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Pa3paboTka MeT010B YNIpaB/IeHHs CBOCTBAMHM MATHUTHO-PE0JIOrH4eCKOM
cpelbl ¢ HebI0 PeryJHpoBaHMS KeCTKOCTH 3BeHA NepeMeHHOM
AJMHBI IK30CKeIeTa

A. O. Baunos’ >4, A. B. ]50puc01;1 . JI. B. Konuuna''"', M. A. Hoeukopa''"' A.B. ‘Inrapeﬁ2
! HarnmonanbHbIi HecnenoBarenbekuil yausepeutet «MDWy», Poccuiickas denepanust, r. CMOJICHCK, DHEPreTHICCKU ipoes, 1
2 Benopycckuii rocynapcTBeHHbI yHUBepcHuTeT, Pecybnuka benapycs, r. Musck, np. HezaBucumoctu, 4

>4 alex-blinov67@yandex.ru

AHHOTAN NS
Beeoenue. Ctatbs TOCBsIIEHA OMHOW W3 TPOOJIEM CO3IMaHUSA SK30CKEIETOB — YIPABICHUIO CBOHCTBAMH MAarHUTHO-

PEOJIOTUYECKOM KMIKOCTU B 3BEHbSIX IIEPEMEHHOW MJIUHBI C PErylupyeMoil xecTkocTbro. Ilo uccienoBanusM
OTEYECTBEHHBIX M 3apyOEKHBIX aBTOPOB OLEHEHa pPa3pabOTaHHOCTh M aKTYaJlbHOCTh TEMBI. BBISBIEH HEIOCTaTOK
M3BECTHBIX MOJEJEH 3K30CKEIETOB — HCIOIb30BaHNE aOCOIIOTHO TBEP/BIX 3BEHBEB, INHAMHKA KOTOPBIX HE IepeiaeT
JMHAMHKY OIOPHO-ABHIATEeNIFHOTO amnmapara 4YejoBeka. Llemb HaydHBIX H3bICKaHMH — (opMHpOBaHHE HOBOTO
HAIpPaBJICHUs Pa3BUTHS IK30CKENETOB, JOCTATOYHO TOYHO MOJIEIUPYIOIUX OMOMEXaHUKY JABUIKECHHH.
Mamepuanst u memoosl. PacCMOTPEHBI pa3HbIE COCTOSHUS KOHCTPYKIMH 3BEHBEB NEPEMEHHOHN JUIMHBI C MarHUTHO-
PEOTIOTHYecKOi XUAKOCThI0. OTMEYEHO, YTO 3BEHbs pab0TAaOT MO MPUHIUITY MATHUTHBIX aMOPTU3aTOPOB U COCTOSIT U3
IITOKA C TOPIIHEM, JJICKTPOMAarHUTHBIX KAaTYyHIEK M KOPITyca, 3aIll0JIHEHHOTO MarHUTHO-PEOJIOTHYECKOH KHUIKOCTHIO.
BI/I3yaHI/I3HpOBaHO 1 MaTEMAaTUYCCKU NPEACTABJICHO YIIOPAAOYNBAIOIIECE BO3}I€I>'ICTBPIC BHCHIHCIO MAarHUTHOI'O IIOJIA Ha
YaCTHIBl MAarHUTHO-PEOJIOTMYECKON JKUAKOcTH. [loka3zaHO 3HaueHWe Uil JAHHOM CHCTEMBI TakuX (DaKTOpOB, Kak:
BpEMs, IIJIOTHOCTH 3apsAA0B, HANPAKCHHOCTH MArHUTHOI'O IIOJIA, a4 TaKXE BEKTOPLI 3HeKTpH‘IeCKOﬁ M MarHUTHOM
WHIIYKIUH, DJIEKTPUYECKOW HANPSHXKEHHOCTH M IUIOTHOCTH AJIEKTPHYECKOTro Toka. OmpesaeneH BXOAHOW mapamerp,
BJ'II/IS[IOHIPII’I Ha TIOBCACHUC MaFHHTHO-peOHOFH‘IECKOﬁ KHUIKOCTH. 9710 HalpsHKEHHOCTb MAarHUTHOI'O I10JIA. HOKaSaHO,
YTO BSI3KOCTH JKHJIKOCTH MEHSETCS B 3aBUCHUMOCTH OT (DOPMBI MAarHMTHBIX YacTHI| (BBITSHYTHIH WM CIUTIOCHYTBIH
SJUTUATICOU]T).
Pezynomamut uccnedosanusn. ViccnenoBaHbl U BU3yalU3UPOBAHbl 3aBUCUMOCTH, NPUHLIUNHAIBHBIE AJIS PELICHUS
MOCTaBJICHHOM 3aga4u. HpI/IHHTBI Kak 0a30BbIE nmapaMeTpbl HAMPAKCHHOCTb MArHUTHOIO ITOJIA, @ TAKXKE Yrojl MEXAYy
BEKTOPOM, HANpaBJICHHBIM BJONb MpPSIMOH, COEIUHSIOIENH IEHTPbl JABYX MHUKPOHHBIX 4YacTHL, M BEKTOPOM
HaANPsOKEHHOCTHU BHCIITHETO MArHUTHOIO I10JIA. 1'[01<a3aHo, KaKuM O6p330M OT HHX 3aBUCSIT MAaTrHUTHBIN MOMCHT,
HaNpsOKEHWE M €ro AaHTUCHUMMETPUYHAs 4YacTb. YCTAHOBJIEHO, 4YTO Ul YIpaBICHUS CBOICTBAMH MAarHUTHO-
PEOJIOTUIECKOM KHUIAKOCTH HEOOXOJMMO MEHSTh:

— HaIpsHKEHHOCTh BHEIIHEr0 MarHUTHOTO TOJS;

— YroJ MEXIy HalIPsSKEHHOCTHIO BHCITHETO MArHUTHOTO MOJISI U BEKTOPOM OpUEHTAIIUN MEXKITY AUTIOJIIMU.

CpaBHHMBAIOTCS JBa 3HAYEHUs CHJIBL: JUIS 33JaHHON KOHCTPYKLIMH 3BE€Ha M (PUKCHpYyeMble NPH X0Jb0e B TOJICHH
YeJI0BEKa. Y CTAHOBJIEHA COTNIACOBAHHOCTh OTHX IOKa3aTelen.

Obcysrcoenue u 3aknroyenus. Pe3ynbTaTbl HayUHBIX U3bICKAaHUN TI03BOJIMIH NPEACTaBUTh:

— METOJ yIpaBJIeHUs CBOICTBAMH MarHUTHO-PEOJIOTHIECKOH )KUAKOCTH BHEIIIHUM MAarHUTHBIM TOJIEM;

— MOJIeb 3B€HA IEPEMEHHOM JUIUHBI C PETYIUPYEMOIl HKECTKOCTBIO.

INomy4ueHHBIH pe3ynbTaT MOXHO HCHOJIb30BAaTh MIPU MOJCIMPOBAHUN MHOTO3BEHHBIX KOHCTPYKIMH AJSI CO3MaHHS
KOM(OPTHBIX 3K30CKEJIECTOB, CHHXPOHHO B3aHMOJICHCTBYIOIIMX C OIOPHO-ABUIaTEIbHBIM aIlllapaTOM 4YeJIOBeKa Kak
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C¢IHHasd 4YCJIOBCKO-MalllMHHAasA CHCTCMA. Pa3pa60TI<a npuMEeHuMa Jisi pPCHICHUA 3HAYMMbIX COLMAJIBHBIX U
OKOHOMHWYCCKHX 3a1a4.

KiaioueBble cioBa: OK30CKCJICT, MArHUTHO-PCOJIOTUYCCKAA KUAKOCTb, 3BCHO HepeMeHHOﬁ JIMHBI, peryivpyemMas
KECTKOCTb, MAarHuTHasdA HWHAYKOHWA, HAOPSKECHHOCTH MArHUTHOTO II0JISA, HANIPSKEHHOCTH MaFHHTHO-peOHOI‘H‘IeCKOﬁ
KUIKOCTH, MarHUTHBIA MOMEHT.

BbaarogapHocTi. ABTOPHI BBIPaKalOT NPH3HATEIBHOCTh PEIEH3CHTAM 32 IICGHHBIC 3aMEUYaHMs, CHOCOOCTBOBABILIHE
YIy4IIEHUIO CTaTbH.

dunancupoBanue. VcciaenoBanne mpoBOIMIOCE IPH GUHAHCOBOH moaaepkke Poccuiickoro HaygHoro ¢oHma. I'panT
Ne 22-21-00491, https://rscf.ru/project/22-21-00491/

Jns nurupoBanmsi. Pa3paboTka METONOB YNpaBleHHS CBOMCTBAMH MAarHUTHO-PEOJIOTHYECKOM CpEIbl C ILENbI0
pEryIUpOBaHUS ~ JKECTKOCTH  3BeHa  TepeMeHHoW  [uiuHbl  dk3ockenmeta/  A. O. biunos,  A. B. Bopucos,
JI. B. Konunna [u ap.] //  Advanced Engineering Research. — 2022. — T.22, Ned4. — C.296-305.
https://doi.org/10.23947/2687-1653-2022-22-4-296-305
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Development of Properties Control Methods for Magnetorheological Medium to Regulate the
Stiffness of Exoskeleton Variable-Length Link
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Anatoly V. Chigarev’

1 National Research University “MPEI”, Smolensk Branch, 1, Energeticheskii proezd, Smolensk, Russian Federation
2 Belarusian State University, 4, Nezavisimosti Avenue, Minsk, Republic of Belarus

> alex-blinov67@yandex.ru

Abstract
Introduction. The article investigated one of the problems of creating exoskeletons — controlling the properties of
magnetic rheological fluid in links of variable length with adjustable stiffness. Based on the research of domestic and
foreign authors, the development and urgency of the topic was evaluated. The disadvantage of known exoskeleton
models has been specified, i.e., the use of absolutely solid links, whose dynamics does not convey the dynamics of the
human musculoskeletal system. The scientific research aimed at the formation of a new direction in the development of
exoskeletons that accurately simulate the biomechanics of movements.
Materials and Methods. Different states of structures of variable-length links with a magnetorheological fluid were
studied. It has been noted that the links work on the principle of magnetic shock absorbers and consist of a piston rod,
electromagnetic coils, and a housing filled with magnetorheological fluid. The ordering effect of an external magnetic
field on the particles of a magnetorheological fluid was visualized and mathematically presented. The significance of
such factors as time, charge density, magnetic field strength, as well as vectors of electric and magnetic induction,
electric intensity and electric current density for this system was shown. The input parameter affecting the behavior of
the magnetorheological fluid was determined. This was the magnetic field intensity. It was shown that the viscosity of
the liquid varied depending on the shape of the magnetic particles (oblong or oblate ellipsoid).
Results. The dependences that were fundamental for solving the task were investigated and visualized. The magnetic
field strength and the angle between the vector directed along a straight line connecting the centers of two micron
particles, and the vector of the external magnetic field strength were taken as the basic parameters. It was shown how
the magnetic moment, voltage and its antisymmetric part depended on them. It was established that to control the
properties of a magnetorheological fluid, it was required to change:

— the external magnetic field intensity;

— the angle between the external magnetic field intensity and the orientation vector between the dipoles.
Two values of force were compared: one — for a given link design, and the other — fixed when walking in the lower leg
of a person. The consistency of these indicators was established.
Discussion and Conclusion. The scientific research results allowed us to present:

—a method for controlling the properties of a magnetorheological fluid by an external magnetic field;

—a variable-length link model with adjustable stiffness.
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The results obtained can be used in modeling multilink structures to create comfortable exoskeletons that interact
synchronously with the human musculoskeletal system as a single human-machine system. The development is
applicable to solving significant social and economic problems.

Keywords: exoskeleton, magnetorheological fluid, variable-length link, adjustable stiffness, magnetic induction,
magnetic field strength, magnetorheological fluid intensity, magnetic moment.
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BBenenne. Panee BBINOMHEHHOE MOJCIMPOBAaHHWE MO3BOJMIO BBIIBHTH W3MEHCHHSA JUIMH 3BEHBEB OMOPHO-
JIBUTATENILHOTO ammapara 4YejioBeKa, UX pa3sMepoB, CKOPOCTEH NBIKEHHS, OMPEJCIUTh YCUIIUS B KHHEMAaTHYECKOM
uenu [1]. 310 mo3Bommno chopMmyaupoBaTh TpeOOBaHMS K CBOWCTBaM W pekuMaM (DYHKIMOHMPOBAHHS 3BEHA
9K30CKeleTa, OBTOPSIIOIIET0 OCHOBHBIE OMOMEXaHWYECKHE CBOICTBA COOTBETCTBYIOIIETO 3BeHA Mojb3oBaTelns. Llens
HCCIICIOBAHMS 3aKIIF0YaeTCsl B Pa3pabOTKe MOIENH 3BEHAa IMEPEMEHHOH [UIMHBI C PEryIHpPyeMOH YKECTKOCTHIO IS
co3maHus KOM(OPTHBIX 3K30CKEJICTOB HOBOTO ITOKOJICHHUS, aJCKBATHO BOCIHPOM3BOJAIIUX JCHCTBUS OMOPHO-
JIBUTATEIFHOTO amlapaTa 4elloBeKa. DK30CKENETh UCTIONB3YIOT B MEIUIMHCKAX M BOCCTAHOBHTENBHBIX IEHTPAX IS
BEPTUKAJIHM3AIMN TIOJIOKCHHUS TeJla MAalMeHTa, B KOCMOHABTHKE IMPH CO3MaHUM CKapaHIPOB M PEaOMIUTAIUOHHBIX
KOCTEOMOB.

Jns ympaBieHHsT MOJAETSMH 3BEHBEB C PETYIHUPYEMOU KECTKOCTHIO MOYKHO HCIIOJIb30BaTh MArHUTHBIE TOJIS,
JEHCTBYIOIINE HA MAarHUTHO-PEOJIOTHYECKYIO Cpey. DK30CKENETHI C PEryIHPYEeMOi KEeCTKOCTBIO 3BCHBEB IIePEeMEHHON
JUTMHBI o0ecriedar yCcToHunBbIe, 0e30macHble, YI00HbIe TOKOMOITUH YeJIoBeKa. Peann3anusi B TaKUX MOJIENSIX MPUBOJIOB
JUTSL YTIPABIIIEMOT'0 U3MEHEHHS KOH(PUTYpaIHid MPEICTABISACT MPAKTHICCKYIO IEHHOCTD, YTO OINPENEIIET aKTyalbHOCTh
HCCIIeIOBaHUS.

C 2010 mo 2020 rox B 6a3ze «Poccuiickuii HHAEKC HAYYHOTO IUTHPOBAHUS KOJIHYESCTBO MyOIUKAIIUH C KIFOYEBBIM
CIIOBOM «9K30CKeNeT» yBeaunduiaoch B 10 pa3 (6sut0 Menee 50 cramo Gosee 500). C 2015 roma pacTeT 4uCIO MATEHTOB
Ha SK30CKEJNETHl M WX KOMIIOHEHTHI, Yallle PEerucTpUpyeTcs MpoQruibHOe MporpaMMHOe obecrieueHrne. B HacTosmiee
BpeMsi HET JaHHBIX O 3BEHBAX HK30CKEJIETOB TMEPEMEHHON JIMHBI C PETyIUPYEeMOH KECTKOCThIO. YTIOMUHAIOTCS
pEIICHHsT ¢ MATKUMH 3JICKTPUYICCKAMH HACOCAMH W ITHEBMATHYECKHAM KOJIBLICBBIM T'€HEPATOPOM, OJHAKO B HHUX HE
PUMEHSIOTCS MATHHTHO-PEOJIOTHYECKHE JKHAKOCTH. ECTh OIMCAHHE AaKTyaTopa C MAarHHTHO-PEOTOTHYECKON
JKHIKOCTBIO, BSI3KOCTH KOTOPOH MEHSETCS 1O JAeicTBHeM MaruutHoro mnoust [2—4]% Tlpemiaraercs HCHONB30BATh
MArHHTHO-PEOJIOTHYECKHE MaTepHalbl sl CO3AHHMS IPHBOJOB 9K30CKeneToB . B [4-6] m3ydeHo mpuMeHeHHe
MarHUTHO-PEOJIOTHYECKON JKUKOCTH TPU CO3AAHUU MPHUBOJIA U KOJICHHOTO CYCTaBa dK30cKeneTa. KpyTsamuii MOMEeHT
B OTOM CyCTaBe OKasbIBaeT jemmdupyromiee aehctsue mpu xoasde [7]. B [8-9] paccmartpuBaroTcst MarHWTHO-
peonormdeckue TpuBOIbL. [loka He pa3paboTaH IK30CKENET, 3BEHbS KOTOPOTO MOXHO PETYIHUPOBATh MO JUIHHE H
JKECTKOCTH.

Martepuanabl m Metoabl. [Ipeamonaraercs, 4To 3BEHO 3K30CKeinera OyaerT paboTaTh MO NMPHHIUIY MAarHUTHBIX
amoptuzaropos [10]. 3BeHo coctout u3 mroka ¢ mopuraeM AE, kopmyca CB, 3all0THEHHOTO MarHUTHO-PEOIOTHUSCKOM
KHUJIKOCTBIO, M JIEKTPOMArHUTHBIX Karymek (puc. 1).

! Msrkux poGOTOB OCHACTHIHM SICKTPO(IIOMIHBIMH JOrHuecKuMH cxemamu //  planet-today.ru @ [caiit]. URL: https:/planet-

today.ru/novosti/nauka/item/110728-myagkikh-robotov-osnastili-elektroflyuidnymi-logicheskimi-skhemami (zara obpamenus: 10.09.2022).

2 psomopoulou E. A Simple Controller for a Variable Stiffness Joint with Uncertain Dynamics and Prescribed Performance Guarantees // Proc.
IEEE/RSJ International Conference on Intelligent Robots and Systems. 2012. P. 5071-5076. https://doi.org/10.1109/IR0S.2012.6385859

% Chen J., Liao W. Design and control of a Magnetorheological actuator for leg exoskeleton // Proc. IEEE International Conference on Robotics and
Biomimetics (ROBIO). 2007. P. 1388-1393. https://doi.org/10.1109/ROBI10.2007.4522367
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Kananer gt paGoyeit sxuakocTu

OJeKTpOMarHuTHasl KaTylIKa

a)

Puc. 1. KoHCTpyKIIUS 3BeHA IEPEMEHHON AJMHBI C MATHUTHO-PEOJIOTHIECKON KUAKOCTHIO!

a — 3BEHO B C)KATOM COCTOSIHHH B (ha3e OIOPHI Ha HETO; 6 — 3BEHO B PAaCTSIHYTOM COCTOSIHHU B (hase IepeHoca (PUCYHOK aBTOPOB)

B toukax 4 u D pacrnoyioxxeHbl HIapHUPBI, 00ECTICUYNBAIOLINE COSJNHEHUE U OTHOCUTENBHBIH TIOBOPOT 3BEHBEB B
9K30CKeseTe. MarHuTHoe IoJie CO3JaeTcsl 3a CyYeT 3JeKTPOMArHUTHOW KAaTyIIKM M BO3JEHCTBYeT Ha MarHUTHO-
PEOJOTMYECKYIO KHUIKOCTh BHYTPH 3BeHA. MarHUTHBIE YACTHUIIBI )KUIKOCTH IO BIUSHHEM 3JIEKTPOMArHUTHOTO IOJIS
YIOPAI0YHBAIOTCSA, U PEOJIOTHYECKHE CBOHCTBA MEHSIOTCS.

CBolicTBa MarHUTHO-PEOJIOTHYECKOH JKUIKOCTH OOYCIIOBJICHBI TOJSIPU3alNCH, MOATOMY MAarHUTHBIC YacTHIIBI
BBICTPAaUBAIOTCS BIOJIb CUIIOBBIX JIMHUH (pHC. 2).

Y A F, y A

F1

a) 0)

Puc. 2. YacTuIlbl MArHUTHO-PEOJIOTMYECKO# KUAKOCTH B IMITMHAPHYESCKON YaCTH 3BEHA: ¢ — MArHUTHBIC YaCTHIIBI PACIIOIOKEHBI
CITy9qaifHBIM 00pa3oM 0e3 MPUIIOKEHHsT BHEITHETO MArHUTHOTO TIOJIS; 6 — BBICTPOUBIIHECS IIEOYKN OPHEHTHPOBAHHBIX MArHUTHBIX
YaCTHL[ BIOJIb CUJIOBBIX JINHUH MO AEHCTBHEM BHEIIHET0 MarHUTHOTO I0JIs (PUCYHOK aBTOPOB)

HOH BIIMAHUEM BHCHIHETO DJJICKTPOMArHUTHOTO TIOJIA B MaFHHTHO-peOHOFHqCCKOﬁ KUIOKOCTH BO3HUKAKOT
nojiapusand 1 HAMarHn4€HHOCTb. 21.]15[ TaKou KUIKOCTHU YPABHCHUA MakcBeia IMEIOT BU/.

- OB
rotE = —,divB =0,
Jat (1)
- L 0D .
rotH =j+—,divD = p,.
Jat
3nece D — BEKTOp DSJEKTPHUECKON HHIYKIWW, B — BEKTOp MarHUTHON WHIyKIuH, t — Bpems; E — BekTop
SIIEKTPUIECKON HANPSHKEHHOCTH, H — HaIpsSyKEHHOCTh MATHHTHOTO IIOJIS, P, — IUIOTHOCTh 3apANOB; | — BEKTOD
IJIOTHOCTH AJIEKTPUUECKOTO TOKA.
BekTop MIOTHOCTH 3JEKTPUUECKOTO TOKA CBSI3aH C HAIPSHKEHHOCTBIO 3JIEKTPUUECKOTO MOJIs |
J=YXE, 2
r7ie Y — yAenIbHas IPOBOJUMOCTH BEIIECTBA.

MexaHnka

299



http://vestnik-donstu.ru

300

Advanced Engineering Research 2022. T. 22, N 4. C. 296—305. ISSN 2687—1653

MarauTHas JacTula B MaFHHTHO-pCOHOFI/IHCCKOﬁ KUOKOCTH — DOTO OUIIOJIb, TO €CTh CHUCTEMa ABYX PaBHBIX II0

MOJIYJIIO Pa3HOMMEHHBIX 3apsjoB Q, pacmonoxeHHbIX HA paccrosauu | gpyr or apyra. MOMEHT mapbl CHIL,
JNENCTBYIOIUI CO CTOPOHBI MOJISl HA 3JIEMEHTAPHBIN AUIOb, PABEH:
M,=dxH, @)
raed — 3JIEMEHTAPHBIM TUMONBHBIA MOMEHT.
d=QlL “)

-

rae | — mnedo Aumoist — BEKTOP, IPOBEACHHBIA MO OCH AWMONSA OT OTPUIATENBHOTO 3apsiia K IOJIOKHUTEIBHOMY U
PaBHBIN PaCCTOSHUIO MEXKY 3apsiiamu [.

Bexktop MarHuTHONH WHAYKIMH B cBman ¢ BEKTOPOM HaMarHUYEHHOCTH M, XapaKkTepU3yOLUM C
MaKpOCKOIIMYECKON TOUKH 3PCHHUS YHOPAIOUEHHOE PACTIPEAEIICHNE B TEJIC MATHUTHBIX AUTIONEH!

B =po(H + M). (5)
[pu ManeIxX 3HAYCHUAX HAMarHUIEHHOCTH OH IIPSIMO TIPOIIOPIIOHANICH HAMIPSKEHHOCTH MarHUTHOTO TIOJIS
M=xH. (6)
[Mocne mpeoOpazoBaHmii:
B = pyoH, (7
rme X = i — 1 — MareuTHas BOCHPUMMYHBOCTH BEIIECTBA; Wy = 1,26 - 107°T'H/M [11] — abcomoTHas MarHuTHas

MIPOHHUIIAEMOCTh B BaKyyMe; |L — OTHOCHTENIbHASI MarHUTHAS TIPOHUIIAEMOCTb.

Jlnst MAarHUTHON BOCIIPMMMYMBOCTH BelectBa X B paborax [11-13] npuBoasTcst pe3ylibTaThl SKCIIEPUMEHTATIBHBIX
HCCIIEI0BAaHUM MAarHUTHO-PEOJOrMYECKON >KUJIKOCTM Ha OCHOBE KEPOCHHA C Pa3IM4YHOM KOHLICHTpalUed 4YacTHIL
MarHetura B auanasone X € [1,04; 9,20] npu oTHOCUTENBHOM KOoHLEHTpauu @ € [0,211;1].

Takum o0pa3om, BXOTHOU IMapaMeTp, OMPENESIIONINA MOBEACHHE MAarHUTHO-PEONIOTHIECKON JKUAKOCTH, — 3TO
HaMpsHDKEHHOCTh MAarHUTHOTO TIOJISt H , KOTopasi co3faeTcsl KaTylIKoW, HAaMOTaHHOW Ha 3JIEMEHT 3BEHa MEpPEeMEHHOM
JUTHHBL. HanpspkeHHOCTh MOJIS — KYCOYHO-33JaHHas CTyneHdYaTas (YHKIUsA. MarHUTHO-PEOJIOTHYECKUE KHUIKOCTU
HaMarHM4UBarOTCS B OTHOCUTEIBHO MaJIbIX MarHMTHBIX nosisix H € [100; 100 000] A/m.

IlycTh MarHUTHO-PEOJIOTHYECKas JKUAKOCTh BO BpEMs IEpeMEIIeHHs MITOKa BHYTPH KOpIlyca 3BeHa (puc. 2)
peau3yeT mpocToe CABMIOBOE TEUECHHE C IPAaIHEHTOM CKOPOCTH Y, @ HANPSHKEHHOCTh BHENTHEr0 MarHUTHOTO mosst H
HaTpaBJIeHa O] YIJIOM ¥ K TPAAUEHTY CKOPOCTH TeueHHA. [IpennoioKuM, 9YTO MarHUTHBIC YacTHUIBI UMEIOT GopMy
SJUTATICOUJIOB C OTHOIIIEHHEM JIBYX MOJIyocen % =2ub=c.

HaHpﬂ)l(eHHOCTI) MaFHHTHO-peOHOFH‘IeCKOﬁ KHUJIKOCTHU MOXCT OBITh OIICHCHa II0 peE3yjbTaTaM, IMOJYYCHHBIM B
pabotax [12-14]:
0 =05+ 0g,
_ (pLFm
- ’
2n.vy

1
Os = an{l + @, + [O(n + E(Zn + Bayn) +

+%Bn c05(20,) + Gt — 2Bad)sin® (0,)cos?(0,)] |
31ech 05 — CHMMETpPUYHAasi KOMIIOHEHTA HaNPsDKEHUs; 0, — aHTUCHMMETPUYHAasi KOMIIOHEHTA HANpsDKEHUS; @) —
oOBpeMHas 10 MUKPOHHBIX 9acTull, paBHas ¢; = 0,0127; n — gucio 4acTuIl B EMOYKe; N, — MAKCHMAIBHOE YHCIIO
YaCTHII B IETIOYUKE; Oy, ..., A, — KHHETHIECKHE KOO HUIMCHTHI, PUBEACHHEBIC B padoTax [12, 13]; '), — MarHuTHBI#H

a

(®)

MOMEHT, CTPEMSIIIUICSA BBICTPOUTH HETMOYKY YacTHI[ BIOJIb MOJS, V;— 00BEM MHUKPOHHOI YacTHIbBI, Y — CKOPOCTh
CIBHIa; Ny — BA3KOCTh MArHUTHO-PEOJIOTHYECKON JKHUIKOCTH; 6 — yros MeXIy BEKTOPOM, HANPABJIEHHBIM BJOJb
MIPSIMO#A, COCIMHSIONICH IIEHTPHI IBYX MUKPOHHBIX YACTHII, ¥ BEKTOPOM HANPSHKCHHOCTH BHEITHETO MarHUTHOTO TIOJIS.

Kak BumHo u3 ¢dopmyser (6), TEH30p HANPSUKCHHH MAarHUTHO-PEOJOTHYECKON JKUAKOCTH B MArHHTHOM TIOJIE
HecuMMeTprudeH. CHMMETpUYHAs YacTh HANpSDKEHUS 3aBHCUT OT BS3KOCTH MarHUTHO-PEOJIOTHUECKOW JKHUAKOCTH.
HanpasneHnne n BeM4MHA MPUIOKEHHOTO BHEITHETO MArHUTHOTO IOJISI CYIIECTBEHHO BIHSIOT HAa 3HAYCHHE BS3KOCTH
MarHUTHO-peosioruueckoil skunkoctd. Koad¢uumeHt BA3KOCTH MOXET OBITH MEHbLIE WIM OOJbIe HAYaIbHOTO
3HAQUEHMs B 3aBHCUMOCTH OT HalpaBJICHHWs HPWIOKEHHOro noms M Qopmbl vactui. JaHHbl ko3d¢dunmeHt B
MarHuTHOM MOJI€ MEHsIeTCs 10 ABYM IpuuuHaM. IlepBas cBsi3aHa C 3aTOPMOKEHHOCTHIO BpAlLllCHUs YacCTUI] B MOJIE, YTO
NIPUBOJMT K YBEIMUYCHHUIO 3HaYeHUs Koadduimenra. Bropas — opueHTHpYyIOIIee BIUSHUE BHEITHETO MAarHUTHOTO TOJIS
Ha B3BELICHHBIC YacTHUIIBl. B 3aBUCMMOCTH OT HampaBJICHHs MO KOAPQUIMEHT BSI3KOCTH MOXKET YMEHbBIIATHCS WIN
yBeNMYMBaThCA. B KkadecTBe IpHMepa pacCMOTPHM BHENIHEE MArHUTHOE IIOJN€, KOTOpPOE IPUIIOKEHO BHOJNb
HaNpaBJICHUs TEYECHUS XUIKOCTH. EcM ee MarHUTHBIE YaCTUIIBI IMEIOT (DOPMY BBITSIHYTBIX JUTHIICOUAOB, TO BA3KOCTh
yMeHbHaeTcs. ECI ske 3T0 CIIFOCHYTBIE SJUTUIICOUIBL, BA3KOCTh YBEJIIMYUBAETCS.

MarHuTHbIH MOMEHT [y, CTPEMSIINIACS BEICTPOUTD LEMOYKY YaCTULl BAOJb MOJIs, BEIMUCITHM 10 hopmyrne [12, 13]:
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T = 2,25p0H?v,(n — 1)(xs + 1) sin 6 cos 6. 9)
3nech v, — 00beM MUKPOHHOM YacTuupl; v, = Td}/6; d; — nuamMeTp MUKpOHHOH yactuusl, d;, = 1 X 1076 mM; 6 —
YTOJ MEXY BEKTOPOM, COEIAMHSIONMM IIEHTPHI JBYX MUKPOHHBIX YACTHI[, © BEKTOPOM HAMPSKEHHOCTH BHEIIHETO
MarHUTHOTO MOJISI, Xy — MArHAUTHAs BOCHPHHMYHMBOCTh Hecymied (pepposKuAKOCTH (IIPUMEM, YTO OHA MOCTOSHHA M
BCer/ia paBHa HavdaabHOMY 3Ha4eHuio Xy = 3,05).

Pe3yabTaTsl HcciaeqoBanus. [loctponM rpadMk MarHUTHOTO MOMEHTA [, OT HANPSHKEHHOCTH MArHUTHOTO ITOJIS
H nyrna 6.

0, pan

100 000 H, A/m
Puc. 3. 3aBucuMOCTh MArHUTHOTO MOMeHTa [';;, OT HANPSDKEHHOCTH MarHUTHOTO 1oJist H u yria O (pHCYyHOK aBTOPOB)

ITo puc. 3 MOXKHO CyquTh O MOBEICHWM MAarHUTHOIO MOMEHTa [, NMpW pa3iM4HBIX 3HAYCHHAX HAIPSKCHHOCTH
MAarHUTHOTO TOJII W yrilaX MEKAy TMOJeM W JHMIONSMH, OUCHHUTh aHTHCHMMETPHYHYIO YaCTh HANPSOKECHHS O.
HUcmnons3ys Gopmyist (8) u (9), momydnm:

©.2,2510H?v,(n — 1)(x; + 1) sin B cos
- 2n, '

VuureiBas pa6otel [12-14], B pesynbrate penienus ypasHenus npu H = 10° A/M, nomyuum n, =~ 60. BsaskocTs
MarHUTHO-PEOJIOTMYECKOH KUKOCTH NpuMeM paBHoi 1 = 1,36 Ia - ¢ [11].

PesynpTaThl pacyeToB aHTHCUMMETPHYHON YacTH HAIPSDKCHUS B rpaMuecKoM BUJIE NPEICTaBICHBI HA PHC. 4.

Oq

(10)

0, pan

o, Ila

100

-100

100 000 H, A/m

Puc. 4. 3aBucuMOCTh AaHTUCUMMETPHYHOM YacTH HAINPSDKEHHS O, OT HANPSLHKEHHOCTH MarHUTHOro nois H u yria 0 (pucyHOK aBTOpOB)

Fpa(bmc MOKa3bIBA€T, YTO C YBCJIMWYCHHUCM HAIPAKCHHOCTU TMPUIIOKCHHOIO BHCUIHEIO MArHUTHOIO TOJIA
HanpsKEHHOCTDb MaI‘HI/ITHO-pCOHOFI/I'-IeCKOf/'I KUAKOCTH MOHOTOHHO YBEJIHMYHUBACTCA C YYETOM yIJa 0. 3aBucHMOCTD O,
OT yrjia 6 TIOKa3bIBACT, YTO HAIIPSIKEHHOCTH MaFHPITHO-peOJIOI‘PI‘IeCKOﬁ KUIAKOCTH NOCTUTACT.
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. T
— HyJIEBBIX 3HAYCHUH NPH yTIIaX, KPATHBIX 7

PaccMOoTpuM CHMMETpUYHYIO 4YacThb HampsokeHus Og. B (8) anst Hero ecTb KuHeTHueckue KOd((HUIHCHTHI.
Beraucium ux 10 BeIpakeHusAM U3 padot [12, 13], riae oHu IOKa3aHbl B aHATUTHYECKOM BHjIE. YHCIIO YaCTHIl B IETIOYKE
npumeM paBHbIM n = 30 Kak cpeiHee apu(MeTHUYEeCKOe, UCXOIsl M3 OLEHKH MaKCHMaJIbHOTO KOJIMYECTBA YaCTHII.
OmnpenenuM KadeCTBEHHO, B IEPBOM INPUOIMKEHUH CKOPOCTh CIOBHIA Y MEXKAY BHEIIHHM CIIOEM JKHIKOCTH OKOJO
CTCHKM KOpIlyca 3BE€Ha W BHYTPEHHUM ClIoeM OKono mrToka. Ilpm sromM Oyzmem HCXoauTh W3 TpeOOBaHUIA,
MPEeIbABISEMBIX K KOHCTPYKIMM 3BEHa IK30CKeNeTa A MOJAEIM TOJIEHH 4eloBeka. B nmaHHoOM ciyuae peub uaeT o
MaKCHMaJIbHOM 3HAYCHWH CKOPOCTH M3MEHEHHS JUIMHBI T'OJIEHH YEJIOBEKa, C KOTOPOH IOJDKHO CHHXPOHHO paboTaTh
3BeHO dK30cKenera. CormacHo [15] ckopocTs u3MeHeHus amuHb ronenn [ = 0,6 M/c. PaccTosiHue MeXIy KOPITyCOM H
ITOKOM 3BeHa mnpenmnosaraercs pasHbiM d = 0,01 M. Torma ckopocTs caura y = 60 ¢™1. DT0 He MPOTHBOPEUHT
pesyabTataM Apyrux asTopos: YV € [0; 100] c™1. B panbHeilinem Takas olleHKa NOTpeOyeT yTOUYHEHHS HA OCHOBE
9KCIEPUMEHTOB, T.K.B JHMTEPATypHBIX HCTOYHHKAX HE OOHApYXEHBl PELICHUS WIM Pe3yJIbTaThl AKCIEPHUMEHTOB,
TIOJXOISIITIE TSI MOJETHPOBAHNUS SK30CKEIIETOB HIIH aHTPOIIOMOP(HBIX POOOTOB.

Pe3ynbraThl pacueToB CHUMMETPUYHON YacTH HANPSDKEHMS TIPEJICTAaBICHBI B rpagyeckoM BHUJIE Ha pHC. 5.

os, Ila
350

300

250
200

150

100

1 2 3 4 5 6 0, pan

Puc. 5. 3aBHCHMOCTE CHMMETPHYHO 4aCTH HAMPSKEHHS Og OT yriia 6 (pPUCYHOK aBTOPOB)

Hamps>keHHOCTh MarHUTHO-PEOJIOTMYECKON JKUJIKOCTH KaK CyMMa CHUMMETPUYHOM M aHTUCUMMETPUYHON 4YacTel

npezcTaBieHa Ha puc. 6. Ee ceuenne npu GUKCHPOBAHHOM 3HaYE€HHH HANPSKEHHOCTH MarHUTHOT'O T0JIS — Ha PHC. 7.

H, A/m
100 000

http://vestnik-donstu.ru
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302 Puc. 6. 3aBHCHMOCTD HANPSHKEHUS G OT HATPSDKEHHOCTH MarHUTHOTO 1ojist H u yria O (pHcyHOK aBTOPOB)
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o, Ila

500 ,

400 |

300 |

200 |

100 ¢

0
1 y 3 4 5\/ 6 0, pan

-100 -

Puc. 7. 3aBHCHMOCTb HATIPSKEHUA G OT Yri1a O IpH (PMKCHPOBAHHOM 3HAYEHMH HATPSIKEHHOCTH MarHuTHOTO 1ot H = 10% A/M
(pUCYHOK aBTOpPOB)

MaxkcuManbHOE 3HAUCHHUE O,,, = 408,6 [Ia mocturaercs mpu O = 0,37 pan. Takum oOpazoMm, IUIS yHpaBICHUS
CBOWCTBaMHM MarHUTHO-PEOJIOTHUECKOI JKHIKOCTH HEOOXOANMO MEHSTh YroJl MEXIy HalpsKeHHOCThIO BHELTHEro
MarHUTHOTO TIOJIS1 M BEKTOPOM OPHEHTAIMN MEXIy JUMOIsIMU. Takke HeoOX0ANMO MEHATH HANPsDKCHHOCTh BHEIIHETO
MarHUTHOTO MOJISL.

BHyTpenHuii auaMmerp Kopiyca, B KOTOPOM pacHOJIOKEH IUTOK, mnpumeM paBHbiM D = 0,2M. B mnepsom
TIPUOIMKEHUH TIPEIOI0KNM, YTO BBIYMCICHHBIC HANPSDKEHHS SIBISIOTCS HOPMAJIbHBIMHU. Ternepb MOXKHO OIpENeNIUTh
CUIly, C KOTOpPOH HEWCTBYEeT MAarHUTHO-PEOJOTMYECKas >KUAKOCTb B 3BEHE NEPEMEHHOH AIMHBI C PEryJIupyeMoin
JKECTKOCTBIO:

onD?
4

Ha puc. 9 mpencraBineH rpaduk, MOCTPOCHHBIA MpHU (PUKCHUPOBAHHOM 3HAYCHHUU HAMPSIKCHHOCTH MAarHUTHOTO

Fopp = 0A = (11)

nosst H st iByx ynpasisiromux mapametpos: H u yria 0 (puc. 8).

H, A/m
4/’ 100 000

Puc. 8. 3aBuCUMOCTE CHITBI Fpy;r OT HANPSDKEHHOCTH MATHUTHOTO TONst H 1 yria 6 (puCyHOK aBTOPOB)
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l:mrf, H
15
10
5
0 . . .
1 y 3 4 5\/ 6 0, pag
-5

Puc. 9. 3aBucUMOCTE CUITBI Fypyrp OT yIIa 6 MPU PUKCHPOBAHHOM 3HAYEHHH HANPSKEHHOCTH MarHUTHOTO Honst H = 105 A/m

(pUCYHOK aBTOPOB)

MaxkcumaipbHO€E 3HaUECHHE Fmrfmax = 12,8 H mocturaercs npu 8 = 0,37 paj. OTO COOTBETCTBYET 3HAUCHHSAM, TIPU

KOTOpBIX, cornacHo [14], ¢yHKUMOHUpYET 3BEHO 3K30CKeneTa. J[jis AanbHEWIIero yBENHUYCHHS CHIIBI CO CTOPOHBI
MarHUTHO-PEOJIOTHYECKON )KUIKOCTH HEOOXOANMO TTOBBICUTH HANPSHKCHHOCTH BHEITHETO MATHUTHOTO TIOJIS.

Wrak, 9T00BI 9aCTHIIEI OPUCHTUPOBAINCH BIOJb JIMHUH TOJIS TpeOyeMbIM 00pa3oM, HyKHO IPHIIOKUATH MaTHUTHOE
I10JI€ COOTBETCTBYIOILEH HAPSIKEHHOCTU U OPUEHTALIUY.

OO6cy:xnenne W 3akiaw4YeHusi. VTOTM HayyHBIX W3BICKAHWUN TO3BOJIAIOT MPEMJIOKUTH METOJ YIPAaBISIOUIETO
BO3/ICICTBUS BHEUIHETO0 MAarHUTHOIO MOJI Ha CBOKMCTBAa MarHUTHO-PEOJIOTMYECKOM KUIKOCTU. BriepBble mpeasioxeHa
MOJICNIb 3BEHA MEPEMEHHON JUIMHBI SK30CKENIeTa C PEryIHPyEeMO JKECTKOCThIO, KOTOpas (PYHKIMOHUPYET Oiaromaps
MarHUTHO-PEOJIOTHYECKOH cpesie. KOHIEnIio MOKHO UCITOIb30BaTh [T CO3/IaHMSI:

— KOM(OPTHBIX IK30CKEIIETOB CO 3BEHBIMH MMEPEMEHHOM JIJIMHBI, IIIAPHAPAMU U CBSI3SIMH;

— cka(aHIPOB U aHAJIOTHYHOT'O CIEIHAIFHOTO CHAPSKECHUS,

— TPAHCIIOPTHBIX CUCTEM B BHJIE aHTPOTIOMOP(HBIX POOOTOB, 00ECIIEUNBAIONINX YI00OHOE IEPEMEIIICHAE B YCIOBUIX
[epeceyeHHOM MECTHOCTH.

[Iupokoe mnpuMeHEHHE AHTPOHOMOP(HBIX POOOTOTEXHUYECKHX CHUCTEM HOBOTO MOKOJIeHHs (OMOMEXaTpOHHBIX
MoJeNnel, CHHXPOHH3HPOBAHHBIX C JBIDKCHUSMH OIIOPHO-ABHTATEILHOTO amiapara 4YellOBeKa) pEIIUT BaKHBIC
COIMAJIbHBIC M DKOHOMHYECKHE 3aJauH.

— MOBBICUT Ka4E€CTBO KU3HH JIFOJIEH C OTPaHUYEHHBIMU JBUTATEIbHBIMU BO3MOKHOCTSIMU;

— OyZer cmocoOCTBOBaTh PAa3BUTHIO BBICOKMX TEXHOJIOTMH B Pa3IUYHBIX OTPacisiX OTEUECTBEHHOMU

MPOMBINIICHHOCTH.
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Pacuer Ha NMPOYHOCTDb 30HbI CONPHKCHUSA IIJIMTHI NEPEKPLITHA U KOJTOHHBI
MOHOJIMTHOTO KeJIe300€eTOHHOT0 Kapkaca M€TOA0OM KOHCYHBIX 3JICMCHTOB

IL. I1. Taiimxypos = <, B. A. BoJjioaux
JloHCKO# rocynapCTBeHHBIN TeXHUYeCKHid yHUBepcHuTeT, Poccuiickas ®enepanus, r. Pocros-nHa-J/{ony, 1. ['arapuna, 1

> gpp-161@yandex.ru

AHHOTaLUA

Beeoenue. Tlpu KOHEYHO-IJIEMEHTHOM MOJIEJMPOBAHUN BBHICOTHBIX 3JaHUN M3 MOHOJMTHOIO JKeJIe300€TOHA, KaK Ipa-
BHUJIO, UCTIOJIB3YETCS PAMHO-CTEPIKHEBASI pacyeTHas cxema. JlaHHas MOJIesb He TI03BOJISIET MOJTYYUTh JaHHBIE O Pacipe-
JIeJICHUM KOMIIOHEHT TEH30pa HANPSUKEHHUI B 30HE COMPSDKEHUS MEPEKPBITHS ¢ KOJOHHOM. [ToaToMy mpobiema coBep-
[IEHCTBOBAHUS METOIMKH ITPOYHOCTHOTO pacyera B MECTaX CTHIKOB MEPEKPHITHI M KOJOHH SIBJSIETCS aKTyaabHOM. Lle-
JIBK0 HACTOSIIIETO UCCIIEIOBAHUS SIBIIETCSA pa3pa0d0TKa KOHIIEHIUK (GparMeHTalul PaMHOTO Kapkaca Jisi OLEHKH He-
cylieil CrocoOHOCTH MEPEKPHITH. Ha TecTOBOM MpuUMepe MIECTUIIPOJIETHOIO TPEXITAXKHOTO MOHOJIUTHOTO JKeye300e-
TOHHOTO KapKaca BBIMOIHEHbI YHCIEHHBIC JKCIIEPUMEHTBHI C HCIOJIb30BAHUEM OOBEMHO-CTEP)KHEBOW M OOBEMHO-
[UIACTUHYATOW MOJIENell MOBTOPSIIOLIEroCsl KOHCTPYKTUBHOTO (hparMeHTa. PazpaboTaHbl MpakTHYECKUE PEKOMEH/IAIMN
JUISl YyTOYHEHHOTO MPOYHOCTHOTO pacyera MEPEeKPHITUH MOHOJIUTHBIX KEJIe300€TOHHBIX KApKACOB MHOTOITaXKHBIX
3TaHUI.

Mamepuansl u memoodst. BpluucIuTeIbHbIE KCIIEPUMEHTHI BBIINOJIHEHBI C MOMOIIBI0 MPOTPAMMHOIO KOMILIEKCA
ANSYS Mechanical, 8 koTopoMm peanu3oBaH METOJ KOHEUHBIX JJIEMEHTOB B (hopMe MeTOIa TiepeMereHuii. J{ist Moie-
JIMPOBAHMS HAMPSHKEHHO-I€()OPMUPOBAHHOTO COCTOSIHUS MOHOJIMTHOTO JKEJE300€TOHHOTO Kapkaca NpPUMEHEH Iiia-
CTHHYATO-CTEP)KHEBON aHCAMOJIb KOHEYHBIX DJIEMEHTOB. Y TOYHEHHBIM pacyeT 30HbI CONPSIKEHHS MEPEKPHITUS U KO-
JIOHHBI MIPU CTATHYECKOM HArpy>KEHUM BBIMOJHEH C WCIOJIb30BAHUEM aHCAMOJIMPOBAHMS 00BEMHBIX, OANOUHBIX, (ep-
MEHHBIX U IJIACTHHYATHIX 3JIEMEHTOB.

Pesynomamot  ucciedoeanus. Pa3paboraHa UHXKEHEpHAas METOJMKA YHCJIEHHOTO aHaiM3a  HalpsKeHHO-
JehOpPMHUPOBAHHOTO COCTOSIHUSI 30HBI COIMPSKEHUSI EPEKPHITUSI U KOJIOHHBI JKeJIe3006TOHHOI0 MOHOJMTHOIO KapKaca
[IPU CTaTUYEeCKOM HarpyxxeHuu. Hanboee TOYHbIH pe3ynbTaT 0becneunia KOHEYHO-3JIEMEHTHAS MOJIEITb, TOCTPOEHHAS
C MCIOJIb30BaHUEM OATIOUHBIX KOHEUHBIX 3JIEMEHTOB B KAUECTBE apPMATYPHBIX CTEPIKHEH.

Obcysacoenue u 3axniouenus. Pa3paboraHHas METOAMKA YHUCICHHOTO MOJCIMPOBAHUS COMPSDKEHUS TMEPEKPHITUS U
KOJIOHHBI ITO3BOJIMJIAa OLEHUTh PeaIbHBIN 3arac MPOYHOCTH JAHHOTO Y3j1a C YUETOM pPeajbHONU reOMETPHH apMUPYIOLIHX
CETOK, & TAK)KE YTOYHHUTH HECYIYIO CIIOCOOHOCTh MOHOJIUTHOTO YKeJI€300€TOHHOTO KapKaca IPH PasjInYHbIX CHEHAPUSIX
HarpyXKeHHs.

KutioueBble cjioBa: METOJ KOHEYHBIX DJIEMEHTOB; 00beMHBIE, OaouHbIe, (hepMEHHBIE, TIACTHHYAThIC KOHEYHBIE dJIe-
MEHTBI;, O€3pUTeNIbHOE TIEPEKPHITHE C OECKATMTEIbHBIM CTHIKOM; MOJIEIb CONPSDKEHUS TTUTHI MIEPEKPHITUS U KOJIOHHHI,
MOJIEIHN TUCKPETHOTO apMUPOBAHMS MEPEKPBITHS.

Bnarouapﬂocnl. ABTOpLI BbIpaxKaroT 6J'Ial"0ﬂapHOCTI) PeUCH3CHTaM, Ybs KPUTUYCCKAA OLCHKA MPCACTABJICHHBIX MAaTeC-
puaJioB U BBICKA3aHHBIC TMPCAJIOKCHUSA MO UX YCOBCPUHICHCTBOBAHUIO CII0COOCTBOBAIH 3HAYUTCIIbHOMY IMOBBLIIIICHUIO
KadycCTBa HaCTOﬂHleﬁ CTaTbHU.

Jost unrapoBanus. [aiipkypos, I1. T1. Pacuer Ha MPOYHOCTH 30HBI CONPSHKEHUS TUIATHI MEPEKPHITUS M KOJIOHHBI MOHO-
JIMTHOTO YKEJIE300€TOHHOIO KapKaca MeTo0M KoHeuHbIX 2jiementoB / I1. I1. Taiimkypos, B. A. Bonoaun // Advanced En-
gineering Research. — 2022. — T. 22, Ne 4. — C. 306-314. https://doi.org/10.23947/2687-1653-2022-22-4-306-314
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Strength Calculation of the Coupling of the Floor Slab and the Monolithic Reinforced Con-
crete Frame Column by the Finite Element Method

Peter P. Gaidzhurov'='X, Victor A. Volodin
Don State Technical University, 1, Gagarin Sq., Rostov-on-Don, Russian Federation
> gpp-161@yandex.ru

Abstract

Introduction. The given model does not allow obtaining data on the distribution of the stress tensor components in the
zone of intersection of the floor and the column. Therefore, the problem of improving the strength calculation technique
at the joints of floors and columns is urgent. This study aims at developing the concept of fragmentation of the frame to
assess the load-bearing capacity of the floors. As a rule, a frame-rod design scheme is used under the finite element
modeling of high-rise buildings made of monolithic reinforced concrete. Numerical experiments using volume-rod and
volume-plate models of a repeating structural fragment were performed on a test example of a six-span three-storey
monolithic reinforced concrete frame. Practical recommendations have been developed for the refined strength calcula-
tion of the floors of monolithic reinforced concrete frames of multistorey buildings.

Materials and Methods. Computational experiments were performed using the ANSYS Mechanical software package,
in which the finite element method was implemented in the form of a displacement method. A plate-rod ensemble of
finite elements was used to simulate the stress-strain state of a monolithic reinforced concrete frame. The refined calcu-
lation of the coupling zone of the floor slab and column under static loading was performed using solid, beam, truss and
plate elements.

