaHUSI.

Lenpio uccnenoBanus SBUICS aHAIN3 MaTeMaTHYeCKOH MOJENIH mpoliecca s ONpeAeTIeHHs IPOU3BO-
JUTENBHOCTU U PaBHOMEPHOCTHU CheMa MaTepuana. MeToauka 6a3upyercsi Ha KOHTaKTHOH Teopuu [epria
Y YUCIICHHOM MOJAENUPOBAaHUU TIIyOMHBI BHEAPEHUs aOpa3uBHBIX 3epeH. B xoe sKcIepiuMeHTOB BapbH-
POBAIMCh YacTOTa BPAILCHUS IINMUHCIS, PAANyC U ATHHA a0Pa3UBHBIX 2JI€MEHTOB.

PC3yJ'IBTaTI>I TMOATBCPANIIN aJ€KBAaTHOCTb MOACIIN. YcranosiieHa Ky6I/I‘{eCKaH 3aBUCUMOCTD ITPOU3BOAUTEIIb-
HOCTH OT 4aCTOTHI BPalleHHs 1 00paTHast 3aBUCUMOCTh INTyOUHBI BHEAPEHUS 3€PHA OT PaANyca JIEMEHTA.
BBIﬂBHCHO, 4YTO HEPABHOMEPHOCTH ChbEMaA IPAMO ITPOTIOPHHUOHATIbHA SKCLICHTPUCUTETY OTBEPCTHSA BCIICT-
CTBHUEC NU3MCHCHU HCHTpO6C)KHOI\/’I cuibl. Ha ocHoBe IMOJIYYCHHBIX 3aBHUCUMOCTEH BBIZICJICHBI PEIKHUMBI
4yiCcTOBOH (TTyOrHa 1-5 MKM) 1 uepHOBO# 00paboTkK. TeopeTnueckn 060CHOBaHA BO3MOXKHOCTh JJOCTH-
keHHs KBanuteTa To4HOCTH IT7. PazpaboranHas Mozeb MO3BOJSET 1ieJIeHANPaBIeHHO POPMUPOBATH
PpeKUMBI 00paboTKH 115 oOecredeHus: TpedyeMoro codeTaHus MPOU3BOJUTEILHOCTU U TOUHOCTH CIIOX-
HONPOGUIIBHBIX TOBEPXHOCTEH, KOMIICHCHPYS IEPEMEHHYIO KPUBH3HY ITPO(UIIS 32 CHET aBTOMaTHYECKOTO
perynrpoBaHus CUJIbI IPHKUMa CETMEHTOB.

KaioueBble ciioBa: BHyTpeHHee IUTH(OBaHNE, HEIMITHHAPHYECKUE TIOBEPXHOCTH, COOPHBII a0pa3HBHBIH
HWHCTPYMEHT, paJinajibHO-TIOBHKHBIE OJIOKHM, MaTeMaTn4yecKkas Mojieslb, KHHEMaTH4eCcKue napaMeTpsl,
TOYHOCTH 00PaOOTKH, IPOU3BOIUTENEHOCTD, SIUTUIICOMIHEIE OTBEPCTHSI, HEPAaBHOMEPHOCTh CheMa Mate-
puana

Jas nurtupoBanusn: Sukos B.A., Hukutuna JI.T. Binusaue mapameTpoB cOOpHOr0 MHCTPYMEHTA C paiu-
QJIBHO-TIOABIKHBIMY OJIOKaMH Ha TOYHOCTh BHYTPEHHETO NUTH(OBAHUS SIUTUIICOUAHBIX TOBEpXHOCTEH //
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THE INFLUENCE OF THE PARAMETERS OF AN ASSEMBLY
TOOL WITH RADIALLY MOVABLE BLOCKS ON THE ACCURACY
OF INTERNAL GRINDING OF ELLIPSOIDAL SURFACES

Abstract

This study examines the influence of kinematic and force parameters on the accuracy of internal grinding
of non-cylindrical surfaces, exemplified by ellipsoidal holes in vain pump housings. The relevance of
this work is driven by heightened modern engineering requirements for machining quality of complex
geometries and the necessity of eliminating thermal defects. The application of a modular abrasive tool
with radially movable blocks is proposed, ensuring shaping adaptability and effective heat dissipation via
a hollow spindle.

The research aim was to analyze the process mathematical model to determine productivity and mate-
rial removal uniformity. The methodology relies on Hertzian contact theory and numerical modeling of
abrasive grain penetration depth. During the experiments, spindle rotation frequency, radius, and length
of abrasive elements were varied.

The results confirmed the model’s adequacy. A cubic dependence of productivity on rotation frequency
and an inverse dependence of grain penetration depth on element radius were established. It was revealed
that removal non-uniformity is directly proportional to hole eccentricity due to variations in centrifugal
force. Based on the obtained dependencies, finishing (depth 1-5 um) and roughing machining modes were
identified. The possibility of achieving IT7 accuracy quality was theoretically substantiated. The developed
model allows targeted formation of machining modes to ensure the required combination of productivity
and accuracy for complex profile surfaces, compensating for variable profile curvature through automatic
regulation of segment pressing force.

Keywords: internal grinding, non-cylindrical surfaces, modular abrasive tool, radially movable blocks,
mathematical model, kinematic parameters, machining accuracy, productivity, ellipsoidal holes, material
removal non-uniformity
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TEXHOJIOT'MYECKOE OBECMNEYEHUE HAOEXHOCTU MAHXETHbIX
YNNOTHEHUA NOCPEOQCTBOM PA3PAEOTKU METOLQUKA BbIEOPA
PALUOHAIBbHbIX PEXXUMOB FDM-MNEYATHU

AHHOTaNMSA

PaCIIOIOXKEHHUA CIIOEB.

HamiasiaeHuss FDM.

MOOHJIECTPOCHHUE, a9POKOCMHUYECKasi MPOMBIIIIEHHOCTh, MEAUIIMHA U He(TEra3oBas OTpacib.

IUOHHBIX XapaKTCPUCTHUK JaHHOI'O TUIIA W3ICITNH.
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B Hacrosmelt cratbe mpoBOIUTCS MCCIIEOBAaHIE BIUSHUS OCHOBHEIX PEKUMOB 3D-medaru mo TexHo-
norun FDM (Fused deposition modeling — MoenupoBaHne HAIJIABICHHOTO OCAX/ICHHS) HA HA/IC)KHOCTD
MaHXEeTHBIX yIutoTHeHU . [IpoBeneH aHanu3 GakTopoB, OKa3bIBAIOIINX 3HAYHUTEIBHOE BIMSHUE HA TIPS
MPOYHOCTH Ha Pa3pbIB, B YACTHOCTH, MPOYHOCTH aATe3WH, AKTUBHAS TUIOIIAh KOHTAKTA H CTPYKTYypa

Pa3paboTana MateMaTnueckast MOJIENIb OLIEHKH TEMIIepaTypHOro OanaHca npu GOpMHUPOBAHUH are3u-
OHHOH CBSI3H, YYHUTHIBAIOIIAs TEIUIOOOMEH MEXIY CIIOSMH MaTepHaa JIeTald U OKPYKAIoIeH cpemoil.
OmnpeneneHsl 3aBUCHMOCTH JIaBIICHUS OKCTPY3HH, BBICOTHI M IIHPHHEI CII0s, o0ecreynBaromue Gopmu-
pOBaHHUE CIIOEB JETAIN C MAKCUMAaJIbHON aKTHBHOMW IUIOIIAAbI0. YCTAHOBJIEHO, YTO JOCTHKEHNE MAaKCHU-
MaJIbHO BO3MOKHBIX TEMIIEPATyp 3KCTPY3UH MPH [1€YaTH MO3BOJIAET CYIIECTBEHHO IOBBICHTH IPOYHOCTHBIE
XapaKTePUCTUKH U FePMETUYHOCTh MAHKETHBIX YIUIOTHEHUH, U3TOTOBJIEHHBIX METOJOM I10CIOHHOTO