Results. An engineering technique has been developed for numerical analysis of the stress-strain state of the coupling of
the floor and the column of the reinforced concrete monolithic frame under static loading. The most accurate result was
provided by a finite element model constructed using beam finite elements as reinforcing rods.

Discussion and Conclusions. The developed technique of numerical modeling of the coupling of the floor and the col-
umn made it possible to estimate the real strength margin of this node, taking into account the real geometry of reinforc-
ing grids, as well as to clarify the bearing capacity of a monolithic reinforced concrete frame under various loading sce-
narios.

Keywords: finite element method; solid, beam, truss, plate finite elements; girderless floor with a capless joint; model
of coupling of a floor slab and a column; models of discrete floor reinforcement.
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BBenenne. B nactosmee BpeMs MPOSKTHPOBAHNE MHOTO3TAXKHBIX BBICOTHBIX 3aHHN M3 MOHOJHTHOTO Xene300e-
TOHa Oa3upyeTcs Ha PaMHO-CBSI3€BOM KOHCTPYKIIMOHHOHW CXeMe, IO3BOJIIONICH B W3BECTHOHW CTENCHH OOCCIICYHTH
«OKHMBYYECTB» 3JIaHHs B Ciydae mporpeccupymomiero (JlaBuHooOpasHoro) paspyiuenus [1, 2]. OTmeTum, 4TO B OTEUE-
CTBCHHOHM CTPOUTEIHLHON HAayKe IOJI TEPMHUHOM «IIPOTPECCHPYIONIee pa3pylICHUE» MOHUMACTCS MpoIece 00OpYIIeHHUs
HECYIIMX KOHCTPYKIIMI Ha HECKOJIBKUX dTa)KaX 3[aHHs WIKA Ha OJJTHOM 3Take IUomaapko oomiee 80 M 2. JlaHHOE sIBIICHHE
BO3HUKAET B pe3yJbTaTe OJJHOMOMEHTHOIO pa3pylIeHHs], KaK MMPaBMiiO, OJHOTO HECYILIEro 3JIEMEHTA, C MOCIEIYIOIINM
OBICTPO HapacTaIOUINM OOPYIIEHHEM BCETO 3/1aHUS WIIH €r0 YaCTH MO CIICHAPHIO «IOMHHO.

B kauecTBe OCHOBHBIX KOHCTPYKIIMOHHBIX 3JICMCHTOB MOHOJIMTHBIX JKEJIE300€TOHHBIX KapKaCcOB MHOT'O3TaXXHBIX
3}13HHﬁ BBICTYIIAIOT ITOBTOPAIOIIUECH q)paFMeHTBI KOJIOHH " 663pI/IFCJ'H)HI>IX HeperBITHﬁ, CBSI3aHHBIX OECKAIIUTEILHEI-
MU cTeIKamu [1].

HecmoTtps Ha MHOTOJIETHHIT OIBIT MPOEKTUPOBAHUS 3/IaHHUI C PAMHO-CBSI3€BBIMU KapKacaMu, B MUPOBOM MPaKTHUKE
M3BECTHBI CIIyYau MPOTPECCUPYIOMIETO Pa3pyIICHUs JaHHBIX 00BEKTOB. [IpUUMHBI TaKUX SBJICHHUU TJIABHBIM 00pa3oM
00YCIIOBJICHBI OIMIMOKAMHU MPH IIPOSKTHPOBAHUH 30HBI CONPSHKEHUS MEPEKPHITUN M KOJIOHH B COYCTAHUH C HAPYIICHUEM
YCTaHOBJICHHBIX MPABUJI dKCIUTyaTaluy 31aHuil. 1{enpro HaCTOSIIEro UCCIICAOBAHS SIBISCTCS Pa3padOTKa HHKEHEPHOU
METOJIMKH MPOYHOCTHOTO pacueTa paMHOTO KapKaca MHOTOATaXKHOTO 3[[aHUS U3 MOHOJIMTHOTO JKEJIe300€TOHA C yUETOM
00BEMHOTO XapaKTepa HAMPSHKCHHOTO COCTOSHHS B 30HE CTHIKA MEPEKPBITHS U KOJOHHBI.

[Ipu KOHEYHO-3IEMEHTHOM MOJEIHUPOBAHUH HM3THOAEMBIX JKeNe300€TOHHBIX KOHCTPYKIHUI OOBIYHO HCHOJB3YIOT
IIOJIX0/1, OCHOBAHHBIM Ha MPEICTABICHUH OSTOHA ABYMEPHBIMH WM TPEXMEPHBIMHI KOHEYHBIMH 31eMeHTamu (KO), mo-
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CTpOEHHE KOTOPBIX 0a3MpyeTcsl Ha MPUHIUIIAX TEOPUH YIPYTrOCTH. APMHUPYIOLIHE CTEPIKHU, KaK MPaBUIIO, MOJIEITUPY-
1oTcs GamoyHBIMU Win GpepMeHHBIME KO cooTBeTcTByIOmIei pasmepHocTH. [lo crmocofy aHcaMOmmpoBaHuS 00bEMHBIX
U crepkHeBbIx KD pasnuyaroT ciaemyromue cxeMsl IpeacTaBiIeHus apMupoBanus [2, 3]: auckperHo-pacipeneneHHoe,
OpH KOTOPOM KOOPAMHATHI Y3IIOB PA3HOTHIIHBIX 3JIEMEHTOB COBHanaioT (puc. 1 a); apMHUpOBaHHE C HCIOIB30BaHUEM
TaK Ha3bIBAEMBIX BCTPOCHHBIX KOHEYHBIX 37eMeHTOB (puc. 1 6). B mocnenHeM cirydae KOOpIHHATHI y31I0B Pa3HOTHUII-
HbeIX KO He coBmamaroT u npegycMaTpuBaeTCs MPOIeaypa «KOHACHCALUI 3JIEMEHTOB MAaTPUI] )KECTKOCTH CTEPKHEBO-
T'O AJIEMEHTA Ha CMEXHBIE Y3716l 00beMHOro (OCHOBHOTO) AseMeHTa (puc. 1 ). OTMETHM, 4TO BBIYUCIHUTENBHAS TEXHO-
JIOTHsl BCTPOeHHBIX KO mprMeHHMa MCKIFOYUTENBHO Ul PelleHHs 331a4d 00 0000LIEHHOM IJIOCKOM HarpshyKEHHOM
coctostHuu. [Ipudyem ocHoBHble KO nomkHBI OBITH M30HapaMeTPUUECKHMH M IOJWKBAJPATHYHBIMH, a BCTPOCHHBIC
K3 — npsmonuneitasiMu pepmenHoro tuma (puc. 1 6).

OCHOBHOI
3JIEMEHT

[ ]

®

Berpoennsrit
i SIIEMEHT

a) 6) 6)

Puc. 1. Cxembl MOZENnMpOBaHKS AapMHUPOBAHUS: @ — JUCKPETHO-PACIpeieNieHHas;
6 — CO BCTPOCHHBIMH CTEP)KHEBBIMH JJIEMEHTaMH; 6 — OCHOBHBIM U BCTPOSHHBIM JIEMEHTaMH (PUCYHOK aBTOPOB)

B poccniickoif mpakTHKe NPOYHOCTHOTO pacyeTa MOHOJHUTHBIX 3[JaHUH U COOPY)KEHHH H3 XKeJIe300€TOHa MpeuMy-
LIECTBEHHO HCIIOJIB3YIOTCSI y3KO CIHEUWalu3HpoBaHHbIe mporpammuble komiuiekchl JIMPA-CAIIP u SCAD-
Office [4, 5], B KOTOPBIX AJIs1 MOJIETUPOBAHMS PAMHO-CBSI3€BBIX KAPKACOB MPUMEHSETCS TEXHOJIOTUS aHCAaMOJIMPOBaHHsI
ITacTHHYATHIX U OanouHbIX KO. ITpu 3TOM B 30HaX COMPSKEHUS MEPEeKPHITHI M KOJIOHH aBTOMAaTHYECKH BBOJATCS TaK
Ha3bIBAEMbIC JKCCTKHE BCTABKHU, MPEICTABISAIOIINE COOOW 3BE371000pa3HO pacroyiokeHHble Oamounbie KD ¢ uckyc-
CTBCHHO 3aBBIIIEHHONW H3TMOHOI >XecTKOCThIO (pHcC. 2). ['eomMeTpus KeCTKOM BCTaBKM COOTBETCTBYET MONEPEUHBIM
pa3MepaM ceueHns! KOJIOHHbI. Takoi Mmoaxos mo3BossieT npuaaTh 6osee GU3MUHBIN XapaKTep paclpeeleHnIo U3rnda-
omux MoMeHToB B KO nepekpoitus.

Banounsie KD

v
X

Banounsie K3 ¢ monynem
ynpyroctn 10*E

m IInactunuareie K9
=
e
P

a) 0)
Puc. 2. MoaenrpoBaH#e 30HbI CONPSDKEHUS MIEPEKPBITUS U KOJIOHHBI:
a — 30Ha CONPSDKEHMsT; 6 — pacuyeTHasi CXeMa 30HbI CONPSDKEHUS C KECTKOH BCTaBKO# (PUCYHOK aBTOPOB)

AJBTEpHATHBOHN JKECTKUM BCTaBKaM C 0anouHbIMH KO C 3aBBIMIEHHON JKECTKOCTBIO SIBISIETCS MPOLEAYypa KOONTH-
poBaHHUS (CBS3BIBAHUS) CTETICHEH CBOOOIBI Y3JIOB IUTACTMHYATHIX DJIEMEHTOB, NMPHUMBIKAIOMNX K Y37y CTEPKHEBOTO
9JIEMEHTA, ¢ COOTBETCTBYIOIIUMH Y3JIOBBIMH IEPEMELICHUAMU U yTIaMU MOBOPOTOB crepxkHeBbIX KO. EcTecTBeHHO,
IIPY TaKOM I10JIX0/1e He00X0IMMO B MeCTax CONPSDKEHUH TUIACTHHYATHIX U CcTepKHEBBIX KO mpemycMoTpeTs crymenue
CETKM JI0 pa3MepoB IONEPEUHBIX CeUYeHHH KOJOHH. OTMETHM, YTO PACCMOTPEHHBII MOJX0J TAKXKe MOXET OBITh Ipo-
IrPaMMHO aBTOMAaTU3UPOBAH.

MaTtepuanabl U MeToAbl. B HacTosmiee BpeMs pa3pabOTYMKH KOHEYHO-3JIEMEHTHBIX MPOTPAMMHBIX KOMIUIEKCOB
IIPU TIOCTPOCHUM MATPHI] KECTKOCTH IUIACTUHYATHIX M OOOJIOYEYHBIX KOHEYHBIX ASJIEMEHTOB LIMPOKO HCIIONB3YIOT
anroputm MITC (Mixed Interpolation of Tensorial Components), Gasupyromimiicss Ha TPOLELYPE HE3aBUCHUMOM (pa3-
JeTbHON) amIpoOKCUMAUK W3THOHBIX M CABUTOBBIX Aedopmanuid. Llens maHHOW MpOIexypsl COCTOUT B MCKIIOUCHUH
a¢deKTa «3aKITMHUBAHISD) FITH JIOKHOTO CIIBUTA.

Jst MoieTMpOBaHKst KOJIOHH MOHOJIMTHBIX XKeJIe300€TOHHBIX KapKacoB IPUMEHSIOT IPSIMOJIMHEHHBIE IBYXY3JI0BbIC

6anounsie KD ¢ 11€CThIO CTEIEHAMHU CBO6OHI>I B y3JI€, KOTOPbIC BKIIIOYAIOT TPU NEPEMELICHNS B HAIIPABJICHUUN JIOKAJIb-
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HBIX OCEil U COOTBETCTBYIOIIUE YIIIOBBIC IIEPEMEILICHHSL.

B mporpammuom kommrekce ANSYS Mechanical mmst pacuera mpocTpaHCTBEHHBIX PaMHO-CBSA3EBBIX KapKacoB
TIPEIYCMOTPEHBI IUTACTHHYATHIA deThipexy3noBoii KO SHELL63 u mByxysmosoii Gamounsii K BEAM188'. Anamns
TPEXMEPHOTO HAIPSDKEHHO-Ie()OPMUPOBAHHOTO COCTOSHHSA KOHCTPYKLIMH M3 5keJIe300€TOHA BBINOJHSAIOT ¢ HOMOLIBIO
CIEIHaTBHOTO BOCHKMHY3I0BOT0 meMenTa SOLDGS.

Pe3ysnbTaThl HeclienoBaHusl. BBIMOTHIM pacdyeT HampsKEHHO-Ae(POPMHUPOBAHHOIO COCTOSHHUSI MOHOJIUTHOTO TPEX-
STa)KHOTO JKeJIe300€TOHHOT0 KapKaca ¢ IaroM KoJIOHH 5x7 M. Bricora ataxka — 4,7 M; pa3Mep cedeHHUst KOJOHHBI —
0,4%0,4 m; Tonmmua nepekpsitis — 0,2 M. Moayne ynpyroctu, koadduuuent [lyaccona, yaensHbli Bec MaTepHanioB
nepekprITHil E = 2,7x10 4 MIla; v = 0,2; vy = 2440 xo'm 3; xononH E = 3x10* Mlla; v = 0,2; y = 2500 koM %, PacuerHblie

3Ha4YeHHUs CONPOTHUBIICHUSI OETOHA OCEBOMY CKATHIO M PACTSHKEHHIO COOTBETCTBEHHO cocTapiamoT: R, = 25,5 Mlla,
R,, =2,37 MIla.

[omaraem, 4To Ha BCe IEPEKPHITHA Kapkaca AEHCTBYeT HOCTOSHHAs PaBHOMEPHO paclpelelieHHas Harpyska
(= 2 xlla. PacueTbl BBIIIOJNIHSEM C YU4E€TOM COOCTBEHHOro Beca kKapkaca. CuuTaeMm, YTO OCHOBaHHS KOJIOHH MEPBOTO
9TaXka KapKaca >KeCTKO 3aKPEIUICHBI.

Ha nepBom aTame pacueTra NEpeKpbhITHUS W KOJOHHBI KapKaca MOJEIHPYEM COOTBETCTBEHHO ILIACTHHYATHIMU
SHELL63 u 6anounsivu BEAM188 KD.

B Tabnuie 1 npuBeneHbl pe3ysbTaThl CPAaBHUTENBHBIX PACUSTOB MEPEKPHITUS IIEPBOTO dTaKka Kapkaca. Beruucnenus
MIPOBOJMIIMCH € IIaroM ceTku Ha nepekpwitusix 0,2 M u 0,5 M. KosonHsl B 00oux citydasx pa3zouBaiuch Ha 6 KO. B

Tabmune 1 v manee 0003Ha4YeHO: U, — MaKCHMAaJbHBIA Mporud; My, M, — wm3rubarommue MOMEHTBI OTHOCHTEIBHO

rio6anbHEIX ocell. B TpeTbeit cTpoke Tabnmisl 1 pUBENEHBI JaHHBIE pacdeTa KapKaca ¢ KECTKHMMH BCTaBKaMH (IIar
cetku 0,2 M). XKectkue BctaBku ¢ pasmepamu ctopoH 0,4x0,4 M momenupoBanuck miactuHIaTeiMH KD SHELLG63 ¢
Moxynem ynpyrocta 10 XE.

OtmeTnm, uTO 3HAYEHHUSA My gy, My gy, TPUBENEHHBIE B TaOIHIE 1, OTHOCATCA K HEOOBIIAM JIOKATBHBIM 30HaM
COTIPSDKEHHUS KOJIOHH M NMEPEKPBITHH. Benmmaunbl My i ¥ My, i PaCIPOCTPAHSAIOTCS TI0 NEPUMETPY KapKaca MEXIy
psamMu KpallHUX KOJIOHH.

AHaJIOTHYHBIA pacdeT Kapkaca OB BBIMOIHEH ¢ MCNOJb30BaHUEM mporpamMmmHoro xomiuekca JIMPA-CAIIP. 3ua-
YEeHHE MaKCUMaJIbHOTO MPOoruda Ha MepBOM 3Ta)ke IPH aHAJIOTHYHOM HArpy>KeHHH W MEXaHMYECKUX ITOCTOSHHBIX Ma-

TepHaa, OJTy4eHHOE ¢ NOMOLIbI0 Iporpammuoro kommiekca JINPA CAIIP, cocraBuno u, = —3,06 MM, uTo comocTa-
BuMO ¢ pacueroM B ANSYS u, = —3,49 MM npu mare CeTkd Ha HEPEKPHITUIX 0,2 (rabmuma 1). TIpu pacuere ¢

ncnonb3oBanueM komiiekca JIMPA-CAIIP Ha miare mocTpoeHHs «QHAIMTHYECKOW MOJAEIN» B TOYKAaX INEpecedeHus
KOJIOHH U MEPEeKPBITHH BKIIIOYAUCH «KOHTYPHI MIPOJABINBAHU», OIIOCPEOBAHHO BIHAIONIME Ha H3THOHYIO JKECTKOCTh
MEPEKPBITHII B CTOPOHY €€ YBEJIUUEHUS.
Tabnmma 1
3HaYeHUS SKCTPEMAIBHBIX H3THOAIOIINX MOMEHTOB B 30HE COMPSDKEHUS IEPEKPHITHA IEPBOTO 3Ta)Ka M KOJIOHHBI
nipu ucnonszoBanun SHELL63

[Iar cerku, Yucio U m M, , kH'™m M, , kHm
M HEHU3BECTHBIX min max min max
0,5 103032 —0,004908 -13,1 37,2 -20,6 45,3
0,2 583200 -0,005409 -15,2 70,2 -22,5 99,7
02" 583200 —0,003492 -10,8 106 -17,5 106

B Ta6J'II/ILI62 HpI/IBe)IeHBI 3HAYCHUA 3KCTpeMaJ'H)HBIX H3FI/I63IOH_H/IX MOMECHTOB JJIsL HeperI)ITI/If{ nepBoro 9Taxa,
mosydernsie ¢ momornbo ANSYS (mar cetku 0,2 M) u JIMPA-CAITIP (tar cetku 0,395 m). Ciemyer OTMETHTD, YTO B
koMmrimiekce JINMPA-CATIP nns komW4ecTBEHHON OLIEHKH 3HaYeHWd M, u My BBEJEHA IIKaja IMOTOHHBIX M3rHOATOIINX

Mexanunka
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Tabnuma 2

CpaBHeHHE SKCTPEMANbHBIX 3HAYSHUI N3rHOAIOIIMX MOMEHTOB B 30HE COTPSDKCHUS MEPEKPBITHS IEPBOTO ITaxa
M KOJIOHHBI, BEIYHCIeHHBIX ¢ moMombio ANSYS u JIMPA-CAIIP

. M,,, kH-m M,, kH-Mm
[IporpamMmHbI#i KOMILIEKC _ -
min max min max
ANSYS -10,8 106 -17,5 106
JIMPA-CAIIP -31,5 8,37 -42,2 12,9

W3 mpencraBneHHBIX B TaOiuIe 2 JaHHBIX BUIHO, YTO IMONy4deHHBIE ¢ ucmoib3oBanneM ANSYS u JIMPA-CAIIP
OJTHOMMEHHBIE 3KCTPEMalTbHbIE MOMEHTHI CYIIIECTBEHHO PAa3INYalOTCs MO0 BeIHdnHe. J[aHHOE 00CTOATETECTBO OOBICHS-
€TCA HAJIMYHEM B HCCIIEAyeMOW KOHEYHO-3JIEMEHTHOW MO JIOKAJbHBIX 30H KOHICHTPAIWN BHYTPEHHHUX YCHIIHH B
MECTaxX CONPSDKCHUS TUTACTHHYATHIX U cTep kHeBRIX K. [Ipuyuem npuHATHIE pa3Meps! miacTHHYATHIX KD B 000uX KOM-
IUIeKCcaX HE IMO3BOJIIOT TOYHO CMOJCIHPOBATH TPAAMEHTHl M3MEHEHHUS HM3THOAIONIMX MOMEHTOB B YKa3aHHBIX 30HAX
KOHIICHTpAIAU.

AHanu3upys pe3yiabTaThl pacueTa Kapkaca Mo IMIacTHUHYATO-CTEP)KHEBOM CXeMe MPHUXOJUM K BBIBOAY, YTO JaHHAs
MOJIeNIb HE TIO3BOJISIET HUCCIIENIOBATh JNETAIBHYIO KapTHHY HAIPSHKEHHOTO COCTOSHUSA KOHCTPYKIIMH. B dacTHOCTH, He
yIaeTcsl MPOAHATM3UPOBATh 30HbI PACTATMBAIOIINX HOPMAIbHBIX HANPSDKEHUH Oy, 0y O0,, BOSHUKAIOIIUX B MECTax CO-
NIPSDKEHUS KOJIOHH U NEPEKPBITUM. B 3TO0M CBA3M aKTyaJlbHOMU sIBIISETCA 3a7ada IIOCTPOCHMS PACUETHON MOJEIIU IIOBTO-
psromerocst parmMeHTa Kapkaca, MO3BOJIIIONICH BBITONHHUTH YUCICHHOE HCCICIOBaHHE OOBEMHOTO HAINPSIKCHHO-
ne(OpMHUPOBAaHHOTO COCTOSHUS, B TOM YHCIE C y4eTOM apMupoBaHus. Ha puc. 3 m300pakeH IUIaH MEPEKPHITHS pac-
CMaTpUBaeMOro KapKaca C BBIICICHHBIMHU MOBTOPSIOIMMUCS Pparmentamu &, b, €. O6aacts noBTopstoiierocs ¢par-
MEHTa a ABIIETCSI 00BEKTOM JalbHEHIIIETO UCCICIOBAHUS.

Y A
25 1425
350l . [I8°
a

321 ;¢ .
[l25 X

Puc. 3. TloBTopsromuecs pparMeHTs &, b, C mepekpsIThs Kapkaca (PHCYHOK aBTOPOB)

Jnst MonenpoBaHusl 0OBEMHOTO HAIPSHKEHHO-1e()OPMHUPOBAHHOTO COCTOSHHUS TIOBTOPSIOIIETOCsl ()parMeHTa MmpHu-
MeHnM BocbMUy3i10BoM KO tuma SOLID185 ¢ tpems creneHsmu cBOOOABI B y3iI€.

Ha puc. 4 npencraieHa pacyeTHas cxeMa IOBTOPSIIOLIETOCs pparMeHTa a paccMaTpiBaeMoro kapkaca. IlpuBenen-
Hasl pacyeTHasi cCXeMa OTHOCUTCS K IIEPBOMY 3TaXy Kapkaca. 3/1ech cocpeioToueHHas cuna P =72,6 kH B3sita u3 snropsl
TIPOJIOIBHBIX CHJI, TTOJIyYeHHOH C MCIIOJIb30BaHUEM IUIACTHHYATO-CTEP)KHEBOIM Mozenn kapkaca. IIpu aToMm cocpenoro-
YeHHYI0 cUiy P npeo0Opa3yeM K CTaTH4eCKH SKBHBAJICHTHOMY AaBineHuto ( = 453,5 klla, peiicTByromeMy Ha ILIOIaL-

ke 0,2x0,2 M (1/4 yacTh ceueHus KoJaoHHbI). CTaTudeckue rpaHudnble yeaosus Uy , Uy, U, HakgagblBaroTcs Ha y3jibl

KD ¢ yueToM HUKINYECKOH CUMMETPHU KapTHHBI Jedopmannu nepekpbitrs. COOTBETCTBYIONIAS KOHEYHO-IJIEMEHTHAsS
MoJenb (parmenTa, nocrpoeHHast Ha 6aze oobemHbIX KO tnma SOLID185, npusenena na puc. 5. B nanHoMm ciydae
mar cetkd o0beMHbIX KO npunst pasaeiM 0,1 M. [laBnenue Ha gparMeHT nepekpoIThs U 1/4 4acTH KOJOHHBI MTPUKIIa-
ZIBIBAEM C IMIOMOIIBIO 3JIEMEHTA SURF1542,

Pe3ynbraThl cpaBHEHHUS JKECTKOCTHBIX CBOMCTB IUIACTUHYATO-CTEP’KHEBOM M OOBEMHOW KOHEYHO-3JIEMEHTHBIX MO-

neneil paccmatpuBaeMoro ()parMeHTa Kapkaca B BHIE KAapTHH pacmpeaencHus nepemeuieHuii U, mnpuBeneHsl Ha

puc. 6. Kaprunst pacnpenenenust U, Ha puc. 6 6 u puc. 6 6 COOTBETCTBYIOT pacyeram (parMeHTa ¢ y4etoM u 0e3 yde-

Ta cuibl P. Kak BUAHO U3 MPCACTABJIICHHBIX PE3YyJIbTATOB, pacyeT 6e3 yueTa CUJIbL P (pI/IC. 6 6‘) JAacT 3HAa4YCHUS IepeMe-

2 To xe.
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HICHHﬁ, Hanbosiee OIU3KHE K JaHHBIM HHaCTHH‘IaTO-CTep)KHeBOﬁ MOACIN. Z[aﬂbHeﬁHlHe YHCJICHHBIC DKCIICPUMCHTBI
6yz[eM OPOBOAUTH C YYETOM HArpy>XC€HUA KOJIOHHBI Q)parMeHTa HaBJICHUEM ( o

z

Puc. 5. Koneuno-anemeHTHas Mojienb pparMeHTa

Puc. 4. PacuetHas cxema hparMenTa (pUCYHOK aBTOPOB) (pHCYHOK aBTOPOB)

3

-0,757-10"% -0,761-10° -0,228-10°3

-0,3603-10° 2 -0,3098-10° 2

-0,3112-10°2

-0,3757-10 2 -0,3252:10° 2

-0,3279-10°° 2

2
a) 6) 6)

-0,1471-10"2 -0,1984-10° 01478107

Puc. 6. Pe3yJ'ILTaTLI BBIYHCJICHUSA nepeMemeHm‘fl uz 0 ABYM MOJCIISM: a@ — IUIAaCTUHYATO-CTEPIKHEBAS MOAECIIb,

6 — 00BbeMHast MOZIENb C YUeTOM CHIIBI P; 6 — o0beMHast Moziens 6e3 ydera cuibl P (PUCYHOK aBTOPOB)

BbrinosHuM Uccie0BaHNE BIMSHHUS apMUPOBAHUS Ha HAINpPSDKEHHO-Ie()OPMHUPOBAHHOE COCTOSHHE paccMaTpUBae-
Moro (parmeHta kapkaca. CunTaem, 4TO NMEpPEKpHITH Kapkaca Oe3purenbHble W OeckamuTenbHble. PaccMoTpuMm Tpu
CXEMbI MOJISJTMPOBAHMSI apMHUPOBAHUS YaCTH NEPEKPBITHS, MPUHAIeKalied GpparMeHTy: 1 — JUCKpEeTHOE apMHUpOBa-
HEE C ucmojb30oBanueM ctepxkueBbix KO (BEAM188); 2 — muckpeTHOE apMHUPOBAHUE C HCIONB30BAaHUEM (hePMEHHBIX
KD (LINK180); 3 — pacnpenenenHoe apMUpOBaHue ¢ ucnonb3oBanueM miactuauateix KO (SHELL63). Cnenyer oT-
METHUTbh, YTO MOJIEIMPOBAHUE aAPMaTYPhl TIOCPEICTBOM (epMeHHbIX KD Takike MOAXOAMT IUIsl pacueTa HperHanpsKeH-
HBIX XKeJI1e306€ TOHHBIX KOHCTpyKImit® [1, 6, 7].

KoHCTpyKTHBHBIE 3J€MEHTHI JTUCKPETHOTO apMHpPOBaHMs (parMeHTa Kapkaca IpOJEMOHCTPHPOBAHBI Ha pucC. 7.
Marepuan apMHPYIOIIEX cTepskHeii — ctanb (E = 2x10° MIla; v = 0,28; y = 7800 kv °).

ApMUpYIOIINE CETKH BBIMOJHEHBI U3 CTEPXKHEH ClIeyIoero quaMerpa: (oHOBoe apMupoBaHue (10 BCel MIOCKo-
ctH nepekpeitusi) — 10 MM; apMupoBanue pureneii — 12 Mm; apMupoBanue kanutead — 16 mm. JTuaMeTphl CTepKHEH
JUISL TIONIEPEYHOTO apMUPOBAHUS pUreliei M KarmuTeneld UMEIOT 3HaYeHNs], aHAJIOTUYHbIE BBILICTIPUBEICHHBIM. APMUpPY-

IOMKUE CTCPIKHU KOJOHHBI THAMETPOM 12 mMm PACIIOJIOXKEHBI 110 yIjIaM CCUYCHUS.

300

3500 3500

200
2500
a) 0) o)

Puc. 7. KOHCTpYKTUBHBIE 3JIEMEHTHI JUCKPETHOTO apMUPOBaHUA: @ — ()OHOBOE BEpXHEe / HIMKHEE apMUPOBAHUE;
6 — apMHpPOBaHUE PUTeIeii; 6 — apMHUPOBaHUE KAUTENH (PUCYHOK aBTOPOB)

% CII 52-101-2003. BeTOHHBIE H %ee300eTOHHbIC KOHCTPYKIIHH 0e3 MPeBAPUTENHHOTO HATIPSKCHHS apMaTyphl. M., 2004. 59 c.
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HaznauenHrple 3HaYCHHUA AMAMETPOB apMUPYIOUINX CTEP)KHEH B3SITHI HA ocHOBaHUH mpoTtoTtuma [8-10]. s moxme-
JUPOBAHUS apMaTyphl HCIOJB3yeM Oanounble win (pepmeHHbe KO.

AJNbTepHATHBON MO JUCKPETHOTO apMUPOBAHUS SBIACTCS IMOAX0M, Oa3UPYIOIIHMICS Ha IPUHIHIE «pa3Ma3bIBa-
HUSD», TaK Ha3bIBaeMasi MOJEJb PacIpeiesieHHOro apMupoBaHus. CyTh NMPUHIMIIA «pa3Ma3bIBaHUS» B OOIIEM Clrydae
COCTOHT B BBEJICHUH NPUBEICHHOTO MOIYJIS YIPYTOCTH, SBIAIOMIETOCH (GYHKIHEH OT MOAyJel ynpyrocTd KOMIIOHEH-
TOB HEOJHOPOTHOTO MaTepuana U uX 0ObEeMHBIX KOHIeHTpaiuid. OnHako pacueTHas mpakTuka [1] mokasana, 4ro ams
KeJIe300€TOHHBIX KOHCTPYKIMH, paboTaromux Ha u3rub, Oojiee pealncTUYHbIE Pe3yJbTaThl AaeT BBEICHUE THCKPET-
HBIX aPMHUPYIOILIHX CIIOEB, SKBUBAJICHTHBIX 00bEMY, 3aHUIMaeMOMY apMHUPYIOIIMMH CTEPKHAMHU. [ eoMeTpus Takux cio-
€B IMOBTOPSIET TEOMETPHIO apMUPYIOIINX ceTok. s paccMarpuBaeMoro (parmMeHTa Kapkaca Ha pHc. 8 IOKa3aHbl 9KBH-

BaJICHTHBIC apMUPYIOIIUE CIIOU, MOIenupyeMble miactTuHIaTeiMu KO tnma SHELLG3.

| L T Y D

\

i

a) 6) 6
Puc. 8. DKBHBaJICHTHBIE APMUPYIOIIHE CIIOU: ¢ — CJIOH JUIs (HOHOBOTO apMUPOBAHHs (BEPXHETO/ HUIKHETO);
6 — CJIOW apMHUPOBAHUS PUTEINIEH; 6 — CIIOM apMHUPOBaHHMS KaITUTENIH (PHCYHOK aBTOPOB)

Ha ocHoBaHuu yciioBusi paBeHCTBa 00HEMOB apMUPYIOIIUX JIEMEHTOB U COBMAICHUSI TEOMETPUH 30H apMUPOBAHUS
MOJIyYHM CJICAYIOIIME TOJIIUHBI ISl SKBUBAJICHTHBIX apMHUPYIOIIUX CIOCB: ClIoW (OHOBOrO apMupoBanus — 1,6 MM;
cnou apmupoBanus pureneit — 1,1 mm, 0,74 MM, 1,2 mm, 0,78 MM; cion apMUPOBaHUS KAaTUTENH — 5 MM, 2,7 MM.

B mporiecce BBIYHCIUTEIBHOTO IKCIIEPUMEHTA HCCIEA0BAIACH 3aBUCHMOCTh Iporuba U, B Touke K M MakcHMalib-

o + + + >
HBIX PAaCTATUBAIOIINX HAIIPSOKCHUU Oy oy Uy max ! Oz max OT IPHUHATOU CXEMBI apMHUPOBAHUSA UCCIEAyEMOI'O (bpaFMCH-

Ta (puc. 4). B Tabnune 3 npuBeneHBI Pe3yIbTaThl PacyeTOB.

Tabnuna 3
3HayeHUs POTHOOB M HATPSKEHUH MPH PA3JIMUHBIX CIIOCO0aX MOACTHUPOBAHUS apMATYPhI
Monenmposatine u, B Touke K, MM Oy max » MI1a Oy max » MITa O, max » MIla

apMatypsl

be3 apmartypet -3,32 3,26 4,40 1,44
BEAM188 -2,81 2,77 3,76 1,08
LINK180 -2,92 2,75 3,74 1,06
SHELLG63 -2,06 1,19 1,74 0,513

AHanu3 pe3yabTaToOB MOKa3aj, YTO MPUMEHEHHE ITacTUHYATRIX KO mpHBOIUT K CYIIECTBEHHOMY 3aHIDKCHHIO MaK-
CHUMaJIbHBIX PacTSATHUBAIONINX HanpsokeHWi. /laHHbIe, MOJydeHHbIE C MCHOJb30BaHWEM OaloYHBIX M (epMeHHBIX KO,
MIPAaKTHYECKH COBIAJAIOT, YTO OOBSCHSIETCSI HU3KOH M3THOHOM KECTKOCTBIO apMUPYIOLIUX CTEPKHEH.

BaxHO TOAYEPKHYTH, YTO Ui PACCMOTPEHHOI'O BapuaHTa HArpyKEHUS NPH HCHOIB30BAaHHWU CTepKHEBBIX KD

(BEAM188 u LINK180) B 30He compsiKeHHUsI KOJIOHHBI M NEPEKPBITUSL YCIOBHE IPOYHOCTH ISl HANPSDKCHUH O ., U

+

O'y max HC BBIITOJIHACTCS.

Ha puc. 9 npuBeseHa Bu3yanu3aiysi Mpoiecca TPEIUHO00pa30BaHusl B IUIUTE HEPEKPBITHS, TOJyYSHHAs! TP MOJIe-
JMpoBaHuM OeToHa 00beMHBIMU BOCbMUY310BbIME KD SOLIDS65. Crienyet OTMETHTD, YTO B IEPEKPBITHHU TTOSIBIISIOTCS

TOJIBKO MUKPOTPCLIMHBI, IPAHUL[A KOTOPBIX XOPOLIO COTJIACYEeTCs C MOJIEM HANPSDKCHUH C/iBUra o, B IUIOCKOCTH Iie-

pexpoiThs (puc. 10).
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a) 6) 8)

Puc. 9. Busyanusanus npouecca TpeMHOOOpa3oBaHus B INTUTE MEPEKPBITHS: @ — OO BUK pparmMeHTa;
6 — BUJI 30HBI TPEIMHOOOPA30BaHUS CBEPXY; 6 — BHJ[ 30HBI TPEIMHOOOPa30BaHNs CHU3Y (PHCYHOK aBTOPOB)

<7xy,I{442
-125E+07
-.103E+07
-795269
-565420
-335571
-105722
124128
353977
583826
813675

a) 0) 6)

ROOOEOOEN

LB |

Puc. 10. Kapruna pacnpenenieHus HapsDKEHUI O, B IIEPEKPBITHH:

a — BUJ (parMeHTa cBepxy; 6 — BHJ (hparMeHTa CHU3Y; ¢ — IIIKaJla HaNPsDKEHHH (PUCYHOK aBTOPOB)

Jlnst MozenmupoBanust (PU3UUECKON HETMHEHHOCTH OETOHA MCIOJBb30BaNach MoJelbs Yuuiama-Bapuke [11] co cie-
JYIOIIUMHU MapameTpamMu: KodQQUIHEHT Nepeadn CIBUIOBBIX YCHIIUH MpH OTKpbITOH Tpeuwne — 0,3; koahduuneHt
nepeiauy CABUIOBBIX YCHWINH MpH 3aKpbiTol Tpeniune — 0,7; koo GuimueHT noHmKeHUs )KECTKOCTH NPU 00pa30BaHuU
TpeIIMHBI B pe3ynbTare pactsokenus — 0,6.

O06cy:xneHne u 3aKJII0YEHUs

1. Ha ocHOBaHMH BBINOJIHEHHOr'O JIMHEHHO-YIPYroro pacyeTa MOHOJHMTHOIO KapKaca U3 jKelae300eToHa NOoKa3aHo,
YTO IUIACTHHYATO-CTEP)KHEBAsI MOJIENb, IIHPOKO UCIIONb3yeMasi B MPAaKTHKE NPOSKTUPOBAHMS, HE MO3BOJISIET KOJIMYe-
CTBEHHO OLICHHUTH BEJIMYUHBI PACTATHBAIOLINX HOPMAIBHBIX HANPSDKCHHH B 30HAX CONPSDKCHHS IUIUT MEPEKPHITUHI U
KOJIOHH.

2. Pa3zpaboTana METOAMKA YHCIEHHOTO MOJEIMPOBAHHS 00BEMHOTO HANPSHKEHHO-1€()OPMUPOBAHHOTO COCTOSHUS B
MeCTe CONPSDKEHHS EPEKPBITHSI U KOJIOHHBI MOHOJIMTHOTO KeJIe300€TOHHOTO KapKaca, MO3BOJISIONIas OLleHUTh (haKTH-
YeCcKHuil 3amac MpoYHOCTH JAHHOTO y3Ja, a TaKKe YTOYHHUTh HECYIIYI0 CHOCOOHOCTh COOTBETCTBYIOLIETO 3[aHUS HIIH
COOPYKEHHsI [IPU Pa3JINUHBIX CIIEHAPHSIX HArPYKEHHUSI.
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AHAJIUTHYECKAS OLEHKA YACTOTHI COOCTBEHHBIX KO0JIE0OAHNH MJIOCKOM
peleTKku

M. H. Kupcanos
HanmonanbHeIit uccnenoBarenbekuil yausepeuteT «MOW», Poceniickas ®enepanus, . MockBa, yi. KpacHokazapmennas, 14
AHHOTAN NS

Bgeoenue. 1lpeanaraercs HOBasg cxeMa IUIOCKON CTaTHUECKH ONPEAETUMON peryssipHON perieTku. CTep>KHH PeleTKH
coeaMHeHbI mapHupamu. Llenb nccnenoBanus — BbIBECTH (GOPMYITy 3aBUCHMOCTH OT YHCJa MaHeJel MepBOH YacTOThI
COOCTBEHHBIX KOHe6aHHﬁ y3J10B, HAACJICHHBIX MacCaMM, KaKJasl U3 KOTOPBIX UMECT JIBC CTCIICHU CBO60[[I)I B IIJIOCKOCTHU
pemeTk. JKecTKOCTh BCeX CTEpXHEH MPUHATA OJMHAKOBOM, OMOpH! (MOJBIXKHBIA M HEHOIBIDKHBINA HIApHHUPHI) HeJe-
¢dopmupyembiMu. [lpyras 1enb WCCIENOBaHMS — HAWTH B aHAIMTHYECKOH (opme 3aBHCHMOCTh ycHiIHi B Hamboiee
CXKATBIX M PACTAHYTBIX CTEPHKHAX OT YUCIIA TaHENEH.

Mamepuanvt u memoost. Vicons3yercs: npuOIMKCHHBIH MeTo JJOHKepIies onpeaeacHus HIKHEH OICHKH COOCTBEH-
HOHW 4acTOThI KoJeOaHuii pemeTku. JKecTKOCTh pelieTKn HaXOIUTCsl B aHAIUTHYeCKO# dopMe 1o dopmyne Makcei-
ja — Mopa. Ycunus B CTepKHAX U peakluu ONop ONpPEAEsOTCA U3 YPaBHEHUM paBHOBECHUS, COCTABICHHBIX ISl BCEX
y3510B perretkd. O000mEeHne pe3ynpTaTta Ha IPOM3BOJIFHOE YHCIIO MTaHEJIEH BBIMOIHIETCS METOIOM HHAYKIMH C TIpH-
MEHEHHEM OIIEepPaTOpPOB CHMBOJBHOW MaTeMaTHKH Maple Mo aHaIMTHYECKHM DEIICHHWSM psiia 3ahad Al PEIIeTOK C
Pa3IMYHBIM YHCIIOM HaHEJIEH.

Pezynomamut uccnedogeanus. HwxHsIsI aHaTUTHYECKasl OLIEHKA IEPBON 4acTOTHI KOJeOaHMH XOPOIIO CorjlacyeTcs C

YHUCJICHHBIM pPeIlIeHUEM JJIsi MUHHUMAJILHON 4acTOTHI CIIeKTpa KojiebaHui KOHCTpyKIMU. HaiineHsl popMymbl Uit ycu-
JUH B yeThIpex Haubojee CKAThIX M PACTSIHYTHIX CTEP)KHAX M UX JIMHEWHBIE aCUMITOTHKH. Bce HeoOXoauMele mpeod-
Pa30BaHMs MPOU3BOSITCS B CUCTEME CUMBOJIBHON MaTeMaTHKH Maple.

Obcycoenue u 3axnouenusn. IlomydeHHas 3aBHCHMOCTB IEPBOM YacTOTHI KOJICOAHWH PEIISTKH OT YWCIIA IMaHEINeH,
Macchl ¥ pa3MepoB KOHCTPYKIMHM MMEET KOMIAKTHYIO (JOpMY M MOXKET OBITH MCIIOJIb30BaHa KaK TECTOBas 3ajada Jyis

YHUCJIICHHBIX peH.IeHI/Iﬁ " IIpHU ONTUMH3AlIUU KOHCTPYKIHH.

KnaioueBnble cioBa: pemierka, cOOCTBEHHass 4acToTa, oueHka JloHkepines, mHAyKIMA, (Gopmymna Maxkcsemra-Mopa,

Maple, HWKHAA OLICHKA YaCTOThI, aHAIUTUYICCKOC PECIICHUE, YCHUIIUA B CTCPIKHAX, ACUMIITOTUKA.
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Original article
Analytical Estimation of the Natural Oscillation Frequency of a Planar Lattice

M. N. Kirsanov
National Research University (MPEI), 14, Krasnokazarmennaya St., Moscow, Russian Federation

Abstract

Introduction. A new scheme of a flat statically determinate regular lattice is proposed. The lattice rods are hinged. The
study aims at deriving a formula for the dependence on the number of panels of the first natural oscillation frequency of
nodes endowed with masses, each of which has two degrees of freedom in the lattice plane. The rigidity of all rods is
assumed to be the same, the supports (movable and fixed hinges) — nondeformable. Another objective of the study is to
find the dependence of the stresses in the most compressed and stretched rods on the number of panels in an analytical
form.

Materials and Methods. An approximate Dunkerley’s method was used to determine the lower bound for the lattice
natural frequency. The lattice rigidity was found in analytical form according to Maxwell-Mohr formula. The rod
stresses and the reactions of the supports were determined from the equilibrium equations compiled for all lattice nodes.
Generalization of the result to an arbitrary number of panels was performed by induction using Maple symbolic math
operators for analytical solutions to a number of problems for lattices with different number of panels.

Results. The lower analytical estimate of the first oscillation frequency was in good agreement with the numerical solu-
tion for the minimum frequency of the oscillation spectrum of the structure. Formulas were found for the stresses in
four most compressed and stretched rods and their linear asymptotics. All required transformations were made in the
system of Maple symbolic math.

Discussion and Conclusions. The obtained dependence of the first frequency of lattice oscillations on the number of
panels, mass and dimensions of the structure has a compact form and can be used as a test problem for numerical solu-
tions and optimization of the structure.

Keywords: lattice, natural frequency, Dunkerley’s estimate, induction, Maxwell-Mohr formula, Maple, lower frequen-
cy estimate, analytical solution, rod stresses, asymptotics.
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BBenenue. Perreryarsie KOHCTPYKIMH IIHPOKO IPHMEHSIOTCS B MAIIMHOCTPOCHUH KaK HECYIHE WM OTPakIAroNIre
3NIeMeHThl. MeToJuKa pacyeTa COOCTBEHHBIX YAacTOT KOJICOAHMIl pelIeTKH TPaIMIHOHHO 0a3upyeTcs Ha YUCICHHBIX
pacuyeTax, Kak MpaBmIIO, UCHOJIB3YIOIINX METOJ] KOHEUHBIX dJIEMEHTOB C IIPHMEHEHNEM CIICLHATM3HPOBAHHBIX MTAKETOB.
3HAYUTENBHO PEXKE MPUMEHSIOTCS aHATUTHYECKHE METOMIbl. Pa3sBuTHE MaTeMaTHYSCKUX MMAKETOB CHMBOJIBHOM Marema-
tuku (Maple, Wolfram Mathematica, Derive, Maxima u 1p.) JaeT BO3MOXXHOCTb UCKATh TAKHE PEIICHHUSI TS PEryJIsip-
HBIX CHCTEM, B KOTOPBIX BO3MOXEH YUYeT MOPSAKA PETYISIPHOCTH (YHCIa MEPHOTHMIECKHX CTPYKTYP KOHCTPYKIIHH,
HampuMep, Yuciia aHenei) B pemeHun. Leap ucciaenoBaHus — HaWTH aHAJTUTHUYECKYIO 3aBUCUMOCTb HW)KHEW TpaHu-
1Bl TIEPBO YACTOTHI PEIISTYATON KOHCTPYKIIMH OT YHCIa MaHeNneil. 3aBUCMMOCTh PElICHHsT OT YKCIIA MaHeNel 3HaAuH-
TENBHO pacIiupsieT 00JacTb MPUMEHEHUs GOPMYJIbI M TaeT BO3MOXKHOCTH ONTHMH3UPOBATh KOHCTPYKIHMIO MO KAaKOMY-
6o mapaMerpy. BriepBbie mpoGiieMoll CylIeCTBOBAHMS U pacyeTa CTATHYECKU ONPEACTUMBIX PEryJSIPHBIX CTepIKHE-
BBIX CHCTEeM 3aHsIMCh XaryuHCoH P. n ®nek H. [1, 2]. B [3, 4] Takue KOHCTPYKLMH H3y4YalHCh B CBS3U C 3aJadaMH
ontumu3ali. CyNIECTBYIOT TaKKe aHAJUTHYECKHE PELICHHs B BHIC KOHCUHBIX (GOpMyI Uil NPOTHOOB PEryJIspHBIX
wiockux [5—7] u npoctpanctBeHHsix depm [8]. B cnpaBounnke [9] mpuBoasTcs hopMysbl Ui IPOruOOB M CMEIICHU
OMop IWIOCKKX (hepM M PEHIETOK C MPOM3BONIBHBIM uncioMm manenei. B [10-13] mony4eHsl HWKHHE ONEHKH IMEpBOit
COOCTBEHHOM YacTOTHI KOJIeOaHM TUIOCKUX (pepM, HalIEeHHBIE METOIOM MHIYKIIHHU JUTS TIPOU3BOJIBHOTO TIOPSIIKA Pery-
JIIPHON KOHCTPYKLIMU.

Ectb Ipyroe HampaBiieHHE aHATMTHYECKHX HCCIIEA0BaHUN KOHCTpyKumi [14-16]. B aTux paGorax pelieHdne Haxo-
JIMTCS B cucTeMe Maple B BHIIe TPHTOHOMETPUIECKHX PSJIOB.

B Hacrosieil paboTe UCOIb3yeTCs METO MHIYKIHMH, 3aKIIFOYAOIINiicsa B 0000LICHHN psila OTACIBHBIX PacueToB
PELIETOK C MOCJIE0BATENBHO YBEINYMBAOIIMMCS YHCIIOM MaHeNnel Ha Cily4ail MpOU3BOJILHOIO YKcia naHeseil. Bo Bcex
npeoOpa3oBaHUsIX HCHONB3YIOTCSA ONEPAaTOphl CHCTEMbI CHMBOJIbHOW Matematuku Maple. O0bekToM HccnenoBaHus
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SIBJISICTCS] HOBAsI CXEMa PErYIISPHOIl CTATHYECKU OMPEASTUMON MIOCKOW PEIISTKU MPSMOYTOJBHOTO OYEPTAHUS B BUIE
HECUMMETPUYHOHN (epMbl Ha IBYX onopax. CTaBUTCS 33/1a4a BEIBECTH aHAJIMTUYECKYIO 3aBUCMOCTh OCHOBHO 4acTo-
TBI KOJIeOaHU#T KOHCTPYKIUK OT YKCNa naHenei. BeiBeaeHHas GopMysa MOKeT OBITh HCIIONB30BaHA B 337a4aX ONTHMU-
3aIlMd U JUIS OLCHKU YHCJICHHBIX PELICHUH MOJOOHBIX KOHCTPYKIMI OOJIBIOTO MOPSAKA, IUIsL KOTOPHIX B YHCIICHHBIX
pacdeTax BO3MOXKHBI OTPEITHOCTH, CBA3aHHBIC ¢ HAKOIUICHUEM OIIMOOK OKPYTJICHHS.

Marepuaasl u Meroanl. B depme mmnoii (2n—1)a u Beicoroit 4h conepxurcs 5(N+1) y3n0B, BKItOYast U TpH
OMOPHBIX y37a (OAWH AJIS KPEIUIeHHs JICBOW OTMOPHOW CTOMKH, /1Ba — JJIs MPABBIX CTEPIKHEH, MOICTHPYIOLIMX HEMO-
JBIDKHBINA 1mapHup). Uucno crepikHei, Bkitodas Tpu onopHbix crepxus, N =10n+4 . depma cratudecku onpeesu-
Mast. [Ipu pacuere 4acToT KoseOaHWi KOHCTPYKIMHU MPEATIOJIaraeTcsl, YTo Macca (hepMbl COCpeIOTOYEHA B y3JIax.

a a a a a a a

Puc. 1. Cxema pemerku, N=4 (pUCYHOK aBTOpA)
)j

22 23 24 2

7]

26 27 5n+2
O

12

11 2n+1

6 ntl X
‘£ 3 g iy

Puc. 2. Hymepaiys y310B peterku, N=5 (pHCyHOK aBTopa)

n(

[ye

Brlunciienre ycwiInii BeloaHseTcs B cucreMe Maple no nporpamme [17]. V3ibl u crepskHu GepMbl HyMEpPYIOT-
cst (puc. 2). Hauano KoopAMHAT HAXOUTCs B JIEBOH onope. KOOpAMHATEI 33/1a10TCS B IIUKJIAX.

CrpyKTypa peleTKU yCTAaHABIMBAETCS HOPSIIKOM COEJMHEHHs CTEPIKHEN B y3iax. J[jisi 3TOro BBOISTCS CIEIUAIb-
uele crmcku @, =[i,i,] Homepos i, , i, xoHmoB crepxkueit a=1,.,N . CTepXHH HIDKHErO BHEIIHEIO KOHTYpA,
HalpuMep, UMEIOT CIIeyroliie HoMepa y3ioB no kornuam: @, =[i,i+1], i =1,..,n. Takum xe o6pa3oM 3a1ar0TCS U HO-
Mepa KOHIOB OCTAJIbHBIX CTEp)KHEH pemeTku. CUcTeMa ypaBHEHUH PaBHOBECUS Y3JI0B B IPOEKIMAX HA OCU KOOPAMHAT
cocrapisiercs B MatpudHoM Buae GS=B, S — BekTop Bcex yCHIMH B CTEPKHAX, BKIKOYAsAs M TPU PEAKIMH OIIOP,
B — BekTOp BHEIIHUX Y3J0BBIX HArpy3ok. Marpuua cucteMbl G COCTOMT M3 HAMPABISIONIMX KOCUHYCOB YCHIJIMM.
TTpu 5TOM OJIHO U TO XK€ YCHIIME NPHIIOKEHO K Pa3HBIM KOHIAM CTEPIKHS U HANPABJIEHO B Pa3HbIE CTOPOHBI:

G2<1>,2—1,i :_Ix,i lli'GZ(b,‘z,i :_Iy,i lli;
Goo,1i =i .G i =y 11y T=1,0N,

rae |x'i = Xd).,l — Xd).,z ) |yi = yq,l‘1 - y(]:,lv2 — MPOEKIMHU YCIOBHBIX BEKTOPOB CTEPIKHEN Ha OCH KOOpP/IUHAT;

MalmMHOCTPOCHHE U MAIIMHOBEICHHE

L= IZ, +|51i — qnHa crepokas i=1,..,N.

Vceunus B CTCPIKHAX PCIICTKHU MOXKHO IMOJYYHUTH U3 PCIICHUS CUCTEMbI ypaBHeHI/Iﬁ B CUMBOJIBHOM HJIKM YHUCJICHHOM

BHJE. 317



http://vestnik-donstu.ru

318

Advanced Engineering Research 2022. T. 22, Ne 4. C. 315—-322. ISSN 2687-1653

Pe3yabTaTsl HcciaenoBaHnsa. PaccMOTpUM HaNpsDKEHHOE COCTOSHHUE PEIIETKH B CIIydae HAarpy>KeHUs 1O BCEM Y3-
J1aM BepTHKaNbHBIMU ciitamu P (puc. 1). Ha puc. 3 maHa kapTHHa pacmpenefeHus YCHIN B CTEPKHAX KOHCTPYKIHH.
TonmuHbl OTPE3KOB Ha PUCYHKE YCIOBHO MPONOPLIMOHAIBHBI MOAYJSAM COOTBETCTBYHOIUX ycwinil. CHHUM IIBETOM
BBIJICTICHBI C)KAThIE CTEP)KHH, KPACHBIM — PAcTAHYThIE. 3HAUECHHS yCHUIINI OTHECEHBI K BEIMUMHE P Harpys3ku Ha y3en ¢
OKpYTJICHHEM 10 ABYX 3Hadamux nudp. Hanbomee pacTsSHYTHINH CTEPKEHb 0XKHIAEMO OKA3aJICS B CEPEANHE HIDKHETO

Tosica, HauboJee CHKaThIii — B HIDKHEM CTEp)KHE Ha MPaBOi OOKOBOW CTOPOHE KOHCTPYKIIUH.

i -3.3 l 7.1 ¢ O, -8,3 l 55 l

5

Ot—

41 32 16 ‘16 0,93 26 2,6 43] 1
| y
‘a1 32 24 \0,74 093 \.-093 1.8 34 4.3
| 71
[
41 3.2 2.4 20,74 093 0,03 18 3.4 43
y
i ‘41 32 ‘16 1,6 093  \0,93 2.6 26 4.3 Van
l L I 13
e
X
33 71 U, 83 55 -13

Puc. 3. Pacnipeenenne yCuIHid o CTepKHsAM perieTkd, a=4 m, h=3 m, n=5 (prcyHok aBTopa)

AHaTUTHYECKHE 3aBUCUMOCTH YCI/IJ'II/Iﬁ B HauOoJIee CKAThIX U PACTAHYTBIX CTCPIKHAX OT 4YUCJIa IMaHeneh MOJy4aroT-

Csl METOJOM HHIYKIMH M3 000O0LIeHMs MociefoBaTeIbHOCTEN OTAeNbHBIX pemenuil. Hampumep, ana ycumus V| B

HIJKHEM CTEPIKHE JIEBOM CTOPOHBI PEILETKH II0CIIEN0BATENLHOCTh 3HAUEHUM JUIS PEMIETOK mopsiaka N = 1, 2, 3, ... uMeer
sun:V, /P=-2 -12, —28, —54, -84, -126, -170, —228, —286, —360,.... PexyppentHoe ypaBHeHue sl 00-

IIEero WieHa 3TOH mocienoBareabHocTu Aaet onepatop rgf findrecur cucremsr Maple:
Vl,n :Vl,n—l + 2V1,n—2 - 2V1,n—3 _Vl,n—4 +Vl,n—5'

Peenre ypaBHeHUsI C TIOMOIIBIO omepaTopa rsolve:

V,, =—P(30n? —2(7—(-1)")n—(-1)" +1)/ (8(2n-1)) .

Taxum xe 06pa30M HaXOJATCA U APYTU€ BBIPAKCHUS NJISI KPUTHICCKUX YCI/IJIPlﬁl

0, =—Pa(20n® —30n? +5—4(cos ¢+sin@)(L—2n) —cos(2¢)) / (32(2n—1)h);
U,=-0

n n?

V,,=-P(n*-n-1)/(2n-1),
rie @ =t/ 2. MuTepecHo 3aMeTuTh, 4o yeunus V,, u V, =~ He 3aBHCAT OT pa3Mepos a u h.

AmnanuTtryeckas popMa pereHuil mo3BoseT HAaiTH MX aCHMIITOTHKH C ITOMOIIBIO oreparopa limit cuctemsr Maple:
limV, =-3P,,/8, Lmvz,n =-3P,./8

sum
n—o

limO, /n=-limU,_ /n=-aP,,, /(16h),

n—ow n—o

rae P,,, =5NP — cymmapHas Harpyska Ha pemerky. s yewmuid V,, n V, B CTEepXHAX Ha OOKOBBIX CTOPOHAX pe-

sum

INETKU aCUMIITOTBI TOPU30HTAJIbHBIC, JIJIA yCI/IHI/Iﬁ On )4 Un Ha BEPXHEM U HUHKHEM MOsICaX — HAKJIOHHBIC.

Yacmoma cobcmsennvix koarebanuiu. VI3 Bcero CreKkTpa 4acToT COOCTBEHHBIX KOJIEOaHUH KOHCTPYKIMHU /ISl OLIEHKH
ee JIMHAMHYECKOro ITOBEJCHUS HanboJiee BaXXHOW SIBISIETCS TepBasi, HU3MIIAsA, 4acToTa. Ee 3HaueHHe BXOOUT B OOJb-
IIMHCTBO PEUISHUH 3a1a4 JUHAMHKHA KOHCTPYKLHMH. JTa BeJIMUMHA TpeOyeTcs B TOM YHCIE W JUIS OLEHKH celcMmude-
CKHX XapaKTEepUCTUK COOpYKeHHs. HIDKHIOI0 rpaHuIly epBOM YacTOTHI ISl peryJIsIpHBIX KOHCTPYKIUI B (hopMe 3aBU-
CHUMOCTH OT YHMCJIa NaHeJIeld MOXKHO TOJIyYUTh aHAIUTHYECKH.
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ITpu ompeneneHny COOCTBEHHBIX YAaCTOT KOJEOaHWH KOHCTPYKLMM NPHHSATA YIPOLICHHAs MOJEIb MHEPLIHOHHBIX
cBoHcTB (epmbl. [Ipennonaraercs, 4To CTEP)KHU PELIETKH HE MMEIOT Macchl, a BCS Macca paclpesieiieHa paBHOMEPHO
no y3nam. IIpeHeOperast OBIDKEHHEM OMOP, MosydaeM ofriee yucio crerneHeil cBo6obl paHoe K =10n. dopmyna
Houkepiest [13] 115t OLICHKH HIDKHEH TPaHUIIBI TEPBOM YaCTOTHI KIMEET BUJI

K
oy =20, (L)
p=1
rac (,Op — HapHiuajJbHbIC YaCTOTHI KOHCTPYKIUHU. HapunanLHme YaCTOTHI KOHeﬁaHI/Iﬁ Macc onpeAcadrTCda U3
YpPaBHEHMUA.
my, +D,y, =0, p=1,...K. 3)

3neck y, =Y, (t) — xoopnunara ysna p; §,— yckopenue; D, — KecTKOCTb, BelMUMHa 0OpaTHas MOJATINBOCTH

8, =1/D, . IlopatanBocTh MOXKHO BBIMHUCINTE 1O popmyne Makcsemnna-Mopa:
N 2
8,=1/D, = (S?)'I,/(EF), ()
a=1

rae Sép) — YCWJIHE B CTEP’KHE C HOMEPOM OL OT JIE€HCTBUS BEPTUKAJIBHOM €IMHUYHON CHUJIbI, IPUIIOKEHHOH K Yy3Iy P,
rae pacrnonoxena Macca. Koagduiment xecTkocTy 1 napyanbHas 4acToTa 3aBUCAT OT MECTa, I/Ie PacloyIoxKeHa Mac-

ca. Jlns rapmonmueckux konebanuit y, =U sin(ot+¢) us (3) crenyerw, =, /Dp /m. TloncTaHOBKA TOTO BEIpa)Ke-

Hus B (4) gaet GopMyIty ISt OLIEHKH TIEPBON YaCTOTHI TOJIBKO MO MapIHAaTbHBIM YaCTOTaM KojebaHuil Macc:
) K ) K
Wp = zwp = mzsp = m(An,v +An,h)' (5)
p=1 p=1

OTI[CJ'ILHO BBIJACJICHBI CYMMBI JUISL KoJIeOaHul 1Mo BCPTUKAJIbHOMY HallPpaBJICHUIO An v

Y TOPH3OHTATBHOMY A, | .
ITocnenoBaTeNbHBIA pacyeT YacTOT KOJNEOAHUH PEIETOK Pa3IMIHOTO MOPAIKA MOKA3BIBAET, YTO KOOQOHUIMEHT A
B (5) mmeeT Bux;
A,, = (14h)/ (EF);
A,, = (44a° +75¢% + 250h°) / (9EFh?);
A, = (24a° +25¢° +36h*) / (EFh?);
A,, = 2(154a° +175¢* +176h*) / (TEFh?);
A, = 2(12548° +1125¢° + 791h°) / (27EFh?).
B 06H.ICM Clly4dac I napluyajJbHbIX 4YaCTOT IO BCpTI/IKaJ'II/I:
A,, =(Ca®+C,c*+Cyh*)/(EFh?). (6)
I[J'If{ naporuajJbHbIX YaCTOT MO TOPU3OHTAJIN:
A, =(Cia° +Cyc® +Cy h°)/ (EFa®). @)
HUcnons3ys oneparop rgf_findrecur cucremsr Maple, mony4aem oiHOPOHOE PEKYPPEHTHOE ypaBHEHHE CEBMOTO

NOpSIIKA ISl OTpeJieNie s Ko huiuenTa npyu a°:
C,=3C,,-C,,-5C,;+C,,+C, s-3C , +C, .
Pemenue ypaBHeHus qaet oneparop rsolve:
C,=(n"- 2n® +61n* —6(3(-1)" +10)n+9(-1)" —9)/18. (8)
Takum >xe 06pa3oM HaXOIATCS U APYyTrHe K03 PHUIINEHTHI:

C, =25n(n-1)/6;

C, = (1361 +2(9(~1)" —14)n—9(~1)" —15)/ (6(2n —1)). ®)

AHanoruyHo:
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C, = (164n° — (36 c0s(2¢) +142)n” + (24 cos(2¢p) — 24sin ¢+ 24c0s @ + 20)n —
—3cos(2¢) +12sinp—12cosp+27)/ (2n-1)/12;
C, =(10n®* -5n +15n+8) / (2(2n-1)); (10)
C, = (36n° — (28+8¢0s(29))n* + (128 + 22 c0s(2¢) + 24 COS @ — 24sin P)n —
~12c0s p—9cos(29) +109+12sin¢) / (2n—1) / 2,
roe ¢=nn/2.
B pesynbrate u3 (5—7) ciieayeT BhIpaKEHUE )1 HIDKHEH OIIEHKU TIEPBOU YaCTOTHI:

ol = m((clas +C,0* +C;h¥)/h? +(C,a° +CC? +C6h3)/a2)/ (EF). (11)
¢ ko3 durentamu (8), (9) u (10).

Orenka morpenHocty pemenus (11) Bo3MOXKHA U3 CpaBHEHHS ¢ MUHUMAJIBHOM YaCTOTON BCErO CIEKTpa COOCTBEH-
HBIX YaCTOT PEIIETKH, MOTy4YeHHOW YrcieHHO. CIEeKTp CUCTEMbI C MHOTHMH CTEIICHSMH CBOOOIbI HAXOAUTCS U3 pellie-
HUSI 3312491 O COOCTBEHHBIX yuciax Marpuibl. JuddepeHunansHpie ypaBHEHHs AHHAMUKH MacC KOHCTPYKIMU C YHC-
JIOM cTerneHel cBo0opl K 3amichIBalOTCS B MATPUYHOM BH/IC:

ml,Y+D,Y =0, (12)
rae D, — marpura sxxectkoctu depmsl; Y — BekTop cMemeHuit Mace; |, — exunmdnas Marpuna. [Tycrs B, — mart-
pura, obpatnas D, . Ymuoxenue (12) ciesa va B, , maer ypaBHeHue:

mB, Y +1,Y=0. (13)

Ceasp Y =—°Y crpaBeuinBa Jisi FapMOHMYECKHX KoneGaHuii ¢ yactoToit o . Orcroma u3 (13) cienyer 3amaua o
coOcTBeHHBIX 3HaueHmwIX: B, Y =AY, rme A =1/ ((o2 M) — coOCTBEHHBIE 3HAUCHHS MaTpUIB! B, . DIeMeHTHI MaTpHUIIB!
MOJIATIIMBOCTH HaXoAsTcs 1o dopmyne MakcBemia-Mopa. Jliisi BelYuCIIEHHsST COOCTBEHHBIX 3HAYCHHI MATPHIBI B CH-
creme Maple npennasnayen onepatop Eigenvalues u3 makera nuneitnoii anre6psr LinearAlgebra. Perienue 3toit 3a1a-

YM B OOLIEM CIIy4ae MOYKHO MOJYYUTh TOJBKO B YHCIIEHHOH (hopme.

Ilpumep. CranbHas penieTka UMeeT JUIMHY manean a = 2 M, Beicoty h=1wm, maccer B y3nax m =300xe, jKecTKOCTh

crepxueit EF =0,8-10°xH . Ha puc. 4 noka3aHsl 3aBUCMMOCTH TIEPBOM 4aCTOTHI OT YHCJIA MaHeNIeil, TI0TydeHHbIE YHC-

JICHHO 1 aHAJIMTUYCCKHU.
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Puc. 4. CpaBHeHHe NEPBOii YaCTOTHI COOCTBEHHBIX KOJNIEOaHMH PEIIETKN (); ¥ €€ HI)KHEH aHAIMTUYECKOH OLEHKH My

B 3aBHCHMOCTH OT YHCJIa MaHesel (PUCYHOK aBTopa)



Kupcanoe M. H. Ananumuueckas oyenka 4acmomal cO6CHEEHHBIX KOJIeOAHUIL NIOCKOU PeuiemKu

OrHOCHUTENIbHAS OIPEIIHOCTh € = (0, —®p)/ ®;, B 3aBUCHMOCTH OT YHCIa MaHesel (puc. 5), MokasbIBaeT, 4To C

YBEIMUYCHNUEM YHCIIa TaHeJIeH MOrpenIHOCTh, HauuHast ¢ N =1, pacTter, a 3aTéM MOHOTOHHO U I0CTAaTOYHO OBICTPO YOBI-
BaeT. JTO 0COOEHHO Ba)KHO NPH HCIIOIB30BAaHUHU MONYYEHHOU (DOPMYJIBI MIPU pacdeTe PEeIIeTOK C OOJBIIMNM YHCIOM
MaHeNeH, JUIs KOTOPBIX YHCJICHHBIH CYeT HauMHAeT HaOMpaTh IOTPEIIHOCTh, CBA3aHHYIO C HAKOIUICHHEM OLIMOOK
OKpYTJICHHUS, a 3aTPaThl Ha KOMIIBIOTEPHBIE PECYPCHI OBICTPO PacTyT.
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Puc. 5. HOl’“peH.IHOCTI) AHAJIMTUYCCKOT'O pECIICHUA 1JIA COOCTBEHHOM YaCTOThI B 3aBUCUMOCTH OT 4KCJIa MaHeiell ¥ BBICOTHI h
(pucyHOK aBTOpa)

OO0cy:xknenne u 3akiaoueHus. [IpemiokeHa cxema cTaTHUECKH ONpenenuMoi miockoit pemretku. [locraBieHa 3a-
Jlaya MoJIyYuTh aHAIUTHYECKOE BBIpAXKEHHE HIDKHEW IPaHuUIIbl IEPBOM 4acTOThI COOCTBEHHBIX KOJIeOaHUH pelieTyaToi
(depMBl I MPOU3BOJIBHOTO YHCIA TMAaHENeH B KOHCTPYKIWH. PemeHne MoTydeHO METOJOM HWHAYKIUH B CHCTEME
Maple. Hannune 3kcTpeMyMOB Ha TIOCTPOSHHBIX KPUBBIX JIAET BO3MOXKHOCTH ONTUMH3UPOBATh YKCJIO MaHENeH pemeT-
KH, BEIOpaB HAHMOOJIBIITYI0 TOYHOCTE OIICHKH M TIOZ00paB TpeOyeMyIo 4acTOTy KoyebaHuii. B mpemmoxxeHHOM uccieno-
BaHUM YYTCHBI TOPU3OHTAIBHEIC KOJIEOaHH MacC. Y4eT TOPU30HTANBHBIX KOJIeOaHUI HECKOIBKO YCIOXKHSAST HTOTOBYIO
pacueTHyIO popmyiry, nenas ee Oonee rpoMo3akoil. [loMumo ucmons30BaHHOTO MeToAa JloHKepIes, A OICHKH Tep-
BO# 4aCTOTHI €CTh 00JI€e TOUHBINA SHEPreTUUCCKUI METO ] Pasiest, Maromuii OleHKY MepBOi 4acTOThl CBepXy. OMHAKO U
3TO PELICHUE B PACCMAaTPUBAEMOM CIIy4ae UMEET U3JIMILIHE TPOMO3IKUHA BUJ U 31€Ch HE IPUBOJUTCS.
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0] KOHTPO0JI€ TEXHUIECCKOI'0O COCTOSTHUA JIH(])TOBLIX KaHaTOB HA OCHOBE€
TEeXHOJOT Uil HCKYCCTBCHHOI'0 HHTEJNJICKTA H KOMIIBIOTEPHOI'0 3pCHUA

A. B. Mandunos = D<), A. P. OcynoB"', A. A. Koporkuii~', b. ®. UBanoB
JIoHCKO# rocyiapCTBeHHBIN TeXHUYECKHi yHUBEepCcHUTET, Poccuiickas ®enepanus, r. Poctos-nHa-J{ony, 1. ['arapuna, 1
D4 panfilov@ikemysl.ru

AHHOTAIUSA
Bgeoenue. PaccMoTpensl mpobieMa 0€30MacHOCTH W CHTYyalllsi C aBapUHHOCTBIO INPH OIKCIUTyaTallu JU(PTOBBIX
ycraHoBOK. C TOUYKM 3pEHUS] CTaTUCTUKM 00O3HaueHa poiib JIeeKTOB JIM(PTOBBIX KAHATOB Kak (pakTopa ONACHBIX
MHOUAEHTOB. [lepednciieHbl HEHCIIPaBHOCTH MEXaHWYECKOro 000pynoBaHHs JH(Ta, CBSI3aHHBIE C OpPaKOBOUHBIMH
nokazaTe/siMi kKaHatoB. OTMEYeHO pazinuue B JOKYMEHTalbHOW (MKcauuu OpakOBOYHBIX IOKa3aTeled W HOpM
OpaKoOBKHM KaHATOB MOJbEMHBIX COOPYIKEHHI.
Mamepuanst u memoowi. ONNCHIBAIOTCS H3BECTHBIE ITOIXOABI K KOHTPOJIIO KAaHATOB ITOABEMHBIX COOPY>KECHHM.
[MomuepkuBaercss 0053aTENBHOCTh BH3yalbHO-U3MepHTeNbHOTO KOoHTposiss (BUK) st BbIsIBIEHHS Takux HOPM
OpaKkoBKM CTaJbHBIX JHU(PTOBHIX KAHATOB, KaK: H3MEHCHHE T'EOMETPHUH, KOPPO3UsS M H3HOC, OOpPBIBBI IPOBOJIOK,
TemIiepaTypHoe Bo3zaelicTBue u np. Hopma OpakoBKM NpencTaBieHa B BHJE MaTeMaTHUeCcKOl cucTteMbl. TexHuueckoe
COCTOSTHME TpPW OKCIUTyaTallMd JH(TOBBIX KaHATOB HHTETPAIBHO OIEHUBAETCS II0 COBOKYIHOCTH BBISBIEHHBIX
nehexroB Ha pukcupoBanHoi mnHe. OGOCHOBAHO pElIeHHE CO31aTh MporpaMMHo-anmapaTHeiil komruieke (ITAK) st
MIPAKTUYIECKOI peanu3aiy BU3yaIbHO-U3MEPUTEIFHOTO KOHTPOJIS.
Pesyromamut uccieoosanusn. Paspaboranubiii aboparopusiii oopaser; [IAK BUK cocrout u3 amnmapaTHO# 4acTw,
MOy sl 00pabOTKH BHAEOIOTOKA, CPEICTBA KOMMYHHUKAIIMK JJIsl CBSA3U C CEPBEPOM, CIEIHAIBHO CO3IaHHOTO cohTa U
KJIreHTcKoro MoomibHoro npuioxeHus. [IAK BUK peanusyer cienyromune GyHKuum:

— aBTOMAaTHYeCcKoe OOHapyKeHHE U KiacCH(UKaIMsd OCHOBHBIX 3HAUMMBIX J1e(DEKTOB KaHATOB Ha OCHOBE TITyOOKOMH
CBEPTOYHOU MCKYCCTBEHHOW HEHPOHHOM CETH;

— JIeMOHCTpauusi 0OBbEMHOTO HM300paKeHUsI KaHaTa W ajJrOpUTMa pPa3BepTKH H300paKeHHs C KOMIICHCAIMeH
UCKa)KeHUH, 110 KOTOPOMY (PUKCHPYIOTCS METPUUIECKUE XapaKTEPUCTUKH e(PEKTOB;

— MHTErpaJibHasi OIIEHKa TEXHUYECKOT'0 COCTOSHUS KaHaTa 10 COBOKYITHOCTH OOHAPY)KEHHBIX JIeEKTOB;

— IBETOBas HHTepIHperanus (akTHIECKOro TEXHHYECKOTO COCTOSHHUS KaHaTa C MOCJIEAYIoUmed mepenadeld Ha
MOOMIIBHOE YCTPOHCTBO MOIB30BaTENS.
[IpensaputensHple ucnbITanusa mokaszanu npurogHocts [TAK BUK mns ompenenenus nedexroB. JlocToBepHOCTH
pe3yNbTaToB 1O BbIBICHUIO M KBanudukanuu nedekro npesbicuiaa 80 %. IIpomommkarorcss paboThI MO TIIyOOKOMY
00YYEHHIO CHCTEMBI.
Oécyancoenue u 3axniouenun. I[TAK BUK 1u¢dToBBIX KaHATOB MMO3BOJISET MCKIIOYUTH PUCKH BH3YaJbHOTO KOHTDOJIS,
00yCIIOBIICHHBIE ICHXO(HU3UIECKUM COCTOSIHUEM YelloBeKa, paboTaeT JUCTaHIMOHHO M OECKOHTAKTHO. [IpetoxkenHoe
aBTOpaMHM peLICHUE aBTOMAaTHYECKH OLICHMBAeT OPAaKOBOYHBIC MOKA3aTEIH 10 ISTH KPUTEPUSIM: OOPBIBBI HAPY>KHBIX
IIPOBOJIOK, MIOBEPXHOCTHBIM U3HOC, U3MEHEHHE TUaMETpa KaHaTa, BOJIHUCTOCTb, CIEbl TEMIIEPATypHOTO BO3IAECUCTBUSL.
Baxnbiit pesynprar BHK cTanbHBIX KaHATOB € HCIOJIB30BAaHMEM KOMIIBIOTEPHOTO 3pPEHHMS M UCKYCCTBEHHOI'O
MHTEJJIEKTa — TOBBIIICHUE HAJAECKHOCTH U O€30MIaCHOCTH MPH SKCILTyaTaluy TU(PTOBOTO 000pYAOBaHNSI.

Knrwoueevte cnosa: nedextsl, TUPTOBBIE KaHATH, HOPMBI OpaKOBKH, BHU3yaJbHO-M3MEPHUTEIBHBI KOHTPOJIb,
MIPOTPaMMHO-aINTapaTHBIN KOMIUIEKC, HCKYCCTBEHHBIEC HEHPOHHBIE CETH, KOMITBIOTEPHOE 3PCHHE.

© [angunos A. B., FOcynos A. P., Kopomxuii A. A., Heanog b. @., 2022
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BaarogapHocTH. ABTOPHI BEIpaXXalOT OJIATOAapHOCTH 3a (MHAHCOBYIO HOAmepkKy uccienoBanusi PI'BY «Donng
COJICHCTBHS Pa3BUTHIO MaNbIX (GOpM MpenpHUITHI B HAYYHO-TEXHHUYECKOH ceper.

Js nurupoBanusi. O KOHTpPOJE TEXHUYECKOTO COCTOSHUS JHMQTOBBIX KaHATOB Ha OCHOBE TEXHOJOTHH
HCKYCCTBEHHOTO HHTEIUICKTa M KommbioTepHOro 3peHusi / A. B. Ilandumnos, A.P.IOcynos, A. A.KopoTkuii,
b. ®. Upanos // Advanced Engineering Research. — 2022. — T.22, Ned4. — (.323-330.
https://doi.org/10.23947/2687-1653-2022-22-4-323-330

Original article

On the Control of the Technical Condition of Elevator Ropes Based on Artificial Intelligence
and Computer Vision Technology

Alexey V. Panfilov='D<, Alexander R. Yusupov'=', Anatoly A. Korotkiy“=', Boris F. lvanov
Don State Technical University, 1, Gagarin Sq., Rostov-on-Don, Russian Federation
D4 panfilov@ikecmysl.ru

Abstract
Introduction. The safety problem and the situation with accidents during the operation of elevator installations are

elucidated. The role of elevator rope defects as a factor of dangerous incidents is indicated from the point of view of
statistics. The malfunctions of the elevator mechanical equipment related to the defective indices of the ropes are listed.
There is a difference in the documentary fixation of defective indices and rejection rates of ropes of lifting structures.
Materials and Methods. The well-known approaches to the control of ropes of lifting structures were described. It was
emphasized that visual inspection control (VIC) was required to identify such rejection rates of steel elevator ropes as
geometry change, corrosion and wear, wire breaks, temperature exposure, etc. The rejection rate was presented in the
form of a mathematical system. The technical condition of elevator ropes during the operation was integrally assessed
by the totality of identified defects at a fixed length. The decision to create a software and hardware complex (PAC) for
the practical implementation of visual and measuring control was validated.
Results. The developed PAC VIC laboratory sample consisted of a hardware part, a video stream processing module,
communicator for the server connectivity, specially designed software, and a client mobile application. PAC VIC
implemented the following functions:

— automatic detection and classification of the major significant rope defects based on a deep convolutional artificial
neural network;

— demonstration of a three-dimensional image of a rope and an image scanning algorithm with distortion
compensation, according to which the metric characteristics of defects were fixed;

— integral assessment of the technical condition of the rope according to the totality of detected defects;

— color interpretation of the actual technical condition of the rope with subsequent transmission to the user's mobile
device.
Preliminary tests have shown the suitability of the PAC VIC for identifying defects. The reliability of the results for the
identification and qualification of defects exceeded 80%. Work on deep learning of the system continues.
Discussion and Conclusions. PAC VIC of elevator ropes provides eliminating the risks of visual control caused by the
psychophysical state of a person. It works remotely and contactless. The solution proposed by the authors automatically
evaluates the rejection rates according to five criteria: external wire breaks, surface wear, rope diameter change,
undulation, traces of temperature exposure. An important result of the VIC of steel ropes using computer vision and
artificial intelligence is an increase in reliability and safety during the operation of elevator equipment.

Keywords: defects, elevator ropes, rejection rates, visual inspection control, hardware-software package, artificial
neural networks, computer vision.
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HllHd)quﬂK A.B.u ()p. o KOHmMpOJ1e MEeXHUYEeCK020 COCMOoAHUA sz])moeblx KaHamoe Ha 0CHO6e MexXHO102Ull UCKYCCMEEHH020 UHmMelleKma

BBeaenue. Bomnpocam 0e30macHOCTH NpH AKCIUTyaTallMd JIU(PTOBOrO OOOPYIOBAaHUS YAENSACTCS IOBBILICHHOE
puumanme’ 2 . B Poccwmiickoii Deepanun SKCIUTyaTHPYIOTCS OKOTO 500 THIC. MACCAXUPCKHX, OOIBHHYHBIX M
rpy30BbIX JH(TOB. COrNacHO CTaTUCTHKE aBapuil TU(TOB, IIIaBHbIE MX NPUYMHBI — HEAOCTATOYHOE KaueCTBO JIU(PTOB
1 KOMIUIEKTYOIIHX, & TAK)Ke HeHaUIeXkKallle TeXHUUECKoe 00CITy)KMBaHHE 1 PEMOHT.

AHanu3z aBapuiHHOCTH JH(TOB IMOKa3bIBaeT, 4yTo OKoOo 30 % WHIMICHTOB MNpPSMO WM KOCBEHHO CBSI3aHBI C
TEXHHYECKUM COCTOsIHHEM KaHatoB [1]. Upe3BbluailHO omacHbl JedeKThl, Pa3BUTHE KOTOPBIX MPHUBOJHUT K MAJCHHUIO
KaOMHBI. ABapWU MacCaXUPCKUX JU(PTOB, OCOOCHHO TpareJud C >XePTBAMH, — OYEHb PE30HAHCHBIC COOBITHA. 3a
HapyIIeHHe TPeGOBAHMIT GE30MaCHOCTH MPH IKCILTyaTaIHH THBTOB HPEIyCMOTPEHA aIMHHHCTPATHBHAS U YrOJIOBHAS®
OTBETCTBEHHOCTb.

CBOCBpEMEHHBI M KayeCTBEHHBIH KOHTPOJIb TEXHUYECKOTO COCTOSHUS CTalbHBIX KaHATOB CIIOCOOCTBYET
TIPEIOTBPAIICHHIO OTIACHBIX MHIMACHTOB [2-5].

[oBpexneHns: B KaHATaxX BO3HHMKAIOT M3-32 MX HU3KOTO KayecTBa M OIIMOOK mpu MoHTaxe. ClieICTBHEM HEBEPHO
BBIITOJTHEHHBIX Pa0OT MOXKET OBITh HEJOMYCTHMOE B3aUMOICHCTBHUE C 3JIeMEeHTaMH 000pyAoBaHuUs JIU(Ta, B TOM YHCIIE
ANEKTPUUECKUMH.

CranpHble KaHaTbl MOXKHO CYHTATh UHAUKATOPOM TCXHHUYCCKOTO COCTOSAHUSA HI/I(I)TOBOFO O60pyI[OBaHI/IH. Nx
Je(eKThl CUTHAM3UPYIOT 00 W3HOCE PY4YbeB LIKMBOB, NPOCKANb3bIBAaHMM KaHaTa Ha INKWMBE (B TOM YHUCIE H3-32
W3NIMIIHE CMa3Kh), O MepeKoce KpelwieHHH Jebeqkd, o Jrodrax B JJIEMEHTaxX IEePeAaTOYHBIX MEXaHHU3MOB
NPHUBOJA U T. A. BO3MOXHBIE HEHCTIPABHOCTH 3JIEMEHTOB MEXaHMYECKON YacTH JIU(TA B 3aBUCHMOCTH OT OPaKOBOYHBIX
NoKasarelniell KaHaTOB NPEACTaBIeHBI B TadHIe 1.

Tabmuma 1
HeuncnpaBHOCTH MEXaHHYECKOTO 000pyHOBaHHs JTH(TA, CBI3aHHBIE C OPAKOBOYHBIMHU ITOKA3aTEIIMH KaHATOB

Ne
y Kputepuu 6pakoBku VHaukaTop BO3MOKHOW HEHCIPaBHOCTH
/m
1. I3HOC pyubs IIKKBA.
2. Tlepekoc KaHATOBEAYLIETO MIKKBA MPH MOHTAXE JUOO TEXHUYECKOM
1 OOpBIBEI HAPYKHBIX TIPOBOJIOK | 0OCTYKMBAaHUH.
3. ConpruKOCHOBEHHE C BHCITHUMH 3JIEMEHTAMH IIPH IBIDKCHHH B ILAXTE.
4. Henamiexaiee Ka4ecTBO MOCTABIISIEMOTO CTATBHOTO KaHATa.
. 1. I3HOC pyubs IIKKBA.
2 [loBepXHOCTHBINA H3HOC KaHATa
2. Ilepekoc MIKKBA [P MOHTAXKE MM TEXHUYECKOM 00CITy)KUBAHUH.
1. Henapnexxamiee Ka4ecTBO NOCTaBISIEMOTO CTAJILHOI'O KaHATA.
MecTHOE yBENUYCHUE UITH .
3 2. JleekThl MOHTaXa MK OOCIY)KUBAHHS YPABHOBEIINBAIOIINX YCTPOICTB

YMEHBUIICHUE TNAMETPA KaHaTa
1 MECT 3aJICJIOK CTAJIbHBIX KaHATOB.

1. HeHa;[nex(aLuee Ka4y€CTBO IMOCTABIACMOI'0 CTAJIBHOTO KaHaTa.
4 Bomnucrocts 2. I[G(I)CKTLI MOHTa)Xa WJIW HCHaJICKallce TeXO6CJ’Iy>KI/IBaHI/I€
YpPaBHOBCHINBAIOIIIUX YCTpOﬁCTB 1 MECT 3a/JICJIOK CTAJIbHBIX KaHATOB.

TemneparypHoe BO3EHCTBUE 1. Bo3aecTBrE 2IIEKTPUIECKOT0 TOKA IPU MOHTaXe, HeHa [IeXaIiee

5
(3mexTpUYecKuil TyroBOii pa3psin) | TEXHUYEeCKoe 00CTyKMBaHUE B ITPOIECCE IKCIITyaTaIHH.
Hedexrtsr ypaBHoBemmBaonmx | 1. JledexTsr MoHTaXA.
6 YCTPOMCTB U MECT 33I€TI0K 2. Henanexainee TeXHUYECKOE 0OCITyKUBaHHE.

CTaJIbHBIX KaHATOB 3. YcraHOBKA KaHATOB U3 Pa3HbIX napmﬁ.

1o nopsiKe odOecreueHnst 0e30MacHOCTH ONMACHBIX OOBEKTOB B OOIIECTBEHHBIX M KWIBIX 3naHusx : [loct. IIpaButensctBa PO ot 24.06.2017
Ne 743 // TlpaButensctBo Pocenn : [caiit]. URL: http://government.ru/docs/28241/ (nata obpamenus: 25.10.2022).

2 TOCT P 55964-2014. Jucyter. O6ume TpeboBaHus OGE30MACHOCTH NMpH dKCImyataruy / Poccuiickoe mudToBoe obbemuuenne, «JIudrcepBucy ;
Texuuueckuit komurer mo crangapruzaumu TK 209 // docs.cntd.ru @ [caitt]. URL: https://docs.cntd.ru/document/1200109313 (mara obpamieHus:
25.10.2022).

® TOCT P 54999-2012. Jiugrei. O6mme TpeOGOBAHHS K HMHCTPYKIHH MO TEXHHUECKOMY OOCTyxHBaHMIO nupToB/ Poccmiickoe mHdTOBOC
obwsennHeHne ; Texundeckuit komurer no cranmaprusauun TK 209 // docs.cntd.ru : [caitr]. URL: https://docs.cntd.ru/document/1200096000 (nara
obparenus: 25.10.2022).

4 Hapymenne TpeGOBaHMH NPOMBIIIICHHONH OE30IIACHOCTH WM YCIOBHMH JIMIEH3MH Ha OCYIIECTBICHHE BHIOB MEATCIBHOCTH B 00NacTé
MPOMBIIUICHHOH 6GE30IaCHOCTH  OMACHBIX Mpou3BoACTBeHHbIX 00bekToB. Cr. 9.1.1 KoAIl P®// Koucynsraurllmoc: [caiit]. URL:
http://www.consultant.ru/document/cons_doc_LAW_34661/6db72644d55f955ad23b924b678184a5d027d99f/ (nara obpamenus: 25.10.2022).

5 TIpOM3BOACTBO, XPAaHCHHE, [IEPEBO3Ka MO0 COBIT TOBAPOB U MPOIYKIMH, BBIIOIHCHHE PaOOT HIIM OKa3aHHUE YCIIYT, HC OTBEYAIOIMX TPEOOBAHMIM
6esomacuoctu. Cr. 238 VK P® // Tapanrt : [caiit]. URL: https://base.garant.ru/10108000/82fa894382554e9c56db483eff62c412/ (nara oGpaiieHust:
25.10.2022).
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Ectp CYIIECTBECHHOC pPa3jInviue 6paKOBO‘IHI)IX nokaszaTejaer u HOpM 6pa1<0131<14 KaHaTOB PAa3JIMYHBIX MOABbEMHBIX

6.7 n J'II/I(l)TOB. B nocnennem Cjlyda€ KpPUTCPUU YKa3bIBAOTCA B PYKOBOJACTBC IO OSKCIJTyaTalluU

COOpYKEHUM
KoHKpeTHOrO Jjudra. Takol moaxon cokpam@aer KOJIMYECTBO HHAMKATOPOB Ne(eKTHOCTH, 4YTO, 0E3yCJIOBHO, HE
CHOCOOCTBYET MOBBILIEHHUIO HKCILTYaTallHOHHOW Oe3omnacHocTu. B [1] n3nosxeHsl KpuTepuu U HOPMbI OPaKOBKU.

Marepuansl n Meroabl. KaHaTel — 3T0 mpoayKuus TiyOokod nepepa®oTku cranu. [Ipy cHMKEHHHM 3amaca Mx
MIPOYHOCTH 10 KPUTHUYECKOTO 3HAUEHUS IKCIUTyaTalisl HeIOMyCTHMA.

[[Inpoko W3BECTEH KOHTPOJHh KAaHATOB IMOABEMHBIX COOPY)KCHHH METOIOM MAarHUTHOW nedexTockomuu. Ero
3aIeHCTBYIOT IPH TUATHOCTHKE MACCAKUPCKUX KaHATHBIX JOPOT, TPY30MOABEMHBIX KPAHOB, IOJHEMHHUKOB. JlaHHBIN
MMOAXOJ TIO3BOJISIET pAacllo3HaBaTh BHYTPCHHHE, HEBUINMBIC Ta3y HAe(eKTH, H3MEpATh IOTepH IUIOMIaaN
MIOTICPEYHOTO CEUCHHS KaHaTa, 0OHApYXUBATh JIOKAJIbHBIE HECOOTBETCTBHA. Kak mpaBMiIO, METOJ MUCHOIB3YIOT IS
KOHTPOJIS CTAJIEHBIX KaHATOB AuaMeTpoM Oosee 20 MM.

CpenHuii CpoK CiayObl JHU(PTOBBIX KaHATOB PETIAMCHTHPOBAH M HE MPEBBIIIACT S5 JIeT. 32 3TO BpeMs LHUKIIBI
Hal"py)KCHI/Iﬁ HC MPUBOAAT K HNOTCPE IJIomiaand MONEPCHYHOIO CCUYCHHA M YCTAJTOCTHBIM pa3pylICHUAM ITPOBOJIOK
BHYTpEHHUX cioeB. [1o 3TO npuyrHe MarHUTHYIO 1e(hEKTOCKOIHMIO HE IPUMEHSIOT JJIs TUPTOBBIX YCTAHOBOK.

Hambonee pacnpocTpaHEeHHBIM METOJOM OIICHKH TEXHHYECKOTO COCTOSHHS IJU(PTOBBHIX KaHATOB SBISACTCS
BU3YaIIbHO-H3MEPUTEIBHBINA KOHTPoIb (BUK)®E. OH m03BONSET OLIEHHBATE TEXHIYECKOE COCTOSIHHE SKCILTYaTHPYEMBIX
TUQTOBBIX KAHATOB OIICHUBAIOT I10 CIICAYIOIIAM HOpMaM OpaKOBKH:

— m3mMeHenue reometpun P1(t);

— koppo3sus u usHoc P2(t);

— 00pBIBBI TIPOBOJIOK (ycTamocts) P3(t);

— TemneparypHoe Bozaeiicteue P4(t) u mp.

3meck t — Tekyree BpeMs IKCIUTyaTaluy JTuQTa.

IMox HOpMO#t OpakoBKM MOHUMAIOT BeuduHy Pi(t):

Pi(t) = Pio + Pi'(t). (1)
3nece Pi0 — ckiepoHOMHasI 4acTh, OHA HE 3aBHUCHT OT ! W CBs3aHA C OJHOKPATHBIM IPUIOKEHHEM Harpysok;
Pi'(t) — peoHoMHas YacTh, KOTOpasl HAaKalIUBAE€TCS B MPOIECCe YOPYrOMIACTHYECKOTO  IHKIHYECKOTO

nehOopMUPOBaHUS.

IIpu oreHKke TEXHHMUECKOTO COCTOSIHHS KaHaTa BO BpEeMs JKCIUTyaTallid PacCUMTHIBAIOT TIOTEPU €Tr0 MPOYHOCTH
X0Ts OBl IO OHOMY U3 OPaKOBOYHBIX KPUTEPHEB:

Pi(t) < [Pi], 2
rae i =1+12.

I[Ipn TexHHYECKOM OOCITY)KMBAHUHM IMAacCaXUpCKux InudToB mpoogurcs BUK cranpHBIX KaHAaTOB ¢
MEPUOUYHOCTHIO, ONPEIEICHHONW B PYKOBOJCTBE 10 KCIUTyaTaluu (Kak MpaBuiio, OJUH pa3 B MECSIII).

BUK cranbHbIX KaHATOB COCTOUT U3 JIBYX 3TAIOB:

1) ocMOTp KaHaTa U MECT €ro KPEIJIEHUS C ONTHYECKMMH CPEACTBAMU MK 03 HHX;

2) u3MepeHUs AMaMeETpa, M3HOCA HAPYKHBIX IPOBOJIOK, T€OMETPHUYECKMX OTKIOHEHHMH OT MPSAMOJIHMHEHHOCTH,
TTOPAKEHHSI SNEKTPUIECKIM TOKOM M MECT KPETUICHUS.

KauectBo BUK mpu TexoOCIyXKWBaHMHM CTAIbHBIX KaHATOB CBS3aHO C (DU3UOJOTHUYECKUMHU BO3MOXKHOCTIMHU
3pUTETBHOTO BOCIIPHUATHS ueoBeka [4—6]. B mudre MoxeT ObITh OT 3 10 12 mapauiesbHO PacloI0KEHHBIX KAHATOB
CO CIOXHOW cHCTEeMOM ypaBHOBewmMBaHMsS. KoJMYecTBO 3aBUCUT OT BBICOTHI U Tpy30HOJbeMHOCTH. OneHka
TEXHHYECKOTO COCTOSIHHS KaHATOB, YPaBHOBEUIMBAIONIMX YCTPOWCTB W 3aJCJIOK KOHIIOB IpErojaracT padoTy Ha

BBICOTEC, B CJIOXKHBIX, CTCCHCHHBIX YCJIOBHAX NPHU HCZ[OCTaTO‘IHOﬁ OCBGIIICHHOCTI/IQ. Bo3moxuaOCTH 3pCHUA 4YCJI0BCKa

06 yTBEpXkKACHUHU (eepaabHbIX HOPM M MPABHII B 00J1aCTH MPOMBINUICHHOH 6e3omacHocTH «[IpaBnia 6e30MacHOCTH ONMACHBIX MPOU3BOICTBEHHBIX
O6‘beKTOB, Ha KOTOPBIX HCIOJB3YIOTCA IOABEMHBIC COOpy)KCHI/IH))/ (Dez[epanbﬂa;{ cny)l(6a II0 DKOJIOTMYECKOMY, TEXHOJIOTMYECKOMY U aTOMHOMY
Hagzopy // docs.cntd.ru : [caiit]. URL: https://docs.cntd.ru/document/573275657 (mata obpamenus: 25.10.2022).

" 06 YTBEPXKICHHU (eaepanbHBIX HOPM M MPaBUI B 00JaCTH MPOMBINUICHHON Oe3omacHOCTH «[IpaBuia 06€30MacHOCTH MACCAKUPCKUX KaHATHBIX
nopor u ¢ynukysiepo» /| MenepanbHas ciyk6a MO 3KOIOTHYECKOMY, TEXHOJIOTHYECKOMY M aromHoMy Hajzopy // docs.cntd.ru : [caiit]. URL:
https://docs.cntd.ru/document/573191373 (marta obpamenus: 25.10.2022).

® BO3MOKHOCTH JUIsl Y/IYHIICHHS BH3yalbHOTO KOHTpONsS KaHaToB. Pexomenmammn OITAF Ne 30 / Mex/yHapoaHas OpraHW3als KaHATHOTO
Tpancmopra // goshadzor.ru : [caiiT]. URL: https://www.gosnadzor.gov.ru/industrial/equipment/cable%20cars%20and%20funiculars/
method%20www.oitaf.org/ (mata o6pamenns: 05.11.2022).

® Vision-Based Technique for Lay Length Measurement of Metallic Wire Ropes / A. Vallan, M. Filippo // IEEE Transactions on Instrumentation and
Measurement. 2009. Vol. 58, iss. 5. P. 1756-1762.
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Handm}ms A.B.u ()p o KOHmMpOJ1e MEeXHU4YeCK0o20 COCMOARUA sz]rmoeblx KaHamoe Ha 0CHO6e MexXHO102Ull UCKYCCMEEHH020 UHmMelleKma

orpaHn4eHsl. M3BecTHO, 4TO TOCIIe HAOMIOACHHS 32 ABMKYIIMMCS CTaJIbHBIM KaHaTOM Oosiee 10 MUHYT Ti1a3a ycTaroT
U XyXe BOCHPHHMMAalOT MHOTOYHCICHHbIE OpakoBOUYHBIEC IMOKa3aTelu. KauecTBeHHBIH, OOBEKTHBHBIH KOHTPOIb
TUQTOBBIX KaHATOB TPeOYeT aBTOMAaTH3alMK Ipoliecca. AHANIN3 JINTEPATYPHBIX UCTOYHUKOB, aBapUH W MHIUJICHTOB
roKasall, 4To JJIsi aBTOMaTH3alM1 LeJIeco00pa3Ho 3a/1eCTBOBATh PELICHUSI HA OCHOBE TEXHOJIOTUH KOMIIBIOTEPHOTO
3peHUs U HCKYCCTBEHHOTO nHTesuiekTa [5—10].

ABTOpBI TOCTABWIM II€Jb CO3[aTh TporpaMmHo-ammapartHbiii komruieke (ITAK) BUK mis mpakTrdeckoit
peanm3aniy  BHU3YalbHO-U3MEPUTEIBHOTO KOHTPOISI Ha OCHOBE TEXHOJNOTHH KOMIBIOTEPHOTO 3pPEHHS H
MICKYCCTBEHHOTO HHTEIUICKTA .

PesyabTaThl HcciaenoBaHusi. B smdrax nedexTsl CTampHBIX KaHATOB W HX KPEIUIEHMH aBTOMAaTHYECKH
00HApYXUBAIOTCS U HACHTU(QUIMPYIOTCSA C MMOMOIIBIO CIIEIHAIBHBIX CPeACTB (OoTO- U BHAcO(UKCAH. MammHHOe
3peHHEe U HCKYCCTBEHHBIN HHTEUIEKT 00pabarhiBaloT n300pakeHHs nedekToB. MHTerpanbHas OIEHKa TUIOB U
IapaMeTpOB BbISBICHHBIX e()eKTOB B BUJIE LIBETOBOW MHAMKAIIMH MTEPEAacTCss Ha MOOMIBHOE YCTPOHCTBO.

ITAK BUK aBTOMaTH3UpyeT U 00BEANHSAET JJBAa METOJa KOHTPOJIS: BU3YalbHbIM U MHCTPYMEHTAIbHBIN.

Hwxe nepeuncnens ocHoBHbIe pynkunu [TAK BUK.

1. Pemenne Ha ocHOBE TITyOOKOH CBEPTOYHOM MCKYCCTBEHHOW HEHPOHHOW CETH aBTOMATHUYECKH OOHAPY)KHUBAacT U
KIacCU(UIPYeT OCHOBHBIC Ne(EKTH KAaHATOB M UX 3aJICIKH.

2. Kommiekc kaMep W anropuTM pa3BepTKH H300paKEeHHs C KOMIICHCAIWEelHl HMCKaXEHHH HalT o0beMHOE
n300pakeHne KaHaTa st (PaKTHIECKOTO ONPEAETICHUSI METPHIECKUX XapaKTePUCTHK Je(eKToB.

3. Ilo coBokymHOCTH OOHapyXEHHBIX NE(PEKTOB Ha OCHOBE PHCK-aHAJM3a BBIIONHACTCS WHTETpajbHAs OLICHKA
TEXHUYECKOT'O COCTOSHUS KaHaTa.

4. VMHTerpanpHas OICHKAa B BHJE LIBETOBOTO MHAMKATOpA NMEPHOAMYECKH IeperaeTcss Ha MOOWIBHOE YCTPOMCTBO
MIOJIb30BATEII.

Kom1ieke COCTOUT U3 TpeX JIEMEHTOB.

1. AnmapaTtHasi yacTe. DTO KOPIYC C BMOHTHPOBAaHHBIMH BHJICOKaMEpaMH, KOTOPBIE TO3BOJIAIOT paccMaTpHUBaTh
KaHaT co BceX CTOpoH. CrienuanbHbli MOIyb 00pabaThIBaeT BHICONOTOK, a CPEACTBA KOMMYHHUKAIIUU ITO3BOJISIOT
CBSI3aTHCS C CEPBEPOM.

2. Co3maHHOE C WCHONBb30BaHUEeM creka TexHonoruit Pytorch, TensorFlow, OpenCV mporpammHoe obecrnieucHne
UIIEeT U KIaccupuuupyer Ae(eKThl CTATBHBIX KaHATOB Ha OCHOBE IIyOOKOW CBEPTOYHON MCKYCCTBEHHOH HEHpOHHOM
CceTu.