Paspaborana MeTorKa BEIOOpa PALMOHATBHBIX TEXHOJIOTHYECKUX PEXXUMOB 3D-1reqaT, o0ecrieanBaronmx
(dbopMupoBaHKE CIIOEB ACTAIH ¢ HAMOOJIBIINMHU 3HAYEHUSAMH MPOYHOCTH aAre€3UH M aKTHBHOHN IUIOMIAAN
KOHTAKTa, IPUMEHEHHE KOTOPOH MO3BOIUT HOBBICUTH SKCINTYaTAIIMOHHYIO HaIEe)KHOCTh MAaHKETHBIX YILIOT-
HeHui. [IpeioyKeH alropuT™ METOIMKH BBIOOPa PAIMOHAIBHBIX TEXHOJIOTHUSCKUX PeXUMOB 3D-nevyaru.
[MomyueHs! pe3ynbTaThl, HO3BOJIAIONINE ONITUMU3HUPOBATE MPOIECC IIPOU3BOICTBA, MOBBICUTH IKCILTyaTa-
LUOHHBIE XapaKTePUCTUKU MAH)KETHBIX YIUIOTHEHUH U pa3padoTaTh HOBBIE TEXHOJIOTHYECKUE PELICHHS
JUTSI TIPOM3BO/ICTBA TEPMETUYHBIX MAH)KETHBIX YIUIOTHEHUH C MpUMeHeHneM S-oceBoit FDM-mieuaru, 9to
pacmpuT BOSMOXXHOCTH 8 TUTHBHOTO MPOM3BOICTBA B KPUTHUECKH BAXKHBIX OTPACIIAX, TAKUX KaK aBTO-

O1ieHeHbI IePCIEKTUBHBI abHENINIEr0o N3YYEHHUS BIMAHUS CTPYKTYPhI paclOIOKEHHs CII0EB MaTepuaa
Ha IPOYHOCTh U T€PMETUYHOCTh MAH)KETHBIX YIJIOTHEHHUH € I€JIbI0 IIOBBILIEHUS KaUYeCTBa U 3KCILTyaTa-
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KuroueBble ciioBa: 3D-nieyars, FDM, MeTonnka BpIOOpa TEXHOJIOTHYECKUX PEKUMOB, a/TATUBHBIC TEXHO-
JIOTHH, MAH)KETHBIC YIUIOTHEHHS, TePMETUYHOCTD, HA/IC)KHOCTb, IPOYHOCTh aJIr€31UH, aKTHUBHAS TUIOIIA/b
KOHTaKTa
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TECHNOLOGICAL SUPPORT FOR THE RELIABILITY OF LIP SEALS
THROUGH THE DEVELOPMENT OF A METHODOLOGY FOR SELECTING
RATIONAL FDM PRINTING MODES

Abstract

This article examines the impact of the main 3D printing modes using Fused Deposition Modeling (FDM)
technology on the reliability of lip seals. Factors that significantly influence tensile strength are analyzed,
specifically adhesion strength, active contact area, and layer arrangement.

A mathematical model for assessing the temperature balance during adhesive bond formation is developed,
taking into account heat exchange between the layers of the part material and the surrounding environment.
The relationships between extrusion pressure, layer height, and layer width are determined, ensuring the
formation of part layers with the maximum active area. It is established that achieving the highest possible
extrusion temperatures during printing significantly improves the strength and sealing properties of lip
seals manufactured using FDM. A method for selecting rational 3D printing process modes that ensure
the formation of component layers with the highest values of adhesion strength and active contact area
has been developed. This method’s use will improve the operational reliability of lip seals. An algorithm
for selecting rational 3D printing process modes is proposed.

The results obtained allow for optimization of the production process, improvement of the performance
characteristics of lip seals, and the development of new technological solutions for the production of
hermetic lip seals using 5-axis FDM printing. This will expand the capabilities of additive manufacturing
in critical industries such as automotive, aerospace, medicine, and the oil and gas industry.

The potential for further study of the influence of the material layer arrangement structure on the strength
and tightness of lip seals is assessed, with the aim of improving the quality and performance of this type
of product.

Keywords: 3D printing, FDM, method of selecting process modes, additive technologies, lip seals, tight-
ness, reliability, adhesion strength, active contact area
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METO[ PACYETA PASMEPA KOMMEHCATOPA
NMPY BbINOJIHEHUX NPUTOHOYHbLIX PABOT
BE3 OMPEAENEHNA BENNYUHbI NOMNMPABKU

AHHOTAIUS

Wznoxen merox pacuéra npeenbHbIX 3HAYeHNUH 3BeHa-KOMIIEHCATopa MY PEIISHUH 33a4 JJOCTIKEHHS
TOYHOCTH 3aMbIKAIOIIEr0 3B€Ha METOZI0M PUTOHKH. B TpaMinoHHOM MeTorKe pacuéT BeJIMUYHUHbI KOMITEH-
caropa npejyiaraeTcs IpOBOAMTH Yepe3 ONpeieIeHUe MONPAaBKKH B KOOPAMHATY CEPEAMHBI MOJIS JOMyCKa
3BeHa-KoMIleHcaropa. Jis 3Toro HeoOXOAMMO POBECTH MePepacuéT 3HAYCHUH COCTABILIFONINX 3BEHBCB
1 OT MPEENbHBIX OTKJIOHEHHUH MTEPEUTH K X KOOPAWHATaM CEepEearH mofieit nomyckoB. [loce onpenenenst
BEJINYMHBI TIONPABKH ¥ BHECEHHUS €€ B KOOPMHATY CEpPEAMHBI OIS JOMYyCKa 3apaHee BBIOPAaHHOTO KOMITCH-
caropa MoJy4HTh TpeieNIbHbIe OTKIOHEHUS KoMIleHcaTopa. 1o momy4yeHHbIM JaHHBIM U3TOTaBIUBAIOTCS
3aroTOBKH KOMIICHCATOpa MOA MOCIEAyIOIee BEIMOIHEHHE IPUTOHOUHBIX padot. [Ipennaraemelii MeTox
MO3BOJISIET MOIYUYUTH MPEJeIbHBIE OTKIIOHEHHUS KOMIIEHCATOpa — €r0 MUHUMAJIbHOE U MaKCHMaJlbHOE
3HaYEHHsI pa3MepoB — 0€3 JOMOIHUTEIBHBIX BEIYUCICHHNA. JTO COKpalIaeT MPOU3BOAUMBIE PACUETHI,
YMEHBIIACT BPEMS TEXHOJIOTUIECKOH IOATOTOBKH IMPOU3BOACTBA M IIO3BOJSET (MIPH HEOOXOAUMOCTH)
ABTOMAaTH3MPOBATh NPOLIECC PACUETOB.