3. MoOunbHOE npuiIoxKeHue HHGOPMHUPYET MOJIb30BaTelNsi 00 UTOraX MOHUTOPHUHTA.

Jis poTodukcanyy y4acTKOB TOABIDKHBIX CTaJBHBIX KaHATOB 3aJelcTBYIOT miecTh |P-kamep c pasperneHueMm
640%480. OHH 3aKpEIIAIOTCS B KOPIyce, YCTAHOBJICHHOM B miaxte Jndta. KonuuecTBO Kamep 3aBHCHUT OT YHCIIA
KaHaToB, HA KOTOPBIX NOjABeNIeHa KaOwHa ymdra. Kamepsl MOAKIIOYAIOTCS IO MPOBOAHOMY HIIM OECIPOBOJHOMY
KaHally CBSI3M K OJHOIUIATHOMY KOMIIBIOTEPY, KOTOpPBHIH o0OpabareiBaeT H300paxkeHHs W (OPMUpPYET MaKeTHOE
cooOIeHne sl IepecbUIKN Ha cepBep. OIHOIUIATHBIM KOMITBIOTEp POpPMHUpYET MakeTHoe coodbmenune. OHO 1o kabelto
Ethernet wim GecipoBoJHOMY KaHAIly CBS3M Yepe3 MOAEM-POYTEp MepelacTcs Ha cepBep, KOTOPBIH Kiaccupuuupyer
nedexTsl, onpenensieT UX KOJIMIECTBO U METPOJIOTHYECKHE TTapaMeTphl, BEIBOANT HHTETPAJIbHYIO OLIEHKY TEXHUYECKOTO
COCTOSIHMSI KaHaTa, MHTEPIPETHPYET €€ KaK IIBETOBOW MHAWKATOP M B TaKOM BHJE IEpelaeT IOIb30BaTeNi0 depes
MOOWMITLHOE MPUIIOKEHNE.

Ha puc. 1-3 mnpexacrasinenst moxynu I[TAK BUK s nudToBBIX yCcTaHOBOK, (YHKIMOHAJbHAash CXeMa H

arnmnapaTtHas 4aCTb KOMIIJIEKCA.

CepBep UHTErpaTbHON OIEHKH
Moyss Moyis 06paboTKH HepBrYHOrO Y GSM- La pBep D! Pl  Mo6Guwisnoe
La aHan3a, nepeaayu BUJACONOTOK TCXHUYCCKOr0 COCTOSAHUS
BHJEOKaMep Ha cepBep MoJaEM d CTATBHBIX KAHATOB ¢ TpuIONKeHHE

Puc. 1. Moaynu ITAK BUK (pucyHok aBTOpPOB)

10 Crioco6 BH3YalbHO-U3MEPUTEIBHOTO KOHTPOJIS CTaJbHOrO KaHara : nareHt 2775348 Poc. ®dexnepauus : DO7B 1/00 ; B66B 7/1215 ; GO5B 99/00 /
A. A. Kopotkuii [u ap.]. Ne 2021107842 ; 3asBin. 23.03.2021 ; ony6u1. 29.06.2022, Bron. Ne 19. 16 c.
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Puc. 2. Oynkiuonanshas cxema [TAK BUK pacnoznaBanus 1eeKTOB CTaJbHBIX KAHATOB U YPAaBHOBEIIUBAIOIINX YCTPOWCTB Ha
OCHOBE TEXHOJIOTHI KOMITBIOTEPHOTO 3pEHUSI M HCKYCCTBEHHOTO HHTEIUIEKTa: | — ypaBHOBEUIMBAIOIIEE YCTPOHCTBO; 2 — Ne(eKTHI
kaHara; 3 — IP-kamepa; 4 — GSM-moznem; 5 — HelpoBbMUCITHTEND; 6 — H300paXkeHNne B MOOMIEHOM YCTPOMCTBE (PHCYHOK aBTOPOB)

a) 0)

Puc. 3. Annaparnas yacts [TAK BUK: @ — MecTo B IH(TOBOM yCTaHOBKE; 6 — TOUYKH yCTaHOBKH IecT IP-kamep (poTo aBTOpoB)

[MTAK BUK c ucrnosib30BaHHEM KOMIBIOTEPHOIO 3pEHUSI HACHTHOUIMPYET U KIacCU(UIHUPYET OCHOBHBIE JIEEKThI
CTaJIbHBIX KaHATOB JH(TOBBIX YCTAHOBOK M YPABHOBEIINBAIOIIMX YCTPOHCTB!

1) o6pBIBBI HAPYIKHBIX TPOBOJIOK;

2) MOBEPXHOCTHBIH H3HOC MPOBOJIOK;

3) yBeNMUYeHUE WM YMEHbIICHHE JHaMeTpa KaHaTa;

4) nedopmanuio B BUJIE BOJTHUCTOCTHU («IITOMIOPAy);

5) MOBpexACHHUS OT IJIEKTPHYECKOTO JYTOBOTO Pa3psiaa;

6) neeKThl YpaBHOBEIIMBAIOIINX YCTPOHCTB.

B 6aze nanHBIX coOpaHbl (OTO- M BHIEO0Opa3bl THIOBBIX NE(PEKTOB CTAIBHBIX KAHATOB M YPaBHOBEIIMBAIOLIMX
ycrpoiictB. Kommieke nepuogudecku uOO IO 3alpocy BBIBOJUT JAWUCTAHIMOHHYIO MHTETPAIBHYIO OLCHKY
OpaKkOBOYHBIX IOKa3aTelell KaHATOB M Je(PEKTOB YpaBHOBEIUHMBAIOIIMX YCTPOICTB M IepefacT ee Ha MOOWIBHOE
NPUII0KEHUE TI0JI30BATEs.

BeraucnuTenbHbI anmapar UCIOIb3yeTcs Ul HHTETPabHOW OLEHKHM TEXHUYECKOTO COCTOSHUS CTAJbHOIO KaHATa
U MHTEpIpETaluy pe3yiabTaTa ¢ MOMOIIBIO BeTa (KPACHBIH, JKEITHIH, 3€JICHBIH). DTO MO3BOJIIET HHTEIPUPOBATHCS C
CEHCOpaMH, YCTAaHOBJICHHBIMH B CHCTEMax YIIPaBJICHHS W JIUCIIETYEPCKOH CBA3M JUQTOB, a TaKKe C IpOrpaMMaMu
OHJIANH-KOHTPOIs Texo0cmyxuBanus «JIudT MOHHTOPHHr»'' i 0GmauHOM MIaTHOPMON ABTOMATH3AIME CEPBHCHOTO
o6cmyxuBanms «Apmukos. Onlinex™,

[pennoxxeHHOE pelleHne NpeIBapUTEIBHO HCTIBITAIN Ha JIAOOPAaTOPHOI JIMPTOBOI YCTAaHOBKE C TPEMsI KaHATaMH C
OpraHM4ecKuM cepaedHukoM. Mx xapakrepuctuku coorsercryror 'OCT 3077-80:

— nBoiiHas cBuBka tuna JIK-O;
— koHCTpyKIms 6x19 (1 +9+9) +1o.c.;
— quameTp 10 M.
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Handmﬂas A.B.u ()p o KOHmMpOJ1e MEeXHU4YeCK0o20 COCMOARUA sz])moeblx KaHamoe Ha 0CHO6e MexXHO102Ull UCKYCCMEEHH020 UHmMelleKma

TectupoBaHHe MOKa3al0 pealnu3yeMOCTh METOJa OIpEACICHHs IEPEUYHUCICHHBIX BbIe AePEKTOB C
ucnons3oBanrem I[TAK BUK. [loctoBepHOCTh BbIsSBICHHS U KBamudukauuu aedextoB mpesbicuna 80 %. s
yIAYYIICHUS PE3yJIbTATOB MPOAOIKAIOTCS PAbOTHI MO TITyOOKOMY OOYUCHHIO CHCTEMbI: COBEPUICHCTBYIOTCS AT OPUTMBI,
YBEIMYUBACTCSl KOJMYECTBO M KAyeCTBO JAaTaCeTOB O0pa30B THUIOBBIX Je(EKTOB CTaJbHBIX KAHATOB H
YPAaBHOBCILIMBAIOIINX YCTPOHCTB.

O6cyxnenne u 3akiaoveHus. JledeKkTsl CTambHBIX KAaHATOB MOTYT NPHBECTH K MaacHUIO KaOuHbl nudra. [Ipu
TEXHHYECKOM OOJY)KMBAaHHHM JIUPTOB Uil TOJHOM OLECHKH pEalbHBIX PHCKOB aBapuii M HWHIWACHTOB ObIBaeT
HEIOCTATOYHO BU3YaJIbHOTO KOHTPOJISL.

YCcTaHOBIIEHO, YTO TEXHOJOTHU KOMITBIOTEPHOTO 3PEHHUSI U UCKYCCTBEHHOTO MHTEIUICKTa MOXKHO HCIIOJIb30BATh IS
HUHTErpaJbHOW OIIGHKH TEXHHYECKOI'0 COCTOSHHS CTalbHBIX KaHATOB, M 9TO 3HAYHMTENLHO MOBBINIAET YPOBEHb
0€30MaCcHOCTH MPH IKCILUTyaTalluy TU(TOBBIX YCTAHOBOK.

IMAK BUK nudTOBBIX KAaHATOB HCKIIOYACT PHCKH, CBA3AHHBIC C MCUXO(DU3MYECKHM COCTOSHHEM YETIOBEKa,
OIIPEEISIOIETO COCTOSIHUE CHCTEMBI. TakuM 00pa3oM MOXKHO HOBBICUTH 0€30HAaCHOCTH HKCILIyaTallH JH(TOBOIO
000pyI0BaHUS.

Hoctounctra paspadarsiaecmoro [TAK BUK nu¢ToBBIX KaHATOR:

— ()YHKIIMOHUPOBaHHE B ABTOMAaTHYECKOM PEXUME, HEMOCPEACTBEHHO B 9KCIUTyaTHPYeMOM JH(TE;

— OCCKOHTAKTHOE OOHapy)KeHHEe OpPaKOBOUYHBIX IOKAa3aTesiei ¢ MOMOIbI0 (OTO- U BUACOHAONIONCHHS (MAIIHHHOS
3peHue);

— aBTOMAaTHYeCKas OllEHKA OPAKOBOYHBIX MMOKA3aTelNeH MO MATH KPUTEPHUSM B PEXKHUME OHJIAIH (OOPBIBBI HAPYKHBIX
MPOBOJIOK, TMOBEPXHOCTHBIA HW3HOC, MECTHOE VYBEJIMYCHHE WM YMCHBIICHHE IMaMeTpa KaHaTa, BOJHUCTOCTH,
TEMIIEPATYPHOE BO3/ICUCTBHE);

— Tepeaaya Ha MOOHIIbHOE TIPIJIOKEHHE TT0JIb30BATENsl OPAKOBOYHBIX TIOKA3aTeNeH B [BETOBOI KOJIUPOBKE;

— 00paboTka n300paxkeHui ¢ 1eeKTaMu CTATbHBIX KAHATOB UCKYCCTBEHHBIM HHTEIICKTOM.

INorennuansubie norpedutenu [TAK BUK:

— OKCIITyaTaHTBl — OpTraHUu3alu, OTBETCTBECHHBIC 3a TCXHUYCCKOE COCTOSIHUEC J'II/I(I)TOB;

— TOBApHUIIECTBA CO6CTB€HHI/IKOB KUJIb, YIIPaBJIAIOMINE KOMIIaHUH,

— TPOU3BOJIMTEIH, IOKYNATEIH U MPOJIABIIbI MACCAKUPCKUX JTU(PTOB.
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KOMIIO3UIIMOHHBIX MATE¢PHAJI0B HA OCHOBC HHBAPHAHTOB

A. B. oo~ ><, B. IO. Bostomuna ', K. A. KypaBckuii =, M. A. Jlabuna

BoeHnHsIli yueOHO-Hay4HBIH neHTp BoeHHO-BO3MyIIHEBIX crit «BoeHHO-Bo3ymiHas akagemust iMeHH npodeccopa H. E. XKykoBckoro
u 0. A. l'arapunay, Poccuiickas ®@enepauus, r. Boponex, yn. Ctapsix bonbimesukos, 54 a

D« avpnil@rambler.ru

AHHOTAN NS

Beedenue. KoMmo3nIMOHHbIE MaTEpPHAIBl SBISAIOTCS OCHOBHBIM CIIOCOOOM YMEHBIICHHS MacChl KOHCTPYKIMH
JIETATEIbHOTO amlapaTa W MOBBIMICHHUS €T0 JIETHO-TEXHUYECKUX XapaKTePUCTHK. MeTobl Hepa3pymaromero KOHTPOIIs
TIO3BOJIAKOT OLCHUTH TEXHUYCCKOC COCTOSHUE KOMIMO3MIHMOHHBIX MAaTCpHUAJIOB, a TAKXKE ONPEACINTH KOHLICHTPATOPHI
HaNpspKeHWH B HUX C IIEJBI0 MPUHATHS PEHICHHs O AajbHEeHIIelH SKCIUTyaTaliy JaHHOTO 00beKTa KOHTpoisi. B pabote
TIPECTABIICH aHAJIU3 MPUMEHEHHS KOMITO3UIIMOHHBIX MaTePHaJIOB B KOHCTPYKIIMH JIETATEJIFHBIX alNapaToB U CIIOCOOBI
TOBBIIICHUA HMX JIETHO-TCXHUYCCKUX XaApPaKTEPUCTHUK 3a CYET MNPHUMCHCHHUSA KOMIIO3HUTOB. Omnucan aKyCTHUKO-
SMHCCHOHHBI CHOCOO OLEHKH TPEIMHOCTOMKOCTH Ha OCHOBE WHBAapHaHTOB. Llenblo HccieqoBaHMs SIBIISUIOCH
TIOBBIIIIEHHE TOYHOCTH W OIEPATHBHOCTH OLEHKHM TPEIIMHOCTOMKOCTH KOHCTPYKIMH JIETaTENbHBIX ammaparoB M3
KOMITO3HIIMOHHBIX MaTEpPHAJIOB 33 CUET IPUMEHEHHS aKyCTHKO-?MUCCHOHHOTO METO/1a HEPa3pyIIatoero KOHTPOJIS.
Mamepuanvt u memoosl. llpuBeneHa HOMEHKIATYpa MPUMEHIEMBIX KOMIIO3UIIMOHHBIX MAaTE€PHAJIOB B JIETATEIbHBIX
ammapaTtax M IIPOM3BEICHO CpPaBHEHHE MX (DPU3MKO-MEXaHMYECKMX CBOWCTB. VIcmonb30BaH aKyCTHKO-dMHUCCHOHHBIN
METO/ Hepa3pyIIAIOIEero KOHTPOJISI KOMIIO3UIIMOHHBIX MaTepHaioB Ha OCHOBE HHBAPHAHTHBIX COOTHOLICHHH.
Pezynomamur uccnedosanus. Pazpaboran croco0d OLEHKH TPEIMHOCTOMKOCTH CHUJIOBBIX 3JIEMEHTOB KOHCTPYKLHUH Ha
OCHOBC MHBApPHUAHTOB aKyCTUKO-OMHUCCUOHHBIX IIPOLIECCOB U HpOFpaMMHO-aHHapaTHBII\/’I KOMIIJIICKC Ha €ro OCHOBC.
Oécyacoenue u 3axntouenusn. lloydeHHble pe3yIbTaThl MOTYT OBITH MCIIOJIB30BAHBI TIPH OIPEAEIEHUH POYHOCTHBIX
XapaKTEepPUCTUK KOMMO3UIIMOHHBIX MAaTEPHAJIOB aKyCTHKO-IMHUCCHOHHBIM METOJOM Hepa3pyLIAIOUIero KOHTPOJIS IS
MPOBEACHUA OLUCHKN TEXHUYCCKOTO0 COCTOAHUA CUIJIOBBIX 3JICMCHTOB KOHCprKHI/Iﬁ B MAlIMHOCTPOCHHUHU, CYTOCTPOCHUN
n aBuactpoeHnH. CTaThsi PEKOMEH/IOBaHAa HAyYHBIM COTPYIAHMKAM, 3aHHUMAIOIIMMCS pPa3paOOTKOM JIeTaTeNIbHBIX

armapaTos.

KiroueBble c10Ba: KOMITO3UIIMOHHBIE MAaTEpHabl, JICTATEIBHBIM ammapaT, Hepa3pyalomnui KOHTPOJb, aKyCTHKO-

SMHCCHOHHBIN KOHTPOJIb.

Bbnaropapuocru. VccnenoBaHusi BbBIIOJNHEHBl Mpu mnojaepxkke mnporpammbel «YMHUK» Poccuiickoro ®onna

COHGﬁCTBI/Iﬂ HWHHOBaLUAM.

Joisi muTHpoBaHMA. AKYCTHKO-OMHCCHOHHBIN CIIOCOO TMarHOCTUKU KOHCTPYKIMH M3 KOMIIO3UIIMOHHBIX MaTepHaloB
Ha ocHoBe mHBapuantos / A. B. ITonos, B. 0. Bonommna, K. A. XXypasckuii, M. A. Jlabuna // Advanced Engineering
Research. — 2022. — T. 22, Ne 4. — C. 331-337. https://doi.org/10.23947/2687-1653-2022-22-4-331-337
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Acoustic Emission Method of Diagnostics of Structures Made of Composite Materials Based
on Invariants
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Military Educational and Scientific Center of the Air Force “N.E. Zhukovsky and Y.A. Gagarin Air Force Academy”, 54a, Starykh
Bol’shevikov St., Voronezh, Russian Federation
D< avpnil@rambler.ru

Abstract

Introduction. Composite materials are the main way to reduce the weight of the aircraft structure and improve its flight
performance. Methods of non-destructive testing enable to assess the technical condition of composite materials, as well
as to determine stress concentrators in them to make a decision on the further operation of this control object. The paper
presents an analysis of the use of composite materials in the aircraft design and ways to improve their flight
performance through the application of composites. An acoustic-emission method for assessing crack resistance based
on invariants was described. The study aimed at increasing the accuracy and efficiency of assessing the crack resistance
of aircraft structures made of composite materials through the use of the acoustic emission method of non-destructive
testing.

Materials and Methods. The nomenclature of composite materials used in aircraft was given, and their physical and
mechanical properties were compared. The acoustic emission method of non-destructive testing of composite materials
based on invariant ratios was used.

Results. A method for assessing the crack resistance of primary structural elements based on the invariants of acoustic
emission processes, and a program apparatus complex based on it has been developed.

Discussion and Conclusions. The results obtained can be used to determine the strength characteristics of composite
materials by the acoustic emission method of non-destructive testing to assess the technical condition of primary
structural elements in mechanical engineering, shipbuilding, and aircraft construction. The paper is recommended to
researchers involved in the development of aircraft.

Keywords: composite materials, aircraft, non-destructive testing, acoustic emission control.
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BBenenmne. IloBbiieHue neTHO-TeXHUUECKUX XapakTepucTHK (JITX) u cHHkeHUEe Beca KOHCTPYKIUH JIeTaTeIbHBIX
anmnapaTtoB NpU COXPAHEHUHM HX JOCTATOYHONW NMPOYHOCTH M >KECTKOCTH SBIISIETCS OCHOBOIOJAraromed 3agadeid B
aBuacTpouTenbHol obnactu [1, 2]. Buenpenune kommo3unuoHHbXx MaTepuanoB (KM) 4acTHYHO MO3BOJISET PEIIUTH
JNAHHYIO 3a/1a4y.

Pazpabotunku netarenbHBIX anmapatoB (JIA) MOCTOSHHO BHEIPSIOT B aBHAIIMOHHYIO TEXHUKY HOBBIE MaTEpHAIIbI
s moBbimenuss JITX w cHwkeHUss Macchl KOHCTpYKIMH. KM TO3BOJSIOT CHU3HWTH Maccy Kpblaa, Qro3enska u
onepenus. Bricokue pu3nko-mexanndeckne cBoiicTBa KM MOBBIMIAIOT )KECTKOCTh U MPOYHOCTH KOHCTPYKIIHH.

K ocHoBHbIM mpenmymiectBaM KM OTHOCAT BBICOKHE 3HAYEHUS YACITBHOW IMPOYHOCTH, KECTKOCTH (MOIYIh
ynpyrocta 130-140 T'Tla), m3HOCOCTOMKOCTH M ycTamocTHoi mpounoctn ' ?[3,4]. K memocrarkam KM otmocsT
TUTPOCKOMUYHOCTh, 3HAUYMUTEIbHYIO CTOMMOCTh, AHM30TPOINMIO CBOMCTB, HM3KYIO YJIApHYIO BS3KOCTb, HHU3KYIO
9KCIUTYyaTallMOHHYIO TEXHOJIOTMYHOCTb.

Lenpto wHccnenoBaHuss SBIASUIOCH TOBBIIIEHHE TOYHOCTH UM ONEPATUBHOCTH OIEHKH TPEIMHOCTOHKOCTH
KOHCTPYKIUH W3 KOMIO3HIIMOHHBIX MATCPUAJIOB 32 CYCT IPUMEHECHHUS aKyCTHKO-IMUCCUOHHOTO (AD) KOHTPOJIS.

Marepuansl U MeToibl. B aBuactpoenuu npumensiercst mupokuii ciektp KM [1, 4] (puc. 1), 3a cuér xoTopbhIx
MOJKHO 00JerdaTh BEC KOHCTPYKIMHA. DTO JOCTHraeTcs MyTeM 3aMEHBI 3JIEMEHTOB, BBIITOJHEHHBIX U3 TPAJAUIIMOHHBIX
MaTepuaioB (CIUIaBbl TATAHA U ATFOMUHMS, cTann), Ha KM.

! [paBuna opraHu3alMK U NPOBENEHHS aKyCTHKO-3MHCCHOHHOTO KOHTPOJIS COCY/IOB, amNapaToB, KOTIOB M TEXHONOTHUECKHX TPyOonpoBoaos. 116
03-593-03 / Tocrexmamsop  Poccun. M.: IIMO  OBT.  2003. 102 c. //  files.stroyinfru @  [caiit].  URL:
https://files.stroyinf.ru/Data2/1/4294816/4294816759.htm (nata obpauienus : 28.09.2022)..

2 Mipanos B. M., Biaco M. D. Meron akyctuueckoit smuccuu // Hepaspymarommii kontposs. Crpasounuk B 8t. T 7. Ku.l. / TTox obm. pen.
B. B. KimtoeBa. M : MammHoctpoenue. 2006. 340 c.
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Ilepen npenpuATHSIMY aBUALIMOHHOM MIPOMBIIIJICHHOCTH CTOAT JIBE Ba)KHBIE 334K

— OLEHUTh MPOLIECCHl HAKOIUJIEHUS MOBPEXIECHUH U paspyumieHud KoHCTpykuud u3 KM Bo Bcem amamazoHe
3HAKOIIEPEMEHHBIX HATPY30K;

— OLIEHUTh KauecTBO cepuiiHoM npoaykuuu u3 KM nmyteM npoBeeHusl IPOYHOCTHBIX UCIIBITAHUH.

B OCHOBHOM BBIZIENAIOT CIEAYIONIHME CXeMbl paspymreHus KM (puc. 1):

| { f f s—

' Il AN

i —
SN
a) 0) 6) 2) 0)

Puc. 1. Cxemsl pa3pymieHHss KOMIO3UIIMOHHBIX MaTEPHANIOB: @ — HPH PACTSHKEHUHU BJOJIb BOJIOKOH; 6 — IIPH CXKATHH BJIONb
BOJIOKOH; 6 — IIPU PacTsKEHUM MONEPEK BOJIOKOH; 2 — BBI3BAHHOE C/IBUTOBBIMU HAIIPSXKEHUSAMHU IIPU CKATUU NTONIEPEK BOJIOKOH;
0 — paccIOeHNe MaTepHana, BBI3BAaHHOE CABUTOBBIMH HANPSKEHUAMHE (PHCYHOK aBTOPOB)

B Hacrosiee Bpemst 0co00e MECTO CPEeAr METO/OB AMAarHOCTHPOBAHMSI KOHCTPYKIMHA OTBETCTBEHHOTO HAa3HAYECHUS
3aHUMaeT aKyCTUKO-3MHICcCcHOHHBIH (AD) meTox HK.

Meton AD ocHOBaH Ha perucTpaluy aKyCTHYeCKHMX BOJIH, M3idydyaeMblx npu paspymeHun KM. K ocHoBHbIM
MPEUMYIIECTBAM JaHHOTO MeTo1a oTHOCAT [5-11]:

— KOMIUTEKCHBIH Xapakrep uccinenoanus KM (MexaHuKa pa3pynieHus U akycTHYeCKasl IHarHOCTHKA);

— peructpanus pa3suBaromuxcs negexros KM;

— BBICOKAsi YYBCTBHUTEJIBHOCTh K pactymuMm naedekram KM (uyBcTBUTENBbHOCTH AD ammapaTypbl HOpsaKa
1x10°® mm? st TpemuHsl KM npoTshKeHHOCTRIO 1 MKM);

— HCTOJIb30BaHUE HECKOJIBKUX Mpeobpa3oBareiel;

— JMCTAaHIIMOHHBIA KOHTPOJIb OOBEKTOB ITPH 3HAYUTENHLHOM yAaIeHHH OT AD ammaparypsl.

AD B KM mnpexcrasiser co00i HecTallHOHAPHBIHN CITyYaiHBIN MpoIece U3TyIeHUs YIpyTruX BoyH. Mcxoas u3 3Toro,
JUIst 00pabOTKM M aHajIM3a TAaKMX IPOLECCOB MOTYT NPHMEHSTHCS METOJbI CTaTH4YEeCKOW panuoTexHuku. Ha ocHoBe
ITyaCCOHOBCKOTO PaclpeeleHus] BBIIOJIHICTCS HW3BECTHOE PABEHCTBO MEXKAY MAaTeMaTHYeCKUM OXHAAHHEM U
JMCIIepCcHel KoJmuecTBa COOBITHH B CIydaifHOM mporecce:

mlx] = D[x] = 2, 1)
rje A — UHTEHCUBHOCTD YMCIIa UMITYJIbCOB Ha 33JJAHHOM MHTEPBaJIe BEIOOPKH.

OTO COOTHOIIEHHE IO3BOJSET MOCTPOUTH MapaMEeTPUYECKHe WHBAPHAHTHI, CIPABEUIMBBIE TOJBKO  IUIS
IyacCOHOBCKOTO ~TpoIiecca, M HAa JTOH OCHOBE OIGHHUTh OTKIOHCHHWE AaHAJIM3HUPYEeMOro TIpolecca OT
myaccoHoBckoro [5, 6, 12, 13]:

L = (m[x®] = 3-m[x’] - m[x] + (m[x])*) — m[x] = 0. (2)

Bripaxenune (15) MoeT HCHOIB30BATHCS KaK WHBApHUAHT KOJIMYECTBA MMITYJIBCOB AD Ul ONpeNeeHus] CTeIeHI
OTKJIOHEHUS TOTOKa AD MMITYJIECOB OT ITyaCCOHOBCKOTO IpH IpoBeaeHuN AD uctbiTannit KM.

Ha ocnoBanum (15) momyunm emie HECKOJIBKO BBIPRKEHWH s OINPEAETICHUs CTENEHH OTKIOHEHHS II0TOKa
UMIYynIbCOB AD OT IIyacCOHOBCKOTO:

_ omlx] _ ..
12 - m[x3] - 11 (3)
_ m[x](1-2-(m[x]?)+3-m[x?]) _
I = e -1, (4)

IIpu obpa3oBannm MakpoaedeKkTa XapakTEPHUCTUKHA ITOTOKOB HMITYJbCOB AD CTAaHOBSTCS 3aBHCHMBIMH, UYTO
paspyIIaeT TUnoTe3y IMyacCOHOBCKOTO MOTOKA M MPHBOAUT K HAPYLICHUIO PaBEHCTB (2—4).
JanHblii monxon peanu3oBaH B nporpamMHo-anmnapatHoM komiuiekce (ITAK) (puc. 2), xoropslii mo3Boiser

UAeHTHOUIHUPOBATH TPEIIUHONOI00HbBIC Ae(eKTh B pa3nuunbix KM [12, 13].
ITAK cocTout u3 cienyromux KOMIOHEHTOB!
— mHpoKomnoyocHsie mbeoaaranku GT300, padounit muanazon yactor —100-800 kI 1, pe3oHaHcHas yactota 283 kI
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—yeuwnurens  GT200A, xkoadpdunuent ycunmenus — 1-200, mnpemensl JomycKaeMOW — JOMOJHHUTEIBHOM
OTHOCHUTEIIFHOW TIOTPEITHOCTH Kod(duuueHTa mpeodpazoBaHMWA 1O 3apsAgy B paboueM uamazoHe TeMIlepaTyp
cocraBiaroT oT —40 °mo + 85 °C ¢ morpemHocThIO + 1 %;

— AT E20-10 — o6sicTponeticTBytommii Moxyns ALl ¢ mammuamem USB mHTepdeiica ams nogxmouerns k [1K,
koToperit umeet 4 kanama AL 14 6ut/10 MI'n ¢ pyakmmelt MynpTHITIEKCHpOBaHus, 16 kKaHaIOB nH(pOBOro BBOJA U
BBIBOJIA, coBMecTuMbIe ¢ TTL morukoit, a Takke 2 kanana ITAII 12 out/ +5 B;

— II5BM, BY kabenu.

To4HOCTP W JOCTOBEPHOCTH pErucTpanud W o0paboTku AD o00ecredMBaeTCsi YacTOTHBIMU IapamMeTpamMu
nbe3onatunkoB U AL, koTopsle cornacyroTes ¢ TeopeMoit KoTenbHUKOBa, KOTOpast TIIacUT O TOM, YTO HENPEPBIBHBIIN
CUTHAJI C OTPaHUYECHHBIM CIIEKTPOM MO>KHO TOYHO BOCCTAHOBHTH IO €0 JTUCKPETHBIM OTCUETAM, €CJI OHU OBUIH B3SITHI
C YaCTOTOU TUCKPETU3AIMH, IPEBBIIAIONIEH MaKCUMAJIbHYIO YaCTOTY CUT'HAJIa MUHIMYM B JIBa pa3a.

B TTAK wucmomesyercs mporpaMMHas aMmIDIUTyZHAs IMOporoBas (GmibTpamus, a TakXKe CHoco0 CTiaXKUBaHUS
PE30HAHCHOM aMIIMTYIBl 3aTyXaHUs HMITyJbCOB Ha OCHOBE NH(POBOTO IHKOBOI'O JAETEKTOPa, ITO3BOJISIONINN
MOJTYYUTh SKCIIOHCHINAIBHOE CIIXUBAaHIE (POPMBI UMITYIIbCOB AD JUIS MOBBIICHHUSI TOYHOCTH MX PETHUCTPALIUH.

Jlnst KOMIIEKCHOTO aHalli3a B pealbHOM Macmrabe BpeMEHH MHOXKECTBa MH(OPMATHBHBIX MTApaMETPOB CHI'HAIOB
AD pazpaboTaHa METOMKa OIIEHKH MHOTOIIapaMeTpHUIecKoi HH(POPMAIH, OCHOBaHHAsI HA 00bEANHEHUH («CBEPTKUY)
nH(pOpMATUBHBIX MapaMeTpoB AD METOJaMU TEOPHU HCCIIETOBAHUS ONEPaLHiA.

Pa3paboTanHas mporpaMMHas peanu3anysi METOAMKHA MMEET CIeIyIOIINe OCHOBHBIE (DYHKUIMOHAJIbHBIC PEXUMBI:
HACTpOUKa, MpPOBEepKa (PYHKIMOHUPOBAHHS, BBOJ OTPAHUYCHHUI M UCXOMHBIX JAHHBIX, HAOJIOCHHE 32 U3MCHCHHUEM
Harpy3ok, aedopManuii W OCHWIIOrPaMM HMITYJIbCOB AD, KOMIUIEKC HH(GOPMATHBHBIX MapameTpoB AD W HX
«CBEPTKM» IO KaHAJaM PETUCTPAaIMM, OIpelesieHHe MECTOIOJIOKEHUS Ne(EeKTOB, OIEHKAa ONAaCHOCTU Ie(EeKTOB U
BO3MOXKHOCTH JIaJIbHEHIIIEH 9KCIUTyaTallii KOHCTPYKIIMH, XPaHCHHUE PE3YIIbTaTOB.

Tak xak AD sBIsE€TCS TACCHBHBIM METOJOM HEPa3pyIIAIOIIETO KOHTPOJA, OAWH IbE30JaTdhK MOXKET
PETHCTPHUPOBATh CHTHAJIBI C OTJEIEHOTO CHIIOBOro 31eMeHTa JIA (puc. 2 6).

Ot marepuaina, npoQuiIs ¥ TOIIIMHBI UCIIBITYEMbIX 00pa3IloB 3aBUCHUT 3aTyXaHHE YIPYTHX BOJH, YTO OIpENENsieT
KOJIMYECTBO HCIIOIb3YEMbIX IThe30IpeoOpa3oBaTeliell U pacCTOSHIE MEXy HUMH. 3aTyXaHne CUTHAJIOB ONpENessieTCs
OTBITHBIM ITyTEM IPHU MOMOIIM MMHTaTOpa AD CHTHANOB Iepea NMPOBEACHHEM HCIBITAaHHH 00pas3IioB M 3JIEMEHTOB
KOHCTPYKLIUK.

s nokanu3anuu 1eeKTOB 32 OCHOBY ObLI B3ST TPHAHTYJISIIMOHHBIA METOJ 3'4, 4YTO IIO3BOJISIET ONPEHENATH B
CHJIOBBIX AJIEMEHTaX KOHCTPYKIIMH MECTOTIONIOKEHUE Ae(DEKTOB B peabHOM MaciTade BpeMeH! ¢ TOYHOCTHIO 70 0,1 M.

0)
Puc. 2. [IporpamMMHO-anmapaTHBIH KOMIDIEKC aKyCTHKO-3MHUCCHOHHON THArHOCTHKU: @ — KOMILIEKC B cOope; 6 — pa3MeleHne
JATYMKa KOMITJIEKCa MPH UCTIBITAHKUSX 3epPOHA JIETATEIBHOTO anmnapaTa Ha cTeHe (pOoTo aBTOPOB)

PesynbTaTel  umccaemoBaHusi. J[Is  OEHKHM JTOCTOBEPHOCTH MPEUIOKECHHOTO METOJa WHBApUAHTOB H
gyBcTBUTEIbHOCTH [TAK K OlleHKe pa3BHBAIOIUXCS Ae(EKTOB ObUTH MPOBEACHBI MPOYHOCTHBIE HCIBITAHUS CEPHU
obpasnoB KM KMYV-1B no paspymenus. Harpyska ocymectsisuiack pa3peiBHOM MammHoit PM-1. Ilepen magamom
UCMBITAHUN Ha PACTSDKEHHE 10 pa3pylLICHHs Ha MOBEPXHOCTh 00pa3lia YCTAHABIUBAJICS MbE30IJICKTPHUUECKUN JaTUUK

® 16 03-593-03. IpaBuna OpraHW3alMM ¥ TPOBEACHHS AKYCTHKO-DMHCCHOHHOTO KOHTDOIS COCY/IOB, amlapaToB, KOTJIOB M TEXHOJOTMYECKHX
Tpy6onpoBonoB / ['octexnanzop Poccuu. 2003. 102 c.

* Hepaspymatomuii konTposb: Cripapounnk: B 8 1. / TTox o6m. pen. B. B. Kmoesa. T. 7: B 2 ku. Ku. 1: B. Y. WBanos, M. 3. Biacos. Mertox
akyctudeckoil smuccnu. Km. 2: @. 5. bamumxwmii, A. B. Bapkos, H. A. bapkxoBa m np. BuOpommarHoctmka. 2-¢ m3fd., ucmp. Mocksa :
MamunocTpoenue, 2006. 829 c.
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yepe3 CJIOH KOHTakTHOW cma3ku (Lluatum) s ydaydmieHHs aKyCTHYECKOro KOHTakTa. B xome ucmblTaHMA
PETHCTPUPOBAINCE aKyCTHYECKHE HMITYJIBCHI, BO3HHKaromme B cTpykrype OK mpu co3maHuM Harpyskd. YHpyrue
BOJHBL AD pErHCTPHPOBAINCH MBbE30JATYUKOM, 3aTEM CHUTHAJ YCHIMBAJCA HPEIYCHIMTENEM, aHaIOro-IudpoBoii
mpeoOpa3oBaTens TPaHC(HOPMHUPOBAT CHUTHAN B aHAJIOro-mu(poBoil BuA A mociexyiomelr obpaborku ma [I9BM.
PesynbraTel m300pakeHsI Ha pHc. 3.

A, 16 A, 16
N

110 110

55 55

o I ©

.55 -55
-110 -110 |

-165 -165 ] I I LI
0 20 40 60 80 t,c 0 20 40 60 80 t,c

0,6

OnacHo

0,3

0 20 40 60 80 tc
9)

Puc. 3. Pe3ynbraTel poBeIeHHUS DKCIIEPUMEHTOB JI0 pa3pyLICHUs 00pa3IoB:
a — OCHWUIOrpaMMa UMITYJIbCOB AD MU pa3pyLICHUH MaTPHUIIbI KOMIIO3UIIMOHHOTO MaTepuaa; 6 — OCLUWIIJIOrpaMMa UMITYJIbCOB
AD 1pu pa3pyLIeHUHN BOJIOKOH KOMIIO3UIIMOHHOTO MaTepuaa; ¢ — KpUBas HHBapHaHTa |, 2 — KpuBas Harpy>KeHus: CUIOBOTO
anemeHTa tiaHepa u3 KM; 0 — ociimmuiorpamma AD cuTHala OT Hadalla Harpy3KH JI0 pa3pylieHus oopasia (pUCYHOK aBTOPOB)
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Ha puc.3au6 mnpeacraBieHbl OCIMUIOPAMMBI HMITYJIbCOB AD TIpH paspylIeHUM MaTpUIbl U BOJOKOH
KOMIIO3UIIMOHHOTO MaTepuaia, B KOTOPHIX MAaKCHMaJbHbIE 3HAUCHHA aMIUIMTyAsl (A) AD curHama COOTBETICTBYIOT
pazpymennto OK. Ilpu 3HaveHmsIx ammmutyasl 55 J16 nmpoucxonut paspymerne Matpunbl KM, npu 75 16 — Bomokon KM.

Ha puc. 3 6 m300pakeHa 3aBHCUMOCTh MHBAapHaHTa OT BpeMeHH | (Harpysku). 3eleHas 30Ha XapaKTEepH3yeTcCs
OTCyTCTBHEM Je(ekTa B CHIIOBOM 3JIeMEHTe ItaHepa. JKenTas 30Ha XapaKTepu3yeTcss HEOIAaronmpusTHOM Cpemoi
Harpyxenuss OK, oOpasoBanmem pas3uBarommxcsi AedexkToB (TpemuH, paccioeHuil). KpacHas 30Ha cOOTBETCTBYeT
paspymenutro KMVY-1B.

C 60 cexyHIpl HarpyxeHus npu Harpyske 375 MIla nporcxoauT o6pa3oBaHHe MarucTpalbHOM TpeluHsl (puc. 3 2),
YTO TIPUBOJMT K BBIXOJY HMHBapuaHta H3 3en€Hoil (Oe3omacHOif) 30HBL. JlaHHBIE ycinoBHS cOOTBETCTBYIOT 75 %
paspymatorieit Harpy3ku (350 MITa) 06pa3ioB. JocTOBEpHOCTh MPUMEHEHHSI HHBAPHAHTOB MOATBEPIKAACTCS PE3KUM
YBEJIMYEHUEM aMIUIMTY/Abl ¥ WHTEHCHBHOCTH CHTHaNOB (puc. 3 0), pe3ylbTaTaMH ONTHYECKOrO KOHTPOJIS NpH
UCTIBITAaHHSAX.

[pu nHarpyzke P=500 MIla mpoucxomut paspymenne KM B MomeHT BpeMeHH paBHBIH =80 C, 4TO BBI3BIBAaCT
YMEHBIIICHNE HArPy3KH M aMIUINTYABI aKyCTHYECKHX Koiiebanuii B Marepuane OK.

OOcy:xaenne u 3akJ04YeHus. J[aHHBIH SKCIEPUMEHT OTPAXAET IMPOBEACHHE aKyCTHKO-3MHUCCHOHHOTO KOHTPOIIS
00pa3noB (CHIOBBIX 21eMEHTOB KOHCTpyKIuil) n3 KM KMVY-1B.

Pazpaborannbiii [IAK Ha OcHOBe NpeIUIOKEHHOI'O METO[a WHBAapHUaHTOB MO3BOJISIET ONEPAaTHBHO (B pealbHOM
Macmrabe BpeMeHH) o0pabaThiBaTh MHOTOKaHAIBHYI0 W MHOTIONAapaMeTpHyecKyro HH(popManuio o0 H3MEHEHHH
nH(opMaTUBHBIX MapamMeTpoB AD W ompeaensaTs MectononoxeHue aedexrtoB B KM, oleHHBaTh CTENEHb OMAacHOCTH
ne(heKTOB 1 BOZMOKHOCTh JabHEHIIeH SKCIUTyaTaliui KOHCTpyKuuit [12, 13].

B nepcrextiBe mnpejaiaraeTcs BHeIpEHHE NOAOOHBIX aBTOMATHUECKHX CHUCTEM KOHTPOJS Uil OCYIIECTBIICHUS
JMarHOCTHPOBAHMS KOHCTPYKIMH JICTATENIBHBIX allllapaToB B MOJIETE U ITPH HA3EMHOM OOCITyKHBaHHH.
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AHHOTAN NS

Bgeoenue. KitoueBbIMH 3TamaMu TEXHOJOIMH NepepabOTKM IIJIaMOB SIBIISIIOTCS paspylIeHHE KOHTJIOMEpaToB Ha
METAJUIMYECKHE W HEMETaUTMYECKHe KOMITIOHEHTHI, a TaKKe W3MEJIbUCHHE YacTUI] KOMIIOHCHTOB IS IIONyYCHUS
BTOPUYHOTO CHIPBSI TPeOYeMOro TpaHYJIOMETPHYECKOTO cocTaBa. [IpHMEHEHHe BpaIlaromIerocs 3JICKTPOMAarHUTHOTO
oISt IS IepepaboTKu NUTH(OBATBHBIX IIIAMOB TIO3BOJISIET UCKITFOUNTH MMPUMEHEHHE PA3IIUYHBIX CPEICTB pa3pyIICHUS
1 M3MeJbUeHUS, M30erass KOHTaKTHOTO B3aMMOICHCTBHS arjloMepaToB CO CTEHKaMH pabodeil kamepsl. TakuMm oOpa3oM
CHIDKAETCS MaTepPHaOEMKOCTh TEXHHYECKUX CPEACTB M MoBbImaeTcs 3¢ dekTuBHOCTS mporecca paspymenus. Llemsio
HCCJIEJOBAaHUH SIBISUIOCH YCTAHOBJEHHE OCOOSHHOCTEH M OCHOBHBIX 3aKOHOMEPHOCTEW MepepadOTKH IIJIaMOBBIX
OTXOJIOB B YCTPOICTBaX ¢ BPAIIAIOUIIMCS JICKTPOMATHUTHBIM OJIEM.

Mamepuanvt u memoowvl. Jns WCCIEIOBaHUI HCMOAB30BAICS HUIMGOBAIBHBINA IIIJIAM, MPEACTABIIIOMIAN CcO00it
COBOKYITHOCTh KOHIJIOMEPATOB MPOHM3BOJBHON (opMbl, cocrosimux Ha 80-85% wu3 MeTauTuuecKod CTPYKKH.
[IpuMeHeH MHIYKIMOHHBIA METOJl, OCHOBAaHHBIH Ha ycTaHOBIEHHUHU cBsA3K D/]C, HaBOAUMON B HHAYKIIMOHHOM JaTYUKE
C MarHWTHOW WHIYKIHMEH BpaIIalOMmIerocs >JEKTPOMarHUTHOro mois. OIeHKa BIUSHHAS WHIYKIMA Ha XapakTep
B3aMMOJICHCTBHS MEXIy YaCTHIIaMH IJIaMa BO BPaIIAlOMIeMCs 3JICKTPOMAarHUTHOM IT0JIE MIPOBOJIIIACH IO M3MEHEHUIO
oTHOcHTeNbHOTO curHana DJ[C, HaBeIeHHOTO B HHAYKTUBHOM JaTYHKE.

Pe3ynomamut  uccnedosanus. B pe3ynpraTe TpPOBENCHHBIX ¢ [PUMEHCHHEM HWHAYKIMOHHOTO  MeETOoda
9KCHEPUMEHTAIBHBIX HCCICAOBAaHUM YCTAHOBIEHO: JUHAMUYECKHE XAPAKTEPUCTHKH KOHTJIOMEPATOB IIIAMOBBIX
OTXOJIOB 3aBHCAT OT HMHAYKIWH BPAIIAIOIIErocss MO A0 OINpPENeIIeHHONH BEIWYHHBI, C YBEIHYEHHEM pa3Mepa
KOHTJIOMEpAaTOB IIIJJaMa, TIPH OJUHAKOBOM Pa3Mepe BXOISIINX B HETO (peppOMAarHUTHBIX YACTHII, BEINYNHA WHAYKIIUU
MarHUTHOTO MOJIs, HEOOXOAUMast AJIsl X pa3pyLICHUs, CHIYKAETCS; ¢ YMEHBIIEHHEM pa3MepOB YacTHUI] KOHTIIOMEPATOB
WHAYKIUS 10T, Heo0X0oAuMas IS pa3pyLICHHUs CBA3EH KOHIJIOMEpaTa, YBEIWIMBACTCS; YBEINUCHNE YHUCIA YaCTHIl B
KOHTJIOMEepaTe CHIDKAaeT 3HaueHWe WHAYKINH, CTEeNeHb pa3pylIeHHs KOHTJIOMepaTa W HW3MENbYCHHS ero
(eppOMarHUTHBIX ~ YacTUI] 3aBUCHT OT  IPOAOJDKUTEIBHOCTH  BO3JCHCTBHMS  MHAYKIHMH  BPAIIAIOIIErocs
9JIEKTPOMArHUTHOTO MOJIS.

Obcyrycoenue u 3axniouenusn. [pennoxeHHbIH HHAYKIMOHHBIA METO/ MMO3BOJISIET UCCIEA0BATh BIUSHUE NapaMeTpoOB
JIEKTPOMAarHUTHOTO TI0JIS1 HA N3MEHEHHE COCTOSHHUSI MarHUTOBUOPHPYIOIIETO CJI0s1, a TAK)KE OLEHUTh KHHEMAaTHYECKHE
XapaKTEepUCTUKY YacTHIl (peppOoMarHUTHOM Cpeabl B MArHUTOBUOPHUPYIOIIEM CIIOE.

KiaioueBble caoBa: numoBambHBIA — IUIAM, WHAYKOWS, MAarHUTOBHOPHPYIOIIMIM  CIIOW,  Bpallaromeecs
ANEKTPOMArHUTHOE I10JIe, KOHTIOMepaT, peppoMarHUTHBIC YaCTHIIEL, Pa3pyIICHNE, H3METIbUCHHE.
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Original article
Study on Processing Grinding Sludge Conglomerates in Devices with a Rotating
Electromagnetic Field

Valeriy A. Lebedev"®’, Andrey A. Schirin“='D<], Nikolay S. Koval“*', Yuri M. Vernigorov
Don State Technical University, 1, Gagarin Sqg., Rostov-on-Don, Russian Federation
><J ANDREY.SHIRIN.94@yandex.ru

Introduction. The key stages of sludge processing technology are the destruction of conglomerates into metal and non-
metal components, as well as the grinding of component particles to obtain secondary raw materials of the required
granulometric composition. The use of a rotating electromagnetic field for processing grinding sludge makes it possible
to exclude the application of various means of destruction and grinding, avoiding contact interaction of agglomerates
and the walls of the working chamber. Thus, the material consumption of technical means is reduced, and the efficiency
of the destruction process is increased. The study aimed at establishing the features and basic patterns of sludge waste
processing in devices with a rotating electromagnetic field.

Materials and Methods. For the research, grinding sludge was used, which was a collection of conglomerates of
arbitrary shape, consisting of 80-85 % of metal chips. An induction method was applied based on establishing the
connection of the EMF induced in an induction sensor and the magnetic induction of a rotating electromagnetic field.
The influence of induction on the nature of interaction between sludge particles in a rotating electromagnetic field was
evaluated by changing the relative EMF signal induced in an inductive sensor.

Results. As a result of experimental studies conducted using the induction method, it has been found that the dynamic
characteristics of sludge waste conglomerates depend on the induction of a rotating field to a certain value. With an
increase in the size of sludge conglomerates, with the same size of ferromagnetic particles entering it, the magnitude of
the magnetic field induction required for their destruction decreased. With a decrease in the particle size of
conglomerates, the field induction required for the destruction of conglomerate bonds increased. An increase in the
number of particles in the conglomerate reduced the value of induction. The degree of destruction of the conglomerate
and the grinding of its ferromagnetic particles depended on the duration of the rotating electromagnetic field induction.
Discussion and Conclusions. The proposed induction method makes it possible to investigate the influence of
electromagnetic field parameters on the change in the state of the magnetic vibrating layer, as well as to evaluate the
kinematic characteristics of ferromagnetic medium particles in the magnetic vibrating layer.

Keywords: grinding sludge, induction, magnetic vibrating layer, rotating electromagnetic field, conglomerate,
ferromagnetic particles, destruction, grinding.
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Beenenne. TexHONOrUs NEPEPabOTKA OIHOIO M3 CaMbIX CJIOXKHBIX BHIOB OTXOAOB METALIONPOM3BOACTBA —
NUTHPOBAIBHOTO IUIAMa — C €0 BTOPHYHOTO MCIOJIB30BAHUS €r0 KOMIIOHEHTOB B TOPOIIKOBOW METAUIYPIHU W
JIMTEHHOM MPOU3BOACTBE TPEeOYEeT BBINONHEHHS psAAa TMOCIEN0BATENBHBIX JTAllOB: OTAEIECHHE TEXHOJIOTHYECKOM
xuaxoct (TIK), cyiika, paspylieHdHe KOHIJIOMEPATOB, U3MEIbUCHHUE U pasjeieHde TBEPABIX yacTui nuiama [1-10].

HOCJ’IGL[HI/IG JiBa oTalia nepepa60TKH I1j1aMoOB, KakK I10Ka3aljl HpOBeI[éHHI)If/i aHaJIn3, ABJIAOTCA Hanboiee TPYAOCMKUMHU, a
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NpPUMEHsIeMbIe Ui MX pealn3alid TEXHWYECKHE CpelcTBa M YCTpoiicTBa, HECMOTps Ha HMX MHOrootpasue,
Mano3GGEKTUBHEI MO PSIY TEXHUKO-3KOHOMHYECKHX TMoKazareneit [1-15]. TMocnemnue MOCTHXEHHS B 00JIacTH
MarHeTu3mMa I03BOJSIOT PEUIMTh 3Ty MpoOJeMy Ha KayecTBEHHO HOBOM YPOBHE, WCIONBb3Ys Bpallaroleecs

3NIEKTPOMAarHuTHOE mode (puc. 1).

l 2

’T TN

Puc. 1. Cxema nepepaOoTKH IIIIaMa BO BPAIAIOIIEMCs JJICKTPOMArHUTHOM I10JIE:
1 — kopmyc; 2 — uHIYKTOp; 3 — pabodvas 30Ha ; 4 — muIaM; 5 — CMEHHas BTYJKa (PHCYHOK aBTOPOB)

[Mpumenenue Bpamaomerocs anexkrpomarsutHoro moisisi (BOMII) mns nepepa®otku nuinoBaibHBIX [UIAMOB
MO3BOJISIET MCKJIIOYUTh KOHTAKTHOE B3aHMMOJAEHCTBHE KOHIJIOMEpPATOB CO CTEHKaMM pabodel kamephl M MPUMEHEHHE
METAIMYECKUX OMJI WJIM JAPYTMX CPEICTB pa3pylIeHWs W H3MeNbueHHMsA. TakuM 00pa3oM  CHIDKAeTCs
MaTepHaIOEMKOCTh TEXHHIECKHX CPEICTB, MOBBIMAECTCS 3((EKTHBHOCTh MPOLECCOB PAa3pYIICHHUs KOHTIOMEPATOB U
M3MENbYCHNEe METAIUTHYECKUX YacTHIl iitama [16, 17].