Ku1roueBble €JI0Ba: METOJ IPUTOHKHU, pAacYET 3B€HA-KOMIIEHCATOPa, METOJ MAKCUMyMa-MHUHAMYMa
Jinsa nuruposanusi: Boponenko B.IL, JIymtok C.B. Meton pacuéra pasmepa KOMIIEHCATOpa IIPH BBIIOJI-

HEHUM NPUTOHOYHBIX paboT Oe3 onpeaeneHus BeaunuuHbl nonpasku / Bectauk MI'TY «CraHkuny». —
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METHOD OF CALCULATING THE COMPENSATOR SIZE DURING
FITTING OPERATIONS WITHOUT DETERMINING
THE CORRECTION VALUE

Abstract
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The method of calculation of the limit values of the compensator link when solving problems of achievement
of the accuracy of the closing link by the fitting method is stated. In the classical method, the calculation of
the compensator’s value is proposed to be carried out by determining the correction to the coordinate of the
middle of the tolerance field of the compensator link. To do this, it is necessary to recalculate the values of
the constituent links and move from the limit deviations to their coordinates of the middle of the tolerance
fields. After determining the correction value and applying it to the coordinate of the middle of the toler-
ance field of the pre-selected compensator, the limit deviations of the compensator can be obtained. Based
on the obtained data, the compensator can be prepared for subsequent fitting operations. The new method
allows for obtaining the limit deviations of the compensator — its minimum and maximum values — without
prior calculations. This reduces the number of calculations performed, reduces the time required for tech-
nological production preparation, and allows (if necessary) for the automation of the calculation process.

For citation: Voronenko VP., Lutsyuk S.V. Method of calculating the compensator size during fitting
operations without determining the correction value. Vestnik MSUT “Stankin”. 2026. No 2 (77). P. 89-99.
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OWUCNEPCUU BOCMPOU3BOAUMOCTU 3KCNEPUMEHTOB
NPU UCCNEOOBAHUM ONEPALIUA XONOOHOW OB bEMHOW
LUTAMMOBKU

AHHOTAIUA

PaccMoTpeHo MareMaTHueCcKoe MOZICTUPOBAHUE TEXHOJIOTMUECKHX MPOLIECCOB C MOMOILIBIO alre0panyeckux
ypaBHEHHH, KO3()OUIIMEHTHI B KOTOPBIX OMPEACIISIOTCS C MOMOILIBI0 PU3MYECKUX MITH BBIYACIUTEIbHBIX
3KCHCpI/IMeHTOB. l'[orcasaHo, qTO OTJINYHC MC)K}Iy CbI/ISI/I‘{CCKI/IMI/I Y BBIYHUCJIIUTCIIBHBIMHU 3KCHCpI/IMCHTaMI/I
3aKJIF0YAeTCA B BOBMOXHOCTHU HpOBC}ICHI/IH HpI/I q)H3HqCCKOM BKCHCpI/IMCHTI/IpOBaHI/II/I CTATUCTHUYCCKOTI'O
aHasu3a pe3ysbpTaroB. Ha KOHKpeTHOM npuMepe MpoAeMOHCTPUPOBAHO PEUMYIIIECTBO CTATUCTUYECKOTO
aHaJIu3a pe3ysIbTaToB IKCIIEPUMEHTA. Pa3bsCcHEHa POb TUCTIEPCHH BOCIIPOU3BOMMOCTH SKCIIEPUMEHTOB
l'IpI/I l'[pOBOI[I/IMOM CTAaTUCTUYCCKOM aHAJIN3EC. HpI/IBeZ[CHBI l'IpI/IMepI)I )IHCHCpCHﬁ BOCHpOI/ISBO}II/IMOCTI/I JKCIIC-
pI/IMCHTOB l'IpI/I HUCCJICAOBAHUU pa?,Hbe TEXHOJIOTHUYCCKUX l'[pOIlCCCOB XOHO}IHOf/i OGLCMHOﬁ HITaMIIOBKH.

KuaroueBble ci10Ba: poriecchl 00pabOTKH JaBIeHHEM, MaTeMaTHYECKOE MOJIETTUPOBAaHUE, CTATUCTHYECKUIH
aHaJIu3 MoJeNeH, TPUMeEPhI JUCIIEPCUil BOCTIPOU3BOIUMOCTH SKCIIEPUMEHTOB

Juas uutupoBanus: Jmurpues A.M., Kopo6osa H.B. Jlucriepcrn BOCIIPOM3BOANMOCTH SKCIIEPUMEHTOB
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THE VARIANCES OF REPRODUCIBILITY OF EXPERIMENTS
IN THE STUDY OF COLD VOLUMETRIC STAMPING OPERATIONS

Abstract

Mathematical modeling of technological processes using algebraic equations, the coefficients of which
are determined using physical or computational experiments, is considered. It is shown that the difference
between physical and computational experiments lies in the possibility of statistical analysis of the results
during physical experimentation. A concrete example demonstrates the advantage of statistical analysis
of experimental results. The role of the difference in the possibility of evaluating the reproducibility of
experiments by the statistical analysis is explained. Examples of reproducibility variances of experiments
in the study of various technological processes of cold volumetric stamping are given.

Keywords: pressure treatment processes, mathematical modeling, statistical analysis of models, examples
of reproducibility variances of experiments
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UCCNEAOBAHUE PABHOKAHAIIBHOI'O YINIOBOIO MNPECCOBAHUA
ANOMUHUEBOIO AE®OPMUPYEMOTIO CIJIABA B MATPULIE
C YINMOM NEPECEYEHUA KAHAJIOB 60°

AHHOTaN U

B crarse 06cyxaeTcs NepcrneKTHBHOCTh Pa3BUTUS CIIOCO0A PABHOKAHAIBHOIO YIJIOBOIO IIPECCOBAHMUS
JULSL IOJIy4EHUsS] MaTepPHaIOB C YIBTPAMEIKO3EPHUCTOH CTPYKTYpOll U MOBBILICHHBIMH MEXaHUIECKUMHU
cBoiicTBamMu. OOBEKTOM UCCIIEIOBAHYS ABIIAETCS CIOCO0 YETBHIPEXIIPOXOAHOIO PABHOKAHAIIBHOTO YITIOBOTO
npeccoBanus (PKVYII) no mapuipyram 4 u C B MaTpulie ¢ yIIoM nepecedeHus kaHanos @=60°. O6pazel
CTepxKHE0Opa3HOH (HOPMBI KBaAPATHOTO CEUEHHS BBINOIHEH U3 aTIOMHHUEBOTO Ae(hOPMUPYEMOTO CILIaBa
Al 3003 (anamor AMu I'OCT 4784-2019). IlpoBenén aHanu3 pa3auyHbIX 1apaMeTPOB, IONTYyUYEHHbBIX
KOMITBEOTEPHBIM MOZICIIUPOBAHUEM, TI0 pE3yNbTaTaM KOTOPOTO BBIABIEHO, UTO HCCIIEMyeMast cXeMa I10Ka3asa
BBICOKYIO 3()()eKTHBHOCTh B YaCTH HHTEHCHBHOCTH Je(DOPMHUPOBAHHUS IO CPABHEHHIO C TPaIHIIOHHBIMU
CXeMaMU PaBHOKAaHAJIbHOIO YIJIOBOTIO IIPECCOBAHUSL.