C 1uenpl0 packpbITUS OCOOCHHOCTEH M OCHOBHBIX 3aKOHOMEPHOCTEH IepepadOTKH UIIaMOBBIX OTXOJOB B
YCTpOMCTBax ¢ BpAIIAIOIINMCS JIEKTPOMAarHUTHBIM ITOJIEM TIPOBE/IEH KOMITIIEKC TEOPETHIECKUX M HKCIIEPUMEHTAIBHBIX
HCCIICIOBAHUMN, pe3yIbTaThl KOTOPBIX MIPECTABICHBI B JAHHOM CTaThbe.

Matepuannl u Metoabl. [1lnam, moanexamuit paspymeHnIo ¥ U3MEIBYCHHUIO, MIPECTABIsET cO00i COBOKYITHOCTh
KOHIJIOMEPATOB TMPOW3BOJIBHOM (hopmbl, cocrosmmx Ha 80-85% wn3 MeTanandeckoil CTPYXKKH, YTO IIO3BOJISIET
0XapaKTepHU30BaTh KOHIIIOMepaT Kak TBEepJoe Teno, obianaromee GeppoMarHuTHEIMU cBoiicTBamu [14].

[Ipu HaXOXXAEHWH KOHTJIOMEPATOB BO BPAIAIOIIEMCS 3JEKTPOMArHUTHOM IIOJIe, XapaKTepHU3yeMOM HHIYKLHei
B=BvVcoswt ® YrioBOW CKOPOCTBIO (0, OHHM COBEpINAIOT CIJIOXHOE JBWXKEHHE, TNPHBOAS CHCTEMY B
MarHUTOBHOpHUpYyIomee cocTosHue. [Ipm 3ToM Qopmupyercss MarautoBuOpupyromuii cioit (MBC), B ycmoBmsax
KOTOPOTO MPOUCXOANUT X KOHTAKTHOE B3aMMOJICHCTBHE H, KaK CIEICTBHUE, pa3pylIeHHE 1 H3METbUCHHE.

3H€pI‘GTquCKO€ COCTOSIHHUE KOHIJIOMEPATOB B MaI‘HI/ITOBI/I6pI/IpyIOHICM CJIOC OIIMCBIBACTCSA 3aBUCUMOCTBIO B BUJIEC:

2
1 pm?|BZ , 1 (0B,
E=——"|"+—|— xK 1
2m w2 |1 + m\ dy s Ao, ( )
o . 2. dB 2
II€ Py — MArHUTHBIA MOMEHT; AM®; 7, TPAmMeHT nons, A/M°.
Ha ocHoBe ypaBHeHus (1) ycTaHOBIICHBI QJHEPreTHYECKHE YCIOBUS Pa3pyLICHUs KOHIIIOMEPATOB:
2 2 2
Pm” | By l(an) =F 2
nw2[1+m dy - Taar ()

rae E,, — aAre3anoHHas NpOYHOCTb KOHIIIOMEPATOB, JK.

VYcnoBue m3MmenbueHusi HeppOMArHUTHBIX YACTHI[ IIIaMa co crenenbto Z, = Dy /Dy ucxonst w3 (1) mmeer

BUJI:
1 pm2[B2 1 [9B,\? 1 py2[B2 . 1 [8B,\? no?D3
om B 2 (%) ]+ Lo (B4 L ()] s R @ -, @
2T W 1 m \ 0y 2T W 1 M\ dy 12E

rjae 6 — TpeaeN NPOYHOCTH TpHU pa3pyiieHud ¢pepoMarHuTHeIX dactwi,; [la; D, m D, — HadambHBI W KOHEYHBIH

9KBUBAJICHTHBIC TUAMETPHI YacThIl, M; E — Momynb ynpyroctu yactuisr, [1a.
Jns mnpoBeaeHHs HCCIEAOBAHUN  BIUSHUS  DJIEKTPOMArHUTHOTO TOJST HA DHEPreTHMYECKOE COCTOSIHHE
MarHATOBHOPHUPYIONIETO CIIOSI OBUT TIPUMEHEH WHIYKIIMOHHBIA MeTox (pHC. 2), OCHOBAHHBIA HA YCTAHOBICHUH CBSI3H

3I[C, HaBOL[PIMOfI B MHAYKIUOHHOM JAaTYUKE C MarHUTHOU I/IHHyKHI/Ieﬁ Bpallaromerocs 3JICKTPOMAaroHuTHOIr O moJis.
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Puc. 2. Cxema peai3aliy UCCIeIOBaHUI COCTOSIHUS Mar HUTOBUOPHPYIOLIETO CJI0SI BO BPAILAIOIIEMCs] SIEKTPOMArHUTHOM TI0JIe
MHTYKIIMOHHBIM METOIOM: 1 — HHAYKTOp; 2 — MHIyKTUBHAS KaTyIlKa, 3 — KIOBeTa; 4 — [j1aM; 5 — KpBIIIKa KIOBETHI (PHCYHOK aBTOPOB)

B kadecTBe naTunka BeIOpaHa KaTyIIKa MHAYKTHBHOCTH. J{JIs cO31aHMsl KaTYIIKM U3TOTOBJIEH Kapkac muprHoi (H)
25 MM 1 HapyXHBIM paguycoM (R,) 17,5 mm. O6moTounsiii mposog — I13JI (TOCT 2 773-78) ¢ muameTpaMu: 1mo Meau
D; = 0,15 MM, B usossaiuu D = 0,18 mm. Ilnomans ceuenus nposoga S = 0,01767 MM, H3mepeHHOE COMPOTHUBIIEHUE
katymiku cocrasuiio 14,8 Om. MunykruBHOCcTh — 0,82 MI'H. OO1ee uucio ButkoB — 139, mymHa npoBona — 15,27 m.
Pacuernoe conpotusnenue katymks (1 M — 0,99 Om) R = 15,27x0,99 = 15,1 Om.

WHayKTHBHEIN TaTIUK 2 1 KIOBETa 3 IIOMEIIAINCH B HIIHHIPUICCKYIO pab0dyio 30HY YCTPOUCTBA C BPAIIAOIIINMCS
ANEKTpOMArHuTHbIM mojieM (puc. 1). Tok B Helmu MHAYKTHBHOTO JATYMKA KOHTPOJUPOBAJICS MYJIBTHMETPOM U IPU
pa3muyHBIX peknMmax coctaBmsin 4,3-11,4 A. NanykmmonHas DJIC m3Mepsutack BHavaje 0e3 YACTHI[ IUIAMOBBIX
OTXOJIOB, a 3aTeM C HCCICAyeMBIMH 00pa3laMH IIUTAMOBBIX OTXOIOB IIPH BHIOPAHHBIX IapaMeTpax yCTPOMHCTBa C
BOMIL

KoHrmnomeparsl mIamMOBBIX OTXOJOB BO BpalIaroIIeMcs SJEKTPOMAarHUTHOM TIOJie TOJ JeHCTBHEM MOMEHTA,
CTpeMSIIErocs MOBEPHYTh WX BOKPYT IIEHTpa Macc, COBEPIIAIOT C OJIHOM CTOPOHBI BpallaTeIbHOE IBIKEHHUE, C
JPYroil — MOCTynaTelbHOE B HAINPABJICHUU JIBIXKEHHUS! BHEITHETO BPAIAIONIETOCs 3JIEKTPOMATrHUTHOTO MOJIA. Takum
00pa3oM, MOBEJCHHWE MArHUTHBIX MOMEHTOB KOHIJIOMEPATOB MOJ JCHCTBHEM IMOHACPOMOTOPHBIX CHI MOXKHO
0XapaKTepHu30BaTh B IUIOCKOCTH H3MEPUTENBHOTO BUTKAa HWHIYKIMOHHOTO gatynka XOY Kkak KosiebaTenbHO-
BpallaTesIbHOE U KOJIeOATEeIbHO- TOCTYNATEIbHOE ABMKEHHE 110 FAPMOHHYECKOMY 3aKOHY B MArHUTHOM I0J1e (pHc. 3).

Y A

Puc. 3. OpueHTanus MarHUTHOTO MOMEHTA D,,, B IPOCTPAHCTBE HHIYKIMOHHOTO TIPe0Opa3oBaTens (PUCYHOK aBTOPOB)

Hasenennas DJIC, B COOTBETCTBHH C 3aKOHOM 2JIEKTPOMATHUTHOMN MHIYKI[UH, PABHA!
d
Pa— ()

T
rae Y = N® — nortokocuernsenue; N — 41uciI0 BUTKOB U3MEPUTENILHOM KaTYLIKH.
BrlpazuM MarHMTHBI MOTOK 4epe3 IMOBEPXHOCTb, OrPAHUYCHHYIO KOHTYPOM BUTKa HHIYKIHOHHOTO

npeoOpaszosatens L ¢ paguycom R, B cnenyromem Bue:
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& = BS,, (5)
rae S, — IUOW@AAb KOHTYpa KaTYWIKU; S, = mr?; r — CpelHMii pajuyc KOHTypa KaTyLIKH, B — MHIyKLHS
BpallaloIIerocs 3JIeKTpoMarauTHoro nond. Ilpu atom:

B = B, Q)
Beipaxenue a1 pacuera 3/]C MHOTOBUTKOBOTO MHIAYKIMOHHOTO NpeoOpa3oBatens cleayolee:
£ = ZNBom2R*f,. ©)

OrnecHka BJMSHUS WMHIYKIMA Ha XapaKTep B3aWMOJCHCTBUSA MEXKAYy 4YacTHUIAMH IJIJaMa BO BPAIIArOIIEMCS
3JIEKTPOMArHUTHOM TOJIC MIPOBOIMIACH [0 U3MCHCHHIO OTHOCUTENbHOTO curHaia 3/[C, HaBeIEeHHOTO B WHAYKTHBHOM
JATYHKE, COTIIACHO COOTHOIICHHIO:

Ae _ (e—¢gp)
0w ®
rre € u g — DJIC B maTamke co cpenoii  6e3 He€ COOTBETCTBEHHO.

PesyabsTaTel uccaenoBanusi. Ha puc. 4,5 mpencraBieHbl pe3ynbTaThl HCCICIOBAHUS HHIYKIIHOHHBIM METOJIOM
BJIMSIHHSL BPAIIAIOIIETOCs AJICKTPOMArHUTHOTO TMOJISl HA SHEPreTHYECKOE COCTOSHHE YacTHUI] IlaMa, a Ha puc. 6-8 —
OCHOBHBIE TEXHOJOTHYECKUE 3aKOHOMEPHOCTH MPOILIECcCa pa3pylIeHNs] KOHIJIOMEPATOB B YCTPOMCTBAX C BPAIIAIOIIUMCS

QJICKTPOMAIrHUTHBIM ITOJICM.

AE/E
7

B1 BZ

o
ol

10 30 50 f, T

o

Puc. 4. DkcriepuMeHTalIbHAS 3aBUCHMOCTH OTHOCUTENIBHOTO curHana Ag/ e ot yactots! nurarotero toka (), onpeaensromero
HHIYKIHMIO BPALIaTeIbHOrO AIEKTPOMArHUTHOTO MOJIS TIPH YPOBHE 3arpy3KH pabouei 30HBI yCTpolcTBa heppOMarHUTHOM cpenoit:
1— 30 %; 2 —50 %; 3 — 75 % (pucyHOK aBTOpPOB)
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Puc. 5. DxcniepuMeHTanbHask 3aBUCHMOCTh OTHOCHTEIIBHOTO CUTHANA A€ /& OT KO3((dHIIMEeHTa 3arpy3KH lulaMa B pabodyio 30Hy
ycrpoiictBa ¢ BOMII, onpenemnsomero HHIYKUUIO BpaaTeIbHOT0 IEKTPOMAarHUTHOTO HOJIS
1—10Tm; 2— 30 I'm; 3— 50 I'm; (pucyHOK aBTOPOB)
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Puc. 6. BiusiHue pa3Mepa KOHIIIOMEPATOB IIJIaMa Ha BETMYMHY HHAYKIIUH MarHUTHOTO IOJIST, HEOOXOXUMOH JUTS X Pa3pyLIeHUs,
mpu pa3mepe I yacTuilpl B Kourimomepare: 1 — 50 mxm; 2 — 40 mrm; 3 — 30 mrm; 4 — 20 Mrm; 5—— 10 MKM (PHCYHOK aBTOpPOB)
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Puc. 7. 3aBucumMocts oTnenuBIIeTOCS adpa3uBa OT BpEMEHH MPH 9acTOTax BEIXOAHOTO Toka: 1 — 50 I'm; 2 — 30 'm; 1 — 10 I';g
(pUCYHOK aBTOPOB)

5 10 15 20 25 30 d, Mm
Puc. 8. 'ncrorpamma pacrnpe/ieNieHHs 4acTHII [0 pa3MepaM 4epe3 S MUHYT BO3/CHCTBHS. MarHUTOBUOPHPYIOIIETO CIIosi (PUCYHOK aBTOPOB)

OOcy:kmeHne W 3aKJOYeHusl. [IpoBEeCHHBIC C NMPUMEHCHHEM HWHIYKIIMOHHOTO METOJa JKCICPUMCHTAJIbHEIC
HCCJIeJOBAHMS HATJISAJHO MOKA3aJId, YTO JMHAMUYECKUE XapaKTePUCTHKHA KOHIJIOMEPATOB HIJIAMOBBIX OTXO/IOB 3aBHCST
OT MHAYKIWHU Bpalmatomerocs nois. Kak moka3anHo Ha pwuc.4, M3MEHEHHEe WHAYKIMW MO [0 3HaveHus Bj
CHOCOOCTBYET POCTY SHEPreTHYeCKOW AaKTHBHOCTH KOHIJIOMEPATOB B MarHUTOBUOpHpyiomeM cioe. [Ipouecchl,
obecrieynBaromne TEXHONOTHISCKHN (PEKT pa3pylIeHUs] KOHTJIOMEPATOB IIIAMOBBIX OTXOIOB pazMepoMm 10 MxwM,
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IIPOTECKAIOT 0oJiee HHTCHCHBHO. I[aHBHCf/'IIHeC YBEIIMYCHUE WHAYKOUU OT Bl pi(¢] B2 OPpUBOAUT K CHHIKXCHHUIO
SHGPFCTI/I‘IGCKOﬁ AKTUBHOCTHU KOHTJIOMEPATOB B MaFHI/ITOBI/I6pI/IpyIOHICM CJIOC, UTO H ITOKa3all I/IH,Z[yKIlI/IOHHHﬁ METOI. 343
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OTO CBS3aHO C TeM, YTO IPU YBEIWYCHWH WHAYKIMH YMEHBIIACTCS CTEIEeHb XaOTH3AIlMH KOHIJIOMEPAaTOB W M3 HUX
HAYMHAIOT (HOPMHUPOBATHCS ICTIOYHBIC KOMILUICKCHI, 00pa3ys TaK Ha3bIBACMBIC «MAarHUTHBIC CTPYHBI», CKOPOCTh U
aAMIUTUTYIa KOJICOaHUH KOTOPBIX MEHBIIIEC CKOPOCTH M aMILTATY/IbI KOJICOaHUH OTACIbHBIX KOoHTIoMepaToB. [Ipu B > B,
«MarHUTHBIE CTPYHBI» 3a CYET POCTAa MArHUTOCTATUYECKOI'O B3aMMOJCHCTBHS NMPUHUMAIOT YCTOWYHUBBIM Xapakrep,
3HAYUTEIBHO CHIKAIOUIHMHA 3()(EeKT MarHUTOBUOPHPOBAHUS KOHIVIOMEPATOB IIJIAMOBBIX OTXOJIOB, MPAKTHYCCKH CBOJS
€ro K HYJIIO TP BBICOKOM YPOBHE MHAYKLHHU BPAIAIOLIETOCs DJIEKTPOMArHUTHOTO MOJIS.

Pesynbprathl nccnenoBaHui, MpeACTaBICHHBIC Ha PHC. 6—8, IT03BONIMIN ClIeNaTh CIeAYIOIINE BHIBOIBI:

— C YBENMYEHUEM pa3Mepa KOHTIIOMEPATOB IIIaMa, MIPH OAWHAKOBOM pa3Mepe BXOAANINX B HEro (heppoMarHUTHBIX
YacTHUI], BeIMYMHA WHIYKIIMA MAarHUTHOTO TIOJI, HEOOXOAMMAs Ul WX Pa3pyLICHHsS, CHIDKACTCS, YTO COTIACYETCs C
MOJIEITEHBIMU TIPE/ICTaBICHUS SHEPTETHICCKOH OIEHKH MarHUTOBHOPUPYIOIIETO CIIOA;

— ¢ YMCHBIICHHEM pa3MEepoB YACTHI[ KOHIJIOMEPAaTOB HHIAYKIHWS MO HEoOXoAWMas, U pa3pyIICHUS CBs3eH
KOHIJIOMEpAaTa YBEJIMYUBAETCS; aHAIU3 KPHUBBIX MO3BOJISIET YTBEPXkAATh, YTO JUIsI KOHTJIOMEPATOB, COCTOSIIIMX W3
YaCTHII PAANYCOM MeHee 3 MKM, MHAYKIUA mpeBbimaeT 2 — 4 mT;

— MpeANIO’KeHHAsT MOJETb JJIs OICHKH JHEPreTUYECKOrO0 COCTOSHHS CHOpaBeiuBa TMPH Pa3pyIICHUW MeEHee
YCTOHYHMBBIX KOHTJTIOMEPATOB;

— YBEJIMUEHHUE YHCIIa YACTHI] B KOHIJIOMEpaTe CHI)KAeT 3HaYeHHE UHIYKINH, pa3pyIIaioliero ero;

— CTCTICHb  pa3pylICHUS KOHIJIOMEPaTOB M W3MENbYCHHA ero (EppOMArHUTHBIX YACTHI[ 3aBUCHT OT
MIPOAOIDKUTEIHHOCTH BO3AICHCTBISI HHAYKIIUH BPAIIAIOIIETOCS JICKTPOMAarHUTHOTO TIOJIS.
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AHHOTAIUSA

Beedenue. OnHol 13 33124 IBYX3BEHHBIX MaHUIYJIATOPOB MPOMBIIIIEHHBIX POOOTOB, BBIMOJHSIOMNX MEPEMEIICHNE
pabodero opraHa IO CJIOKHBIM TpPAeKTOpUsM (HampuMep, pPOOOTOB-CBAPIIUKOB), SBIAETCS HEOOXOIMMOCTh
TIIATEIBHOTO  NPOTPaMMHUPOBaHMA WX  JBIDKCHHSA. I 3TUX [ened  HCIONB3YIOTCS  METOIBl  PYYHOTO
IIPOTPaMMHPOBAHUS HIIM METOJIBI O0y4EHHA. DTH METOJIbI JOCTATOUHO TPYIAOEMKH U TPEOYIOT BHICOKOH KBAJIM(HUKALIIH
00CITy)KHMBAIOIIEr0 IMepcoHaia. BO3MOXHBIM BapHaHTOM pEUICHHsT NpoOJIeMbl MPOrpaMMHUPOBaHHS MepeMeIleHUN
MaHHITYJIATOpa SBJSETCS MOJECTHPOBAHME JBMXKEHHSA C PacyéTOM YIIIOBBIX KOOPAMHAT. DTO MOXKET CIIOCOOCTBOBATH
YIPOLICHNUIO TeOMETPHUUECKON aJamnTalliil MaHUIYJSITOpa B MpoLecce OTIAAKH YHpaBiromeil mporpaMMel. IlosTomy
Lenpl0  paboThl  ABMIICS pacdyeT KOOPAMHAT IS IPOTPaAaMMMPOBAHHMS CHCTEMBl YIPABICHUS JBYX3BEHHBIM
MaHHITYJIATOPOM, IEHCTBYIOIIMM B YIJIOBOHM CHCTEME KOOpAMHAT M IepeMelaroluM pabouuil opraH MO CIIOKHOU
TpaeKToOpuu (HarpuMep, pH CBapKe aBTOMOOMIIBHBIX KY30BOB).

Mamepuanst u memoost. PaccMOTpeH JBYX3BCHHBI MaHHIYIATOP POOOTa, NEHCTBYIONMMIA B YIJIOBOH cCHCTEMe
KOOpJMHAT M MpeAHa3HAYCHHBI IS IUKINYECKH IOBTOPSIOIMXCS NEHCTBHH. MaHUIYJATOP COCTOMT H3 JIBYX
BPAIIAIOIINXCS 3BEHBEB: «ILIEYa» U «JIOKTS», KOTOPbIE 3aKpeIuIeHbl Ha OcHOBaHUH. OCHOBaHHME MOXKET BPaIlaThesl, 4TO
obecrieunBaeT TPEThIO cTereHb cBOOOnbl. Takas koH(urypanms ysBenuduBaeT pabouyyio 00NaCTh MaHHITYJISITOpa H
MHUHAMH3HMPYET IUIOLIA[b JJIsl €ro pa3MelieHus Ha npousBojcTBe. [lepemerneHune pabodero opraHa MaHUITYJSITOpa
MOXKET BBINOJHATHCS, €CIIM KHHEMaTHKa 00eCIIeunBaeT ero Mo3UIUOHUPOBAHKE N0 TPEM JIEKaPTOBBIM M TPEM YTIIOBBIM
KoopanHaTaM. I mporpaMMHOTO yIpaBiIeHUS poOOTaMH, B TOM YHCIe POOOTaMH-CBApIIMKAMH, JCHCTBYIOIIUMH B
YIJI0BOH cHCTeMe KOOPIMHAT ¥ BBIMOJHSIOMIMMHU JBHXECHHE pabodero opraHa Mo CIO0XHOHM TpaeKTOpHH, Tpedyercs
pacuéT YrioBBIX KOOpPAWHAT NEpPEeMEIIeHHs pabodero opraHa ABYX3BEHHOTO IIAPHHPHOTO MaHUIyisTopa. Cucrema
yIpaBieHust poOOTOM JIOJDKHA ONPEENSATh MOJ0XKEHHEe HHCTPYMEHTa B YIJIOBOM CHCTEME KOOpJIUHAT, IIpeodpasyst ero
JUIs1 y10OCTBa 110JIB30BATENS B KOOPJMHATHI X, Y U Z IEKapTOBOW CHCTEMBI KOOPANHAT.

Pezynomamut uccnedoséanus. IlomydeHbl COOTHOIIEHUS YIIOBBIX U JE€KapTOBBIX KOOPAMHAT, KOTOPBIE MOXHO
HCTONb30BaTh JUIsl pacdyéra NpU MNPOrpaMMHPOBAHUU CUCTEMBl YIPABJICHUS JABYX3BEHHBIM MAaHMITYJISATOPOM
MIPOMBIIINIEHHOTO po0oTa M opraHm3anuu oOMeHa MH(OpPMalUed MEXIy HOJb30BaTeNIeM M CHCTEMOH yIpaBJIeHHs, a
TaKXKe Ui TIPOBEPKH TOYHOCTH W OTJIAAKH MepeMelleHuss padodyero opraHa TPOMBIIUICHHOTO poboTa ¢
HCTIOJIb30BaHUEM 00paTHON CBS3H.

Oécyrcoenue u 3axkniouenus. IlpencraBieHHble Pe3yabTaThl pabOTHl MOTYT OBITH HCIIOIB30BaHbI I IPOrPAMMHOTO
YHOpaBJIeHUS POOOTOM-CBAPIIMKOM, ACHCTBYIONIMM B YIJIOBOH CHCTEME KOOPAWHAT ¥ BBIOJHSAIONIUM CIIOKHYIO
TPaeKTOPHUIO TEepeMEIeHNsT paboyero opraHa IBYX3BEHHOTO LIAPHUPHOTO MaHHIyJsITOpa (3axBaTa). MaHMITYIATOD,
JEeUCTBYIOIUII B YIJIOBOM cHCTEME KOOPAMHAT, MOXKHO HCIIONB30BaTh ISl KOHTAKTHON TOYEYHOH cBapku mpu
nepeMerieHn paboyero opraHa IO CJIOXHOW TPAacKTOPUM C INPUMEHEHHEM NO3WIMOHHONW WM HO3UIMOHHO-
KOHTYPHOM CHUCTEMBI YIpaBICHUS. DTU CHUCTEMBI C MOMOILBIO TEXHOJIOTMYECKUX KOMaHJ YIPAaBISIOT NepeMELIeHUEM
paboyero oprasa 1o 3a1aHHO# TPACKTOPHH.

KaioueBble ¢j10Ba: MPOMBIIUICHHBIH POOOT, POOOT-CBAPIIMK, MAHUIYJISTOP, KOHCTPYKTUBHOE 3BEHO, MPUBO/,
repeMerieHne, TPAeKTOPHsl, IPOrPaMMHOE, YIIPaBJICHHUE.
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I'nywro C. I1. Pacuém y2nogvix Koopounam 01 CUCHeMbl YRPAGIEHUA 08YX36EHHBIM MAHURYIAMOPOM HPOMBLIUIIEHHO020 POdoma

BaaronapHocTu. ABTOp BbIpakaeT OJarogapHOCTh PEAAKIMOHHOW KOJUIETMH JKypHala W PEIeH3eHTY 3a
npodecCHOHANBHBIN aHaIM3 U PEKOMEHIAINH JUIsl KOPPEKTUPOBKH CTAThH.

s uurupoBanus. [iymiko, C.I1. Pacuér yrioBeIX KOOpIAMHAT JUIS CHCTEMbI YIPABJIECHHS MHOTO3BEHHBIM
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Original article
Calculation of Angular Coordinates for the Control System of a Two-Link Industrial Robot
Manipulator

Sergey P. Glushko
Kuban State Technological University, 2, Moskovskaya St., Krasnodar, Russian Federation
sputnik_s7@mail.ru

Abstract

Introduction. One of the tasks of two-link manipulators of industrial robots that move the end-effector along complex
trajectories (e.g., robot welder) is associated with the need for careful programming of their movement. For these
purposes, manual programming methods or training methods are used. These methods are quite labor-intensive, and
they require highly qualified service personnel. A possible solution to the problem of programming the manipulator
movements is the simulation of motion with the calculation of angular coordinates. This can help simplify the geometric
adaptation of the manipulator in the process of debugging the control program. Therefore, this work aimed at
calculating coordinates for programming the control system of a two-link manipulator operating in an angular
coordinate system and moving the end-effector along a complex trajectory (e.g., when welding car bodies).

Materials and Methods. A two-link robot manipulator designed for cyclically repeating actions in an angular
coordinate system was considered. The manipulator consisted of two rotating links: “arm” and “elbow”, which were
fixed on the base. The base could rotate, which provided a third degree of freedom. This configuration increased the
working area of the manipulator and minimized the area for its placement in production. The movement of the
manipulator end-effector could be performed if the kinematics provided its positioning along three Cartesian and three
angular coordinates. For software control of robots, including welding robots operating in an angular coordinate system
and performing the movement of the end-effector along a complex trajectory, it was required to calculate the angular
coordinates of the movement of the end-effector of a two-link articulated manipulator. The robot control system should
determine the position of the tool in the angular coordinate system, converting it for user friendliness into X, y and z
coordinates of the Cartesian coordinate system.

Results. The relations of angular and Cartesian coordinates have been obtained. They can be used for calculating when
programming the control system of a two-link manipulator of an industrial robot and organizing the exchange of
information between the user and the control system, as well as for checking the accuracy and debugging the movement
of the end-effector of an industrial robot through feedback.

Discussion and Conclusion. The presented results can be used for software control of a welding robot operating in an
angular coordinate system and performing a complex trajectory of the end-effector of a two-link articulated manipulator
(gripper). A manipulator operating in an angular coordinate system can be used for contact spot welding when moving
the end-effector along a complex trajectory using a positioning or contouring control system. These systems control the
movement of the end-effector along a given trajectory with the help of technological commands.

Keywords: industrial robot, welding robot, manipulator, structural link, drive, movement, trajectory, program control.
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Benenue. [IpoMmbiiiieHHbIE POOOTHI MCHONB3YIOTCS [l aBTOMATU3UPOBAHHOIO YIIPABJICHHs POCTPAHCTBEHHOMN
OpUEHTAIeH OpyaHii H 06BEKTOB TPYJa B Pa3IHYHBIX TEXHOIOTHYECKHX mporeccax’ [1—7]. IIpoMbliuieH bl poGoT,
Kak TPaBHJIO, BKJIIOYACT MAHMITYJISITOpP, UMEIOIIMH HECKOIBKO CTENEeHEH MOJBIIKHOCTH, U YCTPOWCTBO YHUCIOBOTO

! Kosbipes 0. . TIpoMbIIILICHHbIE POGOTHI: OCHOBHBIE THITBI M TEXHHUECKHE XapaKTEPHCTHKH: yueGHoe nocobue. M., 2015. 560 c.
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MIPOTPaMMHOTO YIIPABJICHHUS NMPHUBOJAMH. MaHHITyJISITOp HCIIONB3YETCs AJSI MEPEMELICHHUs 3axXBaTa WM HHCTPYMEHTA
110 3a/[aHHO TPACKTOPHH B 3aJaHHEIC TOUKH TEXHOJIOTHYECKOro mpocTpancTsa’ [1-3].

[Tpu pa3paboTrke mporpamm yrpaBieHHs IIEPEMENICHUSIMH 3aXBaTa WM MHCTPYMEHTa IPOMBILIIIEHHOTO poboTa 1o
CIIO)KHBIM TPAcKTOPUSIM (HAmpuMep, Ui POOOTOB-CBAPIIMKOB) HCIOJB3YIOTCS CIIOXKHBIE I10 OpraHH3aluu U
TEXHUYECKOMY OCHAILEHUIO METOIbl O0yUEHHUSI.

JUis ynpolleHus: MporpaMMUpPOBAaHMS CUCTEMBI YNPaBJICHHsS JBYX3BEHHBIM MaHHUITYJISATOPOM IPOMBIIIIEHHOIO
po0oTa, mepeMemaonero paboymii OpraH Mo CIOKHOU TPAeKTOPHH (HAaIIpHMep, IPH CBapKe aBTOMOOMIEHBIX KY30BOB),
MOJKHO HCIIOIb30BaTh MOJECIUPOBAHHE €r0 MEPEMEIICHNH ¢ pacdéTOM YIJIOBBIX KOOPAMHAT. OTO YNPOCTUT
TEOMETPHUECKYIO aJalTallli0 MAaHUITYJIATOPA U IIPOIIECC Pa3pabOTKHU U OTIAAKU €T0 YIPABISIOIINX IPOTPAMM.

Iens paboTel — pacyéT YIIOBBIX KOOPAMHAT I MPOTPAMMHPOBAHMS PaOOTBI CHCTEMBI YIPABICHHS JABYX3BEHHBIM
MAaHUITYJIITOPOM, ISHCTBYIOIIMM B YITIOBOH CHCTEME KOOPIMHAT U TIePEeMEIIAfOIINM padoUrii OpraH IO CJIOKHON TPASKTOPHHL.

Matepuansl U Meroabl. Ha mpakTuke HCIOIB3YIOTCS 4YETBIPE OCHOBHBIX THUIA MAaHMUIYISTOPOB, KOTOPHIE
JICUCTBYIOT B LIMJIMH/IPUYECKOMN, chepruuecKol, NpsMOYToIbHON HIIH YTIIOBOH CHCTEMaX KOOPHHAT.

Ha puc. 1 nmokazana paGouas 00IacTb MaHHUIYIATOpa po0OTa, AEHCTBYIOMIETO B YIVIOBOM CHCTEME KOODIMHAT.
MaHHHyHﬂTOp COCTOHUT M3 ABYX BpallaloIUXCA 3B€HBEB — «IJI€HYa» U «JIOKTA», KOTOPBHIC 3aKPCIJICHBI HA OCHOBAaHUH.
OcCHOBaHHME MOXET BpAaILAThCsl, YTO OOECIEUYMBAET TPEThIO CTENEeHb CcBOOOJBI. Takas KOH(UIypalus yBeITUUYUBACT
pabouyio 001aCTh MAHUIYJIATOPA 1 MUHUMH3HPYET IUIOMAAb AL €r0 pa3MeIleHHs Ha IPON3BOJICTBE.

MaHunynsaTop, ASHCTBYIONIMH B YIJIOBOM CHCTEME KOOPIHMHAT, MOXXHO HCIIOIb30BaTh U KOHTAKTHOW TOYEYHOH
CBapKy IIPH TEPEMELICHUH TOPEIIKU 10 CIIOXKHOW TpaeKTOpHH. Il BBITIOIHEHNSI KOHTAKTHOW TOYEYHON CBAapKH darie
BCETO HMCHONB3YIOTCS POOOTHI C MO3MIMOHHON WM MO3UIIMOHHO-KOHTYPHOH CHCTEMOH yIpaBiieHHs. DTH CHCTEMBI C
MIOMOIIBIO0 TEXHOJIOTHUECKUX KOMaH]] YIPABJIAIOT IIEPEMEIICHNEM TOPEJIKH 110 3alaHHON TPAaeKTOPHUH NIPH 3aJaHHOH ee

OpHUCHTAlUM C MOCTOSIHHOM CKOPOCTBIO.

Puc. 1. PaGovast 001aCTh MAHUITYJIAITOPA, AEHCTBYIOLIETO B YIJIOBOM CHCTEME KOOPAMHAT (PUCYHOK aBTOpA)

IIpn stom paboTa NOABMXKHBIX Y3J0B MAaHHUIYJIATOpPa B 30HE CBAapKH MOXET OBITh YCIIOXKHEHA BIIMSHHUEM
BbIIeNsIeMoro Tera. YacTHUHO 3Ta mpobiema pemraercs NIPUMEHEHHEM BOASHOTO OXJaXKACHUS TOPENIOK C
ABTOHOMHBIMH YCTPOMCTBAMHU OXJaxieHus. [IJisi TIOJIHOTO yCTpaHEeHHUs! ATOW MPOOJIeMbl MOTPEeOyeTCs TOMOIHUTEIBHO
peINTh TEIUIOBYIO 3aJady C MOJAEIMPOBAHHEM TEIUIOBOTO TIpoliecca [UIS ONpPEACTCHHS W KOMIICHCAIHH
TEeMIIEPATYPHBIX PACIIUPCHUIA, BBI3BAHHBIX HATPEBOM 3JIEKTPHYESCKHM Pa3psIIOM HITH AIIEKTPUUECKOi ayroit [8].

PesyabTaTsl ucciaeaoBanus. s pa3paboTku mporpaMmsl yIpaBieHns poOOTOM, KOTOPEIA AEHCTBYET B yIIIOBOH
cucreMe KoopauHaT (puc. 1), HEOOXOANMO BBINOJHHUTH PACUET YIJIOBBIX KOOPAMHAT IepeMelleHuns pabodyero oprana
MaHuIyIsiTopa (3axsara) [1-4, 6, 7]. Ha puc. 2 npuBeseHa ero cxema, COCTOsIIas U3 IBYX CTepxHEW 1 U 2, KOTOpbIe
COEAMHEHBI CPEPUUECKUM IApHUPOM 3 | IUIOCKUM IapHUPOM 4. Best KOHCTPYKIHMS yCTaHABINBAETCSl HA OCHOBAHUH 5.
CTep)xHH MaHUIYJIATOPA UMEIOT IUTHHY [y 1 ;. [llapHup 3 MoKeT BpaliaThCsi B TOPH30HTAIBHON TIOCKOCTH (YToJl o)
B BEpTUKAIBHOM mtockoctH (yroi B). [apaup 4 Bpamaercs B BEpTUKAIBHON TUIOCKOCTH (Yo ).

Puc. 2. KoHCTpyKIWsI ABYX3BEHHOTO [IAPHUPHOTO MAaHHUITYJISITOPA: ¢ — TJIABHBI BUA; 6 — BHUJ CBEpXY (PUCYHOK aBTOpPa)

2 To xe.
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Ha puc. 3 mokaszaHa cxema JAByX3BEHHOTO LIAPHUPHOTO MaHUITYJIITOpa B Buae nonycdepsl ¢ paguycom R = 1 + [,
W C BBIPE3aHHOW MOJycepol C pajuycoM I, KOTOPBIH ONpEeAeNseTCs SMIMPUYECKH IPH OTJagKke pPaboThI

MaHHUITyJIATOpPA.

Puc. 3. Cxema ABYX3BEHHOTO MIAPHUPHOTO MaHMITYIATOpa (PUCYHOK aBTOPa)

Cucrtema yIpaBJIC€HUA MaHUITYJIATOPOM JOJIKHA 3a/laBaTh IMOJIOKECHUE MHCTPYMEHTA B yFJ'IOBOﬁ CUCTEME KOOpAUHAT

U Ui yA00CTBa MOJIb30BaTels MPE0OPa30BBIBATE €T0 B MApaMETPhI AEKapTOBOH CHCTEMBI KOOD/IMHAT.

IIpuHumaeM ocHoOBaHHE KOHCTPYKIMM (Touky O) 3a Hadano JeKapTOBOI CHCTEMBI KOOPAMHAT M pacmojaraeMm eé

OCH KaK ITOKa3aHO Ha pUC. 4,

4 Y

o X
Puc. 4. TIpsiMoyroJibHasi CHCTEMa KOOPJAMHAT C IIEHTPOM B Touke O (PUCYHOK aBTOpa)

Yron o npoeknuu otpezka OB Ha miockocts XOY mokasaH Ha puc. 5.

Puc. 5. Onpenenenue yria npoexuuu orpeska OB Ha miockocts XOY (prcyHOK aBTOpa)

Yron o onpezaenseM o Gopmyre:
x

3HaK «+» ClelyeT CTaBUTh, €CK Y OyneT OoJbllie WIM PaBHO HYITIO, & 3HAK «—», KOraa Y OyJeT MEeHbIIe HyJIsl.

a = tarccos

Iie X ¥ Yy — KOOpJUHAThI TOUKU B.

VYrast Ha wiockoctd ZOB By, B, v Y MeXIy OCSIMH KOOPIMHAT U peryaramu [; u l, 1oka3aHsl Ha puc. 6.
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-
0 B' X

Puc. 6. Onpenenenue yrios By, B, 1y (PUCYHOK aBTOpa)
DopMyITBL AT ONIPECNICHIS YTIOB [, 5, U Y HAHAEM, TONB3YSCh TEOPEMO KOCHHYCOB:
B+z22+x*+y* 13

2:1 - \z2 +x2 +y?
z
B, = arcsin [— ;
Jz2 +x% +y?

2+ 12 —22—x%2—y?
2'll'l2

B, = arccos

Y = arccos

TZe X, Y M Z — KOOPIAMHATHI TOUKH B.

[omy4yeHHBIE COOTHOMICHUS MOXHO HCIOJB30BATh IS PAacdyéra YIIOBHIX KOOPAHMHAT MPH Pa3paboTKe MporpaMm
YIpaBJICHUS IBYX3BEHHBIM MaHUITYJIITOPOM IPOMBIIUICHHOTO po00oTa, PeMICHHUs 3aa4d MO3UIIHOHHOTO WX KOHTYPHO-
MMO3UIIMOHHOTO VIIPABJICHUS C TPUMCHEHHEM IaTYMKOB OOpaTHOW CBS3WM [UIS HEMPEpPBIBHOTO KOHTPOIS U
KOPPEKTHPOBKH IPOMEKYTOYHBIX TOUEK TPACKTOPHH TEpPeMElICHHs MaHHIYJISTOpa” M YIpaBICHWS IBHTATEISMH
MPUBOJIOB [3, 6].

Tak xak TUHAMHUYECKHE CHCTEMBI pOOOTOB, B TOM YHCIIE JABYX3BEHHBIX MaHUITYJIATOPOB, ACHCTBYIOIINX B yIJIOBOH
CHCTEME KOOPAMHAT, XapaKTEePHU3YIOTCS HENMHEHHOCTAMH U IIOJBEP>KEHBI BO3MYIIEHHSAM, TO C IENBI0 YCTPaHEHUS
OmKOOK NPH BOCIPOM3BEICHUH TPACKTOPHH IepeMelleHnsi pabodyero opraHa MaHUIYJIATOpa IpelyiaraeMblii pacuér
YIJIOBBIX KOOPAWHAT MOXKET OBITh JOIOIHEH PEIICHUSIMHE C MCIIOIB30BAaHUEM CIEAYIOIIUX METO/IOB:

— HelipoceTeBoro MoaenupoBanus [9];

— AMUTAlMOHHOTO  WCCJICIOBAHUS CHCTEMBI POOOTH3UPOBAHHOW pPYKH UIS OOHApY)KEHHS W  OLCHKH
HeucnpaBHoctei [10];

— DKBUBAJIEHTHOTO MpPHHIMIA TMEPEMEHHON CTPYKTYPbl CKOIB3SIIEr0 peKUMa A TOYHOIO BOCCTAaHOBJIECHUS
MPOU3BOJILHBIX HETMHEWHBIX HeucnpaBHocTei [11];

— TEHETHYECKOTO aqropruT™Ma ISl PEIICHHSI 3a/1a9H TUITAHUPOBaHus Tpaekropuw [12];

— FeHEepallid  COBMECTHBIX TPAaeKTOpWUH g  POOOTH3MPOBAHHBIX  MAHHUITYJSITOPOB €  BO3MOXKHOCTBIO
MpeOTBpaIIeHHsT CTONKHOBeHH i [13].

s ynpaBiieHUsT IBYX3BEHHBIM MIAPHUPHBIM MAHHUITYJISITOPOM CO CIIOKHBIMH TPACKTOPHAMHU €T0 IepeMENICHHS
MEPCIEKTHBHO TPHMEHEHHNE aJalTHBHOTO YIPAaBICHUS C JaTYdKaMH OOpaTHOW CBS3M, CHUTHAJBI C KOTOPBIX
00pabaTbIBarOTCS U, 110 pe3ysibTaTaM 00pabOTKH, MIPUHUMAIOTCS PEIICHNUS O JalbHEHIINX 1CHCTBHSIX.

CrpykTypa anmapaTHOW 4YacTH Ipe[laraeMoil CHCTeMBbl ynpaBieHus! (puc. 7) BKIIOYAaeT: IPUBOJIBI 3BEHHEB
MaHUIYJIATOpa, JATYUKU YTIOBOTO IOJOXKEHUS 3BEHBEB MAaHUILYJIATOpA, AATUMKH TEMIEpPaTyphl y3/la KpeIUIeHHs
TOPEJKH, IPOrPaMMHUPYEMBIH JIOTHYECKHUI KOHTPOJUIEP, OCYIIECTBILIFONINN (QYHKIINN YIIPaBICHNS MaHUITYJII TOPOM.

B mpoMmbluieHHBIX po0OOTax MCHOJIB3YIOTCS JJICKTPUYECKHE, THMAPABIMYECKUE M ITHEBMAaTHYECKHUE IPHBOJABI C
MOCTYTIAaTeNIFHBIM M BpamlaTelbHBIM JABIDKCHHEM. Hambombinee pacmpocTpaHeHHE B pPOOOTOTEXHHMKE MOIYIHI
AJIIEKTPUIECKUH TPUBOJ, KOTOPBIN OTIIMYAIOT IIMPOKUI THANa30H MOIIHOCTEH qBUTATENEH, YI0OCTBO B PETYIIMPOBAHUH
CKOpPOCTH ¥ yIOOCTBO B aBTOMAaTH3aIIMH MPOLIECCOB YIIPABICHHS.

3 I'mymxo C. I1., Yactukos A. I1., Kopauenko B. I'., Totryxos K. E. [IporpaMmuas cucteMa TeCTUPOBAHHS U OTIAAKHU YIIPABILIOMIX IPOrPaMM IS
POOOTOTEXHUYECKOIO KOMIUIEKCA: CBHACTENBCTBO O TOCYIAapCTBEHHOH perucrpauuu mporpammel st OBM Ne 2011611987, moctyn. 11.01.11
omy6m. 04.03.11.
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Puc. 7. CtpykTypa anmnapaTtHoi 4aCTH CHCTEMBbI YIIPaBICHHS MHOTO3BCHHBIM [IAPHUPHBIM MaHHITYJSITOPOM (PHCYHOK aBTOpA)

Jns  KOHTpONS VYIJIOBBIX TEPEMEHICHHH B MHOTO3BEHHBIX MIAPHUPHBIX MEXaHHW3MaxX MaHUITYJSITOPOB C
aIanNTHBHBIMA CHUCTEMaMH YIPABICHUS, BEHIONHAIONIMMH CIIOXHBIE TPAacKTOPHH, PEKOMEHIYETCS HCIOIb30BaTh
JATYNKH YTJIOBOTO TIONOXKEHUS — 5HKoAephl. C HX TOMOIIBI0 MOXHO H3MEPATh IapaMeTphl IepeMeUICHUS
WHCTPYMEHTa Wik 00padaThIBaeMOTO 00BEKTa, YIIIBI WX IMOBOPOTA, HAIPABICHUE ITEPEMEIICHUS, CKOPOCTh BpAIICHU
BajJa DJICKTPOJABHTATENS WM PEAYKTOpa, YIIIOBOE IIOJIOKEHHE II0 OTHOMICHHIO K HYJCBOW METKE, HaIpaBJICHUE
BpAaIICHHUS.

B amanTuBHBIX CHCTEMaX YIPABICHUS MOXHO HCIIOIb30BaTh WHKPEMCHTAJIbHbBIC (MHKPEMEHTHbIC) U aOCOIOTHBIC
SHKOJAEpHL. VHKpEMEHTANbHBIE DHKOJIEPHl OTIMYAIOTCS TPOCTOTOW, HAAEKHOCTHIO M OTHOCHUTENBHO HU3KOM
CTOUMOCTBIO. AOGCONIOTHBIC SHKOAEPH! CIOKHEE M JOPOXe, HO OHHU IO3BOJSIOT ONPENeNaTh YIJIBl MOBOPOTa oOceit
3BEHBEB B JIIOOOH MOMEHT BPEMEHU Cpa3y MOC]e BKIIOYEHHS MHUTAHUS, MPUYEM, JJa)Ke B HEMOJBIIKHOM COCTOSIHUH
3BCHBEB. AOCOJFOTHBIC YHKOACPHI TAaKXKe IO3BOJISIOT OMPEICINSATh YIIIBI MTOBOPOTA OCEi 3BEHBEB NMPH OTKIIOUYCHUH U
MOCTIETYFOIIeM BOCCTAHOBJICHWH IMUTAaHUS U HE TPeOYIOT BO3BpaTa yCTPOHCTBA B HaualbHOE ToyokeHue. [Ipu atom Ha
CHUTHANBI a0CONIOTHBIX JHKOJCPOB HE OKAa3bIBAIOT BIMSHHUS TOMEXH M BUOpammu. B mocmegHumx paspaboTkax
aJIalITUBHBIX CUCTEM YIPABICHHUS MOSBUINCH MHEPHUAbHBIC AaTUuuku [14], umeromniye psij yCOBEPIICHCTBOBAHUM s
KOMIICHCAINH OITHOOK CHCTEMBI YIPABJICHUS ITePEMEIICHUIMI MaHUITYJIATOpA.

Oo6cy:xnenne u 3akjaodenus. [IpoBeneH pacu€T yrioBbIX KOOPAMHAT IS MPOTPaMMHUPOBaHUS PabOThl CHCTEMBI
yIOpaBieHUs] JBYX3BEHHBIM MAHHUITYJIATOPOM, JACHCTBYIOIIMM B YIJIOBOH CHCTEME KOOPJMHAT W TEepEMENIAroIIUM
paboumii opran Mo CIOXHOH Tpaekropuu. [lonydeHHbIE B pab0oTe€ COOTHONICHUS YTJIOBBIX M JIEKAPTOBBIX KOOPIMHAT
MOXXHO WCIIOJIB30BaTh IS pacuéra W KOHTPOJS YIIIOBBIX MEPEMEIICHUH M MPOrpaMMHUPOBAHUS CHCTEM YIIPaBJICHHS
JIBYX3BEHHBIMA MAHHITYJIATOPAMH TPOMBIIUICHHBIX pPOOOTOB, TepeMelarmux padodyre OpraHbl MO  CIOXHBIM
TPACKTOPUSIM.

Pacuér yrnoBBIX KOOpIWHAT [UIS YIPABICHHA JBYX3BCHHBIM MAHHITYJISTOPOM IPOMBIIUICHHOTO pPO0OTa,
MIPEJCTaBICHHBIA B JaHHOW pa0oOTe B BUJIC PEHICHUS T'COMETPUYECKOW 3a/Ja4dl TO3UIIUOHUPOBAHUS, MOXKHO TaKKe
HCIOJIb30BaTh MPH MOAETUPOBAHUU aHAJIOTMYHOIO MaHUMYJSLMUOHHOIO YCTPOWCTBA WIJIM IMPHU MOCTPOEHUH CHUCTEMBI
yIpaBJICHUS TaKHUM MAaHUIYJSITOPOM M OpraHu3anuu oOMeHa wWH(popMaImeld MEXIy I0JIb30BaTelIeM H CHCTEMOI
YIPABJICHUS, a TAKXKE I POBEPKU TOYHOCTH U OTJIAJKU TepEeMEIIeHNUs pabouero opraHa mpoMBIIIEHHOTO PoOoTa ¢
HCTIOJIb30BaHUEM 00paTHON CBSI3H.
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AHHOTaINA
Beseoenue. PoOOTOTEXHUYECKHE TEXHOJOTHH CIYXKAaT BaKHBIM IOKA3aTelIeM TEXHOJOTHIECKOTO M IKOHOMHYECKOTO

COCTOSIHUSL TOCYIapCTBa, OHU BIMSIOT TakKe M Ha JKM3Hb OTHENBbHBIX JIIOJeH. Pa3BuTne MX — mepcrleKkTHBHas U
aKTyalbHas 3ajada, 3aTparuMBaiollas MHOTHE AacHeKThl JKH3HH COBPEMEHHOro oobmiectBa. B Hacrosimiee BpeMms
POOOTOTEXHUKA MEPEKUBACT OYEPEIHOM STan pa3BUTHS, KOTOPbIH MMEET CBOM OCOOCHHOCTH, HOBBIC HAIpaBIICHUS.
Lenbto naHHOM pabOTHI SABJIAETCS aHAJIKM3 TTOJIOKEHUS U IyTeH pa3BUTHs JaHHOM OTpacik B MUPE U B Halllel CTpaHe, a
TaKKe OTHOIICHHE JIIOACH K MCIOJIb30BAHUIO POOOTOTEXHUYECKUX CHCTEM M TOTOBHOCTH MX COBEPIICHCTBOBAaTh. DOTH
BONPOCHI ABIISIOTCS MaJIOU3y4EHHBIMH.

Mamepuanvl u memoosl. B TpENCTaBIEHHOM HCCIICIOBAHNM Ha3BaHBl HCTOPUYECKHE aCTEKTHl (OPMUPOBAHUS
YHHUKQIBHBIX POOOTOTEXHWYECKMX TEXHOJOTHH, OMNpENeNeHO COOTHOLIEHHE KOJHMYECTBA IPOW3BOJUTENEH U
norpedutenell poOOTOTEXHUYECKOW NMPOAYKIMH B MHpE, yKa3aHbl OTpaciy ee NpuMeHeHus. lleHTpanbHOoe MecTo B
paboTe OTBEJEHO MTOraM MPOBEJCHHOIO aBTOpaMM OHJIAfH-ONPOCA, CTATHCTHUYECKUN aHaIMU3 KOTOPOTO MO3BOJIMI MO
KOHKPETHBIM JaHHBIM M3Y4HUTh (AKTOpBI, BIMUSIONIME Ha pPaCHpPOCTPAHEHHE POOOTOTEXHUYECKUX CHUCTEM U
POOOTOTEXHUUECKHUX TEXHOJIOTHI U CIOCOOCTBYIOIINE UM.