KiroueBble cj10Ba: MHTCHCUBHOE IIJIACTHYECKOC Z[eq)OpMI/IPOBaHI/Ie, PaBHOKaHaJIbHOE YITIOBOC IIPECCO-
BaHHUEC, KOMIIbIOTEPHOC MOJACINPOBAHNUEC
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STUDY OF EQUAL-CHANNEL ANGULAR PRESSING
OF DEFORMABLE ALUMINUM ALLOY IN A MATRIX WITH A CHANNEL
INTERSECTION ANGLE OF 60°

Abstract

This article discusses the potential of developing equal-channel angular pressing (ECAP) to produce
materials with an ultrafine-grained structure and enhanced mechanical properties. The study focuses on
a four-pass equal-channel angular pressing (ECAP) process using routes 4 and C in a die with a channel
intersection angle of @=60°. A rod-shaped, square-section specimen is made of Al 3003 deformable
aluminum alloy (analogous to AMts GOST 4784-2019). An analysis of various parameters obtained through
computer modeling revealed that the studied process demonstrated high efficiency in terms of deformation
intensity compared to traditional ECAP processes.

Keywords: severe plastic deformation, equal channel angular pressing, computer modeling
For citation: Polosin E.N., Sosenushkin E.N., Lyubimsky S.V. Study of equal-channel angular pressing of
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3D NAPAOUIMA MOAENUPOBAHUA B BUBPALMOHHOW OANATHOCTUKE
LWNMHAENBHBLIX Y3110B

AHHOTALUS

IIpencrasnena 3D mapagurmMa MOJIEIMPOBAHUS B BUOPAIIMOHHONW AMAarHOCTUKE LITTMH/IEIBHBIX Y3JI0B,
KOTOpasi HCHONb3yeT TMOPUIAHBINA TOIXO0A, OCHOBAaHHBIA HA SKCIIEPHUMEHTAILHOM MOJAIBHOM aHAIN3e
Y TIPOCTPAHCTBEHHBIX KOHEYHO-31eMeHTHBIX (KD) Moaemsx mmuHIenbHbIX y310B. B nersix Bepuduxanim
noaxona ObUTH MCTIONB30BAaHbl SKCIIEPUMEHTAIbHBIE JaHHBIE INMUHACIBHBIX Y37I0B MAPTHH TOKaPHBIX
crankoB ¢ UITY. B pamkax 3KCHIepUMEHTAILHOTO MOJJAJILHOTO aHAJIN3a TPOBEICHA OIICHKa COOCTBEHHBIX
Y4acTOT U KOA(Q(HHULIHEHTOB MOAAILHOTO AeMII(UPOBAHMS TS PACILETUIEHHBIX TUKOB aMIUTUTYIHO-9aCTOTHON
xapakTepucTuki (AUX) HIMUHAEIBEHOTO y371a B peeiax padouero Auana3oHa 4actoT BpaieHus. [Toka-
3aHBl OCHOBHBIE TAIBl MOJIETMPOBAHUSL, BKIFOYAIOIIHE B €05l HIOCTPOSHNE KOHEYHO-2JIEMEHTHOH MOJEIH
U pelIeHNe 3aJa9l O COOCTBEHHBIX 3HAUYECHHAX. BBIMOTHEHO MOAeNpOBaHKe MITMHICIBHOTO y3i1a 0e3
yuéTa 1 ¢ y4€TOM aCUMMETpPHUH KECTKOCTH onop. [1o100paHbl BENTMYMHBI ACUMMETPHHU KECTKOCTH OTIOP
MIMUHAETBHOTO y371a. [TyTéM comocTaBieHns pe3ynbTaToB MOISIHPOBAHNUS, IPOBEJEHHOr0 Oe3 yuéra u ¢
y4€TOM aCUMMETPHUH KECTKOCTU OMOP, MOKA3aHO, YTO PACIICIUIEHUE TMKOB HAa aMIUINTYIHO-4aCTOTHON
XapaKTEePUCTUKE PEaJIbHBIX IUTHHAEIBHBIX Y3JI0B SBJISETCS CIEICTBUEM aCUMMETPHUH KECTKOCTH UX OIOP.
Brinmonnen ananu3 BIUSHUS TOBOPOTA OIOP Bajia C aCUMMETpHeil sk€cTkocTr Ha BUI AUX mIMUHAETFHOTO
y3na. [loka3aHo, 4To BUJ BBIXOJHON 4aCTOTHOHN XapaKTE€pPUCTUKH IIIHHICIBHOIO y3J1a JONOTHUTEIHHO
3aBHCHUT OT yIIa IOBOPOTA IUNIOCKOCTH M3MEpEeHHH. BhINomHeHa olleHKa BETMUUHBI yIvIa TIOBOPOTA OIOP
MITUHEIBHOTO y3J1a, Al KOTOPOro OBLIM MOMy4YeHB 3KCIepUMEHTaNbHbIe JaHHbe. CaenaH BHIBOA O
HEOOXOANMOCTH IPOBEACHUSI IKCIEPHUMEHTa 110 BUOPALMOHHOM ANarHOCTHKE MIMHHAEIBHOTO y3J1a Mo
BCell OKPYKHOCTH BMECTO OIHOM mtockocTH. [Tokazano, yTo ncnonb3oBanue 3D nmapaaurMel KayeCTBEHHO
MEHSET XOJI PeIeHNUs 3a1a4H HACHTU(GUKANH IMHAMHYECKUX IPOLIECCOB B IIMUHACTBHBIX y371aX U KapIu-
HaJIbHO MOBBIIMIACT Ka9€CTBO BUOPALIMOHHON ANArHOCTHKY.

KuarwueBsble ciaoBa: napagurma, IIMUHACTBHBIN y3ei, FI/I6pI/I,HHO€ MOJCIMPOBAHUE, MOJIaJTbHBIN aHallnus,
HIPOCTPAHCTBCHHBIEC MOACIN
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3D PARADIGM FOR MODELING AND VIBRATION DIAGNOSTICS
OF SPINDLE UNITS

Abstract

A 3D modelling paradigm for vibration diagnostics of spindle units is presented. It uses a hybrid approach
based on experimental modal analysis and spatial finite element (FE) models of spindle units. Experi-
mental data from spindle units of a batch of CNC lathes were used to verify the approach. As a part of the
experimental modal analysis, the natural frequencies and modal damping coefficients were evaluated for the
split peaks of the amplitude—frequency characteristic (AFC) of the spindle unit within the operating range
of rotational frequencies. The main stages of modelling are shown, including the construction of a finite
element model and the solution of the eigenvalue problem. Modelling of the spindle unit was performed
without and with consideration of the support stiffness asymmetry. The values of the asymmetry of the
spindle unit support stiffness were adjusted. By comparing the results of modelling performed without
and with consideration of the support stiffness asymmetry, it was shown that the splitting of peaks in the
amplitude—frequency response of real spindle assemblies is a consequence of the asymmetry of their support
stiffness. An analysis of the effect of shaft support rotation with stiffness asymmetry on the appearance of
the spindle unit’s frequency response characteristic was performed. It was shown that the appearance of
the spindle unit’s output frequency response characteristic additionally depends on the angle of rotation of
the measurement plane. An assessment was made of the angle of rotation of the spindle unit supports, for
which experimental data were obtained. A conclusion was made about the need to conduct an experiment
on vibration diagnostics of the spindle unit around the entire circumference instead of a single plane. It has
been shown that the use of a 3D paradigm qualitatively changes the process of solving the problem of iden-
tifying dynamic processes in spindle assemblies and radically improves the quality of vibration diagnostics.

Keywords: paradigm, spindle unit, hybrid modelling, modal analysis, spatial models
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PA3PABOTKA MO AN OLEHKW TEXHONOMMYHOCTU U3AENUA
MO STEP-MOAENAM NMPU 2.5D-®PE3EPOBAHUA

AHHOTALUS

B pabote npeacTaBieHO ONMCAaHUE ANTOPUTMa A aBTOMaTH3UPOBAHHON OLIEHKU TEXHOJIOTHYHOCTH
nertanei o 3D-monensm B popmare STEP B yenoBusix ogaocropontero 2,5D-dpe3epoBanus. Pazpabotka
OPHEHTHPOBaHA HA TEXHOJIOTUYECKYIO TIOATOTOBKY IPOU3BOJICTBA, KOTIa HEOOXOIMMO B KOPOTKHE CPOKU
IIPOBEPUTH JTOCTHKUMOCTh OTBEPCTHH, KAPMAHOB, M1a30B M HApy>KHOTO KOHTYpPa pEaIbHBIM ITapKOM
000pyIOBaHMSI 1 UMEIOLIEHCSI OCHACTKOM Oe3 npuBieyeHus nosHoGyHKIoHanbHbIX CAD/CAM-nakeToB.
Ipunoxxenne GyHKIMOHUPYET aBTOHOMHO: BbInoyHseT uMiopt STEP, nuatepaktiBHy0 3D-BH3yanu3ariio
1 BbIOOp 0a30BO# (BepxHEW) MIOCKOCTH, MOCIIE Yero MPUBOAUT MOJIENb K paboueil cucteMe KOOpAMHAT,
B KOTOPOH O0Ch Z COOTBETCTBYET HAIIPABJICHHIO MOJAYH. AJITOPUTMBI aHAJIN3a PEATN30BAaHbI HA OCHOBE
BREP-npeacTaBneHus ¥ UCMONB3YIOT KilacCHU(PHUKAIMIO IPpaHeld 1Mo TUmy (TUIOCKasi, IUIMHIPHYECKAs
U IIp.) ¥ rpad CMEXHOCTH IS BBIACICHHUS TEXHOJIOTHYECKUX IMPHU3HAKOB. B Texymieil mocranoBke
pacmo3HarTCs OTBepCTHS (IIyXHe U CKBO3HBIEC), KAPMaHbI, 13kl K MPOQUIIL 00PE3KH MO KOHTYPY, a TAKIKE
BBIYUCIIAIOTCS TabapyTHI IETATH U KIIFOUEBbIE TApaMeTPhI 2IEMEHTOB (IaMeTphl, ITyOUHbI, MUHIMAIbHbIE
IIUPUHBI, PAANYCHI CKpYTJIeHui). Jlanee mapaMeTpsl COMOCTABISAIOTCS ¢ 0301 CTAaHKOB M MHCTPYMEHTA:
YUHUTBIBAIOTCS pa3Mepsl paboueil 30HbI, JOMyCTUMOE MOTPY)KEHHE LIMUHJENs, HA00p LaHT, TeOMETPHS
WHCTPYMEHTA (IHaMeTp, JIJIMHA PeXyIlel yacTu, o0lias JyInHa) ¥ Ha3Ha4YeHHe 10 MaTepuasiaM (Jiepeso,
IUTACTHKH, IIBETHBIE MeTaslIbl). [IpoBepka BBIIOTHUMOCTH AOTIOIHSETCS] KOHTPOJIEM JOCTYITHOCTH, BKIIOYAst
PHCK yIopa IINUHIEIBHOTO y3J1a B 3arOTOBKY IIPU TIIyOOKHX IOJOCTSAX U OTPAHHUYCHHUAX MO )KECTKOCTH
uHcTpyMeHTa. [lo pesynbratam GopMupyeTcs 00BbSICHIMOE 3aKII0UCHNE «BBIITOTHUMO/HEBBIIIOTHUMOY
Y IPOEKTHBIH M1aH 00pabOTKY C alnbTepPHATUBHBIMU CTPATETHAMH, HAIIPUMED, CIIUPAITBLHON HHTEPIONITEeH
BMECTO OTCYTCTBYIOIIETO CBepJia. ApoOarys Ha TECTOBBIX MOJEISIX [OKa3ala COKpaIleHUEe BPEMEHU
MEPBUYHOIO aHAIKM3a M CHIDKEHHUE Yncia omnbok moadopa obopyaoBaHus 3a cuéT GpopMaau3anuu
IPOBEPOK U (PUKCANUH NPUYUH PEILCHUI.

KuroueBble cjioBa: TeXHOJIOTHUHOCTH KOHCTpYKiuu, STEP, BREP, 2.5D-¢pe3epoBanue, pacrio3HaBaHHE
MIPU3HAKOB, 0a3a CTAHKOB U HHCTPYMEHTOB

Jas uutuposanus: [TaxomoB .M., Kosznosa A.B. Pa3pabotka 1O ans oneHKH TEXHOJIOTUYHOCTH
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DEVELOPMENT OF SOFTWARE FOR ASSESSING PART
MANUFACTURABILITY BASED ON STEP-MODELS IN 2.5D-MILLING

Abstract

This paper presents a desktop software prototype for automated manufacturability assessment of parts based
on 3D STEP models under single-sided 2.5D milling conditions. The development is intended for process
planning, where it is necessary to quickly verify the feasibility of holes, pockets, slots, and the external
contour using the available machine fleet and tooling, without relying on full-scale CAD/CAM packages.
The application operates autonomously: it imports STEP data, provides interactive 3D visualization, and
allows the user to select a reference (top) plane; the model is then aligned to a machining coordinate system
in which the Z-axis corresponds to the tool feed direction. The analysis algorithms are implemented on the
basis of boundary representation (B-rep) and use face-type classification (planar, cylindrical, etc.) together
with a face adjacency graph to extract machining features. In the current scope, the system recognizes
holes (blind and through), pockets, slots, and a contour-cutting profile, and computes the part envelope as
well as key feature parameters (diameters, depths, minimum widths, and corner radii). These parameters
are subsequently matched against a database of machine tools and cutters, taking into account the working
envelope, allowable spindle plunge, collet set, tool geometry (diameter, cutting length, overall length),
and material suitability (wood, plastics, non-ferrous metals). Feasibility checks are complemented by
accessibility evaluation, including the risk of spindle-body collision with the stock in deep cavities and
constraints caused by limited tool stiffness. The output includes an explainable “feasible/not feasible”
decision and a process plan with alternative strategies, such as helical interpolation when a required drill
is unavailable. Validation on test models demonstrated reduced initial analysis time and fewer machine/
tool selection errors due to formalized checks and explicit recording of decision rationales.