Pe3ynomamut uccnedoganuii. Vitorn onpoca, ¢ OZHOM CTOPOHBI, MOKA3BIBAIOT BBICOKYIO OLIEHKY INEPCHEKTHBHOCTH
POOOTOTEXHUUECKHX CHUCTEM, JAaHHYIO PECIOHJCHTaMH, W MOJTBEPXIAI0T HAJIMYUE y MOJIOAEKH MHTEpeca K JaHHBIM
texHoorusiM. C  fpyrol CTOpOHBI, OHHM TMO3BOJISIIOT OTMETUTH BBICOKMH YpPOBeHb 3HaHWM B oOyacTu
POOOTOTEXHUYECKHX TEXHOJIOTHH y CTYICHTOB MH)XEHEPHBIX CIELHAJIbHOCTEH M Hainuue Oojiee YeM 3JIEMEHTapHbIX
3HaHUI 9THX TEXHOJIOTUH y IpeAcTaBUTeNeH Npyrux cnenuansHocteil. Ha B3rmsa aBTOpoB, HIMEIOTCS BCE MPEANOCHIIKI
JUISL JajdbHENIIEro YCHEeIHOrO Pa3BUTUS 3TUX TEXHOIOTHH.

Obcyscoenue u 3aknr0yenus. AHAINA3 NCTIOIB30BaHUS pOOOTOTEXHUKH B MUpE U B HaIllel CTpaHe, a TaKKe pe3yIbTaThI
MIPOBEICHHOTO aBTOPAaMH OIPOCa TO3BOJSIOT CAENAaTh BBIBOA O TOM, YTO ITH TEXHOJOTMH Pa3BHBAIOTCS W OymyT
aKTHUBHO Pa3BUBATHCS M BIPEJb, & 3aMHTEPECOBAHHOCTH B 3TOM HBIHEIIHHUX CTYICHTOB, IIOATBEP)KACHHAS OTBETAaMH Ha

BOIIPOCHI aHKETHI, OyIET CIIOCOOCTBOBATH O0JIee MIMPOKOMY BHEAPEHUIO POOOTOB B )KHU3HBb OYIYIINX OKOJICHHH.

KiroueBble cioBa: poOOTOTEXHUIECKHE TEXHOJIOTHH, POOOTOTEXHHIKA, TPOMBIIUIEHHBIE POOOTHI, pOOOTOTEXHUIECKHE

CUCTEMbI, UCCIICAOBAHNE, UHTECPHET-OIIPOC, CTaTUCTUYCCKHUM aHaJIu3.

BuaronapHocTi. ABTOpPHI BBIPAXAIOT NPU3HATENBHOCTh COTPYIHUKAM U oOydaronMcs kadenpsl «PoboToTexHnka n

MEXaTpOHUKaA» J_IOHCKOFO rocyJapCTBEHHOI'0 TEXHUYECKOI'0 YHUBCPCUTETA 3a IIOMOLIb TPU c60pe JaHHBIX.

Jnsi umTupoBanms. fnposckas, M. B. MccnenoBanne  akTyalbHOCTH — pOOOTOTEXHMYECKMX — TEXHOJOTWH  /
M. B. flnposckasi, U. B.'ypun // Advanced Engineering Research. — 2022. — T.22, Ne4. — C. 353-364.
https://doi.org/10.23947/2687-1653-2022-22-4-353-364

© Aoposcrasa M. B., I'ypun U. B., 2022

MaH_II/IHOCTpOeHI/IC U MAalIMHOBEICHUEC

353


https://doi.org/10.23947/2687-1653-2022-22-4-353-364
https://doi.org/10.23947/2687-1653-2022-22-4-353-364
mailto:midwai61rus@gmail.com
https://doi.org/10.23947/2687-1653-2022-22-4-353-364
https://doi.org/10.23947/2687-1653-2022-22-4-353-364
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.23947/2687-1653-2022-22-4-353-364&domain=pdf&date_stamp=2022-12-31
https://orcid.org/0000-0002-4469-1603
https://orcid.org/0000-0001-8359-9327

http://vestnik-donstu.ru

354

Advanced Engineering Research 2022. T. 22, Ne 4. C. 353—364. ISSN 2687-1653

Original article
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<0 midwai6lrus@gmail.com

Abstract

Introduction. Robotic technologies serve as an important indicator of the technological and economic state of the
country, they also affect the lives of individuals. Their development is a promising and urgent task affecting many
aspects of the life of modern society. Currently, robatics is going through another stage of development, which has its
own characteristics, new directions. The work aims at analyzing the situation and ways of development of this industry
in the world and in our country, as well as the attitude of people to the use of robotic systems and their willingness to
improve them. The topic under consideration is understudied.

Materials and Methods. In the presented work, the historical aspects of the formation of unique robotic technologies
are defined, the ratio of the number of manufacturers and consumers of robotic products in the world is specified, the
areas of the robotic technology application are named. The central place in the research is given to the results of an
online survey conducted by the authors. Its statistical analysis made it possible to study, using specific data, the factors
that influence the spread of robotic systems and robotic technologies and contribute to them.

Results. The survey results, on the one hand, showed a high assessment of the prospects of robotic systems given by the
respondents, and confirmed that young people have an interest in robot-making technologies. On the other hand, they
allowed us to note the high level of knowledge in the field of robotic technologies among engineering students and the
presence of more than elementary knowledge of these technologies among representatives of other special fields. In the
opinion of the authors, there are all prerequisites for the further successful development of these technologies.
Discussion and Conclusions. The analysis of the use of robotics in the world and in our country, as well as the results
of the survey conducted by the authors, enable to conclude that these technologies are developing and will continue to
develop actively, and the interest of current students in this, confirmed by the answers to the questionnaire, will
contribute to the wider introduction of robots into the lives of future generations.

Keywords: robotic technology, robotics, industrial robots, robotic systems, research, Internet survey, statistical
analysis.
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BBenenne. Po60oTel — aBTOMaTHYECKHE yCTPOICTBA, CIIOCOOHBIE BBHINMOIHATH MOHOTOHHYIO M CIOXHYIO padoTy.
OHM TOSBISINCH B JKM3HU YeJIOBEKA, M3MEHSAICH CO BPeMEHEM. 3a MOCiIeqHee JeCSITUIeTHe OHU MpeoOpa3oBaInuch B
MEXaHU3MBbI, CIOCOOHBIE d()PEKTUBHO B3aWMOJEHUCTBOBATH C JIOABMH, TTOHUMATh HUX JKECTHI U OMOIUHU. DTO CTAIO
BO3MOKHBIM Oylaromapsi pa3BUTHIO poOOTOTeXHWKH. CTpeMHTENbHOE pPAa3BHTHE TEXHOJOTHA HHTEUIEKTYaTbHOTO
yopaBieHuss u o0paboTku wH(popManmy Ha (OHE HAYYHBIX OTKPHITHH B 00NACTH SHEPreTHUKH, MAIIMHOCTPOCHHS,
MHKPOIIPOIIECCOPHONH TEXHUKH M TEJIEKOMMYHHKAIMOHHBIX CHCTEM OOYCIIOBIMBAET HOBBIM 3Tan B HPOU3BOJCTBE U
npuMeHeHnu pobotoTexHuyeckux cucrtem (PTC) [1-3].

PoGoTtoTexHrka SBIsE€TCS OTpacibio, KOTOpask MIMPOKO MPUMEHSET COBPEMEHHbIE HH(OPMAaIIMOHHBIE TEXHOJIOTHH B
WH)KCHEPHBIX HPWIOKEHUSIX, CHOCOOCTBYS NPHUBICUCHHUIO TEXHHYECKHX CPEICTB K IIOJYYEHHIO U HCHOJb30BaHUIO
nH(pOpMaLUK JUI CO3/IaHHsI CUCTEM YIPABJICHHS CIOKHBIMH 00bekTaMH. [10 MHEHUIO 3KCIIEpTOB, pOOOTOTEXHUYECKHUE
CHCTEMBI, KOTOPBIE HCHOJB3YIOTCS B MAIIWHO-, aBTOMOOWIIE- U CyIOCTPOCHHUH, aBHAIH, KOCMOHABTHKE, MEIUITMHE,
TEKCTHJIBHON MPOMBIIUICHHOCTH W Jp.., CIIOCOOCTBYIOT TOBBIIICHHIO YPOBHS ABTOMATH3AIMK IPOU3BOJICTBA, UYTO
NPUBOIHT K COKPALICHMIO oT 15 10 90 % pacxo/0B B 3aBUCHMOCTH OT OGIACTH IIPUMEHEHHS

Uctopus ¢denomeHa poOOTOTEXHHYECKHX CHCTEM JJIsI HECTICIIHAMCTOB CBS3aHA C Pa3sMBIIUICHUAMH IHCATENCH-
(haHTacTOB, IS CIICIIHAIIFICTOB — C pa3paboTKaMU MEPBHIX IPOMBIIIICHHBIX pOO0TOB-MaHUTYIITOpOB. Ha camom nene

'Auamutiueckuit  0030p  MHMpOBOro  pheiHKa  poGortotexmmkm / IIAO  «C6epGamk» //  sberbank.com :  [caiit]. URL:
https://adindex.ru/files2/access/2019_07/273895_sberbank_robotics_review 2019 17.07.2019 m.pdf (zata obpamenus: 15.10.2021).
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KOHLCIIMA aBTOMAaTU3UPOBAHHBIX MEXaHU3MOB, KOTOPBIE MOI'YT CaMOCTOATEIIBHO BBIIIOJIHATH HCO6XO}II/IMBIe
ornepanru, IMOoABUJIACh paHbIIC W IpoIlia llHHTeJ'IBHBIﬁ IIyTb pa3BUTHUSL. I/ICTOpI/IH CO31aHus p060TOB CBsA3aHa C
pa3BUTHEM MeXaHMKH. Bo MHOTrHX cTpaHax emie 0 Halllel 3pbl ObIM CKOHCTPYHPOBAHBI IEPBbIE aBTOMAaTHYECKUE
ycrpoiicTBa. [TpuHIMOBI UX co3maHus ¥ (YHKIMOHUpOBaHUs Oblu copmynupoBansl B [IpeBHel ['perun, kKoTopyro
MOXKHO CUHUTaTh POIMHON poOoToTexHukU. Ha 3aBepiuaromiem srtame 3moxu JpeBHero mupa ObLIM OTKPBITHI MHOTHE
BUJBI Ilepefad M ABUTATeNei, chOpMyIUpOBaHb OCHOBHBIC 3aKOHBI KiIaccHUecKod MexaHuKH. C HadaloM 3IOXH
Bo3poxaeHuss aBTOMaTH4YeCKHE MEXaHW3MbI IOIYYHIN pa3BUTHE, ObUIM pa3paOoTaHbl MPY)KUHHBIA M MasTHUKOBBIH
3aBOAHBIC MEXAHU3MBI, ITO3BOJIMBIIME YMENBIM MacTepaM CO3/aBaTh HEBEPOSTHBIE YCTPOMCTBA, KOTOpBIE OBLIH
CTIIOCOOHBI aBTOMAaTHYECKH BBINOJIHATE HEKOTOpble AeiicTBusA. CHauyalna 3TH yCTpOHCTBA HOCWIIM pPa3BlIeKATEIbHBIN U
3CTETUYECKUH XapakTep. TeXHOIOrus co3AaHus MOAOOHBIX YCTPOMCTB MOTyYriIa IIUPOKOE pacipocTpaHeHre B Eppore
U MHpe, OHa pa3BUBAJACh M pacmupsiia chepy NpUMEHeHHs. B panpHeiiieM CTalo OYeHb BaKHBIM pPa3BUTHE
TEXHOJIOTUH 3JEKTPUYECTBA. DJIEKTPUUECKHH TOK CTall MCTOYHMKOM IUTAHUS, CPEACTBOM MOIydYSHHMs, Tepeladd U
o0paboTku uHpopMalmu. biaromapss BceM HakoIUIEHHBIM JOCTHXeHUsM B 1920-1930-e ronsl Obutd pa3paboTaHb
MEXaHU3MBI, KOTOpbIE OTBEYaId TPeOOBaHHAM pPOOOTOTEXHMYECKUX CHUCTEM M JAEMOHCTPHPOBANIM HAYYHBIE
noctikenus. [lociie okonuanust Bropoit MUpOBo#i BOWMHBI HAYaJIOCh MIPUMEHEHHE POOOTOTEXHHUKHU B IIPOMBIIIUICHHOCTH,
HEIIPEPBIBHO COBEPILEHCTBOBAIUCE (DYHKIMOHAIBHOCT M CHCTEMBI YIIPABICHUS POOOTaMH, BHEIPCHHBIMH B
MIPOMBIIIICHHOE MTPOU3BOACTBO [1, 4].

TpaguioHHO B POOOTOTEXHHKE BbIAEISIOT HpombinuieHHyto (IIP) u cepBucHyio poGoTtoTexHuky. Ceroms
POOOTOTEXHUKA IEPEeKMBACT HOBBIH BHTOK pa3BUTHA. [losBuiace MOOWIBHAS NPOMBINUICHHAs pPOOOTOTEXHHKA,
koOoTorexHHKa (robotique collaborative), mno3Bossitolasl 4elOoBEeKy M pPoOOTaM COBMECTHO pelaTh CIOXHBIC
3agauu [5]. Hanbosee akTHBHO pa3BHBAIOTCS [Ba HampaBieHUs. IlepBoe CBA3aHO ¢ MUCTAHIMOHHBIM YIpaBlIeHHEM
POOOTOTEXHUYECKMMHU CHCTEMaMHM, KOTOPOE MOTYT OCYLIECTBJISATh UEJIOBEK WM KOMIIbIOTEp. BTOpoe compsbkeHo c
NPUMEHEHHEM MEeXaHWYECKHX MaHHITYIATOPHBIX CUCTEM THUIIA «PYKay WM «HOTa» JUIs ONepHPOBaHUs oObeKkTamu [1].

Pa3Butie pOOOTOTEXHUKH CETOIHS OCHOBBIBACTCS HAa KOOIEPALMOHHBIX CBS3AX HE3aBHCHMBIX CIELHAIHCTOB,
Hay4yHBIX OpraHM3aluii W Kommanuii [1]. Benymee MecTto B pPa3sBUTHM WHHOBAIMOHHBIX POOOTOTEXHUYECKHX
TEXHOJOTUM  TNPHHAAJIEKUT TOCYAApPCTBY: pealM3allisl HalMOHAJIBHBIX  CTpPAaTeTHMH  pa3BUTUSA, TIPAHTOBOE
(uHAHCHPOBaHUeE, Pa3MelleHe 00OPOHHBIX 3aKa30B2, Hanbosbliee KOJIMIECTBO MHHOBALMOHHBIX POOOTOTEXHUIECKHMX
komnanuit Haxoautcs B Kanane, anuu, @unnsauauu, Utanuu, U3paune, Hunepnannax, Hopseruun, Poccun, Ucnanumy,
Benuko6purtanun, Bermu u IIBeiimapuu [1]. Ilpoanann3upyeM COBpEMEHHOE COCTOSHHE IIPOM3BOJACTBA W
MOTPEOICHUS POOOTOTEXHUUECKHX CUCTEM.

OcnoBubie npousBoautenn [IP: CesepHas u 3amamnas Espoma, CIIA, IOro-Bocrounas Aszusa. Bwigensirorcs
ClIeAyIOIHe JIMANPYIOIIUE KOMIIAHUU-TIPOM3BOAUTENHN PoOOTOTeXHIUECKUX ycTpoicT: snoHckrne FANUC, Yaskawa,
Kawasaki, Nachi, Denso, Mitsubishi, Epson, Omron, mBencko-mBetitiapckas ABB. [1osIBIIst0TCS 1 HOBbIE KOMITAHHUH.
Hanpumep, pobGororexnuueckas kommanus Universal Robotics 3asBuma o cedbe B 2005 rogy kak HEOOJNBIION
YHUBEPCUTETCKHI CTAPTAIl [0 CO3IaHKMI0 KOMIIAKTHOTO po6oTa’.

B 2018 roxy 74 % rno6ansHoro peiaka [P 3anumanu Kutaif, Snonus, FOxuas Kopes, CIIA u I'epmanusd. SAnonus
HAXOJUTCS Ha MEPBOM MeCTe B MUpE IO MPOoU3BOACTBY U 3kcnopty IIP: Ha ee gomo B 2018 roay npuxoausnocs 52 %
MHPOBOW TOPrOBJIM MPOMBIIUIEHHBIME poboTamMu. B 2018 rogy mpousBoactBo podortorexuukun B CIIA cocraBuiio
40,3 teic. 1P, uto Ha 22 % Oomnbie, yem Obuio B 2017 roxy. I'epmanust sBisiercst msiToii B Mupe u niepBoil B EBpore
cTpaHoii o o6beMy peiHKa [IP. 3a Heit cnenyror Utamusa u Opannus [6].

Azmnarckuil pernoH cuuraercs KpynHeiimuM npousBoauteneM [IP. OrmernM, uro B Pecriybnuke Kopest ¢ despains
2018 roma peanusyercst ye TpeThsl mporpamma «CTpaTerus pa3BUTHs MPOU3BOJCTBA YMHBIX poOoToB». Ee 3amaun
COCTOAT B IOMYJIAPU3ALMHU KOJIA0OPaTUBHBIX M CEPBUCHBIX POOOTOB, MOBBIIIEHWH HHHOBALIMOHHOTO HOTEHNHMAJA
POOOTOCTPOCHUS, PACIIMPEHHH POOOTOTEXHMYECKOTO PBIHKA, YBEIWYEHHH Mep TOCYAApCTBEHHOH HOANEPKKH,
YCHIIGHUH OOILECTBEHHOM OCBEJIOMIIGHHOCTH B 00actH pobororexnuku’. B 2018 roay mpoussoactso [P B Kurae u
IOxwnoit Kopee cokparuiocs, a B SlnoHun BeIpociio. B 1iesoM npupoct B a3uaTckoM pernone coctasui 1 %.

Bropo#i BaXHBII NPOU3BOAUTENL — E€BPOIEHCKUN PErMOH, OH IEMOHCTPUPYET IOCTOSHHOE IOBBILLIEHUE TEMIIOB
pocrta ITP (¢ 2017 o 2018 roa nmpupoct coctaBui 14 %).

B 2012 rogy EBpomneiickoii komuccuei ObUT MHUITMMPOBAH MPOoeKT Robolaw, HampaBieHHbIH Ha pelieHune mpodiemM
TEPMUHOJIOTHH, TIPABOBBIX M 3THYECKHX HOPM, CBA3AHHBIX ¢ poboTamu [S]. Pe3ynbraTel 310if pabOTHI JIErIH B OCHOBY
pesomoiui - EBpormeiickoro mapmamenta oT  16.02.2017 Ne 2015/2103 (INL) «HopMmbl  rpakmaHCKOTO IIpaBa o

2 AHaJMTHYECKUH 0630p MUPOBOTO PHIHKA POGOTOTEXHUKH.
3 Sang-mo K. Policy directions for S. Korea’s robot industry  // Business Korea : [caiit]. URL:
http://www.businesskorea.co.kr/news/article View.html?idxno=24394 (nara odpammenus: 20.10.2021).
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POOOTOTEXHUKE», a TaKKE€ WHHIMATUBBI co3laHusi EBporeiickoro areHTcTBa mo poOoToTexHHKEe M McKkyccTBEHHOMY
UHTEJUIEKTY ¥ BBEJEHHUH CTATYCa «3JIEKTPOHHBIX JIMYHOCTE» 11 poOoTOB?.

OtMmeruM, uTo B Poccun Taxoke co3maHbI IIPaBOBBIE YCIOBHS Ul pa3pabOTKH POOOTOB B PaMKaxX «PEryJSATOPHBIX
NeCOYHHUI». POOOTOTEXHUKA BXOJUT B IIEpeYeHb TEXHOJIOTHH, IPUMEHIEMbIX B PAMKaX KCIIEPUMEHTAIbHBIX IPABOBBIX
PeKUMOB B cdepe HU(PPOBBIX MHHOBAIMKA OJlarojapsi MOCTaHOBJIECHHIO NpaBuTeibcTBa Poccuiickoit denepanyu ot
28.10.2020 Ne 1750°.

B CesepHoii u FOxHO#T AMeprKe B TIOCIIEIHKIE TOIbI HAOII0AaeTCsl pEKOPAHBIH pocT mpoussoacTra [P (puc. 1) [6].
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Puc. 1. lunamuka pocra 00bEMa MUPOBOTO PHIHKA IIPOMBIIIIEHHBIX POOOTOB, THIC. €.
(prCyHOK aBTOPOB)

Kurait — kpynHeiinmii motpeOUTeNh MPOMBIIIIEHHBIX POOOTOB ¢ ojeii B 36 % OT 00miero ymciia mpou3BeIeHHBIX
TP (154 TpIC.) OOIIEH CTOMMOCTBIO 5,4 MIIPI I0JUL., 3TO Ooubiie, yeM kojmdecTBo IIP, pabGoraromux B EBpome u
Awmepuke. B IOxHoi1 Kopee konmuuecTBo BBoaMMBIX B akcintyartaruio I1P ¢ 2013 roga yBenuuuBanocs exeroaHo Ha 12 %.

I'maBubiM motpebutenem IIP B mupe ¢ moineit 30 % oT oOmero o6beMa IOCTaBOK SBIAETCS aBTOMOOHIIbHAS
MPOMBIIUICHHOCTh. OCHOBHBIMH CTPaHAMH-TIOTPEOUTENIIMUA Takux poOoToB cumrtarorcs Kuraif, fAnonus, 'epmanus,
CILIA, FOsxnas Kopes [1].

K coxxanenuro, Poccust He oTHOCHTCA K JIHAEpaM 1o 00beMy NPUMEHEHHs NMPOMBILIIIEHHBIX poOoToB. BHenpenue
POOOTOTEXHUKH OCYLIECTBIAETCA HEBBICOKUMHU TEMIIaMM, IIO3TOMY B MHOCIEJHHE TOAbl HE ObLIO HAaOII0JaeMOro B
nepuon ¢ 2005 mo 2010 rox Beicokoro crpoca Ha [1P, XoTs HHTepec K TEXHOIOTHUAM € MPUMEHEHHEM MTPOMBIIIICHHBIX
pobOTOB Bce e He ocladeBaeT, YBEIMYMBAECTCS KOJIMYECTBO KOMIAHUI-MHTEIPATOPOB, KOTOPBIE SBIISIOTCS
TEXHOJIOTHYECKUMH HPOBOJHUKAMHU MEXKAY IPOU3BOAMUTEIAMM W KOHEYHBIMH 3aka3uukamu [7]. IlpaButensctBo
Poccwiickoii @enepanun B pamkax «CTpaTeriy pa3BUTHs OTPACTU HHPOPMAIIMOHHBIX TexHosorui B PO Ha 2014-2020
ToJBI M Ha nepcrieKTuBy 1o 2025 rogay BKIIOYWIO Pa3BUTHE POOOTOTEXHHUKHU B NIEPEUCHb IPUOPUTETHBIX HANPABICHUH
TEXHOJIOTHYECKOro pa3BuTus. 1o MHEHHIO 3KCHEpTOB, TJIaBHAS 3ajada FOCyAapcTBa JOJDKHA COCTOATH B IOIJEPIKKE
HCCIIEI0BAaHUI U Pa3pabOTOK, CBA3AHHBIX C PAa3BUTHEM POOOTOTEXHHUKH, B ()OPMHPOBAHHMHU 33aKa3a U CTHUMYJIUPOBAHUH
CIpOca Ha CO3/1aBaeMyI0 MPOIYKIHIO IS Pa3JIMYHbIX OTpacieil, BKII04as NPOMBIIUICHHOCTh, BOGHHOE IIPOU3BOJICTBO,
CBA3b U DHEPreTHKY [8].

B HacTosimee Bpemsi B MHpE Ha 3JICKTPOHHYIO MPOMBIIUIEHHOCTh HPUXOAMUTCS okosio TpeTtu (32 %) mocrtaBok
po6otoB [1]. OcHoBHBIMH cTpaHaMu-mioTpeduTensiMu [1P B 31€KTPOTEXHUUECKON/3JIEKTPOHHOW MPOMBILIUIEHHOCTH
spisitorcst Kutait, HOxnast Kopes, Amonms [6]. Ilpom3BoimcTBo ItactMacce W XHUMHYECKas IMPOMBIIUIEHHOCTh
UCnone3ytoT 5 % noctaBok [1P; mpon3BoAcTBO NPOAYKTOB MUTaHUS U HATUTKOB — 3 % [6].

BaxHpIM moka3zareneM poOOTH3alMHM MPOMBIIUIEHHOCTH sBiseTcst konmdectBo 1P, mpuxomsmmxcs Ha 10 ThIC.
paborHukoB. B 00pabaTbiBaroiell TPOMBILIIIEHHOCTH OH BBIMJISIIUT CleayromuM odpasom: B EBponie — 114 mryk, B

4 Civil Law Rules on Robotics : European Parliament resolution of 16 February 2017 with recommendations to the Commission // europarl.europa.eu
: [caiiT]. URL: https://www.europarl.europa.eu/doceo/document/TA-8-2017-0051 EN.pdf (zata obpamenus: 22.10.2021).

5 06 yTBCp)K[[CHHI/I nepe'-u-m TCXHOHOFHI/I le/lMCHﬂCMle B paMKax 3KCl'lepl/lMCHTa.]'lebIX ﬂpaBOBbIX pe)l(l/lMOB B C(bepe L[Hq)pOBl:IX l/lHHOBaLU/Il/l /

[paButenscTBO Poccuiickoit Deneparuu / docs.cntd.ru [caiiT]. URL:

http://static.government.ru/media/files/08 LH12RcKX2aDbzOOyGYp78LPATZqQu7.pdf (nara obparmenus: 23. 10 2021).
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Cesepnoit u IOxunoit Amepuxke — 99; B Asum u Asctpanuu — 91. C 2013 mo 2018 rox cpeaHerozoBoil poct
KOJIMYECTBA HCIIOJIb3yeMbIX poOoTOB B A3mu cocraBisul 16 %, B Amepuke — 9 %, B EBponie — 6 %. Ilo sTomy
MOKa3aTello B TeYEHUEe MHOTHX JieT nepBoe Mecto 3aHuMaet Cunranyp (831 I1P Ha 10 Thic. pabotHuKoB B 2018 roay),
BTopoe Mecto — [Oxnast Kopes (774 I1P), tperbe — I'epmanus (338 I1P) [6]. [TnoTtHOCTE poboTuzanmu B Poccuu B 20
pa3 HumXke, yeM B Mupe. B omimuue ot 3amaza, B Halleld CTpaHe OHa HE NMPOXOJuiIa OE30CTaHOBOYHO BBHUIY pPAla
COIMAIbHO-)KOHOMHUYECKHX MOTPACEHUIAS,

KomnnabopatuBHelx po6oToB (K000TOB) OoTHOCAT K IIP, MCONB3yeMBIM I BBIONHEHUS IMOCTAaBIECHHBIX 3alad
COBMECTHO ¢ paboTHHKaMH. OHHM MOTYT JIONOJIHATh U yJIy4llaTh JAeATENbHOCTh YeJIOBEKa, He co3iaBas eMy yrpos. Mx
OTJINYAIOT 0€30IacHOCTh, CPABHUTENBHO HU3Kasl LIeHA, HEOONBIIOH CPOK OKYNaeMOCTH, TMOKOCTh, MHOT03a1a4qHOCTh,
OHH JIETKO IIePEHACTPAUBAIOTCS HA BBIIOIHEHHE Pa3IMYHBIX CLIEHAPUEB M MOTYT OBITh CO3[aHBI MpeoOpa3oBaHUEM M3
npomblIeHHoro podora’. HauGonee MMpPOKOe IPUMEHEHHE 3TH POOOTHI HAaXOAAT B MENUIMHE, (hapMaleBTHKE,
aBToMoOmIecTpoeHuu. bosplioe BHUMaHNe K0OOTaM yIemi0T CpeACTBa MacCOBOH MH(pOpMaLuy. PIHOK 3THX poO0TOB
HeBenuK, B 2018 roxy ObwIO mposaHo okono 14 Teic. eauHu, 4To coctaBiseT 3,24 % ot 422 teic. [1P, nocraBneHHbIX
3aKazyukam [6].

B Hacrosiee BpeMs MOXKHO BBIIETUTH JIBE TPYMIBI CEPBUCHBIX POOOTOB: MPOQECCHOHANBHBIC (UL U3BJICUCHUS
BbIrosbl Tipu okazaHuu yciyr) (IICP) u mepcoHanbHbIe (U1 MCIONB30BaHMS B MOBCEAHEBHOM >KM3HM) [6]. PhIHOK
MepCOHANIbHBIX POOOTOB BCe BpeMsi yBeiuduBaercs. [1o mpornozam, B 2022 rogay ux MoxeT ObITh mpoaaHo 61,1 miH
equHuI (Ha cymmy 11,5 mupa o) [6].

EBpomneiickue W aMepuKaHCKHE KOMIAHWU SABISAIOTCS KpynHewmmmu mnpousBoautensMu [ICP. AmepuxaHisl
JIUJIUPYIOT B CETMEHTE JIOTHCTHYECKUX CHCTEM, €BPOIIEHIbI — B 00JIACTH MEAUIIMHCKOW poboToTexHUKU. EBpomneiickue
U a3MaTCKHUEe KOMIIAHUH POM3BOIAT 45 % CeIbCKOX03SIHCTBEHHBIX POOOTOB [6].

B 2018 romy cymma mnpomax IICP cocraBuna 9,2 mapa momt. 41 % npomanueix IICP mpuxomurcss Ha
noructudeckue cuctemsl, 39 % cocrasmstor IICP 11 MHCTIEKIIMOHHBIX M PpeMOHTHBIX paboT [3]. B 2017 rogy Obu10
npoxano Bcero 6055 po6oToB It cenbckoro xo3sicTBa, 300 — it 1oObuM moJe3HBIX HckonmaeMblx, 1000 — ms
aTOMHOM IPOMBIIIIIEHHOCTH, CYJ0- U CaMOJIETOCTPOEHUsI. IMEHHO 3TH OTpAaciu SBJSIFOTCS TPAAULMOHHO CHIBHBIMH B
Poccun. DKCIepThl PacCUMTHIBAIOT HA Pa3BUTHE POOOTOTEXHMYECKHMX CHCTEM B 3THMX oTpaciax®. B 2018 rogy 6bwu1o
nponano 106 ThIC. CHUCTEM KOHTPOJISI M TEXHUYECKOrO OOCITy:KHUBaHUs, 5,8 ThIC. — JOWIBHBIX poOoTOB, 5,1 ThiC. —
MEIULIHCKHUX, KOTOPBIE SABJIAIOTCS CaMbIMH HOPOTMMH M3 CEPBUCHBIX po0OTOB. X cpenusas neHa — 548 Teic. gou.,
BKJIIOYAsl aKceccyapbl M yCIyru. Taroke IOCTOSHHO pacTeT CHPOC Ha BCIOMOTAaTeNbHbIE POOOTHI AA IOXKHIOTO
HaceneHus B EBpone u Asuu [6].

Brlpociio  IpOM3BOACTBO  JHEPIeTHUECKUX  YETOBEYECKHX  OK30CKEJIETOB, CIIOCOOHBIX  NOJJCP)KUBATH
SProHOMHYHOCTH TPY/Ia M CHUYKATh HArpy3Ky Ha paboTHHKA, OHO cocTaBmio B 2018 roxny 7,3 ThIc. mTyK [6].

Mexny NpOMBIIUICHHOW W CEPBUCHOH POOOTOTEXHUKOW IIOCTENIEHHO CTUPAETCs TpaHb 3a CYET pa3BUTHUS
[POMBIIUICHHOTO HCIIOJb30BAHUS CEPBHCHOM POOOTOTEXHUKH, T.€. HaOMIONaeTcs «KOHBEPIeHLHUS TEXHOJOTUH
MIPOMBILITICHHOW M CePBUCHOI pobororexHukm» [1]. B Ommkaiiiiee BpeMst paszieneHne poOOTOB Ha MPOMBILUICHHBIE U
CEepBHCHBIC MOTEPSIET CMBICH, TaK KaK OJMH U TOT e POOOT CMOXKET peliaTh 3aJaud Kak B IIeXy, TaK U B CEPBHCHOM
OKpYKEHHH’.

BaxxubiMu (pakTOpaMu pacrpocTpaHeHHs: pOOOTOB SIBIISIFOTCSI BBICOKHH CIIPOC Ha POOOTOTEXHUYECKYIO MPOIYKIIHUIO,
3HAYUTENbHBI POCT MHBECTHLMH B CO3laHUE POOOTOB, YBEIMYEHHE KOJIMYECTBA IATEHTOB Ha POOOTOTEXHUYECKUE
pa3paboTku, Bce OoJiee MIMPOKOE BHEAPEHUE CHCTEM HCKyccTBeHHOro unreiniekra (M) [1]. DkcrnepTsl yka3bplBaloT Ha
TeHeHnuio pa3putist M1-poOoToB, nMest B BUIYy TOT (aKT, YTO Kbl yNpaBisieMblil poOOT 00JaiaeT 3j1eMeHTaMU
numn'.

[ToBebIIeHKe cripoca Ha pOOOTOB COMPOBOXKIAETCS TIOHIKEHHEM HX CTOMMOCTH. CpeHsis IeHa OJJHOTO POMBIIIIEHHOTO
pobota ynana ¢ 45 500 B 2016 roay mo 44 000 gomt. B 2017 romy, BeIpociia I0JIsl «HEJOPOTUX» POOOTOB.

B nanbHeiimem mnpuMeHeHHe pPOOOTOTEXHMYECKMX CHUCTeM OyJoeT pacTH, a pa3BUTHE pOOOTOB OyneT
OCYILECTBIISATBCA I10 CIEIYIOIINM HAIPaBICHUAM: COBEPIICHCTBOBAHUE MEXaHU3MOB, IIPUBOIOB, aITOPUTMOB, Pa3BUTHE
caMOOOY4YaIOIUXCs CHCTEM YIPABICHHUS C HCIOJIBb30BAaHMEM C1ab0oro HCKYyCCTBEHHOTO HHTEIUIEKTa, pa3paboTka
uHTEep(dEeiicoB «4eNoBeK — KOMIBIOTEPY, pacro3HaBaHue peun u ap. [§—10]. DxcrepThl yKa3bIBalOT HA HEOOXOAUMOCTh

¢ TexHonorndeckue  TEHJEHLUMH  Da3BUTHS  NPOMBIUUIEHHBIX — poboroB  /  TAdviser //  tadviserru :  [caiir].  URL:
https://www.tadviser.ru/index.php/%D0%9A%D0%BE%D0%BC%D0%BF%D0%B0%D0%BD%D0%B8%D1%8F:TAdviser  (mara oOpateHus:
07.10.2021).

To xe.

8 Ananurndeckuii 0630p MUPOBOTO PhIHKA POGOTOTEXHHUKH.

°To xe.
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0co0oe BHUMaHME NP CO3aHUH M BHEIPEHUH IPOMBILIIICHHBIX POOOTOB YAENATh Bompocy kKubepbesonacHocty. Ipu
3TOM MOHMMATh KMOEpOEe30IacHOCTh ClIeAyeT He TOJIBKO Kak 0e30MacHOCTh COBMECTHOM paboThl YelaoBeka U podoTa, a
Oosee MMPOKO: OE30MACHOCTH IMPOM3BOJACTBEHHOTO KOMIUIEKCA B LEJIOM, HAcCTpOHKa MOJUTUKH 0e30HacHOCTH
YIaJeHHOTO YIpaBIeHUS pPOOOTOM, KOMMeEpYeckas M IIPOM3BOJCTBEHHas TaliHa, OXpaHa HHTEIUICKTYalbHOH
cobcrennoctr' !

[lo MHEHHIO 53KCHEPTOB, BAXKHEHIINM PBIHKOM POOOTOTEXHHUKM Ha TpPEACTOsAllee AECSATHIETHE OCTaHETCS
oOpabarbiBatoliasi MPOMbIIIIEHHOCT. OcoOblli BKJIaJ B POOOTOTEXHUKY BHECYT IHU(pOBU3ALMS MPOU3BOJICTBA U
pa3BUTHE AaBTOHOMHBIX TPAaHCHOPTHBIX CPEACTB, CHOCOOCTBYIOIMX MOOMIbHOCTH. Taike OynyT pa3BHBAThCA
JOTUCTHKA M 30paBOOXpaHEHHe, B KOTOPOM IIPEMMYINECTBA IIONy4aT XHUPYPIHYECKHe U MEIUIMHCKHE
TENEeNPUCYTCTBYIOMINE POOOTHL. 3HAYUTEIEHOE Pa3BUTHE HOMYUUT «yMHOE» CeIIbCKOEe X034HCTBO [6].

Marepuajbl 4 MeTOABI HccaeqoBaHusA. C IEIbI0 U3YYSHUs] OTHOIIECHUS K POOOTOTEXHMYECKHM TEXHOIOTHSIM B
COLIMANIBHBIX CeTsAX Oblla pa3MelleHa aHKeTa M IPOBEIEH OHJAMH-ompoc. 3ajada HCCIEAOBAaHMSA COCTOSIA B
MPUMEHEHUN CTaTUCTUYECKMX METONOB JJisi 00pabOTKM M 000O0INeHMs TMONY4YeHHBIX [aHHBIX. McciemoBanue He
npeTeHayeT Ha (yHAAMEHTAIBHOCTb, HO II03BOJIAET C(OPMHUPOBATH aKTyaJbHOE MHEHHE 00 OTHOIIGHHH K
POOOTOTEXHUYECKUM CHCTEMaM B OOILECTBE U O COBPEMEHHOM COCTOSIHMH POOOTOTEXHHUKH.

OxapakTepusyeM TIpymiy pecnoHaeHToB. KommdectBo omporneHHBIXx — 116 yemoBek. B mx cocraB Bomum
CTYIIEHTHI OakajaBpHaTa M MarkcTpaTypbl TEXHHYECKOI'O BYy3a, MHHLUHMPOBABIIHE ONPOC, 3HAKOMbIE W OJM3KHE UM
JFOIY, TIperoaBaTesiy By3a. bomblas yacTh peCIOHIEHTOB — 3TO JIFOJH, HE CBSA3aHHbIE ¢ pOOOTOTeXHUKOH. CpenHuil
BO3pACT YYaCTHUKOB — 24 roga. MakcumanbeHBIN BO3pacT — 67 JeT, MUHUMaJIbHbIN — 12 et (puc. 2). bonpmuHCTBO
OTBETUBIIMX Ha BOIPOCHI — IpeACTaBUTENH Mysxckoro moisa (70 %) (puc. 3). 58,7 % pecnoHIEHTOB HUMEIOT HIIH
MONy4aloT BeIcmiee oOpa3oBanue (puc. 4). 73,3 % HMEIOT CHeLHaTbHOCTh, CBS3AHHYIO C HHXEHEPHBIM JIeJIOM,
MH()OPMAIMOHHBIMH TEXHOJIOTHAMH ¥ TEXHUUECKUMHU HayKaMu (puc. 5).
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I Texnonoruueckue TECHACHIMUU PA3BUTUA IPOMBIIITICHHBIX p060TOB.
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PecrioHieHThI Tak 0003HAYMIIN CBOU YBIICUCHHS: TIPOrPaMMHUPOBaHHUE (B TOM YHCIIC MUKPOKOHTPOJUICPOB), TEXHUKA,
3NIEKTPOHUKA, POOOTOTEXHUKA, KOMITBIOTEPHBIC HIPHI, IEKOPATHBHAS CBapKa, COOpKa paaronpuOOpOB, BEDKHIAHHE TI0
JIepeBy, THCATENBCTBO, 3aHATHE AHTIUICKAM S3BIKOM, WH(GOPMAIMOHHBIE TEXHOJOTHH, CIOPT, YTEHHE, WCKYCCTBO,
pHCOBaHHE, 3aHATHS MY3bIKOH, BRIpAN[MBaHUE 1[BETOB. Kak MOXHO 3aMETHTD, THAIa30H yBJICUYEHUH OueHb mHpok. [1pu
9TOM OCHOBHBIMH  YBICUCHHSIMH DECIIOHIEHTOB SBJISIOTCS MPOTPAMMHPOBAHHE, TEXHHKA, OJIEKTPOHHKA,
pPOOOTOTEXHUKA, KOMIBIOTEPHBIC WIPHI M HWH(POPMAIIMOHHBIE TEXHOJOTHH, UYTO MOXET ObITh 00OCHOBAHO
CIIEIMATBHOCTIO  OOJBIIMHCTBA PECHOHACHTOB (PHC. 6). DTOT (aKT BaXKHO MOAYEPKHYTH Ui OOBEKTHBHOCTH
MOJTyYEeHHBIX PE3yJIbTaTOB.

96 % pecnoHIeHTOB — 9TO poccusiHe. OcTalibHblE YeThIpE IPOIEHTA OINpPOIIEHHBIX MPOKUBAIOT HE B
Poccuu (puc. 7-9).
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Pe3ysbTaThl Hecea0BaHusA. PaccMOTpUM OCHOBHBIE Pe3yNIbTaThI OIpoca. 65 % OTBETHBIIUX Ha BOIPOCH! aHKETHI
Jand BBICUIYIO OLEHKY MEpPCHEKTHBHOCTH POOOTOTeXHMUYECKHX cucteM (puc. 10). OTMeTHM, YTO HOATBEpAHIACH
THIOTE3a O TOM, YTO MHEHHE O MEPCHEKTHBHOCTH POOOTOB HE 3aBHCHT OT CIELHAIBHOCTH PecroHIeHTOB. [Ipu 3TOM
BEpPHa T'MIIOTE33a O TOM, YTO MHEHHE O HEPCIEeKTUBHOCTH POOOTOB HE BIMSET Ha ONpEICNeHHE obnacTh Hamboiee
IIIPOKOTO MPUMEHEHHS POOOTOTEXHUKH CETrOMHS.

IMonTBepAUIaCh TAKKE THIIOTE3a O TOM, YTO MHEHHE 0 HanboJiee MepCcHeKTHBHON 00IacT IPUMEHEHHUs pOOOTOB He
3aBHCUT OT CHELHANbHOCTH PECIOHAEHTOB. 48 % OIpOIIEHHBIX Hanbojee NMEpCeKTUBHOW CUMTAIOT CTPOUTENBHYIO
orpacib, 33 % — npoMbIIIIeHHOCTS (pHc. 11).

B ompoce mpHHSIM y4acTHE XKUTENH IPYTMX CTpaH. BBHAy Majoro KOJMYECTBa MHOCTPAHHBIX PECIIOHACHTOB
BOIPOC O BIUSHHUHU CTPAaHbI IPOXKHBAHMUS Ha OIpPE/eNieHIe Hanboliee MepCHeKTHBHON 00IacTH IPUMEHEHHsT pOOOTOB He
MOT MOBJIUSATH Ha PE3yJIbTaThl OIpoca.

O6nacTn Haubosee IMPOKOro NMPUMEHEHHs POOOTOB CErOJHs, [0 MHEHHIO OIPOLICHHBIX, 9TO MPOMBIIIIEHHOCTD

(Tak cumnrtaroT 65 % pecrnoHaeHTOB), CTpOUTENbCTBO (19 %), ObIT (9 %) (puc. 12).
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= 5 — CrpourenbHas
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= 6 — PasBnekarenbHas

Puc. 10. Onenku onpomnieHHbIX (1-5 6amioB) o Puc. 11. HauGornee nepcrieKTUBHBIE 001aCTH TPUMEHEHUS.
MEPCIEKTUBHOCTU POOOTOB, % (PUCYHOK aBTOPOB) PoOOTOB, 110 MHEHHIO PECIIOH/ICHTOB, % (PUCYHOK aBTOPOB)

[ToaTBepaunach TUIIOTE3a O TOM, YTO JKEJIAaHWE CO3[4aBaTh POOOTOB M MHEHHME O IEPCHEeKTHBHOCTH POOOTOB
3aBUcuMBL. JKenanue co3naBaTh poO0TOB U3BABIIM 40 % PECIIOHAEHTOB, CTONBKO XKe CUUTAIOT BO3MOXHBIM CO3/1aBaTh
pob6otoB, u Tombko 20 % ONPOIIEHHBIX HE XOTAT 3TUM 3aHUMAThes (puc. 13). OTMETHM, YTO JKEJNaHHE CO3/aBaTh
poOOTOB 3aBUCHUT OT T€HIEPHON IPUHAATIEIKHOCTH, OT CHELHANIBHOCTH U OT BO3pacTa OIPOLICHHBIX. [Ipu 3ToM kenaHue
co37aBaTh POOOTOB PECHIOHCHTHI HAMEPEHBI PEaIN30BaTh B PaMKaX CBOECH CHELMANbHOCTH.
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= 5 — CrpourenbHast §

5 10
= 6 — Pa3pnekarenbHas 5
2
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JKenanue co3naBarb poOOTOB
m/la mBo3smoxno mHer
Puc. 12. O6nactn HanboIee MUPOKOTO MPUMEHEHHUS pOOOTOB Puc. 13. KonuuecTBo xenarImux co3iaBaTs poooToB, %
CEroJIHs1, 0 MHEHHUIO PECIIOHEHTOB, % (PUCYHOK aBTOPOB) (PUCYHOK aBTOpOB)

27 % peCIOHJEHTOB Jald HAWBBICIIYIO OIEHKY (B Oaiax) JKelaHHI0 3aHMMaTbcsi pPOOOTaMH B KauyecTBE
x000u (puc. 14). Takoe e KOJIMYECTBO PECTOHICHTOB (28 %) namy HauMBBICUIYIO OLEHKY (B Oamiax) >KeJlaHHIo
3aHMMAThCd POOOTaMHM B paMKax crenuaabHOCTH (puc. 15). KonudecTBO OMPOIICHHBIX, KETAIOMINX 3aHUMATHCS
pobotamu B pamkax X000U U B paMKaX CIEIHATbHOCTH, MPAKTHYECKU COBMAMaroT. OTMETHM, YTO JKeJTaHHe 3aHUMAThCSI
poboTamMu B paMKax CIEIMATBHOCTH 3aBUCHT OT CIICIHAIBHOCTH, OT YPOBHSI 3HAHHUI B 00J1aCTH POOOTOTEXHUKUA H OT
yOEeKICHHUSI PECTIOHICHTOB B MEPCIICKTUBHOCTH POOOTOB, HO HE 3aBUCHT OT 00pa30BaHMsI.
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Puc. 14. KonnuecTBo pecrioHIEHTOB, JKeJIA0IIUX Puc. 15. KonnuecTBo pecrioHICHTOB, JKEeIA0IUX
3aHMMAThCs pOOOTaMH Kak X000u 3aHUMATbCs pOOOTAMH B PaMKaX CHELMAIbHOCTH

(1-5 6annoB), % (PUCYHOK aBTOPOB) (1-5 6anoB), % (pUCYHOK aBTOPOB)

29 % ONpOIICHHBIX MOCTABMIIM MHHHUMAJIBHYIO OLEHKY (1 Gamm w3 5) cBoeMy YpOBHIO 3HaHHMH B oOjacTH
PpOOOTOTEXHUKH, U 5 % — MaKCHMaJbHYIO (pUC. 16). 16 % pecroHAeHTOB IOCTaBWIM MUHUMAIBHYIO OLEHKY (1 Oamn
u3 10) 3HaHUAM TOTO0, KaK yCTPOEHHI U paboTatoT poboTsl, 1 10 % — MakcumanbsHyto (puc. 17).

OTMeTHM, YTO KOJIMYECTBO ONPOLIEHHBIX BCEX CIICNUATIBHOCTEI YMEHBIIAETCS 110 MEpe MOBBIMICHUS] OTMEUCHHOTO
MU ypOBHA 3HaHMH B 00JacTH POOOTOTEXHUKH (HaumHasg ¢ 3-ro ypoBHs). IIpu 3TOM KOIMYECTBO PECIIOHAEHTOB C
YPOBHEM 3HaHUU 2 ISl BCEX CHENUAILHOCTEH OKa3bIBaeTCsl OOJbINE, YeM ¢ YpOBHEM | (MUHUMABHBINA ypOBEHb). ITO
MO>KHO OOBSACHUTH HAJTMYUEM OIpeeTIeHHbIX 3HAaHUH POOOTOTEXHUKH (HE TOJIBKO 3I€MEHTApHBIX) Y BCEX OMPOIICHHBIX
u3-3a MHTEpeca K 3Toi obsacTH. KommuecTBO pecrioHAEHTOB MH)KEHEPHBIX CIELHUAIBHOCTEH Takke yMEHBIIAeTcs ¢
NOBBIILICHHEM [AaHHOM MMH OLEHKHM YpPOBHA CBOMX 3HaHMH. Takoif ()akT CBHAETENBCTBYET O TOM, 4TO A
paccMaTpuBaeMoi BEIOOPKHM He HAOMIOAAeTCsl CTATUCTUUECKU ONPEAENAeMOl 3aBUCUMOCTH MEXIy YPOBHEM 3HAHUH B
o0nacTi pOOOTOTEXHHUKH U CHELHATbHOCTHIO PECTIOHAEHTOB.

He oOHapy:keHa 3aBUCHMOCTh MEXAY YPOBHEM 3HAHUH B 00JIaCTH POOOTOTEXHHKH M BO3PACTOM PECIIOHIEHTOB, a
Taloke MECTOM HMX NPOXXKUBAHUA. OTH BBIBOABI MOTYT CTaTh IIOBOAOM [UIS MOCIENYIOIIUX HCCIICNOBaHUH B o0yacTu
KauecTBa MOATOTOBKH CIIENHAIUCTOB-POOOTOTEXHUKOB, YTO B HACTOSIIEE BPeMs ABIAETCS HECOMHEHHO aKTyaJlbHBIM
BOIIPOCOM, YUHUTHIBAsk MUPOBBIC TPEHIbIL.

Cnenyromuii BbIBOJ, KOTOPBHIA ObUI clenmaH Omarogapst Oompocy, MOATBEPAWN YXKe CYIIECTBYIOLUIYIO THMIIOTE3Y:
YPOBEHb 3HaHUH B 007aCTH POOOTOTEXHMKH 3aBHCHUT OT TeHAEPHOH NpHHaIeKHOCTH. JleficTBUTENbHO, OO0MbLINiA
UHTEpeC K 3TON TeMe NMPOSBILIOT JIMLA MY>KCKOTo 1osia. OO 3TOM CBUIETENLCTBYET U COOTHOLIEHHE 00YUYaroIuXcs 110
POOOTOTEXHUUECKON CIIEUAIBHOCTH B By3axX JEBYIIEK U PeOAT.