Keywords: design for manufacturability, STEP, BREP, 2.5D milling, feature recognition, machine tool
and tooling database
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LIM®POBOW OBOVNHUK NATUKOOPAMHATHOIO
OBPABATbLIBAIOLLEIO LIEHTPA:

KOHUENTYANBbHAA APXUTEKTYPA, MOAY/IbHbIN COCTAB
U NMPUHLUMUIMbI NOCTPOEHUA

AHHOTALUS

B cTrathe paccMaTpuBaeTcs KOHLENLHUS MOCTPOEHUs HH(POBOro ABOWHHKA HATUKOOPIAMHATHOIO
00pabaThIBaONIEro EHTPa UII MOAETMPOBAHUS, IPOTHO3UPOBAHUS U KOMIIEHCAIIUX MTOTPELTHOCTEH
MO3UIMOHUPOBaHKs HHCTpyMeHTanbHO# Touku (TCP). [IpennokeHa MHOrOypOBHEBasi apXUTEKTypa
U(PPOBOTo JBOIHKKA, pa3paboTaHHas ¢ OMOPOH Ha moyoxeHus ctanaapra [SO 23247 u Bxirouaromas
¢usnyeckuii JoMeH, ypoBeHb cOopa JaHHBIX, BEIUUCIHUTENBHOE SIPO M MOJb30BATEIBCKUN TOMEH.
OmnucaH cOCTaB BBIYUCIUTENBHOTO SAPa, 00BEIMHAIONIETO B3aNMOCBI3aHHbIE (PYHKIIMOHAIbHBIE MOIYIIH:
TeoOMEeTPUYECKHUH, KHHEMaTHYeCKUM, TeTJIOBOH, JUHAMUYECKUH, aHanuTudeckuii 1 ML-npenukrop.
IIpencraBnen Gopmanu3M MaTpull OAHOPOIHBIX IMPEeoOpPa3OBaHMN ISl KMHEMaTHYeCKOH MoJenu
c nojepkkoit RTCP, matemaTrnyeckyto MoJIelb TEMIOBOTO CMEIIEHNSI HHCTPYMEHTAIBHOM TOUKH U CXEMY
ACCHMWISILIMY IaHHBIX HA OCHOBE paciuupeHHoro ¢pmisTpa Kaamana, a Taxoke MOAXOX K MHTErpaluu
JMAHHBIX (pU3HMYecKuX AaT4uKoB 4epe3 mpoTokosn MTConnect. CucTeMaTu3upOBaHbI YETHIPE TPYIIIBI
HOTPELIHOCTEH — TeOMETPUYECKHE, TEIUIOBbIE, ANHAMUUECKHE U CHIIOBBIE — U COOTBETCTBYIOIINE METOJIBI
UX KOMIIEHCallMH. PaccMoTpeHa cxemMa 3aMKHYTOTO KOHTypa 00paTHOH CBSI3M MEXIY HU(PPOBBIM ABOHHUKOM
u cuctemoi UITY ¢ MHOrOypOBHEBOH BepHU(pHUKAIMCH KOPPEKTUPYIOIIMX BO3JACHCTBHIA. APXUTEKTypa
MaciiTabupyeMa 1 IpUMEHNMa K IIHPOKOMY KJIacCy MATHKOOPIMHATHOTO 000PYI0BaHHS.

KuroueBbie ciioBa: 11udpoBoii JBOWHUK, MATHKOOpAHHATHAS 00paboTka, ISO 23247, MaTpuIlsl OHO-
ponnbix npeobpaszoBanuii, RTCP, Temooit apeiid, MTConnect, MamuHHOE 00y4YeHHE, KOMITCHCALIHS
TIOTPEIIHOCTEH

Jas uutupoBanus: [umymxun S.U., [Ipokonosuy /l. FO. luppoBoii 1BOMHUK NATHUKOOPAUHATHOTO
00pabaThIBAIOILIETO LIEHTPA: KOHIIETITYalIbHAs apXUTEKTYPa, MOAYJIbHBII COCTaB ¥ IPUHLIUIIBI TIOCTPOCHHUS
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DIGITAL TWIN OF A FIVE-AXIS MACHINING CENTER:
CONCEPTUAL ARCHITECTURE, MODULAR STRUCTURE,
AND DESIGN PRINCIPLES

Abstract

The article discusses the concept of developing a digital twin of a five-axis machining center for modeling,
predicting, and compensating for Tool Center Point (TCP) positioning errors. A multi-level digital twin
architecture is proposed, developed based on the ISO 23247 standard, which includes a physical domain,
a data acquisition layer, a computational core, and a user domain. The composition of the computational
core is described, combining interconnected functional modules: geometric, kinematic, thermal, dynamic,
analytical, and an ML predictor. The article presents the homogeneous transformation matrix formalism for
a kinematic model with RTCP support, a mathematical description of tool center points thermal displace-
ment based on the Extended Kalman Filter, and an approach to integrating physical sensor data via the
MTConnect protocol. Four groups of errors—geometric, thermal, dynamic, and force-related—and their
corresponding compensation methods are systematized. A closed-loop feedback scheme between the digital
twin and the CNC system with multi-level verification of corrective actions is examined. The architecture
is scalable and applicable to a wide range of five-axis equipment.

Keywords: digital twin, five-axis machining, ISO 23247, homogeneous transformation matrices, RTCP,
thermal drift, MTConnect, machine learning, error compensation
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NMPUHUWUNBI NOCTPOEHUA MOAYNA ABTOMATU3UPOBAHHOTIO
BbIBOPA KOMMOHOBOK APErATHbIX CTAHKOB NO NAPAMETPAM
OBPABATbIBAEMOW 3ATOTOBKM

AHHOTaI U

B crarbe paccMOTpeHBI BOIIPOCHI aBTOMATH3AIMH IIpoliecca BEIOOpa KOMIIOHOBOK arperaTHbIX CTAHKOB Ha
CTaJIUsIX TEXHUYECKOTO IPEIUIOKEHNUS ¥ 3CKU3HOTO IpoekTa. O603HaueH BONPOC 0 HEOOXOIUMOCTH COXpa-
HEHHS U IIepeiayy HapaOOTaHHOT'O OIIbITA B 00JIaCTH KOHCTPYHPOBAHHS arperaTHbIX CTAHKOB M aBTOMATH-
YeCKUX JMHUNA. PaccMoTpeHb! paboThI HccneioBaresneld, 0TMeYaroyX NOTpeOHOCTh MAllTMHOCTPOUTEBHBIX
MIPENpHUATHI B MeTaI000padaThIBaIOIMX CTaHKaX ISl KPYITHOCEPUITHOTO rpon3BoacTBa. [Ipeioxens
IOJIXOJ1 K BBIOOPY KOMITOHOBOK arperaTHbIX CTAaHKOB, OCHOBAaHHbII Ha IMOHATHH 000011IeHHOH 00padaTsiBa-
€MO}1 ieTany, 1 TabIuIa BEIBEICHHBIX OIPAHUYEHHH 110 BEIOOPY YHU(DHIIMPOBAHHBIX Y3JIOB IS CHUXKCHHUS
TPYAOEMKOCTH IIPOEKTUPOBAHUS arperaTHbIX CTaHKOB. Pa3paboTan anroput [uis paboThl MOLyJIsl aBTOMa-
THU3UPOBAHHON CUCTEMBI BRIOOPa KOMITOHOBOK arperaTHbIX CTAaHKOB 110 XapaKTepUCTHKaM 00pabaThkiBaeMoro
W3JIeTIHS U ITapaMeTpaM TEXHOJIOTHUECKOTO Mpoliecca 1S HOBBIIIEHUS () (heKTHBHOCTH KOHCTPYKTOPCKUX
paboT HaJ] KOMITIOHOBKAaMU arperaTHeIX cTaHKoB. [IpuBeneHo onucanme HCXOMHBIX JaHHBIX, HEOOXOIUMBIX
Juis pabotel anroput™a. CripoeKTHpOBaH NPOrpaMMHbII MOy Ib aBTOMaTH3UPOBAHHOM CHCTEMbI BEIOOpa
KOMITOHOBOK arperaTHBIX CTAaHKOB Ha 0a3e pa3paboTaHHOTO anroputMa. PaccMOTpeHBI OCHOBHBIE CTaTUN
pa3paboTKH MOIYIISl U BBEACHO MOHATHE KOH(PUTYpaTopa JJisi BBIOOpa KOMITOHOBOK arperaTHBIX CTaHKOB.
Ormrcansl 3Tanbl BEIOOpa KOMIOHOBKH arperarHoro CTaHKa M IMOCIEA0BaTeIbHOCTh B3aUMOIEHCTBHS
OJIB30BaTeIsl C HHTEPPEHCOM CITPOSKTUPOBAHHOTO MPOrPAMMHOTO MOYJIs. [lepednciieHbl My TH UCTIONb-
30BaHUs Pa3pabOTaHHOTO MPOrPAMMHOTO MOIYJIS JIJIsl YMEHBIICHUS TPYIOEMKOCTH ¥ COKPAIIIEHHS CPOKOB
MPOEKTHUPOBAHKSI arperaTHbIX CTAHKOB U BHICTPAMBAHUSI B3aUMOJICHCTBHS € 3aKa3UMKOM MeTaiooopaba-
TBHIBAIOIIETO TEXHOJOTMYECKOTO 000PYI0BAHMS.

KiroueBble cj10Ba: arperaTHblil CTaHOK, TapaMeTpbl 00pabaTbIBa€MOr0 U3/eNusl, aBTOMaTU3UPOBAHHAS
CHCTEMA, AJITOPUTM, IIPOrPAMMHBIH MOIYIIb

Jas nurupoBanus: Janeunn A.C., Ilex [1.C., ®eodanor A.H. [IpuHIMTIBI TOCTPOCHHS MOIYJIS aBTO-
MaTU3HPOBAHHOTO BHIOOpA KOMIIOHOBOK arperaTHbIX CTaHKOB IO MapamMeTpaM oO0pabaThiBaeMoii 3aro-
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PRINCIPLES OF DESIGNING A MODULE FOR THE AUTOMATED
SELECTION OF TRANSFER MACHINE TOOL LAYOUTS BASED
ON WORKPIECE PARAMETERS

Abstract

The article addresses the issues of automating the process of selecting modular machine tool layouts at the
stages of technical proposal and conceptual design. The necessity of preserving and transferring accumulated
experience in the field of designing modular machine tools and automatic lines is highlighted. Research
works are reviewed that note the need of machine-building enterprises for metal-cutting machine tools for
high-volume production. An approach to selecting modular machine tool layouts based on the concept of a
generalized workpiece is proposed, along with a table of derived constraints for the selection of standardized
modular machine tool units to reduce design labor intensity. An algorithm has been developed (to clarify
the purpose of the article) for the operation of an automated system module for selecting modular machine
tool layouts based on workpiece characteristics and technological process parameters, aimed at improving
the efficiency of design work on modular machine tool layouts. A description of the input data required for
the algorithm’s operation is provided. A software module for the automated system of selecting modular
machine tool layouts has been designed based on the developed algorithm. The main stages of the module’s
development are examined, and the concept of a configurator for selecting modular machine tool layouts
is introduced. The stages of selecting a modular machine tool layout and the sequence of user interaction
with the interface of the designed software module are described. The ways of using the developed software
module to reduce labor intensity and shorten the design time of modular machine tools, as well as to establish
interaction with the customer of metal-cutting technological equipment, are outlined.

Keywords: transfer machine tool, workpiece parameters, automated system, algorithm, software module
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ANHAMUYECKAA KOPPEKLIUA YNIPABNEHWUA BMNNA B PEXXUME
HENMWHEWHOW CTABUNU3ALINN NONETHOIO MAPAMETPA

AHHOTALUS

B pabote npemokeHa cTpyKTypa 3aKOHa YIIPaBIIeHHUS YIIIOBOI CKOPOCTBIO KBaAPOKOINTEPA C SIBHBIM BBIJIE-
JIEHUEM YTIPEXKIAIOIIeH U KOPPEKTHPYIOMIEH COCTABISIOMINX, B KOTOPOI MOTHBIN YIIPABIISIONINIl MOMEHT
HPEICTABISIETCS B BUE CYMMBI IByX (DYHKIMOHAIBHO Pa3INYHbIX KOMITIOHEHT. CHHTE3 BBIIIOIHEH B CTPOrOH
MOCIIEA0BATEIBHOCTH: CHaYalla U3 yCIOBHS JKeJIaeMOH AMHAMUKH OMIMOKH MOTy4aeTcsl eANHCTBECHHBIN
TIOJTHBIH 3aKOH YIIPABJICHHS, 3aTEM U3 HET0O areOpandecKy BhLICISIETCS yIIPEKAatonee 3BeHO KaK YaCTHBIH
CllydJaii mpu HyseBoii ommoKe oTcaexnBanus. KirroueBoe npenMyniecTBo TAaKOTo MOAX0Aa — YIPEKAAIONTast
COCTABIISIIOIIAs BEIYHCISAETCS 0€3 N3MEepeHNH TEKYIEero COCTOSHIS, T03TOMY OHA MPUHINIHNAIBHO HE
MOXKET OBITh 3aTPOHYTa IIYMOM Tupockomna. KoppekTupyromas cocTaBisIomas CoAepkKUT MPOIopIHo-
HaJIbHO-UHTETPANBHBIN WIEH U OCTaTOYHYIO TMPOCKONINYECKYI0 HETMHEHHOCTh, KOTOPask KOMIEHCHPYET
HEePEeKPECTHBIE CBA3M MEXKIY OCSIMU YIPaBICHUSL.

B mpeanonoxkeHNH TOYHO M3BECTHOH MAaTpPHUIBI MHEPLUU COBMECTHOE AelcTBHE 00EUX COCTaBIIs-
IOIMX 00ecHedrBacT JINHEeapru3alrio B HOMUHAJIBHOM CIIydae 3aMKHYTOH CHCTEMBbI; TUHAMHKA OIINOKH
OITMCHIBACTCS IMHEHHBIM OOBIKHOBEHHBIM AN GepeHIMaNIbHBIM yPaBHEHHEM BTOPOTO MOPsIKa ¢ Ha3Ha-
YaeMbIMH COOCTBEHHBIMU 3HAUCHHUSMU. BEHIMONHEHO YHCICHHOE MOJEIHUPOBAaHUE I MIaT(HOPMEI
BITJTA knacca 450 MM ¢ mozenbio myma rupockona MPU-6000 (cpeqHekBaipaTi4eckoe OTKIOHEHHE
o =1, mpan/c). cTuHHas ycTaHOBHUBIIASACS ONMIMOKa OTCIe:)KUBaHUs coctaBmia 0,2 Mpaj/c — mpuOIn3m-
TEJIbHO B IBEHA/IIATH Pa3 HIDKE IITyMOBOTO IIPENieNia oy /(8 / 7r) ~2,39 Mpaz/c, onpeaensieMoro COOCTBEHHbIM
IIyMOM TUPOCKOIIA B TPEX KaHasax. OCTaTOUHbIH I’MPOCKONINYECKUH WICH B YCTAHOBHUBLIEMCS PEXXHIME HE
npeBbInIaeT 1% oT HOpPMBI KOpPEKTHpYIoLIe cocTapistomei. CpaBHEHHE TPEX PEXKUMOB IeMI(PHUPOBAHNS
MoKasalio, 4To Kpurudeckoe aemidupoanue ( = 1) obecneunBaeT HaUOBICTPEHIIIEE allEPUOTHUECKOE
3aTyxaHue 0e3 mepeperyanpoBaHusl.