Crnemyromuii BOIpoc Kacajcst BIMSHUSA CIIENUAILHOCTH Ha 3HaHHUE TOT0, KaK YCTPOEHBI U paboTaroT poOoTsl. JInmb 26 %
PECIIOHACHTOB HE MHXKEHEPHBIX CIEHHAIBHOCTEI! BBICTaBUIM ce0e OLEHKU 3a HAIMYUE TUX 3HAHWH HIDKE 5-TO YPOBHS
(Bcero 10 ypoBreit). Cpenyt ONPOIIEHHBIX ¢ HHKEHEPHBIMH CIIENHAIBHOCTAMI OKa3aJICh PECIIOHACHTHI ¢ BRICOKUM YPOBHEM
3HAHUS TOTO, KaK YCTPOEHBI M paboTatoT poOOThL. MOXKHO HaJesAThCs, UTO 3TO He TOJBKO MPENoIaBaTey, y4acTBOBABIIHE B
ompoce. Tarke BaXXHO MOAYEPKHYTb, YTO ONPOC BBIIBHI COBCEM HE OOJBIIOE KOJIMYECTBO OINPOIIEHHBIX WHXCHEPHBIX
CIeMAIBHOCTEH C HEBBICOKMM YPOBHEM 3HaHMH pOOOTOB (J10 4-I0 YPOBHS), 3TO MEHBIIIE, YeM MOXKHO OBbUIO OXKMAaTh. U,
Hao0OPOT, ONPOIIEHHBIX C BEICOKUM YPOBHEM 3HaHHA POOOTOB OOJIbLIE, YeM MPEIONaranock.

3

m] u?

\ ‘ =3 4

; =5 =6

V ‘ ] 7 u 8
=9 =10

Puc. 16. KonnuecTBo pecrioHI€HTOB IO YPOBHIO 3HaHUH Puc. 17. KonnuecTBo pecrioHJeHTOB IO OLIEHKE 3HAaHUH
(1-5 6anoB) B 0bnacTH poOOTOTEXHUKH, Y0 (1-10 GannoB) Toro, Kak ycTpoeHsl U paboTatoT poboTshI, %o

(pUCYHOK aBTOPOB) (pUCYHOK aBTOPOB)

MaH_II/IHOCTpOGHI/Ie U MallIMHOBCACHUEC

361



http://vestnik-donstu.ru

362

Advanced Engineering Research 2022. T. 22, Ne 4. C. 353—364. ISSN 2687-1653

15 % OIpOIIEHHBIX CYUTAIOT, YTO B CBA3U C IIUPOKUM PACIPOCTPaHEHHEM POOOTOTEXHUYECKHX CUCTEM BO3MOKHO
BOCCTaHUE MalvH, 29 % COMHEBAIOTCS B TaKOW BO3MOXXHOCTH, W 56 % JyMaloT, 4TO 3TO HEBO3MOXHO (puc. 18).
MHeHHe 0 BO3MOKHOCTM BOCCTaHHUS MAllMH HE 3aBUCUT HU OT 3HAHMH YCTpOWCTBa POOOTOB, HM OT BO3pacTa
PECHOHIECHTOB.

41 % onpolIeHHBIX YOeXIEeHbI, YTO POOOTHI MOTYT BBITECHHUTH JoAedl ¢ paboumx wmect, 40 % cuuTaroT 31O
BO3MOXHBIM, U TONBKO 19 % He BepsAT B 370 (puc. 19). MHeHHe 0 TOM, YTO POOOTH BHITECHAT YENIOBEKa ¢ Paboumx
MECT, HE 3aBHCHUT OT 00pa30BaHMs, CIENUAIBHOCTH, CTPaHbI MPOXKUBAHUA U OT YPOBHS 3HAHWH PECIIOHAEHTOB B
o0nacT poOOTOTEXHHUKH.

X 60 56
g
g 50
g
= 40 = Jla
S 29
§ 30
o, 15 = Bo3MOXkHO
o 20
2]
)
S
5 0
2 Bepurts B BoccTanue MamvH
m/la mComuurenrHo mHer
Puc. 18. KonnyecTBo pecrioHIeHTOB, CUUTAIOLINX Puc. 19. KomaecTBo pecrioHIeHTOB, CUUTAIONIUX, YTO POOOTHI
BO3MO)KHBIM BOCCTaHHE MallnH, % (PUCYHOK aBTOPOB) MOTYT BBITECHHTB JIFOIEH ¢ paboumx MecT, % (PUCYHOK aBTOPOB)

7 % OIpOLIEHHBIX TOCTABWIM MHUHUMAIbHYIO OLIEHKY CTEIEHH OIAaCeHUs], KOTOpOe IOsBIIETCA Y HUX OT poOOTOB,
HOXOXHX Ha denoBeka, 41 % — MakcuMasbHyI0 OLEHKY (puc. 20). MHOrHe HacTOPOXKEHHO OTHOCATCA K poOoTam,
IIOXOXHM Ha 4elloBeKa. ['eHaepHas XapaKTEepUCTHKA PECIIOHAEHTOB BIMSAET HA ONACEHUs, CBS3aHHBIE C PoOOTaMu,
NOXOXHMMH Ha yenoBeka. Hanmwuue omaceHMi, CBA3aHHBIX C POoOOTaMM, NMOXO)KUMHU Ha YelOBEKa, HE 3aBUCHT OT
CIIELIMANIBHOCTH pecrnoHAeHTa. He moATBepaunack Tumoresa o TOM, YTO, €CIH Yy PECHOHICHTOB BBI3BIBAIOT OMACEHHA
PpoOOTEI, TOXO0XKHE Ha YEI0BEKa, TO OHU BEPAT B BO3MOXKHOCTh BOCCTAHUS MAIlIHH.

BoNbIIMHCTBO ONPOMIEHHBIX HE HMEIOT POOOTOB, KpoMe podoTa-mbuiecoca (MMeT 18 % pecrnoHIEHTOB) H
HEKOTOpPOil OBITOBON TEXHHUKH, KOTOPYIO OTYACTH MOXKHO OTHECTH K POOOTOTEXHUYECKHM cucTeMaM (puc. 21).

Her otseta
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Puc. 20. KomuecTBo pecioHIEHTOB, ONACAFOLIUXCS Puc. 21. KonmnuecTBo pecrioHIEHTOB, NMEIOIINX
poO0TOB, IOX0XKHMX Ha yesioBeka (1-5 6amioB), % POOOTOB pa3INYHBIX HA3HAUCHUH, %o (PUCYHOK aBTOPOB)

(prCyHOK aBTOPOB)

O6cyxaenne u 3akiaodeHnsi. [IpoBeieHHbIN aHAIN3 POOOTOTEXHUYECKUX TEXHOJIOTHIA, N3yYeHne MHEHHI JIIoaei
00 HCTIOIb30BaHUN POOOTOTEXHUUECKUX CUCTEM ITO3BOJIMIIH HOJIYIHUTh CIESAYIONHIE PE3yIbTaThI.

HecmoTpst Ha TO, 4TO pa3BUTHE POOOTOTEXHMKM B Hallell CTpaHe B HACTOSLIEE BPeMs MPOTEKAeT HEBBICOKUMU
TEeMIIaMH, UHTEpeC K POOOTOTEXHHYECKMM TEXHOJIOTHSAM, TeM He MEHee, C KaXIbIM TofoM pacTeT. IIpumeHsroTcs
OTZAENbHbIE MHHOBAIIMOHHBIE TTOIXObI K pean3alliyl IPOSKTOB, MOABIAIOTCA HUHTEPECHbIE Pa3pabOTKH U MPOUCXOAUT
UX BHEJPEHHUE B pa3iN4HbIe chepbl KUZHH.
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Pe3ynbTaThl MPOBEJEHHOTO ONPOCAa MOATBEPKAAIOT HAJIMYHE y MOJIOJECKH IMOBBIIICHHOTO MHTEpECa K CO3JaHUI0
poboToTexHuueckux cucreM, 80 % ONpOLIEHHBIX UMEIOT JKeJIaHuE 3aHUMAaThCs poOOTaMH Kak B paMKax Xo00u, Tak U B
paMKax CBOEH CIICIMAIbHOCTH, €CITH YBHIST MEPCHEKTUBY TaKOW AEATENbHOCTH. [Ipu 3TOM 65 % pEcrnoHIEeHTOB Aaiu
BBICOKYIO OLEHKY IEPCIEKTUBHOCTH DPAa3BUTHA PpOOOTOTEXHHYECKUX CHUCTEM. BcnencrBue Toro, 4To cpeu
OIIPOILCHHBIX OBLIO HE MHOTO CIEIHAIHCTOB-POOOTOTEXHUKOB, CTATUCTUYECKH HE BBISBJICHA 3aBHCUMOCTH YPOBHS
3HaHUH PECTIOHJEHTOB OT MX CIIENHAILHOCTH. HO moaTBepskAeHa THIIOTE3a O BIUSHHUH CIICIMAILHOCTY HA 3HAHHE TOTO,
Kak YCTpoeHbl W paboraroT poOoThl. Jlnme 26 % pecrnoHAESHTOB HEMHKECHEPHBIX CIIEIHATbHOCTEH BBICTABUIIN ceOe
HEBBICOKHE OLEHKH 3a 3TH 3HaHWA. Cpean OIpPONICHHBIX, MMEIOMHX WH)XCHEPHBIC CIECHUATBHOCTH, OTMCUCHEI
PECIIOH/ICHTHl C BBICOKMM YPOBHEM 3HAHHS TOTO, KaK YCTPOEHb M (YHKIMOHHPYIOT poOoThl. Takike BaKHO
MOJYEPKHYTh, YTO CPEAU OMPOILEHHBIX, UMEIOIIHUX UHKEHEPHBIE CHEIMANbHOCTH, 0Ka3aJI0Ch MEHbIIE PECIIOHAECHTOB C
HEBBICOKMIM YpPOBHEM 3HaHHUS pPOOOTOB (0 4-TO YpOBHS 3HAHMI), 4YeM MOXHO ObUI0 oXxunatb. U, Haobopor,
OIIPOILECHHBIX C BHICOKMM YPOBHEM TaKMX 3HAHUS OOJIBIIIE, YEM IPEIONaraioch.

HeBbicoknii ypoBeHb 3HaHHH B 001acTH pPOOOTOTEXHHYECKHX TEXHOJOTHH, KOTOPBIH B IIEJIOM OTMETHIH
PECIIOH/ICHTHI, C OJHOM CTOPOHBI, HE SIBJISICTCS NPEMATCTBHEM U AATbHEHIIEro pa3BUTHA 3THUX TEXHOJOTHH H3-3a
BBICOKOH CTEIECHU MOTHUBAIIUN OMPOUICHHBIX U3Yy4YaTb U CO3JaBaThb pO6OTOB, a TaK)XKC H3-3a HAJIU4YHA CIICHUAIIMCTOB B
310l obmactu. C fApyrod CTOPOHBI, HMEHHO IIOBBIIICHWE YPOBHS 3HAaHMH MOXKET CIIOCOOCTBOBATH JIMKBHIAIINU
HaCTOPOKCHHOCTHU B OTHOLICHUU pO6OTOB, IIOXO0XXHUX Ha 4YCJIOBCKaA, U OHaceHHﬁ, CBA3aHHBIX C MBICJIBKO O BO3MOXKHOCTHU
BBITECHEHHSI pOOOTaMH YeJIOBEKa € ero pabodyero Mecra.

Jnst pemeHust COIMAIbHBIX MpPOOJIeM, CBSI3aHHBIX C pacHpocTpaHeHHEM poOoToB, B Poccum ¢ 3TOH 1eibio
CO3Jal0TCA MPABOBLIC YCJIOBUA B paMKaX «PCTYJIATOPHBIX IMMECOYHUL», pO6OTOTeXHI/IKa BXOOUT B MEPCUYCHDb TeXHOJ’IOFHﬁ,
MPUMEHSIEMBIX B paMKax 3KCIEPHUMEHTAIBHBIX IIPABOBBIX PEXKUMOB B cepe nu(pOoBEIX MHHOBAIMHK. Bee 3T0, Hapsny ¢
YCUIUAMHA BY30B, KOTOPBIC I'OTOBAT CIICHUAJIUCTOB B obiactu pO6OTOTeXHI/I‘{eCKI/IX CHCTEM, ITO3BOJIACT HAACATHCA, UYTO
TaKHUC TCXHOJIOTHUU 6y}1yT €II€ aKTUBHCC Pa3BUBATLCA, 4 UX BHCAPCHUC B MPOU3BOJACTBO U MOBCCIHCBHYIO )KU3Hb 6y/:[eT
uaTH 60JIee BEICOKMMH TEMITaMH.
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AHHOTAIUSA

Bsedenue. B CcOBpeMEHHBIX TSKENOHAIPYKEHHBIX Yy3/1aX TPEHUSA IMUPOKO MHPHUMEHSIOTCS METAJUIONOIMMEPHBIE
MOJIIIMITHUKA ¢ aHTH(OPUKIUOHHBIMU IOKPBITHAME, PaOOTAOLIMMU B PEXHME T'PaHUYHOro TpeHws. WX ycmeriHoe
NPUMEHEHNEe O0OeCIeurnBaeTCsl BSI3KOYNpyrod aedopmMarmeil 3THX MNOKPBITUH mMoj Harpy3kod. Jlins mepexoma ot
IPaHUYHOTI'O TPEHHS K HIKOCTHOMY HEOOXOIMMO CO3[aTh HECYIIMH MMApOJMHAMHUYECKUil KiIMH. B Hacrosiiee Bpems
MIPUMEHEHHE TOALINITHUKOB CKOJIBXEHHS C MOJIMMEPHBIM IOKPBITHEM OIIOPHOTO KOJbIIA, HMMEIOIIEro KaHAaBKY,
CEp)KMBAETCs OTCYTCTBUEM METOAMKM HUX pacuera. Hacrosmas paboTa MOCBsilIeHa aHATU3y MOJEIH JBMXKEHUS
MHKPOTIOJSIPHOTO  CMa304HOTO MaTepuana B pabodeM 3a30pe pajuaibHOTO IOANIMIHHUKA CKOJBKEHHS C
HECTaHJAPTHBIM  ONOPHBIM  HpodmieM, WMEIONMM Ha OINOPHOH MOBEPXHOCTH  (TOpPOILIACTCOJEpIKaIIee
KOMIIO3UIIUOHHOE MOJIUMEPHOE MOKPBITUE C KaHaBKOM. Llenb nccnenoBaHus — yCTaHOBUTBH 3aBUCHMOCTh YCTOWYHBOIO
THAPOJMHAMUYECKOTO PEeKUMa OT IIUPHUHBI KAHABKH HAa IOBEPXHOCTH ONOPHOTO HPO(MIIS.

Mamepuanvt u memoowi. TpnOoJIOrHYECKUE HCIIBITAHUS PaJHabHBIX IOJIIMIIHAKOB C HECTaHJApPTHBIM OIOPHBIM
npodHIIeM, IMEIOIIKM Ha MOBEPXHOCTH ITOJIMMEPHOE TIOKPHITHE C KAHABKOM, BHIMOJIHAIMCH HA 00pas3liax B BUJE YACTHYHBIX
BKJagpIen (komoaok). C MOMONIbI0 ypaBHEHHS IBIDKCHHS CMa304HOTO MaTepualia, 00JaJaroliero MHKpPOIOISIPHBIMU
PEOJIOTHYECKUMH  CBOMCTBAMH, a TaKke YPaBHEHHMS HEPa3pbIBHOCTH TMONY4YEHBI HOBBIE MaTeMaTHYECKHE MOJIEIH,
YUUTHIBAIOIINE IINPHUHY KaHaBKH, IIOJIMMEPHOE IOKPBITHE U HECTAHIAPTHBIN OMOPHBIN NMPOdUIIb.

Pezynvmamel uccnedoganus. JIOCTUTHYTO CYIIECTBEHHOE PAaCIIMPEHHE BO3MOYKHOCTEH NPHUMEHEHHsS Ha IPAKTHUKE
pacueTHBIX MOJENEH paJuallbHBIX MOANIMIHUKOB CKONBXKEHHS ¢ KOHCTPYKTHBHBIMHM M3MEHEHUsMU. [loqmMIHUKYN C
MOJMMEPHBIM TIOKPBITHEM C KaHABKOM OO0ECHEeYMBAIOT THIPOJUHAMHYECKHN peXHM cMasbiBaHus. IlomyueHHbIe
pe3ynbTaThl  TO3BOJIIIOT MPOBECTH OLEHKY OSKCIUIyaTAllMOHHBIX  XapaKTEpUCTHK MOAIIUIHUKA:  BEJIUYUHBI
THIPOMHAMHUYECKOTO JIaBJICHHs, HArpy304HOH ClIOCOOHOCTH M KO3(h(pUIIMEeHTa TPEHUSL.

Obcyacoenue u 3axnrouenus. KOHCTpYKIMS pauaabHOTO MOJUIMITHUKA C TOJMMEPHBIM MOKPBITHEM M KaHABKOW IIUPHHON
3MM Ha TMOBEPXHOCTH BTYJKH oO0ecrieymna CTaOWIbHOE BCIUIBITHE Bajla Ha THAPOJMHAMHUYECKOM KIHMHE, 4YTO
TIOATBEPIKAACTCS IKCIIEPUMEHTATBHBIMU HCCIIETOBAHMSAMH. DKCIIEPUMEHTHI TIPOBOIVIINCH UIS TIOJIIUITHUKOB CKOJIBKCHUS
JurametpoM 40 MM ¢ KaHaBKOW HIMpHHOHN 1-8 MM, ipu ckopoctH ckombxeHust 0,3-3 m/c u Harpyske 4,8—24 MITa.

KiroueBble cjioBa: paguanbHBIN TOANINITHUK, IOBBIIICHHE H3HOCOCTOWKOCTH, AHTU(QPUKIMOHHOE MOJIMMEpPHOE
KOMIIO3HITHOHHOE TTOKPHITHE, KaHaBKAa, TMAPOJAWHAMHYECKHH pEXHM, BepH(HKALNSA, MHUKPOIOIAPHBIN CMa304YHBII
Marepuall, HeCTaHIapTHBIH ONOPHBIN MPOQHIIb.

BaarogapHocTH. ABTOPBI BBIP2XAIOT OJIATOAAPHOCTH pPyKOBOAWUTENO naboparopun Kadeapsl «Teopermueckas
MeXaHuKa» akaieMuKy Poccuiickoit akagemun Hayk KonecHukoBy Brnamumupy MBaHOBUYY 3a MOMOIIG B MIPOBEACHUU
9KCICPUMCHTAIBHBIX HCCIICOBAHUI.

Jnas wmurupoBaHusi: VccienoBaHue W3HOCOCTOMKOCTH TOAIIMITHUKA CKOJBXKCHHUS C TOJMMEPHBIM IOKPHITHEM
OTIOPHOTO KOJIbIIAa, MMetomuM kaHaBky / B. B. Bacunenko, B. . Kupumnmuesa, M. A. Mykyranze, B. E. [lIsegosa //
Advanced Engineering Research. — 2022. — T. 22, Ne 4. — C. 365-372. https://doi.org/10.23947/2687-1653-2022-22-
4-365-372
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Investigation of the Wear Resistance of a Journal Bearing with
Polymer-Coated Grooved Support Ring

Vladimir V. Vasilenko"=", Victoria |. Kirishchieva"=', Murman A. Mukutadze "= I, Valentina E. Shvedova
Rostov State Transport University, 2, Rostovskogo Strelkovogo Polka Narodnogo Opolcheniya Sg., Rostov-on-Don, Russian
Federation

< murmanl1963@yandex.ru

Abstract

Introduction. In modern heavy-loaded friction units, metallopolymer coated bearings operating in the boundary friction
mode are widely used. Their successful application is provided by the viscoelastic deformation of these coatings under
load. To pass from boundary friction to liquid friction, it is required to create a bearing hydrodynamic wedge. Currently,
the use of journal bearings with polymer-coated grooved support ring is hindered by the lack of a methodology for their
calculation. This work analyzes a model of movement of a micropolar lubricant in the operating clearance of a journal
bearing with a nonstandard support profile having a PTFE composite coating with a groove on the bearing surface. The
study aims at establishing the dependence of the stable hydrodynamic regime on the width of the groove on the surface
of the bearing profile.

Materials and Methods. Tribological tests of journal bearings with a nonstandard bearing profile having a polymer
coating with a groove on the surface were carried out on samples in the form of partial bushes (blocks). Using the
equation of movement of a lubricant with micropolar rheological properties, as well as the continuity equation, new
mathematical models were obtained that took into account the width of the groove, polymer coating, and nonstandard
bearing profile.

Results. A significant expansion of the applicability of design models of journal bearings with structural changes has
been achieved. Polymer-coated bearings with a groove provided a hydrodynamic lubrication mode. The results obtained
allowed us to evaluate the operational characteristics of the bearing: hydrodynamic pressure value, load capacity, and
coefficient of friction.

Discussion and Conclusions. The design of polymer coated journal bearing and a groove 3 mm wide on the surface of
the liner provided a stable ascent of the shaft on the hydrodynamic wedge, which was validated experimentally. The
experiments were carried out for journal bearings with a diameter of 40 mm with a groove 1-8 mm wide, at a sliding
speed of 0.3-3 m/s and a load of 4.8-24 MPa.

Keywords: journal bearing, increased wear resistance, antifriction polymer composite coating, groove, hydrodynamic
mode, verification, micropolar lubricant, nonstandard bearing profile.
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BBenenme. Bompocel obecrieueHuss HAJCKHOCTH MAIUH W MEXaHH3MOB SBJIIIOTCS OJHUMH W3 OCHOBHBIX B
COBPEMCHHOW MPOMBIIUICHHOCTH. J[JIs1 yBeNMYEeHUs pecypca TEXHHYECKHX YCTPOWCTB pa3padaThIBAlOTCS HOBBIC U
COBEPIICHCTBYIOTCSI YK€ HMEIONIMECS TEXHOJOTMH WM METOJBl pacyera, MOBBIMIAIOIINE H3HOCOCTOMKOCTD,
OKOHOMHYCCKHUE U DKCIUTYaTAlIMOHHBIC XapaKTECPUCTUKH.

W3BecTHO, 9TO Hamboee YacTON MPUYMHON OTKAa30B Y3JIOB TPEHHUS SBISIOTCS W3HOC M HEHUCIPABHOCTb, NMPUYEM
noist oTka3oB goxoauT 1o 80 %. MccrnemoBaHus, IPOBOAMMEIE B OONACTH y3JIOB TPEHHS, MPeIararoT MpUMEHEHHE
HOBBIX aHTU(PUKIHOHHBIX MOKPHITUI, COBPEMEHHBIX Pa3HOBHUIHOCTEH MaTepHaioB, OPUTHHAIBHBIX KOHCTPYKTUBHBIX
ocoOeHHOCTEH Y3JI0B TPEHUSI.

W3HavanpHO TpU pacyeTax U MPOCKTHPOBAHUH 3aKJIa(bIBAIOTCS KAYECTBA Y3JIOB TPEHUS, MPU 3TOM METOIOJIOTUU
MOJICIMPOBAHUS TIOCTOSIHHO PAa3BUBAIOTCS M CcoBeplieHCTBY0TCs [1-5]. TlapaMeTpsl, BIMSIOIINE HA Y3Jbl TPEHHS,
MMOCTOSIHHO M3MEHSIOTCS B COOTBETCTBHHU C YCJIOBUSAMH HX Pa0OThl U MAaTEpUATAMH, UCIOIb3YEMbIMHU I TOTYYCHUS
3alIUTHOTO MOKPHITHS Ha KOHTAKTHBIX MOBEpXHOCTsX [6—10]. IIpu 5TOM BO3HHKAET MOTPEOHOCTH B HOBBIX METOAX IS
aJICKBATHOTO MOJICITUPOBAHUS U IKCIICPUMEHTATIBHOMN MPOBEPKH MOTYYCHHBIX MOJCIICH.
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W3 ocHOBHBEIX pe3ynbraroB pabot [11-15] ciemyet, uro mpu 0Opa3soBaHHUHM BTOPHUYHBIX CTPYKTYP (PHUKIIHOHHOTO
nepeHoca TpHOOJIOTHIECKHUX IPOLIECCOB B CHCTEME (OKEJIE3HOIOPOXKHBIH ITyTh — IOJIBMXKHOM COCTaB» MPH peann3alun
TEXHOJIOTUI METaJIOIUIaKUPOBaHHS CHIKAETCs KOI(D(QHULIMEHT TPEHUs, U3HOC M YJIYYIIaroTcs BHOpOIOrIoNaonye
CBOHCTBa. YCTaHOBJIEHO, YTO HONEpeyHas AedopMars TBEpPAOro Teja CHkaeTcs Ha 1,5 % W 1MO3BOJSIET CHU3UTH
U3HOC KOJIECHBIX Map M PeJIbCOB Ha HENPSIMBIX y4acTKaX, a TaK)Ke MOBBICUTH TATOBYIO MOIIHOCTH JOKOMoTHBa. [Ipn
9TOM IPOJI0JbHAs AedopManus TBEpAOro Teia yBeianunBaercs Ha 60,6 %.

PesyneTaThl uccnenoBanmii [16, 17] mocBsmeHs pa3paboTke MaTEMaTHUECKON MOJIEITH PaIHalbHbIX TTOIIHITHHKOB
CKOJIBKCHMS! KOHEYHOW IUIMHBI W JeMI(EpOB C IMOPHCTHIMH KOHCTPYKTHBHBIMH 3JEMEHTAMH Ha IIOBEPXHOCTH
MOJIINITHIKOBON BTYJIKH. [loydeHHBIE Pe3yIbTaThl HCCIECAOBAHMS MO3BOJIIOT YBEIHIUTh HECYIYIO CIIOCOOHOCTH Ha
20-22 % u can3uTh K03 (dunmeHt nepenaun aemndepa Ha 15-17 %, a koapdunment Tpenus Ha 13-15 %.

B paGore' MOKa3aHO, YTO HCIONB30BAHME JETKOIUIABKOTO MOKPHITHS HA MOBEPXHOCTH MONIIMITHHKOBON BTYIKH B
KauecTBe JOIOJHHUTEIBHOTO CMa304YHOTO MaTepuana C YYeTOM €ro pPEeoJIOTMYECKHX CBOWCTB M paciulaBa IOKPBITHS,
00JaZlaloMX  MCTUHHOBSI3KUMU ~ PEOJIOTHYECKUMH  CBOWCTBAMH, YBEJIMYMBAET BpeMsl pabOThl MOMIIMITHUKOB B
THUIPOTMHAMUAYCCKOM peskume TpeHnst Ha 10—12 % u npenoTBpalacT aBapuiHblii HEIOCTATOK CMa30uHOro Matepuana [18].

Jnst ycTaHOBJIGHHSI PAI[OHAJIBHOTO COYETAHUsI COCTaBa METAUIMYECKUX CIUIABOB JUIsS HMOKPBITUI MOJBMKHBIX H
HETOJIBM)KHBIX KOHTaKTHBIX TOBEPXHOCTEH TpHUOOY3IOB M THOA CMa304yHOro Matepuana B paborax [19-21]
pa3paboTaHbl pacueTHBIE MOJEIH, KOTOpbIe oOecreunBaroT Hamboaee >PQPEKTUBHBIA PEXHUM THIAPOJMHAMHIECKOTO
CMa3bIBaHUS Kak B IITATHOM, TaK U B aBApUHHOM PEXHMME IPU «TOJOAHOM CMa3bIBaHUMY». B pe3yibTaTe yCTaHOBIEHO,
YTO CTEINCHb YIyUIICHHS AJsI Harpy309HOH crlocoOHOCTH cocTaBmseT 26,2 %, nis ko3pdunnenra tpeaus — 12,8 %.

Ha ocHOBaHMM BBIIIEN3IO)KEHHOTO MOXHO CAEJIATh BHIBOJ O HEOOXOAMMOCTH pPa3pabOTKH HOBBIX PacUETHBIX
MoJeneld MOANIMITHIKOB, JINOO TOBBILICHHN TOYHOCTH YK€ HMeIomuxcs. OCOOCHHOCTBIO IOIYYEHHBIX aBTOPaMH
pacyeTHbIX MOJENEH IOJIINITHUKOB CKOJBKEHUS SIBIsieTCss 000OIIeHHe B €IUMHOM OJIOKE IIeJIOro KOMIUIEKCa
JIOTIOJIHUTENBHBIX ()aKTOPOB, pACCMaTPUBAEMBbIX paHee TOJIBKO MHAWBUIYaIbHO.

Lens uccienoBaHusi — yCTaHOBJICHHE 3aKOHOMEPHOCTEH YCTOWYMBOTO THAPOJAMHAMHYECKOTO PEXHMa 3a CUeT
LIMPYHBI KAHABKYU Ha MIOBEPXHOCTU OMOPHOTO MPOQHIIS TyTEM HAHECEHUsSI OJIMMEPHOTO MOKPBITHSI.

MocranoBka 3agauyu. M3ywaercs JaMUHApPHOE TEUEHHWE MHMKPOMIOJISIPHON JKHIKOCTH B 3a30pe PaJHalbHOTO
MIOJIIIHMITHIKA MEXy [arndoi 1 HeCTaHAAPTHBIM ONOPHBIM ITPOQHIEM, HA KOTOPOM HAXOAMTCS MOJMMEPHOE MOKPHITHE
¢ kaHaBkoil. [Ipn 3TOM ckopocTs BpamieHus nardsl paBHseTcs {2, a CKOPOCTb BTYJIKH PaBHIETCS HYJIO B YCIOBHIX
anmabaTHIecKoro nporecca.

JIBmKeHNe MUKPOTIOISIPHOM CMa3KH 3a1aeTcs OOIEN3BECTHBIM YPaBHEHNEM B IPHOIMKEHUHN ISl TOHKOTO CIIOSD) U
YpaBHEHHEM HEPa3pbIBHOCTH:

o, 10v, | 1dp 0V
(W +K) —t o= oo =
or’ r' or r' do or
2 _' v, Ny V10V,
9 o I e 0 e 1%, )
or's r'or or' o' r' r o0

B momsapuoit cucreme koopauHaTr (puc. 1) ¢ MOIMIOCOM B LEHTPE MOALMIMITHUKOBOW BTYIKH YpaBHEHHE KOHTYpa
nangsl, MOMINITHUKOBOW BTYJKH C HEKPYTOBBIM NpPOQMIEM ONMOPHOH IOBEPXHOCTH W IOJIIUITHUKOBOW BTYJKH C
HeCcTaHJapTHBIM ONOPHBIM NMPOQHIIEM, HA KOTOPOM HAXOAUTCS MOJIMMEPHOE MOKPBITHE, 3aJa/IMM B BHJIE:

r'=r(l+H); r'=r-a'sined; r'=r—h-a’sinwd. )
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Puc. 1. PagnanbHblii DOAMINITHUK, UMEIOLINA Ha OTIOPHON IIOBEPXHOCTH MOJMMEPHOE TOKPHITHE C KAHABKOH (PUCYHOK aBTOPOB)

! Jlarynos E. O., MykyTanze B. A. PajuanbHble TONMAITHUKE CKONBKEHHS, 00YCIOBICHHbIE pactiaBoM // Tpyasl IV MeskayHaponHo# HaydHO-
Texuuueckoil koHgepenuun «[IPOM-MHXWHUPUHI ». Yensbuuck : FOxHO-YpanbcKkuil rocyqapCTBEHHBIH YHHUBEPCHTET (HALMOHATBHBIN
nccnenoBarenbekuit yausepeuter). 2018. C. 56-62.
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OOIenpUHATHIC TPAHHYHBIE YCIOBUS ¢ TOYHOCTBIO JI0 YWICHOB 0(82) :
Vo=0; v, =0 mpu r'=r-a’sinwd;, 6,<0<0,;
v, =0, v, =0 mpu r'=r—h-a'sined; 0<0<6, u 0,<0<2m
V, =< v, =—Qesin® mpu r'=r,+ecoso;
P(0)=p(6)=p,. (3)
Jlst Toro, 4TOOBI caeNnaTh peleHnue 6oee IPOCTHIM, HepeiiaeM k 6e3pa3sMepHbIM BETHINHAM:
r=n-3r 8=r—r; r'=(r-h)-ar
5= (r1 —ﬁ)—ro; Vo =Qrvi; v, =Qbu;
L (ure)or
pP=pPp P=—Fg—
28°
K ul® v
= ;o Ny=——; I"=—. 4)
2u+x 5k 4u

Ipu yuere (4), ypaBHenust (1) u (3) npeodpa3yroTcst B ccTeMy Oe3pa3MepHBIX YPaBHEHHH C COOTBETCTBYIOLIMMHU

TPaHHMYHBIMH YCJIOBUSIMH, HO CIIEIyeT YYHTHIBATH YCIOBUE MOCTOSHCTBA PACX0/a CMa30YyHOrO MaTepuaa:

; U=uop=w o k'=x Y=y

NZ

u

2
- Nzg—e’“p%; al;i =l +i%; %+%—0; (5)
or or de or N, N, dr 00 or

=1 u=-nsinB; v=0 mpu r=1-ncos6;
v=0; u=0;, v=0 mpu r=n,sinwd; 6, <0<L6,;

*

v=Vv'(6); u=u(6); v=0 mpu r=m,+nsinee; 0<6<6, n 6,<O<2m;
P
P(0)=P(8:)=P(8:) = p(2m)=- = (6)
F}:[e = E * = i’ : = E
n 5’ My 5’ N, 5
Pewrenue 3agaun (5) ¢ y4eTOM rpaHUYHBIX YCIOBUi (6) uieM o uzsectHomy metoay [20, 21] B Buze:

_ovi et :
Y= +V,(r,0); u = o +U,;(r,0);

Wi(rve)qu(éi); gzzﬁ npu 6, <6<0,;

Vi (I‘,G) =V (éi); Ui (r’e) =0, (E.u )'h’(e);

E“‘lfh(re_ﬁ np0<0<6, u 0, <O<2m, U]
2

rae h(0)=1-ncos@—mn,sinwo .

)_IJ'IH TUAPOJAUHAMHUYCCKOIO JaBJICHUS U T1OJIA CKOpOCTefI MOJY4YUM CICAYIOIMUE aHAIUTUYCCKUC BBIPAXKCHUS
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Omnpenensist HecyIyIo ClIOCOOHOCTb M CHITYy TPEHUS HCIIONIB3yeM Cleaytomne GopMyIbL:

6(p+x)or | |
R, == g J.plcosed6+J. P, cosede+_[ P, cos0do |.
R, _w@‘ p,sin 9d9+_[ P, S|n9d6+j p3sm9d9}

0, ~ 1 - 0, ~n
L, =(n+x)Qr J' v:(0) + %(0) de+'|'[::22(0 +
0 8

~
—_
o
~—
N—
o
D
+

+T w0 %0 |l ©)

s (h(0)-n,)" (h(0)-m;)

Yucnennsiii ananu3 (9) ObUT MPOBEJCH NPH CICAYIONINX AUama3oHax 3HaueHui: (0, — 01) = 5,74-22,92 (mmpuna
kanaBku), d = 40 mm; V = 0,3-3 M/c; 6 = 4,8-24 MIla; po = 0,0707-0,0076 H-c/m? (macio MC-20).

IIpoBenenne 3kcnepuMeHTa. DKCIIEPUMEHTAIBFHOE HCCIIEJOBAHHE COCTOUT 3!

1) Bepudukanmu pa3paboTaHHON pacueTHOW MOJIEINH;

2) KOMIUIEKCA SKCIIEPUMEHTAIbHBIX HCCIeI0BAaHUHN MOAMIMITHUKA C HOBOW pa3pabOTaHHOW KOHCTPYKIMEH OMOPHOM
MTOBEPXHOCTH TOALTHITHUKOBON BTYJIKH.

JKcrepuMeHT OBIT TPOBENEH Ha MOACpHI3MpoBaHHOW MammHe TpeHus MU 5018 ¢ ucmonp3oBaHneM 00pasmoB B
BHJI€ YaCTHUYHBIX BKJabImIed. Koioakn BbIpe3aich U3 KOJIBLEBOM 3arOTOBKH MO IEHTPAJIBHOMY YIiIy, paBHOMY 60 °.
Ha wnx paboune NOBEpXHOCTH HAHOCWJINCH MOJHMMEPHBIE MOKPHITHS M KaHABKU BJOJb OCH TPHOOCONPSDKEHHS Ha
riyouny nokpeitus. Kpome Toro, KOJI0AKM UMENN OTBEPCTHS ISt TEpMoTIap.

PesyabTarel HcciaenoBanusi. B pesynbraTe TEOpETHUECKOTO MCCIEAOBAaHHUS YCTaHOBIEHO, YTO Hecyllas
CIOCOOHOCTh TMOMIIMITHUKA CKONBXEHHUS C MOJMMEPHBIM MOKPHITHEM [OBEPXHOCTH MOJIMIMITHUKOBON BTYJIKH,
COIlepKalliM KaHaBKY, a TakKe aJalTHPOBAHHBIM K YCJIOBHSAM TPEHHS MPOQIIEM ONOPHOH MOBEPXHOCTH, ObLIa
noBbIieHa Ha 89 %, a KoaduireHT TpeHus cHIbKeH Ha 7-8 % (Tabmuma 1).

Tabnmma 1
Pe3ynbraTel TEOPETHYECKOTO UCCIIeIOBAHNS IOBEPXHOCTH OTIOPHOTO KOJIBIA C (PTOPOIIIACTCOAEPKAIIIM
KOMIO3UIMOHHBIM ITOJIMMEPHBIM MOKPBITUEM

Kos¢pduunent tpenus
Ne o, MIla 1 > 3 2 5
1 4,8 0,00815 0,01982 0,01781 0,01056 0,00363
2 9,6 0,00614 0,01493 0,01342 0,007958 0,0027354
3 14,4 0,00413 0,01005 0,00903 0,005356 0,0018408
4 19,2 0,00212 0,00516 0,00464 0,002754 0,0009462
5 24 0,00011 0,000281 0,000253 0,0001497 0,0000516

B pesynmbpTare 3KCIIEpUMEHTAIBHOTO MCCICIOBAHMS MTOCTE ABYXMUHYTHON MepepabOTKK OBIT HOIYy4eH YCTONIUBBIN
THAPOJIHHAMAYECKUHN pekuM. Harpyska yBenuduBanacs B ITh pa3 ¢ OJMHAKOBBIM HHTEPBAIOM (Tabiuia 2).
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Tabmuma 2

Pe3yJ’ILTaTLI SKCIICPUMECHTAJIbHOT'O UCCIICAOBAHUA TOBEPXHOCTHU OIIOPHOI'O KOJIbIIAa C (bTOpOHJ'IaCTCOI[ep)KaIHI/IM
KOMIO3UIUOHHBIM IMOJUMEPHBIM MOKPBITUCM

Pesynbrarsl Pesynbrarsl
Pexum TEOPETUYECKOTO SKCIIEPUMEHTAIILHOTO
Ne HCCIICTOBAHMS HCCJICTOBAHUSA
Iorpemnocts, %
n/m Ioxperue, IoxpeiTHeE,
IToxpsiTue IToxpsiTHE
o, MIla V, m/c cozeprKaree cozeprkaliee
13 MoJiuMepa U3 TouMepa
KaHaBKY KaHaBKY
1 4.8 0,3 0,0160 0,0142 0,0184 0,0159
2 9,6 0,3 0,0105 0,0088 0,0119 0,0064
3 14,4 0,3 0,0085 0,0066 0,0098 0,0078 5-12 6-13
4 19,2 0,3 0,00100 0,0076 0,0122 0,0097
5 24 0,3 0,0140 0,0109 0,0152 0,0123
Pesynbrathl McclienoBaHHMS TOATBEPKIAOT 3()PEeKTUBHOCTH pa3pabOTAHHBIX TEOPETHYCCKHX MOJENeH U

JIOKa3bIBAIOT TPEHMYIIECTBO HCCIEJOBAHHBIX MOIIIMITHUKOB CKOJBKEHHS TIepesl CYIIECTBYIOUIMMH 32 CUeT
MOBBIIICHUS HATPY30YHOM CITIOCOOHOCTH M CHIDKCHHSI KO UIIMEHTA TPEHUSL.

OOcyxknenne M TeoperndyeckuM  HcciIeOBaHUEM
MAacCIONOACPIKUBAOIIMX KAHABOK JUUIS BBIXOJIA B PEXKUM THIPOJIUHAMHYESCKOTO CMAa3bIBAHUSI NIPU 33JJaHHON HarpysKe.
3areM, MOCiE YCTAHOBJICHHs I[1apaMeTPOB KaHABOK, pa3paboTaHa pacyeTHas MOJIeNb, OMHUCHIBAIOIAS pPaboOTy
MOJIIIMITHIKA B THAPOJUHAMHYECKOM pEXKUME sl MHKPOIOJSIPHOTO CMAa30YHOr0 Marepualia, YYHUThIBAIOLIAs

HEOOXOAUMOE  CeueHHe

3aKJ/II0YCHUSA. OIIpCaACICHO

allalTUPOBAHHBIN K YCJIIOBHSAM TPEHHS OTIOPHBIH PO(UIIB.

B nccnemryemMoii KOHCTPYKIMY NIPH BPalleHUH Bajla B KaHABKE BO3HUKACT LUPKYJISIIMOHHOE JBM)KEHHE CMAa309HOTO
Marepuasia. BosHuKaomias mpM 3TOM CWiIa [OPUIOAHMMAeT Bajl W B MOSBUBIIEMCS 3a30pe 00Opasyercs
THIPOJMHAMUYECKUH KIIHMH.

B cooTBeTCTBUM C TIOCTABJIEHHOI LIeJIbI0 000CHOBaHA 00IIast METO/IMKA SKCIIEPUMEHTAIIBHBIX UCCIIEA0BAHUI KaK 110
KJIACCUYECKUM OTHO(AKTOPHBIM, TaK H MO MOJHO(AKTOPHBIM IUIaHAM.

BriBoabI.

1. B pesynbraTe uccine0BaHus JOCTUIHYTO CYIIECTBEHHOE paclIpeHHe BO3MOXKHOCTEH MPUMEHEHHUS Ha TPAKTHUKE
pacyeTHBIX MOJENIeH pPagMaIbHOrO MOJIIMITHUKA CKOJBXKEHUS C TOJMMEPHBIM IOKPBITHEM, HMEIOIINM KaHaBKY,
MO3BOJISTIOIIMX TIPOBECTH OLEHKY SKCIUTyaTallMOHHBIX XapaKTEPUCTHK: BEJIMYMHBI THAPOAMHAMHYECKOTO IaBIICHUS,
HATPY309HOH CIOCOOHOCTH U K03 HIteHTa TpeHHs.

2. IlpuMeHeHne nccieJ0BaHHBIX PaJHalbHBIX HOANIMITHUKOB CKOJIB)KEHHS C KAHABKOW ITMPUHON 3 MM 3HAYUTEIILHO
MOBBIIIAET UX HATPY30UHYIO CIIOCOOHOCTH (Ha 8—9 %) 1 cHIKaeT Kodddurment tperus (Ha 7-8 %).

3. KoHCTpyKIyst paiaibHOrO MOAUIMIHUKA C TOJMMEPHBIM TTOKPHITHEM U KAHABKOU IIMPUHOM 3 MM oOecriednBaeT
CTaOUJIbHOE BCIUIBITHE Bajla HA THAPOAMHAMUYECKOM KIIMHE.

Yc10BHBIC 0003HAYCHUS

V,', Vo, — KOMIIOHEHTBI BEKTOPA CKOPOCTH CMa304HOH CPEMbl; 1 — CKOPOCTh YaCTHIl B MHKPOTOJISPHOH cpesie;
1,., e . -
H= SCOSG—ES sin“0+..., e= e l, — paguyc Bama; [ — paguyc IOAIIMIHHUKOBOM BTyikH; N — BbIcOTa
0

. € .
KaHaBKH; € — OKCHCHTPUCUTET, € — OTHOCUTCJIbHbBIM 3SKCHCHTPUCHUTET, T]:g — KOHCTPYKTHUBHBIUM HapaMeTp

’

a o
MOJIINITHIKA CO CTaHJApTHBIM OHOPHBIM mpodumem; M, :E — KOHCTPYKTUBHBIM NapameTp NOJIIMIIHUKA C

agalTHPOBAaHHBIM IIPOPHUIICM; = — KOHCTPYKTHUBHBIM ITapaMeT , XapaKTcpus FOIITHA KaHABK ) — JaBJICHUC Ha
2 g

o | o

TOpIax uHTepBana; 0; u 0, — COOTBETCTBEHHO YIIIOBbIE KOOPAWHATH KaHaBky; U (0) 1 v (0) — u3BecTHBIE QyHKIUH,
00YCIIOBIICHHBIE HAIMYMUEM HOJIMMEPHOTO MOKPHITHS Ha TIOBEPXHOCTH MOAIMITHUKOBOM BTYJIKH.
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Determinants Factors in Predicting Life Expectancy Using Machine Learning
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Abstract

Introduction. Life expectancy is, by definition, the average number of years a person can expect to live from birth to
death. It is therefore the best indicator for assessing the health of human beings, but also a comprehensive index for
assessing the level of economic development, education and health systems. From our extensive research, we have
found that most existing studies contain qualitative analyses of one or a few factors. There is a lack of quantitative
analyses of multiple factors, which leads to a situation where the predominant factor influencing life expectancy cannot
be identified with precision. However, with the existence of various conditions and complications witnessed in society
today, several factors need to be taken into consideration to predict life expectancy. Therefore, various machine learning
models have been developed to predict life expectancy. The aim of this article is to identify the factors that determine
life expectancy.

Materials and Methods. Our research uses the Pearson correlation coefficient to assess correlations between
indicators, and we use multiple linear regression models, Ridge regression, and Lasso regression to measure the
impact of each indicator on life expectancy. For model selection, the Akaike information criterion, the coefficient of
variation and the mean square error were used. R? and the mean square error were used.

Results. Based on these criteria, multiple linear regression was selected for the development of the life expectancy
prediction model, as this model obtained the smallest Akaike information criterion of 6109.07, an adjusted coefficient
of 85 % and an RMSE of 3.85.

Conclusion and Discussion. At the end of our study, we concluded that the variables that best explain life expectancy
are adult mortality, infant mortality, percentage of expenditure, measles, under-five mortality, polio, total expenditure,
diphtheria, HIV/AIDS, GDP, longevity of 1.19 years, resource composition, and schooling.

The results of this analysis can be used by the World Health Organization and the health sectors to improve society.

Keywords: life expectancy, machine learning, machine learning models.
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JIoNiel, a TaKke KOMIUIEKCHBIH WHJEKC JUIsi OLEHKHM YPOBHS DKOHOMHYECKOTO DPa3BUTHs, CUCTEM OOpa3oBaHUS WU
3IpaBOOXpaHeHus. B pesynbraTe Hamero OOIIMPHOTO MCCIIEAOBAHUS Mbl OOHApYXWIH, YTO OOJBIIMHCTBO
CYIIECTBYIOIUX HCCIIEAOBAHUI COJep)KaT KaueCTBEHHBIN aHalM3 OJHOTO MM HECKOJBKUX (akTopoB. OTCyTCTBYET
KOJIMYECTBEHHBIA aHAIN3 MHOXKECTBA (DaKTOPOB, YTO MPUBOAMT K CHUTYalWH, KOTJa HEBO3MOXXHO TOYHO OIPEAEIUTH
npeobnafaromui (GakTop, BIMAIOMNI HA IPOJOIKUTENLHOCTD KU3HU. OIHAKO NPH HAJMYUH PA3IINIHBIX COCTOSHUHN U
OCIIOKHCHWH, HaONIOMaeMbIX CETOAHA B OOIIECTBE, HEOOXOOMMO YYUTHIBATH HECKOIBKO (PAaKTOpoB aiis
MIPOTHO3UPOBAHMUS OXHIAEMOH MPOJODKUTENPHOCTH JKU3HH. IloaToMy ObUTH pa3pabOTaHbl pa3iUYHBIC MOJCIH
MAaIIMHHOTO 00YUYCHHUS IS IPOTHO3UPOBAHUS IIPOAOIKUTEILHOCTH KU3HU.

Lenbro JaHHOH cTaThy SBISIETCS BHIABICHUE (DAKTOPOB, ONMPEACISIONINX HPOJOIKUTEIILHOCTD )KU3HH..

Mamepuansl u memodsl. B HameM HCClIeIOBaHHM HCIIOJIB3YeTCsl KOA(GPULIUEHT Koppemsinuu [IupcoHa aist oneHKn
KOppEJSLUA MEXAY IOKa3aTeJsIMH, U Mbl HCITOJIb3yeM HECKOJILKO MOJIesIel JIMHEHHO! perpeccuy, perpeccuto Pumka u
perpeccuto Jlacco Ui M3MepeHHsT BIMSHUS KaXKJIOro MOKazaTess Ha OXHIAEMYIO MPOAOJDKUTEIBHOCTD KU3HU. s
BBIOOpPa  MOJENM  HUCIIONB30BAIM  HMHGOPMAlMOHHBIA  KpUTepuil  Akauwke, KodpduimeHT Bapuauuun U
cpeaHeKBaipaTHdHyo omuoKy. Mcrons3osanuch R? u cpe/iHeKBaapaTHyecKas OMHKOKa.

Peszynomamut uccnedosanusn. Ha 0OCHOBaHNM 3THX KPUTEPHUEB IS Pa3pabOTKH MOJIENN IPOTHO3UPOBAHUS OKHIAeMON
MIPOJIOSDKUTENFHOCTH JKU3HH Oblla BEIOpaHa MHOYKECTBEHHAs JINHEHHAsI PErpeccHs, MOCKOJIBKY 3Ta MOJIENb IOJIy4YHiia
HAaUMCHBIIMKA HWH(OPMAIMOHHBIA Kpurepuid Axaumke 6109,07, ckoppektupoBaHHbIli Kko3pduuueHr 85 % wu
CpeIHeKBaApaTUUHOE OTKIOHEHHuE 3,85.

Oébcyscoenue u 3axniouenusn. B KoHIE HAIIETO UCCIEIOBAHUS MBI IPUILIH K BBIBOAY, YTO MEPEMEHHBIMH, KOTOPHIC
JIy4llle BCEro OOBSACHSAIOT OXKHJIAEMYIO MPOJOJDKUTEIBHOCTh JKU3HH, SIBJISIIOTCS B3pOCias CMEPTHOCTh, MJlaJeHYEeCKas
CMEPTHOCTb, MPOLEHT PACXOJ0B, KOPb, CMEPTHOCTh AETEH B BO3pAcTe A0 IATH JIET, HOJIMOMHEINT, OOLIHE PacXobl,
mudrepus, BUU/CIIN, BBII, npomomkurensHOCTS )u3HH 1,19 roma, coctaB pecypcoB u 0OydeHHe.

Pe3ynbraThl 3TOT0 aHanmM3a MOTYT OBITH MCIHONB30BaHBI BceMHMpHOW opraHm3anueil 34paBOOXpaHEHHUS U CEKTOpaMH
3/IPaBOOXPAHEHUs IS YIIydIICHNs 0OIIEeCTBa.

KaroueBrbie ciioBa: oxxuaaeMas NpoAOJLKUTCIIBHOCTD KU3HH, MAITMHHOC 06y‘I€HI/I€, MOACTIU MalllTMHHOT O O6y‘{€HI/I$I.

B.]'Ial"OZIapHOCTI/I. Pa60Ta BBIITOJIHCHA HpI/I Honﬂepnqce HpOI‘paMMLI CTpaTeFI/I‘IeCKOFO aAKaaACMHUYECCKOIro J'II/I[[epCTBa
PYTH.