KuroueBble cjIoBa: KBaJAPOKOINTED, YIPABIECHHE YITIOBOW CKOPOCTBIO, YIPEXKJAIOIIEe 3BEHO, IMHEAPH-
3a1Hst 00OPaTHOM CBSI3bI0, KOMIIEHCAIHS THPOCKOIIMIECKOTO MOMEHTA, ITyM TUPOCKOIIa, ypaBHEHH s Jitnepa

Jna nutupoBanus: Xoxuaos AWM., CreOynsaun M.M. Jlunamudeckas koppekuus ympasienus BITIIA

B pexXuUMe HelMHeiHol crabunu3anuu nonetHoro napametpa // Bectauk MI'TY «Crankuny. — 2026. —
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DYNAMIC CONTROL CORRECTION OF A UAV IN THE NONLINEAR
STABILIZATION MODE OF A FLIGHT PARAMETER

Abstract

This paper proposes a control law structure for the angular rate of a quadrotor with an explicit decomposi-
tion of the commanded torque into a feedforward component and a feedback component (two-degree-of-
freedom architecture). The synthesis follows a strict sequential logic: the unique complete control law is
first derived from the desired error dynamics condition, and the feedforward component is then algebraically
extracted as its special case at zero tracking error. The key advantage of this approach is that the feedfor-
ward component is computed without measurements of the current state and is therefore fundamentally
unaffected by gyroscope noise. The feedback component comprises a proportional-integral corrective term
and a residual gyroscopic nonlinearity that compensates cross-coupling between control axes.

Under the assumption of an exactly known inertia matrix, the combined action of both components achieves
exact feedback linearization of the closed-loop system; the tracking error dynamics are governed by a
second-order linear ordinary differential equation with assignable eigenvalues. Numerical simulation is
performed for a 450 mm class platform with an MPU-6000 gyroscope noise model (standard deviation
o= 1.5 mrad/s). The true steady-state tracking error reaches 0.2 mrad/s, approximately twelve times below
the noise threshold o-V(8/7) = 2.39 mrad/s set by the gyroscope noise across three channels. The residual
gyroscopic term in steady state does not exceed 1% of the feedback norm. A comparison of three damping
regimes confirms that critical damping ({'= 1) yields the fastest aperiodic convergence without overshoot.

Keywords: quadrotor, angular rate control, feedforward action, feedback linearization, gyroscopic torque
compensation, gyroscope noise, Euler equations
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CUHTE3 N KWHEMATUYECKWE XAPAKTEPUCTUKU
6R MEXAHU3MOB HA OCHOBE KOMBMUHALIUA
ana nPUMEHEHUA B POBOTOTEXHUKE

AHHOTAI U

B crarbe npencraBieH KOMIUIEKCHBIN aHAIU3 IIECTU3BEHHBIX MEXaHU3MOB, CHHTE3UPOBaHHBIX HA OCHOBE
KOMOMHAIIMY IUIOCKHX U CepHYECKUX YETHIPEX3BEHHBIX MEXaHU3MOB ¢ MexaHu3Mamu bennerra. OcHOBHOE
BHUMAaHHE YJIEJICHO MCCIIEI0BAaHUIO KHHEMATHYECKUX CBOMCTB, METOJIOB CUHTE3a U (DyHKIIMOHAIBHBIX
BO3MOXKHOCTEH IMOJIyYEHHBIX CTPYKTYP JJIsl IPUMEHEHHS B COBPEMEHHBIX POOOTOTEXHUYECKUX CUCTEMAX.
ITonpoGHO paccMOTpPEH CHHTE3 MEXaHU3MOB C OZJHOKPATHOM MTOJIBIXKHOCTHIO, 00eCIiednBaloIIei peicKa-
3yEMOCTb U YIIPABISAEMOCTD JBI>KEHHS. PacCMOTpEHBI KWHEMATHUECKUE ACIIEKTHI, BIUSIONINE HA TOTEHIIN-
AJIBHYIO )KECTKOCTh M YCTOMYMBOCTb, YTO KPUTUYECKH BaXKHO JIJIsl BBICOKOTOYHBIX NpuMeHeHuit. B pabore
CHUCTEMATU3UPOBAHBI YCIOBUS MAapAJIIEIbHOCTH, IEPECEUCHUS U IEPEKPEINBAHUS OCEH BpalaTeIbHbIX
nap (IIapHUPOB), a TAKKE UCCIIEIOBAHO BIMSIHUE FEOMETPUUYECKHIX IapaMETPOB 3BEHbEB (JIMH U YIJIOB)
Ha XapaKTep U BO3MOXHOCTU F€HEPUPYEMOTO IBI>KEHUS. BEIBEIEHBI 3aBUCUMOCTH [T pacuéTa pa3MepoB,
MO3BOJISIIOIIUX JIOCTUTATh )KEJIAEMbIX CBOMCTB.

Pe3synbrarel Hccae0BaHNS TTOKA3bIBAIOT, YTO HPEIIOKEHHbIE KIIaCChl IIECTU3BEHHBIX MEXaHU3MOB 00J1a-
JIAIOT BBICOKOI CTENIEHBIO aflallTHBHOCTU U MOT'YT OBbITh 3()()eKTUBHO IPUMEHEHBI JUI pelleHUs criennu-
YEeCKHX 3a/1a4, BKIIF0Yast TOYHOE [TO3ULUOHUPOBAHKE M 00X0/1. DTO OTKPHIBAET 3HAUUTENIbHBIE TIEPCIIEKTHUBBI
JUIL MX BHEAPEHHS B IIPOMBIIIJICHHBIX MaHHUITYJISTOPAX, XUPyPruuecKux poOoTax, a TaKke B IEepPCIIeK-
TUBHBIX HaNpaBJICHUAX OMOHMYECKOH U alanTHBHON pOOOTOTEXHUKH.
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YEThIPEX3BEHHHUKH
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SYNTHESIS AND KINEMATIC CHARACTERISTICS OF 6R MECHANISMS
BASED ON A COMBINATION FOR USE IN ROBOTICS

Abstract

The article presents a comprehensive analysis of six-link mechanisms synthesized on the basis of a combi-
nation of flat and spherical four-link mechanisms with Bennett mechanisms. The main focus is on the
study of kinematic properties, synthesis methods and functional capabilities of the obtained structures for
application in modern robotic systems. The synthesis of mechanisms with single degree of freedom, which
ensures predictability and controllability of trajectories, is considered in detail. An analysis of dynamic
characteristics, such as structural rigidity and resistance to operational loads, which is critical for high-
precision applications, has been carried out. The conditions of parallelism, intersection and crossing of
the axes of rotational pairs (hinges) are systematized, and the influence of geometric parameters of links
(lengths and angles) on the nature and capabilities of the generated motion is investigated. Mathematical
dependencies for determining the optimal dimensions of combined links and angles between axes that
provide the given kinematic properties are derived and presented.

The results of the study show that the proposed classes of six-link mechanisms have a high degree of
adaptability and can be effectively optimized to solve specific problems, including precise positioning,
obstacle avoidance and reproduction of complex spatial trajectories. This opens up significant prospects
for their implementation in industrial manipulators, surgical robots, as well as in promising areas of bionic
and adaptive robotics.
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