Jos uuruposanus. bpy Kyams Amoc, 1. CmupHoB. Jlerepmunupymomiie Gpaktopsl B IPOrHO3UPOBAHUN OKHIAEMOM
MPOJIOJDKUTENIFHOCTH JKH3HHU C TIOMOIIBI0 ManmHHOr0 o0yuenust. Advanced Engineering Research. — 2022. — T. 22,
Ne 4. — C. 373-383. https://doi.org/10.23947/2687-1653-2022-22-4-373-383

Introduction

Human life expectancy can be understood as a statistic used in demography to estimate the average age at which
people in a given region and at a given time can be expected to live under current conditions [1]. Life expectancy is not
only a statistical indicator of human health, but also a means of assessing the degree of economic, educational,
health [2] and environmental development. It should be noted that the World Health Organization (WHO)
considers life expectancy to be a key, if not the most important, indicator of health, reflecting the instruments of
human existence [3-6]. In the majority of the world countries, life expectancy has in fact increased. Global life
expectancy increased from 67.2 years in 2005 to 70.8 years in 2015 . The United Nations and individual national
governments now have the optimization of human life expectancy, health and well-being as their main
objective [7-8]. The UN has been a strong promoter of human health by providing sanitary remedies, which
greatly improves the urban environment and helps developing countries®. In the African region of the World Health
Organization, life expectancy is 61.2 years, while in the European region, it is 77.5 years, giving a ratio of 1.3 between
the two regions [9]. Analysis of the disparities in life expectancy between developed and developing countries will
enable the United Nations to improve its health promotion and humanitarian assistance activities. It will also
enable governments of different nations to establish more effective policies to increase life expectancy and
improve living standards. States would be able to significantly increase the life expectancy of their population by
investing more in the health care system [7]. According to [10], the increase in life expectancy in the United States as a
function of per capita income is substantially related to the increase in income level. According to some researchers, the
relevant factors affecting life expectancy are mainly environmental, social and economic factors. These vary
according to location and involve economic development, medical and health requirements. Existing research has

! United Nations Statistical Yearbook, 2017 edition. United Nations, New York; 2017.
2 United Nations Economic and Development website: https://www.un.org/chinese/esa/health.htm (accessed: 9 February, 2021)
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given rise to debates about the factor that determines life expectancy. In [11], the author analysed life expectancy
in Tibet, China, and found the main factors determining life expectancy. The author in [12], thought that social
economy played an important role in determining life expectancy in the early stages of development. However, it
was replaced by diet and lifestyle when economic development reached a certain level. The article [13] considered
that the determining factor in the evolution of life expectancy in Eastern Europe was lifestyle.

In the end, several studies have identified numerous factors influencing life expectancy. However, few studies
compared economic development with environmental factors to analyse the intensity of their impact on life
expectancy. Several studies are trying to find out the determining factor of life expectancy. It must be said that there are
several. Epidemiological studies in developed countries reveal large differences in life expectancy that are often highly
complex. A current study in the United States suggests that 10 to 38 % of the differences in life expectancy can be
explained by work-related stress. Life expectancy depends on many factors such as economic status, regional changes
in education, gender disparities, physical and mental illnesses, alcohol consumption, GDP, health care spending, and
many other demographic factors. Life expectancy has actually increased during the 20th and 21st centuries in
industrialized countries [14—20]. The improvement in life expectancy in Europe is followed by a population growth in
the over-50 age group. There were 179 million people aged 50 or over in all EU Member States in 2008, and
195 million in 2014, with women accounting for about 55 % of the total [21-24].

According to some sources, the level of economic development has a significant effect on life expectancy. Indeed,
studies have shown that people who are financially well off and those from wealthy families tend to have a higher life
expectancy [25, 26]. For some researchers, other economic development variables such as GDP per capita [27, 28],
urbanisation rate [29] and level may affect life expectancy to different degrees. Some studies show that environmental
factors are determinants of life expectancy [29]. Indeed, according to [29, 30], most environmental factors, such as
ecological resilience and environmental sustainability, are positively correlated with life expectancy, while some
factors, including biodiversity, are negatively correlated with life expectancy. In [31], current environmental
conditions influence the life expectancy of the population at birth, while cumulative changes in circumstances
continue to influence the remaining life expectancy of the population at different ages over time. J. O. Anderson
in [32] thought that people living in an environment with high levels of particulate pollutants over a long period of
time had higher cardiovascular morbidity, and that there was some degree of dose dependence. Other researchers
have studied the impact of different environmental variables on life expectancy. A. Wuffle [33] compared the
average temperature of all US states. The results showed that the lower the average temperature in November, the
higher the life expectancy of the population in those states [34-36].

Therefore, through machine learning, we will determine the factors that influence life expectancy. Machine
learning (ML) can be understood as a discipline that lies at the intersection of mathematics, statistics and computer
science. Machine learning has played an important role in the development of artificial intelligence (Al). Thus, artificial
intelligence, through machine learning, helps companies to prevent problems and increase profits. In the field of health,
machine learning is still surprising researchers. It is now the most widely used tool for prediction and forecasting.
Machine learning, which represents a cutting-edge technology due to its predictive accuracy in several problems,
is widely used to increase life expectancy by reducing the mortality rate [17]. Indeed, given that several elements
impact on life expectancy, the multiple regression model is of paramount importance and corresponds to the
exploration of the specific relationship and level of impact between several factors and life expectancy.

This paper uses multiple linear regression models and Pearson's correlation coefficient to examine the relationship
between several variables on life expectancy and provide more help for future research on both sides. These models are
also used as a basis for suggestions to states for improving life expectancy in order to achieve a development of human
society.

Materials and Methods

The World Health Organization (WHO) Global Health Observatory (GHO) data repository tracks health status and
many other related factors for all countries. The datasets are made available to the public for analysis of health data.
Data on life expectancy and health factors for 193 countries were collected on the same WHO website and the
corresponding economic data were collected on the UN website. From all categories of health-related factors, only the
most representative critical factors were selected. It has been observed that in the last 15 years, the health sector has
undergone enormous development, resulting in improved human mortality rates, especially in developing countries,
compared to the last 30 years. Therefore, in this project, we considered data from the year 2000 to 2015 for
193 countries for further analysis. The individual data files were merged into a single dataset. Initial visual inspection of
the data revealed some missing values. As the datasets were from WHO, we did not find any obvious errors.

Our dataset had missing data, and the missing data were for population, hepatitis B and GDP. Imputation of missing
data using the *mice* function in the R package of the same name.
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Each variable is associated with an imputation model, conditional on the other variables in the data set: if we have
X, variables, the missing data for the variable X; will be replaced by the predictions of a model created from the other
variables.

The final file is composed of 22 attributes, the target variable “life expectancy” and various other social factors, such
as total expenditure on life, population, education and health factors, such as BMI, measles, etc. These data are
available on Kaggle [18]. All predictors were then divided into several broad categories: vaccination-related factors,
mortality factors, economic factors, and social factors.

Data mining

The objective of this section is to gain a better understanding of the data by extracting information from the data.
We mainly want to determine the relationship between the variables.

The correlation matrix, visualized using a heat map (as shown in Figure 1), is one of the best ways to understand the
correlation between variables. It is plotted using the R library “Reshape2” and shows us the strength of the linear
relationships between the variables. The linear relationship between the outcome and the characteristics can be
estimated by a correlation matrix. In multivariate analysis, it plays an important role, as it elaborates the relationship
between the different components [19]. Looking at Figure 1, we can see that:

the target variable Life expectancy is strongly correlated (positively or negatively) with:

— Adult mortality (-0.70);

— HIV/AIDS (-0.56);

— Composition of income resources (0.72);

— Schooling (0.75).

There is also a very low correlation between the target variable Life Expectancy and Population (-0.02) or no
correlation at all.

The child deaths variable is extremely positively correlated with deaths under five years of age (1.00).

The GDP variable and the percentage of expenditure are positively correlated (0.90).

The Hepatitis B variable is moderately positively correlated with Polio and Diphtheria (0.49) and (0.61).

The variables diphtheria and polio are strongly positively correlated (0.67).

The HIV/AIDS variable is negatively correlated with resource composition (-0.25).

The thinness variable 10 ... 19 years is very strongly positively correlated with the thinness variable 5 ... 9 years (0.94).

The variable Schooling and the income composition of resources are very strongly correlated (0.8).

MATRIX OF CORRELATION
Year

Life expectancy
Adult Mortality
infant deaths
Alcohol

percentage expenditure
Hepatitis B

Measles

BMI

under-five deaths
Polio

Total expenditure
Diphtheria
HIV/AIDS

GOP

Population

thinness 1-19 years
thinness 5-9 years

Income composition of resources

017

008

004 020 008

0.05 OQOJ‘ 020 0.12

B 1
003 ‘LQSB‘-O.Z'Q £0.09 034

010 026 0.16 -0.22 009

075

050

002

008 0.16 003 0,05 0.06 0.12 =025

on mbm' 023 (033

004 022 009 o011

009 -o.zr 017 022

009 022 0.12 0.13 030

013 028 0.18 022

023 015 0.18

009 023 024
015 014 [028 0.19

017 006 0.11 024 0.13 014

-000

0.14 MO.M 028 -0.20 LA 0.15 --025

0.14 m 003 005 ©0.10 0.11 003 024 004 -0.16 0.00 0.16

0.10 -0.30 £0.11 035 w 008 008 030 0.1 021 014 020 0.14

002 002 001 004 003 012 027 -o,o7m 004 008 003 003 003

[
005 030 043 025 0.2
e

- 050

022 028 023 020 029 025
022 028 022 021 029 025 m 075

016 [038] 017 [040] 025 001 [042]5

012

020

Schooling 021 'du ] 019 m'ms‘ 023 0.14 m 021 [042] 025 [043] 022 003
S - -1.00
5 > 2 2 S o @ @ = @ 2o ® a %) a c 4 4 o
PP §§: ¢z izg g g8 Eiitlog
3 &5 8 2 i 3 2 B 5 3 2 5 & 3
g = = g = ® g & = g T 4 8
x 8 pr ¢ ¥ 3 x (s} * 3 -
> 3 & ) i 2 § 3
g 2 % § g § £ s
2 g 2 E £ ¥
8 S g
& 8
g

Fig. 1. Visualisation of the correlation matrix by heat map (figure by authors)
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By examining the correlation coefficients in Figure 1, we detect potential predictors of life expectancy. For each
numerical variable that is potentially predictive of life expectancy, we will run a simple linear regression between it and
the life expectancy variable, display the Pearson correlation coefficient and its P
y = ax + b. y is the dependent variable and x is the independent variable. a and b are the model parameters (a is the
slope of the fitted line and b is the intercept).

From the result of this exploratory analysis on our data, we concluded that adult mortality, HIVV/AIDS, BMI, income
composition, and education are the most important factors in predicting life expectancy. This selection was made on the
basis of the Pearson correlation coefficient and p-value (as shown in Figures 2, 3, 4, 5, 6).

— The correlation between the variable infant mortality, GDP, alcohol, percentage of expenditure, hepatitis B,
measles, under-five deaths, polio, total expenditure, diphtheria, population, age 1-19, age 5-9, and life expectancy is
statistically significant as their p-values are less than 0.001, but the linear relationship between these variables is weak
with a Pearson correlation coefficient of less than 0.5. Under these conditions, the variables child deaths, GDP, alcohol,
percentage of expenditure, hepatitis B, measles, under-five deaths, polio, total expenditure, diphtheria, population,
leanness 1-19 years, leanness 5-9 years, cannot be considered as a predictor of life expectancy.

— There is a strong negative correlation between the variables Adult Mortality and Life Expectancy with a Pearson
correlation coefficient of —0.7 and statistically significant since the p-value is less than 0.001. In other words, as adult
mortality increases, life expectancy decreases. Under these conditions, the adult mortality variable can be considered a
predictor of life expectancy.

— There is a negative correlation between the variables HIVV/AIDS and life expectancy with a Pearson correlation
coefficient of -0.56 and statistically significant since the p-value is less than 0.001. As the number of people affected by
HIV/AIDS increases, life expectancy decreases. Under these conditions, the HIV/AIDS variable can be considered a
predictor of life expectancy.

— There is a positive correlation between the BMI and life expectancy variables with a Pearson correlation
coefficient of 0.56 and statistical significance since the p-value is less than 0.001. Under these conditions, the BMI
variable can be considered a predictor of life expectancy.

— There is a strong positive correlation between the variables Income composition of resources and life expectancy
with the Pearson correlation coefficient of 0.69 and statistically significant as the p-value is less than 0.001. The graph
shows that as the composition of income increases, life expectancy increases. Under these conditions, the variable
Income composition of resources can be considered as a predictor of life expectancy.

— There is a strong positive correlation between the variables Education and Life Expectancy with a Pearson
correlation coefficient of 0.72 and statistically significant as the p-value is less than 0.001. The graph shows that the
higher the education, the higher the life expectancy. Under these conditions, the education variable can be considered a
predictor of life expectancy.

Pearson’s coefficient of correlation is —0.56 with P_value 7.670715201361051e-238

Life expectancy

10 20 30 40 50
HIV/AIDS

Fig. 2. Correlation between life expectancy and HIVV/AIDS variable (figure by authors)
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Pearson’s coefficient of correlation is -0.7 with P_value 0.0
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Fig. 3. Correlation between life expectancy and the adult mortality variable (figure by authors)

Pearson’s coefficient of correlation is -0.69 with P_value 0.0

80,

(2]
o

N
o
°

Life expectancy

20

0 0.2 0.4 0.6 08
Income composition of resources

Fig. 4. Correlation between life expectancy and the income composition variable (figure by authors)
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Pearson’s coefticient of correlation is 0.56 with P_value 6.853943082465755e-244

Life expectancy

20

10 20 30 40 50 60 70
BMI

Fig. 5. Correlation between life expectancy and the BMI variable (figure by authors)

Pearson’s coefficient of correlation is 0.72 with P_value 0.0

Life expectancy

20

25 5.0 7.5 10.0 125 15.0 175 20.0
Schooling

Fig. 6. Correlation between life expectancy and the education variable (figure by authors)

Based on the results of the Pearson correlation, we detect the variables that have an influence on life expectancy.
However, the Pearson correlation is not sufficient to determine the predictors of life expectancy. For this purpose, we
will run several regression models to select the one with the smallest AIC, the highest fit, and the smallest mean square
error, R? and the smallest root mean square error (RMSE).
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Methodology

In order to determine the variables that predict life expectancy, different regression models are used, namely,
multiple linear regression, rigid regression and lasso regression. We will then examine the criteria for selecting (p — 1)
explanatory variables from the k available explanatory variables. These criteria are: Mallows' Cp criterion, the
coefficient of determination, R? The Bayesian information criterion (BIC), the Akaike information criterion (AIC).

Multiple linear regression
Multiple linear regression is an immediate generalization of simple linear regression. In multiple linear regression,
the function F that we want to estimate no longer depends on a single variable, but on several. If we have n pairs of the

form (X; = (x;1, Xi2, oo » Xim) €R™, y; € R™), with y; the result obtained for the observation X; = (x; 1, X;2, ... ,
x; m), then the function we wish to estimate will be of the general form below :
F (X = (X310, Xi 20 coneenne VXim) = M Xiq T ApXip + ot A Xim + Q. 1)

The objective is to estimate the vector A = a4, a, , ..., a,,, a, S0 that the function F is as close as possible to y; .

As with simple linear regression, the least squares method can be used to find the vector A, and the function to be
minimized will be defined as follows:

E=Xtalyi —F (i iy e s Xim)]? )

One of the most difficult aspects of abundant regression algorithms is to determine how to converge to the
configurations (aq, a, , ..., a,, Qp) that yield errors € = J; - y; and avoid the trap of over-learning.

The best-known approach to minimizing the error calculation function E while avoiding over-learning is the
introduction of the concept of regularization.

There are two regularizations widely used with regression models: the Lasso regularization and the Ridge
regularization.

Lasso and Ridge regression

Lasso regression is a regression model in which the selection and regulation of variables take place simultaneously.
This method uses a penalty that affects the value of the regression coefficients. With Lasso regularization, the error
function to be minimized becomes:

Elasso = ?:1[yi -F (xi,l! X2y weenees ! xi,m)]2 + }"Z:rio | ai|' (3)

The difference between E and E, ., is that in E; e, We have added the term AY™,|a;|* to further sanction
solutions with values of (a4, a, , ..., @y, ap).

Ridge regression is a regularised regression algorithm that performs an L2 regularisation by adding an L2 penalty,
which is equal to the square of the magnitude of the coefficients. With Ridge regularization, large values of (a4, a, , ...,
a.n,, a,) are more protected, and the error function to be minimized becomes:

Eriage = 2i=1l ¥i = F (Xi1, X2 cveene.  Xim)]? +AX al. (4)
We note that in both the Lasso and Ridge regularization cases, when the value A is set to 0, then E = E} 555, = Erigge-

Mallows' Cp criterion

Mallows' Cp is a selection criterion between several regression models. It compares the accuracy and bias of the full
model with those of models containing a subset of predictors. Mallows® Cp criterion is defined from the following
formula:

SCres
Cp == —(n=2p). ®)
But the problem is that we can no longer estimate 62 by s2 = Snc—:’: because C, would always be equal to p and then it
would no longer be interesting [9]. So, in practice, we estimate §2 by the s? of the model that involves all k explanatory
variables of the available model, then we choose among the models the one for which Mallows' Cp criterion is closest
to p.

The coefficient of determination R?

The website R? is the simplest to use. However, with the introduction of new variables, it increases monotonically
even if they are weakly correlated with the explained variable. It is therefore advisable to turn to the use of other criteria
such as the adjusted R?adjusted criterion, Mallows’ Cp, the AIC and AlCc criteria, the BIC criterion.

The adjusted coefficient of determination R? is the evolved version of the coefficient of determination R2.

The adjusted R? determines the amount of variance of the dependent variable, which can be explained by the
independent variable. On the basis of the fitted value R? value, one can judge whether the data in the regression
equation are appropriate. The higher the R? the higher the fitted value, the better the regression equation because it
implies that the independent variable is chosen to determine the dependent variable.

The Bayesian information criterion BIC

The Bayesian Information Criterion (BIC) is derived from the Akaike Information Criterion (AIC) and is defined
by : BIC = -2 log (L) + k log (n). It is more parsimonious than the AIC criterion because it penalises the number of
variables present in the model more. According to [9], the AIC was introduced to retain the variables relevant to the
forecast, whereas the BIC criterion aims at selecting the statistically significant variables in the model.
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The Akaike Information Criterion (AIC)

The Akaike Information Criterion (AIC) is a mathematical method that is applied to models estimated by a
maximum likelihood method to assess how well a model fits the data from which it was generated. AIC is applied to
analysis of variance, multiple linear regression, logistic regression and Poisson regression. The AIC criterion is defined
by :

AIC =2K - 2Log (L), (6)
where L is the maximised likelihood and k is the number of model parameters. With this criterion, the deviance of the
model -2 log ( L) is penalised by two times the number of parameters.

Therefore, the AIC represents a compromise between bias, which decreases with the number of parameters, and
parsimony, the desire to describe the data with as few parameters as possible.

The rigour would dictate that all models compared should derive from the same ‘complete’ model included in the list of
models compared.

The best model is the one with the lowest AIC. When the number of parameters k is large compared to the number
of observations n, i.e., if N/k < 40, it is recommended to use the corrected AIC. The corrected Akaike information

criterion, AlCc, is defined by:
2K(K+1)
n-K-1"

AlCc=AIC +

()

Results

Our analysis has shown that life expectancy increases over the years, and that it is on average higher in developed
countries than in developing countries.

This study has also led us to the conclusion that the model chosen for the selection of life expectancy predictors is
multiple linear regression (Table 1), as this model obtained the lowest Akaike information criterion of 6109.07, an
adjusted coefficient of 85% and an RMSE of 3.85. R? of 85 % and an RMSE of 3.85.

These measures were better than those of the Lasso and Ridge regression models. According to this model and

following the p-value of less than 2.2e~16, all variables are significant, except for: Alcohol, Hepatitis B, Measles,
Population, Slimness.1.19, Slimness.5.9. This means that we can do without these variables to explain life expectancy.
However, applying the Akaike information criterion to the multiple linear regression model, the variables that best
explain life expectancy are: adult mortality, infant deaths, percentage of expenditure, measles, under-five deaths, polio,
total expenditure, diphtheria, HIV/AIDS, GDP, thinness. 1.19 years, income composition, and school enrolment.

Table 1
Models Adjusted R? RMSE
Multiple Linear Regression 0.85 3.85
Lasso Regression 0.82 3.85
Ridge Regression 0.82 3.91

Conclusion

Before analysing this data set, we had the impression that life expectancy could be increased if we had more money.
This is because it takes money to be healthy and to receive appropriate medical treatment. Moreover, if a country is
economically developed (GDP), all its citizens can afford appropriate medical treatment. This would mean that life
expectancy depends largely on economic factors. However, after analysing this dataset, we have concluded that life
expectancy is mainly affected by adult mortality, infant mortality, percentage of expenditure, measles, under-five
mortality, polio, total expenditure, diphtheria, HIV/AIDS, GDP, wasting. 1.19 years, income composition, and
schooling. This makes sense because if a person is educated enough to recognize health problems, they can make
appropriate lifestyle changes, including but not limited to diet and exercise, which would ideally extend their life
expectancy. Education can change a person's perception and help them understand the benefits of being fit and its
impact on health. In addition, a higher level of education could be linked to a higher income, and a higher income
would mean higher spending on health and fitness. Thus, education is directly or indirectly a good predictor of life
expectancy. Various machine learning models have been used for training. Among these models, the multiple linear
model has proven to be very effective in determining both the coefficient of determination and the errors. This model
can therefore be used for the prediction of life expectancy.
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AHHOTAIUSA

Beseoenue. Jlns pa3pabOTKH HOBBIX CHCTEMHBIX MOJYJIEH MPOrPAaMMHOrO OOECHEYCHHSI MOMOIIU COTPYJHUKAM C
OTpaHUYCHHBIMH BO3MOXKHOCTSIMHU TPeOyeTCsi IPOpPadoTaTh apXUTEKTYPHOE PEIICHHE TS B3aUMO/ICHCTBUSI BceX dacTeit
cucteMbl. B pesynpraTe aHanmM3a M MPOCKTUPOBAHHS HEOOXOAMMO IMOJNYYHTH MPOIPAMMHYIO apXHTEKTYpy, KOTOpas
JIOJDKHA BBIMOJIHATE Psiji CTAHAAPTHBIX TpeOoBaHuil. B mepByro odepens OHA JODKHA ObITh Oe3omacHOi. Jlist 3Toro
CllelyeT YIUTHIBATH CHCTEMY JIOTHPOBaHHS OIMHOOK, ayIMpOBaHKHEe COOBITHI, BO3MOKHOCTh OTKITIOYEHUSI HYHKIIMOHATA
HEMOCPEICTBEHHO MOCHIC BBIBOJA B MPOMBINUICHHYIO 3KCIUTYyaTAllMio, BHYTPEHHUE MEXaHH3MBbl BATHIAINA BXOIHBIX
3aMpoCoB KIIMCHTa W OTBETOB cepBepa. JlaHHas paboTa MOCBSIICHA BBHIPAOOTKE OCHOBHBIX BApUAHTOB OOCITY)KHBaHUS
CHCTEMBI, aHAJIHU3y WCKIFOUMTENbHBIX CHUTYallMi MPH B3aUMOJICHCTBHM C IOJIB30BATENEM IS JajbHEUIIeH OICHKH
3 PEKTUBHOCTH apXUTEKTYPhI U HEMOCPEICTBEHHOM pa3pabOTKH MPOEKTa.

Mamepuansl u memoovl. APXUTEKTypHOE PELICHUE MPOBOAMIOCH MPH MOMOIIM $3bIKa TPa(QUUECKOro OMHCAHUS
(Unified Modeling Language, UML), KOTOpbIii OMOTaeT CTPOUTh BU3yaJbHBIE H300pPAKEHUS KU3HEHHOTO LHUKJIA U
B3aUMOJICHCTBUSI BCEX KOMIIOHEHTOB cHCTeMbL. J[isi mpopaboTKM B3aMMOAEHCTBUSI OCHOBHBIX MOJyINe# Oymyiueit
CHCTEMBI HKCIIOJIb30BAJICS CHHTAKCHUC jauarpammbl passepreiBanusi (deployment diagram UML). [lns o6pabotku
KU3HEHHOTO IIMKJIa — CHHTAKCHC IUarpaMMbl mocienoBateabHOCTH neiicTBuit (Sequence diagram UML). TTomumo
9TOTO MCIIOIB30BATIACH AUATPAMMA TPEIIEICHTOB [UTS OTMIMCAHHS OCHOBHBIX CIIEHAPHEB UCTIOIb30BAHHS.

Pezynomameut uccnedosanus. Pa3paboraHa apXuUTEKTypa, UMEIOIIAs CXEMY B3aMMOJCHCTBUS OTACIBHBIX MOJIYJICH W
CHCTEM, a TaK)Ke BapHaHThl WCIIOIB30BAHUS MPOTPAMMHOTO KOMIUICKCA st Oymyied peaan3aiud MpOorpaMMHOTO
npojaykra. [IpeiokeHHass apXUTEKTypa CHCTEMbI COOTBETCTBYET TPeOOBAHUSIM OE30MACHOCTH, HAIAEKHOCTH
(0TKa30yCTOWYHMBOCTH) U TPOM3BOTUTEIBHOCTH. ABTOpaMU 3a(MKCHPOBaHbI (HYHKIHOHAJbHbIE TPEOOBAHUSA CHCTEMBI
MOMOILHM COTPYAHHKAM MPEANPHUITHI ¢ mpobiieMaMu ciiyXa Ui BO3MOXXKHOCTH HX TPYAOYCTpOWCTBa M PadOTHI 1O
TEJIEKOMMYHHUKAIMOHHOM CceTH MHTEPHET. BhipaboTaHbl OCHOBHBIE BapHUAIIMU 00CTY)KUBAHUS CUCTEMBI.

Oobcyscoenue u 3axnouenus. IlocTtpoeHre rpaMOTHON apXUTEKTYphl MO3BOJSET YY4ECTb CHTYallUH, BBIXOAAIINE 3a
paMK{ HOPMAajbHOIO HCIOJB30BAaHUS CHCTEMBI, a TaKKe HCIOJIB30BaTh HEYCTKYH) MOJCNb ISl ONpeleiCHUs
s¢dexTuBHOCTH cucTeMbl. JlanbHeiliiee yriryGIeHHOe OMMCaHHe BAPHAHTOB Pa3BEPTHIBAHUS U SKCILTYaTAIlHH TIO3BOJIAT
peann3oBath 3QHEKTHBHYIO U TPOU3BOJUTEIBLHYIO CHCTEMY .

KioueBble cjioBa: auarpamma pasepteiBanmss UML, nmarpamma mnocnemoBatenbHocTH UML, apxurtextypa
MIPOrPaMMHOTO O0eCTIedeHus, KOMMEpUYECKOe porpaMMHoe obecniedenre, nuarpamMmma npemneaeatTos UML.

BaarogapHocT. ABTOPHI BRIpaXkaroT OmaromapHocTs Korany FOpwuio I'puropreBndy, KaHANIATY TEXHHYECKHX HAYK,
nonenty kadeapsl MHdopManmoHHbIX TeXHOJIOTHI 1 BeraucinTenbHbIx cucteM MI'TY « CTAHKHWH», yuactByroniemy
B pa3pabOTKe BapHaHTOB MCIIOJIb30BAHMSI CUCTEMBI B POJIM dKCIIEpTa AaHHOI o0nacTy.

Jos nurupoBanusi. backakos, A. A. Pa3paboTka apXUTEKTyphl 1O MOJKIIOYEHUIO CUCTEMHOTO MOAYJIS IS JIFosiei ¢
orpaHMYeHHBIMH Bo3MOXxHOCTsIMU / A. A. backakoB, A.T. Tapacos // Advanced Engineering Research. — 2022. —
T. 22, Ne 4. — C. 384-390. https://doi.org/10.23947/2687-1653-2022-22-4-384-390
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Abstract

Introduction. To develop new system modules of software to help employees with disabilities, it is required to work out
an architectural solution for the interaction of all parts of the system. As a result of the analysis and design, it is
necessary to obtain a software architecture that must meet a number of standard requirements. First of all, it should be
safe. To do this, you should take into account the error logging system, event auditing, the possibility of disabling the
functionality immediately after putting it into commercial operation, internal mechanisms for validating client input
requests and server responses. This study is aimed at the development of basic system maintenance options, the analysis
of exception cases under interacting with the user for further evaluation of the architecture efficiency, and the direct
project development.

Materials and Methods. The architectural decision was carried out using the Unified Modeling Language (UML),
which helps to build visual images of the life cycle and interaction of all components of the system. The syntax of the
UML deployment diagram was used to study the interaction of the main modules of the future system, and the syntax of
the UML sequence diagram was used to process the lifecycle. A use case diagram was also applied to describe the main
use cases. To study the interaction of the main modules of the future system, the UML deployment diagram syntax was
used. For life cycle processing, the UML sequence diagram syntax was applied. In addition, a use case diagram was
applied to describe the base use cases.

Results. An architecture that has a scheme for the interaction of individual modules and systems, as well as options for
using the software package for the future implementation of the software product, has been developed. The proposed
system architecture meets the requirements of security, reliability (fault tolerance), and performance. The authors have
fixed the functional requirements of the system of assistance to employees of enterprises with hearing problems for the
possibility of their employment and work on the telecommunication Internet. Basic variations of system maintenance
have been developed.

Discussion and Conclusions. Building a competent architecture provides taking into account cases that go beyond the
normal use of the system, and applying a fuzzy model to determine the system efficiency. Further in-depth description
of deployment and operation options will enable to implement an efficient and productive system.

Keywords: UML deployment diagram, UML sequence diagram, software architecture, commercial software, UML use
case diagram.
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BBenenne. VccnenoBanne NMpuYrH HETPYAOCTIOCOOHOCTH CPEAN HACENICHHS C MHBAJUIHOCTHIO paHee IPOBOIMIN
MyTEM HCIIOJIb30BAHUS DKCIIEPTHOTO OIICHWBAHMSI METOJO0M TomapHbIx cpaBHeHud Tomaca JI. Caatu. B pesynbraTte
OBLJIO BBISBIICHO, 4YTO JJIs VIYYIIEHUS TPYAOCMOCOOHOCTH Tpedyercs pa3paboTaTh KOMIUIEKCHYIO CHUCTEMY JUIS
pemeHnst mpoOJIeMBl MOTEPH CIyXa W BO3MOXKHOCTH paboTaTh B LEHTpax yNAJICHHOW MOJAEPKKH, IJe NMOHUMAaHHE
cobecennunka sBisercst o0s3atenbubM [1]. Tlepen omerkoit s exTHBHOCTH TpeOyeTcst BhIPabOTaTh BCE BO3MOXKHBIC
BapUaHThl 0OCITY>KUBAHUS CUCTEMbI. DTO MO3BOJIUT ONPEAEIUTh dPPEKTHBHOCTH CEPBUCHON apXUTEKTYpbI, CBA3aHHON
C BBINIOJHEHHEM KaXKIbIM MOAYJEM HYXHOIO YpOBHsS 0OciyxuBaHus. J{1s yMEHBbIIEHHs TpyHO3aTpaT Ha JTare
pa3paboTKu HEOOXOQMMO NpEABAaPUTEIHHOE OIpEACICHHE HCKIIOUUTEIbHBIX CHTyallud mpu paboTe Moayns ¢
TPaHCKPUOMPOBAHHEM.

Hayunast HOBM3Ha JaHHOTO HCCJIENOBAaHMS COCTOUT B I(PQPEKTUBHOCTH APXUTEKTYPHl OTHOCHUTEIBHO PEIAcMBIX
3a/1a4 (BapuaHTOB 0OCTY)KUBAHU).

OreHKa TPOU3BOIMIIACE TIPY TIOMOIIM HEYETKOH MOZEIN MHEHUH KCIlepTa B JaHHON 00JIaCTH W BEIXOIUT 32 PAMKH
00CcyXAeHUs TaHHOH CTaThH.

s pa3pa®oTKu apXUTEKTYpPhI HY)KHO YIUTHIBATH CIICAYIONIIE TapaMeTpHI:

Nudopmarrka, BEIMUCTUTENbHAS TEXHUKA U YIIPABICHHE

385


mailto:aleks.baskakov@mail.ru
https://doi.org/10.23947/2687-1653-2022-22-4-384-390
https://doi.org/10.23947/2687-1653-2022-22-4-384-390
https://orcid.org/0000-0001-9931-6520
https://orcid.org/0000-0002-5284-7073

http://vestnik-donstu.ru

386

Advanced Engineering Research 2022. T. 22, No 4. C. 384—390. ISSN 2687-1653

— KpOCCIIaT(hOpMEHHOCTh — MPOTPAMMHBIN MPOIYKT JOJDKEH OXBATHIBATH OCHOBHBIE OMEPAIIHOHHBIE CUCTEMBI;
— OTKa30yCTOHYHMBOCTh — CHCTEMa JIOJDKHA CTAOMIIBHO paboTaTh B Ciiydae nepeboes B padoTe;

— 0e30IacHOCTh — CHCTEMa JOJDKHA IIOAJICPKUBATh JIOTUPOBAaHME, MOHUTOPHHI M ayJIUpOBaHHE COOBITHH
TIOJTb30BATEIIS;
— TOPH3OHTAIBHYIO MAacIITaOMPyeMOCTb — MPH YBEIHMYEHHH KOJMYECTBA KIHEHTOB INPOTPAMMHBIA MPOIYKT

JOJDKEH paboTaTh C TOH JK€ CKOPOCTBIO 32 CUET YBEJIINUEHHS KOJIMIECTBA CEPBEPOB;

— MIPOM3BOANTENHHOCTS — CHCTEMA JIOJDKHA paboTaTh 0€3 3aAepKeK B PEXKUME PEATbHOTO BPEMEHH.

[lmaHupoBaHWe W ONHCAaHWE MPOTPAMMHOW apPXUTEKTYpHl — BaXHBIH W HEOOXOOWMBIM Iar mepen
HETIOCPEACTBEHHOW pa3pabOTKOW KIMEHT-CEPBEPHOro MpwiokeHHs. Cucrema [JODKHA HMMETh MOAYIb IS
pacIio3HaBaHUsl peud M INEPEBOJMTH €€ B TEKCT, TEM CaMbIM IO3BOJISIS JIIOJSIM C IpoOiieMaMH ciyxa paboTaTh Ha
yIaleHHO! HOoAepHKKe.

Marepunansl m meroasl. UML — »5To crennanbpHblil S3bIK MOJEIUPOBaHMS, KOTOPBIH HPUMEHSETCS NpHU
pa3paboTKe apXUTEKTYypbl BBIYHCIUTEIBHBIX CHCTEM, MPOIPAaMMHOTO OOECIHEYCHUs, CETEBOW apXHUTEKTYphl U NpHU
OCTpOeHHH Gu3Hec-poreccos” [2, 3].

JAst onmcaHus apXUTEKTYPhI IPOEKTa UCIIONIB30BAINCH CIIEAYIOIINE CXEMBI:

1. lmarpamma mocnenoBaTenbHOCTH (T. H. sequence diagram) — ONMCHIBAaE€T Npolecc NpHEeMa 3BOHKOB M HX
06paBOTKHU C TOUKH 3PEHHS COTPYIHHKA OPTaHH3aIIHH,

2. [lnarpamMma npeneAeHToB (T. H. use case diagram) — ONMCHIBACT BAPHAHTHI NCTIOIB30BAHHS CHCTEMBI.

3. lnarpamma passepteiBanus (T. H. deployment diagram) — onuceiBaeT apXUTEKTYpy CHCTEMBI.

Pesyabrarel ucciaenoBanusi. Iloctpoenne UML  amarpaMm TO3BOJNWIO ONPENENTHTh KPUTEPUH KayecTBa
O6CJ'Iy)KI/IBaHI/IH CUCTEMBI, YYE€CTh HCKIIOYUTCIBHBIC CUTyalluu U CHOCO6I)I ux O6pa6OTKI/I, a MNOCTPOCHUEC qUarpaMMbl
pa3BepThIBaHUSI — ONpPeNeNUTh 3P (HEKTHBHOCTH CUCTEMBI, UCIIOJB3YS HEUETKYIO MOJIEIb.
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Puc. 1. luarpamma BapUaHTOB HUCIIOJIBb30BAHKS CUCTEMBI (DHCYHOK aBTOPOB)

! Xammaropa JI. A. VHuBepcanbHblii f3b1K Mozemupoanus UML, OCHOBHBIC TUArpaMMbl M MPOGJIEMBI HCTIONB30BaHHs // [IPOPHIBHBIC HaydHbBIE
HCCIIEIOBAHHS: TPOOJIEMBbI, 3aKOHOMEPHOCTH, nepcrekTuBsl | ¢6. cT. X1 mexxaynap. Hayd.-npakt. koHd. [Tensa, 2019. C. 88-90.
2 Tecnenxo . B., Ilape A. O. OcoGeHHOCTH HH(OPMAIMOHHOTO MPOSKTHPOBAHMS C MCIOb30BaHHEM s3bika UML // MHHOBAIMOHHOE Pa3BUTHE

COIMAIBHO-D)KOHOMUYECKHX CHCTEM: YCIOBHS, PE3yIbTaThl M BO3MOXKHOCTH : Ma-Thl V MeXIyHap. Hayd.-nmpakT. koH(. Opexoso-3yeso, 2017.
C. 174-177.
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Ha puc. 1 nokazana quarpamMMa HpeneAeHToB, pa3paboTaHHasi aBTOpaMH JaHHOM cTaTbu, KOTOpast MOKa3bIBAET, YTO
OCHOBHBIE 3aNpoChl K yJAJICHHOW MOAJEP)KKE IMOCTYMAIOT MO CIEAYIOIMM NPUYMHAM: KaJoObl HA OKa3aHHWE YCIyT
MIPEATIPUATHEM, KOHCYIBTalUs U 3aKa3 ycuyr. IIpi 3TOM CTOWT y4HTHIBaTh, YTO CHCTEMa aBTOMAaTHIECKOW TeHEPAINH
CyOTUTPOB MOXKET 0TpadaTHIBATh HEKOPPEKTHO MO HEKOTOPHIM MPHUYMHAM — HE CMOIJIA PACcTIO3HATh PeUb, HE MPOHICHA
¢GuIbTpanUs 3alpEIICHHBIX CIIOB M T.J. B TakoM ciydae ciemyeT NMepeKiIodyaTh KINEHTa Ha pOOOTH3MPOBAHHYIO
CHCTEMY WM IpyTOro OMeparopa.

PoGoTru3upoBanHas cucTeMa INpeACTaBiIsieT cOOOW MOAYJb aBTOMaTHYECKOW TI'€HEepallMu Tojlioca ¢ COOCTBEHHBIM
KM3HEHHBIM LUKJIOM, ITO3BOJIAIOIIMM IPOMH(GOPMUPOBATh KIMEHTa O TEXHHMYECKHX NpoOieMax BO BpeMs 3BOHKA.
Moaynb Takke HO3BOJISET TI0 BOJIE KIMEHTA NMEPEKITIOYUTRCS Ha JPYroro cBOOOJHOTO OnepaTopa Wi 3aHsITh 04epe/b B
ciryyae OOJIBIION HAarpy3KH B JaHHBIH MOMEHT BPEMEHHU.

UnTepdeiic Cepsep | baza Cepaep | Cepsuc Cepsuc
Cotpyanuk Toss30BaTeNs/ COTPYIHHKA | TaHHBIX KJIMEHTA | aymura JIOTHPOBaHHUS

Loop | While otkas B nocryne count < : :

ABTOpH3anust : 3amnpoc JaHHBIX | : .

: ABTOPH3ALHA —— copyanmka [~ :

: : Jaumble —— :

: : COTpy/AHHKA | : .

: e : : :

. B CoObiTHE - . :
: : Jlanubie : :
: : aBTOPH3ALIUS :
. COTPYIHUKA .
—— :
. JIuunblii kaOuHeT H
Alt e —— .
ce——+ Ommbka . :
. Omnbxa : : :

3anp0c KaHaJ1a CBA3H I KJIUCHTa

. TIpuHATH 3BOHOK
— 3 3anpoc KaHana
: CBA3H : :

TIOTOK JIaHHBIX" —
;. CyGrurper CyOTuTpsl :
- B S EEE— < " .
: CyOTuTpBI :
Alt : ;. Umiioka OmmbKa 06paboTKH :
: < 00paboTku . .
. Omnbka h :
. 00paboTKn | :
PoGotusupoBannas cucremMa : g T :
. : : CoOsbITHE 00pabOTKH ToIOCa .
. : — : Wndopmarus ¢ noramMu :
CoTpynHHK

Puc. 2. [luarpamma nocsie10BaTeIbHOCTH JACHCTBHI COTPYAHNKA (PHCYHOK aBTOPOB)

Ha puc. 2 moka3aHa auarpamMma mociieI0BaTeIbHOCTH JACHCTBUI C TOYKH 3PEHUs COTPYAHUKA opranu3zanuu. [locie
CTaHJAPTHON MPOLEAYPHl aBTOPU3AIMH Yepe3 IIMPOKOBCIIATCIbHBIN KaHAl B JUYHBIA KAOWHET COTPYIHHKA MOMKET
MOCTYMHUTh 3BOHOK OT KIIMCHTA. B ciiyyae NMpUHSATHS 3BOHKA, MEXKIY KIMCHTOM U COTPYIHHKOM OYAET YCTaHOBIICH
HeMpepbIBHbIA KaHan nepenaun uHbopManuu. [loaydeHHbIE IaHHBIE B PEXXHME PEalbHOI0 BPEMEHH MNepeJaroTcs B
MOyJIb 00paboTKH, TIe IPH TOMOIIK Habopa mpeoOpa3oBaHUil U METOI0B T€HEPUPYIOTCS TEKCTOBEIE CyOTHTPHI.

I/IH(i)OpMaTI/IKa, BBIYUCIIUTCIIbHAA TCXHUKA U YIIPABJICHUC
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B cnydae ommbOku npeoOpazoBaHus, KIMEHT MEPEKIIIOYAETCs Ha POOOTHU3UPOBAHHYIO CHCTEMY, a COTPYAHHK
YBEIOMIISIETCSI O HEBO3MOXKHOCTH 00paboTku ronoca. Bee nelicTBus (COOBITHS) KIIMEHTa M COTPYJIHUKA OTMEYAIOTCS B
MOJyJIe ayAUPOBAHUS U JIOTHPOBAHNUS.

Gateway

Node 1

u
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o T sescreomn
T . oo . 085 |—O)
N os e cer. o 85 -0 +4 ]
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i —
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N
R
083 |G|
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- prowss 8086 —(J—
8085 |5 o

Puc. 3. Jlnarpamma pa3BepThIBaHHS KOMIIOHEHTOB CHCTEMBI (DHCYHOK aBTOPOB)

Ha puc. 3 mpexacraBieHa auparpaMMma pa3BEPTHIBAHHS IMPOEKTa MHKPOCEPBUCHON apXUTEKTYpsI [4, 5], xotopas
COCTOUT U3 TPeX OJIOKOB.

Internet. B cetu MHTEpHET PACIOJIOKEHBI BU3yalbHbIE MOJIYIH JJIsi B3aUMOJCHCTBUSI MOJIb30BATENs U KIIUEHTA
(User Interface, Ul). Ctout 3amMeTuTh, 4TO KaHAJbI Ul PEAU3alU Y KIHSHTA MPEACTABICHBI TPEMS IIaT(OpMaMH:
I0S, Android, Web, Torga kak y corpyanuka — Tosbko Web-kananom. B mepByro ouepesib, 3TO CBS3aHO C TEM, YTO
COTPYIHHUKY OOBIYHO HE TpeOyeTcs MoJ00HbIE TPUIOKEHUSI T10]] MOOMIIbHBIE OTIEPAIMOHHBIC CHCTEMBI U3-3a XapaKTepa
paboThl 1 6E30MaCHOCTH.

03 mepenaun nanubix. OCHOBHAs 33/1a4a [UTI03a — O0ecrevnTh nepeaadyy MHPOpMaIuy U3 CETH UHTEPHET B
JIOKJIbHYIO CeTh, IJle pa3BepHYThbl OCHOBHBIE CepBepa, W 00paTHO. DTO JaeT psja NperMyIlecTB. Bo-mepBbix,
NOSIBJIETCS OOLIast ToYKa JUIsl Iepejady BceX JaHHBIX. HeBO3MOXKHO B3aMMOJEHCTBOBATH C CEPBEPOM B 00XOJ IILII032
6e3omacHocTH. Bo-BTOPBIX, BCe 3aMpOChl MOXKHO MPOBEPSITH HA COOTBETCTBUE M3HAYAIBHO 3aJI0KeHHOMY (opmary. B-
TPETBHUX, IIUII03 MO3BOJAT 0AaJaHCHPOBATh HArPy3Ky MEXIY Y3JIaMH, TEM CaMbIM IOCTUTAETCS OTKa30yCTOHYMBOCTD.
Ecnu onmuH y3en nepectaHeT (HYHKIHOHHPOBATH, BCE 3aPOCHl OyIyT aBTOMATHYECKH PACIIPEACIICHBI MEXAY APYTUMHU
y3naMu. B-4eTBepThIX, CHCTEMY MOYKHO JIETKO MacIuTabHpoBaTh. ECIH KONMHYECTBO 3alPOCOB CO BPEMEHEM BBHIPACTET,
JIOCTAaTOYHO J100ABUTH HOBBIN y3€J U MPOU3BOAUTEIEHOCTh OCTAHETCSI Ha TIPEKHEM YPOBHE.

¥Y3abl. DTO KOMIIJIEKCHasi CHCTEMa, COCTOSINAs U3 CEPBHCOB, B3aUMO/ICHCTBYIOMNX MeXIy co0oil. OcHOBHBIE U3
HHUX — 3TO CEpBUC JUIsl NOIYYSHHUS 3alIPOCOB OT KJIMEHTa U COTPYJHUKA. X 3a/jaua moyy4uTh 3amnpoc, o0padoTars ero
W HACTPOWTH B3aWMOJCHCTBHE MEXIy COOOH MPH IMOMOIIU CIEHAIBHBIX KOMIOHEHTOB — COKETOB, KOTOPHIC
MO3BOJIIOT OOMEHHUBATHCS JAHHBIMH B PEKHME PEATbHOTO BPEMEHH. DTH KOMITOHEHTHI MOTYYaf0T JaHHbIC O KITHEHTE
COTPYAHHUKE M3 CICIHATIBbHBIX CEPBHCOB, B3aUMOJCHCTBYIOMINX C PENSIMOHHON 0a30i MaHHBIX MPH TOMOIIH SI3bIKa
SQL [6]. lyst 0TKa30yCTOWYIMBOCTH U CKOPOCTH 0a3a JaHHBIX TAK)Ke MMEET HECKOJbKO Y3JIOB, HO HE MEHee IBYX. Bce
JCHCTBHS TOJb30BATENS] M KIMCHTA TEPEAAlOTCsl B CEPBHCH ayJUPOBAHHS U JIOTUPOBAHHUS IMPU MOMOIIU Ouepenc
cooO0meHnid. DTO JaeT HEKOTOphIe MPEHMYINECTBA — ACHHXPOHHOCTH IMEPElayd MaHHBIX M COXPaHHOCTb Bceil
uH(bOpPMaLUK B Cllydae OTKa3a cepBUcoB. [Ipu 3ToM xpaHeHHe TakoW MH(OPMAIMH HELEeIecO00pa3HO B PENSIIMOHHON
0a3e B CBSI3M C OJHOTUITHOCTBIO M MPOCTOTON CTPYKTYpHI. [10 3TOil MpUYnHE KeTaTeIbHO UCMOIb30BaTh JOKYMEHTHO-
opuentuposannyio CYJIB NoSQL [7, 8]°. Crour 3amernts, 4T0 He3aBHCHMBIC 0a3bl JAHHBIX B KAXIOM H3 Y3IOB

® Tonos B. b., T'aBpuxos U. B. Texuonorun «NOSQL» B airoputMax aHanmsa GOJNBIIMX JAHHBIX M MCKYCCTBEHHOM MHTEIUIeKTe // ITpoGiieMsl
nHGOPMALOHHOM Oe30macHOCTH : ¢0. Tp. V Bcepoc. ¢ MeXAyHap. ydacTheM Hayd.-npakT. koHd. Cumdepomnons, I'ypayd, 2019. C. 158-160.



Backaxoe A. A. u op. Paspabomxa apxumeKkmypuol no HOOKII0YEHUIO CUCIEMHO20 MOOYIA OJiA JII00€IL C 0ZPAHUYEHHBIMU BO3MONCHOCHIAMU

o0ecreunBaoT BBICOKYIO IPOU3BOJMTENILHOCTh, @ KOHCHCTEHTHOCTh M AKTYAJIILHOCTH JaHHBIX peau3yeTcsl uepes
MEXaHM3M, PEIUIMKALUA KOTOPOTo OyayT MOIpOOHO ONMMCAaHBI B CIEAYIOIUX HccienoBaHMsAX. Mexanmsm «Master-
Slave» B peSIIMOHHBIX H HEPEIILHOHHBIX 0a3ax [OaHHBIX HEOOXOOMM [UIS BO3MOJKHOTO BEpPTHKAIBHOTO
MacITabupOBaHUs 1 MUHIMHU3AIMNI 3aTPAT PECYPCOB B CIIydac yBEIWICHHS HArpy3KH Ha OTJEIBHBIN y3el.

Bce 3anpocs! u3 cetu Internet B mokampHy!0 ceTh MPOUCXOIAT 1o mpoTokoiry HT TP cnemyromvu metogamu:

— GET — B cimy4ae noiy4eHus: HHQOpMAIHH OT JTF0O0TO U3 MOIYJIeH;

— POST — B ciiydae co3maHus 3anmceii B TI000M U3 MOJTyJIEH;

— PUT — B ciiy4ae n3MeHeHUs B JIIOOOM U3 MOJTYJICH.

3ampockl K COXpaHseMOd HHGOpPMalMy IPOUCXOMAT BHYTPH TpaH3aKUOMHA Uil oOecreyeHus] LEeIOCTHOCTH
nauHbx [9-11].

OOcy:xaenne n 3akJjioueHusi. PazpaboTka apXUTEKTypHl, HCIONIB3Ys S3bIK TPa(UUECKOro OMHCAHUS, MO3BOJISET
HarJSIHO ONMCHIBAaTh (DYHKIMOHAIbHBIE TPEeOOBaHUS K CHCTEME, OIECHMBAaTh € 3((PEKTHBHOCTh W yMEHBLIATh
KOJIMYECTBO OLIHOOK.

JlmarpaMma BapHaHTOB HCIOJIB30BAHUS IIO3BOJIMIIA, B Cllydyae BO3HUKHOBEHMS WCKIIOYHTENIBHBIX CHTYAIlMHd HpPH
TPaHCKPHUOMPOBAHHH T0JIOCA, BEISBUTH HEOOXOANMOCTD Pa3pabOTKH pOOOTH3NPOBAHHON CHCTEMBI, a TAKXKE ONPEICIUTh
MHO)KECTBO BAapHAHTOB OOCITY)KMBAaHHUS JUI1 HedeTKoW Mmojenu. Jnarpamma pasBEpTHIBAaHHMSA MOMOIJIA ONPENCIUTH
3G (QEKTUBHOCTh BBHINMOJHEHUS] (YHKIMH KaKABIM BHYTPEHHHM CEPBHCOM, a JMarpaMMa II0CIEAOBATEILHOCTH
JEUCTBUI — ONPEIEINUTD KU3HEHHBIN UK IPOAYKTA.
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